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In a developing world, the demands for energy and water and the damage to our environment

are constantly increasing. Electrochemistry could be a great tool to solve these problems, with an

impact that could minimize or at least control damage in our environment, since the main driver of

the reaction is the electron that can be produced in a sustainable manner.

In electrochemical approach to energy conversion and production, drinking water production

and wastewater treatment, the materials and interfaces are key elements that greatly affect a system’s

performance.

The objective of this topic is to propose a set of publications gathering the current research trends

in the fields of energy, water and environmental pollution treatment, with a focus on the control of

materials and interfaces, in view of process optimization.
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Abstract: N-doped graphene samples with different N species contents were prepared by a two-step
synthesis method and evaluated as electrocatalysts for the nitrate reduction reaction (NORR) for
the first time. In an acidic solution with a saturated calomel electrode as reference, the pyridinic-N
dominant sample (NGR2) had an onset of 0.932 V and a half-wave potential of 0.833 V, showing
the superior activity towards the NORR compared to the pyrrolic-N dominant N-doped graphene
(onset potential: 0.850 V, half-wave potential: 0.732 V) and the pure graphene (onset potential:
0.698 V, half-wave potential: 0.506 V). N doping could significantly boost the NORR performance of
N-doped graphene, especially the contribution of pyridinic-N. Density functional theory calculation
revealed the pyridinic-N facilitated the desorption of NO, which was kinetically involved in the
process of the NORR. The findings of this work would be valuable for the development of metal-free
NORR electrocatalysts.

Keywords: nitrate reduction reaction; N-doped graphene; pyridinic-N

1. Introduction

The global nitrogen cycle has been disrupted by human activities and industries,
resulting in an increased nitrate concentration in the hydrosphere [1,2]. Since a high
nitrate level in the drinking water has been proven to be one of the inducements of
methemoglobinemia and gastrointestinal cancer, it is important to limit the concentration
of nitrate in groundwater and other water bodies [3–5]. Reducing the nitrate emission from
industry effluents is an effective way to limit nitrate pollution since nitric acid is widely
used in several industries, such as the nuclear industry and the explosives industry [6,7].
The wastewater from these industries could be strongly acidic with a high concentration of
nitrate, which is hardly treated by traditional biological treatments [7]. An efficient method
of removing nitrate from acidic solutions is highly needed.

The electrochemical reduction of nitrate has attracted huge interest thanks to its con-
trollable process and relatively low costs [8]. However, the sluggish kinetics of the nitrate
reduction reaction (NORR) leads to an extreme demand for robust electrocatalysts [9–11].
Generally, noble metals, such as Pt [12–17], Rh [18,19], Au [20], and Pd [21–23] based
catalysts, present excellent electrochemical activity for the NORR, but the scarcity and
high cost hinder their practical applications. To develop cheaper alternatives, most efforts
have been devoted into metal-based electrodes, such as Cu [24–28], Sn [29–31], Co [32],
Fe [33], and Cu-based bimetallic metals (Cu-Zn, Cu-Ni, Cu-Mn, etc.) [34–36]. However,
the possible release of metal ions during operation also limits their usefulness for practical
applications, especially under acidic conditions. Despite many efforts devoted to develop-
ing electrocatalysts for the NORR, few of these studies involved the NORR under strongly
acidic conditions [8]. By comparison, cheap and earth-abundant metal-free electrocatalysts
with high activity and good stability in acidic conditions are highly desired.

Nanomaterials 2021, 11, 2418. https://doi.org/10.3390/nano11092418 https://www.mdpi.com/journal/nanomaterials
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Carbon nanomaterial is widely used as electrocatalysts due to their chemical stability
and good conductivity [37–42]. Graphene, the typical carbon nanomaterial with two-
dimensional structure, has been demonstrated to facilitate the electrochemical reduction
of nitrate into nitrite [43], which is regarded as the rate-determining step in the entire
process of nitrate reduction [44–47]. The NORR on graphene is effective in acidic solution
through the indirect process with NO as the key intermediate. According to the literature,
the indirect NORR on graphene even presented better performance than that on Pt [43].
However, there are still scarce reports on the NORR with graphene-based catalysts. It
is still highly desirable to develop carbon-based metal-free electrocatalysts with higher
NORR performance than pristine graphene.

N doping can significantly enhance the electrochemical activity of graphene for oxy-
gen reduction [48], oxygen evolution [49], hydrogen evolution [50], and CO2 electrore-
duction [51], due to the change of charge densities. The improved charge densities of
surrounding C atoms may facilitate the electron-transfer reaction, which also suggests an
improved activity for the NORR. However, to the best of our knowledge, no related study
has been reported. Furthermore, since the effects of N species (pyridinic-N, pyrrolic-N,
and graphitic-N) on the electrochemical activity are substantially different [52,53], it would
be meaningful to reveal their contribution to the NORR, which will guide the design of
superior metal-free electrocatalysts for the NORR in the future.

Herein, we synthesized N-doped graphene containing different N species and evalu-
ated their NORR activity. For the first time, an N-doped carbon material was adopted as
the NORR electrocatalyst and the contribution of active N species was investigated. We
demonstrated that pyridinic-N played the dominant role in the enhanced NORR activity
and density functional theory (DFT) calculations were further conducted to reveal the
mechanism.

2. Materials and Methods

2.1. Materials

All solid chemicals and 20% commercial Pt/C were purchased from Aladin Ltd.
(Shanghai, China). HNO3, HCl, H2O2, and H2SO4 were obtained from Chongqing Chuan-
dong Co., Ltd. (Chongqing, China). Dupont Nafion PFSA Polymer Dispersion D-520 was
obtained from Dupont.

2.2. Preparation of N-Doped Graphene

Firstly, graphene oxide (GO) was prepared by a modified Hummer’s method [52].
Then, GO was reduced by hydrothermal method to produce graphene. Urea or melamine
was chosen as precursor to provide N atoms during the hydrothermal reaction. In a typical
process, 35 mg of GO and 1050 mg of urea were mixed with 35 mL of de-ionized (DI) water
and transferred into a Teflon-lined stainless-steel autoclave. After heating at 180 ◦C for
12 h and then cooling down to room temperature, the as-prepared sample was washed by
DI water and dried overnight to obtain the N-doped graphene named as NGR1. NGR2 was
produced by a similar hydrothermal process but with 35 mg of GO and 800 mg of melamine
as precursors. Pure reduced GO (GR) was also prepared by a similar hydrothermal process
without the addition of N-containing precursors.

2.3. Characterizations

Scanning electron microscopy (SEM, Hitachi S-4800) and transmission electron mi-
croscopy (TEM, FEI-Tecnai G2 20) were used to characterize the morphology of catalysts.
Energy dispersive X-ray spectrometer (EDS) elemental mapping was recorded on an Irid-
ium Ultra Premium EDS System (A550I, IXRF, USA). X-ray diffraction (XRD) patterns
were carried out on a Shimadzu LabX XRD-6000 to investigate the crystal structure. X-ray
photoelectron spectra (XPS) were obtained with an ESCALAB 250Xi spectrometer using a
nonmonochromatized A1 Kα X-ray source (1486.6 eV) for elemental composition analy-
ses, together with a Renishaw Micro-Raman system 2000 with He-Ne laser excitation for
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Raman spectroscopy. N2 adsorption–desorption isotherms were obtained at 77 K with a
Quadrasorb 2MP instrument.

2.4. Electrochemical Performance for the NORR

Electrochemical measurements were performed on a CHI660E electrochemical work-
station in a three-electrode cell. The saturated calomel electrode (SCE) and Pt wire were
chosen as reference electrode and counter electrode, respectively. All the potentials men-
tioned in this work are versus SCE. For the electrode preparation, the prepared catalyst
powders were mixed with a Nafion solution and loaded on glassy carbon with a mass
loading of 0.2 mg cm−2 for all the samples. Linear sweep voltammetry was carried out
in a 5 M HNO3 solution with a scan rate of 10 mV s−1. Chronoamperometry was con-
ducted in a 5 M H2SO4 solution at 0.8 V in the absence and presence of 2 mM HNO3. The
nitrate removal experiment was conducted in a two-chamber reactor divided by a Nafion
117 membrane. The working electrode was prepared with a carbon cloth as the substrate
with an area of 4 cm2. The volume of the solution was 20 mL. The concentrations of nitrate
and nitrite were determined by the standard colorimetric method according to the Chinese
Environment Standards using a UV-2450 spectrophotometer (Text S2).

2.5. DFT Calculation Details

The Vienna Ab initio Package (VASP) [54,55] was employed to perform all the DFT
calculations within the generalized gradient approximation (GGA) using the PBE formu-
lation (details were described in Text S1) [56]. Three graphene models corresponding to
the undoped graphene with defects (model 1), graphene with pyridinic-N (model 2), and
graphene with pyrrolic-N (model 3) were constructed. The adsorption energy (Eads) of NO
was defined as:

Eads = ENO/surf − Esurf − ENO (g) (1)

where ENO/surf, Esurf, and ENO (g) are the energy of NO adsorbed on the surface, the energy
of clean surface, and the energy of isolated NO molecules in a cubic periodic box with a
side length of 20.00 Å and a 1 × 1 × 1 Monkhorst–Pack k-point grid for Brillouin zone
sampling, respectively.

3. Results and Discussions

3.1. Characterizations of Samples

To accurately investigate the effects of different N species on the NORR performance,
NGR1 and NGR2 with similar elemental contents (Table S1) were prepared under similar
hydrothermal conditions by controlling the N-containing precursors. Figure 1a,b shows
the morphology of NGR1 and NGR2. Both samples exhibited the typical two-dimensional
structure of graphene with massive wrinkles. No residues could be found on the graphene
surface, indicating the samples consisted of only graphene without any undecomposed
precursors. TEM (Figure 1c,d) was also employed to reveal the microstructure of the
samples, which further indicated NGR1 and NGR2 possessed a voile-like topography.
From the EDS images (Figures S1 and S2), the color plots representing the N atoms were
dispersed uniformly throughout the selected sample area, indicating the successful doping
of N into the graphene.

X-ray diffraction (XRD) patterns of NGR1, NGR2, and GR (Figure 2a) exhibited similar
broad peaks centered at 20◦~30◦ corresponding to the carbon (002) facet. The absence of
peak relating to graphene oxide at 10◦ in all three patterns indicated that the graphene was
successfully prepared by reducing the graphene oxide through hydrothermal method. The
Brunauer–Emmett–Teller (BET) surface areas of NGR1 and NGR2 were revealed by N2
adsorption–desorption isotherms, as shown in Figure 2b. NGR1 and NGR2 had surface
areas of 232 and 208 m2 g−1, respectively. It is known that the BET surface area significantly
affects electrochemical activity. The difference in BET surface areas between NGR1 and
NGR2 was less than 10%, which is helpful to rule out the influence of the BET surface area
on the NORR activity.

3
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Figure 1. (a,b) SEM and (c,d) TEM images of NGR1 and NGR2.

Figure 2. (a) XRD patterns of NGR1, NGR2, and GR, and (b) N2 adsorption–desorption curves of NGR1 and NGR2.

XPS was employed to reveal the elemental composition of samples. As shown in
Figure 3a, compared to the GR without adding N-containing precursor in synthetic process,
the full survey XPS spectra of NGR1 and NGR2 presented obvious peaks corresponding
to C 1s, O 1s and N 1s, further indicating the successful N doping in samples. Table S1
indicates that the N contents of NGR1 and NGR2 were 5.35% and 5.19%, respectively. The
high-resolution N 1s spectra of both NGR1 and NGR2 (Figure 3b,c) could be deconvoluted
into three peaks located at 398.1 eV (pyridinic-N), 399.5 eV (pyrrolic-N) and 401.1 eV
(graphitic-N), respectively [52]. However, it is worth noting that pyrrolic-N was the
dominant N species in NGR1 and its content reached 50.9% of total N. In comparison, NGR2
had a higher content of pyridinic-N (40.48% of total N) over pyrrolic-N. In addition, the
graphitic-N contents of NGR1 and NGR2 were similar. This difference could be attributed
to the different structures of N precursors for synthesizing the samples (urea for NGR1 and
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melamine for NGR2). Based on these analyses, the different N-species-dominated NGR
was synthesized.

Figure 3. (a) Full survey XPS spectra of NGR1, NGR2, and GR. High-resolution N 1s spectra of NGR1 (b) and NGR2 (c),
respectively; (d) Raman spectra of GR, NGR1, and NGR2.

Since it was reported that graphene defects could be the active sites for the NORR, it
was important to clarify the degree of structural defect of the samples before evaluating
the effect of N doping [43]. Raman spectroscopy was employed here and the spectra of all
samples presented two prominent peaks. The peak located at 1350 cm−1 corresponded to
the D band, which was caused by the disorder in graphitic structure of carbon materials,
and the G band peak, located at 1580 cm−1, arose from the sp2 hybridized graphitic
carbon atoms. Generally, the D/G peak intensity ratio (ID/IG) was highly correlated with
the quantity of structural defects, which may reveal the degree of structural defect. As
shown in Figure 3d, the ID/IG values for NGR1, NGR2, and GR were 0.989, 0.993, and
0.983, respectively, indicating the three samples had a similar degree of structural defect.
Therefore, the effect of N species, i.e., pyrrolic-N and pyridinic-N, on the electrochemical
performance could be accessible.

3.2. Electrochemical Measurements of N-Doped Samples

Linear sweep voltammetries (LSVs) were measured in a 5 M HNO3 solution with a
scan rate of 10 mV s−1 to investigate the NORR activity of the samples. Each sample was
tested in a fresh solution to exclude the possible by-products produced during the survey.
As shown in Figure 4a, the glassy carbon electrode without any electrocatalyst showed
negligible current response, which indicated that glassy carbon electrode, the substrate for
all samples, had a poor catalytic activity for the NORR. After loading with GR, it presented
an onset potential of 0.698 V (in this work, the onset potential was defined as the potential
to deliver a current density of 1 mA cm−2) and a half-wave potential of 0.506 V, indicating
that GR was electrochemical active towards the NORR. However, the activity of GR was
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still lower than that of commercial 20 wt % Pt/C (Pt/C) since Pt/C had a higher onset
potential (0.83 V) and half-wave potential (0.642 V). When NGR1 was adopted, the onset
potential and the half-wave potential positively shifted to 0.85 V and 0.732 V, respectively,
which were 20 mV and 90 mV more positive, respectively, than that of Pt/C, demonstrating
the higher activity of NGR1 compared to Pt/C. Since NGR1 and GR had the same degree
of structural defect revealed by Raman measurements, the significantly enhanced activity
of NGR1 could be attributed to the N doping.

Figure 4. (a) Linear sweep voltammetries of glass carbon, GR, Pt/C, NGR1, and NGR2 in 5 M HNO3 solution with a scan
rate of 10 mV s−1. (b) Chronoamperometric response of NGR2 in 5 M H2SO4 at 0.8 V in the absence (red line) and presence
(black line) of 2 mM HNO3. A total of 1 mM NaNO2 was dropped into the solution at 150 s.

To further investigate the effect of different N species on the NORR performance,
the activity of pyridinic-N-dominated NGR2 was also tested. The onset potential of
NGR2 further increased to 0.932 V, which was 83 mV more positive than that of NGR1.
Additionally, the half-wave potential of NGR2 was 101 mV more positive than that of
NGR1. Although the catalytic activity of pyridinic- or pyrrolic-N sites alone could not be
distinguished based on our experimental results, the boosted electrochemical performance
of NGR2 compared to NGR1 implied that pyridinic-N played an important role in the
enhanced NORR activity of N-doped graphene since the major difference between NGR1
and NGR2 was the contents of pyridinic-N and pyrrolic-N.

3.3. Investigation into the Mechanism of Electrochemical NORR on N-Doped Graphene

The mechanism of the NORR on N-doped graphene was further discussed.
Kamiya et al. [43] reported that the autocatalytic mechanism (Equations (2)–(5)) on pure
graphene was similar to that on Pt [45] and that graphene defects could facilitate the ad-
sorption of NO+ to enhance the activity, since the C atoms located at defects had different
density states. The N doping could change the charge densities of surrounding C atoms
due to the larger electronegativity of N (3.04) compared to C (2.55), therefore we speculated
that the mechanism for the NORR on N-doped graphene might be the same.

2 NO+ + 2e− → 2 NO (2)

2 NO + HNO3 + H2O � 3 HNO2 (3)

2 HNO2 + 2 H+ � 2 NO+ + 2 H2O (4)

HNO3 + 2 H+ + 2 e− → HNO2 + H2O (overall reaction) (5)

According to this mechanism, the nitrite was not only the product, but also a key
intermediate, since the nitrite could be reduced into NO+, as shown in Equation (4). To
demonstrate the critical role of nitrite for the reduction of nitrate in the autocatalytic
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reaction, a chronoamperometric measurement was employed here with NGR2 in a 5 M
H2SO4 solution in the absence or presence of 2 mM nitrate at 0.8 V, which was more positive
than the onset potential of GR. As shown in Figure 4b, the NGR2 in the presence of 2 mM
nitrate presented no current response towards the NORR compared to NGR2 in the absence
of 2 mM nitrate. After adding 1 mM NaNO2, NGR2 with NaNO2 presented a reduction
current corresponding to the electrochemical reduction of nitrite. Remarkably, NGR2 with
both 2 mM nitrate and 1 mM NaNO2 exhibited a larger current than that of NGR2 with only
1 mM NaNO2. The larger current could be ascribed to the sum of the reduction currents of
nitrite and nitrate, indicating that the nitrate could be reduced in the presence of nitrite.
The results demonstrated that nitrite was the important reactive intermediate in the NORR.

The nitrate removal experiment with NGR2 as the working electrode was conducted
in the presence and absence of nitrite to identify the electrochemical reduction of nitrate,
as well as provide more evidence supporting the importance of nitrite in this process. A
two-chamber reactor was employed to exclude the influence of the counter electrode. The
initial concentration of nitrate was 10 mM and the electrolyte was 5 M H2SO4. As shown
in Figure S3a, only 4.4% of nitrate was removed within 180 min at the potential of 0.6 V
without the addition of nitrite. In the presence of 10 mM nitrite at the onset, 30.4% of
nitrate was removed within 180 min, further demonstrating the important role of nitrite
in the indirect NORR on NGR2. It could be noticed that the removal kinetics decreased
after 90 min. The concentration of nitrite was also detected, as shown in Figure S3b. The
decreased kinetics could be attributed to the decreased concentration of nitrite, which is
also reduced by the electrode under this condition.

To further reveal the effect of N doping on the NORR activity, DFT calculations were
performed. The enhanced adsorption of NO+ onto the edge of graphene rather than the
basal plane of graphene has been reported by Kamiya et al. [43]. Due to the positive
charge of NO+, the adsorption of NO+ on the edge of graphene was extremely strong. It
is well known that N doping results in the presence of defects on the graphene. Thus, it
was reasonable to speculate that Equation (2) was not the rate-determining step. Based
on the proposed mechanism, another important process was related to the desorption
of NO according to Equation (3). NO was expected to be desorbed from the active sites
so that it could react with HNO3 to produce HNO2 and the active sites were therefore
regenerated for the next reactive cycle. By taking these into consideration, the adsorption
energies of NO (Eads) on different types of graphene were calculated and are shown in
Figure 5. Since it was reported that the C atom on the edge of graphene was the active
site for the NORR [43] and the C atom near the N atom was influenced by the N doping
mostly [57,58], the C atom near the N atom was treated as the active site and the desorption
of NO was calculated. Eads for undoped graphene with defects was −5.89 eV meanwhile
the Eads for graphene with pyridinic-N was only −0.12 eV. The more positive Eads of
NO on graphene with pyridinic-N than those of NO on undoped graphene with defects,
indicated that NO would drop from the graphene with pyridinic-N more easily. These
results demonstrate that the pyridinic-N doping facilitated the desorption of NO as well as
the regeneration of active sites. The adsorption of NO on the graphene with pyrrolic-N
was also calculated but the result after optimization was unreasonable, implying that the
C atom near pyrrolic-N atom was not the active site. Considering pyridinic-N existed
in both of NGR1 and NGR2 but with 1.8 times higher content in NGR2, the excellent
NORR performance of NGR2 compared to NGR1 implied a positive correlation between
the content of pyridinic-N and the NORR activity. Thus, both the experimental results and
DFT calculations indicated that pyridinic-N played the most important role in the NORR
and that the facilitated desorption of NO might be a possible origin of the enhanced NORR
performance of N-doped graphene.
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Figure 5. Top view of the modeling of (a) the undoped graphene and (c) graphene with pyridinic-N
with defects; Adsorption of NO on (b) undoped graphene and (d) on graphene with pyridinic-N
after optimization.

4. Conclusions

In summary, we prepared N-doped graphene and evaluated its electrochemical per-
formance towards the NORR in an acidic solution. To the best of our knowledge, it was the
first time that N doping carbon materials were adopted as NORR electrocatalysts. The N
doping could significantly improve the electrocatalytic activity of graphene for the NORR,
which was better than the activity of commercial Pt/C. Furthermore, our results indicated
that Pyridinic-N played an important role in the NORR by facilitating the desorption of
NO from reaction sites as shown by density functional theory calculations. The findings
of this work shed lights on the new application of N doping carbon-based materials and
would be valuable for the design of metal-free electrocatalyst for the NORR.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11092418/s1, Figure S1: (a) SEM and (b–d) EDS mapping of C, O, and N in NGR1,
respectively, Figure S2: (a) SEM and (b-d) EDS mapping of C, O, and N in NGR2, respectively, Figure
S3: (a) Electrochemical reduction of NO3

− on NGR2 at 0.6 V for 3 h, with and without initial 10 mM
NO2

−, with a 5 M H2SO4 electrolyte; (b) the amount of NO2
− on NGR2 at 0.6 V for 3 h with the

initial 10 mM NO2
− and 10 mM NO3

−, Table S1: Summary of chemical composition analysis from
XPS and Raman results and electrochemical properties of samples, Text S1: Computational details of
the DFT calculations, Text S2: Detection of nitrate and nitrite.
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Abstract: The photophysical properties of Cu-doped CdSe quantum dots (QDs) can be affected
by the oxidation state of Cu impurity, but disagreement still exists on the Cu oxidation state (+1
or +2) in these QDs, which is debated and poorly understood for many years. In this work, by
using density functional theory (DFT)-based calculations with the Heyd–Scuseria–Ernzerhof (HSE)
screened hybrid functional, we clearly demonstrate that the incorporation of Cu dopants into the
surface of the magic sized Cd33Se33 QD leads to non-magnetic Cu 3d orbitals distribution and Cu+1

oxidation state, while doping Cu atoms in the core region of QDs can lead to both Cu+1 and Cu+2

oxidation states, depending on the local environment of Cu atoms in the QDs. In addition, it is found
that the optical absorption of the Cu-doped Cd33Se33 QD in the visible region is mainly affected by
Cu concentration, while the absorption in the infrared regime is closely related to the oxidation state
of Cu. The present results enable us to use the doping of Cu impurity in CdSe QDs to achieve special
photophysical properties for their applications in high-efficiency photovoltaic devices. The methods
used here to resolve the electronic and optical properties of Cu-doped CdSe QDs can be extended to
other II-VI semiconductor QDs incorporating transition-metal ions with variable valence.

Keywords: DFT; CdSe quantum dots; oxidation state of Cu; doping; optical absorption

1. Introduction

Doping of semiconductor nanocrystals (NCs) or quantum dots (QDs) with transition-
metal ions has attracted significant interest in the applications of lasers [1,2], biolabeling [3–6],
light-emitting diodes [7–9], and optoelectronics devices [10–14]. In particular, the transition-
metal ions that can introduce permanent, electrically, or optically active charges are desired
dopants [2,15,16]. The active charge can be permanently introduced into the NC host lattice
by incorporating a transition-metal ion having a variable valence [17,18]. By such doping,
new energy levels could be introduced into the bandgap of the host NCs, which can exchange
charges with the valence band or the conduction band, thereby significantly influence their
electronic and optical properties. Copper exhibits variable valences (+1 and +2) and has
become a promising doping element in II-VI semiconductor NCs to modify the electronic and
optical properties for their desirable applications [2,17,19–21].

Several studies have been devoted to the incorporation of Cu impurity in II-VI semi-
conductor NCs (e.g., CdSe, CdS, and ZnSe) to introduce copper-related intragap emission
property [18,22–25]. However, some questions still exist on the origin of dopant emission
in these Cu-doped NCs. In materials such as CdSe NCs, a model system for studying
the electronic and photophysical properties of doped II-VI semiconductor NCs [15,26–30],
there is still disagreement on the oxidation state of Cu ion whether it presents a +1 or
+2 valence state. Meulenberg et al. used soft X-ray absorption near-edge spectroscopy
(XANES), X-ray photoelectron spectroscopy (XPS), and photoluminescence (PL) to examine
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the electronic and chemical structures of Cu ions dispersed in CdSe QDs and concluded
that Cu ions had a +1 oxidation state [29]. The same +1 oxidation state for Cu in CdSe
NCs was also assumed in Refs. [21,31]. However, Viswanatha et al. reported that Cu
impurities in ZnSe/CdSe core–shell NCs exhibited a +2 oxidation state and served as a
permanent source of optically active holes [17]. Brovelli et al. claimed that although the
photoluminescence from their ZnSe/CdSe core–shell QDs was mainly attributed to Cu2+

ions, the possibility that some QDs might contain Cu+ ions could not be excluded [18]. To
date, it is still unclear whether the oxidation state of Cu depends on its spatial distribution
in CdSe QDs. This is mainly due to the difficulty of incorporating a well-controlled number
of dopants at precise positions in small QDs. Therefore, it is important to understand the
effects of the dopant environment on the photophysical properties of small-sized QDs.
The second question is the location of Cu 3d orbitals within the forbidden band of II-VI
NCs. Several research groups have reported that Cu 3d states were just above the valence
band [24,32,33], while others claimed that Cu 3d orbitals were close to the conduction
band [34]. The different positions of Cu 3d energy levels within the forbidden band will
lead to very different recombination mechanisms of Cu impurity emission [32,35]. Thus
far, it is unknown how the position of Cu 3d states varies with the dopant location in QDs
either. Therefore, it is critical to investigate how the location of dopants in QDs influences
the local atomic structure of QDs and thus modifies the state of Cu 3d orbitals as well as
the optical properties of QDs.

To explore how the location of Cu dopants (at the surface or in the core region) affects
the oxidation state of Cu ions and the position of Cu 3d orbitals in the energy levels of the
Cu-doped semiconductor nanocrystals, we conduct a systematic density functional theory
(DFT)-based study of the structural, energetic, electronic, and optical properties on the
Cu-containing CdSe QDs. The Heyd–Scuseria–Ernzerhof (HSE) screened Coulomb hybrid
functional was used in our DFT calculations, which is well known to predict the correct
bandgaps of a wide range of materials successfully [36–38]. Wurtzite-based Cd33Se33
nanocluster with a core–cage structure was used as the host NC in this work, which has
been experimentally demonstrated to be extremely stable and used as a model system for
the II-VI semiconductor nanocrystals [30]. Previous extensive theoretical studies have been
conducted focusing on its special atomic arrangement [39–42]. Therefore, the Cd33Se33 is a
suitable host nanocrystal for the incorporation of copper impurity. Here, up to three Cu
atoms are doped to substitute Cd atoms at different locations of a Cd33Se33 QD. Details
of the dopant locations are described in the Methodologies Section. The corresponding
structural distortions, energetics, electronic properties, and optical absorption spectra were
investigated, respectively. The present work provides a theoretical perspective on how
to control Cu dopants in CdSe NCs to achieve desired optoelectronic properties for their
applications in high-efficiency photovoltaic devices.

2. Methodologies

All calculations were carried out based on the density functional theory (DFT) im-
plemented in the Vienna ab initio simulation package (VASP) [43]. The ion–electron
interactions were treated by the projector augmented-wave (PAW) approach [44,45]. The
exchange-correction effects were described by the screened hybrid functional of HSE with
a mixed approach combining Hartree–Fock (HF) and Perdew–Burke–Ernzerhof (PBE) [44].
Here, an HF:GGA mixing ratio of 0.33 and a range-separation parameter of 0.15 Å−1 were
used, which successfully predicted the lattice parameters and bandgap for bulk wurtzite
CdSe. The HSE setup was used for all the CdSe QDs in this work. A 1 × 1 × 1 Monkhorst-
Pack mesh in the Brillouin zone was set for all CdSe QDs. Plane-wave cutoff energy of
350 eV was used, which resulted in good convergence of the total energy. To prevent
spurious interactions between a QD and its periodic images, a vacuum spacing of at least
16 Å between the QD and its replicas was used in the simulation cells.

The Cd33Se33 was constructed on the basis of bulk wurtzite (WZ) lattice with a Cd–
Se bond distance of 2.688 Å. Similar construction methods for modeling CdSe quantum
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dots have been widely used in previous publications [39–42]. In the unrelaxed Cd33Se33
(Figure 1), the wurtzite core was formed by stacking two Cd3Se3 rings (so the core is
Cd6Se6), which were enclosed by the Cd-terminated and Se-terminated surface facets,
respectively. The definition of Cd or Se termination followed that in Ref [41]. The non-core
atoms were treated as surface atoms. It should be noted that the core and surface of a
nanocrystal can be distinguished in experiments [39,46]. In the core region, a Cu dopant
binds to four adjacent Se atoms before relaxation, which is the same as in a bulk CdSe. On
the surface, a Cu dopant has two to four nearest Se atoms before relaxation. In the case of
the core doping, Cu dopants can be close to the Cd or Se termination or both. Therefore,
the incorporation of Cu atoms into the core region is divided into three cases: a Cu dopant
substituting a Cd atom near the Cd-terminated facet is defined as type I substitution in the
core region (marked as “CI”); a Cu dopant replacing a Cd atom near the Se-terminated facet
is defined as the type II substitution in the core region (denoted as “CII”); a Cu dopant near
the Cd-terminated and the other near the Se-terminated is defined as type III substitution
in the core region (marked as “CIII”). As for the surface substitution (S), all Cd sites on the
surface were tested for Cu doping, and the lowest energy site was selected for further study.

(a) 

 
(b) 

Figure 1. Geometrical structures of the unrelaxed Cd33Se33 quantum dots: (a) side view of the
Cd33Se33 with the Se-terminated (bottom) and Cd-terminated (top) facets; (b) top view of Cd33Se33.
The candidate doping sites (Cd sites) for a Cu impurity are labeled by small purple spheres for
surface sites and large orange spheres for core sites, respectively; the Se atoms are represented by
green spheres.
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3. Results and Discussion

3.1. Geometry Distortions of Cu-Doped Cd33Se33 Quantum Dots

After relaxation, the wurtzite core structure is retained in both pristine and Cu-doped
Cd33Se33 QDs, although the surface structure has some degree of reconstruction. The
average Se-Cd bond length in the relaxed pristine QD is determined to be 2.667 Å located
between 2.678 Å in the core region and 2.657 Å in the surface region, which agree well with
the value of 2.685 Å in other DFT calculations [39]. These values are slightly smaller than
the Cd-Se bond length of 2.688 Å in bulk wurtzite CdSe, suggesting the lattice contraction
effect in the nanocrystal. To further analyze the local environment for Cu atoms in Cd33Se33
QDs, the <Cu-Se> bond distance and <Se-Cu-Se> bond angles are summarized in Table 1
and graphically presented in Figure 2. For comparison, the <Cd-Se> bond distances and
<Se-Cd-Se> bond angles in the pristine Cd33Se33 are also presented. It is found that the
value of d<Cd-Se> in the pristine Cd33Se33 is larger than those of d<Cu-Se> in Cu-doped
QDs, meaning that Cu doping results in shorter distances between a substituting site (Cd-
site) and its neighboring Se atoms. This phenomenon may be attributed to the larger ionic
radius of Cd than that of Cu [47]. The optimized Cu-Se bonds on the surface of the QD are
about 6–8% shorter than those in the core, as indicated in Table 1 and Figure 2a. The 6–8%
deviation is greater than the 0.8% difference between the core and surface region in Cd-Se
bonds, indicating that the surface Cu induces a significant surface reconstruction. For the
bond angle (∠), the ∠Se-Cu-Se between a Cu atom and its adjacent Se atoms in Cu-doped
Cd33Se33 QDs are calculated in Table 1. The Se-Cd-Se bond angles in the core and surface
regions for pristine Cd33Se33 (denoted as Cd33Se33 (C) and Cd33Se33 (S), respectively) are
also presented, where Cd atom is the one replaced by Cu. The Se-Cu-Se bond angle in
Cu-doped Cd33Se33 (C) QDs ranging from 109.85◦ to 120.0◦ is generally larger than the
original Se-Cd-Se bond angle of 109.04◦ in pristine Cd33Se33 QD, indicating the inward
relaxation of Cu atoms in the core region. The phenomenon is similar to the case of Ag
in CdSe QDs [48]. The <Se-Cd-Se> bond angle is calculated to be around 109.5◦ (sp3-like
bond feature), and the coordination of substituted atoms (Cd atoms) in the core region of
Cd33Se33 QDs is four. When a Cu atom incorporates into the core region, the coordination
of substituted atoms became four-coordinated upon relaxation since <Se-Cu-Se> bond
angles are around 120◦ (sp2 bond character). As for two Cu atoms incorporated in the core
region, the distribution of <Se-Cu-Se> bond angles is similar to the case of <Se-Cd-Se>
bond angles in Cd33Se33 (C), suggesting that the coordination of substituted atoms does not
change after Cu atoms incorporation. However, in the surface-doped QDs, Cu dopants are
finally bonded to two Se atoms after relaxation with the <Se-Cu-Se> bond angles ranging
from 168.5◦ to 177.83◦ as shown in Table 1, which are different from <Se-Cu-Se> bond
angles of 119.78◦ in surface-doped Cd33Se33 QDs. These differences in Cu-Se bonds (or
<Se-Cu-Se> bond angles) of the surface and core region before and after Cu incorporation
indicate that Cu doping in the QDs induces significant structural reconstruction.

Table 1. The Cu-Se bond length (d<Cu-Se>) and Se-Cu-Se bond angle (∠Se-Cu-Se) between a Cu atom and its adjacent Se
atoms in Cu-doped Cd33Se33 QDs. The Cd-Se bond length (d<Cd-Se>) in the core region (denoted as “C”), and Se-Cd-Se
bond angle (∠Se-Cd-Se) in the surface region (denoted as “S”) for pristine Cd33Se33 are also presented as references, where
Cd atom is the one replaced by Cu. The CI, CII, and CIII are defined in Methodologies.

d<Cd-Se> (Å) d<Cu-Se> (Å) ∠Se-Cd-Se (◦) ∠Se-Cu-Se (◦)

Cd33Se33 (C) 2.678 109.04
Cd33Se33 (S) 2.657 119.78

CuCd32Se33 (S) 2.262 177.83
Cu2Cd31Se33 (S) 2.269 171.93
Cu3Cd30Se33 (S) 2.272 168.50
CuCd32Se33 (CI) 2.414 120.0
CuCd32Se33 (CII) 2.385 119.8
Cu2Cd31Se33 (CI) 2.442 113.28

Cu2Cd31Se33S (CI) 2.477 109.39
Cu2Cd31Se33 (CII) 2.522 109.85
Cu2Cd31Se33S(CII) 2.486 104.85
Cu2Cd31Se33 (CIII) 2.451 112.51
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(a) 
 

(b) 

Figure 2. (a) The Cu-Se bond length in Cu-doped Cd33Se33 quantum dots, together with the Cd-Se
bond length in pristine Cd33Se33 as indicated by the dashed line; (b) the bond-angle distributions of
Se-Cu-Se when Cu atoms are doped in the core region of Cd33Se33.

3.2. Stability of Cu-Doped Cd33Se33 QDs

To investigate the stability of Cu dopants in Cd33Se33 QDs, the binding energy (Eb)
per Cu atom is calculated by using the following Equation [49]:

Eb =
[(

Eundoped + nECu

)
−

(
Edoped + nECd

)]
/n

Here, Eundoped and Edoped are the total energies of the Cd33Se33 and Cu-doped
Cd33Se33 QDs, respectively; ECd and ECu are the total energies per atom in bulk Cd and Cu,
respectively; n is the number of Cu dopants. The binding energy per Cu atom and total
dopant binding energy are presented in Table 2. Similar to [22], here, a positive binding
energy means that Cu is energetically favorable to replace Cd; meanwhile, a larger binding
energy means that the Cu dopant has a stronger tendency to bind with the CdSe QDs.
As shown in Table 2, the Cu binding energy decreases with the increasing number of Cu
atoms for both surface- and core-doped Cd33Se33, meaning that the stability of the system
decreases as Cu content increases. When three Cu atoms are introduced in Cd33Se33, the
binding energy becomes negative. This result suggests that the number of doped Cu atoms
in Cd33Se33 should be less than three per QD to maintain the system stability. In terms of
Cu dopants at different locations of Cd33Se33, incorporation of one Cu atom at the surface
(CuCd32Se33 (S)) generally results in a larger binding energy than that in the core region
(CuCd32Se33 (CI) and CuCd32Se33 (CII)), suggesting that a Cu dopant prefers to segregate
to the surface. For doping two Cu atoms, Cu2Cd31Se33 (CIII) has a larger binding energy
than the surface-doped Cu2Cd31Se33 (S), while Cu2Cd31Se33 (CI) and Cu2Cd31Se33 (CII)
exhibit smaller binding energies, compared to Cu2Cd31Se33 (S). As discussed in the next
section, these differences originate from the different oxidation states of Cu dopants in
Cd33Se33 QDs. The results also demonstrate that the location and concentration of Cu
atoms play important roles in system stability.

3.3. Oxidation State for Cu Dopants in Cd33Se33 Quantum Dots

Generally, Cu+ has a fully filled 3d10 electron shell and exhibits non-magnetic proper-
ties, whereas Cu2+ has one unpaired electron in their 3d9 shell and thus behaves paramag-
netically [17,18]. In our calculations, when Cu dopants are incorporated on the surface, the
spin-up and spin-down states are symmetric for the Cu 3d orbitals (Figure 3a), indicative
of a non-magnetic character. Therefore, Cu dopants in surface-doped Cd33Se33 present
the +1 oxidation state. When one or two Cd sites in the QD core are replaced by Cu,
the Cu 3d orbitals show distinct electronic features for different substitution locations, as
presented in Figure 3b–f. In the case of doping a Cu atom in the core regardless near the
Cd-terminated or Se-terminated surface (CuCd32Se33 (CI) or CuCd32Se33 (CII), as shown
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in Figure 3b–c), the density of states (DOS) of the Cu 3d states shows similar symmetric
characters as those of surface-doped one (CuCd32Se33(S)), indicating that the +1 oxidation
state of Cu is presented in these systems. The Cu 3d orbitals in Cu2Cd31Se33 (CIII) (where
one Cu dopant is close to the Cd termination and the other is near the Se termination) also
show non-magnetic DOS distributions and thus the Cu+ electronic character, as shown in
Figure 3f. However, when both Cu dopants are near the Cd termination (Cu2Cd31Se33 (CI))
or Se termination (Cu2Cd31Se33 (CII), the spin-up and spin-down states are asymmetric, as
shown in Figure 3d–e. Such electronic characters indicate that the systems contain some
magnetism, which further indicates the oxidation state of Cu is Cu2+. It should be noted
that the Cu impurity energy levels in both Cu2Cd31Se33 (CI) and Cu2Cd31Se33 (CII) reside
about 0.43 eV and 0.46 eV above from the valence band maximum (which is very close to
the Fermi level), respectively. These impurity levels correspond to the lower half of the
forbidden gap (i.e., Eg/2 = 0.93 eV and 1.12 eV, where Eg is bandgap) indicative of p-type
dopants, which is evidence for the +2 oxidation state of Cu [18]. In addition, the behavior
of Cu2+ orbitals in our calculations is similar to the experimental observation of Cu2+ level
in Cu-doped ZnSe NCs in which it was in the bandgap about 0.3–0.4 eV above the top
of the valence band [50]. To further analyze the oxidation state of Cu in the QD, Bader
charge calculations are performed for all Cu-doped Cd33Se33. A positive value of a Bader
charge means the loss of electrons; otherwise, it means the gain of electrons. As shown
in Table 3, the charge state of Cu ions in Cu2Cd31Se33 (CI) and Cu2Cd31Se33 (CII) is about
0.084–0.129 |e| more positive than that for Cu ions in CuCd32Se33 (S), CuCd32Se33 (CI),
CuCd32Se33 (CII), and Cu2Cd31Se33 (CIII), suggesting that Cu ions lose more electrons in
Cu2Cd31Se33 (CI) and Cu2Cd31Se33 (CII) than in other cases. This is consistent with that
the oxidation state of Cu2+ in Cu2Cd31Se33 (CI) and Cu2Cd31Se33 (CII) is larger than the
oxidation state of Cu1+ in other CdSe QDs.

Table 2. The total binding energy of Cu atoms and the binding energy per Cu atom for Cu in Cd33Se33.
The location where Cd atoms are substituted by Cu is indicated in the parenthesis. The S, CI, CII, and
CIII are defined in Methodologies.

Total Binding Energy (eV) Binding Energy/Cu Atom (eV)

CuCd32Se33 (S) 1.824 1.824
CuCd32Se33 (CI) 1.726 1.726
CuCd32Se33 (CII) 1.466 1.466
Cu2Cd31Se33 (S) 0.538 0.269
Cu2Cd31Se33 (CI) 0.267 0.134
Cu2Cd31Se33 (CII) 0.497 0.248
Cu2Cd31Se33 (CIII) 0.797 0.398

Cu3Cd30Se33 (S) −0.397 −0.466

Table 3. Average Bader charge (|e|) for each ion in Cu-doped Cd33Se33 QDs. The S,CI,CII and CIII

are defined in Methodologies.

Cu Cd Se

CuCd32Se33 (S) 0.204 0.647 −0.634
CuCd32Se33 (CI) 0.288 0.671 −0.660
CuCd32Se33 (CII) 0.261 0.671 −0.659
Cu2Cd31Se33 (S) 0.266 0.673 −0.648

Cu2Cd31Se33 (CI) 0.345 0.674 −0.654
Cu2Cd31Se33 (CII) 0.390 0.670 −0.653
Cu2Cd31Se33 (CIII) 0.287 0.670 −0.647

Cu3Cd30Se33 (S) 0.260 0.667 −0.630
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Figure 3. Orbital projected density of state (DOS) for Cu 3d in (a) CuCd32Se33 (S); (b) CuCd32Se33

(CI); (c) CuCd32Se33 (CII); (d) Cu2Cd31Se33(CI); (e) Cu2Cd31Se33(CII); (f) Cu2Cd31Se33(CIII). Here,
only the case of CuCd32Se33 (S) is presented since the spin-up and spin-down states of the Cu 3d
orbitals are symmetric for all the surface-doped Cu:Cd33Se33. The Fermi level is located at 0 eV.

Combined with the calculated binding energy in Section 3.2, it seems that the system
with Cu+ ions (CuCd32Se33 (S), CuCd32Se33 (CI), CuCd32Se33 (CII), Cu2Cd31Se33 (CIII), and
Cu2Cd31Se33 (S)) is more stable than that with Cu2+ impurity ions (Cu2Cd31Se33 (CII))
because the former has larger binding energies than the later (Table 2). Our results are
consistent with previous studies in which the oxidation state of Cu (+1) is more stable than
Cu (+2) in some ZnS and CdS hosts [32,51].

3.4. Electronic Properties for Cu-Doped Cd33Se33 Quantum Dots

To explore how Cu impurity influences the electronic structure of Cd33Se33, the density
of states with and without Cu dopants are presented in Figure 4 for surface doping and
Figure 5 for core doping, respectively. For the pristine Cd33Se33 (Figure 4a), previously we
have demonstrated [48] that the mid-gap states primarily consist of Se 4p orbitals locating
above the valence band (VB); the conduction band is mainly composed of Cd 5s and Se 4p
states. With one Cu dopant incorporated into the surface (Figure 4b), the mid-gap states,
which mainly consist of Se 4p states from two-coordinated surface Se atoms, are located on
the top of the valence band. The Cu 3d orbitals in the VB are located about 1.35 eV below
the Fermi level so that they do not contribute to the mid-gap states. In the forbidden band,
a new Se 4p impurity state above Fermi level emerges. With the increasing Cu dopants on
the surface (Figure 4c), the mid-gap states above the VB disappear and Cu 3d orbitals shift
toward the top of the valence band. The impurity levels still exist in the forbidden gap but
shift toward the conduction band minimum.
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Figure 4. Projected density of states (DOS) for each type of ion when Cu atoms are doped at the
surface of Cd33Se33: (a) pristine Cd33Se33; (b) CuCd32Se33 (S); (c) Cu2Cd31Se33(S). The Fermi level is
located at 0 eV.

The incorporation of Cu dopants into the core region (Figure 5) results in very different
electronic structures from those on the surface, but these doped NCs still maintain the
insulating character. Such an insulating character for core-doped Cu:Cd33Se33 is in drastic
contrast to the metallic-like character for core-doped Ag:Cd33Se33 in which some electrons
are located at the Fermi level of the system [48]. In CuCd32Se33 (CI) shown in Figure 5b,
the mid-gap states consisting of mainly Se 4p orbitals and slightly Cu 3d orbitals are just
located above the valence band. Hybridization of Cu 3d orbitals with Se 4p states appears
above the VB and both of them contribute to the mid-gap states. Similar hybridization
electronic states above the VB have been also observed when a Cu impurity replaces a
central Cd atom in zinc-blende-based CdSe NCs (note our NCs are based on the Wurtzite
structure), although they consist of Cu 3d orbitals primarily [52]. The energy levels
of dopant d orbitals are deeper than the anion p states in VB showing the “inverted”
bonding character in CuCd32Se33 (CI). This is different from the “normal” bonding feature
(in which the dopant d orbitals are located at shallower energy levels than the anion p
states in VB) for a Cu impurity locating on the center of a zinc blende (ZB) based CdSe
nanocrystal [52]. When two Cu dopants are incorporated into the core region near the
Cd-terminated (Cu2Cd31Se33 (CI)) shown in Figure 5d, the mid-gap states are still above
the VB but without the contribution from Cu 3d orbitals. However, as the Cu dopants are
close to the Se-terminated (CuCd32Se33 (CII) and Cu2Cd31Se33 (CII)), the mid-gap states
disappear, as can be seen in Figure 5c,e. More interestingly, when Cu dopants are near
both Se-terminated and Cd-terminated in Cu2Cd31Se33 (CIII), the mid-gap states with the
hybridization of Cu 3d and Se 4p orbitals appear above the VB (Figure 5f). As for the
conduction band of core-doped Cu:Cd33Se33 QDs, an impurity level consisting of Se 4p
states locates within the forbidden band in CuCd32Se33 (CI) (Figure 5b) and CuCd32Se33
(CII) (Figure 5c). With the increasing Cu dopants, an additional impurity level composed
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of Cu 3d orbitals appears within the forbidden band for Cu2Cd31Se33 (CI) (Figure 5d) and
Cu2Cd31Se33 (CII) (Figure 5e). This is consistent with the electronic character of Cu2+ as
described in Section 3.4. However, in the case of Cu2Cd31Se33 (CIII) (Figure 5f), there are
no impurity levels. The above electronic structure analysis demonstrates that the energy
levels and shapes of the valence and conduction bands can be modified by changing Cu
concentrations and locations in CdSe QDs, which will, in turn, affect the optical absorption
properties of these QDs as discussed in the next section.

 
Figure 5. Projected density of states (DOS) for each type of ion when Cu atoms are doped
in core region of Cd33Se33: (a) pristine Cd33Se33; (b) CuCd32Se33 (CI); (c) CuCd32Se33 (CII);
(d) Cu2Cd31Se33(CI); (e) Cu2Cd31Se33(CII); (f) Cu2Cd31Se33(CIII). The Fermi level is located at
0 eV.

3.5. Optical Absorption Spectra for Cu-Doped Cd33Se33 Quantum Dots

To explore how the copper incorporation affects the optical properties of Cd33Se33 QDs,
the optical absorption spectra of Cd33Se33 with and without Cu dopants are calculated within
the independent-particle approximation, which is known to provide a qualitative agreement
of dielectric response functions between theory and experiment while neglecting self-energy,
excitonic and local-field effects in the optical response [53,54]. For the Cd33Se33 QD, the
calculated lowest absorption peak is in good agreement with the experiments [30,55]. Clearly,
doping of Cu in the Cd33Se33 leads to different absorption spectra from the pristine one, as
can been seen in Figure 6. In the visible region (the main figure of Figure 6), just one Cu
dopant induces high-intensity absorption peaks in the range of 408–502 nm for CuCd32Se33
(S), 380–428 nm for CuCd32Se33 (CI), and 445–574 nm for CuCd32Se33 (CII). In experiments,
the enhancement of absorption spectra in the wavelength range between 390 and 600 nm
was also observed in Cu-doped CdSe NCs [19,22,31]. When two or three Cu atoms are
doped, absorption peaks are relatively weaker within the same wavelength range. These
results indicate that the optical intensity of Cu-doped Cd33Se33 in the visible region strongly
correlates with Cu dopant content. A similar dopant–concentration-dependent trend in optical
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absorption was also observed in Ag-doped CdSe QDs [48]. These new absorption features
result predominantly from the electronic transition from Se 4p orbitals in the valence band to
Se 4p and Cd 5s states in the conduction band (as shown in Figures 4 and 5).

 

Figure 6. Absorption coefficients as a function of wavelength for Cd33Se33 QDs without and with Cu
doping in the visible region in the main figure. The inset shows the absorption coefficients of these
QDs in the infrared region.

In the infrared regime (displayed in the inset of Figure 6), the Cu2Cd31Se33 (CI)
exhibits a stronger absorption peak than other CdSe QDs between 815 and 1161 nm; The
Cu2Cd31Se33 (CII) has a unique absorption peak from 1148 to 1777 nm. These absorption
features are induced mainly by electronic excitations from Se 4p orbitals on the top of VB
to Cu 3d orbitals in the forbidden gap (as indicated in Figure 5). As analyzed in Section 3.4,
Cu dopants show the +2 oxidation state in Cu2Cd31Se33 (CI) and Cu2Cd31Se33 (CII) while
exhibiting the +1 oxidation state in other QDs. The result indicates that incorporation of
Cu2+ in Cd33Se33 QDs can cause stronger optical absorption in the infrared regime than
Cu+. This can be explained by the fact that the 3d states of Cu2+ reside above the Fermi
level and are near the valence band edge (Figure 5d,e). Such an electronic structure can lead
to a small sub-bandgap electronic transition from VB to impurity levels and thus enhance
optical absorption in the long-wavelength range.

Our results suggest that the incorporation of Cu can dramatically enhance the optical
absorption of Cd33Se33 QD within the visible regime and extend the absorption edges
into the infrared regime. Furthermore, the optical absorption of Cu-doped Cd33Se33 in the
visible regime is affected mainly by Cu dopant concentration, while the absorption in the
infrared regime is closely related to the oxidation state of Cu.

4. Conclusions

In this work, a systematic density functional theory (DFT) modeling using the Heyd–
Scuseria–Ernzerhof (HSE) screened Coulomb hybrid functional was conducted to explore
how the location and concentration of Cu dopants influence the structural, energetic, elec-
tronic, and optical properties of a magic-sized Cd33Se33 QD. It was found that the oxidation
state of Cu dopants is closely related to their substitution location and concentration.
Doping of Cu at the surface of Cd33Se33 QD leads to the Cu+ 3d orbitals distributions.
Similar distributions of Cu+ 3d states were also observed for Cu in the core region such as
CuCd32Se33 (CI) (Cu atom near the Cd-terminated), CuCd32Se33 (CII) (Cu atom near the
Se-terminated), and Cu2Cd31Se33 (CIII) (one Cu atom near the Cd-terminated and the other
near the Se-terminated). However, doping of both copper atoms at internal Cd-sites near
Cd-terminated or Se-terminated leads to the Cu2+ electronic character. Further binding
energy calculations showed that in general, the Cu dopants with a +1 oxidation state are
energetically more stable than those with a +2 oxidation state in Cd33Se33. It was also
found that the optical absorption coefficient of Cu-doped Cd33Se33 in the infrared regime
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is closely related to the oxidation state of Cu rather than Cu concentration. On the other
hand, doping of only one Cu atom introduces stronger absorption peaks than the doping
of two Cu atoms in the range of 380–574 nm, indicating that the absorption coefficient is
sensitive to Cu concentration in the visible regime. This work demonstrates that the dopant
location and concentration can have significant effects on the electronic structure of Cu 3d
states. Therefore, the proper control of the dopant concentration and position is critical for
improving the efficiency and performance of CdSe QD-based optoelectronic devices.
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Abstract: Lithium–sulfur batteries are considered as attractive candidates for next-generation energy
storage systems originating from their high theoretical capacity and energy density. However, the
severe shuttling of behavior caused by the dissolution of lithium polysulfide intermediates during
cycling remains a challenge for practical applications. Herein, porous carbon materials co-doped with
nitrogen and sulfur atoms were prepared through a facile hydrothermal reaction of graphene oxide
and methylene blue to obtain a suitable host structure for regulating the lithium polysulfide shuttling
behavior. Experimental results demonstrated that the abundant heteroatom-containing moieties in
the carbon frameworks not only generated favorable active sites for capturing lithium polysulfide
but also enhanced redox reaction kinetics of lithium polysulfide intermediates. Consequently, the
corresponding sulfur composite electrodes exhibited excellent rate performance and cycling stability
along with high Columbic efficiency. This work highlights the approach for the preparation of
nitrogen and sulfur co-doped carbon materials derived from organic dye compounds for high
performance energy storage systems.

Keywords: lithium sulfur batteries; organic dye; graphene; heteroatom doping

1. Introduction

With the noticeably increasing demands for energy storage systems and electric
vehicles, lithium–sulfur (Li-S) batteries have been widely investigated as promising next-
generation battery systems due to their overwhelming electrochemical performances, such
as high theoretical specific capacity (1675 mAh/g) and energy density (2800 Wh/L) [1,2].
Furthermore, sulfur has the additional advantages of natural abundance and cost-effective
as well as environmentally friendly resources [3]. Despite these advantages over the con-
ventional lithium-ion batteries, the practical application of the rechargeable Li-S batteries
is still hindered by many problems, in particular the limited utilization of sulfur active
materials and poor cycling performance [4]. During the repeated charge–discharge pro-
cesses, the lithium polysulfide species (Li2Sx, 4 ≤ x ≤ 8) formed from the cathode are
progressively solvated in the organic electrolyte and diffuse between the anode and the
cathode, resulting in parasitic reactions [5]. This phenomenon is referred to as a shuttling
behavior, which causes loss of an active material and fast capacity fading. In addition,
Li-S batteries suffer from the inherent poor electrical conductivity of sulfur and the dis-
charge products of Li2S/Li2S2, leading to sluggish reaction kinetics [6]. In addition, the
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large volume expansion of ~80% upon full lithiation leads to the formation of an unstable
electrode/electrolyte interface layer [7].

To solve these issues of the Li-S batteries, various strategies of incorporating sulfur
species in a carbonaceous host material derived from micro/mesoporous carbons [8], car-
bon nanotubes (CNTs) [9], graphene [10], and carbon nanofiber [11] have been investigated.
The physical/chemical confinement of sulfur in these host materials not only mitigates the
shuttling behavior by preventing the dissolution of lithium polysulfide but also promotes
redox reaction kinetics with the help of conductive pathways provided by the carbon
framework. Moreover, the porous carbonaceous materials with large specific surface area
accommodate a large amount of sulfur and offer a lot of active sites for electrochemical
reactions, which leads to improved lithium storage behavior [12,13]. However, non-polar
carbon materials exhibit only weak physical adsorption to the polar lithium polysulfides,
resulting in an unsatisfactory suppression of lithium polysulfide shuttling behavior during
long-term cycling [14].

Therefore, it is essential to introduce a reasonable design of carbon-based materials
with polar moieties to provide strong chemical interactions with the lithium polysulfide.
To date, tremendous efforts have been devoted to develop advanced carbon composite
materials based on many different types of polymers [15], metal oxides [16,17], and metal-
organic frameworks [18]. While these approaches have been demonstrated to be effective
for the chemisorption of lithium polysulfides, the limited conductivity of these materials
is still not sufficient to achieve good rate capability. As such, modifications of the carbon
materials with heteroatoms, such as boron, oxygen, sulfur, nitrogen, and phosphorus,
have been explored [19–21]. Of these heteroatoms, nitrogen and sulfur atoms have proved
to effectively increase the adsorption capability of carbon materials via strong chemical
interactions, with the π-conjugated structures ensuring an efficient electron transport to
promote redox reaction kinetics [22].

In this study, microporous nitrogen and sulfur co-doped reduced graphene oxides
(rGO) regulating the lithium polysulfide shuttling behavior were prepared as a host mate-
rial for Li-S cathode through facile hydrothermal and freeze-drying treatments. A cationic
dye, methylene blue (MB) was chosen as a precursor for heteroatom doping, because the
heterocyclic aromatic structure with positively charged nitrogen or sulfur moiety of the
MB could allow for favorable interactions with GO aqueous suspensions, giving rise to
well-developed porous graphene structures with ample nitrogen- and sulfur-containing
moieties. The sulfur cathodes were able to deliver higher specific capacity and better cycling
performance during cycling when compared with those of rGO cathodes. Spectroscopic
analysis and electrochemical performance evaluation coupled with redox reaction kinetics
investigations revealed that the heteroatom-containing moieties in the carbon frameworks
were able to provide facilitated charge transport and alleviate lithium polysulfide shuttling
behavior, leading to the enhanced Li-S battery performances.

2. Materials and Methods

2.1. Preparation of Nitrogen and Sulfur Co-Doped Carbon via Hydrothermal Method

To prepare the nitrogen and sulfur co-doped carbon materials, different amounts of
methylene blue (MB, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in graphene
oxide (GO) aqueous dispersion (5 mg/mL) and vigorously sonicated for 30 min. MBGOx
represent the precursor mass ratio of MB:GO = x:100. The mixed solution was transferred
into a Teflon-lined autoclave and heated 180 ◦C for 24 h, followed by cooling to room
temperature. The hydrogel mixture was repeatedly washed with deionized water and
freeze-dried under a vacuum. For comparison, the rGO sample was also prepared via the
same process without the addition of MB.

2.2. Material Characterizations

Zeta potential (Zetasizer, Malvern Panalytical, Malvern, UK) measurement was per-
formed to identify surface charges. Scanning electron microscope (SEM, SUPRA25, Zeiss,
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Oberkochen, Germany) was used to analyze the morphology of the MBGOs and rGO
materials. The elemental distribution of MBGO20 were observed using a transmission
electron microscope (TEM, TALOS F200X, FEI, Hillsboro, OR, USA) equipped with an
energy dispersive X-ray spectroscopy (EDS). X-ray diffraction (XRD, Xpert 3, Malvern
Panalytical, Malvern, UK) and Raman spectroscopy (RAMANtouch, Nanophoton, Minato,
Japan) were performed to carbon crystallographic properties. The X-ray photoelectron
spectroscopy (XPS, AXIS SUPRA, Kratos Analytical Ltd., Manchester, UK) was carried out
to the surface chemical binding state.

2.3. Electrochemical Measurements

The sulfur/MBGO composites were prepared by heating a mixture of sulfur and
MBGO20 with a mass ratio of 3:1 at 155 ◦C for 12 h in a stainless-steel vessel (Figure S1). The
sulfur cathode was prepared by stirring the slurry mixture of 70 wt% of sulfur/MBGO20
composites, 10 wt% of the polyvinylidene fluoride (PVDF) binder and 10 wt% of Super-P
in N-methyl-2-pyrrolidone (NMP) solvent. The slurry was coated on an aluminum current
collector, and then dried at 80 ◦C for 24 h under a vacuum. Similarly, a cathode with the
rGO sample was prepared using the same procedure. The loading of sulfur mass was
about 1.0 mg/cm2. The as-prepared cathode, lithium metal anode and polypropylene
separator were assembled into a CR2032 coin cell with an electrolyte of 1.0 M lithium
bis(trifluoromethane)sulfonamide lithium (LiTFSI) and 0.1 M lithium nitrite (LiNO3) addi-
tive in a mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 by volume).
The electrochemical performances were conducted using an automatic charge–discharge
instrument (WBCS3000, WonATech Co., Seoul, Korea) in a voltage window of 1.8–2.8 V.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements
were performed with Biologic BCS-805 and Biologic SP-150 workstation, respectively. EIS
tests were carried on the frequency ranges from 1.00 MHz to 0.01 Hz with a disturbance
amplitude of 10 mV.

3. Results and Discussion

As schematically illustrated in Figure 1a, porous N, S co-doped rGO host materials
regulating the lithium polysulfide shuttling behavior were prepared via a simple hydrother-
mal method using methylene blue (MB) as a precursor for doping of heteroatoms onto the
graphene layers. The MB is a heterocyclic aromatic organic dye that contains a delocalized
charge distribution in aqueous solution; only weak positive charge characteristic was
detected from the zeta potential measurement. (Figure 1b). We speculated that negatively
charged oxygen-containing functional groups on the surface of GO sheets could induce a
complexation of GO and MB through electrostatic interactions, with π-π bond providing
additional interactions for the interfacial assembly. To investigate the interaction of MB and
GO, different amounts of MB aqueous solutions were added to a GO suspension and left
for several hours. We found that these mixtures spontaneously assembled with increasing
the content of MB. For the MBGO20, small aggregates were observed as presented by
optical microscopy. (Figure 1c) Remarkably, after increasing the content of methylene blue
of up to 40%, MBGO40, relatively larger and more aggregates were obviously visible at the
bottom of the vial, which could be a consequence of complete covering of the charge of the
GO sheets, leading to the formation of highly aggregated precipitates out of the solutions.
Thus, we considered that the addition of excessive amount of MB would be a negative
influence on achieving a homogeneity and porous structure of host materials during the
hydrothermal reaction.

The morphologies of the MBGO were investigated by scanning electron microscopy
(SEM) with the images displayed in Figure 1d,e. After thermal expansion by the hydrother-
mal reaction, the rGO nanosheet formed a three-dimensional network with slight folds
and crumpled edges (Figure S2), while maintaining the well-defined porous structure.
Similarly, the MBGO samples revealed the layered and porous network structures, but
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the nanosheets were progressively stacked to form a compact structure with dense and
continuous surface morphologies upon increasing the content of MB.

Figure 1. (a) Schematic of the preparation process of N, S–doped carbon as a sulfur host. (b) Zeta potential of graphene
oxide and methylene blue. (c) Optical microscopy observations of the bottom of vial for MBGO20 and MBGO40 solutions.
SEM image of (d) MBGO20 and (e) MBGO40. (f) XRD patterns and (g) Raman spectra of MBGOs with different MB contents.

The X-ray diffraction (XRD) analysis was performed to better understand the mi-
crostructure of the MBGOs. As shown in Figure 1f, the MBGOs exhibited two broad peaks
around 24◦ and 43◦, corresponding to the (002) and (100) reflections of planes in the disor-
dered carbon materials, indicative of the partially restacked rGO [23]. We observed that
the (002) peak position shifted toward the higher angle of 2θ with increasing the content of
methylene blue compared to the pristine rGO (Figure S3), suggesting that the introduction
of methylene blue decreases the interlayer distance of the MBGOs [24]; this is generally
coupled with the deoxidization of oxygen functional group due to the heteroatom (e.g., B,
N, and S) doping in the graphitic layer. The structural disorder tendency of MBGOs was
also investigated by Raman spectroscopy. As shown in Figure 1g, the MBGOs exhibited
two distinctive peaks at 1320 cm−1 and 1590 cm−1 related to the D (defects and disorder in
the graphitic layer) and G band (sp2 hybridized carbon atoms) respectively, indicating a
presence of disordered graphitic layers [25]. The corresponding intensity ratio of the D and
G bands (ID/IG) gradually increased with the rise of methylene blue content, which could
be ascribed to the incorporation of heteroatoms into the carbon framework [24].

Figure 2a displays the STEM images and corresponding energy-dispersive X-ray spec-
troscopy (EDS) mapping images of the MBGO20. Uniform distribution of carbon, nitrogen,
and sulfur elements over the entire carbon structure was observed, again demonstrating
that the nitrogen and sulfur atoms were successfully incorporated in the carbon matrix
through the hydrothermal treatment.
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Figure 2. (a) STEM image and corresponding elemental mapping images of C, N and S for MBGO20.
(b) XPS survey spectra with different MB contents. The high-resolution XPS spectra of (c) C 1s, (d) O
1s, (e) N 1s and (f) S 2p of the MBGO20.

The XPS analysis was performed further to investigate the surface element compo-
sition and chemical state of MBGOs depending on the contents of methylene blue. As
shown in Figure 2b, the XPS survey spectrum exhibited the presence of carbon, nitrogen,
sulfur, and oxygen species. The amount of nitrogen and sulfur atoms increased continu-
ously with the increasing the amount of methylene blue, accompanied by decreasing the
content of oxygen element as listed in Table S1. The high-resolution C 1s, O 1s, N 1s, and
S 2p spectrum of MBGO20 are displayed in Figure 2c–f, respectively. The C 1s spectrum
(Figure 2c) exhibited the characteristic peaks located at 284.5 and 285.2 eV, which could
be indexed to the C–C groups constituting the carbon structure and the C–N/C–S groups
formed by heteroatoms doping, respectively. In addition, small peaks for C–O, C=O, and
O–C=O originated from oxygen functional groups were observed at 286.6 eV, 289.0 eV, and
291.3 eV [26]. The O 1s spectrum could be deconvoluted into C=O, –OH, and COOH three
peaks centered at 531.1, 533.4, and 533.4 eV, respectively (Figure 2d) [27]. The binding state
of nitrogen and sulfur containing moieties was also investigated. As shown in Figure 2e,
the N 1s spectrum was fitted by three typical peaks, including pyridinic N (N–6, 399.1 eV),
pyrrolic N (N–5, 400.1 eV), and graphitic N (N–Q, 401.0 eV) [28]. The S 2p spectrum
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exhibited three sub-peaks located at 163.9, 165.2, and 167.9 eV, corresponding to the S 2p3/2,
S 2p1/2, and oxidized S, respectively [29]. Previous studies have proved that the incorpora-
tion of nitrogen and sulfur containing moieties into the carbon materials could not only
offer favorable physical and/or chemical trapping sites to alleviate the lithium polysulfide
shuttling behavior, but also expedite the redox reaction kinetics of sulfur species, resulting
in the high electrochemical performances [22,30]. Although the heteroatom content of the
MBGO40 was estimated to be slightly lower than that of the MBGO20, we considered that
the highly stacked MBGO40 hybrid structure that would hamper ion transport during
cycling and decrease the contact sites between the heteroatoms and the lithium polysulfide
when employed as sulfur hosts for Li–S batteries.

As such, the electrochemical performance was evaluated for the Li–S cells fabricated
with MBGO20 cathode. The cyclic voltammetry (CV) was initially carried out to iden-
tify redox reaction behavior of the MBGO20 cathode at a current rate of 0.1 mV/s. For
comparison, the CV curve for the cell with pristine rGO cathode is also provided. As
shown in Figure 3a, during the cathodic scan, two peaks were observed at around 2.1 and
2.3 V, indicating the reduction of sulfur (S8) to long-chain lithium polysulfide (Li2Sx) and
the reduction of long-chain lithium polysulfide (Li2SX) to insoluble lithium polysulfide
(Li2S2/Li2S), respectively. In the anodic scan, the oxidation peaks at around 2.4 V and 2.5 V
correspond to the conversion of Li2S2/Li2S into long-chain Li2SX and eventually to S8 [31].
Obviously, the cell with MBGO20 cathodes showed significantly higher and sharper redox
peaks along with larger area than those of the rGO cathode, suggesting that the MBGO20
cathode was able to improve redox reaction kinetics and capacitive behavior.

The rate capability of the cells with MBGO20 and rGO cathode was measured at
different current rates from C/10 to 1 C. As shown in Figure 3b, MBGO20 cathode showed
higher specific capacities at all current rates when compared to the rGO cathode, and the
difference in specific capacity was noticeable with increasing current rates. Furthermore,
when returned to the current rate of C/10, the specific capacity of MBGO20 cathode
recovered reasonable specific capacities, indicating high electrochemical reversibility. The
galvanostatic charge–discharge profiles of MBGO20 and rGO cathode at various current
rates are compared, where the two well-defined charge and discharge plateaus were
observed at a mild condition of 1/10 C, which was in good agreement with the CV results.
As presented in Figure 3c,d, we observed that there is a difference between the charge
capacity and the discharge capacity, especially in the first cycle. This result indicates
the low Coulombic efficiency during the initial cycling, which could be attributed to
the formation of a solid electrolyte interphase (SEI) layer. [5] Additionally, we were not
able to suppress completely the parasitic reactions derived from the diffusion of lithium
polysulfide dissolved in electrolytes [32]. Nonetheless, the MBGO20 cathode showed
much improved electrochemical performances and Coulombic efficiency compared to
the rGO cathode possibly due to well-developed porous graphene structures with ample
nitrogen- and sulfur-containing moieties, which suggests that the MBGO20 cathode was
able to mitigate the parasitic reactions to the electrode. In addition, the voltage differences
between the charge–discharge curves of the rGO cathode were found to be larger than those
of the MBGO20 cathode, and the differences were more prominent with increasing current
rates, with the discharge plateaus gradually disappearing. By comparison, the MBGO20
cathode showed a relatively stable charge–discharge behavior with lower polarization,
which further indicates the enhanced reaction kinetics.

Figure 3e displays the cycling performance and CE of the cells with MBGO20 and rGO
cathodes at a current rate of 0.2C. As expected, the MBGO20 cathode was able to deliver
improved cycling performance compared to the rGO cathode. The rGO cathode exhibited
a limited capacity retention of about 21%, while the MB20 cathode showed a double
capacity retention. In addition, CE of the MBGO20 cathodes was observed to be close 99%
during cycles, confirming excellent cycling stability. We considered that the introduction of
heteroatom into the carbon framework not only gives rise to fast redox reaction kinetics but
also mitigates the shuttling behavior of lithium polysulfide derived from a polar interaction
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during cycling, which in turn improves utilization of active materials and thus provide the
higher electrochemical performances.

Figure 3. (a) CV curve of MBGO20 and rGO cells at 0.1 mV/s in the voltage window of 1.8 to 2.8 V.
(b) Rate capability and galvanostatic charge–discharge profiles of (c) MBGO20 and (d) rGO cells at
various current rates. (e) Cycling performance and Coulombic efficiency at 0.2 C.

To better understand the redox reaction kinetics, electrochemical impedance spectra
(EIS) measurements were conducted after cycling, and the relevant equivalent circuit
model is shown in Figure S4. As displayed in Figure 4a, both Nyquist plots exhibited two
semicircles at high- to medium-frequency ranges, an oblique line at low frequency. The first
semicircle is a combination of bulk resistance of the electrolyte (R0) and insulating surface
layer (Rsurf), and the second semicircle relates to charge-transfer resistance (Rct). In addition,
the oblique line corresponds to the Warburg impedance (Ws) associated with the diffusion
of lithium ions in the electrode [33]. It can be noticed that the MBGO20 cathodes showed
smaller Rsurf and Rct values, which demonstrates the suppressed formation of insulating
Li2S2/Li2S layer and excellent lithium polysulfide conversion kinetics. Additionally, we
speculated that the lone pair electrons in nitrogen and sulfur would form conjugation
structures which improve the electrical conductivity of the MBGO20, leading to the reduced
charge transfer resistance and fast redox reaction kinetics, as reported previously [34].
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Figure 4. (a) Nyquist plots of MBGO20 and rGO cathodes. (b) Relationship between Z’ and ω−1/2 in
the low-frequency region. GITT curves of (c) MBGO20 and (d) rGO cathode at 0.02 C. (e) Internal
resistance based on GITT.

The diffusion coefficient of lithium ions (DLi
+) in the low-frequency region was calcu-

lated further by the following Equation (1) [35,36]:

DLi
+ = R2T2/2A2n4F4C2σ2 (1)

where R, T, A, n, F, and C are gas constant, absolute temperature, cathode surface area,
electrons number per molecule in redox reaction, Faraday constant and lithium ion con-
centration in electrolyte, respectively. σ is Warburg coefficient, calculated according to the
following Equation (2):

Z’ = R0 + Rct + σω−1/2 (2)

where ω represents the angular frequency. The linear relationship between Z’ and ω−1/2

is shown in Figure 4b, and the Warburg coefficient of the MBGO20 cathode found to be
smaller than that of the rGO cathode, demonstrating the improved redox reaction kinetics
and Li+ diffusion for the MBGO20 cathode. The DLi

+ values of MBGO20 and rGO cathodes
were calculated to be 5.5 × 10−12 cm2/s and 1.6 × 10−12 cm2/s, respectively.

Subsequently, the galvanostatic intermittent titration technique (GITT) was performed
at 0.02 C in order to further investigate the effect of MBGO on the lithium polysulfide
conversion kinetics. As presented in voltage fluctuations (Figure 4c,d), during charge and
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discharge processes, the MBGO20 cathode exhibited lower cell polarizations that are clearly
evident in the magnified pulse compared with the rGO cathode, which is in accordance
with the charge transfer behavior. For stricter comparison, the internal resistances of
MBGO20 and rGO cathodes during cell operation were calculated using the following
Equation (3) [37,38]:

ΔRinternal(Ω) = |ΔVQOCV-CCV|/Iapplied (3)

where ΔV represents the voltage difference between the closed-circuit voltages (OCV)
and the quasi-open-circuit voltage (QOCV), and Iapplied represents the applied current.
ΔRinternal is defined as the internal resistance of cell related to lithium polysulfide conver-
sion during charge and discharge. As shown in Figure 4e, the internal resistance values for
the MBGO20 cathode observed to be the lower during both charge and discharge processes
compared with rGO cathode, which demonstrates a significant improvement in the redox
kinetics for lithium polysulfide through rapid electron and lithium-ion transport.

After 100 cycles, the surface morphology of the lithium metal anode was observed
to monitor the change in lithium polysulfide shuttling behavior using scanning electron
microscopy (SEM). As presented in Figure 5a, the lithium metal anode surface of the rGO
cathode showed a lot of irregular dendritic particles and holes along with rough passivation
layers, which resulted from the continuous lithium polysulfide shuttling behavior and
decomposition of the electrolyte. In comparison, the lithium metal anode of MBGO20
cathode was observed to be smoother and flatter surface as displayed in Figure 5b. These
results suggest that the MBGO20 cathode was able to effectively alleviate the dendrite
growth on the surface of lithium anode and lithium polysulfide shuttling behavior.

We performed the lithium polysulfide confinement experiment under ambient con-
ditions. For the test, a Li2S6 solution of red-brown color was prepared by mixing a 1:5
molar ratio of Li2S and sulfur in DOL/DME solution (1:1, v/v). After adding the MBGO20
powder into the Li2S6 solution, the solution showed color fading. This result indicates that
the MBGO20 was able to trap the lithium polysulfide through strong chemical and physical
interactions. In order to further investigate the suppressed lithium polysulfide shuttling
behavior for the MBGO20 cathode, XPS analysis was performed after 100 cycles. As shown
in Figure 5c,d, the peaks related to Li+TFSI− electrolyte salt at 170–166 eV detected for
both two cathodes in the S 2p spectra. However, the MBGO20 cathode clearly exhibited a
series of distinct peaks corresponding to polysulfide (Sn

2−, 165–164 eV) and Li2S/Li2S2
(164–160 eV), which indicated that a high degree of lithium polysulfide was anchored in the
MBGO20 cathode [39]. We considered that the differences in lithium polysulfide shuttling
behavior were closely related to the introduction of heteroatoms in the carbon materi-
als. Possibly the electronegative nitrogen and sulfur containing moieties in the MBGO20
were able to offer efficient chemical interactions for the lithium polysulfide, with a lot of
structural defects generated after heteroatoms doping providing an increase in physical
adsorption sites for the lithium polysulfide. The XPS spectra of Li 1s and N 1s of MBGO20
cathode further demonstrated the alleviated lithium polysulfide shuttling behavior. As
shown the Figure 5e, the Li 1s spectrum was deconvoluted into two peaks at 55.6 eV and
56.5 eV, which relates to the Li–S bond derived from lithium polysulfide and the Li–N
bond from the interaction between the lithium polysulfide and nitrogen atom moieties [40].
In addition, the N 1s spectrum was divided into three peaks of pyridinic N (398.53 eV),
pyrrolic N (399.42 eV), and graphitic N (400.82 eV) as presented in Figure 5f. Compared
with the N 1s XPS spectra of Figure 2e, we observed a peak shift towards higher binding
energy values for pyridinic N (+0.57 eV), pyrrolic N (+0.58), and graphitic N (+0.18 eV), due
to the favorable polar interactions [41,42]. Therefore, the MBGO20 with active nitrogen and
sulfur containing moieties was able to achieve the mitigated lithium polysulfide behavior,
leading to the improved reactivation and reutilization of active materials, which in turn
contributes to the enhanced electrochemical performances.
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Figure 5. SEM images of the lithium metal anode surface of (a) rGO and (b) MBGO20 cathode after
100 cycles. High–resolution XPS spectra of (c) S 2p of rGO cathode and (d) S 2p, (e) Li 1s and (f) N 1s
of MBGO20 cathode after cycling.

4. Conclusions

In summary, we rationally prepared a series of heteroatom-doped porous rGO to
utilize as host materials for the sulfur cathode. A simple hydrothermal process of the
methylene blue and graphene oxide simultaneously enabled the reduction of graphene
oxide and the incorporation of N and S atoms into the carbon framework. The electronega-
tive N, S–containing moieties of MBGOs were able to alleviate the polysulfide shuttling
behavior through the combining effect of physical and chemical adsorptions, with promot-
ing the redox reaction kinetics of lithium polysulfide intermediates. Thus, electrochemical
investigation revealed that the sulfur cathode based on MBGO20 displayed the improved
rate capability and cycling stability along with high along with high Columbic efficiency
when compared to those with the rGO based cathode. This work provides an effective and
facile method for the preparation of organic dye-derived carbon host materials for high
performance Li–S batteries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11112954/s1, Figure S1: TGA thermograms of carbon composite and elemental sulfur,
Figure S2: SEM images of (a) rGO, (b) MBGO5 and (c) MBGO10, Figure S3: XRD pattern of rGO
sample, Figure S4: Equivalent circuit model of after cycling, Figure S5: Digital photo image of the
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confined lithium polysulfides within MBGO20, Table S1: Elemental ratios of MBGOs with different
methylene blue contents.
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Abstract: With the increasing energy demand for portable electronics, electric vehicles, and green
energy storage solutions, the development of high-performance supercapacitors has been at the
forefront of energy storage and conversion research. In the past decade, many scientific publications
have been dedicated to designing hybrid electrode materials composed of vanadium pentoxide
(V2O5) and carbon nanomaterials to bridge the gap in energy and power of traditional batteries and
capacitors. V2O5 is a promising electrode material owing to its natural abundance, nontoxicity, and
high capacitive potential. However, bulk V2O5 is limited by poor conductivity, low porosity, and
dissolution during charge/discharge cycles. To overcome the limitations of V2O5, many researchers
have incorporated common carbon nanostructures such as reduced graphene oxides, carbon nan-
otubes, carbon nanofibers, and other carbon moieties into V2O5. The carbon components facilitate
electron mobility and act as porous templates for V2O5 nucleation with an enhanced surface area
as well as interconnected surface morphology and structural stability. This review discusses the
development of various V2O5/carbon hybrid materials, focusing on the effects of different synthe-
sis methods, V2O5/carbon compositions, and physical treatment strategies on the structure and
electrochemical performance of the composite material as promising supercapacitor electrodes.

Keywords: electrochemical energy storage; supercapacitor; vanadium pentoxide; carbon nanocom-
posite

1. Introduction

The demand for improved energy storage devices has increased due to the rapid
development of portable electronics, electric vehicles, and green energy storage devices [1].
Supercapacitors are promising replacements for traditional energy storage devices such as
batteries and capacitors with high energy and power densities, respectively, because super-
capacitors can be fabricated using readily accessible materials with outstanding cyclability
and can provide a balance of both high power and energy densities (Figure 1) [2–5]. The
two main classifications of supercapacitors are electric double-layer capacitors (EDLCs) and
pseudocapacitors (faradic supercapacitors) [6,7]. EDLCs produce a charge separation at the
boundary between the electrode and electrolyte to store energy [8]. In contrast, pseudoca-
pacitors rely on fast faradic reactions at the electrode surface to store energy [9]. Depending
on the electrode material, supercapacitors primarily exhibit electric double-layer (EDL) or
pseudocapacitive characteristics or a combination of both.

Nanomaterials 2021, 11, 3213. https://doi.org/10.3390/nano11123213 https://www.mdpi.com/journal/nanomaterials
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Figure 1. Ragone plot showing the energy and power density ranges of common electrochemical
energy storage devices such as capacitors, supercapacitors, and batteries.

Transition metal oxide/carbon hybrid materials have recently attracted considerable
attention as composites with easily controllable pseudocapacitive and EDL characteris-
tics. Transition metal oxides such as vanadium pentoxide (V2O5) are pseudocapacitive,
yielding supercapacitors with high specific capacitances (Csp) and energy densities [10].
However, V2O5 is limited by poor conductivity, low power density, and minimal cyclic
stability [11]. In contrast, carbon nanostructures, such as reduced graphene oxide (rGO),
carbon nanotubes (CNTs), and carbon nanofibers (CNFs), show dominant EDL characteris-
tics, resulting in highly stable and power-dense supercapacitors. However, carbon-based
materials suffer from low specific capacitances and energy densities [12]. Transition metal
oxide/carbon composite materials supplement the high energy potential of transition metal
oxides with the high power potential and stability of carbon nanostructures [13–15]. These
composite materials will be essential to meet the demand for fast-charging portable elec-
tronics, long-lasting electric vehicles, and environmentally friendly energy storage devices.

V2O5 has attracted significant attention as a transition metal oxide with multiple
oxidation states (II–V), enabling a high maximum theoretical capacitance of 2120 F g−1 [16].
With a wide effective potential window, V2O5 can provide a high theoretical energy den-
sity [17]. Additionally, owing to its natural abundance and low toxicity, V2O5 is a low-cost
material that is ideal for mass production [18,19]. The crystal structure of V2O5 allows
electrolyte ions such as Li+ to reversibly intercalate/de-intercalate, thereby improving
the faradic reactivity with the electrolyte [20,21]. However, bulk V2O5 is limited by poor
electrical conductivity, slow reaction kinetics, and vanadium dissolution [22,23]. To im-
prove the properties of bulk V2O5, the bulk crystal nanostructure has been converted into
nanorods [24], nanotubes [25], nanosheets [26], nanobelts [27], and other porous nanos-
tructures [28]. These nanostructures allow better reaction kinetics with shorter diffusion
pathways than those observed in the bulk crystal structure, and they improve cyclability
with less strain on the crystal structure during ion intercalation/de-intercalation. However,
these V2O5 materials still have drawbacks, such as low electrical conductivity [29,30].

Recent developments in improving V2O5 supercapacitor materials involve the addi-
tion of carbon nanomaterials, such as graphene [31], rGO [32], CNTs [33], and activated
carbon (AC) [34], to improve the conductivity and structural stability of V2O5. Carbon
materials are ideal sources of EDL capacitance for efficient supercapacitors, owing to high
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porosities, conductivities, and natural abundances [35,36]. Highly porous carbon materi-
als have large surface areas, resulting in more active sites on the electrode material [37].
Increased porosity allows fast ion intercalation/de-intercalation with short ion diffusion
pathways [38]. The large surface area improves the interfacial contact between the elec-
troactive material and the current collector, resulting in more efficient electron transfer.
Moreover, the carbon content improves the overall conductivity of the electrode, increasing
the specific capacitance and decreasing the energy losses during charge/discharge [39].

Despite the recent developments in V2O5/carbon composites, many review articles
on supercapacitor electrode materials only briefly discuss V2O5 materials as part of a
broader review of transition metal oxide [40–45] or carbon-based supercapacitors [46–48].
V2O5/carbon hybrid materials are promising materials that have been the focus of recent
research, so it is essential to organize the most up-to-date information on factors affecting
the performances of V2O5/carbon composite electrodes. This review describes the physical
and electrochemical characteristics of different V2O5/carbon nanostructures, including
V2O5/rGO, V2O5/CNTs, V2O5/CNFs, and other V2O5/carbon hybrid materials. This
review focuses on the effects of different synthesis methods, carbon to V2O5 ratios, and
physical treatment procedures on the structures and performances of V2O and carbon
hybrid nanomaterials.

2. V2O5/rGO

rGOs have been extensively investigated as additive materials for V2O5 composites
because of their large surface areas, high conductivities, and good stabilities [49]. Similar to
pristine graphene (sometimes reported in the literature as graphene), rGO is a monolayer
of sp2 hybridized carbon atoms arranged in a hexagonal lattice [50,51]. However, unlike
pure graphene, rGO contains varying degrees of defects caused by functional groups such
as hydroxyl and carbonyl groups remaining after the reduction of highly functionalized
graphene oxide (GO) [52]. Various factors involved in the fabrication of a V2O5/rGO
(VrG) electrode affect its electrochemical performance by altering the morphology and
crystalline structure of the hybrid material. VrG composites are versatile materials that often
possess a lamellar structure with high porosity and surface area. The effects of different
synthesis pathways, V2O5/carbon compositions, and physical treatment conditions were
closely examined for their impact on the nanostructures and the resulting capacitive
performances of the VrG electrodes. The morphology and electrochemical performances
of V2O5/rGO electrodes for supercapacitor applications reported in the literature are
summarized in Table 1.

2.1. Effects of Synthesis Method

Many synthesis strategies for the fabrication of VrG composites include a hydro/
solvothermal method. Typically, a mixture of V2O5 precursors such as vanadium oxytriiso-
propoxide (VTIP), rGO precursors such as GO, and water or other solvents are heated at
high temperatures and pressures for extended periods in a Teflon-lined stainless steel auto-
clave [53]. The hydro/solvothermal procedure is frequently used because it is facile and
allows the formation of diverse V2O5 morphologies on the 2D rGO substrate. Pandey et al.
synthesized V2O5 nanospheres anchored to thin rGO sheets via a hydrothermal synthesis
route. A uniform dispersion of VTIP, GO, isopropyl alcohol, and DI water was heated
at 180 ◦C in an autoclave for 18 h, yielding a mesoporous VrG composite material [54].
The resulting material had a layered structure with large V2O5 nanospheres intercalated
into the rGO layers. The vanadium crystals had an organized orthorhombic crystal struc-
ture that promoted deep ion adsorption. The lamellar structure of rGO increased the
surface area for additional surface redox reactions and porosity for abundant electrolyte
ion intercalation/de-intercalation. In a symmetric, two-electrode configuration with the
VrG working electrodes, the composite exhibited a large maximum Csp of 448 F g−1 at a
current density of 0.75 A g−1 that decreased slightly to 296 F g−1 at a significantly higher
current density of 15.5 A g−1. The excellent rate capability was due to the low charge

41



Nanomaterials 2021, 11, 3213

transfer resistance (0.6 Ω), which was enabled by the strong bonds formed between the
intercalated V2O5 nanospheres and conductive rGO sheets.

Table 1. V2O5 morphology and electrochemical performances of V2O5/reduced graphene oxide composite electrodes for
supercapacitor applications.

Morphology Maximum Csp (F g−1)
Cycling Csp

Retention (%)
Cycle Number

Energy Density
(Wh kg−1)

Power Density
(W kg−1)

Nanowires 579 79 5000 - -
Nanowires 710 95 20,000 98.6 250
Nanosheets 635 94 * 3000 * 75.9 900
Nanostrips 309 95.2 10,000 475 -
Amorphous 178.5 85 8000 13.3 12.5
Nanoflowers 1235 92 5000 116 440
Nanoribbons - 720 500 16 200

Nanorods 37.2 90 * 1000 * 54.2 1075.9
Amorphous 484 83 1000 7.4 127
Amorphous 226 92 5000 12.5 79,900
Nanobelts 128.8 82 5000 - -
Nanobelts 310.1 90.2 * 5000 * 31.3 249.7
Nanofibers 218 87 * 700 * 37.2 345
Nanowires 272 80 1000 26.22 425
Nanorods 537 84 1000 74.58 500

Nanospheres 386 - - 80.4 275

* Cycling performance was determined using a two-electrode configuration.

The hydro/solvothermal synthesis route can also yield V2O5 nanowires. Ahirrao
et al. followed a similar hydrothermal process with ammonium metavanadate (NH4VO3)
to yield a similar lamellar rGO structure with intercalated V2O5 nanowires [55]. First,
NH4VO3 was calcinated into V2O5, and the V2O5 powder was then sonicated with GO in
DI water and heated at 180 ◦C for two days in an autoclave. The hydrothermal processes
yielded thin nanowires with lengths ranging from 100 nm to several micrometers anchored
to the rGO layers. The nanowire morphology increased the surface area of V2O5 for more
active sites and decreased the ion diffusion pathways. The VrG composite was drop-cast
onto carbon paper to yield a supercapacitor electrode. The VrG electrode exhibited a
maximum Csp of 1002 F g−1 at a current density of 1 A g−1. Because of its low charge
transfer resistance (0.53 Ω), the composite exhibited good rate capability, as indicated by the
high Csp of 828 F g−1 at a high current density of 3 A g−1. Similarly, Geng et al. synthesized
thin V2O5 nanowires anchored to curly rGO sheets using a hydrothermal process [56].
As the hydro/solvothermal process often yields a VrG composite powder, it is combined
with a conducting filler and polymer binder and coated onto a current collector for use
as an electrode. The VrG material was combined with Super P carbon (conducting filler),
polyvinylidene fluoride (PVDF) (polymer binder), and N-methyl-2-pyrrolidone (NMP)
(solvent) in an 8:1:1 ratio. The resulting slurry was coated onto Ni foam, vacuum dried, and
compressed into a thin sheet. Unlike a 2D metal foil current collector, Ni foam provided a
3D macroporous network for large volumes of electrolyte diffusion. Anchoring the VrG
material to the porous foam increased the surface area for more active redox sites. The
electrochemical performance of the VrG hybrid material was tested in a three-electrode
configuration with a VrG working electrode, Pt counter electrode, and Ag/AgCl reference
electrode in 1 M KCl electrolyte. The Ni foam-based VrG electrode exhibited a high Csp of
579 F g−1 at a current density of 1 A g−1. Despite the lower conductivity than that of Cu, the
relatively high conductivity and larger pore size of Ni foam enabled good rate capability,
as indicated by a large Csp of 534 F g−1 at a high current density of 4 A g−1. Because of
its rigid and porous structure, the VrG material was less susceptible to mechanical strain
arising from electrolyte intercalation/de-intercalation, resulting in a high Csp retention of
79% after 5000 cycles at a current density of 4 A g−1. Sun et al. found that the duration of
the hydro/solvothermal reaction affected the growth of V2O5 nanowires on rGO sheets [57].
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V2O5 was modified with the N-doped rGO (N-rGO) aerogel via solvothermal synthesis
in an autoclave at 160 ◦C for different durations. The composite was then freeze-dried to
yield a marshmallow-shaped, free-standing VrG electrode. Tiny hair-like V2O5 nanowires
were vertically anchored on the surfaces of the amorphous N-rGO sheets (Figure 2).

Figure 2. SEM images of N-doped rGO anchored to vertically aligned V2O5 nanowires after solvother-
mal synthesis for (a) 30, (b) 45, (c) 60, (d) 90, and (e) 120 min. (f) Magnified SEM image of the N-doped
VrG after solvothermal reaction for 120 min. Reprinted with permission from Ref. [57]. Copyright
2018 Royal Society of Chemistry.

A short reaction time of 30 min between V2O5 and rGO resulted in a smooth rGO
surface without many V2O5 nanowire growths (Figure 2a). After 45 to 60 min, larger
V2O5 nanowires were obtained (Figure 2b,c), suggesting additional V2O5 nucleation and
growth. Prolonged reactions for 90 to 120 min resulted in long, vertical V2O5 crystal
growths uniformly spread on the rGO surface (Figure 2d,e). A magnified view of the V2O5
coated surface (Figure 2f) showed the porosity of vertically grown V2O5 nanowires. The
mesoporous network of N-rGO sheets combined with the nanowire extrusions resulted
in a large BET surface area of 416 m2 g−1, which allowed fast ion diffusion and increased
the number of active sites for surface reactions. The porous VrG electrode exhibited an
excellent Csp of 710 F g−1 at a current density of 0.5 A g−1. The nitrogen defects in the
rGO frame lowered the charge transfer resistance of the electrode from 1.54 to 1.11 Ω,
resulting in improved rate capability, indicated by a high Csp of 360 F g−1 at a large current
density of 10 A g−1. As the nitrogen groups in rGO were more reactive than carbon, N-rGO
contained more V2O5 nucleation sites than bare rGO, resulting in denser distributions
of V2O5 nanowires throughout the N-rGO-based composite. The V2O5/N-rGO material
exhibited excellent cyclic stability with 95% Csp retention after 20,000 cycles at a high
current density of 10 A g−1.

In addition to nanospheres and nanowires, the hydrothermal process can yield more
sheet-like V2O5 morphologies anchored to rGO. Nagaraju et al. synthesized a VrG com-
posite with V2O5 and rGO nanosheets via a hydrothermal method to obtain a lamellar
composite structure [58]. V2O5 had a pure orthorhombic crystal structure that allowed
good ion diffusion. The layered structure of the V2O5 and rGO nanosheets resulted in a
large surface area of 36.2 m2 g−1, which was four times larger than that of bulk V2O5. The
VrG material exhibited both EDL and pseudocapacitive characteristics because of the even
composition of V2O5 and rGO. The porosity and crystallinity enhanced the pseudocapaci-
tive capability to a maximum Csp of 635 F g−1 at a current density of 1 A g−1. Even at a high
current density of 30 A g−1, the composite exhibited a large 240 F g−1 Csp, highlighting
the layered composite’s potential for high-energy and high-power applications. An asym-
metric supercapacitor with the VrG electrode exhibited an energy density of 75.9 Wh kg−1

with a power density of 900 W kg−1. Sahu et al. used a hydrothermal method to synthesize
V2O5 nanostrips anchored to rGO nanoribbon [59]. The V2O5 nanostrips shrank during
the hydrothermal reaction with rGO as the rGO template inhibited large V2O5 growth. The
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retention of small V2O5 crystals doubled the surface area to 15.6 m2 g−1, thereby increasing
the efficiencies of surface redox reactions. The composite material had high mesoporosity,
facilitating the fast diffusion of electrolytes through the ion channels. Thus, the Csp of
the composite (309 F g−1) was approximately five times greater than that of bulk V2O5
nanostrips. The VrG material had a low equivalent series resistance and charge transfer
resistance of 4.6 and 1.2 Ω, respectively, which provided good rate capability, indicated by
the relatively high 114 F g−1 Csp at a high scan rate of 100 mV s−1. A solid-state electrode
comprising the VrG composite exhibited a high conductivity of 1.4 × 10−2 S m−1, which
minimized the energy loss as heat. A symmetric VrG electrode supercapacitor had an
energy density of 42.09 Wh kg−1 at a power density of 475 W kg−1, which decreased to
13.44 Wh kg−1 at a power density of 8400 W kg−1.

The facile hydrothermal method can also alter the large sheet-like structure of rGO.
Zhang et al. employed a hydrothermal and freeze-drying procedure to fabricate a VrG
hydrogel with thin rGO strips instead of large sheets [60]. The outer appearance of the hy-
drogel constituted a marshmallow-like macrostructure. The rGO strips were laced together
to form a macroporous 3D structure. The V2O5 nanobelts were uniformly intercalated in
the web-like rGO architecture. The VrG electrode with 64 wt% V2O5 exhibited a large Csp
of 320 F g−1 at a current density of 1.0 A g−1. In a symmetric supercapacitor setup, VrG
retained 70% of its initial Csp after 1000 cycles at a current density of 1 A g−1.

An alternative to the versatile hydrothermal process is the sol-gel method, which is
a low-cost synthesis strategy that involves the formation of a V2O5 sol that is converted
into a gel via hydrolysis and condensation reactions. The resulting porous V2O5 xerogel
can be used as a free-standing, binderless material used directly as a supercapacitor
electrode [61]. Yilmaz et al. utilized the sol-gel synthesis route to fabricate free-standing VrG
electrodes [62]. The V2O5 gel was first synthesized via a hydrothermal process involving
V2O5 powder and H2O2. The V2O5 gel, GO, and thiourea (cross-linking agent) were
reacted for two weeks in a cylindrical glass vial. The resulting VrG aerogel was washed
with ethanol, freeze-dried, and annealed at 300 ◦C in air. The highly porous composite
had a large BET surface area of 83.4 g m2 because of the lamellar rGO sheet structure with
V2O5 nanoribbons anchored to the rGO surface. The addition of thiourea increased the
chemical grafting between rGO and V2O5 by functioning as a redox couple, temporarily
reducing V5+ to V4+ to initiate the polymerization between rGO and V2O5. The reduced
V4+ was subsequently oxidized to V5+ during the final annealing step, yielding a hydrated
orthorhombic V2O5 crystal structure. The symmetric supercapacitor with the thiourea-
doped VrG electrodes exhibited a Csp of 484.9 F g−1 at a current density of 0.6 A g−1,
which was twice that of a thiourea-less VrG. Using thiourea during the synthesis also
resulted in sulfur and nitrogen functionalization of rGO. The functional groups decreased
the equivalent series resistance to 1.6 Ω, resulting in good rate capability with a high Csp
of ~300 F g−1 at a high current density of 10 A g−1. The mesoporous structure allowed
high ion adsorption and decreased the mechanical strain during rapid ion intercalation/de-
intercalation, resulting in a high Csp retention of 80% after 10,000 cycles at a high current
density of 5 A g−1. A symmetric capacitor with the VrG xerogel electrodes possessed
an energy density of 43.0 Wh kg−1 at a power density of 480 W kg−1, which decreased
to 24.2 Wh kg−1 at a power density of 9300 W kg−1. Kiruthiga et al. also used the sol-
gel method to synthesize V2O5 nanorods anchored to rGO sheets [63]. A V2O5 sol was
prepared by reacting ammonium metavanadate with citric acid, and the sol was heated to
form a gel that was subsequently heated at 450 ◦C in air to produce V2O5 powder. V2O5
was subsequently intercalated into the rGO sheets via sonication in DI water. The VrG
composite exhibited a Csp of 224 F g−1 at a current density of 0.01 A g−1 with a high
Csp retention of 85% after 1000 cycles at a current density of 0.06 A g−1. An asymmetric
Na-ion supercapacitor with a VrG anode and an AC cathode exhibited a maximum Csp
of 62 F g−1 at a current density of 0.01 A g−1 with 74% Csp retention after 1000 cycles at a
current density of 0.06 A g−1. The supercapacitor produced a maximum energy density of
65 Wh kg−1 at a power density of 72 W kg−1 and a current density of 0.03 A g−1.
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Another method of synthesizing a VrG composite involves the filtration of an rGO
and V2O5 suspension through a membrane. Unlike the hydrothermal method, the filtration
process produces a stable and binderless thin-film electrode material. Wang et al. synthe-
sized a VrG composite via the filtration of a solution of poly(3,4-ethylenedioxythiophene)
(PEDOT), a conducting polymer, V2O5, and rGO through a cellulose acetate membrane [64].
The resulting binderless VrG thin film was then roll pressed onto various substrates such as
ITO glass and Al to yield a substrate/PEDOT/VrG electrode. During synthesis, the V2O5
crystals were recrystallized into thin nanobelts coated evenly with PEDOT without the
intercalation of the 3,4-ethylenedioxythiophene (EDOT) monomer into the V2O5 lattice.
PEDOT acted as a bridge between V2O5 and rGO through π–π conjugation, such that V2O5
did not interact directly with rGO. These strong bonds allowed the composite material to
form a stable film structure that was easily transferred to and compressed onto different
substrates without a binder between the substrate and composite material. Figure 3a shows
the procedure for transferring the thin-film hybrid material. A facile electrode fabrication
procedure was applied to various substrates such as ITO, plastic, and glass. The VrG
material exhibited smooth surface adhesion and good optical transparency for all tested
substrates (Figure 3b,c). A large thin-film electrode with a diameter of 170 mm was easily
fabricated (Figure 3d) and placed in an array (Figure 3e), demonstrating the viability of
this fabrication strategy for scale-up. When placed on an Ag/PET current collector, the
PEDOT/VrG electrode yielded an areal capacitance of 22.4 mF cm−2 at a current density
of 0.7 A m−2. A lack of binder between the substrate and PEDOT/VrG enabled direct
contact between the conductive Ag substrate and composite material, increasing the overall
electrochemical performance. The PEDOT coating on V2O5 reduced the dissolution of
V2O5, resulting in a high capacitance retention of 98% after 150,000 cycles. Moreover, the
outer rGO layer trapped the vanadium ions within the composite structure for maximum
vanadium retention. A symmetric supercapacitor yielded a high Csp retention of 92.4%
after 50,000 cycles with a maximum energy density of 1800 Wh m−2 at a power density
of 110,000 W m−2. Similarly, Liu et al. synthesized a stable V2O5/rGO composite elec-
trode via vacuum filtration through a cellulose acetate membrane [65]. A thin VrG film
was fabricated by first preparing a lytropic liquid crystal suspension of rGO and V2O5 in
DI water. The lamellar phase suspension was filtered through the cellulose membrane,
yielding a VrG thin film that could withstand a maximum pressure of 120 MPa. With a
67 wt% V2O5, the thin film possessed a maximum Csp of 205 F g−1 at a current density of
1 A g−1. The electrode exhibited excellent rate capability by retaining more than 50% of its
initial Csp at a high current density of 50 A g−1. The electrode retained 94% of its Csp after
3000 cycles at a current density of 10 A g−1. An added advantage of thin-film VrG materials
is their high flexibility. Foo et al. utilized vacuum filtration through a nitrocellulose filter
to synthesize a flexible VrG composite [66]. The VrG was peeled from the filter, heated
in an autoclave with hydrazine monohydrate, dried, and acid-treated to yield a flexible,
binderless VrG electrode. The hydrazine exfoliated the VrG into layers with an average
spacing of 30 μm. Small amorphous V2O5 crystals were embedded on the surface of planar
rGO layers. The thin-film material possessed a large Young’s modulus of 1.7 GPa and
tensile strength of 6.1 MPa and could be repeatedly bent and unbent around a test tube
with no sign of permanent deformation. The flexible electrode material exhibited a Csp
of 178.5 F g−1 at a current density of 0.05 A g−1. The hybrid thin film had a moderate
rate capability due to a low equivalent series resistance of 3.36 Ω, resulting in a Csp of
129.7 F g−1 at twice the current density. An asymmetric supercapacitor with a flexible VrG
anode had maximum energy densities of 13.3 Wh kg−1 (unbent) and 13.6 Wh kg−1 (bent)
at a power density of 12.5 W kg−1.
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Figure 3. (a) Illustration of the transfer of the VrG film onto a substrate via a rolling process. Digital
photographs of (b) transparent VrG films with a thickness of 22 nm, (c) transparent VrG on ITO,
plastic, and glass with good convexity, and (d) a large VrG disc pressed on a substrate. (e) Digital
photograph of a 7 × 4 array of the large-scale VrG films. Reprinted with permission from Ref. [64].
Copyright 2020 Elsevier.

Chemical deposition is a facile strategy for synthesizing a VrG composite directly on a
conductive substrate. Different deposition techniques allow the composite material to bind
to a well-structured, porous 3D network for structural stability and maximum porosity
without the need for insulative additives or binders. Van Hoa et al. utilized chemical vapor
deposition (CVD) to fabricate a free-standing graphene/V2O5 composite with a Ni foam
template [67]. First, graphene was deposited on a Ni foam template using CVD, yielding a
porous macrostructure with smooth graphene plates. Subsequently, V2O5 was deposited
on the graphene/Ni foam substrate via a solvothermal method in an oxalic acid solution.
The Ni foam was covered with uneven graphene plates after the initial CVD, increasing
the surface area of the template. Small V2O5 nanoflowers were uniformly packed on the
graphene surface. The flower-like nanostructures were intricately connected ultrathin V2O5
nanosheets with a highly orthorhombic crystal phase. The nanoflower extrusions on the
porous graphene/Ni foam template further increased the BET surface area to 49.4 m2 g−1

for increased redox reactions. As V2O5 was synthesized directly on the graphene/Ni foam
template, there was no binder material to reduce the number of active sites. The electrode
exhibited one of the highest reported Csp values of 1235 F g−1 at a current density of
2 A g−1. The direct contact between graphene and Ni foam resulted in high conductivity
throughout the electrode material, resulting in a slight decrease in Csp to 800 F g−1, even
at a large current density of 20 A g−1. The large capacitance was due to the high specific
surface area provided by the porous template and gaps between the petal-like V2O5. The
composite electrode retained 92% of its Csp after 5000 cycles at a high current density of
4 A g−1, indicating good reversibility because of stable chemical bonding and enhanced
conductivity. The energy density was 116 Wh kg−1 at a power density of 440 W kg−1, which
decreased to ~330 Wh kg−1 at a power density of ~3500 W kg−1. Wang et al. employed
a similar synthesis strategy to fabricate a Ni foam-based V2O5/rGO electrode [68]. HCl
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and FeCl3 were used to etch the Ni foam before graphene CVD to ensure strong, more
homogeneously spread bonding. V2O5 was then synthesized directly on the rGO/Ni
foam substrate via a solvothermal method in an ethanol solution, resulting in long V2O5
nanoribbons that were several micrometers in length. V2O5 was not completely oxidized
and possessed a monoclinic crystal phase, while rGO showed a dominant graphitic crystal
phase. The areal capacitance of the free-standing electrode was 822 mF cm−2 at a current
density of 1 mA cm−2. An asymmetric supercapacitor composed of a VG cathode had an
energy density of 16 Wh kg−1 at a power density of 200 W kg−1. Using chemical bath
deposition (CBD) instead of CVD, Korkmaz et al. synthesized a binder-free, thin-film
VrG [69]. Glass (G), poly(methyl methacrylate) (PMMA) (P), fluorine-doped tin oxide (FTO)
glass (F), and indium tin oxide (ITO) glass (I) substrates were added to a solution of GO,
NaVO3, galactic acid, and methanol, and reacted for 24 h at ambient temperature. The
coated substrate materials were removed via chemical blanket removal. The texture of the
film surface differed for each substrate, showing spherical structures of different sizes for
VrG-G, a smooth and homogeneous structure for VrG-P, a dense and grainy structure for
VrG-F, and dispersed agglomerations for VrG-I. The crystallinity also changed depending
on the substrate with amorphous, orthorhombic crystal growth observed in VrG-G and
VrG-P, but well-oriented orthorhombic crystal growth in VrG-F and VrG-I. The thickness
of the VrG film was also different, with values of 1025, 988, 689, and 393 nm for VrG-G,
VrG-P, VrG-F, and VrG-I, respectively. Despite containing a thin V2O5 layer for limited
pseudocapacitance potential, VrG-F exhibited the largest Csp of 949.6 F g−1 owing to its
organized crystalline structure.

Different synthesis strategies such as hydro/solvothermal, sol-gel, filtration, and
chemical deposition methods are available for the preparation of VrG composites with
varying V2O5 and rGO morphologies. The hydrothermal method is frequently used as
a facile and versatile means of embedding V2O5 nanospheres, nanowires, nanorods, and
nanosheets onto lamellar rGO sheets. The product is typically a VrG powder that must be
combined with a conductive filler and binder for use as an electrode. The sol-gel method is
an alternate process that yields a porous gel instead of a powder that can be directly applied
as a supercapacitor electrode. The filtration method yields a thin-film, binderless electrode
that can be physically transferred to different substrates such as ITO and plastic. Chemical
deposition techniques such as CVD and CBD also allow the direct growth of V2O5 on
porous and conductive substrates such as Ni foam and ITO for improved conductivity
and stability.

2.2. Effects of Composition

Altering the ratio of rGO and V2O5 can improve the overall electrochemical perfor-
mance by balancing the conductivity of rGO and the pseudocapacitance of V2O5. Li et al.
emphasized the importance of carefully tuning the carbon content for improved electro-
chemical performance [70]. Different amounts of rGO were added during hydrothermal
synthesis to yield VrG electrodes with 15, 22, and 26 wt% rGO. Even a relatively small dif-
ference of 4 wt% in the carbon content between VrG-22 and VrG-26 resulted in a significant
increase in conductivity, with VrG-26 retaining 46% of its charge capacity (compared to 26%
capacity retention of VrG-22) when the scan rate was increased from 1 to 20 mV s−1. As the
orthorhombic V2O5 nanorods were wrapped by and intercalated between the crumpled
rGO sheets, an increase in the rGO content resulted in few nanorod agglomerations and
high conductivity, resulting in improved rate capability. An asymmetric capacitor with
a VrG-26 anode and AC cathode exhibited a Csp of 37.2 F g−1 at a current density of
0.5 A g−1. The integrated, layered structure of rGO reduced the permanent dissolution of
V2O5, leading to 90% Csp retention after 1000 cycles at a current density of 2 A g−1. The
maximum energy density exhibited was 54.3 Wh kg−1 at a power density of 136.4 W kg−1.
Saravanakumar et al. physically mixed different ratios of already prepared rGO and V2O5
in disodium citrate and aged the solution for three days to yield a VrG composite [71]. All
VrG compositions had an orthorhombic V2O5 crystal structure and produced a complex
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V2O5 network on the 2D rGO surface. However, among these, VrG-5 (5 wt% rGO) and
VrG-15 (15 wt% rGO) resulted in more agglomeration of V2O5, whereas VrG-10 (10 wt%
rGO) had a more homogeneous spread of the V2O5 crystals. V2O5 agglomeration limited
surface ion adsorption as the electrolyte could not intercalate deep into the bulk V2O5
crystal structure. Thus, well-spread VrG-10 exhibited the highest Csp of 519 F g−1 at a
scan rate of 2 mV s−1, which was significantly greater than the 326 F g−1 Csp for pristine
V2O5. An increase in rGO content improved the electron mobility to balance the high
pseudocapacitive charge capacity of V2O5. VrG-15 performed worse than bare V2O5 with
a Csp of 210 F g−1 because of the lower V2O5 content and V2O5 agglomeration on rGO,
which limited electron mobility and ion intercalation/de-intercalation. An increase in
the rGO content enhanced the rate capability of the VrG electrodes, with VrG-5 showing
only 47% Csp retention compared to 68% retained by VrG-15 when the current density
was increased from 0.5 to 10 A g−1. Increasing the rGO content decreased the internal
resistance, as indicated by 0.4 Ω resistance in VrG-10 compared to 1.73 Ω for pristine V2O5.
The physical support provided by the rGO sheets further reduced the damage caused by
repeated intercalation/de-intercalation, resulting in an 83% Csp retention after 1000 cycles
for VrG-10. An appropriate rGO composition is required to decrease V2O5 agglomeration
for maximum pseudocapacitive efficiency and improve the conductive pathways for higher
rate capability.

Although a high carbon content is desirable, a high V2O5 composition is required for
energy-dense supercapacitor electrodes. Ramadoss et al. examined the effect of varying
rGO to V2O5 ratio by controlling the initial ratio of GO and V2O5 during microwave
synthesis [72]. All three VrG variations, V1rG2 (1:2 V2O5 to GO), V1rG1 (1:1 V2O5 to GO),
and V2rG1 (2:1 V2O5 to GO), possessed a pure orthorhombic crystal phase with uniform
nanorods of 150–200 nm lengths. The VrG electrodes exhibited mixed pseudocapacitive and
EDL contributions to the overall capacitance. An increase in the V2O5 content increased
the Csp of the VrG electrode, as indicated by the higher Csp of 250 F g−1 for V2rG1 than
103 F g−1 for V1rG2 at a scan rate of 5 mV s−1. As V2O5 contributed toward most of the
capacitance via faradic reactions, increasing the proportion of V2O5 increased the total
capacitance. A symmetric supercapacitor with V2rG1 electrodes had an energy density of
12.5 Wh kg−1 at a power density of 79,900 W kg−1, which decreased to 8.4 Wh kg−1 at
10 times the power density. Lee et al. also concluded that high V2O5 content increased the
total capacitance [73]. VrG material was synthesized via a low-temperature hydrothermal
process with different ratios of V2O5 powder and GO. V3rG1 (3:1 V2O5 to GO), V1rG1
(1:1 V2O5 to GO), and V1rG3 (1:3 V2O5 to GO) all yielded orthorhombic crystalline V2O5
nanobelts with uniform size. V2O5-rich V3rG1 outperformed the other two variations with
a Csp of 288 F g−1 at a scan rate of 10 mV s−1, doubling the Csp of V1rG3. Although an
increase in the rGO content theoretically increased the conductivity, the low-temperature
hydrothermal reduction led to only a partial reduction of GO to rGO, which limited
the conversion to highly conductive rGO [73]. A large capacitance requires significant
pseudocapacitive contributions, supporting the need for a V2O5-rich composite material.
Many active sites were available for surface redox reactions because of the high surface area
of the V2O5 nanobelts anchored to the rGO layers. However, excessive V2O5 content could
lead to agglomeration that decreases the performance of the VrG composite. Fu et al. found
a balance between the rGO and V2O5 contents by synthesizing VrG electrodes with different
weight percentages of V2O5 [74]. The fabricated VrG composite synthesized via microwave
synthesis method resulted in a uniform distribution of amorphous V2O5 nanoparticles on
lamellar rGO sheets. Flaky rGO prevented the agglomeration of V2O5, which is a common
problem that decreases the surface ion adsorption capability of the V2O5 nanostructure.
More V2O5 crystals were formed on the rGO surface without agglomeration at a high initial
V2O5 loading up to 34.1 wt%. VrG-34 (34.1 wt% V2O5) exhibited excellent electrochemical
performance with a Csp of 673.2 F g−1 at a current density of 1 A g−1. The high rGO content
resulted in high rate capability, as indicated by a large Csp of 474.6 F g−1 at a high current
density of 10 A g−1. A high V2O5 composition decreased the ion adsorption and number
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of interlayer rGO bridges, which are essential for fast electron transport. With an increase
in current density, the high capacitance shifted from the redox dependence of V2O5 to
the capacitive dependence provided by rGO. The porous and stable architecture of the
composite allowed good cycling with a 96.8% Csp retention after 10,000 cycles at a current
density of 1 A g−1. A symmetric supercapacitor exhibited good performance with an
energy density of 46.8 Wh kg−1 at a power density of 499.4 W kg−1. A high V2O5 content is
necessary for high energy density through faradic energy storage; but ultimately, a balance
between V2O5 and rGO is essential for maximizing the electrochemical performance.

A variation in the ratio of rGO to V2O5 also alters the porosity and surface area of the
final VrG composite. Typically, a greater amount of rGO results in a larger surface area
owing to its high surface area. Yao et al. found that decreasing V2O5 content increased the
porosity of the composite [75]. A mixture of V2O5 powder with varying initial loading,
H2O2, and GO sols was heated at 200 ◦C for 5 h to yield a VrG composite. The resulting
VrG aerogel comprised V2O5 nanobelts with a pure orthorhombic crystal phase uniformly
intercalated between the layers of rGO. VrG with 80.5 wt% V2O5 exhibited a small BET
surface area of 20.5 m2 g−1, whereas VrG with 15.6 wt% V2O5 exhibited a large BET surface
area of 103.4 m2 g−1. As rGO had a greater surface area than V2O5, the addition of higher
amounts of rGO increased the overall surface area of the VrG material. Moreover, V2O5
tended to agglomerate at high concentrations. A decrease in the total V2O5 content resulted
in a more homogeneous distribution of V2O5 throughout the rGO surface to provide
more active sites. VrG-62 (61.6 wt% V2O5) outperformed other VrG electrodes owing to a
good balance of EDLC and pseudocapacitance while maintaining a high pore volume of
0.008 cm3 g−1. The VrG-62 electrode exhibited a maximum Csp of 310.1 F g−1 at a current
density of 1 A g−1. The VrG composite had good rate capability, as indicated by a high Csp
of 195.2 F g−1 at a large current density of 10 A g−1. Choudhury et al. also reported that
a lower V2O5 content of a V2O5/graphene (VG) composite increased the specific surface
area [76]. The VG material was synthesized via an in situ chemical reaction between
V2O5 powder and exfoliated graphene with H2O2. V4G1 (4:1 V2O5 to graphene) and
V2G1 (2:1 V2O5 to graphene) exhibited a layered structure with V2O5 nanofibers anchored
between the layers of rough graphene. The BET surface area of V2G1 was 142 m2 g−1,
which decreased to 117 m2 g−1 for V4G1. A low amount of V2O5 produced a composite
with a high surface area, resulting in more active redox sites and greater intercalation/de-
intercalation. Accordingly, V2G1 exhibited a higher Csp of 218 F g−1 compared to 112 F g−1

for V4G1 at a current density of 1 A g−1. A symmetric supercapacitor of V2G1 yielded an
energy density of 22 Wh kg−1 at a power density of 3594 W kg−1.

However, a balance between V2O5 and rGO could increase the surface area to greater
than that of pure rGO. Deng et al. found that a VrG composite yielded higher porosity
than that of pure rGO because of the increased interlayer spacing of the rGO sheets caused
by V2O5 intercalation [77]. A VrG monolith was synthesized via a hydrothermal method,
resulting in a lamellar rGO structure with V2O5 nanowires embedded between the thin
rGO sheets (22 wt% rGO). The resulting BET surface area of the VrG monolith was 172.9 m2

g−1, which was ~100 m2 g−1 larger than that of a pure rGO monolith and approximately
five times larger than that of pure V2O5. The VrG monolith was also compressed into
a thin film electrode. The Csp of VrG monolith and thin-film were 385 and 272 F g−1,
respectively, at a current density of 0.25 A g−1. The VrG material exhibited enhanced ion
diffusion rates owing to increased porosity, resulting in good rate capability, as indicated
by a high Csp of 224 F g−1 at a current density of 10 A g−1. The energy density of the
asymmetric supercapacitor with the VrG electrode was 26.22 Wh kg−1 at a power density
of 425 W kg−1, which decreased to 7 Wh kg−1 at a power density of 8500 W kg−1. Ndiaye
found that an increase in the graphene foam (GF) content only increased the porosity
to a certain extent [78]. A V2O5/GF composite was synthesized with varying initial GF
loading. The BET surface area increased from 4.9 m2 g−1 for pristine V2O5 nanosheets
to 5.1 m2 g−1 when 50 mg of GF was added. Because GF has a high specific surface area
of 208.8 m2 g−1, the initial integration of GF increased the overall surface area. The low
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GF content also prevented the homogeneous integration of the V2O5 nanosheets with
GF. An increase in the GF loading to 150 mg (VrG-150) resulted in a maximum surface
area of 9.5 m2 g−1. However, further increase in the GF loading to 200 mg resulted in the
reduction of surface area to 6.2 m2 g−1. A high GF content caused GF and V2O5 to form
separate agglomerations instead of a homogeneous composite. Consequently, the porous
and homogeneous VrG-150 outperformed the other electrodes, with a specific capacity of
73 mAh g−1 at a current density of 1 A g−1. An asymmetric capacitor assembled using a
VrG-150 positive electrode and carbonized Fe-adsorbed polyaniline (C-FE-PANI) negative
electrode yielded a specific capacity of 41 mAh g−1 at a current density of 1 A g−1. The
energy density was 39 W h kg−1 at a power density of 947 W kg−1.

Determining the optimal ratio between rGO and V2O5 is essential for synthesizing
a high-performance electrode material with a balance between the EDL and pseudo-
capacitive characteristics. An appropriate rGO content improves the conductivity and
electrode cyclability, whereas a sufficient V2O5 content is necessary for high specific ca-
pacitance. The addition of rGO to bulk V2O5 increases the surface area of the composite
material, and the intercalation of V2O5 into rGO layers can also increase the porosity of
the composite material. However, a balance between the two components is necessary to
prevent agglomeration.

2.3. Effects of Physical Treatment

Annealing newly fabricated VrG composites can alter oxidation states of vanadium
oxides and improve their crystallinity, resulting in enhanced electrochemical performance.
Control of the temperature during the heat treatment can increase the oxidation of V2O5 and
the formation of a homogeneous composite. Following a hydrothermal synthesis procedure,
Li et al. synthesized VxOy nanoflowers anchored to rGO sheets [79]. Annealing of the
resulting composite caused the nanoflowers to morph into V2O5 nanorods with varying
lengths and diameters depending on the annealing temperature. Moreover, an increase
in the annealing temperature converted amorphous vanadium oxides into orthorhombic
V2O5 crystals through the oxidation of V4+ to V5+. VrG annealed at 350 ◦C under nitrogen
atmosphere exhibited the maximum Csp of 537 F g−1 at a current density of 1 A g−1

due to short ion diffusion pathways in the organized V2O5 crystal lattice. Because the
nanorods were uniformly anchored to the mesoporous rGO surface, the high conductivity
and porosity afforded by the rGO resulted in a good rate capability, indicated by the 60%
Csp retention at a high current density of 20 A g−1. Improved cyclic performance of the VrG
material was also observed, with 84% Csp retention after 1000 cycles at a current density of
1 A g−1. The VrG electrode exhibited a high energy density of 74.58 Wh kg−1 at a power
density of 500 W kg−1, which decreased slightly to 29.33 Wh kg−1 at a power density of
10,000 W kg−1. In a similar study, Liu et al. fabricated a VrG composite via a hydrothermal
method using an NH4VO3 precursor followed by annealing at different temperatures
in air [80]. Without annealing, V2O5 nanospheres of inconsistent sizes and incomplete
formation were observed, whereas VrG annealed at a high temperature of 350 ◦C (VrG-350)
exhibited a degraded rGO support without distinct V2O5 nanospheres. However, VrG
annealed at 300 ◦C (VrG-300) had uniformly sized V2O5 nanospheres homogeneously
embedded on the surface of the rGO. VrG-300 exhibited greater GO reduction and an
increase in V2O5 composition from 12 to 30 wt%, owing to greater V4+ oxidation to V5+.
With fewer defects in the carbon lattice and a higher V2O5 content, VrG-300 exhibited the
largest Csp of 386 F g−1 at a current density of 0.5 A g−1. An asymmetric supercapacitor
with the VrG-300 electrode had a maximum energy density of 80.4 Wh kg−1 at a power
density of 275 W kg−1, which decreased to 32 Wh kg−1 at a power density of 1374 W kg−1.
Thangappan et al. electro-spun a mixture of vanadium acetylacetonate, GO, polyvinyl
pyrrolidone, dimethylformamide (DMF), and ethanol, and subsequently annealed the
composite at 350 or 550 ◦C in air [81]. Non-annealed VrG and VrG annealed at 350 ◦C
resulted in a web of uniformly thin and straight nanowires. VrG annealed at 550 ◦C resulted
in a twisted and aggregated structure with arched webs that were half the diameter of the
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non-annealed VrG due to the decomposition of the organic binder material. Annealing at
550 ◦C completely reduced GO, resulting in a more conductive composite fiber. However,
high temperature disintegrated the carbon material, resulting in a low carbon content
of 0.3 wt%. Non-annealed and low-temperature annealed VrG had amorphous crystal
structures, whereas the VrG annealed at 550 ◦C possessed an orthorhombic crystal structure,
as indicated by the formation of large V2O5 crystals. The stable crystals and mesoporous,
web-like structure of VrG annealed at 550 ◦C allowed a large amount of ion diffusion into
the electrode for high energy storage. The Csp was 453.8 F g−1 at a scan rate of 10 mV s−1

because of the slow ion intercalation at low scan rates. The Csp decreased to 111.01 F g−1 at
a scan rate of 100 mV s−1. Therefore, the control of the annealing temperature is essential
for both the reduction of GO to rGO and improving the crystallinity of V2O5.

Despite the previously mentioned benefits of heat treatment, the annealing of VrG
electrodes may decrease the electrical performance. Lee et al. analyzed the discrepancy in
the electrochemical performance of a non-annealed V2O5 composite in comparison with
an annealed composite, where an rGO thin film was fabricated from GO using CO2 laser
reduction, and V2O5 was deposited on the film via atomic layer deposition [82]. The CO2
laser changed the porosity of the compact GO by increasing the interstitial gap between
the rGO sheets while creating pores that penetrated multiple rGO sheets. The spacing
between the rGO sheets increased with V2O5 infiltration. The V2O5 deposition left the
rGO template intact, and further annealing the composite in an argon atmosphere did
not significantly change the surface morphology of the electrode. However, annealing
converted the amorphous V2O5 crystal structure into a more crystalline V2O5 with varying
oxidation states of vanadium oxide. The amorphous crystal characteristics of V2O5 before
annealing allowed deeper ion diffusion through the distorted lattices, resulting in a greater
faradic character. In contrast, the annealed VrG exhibited higher crystallinity and greater
EDL contribution. Considering the lamellar structure of the rGO sheets, the diffusion-based
faradic capacitance of the non-annealed VrG resulted in a higher Csp of 189 F g−1 at a
current density of 1 A g−1. The charge transfer resistance was also lower for the non-
annealed VrG. Initial cycling increased the Csp to 108% for the non-annealed VrG material
owing to electro-activation caused by the initial intercalation of electrolyte ions. However,
this did not occur for annealed VrG because of the more rigid crystallized structure of the
annealed VrG (Figure 4).

In addition to heat treatment, the morphology and crystallinity of a VrG composite can
be altered by laser irradiation. Lazauskas et al. first synthesized a V2O5/GO nanoribbon
composite using a melt-quenching process and further applied laser treatment to reduce
GO to rGO [83]. A 405-nm laser was used to irradiate specific regions of the V2O5/GO
composite, resulting in a VrG composite with surface protrusions. The laser treatment
resulted in pillar-like V2O5 protrusions that uniformly extruded from the rGO base. These
protrusions increased the surface area by four times to 17.27 m2 g−1. An increase in the
laser power output from 1.69 to 2.03 W cm−2 to 2.37 W cm−2 resulted in more protrusions.
However, further increase in power to 2.71 W cm−2 led to larger V2O5 agglomerations,
thereby decreasing the surface area of the composite material. The laser treatment also
decreased the amount of intercalated H2O molecules in the V2O5 crystal lattice while
further reducing GO to rGO. The laser treatment resulted in a VrG composite with a more
organized V2O5 crystal structure and high conductivity of 6.8 S m−1.

Physical treatment of V2O5 with heat or laser can alter the crystallinity of V2O5,
oxidize V4+ to V5+ and reduce GO to rGO. Highly crystalline V2O5 is more conductive
than amorphous V2O5, allowing for greater rate capability, but it is less efficient for ion
diffusion than the latter. The reduction of GO to rGO improves the conductivity of the
carbon backbone in the VrG composite. Physical treatment can also be used to control the
formation of agglomerations, and excessive heat exposure can destroy the carbon content
of the hybrid material.
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Figure 4. Schematic illustration for the fabrication process of the multilayered graphene (i.e., LrGO)
and amorphous or crystalline V2O5 coated LrGO. Firstly, the prepared GO was reduced by a home
engraver equipped with a CO2 laser. Then, the LrGO was coated with amorphous V2O5 by a low-
temperature ALD process, followed by annealing at high temperatures. Reprinted with permission
from Ref. [82]. Copyright 2020 Elsevier.

3. V2O5/CNT

CNTs have received considerable attention owing to their high conductivities, large
surface areas, mechanical stability, and unique 1D tubular structures [84,85]. The ability of
CNTs to be functionalized allows precise control of their properties to meet the needs of
specific supercapacitor applications [86]. Single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTs) have been utilized in conjunction with vanadium oxides to yield high-
performance hybrid materials for supercapacitor applications [87]. Herein, the effects of
different synthesis pathways, V2O5/CNT compositions, and physical treatments on the
morphology and electrochemical performances of V2O5/CNT (VCNT) composite materials
are discussed. The morphology and electrochemical performances of V2O5/CNT electrodes
for supercapacitor applications reported in the literature are summarized in Table 2.

Table 2. V2O5 morphology and electrochemical performances of V2O5/carbon nanotube composite electrodes for superca-
pacitor applications.

Morphology
Maximum Csp

(F g−1)
Cycling Csp

Retention (%)
Cycle Number

Energy Density
(Wh kg−1)

Power Density
(W kg−1)

Nanostars 1016 64 * 5000 * 13.24 710
Nanospheres 125 - 400 25 100

Nanobelts 685 99.7 10,000 34.3 150
Amorphous 410 86 600 57 250
Nanoflakes 629 93 4000 72 2300
Nanosheets 207.7 75 * 10,000 * 7300 42.6

Nanospheres 284 76 * 5000 * 32.3 118
Nanosheets 357.5 99.5 1000 - -

CNT Coating 510 96 5000 16 800

* Cycling performance was determined using a two-electrode configuration.

3.1. Effects of Synthesis Method

A common procedure for fabricating VCNT composites is the hydro/solvothermal
method. Jiang et al. grew V2O5 crystals on a GF/CNT substrate by employing a hydrother-
mal process [88]. Subsequently, PEDOT coating was deposited via a chronoamperometry
technique, yielding a VCNT/GF/PEDOT composite (Figure 5).
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Figure 5. Schematic of the synthesis of (A) CNT/GF, (B) VCNT/GF, (C) VCNT/GF/PEDOT.
Reprinted with permission from Ref. [88]. Copyright 2017 Royal Society of Chemistry.

Orthorhombic crystal phase V2O5 nanostars were intercalated into the interstitial
space between the vertically aligned CNTs. The addition of the PEDOT coating reduced
the V2O5 dissolution during synthesis and increased the size of the V2O5 nanostars by
~15%. The high surface area of the enlarged V2O5 nanostars increased the pseudocapacitive
surface reactions. The composite electrode was tested in a three-electrode configuration
with a Pt counter electrode and an Ag/AgCl reference electrode in 5 M LiNO3 electrolyte,
yielding a high Csp of 1016 F g−1 at a current density of 1 A g−1. The direct growth of
V2O5 on the vertically aligned CNTs enabled good surface contact for efficient electri-
cal conduction. The porous Ni foam/CNT frame also provided structural stability to
the overall electrode. The result indicated good rate capability with an excellent Csp of
484 F g−1 at a high current density of 20 A g−1 and high coulombic efficiency of 97.8%. The
asymmetric supercapacitor with a VCNT electrode exhibited a maximum energy density
of 13.24 Wh kg−1 at a power density of 710 W kg−1, which decreased to 10.34 Wh kg−1

at a power density of 2659 W kg−1. The energy density decreased slightly at high power
owing to the absence of an insulating binder material and the high conductivity provided
by the Ni/CNT frame. Wang et al. synthesized a VCNT composite by adding CNTs to the
V2O5 nanosheets that were synthesized via a hydrothermal reaction between bulk V2O5
and H2O [89]. CNTs were subsequently added to a solution of V2O5 nanosheets and aged
for two days. This fabrication method resulted in a lamellar nanostructure with V2O5
layers intercalated with CNTs, corresponding to 13.7 wt% of the total composition. The
CNTs increased the interstitial spacing between the V2O5 nanosheets, preventing V2O5
agglomeration and increasing the porosity, yielding a large specific surface area of 102.05
m2 g−1. The Csp of the VCNTs was 553.33 F g−1 at a current density of 5 mA cm−2. The
increased interlayer spacing between the V2O5 planes allowed greater ion intercalation/de-
intercalation, which promoted faradic redox reactions. Furthermore, the CNTs increased
the overall conductivity of the device, resulting in a low series resistance of 0.95 Ω and a
charge transfer resistance of 0.6 Ω for enhanced rate capability. Owing to the structural
stability provided by the CNTs, the charge/discharge stability increased, as indicated by a
high Csp retention of 83% after 1000 cycles at a current density of 10 mA cm−2.

Deposition techniques have also been used to grow vertically aligned CNTs and V2O5
composites directly on conductive substrates such as Ni, yielding a binderless electrode
material. Jampani et al. used CVD to synthesize an array of vertically aligned CNTs on flat
Ni disks that formed a forest-like microstructure. Atmospheric pressure CVD was used
to deposit Ti-doped V2O5 on the CNTs [90]. The resulting composite had an amorphous
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crystal phase with V2O5 globules anchored to the vertically aligned CNT forest; a Csp of
313 F g−1 was observed at a scan rate of 2 mV s−1. The amorphous crystal structure of
the Ti-doped V2O5 decreased the V2O5 dissolution during charge/discharge, resulting
in nearly perfect Csp retention even after 400 cycles at a high scan rate of 100 mV s−1.
The areal capacitance was 350 mF cm−2 at a scan rate of 2 mV s−1, which decreased to
20 mF cm−2 at a scan rate of 200 mV s−1. The decent rate capability was due to the
low resistance of the binderless composite at 0.0182 Ω cm 2, which was two orders of
magnitude more conductive than pristine V2O5. The electrodes had a maximum energy
density of 25 Wh kg−1 at a power density of 100 W kg−1, which decreased to 11 Wh kg−1

at a power density of 4500 W kg−1. Shakir et al. used spray coating to prepare a layered
V2O5/MWCNT (VMWCNT) composite electrode on a Ni/Cu/Ni/Au electroplated sub-
strate [91]. A polyester fiber fabric was first plated with Ni/Cu/Ni/Au layers sequentially
via electroless plating. The MWCNT/V2O5 core/shell nanotubes were synthesized via a
bottom-up assembly method using pre-functionalized MWCNTs and NH4VO3. A layer
of graphene was then deposited on the conductive fabric. Subsequently, a mixture of
V2O5-coated MWCNTs was spray-coated on the top graphene layer. Alternating graphene
and VMWCNT layers were applied repeatedly to yield a binderless VMWCNT/graphene
composite electrode. The electrode comprised a thick orthorhombic V2O5 shell coating the
MWCNTs. The Csp of the VMWCNT/graphene electrode with 3-nm-thick V2O5 layers
had an excellent Csp of 2590 F g−1 at a scan rate of 1 mV s−1. Increasing the V2O5 coating
thickness to 20 nm decreased the Csp to 510 F g−1 because of inefficient ion penetration
into the inner layers of the VMWCNTs. The 3-nm-thick VMWCNT/graphene electrode
retained 96% of its initial Csp after 5000 cycles at a scan rate of 20 mV s−1 because of the
effective conductive MWCNT bridge linking electron transport from V2O5 to graphene.
The energy density was 96 Wh kg−1 at a power density of 800 W kg−1, which decreased to
28 Wh kg−1 at a power density of 9000 W kg−1.

One major advantage of CNTs is their easy functionalization to yield high-performance
VCNT electrodes through various synthesis methods. Modifying CNTs with specific
functional groups such as hydroxyl or carboxyl groups can improve the conductivity of the
CNTs and promote the nucleation of V2O5 crystals. Hu et al. used a one-step hydrothermal
method to synthesize a vanadium oxide composite with functionalized CNTs [92]. The
CNTs were functionalized with hydroxyl and carbonyl groups using concentrated sulfuric
and nitric acids, which acted as the activation centers for coordinate bond formation with
VO. Vanadium oxide nanoribbons were formed at the nucleation sites via a hydrothermal
reaction and were bonded to the CNTs via hydroxyl functional groups. By adding GO to a
mixture of V2O5 and CNTs, Hu et al. fabricated a V3O7/CNT/rGO composite (rGO-VCNT)
comprised of rGO sheets uniformly coated with large V3O7 nanobelts and thin CNTs. The
rGO-VCNT composite with 40 wt% rGO exhibited a maximum Csp of 685 F g−1 at a current
density of 0.5 A g−1, which decreased to ~375 F g−1 at a high current density of 10 A g−1.
The high porosity of rGO and improved conductivity because of well-distributed CNTs
resulted in an excellent rate capability. With a primarily carbon-based composition and
strong bonds between V2O5 and CNTs, the rGO-VCNT (40 wt% rGO) electrode retained
99.7% of its initial Csp after 10,000 cycles at a high scan rate of 100 mV s−1. The maximum
energy density of the symmetric supercapacitor was 34.3 Wh kg−1 at a power density of
150 W kg−1, which decreased to 18.8 Wh kg−1 at a power density of 3000 W kg−1. Mtz-
Enriquez et al. reported an improved discharge time of a VCNT electrode by functionalizing
the CNTs to promote V2O5 defects [93]. The CNTs were first deposited on a flexible
graphene electrode and activated with strong acids. A V2O5 slurry was then applied
to the CNT-coated graphene electrode and hot-pressed at 0.1 ton for physical binding.
The resulting composite was comprised of rectangular V2O5 orthorhombic nanoribbons
intercalated into a fibrous CNT structure. Oxygen vacancies formed in the V2O5 crystal
structure due to the reduction of V5+ to V4+

, which acted as redox centers for delayed
current discharge. The functionalization of CNTs with carboxylic groups also created
oxygen vacancies in the carbon lattice, promoting the formation of additional V2O5 defects.
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The CNTs also provided a secondary layer for ion storage and a large surface area for V2O5
contact, resulting in a high capacity and rate capability. The asymmetric supercapacitor
with a graphene/VCNT anode had an energy density of 369.6 Wh kg−1.

MWCNTs can also be functionalized to achieve an increase in conductivity and homo-
geneous V2O5 formation. Saravanakumar et al. functionalized MWCNTs with hydroxyl,
carboxyl, and keto-carbonyl groups using concentrated H2SO4 and HNO3 [94]. A mixture
of functionalized MWCNTs and V2O5 crystals was aged for three days at room temperature
to yield a V2O5/MWCNT (VMWCNT) composite. The orthorhombic V2O5 crystals formed
the cores surrounded by MWCNTs, resulting in a highly porous network. Even with a
relatively low carbon content of 8.73 wt%, the surface area was large (14.4 m2 g−1) because
of the mesoporous web-like architecture of the MWCNTs. The VMWCNT electrode ex-
hibited a maximum Csp of 410 F g−1 at a current density of 0.5 A g−1, which decreased
to 280 F g−1 at a current density of 10 A g−1. The high rate capability was because of
the porous structure that allowed the fast intercalation/de-intercalation of ions and high
conductivity of the functionalized CNT web. The functionalized CNTs improved the
cyclability of the VMWCNT electrode, as indicated by 86% Csp retention after 600 cycles
at a high current density of 10 A g−1. The symmetric supercapacitor with functionalized
VMWCNT electrodes exhibited an energy density of 8.9 Wh kg−1 at a power density of
121 W kg−1. Pandit et al. functionalized MWCNTs with carboxyl groups using H2O2 [95].
A stainless-steel current collector was first dip coated with the MWCNTs, and the resulting
MWCNT/stainless-steel electrode was dip coated with a solution of VOSO4 and NaOH.
After repeated dipping and drying, the resulting VMWCNT/stainless-steel electrode had
a layered structure of orthorhombic V2O5 flakes intercalated in a web of long MWCNTs.
A Csp of 629 F g−1 was observed at a current density of 2 A g−1, which decreased to
~320 F g−1 at a current density of 8 A g−1. The Csp of the composite electrode was high
because the porous structure formed by the web-like MWCNTs allowed large volumes
of counterion intercalation/de-intercalation deep in the V2O5 crystals. The VMWCNT
electrode retained 93% of its Csp after 4000 cycles at a high scan rate of 100 mV s−1, showing
good reversibility and stability. A symmetric supercapacitor with VMWCNT electrodes
yielded an energy density of 72 Wh kg−1 at a power density of 2300 W kg−1 that decreased
to 18.66 Wh kg−1 at a power density of 8400 W kg−1 and current density of 4 A g−1.

Different synthesis strategies, including hydro/solvothermal and deposition methods,
can result in VCNT composites with different nanostructures. The hydrothermal method is
a facile technique that involves the nucleation of V2O5 crystals from vanadium precursors
on CNTs at high temperatures. Deposition techniques such as CVD allow the direct layering
of V2O5 on CNTs with a controllable thickness. Functionalizing the CNTs with hydroxyl
and carbonyl groups before synthesis with V2O5 can improve the overall conductivity,
porosity, and stability of the hybrid material.

3.2. Effects of Composition

The ratio of V2O5 to CNTs affects the electrochemical performance of VCNT electrodes
via changes in their morphologies, conductivities, porosities, and pseudocapacitive po-
tentials. Guo et al. reported increases in the conductivity and rate capability with high
CNT content [96]. The V2O5· nH2O aerogel and CNTs were dispersed in DI water, vacuum
filtered with a cellulose membrane, and dried at 60 ◦C. The film was comprised of densely
packed V2O5 nanosheets with homogeneously intercalated CNTs between the V2O5 layers,
preventing V2O5 self-stacking. An increase in the CNT content increased the thickness of
the VCNT film by increasing the interstitial space between the V2O5 sheets. The increased
thickness prevented deep ion infiltration into the inner V2O5 layers near the center of
the electrode. However, an increase in the CNT content increased the conductivity of the
overall electrode by introducing more interlayer CNT connections, as indicated by the
low square resistance of 128 Ω sq−1 for VCNT-10 (10 wt% CNT). VCNT-10 exhibited the
highest Csp of 207.7 F g−1 (521 F cm−3) at a current density of 0.5 A g−1. An increase in
the CNT content increased the rate capability, with VCNT-15 (15 wt% CNT) exhibiting the
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highest Csp retention of 49.5% compared to the 42% retention of the VCNT-10 electrode
at a high current density of 20 A g−1. The flexible symmetric supercapacitor exhibited
good performance in both bent and unbent states with a high energy density of 7300 Wh
kg−1 at a power density of 42.6 W kg−1. Yilmaz et al. reported similar improvements with
fewer V2O5 nanosheets intercalated with CNT [97]. V2O5 gel was rigorously mixed in
solutions with different amounts of CNTs, yielding free-standing electrodes consisting of
V2O5 nanosheets with an orthorhombic crystal structure. The CNTs were homogeneously
intercalated between the V2O5 nanosheets. An increase in the V2O5 content decreased the
porosity of the V2O5 nanosheets, decreasing the overall surface area of the VCNT compos-
ite. The composite gel was printed on a 1 cm × 1 cm ITO glass plate and dried before use as
an electrode. V1CNT2 (1:2 ratio of V2O5 to CNT) yielded the highest Csp of 116 F g−1 at a
current density of 0.1 A g−1. An increase in the V2O5 loading to 1:1 ratio (V1CNT1) resulted
in a lower Csp value of 32 F g−1 at a current density of 0.1 A g−1 because of a decrease in
the number of active sites on V2O5 nanosheets. Further addition of V2O5 decreased the Csp
due to V2O5 agglomeration, which decreased surface ion adsorption. Because of the highly
conductive CNT linkages, the carbon-dominant V1CNT2 electrode exhibited a good cycling
capability, with 91.2% capacitance retention after 5000 cycles at a current density of 5 A g−1.
A symmetric supercapacitor with V1CNT2 electrode yielded a volumetric energy density
of 0.67 mWh cm−3 at a power density of 0.27 W cm−3. Wu et al. fabricated a thin-film
electrode with varying V2O5 content using a sol-gel method [98]. V2O5 nanobelts, CNTs,
ethanol, terpilneol, and ethyl cellulose were mixed at 80 ◦C to yield a gel that was then
doctor bladed onto a ceramic plate and annealed at 350 ◦C in air. The thin film was peeled
off the ceramic to yield a free-standing VCNT thin film. The V2O5 nanobelts were highly
uniform with an orthorhombic crystal phase, resulting in uniformly thick (20–100 nm) and
long (>100 nm) nanobelts. A conductive current collector was added by compressing the
thin-film electrode between Ti foils at 4000 psi. The VCNT-75 (75 wt% V2O5 composition)
thin-film exhibited the highest Csp of 216 F g−1 at a scan rate of 5 mV s−1, which was five
times greater than that of the bare CNTs. VCNT-75 also exhibited the highest volumetric
capacitance of 540 F cm−3 at a scan rate of 5 mV s−1, which decreased by 79% at a scan rate
of 100 mV s−1. The poor rate capability was due to an inefficient electron transfer caused by
the low carbon composition. VCNT-61 (60.5 wt% V2O5) exhibited the best balance between
maximum capacitance and electrode stability with a Csp of 192 F g−1 at a scan rate of
5 mV s−1 and a 64% Csp retention at a scan rate of 100 mV s−1. Moreover, the higher CNT
content increased the electron conduction, resulting in 79.8% Csp retention after 5000 cycles
at a scan rate of 50 mV s−1. A symmetric supercapacitor with VCNT-61 electrodes yielded
a maximum volumetric energy density of 41 Wh L−1 at a volumetric power density of
~400 W L−1, which decreased to 29.1 Wh L−1 at a volumetric power density of 6500 W L−1.
A balance between conductive CNTs and energy-dense V2O5 is necessary for achieving the
maximum electrochemical performance.

The CNT to V2O5 ratio changes the extent of the EDL and pseudocapacitive character-
istics of the hybrid material. Perera et al. found that altering the V2O5 to CNT ratio can
also affect the physical properties of the composite thin film [99]. A free-standing VCNT
electrode was fabricated by filtering a suspension of CNTs and V2O5 through nylon filter
paper. The VCNT-covered filter papers were dried, yielding a highly flexible thin-film
supercapacitor electrode. The hybrid material was comprised of long V2O5 nanowires that
formed a web-like structure. Short and curly CNTs were uniformly intercalated into the
V2O5 web. Increasing V2O5 content decreased the porosity of the composite while increas-
ing the CNT content increased the brittleness of the thin-film electrode. A 1:1 ratio of V2O5
and CNTs (V1CNT1) exhibited the greatest structural integrity and optimal electrochemical
performance with a Csp of 57.3 F g−1 at a current density of 0.5 A g−1. The V1CNT1
electrode exhibited good rate capability with a Csp of 42.9 F g−1 at a current density of
10 A g−1. A coin-cell type supercapacitor with a V1CNT1 anode exhibited an energy density
of 46.3 Wh kg−1 at a power density of 5260 W kg−1. In comparison, the VCNTs with a
1:5 ratio of V2O5 to CNTs had a lower energy density of 6 Wh kg−1 because of the decreased
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pseudocapacitive energy storage capacity. A good balance of V2O5 content for maximum
pseudocapacitive capacity and increased CNT content for improved porosity is essential
for optimized VCNT electrode performance. Such flexible, high-performance electrodes
allow the development of more powerful portable and bendable technologies. Sathiya
et al. reported different contributions of intercalative and capacitive charge capacities by
varying the V2O5 content [100]. VTIP was dispersed in a suspension of pre-functionalized
CNTs and stirred for one day to allow slow hydrolysis. The resulting VCNT composite gel
was aged for a week, washed with acetone, dried at room temperature, and further dried
at 200 ◦C. Long CNTs were uniformly coated with a layer of V2O5 crystals, resulting in a
web-like structure of long V2O5/CNT core/shell nanotubes. Pristine CNTs relied purely
on nonfaradic mechanisms for charge storage, whereas pure V2O5 mainly used faradic
ion intercalation for charge storage. An increase in the V2O5 content from 0 to 25 wt%
increased both faradic and nonfaradic contributions owing to the synergistic effect between
the CNTs and V2O5. However, further increase in the V2O5 content decreased the faradic
contribution due to increased V2O5 coating thickness. With a V2O5 loading of 25 wt%,
67% of the total stored charge was from pseudocapacitive redox reactions and surface ion
adsorption. The maximum specific capacity was 850 mAh g−1, which was more than twice
the capacity of purely pseudocapacitive pristine V2O5.

Because essential factors, including conductivity, porosity, and the charge storage
method, are dependent on the ratio of V2O5 to CNT, it is important to optimize each type
of VCNT composite. In general, a higher CNT content increases the EDL contribution,
conductivity, and rate capability. In contrast, a large V2O5 content results in a higher faradic
contribution, energy storage potential, and flexibility.

3.3. Effects of Physical Treatment

Heat treatment is often used as the final step in VCNT synthesis because annealing the
composite material improves the crystallinity and morphology of the composite. Sun et al.
found an increased conversion of amorphous vanadium oxide to V2O5 after heat treat-
ment [101]. Vertically aligned CNTs were deposited on a Si substrate via CVD and reacted
with vanadium(III) acetylacetonate. Upon annealing at 350 ◦C in air, V2O5 microspheres
were uniformly grown on the CNT surface. Annealing the composite converted the vana-
dium precursor to V2O5 and improved the crystallinity of the vanadium oxide precursor.
Even after high-temperature annealing, the composite contained mixed valence states of
vanadium oxide, which enhanced the ion diffusion. The Csp of the VCNT composite was
284 F g−1 at a current density of 2 A g−1, which decreased by ~50% at a high current density
of 15 A g−1. The direct growth of V2O5 on the CNTs improved the surface contact, thereby
decreasing the charge transfer resistance to 1.2 Ω and resulting in good rate performance.
Moreover, interstitial spacing between the vertically aligned CNTs provided a spacious
environment that decreased the internal strain during charge/discharge, resulting in a
high Csp retention of 89.3% after 2500 cycles at a high current density of 10 A g−1. An
asymmetric supercapacitor with the VCNT electrode had an energy density of 32.3 Wh
kg−1 at a power density of 118 W kg−1. Similarly, Wang et al. reported increased V2O5
formation after calcination [102]. A solution of NH4VO3, CNTs, super AC (SAC), and DI
water was reacted in an autoclave at 180 ◦C for one day and subsequently calcinated in a
muffle furnace at 250 ◦C for 6 h in air. The resulting VCNT material had orthorhombic V2O5
sheets interspaced with thick CNTs and SAC bundles. The addition of CNTs increased the
BET surface area from 14 to 19 m2 g−1, and the addition of both CNTs and SAC further
increased the surface area to 78 m2 g−1 because of the increased mesopore volume. The
VCNT electrode without SAC outperformed pristine V2O5 with a Csp of 231.8 F g−1 at a
high current density of 10 A g−1. A high Csp was observed even at a high current density
because of the improved conductivity provided by the intercalated CNTs and short ion
diffusion pathways to the crystalline V2O5 sheets. Moreover, the VCNT electrode with
SAC yielded a maximum Csp of 357.5 F g−1 because of the increased surface area that
provided more activation sites. Shakir et al. synthesized a VMWCNT material through a
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heat-induced reaction and further annealed the composite at 350 ◦C for 2 h under ambient
conditions [103]. The resulting VMWCNT thin film had layers of highly orthorhombic
V2O5 crystals surrounded by long and curly MWCNTs. VMWCNTs that were 3 nm thick
exhibited the highest Csp of 510 F g−1 at a scan rate of 1 mV s−1 because the thickness
maximized the surface area-to-volume ratio of V2O5. The Csp of the composite was sig-
nificantly higher than that of bare MWCNTs at 80 F g−1 because of the pseudocapacitive
reactions enabled by the V2O5 crystals. The VMWCNT electrode exhibited good stability
with 96% of its initial Csp retained after 5000 cycles at a high scan rate of 20 mV s−1 because
of the improved conductivity of the MWCNTs and structural stability of the web-like
nanostructure. The energy density of the electrode was 16 Wh kg−1 at a power density of
800 W kg−1. Physical treatment is a key component of VCNT synthesis because it promotes
the conversion of amorphous vanadium oxides to a more crystalline V2O5.

4. V2O5/CNFs

CNFs have attracted significant attention as a substrate material for V2O5 growth
because of their ease of synthesis, pore size controllability, and high conductivity [104].
Moreover, their stable 3D structures allow them to be used as free-standing electrodes
for decreased internal resistance, high porosity, and flexible electrode applications [105].
V2O5/CNF (VCNF) composites often comprise either a CNF/V2O5 core/shell structure,
V2O5 crystal growth on long CNFs, or V2O5 crystals intercalated in the CNF pores. The
effects of the synthesis method, V2O5 content, and physical treatment on the electrochemical
performances of the VCNF composite electrodes are reviewed. The morphology and
electrochemical performances of V2O5/CNF electrodes for supercapacitor applications
reported in the literature are summarized in Table 3.

4.1. Effects of Synthesis Method

Electrodeposition is a common technique used to form a V2O5 coating on long carbon
fibers, resulting in a CNF/V2O5 core/shell structure. Song et al. used electrodeposition to
coat the nanofibers of exfoliated carbon cloth (CC) with V2O5 [106]. The architecture of the
fibrous structure was preserved, and two additional layers, an exfoliated carbon middle
layer and a V2O5 outer layer, were added to the preexisting nanofibers. Due to a lack of heat
or catalyst during electrodeposition, only half of the initial V2O5 precursor was oxidized,
resulting in amorphous, mixed-valence V2O5. The areal capacitance of the device was
106 F cm−2 at a current density of 2 mA cm−2, which decreased by 24% at a current density
of 20 mA cm−2. The good rate capability was attributed to the conductive carbon skeleton
and improved electron mobility through the V-O-C bonds in the exfoliated carbon middle
layer. Unlike most electrodes that degrade with repeated cycling, a 40% increase in the Csp
of the exfoliated VCNF electrode was observed after 10,000 cycles at a current density of
60 mA cm−2 because of the activation of the material via ion intercalation/de-intercalation.
Repeated cycling introduced more intercalated water molecules, which expanded the
interlayer distance for additional active sites. Water also shuttled the electrolyte ions
during intercalation/de-intercalation. A similar V4+ to V5+ ratio decreased the dissolution
of the V2O5 crystals during charge/discharge for improved stability.

Table 3. V2O5 morphology and electrochemical performances of V2O5/carbon nanofiber composite electrodes for superca-
pacitor applications.

Morphology
Maximum Csp

(F g−1)
Cycling Csp

Retention (%)
Cycle Number

Energy Density
(Wh kg−1)

Power Density
(W kg−1)

Nanorods 535.3 91.1 5000 38.7 900
CNF Coating - - - 101 27,370
Nanosheets - 89.3 10,000 40.2 800

CNF Coating 227 89 2000 63.6 400
CNF Coating - 94 * 10,000 * 17.7 2728
Nanospheres 475.5 89.7 * 6000 * - -

Nanohairs 460.8 92 * 10,000 * 48.32 490

* Cycling performance was determined using a two-electrode configuration.
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Crystallization can be used to coat CNFs with V2O5. Zhou et al. synthesized a high-
performance V2O5/polyindole/ACC (VPIAC) composite electrode via crystallization [107].
Activated carbon cloth (ACC) was synthesized via CC activation with HNO3, H2SO4, and
KMnO4, followed by heat-induced reduction in N2/H2 (95%/5%) atmosphere at 1000 ◦C.
Sodium metavanadate was dripped onto the ACC and crystallized at 400 ◦C. Subsequently,
a solution of H2O2, indole, and DI water was dripped onto V2O5/ACC to promote V4+

oxidation to V5+. The resulting composite exhibited a bamboo-like structure with V2O5 and
polyindole anchored to the surface of the long nanofibers. The electrochemical performance
of the composite electrode was determined using a three-electrode configuration with
a Pt counter electrode, Ag/AgCl reference electrode, and 5 M LiNO3 electrolyte. The
VPIAC hybrid material exhibited a high Csp of 535.3 F g−1 at a current density of 1 A g−1

because of the increased conductivity of the polyindole. The VPIAC electrode had a
low series resistance and charge transfer resistance of 1.1 and 7.6 Ω, respectively. The
hybrid material exhibited excellent 91.1% Csp retention after 5000 cycles at a high current
density of 10 A g−1 because the polyindole decreased the dissolution of V2O5 during
charge/discharge and increased adhesion between the CNFs and V2O5. The energy
density of an asymmetric supercapacitor with the VPIAC electrode was 38.7 Wh kg−1

at a power density of 900 W kg−1, which decreased to 32.6 Wh kg−1 at a power density
of 18,000 W kg−1.

The sol-dipping method can also allow the uniform coating of CNFs with a V2O5 shell.
Azadian et al. employed a sol-dipping method involving the repeated dipping and drying
of polyacrylonitrile-based carbon paper into a V2O5 sol [108]. The dip–dry process was
performed multiple times to promote the growth of a thick layer of V2O5 crystals on the
carbon paper nanofibers. The V2O5 grown on the CNFs exhibited a high Csp of 800 F g−1.
Because of the porous architecture of the carbon fibers, the intercalation/de-intercalation
was highly reversible, yielding a high Coulombic efficiency of 92%. The energy density of
the electrode was 101 Wh kg−1 at a power density of 27 370 W kg−1.

In addition to the formation of a CNF/V2O5 core/shell nanostructure, small V2O5
nanoparticles can be intercalated within the porous CNFs. Zhou et al. fabricated a CC-based
electrode with V2O5 nanosheets embedded within the CNF webs [109]. CC/graphene
foam/CoMoS4 was mixed with a V2O5 supernatant for 12 h. The CoMoS4 bound to
CC/graphene resulted in the uniform coating of thin CoMoS4 nanowires on the smooth
CNFs, and the nanowires hosted the V2O5 nanosheets. The cyclic voltammetry (CV) curves
of the hybrid material exhibited a distinct peak, indicating a large pseudocapacitive contri-
bution. The CV curves retained their shape upon increasing scan rates from 5 to 50 mV s−1,
indicating good rate capability owing to the conductive carbon matrix (Figure 6a). The
composite behaved more like a battery instead of a capacitor, based on the large IR drop
shown in the galvanostatic charge–discharge (GCD) plot in Figure 6b. The specific capacity
of the electrode was 158.6 mAh g−1 at a current density of 1 A g−1 (Figure 6c).

Vanadium promoted faradic redox reactions, which increased the charge storage
potential of the electrode. The addition of graphene to the carbon fibers enhanced the
charge transfer from V2O5 to the current collector and functioned as a buffer to prevent
physical deformation during intercalation/de-intercalation. Thus, the hybrid material was
highly cyclable with a >90% Csp retention after 5000 cycles (Figure 6d). An asymmetric
supercapacitor with a V2O5/CoMoS4/CC/graphene positive electrode exhibited an energy
density of 40.2 Wh kg−1 at a power density of 800 W kg−1.

Unlike other synthesis strategies for growing V2O5 on a carbon nanofiber substrate,
the electrospinning technique can directly produce VCNF composite materials [110]. The
placement of a solution of a carbonaceous material such as polyacrylonitrile (PAN) and
V2O5 in an electrospinning apparatus resulted in a flexible nanofiber composite material
with controllable porosity and composition [111]. Kim et al. electrospun VCNF fibers
using a dispersion of PAN and different amounts of V2O5 in a DMF solution [112]. The
resulting nanofibers were heat treated at 800 ◦C under a nitrogen atmosphere for further
oxidation and stabilization. The resulting nanofiber structure was primarily composed of

59



Nanomaterials 2021, 11, 3213

carbon with small, amorphous V2O5 agglomerations anchored on the CNF surface. The
size of the agglomerations increased from 20 to 80 nm with an increase in the V2O5 content.
Increasing the V2O5 content also increased the surface area of the electrode by introducing
more pores into the nanofiber structure. The BET surface area of VCNF-20 (20 wt% V2O5)
was 595.21 m2 g−1 compared to 510.45 m2 g−1 for VCNF-5 (5 wt% V2O5). In a symmetric
electrode setup, the VCNF-20 electrode exhibited a Csp of 150.0 F g−1 at a current density
of 1 mA cm−2, which was three times greater than that of the bare CNF because of the
faradic contributions from the V2O5 crystals.

Figure 6. (a) CV and (b) GCD curves of V2O5/CoMoS4/CC/graphene at different scan rates and cur-
rent densities, respectively. (c) Csp values of V2O5/CoMoS4/CC/graphene and CoMoS4/CC/graphene
at different current densities and (d) cycling performances of V2O5/CoMoS4/CC/graphene and
CoMoS4/CC/graphene. Reprinted with permission from Ref. [109]. Copyright 2020 Elsevier.

Various synthesis methods are available for the fabrication of VCNF hybrid materials.
Strategies that involve the coating of nanofibers on a CC substrate, such as electrodeposition,
sol dipping, and crystallization, utilize the porous architecture and high conductivity of
CNFs for improved electrochemical performance. Alternatively, V2O5 nanocrystals can be
intercalated into the CNFs for similar benefits. Electrospinning can be used to synthesize
a VCNF material without any dependence on the CNF substrate. Instead, V2O5 and the
carbon precursor can be electrospun into a fibrous product, allowing easily controllable
composition and porosity.

4.2. Effects of Composition

The ratio between CNF and V2O5 plays a vital role in determining the electrochemical
properties of a VCNF composite by altering its conductivity, porosity, and morphology.
Kim et al. electrospun a solution with varying V2O5 loading and PA [113]. The mixture
was subsequently heat treated and steamed under a nitrogen atmosphere at 800 ◦C for
1 h for carbon activation. The activated VCNF material had a fibrous structure with V2O5
agglomerations of 15 to 60 nm in diameter. The size of the agglomerations increased
with increasing V2O5 loading owing to a change in the viscosity and conductivity of the

60



Nanomaterials 2021, 11, 3213

electrospun solution. The activation of the nanofibers increased the diameter from 108
to 200 nm. A lower V2O5 content increased the surface area of the composite with a
maximum BET surface area of 1113.5 m2 g−1 for activated VCNF-5 (5 wt% V2O5) because
more carbon was accessible for activation by the steam. Activated VCNF-5 had the greatest
Csp (73.85 F g−1) at a current density of 1 mA cm−2, which decreased slightly to 58.02 F g−1

at a large current density of 20 mA cm−1 because of its low charge transfer resistance of
1.20 Ω. The symmetric supercapacitor with activated VCNF-5 electrodes had an energy
density of 68.84 Wh kg−1 at a power density of 20,000 W kg−1.

The composition of V2O5 and CNF can be altered by changing the duration of V2O5
exposure to the CNF substrate. Choudhury et al. submerged CNF paper in a solution of
V2O5 and H2O2 for five and seven days [114]. The resulting free-standing paper electrode
was dried at 100 ◦C for one day in an oven. Increased exposure to V2O5 resulted in more
V2O5 crystallization on the CNFs. VCNF-5 (five days) had a V2O5 layer thickness of ~8 nm,
whereas VCNF-7 (seven days) had a thickness of ~17 nm. Although both VCNF variants
were limited by the incomplete oxidation of V2O5, VCNF-5 exhibited higher crystallinity
and decreased water intercalation because of the shorter exposure to the V2O5 solution.
VCNF-5 also had a larger BET surface area of 573.65 m2 g−1 compared to the surface area
of 442.16 m2 g−1 for VCNF-7 because each nanofiber in VCNF-5 was thinner, resulting in
larger pore sizes. VCNF-5 exhibited larger EDL characteristics than VCNF-7 because VCNF-
5 had a higher amount of accessible carbon content. VCNF-5 yielded a Csp of 227 F g−1 at
a current density of 1 A g−1. The Csp decreased slightly to 154 F g−1 at a current density
of 10 A g−1 because of its low 5.49 Ω charge transfer resistance. The VCNF-5 electrode
had a maximum energy density of 63.6 Wh kg−1 at a power density of ~400 W kg−1,
which decreased to 18.8 Wh kg−1 at a power density of 4555 W kg−1. Velayutham et al.
examined the importance of electrodeposition duration on the composition of binderless
VCNF electrodes [115]. Rope-like V2O5 with a pure orthorhombic crystal phase was evenly
deposited onto the carbon fibers, resulting in V2O5 surface extrusions. The wrinkled
surface from the V2O5 crystal growths resulted in a greater surface area for faradic redox
reactions. Increasing the deposition time beyond 40 min resulted in a smoother surface
because of the increased V2O5 growth, leading to a smaller surface area. VCNF-40 (40 min
deposition) exhibited the highest areal capacitance of 394 mF cm−2 at a current density of
1 mA cm−2. A 40 min deposition time had a large V2O5 composition for higher energy
storage potential while creating a rough CNF coating for more surface redox reactions. At
higher scan rates, VCNF-30 performed better than VCNF-40 with an areal capacitance of
143 mF cm−2 at a current density of 15 mA cm−2 because the higher carbon composition
improved the electron mobility. An asymmetric supercapacitor with a VCNF-30 positive
electrode yielded an energy density of 17.7 Wh kg−1 at a power density of 2728 W kg−1.

The composition of VCNF composites can be altered by controlling the initial loading
of V2O5 during synthesis or exposing a CNF substrate to V2O5 for different durations of
time. Optimizing the composition of the VCNF material is essential for maximizing the
faradic energy storage potential while maintaining high porosity and conductivity for the
hybrid material.

4.3. Effects of Physical Treatment

The heat treatment of the VCNF composites improves their stability and increases
V2O5 oxidation for better electrochemical performance. Chen et al. formed arrays of thin
V2O5 nanosheets on a CC template via a hydrothermal synthesis route and subsequently
annealed the composite at different temperatures in an H2/argon atmosphere [116]. An
increase in the annealing temperatures created more defects in the V2O5 crystal structure,
and the non-uniform crystal structure resulted in high ion diffusion and fast redox reac-
tions. The VCNF material contained amorphous V2O5 nanosheets with more metallic than
semiconductor characteristics due to the oxygen defects. Figure 7 summarizes the effects
of annealing on the formation of defects for enhanced electrochemical performance. The
VCNF annealed at the highest temperature of 500 ◦C yielded the highest areal capacitance
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of 554 mF cm−2 at a current density of 0.63 A g−1. An asymmetric supercapacitor with
the VCNF electrode exhibited an energy density of 161.8 μWh cm−2 at a power density of
500 μW cm−2. You et al. found that annealing a VCNF composite at different temperatures
affected the formation of V2O5 agglomeration [117]. A VCNF composite was synthesized
via a hydrothermal process and subsequently annealed at 500 ◦C in a nitrogen atmosphere
for different durations. V2O5 had a partial orthorhombic crystal structure owing to the
incomplete oxidation of V2O5 during the hydrothermal process. Long annealing durations
increased the size of the V2O5 agglomeration on the CNF surface. VCNF-24 (24 h annealing)
contained a uniform distribution of V2O5 nanospheres coating the CNFs. However, an
increase in the annealing time to 48 h resulted in large agglomerations of V2O5, decreasing
the number of V2O5 active sites for surface redox reactions. With a homogeneous distribu-
tion of V2O5 crystals on the CNFs, VCNT-24 outperformed the other electrodes. VCNT-24
yielded a high Csp of 475.5 F g−1 at a current density of 1 A g−1, more than three times that
of pristine V2O5. With many V2O5 nanospheres, most of the capacitance was attributed to
ion diffusion instead of surface capacitance. A flexible asymmetric supercapacitor with a
VCNT-24 positive electrode exhibited a volumetric energy density of 0.928 mWh cm−3 at a
power density of 17.5 mW cm−3.

Annealing the composite material also allowed the formation of doped VCNF com-
posites. Guo et al. doped a VCNF composite with additional carbon to form carbon/V2O5
core/shell nanowires on a CNF substrate [118]. First, the VCNF electrode was fabricated
via a hydrothermal technique. The VCNF was then dipped in a glucose solution and
heat-treated at 500 ◦C under a nitrogen atmosphere, resulting in C-doped VCNF. The
overall nanofibrous macrostructure of CC was preserved after heat treatment. The long
CNFs were uniformly coated with thin strands of long V2O5 nanowires. The annealed
glucose coated the thin V2O5 strands with an outer layer of carbon. The C-doped VCNF
electrode exhibited an areal capacitance of 128.5 mF cm−2 at a scan rate of 10 mV s−1,
which decreased by 60% at a scan rate of 400 mV s−1. The good rate capability was because
of the additional carbon coating that increased the conductivity. The areal capacitance
was 164.2 F cm−2 at a current density of 0.5 A cm−2, with major contributions from both
faradic and EDL characteristics. The charge transfer resistance (3.8 Ω) was low because
of the conductive contact between the CNFs on the CC and the outer carbon layer on the
V2O5 nanowires. The carbon coating also reduced vanadium dissolution, resulting in high
cyclic stability, as indicated by a high 94.4% Csp retention after 10,000 cycles at a high scan
rate of 100 mV s−1, which was significantly higher than that of pure V2O5 (13.3%). Sun
et al. doped CNFs with nitrogen by first preparing a solution of CNF, pyrrole monomer,
and ammonium persulfate and subsequently heating the mixture to 900 ◦C under argon
atmosphere for 2 h, yielding an N-doped CNF (N-CNF) composite [119]. A V2O5 sol was
added dropwise into the N-CNF material to yield a sol-gel that was subsequently cured
for two days in an oven at 50 ◦C. The resulting aerogel was freeze dried and annealed at
350 ◦C in air, yielding a free-standing N-VCNF electrode. The N-CNFs were coated with a
20-nm-thick layer of V2O5. The V2O5 layer constituted a pure orthorhombic crystal phase,
suggesting the complete oxidation of V4+ to V5+ due to the annealing procedure. The
addition of the V2O5 layer to the N-CNFs decreased the BET surface area to 334.2 m2 g−1.
The Csp of N-VCNF was 595.1 F g−1 at a current density of 0.5 A g−1, which was almost
twice that of the non-doped VCNF. The nitrogen substitutions in the CNF lattice functioned
as nucleation sites for additional V2O5 crystal growth, allowing a more uniform formation
of the core/shell microstructure. The homogeneous V2O5 coating decreased the charge
transfer resistance to 1.04 Ω. The N-VCNF electrode exhibited good reversibility with
almost no change in Csp after 10,000 cycles at a current density of 0.5 A g−1 and only a 3%
decrease after 12,000 cycles because of the stable core/shell nanostructure. The symmetrical
supercapacitor with N-VCNF electrodes had a maximum energy density of 82.65 Wh kg−1

at a power density of 250 W kg−1 which decreased to 26.83 Wh kg−1 at a power density
of 5000 W kg−1.
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Figure 7. Schematic of the regulation of the V 3d band edge with high electrical conductivity by defect
engineering and electrochemical advantages of the as-formed metallic amorphous VOx nanosheet
arrays. Reprinted with permission from Ref. [116]. Copyright 2021 Elsevier.

In addition to the heat treatment, other physical treatments can alter the morphology
of the VCNF electrodes. Parmar et al. further modified the V2O5 crystals grown on carbon
fiber surfaces using lasers to dehydrate amorphous V2O5 crystals [120]. A VCNF material
with intercalated water molecules was synthesized via electrodeposition. Pristine V2O5
had an interstitial spacing of ~4.4 Å with an alternating VO5–VO5 pyramid structure,
whereas hydrated V2O5 had a spacing that was two to three times greater than that of
the atomic pyramids facing the same direction. De-intercalating water from the crystal
structure of V2O5 decreased the interlayer gap to ~4 Å, reverting the atomic structure to
the alternating pyramid form. Panigrahi et al. grew hair-like V2O5 crystals on AC felt but
restrained one side of the AC felt to a glass slide [121]. Thus, V2O5 formation occurred
only on the exposed side, allowing better electrical contact on the uncoated side. The
acid-activated carbon felt acted as a porous template, resulting in a large BET surface area
of 76.434 m2 g−1 for better ion diffusion. The porous architecture of the hair-like V2O5
resulted in a greater pseudocapacitive contributions than EDL contributions, resulting in
a high Csp of 460.8 F g−1 at a current density of 2 A g−1. The highly interconnected CNF
structure increased the rate capability such that Csp only decreased to 81.25% at 10 times the
current density. The good electron mobility of the hybrid material was further supported
by a low series resistance of 2.7 Ω and charge transfer resistance of 1.1 Ω. A symmetric
supercapacitor with the VCNF electrode exhibited an energy density of 48.32 Wh kg−1 at a
power density of 490 W kg−1.

5. Other V2O5/Carbon Composites

Many studies have been conducted on other V2O5/carbon (VC) composites based
on carbon moieties such as carbon quantum dots (CQDs) or bio-based carbon materi-
als. As a stable, green, and conductive material, carbon can be added as supplementary
materials to enhance the pseudocapacitive performance of V2O5 for supercapacitor appli-
cations [122]. These VC hybrid materials can be synthesized with carbon obtained from
both inorganic and organic sources for diverse composite nanostructures. Herein, the
effects of the synthesis process, V2O5/carbon composition, and physical treatment on the
electrochemical performances of other carbon-based V2O5 composites are discussed. The
morphology and electrochemical performances of other V2O5/carbon composite electrodes
for supercapacitor applications reported in the literature are summarized in Table 4.
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Table 4. V2O5 morphology and electrochemical performances of other V2O5/carbon composite electrodes for supercapacitor
applications.

Morphology
Maximum Csp

(F g−1)
Cycling Csp

Retention (%)
Cycle Number

Energy Density
(Wh kg−1)

Power Density
(W kg−1)

Amorphous 120 89 10,000 - -
Nanorods 300 87 * 5000 * - -

Nanoflowers 417 92.3 2250 47 224
Nanoflowers - 88 * 25,000 * 33.4 670

Nanobelts 281 87 2000 - -
Nanorods 313 81 4000 - -

Amorphous 157.7 93 * 10,000 * 87.6 497
Nanosheets 487 84 2000 12.8 317
Nanobelts 406 13.8 100 245.7 396
Nanobelts 260 92 5000 - -

* Cycling performance was determined using a two-electrode configuration.

5.1. Effects of Synthesis Method

The final nanostructure of the VC composite material depends significantly on the
initial carbon precursor. Daubert et al. compared the morphologies of the VC electrodes
synthesized using either microporous Supra 50 or mesoporous G60 carbon powders [123].
Both carbon powders were activated with concentrated acid and pasted on Ni foil with an
acetylene black filler and PVDF binder. V2O5 was subsequently coated on the carbon-coated
Ni foam using atomic layer deposition (ALD). The resulting hybrid material had a layer of
amorphous V2O5 crystals covering the carbon surface. Additional V2O5 deposition cycles
resulted in increasingly uneven V2O5 coatings. For mesoporous G60, the maximum Csp
was 540 F g−1 with 25 ALD cycles and 120 F g−1 for 75 ALD cycles. The high capacitance
was due to the even V2O5 surface coating, thereby providing a large surface area for more
ion adsorption. Because the micropores of Supra 50 matched the size of the atomic layer
deposition precursor, the deposition process could not effectively coat Supra 50. Moreover,
the coating process blocked the formation of micropores and decreased the number of
active sites for faradic redox reactions. Thus, carefully selecting the carbon precursor is
essential in maximizing the VC hybrid material’s electrochemical performance.

Bio-based carbon sources have also been utilized for the synthesis of VC materials.
Glucose is a promising carbon precursor for VC materials because it can act as an oxidizing
agent at high temperatures and function as a conductive carbon additive [124]. Narayanan
employed a facile hydrothermal synthesis method using V2O5 powder and glucose as
precursors to yield VC [125]. The VC material was composed of V2O5 nanorods with
glucose-derived carbon quantum dots (CQDs) uniformly scattered on the nanorod surface.
Incomplete oxidation of V4+ to V5+ was observed due to partial reduction by glucose; how-
ever, the V2O5 rods still exhibited an orthorhombic crystal structure. The electrochemical
performance of the VC material was tested using a three-electrode configuration with a
CQD counter electrode and an Ag/AgCl reference electrode in 3 M KCl electrolyte. The Csp
of VC was 300 F g−1 at a current density of 0.5 A g−1, which decreased slightly to 250 F g−1

at a current density of 2 A g−1. The intercalated CQDs improved the conductivity of the
device, as indicated by a low charge transfer resistance of 14.5 Ω. Moreover, the layered
crystal structure of the V2O5 nanorods allowed better electron mobility via the attached
CQDs. An asymmetric cell with a VC working electrode yielded a Csp of 119 F g−1 at a
current density of 1 A g−1. The energy density was 60 Wh kg−1 at a current density of
1 A g−1. The maximum power density was 4200 W kg−1 at a current density of 5 A g−1.
Balasubramanian et al. used dextran, a naturally occurring polysaccharide, as the carbon
precursor [126]. Dextran was slowly added to a solution of V2O5 and H2O2 and stirred
for 4 h to allow precipitation. The precipitate was subsequently annealed at 400 ◦C for
2 h to yield a VC hybrid material. The composite exhibited a flower-like macrostructure
with urchin-like protrusions. The soft dextran decomposed and covered V2O5 in a sharp
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urchin-like structure after annealing. The amorphous carbon layer increased the conduc-
tivity of VC and reduced V2O5 dissolution during charge/discharge. The flower-like
architecture increased the surface area of the composite, resulting in more active sites for
ion intercalation/de-intercalation, increasing the Csp value to a maximum of 417 F g−1 at a
current density of 0.5 A g−1. The energy density of the VC composite was 47 Wh kg−1 at a
power density of 224 W kg−1.

The carbon sources used for VC synthesis can also be derived from once-living or-
ganisms. Ngom et al. fabricated VC electrodes from different strains of hibiscus flower:
light red (LR), dark red (DR), and white (W) [127]. The flowers were dried in sunlight
and crushed into powder. The powder was dissolved in DI water and filtered to remove
the large organic residue. The V2O5 powder was added to the solution with H2O2 and
subsequently heated in an autoclave for one day at 180 ◦C. The hibiscus-derived graphitic
flakes were used as the template for V2O5 growth, resulting in the nucleation of flower-
like V2O5 nanosheets. H2O2 promoted the exfoliation of the carbon flakes, resulting in
a more porous structure that allowed better ion diffusion. DR-VC exhibited the largest
orthorhombic crystal size, with the largest specific surface area of 3.3 m2 g−1. Due to the
increased surface area and organized crystal structure, DR-VC exhibited the highest specific
capacity of 99.1 mAh g−1. An asymmetric supercapacitor with DR-VC and AC electrodes
yielded an energy density of 33.4 Wh kg−1 at a power density of 670 W kg−1. Mei et al. py-
rolyzed bacterial cellulose to yield carbonized bacterial cellulose (CBC), which was reacted
with V2O5 powder via a hydrothermal method [128]. The resulting composite comprised
web-like carbon strands coated with thick V2O5 nanobelts with a width of ~70 nm and
length of ~600 nm. The amorphous carbon strands formed a highly conductive web that
prevented V2O5 aggregation. The orthorhombic crystal phase V2O5 supported the faradic
redox reactions, and both EDL and pseudocapacitive characteristics contributed to charge
storage. The Csp was 198 F g−1 at a scan rate of 10 mV s−1, which decreased to ~75 F g−1

at a scan rate of 200 mV s−1. The CBC/V2O5 composite had a maximum Csp of 281 F g−1

at a current density of 0.25 A g−1, which decreased to 65 F g−1 at a current density of
5 A g−1. The high Csp at a lower current density was due to the increased pseudocapacitive
contribution from V2O5. The CBC/V2O5 electrode exhibited a high cyclic stability with
97% Csp retention after 1000 cycles and 87% of its initial Csp after 2000 cycles at a high
scan rate of 100 mV s−1 because of the highly conductive carbon network. The V2O5/CBC
electrode was highly reversible because the carbon webs stabilized the V2O5 nanobelts.

The initial carbon precursor is vital for determining the final morphology of the
VC composite. A carbon source with large pores provides a large surface area for V2O5
nucleation and more active sites for faradic redox reactions. Bio-derived carbon mate-
rials from various sources such as glucose, plants, and bacteria have organized carbon
structures that can be carbonized and combined with V2O5 to improve conductivity and
structural stability.

5.2. Effects of Composition

The ratio of the carbon component to V2O5 affects the synergetic balance between
conductivity and charge capacity and can also alter the morphology of the resulting
composite. Fleischmann et al. varied the ratio of V2O5 to carbon onion precursors for
hydrothermal synthesis [129]. Figure 8 shows the SEM micrographs of V2C7 (2:7 V2O5
to carbon onion), V3C6 (3:6 V2O5 to carbon onion), and V4C5 (4:5 V2O5 to carbon onion).
Fleischmann et al. also physically combined the carbon onions and V2O5 crystals after
synthesizing each of these individually (C5V4-COMP).

Quasi-spherical V2O5 nanoflowers were grown at the nucleation sites on the carbon
onions. Thus, an increase in the initial carbon content also increased the V2O5 growth.
An increase in the carbon onion content resulted in a larger surface area for additional
surface reactions. V2C7 (Figure 8A) was more spread out with smaller agglomerations
than V3C6 (Figure 8B). Increasing V2O5 content to V4C5 (Figure 8C) produced larger V2O5
agglomerations, as indicated by the dark coloring. Physical mixing of carbon onions and
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V2O5 resulted in large agglomerations of vanadium oxide and carbon onions (Figure 8D),
which prevented the synergy between the two materials. The various VC composites were
analyzed using a two-electrode configuration with a PTFE-bound AC counter electrode
and a VC working electrode with LiClO4 in acetonitrile electrolyte. V3C6 outperformed the
other three composites because of well-integrated conductive carbon with a large surface
area and sizable V2O5 growth. Zhang et al. reported an increase in conductivity with an
increase in the carbon content [130]. V2O5 was combined with mesoporous carbon hollow
spheres (MCHSs) in different ratios to form a suspension that was rigorously stirred and
subsequently freeze dried to yield a macroporous VC composite. The hybrid material
comprised a web-like V2O5 maze with sporadic MCHS nanospheres anchored to the webs.
Increasing the weight percentage of MCHSs from 33% (VC-33) to 67% (VC-67) increased
the number of spherical carbon agglomerations. VC-33 had sparse carbon nanospheres,
whereas VC-67 formed grape-like bundles on the V2O5 webs. VC-50 (50 wt% MCHS)
contained a uniform spread of graphitic carbon nanospheres on the V2O5 web. A low
carbon content reduced agglomerations that allowed ion adsorption into V2O5. However,
an increase in the carbon content increased the conductivity of the material. Thus, VC-50
with a uniform distribution of carbon nanospheres exhibited the highest Csp of 313 F g−1

at a current density of 0.25 A g−1
. The macroporous web structure decreased the stress due

to repeated ion insertion/de-insertion, resulting in an increase in cyclability from 43% for
bare V2O5 to 81% for VC-50 after 4000 cycles at a current density of 5 A g−1.

Figure 8. SEM micrographs of (A) V2C7, (B) V3C6, (C) V4C5, and (D) V4C5-COMP. Reprinted with
permission from Ref. [129]. Copyright 2017 Royal Society of Chemistry.

Control of the carbon to V2O5 ratio can also change the porosity of the VC material,
thereby altering the ion diffusion capability and number of active sites for faradic redox
reactions. Zhu et al. determined the effects of V2O5 loading on the porosity and perfor-
mance of a VC electrode [131]. The VC composite was synthesized using a liquid-phase
impregnation technique, yielding a hierarchically porous VC material. The VC material had
a macroporous carbon frame with V2O5 intercalated through the pores. At a low 17.6 wt%
of V2O5 (VC-18), the pores in the carbon were small and tightly packed, resulting in a BET
surface area of 622 m2 g−1. At a high V2O5 loading of 52 wt% (VC-52), the sheets were
covered with large micropores with tiny gaps between the layers, resulting in a smaller
BET surface area of 487 m2 g−1. The VC material with a 38.7 wt% V2O5 (VC-39) had the
greatest BET surface area of 645 m2 g−1 because of its larger pores. Thus, VC-39 yielded
the highest Csp of 492.1 F g−1 at a scan rate of 5 mV s−1 because of the numerous active
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sites provided by the micropores and ease of ion diffusion through the high volume of
macropores. The Csp value decreased slightly to ~400 F g−1 at a scan rate of 100 mV s−1,
indicating good rate capability because the amorphous carbon dispersion enabled good
electron mobility with low series and charge transfer resistances of 0.54 and 1.05 Ω, re-
spectively. A symmetric supercapacitor assembled with VC-39 had an energy density of
87.6 Wh kg−1 at a power density of 497 W kg−1 that decreased to 20.4 Wh kg−1 at a power
density of 3272 W kg−1. Saravanakumar et al. controlled the ratio of N-doped mesoporous
carbon (N-MPC) nanospheres to V2O5 to obtain a superior supercapacitor electrode with
maximum porosity [132]. The VC material comprised V2O5 flakes anchored onto the
spherical N-MPC. These V2O5 covered carbon spheres formed agglomerations with other
VC nanospheres. The hydrothermal method oxidized V2O5 to form pure orthorhombic
crystals, while reducing the carbon into a graphitic crystal phase. A low N-MPC loading of
10% (VC-10) resulted in many uncoated carbon spheres due to V2O5 agglomeration. This
decreased the accessibility to V2O5 for surface ion intercalation. At 5 wt% N-MPC, the
carbon nanospheres were homogeneously covered to maximize the pseudocapacitive ca-
pacity of V2O5 with an optimal surface area of 8.77 m2 g−1. The addition of 15 wt% N-MPC
resulted in nanospheres that were completely coated by V2O5, decreasing the accessibility
to N-MPC for a suboptimal surface area of 10.35 m2 g−1. At 10 wt% N-MPC, the carbon
nanospheres were effectively covered to maximize the pseudocapacitive capacity of V2O5
with an optimal surface area of 8.77 m2 g−1. VC-10 exhibited the highest Csp of 487 F g−1 at
a current density of 0.5 A g−1, which was 34% higher than that of bare V2O5. The increase
in capacitance was caused by a significant increase in surface area from 5.64 to 8.77 m2 g−1

and increased conductivity because of N-MPC. An asymmetric supercapacitor with the VC-
10 electrode had an energy density of 12.8 Wh kg1 at a power density of 317 W kg−1. Kudo
et al. added varying amounts of acetylene black to a V2O5 sol to create a suspension with
acetone surfactant [133]. The Ni foam was subsequently submerged in the suspension and
heated at 120 ◦C for 5 h. The resulting VC was comprised of spherical carbon cores with an
uneven V2O5 outer layer coating. These nanospheres formed bumpy agglomerations, yield-
ing a BET surface area of 30 m2 g−1. With a large carbon content (30 wt% acetylene black),
the VC exhibited good rate capability, maintaining a charge capacity of 340 mAh g−1 at a
high current density of 54 A g−1. The VC electrode maintained 100% of its capacity even
after 2000 cycles at a charge rate of 20 C because the porosity of the VC material allowed
unobstructed Li ion insertion/de-insertion. The maximum energy density was 80 Wh kg−1

at a power density of 26,000 W kg−1 with an average working voltage of 2 V, which rapidly
deteriorated with repeated cycles. The average energy density was 15–20 Wh kg−1. Peng
et al. followed a similar synthesis route using Ketjen black powder and a V2O5 sol [134]. Ni
foam was used as a template for VC coating. The VC material comprised V2O5 nanosheets
covered with carbon nanospheres uniformly distributed on the hydrated V2O5 surface.
An increase in the initial Ketjen black loading increased the final surface area of VC, with
a maximum BET surface area of 264.72 m2 g−1 for VC1 (1 g Ketjen black loading). VC0.5
(0.5 g Ketjen black loading) exhibited the highest Csp of 1634 F g−1 at a current density
of 5 mA cm−2 because of effective synergy between carbon for fast electron mobility and
V2O5 nanosheets for high pseudocapacitance. A symmetric supercapacitor with the VC0.5
electrodes had an energy density of 56.83 Wh kg−1 at a power density of 303 W kg−1,
which decreased slightly to 30.86 Wh kg−1 at a power density of 2433 W kg−1. Despite not
having a lower surface area and containing less conductive carbon content than VC1, VC0.5
retained a good rate capability while sustaining a high energy storage capacity.

5.3. Effects of Physical Treatment

Heat treatment of a VC composite can alter the morphology of the hybrid mate-
rial [135]. Kim et al. synthesized VC by heating a mixture of vanadium trichloride,
terephthalic acid, and DI water in an autoclave at 200 ◦C for four days. Subsequently, the
VC powder was calcinated at 400 ◦C for 6 h in an argon atmosphere [136]. Prior to calcina-
tion, the VC exhibited a rectangular structure with large crystals that were 1–4 μm in length.
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The heat-treated VC had a highly orthorhombic crystal structure with thinner nanorods
that were 0.5–3 μm in length. A 4–6-nm-thick layer of graphitic carbon coated the V2O5
nanorods. The annealed VC exhibited an initial discharge rate of 286 mAh g−1 at 0.1 C,
which was close to the theoretical limit of 294 mAh g−1. Zhang et al. also analyzed the
effects of annealing temperature and duration on the morphology of the VC material [137].
The VC composite was synthesized via a hydrothermal method and was further heat
treated in a muffle furnace at varying temperatures of 300 to 500 ◦C for different durations
in air. The hydrothermal synthesis yielded smooth prism-like monoclinic V2O5 protrusions
with amorphous carbon nanospheres embedded between the V2O5 crystals. Calcination
under air resulted in porous V2O5 nanoparticles with uneven surfaces due to combustion
reactions with air. At a low calcination temperature of 300 ◦C, many carbon nanospheres
remained scattered within the V2O5 nanorods, whereas no nanospheres were present in
the VC that was heat treated at 500 ◦C. The presence of carbon nanospheres indicated the
incomplete oxidation of V2O5, resulting in a lower Csp of 151 F g−1 at a current density
of 1 A g−1 for VC-300 compared to 367 F g−1 for VC-500. An increase in the calcination
duration up to 8 h increased the Csp of the VC composite because V2O5 had more time
to nucleate. However, further increasing the calcination time to 12 h decreased the Csp
because the agglomeration of V2O5 resulted in limited surface ion diffusion.

Heat treatment can also promote the oxidation of V4+ to V5+ for a more crystalline
V2O5. Zeiger et al. fabricated vanadium carbide/carbide core/shell composites (VC-C)
by reacting vanadium carbide with NiCl2 in a graphite crucible at 700 ◦C in chlorine gas
followed by calcination at 450 ◦C in synthetic air to promote further oxidation of V4+ [138].
The resulting VC-C nanostructure was composed of a V2O5 core and carbide-derived
carbon shell. Increasing the calcination temperature to 600 ◦C increased V2O5 oxidation
but burned off most of the carbon shell. VC-C-90 (90% theoretically converted) exhibited
the highest specific capacity of 415 mAh g−1 at a current density of 0.01 A g−1 with almost
100% coulombic efficiency. The partial conversion of the V2O5 core from vanadium carbide
provided a large storage capacity, while the outer carbon shell increased the conductivity
of the composite. A decrease in the annealing temperature to decrease the carbide shell
burnoff while effectively oxidizing the vanadium carbide core was essential for maximum
yield. An asymmetric supercapacitor setup with the VC-C-90 negative electrode yielded
an energy density of 90 Wh kg−1 for charging and 50 Wh kg−1 for discharging at a power
density of 166 W kg−1. The energy density decreased to 27 Wh kg−1 at a high-power density
of 6700 W kg−1, retaining 80% of its energy density after 10,000 cycles at a current density
of 1 A g−1. Narayanan et al. annealed glucose-based VC at temperatures of 250–400 ◦C
in air [139]. The composite contained thin V2O5 nanorods with CQDs anchored to the
nanorods; the V2O5 nanorods also had a thin carbon coating. Increasing the annealing
temperature decreased the thickness of the V2O5 nanorods and promoted V2O5 oxidation
using oxygen from the atmosphere, resulting in more orthorhombic V2O5 crystals. VC
annealed at 250 ◦C (VC250) exhibited the highest Csp of 260 F g−1 at a current density of
1 A g−1. The layered V2O5 crystal structure improved electron propagation, and the high
surface area of the VC material increased the surface adsorption. VC250 also exhibited the
lowest charge transfer resistance of 11.4 Ω. The VC250 electrode exhibited high cycling
capability, retaining 92% of its Csp after 5000 cycles at a current density of 5 A g−1 because
the carbon coating decreased vanadium dissolution. The imperfections in the V2O5 lattice
caused by V4+ enhanced the Li-ion intercalation capability and decreased V2O5 dissolution.

The heat treatment of VC composites can change the morphology of the composite
and promote the oxidation of vanadium oxide to V2O5. Thus, controlling the annealing
temperature and duration allows the formation of partially oxidized VC materials for in-
creased stability and surface ion intercalation. However, excessive annealing temperatures
and durations disintegrate the carbon content, resulting in a low conductivity. Therefore, it
is essential to optimize both the annealing temperature and duration.
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6. Conclusions

The synthesis of various metal oxide and carbon composites as supercapacitor elec-
trode materials has attracted significant attention because of the increasing demand for
high energy and power-dense energy storage devices used in portable electronics and
electric vehicles. The development of stable vanadium oxide-based electrode materials
has been extensively investigated due to the high energy storage potential and natural
abundance of vanadium oxide. Common carbon nanostructures such as rGO, CNTs, CNFs,
and CQDs have been combined with V2O5 to yield high-performance supercapacitor
electrode materials.

V2O5/rGO composites can be synthesized using many methods, including hydro/
solvothermal, sol-gel, filtration, and chemical deposition methods. These strategies of-
ten yield a lamellar rGO nanostructure with V2O5 intercalated between the nanosheets.
V2O5/CNT hybrid materials are frequently synthesized as vertically aligned nanotubes
infiltrated by V2O5 crystals or long nanotubes with V2O5 growth using various synthesis
methods. The CNTs have the advantage of facile functionalization with hydroxyl or car-
boxyl groups to increase V2O5 nucleation and conductivity. The V2O5/CNF composites
offer the unique advantage of having a highly stable 3D macrostructure that can be used as
a template for the fabrication of free-standing and binderless electrodes. Using electrode-
position, crystallization, sol-dipping, or electrospinning methods, a fibrous structure with
a CNF/V2O5 core/shell nanostructure or V2O5 crystals intercalated into web-like CNFs
can be synthesized. Other V2O5/carbon materials such as CQD-based and amorphous
carbon-flake-based composites can be easily synthesized via facile strategies such as the
hydro/solvothermal method. Carbon precursors can be sourced from both artificially
synthesized and bio-based carbonaceous materials.

In most cases, an increase in the V2O5 content in the V2O5/carbon hybrid materials
increases the total energy storage potential because of faradic redox reactions. However, a
high V2O5 content results in agglomerations that hinder surface ion adsorption. An increase
in the carbon content leads to increased EDL contributions and conductivity for improved
rate capability and cyclic stability. However, the low energy storage potential of carbon
nanomaterials limits high carbon content for energy-dense electrode materials. An optimal
balance of V2O5 and carbon can increase the surface area and porosity beyond that of solely
the carbon material alone, enabling more activation sites for greater ion intercalation/de-
intercalation. The synergy between V2O5 and carbon can also inhibit vanadium ion
dissolution, resulting in a more stable charge/discharge. Physical treatment via annealing,
calcination, and laser treatment can promote vanadium oxide oxidation to V2O5, altering
the crystallinity of the hybrid material for improved electrochemical performance.

This review discusses the effects of different synthesis methods, V2O5/carbon com-
positions, and physical treatment strategies on the morphology and electrochemical per-
formances of V2O5/carbon composites. This review is expected to serve as a catalyst for
further research for the development of an ideal supercapacitor electrode material with
high power and energy properties. Furthermore, light, solid-state supercapacitors based
on V2O5/carbon nanomaterials have potential applications for portable, stretchable and
wearable electronics. Continued research efforts in this area could make great contribution
to developing supercapacitor technologies.
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Abstract: Li2ZrO3-coated and Al-doped micro-sized monocrystalline LiMn2O4 powder is synthe-
sized through solid-state reaction, and the electrochemical performance is investigated as cathode
materials for lithium-ion batteries. It is found that Li2ZrO3-coated LiAl0.06Mn1.94O4 delivers a dis-
charge capacity of 110.90 mAhg−1 with 94% capacity retention after 200 cycles at room temperature
and a discharge capacity of 104.4 mAhg−1 with a capacity retention of 87.8% after 100 cycles at
55 ◦C. Moreover, Li2ZrO3-coated LiAl0.06Mn1.94O4 could retain 87.5% of its initial capacity at 5C
rate. This superior cycling and rate performance can be greatly contributed to the synergistic effect of
Al-doping and Li2ZrO3-coating.

Keywords: lithium zirconium oxide; lithium manganese oxide; monocrystallite; cathode materials;
lithium-ion batteries

1. Introduction

Spinel LiMn2O4 (LMO) has been recognized as one of the promising cathode materials
for the lithium-ion batteries due to the environmental compatibility, low cost, and high
specific capacity [1–4]. However, the poor rate performance caused by the low Li+ conduc-
tivity and the rapid capacity fading induced by the Jahn–Teller distortion have severely
impeded its commercial applications [5–7].

Nanocrystallization has been proved to be an effective way to improve the elec-
trochemical kinetics by decreasing the diffusion path of Li+ and enlarging contact area
between electrode and electrolyte [8,9]. Nevertheless, the enlarged specific surface area
will inevitably increase the side reactions. Although the ion-doping technique could alter
the electrochemical properties to some extent, the capacity decay still occurs due to the
Mn ions dissolution, especially under high temperatures [10–13]. Alternatively, surface
coating is often adopted to improve the cycling performance by inhibiting the side reactions
between LMO and electrolyte [14,15]. Unfortunately, the coating strategy cannot improve
the transport kinetics of Li+. Therefore, the combination of ion-doping and coating should
be considered to make full advantages.

Except for the side reactions, the nanocrystallization will lead to flawed crystallinity
which is harmful for the Li+ ion transport, however LMO has a unique three-dimensional
tunnel structure in which the Li+ could transfer through the 8a-16c-8a pathway [16]. There-
fore, the monocrystal size should not be the determining factor to restrain the Li+ transport.
Moreover, the micron-sized monocrystalline LMO modified with ion-doping and surface
coating may simultaneously decrease the contact area with electrolyte and improve the
electrochemical performance.
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In this work, we propose combined tactics to fabricate micro-sized monocrystalline
LiAl0.06Mn1.94O4 particles with Li3BO3 as sintering additive. The resultant Li2ZrO3-coated
and Al-doped micro-sized monocrystalline LiMn2O4 powder was adopted as cathode
materials for lithium-ion batteries, and their electrochemical performance was investigated
in detail.

2. Materials and Methods

The Li2ZrO3-coated micro-sized monocrystalline LiAl0.06Mn1.94O4 was prepared with
solid-state sintering. First, Li2CO3 (Aldrich, St. Louis, MI, USA), Al2O3 (Aldrich) and
Mn3O4 (EMD, Aldrich) were ball-milled with the molar ratio of Li:Al:Mn = 1.06:0.06:1.94.
The excess Li2CO3 was used to compensate the lithium loss during heat treating. Then, the
mixture was sintered at 450 ◦C for 5 h. After that, the pre-sintered mixture was ball-milled
with Li2CO3, H3BO3, and ZrO2. Then, the mixture was sintered at 780 ◦C for 18 h. Li3BO3
and Li2ZrO3 could be synthesized as the following Equations (1) and (2).

H3BO3 + Li2CO3 → Li3BO3 (1)

ZrO2 + Li2CO3 → Li2ZrO3 (2)

The detailed ingredient of the micron-sized monocrystalline LiAl0.06Mn1.94O4 was
listed in Table 1. As a comparison, the LiMn2O4 samples without Al-doping, Li3BO3
additive or Li2ZrO3-coating were also prepared through the same sintering process.

Table 1. Specific component of the micron-sized monocrystalline LiMn2O4 samples (* No addition).

Samples
Composition

LiMn2O4 Li3BO3 Li2ZrO3

LMO LiMn2O4 * *

LMO-B LiMn2O4 1 mol% *

LAMO-B Li Al0.06Mn1.94O4 1 mol% *

LAMO-B-Zr1 Li Al0.06Mn1.94O4 1 mol% 1 mol%

LAMO-B-Zr2 Li Al0.06Mn1.94O4 1 mol% 2 mol%

LAMO-B-Zr3 Li Al0.06Mn1.94O4 1 mol% 3 mol%

LAMO-B-Zr4 Li Al0.06Mn1.94O4 1 mol% 4 mol%

Structural characterization of the samples was analyzed by X-ray diffraction (XRD,
Rigaku SmartLab diffractometer) with Cu Kα radiation in the 2θ range of 10–70◦. The
particle size, surface morphology, and elemental composition were observed by scanning
electron microscopy (SEM, Hitachi S-3400N) equipped with an energy dispersive spec-
trometer (EDS, Oxford 7426). The microstructure was detected with transmission electron
microscopy (TEM, FEI Tecnai G2 F20). The samples were smashed before the TEM analysis.

Synthesized LiMn2O4 particle was mixed with carbon black and polyvinylidene
fluoride (PVDF) with the mass ratio of 90:5:5 in N-methyl pyrrolidinone (NMP). Then,
the slurry was coated on the aluminum foil and vacuum-dried at 100 ◦C. The electrode
laminate was roll-pressed and punched to be discs with a diameter of 14 mm. The loading
density of active material is approximately 5–8 mg cm−2. The electrolyte was 1 M LiPF6 in
dimethyl carbonate (DMC)/ethyl carbonate (EMC)/ethylene carbonate (EC) (1:1:1, v/v/v).
The 2032-type coin cells using Li metal as anode were prepared in an argon-filled glove box
and tested in the voltage range of 3.0–4.3 V at several rates (1C = 148 mAhg−1) on a battery
test system (Neware). The cells were charged/discharged at 0.2C for 3 times first and then
cycled at 0.5C for 200 times at 25 ◦C. Meanwhile, same cells were charged/discharged at
0.2C for 3 times and at 0.5C for 100 times at 55 ◦C, successively. Moreover, to evaluate the
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rate performance, the cells were also charged at 0.5C and discharged at 0.5C, 1C, 2C, 3C,
and 5C, respectively.

The electrochemical impedance spectroscopy (EIS) of the cells was performed on
electrochemical workstation (CHI600E) with the frequency range of 105 to 10−2 Hz. The
EIS tests were performed after the 1st and 200th cycle, respectively.

3. Results and Discussion

3.1. Li3BO3 Additive Promote the Grain Growth

The XRD patterns of the samples are shown in Figure S1. All the diffraction peaks
match well with LiMn2O4 (JCPDF 35-0782). It proves that the Al-doping Li3BO3 additive
or the Li2ZrO3-coating has no effect on the spinel cubic structure with the spatial group
Fd3m. While focusing on the effect of the Li3BO3 additive, it could be found that the
full width at half maximum (FWHM) of the LMO-B is much broader than that of the
LMO (Table S1). As shown in Figure 1a, the FWHM of the main peaks of LMO are 0.188
(111), 0.152 (311), 0.155 (222), 0.163 (400), 0.151 (331), and 0.176 (511), respectively. While
the corresponding values for the LMO-B are 0.071, 0.061, 0.053, 0.064, 0.066, and 0.073,
respectively. It is suggested that the grain size of the monocrystal LiMn2O4 has grown
up with the help of the Li3BO3 additive. Meanwhile, the conclusion is verified by the
morphological observation (Figure 1b,c). The grain size of the LMO is less than 2 μm,
while that of the LMO-B sample is approximately 2–8 μm according to the particle size
distribution analysis (Figure S2). Both the XRD and SEM results prove that the Li3BO3
additive could promote the grain growth of monocrystal LiMn2O4 effectively.

 

Figure 1. (a) XRD patterns of the LMO and LMO-B samples; the SEM images of the (b) LMO and (c) LMO-B.

3.2. Effect of the Al-Doping

With the Al-doping in LiMn2O4, the morphology of the LAMO-B (Figure 2a) has no
significate change in comparison with the LMO-B sample (Figure 1c). While the systematic
right shift of diffraction peaks could be observed, compared with the LMO-B sample, the
main diffraction peaks of the LAMO-B sample shifted toward to the high angles as shown
in Figure 2b. Meanwhile, the calculated lattice parameter of the LMO-B and LAMO-B is
8.2235 and 8.2090, respectively. It means that the Al atom with smaller radius has occupied
the Mn site in the monocrystal LiMn2O4 lattice structure.

3.3. Li2ZrO3-Coating on the Monocrystal LiMn2O4

To analyze the influence of the Li2ZrO3-coating amount, the morphologies of the four
samples with Al-doping and Li2ZrO3 coating were compared as shown in Figure 3. It is
found that the micro-sized large grains are surrounded by smaller ones in all four samples
and all the secondary particles show a diameter as large as ~10 mm. It proves that the
Li2ZrO3 coating could not affect the size distribution.
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Figure 2. (a) Morphology of the LAMO-B sample. (b) The comparison of diffraction peaks of LMO-B
and LAMO-B samples.

 

Figure 3. The SEM images of the (a) LAMO-B-Zr1; (b) LAMO-B-Zr2; (c) LAMO-B-Zr3 and
(d) LAMO-B-Zr4 samples.

Meanwhile, it is found that the Al-doping and Li2ZrO3 coating distribute uniformly in
the final samples. Taking the LAMO-B-Zr2 sample for example, the EDS mapping results
exhibit uniform distribution of the Mn, Al, and Zr elements in the secondary particles as
shown in Figure 4.

 
Figure 4. The EDS mapping of the LAMO-B-Zr2 sample.
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To further observe the microstructure of the samples, TEM analysis and corresponding
selected area electron diffraction (SAED) of the LMO-B are shown in Figure 5a. The
diffraction spots can be indexed to (220), (111), (311), and (400) planes of cubic spinel
LiMn2O4 (JCPDS 35-0782). Compared with the pristine surface of the LMO-B sample,
a coating layer with a thickness of ~5.2 nm could be found in the LAMO-B-Zr2 sample
(Figure 5b). Moreover, the coating layer should be brought from the Li2ZrO3 additive.

 

Figure 5. The TEM images and corresponding selected area electron diffraction (SAED) of the
(a) LMO-B and (b) LAMO-B-Zr2.

3.4. Electrochemical Performances

The cycling and rating performance of the cells with the Al-doping and Li2ZrO3-
coating samples was tested at the same conditions (Figure 6). The initial discharge capacity
of the cells at 25 ◦C and 0.2C rate decreased steadily with the increscent Li2ZrO3-coating as
shown in Figure 6a. It is reasonable, as the Li2ZrO3 provides no capacity contribution, the
more coating, the less proportion of the active materials in the cell. Nevertheless, Li2ZrO3
aimed at reducing the side reactions serving as a protect layer. The effect of the Li2ZrO3-
coating amount on the cycling performance at 25 ◦C and 55 ◦C is shown in Figure 6b,c,
respectively. It was found that the capacity retention of the four samples is 93.0%, 93.9%,
90.2%, and 82.3% at 25 ◦C after 200 cycles with the increasing Li2ZrO3-coating amount.
Moreover, at 55 ◦C, the corresponding capacity retention is 81.0%, 87.5%, 79.2%, and 79.5%,
respectively. It is obvious that the LAMO-B-Zr2 could decrease the capacity loss and
provide the optimal protection at both temperatures. Moreover, as shown in Figure 6d, the
rate performance of LAMO-B-Zr2 is also better than the other three samples, especially
at higher rates. Although the discharge capacity of LAMO-B-Zr2 at 0.5C is less than the
LAMO-B-Zr1, the capacity at 1, 2, 3, and 5C rates is larger than the other three samples.
It proves that the deficiency of Li2ZrO3 could not provide overall protection from the
side reactions, while the excess of Li2ZrO3 would impede the migration of lithium ion.
LAMO-B-Zr2 exhibited the best performance in a series of Al-doping and Li2ZrO3 coating
samples.

To explore the influence of the Al-doping and the Li2ZrO3 coating, the electrochemical
performance of the LMO-B, LAMO-B, and LAMO-B-Zr2 samples were characterized in
parallel. Figure 7a presents the first charge–discharge curves obtained at 0.2C and 25 ◦C
between 3.0 and 4.3 V (vs. Li/Li+). There are two voltage plateaus near 4.0 V and 4.1 V,
which indicates the two-stage processes of Li+ ion insertion/extraction reactions for a
typical characterization of a well-crystallized spinel LiMn2O4 [17,18]. The initial discharge
specific capacities of the as-prepared samples show a decline trend with the Al-doping
and the Li2ZrO3 coating. This result is comprehensible because the percentage of Mn3+ is
partially occupied by the Al-doping or lowered by the Li2ZrO3 coating.
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Figure 6. The electrochemical performance of the Li2ZrO3-coated LAMO-B-Zr cells. (a) The initial
charge–discharge profiles at 0.2C and 25 ◦C; The cycling performance with 0.5C rate at (b) 25 ◦C and
(c) 55 ◦C. (d) The rate performance at 0.5C, 1C, 2C, 3C and 5C, respectively.

 

Figure 7. The electrochemical performance of the LMO-B, LAMO-B, and LAMO-B-Zr2 cells.
(a) The initial charge-discharge profiles at 0.2 ◦C and 25 ◦C. The cycling stability with 0.5C rate
at (b) 25 ◦C and (c) 55 ◦C. (d) The rate performance at 0.5C, 1C, 2C, 3C, and 5C, respectively.

However, according to the cycling stability at room temperature and 55 ◦C shown in
Figure 7b,c, respectively, the capacity retention of the LAMO-B-Zr2 is much higher than
that of the LMO-B and LAMO-B (Table 2). The possible reason may lie in that the Al-doping
could stable the crystal structure during the cycling. Analogous results could be found in
other literature reports [19,20]. On the other hand, with the help of the Li2ZrO3 coating,
the capacity retention rate of the LAMO-B-Zr2 could go further to 93.9% after 200 cycles
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at 25 ◦C and keep at 87.8% after 100 cycles at 55 ◦C. It turns out that the Li2ZrO3-coating
could suppress the side-reactions effectively.

Table 2. The capacity retention ratios of LMO-B, LAMO-B, and LAMO-B-Zr2.

Samples
Capacity Retention Ratios

After 200 Cycles at 25 ◦C After 100 Cycles at 55 ◦C

LMO-B 81.0% 72.2%

LAMO-B 90.0% 75.2%

LAMO-B-Zr2 93.9% 87.8%

Otherwise, the rate performance of the cells between 3.0 and 4.3 V (vs. Li/Li+) is
shown in Figure 7d. All the cells exhibit reduced discharge capacities as the increased
C-rates. Although the capacity of LAMO-B-Zr2 at 0.5C is inferior to the other cells as
the lowered proportion of active substances, the discharge capacities themselves or the
capacity retention of the LAMO-B-Zr2 at 1C, 2C, 3C, and 5C rates are much higher than the
other control samples. Moreover, the discharge capacity of LAMO-B-Zr2 could reach up to
103.41 mAhg−1 at 5C.

The specific discharge capacity and the capacity retention of the LAMO-B-Zr2 sample
at both room temperature and 55 ◦C are better than those of some reported LiMn2O4
single-crystalline and Al-doped LiMn2O4. The detailed comparisons of the electrochemical
performance are listed in Table S2.

Furthermore, the EIS results of the LMO-B, LAMO-B, and LAMO-B-Zr2 cells after the
1st and 200th cycle is shown in Figure 8a,b, respectively. All the cells are discharged to 4.0 V
before testing. All the Nyquist plots comprises two depressed semicircles in the high and
middle frequency region and a straight line in the low frequency region. The intersection
at the high frequency shows the Ohmic resistance (Ro), the diameter of the semicircle at
the high frequency means the resistance (Rs) of solid electrolyte interface (SEI), and the
diameter of the semicircle at low frequency suggests the resistance of the charge transfer
(Rct). The right intersection of the semicircle with the horizontal axis in the low frequency
represent the total internal resistance (Rt = Ro + Rs + Rct) [21,22]. The EIS plots were fitted
with equivalent circuit shown in Figure 8a by Zview software. Moreover, the corresponding
fitting results of the impedance are listed in Table 3. It is found that the Al-doping could
decrease the impedance compared with the pristine LMO-B and the LAMO-B samples. It
is suggested that the coating strategy is an efficient method of decreasing impedance.

 

Figure 8. The Nyquist plots of the LMO-B, LAMO-B, and LAMO-B-Zr2 cells after the (a) 1st and
(b) 200th cycle over the frequency range of 105 to 10−2 Hz. Inset figure is the equivalent circuit.
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Table 3. The fitting results of the LMO-B, LAMO-B, and LAMO-B-Zr2 cells after the 1st and
200th cycle.

Sample Rt (Ω) after 1st Cycle Rt (Ω) after 200th Cycle

LMO-B 248.1 377.8

LAMO-B 235.8 293.1

LAMO-B-Zr2 101.1 270.8

4. Conclusions

The micron-sized monocrystalline LiAl0.06Mn1.94O4 with a grain size of 2–8 μm was
prepared in this work. With the synergistic modification of Al-doping and Li2ZrO3 coating,
the cycling stability and rating performance have been significantly improved. Meanwhile,
the optimal Li2ZrO3 coating amount was investigated. The LAMO-B-Zr2 with 2 mol%
Li2ZrO3 addition possesses capacity retention of 93.9% after 200 cycles at room temperature
and 87.8% after 100 cycles at 55 ◦C. This work provides appreciable point of view into the
practical application of the LMO cathode in lithium-ion batteries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11123223/s1, Figure S1: The XRD patterns of the LiMn2O4 samples; Figure S2. The
particle size distribution of the (a) LMO; (b) LMO-B; (c) LAMO-B-Zr1; (d) LA-MO-B-Zr2; (e) LAMO-
B-Zr3; (f) LAMO-B-Zr4; Table S1: The full width at half maximum (FWHM) of the LMO and
LMO-B samples; Table S2: Comparison of electrochemical performance of different LiMn2O4
electrode materials.
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Abstract: Anode materials providing a high specific capacity with a high cycling performance are
one of the key parameters for lithium ion batteries’ (LIBs) applications. Herein, a high-capacity
NiFe2O4(NFO) film anode is prepared by E-beam evaporation, and the effect of the heat treatment is
studied on the microstructure and electrochemical properties of LIBs. The NiFe2O4 film annealed
at 800 ◦C (NFO-800) showed a highly crystallized structure and different surface morphologies
when compared to the electrode annealed at a lower temperature (NFO-600, NFO-700). In the
electrochemical measurements, the high specific capacity (1804 mA g−1) and capacity retention ratio
(95%) after 100 cycles were also achieved by the NFO-800 electrode. The main reason for the good
electrochemical performance of the NFO-800 electrode is a high structure integrity, which could
improve the cycle stability with a high discharge capacity. The NiFe2O4 electrode with an annealing
process could be further proposed as an alternative ferrite material.

Keywords: anode; thermal treatment; nickel ferrites; li-ion batteries

1. Introduction

Ever growing concerns of energy consumption are one of the important issues in
modern society [1]. In order to meet an increasing energy demand, the Li-ion battery
(LIB) has been considered as a potential candidate for electric vehicles and energy storage
systems, which should have a high power and energy densities [2]. To have a high
performance in an LIB, it is necessary to design optimized anode materials with a high
capacity and long cycle stability. These requirements can be fulfilled with an anode
electrode development with a higher specific capacity than commercial anode material
such as graphite (372 mAh g−1). The transition metal oxide that has a conversion reaction
shows higher specific capacities when compared to intercalation compounds. For instance,
ferrites with the general formula of an MFe2O4 (M = bivalent cation) spinel oxide, are
considered promising anode materials because of their high specific capacities, natural
abundance, and low cost. Among the ferrite materials, NiFe2O4 is an inverse spinel
structure where Ni2+ and half of the Fe3+ cations occupy the octahedral sites and the
remaining Fe3+ are on the tetrahedral site. Moreover, NiFe2O4 delivers its theoretical
capacity of 915 mAh g−1, which can electrochemically react with 8 mol of Li. Despite of
advantages of NiFe2O4, the volume expansion of the electrode during the charge-discharge
process resulted in a poor cycle performance [3]. As a result, this prevents them from
being practical anode materials for LIBs (lithium ion batteries’). Several studies discussed
anode materials with a higher specific capacity, rate capability, and cycle performance than
graphite [3–6]. Various strategies have been proposed to overcome the above obstacles
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related to the NiFe2O4 electrode by employing nanostructures such as nanosheet, nanowire,
and nanoparticles [7–9]. The nanostructured electrode is favorable to an outstanding
electrochemical performance owing to the short distance of Li ion diffusion and large
surface area [9]. Another strategy has been that nanostructured carbon such as a carbon
nanotube or graphene has been used as a support for the NiFe2O4 electrode [10,11]. The
nanocarbon materials could not only improve the electronic conductivity but also be served
as buffering media against the volumetric expansion of the electrode. It has been reported
that the deposition method could be a favorable method to prepare a (Ti, Fe)-alloyed Si
thin film anode with an accurate stoichiometric composition of materials [12]. Although
LiMn2O4 (LMO) can be synthesized at room temperature in tetragonal and cubic forms, it
can be synthesized at high temperatures, and the influence of the annealing temperature
on the physical and electrochemical properties of the LMO thin film is investigated as an
anode material [13–15].

In this study, the NiFe2O4 film as an anode electrode was prepared by a one-step
synthesis using the E-beam evaporation equipment. The as-prepared NiFe2O4 film was
followed by a heat treatment and directly used as an anode electrode for LIBs without
further process such as adding conductive materials or binder, or conducting pressure
roast processes. The effects of the heat temperature of the NiFe2O4 film were systematically
investigated, and the structural and electrochemical properties will be discussed in details.

2. Materials and Methods

NiFe2O4 film was coated on stainless foil (SUS 304, thickness 25 μm) prepared by
an electron beam evaporation system. Before the deposition process, the chamber was
evacuated down to 3 × 10−6 Torr, and the surface of the stainless foil was etched by Ar
ions for 5 min before deposition to remove any oxide layer. A NiFe2O4 pellet (purity
99.9%, from KOJUNDO chemical laboratory Co. LTD, Saitama, Janpan) was used as the
target, and the deposition rate (0.5 Å/s) was monitored by a thickness sensor. For the
investigation of the heating effect, the NiFe2O4 film was annealed at 600, 700, 800 ◦C, for
1 h in Ar atmosphere.

The morphology of the NiFe2O4 film surface were examined by field emission scan-
ning electron microscopy, FESEM, (S-4800, Hitachi, Tokyo, Janpan), and a high resolution
transmission electron microscope, HRTEM, (JEOL-2100F, JEOL, Tokyo, Japan) an elemen-
tal mapping analysis of the NiFe2O4 sample was also performed with energy dispersive
spectroscopy. For the cross-sectional image, we prepared the sample by using focused
ion beam-scanning electron microscopy (FID-SEM, HITACHI, Tokyo JAPAN) with Ga ion
sputtering. To prevent a morphological change by the ion beam, the Pt coating was applied
on the surface of the electrode. The thin film X-ray diffraction (X-pert PRO MRD, Philips,
Washington, DC, USA, Cu Kα radiation (λ = 1.5406 Å)) was carried out 2θ from 10◦ and 90◦
at a scan rate of 0.01◦. A Raman measurement (NTEGRA SPECTRA, NT-MDT, Tempe, AZ,
USA) was conducted with an Ar laser excitation source emitting at a wavelength of 514 nm.
The elemental composition and depth profile were characterized by the X-ray photoelectron
spectroscopy system. The X-ray source was used with monochromatic Al Kα radiation
(1486.6 eV), and the spectra was calibrated using C 1s (BE = 284.8 eV) of hydrocarbon.

The electrochemical performance of the NFO anode electrodes was evaluated using
2032 coin cells assembled in a dry room. The Li foil and polypropylene 2400 (Celgard,
Charlotte, NC, USA) were used as a counter and reference, and as a separator, respectively.
The electrolyte was 1.3 M LiPF6 in ethylene carbonate (EC) and diethyl carbonate (DEC)
(3:7 in volume) (Soulbrain, Northville, MI, USA). Galvanostatic charge-discharge and the
cyclic voltammetry (CV) tests were performed within a potential range of 0.005–3.0 V (vs.
Li+/Li) with an applied current density of 0.1 C (1 C = 915 mA g−1) and at a scan rate
of 0.5 mV s−1, respectively. All the electrochemical measurements were carried out at
room temperature using a battery test system (Battery Analyzer, Won-A tech, Daejeon,
Korea). The mass loading of NFO on the stainless steel according to the density of NFO,
and the average thickness of NFO from the cross-section SEM images, is about 0.3 mg and
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500 nm. The cyclic voltammetry (CV) was recorded in the potential range of 0.005–3.0 V at
a scan rate of 0.5 mV s−1. All the electrochemical measurements were carried out at room
temperature.

3. Results

The crystal structure of NiFe2O4 film according to the heat temperature was de-
termined by X-ray diffraction (XRD, X-pert PRO MRD, Philips, Washington, DC, USA).
Figure 1 shows the XRD patterns of the NFO-600, NFO-700, and NFO-800 electrodes. Ob-
viously, the crystallinity of NFO film electrodes depend on the heat treatment temperature,
and they are shown in Figure 1, where it can be seen that with an increase of the tempera-
ture from 600 to 800 ◦C the peaks become sharper, resulting in a higher crystallinity of the
NiFe2O4 materials.

Figure 1. X-ray diffraction patterns of NiFe2O4 electrode annealed at different temperatures.

As shown in Figure 1, all samples have shown diffraction peaks at a similar 2θ degree
when compared with the NiFe2O4 target peak, corresponding to the (220), (311), (222),
(400), (511), and (440) crystal planes of the NiFe2O4 (JCPDS No. 54-0964) [16–18]. These
diffraction peaks confirmed the presence of single-phase NiFe2O4 with a face-centered
cubic and Fd3m space group. The peak intensity becomes sharper when the annealing
temperature is increased from 600 to 800 ◦C, resulting in a higher crystallinity for NFO-800
than NFO-600. The crystallite sizes of the NFO-600, NFO-700, and NFO-800 electrodes
are calculated as 17, 19, and 22 nm, respectively, using Scherrer’s equation. Peaks related
to any other phase or impurities were not observed. The peak at 45◦ corresponds to the
stainless foil (denoted by a star), which is similar to previous studies [19,20].

Figure 2a–c shows the surface morphologies of the NFO-600, NFO-700, and NFO-800
electrodes. As can be seen in Figure 2a,b, the NiFe2O4 film shows numerous streaks based
on the mother substrate, without any cracking, and a few droplets are also observed.
These particles are ascribed to the incomplete elimination of target splashing during
deposition [17]. After the heat treatment at 800 ◦C, however, the surface morphology
is very different from electrodes heated at a lower temperature. The roughness and
porosity of the surface is observed, evidencing the effect of the annealing temperature. This
observation of a roughened surface suggests that the film might be undergoing a change
of orientation. It is reported that the heat treatment of stainless steel changes its chemical
composition and the thickness of the passive film [21]. Thus, the surface morphologies
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are dependent on the heat temperature. It is anticipated that the roughened surface of
the NiFe2O4 electrode could lead to a low resistance interface of the electrode. Besides,
the thickness of the electrode on glass was about 500 nm (Figure 2d), and the conformal
NiFe2O4 film was clearly observed in the cross-sectional image to be without any splits.

 
Figure 2. SEM images of NiFe2O4 electrode of (a) NFO-600, (b) NFO-700, and (c) NFO-800 ◦C.
(d) Cross-sectional image of NiFe2O4 electrode on the glass.

Figure 3 shows the cross-sectional TEM image with energy dispersive X-ray spectrum
(EDS) elemental maps of the NFO-800 electrode. The clearly defined NiFe2O4 electrode and
SUS substrate were observed. The EDS elemental mapping analysis was also conducted in
order to observe the elemental composition distribution at the NiFe2O4/interface between
the oxide layers and stainless steel. As shown in Figure 3, Ni, Fe, and O were distributed in
the outer layer, which indicated that Cr did not exist in the NiFe2O4 electrode. However,
the Fe element was depleted in the interface between the oxide and substrate. In contrast
to Fe, the Cr element becomes denser at the interface. This indicates that the Cr ions are
diffused from the substrate to the outer oxide layer, which is composed of chromium and
oxygen represented as chromium oxide. It is reported that the duplex oxide layer is formed
at a high temperature with the inner and outer layer [22].

The outer layer is grown by the out-diffusion of metal ions from the substrate. More-
over, the stainless steel containing sufficient chromium established a protective chromium
rich oxide layer as a Cr2O3 and Fe-Cr spinel structure during oxidation at a high tempera-
ture [23]. Consequently, the NiFe2O4 electrode was formed by NiFe2O4 (outer layer)/Cr2O3
(transition layer), Fe-Cr spinel, and stainless steel (substrate) from the outer to inner oxide
layer. In a previous study, low density regions were observed at the interface between
NiFe2O4 and the substrate due to the high density of this film and the different temperature
expansion coefficients (10.3 × 10−6 K−1 of NiFe2O4 and 16 × 10−6 K−1 of stainless foil) [17].
In this study, however, the NiFe2O4 electrode annealed at a high temperature has been
formed without any crack or low-density regions. We have assumed that the internal phase
(Cr2O3 and Fe-Cr spinel) could be beneficial for achieving an enhanced electrochemical
performance. Figure 4 shows the TEM cross-sectional image of the NFO-800 and associated
selected area electron diffraction (SAED) patterns of the inner layer and outer layer of the
NiFe2O4 electrode. As shown in Figure 4, the NiFe2O4 electrode was formed as a double-
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layer structure, which is shown in Figure 3. The inner and outer layer of the NiFe2O4
electrode show spinel SAED patterns. The d-values calculated from the concentric rings of
both layers match well with (220), (311), and (400), indicating the spinel-type structure of
the NiFe2O4. The SAED patterns from the inner layer show a spot pattern, whereas the
outer layer (NiFe2O4) indicates a ring pattern. This difference could be attributed to the
amount of Cr in the spinel structure.

Figure 3. Cross-sectional and EDS mapping image of NFO-800 electrode.

Figure 4. SAED pattern for the NFO-800 electrode. (a): cross-section; (b): Inner layer; (c): Outer layer.
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Figure 5 shows the typical Raman spectra of the NiFe2O4 electrode annealed at
800 ◦C. As can be seen in Figure 5, the Raman spectra showed the inverse spinel structure
of NiFe2O4, which is consistent with previous reports [24,25]. It is reported that the
NiFe2O4 spinel structure group can be described with the space group of Fd3m (No. 227),
and the factor group theoretical calculations result in five Raman active bands, namely
A1g + Eg + 3T2g [25]. In this study, the Raman spectra have shown the crystallized NiFe2O4
electrode, which confirms the XRD result. Any peaks related to the NiFe2O4 were not
observed on the SUS substrate.

Figure 5. Raman spectra of NFO-800 and stainless steel.

The XPS depth profiling was carried out to observe the chemical concentration of
iron, nickel, and chromium with Ar+ ion beam sputtering. Figure 6 shows the XPS depth
profiles of NiFe2O4 according to the annealing temperature. As shown in Figure 6, in the
NiFe2O4 region, Ar+ etching extending up to 4000 s was clearly observed, and the thickness
of the NiFe2O4 electrode was similar before and after annealing except for the NFO-800
electrode. Before the heat treatment of NiFe2O4 electrodes, the chemical ratio of Fe:Ni
was irregularly observed, but the composition ratio of Fe:Ni was consistently close to the
theoretical composition of the NiFe2O4 electrode after the heat treatment. This indicates
that the NiFe2O4 electrodes may be undergoing a change of orientation during annealing.
The Cr element was much more increased at the interface layer between NiFe2O4 and the
SUS substrate, which was consistent with the EDS mapping result. However, the Fe and Ni
of the NFO-800 electrode showed different chemical compositions when compared with a
lower annealing temperature. The Cr elements were outwardly diffused at 800 ◦C from
substrate, which resulted in more migration of Fe and Ni from the NiFe2O4 electrode to
the interface. From the results of the XPS depth profile, the stainless steel annealed at a
high temperature established a protective chromium rich oxide (Cr2O3) and Fe-Cr spinel
structure in the interface layer [23].
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Figure 6. The “in depth” relative atomic concentrations of the NiFe2O4 electrode annealed at different
temperatures from XPS-depth profiles.

Figure 7 shows the charge-discharge profiles of the NiFe2O4 electrode at 0.1 C in
the range of 0.005–3.0 V, with all of the electrodes showing typical voltage profiles of the
discharging (lithiation) and charging process (delithiation). In the first discharge process,
a long-range plateau was observed around 0.75 V, which corresponded to the reduction
of Fe3+/Ni2+ during Li insertion. This constant region from 0.7 to 0.5 V showed a specific
capacity of more than 1000 mAh g−1. This indicates that Ni and Fe has been completely
converted to metallic elements and the formation of Li2O [26]. In the charge process, the
quasi-plateau was also observed at 1.5 V, which resulted in the oxidation of transition
metals [26]. A similar charge-discharge process has been observed in other transition
metal oxides [27,28]. The second and third cycles almost remained the same profile, which
revealed that the NiFe2O4 electrode became stable and had reversible reactions. The initial
discharge capacities of the NFO-600, NFO-700, and NFO-800 electrodes were 1551, 1553,
and 1804 mAh g−1, and the columbic efficiencies of each sample were 76, 77, and 76%,
respectively. The discharge capacity obviously showed the highest capacity at an annealing
temperature of 800 ◦C. The discharge capacities of the NiFe2O4 electrodes exceed the
theoretical capacity of NiFe2O4 (~915 mAh g−1), which is attributed to the decomposition
of the electrolyte when the potential is decreased at a low voltage [29]. However, the initial
columbic efficiencies (CE) were relatively low. The reason for the low columbic efficiencies
is the formation of a solid electrolyte interface film (SEI) film of the electrode and the
decomposition of the electrolyte [30]. In the subsequent cycle, the CE was increased to 98%.

In order to investigate the reaction mechanism of NiFe2O4, the cycle voltammetry (CV)
of NFO-800 was carried out at a scan rate of 0.1 mV s−1 in the potential range of 0.005–3.0 V
and is depicted in Figure 8. In the first cathodic cycle, a large peak at 0.7 V is observed,
which is attributed to the reduction reaction of Fe3+ and Ni2+ to Fe0 and Ni0, respectively.
In the subsequent cycles, the reduction peaks were shifted to 0.8 and 1.1 V, indicating the
irreversible reaction in the first cycle. For the reversible cycle, the anodic peak at 1.6 V was
related to the oxidation of Fe and Ni to Fe3+ and Ni2+, and it shifted to 1.9 V in the second
cycle due to the change in the ionic environment [31]. The redox mechanism observed
during the charge-discharge reaction may occur in the following steps:

NiFe2O4 + 8Li+ + 8e− ↔ Ni + 2Fe + 4Li2O
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Ni + Li2O ↔ NiO + 2Li+ + 2e−

2Fe + 3Li2O ↔ Fe2O3 + 6Li+ + 6e−

 

Figure 7. The initial charge-discharge profiles of the NiFe2O4 electrode annealed at different temperatures.

Figure 8. Cyclic voltammetry curves of the NiFe2O4 electrode annealed at 800 ◦C.

In addition, the subsequent cathodic and anodic CV cycles almost overlapped, indi-
cating a stable cycle performance against the Li.

Figure 9 reveals the cycle performance of the NiFe2O4 electrode according to the
annealing temperature at a current density of 91.5 mA g−1 for 100 cycles. As shown in
Figure 9, the specific discharge capacities of the first cycle of annealed NFO-600, NFO-
700, and NFO-800 electrodes were 1551, 1559, and 1804 mA g−1, respectively. The CE of
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the first cycle of three different electrodes was around 76.7, 77.6, and 77%, respectively,
which was attributed to the formation of the SEI film. After the first cycle, the CE was
retained to more than 99% until 100 cycles, indicating the superior cycle stability of the
electrode. The discharge capacities of the NFO-600 and NFO-700 electrodes gradually
decreased during 30 cycles and then stabilized at their capacity until 100 cycles. However,
the NFO-800 electrodes showed less capacity degradation in the initial cycles and a much
higher reversible capacity of 1086 mAh g−1 during the cycles. The capacity retention ratio
of the NFO-600, NFO-700, and NFO-800 electrodes was 65, 72, and 95% after 100 cycles,
respectively. This indicates that the annealing process of the NiFe2O4 electrodes at a high
temperature provides a favorable lithium storage capacity and exceptional cycle stability.
The reason for the high capacity retention ratio of NFO-800 was the good structural integrity
during the cycling. Figure 10 shows the surface morphologies and cross-section images
of the NFO-800 electrode before and after the cycle. Before cycling, the NiFe2O4 electrode
surface was interconnected with distinct NiFe2O4 particles, indicating a relatively good
electron pathway. However, the NiFe2O4 particles were densely embedded and showed a
smooth surface without any cracks or individual particles. Thus, the optimization of the
annealing temperature could lead to a high structural integrity of the NiFe2O4 electrode.
The C-rate performance will be carried out when pursuing further research.

 

Figure 9. Cycle performance of the NiFe2O4 electrode annealed at different temperatures.

Based on the above results, the annealed NiFe2O4 electrodes not only improve the
high crystal structure, but also show better electrochemical properties. The NiFe2O4
electrode with an interface layer between NiFe2O4 and the SUS substrate has given a
higher discharge capacity than the theoretical NiFe2O4 anode materials. In particular,
the NFO-800 electrodes have maintained their structural integrity, which improves the
cycle stability with a high discharge capacity after 100 cycles. Moreover, this study reveals
different physical and electrochemical properties of the NiFe2O4 electrode when compared
to a conventional electrode that is based on a copper current collector. Finally, the NiFe2O4
electrode prepared by an e-beam evaporator followed by an annealing process should be
an ideal electrode design with a strong adhesion onto the substrate when compared to
other preparation methods.
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Figure 10. Surface morphologies of the NFO-800 electrode (a) before and (b) after cycles; (c) cross-
section image; (d) cross-section image.

4. Conclusions

In summary, NFO thin film electrodes have been successfully prepared via deposition
method, and the annealing effects on the structural and electrochemical properties of NFO
electrodes were investigated in a Li-ion battery system. The XRD diffraction demonstrated
the high crystallinity of NiFe2O4, and the interlayer of Cr2O3 was a beneficial feature
that was ascribed to a higher specific capacity after the annealing process. The NFO-800
electrode that showed a charge capacity of about 1100 mAh g−1 was stable after 100 cycles
at a current density of 91.5 mA g−1 (0.1C) and with a high capacity retention ratio of 95%.
The NiFe2O4 electrodes also maintained their reversible capacity of 1100 mAh g−1 after
100 cycles. The unique properties of the NiFe2O4 electrode with the annealing process
could be further proposed for alternative ferrite materials, which is applicable for anode
electrodes for LIB.
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Abstract: In order to meet the growing demand for the electronics market, many new materials have
been studied to replace traditional electrode materials for energy storage systems. Molybdenum
oxide materials are electrode materials with higher theoretical capacity than graphene, which was
originally used as anode electrodes for lithium-ion batteries. In subsequent studies, they have
a wider application in the field of energy storage, such as being used as cathodes or anodes for
other ion batteries (sodium-ion batteries, potassium-ion batteries, etc.), and electrode materials for
supercapacitors. However, molybdenum oxide materials have serious volume expansion concerns
and irreversible capacity dropping during the cycles. To solve these problems, doping with different
elements has become a suitable option, being an effective method that can change the crystal structure
of the materials and improve the performances. Therefore, there are many research studies on metal
element doping or non-metal doping molybdenum oxides. This paper summarizes the recent research
on the application of hetero-element-doped molybdenum oxides in the field of energy storage, and it
also provides some brief analysis and insights.

Keywords: molybdenum oxides; hetero-element doping; energy storage materials

1. Introduction

The rapid growth of the population and industrial production have put great pressure
on natural resources, and, with the depletion of fossil energy and the rapid development
of electronic products, the demands for high energy density and power density energy
storage equipment, such as ion batteries and supercapacitors, continues to grow [1–3]. Over
the last few decades, lithium-ion batteries (LIBs) have become the favorite in the consumer
electronics market due to their good energy density, long cycle life, and environmental
friendliness. The abundant mineral materials in nature are used as the matrix for the
research of electrode materials for lithium-ion batteries [4]. As we know, transition metal
oxides are appropriate for the insertion/extraction of small ions, such as H+ and Li+, so
they are candidates for a wide range of applications, including energy storage devices [5].
Among the transition metal oxides, molybdenum oxides have diverse crystal structures,
oxidation states, and particular physicochemical properties, such as conductivity, mechan-
ical and thermal stability, as well as cyclability [6]. In addition, they are wide band gap
n-type semiconductors, which plays a vital role in technological applications [7]. At the
same time, graphite materials have been successfully marketed as anodes for LIBs for
decades, but the low theoretical specific capacity of 372 mA h g−1 has gradually failed
to meet the growing demand for high energy density batteries [8,9]. Molybdenum oxide,
particularly MoO2, has received considerable attention due to its metallic conductivity
and high theoretical capacity (838 mA h g−1) [10]. Therefore, molybdenum oxides, as
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cathode or anode materials, appear to be promising candidates for ion secondary batteries
and supercapacitors.

There has been a great deal of research on pure molybdenum oxides using dif-
ferent methods, such as thermal decomposition [11], chemical vapor deposition [12],
hydrothermal-solvothermal process [13–15], thermal evaporation, and nanocasting, to
synthesize nanostructure molybdenum oxides to increase electrochemical performance.
However, the interlamellar spacing of pure molybdenum oxides is limited, it is difficult to
enhance their specific capacities, and they cannot hold big ions, such as Na+, K+, Zn2+, and
Mg2+. Therefore, it is necessary to approach them from another perspective to improve the
electrochemical performance of molybdenum oxide-based materials. Doping with different
elements is an effective strategy, which can increase the distance between the layers in
the crystal structure, change the layered crystal structure to a tunnel-type structure, or
enhance conductivity.

Hetero-element doping molybdenum oxides can be divided into several varieties,
namely alkali metal (Li, Na, or K) and alkaline earth metal (Mg or Ca) doping, transition
metal (Zn, Ni, Mn, Ti, or Co) or their oxides doping, non-metal (C or N) doping, as well as
non-metal-/metal-doped composites. Metal doping molybdenum oxides are attractive as
hosts for ions, which can form multiple crystal structures or phases. The combination of dis-
similar metal with molybdenum oxides is able to produce materials with new architectural
and chemical characteristics; thus, a variety of systems could be explored [6]. In addition,
some metal-doped molybdenum oxides have a pseudocapacitive property according to
the literature [16,17]. Non-metal doping is a common way of material modification, while
the frame structure composed of carbon or nitrogen can greatly increase the specific sur-
face area of the materials and enhance conductivity. Because molybdenum has different
oxidation states in the compounds, molybdenum oxides doped with different elements
have a variety of chemical compositions and crystal phases, and there are bound to be
many synthetic methods to obtain new materials. In this review, we primarily highlight
and summarize the variety of hetero-element-doped molybdenum oxide materials and
their synthetic methods, as well as their electrochemical performance as energy storage
materials. Figure 1 summarizes some typical crystal structures and nanostructures of
hetero-element-doped molybdenum oxide materials, as well as the schematic diagram of
their application in energy storage systems; the details will be introduced later.

Figure 1. Summarization of some typical crystal structures and nanostructures of hetero-element-
doped molybdenum oxide materials, as well as the schematic diagram of their application in energy
storage systems.
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2. Alkali Metal and Alkaline Earth Metal-Doped

2.1. Alkali Metal-Doped

Alkali metal-doped molybdenum oxides mainly include AxMoO2, AxMoO3, A2MoO4
(A = Li, Na, or K), Li4Mo3O8, and Li2Mo4O13 [18–24]. Most LiMO2 (M = Co, Mn, Ni, Fe) is
associated with rock-salt architectures and is an ordered or distorted form of NaCl. AMoO2
(A = Li, Na or K) is isostructural to well-known LiMO2 materials for LIBs, having the
potential to be the lithium storage material. Per unit of MoO2 can hold up to 0.85 Li at
an average potential of 3 V [19,25]. Li2MoO3 has a novel, disordered α-NaFeO2 structure
(R-3m) with the molybdenum present as Mo3O13 clusters (Figure 2b), firstly determined by
James and Goodenough [26]. The Mo4+ in the Li2MoO3 compound can be oxidized to Mo6+

oxidation state when the Li2MoO3 is charged to 4.4 V (vs. Li+/Li). Therefore, Li2MoO3
can carry out a two-electron electrochemical reaction per unit molecule, so it has a huge
potential for energy storage (theoretical capacity is about 339 mA h g−1) [27,28]. The crystal
of Li2MoO4 (Figure 2a) shows a tunnel structure, consisting of a three-dimensional network
of corner-linked, slightly distorted LiO4 and MoO4 tetrahedra along crystallographic c-
axis [29,30]. As is well-known, materials with NASICON-type structure are also promising
candidates for energy storage systems.

 
Figure 2. (a) Crystal structure of the rhombohedral modification of Li2MoO4. Blue and yellow spheres represent Mo and Li
ions, respectively. Narrow and wide channels along the c-axis feature 4-member rings and 6-member rings, respectively.
Reproduced with permission. [30] Copyright 2015, American Chemical Society. (b) Lattice structure of Li2MoO3. (c) Charge
and discharge potential curves of the fresh and aged Li2MoO3; the inset is for their cycling performances. Reproduced
with permission. [31] Copyright 2014, Elsevier B. V. (d) Low-resolution TEM image of KyMoO3−x nanobelts. (e) Volumetric
capacitance and current density for KyMoO3-x in different electrolytes. (f) Numbers of Li+ inserted in the tunneled MoO3 and
KyMoO3−x (c value of Li+ diffusion). Reproduced with permission. [16] Copyright 2015, Elsevier B. V. (g) Morphological of
as-synthesized CaMoO4 microspheres by reaction time of 0.5 h. (h) Cycling performance of the CaMoO4 microspheres before
and after being heat-treated at different temperatures at current densities of 200 mA g−1. (i) Rate performance of CaMoO4

microspheres before and after calcination at 650 ◦C. Reproduced with permission. [32] Copyright 2018, Springer Nature.
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Recently, many studies about alkali metal-doped molybdenum oxides have been
reported. Ma et al. [31] investigated the structural and performance stability of Li2MoO3 in
air. They found that Li2MoO3 can be oxidized/decomposed in air at room temperature. The
oxidation of Mo4+ and the consumption of Li+ led to the generation of Li+ vacancies, Mo4+

migration, Li-Mo inversion, and the destruction of Mo3O13 clusters in Li2MoO3. Therefore,
as shown in Figure 2c, the aged material (storing the phase-pure Li2MoO3 in desiccators
with a relative humidity of below 10% at room temperature for 120 days) delivered more
attenuation of capacity after the initial cycle. Verma and coworkers [24] devised a novel
procedure for the synthesis of Li2Mo4O13 using a single-step conventional solid-state
reaction. The rod-like (size range of 1–10 μm) material shows an initial reversible capacity
of 1062 mA h g−1 at 0.1 C (up to theoretical capacity), and the capacity retention is 74% over
50 cycles with coulombic efficiency close to 98% during the subsequent cycles, proving that
Li2Mo4O13 electrodes exhibit high reversible capacity and great cycling performance. K+

pre-intercalated hydrogenated MoO3 (KyMoO3−x) material was reported by Xiao [16]. The
MoO3 nanobelts were synthesized using the hydrothermal method, hydrogenation was
used to introduce oxygen vacancies into MoO3 nanobelts (Figure 2d), and the resulting
MoO3−δ was further reacted with KBH4. It was proved that several kinds of ions (Li+,
Na+, K+, and Mg2+) with different ion dimensions can embed into the KyMoO3−x. In
Figure 2e,f, the authors calculated volumetric capacitance at different current density for
KyMoO3−x in three electrolytes, as well as the number of inserted Li+ in KyMoO3−x and
MoO3. It is noted that Mg2+ has the greatest capacitance, while Na+ has the best retaining
capacitance, and, when the sweep frequency is augmented to 100 mV s−1, the quantum of
inserted Li+ in KyMoO3−x remains almost invariant (from 0. 27 to 0.22), but only 0.042 Li+

is embedded in MoO3, demonstrating that KyMoO3−x has a wider interlayer distance and
stronger conductivity compared to pure MoO3. Zhu et al. [33] reported a novel layered
sodium molybdenum oxide Na0.3MoO2 synthesized by solid-state reaction as an anode
material for sodium-ion batteries (SIBs). The crystal and nanostructure of Na0.3MoO2 are
both layered morphologies, and the long-term cycling performance shows an excellent
capacity retention of 72.4% after 1000 cycles, and the coulombic efficiency is up to about
100%, except for the preliminary cycle.

In addition to single element doping, there are also some double elements-doped
materials. In the existing research, potassium is doped in Li-rich molybdenum-based oxide
or sodium molybdate. Yu et al. [34] prepared K-doped Li2MoO3 cathode material for the
first time; the K-doped MoO3 nanobelts were synthesized by hydrothermal method and
used as templates and then annealed at high ambient temperatures. The larger K+ could
not be extracted from the interlayer during de-lithiation, staying in the Li slab to restrain the
phase transformation, so the doped samples are more stable. The obtained Li1.9K0.1MoO3
has a satisfying initial capacity (235 mA h g−1 at 0.05 C rate, 1C = 320 mA g−1). Additionally,
after a certain number of cycles, it maintains 56% of its initial capacity, which is much better
than the undoped sample Li2MoO3 (38%). The enhanced electrochemical performance
may be due to the change in the valence state of Mo4+ in the Li1.9K0.1MoO3 crystal, making
the sample hardly release oxygen even if it is charged to a potential of 4.4 V (vs. Li+/Li).
Serdtsev and coworkers [35] predicted the possible sodium-ion pathways and the energy
barriers for sodium diffusion in the glaserite-type A3−xNa1+x(MoO4)2 (A = Cs, K) through
the approximate bond valence sum approach. The double molybdate K3Na(MoO4)2 has a
monoclinic distorted superstructure (space group C2/c) with a quadruple unit cell, which
corresponds to a much lower energy barrier for migration through the K site compared to
the normal sodium site, while the ionic conductivity of sodium can be strengthened for
pyrochlore doped with divalent or trivalent ions. At present, there are relatively few studies
related to bimetallic elements-doped molybdenum oxide materials. However, according to
the existing work, it can be seen that this strategy is expected to obtain electrode materials
with a long cycle life and further improve the performance of single metal-element-doped
molybdenum oxide materials.
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2.2. Alkaline Earth Metal-Doped

CaxMoO3, CaMoO4, MgxMoO3, and MgMoO4 [36–39] are several common alkaline
earth metal doping molybdenum oxides. CaMoO4 adopts a tetragonal scheelite structure
with the Mo in tetrahedral O-coordination [37]. The CaMoO4 microspheres with nano-pits
were synthesized through the facile hydrothermal method by You et al. [32]. The SEM of
CaMoO4 microspheres is shown in Figure 2g; the nano-pits distributed on the CaMoO4
microspheres can alleviate the volume expansion problem and increase the specific surface
area and wettability with the electrolyte, thus improving cycle stability and electrochemical
performance. They discovered that the discharge capacity of CaMoO4 tends to increase
with increasing calcination temperature. In Figure 2h,i, for CaMoO4, which is annealed
at 650 ◦C, the leftover organic matter is fully carbonized and the best crystallinity is
obtained after the high temperature treatment. When the post-annealed CaMoO4 is used
as anode for Li-ion battery, it has a higher reversible capacity (434 mA h g−1 at 200 mA g−1

after 50 cycles) than the theoretical capacity of graphite (372 mA h g−1). The single
crystals of MgMoO4 displayed monoclinic symmetry and adopted the C2/m space group
at normal temperature and pressure [40]. Haetge [41] reported the synthesis of templates
for porous MgMoO4 films with nanocrystalline walls. These materials were produced by
solution phase co-assembly of chlorinated salt precursors with KLE-type poly(ethylene-co-
butylene)-block-poly (ethylene oxide) di-block copolymers using the evaporation-induced
self-assembly process. As the electrodes for the Li-ion battery, MgMoO4 thin films deliver
162 mA h g−1 at C/1.5 (1C is defined as the intercalation of 1 Li+ per formula unit in 1 h
at 25 ◦C) after 100 cycles, and the capacity decreases only slightly between the 20th and
100th cycles. At the same time, the material employed in this work can be reversibly cycled
at C/2 (175 mA h g−1), 1 C (167 mA h g−1), 2 C (147 mA h g−1), 4 C (130 mA h g−1),
and 8 C (116 mA h g−1) rates. It can be known that not all alkaline earth metal-doped
molybdenum oxide materials can have a high capacity, although their cycling stability is
relatively excellent. This may be related to the crystal structure of the material itself, which
determines the material’s ability to hold active ions. Of course, this is also reflected in other
hetero-element-doped molybdenum oxide materials.

3. Transition Metal-Doped

Two main forms of transition metal-doped molybdenum oxides exist, namely A2Mo3O8
and AMoO4 (A = transition metal) [42–44]. AMoO4 (A = transition metal), namely Mo-
containing mixed oxides, are appropriate for ions to insertion, which can form multiple
crystal structures or phases. The combination of dissimilar metal with molybdenum
oxides is able to produce materials with new structures and chemical properties. The
crystal structure of NiMoO4 belongs to monoclinic crystal system (Figure 3a), and the
rod-like NiMoO4 produced through solution combustion synthesis was used for sodium
batteries for the first time by Minakshi and coworkers [45], exhibiting a safe operation
potential (~1.0 V vs. Na+/Na). The rod crystalline phasing consists of tiny NiO grains
(30 nm clusters of 10 nm grains) solidly fixed to the NiMoO4 rods. The percentage of
NiO rises with the quantity of oxidant, while the rods show cracks and fractures at the
highest oxidant levels. These rods display a staggered morphology, allowing good surface
pathways for ion exchange. Therefore, this hetero-structure material produces a high initial
discharge capacity of 550 mA h g−1 at a current density of 0.05 A g−1. In addition, it
has good capacity retention of 82% after 50 cycles. Rod-shaped MnMoO4 crystals with
two-dimensional nanosheets have been satisfactorily produced by a new and facile wet
chemical method with the help of polyvinylpyrrolidone by Liu’s group [46]. Figure 3b
shows the schematic diagram of the synthesis process. The rod-shaped MnMoO4 is used
as the work electrode for the supercapacitor and shows excellent long cycling and rate
performance due to the two-dimensional nanosheets providing increased interfacial contact
between the MnMoO4 active material and the electrolyte, which facilitates the diffusion
and charge transfer of the electrolyte. Figure 3c further illustrates the charge/discharge
curves at the current density of 1 A g−1 for last 10 cycles (totally cycled for 1000 cycles), and
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the coulombic efficiency remains nearly 100% for each cycle, with a completely reversible
lithium storage process. Fei et al. [47] analyzed the electrochemical properties of α-ZnMoO4
nanoparticles as anode material for Li-ion battery by a simple co-precipitation method
and subsequently calcined for the first time. TEM shows the morphological property of
α-ZnMoO4 in Figure 3d, and the samples show a dispersed and uniform morphology with
a diameter of 200–300 nm. As shown in Figure 3e, the as-prepared α-ZnMoO4 exhibits
excellent electrochemical performance, including a very stable capacity of 389 mA h g−1 at
50 mA g−1 with capacity loss of 0.2% per cycle for the 80th cycle. It also has excellent rate
performance, and the capacity is basically restored when the current density returns to the
initial value.

 

Figure 3. (a) Crystal structure of monoclinic NiMoO4 illustrating the coordination relationship of NiO6 and MoO6 octahedra.
Reproduced with permission. [45] Copyright 2018, Elsevier Ltd. (b) Schematic diagram illustrating the formation process
of rod-like MnMoO4 crystalline with two-dimensional nanoflakes. (c) GCD (galvanostatic charge–discharge) curves of
the energy storage made from rod-like MnMoO4 crystalline in last 10 cycles at 1A g−1. Reproduced with permission. [46]
Copyright 2017, Elsevier Ltd. (d) SEM image of α-ZnMoO4. (e) Cycling performance of α-ZnMoO4. Reproduced with
permission. [47] Copyright 2017, Elsevier B. V. (f) SEM image of Cu3Mo2O9. (g) Cycling performance and coulombic
efficiency of Cu3Mo2O9 at 0.1 A g−1. Reproduced with permission. [48] Copyright 2017, Elsevier B. V. (h,i) Discharge–charge
voltage profiles and rate performance of Fe2Mo3O8 hollow spheres. Reproduced with permission. [49] Copyright 2020,
Higher Education Press.

LiHoMo3O8 was prepared successfully through carbothermal reaction at 750 ◦C by
Das et al. [50]. The Li-storage and recyclability have been examined, which delivered a
high level of capacity (~470 mA h g−1 at 30 mA g−1 in rate performance) under ambi-
ent temperature. This work lays the foundation for the study and understanding of the
lithium cycling mechanism of molybdenum cluster oxides and their potential applications
in lithium storage devices. In the meantime, there have been many studies of isostructural
Mo-cluster mixtures in which Ho is substituted by Y and possibly other heavy rare earth
ions, or those in which the Li and Ho ions are substituted by two divalent metal ions, such
as transition metals [42,51]. Thus, more research on the use of A2Mo3O8 (A = transition
metal) for energy storage has been reported [42,49,52,53]. Chowdari’s group [42] reported
the electrochemical performance and the Li-cycling mechanism of Mn2Mo3O8 early. The
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synthesized Mn2Mo3O8 belongs to the P63mc space group and the Rietveld refined lat-
tice parameters are: a = 5.795(2) Å and c = 10.254(2) Å. The first discharge capacity of
Mn2Mo3O8 is about 710 mA h g−1, while it shows bad cycling performance. Recently,
Zhang and coworkers [49] constructed novel self-assembled iron (II) molybdenum (IV)
oxide hollow globules with a wall of 100 nm by a bubble-template-assisted hydrophile
method of synthesis combined with simple calcination. The tight integration of miniature
nanoparticles on the surface of the hollow globules not only offers more active sites for
Fe2Mo3O8 but also contributes to the stability of the hollow structure, thus enhancing the
lithium storage performance. The discharge–charge voltage profiles and rate performance
of Fe2Mo3O8 hollow spheres are shown in Figure 3h,i; Fe2Mo3O8 hollow spheres deliver
the initial discharge and charge capacities of 1189 and 997 mA h g−1 at 100 mA g–1, respec-
tively, which are higher than the theoretical capacity of 813 mA h g−1 based on lithium
storage mechanism of redox conversion. Additionally, in the rete performance, when the
current rate decreases to 0.1 A g–1, a high discharge capacity of 812 mA h g–1 can still be
regained, suggesting the desirable tolerance of the Fe2Mo3O8 electrode. Therefore, it is very
important to improve the cycling stability and rate performance of the electrode materials
by seeking suitable synthesis methods and modification methods.

In addition to these two types of transition metal-doped molybdenum oxides, A2Mo3O8
and AMoO4 (A = transition metal), Cu3Mo2O9 used as anode for Li-ion battery was re-
ported by Guo’s group [48]. They developed a facile strategy to fabricate the 3D hierarchical
Cu3Mo2O9 flowers via simply calcining the Cu3(OH)2(MoO4)2 nano-cuboids, which can
be accomplished easily by one-pot hydrothermal method. The final hierarchical flower-
like Cu3Mo2O9 was transferred from self-assembled rectangular parallelepiped single
nanocrystal via calcination in air (SEM is shown in Figure 3f). They investigated the influ-
ence of temperature during the calcination, finding that the 3D hierarchical morphology
of the Cu3Mo2O9 annealed at 600 ◦C is different either from the one that is composited of
irregular nanoparticles at 400 ◦C or from the one that is excessively aggregated at 700 ◦C,
which is the best in these three materials. As shown in Figure 3g, after 200 cycles, the
Cu3Mo2O9 electrode was still capable of delivering a specific capacity of 632 mA h g−1 at
0.1 A g−1 with a large coulombic efficiency (~99%), demonstrating its remarkable cycling
stability and reversibility. When designing experiments, we often need to set concentration
gradients, temperature gradients, etc., to find the best reaction conditions. In fact, this is a
very basic understanding for the synthesis of nanomaterials.

4. Non-Metal-Doped

Doping with non-metallic elements, such as carbon and nitrogen, is a typical method
of electrode material modification. Carbon and nitrogen doping modification generally
does not affect the crystal structure of molybdenum-based materials, but different synthesis
methods, such as co-precipitation, hydrothermal technology, etc., can be used to obtain
composite materials with different nanostructures. Although some molybdenum oxides
possess metallic conductivity, it is necessary to improve on their electrical conductivity for
better electrochemical performances. In addition, substantial volume expansion during
repetitive cycling remains the key to limiting its practical deployment in lithium-ion batter-
ies [54]. Crossbreeding with carbonaceous substrates, such as graphene, carbon nanotubes
and meso/microporous carbon, carbon black, and carbon dots [55–61], is an efficient tactic
to address these issues. The nanostructure of the composite material can increase the
specific surface area of the material to a certain extent so that the material and the elec-
trolyte can be more fully contacted. For doping methods, in situ synthesis, hydrothermal,
calcination, etc., have been proven to be the simple and scalable approach [56,61,62]. Lu’s
group [60] investigated the carbon vacancy defects using density functional theory (DFT);
C vacancy formation in a perfect graphene matrix was taken as a reference. When one C
atom is replaced by N, the relative C vacancy formation energy becomes more negative,
indicating that C atoms are gradually easier to detach, especially when replaced by bonding
to N (−2.99 eV), and N doping can effectively induce C defect formation. This kind of
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ability could improve the electron conductivity of electrodes and increase the active sites
for ions storage. Therefore, besides doping carbon, additionally doping with nitrogen is
also an effective strategy to modify materials.

In specific studies, Cao’s group [63] presented a two-step hydrothermal-calcination
method to produce MoO2/N-doped graphene (MoO2/N-GNS) hybrids, in which MoO2
nanoparticles were homogeneously distributed on N-GNS sheets through Mo-N chemical
bonds formed between MoO2 and N-GNS (Figure 4a). Benefiting from the substrate of
graphene and N-doping, the mixture has a large specific surface area (Figure 4b). As
Figure 4c indicates, this material was used as an anode for Li-ion battery, delivering a high
initial discharge capacity of 1517 mA h g−1, and the MoO2/N-GNS still offered a reversible
capacity of up to 1139 mA h g−1 at 100 mA g−1 after 60 cycles. Three molybdenum oxide-
carbon nanotube hybrid materials were investigated as the negative electrodes in an Li-ion
capacitor (LICs) by Fleischmann and coworkers [64] for the first time. They compared
the properties of materials with different crystal structures and morphologies obtained by
annealing after deposition. The SEM of MoO2-CNT (the best performance) is shown in
Figure 4d, and flake crystals were observed in CNT networks with transverse dimensions
up to 150 nm and thicknesses up to about 50 nm. Based on its excellent morphological
characteristics, MoO2-CNT negative electrodes exhibit a superior rate handling, delivering
a higher maximum capacity of around 150 mA h g−1 compared with MoOx-CNT and
MoO3-CNT when the current density decreased to 0.05 A g−1 (Figure 4e). Additionally, the
calculated high power density refers to 70 Wh kg−1 at 83 W kg−1. In fact, in molybdenum
oxides, molybdenum dioxide itself has a pseudocapacitive property, so it is a matter of
course that MoO2-CNT has the best performance as the electrode for Li-ion capacitor in
these three materials. This also lets us know that, sometimes, we can make assumptions
about the test results based on whether the matrix material has certain properties.

 

Figure 4. (a) Schematic illustration of the synthesis procedure of MoO2/N-GNS hybrid. (b) N2 adsorption–desorption
isotherm. (c) Capacity vs. cycle number and the corresponding coulombic efficiency of MoO2/N-GNS hybrid electrode.
Reproduced with permission. [63] Copyright 2014, Elsevier B. V. (d) SEM of MoO2-CNT after annealing at 500 ◦C in an
argon atmosphere. (e) Specificde-lithiation capacity and coulombic efficiency derived from galvanostatic cycling at specific
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currents between 0.05 and 20 A·g−1. Reproduced with permission. [64] Copyright 2018, American Chemical Society. (f) The
pore size distributions of MOC, MMC, and MCC samples. (g) The discharge–charge of MOC, MMC, and MCC samples
at the current density of 100 mA g−1. Reproduced with permission. [65] Copyright 2017, Elsevier B. V. (h) Galvanostatic
tests of ball-milled MoO3, MoO3-10 wt % rGO, and MoO3-15 wt % rGO. (i) Rate performance of MoO3-10 wt % rGO and
MoO3-15 wt % rGO. Reproduced with permission. [66] Copyright 2019, Elsevier B.V.

For an in situ synthesis method, Chai’s group [65] reported MoO2-Mo2C-C micro-
spheres (MMC) synthesized via in situ carbonization as anode materials for lithium-ion
batteries. Figure 4f shows the electrochemical impedance spectroscopy (EIS) of the mate-
rials. Obviously, carbon doping could reduce the charge transfer resistance, leading to a
better electron conductivity, and ultimately enhance the diffusion of lithium ions to the
MMC samples. Owing to the combination of the higher conductivity of Mo2C, C and the
appropriate content of Mo2C, the MMC microspheres exhibit excellent cyclability and good
stability. As shown in Figure 4g, for the MMC electrode, the initial discharge/charge spe-
cific capacities are nearly 1594/1171 mA h g−1 at 100 mA g−1, respectively, with a relatively
low coulombic efficiency of 73.5%. The loss capacity was accorded with the irreversible
procedure, including the insertion of Li+ into the MoO2 lattice and the formation of solid
electrolyte interface (SEI) film. However, this material visibly delivers an excellent dis-
charge capacity of 1188 mA h g−1 after 250 cycles. Recently, Li et al. [67] produced extremely
small and widely dispersed MoOx nanoparticles anchored on N-doped three-dimensional
delaminated porous carbon (3D-MoOx@CN) based on an efficient in situ chelation and
hard induction strategy. The MoOx nanoparticles anchor on the surface of the 3D N-doped
carbon with sizes between 1.5 and 3.5 nm. Therefore, the volume change during charge and
discharge can be effectively mitigated, while the three-dimensional carbon skeleton can
provide a conductive network, thus improving the lithium storage performance (delivering
specific capacities of 742 mA h g−1 at current density of 100 mA g−1 and 431 mA h g−1 at
1000 mA g−1 after 1000 cycles, respectively).

Satyanarayana’s group [66] used a facile high-energy ball-milling process followed by
ultrasonication method to prepare MoO3/rGO composites. Same as above, the composites
exhibit better electrochemical performance than just nanostructured due to the increase in
surface area and conductivity

Although the specific capacities of three samples drop gradually in the first five cycles,
the MoO3-10 wt % rGO sample still shows higher reversible capacity (568 mA h g−1 at
a high current density of 500 mA g−1 even after 100 cycles) than commercially available
graphite (Figure 4h) and good rate performance with specific capacity 502 mA h g−1

even at a higher current density of 1000 mA g−1, and it retained the specific capacity of
853 mA h g−1 as the current density switched from 1000 mA g−1 to 100 mA g−1 (Figure 4i).
It is conceivable that, in addition to the theoretical capacity of the material itself, enhancing
the conductivity of the materials and constructing hetero-structure composite materials
is very effective at improving the actual capacities and cycling stability of the electrode
materials.

5. Metal and Non-Metal-Doped Composite

As previously mentioned, metal doping molybdenum oxide can change the crystal
structures and phases of molybdenum oxides. If the formed metal doping molybdenum
oxides have a layered crystal structure, the interlamellar spacing will increase to a certain
extent. On the other hand, the crystal structure of some metal doping molybdenum oxides,
such as Li2MoO4, is NASICON-type, which can also provide an ion storage property. Mean-
while, carbon or nitrogen doping plays a typical role in modifying materials by enhancing
the electron conductivity and introducing some active sites to improve the electrochemical
performance of electrode materials for ion batteries or supercapacitors. Therefore, combin-
ing the metal doping and non-metal doping has been an attractive method recently. Hu
and coworkers [68] designed a carbon-coated and K-doped MoO3 composite prepared by
hydrothermal treatment followed by a high-temperature annealing to solve the problems
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of low conductivity and irreversible structure change impediment. The pre-insertion of
a layer of K+ as a backbone not only provides stability to the lamellar structure but also
prevents Li+ from inserting the intralayer sites of the MoO3 crystals [69,70]. Therefore,
the reduced resistance of the modified material facilitates a performance improvement.
The as-prepared K0.046MoO3@C composites can deliver the specific capacities of 258 and
118 mA h g−1 at the current densities of 30 and 3000 mA g−1 over the potential range of
1.5–4.0 V (vs. Li+/Li), respectively, displaying an outstanding rate capability. When cycled
at 1500 mA g−1, it can retain 83.9% of the initial capacity after 500 cycles. Meanwhile, the
calculated value of Li-diffusion coefficient for KMC-3 is 2.06 × 10−12 cm2 s−1, showing a
good Li+ diffusion efficiency.

Earlier, yolk–shell-structured microspheres composed of N-doped-carbon-coated
NiMoO4 hollow nanospheres (Y-NiMoO4-H@C) synthesized via a spray pyrolysis process
as anode for Li-ion battery was reported by Kang’s group [71]. The TEM is shown in
Figure 5a, and it is clear that there is the cavity in a single nanosphere. They compared
the properties of hollow and dance structure of nanospheres and the samples whether in
coated carbon or not. The Y-NiMoO4-H@C microspheres have the largest BET surface area
(55.7 m2 g−1) and show the lowest Rct value owing to the highly conductive N-doped
carbon layers (Figure 5b). Obviously, yolk–shell-structured microspheres deliver great
coulombic efficiency, cycling performance, and rate performance. The specific data of
rate performance can be depicted in Figure 5c (final discharge capacities of 1267, 1221,
1120, 991, 907, 839, and 757 mA h g−1 at current densities of 0.5, 1, 2, 4, 6, 8, and 10 A g−1,
respectively), indicating that Y-NiMoO4-H@C have fast charging and discharging processes
at high current densities. Compared with the phase-pure β-NiMoO4 yolk–shell sphere
(719 mA h g−1 at 4 A g−1 in rate performance) [72], N-doping and carbon coating have
greatly improved the capacity of NiMoO4 by increasing the specific surface area and
enhancing the electroconductivity.

Figure 5. (a) TEM image of N-doped carbon coated hollow NiMoO4 nanospheres. (b) Nyquist plots of Y-NiMoO4-H@C,
Y-NiMoO4-H, Y-NiMoO4-D, and Y-NiMoO4-D@C of fresh cells. (c) Rate performances of Y-NiMoO4-H@C. Reproduced
with permission. [71] Copyright 2019, The Royal Society of Chemistry. (d) Schematic illustration of CoMoO4@NC nanorods;
the green part is rod-like CoMoO4, and the coated part is N-doped carbon coatings. (e) Long-term cyclic performance at of
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1 A g−1 CoMoO4@NC and CoMoO4-B. (f) The separation of the capacitive and diffusion currents of CoMoO4@NC at a
scan rate of 1.5 mV s−1; the capacitive contribution to the total current is presented by the shaded region. Reproduced with
permission. [73] Copyright 2020, Elsevier Inc. (g) SEM of CoMoO4@CFC (hexagonal nanosheets CoMoO4 are grown on the
Carbon Fabric Cloth). (h) Cycling performance up to 10,000 cycles at current density of 15 A g−1 for two separate electrodes.
(i) Capacitive and diffusive contribution at different scan rates. Reproduced with permission. [74] Copyright 2020, Elsevier
Ltd. and Techna Group S.r.l.

Recently, Zhu’s group [73] designed N-doped carbon-encapsulated CoMoO4 (CoMoO4
@NC) nanorods by a facile co-precipitation method to obtain a long-cycle-life anode ma-
terial for sodium-ion battery. As shown in Figure 5d, the N-doped carbon shell acts as
a cushion to adapt to gross volume changes during Na+ insertion/extraction while en-
hancing the electronic conductivity and activating the surface sites of CoMoO4. In fact, it
shows a prolonged cycle life, especially at a high current density of 1 A g−1 (Figure 5e).
Interestingly, the calculated capacitive current of CoMoO4@NC shows that 74% of the total
charge contributions are quantified as capacitive (Figure 5f). Analogously, Hussain and
coworkers [74] reported a CoMoO4/C composite by co-friendly hydrothermal method
as a positive electrode for pseudocapacitors. Binder-free CoMoO4 hexagonal nanosheets
(SEM is shown in Figure 5g) were directly grown on the surface of conductive carbon
fabric cloth (CoMoO4@CFC), and the hexagonal-like 2D structure possesses mesoporous
characteristics (BET = 68 m2 g−1) with abundant electroactive sites as the main body of
charge storage. The electrochemical properties show that the material has excellent cycling
stability as the capacitance retained up to 93.2% after up to 10,000 cycles, especially at a
high current density of 15 A g−1 (Figure 5h). In addition, Figure 5i indicates the capacitive
charge storage contributions at different scan rates and, accordingly, the CoMoO4@CFC
electrode was attributed to a high capacitive charge value of 75% at 2.5 mV s−1. Using
carbon-based materials as a coating layer or as a base frame material is an effective strategy
for constructing new nanostructures of composite materials. At the same time, the materials
with heterogeneous structure tend to have better cycling stability due to structural stability
and almost having no volume expansion problem.

6. Summary and Outlook

In this review, we have attempted to chart the significant progress in hetero-element-
doped molybdenum oxides for ion batteries and supercapacitors. The summarized series
data and parameters of some hetero-element-doped molybdenum oxides are shown in
Table 1. As can be seen from Table 1, the hetero-element-doped molybdenum oxide
materials are mainly applied to the anode materials of lithium-ion batteries at present, and
a small portion of them are used as the cathode materials in ion batteries and electrodes
in supercapacitors. When they are applied to batteries, these materials generally have a
voltage window of about 0~3.0 V. Among these hetero-element-doped molybdenum oxide
materials, there is no way to make a specific comparison of different materials due to the
inconsistency in the current densities and the number of cycles during the test, but the
performances of these materials are much better than that of pure molybdenum oxide
without doping. At the same time, the nanostructures of the materials also have a great
influence on the performance. Therefore, in addition to the selection of doping elements,
researchers also need to find a suitable synthesis method to obtain a nanostructure with a
larger specific surface area and a small volume expansion effect.
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Table 1. Summary of the properties and applications of some hetero-element-doped molybdenum oxide materials.

Active
Component

Application
Fields

Specific Capacity
(mA h g−1)

Cycles
Current Density

(mA g−1)
Voltage

Window (V)
Refs.

Alkali metal

Na1/3MoO2·H2O
Li/Na dual-ion

battery
(cathode)

650 500 50 0~3.0 [18]

Li2MoO4@C Li-ion battery
(anode) 504 150 100 0.02~3.0 [75]

Li2Mo4O13
Li-ion battery

(anode) 768 50 106 0.1~2.5 [24]

Lithiated MoO3
Nanobelts

Li-ion battery
(cathode) 220 15 50 0.15~3.0 [76]

Non-metal

3D-MoOx@CN-700 Li-ion battery
(anode) 431 1000 1000 0.01~3.0 [66]

MoO3/NC Li-ion battery
(anode) 1250 60 410 0.01~3.0 [77]

a-MM/NCc Sodium-ion
battery (anode) 1253 50 100 0.01~3.0 [78]

MoOC/N-doped C Li-ion battery
(anode) 793 100 100 0.01~3.0 [79]

Transition
metal

or doped
non-metal
composites

MnMoO4@C Li-ion battery
(anode) 1050 200 100 0~3.0 [54]

NiMoO4
Sodium-ion

battery (anode) 245 100 50 0~3.0 [45]

Cu3Mo2O9
Li-ion battery

(anode) 632 200 100 0.01~3.0 [53]

MnMoO4/CoMoO4 Supercapacitor 187 (F g−1) 1000 1000 0.1~0.4 [80]

CoMoO4/AF-CNT Sodium-ion
battery (anode) 220 200 100 0.01~3.0 [81]

ZnMoO4/rGO Li-ion battery
(anode) 632 100 100 0.01~3.0 [82]

Doping with different elements can change the crystal structure of molybdenum
oxides (enlarge the interlamellar spacing or completely convert them to tunnel-type),
introduce more active sites to increase the diffusion rate of the ions in the solid phase,
increase the conductivity of the material, as well as make the material structure not easy to
collapse and expand. These developments have greatly enriched molybdenum oxide-based
materials and pave the way for possible design ideas of commercial materials. In addition,
the changes in the complex structure and composition evolution during the electrochemical
reactions and ion storage mechanisms of some molybdenum oxide-based materials are
clarified, although many details of the electrochemical mechanisms on molybdenum oxide-
based materials remain controversial and unclear. Except for designing different doped
compounds and microstructures of hetero-element-doped molybdenum oxides to improve
the capacity and cyclability for energy storage systems, how to reduce irrepressible capacity
is an issue that needs attention. In many studies, it has been found that the initial charge
capacity is very high, and the subsequent capacity will have a large attenuation and
then remain within a certain range, indicating that the coulombic efficiency of the first
cycle is very low, especially in nanostructure materials. Doping with hetero-elements and
confirming the synthetic process usually involves the design of nanostructures of electrode
materials. It is worth noting that irreversible capacity loss is crucial to real full cells,
compromising the energy density and even the effect of nanostructuring. Therefore, using
the current advanced technology to find ways to improve the coulombic efficiency of the
first cycle is worthy of attention. The development of hetero-element-doped molybdenum
oxide materials still faces great challenges, but notable progress has been made in the past
years. Significant progress has been made regarding the material synthesis, improving
electrochemical performances, and understanding the charge transport mechanism used in
the energy storage systems.

In order to obtain materials with better performance, in addition to continuing to try
different synthesis methods to obtain single metal-element-doped molybdenum oxides
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with different nanostructures, we could explore the synthesis of more bimetal-element-
doped molybdenum oxide materials on the basis of the existing work [33,34], which will
contribute to a significant expansion for molybdenum oxide-based materials. Based on
the high capacity of different element-doped molybdenum oxide materials for lithium
ions, most of the materials are now studied as anode materials for lithium-ion batteries.
The active ions of other ion batteries, such as sodium-ion, potassium-ion, magnesium-ion,
etc., have a larger radius than lithium-ion batteries. Therefore, hetero-element-doped
molybdenum oxides may not meet the performance requirements as anodes for other ion
batteries, but we could try to use them as cathode materials, which is a direction that
has not been extensively studied. For non-metallic doping, there are a few cases that use
materials that can be carbonized in nature as the substrate to obtain peculiar nanostructured
composite materials. This is also a promising research idea; after all, nature is always worth
learning from. There is no doubt that a basic understanding of the electrode structure,
electrode/electrolyte interface, and charge storage mechanism, as well as a good study of
the electron and ion transport in electrode/electrolytes through theoretical calculations,
have important guiding significance for the development of molybdenum oxide-based
materials.
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Abstract: Owing to technological advancements and the ever-increasing population, the search for
renewable energy resources has increased. One such attempt at finding effective renewable energy is
recycling of lithium-ion batteries and using the recycled material as an electrocatalyst for the oxygen
evolution reaction (OER) step in water splitting reactions. In electrocatalysis, the OER plays a crucial
role and several electrocatalysts have been investigated to improve the efficiency of O2 gas evolution.
Present research involves the use of citric acid coupled with lemon peel extracts for efficient recovery
of lithium cobaltate from waste lithium-ion batteries and subsequent use of the recovered cathode
material for OER in water splitting. Optimum recovery was achieved at 90 ◦C within 3 h of treatment
with 1.5 M citric acid and 1.5% extract volume. The consequent electrode materials were calcined at
600, 700 and 800 ◦C and compared to the untreated waste material calcined at 600 ◦C for OER activity.
The treated material recovered and calcined at 600 ◦C was the best among all of the samples for OER
activity. Its average particle size was estimated to be within the 20–100 nm range and required a low
overpotential of 0.55 V vs. RHE for the current density to reach 10 mA/cm2 with a Tafel value of
128 mV/dec.

Keywords: lemon peel extracts; lithium-ion batteries; oxygen evolution reaction; renewable energy;
waste management

1. Introduction

With the advancements in technology and the growing population, continuously
degrading the environment and increasing the demand of energy have become mankind’s
major concerns. The use of renewable sources for energy conversion has been deemed an
inspiring solution to reduce the dependance on the unsustainable exploitation of fossil
fuels, which is also a major cause of growing pollution in the environment. Some of the
major renewable energy resources include fuel cells and metal air batteries. Oxygen evo-
lution reactions (OER) are the fundamental reactions for the above-mentioned renewable
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systems [1]. In OERs, the molecular oxygen is produced through a multistep four-electron
oxidation reaction, thus considered kinetically sluggish [2]. Therefore, the need for an
effective and efficient electrocatalyst comes forward to reduce the overpotential and to
accelerate the reaction, thus increasing the energy conversion efficiency. Generally, precious
metals and transition metals such as Pt, Ir, Co, Mn, and Ru, etc., are needed to promote
OERs. Ru and Ir, to this day, are still considered as the most efficient electrocatalysts for
OERs as they show a relatively low overpotential and a Tafel slope [3]. Another case is the
use of transition metal oxides as OER electrocatalysts due to their multiple oxidation states,
low-cost and good corrosion resistance [4]. NiO, for example, is receiving huge attention in
the field of electrocatalysis. Many studies have reported the fabrication of higher oxidation
states of Ni, which have proven to be very active for OERs. Fominykh and co-workers
fabricated NiO NPs by solvothermal reactions, in which an Ni3+ state was formed on the
surface and obtained excellent results [5]. The synergistic effect of transition metals has
also been wildly studied. Lankouf and colleagues studied the impact of adding Mn to
the cubic Co3O4 and obtained increased electrocatalytic activity with a current density of
10 mA cm−2 at a relatively low overpotential of 327 mV [6]. Another study demonstrated
the use of ultra-thin Co nanosheets coupled with N-doped carbon plate, which possessed
a high specific surface area of 446.49 m2 g−1, which resulted in its efficient performance
with an overpotential of 278 mV at 10 mA cm−2 [7]. Zhang et. al., fabricated ZnO/Co3O4
core-shell nanorods on Ni foil, which exhibited excellent electrochemical performance for
OERs, with an overpotential of 294 mV at 10 mA cm−2, a Tafel slope of 49 mV dec−1, and
excellent stability [8]. However, the high costs and low reserves of these metals limits
their usage at a commercial level. In this respect, scientists all over the world are making
efforts to develop novel electrocatalysts to replace these metals completely or partially
or at least lessen their costs. One of such attempts is the use of cathode material used in
lithium-ion batteries (LIBs) for OERs. Lithium-ion batteries have been largely employed
in various devices such as laptops, video cameras, mobile phones and other portable
appliances [9], electric vehicles and photovoltaic cells [10], owing to their characteristics
such as long-life cycle, light weight, high working voltage, no memory effect, high energy
density, light weight, small size and low self-discharge rate [11]. The cathode of lithium-ion
batteries is made up of lithium-transition metal oxides [12], which have been tested for the
OER activities [13,14]. Chen and co-workers developed a simple method to convert the
recycled LiCoO2 into an electrocatalyst for OERs. They cycled the battery several times
and discovered that after cycling for 500 cycles, the recycled LiCoO2 can deliver a current
density of 9.68 mA cm−2 at 1.65 V [15]. Lu and colleagues demonstrated a method for
the electrochemical lithium tuning of catalytic materials in organic electrolytes to enhance
the catalytic activity in an aqueous solution. By continuously extracting lithium ions out
of LiCoO2, the catalytic activity can be improved [16]. However, the same problem is
noticeable in this case as well, i.e., short reservoirs. The components of lithium-ion batteries
are considered “critical minerals” by the U.S. government due to their short reservoirs and
fluctuating prices [17]. For a decade, a debate on the importance of recycling of Li-ion
batteries has been ongoing. Cobalt is mined majorly in African countries such as Congo and
Zambia, as well as other vital countries, including Australia, Brazil, Cuba, Canada, Russia,
Madagascar, and China. The volatile pricing of cobalt due to supply demand contrast
and ongoing global issues is wreaking havoc for both manufacturers and miners [18,19].
Although lithium reserves of 53.5 million tons worldwide may seem to last for a century,
not all the resources are recoverable, and many require extremely high costs, such as Li
recovery from brine and sea water etc. [20]. The recoverable resources of Li are limited
to the Li-triangle (China, Chile, Argentina, and Bolivia). Due to its increasing demands,
the price of lithium is also rising [21–23]. The hazards of waste LIBs are an additional
factor to be considered while discussing the need to recycle theses batteries [23]. Previous
studies employed methods such as pyrometallurgy, which involves the reduction of metals
by heating of the waste LIBs at a very high temperature [24,25], or hydrometallurgical
processes [26,27], for the recovery of cathode material from waste LIBs. However, all of
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these methods have drawbacks. The hydrometallurgical process, for instance, can salvage
and purify battery materials with a high yield; however, the unjustified consumption of
alkalis and acids causes secondary pollution and the corrosion of equipment [28]. On the
contrary, pyrometallurgy has the disadvantages of high temperature requirements (above
1300 ◦C), which results in high energy consumption, along with high pollution and low
extraction efficiency of lithium. The present study reports, for the first time, the use of
environmentally friendly lemon peel extract and citric acid for the recovery of Li and Co
from spent LIBs due to their superior leaching performance, low toxic emissions, easy
natural degradation, and potentially low price. Recycled LiCoO2 was calcined at different
temperatures, characterized by X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM),
and subsequently tested and compared for OER performance.

2. Experimental Section

2.1. Materials and Instruments

The glassware utilized in the experimental procedure included beakers (1000 mL and
250 mL), measuring cylinders, spatulas, pipettes, Whattman filter paper, and crucibles. The
glassware was made up of either Pyrex or borosilicate glass. Citric acid (C6H8O7) was used
as a leaching agent. Sodium carbonate (Na2CO3) and oxalic acid (C2H2O4) were used as
precipitating agents. All of the chemical reagents used were purchased from Sigma Aldrich
(St. Louis, MO, USA). All solutions were prepared or diluted by deionized water. Spent
lithium ion (mobile phone) batteries were collected from various colleagues. The lemon
peel extract was prepared by using lemons bought from the local market. Peel extract was
made by drying the lemon peel from the used lemons and then grinding the peel into
powder. The powder was then heated at 100 ◦C for 1 h in deionized water. The solution
was filtered and stored in a refrigerator for future use. To weigh the chemicals, a Shimadzu
ATY244 microbalancer (Shimadzu, Kyoto, Japan) was used. An 8000 Adwa pH-meter
(Adwa, Romania) was used for the measurement of the pH of the chemical and reaction
mixtures. A muffle furnace was utilized for calcination during the preparation of lithium
metal oxide. To note the changes in temperature, a thermometer was used. An Atomic
Absorption Spectrophotometer (AAS), (AA-7000 by Shimadzu, Kyoto, Japan) and Flame
Photometer (Model 360 Flame Photometer by Sherwood, Cambridge, UK) were used for
quantitative analysis of the cobalt and lithium recovery by leaching.

2.2. Metal Recovery and Sample Preparation

The positive and negative terminals of batteries, if handled irresponsibly, will ignite.
Hence, there is a need to discharge them first. For this purpose, the batteries in this
experiment were discharged by being connected to a 100 ohm load and the batteries
were steadily discharged to a safe voltage of 1.0 volts. Then, the batteries were manually
dismantled. Next, the binder (PVDF) was removed to separate the cathode material from
the Al foil (current collector) by dissolving the foil in DMSO. The obtained powder was
dried in an oven for 1 h at 100 ◦C. Then, the resultant powder was heated at 600 ◦C in a
furnace to get rid of the carbon and binder or any other organic matter present. The powder
was then crushed and grounded manually. The leaching experiments were conducted in a
250 mL flask, placed on a hot plate to control the temperature. A thermometer was used
to constantly check the temperature of the reaction mixture. A magnetic stirrer was used
to stir the material uniformly. The flask was then covered with aluminum foil to avoid
the unnecessary evaporation of the reaction mixture. A predetermined quantity of the
cathode material (2 g) was accurately measured, and citric acid and peel extract in different
concentrations were added to the flask. During the experiments, the stirring was kept
constant to 300 rpm. The amount of lemon peel extract and the acid concentration were
varied to obtain the optimal efficiency. Similarly, the temperature and time were varied to
achieve the optimum conditions. The periodically collected samples were filtered using a
syringe filter (0.2 μm). As a result, a black residue, and a filtrate of different shades of pink
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were obtained. The filtrates were estimated for Co and Li ions using an atomic absorption
spectrometer (AAS), and the leaching efficiency of lemon peel was measured using the
following formula [29]:

y =
Cw, t × V

mw
× 100%

where: y is the leaching efficiency in %, Cw,t denotes the concentration (g/L) of metal W
(Li and Co) at a given time, V is volume of the leachant (L), and m denotes the mass of
metal in the cathode scrape (g), which was calculated by dissolving the cathode material
(approximately 2 g) completely in aqua regia, and AAS was used to reveal the mass of Li
and Co in the cathode scrape. A diagrammatic representation of the recovery process is
provided in Figure 1.

 

Figure 1. Schematic diagram for the leaching and recycling of an LIB cathode.

2.3. Reductive Leaching

Citric acid falls under the category of polyprotic acids, which can dissociate and give
out more than two hydrogen ions in an aqueous solution [30]. As a result, the following
reaction takes place when LiMO2 is placed in the reaction mixture:

H3Cit + LiMO2 → Li+(aq) + H2Cit−(aq) + M+(aq) + H+ + O2(g) (1)

However, the transition metals in the layered structure are difficult to remove from the
lattice. This situation can be improved by adding a reducing agent, as shown in previous
studies. However, the addition of a reducing agent must not make the process economically
and/or environmentally unfeasible. In the present study, lemon peel extract was used
as a source of reducing agent (ascorbic acid), as it has more ascorbic acid (Vit C) than its
juice [31,32]. Ascorbic acid has good reducing ability, as it can provide two electrons and
can be oxidized two times to the stable dehydro-ascorbic acid (C6H6O6) [33]. Furthermore,
it is also able to provide hydrogen ions for the leaching process, hence efficiently speeding
up the reaction efficiently [34]. After the leaching of metals (lithium and cobalt), the metals
were removed and recovered by adding sodium carbonate (2 mol L−1) and oxalic acid
(1 mol L−1) in their precipitate forms [35]. Precipitation reactions were carried out in a
250 mL flask on hot plate. A magnetic stirrer was used for the stirring of the reaction
mixture, and Al foil was used to cover the flask to avoid evaporation of the reaction
mixture. The recycled material (precipitates of lithium carbonate and cobalt oxalate)
was then combined and calcined at different temperatures to harvest the active cathode
material. The precursors (precipitates obtained by precipitation) were mixed at a ratio of
1.05/1 (Li/Co) heated at 600 ◦C (CP3), 700 ◦C (CP1) and 800 ◦C (CP2) in a muffle furnace.

2.4. Electrode Preparation

A BioLogic VMP3 multichannel workstation with a three-electrode system was utilized
for electrochemical measurements, where a Pt wire, a catalyst-loaded carbon cloth electrode,
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and a saturated calomel electrode (SCE) were used as a counter and working and reference
electrodes, respectively. Aqueous solutions of 1M KOH were used as alkaline electrolytes
for the electrochemical measurements. LSV curves were measured by sweeping voltage in
the range of −0.2 to −1.6 V vs. the SCE electrode with the a scan rate of 10 mV·s−1. The
expression ERHE = ESCE + E0

SCE + 0.0592pH, where E0
SCE = 0.242 V, was used to translate

V vs. SCE to V vs. the reverse hydrogen electrode (RHE). Working electrodes were first
pre-stabilized in the electrolyte solution using 30 scans of cyclic voltammetry at 20 mV·s−1

before performing linear sweep voltammetry measurements. Electrochemical impedance
spectra (EIS) were recorded with the biasing of the working electrode at −1.4 V (HER)
and 0.5 V (OER) (vs. SCE) and superimposing a small alternating voltage of 10 mV over
the frequency range of 0.01 Hz to 1 MHz. The CV curves were further measured in the
non-Faradaic region of potential from 1.091 to 1.191 V (vs. RHE) with different scan rates
(from 10 to 120 mV·s−1) to estimate the double layer capacitance (Cdl).

2.5. Analytical Methods

The crystalline nature of the recovered material was characterized by X-ray diffraction
(XRD, Bruker AXS-D8, Billerica, MA, USA), which was carried out using Cu-Kα (λ = 1.5406 nm)
as a source of radiation and secondary monochromator in the range 2θ from 10 to 80◦. The
surface morphologies of the samples were explored by SEM (Hitachi S-4800, Tokyo, Japan
at an operating voltage of 25 kV, as well as by JEOL-2100 TEM). For the verification of
chemical or elemental composition of the materials Energy Dispersive X-ray Analysis
(EDAX) were performed using the Omicron system (Al Kα 1486.7 eV X-ray source operated
at 15 KeV). For a better insight of the OER activities X-ray Photoelectron spectroscopy was
performed using the Omicron system (Al Kα 1486.7 eV X-ray source operated at 15 KeV) at
constant analyzer energy (CAE) = 100 eV for survey scans and 20 eV for detailed scans. A
binding energy of 284.8 eV of C1-s was used for calibration.

3. Results and Discussion

3.1. Metal Recovery

The proposed reaction for the reductive leaching process can be represented as fol-
lows [36]:

6H3Cit + 2LiCoO2 → 2Li+(aq) + 6H2Cit−(aq) +2 Co2+(aq) + 6H+ + 2O2(g) (2)

6H2Cit−(aq) + 2LiCoO2 → 2Li+(aq) + 2Co2+ + 6H+ + 6HCit−2(aq) + 2O2(g) (3)

6HCit−2(aq) + 2LiCoO2 → 2Li+(aq) + 2Co2+ + H+ + 6Cit−3(aq) + 2O2(g) (4)

The efficiency of the method utilized for the recovery of crucial metals, i.e., Li and
Co, from waste lithium-ion batteries was evaluated by repeating the experiments three
times under same conditions, and their average was taken. The influencing parameters,
such as temperature, time, acid concentration, and peel volume, were studied. During the
experiments, stirring was kept constant at 300 rpm. The intermittently collected samples
were filtered using a syringe filter (0.2 μm) and assessed for Co and Li ions using an AAS.

3.1.1. Temperature and Time

The impact of temperature and retention time was studied, as portrayed in Figure 2.
It was observed that leaching of both lithium and cobalt gradually increased when the
temperature raised from 70 ◦C, then to 80 ◦C and 90 ◦C (Figure 2a). The leaching efficiency
was noted to be 39% for Co, 34% for Li, 52% for Co, 46% for Li, and 70% for Co, and 98%
for Li at temperatures of 60 ◦C, 70 ◦C, and 80 ◦C, respectively. The maximum leaching
efficiency was obtained at a 90 ◦C temperature when the mixture was heated for 3 h. At
this stage, 90% of Co and 99% of Li was leached. This increase in leaching efficiency is
attributed to the fact that a higher temperature can raise the speed of the molecular motion
and increase the energy of a particle’s collisions. No further tests were conducted with an
increased temperature, since a marginal increase in leaching efficiency may prove to be
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costly due to the significant increase in energy consumption by raising the temperature
from 90 to 100 or 110 ◦C. A balanced temperature of 90 ◦C was considered as the optimal
temperature for the remaining experiments. Figure 2b depicts 3 h to be the optimum
time for the metals (lithium and cobalt) to reach maximum dissolution, indicating that the
leaching equilibrium had been reached. Hence, 3 h was taken as the optimal leaching time.

Figure 2. (a) Impact of temperature on leaching efficiency. (b) Impact of retention time on leaching efficiency. (c) Impact on
the acid concentration of leaching efficiency. (d) Impact of extract vol% on leaching efficiency.

3.1.2. Acid Concentration and Extract Volume

The impact of the citric acid concentration was also investigated under an optimum
condition of 1.5% by volume of extract, at a 90 ◦C temperature for 3 h of the experiment.
As shown in Figure 2c, an insignificant increase in leaching efficiency was observed at an
acid strength of 0.5 M, i.e., 31% and 27% for cobalt and lithium, respectively. However,
with an increase in acid strength, the leaching efficiency improved significantly. At a
1.5 M acid concentration, 90% cobalt and 99% lithium were recovered. Experiments were
also conducted with a varied amount of lemon peel extract to check the impact of the
concentration of peel extract on the leaching efficiency of lithium and cobalt. Citric acid
alone, as shown in the Figure 2d, had no significant leaching activity. Cobalt, showed
leaching efficiency of only 27% in 3 h and 90 ◦C temperature. However, the maximum
leaching efficiency was observed when the volume of the extract was increased. The
maximum leaching efficiency of 98% and 90% for lithium and cobalt, respectively, was
obtained with extract % volume of 1.5% at a 90 ◦C temperature and after 3 h of the
experiment. However, a further increase in peel extract resulted in a decrease in the
leaching efficiency for both lithium and cobalt. Lemon peel extract, as a reducing agent,
was used, together with citric acid, as a complexing agent. The reducing agents in the
lemon peel extract may have disturbed the lattice, leading to the leaching of Co II, as well
as Li+ ions, through complexation. Since citrate is a strong complexing agent, both Co and
Li ions were anticipated as citrate complexes. As the dissolution proceeded, the initially
black solution turned dark pink. All of the parameters provided results in accordance with
many of the previous studies. For example, Nayaka [37] used ascorbic acid, along with
citric acid, and achieved the maximum efficiency (100% in the case of Li and 80% in the
case of Co) in 6 h. The present study reached the maximum efficiency within 3 h. The cause
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may have been the presence of phenolics and saccharides in the lemon peel extract that
aided in speeding up the reaction and helped along the reduction in Co in a lesser time.
After 3 h of the reaction, there was no improvement in the leaching efficiency. Some studies,
however, have shown some discrepancies. Small contrasts of the obtained results related
to the metal (Li and Co) yield compared to those in the literature were also indicated. Chen
and co-workers proposed a hydrometallurgical process and obtained leaching efficiencies
as high as 95%, for Co and 99% for Li using 2 mol L−1 of citric acid, at 80 ◦C, a 90 min
retention time, and 2 vol% H2O2 [38]. Similarly, Yu et al., in a similar study obtained
99% recovery rate under conditions, such as 1.0 M citric acid, and 8% H2O2 at 70 ◦C in
70 min [39]. The different experimental and preconditions resulted in slight differences in
the results.

3.2. Material Characterization

Figure 3 shows the impact of the calcination temperature on the crystallographic
structure of LiCoO2. It can be clearly observed that samples CP4 (waste cathode material
calcined at 600 ◦C) and CP2 (recovered material calcined at 800 ◦C) indeed constituted
indeed of active cathode materials as matched with the literature [40–42], with a hexagonal
α-NaFeO2 layered structure with an R-3m symmetry (JPCDS card No. 50-0653). The waste
cathode material however showed peaks of Co3O4 (JCPDS card No. 073-1701), identifying
it as Co3O4 with a cubic structure [43]. The presence of Co3O4 in sample CP4 might be
due to the solid reaction that occurs during the charge–discharge cycles [44]. When the
calcination temperature was lowered a crystallographic structure was obtained i.e., sample
CP1 (recovered material calcined at 700 ◦C) and CP3 (recovered material calcined at 600 ◦C)
showed some peaks that matched the Fd3m-type space group (JPCDS card No. 74-1631)
with the spinel setting for example, the disappearance of a 003 peak in both samples, the
appearance of a 440 peak in CP1 and CP3 in place of original 110, and the appearance of a
222 peak in CP3 [41,45,46]. Sample CP3 also contained phases of Co3O4. The presence of
Co3O4 in the sample CP3 might have resulted from the fact that that incomplete lithiation
occurs at low temperatures, as shown in previous studies [46]. The organic impurities
shown as the addition peaks near 15◦ (2θ) in CP3 and CP1 disappeared in CP2 when the
temperature was raised to 800 ◦C.

Figure 3. X-ray diffractogram of CP4 (waste material after calcination at 600 ◦C), CP2 (recovered
material, calcined at 800 ◦C); CP1 (Recovered material, calcined at 700 ◦C), and recovered material,
(calcined at 600 ◦C).

To estimate the chemical compositions of the synthesized powders, EDAX analysis
was performed. The main elements as proven by the literature, included Li, Co, and O2,
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with the presence of other metals as well. The presence of Ni and Mn can be understood
by the fact that they are present in the chemical composition of battery active materials, as
proven by the literature. These metals not only aid in decreasing the price of the batteries,
but also provide stability to the LiCoO2 structure [47]. A small amount of Zn and Cu can
be attributed to the inaccurate manual processing, for example contamination from the
dismantling of the steel casing. Furthermore, it should be highlighted that the research
material came from spent batteries collected from various sources, often kept in unfitting
conditions that cause them to be spoiled, which can add little bits of contamination. Since
EDAX is not able to detect elements with atomic numbers less than 3, Li was not detected
by it. The presence of Li and the formation of LiCoO2 was confirmed by XRD and XPS. The
BET surface area, pore size and pore volume were also measured for the samples and the
results are provided in Table 1. According to the BET results, sample CP1 had the highest
surface area and pore size, while the used cathode material (CP4) had the minimum.

Table 1. BET surface area.

BET Surface Area
(m2/g)

Pore Size
(nm)

Pore Volume
(cm3/g)

CP1 16.3016 17.53716 0.071471
CP2 5.1648 10.98172 0.014216
CP3 4.8027 11.57406 0.013897
CP4 2.5255 6.68136 0.004218

The powder morphologies were observed by SEM as presented in Figure 4. The SEM
micrographs of the LiCoO2 catalysts revealed small crystallites of nanometric diameters.
These particles were identified as LiCoO2 crystals based on the energy dispersive X-ray
diffra ction studies. The SEM results of all samples showed semi-disc to rod-like shapes.
Differences in the morphologies of all of the samples were observed. CP4 (Figure 4d)
(waste cathode material, calcined at 600 ◦C) and CP2 (sample after leaching calcined at
800 ◦C) (Figure 4b) showed similar morphologies, i.e., no agglomeration, and well-defined
particles. The other two samples showed irregularities and agglomeration. CP1 (Figure 4a),
in contrast to the rest of the samples, showed a rough surface and more agglomeration
as the particles can be seen clustered together. These results are in accordance with the
findings of Li and colleagues [48], where the smallest size is of the samples prepared at
600 ◦C. Since the size of the CP3 (Figure 4c) particles was smallest among all of the samples,
it had most agglomeration as well, since smaller sized particles provided more surface
tension [49]. Consequently, CP2 (800 ◦C) had the least agglomeration. Hence, it can be
concluded that the leaching has impacted the size of the LiCoO2 particles.

 

Figure 4. SEM results for the samples. (a) CP1 calcined at 700 ◦C after leaching, (b) CP2 calcined
at 800 ◦C after leaching, (c) CP3 calcined at 600 ◦C after leaching, and (d) CP4 unprocessed waste
cathode material calcined at 600 ◦C.

122



Nanomaterials 2021, 11, 3343

The TEM results shown in Figure 5 complement the SEM findings and reveal quite
similar particle size distributions. The CP1 (Figure 5a–c) showed a small particle size
(within the range of 50–100 nm) while CP2 (Figure 5d–f) showed larger particle sizes (up
to 200 nm). Sample CP3 (Figure 5g–i) showed extremely small particles (up to 20 nm)
in diameter.

Figure 5. TEM results of all samples at different resolutions. (a–c) CP1 calcined at 700 ◦C after leaching; (d–f) CP2 calcined
at 800 ◦C after leaching; (g–i) CP3 calcined at 600 ◦C after leaching; (j–l) CP4 unprocessed waste cathode material calcined
at 600 ◦C.

3.3. Electrocatalytic Performance

The prepared material from the recovered waste cathode of lithium-ion batteries using
citric acid coupled with lemon peel extracts and the original waste material after calcination
at 600 ◦C were tested for the OERs reactions. The OER catalytic activity of LiCoO2 (waste
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cathode material, and cathode material prepared at 600, 700 and 800 ◦C) is shown in the
Figure 6b). All of the samples showed low overpotential. However, only CP4 and CP3
exhibited a rapid acceleration in current at low overpotential. A low overpotential (0.55 V
and 0.6 V vs. RHE, respectively) was required for the current density to reach 10 mA/cm2.
This finding contradicts with the findings of a study conducted on high temperature LIB
cathode material by Pegoretti and colleagues, where high-temperature (800 ◦C) LIB cathode
material showed an OER activity at a lower potential [50]. The difference in activity may
lie in the presence of separate Co3O4 in samples CP4 and CP3 (as previously shown in the
XRDs of both samples), i.e., delithiation. It has been previously proven that delithiated
LiCoO2 has more electrochemical active sites as compared to lithiated LiCoO2 [16]. The
Tafel slope and Rct values were obtained to evaluate the catalytic performance of a catalyst
towards an OER. The Tafel slope (Figure 6c) of CP4 and CP3 showed small values of
104.7 mV/dec and 128.24 mV/dec compared to the rest of the samples under similar
conditions. This slight difference indicates the similar reaction kinetics, and the smaller
values of CP4 and CP3 indicates more favorable OER performance than the rest of the
samples. The values of the CP4 and CP3 slopes indicates a favorable OER performance than
the rest of the samples, as the smaller values are indicative of a higher electron conductivity
and charge transfer process. To support the OER activity of the samples further, EIS
(Nyquist real Z’ vs. imaginative Z”) was carried out on the samples. The EIS (Figure 6a)
results manifested a semi-circle with a smaller diameter for CP3, which indicates the lower
charge transfer resistance compared to other samples. CP4, despite its low onset potential,
showed a comparatively high charge transfer resistance (Rct). Figure 6a shows that the Rct
value for the CP1, CP2, CP3, and CP4 electrocatalysts are 17,802 Ω, 111.4 Ω, 24.99 Ω, and
401.54 Ω, respectively. The Cdl values (Figure 6f) extracted from the CV curves recorded in
the non-Faradaic region (1.09 to 1.191 V) at different scan rates were estimated (Figure 6f)
to explore the intrinsic activities of the samples. Sample CP3, displayed a significantly
higher Cdl value (2.57 mF/cm2) over CP1 (0.56 mF/cm2) and CP2 (0.77 mF/cm2), and CP4
(0.57 mF/cm2). The larger Cdl indicated that CP3 had a significantly increased number
of exposed active sites and a higher efficient mass and charge transport capability [51].
Furthermore, as demonstrated in Figure 6e, CP3 had a larger current density at the same
scan rate compared to the rest of the samples. The long-term electrochemical stability
of the sample CP3 was also tested at a static current of 10 mA cm−2. CP4 proved to be
unstable. The stability curve of CP3 (Figure 6d) showed an increase in the current density
due to activation process and production of high oxidation intermediates and then became
stable for 6500 s. Continuous gas evolution was observed during the stability measurement
which dissipated rapidly into the electrolyte. The very small change in the potential during
6000 s indicates good durability of the CP3 OER electrocatalyst in the alkaline medium.

To dig deeper into the electrocatalytic performance of the catalyst, X-ray photoelectron
spectroscopy (XPS) was employed on CP3, as it showed the best OER activity, to explore
the surface composition and oxidation states of the electrocatalysts. The XPS results
corroborated the findings of the XRD and EDAX analyses. As suggested by previous
studies [52,53], the transition-metal-based materials exhibited excellent OER properties.
The reason involves the existence of cations with mixed valence states. Furthermore, the
weaker binding between cations leads to a flexible electronic configuration. This then leads
to a higher conductivity and catalytic activities. Studies have revealed that, theoretically,
the oxygen evolution reactions activities are vastly linked to the electronic structures of
the metals, including their oxidation states. To illustrate the electronic configuration of
our catalysts and their oxidation states, C 1 s peak at 284.8 eV was used as a reference for
calibrating the binding energies. The binding energy values of all of the metals present in
the sample showed that the Co in the sample was the real reason for the OER activity in
this study. The XPS spectra of Co in sample CP3 (Figure 7a) showed main peaks at 780.0 eV
(Co 2p3/2) and 795.1 eV (Co 2p1/2). After OER, in the high-resolution spectrum of Co 2p,
detected only Co3+ was detected (two main peaks at 780.6 eV and 795.9 eV) (Figure 7d) [54].
While reviewing the above results, it can be inferred that the sample CP3 exhibited a higher
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electrocatalytic performance (during OER) compared to the rest of the samples. The
boosted activity might be due to the several reasons, such as the electron structure effect
and surface properties etc. It has been established that the Co3O4 and LiCoO2, are p-type
semiconductors [14]. When a metal oxide electrode is inserted into an electrolyte, an
electrical double layer or space charge layer is formed. For p-type semiconductors, the
space charge layer is negligible [51]. So, as a catalyst material, a p-type semiconductor
is more suitable. Secondly, the active sites in delithiated LiCoO2 are much more than
LiCoO2 catalyst. With delithiation, the Co–O bond covalency increases which may lead
to the development of holes in the hybridized Co 3d—O 2p orbitals, making the material
more electrophilic aiding the adsorption of the hydroxyl group and hence enhancing the
OER activity [16]. Furthermore, it is also known that electrochemical performance can be
strongly influenced by the surface properties of the catalyst as the reactions usually occur
on the surface of the catalyst. Figure 7a–f represents the XPS spectra of the CP3 sample
after the OER stability test. As evident from the XPS, the sample CP3 was rich in Co3+

and O−2 species, both of which are electrophilic agents. In Figure 7e the binding energy
value 531.9 eV associated with surface O2 species could be ascribed to non-stoichiometric
oxygen, reported as the active site in OER catalyst, which occupied a higher percentage of
52.3% (=(non-stoichiometric oxygen)/[((non-stoichiometric oxygen) + (hydroxyl oxygen)).
In comparison, 532.8 eV (with a proportion of 47.6%) is associated with chemisorbed or
dissociated oxygen or the presence of OH species on the surface. Figure 7e shows a small
shift in the binding energy in the O 1s spectrum from 531.9 eV to 531.68 eV. The peak at
around 531.68 eV could be associated with non-stoichiometric oxygen, which occupied a
higher percentage (57.6% compared with the 52.3% pre-OER test), and only a 5% reduction
in the intensity of the 532.8 eV peak was observed after the OER. The increasing percentage
of non-stoichiometric oxygen may be assigned to the transition from Co3O4 to CoOOH. The
analysis results suggested that Co3O4 on the surface was transformed to CoOOH, which
is in fact the active species to OER in some literature works. Moreover, electrochemical
stability is another important criterion for measuring electrocatalysts’ performance; the
stability of configured catalysts was investigated by chronopotentiometry (CP). A slight
shift in the XPS results after the chronopotentiometry test proved the excellent stability of
the CP3 sample for the OER catalyst [13].

Figure 6. Oxygen evolution activities of the samples. (a) Nyquist plot; (b) polarization curve depicting the overpotential vs.
current density of all samples; (c) Tafel plot; (d) stability curve of sample; CP3 (e) plot of the scan rate and current density;
(f) CV curves for Cdl at different scan rates.
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Figure 7. XPS spectra of Co 2p and O 1s in sample CP3; (a) XPS spectra representing the oxidation state of Co 2p before
OER; (b) resolved XPS spectra representing the oxidation state of O 1s before OER; (c) Survey scan of CP3 before OER
stability Test; (d) XPS spectra representing the oxidation state of Co 2p after OER; (e) resolved XPS representing oxidation
state of the O 1s after OER; (f) survey scan of CP3 after OER stability test.

4. Conclusions

Lemon peel extract along with citric acid proved to be a good reducing and leaching
agent for the recovery of metals from waste lithium-ion batteries. Furthermore, the eco-
nomical and environmentally friendly nature of the method may aid further in solving
problems related to pollution. The subsequent recovered material after calcination at dif-
ferent temperatures was tested for OER activity and it was established that the recovered
material calcined at 600 ◦C was not only best amongst all of the samples but was also stable
in terms of catalytic activity. Its average particle size was also within 20–100 nm range and
the BET surface area was calculated to be 4.8027 m2/g. A low potential of 0.55 V vs. RHE
was required for the current density to reach 10 mA/cm2 with a Tafel value of 128 mV/dec.
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Abstract: Fiber-shaped solar cells (FSCs) with flexibility, wearability, and wearability have emerged
as a topic of intensive interest and development in recent years. Although the development of this
material is still in its early stages, bacteriophage-metallic nanostructures, which exhibit prominent
localized surface plasmon resonance (LSPR) properties, are one such material that has been utilized
to further improve the power conversion efficiency (PCE) of solar cells. This study confirmed that
fiber-shaped dye-sensitized solar cells (FDSSCs) enhanced by silver nanoparticles-embedded M13
bacteriophage (Ag@M13) can be developed as solar cell devices with better PCE than the solar
cells without them. The PCE of FDSSCs was improved by adding the Ag@M13 into an iodine
species (I−/I3

−) based electrolyte, which is used for redox couple reactions. The optimized Ag@M13
enhanced FDSSC showed a PCE of up to 5.80%, which was improved by 16.7% compared to that of
the reference device with 4.97%.

Keywords: fiber-shaped solar cells; dye-sensitized solar cells; M13 bacteriophage; plasmon resonance

1. Introduction

Harvesting solar energy has been regarded as one of the easiest solutions to collect
the promising renewable energy resources for sustainable development. Among various
flexible energy harvesting technologies, fiber-shaped dye-sensitized solar cells (FDSSCs),
which represent a promising future energy source with flexible and wearable properties, are
drawing the attention of many researchers because it is lightweight, inexpensive, simple to
manufacture, and flexible [1–7]. The FDSSCs typically consist of three parts: a photoanode
(PA), a counter electrode (CE), and a redox electrolyte. Under illumination, dyes act as
photosensitizer, in which photons excite electrons at the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). The excited electrons are
injected into the conduction band of the PA and then diffused through the PA into the
electrode to reach the CE through an external circuit. On one hand, iodide (I−), a reductive
species in the electrolyte, supplies electrons to the oxidized dye and becomes triiodide
(I3

−), which in turn gains electrons from the CE to complete the redox couple [8,9].
The electrolyte is one of the most important components of dye-sensitized solar cells

(DSSCs) and has a significant impact on the high power conversion efficiency (PCE) in
solar cells. The electrolyte in solar cell devices should have the following characteristics:
(I) It should be able to regenerate the oxidized dye efficiently. (II) Should not corrode with
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DSSC components. (III) Should rapidly diffuse charge carriers, improve conductivity, and
enable effective contact between the working and counter electrodes. (IV) Absorption
spectra of an electrolyte should not overlap with the absorption spectra of a dye [10,11].
Therefore, to satisfy the above functions, bacteriophage-metallic nanostructures, which
exhibit prominent localized surface plasmon resonance (LSPR) properties, were integrated
with the iodine species (I−/I3

−) based electrolyte that has been proven as a highly efficient
electrolyte. The metallic nanoparticles (NPs) mainly increase the light-surface plasmon
coupling, realizing a plasmonic enhancement effect in photoelectric devices [12]. Hence, in-
corporating bacteriophage-metallic nanostructures into on unit of solar cells is a promising
alternative strategy that can improve the performance of photoelectric devices by inducing
the LSPR properties, which is receiving great attention for light scattering, fluorescence,
charge transfer, and local field enhancement [13–15].

Recently, among the bacteriophage-metallic nanostructures, an M13 bacteriophage
has attracted particular attention due to its non-toxic, self-assembly, and specific bind-
ing properties. This bacterial virus, M13 bacteriophage, is 880 nm in length and 6.6 nm
in diameter, consisting of a single-stranded DNA molecule enclosed by 2700 identical
copies of the major coat protein pVIII and capped with five copies of four different minor
coat proteins at the ends [16], as shown in Figure 1a. The M13 bacteriophage is easily
applicable to wearable applications because it is stable in a wide range of pH [17,18] and
temperatures and organic solvents [19,20] and is not injurious to humans or animals. In
addition, since the functionalization such as easily attaching metal ions to the DNA surface,
there is a possibility that it can be applied to various fields of electronic devices [21,22].
Previous study reported plasmon-enhanced light absorption, photocurrent density and
PCE by incorporating metallic NPs into mesoporous TiO2 (mp-TiO2) and electrolyte in-
terface [23,24]. However, these plasmonic DSSCs have the critical issues when metal NPs
were incorporated into the liquid electrolyte such as the aggregation of NPs [25]. For
photoelectric applications, M13 bacteriophage-metallic nanostructure conjugates can be an
excellent platform because M13 is easily fictionalized with metallic NPs by using phage
display technology [26].

Herein, the M13 bacteriophage, which has improved the LSPR properties by anchoring
of metallic silver (Ag) NPs, was added to the electrolyte of the solar cell. The electrolyte
improved with an Ag NPs-embedded M13 bacteriophage (Ag@M13) showed a high ab-
sorbance in a long wavelength region of 500 nm or more, confirming that the plasmonic Ag
NPs were uniformly oriented and aligned in nanoscale M13 bacteriophages. Furthermore,
the FDSSCs were fabricated using an enhanced electrolyte supplemented with Ag@M13,
which was demonstrated to improve the PCE by plasmonic enhancement effect. The
optimized Ag@M13 enhanced FDSSC boasts effective electron extraction, unidirectional
electron transportation, and suppressed charge recombination processes, resulting in a PCE
of up to 5.80%, which was improved by 16.7% compared to that of the reference device
with 4.97%.

2. Materials and Methods

2.1. Materials

Titanium wire (φ 250 μm, 99.7%) was purchased from Sigma-Aldrich (Burlington, MA,
U.S.). TiO2 paste (18NR-T) and iodine species (I−/I3

−) based High Performance Electrolyte
(HPE) were purchased from Greatcellsolar (Queanbeyan, Australia). Y123 dye (DN-F05Y)
was purchased from Dyenamo (Stockholm, Sweden). Platinum wire (φ 125 μm, 99.9%) was
manufactured by a Wooillmetal (Yongin, South Korea).
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Figure 1. Morphological and optical characteristics of Ag@M13 bacteriophage: (a) schematic representation with structure
on Ag@M13, (b) HR-TEM image (left) of morphology of Ag@M13 and EDS-STEM (right) to investigate its elemental
mapping spectra, (c) normalized absorbance of as a function of M13 bacteriophage without Ag NPs, and (d) normalized
absorbance of as a function of Ag@M13 bacteriophage. The inset is a high magnification of the main absorbance peak.

2.2. Optical Simulation of Ag-BP-DSSC

The light scattering effect by Ag particles for a DSSC is simulated in the following
way. The elemental samples of an electrolyte layer (60 μm) sealed with two glass substrates
and an active layer (30 μm) that consists of a porous TiO2 (40% porosity) and dye mixture
layer without the electrolyte were prepared on a glass substrate, and transmittance and
reflectance of the samples were measured. Optical parameters (the effective refractive
index, n-k values) of the DSSC active layer were extracted in consideration of TiO2 porosity,
which was the result of the iterative process continuing the comparison of the measured
transmittance and reflectance spectra with the calculated spectra several times [27]. Using
a finite-difference time-domain method (FDTD) with the obtained optical parameters
of the DSSC, the absorbance spectra in the active layer and Ag particles for different
concentrations of Ag particles were calculated.

2.3. Fabrication of the FDSSC

The FDSSCs fabricated here are based on previous experiments [28,29]. A Ti wire was
cleaned by deionized water, acetone, and isopropanol alcohol (IPA) sequentially for 10 min
under the sonication. A compact-TiO2 (c-TiO2) layer was formed by electric heating with
a current of 1.6 A for 10 s in air, allowing the oxidation of Ti wire and oxygen in the air
to generate the c-TiO2 layer. The diluted TiO2 solution (1 g commercial TiO2 paste and
1 mL ethanol) was deposited by using the dip-coating technique with 10 mm s−1 for the
withdraw rate and annealed at 120 ◦C for 3 m, and the cycle of dip-coating and annealing
process was repeated five times to control the thickness of the mp-TiO2 layer. The PA layer
consisting of the Ti/c-TiO2/mp-TiO2 layer was then crystallized by electric heating of 2 A
for 10 m at ambient atmosphere. The PA was immersed in the Y123 dye solution dissolved
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in anhydrous ethanol (0.1 mM) for 4 h. The CE, Pt wire, was wound around the Y123
dye-sensitized PA so as not to damage the Y123 dye-sensitized PA and put into the Teflon
tube. Then, after the electrolyte was injected, both ends of the tube were sealed.

2.4. Liquid Crystal (LC) Layering

Indium tin oxide (ITO) glass substrates with dimensions of 210 × 297 mm2 and a sheet
resistance of 10 Ω sq−1 were ultrasonically cleaned using a semiconductor cleaning process.
Polyimide (PI SE-7492; Nissan Chemical, Tokyo, Japan) was uniformly spin-coated onto the
ITO-coated glass substrates to form liquid-crystal (LC) alignment layers. The PI layers were
prebaked at 80 ◦C for 10 min and then imidized at 230 ◦C for 1 h. The thickness of the PI
layer as an insulating film was set to approximately 100 nm. The PI layer was rubbed using
a unidirectional rubbing method with a rubbing strength of 300 mm. Twisted-nematic
(TN) LC cells were fabricated with a cell gap of 4.2 μm. To inject positive nematic LCs
(MJ001929; ne = 1.5859, no = 1.4872, and Δε = 8.2, Merck, Darmstadt, German) effectively, a
seal pattern was formed to create a vacuum inside the TN LC cell, and a vacuum injection
method was used to inject liquid crystals using the capillary phenomenon and pressure
difference at room temperature.

2.5. Characterization

Field-emission scanning electron microscopy (FE-SEM) images were obtained using a
JEOL JSM-6700F field-emission scanning electron microscope (Tokyo, Japan). The optical
transmittance was identified via UV-Vis-NIR spectroscopy (Cary 5000, Agilent Technolo-
gies, Santa Clara, CA, U.S.). The photocurrent density–voltage (J–V) characteristics of the
FDSSCs were obtained by an electrometer (Keithley 2400, Keithley, Cleveland, OH, U.S.)
under air-mass (AM) 1.5 illumination (100 mW cm−2) provided by a solar simulator (Oriel
Sol3A Class AAA solar simulator, models 94043A, Newport, RI, U.S.). The calibrated light
intensity was set to 1 sun using a standard silicon cell. The effective area of the device is
defined as the project area transmitted by the mask, which is equal to the diameter of the
photoanode multiplied by its length (1 cm). The external quantum efficiency (EQE) was
measured using the incident photon-to-current conversion efficiency (IPCE) measurement
system (QuantX 300, Oriel, Newport, RI, U.S.) with a 250 W quartz-tungsten-halogen
lamp, an Oriel CornerstoneTM 130 1/8 m monochromator operated in AC mode, an optical
chopper, a lock-in amplifier, and a calibrated Si photodetector. The intensity of the sunlight
for outdoor measurements was observed via a UV light meter (TM-208, Tenmars, Neihu,
Taiwan). Electrochemical impedance spectroscopy (EIS) measurement was measured with
an oscillation amplitude of 15 mV under dark conditions (Bio-Logic VMP-3, Seyssinet-
Pariset, France) by using the open-circuit voltage and the frequency ranges from 1 Hz
to 10 MHz. The experimental data were simulated using commercial Z-view software
to estimate the values of each component of the corresponding equivalent circuits. The
bending test was performed as a function of the number of bending cycles with a bending
radius of 10 mm.

3. Results and Discussion

The metallic NPs, especially Ag NPs, are traditionally used to enhance the light-
harvesting efficiency of optical devices due to their prominent LSPR properties. In addition,
due to the unique charge selectivity of peptide receptors in M13 bacteriophage, the metallic
NPs can be directly anchored onto the bacteriophage through charge-driven interactions
without binder or surfactant [30]. Figure 1b shows high-resolution transmission electron
microscopy (HR-TEM) (left) to investigate the morphology of Ag@M13 and an energy
dispersive X-ray spectroscopy in scanning transmission electron microscopy (EDS-STEM)
(right) to investigate its elemental mapping spectra. The nanoscale template of M13
bacteriophage nanostructures was well observed, which consists of nearly spherical NPs
smaller than 20 nm in diameter. In addition, the elemental mapping spectra reveal the
presence of the Ag NPs element onto an M13 bacteriophage nanostructure. From these
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results, it is confirmed that the Ag NPs are embedded by maintaining the nanoscale distance
well in the bacteriophage template. Hence, the gap-plasmon effect can be expected as the
metallic NPs maintain a constant nanoscale distance between them [31,32]. In addition,
the gap-plasmon effect can be expected to have an additional effect of amplifying the
absorption spectra in a long-wavelength region (about 600 nm) along with the existing
effect of amplifying the absorption spectra in a short-wavelength region (about 300 nm) [33].

The normalized UV-Vis optical absorption spectra of the iodine based electrolytes as a
function of the concentration of bare M13 bacteriophage and Ag@M13 bacteriophage are
presented in Figure 1c,d, respectively. The electrolytes in which bare M13 bacteriophage
(or Ag@M13) are added at concentrations of 5, 10, and 15 μL are referred to as M13-5,
M13-10, and M13-15 (or Ag@M13-5, Ag@M13-10, and Ag@M13-15), respectively. Reference
electrolyte (Ref) and the electrolyte with M13 and Ag@M13 had one absorption band
at 370 nm. The absorption spectra of bare M13 bacteriophage increased from M13-5 to
M13-10 and then decreased at M13-15. It was confirmed that the bare M13 bacteriophages
as a function of the concentration added to the electrolyte hardly change each absorption
spectra. In contrast, in the electrolyte to which Ag@M13 was added, it was confirmed that
the absorption spectra improved in the long-wavelength region as the concentration of
Ag@M13 increased and the full width at half maximum (FWHM) of the absorption band
was also widened, as shown in the inset of Figure 1d. The LSPR properties, which are
affected by the size of the metallic NPs, are limited to less than about 500 nm when the size
of NPs becomes too small [30,34]. This research shows that the normalized absorbance has
increased from 400 nm to the long-wavelength region, which means that the Ag NPs were
aligned in a uniform arrangement on nanoscale template of M13 bacteriophage having
uniform intervals in nanoscales. Therefore, the plasmonic Ag NPs were uniformly oriented
and aligned in nanoscale bacteriophage, which contributed to overcoming the limitation of
LSPR in smaller NPs.

The Ag particles included in the DSSC not only increase the absorbance of the active
layer by scattering the incident light, which increases the photocurrent of the device, but
also absorb the light the Ag particles absorb the light, which cannot contribute to the output
photocurrent and lowers the overall photocurrent. Figure 2a shows the plasmonic effects
that Ag particles absorb and scatter the light. The Ag particle effects increase with the size
as shown in Figure 2b. Here, it is assumed that the size of Ag particles can be randomly
distributed between 10–100 nm. As shown in Figure 2c, when the density of Ag particles
increases, the amount of the light absorption by the Ag particles increases. In Figure 2d,
when the density of Ag particles is ~1 × 109/mm3, the absorption by the active layer can
increase in the mid-range of visible light (500–700 nm), but above that concentration, the
absorption decreases and even lowers compared to when the Ag is not present, due to the
absorption by the Ag particles as shown in Figure 2c [35].

The photovoltaic performance of FDSSCs fabricated with or without improved by
Ag@M13 was evaluated by investigating the current density–voltage (J–V) characteristic
curves under AM 1.5 illumination, as shown in Figure 3a. In addition, their corresponding
photovoltaic parameters are summarized in Table 1. Four parameters for identifying the
characteristics of photovoltaic: open-circuit voltage (VOC), short-circuit current density
(JSC), fill factor (FF), and PCE are important measures for analyzing the photovoltaic char-
acteristics of FDSSCs. The conditions for FDSSCs in the form of (Ti wire/mp-TiO2/Y123
dye/Ag@M13 enhanced electrolyte/Pt wire) are shown in Figure S1. The VOC increased
from 0.65 to 0.66 V depending on the presence or absence of Ag@M13, but the change
is very small. The VOC, which is the gap between the electrolyte and the Fermi level of
the photoanode, showed insignificant changes even when Ag@M13 was added. This is
interpreted as adding Ag@M13 into the electrolyte not affecting the energy level of the
iodine based electrolyte. On one hand, the JSC and the FF increased from the reference to
Ag@M13-10 and then decreased at Ag@M13-15. Overall, the PCEs of FDSSCs enhanced
by Ag@M13 enhanced electrolyte were higher than those of the bare electrolyte due to the
increase in JSC and FF. It is considered that the increase in JSC means that Ag@M13 present
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in the electrolyte has a high probability of penetrating into the dye-sensitized photoanode
with the mesoporous structure, which may have caused higher PCE. Furthermore, the
increased FF was attributed to the increased shunt resistance (Rsh), which represents the
resistance to recombination, as well as the decreased series resistance (Rs), which represents
the overall resistance of the photoanode. The Rs is ideal for minimizing the decrease in
current flow through the solar cell devices as its value is lower. In addition, the Rsh is
ideal for preventing the recombination of photoexcited electrons into the electrolyte and
maximizing the current flow to the external load as its values is higher. Thus, it is inferred
that Ag@M13-10 has the lowest Rs value and the highest Rsh value, which would have
affected the higher values of the JSC and the FF. Hence, the Ag@M13-10 based FDSSC
demonstrated the highest PCE of 5.80% with JSC of 12.16 mA cm−2, VOC of 0.66 V, and FF
of 72.1%, whereas the bare electrolyte based FDSSC showed a PCE of 4.97% with JSC of
10.71 mA cm−2, VOC of 0.65 V, and FF of 71.7%.

Figure 2. FDTD simulation of Ag-particle effects in the DSSC: (a) illustrated image of DSSC structure, (b) absorption spectra
of active layer for the different Ag particle sizes, and absorption at (c) Ag particles and (d) at an active layer for the different
Ag densities.
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Figure 3. Photovoltaic properties of Ag@M13 enhanced FDSSCs: (a) comparison of J–V curves,
(b) the IPCE spectra, (c) dark current profiles of FDSSCs as a function of Ag@M13, respectively, and
(d) Pmax values over time as an outdoor test.

Table 1. Photovoltaic properties of FDSSCs as a function of Ag@M13.

VOC

(V)
JSC

(mA cm−2)
FF
(%)

PCE
(%)

Rs

(Ω cm2)
Rsh

(Ω cm2)

Ref 0.65 10.71 71.7 4.97 7.13 6.97 × 104

Ag@M13-5 0.66 11.44 71.8 5.47 5.36 8.90 × 104

Ag@M13-10 0.66 12.16 72.1 5.80 4.32 1.26 × 105

Ag@M13-15 0.66 11.61 69.9 5.39 5.29 9.43 × 104

The external quantum efficiency (EQE) spectra of the FDSSCs as a function of the
concentration of Ag@M13 were investigated, and the results are shown in Figure 3b. In
particular, the optimized Ag@M13-10 enhanced FDSSC showed a higher maximum EQE
response than the other devices, which is consistent with the JSC value in the J–V curve. The
results shown J–V curves and EQDs above coherently demonstrate that there were more
efficient charge extraction and less charge recombination in the Ag@M13 enhanced FDSSCs
that the bare FDSSC. The improved performance by Ag@M13 enhanced electrolyte based
FDSSCs benefited from the synergistic interaction between the plasmonic Ag NPs and M13
bacteriophages caused by the gap–plasmon effect amplified by the Ag NPs-embedded M13
bacteriophage nanostructures.

The dark J–V curves in Figure 3c show that the dark current curve slope varies as
the voltage increases, which reflects different physical mechanisms. A, B, and C areas of
the dark current have been reported to be associated with the shunt, recombination, and
diffusion currents, respectively. In the A area, the dark current was mainly affected by
the shunt current under a small applied bias voltage. It is shown that the Rsh value of
Ag@M13-10 at the lowest slope in area A is very consistent with the Rsh value obtained
from J–V curves in Figure 3a. As the bias voltage increases, the recombination current
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gradually increases similar to the diffusion current in the dark J–V characteristics, as shown
in area B. It can be seen that the slope of area B increases more gently than that of area
C. Moreover, the current increase in the area C is caused by the diffusion-dominated
current. Indeed, in an area C higher than the built-in potential of DSSCs (about 0.7 V), the
effect on the recombination current is negligible, and the curve is dominated only by the
diffusion current limited by the Rs of the device [36]. Therefore, the Ag@M13 enhanced
FDSSCs indicates that the leakage current decreased and the charge extraction and transport
efficiency improved due to the relatively increased Rsh and decreased recombination
current. Furthermore, the dark current density (J0) of the FDSSCs, which fabricated
Ag@M13 as a function of concentration, was smaller than those of the bare electrolyte. This
can be inferred as a phenomenon indicating that the dark current density was decreased
due to the rapid transport of photoexcited electrons by the presence of Ag@M13 [37].

Power generation of wearable fiber electronic solar cells that depending on the day-
light intensity should be considered for further development. Figure 3d shows the max-
imum power (PMAX) values corresponding to the time-dependent change of sunlight in
an outdoor environment to evaluate the characteristics of the wearable applications. The
PMAX values of the Ag@M13 enhanced FDSSCs were verified by the following equation:
PMAX = I × V × FF. The sunlight intensity increased from the initial 400 W m−2 at 9:00 a.m.
to 1400 W m−2 at 2:00 p.m., when the sun’s altitude reached its highest point. The light
intensity gradually decreased to under 200 W m−2 at 5:00 p.m. As expected, the time-
dependent change in daylight intensity and the corresponding PMAX values of the solar
cell devices showed the equivalent tendency.

EIS was performed under dark conditions at a bias voltage of 0.7 V in the frequency
range of 0.1 Hz–1 MHz to accurately analyze the interfacial dynamics for the charge transfer
behavior in Ag@M13 enhanced FDSSCs, as shown in the Nyquist plots in Figure 4a. The
Nyquist plots simulated by the equivalent circuit diagram, as shown in Figure S2. The
equivalent circuit, Rs + (CPEct1//Rct1) + (CPEct2//Rct2), consists of a series resistance
(Rs) and two charge-transfer resistances. The Rct1 and Rct2, which mean charge transfer
resistance, are represented by the first smaller half-circle in the high-frequency region
and the second larger half circle in the low-frequency region, respectively. These values
are interpreted as interfacial resistance between CE/electrolyte and interfacial resistance
between dye-sensitized PA/electrolyte, respectively. Moreover, the CPEct1 and CPEct2
represent the constant-phase elements for interfaces at CE/electrolyte and dye-sensitized
PA/electrolyte, respectively [38]. The fitting values of Rs, which is related to the transfer
resistance of the photoanode, were 7.49, 6.85, 4.57, and 5.16 Ω for the Ref, Ag@M13-5,
Ag@M13-10, and Ag@M13-15 enhanced FDSSCs, respectively, as shown in the inset of
Figure 4a and Table 2. This tendency was very consistent with the Rs values obtained from
the aforementioned J-V characteristic curves, and it can be seen that the Rs value is the
lowest in Ag@M13-10 enhanced FDSSC. The Rct1 values showed very slight difference from
24.30 Ω at the Ag@M13-10 enhanced FDSSC, the lowest value, to 26.99 Ω at the Ref-FDSSC,
the highest value. This tendency is also shown in CPEct1. These results are interpreted
that the Ag@M13 bacteriophages added to the electrolyte were not significantly correlated
with CE. On the other hand, the Rct2 values representing the interfacial resistance between
dye-sensitized PA/electrolyte were 129.0, 117.2, 53.1, and 75.8 Ω for the Ref, Ag@M13-5,
Ag@M13-10, and Ag@M13-15 enhanced FDSSCs, respectively, showing clear difference.
The lowest Rs, Rct1, and Rct2 values observed for the Ag@M13-10 enhanced FDSSCs are
most probably the consequence of the faster charge-transport process arising from the
high probability that Ag@M13 penetrates into the dye-sensitized PA with the mesoporous
structure, as mentioned above. Based on the improved charge transfer characteristics at the
dye-sensitized PA/electrolyte interface, it can be confirmed that all the key parameters of
the Ag@M13-10 enhanced FDSSCs could be enhanced, which resulted in high JSC and PCE.
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Figure 4. Electrochemical properties of the Ag@M13 enhanced FDSSCs: (a) Nyquist plots and onset
point of Nyquist plots in the high-frequency region (inset), (b) CV characteristics. The three-electrode
system, measured at a scan rate of 200 mV s−1, contains an Ag/AgCl as a reference electrode, Pt wires
as working and counter electrodes, respectively. Normalized η/η0 of Ag@M13-10 enhanced FDSSCs
as a function of (c) bending cycles and (d) washing cycles. The inset in Figure 4c is the normalized
η/η0 under extreme bending conditions, such as radii 2.5, 5.0, and 7.5 mm.

Table 2. EIS parameters of SS-FDSSCs as a function of Ag@M13.

Rs

(Ω)
Rct1

(Ω)
CPEct1

(F)
Rct2

(Ω)
CPEct2

(F)

Ref 7.49 26.99 4.68 × 10−5 129.2 2.51 × 10−3

Ag@M13-5 6.85 26.24 4.66 × 10−5 117.2 2.75 × 10−3

Ag@M13-10 4.57 24.30 3.01 × 10−5 53.1 8.37 × 10−3

Ag@M13-15 5.16 25.01 4.27 × 10−5 75.8 5.74 × 10−3

Catalytic activities and reaction kinetics of the Ag@M13 enhanced electrolyte were
investigated by electrochemical characterization using cyclic voltammetry (CV) measure-
ment, as shown in Figure 4b. The CV measurement of the enhanced electrolyte as a function
of Ag@M13 was based on a three-electrode system consisting of two Pt wire electrodes as
the working and counter electrode, respectively, and an Ag/AgCl as the reference elec-
trode. The CV measurement was performed under the same conditions of applying the Pt
wire as a working electrode and a counter electrode, and the analysis was focused on the
catalytic properties of Ag@M13 injected into the electrolyte. The electrolyte used for CV
was proceeded under the same condition as the electrolyte in the solar cell, and was used
by adding 5, 10, and 15 μL of Ag@M13 to HPE. A pair of oxidation and reduction peaks
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can be identified, which corresponds to cathodic and anodic peaks indicated by reduction
(Equation (1)) and oxidation (Equation (2)) reactions of iodide/triiodide, respectively [39]:

I−3 + 2e− ↔ 3I− (1)

3I− ↔ 2e− + I−3 (2)

Although the distribution and morphological shape of the peaks are not significantly
different under all conditions, the intensity of the peak increased as the concentration of
Ag@M13 increased, as shown in the inset of Figure 4b. This suggests that the interaction
between Ag@M13 added to the electrolyte and CE is not large, but it can be considered
that the injection of Ag@M13 into the electrolyte contributed to the catalytic activity to
some extent. Thus, Ag@M13 added to the electrolyte exhibits higher current density on
both the oxidation and reduction characteristics, indicating efficient charge transfer due to
improved catalytic activities.

Weaving ability, durability, and water resistance are very important parameters in
wearable device applications. The Ag@M13-10 enhanced FDSSCs exhibited excellent
mechanical durability, as shown in Figure 4c. It can be seen that the normalized η/η0 of the
Ag@M13-10 enhanced FDSSCs with a radius of about 10 mm showed a slight degradation
in change to almost 80% even after 350 bending cycles. Even under extreme bending
conditions such as radii 2.5, 5.0, and 7.5 mm, the normalized η/η0 was maintained without
significant reduction, as shown in the inset of Figures 4c and S3. Furthermore, the Ag@M13-
10 enhanced FDSSCs exhibited excellent water resistance, as shown in Figure 4d. Repeated
washing tests of Ag@M13-10 enhanced FDSSC were performed with an automatic cleaner,
as shown in Figure S4. It was confirmed that the normalized η/η0 of the Ag@M13-10
enhanced FDSSC hardly decreased even after repeating the 16 iterations of the washing
tests. These results indicate that Ag@M13 enhanced FDSSCs have excellent characteristics
as wearable electronic devices. On the other hand, the Ag@M13 enhanced FDSSCs were
connected in series and parallel to drive a liquid-crystal (LC) device for smart windows
such as indoor lighting, as shown in Figure S5. The voltage and current density generated
by the series and parallel connections of the Ag@M13 enhanced FDSSCs were about 2.3 V
and 1.8 μA under indoor lighting of 172.8 W m−2, respectively, generating sufficient power
for the operation of the LC device.

4. Conclusions

In conclusion, the Ag metallic NPs embedded M13 bacteriophages with the improved
LSPR properties were supplemented to the electrolyte of the FDSSCs. It was confirmed that
the Ag@M13 enhanced electrolyte showed high absorbance in a long wavelength region of
500 nm or more, and that the plasmonic Ag NPs were uniformly oriented and aligned in
nanoscale M13 bacteriophages. The FDSSCs were fabricated using an Ag@M13 enhanced
electrolyte, which was demonstrated to improve the PCE by plasmonic enhancement effect.
The optimized Ag@M13 enhanced FDSSC boasts effective electron extraction, unidirectional
electron transportation, and suppressed charge recombination processes, resulting in a PCE
of up to 5.80%, which was improved by 16.7% compared to that of the reference device
with 4.97%. In addition, the Ag@M13 enhanced FDSSCs maintained the PCE of >80%
over 350 cycles of bending tests and >90% over 16 repetitions of washing tests.

Supplementary Materials: Supplementary materials are available in the online version of the article
at https://www.mdpi.com/article/10.3390/nano11123421/s1. Figure S1, Schematic diagram of the
fabrication process of the FDSSCs; Figure S2, The equivalent circuit for EIS; Figures S3 and S4, Further
details of photographs on bending and washing tests; Figure S5, Application driving photograph
using FDSSCs.
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Abstract: New porous activated carbons with a high surface area as an anode material for lithium-ion
batteries (LIBs) were synthesized by a one-step, sustainable, and environmentally friendly method.
Four chemical activators—H2SO4, H3PO4, KOH, and ZnCl2—have been investigated as facilitators
of the formation of the porous structure of activated carbon (AC) from an agar precursor. The study
of the materials by Brunauer–Emmett–Teller (BET) and scanning electron microscopy (SEM) methods
revealed its highly porous meso- and macro-structure. Among the used chemical activators, the AC
prepared with the addition of KOH demonstrated the best electrochemical performance upon its
reaction with lithium metal. The initial discharge capacity reached 931 mAh g−1 and a reversible
capacity of 320 mAh g−1 was maintained over 100 cycles at 0.1 C. High rate cycling tests up to 10 C
demonstrated stable cycling performance of the AC from agar.

Keywords: activated carbon; agar; anode; lithium-ion battery; chemical activators

1. Introduction

Lithium-ion batteries (LIBs) are conquering the worldwide market due to their high
specific capacity, absence of memory effect, long service life, and stable operation [1–5].
LIBs are extensively used in portable electronics applications and are currently expanding
into the field of plug-in hybrid and electric vehicles [6]. Thus, the requirements for LIBs are
increasing not only in terms of specific energy of its components (cathode, anode) but also
in their eco-friendliness owing to growing awareness of environmental issues. Therefore,
the development of electrode materials that correspond to the stated requirements is in
high demand.

Nowadays, in commercially available LIBs, graphite is mainly used as an anode mate-
rial. Despite this fact, some critical shortcomings are associated with graphite—such as a
low specific capacity, poor rate capability, and slow charge–discharge processes—limiting
their applicability in the next generation technologies in electronics and electric transport.
Furthermore, it is worth mentioning the high cost and negative environmental impact
due to its synthesis from fossil carbon sources such as coal and petroleum coke [7]. There-
fore, it is highly desirable to explore alternative negative electrode materials for Li-ions
such as tin [8,9], transition metal oxides [10–13], silicon [14,15], and others. Although
the alternative anodes can provide higher specific capacity, they suffer from substantial
volume changes during insertion/extraction of Li-ions causing materials disintegration
leading to huge irreversible capacity loss and poor cyclability. The challenges faced by non-
carbon anode materials hinder their broad application in the next-generation LIBs. Hence,
considerable research efforts continue on the development of carbonaceous materials for
high-capacity anodes, especially for the porous carbon materials with the high surface area
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were extensively researched due to their enhanced electrochemical performance in reaction
with Li-ions [16]. This improvement has been associated with porous structure that forms
shorter distances for Li-ions and electrons to travel, facilitating enhanced charge transfer,
diffusion rate, and better kinetics [17].

Various types of biomass have been intensively researched as a promising renewable
source to prepare porous and functional carbon materials. Their low cost, tunable physi-
cal/chemical properties, recyclability, abundant availability, and harmony with the environ-
ment are especially of high interest [18]. Two mechanisms of Li-ion storage in carbonaceous
materials derived from biomass can be defined as the invertible lithiation/delithiation
into/out of the expanded graphitic layers and the surface-induced capacitive behavior
summoned by pores, regions of structural defects, and functional groups [19]. Pursuant to
earlier research, biomass activated carbon nanostructures can be produced and generated
from a variety of natural resources such as rice husk [20], wheat stalk [21], cellulose [22],
green tea wastes [23], natural cotton [24], puffed corn [25], sucrose [26].

Physical activation [27], chemical activation [28], catalytic activation [29], and mi-
crowave activation [30] are commonly used methods for producing biomass-derived AC
materials. Among them, chemical activation is extensively utilized to produce porous
carbon due to its advantages over other activation methods—such as high yield, less sur-
face damage, low activation temperature, and short reaction time. During the activation
process, an activator is usually added to form a new porous structure to increase the specific
surface area of the material. The most common chemical activators are Bronsted (H2SO4,
H3PO4) [31], Lewis acids (CuCl2 and ZnCl2) [32], alkali metal hydroxides, and carbonates
(NaOH, KOH, K2CO3, Na2CO3) [33–35].

In this work, we propose a facile method of preparation of AC material with a large
surface area and a developed porous structure from agar. Agar biopolymer was used as a
carbon precursor due to its low cost, high carbon content, and the lack of any traces of heavy
metals. The pore formation and expanding effect of chemical activators as H2SO4, H3PO4,
KOH, and ZnCl2 on the AC morphology were compared and studied. The materials were
examined as an anode for LIBs and demonstrated high capacity and excellent cycling
and rate characteristics. To the best of our knowledge, this is the first application of agar
activated carbon as anode for LIBs. Previous studies of activated carbon with agar precursor
have been investigated for supercapacitors [36,37]. In addition, the activation of agar at
the molecular level was performed according to the method described by Chen et al. [36],
which requires a one-step calcination of the agar without high-temperature carbonation.

2. Materials and Methods

Agar, KOH, H3PO4, H2SO4, ZnCl2, and HCl were purchased from Sigma-Aldrich (St.
Louis, MO, Germany). All the reagents were analytical grade and used as received without
further purifications.

2.1. Fabrication of the Activated Carbon

For preparing the porous activated carbon material, 0.25 g of each KOH, H3PO4,
H2SO4, and ZnCl2 was mixed with agar separately in 10 mL water (DI) at 95 ◦C. The
mixture was stirred until homogeneous hydrogels were obtained. After cooling to room
temperature, the mixture was further freeze-dried for 24 h. The sample was pyrolyzed at
800 ◦C (the heat treatment steps are shown schematically in Scheme 1) in a conventional
furnace for 2 h in argon. Finally, after rinsing with 10% HCl and an ample amount of water,
the activated carbon was dried at 70 ◦C in a vacuum oven for 24 h. The preparation route
is illustrated in Figure 1. The final agar-derived activated by KOH, H3PO4, H2SO4, and
ZnCl2 carbons were denoted as KAAC, PAAC, SAAC, and ZAAC, respectively.

142



Nanomaterials 2022, 12, 22

Scheme 1. Optimal temperature and time for preparation of AC from agar.

Figure 1. Preparation method of AC with four different activating agents: (a) KOH; (b) ZnCl2;
(c) H2SO4; (d) H3PO4.

2.2. Characterizations

The resulting AC powders were analyzed by Raman spectroscopy (Horiba LabRam
Evolution) with a 633 nm excitation laser range from 200 to 2000 cm−1. The functional
groups of the ACs were examined using Nicolet iS10 Fourier Transform Infrared (FTIR)
Spectrometer in the range of 400–4000 cm−1 and X-ray photoelectron spectrometer (XPS)-
NEXSA (Thermo Scientific, Waltham, MA, USA). The morphology of the disordered carbons
was observed by scanning electron microscope Crossbeam 540 (SEM, Zeiss, Germany) and
transmission electron microscope JEOL JEM—1400 Plus (TEM, JEOL, Peabody, MA, USA).
Thermogravimetric analysis (TGA) was carried out by Simultaneous Thermal Analyzer
(STA, PerkinElmer, Waltham, MA, USA) 6000 at a heating rate of 10 ◦C min−1 from 30
to 800 ◦C in nitrogen (N2). The surface area and pore size distribution of the powders
were studied by N2 adsorption on Autosorb iQ and ASiQwin gas sorption system (Quan-
tachrome instruments; Boynton Beach, FL, USA).

2.3. Cell Preparation

The electrochemical activity of the carbon samples was examined using CR2032-type
coin cells. The electrodes were prepared by mixing the obtained ACs, carbon black (Super-
P), and polyvinylidene fluoride (PVDF) in the ratio of 8:1:1 in N-methyl-2-pyrrolidone
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(NMP). The resulting mixture was then applied onto copper foil using the Doctor Blade
technique and then dried overnight at 60 ◦C in a vacuum oven. The coated copper foil
was cut into the disks with a diameter of 14 mm. The mass loadings of the active ma-
terials were approximately 1–1.5 mg cm−2. The cells were assembled in an argon-filled
glove box (MBRAUN, LABmaster Pro Glovebox, Germany, containing <0.1 ppm O2 and
<0.1 ppm H2O) using lithium metal foil as the counter and reference electrode. A 1 M
LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1, v/v) was used as an
electrolyte solution and a polypropylene membrane (Celgard® 2400) as a separator. Each
cell contains~150 μL of electrolyte. Galvanostatic cycling of the electrodes was investigated
by a multichannel battery testing system (Arbin Inc. and Neware Battery tester, Neware
Co., Shenzhen, China) between the cut-off potentials of 0.01 and 3.0 V vs. Li+/Li at a
current density of 0.1 and 1.0 C for 100 cycles. Cyclic voltammetry (CV) measurements
were performed using a VMP3 potentiostat/galvanostat (Bio-Logic Science Instrument Co.)
in a potential range of 0.01–3.0 V at a scan rate of 0.1 mV s−1.

3. Results and Discussion

The TGA curves (Figure 2a) for all samples, including pure agar, consist of two distinct
zones. At the first step, the weight loss of around 5–10% was registered at the temperatures
around 50–130 ◦C which can be associated with water loss. Then there is an abrupt
transition at about 210 ◦C, indicating that the decomposition process involves rapid weight
loss. At the temperature of 800 ◦C, the weight loss reaches approximately 85.5%, 87.2%,
83.3%, 73.4%, and 60.2% for pure agar, SAAC, ZAAC, PAAC, and KAAC, respectively.
Comparison of the obtained activated carbons illustrates that KOH activation results in a
lower peak temperature, shorter pyrolysis duration, and thermal decomposition at a higher
instantaneous rate. These results also imply that the activation of KOH and H3PO4 is faster
and easier than the activation of H2SO4 and ZnCl2.

The structural characteristics of obtained AC were investigated by Raman spectroscopy,
as illustrated in Figure 2b. The patterns of all four samples showed two distinct peaks
for the G band at about 1580 cm−1 assigned to carbon atoms with the sp2 electronic
configuration in the structure of the graphite sheet, and the D band at about 1340 cm−1,
which corresponds to the presence of a disordered and defective structure of carbon
materials. The degree of disorder in carbon can be evaluated from the ratio of the integrated
intensities of the D-band to the G-band (ID/IG), and higher values represent a greater
number of imperfection in carbon atoms. The ID/IG ratios of KAAC, PAAC, SAAC, and
ZAAC are 1.02, 0.99, 0.98, and 0.97, respectively. It can be seen that the ratio of ID/IG> 1 for
the KOH sample, which emphasizes the largest number of defects and boundaries in the
resulting sp2-hybridized graphene sheet. A decrease in the ratio for the other three samples
(<1) indicates a decrease in the number of voids or defects and, therefore, an upper degree
of graphitization [38]. However, all four samples illustrate the high-intensity ratio, which
indicates a high amorphous degree, edges, and other defects.

Furthermore, the structural characteristics of the materials were studied by FT-IR
spectroscopy. As shown in Figure 2c, all obtained ACs retain some functional group of agar.
From the FT-IR spectra, one can observe vibrational peaks at approximately 3650 cm−1

which illustrates the -OH (hydroxyl) group and at around 2905 cm−1 attributed to the
-CH3O- (methoxyl) group. In addition, the presence of the peaks at about 933 cm−1 and
1075 cm−1 are related to the 3,6-anhydrogalactose bridges. However, some peaks of the
obtained ACs are less intense. This can be explained by the cleavage of some functional
groups during activation [39]. For example, in the process of activation with KOH, it was
suggested that the cyclic ether bond of six-membered rings and hydroxyl groups with
hydrogen bonds in agar undergoes a dehydration reaction with potassium hydroxide,
which is clearly seen from a decrease in the intensity of broad absorption, the band at
3650 cm−1 and the peak at 1075 cm−1 [40,41]. Analysis of the XPS spectra on the ACs
C1s confirmed the partial graphitization and the presence of oxygen functional groups on
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the surface and is in good agreement with the results of Raman and FT-IR spectroscopy
(Figure S1).

Figure 2. (a) TGA curves of pure agar and hydrogels with different activating agents; (b) Raman
spectra of obtained carbons; (c) FT-IR spectra of pure agar and obtained carbons.

The morphological characteristics of ACs were studied using SEM as shown in Figure 3.
All samples have a porous three-dimensional (3D) structure, which facilitates the better
access of the electrolyte to the active material and accelerates the migration of electrons
and ions when the materials are used in LIBs. KAAC and ZAAC have a similar 3D inter-
connected hierarchical structure with meso- and microporous morphology as illustrated in
Figure 3a,b. Acid-ACs have similar 3D structures with mesopores (Figure 3c,d). However,
the pore sizes of the resulting materials differ, which is discussed further below. Further
TEM analysis was performed for the ACs. A disordered hierarchical porous structure can
be observed that contains meso- and micro-pores (see Figure S2). The presence of abundant
pores in the ACs from the agar can be identified by the large number of white spots between
the disordered carbon layers [42].
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Figure 3. SEM images of ACs with four different activating agents: (a) KAAC; (b) ZAAC; (c) SAAC;
(d) PAAC.

The detailed studies of the porous structure and surface of ACs were carried out by
nitrogen adsorption measurements. As shown in Figure 4a, all samples demonstrate a
type IV desorption isotherm. When relative pressure is above 0.8, the isotherm increases
significantly due to capillary condensation. The desorption isotherm is situated over the
adsorption isotherm, which means that the samples have a high amount of mesopores [43].
In Figure 4b, which shows pore size distribution diagrams, it can be seen that the pore size
ranges from 12 to 60 nm. The specific surface areas for KAAC, ZAAC, PAAC, and SAAC
were defined as 2417.5, 3309.0, 974.1, and 548.3 m2 g−1, while the average pore size was
15.2, 19.5, 19.2, and 19.0 nm, respectively. The results indicate that the acid activators and
ZnCl2 tend to form a mesoporous structure, while using a KOH activator results in meso-
and macroporous structures.

The prepared ACs were tested as anode materials in LIBs. Figure 5a,b show the
charge–discharge profiles of the electrodes at a charge–discharge rate of 0.1 C. At the initial
cycle, KAAC, PAAC, SAAC, and ZAAC exhibited charge/discharge capacities of 360/836,
311/1018, 230/564, and 110/597 mAh g−1, respectively. The Coulombic efficiencies were
42.9%, 30.5%, 40.8% and 18.4% for KAAC, PAAC, SAAC, and ZAAC, respectively. The low
Coulombic efficiency in the 1st cycle is caused by the decomposition of the electrolyte, the
formation of an SEI layer, and some irreversible capture of Li ions in a special position of
the carbonaceous material, which may be associated with a surface reaction, for example,
near residual H atoms [44]. At the 10th cycle, the charge-specific capacities for KAAC,
PAAC, SAAC, and ZAAC were 290, 292, 169, and 123 mAh g−1, while the discharge-specific
capacities were 309, 337, 174, and 132 mAh g−1, respectively. The Coulombic efficiency
improved significantly in the 10th cycle and amounted to 95, 88, 97, and 96%, respectively.
The increase in the Coulombic efficiency might be in the formation of a stabilized SEI film.
The SEI layer acts as a passivation layer, the formation of which is advantageous for carbon
anodes as it prevents the continuous electrolyte decomposition on the activated carbon
electrode, and therefore the anode is in a stable state [7].
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Figure 4. (a) Nitrogen adsorption–desorption isotherms and (b) pore sizes distribution.

The CV curves of the samples ranging from 0.01 to 2.8 V (versus Li/Li+) at a scan
rate of 0.1 mV s−1 are illustrated in Figure 5e,f. It is clearly seen that the 1st cycle differs
from the second and fifth cycles. The area of the reduction peak of the 1st cycle is more
significant than that of the second and fifth cycles. This difference is associated with
the non-reversible intercalation of Li-ions into the ACs [45]. There are two peaks for
KAAC at around 0.01–0.2 V and 0.45 V at the first cycle. The latter peak corresponds
to the decomposition and generation of SEI on the surface of carbon that disappears in
subsequent cycles owing to the stabilization of the SEI layer. The influence of the SEI layer
is vital for the CV cycle and Coulombic efficiency [46]. Consequently, at the first cycle, the
Coulomb efficiency was low as shown in Figure 5, but in further cycles, it stabilized. A
peak around 0.01 V is related to the incorporation of Li-ions into the layered carbon, and a
flat peak between 0.2 and 0.6 V is attributed to the extracting process of Li-ions from the
electrode [47]. The CV curves of the second and fifth cycles have a partial overlap, which
indicates the outstanding stability of the electrode material.

To investigate the cyclic stability of the prepared carbons, the cells were galvanostat-
ically cycled at current densities of 0.1 C and 1 C for 100 cycles as shown in Figure 5c,d.
The stable discharge capacity of KAAC was the highest reversible capacity at 0.1 and 1 C
compared to PAAC, SAAC, and ZAAC. The specific capacity for KAAC, PAAC, SAAC,
and ZAAC was 330, 239, 212, and 157 mAh g−1 at 0.1 A g−1 and 190, 150, 136, and 79 mAh
g−1 at 1 C, respectively. The reversible capacity of KAAC is higher than recently reported
ACs obtained from cherry pit activated with KOH and H3PO4 [48]. Comparison with other
bio-derived activated carbons is illustrated in Table 1. Although upon the initial cycles the
Coulombic efficiency of all samples was low, it increased upon further cycling and reached
almost 100%. These results demonstrate the excellent cycling capability and reversibility of
all samples. Such tendencies can be observed practically for bio-mass derived activated
carbon used as anode materials [7,48,49].
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Figure 5. Cycling performances of AC electrodes (a) at 1st cycle at 0.1 C rate; (b) at 10th cycle at 0.1 C
rate. Cycling performance with Coulombic efficiency (right Y-axis) of PAAC, SAAC, KAAC, and
ZAAC cycled at (c) 0.1 C rate; (d) 1 C rate. CV profiles of PAAC, SAAC, KAAC, and ZAAC at a scan
rate of 0.1 mV s−1, from 0.01 to 2.8 V: (e) 2nd cycle and (f) 5th cycle.
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Table 1. Comparison of the electrochemical characteristics of different bio-derived ACs used as anode
materials for lithium-ion batteries (LIBs)

AC Precursor
Activating

Agent
Measurement

Conditions
Initial Capacity

(mAh g−1)
Reversible Capacity

(mAh g−1)
References

Agar KOH 0.1 C 931 320 at 0.1 C after 100 cycles This work

Sisal fiber KOH 0.1 C 646 Capacity loss of 363 compared to
initial capacity [5]

Corn straw CaCl2 0.2 C 1534 546 at 0.2 after 100 cycles [7]
Shaddock peel KOH 50 mAg−1 1284 673 at t 50 mAg−1 after 100 cycles [19]

Wheat stalk KOH 0.1 C 502 139.6 at 10 C after 3000 cycles [21]
Green tea wastes KOH 0.1 A/g 706 400 at 0.1 A/g after 100 cycles [23]

Jute fiber ZnCl2 0.2 C 2117 742.7 at 0.2 C after 100 cycles [32]
Pomelo peels - 90 mAg−1 756 452 at 90 mAg−1 after 200 cycles [44]

Bamboo chopsticks KOH ∼0.37 C ∼500 ∼360 at ∼0.37 C after 100 cycles [45]
Cherry pit KOH C/3 - 210 at C/3 after 200 cycles [48]

To determine the structural stability of the activated carbon anodes, the electrodes
were analyzed by SEM before and after 20 cycles. SEM images show that the electrodes
before and after cycles have a rough surface with many pores, which indicates the stability
of the electrodes (Figure S3). In order to further explain the reversible surface redox
reaction at the porous anode, the CVs of the SAAC anode were performed at various
scan rates (Figure S4a). The linkage between peak currents and scan rates, which is
almost linear with a correlation of 0.999, was studied using redox peaks of roughly 0.64 V
(Figure S4b). This result shows that the redox reaction is surface-limited rather than
diffusion-limited [50]. As indicated earlier, porous carbon materials have a large surface
area. As follows, the quantity of oxygen-containing functional groups and other functional
groups on the surface of carbon corresponds to the surface area of the porous material. The
beforementioned oxygen-containing functional groups participate in the redox reaction
with lithium-ion, schematically described as: C=O + Li+ + e− => C-O-Li. Consequently,
the pseudo-capacitive effect, prompted by surface reactions, has a significant effect on the
advancement of electrochemical energy storage. Moreover, this effect might explain the
high specific capacity and excellent performance of the activated porous carbon materials
in lithium-ion batteries [51].

Furthermore, the rate performance of samples was investigated by charging and
discharging the cells at various current densities between 0.1 and 10 C each for 5 cycles
as illustrated in Figure 6. At a current density of 0.1 C, the specific discharge capacities
of KAAC, PAAC, SAAC, and ZAAC were 359, 331, 232, and 161 mAh g−1, respectively.
Although the specific capacity of the samples reduced upon increasing the cycling current
density to 0.5, 1, 2, 5, and 10 C, the cells could recover their original value when the current
density was changed back to 0.1 C. The pore system and large SBET of the samples are likely
to facilitate the rapid transfer of Li-ions and enhance the rate characteristics.
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Figure 6. Rate capability of AC electrodes with ZnCl2, H2SO4, KOH, and H3PO4 activators from 0.1
to 10 C.

4. Conclusions

In summary, we have successfully prepared low-cost and sustainable ACs using a
renewable agar precursor activated by four different activators. Through investigating
the effect of the activators on the morphology of AC, it was found that the AC anode
obtained with KOH as an activating agent achieved the best electrochemical performance.
The initial discharge capacity of AC with KOH reached 931 mAh g−1 and a reversible
capacity of 326 mAh g−1 was delivered over 100 cycles at 0.1 C. The Coulombic efficiency
remained above 96% after 10 cycles. Furthermore, all prepared samples exhibited excellent
capacity retention and reversibility upon prolonged cycling and high rate capability. This
research demonstrates a simple and effective method for preparation of mesoporous AC,
and provides an effective synthesis route for a production of unique 3D templates that can
be used to host various electrode materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12010022/s1, Figure S1: XPS spectra of (a) KAAC; (b) ZAAC; (c) PAAC; (d) SAAC,
Figure S2: TEM images of ACs with four different activating agents: (a) SAAC; (b) PAAC; (c) KAAC;
(d) ZAAC, Figure S3: SEM images of pristine electrodes: (a) KAAC, (c) PAAC, (e) ZAAC, and (g)
SAAC, and electrodes after 20 cycles: (b) KAAC, (d) PAAC, (f) ZAAC, and (h) SAAC, Figure S4:
(a) CV curves of SAAC electrodes at various scan rates of 1.0 mV s−1, 1.5 mV s−1, and 2.0 mV s−1;
(b) Relationship between the redox peak current and scanning rates.
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Abstract: Interpenetrating bulk heterojunction (IBHJ) quantum dot solar cells (QDSCs) offer a
direct pathway for electrical contacts to overcome the trade-off between light absorption and carrier
extraction. However, their complex three-dimensional structure creates higher requirements for the
optimization of their design due to their more difficult interface defect states control, more complex
light capture mechanism, and more advanced QD deposition technology. ZnO nanowire (NW) has
been widely used as the electron transport layer (ETL) for this structure. Hence, the optimization
of the ZnO NW morphology (such as density, length, and surface defects) is the key to improving
the photoelectric performance of these SCs. In this study, the morphology control principles of ZnO
NW for different synthetic methods are discussed. Furthermore, the effects of the density and length
of the NW on the collection of photocarriers and their light capture effects are investigated. It is
indicated that the NW spacing determines the transverse collection of electrons, while the length
of the NW and the thickness of the SC often affect the longitudinal collection of holes. Finally, the
optimization strategies for the geometrical morphology of and defect passivation in ZnO NWs are
proposed to improve the efficiency of IBHJ QDSCs.

Keywords: interpenetrating bulk heterojunction; quantum dot solar cells; ZnO nanowire; synthetic
method; geometric optimization; defect passivation

1. Introduction

The world environmental and energy crisis calls for the imminent development of
renewable or nonconventional energies. As the most abundant source of clean energy on
the planet, solar energy is an important approach to achieving the goal of carbon neutrality
in the future [1]. To date, three generations of solar cells have been evolved to harvest solar
energy as efficiently as possible [2], but they are still fundamentally limited in terms of
solar cell efficiency, including thermalization losses from the absorption of high-energy
photons, the non-absorption of low-energy photons, extraction losses due to unavoidable
charge carrier recombination, and other mechanisms of energy loss [3].

Quantum dot solar cells offer the advantage of a zero-dimensional structure [4]. Due
to their remarkable multiple exciton generation [5,6], hot carrier effect [7], possible interme-
diate band cell structure [8–10], and multi-junction cell structure [11,12], QDSCs offer the
real possibility of boosting energy conversion efficiency beyond the Schockley and Queisser
(SQ) limit of 32% for traditional silicon-based SCs [13]. In the past few decades, QDs have
been widely researched and integrated in various kinds of SCs, such as Schottky junction
colloidal quantum dot (CQD) SCs [14,15], depleted heterojunction CQDSCs [16–18], quan-
tum junction CQDSCs [19–21], and quantum dot-sensitized solar cells (QDSSCs) [22–24].
However, the PbS QDSCs that have been widely studied have only reached a record effi-
ciency of 13.3% [25], which is far from the theoretical efficiency of 45% for a single-junction
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solar cell [26]. The main reason for this situation is that various sub-band gap trap states
could be introduced in the synthesis and ligand exchange processes of CQD materials.
CQDSCs are still limited by the trade-off between carrier extraction and light absorption.
A typical planar n-p-p+-type PbS QDSC usually features an absorption layer that is only
about 300 nm thick, while a thickness of QD film of about 1 μm is required to achieve
the full absorption of solar radiation. Generally, limited carrier diffusion length (LD) and
depletion width (WD) are the main factors limiting the thickness of the absorption layer [27].
Thus, maximizing the recombination lifetimes of both charge carriers and their transport
properties, which are related to LD and WD, is essential to achieve further advances in the
thickness of the absorption layer. The IBHJ structure is considered to be another effective
solution. IBHJ QDSCs feature a driving force to separate and transport the carriers with
band bending and, at the same time, orthogonalize the direction of light absorption and
electron–hole pair (EHP) separation, so that the absorber layer is thick enough to produce
photocarriers that can be utilized [18]. Their n-type metal oxide acceptor is composed of
1D NWs (usually TiO2 or ZnO; here, we mainly focus on ZnO, since it easily synthesizes
various nanostructures and offers higher electron mobility than TiO2). Simulation studies
have shown that compared with planar solar cells, this type of cell structure is particularly
advantageous when the optical absorption depth is comparable to the thickness of the
device and the rate of carrier recombination in the depletion region is relatively large [28,29].
In addition, 3D structures have been shown to reduce surface optical reflection and en-
hance the absorption efficiency of SCs [30,31]. Moreover, the bending durability of ZnO
NW arrays may offer promising prospects to meet the demands of flexible photovoltaic
devices. Under bending conditions, interpenetrating structures can effectively release stress
and thus resist the performance degradation caused by bending better than comparable
planar devices [32]. Recently, a record short-circuit current density (JSC) of 33.2 mA cm−2

with a power conversion efficiency (PCE) of 10.62% was demonstrated for a PbS IBHJ
QDSC employing the luminescence down-shifting method [33]. Further improvements
of device performance require fine control of the morphology of NWs. For instance, in a
piezoelectric strain sensor, inclined nanowires respond well to vertical contact forces, while
vertically aligned nanowires are more sensitive to surface flow [34]. In IBHJ QDSCs, a
better vertical arrangement of NWs can prevent the formation of large voids during the
deposition of QDs [35]; the density, length, and surface defects of NWs directly affect the
final performance of SCs. Besides, in real-world applications, different synthesis methods
often feature different levels of morphology control precision, and the synthesis method
must be considered to adapt to the application system of QDSC mass production. There-
fore, it is necessary to review the preparation process of NW and analyze the morphology
optimization mechanism of NWs.

In this study, several synthesis methods of ZnO NW are briefly introduced, ranging
from vapor-phase methods and laser interference lithography to solution-based synthesis
methods. The morphology control of hydrothermal-grown NW is mainly discussed, since
hydrothermal (HT) method is simple, easy to operate, and suitable for large-scale applica-
tion. Next, the effects of the geometrical morphology for the HT-grown ZnO NW on the
performance of SCs is surveyed. Finally, the optimization strategies of NW morphology
are discussed. Subsequently, the relationship between the process of photocarrier collec-
tion (electron transverse collection and hole longitudinal collection) and the morphology
of NW is analyzed, and the control of the morphology of NW is proposed. In terms of
interface optimization, the current strategies for the passivation of NW surface defects
are summarized.

154



Nanomaterials 2022, 12, 114

2. Preparation of ZnO Nanowires

Recently, ZnO NWs have gained considerable attention from the academic community
for the fabrication of QD solar cells [36]. A variety of bottom-up approaches, includ-
ing evaporation/chemical vapor deposition [37,38], solution-based synthesis methods
(hydrothermal, electrodeposition) [39], and pulsed laser deposition (PLD) [40] has been
exploited for the synthesis of ZnO NWs. Other growth methods, such as flame transport
approach [41], electrospinning [42], molecular beam epitaxy (MBE) [43] etc., are also pos-
sible. Methods of controlling NW morphology by chemical vapor deposition and laser
interference lithography are briefly introduced in the review, and then the hydrothermal
method is mainly focused on, since it is simple and cheap.

2.1. Chemical Vapor Deposition

Typically, chemical vapor deposition (CVD) for the fabrication of ZnO NWs is carried
out in a tubular furnace, as shown in Figure 1. The quartz boat with the Zn source and
Si substrate were placed at the center of quartz tube, which was placed inside a tube
furnace [44]. Generally, the formation of different diameters and lengths can be achieved by
adjusting the flow rate of the carrier gas and the pressure during growth. In an experiment
using argon as the carrier gas, the length and diameter of the NWs increase with the rise of
oxygen supply. A further increase in the carrier gas flow rate triggers turbulent flow in the
mixing process of the carrier gas and zinc vapor, and irregular results tend to occur [44].
Bhutto et al. [45] found that the final product was very short NWs, or even a layer of thin
film at a low zinc vapor pressure, while the NWs grew with good orientation and uniform
density at an appropriate vapor pressure. The condition of the substrate is another factor
in the growth of aligned NW arrays. Well-aligned and uniform ZnO NW growth requires
epitaxy, and the deposition of a c-oriented polycrystalline seed layer on a non-epitaxial
substrate is an economical and versatile route [46]. Li et al. [47] found that the density of
NWs increased and the degree of vertical arrangement improved with the increase in the
seed layer thickness. Other studies have shown that the different deposition temperature
and deposition methods of the ZnO seed layer also affect the orientation, morphology,
and crystal quality of ZnO NWs grown by vapor deposition [47,48]. Furthermore, the
metal catalysts in the vapor–solid–solid growth method are also important factors [49].
For example, neighboring metal catalysts may coalesce into larger-sized islands, leading
to inferior control over the nanowire position and density when they are located at the
semiconducting substrate during NW growth [50].

Figure 1. Schematic of CVD system used for the growth of ZnO NWs [44].

2.2. Laser Interference Lithography

The optical lithography and laser interference lithography (LIL) techniques, combining
chemical and physical etching techniques to form patterned geometry, are more precisely
designed and controllable methods used in the fabrication of ZnO nanostructures [51].
The LIL technique is based on the interference of two coherent light beams to form a
horizontal standing wave pattern, which is applied to expose and record the patterns
of periodic nanodot arrays (generally spin-coated onto a c-oriented ZnO seed layer) on
the photoresist [52]. Wei et al. [53] demonstrated an approach to the patterned growth
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of ZnO NW arrays by combining the LIL and hydrothermal (HT) growth methods. The
epoxy-based negative photoresist SU-8 was spin-coated onto a 2-inch silicon or sapphire
wafer with a (0001) surface-oriented ZnO layer above it. A uniform pattern of open-hole
arrays was formed at the unexposed locations of the SU-8 layer after two consecutive laser
exposures. Next, the substrate with a patterned SU-8 layer was placed facing downward
into the growth solution for the growth of ZnO NWs, as shown in Figure 2 [53]. In this way,
the diameter, spacing, and length of the NWs can be well controlled.

Figure 2. Schematics of the manufacturing process of ZnO NW arrays using laser interference
techniques: (a) Fabrication process using the LIL approach for large-scale patterned ZnO NW arrays;
(b) scanning electron microscope (SEM) image of patterned SU-8 film; (c) SEM image of patterned
photoresist film [53].

2.3. Hydrothermal Method

Compared with other synthetic methods, the HT method has received widespread
attention due to its advantages, including its low cost, low temperature, high yield, good
expansibility, easy processing, and the flexibility it offers in the choice of both the synthesis
pattern and the initial components (precursors and additives) [34,54,55]. The morphology
and properties of ZnO NWs can be controlled by changing the growth parameters [56,57].
Generally, increasing the growth time causes the nanowires’ aspect ratio to increase grad-
ually, which is attributed to the fact that the axial growth rate is higher than the lateral
growth rate [58,59]. Muchuweni et al. [60] observed improved crystallinity and poorly
aligned NWs with increasing growth time. The length and diameter of the ZnO NWs vary
with the concentration of growth solution; a higher concentration yields a larger length
and diameter [61]. Amin et al. [57] observed the change from NWs to nanopillars and
finally polycrystalline thin films upon changing from lower concentrations (<25 mM) to
higher concentrations (>400 mM). In a similar study, Gerbreders et al. [62] concluded that
the minimum concentration value is 25 mM; concentrations lower than this would lead to
incomplete nanorod formation with chaotic orientations since the solutions would be de-
pleted too quickly. Consistent with the effect of solution concentration, higher temperatures
enhance the driving force of the chemical reaction, giving rise to high-aspect-ratio NWs [58].
The ZnO NW is homogeneous and well-arranged under 90 ◦C, which is considered to be
the optimal temperature in many articles [62]. The PH value is another important factor.
Redundant OH− ions suppress the influence of the competition mechanism, hence the dif-
ference in growth rate in the different directions [62,63]. When the pH value of the solution
is reduced, the acidic environment may etch the seed layer and thus reduce the density
of the NWs, while on the other hand, abundant Zn2+ results in the growth of ZnO NWs
with larger lengths and diameters [56,57]. However, the growth of NWs is not observed
at a low pH value (pH < 4.6 in the research of Amin et al. [57]). This behavior is probably
attributable to the absence of hydroxide complexes (Zn(OH)n), which are essential for the
growth of ZnO NWs [64].
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As in the CVD method, substrate properties also play an important role. The ef-
fects of surface energy and seed layer annealing conditions on seed layer growth and
HT-grown ZnO NWs were investigated by changing different conditions in the research
of Park et al. [65], as shown in Figure 3a. Demes et al. [66] investigated the relationships
between the characteristics of grown NWs and (i) the structural properties and morpholo-
gies of ZnO films (mean grain size (MGS), texture coefficient, and surface coverage rate)
and (ii) growth duration time (t) in detail. The growth process of the NWs is shown in
the Figure 3b. Specifically, the growth of the NWs starts from the nucleation site, with an
initial diameter d0 at the seed layer surface, before proceeding along the lateral as well
as the vertical direction at a rate of Vlat and Vlong, respectively. According to the authors’
observations, the main parameter influencing the NW aspect ratio and dimension appears
to be the mean grain size of seed layers, while the texture coefficient of the seed layer can
greatly influence the NW density [66]. In addition, the morphological properties of NWs
grown using the HT method can also be optimized by postprocessing. Here, we briefly
summarize the dominant factors affecting the morphology of hydrothermally grown NWs
(see Table 1).

Figure 3. (A) Schematics of ZnO NW growth depending on substrate surface conditions and seed
layer: (a) Without the ultraviolet ozone (UVO) treatment under a lower annealing temperature
(Tannealing); (b) with UVO treatment; (c,d) with varied Tannealing conditions [67]; (B) schematic
representation of the NWs; growth [68].

Table 1. Factors influencing the morphology of hydrothermally grown NWs.

Conditions Verticality Density Mean Length Mean Diameter Crystallinity

Seed layer
properties

Thickness
[67–69] -

√
-

√
-

Surface roughness
[65,68,69]

√ √
-

√
-

Texture coefficient
[66] -

√
- - -

Mean grain size
[66,70] -

√ √ √
-
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Table 1. Cont.

Conditions Verticality Density Mean Length Mean Diameter Crystallinity

Nucleation site density
[69,71] -

√
- - -

Crystal orientation
[67,72]

√
- - -

√

Growth time
[57,60,62,73] - -

√ √ √

Concentration of solution
[57,60,62,74] -

√ √ √ √

Temperatures
[57,60,62,73,75]

√
-

√ √ √

pH
[57,62,75–77] -

√ √ √
-

Post-annealing treatment
[77,78]

√
- - -

√

3. Effect of ZnO Nanowire Morphology on the SCs

3.1. Basic Physical Characteristics for IBHJ Photovoltaic Device

The current density in typical silicon p–n junction SCs is given by the sum of the drift
currents in an electric field and the diffusion currents [79,80],

J = qE(nμe + pμh) + q
(

De
dn
dx

+ Dh
dp
dx

)
(1)

where n and p are the electron and hole concentration, respectively, μe(h) is the major-
ity carrier mobility, E is the electric field in the device, and De and Dh are the electron
and hole diffusion coefficients. Generally, the CQD absorption layer is treated as a bulk
semiconductor to describe phenomena such as drift and diffusion, carrier generation and
recombination, and transport and trapping in CQD films [81]. In a depleted heterojunction
CQDSC, a planar heterojunction is formed between the QD film and a wider bandgap
electrode, which establishes a depletion region. The effective carrier extraction length is
defined as WQD + LD, where WQD is the width of the depletion region residing in the QD
absorption layer and LD is the minority carrier diffusion length [82]. The depletion region
width is determined by the doping concentration of the material, which features a trade-off
with the open circuit voltage (VOC). QD materials with low defect density and high car-
rier mobility enable the efficient extraction of photogenerated carriers in the quasineutral
region through the diffusion process. Photocarriers generated in regions further away
from the depletion region than their LD recombine before they can be extracted. This
limited extraction length results in a compromise between the extraction of carriers and the
absorption of light. IBHJ structures can break this balance by decoupling the directions of
photon absorption and charge collection. A typical IBHJ structure is shown in Figure 4a,
where a three-dimensional depletion heterojunction is formed between the NW and the
QD absorber layer. Due to the optimized collection of optical carriers and improved light
trapping effect, QDSCs employing this structure usually feature enhanced short-circuit
current density (JSC) than their planar counterparts. The PV performances of the QDSCs
incorporating ZnO NWs are gathered in Table 2.
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Table 2. PV performances of the QDSCs integrating ZnO NW arrays.

Photoanode QD Material IBHJ QDSC Structure JSC (mA cm−2) VOC (mV) FF PCE (%)

ZnO NWs

PbSe [83] ITO/ZnO/PbSe-EDT/α-
NPD/Au 18.6 420 0.25 1.97

PbS [84] ITO/ZnO/PbS-
BDT/MoO3/Au 17.9 600 0.40 4.3

PbS [85] FTO/ZnO/PbS-CTAB/Au 34.47 361 0.488 6.074

PbS [86] a FTO/ZnO/PbS-CTAB/Au 30.7 420 0.478 6.16

PbS [87] FTO/ZnO/PbS-CTAB/Au 27.9 422 - 6.03

PbS [88] FTO/ZnO/PbS-CTAB/Au 28.8 419 0.47 5.7

PbS [89] b FTO/ZnO/PbS-TBAI/PbS-
EDT/Au 21.51 520 0.450 5.04

PbS [36] ITO/ZnO/PbS-TBAI/PbS-
EDT/Au 29.4 570 0.57 9.6

PbS [32] c ITO/ZnO/PbS-TBAI/PbS-
EDT/Au 17.81 490 0.435 3.81

PbS [90] FTO/ZnO/PbS-TBAI/Au 27.6 351 0.486 4.70

PbS [91] d FTO/ZnO/PbS-TBAI/PbS-
EDT/Au 26.0 497 0.56 7.2

PbS [92] e FTO/ZnO/PbS-CTAB/Au 23.2 603 0.56 7.78

PbS [35] f ITO/ZnO/PbS-TBAI/PbS-
EDT/Au 27.5 540 0.64 9.52

PbS [93] g ITO/ZnO/PbS-TBAI/PbS-
EDT/Au 31.1 610 0.57 10.8

a,d TiO2-passivation. b Mg(OH)2-passivation. c Flexible IBHJQDSC. e SnO2-passivation. f ABA(4-aminobenzoic
acid)-passivation. g H-plasma-passivation.

The depletion width of the CQD photovoltaic devices can be characterized by employ-
ing capacitance-voltage spectroscopy. The total depletion width (WDT) of the device can be
obtained as follows [94],

WDT =

√
qNQDNZnOεQDεZnO

2(εQDNQD + εZnONZnO)
(Vbi − V) (2)

where Ni and εi (i = QD, ZnO) are the carrier density and permittivity of the n-type ZnO
and p-type QDs, respectively. The value Vbi is the built-in potential and V is the applied
bias. NZnO is usually the known parameter while, the carrier concentration of the CQD
film is always obtained using Mott–Schottky analysis by fitting the linear region of 1/C2

(vicinity of Vbi). From WDT, the corresponding depletion region into the CQD film can be
obtained as

WQD = WDT
εZnONZnO

εZnONZnO + εQDNQD
(3)

With the lifetime and mobility known (mobility can be calculated from the SCLC
regime), the diffusion length can easily be calculated according to the formula,

LD =

√
kBT

e
μτ (4)

where kB is the Boltzmann constant, T is the temperature, e is the elementary charge, μ is
the electron mobility, and τ is the carrier lifetime. Other measurement methods of LD can
be seen in the study of Zhitomirsky et al. [95].
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3.2. Density of Nanowires

Generally speaking, the density of NW arrays is an important factor affecting the
performance of IBHJ SCs. Although NW arrays with high density can speed up the
extraction of photocarriers, this leads to a lower volume filling fraction of the QD light-
absorbing materials. More importantly, NW arrays with high density feature larger interface
areas, which undoubtedly increase the carrier recombination at the interface and, hence, a
dramatic VOC loss. In addition, studies have shown that appropriate density control can
enhance the capture ability of incident light. Therefore, it is of great practical significance
to analyze the density regulation mechanism of NW arrays in detail. Progress in this
area has generally been slow for two reasons. On the one hand, accurate and high-quality
synthesis methods, such as photolithography and vapor deposition, often require expensive
equipment, which runs counter to the goal of the large-scale application of QD photovoltaic
devices. On the other hand, NWs grown by simple hydrothermal synthesis methods
usually feature higher area density and more surface defects, and their morphology control
is usually more complex.

A typical IBHJ SC prepared using hydrothermal NW array is shown in Figure 8a. Due
to the high density of the NWs, the QD materials between NWs are usually completely
exhausted. In this case, the surface recombination of NWs and the light harvesting effi-
ciency (LHE) are the main considerations. Theoretically, the lower the nanowire density,
the less constrained the surface recombination, provided that carriers can be collected
efficiently. The usefulness of surface defect passivation is a clear indirect proof of this point.
Ozu et al. [92] used SnO2 layers to passivate the surface of ZnO NWs, and the PCE of
the NW CQDSCs was improved from 5.6 to 7.8% (Figure 4). They attributed this to the
reduced deep-level defect density and an optimized band-gap arrangement. For effective
light management in the IBHJ structures, too large or too small an area density leads to
higher light reflectance, as shown in Figure 5a, and an appropriate area density eventually
leads to higher light absorption and higher JSC. Recently, Tavakoli Dastjerdi et al. [93]
obtained a champion device with a PCE of 10.1% by tuning the areal density of ZnO NWs
(≈150 per μm2) by controlling the precursor concentration. In short, the density control of
NWs requires a balance between the interface area and the light trapping effect of NWs.
However, this is all based on satisfying the effective carrier collection, because spacing that
is too large leads to poor carrier collection between NWs.

3.3. Length of Nanowires

The length of NWs is another important factor affecting device performance, and
related studies have been widely reported. Studies have shown that both the total PCE
and JSC increase with the length of NWs under the condition of constant thickness of
the QD absorption layer, as revealed in Figure 5b [83]. The PCE of the device increases
with the thickness of the QD layer and eventually decreases due to bulk recombination
and increasing series resistance under the condition that the length of NWs is constant
as shown in Figure 5c [91]. In principle, long NW arrays allow the device to adopt a
thicker QD absorption layer and can also enhance the light harvesting efficiency (LHE).
However, increased device thickness eventually results in the deterioration of the carrier
collection for a constant photocarrier diffusion length. Increasing the nanowire length
causes poorer charge collection, since holes photoexcited near the front electrode must
travel a long distance [88]. In addition, longer NWs mean a larger surface area, which leads
to an increase in interfacial recombination events and, thus, a decreased VOC.

Recently, Cheng et al. [91] fabricated devices with varied NW lengths to investigate
the role of NWs in SCs. They found that the PCE reached its maximum under certain
conditions and then gradually decreased, as shown in Figure 6. Through frequency domain
time difference (FDTD) simulation, they found that internal light scattering and local light
concentration caused by 3D structures may result in changes to carrier recombination
dynamics. Increased internal scattering with longer NWs causes the light to concentrate
in a certain region and, hence, an increased carrier recombination rate. Therefore, the
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light trapping effect of NWs needs to be studied in detail to evaluate whether they are
beneficial or harmful to a particular device. Notably, the QD absorber layer must slightly
cover the NW arrays to avoid direct contact between the top ohmic contact and the ZnO.
Jean et al. [84] found that the thermally evaporated MoO3 interlayer, used to protect the
QDs from damage during the destructive reverse contact deposition, could also act as
a physical buffer layer to reduce the problem of short-circuit between the NWs and the
back electrode.

Figure 4. (a) Structural illustration of ZnO NW-based CQDSCs with SnO2 passivation layers; (b) the
J-V characteristics of ZnO NW CQDSCs with or without SnO2 passivation [92].

Figure 5. (A) Reflectance spectra of ZnO NWs with different areal densities grown on certain
substrate [93]; (B) I-V curves of CQDSCs assembled with different length NWs [83]; (C) (a) SEM
images of NW CQDSCs with different NW lengths, (b) corresponding device performance of different
CQD layers [91].

161



Nanomaterials 2022, 12, 114

Figure 6. Performance variations of devices with different characteristics: (a) SEM images of devices
with different NW lengths and CQD layers; (b) PCE, (c) VOC, and (d) JSC for sets of devices with
different conditions [91].

4. Optimization Strategies of IBHJ QDSCs Based on ZnO NWs

4.1. Geometrical Morphology Optimization of Nanowires

The original intention to develop this bulk heterojunction structure was to increase
the electrical contact area between the donor and the acceptor so that the photocarriers
can be collected before they are captured by trap states. Moreover, NWs allow the light
absorption and carrier extraction to be controlled independently [83]. Therefore, our core
aim can be summarized as obtaining efficient carrier extraction and the increased thickness
of light-absorbing materials. As early as 2012, Kramer et al. [96] proposed the spacing of
nanopillars in their research on TiO2 NWs QDSCs (Figure 7). However, longitudinal carrier
collection is neglected, and this process often affects the overall thickness of the SCs.

Figure 7. (A) (a) Schematic and (b) SEM images of CQDSCs; (B) electric field distributions, trap
occupation, and SRH recombination of planar and nanopillar architectures [96].
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Considering the efficient collection of photocarriers, it is necessary to distinguish
between the electron and hole collection processes. To collect photogenerated electrons
efficiently, the pitch size of the NWs should meet the following requirements (Figure 8),

dnp−np < 2 × (WQD + LD) (5)

dtop < WQD + LD (6)

where dnp−np is the average spacing of NWs and dtop is the distance from the top of the NW
to the back electrode. Notably, dtop is an upper bound on collection length. The depletion
situation at the top of the nanowires is usually more complicated. Electrons are mainly
collected horizontally, whereas holes often need to be transported vertically to the host
electrode to form photocurrents. Therefore, the limited collection length of holes directly
limits the length of the NWs and, thus, the thickness of the light-absorbing layer material,

DQD < L + WQD + LD (7)

where DQD is the thickness of the QD absorption layer and L is the mean length of the NWs,
which is limited to the hole collection length. Although studies have shown that holes in
PbS QDs can diffuse a distance of over 1000 nm or longer under certain conditions [88],
experimental and theoretical analysis is still needed to determine the optimal hole collection
length. There are indications that even if IBHJ QDSCs with ultra-long NWs (1 μm to 2 μm)
offer considerable efficiency, poor hole collection is likely to be the main factor limiting their
efficiency. Experiments have shown that the external quantum efficiency decreases as the
NWs grow in the short-wavelength regions, while the near-infrared band light increases as
the NWs grow; this seems to be a good proof [91], since short-wavelength light is usually
absorbed at the top of the cell and the holes usually feature a long collection distance.
A QD absorption layer in the NW root area is likely to form a dead zone because holes are
likely to quench or be captured in traps in the process of diffusion to the back electrode.
Only near the NW top and the bottom of the SCs do the light absorption layer, NWs, and
back electrode form an effective electrical pathway. A more detailed mechanism can be
explored to a certain extent by using more sophisticated FDTD modeling to simulate the
recombination of carriers in the QD region between the NWs. Furthermore, it is worth
mentioning that the above parameters usually need to be determined according to the actual
situation. For example, the width of the depletion region on the QD side usually depends
on the doping concentration of the material. Here, we summarize some parameters of the
bulk heterojunction formed between PbS quantum dots passivated by different ligands and
ZnO in recent years (Table 3).

Figure 8. (a) IBHJ structure based on hydrothermal method; (b) ideal IBHJ structure.
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Table 3. Characteristic parameters of several lead chalcogenide QD material layers.

Ligand CQD Material CQDSC Structure
Doping Density

(cm−3)
Depletion

Width (nm)
Diffusion

Lengths (nm)
PCE
(%)

Organic ligand

PbS-MPA
[95] - - - 30 -

PbS-MPA
[97] - - - 70 -

Halide ligand

PbS-PbX2
[98]

ITO/ZnO/PbS-
PbX2/PbS-EDT/Au 9.94 × 1016 165 52 7.2

PbO-PbS-TBAI
[99]

ITO/ZnO/PbS-
TBAI/PbS-EDT/Au - - 61 9.4

PbAc-PbS-
TBAI
[99]

ITO/ZnO/PbS-
TBAI/PbS-EDT/Au - - 95 10.8

PbS-TBAI
[95] - - - 70 -

PbS-TBAI
[94]

ITO/ZnO/PbS-
TBAI/PbS-EDT/Au 7.3 × 1016

61.0
(at maximum

PCE)
85 8.7

PbS-I2 + TBAI
[94]

ITO/ZnO/PbS-I2 +
TBAI/PbS-EDT/Au 6.8 × 1016

62.5
(at maximum

PCE)
115 10.1

Hybrid ligand

PbS-MPA +
CdCl2
[100]

FTO/ZnO/PbS-MPA
+CdCl2/MoOx/Au/Ag 1 × 1015–1 × 1016 - 80 7.6

PbS-PbX2 +
MPE
[98]

ITO/ZnO/PbS-PbX2 +
MPE/PbS-EDT/Au 1.96 × 1016 288 94 9.6

PbS-
MPA/CdCl2

[97]
- - - 230 -

As the main geometric parameter, the diameter of the nanowires has rarely been
mentioned. Generally, the diameter of the NWs should not be too small, despite their high
doping relative to QD materials. To achieve the maximum depletion width in the radial
direction of the NWs, the diameter of the nanowire must be at least twice the depletion
width of the ZnO NW [29]. Moreover, NWs that are too thin are easy to break during
assembly due to their poor mechanical properties. In order to satisfy these conditions, the
light trapping effect should receive sufficient attention. A high LHE can be achieved by
adjusting the density and length of the NWs. This process, however, is often associated
with the surface area of the nanowires. Striking a balance between low surface area
and optimized light capture is also a critical issue. The final consideration is the surface
passivation of the NWs, which is discussed in the next section.

4.2. Passivation of Defects in Nanowires

ZnO NWs prepared using the low-temperature HT procedure usually feature more
defect states, including shallow-level trapping states originating in the vacancies or inter-
stitials of zinc [101]; and deep level trapping states, which are formed by oxygen vacancy,
hydroxyl groups, and excess oxygen [102]. Studies have shown that shallow defect states
in ZnO can not only improve the electron mobility of ZnO, but also act as an additional
path for electron injection from the QD layer to the NWs in some cases [103]. Instead,
the deep-level trapping states are the critical target of defect passivation because they
mainly serve as the recombination centers of photocarriers [104]. Generally, green and
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yellow emissions in the PL spectra of ZnO are assigned to deep-level defects (red emissions
are associated with either surface oxygen or surface OH groups), while violet and blue
emissions are related to shallow defects [101]. A relevant description is presented in the
article by Vempati et al., as shown in Figure 9a. Hence, we can estimate the defect density
of ZnO NWs from these emissions.

Figure 9. (A) Energy level diagram showing some of the principal defect levels in ZnO [101];
(B) (a) charge dynamic processes occurring at the ZnO NW/QD film interface. TA decay curves of
the PbS QD film, ZnO NW/PbS QD film, and ZnO@SnO2 NW/PbS QD film with a pump light of
470 nm and probe lights of (b) 960 and (c) 1500 nm [104].

The defect concentrations of HT-grown ZnO NWs can be significantly reduced by
annealing [105]. Xu et al. [106] successfully eliminated or passivated the defect-related PL
emissions of ZnO NWs by employing sealed post-annealing treatment. Concerning again
the surface defects of NWs, Kim et al. [107] successfully reduced the number of excess-
oxygen-related defects through thermal annealing in an H2 ambient atmosphere above
300 °C. The excess-oxygen-related deep-level emissions were quenched completely, while
the near band-edge emissions were greatly enhanced when H atoms were incorporated into
ZnO NWs. These H atoms are most likely to exist in the form of shallow donors and may
be removed after annealing at 400 °C [108–110]. Concerning the desorption of hydroxyl
groups, Shi et al. [108] confirmed that annealing at 150 °C results in the removal of OH
groups, but it may also introduce other hydrogen-related impurities. In a study of the
overall performance of devices, Chang et al. [86] found that 350 °C might be the optimal
annealing temperature, and the lowest defect emission and sufficient ZnO crystallinity
were obtained at this temperature.

More recently, Tavakoli Dastjerdi et al. [93] passivated ZnO NW surface states using
the hydrogen plasma treatment. Compared with the untreated NWs, the PL spectrum of
the H-plasma-treated ZnO NWs showed a clear enhancement of near-band emissions and
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a remarkable quenching of the visible emission peak. Through X-ray electron spectroscopy
(XPS) analysis, the authors found an increase in the number of hydroxyl groups and
attributed this to the passivated O-dangling bonds. Despite the increase in hydroxyl
groups, reduced surface oxygen defects and possible H doping may lead to an improved
overall performance [93,107]. Shi et al. [35] obtained a 9.3% PCE by introducing ABA-
modified ZnO NW arrays in QDSCs. In addition to the passivation of ZnO surface defect
states, ABA modification can change the interfacial dipole momentum between ZnO NWs
and CQDs, thus effectively increasing the vacuum level.

Parallel to the class of passivation strategies for post-annealing and surface treatment,
depositing organic/inorganic coatings to passivate the surface of ZnO NWs were also
investigated [91,109]. Zhang et al. [104] clarified in detail the influence of surface SnO2
passivation on the charge dynamic process in ZnO NWs by employing time-resolved pho-
toluminescence (TRPL) and transient absorption (TA) spectroscopy techniques, as shown
in Figure 9b. After SnO2 passivation, the PL intensity of the deep-level defects related
emission clearly decreased and the time constants of the two recombination pathways (R1
pathway, in which free electrons are trapped by defect states, and the R2 pathway, in which
free electrons are recombined with the holes of PbS QDs) increased, which confirmed the
positive effect of the surface passivation layer. Interestingly, Zang et al. [89] revealed the pos-
sibility of insulating interfacial modification with a Mg(OH)2 interlayer; the performance
of the IBHJ QDSCs improved, with a VOC and PCE of 520 mV and 5.04%, respectively.
Through the chemical reaction between ZnO and the TiO2 precursor, Chang et al. [86]
fabricated TiO2-passivated ZnO NW CQDSCs. They provided direct proof of the reduced
recombination in the surface-passivated cell by transient open-circuit photovoltage decay
measurements. The results showed that the TiO2-passivated cells exhibited much slower
decay processes than those of the bare unpassivated cells. More recently, Cheng et al. [91]
significantly minimized VOC losses by passivating a ZnO nanowire surface with ALD TiO2.
Compared with unpassivated devices, the surface-passivated NW devices featured higher
Jsc and VOC, which was attributed to the passivated surface defects. The performance
comparison before and after the passivation process can be seen intuitively in Table 4.

Table 4. Performance optimization of IBHJ QDSCs with passivation strategies.

Passivation
Strategy

CQDSC Structure -
Jsc

(mA/cm2)
Voc

(mV)
FF PCE (%)

H-plasma-
passivation

[93]

ITO/ZnO
NWs/PbS-TBAI/PbS-EDT/Au

non-treated 30.0 591 0.56 9.9

H-plasma
treated 31.1 610 0.57 10.8

ABA-passivation [35] ITO/ZnO
NWs/PbS-TBAI/PbS-EDT/Au

non-treated 27.4 510 0.60 8.41

ABA-treated 27.5 540 0.64 9.52

Mg(OH)2 [89] FTO/ZnO
NWs/PbS-TBAI/PbS-EDT/Au

without
Mg(OH)2

22.62 390 45.66 4.03

with Mg(OH)2 21.51 520 45.08 5.04

SnO2 [92] FTO/ZnO NWs/PbS-CTAB/Au
without SnO2 20.4 580 0.47 5.55

with SnO2 23.2 603 0.56 7.78

CBD-TiO2 [86] FTO/ZnO NWs/PbS-CTAB/Au
without TiO2 28.7 279 0.430 3.50

with TiO2 30.7 420 0.478 6.16

ALD-TiO2 [91] FTO/ZnO
NWs/PbS-TBAI/PbS-EDT/Au

without TiO2 25.3 505 0.54 6.9

with TiO2 26.0 497 0.56 7.2
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4.3. Other Optimization Strategies

The effective infiltration of QDs in NW arrays is an important means of reducing
interfacial defects. However, an important fact is that IBHJ QDSCs may feature a large
number of voids, and these voids could cause a sharp decline in the performance of
devices. Recently, more and more evidence has shown that the deposition method exerts
an important effect on the morphology of thin films. Although the traditional spin-coating
deposition method features advantages in small-scale fabrication due to its simplicity
and practicability, it may be difficult to control the morphology due to the uneven shear
stress distribution during the coating process [86]. In addition, it is still debatable whether
mechanical fractures occur in the process of high-speed rotation of NW arrays, which
aggravate the deterioration of the performance. A new deposition method based on the
meniscus was proposed. “Meniscus-guided” means that the meniscus is shifted across
the substrate by a coating head or viscous force to effectively guide and control film
deposition [110]. Due to the inherent directivity of the coating process, the QDs can be
effectively deposited by penetration. This method is appropriate for large-scale use. By
simultaneously controlling the growth orientation of the NWs and introducing convective
assembly as the CQD deposition technique, the dense packing and efficient infiltration of
CQDs can be effectively improved. In this way, Shi et al. produced a finely interpenetrating
OBHJ structure between ZnO NW arrays and PbS CQDs, and demonstrated a PCE of 9.92%
in the devices [35].

QDSC design for stability is also an important subject for PV commercialization.
Without considering the NW light aggregation effect and similar structural issues, IBHJ
QDSCs are similar to planar QDSCs in that their device lifetime is mainly dependent on
the QD material itself. Current synthesis and defect passivation techniques have been
effective in reducing the oxidation sites associated with the stability of materials. PbS
QDSCs can maintain their initial PCE in air with no encapsulation for 30 days [108]. In
another study, ZnO NW-based CQDSCs exhibited excellent stable properties (the PCE was
almost constant) after being stored in air for 250 days [92]. Further stability optimization
strategies need to consider the mechanism of ambient factors (such as oxygen, water, and
increased temperatures or high intensities of illumination) affecting the QDs. The intrinsic
properties of the QDs themselves and their interplay with other materials are also factors
to be considered [110].

5. Conclusions

IBHJ QDSCs form a 3D depletion region for the high-efficiency utilization of solar
energy, which allows the incorporation of more QD material while maintaining efficient
charge collection. As ETLs, ZnO NW structures should offer optimal electric continuity
and need to be relatively transparent to visible light to avoid photon loss. In this study, an
assessment was performed on the previous research into the preparation of ZnO NWs, and
the effect of the ZnO NW morphology on performance and the optimization strategies of
IBHJ QDSCs were summarized. The conclusions and outlooks are as follows:

(1) The HT method is more suitable for the large-scale application of IBHJ QDSCs due to
its advantages of low temperature, high yield, and easy processing. The morphology
of HT-grown NWs is influenced by the seed layer properties, growth time, concentra-
tion, temperatures, PH, and post-treatment conditions. However, it is necessary to
investigate the mechanism of these influencing factors for the preparation of NWs
with controllable morphologies. Furthermore, the optimization of surface defects and
internal defects and the reliability of HT-doping elements also need to be studied
further to improve the performance of the ETL and to tune the band-gap arrangement.

(2) The density of the NW affects the filling volume of QD materials. High-density NW
arrays not only feature a large VOC loss due to their large interface area, but also cause
high reflectivity in the SCs, reducing the light absorption. The length of the nanowires
determines the depth of the carrier collection and further affects the thickness of the
SCs. However, long NWs often result in poor hole collection and increase the interface
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area. In addition, the length of the nanowires affects the light trapping effect of the 3D
structure, and may cause the aggregation of light absorption and ultimately affect the
recombination of the carriers.

(3) The geometric morphology of the NW exerts a great influence on the transmission and
collection of photocarriers. The optimization of NW spacing needs to take account of
the transverse collection of electrons, while the length of the NW and the thickness of
the SC absorption layer need to be determined after comprehensively analyzing the
longitudinal aggregation of holes. In order to satisfy the carrier collection conditions
as far as possible, reducing the NW density can increase the filling volume of QD light
absorption material.

(4) In order to further optimize the 3D structure, more accurate carrier transport mech-
anism analysis needs to be carried out in combination with electrical simulation to
determine the optimal electrical structure. The light-trapping effect caused by NWs
also needs to be more accurately analyzed, since poor light scattering may lead to
local light aggregation and thus affect the distribution and collection efficiency of
photocarriers.

(5) The passivation of the NW surface is an important way to improve the VOC of IBHJ
QDSCs. Passivation strategies commonly include post-annealing, H-plasma treatment,
and ABA surface treatment. Moreover, the addition of Mg(OH)2, SnO2, and TiO2
buffer layers on the surface of NWs also effectively improves the performance of SCs.
However, the effects of the passivation layer (including the passivation mechanism
of the defects and the band arrangement of the battery) on the three-dimensional
heterojunction remain to be explored. A comparative study of different passivation
layers may be helpful in this regard.
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Abstract: Long-term stable secondary batteries are highly required. Here, we report a unique
microcapsule encapsulated with metal organic frameworks (MOFs)-derived Co3O4 nanocages for a
Li-S battery, which displays good lithium-storage properties. ZIF-67 dodecahedra are prepared at
room temperature then converted to porous Co3O4 nanocages, which are infilled into microcapsules
through a microfluidic technique. After loading sulfur, the Co3O4/S-infilled microcapsules are
obtained, which display a specific capacity of 935 mAh g−1 after 200 cycles at 0.5C in Li-S batteries.
A Coulombic efficiency of about 100% is achieved. The constructed Li-S battery possesses a high
rate-performance during three rounds of cycling. Moreover, stable performance is verified under
both high and low temperatures of 50 ◦C and −10 ◦C. Density functional theory calculations show
that the Co3O4 dodecahedra display large binding energies with polysulfides, which are able to
suppress shuttle effect of polysulfides and enable a stable electrochemical performance.

Keywords: secondary battery; nanocomposite; microcapsule; capacity; stability

1. Introduction

Recently, the demands for electric vehicles and portable electronics have been rapidly
increasing. Considering this, investigations on secondary batteries are considered to be a
significant direction. People are expecting higher capacity, longer cycling life, and faster
charging of secondary batteries. As a promising next-generation secondary battery, the
Li-S battery possesses a high theoretical energy density (2600 Wh kg−1) and low cost of
sulfur [1–4]. Recently, the research on Li-S batteries has been considered to be a significant
field [5,6]. There are many problems for currently available Li-S batteries, such as the
volumetric change of sulfur and shuttle effect reducing the electrochemical performance,
which represent obstacles to commercialization [7].

In order to address those issues, many studies have been reported, in which the
synthesis of yolk-shell structure hosts is considered to be a potential strategy [8–10]. Zhang
et al. reported a yolk-shell ZnO by using a hydrothermal method, which provided a specific
capacity of 1406 mAh g−1 at 0.1C [11]. Jiang et al. synthesized a yolk-shell nanomaterial
consisting of SiO2 core and carbon shell [12]. The cathode based on the yolk-shell SiO2-
carbon delivered 1200 mAh g−1 at a rate of 0.2C. Those achievements indicate that several
yolk-shell structures exhibit enhanced adsorption towards polysulfides [13,14]. Reasonable
engineering yolk-shell structure as sulfur host could promisingly improve the energy-
storage properties [15,16]. However, general and simple preparation approaches for large-
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scale yolk-shell materials are still highly required. In addition, several reports indicated that
typical semiconductor Co3O4 is a promising sulfur host because of its strong interaction
with sulfur and polysulfides [17–20]. With this in mind, developing creative Co3O4-based
composite for Li-S batteries is attractive and would be of great significance [21–23].

Here, we present a microcapsule infilling by a metal–organic framework (MOF)-
derived cobalt oxide nanocage as the sulfur host, which displays a high electrochemical
performance. By using ZIF-67 as a precursor which was prepared through a hydrothermal
approach, a porous dodecahedral Co3O4 nanocage was obtained (Figure 1). The experimen-
tal procedures are presented in the Supplementary Material. Then, Co3O4 nanocages were
encapsulated into microcapsules through a microfluidic strategy. The real-time process of
the cone and the formation of drops are displayed by Movie S1 and S2, respectively. The
prepared microcapsules were carbonized for use as a sulfur host, which showed a long life
of 200 cycles, along with a stable specific capacity of 935 mAh g−1 and a 100% Coulombic ef-
ficiency. After repeated tests, it displays a stable rate-performance, and the battery remains
stable at −10 ◦C and 50 ◦C. Furthermore, density functional theory (DFT) calculations show
that Co3O4 possesses large binding energies towards polysulfides, which are important for
reducing the shuttle effect and enabling a stable electrochemical performance.

 

Figure 1. Microfluidic preparation of Co3O4/S-infilled microcapsules.

2. Results and Discussion

2.1. Structural and Microstructural Characterization

SEM image (Figure 2a) of ZIF-67 precursor shows a dodecahedron morphology with a
size of 500 nm. Figure 2b shows the SEM image of porous dodecahedral Co3O4 obtained
after annealing the precursor. The TEM image (Figure 2c) displays the porous Co3O4
nanocage clearly. The dodecahedral Co3O4 was encapsulated in microcapsule by using
a coaxial focusing method. Figure 2d shows the SEM image of microcapsules with a
size of about 50 μm. The microcapsule was observed by using an optical microscope
(Figure 2e), and it is verified the Co3O4 uniformly distributes in the microcapsule. An
SEM image of Co3O4-infilled microcapsules after annealing is shown in Figure 2f. A TEM
image (Figure 2g) presents the edge of the microcapsule. It is observed that the shell
of the microcapsule is very thin after calcination. After the microcapsules were broken
manually, dodecahedral Co3O4 nanocages inside the microcapsule were observed clearly
in Figure 2h,i. Figure 2j displays the microcapsules after loading sulfur, forming a Co3O4/S-
infilled microcapsule structure. The surface become rough, which indicates that some of
the sulfur was coated on microcapsules.
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Figure 2. SEM photographs of (a) ZIF-67 and (b) dodecahedral Co3O4 nanocage. (c) TEM im-
age of Co3O4. (d) SEM and (e) optical photographs of Co3O4-infilled microcapsules before car-
bonization. (f) SEM and (g) TEM images of carbonized microcapsules. (h) SEM and (i) TEM
photographs of Co3O4-infilled microcapsule after breaking manually. (j) SEM image of microcapsules
after loading sulfur.

The XRD pattern (Figure 3) is assigned to Co3O4 in terms of JCPDS card No. 42-1467,
while the other peaks are attributed to sulfur (JCPDS card No. 99-0066). The signal of Co3O4
becomes unobvious after loading sulfur, which would be ascribed to the cover of sulfur
signals. Figure S1 displays the HRTEM image of the porous Co3O4. The Co3O4 obtained
after annealing ZIF-67 precursor exhibits a good crystallinity. The 0.28 nm lattice spacing
matches the (220) crystalline plane, while the SAED pattern displays several diffraction
rings, indicating a polycrystalline structure [24].

 

Figure 3. XRD patterns of the pristine Co3O4 nanocages and the capsules infilled with Co3O4 or
Co3O4/S composite.

The composition and chemical states of the microcapsules are presented in the XPS
spectra (Figure 4). The peak at 285 eV is from C1s, and the ones at 530 and 790 eV are
ascribed to the O1s and Co2p, respectively, as shown in Figure 4a. The C 1s spectrum
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(Figure 4b) shows two peaks, where the one at 284.6 eV is indexed to graphite carbon.
Moreover, peak at 285.9 eV represents C=O [17]. O 1s spectrum (Figure 4c) exhibits
three peaks at 530 eV, 532.2, and 533.5 eV, corresponding to lattice oxygen, -OH and H2O
molecules, respectively [25–27]. The Co 2P spectrum (Figure 4d) shows 781.0 and 799 eV of
Co2+ [28], and 778.7 and 796.6 eV peaks are from Co3+ [29,30].

Figure 4. (a) XPS survey spectrum of Co3O4-infilled microcapsules. XPS spectra of (b) C 1s, (c) O 1s,
and (d) Co 2p.

The elemental distribution of Co3O4-infilled microcapsules is shown in Figure 5. The
elements C, Co, and O evenly distribute. In Figure 5e, the EDS spectrum shows that the
composition of Co3O4 includes C, Co, and O [31], which has a high purity. Figure 6a
presents the TGA curves of Co3O4-infilled microcapsules measured in air. The mass loss
from 350 ◦C to 480 ◦C is caused by the decomposition of the carbon shell. The drop from
250 to 350 ◦C is attributed to sulfur evaporation [32,33]. The sulfur in the microcapsules is
about 85 wt%, which is significant for a high-sulfur loading. Moreover, pure Co3O4-infilled
microcapsules show that the content of Co3O4 nanocages is about 35 wt%. Figure 6b shows
the Raman spectra of the Co3O4-infilled microcapsules with and without loading sulfur.
The D- and G-bands of carbon locate at 1370 and 1670 cm−1, respectively. In sulfur-loaded
microcapsules, the peaks ranging from 150 to 475 cm−1 are assigned to sulfur.

    

Figure 5. (a) SEM and (b–d) mapping images of the Co3O4-infilled microcapsules. (e) Related
EDS spectrum.
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°   

Figure 6. (a) TGA profiles and (b) Raman spectra of Co3O4-infilled microcapsules with and without
loading sulfur.

2.2. Electrochemical Characterization

Figure 7a displays the CV curves. During the discharge, two reduction peaks at
2.25 and 1.95 V are attributed to the conversion of high-order polysulfide to Li2S4 and
reduction of Li2S4 to Li2S2/Li2S [34,35]. In the charging process, the oxidation at 2.4 V is
ascribed to the conversion of Li2S2/Li2S to Li2Sn [36]. In Figure 7b, two discharge plateaus
at 2.2 and 1.9 V are verified. The platform at 2.4 V in charge corresponds to oxidation
peak [37]. It is noted that the overpotentials are observed, which may be attributed to the
non-completed carbonization and the resulting limited conductivity. Figure 7c shows that
the specific capacity remains 935 mAh g−1 after cycling 200 times at 0.5C (1C equates to
fully charging or discharging the theoretical capacity in 1 h). The Coulombic efficiency
is close to 100%. Compared to the performance of the Co3O4/S-infilled microcapsules,
the capacity of pure sulfur powders is very low. In particular, the capacity decays rapidly
after 150 cycles. In addition, the electrochemical performance of the microcapsules is also
competitive compared to some other composites, as displayed in Table 1. Figure 7d shows
the rate performance after repeated tests. In the second round, specific capacities are 1250,
1150, 860, and 500 mAh g−1 at rates of 0.1C, 0.2C, 0.5C, and 1C, respectively. It recovers to
1190 mAh g−1 once the rate is returned to 0.1C. Microcapsules exhibit a better reversibility
and higher capacities than sulfur powders. It is attributed to the improved conductivity
by the carbon shell and the reduced polysulfide loss by Co3O4 adsorption, which will be
demonstrated by DFT calculations.

The Co3O4/S-infilled microcapsules-based Li-S battery also displays good cycling
stability under different temperatures. Figure 8a shows that the capacity remains at
647 mAh g−1 after cycling 200 times under −10 ◦C. Besides cycling at a low tempera-
ture, the electrochemical performance at 50 ◦C is presented in Figure 8b, showing a specific
capacity of 713 mAh g−1 after 200 cycles. Stable performance indicates that microcapsules
can be used in different conditions, which are significant for practical applications.

Figure 9a displays CV curves of Co3O4/S-infilled microcapsules at 0.6 to 1 mV s−1;
Figure 9b displays a logarithmic relationship according to i = avb, where i and v stand for the
peak current and rate, respectively [49]. The b value of 0.5 represents a diffusive-controlled
process, and b = 1 indicates a capacitive behavior. In this investigation, b values suggest
mainly diffusion-controlled processes. Figure 9c shows the diffusion contribution ratios
calculated on the basis of i(v) = k1v + k2v1/2, where k1v and k2v1/2 stand for capacitive and
diffusion-controlled contributions, respectively. The results were fitted (Figure 9d) based
on IP = 2.69 × 105 × n3/2AD1/2Cv1/2 [50], where Ip is the peak current; n is the number
of electrons transferred during the reaction, which is 2 for Li-S batteries; A is the active
electrode area (1.13 cm2); D is the diffusion coefficient of lithium ion in unit of cm2 s−1;
C is the concentration of Li ions in electrolyte in unit of mol mL−1 [51,52]; and n is the
scanning rate in the unit of V s−1. On the basis of the obtained slopes, the Li ion diffusion
coefficients are calculated to be 3.8 × 10−9 and 1.8 × 10−9 cm2 s−1, which are close to
some reports [53,54]. The good diffusion property is ascribed to the specific microcapsule
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structure, which enables a good environment for contact with electrolytes; the porous
scaffold of Co3O4 nanocages assembled by nanoparticles shortens the transfer pathway
of ions.

  

 

 

Figure 7. (a) CV curves of Co3O4/S-infilled microcapsules-based Li-S battery scanning at a rate of
0.1 mV s−1. (b) Cycling curves at 0.5C. (c) Cycling performance at a rate of 0.5C. (d) Rate-performance
of different samples.

Table 1. Comparison on the electrochemical performance of some composite-based cathodes.

Composite Preparation Method Cycling Rate Cycle Number
Specific Capacity

(mAh g-1)
Ref.

TiO2@Co3O4/S
nanospheres Water bath 0.1C 100 817 [38]

Co3O4 powders/S Hydrothermal method 0.1C 100 706 [39]
Co3O4 -CoN/CC Hydrothermal method 3C 500 627 [40]

Co3O4/CoO/GNS/h-
BN/S Ball-milling 1C 250 356 [41]

S@Co3O4/C Hydrothermal method 1C 500 520 [42]
Nano S/rGO High pressure steam 5C 100 639 [43]
NiCo2S4@S Hydrotherma method 0.5C 500 836 [44]

Yttria hollow
spheres@C/S Hydrothermal method 0.5C 200 842 [45]

Mo@N-G/S Hydrothermal method 1C 500 615 [46]
S@N-Ta2O5/rGO Co-precipitation 2C 600 825 [47]
S@MnO2@SnO2 Hydrothermal method 0.5C 500 566 [48]
Co3O4/S-infilled

microcapsules Microfluidic approach 0.5C 200 935 This work

178



Nanomaterials 2022, 12, 236

  

Figure 8. Specific capacities of Co3O4/S-infilled microcapsules when cycling at different temperatures
of (a) −10 ◦C and (b) 50 ◦C at 0.5C.

  

  

Figure 9. (a) CV profiles of the Co3O4/S-infilled microcapsules. (b) Relationship of log(v) vs log(i).
(c) Contribution ratios. (d) Relationship of peak current vs. rate.

2.3. DFT Calculations

The binding of the Co3O4 with polysulfides was investigated by using DFT calcula-
tion on the adsorption energies. All calculations were conducted by using a Vienna Ab
initio Simulation Package. In Figure 10, a series of surface adsorptions of Co3O4 towards
the polysulfides (Li2S, Li2S2, Li2S4, Li2S6, Li2S8) are presented. According to previous
research [55–57], the (110) lattice plane in the Co3O4 is more prone to exposure due to the
presence of Co3+ on the surface. Therefore, we focused on the adsorption energy of the poly-
sulfides on the Co3O4 (110) surface. The side and top views of the geometric configurations
of Co3O4 (110) surface are shown in Figure 10a. Then, the adsorption models were built up
for the calculation of adsorption energy, which is shown in Figure 11. Figure 10b shows the
surface adsorption energies toward the polysulfides, where the surface adsorption energies
of the Co3O4 toward Li2S, Li2S2, Li2S4, Li2S6, Li2S8 are 3.8, 4.0, 1.7, 3.1, and 3.5 eV, respec-
tively, indicating a good adsorption capability of Co3O4 towards polysulfides. Figure 10c
displays the charge density difference of the adsorption models. The distribution of the
charge density connects polysulfides and Co3O4, indicating an electron transfer between
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Co3O4 (110) surface and polysulfides. The charge density between polysulfides and Co3O4
illustrates the formation of bonds and further verifies the adsorption stability.

Figure 10. (a) Side and top views of the geometric configurations of Co3O4 (110) surface. (b) Surface
adsorption energies towards polysulfides. (c) Electron density differences of the polysulfides (Li2S,
Li2S2, Li2S4, Li2S6, Li2S8).

 

Figure 11. Adsorption models between polysulfides and Co3O4 (110) surface: (a) Co3O4-Li2S;
(b) Co3O4-Li2S2; (c) Co3O4-Li2S4; (d) Co3O4-Li2S6; (e) Co3O4-Li2S8.

3. Conclusions

In summary, a novel microcapsule system encapsulated with MOFs-derived Co3O4/S
nanocages is developed, which displays a good electrochemical performance as a Li-S
battery cathode. Dodecahedral ZIF-67 was synthesized, then it was converted to a porous
Co3O4 nanocage which was infilled into a microcapsule through a microfluidic strategy.
After 200 cycles at 0.5C, the specific capacity of Co3O4/S-infilled microcapsules remains
935 mAh g−1. The Coulombic efficiency is about 100%. The constructed battery also
shows a stable rate-performance, while good capacities are also achieved under both high
and low temperatures of 50 ◦C and −10 ◦C. In addition, DFT calculations verify that
the Co3O4 displays large binding energies towards all polysulfides including Li2S, Li2S2,
Li2S4, Li2S6, and Li2S8, reducing the loss of polysulfides. It is expected that the developed
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microcapsule system and the high performance will be applicable for engineering other
emerging Li-storage nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12020236/s1, Figure S1: (a) HRTEM image and (b) selective
area electron diffraction (SAED) pattern of the porous Co3O4. Movie S1: Real-time process of the
cone. Movie S2: Formation of drops.
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Abstract: An optimal combination of power and energy characteristics is beneficial for the further
progress of supercapacitors-based technologies. We develop a nanoscale dynamic electrolyte model,
which describes both static capacitance and the time-dependent charging process, including the
initial square-root dependency and two subsequent exponential trends. The observed charging time
corresponds to one of the relaxation times of the exponential regimes and significantly depends on
the pore size. Additionally, we find analytical expressions providing relations of the time scales to the
electrode’s parameters, applied potential, and the final state of the confined electrolyte. Our numerical
results for the charging regimes agree with published computer simulations, and estimations of the
charging times coincide with the experimental values.

Keywords: supercapacitors; nanoporous electrodes; charging time

1. Introduction

Among all modern energy sources, supercapacitors demonstrate an extraordinary
power density and an extremely long cycling life [1]. Such rapid charging and discharging
occur due to fast adsorption-electrostatic processes, making supercapacitor technology
environmentally friendly. These advantages open up a wide range of possible applications
from small devices [2] to electric cars [3]. However, the widespread use of supercapacitor
technology is limited by their relatively low energy density [4]. The implementation of
nanoporous electrodes led to a severe increase in energy density through a significant in-
crease in capacitance, first experimentally observed in sub-nanoporous carbon materials [5].
Moreover, subsequent experiments showed that the pore size giving the highest capacitance
corresponds to the diameter of the electrolyte molecules [6]. The capacitance’s oscillatory
behavior as a function of pore size has been successfully described in terms of the classical
density functional theory (c-DFT) [7], accounting for confined properties of the charged
hard spheres at an applied electrostatic potential. The state of the art c-DFT approach [8]
allows one to investigate how the supercapacitor parameters, namely electrodes’ pore
sizes [9,10] and electrolyte composition [11–13], affect energy storage performance.

In spite of the long history of [14–16] studies of porous electrode charging, the vast
majority of existing dynamic models correspond to meso- and macropores (pore size
H ≥ 2 nm), where the properties of confined dilute electrolytes are similar to the bulk ones.
In this case, the charging time is often estimated using the transmission line model (TLM),
first proposed and thoroughly studied in Refs. [14–16]. The TLM treats the electrolyte-filled
pore as an equivalent circuit of resistors and capacitors. The corresponding total resistance R
and capacitance C take into account the properties of the electrolyte in the bulk and double
electric layer (EDL) states, respectively. More than half a century ago, de Levy proposed a
diffusion equation for the electrostatic potential difference between the pore surface and
the central plane, which leads to a time scale RC [14,15]. Significantly, the effective circuit
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is used nowadays to investigate the various properties of the electrolyte charging [17–19].
Biesheuvel and Bazant extended transmission line approach considering pure capacitive
process Ref. [20] and Faradaic reaction Refs. [21,22] in porous electrodes. For low applied
potentials U 
 25 mV model [20] results in the TLM, which is the linearization of Poisson–
Nernst–Planck (PNP) equations [23] at this limit. Because of the assumption of low applied
potential, TLM misses some critical phenomena [24] at conditions corresponding to the
majority of applications U ∼ 0.1–1 V. For example, the nonlinear model [20] predicts
the slower charging at higher potentials, which is crucial for the power performance.
However, the PNP calculations [24] showed that this predicted charging slowdown is
overestimated due to the unaccounted surface conductivity. Thus, an accurate description
of the electrolyte–electrode interface is crucial for adequately modeling nanopore charging
at moderate/high applied potentials.

Very recently, the TLM approach has been applied to nanoporous electrodes (H ∼ 2 nm),
and realistic scaling of the charging time has been obtained in terms of physically deter-
mined parameters [19]. The authors of ref. [19] have also shown that two comparable
timescales exist at high applied potentials: the first one corresponds to the equivalent
circuit model, and the second timescale is related to adsorption. A more detailed analysis
of the charge dynamics in nanopores requires information on the packing properties of
finite-sized ions, which goes beyond the [19] TLM models. The most realistic description
of ion transport in nanopores was obtained using the molecular dynamics (MD) method.
Molecular dynamics (MD) simulations [25,26] demonstrated that the charging of the elec-
trolyte filled pores is described by three consecutive regimes (modes). More precisely, the
charging starts with ions diffusion characterized by the slow squared-root dependence of
the total charge on time. Further, ion transport corresponds to two exponential regimes at
the intermediate and late times. The second exponential regime with a higher relaxation
time becomes crucial in ultra-narrow pores, which results in a significant slowdown of the
charging. The authors of ref. [27] demonstrated how to speed up the nanopores charging
using time-dependent applied potential. Such control of the applied potential allows the
ions to avoid the molecular clogging which causes the sluggish dynamics. Therefore,
modeling the ions’ transport inside nanopores is critical to designing the supercapacitors
with the optimal relation between storage and power properties. In addition, an actual
application of the ion transport models is capacitive deionization technologies which use
an electrostatic field to remove salt ions and provide the water desalination during the
filtration through porous electrodes [28]. Additionally, the recent experiments [29] demon-
strated that the salt ions could be excluded from the confined water because of the steric
effects of the nano-scale slit pores. Thus, it is crucial to combine the electrostatic and steric
properties to model the ion transport inside the nanopores properly.

This paper describes the ion dynamics inside a nanopore as wide as a molecule. Such
sub-nanoporous electrodes are necessary for further advances in supercapacitor-based
technologies. However, the sub-nanopore size limitation causes a significant slowing down
of ion motion and, consequently, the charge. We develop a theory based on the time-
dependent version of the c-DFT approach (see refs. [30,31] for one of the first derivations,
and ref. [32] for the comprehensive literature review). More precisely, we derive and
numerically solve the transport equations for the charged ions in the three-dimensional
narrow slit pores. Such pores exhibit negligibly small values of the width-to-length ratio,
which allows us to derive an asymptotic model—a one-dimensional transport equation
reflecting the properties of the ion dynamics inside 3D slit nanopores. The proposed
theory describes three consecutive charging regimes: an initial root-square process and
two exponential regimes with different time scales. The last exponential regime plays
a crucial role in the ultra-narrow pores (pore width is around ion diameter) and results
in the charging slowdown. Before the current work, the details of the charging inside
ultra-narrow pores had been investigated using MD simulations only [25–27]. Indeed,
since we use an accurate thermodynamic potential, our model accounts for the electric and
packaging properties of finite-sized ions within the nanopores. It is an advantage over
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recently published dynamic models [18,19], and allows us to relate charging times to the
given characteristics of nanopore supercapacitors.

2. Model

We use the slit pore geometry shown in Figure 1, which describes the spatial struc-
ture of modern porous materials, such as graphene based electrodes [33,34] and graphene
oxide (GO)/MXene fibers [35,36], exhibiting aligned slit-nanopores of width H compa-
rable to electrolyte diameter d and length L � H. The considered materials are used in
supercapacitor’s technologies as the porous electrodes which accumulate charge through
electric double layer formation without chemical reactions. More precisely, these ma-
terials show promising applications for wearable electronics and smart textiles devices
due to outstanding energy density and high flexibility [37]. Moreover, our geometrical
representation of the pore closely resembles recent molecular dynamic simulations of the
supercapacitors [26,27], which allows us to make a comparison of our predictions with the
MD-simulated electrolyte’s behavior. The electrodes with inhomogeneous pore-network
considered in refs. [21,38,39] are beyond the scope of our work. However, the developed
model of individual slit nanopore charging can be implemented as a pore-network building
block in the case of a non-trivial pore-size distribution [39]. A possible implementation
follows from ref. [39], where our transport equations can replace the Navier–Stokes equa-
tion for the effective medium approximation—the porous reservoir is a uniform network
of equal short pores.

x

z

L

H

O U > 0

d

Figure 1. Slit pore connected to bulk volume of symmetric electrolyte, constant electric potential is
applied to the pore walls.

In the case of slit pore geometry (Figure 1), the dynamic component density ρi(t, x, z)
for i = 1, . . . , n (where n is the number of components) depends on the coordinate x in
lateral direction along the pore’s surface and the normal distance to the surface z. Notice,
that we assume the homogeneous distribution in the direction which is perpendicular to
the x- and z-coordinates, see Figure 1. Therefore, to describe dynamics of the charging
process, we apply the time-dependent version of c-DFT [40] in two spatial coordinates
(x, z), defined in the general form as

∂tρi − βDi∇(ρi∇μi) = 0, (1)

where Di is the diffusion coefficient of i-th component, β = 1/kBT, kB is the Boltzmann
constant, T is the temperature, ∇ = {∂x, ∂z} is 2D gradient vector, and μi(t, x, z) is the local
chemical potential of the i-th component.

To describe the confined electrolyte we use one of the most popular c-DFT approaches
based on the confined hard sphere model [41] and an electrostatic extension [42] account-
ing for the contributions from Coulomb interaction and additional finite size residual
correlations. The electrode’s pores are considered as an open system connected with a
bulk electrolyte. In accordance with Ref. [40], the chemical potentials μi(t, x, z) have the
following form

μi = kBT log
(

ρiΛ3
)
+ eZiψ +

δ fexc

δρi
, (2)

where ψ is the electric potential, e is the proton charge, Zi is the ion valency, Λ is the de
Broglie wavelength. The electric potential ψ(t, x, z) satisfies the Poisson equation

βeΔψ = −4πlB
n

∑
i=1

Ziρi, (3)
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where Δ = ∂xx + ∂zz is the 2D Laplace operator and lB = βe2/4πεε0 is the Bjerrum length.
A detailed description of the used c-DFT approach including particular form of the excess
term fexc can be found in Appendix D. Additionally, see in Appendix D the static the
capacitance’s properties from implemented c-DFT which correspond to model [9] and show
the realistic behavior.

Initially, no electrostatic potentials are applied, and the total charge of the symmet-
ric electrolyte is zero. We consider a step charge when the potential changes abruptly
from zero to some positive value U > 0. The applied potential causes the influx into
the pores of oppositely charged ions called counter-ions (anions in the case of U > 0),
while ions with a charge of the same sign as the applied potential (co-ions, cations for
U > 0) are pushed out of the pore volume. Inside sub-nanopores, the local increase in
the counter-ion density can strongly influence the co-ion desorption, hindering their re-
lease due to counter-ion clogging and thus leading to a notable slowdown of the charging
process [26]. The main variables of interest are the charges associated with individual
electrolyte components Qi(t) = −eZiL−1

∫ L
0

∫ H
0 dx dz ρi(t, x, z) and the surface total charge

density Q(t) = ∑n
i=1 Qi(t). The final charge Q∞ corresponds to the steady distributions

ρ∞
i (t, x, z) ≡ ρ∞

i (z), which are in equilibrium with the bulk electrolyte and depend on the
applied potential U.

Considering Equations (1) and (3) in the slit-pore geometry (see (A5) and (A6)) with
very small ratio H/L 
 1, we seek the solutions of Equation (1) in the following forms:

ρi(t, x, z) = ρ0
i (t, x, z) +

H2

L2 ρ1
i (t, x, z) + . . . , (4)

ψ(t, x, z) = ψ0(t, x, z) +
H2

L2 ψ1(t, x, z) + . . . . (5)

where upper indices correspond to the O(1) and O(H2/L2) problems. As one can see in
Appendix A, we use the O(1) equations to find that μ0

i (t, x, z) ≡ μ0
i (t, x) do not depend on

the z-coordinate; and electrostatic potential ψ0(t, x, z) can be found from the O(1)-Poisson
equation. Therefore, the O(1)-problem allows us to describe the z-coordinate dependence,
while O(H2/L2) provides information about dynamics and x-coordinate distribution. One
of our most striking results is the demonstration that a complete solution to the problem
O(H2/L2) is not required. Indeed, we derive an asymptotic model describing charging
dynamics in terms of the pore cross-section averaged quantities for the O(1)-variables
ρ0

i (t, x, z) and μ0
i (t, x, z), as follows (see details in Appendix A):

∂tρ
0
i (t, x)− βDi∂x

(
ρ0

i (t, x)∂xμ0
i (ρ

0
1, . . . , ρ0

n)
)
= 0. (6)

where, ρ0
i (t, x) =

∫ H
0 dz ρ0

i (t, x, z)/H are pore cross-section-averaged densities, and
μ0

i = μi(ρ1, ..., ρn) are functions of averaged densities only, see Appendix B. We close the
1D transport equation by the following initial and boundary conditions:

ρ0
i (t, 0) = ρ∞

i (U), (7)

∂xμ0
i (t, L) = 0, (8)

ρ0
i (0, x) = ρi|U=0 (9)

where Equations (7) and (8) correspond to the open and closed boundaries, respectively;
Equation (9) is the initial condition accounting for the confined electrolyte properties at
U = 0. Such partial differential Equation (6) with (7)–(9) can be solved numerically using
c-DFT as discussed in Appendix C.
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Notice, that here and below we use ρi ≡ ρ0
i , μ ≡ μ0 and ψ ≡ ψ0 the dominant

terms in the expansions (4) and (5) over small parameter H/L. The chemical potentials
μi are defined by the popular confined fluid c-DFT model, see Appendix D. It allows
us to account for the realistic behavior of the electrolytes in confinement: alteration of
over-screening/crowding interfaces [43]; the capacity oscillations in narrow nanopores [6].
Such subnanoscale properties are beyond the scope of the PNP equations [24], linear TLM
models [23] or their very recent modifications [17,19]. Thus, since the derived transport
equation correctly describes the ions-packing properties and the electrostatic fluctuations,
we can extend the theoretical study to the ultra-narrow pores comparable to molecular size.

3. Results

Similar to some molecular simulations [25,26], we assume that electrolyte is a symmet-
ric two component mixture consisting of the molecules with the diameters d1 = d2 = d
and the charge valences Z1 = −Z2 = 1. For the sake of simplicity, we set the diffusion
coefficients of the components to be equal D1 = D2 = D. In the case of this symmetric elec-
trolyte, it is also useful to introduce, following [9], the dimensionless variables H∗ = H/d,
U∗ = eU/kBT, Q∗ = Qd2/e, ρ∗ = ρd3. It can be shown from dimensional arguments that
the characteristic time for the considered problem is L2/D and one can also introduce the
scaled time t∗ = tD/L2 = t/τ.

The charges of electrolyte components are conveniently defined in terms of average
densities as Qi(t) = −eZi HL−1

∫ L
0 dx ρi(t, x). An example of the calculated time-dependent

charges Q(t) for subnanopore electrodes (H∗ = 1.5 and H∗ = 2) at sufficiently high po-
tential U∗ = 10 is shown in Figure 2a,b. A discussion of the used numerical methods can
be found in Appendix C. As one can see from Figure 2a, the root-square law Q ∼ √

t
describes the notable part of the charging process at early times well. However, when the
charge Q approaches the saturated value Q∞, the trend changes to the exponential one.
Figure 2b shows that in the case of larger pores with H∗ = 2, the charging up to almost
95% is described by the following equation:

Q
Q∞

= 1 − 8
π2 e−t/τ1 . (10)

Expression (10) is the leading term of the analytical solution of the TLM [24]. De-
spite that the pores sizes H ∼ d and potentials U > kBT/e are significantly beyond the
ranges of TLM applicability, the published computer simulations [25,44] show the ade-
quacy of exponential trend in Equation (10) for fitting of the charge dependency on time.
We observed that at late times the calculated profiles Q(t) in Figure 2b follow another
exponential trend succeeding (10), which is notably slower and describes the charging until
almost full saturation. The experimentally observed charging time for supercapacitors is
around 103 s, while the published dynamic DFT models result in enormously underesti-
mated values ∼10−9 s [19]. The proposed model provides both the realistic behavior of
the capacitance’s properties (Appendix D) and correct charging time scales. To provide
numerical estimations we have used experimental parameters from refs. [19,45]: the pore
length is L = 0.5 mm and confined diffusion coefficient D = 2 × 10−10 m2s−1. The full
charging times estimations in the physical units for the pores H∗ = 1.5 and H∗ = 2 shown
in Figure 2b correspond to around 700 s and 400 s, respectively, which agrees with the
experimental characteristics.
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Figure 2. (a) The non-dimensional total charge (solid lines) profiles in the pores with different widths
H∗ = 1.5 and H∗ = 2.0. The dashed lines indicate the square-root trends at early times. (b) The
slit pore charging (solid lines) in the linear-log scale for H∗ = 1.5 and H∗ = 2.0. Long-dashed and
short-dashed lines show two exponential trends (long-dashed and short-dashed lines) at intermediate
and late times. (c) The separated total charge contributions from co-ions (red) counter-ions (blue) as
function of time. In all plots U∗ = 10 and τ = L2/D.

Calculations for a wide range of system parameters show that the full charging (say
95% for the sake of concreteness) in pores with H∗ ≥ 2 is described by the first exponential
trend in Equation (10). For this reason, we use Equation (10) to fit the charging time τ∗

1
from the calculated profiles Q(t). Figure 3 demonstrates that the charging time for the
electrodes of width 2 ≤ H∗ ≤ 4 and various electrolyte bulk densities ρ0 and applied
potentials U∗ ≤ 4 can be explicitly expressed in terms of macroscopic parameters as

τ∗
1 =

4
π2

Q∗
∞

ρ∗∞U∗H∗ . (11)

Here, ρ∗∞ = ρ∗1,∞ + ρ∗2,∞ is the total final density; the coefficient 4/π2 is obtained from
the comparison with the TLM. The potentials considered here (up to 0.1 V in dimensional
terms) correspond to the lower range of the values used in the modern experiments [45–47],
but are significantly beyond the formal applicability range of the TLM [24]. To compare
result Equation (11) with TLM relaxation time we consider the limit of large pores (H∗ � 1)
at extremely low potentials (U∗ 
 1). Unlike nano-confinement, in this limit, the total
density is almost constant ρ � 2ρ0, and the charge can be calculated from the linearization
of the Gouy–Chapman theory Q∗ � 4ρ∗0U∗λD/d, where λD is the Debye length. Inserting
these approximations in Equation (11), we obtain τ∗

TLM = 4λD/(π2hp), where hp is the
ratio of pore cross-sectional area to perimeter. Expression τ∗

TLM fits the TLM relaxation
time from ref. [24]. Significantly, such assumptions are not relevant to nanopores charging
due to the properties of the confined electrolyte. For example, the total charge Q becomes
an oscillating function of H, average densities strongly depend on the ion sizes, and
electrostatic correlations play a crucial role. Thus, our result Equation (11) generalizes the
TLM predictions for the case of the charging in nanopores at moderate potentials. Thus,
our approach is more general than standard TLM since it describes the charging at realistic
nanopores conditions.

In addition, we have not met the derived expression (11) in the literature. However,
we observed an interesting connection between expression (11) and the very recent result
for the charging time published in ref. [44]. The authors of ref. [44] used the effective
circuit to obtain RC-time of the charging inside nanoporous Metal Organic Frameworks
electrodes. The application of this adopted TLM approach from ref. [44] to slit pores gives
the following expression for relaxation time

τaTLM =
4

π2
CaL2

σl
, (12)

where using the notation adopted in ref. [44] the areal capacitance can be expressed as
Ca = Q∞/2U; the ionic conductivity inside the pore can be expressed in terms of the
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electrical mobility of ions m = eD/kBT and ions density ρ∞ as σ = eρ∞m. Inserting these
electrolyte characteristics into Equation (A51) one can obtain that τ∗

aTLM = τ∗
1 , see details in

Appendix E. Therefore, Equation (11) is equivalent to one from the nanopores RC-circuit
developed in ref. [44]. The advantage of our approach over the adopted TLM is self
contained form provided by c-DFT’s calculations without highly cost simulations.

Figure 3. The calculated dimensionless charging time τ∗
1 for the electrodes with H∗ > 2 at the external

potentials U∗ ≤ 4 and the bulk electrolyte densities ρ∗0 = {0.2, 0.3} versus the scaling law (11). The
arrow shows direction of the pores size increase.

The three consecutive dynamic regimes predicted in our work describe the results of
molecular dynamics simulations published in refs. [25–27]. Similarly with ref. [25,26] we
observed a stark contrast between the charging dynamics inside ultra-narrow H∗ = 1.5
and wider H∗ = 2 pores shown in Figure 2, for comparison, see Figures 2 and 3 in ref. [26]
and ref. [25], respectively. In Figure 2b the first exponential regime (10) for H∗ = 1.5 covers
the charging up to only 75%. Therefore, the significant part of the full charging inside
ultra-narrow pores (H∗ = 1.5) is defined by the slower second exponential trend: the
charge to 95% is ∼2 times slower than in the case of wider pores H∗ = 2.

To investigate this effect numerically, we described the charge profiles near the satura-
tion Q(t) ∼ 0.95Q∞ in terms of another exponential trend Q/Q∞ = 1 − A2e−t/τ2 , where
τ2 ≥ τ1 and A2 are the fitting parameters. The results for the corresponding relaxation time
τ∗

2 are shown in the inset of Figure 4. As one can see from this inset, expression (11) fits
the charging time in larger pores (H∗ ≥ 2). However, we observed that in the case of the
ultra-narrow pores H∗ ≤ 1.7, charging slow down becomes notable. We observed that the
charging slowdown starts as the pore width becomes less than two molecular diameters
(H∗ < 2). In such confinement, the electrolyte behavior near the wall crucially influence
on the ions distribution inside whole pore. Accordingly, it is reasonable to correlate the
charging inside narrow pores not only with the average inner density ρ but the wall-contact
density as well. As one can see from Figure 4, the charging time in ultra-narrow pores
(H∗ ≤ 1.7) at high potential can be fitted to the following expression

τ∗
2 =

ρ∞
ρ∞(d/2)

+ a1
H∗ − 1

U∗ (13)

where ρ∞(d/2) = ρ∞,1(d/2) + ρ∞,2(d/2) is the wall-contact density at the final state of
complete charging and a1 � 0.6 is the fitting parameter. The inverse dependence of charging
time (13) on the potential U contributes as the pore’s width increases. This behavior is
consistent with the high potential limit (H∗ρ∗∞ � Q∗

∞) of expression (11), which fits the data
well around H∗ = 2.
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Figure 4. The dimensionless charging timescale τ∗
2 for the electrodes with 1.3 ≤ H∗ ≤ 1.7 at the high

external potentials 10 ≤ U∗ ≤ 20 versus the scaling law (13). The inset shows the same timescale
versus the scaling law (11); the pores with H∗ ≤ 1.7 and H∗ ≥ 2.0 are marked with purple and
orange ellipses.

To discuss the slowdown dynamics inside ultra-narrow pores we considered the
dynamics of the co-ions/counter-ions separately. We observed that the contributions to
total charge from the co-ions Q1(t) and counter-ions Q2(t) shown in Figure 2c exhibit
significantly different relaxation times. More precisely, the counter-ions adsorption proceed
more rapidly than slow outflux of the co-ions. Therefore, at the late times the counter-
ions contribution is almost equal to the final charge Q2 � Q∞, while the co-ions’ slow-
release decrease the total charge Q∞ − Q1. The possible explanation of this phenomenon
is that the co-ions are trapped in the crowded counter-ion phase. Such behavior of the
ions in nanopores was observed in MD simulations of symmetric electrolyte [26,27]. To
demonstrate that expression (13) is in agreement with this explanation, we consider the
ultra-narrow pores H ∼ d. Then, the second term in Equation (13) is negligible and the
counter-ion density dominates ρ∞,2 � ρ∞,1. Therefore, the relaxation time (13) can be
written as τ2 = L2ρ∞,2/Dρ∞,2(d/2). At the late times, such dynamics is equivalent to a
diffusion process of co-ions with the effective diffusion coefficient D1 = ρ∞,2D/ρ∞,2(d/2),
while the counter ions component is already in equilibrium. This coefficient D1 < D
is defined by the density and structure of the counter-ion component distribution, that
confirms the idea that the the abrupt counter-ions adsorption induces slow diffusion of the
co-ions.

This paper proved the concept of H/L-expansion in application to the nanoporous
charging compared with the experiment and simulations results. This approach could be
helpful in applications beyond the charging time calculations. For example, we recently
became aware of paper [48], where the authors use the same asymptotic approach to
calculate the impedance response in slit pores. In the future, the developed model could be
perspective in the following research directions.

(I): We considered only the popular version of the Constant Potential Method
(CPM)—the charging starts when the surface potential suddenly steps from zero to some
value. However, the CPM mode does not cover charging at a constant electric current
widely used in Galvanostatic Charge–Discharge (GCD) measurements. Additionally, re-
cent MD simulations in ref. [27] show that the charging in nanopores can be accelerated
applying time-dependent potential U(t), which allows one to avoid ion clogging near the
orifice. First of all, to describe the GCD- and U(t)-modes for the realistic supercapacitor’s
setup, one needs to account for the dynamics of the neutral electrolyte stored in the finite
bulk volume between two oppositely charged porous electrodes. Therefore, the proposed
model should be improved by accounting for the bulk electrolyte, as recently done for the
TLM in ref. [17], and for PNP equations in ref. [49]. Then, the time-dependent potential
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can be accounted for in boundary condition (8), assuming that U(t) varies slowly then
the diffusion time scale in z-direction H2/D. Possible realization of GCD mode follows
from very recent ref. [50]—one can use the boundary condition at x = 0 which indicates
an applied current with the given period and amplitude (see Equation (7c) in [50]). (II):
Our model is applied to the porous electrodes with flat smooth inner surface. Recently
we developed model for the electrolytes structure near the electrodes with rough surfaces
ref. [51]. Therefore, the proposed approach could be extended to the porous materials
with rough surfaces accounting for the modified Poisson equation from ref. [51]. (III):
We considered purely electrostatic supercapacitors, also known as electric double-layer
capacitors. However, our approach can be extended to the pseudocapacitors’ charging
mechanism based on the Faradaic processes (redox reactions). For this case, the possible
modifications are discussed in ref. [21], where the authors extended the porous electrode
theory from [20], accounting for the Faradaic reaction rate. Notice that these fast reactions
differ from the charging mechanism of Li-ion batteries, where the chemical reactions induce
the changes in the electrode molecules making/breaking chemical bonds.

4. Conclusions

In conclusion, we developed a model of the charging dynamics in slit nanopores
accounting for the confined properties of the electrolyte. We made significant simplification
of the dynamic equations exploiting the slit-pore geometry but remaining the properties
of the confined electrolytes. The developed model demands much lower computational
resources than computer simulations and allows the investigation of a wide range of
electrolyte and electrode parameters. Unlike the previous c-DFT applications to the ion
dynamics, our results for the charging time coincide with experimental data well [19]. In
addition, we described three consequent regimes of the supercapacitor’s charging: the
initial root-square diffusion and two exponential regimes with notably different time scales.
These results agree with molecular dynamic simulations published in refs. [25–27]. We
identified a threshold pore width below which the second exponential regime defines
the full charging time. In this case, the charging inside ultra-narrow pores is notably
slower and depends on the contact wall electrolytes density. These numerical estimations
are crucial to avoid power density decrease using the ultra-narrow pores. Thus, the
developed model will help investigate the relations between the supercapacitors’ storage
and dynamics properties.
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Abbreviations

The following abbreviations are used in this manuscript:

c-DFT Classical density functional theory
TLM Transmission line model
MD Molecular dynamics

Appendix A. Derivation of Pore Cross-Section Averaged Equations

Here we the describe derivation of the pore cross-section averaged equations

∂tρi − βDi∂x(ρi∂xμi) = 0 (A1)

from the original three dimensional system

∂tρi − βDi∇(ρi∇μi) = 0, (A2)

μi = kBT log
(

ρiΛ3
)
+ eZiψ +

δ fexc

δρi
, (A3)

βeΔψ = −4πlB
n

∑
i=1

Ziρi. (A4)

Please refer to the main document for context and notation.
We consider transport along the slit pore aligned with the x-axis and perpendicular

to z-axis. The aspect ratio of the pore is assumed to be large, and accordingly, we adopt
classical thin-film / lubrication approximation scaling. The pore width H, length L, and
applied voltage U are used as scales for z coordinate, x coordinate, and potentials μi,
respectively. Additionally, for the sake of concreteness we scale Di for different components
with the value of the first component diffusion coefficient D at bulk conditions. Timescale
of the problem is defined by L2/DβeU and characteristic density is βeU/4πlBH2.

After scaling, the dimensionless transport and Poisson equations are

δ∂tρi − δ∂x(Ki∂xμi)− ∂z(Ki∂zμi) = 0, (A5)

δ∂xxψ + ∂zzψ −
n

∑
i=1

Ziρi = 0. (A6)

Here, δ = H2/L2 
 1 and the additional definition Ki = Diρi is introduced.
The system is supplied with boundary conditions enforcing zero fluxes

− Ki∂zμi = 0, z = 0, 1. (A7)

and the value of electrostatic potential

ψ = 1, z = 0, 1. (A8)

at the channel walls.
We seek a formal asymptotic expansion of the densities ρi and the potential ψ in power

series of δ → 0

ρi = ρ0
i + δρ1

i + . . . ,

ψ = ψ0 + δψ1 + . . . .

Substituting the latter expansion to (A5)–(A8) and collecting terms of the same order,
one can obtain the O(1) problem:

− ∂z

(
K0

i ∂zμ0
i

)
= 0, (A9)

194



Nanomaterials 2022, 12, 587

∂zzψ0 −
n

∑
i=1

Ziρ
0
i = 0, (A10)

− K0
i ∂zμ0

i = 0, z = 0, 1. (A11)

ψ0 = 1, z = 0, 1. (A12)

Here, K0
i = Diρ

0
i , μ0

i = μi
[
ρ0

1, ..., ρ0
n, ψ0]. Solution of the O(1) problem will be discussed

below. Here we only note that using (A9) and the boundary condition (A11), one can also
promptly get

∂zμ0
i = 0. (A13)

Details of O(1) problem are further considered in Appendix B.
O(δ) problem:

∂tρ
0
i − ∂x

(
K0

i ∂xμ0
i

)
− ∂z

(
K0

i ∂zμ1
i + K1

i ∂zμ0
i

)
= 0, (A14)

∂xxψ0 + ∂zzψ1 −
n

∑
i=1

Ziρ
1
i = 0, (A15)

− K0
i ∂zμ1

i − K1
i ∂zμ0

i = 0, z = 0, 1. (A16)

ψ1 = 0, z = 0, 1. (A17)

Here K1
i = Diρ

1
i and

μ1
i =

n

∑
j=1

δμi
δρj

[
ρ0

1, ..., ρ0
n, ψ0

]
ρ1

j +
δμi
δψ

[
ρ0

1, ..., ρ0
n, ψ0

]
ψ1.

The solution of the O(δ) problem is beyond the scope of the study. We limit ourselves
to consideration of dynamical problem in the leading order of approximation and use O(δ)
problem for rigorous derivation of the averaged equations only.

Integrating (A14) over the pore width and using boundary conditions (A16) and
corollary (A13) one can get

∂tρ
0
i − ∂x

(
K0

i ∂xμ0
i

)
= 0. (A18)

Here, f =
∫ 1

0 dz f . The condition (A13) is used here while integrating the second term
of (A14) by parts and to replace μ0

i by μ0
i . The Equation (6) is essentially (A18) written in

dimensional terms after dropping superscripts.

Appendix B. O(1) Problem

Casting the Equations (A10), (A12) and (A13) back to dimensional variables we get

βe∂zzψ0 = −4πlB
n

∑
i=1

Ziρ
0
i , (A19)

ψ0 = U, z = 0, H, (A20)

∂zμ0
i = 0. (A21)

The solution of (A19) with boundary conditions (A20) can be written in the inte-
gral form

βeψ0 = βeU +
4πlBz

H

∫ H

0
dz′(H − z′)

n

∑
i=1

Ziρ
0
i − 4πlB

∫ z

0
dz′(z − z′)

n

∑
i=1

Ziρ
0
i . (A22)
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It follows from (A21) that μ0
i does not depend on the z coordinate μ0

i = μ0
i (t, x).

Substituting the latter to (2) and rearranging terms, one can get the following equation for
the density distribution across the pore

ρ0
i =

1
Λ3 exp

(
βμ0

i

)
E0

i . (A23)

Here,

E0
i = exp

(
−βeZiψ

0 − β
δ fexc

δρi
[ρ0

1, ..., ρ0
n]

)

and further details on fexc can be found in Appendix D.
Formal integration of (A23) over z ∈ [0, H] and the fact that μ0

i = μ0
i (t, x) allow to

eliminate the chemical potential μ0
i and rewrite the equation in terms of average density

ρ0
i as

ρ0
i = ρ0

i
E0

i

E0
i

. (A24)

We look for effectively 1D equilibrium densities’ distributions depending on t and x
only parametrically via the average densities ρ0

i = ρ0
i (ρ

0
i (t, x), z). Once the distributions

are found from (A24) and (A22), one can evaluate (2) at any coordinate z, and thus, get the
potentials as functions of average densities μ0

i = μ0
i (ρ

0
i , ..., ρ0

n).

Appendix C. Notes on Numerical Solution

Numerical solution of the transport Equation (6) involves two different tasks: solution
of the dynamic equations given the potentials as function of densities and evaluation of
potentials themselves.

For a given potential, spatial discretization of the system (6) is performed on a uniform
staggered grid using finite volume method. The resulting system of nonlinear ODEs is
solved by the built-in method of Wolfram Mathematica [52].

The potentials as functions of densities are defined by the solution of the O(1) prob-
lem described in Appendix B. The system of Equation (A24) for i = 1, . . . , n comprises
the fixed-point problem with the right-hand side defined by the dependency of excess
energy variation on densities described in Appendix D and the solution (A22) of the Pois-
son Equations (A19) and (A20). Given ρ0

i , it is solved by the classical Picard iterations
with underrelaxation involving intermediate step of (A19) and (A20) solution for current
densities guess.

For the sake of computational efficiency, the potentials μ0
i are not evaluated “on the

fly" during the solution of the dynamic Equation (6). Instead, the potentials are first
calculated on a sufficiently fine grid in average densities space. Next, smooth interpolation
is built based on the calculated values. Then, the interpolants are used while solving the
dynamic problem.

Appendix D. Density Functional Theory

Here, we describe in detail the thermodynamic model of an electrolyte inside a
nanopore, which is based on classical density functional theory (c-DFT). The version
of this approach developed for neutral molecules is able to take into account the influence
of nanoscale geometrical constraints [41]. The confined fluid model can be extended to
electrolyte fluids accounting for electrostatic correlations and external Coulomb field [42].
We consider an open slit pore stored by neutral electrolyte mixture ∑n

k=1 Zkρk,b = 0 with
known composition and chemical potentials {μ}n

k=1. Such confined system is described in
terms of the Grand Canonical potential Ω and external field:

Ω[{ρi(r)}] = F[{ρi(r)}] +
n

∑
i=1

∫
drρi(r)(Uext,i(r)− μi), (A25)

196



Nanomaterials 2022, 12, 587

where Uext is the external field acting on a fluid molecule, μ is the chemical potential. In
the case of charged molecules, the external fields contains not only wall potential, but also
Coulomb field contribution:

Uext,i = Uw,i + UC,i. (A26)

In our study, we use the hard sphere potential to described non-electrostatic fluid-solid
interactions:

Uw,i(r) =

{
∞ if r < di/2

0 if r > di/2
. (A27)

The slit pore geometry allows us to reduce the spatial density distribution ρi(r) to the
1D function ρi(z) of the normal distance to the solid surface. The Helmholtz energy of ionic
liquids can be written as follows:

F = Fid + Fhs + FC + Fel, (A28)

where Fid is the ideal gas contribution; Fhs is the hard sphere term accounting for ionic ex-
cluded volume effects; FC is the Coulomb interaction; Fel is the residual electric contribution.
Here, only the ideal part is known exactly:

Fid = AkBT
n

∑
i=1

∫
dzρi(z) log

([
Λ3ρ(z)

]
− 1

)
. (A29)

The remaining terms define the excess part of the total Helmholtz free energy:

Fexc = Fhs + FC + Fel (A30)

In accordance with the DFT approach, the equilibrium density distributions are defined
by the following system:

δΩ
δρi

= 0, i = 1, ..., n (A31)

After substitution of expressions for the Helmholtz free energy (A28) and the external
potential (A26), the conditions (A31) take a more explicit form:

ρi = ρ0
i exp[−βUC,i − βUw,i − λi], (A32)

where ρ0
i is the bulk component density, λi is the density derivative of the deviation of the

excess terms from the bulk ones:

λi = β
δ(Fexc − F0

exc)

δρi
(A33)

where F0
exc is the bulk excess free energy corresponding to the homogeneous mixture

{ρ0
k}n

k=1.
The functional derivative of the Coulomb contribution has the following form:

β
δFC

δρi
= ZilB

n

∑
j=1

Zj

∫
ds

ρj(s)

|s − r| , (A34)

where lB = βe2/4πεε0 is the Bjerrum length. The right hand of expression (A34) can be
rewritten in terms of external Coulomb field UC and the mean electrostatic potential ψ:

Zieψ − UC,i = ZilB
n

∑
j=1

Zj

∫
ds

ρj(s)

|s − r| (A35)
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Using expressions (A34) and (A35) Equation (A32) can be rewritten as follows:

ρi = ρ
(0)
i exp

[
−βUw,i − βZieψ − βδ

Aδρ
(ΔFhs + ΔFel)

]
(A36)

where symbol Δ means the difference between confined and bulk energies.
The hard sphere contribution can be calculated using Fundamental Measure The-

ory [41] as:

βFhs[ρ1(z), ..., ρn(z)] = A
∫ H

0
dz′Φ(n0, n1, n2, n3, nv1, nv2) (A37)

where the function Φ depends on the weighted densities nα defined as:

n0 =
n

∑
k=1

1
di

∫ z+R

z−R
ρk(z′)dz′

n1 =
1
2

n

∑
k=1

∫ z+R

z−R
ρk(z′)dz′

n2 =
n

∑
k=1

πdi

∫ z+R

z−R
ρk(z′)dz′ (A38)

n3 =
1
2

n

∑
k=1

∫ z+R

z−R

[
d2

k − (z − z′)2
]
ρk(z′)dz′

nv1 = −
n

∑
k=1

1
dk

z

z

∫ z+R

z−R
dz′(z′ − z)ρ(z′)

nv2 = −2π
n

∑
k=1

z

z

∫ z+R

z−R
dz′(z′ − z)ρ(z′)

We use one of the most popular version [9] of the Φ defined as:

Φ = −n0 log(1 − n3) + (n1n2 − nv1nv2)/(1 − n3) + 1/(36π)(n3 log(1 − n3) + n2
3/(1 − n3)

2)(n3
2 − 3n2n2

v2)/n3
3 (A39)

Therefore, the functional derivative of the hard sphere contribution can be calculated
by the following way:

βδFhs
δiρ(z)

= A
∫ H

0
dz′ ∑

α

∂Φ(nα)

∂nα

δnα

δρi
(A40)

To calculate electrostatic term in Equation (A36), we use the approach described in
ref. [42]:

δΔFel
δρi

= −
n

∑
k=1

∫
dsc̄ki(r, s)Δρk(s) (A41)

where the weighted correlation function defined as

c̄ki(r, s) =

∫
cki(r

′, s) fki(r
′)∫

dr′ fki(r′)
(A42)

In our work, we use the FMT/WCA-k2 approach, which corresponds to the following
expression of f -function:

fki(r
′) = κ2(r′)Θ(|r − r′| − dki) (A43)

where dki = (dk + di)/2 is the average diameter, and κ is the inverse Debye parameter
given by

κ2(r′) = 4πlB
n

∑
k

ρkZk (A44)
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In accordance with work [42], here we use the approximated analytical expression for
the weighted correlation function in terms of MSA solution:

c̄ki(r
′, s) � cMSA

ki (|r′ − s|) = βUki(r)
[

1 − Bki(r
′) r

dki

]2
Θ(dki − r) (A45)

where r = |r′ − s| is the scalar distance, Bki depends analytically on Debye parameter κ
(A44) as

Bki =
1 + κdki −

√
1 + 2κdki

κdki
(A46)

Therefore, the weighted correlation function (A42) in slit geometry ρ(z) can be writ-
ten as:

c̄ki(r) = βUki(r)
[

1 − 2B1,ki(z)
r

dki
+ B2,ki

(
r

dki

)]
Θ(dij − r) (A47)

where

Bm,ki(z) =

∫ z+dki
z−dki

dz′Bm(z′)κ2(z′)(d2 − (z − z′)2)∫ z+dki
z−dki

dz′κ2(z′)(d2 − (z − z′)2)
(A48)

In our work, we use the same system parameters as in ref. [9] corresponding to the
dimensionless temperature T∗ = d/lB = 0.15. The characteristic dependence of the density
distribution profiles on applied potential is shown in Figure A1. As shown in [9], such
behavior of co- and counter-ions results in the oscillating capacity properties.

Figure A1. The dimensionless density distributions of positive η1(z) = vρ1(z) and negative
η2(z) = vρ2(z) electrolyte’s components inside pore H∗ = 6 at various applied potentials
U∗ = 0.5 (a), U∗ = 5 (b) and U∗ = 20 (c). These calculations correspond to the bulk density
ρ∗0,1 = ρ∗0,2 = 0.15 at the temperature T∗ = 0.15.

Appendix E. Connection with Transition Line Model (TLM)

Here we supplement the analysis of the first exponential regime’s time scale

τ∗
1 =

4
π2

Q∗
∞

ρ∗∞U∗H∗ (A49)

by another connection with the result of TLM. In ref. [44] the TLM solution was used to
describe the charging inside nanoporous metal organic frameworks (MOFs) electrodes. The
following equation for the net pore charge after jump-wise application of constant potential
was obtained:

Q(t)
Q∞

= 1 − 2
π2

∞

∑
n=0

exp
[−π2(n + 1/2)2(l/L)2t/τ

]
(n + 1/2)2 . (A50)

Here τ = Cal/σ is the intrinsic relaxation time, Ca is the areal capacity of the pore, l
is the pore volume divided by its surface area, σ is the ionic conductivity inside the pore.
Please note that the exponent in (A50) differs from the given in the original paper by the
factor of 4, because the symmetric pore connected to bulk electrolyte at both ends and
effectively composed of two closed-end pores considered here was studied in [44].
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The series in the right hand of expression (A50) can be approximated by the leading
term n = 0, that result in the following time-scale of the TLM model:

τaTLM =
4

π2
CaL2

σl
. (A51)

For the slit pore geometry l ≈ H/2. Using the notation adopted in this paper the
areal capacitance can be expressed as Ca = Q∞/2U. Finally, the ionic conductivity inside
the pore can be expressed in terms of the electrical mobility of ions m = eD/kBT and ions
density ρ∞ as σ = eρ∞m. Substitution of these expressions to (A51) gives

τaTLM =
4

π2
Q∞kBT

e2ρ∞UH
L2

D
. (A52)

Introducing dimensionless variables H∗ = H/d, U∗ = eU/kBT, Q∗ = Qd2/e,
ρ∗ = ρd3 and t∗ = tD/L2 used in the main document into the latter expression one
can readily obtain that τ∗

aTLM = τ∗
1 , i.e. TLM time scale is equivalent to the time given

by (A49).
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Abstract: Harvesting wind energy from the ambient environment is a feasible method for powering
wireless sensors and wireless transmission equipment. Triboelectric nanogenerators (TENGs) have
proven to be a stable and promising technology for harvesting ambient wind energy. This study
explores a new method for the performance enhancement and practical application of TENGs. An
array of flag-type triboelectric nanogenerators (F-TENGs) for harvesting wind energy is proposed.
An F-TENG consists of one piece of polytetrafluoroethylene (PTFE) membrane, which has two
carbon-coated polyethylene terephthalate (PET) membranes on either side with their edges sealed.
The PTFE was pre-ground to increase the initial charge on the surface and to enhance the effective
contact area by improving the surface roughness, thus achieving a significant improvement in the
output performance. The vertical and horizontal arrays of F-TENGs significantly improved the power
output performance. The optimal power output performance was achieved when the vertical parallel
distance was approximately 4D/15 (see the main text for the meaning of D), and the horizontal
parallel distance was approximately 2D. We found that the peak output voltage and current of a
single flag-type TENG of constant size were increased by 255% and 344%, respectively, reaching
values of 64 V and 8 μA, respectively.

Keywords: flag-type; triboelectric nanogenerator; wind energy; array; network generation

1. Introduction

In the era of the Internet of Things (IoT), the widespread implementation of low-power
wireless sensors, portable electronics, and wireless transmission devices is required. This
requirement raised concerns regarding the associated increase in demand for energy supply,
owing to the large number and dispersed locations of the required devices.

Wind power is a promising renewable energy source for wireless sensors and wireless
transmission equipment because it is one of the cleanest sources of energy, with a wide
distribution and high availability. Currently, wind power is mostly generated using large-
scale equipment containing horizontal-axis propeller wind turbines with runners to drive
generators for creating electricity [1,2]. A minority of wind power generation methods
implement miniaturized equipment. Li et al. introduced a blade structure that uses the
piezoelectric effect to collect wind energy. After changing the traditional arrangement of
a flutter device parallel to the flow direction to a suspended cross-flow arrangement, the
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vibration was amplified by an order of magnitude [3]. Perković et al. used the Gnus effect
to generate electricity using high-altitude wind energy [4]. Ji et al. also used piezoelectric
principles to fabricate a small wind energy collection device in a resonant cavity, which
greatly improved the conversion efficiency compared to other small wind energy collection
devices [5]. Perez et al. used a combination of the tremor effect and electret conversion
to convert the flow-induced motion of a film into electrical energy [6]. To date, although
the collection of wind energy is gradually becoming diversified, various problems remain
concerning the implementation of miniaturized wind energy collection devices, such as
their complex structure and low efficiency.

Triboelectric nanogenerators (TENGs) possess significant advantages over electromag-
netic and piezoelectric power generators. Much work has been conducted on TENGs for
wind energy harvesting. Various studies proposed a new type of power generation technol-
ogy, which couples electrostatic induction with the triboelectric effect to efficiently convert
mechanical energy into electrical energy [7–13]. In the field of wind energy collection, a
substantial number of wind energy collection devices based on TENG were designed. For
example, Yang et al. used a combination of fluorinated ethylene propylene (FEP) film and
aluminum film in an acrylic tube to produce a self-powered sensor system that integrates
wind energy collection and vector wind speed measurement [14]. Bae et al. used gold
as a conductive material and used rigid plates coupled with flexible fabrics to generate
electricity. This device could generate an instantaneous voltage of 220 V and a short-circuit
current of 60 μA at a wind speed of 15 m/s, with an average power density of 0.86 mW [15].
Wang et al. reported on a systematic study of a combination of polyimide film and a TENG
driven by elasto-aerodynamics, composed of copper electrodes, and fixed in an acrylic fluid
channel, and derived a relationship between the output power density and the size of the
fluid channel [16]. Zhao et al. proposed a flag-shaped TENG based on a weaving method,
which collected high-altitude wind energy using power-sensing equipment to charge a
lithium battery [17]. Wang et al. designed a sandwich flag-type triboelectric nanogenerator
(F-TENG), which has a simpler structure and lower cost than other wind energy collection
devices and maintained good output performance under conditions of high humidity. [18].
In addition, some scholars proposed the “all-in-one package” technology containing both
TENG and PNG, which have great potential in harvesting energy from water waves (blue
energy), airflow (wind energy), sound frequency (acoustic energy), vibrations/mechanical
motions (such as body motions activities/sleeping), and in vivo body motions. These
harvesting technologies are expected to dominate the future smart world [19–22].

Published research on wind energy harvesting based on TENGs precluded the full
use of the characteristics of polytetrafluoroethylene (PTFE) electrets and aerodynamics,
resulting in a low power output. This study explores a method for collecting wind energy
based on a TENG providing direct power to low-power-consumption wireless terminals to
solve the problems of energy needs, scattered arrangement, and environmental pollution.
The optimal array structure of an F-TENG based on wind-induced fluid vortex-induced
vibration is also discussed.

2. Materials and Methods

2.1. The Working Principle of a Single F-TENG

According to the power generation principle of an F-TENG, each contact surface of
the triboelectric pair is regarded as a node and simplified to an equivalent capacitance
model [23]. Based on the principle of the contact-mode freestanding TENG, the intrinsic
output performance of the TENG can be deduced using electrodynamics. The formulas
for calculating the open-circuit voltage VOC and the short-circuit charge transfer QSC are
as follows:

VOC =
2σx(t)

ε0
; (1)

QSC =
2Sσx(t)
d0 + g

. (2)
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In these equations, the ratio of the thickness of the dielectric material between the two
electrodes to the relative dielectric constant is defined as the effective thickness constant d0,
and the electrode gap g, whereas ε0 is the relative dielectric constant of air, and x(t) is the
distance between the two triboelectric surfaces, which changes with time according to the
external force-triggered condition. The quantity σ is the surface charge density of the PTFE
and the conductive ink film, whereas S is the actual contact area between the PTFE and the
conductive ink film. The relationship between the voltage (V), the amount of charge (Q),
and the distance between the two triboelectric charges (x) of the F-TENG can be deduced
using the electrodynamic theory [24]:

V = −Q
C

+ VOC = −
(

d0 + g
ε0S

)
Q +

2σx(t)
ε0

. (3)

Based on Equation (1), an increase in the surface charge density of the PTFE effectively
increases the output of the F-TENG charge. PTFE is an electret material [25] and its charge
can be retained on its surface for a long time. Three F-TENGs of the same size were
fabricated (length D = 150 mm, breadth B = 75 mm, thickness T = 80 μm). The PTFE films
were treated with different grinding procedures.

The working principle of the F-TENG is shown in Figure 1a. Owing to the different
stiffnesses, the bending degrees of the PTFE and the electrode are different, and flutter
deformation occurs under the action of wind, resulting in alternating contact and separation
between the PTFE and the electrode. In the F-TENG’s original state, the electrode and PTFE
are separated, and there is no charge transfer. When the F-TENG is bent upward, the PTFE
comes into contact with the lower electrode. Owing to the difference in the electron affinity
between the PTFE and electrode, the electrode and the surface of the PTFE carry positive
and negative charges, respectively. As the electrodes are separated, a potential difference is
created between the two electrodes, driving electrons through an external circuit from the
upper electrode to the lower electrode and generating a current. When the F-TENG is bent
downward, the PTFE is in contact with the upper electrode, which is positively charged. If
the PTFE is separated from the upper electrode, the electrons flow in the opposite direction,
and an opposite current will be generated in the external circuit. Therefore, owing to the
alternating contact and separation between the PTFE and the conductive ink film electrode,
a short-circuit alternating current is formed as the charge flows repeatedly between the two
layers of the conductive ink film electrode.

Figure 1. Working principle and simulation of the flag-type triboelectric nanogenerator (F-TENG):
(a) power generation principle of F-TENG and (b) simulation graphic of COMSOL.

The COMSOL Multiphysics 5.6 software package was used to simulate the electrical
distribution of the F-TENG during flutter deformation, as shown in Figure 1b. In the initial
state, assuming that the surface of the PTFE carried a negative charge that was uniformly
distributed, each of the two electrodes carried an equal amount of positive charge, and the
total amount was equal to the negative charge mentioned above. As shown in Figure 1b(i),
when the PTFE film is located at the center of the electrodes on both sides, the electric
potential on the respective electrodes is equal, without any potential difference. When
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the lower electrodes of the PTFE film are close to each other (as shown in Figure 1b(ii)),
a potential difference is induced between the lower and upper electrodes. As shown in
Figure 1b(iv), the PTFE then moves in the upward direction until it contacts the upper
electrode, generating an electromotive force opposite to that in Figure 1b(ii).

2.2. The Fabrication and Pre-Grinding of an F-TENG

The structure of the designed TENG is illustrated in Figure 2a. A PTFE film with a
thickness of 30 μm was chosen as the substrate material owing to its low weight, good
workability, and electron affinity. Using screen-printing technology, conductive ink, as the
flexible electrode, was coated onto a polyethylene terephthalate (PET) substrate with a
thickness of 25 μm. The F-TENG adopted a “sandwich flexible structure” in the sequence
electrode-PTFE-electrode, wherein an electrode was employed as both a triboelectric mate-
rial and a conductive material. The surface microstructures of the PTFE films of the three
respective types of F-TENGs we fabricated are shown in Figure 2b. The roughnesses of the
three types of PTFE films obtained by grinding with different sandpapers (untreated group,
ground by P10000 sandpaper, and ground by P400 sandpaper, the normal pressure/force
is about 2 N and horizontal speed of grinding with the sandpaper is about 0.05 m/s) are
obviously different.

Figure 2. Structure and microstructure of F-TENGs: (a) structure and materials of each F-TENG;
(b) microstructure of different types of polytetrafluoroethylene (PTFE) films after pre-grinding; and
(c) schematic diagram of F-TENGs applied to wind harvesting and power supply.

2.3. Experimental Setup

The experimental setup for testing the F-TENGs’ output performance in a low-
speed wind tunnel is shown in Figure 3. The dimensions of the wind tunnel were
0.25 m (width) × 0.25 m (height) × 1 m (length), and the wind speed was varied be-
tween 2 m/s and 13 m/s using an inverter for speed control. A programmable electrometer
(Keithley Model 6514, Cleveland, OH, USA) and Data Acquisition Board (NI DAQ, Shang-
hai Enai Instrument Co., Ltd., Shanghai, China) were used to realize the measurement and
acquire the experimental data. A 3D printed structure was used to fix an F-TENG inside
the wind tunnel. The position of the F-TENG could be changed in subsequent experiments.
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Figure 3. Schematic of the experimental apparatus for assessing F-TENG power generation perfor-
mance in a wind tunnel.

2.4. Horizontal and Vertical Parallel Arrays of Double F-TENGs

The special membrane structure of an F-TENG allows for it to be stacked inside a
small space to form power generation device arrays. Because of the effect of flow-induced
vibration, interference occurs when two flags are positioned horizontally or vertically in
parallel, resulting in changes in the vibration amplitude and frequency. With respect to
the horizontal parallel arrays, Zhu [26] designed and performed a series of numerical
simulations on the interaction of a pair of horizontal parallel flexible flags separated by a
dimensionless distance (0 ≤ Dt ≤ 5.5) in a flowing, incompressible viscous fluid using the
immersed boundary (IB) method at lower Reynolds numbers (40 ≤ Re ≤ 220). Based on
the dimensionless IB formulation in component form, the elastic potential energy density
E associated with the flags, and the Eulerian coordinates, X and Y (x and y components,
respectively), of the flags, whose associated Lagrangian coordinate is α, are computed
as follows:

E =
1
2

K̂s

∫
Γ

⎛
⎝
√(

∂X
∂α

)2
+

(
∂Y
∂α

)2
−1

⎞
⎠

2

dα +
1
2

K̂b

∫
Γ

((
∂2X
∂α2

)2

+

(
∂2Y
∂α2

)2)
dα; (4)

∂X
∂t

(α, t) =
∫

Ω
uδ(x − X(α, t))δ(y − Y(α, t))dxdy; (5)

∂Y
∂t

(α, t) =
∫

Ω
vδ(x − X(α, t))δ(y − Y(α, t))dxdy. (6)

In the above equations, x and y are the Eulerian coordinates associated with the fixed
computational domain, α is the Lagrangian coordinate associated with the moving flags,
and t is the time. The quantities u and v are the components of the fluid velocity along
the x and y axes, respectively. The symbol Γ represents the flags, and Ω represents the
two-dimensional fluid domain (the rectangle with an aspect ratio of 2:1). The quantities
K̂s and K̂b are the stretching/compression coefficient and bending modulus of the flags,
respectively. The flag position (X, Y) is updated by applying Equations (5) and (6). Previous
studies determined that the distance between the flags is the key factor in determining the
energy received by the flag.

With respect to vertical parallel arrays, Wang [27] used the value of the dimensionless
parameter St, which represents the vibration characteristics of objects, to describe the
change in the swing of a single flag as a function of wind speed:

St = f A/U. (7)
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The peak value of the trailing edge displacement of the flag is represented by A, the
swing frequency of the trailing edge by f, and the inflow velocity by U. Under different
inlet wind speeds, the two flags may move in four different coupling modes: static, co-
directional swing, reverse swing, and transition state. The experimental results laid the
experimental foundation for our research on the vertical parallel mode. The four different
coupling modes discussed to provide a reference for the optimal layout of the F-TENG in a
vertical parallel array, which optimizes the output performance.

3. Results and Discussion

3.1. The Output Performance of a Single F-TENG with Different Pre-Grinding

As shown in Figure 4, the maximum output voltage (Vmax) obtained experimentally
for the untreated group is approximately 15–18 V at a wind speed of 7.2 m/s. The Vmax of
the F-TENG fabricated by grinding the PTFE with P10000 sandpaper is approximately 22 V.
The roughness of the PTFE after grinding with P400 sandpaper is the greatest among the
three samples, and the voltage output obtained with this sample of PTFE is also the largest.
At a wind speed of 7.2 m/s, the output voltage and current of the F-TENG ground by P400
reaches 64 V and 8 μA, respectively, values that are approximately 255% and 344% higher,
respectively, than those of the untreated group.

Figure 4. Output of F-TENG: (a) output of voltage with the degree of pre-grinding; (b) output of
current with the degree of pre-grinding; (c) output of charge with the degree of pre-grinding.

Three F-TENGs were prepared using different pre-grinding methods. F-TENG #1
and #2 were ground using P10000 sandpaper, and F-TENG #3 was ground using P400
sandpaper. The voltages, currents, transferred charges, and power outputs (P = I2R)
obtained experimentally are displayed in Figure 5. The variations in the electrical properties
of the three F-TENGs all show similar trends, but F-TENG #3 clearly delivered a superior
level of performance. The analysis revealed that the electret characteristics of the PTFE film
caused an increase in the surface charge density σ after the grinding treatment. According
to Equation (1), in the process of alternating contact and separation between the PTFE
film and the conductive ink film, the open-circuit voltage VOC and the short-circuit charge
transfer QSC increase in the same proportion, which leads to an increase in the current
and power in the circuit. The micro-nano scratches that formed on the surface of the PTFE
film after the pre-grinding treatment enhanced the degree of triboelectric contact between
the PTFE and the conductive ink film, and further increased the amount of triboelectric
charge. Therefore, the pre-grinding treatment is an important factor in improving the
power generation performance of F-TENGs.
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Figure 5. Variation of output of F-TENG#1, #2, and #3 with increasing wind speed: (a) voltage output
of F-TENGs with different pre-grinding; (b) current output of F-TENGs with different pre-grinding;
(c) charge output of F-TENGs with different pre-grinding; and (d) power output of F-TENGs with
different pre-grinding.

3.2. Horizontal and Vertical Parallel Array Characterization of the Double F-TENGs

The interaction between the two flags in different modes of parallel motion can lead
to different internal triboelectric states in an F-TENG. This characteristic can therefore be
used to improve the power generation performance of F-TENGs. The use of an F-TENG to
collect wind energy and increase the amplitude of vibration is beneficial for improving the
output of electricity [18]. Two F-TENGs were arranged in horizontal parallel and vertical
parallel modes, respectively, for interference experiments in a low-speed wind tunnel, with
the results shown in Figure 6.

In the vertical parallel mode experiments, F-TENGs #1 and #2 with similar perfor-
mance outputs were selected and placed in the vertical parallel mode. The vertical distance
between the two flagpoles (eP) was adjusted to 1D/15, 2D/15, 4D/15, 6D/15, and 8D/15,
owing to the limitation of the wind tunnel size, the maximum value that could be obtained
for eP was 8D/15. The power output characteristics at different values of eP were measured
at a wind speed of 7.2 m/s. The contrast diagram of the maximum total output power
when F-TENG #1 and #2 were connected to the circuit in series is shown in Figure 6a. When
the interval eP = 1D/15, the swing phases of the two flags were identical, and the total
output power was low. When eP = 2D/15, the swing phases of the two flags were chaotic,
and the output was unstable, indicating that the configuration lay in the zone between
phase coherence and anti-phase coherence. When eP ≥ 4D/15, the swing phases of the two
flutter flags were opposite. When eP = 4D/15, the maximum output power of the array
with two F-TENGs was achieved at 67.8 μW, whereas the power density per unit area was
6.03 mW/m2. The analysis indicated that the two flags fluttered in the opposite phase
and were close to each other, which increased the triboelectric strength and contact area
between the PTFE films and the electrodes, thus increasing the output of the F-TENGs.
With an increase in the distance between the two flags, the contact area decreased, and the
maximum output power decreased and tended to stabilize.

In the horizontal parallel mode experiments, as shown in Figure 6b, F-TENG # 3 was
selected as the measurement unit, and an F-TENG of the same size was placed in front of it
as the interference source. By changing the horizontal distance between the two flagpoles
(eT), the output characteristics of the rear flag (F-TENG #3) were analyzed to determine
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the optimal distance for achieving the maximum power output. We assumed that the
lengths of the F-TENG were D and assumed 0.5D as the moving distance. When eT = 2D,
the output power of F-TENG #3 reached its maximum and the maximum output power
increased by approximately 17.9% compared to that of the single flag. With an increase
in eT, the interference gradually weakened, and the output power gradually decreased.
When eT = 2.5D, the output power was close to the output power of the single F-TENG. The
reason for this phenomenon is that the front flag interfered with the airflow and formed
a shedding vortex, which increased the vibration amplitude of the rear flag [26], thus
increasing its output power.

 
Figure 6. Contrast diagram of the maximum value of total power output of F-TENGs: (a) F-TENG #1
and #2 varying with eP in vertical parallel mode and (b) F-TENG #3 varying with eT in horizontal
parallel mode.

3.3. Generation Performance of the F-TENGs Network

Based on the aforementioned results, we arranged twelve F-TENGs to form a power
generation network, as shown in Figure 7a. In this array, the distance eT was fixed at
1D. By adjusting the vertical distance eP in each group, the performance of the power
generation network was measured; limited by the size of the wind tunnel, when three rows
of F-TENGs were arranged in a vertically parallel mode, the maximum possible vertical
distance eP was 6D/15. A circuit was designed for wind energy harvesting with an array of
LEDs as the power output. The 2 electrodes of an F-TENG were sequentially connected to
a rectifier to provide a direct current output, and 12 F-TENGs were connected in multiple
modes to a power load composed of 100 LEDs. By setting the wind speed equal to 8.0 m/s
in the wind tunnel, 100 LEDs are efficiently lit by the 12 F-TENGs arranged at separations
of 4D/15 in the vertical direction and at separations of 1D in the horizontal direction, as
shown in Figure 7a,b.

Figure 7. Network and output of F-TENGs: (a) schematic diagram of twelve F-TENGs combined for
grid power and (b) photographs showing the array of twelve F-TENGs lighting up 100 LEDs.
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4. Conclusions

The placement of a TENG device is challenging because of its aerodynamic and electro-
static characteristics. It is important to choose a reasonable distance between each F-TENG
device to improve the output power. Therefore, a procedure for enhancing the performance
of an F-TENG array and the associated networking design was proposed and investigated
in the present paper. The designed F-TENG array effectively converted the flutter energy
contained in wind into electrical energy by enhancing the triboelectric interaction between
the PTFE membrane and a carbon-coated membrane, as well as increasing the charge on the
PTFE membrane. In wind tunnel experiments, the maximum output voltage and current of
the F-TENG array were enhanced by 255% and 344%, respectively, after pre-grinding the
PTFE dielectric membranes. The F-TENG network was assembled in a configuration that
enhanced its power generation performance. When the network contained two F-TENGs
arranged in horizontal parallel mode at a separation of 1D, the peak output power of
F-TENG #3 was increased by 17.9%. When F-TENG #1 and #2 were arranged in vertical
parallel mode at a separation of 4D/15, the peak output power increased by 24.3%, and
the power density per unit area reached 6.03 mW/m2. When the network contained 12 F-
TENGs separated by 1D in the horizontal direction and by 6D/15 in the vertical direction,
under 8.0 m/s wind conditions, the array was able to light up 100 LEDs simultaneously.
In this study, to efficiently place more energy harvesting elements in a small space, we
selected an optimal F-TENG arrangement scheme. The arrangement was chosen in such
a way that each F-TENG element can maximize the energy harvesting efficiency. The
array of fabricated F-TENGs developed and tested in this study shows great potential for
applications in wind energy harvesting and power supply for wireless sensors and devices.

5. Experimental Section

5.1. The Fabrication of the F-TENG Unit and Network

The construction process of the F-TENG is shown in Figure 2a. The F-TENG and the
flagpole were connected using sticky tape. The size of the F-TENG was 150 mm (length)
× 75 mm (width) × 80 μm (thickness). The PTFE and PET membranes were 30 μm and
25 μm in thickness, respectively. A conductive carbon ink electrode with a micrometer
thickness was attached to the back side of the PET to serve as the flexible electrode. The
F-TENG was composed of two flexible electrodes and one layer of PTFE membrane with
their edges sealed up by 3M200C type dual adhesive tape whose width was 2 mm and
thickness was 30 μm. The double surfaces of the PTFE membrane were pre-ground with
sandpapers, such as P10000 and P400, before assembly.

The structure of the F-TENG network is shown in Figure 7a. The network in this
experiment contained two frames made by a 3D printer with polylactic acid (PLA) material.
Both frames were free to move to adjust their distance in the horizontal direction. The
inner wall of the frame was provided with several equidistant grooves for inserting the
flagpole and adjusting the distance of the flag in the vertical direction. Each frame was
assembled with six F-TENGs with two flags arranged in the horizontal direction and three
in the vertical direction.

5.2. Electrical Measurement of the TENG Unit and Network

A programmable electrometer was used to measure the electrical output of the unit and
F-TENG. A wind tunnel with the dimensions of 0.25 m (width) × 0.25 m (height) × 1.0 m
(length) simulated the wind conditions under which the experiments of the F-TENG unit
and the network were performed. The wind speed varied from 2.0 m/s to 8.0 m/s, which
was calibrated by a GM8903 type anemometer. At the right end of the wind tunnel, a
blower was firmly installed, whose rotating speed was controlled by an inverter in order to
adjust the wind speed.
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Abstract: Herein, we report high electrocatalytic activity of monoclinic VO2 (M1 phase) for the
oxygen evolution reaction (OER) for the first time. The single-phase VO2 (M1) nanoparticles are
prepared in the form of uniformly covering the surface of individual carbon fibers constituting a
carbon fiber paper (CFP). The VO2 nanoparticles reveal the metal-insulator phase transition at ca.
65 ◦C (heating) and 62 ◦C (cooling) with low thermal hysteresis, indicating a high concentration of
structural defect which is considered a grain boundary among VO2 nanoparticles with some particle
coalescence. Consequently, the VO2/CFP shows a high electrocatalytic OER activity with the lowest
η10 (350 mV) and Tafel slope (46 mV/dec) values in a 1 M aqueous solution of KOH as compared to
those of the vacuum annealed V2O5 and the hydrothermally grown VO2 (M1), α-V2O5, and γ′-V2O5.
The catalytically active site is considered V4+ components and V4+/5+ redox couples in VO2. The
oxidation state of V4+ is revealed to be more favorable to the OER catalysis compared to that of V5+

in vanadium oxide through comparative studies. Furthermore, the amount of V5+ component is
found to be increased on the surface of VO2 catalyst during the OER, giving rise to the performance
degradation. This work suggests V4+ and its redox couple as a novel active component for the OER
in metal-oxide electrocatalysts.

Keywords: electrocatalysis; oxygen evolution reaction; water splitting; vanadium oxide; nanoparticles

1. Introduction

Renewable energy sources, such as wind and solar power, are providing an increasing
share of the energy supply [1,2]. In particular, electrocatalytic water splitting is considered
a promising strategy for the sustainable production of hydrogen from renewable energy
sources [3–7]. However, overall water splitting suffers from the sluggish kinetics of anodic
oxygen evolution reaction (OER) involving the four-electron oxidative half-reaction [8,9].
Therefore, an appropriate catalyst is necessary to accelerate the OER at low overpotentials
(η) for enhanced energy conversion efficiencies [5]. The state-of-the-art OER catalysts are
based on precious metals such as IrO2 and RuO2 with η close to 300 mV in a 1 M aqueous
solution of KOH. However, the scarcity and high costs of those materials restrict their
large-scale application [9]. In this regard, the earth-abundant transition-metal oxides based
on Mn, Fe, Co, and Ni have been extensively investigated as alternative OER catalysts. In
particular, Ni or Co-based layered double hydroxides (LDHs) exhibited high OER activities
due to the oxidation or stabilization of Ni or Co ions forming the OER-active redox couples
with the addition of Fe ion [8,10–12]. Also, spinel-type oxides such as Co3O4 and NiCo2O4
and amorphous Co-based oxides were proposed as promising OER catalysts [8,9,13,14].
Meanwhile, Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) perovskite was identified as the most promis-
ing OER catalyst based on orbital principles with the eg occupation as a superior descriptor
for oxygen evolution activity [15]. Other descriptor approaches of M-OH bond strength
and (ΔGO* − ΔGHO*) were suggested to find superior catalysts [16,17]. However, appli-
cation of such descriptors is limited to experimental work and finding novel catalysts
based on other transition metals such as Nb, Ta, and V [9,18]. Among transition metal
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oxides, OER activities of vanadium-based catalysts have seldom been explored although
high OER activities for VOOH and Co-incorporated catalysts (CoVOx, Co2V2O7, Co3V2O8,
and Co3V2O8) were recently highlighted [9,18–20]. However, we focused a spotlight on
the fact that vanadium oxides (primarily, V2O5 and V6O13) exhibit excellent performance
in various electrochemical devices such as Li-ion batteries and supercapacitors based on
multiple vanadium oxidation states (V2+, V3+, V4+, V5+) and their redox couples [21–26].
Furthermore, the electrochemical reactivity and battery characteristics in VO2 have often
been reported [27–30]. Oxidative desulfurization of dibenzothiophene for monoclinic VO2
was also reported [31]. V2O5 deposited on a high surface area oxide support (e.g., TiO2 and
Al2O3) is widely known as effective catalysts for selective oxidation of sulfur dioxide, naph-
thalene, o-xylene, alkyl pyridine, chlorinated hydrocarbon, and mercury in the chemical,
petroleum, and environmental industries [32]. Despite such investigations, OER activities
of binary VO2 and V2O5 are rarely known.

In this work, we demonstrate a vacuum annealing approach for the direct integration
of VO2 nanoparticles onto conductive carbon finer paper (CFP), making the integration
uniform and highly adhesive at the centimeter scale. The use of CFP is also intended
to increase the exposure of catalytically active sites of VO2 nanoparticles [33]. Since, in
particular, VO2 undergoes a phase transition between insulating monoclinic phase (M1)
and metallic rutile phase (R) at ca. 67 ◦C in the bulk [34–37], the structural characterization
of the VO2/CFP involving the phase transition is carefully carried out. As a result, superior
OER activity of VO2 with low η and Tafel slope values is revealed as compared to that of
V2O5. This result can be a cornerstone for understanding the V4+-related active sites for
OER and for the design of novel VO2-based OER catalysts.

2. Experimental

Preparation of VO2 (M1) nanoparticles by vacuum annealing: To prepare VO2 nanopar-
ticles coated on a carbon fiber paper (CFP), 0.1 g of V2O5 particles (Sigma-Aldrich, St. Louis,
MI, USA) was dispersed in 10 mL of ethanol, followed by ultrasonication for 1 h. A solution
loading of 100 μL/cm2 using a micropipette was cast onto a bare CFP (Toray Paper 120) sub-
strate with dimensions of 2 cm × 1 cm size, which was cleaned by ultrasonication in acetone,
deionized water, and ethanol. The solution-coated CFP was allowed to dry in air overnight
and placed within an alumina boat, which was placed at the center of a 1-inch-diameter
horizontal cold-wall quartz tube furnace equipped with a rotary pump system. For annealing,
the tube furnace was heated to 950 ◦C at a ramp rate of 20 ◦C/min under vacuum condition
(~10 mTorr). After holding at 950 ◦C for 10 min, the furnace was allowed to cool naturally
to room temperature. The annealed coat on CFP was then removed from the center of the
furnace for characterization and electrocatalytic evaluation. To prepare V2O5 nanoparticles
coated on CFP, the same V2O5-dispersion solution was cast onto a bare CFP substrate in the
same way and allowed to dry in air overnight. Then, the solution-coated CFP was placed
within the alumina boat placed at the furnace center, followed by annealing. The reactor was
heated to a temperature of 950 ◦C at a ramp rate of 20 ◦C/min under an O2 flow of 10 sccm
and continuous vacuum pumping condition. After the temperature was held at 950 ◦C for
10 min, the furnace was then naturally cooled to room temperature.

Preparation of VO2 (M1) nanoparticles for comparison: VO2 (M1) nanoparticles
were synthesized hydrothermally by adding 300 mg of V2O5 powder (Sigma-Aldrich)
and 450 mg of oxalic acid (Fisher Scientific, Waltham, MA, USA) to 16 mL of deionized
water (ρ = 18.2 MΩ/cm, purified using a Barnstead International NANOpure Diamond
system) in a 23 mL polytetrafluoroethylene cup, as reported in previous work [38]. The
reaction mixture was heated within an autoclave to 250 ◦C for 72 h. A matte-black powder
was collected by vacuum filtration and washed with copious amounts of acetone and
deionized water.

Preparation of α-V2O5 nanowires for comparison: α-V2O5 nanowires (with the av-
erage diameters of between 150–250 nm and lengths ranging from 1–100 μm) were syn-
thesized according to a previously reported method [39]. In a typical reaction, 1.6 g of
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V2O5 (Beantown Chemical, Hudson, NH, USA, 99.5%) were added to a 125 mL capacity
Teflon-lined autoclave. Subsequently, 80 mL of deionized water (ρ = 18.2 MΩ/cm) and 8 mL
of 2-propanol (ACS reagent grade) were added. The autoclave was heated at 210 ◦C for
48 h. Following the heating period, the autoclave was removed from the oven and allowed
to cool autogenously. The resulting green to blue powder (V3O7·H2O) was separated by
filtration and washed with copious amounts of water and 2-propanol and allowed to dry
in air overnight. The dried paper-like product was placed in a ceramic crucible and heated
in open air in a muffle furnace at 350 ◦C for 72 h with stirring every 24 h. The resulting
yellow-orange paper-like product was lightly ground and used in further experiments
without any subsequent modification.

Preparation of γ′-V2O5 microrods for comparison: The metastable γ′-V2O5 poly-
morph microrods (with average widths of 0.9–1.1 μm) were synthesized according to a
previously reported synthesis [40]. In a typical reaction, about 1 g of α-V2O5 was added to
40 mL of acetonitrile (MilliporeSigma, Burlington, MA, USA, <50 ppm H2O, 99.8%) under
inert atmosphere. Subsequently, 1.25 molar equivalents (typically ca. 1 g) of LiI (Alfa Aesar,
Haverhill, MA, USA, anhydrous, 98%) were added to the suspension. The reaction was
allowed to proceed without stirring under inert atmosphere for 72 h. The dark green-blue
γ-LiV2O5 product was separated by vacuum filtration and washed with copious amounts
of acetonitrile and 2-propanol and allowed to dry in air overnight. The γ-LiV2O5 powder
was then dispersed in 40 mL of acetonitrile under an inert atmosphere. Subsequently,
1.25 molar equivalents of NOBF4 were added to the suspension, resulting in the complete
topotactic deintercalation of lithium from the structure. The resulting orange/red powder
was separated from the suspension by vacuum filtration, washed with copious amounts of
acetonitrile and 2-propanol, and used without further modification.

Each 0.1 g of the prepared VO2 (M1), α-V2O5, and γ′-V2O5 products was dispersed in
10 mL of ethanol, followed by ultrasonication for 1 h. Each solution loading of 100 μL/cm2

using a micropipette was cast onto CFP and allowed to dry in air overnight.
Structural characterization: The morphology of the prepared materials was exam-

ined by field-emission scanning electron microscopy (FESEM) using a JEOL JSM-7500F
instrument. Particles harvested from carbon fiber paper (CFP) substrate by ultrasonica-
tion in toluene and hydrothermally grown particles were examined by high-resolution
transmission electron microscopy (HRTEM) using a JEOL JEM-2010 instrument operated
at an accelerating voltage of 200 keV. Phase assignment was performed with the help of
X-ray diffraction (XRD) using a Bruker D8-Advance instrument equipped with a Cu Kα

source (λ = 1.5418 Å) as well as by Raman microprobe analysis using a Jobin-Yvon HORIBA
LabRAM HR800 instrument coupled to an Olympus BX41 microscope. Raman spectra were
collected with excitation from the 514.5 nm line of an Ar-ion laser; the laser power was
kept below 10 mW to minimize photooxidation. Differential scanning calorimetry (DSC)
analysis was performed using a TA Instruments Q2000 instrument. The temperature was
scanned from 0 to 100 ◦C and back again to 0 ◦C at ramp rates ranging from 1 to 15 ◦C/min.
For DSC experiments, the VO2-deposited CFP was cut into small pieces and stacked in an
aluminum T-Zero pan under a purge flow of Ar gas. A bare CFP was used as a reference.
The chemical composition and oxidation states of the prepared materials were investigated
by X-ray photoelectron spectroscopy (XPS, Omicron XPS) with Mg Kα radiation (1253.6 eV).
Energy calibration was achieved by setting the C1s line from adventitious hydrocarbons to
284.8 eV. Vanadium K-edge X-ray absorption near-edge structure (XANES) spectra were
collected at the Advanced Light Source (ALS) bending magnet beamline 10.3.2. V K-edge
XANES spectra were recorded in fluorescence mode in the energy range 5450–5600 eV by
continuously scanning a Si (111) monochromator (Quick XAS mode) from 20 eV below to
40 eV above the white line absorption. For XANES analysis, a suite of custom LabVIEW
programs at the beamline was used to perform deadtime correction, energy calibration,
glitch removal, pre-edge subtraction, and post-edge normalization. The Athena suite of
programs in the IFEFFIT package was used to analyze the XANES spectra.
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Electrochemical characterization: The oxygen evolution reaction (OER) performance
of the prepared materials was evaluated using a three-electrode cell with the help of a
Bio-Logic potentiostat (SP-200). All of the measurements were performed in a 1 M aqueous
solution of KOH purged with N2 gas. The vanadium oxides prepared on CFP were
individually used as the working electrodes. A saturated calomel electrode (SCE) and a Pt
foil were used as reference and counter electrodes, respectively. The potential versus SCE
(ESCE) was converted to the potential versus the reversible hydrogen electrode (RHE) (ERHE)
using the relation ERHE = ESCE + 1.0464 V [41]. Polarization curves for OER were measured
using linear sweep voltammetry (LSV) in the range between 1.2 and 1.8 V versus RHE
at a scan rate of 8 mV/s. The polarization curves were corrected for the ohmic potential
drop (iR) losses, where R is the series resistance of the electrochemical cell as determined
by electrochemical impedance spectroscopy (EIS) measurements. EIS measurements were
performed in the range between 200 kHz and 50 mHz using an AC amplitude of 25 mV. The
double-layer capacitance (Cdl) of the samples was determined by cyclic voltammetry (CV)
at scan rates between 20–100 mV/s. Gas chromatography (GC) analysis of gaseous product
was performed on the headspace of sealed electrocatalytic cells with the three-electrode
configuration in a 1 M KOH electrolyte solution. The cells were sealed under an Ar ambient.
After application of a constant voltage of 1.6 V versus RHE for 30 min, the headspace was
sampled using a syringe. An Agilent Trace 1300 GC equipped with a thermal conductivity
detector and a custom-made 120 cm stainless steel column packed with Carbosieve-II from
Sigma-Aldrich was used for analysis. The carrier gas was Ar. Identification of O2 produced
from electrolysis were accomplished by withdrawing 200 μL of the headspace using a
0.5 mL Valco Precision Sampling Syringe, Series A-2 equipped with a Valco Precision
Sampling syringe needle with a five-point side port.

3. Results and Discussion

The VO2 nanoparticles have been prepared through the vacuum annealing of the
V2O5 particles coated on a carbon fiber paper (CFP) at 950 ◦C, which is slightly higher
than the melting point of V2O5 (690 ◦C at standard temperature and pressure). The field-
emission scanning electron microscopy (FESEM) image in Figure 1a shows clearly that the
produced VO2 nanoparticles with the size of ca. 300 ± 76 nm in diameter uniformly cover
the surface of individual carbon fibers (ca. 7 μm in diameter) constituting the CFP. The bare
surface of CFP is comparatively shown with a smooth grain by FESEM images in Figure
S1 of the Supplementary material. More specifically, the VO2 nanoparticles have some
particle coalescence, which results from solidifying after slightly melting down (see the
high-magnification image in Figure 1b). The phase of VO2 nanoparticles obtained should
be defined since the VO2 possesses three polymorphs, M1 monoclinic, M2 monoclinic, and
R rutile phases, across the phase transition at ca. 67 ◦C in the bulk [34–37]. Each of them
has distinctive Raman spectral signatures arising from the pronounced differences in local
symmetry, where the space groups for the R and M1 phases are P42/mnm (D4h

14) and P21/c
(C2h

3), respectively [36,37]. In particular, the most stable M1 phase at room temperature is
characterized by 18 Raman-allowed modes, 9 each of Ag and Bg symmetry [36,37,42,43].
In Figure 1c, the Raman modes acquired for our VO2 nanoparticles at room temperature
are assigned to the M1 monoclinic phase of VO2. The mode assignments denoted in
Figure 1c are derived from group theory considerations and previously reported polarized
Raman spectroscopy studies [42–44]. Furthermore, the XRD reflections acquired on CFP are
indexed well to the M1 phase of VO2 (Joint Committee on Powder Diffraction Standards
(JCPDS) 43-1051), as shown in Figure S2. These results indicate that the VO2 nanoparticles
obtained here have a well-defined single M1 phase without any mixed phase.
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Figure 1. (a) a low-magnification and (b) high-magnification FESEM images and (c) room-
temperature Raman spectrum acquired for the VO2 (M1) nanoparticles formed on carbon fiber
paper (514.5 nm laser excitation). (d) Lattice-resolved HRTEM image and (e) the indexed SAED
pattern of the VO2 (M1) nanoparticles harvested from the VO2/CFP sample by ultrasonication for 1 h
in toluene. An individual VO2 (M1) nanoparticle shows an interplanar separation of 0.323–0.327 nm
corresponding to the spacing between (200) lattice planes. The inset of (d) indicates its fast Fourier
transform (FFT) image.

The structural characterization has been further performed using high-resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED).
Figure 1d,e show the lattice-resolved HRTEM image and the indexed SAED pattern of an
individual VO2 (M1) nanoparticle harvested from the VO2/CFP sample by ultrasonication
for 1 h in toluene (low-magnification TEM image of VO2 (M1) nanoparticles is shown in
Figure S3a). The nanoparticle reveals the d-spacing of (011) lattice planes, which are the
XRD main reflection of VO2 M1 monoclinic phase. The (200) lattice planes of VO2 M1 phase
are also observed in another individual nanoparticle (Figure S3b). These results corroborate
the single crystalline nature of the individual nanoparticles.

Meanwhile, it should be noticed that vanadium oxides have multiple vanadium
oxidation states (V2+, V3+, V4+, V5+) [24,25]. Among them, VO2 with the oxidation state of
V4+ exhibits the characteristic phase transition phenomenon at near 67 ◦C as mentioned
earlier, which is distinct from compounds with the other oxidation states. Such property
can be used for characterizing the phase and defect of the prepared VO2. In detail, the
thermally and electrically induced metal-insulator phase transition in VO2 is accompanied
by a considerable consumption (M1 → R) or release (R → M1) of latent heat, given that it is
a first-order transition [37,45]. The latent heat at the phase transition comprises an enthalpy
component arising from the structural distortion of the lattice (which is compensated in part
by a modulation of the phonon entropy) and conduction entropy of electrons [37,45–47].
Figure 2a shows differential scanning calorimetry (DSC) profiles acquired at various scan
rates for the prepared VO2 nanoparticles. The pronounced endothermic (M1 → R) and
exothermic (R → M1) DSC traces centered at around 65 ◦C and 62 ◦C are observed upon
heating and cooling, respectively; the temperatures are recognized at Tmax which represents
the temperature at the maximum height of the transition peak and is indicative of the
maximum transformation rate [45]. Such DSC traces corroborate again that the prepared
vanadium oxide is indeed VO2 with the metal-insulator phase transition. Figure 2b shows
the evolution of hysteresis, which is defined as the difference between Tmax temperatures
acquired upon heating and cooling across the scan rates. The Tmax upon heating is slightly
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altered between 65.2 ◦C and 65.7 ◦C across the measured scan rates, while the one upon
cooling is almost constant with the values between 62.4 ◦C and 62.6 ◦C. As a result, it is
found that the width of hysteresis in the prepared VO2 nanoparticles here is relatively
scan-rate-invariant compared to that of the hydrothermally prepared VO2 nanoparticles
previously [45]. The phase transitions in VO2 upon heating and cooling are known to be
mediated by defects such as oxygen vacancy, twin boundary, and grain boundary, which
serve as phase nucleation sites [45,48]. The extent of supercooling of the high-temperature
phase and superheating of the low-temperature phase (thermal hysteresis) can be decreased
with increasing concentration of defects since the nucleation probability is increased with
increasing defect density. Therefore, the low thermal hysteresis for the prepared VO2
nanoparticles here indicates importantly that those nanoparticles possess a considerable
number of structural defects.

Figure 2. (a) Scan rate-dependent DSC results for the VO2 (M1) nanoparticles formed on carbon fiber
paper. Various scan rates with 15, 10, 5, 3, and 1 ◦C/min were applied. (b) Evolution of Tmax for the
VO2 (M1) nanoparticles formed on carbon fiber paper, as a function of the heating/cooling rate. XPS
spectra indicating (c) V 2p and (d) O 1s binding energies acquired for the VO2 (M1) nanoparticles
formed on carbon fiber paper. The V 2p3/2 peak in (c) and O 1s peak in (d) are deconvoluted into
respective two sub-peaks. (e) Experimental V K-edge XANES spectra acquired for the VO2 (M1)
nanoparticles and α-V2O5 nanowires. The inset indicates the magnification of pre-edge peaks.
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The oxidation state and stoichiometry of VO2 have been characterized by X-ray photo-
electron spectroscopy (XPS). Figure 2c,d show V 2p and O 1s spectra for the VO2 nanoparti-
cles, respectively. The V 2p3/2 spectrum can be deconvoluted into two sub-peaks arising
from the V4+ (516.3 eV) and V5+ (517.7 eV) components in Figure 2c, where the binding
energy values for the spectra correspond to the reported values [49–51]. Noticeably, it
indicates that the prepared VO2 consists primarily of V4+ component (87 at%) with the
small amount of V5+ component (13 at%). The main peak for O 1s located at 530.1 eV is
assigned to the lattice oxygen comprising the VO2 in Figure 2d [49,52]. The additional
oxygen component located at 531.3 eV can be assigned to the surface-adsorbed oxygen
or the C-O and C=O bonds coming from it [52]. Figure 2e plots V K-edge X-ray absorp-
tion spectra of the prepared VO2 and contrasting α-V2O5, acquired by X-ray absorption
near-edge structure (XANES) spectroscopy. For comparison, α-V2O5 has been prepared
in the form of nanowires by the hydrothermal method with the average diameters of be-
tween 150–250 nm and lengths ranging from 1–100 μm, according to a previously reported
method [39]. The spectra consist of the pre-edge and white-line absorption features due to
dipole-allowed transitions from V 1s to 3d states and from V 1s to 4p states, respectively. In
Figure 2e, the VO2 (composed of V4+ ions) exhibits the characteristic V K-edge absorption
spectrum with obviously different line shape, intensity, and peak position from α-V2O5
(composed of V5+ ions), indicating the discrepancy in the local symmetry and oxidation
state of vanadium atoms between two types of V-O systems [53]. Specifically, a broader
pre-edge peak for VO2 is observed at 5468.04 eV, shifting toward lower energy as compared
to that of α-V2O5 (5469.13 eV) (see the inset of Figure 2e). On the other hand, a primary
edge peak in the white-line absorption feature is more intensely observed at 5489.94 eV for
VO2. A distinctive pre-edge feature observed in V K-edge spectrum of α-V2O5 is essentially
local in character and originates from the broken octahedral symmetry of the vanadium
centers in V2O5 [53]. The asymmetric broadening and shift of the area-weighted centroid
to lower energy in the pre-edge feature across two V-O systems is a result of the reduction
of the V5+ sites to V4+ sites. Upon such a reduction of vanadium sites, the electron remains
localized within V 3dxy orbitals with stabilization of a small polaron and the excitation of
core electrons requires less energy due to more screening charge at the excited atom, and
thus the pre-edge feature is shifted to lower energy [21,22,53]. In addition to the red shift of
the pre-edge peak position, the V4+ character contributes to the broadening of the pre-edge
peak due to the increase of octahedral symmetry precluding V 4p-3d hybridization, as
shown in the inset of Figure 2e. As a result, it is found that the prepared VO2 is considerably
stoichiometric and somewhat free from the point defect such as oxygen vacancy. Hence,
the principal defect associated with the low thermal hysteresis across the phase transition
for VO2 nanoparticles is considered grain boundaries among VO2 nanoparticles with some
particle coalescence, as observed in FESEM image of Figure 1a.

To investigate the effect of vanadium oxidation state (V4+/V5+) on the electrocatalytic
properties of vanadium oxide, we have further prepared V2O5 nanoparticles covering the
carbon fibers through the annealing of the V2O5 particles coated on the CFP at 950 ◦C
under an O2 flow of 10 sccm and continuous vacuum pumping condition using a tube
furnace. FESEM images in Figure S4a,b reveal the morphology of the V2O5 nanoparticles
covering uniformly the surface of individual carbon fibers constituting the CFP, where
the morphology and particle size are similar to those of the VO2 nanoparticles. Only
slightly faceted shape in the V2O5 nanoparticles is observed as compared with the VO2
nanoparticles (Figure S4b). The Raman bands acquired for the prepared V2O5 nanoparticles
in Figure S4c are well matched with the Raman-active modes of V2O5 reported in the
literature [54,55]. XPS V 2p and O 1s spectra for the prepared V2O5 nanoparticles are
shown in Figure S4a,b, respectively. The XPS result demonstrates that the prepared V2O5
nanoparticles are composed primarily of V5+ component (80 at%) with the small amount of
V4+ component (20 at%). Besides, VO2 (M1), α-V2O5, and γ′-V2O5 have been separately
prepared by the hydrothermal methods for comparison, followed by drop-casting onto
CFP. The agglomeration of the hydrothermally grown VO2 (M1) nanoparticles in a few
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nanometer size is shown by TEM in Figure S5a,b. The hydrothermally grown VO2 (M1)
nanoparticles are characterized to possess the same ratio of V4+ to V5+ by XPS (Figure S5c,d),
which is a higher amount of V5+ component compared to the VO2 nanoparticles prepared
by the vacuum annealing. The α-V2O5 nanowires with the average diameters of between
150–250 nm and lengths ranging from 1–100 μm and the metastable γ′-V2O5 polymorph
microrods with average widths of 0.9–1.1 μm were synthesized separately (their XRD
patterns and FESEM images are shown in Figure S6).

The electrocatalytic OER characteristics of the vanadium oxides prepared on CFP have
been investigated in a 1 M aqueous solution of KOH, using a conventional three-electrode
setup. Figure 3a displays linear polarization curves, which have been corrected for ohmic
potential drop (iR) losses. Bare CFP is contrasted as a control and is essentially catalytically
inert toward OER. Remarkably high OER performance for the VO2 (M1) nanoparticles
prepared by the vacuum annealing on CFP is found with an overpotential of 350 mV,
reaching a current density of 10 mA/cm2 (η10) and a Tafel slope of 46 mV/dec (Figure 3b).
The hydrothermally grown VO2 (M1) nanoparticles prepared by drop-casting on CFP
exhibit the second-highest OER activity with a η10 value of 460 mV and a Tafel slope of
114 mV/dec. As compared to the VO2 samples, V2O5 samples represent relatively low OER
activities with higher η10 values more than 490 mV and higher Tafel slope values more than
130 mV/dec. Among the V2O5 samples, γ′-V2O5 shows the lowest η10 value of 490 mV,
but its Tafel slope value (134 mV/dec) is roughly equal to that of α-V2O5 (131 mV/dec),
indicating their same OER kinetics.

Figure 3. (a) Polarization curves and (b) Tafel plots measured for the vacuum-annealed VO2 (M1)
and V2O5, hydrothermally grown VO2 (M1), α-V2O5, and γ′-V2O5, and commercial V2O5, prepared
on carbon fiber paper, contrasted to data acquired for bare CFP. The data have been acquired in
aqueous solutions of 1 M KOH using a three-electrode assembly. (c) Cyclic voltammograms acquired
at various scan rates for the VO2 (M1) nanoparticles formed on carbon fiber paper. (d) The differences
in current density (Δj = ja − jc) at 1.0 V versus RHE are plotted as a function of the scan rate. The Cdl

value is extrapolated from a linear fit to the plot.
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We further measured the double layer capacitance (Cdl) for the samples using a
cyclic voltammetry (CV) method to estimate the electrochemically active surface area
(ECSA), which is directly proportional to Cdl [18,33]. The voltammograms for the VO2
(M1) nanoparticles prepared by the vacuum annealing on CFP have been collected at
various scan rates (20–100 mV/s) in the potential range of 0.75–1.35 V versus reversible
hydrogen electrode (RHE) (a potential range with no Faradaic current), where the current is
preponderantly due to the charging of the double layer (and not due to water oxidation), as
shown in Figure 3c. The differences (Δj) of anodic and cathodic current densities at 1.0 V vs.
RHE for the CV plot are shown as a function of the scan rate in Figure 3d. The slope of Δj vs.
scan rate plot is equal to a value of 2Cdl. The CV and Δj vs. scan rate plots acquired for the
α-V2O5, γ′-V2O5, and commercial V2O5 samples prepared on CFP are shown in Figure S7
for comparison. As a result, the VO2 (M1) nanoparticles prepared by the vacuum annealing,
which have the lowest η10 (350 mV) and Tafel slope (46 mV/dec) values, are found to exhibit
the highest Cdl value of 4298.43 μF/cm2. By contrast, α-V2O5, γ′-V2O5, and commercial
V2O5 show relatively low Cdl values of 742.54, 748.98, and 491.42 μF/cm2, respectively
(Figure S7). These experimental results definitely indicate that VO2 shows higher OER
activity than V2O5. In other words, it is concluded that V4+ in vanadium oxide composes
a catalytically active site for the OER with high intrinsic activity. A much higher OER
activity of the VO2 (M1) nanoparticles prepared directly on CFP by the vacuum annealing
compared to the hydrothermally grown and drop-casted ones can be explained by their
improved coverage and adhesion on the carbon fibers (i.e., improved morphological factor
by process innovation, facilitating charge transfer) as well as their higher V4+ content (87%
for the former and 50% for the latter, according to the XPS result). For V2O5 catalysts, a
slightly higher OER activity (lower η10) of γ′-V2O5 than α-V2O5, despite their identical OER
mechanism with the roughly same Tafel slope value, is regarded to result from a smaller
particle size and concurrently higher ECSA (higher Cdl value) of γ′-V2O5 than α-V2O5
(Figure S6). Indeed, much bulkier commercial V2O5 particles with the lowest ECSA (lowest
Cdl) show the lowest OER activity. However, it should be noted that these V5+-constituted
V2O5 catalysts reveal much lower OER activities compared to the V4+-constituted VO2
catalyst. According to the theoretically proposed mechanism, the OER proceeds in the four
steps in a basic environment as per [8]:

4OH− → OH * + 3OH− + e− (1)

OH * + 3OH− → O * + 2OH− + H2O + e− (2)

O * + 2OH− + H2O → OOH * + OH− + H2O + e− (3)

OOH * + OH− + H2O → O2 + 2H2O + e− (4)

where * denotes a surface adsorption site. The adsorption energies for intermediates of
OH *, O *, and OOH *, formed in the reaction steps, determine the efficiency of the catalyst;
i.e., the lowest overpotential is achieved when the energies of the OH * → O * (Equation (2))
and O * → OOH * (Equation (3)) steps are equalized. Thus, the lower energy disparity
between two steps on the adsorption sites of the catalyst is, the higher efficiency of the
catalyst is. Meanwhile, the entire water-splitting cycle can be divided into a metal oxidation
step and metal reduction step with O2 evolution, where the oxidation state and redox
kinetics of the transition metal play important roles in determining the OER efficiency
by affecting the adsorption energy [8]. When the kinetics of the metal reduction with O2
evolution step is slow or rapid, the metal oxidation maintains a high-valent or low-valent
state at the OER potential, respectively. Here, when the kinetics of the metal-reduction step
is controlled to maintain the metal oxidation state with a high intrinsic OER activity at the
OER potential, the OER activity of the catalyst is enhanced. Therefore, in this work, the high
OER activity of VO2 is attributed to the preservation of highly OER active V4+ components
and V4+/5+ redox couples in VO2. Likewise, V3+, Co3+, Fe3+, Ni3+, and their redox couples
are known to work as the OER-active species in certain crystal structures [8,18]. More
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recently, the amorphous VOx and CoVOx with V4+ were also reported to have high OER
activities [9]. A high OER activity of the VO2 (M1) with η10 of 350 mV and Tafel slope
of 46 mV/dec is found to be comparable to those of various electrocatalysts reported in
the literature (see Table S1): e.g., η10 of 390 mV for CoOx, η10 of 465 mV for amorphous
VOx, η10 of 410 mV for V2O5, and 534 mV for Co3O4. In particular, the VO2 (M1) shows
a much lower level of Tafel slope value compared to the nickel-, cobalt-, and manganese-
based catalysts as well as the other vanadium-based catalysts such as VOOH, amorphous
VOx, and V6O13. The η10 of VO2 (M1) is even comparable to those of state-of-the-art OER
catalysts, RuO2 and IrO2 with η10 of around 300 mV.

The oxygen evolution from the VO2 (M1) nanoparticles prepared by the vacuum an-
nealing on CFP has been corroborated by gas chromatography (GC) analysis. The resulting
GC trance in Figure S8 shows the only peak eluting from the column at 2.29 min, corre-
sponding to O2. The long-term stability test of the VO2 (M1) catalyst has been performed
by 1000 repeated CV sweeps in a 1 M aqueous solution of KOH in the range between
0.75 and 1.60 V versus RHE at a scan rate of 100 mV/s. As sown in Figure 4a, the VO2
(M1) catalyst exhibits stable performance with almost exactly superimposable polarization
curves after 1000 sweeps. The FESEM image of the catalyst acquired after the long-term
stability test is shown in Figure 4b. Compared with the morphology before 1000 sweeps in
Figure 1b, there seemed to be no remarkable difference. To further investigate the surface
state of the VO2 (M1) catalyst after OER, XPS spectra were acquired for the catalyst after
OER under a constant voltage of 1.6 V versus RHE for 30 min in a 1 M KOH electrolyte
solution (Figure 4c,d). Noticeably, the V5+ component on the surface of the catalyst is
found to be largely increased from 13% to 76% after OER, which is close to V2O5. Such an
oxidation of vanadium during OER again corroborates a relatively poor OER activity of
V5+ site in VO2 (M1), although the overpotential and morphology for the catalyst did not
change obviously until 1000 CV sweeps. Similarly, the metal oxidation behavior involving
a performance degradation is found in the several literature reports. For example, the
surface of VOOH catalyst is observed to oxidize from V3+ to V5+ after OER [18]. Also, Kim
et al. reported the surface oxidation from Co2+ to Co3+ after OER in amorphous cobalt
phyllosilicate catalyst [14].

Figure 4. (a) Polarization curves of the VO2 (M1) nanoparticles prepared by the vacuum annealing
on CFP recorded before and after 1000 CV sweeps in a 1 M aqueous solution of KOH. (b) FESEM
image acquired for the VO2 (M1) nanoparticles after 1000 CV sweeps. XPS spectra of (c) V 2p and (d)
O 1s acquired for the surface of the VO2 (M1) catalyst after OER under a constant voltage of 1.6 V
versus RHE for 30 min in a 1 M KOH electrolyte solution on the headspace of the electrocatalytic cell
sealed under an Ar ambient with a three-electrode system.
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The phase transition of VO2 was investigated in this work only to identify an accurate
preparation of the VO2 (M1) nanoparticles. Since the phase transition temperature was
found to be ca. 65 ◦C (heating) and 62 ◦C (cooling), the effect of phase transition on the
OER in electrocatalytic systems operating at room temperature was ignored. Although the
relationship between phase transition and electrocatalytic (including the OER) activity in
VO2 goes beyond the subject of this study, it can be another huge topic requiring further
investigation.

4. Conclusions

In summary, in this work, the VO2 (M1) is found to possess high electrocatalytic OER
activity and stability for the first time. For this, the single-phase VO2 (M1) nanoparticles,
uniformly covering the surface of individual carbon fibers constituting the CFP, have been
prepared through the vacuum annealing technique. The thermal analysis corroborates that
the prepared VO2 nanoparticles reveal the metal-insulator phase transition at ca. 65 ◦C
(heating) and 62 ◦C (cooling) with the low thermal hysteresis, indicating a high concentra-
tion of structural defect which is considered grain boundaries among VO2 nanoparticles
with some particle coalescence. Consequently, the prepared VO2 (M1) nanoparticles on
CFP show a high electrocatalytic OER activity with the lowest η10 (350 mV) and Tafel
slope (46 mV/dec) values in a 1 M aqueous solution of KOH as compared to those of the
vacuum annealed V2O5 and the hydrothermally grown VO2 (M1), α-V2O5, and γ′-V2O5.
The catalytically active site is considered V4+ components and V4+/5+ redox couples in VO2.
The oxidation state of V4+ is revealed to be more favorable to the OER catalysis compared
to that of V5+ in vanadium oxide through comparative studies. Furthermore, the amount of
V5+ component is found to be increased on the surface of VO2 catalyst during OER, giving
rise to the performance degradation. This work suggests V4+ and its redox couple as a
novel active component for OER in metal-oxide electrocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12060939/s1, References [9,10,14,18–20,56–59] are cited in the
Supplementary Materials. Figure S1. FESEM images of a bare carbon fiber paper (CFP). (b) illustrates
the high-magnification image of a single carbon fiber. Figure S2. XRD pattern of VO2 nanoparticles
prepared on CFP. The reflections are indexed to VO2 M1 phase. The reflections denoted by CFP
arise from the graphitized CFP substrate. The vertical bars indicate the reflections of VO2 M1 phase
(Joint Committee on Powder Diffraction Standards (JCPDS) card# 43-1051). Figure S3. (a) Low-
magnification TEM image of the VO2 (M1) nanoparticles harvested from the VO2/CFP sample by
ultrasonication for 1 h in toluene. (b) Lattice-resolved HRTEM image of an individual VO2 (M1)
nanoparticle showing an interplanar separation of 0.242 nm corresponding to the spacing between
(200) lattice planes. The inset indicates its fast Fourier transform (FFT) image. Figure S4. (a) Low- and
(b) high-magnification FESEM images, (c) Raman spectrum (514.5 nm laser excitation), and XPS (d) V
2p and (e) O 1s spectra of the V2O5 nanoparticles prepared on CFP. Figure S5. (a) Low-magnification
TEM and (b) HRTEM images of the VO2 (M1) nanoparticles prepared by the hydrothermal method.
XPS (c) V 2p and (d) O 1s spectra of the VO2 (M1) nanoparticles. Figure S6. Indexed XRD patterns for
(a) α- and (b) γ’-V2O5 polymorphs. FESEM images for (c) α- and (d) γ’-V2O5. The α- and γ’-V2O5
have been prepared by the hydrothermal methods. Figure S7. Cyclic voltammograms acquired
at various scan rates for (a) α-V2O5, (c) γ’-V2O5, and (e) commercial V2O5 prepared on CFP. The
differences in current density (Δj = ja − jc) at 0.9 or 1.0 V versus RHE are plotted as a function of the
scan rate for (b) α-V2O5, (d) γ’-V2O5, and (f) commercial V2O5 prepared on CFP. The Cdl values are
extrapolated from a linear fit to the plot. Figure S8. Gas chromatogram (GC) of the generated O2
gas for the VO2 (M1) nanoparticles prepared by the vacuum annealing on CFP. For GC analysis, the
O2 gas was captured after application of a constant voltage of 1.6 V versus RHE for 30 min in a 1 M
KOH electrolyte solution on the headspace of the electrocatalytic cell sealed under an Ar ambient
with a three-electrode system. Table S1. Comparison of the electrocatalytic OER activity for metal
oxide catalysts.
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Abstract: For micro direct methanol fuel cell (μDMFC), water flooding on the cathode seriously affects
the performance stability. Additionally, the effect of material and wettability of the cathode current
collector (CCC) on the drainage capacity is studied to improve the μDMFC’s performance. To this
end, a CCC with foamed stainless steel was prepared to assemble the μDMFC due to its absorbency.
Further, based on analyzing the gas–liquid two-phase flow characteristics of the μDMFC cathode, it
was found that the gradient wettability CCC could accelerate the discharge of cathode water. Hence,
the foam stainless steel CCC was partially immersed in a KOH solution to complete the gradient
corrosion using its capillary force. Then, four different types of gradient wettability CCC were
prepared by controlling the time of chemical corrosion. Finally, the performance of the μDMFC with
different gradient wettability CCC was tested at room temperature using electrochemical impedance
spectroscopy (EIS) and discharge voltage. The experimental results show that the gradient wettability
CCC can improve the performance of the μDMFC by slowing down the rate of cathode flooding. The
optimum corrosion time is 5 min at a concentration of 1 mol/L. Under these conditions, the CCC has
the best gradient wettability, and the μDMFC has the lowest total impedance. The discharge voltage
of the μDMFC with corroded CCC is increased by 33.33% compared to the uncorroded CCC μDMFC.
The gradient wettability CCC designed in this study is economical, convenient, and practical for
water management of the μDMFC.

Keywords: micro direct methanol fuel cell; water management; cathode current collector; foamed
stainless steel; gradient wettability

1. Introduction

With the rapid development of industry, the rate of consumption of fossil fuels has
been dramatic. The micro direct methanol fuel cell (μDMFC), which relies on an internal
redox reaction to generate electricity, provides a green route for environmental and energy
concerns [1–3]. To effectively improve the performance of the μDMFC, in-depth research
into cathode flooding should be implemented because excess water can severely block the
gas channels and prevent O2 from reaching the reaction sites uniformly [4–7]. Therefore,
water management of the μDMFC is still a key technology [8–11].

To analyze the emergence of water flooding and the hazards it brings, scholars have
developed different physical models for the gas–liquid two-phase flow in the cathode of fuel
cells [12–16]. In 2020, Mehnatkesh et al. [17] used a deep neural network model to measure
water coverage in fuel cells. The distribution of water in the flow field and the identification
of areas of water accumulation in the gas channels were analyzed. In 2021, Rubio et al. [18]
proposed a fuzzy model to determine the extent of fuel cells flooding or dehydration in real
time. Salaberri et al. [19] used a pore grid model to analyze the relative effect of local water
blockage on the gas diffusion layer and convection. Building the physical model of the
gas–liquid two-phase flow in the fuel cell cathode is an important research direction [20,21].
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However, experimental investigations are an essential part of scientific research, and other
scholars have directly observed the water flooding phenomenon at the fuel cell cathode
through experiments [22–24]. In 2020, Rahimi et al. [25] designed a transparent fuel cell
stack and studied the effect of water flow state on voltage and pressure by visualization.
In 2021, Chasen et al. [26] combined X-ray imaging and EIS to measure the water in the
fuel cell flow field, which showed that the water content of the parallel flow field was
much higher than that of the serpentine flow field. Based on theory and experimental
investigations, scholars have designed different structures in the membrane electrode and
cathode flow fields of fuel cells to mitigate water flooding [27,28]. In 2018, Fly et al. [29]
analyzed the fluid distribution in the flow field of the metal foam fuel cell. The experimental
results showed that the velocity of water covering the flow field was enhanced by 61%
using the foam flow field. In 2019, Yuan et al. [30] used carbon aerogel to construct a water
management layer in the membrane electrode of the fuel cell, and they found that the
layer enhanced water recovery. In 2020, Karthikkyan et al. [31] placed porous inserts in
the flow field to alleviate cathode flooding and showed that the insertion methods and
insert specifications had significant effects on the performance of the fuel cell. Sun et al. [32]
used foam metal instead of conventional current collectors and found that modifying the
foam metal current collector with wettability could improve the performance of the fuel
cell. Overall, the application of treated porous metals to μDMFC can effectively mitigate
cathode flooding.

In this study, the cathode current collector (CCC) was prepared using foamed stainless
steel, and the gas–liquid two-phase flow characteristics of the μDMFC cathode were
analyzed. Then, the foam stainless steel CCC was partially immersed in a KOH solution to
complete the gradient corrosion using its capillary force. The gradient wettability CCC can
create a gradient force to accelerate the drainage in the cathode of the μDMFC. Compared to
modified membrane electrode structures and flow field structures, the method of gradient
wettability modification has the advantage of being economical, simple, and efficient.
Those CCCs were classified according to the corrosion time: uncorroded CCC (N-CCC),
1 min corroded CCC (1-CCC), 5 min corroded CCC (5-CCC), and 9 min corroded CCC
(9-CCC). Finally, the μDMFC with different gradient wettability CCC were tested at room
temperature using EIS and discharge voltage.

2. Methods and Experiments

2.1. Gas–Liquid Two-Phase Flow in the Cathode of μDMFC

The μDMFC’s structure is shown in Figure 1. The fabrication of the various parts of
the μDMFC is the same as in the previous study [33]. The material of the CCC is foam
stainless steel, and the flow field is of hole type, as shown in Figure 2. Then, the gas–liquid
two-phase flow characteristics in the cathode of the μDMFC are analyzed to find a method
that can enhance the performance.

The flow state of the liquid within the CCC is related to the permeability. According
to Darcy’s law:

ΔPlp =
μl ṁΔL

ρlKπr2
e f f

(1)

where ΔPlp is the pressure drop of the fluid, ṁ is the flowing mass, ΔL is the distance,
ρl is density, μl is kinetic viscosity, re f f is the effective radius of the wick, and K is the
permeability of the CCC. The capillary pressure of the CCC is calculated as follows:

ΔPcp =
2σ cos θ

re f f
(2)
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where ΔPcp is the capillary pressure provided by the CCC, σ is the surface tension of the
H2O, and θ is the contact angle. When the pressure drop of the liquid flow is equal to the
capillary pressure, the maximum flow rate of water in the CCC is calculated as follows:

ṁl,max =
2ρlKπre f f σ cos θ

μlΔL
(3)

where ṁl,max is the maximum flow rate of water in the CCC. It can be seen from Equation (3)
that reducing the contact angle can increase the flow rate of water and thus the timely
discharge of water that accumulates in the flow field.

Figure 1. Schematic diagram of μDMFC.

Figure 2. The CCC in mm.

Air flows mainly in a hole-type flow field, the flow state of which can be represented
by the Hagen–Poiseuille equation:

ΔPap =
32μauaΔL

D2 (4)
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where ΔPap is the pressure drop of the air, μa is the viscosity of the air, ua is the average
flow rate of the air, and D is the effective diameter of the hole-type flow field. Further, the
oxygen flow rate is calculated as follows:

ṁo =
ΔPapρaπD4

128μaΔL
× wt% (5)

where ṁo is the flow rate of oxygen in the flow field, ρa is the density of air, and wt% is
the mass fraction of oxygen. As can be seen from Equation (5), the flow rate of oxygen is
proportional to the fourth power of the effective diameter of the flow field. If the CCC is
not drained in time, the hole-type flow field will be blocked by excess water, resulting in
the oxygen not reaching the cathode catalytic layer smoothly.

Overall, making a wettability modification to the foam stainless steel CCC can slow
down cathode flooding and thus improve the performance of the μDMFC.

2.2. Gradient Wettability Modification for the CCC

For the gradient wettability modification of the CCC:

1. Using a laser cutting platform (Type 6060L-1000W), the CCC with the foamed stainless
steel was machined, and then the surfaces of these CCC were polished smooth;

2. The CCC was cleaned with methanol, ethanol, and deionized water in turn, and then
the dried CCC was immersed in the KOH solution of 1 mol/L to corrode. As shown
in Figure 3a, the CCC was placed vertically with the bottom immersed to a depth of
2 mm;

3. Finally, the treated CCC was rinsed in deionized water and dried in a drying oven.

Figure 3. Wettability modification for the CCC. (a) The diagram of immersion; (b) Gradient partitioning.

During the treatment, the bottom of the CCC was immersed in the KOH solution, and
then the solution climbed upwards under the capillary force. However, due to gravitational
and viscous forces, the greater the height of the CCC, the smaller the mass of the climbed
solution, resulting in a weaker corrosion strength. For ease of analysis, the CCC after
modification was divided equally into three regions, α, β, and γ, as shown in Figure 3b.

The surface morphology of the CCC was analyzed. The selected equipment was
TESCAN MIRA4, and an Oxford energy spectrometer was chosen. The scanning electron
microscope (SEM) image shows that the surface of the CCC before the wettability modi-
fication has only a few tiny scratches, while the surface of the CCC after the wettability
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modification has a layer of a nanostructure, as shown in Figure 4. This layer of nanostruc-
ture corroded by the KOH solution shows a uniform character and increases the surface
roughness of the CCC. Compared to the prolonged hydroxide molten salt corrosion [34]
and the electrochemical corrosion of the salt solution [35], the surface morphology of the
CCC after the wettability modification is not substantially damaged. Therefore, the method
does not significantly destroy the CCC’s mechanical strength and electrical conductivity.

According to the Wenzel model:

cosθw = RAFcosθ (6)

where θw is the Wenzel contact angle and RAF is the roughness of the wetted area. It can
be seen that the nanostructure of the CCC surface can increase the surface roughness and
reduce the contact angle.

Figure 4. SEM of the CCC: (a) Before wettability modification; (b) After wettability modification.

The wettability modification can increase the capillary force and provide an additional
capillary gradient force for the foamed stainless steel CCC. This increases the drainage
capacity of the foam stainless steel CCC so that the μDMFC does not flood under high-
intensity operating conditions.

2.3. Test System for μDMFC

The test system consists of a DC electronic load, an electrochemical workstation, and a
thermostat, as shown in Figure 5. This test system can perform EIS, discharge, and polari-
sation curve tests for the μDMFC with different gradient wettability CCC. Before testing,
the μDMFC was activated to bring the μDMFC into operation state [31,32]. Afterwards,
the μDMFC was placed in a 25 ◦C thermostat and connected to the DC electronic load and
the electrochemical workstation.
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Figure 5. Test system of μDMFC.

3. Results and Discussion

3.1. Wettability Test

The contact angle for N-CCC is 120.905◦, as shown in Figure 6. This is mainly caused
by the air inside the foamed stainless steel reducing the surface energy, which results
in a hydrophobic appearance, i.e., a contact angle greater than 90◦. After the different
wettability modifications, the α, β, and γ regions of the CCC all have a hydrophilic tendency,
as shown in Figures 7–9.

Figure 6. Wettability test of uncorroded CCC.

The droplet in the α region of the 1-CCC appears in suspension, and its contact angle
is always 119.038◦. The droplet in the β region of the 1-CCC appears to complete a slow
penetration, and the contact angle drops to 103.00◦ at 20 s. In contrast, the droplet in
the γ region took 20 s to penetrate completely. In the hydrophilic case, once the droplet
comes into contact with the surface, it is drawn into the capillary pores by the driving
force generated by the capillary effect [30,36]. From this, it is clear that the γ region of the
1-CCC is more hydrophilic than the β and α regions. Furthermore, it can be seen that the
KOH solution can climb upwards along with the foamed stainless steel CCC by capillary
forces to gradient-corrode the CCC. Additionally, the short immersion time results in a
small mass of climbing KOH solution, and thus the β and α regions show hydrophobicity.
For the 5-CCC, the droplet in the α region appears suspended, while the droplets in the
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β and γ regions appear to conduct a complete penetration. The penetration time of the
droplets in the β and γ regions are 15.2 s and 4.8 s, respectively. This result implies that with
increasing immersion time of the CCC, the mass of the climbing KOH solution increases,
and thus complete permeation occurs in the β region. For 9-CCC, the α, β, and γ regions all
feature complete permeation. Their permeation times are 3.9 s, 2.3 s, and 1.7 s, respectively.
This implies that the longer immersion time makes the KOH solution climb upwards in
large quantities, which results in severe corrosion of the entire foamed stainless steel CCC.
Therefore, the overall 9-CCC displays a hydrophilic state.

Figure 7. Wettability test of 1-CCC: (a) α region; (b) β region; (c) γ region.

The gradient behavior of the CCC after the wettability modification is shown in
Table 1. According to the listed results, 119.038◦–<1◦ for 1-CCC, 120.500◦–<1◦ for 5-CCC,
and < 1◦–<1◦ for 9-CCC. Furthermore, it can be seen that the hydrophilicity of the γ
region of 5-CCC is superior to that of the γ region of 1-CCC because the droplet in the γ
region of 5-CCC can penetrate more rapidly. Thus, the 9-CCC is almost without gradient
wettability, and the 5-CCC has an optimal gradient wettability. Further, gradient wettability
can generate gradient force to pull the liquid water to move directionally. The reason is
that the more hydrophilic the wall, the stronger the adhesion between the droplet and the
wall [3,37]. As the adhesion force increases, the contact area between the droplet and the
wall increases, which causes the droplet to move towards higher hydrophilicity [38].

Table 1. Wettability of the CCC with different treatment times.

1-CCC 5-CCC 9-CCC

α 119.038◦ (20 s) 120.500◦ (20 s) <1◦ (3.9 s)
β 103.000◦ (20 s) <1◦ (15.2 s) <1◦ (2.3 s)
γ <1◦ (20 s) <1◦ (4.8 s) <1◦ (1.7 s)
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Figure 8. Wettability test of 5-CCC: (a) α region; (b) β region; (c) γ region.

Figure 9. Wettability test of 9-CCC: (a) α region; (b) β region; (c) γ region.

3.2. Cathode Flooding

During the discharge process, water molecules are generated in the cathode of the
μDMFC. The accumulation of these water molecules for a long time will form liquid
water and affect the performance of the μDMFC. As shown in Figure 10, the μDMFC are
discharged at 50 mA/cm2 current to observe flooding of the hole-type flow field. It can
be seen that most of the liquid water was in the cathode of the stainless steel μDMFC,
while little of the liquid water was in the cathode of the foamed stainless steel μDMFC.
This is because the liquid water of the foamed stainless steel μDMFC is absorbed into the
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micropores by the capillary force. Moreover, this absorbing process does not change the
water content inside the cathodic catalytic layer and does not affect the hydraulic pressure
inside the membrane electrode assembly [30]. Therefore, the foamed stainless steel is
suitable for water management studies with μDMFC.

Figure 10. Flooding of the cathode. (a) μDMFC of stainless steel; (b) μDMFC of foamed stainless steel.

The polarization curves of the foamed stainless steel μDMFC were tested to find
the optimum methanol solution concentration required for the discharge. As shown in
Figure 11, the maximum power of the foam stainless steel μDMFC can reach 15.5 mW at a
methanol solution concentration of 4 mol/L. Therefore, the methanol solution selection is
4 mol/L. Additionally, to perform a long and stable discharge of the μDMFC with different
gradient wettability CCC, the current density selection is 80 mA/cm2, and the discharge
time selection is 150 min [32].

Figure 11. Polarization curves of foamed stainless steel μDMFC at 1 mol/L–5 mol/L methanol
solution concentrations.
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3.3. EIS

In this work, to investigate in depth the effect of the CCC with different gradient
wettability on the performance of the μDMFC, AC impedance tests before and after dis-
charge were carried out, as shown in Figures 12 and 13. Their contact impedance and
total impedance are shown in Table 2. It can be seen that, before discharge, the contact
impedance of the μDMFC with different gradient wettability CCC is 0.61 Ω [39]. How-
ever, the charge transfer impedance of N-CCC μDMFC is the smallest. This is because
the surface of the gradient wettability CCC is corroded, which reduces its conductivity
and leads to an increase in charge transfer impedance. After discharge, the EIS of the
μDMFC with different gradient wettability CCC changed significantly. Their total and
mass transfer impedance increased significantly, but the contact impedance decreased to
0.50 Ω [31,40]. This is because the water emerging in the cathode floods the catalytic layer,
which increases the concentration loss and oxygen transfer resistance [1,26]. However, the
water accumulated by prolonged discharge can raise the relative humidity of the reactant
gas and further increase the water content in the membrane [7]. Increasing the level of
membrane hydration can enhance the proton mobility and thus the electrical conductivity
of the membrane [26,32].

Figure 12. EIS of μDMFC with different gradient wettability CCC before discharge.

Figure 13. EIS of μDMFC with different gradient wettability CCC after discharge.
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Table 2. Impedance of μDMFC with different gradient wettability CCC.

N-CCC 1-CCC 5-CCC 9-CCC

Contact impedance (before discharge) 0.61 Ω 0.61 Ω 0.61 Ω 0.61 Ω
Contact impedance (after discharge) 0.50 Ω 0.50 Ω 0.50 Ω 0.50 Ω
Total impedance (before discharge) 2.91 Ω 2.95 Ω 2.81 Ω 2.91 Ω
Total impedance (after discharge) 4.03 Ω 3.51 Ω 3.40 Ω 3.50 Ω

In the low-frequency range, the μDMFC of 5-CCC has the smallest curve radius,
while the μDMFC of N-CCC has the largest curve radius. Furthermore, the μDMFC of
1-CCC and 9-CCC have essentially the same curve radius, as shown in Figure 13. Thus,
the total impedance of the μDMFC of 1-CCC and the μDMFC of 9-CCC are essentially
the same. The μDMFC of 5-CCC has the lowest total impedance, while the μDMFC of
N-CCC has the highest total impedance. This result implies that the cathode flooding of the
μDMFC differs for the different gradient wettability CCC. The 5-CCC has the most suitable
gradient wettability and can effectively direct water towards the end of the CCC. Hence,
it can release the flow field channels and microporous channels of the CCC to provide
more oxygen in the cathode of the μDMFC. The 1-CCC and the 9-CCC have relatively
poor capillary gradient force and cannot effectively direct water towards the end of the
CCC. Thus, it cannot effectively enhance the oxygen transfer rate on the cathode side.
The N-CCC does not have capillary gradient force and cannot tract water from the CCC
towards the end. Thus, it has a high resistance to oxygen transfer, which leads to increased
cathodic polarization.

In general, after prolonged discharge, the total impedance of the μDMFC increases
significantly, and the mass transfer impedance increases more than the charge transfer
impedance. This implies that the effect of the mass transfer impedance on μDMFC per-
formance is much greater than that of the charge transfer impedance under prolonged
discharge. The use of wettability gradient force can increase oxygen transfer channels and
improve mass transfer rate. Thus, it can effectively enhance the μDMFC’s performance.

3.4. Discharge Voltage

Discharge voltage tests are carried out for different types of μDMFC with a methanol
solution of 2 mL, as shown in Figure 14. At 1 h, the discharge voltage of the N-CCC μDMFC
is 0.09 V. Compared to it, the discharge voltage of the 5-CCC μDMFC, 1-CCC μDMFC, and
9-CCC μDMFC increased by 33.33%, 27.28%, and 23.33%, respectively. This is because the
large amount of liquid water produced by the cathode during the prolonged discharge
blocks the microporous channels of the CCC, making the oxygen transport path less
accessible. However, the gradient wettability CCC can effectively pull the water generated
in the cathode towards the end of the CCC, and the particulate water in microporous
channels evaporates more quickly, which can make the microporous channels of the CCC
unobstructed and increase the drainage rate and oxygen transfer rate [41,42].

During the discharge process, the performance of the N-CCC μDMFC decreases the
fastest while the performance of the 5-CCC μDMFC decreases the slowest. Additionally, the
performance of the 1-CCC and 9-CCC μDMFC decreases at approximately the same rate.
This implies that as the redox reaction progresses, more and more liquid water accumulates
in the cathode of the μDMFC. The accumulation of liquid water reduces the transfer of
oxygen to the membrane electrode assembly, which increases the polarization losses and
makes the local current density distribution in the μDMFC very non-uniform. The μDMFC
with suitable gradient wettability shows better performance stability.

The performance of the μDMFC is affected by the accumulation and distribution of
liquid water [24]. If liquid water is not discharged from the cathode side in time, the
diffusion efficiency of the gas is significantly reduced. Further, this can cause a rapid
and unstable degradation in the performance of the μDMFC and affect the lifetime of the
μDMFC [15].
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Figure 14. EIS of μDMFC with different gradient wettability CCC after discharge.

4. Conclusions

In this study, for the foamed stainless steel μDMFC, a gradient wettability CCC
was prepared to avoid cathode flooding by analyzing the gas–liquid two-phase flow
characteristics. Then, to find the suitable corrosion time, the wettability of four different
types of CCC was tested. At room temperature, the μDMFC with different gradient
wettability CCC were tested using EIS and discharge voltage. The main conclusions are
as follows:

1. The foamed stainless steel is more suitable to prepare the gradient wettability CCC for
water management of μDMFC cathode. The gradient of wettability of the 5-CCC is
120.500◦–<1◦. It is significantly better than the 1-CCC and 9-CCC. At 5 min treatment
time conditions, the KOH solution of 1 mol/L can provide optimal gradient corrosion
for the CCC;

2. After discharge of 150 min, the 5-CCC μDMFC has the lowest total impedance,
whereas the N-CCC μDMFC has the highest total impedance. The 5-CCC has the
most suitable gradient wettability and can effectively direct water towards the end of
the CCC. Thus, it has more flow field channels and microporous channels and can
provide more oxygen to the cathode of the μDMFC;

3. At 1 h, compared to the N-CCC μDMFC, the discharge voltage of the 1-CCC μDMFC,
5-CCC μDMFC, and 9-CCC μDMFC increased by 27.28%, 33.33%, and 23.33%, respec-
tively. The μDMFC with gradient wettability CCC shows better stability and higher
discharge voltage.
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The following abbreviations are used in this manuscript:

μDMFC Micro direct methanol fuel cell
CCC Cathode current collector
EIS Electrochemical impedance spectroscopy
SEM Scanning electron microscope
N-CCC Uncorroded CCC
1-CCC 1 min corroded CCC
5-CCC 5 min corroded CCC
9-CCC 9 min corroded CCC
ΔP Pressure drop, capillary pressure
ṁ Flowing mass
ΔL Distance
ρ Density
μ Kinetic viscosity
re f f Effective radius
K Permeability
σ Surface tension
θ Contact angle
u Average flow rate
D Effective diameter
wt% Mass fraction
Subscript l Liquid
Subscript a Air
Subscript o Oxygen
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Abstract: Lithium-sulfur batteries exhibit great potential as one of the most promising energy storage
devices due to their high theoretical energy density and specific capacity. However, the shuttle effect
of the soluble polysulfide intermediates could lead to a severe self-discharge effect that hinders
the development of lithium-sulfur batteries. In this paper, a battery separator has been prepared
based on NiFe2O4/Ketjen Black (KB) modification by a simple method to solve the shuttle effect and
improve the battery performance. The as-modified separator with the combination of small-size KB
and NiFe2O4 nanoparticles can effectively use the physical and chemical double-layer adsorption to
prevent polysulfide from the shuttle. Moreover, it can give full play to its catalytic effect to improve
the conversion efficiency of polysulfide and activate the dead sulfur. The results show that the
NiFe2O4/KB-modified separator battery still maintains a discharge capacity of 406.27 mAh/g after
1000 stable cycles at a high current density of 1 C. Furthermore, the coulombic efficiency remains at
99%, and the average capacity attenuation per cycle is only 0.051%. This simple and effective method
can significantly improve the application capacity of lithium-sulfur batteries.

Keywords: lithium-sulfur battery; nano NiFe2O4; adsorption; separator modification

1. Introduction

The demand for a diverse and comprehensive transformation of the energy structure
based on fossil energy for clean and renewable energy is becoming stronger and stronger
in the energy field [1]. The electrochemical energy storage strategy based on the secondary
batteries is considered the energy storage and conversion solution, with broad applicability
in the new energy systems [2]. Investigations focus on developing new secondary battery
systems with low cost, high energy density, and long cycle life. The lithium-sulfur (Li-S)
secondary battery, which has a theoretical specific capacity of up to 1675 mAh/g and a
theoretical energy density of 2600 kW/kg, is considered as one of the most promising next-
generation secondary battery systems and has attracted extensive attention [3,4]. However,
the shuttle effect of lithium polysulfides (LiPSs) between lithium metal anode and sulfur
cathode results in serious problems such as the decrease of battery capacity, low coulombic
efficiency, and the deterioration of cycle stability, which limit the practical application of
Li-S batteries [5,6]. To overcome these issues, introducing a separator layer as a polysulfide
shuttle barrier between anode and cathode is considered as an extremely effective strategy.

In recent years, researchers have proposed many approaches to optimize the con-
struction of the separator layers to improve the battery’s performance by enhancing the
conductivity and boosting the adsorption of LiPSs. Manthiram et al. [7–10] proposed a
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strategy of modifying the conductive layer on the cathode side of the electrode separator to
improve the electrochemical reaction activity of the cathode active material, reducing the
interface resistance and physically limiting the shuttle of polysulfides, thereby improving
the battery rate performance and energy. Furthermore, Al2O3 [11,12], SnO2 [13], MnO2 [14],
and other inorganic polar materials have been used to modify the conductive layer on
the cathode side of the separator to improve the sulfur fixation effect of the separator.
For example, N [15,16], P [17], O [18], B [19], and S [20,21] were also used to dope the
carbon-based conductive layer on the cathode side of the separator to change the charge
distribution state on the surface and improve the sulfur fixation. On this basis, the use
of catalytic materials, which can capture and improve the conversion efficiency of LiPSs
intermediates to functionalize the separator to improve the electrochemical performance
of the battery, is an extremely effective strategy. Yi et al. [22] used Ir nanoparticles to
modify KB to prepare the KB@Ir composite and used them as a catalytic layer on the
separator to promote the redox reaction of lithium sulfide intermediates. The nanoparticles
exhibited strong chemical adsorption on the polysulfide ions and effectively accelerated
the kinetic process of polysulfide conversion. Giebeler et al. [23] embedded RuO2 into
mesoporous carbon and coated it on the separator as an electrochemically active polysulfide
nest, which significantly improved the redox reaction efficiency of the polysulfide that
migrated out of the cathode. This type of multifunctional separator could have three advan-
tages: (1) improving the electronic conductivity of the battery and the utilization rate of the
active materials, (2) limiting the shuttle effect and reducing the dissolution and diffusion
of polysulfides, and (3) accelerating the reaction kinetic process of polysulfides and the
thermodynamic process of the solvent interface. However, this catalytic layer is mainly
made of precious metals such as Au, Pt, Ir, and Ru or their oxides, and the high cost of these
materials could limit their broad applicability [24]. Therefore, an optimization strategy for
the low-cost separator that also has conductive, adsorption, and catalytic functions could
have a significant influence on promoting the application of Li-S batteries.

Ketjen Black(KB) is a common commercial porous carbonaceous material with ex-
cellent conductivity, often used as the sulfur host [25,26] or the separator sulfur fixation
body [27–29] of Li-S batteries to improve their conductivity. The fluffy accumulation of
particles retains many pores, providing pathways for ion transfer. Moreover, its soft texture
can alleviate the volume expansion of the cathode and separator. Meanwhile, in previous
studies, NiFe2O4 mainly was used as a lithium storage material as the negative electrode
material for lithium-ion batteries [30–37]. Recent studies have shown that nano NiFe2O4,
which is mainly used as a lithium storage material for lithium-ion batteries, has a strong
adsorption effect on polysulfides and capture-soluble polysulfides. Some researchers used
it as a sulfur host and successfully inhibited the shuttle effect of polysulfides [38,39]. It
is worth mentioning that NiFe2O4 has also been proven to accelerate the reaction kinetic
process of polysulfides, which indicates that it has a relatively good catalytic effect on the
redox reaction of polysulfides on the cathode [40–42]. Moreover, the modification of the
positive electrode material is an efficient method to improve the electrochemical perfor-
mance of Li-S batteries. Transferring the conductive carbonaceous material introduced
into the cathode and the adsorptive catalytic material to the battery separator could be a
promising strategy to enhance the development of Li-S batteries [43–46].

In this work, we innovatively loaded nano-NiFe2O4 on the membrane as a separa-
tor layer. The NiFe2O4/KB modified battery separator not only enhanced the conduc-
tivity of the separator but also improved its adsorption of polysulfides, accelerated the
kinetic processes of oxidation and reduction of sulfides, and added the function of the sec-
ondary current collector to the separator. The results showed that the Li-S battery with the
NiFe2O4/KB-modified separator had excellent rate performance and long-cycle stability. It
maintained a discharge capacity of 406.27 mAh/g after 1000 stable cycles at a high current
density of 1 C, with an average capacity attenuation of only 0.051% per cycle. This simple
and effective method significantly improved the application capacity of Li-S batteries.
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2. Materials and Methods

2.1. Preparation of NiFe2O4 Nanoparticles

NiFe2O4 nanoparticles were prepared by the improved hydrothermal method. Weigh
8 g of iron nitrate (Fe(NO3)3·9H2O (Aladdin Inc., Shanghai, China)), 2.9 g of nickel nitrate
(Ni(NO3)2·6H2O (Aladdin Inc., Shanghai, China)), and 0.9 g of urea (CN2H4O (Aladdin Inc.,
Shanghai, China)) in 100 mL of deionized water and stir well, transfer to a hydrothermal
autoclave and keep reacting at 180 ◦C for 24 h, then cool naturally to room temperature.
After centrifugal collection of the precipitate, the precipitate was washed with water and
ethanol, respectively, and the precipitation was dried at 60 ◦C for 12 h to obtain a reddish-
brown powder. The dried powder was put into a tube furnace for heat treatment at 400 ◦C
for 3 h and then ground uniformly to obtain NiFe2O4 nanoparticles.

2.2. Preparation of NiFe2O4/KB-Modified Separator

The ratio of the slurry and the orientation of the coating were determined based on
the preliminary study in S1. The prepared NiFe2O4 nanoparticles, commercial KB, and
binder PVDF were mixed to prepare a coating slurry with a mass ratio of 9:27:4. Firstly, the
PVDF was dissolved into the 1-Methyl-2-pyrrolidinone (NMP) to obtain the mixed solution,
and then the NiFe2O4 nanoparticles were added to the mixed solution by grinding and
mixing the NiFe2O4 nanoparticles with the KB particles, which was stirred for 8 h at room
temperature to obtain the coating slurry. A 50 μm spatula was used to coat the mixed slurry
on the PP separator. After drying at 40 ◦C for 12 h, it was cut and stored in a glove box. The
same method was used to prepare the KB-coated separator. Figure S1c shows a schematic
diagram of the preparation process of the NiFe2O4/KB-modified separator.

2.3. Characterization of Materials

A Cu-Kα radiation X-ray diffractometer (Rigaku Inc., Tokyo, Japan) was used for
X-ray powder diffractometry (XRD) to verify the formation of the products. A Raman
spectrometer (Horiba Inc., Paris, France) was used to analyze the crystal structure of the
prepared samples. An X-ray photoelectron spectroscope (Thermo Inc., Waltham, MA, USA)
recorded the samples’ X-ray photoelectron spectrum (XPS). A Fourier Infrared Spectrom-
eter (Thermo Inc., Waltham, MA, USA) was used to record the Fourier Transform In-
frared (FT-IR) spectrum (S2) of the samples. The SEM micrographs were collected using a
field emission environmental scanning electron microscope (FEI Inc., Hillsboro, OR, USA)
equipped with an EDX microanalyzer. A field emission high-resolution projection electron
microscope (FEI Inc., Hillsboro, OR, USA) was used to characterize the morphology of the
prepared samples (S3).

2.4. Electrochemical Characterization

The assembled battery (S4) was left for 12 h to ensure that the electrolyte thoroughly
wetted the inside of the battery. A Xinwei tester was used to conduct the constant current
charge, and discharge tests of the battery were conducted at 1.7–2.8 V. An electrochemical
workstation (Chenhua Inc., Shanghai, China) was used for cyclic voltammetry (CV) and
electrochemical AC impedance (EIS) tests. The CV test voltage range was 1.5–3.0 V, and
the sweep speed was 0.1 mV/s. The AC impedance scanning frequency was from the high
frequency of 100 kHz to the low frequency of 0.01 Hz, with an amplitude of 5 mV.

2.5. Theoretical Calculation

The Vienna Ab initio Simulation Package (VASP) software was used for density
functional theory (DFT) in the simulation calculations [47,48]. A 3 × 3 super-monolithic
flat plate model containing two layers of atoms totaling 252 atoms was built to simulate
the surface of NiFe2O4(1 0 0). The height of the vacuum layer was set to 15 Å. The cut-off
energy was set to 500 eV. The sampling of the Brillouin zone was geometrically optimized
using the Monkhorst–Pack format of a (1 × 1 × 1) k-point grid. The generalized gradient
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approximation (GGA) and the Perdew, Burke, and Ernzerhof (PBE) functional were used to
optimize the structures [49,50]. The binding energy (Eb) of the adsorbate was defined as

Eb = Etotal − Eslab − Es (1)

where Etotal represents the total energy of the adsorbent model, and Eslab and Es are the
energy of the corresponding bare board and free adsorbent, respectively.

3. Results

3.1. Characterization of Nano NiFe2O4 Materials

Figure 1a shows the XRD pattern of the prepared NiFe2O4 sample. The characteristic
peaks are assigned to (111), (220), (311), (222), (400), (422), (511), and (440) crystal planes. All
the peak values correspond to the standard pattern of NiFe2O4 crystal (PDF 74-2801) [51].
There are no pronounced impurity peaks in the XRD pattern, and the peak shapes of all
characteristic peaks are sharp, indicating that the crystallinity of the as-prepared NiFe2O4
material is high. The grain size of NiFe2O4 calculated based on the XRD pattern (S5) is
17–26 nm, with an average grain size of 20 nm. The NiFe2O4 nanoparticles can shorten the
diffusion path of Li+ and expand the specific surface area to form more reaction sites.

Figure 1. (a) The X-ray diffraction pattern of NiFe2O4, and the XPS spectra of NiFe2O4 nanoparticles:
(b) survey spectra, (c) Ni 2p, (d) Fe 2p, and (e) O 1s.

XPS was used to obtain the detailed elemental composition and oxidation state char-
acterization of the samples. Figure 1b shows the presence of three elements—Ni, Fe, and
O—in the synthesized materials. The two prominent peaks in Figure 1c are located at
854.9 eV and 872.4 eV, corresponding to Ni 2p3/2 and Ni 2p1/2, respectively. In addition,
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the two satellite peaks of Ni2+ are located at 861.36 eV and 879.5 eV. The two main peaks
at 710.85 eV and 724.65 eV in Figure 1d represent Fe 2p3/2 and Fe 2p1/2 of Fe3+. Figure 1e
shows three peaks in the O 1s region, representing OL (531.2 eV), OC (529.4 eV), and OV
(529.65 eV), respectively [52].

The Raman spectrum (Figure S2a) shows that the NiFe2O4 nanoparticles have stable
ferromagnetism, as the peaks at 219.12 cm−1, 285.88 cm−1, 479.68 cm−1, 572.4 cm−1,

and 689.93 cm−1 correspond to the spinel structure T2g(1), Eg, T2g(2), T2g(3), and A1g
vibration, respectively [53,54]. No other impurity peaks are found on the Raman spectrum,
implying that the crystal form of NiFe2O4 nanoparticles was uniform and consistent with
the XRD results.

The FT-IR spectrum (Figure S2b) of the samples shows that there are two main ab-
sorption bands at 599.75 cm−1 and 472.47 cm−1, which correspond to the vibration of the
tetrahedron and octahedron crystal structure of the NiFe2O4. The normal vibration mode
of the tetrahedral cluster (599.75 cm−1) is higher than the vibration mode of octahedral
clusters (472.47 cm−1). This is because the bond length of tetrahedral clusters is shorter
than that of octahedral clusters, consistent with the previous reports [55]. The Raman
spectrometer and infrared spectroscopy results are consistent with the XPS investigations,
further confirming the synthesis of nano-NiFe2O4 with spinel structure.

Figure 2a shows the SEM micrograph of the NiFe2O4 nanoparticles. It can be observed
the particles have a very rough surface and a fluffy structure formed by cross-linking
between particles. Figure S3a shows the N2 adsorption-desorption isotherms of NiFe2O4
nanoparticles. The Brunauer–Emmett–Teller method (BET) surface area of the NiFe2O4
nanocomposite was calculated to be 49.4 m2g−1. Figure S3a shows a typical type IV curve
and type H3 hysteresis loop, indicating a majority of mesopores [56]. The rough surface
can provide a larger specific surface area to provide sufficient active sites for the adsorption
and conversion of lithium polysulfides on the separator. TEM further disclosed the detailed
morphology of the samples (Figure 2b Figure S3b,c). The grain distribution of NiFe2O4 was
relatively uniform, with a particle size within 20–30 nm, consistent with the XRD results.
The EDS mapping results of O, Fe, and Ni elements (Figure 2c–e) reveal that the atomic
ratio Ni content is 19% and Fe content is 40%. Their ratio is 1:2.1, which follows the ratio
setting during the material preparation, and all of these are evenly distributed.

 
Figure 2. (a) The SEM and (b) TEM micrographs of NiFe2O4, and the element mapping of Ni (c),
Fe (d), and O (e).
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3.2. Morphology Analysis of NiFe2O4/KB-Modified Separator

Figure 3a shows the SEM image of the pristine PP separator. The typical sub-micron
long needle-like pores formed by the dry stretching process can be observed. These pores
provide channels for the electrolyte penetration and lithium-ion transfer. However, the
long-chain soluble LiPSs could easily pass through these large pores of the separator to the
other side of the electrode, causing irreversible capacity loss.

 
Figure 3. The SEM images of (a) the pristine PP separator and (b) the NiFe2O4/KB-modified separator
in cross-sectional view, and (c,d) with different magnifications; (e) a digital photo of the NiFe2O4/KB-
modified separator under mechanical stability tests; (f) the electrolyte contact angles of pristine PP
and the NiFe2O4/KB-modified separator.

In order to solve the shortcomings of the pristine PP separator without affecting the ion
transmission, a modified layer with NiFe2O4/KB was coated on one side of the separator.
Figure 3b shows a cross-sectional view of the NiFe2O4/KB-modified separator. The pristine
separator of the coating layer was in close contact with the surface and adhered well. An
appropriate thickness of about 3.7 μm was chosen to avoid the impact on the lithium-ion
transmission and battery internal resistance from an overly thick coating. Figure 3c,d
present the surface morphology of the NiFe2O4/KB-modified separator, and the upper
right corner of Figure 3c shows the digital camera image of the as-coated modified separator.
The SEM images show that the accumulated KB particles on the coating surface have a
porous structure filled with liquid electrolytes, and convenient ion diffusion. NiFe2O4
nanoparticles are uniformly dispersed in the 3D porous structure formed by the accumu-
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lation of KB particles, which could anchor the polysulfide diffused from the cathode to
the anode side. The accumulation formed the 3D structure, providing sufficient reaction
space for the catalytic conversion. In addition, the functional carbon coating could act as a
conductive secondary current collector, promoting electron transport and increasing the
sulfur utilization rate. The two cooperate to firmly block the polysulfide on one side of the
separator and prevent its shuttle effect on both sides of the separator, which becomes a
powerful barrier to block the shuttle of polysulfide.

Figure 3e shows the folding/unfolding test of the modified separator. After repeated
folding and deep bending, the modified material still adhered to the surface of the PP
separator without any peeling. The results show that NiFe2O4/KB has good adhesion to the
PP separator, and the modified separator has excellent mechanical stability and flexibility.

The wettability of the battery separator surface is an essential factor in improving
interface compatibility, shortening the electrolyte filling time, and promoting lithium
ions’ migration. The contact angle test was used to evaluate the wettability of these
membranes. Figure 3f shows the contact angle of the electrolyte drop on the surface of
the separator, and the contact angle between the electrolyte and the PP separator was
35.6◦. When the electrolyte drop reached the surface of the NiFe2O4/KB separator, it
immediately wet the NiFe2O4/KB separator. These results indicate that the NiFe2O4/KB
coating could be beneficial to accelerate the penetration of the electrolyte, promoting the
transmission of lithium ions and improving the electrochemical performance during the
discharge/charge process.

3.3. Electrochemical Analysis of NiFe2O4/KB-Modified Separator

Figure 4 shows the electrochemical performance of the assembled Li-S batteries. The
cyclic voltammetry (CV) curves of pristine PP separator (Figure S4a), KB modified separator
(Figure S4b), and NiFe2O4/KB-modified separator batteries were taken in a voltage range
of 1.5–3.0 V and a sweep rate of 0.1 mV/s. Figure 4a presents the CV curves of the first three
circles of the NiFe2O4/KB-modified separator. The CV curves show two reduction peaks
and a broad oxidation peak. The two reduction peaks at 2.29 V and 1.96 V are attributed to
the reduction of S8 to lithium polysulfide (Li2Sx, x ≥ 4) and further reduction to solid Li2S2
and Li2S. The broad oxidation peak near 2.52 V was attributed to the coupling conversion
of Li2S2/Li2S to LiS8/S [10,57–59]. The peak voltage in the CV curves does not change
significantly, indicating that the NiFe2O4/KB-modified separator has good redox reversibil-
ity. Figure 4b shows the EIS of the NiFe2O4/KB-modified separator. The semicircular
high-frequency area of the EIS diagram represents the charge transfer resistance (Rct) of
the electrochemical reaction at the electrode interface, and the oblique line low-frequency
area presents the Warburg impedance related to the ion diffusion in the electrolyte [60–62].
The EIS diagram shows that the charge transfer resistance of the NiFe2O4/KB-modified
separator (Rct = 80.39 Ω) is lower than that of the PP (Rct = 184.2 Ω) and KB (Rct = 110.3 Ω)
separators. Table S1 shows the ionic conductivity data calculated from the EIS for different
separators. There was no increase in the battery’s internal resistance due to the addition
of the coating layer, revealing that the introduction of the coating layer increases the in-
terface conductivity and enhances the transfer of interface charges. The NiFe2O4 on the
separator provides the active site, which strongly interacts with the soluble polysulfide and
greatly accelerates the kinetics of the redox reaction, which is consistent with the better rate
performance of the battery [63].
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Figure 4. (a) The CV curves of the Li-S battery with the NiFe2O4/KB-modified separator; (b) the
EIS of NiFe2O4/KB, KB, and the pristine PP separator; (c) the rate performance of the batteries
with different separators between 0.1 C and 2 C; and (d) the charge/discharge curves of different
separators at 0.1 C.

Figure 4c shows the rate performance of these batteries with different separators.
It can be observed that the rate performance of the NiFe2O4/KB-modified separator as-
sembled battery is significantly better compared to other batteries. At rates of 0.1, 0.2,
0.5, 1, and 2 C, the discharge capacities of the NiFe2O4/KB-modified separator assem-
bled battery are 1221.4, 833.1, 663.6, 598.1, and 553.2 mAh/g, respectively. When the
rate is restored to 0.1 C, the battery capacity is 735.8 mAh/g. When the KB separator is
used, the capacities are 1109.7, 673.6, 516.3, 435.7, and 352.8 mAh/g, respectively. Fur-
thermore, when the rate is restored to 0.1 C, the battery capacity is 401.5 mAh/g. The
battery capacities of the pristine separator are 692.8, 377.6, 300.2, 267.2, and 232.2 mAh/g,
respectively, and when the rate is restored to 0.1 C, it is 323.1 mAh/g. Figure S5 shows
the charge/discharge profiles of the corresponding separators at different rates. Figure 4d
shows the charge/discharge profiles of three batteries at 0.1 C, and two distinctive discharge
platforms of Li-S batteries are observed. The short discharge platform at a high potential
of 2.3 V corresponds to converting elemental S8 into soluble long-chain polysulfide LiPSs,
and the low potential at 2.1 V corresponds to the process of converting LiPSs into insol-
uble discharge end products Li2S2/Li2S [64]. For the pristine PP separator, KB-modified
separator, and NiFe2O4/KB-modified separator, the potential intervals between the charge
and discharge platforms were 0.13, 0.17, and 0.20 mV, respectively. Compared with the
PP and KB-modified separators, the NiFe2O4/KB-modified separator has the smallest
potential interval, indicating that the NiFe2O4/KB-modified separator battery has better
dynamic characteristics.
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Figure 5 shows the cycling performance of batteries with different separators. The
batteries assembled with different separators were subjected to the long-cycle tests at 0.5 C
and 1 C, respectively. Figure 5a shows the cycling performance graph of batteries equipped
with different separators at 0.5 C. The initial discharge capacity of the battery with the
pristine separator is 802.6 mAh/g and decreases to 394.6 mAh/g after 100 cycles, and the
retention rate is only 49.1%. However, when the separator is modified with a pure KB
coating layer, the capacity retention rate is 52.3%, a significant improvement compared
with the pristine separator (the initial capacity of this battery is 917.6 mAh/g and decays
to 479.9 mAh/g after 100 cycles). It can be observed that the improvement of the stability
is limiting when only carbon layer is added. However, the first capacity reaches as high
as 1079.6 mAh/g and remains at 753.1 mAh/g after 100 cycles (with a capacity retention
rate of 69.7%) with the NiFe2O4/KB-modified separator. It can be observed that the battery
capacity retention rate of the NiFe2O4/KB-modified separator is about 1.5 times that of
the pristine separator, which exhibits good cycling performance. This may be attributed
to the improved conductivity due to the introducing of KB nanoparticles. Furthermore,
the chemical adsorption of NiFe2O4 particles relieves the shuttle effect of polysulfides,
improves the dynamic conversion rate of polysulfides, and increases the utilization rate of
active materials. Moreover, the coating layer has good hydrophilicity and liquid retention
to store more electrolytes and improved ion conductivity.

Figure 5. (a) The cycling performance of different separators at 0.5 C (the first two circles at 0.1 C),
(b) the charge/discharge curves with different cycles of NiFe2O4/KB-modified separator battery at a
current density of 0.5 C, and (c) the long-term cycling stability of separators at 1 C.

Figure 5b shows the charge/discharge curves using the NiFe2O4/KB-modified separa-
tor at a current density of 0.5 C with different cycling numbers. The average overpotential
of the battery with the original PP separator increases from 0.18 V to 0.37 V (Figure S6a)
after 100 cycles. In comparison, the average overpotential of the KB-modified separator
battery rises from 0.20 V to 0.34 V (Figure S6b). On the other hand, the overpotential
of the battery with NiFe2O4/KB-modified separator has no noticeable change, and the
capacity decay rate is slower. Studies have proved that pure KB has a particular effect on
the modification of the separator [26,29]. However, the effect is more evident after adding
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NiFe2O4, indicating that the addition of NiFe2O4 plays a crucial role in improving the
electrochemical performance of Li-S batteries.

Figure 5c shows the cycling performance graph of NiFe2O4/KB-modified separator
at a high rate. The corresponding charge/discharge platform (Figure S7) shows that the
NiFe2O4/KB-modified separator battery has the smallest overpotential (0.29 V) at a high
rate. Furthermore, the NiFe2O4/KB-modified separator battery still has a relatively high
initial discharge capacity at a high current density of 1 C. At the high current density, its
decay rate is faster than that of the low density. After 100 cycles, the battery capacity de-
creases to 641.2 mAh/g. The battery still has a specific discharge capacity of 406.27 mAh/g
after 1000 cycles, with an average capacity attenuation of only 0.051% per cycle. This stable
cycling performance is better compared with previous results (Table S2). The accelerated
decay rate can occur when the current density is high; the formation rate of lithium polysul-
fide is fast; and the output is large, that is, higher than the adsorption capacity of NiFe2O4
particles. It can be seen that compared to the battery with the NiFe2O4/KB-modified
separator, the batteries with the pristine separator and the KB-coated separator have a very
rapid capacity decay during the long 1000 cycles. Therefore, it can be concluded that using
NiFe2O4/KB to coat the separator can significantly improve the battery’s cycle life and
make the battery cycle stable for a long time.

Figure 6a shows the working principle diagram of a Li-S battery with a NiFe2O4/KB-
modified separator. The soluble polysulfide ions from the desulfurized cathode could form
S8, and the short-chain insoluble Li2S2 and Li2S were deposited on the separator through
the disproportionation reaction. Since the separator is an electronic insulator, the “dead
sulfur” deposited on the separator can no longer participate in the electrochemical reaction,
resulting in the decrease of the battery’s energy density. Under the premise of ensuring the
electronic insulation between the positive and negative electrodes, KB was introduced as a
conductive layer between the separator and the cathode, and the fluffy KB particles were
piled together. On the one hand, it could buffer the shuttle of polysulfide ions in the cathode
and has a certain physical inhibitory effect on the migration of polysulfides, slowing down
the attenuation of battery capacity. On the other hand, the KB conductive layer could be
used as a “second current collector”, providing a place for the electrochemical reaction of
polysulfide ions. It could activate the “dead sulfur” to avoid the capacity loss caused by
the deactivation of active materials.

The adsorption and catalytic effects of NiFe2O4 were the keys to achieving long-
term stable cycling of Li-S batteries, which could be further verified by the polysulfide
adsorption experiments (S13). It can be seen from Figure 6b that the Li2S6 solution became
colorless after NiFe2O4 was added, while the color of the sample with KB remained nearly
unchanged. This shows that NiFe2O4 has an excellent adsorption capacity for polysulfides.
Further UV-Vis measurements showed that the intensity corresponding to the S6

2- peak
at 280 nm for the sample with KB decreases slightly [65]. On the other hand, after the
addition of NiFe2O4, the absorption intensity of the S6

2− peak decreases significantly,
further verifying the excellent adsorption capacity of NiFe2O4 for polysulfides, which plays
a key role in the long-term stable cycling of the battery.

According to density functional theory (DFT) calculations, the interactions between
NiFe2O4 and polysulfides are deeply investigated, and the binding energy of Li2Sx (x = 1, 2, 4, 6)
with NiFe2O4 is calculated. Figure 6c and Figure S8a show the adsorption configuration of
Li2Sx (x = 1, 2, 4, 6) with the NiFe2O4 (1 0 0) surface in side and top view. DFT calculations
show that the adsorption energy of NiFe2O4 for Li2S6 is −1.83 eV. In addition, calculations
show that NiFe2O4 has strong adsorption for Li2S6, Li2S2, and Li2S4 (Figure S8b). The
high binding energy between polysulfide molecules and NiFe2O4 indicates that NiFe2O4
has a strong polysulfide limiting ability, which is also consistent with the results of the
polysulfide adsorption tests. NiFe2O4 could form a strong adsorption effect for polysulfides
by the formation of Li-O and S-O bonds. The strong adsorption between polysulfides and
NiFe2O4 could eliminate the shuttle effect of polysulfides and contribute to the excellent
cycling stability. Moreover, nano- NiFe2O4 could act as a catalyst for the conversion of
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polysulfides. The NiFe2O4/KB layer coating does not block the original separator’s pores,
and the tiny NiFe2O4 nanoparticles have a larger specific surface area to form more reaction
sites. The modified separator that combines NiFe2O4 and KB, on the one hand, could use
the physical adsorption and barrier of KB and the chemical adsorption capacity of nickel
ferrite to block polysulfides on the side of the cathode to prevent the shuttle of polysulfides.
On the other hand, NiFe2O4 can give full play to its catalytic effect on the “second cur-
rent collector” formed by the KB conductive layer and improve polysulfides’ conversion
efficiency. The synergy significantly reduces the shuttle effect of polysulfides, which is
important for reducing the corrosion loss of lithium, enhances the rate electrochemical
performance; and promotes the long-term stability of the Li-S battery.

Figure 6. (a) The working principle of the NiFe2O4/KB-modified separator Li-S battery; (b) the
UV-Visible spectrum of the Li2S6 solution containing KB and NiFe2O4 (the inset is a photo of sealed
vials of Li2S6/DOL/DME solutions after contact with KB and NiFe2O4 1 h later), and (c) the side
view of and top view of the adsorption configuration of Li2S6 on the NiFe2O4 (1 0 0) surface.
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4. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex. We prepared NiFe2O4 nanoparticles by a simple hydrother-
mal method and improved the wettability of the separator to the electrolyte using the
good hydrophilicity of NiFe2O4. NiFe2O4 used its binding force toward polysulfides and
chemical adsorption to hinder the shuttle effect. In order to avoid the introduced NiFe2O4
particles hindering the lithium-ion transmission channel, porous carbon KB was intro-
duced to resolve this situation. The introduced carbon layer could construct a porous
transmission channel, improve the interface conductivity of the separator and the cath-
ode, increase the electron conductivity, restrict the polysulfide diffusion, and improve the
transfer of lithium ions without avoid increasing the internal resistance of the battery. The
NiFe2O4/KB-modified separator battery could reach a capacity of 1079.6 mAh/g at 0.5 C.
After 100 cycles, the capacity remained at 753.1 mAh/g, and the capacity retention rate was
69.7%. After 1000 cycles at a high rate of 1 C, the battery still had a specific discharge capac-
ity of 406.27 mAh/g, and the average capacity attenuation per cycle was only 0.051%. The
experiments have proved that using the NiFe2O4/KB-surface-coating-modified separator
is a simple and effective method to improve the performance of the Li-S battery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12081347/s1, Figure S1: schematic illustration of coated
NiFe2O4/KB separator; Figure S2:(a) Raman spectra of NiFe2O4 nanocomposite;(b) FT-IR spectra
of NiFe2O4 nanoparticles. Figure S3: N2 adsorption–desorption isotherms of NiFe2O4 nanoparticles;
Figure S4: (a) cyclic voltammetry curves of the battery with PP separator; (b) cyclic voltammetry curves
of the battery with KB separator. Figure S5: (a) charging and discharging curves of PP separator at
different rates; (b) charging and discharging curves of KB separator at different rates; (c) charging and
discharging curves of NiFe2O4/KB separator at different rates. Figure S6: charge/discharge voltage
profiles with PP (a) and KB (b) separator at 0.5 C with different cycles. Figure S7: (a) charge/discharge
voltage profiles with different separator at 1C for the first cycle; charge/discharge curves of cells
with PP (b), KB (c), and NiFe2O4/KB separator (d) at 1C for different cycles. Figure S8: (a) side view
of and top view of the adsorption configuration of Li2Sx (x = 1,2,4) on the NiFe2O4 (1 0 0) surface;
(b) the adsorption energy of Li2Sx (x = 1,2,4,6) on the NiFe2O4 (1 0 0) surface. Table S1: summary of
the electrochemical performance of the Li−S batteries configured with different modified separators
and interlayers. References [66–83] are mentioned in Supplementary Materials.
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Abstract: Lithium aluminum germanium phosphate (LAGP) solid electrolyte is receiving increasing
attention due to its high ionic conductivity and low air sensitivity. However, the poor interface
compatibility between lithium (Li) metal and LAGP remains the main challenge in developing
all-solid-state lithium batteries (ASSLB) with a long cycle life. Herein, this work introduces a thin
aluminum oxide (Al2O3) film on the surface of the LAGP pellet as a physical barrier to Li/LAGP
interface by the atomic layer deposition technique. It is found that this layer induces the formation of
stable solid electrolyte interphase, which significantly improves the structural and electrochemical
stability of LAGP toward metallic Li. As a result, the optimized symmetrical cell exhibits a long
lifetime of 360 h with an areal capacity of 0.2 mAh cm−2 and a current density of 0.2 mA cm−2. This
strategy provides new insights into the stabilization of the solid electrolyte/Li interface to boost the
development of ASSLB.

Keywords: lithium aluminum germanium phosphate; lithium metal anode; interface modification;
atomic layer deposition

1. Introduction

Lithium metal is a promising anode candidate for constructing high-energy-density
lithium batteries due to its high specific capacity (3860 mAh g−1) and low redox potential
(−3.05 V vs. standard hydrogen electrode) [1,2]. Currently, its development is plagued
by the intrinsic safety issues of liquid electrolytes because of the flammability of organic
solvents used [3,4]. Replacing organic liquid electrolytes with non-flammable and highly
conductive solid electrolytes (SEs) is an effective approach to improving battery safety [5,6].
With respect to this, there is growing research interest in the development of all-solid-
state lithium-ion batteries (ASSLBs), and significant progress has been made over the
past few years [7–9]. Critical characteristics of SEs include high lithium-ion conductivity,
excellent chemical stability, and good mechanical properties [10]. Various SEs have been
well developed, such as polymer-based SEs, garnet-type Li7La3Zr2O12 [11], sulfide [12], and
NASICON-type LiM2(PO4)3 (M = Ti, Ge, Hf, Zr, Sn) [13], as well as composite SEs [14–16].
Aluminum (Al) -doped NASICON-type Li1+xAlxGe2-x(PO4)3 (LAGP) oxides have received
tremendous attention due to their high chemical and electrochemical stability in the air,
high ionic conductivity (>10−4 S cm−1), and good mechanical strength [10]. The fast Li-ion
conduction in the LAGP system benefits from the main Li-ion diffusion pathway along 36f
and M2 interstitial sites resulting from Al3+ to Ge4+ substitution [17]. LAGP SEs have been
synthesized by various routes, from melt-quenching [18], sintering [19], sol-gel [20], to hot-
press [21], etc. Controlling key parameters such as crystallization and sintering temperature
or pressure is critical in tailoring desirable highly-conductive LAGP pellets [21–23].

Li/LAGP interfacial incompatibility remains the main challenge for the further de-
velopment of ASSLBs. Due to the high Fermi energy level of Li metal, germanium (Ge) in
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LAGP would be irreversibly degraded upon being contacted with Li metal at the Li/LAGP
interface, resulting in an increased impedance versus time [24]. When an electrical current
is applied to the Li metal anode, part of Li ions can be reduced at the LAGP side, leading
to a local volume expansion which triggers cracks in the LAGP SE [25]. These cracks
could cause the pulverization of SEs, mechanical deterioration, or even cell failure (short
circuit) [26]. Consequently, the unstable Li/LAGP interface causes inferior cell capacity
and lifetime, which need to be mitigated using effective interfacial stabilization strategies.

Li et al. [27] introduced a succinonitrile-based plastic interlayer between Li metal
and LAGP by in situ solidification. This interlayer isolated the direct contact between Li
and LAGP and regulated uniform Li-ion distribution, which enabled a 240-h cycle life in
symmetrical Li cells. Zhou et al. [28] sputtered an amorphous Ge thin film on the LAGP
surface, which ensured intimate Li/LAGP contact and suppressed the unexpected Ge
reduction, thus contributing to a superior symmetrical cell over 100 cycles at 0.1 mA cm−2.
Xiong et al. [29] created a quasi-solid-state paste interlayer composed of LAGP nanoparticles
and ionic liquid, which enabled fast Li-ion conduction and improved chemical stability
toward metallic Li, and suppressed thermal runaway. Sun et al. [30] adopted the atomic
layer deposition (ALD) technique to coat ultrathin aluminum oxide (Al2O3) on the surface
of Li1.3Al0.3Ti1.7(PO4)3 (LATP), and the Li/LATP interface was significantly stabilized at
0.01 mA cm−2. Currently, most Li/LAGP/Li symmetrical cells show a long cycle time at a
low current density of 0.1 mA cm−2 [1,3,25,26,28,31–37], making it hard to meet the demand
for practical applications. Improving the electrochemical stability of LAGP at higher current
densities is an urgent task in the development of high-energy-density ASSLBs [38].

In this work, the effect of sintering temperature on the structure and ionic conductivity
of LAGP is investigated, and 850 ◦C is found as the optimal sintering temperature to
reach an ionic conductivity of 2.4 × 10−4 S cm−1 at room temperature. Furthermore, an
ultrathin Al2O3 coating layer is deposited in the LAGP pellet surface via the ALD technique,
which physically isolates the contact between Li metal and LAGP SE and enhances the
electrochemical stability of LAGP toward metallic Li. The Li symmetrical cell with Al2O3-
coated LAGP SE showed an excellent lifetime of 360 h at a current density of 0.2 mA cm−2

and capacity density of 0.2 mAh cm−2, which is higher than most previously reported
Li/LAGP/Li cells with interlayer modification.

2. Materials and Methods

2.1. Materials

LAGP powders with a stoichiometric formula of Li1.5Al0.5Ge1.5(PO4)3 were purchased
from the Shanghai Institute of Ceramics (Shanghai, China). The precursors for ALD were
trimethylaluminium (TMA) and deionized water (H2O). Lithium hexafluorophosphate
(LiPF6, Gotion, CAS: 21324-40-3), ethylene carbonate (EC, Gotion, CAS: 96-49-1), and diethyl
carbonate (DEC, Gotion, CAS: 105-58-8) were used as received for coin cell assembly.

2.2. Preparation of LAGP Pellets

LAGP pellets were made by a conventional dry-pressing method (15T Compact Hy-
draulic Pellet Press, MTI Corporation, Richmond, CA, USA). To begin, 0.2 g LAGP of
powder was placed into a stainless-steel die with 12 mm diameter and pressed at 200 MPa
uniaxial pressure at room temperature for 2 min. The obtained pellets were then transferred
into a ceramic crucible. The sintering process was conducted at 800–900 ◦C in the air for
6 h at a heating rate of 2◦ min−1 in a tube furnace. The thickness of the as-prepared LAGP
pellets was about 0.8 mm.

2.3. Atomic Layer Deposition of Al2O3 on LAGP

The Al2O3 layer was coated on LAGP in a commercial ALD reactor (GEMStar™ XT
Atomic Layer Deposition Systems, Singapore). The coating process was carried out at
100 ◦C by following a TMA pulse/TMA purge/H2O pulse/H2O purge sequence in each
cycle. After 50 cycles, Al2O3 films were deposited on LAGP noted as LAGP@Al2O350.

262



Nanomaterials 2022, 12, 1912

2.4. Materials Characterizations

The morphologies and microstructures of LAGP powder and pallets were observed
and analyzed by scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS). X-ray diffraction (XRD) was used to analyze the crystal structure of LAGP. Surface
elemental analysis was investigated by X-ray photoelectron spectroscopy (XPS).

Electrochemical impedance spectroscopy EIS measurements were carried out at 25 ◦C
and elevated temperatures (30–60 ◦C). The LAGP pellets were Au-coated on both sides as
electrodes and clamped for conduction. The ionic conductivity (σ) of LAGP was measured
by Equation (1):

σ =
L

RA
(1)

where L and A are the thickness and effective area of LAGP, respectively, and R is the
resistance obtained by EIS) testing within a frequency range of 0.01–106 Hz with an AC
amplitude of 5 mV.

2.5. Electrochemical Measurements

CR2032 cells were assembled in an argon-filled glovebox workstation with H2O and
O2 less than 0.1 ppm. First, 10 μL electrolyte (1 M LiPF6 in EC: DEC) were added to each
Li/LAGP/Li cell. Symmetrical Li/LAGP/Li cells were tested in NEWARE battery cycler
(CT-4008T-5V50mA-164, Shenzhen, China) at room temperature and 40 ◦C with current
densities ranging from 0.02 to 0.2 mA cm−2 with a plating-striping time of 1 h. The cycled
Li/LAGP batteries were disassembled in the argon-filled glove box and then characterized
by SEM and XPS to collect surface composition information.

3. Results and Discussion

Figure 1 presents the SEM images of LAGP pellets sintered at 800, 850, and 900 ◦C,
respectively. Most LAGP particles have small sizes of less than 1 μm, as shown in Figure S1.
After being pressed and sintered at high temperatures (800–900 ◦C), LAGP particles were
closely stacked to form a dense surface, and no pores were found in higher-magnification
images, ensuring continuous Li-ion pathways to achieve high ionic conductivity. The ionic
conductivity of LAGP solid electrolyte relies on the Li-ion conduction in both bulk (σbulk)
and along the grain boundary (σgb). With the sintering temperature increasing, unit cell
volumes would grow to form wider Li-ion migration channels, thus leading to higher bulk
conductivity σbulk [23,39]. The Li-ion conduction along the grain boundary (σgb) mainly
depends on grain-grain ceramics contact and density. High sintering temperatures above
850 ◦C would possibly induce cracks due to grain strain, decrease ceramics density, and
slow down Li-ion transport at the grain boundary [23,40,41]. Consequently, LAGP sintered
at 850 ◦C showed the highest ionic conductivity.

XRD patterns of LAGP pellets sintered at 800–900 ◦C are shown in Figure 2a. All
the characteristic peaks of LAGP pellets match well with the LAGP powders and can be
indexed as LiGe2(PO4)3 (JCPDS PDF No. 80-1924). Figure 2b gives the Nyquist plot of
LAGP pellets sintered at 800–900 ◦C measured in a frequency range of 0.01–1 × 106 Hz
at room temperature. LAGP T850 possesses a smaller electrochemical impedance (283 Ω)
than LAGP T800 (390 Ω) and T900 (392 Ω), thus leading to higher ionic conductivity of
2.4 × 10−4 S cm−1 (vs. 2.0 × 10−4 and 1.8 × 10−4 S cm−1 for T800 and T900, respectively)
as illustrated in Figure 2c. Further, the relationship between impedance and temperature
for LAGP T850 is plotted in Figure 2d. It could be found that the impedance markedly
decreases from 260 to 92 Ω with temperature increasing from 30 to 60 ◦C, corresponding to
the ionic conductivity from 2.6 × 10−4 to 7.3 × 10−4 S cm−1. LAGP T850 will be selected as
a reference for further electrochemical stability tests with Li metal due to its highest ionic
conductivity.
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Figure 1. SEM images of LAGP pellets sintered at (a,b) 800 ◦C, (c,d) 850 ◦C, and (e,f) 900 ◦C.

 

Figure 2. (a) XRD patterns, (b) Nyquist plots, (c) ionic conductivities of LAGP T800, LAGP T850, and
LAGP T900 pellets, (d) Nyquist plots of LAGP T850 at 30–60 ◦C.

Figure S2 shows a voltage-time profile of Li/LAGP/Li symmetrical cell at room
temperature. It could be found that the voltage hysteresis is gradually increasing at a
low current density of 0.02 mA cm−2 and rapidly rises to 3 V at only 0.04 mA cm−2. The
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large overpotential can be attributed to the unstable Li/LAGP interface and Li dendric
deposition [26]. Herein, the Al2O3 layer is deposited on the surface of LAGP, as illustrated
in Figure 3a, which can separate LAGP from the Li metal to prevent side reactions. The
thickness of the Al2O3 layer is controlled at 5 nm based on our previous study on the P2-
Na0.66(Mn0.54Co0.13Ni0.13)O2 cathode [42]. Figure 3b–g displays the SEM images of LAGP
and LAGP@Al2O350 from the top view and cross-section. Both demonstrate a compact
and flat surface without pores. There is no noticeable change found in the surface and
cross-section morphology.

 

Figure 3. (a) Schematic illustration of Li/LAGP/Li and Li/LAGP@Al2O3/Li cell configurations,
top-view and cross-sectional SEM images of (b–d) LAGP and (e–g) LAGP@Al2O350.

XPS characterization was carried out to investigate the surface chemistry of LAGP with
and without the Al2O3 layer. As shown in Figure S3 and Table S1, Ge, P, and Li elements
are only detected on bare LAGP surface and absent for LAGP@Al2O350, suggesting the
successful deposition of Al2O3 film on the LAGP surface. The prominent peak in Li 1s
XPS spectra (Figure 4a) is assigned to Li oxide of LAGP [43], while it is not detectable
in LAGP@Al2O350 (Figure 4b). Al 2p peaks can be resolved into 2p1/2 and 2p3/2 peaks
corresponding to the existence of Al in LAGP and ALD-Al2O3 (Figure 4c,d). Similarly, P is
only observed in bare LAGP (Figure 4e) and is absent for Al2O3-coated LAGP (Figure 4f).
Therefore, it can be concluded that the thin Al2O3 layer by ALD is successfully deposited on
the surface of LAGP without significant morphology change. The Al2O3 layer is expected
to induce a stable interface between Li and LAGP, suppress side reactions, and enhance the
electrochemical stability of LAGP toward metallic Li.

Figure 5a shows voltage profiles of symmetrical Li cells with bare and Al2O3-coated
LAGP SEs at 0.02–0.2 mA cm−2 at 40 ◦C. Li/LAGP/Li cell has a lower overpotential at the
initial current density of 0.02 mA cm−2, which becomes larger with the increase in current
density and finally fails at 0.12 mA cm−2. In comparison, the Li/LAGP@Al2O350/Li
cell exhibits a stable voltage hysteresis after initial cycles and undergoes a repeated Li
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plating/stripping process at a much higher current density of 0.2 mA cm−2. The steady
voltage profiles of LAGP@Al2O350 (Figure 5b,c) indicate the formation of a stable solid
electrolyte interphase (SEI) between Li and LAGP. Long-term cycling performance is
evaluated for the Li/LAGP@Al2O350/Li cell, which exhibits a long lifetime of 320 h at
the areal capacity of 0.2 mAh cm−2 and current density of 0.2 mA cm−2 (Figure 5d). The
voltage hysteresis is mostly stabilized at 0.3 V until 250 h and then shows a slight increase,
as illustrated in Figure 5e. It should be noted that the rate test is performed following the
cycling test from the same Li/LAGP@Al2O350/Li cell. Consequently, this cell has a 360-h
Li plating/stripping duration at 0.2 mAh cm−2.

 

Figure 4. XPS spectra of (a,b) Li 1s, (c,d) Al 2p, and (e,f) P 2p of LAGP and LAGP@Al2O350.

 
Figure 5. (a) Rate performance of symmetrical Li cells with bare and Al2O3-coated LAGPs as SEs
at 0.02–0.2 mA cm−2 at 40 ◦C, voltage profiles at (b) 0.1 and (c) 0.2 mA cm−2, (d) long-term cycling
performance of the Li/LAGP@Al2O350/Li cell at 0.2 mA cm−2 (areal capacity: 0.2 mAh cm−2) and
(e) corresponding voltage hysteresis, (f) comparison of cumulative Li plated capacity from this work
and literatures.
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Moreover, Table 1 and Figure 5f compare cumulative Li plated capacity of previous
Li/LAGP/Li cells and this work in the cycling test. It can be seen that most of the previous
studies proposed polymer interlayer to modify Li/LAGP interface and assessed the cycling
performance at 0.1 mA cm−2, which demonstrated smaller cumulative Li plated capacity
below 60 mAh cm−2. Although the Li/Cr-LAGP-Cr/Li [3] cell showed a high Li plated
capacity of 160 mAh cm−2, the overpotential is as large as 1.2 V upon Li plating/stripping
behaviors. In comparison, this work employs an inorganic Al2O3 layer to stabilize Li/LAGP
interface, and the cell possesses a much smaller overpotential of 0.3 V at 0.2 mA cm−2.

Table 1. Comparison of Li/LAGP/Li cells with interface modification.

Cell Configuration Interface Modification Layer Cycling Performance
Cumulative Li Plated

Capacity
(mAh cm−2)

References

Li/PP-LAGP-PP/Li * PP 500s @0.25 mA - [31]

Li/SPI-LAGP-SPI/Li * SPI, by in situ solidification, 10
μm 600 h @0.1 mA cm−2 60 [1]

PAALi/LAGP/PAALi * PAALi + LAGP 100 h @0.005 mA cm−2 0.5 [32]

Li/P(AA-co-MA)-LAGP-
P(AA-co-MA)/Li

P(AA-co-MA), by
spray-coating, 1.5 μm 20,000 s @0.07 mA cm−2 0.39 [25]

Li/PVCA-LAGP-PVCA/Li * LiTFSI/PVCA, 500 h @0.1 mA cm−2 50 [33]

Li/AIOC-LAGP-AIOC/Li AIOC, by spin coating, 11 μm 100 h @0.1 mA cm−2 10 [34]

Li/CPE-LAGP-CPE/Li CPE, by spin coating 1000 h @0.1 mA cm−2 100 [36]

Li/lSN-LAGP-lSN/Li * SN + LLZAO + FEC + LiTFSI,
by in situ solidification 320 h @0.1 mA cm−2 32 [27]

Li/Ge-LAGP-Ge/Li Ge, by puttering, 60 nm 200 h @0.1 mA cm−2 20 [28]

Li/Cr-LAGP-Cr/Li Cr, by sputtering, 30 nm 800 h @0.2 mA cm−2 160 (overpotential: 1.2 V) [3]

Li/LAGP-IL-LAGP-LAGP-
IL/Li LAGP-IL 1500 h @0.1 mA cm−2 150 [29]

Li/3DGPE-LAGP-3DGPE/Li * PVDF-HFP + PEGDE + DPPO,
100 μm 250 h @0.1 mA cm−2 25 [44]

Li/CSSE-LAGP-CSSE/Li PVC + TPU + LiTFSI, 50 μm 1000 h @0.1 mA cm−2 100 [45]

Li/PVCA-LAGP-PVCA/Li PVCA + FEC 800 h @0.05 mA cm−2 40 [37]

Li/LiPON-LAGP-LiPON/Li LiPON, by sputtering, 3 μm 200 h @0.1 mA cm−2 20 [26]

Li/Al2O3-LAGP- Al2O3/Li * Al2O3, by ALD, 5 nm 360 h @0.2 mA cm−2 72 (overpotential: 0.3 V) This work

*: 10 μL liquid electrolyte was used, or the interlayer was immersed in liquid electrolyte.

To reveal the internal structural change after repeated cycles, the cycled Li/LAGP/Li
and Li/LAGP@Al2O350/Li were disassembled for further analysis. Figure 6 shows the
SEM images and digital photos of cycled LAGP and LAGP@Al2O350. Abundant pores
and cracks are observed in cycled-bare LAGP at different magnifications, and the cycled
LAGP surface turns yellow, implying possible Ge4+ reduction after being in contact with Li
metal [25]. The pores and cracks may originate from continuous Li dendrite deposition at
the unstable Li/LAGP interface and ultimately cause a short circuit failure [25,26]. On the
contrary, Al2O3-coated LAGP illustrates a flat and dense surface after cycling, indicating
the generation of stable SEI. This Al2O3-induced SEI regulates Li dendrites and induces
a reliable symmetrical Li cell. Therefore, the deposited thin Al2O3 film is beneficial for
stabilizing the Li/LAGP interface and regulating Li dendrites.
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Figure 6. Top-view SEM images of cycled (a–c) LAGP and (d–f) LAGP@Al2O350. The insets of (a,d)
show the photos of cycled LAGP and LAGP@Al2O350.

Meanwhile, a XPS test was performed to collect surface elemental information of
cycled LAGP and LAGP@Al2O350. As shown in Figures S4 and 7a, and Table S2, the Al
signal is absent in bare LAGP, implying the formation of an Al-deficient SEI layer. Al 2p
spectra in Figure 7b can be assigned to two peaks at 72.2 and 71.5 eV, respectively, which
slightly shift to 72.7 and 72.0 eV with 1060 s etching (corresponding to about 8.8 nm depth
from the top of the surface). Since the SEI layers are usually ~70 nm or thicker [46,47], both
the 0 s and 1060 s etching spectra should come from the SEI layer instead of the LAGP
SE. Meanwhile, the absence of Al signal from the cycled bare LAGP sample also indicates
that the 1060 s etching does not reach the bulk LAGP SE. The peak shift of Al 2p spectra
reveals the compositional variation in the SEI layer along the vertical direction of cycled
LAGP@Al2O350. The surface Li 1s spectrum (0 s etching) of cycled bare LAGP (Figure 7c)
can be decomposed into two peaks located at 53.1 and 52.3 eV, respectively, corresponding
to LiF and Li2O2 in the SEI layer. The surface Li 1s spectrum (0 s etching) obtained from
LAGP@Al2O350 shows higher binding energies of 53.5 and 53.0 eV for LiF and Li2O2
(Figure 7d). It should be noted that the Li 1s spectrum from cycled LAGP@Al2O350
surface has a smaller LiF/Li2O2 ratio than cycled bare LAGP, suggesting the different
SEI compositions from the coated and uncoated LAGPs. A higher LiF/Li2O2 ratio is
observed in the Li 1s spectrum of cycled LAGP@Al2O350 after 1060 s etching, implying
a gradient distribution of LiF/Li2O2 in the SEI layer. F 1s spectra in Figure 7e,f originate
from LixPFy and LiF, which could be ascribed to the decomposition of the small addition
of liquid electrolyte (LiPF6 in EC:DEC) [37]. The LiF/LixPFy ratio becomes larger for the
LAGP@Al2O350 after 1060s etching, which also indicates the compositional variation in the
SEI layer along with the depth. The XPS results suggest that the SEI layers formed on the
bared LAGP and Al2O3 coated LAGP possess different compositions. The Al2O3 coating
induces an Al-containing SEI layer [48,49], formed on the surface of LAGP after repeated
Li plating/stripping cycles. This unique SEI layer enhances the electrochemical stability of
LAGP SE and extends the lifetime of Li/LAGP/Li symmetrical cells.
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Figure 7. XPS spectra of (a,b) Al 2p, (c,d) Li 1s, (e,f) F 1s of the surface of LAGP and LAGP@Al2O350
after cycling test.

4. Conclusions

In summary, a thin Al2O3 film was deposited on the surface of LAGP pellet by the
ALD method to address the issue of Li/LAGP interface incompatibility. The optimized
Li/LAGP@Al2O350/Li cell maintained a stable voltage profile up to 0.2 mA cm−2 and
exhibited a 360-h cycling duration at the capacity density of 0.2 mAh cm−2. Remarkably,
this cell showed a superior cumulative Li plated capacity of 72 mAh cm−2 at 0.2 mA
cm−2 current density. SEM and XPS characterizations suggest that Al2O3 film induced the
formation of an Al-rich SEI layer to regulate Li dendrite deposition and contributes to a
uniform and dense interface after long Li plating/stripping cycles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12111912/s1. Figure S1: SEM image of LAGP powder,
Figure S2: Voltage-time profile of the Li/LAGP/Li cell tested at 25 ◦C, Figure S3: XPS survey spectra
of LAGP and LAGP@Al2O3 before the cycling test, Figure S4: XPS survey spectra of LAGP and
LAGP@Al2O3 after the cycling test, Table S1: Elemental composition of LAGP and LAGP@Al2O350
from XPS before battery tests, Table S2: Elemental composition of LAGP and LAGP@Al2O350 from
XPS after cycling tests.
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Abstract: The advent of nanotechnology has initiated a profound revolution in almost all spheres
of technology. The electronics industry is concerned with the ongoing miniaturization of devices
and as such requires packaging technologies that will make the devices more compact and resilient.
3D packaging, system in package, and system on chip are the various packaging techniques that
utilize nanoscale components for their implementation. The active components of the ICs have kept
pace with Moore’s law, but the passive components have proven an impediment in the race for
miniaturization. Moreover, the toxic effects and nano-scale problems associated with conventional
soldering techniques have entailed the active involvement of nanotechnology in the search for
answers. Recent advances in these fields and the diverse nanomaterials which are being employed to
resolve these issues have been discussed in detail.

Keywords: embedded components; resistors; capacitors; inductors; interconnects; nanomaterials

1. Introduction

The era of nanotechnology is slowly but surely making its way across the threshold
of conventional technologies. The creation and manipulation of a structure at a range of
1 nm to 100 nm refer to nanotechnology [1]. The field of electronics has already entered the
nano zone since the size of integrated circuits reached below 100 nm [2]. With the 22 nm
complementary metal-oxide semiconductor (CMOS) in development, nanotechnology has
established itself well in the field of electronics [3]. However, apart from integrated circuits
(ICs), the bulk of the components (about 80%) are discrete passive components (capacitors,
resistors, inductors) and these components occupy a majority of the space on the surface of
a printed circuit board (PCB) [4]. The consistently increasing demand for miniaturization
and high performance at a low cost for microelectronics has considerably shifted the
attention towards packaging technologies: system on chip (SOC) and system in package
(SiP) being the premier among them [5]. 3D system packaging is the only way to further
reduce the volume and bulk of the microelectronics products available today and this is
where nanotechnology comes into the picture. The aim of nano-packaging is to develop

Nanomaterials 2022, 12, 3284. https://doi.org/10.3390/nano12193284 https://www.mdpi.com/journal/nanomaterials
273



Nanomaterials 2022, 12, 3284

nanoscale passives, interfaces, and interconnections, which can be compressed into highly
miniaturized systems. The standard definition of nano-packaging, according to IEEE can be
considered as follows: “Nano-packaging can be defined as the process of interconnecting,
powering, cooling, and protecting the nanocomponents made of nanomaterials to form
electronic and bioelectronic systems for greatly improved functionality and cost [6].”

Over the last sixty years, there has been exceptional improvement in the speed and
reliability of the microprocessor. According to Moore’s law, the number of transistors in
semiconductor devices or ICs would double approximately every two years [7]. This has
more or less held true for the active components of ICs, but the passive components have
been unable to follow the miniaturization trend completely because of issues with material
development and fabrication technologies. To overcome the size and space demanded by
the discrete passive components, an alternative technology called embedded passives is
being researched for the past decades. This technique involves embedding the passives
directly at the substrate level and thereby reducing the need for bulky discrete components.
These passives can be used in conjunction with the latest packaging technologies to further
scale down the size of electronic equipment. Even though the technology has been in the
making for quite a few years, it has not yet been made for commercial applications largely
due to materials and process issues [7]. Therefore, it is quite necessary to develop some
materials that will permit suitable fabrication processes and will also perform well enough
on electrical and mechanical criteria.

2. Embedded Capacitors

The capacitor is a component used to store electrical energy in an electric field. It
usually stores energy in the form of electrostatic fields in between the plates. The removal of
discrete capacitors from the surface and the embedding of them directly into the substrate
board can lead to a reduction in size and weight as well as an increase in reliability,
performance, and reduced cost. Requirements for the development of materials to fabricate
embedded capacitors include a high dielectric constant (k), high breakdown, low dielectric
loss, low leakage current, and good stability [8].

High k Nanomaterials for Embedded Capacitors

Early attempts at the fabrication of high k dielectric materials yielded results in the form
of ferroelectric ceramic materials, ferroelectric ceramic–polymer composites, conductive
filler–polymer composites, and all organic polymer composites. Each of these had a disad-
vantage associated with them, each distinct in every case. In the case of ferroelectric ceramic
materials, the high sintering temperature for fabrication was an issue. Examples of this
category include Barium titanate (BaTiO3), lead zirconatetitanate (PbZrTiO3), etc. [9,10]. Fer-
roelectric ceramic–polymer composites suffered from some fabrication issues like poor dis-
persion of filler within the matrix and a lack of adhesion between other components in PCB.
Notable examples of such composites include poly(vinylidenefluoride-co-trifluoroethylene)
(P(VDF-TrFE)), magnesium niobate–lead titanate (PMN-PT) + (BaTiO3) [11,12]. Conduc-
tive filler—polymer composites such as Ni/PVDF composite, and LNO/PVDF (Li-Doped
NiO/polyvinylidene fluoride) were reported to have very high k values but they also had
the drawback of high dielectric loss and conductivity. Even then, these materials have a
distinct advantage over ceramic/polymer composites. Organic polymer composites have
been fabricated by using an organic filler material having a high dielectric constant with a
polymer matrix also exhibiting the same. Examples include CuPc (copper–phthalocyanine)
dispersed in P(VDF-TrFE) (poly (vinylidenefluoride-co-trifluoroethylene) [13]. These com-
posites showed a high dielectric constant but suffered from high dielectric loss too. These
composites are being further researched for embedded capacitors application.

The fabrication of high k dielectric constant materials has made considerable progress
owing to advances in nanotechnology. Due to the unique physical and chemical properties
of materials at the nanoscale, these materials may provide the solution to the issues plaguing
the current technology and will point toward the future direction of electronic packaging.
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To understand the dielectric properties of the polymers, a multi-core model has been
proposed. According to their theory, the interface of a spherical inorganic filler particle
embedded in a polymer environment consists of three discrete layers: a bonded layer,
a bound layer, and a loose layer, with an electric double layer overlapping the three
layers [14]. The bonded layer is the one that comes in direct contact with the filler surface,
the bound layer is the one present in the interfacial region, and the electric double layer
is the one where the prevailing atmosphere is similar to that of the bulk polymer. The
second layer unsettles the motion of the dipoles from polar groups, consequently reducing
the permittivity. The electric double layer is indirectly responsible for the reduction in
dielectric constant too. Therefore, the bound layer and electric double layer properties
must be controlled if the dielectric properties are to be modified. Attaching the specific
organic groups to the surface of the particle can lead to the modification of the properties
and interfacial area. The choice of the surface organic assembly and its various properties
such as size, polarity, polarizability, and mobility could have a foremost bearing on the
dielectric properties of the polymer nanocomposites [15].

Nanoparticles dispersed polymer is an excellent alternative due to its low-temperature
processing and nano-sized particles allowing the formation of thinner dielectrics that are
able to achieve high capacitance density [16]. The affordable processing and mechanical
properties of polymers, combined with the distinct magnetic and electrical properties of
nanoparticles, make polymer-nanoparticles composite a great idea. There are two types of
fillers that have been researched extensively for the fabrication of nanocomposite materials:
ferroelectric ceramic fillers and conductive fillers [17].

3. Ferroelectric Ceramic–Polymer Composites

The dielectric constant of these polymers is dependent upon the concentration of
the filler used or the filler loading volume. As the filler loading volume increases, so
does the dielectric constant. However, a very large loading volume also results in uneven
dispersion and a lack of adhesion. The ambient processing conditions for the ceramic
and unique properties of nanoparticles can lead to the fabrication of high-k materials.
Barium titanate (BaTiO3) has been the most researched material for this category along
with epoxy composites due to its high dielectric value. k values more than 150 to about
200 have been generated by using this ceramic-polymer composite. Cho et al. fabricated
a BaTiO3-epoxy thin film with a thickness of 7 μm exhibiting a dielectric value of 100,
10 nF/cm2 capacitance, with low leakage current values of 10−8 A/cm2 [10]. A modified
hydrothermal reaction method was used by Suibin et al. to synthesize BaTiO3 powder
and the nanocomposite had a dielectric value of 19.4 at 10 kHz, and a loss factor of 0.02,
with a 50% loading volume. The high dielectric value and low loss were attributed to
the tetragonal crystal phase and uniform dispersion [18]. Das et al. developed a BaTiO3–
epoxy flexible nanocomposite having a thickness from 2 microns to 25 microns exhibiting
high capacitance (10–100 nF/inch2) and low loss (0.02–0.04) at 1 MHz. The capacitance
of these films could be increased up to 500 nF/inch2 by the modification of composites
with nanomaterials such as lead zirconatetitanate (PZT), lead lanthanum (PLZT), Zinc
oxides (ZnO), Lead magnesium niobate (PMN) and PMN-PT (Lead magnesium niobate-
lead titanate) [19,20]. Thermally treated BaTiO3 was used by Hanemann to increase the
composite permittivity by inducing the phase change into tetragonal one and crystal lattice
relaxation. Composites with a solid load of around 78% with a bimodal particle size
distribution showed k values around 50 and a loss factor around 5% [21].

Xu et al. have optimized the BaTiO3–epoxy nanocomposite based on loading ca-
pacity and dielectric constant. The loading capacity above 50% has several physical and
mechanical disadvantages in real applications, so the loading capacity was maintained
at 50%, whereas the dielectric value was maintained at around 50. The optimized rub-
berized nanocomposite showed a high dielectric constant above 50, a high breakdown
voltage of 89 MV/m, and low leakage current values of 1.9 × 10−11 A/cm2 [22]. Per-
ovskite (Ca2−xSrxNb3O10) nanosheets have been fabricated by Osada and Sasaki using the
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Langmuir–Blodgett method. These nanofilms exhibited a high dielectric of greater than
200 and quite a low leakage current of 10−7 A/cm2 in films having a thickness of around
5 nm [23].

3.1. Conductive/Metallic Nanoparticles-Polymer Composites

The high loading volume of ceramic fillers in the polymer composite not only leads to
an increase in k values but also drastically reduces adhesion and mechanical capabilities,
making it less adaptable for usage on the circuit board. Another alternative is to fabricate
conductive filler systems that exhibit a drastic increase in dielectric constant in the percola-
tion systems as it nears the percolation threshold [24]. The k value of such composites can
be given by:

k
km

= [ fc − f ]−s (1)

where, km = dielectric constant of the matrix,
f = volume fraction of the filler,
fc = volume fraction at percolation threshold,
and s = exponent of about 1.
The filler of metallic nanoparticles brings about unique properties in the composite.

These materials have been marked as good candidates for embedded capacitor applications
because of their high k, although the dielectric loss in these materials is very difficult to
control because the conductive/metallic particles can easily form a conductive pathway
in the composite as the percolation threshold is achieved. Since these composites usually
require a lesser loading capacity volume as compared to polymer composites, they provide
balanced mechanical properties with better adhesion. Different metallic/conductive fillers
that are being used for these composites are silver (Ag), aluminum (Al), carbon black,
etc. [25–27]. The major bottleneck for these composites is the narrow processing window
between achieving a high k and a low dielectric loss. A wide variety of approaches have
been used to improve the quality and overcome the shortcomings of these nano-composites.

Initial approaches to developing conductive filler–polymer composites utilized an
epoxy–silver-based composite by using silver as a conductive filler. The dielectric constant
was reported to be around 1000 and was achieved around the percolation threshold with low
dielectric loss (<0.02) and good adhesion [28,29]. Lu et al. synthesized novel carbon black–
polymer composites containing in situ formed silver nanoparticles. The high dielectric
constant was attributed to the filing of charges at the extended interface of the interfacial
polarization-based composites. The decrease in dielectric loss was credited to the Coulomb
blockade effect of the Ag nanoparticles exhibiting the quantum effect of metal nanoparticles.
The major effect on the properties was due to the size, size distribution, and loading level
of the metal nanoparticles [30]. The different categories of conductive filler nanocomposites
are discussed below. The differentiation has been performed based on the methodology
that has been employed by various researchers for improving the dielectric value and
reducing the dielectric loss tangent value.

3.2. Three Phase Nanocomposites

Three-phase percolative silver–BaTiO3–epoxy nanocomposite was synthesized by
Qi et al. The incorporation of silver into epoxy resin led to a significant increase in the
dielectric properties of the resin and BaTiO3 was further mixed to create a high dielectric
constant polymer composite. These composites demonstrated a high dielectric constant
of approximately 450 which was 110 times higher than that of the epoxy matrix, with a
dielectric strength of 5 kV/mm at room temperature [31]. George and Sebastian synthesized
a similar Ca[(Li1/3Nb2/3)0.8Ti0.2] O3−δ(CLNT)–epoxy–silver, three-phase composite by a
two-step mixing and thermosetting technique. The addition of a 0.28 volume fraction of
silver increased the relative permittivity of the composite from 8 to 142 at 1 MHz [32].
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3.2.1. Use of High k Polymer Matrix

The k values of the composite can also be increased by using a high k polymer matrix
for the conductive filler. The high k polymer matrix is further reinforced by a high k poly-
mer conductive filler. Lu et al. utilized this approach to generate uniformly dispersed Ag
particles of around 10 nm into the polymer matrix using photochemical reduction. The
number of nanoparticles in the polymer matrix was estimated at around 10% by weight.
Self-passivated Al particles were then incorporated into the Ag–epoxy matrix to further
improve the dielectric constant. The presence of an oxide layer on Al particles leads to
the lower loss of dielectric. The composite showed a 50% increase in dielectric values as
compared to Al-filled epoxy composites and the dielectric loss tangent was below 0.1 [33].
Recently, a similar approach was used by Li et al. to fabricate a Copper (Cu)–Epoxy matrix
using a thermal reduction method which generated Cu nanoparticles around 100 nm with
uniform dispersion. BaTiO3 ceramic particles with a high dielectric constant were incorpo-
rated into this Cu–epoxy matrix which enhanced the dielectric constant while maintaining
the low dielectric loss compared with the BaTiO3/epoxy composite. Nanocomposites
obtained by ex-situ techniques exhibited a comparable dielectric constant with much lower
dielectric loss compared to in-situ BT/Cu–epoxy composites. The improved dielectric per-
formance of nanocomposites was attributed to the excellent dispersion of Cu nanoparticles
as well as the strong interfacial interaction between Cu nanoparticles and epoxy matrix in
the in-situ Cu–epoxy matrices [34].

3.2.2. Use of Surface Modification

Surface modification of metallic fillers via the introduction of surfactant coating can
lead to a reduction in the dielectric loss of the nanocomposites. Qi et al. reported an
epoxy-based composite containing silver nanoparticles having an average size of 40 nm
coated with a layer of mercaptosuccinic acid (MSA) to promote the formation of Ag–epoxy
while retaining the flexibility of the matrix. The dielectric constant and loss increased with
the increasing filler concentration up to 22%. At the Ag concentration of 22% by volume,
the dielectric constant was found to be 308 and the dielectric electric loss was quite low
at 0.05 when measured at 1 kHz. The decrease in the dielectric constant after 22% was
attributed to the porosity, which may have been caused by the adsorbed surfactant layer
which leaves space between the Ag particles and the creation of voids that are not occupied
by the polymer. Since no rapid increase in the dielectric loss was evident, it was concluded
that the formation of the conducting filler network was prevented by the surfactant coating
layer [28]. The dependence of dielectric value and dielectric loss on silver volume and
frequency is demonstrated in Figure 1.

Ren et al. have synthesized polymer-coated silver nanoparticles by the reduction
of Tollen’s reagent by means of mercaptosuccinic acid/polyethylene glycol (MSA/PEG)
copolymers as reducing agents and stabilizers concurrently. The average size of Ag particles
was between 10 to 120 nm, which could be controlled by changing the MSA/PEG ratio.
The surface-coated Ag particles were then incorporated into the epoxy matrix leading
to the formation of Ag–epoxy nanocomposites. The nanocomposites with a 25% filler
volume loading exhibited a dielectric constant of 237 while the dielectric loss was below
0.08 at 1 kHz. The dielectric properties were found to be dependent upon the volume
fraction of silver nanoparticles in epoxy resin [35] as shown in Figure 2. A novel idea
for surface modification has been researched by Luo et al. In this method, the surface
modification of BaTiO3 nanoparticles was performed using Ag nanoparticles, effectively
making it a metal–ceramic filler. Nano Ag particles of 20 nm dimension were grown over
100 nm BaTiO3, which effectively prevented the Ag nanoparticle contact within the PVDF
membrane, inhibiting the formation of a conducting path. The filler loading of 43.4% by
volume, the k value of the composite was 94.3 and a dielectric loss of 0.06 was exhibited by
the composite. On increasing the filler volume further, the k value increased to 160 at the
same frequency and the loss tangent remained low at 0.11 [36].
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Figure 1. The dependence of dielectric value and dielectric loss on silver volume and frequency.
Reprinted with permission from [29]; Copyright 2005, John Wiley and Sons.

Figure 2. The dependence of dielectric constant and dielectric loss factor with volume fraction of
silver. Reprinted with permission from [35]; Copyright 2012, Elsevier.

3.2.3. Use of Core-Shell Structured Fillers

The direct contact of conductive metal fillers leads to the formation of a conductive
path that will direct to a higher dielectric loss at or above the percolation threshold. Core-
shell structured fillers were projected as an alternative to this problem as the nonconductive
shells can act as a barrier between the conductive metal fillers, thereby reducing the
dielectric loss and increasing the k values. Xu et al. developed a high k polymer based on
self-passivating Al as filler. The size of the Al nanoparticles was found to be around 100 nm,
with an oxide thickness of about 2.8 nm as shown in Figure 3a. The layer of aluminum
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oxide acted as an electric barrier and significantly affected the dielectric properties of the
Al-epoxy composite. A dielectric constant of 109 and dielectric loss of 0.02 at 10 kHz was
observed at an 80% loading of Al by weight [37] as in Figure 3b.

 

(a) (b) 

Figure 3. (a) TEM image of Al nanoparticle with Al oxide coating (b) dependence of dielectric constant
on filler loading volume. Reprinted with permission from [37]; Copyright 2005, AIP Publishing.

Copper nanowires have been used in conjunction with PVDF polymer to formulate a
nanocomposite with a high dielectric constant. The dielectric properties of these nanocom-
posites were compared to that of a multiwalled carbon nanotube (MWCNT) filler with
PVDF polymer. It was surmised that as compared to the MWCNT-filled PVDF, this novel
Cu nanowire–PVDF polymer exhibited better dielectric permittivity values with lower loss
at room temperature in the frequency range of 10−1 to 10−6 Hz. The higher conductivity
was attributed to the Cu core providing a high number of mobile carriers impacting the
interfacial polarization whereas the lower loss was attributed to the formation of an oxide
layer over the nanowires leading to suppression of the formation of the conductive path.
Because of the presence of the oxide layer over the wire, this process can be classified
among the core-shell structured fillers [38].

Shen et al. fabricated a polymer composite using Ag cores coated with organic
dielectric shells as fillers. This dielectric shell acts as an interparticle barrier and prevents
the Ag particles from coming into direct contact. It also encourages the uniform dispersion
of the filler in the polymer matrix leading to k values of more than 300 and a low dielectric
loss of 0.05 [39].

Recent examples of this category include gold nanoparticles of 15 nm homogenously
coated with a 10 nm layer of SnO2 having high capacitance by Oldfield et al., carbonaceous
shell coating on Ag cores by Shen et al., synthesis of TiO2 (Titanium oxide) nanoparticles
coated with a paraffin layer by Balasubramanian et al., gold nanoparticles coated with
polystyrene; and gold, silver, and titanium coated with silica shell core by Badi et al.,
amongst others [40–43].

Other examples of core-shell hybrid fillers other than metallic fillers are discussed be-
low. Wang et al. have synthesized core-shell structured BaTiO3–polystyrene nanoparticles
(BT–PS) with varying PS shell thickness and studied the influence of shell thickness on the
dielectric properties. Two types of BT–PS were synthesized: with the shell thickness of
3 nm and 12 nm by controlling the polymerization time. Composites comprising core-shell
nanoparticles exhibited higher dielectric constant, higher breakdown strength, and lower
breakdown voltage as compared to the PS matrix. Composites filled with BT–PS with a
3 nm shell exhibited better dielectric properties as compared to BT–PS with a 12 nm shell. A
maximum energy density of 4.24 J/cm3 obtained in BT–PS/PS films [44] was demonstrated.

Guo et al. have reported the fabrication of Novel core/shell structured multi-walled
carbon nanotube/amorphous carbon (MWCNT@AC) nanohybrids which were used as
fillers to improve the dielectric properties of poly (vinylidene fluoride) (PVDF)-based
composites. The MWCNTs served as the core and amorphous carbon served as the shell.
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The composites exhibited a high possible k value of 5910 and dielectric loss of around 2,
which is considerably better than that of MWCNT/PVDF composites [45].

Core-shell structured hyperbranched aromatic polyamide grafted barium titanate
(BT-HBP) hybrid was used as a filler for a Poly (vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) (PVDF-TrFE-CFE) matrix by Xie et al. to obtain a high dielectric
constant value of 1485.5 at 1 kHz at a 40% loading volume. Enhanced interfacial polarization
between the BT–HBP and polymer matrix was the reason for the observed high dielectric
constant [46].

3.3. Embedded Resistors

The second group of passive components that are routinely studied to shrink the size of
printed circuit boards and printed wiring boards (PCB/PWB) is the resistor [47]. Embedded
resistors will also be able to increase the reliability and electrical performance of the
circuit [48]. The integration of resistors also reduces the area requirement on the PCB/PWB,
thereby potentially increasing the device functionality by placing more active components
which provide gain to the system. In embedded systems, resistors are generally sheets of a
material that are sized appropriately to achieve a certain resistance and whose ends are used
for interconnection to other components. The resistive materials in embedded applications
should have high electrical resistivity, low-temperature coefficient of resistance (TCR), and
should be easy to process [48–50]. Apart from this, nanoparticle-based embedded resistors
have another set of factors that limit their use in mainstream electronics. Yield, reliability,
and a range of resistance are needed to be researched for nanoparticle-based resistors. The
resistance of the material depends upon the dimension and the property of the materials.

Another factor that is important in the fabrication of the resistors is the temperature
coefficient of resistance (TCR). The rate of change of resistance with temperature is termed
the TCR of the material. It is measured in units of ppm/◦C and can be determined using
the resistance change from some reference temperature and the change in temperature [51].
A positive value of TCR means that the resistance increases with the temperature, for
example, in pure metals, whereas negative TCR means that the resistance is decreasing
with the increase in temperature, such as in the case of carbon, silicon, etc. For some
metal alloys, the TCR values are close to zero, meaning that the resistance does not vary
with the temperature, a property that can be utilized for the formation of a high-precision
resistor [52].

Traditionally, metal pastes consisting of metal particles and organic resin have been
used for the fabrication of resistors. This paste is applied on the surface of the substrate
and after the application of a high temperature; metal particles melt and fuse to form a
film [53]. The natural properties of nanoparticles can be harnessed to fabricate low-cost
resistors at low temperatures. The nanoparticle-based resistors can be classified into the
following major categories: cermets, metal alloys, and carbon-filled polymers. Cermets are
a mixture of ceramics and metals which can be fabricated by a number of methods such as
evaporation, sputtering, co-evaporation, co-sputtering, plasma polymerization, and the
mixing of metal ions in polymers [54]. Some examples of cermet resistors are discussed
below.

3.4. Cermets

Lim et al. fabricated a SiO2-Pt nano-composite ceramic metal by the co-sputtering
method. Cermet was fabricated by uniformly dispersing Pt particles into the SiO2 matrix.
Resistivity values of 880 to 193,820 μΩ·cm were obtained at 3–20 mTorr, and the temperature
coefficient of resistance was in the range of 383.189 to −3229.14 ppm/K [55].

Park et al. demonstrated the fabrication of Ta3N5–Ag nanocomposite thin films with
near-zero temperature coefficients of resistance (TCR) fabricated by a reactive co-sputtering
method which can be used as thin-film embedded resistors. The TCR value of the film
was found to be near zero due to the balancing of the positive TCR value of Ag and
negative TCR value of Ta–N at a resistivity higher than 0.005 Ω·cm. The co-sputtering
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was performed at the nitrogen partial pressure of 55% and the fabricated thin film had a
resistivity of 0.0059 Ω·cm and power density of 0.94 W/cm2. The TCR value was found
to be +34 ppm/K [56] as shown in Figure 4. Thin cermet films of thickness from 2 to
40 nm were fabricated by sputter deposition from CrSi2–Cr–SiC targets by a dual cathode
dc S-gun magnetron by Felmetsger. The atomic ratio of Si to Cr was found to be about
2:1. At a film thickness below 2.5 nm, the temperature coefficient of resistance (TCR) was
significantly increased. Cermet films with thicknesses in the range of 2.5–4 nm had sheet
resistances ranging from 1800 to1200 Ω/� and TCR values from −50 ppm/◦C to near zero,
respectively [57].

Figure 4. Ag nanocomposite thin film deposited at 55% N2 partial pressure. Reprinted with permis-
sion from [56]; Copyright 2008, Elsevier.

Liu et al. fabricated Al–Zr2(WO4) (PO4)2 (Al-ZWP) nano-cermets with the aim of con-
trolling the coefficient of thermal expansion (CTE). SEM imaging and elemental mapping
showed that the cermets consisted of uniform nanoparticles with sizes around 100 nm and
Al and ZWP were found to be homogeneously dispersed in the cermets. The CTEs of the
cermets were found in the range from −2.74 × 10−6 K−1 to ∼25.68 × 10−6 K−1. Depending
on Al:ZWP mass ratio, the cermet could act as a capacitor or a resistor [58].

Nash et al. fabricated a series of amorphous chromium oxide (CrOx) films by dc
sputtering and the sheet resistance of CrOx could be modified by increasing the level
of oxygen doping. By varying the level of oxygen doping, the room temperature sheet
resistance could be controlled from 28 Ω/� to 32.6 k Ω/�. The film thicknesses were
found to be in the range of 179 nm for growth in pure argon to 246 nm for growth with an
oxygen partial pressure of 0.7 mTorr. Among the two contacts studied, the gold layer was
found to be more favorable as compared to the silicon-niobium contact, the specific contact
resistivity of chromium oxide to gold interfaces being 0.14 mΩ·cm2. These chromium oxide
films can be used as high-Value resistors nanoscale circuits [59] in Figure 5.
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Figure 5. Dependence of sheet resistance of chromium oxide films with the oxygen-to-chromium mass
ratio at room temperature. Reprinted with permission from [59]; Copyright 2014, AIP Publishing.

3.5. Metal Alloys

Other classes of nanoparticle-based resistors can be termed metal alloys which can be
fabricated by the deposition of thin metal films by either sputtering or electroless plating.
These materials are also termed resistive alloys. Among these alloys, the most prominently
used alloys are NiCr, NiCrAlSi, CrSi, TiNxOy, and TaNx. These resistors have also been
made commercially available by some companies such as Gould and Ohmega. Nichrome
(NiCr) resistors have been widely studied in terms of power handling, thermal performance,
adhesion, and etching resolution. NiCr can be alloyed with Al and Si to improve thermal
stability and reduce TCR, hence forming NiCrAlSi. A thin film of NiCr and NiCrAlSi can
be deposited on the copper films to make an embedded resistor. Sheet resistance values of
25 to 250 Ω/sq can be obtained by varying the sheet thickness [60].

Andziulis et al. have fabricated nano-multilayer resistive films consisting of Cr–Ni–Si
material. This multilayer structure consisted of 3–8 nm resistive layers with 1–2 nm sliced
barrier insulator layers spaced in between to prevent the vertical coalescence of metal
grains. Magnetron sputtering was used to deposit the thin films, and plasma oxidation was
used to create the barrier insulator from segregated silicon. The composition of the alloy
was 54% Cr, 06% Ni and 40% Si by weight so that enough silicon is present for the formation
of the barrier as well as the matrix. The sheet resistance was found to be 300–550 ohm/sq.
and the TCR value was in the range from ±2 ppm/K to −60 ppm/K [61].

TaNx has been widely used as a resistive alloy for embedded resistor applications.
The formation of this alloy typically consists of the reactive sputtering of Ta in a nitrogen
atmosphere. These alloys can achieve stable resistivities equipped with 250 μΩ·cm with
TCR of around −75 ppm/◦C [62]. Sputtered TiNxOy has been shown to offer comparatively
higher resistivity up to 5 kΩ/sq with TCR of ±100 ppm/◦C [63].

3.6. Carbon-Based Composites

Carbon-filled polymers are the latest entrants into resistor technology. The advent of
nanotechnology has made these materials a possibility. Carbon nanotubes, nano-fibers,
carbon black, etc. can be used as fillers in composite materials to manufacture composite
resistors. For example, multiwall carbon nanotubes made by chemical vapor deposition
were dispersed in an epoxy polymer by 0.01 wt.% to achieve a resistivity in the range of
106–109 Ω·cm range [64]. Similarly, carbon nanofibres mixed (1% by weight) with epoxy
resin which were aligned using the AC field have been reported to show resistivity in the
range of 106–107 [65]. The use of carbon black as a filler (0.12 wt.%) epoxy resin and the
application of a static electricity field by metal electrodes resulted in the growth of dendrites
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from the anode. The resistance values of the composite ranged from 2 × 103 to 1011 Ω·cm
and could be controlled by varying the applied voltage and curing temperature [66].

3.7. Embedded Inductors

An inductor is a passive component present in a circuit that is used to store energy in
the form of a magnetic field. Inductors form an integral part of the circuitry used in various
spheres such as wireless communication (for radio frequency applications), computers,
automotives, peripherals, etc. (for power supply). As such, they cover a plethora of
functions from acting as amplifiers, filters, regulators to converters, and oscillators, etc.
Embedded inductors require a lot of research and development on the performance front
before they can be properly incorporated into packaging systems. The major hindrances in
the development of embedded inductors include their low-quality factor (Q-factor), high
losses, and limitations of proper miniature fabrication techniques [67,68].

Where these losses are of significant concern, air core inductors are used. To achieve
high inductance though, magnetic cores exhibiting high permeability are required. Other
important factors include high resistance to reduce eddy losses, operation at high frequen-
cies, and low coercivity. Improvement in these factors can result in high inductance, which
will in turn lead to a decrease in the number of windings, which could probably lead to
miniaturization of the system. The change in properties at the nanoscale could lead to high
resistance and high permeability and as such are desirable candidates as a material for
fabrication.

The design of the inductor also affects the inductance capacity. Electrical, mechanical
properties, and reliability issues are dependent upon the design of the inductor. There is
a number of designs available for inductors that have been widely researched. The most
important and thoroughly studied of these are spiral inductors because of their simple
designs and high efficiency. Solenoid inductors are important for discrete components
because of their high inductance and high-quality factor but they suffer from the drawbacks
of inefficient packaging and high leakage. Toroidal inductors are used where low leakage
currents, high inductance, and low electromagnetic interference are required. Some novel
designs have been studied to overcome the traditional drawbacks of inductors; these
include inductors with micro slits and surface planarization [69].

Apart from the material issues, the problems plaguing the use of nanomaterials in em-
bedded inductors are the fabrication techniques. The growth of thin films can be achieved
using techniques such as sputtering, plasma enhanced deposition, electroplating, chemical
vapor deposition, etc. The patterning techniques, though, such as photolithography, micro-
machining, and ion milling need refining. The frequency characteristics, DC resistance, and
inductance can be controlled by patterning. Some recent techniques have been developed
for thin film deposition such as spin coating, spin sprayed thin films, etc. [70,71].

New classes of nanomaterials with high permeability are being researched for the
fabrication of thin-film-embedded inductors. The reduction in the size might lead to
a reduction in losses and stray capacitance. The materials which can operate at high
frequencies with lower losses, hence increasing the inductance are the need of the hour.
The various classes of magnetic nanomaterials for inductor cores are discussed below.

4. Alloy-Based Nanomaterials for Inductor Cores

4.1. Iron-Based Alloys

Iron-based alloys have been used in low-frequency and high-power inductors owing
to lower losses. Nickel–iron-based alloys termed perm alloys can achieve a high range of
permeability. Perm alloy is a nickel–iron magnetic alloy, containing 80% nickel and 20%
iron. Molybdenum, copper, etc. are added to perm alloy to increase the permeability and
reduce coercive losses. Perm alloy has low magneto crystalline anisotropy and magne-
tostriction which helps it to achieve high permeability. Yang et al. have developed on-chip
planar inductors using nickel–ion permalloy (Ni80Fe17Mo3) of sub-100 nm in diameter to
increase the inductance while maintaining the magnetic performance for high-frequency

283



Nanomaterials 2022, 12, 3284

circuitry [72]. Zhao et al. have developed permalloy–SiO2 granular films with induced
anisotropy using multilayer alternate sputtering with different power. The films were
synthesized with different metallic volume fractions and exhibited excellent soft magnetic
properties with high resistivity. Soft magnetic properties were directly dependent upon the
metallic volume fraction whereas resistivity was inversely dependent upon it [72].

4.2. Cobalt-Based Cores

Magnetostriction can be reduced to a much higher extent by using cobalt-based alloys.
Soft magnetic Co-based granular films possess properties such as high saturation magneti-
zation, high anisotropy, and high resistivity. Soft magnetic properties of the sputtered films
are only found in limited composition ranges and require low sputter pressure. Co–Al–O
and Cr–Zr–O are the only oxide alloys that are suitable for inductor applications. Co–Al–O
films exhibited a resistivity of 500–1000 μΩ·cm, a magnetic flux of about 80 Oe, and Bs of
about 10 kG. With the addition of palladium, Co–Al–Pd–O, the soft magnetic properties
and Hk value of the film were significantly improved, with Hk more than 180 Oe [73].
Nanogranular Co–Al–O films with a maximum resistivity of 110 mΩ·cm were fabricated
by Amiri et al. These films were deposited by using pulsed dc reactive sputtering of a
Co72Al28 target in an oxygen/argon ambient. The average grain size was found to be
80 nm. The effect of deposition power on resistivity and permeability of films showed that
resistivity increase is associated with a decrease in coercivity but is only achievable at lower
permeability and higher relaxation losses [74].

Co–Zr–O alloys exhibit preferable properties on water-cooled substrates which makes
them suitable for embedded inductor applications. Ohnuma et al. reported the fabri-
cation of Co–Zr–O nanogranular films using rf reactive sputtering in argon and oxygen
ambiance. The least amount of coercivity was obtained at 55% and 70% of cobalt. The
films near Co60Zr10O30 were reported to have a value of anisotropy at 150 Oe, saturation
magnetization (Hk) values of 9 kG, coercivities lesser than 3 Oe, and resistivity more than
1000 μΩ·cm. These films exhibited an excellent response of permeability to high frequency.
The ferromagnetic resonance frequency values were exceeded 3 GHz [75].

Lu et al. have developed a 30 MHz power inductor utilizing nanogranular material
soft magnetic material Co–Zr–O by sputtering on a polyimide substrate. The inductor
was able to achieve an inductance of 470 nH and Q of 67, which was professed to double
using process improvements [76]. Multilayer Co–Zr–O/ZrO2 thin films have been used by
Yao et al. to improve the performance of the magnetic core and reduce the eddy current
loss. V groove inductors were fabricated on Si substrate using sputtering techniques. The
inductors exhibited an inductance of 3.4 nH in a range of 10 to 100 MHz, a dc resistance of
3.83 mΩ, a quality factor of up to at least 50, and can be applied in the manufacturing of
high-power-density high-efficiency dc-dc converter devices [77].

Nitrides of Co alloys offer much wider compositional ranges for anisotropy but usually
exhibit higher coercivities and lower permeabilities. Co–Al–N films were prepared by
the rf-sputtering method to obtain soft magnetic properties at high frequencies by Kijima
et al. The films were composed of Co nanogranules of 3–5 nm dispersed in the AlN matrix.
Ferromagnetic properties were obtained in the range of compositions with cobalt content
from 47–80 at.%. The films exhibited high coercivity in the range of 20–50 Oe and showed
perpendicular magnetic anisotropy. The permeability of Co80Al14N6 film was constant up
to 1 GHz and ferromagnetic resonance frequency (FMR) was at around 1.2 GHz [78].

Cao et al. fabricated Co–HfN nanogranular films with varying Co content exhibiting
anisotropy over a wide composition range. The films were composed of crystallized Co
nanogranules dispersed in an amorphous HfN matrix. The coercivity was in the range of
15–75 Oe. Co58Hf14N28 films displayed a permeability of 40 and a ferromagnetic resonance
frequency (FMR) of 2 GHz [79].
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4.3. Iron-Cobalt-Based Cores

In accordance with the Pauling—Slater curve, Fe–Co alloys have the highest magne-
tization compared to all the other iron alloys. These alloys exhibit a high magnetization
saturation value of more than 20 kG. CoFeN films with high saturation magnetization of
24 kG, anisotropy of about 20 Oe, and low coercivity of about 1 Oe have been prepared by
Sun et al. [80]. CoFeN native oxide films prepared using rf reactive magnetic sputtering
in argon and nitrogen ambiances were demonstrated by Ha et.al. These films exhibited
low coercivity below 1 Oe and magnetization of almost 22 kG. The anisotropy field was
found to be as high as 67 Oe and consequently, the FMR value increased to 3 GHz [81]. This
decrease in coercitivity was due to the addition of nitrogen. Similarly, the addition of Si or
Ni can also lead to a decrease in coercivity. (CoFe)–Si–O/Si–O multilayer nanogranular
magnetic thin films were produced on SiO2/Si substrates using inductively coupled rf
sputtering by Ikeda et al. The ratio of the optimized multilayer structure in terms of the
CoFe monolayer to the Si-O layer was found to be 6:1 nm. This film exhibited excellent
soft magnetism performance in high-frequency regions. The permeability was found to
be 200, the resistivity was found to be 2.2 mΩ·cm and FMR was about 2.86 GHz [82]. Ge
at al. fabricated (Fe65Co35)x(SiO2)1−x granular films by magnetron sputtering. The films
were composed of Fe65Co35 particles uniformly dispersed in an amorphous SiO2 matrix.
When the range of the x value was from 0.7 to 0.5, the films exhibited a small coercivity
value of less than 4 Oe and resistivity up to 5.48 × 103 μΩ·cm. The minimum coercivity
value was found to be 1.7 Oe with a resistivity of 2.86 × 103 μΩ·cm at x equaling 0.57. The
real permeability of the sample was found to be 170 and the FMR frequency was about
2.4 GHz [83].

Kim et al. have studied the effect of the addition of boron on the magnetic properties
and high-frequency characteristics Fe-Co alloys. Boron was added to Fe7Co3-based thin
films and it was found that the addition of boron resulted in an increase in anisotropy,
resistivity, and a decrease in coercivity without any loss of saturation magnetization. This
increase was found to be dependent upon grain size, grain morphology, and orienta-
tion. Fe55Co28B17 displayed a ferromagnetic resonance frequency of 3.3 GHz and a linear
effective permeability of 350 up to 2 GHz [84].

Fe–Co–Zr–O alloys have been found to possess high magnetic fluxes and as such
can be used for inductor cores. Fe–Co–Zr–O films have been designed by Ohnuma et al.
using reactive sputtering under oxygen–argon ambiance, utilizing Fe-Co-Zr alloy. The
films consisted of base-centered cubic Fe-Co nanoparticles with nanoparticles of ZrO
dispersed in between. These films exhibit a high magnetic flux density of 23 kG and low
coercivity which was attributed to ZrO nanoparticles mediated inhibition of growth of
Fe–Co. The process parameters of the fabrication process must be controlled strictly in
order to maintain the high magnetic saturation since the increase in the value of oxides
could prove unfavorable [85].

(Co–Fe)–Al–O nanogranular thin films have been found to have a large resistivity,
a high saturation magnetization, and excellent high-frequency properties making them
an attractive option for inductor cores. Sohn et al. reported Co-Fe-Al-O nanogranular
thin film fabrication using rf magnetron sputtering in an argon-oxygen atmosphere to
produce base-centered cubic Co-Fe particles lesser than 5 nm in the Al-O matrix. These
films consistently produced high resistivity up to 400 μΩ·cm, a saturation magnetization
of 16 kG, and an anisotropy field of 45 Oe. The high-frequency magnetic properties were
found to be excellent which can be gauged by a high FMR value of 2.3 GHz and a real
permeability value of 315 [86]. Ha et al. have studied the effect of thickness in the range
of 50 to 1200 nm upon the high-frequency characteristics of (Co–Fe)–Al–O soft magnetic
thin films. The coercivity and anisotropy fields of these films are dependent upon the film
composition and the roughness of the surface. The resistivity of these films increased with
the decrease in the grain size and increase in the oxide volume. The films were composed
of a multi-phase structure consisting of α-CoFe (1 1 0), and α-CoFe (2 1 1) with minor phase
CoFe–oxides and Al2O3 as the matrix. The effective permeability of this film was more than
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1000 and was found unvarying up to 700 MHz while the film thickness remained under
1000 nm. The film exhibited excellent high-frequency properties owing to high resistivity
and high anisotropy [87].

4.4. Ferrite Nanomaterials for Inductor Cores

The condition of high resistivity requirement for fabrication of inductors can be easily
sated using ferrite materials. Ferrites are the compounds of transition metals with oxy-
gen that are ferromagnetic but nonconductive [88]. Soft ferrites having low coercivity
are used for inductor cores. Ferrite materials possess high ferromagnetic resonance fre-
quency, and low imaginary permeability and can increase the Q factor in inductors in the
high-frequency range. Ferrite-based polymer composites are being researched since the
traditional ceramic-based substrates require a very high temperature for processing. At the
nanoscale dimensions, the transport, mechanical and electrical properties are dependent
on the nanograin boundaries rather than the material and exhibit themselves differently as
compared to the bulk material. The major use of ferrites is in radio frequency circuits for
receiving and transmission [88].

Ni–Zn–Cu and Co2Z (spinal and magnetoplumbite, respectively) nano-powders pre-
pared using the sol-gel method have been used for integration with a single layer and
multilayer on-chip conductor. The maximum inductance gain value was found to be 21%
for Co2Z and 35% for Ni–Zn–Cu in the 10 GHz range in a single layer on-chip inductor
integrated with ferrite nanomaterial whereas, for multilayer plus ferrite, the maximum
inductance gain was 20 and 25%. The increase in Q factor corresponding to the single layer
was 100 and 160% for Co2Z and Ni–Zn–Cu, respectively, in the 3 GHz whereas the Q factor
increase for the multilayer inductor was 40 and 50% for the same. Integration of a solenoid
inductor with nanomaterial led to an increase in inductance by 63 and 168% by Co2Z and
Ni–Zn–Cu, respectively, at frequency ranges more than 20 GHz. At high frequencies, the Q
factor decreases but at lower frequencies, the gain is 71 and 157% with Co2Z and Ni–Zn–Cu
at 100 MHz [88]. Inductance and Quality factors for various layers of an inductor with
ferrite nanomaterial are shown in Figure 6.

Ni–Zn–Cu ferrite nanoparticles-magnetic-core has also been used by Ni et al. in RF
ICs. Vertical magnetic cores with multiple-layer stacked-spiral structures were designed to
realize compact inductive devices in RF ICs. This design obtained a high L-density of over
700 nH/mm2 as well as an 80% chip size reduction with reference to planar inductors. The
high performance of the inductor was dependent on both the material and the design [89].

Nano-granular ZnxFe3−xO4 ferrite films have been fabricated on an Ag-coated glass
substrate using dimethylamine borane complex -DMAB-Fe (NO3)3-Zn (NO3)2 solution.
The composition of this film was dependent upon the x value ranging from 0 to 0.99. As
the x changes, the microstructure of the film varies from non-uniform nanogranules to fine
and uniform nanogranules of 50–60 nm in size. The saturation magnetization was found to
be increasing from 75 emu/g to108 emu/g when the x varied from 0 to 0.33. From 0.33, it
decreased constantly till reaching 5 emu/g at the x value of 0.99. The coercivity decreased
steadily from 116 to 13 Oe [90].

4.5. Novel Nanomaterials for Inductor Cores

Recently, carbon nanotubes, nanofibers, nanowires, etc. have been used to create
composite polymers for high Q nano inductor applications. Carbon nanotubes (CNT)
are preferable for such applications due to their unique interconnecting properties which
exhibit lower skin effects as compared to copper interconnects and the resistance of CNT
interconnects remains the same even at a high frequency. The inductors made of CNT
have several theoretical merits. The magnetic field induced in CNT is 1000 times larger
as compared to copper wire and therefore the inductance is quite large. The inductors
fabricated from CNTs are smaller as compared to traditional inductors in ICs since they can
be bent [91]. Multiwalled carbon nanotube (MWCNT) inductors or single-walled carbon
nanotube (SWCNT) bundles have been fabricated and researched by several researchers.
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The interconnect properties, and electrical and magnetic properties of MWCNTs have
been found to be quite high as compared to copper wires. All the research points towards
higher inductance, higher Q factor, and lower losses as compared to conventional copper
wires [92–97].

(a) 

(b) 

Figure 6. Cont.
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(c) 

Figure 6. Inductance and Quality factor for (a) single layer, (b) multilayer, and (c) solenoid inductor
with ferrite nanomaterial. Reprinted with permission from [88].

A novel design of MWCNT-based stacked inductors has been described by Bruce C.
Kim. The MWCNT-based embedded rf inductors were fabricated on silicon and ceramic
substrate which will provide high inductance and quality factors [93]. A high Q nanoin-
ductor based on MWCNT and an introductory layer of nano composite film (Cu/CoFe2O4)
exhibited an inductance of 6.25 nH, with a Q factor of 186 at 2.4 GHz. The maximum induc-
tance and maximum Q factor were found to be 6.6 nH and 440, respectively, and the chip
area was reduced by 25% as compared to conventional microscale inductors [97]. Figure 7
shows the inductance and Q factor of the MWCNT inductor with respect to frequency.
Wiselin et al. have fabricated a spiral inductor made of carbon nanofibres exhibiting an
inductance of 4 nH at 1.2 GHz and a Q factor of 40.5. The self-resonant frequency of the
designed inductor is predicted to be in the range of 20 GHz to 30 GHz and since the energy
loss is low, the inductor can be used in high-frequency applications [98].

Figure 7. Inductance and Q factor of MWCNT inductor with respect to frequency. Reprinted with
permission from [97].
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Inductors based on nanowires using nanoporous anodic alumina as substrates have
been researched by Spiegel et al. and Hamoir et al. [99,100]. Both have used ferromagnetic
Ni nanowires to increase the inductance and quality factor of the inductors. Hamoir et al.
have shown a 30% increase in the inductance value and a 23% increase in the quality factor
compared to other such ferromagnetic inductors [100]. Spiegel et al. have contrasted the
quality factor to that of the inductor built on non-magnetic Si and found the anodic alumina
substrate-nanowire-based inductor to be far superior under the FMR frequency. Tunability
to magnetic field increases the frequency range and also increases the permeability in the
lower frequency ranges [99].

Magnetic nanocomposite pastes have also been used for high-frequency properties.
Silica-coated cobalt– benzo–cyclo–butane (BCB) and Ni–Zn ferrite epoxy composites have
been used to fabricate inductors. These nanocomposites were screen printed onto FR4
substrates and were then patterned using an etch-back process to fabricate inductors. Co–
silica–BCB nanocomposite paste was found to have high permittivity and permeability
in the range of 5–10 which makes it a candidate for miniaturized antenna fabrication.
Inductors made up of Ni–Zn ferrite–epoxy composites exhibited high permeability in the
range of 5–15 at low MHz frequencies and 2.5–3 at higher GHz frequencies. The quality
factor, Q, was found to be more than 100 for ferrite-epoxy composite samples [101].

5. Nanomaterials for Interconnect Technology

The role of interconnect in the electrical industry is to connect the active and passive
components to the substrate and to facilitate the power supply, and signal transmission
among each other, etc. [102]. Traditionally, lead-containing solders most importantly,
eutectic tin/lead (Sn/Pb), have been used for electronic packaging owing to their low
melting temperatures and good wetting characteristics on a variety of substrates. Chip scale
packages, flip chip technologies, etc. are being currently used for interconnections. Apart
from the inherent toxicity of lead-based solders, other problems such as incompatibility
with miniaturization due to issues of fabrication techniques are making the use of traditional
solders difficult. Therefore, there is a need for the development of novel materials which
can serve as interconnect in the new upcoming packaging technologies to further increase
the miniaturization of the devices. The two major alternatives that have been fueled by the
advent of nanotechnology are lead-free solders and polymer-based-electrically-conductive
adhesives (ECA) [103,104].

5.1. Nanoparticle-Based Lead-Free Solder

The major difficulty with lead-free solders is the higher melting temperature required
for such solders. This high processing/melting temperature leads to high reflow tempera-
ture which in turn builds up the stress and promotes other defects. Nanoparticles provide
an alternative to overcome this problem since the particle size in the nanometer range
potentially offers a chance for decreased temperature coupled with increased mechanical
strength. The addition of nanoparticles to conventional solders may improve their prop-
erties. A number of alloys have been considered for the development of lead-free solders
mainly involving Sn–Cu, Sn–Ni, and Sn–Ag [105].

Sn–Ag–Cu alloys have been researched extensively for this application. Several re-
searchers are working on reducing the temperature of these alloys either by tinkering with
the composition or by developing different fabrication techniques which affect the size
dependency of the melting point. Gao et al. have developed a Sn–Ag–Cu lead-free solder
alloy having an equivalent melting temperature to that of the Sn–Pb alloy. The nanopar-
ticles in this study were prepared using the consumable direct arc current technique and
the nanoparticles developed were in the range of 15–60 nm with an average being 30 nm.
This alloy exhibited a melting onset temperature of the nanoparticles of the Sn–Ag–Cu
solder as low as 179 ◦C which is comparable to eutectic Sn–Pb alloys which have melting
temperatures in the range of 180–190 ◦C. Although some nanoparticles did not melt at low
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temperatures and could potentially be detrimental to this approach, the work nonetheless
presents a novel way of reducing the melting temperature [106].

Similarly, Zou et al. have studied melting point depression in lead-free Sn–3.0Ag–
0.5Cu (wt.%) solder alloy by reducing the size of the particles produced by the direct arc
current technique. The melting temperature of both bulk and nanoparticles was examined
and the melting point of nanoparticles having an average size of 30 nm showed a depression
in the value by 10 ◦C as compared to bulk alloy [107].

The addition of cobalt (Co) and nickel (Ni) to Sn–Ag–Cu increases the growth of
Cu6Sn5 but reduces the growth of Cu3Sn. The addition of both the particles results in
the reduction of the interdiffusion coefficient in Cu3Sn but had no effect on the melting
point of the alloy. These particles did not increase the intermetallic compound thickness
and reduced Kirkendall voids, consequently increasing the solder strength and drop test
performance. The addition of platinum (Pt) has also been associated with increased drop
test performance [108,109].

Jiang et al. have studied the size dependency of the melting point in 96.5Sn–3.5Ag
alloys. They used a low-temperature chemical reduction method to synthesize variously
sized Sn–Ag alloys. Surface stabilizing agents were used to avert the oxidation of the
synthesized particles since oxidation does not allow a reduction in temperature. A melting
point as low as 194 ◦C was achieved when the diameter of nanoparticles was around 10 nm.
The solder paste composed of synthesized Sn–Ag nanoalloy was used for the wetting test on
the Cu substrate and it exhibited a characteristic Cu6Sn5 intermetallic compound formation.
This demonstrated the possibility of Sn–Ag alloy being used as a low-temperature lead-free
solder [110] as shown in Figure 8.

 

Figure 8. Melting point: heat of fusion dependence on the radius of the synthesized Sn–Ag nanopar-
ticles. Reprinted with permission from [110]; Copyright 2007, American Chemical Society.

Sn–Co–Cu alloy has been developed to overcome the cost of the Sn–Ag–Cu/Sn–Ag
alloys. It is being perceived as a cost-effective alternative to the Sn–Ag–Cu alloys. It also
suffers from the problem of a high melting point. Sn–0.4Co–0.7Cu (wt.%) lead-free solder
alloy was studied by Zou et al. with the aim of decreasing the melting point of the alloy by
using nanosized particles. On using the nanoparticle-sized grains from 10 to 50 nm in the
alloy, the melting temperature of the alloy was reduced by 5 ◦C as compared to the bulk
alloy. The depression in the melting point was attributed to the increase in the particles’
free energy caused by the reduction in particle size [111].

Although a lot of research has been performed on nanoparticles-based lead-free solder
materials, their mechanical properties, reliability studies, and processability in packaging
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technologies still need further elucidation and as such, still, a lot of research is required
before this solder replaces the conventional alloys and becomes a reality in the miniaturized
digital world.

5.2. Electrically Conductive Adhesives

Another class of interconnects that is being researched widely is called electrically
conductive adhesives (ECA) [112]. These consist of organic or polymeric matrices which
bind metal fillers and form nanocomposites. The metal fillers conduct the electricity and
are responsible for the electrical properties, whereas, the matrix is responsible for the
mechanical properties. Therefore, ECA provides easy access to controlling the properties
of the final product. These adhesives have several advantages over conventional solders
such as low processing temperature, lesser fabrication steps, and hence less cost, and
fine pitch capacity owing to the presence of conductive fillers. However, they also suffer
from a number of drawbacks such as limited electrical and thermal conductivity, a lack of
reliability, and poor mechanical strength, comparatively [112,113]. On the basis of the filler
loading volume, ECAs are segregated into three parts, isotropically conductive adhesives
(ICA): those which provide electrical conductivity in all the three coordinates (x,y,z) due
to very high filler content near their percolation threshold, anisotropically conductive
adhesives (ACA): those which provide conductivity in just one direction (z-axis) owing to
low filler loading and, nonconductive adhesives (NCA): those which provide conductivity
in one direction (z-axis) owing to the lack of filler material [114] as shown in Figure 9.

 

Figure 9. Curve representing the relationship conductivity and filler concentration with respect to
percolation threshold. Reprinted with permission from [115]; Copyright 2006, Elsevier.

6. Isotropically Conductive Adhesives (ICA)

6.1. ICAs with Silver Nanowires

ICAs are composed of polymer matrix and conductive filler. Thermosetting and
thermoplastic materials are generally used as a polymer. Thermoset epoxies are the most
common matrices due to their physical and mechanical properties and thermoplastics are
added where strengthening is required for the matrix. The conductive fillers include metals
like silver, gold, nickel, etc., and carbon-based materials in different morphologies [116,117].

Wu et al. have studied ICA using Ag nanowires as the conductive filler and its
properties were compared with conventional ICAs using 1 μm Ag particles and 100 nm
Ag particles as the filler. At low filler volumes of Ag nanowires, ICA exhibited lower
bulk resistivity and similar shear strength as compared to ICA filled with micrometer and
nanometer-sized particles but the shear strength of ICA with particles decreased while
trying to match the conductivity of ICA with nanowires. The increase in the conductivity
of nanowires was attributed to lower contact resistance, stable network, and tunneling
effects [118].
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6.2. ICAs with Silver Nanoparticles

Jiang et al. have prepared ICAs filled with silver nanoparticles. To increase the conduc-
tivity of the ICA, Ag nanoparticles were treated with various surfactants. The resistivity of
the ICA was reduced to 2.4 × 10−4 Ω·cm. The low resistivity was attributed to the sintering
of the nanoparticles. In another approach, nanoparticles were surface functionalized using
diacids and were then mixed with silver flakes before use as a conductive filler. The use of
diacids for surface modification reduced the resistivity to 5 × 10−6 Ω·cm. The decreased
resistivity was a consequence of the sintering of silver nanoparticles which was confirmed
using morphological analysis [119,120].

6.3. ICAs with Carbon Nanotubes (CNTs)

Multiwalled-carbon-nanotubes (MWCNT) have been used with epoxy resin to formu-
late ICA. The epoxy-MWCNT composite has a significantly lower percolation threshold as
compared to a metal-filled epoxy composite, although, the conductivity of epoxy-MWCNT
was of lower magnitude as compared to a metal-filled epoxy composite. The electrical con-
ductivity of the composite is governed by the inherent conductivity and contact resistance
of MWCNTs. The shear strength and strength-to-weight ratio of the composite were found
to be greater than the metal-filled ICA [121].

Silver-coated carbon nanotubes (SCCNT) have been used as a filler to prepare isotropic
conductive adhesives (ICA). The properties of this composite and ICA filled with
multiwalled-carbon-nanotubes were compared with 1 μm Ag-filled ICAs. The resistivity
value for ICA filled with MWCNTs was found to be 2.4 × 10−4 Ω·cm at 31% loading and at
filler content of 28%, SCCNT exhibited the lowest conductive resistivity of 2.2 × 10−4 Ω·cm.
ICAs filled with both MWCNT and SCCNT exhibited a high shear strength value of
19.9 MPa on the Al substrate and 18.2 MPa on the Cu substrate [122]. The relationship
between bulk resistivity and shear strength of the ICA with the volume content of CNT is
shown in Figure 10.

 

Figure 10. (a,b) The relationship between bulk resistivity, shear strength of ICA with the volume
content of CNT. Reprinted with permission from [122]; Copyright 2007, Elsevier.

7. Anisotropic Conductive Adhesives/Anisotropic Conductive Films (ACA/ACF)

ACA/ACF is generally used to achieve an ultra-high pitch interconnection. These
have been used widely for packaging in liquid crystal displays (LCDs). ACA filled with
nano-Ag particles has been studied to understand the effect of nano-sized Ag particles on its
capacity. ACA filled with nano-Ag, exhibits reduced joint resistance and increased current
carrying capacity. This feature was attributed to the sintering of Ag particles well below
their melting temperature and consequently increased the interfacial contact area between
the Ag particles and bond pads. Treatment of the nano-Ag particles with self-assembled

292



Nanomaterials 2022, 12, 3284

monolayers of different types helped in further increasing the conductivity by increasing
the interfacial contact area to a great extent [123].

Li et al. have used a similar treatment of Ag-nano filler by two SAMs, namely dicar-
boxylic acid, and dithiol. The treatment increased the conductivity of ACAs significantly
and the resistance value was decreased from 10−3 Ω to 10−5 Ω with SAMs-coated silver
fillers. This increase in electrical properties was attributed to the bonding between SAM
and Ag-nano fillers, consequently increasing the contact interfacial area [124].

Nonconductive Adhesives (NCA)

Electrically interactive interconnects can be formed by using organic adhesives without
any filler. In this method, two contacts are connected using NCA under a moderate value
of temperature and pressure. The contact formation depends upon the roughness of the
surfaces in contact. Few contact spots are created which allow the current to flow. During
the sealing process, pressure is applied, and contacts increase in accordance with the
elasticity or flexibility of components. The application of pressure leads to an increase
in the interfacial contact area and hence leads to better conductivity. NCA has shown
better electrical conductivity than ACA but also suffers from a contact-resistant problem
since no metallurgical joints are formed. The nano-sized particles are able to increase the
interfacial contact area and reduce the pressure required for fabrication, further increasing
the conductivity [115].

8. Conclusions

The miniaturization of digital devices using nano-packaging techniques has been
hampered by the challenges of the fabrication of nano-sized passive components and inter-
connect technology. Recent advances in nanotechnology have made it possible to reduce
the size of passives to nano-scale by utilizing unique methodologies and materials, thereby
increasing the odds of the development of embedded passives, consequently leading to
compact and high-quality devices. The denigration of conventional lead-based soldering
technology in aspects of health and electrical properties has led to the development of
alternate interconnect technology. Nanotechnology has proven its worth in this sector
also via the development of nanomaterials-based interconnects having similar or superior
properties compared to traditional techniques. In summary, nanotechnology has started to
emerge over and above the limitation of books and labs and thus is influencing our lives.
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Abstract: Lithium-ion batteries (LIBs) have been considered an easily accessible battery technology
because of their low weight, cheapness, etc. Unfortunately, they have significant drawbacks, such as
flammability and scarcity of lithium. Since the components of zinc-ion batteries are nonflammable,
nontoxic, and cheap, AZIBs could be a suitable replacement for LIBs. In this article, the advantages
and drawbacks of AZIBs over other energy storage devices are briefly discussed. This review focused
on the cathode materials and electrolytes for AZIBs. In addition, we discussed the approaches to
improve the electrochemical performance of zinc batteries. Here, we also discussed the polymer gel
electrolytes and the electrodes for flexible zinc-ion batteries (FZIBs). Moreover, we have outlined the
importance of temperature and additives in a flexible zinc-ion battery. Finally, we have discussed
anode materials for both AZIBs and FZIBs. This review has summarized the advantages and
disadvantages of AZIBs and FZIBs for future applications in commercial battery technology.

Keywords: aqueous zinc-ion battery; flexible zinc-ion battery; anode and cathode materials

1. Introduction

Lithium-ion batteries (LIBs) have attracted much attention to battery technology due to
their low weight, high energy densities, and specific power. Unfortunately, LIBs have major
drawbacks, such as energy density limits, high cost, toxic nature, and safety issues [1,2].
Therefore, large-scale applications of LIBs are still challenging because of these limitations.
However, lead-acid- and nickel-cadmium-based batteries are currently dominant in the
present battery energy storage market due to their low cost and durability [1,3–5]. They
have limitations such as poor energy densities and environmental problems due to toxic
electrodes. Moreover, various alkali metal cations (such as Na+ and K+) and multivalent
charge carriers (such as Mg2+, Al3+, and Zn2+) have been investigated in aqueous electrolyte-
based batteries. For example, aqueous zinc-ion batteries are particularly appealing since Zn
has a large natural abundance, a low redox potential, a high theoretical capacity, intrinsic
safety, and low toxicity [1,2,5–9].

Aqueous zinc-ion batteries (AZIBs) are facing challenges due to the deteriorating
effect of cathode and anode materials [10–15]. Hence, these effects are responsible for
lowering the coulombic efficiency and the specific capacity of AZIBs. Scientists are still
working to overcome these issues regarding AZIBs [1–3,5–8,15–20]. Additionally, they
are giving more attention to modifying cathodes, which can enhance the electrochemical
performance. Materials with a spinel or layer structure, such as Mn-based, vanadium-based,
and Prussian blue analogous, are attracting attention for modifying electrode materials for
AZIBs [11,21–28]. Among them, Mn-based materials have gained a lot of interest in the
cathode materials because of their diverse crystal structures, different valence states, and
high-voltage platforms [26,29–32]. First, alkaline electrolytes acting as primary electrolytes
were used in Mn-based materials in the 1860s. Unfortunately, several challenges appeared in
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the alkaline electrolyte system in ZIBs, such as the dendrite and byproducts of the Zn anode
resulting in low coulombic efficiency and poor cycle performance. In 1988, Yamamoto et al.
used a mild acid ZnSO4 electrolyte in α-MnO2 to enhance the electrochemical performance,
although this approach did not attract much scientific attention [33]. Similarly, Wang
et al. have shown exceptional results when they used a moderate acid ZnSO4 electrolyte
in α-MnO2, and it has shown good reversibility and cyclability [34]. However, aqueous
zinc-ion batteries (AZIBs) are still under investigation, and the complexity arising from
aqueous electrolytes is hindering the creation of highly cyclic stable ZIBs. Scientists are
looking for suitable electrolytes in place of aqueous electrolytes to reduce these issues, such
as dendrite formation, cathode dissolution, etc. They are considering that electrolytes that
have a lesser water content might reduce the parasitic reaction and could improve cyclic
stability as well as electrochemical performance.

Flexible zinc-ion batteries (FZIBs) are now being considered a sustainable selection to
power portable electronics thanks to the development of aqueous rechargeable zinc-ion
batteries (AZIBs) [35–37]. FZIBs with polymeric matrix electrolytes not only have better
huge pile capabilities but also have better electrochemical behavior, as they eliminate
dendrite formation and cathode dissolution [37–42]. As illustrated in Figure 1, flexible
ZIBs have considerable potential for wearable applications due to their qualities such as
exceptional flexibility, tolerance to deformation, and compatibility with the traditional
textile industry. Several strategies for the fabrication of flexible ZIBs with both energy
storage performance and mechanical robustness have been recently developed. However,
the development of the strategy of ZIBs is still in its infancy. In this review, we provide
recent updates on AZIBs and FZIBs.

Figure 1. (a) A brief history of the development of ZIBs and FZIBs. (b) Exciting applications of
flexible zinc-ion batteries.

2. Zinc-Ion Batteries (ZIBs)

Zinc-ion batteries consist of Zn metal as an anode and metal oxides as cathodes.
Basically, Zn salt is used as an electrolyte for transporting Zn2+ ions during charge–
discharge [34]. As illustrated in Figure 2a, MnO2 was used as a cathode, Zn foil was
used as an anode, and mild aqueous ZnSO4 solution was utilized as an electrolyte. The
reaction mechanism of Zn/MnO2 is as follows (Figure 2b):
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Figure 2. (a) A schematic illustration of aqueous ZIBs. (b) Zn storage mechanism of Zn/MnO2

system at anode and cathode sides. Reprinted with permission from Ref. [34]. Copyright 2011 Wiley.

Anode:
Zn ↔ Zn2+ + 2e− (1)

Cathode:
Zn2+ + 2e− ↔ ZnMn2O4 (2)

Here, Zn stripping and deposition happened at the anode and Zn insertion/extraction
occurred at the cathode during the discharge–charge. Wei Sun et al. [43] and Buke Wu et al. [44]
have proposed a new reaction mechanism and confirmed the Zn2+ and H+ co-insertion mecha-
nism during discharge.

2.1. Advantages of ZIBs over Other Energy Storage Devices

ZIBs have attracted much attention because of their lower cost, high storage capacity,
etc. In addition, ZIBs are less flammable than lithium-ion batteries (LIBs). Although
sodium-ion and potassium-ion are cheaper than LIBs, they also have flammability issues,
like LIBs [1–5]. Above all, ZIBs are a suitable candidate for future-generation battery
technology. Unfortunately, several barriers exist in the way of further implementations
involving side products (hydrogen production, dissolution, and contact resistance) and
zinc dendrite growth at the anode. These issues are hindering the creation of sustainable
ZIBs. Hence, developing strategies of anodes and electrolytes and the reaction mechanisms
are crucial. These developments could reduce cathode erosion, zinc dendrites’ formation,
hydrogen evolution, and other issues [7–10]. It is assumed from the literature review of
ZIBs that electrolytes and durable cathodes and anodic materials could play a pivotal
role in making sustainable ZIBs. As a result, considerably more attention should be
directed to electrolyte development technologies to produce greatly extended durability
and consistency. As illustrated in Figure 3, the possibility of ZIB over other energy storage
systems is because of the high energy density of the Zn batteries. In this section of the
review, we will provide a more recent update on ZIBs.

2.2. Zinc-Ion Batteries (ZIBs)—The Electrolytes and the Anode Materials

Zinc anode has issues such as HER (hydrogen evolution reaction), dendrite formation, and
shape abnormalities, which could play a significant role in degrading the cyclic stability and
performance of ZIBs. These issues lead to a smaller coulombic efficiency. However, the cyclic
stability and performance vary depending on the anode materials. Therefore, its performance
is still poorer. One of the most popular and successful methods to mitigate adverse reactions
and the growth of zinc dendrites is to add additives to electrolytes [11,18,24–26,29,30,46,47].
Two types of additives are generally employed in aqueous ZIBs, organic and inorganic. For
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example, organic additives, including polyethyleneimine (PEI), polyethylene glycol (PEG),
poly(vinyl alcohol) (PVA), and diethyl ether, can bind on the tips of zinc patches to reduce local
current density. Other organic additives such as benzotriazole (BTA), tetrabutylammonium
bromide (TBAB), potassium persulfate (KPS), dimethyl sulfoxide (DMSO), benzotriazole (BTA),
and ethanol can mostly adsorb on the anode surface, which can considerably reduce species
diffusion and strong corrosion resistance. Additionally, some organic additives, such as ethylene
glycol (EG), glucose, and DMSO, could impact the solvent evaporation process of solvated
Zn2+ ions [42,48–54]. For example, the use of vanillin as a bifunctional additive in an aqueous
electrolyte to stabilize Zn electrochemistry was reported by Cheng et al. [55]. The Zn anode,
which was dipped in 5 mM of vanillin modified with a 2 M ZnSO4 electrolyte, has demonstrated
the storage capacity (10 mAh cm−2 at 1 mA cm−2), cycling stability (1 mAh cm−2 for 1000 h),
and coulombic efficiency (99.8%). In Figure 4, a clear effect of vanillin on Zn appeared.

Figure 3. A comparative energy density curve for ZIBs and other energy storage systems. Reprinted
with the permission from Ref. [45]. Copyright 2022 Science.

Figure 4. Schematics and bifunctional mechanism of vanillin sustaining Zn electrochemistry: Zn2+

diffusion/adsorption and Zn plating characteristics in (a) vanillin-free and (b) vanillin-containing
aqueous ZnSO4 electrolytes are depicted schematically. Reprinted with permission from Ref. [55].
Copyright 2021 American Chemical Society.

Without the vanillin additive in ZnSO4 electrolytes (Figure 4a), the apparent reaction
between the aqueous solution and the thermodynamically unstable Zn anode incites par-
asitic reactions responsible for HER corrosion and a Zn4SO4(OH)6 xH2O byproduct. In
addition, the horizontal movement of Zn2+ ions can invoke deposition on sporadically
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scattered prominent nuclei, which can limit surface energy and surface area, heterogeneous
Zn plating/stripping, and promote dendritic development. The vanillin surface could not
only cover active Zn from a free water attack through two-dimensional (2D) adsorption,
but could also promote perpendicular Zn2+ migration and severely curb overgrown 2D
diffusion, climaxing homogeneous and dendrite-free Zn building. Similarly, Qin et al.
showed a hybrid electrolyte containing graphene oxide as a supplement that boosts consis-
tent electric field distribution and eliminates Zn2+ nucleation over-potential, the smooth
zinc electrodeposition layer, and reaction kinetics [56]. The symmetric zinc battery with
graphene oxide addition consisted of a solid zinc anode that extended around 650 h at
1 mA cm−2 and kept a cycle life of 140 h at 10 mA cm−2. A 3D laser microscope was used
to study the surface morphology of zinc anodes. In the initial condition, the electric field
on the velvety surface of pure zinc foil was disseminated uniformly in the same order, as
shown in Figure 5a–i.

Figure 5. 3D laser images of (a) the untouched zinc anode, (b) the zinc anode without GO additive,
and (c) the zinc anode with GO additive after cycling. The electric field dispersal on the zinc anode
(d–f) surface without GO electrolyte additive and (g–i) with GO electrolyte additive. The vectorial
field describes the direction of the electric field. Reprinted with permission from Ref. [56]. Copyright
2021 American Chemical Society.

When Zn2+ began to build up from a selected vicinity of the zinc floor, a distinguish-
able electric-powered subject turned established, and numerous outcomes confirmed that
the neighborhood electric-powered subject after the dendrite tip turned into as much as
two times that of a starting electrodeposit in the long run, mainly due to the formation of
zinc ions within the dendrite tip (Figure 5e). Those indentations or dendrites popped up as
purple regions within the 3D laser image (Figure 5b). Besides that, because the electrode-
posit has become more potent and has been cut down the center into thinner dendrites
(Figure 5f), the depth of the electrical subject ought to attain three instances or more than
the preliminary electric-powered subject, indicating that the end effect enhanced until the
battery demonstrated excessive impedance. Additionally, because of the inclination to
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lessen the floor power and decrease transmission paths, the presently exposed zinc coating
has become the ultimate electrodeposition location. Using GO as an electrolyte addition,
on the other hand, may completely repair the dendrite problem (Figure 5c). The bonding
among GO debris in addition to Zn could not prevent distinguishable electric-powered
fields from forming (Figure 5h) and could perhaps simply show the dissemination of the
electrical subject; however, it may additionally confirm that charged Zn2+ operates right
away to the anode floor (Figure 5i), resulting in a steady zinc deposition layer. Additionally,
Mantia et al. tested the morphology and kinetics of zinc electrodeposition in a 0.5 M ZnSO4
solution with the use of branched polyethyleneimine (BPEI) as an electrolyte additive [53].
When BPEI is present, the electrodeposited layers undergo modifications from laminated
hexagonal huge crystals to a compact layer, not using an essential boom form. Furthermore,
it was discovered that deposition of BPEI at the substrate’s floor influences the kinetics of
zinc electrodeposition and slows grain expansion, favoring nucleation overgrowth. As a
result, BPEI guarantees that conductivity is calmly dispersed and that the deposited layer is
uniform. Figure 6 illustrates the effectiveness of zinc electrodeposition with 30 and 300 ppm
of BPEI, compared to the absence of BPEI. When no additive is introduced, the preliminary
electrodeposition performance drops to much less than 75%, then steadily climbs to 88%.

Figure 6. (a) Zinc electrodeposition efficiency upon 50 cycles without BPEI, and with 30 and 300 ppm
of BPEI as an additive in 0.5 M of ZnSO4. (b) Potential variation of the working electrode during
zinc deposition and dissolution in different solutions. Reprinted with permission from Ref. [53].
Copyright 2017 Elsevier.

The partial overlaying of zinc by zinc hydroxide or zinc oxide in the seventh cycle
is noted to be the cause of this phenomenon. This prevents extra zinc from being elec-
trodeposited, resulting in a vast preliminary over-potential that favors hydrogen formation.
The minimum overall performance is observed when 30 ppm BPEI is added, whereby
the overall performance is 88%. For the 4 primary cycles, the electrodeposition overall
performance is 100% with the presence of 300 ppm BPEI. Following this, the performance
is decreased to 95% and remains constant for the trial (Figure 6a). As a result, raising the
additive from 30 to 300 ppm can increase the zinc electrodeposition overall performance
from 88% to 95%. Furthermore, as proven in Figure 6b, BPEI adsorption does not affect the
oxidation over-potential, however it does affect the cathodic over-potential, which might
be 10 mV more with the presence of 30 ppm BPEI than with the natural electrolyte. The
upward thrust in cathodic over-potential reaches 60 mV in the presence of 300 ppm BPEI.

2.3. Aqueous Zinc-Ion Batteries (AZIBs)—Cathode Materials

Sustainable cathodic materials of ZIBs require the following characteristics, such as
a proper structure, excellent structural consistency, ideal working voltage, electrochemical
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stability, high energy storage density, and reduced cost and environmental consequences [1–5].
However, there are still several obstacles suppressing the advancement of this field. The
most common issues are cathode dissolution byproducts. Scientists are trying to reduce these
issues to make sustainable AZIBs. There are several cathode materials, such as manganese-
based, vanadium-based, other materials-based, etc. Manganese-based material is a promising
cathode material due to its lower cost, low toxicity, low combustible, high abundance, high
storage capacity, and high ionic conductivity. Furthermore, the structural properties of
MnO2 (α, β, γ, δ, λ) provide some adequate pathways and surfaces for the transport and
accumulation of other metal ions, including Zn ions (Table 1). Chain-type, tunnel-type,
and layered-type structures are interconnected to form MnO6 octahedra as the fundamental
structural component by connecting vertices or edges [30,57–60]. These structural versatilities
of MnO2 usually lead to making excellent cathode materials.

Table 1. The recent updates of Mn-based cathode materials.

Cathode Materials Electrolyte Cyclability (mAh g−1) Ref.

α-MnO2 1 M ZnSO4
100 after 100 cycles at 6C (nC = a full
discharge in 1/n h) [34]

α-MnO2 1 M ZnSO4 140 after 30 cycles at 10.5 mA g−1 [58]

α-MnO2–CNT 2 M ZnSO4 100 after 500 cycles at 5000 mA g−1 [61]

α-MnO2 1 M ZnSO4 130 after 30 cycles at 42 mA g−1 [62]

α-MnO2 1 M ZnSO4 147 after 50 cycles at 83 mA g−1 [29]

γ-MnO2 1 M ZnSO4 158 after 40 cycles at 0.5 mA cm−2 [11]

α-MnO2 1 M ZnSO4 104 after 75 cycles at 83 mA g−1 [26]

V-doped α-MnO2 1 M ZnSO4 131 after 100 cycles at 66 mA g−1 [63]

α-MnO2@C 1 M ZnSO4 189 after 50 cycles at 66 mA g−1 [27]

β-MnO2 1 M ZnSO4 135 after 200 cycles at 200 mA g−1 [12]

β-MnO2 3 M
135 after 2000 cycles at 6.5C (nC = a
full discharge of 308 mA g−1

in 1/n h)
[64]

PANI-δ-MnO2 2 M ZnSO4 280 after 200 cycles at 200 mA g−1 [65]

MnO2 1 M ZnSO4
1.67 mAh cm−2 after 1800 cycles at
60 mA cm−2 [66]

δ-MnO2 1 M ZnSO4 175 after 1000 cycles at 3096 mA g−1 [59]

Mn-deficient ZnMn2O4 2 M ZnSO4 + 0.2 M MnSO4
100% capacity retention after
1000 cycles at 3 A g−1 [67]

The electrochemical execution shifted concurring with the different gem shapes. These
tracts make the MnO2 reasonable for economical application in super-capacitors and lithium-
ion batteries. For example, Yuan et al. showed that a manganese-based metal-organic system
(MOF) can be utilized as a moved forward cathode for ZIBs [68]. The oxygen atoms of
two neighboring -COO– are utilized to implement coordination unsaturation of Mn. Its
moderately high reactivity and quick electrochemical response energy are upheld by its ideal
unsaturated coordination degree, which offers prevalent Zn2+ transport and electron trade all
through repetitive charging/discharging cycles. Due to the aforementioned characteristics,
this MOF-based anode incorporates a huge capacity of 138 mAh g−1 at 100 mA g−1 and a
long lifespan (93.5% capacity holding after 1000 cycles at 3000 mA g−1).

Figure 7a illustrates that as the current density increases from 100 to 3000 mA g−1, the
distinctive volume of MnH3BTCMOF4 expands from 98 to 138 mAh g−1. This current den-
sity implies that it has higher capacity retention than MnH3BTCMOF2 and MnH3BTCMOF6.
Cycle implementation of diverse cathode materials has been extensively studied (Figure 7b).
The MnH3BTCMOF4 cathode shows remarkable specific volume retention of 96.4% after
100 cycles and 100% coulombic efficiency at 100 mA g−1. When built as a full battery, the
device also shows a very long cycle stability with a Zn anode at 2 M Zn (CF3SO3), with
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93.5% of the installed power after 1000 cycles at 3000 mA g−1 (Figure 7c). In addition,
Liang et al. have reported that the potassium-ion stabilization and oxygen deficiency of
K0.8Mn8O16 make it a high-energy and robust cathode for neutral aqueous ZIB [69]. They
identified a strong energy output of 398 Wh kg−1 (depending on the mass of the cathode)
and high stability over 1000 cycles, with no significant capacity loss. At 100 mA g−1, the
initial capacitance of the KMO electrode was 216 mAh g−1, but it increased to 320 mAh g−1

by the tenth cycle (Figure 8a). This effect may be due to the initial activation of the highly
crystalline KMO. After 50 cycles, the KMO capacity will be 278 mAh g−1, and the MnO2
capacity will be 136 mA h g−1 (only 60% of the initial capacity) (Figure 8b).

Figure 7. (a) The rate capability (from 100 to 3000 mA g−1) and (b,c) cycling performance of Mn-
H3BTC-MOF-4 at 100 and at 3000 mA g−1, respectively. Reprinted with permission from Ref. [68].
Copyright 2021 American Chemical Society.

Figure 8. (a) Cycling performance at 100 mA g−1 and corresponding galvanostatic charge/discharge
curves at the tenth cycle. (b) Plots of electrolyte resistance, Rs, and charge-transfer resistance, Rct.
Reprinted with permission from Ref. [69]. Copyright 2019 Elsevier.
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The Rs of KMO cathodes does not change particularly during cycling, but it signifi-
cantly increases for α-MnO2 cathodes, firmly fused with the capacity decrease. Islam et al.
also improved the electrochemical performance of MnO2 by carbon coating [27]. Other
than manganese-based cathodes, vanadium oxide (V2O5) has been studied extensively as
a cathode material for lithium-, sodium-, and zinc-ion batteries. The researchers found
some issues such as poor ionic conductivity, low capacity, and structural instability of the
V2O5. Several attempts have been made to solve these problems. Yan et al. [70] improved
Li insertion capability into V2O5 by adding Na ions. It is not only effective for lithium-ion
batteries, but this technique is also applicable for other metal-ion batteries. The addition
of metal ions (Na+, K+, Li+) act as pillars and enhance the structural stability of V2O5 in
AZIBs [46,47,71–73]. Though vanadium-based cathodes offer high capacity, they fail to
reach high voltage. In this situation, hybrid ion batteries can reach high potential [74].

3. Flexible Zinc-Ion Battery

Zinc has been recognized as one of the most promising anode materials because of its
high theoretical capacity, large abundance, low cost, high corrosion resistance in aqueous
electrolytes, non-toxicity, low oxidation/reduction potential, environmental friendliness,
and good reversibility. However, aqueous zinc-ion batteries (AZIBs) confront some unex-
pected issues, including water-mediated parasitic reactions that speed up zinc dendrite
formation, the dissolution of cathode materials, and the construction of byproducts on
the cathode. Hence, these issues arise from the parasitic response, hampering an aqueous
zinc battery’s capacity and cyclic stability. Scientists around the globe are working on
resolving these issues. They have employed several strategic solutions, such as changing
electrolytes, surface engineering, and structural/hierarchical design. Moreover, electrical
vehicles and portable devices have been transformed by smart energy storage. The rate
of penetration into flexible electronic markets by the present smart energy storage tech-
nologies is remarkable. Largely flexible devices require additional requirements, such as
bendable, twistable, stretchy, and ultrathin batteries, to adjust mechanical deformation
under working conditions. Flexible batteries are essential power sources for these devices.
Currently, flexible zinc-ion batteries have attracted more attention for their low cost and
considerable energy density [75–78].

Polymer/hydrogel electrolytes such as poly(vinyl alcohol) (PVA) and polyacrylamide
(PAM) can play a significant role in resolving these issues because of the lower content of
water in polymer/hydrogel electrolytes. In addition, solid–solid contact between electrodes
and the electrolyte rather than a solid–liquid interface can create a significant barrier for
preventing the formation of dendrites and the dissolution of cathode materials. Meanwhile,
the stable solid–solid interface has unexpected capabilities such as self-healing, elasticity,
anti-freezing, and thermal sensitivity [69,75,76,79,80].

Although polymer/hydrogel electrolytes in flexible zinc-ion batteries have achieved
tremendous advancements in battery technology, they have some drawbacks, such as ionic
activities, length of time effects of polymer/hydrogel electrolytes, ubiquitous charge-transfer
mechanisms at the solid–solid interface are unclear, etc. Understanding the mechanisms
of polymer gel electrolytes in electrochemical performance is still vague [69,75,76,79,80]. In
this section, we will provide recent updates on flexible zinc-ion batteries. To design flexible
zinc-ion batteries, it is required to study the basic components of the system, such as the
flexible electrodes (cathode and anode), current collector, electrolyte, and separator. Moreover,
some important parameters, such as bending properties (geometry), mechanical stability,
and energy density, etc., are considered for practical applications. Comprising all the above
issues discussed in this section, recent updates on flexible zinc-ion batteries are summarized
in Table 2.
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Table 2. The recent updates of the flexible zinc-ion battery.

Cathode Materials Electrolyte Capacity Energy Density Cycling Stability Ref.

Co(III)
rich-Co3O4@CC

ZnSO4/CoSO4/
PAM gel 52 (8 A g−1) 360.8 Wh kg−1

(0.5 A g−1)

94.6% capacity
retention 2000 cycles
(2 A g−1)

[81]

ZOV@graphene foam ZnSO4/fumed
Silica 204 (0.5 C) 115 Wh kg−1

89% capacity
retention
2000 cycles
(20 C)

[82]

MnO2@PEDOT@CC ZnCl2/MnSO4/
PVA gel 282.4 (0.7 A g−1) 504.9 Wh kg−1

77.7% capacity
retention
after 300 cycles

[83]

Expanded MoS2@CC ZnSO4/starch-g-
PAM gel 202.6 (0.1 A g−1) 148.2 Wh kg−1

98.6% capacity
retention
after 600 cycles

[84]

NaV3O8·1.5H2O@the
steel meshes

Na2SO4/ZnSO4/
gelatin gel 160 (0.5 A g−1) 144 Wh kg−1

77% capacity
retention
after 100 cycles
(0.5 A g−1)

[85]

MnO2@the
CNT paper

ZnSO4/MnSO4/
gelatin-g-PAM
gel

306 6.18 mW h cm−2

97% capacity
retention
after 1000 cycles
(2772 mA g−1)

[86]

MnO2@CC ZnSO4/MnSO4/
gelatin gel 265 (1 C) -

76.9% capacity
retention
after 1000 cycles

[87]

MnO2@nitrogen-
doped
CC

ZnCl2/MnSO4/
PVA gel 353 (0.5 A g−1) 440 Wh kg−1

86.7% capacity
retention
after 1000 cycles

[7]

MnO2/rGO@CC ZnSO4/MnSO4 332.2 (0.3 A g−1) 456.2 Wh kg−1

96% capacity
retention
after 500 cycles
(6 A g−1)

[88]

Freestanding
graphene/
VO2 composite films

Zn(CF3SO3)2 194 (8 A g−1) 65 Wh kg−1
99% capacity
retention
after 1000 cycles

[89]

MnO2@CNT film ZnSO4/MnSO4/
xanthan gel 260 (1 C) 364 Wh kg−1

90% capacity
retention
after 330 cycles
(1 C)

[90]

Polyaniline@carbon
Felts

Zn(CF3SO3)2/
PVA gel 109 (0.5 A g−1) -

91.7% capacity
retentions
after 200 cycles

[91]

MnO2@CNT fiber Zn(CF3SO3)2/
PVA gel 290 (0.1 A g−1) 360 Wh kg−1

75% capacity
retention
after 300 cycles

[92]

MnO2@PPy@
stainless
Steel

ZnSO4/MnSO4/
gelatin–borax
gel

135.2 (1 C) -

87% capacity
retention
after 500 cycles,
60% capacity
retention
after 1000 cycles

[93]

MnO2@CNT yarn ZnSO4/MnSO4/
PAM gel 302.1 53.8 mWh cm−3

98.5% capacity
retention
after 500 cycles

[94]

ZnHCF@MnO2@Ni
foil ZnSO4/PVA gel 89 (100 mA g−1) 149 Wh kg−1

71% capacity
retention
after 500 cycles
(400 mA g−1)

[95]

Husk-like α-MnO2

1 M ZnSO4 + 0.1M
MnSO4
Gel

321 (0.33mAg−1)
100 mAh g−1 after
100 cycles
(333 mA g−1)

[96]

Ce-MnO2@CC

polyacrylamide–
ZnSO4–
MnSO4(PAM/ZnSO4-
MnSO4) gel

311 mAh g−1 at
(100 mA g−1) 370 Wh kg−1 106 mAh g−1

(2000 mA g−1) [97]

Nanocellulose-Based
Hybrid Hydrogels

3 M ZnCI/2M
NH4CI/1 M ZnSO4
Solid electrolyte

149.4 mAh/g
(0.5 A/g) 113.2 mWh/g

96% capacity
retention after
1000 cycles

[98]
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Polymer/Gel Electrolytes

Polymer electrolytes for ZIBs are classified into solid polymer electrolytes, new hy-
drogel electrolytes, and hybrid polymer electrolytes. In this context, polymer electrolytes
surpass aqueous electrolytes to prevent zinc dendrite development and reduce cathode
dissolution. In addition, the polymer electrolytes’ additional functionalities lessen parasitic
weight invasion in the separator and enhance mechanical performance. Solid polymer
electrolytes have more mechanical strength than hybrid polymer electrolytes, although hy-
drogel electrolytes have a competitive ionic conductivity compared to aqueous electrolytes.
Due to their stable structure, solid polymer electrolytes are expected to limit zinc dendrite
formation the most. In contrast, hydrogel electrolytes are projected to have a weaker ability
to prevent dendrite formation due to the water content in the hydrogel. Combining these
benefits, hybrid polymer electrolytes that offer the optimal balance between these view-
points are critical for further commercialization. They provide high ionic conductivities
and multi-competitive functionalities and mechanical behaviors. A three-dimensional,
double-cross-linked gelatin and sodium alginate hydrogel imbibed with ZnSO4 aqueous
solution was used as an electrolyte membrane for flexible Zn-ion batteries, according
to Huang et al. [79]. They discovered that the three-dimensional, double-cross-linked
gelatin and sodium alginate hydrogel had better electrochemical behavior, easy fabrication,
electrochemical stability, and Zn anode suitability [78,99].

The polymer membrane was well-staged between the V2O5/CNT cathode and the
Zn/graphite paper anode (Figure 9a) [79]. Figure 9b shows the cycle life of a flexible battery
at 2.0 Ag−1. The battery capacity is 251 mAh g−1 after the first cycle and 188 mAh g−1 after
200 cycles, with a coulombic efficiency of over 99.8%. Figure 9b,c further show that after
400 bending cycles, the battery can be bent differently with bending diameters of 30 and
10 mm, retaining 89% and 86% of the original capacity, respectively. As shown in Figure 9d,
the cell can fold 55 cycles under a load of 1470 times the device’s weight, maintaining 74%
of its original capacity. Similarly, poly (3,4-ethylene dioxythiophene) polystyrene sulfonic
acid (PEDOT: PSS) is incorporated into polyaniline (PANI) on carbon nanotubes (CNTs) for
electrochemical behavior and cycle stability [75]. It shows excellent activity in improving
electrochemical behavior. Although the discharge capacity has been shown to gradually
decrease with increasing current density, the high conductivity of the tCNTs-PA-PE cathode
describes a large capacity of 145 mAhg−1 (Figure 10a) even at a sharp current density
of 10 Ag−1 (Figure 10b) and exemplary cycle stability (Figure 10c), with the reversible
capacitance of 113 mAh g−1 over 1500 cycles, and remarkable 100% coulombic efficiency
(Figure 10d).

The Zn powder carbon film coated on the Zn anode was expected to prevent the abnormal
growth of dendrites and promote the performance of Zn. Zhi et al. have shown a stretchable
zinc-ion battery (ZIB) with double-helix electrodes and a cross-linked polyacrylamide (PAM)
electrolyte [76]. It exhibits a high specific volume, volumetric energy density (302.1 mAh g−1

and 53.8 mWhcm−3, respectively), and excellent cycle stability (98.5% capacity retention after
500 cycles). In addition, the semisolid-state yarn ZIB showed excellent stretchability (up to
300% elongation) and excellent water tightness (high-capacity retention of 96.5% after 12 h
of underwater operation). In Figure 11a, the yarn battery showed high discharge capacities
of 260.4, 211.5, 168.7, and 117.7 mAh g−1, respectively, at current densities of 0.2, 0.5, 1, and
1.5 Ag−1. Most notably, even with a current density of 0.2 Ag−1, the average discharge
capacity of 235.8 mAh g−1 is restored. This corresponds to 96.5% of the initial average capacity
(244.3 mAh g−1).

Higher efficiency may be due to the consistency of the electrodes and the high ionic
conductivity of the PAM-based electrolyte. The deformability test was very sustainable
(Figure 11b). The load was evaluated after the trigger. This was almost 97.2% under normal
conditions, and it was found that 93.6% of the capacity was stable even after discharge
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Figure 9. Configuration and performance of a flexible semisolid Zn/V2O5 battery. (a) Schematic
diagram of a flexible semisolid Zn/V2O5 battery. (b) Cyclic performance at 2.0 Ag−1. (c) Capacity
retention vs. bending cycle at 2.0 Ag−1. The insets show photographs of the battery under two
bending states. (d) Cyclic performance under various mechanical stimuli at 2.0 Ag−1. Reprinted with
permission from Ref. [79]. Copyright 2019 American Chemical Society.

Figure 10. Electrochemical performance of the t-CNTs–PA–PE cathode in ZIBs. (a,b) Rate perfor-
mance, and (c) cyclic performance at 10 Ag−1. Reprinted with permission from Ref. [75]. Copyright
2019 American Chemical Society.
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Figure 11. Electrochemical performance of the rechargeable yarn ZIB. (a) Rate capabilities at various
current densities. (b) The capacity retention of the yarn ZIB under various deformation statuses.
Reprinted with permission from Ref. [76]. Copyright 2018 American Chemical Society.

The hybrid polymer electrolyte was found to have a coulombic efficiency of over 99%
and capacity retention of 96% after 1000 cycles at 2 Ag−1 according to Parkin et al. [80]. As the
sampling rate increased from 0.1 to 1 mVs−1, the electrochemical response under capacitive
control became much more sensitive, as shown in Figure 12a. As shown in Figure 12b, the
charge/discharge rates of SAPAM, SA, and AZIB were studied with gradual current densities
ranging from 0.1 to 5 Ag−1 over 5 cycles for each current density. As a result, the SAPAM
battery achieved an amazing 305 mAh g−1 at 0.1 Ag−1, and the coulombic efficiency (CE)
was 96.2%, while the CE of the original SA battery was 91.6% at 258 mAhg−1. In addition,
Niederberger et al. used a polydimethylsiloxane (PDMS) substrate and a polyacrylamide
(PAM) hydrogel electrolyte, and a capacity of 176.5 mAh g−1 was achieved after 120 cycles at
various stress levels of up to 50% [100].

Figure 12. SAPAM electrolyte under the full-cell test: (a) diffusion-capacitive control contribution is
presented in the bar chart, and (b) charge/discharge rate performance of current densities from 0.1 to
5 Ag−1. Reprinted with permission from Ref. [80]. Copyright 2021 American Chemical Society.

Figure 13a shows the GCD profile obtained at 1 C (= 308 mA g−1). In the 1st, 10th, 100th,
and 120th cycles, the transparent zinc-ion battery becomes 64.5, 74.4, 151.2, and 144.9 mAhg−1.
At a current density of 1 C, Figure 13b shows the no-load cycle performance of the transparent
cell. According to Madan et al., Figure 12a shows the cycle life of a cell determined by a
low-voltage GCD test with a current density of 0.5 Ag−1 over 300 cycles [101]. A maximum
average specific volume of 248.5 mAh g−1 was reported, after which the capacitance value
sharply dropped. However, the capacity loss rate after 60 cycles was relatively small, and
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the average capacity after 300 cycles reached 175 mAhg−1. The average capacity has reached
175 mAh g−1. The achieved 96.5% coulombic efficiency is also shown in Figure 14a. There
was a dramatic decline in the first 15 cycles alone, steadily fluctuating. In addition, Figure 14b
shows the discharge curves for cycles 1 and 100 at 0.5 Ag−1. Figure 14c shows that the
discharge curves at different bending radii align with the original flat state. This shows that
the cell works well even when deformed, with a minor loss of capacity.

Figure 13. (a) Cycling performance of the transparent unstrained battery at a current density of 1 C.
(b) GCD profiles of the transparent unstrained battery at the 1st, 10th, 100th, and 120th cycles at a
current density of 1 C (=308 mA h g−1). Reprinted with permission from Ref. [100]. Copyright 2021
American Chemical Society.

Figure 14. (a) Charge–discharge profiles of the assembled cells run at different current densities.
(b) Rate capability of the Zn-EMD cell with the novel chitosan-alkaline electrolyte cycled between
0.4 and 0.2 V. (c) Cycling performance at 0.5 Ag−1. (d) Discharge curves for cycles 1 and 100 until
0.4 V at 0.5 Ag−1 with energy density. Reprinted with permission from Ref. [101]. Copyright 2021
American Chemical Society.
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This shows that the performance stability of the cell is good even under physical
bending. In addition, Figure 14d shows the discharge curves for cycles 1 and 100 at 0.5 Ag−1.
Wang and his group have used the graft copolymer xanthan gum polyacrylamide (XGPAM)
and cotton cellulose nanofiber (CNF) combined [102]. They have high ionic conductivity
(28.8 mS cm−1), better adhesion, specific strength, large and strong ion adsorption, solid
specific capacity (237 mAh g−1), and excellent cycle stability (86.2% capacity registered at
1000 cycles). The XGPAM/CNF-based ZIB has low bulk and resistivity, indicating a strong
electrode–electrolyte interface. This speeds up the electrochemical reaction. As shown in
Figure 15a, the rated capacity of the flexible ZIB was also evaluated using three different
hydrogel electrolytes. At 1, 2, 3, and 5 C rate, the enhanced specific discharge capacities
of 237, 220, 195, and 147 mAh g−1, respectively exhibits by the XGPAM/CNF-based ZIB
were. Figure 15b shows matching charge/discharge graphs at different rates, whose two
plateau functions match the two pairs of redox peaks on the CV curve. In addition, the
long-cycle stability of the flexible ZIB based on XGPAM/CNF was remarkable, with a
capacity retention of 86.2% after 1000 cycles at 4 C and a coulombic accuracy of almost
100% (Figure 15c).

Figure 15. (a) Rate capacity of the flexible ZIBs at different rates and (b) corresponding charge–
discharge curves of the XGPAM/CNF hydrogel. (c) Long-term cycle behavior and the corresponding
coulombic efficiency of the flexible ZIBs at 4 C. Reprinted with permission from Ref. [102]. Copyright
2020 American Chemical Society.

4. Anodes for AZIBs and AFZIBs

As previously stated, complications arising from undesired Zn dendrites would lead
to prolonged stripping/plating treatments, resulting in water consumption and irreversible
negative effects, which could be responsible for degrading the coulombic efficiency (CE)
accompanied by an inferior operation life [1–5]. When the Zn dendrite grows at a steady
rate, the separator may develop short circuits, posing a security issue. Due to the usage of
excessive Zn metal, the discharge rate and consumption proportion of Zn metal anodes
are usually poor and do not represent the full energy density. Published studies presently
suggest that Zn dendrites may be prevented by modifying the surface of the Zn anode,
electrodepositing Zn on 3D nanostructures, adjusting the separator composition, and
changing the electrolyte [6–10]. Although such solutions can generally help stabilize cells,
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the problem of establishing Zn dendrites remains unsolved. Nonetheless, these anode
materials have low capacitance, have irreversible phase shifts, and their capacitance drops
rapidly during Zn2+ insertion/extraction, which severely limits their use. As a result, the
creation of an improved insertion anode material for ZIB with a strong structure, high
capacitance, and higher power density was very attractive. Hur et al. has used a simple
spin-coating process to protect the Zn anode using a protective thin layer of highly polar
poly (vinylidene difluoride) (β-PVDF) [103]. The β-PVDF layer is robust and has adjusted
the Zn stripping/plating process while withstanding erosion. In the asymmetric cell test,
the resulting β-PVDF-coated Zn anode (β-PVDF@Zn) outperformed both bare Zn metal
and α-PVDF@Zn at a low overvoltage of 40 mV at 2000 h of operation. In addition, PVDF
has extended the life of the entire cell to 4000 cycles while maintaining excellent cycle
stability. Two redox peaks of 0.59 and 0.78 were clearly visible in the first cycle (Figure 16a),
after which a slightly dark pair of reduction/oxidation peaks in the range 0.9 to 1.1 diverged
in each cell. However, after 3 cycles, all peaks in these profiles were integrated into 0.59/0.78
and 0.89/1.14, respectively, according to the Zn2+ two-step intercalation/deintercalation
process (Figure 16b). The discharge capacities of the batteries using the β-PVDF@Zn anode
were 276, 267, 253, 220, and 154 mAh g−1 at a high current density of 0.1, 1, 2, 4, and
8 Ag−1, respectively, as shown in Figure 16c.

Figure 16. Electrochemical performance of β-PVDF@Zn (red), α-PVDF@Zn (blue), and bare Zn
(black) full cells with V2O5/C cathode: first (a) and third (b) CV curves at 0.2 mV s−1 from 0.4 to
1.6 V. Rate performance (c) at various current densities of 0.1, 1, 2, 4, 8, and 1 Ag−1, and long-term
cycling performance (d) at a current density of 1 Ag−1. Reprinted with permission from Ref. [103].
Copyright 2021 American Chemical Society.

Even after 20 cycles for each period of growing the current rate, the capacity bounced
back to 265 mAh g−1 when the current density unexpectedly plummeted to 1 Ag−1. The
β-PVDF cell outperformed the others in terms of rate and cycling, completely overtaking
their uninteresting traits. Finally, at a rate of 1 Ag−1, the long-term cycle life was assessed
(Figure 16d). A cathode material (MnO2) ultrathin layer is first coated upon the surface of
the carbon cloth as active sites for in situ nucleation and guided nucleation and growth
of metal Zn, according to Shao et al. [104]. Consequently, the CC@MnO2-UTF@Zn anode
can be cycled in an aqueous electrolyte and keep its cycling performance consistent during
repeated Zn deposition/stripping procedures. After 100 cycles, the complete cell with the
Zn plate anode shows a more extensive capacity loss, with 157 mAh g−1 (41.8% capacity
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retention). Long-term cycling performance was also assessed at 1 Ag−1. The complete cell
with the CC@MnO2-UTF@Zn anode still has a high coulombic efficiency of almost 100%
and a specific capacity of 186 mAh g−1 after 300 cycles (81.0% of capacity retention). The
creation of freestanding, super versatile, and conductive carbon nanotube (CNT)/paper
scaffolds to maintain zinc metal anodes has been described by Wang et al. [104]. The
scaffold-stabilized zinc anodes had low polarization strengths, a long cycling life of over
1800 h, and superior charging–discharging capabilities.

Zinc-ion batteries/hybrid capacitors with ultralong cycle lifetimes were also successfully
produced, due to the scaffold-stabilized zinc anodes’ robust electrochemical stability and
reversibility [105]. The V2O5|Zn(CF3SO3)2|Zn@CNTS ZICs have been charged/discharged
at 3 Ag−1 for 2000 cycles and the activated carbon|Zn(CF3SO3)2|Zn@CNTS ZIBs have been
charged/discharged at 2 Ag−1 for 7000 cycles (Figure 17a–d). Both have an excessive degree of
cyclical balance. A unique 2D ultrathin-layered zinc orthovanadate array cathode, a Zn array
anode supported with the aid of conductive porous graphene foam, and a gel electrolyte were
used by Fan et al. to develop a high-end, ultra-strong, flexible, quasi-solid-country zinc-ion
battery [82]. Each electrode has a nanoarray construction that ensures high-fee functionality
and prevents dendrite formation.

Figure 17. (a) Schematics, (b) cycling performance of activated carbon|Zn(CF3SO3)2|Zn@CNTS
ZICs, (c) schematics, and (d) cycling performance of Zn@CNTS|Zn(CF3SO3)2|V2O5 ZIBs. Reprinted
with permission from Ref. [105]. Copyright 2020 Elsevier.

The porous, thin, ZOV nanoarray shape with uncovered 2D ion channels is vital in this
regard to enable ions to gain entry to and velocity-fee switch at the electrode/electrolyte
interface with a short Zn2+ and electronic transport direction. Figure 18 demonstrates the
excessive price of the overall performance. At 10 C, the release abilities are greater than
160 mAh g−1, and 101 mAh g−1 at 50 C. Subsequently, even at high fees, our QSS-ZIB
demonstrates correct cycling sustainability. After 800 cycles, the capability stays flat, and

315



Nanomaterials 2022, 12, 3997

after 2000 cycles (89% of the preliminary value), a selected capability of 125 mAh g−1 may
nevertheless be maintained at 20 C.

Figure 18. Quasi-solid-state ZIB performance with ZOV array as a cathode and Zn array as an anode.
The rate capability of the cell at varied current densities, from 0.5 to 50 C. Reprinted with permission
from Ref. [82]. Copyright 2018 Wiley.

From the above discussion, it can be concluded that similar types anode can be used
for both AZIBs and AFZIBs. However, special designated flexible anodes are required for
AFZIBs, whereas Zn foil can be used for AZIBs. No supporting current collector is needed
while using Zn foil as an anode. In contrast, Zn-containing carbonaceous compounds such
as Zn@Graphene, Zn@CNT, etc., are directly used as anode materials, and carbon materials
can act as current collectors. This kind of anode is more effective in AFZIBs.

5. Challenges of Flexible Zinc-Ion Battery

Due to its outstanding performance and stretching/bending characteristics, the flexible
zinc-ion battery is a promising invention for future commercial battery technology [37].
However, appropriate electrolytes and suitable compatible electrodes are the critical issues
for the sustainable development of FIBs. Although extensive research has been carried out
in these areas, it is still in its infancy. Therefore, we have discussed some recent updates
about electrolytes and electrodes for AFZIBs. Electrolytic engineering is a promising way to
make sustainable FIBs. Even though flexible zinc-based batteries work well in the lab, they
are unable to find real-world applications, partly due to the substandard performance of the
hydrogel electrolytes under dire circumstances. For example, hydrogels, which have high
ionic conductivity and good flexibility, are one of the most promising flexible electrolytes
for flexible zinc-based batteries. Their innate water-saturated polymeric networks facilitate
diffusion of ions, resulting in greater ionic conductivity, hydrogel interfaces ensure strong
interaction with electrodes, and their dimensionally stable properties enable flexible zinc-
based batteries to be used in a wide range of applications. Nevertheless, the ramifications
of harsh operational conditions on the battery’s quality and longevity, which are crucial
for implementing flexible zinc-based batteries, are still to be studied. Furthermore, the
hydrogel electrolyte is more sensitive to the environment than electrodes in the flexible
zinc-based battery system due to its fragile nature and water-saturated body. For loose
zinc-based batteries, the revocation of hydrogel electrolytes at severe temperature changes
and diverse anomalies are still a concern. Liu et al., for instance, discovered that at
ambient temperature, organohydrogel electrolytes (OHEs) have superior performance
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(122.1 mAh g−1, 5 Ag−1) and sturdy cycle stability (81.5%, 4000 cycles) [82]. This is
attributed to the high-performance change examined from 0.2 to 5 Ag−1 via editing the
contemporary density (Figure 19a). The primarily OHE-based Zn||PANI battery has
desirable excessive-fee-cycling overall performance, as may be validated [106]. The specific
capacity of the OHE-based total battery is 207.7 mA h g−1 at a 0.2 Ag−1 contemporary
density. After 4000 cycles at a high cutting-edge density of 5 Ag−1, the particular capability
of the OHE-based Zn||PANI battery remains at 108.4 mA h g−1, displaying a potential
retention charge of more than 80%. In the cycle technique, the coulombic performance is
almost 100% (Figure 19b), confirming that the primarily OHE-based Zn||PANI battery
is electrochemically solid within the voltage range of 0.6–1.6 V, and that no unfavorable
reactions take place. The security of OHE-based batteries as flexible strength storage
systems was then tested by subjecting the OHE-based Zn||PANI batteries to rigorous
operational situations. The primarily OHE-based battery keeps a consistent price and
discharge conduct, as illustrated in Figure 19c,d, and a similar charge–discharge profile,
observed even in adverse situations. Although the cell is bent at different angles (90◦, 180◦,
etc.) and is placed in different conditions (compressed, hammered, soaked), it can deliver
similar capacity at 90◦ and 180◦ bending angles.

Figure 19. Electrochemical performance of OHE-based Zn||PANI battery at room temperature.
(a) Cycling performance at various current densities. (b) Long-term cycling performance at 5.0 Ag−1

for 4000 cycles. (c,d) Charging and discharging stability of the OHE-based battery under a series of
harsh working conditions. Reprinted with permission from Ref. [106]. Copyright 2021 American
Chemical Society.

However, within the flexible zinc-based battery system, the hydrogel electrolyte seems
more environmentally sensitive than the electrode fracture toughness and water-saturated
body. Hence, two things occur if the temperature goes below 20 ◦C, and then the ionic
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conductivity of the hydrogel electrolyte dramatically reduces. Dehydration occurs if the
temperature goes above 50 ◦C. Structure deformation, salt crystallization, and decreased
ionic conductivity result from the simple dehydration of the hydrogel at extremely high
temperatures (50 ◦C). Chen et al. have shown a flexible zinc-ion battery consisting of an
optimized concentrated hydrogel electrolyte sandwiched between an ultrathin zinc anode
and an NH4V3O8·1.9H2O cathode for enhanced performance at a subzero temperature [107].
The resultant flexible battery performs perfectly when a concentrated hydrogel electrolyte
is synthesized using 1.2 g of xanthan gum saturated in 4 m of ZnCl2 solution, having
an extremely high capacity of 201 and 83 mAh g−1 under 0.2 Ag−1 at −20 and −40 ◦C,
respectively. Figure 20 illustrates the electrochemical behavior of batteries relying on these
condensed hydrogel electrolytes at 20 and −20 ◦C. Under 0.5 mVs−1 at 20 ◦C, Figure 20a
shows the CV curves of the batteries incorporating hydrogel electrolytes synthesized with
1.2 g of gum and 3, 4, or 5 m of salt solution, respectively, while Figure 20b shows the CV
curves of the two batteries. The battery with the hydrogel electrolyte prepared with 4 m of
salt solution generates a CV curve with wider regions and sharper peaks. The proportion of
zinc ions intercalated into the electrode measures the scale of the CV curve, with a greater
area showing more significant zinc ions intercalated into the electrode. The width of peaks
is determined by the restricting phase of mechanisms (mass or electron transfer velocity);
consequently, sharper peaks indicate faster transport kinetics during this scenario. At
−20 ◦C, the variation between the CV curves of the two batteries is even greater, indicating
better electrochemical performance and quicker and more efficient transport kinetics from
the 4 m hydrogel electrolyte, especially.

Figure 20. Under 0.5 mV s−1, the CV curves of the batteries based on the hydrogel electrolytes
prepared using 3/4/5 m ZnCl2 combined with 1.2 g of xanthan gum at (a) 20 ◦C and (b) −20 ◦C.
Rate performances of the batteries based on the electrolytes prepared using 1.2 g of xanthan gum
combined with 3/4/5 m ZnCl2 solution at (c) 20 ◦C and (d) −20 ◦C. Reprinted with permission from
Ref. [107]. Copyright 2021 Elsevier.

At −20 ◦C, the variation between the CV curves of the two batteries is even greater,
indicating better electrochemical performance and quicker and more efficient transport kinetics
from the 4 m hydrogel electrolyte, especially at subzero temperatures, plausibly due to
greater ionic conductivity due to the elevated salt concentration. The operations of the
batteries incorporating hydrogel electrolytes made with 1.2 g of gum and 3, 4, or 5 m of salt
solution, correspondingly, at 20 ◦C are shown in Figure 20c, whereas the c-rate performance
of these three batteries at −20 ◦C are shown in Figure 20d. Chen et al. reported breaking
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the initial hydrogen-bond network in ZnCl2 solution by altering the electrolyte structure,
inhibiting water freezing, and lowering the aqueous electrolyte’s solid–liquid temperature
within the range from 0 to −114 ◦C [68]. This ZnCl2-based low-temperature electrolyte
enables polyaniline||Zn batteries to function in an exceeding temperature range of −90 to
60 ◦C, which covers the complete planet’s surface temperature range. These polyaniline||Zn
batteries are durable at −70 ◦C (84.9 mA h g−1) and have capacity retention of 100% after
2000 cycles. The ionic conductivities of the several CZnCl2 electrolytes (1, 5, 7.5, 10, and 30 m)
and also the standard electrolyte (2 m ZnSO4 and a few m Zn(CF3SO3)2 electrolyte) were
investigated within the temperature range of −100–60 ◦C to enhance and choose the optimum
LTE with optimum ionic conduction at cold temperatures (Figure 21a). Regardless of the
fact that the 1 and 5 m ZnCl2 electrolytes block at −12.6 and −46.0 ◦C, correspondingly, they
need a robust ionic conductivity at cold temperatures, due to ionic conduction facilitated
by the concentrated electrolyte below their major Tt. Conversely, solid ice obstructs ionic
conduction and reduces ionic conductivities by a tenth compared to the frozen-solid 7.5 m
ZnCl2 electrolyte at −80 ◦C. Although the Tt of the 10 m ZnCl2 electrolyte is low below
−100 ◦C, it also features a quicker ionic conductivity reduction than the 7.5 m ZnCl2 electrolyte.
The 7.5 m ZnCl2 electrolyte showed a high ionic conductivity of 1.79 mS cm−1 at −60 ◦C and
0.02 mS cm−1 at −100 ◦C thanks to the extended liquid-phase temperature range and relatively
low concentration. The activation energies of ionic conduction in electrolytes were computed
using the Arrhenius equation to quantitatively display the change of ionic conductivity with
temperature. As illustrated in Figure 21b, there are two stages, one at high temperatures and
the other at cold temperatures, both with various activation energies.

Figure 21. The properties of solid–liquid transitions and the mechanism of vitrification. Thermody-
namic change and transition of different CZnCl2 electrolytes at low temperatures. (a) DSC test from
−150 to 20 ◦C at a heating rate of 5 ◦C min−1. (b) The major Tt vs. CZnCl2 and the phase composition
of ZnCl2 solution at different temperatures and concentrations. Reprinted with permission from
Ref. [108]. Copyright 2020 Nature.

The mechanical stability of the electrode during lengthy displacement and the unex-
pected dendrite expansion during cycling are the most important issues encountered by
zinc metal anodes, which tend to end in poor cycle performance and coulombic efficiency
of the battery, restricting the lifetime of flexible zinc-ion batteries. Zinc may be a better
electrode material than lithium because it is less costly, features a high percentage within
the crust, and features a smaller redox equilibrium potential. Furthermore, because zinc is
not sensitive to the environment, it is cheaper to fabricate and package zinc-based batteries
than lithium-based batteries. Traditional zinc-based batteries, such as Zn-MnO2, Zn-Ni,
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and Zn-Air, currently exist on the market, however, they are mostly hard and applied in
non-flexible electronic devices. Several studies have been conducted to make these batteries
more adjustable. Furthermore, ZIBs have a bright future in wearable electronics thanks to
their increased energy density, relatively low costs, environmentally friendly nature, relia-
bility, and other advantages. ZIBs have received a lot of interest as a possible alternative to
lithium-ion batteries. Besides that, the difficulties encountered by zinc metal anodes are the
electrode’s reliability value during lengthy displacement and unrestrained dendrite growth
throughout cycling, leading to poor cycle effectiveness and battery coulombic efficiency,
limiting the expected lifespan of flexible zinc-ion batteries, and negatively impacting their
useful application.

6. Conclusions

Cathodes’ dissolution and dendrite formation from aqueous electrolytes in an aqueous
zinc-ion battery can negatively affect the storage capacity and cyclic stability. However,
several approaches have been applied to form sustainable AZIBs, but they are still in their
infancy. A flexible zinc-based battery is a promising technology because of gel electrolytes.
Since they behave as electrolytic conductors and electrode separators, gel electrolytes are
an important part of the flexible zinc-based battery. The influences of severe working
conditions (i.e., cold and hot temperatures, physical deflections) on gel electrolytes and
zinc-based batteries were systematically reviewed in this paper. Likewise, we introduced
possible approaches and summarized their existing issues. It is proving to be useful to
ascertain the battery function in quite a broad temperature range for an extended length
of time without having to sacrifice other electrochemical behavior, which is completely
essential for real implementation.
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Abstract: Chlorine-containing volatile organic compounds (CVOCs) present in industrial exhaust
gas can cause great harm to the human body and the environment. In order to further study the
catalytic oxidation of CVOCs, an active site regulated RuOx/Sn0.2Ti0.8O2 catalyst with different Ru
precursors was developed. With Dichloromethane as the model molecule, the activity test results
showed that the optimization of Ru precursor using Ru colloid significantly increased the activity
of the catalyst (T90 was reduced by about 90 ◦C when the Ru loading was 1 wt%). The analysis of
characterization results showed that the improvement of the catalytic performance was mainly due
to the improvement of the active species dispersion (the size of Ru cluster was reduced from 3–4 nm
to about 1.3 nm) and the enhancement of the interaction between the active species and the support.
The utilization efficiency of the active components was improved by nearly doubling TOF value, and
the overall oxidation performance of the catalyst was also enhanced. The relationship between the
Ru loading and the catalytic activity of the catalyst was also studied to better determine the optimal
Ru loading. It could be found that with the increase in Ru loading, the dispersibility of RuOx species
on the catalyst surface gradually decreased, despite the increase in their total amount. The combined
influence of these two effects led to little change in the catalytic activity of the catalyst at first, and
then a significant increase. Therefore, this research is meaningful for the efficient treatment of CVOCs
and further reducing the content of active components in the catalysts.

Keywords: air pollution; dichloromethane; catalytic oxidation; Ru; colloid

1. Introduction

Chlorine-containing volatile organic compounds (CVOCs) are widely present in waste
gas emitted by industries such as dry cleaning, medicine, organic synthesis, and metal
processing [1–4]. CVOCs is listed as one of the culprits of the atmospheric ozone hole and
promotes the generation of haze and photochemical smog. Due to its strong toxicity and
bioaccumulation, CVOCs will cause great harm to the human body as well. Therefore,
many CVOCs have been listed as priority pollutants by the United States, China and many
other countries [5–8]. The catalytic combustion method is considered to be an advanced
technology that can effectively eliminate CVOCs due to its advantages of low ignition
temperature, low energy consumption, high removal efficiency, and small secondary
pollution [9,10]. Because the existing catalysts generally face problems such as low catalytic
activity and poor chlorine poisoning resistance, the development of efficient and stable
catalysts is at the core of catalytic combustion process research [11].

Catalysts 2021, 11, 1306. https://doi.org/10.3390/catal11111306 https://www.mdpi.com/journal/catalysts
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The important reason of chlorine poisoning deactivation of the catalyst is that the
Cl species adsorbed on the surface of the catalyst is difficult to remove in a sufficient
time-frame, thus blocking the active sites of the catalyst [9,12]. Ru-based catalysts are
widely used in heterogeneous catalysis, including the decomposition of various organic
compounds [13,14] and the oxidation of carbon monoxide [15,16], due to their excellent
redox performance. At the same time, because of the unique promotion of Ru species
to Deacon reaction (4HCl + O2 = 2Cl2 + 2H2O) [17], Ru-based catalyst possess great
stability under HCl/Cl2 conditions. Therefore, the introduction of Ru species is expected to
significantly improve the chlorine poisoning resistance and oxidation performance of the
catalyst. In addition, the acidic sites on the surface of the catalyst can effectively adsorb and
activate the C-Cl bonds of the CVOC molecules, thereby improving the low-temperature
catalytic activity of the catalyst [10,18,19]. Our previous study found that Sn0.2Ti0.8O2
support could not only provide sufficient Lewis acid sites, but also effectively solve the
problem of Ru species aggregation by contributing to the epitaxy growth of Ru species on
its surface due to its rutile crystal form [20]. With further in-depth research, how to further
improve the catalytic activity of the catalyst, reduce the active component Ru loading,
and reduce the cost of catalyst preparation has become a major problem that needs to
be overcome.

Many methods aimed at increasing the catalytic activity of catalysts essentially in-
crease the total number of active sites on the catalyst surface. The total number of active
sites on the catalyst surface is related to many factors. First, increasing the content of
active components on the catalyst can increase the total number of active sites to a certain
extent [21]. However, not all the loaded active components are highly active, if the active
components are aggregated on the catalyst surface, the total number of active sites may be
far less than the active component loading [22], so the dispersibility of the active compo-
nents should also be considered. The optimization of the catalyst preparation method can
significantly improve the physical and chemical properties of the catalyst [23]. Studies have
shown that pre-preparing precious metals such as Ag, Au, Pt and Pd into nanoparticles
before loading them can significantly improve the dispersion of active components and
improve the utilization efficiency of active components [21,24–28]. In addition, the im-
provement of support crystal types [20] and the addition of specific anchor sites [29,30] can
effectively promote the dispersion of active components and prevent their agglomeration.

In this paper, we optimized the Ru precursor and used Sn0.2Ti0.8O2 as support to
prepare efficient and stable CVOCs catalysts. Using DCM (dichloromethane) as the model
molecule, differences in catalytic activity between the catalysts using different Ru pre-
cursors under the same RuOx loading condition was compared, and the physical and
chemical properties of the catalyst were analysed by a variety of characterization analysis
methods. In addition, in order to select the optimal RuOx loading more scientifically and
efficiently, we adjusted the RuOx loading to study the specific relationship between the
catalytic performance of the catalyst and the RuOx content.

2. Experimental Section

2.1. Catalyst Preparation

Sn0.2Ti0.8O2 support was prepared by using the co-precipitation method. A certain
amount of SnCl4 and tetrabutyl titanate (TBT) was added into deionized water. After full
stirring, 25% ammonia solution was added to adjust the pH to 10. After 12 h of aging, the
precipitate was dried, ground, and calcined at 500 ◦C for 5 h to obtain the final support
(which was named as ST).

The o-1-RuST sample was obtained by loading Ru through the traditional impreg-
nation method. The support powder was added after mixing an appropriate amount
of RuCl3 precursor solution and quantificational 15% hydrogen peroxide solution under
the condition of 95 ◦C water bath. The catalyst with 1 wt% Ru loading was evaporated,
dried, ground, and calcined at 500 ◦C for 5 h. In order to further confirm the significant
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improvement in the catalytic performance by the optimization of Ru precursor, we also
prepared the o-5-RuST sample with a Ru loading of 5 wt% for catalytic activity comparison.

Three samples with Ru mass fractions of 0.1 wt%, 0.5 wt% and 1 wt% were obtained
by loading Ru through Ru colloid solution, which was named c-0.1-RuST, c-0.5-RuST and
c-1-RuST, respectively. The preparation method of Ru colloidal solution is as follows:
The precursor RuCl3 was dissolved in propylene carbonate solution at a concentration
of 0.3 mg/mL. Then, PVP (Polyvinylpyrrolidone) with a molar ratio of 20:1 to RuCl3
and Triethylamine with a molar ratio of 10:1 to RuCl3 were added. After fully stirring,
transferred the solution to the autoclave, passed hydrogen to 8 MPa, heated to 30 ◦C and
reacted for 2 h to obtain the desired colloid solution. The Ru colloid solution was then taken
with different content and fully mixed with the support powder, evaporated, dried, ground,
and calcined at 500 ◦C for 5 h to obtain the three samples with different Ru contents.

The chemical reagents used in the preparation of the catalyst are shown in Table S1.

2.2. Catalyst Characterization

XRF characterization using Bruker D8 Advance (Bruker, Berlin, Germany) was per-
formed to measure the actual content of Ti and Ru in the catalyst. The D2 PHASER (Bruker,
Berlin, Germany) crystal diffractometer was used for XRD characterization to quantitatively
and qualitatively analyse the phase parameters of the catalyst. XPS technique with the
equipment of Thermo ESCALAB 250XI (Waltham, MA, America) was used to determine
the valence distribution of Ru and O elements on the surface of the catalyst, and the binding
energy of all elements was calibrated with C 1 s at 284.8 eV as the standard. TEM-mapping
was used to characterize and observe the catalyst particle size and surface element disper-
sion, and the instrument model was JEOL 2100F TEM/STEM (Tokyo, Japan). The size of
Ru clusters in each sample was further observed using a spherical aberration-corrected
transmission electron microscope, the model of which was Titan ChemiSTEM (Thermo
fisher, Waltham, MA, America). An AutoChem II 2920 (Micromeritics, GA, America)
model of automatic temperature programmed chemical adsorption instrument was used
performed H2-TPR characterization to determine the oxidation-reduction performance
and the metal dispersion of the catalysts. After pre-treatment and purging, H2-TPR was
performed from 100 ◦C to 800 ◦C. The CO pulse adsorption experiment was pre-treated at
300 ◦C for 2 h, and then pulsed with helium to 50 ◦C. The experiment was carried out in
the CO pulse system.

2.3. Catalytic Oxidation Performance Evaluation

Next, 200 mg of the grinded catalyst sample with particle sizes of 40–60 mesh was
weighed and put on the quartz cotton catalytic bed, which was inside the quartz tube
reactor with the inner diameter of 6 mm, and the pipeline pressure was maintained at
0.2 Mpa. The weight hourly space velocity (WHSV) was set to 45,000 mL·g−1·h−1, and
the total intake gas flow rate was set to 150 mL/min. The concentration of DCM was
1000 ppm, the concentration of O2 was 20%, and the balance gas was N2. Gasmet (model
Dx-4000 (GASMET, Vantaa, Finland)) was used to measure the concentration of DCM and
other carbon-containing products in the outlet gas. On the basis of the following reaction
Equation: CH2Cl2 + O2→CO2 + CO + H2O + HCl + Cl2 + CHxClyOz, the DCM conversion
and the CO2 selectivity (SCO2) were calculated according to the following Equation:

DCM =
cin − cout

cout
× 100% (1)

SCO2 =
cCO2

cin − cout
× 100% (2)

where cin and cout, respectively, represent the intake concentration and outlet concentration
of DCM.
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In addition, the WHSV when measuring the turnover frequency (TOF) value of DCM
oxidation was set to 112,500 mL·g−1 h−1 (80 mg catalyst sample was taken, other conditions
were the same as the activity test). The calculation formula of TOF value is as follows:

TOF =
XDCM × FDCM × MRu

mcat × XRu × DRu
(3)

where XDCM and XRu, respectively, represent the concentration of DCM and Ru, respectively,
FDCM represents the flow rate of DCM (mol·s−1), MRu represents the molar mass of Ru,
DRu is the dispersion of Ru and mcat is the mass of catalyst.

3. Results and Discussion

3.1. DCM Catalytic Oxidation Performance Test Results

Figure 1 illustrates the DCM catalytic oxidation performance test results for each
sample. Based on the carbon balance, the higher the proportion of CO2 in the product,
the smaller the amount of other toxic organic by-products produced. From the obtained
results shown in Figure 1a, we could find that the loading of Ru can significantly improve
the catalytic activity of the catalysts for DCM. It could also be found that the T90 of the
c-1-RuST sample was about 90 ◦C lower than that of the o-1-RuST sample, which was
290 ◦C and 380 ◦C, respectively. This indicated that using Ru colloid instead of the original
RuO2 as precursor to load active components could improve the catalytic activity of the
catalyst to a large extent. By further comparing the catalytic activity of the c-1-RuST and the
o-5-RuST sample (as shown in Figure S1), it could be seen that the catalytic activity of the
c-1-RuST was also significantly higher than that of the o-5-RuST (T90 was about 290 ◦C and
340 ◦C, respectively). Therefore, the optimization of Ru precursor could effectively reduce
the loading of active components, and thus reduce the production cost of the catalyst. At
the same time, it also can be found that when Ru colloid loading amount was gradually
increased, the catalytic activity of the samples did not change much at first (even slightly
decreased), and then showed an upward trend. Among them, the c-1-RuST sample had the
best catalytic performance for DCM. As for the results showed in Figure 1b, we could find
that the loading of Ru could significantly improve the CO2 selectivity of the catalysts in the
catalytic oxidation of DCM and there was a certain improvement of the CO2 selectivity after
using Ru colloid as precursor instead of RuO2. We also could find that, when increasing
the loading of RuOx, the CO2 selectivity of the catalysts also got a gradual improvement.
The CO2 selectivity of c-1-RuST sample remained higher than 80% after the temperature
was higher than 300 ◦C, and stabilized at around 95% after the temperature reached 350 ◦C.

The stability test result of the c-1-RuST sample is shown in Figure 2. According to
the experimental results, the c-1-RuST sample could maintain high catalytic activity (the
conversion rate was always higher than 90%) and high product CO2 selectivity (always
above 80%) for DCM at 300 ◦C for more than 24 h. Therefore, it can be seen that the
c-1-RuST catalyst could degrade DCM molecules stably and efficiently for a long time. At
the same time, we can find that the conversion % during the stability test had increased to
a certain extent. The reason might be that the surface characteristics of the catalysts had
changed during the reaction, which in turn led to changes in the catalytic activity and CO2
selectivity of the catalysts for the oxidation of DCM. From the point of view of the results,
this change was favourable.

In order to further study the specific reasons why the optimization of Ru precursor
using Ru colloid could improve the performance of the catalyst, and systematically explain
the effect of RuOx loading on the performance of the catalyst, relevant characterizations on
the physico-chemical properties of the catalysts were conducted.

3.2. The Analysis of Physico-Chemical Properties of the Catalyst

XRD characterization was conducted on each sample to further study the effect of
RuOx loading on the crystal structure under different Ru precursors and different RuOx
loading conditions, the results are shown in Figure 3. Based on the information of ICSD
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PDF # 76-0332, we found that all samples showed a rutile structure, showing that the
loading of RuOx did not significantly affect the crystal structure of the support for the four
samples tested. The characteristic peaks of ruthenium oxide crystals were not detected for
two reasons. First, the RuOx species on the surface of the catalyst were highly dispersed
in amorphous or crystalline form. Second, the crystal morphology of rutile RuOx and
Sn0.2Ti0.8O2 was similar to each other, with the characteristic peak positions at 27.19◦,
35.69◦ and 56.08◦, which were close to the peak positions of the support and were difficult
to distinguish.

Figure 1. DCM catalytic oxidation performance test results for each sample: (a) DCM conversion
and (b) CO2 selectivity. Test conditions: (DCM) = 1000 ppm, GHSV = 45,000 mL·g−1·h−1.

From the results of TEM-Mapping showed in Figure S2, we can see that for all samples,
RuOx species were highly dispersed on the surface of the catalyst support. The research
results showed that RuOx species could grow epitaxially on the support with the same
crystal structure [31], this also explained the good dispersion of RuOx on Sn0.2Ti0.8O2.
The spherical aberration correction transmission electron microscope was further used to
observe the size of the Ru clusters of each sample, and the experimental results are shown
in Figure 4. It can be inferred from the figure that the surface of the catalyst loaded by
the Ru colloid had smaller Ru clusters. Most of the Ru clusters on the surface of o-1-RuST
samples were about 3–4 nm in diameter, while the Ru clusters on the surface of c-1-RuST
samples were about 1.3 nm in diameter. Therefore, the optimization of Ru precursor using
Ru colloid can improve the dispersity of RuOx species, significantly improve the utilization
rate of active components, and then increase the total number of active sites on the catalyst
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surface. In addition, we could also find that with the increase in RuOx loading, the size
of Ru clusters on the catalyst surface gradually increased. The size of Ru clusters in the
c-1-RuST sample was extremely small, and it was hard to see obvious Ru clusters, as for the
c-0.5-RuST sample, there were many small Ru clusters with a diameter of about 1 nm, and
the diameter of the Ru clusters on the surface of the c-1-RuST sample was about 1.3 nm.
Therefore, we could see that when increasing the loading of RuOx, the dispersibility of
RuOx species decreased by degrees, thereby reducing the utilization of active components.

Figure 2. Stability evaluation test results of the c-1-RuST sample.

Figure 3. XRD patterns of the samples. Peak information for crystal plane acquired from the ICSD
Powder Diffraction File card of Rutile TiO2 (card No. 76-0332) is also marked in the figure.

We carried out a CO pulse adsorption experiment to further verify the rule between
RuOx species dispersibility and RuOx loading, and the results are shown in Table 1. The
metal dispersion and metallic surface area of Ru in the c-0.1-RuST sample were significantly
higher than those in the c-0.5-RuST sample, and the values in the c-0.5-RuST sample were
also higher than those in the c-1-RuST sample. This can also explain why when increasing
the loading of RuOx, the catalytic activity of the samples did not change significantly
at first and then increased. At first, as the RuOx loading increased, the total number of
RuOx species increased but the dispersibility decreased. The effects of the two offset each
other, resulting in little change in the total number of active sites of the catalyst and little

330



Catalysts 2021, 11, 1306

change in catalyst performance; subsequently, with the further increase in RuOx loading,
the increase in the total number of RuOx species gradually played a dominant role, and the
total number of active sites of the catalyst increased, leading to the improvement of the
catalytic performance of the catalyst.

  

  

Figure 4. HAADF-STEM images of (a) the c-1-RuST sample, (b) the o-1-RuST sample, (c) the c-0.5-
RuST sample and (d) the c-0.1-RuST sample. Representative Ru clusters and single-atom Ru in each
sample and the diameters of some of the Ru clusters are also marked in the figure.

Table 1. CO pulse adsorption experiment results of samples with different RuOx loadings.

Samples Metal Dispersion (%) Metallic Surface Area (m2/g)

c-0.1-RuST 15.86 75.59
c-0.5-RuST 7.18 34.20
c-1-RuST 2.35 11.19

We further studied the physico-chemical properties of each sample, and some results
are shown in Table 2. The molar ratio of tin to titanium (Snmol:Timol) of each sample was
between 0.246 and 0.250, basically the same as our pre-set value (0.25), and the actual
loading of Ru species also met the expectation. The deviation of the actual Ru content of
some samples from the expected Ru content might because we loaded Ru species through
impregnation method, which might inevitably lead to some errors. For example, for the
c-1-RuST sample, quantitative support powder and colloid solution were fully stirred in a
beaker, then transferred to a flask for rotary evaporation. During this process, some Ru
species might not be loaded on the surface of the catalysts. For instance, there might be
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some colloidal solution containing Ru species remaining on the inner wall of the container
that cannot be completely transferred. These factors inevitably caused the difference
between the final loading of Ru species and the originally intended loading of Ru species,
but from the XRF test results, this deviation was not very large. At the same time, the
actual Ru content in the c-1-RuST sample was slightly less than that of the o-1-RuST, but its
catalytic performance was much better than the latter, which also showed the superiority
of the modification of the active component precursor. In addition, the BET surface area of
the c-1-RuST sample was significantly larger than that of the o-1-RuST sample. At the same
time, the pore size of the c-1-RuST sample was also significantly smaller than that of the
o-1-RuST sample. This might be due to the fact that the particle size of Ru in Ru colloid was
smaller than that in precursor of RuO2. The RuOx species in Ru colloid could distribute
more evenly on the catalyst surface, and efficiently reduce the adverse effect of blocking the
pore of the support on the specific surface area of the catalyst. This result is consistent with
the HAADF-STEM test results. It could be seen that the optimization of Ru precursor using
Ru colloid was beneficial to improve the dispersion of RuOx species, thereby increasing the
total number of active sites on the catalyst surface. However, with the increase in RuOx
loading, the BET surface area of the catalyst decreased slightly, indicating that the above
adverse effect could not be completely eliminated.

Table 2. Characterization results of some physico-chemical properties of RuST series samples.

Samples Snmol:Timol
a Ru (wt%) a BET (m2/g) Pore Size (nm)

o-1-RuST 0.250 1.13 64.87 13.44
c-1-RuST 0.248 0.857 80.61 11.88

c-0.5-RuST 0.246 0.415 83.51 10.66
c-0.1-RuST 0.250 0.141 85.31 10.45

a Calculated from XRF measurement.

In order to explore the influence of the Ru precursor optimization on the valence state
of Ru species, we performed XPS characterization. The specific data is shown in Figure 5.
The binding energy of Ru4+ species could be identified as 280.4 eV, and the binding energy
of Ru6+ species could be identified as 282.5 eV [32,33]. It can be seen from the Figure that
both samples contained Ru4+, which corresponded to the crystalline RuO2 or RuO2 thin
films on the catalyst surface. Meanwhile, Run+ (4 < n < 6) with valence states between +4
and +6 were found in both samples. The difference was that Run+ accounted for only 14.2%
of Ru species in the o-1-RuST sample, while for c-1-RuST sample, Run+ accounts for as
much as 60.4%. Previous studies have shown that the interface charge transfer between
the Ru species and the support will affect the charge density of the Ru species, and the
strength of electronic interaction of strong metal-support interactions (SMSI) will directly
affect the valence state of Ru on the catalyst surface [34]. Therefore, we can infer that the
formation of Run+ species was due to the close interaction between Ru and support, Ru
gave electrons through the Ru–O–M (Sn, Ti) bond and thus exhibited a higher valence state
than +4. The Ru clusters on the surface of the c-1-RuST sample were smaller than that in
the o-1-RuST sample, and the Ru species of the c-1-RuST sample could better diffuse and
distribute on the surface of catalyst, which was more conducive to the formation of bonds
between Ru and other surrounding elements to form SMSI. More than half of the Ru in the
c-1-RuST sample was bound to the support, which indicated that loading Ru in colloidal
form greatly improved the utilization efficiency of active components, so more active sites
could be formed on the catalyst surface. The specific effects of Run+ species on the catalytic
activity will be further discussed in detail in combination with the XPS results of O 1s.

The oxygen species distribution and oxygen vacancy concentration of the catalyst
usually have a great impact on the catalyst oxidation performance, so we measured the
valence distribution of oxygen element on the surface of each sample, and the results are
shown in Figure 6. The peak value near 529.6 eV could be assigned to lattice oxygen species
(OLat), that at around 530.3 eV could be assigned to oxygen vacancy species (OV), and

332



Catalysts 2021, 11, 1306

that at around 531.3 eV could be classified as surface adsorbed oxygen species (Oad). Oad
can quickly participate in the reaction with the adsorbed DCM molecules and oxidize
the reactants, thus improving the catalytic performance of the samples [35]. The oxygen
vacancy concentration is very important for the adsorption and dissociation of oxygen
during the reaction. Increasing the oxygen vacancy concentration can increase the oxygen
transmission rate on the catalyst surface, so that the oxygen consumed by the reaction
can be quickly replenished, thereby promoting the deep oxidation of DCM molecules.
The oxygen vacancy concentration on the surface of each sample could be evaluated by
calculating the ratio of OV/OLat [36]. The oxygen vacancy concentration value of the
o-1-RuST, the c-1-RuST, the c-0.5-RuST and the c-0.1-RuST sample was 1.44, 1.53, 1.47 and
1.50, respectively. Comparing the O1s spectra of the o-1-RuST and the c-1-RuST samples,
we could find that the c-1-RuST sample had more Oad and a higher oxygen vacancy
concentration on the surface, which was consistent with the catalytic activity and CO2
selectivity test results of the two samples. The distribution of RuOx species on the surface
of the c-1-RuST sample was more uniform, which helped to adsorb more oxygen; at the
same time, the c-1-RuST sample had a higher proportion of Run+, the forming of Ru–O–M
(Sn, Ti) bonds could significantly increase the oxygen vacancy concentration [37,38]; the
above two points encouraged the catalyst toward a better redox performance, and thus had
better low-temperature catalytic activity and CO2 selectivity [39]. Therefore, we can infer
that the optimization of the Ru precursor was beneficial to increase the number of active
oxidation sites of the catalyst, thus helping to improve the overall catalytic performance of
the catalyst.

Figure 5. XPS data of Ru 3d for the c-1-RuST sample and o-1-RuST sample. The peak positions of
Ru4+ and Ru6+ binding energy and the ratio of Run+ (4 < n < 6) to the total number of Ru species in
the two samples are also marked in the Figure.

Comparing the O1s spectra of the three samples of the c-1-RuST, the c-0.5-RuST, and
the c-0.1-RuST, it could be concluded that when the Ru loading was increased, the Oad
content of the catalyst gradually increased, which showed that the RuOx species on the
catalyst surface was the key sites for the adsorption of environmental oxygen. Furthermore,
the oxygen vacancy concentration of each sample followed the c-1-RuST > the c-0.1-RuST
> the c-0.5-RuST, this might because the c-0.1-RuST sample had the smallest size of Ru
clusters and the smaller size of Ru clusters could show stronger electron interaction with
the support [36]. At the same time, this result was consistent with the test results of the
catalytic performance of each sample for DCM, suggesting that the c-0.1-RuST sample with
better RuOx species dispersibility had a higher utilization efficiency of active components
and had a larger total number of active sites of the catalyst than the c-0.5-RuST sample.
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Figure 6. XPS data of O 1s for the samples. The proportion of Oad and OV in the total number of
oxygen species in each sample and the oxygen vacancy concentration (OV/OLat) of each sample are
also marked in the Figure.

The slight shift of the binding energy peak value of oxygen species in each sample
showed that there were differences in the electronic environment of oxygen atoms in
different samples. The difference in strength of the interaction between the Ru species and
the support in different samples might be the reason for this phenomenon. The binding
energy of oxygen species in the c-1-RuST sample was lower than that in the o-1-RuST
sample, which was consistent with the results of HAADF-STEM images and XPS data of
Ru 3d. In c-1-RuST sample; there was a stronger interaction between Ru species and the
support, forming more Ru-O-M bonds, resulting in more electron transfer from Ru to O
and a decrease in the binding energy of oxygen species. The order of binding energy of
oxygen species in the c-1-RuST, the c-0.5-RuST, and the c-0.1-RuST sample was the same as
the order of oxygen vacancy concentration. This could be explained by the fact that the
c-0.1-RuST sample had the smallest size of Ru clusters, which had a stronger interaction
with the support, but the Ru content of the c-1-RuST sample was much greater than that of
the c-0.1-RuST sample.

In order to further explore the redox performance of the catalysts, we performed
H2-TPR characterization on the samples, and the results are shown in Figure 7. Observing
the image, we could find that the four samples all had a reduction peak at 250 ◦C to 400 ◦C
and this can be attributed to the reduction of Sn4+ [20]. The reduction peak from 450 ◦C
to 750 ◦C can be attributed to the reduction of bulk oxygen in the support [40]. It can be
found that the reduction peak of this part was basically the same for each sample. The
reduction peak located near 240 ◦C was caused by the reduction of oxygen on the catalyst
surface [40], which varied greatly among different samples. The reduction peak area of
the c-1-RuST sample near 240 ◦C was significantly larger than that of the o-1-RuST sample,
indicating that the c-1-RuST sample had more surface oxygen, which was consistent with
the results of CO2 selectivity and XPS data of O 1 s. This showed that the smaller and
more uniformly distributed RuOx in the c-1-RuST sample could form more oxidation active
sites and absorb more environmental oxygen, thus improving the oxidation-reduction
performance of the catalyst. At the same time, comparing the samples of the c-1-RuST,
the c-0.5-RuST and the c-0.1-RuST, it could be seen that with the increase in RuOx species
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loading, the oxygen content on the catalyst surface gradually increased, showing that
the total amount of oxygen increased with the increase in RuOx loading, which is also
coincide to the CO2 selectivity results of each sample. It was difficult to observe obvious
RuOx species reduction peaks in the image, because the content of RuOx species in the
samples was too low, and the reduction peak of Ru species was close to the reduction peak
of surface oxygen.

Figure 7. H2-TPR profiles of the catalysts. The reduction peak positions of Sn4+ and oxygen species
on the catalyst surface are also marked in the figure.

In order to verify the effect of optimization of Ru precursor on the utilization efficiency
of active sites and the overall catalytic performance of the catalyst, we calculated the TOF
values of the c-1-RuST sample and the o-1-RuST sample at 230–280 ◦C, and the results are
shown in the Figure 8. The experimental WHSV was maintained at 112,500 mL·g−1·h−1,
and the DCM conversion rate was controlled to be less than 20%, so that the reaction rate
was not affected by diffusion, and only depended on the number of active sites. It can be
seen from the experimental calculation results that the TOF value of the c-1-RuST sample
for DCM was always significantly higher than that of the o-1-RuST sample, even up to
about twice the value (for example, at 270 ◦C, the TOF value of the c-1-RuST sample was
0.20, and which of the o-1-RuST sample was 0.12). In conclusion, loading Ru species in the
form of Ru colloid could improve the catalytic performance of a single active site, and then
improve the overall catalytic activity of the samples. Based on the results of the previous
characterization analysis, the reason may be that the optimization of Ru precursor could
help to improve the dispersion of RuOx species on the catalyst surface, thus promoting a
larger proportion of Ru species to form Ru–O–M bonds with the support, generating more
Run+(4 < N < 6). This change significantly increased the adsorbed oxygen content and
oxygen vacancy concentration on the catalyst surface, thus leading to the improvement
of the catalyst oxidation performance. Therefore, under the condition of similar RuOx
loading, the c-1-RuST sample with higher RuOx species utilization rate could catalyse and
oxidize more DCM molecules in the same experimental conditions.
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Figure 8. TOF for DCM oxidation on the c-1-RuST and the o-1-RuST sample. Test conditions:
[DCM] = 1000 ppm, WHSV = 112,500 mL·g−1·h−1.

4. Conclusions

In this article, the Ru precursor was optimized using Ru colloid and a unique catalyst
preparation method was developed. The Ru species was loaded on the Sn0.2Ti0.8O2 support
in colloidal form, which improved the utilization efficiency of active components, and
effectively improved the catalytic activity (T90 was reduced by about 90 ◦C from 380 ◦C
to 290 ◦C) and the CO2 selectivity. Through the activity test and various characterization
analyses, it could be concluded that the optimization of Ru precursor could significantly
increase the dispersion of RuOx species (the size of Ru clusters was reduced from 3–4 nm
to about 1.3 nm), improve the utilization of active components (nearly doubled the TOF
value at each temperature measured), and increase the interaction between the active
components and the support. This improvement effectively increased the total number of
active sites of the catalyst, thus improving the catalyst oxidation capability.

In addition, for the sake of better determining the optimal Ru loading, the relationship
between the Ru loading and the catalytic activity of the catalyst was further studied. The
experimental results reflected that with the increase in Ru loading, the total amount of
RuOx species on the catalyst surface increased, while the dispersibility of that gradually
decreased. This resulted in little change in the total number of active sites of the catalyst,
and little change in the catalytic activity of the samples (T90 of the c-0.1-RuST and the
c-0.5-RuST for DCM was about 330 ◦C and 335 ◦C respectively) when the content of Ru was
low (less than 0.5 wt%). When the content of Ru was high (above than 0.5 wt%), the positive
effect caused by the increase in the total active component amount gradually played a
leading role, and the catalytic performance of the catalyst was significantly improved.

In conclusion, the study is conducive to the efficient treatment of CVOCs and can
provide theoretical guidance for further reducing the content of active components (the Ru
loading could be reduced from about 5% to less than 1%) and production cost, thus having
broad industrial application prospects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111306/s1, Figure S1 Results of catalytic performance evaluation for DCM oxida-
tion over the c-1-RuST and the o-1-RuST sample. Test conditions: (DCM) = 1000 ppm; WHSV =
45,000 mL·g−1·h−1, Figure S2 EDS-Mapping characterization results of (a) the c-1-RuST sample, (b)
the o-1-RuST sample, (c) the c-0.5-RuST sample and (d) the c-0.1-RuST sample, Table S1 Chemical
reagents used in catalyst preparation.
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Abstract: Recent experimental findings suggest that strontium titanate SrTiO3 (STO) photocatalytic
activity for water splitting could be improved by creating multifaceted nanoparticles. To understand
the underlying mechanisms and energetics, the model for faceted nanoparticles was created. The
multifaceted nanoparticles’ surface is considered by us as a combination of flat and “stepped” facets.
Ab initio calculations of the adsorption of water and oxygen evolution reaction (OER) intermediates
were performed. Our findings suggest that the “slope” part of the step showed a natural similarity to
the flat surface, whereas the “ridge” part exhibited significantly different adsorption configurations.
On the “slope” region, both molecular and dissociative adsorption modes were possible, whereas on
the “ridge”, only dissociative adsorption was observed. Water adsorption energies on the “ridge”
(−1.50 eV) were significantly higher than on the “slope” (−0.76 eV molecular; −0.83 eV dissociative)
or flat surface (−0.79 eV molecular; −1.09 eV dissociative).

Keywords: STO; OER; DFT; stepped surface; water splitting

1. Introduction

Strontium titanate SrTiO3 (STO) is a well-known material for water splitting [1–12].
The process of water adsorption and dissociation was studied in detail [13–15]. The ef-
fects of doping are investigated in [16]. Recent developments in nanocrystal synthesis
offered materials with enhanced charge separation achieved by heterojunction [17,18],
mesocrystallinity [19], or the exposed anisotropic facets [20,21]. Nanoparticles synthesized
by Takata et al. [20] were made from STO doped by aluminium and photodeposited cocat-
alysts Rh/Cr2O3 and CoOOH, and demonstrated a quantum efficiency of up to 96% in the
range of 350 to 360 nm. Synthesized six and eighteen-facet STO nanocrystals, as described
in [21], demonstrated high catalytic activity in water splitting. When doped by Pt and
Co3O4 on particular facets, these nanoparticles exhibited even higher performance. Such
an improvement is attributed to the unique properties of anisotropic facets of the particles.

One of the key properties of a high-performance water splitting material is a low
charge recombination rate. Adsorption of water and oxygen evolution reaction (OER)
intermediates on stepped surfaces is expected to be qualitatively different than that on flat
surfaces. Featuring surfaces of different orientations, the 18-facet nanoparticle provides a
natural platform for efficient charge separation. The six-facet nanoparticle is essentially a
cube with the {0 0 1} faces. Its edges, however, can be considered as a different reaction
area from the {0 0 1} flat parts. Currently, to the best of our knowledge, the structure of the
surface of these nanoparticles is described only at the nanoscale. To reveal the properties
of different reaction areas of multi-faceted nanoparticles, an atomistic model has to be
designed and tested.

In 18-facet STO nanoparticle, the {0 0 1} facets are combined with the facets parallel
to the {1 1 0} crystallographic plane. Although for the real material, the surfaces {0 0 1}
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and {1 0 0} are not equivalent [22], for the present study, the distortion of the perovskite
structure is irrelevant and the orientation of the surfaces are given relative to the cubic
phase. As it was shown in [23], the ideal polar {1 1 0} surface is unstable. Its stabilization
can be achieved by forming steps of the more stable {0 0 1} orientation [24].

In the present study, we propose an atomistic model of the {0 0 1} stepped surface,
which is relevant to both six as well as eighteen-facet STO nanoparticles. On this surface,
we simulate OER, as suggested by Nørskov [25]. The four-step reaction includes adsorption
of H2O, HO*, O*, and HOO* species. The results will be used to perform thermodynamic
simulations of the OER to obtain over-potential ηOER values.

An extensive investigation of OER on the flat STO surface was performed by
Cui et al. [14]. For the flat {0 0 1}, the STO surface of the over-potential value of 0.66 V
was obtained.

2. Methods and Computational Details

We performed density functional theory (DFT) calculations using the Vienna Ab
initio Simulation Package (VASP) [26–29]. Computational details are listed in Table 1.
Relaxed rhombohedral SrTiO3 phase (R3c) with the optimized lattice constant a0 of 3.92 Å
was used. We compared flat surface and stepped surface, as shown in Figures 1 and 2,
respectively. Adsorbate was placed on both terminations of the slab to neutralize the
electric dipole moment.

Adsorption energy Eads, x for the configuration x was calculated by Equation (1),
where Ex is the total energy of the configuration with the adsorbate, Esurf is the total energy
of the corresponding surface without the adsorbate, EH2O is the total energy of water, EH2

is the total energy of molecular hydrogen, and coefficients c1 and c2 are determined so that
the total number of particles on the left hand side of the equation is zero. Factor 1

2 is a
result of the adsorbate being placed on both terminations of the slab. Lower adsorption
energy corresponds to the stronger binding.

All figures were created in the VESTA visualization system [30].

Eads, x =
1
2
(Ex − (Esurf + c1EH2O + c2EH2)) (1)

Table 1. Computational details.

Software VASP 6 [27–29]
Exchange-correlation functional GGA-PBE [31]

Pseudopotentials Ultra Soft [32,33] potentials using the
Projector Augmented Wave (PAW) method [34,35]

Smearing Gaussian smearing

Ti-valence configuration 3p63d24s2, valence 10, energy cutoff 222 eV,
generated 07.09.2000

Sr-valence configuration 4s24p65s2, valence 10, energy cutoff 229 eV,
generated 07.09.2000

O-valence configuration 2s22p4, valence 6, energy cutoff 400 eV,
generated 08.04.2002

H-valence configuration 1s1, valence 1, energy cutoff 250 eV,
generated 15.06.2001

Spin polarization Non-spin polarized calculation
Plane wave basis set cut-off 520 eV

Flat surface geometry (Figure 1) 2a0 × 4a0 surface cell, seven layers-thick, 20 Å vacuum
gap, 144 atoms

Stepped surface geometry (Figure 2) 2(2a0 × 2a0), 2
√

2a0 thickness, 10 Å vacuum gap,
104 atoms

Flat surface k-point mesh 4 × 2 × 2 Monkhorst-Pack [36]
Stepped surface k-point mesh 4 × 4 × 2 Monkhorst-Pack [36]
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(a) (b)
Figure 1. Flat surface cell. (a) Front view. (b) Isometric view.

(a) (b)
Figure 2. Stepped surface cell. The one-ridge adsorption area; two-slope adsorption area; and
three-gully adsorption area. (a) Front view. (b) Isometric view.

3. Results and Discussion

3.1. Water Adsorption

It is important to understand how water adsorption on stepped surfaces distinguishes
from that on flat surfaces. On flat surfaces, the most preferable water adsorption site is atop
titanium. The stepped model of faceted surfaces features three regions: the ridge, slope,
and gully, marked on Figure 2.

On flat surfaces, two adsorption modes are possible: molecular (Figure 3a;
Eads = −0.79 eV) and dissociative (Figure 3b; Eads = −1.09 eV), with dissociative be-
ing more energetically favorable, which is in agreement with Reference [13]. In [13], it was
demonstrated that there is no significant transition barrier (0.09 eV) between the two ad-
sorption modes. On the stepped surface, the situation is more complex and each adsorption
region should be discussed separately.

On the Slope region, there are several possible adsorption configurations. The most en-
ergetically favorable one is dissociative adsorption along Slope (Figure 4d; Eads = −0.83 eV),
followed closely by molecular adsorption (Figure 4b,c with Eads of −0.76 eV and −0.71 eV,
respectively). Molecular adsorption energy on the slope was loosely dependent on the
orientation of water molecules. Dissociation towards the gully or ridge was less favorable
(Figure 4e,f with Eads of −0.62 eV and −0.41 eV, respectively). Although, similarly to flat
surfaces, one of the possible dissociative configurations on the slope was more favorable
than molecular ones, the difference between energies was not as large, thus it cannot be
unequivocally concluded, wherein the adsorption mode dominates.

On the Ridge region, only one configuration was observed: water dissociation ac-
companied by spontaneous oxygen vacancy formation (Figure 4a). It also had the lowest
adsorption energy (strongest adsorption) of −1.50 eV among all the tested configurations.
The investigation of the question regarding whether the ridge breaks down irreversibly
or whether the vacancy is healed during subsequent water adsorption is out of scope of
this paper.
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On the Gully region, only one dissociative configuration was found, but only hydrogen
was adsorbed, while oxygen was on the slope. Moreover, this configuration had a relatively
weak binding (Figure 4g, Eads = −0.49 eV), hence we did not investigate it further.

(a) (b)
Figure 3. Water adsorption configuration on the stepped surface. (a) Molecular adsorption on the
flat surface: Eads = −0.79 eV. (b) Dissociative adsorption on the flat surface: Eads = −1.09 eV.

(a) (b) (c)

(d) (e) (f)

(g)
Figure 4. Water adsorption configurations on the stepped surface. (a) Adsorption on the ridge region.
Eads = −1.50 eV. (b) Molecular adsorption on the slope region with water oriented towards the
gully. Eads = −0.76 eV. (c) Molecular adsorption on the slope region with water oriented towards
the ridge. Eads = −0.71 eV. (d) Dissociative adsorption on the slope region with hydrogen migrated
along the slope. Eads = −0.83 eV. (e) Dissociative adsorption on the slope region with hydrogen
migrated towards the gully. Eads = −0.62 eV. (f) Dissociative adsorption on the slope region with
hydrogen migrated towards the ridge. Eads = −0.41 eV. (g) Dissociative adsorption on the gully
region. Eads = −0.49 eV.

3.2. Oxygen Evolution Reaction (OER) Intermediates

To perform thermodynamic simulations to estimate STO photo-catalytic activity, it is
necessary to compute adsorption energies for oxygen evolution reaction (OER) intermedi-
ates: HO*, O*, and HOO*, where the star * denotes the active adsorption site. All energies
are compiled in Table 2.
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Results for the flat surface are shown in Figure 5. HO* had only one possible con-
figuration, as shown in Figure 5a. There were two possible configurations for O*: where
oxygen from the adsorbate bonded to surface oxygen, denoted as O*

(Osurf) (Figure 5b), and
where oxygen was atop titanium, denoted as O* (Figure 5c). The O*

(Osurf) adsorption energy
was much lower (2.87 eV versus 3.52 eV), thus it was more energetically favorable. The
HOO* adsorbate also had two configurations: one where hydrogen bonded to surface
oxygen (Figure 5d), denoted as H(Osurf)OO*, and the other where hydrogen bonded to the
adsorbate’s oxygen (Figure 5e), denoted as HOO*. In [14], only the second configuration
was mentioned, although its adsorption energy was significantly higher than that of the
H(Osurf)OO* configuration: 4.24 eV versus 3.64 eV.

The adsorption of intermediates on the slope (Figure 6) was similar to that of the flat
surface: only one HO* configuration (Figure 6a), O*

(Osurf) (Figure 6b), and O* (Figure 6c),
and two HOO* configurations, namely H(Osurf)OO* (Figure 6d) and HOO* (Figure 6e) were
observed. O*

(Osurf) was more energetically favorable than O* (2.93 eV versus 4.11 eV) and
H(Osurf)OO* was more favorable than HOO* (3.48 eV versus 4.52 eV), analogous to the flat
surface. HO* on the slope had higher adsorption energy than HO* on the flat surface
(1.35 eV versus 0.77 eV).

Results for the intermediates on the ridge region are shown in Figure 7. For each
intermediate, only one adsorption configuration was observed. HO* (Figure 7a) and HOO*

(Figure 7c), similarly to the water adsorption, were accompanied by spontaneous oxygen
vacancy formation, while O* bonded between surface oxygen and titanium (Figure 7b).

Table 2. Adsorption energies of oxygen evolution reaction (OER) intermediates on different types of surfaces.

Surface Type HO*, eV O*, eV HOO*, eV

Flat surface 0.77 (Figure 5a) 2.87 (Figure 5b)/3.52 (Figure 5c) 3.64 (Figure 5d)/4.24 (Figure 5e)
Slope 1.35 (Figure 6a) 2.93 (Figure 6b)/4.11 (Figure 6c) 3.48 (Figure 6d)/4.52 (Figure 6e)
Ridge 1.24 (Figure 7a) 2.40 (Figure 7b) 3.13 (Figure 7c)

(a) (b) (c)

(d) (e)
Figure 5. OER intermediates on the flat surface. (a) HO* adsorbate on the flat surface: Eads = 0.77 eV.
(b) O*

(Osurf) adsorbate on the flat surface: Eads = 2.87 eV. (c) O* adsorbate on the flat surface:
Eads = 3.52 eV. (d) H(Osurf)OO* adsorbate on the flat surface: Eads = 3.64 eV. (e) HOO* adsorbate on
the flat surface, standard configuration:
Eads = 4.24 eV.
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(a) (b) (c)

(d) (e)
Figure 6. OER intermediates on the slope of the stepped surface. (a) HO* adsorbate on the slope
region: Eads = 1.35 eV. (b) O*

(Osurf) adsorbate on the slope region: Eads = 2.93 eV. (c) O* adsorbate
on the slope region: Eads = 4.11 eV. (d) H(Osurf)OO* adsorbate on the slope region: Eads = 3.48 eV.
(e) HOO* adsorbate on the slope region: Eads = 4.52 eV.

(a) (b) (c)
Figure 7. OER intermediates on the ridge of the stepped surface. (a) HO* adsorbate on the ridge
region: Eads = 1.24 eV. (b) O* adsorbate on the ridge region: Eads = 2.40 eV. (c) HOO* adsorbate on
the ridge region: Eads = 3.13 eV.

4. Conclusions

We have performed a detailed investigation of water adsorption and oxygen evolution
reaction (OER) intermediate adsorption on strontium titanate SrTiO3 flat and stepped
surfaces. In contrast to the flat surface, the stepped surface, a significant part of which
comprises the ridge region, demonstrated high adsorption energies as well as pronounced
structural transformations caused by the adsorbate. Our findings suggest that:

• The ridge region permits dissociative water adsorption only, accompanied by sponta-
neous formation of oxygen vacancy;

• Results for the flat surface are in agreement with other computational studies [13];
• On the slope region, both molecular and dissociative adsorption modes are possible;
• Adsorption of both water and its intermediates on the slope region is similar to that

on flat surfaces;
• Except for atomic hydrogen, no adsorption was observed on the gully region; and
• There are different adsorption configurations of OER intermediates possible on flat

surfaces and slope regions.
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Abstract: In the present work, nitrogen-doped reduced graphene oxide-supported (NrGO) bimetallic
Pd–Ni nanoparticles (NPs), fabricated by means of the electrochemical reduction method, are inves-
tigated as an anode electrocatalyst in direct hydrazine–hydrogen peroxide fuel cells (DHzHPFCs).
The surface and structural characterization of the synthesized catalyst affirm the uniform deposition
of NPs on the distorted NrGO. The electrochemical studies indicate that the hydrazine oxidation
current density on Pd–Ni/NrGO is 1.81 times higher than that of Pd/NrGO. The onset potential of
hydrazine oxidation on the bimetallic catalyst is also slightly more negative, i.e., the catalyst activity
and stability are improved by Ni incorporation into the Pd network. Moreover, the Pd–Ni/NrGO
catalyst has a large electrochemical surface area, a low activation energy value and a low resistance
of charge transfer. Finally, a systematic investigation of DHzHPFC with Pd–Ni/NrGO as an anode
and Pt/C as a cathode is performed; the open circuit voltage of 1.80 V and a supreme power density
of 216.71 mW cm−2 is obtained for the synthesized catalyst at 60 ◦C. These results show that the
Pd–Ni/NrGO nanocatalyst has great potential to serve as an effective and stable catalyst with low
Pd content for application in DHzHPFCs.

Keywords: hydrazine electrooxidation; anode; Pd–Ni nanoparticles; nitrogen-doped reduced graphene
oxide; direct hydrazine fuel cell

1. Introduction

Direct hydrazine–hydrogen peroxide fuel cells (DHzHPFCs) are known as unique
power sources for air-independent applications in space and underwater. The use of hy-
drazine (N2H4) as a high-energy fuel in FCs has been investigated since the 1970s [1,2],
specifically as an alternative fuel in portable power sources [3–5]. N2H4 is considered a
promising liquid fuel for the following reasons: (1) its handling is safer; (2) its electroox-
idation occurs without the generation of carbon dioxide, which leads to a reduction of
greenhouse gas emissions; (3) catalysts are not poisoned during the N2H4 oxidation reaction
due to lack of the carbonaceous intermediates production, as reported by Mohammed et al.,
who investigated the sensitive electrochemical detection of hydrazine based on SnO2/CeO2
nanostructured oxide and reported the high stability, sensitivity and repeatability of hy-
drazine oxidation on the synthesized nanomaterial [6]; and (4) because of the high theo-
retical electromotive force of 1.56 V [7] and power density (PD) of 5.4 KWh L−1 observed
for DHzHPFCs. On the other hand, a simple internal structure of fuel cells is obtained
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with an oxidant of hydrogen peroxide (H2O2) [8–10]. Compared to the oxygen reduction
reaction (ORR) with a theoretical electrode potential of 1.23 V, the theoretical electrode
potential of the H2O2 reduction reaction (HRR, 1.77 V) and the corresponding kinetics is
higher. Thus, the ideal open circuit voltage (OCV) of the single FC and its PW is increased
using H2O2 as an alternative fuel to oxygen. The anode, cathode, and overall cell reactions
in the DHzHPFC are:

Anode : N2H4 + OH− → N2 + 4H2O + 4e− E◦ = −1.21 V vs. SHE (1)

Cathode : 2H2O2 + 4H+ → +4e− + 4H2O E◦ = 0.92 V vs. SHE (2)

Overall : N2H4 + 2H2O2 → N2 + 4H2O E◦ = 2.13 V vs. SHE (3)

In DHzHPFC, a Nafion membrane is used, electrons transferring from anode to
cathode and Na+ migration occurring in the opposite direction. According to Equation (3),
H2O and N2 are products of this type of DFC [10,11]. Various chemicals have been designed
recently and their performances as catalysts examined in the DHzHPFC [3,5,9,12–18]. For
example, the accumulation of gas bubbles on the electrode surface is effectively solved by
using a nano-hill morphology of vertical graphene, by means of which a superoleophobic
electrode was obtained that could accelerate the elimination process of bubbles generated
on the anodic electrode surface. Yin et al. report on a DHzHPFC that yields a high-power
density of 84 mW cm−2 using a Zr/Ni alloy as the anode and Pt/C as the cathode [19]. In
another report on DHzHPFC, with a Pt-based anode (10.0 mg cm−2) and an Au/C cathode
(10.0 mg cm−2), a high PD of 1.02 W cm−2 and an OCV of 1.75 V at 80 ◦C is reported [20].
In the course of this work, Yan et al. [21] fabricated dealloyed nanoporous gold leaves and
found that these catalysts present high performances for both N2H4 oxidation (HzOR) and
HRR. One method to improve the electrocatalytic activity of anode electrocatalysts is by
preparing core–shell nanoparticles, in which the core and shell are composed of different
elements. Preparation of different core–shell nanoparticles, including Ni–Pt, Ni–Pd, and Ni–
Ru, on reduced graphene oxide (rGO) have been recently reported by Hossieni et al., [13].
The reported single fuel cell results show that Ni–Pd/rGO resulted in an improvement in
power density (204.79 mW cm−2) equal to 10.03% and 47.32% with respect to Ni–Pt/rGO
(186.12 mW cm−2) and Ni–Ru/rGO (139.01 mW cm−2), respectively, which was attributed
to the synergistic effects between Pd and Ni metals.

Such observations allowed the implementation of a DHzHPFC based on these porous
membrane catalysts with an OCV of 1.2 V and a maximum power density (MPD) of
195.0 mW cm−2 at 80 ◦C with a total loading of 0.1 mg cm−2 Au on each side. Although
high power densities and OCVs are obtained, the critical impediment to the commer-
cialization of DHzHPFC technology is still linked to high-cost catalysts prepared from
resource-limited noble metals. Additionally, the current nanoelectrodes have further dis-
advantages, including structural irregularity, irregular distribution, and agglomeration
during operation. These disadvantages mean that it is necessary to prepare low-cost,
highly active, and more stable catalysts. To achieve this goal, ideal nanoelectrocatalysts
should be highly conducive to facilitating the transfer of electrons/ions and possess a high
active surface to increase the catalytic efficiency of desired nanocatalysts in the DHzHPFC
community [22,23]. Alloying noble metals with cheap transition metals is well-known as
one way to decrease the content of noble metals. Among non-precious transition metals, Ni
is a low-cost and co-catalyst active metal, and its alloying with Pd refreshes the active sites
of Pd; it thus improves the corresponding activity/stability of the bimetallic catalyst as a
result of Pd–Ni synergistic influences [24,25]. The selection of a suitable catalyst support is
another important parameter that improves fuel cell performance, in addition to reducing
the price of catalysts. In this respect, graphene and its derivatives, as an allotrope of
single-layer carbon atoms arranged in a two-dimensional honeycomb lattice, have received
more attention in scientific communications due to their unique properties, including
strong electrical conductivity (6500 S m−1) [26,27], a high theoretical specific surface area,
high thermal and chemical stability, and an adjustable bandgap. These characteristics
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led to graphene being engaged as a carbon support in several applications, especially for
Energy Generation [28–30]. Although graphene possesses unique properties, the path of
its commercialization remains a challenge for researchers. For graphene to be transferred
from the laboratory to consumer-utilized products, it is necessary to produce large-scale
graphene which is practical and competitive. For this reason, better understanding of
graphene and its derivatives as a step to introducing this material into industrial-scale
production has a high importance. Different methods for preparation of graphene and its
derivates along with their sustainability have been reviewed recently by Umar et al., [29]
helping the researchers investigating the high-quality production of these nanomaterials.
Furthermore, graphene oxide (GO) has various functional groups, i.e., −COOH and −OH,
for immobilization of different active species. Recently, the incorporation of heteroatoms
and especially nitrogen [31–34] into the carbon plane has attracted great attention.

In fact, by doping the carbon plane with nitrogen atoms, the electronic density of
the neighboring carbon atoms is redistributed, inducing an electrophilic center in the
adjacency of nitrogen atoms, and modifies the geometry and the electron donor character
of the resultant nitrogen-doped GO. [35] The uniform dispersion with a narrow small
metal particle size is also obtained by the incorporation of nitrogen atoms into the GO
skeleton [36]. Based on the literature [37,38], the nitrogen atoms in the NrGO support are
effective in changing the oxidation state of Pd and its NPs’ size, suggesting deposition
of Pd2+ on NrGO as oxo/hydroxo clusters of Pd. Following clustering, the metal oxide
species are reduced, leading to the formation of Pd NPs. Charge localization occurs on
the catalyst support and is attacked by activated hydrogen atoms from the Pd NPs at the
quaternary nitrogen sites, resulting in uniform growth of the Pd metal NPs.

This work reports the preparation of NrGO-supported bimetallic Pd–Ni alloy NPs
by polyol method and its use as an anode catalyst towards the production of HzOR in
DHzHPFCs. In this respect, the phase, elemental composition, and surface morphology of
the fabricated nanostructure were qualified by employing X-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDX), Fourier-transform infrared spectroscopy (FT-IR), and transmission electron mi-
croscopy (TEM). Cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical
impedance spectroscopy (EIS) methods were utilized to study hydrazine oxidation on
the synthesized nanocatalyst and these results were compared with the results for the
Pd/NrGO electrocatalyst. Finally, the cell performance of DHzHPFC was investigated by
considering different operation conditions on cell potential and its MPD. In the DHzHPFCs
experiments, the membrane electrode assembly (MEA) was obtained using the catalyst-
coated membrane (CCM) method.

2. Results and Discussion

2.1. Physical Characterization of Nanocatalysts

The functional groups of the catalyst support can simplify the incorporation of metal
nanoparticles on surfaces. According to recent work [39], FT-IR was conducted to qualify
the GO functional groups and their changes in NrGO support after simultaneous nitrogen
atom doping of the GO skeleton and reduction of oxygenated species, as shown in Figure 1a.
In both spectra (in the range of 400–4000 cm−1), the band at 3400 cm−1 demonstrates the
O–H stretch of the –OH group. During oxidation or functionalization of GO, the carboxyl
groups have fluctuated, which leads to a clear peak at 3400 cm−1. Four characteristic bands
can be observed in the spectrum of GO, with one at 1728 cm−1 arising from stretching
vibrations of C=O in carbonyl and carboxyl groups and the other three at 1624 cm−1,
1220 cm−1, and 1085 cm−1, devoted to the C=C, C–OH, and C–O stretching vibrations,
respectively. In the case of NrGO, the bands at 1624 and 1220 cm−1 are not observed
and the intensity peaks of other oxygenated functional groups decrease. Additionally,
the superposition of C=C and C=N vibrations leads to shifts in the in-plane vibration of
C=C from 1624 to 1556 cm−1. Moreover, a new peak appears at 1187 cm−1 which can be
related to the C-N bonds. These observations provide valuable information in regard to
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the existence of nitrogen-containing groups in the synthesized catalyst support in close
agreement with reports in the literature [39–41].

Figure 1. (a) FT-IR spectra of GO and NrGO [1]. (b) XRD patterns of GO and NrGO, and Pd–Ni/NrGO. Reprinted with
permission from ref. [1]. Copyright 2021 American Chemical Society.

Figure 1b presents XRD patterns of GO, NrGO, and Pd–Ni/NrGO samples; the
existence of sharp peaks in these XRD patterns characterize a crystalline structure for the
synthesized materials. The strong sharp peak of a basal plane in the graphitic structure
(002) is seen at a 2θ value of 11.49◦ with d-spacing of 0.77 nm in the XRD pattern of GO [42].
Such a peak is also observed in the XRD spectra of NrGO and Pd–Ni/NrGO but moving
to a higher 2θ value of 26.45◦ than that of GO [43,44]. The interlayer spacing of NrGO
samples was about 0.340 nm, which is a somewhat smaller than that in the bare rGO
(0.37 nm), which is ascribed to the more compact graphitic structure created after nitrogen
doping [39,45,46].

The four strong, sharp peaks at 40.15◦, 46.80◦, 68.29◦, and 82.28◦ are observed for
the Pd–Ni/NrGO catalyst with the miller indices (111), (200), (220), and (311), respec-
tively, for the face-centered-cubic (fcc) lattice crystal structure facets of the Pd (JCPDS
No. 01-087-0641) [47,48]. Pd (111) presents the strongest sharp peak for oxidation of an
active facet of small organic molecules. As seen in Figure 1b, the deposition of Pd–Ni
metal Nps on the NrGO support has no influence on the support structure; the peaks
for NrGO are maintained with a decrease in intensity. By comparing the XRD pattern of
Pd–Ni/NrGO with the standard powder diffraction file of Pd (JCPDS No. 01-087-0641)
and Ni (JCPDS No. 00-04-0850), it is concluded that all the peaks for synthesized catalysts
are placed between the peaks of Pd and Ni metal NPs. These results reveal the successful
preparation of the Pd–Ni/NrGO nanostructure in good accordance with those reported in
the literature [39,47–50].

Figure 2a,b presents the FE-SEM image of NrGO planner sheets with wrinkled and
folded features, indicating that the generic morphology of GO is preserved after nitrogen
doping [51]. As displayed in Figure 2c, the FE-SEM micrograph of the Pd–Ni/NrGO
sample displays the Pd–Ni metallic NPs dispersed uniformly on the surface of NrGO, and
the compact exfoliated multilayers of NrGO features is restricted after the incorporation of
metal NPs. This means that the Pd–Ni NPs form independently on the rough and planar
nanosheets provided by NrGO without any aggregation. It is found that the particle size of
Pd–Ni is around 11–13 nm.
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Figure 2. (a–c) FESEM images of (a,b) NrGO and (c) Pd–Ni/NrGO. (d) TEM image and (e) EDX
image of Pd–Ni/NrGO.

To determine the distribution of each element on the synthesized catalyst, a back
scattered electron (BSE) image was captured, and the result is displayed in Figure S1
in the Supplementary Material. As seen in this figure, there are white and gray zones
which are associated with the presence of higher and lower average atomic numbers,
respectively. White-colored aggregates are mainly made up of a metallic phase (Pd and
Ni) whereas darker aggregates are richer in oxygen, nitrogen, and carbon. These images
are corroborated by SEM images performed on the synthesized catalyst along with the
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uniform distribution of metal nanoparticles on the catalyst support (Figure 2c) and the
EDX map (Figure S2).

To further observe the morphology of Pd–Ni/NrGO, TEM images were recorded, as
seen in Figure 2d. It can be seen that the bimetallic nanoparticles are scattered homoge-
neously on the NrGO sheet with a narrow size range. The uniform dispersion of Pd–Ni
NPs on catalyst support may be attributed to the shifting of the d-band centers of sup-
ported Pd atoms to the Fermi level by the incorporation of nitrogen into graphene [52,53].
The obtained results from EDX analysis (as seen in Figure 2e) indicated the existence of
C (42.19 wt%), N (16.23 wt%), O (21.16 wt%), Pd (11.08 wt%), and Ni (9.34 wt%) in the
synthesized catalyst. This means that the total metal content of the electrocatalyst is around
20 wt% with a weight ratio of 1:1 for Pd to Ni metals. Figure S2 presents the elemental
mapping images of the synthesized catalyst which confirm the uniform deposition of
bimetallic NPs on the active sites of N-rGO.

2.2. Half-Cell Measurements

CV is employed for the determination of the catalytic activity of Pd–Ni/NrGO
against HzOR. In this respect, the CVs of the NrGO in the presence and absence of N2H4
0.02 mol L−1 are recorded at a sweep rate of 100 mV s−1 and presented in Figure 3a. No
obvious peak is seen in each solution, confirming a capacitive current background without
any perceptible faradaic processes and inactivity of NrGO against HzOR.

Figure 3. The CVs in the NaOH 1.0 mol L−1 under a sweep rate of 100 mVs−1 (a) for NrGO in the
presence and absence of N2H4 0.02 mol L−1, (b) for Pd/NrGO and Pd–Ni/NrGO in the absence of
N2H4, (c) for Pd–Ni/NrGO in the presence of N2H4 0.02 mol L−1.
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The CV method has been used recently for the investigation of borohydride oxidation
reaction kinetics that occurred on the bimetallic Pd-based nanocatalysts and also for
the calculation of their electrochemical active surface area (ECSA), which determines
the electrode kinetics for various redox reactions taking place at the electrode surface.
Following on from previous work [39], we decided here to record again the CVs of the
Pd–Ni/NrGO and Pd/NrGO in NaOH 1.0 mol L−1 with a sweep rate of 100 mV s−1,
as seen in Figure 3b. In both plots, hydrogen desorption and adsorption peaks (a1 and
C1) are observed from the −0.75 to −0.3 V potential range in the forward and backward
sweeps, respectively. The peaks shown in the potentials above 0.35 V (a4) are related to the
palladium oxide formation peak, while the palladium oxide reduction peak is seen at the
potential window of −0.2 to −0.4 V in the backward scan.

The first peak in the anodic scan (a2) is observed at a potential of 0.03 V which
can be assigned to the reaction: Ni + 2OH− → α− Ni(OH)2 + 2e− , followed then by an
irreversible transformation of α-Ni(OH)2 to β-Ni(OH)2 (a3) by moving to the more positive
potentials. The same behavior has been recently reported in the literature [54]. Once the
β phase is produced, it cannot be electrochemically removed/reduced from the surface
of the electrode because of its high electrochemical stability [54]. By increasing potential,
the next increase in the anodic current density (a5) is seen at a potential of (0.4–0.6) V; this
may be attributed to the electrochemical conversion of Ni+3/Ni+2, where β-Ni(OH)2 is
oxidized to β-NiOOH. In the cathodic region, at the potential +0.4 to +0.6 V, the β-NiOOH
is reduced to β-Ni(OH)2 (c3). These reduction and oxidation peaks (a5 and c3) correspond
to the reversible conversion of Ni+3/Ni+2, as described with Equations (4)–(6) [54,55]:

Ni(OH)2 + OH− → NiOOH + H2O + e− (4)

NiO + OH− → NiOOH + e− (5)

Ni + 3OH− → NiOOH + 3e− (6)

The area of the PdO reduction region in the CVs plotted in Figure 3b is utilized to
compute the electrochemical active surface area (ECSA) of Pd/NrGO and Pd–Ni/NrGO
catalysts. As is known, a high value of ECSA for each electrocatalyst reveals a high number
of electrocatalytic active sites and vice versa. Thereby, the HzOR kinetics at various Pd-
based electrodes is controlled with the ECSA [56]. The ECSA of Pd-based catalysts is
computed with Equation (7) [33].

ECSA =
QPdO

(0.405 × [Pd])
(7)

QPdO denotes the coulombic charge (mC) and it is computed by integrating of the
palladium oxide reduction peak; the value of 0.405 is the conversion factor (mC cm−2) that
corresponds to palladium oxide reduction; [Pd] is related to the loading amount of the
Pd-based catalyst. The calculated ECSA for two synthesized catalysts is given in Table 1. It
is noticed that the ECSA for Pd–Ni/NrGO is 2.61 times higher than that of Pd/NrGO; thus,
the existence of Ni atoms in bimetallic catalysts significantly alters the electronic structure
of Pd and its electrochemical activity.

Table 1. The electrochemically active surface area (ECSA), hydrazine oxidation current density (ip),
and onset potential of HzOR on the Pd–Ni/NrGO and Pd/NrGO catalysts.

Catalyst Type ECSA (m2 g−1) ip (A g−1) Onset Potential (V vs. MOE)

Pd/NrGO 63.67 6821.22 −0.40
Pd–Ni/NrGO 166.38 12,360.50 −0.45

Cyclic voltammograms of Pd–Ni/NrGO and Pd/NrGO catalysts in NaOH 1.0 mol L−1

containing N2H4 0.02 mol L−1 at the sweep rate of 100 mV s−1 are presented in Figure 3c.
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A dramatic change can be seen in comparison to the CVs recorded in the absence of N2H4.
The peak of HzOR for the Pd–Ni/NrGO and Pd/NrGO electrocatalysts is seen at a poten-
tial window of −0.6 to −0.4 V. The following reaction describes the peak of HzOR for the
synthesized catalysts.

N2H4 + 4OH− → N2 + 4H2O + 4e− (8)

As reported in Table 1, the current density of HzOR on the Pd–Ni/NrGO (12,360.50 A g−1)
is 1.81 times higher than that of Pd/NrGO (6821.22 A g−1). In addition, the reported onset
hydrazine oxidation potentials in Table 1 show a more negative value for the Pd–Ni/NrGO
(−0.45 V) than the Pd/NrGO (−0.40 V). It can be concluded that embedding Ni atoms
into the Pd network not only reduced the preparation cost but also enhanced the catalytic
performance due to the synergistic effects between Pd and Ni along with an increment in
the effective surface area of this electrode.

To obtain more information regarding the electrochemical kinetic parameters of the
Pd–Ni/NrGO electrode, CVs were recorded at several scan rates. Figure 4a presents the
CV curves in an aqueous solution of NaOH 1.0 mol L−1 containing N2H4 0.02 mol L−1

at various sweep rates. According to this Figure, the anodic current (ip) increases by
increasing the scan rates. At the same time, the peak potential is moved to more positive
values, suggesting an irreversible electrochemical process [57]. Equation (9) describes the
relationship between peak potential, Ep (V), and sweep rate, v (V s−1), for an irreversible
electrochemical process [58]:

Ep = E0 +

[
RT

(1 − α)nF

]{
0.78 + ln

D0

ks
+ ln

[
(1 − α)nFv

RT

] 1
2
}

(9)

where E0, R, T, α, F, and D0, are the standard potential (V), gas constant (8.314 J K−1

mol−1), temperature (K), charge transfer coefficient, Faraday constant (96,485 C mol−1),
and diffusion coefficient of N2H4 (cm2 s−1), respectively. n corresponds to the number of
transferred electrons in the rate-determination step. ks denotes the standard heterogeneous
rate constant (cm s−1). When the IP values are established in terms of the square root of the
scan rate (v

1
2 ), a linear relation is observed (as detailed in Figure 4b), suggesting a diffusion-

controlled process for the electrooxidation of N2H4. By increasing scan rates, the number
of electrochemically active species and the length of the diffusion path through penetration
of the reaction zone from the electrode surface into the inner parts are increased [59]. The
relation between ip and the sweep rate along with the other influencing parameters on the
IP values can be represented with Equation (10) [59]:

ip = 2.99 × 105n(αn)
1
2 AD

1
2
0 v

1
2 c∗0 (10)

nα =
1.857RT(

F
(

Ep − E p
2

)) (11)

In this relation, A and Ep/2 are the electrode surface area (cm2) and half-peak potential
(V), respectively. c∗0 refers to the bulk concentration of electroactive species [60].

The concentration of N2H4 was optimized during the electrooxidation of N2H4 on
the Pd–NrGO catalyst. The recorded CV curves in a solution of NaOH 1.0 mol L−1 and
various concentrations of N2H4 at a sweep rate of 100 mV s−1 are represented in Figure 5a.
The HzOR peak potential is shifted slightly towards positive values by increasing N2H4
concentration and the highest ip value is obtained at N2H4 0.1 mol L−1. This observation
may be explained by the existence of a large number of electroactive species in solution.
According to Equation (10), it is expected that the anodic current density will increase with
increasing N2H4 concentration, as observed in Figure 5a [61]. By plotting log ip values in
terms of log[N2H4], a straight linear relationship is obtained (Figure 5b). The order of the
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N2H4 oxidation reaction on the Pd–Ni/NrGO catalyst is calculated from the slope of the
log ip vs. log[N2H4] plot (Figure 5b) according to Equations (12) and (13):

Rate = ip = k[N2H4]
β (12)

log ip = log k + β log[N2H4] (13)

where k, [N2H4], and β are the reaction rate constant and the bulk concentration of N2H4,
and reaction order, respectively. The value of 0.92 on Pd–Ni/NrGO, which is close to a
typical value of 1 reveals a first-order reaction for HzOR with this catalyst and is consistent
with the values reported in other works [62].

Figure 4. (a) The effects of sweep rate on the CVs of Pd–Ni/NrGO in NaOH 1.0 mol L−1 + N2H4 0.02 mol L−1. (b) The plot
of HzOR peak current vs. ν1/2 for Pd–Ni/NrGO.

Figure 5. (a) The effects of N2H4 concentration on the CVs of Pd–Ni/NrGO in NaOH 1.0 mol L−1 at a constant sweep rate
of 100 mV s−1. (b) The plot of log CN2H4-log ip for Pd–Ni/NrGO.
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Electrolyte temperature also influences the performance of electrodes with the effect
that it has on the rate of the charge transfer process in the electrode/electrolyte interface and
mass diffusion in electrolyte solutions. Figure 6a reveals the CV curves of Pd–Ni/NrGO at
different temperatures in an aqueous solution of 1.0 mol L−1 NaOH containing 0.1 mol L−1

N2H4. All CV curves have similar shapes, which suggests the same reaction mechanisms at
the investigated temperatures. The current density of the Pd–Ni/NrGO catalyst increases
by raising the temperature from 25 to 35, 45, and 55 ◦C. This is due to the endothermic
reaction that takes place at the Pd–Ni/NrGO electrode surface. The activation energy
(Ea, J mol−1) can be calculated by the Arrhenius equation (Equation (14)) [63]:

− Ea

RT2 =
∂
(
ln ip

)
∂T

(14)

Figure 6. (a) The effects of temperature on the CVs of Pd–Ni/NrGO in NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 at a constant
sweep rate of 100 mV s−1. (b) The Plot of ln ip vs. 1/T for Pd–Ni/NrGO.

Arrhenius plots of the Pd–Ni/NrGO catalyst are plotted in Figure 6b. The Ea value
for this catalyst is obtained as 10.72 kJ mol−1. The low value of Ea for the Pd–Ni/NrGO
catalyst reveals that the electrooxidation of hydrazine occurs easily for this catalyst, which
may be ascribed to its large specific surface area and massive catalytic active sites offered
due to the unbeatable morphology of NrGO supported Pd–Ni nanoparticles.

CA is a powerful electrochemical technique for surveying the stability and catalytic
performance of electrodes. Figure 7 presents the CA curves for hydrazine electrooxidation
in a NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 solution under a potential of −0.5 V vs. MOE. In
the beginning, a sharp oxidation current is seen for each electrode, which relates to the free
active sites of these electrodes from adsorbed molecules. After a few seconds, the oxidation
current is reduced, which may be related to the occupation of the active sites. According
to Figure 7a, the current density of Pd–Ni/NrGO (~11,100 A g−1) is higher than that of
Pd/NrGO (~5770 A g−1) after stabilization for 3000 s. Furthermore, the resulting current
density percentage decrease for Pd–Ni/NrGO (54.31%) is lower than that of Pd/NrGO
(67.80%) (as seen in Figure 7b), suggesting the better durability of Pd–Ni/NrGO compared
to Pd/NrGO. The results obtained from the CA analysis are consistent with the CV results.

EIS is utilized to explore the electron transfer kinetics of Pd–Ni/NrGO towards HzOR.
Nyquist plots were recorded in NaOH 1.0 mol L−1 containing N2H4 x mol L−1 (x: 0.02,
0.06, and 0.1) at different potentials (−0.5 and −0.9 V) and various temperatures (25 and
45 ◦C), and the results are displayed in Figure 8.
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Figure 7. (a) CA curves of Pd–Ni/NrGO and Pd/NrGO in NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 at −0.5 V. (b) The
resulting current density percentage decrease for Pd–Ni/NrGO and Pd/NrGO at a potential of −0.5 vs. MOE and 25 ◦C
for 3000 s.

Figure 8. (a) The equivalent circuit utilized for fitting of the EIS information; the influence of (b) concentration of N2H4,
(c) temperature, and (d) potential on the EIS spectra of Pd–Ni/N-rGO.
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The EIS data obtained are fitted by an equivalent circuit depicted in Figure 8a. The
elements of Rs, Rct, and CPEdl in the equivalent circuit depict electrolyte solution resistance,
charge transfer resistance, and the constant phase element of the electrical double layer,
respectively. The intersection of impedance spectra (Figure 8b–d) with the x-axis at high
frequencies is the electrolyte solution resistance, and it corresponds to the ohmic resistance
of the electrolyte between the anode and the reference electrode, the anode ohmic resistance,
and the contact resistance. The high-frequency semicircle relates to the charge transfer of
the HzOR that has taken place on the anode electrode. Table 2 summarizes the obtained
charge transfer resistances of the Pd–Ni/NrGO catalyst towards HzOR.

Table 2. The values of Rct for HzOR on the Pd–Ni/NrGO catalyst at different concentrations of
hydrazine, temperatures, and voltages.

N2H4 Concentration
(mol L−1)

Potential
(V vs. MOE)

Temperature
(◦C)

Rct

(Ω cm2)

0.02 −0.5 25 92.76
0.06 −0.5 25 31.27
0.1 −0.5 25 22.03
0.1 −0.5 45 17.12
0.1 −0.9 25 4422

In accordance with Figure 8b–d, a low circle diameter is observed for the synthesized
catalyst, indicating a low Rct value and thereby a fast charge transfer on the Pd–Ni/NrGO.
By increasing the N2H4 concentration (Figure 8b), at T = 25 ◦C and a potential of −0.5 V,
the Rct values are reduced, which may be attributed to the increment reaction kinetics
by raising the sorption of N2H4 on the electrode surface. A decrease in Rct is seen in
Figure 8c with increasing temperature at a potential of −0.5 V and N2H4 0.1 mol L−1,
and this suggests that the charge transfer rate is promoted at the electrode/electrolyte
interface at high temperatures. As presented by the fitting results in Figure 8d, under
T = 25 ◦C and N2H4 0.1 M, the Rct is reduced from 44.22 to 22.03 with an enhancement
of the polarization potential from −0.9 to −0.5 V. The reason for this observation could
be the faradaic reactions that occurred at the potential of −0.5 V. No faradaic reaction
occurs, however, at the potential of −0.9 V. All results obtained from EIS measurements are
consistent with the CV results.

2.3. Single-Cell Tests

The performance of Pd–Ni/NrGO in a DHzHPFC using H2SO4 0.5 mol L−1, with
several oxidant concentrations, and NaOH 2.0 mol L−1, with various fuel concentrations at
three temperatures, was evaluated by monitoring the power density curves (I–P curves)
and polarization curves (I–V curves). Figure 9 depicts the I–P and I–V curves of DHzHPFC
assembled with Pd–Ni/NrGO (1.0 mg cm−2) as an anode and Pt/C (0.5 mg cm−2) as a
cathode under several operating conditions. Taking the electrode reaction and the Nernst
equation (Equation (15)) into account, the OCP is enhanced with the increment of H2O2
concentrations (Figure 9a). Thus, the maximum power density (MPD) is enhanced from
101.93 mW cm−2 to 120.50 and 152.74 mW cm−2 by increasing the concentration of H2O2
from 0.5 M to 1.0 and 2.0 mol L−1, respectively. The MPD is reduced to 130.25 mW cm−2,
however, by a further increase in the H2O2 concentration to 3.0 mol L−1. This may be due
to the fast chemical decomposition of H2O2 and its crossover from the membrane and also
the poisoning of the electrode surface by the attachment of gas bubbles produced from
H2O2 decomposition [4,11,64] at a high H2O2 concentration (i.e., above 3.0 mol L−1). H2O2
2.0 mol L−1 is thus chosen as the optimum concentration at which the cell performance
reaches its maximum.

E = E0 +
RT
nF

ln
[N 2H4][H 2O2]

2

[N 2][H 2 O]4
(15)
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Figure 9. The effects of operation conditions on the performance of DHzHPFC designed with Pd–Ni/NrGO (1.0 mg cm−2)
as an anode and Pt/C (0.5 mg cm−2) as a cathode: (a) H2O2 concentration, (b) N2H4 concentration, and (c) temperature;
(d) stability test for Pd–Ni/NrGO at a discharging current of 90 mA cm−2.

To optimize the concentration of N2H4, three concentrations of 0.5, 1.0, and 2.0 mol L−1

were tested and the results are presented in Figure 9b. It can be perceived that the MPDs
increased from 136.72 to 167.38 mW cm−2 by incremental N2H4 concentrations from
0.5 mol L−1 to 1.0 mol L−1. Additionally, the anode potential and cell OCP are enhanced
with raising N2H4 concentrations, which may be explained based on the electrode reaction
and Nernst equation. The fuel diffusion and the oxidation kinetics of N2H4 are promoted
with an increased N2H4 concentration. However, the MPD is reduced to 152.74 mW cm−2,
at which the N2H4 concentration is 2.0 mol L−1 as a consequence of increasing hydrolysis
of N2H4 and its crossover [4,65,66].

As presented in the electrochemical tests, the performance of the Pd–Ni/NrGO cata-
lyst is very sensitive to temperature. In this context, the DHzHPFC performance at different
temperatures was also examined and the obtained results are presented in Figure 9c. Vary-
ing the temperature from 25 to 45 and 60 ◦C, DHzHPFC presents an enhanced peak power
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density from 167.38 to 187.87 and 216.71 mW cm−2, respectively. The high values of OCV
and MPD reveal that the kinetics of N2H4 oxidation and H2O2 reduction is promoted with
an enhanced temperature [24]. The achieved MPDs for the Pd–Ni/NrGO electrocatalyst
at various N2H4 concentrations, H2O2 concentrations, and temperatures are reported in
Table 3. A comparison of DHzHPFC performances for different reported anode catalysts in
the literature is provided in Table 4. As seen in this Table, the Pd–Ni/NrGO electrocatalyst
exhibits an equal or greater catalytic performance, suggesting that Pd–Ni/NrGO is an
excellent anode electrocatalyst in DHzHPFC applications.

Table 3. The MPDs value for DHzHPFC with the Pd–Ni/NrGO electrocatalyst as an anode at various
experimental FC conditions.

FC Condition
MPD/(mW cm−2)

[N2H4]/(mol L−1) [H2O2]/(mol L−1) T/(◦C)

2.0 0.5 25 101.93
2.0 1.0 25 120.50
2.0 2.0 25 152.74
2.0 3.0 25 130.25
0.5 2.0 25 136.72
1.0 2.0 25 167.38
1.0 2.0 45 187.87
1.0 2.0 60 216.71

Table 4. The comparison of DHzHPFC performances under different experimental FC conditions.

Anode Cathode Membrane Anolyte Catholyte
Temperature

(°C)

Maximum
Power Density

(mW cm−2)
Ref.

Pt53Cu47/C
(0.5 mg cm−2)

Pt/C (20 wt.%)
(1.0 mg cm−2)

Tokuyama KOH 1.0 M +
N2H4 1.0 M

O2 flow rate: 30
SCCM 80 56.1 [67]

Ni0.6Co0.4
nanosheets

(1.4 mg cm−2)
Pt/C

(40.0 wt.%) Nafion 115 KOH 4.0 M +
N2H4 20.0 wt%

H2O2 20.0% +
H2SO4 0.5 M 80 107.1 [68]

Pd/CNT
(1.0 mg cm−2)

Pt/C
(0.25 mg cm−2) Nafion 117 NaOH 1.0 M +

N2H4 2.0 M
O2 flow rate:

150.0 mL min−1 60 110 [69]

Co–Au/C
(1.0 mg cm−2)

Au/C
(1.0 mg cm−2) Nafion 117 NaOH 2.0 M +

N2H4 2.0 M
H2O2 2.0 M +
H2SO4 0.5 M 60 122.8 [4]

MoCx–NC
(1.0 mg cm−2)

Pt/C
(1.0 mg cm−2)

KOH-doped
PBI

KOH 6.0 M +
N2H4 0.5 M

O2 Flux:
0.2 slpm 80 158.26 [70]

Ni–Pd/rGO
(1.0 mg cm−2)

Pt/C
(0.5 mg cm−2) Nafion 117 NaOH 2.0 M +

N2H4 1.0 M
H2O2 2.0 M +
H2SO4 0.5 M 60 204.8 [13]

Pd–Ni/NrGO
(1.0 mg cm−2)

Pt/C
(0.5 mg cm−2) Nafion 117 N2H4 1.0 M +

NaOH 2.0 M
H2O2 2.0 M +
H2SO4 0.5 M

25
60

187.87
216.71 This work

Stability is a vital parameter in the determination of DHzHPFC performance. In
Figure 9d, stability tests were adopted for a single cell with the Pd–Ni/NrGO as an anode,
Pt/C as a cathode, NaOH 2.0 mol L−1 + N2H4 1.0 mol L−1 as an anolyte, and H2SO4
0.5 mol L−1 + H2O2 2.0 mol L−1 as a catholyte at a constant current of 90 mA cm−2 and
25 ◦C. It can be noticed that after a potential decay in the first seconds, it maintained a
relatively stable value during the test. The observed oscillation in the cell voltage may be
related to the addition of new fuel solution, restarting the measurements, possible minor
changes in cell temperature, the oxygen produced from H2O2 decomposition at the cathode,
or the hydrogen produced from the hydrolysis of N2H4 at the anode. It is evident that the
produced gas bubbles cumulate on the electrode and so block the transfer of N2H4 or H2O2
solution, leading to instant loss of cell performance. As a result, the Pd–Ni/NrGO anode
assembled DHzHPFC presents a relatively stable performance.
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3. Experimental

3.1. Materials

The purity of the materials used for the synthesis of Pd–Ni/NrGO is given in Table
S1. In all the experiments, double-distilled deionized water (0.055 μS cm−1) was used to
prepare solutions and all materials were of analytical grade.

3.2. Methods

Production of a Pd–Ni/NrGO electrocatalyst. Firstly, the GO was synthesized using
a modified Hummers method [71]. More details of GO preparation are provided in the
Supplementary Information. NrGO was produced by the addition of 1.5 g urea to 200 mL
GO suspension (2.5 mg mL−1 in H2O) and stirred for 120 min. After the elimination of the
solvent with a rotary evaporator, the resultant solid was conveyed into a tubular furnace
and treated at 800 ◦C under an N2 atmosphere for 45 min. The obtained powder was
cooled to ambient temperature under constant N2 flow and designated as NrGO. After
that, appropriate amounts of NiCl2.6H2O (35.0 mM) and PdCl2 (32.0 mM) were put into
160.0 mL of NrGO suspension (0.5 mg mL−1 isopropanol and distilled water (v/v: 4/1))
under ultrasonication. The pH was adjusted to 10.0 by gradually adding 20.0 mL of NaOH
solution containing 150.0 mg of NaBH4 to the suspension at 90 ◦C. The mixture was then
refluxed at 99 ◦C for 240 min. The Pd–Ni/NrGO precipitate was filtered using Whatman
filter paper, rinsed with water, and then dried.

3.3. Physical and Electrochemical Characterization

FTIR (PerkinElmer, Waltham, MA, USA, (300–4300 cm−1)) was used to analyze the
nature of chemical bonds in terms of functional groups of the GO and NrGO samples.
SEM (MIRA3FEG-SEM, Tescan, Brno, Czech Republic) and TEM (PHILIPS, Amsterdam,
The Netherland, CM 120) were utilized to determine the surface morphology of the Pd–
Ni/NrGO catalyst, along with the characterization of elemental distribution on the surface
of synthesized materials, using EDX. The crystallographic structure of the synthesized
catalyst was investigated by XRD (PHILIPS, PW1730, Netherland).

All electrochemical tests were performed using a Gamry Potentiostat/Galvanostat/ZRA
(Reference 600™, Warminster, PA, USA) in a three-electrode cell consisting of a platinized
titanium rod as a counter electrode and Hg/HgO (MOE) electrode as a reference electrode.
The working electrode was constructed by dropping a specific quantity of catalyst ink on
a glassy carbon electrode (GCE, 0.196 cm2). The catalyst ink was provided by dispersing
synthesized powders (5.0 mg) into isopropanol: water solution (v/v: 2/1) containing Nafion
solution under ultrasonication for 120 min.

The electrochemical behavior of the samples was studied by CV, CA, and EIS techniques.
CV tests were performed in NaOH 1.0 mol L−1 and N2H4 × mol L−1 (x: 0–0.1 mol L−1) at
sweep rates of 20 to 100 mV s−1 and various temperatures (298.15–328.15) K. The CA tests
were conducted in aqueous solutions of NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 at −0.5 V
vs. MOE. All EIS tests were carried out in a frequency range of 105 to 10−1 Hz with an r.m.s
amplitude of modulation potential of ±10 mV.

3.4. DHzHPFC Measurements

The MEA used for the DHzHPFCs performance test was produced using the CCM
technique [72]. Before the compression process of the MEA, the Nafion®117 membrane
surface was hydrothermally treated according to the procedure described in the litera-
ture [24]. The commercial Pt/C (0.5 mgmetal cm−2), as a cathode ink, and Pd–Ni/NrGO
(1.0 mgPd cm−2), as an anode ink, were sprinkled directly on both sides of the treated
membrane. The catalyst inks were supplied by ultrasonically mixing specific quantities of
anodic catalyst, 2-propanol, H2O, and Nafion solution for 30 min. The as-manufactured
catalyst-coated Nafion membrane was hot-pressed at 100 ◦C for 1.0 min, followed by
heating at 80 ◦C for 15 min. Subsequently, the membrane was immersed in 2.0 mol L−1

NaOH for 3 days. Finally, the catalyst-coated membrane was assembled, together with the
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produced gas diffusion electrodes (GDE), and placed between two graphite blocks as flow
plates (Scheme 1). An alkaline hydrazine solution was employed as the fuel on the anode
side by using homemade pumps. On the cathode side, an acidic solution of H2O2 was
used as the oxidizing agent. DHzHPFC performance experiments were carried out after
cell activation and current density–potential (I–V) and current density–power density (I–P)
curves were recorded at various cell conditions. The procedure used for the cell activation
is explained in the supporting information.

Scheme 1. The components of DHzHPFCs.

4. Conclusions

The Pd–Ni alloy nanoparticles were successfully deposited onto the NrGO support us-
ing the electrochemical reduction method. FTIR and XRD spectroscopic studies successfully
demonstrated nitrogen doping in GO. SEM, EDX, and TEM images also confirmed uniform
dispersion of Pd–Ni nanoparticles with a narrow crystalline size in the range of 11–13 nm.
The electrochemical properties of the Pd–Ni/NrGO and Pd/NrGO catalysts were inves-
tigated by employing CV, CA, CP, and EIS techniques, and the results proved that Pd–
Ni/NrGO has a higher catalytic activity and a longer lifetime in comparison with Pd/NrGO.
The results also indicated that the Pd–Ni/NrGO has a higher ECSA (166.38 m2 g−1) than
that of Pd/NrGO (63.67 m2 g−1). Furthermore, the Pd–Ni/NrGO showed a higher catalytic
activity toward hydrazine electrooxidation compared with Pd/NrGO; thus, the hydrazine
oxidation current density on the Pd–Ni/NrGO (12,360.50 A g−1) was higher than that of
Pd/NrGO (6821.22 A g−1). The low activation energy for the electrooxidation of hydrazine
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on the Pd–Ni/NrGO catalyst (10.72 kJ mol−1) revealed that the electrooxidation of hy-
drazine occurs readily on this catalyst. The results of the DHzHPFC setup showed a high
maximum power density in the range of 216.71 mW cm−2 under optimal conditions. In
summary, this work has demonstrated that the unique Pd–Ni/NrGO catalyst has promise
as a potential anode electrocatalyst for DHzHPFC applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111372/s1: Table S1: A summary of the purity of the used materials; Figure S1: The
BSE image of the Pd–Ni/NrGO catalyst; Figure S2: The elemental mapping images of each element
in Pd–Ni/N-rGO, and more details regarding synthesizing of GO.

Author Contributions: Conceptualization, M.G.H. and V.D.-E.; validation, M.G.H. and H.A.; formal
analysis, V.D.-E.; investigation and writing—original draft preparation, V.D.-E.; writing—review and
editing, M.G.H., V.D.-E., S.W. and V.H.; supervision, M.G.H. and V.H.; project administration, M.G.H.
and V.H.; funding acquisition, M.G.H. and V.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Office of the Vice Rector for Research of the University
of Tabriz, and the Austrian Science Fund (FWF) under grant number I 3871-N37, and Open Access
Funding by the Graz University of Technology.

Acknowledgments: The authors gratefully acknowledge financial support from the Office of the
Vice-Rector for Research of the University of Tabriz, the Austrian Science Fund (FWF) under grant
number I 3871-N37, and Open Access Funding by the Graz University of Technology.

Conflicts of Interest: There are no conflict to declare.

References

1. Andrew, M.R.; Gressler, W.J.; Johnson, J.K.; Short, R.T.; Williams, K.R. Engineering aspects of hydrazine-air fuel-cell power
systems. J. Appl. Electrochem. 1972, 2, 327–336. [CrossRef]

2. Tamura, K.; Kahara, T. Exhaust Gas Compositions and Fuel Efficiencies of Hydrazine–Air Fuel Cells. J. Electrochem. Soc. 1976, 123,
776–780. [CrossRef]

3. Akbar, K.; Kim, J.H.; Lee, Z.; Kim, M.; Yi, Y.; Chun, S.-H. Superaerophobic graphene nano-hills for direct hydrazine fuel cells.
NPG Asia Mater. 2017, 9, e378. [CrossRef]

4. Abdolmaleki, M.; Ahadzadeh, I.; Goudarziafshar, H. Direct hydrazine-hydrogen peroxide fuel cell using carbon supported
Co@Au core-shell nanocatalyst. Int. J. Hydrog. Energ. 2017, 42, 15623–15631. [CrossRef]

5. Silva, T.L.; Cazetta, A.L.; Zhang, T.; Koh, K.; Silva, R.; Asefa, T.; Almeida, V.C. Nanoporous Heteroatom-Doped Carbons Derived
from Cotton Waste: Efficient Hydrazine Oxidation Electrocatalysts. ACS Appl. Energ. Mater. 2019, 2, 2313–2323. [CrossRef]

6. Mohammad, A.; Ehtisham Khan, M.; Alarifi, I.M.; Cho, M.H.; Yoon, T. A sensitive electrochemical detection of hydrazine based
on SnO2/CeO2 nanostructured oxide. Microchem. J. 2021, 171, 106784. [CrossRef]

7. Blomen, L.J.M.J.; Mugerwa, M.N. Fuel Cell Systems; Springer: Boston, MA, USA, 1993; ISBN 0-306-44158-6.
8. Amirfakhri, S.J.; Meunier, J.-L.; Berk, D. A comprehensive study of the kinetics of hydrogen peroxide reduction reaction by

rotating disk electrode. Electrochim. Acta 2013, 114, 551–559. [CrossRef]
9. Zhang, X.-Y.; Shi, S.; Yin, H.-M. CuPd Alloy Oxide Nanobelts as Electrocatalyst towards Hydrazine Oxidation. ChemElectroChem

2019, 6, 1514–1519. [CrossRef]
10. Wei, J.; Wang, X.; Wang, Y.; Guo, J.; He, P.; Yang, S.; Li, N.; Pei, F.; Wang, Y. Carbon-Supported Au Hollow Nanospheres as Anode

Catalysts for Direct Borohydride−Hydrogen Peroxide Fuel Cells. Energ. Fuels 2009, 23, 4037–4041. [CrossRef]
11. Cao, D.; Chen, D.; Lan, J.; Wang, G. An alkaline direct NaBH4–H2O2 fuel cell with high power density. J. Power Sources 2009, 190,

346–350. [CrossRef]
12. Khilari, S.; Pradhan, D. MnFe2O4@nitrogen-doped reduced graphene oxide nanohybrid: An efficient bifunctional electrocatalyst

for anodic hydrazine oxidation and cathodic oxygen reduction. Catal. Sci. Technol. 2017, 7, 5920–5931. [CrossRef]
13. Hosseini, M.G.; Mahmoodi, R.; Abdolmaleki, M. High performance direct hydrazine-hydrogen peroxide fuel cell using reduced

graphene oxide supported Ni@M (M = Pt, Pd, Ru) nanoparticles as novel anodic electrocatalysts. New J. Chem. 2018, 42,
12222–12233. [CrossRef]

14. Sapner, V.S.; Chavan, P.P.; Munde, A.V.; Sayyad, U.S.; Sathe, B.R. Heteroatom (N, O, and S)-Based Biomolecule-Functionalized
Graphene Oxide: A Bifunctional Electrocatalyst for Enhancing Hydrazine Oxidation and Oxygen Reduction Reactions. Energ.
Fuels 2021, 35, 6823–6834. [CrossRef]
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Abstract: Due to slow kinetics of oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) during discharging and charging processes, it is essential to rationally design and synthesize
non-precious metal bifunctional electrocatalysts with good performance for metal-air batteries.
Herein, Ag-MnFe2O4 heterojunction nanoparticles supported on N, S, P-codoped graphene (NSPG)
are developed with enhanced ORR and OER bifunctional electrocatalytic activities and stability. In
contrast, S, P-doped graphene (SPG) and N, P-doped graphene (NPG) show less stabilization for
the heterojunction particles. For example, under alkaline conditions, the ORR half-wave potential of
Ag-MnFe2O4/NSPG can reach 0.831 V, and the over potential for OER is 0.56 V at the current density
10 mA·cm−2. Furthermore, Ag-MnFe2O4/NSPG shows better methanol resistance and durability
than Pt/C catalysts.

Keywords: bifunctional; graphene; electrocatalyst; MnFe2O4

1. Introduction

Design and synthesis of efficient bifunctional oxygen electrocatalysts are of critical
importance but challenging for large-scale implementations of Zn-air batteries [1]. Recently,
silver and metal oxides were reported as potential alternative candidates for Pt-based
catalysts [2,3]. After loading onto carbon supports, these relatively inexpensive candidates
can promote both oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).
The combination of silver and metal oxide nanocrystals can improve their electrical con-
ductivity and bifunctional activity due to direct or indirect coupling and electron transfer
between them. For example, the combination of Mn-oxides with Fe, N-codoped carbon
can scavenge hydrogen peroxide for ORR [4]. Different methods have been established to
synthesize N-doped carbon materials from CO2 [5] and biomass materials [6]. An increased
surface nitrogen content was identified as one of the reasons for excellent activity [7]. How-
ever, the volume-specific activity and electronic conductivity of these candidates still need
to be improved.

Graphene (G) has been explored as non-metal catalyst and support for electrochemical
reactions. Pristine graphene has no catalytic activity [8], but chemical doping of het-
eroatoms into graphene lattices could transfer nearby carbon atoms into “active sites”.
Additionally, defects including single C atom vacancy, Stone-Wales defects, and grain
boundaries can modify electronic structures [9]. For example, sole-doped carbons, dual-
doped carbons (N/S [10,11], N/B [12], and N/P [13,14]), and triple-doped carbon materials
(N/P/S [15]) demonstrated improved electrochemical properties. The introduction of N

Catalysts 2021, 11, 1550. https://doi.org/10.3390/catal11121550 https://www.mdpi.com/journal/catalysts
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and/or S atoms could increase spin polarization and charge density of adjacent carbon
atoms to enhance electrocatalytic activities [16,17]. P-doped graphene could provide active
sites to facilitate the formation and dissociation of OOH, the rate-limiting step of ORR [18].
Furthermore, duel-doped and tri-doped graphene demonstrates even better performances
as an electrocatalyst than single-doped graphene due to synergetic effects among different
heteroatoms [9,19]. However, catalytic activities of doped graphene are still not comparable
to Pt/C.

In addition, these dopped graphene can also be utilized to support and stabilize metal-
containing catalysts. According to the hard-soft-acid-base theory, the binding ability of
hard base decreases along with its reducing electro-negativity [20]. Generally, silver is a soft
acid [21], while sulfur is a soft base. The affinity interaction between silver and sulfur helps
stabilize the heterostructure of catalysts. Similarly, the affinity interaction between iron and
nitrogen in carbon materials improves the performance of oxygen electrocatalysts [22,23].
There are various bifunctional catalysts, including Co3O4 @ graphene [24], Co3O4/N-doped
graphene [25], and CoFe2O4/graphene aerogel [26]. Graphene supports are believed to
promote electron transfer and facilitate mass transport of reactants to electrocatalysts. It is
possible to boost the performances of metal heterojunction particle electrocatalysts by the
supporting of multi-doped graphene.

Herein, S, P-co-doped graphene (SPG), N, P-co-doped graphene (NPG), and N, S,
P-multi-doped graphene (NSPG) are synthesized and utilized as supports for Ag-MnFe2O4
heterojunction nanoparticles. Compared with SPG and NPG, NSPG shows better stabiliza-
tion for the heterojunction structure. As a result, Ag-MnFe2O4/NSPG demonstrates better
electrocatalytic performance and higher catalytic activity for ORR and OER.

2. Results and Discussion

XRD analyses were conducted to identify crystallographic structures of carbon-based
materials and transition metal oxide NPs. As shown in Figure 1a, there is a typical
diffraction peak around 26◦, corresponding to the (002) plane of graphene. It indicates
that various oxygen-containing functional groups on graphene oxide disappear to form
graphene after calcination [27], and NPG, SPG, and NSPG have good structures. The XRD
patterns of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG, and Ag-MnFe2O4/NSPG (Figure 1b)
display diffraction features of Ag (JCPDS 65-2871) and MnFe2O4 (JCPDS 10-0319). The
peaks at 38.1◦, 44.3◦, and 64.5◦ correspond to the (111), (200) and (220) planes of Ag,
respectively [28].

Figure 1. (a) XRD patterns of NPG, SPG and NSPG. (b) XRD patterns of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG and
Ag-MnFe2O4/NSPG.

Raman spectra of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG, and Ag-MnFe2O4/NSPG
are shown in Figure 2. The D bands around 1350 cm−1 are associated with the sp3

defect sites, while the G bands near 1600 cm−1 represent the bond stretching of sp2-
bonded pairs [10]. The ID/IG ratios for Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG, and Ag-
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MnFe2O4/NSPG are 0.99, 0.99, 1.01, respectively. It indicates similar defect features for
NPG, SPG, and NSPG.

Figure 2. Raman spectra of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG, and Ag-MnFe2O4/NSPG.

The elemental mapping images of NSPG exhibit the stacking of curved graphene
layers (Figure 3) and C (red), N (green), P (bright yellow), O (orange), and S (blue) elements
are uniformly distributed on the NSPG surface. Thus, N, S, and P elements are successfully
doped into graphene.

Figure 3. EDS elemental mapping images of NSPG.

TEM images in Figure 4 exhibit that heterogeneous nanoparticles are uniformly dis-
persed on the doped graphene sheets, which can facilitate electron transport during cat-
alytic processes and more exposure of active sites, thereby enhancing catalytic perfor-
mances of the catalyst. There is no obvious aggregation of Ag-MnFe2O4 nanoparticles on
the supports, indicating successful loading of nanoparticles on doped graphene. Inter-
estingly, the size of Ag nanocomposites on different supports showed small differences.
The average size of Ag nanocrystals in Ag-MnFe2O4/NSPG is near 8 nm, while those
for Ag-MnFe2O4/NPG and Ag-MnFe2O4/SPG are near 11 nm. It is proved that various
doping elements have different effects on metal particles.
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Figure 4. TEM images for (a,b) Ag-MnFe2O4/NPG, (c,d) Ag-MnFe2O4/SPG, and (e,f) Ag-
MnFe2O4/NSPG.

XPS survey spectra in Figure 5a show the presence of doping elements and loading
nanoparticles. As given in Figure 5b,c the bonds of N 1s (Pyridinic N: 398.32 eV) and S 2p
(S 2P1/2: 165.23 eV) of Ag-MnFe2O4/NSPG have slightly negative shift than N 1s (Pyridinic
N: 398.58 eV) of Ag-MnFe2O4/NPG and S 2p (S 2P1/2: 165.31 eV) of Ag-MnFe2O4/SPG,
and the sharpness of the peak shape slightly decreases. From Table 1, the contents of
N 1s and S 2p in Ag-MnFe2O4/NSPG are lower than N 1s in Ag-MnFe2O4/NPG and
S 2p in Ag-MnFe2O4/SPG, respectively. Doping elements and metal nanoparticles can
provide defect locations, and electron transfer between them can offer large number of ORR
catalytically active sites to easily adsorb oxygen and greatly improve catalytic activity [29].
In addition, the combination of N and Fe and the effect of doping P on C and N have
been shown to improve the ORR activity. Therefore, Ag-MnFe2O4/NSPG can have higher
catalytic activities than other samples.

Table 1. Elemental contents determined by XPS.

Samples
Content (at. %)

N 1s S 2p P 2p C 1s Ag 3d Mn 2p Fe 2p

Ag-MnFe2O4/NPG 2.65 / 0.89 91.38 1.59 1.25 2.24

Ag-MnFe2O4/SPG / 2.55 0.86 91.85 1.53 1.28 1.93

Ag-MnFe2O4/NSPG 1.65 1.72 0.93 90.92 1.48 1.22 2.08
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Figure 5. (a) XPS survey spectra and corresponding high-resolution spectra of (b) N 1s, (c) S 2p,
(d) Ag 3d, (e) Mn 2p, and (f) P 2p.

For the determination of the bulk content of Ag, Mn, and Fe in the synthesized
catalysts, ICP-OES was used. Elemental concentrations are given in Table 2. The atom
ratios of Ag: Mn: Fe were, respectively, 1:1.01:1.83, 1:1.11:1.79, and 1:1.09:1.79 in Ag-
MnFe2O4/NPG, Ag-MnFe2O4/SPG, and Ag-MnFe2O4/NSPG, and the loading contents of
Ag-MnFe2O4 were 22.02 wt.%, 21.61 wt.%, 22.13 wt.%, respectively.

Table 2. Concentrations of Ag, Mn, and Fe determined by ICP-OES.

Elemental Concentration (ppm)

Ag Mn Fe

Ag-MnFe2O4/NPG 183.5 94.3 173.6

Ag-MnFe2O4/SPG 177.9 100.4 164.8

Ag-MnFe2O4/NSPG 182.8 101.6 169.4

To evaluate ORR catalytic performances of obtained composites, cyclic voltammetry
(CV), and linear sweep voltammetry (LSV) measurements were performed in O2- or N2-
saturated 0.1 M KOH solution using a rotating disk electrode (RDE). Some important data
of ORR catalytic performances are shown in Table 3. Figure 6a shows CVs of the three
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samples to explore their ORR catalytic activities. There are obvious reduction peaks appear
for catalysts in O2-saturated electrolyte. The reduction peaks between 0.80 V and 1.10 V
correspond to the reduction of AgO to Ag, while the peaks in the range of 0.60 V to 0.80 V
are assigned to ORR catalytic activities. The ORR peak potentials of Ag-MnFe2O4/NSPG
(0.775 V) is more positive than that of Ag-MnFe2O4/SPG (0.733 V) and Ag-MnFe2O4/NPG
(0.723 V). The results show that Ag-MnFe2O4/NSPG and Ag-MnFe2O4/SPG have good
electrocatalytic properties. To get further insight into ORR activities, LSVs of the samples
with the same scan rate (5 mV s−1) and rotating speed (1600 rpm) are shown in Figure 6b.
Onset potential of Ag-MnFe2O4/NSPG (0.887 V) is better than those of Ag-MnFe2O4/SPG
(0.871 V), Ag-MnFe2O4/NPG (0.869 V), and commercial Pt/C (0.879 V). A similar trend
is observed in half-wave potentials. Ag-MnFe2O4/NSPG presents as of 0.831 V, more
positive than Ag-MnFe2O4/SPG (0.769 V), Ag-MnFe2O4/NPG (0.741 V) and Pt/C (0.827 V),
indicating that Ag-MnFe2O4/NSPG has superior ORR activities. As reported, Ag-MnFe2O4
nanoparticles supported on N, S-co-doped graphene was detected to be 0.824 V of half-
wave potential in LSV [30]. This clearly shows that the doping of graphene with N, S,
and P can significantly improve electrocatalytic activities of Ag-MnFe2O4 toward ORR.
Co-doping of NS, NP, SP, or NSP in graphene can produce asymmetric spin or charge
density, resulting in more active sites and higher catalytic activity than single doping
catalysts [31]. The results also show that NSPG can significantly improve electrocatalytic
performances of Ag-MnFe2O4. The electrocatalytic performances of different catalysts are
shown in Figure 7.

Figure 6. (a) CV and (b) LSV curves of the three samples. (c) ORR polarization curves of Ag-
MnFe2O4/NSPG at different rotation rates and their corresponding (d) K-L plots and (e) n values in
comparison to two other samples. (f) OER LSV curves of the three samples and Pt/C.
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Table 3. ORR catalytic performances of the three samples.

Peak Potentials(V)
in CV

Onset Potential(V)
in LSV

Half-Wave
Potential(V) in LSV

Ag-MnFe2O4/NPG 0.723 0.869 0.741

Ag-MnFe2O4/SPG 0.733 0.871 0.769

Ag-MnFe2O4/NSPG 0.775 0.887 0.831

Pt/C / 0.879 0.827

In order to clarify redox kinetic characteristics and catalytic pathway of Ag-
MnFe2O4/NSPG, LSV measurements were conducted (Figure 6c). Limit current den-
sity rises with increasing electrode rotation rate, enabling more sufficient O2 arrive on the
surface of electrodes, which means higher conversion and faster diffusion kinetics for the
catalyst. The corresponding K-L plots (Figure 6d) show an approximate linear relationship
at different potentials, indicating the first-order reaction kinetics for ORR. The numbers of
electron transfer for different samples during the ORR pathway are given in Figure 6e. The
n values of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG, and Ag-MnFe2O4/NSPG are calcu-
lated to be 3.08~3.21, 3.11~3.23, and 3.69~3.85, respectively. Thus, it indicates an available
four electron pathway for Ag-MnFe2O4/NSPG.

Figure 7. The half-wave potential (vs. RHE) for ORR of different catalysts reported in references.

In addition, the OER performances of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG, Ag-
MnFe2O4/NSPG and Pt/C were studied in O2-saturated 0.1 M KOH electrolyte with a
scanning rate of 1600 rpm (Figure 6f). Prior to the onset of OER, Ag-MnFe2O4 nanopar-
ticles have a redox peak in the region of 1.3~1.6 V (vs. RHE). The potential of Ag-
MnFe2O4/NSPG at the current density of 10 mA·cm−2 (Ej = 10) is 1.79 V, which is better
than Ag-MnFe2O4/NPG (1.91 V), Ag-MnFe2O4/SPG (1.82 V) and Pt/C (1.97 V). Thus, the
corresponding overpotential of Ag-MnFe2O4/NSPG is 560 mV, much smaller than Pt/C
(740 mV). Ag-MnFe2O4/NSPG also demonstrates good OER catalytic performances.

To investigate the durability and methanol crossover effect of Ag-MnFe2O4/NSPG
and Pt/C, chronoamperometric tests were carried out in O2-saturated 0.1 M KOH. As
shown in Figure 8a, Ag-MnFe2O4/NSPG catalyst displays 13.2% decay after 15,000 s, while
Pt/C shows 29.1% decay. Current versus time (I-t) plots along with methanol addition are
shown in Figure 8b. As 5 mL methanol is added into electrolyte at 400 s, the ORR current
of Ag-MnFe2O4/NSPG has no significant change, indicating that Ag-MnFe2O4/NSPG
catalyst has high catalytic selectivity for methanol. In comparison, Pt/C shows sharp
current change due to the oxidation of methanol. It demonstrates the better methanol
tolerance of Ag-MnFe2O4/NSPG.
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Figure 8. (a) Chronoamperometric response and (b) durability assessment of Ag-MnFe2O4/NSPG.

3. Experimental Section

3.1. Chemical Reagents and Materials

Nafion (5%), ferric acetylacetonate (99%), manganic acetylacetonate (99%), silver
acetate (99%), melamine (99%), and 1-dodecanol (98%) were purchased from Sigma-Aldrich.
Oleic acid (90%) and oleylamine (80%) were obtained from Aladdin. Phytic acid (50%
in water) was obtained from Macklin. Dibenzyl disulfide (98%) was purchased from
Beantown Chemical. 20 wt.% Pt/C was purchased from Hesen.

3.2. Material Synthesis

Synthesis of Ag-MnFe2O4 NPs. Ag-MnFe2O4 nanoparticles (NPs) were synthesized
as reported [32]. Then, 1.0 mL oleic acid, 1.0 mL oleylamine, and 10 mL 1-dodecanol were
mixed with stirring and heated to 220 ◦C. Then, 120 mg silver acetate was added and reacted
for 1 h. The mixture was then cooled down to 200 ◦C. Next, 120 mg ferric acetylacetonate
and 60 mg manganic acetylacetonate were subsequently added and reacted for another 1 h.
The mixture was heated up to 220 ◦C and reacted 2 h. Finally, the mixture was cooled to
room temperature. Products were collected and washed three times with ethanol.

Synthesis of NPG/SPG/NSPG. NPG, SPG, and NSPG were synthesized by similar
route to NG [30]. Graphene oxide (GO) was synthesized by the Hummers’ method [33].
Then, 100 mg GO was dispersed in 100 mL deionized water with ultra-sonication for 4 h
to achieve a uniform solution. Then, 50 mg melamine and 50 mL phytic acid were slowly
added into the dispersion. After 1 h ultra-sonication, the suspension was maintained under
stirring at 90 ◦C for 2 h. After centrifugation with water, the precipitate was freeze-dried
under vacuum. Finally, the powder was calcinated at 700 ◦C for 4 h at a heating rate of
5 ◦C min−1 with a flow of Ar gas, denoted as NPG. SPG and NSPG were also synthesized
with similar routes except for the replacement of melamine with 50 mg dibenzyl disulfide
for SPG, 25 mg melamine and 25 mg dibenzyl disulfide for NSPG, respectively.

Synthesis of Ag-MnFe2O4/NPG, Ag-MnFe2O4/SPG and Ag-MnFe2O4/NSPG. Ag-
MnFe2O4 NPs (8 mg) and doped graphene (16 mg) were dispersed in 24 mL toluene with
stirring. After 16 h, solid materials were collected and washed with water for three times.
The obtained materials were dried at room temperature and labeled as Ag-MnFe2O4/NPG,
Ag-MnFe2O4/SPG and Ag-MnFe2O4/NSPG nanocomposites.

3.3. Material Characterizations

Transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopic (XPS), and Raman analyses of the samples were carried out as reported [30].
The content of nanoparticles in Ag-MnFe2O4/NSPG was determined by dissolving 0.25 g
nanocomposite in 20 mL 5.0% HNO3 solution for 2 h at room temperature and another
6 min at 80 ◦C, and then diluted to 100 mL with ultrapure water. Finally, elemental
concentrations were measured by PerkinElmer Avio 200 ICP-OES.
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3.4. Electrochemical Measurements

Ink of catalyst sample including 4.0 mg catalyst powder, 1.0 mg carbon black, 800 μL
water, 200 μL isopropanol, and 20 μL Nafion (5%) was ultrasonicated for 1 h. Then, 3 μL
ink was pipetted onto a glassy carbon disk. The ORR and OER performances were then
studied with the rotating disk electrode (RDE) technique using the ALS RRDE-3A and CHI
760D system as reported [30].

4. Conclusions

In summary, heterojunction Ag-MnFe2O4 nanoparticles have been synthesized and
supported on various doped graphenes, including NPG, SPG, and NSPG. Among these
composites, Ag-MnFe2O4/NSPG demonstrate superior ORR and OER electrocatalytic
performances, excellent durability and methanol resistance. ORR half-wave potential of
Ag-MnFe2O4/NSPG reaches 0.831 V, which exceeds that of commercial Pt/C (0.827 V).
When the OER current density is 10 mA·cm−2, the potential of Ag-MnFe2O4/NSPG is
1.79 V, which also exceeds that of Pt/C (1.97 V). The multi-doping also stabilizes the
loading of metal particles, so that Ag-MnFe2O4/NSPG shows good methanol resistance
and excellent durability. After 14,000 s, the current loss is only reduced by 13.2%, much
lower than that of Pt/C (29.1%). This indicates that metal particles/doped graphene
composites have great application potentials and good prospects in metal-air batteries.
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Abstract: We report here the preparation and characterization of polyaniline Ni-complex catalytic
electrode by one-pot plasma deposition for the electrochemical detection of phosphate via the redox
reaction of glucose. We first prepared a precursory solution by combining NiCl2 and 3-aminobenzoic
acid in a mixed solution of methanol (MeOH) and water, and adding aniline as a conductive polymeric
precursor for increasing the electron transfer potential. We then synthesized the catalytic electrode
in a one-step cold plasma process by preparing the precursors on ITO glass. We characterized the
obtained Ni-coordinate catalytic electrode via X-ray photoelectron spectroscopy (XPS), field emission
scanning electron microscopy (SEM), and electrochemical methods. Electrochemical characterization
produced stable redox properties of Ni3+/Ni2+ couples in a 0.1 M NaOH solution. Cyclic voltametric
experiments have drastically increased electrocatalytic oxidation and reduction of glucose by increas-
ing the concentration of phosphate (PO4

3−) ions using the prepared Ni-modified catalytic electrodes.
From these results, the prepared catalytic electrode could be used as the electrochemical sensor for
phosphate in actual water.

Keywords: plasma deposition; polyaniline Ni-complex catalytic electrode; electrochemical detection;
phosphate ion; glucose; redox behavior of Ni3+/Ni2+ couples

1. Introduction

Quantitative evaluation of phosphates, both of inorganic compounds and organic
compounds, is important in biomedical research, biological diagnosis, and environmental
monitoring [1–3]. The sensing range of phosphorus is between 0.2 in 10 mg/L in natural and
waste waters and between 0.2 and 50 mg/kg in soil. A maximum permissible concentration
of phosphate in river water is 0.32 μM and ranges between 0.0143 and 0.143 mM in
wastewater [4]. As a diagnostic fluid, the concentration of phosphate ions in human saliva
is variable, ranging from between 5 and 14 mM [5]. Adult human serum with a range of
0.81 to 1.45 mM PO4

3− was used [6]. Many researchers have developed various detection
methods for phosphate such as phosphate ion selective electrodes [7], chromatography [8],
spectroscopy [9], and the development of sensors exploiting enzymatic reactions [10,11].
However, little has been reported about electrochemical detection, which is known as a
simpler method then those described above.

On the other hand, there are many studies published about the nonenzymatic elec-
trochemical detection of glucose based on metallic nanoparticle electrodes, which contain
Ni, Pd, Au, Co, and nanoparticles, etc. [12,13]. Furthermore, metal-complex electrodes
were also reported such as Cu-complex, Ni-complex, and Zn-complex electrode, etc., for
the detection of glucose [14,15]. In a previous paper, we also prepared the Ni-complex
electrode by a plasma process for the detection of methanol [16]. In the study, we used
polyacrylic acid as ligands to immobilize the metal Ni. However, though polyacrylic acid
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was a good ligand for immobilizing Ni ions, the vinyl polymers and polyacrylic acid were
not good electron transfer materials because of their low conductivity.

Conducting polymers are important functional materials which have been widely
applied to prepare electrochemical biosensors, due to their interesting and tunable chem-
ical, electrical, and structural properties [17–20]. Therefore, conducting polymers have
been widely applied in the fields of bioanalytical and biomedical science [21], drug deliv-
ery [22,23], tissue engineering [24], and cell culture [25] because of their essential properties
and biocompatibility [26,27]. In addition, conducting polymers express an attractive sen-
sitive material for biosensors because of electrical properties that allow them to transmit
biochemical information onto electrical signals. Furthermore, conducting polymers can be
easily grafted by modifying their functional groups, which offers the possibility of improv-
ing their ability to sense and quantify bioanalytes or to maximize the interactions between
biomolecules and functional polymers [28,29]. Therefore, after a short explanation of the
electrochemical processes used in conducting polymer-based biosensors, the biosensors
will be described to enhance the recently advanced research into conducting polymer-based
electrochemical biosensors.

Low temperature plasmas can be prepared for polymers in laboratories and in indus-
trial applications. Low temperature plasma is the electric glow discharge made by using
power sources such as AC, DC, and microwave [30–32]. Alternatively, high temperature
plasmas are not used for making organic materials due to their heat labile characteristics.
Plasma polymerization is not limited to preparing organic materials, and the plasma syn-
thesis of inorganic materials should be included in plasma polymerization. However, little
has been reported about the plasma polymerization of aniline as a conducting polymer
precursor because it was difficult to make conjugation bonds from the main chains in
polyaniline by plasma polymerization until now.

In this study, we first fabricated polyaniline Ni-coordinate catalytic electrode by
applying a one-step plasma polymerization process and investigated the electrochemical
redox of glucose as a mediator to measure the phosphate ion for the electrochemical
sensor of phosphate in actual water. We found that a polyaniline Ni-complex catalytic
electrode can be applied as an electrochemical oxidation for glucose in the presence of high
concentrations of phosphate.

2. Results

2.1. Contact Angle Analysis

The No. 1, 2, 3, and 4 electrodes used were: an indium tin oxide (ITO) electrode; a
polyaniline-grafted ITO electrode; the benzoic acid-modified polyaniline electrode; and
a polyaniline Ni-complex catalytic electrode, respectively. Figure 1 shows the contact
angles of the prepared polyaniline Ni-coordinate catalytic electrodes found by applying the
plasma process. The contact angle is important wherever the intensity of the phase contact
between liquid and solid substances needs to be checked or assessed. By examining the
water contact angles, we determined that the contact angle of the bare ITO electrode, No. 1
was 77◦ and the contact angles of the polyaniline Ni-coordinated catalytic electrodes, No. 2,
No. 3, and No. 4 were 60◦, 53◦, and 51◦, respectively, at room temperature. As a result, the
base ITO glass had nearly hydrophobic characteristics and a high contact angle. Compared
to base ITO glass, the contact angles of the prepared polyaniline Ni-coordinated electrodes
were remarkably low, due to the presence of a large amount of the functionalized COOH
groups from 3-aminobenzoic acid, which had hydrophilic properties. The existence of
hydrophilic metallic coordination materials on each electrode also converted hydrophobic
ITO to hydrophilic characteristics. From these results, we concluded that the polymeric
metallic (Ni)-complex surface has hydrophilic properties. It is shown that the polyaniline
Ni-complex catalytic electrode was successfully coated onto ITO surfaces by the one-pot
plasma process easily and simply.
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Figure 1. Contact angles of the prepared catalytic electrode by plasma deposition (see Table 1).

2.2. SEM Data Analysis

The surface morphologies of the original ITO electrode (No. 1) and the polyaniline
Ni-complex catalytic electrodes (No. 2, 3, and 4 in Table 1), were exhibited by scanning them
with electron microscopy (SEM) (Figure 2). The polyaniline Ni-complex catalytic electrode
surface appears amorphous, morphology that was suggested by the clear deposition
of polyaniline Ni-complex onto the ITO substrate. When we used a cross-linker of 3-
aminobenzoic acid (No. 3 and 4), the polyaniline was aggregated because the main chains
of polyaniline connected with each other.

Figure 2. SEM images of the prepared catalytic electrode surface by plasma deposition (see Table 1).

2.3. AFM Data Analysis

Figure 3 exhibits the AFM data of the prepared polyaniline Ni-complex catalytic
electrode surfaces by the one-pot plasma process (see Table 1). In No. 1, the ITO surface
roughness is lower than that of the polyaniline-grafted ITO electrode (No. 2), the benzoic
acid-modified polyaniline electrode (No. 3), and the polyaniline Ni-complex catalytic
electrode (No. 4). These results mean that the polyaniline Ni-complex catalytic electrodes
were successfully coated by one-pot cold plasma deposition.
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Figure 3. AFM images of the prepared catalytic electrode surface by plasma deposition (see Table 1).

2.4. EDS Data Analysis

Figure 4 demonstrates SEM-EDAX analysis of the prepared polyaniline Ni-complex
catalytic electrode surfaces by cold plasma deposition (No. 4 in Table 1). The EDAX images
of the prepared Ni-complex catalytic electrodes exhibit significant spots of carbon, oxygen,
and Ni on their surfaces. This means that the surface deposition of polyaniline Ni-complex
on the ITO electrodes via the one-step cold plasma process was successful.

Figure 4. EDAX analysis of the prepared Ni-modified catalytic electrode surface by plasma deposition
(No. 4 in Table 1).

2.5. XPS Data Analysis

Figure 5 shows the XPS survey scan spectra data of the amino benzoic acid-modified
polyaniline (No. 3) and the polyaniline Ni-complex catalytic electrodes (No. 4) fabricated
via cold plasma deposition. In No. 3, there are no Ni peaks at 853 eV, while in No. 4, the
two peaks at 853.3 eV and 834.9 eV, included binding to the energies of NiO 2p3/2 and NiO
2p1/2, designating the presence of Ni in the electrode. Additionally, the peaks at 400 eV
suggest that the N is in the form of cross-linked chemicals of amino benzoic acid, acting
as ligands. The O1s peak is roughly 531.8 eV, which indicates the presence of a carboxylic
acid (amino benzoic acid) in the electrode.
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Figure 5. XPS survey scan spectra of the prepared catalytic electrode surface by plasma deposition
(see Table 1).

2.6. Electrochemical Data Analysis

We performed cyclic voltammetry to determine the electrochemical performance of the
prepared polyaniline Ni-complex catalytic electrodes. Figure 6 exhibits the cyclic voltam-
metry (CV) of these electrodes in 0.1 M NaOH electrolyte with a scan rate of 100 mV/min.
The cyclic voltammogram of the synthesized Ni-complex catalytic electrodes facilitated
the oxidation-reduction peak, which was indicated by the oxidation and reduction of the
Ni2+/Ni3+ couple in the NaOH electrolyte on the left side. From these results, we suggest
that the Ni-complex catalytic electrode could be used as an electrochemical catalyst sensor
for the detection of organic molecules. Therefore, we selected glucose as the mediator
molecule to obtain its redox peak. When we added the glucose to NaOH electrolytes, the
redox peaks of Ni2+/Ni3+ couples of the polyaniline Ni-complex catalytic electrode were
shifted as shown by the red line of cyclic voltammogram on the right side in Figure 6.
Furthermore, the current values and electrochemical potential windows were increased
by adding glucose. These results mean the glucose is also oxidized and reduced on the
Ni-complex catalytic electrode. To determine phosphate ion molecules, we added sodium
phosphate in NaOH electrolytes with glucose and Ni-complex catalytic electrodes to obtain
the shifted redox peaks of cyclic voltammograms, as shown by the blue line on the right side
in Figure 6. These results strongly indicate that the prepared Ni-complex catalytic electrode
could be used as an electrochemical catalytic sensor for the detection of phosphate.
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Figure 6. Cyclic voltammograms of the prepared catalytic electrode (No. 4) in 0.1 M NaOH with scan
rate 100 mV/min.

2.7. Electrochemical Detection of Phosphate

Figure 7 shows cyclic voltammograms of 1.0 mM glucose by the prepared Ni-complex
catalytic electrode (No. 4) in 0.1 M NaOH electrolytes with different sodium phosphate
levels and a scan rate of 100 mV/min. The redox peaks of glucose rose by increasing the
concentration of sodium phosphate to 0.006 M. This electrochemical detection indicated that
the prepared Ni-complex catalytic electrode could be used as an electrocatalytic biosensor
for sensing phosphate ions. The catalytic efficiency, presented as a current density value of
the fabricated Ni-complex catalytic electrodes for detection of glucose oxidation without
sodium phosphate, was calculated to be 11.5 mAM−1 cm−2. We also examined that the
stability of the fabricated polyaniline Ni-complex catalytic electrode via cyclic voltammetry.
The current value of the fabricated Ni-complex catalytic electrode decreased to about
21.3% from its maximum peak after 120 cycles, which suggests an acceptable stability was
achieved.

Figure 7. Cyclic voltammograms of 1.0 mM glucose by the prepared catalytic electrode (No. 4).with
different sodium phosphate in 0.1 M NaOH with scan rate 100 mV/min.

3. Discussion

The polymeric metal coordination of chemicals with Ni2+/Ni3+ redox couples have
received considerable interest in recent years due to their properties of alkalinizing elec-
trolytes. There are many common applications for using redox mediators between target
compounds and the prepared electrodes in many electrochemical redox processes. Fur-
thermore, the fabrication process is usually simple and easy and the characteristics of the
coatings that result can be carefully controlled [33]. In a previous paper [16,34], polymeric
metal complex chemicals with Ni, Cu, and Fe were synthesized via an alternate current
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(AC) plasma deposition process to detect H2O2 and methanol, respectively. The exhibited
method of polymeric fabrication, specifically, conducting a polymer metallic coordinator
with a glucose redox reaction as a catalytic mediator, was effective. Therefore, we examined
the plasma polymerization of the precursors as shown in Figure 8. Figure 8 exhibits the
schematic preparation of polyaniline Ni-complex catalytic electrode by plasma process for
detection of phosphate. If we begin with aniline as an electron transfer material, metal salts
as catalytic mediators can be synthesized by coordinating metal ions with the carboxyl
groups of 3-aminobenzoic acid.

Figure 8. Schematic preparation of polyaniline Ni-complex catalytic electrode by plasma process for
detection of phosphate.

On the other hand, linear polyaniline can be synthesized in two ways: by chemical
oxidation of aniline monomers in an acid solution [35]; or by electrochemical oxidation [36].
Cross-linked polyaniline exhibits characteristics similar to that of linear polyaniline but
with lower values of conductivity and solubility in solvents and a higher mechanical
strength [37]. Plasma polymerization is a more easy and simple process than conventional
polymerization, which involves casting film from a solution because the fewer fabrication
steps are needed in the former. It is a free solvent, room temperature process that does
not require the use of chemical oxidants. The ultra-thin film with controllable thicknesses
in the nanometer range can easily be formed on the surfaces of substrates by plasma
polymerization [38]. Plasma polymerization mechanisms are a major source of free radicals
and negative ions attributed to the collisions of the monomer molecules with electrons
generated by electric discharges [39]. The polymers from plasma polymerization do not
contain regularly repeating units; while the chains are branched and randomly terminated
with a high degree of cross-linking. The free radicals are trapped, and this results in changes
to the plasma polymer network over time [40]. Polyaniline formations on film structures by
plasma polymerization have been reported earlier. There is not much detailed information
available about polyaniline structure by plasma polymerization.

In our case, plasma is a partially ionized gas with radicals, ions, electrons, photons,
and molecules that are excited during the plasma process. It is a highly reactive mixture of
species, which are different from conventional gaseous mixtures. The resulting catalysts
under the influence of plasma, can include very different species from those prepared by
conventional thermal preparation. Plasma has been extensively applied for catalyst prepa-
ration because of this [16]. In this experiment, the precursors with metallic coordination
were vaporized as plasma. Polymeric-Ni coordinated chemicals with special morphology
were controlled through a fast-collision process using a quenched gas, as shown in Figure 9.
Figure 9 shows the possible polymerization mechanism of the functional polyaniline during
the cold plasma process. During the plasma process, precursor radicals were generated as
shown in Figure 9 (1), and then the generated aniline radicals were polymerized as shown
by the schematic in Figure 9 (2) and (3). Finally, we obtained the carboxylic acid-modified
polyaniline as shown in Figure 9 (4).
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Figure 9. Possible polymerization mechanism of the funetional polyaniline during cold plasma
process.

Figure 10 exhibits the electrocatalytic mechanism of a glucose redox reaction on the
surface of a Ni-complex polymeric catalytic electrode. The Ni2+ was first electrochemically
oxidized to Ni3+, which then reacted electrochemically with glucose and resulted in the
glucose converting to products such as lactone and in the regeneration of the catalyst.

Figure 10. Catalytic redox mechanism of glucose on polyaniline Ni-complex electrode prepared by
plasma process for detection of phosphate.

Figure 11 exhibits the formation of D-(+)-glucos-6-phosphate during the electrochem-
ical process of alkaline electrolytes with the presence of a phosphate ion. The prepared
D-glucose-6-phosphate compounds show the shifted redox peaks as shown in Figure 11.
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Figure 11. Formation of D-(+)-glucos-6-phosphate during electrochemical process.

4. Materials and Methods

4.1. Reagents

Aniline, indium tin oxide (ITO) plate as the working electrode (30–60 Ω/sq, 25 mm ×
25 mm × 1.1 mm, Sigma Aldrich Co.), 3-Aminobenzocic Acid (Tokyo Kasei), nickel chloride
(NiCl2, Oriental Chemical Industry, Osaka, Japan), potassium chloride (KCl, Ducsan
Pharmaceutical Co., Ltd., Seoul, Korea), methyl alcohol (MeOH, Samchun, Pyeongtaek-si,
Korea), and sodium hydroxide (NaCl, Samchun) were purchased, respectively, and used
during treatments.

Phosphate buffer solution (PBS) was synthesized by mixing 0.1 M NaH2PO4 and
0.1 M Na2HPO4 and the pH was controlled to a value of 7.4. For this, we obtained a water
purification experiment solution by Milli Q plus water purification systems (Millipore, Co.,
Ltd., Toronto, ON, Canada), and the final resistance of water was 18.2 MΩ cm−1).

4.2. Research Instruments

We determined the surface characteristics and contact angle (PHOENIX 300, Surface
Electro Optics Co., Ltd., Seoul, Korea), using scanning electron microscopy (FE-SEM, S
4800, Hitachi, Tokyo, Japan) and X-ray photoelectron spectroscopy (MultiLab. ESCA 2000,
Thermo Fisher Scientific, Inc., MA, USA). We performed cyclic voltammetry (CV) using a
VersaSTAT 3 potentiostat/galvanostat (AMETEK, Pennsylvania, USA) and a conventional
3 electrode system with an ITO plate as the working electrode, a platinum wire as the
counter electrode, and Ag/AgCl as a reference electrode.

We used a plasma device with power restricted to the range of 200 to 250 W. Most of
the experiments were performed in the region of 200 W. The torch used in this experiment
was conical and the diameter of the torch tip was 2.0 mm. Nitrogen was supplied as the
working gas in a tank connected to the plasma generator, with a flow controller inside.
The plasma generator was applied to hold the pressure at a constant level. The percussor
solution was injected into the plasma device jet by a syringe pump in the downstream
region. The ITO plate was placed under a plasma jet at a distance of 1 cm and manually
moved during the plasma deposition process.

4.3. Preparation of Polyaniline Ni-Complex Catalytic Electrode

Table 1 exhibits the preparation condition of precursors for AC plasma process. We
prepared the precursor solutions for the experiment as follows. First, a precise amount of a
nickel chloride salt was dissolved in the mixture of a water and methanol solution, and
then added the 3-aminobenzoic acid as ligands and aniline as the electron transfer material.
This detailed the precursor solution for the preparation of polyaniline Ni-complex catalytic
electrode as shown in Table 1. Subsequently, the ITO plate was pre-washed in ethanol and
ultrasonicated for ten minutes before plasma deposition. The ITO substrate was slowly
moved in the x and y directions during the deposition process and the deposition time was
5 min. The precursors were injected into the AC plasma jet using a syringe pump at a flow
rate of 0.3 mL/min, and the nitrogen gas pressure was kept constant at 0.018 MPa. After the
deposition process was completed, the prepared electrode was washed in a MeOH/H2O
mixture to remove nonreactive precursors, then dried and stored at 4 ◦C before application.
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Table 1. Preparation condition of precursors for AC plasma process.

Aniline
(mmol)

3-Aminobenzocic
Acid (mmol)

Nickel Chloride
(mmol)

Water
(mL)

MeOH (mL)

No. 1 - - - - -

No. 2 54.8 - - - -

No. 3 54.8 0.2 - 0.5 0.08

No. 4 54.8 0.2 0.2 0.5 0.04

5. Conclusions

The polyaniline Ni-coordinate catalytic electrode for glucose oxidation could be suc-
cessfully prepared by a one-pot plasma process of synthesized precursor solutions. We
successfully fixed the fabricated Ni-complex catalytic electrode with Ni coordination chem-
icals on the surface of an ITO substrate by adjusting SEM, contact angle, XPS, cyclic
voltammetry, and SEM-EDS, and evaluated the catalytic efficiency of glucose in an alkaline
solution. From the results, we have arrived the following conclusions:

(1) A polyaniline Ni-coordinated catalytic electrode can be fabricated easily and simply
by one-pot plasma deposition without further treatment.

(2) The catalytic activity and anodic peak potential of glucose were 11.5 mAM−1cm−2

and 0.54 V, respectively. Therefore, the polyaniline Ni-complex catalytic electrode
shows higher catalytic activity for glucose oxidation.

(3) By adding phosphate, the currents of anodic peak potential rose as phosphate ion
concentration increased.

(4) The stability of the polymeric Ni coordination electrode seems to be acceptable for
practical applications.

(5) The fabricated polyaniline Ni-complex catalytic electrode could be used as phosphate
sensors.
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Abstract: Electrocatalysis using low-cost materials is a promising, economical strategy for remedia-
tion of water contaminated with organic chemicals and microorganisms. Here, we report the use of
iron phosphide (Fe2P) precatalyst for electrocatalytic water oxidation; degradation of a representative
aromatic hydrocarbon, the dye rhodamine B (RhB); and inactivation of Escherichia coli (E. coli) bacteria.
It was found that during anodic oxidation, the Fe2P phase was converted to iron phosphate phase
(Fe2P-iron phosphate). This is the first report that Fe2P precatalyst can efficiently catalyze elec-
trooxidation of an organic molecule and inactivate microorganisms in aqueous media. Using a thin
film of Fe2P precatalyst, we achieved 98% RhB degradation efficiency and 100% E. coli inactivation
under an applied bias of 2.0 V vs. reversible hydrogen electrode in the presence of in situ generated
reactive chlorine species. Recycling test revealed that Fe2P precatalyst exhibits excellent activity and
reproducibility during degradation of RhB. High-performance liquid chromatography with UV-Vis
detection further confirmed the electrocatalytic (EC) degradation of the dye. Finally, in tests using
Lepidium sativum L., EC-treated RhB solutions showed significantly diminished phytotoxicity when
compared to untreated RhB. These findings suggest that Fe2P-iron phosphate electrocatalyst could be
an effective water remediation agent.

Keywords: Fe2P-iron phosphate; electrocatalysis; rhodamine B; Escherichia coli; reactive chlorine
species

1. Introduction

Electrochemical oxidation has emerged as a promising means of eliminating contami-
nants from water [1]. The growing presence in wastewaters of organic pollutants such as
pharmaceuticals, pesticides and dyes has become a major concern, as has the presence of
heavy metals and pathogenic microorganisms. Removal of these substances is complex
and energy-inefficient [2–7]. Anodic oxidation of organics at electrode surfaces is one set of
methods for removing these contaminants [8,9]. Direct oxidation occurs by electron transfer
between the substrate molecule and the electrode surface [9,10], whereas indirect oxidation
involves the generation of reactive oxygen species (ROS) or reactive chlorine species (RCS).

Catalysts 2022, 12, 269. https://doi.org/10.3390/catal12030269 https://www.mdpi.com/journal/catalysts
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ROS include hydroxyl radicals (•OH), hydrogen peroxide (H2O2) and ozone (O3). RCS
include chlorine (Cl2), hypochlorous acid (HClO), chlorate (ClO−) and chlorine radicals
(Cl• or Cl2•−) [11–13]. RCS such as Cl2 and HClO have been shown to be effective in the
degradation of alcohols [11], carboxylic acids [14], dyes [15], pharmaceuticals [16] and tan-
nery effluents [17] and for inactivation of microorganisms [18]. During the process of RCS
generation, oxidation of Cl− ions yields Cl2, which is stable in acidic medium (pH < 3.3) or
hydrolyzes to HClO (3.3 < pH < 7.5) and ClO− ion (pH > 7.5) [11]. The standard potential
for the Cl2 evolution (Cl−/Cl2 1.36 V vs. normal hydrogen electrode (NHE)) is relatively
low, making it an attractive option for efficient electrochemical wastewater treatment [19].

Electrochemical oxidation of organics usually allows the oxidation of pollutants to
H2O and CO2. This approach is often used for remediation of organics, including dye
molecules such as methylene blue [20], rhodamine B (RhB) [21] and methyl orange [20].
RhB removal from wastewater is particularly important due to its toxicity and carcinogenic
effects [21].

The application of the electrocatalytic (EC) process for water disinfection has been
investigated as well [22,23]. In water recycling, water disinfection constitutes the final
crucial step, which represents the last barrier against harmful microorganisms [23,24].
Disinfection is necessary to remove harmful bacteria present in wastewater. These bac-
teria include Salmonella [25], Escherichia coli (E. coli) [26], Pseudomonas aeruginosa [18] and
Enterococcus faecalis [27]. E. coli is the preferred indicator for fecal contamination in drinking
water [28].

Materials such as platinum (Pt) [26,29], iridium oxide (IrO2) [30], titanium dioxide
(TiO2) [31,32], tin dioxide (SnO2) [15,21,32], boron-doped diamond (BDD) [21,33] and
dimensionally stable anodes (Ti/TiO2-RuO2, Ti/RuO2-IrO2) [15,34] have already been
employed as electrocatalysts for RhB dye degradation and E. coli inactivation. Available
evidence indicates that Pt and IrO2 are efficient catalysts for oxidation of Cl− ions that
exhibit low-onset potential (~1.42 V) for Cl2 evolution [35]. However, their widespread ap-
plication is unfeasible since these materials are scarce and costly [36]. Other, less expensive
materials, such as TiO2, SnO2 and BDD, are inefficient electrocatalysts since they require
high overpotential for Cl2 evolution [19].

Transition metal phosphides (TMPs) such as iron phosphide, copper phosphide, cobalt
phosphide and nickel phosphide [37,38] and transition metal phosphates (TMPHs) made
of cobalt phosphate, nickel phosphate, manganese phosphate, iron phosphate, etc., have
emerged as promising alternatives to the noble metal catalysts (e.g., Pt) for electrochemical
water splitting [38,39]. TMPs and TMPHs show great promise as catalysts since they are
made of abundant elements and offer high catalytic activity [38]. For example, Fe2P was
demonstrated to deliver 10 mA cm−2 at an overpotential of 290 mV vs. RHE to drive O2
evolution reaction (OER) in 1 M KOH [40]. On the other side, TMPH made of nickel-iron
hydroxylphosphate (NiFe-OH-PO4) was shown to deliver a current density of 20 mA cm−2

at an overpotential of 249 mV for OER [41]. In addition to OER studies, TMP made of
ternary NiCoFe phosphide was demonstrated as a suitable catalyst for oxidation of Cl−
ions to Cl2 gas [42]. The latter ability of TMPs can be used as an effective strategy in
wastewater treatment where Cl− ions are present. Although TMPs are studied extensively,
there are still unclear points associated with their stabilities observed during the water
electrolysis experiments. The majority of the published articles on the use of TMPs in OER
studies demonstrate the formation of a thin metal phosphate or metal oxide/hydroxide
layer after the water electrolysis tests [38,43,44]. Often, the conclusion about the state of
catalyst is drawn using techniques such as energy-dispersive X-ray spectroscopy or surface
sensitive techniques such as X-ray photoelectron spectroscopy. However, to properly
address possible phase conversions, the use of X-ray diffraction is also needed in addition
to the above-mentioned techniques.

In the present study, Fe2P transformed into iron phosphate during electrocatalytic
degradation of RhB dye and inactivation of E. coli bacteria. Since the phase is not well
defined, it is abbreviated as Fe2P-iron phosphate. To our knowledge, Fe2P-iron phosphate
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electrocatalysts have never been applied for the degradation of organics and disinfection
of water. First, we synthesized colloidal Fe2P nanoparticles (NPs) using a solvothermal
approach, followed by spin-coating titanium (Ti) substrates with Fe2P. To activate the Fe2P
catalyst, a short heat treatment at 450 ◦C was carried out. The role of heat treatment is
two-fold: first, to activate the catalyst by removal of organic capping molecules; second,
to improve the adhesion of the catalyst onto the substrate [45]. The degradation of RhB
was monitored using UV-Vis spectroscopy and high-performance liquid chromatography
(HPLC) with spectroscopic monitoring. The inactivation of E. coli was monitored by plating
bacteria suspension onto a medium after the treatment. Bacterial regrowth experiments and
enumeration confirmed the rapid and complete inactivation of E. coli. Recycling test and
linear sweep voltammetry revealed that Fe2P-iron phosphate electrode exhibits excellent
reproducibility. The catalysts were characterized using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photoemission spectroscopy (XPS) and
X-ray diffraction (XRD), along with other suitable electrochemical techniques.

2. Results and Discussion

2.1. Characterization of Fe2P Thin Films

XRD diffractogram of the sample taken before heat treatment revealed that Fe2P is
its sole constituent (Figure 1a). The intense diffraction peaks at 40.37, 44.30 and 52.91◦
correspond to (111), (201) and (002) crystallographic planes of the hexagonal Fe2P (P62m,
PDF # 1008826). The calculated crystal lattice parameters are in good agreement with the
literature data for hexagonal Fe2P (a = b = 5.851 ± 0.0034 Å, and c = 3.507 ± 0.0026 Å) [46].
The crystallite size and the intrinsic strain calculated using the Williamson−Hall (W−H)
method yielded an average size of 18 ± 0.0010 nm and 4.5 × 10−3 ± 0.0007 a.u., respectively
(Text S1, Figure S1). The reliability of the refined fit was assessed by the weighted profile
(Rwp) and Bragg (Rb) factor values that, at Rwp = 4.23% and Rb = 4.11%, met the established
criteria (Rwp < 20%) for good refinement [47]. The XRD pattern of the Fe2P catalyst
(Figure S2) after the heating procedure (450 ◦C) was almost identical to that recorded for
the initially synthesized Fe2P NPs. This result confirms that the stoichiometry and crystal
structure were unchanged by the procedure.

 

Figure 1. (a) XRD pattern of Fe2P with a Rietveld refinement fit. (b) TEM image of Fe2P NPs. (c) Size
distribution plots of Fe2P NRs taken from (b). (d) HR-TEM image taken from an individual Fe2P NP.

TEM studies revealed that the obtained Fe2P sample contained two morphologies:
nanospheres (NSs) and nanorods (NRs) (Figure 1b). The nanosphere Fe2P had a uniform
diameter (about 5 ± 0.1 nm on average, as shown in Figure S3), while Fe2P NRs varied in
size (reaching 8.79 ± 0.03 nm in diameter and 23 ± 0.98 nm in length on average, as shown
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in Figure 1c). HR-TEM studies indicated that the lattice spacing of 0.158 nm corresponds to
the (102) crystal plane of hexagonal Fe2P (Figure 1d).

We studied the morphology of the obtained Fe2P thin film using SEM. As seen in
Figure 2a,b, the morphology of Fe2P thin film contains large aggregates and densely packed
NPs. An SEM image taken at high magnification shows that the diameter of Fe2P particles
is on the order of 200 nm (Figure 2c). The thickness of the resulting Fe2P film, as determined
from the cross-section SEM image, is about ~2 μm (Figure 2d). EDS analysis combined
with elemental maps for Fe and P confirmed that these agglomerates were made of iron
phosphide and that the stoichiometric ratio of Fe:P elements is 2:1 (Figure 2e−i).

Figure 2. SEM images of Fe2P thin film at different magnifications in (a–c) top views and in
(d) cross-sectional view. (f–h) Images with elemental maps are given for Fe, P and Ti, taken from the
Fe2P sample shown in (e). (i) EDS spectrum recorded from the image in (e).

2.2. Electrochemical Studies

The catalytic activity of Fe2P films was studied using linear sweep voltammetry (LSV).
Figure 3a shows liner sweep voltammograms of Fe2P film recorded in four electrolytes
(0.06 M), namely NaCl, NH4Cl, Na2SO4 and NaOH. In each case, the recorded onset
potential for Faradaic processes is close to ~1.7 V vs. RHE. The current in Na2SO4 and
NaOH electrolytes is lower due to the dominating O2 evolution reaction [48]. However,
in the presence of NaCl and NH4Cl electrolytes, O2 evolution at the anode competes with
oxidation of Cl− ions leading to Cl2. We also performed an LSV study with the Fe2P catalyst
in 10−5 M RhB solution (0.06 M NaCl) before the heat treatment experiment (Figure S4). We
found that the current density is insufficiently low (0.05 mA cm−2 at 2 V vs. RHE) compared
to that after the heating procedure at 450 ◦C. The goal behind this heat treatment was to
remove the organics that act as an insulating layer between the iron phosphide catalyst and
the electrolyte [45]. The slopes of Tafel plots (plots of potential versus logarithm of current)
are useful for interpreting polarization curves [45]. We found that the Tafel slopes obtained
for Fe2P depended on the electrolyte. In solutions containing 0.06 M electrolyte, the Tafel
slopes were 144 (NaCl), 218 (NH4Cl), 227 (NaOH) and 245 (Na2SO4) mV dec−1 (Figure S5a).
Since lower Tafel slope correlates with higher catalyst activity, this result is consistent with
oxidation occurring fastest in NaCl solution (Text S2). Interfacial charge-transfer kinetics on
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Fe2P were analyzed using EIS measurements. This analysis showed that the charge transfer
resistance (Rct) was low at high bias voltages, indicating fast charge-transfer kinetics during
water oxidation reaction (Rct < 40 ohm cm2) [49]. A Nyquist plot and a discussion of the
relevant circuit and its analysis are presented in the supplemental section (Figure S5c). The
electrochemically active surface area (ECSA) of the initial Fe2P film was determined from
the CVs obtained in 1 M KOH (pH 14) (Figure S6) [50]. The calculated ECSA value of
0.6 cm2 exceeded the 0.3 cm2 geometric area (assuming a flat surface). The details of the
calculation are described in Text S3.

Figure 3. (a) LSV of Fe2P catalyst in 0.06 M NaCl, NH4Cl, NaOH and Na2SO4 at pH 5. The inset
in (a) is the I-t plot obtained for different electrolytes with and without 1 × 10−5 M RhB at 2.0 V vs.
RHE. (b) XRD pattern of Fe2P film after the electrolysis. References are given with labels. (c) SEM
image of Fe2P after electolysis (Cl− system). (d) EDS spectra recorded from the image in (c).

Chronoamperometric (I-t) experiments demonstrated that the Fe2P precatalyst satisfac-
torily retained the initial current level during the 2 h test time. These tests were conducted
in 0.06 M Na2SO4 and in 0.06 M NaCl with 10−5 M RhB at an applied bias of 2.0 V vs. RHE
(inset in Figure 3a). In 10−5 M RhB solution, we observed a slight decrease in current level
from 1.5 to 1.3 mA cm−2 during the initial 40 min. However, the current level stabilized
later. After the electrolysis, the film was studied using XRD (Figure 3b). Although there
is an insignificant change in the current level during electrolysis, the XRD shows clearly
the transformation of Fe2P phase into iron phosphate phase (mixture of Fe2P2O7 (PDF #
2300034) and Fe3P2O8 (PDF # 2300033)). The obtained iron phosphate phase is composed
of two phosphate phases, but we believe that a uniform single phase may occur after a
sufficiently long electrolysis time. In addition to the XRD study, we also performed point
EDS measurements from the image given in Figure 3c after the EC degradation of RhB in
0.06 M NaCl (Figure 3d). EDS analysis confirmed that the atomic ratio of Fe:P is equal to
1.8:1 (Sp1). However, when we recorded spectrum 2 (Sp2), we noticed that the atomic ratio
of Fe:P is equal to 1.4:1. In both spectra, we observed some additional peaks such as oxygen
and Cl− ions. Images with elemental maps for Fe, P, Cl, O and C taken from the Fe2P
sample (after electrolysis) are provided in Figure S7. The low-intensity peak of Cl− ions
indicates that these are adsorbed on the Fe2P surface in minor quantities (0.6 at.% ≥). The
intense peak of oxygen confirms the formation of iron phosphate phase. From the obtained
data, we concluded that a large amount of Fe2P film was converted to iron phosphate. The
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amount of metal phosphate obtained exceeds that reported in other systems where it was
claimed that phase conversion occurs only on a few atomic surface layers [38,51].

2.3. RhB Dye Degradation Studies

The activity of the Fe2P-iron phosphate thin film as an anode material for organic
molecule degradation was studied by monitoring its effect on the absorbance spectra of
a solution of RhB dye. As shown in Figure 4a, the 550 nm absorption peak of RhB was
completely degraded to baseline in 40 min in 0.06 M NH4Cl (pH 5). The degradation is
much faster in 0.06 M NaCl, being complete in under 2 min (a magnified region of RhB
degradation in 0.06 M NaCl is shown in Figure S8). The slower degradation rate in NH4Cl
electrolyte is attributed to ammonium cation (NH4

+) oxidation which competes with Cl−
oxidation [52]. Pérez et al. (2012) showed that NH4

+ degrades to N2 and nitrate (NO3
−) in

reactions with oxidizing chlorine species [52] (Equations (1) and (2)):

2/3 NH4
+ + HClO → 1/3 N2 + H2O + 5/3 H+ + Cl− (1)

NH4
+ + 4 HClO → NO3

− + H2O + 6H+ + 4 Cl− (2)

Figure 4. (a) Time-dependent absorption spectra of RhB in 0.06 M NH4Cl. (b) C/C0 vs. time in
different electrolytes at 2.0 V vs. RHE. (c) Pseudo-first-order degradation kinetics of RhB in different
electrolytes at 2.0 V vs. RHE. (d) Ionic current vs. time detected using mass spectrometry.

When Na2SO4 and NaOH (pH 5) were used as electrolytes, RhB dye degradation was
negligible (Figure 4b). What degradation does occur is ascribed to the formation of SO4

•−
and •OH species. However, it is well known that in an acidic environment SO4

•− radicals
are less effective than •OH radicals which favorably form in alkaline solutions [53]. In acidic
media at pH 5, the generation of •OH is assumed to occur unfavorably. AlHamedi et al.
(2009) demonstrated that •OH reacts with SO4

2− ions, as shown in the following reaction:

SO4
2− + •OH → SO4

•− + OH− (3)

As a control experiment, we assessed the catalytic activity of pure Ti substrate in 0.06 M
NaCl. In the absence of Fe2P-iron phosphate, the bare Ti produced indistinct RhB dye
degradation (Figure S8). We also investigated the kinetics of Fe2P-iron phosphate catalyzed
RhB oxidation. The RhB dye decomposition rate, presented in the form of degradation
efficiency (D), was calculated using the following equation: D (%) = ((C0 − Ct)/C0) × 100,
where C0 is the initial concentration (t = 0 min) and Ct is the concentration at a defined
reaction time point [54]. The highest D value (equivalent to 98%) was achieved in 0.06 M
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NaCl within 1.3 min (Figure S9). The change in RhB dye concentration was assessed
by a pseudo-first-order kinetic model: ln(C0/C) = k1t, where C and C0 are the RhB dye
concentrations at time t and time zero, respectively, and k1 is the pseudo-first-order rate
constant calculated from the slope of the straight line (Text S4, Table S1) [55]. Our results are
in good agreement with other published studies of electrochemical RhB degradation [15].
As shown in Figure 4c, the highest k1 = 2.6591 min−1 was obtained with NaCl electrolyte.
This larger k value indicates that RhB dye degraded about 1772 times faster than in Na2SO4
(k1 = 0.0015 min−1) and 204 times faster than in NaOH electrolyte (k1 = 0.0130 min−1).
Here, the obtained k1 constants in Cl−-containing electrolytes using Fe2P-iron phosphate
are higher than on other anode materials reported in earlier electrochemical studies. For
example, using Ti/RuO2–IrO2 catalyst during RhB dye degradation under EC condition
yielded k1 = 0.079 min−1 [15].

Coumarin was used as a probe molecule to determine whether •OH radicals partic-
ipate in RhB degradation in chloride solutions (Text S5). This molecule reacts with •OH
radicals to form a highly fluorescent product called 7-HC which has a peak at ~456 nm [56].
The absence of a 7-HC emission peak suggests that •OH radicals are suppressed in NaCl
electrolyte (Figure S10) [11]. Results of the experiments described above suggest that EC
degradation of RhB occurs via an indirect oxidation mechanism in which RCS, but not
ROS, play a crucial role [57]. To further test this hypothesis, we measured the evolution
of in situ generated Cl2 using the DPD colorimetric method [58]. In the presence of Cl2,
DPD is oxidized to a radical cation (DPD•+) with an absorption peak at 515 nm [59]. In
these experiments, we observed the growth of the 515 nm peak, further supporting the
proposal that RCS participate in RhB degradation (Figure S11). The results are consistent
with the EC-chlorine system where HClO plays an essential role during the degradation
of RhB [30,60]. In a similar way, Baddouh et al. (2018) have previously demonstrated the
electrooxidation of Cl− to HClO at Ti/RuO2–IrO2 anode. At pH 5, HClO is expected to be
the dominant form of RCS [58].

To further confirm RCS participation in the electrochemical degradation of RhB, we
monitored the evolution of Cl2 using mass spectrometry (MS) (Figure 4d). The sudden rise
in ionic current at 25 s indicates the presence of fragment ions with the mass-to-charge ratio
(m/z) for Cl2 and CO2 equal to 70 and 44, respectively. Here, CO2 is produced from RhB
degradation during the electrocatalytic oxidation process. On the counter electrode, the H2
gas is evolved (Figure S12).

Further support for our hypothesis that HClO participates in RhB degradation comes
from chemical oxidation studies with NaOCl (Figure 5). We found that complete dye
decolorization was achieved using ~0.4 mM NaOCl. This result further supports the
hypothesis that RhB decolorization in EC mode is mainly conducted by the generated
HClO species (the RhB degradation mechanism is discussed in detail in Text S6). Under
potentiostatic conditions (at 2.0 V vs. RHE) during the 4 min reaction process in 0.06 M
NaCl, the amount of measured HClO is estimated as 2.5 mg L−1 (Figure S11), which
corresponds to a current to HClO conversion efficiency of 73.7% (Text S7).

As indicated in studies of EC-mediated azo dye degradation, applied potential can
significantly influence the degradation efficiency [5]. Herein, we studied RhB degradation
in 0.06 M NaCl at three bias potentials (1.8, 1.9 and 2.0 V vs. RHE, Figure 6a). In this
experiment, > 97% degradation was observed in 1.3 min at 2.0 V and in 20 min at 1.9 V
(voltage vs. RHE). In contrast, at an applied potential of 1.8 V, 56% efficiency was achieved
in 20 min (Figure S9b). Thus, higher potentials give rise to fast oxidation of Cl− to RCS,
leading to rapid dye degradation.

We evaluated the stability of the Fe2P-iron phosphate film against corrosion under
conditions of the EC reaction by performing an experiment where a single Fe2P-iron
phosphate film was used to degrade multiple samples of RhB. Figure 6b shows the result
of this recycling test for RhB degradation at 1.9 V vs. RHE bias potential in 0.06 M NaCl.
The data in Figure 6b reveal over 97% RhB degradation efficiency for each of the four runs,
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confirming the stability of Fe2P-iron phosphate thin film against corrosion and the potential
for its reuse in EC studies.
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phosphate in 0.06 M NaCl at 1.9 V vs. RHE.

The stability of the Fe2P-iron phosphate films was further validated by LSV characteri-
zation of films before and after the reusability tests. We characterized the electrochemical
activity of the film by LSV and the surface morphology by SEM (Figure S13). The LSV
measurements revealed a slight increase in current after the stability test. The SEM measure-
ments showed that film morphology was unaltered by the EC process. Both these results
confirm the adequacy and compatibility of this electrode in EC wastewater treatment.

The composition and chemical state of Fe2P thin film were characterized by XPS. As
with the characterization studies described above, we measured XPS data before and after
exposing the Fe2P film to EC conditions. The spectrum of the Fe2P electrode before RhB
degradation is shown in Figure 7a. Selected regions of the XPS spectra recorded before and
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after RhB degradation are shown in Figure 7b–d. The photoelectron Fe 2p peaks exhibit a
doublet at 711.0 eV (Fe 2p3/2) and 724.0 eV (Fe 2p1/2) due to spin–orbit splitting. A less
intense peak is also observed at 713.5 eV. These peaks can be attributed to the formation of
iron(III) phosphate on the Fe2P surface [61]. The P 2p spectrum displays two peaks with
133.0 and 134.0 eV binding energies, which are attributed to P 2p3/2 and P 2p1/2 levels of P
in the Fe2P [61]. The peak at 133 eV can be assigned to P-C binding [62]. Because the surface
oxidation of the Fe2P particles is unavoidable, the peak at 134.0 eV has been observed for
phosphorus in a high oxidation state and refers to surface-oxidized P species [61]. These
findings suggest that these species can also be assigned to the formation of a thin iron
phosphate layer. To gain a better understanding of Fe2P catalyst stability, we also recorded
XPS spectra after the EC degradation of RhB dye (Figure 7). The intensities of the XPS
core-level spectra of Fe 2p and P 2p greatly decreased after the test. Moreover, an intense
peak formed at 201.5 eV and was attributed to the Cl 2p core-level emission (Figure 7d).
These results confirm that, during EC degradation, Cl− ions are strongly adsorbed on
the Fe2P surface. Moreover, the large amount of chloride ions adsorbed on the surface
attenuates the signal from Fe2P, thus markedly decreasing the intensity of the Fe 2p and P
2p peaks. These results are in good agreement with the EDS analysis.
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Figure 7. (a) XPS survey spectrum of Fe2P. (b–d) XPS core-level spectra of Fe 2p, P 2p and Cl 2p
recorded (i) before and (ii) after the test.

We employed HPLC to monitor RhB dye degradation. The reference sample of RhB
dye produced an apparent peak at 15.0 min elution time (Figure 8). We monitored the
disappearance of the RhB absorbance peak (λ = 550 nm) in NaCl, NH4Cl and Na2SO4. As
shown in Figure S14, complete degradation was accomplished within 2 min in 0.06 M NaCl
and 60 min in 0.06 M NH4Cl while degradation in 0.06 M Na2SO4 remained incomplete
after 180 min. Monitoring degradation at multiple detection wavelengths failed to show
the appearance of additional peaks in the HPLC chromatograms. This indicates that no
degradation by-products with strong absorption in the UV-Vis are formed. From this, we
conclude that complete degradation occurs in Cl−-containing electrolytes (Figure 8). The
use of HPLC was also motivated by the fact it overcomes the interference of Cl− ions
seen as a bottleneck in other methods such as the total organic carbon and the chemical
oxygen demand.
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Figure 8. HPLC chromatograms of RhB measured after the EC treatment in (a) 0.06 M NaCl after
2 min test with different λdet and (b) 0.06 M NH4Cl measured after 60 min at different λdet, using
1 × 10−5 M RhB aqueous solution as the reference.

In earlier studies related to EC wastewater treatment, chlorate or perchlorate ions
were identified as by-products [63]. We note that these by-products were observed when
the applied current densities were in the 5–30 mA cm−2 range [64]. Consequently, we
believe that chlorate formation is less likely under the conditions adopted in our study
since the current densities do not exceed 2 mA cm−2. Further, the detection at shorter
wavelengths (200 nm) in HPLC demonstrates that intermediates with lower molecular
weight (phthalic acid, benzoic acid, α-hydroxyglutaric acid, etc.) which might form during
RhB degradation [65] are absent from our reaction medium after the EC treatment process.

2.4. Phytotoxicity Test of RhB and Electrochemical Inactivation of E. coli Bacteria
2.4.1. Phytotoxicity Test of RhB

To assess the quality of EC-treated RhB water solutions, phytotoxicity test was per-
formed using L. sativum whereby seed germination index and root growth of L. sativum
were used to evaluate the phytotoxic effect of RhB in 0.06 M NaCl at pH 5 (Figure S15).
Before electrochemical treatment, the germination index for L. sativum in RhB solution,
0.06 M NaCl, pH 5 was 75.9%. After electrochemical treatment of this solution, the germi-
nation index rose to 84%. Similarly, the average root length increased from 17.7 to 18.9 mm
after treatment (Figure 9a). These results show electrochemically treated solutions have
little to no phytotoxicity [66] (further details about our phytotoxicity study are provided
in Text S8).
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Figure 9. (a) Seed germination test for toxicity analysis of RhB solutions. (b) Growth of E. coli on agar
plate before the EC treatment and after 40 min of exposure of E. coli to EC treatment.

2.4.2. Electrochemical Inactivation of E. coli Bacteria

Inactivation of E. coli using the Fe2P-iron phosphate thin film electrode was inves-
tigated in NaCl electrolyte. The catalytic activity of Fe2P-iron phosphate films was de-
termined using the LSV method. Figure S16a shows LSV characteristics of Fe2P-iron
phosphate film recorded in 0.06 M NaCl (pH 5), with the initial E. coli concentration, deter-
mined with plating, being 1.1 × 108 CFU/mL. The recorded onset potential is close to 1.7 V
vs. RHE. Figure S16b shows the chronoamperometric experiment of Fe2P-iron phosphate
catalyst conducted in 0.06 M NaCl with 1.1 × 108 CFU/mL of E. coli at an applied bias of
2.0 V vs. RHE. We observed a decrease in current density during the first 90 min, starting
from 0.9 mA cm−2. However, the current density later stabilized and reached a plateau
at 0.46 mA cm−2. The activity of the Fe2P-iron phosphate electrode was further validated
by LSV after the stability test (inset in Figure S16a). The LSV measurement revealed a
slight decrease in current after the 120 min stability test, which confirms the suitability of
this electrode in EC water disinfection. After 40 min of EC exposure at 0.9 mA cm−2, no
viable bacteria were detected, indicating 100% disinfecting efficiency in NaCl electrolyte
(Figure 9b). However, in comparison to the initial E. coli concentration, we observed a 26.7%
decline in the control bacterial solution after 160 min incubation in 0.06 M NaCl (pH 5)
without EC treatment.

One of the major concerns of electrodisinfection involving active chlorine is the forma-
tion of chlorination by-products (ClO2

− and ClO3
−). However, it is known that chlorate

formation occurs at higher current densities and is less likely to evolve under the conditions
(0.9 mA cm−2) adopted in our study [64].

All these results indicate that the EC treatment with Fe2P-iron phosphate electrodes is
a promising alternative procedure compared with other known materials considering the
high-efficiency processes for dye degradation (Table S2) and water disinfection (Table S3).

3. Materials and Methods

3.1. Chemicals

The following chemicals were used in this study: oleylamine (70%, OLA), iron pen-
tacarbonyl (99.9%, Fe(CO)5), acetone (95%), ethanol (98%) and potassium hydroxide (97%,
KOH), obtained from Sigma-Aldrich; triphenylphosphine (99%, TPP), RhB (≥95%), squa-
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lene (98%, SQ), chloroform (99.5%, CHCl3), sodium sulfate (99%, Na2SO4), sodium chloride
(99%, NaCl), coumarin and sodium hypochlorite (NaOCl), purchased from Alfa Aesar;
ammonium chloride (≥99%, NH4Cl) and 7-hydroxycoumarin (7-HC), acquired from Acros
Organics; and a titanium block (99.9%) obtained from Baoji Quanjin Industry & Trade Co.,
Ltd. (Baoji, China).

3.2. Preparation of Fe2P Thin Films

Fe2P was synthesized using TPP precursor adopting the method described by Chouki
et al. (2020) [45]. The synthesis procedure and the experimental measurements are de-
scribed in detail in Text S9 and S10 in Supporting Information (SI).

3.3. E. coli Preparation and Evaluation of Removal Efficiency

One colony from a 2-day-old culture of E. coli DSM 489, grown on tryptic soy agar
(Fluka), was inoculated into 50 mL liquid tryptone medium (Fluka) in 250 mL Erlenmeyer
flask and incubated for 16 h at 37 ◦C (150 rpm). The culture was centrifuged at 4000 rpm for
10 min, and bacterial cells were washed with filter-sterilized 0.06 M NaCl (pH 5) solution.
Bacterial solution was adjusted to O.D. (600 nm) 0.15 and used for electrochemical removal
of 1.1 × 108 CFU/mL E. coli bacteria in 0.06 M NaCl at an applied bias of 2.0 V vs. RHE.

To evaluate E. coli removal efficiency, samples were withdrawn at four different time
points with 40 min increment during the EC experiment. The control bacterial suspension
without any treatment was also plated at the beginning and at the end of the experiment.
Serial dilutions (10-fold) of samples were spread onto plates with the tryptic soy agar
(Fluka). Plates were counted after 24 h incubation at 37 ◦C and bacterial counts were
expressed as CFU/mL.

3.4. Phytotoxicity Test Using Lepidium sativum L.

Lepidium sativum L. (L. sativum) was used to assess the acute toxicity of RhB before and
after treatment in 0.06 M NaCl at pH 5. The test is described in the SI.

4. Conclusions

In this work, we report for the first time the transformation of Fe2P into iron phosphate
during EC degradation of RhB dye (98%) and inactivation of E. coli bacteria (100%). We
demonstrated that, under the experimental conditions, Cl− ions are oxidized to HClO,
which plays an essential role in the water treatment process. The recycling test (degrada-
tion test) of RhB dye over Fe2P-iron phosphate film at 1.9 V vs. RHE revealed excellent
reproducibility. Phytotoxicity tests revealed that EC treatment of RhB solutions decreased
the inhibition of L. sativum germination, which serves as an indicator for reduced toxicity.
Hence, this work demonstrates the tremendous potential of Fe2P-iron phosphate as an
efficient electrocatalyst in water cleaning studies. We propose that EC degradation of
organics and inactivation of pathogenic bacteria could be also extended to other TMPHs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12030269/s1. Text S1: Rietveld refinement analysis and
Williamson–Hall method. Figure S1: Williamson–Hall plot. Figure S2: XRD pattern of Fe2P after heat
treatment. Figure S3: Size distribution of Fe2P NSs. Figure S4: LSV characteristic of Fe2P particles
recorded in 10−5 M RhB + 0.06 M NaCl conducted before heat treatment. Text S2: Tafel plots and EIS.
Figure S5: (a) Tafel plots of different electrolytes; (b) Nyquist plot of Fe2P thin film in 0.06 M Na2SO4;
(c) Charge transfer resistance vs. applied voltages; (d) A circuit element used to fit the data. Text S3:
Calculation of electrocatalytic active surface area. Figure S6: CVs of Fe2P at different scan rates in
1 M KOH; (b) Current vs. scan rate taken from (a). Figure S7: Images with elemental maps are given
for Fe, P, Cl, O and C taken from the Fe2P sample (after electrolysis). Figure S8: Time profiles of RhB
degradation in NaCl conducted with Ti and Fe2P-iron phosphate electrodes. Figure S9: Degradation
efficiency of RhB. Text S4: Kinetic models. Table S1: Pseudo-first-order and pseudo-second-order rate
constants and correlation coefficients of RhB dye on Fe2P-iron phosphate film. Text S5: Fluorescence
spectra of Fe2P-iron phosphate catalyst in 20 μM coumarin. Figure S10: Fluorescence spectra of Fe2P
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catalyst in 20 μM coumarin before and after the test. Figure S11: Detection of HClO by DPD method.
Figure S12: MS measurement of H2 and O2 gas during the RhB degradation. Text S6: Degradation
mechanism of RhB dye. Text S7: Calculation of the current generation efficiency of HClO. Figure
S13: LSV plots and SEM images of Fe2P-iron phosphate electrode recorded before and after the
recycling test. Figure S14: HPLC of 1×10–5 M RhB solution in the presence of NaCl, NH4Cl and
Na2SO4. Text S8: Phytotoxicity test using Lepidium sativum L. Figure S15: Images of Lepidium sativum
L. incubated in Petri dishes with RhB before and after EC treatment. Figure S16: LSV of Fe2P-iron
phosphate catalyst in NaCl seeded with 1.1 × 108 CFU/mL of E. coli bacteria and I-t plot obtained in
0.06 M NaCl + 1.1 × 108 CFU/mL of E. coli at 2.0 V vs. RHE. Table S2: Selected materials used in
EC degradation of different dye molecules. Table S3: Selected materials used in EC inactivation of
E.coli bacteria. Text S9: Synthesis and characterization of Fe2P thin film. Text S10: Catalyst evaluation.
Figure S17: Photograph of the cappuccino cell and EC cell used in the dye degradation studies. Table
S4: Characteristics of RhB dye. [67–92] are cited in the Supplementary Materials.
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Abstract: The selective and effective conversion of CO2 into available chemicals by electrochemical
methods was applied as a promising way to mitigate the environment and energy crisis. Metal
silver is regarded as an efficient electrocatalyst that can selectively convert CO2 into CO at room
temperature. In this paper, a series of coral-like porous Ag (CD-Ag) catalysts were fabricated by
calcining silver-carbonaceous microsphere (Ag/CM) precursors with different Ag content and the
formation mechanism of CD-Ag catalysts was proposed involving the Ag precursor reduction and
CM oxidation. In the selective electrocatalytic reduction of CO2 to CO, the catalyst 15 CD-Ag showed
a stable current density at −6.3 mA/cm2 with a Faraday efficiency (FE) of ca. 90% for CO production
over 5 h in −0.95 V vs. RHE. The excellent performance of the 15 CD-Ag catalysts is ascribed to
the special surface chemical state and the particular nano-coral porous structure with uniformly
distributed Ag particles and pore structure, which can enhance the electrochemical active surface
areas (ECSA) and provide more active sites and porosity compared with other CD-Ag catalysts and
even Ag foil.

Keywords: carbon dioxide reduction; silver; carbonaceous microsphere; carbon monoxide; electrochemical

1. Introduction

Electrocatalytic conversion of CO2 into other available chemicals is considered an
effective strategy to carry out carbon neutrality [1]. In the past few decades, researchers
have found that it is possible to convert CO2 into useful chemicals, such as CO, HCOOH,
CH4, C2H6O, C2H4, and so on [2–6], using ambient electrochemical methods. Therefore,
electrochemical CO2 reduction reaction (CO2RR) has received wide attention as a promising
strategy for carbon cycle and sustainable energy conversion [7]. In order to achieve this goal,
an important way is to develop an efficient electrocatalyst with high activity, selectivity,
and stability.

In recent decades, researchers have evaluated the selective electrochemical CO2RR
over a variety of transition metal materials in CO2-saturated aqueous solutions. Among
them, Au [8–11], Ag [12–15], and Zn [16–19] are considered to be effective in the system of
electrochemical CO2RR to CO. Although metallic Au usually has the best CO selectivity
among these metals, its relatively high cost and low abundance have limited its wide
utilization, while the utilization prospect of metallic Zn is also inadequate due to its low
CO selectivity [20]. Metallic Ag has drawn extensive attention on account of its moderate
cost and high CO selectivity. In order to further enhance the electrocatalytic performance of
CO2RR over Ag-based catalysts, various strategies were applied to modify them, including
adjusting the size and shape, constructing surface defects, inducing growth of specific
crystal planes, and introducing other elements [21,22].
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Lu et al. [23] prepared a porous nano-Ag electrocatalyst by dealloying a precursor
of Ag–Al alloy and evaluating it in the process of electrochemical CO2RR to CO under
moderate overpotentials of <0.50 V. The reason for the high selectivity of ca. 92% over
the porous nano-Ag electrocatalyst was attributed to the large ECSA and high intrinsic
activity in contrast to polycrystalline Ag. In addition, a series of Ag-based electrocatalysts
with excellent performance were also synthesized by treating Ag electrodes via different
oxidation-reduction processes. For example, Ma et al. [24] pretreated an Ag electrode by
potential anodization in an alkaline solution to obtain a Ag2O layer, and the fabricated
Ag2O layer was electrically reduced in situ to an oxide-derived nanostructured Ag (OD-Ag)
electrocatalyst at the initial stage of electrolysis. The OD-Ag electrocatalyst showed approx-
imately 80% catalytic selectivity of CO2 electroreduction to CO at 0.49 V. Furthermore, an
Ag nano-coral catalyst obtained via oxidation-reduction of chloride precursor [25], and
sulfide-derived porous Ag microrods using a facile plasma vulcanization treatment [26],
were studied in the CO2 electroreduction process and obtained a magnificent activity for
CO production with low overpotential. The nano-Ag electrocatalysts can also be obtained
by in situ electrochemical reductions of Ag2CO3, which is formed by anodic-etching of
polycrystalline Ag foil and displayed excellent catalytic performance of electrochemical
CO2RR to CO [27]. These previous studies illustrate that the Ag-based precursors derived
porous nano-Ag electrocatalysts can provide abundant active centers, which is beneficial to
achieve excellent electrocatalytic performance.

Herein, we used glucose as the carbon source to form carbonaceous microspheres by
hydrothermal synthesis, then prepared several kinds of Ag/CM precursors with different
Ag content by the incipient wetness impregnation method, and finally obtained coral-
like porous Ag catalyst by calcination. This study provides a new way to prepare silver
catalysts with a three-dimensional structure by Ag/C precursor derivatization. Compared
with Ag foil, the CD-Ag catalysts can obtain higher current density and FECO at the same
potential. Among them, the 15 CD-Ag catalyst has the best catalytic activity and selectivity
in the process of electrochemical CO2RR to CO, and it exhibited a stable current density at
−6.3 mA/cm2 and a high FE of ca. 90% for CO production over 5 h in −0.95 V vs. RHE.
The characterization results indicated that the improved catalytic performance was related
to the special surface chemical state, crystal phase composition, and high ECSA which
arose from the uniform distribution of Ag particles and porous structure depending on the
Ag content in the precursors. Therefore, the nano-Ag-based catalysts prepared by calcining
Ag/CM precursors could provide a new design idea for the electrochemical CO2RR to CO.

2. Results and Discussion

2.1. Characterization of the Electrocatalysts
2.1.1. Phase Structure

A variety of physical and chemical characterizations were carried out to explore the
properties of catalysts. To analyze the crystal structure of the prepared CD-Ag, the X-ray
diffraction (XRD) patterns of three different CD-Ag samples and Ag foil are shown in
Figure 1. It shows that the diffraction peaks at angle 2θ equal to 38.1◦, 44.3◦, 64.4◦, 77.4◦,
and 81.5◦ correspond to the (111), (200), (220), (311), and (222) crystal planes of Ag [JCPDS
file No. 04-0783], respectively, and no other diffraction peaks appear. It can be seen that
with the increase in Ag content in the Ag/CM precursor, the relative intensities of the
diffraction peak of prepared CD-Ag materials gradually increase. The relatively sharp Ag
diffraction peak reflects an enhancement in crystallinity of the Ag phase [28]. This is likely
because of the growth of Ag microcrystalline along the (111) and (200) directions with the
increasing amount of Ag precursor on CM support during the preparation stage. These
results indicated that CD-Ag has a good metallic Ag crystal structure.

As shown in Figure S1, the transmission electron microscopy (TEM) image of all
CD-Ag samples was performed. The TEM image of 15 CD-Ag shows the uniformly
distributed round Ag nanoparticles with a particle size distribution in the range of 18–78 nm
centered at 40 nm, while 10 CD-Ag shows a particle size distribution in the range of
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12–82 nm centered at 25 nm, and 20 CD-Ag shows a particle size distribution in the range
of 24–86 nm centered at 50 nm. It is worth noting that the particles of the 10 CD-Ag and
20 CD-Ag samples have relatively tight cross-linking, especially the 20 CD-Ag stacking to
form irregular bulk. Obviously, with the increase in Ag content in the precursor, the particle
size of the as-synthesized CD-Ag catalysts also increases. However, the particles of the
15 CD-Ag samples showed a relatively uniform distribution, while others show different
agglomeration and cross-linking states. Furthermore, two clear adjacent lattice spacings of
0.208 nm and 0.234 nm can be found in all high-resolution TEM (HR-TEM) images, which
correspond to Ag (200) and Ag (111) crystal planes, respectively. This further confirms the
successful preparation of Ag nanoparticles.

Figure 1. XRD patterns of the prepared CD-Ag materials and Ag foil.

2.1.2. Surface Morphology and Composition

Furthermore, the surface morphology of Ag foil and the prepared CD-Ag materials
are characterized by a scanning electron microscope (SEM), and the details are shown in
Figure 2. It can be easily recognized that the Ag foil has a relatively flat surface, while the
CD-Ag materials demonstrate an obvious three-dimensional coral-like porous structure.
Among the three different CD-Ag catalysts, the coral-like porous structure of the 15 CD-Ag
is constructed by the uniform and tiny Ag particles together with uniform pore size. On the
other hand, a non-uniform Ag particle and pore size distribution can be found for 10 CD-Ag
and 20 CD-Ag. Especially, the smaller Ag particles of the 10 CD-Ag are closely combined
with each other and some larger Ag particles are dotted among them, while 20 CD-Ag is
mainly composed of more large Ag particles along with fewer small Ag particles among
them. The burning of carbonaceous microspheres contributes to the formation of abundant
pores on the surface of CD-Ag electrode materials [29]. The difference in morphology
of three CD-Ag materials should be related to the different loading amounts of Ag on
CM, which affects the burning off of CM and the reduction of AgNO3 particles in the
calcination process, which then results in different pore structures and Ag particle sizes.
The representative SEM image (Figure S2) shows the CM are covered by a uniform shell
of AgNO3 particles. The shell thickness is predicted to increase with the increase in Ag
content. During the calcination process, the reduction of AgNO3 and oxidation behavior of
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CM can be described by thermogravimetric analysis (TG), as shown in Figure S3, and the
possible reduction reaction is given in Formula (1).

AgNO3 + C = Ag + NO2 + CO (1)

 

Figure 2. SEM images of Ag materials: (a) Ag foil; (b) 10 CD-Ag; (c) 15 CD-Ag; (d) 20 CD-Ag.

According to the loading amount of Ag and Formula (1), the theoretical mass losses
of 10 Ag/CM, 15 Ag/CM, and 20 Ag/CM due to the reduction of AgNO3 by CM are
6.5%, 9.3%, and 12.3%, respectively. Except for 20 Ag/CM, the theoretical mass losses of
10 Ag/CM and 15 Ag/CM are consistent with experimental data at the first step below
250 ◦C. Therefore, the first mass loss step can be assigned to the reduction of AgNO3
particles by CM, while the second one above 250 ◦C should be related to the burn-off of CM.
For 20 Ag/CM, the difference between the theoretical and experimental values indicates
that the AgNO3 particles cannot be fully reduced in the first step arising from the thick
AgNO3 shell, weakening the reduction effectiveness of CM. This also means the reduction
of residual AgNO3 particles could take place together with the burning-off of CM in the
second mass loss step. At high temperatures, many factors, such as the rapid reduction
of residual AgNO3 particles, the disappearing confinement of CM, and the heat released
from combustion, could result in the metallic Ag particles sintering and their growth in
different degrees, along with different pore formations. As for 15 Ag/CM, the AgNO3
particles can be fully reduced at low temperatures. The confinement of pores and surface
functional groups of CM is in favor of dispersing and stabilizing the reduced Ag particles.
In the second stage, the combustion temperature of CM increases in accordance with the
order of 15 Ag/CM, 20 Ag/CM, and 10 Ag/CM, depending on the different activity of
Ag species for CM combustion. In any case, the low-temperature combustion of CM can
inhibit the growth of Ag particles and damage pore channels easier. These functions result
in the formation of small Ag particles and uniform pore size on 15 CD-Ag. The existence
of a small amount of big Ag particles and pores on 10 CD-Ag is mainly attributed to the
high-temperature removal of CM. For 20 CD-Ag, the formation of a large amount of big Ag
particles and pores should be related to the rapid reduction of residual AgNO3 particles
along with the high-temperature removal of CM, which accelerates agglomeration, the
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growth of Ag particles, and the pore collapse of CM. In a word, only the appropriate Ag
content in 15 Ag/CM precursors can balance the AgNO3 reduction and carbonaceous
microspheres oxidation and obtain the well-dispersed small Ag particles and uniformly
distributed pore structure.

Furthermore, we added the SEM images of these CD-Ag catalysts after stability tests
in Figure S4 and found that these catalysts exhibited particle agglomeration on the surface
after the reaction, especially the 10 CD-Ag electrode had more particle agglomeration than
other electrodes. Interestingly, the 20 CD-Ag material is composed of more large particles,
but in the SEM images after the reaction, we observed that some large particles peeled off
the surface of the 20 CD-Ag electrodes, meanwhile some small particles were exposed.

In addition, the elemental compositions of three CD-Ag samples are analyzed by
energy-dispersive X-ray spectroscopy (EDS), and the details are listed in Table S1. It is
observed that only elements Ag, C, and O can be detected by EDS and the percentage of
the Ag is more than 96.00% and even displays a slight increase trend from 20 CD-Ag to
15 CD-Ag and to 10 CD-Ag. The existence of the O element indicates that the formation of
Ag+ is possible on the surface of CD-Ag.

2.1.3. Surface Chemical States of Elements

The surface composition and chemical states of Ag foil and three kinds of CD-Ag
materials were investigated by X-ray photoelectron spectroscopy (XPS). As expected by
the EDS result, the Ag 3d, C 1s, and O 1s signals appear in the wide scan XPS spectra
for all samples (Figure 3a). Figure 3b displays the XPS peak of the Ag 3d region. The
bands at the binding energy (BE) of 368.2 eV and 374.2 eV can be attributed to the Ag
3d5/2 and Ag 3d3/2 of the Ag foil, respectively. Compared with the Ag foil, the Ag 3d5/2
and Ag 3d3/2 peaks for the synthesized CD-Ag materials slightly shift to the lower BE
value of 367.8 eV and 373.8 eV, respectively. This means the surface electron density of
CD-Ag is higher than that of the Ag foil due to the existence of the O species with high
electronegativity. The negative shift of BE value also proves that there is a trace amount
of Ag+ on the surface of the synthesized CD-Ag materials [30,31]. For the cause of further
exploring the chemical state of Ag and O on the surface of the prepared CD-Ag materials,
the deconvoluted XPS profiles are shown in Figure 3c,d for 15 CD-Ag and Figure S5 for
the others. As for the Ag 3d peak of 15 CD-Ag, two fitting peaks located at the BE values
of 367.6 eV and 373.6 eV are ascribed to Ag+, while the other two fitting peaks with BE
values of 367.9 eV and 373.9 eV can be attributed to Ag0 [32]. This is because in the air
atmosphere of 300 ◦C, even though the oxidation of CM and the reduction of AgNO3
are dominant, some reduced Ag0 will inevitably be further reoxidized to Ag+ [33]. This
discrepancy between XPS and XRD characterization of CD-Ag materials can be attributed
to the fact that XPS is a more surface-sensitive technique while XRD is a more bulk-sensitive
technique [34]. Moreover, the O 1s spectrum of the 15 CD-Ag material is shown in Figure 3d,
which can be deconvoluted into three peaks centered at around 529.1 eV, 530.8 eV, and
531.8 eV, corresponding to the chemically bonded O−Ag specie (OI), the surface absorbed
atomic O species (OII) and the residual O−H of H2O (OIII) that possibly existed in the
absorbed moisture, respectively [30,35]. As shown in Figure S5, the peak-splitting of Ag 3d
and O 1s of the other two CD-Ag materials are similar to the 15 CD-Ag material.

2.2. Electrocatalytic Performance

In order to study the electrocatalytic performance of CO2RR over CD-Ag electrodes
with different Ag content in the precursors, the comparison of electrochemical CO2RR
activity of Ag foil and CD-Ag electrodes was presented in Figure 4a. By comparing these
with the linear sweep voltammetry (LSV) curves for CO2RR over Ag foil and three CD-Ag
electrodes it can be observed that the current density displays an increasing trend with the
increase in applied potential in the range from −0.35 to −1.35 V vs. RHE for these CD-Ag
electrodes, but there is no significant increase for the current density of Ag foil at the low
applied potential until the applied potential is higher than −0.65 V vs. RHE, indicating

411



Catalysts 2022, 12, 479

CD-Ag electrodes possess the higher catalytic activity than that of Ag foil. Considering
the results of EDS and XPS analysis, the difference in catalytic activity between CD-Ag
and Ag foil could be ascribed to the presence of oxygen species on the CD-Ag surface.
Related literature by Jee et al. [36] has demonstrated the surface O of Ag electrodes modifies
the electronic state of Ag and causes it to have a stronger interaction with *COOH and
*CO intermediates, which can decrease the onset potential for CO2RR to CO production.
Furthermore, the CD-Ag electrodes have a similar current density growth trend but the
current density of the 15 CD-Ag electrode is larger than the other two electrodes at the same
applied potential. It can be deduced that the different Ag contents in Ag/CM precursors
play an important role in electrochemical CO2RR over these three CD-Ag electrodes.

Figure 3. XPS spectra of (a) wide scan region and (b) Ag 3d of Ag foil and three different CD-Ag
materials; the deconvoluted peak of (c) Ag 3d and (d) O 1s of 15 CD-Ag material.

To better evaluate the enhanced CO2RR performance of CD-Ag electrodes derived
from Ag/CM precursors with different Ag content, the controlled potential electrolysis ex-
periments were carried out on Ag foil and CD-Ag electrodes at different applied potentials
to plot the FE curves for the main product CO and H2 of CO2RR (Figure 4b,c). As shown in
Figure 4b, the FE for CO (FECO) of Ag foil and CD-Ag electrodes gradually increases with
enhancing applied potential, all CD-Ag electrodes show higher FECO than Ag foil during a
substantial applied potential range, while the 15 CD-Ag electrodes exhibit the best CO2
reduction activity. The FECO of the 15 CD-Ag electrode is close to 90% at −0.95 V vs. RHE
and exceeded 90% in the range of −1.05 to −1.25 V vs. RHE. In contrast, the FECO of Ag
foil remained below 90% throughout the whole applied potential range. When the FECO
of 15 CD-Ag is 89.7% at −0.95 V vs. RHE, the FECO of Ag foil is only 64.3%. Although
all CD-Ag electrodes show better electrocatalytic performance than the Ag foil, there are
still some differences among them. It can be determined that the 15 CD-Ag electrode has
the best selectivity of CO2RR to CO compared to the 10 CD-Ag and 20 CD-Ag, and the
15 CD-Ag electrode can obtain excellent performance of CO2RR to CO in a wide applied
potential range. Moreover, the maximum FECO of 15 CD-Ag is 94.9% at −1.15 V vs. RHE,
while at the same applied potential, the maximum FECO of 10 CD-Ag and 20 CD-Ag is
90.4% and 87.7%, respectively. Furthermore, as seen in Figure S6, CO partial current density
and mass activity of different Ag electrodes at various potentials exhibited a similar trend.
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The calculated CO partial current density of 15 CD-Ag is higher than those of Ag foil and
other CD-Ag in the whole applied potential range. The CO mass activity of 15 CD-Ag
is calculated to be 11.7 mA/mg at −0.95 V vs. RHE, while for 10 CD-Ag and 20 CD-Ag
catalysts, these values are 7.3 and 7.0 mA/mg, respectively. Indeed, these results further
confirm that the 15 CD-Ag sample has the optimal catalytic performance. In the system
of electrochemical CO2RR, the H2 evolution reaction (HER) is considered the main side
reaction, therefore the increase in the FE for H2 always corresponds to the decrease in FECO
(Figure 4c). As expected, the FE for H2 of the four Ag electrodes decreases gradually with
the increase in applied potential from −0.65 to −1.15 V vs. RHE and falls from Ag foil to
20 CD-Ag to 10 CD-Ag and to 15 CD-Ag at the same applied potential. These contrasts
indicate that CD-Ag electrodes can effectively enhance the electrocatalytic activity and
selectivity of CO2RR to CO and significantly inhibit H2 evolution compared with traditional
Ag foil material.

 
Figure 4. Electrochemical CO2RR performance of: (a) LSV curves; (b) FE of CO; and (c) FE of H2 over
different electrodes at various applied potentials and (d) Current density and FE of CO vs. reaction
time over 15 CD-Ag electrode during 5 h of long-time operation at −0.95 V vs. RHE.

The enhancement of the performance should be related to the crystal structure and the
special microstructure of CD-Ag electrodes derived from Ag/CM precursors. As indicated
by previous studies [13,37], the production efficiency of CO was greatly affected by the
crystal structure, and the catalytic activity of electroreduction of CO2 to CO by single-crystal
Ag with different crystal faces decreases in the order of Ag (110) > Ag (111) > Ag (100).
However, the diffraction peak of Ag (110) was not observed in the XRD pattern because
the (110) reflection in a face-centered cubic structure is forbidden. Ham et al. [38] have
estimated the relative number of surface (220) by using the intensity ratio of (220) and (111)
peaks as a new descriptor, thus reflecting the ratio of (110) structure in Ag catalyst. We
compared the (220)/(111) strength ratio by this method and found that from 10 CD-Ag to
15 CD-Ag and to 20 CD-Ag, the (220)/(111) strength ratio of the sample became smaller,
suggesting that the highly active Ag (110) structure in CD-Ag decreased as the Ag content in
the precursor increased. On the other hand, it is worth noting that in all the HR-TEM images
of the CD-Ag catalysts, only the Ag (111) and (200) crystal planes on the catalyst surface can
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be distinguished, which indicates that the surface of the CD-Ag catalyst is dominated by
these two crystal planes, especially Ag (111) planes. These results indicated that in addition
to the crystal structure, other factors are also involved in CO production efficiency. Many
studies have investigated the role of the surface morphology of catalysts in CO2RR and
developed high-performance catalysts by optimizing the surface morphology [39]. The
SEM characterization results indicated that Ag materials show different surface morphology
(Figure 2). The difference in morphology of three CD-Ag materials should be related to the
different loading amounts of Ag on CM, and the details were discussed above. According
to the relatively high current density on the 15 CD-Ag electrode, shown in Figure 4, it can
be confirmed that the well-dispersed small Ag particles and uniformly distributed pore
structure on the 15 CD-Ag electrode provides more active sites to promote CO production
than the other electrodes.

Furthermore, it is necessary to evaluate the electrocatalytic stability of the 15 CD-Ag
electrode. Therefore, a long-term chronoamperometry experiment of CO2RR was per-
formed on 15 CD-Ag at a moderate applied potential of −0.95 V vs. RHE. As shown in
Figure 4d, 15 CD-Ag displays a relatively stable current density of −6.3 mA/cm2 with
a FECO of ca. 90% over 5 h. The stability of other electrodes under the same conditions
was also tested and the details are shown in Figure S7. The Ag foil also shows a stable
current density at −2.2 mA/cm2, but the corresponding FECO presents a severe fluctuation
between 40% and 60%. At the same time, the FECO of the 10 CD-Ag quickly decreases from
85% to 60% along with a slight increasing current density from 4.7 to 5.5 mA/cm2 during
the reaction time. As for the 20 CD-Ag electrode, shown in Figure S7c, the FECO remains a
small fluctuation at about 80% within 5 h, but the current density fluctuates greatly with
the reaction time compared to the other electrodes. In order to study the stability of these
CD-Ag catalysts, we added the SEM images of these CD-Ag catalysts after stability tests
in Figure S3. As shown in Figure S3, excessive particle aggregation on the surface of the
10 CD-Ag electrode reduced the active site of electrochemical CO2RR to CO, which in turn
was conducive to the production of H2, thus it was likely the main reason for the decrease
in FECO in the 10 CD-Ag electrode. Interestingly, the fresh 20 CD-Ag material has larger
Ag particles, so agglomeration is probably not the main reason for its stability change. In
fact, a large amount of Ag particles, especially large particles, peeled off from the carbon
paper after a reaction of 5 h, as shown in the SEM image of 20 CD-Ag. This phenomenon
can explain that the current density of 20 CD-Ag fluctuates in the stability test. Notably, it
can be found that the Ag particles on the used 15 CD-Ag electrode are still kept in uniform
small corals, which is the same as the fresh one. This indicates that the superior stability of
the 15 CD-Ag electrode is mainly related to the stable Ag particle size and porosity. These
experimental results show that the 15 CD-Ag electrode demonstrates excellent stability
within 5 h.

The comparison of ECSA is another important way to explore the difference in the
electrochemical CO2RR performance of Ag foil and CD-Ag electrodes. The ECSA of Ag
foil and CD-Ag electrodes were estimated by measuring the double-layer capacitance (Cdl)
in 0.1 M KHCO3 electrolyte saturated with CO2. The details are shown in Figure S8, and
the Cdl data of these different Ag electrodes are calculated from these results. The linear
regression of the Cdl diagram is shown in Figure 5, and the Cdl values corresponding to each
sample are summarized in parentheses, which show that the Cdl value of the 15 CD-Ag
electrode (5.25 mF/cm2) is more than 40 times larger than that of the Ag foil (0.12 mF/cm2),
while the Cdl value of the 10 CD-Ag and 20 CD-Ag electrode correspond to (1.85 mF/cm2)
and (1.04 mF/cm2), respectively. Obviously, the 15 CD-Ag electrode exhibits the largest
ECSA among these four materials. The increased ECSA represents the exposure of more
Ag-active sites [26]. The highest ECSA of the 15 CD-Ag electrode can be attributed to the
absence of agglomerates and uniform microstructure, which was proven by SEM. It can be
inferred that this is the dominant reason for the excellent electrochemical performance of
the 15 CD-Ag electrode.
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Figure 5. The linear regression of the Cdl of Ag foil and three different CD-Ag electrodes and the Cdl

values listed in parentheses.

According to previous literature [13,40–42], there are three elementary reaction steps
on the Ag electrode for CO2RR to CO:

CO2(g) + H+(aq) + e− + ∗ = ∗COOH (2)

∗COOH + H+(aq) + e− = ∗CO + H2O (3)
∗CO = CO(g)+∗ (4)

where * denotes an active site. In the first step of the electrochemical reduction of CO2,
the adsorbed *COOH was formed through a proton-coupled electron transfer. Subsequent
reactions included the *COOH intermediate gaining a proton and an electron and then
reducing *CO and H2O. Finally, the *CO was desorbed from the Ag catalyst surface to form
CO. To gain insight into the reaction mechanism for CO2RR to CO, Tafel analysis as an
important electrokinetic study to elucidate the CO2 reduction pathway was performed.
As shown in Figure S9, the Tafel slope of Ag foil is 150 mV/dec which implies that the
rate-determining step (RDS) is described in Equation (3). The Tafel slope on the 15 CD-Ag
is 114 mV/dec, which is very close to a theoretical Tafel value of 118 mV/dec, so it can be
inferred that the proton-coupled electron transfer step is likely the RDS for the 15 CD-Ag.
The 10 CD-Ag and 20 CD-Ag electrodes have a higher Tafel slope of 121 mV/dec and
135 mV/dec, suggesting similar reaction kinetics and rate-limiting steps on all CD-Ag.
These results indicated that the CD-Ag might provide more moderate binding energy for
the key intermediates of *COOH and *CO than Ag foil, thus decreasing the onset potential
and increasing catalytic activity for CO2RR to CO production.

Based on the discussions above, we conclude that the excellent catalytic performance of
15 CD-Ag in the electrochemical reduction of CO2 to CO can be attributed to the following
reasons: (1) The characterization results of SEM and TEM proved that the coral-like porous
Ag catalyst possesses well-dispersed small Ag particles and uniformly distributed pore
structure, which provides a larger ECSA and more accessible active sites to promote CO
production, and the catalyst maintains morphological stability after 5 h of electrolysis;
(2) The small amount of O on the Ag catalyst surface revealed by the EDS and XPS results
could modify the electronic state of Ag and make it have stronger interaction with *COOH
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and *CO intermediates, which can decrease the onset potential; (3) The XRD results illustrate
that the Ag catalyst has a good crystal structure, and the relatively abundant high-activity
Ag (110) crystal face exposed on the surface of the catalyst particles enhances the catalytic
activity. Moreover, as shown in Table S2, such electrochemical CO2RR catalytic performance
of the coral-like porous Ag is comparable to previously reported Ag-based electrocatalysts.
These results indicate that the coral-like porous Ag prepared in this study can be used as a
highly selective electrocatalyst for electrochemical CO2RR to CO.

3. Materials and Methods

3.1. Materials

Ag foil (purity 99.998%, thickness 0.025 mm) and silver nitrate (AgNO3, 99.995%) were
purchased from Alfa Aesar (Shanghai, China). Glucose (C6H12O6) and ethanol (C2H6O)
were purchased from Macklin (Shanghai, China). Nafion® perfluorinated resin solution
(5 wt% water solution) was purchased from DuPont (Wilmington, DE, USA), carbon paper
(CP, TGP-H-60) was purchased from Toray (Tokyo, Japan). Potassium bicarbonate (KHCO3,
99.9%, Aladdin, Shanghai, China) was used to prepare the electrolytes. All solutions were
prepared with deionized water.

3.2. Sample Preparation

Carbonaceous microspheres (CM) were synthesized according to the previously re-
ported method [43]. In a typical procedure, 8 g of glucose was dissolved in 70 mL of
deionized water to obtain a clear solution, the solution was then transferred and sealed in
80 mL Teflon-sealed autoclave. The Teflon-sealed autoclave was cooled to room tempera-
ture under natural conditions after being kept at 180 ◦C for 4 h. The products were treated
by multiple cycles of centrifugation, washing, and re-dispersion in deionized water and
further in ethanol until the rinsing solution became neutral and finally dried at 80 ◦C for
4 h to obtain CM.

The CM-supported Ag samples with different Ag content were obtained by incipient
wetness impregnation method. Briefly, the as-synthesized CMs were impregnated with
aqueous solution containing AgNO3, and the wet solids were dispersed by ultrasound
for 30 min and then placed at room temperature for 12 h, and finally dried at 120 ◦C for
12 h. The solid products are named 10 Ag/CM, 15 Ag/CM, and 20 Ag/CM, respectively,
and the numbers are the mass percentage of Ag calculated by MAg × 100%/(MAg + MCM).
The final Ag catalysts were prepared by calcining the precursors at 300 ◦C for 6 h in air
and marked as 10 CD-Ag, 15 CD-Ag, and 20 CD-Ag, respectively. The Ag foil and CP
were cleaned by immersion and sonication sequentially in ethanol and deionized water for
30 min.

3.3. Electrode Preparation

Catalyst inks were prepared by mixing deionized water (460 μL), catalyst (10 mg),
nafion solution (40 μL), and ethanol (500 μL). The inks were then sonicated for 30 min
until obtained a uniform slurry and then painted on the CP with 100 μL ink. After the
catalyst ink was loaded on the CP and dried at room temperature, the electrode used in
this experiment had a 0.5 mg/cm2 catalyst loading.

3.4. Electrochemical Methods

All electrochemical tests were carried out using an electrochemical workstation (CHI
instrument 660E, Chenhua, Shanghai, China) and a three-electrode system was used
throughout the process. The counter electrode and reference electrode were gauze plat-
inum electrode and saturated calomel electrode (SCE), respectively. All potentials in this
paper are converted to the reversible hydrogen electrode (RHE) reference scale by the
following Equation:

E(vs. RHE) = E(vs. SCE) + 0.0591 × pH + 0.241 (5)
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Under the experimental conditions, Nafion 117 cation-exchange membrane (Dupont,
Wilmington, DE, USA) was devoted to separating the working electrode compartment from
the counter electrode compartment in a gas-tight two-component H-type electrochemical
cell, and preventing the products produced by the working electrode from diffusing into
the counter electrode compartment. An aqueous solution of 0.1 M KHCO3 was used as
electrolyte at ambient temperature and pressure, and CO2 was used for purification at a rate
of 20 mL/min for at least 30 min prior to measurement. Throughout the test, the electrolyte
was stirred at a constant rate using a magnetic stirring device. A gas chromatograph (GC,
SP2100) (Shanghai, China) equipped with a TDX-01 column was used to detect the gas-
phase products. CO and H2 were quantified by a flame ionization detector (FID, Shanghai,
China) equipped with methanizer and thermal conductivity detector (TCD, Shanghai,
China), respectively. The FE value of product was calculated by the following Equation:

FE% =
z × n × F

Q
× 100% (6)

where z represents the number of electrons exchanged (z = 2 for CO2RR to CO or H2), n is
the mole number of an identified product, F is the Faraday constant (96,485 C/mol), and Q
is the total quantity of electric charge passed.

3.5. Electrochemical Active Surface Area

The ECSA was estimated by the Cdl which is measured by the cyclic voltammetry
(CV). The CV was tested in the electrolytic cell within the non-Faradaic range (0.65 to 0.45 V
vs. RHE) in 0.1 M KHCO3 electrolyte. The Cdl values were calculated by plotting the scan
rate versus Δj/2 (where Δj is the difference between cathodic and anodic current densities)
at 0.55 V vs. RHE.

3.6. Physical Characterization

XRD tests were performed on a D8-Foucas diffractometer instrument (Bruker AXS
GmbH, Karlsruhe, Germany) equipped with Cu-Kα radiation (λ = 0.15418 nm). Scan steps
were performed at 8◦/min between 2θ values from 10–70◦. The SEM (JEOL Regulus 8100,
Tokyo, Japan) and TEM (JEOL JEM2100-F, Tokyo, Japan) were used to characterize the
morphology and nanostructure of these materials. The EDS coupled to the SEM was
carried out with an Oxford Instruments Ultim-max detector (Oxford, England) based on
Silicon drift technology with a 100 mm2 active area. The TG (HITACHI STA7300, Tokyo,
Japan) with a heating rate of 2 ◦C/min from room temperature to 300 ◦C in air was used
to analysis the calcination process of the Ag/CM precursors. The surface composition of
these materials was investigated by XPS (Thermo Fisher Scientific K-Alpha+, Waltham,
MA, USA) with an X-ray source of a monochromatized Al Kα radiation (1486.6 eV). The
BE scale was calibrated according to the C 1s peak (284.8 eV).

4. Conclusions

In summary, we prepared CM using glucose as the raw material by the hydrothermal
method and obtained a series of Ag/CM precursors with different Ag content by the
incipient wetness impregnation method. Subsequently, a series of CD-Ag catalysts were
prepared by calcination. Compared to Ag foil, CD-Ag electrodes display better CO2RR
performance in a wide potential range, and 15 CD-Ag had the best activity and selectivity.
A high FE of 89.7% for CO was achieved on 15 CD-Ag at a potential of −0.95 V vs. RHE,
while the FECO of Ag foil was only 64%. The current density and FE of CO for 15 CD-Ag
were almost unchanged over 5 h at −0.95 V vs. RHE. Furthermore, the maximum FECO
of 15 CD-Ag was 95% at −1.15 V vs. RHE. The significant improvement in catalytic
activity and selectivity of CO reduction by CO2 is related to the surface composition and
microstructure of the catalyst, among which 15 CD-Ag has the most uniform coral-like
porous structure. The uniform pore channel can increase the ECSA, and larger ECSA
provides more active sites, thus promoting CO production. The surface O on the catalyst
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modulated the interaction between Ag and key intermediates *COOH and *CO, thus
changing RDS. In addition, the ratio of Ag (110) facets on the catalyst surface also affects
the performance of electrochemical CO2RR to CO. This work provides a new catalyst and
synthesis method for electrochemical CO2RR, which is a prospective way to solve the
challenge of low activity and low selectivity of electrochemical CO2RR.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal12050479/s1, Figure S1: TEM image and the statistics of particle size
distribution in inset (a, b, c) and HR-TEM (a’, b’, c’) of different sample 10 CD-Ag, 15 CD-Ag and
20 CD-Ag, respectively; Figure S2: SEM image of the representative sample 15 Ag/CM precursor;
Figure S3: Thermogravimetric analysis (TG) profiles for the Ag/CM precursors during the calcination
process; Figure S4: SEM images of different CD-Ag electrodes after 5 h electrolysis: (a) 10 CD-Ag;
(b) 15 CD-Ag and 20 CD-Ag, respectively; Figure S5: The deconvoluted peak of (a) Ag 3d and
(b) O 1s of 10 CD-Ag material and (c) Ag 3d and (d) O 1s of 20 CD-Ag material; Figure S6: CO
partial current density depending on applied potential, and (b) mass activity depending on applied
potential; Figure S7: Current density and FE of CO during 5 h of long-time operation at −0.95 V
vs. RHE for (a) Ag foil; (b) 10 CD-Ag; (c) 20 CD-Ag electrode, respectively; Figure S8: CV curves
on (a) Ag foil; (b) 10 CD-Ag; (c) 15 CD-Ag; (d) 20 CD-Ag electrode with a potential range from
0.65 to 0.45 V vs. RHE in a CO2 bubbled 0.1 M KHCO3 electrolyte; Figure S9: Tafel plots of the CO
partial current density for Ag foil and CD-Ag. Table S1: The elemental compositions of three CD-Ag
samples obtained from EDS; Table S2: Comparison of catalytic performances of our catalyst with
different Ag-based electrocatalysts producing CO in the literature. References [44,45] are cited in the
supplementary materials.
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Abstract: Perovskite-based electrocatalysts with compositional flexibility and tunable electronic
structures have emerged as one of the promising non-noble metal candidates for oxygen evolution
reaction (OER). Here, we propose a heterostructure comprising perovskite oxide (LaNiO3) nanorods
and iron oxide hydroxide (FeOOH) nanosheets as an effective electrochemical catalyst for OER.
The optimized 0.25Fe-LNO catalyst with an interesting 1D-2D hierarchical structure shows a low
overpotential of 284 mV at 10 mA cm−2 and a small Tafel slope of 69 mV dec−1. The enhanced
performance can be explained by the synergistic effect between LaNiO3 and FeOOH, resulting in
an improved electrochemically active surface area, facilitated charge transfer and the optimized
adsorption of OH intermediates.

Keywords: perovskite oxide; oxygen evolution; FeOOH; electrocatalyst

1. Introduction

Faced with the growing energy crisis and environmental issues, it is imperative to
exploit effective and green devices for energy storage and conversion [1–3]. The rational
design of oxygen evolution reaction (OER) electrocatalysts is of great significance to the
applications of water electrolyzers [4,5]. However, the sluggish kinetics and high over-
potential of OER caused by the complex multiple electron transfer process are obstacles
to its large-scale application [6]. Although Ir- and Ru-based oxide are recognized as the
benchmark OER catalysts with high electrochemical activity, their high cost and low abun-
dance have compelled the development of earth-abundant and efficient non-noble metal
OER catalysts [7,8]. In recent years, tremendous efforts have been devoted to research
on transition metal-based catalysts, such as transition metal oxides, [9] sulfides [10] and
oxyhydroxides [11].

As the promising candidates, perovskite oxides with a general formula of ABO3 have
attracted increasing attention owing to their compositional flexibility, tunable electronic
structures and chemical stability [12,13]. To guide the design of ABO3 catalysts for OER,
(ΔGO* − ΔGOH*) [14] and eg orbital filling [15] have been proposed as catalytic activity
descriptors. According to the volcano maps obtained by describing OER activity with
the descriptors, LaNiO3 (LNO) shows better performance in the family of ABO3 and is
considered a prospective candidate for optimization [14–16]. Nonetheless, the electrocat-
alytic performance of the LNO remains unsatisfactory due to its limited active sites and
poor electrical conductivity [13,17]. On the one hand, the perovskite oxides synthesized by
traditional solid-state and sol-gel methods generally have a large size and low surface area,
resulting in poor catalytic activity. Previous studies have demonstrated that morphology
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engineering is an effective method to enhance the activity of perovskite-based electrocata-
lysts by increasing the surface area, such as nanorods [18], nanofibers [19] nanotubes [20]
and porous structure [21]. On the other hand, intrinsic catalytic activity is also an important
consideration in perovskite-based catalyst design [22]. The adsorption and desorption of
OH are key steps in the alkaline OER process, and optimizing the adsorption energy of
intermediates can boost OER intrinsic catalytic activity [23,24]. Constructing heterogeneous
structures is a general method which can not only modulate the electronic structure but
also generate synergistically active sites [13,19,25]. Among the various perovskite-based
composites, perovskite/transition metal-based composites exhibit excellent performance,
such as CoS2/LaCo0.2Fe0.8O3, [12] MoSe2/La0.5Sr0.5CoO3−δ [26] and Fe2O3/LaNiO3 [27].
Meanwhile, FeOOH is considered a promising catalyst for OER, with high OH adsorption
capacity [28,29] that can be introduced into perovskite-based composites to accelerate
OER kinetics.

Here, we propose the 1D-2D LaNiO3 nanorods-FeOOH nanosheets heterostructure
as an effective catalyst for oxygen evolution reaction. The optimized 0.25Fe-LNO catalyst
displays a lower overpotential and a smaller Tafel slope when compared with the other
counterparts. The experimental results demonstrate that the excellent OER catalytic perfor-
mance of LaNiO3/FeOOH could be attributed to the synergistic effect between LNO and
FeOOH as well as the morphology engineering of LNO, encouraging the strong electron
interaction, the facilitated charge transfer and the improved active sites.

2. Results and Discussion

Scheme 1 schematically illustrates the synthesis process for hierarchical LaNiO3/FeOOH
composites by two steps. Briefly, the perovskite LNO nanorods were synthesized by
the hydrothermal method and then immersed in alkaline solutions of K2FeO4 with dif-
ferent concentrations to obtain the hierarchical LNO-FeOOH composites, denoted as
xFe-LNO, x = 0.125, 0.25, 0.5, 0.75. The more experimental details are shown in the
experimental section.

Scheme 1. Schematic illustration for the synthesis of Fe-LNO.

The powder X-ray diffraction (XRD) patterns of LNO, FeOOH and xFe-LNO are
shown in Figure 1a. The diffraction peaks of the obtained LNO match well with the
standard peaks of LaNiO3 (JCPDS No. 33-0711), whereas FeOOH shows no diffraction
peak. Generally, FeOOH prepared by hydrolysis at low temperatures has poor crystallinity
without obvious diffraction peaks in the XRD spectrum [30–32]. Although the diffraction
peaks of FeOOH appear in some cases, the peak intensity is also very weak due to the room
temperature synthesis [33]. In addition, experimental conditions such as concentration and
whether or not to stir could also affect the crystallinity. According to the XRD spectrum, the
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FeOOH prepared in this work has a lower crystallinity and presents an amorphous form.
It is worth noting that the diffraction peaks’ position corresponding to LaNiO3 (JCPDS
No. 33-0711) remains unchanged in the xFe-LNO samples, but the corresponding peak
intensity gradually decreases with the increase in x value. This phenomenon is inconsistent
with Fe doping, which will cause a shift in the diffraction peaks corresponding to LaNiO3
to lower angles in the XRD spectrum [34,35], but it is consistent with the formation of
amorphous substances on the surface of LNO [20]. Furthermore, new diffraction peaks
corresponding to La(OH)3 (JCPDS No. 36-1481) appear, owing to the presence of NaOH in
the K2FeO4 solution, but the perovskite structure remains. To identify the FeOOH phase,
Raman spectra were performed (Figure 1b). For the hydrolysis products of K2FeO4, the six
characteristic peaks (214, 283, 310, 377, 517 and 674 cm−1) are well-indexed to the layered
γ-FeOOH structure. The peak at 377 cm−1 is the characteristic of γ-FeOOH, and the peaks
at 310 and 517 cm−1 are ascribed to the Fe–OH stretching modes. The broad peak located
at 674 cm−1 can be attributed to the stretching of Fe–O, [33,36,37] while the weak peak at
1310 cm−1 corresponds to the H2O intercalated in the layered FeOOH [37–39]. Note that
the LNO sample has no vibrational modes of Raman response, and the 0.25Fe-LNO exhibits
weaker vibrational bands at 310, 377, 517 and 674 cm−1 compared with the LNO nanorods
counterpart. The peaks at 214 cm−1 and 283 cm−1 correspond to the layer structure, which
mainly depends on the degree of disorder (stacking fault) and/or grain size [40]. The
disappearance of the peaks only indicates that the LNO stacking on the FeOOH surface
weakens the mode of the layer structure. These results suggest the successful formation of
the FeOOH-LNO composite.

Figure 1. (a) XRD pattern of LNO, FeOOH and Fe-LNO samples (b) Raman spectrum of LNO,
FeOOH and 0.25Fe-LNO.

Scanning electron microscopy (SEM) reveals that the hydrothermal synthesized LNO
exhibits a nanorod structure with lengths of 30–100 nm and diameters of 10–20 nm
(Figure 2a), while the FeOOH, as the hydrolysates of K2FeO4, is composed of aggregated
nanosheets (Figure S1, Supplementary Materials). The drying process in the preparation
leads to agglomeration, which makes the SEM image of 0.25Fe-LNO unable to fully display
the morphology of the sample. Nonetheless, the nanosheets can still be identified in the
marked regions of Figure 2b, demonstrating the successful introduction of FeOOH and
forming the composites. Note that this hierarchical structure results in an increase in the
specific surface area (SSA). The Brunauer–Emmett–Teller (BET) analysis actually shows
that the SSA of the obtained 0.25Fe-LNO is 40.4 m2 g−1, which is almost twice that of
the LNO nanorods (22.8 m2 g−1) (Figure S2, Supplementary Materials). Transmission
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electron microscopy (TEM) was carried out to further unveil the morphology and struc-
ture of LNO and 0.25Fe-LNO. TEM images at different magnifications of 0.25Fe-LNO
(Figures 2d and S3, Supplementary Materials) demonstrate that the morphology of the
LNO nanorods with the diameters of 10–20 nm remained basically unchanged, which
is consistent with the SEM and TEM image of the LNO (Figure 2a,c). More importantly, it
can be clearly seen that the nanorods attach randomly to the thin nanosheets, indicating
the existence of 1D-2D heterostructures that are consistent with the synthesis results of
Scheme 1. The composition of this heterostructure was further determined by the high-
resolution TEM (HRTEM) images. The lattice fringes of the LNO nanorods are measured
to be 0.273 and 0.384 nm, corresponding to the (110) and (101) facets of LaNiO3 (JCPDS
No. 33-0711), respectively (Figure S4, Supplementary Materials). As shown in Figure 2e,f,
the HRTEM images of 0.25Fe-LNO reflects the intact contact between the LNO nanorods
and the FeOOH nanosheets, and the FeOOH has no regular interplanar spacing due to poor
crystallinity, which is consistent with the results of the XRD. To further identify the compo-
sition of the nanosheets, the HAADF-TEM image of 0.25Fe-LNO and the corresponding
elemental mapping images are shown in Figure S5 (Supplementary Materials), which can
further prove the existence of FeOOH nanosheets and the formation of a 1D-2D LaNiO3
nanorods-FeOOH nanosheets heterostructure. The clear and coherent interface between
the LNO and FeOOH displayed in the TEM image of 0.25Fe-LNO can favor the electronic
transfer and the biphasic synergy catalysis, as verified by subsequent X-ray photoelectron
spectroscopy (XPS) and electrochemical measurements [19].

Figure 2. SEM images of (a) LNO and (b) 0.25Fe-LNO. TEM images of (c) LNO and (d) 0.25Fe-LNO.
HRTEM image of 0.25Fe-LNO corresponding to the (e) Area 1 and (f) Area 2, as marked in (d).

The elemental compositions and electronic structure of the LNO, FeOOH and 0.25Fe-LNO
were investigated by XPS. The survey spectra (Figure S6, Supplementary Materials) confirm
that La, Ni, Fe and O are the main elements in the 0.25Fe-LNO. The XPS spectra of the La 3d
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and Ni 2p of LNO and 0.25Fe-LNO are shown in Figure 3a,b. Considering that the binding
energy region of La 3d3/2 and Ni 2p3/2 partially overlap, [41,42] the peak position and
intensity of La 3d3/2 and Ni 2p3/2 are distinguished by those of La 3d5/2 and Ni 2p1/2 [43].
Moreover, it is noted that the peaks of La 3d3/2 and 3d5/2 are multiplet-split owing to the
charge transfer from the bonded oxygen to the empty La 4f [44]. The La 3d5/2 and 3d3/2 of
LNO are located at 834.37/837.80 and 850.79/853.43, whereas those of 0.25Fe-LNO are po-
sitioned at 834.87/838.35 and 851.34/853.98, respectively. It demonstrates a binding energy
upshift of 0.55 eV in the 0.25Fe-LNO compared to the LNO nanorods [44,45]. Similarly,
the Ni 2p spectra of 0.25Fe-LNO consist of Ni 2p3/2 (855.65 eV) and Ni 2p1/2 (872.95 eV),
with two satellites whose binding energy is 0.20 eV higher than those of LNO, implying
an increased oxidation state of Ni [46]. These shifts in the peak positions indicate a shift
in the Fermi level with respect to the core levels rather than the charging effects. First,
the charge compensation and energy calibration were used to remove the charge effect.
Further, the charging effect caused by a significant net positive charge accumulates at the
surface of insulators and will lead to a positive shift in the binding energy of the sample.
Given that the conductivity of LNO is worse than that of 0.25Fe-LNO, the charging effect
of LNO should be more obvious than that of 0.25Fe-LNO. However, the binding energy
of 0.25Fe-LNO is positively shifted compared to that of LNO in the Ni 2p and La 3d XPS
spectrum. High-spin Fe3+ and Fe2+ cause complex multiplet-split in the Fe 2p spectrum [47].
Since the multiple splitting of Fe2+ and Fe3+ is too complicated to distinguish, and dividing
Fe 2p into different oxidation states could also identify the shift in the peak positions well,
it is not necessary to distinguish multiple peaks for each oxidation state [33,48]. As demon-
strated in Figure 3c, the Fe 2p spectra consist of two spin–orbit doublets with satellites,
and the Fe species could be deconvoluted into Fe2+ and Fe3+. The peaks of 0.25Fe-LNO at
712.16/725.42 and 710.19/723.45 eV correspond to Fe3+ 2p3/2/2p1/2 and Fe2+ 2p3/2/2p1/2,
respectively [49]. Further, the peak at around 706 eV is assigned to the Ni Auger peak in
the 0.25Fe-LNO. Compared with those of pure FeOOH, the Fe 2p peaks of 0.25Fe-LNO
downshift 0.29 eV. The chemical shifts strongly confirm the electron transfer from the LNO
nanorods to the FeOOH in 0.25Fe-LNO, which can lead to a synergetic effect to improve
the OER electrocatalytic activity. [50] In addition, Figure 3d displays the O 1 s spectra
of LNO and 0.25Fe-LNO, which can be deconvoluted into four peaks corresponding to
the lattice oxygen species (O2−, 528.32 eV), superoxidative oxygen (O22−/O−, 529.44 eV),
hydroxyl groups (–OH, 531.12 eV) and adsorbed water (H2O, 532.18 eV) [51]. The content
of adsorbed water oxygen mainly depends on the atmospheric conditions rather than the
material properties [48]. When calculating the proportion of oxygen species, the content of
adsorbed water should be removed. It is noted that the proportion of hydroxyl groups in
the oxygen species of 0.25Fe-LNO (76.3%) is significantly higher than that of LNO (62.5%),
indicating the higher surface coverage (θ) of the OH species in the 0.25Fe-LNO sample [52].
A high θ value is beneficial for OH adsorption on the catalyst surface, which can enhance
OER intrinsic activity [26,52].

The OER catalytic performance of as-prepared catalysts was measured in a 1 M KOH
electrolyte. As shown in Figure 4a, the linear sweep voltammetry (LSV) polarization curves
demonstrate that the OER activity of the xFe-LNO catalysts significantly exceeds that
of the LNO or FeOOH alone. Among them, the 0.25Fe-LNO catalyst displays the best
performance, with the lowest overpotential of 284 mV at the current density of 10 mA
cm−2—even better than commercial RuO2 and IrO2 (Figure S7, Supplementary Materials).
The LNO and FeOOH exhibit poor performance, with overpotentials of 363 and 330 mV,
generating the same density current of 10 mA cm−2, respectively. The Tafel slopes of
xFe-LNO, FeOOH and LNO are shown in Figure 4b, which are used to reflect the OER
kinetics reaction rate and the charge transfer ability [7,53]. As expected, the 0.25Fe-LNO
sample displays the lowest Tafel slope of 69 mV·dec−1, which is significantly smaller
than those of the LNO nanorods (120 mV·dec−1), FeOOH nanosheets (92 mV·dec−1) and
RuO2 (84 mV·dec−1). Note that all the Tafel slopes of the other xFe-LNOs catalysts are
smaller than those of the individual components. For the four-electron transfer oxygen
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evolution reaction, the Tafel slope is closely related to the reaction mechanism and can even
predict the rate-determining step. Furthermore, the rate-determining step moves closer
to the beginning part of the multiple-electron transfer reaction as the Tafel slope increases.
As the first electron transfer reaction, when the adsorption of the OH groups is the rate-
determining step, the corresponding Tafel slope is 120 mV dec−1 [54]. This suggests that the
adsorption of OH groups is the OER rate-limiting step of LNO. These low Tafel slopes of the
xFe-LNO could be attributed to the high coverage of the hydroxyl group and the obvious
charge transfer between FeOOH and LNO, as discussed above. During the electrochemical
test of perovskite-based catalysts, conductive agents are usually added to the ink in a
certain mass ratio to remove the electrode conductivity limit. To further demonstrate
the catalyst-specific results, the LSV polarization curves and corresponding Tafel plots of
these samples without Ketjenblack carbon were added in the Supplementary Materials
(Figure S8). The catalyst-specific activity of 0.25Fe-LNO significantly surpasses that of LNO
and FeOOH. The addition of Ketjenblack carbon can improve the performance of these
catalysts to varying degrees, and the positive influence on LNO and FeOOH is greater
than that on 0.25Fe-LNO, indicating that the heterostructure enhances the conductivity
of LNO and FeOOH. The resistivities of 0.25Fe-LNO are almost twice those of LNO, as
tested by a four-probe resistance tester, which further confirmed the above conclusion
(Supplementary Materials).

Figure 3. XPS spectra of (a) La 3d, (b) Ni 2p, (c) Fe 2p and (d) O 1s.
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Figure 4. (a) LSV of LNO, FeOOH and Fe-LNO samples. (b) The corresponding Tafel plots. (c) Linear
fits of half capacitive currents versus scan rates for the extraction of the double-layer capacitances.
(d) Nyquist plots. The inset of (d) is the equivalent circuit diagram. (e) The initial polarization curves
and the 500th cycles of 0.25Fe-LNO. (f) The chronoamperometric curves of 0.25Fe-LNO.

To further elucidate the enhanced electrochemical performance of 0.25Fe-LNO, cyclic
voltammetry (CV) and EIS measurements were carried out. The CV curves measured
from 20 mV S−1 to 120 mV S−1 of the LNO, xFe-LNO and FeOOH samples are dis-
played in Figure S9 (Supplementary Materials). The electrochemically active surface
area (ECSA) is in direct proportion to the double-layer capacity (Cdl) [10,55,56]. The Cdl
value of the 0.25Fe-LNO (9.81 mF cm−2) is approximately 3.1 and 2.0 times higher than
that of the FeOOH nanosheets (3.17 mF cm−2) and LNO nanorods (4.95 mF cm−2), in-
dicating that the composite holds more electrocatalytically active sites than the single
component (Figure 4c). The increased ECSA should be the reason, at least in part, for
the enhanced OER activity of the 0.25Fe-LNO catalyst, which is highly consistent with
the results of SSA discussed above. The LSV curves normalized by the ECSA of LNO,
xFe-LNO, FeOOH and RuO2 are presented to probe the intrinsic activity of the active
sites in Figure S10 (Supplementary Materials). Among them, 0.25Fe-LNO has the highest
intrinsic activity, indicating that the composite can not only increase the ECSA but also
enhance the intrinsic activity. In Figure 4d, the Nyquist plots of each catalyst are manifested
as two semi-circles, and the semicircles at the lower and higher frequency ranges represent
the interface resistance and charge transfer resistance, respectively [57]. The corresponding
equivalent circuit, which consists of the solution resistance (Rs), the interface resistance
(Ri), the charge-transfer resistance (Rct) and two constant phase elements (CPE), is shown
in the inset of Figure 4d. We found that the Rct of 0.25Fe-LNO (19.1 Ω) was significantly
reduced in comparison with those of LNO (250.6 Ω) and FeOOH (166.4 Ω), suggesting that
the composite catalyst possesses rapid charge-transfer kinetics [58,59]. The more fitting
parameters of the Nyquist plots are listed in Table S1 (Supplementary Materials), and the
trend of Rct is line with the results of the Tafel slopes. To demonstrate the positive effect
of the close contact between LNO and FeOOH, the electrochemical performance of the
LaNiO3/FeOOH composite prepared by physical mixing (0.25Fe/LNO) was measured
as a comparison (Figure S11, Supplementary Materials). 0.25Fe/LNO displays increased
OER activity when compared with LNO and FeOOH. However, the OER performance of
0.25Fe/LNO is far inferior to that of 0.25Fe-LNO due to the smaller active surface area
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and the larger charge-transfer resistance. Compared with 0.25Fe/LNO, 0.25Fe-LNO ex-
hibits enhanced synergy and charge transfer between LNO and FeOOH. In addition, the
turnover frequency (TOF) of the LNO, xFe-LNO and FeOOH catalysts at 1.60 V vs. RHE
was calculated and is listed in Table S2 (Supplementary Materials). 0.25Fe-LNO exhibits a
TOF value of 0.243 S−1, an order of magnitude higher than those of LNO (0.031 S−1) and
FeOOH (0.022 S−1), proving that 0.25Fe-LNO possesses superior intrinsic activity [7]. The
durability test shows that the overpotential of the 0.25Fe-LNO composite catalyst only
increased by 14 mV at the current density of 10 mA cm−2 after 500 CV cycles (Figure 4e).
The peak at 1.45 V vs. RHE after 500 CV cycles is the oxidation peak of the Ni species,
because the Ni based electrocatalyst LaNiO3 experiences the self-surface reconstruction
during the electrochemical activation process, forming the amorphous active phase. [53,60].
A clear activation process is also observed during the first as-shown 20,000 s (Figure 4f).
For the Chronoamperometry test, the Ni foam was covered by the catalyst as the working
electrode, and the interaction and the interface effect between the catalyst and the Ni foam
are usually negligible [22,59]. On the one hand, the activity of the Ni foam is far inferior to
that of the prepared catalyst (Figure S12, Supplementary Materials); on the other hand, the
catalyst dropped on the Ni foam is on a microscale and has less effect than that growing
on it.

3. Materials and Methods

3.1. Material Synthesis
3.1.1. Synthesis of LNO Nanorods

The LNO nanorods were synthesized by the hydrothermal method. A stoichiometric
amount of La(NO3)3·6H2O (0.125 mmol, 54.2 mg) and Ni(HCO2)2·2H2O (0.125 mmol,
24.1 mg) were dissolved in 22.5 mL of deionized (DI) water followed by strong stirring to
form a clear solution. Then, 2.5 mL 1 M KOH solution was slowly dropped into it to form a
light green suspension and was continuously stirred for 15 min. Thereafter, the suspension
was transferred into a 50 mL Teflon-lined stainless-steel autoclave and heated at 180 ◦C for
10 h in an oven. The resulting product was washed by DI after cooling to room temperature
naturally and then dried. The light green powders were calcined at 250 ◦C for 2 h and then
calcined at 650 ◦C for 5 h in air, with the heating rate at 5 ◦C min−1. The obtained black
powders were stirred in 12.5 mL 0.01 M HNO3 solution for 15 min to remove the impurities.
The LNO nanorods were obtained after being dried.

3.1.2. Synthesis of xFe-LNO (x = 0.125, 0.25, 0.5, 0.75)

Different amounts of the substance K2FeO4 were dissolved in 50 mL 6 M NaOH solu-
tion by sonication for 10 min to obtain the K2FeO4 solution with different concentrations.
The role of NaOH is to regulate the hydrolysis rate of K2FeO4, which can promote uniform
distribution of the composites. Next, the as-prepared LaNiO3 nanorods (0.375 mmol) were
added into the solution and sonicated for another 10 min to disperse uniformly. In addition,
x stands for the molar ratios of K2FeO4:(LaNiO3 + K2FeO4) in the xFe-LNO samples. For
example, the 0.25Fe-LNO sample with the best OER catalytic performance corresponds to
0.125 mmol K2FeO4. Subsequently, the above suspension was stirred for 24 h. Finally, the
xFe-LNO samples were obtained after being washed several times with DI water.

3.2. Material Characterizations

The phase structures were determined by X-ray diffraction (XRD, D8-Focus with
Cu Kα radiation, BRUKER, Karlsruhe, Germany). The Raman spectra were scanned
with an excitation wavelength of 532 nm on a Horiba LabRAM HR Evolution instrument
(HORIBA Scientific, Paris, France). The morphology and microstructure of the samples
were characterized by scanning electron microscopy (SEM, S4800, HITACHI, Tokyo, Japan)
and transmission electron microscopy (TEM, JEM-F200, JEOL, Tokyo, Japan). The Brunauer–
Emmett–Teller (BET) specific surface area of the samples was obtained via N2 desorption-
adsorption isotherms (SSA-7000, BJBulider, Beijing, China). The surface chemical states
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were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+,
ThermoFisher Scientific, Waltham, MA, USA). For XPS, the pass energy is 50.00 eV, and the
photoemission angle is 45◦. To remove the charging effect leading to the peak positions’
shift towards high binding energy, charge compensation was used during the testing, and
the energy was calibrated by C 1s = 284.8 eV for all samples.

3.3. Electrochemical Measurements

All of the electrochemical measurements were performed in a 1 M KOH electrolyte in
a standard three-electrode system on a CHI 760E (Shanghai Chenhua Instrument, Shanghai,
China) electrochemical station at room temperature, in which a graphite rod and Ag/AgCl
(3.5 M KCl) were respectively applied as the counter and reference electrodes. A glassy
carbon (GC) electrode with a diameter of 3 mm, which was covered by a thin catalyst film,
was used as the working electrode (except for special instructions). All the catalysts were
mixed with conductive carbon (Ketjenblack carbon) at a mass ratio of 7:3 to remove the
electrode conductivity limitation. Typically, 3.5 mg of the as-prepared catalyst and 1.5 mg
of Ketjenblack carbon were dispersed in a 1 mL solution containing 0.45 mL deionized
water, 0.5 mL ethanol and 50 μL 0.5 wt% Nafion solution, followed by ultrasonication for
at least 1 h to form a homogeneous ink. Then, 5 μL of ink was dropped on the GC electrode
with a catalyst loading density of 0.352 mgtotal cm−2 (0.246 mgcat cm−2) and dried at room
temperature. The measured potentials were calibrated to the standard reversible hydrogen
electrode (RHE) according to the Nernst equation (ERHE = EAg/AgCl + 0.059 pH + 0.196).

The linear sweeping voltammograms (LSVs) were obtained at a scan rate of 5 mV
s−1 with iR compensation (EiR corrected = E − IRs, where Rs is the Ohmic resistance of
1 M KOH and i is the current). The electrochemical double-layer capacitance (Cdl) was
calculated by cyclic voltammogram (CV) measurements, with different scan rates of 20, 40,
60, 80, 100 and 120 mV S−1 in a non-Faradaic current region. Electrochemical impedance
spectra (EIS) measurements were recorded at 1.56 V versus the RHE in a frequency range of
106–10−1 Hz under an AC voltage of 5 mV. The ECSA of a catalyst sample was calculated
by the formula: ECSA = Cdl/Cs, where Cs is the specific capacitance and was generally
around 0.04 mF cm−2 in the alkaline solution [61,62]. The turnover frequency (TOF) was
calculated by the formula: TOF = (j × A)/(4 × F × n), where j (A cm−2) is the current
density obtained by the LSV measurement, A is the geometric area of the GC with catalysts
(0.07065 cm−2), F is the Faraday constant (96485.3 C mol−1) and n is the number of active
sites of the catalysts coated on the electrode. The stability test of the 0.25Fe-LNO by CV
cycling was conducted in a potential range of 1.0–1.58 V versus the RHE at a scan rate of
100 mV s−1, and a chronoamperometry test was conduct at 1.56 V versus the RHE with Ni
foam covered by the catalyst (0.375 mgtotal cm−2) as the working electrode.

4. Conclusions

In summary, we proposed a two-step strategy for the synthesis of perovskite oxides
and FeOOH heterostructures with an interesting 1D-2D hierarchical structure. By adjusting
the different ratio of the two components, a variety of xFe-LNO composites were prepared.
The catalytic performance test shows that the optimized 0.25Fe-LNO catalyst displays a
significantly enhanced the OER performance in alkaline electrolytes in comparison to the
pristine LaNiO3 nanorods and FeOOH nanosheets, even outperforming the RuO2. We
found that the enhanced performance could be explained by the morphology engineering
of LNO and the synergistic effect of the perovskite oxides and FeOOH. The introduction
of this hierarchical structure not only increases the electrochemically active surface area
but also results in an abundant contact area between LNO and FeOOH. Therefore, an
accelerated charge transfer and synergistic effect are observed. This strategy also provides
a new way to obtain perovskite oxides OER catalysts with better performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12060594/s1, Figure S1: SEM image of FeOOH nanosheets;
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Figure S2: N2 adsorption–desorption isotherms of LNO and 0.25Fe-LNO; Figure S3: TEM image
of 0.25Fe-LNO; Figure S4: HRTEM image of LNO; Figure S5: HAADF-TEM image of 0.25Fe-LNO
and the corresponding elemental mapping images; Figure S6: XPS survey spectra of LNO and
0.25Fe-LNO; Figure S7: (a) LSV of LNO, FeOOH, Fe-LNO and IrO2 samples. (b) The corresponding
Tafel plots; Figure S8: (a) LSV of LNO, FeOOH and 0.25Fe-LNO samples without Ketjenblack carbon.
(b) The corresponding Tafel plots; Figure S9: CV curves measured from 20 mV S−1 to 120 mV S−1 of
(a) LNO, (b) 0.125Fe-LNO, (c) 0.25Fe-LNO, (d) 0.5Fe-LNO, (e) 0.75Fe-LNO and (f) FeOOH; Figure S10:
ECSA-normalized LSV of LNO, xFe-LNO, FeOOH and RuO2; Figure S11: (a) LSV of LNO, FeOOH,
0.25Fe-LNO and 0.25Fe/LNO samples. (b) The corresponding Tafel plots. (c) Linear fits of half
capacitive currents versus scan rates for the extraction of the double-layer capacitances. (d) Nyquist
plots; Figure S12: The LSV of Ni foam; Table S1: The fitting parameters of Nyquist plots; Table S2:
TOF @ 1.60 V vs. RHE (S−1) of the LNO, xFe-LNO and FeOOH samples. Table S3: Atomic ratios of
xFe-LNO from the SEM-EDS results.
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Abstract: Designing a high-performance electrocatalyst that operates with photon-level energy is of
the utmost importance in order to address the world’s urgent energy concerns. Herein, we report
IrNi nanoparticles uniformly distributed on cost-effective activated carbon support with a low mass
loading of 3% by weight to drive the overall water splitting reaction under light illumination over
a wide pH range. The prepared IrNi nanomaterials were extensively characterized by SEM/EDX,
TEM, XRD, Raman, and UV-visible absorption spectroscopy. The experimental results demonstrate
that when the Ir:Ni ratio is 4:1, the water splitting rate is high at 32 and 25 mA cm−2 for hydrogen (at
−1.16 V) and oxygen evolution reactions (at 1.8 V) in alkaline electrolyte, respectively, upon the light
irradiation (100 mW cm−2). The physical and electrochemical characterization of metal and alloy
combinations show that the cumulative effect of relatively high crystallinity (among the materials used
in this study), reduced charge recombination rate, and improved oxygen vacancies observed with the
4Ir1Ni@AC electrode is the reason for the superior activity obtained. A high level of durability for
hydrogen and oxygen evolution under light illumination is seen in the chronoamperometric study
over 15 h of operation. Overall water splitting examined in 0.1 M of NaOH medium at a 50 mV s−1

scan rate showed a cell voltage of 1.94 V at a 10 mA cm−2 current density.

Keywords: IrNi; photoelectrochemical; water splitting; HER; OER

1. Introduction

Out of all forms of renewable energy and their respective production procedures,
hydrogen produced by photoelectrochemical means employing water as the input (source
of hydrogen) is regarded as the most cost-effective and sustainable [1–3]. The world is
transitioning toward a hydrogen economy, with it having a projected 12% market share in
the energy sector by the year 2050 [4]. The shift from fossil fuels to hydrogen is expedited
by the undeniable urgency of the climate situation and the commitment of every country
to achieve net-zero emissions, which are valued at USD 174 billion [5]. Regardless of the
understanding of its importance, industrial hydrogen production is dominated by methane
reforming [6,7].

Electrochemical means of hydrogen production have achieved a good performance
in alkaline medium [8–10]. However, it has been noticed that catalysts encounter a higher
ohmic resistance when performing the dual role of HER and OER at a single site [11].
This leads to a higher polarization loss in addition to sluggish reaction kinetics [7,12,13].
In the search for novel materials for commercial-scale electrolyzer systems, bifunctional
catalysts with a low internal ohmic resistance and improved mass transport yielding
high current densities are in high demand [14,15]. These catalysts can be created by
introducing defect sites [16,17], focusing on a certain morphology [18,19], sticking to a
certain crystal facet [20], or using core-shell nanoparticles [21]. However, the most viable
method for an electrochemical system driven by photon energy is to create a heterojunction
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by incorporating two compatible metal/metal or metal/nonmetal materials to achieve a
favorable band bending [22,23].

The overall water splitting process involves two half-reactions taking place at the
boundary line of a triple-phase, namely, a solid-phase electrocatalyst; a liquid electrolyte;
and the gaseous products formed during the progression of the reaction [24]. Lately,
several iridium (Ir) and nickel (Ni) based electrocatalysts of different modes, namely core-
shell nanostructured [21] and dislocation-strained Ir and Ni nanoparticles [25], have been
studied with regard to the hydrogen evolution reaction. IrO2 has a strong light absorbance
in the UV–visible region in addition to its intrinsic oxygen evolution activity [26,27]. NiO,
on the other hand, has been studied in relation to the hydrogen evolution reaction for
many years [28,29]. NiO is also a well-known visible-light catalyst used in degradation
reactions [30,31].

In light of this, here, we report the facile synthesis of an IrNi oxide alloy with improved
light absorption properties for visible light-driven electrochemical water splitting. The
total metal weight was maintained at 3% of the total catalyst weight, and the support
used was a cost-effective porous activated carbon. For comparison, 3% by weight (in feed)
of individual mono metallic nickel supported on AC (3%Ni@AC) and 3% by weight (in
feed) of iridium supported on AC (3%Ir@AC) were also prepared. Of the three different
Ir to Ni weight compositions (1:4, 1:1, and 4:1) evaluated, the 4:1 Ir:Ni on AC matrix was
found to deliver superior hydrogen and oxygen photocurrents in alkaline, acidic, and
neutral media. We believe that the results of this study will contribute to new insights into
photoelectrochemical water splitting by IrNi oxide alloy. The simultaneous redox capability
shown here will encourage the experimental adoption of IrNi-based materials in explore
other chemical reactions of industrial importance under visible light conditions.

2. Results and Discussion

Metal and alloys of Ir and Ni on the AC prepared in this study were initially evaluated
to determine their hydrogen (HER) and oxygen (OER) evolution reaction, as shown in
Figure 1. Working pH has more impact on electrocatalysis than other types of catalysis.
Hence, activity was tested in alkaline, neutral, and acidic media under a light intensity
of 100 mW cm−2 (Figure 1a–f). The dark counterparts of the light-mediated electrolysis
showed a far lower current density for each respective catalyst for any given potential
value (Figure 2a–f). Hence, to improve clarity and assist in easy interpretation, only the
current density values of the light-assisted system are shown in Figure 1a–f. It is evident
from Figure 1a–c that, regardless of the nature of the electrolyte, Ir@AC showed the least
activity towards hydrogen evolution, with it not exceeding −1 mA cm−2 at −1.16 V
(vs. RHE). In the NaOH medium, the HER activity was significantly higher with the use of
alloy combinations compared to that obtained with single metals (Figure 1a). The highest
values obtained among the studied materials were recorded with the 4Ir1Ni@AC catalyst
with a current density of −32 mA cm−2 at −1.16 V. This value was more than eight-fold
higher than that obtained for the 1Ir4Ni@AC catalyst (−3.7 mA cm−2 at −1.16 V). This
observation is worth further exploration. Ni catalysts are known for their intrinsic activity
in hydrogen evolution [28]. Introducing a low percentage of Ir into Ni to form 1Ir4Ni
(20% of Ir and 80% of Ni) improved the hydrogen evolution of Ni by 3%. Conversely,
a low level of addition of Ni to the Ir led to a marginal increase in hydrogen reduction
compared to that of Ir. Equal weight percentages of Ir and Ni in the AC matrix resulted in a
cathodic current density of −9.5 mA cm−2 at −1.16 V, which was higher than that of the
1Ir1Ni@AC mixture (1Ir1Ni@AC-p, −4.9 mA cm−2 at −1.16 V) prepared by mixing equal
amounts by mass of monometallic Ir@AC and Ni@AC. Alloying has been demonstrated
to play an indispensable role in the rational regulation of the band structure of parent
metal oxides by modifying the electron distribution in addition to modulating the surface
and interface of the electrode and electrolyte, respectively [32,33]. The incorporation of Ni
has recently been shown to reduce the hydrogen binding energy of Ir by up to 2.5 times
the inherent activity of the metal [33]. This is apparent in the present system in alkaline
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media, where the hydrogen reduction is visualized in terms of activity enhancement by
alloying Ir with Ni. In line with this observation, in the present system, tremendously high
improvements were achieved after alloying Ir with Ni, with Ir being the major phase of the
oxide alloy. Alkaline electrolyzers are more sought after for hydrogen generation at large
scales due to the high purity of the hydrogen gas produced and their impressive long-term
stability [34–36]. However, it is no secret that alkaline electrolyzers suffer from sluggish
reaction kinetics, with electrolyzers’ activity in acid being 2–3-fold higher compared to that
in alkaline environments.

Figure 1. Linear sweep voltammetry (LSV) curves of Ir and Ni metals and alloys on activated carbon
matrix; the test was performed at a 50 mV s−1 scan rate in (a,d) 0.1 M NaOH, (b,e) 0.1 M Na2SO4,
and (c,f) 0.1 M H2SO4 electrolyte at room temperature in the presence of 1 sunlight illumination
(1.5 G AM, 100 mW cm−2). The material code was similar in all graphs; refer to (b) for the labeling.

Figure 2. Linear sweep voltammetry (LSV) curves of Ir and Ni metal and alloys on activated carbon
matrix, test performed at 50 mV s−1 scan rate in the dark (light off) condition in (a,d) 0.1 M NaOH,
(b,e) 0.1 M Na2SO4 and (c,f) 0.1 M H2SO4 electrolyte at room temperature. Material code is similar in
all graphs and refers to (b) for the labeling (blue: 1Ir1Ni@AC, violet: 4Ir1Ni@AC, red: Ir@AC, black:
Ni@AC, green: 1Ir4Ni@AC and brown: 1Ir1Ni@AC-p).
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Critically comparing the activity of catalysts in acidic media (0.1 M H2SO4, Figure 1c)
with that in alkaline (Figure 1a), it is noted that, except for 4Ir1Ni, lowering the medium
pH increased the hydrogen production. In acidic media, Ni metal shows a characteristic
catalytic activity of −9.5 mA cm−2 at −1.16 V, while an ultra-low current density was
witnessed in the alkaline electrolyte. The 1Ir4Ni@AC catalyst had similar activity in
both acidic (−3.7 mA cm−2) and alkaline media (−3.6 mA cm−2). In the acidic media,
1Ir1Ni@AC, 1Ir1Ni@AC-p, and 4Ir1Ni@AC (−23 to −25 mA cm−2) yielded similar current
densities, despite the difference of Ir and Ni in mass ratios and the distribution of the
elements across the matrix. It is necessary to evaluate the HER performance of the catalysts
on different electrolyte media in order to discover the descriptors that govern the HER
activity [37]. In the neutral electrolyte, Ni@AC and 1Ir4Ni@AC demonstrated higher HER
current densities than those seen in acidic and alkaline media. In the case of 1Ir4Ni@AC,
its activity was similar in acid and alkali environments, while it was four-fold higher in
Na2SO4. For Ni, its current density at −1.16 V was improved from near-zero to −9.5 to
−15.9 mA cm−2 by switching the electrolyte from NaOH to H2SO4 to Na2SO4. Regardless
of the electrolyte used, 4Ir1Ni@AC demonstrated the highest activity, as measured by the
current density, among the metal and alloy combinations studied. Nevertheless, 4Ir1Ni@AC
showed higher activity in alkaline media (−32 mA cm−2) than in acidic (−24.8 mA cm−2) or
neutral (−16.7 mA cm−2) media. Hence, 4Ir1Ni can be described as being active in a wide
pH range for HER under the illumination of light. Irrespective of the recent observations
made regarding the importance of surface-adsorbed hydroxyl during the water dissociation
step, it has been proven that Hads plays a key role [38]. It is anticipated that different trends
will be observed in different electrolytes. For example, in photoelectrocatalysis, the first
step involves generating a photovoltage upon absorbing the light and electrocatalyst
and then employing this voltage to drive the respective HER reaction. In addition to
alloy molar ratio modulation and the corresponding electronic structure, the photovoltage
generated in each scenario varies as the electrolyte is switched, contributing to the different
electrolyte/electrode interface interaction effects.

In the broader context, oxygen evolution (OER) under light illumination takes place in
a few steps. Initially, solar absorption by the metal (Ir or Ni) or alloy (IrNi) oxide center of
the catalyst generates holes, which are transferred to the bulk electrolyte in the femto-second
scale and dissociate water to form hydroxyl ions. Oxygen molecules are finally generated at
the triple-phase (which is the boundary line between the solid electrode, liquid electrolyte,
and gaseous product) as a result of a series of bond-making and breaking processes.

IrO2 is known for its inherent OER activity, particularly in acidic media [39]. In this
study, we utilized the catalyst in a low loading with an AC matrix and driven by solar
absorption under a light intensity of 1 sun. In line with the literature precedent, we achieved
a result of 20.04 mA cm−2 for Ir@AC in 0.1 M H2SO4 at 1.8 V (vs. RHE) (Figure 1f), while
the result was lower yet similar in NaOH (13.5 mA cm−2) and Na2SO4 (13 mA cm−2)
electrolytes. In acidic electrolyte, the incorporation of Ni in Ir enhanced the intrinsic activity
of Ir by 7.8% when Ir was a major phase. Conversely, the activity of Ir was reduced by
55.8% when the major component was Ni (8.84 mA cm−2 with 1Ir4Ni@AC). Ir and Ni in
equal weight ratios demonstrated a higher current density, similar to that obtained for
4Ir1Ni@AC (21.6 mA cm−2 at 1.8 V), while in the case of a chemical mix, the well-combined
physical mixture gave a much lower current density of 9.7 mA cm−2 at 1.8 V. In the alkaline
media (Figure 1d), Ir@AC and 1Ir1Ni@AC demonstrated similar activity (~13.5 mA cm−2),
while 4Ir1Ni@AC yielded a superior activity of 24.38 mA cm−2. It is noteworthy that in
both acidic and alkaline media, Ni@AC exhibited the least performance of <1 mA cm−2 at
1.8 V, while in neutral media, it was the physical mixture of 1Ir1Ni@AC that achieved the
least activity. A detailed evaluation of the different metal and alloy combinations that can
be used for HER and OER in different electrolyte media provided important information
on the supreme photoelectrocatalytic activity of 4Ir1Ni@AC for overall water splitting.
Thus, it is important to analyze the characteristics of 4Ir1Ni@AC compared to those of other

436



Catalysts 2022, 12, 1056

metals and alloys. Observations showed evidence that the d band center of 4Ir1Ni was in a
favorable position to drive the HER and OER at high rates.

In order to understand the outstanding photoelectrocatalytic behavior of the 4Ir1Ni@AC
catalyst, the characteristics of the materials were evaluated by several different means.
Morphological analysis by SEM revealed a similar appearance of all samples under the
same magnification, highlighting only the porous activated carbon matrix (Figure 3a and
Figure S1). Activated carbon is known to be amorphous, with a large internal surface area
and pore volume. Higher magnification under TEM, however, showed nanoparticles that
were uniformly distributed across an AC matrix (Figure 3b and Figure S2). The selected
area electron diffraction (SAED) patterns observed in the diffraction rings of TEM indicate
the partial crystallinity of 4Ir1Ni (Figure 3c). Apart from 4Ir1Ni@AC, Ni was shown to
be crystalline (Figure S3). The analysis of the elemental composition by EDX affirmed the
relative weight ratios of Ir and Ni in the alloy combinations to be within reasonable limits
of the feed mass ratios (Table S1, Figure S4), whereas the Ir to Ni relative weight ratios
were 1.2 ± 0.1:1 in 1Ir1Ni@AC, 1:3.5 ± 0.2 in 1Ir4Ni@AC, and 4.2 ± 0.1:1 in 4Ir1Ni@AC.
Powder X-ray diffraction patterns of the Ir and Ni metal and alloy @AC samples showed
the apparent camouflaging of the Ir- and Ni-related peaks by a broad peak spanning an
angle range of approximately 40 to 47◦ 2θ related to the AC moiety (Figure 3d). However,
in the Ir-Ni alloys, there were three peaks in the 20–30◦ range, specifically at 21.79◦, 25.70◦,
and 27.92◦, which were attributed to diffractions arising from the IrNi alloy particles [25,33].
It is noteworthy that alloy diffractions were more pronounced in 4Ir1Ni@AC than in other
combinations. In addition, with 4Ir1Ni@AC, two additional peaks located at an angle of
43.29◦ for the (200) plane of NiO and 51.86◦ for the (200) plane of Ni can be seen. The
1:1 mixture of Ir and Ni prepared with a well-combined physical mixture exhibited the
weakest diffraction pattern. In the Ir@AC (211) plane, the diffraction of IrO2 was visible
at 54.77◦. Hence, it is understood that 4Ir1Ni@AC possesses a higher level of crystallinity
compared to other materials used in this study.

 

Figure 3. (a) SEM and (b) TEM representation of 4Ir1Ni@AC; the scalar bar is specified in the image.
(c) SAED diffraction pattern of 4Ir1Ni@AC and (d) powder X-ray diffraction pattern in the 10–70o

2θ angle range, with peak tips marked with (*) for IrO2, (•) for alloy, and (◦) for Ni, peaks of AC
are indexed with ‘AC’ prefix. ICSD 640,887 and ICSD 166,118 refer to the standard diffraction peak
patterns of IrO2 and NiO, respectively.
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It is apparent from the outstanding edge observed with the 4Ir1Ni@AC catalyst that
the light absorption and the resultant bandgap of the passive layer play definite roles
in its superior activity. In this aspect, Figure 4a demonstrates the diffuse reflectance
light absorption spectra of each metal and alloy combination. The presence of oxygen
vacancies is known to enhance the light absorbance in the visible region. This is expected
in 4Ir1Ni@AC, whose convincing sub band excitation can be seen in the visible region of
the UV–visible spectra. Two resolved peaks can be seen: one at the UV–visible boundary
and the second being an intense peak in the visible region. The UV-visible spectrum of
Ir@AC was broad with an ambiguous peak at 330–380 nm range, and Ni@AC showed
a wide, well-defined curved peak at 455 nm [40]. The enhanced light absorption in the
visible region plays an undeniable role in photovoltage generation in the visible region
upon irradiance with simulated solar light with a 100-mW cm−2 intensity. Additionally,
Raman tests was performed on the materials, and the intense Raman signals arising
from the activated carbon support (Figure S5a) limit the recognition of Raman signals
of Ni center (460 cm−1, 530 cm−1 for Ni-O bond) and Ir center (360 cm−1, Ir-O bend).
However, the Raman signals of the 4Ir1Ni@AC material shift to a lower frequency region
compared to the singular systems as shown in Figure S5b, suggesting the existence of
oxygen vacancies in the material. Since 4Ir1Ni@AC and 1Ir1Ni@AC demonstrated the
best and second-best photoelectrochemical water splitting properties, respectively, these
two materials were evaluated carefully to identify the origin of the activity. According
to the Tauc plot of 4Ir1Ni@AC and 1Ir1Ni@AC given in Figure 4b, the band gaps were
calculated to be 2.70 and 4.19 eV, respectively. Bandgap narrowing was thus witnessed
with 4Ir1Ni@AC compared to 1Ir1Ni@AC. A Mott–Schottky analysis was then performed
to elucidate the electronic band potentials of the two (Figure 4c). The resultant flat band
potentials were found to be −0.92 V for 4Ir1Ni@AC and −0.70 V for 1Ir1Ni@AC (vs.
NHE). Additionally, it is worth mentioning that both the 4Ir1Ni@AC and 1Ir1Ni@AC
electrodes exhibited positive slopes indicative of n-type semiconductor behavior. The
conduction band minimum is usually in 0~0.2 V, higher than that of the flat band potential
for n-type semiconductor materials [41–43] and, in this regard, it can be set to 0.1 V
considering the effective mass (electron) and charge carrier concentration. The conduction
band minimum was thereby calculated to be −1.02 V and −0.80 V for 4Ir1Ni@AC and
1Ir1Ni@AC, respectively. The conduction band edge of 1Ir1Ni@AC was relatively more
downshifted than 4Ir1Ni@AC. However, the valance band maximums were found to be
1.7 V (4Ir1Ni@AC) and 3.5 V (1Ir1Ni@AC) in the assessment of the band gap values obtained
from the Tauc plot (Figure 4b), and the conduction band minimum values obtained from the
Mott–Schottky plots (Figure 4c). Therefore, it can be concluded that the valance band edge
of 4Ir1Ni@AC is relatively rising compared to 1Ir1Ni@AC. Comparing the Mott–Schottky
slopes, 1Ir1Ni@AC was slightly steeper than that of 4Ir1Ni@AC. This lower Mott–Schottky
slope reveals a higher donor density in the 4Ir1Ni@AC material, which may be more
ascribed to oxygen vacancies [44,45]. A higher donor density improves the charge carrier
separation and transport, which directly causes an increase in charge collection efficiency
and a drop in charge recombination. Light-induced photoelectrochemical activity analysis
is not complete without identifying the influence of charge recombination, which plays a
crucial role in the transient photocurrent response. Regardless of the higher absorbance
of light by NiO@AC (Figure 4a), it had a lower activity, indicative of a possible impact
of charge recombination. Photoluminescence (PL) spectra were measured for metal and
alloy materials upon excitation with 350 nm light at room temperature. From the general
trend, the luminescent spectra had two emissions in the visible region, one centered at
557 nm and the other at 601 nm, at varying intensities (Figure 4d). The first emission at
557 nm (equivalent to a 2.22 eV photon energy) can be attributed to the near band edge
(NBE) emission caused by the room-temperature free excitations in the region [46]. A
higher luminescence intensity is indicative of a higher radiative charge recombination rate,
which has a detrimental effect on the photo-induced reaction. The 4Ir1Ni@AC showed
less intense PL peaks compared to the pattern of 1Ir1Ni@AC, which further confirms the
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enhanced interfacial interaction in the case of the 4:1 Ir to Ni ratio. The improvement in
interfacial interaction at the heterojunction promoted the photogenerated charge carrier
separation of electrons and holes and sequentially suppressed the charge recombination.
The weak photoelectrochemical behavior of NiO was apparent, with significantly more
intense PL emissions (Figure S6).

Figure 4. (a) UV–visible absorbance spectra of all metal and alloy combinations used in this study:
shaded area at 330–380 nm reflects characteristic peak position for IrO2 and shade at 455 nm is for
NiO, (b) Tauc plot, (c) Mott–Schottky plot, and (d) PL emission spectra obtained upon excitation with
light in the 350 nm range.

The hydrogen evolution activity of 4Ir1Ni@AC was compared between electrolytes
with different pHs. As shown in Figure 1a–c and the chronoamperometry tests in Fig-
ure 5a, the photo-assisted electrochemical hydrogen evolution of 4Ir1Ni@AC was further
confirmed by chronoamperometry in NaOH and H2SO4. Regardless of the extent, finding
a light-absorbing electrocatalyst material that can perform HER over a wide pH range is
very important with respect to water electrolysis. This variation in activity is evident in
Figure 5b, where the potential is displayed when the system delivers a current density of
−10 mA cm−2. The corresponding Tafel plot for 4Ir1Ni@AC, given in Figure S7, shows a
Tafel slope of 43.2 mV dec−1 for NaOH, 45.4 mV dec−1 for Na2SO4, and 49.7 mV dec−1

for H2SO4, respectively. The values are higher than the 28.1 mV dec−1 reported for MOF-
supported IrNi in another study on HER in 0.5 M H2SO4 [47]. Considering the industrial
favor of alkaline electrolyzes, the long-term stability of the system was assessed in 0.1 M
NaOH electrolyte for a duration of 5 h using chronoamperometry at −1.16 V over a 3-day
period, accounting for 15 h of operation altogether. The cathodic current density did not
decrease over the period of the test, indicating persistent hydrogen evolution activity over
time as shown in Figure 5c. A current density range of −34.5 mA cm−2 to −33 mA cm−2

was seen throughout the test. The profilometry assessment of the 4Ir1Ni@AC coating after
the stability test revealed the good adhesion of the coating to the FTO substrate, with the
roughness parameter changing from 22.31 μm for the fresh coating to 24.51 μm for the
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coating after 15 h of operation (Figure 6). Between the test runs, the electrode was rinsed
clean with running DI and dried in a vacuum oven at 40 ◦C.

Figure 5. (a) Chopped chronoamperometry at −1.16 V (RHE). (b) Potential at −10 mA cm−2 current
density. (c) Chronoamperometry in 0.1 M NaOH at −1.16 V (vs. RHE) for 4Ir1Ni@ AC catalyst.

 

Figure 6. Surface topography curves obtained from Profilometer at ×10 objective lens.
(a) 4Ir1Ni@AC—freshly made, Ra (roughness parameter) 22.31μm; (b) 4Ir1Ni@AC—after 15 h chronoam-
perometry testing at −1.16 V in 0.1 M NaOH electrolyte, Ra (roughness parameter) 24.51 μm.

Similar to chronoamperometry in Figure 5a for hydrogen evolution, oxygen evolution
assessed with intermittent light exposure given in Figure 7a clearly demonstrated the
oxygen evolution potential of 4Ir1Ni@AC in alkaline and acidic media in particular with
assured light-induced electrochemical activity. Electrochemical impedance (EIS) analysis
showed a wider arc radius for the light-off reaction and a depressed semicircle for the
light induced reaction in 0.1 M Na2SO4 solution. The lower arc radius shown in Figure S8
for light on reaction is due to the efficient interfacial charge transfer facilitated by lower
interfacial layer resistance resulting in improved reaction dynamics. However, the oxygen
evolution potential measured at current density of 10 mA cm−2 (Figure 7b) for 4Ir1Ni@AC
exhibited a pattern similar to that observed for HER. The 4Ir1Ni@AC required a higher
potential to reach the same current density when it was in the Na2SO4 electrolyte, while
the difference between NaOH and H2SO4 was negligible. Despite the slight variation,
the overpotential of OER with 4Ir1Ni@AC catalyst seen in this study was visibly lower
than that observed by Lv et al. [33] with IrNi nano flowers in another study. The related
Tafel slopes were found to be lower than those reported for IrNi nanocluster catalyst in
KOH electrolyte media [48]. As shown in the Tafel plot in Figure S9, the 4Ir1Ni@AC
exhibits an OER Tafel slope of 21.75 mV dec−1 in NaOH, 32.75 mV dec−1 in Na2SO4, and
25.04 mV dec−1 in H2SO4, respectively. The chronoamperometric curve of 4Ir1Ni@AC was
very stable in NaOH, with a drop in current density of only 2 mA cm−2 seen after 15 h of
durability evaluation carried out at 1.8 V by 5 h operations over three days (Figure 7c).
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Figure 7. (a) Chopped chronoamperometry at 1.8 V (vs. RHE). (b) Potential at 10 mA cm−2 current
density. (c) Chronoamperometry in 0.1 M NaOH at 1.8 V (vs. RHE) for 4Ir1Ni@ AC catalyst.

To assess the overall water splitting ability of the 4Ir1Ni@AC electrocatalyst under one
sunlight irradiation of 100 mW cm−2 intensity, a water-splitting experiment was carried
out with two 4Ir1Ni@AC film electrodes as the cathode and anode materials, respectively.
Figure 8a represents the overall cell function measured by linear sweep voltammetry in
positive and negative potential, with the mechanism (Figure 8b). It is observed that at
a current density of 10 mA cm−2, hydrogen evolution overpotential was observed to be
−0.43 V and oxygen evolution overpotential was 0.25 V, resulting in an overall cell volt-
age of 1.94 V. The HER overpotential is high compared to other Ir-based materials for
overall water splitting, as given in Table S2. However, the OER overpotential achieved
by 4Ir1Ni@AC is much lower than the values reported for Ir-based electrocatalysts. The
charge transfer processes occurring on IrNi nanoparticle is further illustrated in Figure 8b
with respect to oxidation and reduction sites upon solar illumination. The reported HER
overpotential is as low as 23 mV at a current density of 10 mA cm−2 using commercial
20% Pt/C and Ru/C catalysts [49,50], but considering the low mass loading of the active
material (Ir and Ni) in the studied catalysts, the performance is promising. In fact, the
overall cell voltage is comparable to the 1.56 V reported for non-precious metal-based
CoNiO2@rGO supported on Ni foam [51]. Hence, the potential of using IrNi alloys in a
cost-effective activated carbon support with an appropriate Ir-to- Ni ratio for use in an
electrolyte (not primarily limited to alkaline media) was demonstrated.

Figure 8. (a) Overall water splitting performance of 4Ir1Ni@AC catalyst in 0.1 M NaOH electrolyte in
a two-electrode setup under illumination of 1 sunlight. (b) Schematic diagram of the photoelectro-
chemical process occurring on IrNi particle irradiated with light.

441



Catalysts 2022, 12, 1056

3. Materials and Methods

3.1. Materials

Ni(NO3)2·6H2O (99.9%), IrCl3·xH2O (reagent grade), activated carbon (AC), poly(vinylidene
fluoride) (PVDF, Mw ~534 k), NaBH4 (98%) and N-methyl-2-pyrrolidone (NMP, 99%),
NaOH (98%), and Na2SO4 (99%, anhydrous) were purchased from Sigma-Aldrich and used
in the experiments without additional purification. Acetylene carbon (MTI company, St.
Richmond, CA, USA), H2SO4 (98%, BDH), ethanol (99%, ISOLAB), and acetone (ISOLAB)
were used. For all experiments requiring water, deionized water (DI) from a Mill1 Q-type
water purification system was utilized, and the resistivity of the deionized water was
≥18.2 MΩ cm.

3.2. Synthesis of Metal and Alloys Supported on Activated Carbon

Ni@AC: A total of 500 mg of AC powder was dispersed in 100 mL of DI water in
a clean, dry 250 mL beaker. The solution was kept under stirring for 20 min. Then, the
desired amount of Ni salt (e.g.: 74 mg for 3% of Ni@AC) was weighed according to the
weight percentage of Ni expected in the finally prepared Ni@AC catalyst powder and
introduced into the AC dispersion. Meanwhile, 20 mL of freshly prepared 0.01 M NaBH4
solution was introduced dropwise into the solution under vigorous stirring. Stirring was
continued for another 30 min, and the mixture was aged at room temperature for 24 h.
Catalyst powders were then separated and washed with DI 3 times and finally with ethanol
under centrifugation. Catalyst samples were dried in a vacuum oven at 60 ◦C for 24 h,
followed by annealing at 150 ◦C for 4 h in a muffle furnace.

Ir@AC: A total of 500 mg of AC powder was dispersed in 100 mL of DI in a dry
clean 250 mL beaker. The solution was kept under stirring for 20 min. A total of 0.01 M
of an aqueous solution of IrCl3·xH2O was prepared in a 250 mL volumetric flask. Then,
the desired volume of Ir salt (7.5 mL IrCl3·xH2O solution for 3% of Ir@AC) solution was
introduced according to the weight percentage of Ir expected in the finally prepared Ir@AC
catalyst powder. Meanwhile, 20 mL of 0.1 M NaBH4 solution was freshly prepared and
added dropwise into the solution under vigorous stirring. The stirring was continued for
another 30 min, and the solution was aged at room temperature for 24 h. Aged catalyst
powders were washed with DI 3 times and finally with ethanol. Catalyst samples were
dried in a vacuum oven at 60 ◦C for 24 h, followed by annealing at 150 ◦C for 4 h in a
muffle furnace.

IrNi@AC: The alloy catalysts of Ir and Ni were fabricated in three different elemental
ratios, namely, 4:1, 1:1, and 1:4, respectively. The percentage was stated based on Ir and
Ni centers in the feed composition. The synthesis procedure used was similar to that
of mono metal@AC, except for the addition of desired amounts of both Ni(NO3)2 salt
in powder form and Ir3+ solution at the same time before the introduction of NaBH4.
The salt composition in the feed used to fabricate a 1:1 ratio of Ir:Ni was 12.5 mL of
0.01 M of IrCl3·xH2O (5 mL for 1:4 and 20 mL for 4:1) solution and 124 mg of Ni(NO3)2
(198.4 mg for 1:4 and 49.6 mg for 4:1). The total IrNi composition was maintained at 3% of
the weight of the AC support at the beginning, with the relative ratio between Ir:Ni being
4:1 (4Ir1Ni@AC), 1:1 (1Ir1Ni@AC), and 1:4 (1Ir4Ni@AC).

Another 1:1 (1Ir1Ni@AC-p) physical mixture of Ir@AC and Ni@AC was prepared
by blending annealed Ir@AC (50 mg) and annealed Ni@AC (50 mg) together in an agate
mortar until they were well combined to obtain 100 mg of 1Ir1Ni@AC-p.

3.3. Electrode Preparation

Fluorine-doped tin oxide glass (FTO ~500 nm thick, 8 ohms/square, NSG Group,
Ottawa, ON, Canada) was used as the substrate for the electrode. An electrode with
dimensions of 3 × 1 cm2 with intended coating dimensions of 2 × 1 cm2 was used. The
substrate was cleaned extensively prior to coating by sequential ultrasonic cleaning with
acetone, ethanol, and DI for 5 min each, followed by drying under a stream of nitrogen gas.
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Coating ink solution preparation: A finely ground mixture of catalyst powder, acety-
lene carbon, and PVDF powder at an 80:10:10 weight ratio was made into a casting ink of
the desired consistency with the use of NMP solvent. The ink was ultrasonically mixed for
1 min to improve the homogeneity and stirred at 800 rpm for 2 h before casting it on FTO
glass. The surface of the FTO glass was ensured to be conductive by testing the resistance
of each side with a handheld multimeter.

Catalyst-coated FTO glass preparation: A portable vacuum-free spin-coating machine
(Ossila, Sheffield, UK) was used to coat the ink on the FTO substrate. One short end of
the FTO glass was taped and placed onto a dice with a fitting well size. Spin coating was
performed in two steps: firstly, with rotation at 400 rpm for 1 min, followed by rotation at
1200 rpm for 2 min. The FTO electrode with a uniform coating was then dried in a vacuum
oven for 3 h at 120 ◦C and employed in electrochemical experiments.

3.4. Characterization

Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDX,
Nova NanoSEM 450 (FEI, Hillsboro, OR, USA) with a tungsten filament operating at
200 kV and a back-scattered electron detector was used for the visualization of the catalyst
powders prepared at the micro- and nanometer scale. X-ray diffraction (XRD, Empyrean
(Malvern Panalytical, Kassel, Germany)) with Cu Kα radiation at 60 kV was employed in
the Bragg angle range from 5◦ to 40◦ in order to understand the crystallographic plane
and the existence of each metal oxide/hydroxide phase along with the crystallinity. UV–
visible spectra were recorded using a Cary 5000 instrument (Agilent, Santa Clara, CA,
USA) in the 200–800 nm range, after background and blank correction in diffuse reflectance
light absorption mode. Surface roughness evaluation of the photoelectroactive film was
performed by surface topography imaging using a Leica DCMB instrument equipped with
a 10× EPI objective lens over an area of 1.75 × 1.32 mm2. The luminescent behavior of the
prepared catalyst powders was evaluated on the PL density spectrum of the catalyst in the
365 to 800 nm range after exciting the material at 330 nm with the Fluoromax 4 device from
Horiba, Japan. Raman analysis was performed on a DXR3 Raman Microscope (Thermo
Fisher Scientific, Waltham, MA, USA) with a wavelength of 532 nm, a 40× scan, and a laser
power of 10 using 50× microscope objectives.

3.5. Photoelectrochemical Testing

Photoelectrochemical tests were performed in alkaline, acidic, and neutral media with
0.1 M NaOH, 0.1 M H2SO4, and 0.1 M Na2SO4 as the electrolyte solutions, respectively.
The electrochemical test reactor consisted of a quartz window, and the tests were carried
out in a three-electrode configuration. The potentiostat1010 (Gamry, Warminster, PA, USA)
workstation was employed in all the electrochemical tests. The catalyst coated on the FTO
glass substrate was the working electrode. A Pt wire was used as the counter electrode,
and a saturated calomel electrode (SCE) was used as the reference electrode under a 1 sun
AM 1.5 G intensity (100 mW cm−2). The light illumination was sourced from a Sunlight
Solar Simulator (ABET Tech., Inc., Milford, CT, USA).

The cyclic voltammetry (CV) test was performed from +2.0 V to −1.2 V vs. RHE at
a scan rate of 50 mV s−1 in the absence and presence of light in order to assess the HER
and OER activity in this potential range. LSV tests were conducted from 0 to 2.0 V (OER)
and 0 to −1.2 V (HER) vs. RHE. Furthermore, Mott–Schottky graphs were attained at a
frequency of 10 kHz and an AC voltage of 10 mV rms while sweeping the potential in the
−1.16 to 1.24 V (vs. RHE) range. Stability tests were carried out using chronoamperometry
in the presence of light at 1.64 V (vs. RHE) for 15 h and at −1.16 V (vs. RHE) for 15 h.
Electrochemical impedance spectroscopy (EIS) study was performed on 0.1 M Na2SO4
electrolyte using a 4Ir1Ni@AC electrode in a potential range from 10 mHz to 100 kHz
frequency range and 5 mV AC amplitude.
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4. Conclusions

In conclusion, IrNi oxide alloy nanoparticles with an appropriate Ir to Ni weight ratio
(4Ir1Ni@AC) were demonstrated to drive improved hydrogen and oxygen evolution reac-
tions over a wide pH range at light illumination of one sunlight (100 mW cm−2 intensity)
compared to individual Ir@Ac and Ni@AC. An overall water splitting assessment affirmed
1.94 V cell voltage at 10 mA cm−2 current density for 4Ir1Ni@AC catalyst under 1.5 G AM
light illumination of 100 mW cm−2 in alkaline media. The HER overpotential was 0.43 V,
and the OER was 0.25 V under the same conditions. The detailed assessment of the light
absorption behavior using Mott–Schottky graphs, Tauc plots, PL emission spectra, and
Raman studies affirmed the favorable d-band center and oxygen vacancies in 4Ir1Ni@AC
catalyst, which are responsible for its superior catalytic performance and minimal charge
recombination effect. The electrodes were demonstrated to have significantly high durabil-
ity, as evidenced by the highly consistent cathodic current and less than 2 mA cm−2 drop
in anodic current over 15 h of cell operation in alkaline electrolyte.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12091056/s1, Figure S1. SEM images of (a) Ni@AC, (b) 1Ir4Ni@AC, (c) 1Ir1Ni@AC,
(d) 4Ir1Ni@AC and (e) Ir@AC, scaler bar in the images refer to 1 μm; Figure S2. TEM images of
(a) Ni@AC, (b) 1Ir4Ni@AC, (c) 1Ir1Ni@AC, and (d) Ir@AC, scaler bar is given in each image; Figure S3.
SAED ring pattern of Ni@AC; Figure S4. SEM-EDX spectra of (a) Ir@AC (b) Ni@AC and (c) 4Ir1Ni@AC
showing the elements present in each catalyst material; Figure S5. Raman spectra of Ir@AC, Ni@AC and
4Ir1Ni@AC (a) 300 3500 cm−1 and (b) 200-800 cm-1 frequency range; Figure S6. PL emission spectra of
metal and alloy nanoparticles of Ir and Ni, after excitation at 350 nm; Figure S7. Tafel slope for HER
reaction under 1.5 G AM light illumination in a. NaOH, b. Na2SO4 and c. H2SO4 electrolyte solutions;
Figure S8. EIS spectra of 4Ir1Ni@AC electrode in 0.1 M Na2SO4 electrolyte measured from 10 mHz to
100 kHz frequency range at 5 mV AC amplitude; Figure S9. Tafel slope for OER reaction under 1.5 G
AM light illumination in a. NaOH, b. Na2SO4 and c. H2SO4 electrolyte solutions; Table S1. Relative
mass ration between Ir and Ni; Table S2. Summary of recently reported Ir based electrocatalysts for
water splitting performance. References [52–57] are cited in the supplementary materials.
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