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Preface to ”Emerging Low-Dimensional Materials”

Technologies for renewable energy and green environments have received extensive attention

in the past few decades. Recently, low-dimensional materials, such as zero-dimensional (0D),

one-dimensional (1D), and two-dimensional (2D) materials, have been intensively investigated due

to their unique catalytic, mechanical, electronic, and optical properties as well as their various

applications. Great efforts have been devoted to studying their synthesis strategies, unique

properties, chemical reaction processes, and potential applications. Nevertheless, challenges still

exist. It is therefore urgent and significant to appreciate new advances and to review recent progresses

in novel low-dimensional materials.

Bo Chen, Rutao Wang, and Nana Wang

Editors
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Emerging Low-Dimensional Materials (Volume I)

Bo Chen 1,*, Rutao Wang 2,* and Nana Wang 3,*

1 Department of Chemistry, City University of Hong Kong, Hong Kong SAR, China
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1. Introduction

We recently published the first volume of the Special Issue “Emerging Low-Dimensional
Materials”. Impressively, we have a great collection of 11 outstanding articles that have
been published. You are welcome to access these articles without any charge via the fol-
lowing link: https://www.mdpi.com/journal/crystals/special_issues/Emerging_Low_
Dimens_Materials (accessed on 30 December 2022).

In this Special Issue, Jianping Long and coworkers report high-performance nickel-
phosphide-based hybrids prepared in one step used as supercapacitor electrodes without
a polymer binder [1]. They showed good electrochemical performance due to their good
catalytic activity, excellent conductivity, increased catalytic active sites, and improved ion
transmission caused by the interface effect.

MXenes, as emerging 2D materials, have been widely applied in various fields due
to their unique properties. A review article focusing on MXene-based materials used as
electrodes for flexible supercapacitors has been timely summarized by Zhu’s group [2].
The recent progress in fabrication methods of MXene-based flexible electrodes, their corre-
sponding electrochemical performance, and future possibilities are discussed in detail.

Besides supercapacitors, there are two research articles focusing on anodes for Li/Na-
ion batteries. Zhai and her coworkers designed cerium-doped cobalt phosphide@nitrogen-
doped carbon (Ce-doped CoP@NC), which possesses a hollow polyhedron architecture,
using Zeolitic Imidazolate Framework 67 as a template [3]. The Ce-doped CoP@NC
exhibited excellent electrochemical performance as an anode in Li-ion batteries due to Ce
doping’s structural merits, the carbon network, and the well-designed hollow polyhedron.

Wu et al. successfully synthesized a sodium–tin alloy anode, which was in situ electro-
chemically formed via a straightforward design of Sn foil integrated with a Na ring [4]. The
fluffy, porous structure of a Na–Sn alloy anode can effectively alleviate the change in the
volume of Sn metal during cycling, and can also inhibit the formation of sodium dendrites.
More importantly, the consumption of Na ions due to the repeated formation of SEI film
can be instantaneously complemented, thus increasing the Coulombic efficiency.

For hydrogen/oxygen evolution, Chen et al. designed Ni(OH)2/nickel-foam-based
electrocatalysts with a tiny amount of ferrocene formic acid (FFA) (FFA-Ni(OH)2/NF) via
electrochemical activation and surface atom modulation [5]. FFA-Ni(OH)2/NF exhibited
outstanding OER performances in an alkaline solution, benefiting from the synergistic
effects of Fe-Ni heteroatoms and the strong electron interaction.

Regarding improving electrocatalytic performances for hydrogen evolution reactions,
Hongyu Wu and coworkers fabricated 3D FeP-Pt film on carbon cloth (3D FeP-Pt/CC) using
hydrothermal methods together with phosphating as well as electro-deposition [6]. Three-
dimensional FeP-Pt/CC demonstrated superior electrocatalytic performances for hydrogen
evolution reactions at all pHs, with excellent long-term stability and remarkable durability.

Zhongren Nan’s group at Lanzhou University prepared three-dimensional urchin-
like MnO2@poly (sodium 4-styrene sulfonate) (PSS)/poly (diallyl dimethylammonium

Crystals 2023, 13, 166. https://doi.org/10.3390/cryst13020166 https://www.mdpi.com/journal/crystals1
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chloride) (PDDA)/PSS particles (MnO2@PSS/PDDA/PSS) through the layer-by-layer
assembly strategy [7]. MnO2@PSS/PDDA/PSS demonstrated high efficiency in removing
Zn2+ from an aqueous solution at a pH of 13. Moreover, it was effective in removing Pb2+

and Cu2+ from slightly alkaline water.
Qiong Shang’s group synthesized unique titanium dioxide nanotube (TiO2NTs)-coated

fiber through the anodization of Ti wire in the electrolyte [8]. Moreover, the extraction
mechanism of polycyclic aromatic hydrocarbons by TiO2NT fibers was explained in detail.

Hyunwook Song’s group studied a molecular junction with two graphene contacts
incorporated with self-assembled arylalkane monolayers [9]. Their results demonstrated
reliable and stable molecular junctions with graphene contacts as well as intrinsic charge
transport characteristics. Meanwhile, the potential application of the voltage-induced
barrier-lowering approximation to the graphene-based molecular junction was justified.

Based on their last work, Hyunwook Song and coworkers further fabricated vertical
molecular tunneling junctions with graphene heterostructures, where arylalkane molecules
can act as charge transport barriers [10]. Various characterization techniques and an intact
statistical analysis were adopted in this research.

Another paper related to molecular junctions is reported by Seo et al. [11]. The high-
temperature electronic transport activities of spin-coated PEDOT:PSS junctions based on
self-assembled oligophenylene dithiol monolayers were investigated.

In conclusion, this Special Issue presents recent progress on emerging low-dimensional
materials and could encourage future investigations into them.

After finishing the first volume successfully, we think that there is still plenty of room
for research on low-dimensional materials. Therefore, we have decided to announce the
second volume of this Special Issue on low-dimensional materials. You are welcome to
submit any high-quality manuscripts related to low-dimensional materials to the second
volume. Please find more details at the following link: https://www.mdpi.com/journal/
crystals/special_issues/HN197LMB87 (accessed on 30 December 2022).
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Abstract: A novel titanium dioxide nanotube (TiO2NTS) coated fiber for solid-phase microextraction
(SPME) was prepared by in situ anodization of titanium wire in electrolyte containing ethylene glycol
and ammonium fluoride (NH4F). The effects of different electrolyte solutions (NH4F and ethylene
glycol) and oxidation voltages on the formation and size of TiO2NTs was studied. It was obtained
from the experiment that TiO2NTs arrays were arranged with a wall thickness of 25 nm and the
diameter of 100 nm pores in ethylene glycol and water (v/v, 1:1) containing NH4F of 0.5% (w/v) with
a voltage of 20 V at 25 ◦C for 30 min. The TiO2NTs were used as solid-phase microextraction fiber
coatings coupled with high-performance liquid chromatography (HPLC) in sensitive determination
of polycyclic aromatic hydrocarbons (PAHs) in spiked real samples water. Under the optimized
SPME conditions, the calibration curve has good linearity in the range of 0.20–500 μg·L−1, and the
correlation coefficient (R2) is between 0.9980 and 0.9991. Relative standard deviations (RSDs) of
3.5–4.7% (n = 5) for single fiber repeatability and of 5.2% to 7.9% for fiber-to-fiber reproducibility
(n = 3) was obtained. The limits of detection (LOD) (S/N = 3) and limits of quantification (LOQ)
(S/N = 10) of PAHs were 0.03–0.05 μg·L−1 and 0.12–0.18 μg·L−1. The developed method was applied
to the preconcentration and determination of trace PAHs in spiked real samples of water with good
recoveries from 78.6% to 119% and RSDs from 4.3 to 8.9%, respectively.

Keywords: solid-phase microextraction; titanium dioxide nanotube; high-performance liquid
chromatography; polycyclic aromatic hydrocarbons

1. Introduction

Solid-phase microextraction (SPME) has attracted extensive attention due to its high
sensitivity, rapidity, simplicity and being free of solvents [1,2]. In principle, the technique
is based on the distribution of the target analyte between the sample matrix and the thin
extraction coating deposited on the fine solid fibers. Currently, microscale fused silica rods
are used as the matrix for commercial SPME fibers. As a result, commercial SPME coatings
are generally characterized by a low operating temperature, instability, less selectivity and
swelling in organic solvents [3,4]. In addition, the SPME coating variety of the product
is single, and the application is limited. To overcome the above problems, an important
development in the SPME fiber preparation technology is to obtain a coating with high
mechanical strength and good chemical stability by using a metal as a matrix to improve
the sensitivity and selectivity of the coating to the target compound [5–9]. Metal nanofibers,
in particular, have attracted the attention of many researchers due to their unique physical
chemistry properties, including a large specific surface area, good chemical and thermal
stability, and favorable adsorption performance [10,11]. These metal fibers with high
mechanical strength and nanostructured coatings exhibit higher extraction capacity, faster
extraction rate and better extraction selectivity for the target analytes. Due to the chemical

Crystals 2021, 11, 1384. https://doi.org/10.3390/cryst11111384 https://www.mdpi.com/journal/crystals5
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inertness of the metal fiber surface, researchers proposed novel strategies to prepare novel
metal SPME fibers [12–14].

Since the Gong group reported the formation of titanium dioxide porous structure by
anodizing titanium foils in fluorine-containing aqueous electrolyte, various attempts were
made to prepare TiO2 nanostructures by anodization [15,16]. At present, the preparation,
characterization, and application of TiO2NTs have attracted wide attention. The importance
of TiO2 is growing as a major component of photocatalysis and photovoltaic devices, as
well as applications in sensors, biomedical coatings, preservatives or antioxidants [17–20].

The preparation methods include hydrothermal synthesis, template synthesis and
anodization. TiO2NTs arrays not only have larger surfaces, but also possess some special
properties, including unique electronic and chemical properties. The TiO2NTs prepared by
anodization are perpendicularly orientated and well-aligned structures with controllable
operation, good repeatability and a simple oxidation preparation process. In the application
of titanium dioxide nanotubes, the dimensions of the nanotubes, such as the outer diameter
and length, has a profound influence on its ability to produce an excellent performance.
Different electrolytes will affect the morphology of coating, which will affect the extraction
effect of TiO2NTs. PAHs are a kind of widely distributed organic pollutant which has
carcinogenic, teratogenic and mutagenic effects, especially those containing four or more
aromatic rings [21,22]. Many modern analytical techniques have been developed and
applied to the determination of PAHs in environment water [23,24]. Since the concentration
levels of PAHs are present in the aquatic environment at trace levels in complex matrices,
this makes accurate determination difficult. Sample pretreatment in trace analysis is the
bottleneck and the main source of error in the analysis process. Therefore, PAHs need to be
enriched before instrumental analysis and determination.

At present, techniques for the enrichment of PAHs from environmental samples
include solvent extraction [25,26], solid-phase extraction [27,28], SPME [29,30], pressurized
liquid extraction [31] and supercritical fluid extraction [32]. The combination of SPME and
HPLC is the most commonly used technology, which has the characteristics of a simple
preparation method, high enrichment efficiency and less time consumption.

The shape of nano TiO2 produced by the in situ oxidation of titanium wire is closely
related to the electrolyte. In this paper, we investigated the effects of fluoride concentra-
tion and the amount of ethylene glycol on the formation and dimensions of the TiO2NTs.
The as-fabricated TiO2NTs coating was employed to extract polycyclic aromatic hydrocar-
bons (PAHs) with different ring numbers in combination with high-performance liquid
chromatography-UV detection (HPLC-UV). Meanwhile, the extraction mechanism of PAHs
by TiO2 nanotube fibers was discussed. It was found that the TiO2NTs coating exhibited
high extraction capability and good selectivity for some PAHs from the water phase. Under
the optimized SPME conditions, the fiber was used to measure PAHs in spiked real samples
and from which we draw a satisfactory result.

2. Experimental

2.1. Chemicals and Reagents

A roll of Ti wire of 0.25 mm diameter with high purity was obtained from Alfa Aesar
(Ward Hill, MA, USA). A 0.45 μm micropore membrane of polyvinylidene fluoride was
supplied by Xingya Purifying Material Factory (Shanghai, China). Ammonium fluoride
(NH4F) and ethylene glycol were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The HPLC-grade methanol was purchased from Yuwang Chemical
Company (Shandong, China). Naphthalene (Nap), phenanthrene (Phe), fluorene (Flu),
anthracene (Ant), fluoranthene (Flt), and pyrene (Pyr) were obtained from the Aldrich
(Steinheim, Germany). Individual standard stock solutions were prepared in methanol at a
concentration of 100 mg·L−1 and stored at 4 ◦C in the refrigerator. All other reagents were
of analytical grade.

6
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2.2. Instruments

Anodization of the Ti wire was performed with a precise WY-3D power supply
(Nanjing, China). A Waters 600E multi-solvent delivery system (Milford, MA, USA)
equipped with Waters 2487 dual λ absorbance detector and a Waters Sunfire C18 chro-
matographic column (150 mm × 4.6 mm, 5 μm) was used as all separations. A N2000
workstation (Zhejiang University, Hangzhou, China) was used for the acquisition of data.
The mobile phase was methanol/water and the wavelength of UV detection was set at
254 nm. A desorption chamber was used in a commercially available Supelco SPME-
HPLC interface (Bellefonte, PA, USA). Scanning electron microscope micrographs of TiO2
fibers were obtained on a field emission scanning electron microscope (Zeiss, Oberkochen,
Germany) equipped with an energy dispersive X-ray (EDX) spectrometer. X-ray diffraction
(XRD) was performed on a D8 Advance diffractometer (Bruker, Germany). Ultrapure water
was obtained from the Sudreli-system (Chongqing, China). The DF-101S Magnetic stirrer
(Zhengzhou, China) was used to heat and stir.

2.3. Preparation of SPME Fiber

The Ti wire was cut into lengths of 6 cm then thoroughly washed with ethanol, acetone
and distilled water in sequence prior to the anodization. TiO2NTs were prepared by a
potentiostatic anodization method in a two-electrode electrochemical cell. In a typical
process, the commercial Ti wire (99.9%) was used as a working electrode, and a Pt rod
as the counter electrode. Ti wire was anodized in different NH4F concentrations and the
amount of ethylene glycol at a controlled potential of 20 V for 30 min at room temperature.
After the anodization, the fiber was washed with deionized water and then dried in air.

2.4. The Procedure of SPME-HPLC

To carry out the extraction, 15 mL of the standard solution or sample solution was
added into a 20 mL glass vial equipped with 1 cm magnetic stirrer bar inside and a Teflon
septum. The TiO2NTs/Ti fiber was exposed to the heated and stirred sample solution for
extraction. Subsequently, the fiber was pulled out and immersed into an SPME-HPLC
interface using the static mode for desorption with mobile phase. After desorption, a
six-port valve was switched from the load to inject position, the mobile phase was passed
through the interface and PAHs were introduced into the analytical column at a flow rate
of 1 mL·min−1 for analysis. The mixtures of methanol and water of 90/10 (v/v) were
employed as mobile phases for HPLC analyses of PAHs at a flow rate of 1 mL·min−1.
Corresponding chromatographic signals was monitored at 254 nm. For the next extraction,
the fiber was immersed into methanol and ultrapure water to eliminate possible carry-over
for 10 min and 5 min, respectively.

3. Results and Discussion

3.1. The Effect of NH4F on TiO2NTs Coating
3.1.1. Aqueous Solution System

According to the oxidation mechanism proposed by Macak et al. [33–35], in the process
of preparing TiO2NTs by in situ anodization of the Ti matrix, the anodic oxidation rate and
chemical etching rate jointly determine the morphology and structure of TiO2NTs array. The
growth and formation rate of TiO2NTs array is controlled by anodic oxidation rate, while the
dissolution rate of TiO2NTs array is controlled by chemical etching rate. The composition
and concentration of electrolyte have an important effect on the structure of TiO2NTs array.
The formation of TiO2NTs was investigated by adding different concentrations of NH4F
in aqueous electrolyte. In aqueous solution of NH4F, the surface of Ti wire can be easily
oxidized to TiO2. With the increase in NH4F concentration, the chemical etching rate is
much higher than the formation rate of nanotube array. As shown in Figure 1, when the
NH4F concentration increases to 2.5%, flower-shaped rather than tubular TiO2 is generated.
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Figure 1. SEM images of Ti wires anodized in aqueous solution of NH4F. Anodic conditions: time,
30 min; voltage, 20 V; temperature, 25 ◦C. Concentration of NH4F (ω%): 0.1% (a), 0.25% (b), 0.5% (c),
1.0% (d), 2.5% (e), 5.0% (f).

3.1.2. Organic Electrolyte Solution System

In order to reduce the chemical etching rate of TiO2NTs grown in situ by anodized
Ti wire, organic solvent electrolyte was introduced. By adding the surface-active agent
to change its crystal structure during the process of making TiO2NTs, reduce nano TiO2
bonding and improve its dispersion. In the organic electrolyte, the etching rate of TiO2NTs
by F− is small, and the anodized oxidation rate is greater than the chemical etching rate
within the reaction time, so as to obtain regular TiO2NTs array. The chemical etching rate
increases with the increase in F- concentration, while the formation rate of TiO2NTs array
is the opposite. Therefore, by adjusting and optimizing the concentration of NH4F, the
dynamic balance of anodic oxidation and chemical etching in the growth of TiO2NTs array
can be controlled to achieve the controllable growth of TiO2NTs array structure.

Figure 2 is the SEM diagram of Ti anodic oxidation with the same ethylene glycol
concentration and different NH4F concentration. As can be seen from Figure 2a,b, the
concentration of NH4F is low and the corresponding chemical etching rate is slow, and
the lamellar layer covers the nanotubes, resulting in the failure to form continuous and
regular nanotubes. The nanotubular morphology is preserved for the fiber coating with the
narrower inner diameter at NH4F concentration of 0.5–1.0% (ω%) (Figure 2c,d). However,
the uniform frameworks of the TiO2NTs structure were rapidly deteriorated at a higher
concentration of NH4F (Figure 2e,f). The main reason for this problem is that the chemical
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etching rate is much greater than the oxidation rate, the migration rate of Ti4+ increases,
the structure of array TiO2NTs is damaged, and finally, flake TiO2 is formed.

 

Figure 2. SEM images of Ti wires anodized in ethylene glycol containing NH4F. Anodic conditions:
time, 30 min; voltage, 20 V; temperature, 25 ◦C; electrolyte composition, ethylene glycol concentration
(50%, v/v). Concentration of NH4F (ω%): 0.1% (a), 0.25% (b), 0.5% (c), 1.0% (d), 2.5% (e), 5.0% (f).

3.2. The Effect of Ethylene Glycol

The excellent properties of TiO2NTs/Ti fibers largely depend on the pore size of
nanotubes. In the electrolyte with water as solvent, the TiO2NTs obtained by anodic
oxidation are shorter (Figure 1a–d). In order to increase the length of TiO2NTs, NH4F was
used as an electrolyte and the concentration was 0.5%, and the concentration of ethylene
glycol was 20%, 50%, 60% and 80% to obtain the TiO2NTs/Ti fibers, respectively.

As depicted in Figure 3, considerable changes in the surface structures are observed
after electrolysis in different electrolytes at 20 V constant voltage for 30 min. Ethylene glycol
is an organic solvent electrolyte, which is less acidic than the water-soluble electrolyte,
and the etching rate of TiO2NTs by F− decreases. In a longer reaction time, the anodic
oxidation rate is greater than the chemical etching rate, thus obtaining a longer TiO2NTs
array. However, as the concentration of ethylene glycol continued to increase, the nanotube
lengthened and its irregularity increased, so that the nanotube was superimposed, and its
mechanical strength decreased. Considering the length and strength of the nanotubes, the
optimal electrolyte composition is 0.5% (ω%) NH4F and 50% (v/v) ethylene glycol.

9



Crystals 2021, 11, 1384

 

Figure 3. SEM images of Ti wire anodized in ethylene glycol solution of NH4F. Electrochemical
anodization condition: time, 30 min; voltage, 20 V; temperature, 25 ◦C; electrolyte composition, NH4F
concentration 0.50% (ω%). The concentration of ethylene glycol (v/v): 20% (a), 50% (b), 60% (c),
80% (d).

3.3. The Effect of Voltages

Different anodic voltages produce different morphologies of titanium dioxide coating.
As can be seen from Figure 4, a passive film of titanium dioxide is rapidly formed on the
surface of titanium wire during oxidation (Figure 4a,b). TiO2 was provided with poorer
conductivity and a high voltage is required to maintain the reaction. With the increase
in voltage, the reaction speed is accelerated, and nanotubes are formed on the surface of
titanium wire (Figure 4b,c). However, high voltage can lead to the dissociation of water
and the breakdown of the nanotube structure due to the formation of gas (Figure 4e,f).

3.4. The Characterization of the TiO2NTs

SEM was used to characterize the surface of the Ti wire before and after anodizing.
As shown in Figure 5, highly ordered TiO2NTs arrays (Figure 5d) were generated on the
surface of the anodized Ti wire with an average aperture of about 100 nm and a wall
thickness of about 25 nm.

The surface elemental analysis of the Ti wire before and after oxidation was performed
by energy dispersive X-ray spectroscopy. As shown in Figure 6a, the presence of weak O
peak in the EDS spectrum illustrates the formation of a very thin passivation layer at the
surface of the commercial Ti wire. Figure 6b shows peaks corresponding to the presence
of Ti and O, and their mass composition was close to the composition molar ratio of TiO2.
The EDS analysis demonstrates the drastic increase in O content due to the formation of
TiO2NTs coating. From the SEM image and EDS spectrum analysis results, the TiO2NTs
are tightly embedded into the Ti wire substrate.

In the X-ray diffraction (XRD) image of TiO2NTs, diffraction peaks at 25.2◦ and 27.3◦
are the characteristic diffraction peaks of 101 lattice plane of anatase and 110 lattice planes
of rutile (see Figure S1 in the Supplementary Materials). As can be seen from Figure S1, the
crystalline structures of TiO2NTs obtained by in situ anodization of Ti wire was almost all
anatase type.
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Figure 4. SEM images of in-situ titanium oxide wires at different voltages (a) 10 V; (b) 15V; (c) 20 V;
(d) 25 V; (e) 30 V; (f) 25 V.

 

Figure 5. SEM images of the bare Ti wire (a) × 500, (c) ×50,000) and the Ti-TiO2NTs fiber (b) ×500,
(d) × 50,000).
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Figure 6. EDS spectra of the Ti wire (a) and the TiO2NTs/Ti fiber (b).

3.5. The Extraction Mechanism of TiO2NTs Fiber

It was found that the fiber had excellent extraction performance for PAHs. This result
may be attributed to the inherent physicochemical nature of TiO2NTs coatings. On the
one hand, the as-fabricated fiber have special nanostructures, such as larger surface area,
more open access points and better durability. These characteristics are most desirable
for highly efficient SPME. On the other hand, the special anion-π orbital (electron donor-
acceptor) interaction between TiO2 and PAHs can take actions and result in the better
extraction efficiencies. Therefore, the TiO2NT-coated fiber just provides a hopeful approach
to specifically extract and analyze trace amount of PAHs from complex environment
water samples.

3.6. The Optimization of SPME Conditions for PAHs

The as-prepared TiO2NTs/Ti fiber coupled with HPLC was used for the SPME of PAHs
mixtures from water samples. To achieve the optimal extraction, the effects of extracting
parameters, such as the extraction time, desorption time, temperature, stirring and ionic
strength of sample solutions were optimized at the concentration level of 50 μg·L−1.

3.6.1. Extraction and Desorption Time

In general, the extraction time depends on the analyte distribution equilibrium time
between the fiber and water samples. Long extraction time is advantageous to reach the
best equilibrium translation [36]. If the extraction time is short and the content of polycyclic
aromatic hydrocarbons enriched in the fiber coating is too small, the sensitivity of the
determination method will be affected. On the contrary, the extension of extraction time
leads to the increase of determination time, and the method will lose its timeliness. Within
10–60 min, the effect of time on extraction efficiency was investigated. The amount of PAHs
in the extraction coating increased with the extension of extraction time (expressed by peak
area) before reaching equilibrium. As shown in Figure 7a, the extraction equilibrium was
almost obtained within 50 min except for Ant. Considering only a slight increase in the
peak areas of Ant after 50 min, 50 min is a reasonable compromise time between a good
peak area and an acceptable extraction time for all PAHs.

In the SPME process, two steps are very important; one is the adsorption of the analyte
on the surface of the fiber coating, and the other is the desorption of the analyte from the
fiber coating in mobile phase. For target PAHs, the peak area reached constant maximum
within 6 min (Figure 7b). Thus, 50 min extraction and 6 min desorption were employed in
subsequent experiments.

3.6.2. Extraction Temperature

It is generally accepted that temperature is very important for SPME because of its
potential influence. On the one hand, an elevated temperature can enhance the migration
rate of molecules and so quicken the extraction rate. On the other hand, it would decrease
the partitioning coefficient of the analyte between the fiber coating and the sample solu-
tion [37]. Therefore, the selection of a proper temperature is necessary for the extraction

12



Crystals 2021, 11, 1384

process. In our experiments, the effects of the temperature on the extraction efficiency of
analytes were studied in a range of 25–70 ◦C. The results were shown in Figure 7c, the
chromatographic peak area reached the maximum value of most compounds at 50 ◦C, so
50 ◦C was chosen for subsequent experiments.

 
Figure 7. Effect of extraction time (a), desorption time (b), temperature (c), stirring rate, (d), and ionic strength (e) on
extraction efficiency.

3.6.3. Stirring Speed

The extraction efficiency is notably affected by stirring speed, the solution agitation
can reduce the equilibrium time by accelerating the diffusion of analytes from the samples
to the fiber [38]. The stirring speed ranging from 200 to 1200 rpm was investigated. As
shown in Figure 7d, the extraction efficiency increased with the stirring speed. However,
a stirring rate above 700 rpm would lead to lower extraction efficiency. This may be due
to strong fluid shear stress which made analytes absorbed in coating surface wash down
easily. Therefore, the magnetic agitator was fixed at 700 rpm during the extraction.

3.6.4. Ionic Strength

It is known that the addition of a salt (NaCl) into a solution might either help with
the extraction by the “salt out effect” or deteriorate the extraction due to the competitive
adsorption of Na+ and Cl− [39]. The extraction efficiency as a function of salt concentration
from 0% to 30% (30% is the saturated solubility of NaCl) was studied and is shown in
Figure 7e. It is found that with the increase in salt concentration, chromatographic peak
areas for the most analytes increase firstly up to 15% (w/v) salt concentration, indicating the
“salt out effect” plays a dominant role at this stage and then the peak areas decrease because
of the competitive adsorption. Therefore, a concentration of 15% (w/v) was selected as the
optimized salt concentration.

3.7. Analytical Performance

Under the optimized conditions, figures of merit, including linear range, precision in
terms of reproducibility and repeatability quantification (RSD%) and limits of detection
(LOD). were evaluated. As shown in Table 1, good linearities are achieved in the range of
0.20–500 μg·L−1 for all target analytes with satisfactory correlation coefficients. The limits
of detection (LOD) (S/N = 3) and limits of quantitation (LOQ) (S/N = 10) ranged from
0.03 to 0.05 μg·L−1 and from 0.12 to 0.18 μg/L for PAHs, respectively. The single fiber
repeatability for five replicate extractions of PAHs at the spiking level of 50 μg·L−1 varied
from 3.5% to 4.7%. The fiber-to-fiber reproducibility for three parallel fibers fabricated in
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different batches ranged from 5.2% to 7.9%. These data clearly indicate that satisfactory
accuracy, good precision and high sensitivity were achieved with the proposed SPME-
HPLC procedure.

Table 1. Analytical parameters of the proposed method with the TiO2NTs/Ti fiber.

PAHs
Linearity
(μg·L−1) R2 Recovery a

%

RSD (%) a

LODs/(μg·L−1) LOQs/(μg·L−1)Single Fiber
(n = 5)

Fiber-to-Fiber
(n = 3)

Nap 0.2–500 0.9989 90.4 4.7 7.6 0.04 0.15

Flu 0.2–500 0.9985 107 3.8 6.8 0.05 0.17

Phe 0.2–500 0.9992 118 4.2 5.2 0.04 0.13

Ant 0.2–500 0.9980 92.4 4.0 7.4 0.03 0.12

Flt 0.2–500 0.9987 87.4 4.3 7.9 0.04 0.14

Pyr 0.2–500 0.9991 92.8 3.5 6.3 0.05 0.18
a Calculated at the concentration level of 50 μg·L−1.

3.8. Spiked Real Samples Analysis

To demonstrate the applicability and reliability of the proposed method, the presented
method using the TiO2NTs/Ti fiber was applied to the preconcentration and determination
of target PAHs in tap water, river water, rainwater and wastewater. All water samples
were filtered through 0.45 μm micropore membranes and then adjusted to pH 7.0 with
phosphate buffer. The results of three replicate analyses are shown in Table 2. No PAHs
was found in tap water but were detected in other water samples. In addition, for the sake
of demonstrating the applicability and reliability, the recoveries of the target compounds
are also determined. The median recoveries ranged from 78.6% to 119.0% with the RSD
values from 4.3% to 8.9%.

The data in Table 2 indicated that the proposed method could be used in the analysis
of spiked real samples. Figure 8 shows typical chromatograms of direct HPLC and SPME-
HPLC for PAHs in wastewater. These data indicate that the proposed method is suitable
for the extraction, enrichment and determination of target PAHs in different environmental
water samples with a minor matrix effect.

Figure 8. Chromatograms of direct HPLC and SPME-HPLC for PAHs in wastewater. Direct in-
jection (a), SPME-HPLC with TiO2NTs/Ti fiber (b), SPME-HPLC with TiO2NTs/Ti fiber spiked
wastewater at 5 μg·L−1 (c) and at 10 μg·L−1 (d).
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Table 2. Analytical results of PAHs in different environmental water samples.

Water
Samples PAHs Original/(μg·L−1)

Spiked with 5 μg·L−1 Spiked with 10 μg·L−1

Detected/(μg·L−1) Recovery/% RSD/% Detected/(μg·L−1) Recovery/% RSD/%

Tap water

Nap ND a 4.85 97.0 7.1 9.12 91.2 7.9

Flu ND 5.38 108 5.6 11.3 113 6.7

Phe ND 4.22 84.4 6.3 11.72 117.2 7.1

Ant ND 4.06 81.2 5.4 8.73 87.3 5.8

Flt ND 5.95 119 6.8 11.68 116.8 7.3

Pyr ND 4.41 88.2 4.3 9.05 90.5 5.5

River
water

Nap 3.69 9.26 106.6 7.8 12.27 89.6 8.7

Flu 2.57 6.83 90.2 4.9 11.85 94.3 5.8

Phe 3.43 7.85 93.1 6.2 15.21 113.3 6.9

Ant 1.12 4.81 78.6 5.9 10.16 91.4 6.1

Flt 1.34 7.02 110.7 6.5 12.05 106.3 7.3

Pyr 0.82 6.78 116.5 4.4 11.24 103.9 5.1

Wastewater

Nap 1.97 6.23 89.4 8.4 13.02 108.8 8.9

Flu 3.12 8.65 106.5 6.2 12.36 94.2 7.6

Phe 2.62 6.87 90.2 7.9 11.24 89.1 8.3

Ant 2.34 6.63 90.3 7.3 11.14 90.3 8.5

Flt 0.36 6.34 118.3 8.1 11.76 113.5 8.7

Pyr 0.89 6.53 110.9 5.2 11.98 111.0 6.3

Rain water

Nap 1.82 7.17 105.1 7.9 11.37 96.2 8.6

Flu ND 4.89 97.8 5.3 8.52 85.2 6.1

Phe 0.88 5.07 86.2 7.3 11.76 108.1 8.2

Ant 3.75 8.28 94.6 5.8 15.22 110.7 6.7

Flt 1.54 6.94 106.1 6.9 10.99 95.23 7.6

Pyr ND 5.07 101.4 4.6 10.78 107.8 5.1
a ND, Not detected or lower than LOD.

3.9. The Stability of the TiO2NTs/Ti Fiber

The stability of the metal-based fibers greatly depends on their coating procedures,
coating structures and surface properties [40]. In our study, TiO2NTs coating was grown
in situ on the Ti fiber substrate with the characteristics of good mechanical properties
and easy acquirement, flexible and non-fragile. The fabricated fiber was immersed in
0.01 mol·L−1 NaOH and 0.01 mol·L−1 H2SO4 for 36 h, respectively. As a matter of fact,
negligible morphological changes were observed from its SEM image. In order to examine
its reusability, the TiO2NTs/Ti fiber was soaked in buffer solution and methanol for 15 min
in sequence to imitate the extraction process in the SPME procedure. The obtained results
revealed that the fabricated fiber could be used at least 250 times for extraction and
desorption of PAHs. In this case, the acceptable average recovery (87.5–107.2%) and RSDs
(4.53–8.04%) were still achieved for five replicate analyses of target PAHs at the level of
50 μg·L−1. Clearly, the physical and chemical stability demonstrate that the TiO2NTs/Ti
fiber will find its practical applications in environmental water samples.

3.10. A Comparison of the Developed Method with Other Methods

To further evaluate the analytical performance of the TiO2NTs/Ti fiber, several typ-
ical analytical parameters such as extraction time, linear range, LOD, relative RSD and
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recovery rate of this method were compared with those of previously reported SPME
method for the preconcentration and determination of PAHs [41–46]. Some statistics are
presented in Table 3, this method offers relatively short extraction time, lower LODs than
the methods [41,42,44], comparable RSDs to the methods [41,42,44–46], and satisfactory
recoveries of the proposed method is comparable or superior to the other reported microex-
traction methods for the determination of PAHs. However, compared with the reported
methods, this method has the advantages of simple production, relatively low cost of
preparation and good reproducibility.

Table 3. Comparison of the proposed method with other reported methods.

Methods a Analytes
Time
(min)

Linear Ranges
(μg·L−1)

LOD
(μg·L−1)

RSD (%)
Recovery

(%)
Refs

PDMS-SPME-GC-MS Nap, Flu, Phe, Ant,
Flt, Pyr 90 0.1–100 0.03–0.24 <19 69–105 [41]

AuNPs-SPME-GC-FID Nap, Flu, Ant, Flt 50 0.05–300 0.025–0.25 2.49–7.90 78.4–119.9 [42]

PDMS/DVB-SPME-HPLC-UV Nap, Flu, Ant, Phe,
Pyr 60 0.04–15 0.005–0.027 0.97–2.21 81.23–89.11 [43]

AuMPs-SPME-HPLC-UV Nap, Flu, Ant, Phe,
Pyr 50 0.20–500 0.016–0.22 2.03–11.7 86.0–112.9 [44]

ph-TiO2NS-SPME-HPLC-UV Nap, Flu, Phe 40 0.05–300 0.008–0.043 6.13–9.45 86.2–112 [45]
AuNPs-SPME-HPLC-UV Nap, Phe 20 0.1–300 0.008–0.037 3.49–9.26 82.74–110.0 [46]

TiO2NTs/Ti-SPME-HPLC-UV Nap, Flu, Phe, Ant,
Flt, Pyr 50 0.20–500 0.03–0.05 3.5–7.9 87.4–118 Present

method
a PDMS, polydimethylsiloxane; MS, mass spectrometry; AuNPs, gold nanoparticles; DVB, divinylbenzene; AuMPs, gold microparticles;
ph-TiO2NS, phenyl-functionalization of titanium dioxide-nanosheets; AuNPs, Au nanoparticles.

4. Conclusions

In this paper, the TiO2NT-coated fiber was in situ fabricated through the anodization
of Ti wire substrates in electrolyte containing ethylene glycol and NH4F. The TiO2NTs
coating was performed in a highly reproducible manner and the TiO2NTs were embedded
into the Ti wire substrate. Under the optimized preparation conditions, uniform pore size
array TiO2NTs were obtained. The TiO2NTs/Ti fiber possessed high surface area, good
mechanical strength and chemical stability. Coupled to HPLC, the prepared fiber was
investigated using six PAHs. It offered a simple, rapid, sensitive and inexpensive pretreat-
ment way for selective concentration and the determination of PAHs in real environmental
water samples. The SPME-HPLC analytical method earned a good linear relation, wider
linear ranges (0.20–500 μg·L−1), better reproducibility and accuracy (RSDs, 3.5–7.9%), and
higher sensitivity (LODs, 0.03–0.05 μg·L−1) for target pollutants. In addition, this robust
fibre can be used for more than 250 extraction and desorption cycles without the loss of the
extraction capability. All these indicated that this novel SPME-HPLC-UV technique would
be a good selection and have a great potential for the detection or quantification of trace
PAHs in complex samples.
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10.3390/cryst11111384/s1. Figure S1: XRD patterns of TiO2NTs

Author Contributions: Conceptualization, M.M., Y.W., J.C. and Q.S.; Methodology, M.M. and Y.W.;
Project administration: M.M. and Y.W.; investigation, M.M., Y.W., J.C. and Q.S.; Writing—original
draft: M.M., Writing—review & editing: M.M. and Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research work was financially supported by the Key Talent Project of Gansu Province
(2021), Science and Technology Projects of Gansu Province (20JR10RA290), Innovation Fund for
Higher Education of Gansu Province (2021B-282) and Horizontal development project (LZCU-
KJ/2021-040).

Institutional Review Board Statement: Not applicable.

16



Crystals 2021, 11, 1384

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alpendurada, M.D.F. Solid-Phase Microextraction: A promising technique for sample preparation in environmental analysis.
J. Chromatogr. A 2000, 889, 3–14. [CrossRef]

2. Risticevic, S.; Niri, V.H.; Vuckovic, D.; Pawliszyn, J. Recent developments in solid-phase microextraction. Anal. Bioanal. Chem.
2009, 393, 781–795. [CrossRef]

3. Bagheri, H.; Piri-Moghadam, H.; Naderi, M. Towards greater mechanical, thermal and chemical stability in solid-phase microex-
traction. TrAC Trends Anal. Chem. 2012, 34, 126–139. [CrossRef]

4. Sajid, M.; Nazal, M.K.; Rutkowska, M.; Szczepańska, N.; Namieśnik, J.; Płotka-Wasylka, J. Solid phase microextraction: Apparatus,
sorbent materials, and application. Crit. Rev. Anal. Chem. 2018, 49, 271–288. [CrossRef] [PubMed]

5. Feng, J.J.; Qiu, H.D.; Liu, X.; Jiang, S.X. The development of SPME fibers with metal wires as supporting substrates. TrAC Trends
Anal. Chem. 2014, 44, 44–58.

6. Sun, M.; Feng, J.J.; Bu, Y.N.; Wang, X.J. Graphene coating bonded onto stainless steel wire as a solid-phase microextraction fiber.
Talanta 2015, 134, 200–205. [CrossRef] [PubMed]

7. Gholivand, M.B.; Piryaei, M.; Abolghasemi, M.M. Anodized aluminum wire as a solid-phase microextraction fiber for rapid
determination of volatile constituents in medicinal plant. Anal. Chim. Acta 2011, 701, 1–5. [CrossRef]

8. Djozan, D.; Abdollahi, L. Anodized zinc wire as a solid-phase microextraction fiber. Chromatographia 2003, 57, 799–804. [CrossRef]
9. Wang, H.J.; Zhang, Y.D.; Zhang, M.; Zhen, Q.; Wang, X.M.; Du, X.Z. Gold nanoparticle modified NiTi composite nanosheet coating

for efficient and selective solid phase microextraction of polycyclic aromatic hydrocarbons. Anal. Methods 2016, 8, 6064–6073.
[CrossRef]

10. Feng, J.J.; Sun, M.; Liu, H.M.; Li, J.B.; Liu, X.; Jiang, S.X. Au nanoparticles as a novel coating for solid-phase microextraction.
J. Chromatogr. A 2010, 1217, 8079–8086. [CrossRef]

11. Mehdinia, A.; Aziz-Zanjani, M.O. Recent advances in nanomaterials utilized infiber coatings for solid-phase microextraction.
TrAC Trends Anal. Chem. 2013, 42, 205–215. [CrossRef]

12. Aziz-Zanjani, M.O.; Mehdinia, A. Electrochemically prepared solid-phase microextraction coatings—A review. Anal. Chim. Acta
2013, 781, 1–13. [CrossRef]
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Abstract: To improve the electrocatalytic properties for hydrogen evolution reactions, strategies
need to be adopted, such as increasing specific surface area and active site, as well as decreasing
interface energy. Herein, we report the preparation of FeP on carbon cloth using a two-step process
of hydrothermal and phosphating. Otherwise, to utilize the excellent catalytic performance of Pt and
decrease consumption of Pt, the hyperdispersed Pt nanoparticles for the sake of modifying transition-
metal phosphides film were designed and fabricated. Finally, 3D FeP-Pt/CC was successfully
prepared by means of electro-deposition using three electrodes. The crystalline structure, surface
morphology and elemental composition of the synthesized samples have been investigated by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDS). The XRD results show that the as-prepared products are of
orthorhombic FeP structure, and EDS results indicate that there exist Pt elements in 3D FeP-Pt/CC.
The electrocatalytic performances were evaluated by, such as linear scan voltammetry, tafel plots
and electrochemical impedance spectroscopy on electrochemical workstations. These results show
that the FeP-Pt/CC exhibit a current density of 10 mA·cm−2 at an over-potential of 58 mV for HER
in 0.5 M H2SO4, which is very close to the values of 20% Pt/C which was previously reported.
FeP-Pt/CC has excellent durability.

Keywords: FeP-Pt/CC; hydrogen evolution reaction; electrochemical impedance spectroscopy; durability

1. Introduction

With the increasing depletion of fossil fuels and tremendous environmental pollution,
hydrogen energy is extensively concerned as it is a clean, highly efficient and renewable
energy alternative [1–6]. Electrochemical water splitting is considered to be one of the
most promising large-scale hydrogen production methods. However, the industrialization
of water electrolysis is still limited due to the lack of cheap and efficient catalysts [7–10].
Among the numerous catalysts, transition-metal phosphides with high conductivity, chem-
ical stability, special crystal structure and abundant valence state have been intensively
focused. To improve the electrocatalytic performances, an important strategy is increasing
the number of active sites by means of generating a larger specific surface area [11–14].
Besides, three dimension (3D) basal electrodes, for example, carbon cloth has excellent
conductivity, mechanical properties and larger specific surface area [15]. At present, Pt
metal is regarded to be the most efficient electrocatalyst for hydrogen evolution reactions [9].
However, the resource of Pt is scarce and expensive. In this report, the hyperdispersed Pt
nanoparticles for the sake of modifying transition-metal phosphides film is designed and
fabricated in order to utilize the catalytic performance of Pt and reduce Pt dosage at the
same time. The 3D FeP-Pt film was grown on conductive carbon cloth (CC) by means of
hydrothermal methods with high temperature phosphating and electro-deposition [5,7,8].
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The results show FeP-Pt/CC has excellent electrocatalytic performances for HER at all pH
and has excellent durability and long term stability.

2. Experimental

Firstly, the CC matrix with an area of 1 cm × 1 cm is hydrothermally treated in 68%
HNO3 solution at 120 ◦C, and then it is washed by deionized water and electrochemically
oxidized for 30 mins in NaCl solution. The solution of Ferric nitrate, ammonium fluoride
and carbamide was prepared in a reactor, and then the treated CC matrix was placed in
the solution at 120 ◦C for 12 h. Iron compound film attached to carbon cloth obtained after
cooled and washed. The iron compound film was then dried at 100 ◦C and subjected to
sintering in succession at 300–350 ◦C for 2–3 h in a tube furnace with argon and sodium
hypophosphite to obtain the FeP/CC. Finally, the Platinum nanoparticles were prepared
on the FeP/CC by electrodeposition on FeP/CC, and then the 3D FeP-Pt/CC was obtained.
It is electrodeposited for 2 h under the voltage of −0.6–−0.7 V in the solution of potassium
chloroplatinate and a small amount of boric acid.

The X-ray diffraction (XRD) measurements were carried out by using a Dandong
DX-2700B diffractometer with CuKa radiation (λ = 1.5418 Å). The scanning electron mi-
croscopy (SEM) images were obtained by scanning electron microscopy (VEGA3, TESCAN,
Brno, South Moravia, Czech Republic). The X-ray photoelectron spectroscopes (XPS) were
carried out (ESCALAB 250Xi, Al Ka, 150 W, Waltham, MA, USA) to examine the chemical
composition and valence state of the as-prepared samples. The electrochemical measure-
ments were performed with a three-electrode system in 0.5 M H2SO4, 1 M PBS(Phosphate
buffer solution), 1 M KOH solution using a princeton electrochemical workstation. A sat-
urated calomel electrode (SCE) and a graphite rod were used as the reference electrode
and counter electrode, respectively in acidic and neutral solutions. Hg/HgO is used as
reference electrodes in alkaline solution. The as-prepared FeP-Pt/CC was used as the
working electrode. The linear scan voltammetry (LSV) measurements were carried at a
scanning rate of 5 mVs−1. The electrochemical impedance spectra (EIS) were obtained at
−200 mV vs reference electrode with a frequency range from 0.1 Hz to 100,000 Hz, 5 mg
20% Pt/C catalyst, add 100 μL 5w% Nafion solution and 900 μL ethanol and mix with
ultrasound for at least 30 min; 1 μL of solution suck each time and drop it onto the glassy
carbon electrode (with a diameter of 3 mm), drop it again after drying, and until the loading
capacity is 0.212 mg/cm2. All the measurements were corrected using iR compensation.

3. Results and Discussion

The XRD patterns of the FeP-Pt/CC and FeP/CC are shown in Figure 1. It can be
seen from Figure 1 that all the samples before and after electro-deposition (FeP/CC and
FeP-Pt/CC) can be well indexed as the orthorhombic FeP (JCPDS No. 390809) phase. It
is evidenced that the FeP was well prepared. It can be seen from the figure that after the
electrodeposition of platinum, the crystallinity and purity of the film decreased. In addition,
the diffraction peaks of Platinum shown in the XRD pattern of FeP-Pt/CC in Figure 1 at
39.77◦, 46.26◦ indicate that there has Pt metal in FeP-Pt/CC.

The SEM and edx mapping images of the FeP-Pt/CC and FeP/CC films are shown
in Figures 2 and 3. It can be seen from the scanning electron microscope that the surface
grains of the film before electrodeposition are mainly composed of rods with a diameter
of less than 1 micron, and massive grains with a size of several microns appear after
electrodeposition. According to the EDX diagram, the molar ratio of Fe:P:Pt is about
16.45:18.9:4.87 and there are some impurities of NaCl. According to EDX mapping photos,
Fe,P,Pt has similar element distribution, indicating the dispersion uniformity of Pt, and a
small amount of oxidation points can be seen. It can also be seen from Figure 3 that there
have not been Pt elements in the FeP/CC particles and the molar ratio of Fe:P is 18.58:25.76.
It is evidenced that the FeP-Pt/CC was successfully obtained.
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Figure 1. XRD patterns of the FeP/CC and FeP-Pt/CC.

In order to further verify the composition of the FeP-Pt/CC film surface, the X-ray
photoelectron spectroscopy (XPS) survey is used. Figure 4 presents the XPS results of
the FeP-Pt/CC. As shown in the figure, the total spectrum suggests the co-existence of
Carbon, Oxygen, Ferrum, Phosphorus and Platinum element in the material. The Fe 2p3/2
corresponds to peak at 712 eV and the Fe2p1/2 corresponds to peak at 726 eV. The P 2p
corresponds to one peak at 134 eV and P 2s corresponds to the peak at 192 eV; 71.6 eV
and 75.16 eV of the peak corresponds to zero valences of Pt. Besides, the C 1s and O
1s correspond to the peaks at 280 eV and 531.9 eV, respectively. The OKL1 and OKL2
correspond to peaks at 990 eV and 1000 eV. It is well evidenced that the FeP-Pt/CC was
successfully fabricated with a small amount of precious Pt.

The electrocatalytic performances of FeP-Pt/CC and FeP/CC were investigated by
a Princeton electrochemical workstation. All HER measurements were carried out at
25 ◦C. The results are given in Figure 5. It can be seen from Figure 5a that FeP-Pt/CC and
FeP/CC possesses over-potentials of −58 mV and −110 mV reach the cathode current
density of 10 mA·cm−2 in 0.5 M H2SO4, while 20% Pt/C has the smallest η10 (−36 mV).
Their corresponding Tafel slope is 49.6, 70.6, 108.6 mV/dec. Tafel slopes suggest that
the Volmer reaction is fast and the rate-limiting step is the Heyrovsky reaction. It shows
that the addition of platinum greatly improves the hydrogen evolution performance of
FeP. However, in the phosphate buffer solution, the hydrogen evolution performance is
poor, η10 of FeP-Pt/CC, FeP/CC and Pt/C is −214, −187, −60 mV, respectively. The
corresponding Tafel slope are 256, 510, 105.5 mV/dec. At a higher potential, platinum
can improve the HER performance of FeP greatly, even more than 20% Pt/C. A neutral-
effective electrocatalyst has apparently the best benefit of environmental benignity and
very broad application prospects. Alkaline-efficient electrocatalysts are the most important
and widely used technology in the industry. From Figure 5e, we can find that 20% Pt/C
exhibits excellent electrocatalytic activity in 1 m KOH. η10 of FeP-Pt/CC and FeP/CC are
−42.6, −44 mV, respectively. The corresponding Tafel slopes are 80, 60.5 mV/dec. LSV
of FeP-Pt/CC has been very close to Pt/C catalyst. It shows that FeP-Pt/CC has a good
application prospect.
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Figure 2. SEM images (a,b), EDX mapping (c–f) and EDX spectrum (g) of FeP-Pt/CC.
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Figure 3. SEM images (a,b) and EDX spectrum (c) of FeP/CC.

Figure 4. XPS spectra of FeP-Pt/CC (a) survey spectrum, (b) Fe 2p, (c) P 2p and (d) Pt 4f.

23



Crystals 2022, 12, 37

  

  

 

Figure 5. Electrochemical HER measurements. Linear sweep polarization curves obtained in
0.5 M H2SO4 (a), 1 M PBS (c), 1 M KOH (e). The corresponding Tafel slopes (b,d,f).

To further investigate the electrocatalytic performances of the materials, electrochemi-
cal impedance spectroscopy is also carried out. Figure 6 shows the results of Nyquist plots
of FeP-Pt/CC and FeP/CC at −0.2 V in 0.5 M H2SO4. Table 1 shows the element values
in the equivalent circuit of the AC impedance spectrum. It can be found from Figure 6
that the Nyquist plot shows a line with an angle of inclination of 45◦, which suggests the
phase angle of reactive ions concentration fluctuation on the electrode surface is 45 degrees
lags behind the AC current. In addition, it can be seen from Table 1 that the R1 (reactive
resistance) of FeP-Pt/CC is 0.75 Ω, which is very much less than that of FeP/CC (1.6 Ω).
These features indicate that the electrode reaction is completely controlled by the diffusion
step. It is estimated that the reason is Platinum particles reduce the reactive resistance and
make the surface rougher.
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Figure 6. Nyquist plots of FeP-Pt/CC and FeP/CC at −0.2 V in 0.5 M H2SO4 with inset the equivalent
electrical circuit.

Table 1. Element values in the equivalent circuit of AC impedance spectrum in 0.5 M H2SO4.

Element FeP-Pt/CC FeP/CC

R1/Ω 0.75157 1.603

CPE1-T/Ω−1·cm−2·s−n 0.15453 0.086979

CPE1-P/Ω−1·cm−2·s−n 0.74181 0.70683

Figure 7 shows the results of Nyquist plots of FeP-Pt/CC and FeP/CC at −0.2 V in
1 M KOH with an inset of the equivalent electrical circuit. It can be seen from Figure 7 that
the inclined straight lines show an angle of nearly 45 degrees, this suggests that there is a
thick and compact passivation film on the surface of the electrode, and the ion migration is
greatly inhibited. These results indicate that a dense passivation film is easily formed on the
surface of iron in a strongly alkaline solution. It can also be deduced that the circuit diagram
is a series connection of resistor R1 and constant phase element (CPE). Here the constant
phase element CPE has two values, CPE-P and CPE-T. Table 2 shows the element values in
the equivalent circuit of the AC impedance spectrum. As is shown in Table 2, the CPE-P
values of FeP-Pt/CC and FeP/CC are 0.7778 Ω−1·cm−2·s−n and 0.7689 Ω−1·cm−2·s−n,
respectively. It can be illustrated that the rough and porous electrode surface produces
double-layer capacitance and there exists a dispersion effect on the electrode surface.
The resistance should decrease because platinum has better conductivity than FeP after
platinum plating. In addition, the increase of CPE value indicates the increase of capacitance
effect and the increase of film thickness and roughness.

In addition, the durability and long term stability of materials were further investi-
gated. Figure 8 shows the V-T curve of FeP-Pt/CC at 10 mA/cm2 in 0.5 M H2SO4, 1 M
PBS, 1 M KOH, respectively. Compared with other solutions, potential changes little in the
0.5 M H2SO4. In general, the potential changes little after 20 h in various solutions, which
can be applied in practical production.
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Figure 7. Nyquist plots of FeP-Pt/CC and FeP/CC at −0.2 V in 1 M KOH. The inset is the equivalent
electrical circuit.

Table 2. Element values in the equivalent circuit of AC impedance spectrum in 1 M KOH.

Element FeP-Pt/CC FeP/CC

R1/Ω 1.827 2.184

CPE1-T (Ω−1·cm−2·s−n) 0.00795 0.00551

CPE1-P (Ω−1·cm−2·s−n) 0.7778 0.7689

Figure 8. Time dependence of Overpotential for NiCo2Px at 10 mA/cm2 (in 0.5 M H2SO4, 1 M KOH
and 1 M PBS).

4. Conclusions

FeP-Pt/CC has also been successfully prepared by means of hydrothermal-phosphatization
and electrodeposition methods. The as-prepared FeP films have an orthorhombic structure.
XPS and EDX tests proved the uniform distribution of Pt in FeP-Pt/CC, the addition of trace
platinum can significantly improve the catalytic activity of FeP for hydrogen evolution.
FeP-Pt/CC exhibit a current density of 10 mA·cm−2 at over-potential of 58 mV and 42.6 mV
for HER in 0.5 M H2SO4 and 1 M KOH, respectively, this is very close to the values of 20%
Pt/C V-t curves with 20 h in various solutions show FeP-Pt/CC has excellent durability
and long term stability.
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Abstract: Three-dimensional (3D) urchin-like MnO2@poly (sodium 4-styrene sulfonate) (PSS)/poly
(diallyl dimethylammonium chloride) (PDDA)/PSS particles were prepared via the layer-by-layer
(LBL) assembly of polyelectrolytes for the extraction of Zn2+ from alkaline media. The adsorption
performance of Zn2+ on MnO2, MnO2@PSS/PDDA/PSS, and MnO2@(PSS/PDDA)3/PSS was inves-
tigated in batch experiments. The adsorption of Zn2+ on MnO2@PSS/PDDA/PSS has been studied
under various conditions, such as initial Zn2+ concentration, adsorbent dosage, the solution’s pH, and
reaction time. The Zn2+ adsorption process is well represented by the pseudo-second-order kinetic
model, and the equilibrium data fit the Freundlich isotherm well. MnO2@PSS/PDDA/PSS also
showed high efficiency for Pb2+ and Cu2+ removal from slightly alkaline water. Thus, our research
provides a deep insight into the preparation of 3D manganese oxides with polyelectrolyte films for
the extraction of heavy metal ions, such as Pb2+, Cu2+, and Zn2+, from slightly alkaline wastewater.

Keywords: urchin-like MnO2; LBL assembly; heavy metal ions; adsorption; polyelectrolytes

1. Introduction

The dissolved phase of heavy metals, such as Pb2+, Cu2+, and Zn2+, in wastewater has
become a matter of increasing concern due to their great transferability and bioavailability,
as well as their severe cytotoxicity [1–3]. Lead (Pb2+), mainly from petrol, paint, plumbing,
pipes, car batteries, pigments, has a tolerable daily intake (TDI) value set at levels of
<3.5 μg/kg body weight. An overdose of Pb2+ over a long period might cause irreversible
damage to the central nervous system [4,5]. Copper (Cu2+) and zinc (Zn2+) are necessary
for organism development in small quantities, but excessive exposure to them can lead
to toxicity, disrupting the normal functions of cells and organs [6–8]. Thus, exploring
efficient and cost-effective methods for heavy metal treatment is in demand, especially in
developing countries.

Various materials, such as adsorbents [9,10], ion exchange resins [11,12], chemical
precipitation agents [13,14], electrochemical anodes [15] and membranes [16,17] have been
used to remove heavy metal ions [18]. Among them, adsorbents are widely used due to their
highly cost-effective properties and easy operation [19]. Many studies have been published
related to the removal of Zn2+ from acidic [20,21] to neutral wastewater; however, little
information is available for Zn2+ adsorption in slightly alkaline water [22,23]. Manganese
oxide (MnO2) has been extensively reported as an efficient scavenger of many heavy metals,
due to their unique physical and chemical properties, with the controllable tuning of
structure [24–26], while it is still important to improve their stability and chemical activity.
It has been reported that MnO2 with a 3D urchin-like structure, with modest corrugating
patterns, are considered to exhibit noticeable chemically stable and active properties,

Crystals 2022, 12, 358. https://doi.org/10.3390/cryst12030358 https://www.mdpi.com/journal/crystals29



Crystals 2022, 12, 358

significantly differentiating them from particles with smooth surfaces [27–29]. Furthermore,
the derivatizing process of urchin-like MnO2 surfaces with macromolecular components
also noticeably enhances their affinity for heavy metals. Layer-by-layer assembly (LBL) is
one way to permit the molecular engineering of surfaces through the continuous depositing
process of polyelectrolytes and numerous functional compounds [30,31].

In the present work, the urchin-like MnO2, with outer diameters of 2 to 5 μm, was
prepared in a hydrothermal process. Then, the polyelectrolytes, PSS and PDDA, were
deposited sequentially via LBL assembly to form a strong, dense coating on urchin-like
MnO2 to form 3D adsorbent MnO2@(PSS/PDDA/PSS). The adsorption properties of Zn2+

on MnO2@(PSS/PDDA/PSS) were studied in batch experiments. Different experimental
conditions affecting the uptake of Zn2+ were investigated, and the experimental data were
fitted with various models to further understand the adsorption mechanisms.

2. Materials and Methodology

2.1. Reagents and Materials

MnSO4·H2O and (NH4)2S2O8 were purchased from the Keda Reagent Factory
(Shenyang, China). Nafion solution (5%) was obtained from the Yilong Energy Technology
Co. Ltd. (Suzhou, China). Poly (sodium 4-styrene sulfonate) (PSS, Mw 70,000 g/mol) and
poly (diallyl dimethylammonium chloride) (PDDA, Mw 200,000–350,000 g/mol) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water with a resistivity of
18.2 MΩ cm was obtained directly from a Milli-Q Plus water purification system (Millipore
Corporation, Burlington, MA, USA). All other reagents used in the experiments were ana-
lytical grade and obtained from Guangfu Fine Chemical Research Institute (Tianjin, China).

2.2. Characterization and Instruments

The surface morphology of MnO2@PSS/PDDA/PSS was observed using a transmis-
sion electron microscope (TEM, FEI Tecnai G2 20, San Diego, CA, USA) and a scanning
electron microscope (SEM) (Merlin Compact, Tokyo, Japan). The FTIR spectra were mea-
sured using a Thermo Nicolet NEXUS FTIR spectrometer at room temperature to analyze
the surface functional groups of samples. The oxidation state of elements in the samples
was analyzed by XPS (ESCALAB 250Xi, Waltham, MA, USA). The concentration of the Pb2+,
Cu2+, and Zn2+ solution was monitored with a UV-vis spectrometer (Shanghai Jinghua
756MC, Shanghai, China).

2.3. Preparation of Urchin-like MnO2

Urchin-like MnO2 were prepared based on the following protocol. Typically, 10.7817 g
of MnSO4·H2O and 14.6048 g of (NH4)2S2O8 were dissolved in 70.0 mL of deionized water
and heated at 120 ◦C for 2 h. The dark precipitate was then centrifuged at 6000 rpm for
15 min, washed three times with DI water, and then dried at 70 ◦C for 12 h.

2.4. Layer-by-Layer Assembly of Polyelectrolytes on MnO2

For the LBL deposition, the PSS and PDDA were coated in an adsorption-centrifugation
cycle. In a typical procedure, 0.05 g of MnO2 was added into 5.0 mL of the polyelectrolyte
solution (5 mM). The particles were incubated at 25 ◦C for 30 min, placed in a centrifuge
at 4500 rpm for 15 min, and then washed for three cycles. The final products were de-
noted as MnO2@PSS/PDDA/PSS. The coating procedure was repeated 3 times, and finally,
MnO2@(PSS/PDDA)3/PSS was obtained.

2.5. Adsorption Experimental Procedure

In a single system, the effect factors, including pH value, the initial concentration of
Zn2+, the dosage of adsorbent, and reaction time on adsorption were studied in a 50 mL
conical flask with 20 mL of Zn2+ (Cu2+/Pb2+) solution. The mixture was stirred at a speed
of 250 rpm/min for 24 h to reach adsorption equilibrium. The concentration of Zn2+

(Cu2+/Pb2+) in the solution was measured at a predetermined time. In the competition
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experiment with the presence of co-existing ions, adsorption performance was investigated
in the solution of Zn2+, Cu2+ and Pb2+ (the concentration of each metal ion was 50 mg/L).
Each adsorption was replicated three times. For each set of data present, standard statistical
methods were used to determine the mean values and standard deviations. Confidence
intervals of 95% were calculated for each set of samples to determine the margin of error.

2.6. Modeling of Adsorption Kinetics

The adsorption kinetics were evaluated using pseudo-first-order (1) and pseudo-
second-order (2) equations in this study [32,33]:

ln(qe − qt) = lnqe − k1t (1)

t
qt

=
t
qe

+
1
h

(2)

where qe and qt are the amount of adsorbed Zn2+ at equilibrium and time t (mg/g),
k1 (min−1) and k2 (g·mg−1·min−1) are rate constants for pseudo-first-order and second-
order kinetics, respectively. The equation h = k2qe

2 gives the initial adsorption rate when t
approaches 0.

2.7. Modeling of Adsorption Isotherm

The Langmuir and Freundlich models are used in this case study. The non-linear form
of the Langmuir and Freundlich equations are presented as [34,35]:

Ce

qe
=

Ce

qmax
+

1
KLqmax

(3)

lnqe =
1
n

lnCe + lnKF (4)

where qe is the equilibrium adsorption capacity (mg/g), Ce is the equilibrium concentration
(mg/L), qmax is the maximum adsorption capacity (mg/g), which is the amount of adsorbate
adsorbed per unit weight (mg/g of adsorbent), and KL is the Langmuir constant related to
the adsorption energy. KF and n are the Freundlich constants.

3. Results and Discussion

3.1. Characterization of MnO2, MnO2/PSS/PDDA/PSS and MnO2/(PSS/PDDA)3/PSS

Figure 1 shows the TEM images of MnO2@PSS/PDDA/PSS and MnO2@(PSS/PDD-
A)3/PSS. It can be seen that the thickness of the covering layer on the branches of urchin-like
MnO2 increases significantly from about 1 ± 0.3 nm (Figure 1A) to 5 ± 0.7 nm (Figure 1B)
as the number of coating layers increases, which might be due to the deposition of different
amounts of polyelectrolytes. It was also found that the shape of the urchin-like MnO2
hardly changed after coating with one and three layers of polyelectrolytes.

 

Figure 1. TEM images of the MnO2@PSS/PDDA/PSS (A) and MnO2@(PSS/PDDA)3/PSS (B).
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Figure 2A shows the successful preparation of urchin-like MnO2. Figure 2B,C shows the
conformal coating, with one layer and three layers of polyelectrolytes (MnO2@PSS/PDDA/PSS
and MnO2@(PSS/PDDA)3/PSS, respectively. With the three-layer coating, the thickness of
the branches increases to 300 ± 58 nm (Figure 2F), which is much larger than that of pristine
MnO2 (20 ± 4 nm, Figure 2D) and MnO2@PSS/PDDA/PSS (50 ± 11 nm, Figure 2E).

 
Figure 2. SEM images of MnO2 (A,D), MnO2@PSS/PDDA/PSS (B,E) and MnO2@(PSS/PDD-
A)3/PSS (C,F).

The FT-IR spectra of MnO2 and MnO2@PSS/PDDA/PSS are shown in Figure 3. The
peaks at 515, 518.3 cm−1 can be attributed to Mn-O vibration. The band at nearly 1390 cm−1

can be assigned to the Mn=O stretching vibration, which decreased dramatically after
the LBL deposition of polyelectrolytes. It might be due to the possible reaction between
Mn=O and coated polyelectrolytes or the attraction between MnO2 and oppositely charged
polymers, which is not currently fully understood [36]. The peaks at 1178, 1129, 1034.6 cm−1

are related to the –S=O=S– and –SO3 symmetric vibrations of PSS, indicating the coating of
PSS/PDDA film on the surface of urchin-like MnO2 [37,38]. The analysis of IR is consistent
with the previous reports [30,36].

Figure 3. FT-IR spectra of MnO2 and MnO2@PSS/PDDA/PSS.

32



Crystals 2022, 12, 358

As shown in Figure 4A, the presence of Mn, N, and S elements in the sample of
MnO2@PSS/PDDA/PSS is due to the deposition of PSS/PDDA on the surface of man-
ganese oxides. Moreover, the polymer coating might decrease the intensity of the Mn peak.
Figure 4B shows the spectrum of Mn2p, in which the peaks of 652.4 eV and 641.6 eV are
in agreement with an earlier report on MnO2 [39]. The peak in Figure 4C appearing at
397.4 eV is assigned to N1s, which would come from the N-enriched polymer (PDDA).
Figure 4D shows the spectrum of the S2p1/2 peak (166.6 eV). These results indicate the
coating of polymer layers on MnO2.

Figure 4. XPS spectra of MnO2@PSS/PDDA/PSS: wide scan (A), Mn 2p spectra (B), N 1s spectra (C),
S 2p spectra (D).

3.2. Adsorption of Zn2+ on MnO2, MnO2/PSS/PDDA/PSS, and MnO2/(PSS/PDDA)3/PSS

The adsorption performance on MnO2, MnO2/PSS/PDDA/PSS, and MnO2/(PSS/P-
DDA)3/PSS were tested at pH 13.0. The results are shown in Figure 5. For the control
experiment from Zn2+-bearing alkaline solutions (pH of 13.0), there is no precipitate ob-
served over 24 h in the absence of prepared materials, indicating that the removal of Zn2+

from these alkaline solutions is solely due to the presence of the prepared materials as
adsorbents. As shown in Figure 5, after coating with one layer of PSS/PDDA/PSS on
urchin-like MnO2, the highest adsorption capacity was achieved (177.74 mg/g), and as
the number of coating layers continuously increased to three, the adsorption capacity of
Zn2+ decreased. Based on the measured surface area of MnO2, MnO2@PSS/PDDA/PSS
and MnO2@(PSS/PDDA)3/PSS (121, 108 and 54 m2/g, respectively), it could be concluded
that the decreased adsorption capacity of MnO2@(PSS/PDDA)3/PSS might be caused by
the ultra-dense coating of polyelectrolytes on urchin-like MnO2, which would significantly
reduce the surface area of MnO2 and also block the active sites of MnO2. The number
of coated polymers in MnO2@PSS/PDDA/PSS and MnO2@(PSS/PDDA)3/PSS samples
was calculated to be 2.173 g and 5.515 g/g of MnO2, respectively, based on their FTIR
spectra. As each Zn2+ would bind two unit-charge sites of PSS, theoretically, the amount
of polymer coating on 0.05 g of MnO2@PSS/PDDA/PSS would combine approximately
2.701 mmol of Zn2+, which is close to the experimental adsorption capacity (177.74 mg/g).
Thus, MnO2/PSS/PDDA/PSS was chosen for the following experiments.
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Figure 5. Zn2+ adsorption on MnO2, MnO2/PSS/PDDA/PSS, and MnO2/(PSS/PDDA)3/PSS with
an initial concentration of 100 mg/L at 25 ◦C (A), and their corresponding adsorption capacity and
removal efficiency (B).

3.3. Effect of Solution pH

The effect of pH on Zn2+ adsorption was investigated in the pH range from 5.0 to
13.0. As shown in Figure 6, the removal efficiency of Zn2+ continued to increase as the pH
increased. At pH 13.0, the highest adsorption capacity of Zn2+ on MnO2/PSS/PDDA/PSS
was obtained. This is mainly because of the electrostatic attraction between Zn2+ and
negatively charged PSS film. When the solution was acidic, there would be more H+ in the
solution, which would compete with Zn2+ to occupy the active sites.

 
Figure 6. Effect of pH on Zn2+ adsorption with an initial concentration of 100 mg/L at 25 ◦C (A).
Adsorption capacity and removal of Zn2+ on MnO2@PSS/PDDA/PSS at different pH values (B).

3.4. Effect of Initial Concentration

The effect of the initial Zn2+ concentration was investigated at a pH of 13.0. The
concentrations were studied at 20, 50, 100, 200, and 300 mg/L. The results of the initial
concentration experiment are shown in Figure 7. It was found that the adsorption capacity
was highest at an initial concentration of 100 mg/L. The removal rate increased as the
initial Zn concentration increased from 20 mg/L to 100 mg/L, and then began to decrease
sharply. This might be due to the fact that the adsorption site was occupied quickly;
metal ion adsorption involves higher energy sites at low metal-ion concentrations. With an
increase in the initial Zn2+ concentration (20 to 100 mg/L), the large concentration difference
between the solution and the materials drives greater binding of Zn2+ and increases the
removal rate [40]. Therefore, an optimal zinc concentration of 100 mg/L was selected for
further experiments.
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Figure 7. The effect of initial concentration on Zn2+ adsorption under a pH of 13.0 at 25 ◦C (A).
Adsorption capacity and removal of Zn2+ on MnO2@PSS/PDDA/PSS, with different initial Zn2+

concentrations at 25 ◦C (B).

3.5. Effect of Adsorbent Dosage

Figure 8 shows the effect of adsorbent dosage on Zn2+ removal by MnO2/PSS/PDDA/PSS.
The highest removal efficiency of Zn2+ was reached when the dose of MnO2/PSS/PDDA/PSS
was 0.5 g/L. When the adsorbent dosage is lower than 0.5 g/L, less surface area is avail-
able for adsorption due to there being fewer active sites present, leading to a decreased
adsorption efficiency. With an increase in the adsorbent dose, the adsorption capacity, qe,
decreased. This is mainly because with the increase in the amount of adsorbent, more
unoccupied adsorptive sites were left and their mass could still be used for the calculation
of adsorption capacity [41,42]. Therefore, the amount of adsorbent used in the experiments
was selected to be 0.5 g/L.

 
Figure 8. The effect of adsorbent dosage on Zn2+ adsorption with an initial concentration of 100 mg/L
at 25 ◦C (A). The adsorption capacity and removal of Zn2+ on MnO2@PSS/PDDA/PSS with different
adsorbent dosages at 25 ◦C (B).

3.6. Adsorption Kinetics

The pseudo-first-order and pseudo-second-order kinetic models were applied to
describe the experimental data. The relevant kinetic parameters for Zn2+ adsorption are
displayed in Table 1. The results show that the correlation coefficient of the pseudo-second-
order kinetic equation was 0.9989, higher than that of the first-order kinetic curve, indicating
that the experimental data closely conformed to the second-order model.
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Table 1. Parameters of the kinetics model for the adsorption of Zn2+ with MnO2@PSS/PDDA/PSS,
with an initial concentration of 100 mg/L, under a pH of 13.0 at 25 ◦C.

Initial qexp Pseudo-First-Order Pseudo-Second-Order

conc.
mg/L mg/g k1 × 10−2

min−1
qe

mg/g R2 K2 × 10−3

g/(g·min)
qe

mg/g R2

100 177.74 ± 0.21 0.173 ± 0.02 177.56 ± 0.44 0.9321 7.26 ± 0.01 94.97 ± 0.37 0.9989

3.7. Adsorption Isotherm Models

The fitted results of the Langmuir and Freundlich isotherm models in this study
are presented in Table 2. The results showed that the Langmuir model with R2 higher
than 0.99 was a better fit than the Freundlich model, indicating that Zn2+ adsorption onto
MnO2@PSS/PDDA/PSS can be considered to be a monolayer adsorption process, mainly
achieved via electrostatic attraction.

Table 2. Parameters of the isotherm model for the adsorption of Zn2+ onto MnO2@PSS/PDDA/PSS.

Temperature Langmuir Freundlich

K qmax (mg/g) b (L/mg) R2 Kf (L/mg) 1/n R2

298 246.91 ± 0.22 0.296 ± 0.025 0.9990 3.4261 ± 0.097 0.8339 ± 0.082 0.9469

3.8. Adsorption of Other Heavy Metals in Alkaline Solution

MnO2@PSS/PDDA/PSS was used as an adsorbent to test the removal of Pb2+ and
Cu2+ from alkaline water. The results are shown in Figure 9A. It can be seen that the
maximum adsorption capacities of Pb2+ and Cu2+ were 177.63 mg/g and 150.93 mg/g,
respectively, indicating the efficient removal of Zn2+, Pb2+, and Cu2+ from alkaline water
when using MnO2@PSS/PDDA/PSS as an adsorbent material. It may be concluded that
the adsorption affinity of metals onto MnO2@PSS/PDDA/PSS occurs in the following
order: Zn2+ ≈ Pb2+ > Cu2+. Moreover, the competition experiments were conducted with
the presence of Pb2+, Cu2+, and Zn2+ in the solution. The results show that the adsorption
performance of Zn2+ slightly decreased in the presence of Pb2+ and Cu2+ (Figure 9B), which
is likely due to the substitution of Zn2+ already adsorbed on the adsorption sites with Pb2+.
To simulate a real-life application, we collected tap water in the lab and Yellow River water
in the city of Lanzhou, then prepared each solution of Zn2+, Pb2+, and Cu2+ with an initial
concentration of 100 mg/L. The adsorption of Zn2+, Pb2+, and Cu2+ from tap water and
Yellow River water was investigated. As shown in Table 3, the adsorption capacity of Zn2+,
Pb2+, and Cu2+ in the tap water and Yellow River water was comparable to that in DI water,
indicating the possible real application of this process in wastewater treatment.

Figure 9. The adsorption of Pb2+ and Cu2+ on MnO2@PSS/PDDA/PSS in a single system (A) and
ternary system (B).
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Table 3. The adsorption capacity of Zn2+, Pb2+, and Cu2+ in tap water and Yellow River water.

Metal Ions
Adsorption Capacity (mg/g)

Tap Water Yellow River Water

Zn2+ 178.32 ± 0.89 171.66 ± 1.28
Pb2+ 174.85 ± 0.61 169.15 ± 1.72
Cu2+ 146.17 ± 0.50 138.22 ± 2.80

4. Conclusions

In this work, 3D urchin-like MnO2@PSS/PDDA/PSS particles were prepared via the
layer-by-layer (LBL) assembly of polyelectrolytes on MnO2 for the extraction of Zn2+ from
alkaline media. The characteristics of the pH effect, adsorbent dosage, the initial Zn2+ con-
centrations, and contact time for MnO2@PSS/PDDA/PSS were tested. The results showed
that MnO2@PSS/PDDA/PSS was very effective in removing Zn2+ from an aqueous solu-
tion at pH 13. Adsorption kinetics and equilibrium studies were applied to investigate the
adsorption behavior of MnO2@PSS/PDDA/PSS. The results showed that the experimental
data fitted well with the second-order equation, and the adsorption isotherm was closely
related to the Langmuir model. It was found that both the urchin-like structure of MnO2
and the surface coating of negatively charged PSS contributed to the efficient adsorption
process. The competitive adsorption investigation suggests that Zn2+ adsorption could be
interfered with by other cations present in wastewater. MnO2@PSS/PDDA/PSS can be
considered as a promising alternative for the adsorption of Zn2+, Pb2+, and Cu2+ from alka-
line wastewater. We anticipate that more studies will take place on the efficient adsorption
of Zn2+ using non-synthetic wastewater for real-life applications in future work.
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Abstract: Transition metal phosphide composite materials have become an excellent choice for use
in supercapacitor electrodes due to their excellent conductivity and good catalytic activity. In our
study, a series of nickel phosphide heterostructure composites was prepared using a temperature-
programmed phosphating method, and their electrochemical performance was tested in 2 mol L−1

KOH electrolyte. Because the interface effect can increase the catalytic active sites and improve the
ion transmission, the prepared Ni2P/Ni3P/Ni (Ni/P = 7:3) had a specific capacity of 321 mAh g−1

under 1 A g−1 and the prepared Ni2P/Ni5P4 (Ni/P = 5:4) had a specific capacity of 218 mAh g−1

under 1 A g−1. After the current density was increased from 0.5 A g−1 to 5 A g−1, 76% of the specific
capacity was maintained. After 7000 cycles, the capacity retention rate was above 82%. Due to the
phase recombination effect, the electrochemical performance of Ni2P/Ni3P/Ni and Ni2P/Ni5P4 was
much better than that of single-phase N2P. After assembling the prepared composite and activated
carbon into a supercapacitor, the Ni2P/Ni3P/Ni//AC had an energy density of 22 W h kg−1 and a
power density of 800 W kg−1 and the Ni2P/Ni5P4//AC had an energy density of 27 W h kg−1 and a
power density of 800 W kg−1.

Keywords: nickel phosphide heterostructure; electrochemical pseudocapacitance; temperature
programming; supercapacitor

1. Introduction

With the rapid development of human society, the demand for energy has increased
substantially. At the same time, the energy crisis is becoming increasingly more serious.
In the future, exploring and developing clean and renewable energy such as wind and
hydropower will become the mainstream [1–6]. However, due to the instability of power
generation, this type of energy has not yet fully met the demand [7,8]. Through electrochem-
ical energy storage devices, the electricity generated from these renewable energy sources
can be stored for effective use [9,10]. Presently, there are two main types of commercial
electrochemical energy storage devices: batteries, such as lithium-ion batteries [11,12], and
supercapacitors, such as pseudocapacitance supercapacitors [13,14]. Supercapacitors have
many advantages, such as higher power density, long cycle life, and fast charging and
discharging, so they have attracted much attention [15–17]. However, there are still some
challenges associated with supercapacitors, including how to increase their energy density
while maintaining the above advantages [18,19].

Electrode material is the core factor of the supercapacitor system and affects the
performance of the supercapacitor directly [20]. According to their characteristics, electrode
materials can be divided into two categories [21]. The first is a variety of carbon materials
including activated carbon, graphene, and carbon nanotubes; the energy storage mechanism
is electrostatic adsorption and desorption [9]. These electrode materials provide good
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stability, porous characteristics, and good electrical conductivity [22], but the relatively
low energy density associated with this group limits its wide application [23]. The second
category is pseudocapacitive materials including transition metal oxides and transition
metal phosphides; the energy storage mechanism is rapid reversible redox or intercalation
reactions on or near the electrode surface [24,25]. Compared to transition metal oxides,
transition metal phosphides have better electrical conductivity and a lower cost. They also
have a specific capacity comparable to or even beyond that of transition metal oxides [26,27].
This is due to some of the characteristics of transition metal phosphides.

Phosphorus atoms can enter the transition metal crystals to form intermetallics [28].
The presence of phosphorus atoms pulls the electron delocalization of metal phosphide,
which improves its catalytic activity. The higher the metal content, the more free electrons
it contains and the better it is for conducting electricity [29]. Therefore, this compound with
metallic properties exhibits high electrical conductivity and specific capacity [30,31]. Nickel
phosphide has been a good choice for electrode materials for supercapacitors because
of its high electrical conductivity, fast charge transfer ability, good reaction kinetics, and
abundant earth reserves [32–34]. Single-phase nickel phosphide is difficult to prepare, and
its electrochemical performance is unsatisfactory [35]. Therefore, many researchers have
shown great interest in preparing nickel phosphide composites and applying them to su-
percapacitors [36,37]. Nickel phosphide compounds can be prepared using available nickel
chemical plating methods on a nickel phosphide surface coated with a layer of amorphous
nickel or by mechanically mixing graphene and nickel phosphide. It is also possible to
compound nickel phosphide with other compounds through chemical precipitation to
make composite materials [38–40]. Other types of composites used in the study of the
electrochemical performance of supercapacitors include nickel-cobalt oxide modified with
reduced graphene oxide, ZnFe2O4 nanorods on reduced graphene oxide, NiCo2O4/Ni2P,
nitrogen-doped Ni2P/Ni12P5/Ni3S2, and MoS2–ReS2/rGO [41–45]. Due to the synergistic
effect between different components and the interfacial effect, the electrochemical perfor-
mance of such materials is satisfactory. The preparation of composite nickel phosphide
shows good electrochemical performance, which provides inspiration for exploring such
electrode materials.

In our study, nickel phosphide composite was prepared in one step by temperature
programmed phosphating. Since no polymer binder was added during the preparation
of the electrode, the electrode had maximum conductivity and catalytic activity. We
used 2 mol L−1 KOH aqueous solution as the electrolyte for electrochemical performance
testing. The best comprehensive electrochemical performance was observed when the
stoichiometric ratio was 5:4. At this stoichiometric ratio, the nickel phosphide composite
formed a Ni2P/Ni5P4 heterostructure with a specific capacity of 218 mAh g−1 and a rate
performance of 76%. After 7000 cycles, the capacity retention rate was above 82%. After
combining it with activated carbon to form an asymmetric supercapacitor, the energy
density was 27 W h kg−1 while the power density was 800 W kg−1, demonstrating good
electrochemical performance. At the stoichiometric ratio of 7:3, it formed a Ni2P/Ni3P/Ni
heterostructure with a specific capacity of 321 mAh g−1 and a rate performance of 59%.
After combining it with activated carbon to form an asymmetric supercapacitor, the energy
density was 22 W h kg−1 while the power density was 800 W kg−1.

2. Experimental Section

2.1. Chemicals

All chemicals used were of analytical grade. C2H5OH, KOH, H2SO4, and acetone were
purchased from Kelon Chemicals Co. Ltd., Chengdu, China. Nickel foam was purchased
from Shanghai (China) Hesen Electric Co. Ltd. Nickel powder and red phosphorus were
from Aladdin.
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2.2. Electrode Material Synthesis

The nickel foam was cut into small pieces, each with a length and width of 1 cm,
and was then pretreated with dilute hydrochloric acid solution and acetone solution
(Vacid:Vacetone = 6:1) to remove oxides and organic pollutants. The surface was then rinsed
with anhydrous ethanol and deionized water. The metal nickel powder was pretreated
with dilute sulfuric acid to remove oxides and organic pollutants, and then rinsed with
anhydrous ethanol and deionized water several times. It was put into the oven at a constant
temperature of 60 ◦C until dried. About 5 g of treated metal nickel powder for separated for
use. Metal nickel powder and red phosphorus were mixed according to the stoichiometric
amounts; a 1.5% excess of red phosphorous was required.

To make electrodes, slightly more than 4 mg of mixed powder was pressed on the
treated nickel foam; the applied pressure was 10 MPa. The foam nickel electrode pads
loaded with mixed powder were put into a porcelain boat along with the remaining mixed
powder. The porcelain boat was then put into a tubular furnace, washed to vacuum with
nitrogen, gradually heated to 700 ◦C at 4 ◦C min−1, and held for 6 h. The intermediate
temperatures were 350 ◦C, 450 ◦C, and 550 ◦C. Each intermediate temperature was held for
1 h. According to the stoichiometric amount, we recorded them as (3:1), (5:2), (12:5), (7:3),
(2:1), (5:4), and (1:1). Single-phase Ni2P can be made from stoichiometry (5:2).

2.3. Material Characterization

The crystalline structures were confirmed by an X-ray diffraction (XRD, Dandong
DX-2700, Dandong, China) with Cu-Kα radiation (2θ = 5~80◦) operating at 40 kV. The
morphologies and microstructures of the samples were characterized by field-emission
scanning electron microscope (SEM, JEOL JSM-6701 F, Tokyo, Japan) and transmission elec-
tron microscope (TEM, JEOL JEM2010, Tokyo, Japan). The pore properties and Brunauer-
Emmett-Teller specific surface area were investigated via N2 adsorption–desorption (NAD,
ASAPR 2020, Atlanta, GA, USA) test at −196 ◦C. The surface bonding state was tested by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, New York, NY, USA).

2.4. Electrochemical Evaluation

All electrochemical measurements were executed on the electrochemical station, and
the electrolyte was 2 mol L−1 aqueous KOH. Before the test, we soaked the undertested
materials in 2 mol L−1 of KOH electrolyte for 24 h to activate them. The mass of the
active substance was obtained by weighing the nickel foam before and after the reaction.
The mass of the active material on the nickel foam electrode was observed as 4 mg. All
electrochemical measurements for the single electrode were executed in a three-electrode
system with a platinum plate electrode as a counter electrode and a Hg/HgO electrode as
a reference electrode.

The formula of mass specific capacitance is as follows:

Cs =
IdΔt
3.6

(1)

Calculated by integrating the slope of the discharge curve for the asymmetric device,
the formula for energy density (W h kg−1) and power density (W kg−1) is as follows [46]:

E =
Id
3.6

∫
E dt (2)

P =
3600E

Δt
(3)

The supercapacitor was assembled with activated carbon as a cathode and the prepared
electrode as an anode. The mass balancing of cathode and anode will follow the equation:

m+

m− =
Cs−ΔV−
Cs+ΔV+

(4)
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where Cs (mAh g−1) is the specific capacitance, Id is the specific current, and Δt is the
discharge time.

3. Results and Discussion

3.1. Characterization of Materials

The crystal structure of each Ni/P ratio and single-phase Ni2P are shown in Figure 1.
In Figure 1d, some diffraction peaks appear and correspond to the crystal planes of standard
PDF card Ni3P, Ni2P, and Ni. This XRD pattern shows the formation of Ni2P/Ni3P/Ni
heterostructures with a Ni/P ratio of 7:3. Due to the interaction between the different
phases, the positions of the diffraction peaks are slightly shifted, which indicates the
successful synthesis of the heterostructure and has a positive effect on the electrochemical
performance of the electrode. Due to the presence of metallic nickel, the catalytic activity
of this electrode was greatly improved. In Figure 1f, some diffraction peaks appear and
correspond to the crystal planes of standard PDF card Ni2P, and Ni5P4. This XRD pattern
shows that Ni2P/Ni5P4 heterostructures are formed at a Ni/P ratio of 5:4. The combination
of different phases produces a certain lattice distortion, so the position of the corresponding
diffraction peak is slightly shifted compared to the standard card. Although only two
nickel phosphide phases exist, the interfacial effect between the phases can still improve
the electrochemical performance of the electrode, and at the same time will improve
its catalytic stability. It can be observed from Figure 1h that diffraction peaks appear at
17.463◦, 26.330◦, 30.489◦, 31.771◦, 35.350◦, 40.714◦, 44.611◦, 47.362◦, 54.196◦, 54.998◦, 66.371◦,
72.719◦, and 74.790◦, corresponding to (100), (001), (110), (101), (200), (111), (201), (210),
(300), (211), (310), (311), and (400) crystal planes of standard PDF card Ni2P, respectively.
This XRD pattern shows the formation of single-phase Ni2P. It can be observed from
Figure 1a–c,e,g that Ni3P/Ni2P/Ni, Ni5P4/Ni2P, Ni5P4/Ni2P/Ni, Ni5P4/NiP2/Ni, and
Ni5P4/Ni2P heterostructures are formed at a Ni/P ratio of 3:1, 5:2, 12:5, 2:1, and 1:1,
respectively. Such heterostructures will contribute to electrochemical performance.

Figure 1. X-ray diffraction patterns of the samples in various Ni/P ratios. (a–d) XRD pattern of Ni/P
ratio 3:1, 5:2, 12:5, and 7:3. (e–h) XRD pattern of Ni/P ratio 2:1, 5:4, 1:1 and single-phase Ni2P.

The SEM images of each Ni/P ratio and single-phase Ni2P are shown in Figure 2. In
addition to the single-phase nickel phosphide, two distinct structures can be seen in each
image, which confirms the successful preparation of the composite phase. Figure 2d is
the SEM image of a Ni/P ratio of 7:3. It can be observed from this image that the linear
structure is wrapped around the granular structure, increasing the contact area between the
two. Figure 2f is the SEM image of a Ni/P ratio of 5:4. It can be observed from this image
that the villous structure grows on the spherical particles, and there are small particles
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interspersed between them. Such a combination of different phases will produce lattice
distortion at the interface, thereby improving the charge transfer efficiency and enhancing
the catalytic activity.

Figure 2. SEM images of various Ni/P ratios and single-phase Ni2P. (a–g) SEM images of Ni/P ratio
3:1, 5:2, 12:5, 7:3, 2:1, 5:4, and 1:1. (h) SEM images of single-phase Ni2P.

Figure 2a is the SEM image of a Ni/P ratio of 3:1. It can be observed from this
image that braided linear structures and granular structures intersected with each other are
generated under such condition. Figure 2b is the SEM image of a Ni/P ratio of 5:2. It can
be observed from this image that under this condition, acicular and granular structures
are formed, and most of the acicular structures are embedded between large and small
particles. Figure 2c is the SEM image of a Ni/P ratio of 12:5. It can be observed from this
image that prismatic and granular structures form under this condition, with granular
structures surrounding the prism. It can also be observed that the prism is formed by a
combination of small acicular structures. Figure 2e is the SEM image of a Ni/P ratio of
2:1. It can be observed from this image that the acicular and granular structures are bound
together. Figure 2g is the SEM image of a Ni/P ratio of 1:1. It can be observed from this
image that the bean-sprout-shaped structure is mixed with the lamellar structure. Figure 2h
is the SEM image of single-phase Ni2P. It can be observed from this image that large and
small particles are not evenly distributed.

In order to explore the structure of the prepared nickel phosphide composite, we
performed the TEM test on Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4).
Figure 3a,d are the TEM images of Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4).
Both images display different shapes of substances. This is the result of different phase
recombinations of nickel phosphide, corresponding to the SEM image. Figure 3b is the
HRTEM image of Ni2P/Ni3P/Ni (Ni/P = 7:3). We can observe the (111) crystal plane
of Ni2P, (112) crystal planes of Ni3P and (111) crystal planes of Ni, which prove the
formation of the nickel phosphide composite phase. Figure 3e is the HRTEM image of
Ni2P/Ni5P4 (Ni/P = 5:4). We can observe the (111) crystal plane of Ni2P and (103) crystal
planes of Ni5P4, which further proves the formation of the nickel phosphide composite
phase. The formation of the composite phase can effectively improve the catalytic activity
of electrode materials. Different phases have different crystal lattices. The interface at
the grain boundary when recombined is an inhomogeneous interface, and this causes
lattice distortion due to the Jahn-Teller effect. The electronic state at the grain boundary
is changed, and unpaired electrons may appear, which facilitates the transfer of charge.
At the same time, the accumulated electrons can also generate a built-in electric field to
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promote the transmission of ions. Some randomly arranged atoms (marked by green dots)
were also observed in image 3b,e; these disordered atoms rearrange in order to balance
when the external environment changes. This generates more interfaces, greatly increases
the efficiency of ion transport, and improves electrochemical performance [47]. We can
observe the (311), (300) crystal plane of Ni2P and (301) crystal planes of Ni3P in Figure 3c,
(102), (213) crystal plane of Ni5P4 and (311) crystal planes of Ni2P in Figure 3f. These crystal
planes correspond to XRD test results, which proves the formation of the nickel phosphide
composite phase.

Figure 3. TEM images of the prepared sample. (a–c) The TEM, HRTEM, and SAED images of
Ni2P/Ni3P/Ni (Ni/P = 7:3). (d–f) The TEM, HRTEM, and SAED images of Ni2P/Ni5P4 (Ni/P = 5:4).

Figure 4 displays the BET test and pore size distribution information. Figure 4a,c show
the BET test information of Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4), respec-
tively. From that information we can conclude that the BET surface area of Ni2P/Ni3P/Ni
(Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4) are 1.32 m2 g−1 and 0.54 m2 g−1, respectively.
Figure 4b,d show the pore size distribution information of Ni2P/Ni3P/Ni (Ni/P = 7:3)
and Ni2P/Ni5P4 (Ni/P = 5:4), and their pore size distribution is between 2–50 nm, be-
longing to mesoporous materials. Such a porous structure can provide more ion channels
for the catalytic reaction, thus having high-efficiency energy storage effects and good
electrochemical performance.

X-ray photoelectron spectroscopy (XPS) was used to test and analyze the electronic
structure of single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4). Figure 5a is the XPS spec-
trum of single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4) on the Ni 2p orbital. From the
figure, we can observe that single-phase Ni2P has peaks at the positions where the binding
energy is 870.62 eV and 853.41 eV, which correspond to the Ni2+ 2p1/2 and Ni2+ 2p3/2
orbitals, respectively. Ni2P/Ni5P4 (Ni/P = 5:4) has peaks at the positions where the binding
energy is 870.22 eV and 853.09 eV, which correspond to the Ni2+ 2p1/2 and Ni2+ 2p3/2
orbitals, respectively. Compared with single-phase Ni2P, the binding energy of Ni2P/Ni5P4
(Ni/P = 5:4) has a negative offset of 0.4 eV and 0.32 eV in these two orbitals, respectively.
This shows that the formation of the Ni2P/Ni5P4 (Ni/P = 5:4) led to the occurrence of elec-
tronic remodeling, and the electrons flow from Ni5P4 to Ni2P. This is due to the difference
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in Fermi energy levels. The electron density around the Ni2P increases, and the electronic
interaction between the Ni2P and the Ni5P4 may increase the catalytic activity [48]. At the
same time, it can be observed that single-phase Ni2P has peaks at the positions where the
binding energy is 875.4 eV and 857.46 eV and Ni2P/Ni5P4 (Ni/P = 5:4) has peaks at the
positions where the binding energy is 875 eV and 857.16 eV, corresponding to Ni3+ 2p1/2
and Ni3+ 2p3/2 orbitals, respectively. This proves that Ni has multiple valence states, so the
electrons can transition and cause Debye relaxation [49], which facilitates the occurrence of
redox reactions. In addition, studies have shown that the redistribution of interface elec-
trons has a positive effect on conductivity [50,51]. The other peaks in this image are satellite
peaks. Figure 5b is the XPS spectrum of single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4) on
the P 2p orbital. Single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4) have peaks at binding
energy 129.92 eV and 129.39 eV, respectively. Compared with single-phase Ni2P, the binding
energy of Ni2P/Ni5P4 (Ni/P = 5:4) has a negative offset of 0.53 eV; this can once again
prove the existence of charge transfer. As for the presence of P-O bonds, this is related
to the surface reaction that occurs when the sample comes in contact with air during the
transfer process [11,12].

Figure 4. The BET test and pore size distribution information. (a,c) The BET test information of
Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4). (b,d) The pore size distribution information
of Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4).

Figure 5. The XPS test and analysis of single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4). (a) The XPS
spectrum of single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4) on the Ni 2p orbital. (b) The XPS spectra
of single-phase Ni2P and Ni2P/Ni5P4 (Ni/P = 5:4) on the P 2p orbital.
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3.2. Electrochemical Performance

The electrochemical test graphs of different nickel–phosphorus ratios are shown
in Figure 6. Figure 6a shows the galvanostatic charge–discharge curves of electrodes
prepared with different Ni/P ratios at 1 A g−1. The curve of each electrode material
has the appearance of a platform, which indicates that the redox reaction occurs during
the charging and discharging process and corresponds to the redox peak in the cyclic
voltammetry curve [30,31]. From this figure, it can be clearly seen that when the ratio of
nickel to phosphorus is 7:3, it has the highest specific capacity of 321 mAh g−1. Secondly,
when the ratio of nickel to phosphorus is 5:4, the specific capacity is 218 mAh g−1. The
specific capacitance of each electrode material can be calculated according to Equation (1).
The composites prepared with different raw material ratios and their electrochemical
performances are shown in Table 1. The faradaic reaction corresponding to the redox peak
is as follows [40]:

Ni2+ + 2OH− → Ni(OH)2 (5)

Ni(OH)2 + OH− ↔ NiOOH + H2O + e− (6)

Figure 6. The electrochemical test graphs of various Ni/P ratios. (a) Galvanostatic charge-discharge
curves of electrodes prepared with various Ni/P ratios at 1 A g−1. (b) Cyclic voltammetry curves
of electrode prepared with various Ni/P ratios at a sweep rate of 3 mV s−1. (c,d) Nyquist plots
of electrodes prepared by various Ni/P ratios. (e) Bode plots of electrodes prepared with various
Ni/P ratios.

Table 1. The electrochemical performance of composites prepared with various raw material ratios.

Ratio of Raw (Ni:P)
Prepared

Compounds
Specific Capacity

(mAh g−1)
Rate Capability (%)

3:1 Ni3P/Ni2P/Ni 195 30
5:2 Ni2P/Ni5P4 143 73

12:5 Ni5P4/Ni2P/Ni 73 69
7:3 Ni2P/Ni3P/Ni 321 59
2:1 Ni5P4/NiP2/Ni 108 69
5:4 Ni2P/Ni5P4 218 76
1:1 Ni5P4/Ni2P 119 53

Figure 6b is the cyclic voltammetry curve of various Ni/P ratios at 3 mV s−1. The
area is the largest when the ratio of nickel to phosphorus is 7:3, followed by a ratio of
5:4, which corresponds to its specific capacity. From the platform of the galvanostatic
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charge–discharge curve and the obvious redox peak of the cyclic voltammetry curve, it can
be judged that the electrode material is a typical pseudocapacitive material. Figure 6c is
the electrochemical impedance spectroscopy of different nickel–phosphorus ratios, and
Figure 6d is an enlarged view of their high frequency region. Each curve has an intersection
point in the high frequency area with the real axis, representing the equivalent series
resistance (Res). The resistance of this part is related to the interface resistance, internal
resistance, and electrolyte ion resistance. It can be seen from Figure 6d that the high-
frequency region has a shape similar to a semicircle, and the diameter of the semicircle
can essentially represent the charge transfer resistance (Rct). The linear slope in the low-
frequency region is related to the diffusion resistance, which is related to the characteristics
of the electrolyte and the material itself. With a larger slope comes a faster ion diffusion
and stronger capacitance. It can be seen from the curve that when the ratio of nickel to
phosphorus is 7:3, its equivalent series resistance and charge transfer resistance are the
smallest, and its slope is the largest; therefore, it has good electrochemical performance.
Figure 6e is the Bode graph of different ratios of nickel to phosphorus. At the phase angle
of −45◦, the nickel–phosphorus ratio of 7:3 corresponds to the largest frequency; therefore,
its time constant is the smallest, followed by the time constant of the nickel–phosphorus
ratio of 5:4. This proves that these two ratios need less time to reach the steady state.
There are two main reasons for the relatively high electrochemical performance of the
composites: electron transfer can occur between different components and the presence of
heterojunctions improves the catalytic activity.

The electrochemical test graphs of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4),
and single-phase Ni2P are shown in Figure 7. Figure 7a displays the galvanostatic charge–
discharge curves of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase
Ni2P at 1 A g−1. According to Equation (1), their specific capacities are 321 mAh g−1,
218 mAh g−1, and 58 mAh g−1, respectively. This shows that compared with single-
phase Ni2P, the preparation of the composite greatly improves its specific capacity. Fig-
ure 7b shows the cyclic voltammetry curves of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4
(Ni/P = 5:4), and single-phase Ni2P at sweep rate of 3 mV s−1. The areas of Ni2P/Ni3P/Ni
(Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4) are much larger than that of the single-phase
nickel phosphide, which corresponds to the specific capacity. Figure 7c shows the Nyquist
plots of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase Ni2P. The
equivalent series resistances (Res) of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4),
and single-phase Ni2P are 0.838 Ω, 1.473 Ω, and 0.862 Ω, respectively. The charge transfer
resistances (Rct) of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-
phase Ni2P are 0.056 Ω, 0.111 Ω, and 0.178 Ω, respectively. Figure 7d is the bode plot of
Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase Ni2P. The time con-
stants of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase Ni2P are
0.87 s, 4.01 s, and 43 s, respectively. Comprehensive electrochemical test results showed that
the performance of nickel phosphide composite was better than that of single-phase nickel
phosphide. The electrochemical performances of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4
(Ni/P = 5:4), and single-phase nickel phosphide are listed in Table 2.

In order to further understand the electrochemical performance of nickel phosphide
composites, further tests were done on materials with better performance. Figure 8 is the
electrochemical test graph of Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4).
Figure 8a,b are the galvanostatic charge–discharge curves of Ni2P/Ni3P/Ni (Ni/P = 7:3) un-
der different current densities and cyclic voltammetry curves of Ni2P/Ni3P/Ni (Ni/P = 7:3)
at different scan rates. As the current density increases, the specific capacitance shows a
downward trend, which is caused by the penetration of electrons and ions into the electrode
surface [35]. The current density increased from 0.5 A g−1 to 5 A g−1 and its rate capability
is 59%. The appearance of the redox peak is related to the surface Faraday reaction. As
the sweep speed increases, the area of the cyclic voltammetry curve also increases, and
the redox peaks move to higher and lower windows, respectively. This is related to the
diffusion kinetics and internal resistance [30,31]. After 2000 cycles, the capacity retention
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rate was above 66% as shown in the Figure 8f. Figure 8d,e are the galvanostatic charge–
discharge curves of Ni2P/Ni5P4 (Ni/P = 5:4) under various current densities and the cyclic
voltammetry curves of Ni2P/Ni5P4 (Ni/P = 5:4) at various scan rates. The current density
increased from 0.5 A g−1 to 5 A g−1, and its rate capability was 76%. As the sweep speed
increased, the area of the cyclic voltammetry curve also increased, and the oxidation peak
gradually disappeared. This may be because the sweep speed was too fast, and the changes
caused by the redox reaction were not recorded in time. After 7000 cycles, the capacity
retention rate was above 82% as shown in the Figure 8f. For scientific analysis, we com-
pared the electrochemical properties of our prepared electrodes with those of the electrode
materials reported in the literature, as shown in Table 3. The electrochemical performance
of our electrode material was relatively good.

Figure 7. The electrochemical test graph of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4),
and single-phase Ni2P. (a) Galvanostatic charge-discharge curves of Ni2P/Ni3P/Ni (Ni/P = 7:3),
Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase Ni2P at 1 A g−1. (b) Cyclic voltammetry curves of
Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase Ni2P at a sweep rate of
3 mV s−1. (c) Nyquist plots of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single-phase
Ni2P. (d) Bode plots of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4) and single-phase Ni2P.

Table 2. The electrochemical performance of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4),
and single-phase nickel phosphide.

Electrode
Materials

Specific Capacity
(mAh g−1)

Rate Capability
(%)

Res Rct
Time

Constant(s)

Ni2P/Ni3P/Ni
(Ni/P = 7:3) 321 59 0.838 0.056 0.87

Ni2P/Ni5P4
(Ni/P = 5:4) 218 76 1.473 0.111 4.01

Ni2P 58 33 0.862 0.178 43
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Figure 8. The electrochemical test graph of Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4).
(a,b) Galvanostatic charge-discharge curves of Ni2P/Ni3P/Ni (Ni/P = 7:3) under various current
densities and cyclic voltammetry curves of Ni2P/Ni3P/Ni (Ni/P = 7:3) at various scan rates. (d,e) Gal-
vanostatic charge-discharge curves Ni2P/Ni5P4 (Ni/P = 5:4) under various current densities and
cyclic voltammetry curves of Ni2P/Ni5P4 (Ni/P = 5:4) at various scan rates. (c,f) Cyclic stability test
graph of Ni2P/Ni3P/Ni (Ni/P = 7:3) and Ni2P/Ni5P4 (Ni/P = 5:4).

Table 3. Comparison of the electrochemical performance of our prepared electrodes with other
reported electrode materials in the literature.

Electrode Substrate Electrolyte
Current
Density

Specific
Capacity

Refs.

NixCo1-xOy/Er-Go Stainless steel 1 M KOH 1 A g−1 180 mAh g−1 [42]
CoP/Ni2P NF 6 M KOH 1 A g−1 1557 C g−1 [30]

Ni-CoP NF 6 M KOH 1 A g−1 578 C g−1 [30]
NiCo2O4/Ni2P NF 3 M KOH 8 mA cm−2 2900 F g−1 [41]

N-Ni2P/Ni12P5/Ni3S2 NF 2 M KOH 20 mA cm−2 12.71 F cm−2 [44]
Ni2P@N-C NF 3 M KOH 10 A g−1 1320.4 F g−1 [27]

Co-Ni2P NF 3 M KOH 1 A g−1 864 F g−1 [35]
Fe-Ni2P NF 3 M KOH 1 A g−1 856 F g−1 [35]

NiCoP/CoP NF 2 M KOH 1 A g−1 152 mAh g−1 [37]
Ni2P/Ni3P/Ni NF 2 M KOH 1 A g−1 321 mAh g−1 This work

Ni2P/Ni5P4 NF 2 M KOH 1 A g−1 218 mAh g−1 This work

In order to deeply evaluate the electrochemical performance of the prepared materials
in practical applications, we assembled a supercapacitor with Ni2P/Ni3P/Ni (Ni/P = 7:3)
as the cathode and activated carbon as the anode. We also assembled a supercapac-
itor with Ni2P/Ni5P4 (Ni/P = 5:4) as the cathode and activated carbon as the anode.
Figure 9a shows the galvanostatic charge–discharge curves of the Ni2P/Ni3P/Ni//AC
and Ni2P/Ni5P4//AC supercapacitors at a current density of 1 A g−1. According to
Equation (1), the specific capacity of supercapacitor Ni2P/Ni3P/Ni//AC at 1 A g−1

is 27.72 mAh g−1, and according to Equations (2) and (3), it has an energy density of
22 W h kg−1 while its power density is 800 W kg−1. The specific capacity of superca-
pacitor Ni2P/Ni5P4//AC at 1 A g−1 is 33.39 mAh g−1, and it has an energy density of
27 W h kg−1 while its power density is 800 W kg−1. Figure 9b displays the cyclic voltamme-
try curves of the Ni2P/Ni3P/Ni//AC and Ni2P/Ni5P4//AC supercapacitors at a scan rate
of 100 mV s−1. The area of Ni2P/Ni5P4//AC is larger than that of Ni2P/Ni3P/Ni//AC,
which corresponds to the specific capacity of the two supercapacitors. From the comprehen-
sive test results, the electrochemical performance of Ni2P/Ni5P4//AC was better than that
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of Ni2P/Ni3P/Ni//AC; therefore, we further explored Ni2P/Ni5P4//AC. Figure 9c is the
galvanostatic charge–discharge curve of the Ni2P/Ni5P4//AC supercapacitor at various
current densities. We noticed that there are no obvious charging or discharging platforms
in the galvanostatic charge–discharge curves, which indicates that the assembled device
has good capacitance characteristics and a good electron transfer rate. Figure 9d shows the
cyclic voltammetry curves of the Ni2P/Ni5P4//AC supercapacitor at various scan rates.
We noticed that the CV curve has no obvious redox peak, indicating that it is suitable for
high-power output, and the shape of the curve does not change with the scanning speed,
indicating that the assembled supercapacitor has a rate capability. The CV and GCD curves
correspond to each other. With a larger specific capacitance comes a longer charge and
discharge time in the GCD and a larger CV area. The relatively large specific capacitance of
Ni2P/Ni5P4//AC may be mainly due to its better stability.

Figure 9. The electrochemical test graph of the assembled supercapacitors. (a) Galvanostatic charge-
discharge curves of Ni2P/Ni3P/Ni//AC and Ni2P/Ni5P4//AC supercapacitors at a current density
of 1 A g−1. (b) Cyclic voltammetry curves of Ni2P/Ni3P/Ni//AC and Ni2P/Ni5P4//AC supercapac-
itors at a scan rate of 100 mV s−1. (c,d) Galvanostatic charge-discharge curves of Ni2P/Ni5P4//AC
supercapacitor under various current densities and cyclic voltammetry curves of Ni2P/Ni5P4//AC
supercapacitor at various scan rates.

In order to further study the internal reasons for the difference in performance of the
different electrode materials prepared, we performed the work shown in Figure 10 includ-
ing the linear sweep volt–ampere curve, schematic diagram of heterogeneous interface
dangling bonds (unpaired electronics) generation, and energy band diagrams of metal and
semiconductors. Figure 10a is the current–voltage curve of Ni2P/Ni3P/Ni (Ni/P = 7:3),
Ni2P/Ni5P4 (Ni/P = 5:4), and single phase Ni2P tested by linear sweep voltammetry.
Clearly, the conductivity of electrode Ni2P/Ni3P/Ni (Ni/P = 7:3) is the largest, followed
by electrode Ni2P/Ni5P4 (Ni/P = 5:4), and the conductivity of electrode single-phase Ni2P
is the worst. We recognize that there is an interface between the two-phase composite. Due
to the difference in the phase structure, the lattice mismatch at the interface is inevitable.
At this time, a part of the unsaturated bond will appear in the semiconductor material
with a smaller crystal lattice at the interface as shown in the Figure 10b. These unsaturated
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bonds are dangling bonds, which form unpaired electrons. The bond density is affected by
different semiconductor lattice constants and the crystal plane as the interface, which is
determined by the following formula:

ΔNs = Ns1 − Ns2 (7)

Ns1, Ns2 are the bond density of the two semiconductor materials at the interface, respectively.

Figure 10. Linear sweep volt–ampere curve, schematic diagram of heterogeneous interface dangling
bonds (unpaired electronics) generation, energy band diagrams of metal and semiconductors. (a) The
Linear sweep volt–ampere curve of Ni2P/Ni3P/Ni (Ni/P = 7:3), Ni2P/Ni5P4 (Ni/P = 5:4), and single
phase Ni2P. (b) The schematic diagram of dangling bonds of heterogeneous interface. (c,d) The
energy band diagrams of metal and semiconductors.

These dangling bonds, i.e., the unpaired electrons, are in a relatively free state and
are easily excited to become free electrons, which provides excellent conditions for high-
efficiency ion transmission and more active sites, thereby improving the electrochemical
performance of the electrode. The prepared working electrodes with heterostructures all
have such an interface as Ni2P/Ni5P4 (Ni/P = 5:4). As shown in Figure 10c, the work
function of the metal is greater than the work function of the semiconductor. The Mott-
Schottky interface shown in Figure 10d is formed after the metal is in contact with the
semiconductor. Due to the difference in work function, electrons flow from the metal to the
semiconductor, carriers flow from the semiconductor to the metal, and the accumulation
of electrons in the semiconductor forms an internal potential field, which provides a
high-speed channel for the continuous transmission of free electrons [52]. This improves
the utilization of active sites, promotes the occurrence of redox reactions, and makes the
working electrode have better capacitance characteristics. The prepared working electrodes
with metallic nickel all have such an effect as Ni2P/Ni3P/Ni (Ni/P = 7:3).

4. Conclusions

In summary, the nickel phosphide composites were prepared in one step using the
temperature-programmed phosphating method, and the prepared nickel phosphide com-
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posite showed good electrochemical performance. The prepared compound Ni2P/Ni3P/Ni
(Ni/P = 7:3) had a specific capacity of 321 mAh g−1 under 1 A g−1, and the prepared
compound Ni2P/Ni5P4 (Ni/P = 5:4) had a specific capacity of 218 mAh g−1 under 1 A g−1

and a 76% rate performance. After 7000 cycles, the capacity retention rate was above
82%. After assembling the prepared composite and activated carbon into a supercapacitor,
Ni2P/Ni3P/Ni//AC was found to have an energy density of 22 W h kg−1 and a power
density of 800 W kg−1, while Ni2P/Ni5P4 //AC had an energy density of 27 W h kg−1 and
a power density of 800 W kg−1. These results provide ideas for further research.
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Highlights:

- A relatively simple method was used to prepare energy storage electrode materials with good
electrochemical properties.

- The Ni2P/Ni5P4 electrode possessed satisfactory specific capacitance and excellent electrochem-
ical kinetics.

- The assembled Ni2P/Ni5P4//AC based on nickel phosphide heterostructure showed remark-
able performance.
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Abstract: Zeolitic Imidazolate Framework 67 (ZIF-67) and its derivates have attracted extensive
interest for lithium-ion batteries (LIBs). Here, Cerium-doped cobalt phosphide@nitrogen-doped
carbon (Ce-doped CoP@NC) with hollow polyhedron structure materials were successfully synthe-
sized via ionic-exchange with Co and Ce ions using the ZIF-67 as a template followed with a facile
low-temperature phosphorization treatment. Benefitting from the well-designed hollow polyhedron,
steady carbon network, and Ce-doping structural merits, the as-synthesized Ce-doped CoP@NC elec-
trode demonstrated superior performance as the anode in LIBs: a superior cyclability (400 mA h g−1

after 500 cycles) and outstanding rate-capability (590 mA h g−1, reverted to 100 mA g−1). These
features not only produced more lithium-active sites for LIBs anode and a shorter Li-ion diffusion
pathway to expedite the charge transfer, but also the better tolerance against volume variation of
CoP during the repeated lithiation/delithiation process and greater electronic conductivity prop-
erties. These results provide a methodology for the design of well-organized ZIFs and rare earth
element-doped transition metal phosphate with a hollow polyhedron structure.

Keywords: hollow polyhedron; Ce-doped CoP; N-doped carbon; lithium-ion batteries; anode

1. Introduction

The growing demands on energy storage technology for commercial energy storage
markets drive the exploration of LIBs with outstanding rate-capability as well as longer
cycling stability [1–5]. At present, extensive efforts have been devoted to developing new-
type high-capacity anode materials in LIBs. Transition metal phosphides (TMPs) have
been widely investigated as an alternative anode for lithium storage due to their high
theoretical capacities, low costs, and the lithiation product of Li3P from TMPs with higher
conductivity (Li3P: ~1 × 10−4 S cm−1) (Li2O from similar metal oxides: ~5 × 10−8 S cm−1;
Li2S from similar metal sulfides: ~1 × 10−13) [6–10]. Among the various TMPs for LIBs,
cobalt phosphide (CoP) with a high theoretical capacity (~894 mA h g−1) and relatively
low redox potential (~0.6 V) attracts great interests [11–14]. However, the dramatic volume
variation of CoP during cycling results in the destruction of the electrode structure and rapid
capacity fading. Simultaneously, its intrinsically inferior electrical conductivity usually
causes poor rate capability. To address these issues, various improvement measures have
been reported to tune the structure at nanoscale-to-microscale and improve the conductivity
of CoP [15–20].

ZIF-67 materials have been widely used as precursors to synthesize diverse func-
tional materials via pyrolysis reactions at different temperatures or a series of chemical
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reactions with relevant chemical reagents. ZIF-67-derived nitrogen-doped carbon-based
carbides, oxides, phosphides, and chalcogenides have the characteristics of high chemi-
cal/mechanical stabilities, controllable structures/compositions, and large surface area,
utilizing the modification of physical/chemical properties and the improvement of energy
storage performance. The construction of hollow-structured carbon frame materials is
beneficial for the rapid diffusion of electrolytes, which effectively alleviate the volume
changes during the electrochemical reaction process. Simultaneously, it can bring more
active storage sites in the composites. [10,21–24]. For instance, Liu’s group employed ZIF-67
as a template for the first time to design CoP nanoparticles embedded in nitrogen-doped
carbon (NC). It delivered a high reversible discharge special capacity of 522.6 mA h g−1

at 200 mA g−1 after 750 cycles and outstanding cycling stability up to 2000 cycles at
500 mA g−1 [10]. Li and his co-workers investigated the electrochemical properties of
cage-structured CoP@N, P-doped double carbon from the confined phosphorization of
ZIFs@CNCs, demonstrating a high initial columbic efficiency (ICE) of 96% and a superior
cycle performance (1215.2 mA h g−1 after 1000 cycles at 200 mA g−1) [19]. Although great
achievements have been made in the synthesis of hollow-structured carbon-based CoP com-
posite materials, more intensive studies are required to identify the relationship between
the complex structures, controllable compositions, and the improvement of lithium storage.

As recently as the last century, it has been generally accepted that doping an appro-
priate amount of rare earth elements on the micro-nanostructured materials is a facile
strategy to tune their morphology and electronic structures [18,25–27]. The addition of
some dopant in the CoP lattices would lead to some defects, which are suitable for higher
ionic conductance than that of undoped CoP materials. Rare earth elements, with their
large radius, high charge, and 4f electron orbit, are expected to bring further improvements
in LIBs. For example, Cerium (Ce) or Rubidium (Ru) doped into CoP used as hydrogen
evolution reaction (HER) materials could promise its Pt-like HER catalytic performance
by remarkably reducing the hydrogen binding energy and modulating their electronic
structures and electronic conductivity [28,29]. Ce, benefiting from the strengths of the most
abundant rare earth element and unique properties of a half-full 4f electron orbit, has been
widely used to improve the mechanical stability and electronic conductivity in electro-
catalysis and LIBs [25,30–33]. The hierarchy on hollow, polyhedron structural, doping of
rare earth elements and the complementary effects between different ions determine the
functionalities and performances of the materials. Therefore, the control of the hierarchy at
each level is crucial [34–37].

In this work, the hollow polyhedron structured Ce-doped CoP@NC composites were
rationally designed via chemical etching of ZIF-67 polyhedron with Ce(NO3)3 following a
phosphorization procedure via gas-solid reactions. The as-prepared Ce-doped CoP@NC
hollow polyhedron materials exhibited good cycle stability, which is comparable to that
of CoP@NC.

2. Materials and Methods

2.1. The synthesis of Hollow Polyhedron Structured Ce-CoP@NC Composite

ZIF-67 polyhedrons were synthesized using a previously reported [10]. In the typical
procedure, 5 mmol of Co(NO3)3·6H2O and 20 mmol of 2-methylimidazole (C4H6N2) were
dissolved in 30 mL of methanol, respectively. Then, the clear solution of C4H6N2 was
quickly poured into the clear solution of Co(NO3)3 while stirring vigorously for 1 h. Then,
it was aged in atmosphere for 24 h. In the end, the product was collected by centrifugation,
washed with methanol three times, and dried at 60 ◦C for 4 h.

First, 0.2 g ZIF-67 powder was dispersed in 25 mL methanol under ultrasonication
to obtain a homogeneous dispersion. Then 0.2 g (0.5 mmol) Ce(NO3)3·6H2O was added
to the above dispersion. After stirring at room temperature for 12 h, the Ce-doped ZIF-67
precursor was formed and dried. The obtained product was put into a tube furnace and
calcined at 600 ◦C for 2 h in a nitrogen atmosphere with a heating rate of 2 ◦C min−1. Then,
the Ce-Co/NC product was obtained.
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Ce-CoP@NC was synthesized via a phosphidation process with NaH2PO2 as the
phosphorus source. The Ce-Co@NC product and NaH2PO2 (a mass ratio of 1: 5) were put
into two separate quartz boats. The quartz boat for NaH2PO2 was placed in the position
of direction with gas entry in a tube furnace. Afterward, the material was calcined in N2
atmosphere at 350 ◦C for 2 h with 2 ◦C min−1. Finally, Ce-CoP@NC was obtained.

2.2. Materials Characterization

The phase structures of the sample were determined using a Rigaku SmartLab (9) with
Cu Ka radiation. The morphology and microstructures were characterized by scanning
electron microscopy (SEM, JEOL-JSM-6700F) and transmission electron microscopy (TEM,
FEI-Talos F200X) equipped with an aberration-corrector for the imaging lenses for high-
resolution TEM (HRTEM), a high-angle annular dark-field (HAADF) detector for STEM,
and an energy dispersive X-ray (EDX) detector for composition mapping. X-ray photoelec-
tron spectroscopy (XPS) was performed by the Thermo Fisher Scientific ESCALAB Xi+ to
determine the composition of samples. Thermogravimetric analysis (TGA) was conducted
on a Mettler Toledo TGA/SDTA 851 thermal analyzer with a heating rate of 10 ◦C min−1

under N2 atmosphere. The specific surface areas of the samples were evaluated by using
the Brunauere Emmette Teller test (BET, micromeritics-ASAP2460).

2.3. Electrochemical Measurements

The electrochemical tests were measured on a Land battery test system (CT2001A,
Wuhan, China) at room temperature. The working electrodes were fabricated by pasting
the mixed slurry that consisted of active materials (70 wt%), acetylene black (20 wt%), and
sodium carboxy methyl cellulose (CMC, 10 wt%) onto a copper foil. The electrodes were
dried at 80 ◦C for 6 h in a vacuum oven. The final loading of the active materials for each
electrode was about 0.8~1.0 mg cm−2. The separator was a Celgard 2500 microporous
polypropylene membrane. The residual space of the battery was filled by the nickel
foam (7 mm in radius, ~2 mm in thickness). The electrolyte used in the cells was 1 M
LiPF6 in an ethylene carbonate/diethyl carbonate containing fluoroethylene carbonate
(EC/DEC = 1:1 v/v + 5% FEC). Lithium foil was used as a counter electrode. The coin
cells of type CR2032 assembly were carried out in an argon-filled glove box with both the
moisture and the oxygen content below 2 ppm. Galvanostatic discharge/charge cycled
in the voltage range of 0.01~3.0 V (vs. Li+/Li). The cyclic voltammetry (CV) profiles and
electrochemical impedance spectroscopy (EIS) were carried out by an electrochemical work
station (Gamry reference 600+).

3. Results

3.1. Composition and Microstructures of the Composite Materials

The formation process of Ce-doped CoP@NC is schematically shown in Figure 1. Firstly,
uniform polyhedral nanocrystals of ZIF-67 were synthesized with a typical method [10].
Then, through an ionic exchange experiment, the ZIF-67 particles were reacted with
Ce(NO3)3·6H2O to form the Ce-doped ZIF-67 precursor, without changing the uniform
polyhedral shape of ZIF-67 particles. Subsequently, the as-prepared precursor composites
were heated in a nitrogen atmosphere at 600 ◦C for 2 h to transform Ce-doped ZIF-67 into
Ce-doped Co@NC. In the final process, Ce-doped-CoP@NC hollow polyhedron composites
were achieved through a phosphorization procedure via calcination treatment at 350 ◦C for
2 h under a nitrogen atmosphere. Figure S1a,b (See Supplementary Materials) illustrate
the X-ray diffraction (XRD) patterns of samples. After incorporating Ce ion into the ZIF-67
matrix, the obtained Ce-doped ZIF-67 exhibited a similar XRD diffraction pattern with
ZIF-67 except the peaks shifted to larger angles. This phenomenon indicates that the Ce ion
successfully inserted into the lattice structure of ZIF-67 and unchanged the crystal struc-
ture. The EDX elemental mapping image of the Ce-doped ZIF-67 shows the homogeneous
distribution of Ce, Co, and C throughout the whole polyhedron (Figure S1c). The scanning
electron microscopy (SEM) image of the Ce-doped ZIF-67 (Figure S2) illustrates it has a
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smooth surface with rounded edges and corners (similar to the corresponding transmission
electron microscopy (TEM) image in Figure 1) and without visible nanoparticles. The
thermal behavior of Ce-doped ZIF-67 was investigated through the thermogravimetric
analysis (TGA) method (Figure S3), which indicated that Ce-doped ZIF-67 underwent a
weight loss lower than 600 ◦C and remained at 67% of its original weight when subjected to
heat treatment under a flow of N2. Therefore, we adopted a calcination process to pyrolyze
Ce-doped ZIF-67 from room temperature to 600 ◦C at a ramping rate of 2 ◦C min−1, and
then stabilized at 600 ◦C for 2 h. The TEM bright-field (BF) image, high-angle annular dark-
field (HAADF)-STEM image, and corresponding mapping images of Ce-doped Co/NC
(Figure S4) indicated that Ce, Co, N, and C elements were uniformly distributed in the
Ce-doped Co/NC hollow shell.

 

Figure 1. Schematic illustration showing the growth process of CoP@NC and Ce-doped CoP@NC
hollow polyhedron.

Figure 2a shows the XRD patterns of the CoP@NC and Ce-doped CoP@NC samples.
The diffraction peaks of the two samples were basically the same, which can be indexed
as the orthorhombic CoP (JCPDS No. 29-0497). The broad diffraction peaks located at
~26◦ are well matched to amorphous carbon. It is worth mentioning that no XRD patterns
related to CeO2 species were observed. The enlarged views of XRD patterns are displayed
in Figure 2b. It can be observed that the peaks at (011), (111), (112), and (211) of Ce-doped
CoP@NC shifted to relatively lower angles compared with those of pristine CoP@NC. The
phenomenon is due to the expansion of the lattice constant when the Co3+ (~0.58 Å) and
Co2+ (0.65 Å) were partially substituted by Ce3+ with a larger radius for ~1.02 Å [29].

Figure 3 shows the X-ray photoelectron spectroscopy (XPS) of Ce-doped CoP@NC.
From the full survey scan spectrum (Figure 3a), the Ce-doped CoP@NC sample consists of
Co, Ce, P, C, and N elements, very compatible with the results of the XRD and elemental
mapping. The high-resolution spectrum of Co 2p is presented in Figure 3b, which can
be deconvoluted into two spin-orbit doublets. The first doublet centered at 782.3 and
784.0 eV are indexed to Co 2p3/2. The second doublet located at 798.5 and 800.2 eV are
identified to Co 2p1/2. These peaks can be assigned to the Co element in Co-P and the
surface cobalt oxide species. The peaks at 786.6 and 803.8 eV are the satellite peaks (denoted
as “Sat”), which correspond to the Co2+ state. Besides, the peaks at 779.2 and 797.3 eV
may be attributed to the presence of metallic Co in the composites [10,38–40]. In the Ce 3d
spectrum (Figure 3c), two sets of spin-orbital multiples could be attributed to the Ce 3d5/2
and Ce 3d3/2. The weak signals at 885.5 and 904.0 eV are the characteristic peaks of Ce-ion
with the chemical valence of +3 [41–43]. Besides, there is no XPS pattern of CeO2, which is
in good agreement with the XRD results in Figure 2a. In the high-resolution curve of P 2p
(Figure 3d), four peaks at 129.3, 130.2, 133.9, and 134.8 eV can be identified and assigned
to the P 2P1/2, P 2P3/2, C-P bond, and O-P bond, respectively. The O-P bond might result
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from the surface oxidation of the Ce-doped CoP@NC due to exposure to air. [10,44]. Similar
to other carbonized ZIF structures, the N element originated from the high-temperature
pyrolysis of nitrogen-rich 2-mIM. The N 1s spectra (Figure 3e) can be decomposed into
three major peaks at binding energies of 401.6, 400.5, and 398.7 eV, which are attributed
to the graphitic-N (N-C=C), pyrrolic-N (N=C), and pyridinic-N (N-H) in the composites,
respectively. According to the previous reports, the incorporation of N atoms into carbon
rings plays a key role in the charge delocalization of C atoms to improve the electrical
conductivity and provides more lithium-active sites. Thus, the N-doped C will greatly
improve the immobility of C, surface wettability, and stable electrode integrity. Thus, this
reasonable design can effectively improve the stable cycle life of carbon-based materials for
LIBs [45–47].

Figure 2. (a) XRD patterns, (b) the magnified diffraction peaks of the (011), (111), (112), and (211) of
Ce-doped CoP@NC and CoP@NC.

Figure 4a,b show the typical SEM images of Ce-doped CoP@NC. After carboniza-
tion and phosphidation of Ce-doped ZIF-67, the irregular polyhedral structure was well-
reserved with the size of about 600~1000 nm, with a slight surface shrinkage due to the
decomposition process. Ce-doped CoP nanoparticles are embedded in an overlayer of
the NC matrix. The TEM image (Figure 4c) of the Ce-doped CoP@NC displays it was an
obvious hollow polyhedral structure. The SEM and TEM images of CoP@NC (Figure S5)
show the hollow polyhedral structure with approximately 400–1000 nm. The curves exhibit
the specific surface areas (BET) of CoP@NC and Ce-doped CoP@NC samples (Figure S6)
are 55.467 and 96.848 m2 g−1, respectively. The hollow polyhedron structure and lager
BET of Ce-doped CoP@NC facilitate the diffusion of electrolyte ions to the active sites and
smart charge transport for reversible redox reactions, following an enhancement in lithium
storage properties [46–48]. Based on the Barrett-Joyner-Halenda (BJH) plots, the corre-
sponding pore size distributions are described in the inset of the Figure S6. They clearly
illustrate that the Ce-doping resulted in a smaller pore size. The meso-sized pores in the
Ce-doped CoP@NC provide optimal accessibility for transportation of electrolyte during
LIB reaction. Figure 3d reveals that the Ce-doped CoP nanoparticles were surrounded by
conductive carbon materials. The high-magnifcation HRTEM images (Figure 4e,f) display
interlayer distances of around 0.247 and 0.350 nm corresponding to the (111) planes of CoP
and (200) planes of amorphous carbon, respectively. The selected area electron diffraction
(SAED) pattern (Figure 4g) consists of four concentric diffraction rings that belong to (011),
(111), (211), and (301) diffraction planes of the CoP phase. The elemental mapping images
(Figure 4h) display the uniform distribution of five elements (Ce, Co, C, N, P). The suc-
cessful phosphidation and presence of bimetallic Ce and Co in the Ce-doped CoP@NC
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composites are worth noting. From the HAADF-STEM image (Figure S7a,b), the elemental
mapping result for Ce element indicated its uniform distribution within the shells. Energy
dispersive X-ray spectroscopy analysis (EDX) from Figure S6c revealed the content of Ce in
Ce-doped CoP@NC at approximately 2.23%.

 

Figure 3. (a) XPS full spectrum, high-resolution XPS spectrum of (b) Co 2p, (c) Ce 3d, (d) P 2p, and
(e) N 1s of Ce-doped CoP@NC.

 

Figure 4. (a,b) SEM images, (c) TEM image, (d–f) HRTEM images, (g) selected-area diffraction
pattern, and (h) EDX elemental mapping images of Ce-doped CoP@NC.
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3.2. Electrochemical Property in Half-Cells

Cyclic voltammogram (CV) at a scan rate of 0.1 mV s−1 was used to investigate the
electrochemical behavior of the Ce-doped CoP@NC anodes. As shown in Figure 5a, in the
first cathodic scan, a major reduction peak at around 1.10 V corresponded to the conversion
reaction of CoP + 3Li+ + 3e− → Co + Li3P [18,21,47]. The small reduction peak near
0.47 V was assigned to some irreversible reaction together with the formation of the solid
electrolyte interphase (SEI) film on the surface of electrode materials, which disappeared
during the subsequent curves. This may result in capacity loss after the first cycle [10,47,49].
In the faction peaks, approximately 1.05–1.16 V is attributed to the decomposition of Li3P
(Li3P → LiP + 2Li+ + 2e−). For the subsequent scans, the reduction peak at 1.10 V shifted
to 0.60 V, which may be related to the activation and redistribution of CoP in the initial
cathodic scan, as reported in the literature [50]. These peaks after the first scan became
steady, revealing the highly electrochemical reaction reversibility of Ce-doped CoP@NC
during the repeated Li+ intercalation-deintercalation process. Figure 5b demonstrates the
galvanostatic discharge and charge curves of Ce-doped CoP@NC for different cycles. Two
discharge platforms and one discharge platform were visualized for the first cycle, which is
consistent with the first CV curve. In the subsequent cycles, the curves almost overlapped
even for the 50th cycle. It indicated the Ce-doped CoP@NC electrode possesses superior
cyclability and reversibility. Figure 5c exhibits the galvanostatic cycling measurements of
the Ce-doped CoP@NC electrode at 100 mA g−1. It exhibits an initial discharge and charge
specific capacity of 1229 and 741 mA h g−1 with an ICE of 60.3%. In the initial 20 cycles,
the specific capacity slightly declined, which may be attributed to the gradual activation
process, including the phase and structure transformations and the surface SEI film [18,31].
Subsequently, the specific capacity stabilized around 675 mA h g−1. Additionally, the
electrode performed more outstanding rate capabilities.

 

Figure 5. Electrochemical characterization for lithium storage electrodes. (a) CV of Ce-doped
CoP@NC at a scan rate of 0.1 mV s−1 in the voltage range of 0.01~3.0 V. (b) Galvanostatic discharge
and charge curves of Ce-doped CoP@NC for different cycles. (c) Cyclic behavior of Ce-doped
CoP@NC. (d) Rate capabilities of Ce-doped CoP@NC and CoP@NC at different current densities.
(e) Long-term cycling performance of Ce-doped CoP@NC and CoP@NC at 500 mA g−1.

Figure 5d compares the rate capability of Ce-doped CoP@NC and CoP@NC electrode
at varied current densities from 100 to 1600 mA g−1. The average reversible discharge
specific capacities of Ce-doped CoP@NC were 620, 560, 510, 480, and 440 mA h g−1 at
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the increasing current of 100, 200, 400, 800, and 1600 mA g−1, respectively. Furthermore,
when the current density was reverted to 100 mA g−1, the specific capacity could return to
590 mA h g−1. However, the pure CoP@NC electrode exhibited inferior rate performance.
At rates of 100, 200, 400, 800, and 1600 mA g−1, it presented reversible capacities of 660,
470, 330, 230, and 125 mA h g−1, respectively. When the rate returned to 100 mA g−1, the
specific capacity decayed rapidly to 450 mA h g−1. To further evaluate the high-rate and
long-term cycling stability, the Ce-doped CoP@NC and pure CoP@NC electrodes were
cycled at a high current density of 500 mA g−1 (Figure 5e). It can be intuitively observed
that the discharge specific capacity of Ce-doped CoP@NC gradually tended to be stable
and maintained a discharge specific capacity of ~400 mA h g−1 after 500 cycles. The cycling
stability of pure CoP@NC was rather poor, only retaining capacity of ~250 mA h g−1 after
500 cycles. Therefore, ion doping might strengthen the structural integrity and stability of
the electrode under high current densities [18,31].

To further investigate the charge transfer kinetics behavior of the electrode, electro-
chemical impedance spectroscopy (EIS) was studied. Figure S8 displays the Nyquist plots
and the inset presents the corresponding equivalent circuit. In the Nyquist plots, the inter-
cept on the X-axis in the high-frequency region corresponds to the electrolyte resistance
(Rs); the diameter of the semicircle in the high/medium-frequency region is indexed to
the charge-transfer resistance (Rct) and the double-layer capacitance of the constant phase
element (CPE), which occurs at the electrode/electrolyte interfaces; the slope of the inclined
line in the low-frequency region corresponds to the Warburg impedance (Zw) induced by
the diffusion impedance of Li+ intercalation/deintercalation into the active anode [18,51].
As expected, the Rs and Rct value of Ce-doped CoP@NC electrode was about 6.3 and
81.5 Ω, which is smaller than that of pure CoP@NC. All these explicitly designated that
the introduction of Ce-ion could induce fast diffusion of Li+ and active sites for rapid
ion diffusion.

4. Conclusions

In conclusion, the Ce-doped CoP@NC hollow polyhedron composites with a good
lifespan and rate capability were successfully fabricated by the ionic-exchange, carboniza-
tion, and phosphorization methods. Ce-doped CoP nanoparticles were embedded in the
NC hollow polyhedron skeleton. This unique nanoarchitecture and compositional merits
can effectively hamper aggregation and buffer the volumetric expansion of CoP nanoparti-
cles, fully immerse the structure in the electrolyte, and provide ample active sites for Li+

insertion and fast transport paths for ion/electron during cycling. As a result, the Ce-doped
CoP@NC electrode exhibited high reversible capacity (690 mA h g−1 at 100 mA g−1) and
excellent cyclability (the capacity of ~400 mA h g−1 is maintained at 500 mA g−1 after
500 cycles) for LIBs. We believe that the rare earth metal ion doping for MxPy is a promising
and capable LIBs anode material for good rate capability and excellent cycling stability.
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Abstract: Inspired by the fermentation of multiple small bread embryos to form large bread embryos,
in this study, the expansion of tin foil inlaid with sodium rings in the process of repeated sodium
inlaid and removal was utilized to maximum extent to realize the formation of sodium-tin alloy anode
and the improvement of sodium storage characteristics. The special design of Sn foil inlaid with
Na ring realized the in-situ electrochemical formation of fluffy porous sodium-tin alloy, effectively
alleviated the volume expansion and shrinkage of non-electrochemical active Sn metal, and inhibited
the generation of sodium dendrites. The abundance of sodium ions provided by the Na metal
ring compensated for the active sodium components consumed during the repeated formation of
SEI. When sodium-tin alloy in situ derived by Sn foil inlaid with Na ring was used as negative
electrodes matched with SCDC and Na0.91MnO2 hexagonal tablets (NMO HTs) positive electrodes,
the as-assembled sodium-ion energy storage devices present high specific capacity and excellent
cycle stability.

Keywords: in situ electrochemical derivatization; sodium-tin alloy; anode; sodium storage

1. Introduction

With the aggravation of the greenhouse effect and the increase of people’s demand
for clean energy, lithium-ion batteries (LIBs), which are scarce in resources, will not be
able to meet the demand for large-scale energy storage due to the price rise and market
competition [1–3]. Among many alternatives, sodium ion batteries/capacitors (SIBs/SICs)
with similar working principle to LIBs/LICs, suitable Stoke radius (solvation radius, that
of Na+ is 4.6 Å), rich sodium resources, aluminum as a collector, low cost and other
advantages have attracted extensive attention of researchers [4]. However, the larger radius
of Na+ (1.02 Å) than that of Li+ (0.76 Å) makes it difficult to insert Na+ into the interlayer
of commercial graphite, which results the low theoretical capacity (35 mA h g−1) and
energy density of SIBs [5,6]. Although transition metal oxides/sulfides/selenides based on
conversion-reaction mechanism can deliver fascinating sodium ion storage capacity, their
realistic application is still limited because of the slow dynamics and inadequate cyclic
stability [7–9]. Therefore, the exploration of anodes for rapid storage of Na+ ions is still an
important research area.

Sn, Sb, Te, Bi, Si and Se metal and their alloys with good electrical conductivity
and high specific capacity were considered as rapid sodium ion storage anodes [10–19].
However, the large volume expansion of them often leads to capacity attenuation and
insufficient cycle stability of SIBs during repeated charge and discharge [20–25]. Aiming at
the volume expansion mentioned, many strategies such as heterogeneous element doping,
carbon coating were taken. Although these strategies can effectively alleviate the problem
of large-rate discharge, the electrochemical activity Na ions consumed by the repeated
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formation of SEI film still cannot be instantaneously replenish during the process of charge
and discharge, and their specific capacity and cyclic stability are still far from practical
application [26–30]. Therefore, based on rational utilization of expansion of metal Sn during
charge and discharge, this study purposefully designed a Sn foil inlaid Na ring structure
to in situ achieve electrochemical derivatization of sodium-tin alloy anode. Subsequently,
the sodium-tin alloy anodes derived by tin foil inlaid sodium ring were matched with the
positive electrode of sodium citrate derived carbon (SCDC) and NMO HTs respectively to
assemble button cells. The result demonstrated that these cells exhibited the high mass
specific capacity and excellent cyclic longevity, which is about 100 mAh g−1 for SCDC after
10,000 cycles and 60 mAh g−1 for NMO HTs after 8400 cycles.

2. Materials and Methods

2.1. Materials and Chemicals

All the reagents used were manually ground for several minutes without further purification.

2.2. Preparation of Na0.91MnO2 Hexagonal Tablets

Na0.91MnO2 hexagonal tablets were prepared as follows: MnO2 and anhydrous
Na2CO3 with different molar ratio of 1:0.53 were separately added to a certain amount of
deionized water, and subsequently were stirred and evaporated to dryness on the heated
magnetic stirrer, then the homogenous mixture of MnO2 and anhydrous Na2CO3 were
obtained. Finally, the temperature of the mixture was procedurally raised to 350 ◦C at a
rate of 3 ◦C per minute for 6 h in air, then to 850 ◦C at the same rate for 12 h in air. A kind
of smoke grey powder was obtained.

2.3. Instrumentation and Sample Analysis

The morphologies and microstructure of the NMO HTs and sodium-tin alloy pre-
pared by electrochemical in-situ method was detected by Field Emission Scanning Elec-
tronic Microscopy (FESEM, JSM-6701F). Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) were performed with HITACHI-H7650 and JEM-2100F
(JEOL) instruments, and the kinetic energy of electrons was 200 kV. For SEM detection
of sodium-tin alloy, it was particularly worth mentioning that the button battery after
circulation was disassembled in the glove box with water and oxygen content less than
0.1 ppm, next the sodium-tin alloy was taken out. After washing with DMC solution, the
sodium-tin alloy was placed in the glove box overnight to drying, and cut off the parts with
scissors. Subsequently, one of the cut parts was paste on the conductive adhesive of the
sample stand, and transferred into the test box filled with high purity argon gas. The entire
transfer process was carried out in the high purity argon gas.

2.4. Electrochemical Measurements

The electrochemical tests were performed at constant temperature of 25 ◦C using
double-electrode 2032-type coin cells with sodium disc or tin foil disc and sodium rings
as the counter electrodes. For fabrication of SCDC and NMO HTs cathodes, 70 wt% of
active material, 20 wt% of carbon black (Super-P) and 10 wt% of polyvinylidenefluoride
(PVDF) in methyl-2-pyrrolidone (NMP) were well mixed and then coated on the Al foil
which served as a current collector. After heated at 90 ◦C for 12 h under vacuum, the
sheet was pressed and punched into 14 mm diameter electrodes with a mass loading of
1.0–2.0 mg. For electrochemical in situ fabrication of sodium-tin alloy anode: after inserting
2 mm sodium ring around the 14 mm tin foil, sodium-tin alloy is formed during repeated
charge and discharge. The electrolyte used in our work was 1 M NaClO4 in a 1:1:1 (v/v/v)
mixture of ethylene carbonate (EC), diethyl carbonate (DMC) and ethyl methyl carbonate
(EMC), which was added 2% (mass ratio) fluoroethylene carbonate (FEC). The cell assembly
was carried out in an argon-filled glove box with both the moisture and the oxygen content
below 0.1 ppm. The CV tests were conducted with scan rates from 0.1 to 5 mV s−1. Electrical
impedance spectroscopy (EIS) studies were carried out using PGSTAT302N (Metrohm Co.,
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Herisau, Switzerland) in the frequency range from 0.1 MHz to 0.05 Hz with an amplitude
of 5 mV. Galvanostatic charge/discharge and cyclic stability characteristic were collected
between 2.0 V and 4.0 V on a Neware BTS-5V10 mA (New well electronic Technology Co.,
LTD, Guangzhou, China).

3. Results and Discussions

As Figure 1 shown, inspired by the crowded arrangement and fermentation of multiple
small embryos into a large embryo, this study aims to design the tin foil inlaid sodium ring
structure to realize the in-situ electrochemical formation of sodium-tin alloy. The unique
structure can alleviate the volume expansion and shrinkage of non-electrochemical active
metal Sn and inhibit the generation of sodium dendrites. The embedded sodium ring can
provide sufficient electrochemical activity Na+ for the system, which can compensate for
sodium ions consumed by the repeated formation of SEI during the charge and discharge
process of anode and cathode materials. To avoid the influence of positive electrode reaction
on the evolution process of sodium-tin alloy, the mature SCDC was selected as the positive
electrode to assemble coin cells.

Figure 1. The schematic illustration for in situ electrochemical derivation of sodium-tin alloy.

Firstly, the morphology of SCDC was tested by SEM and TEM. As Figure 2a and
inset 2a shown, SCDC presents a comb structure. Raman result present inset Figure 2a
demonstrated that the ratio of D/G was 2.57, which indicated that SCDC was rich in defects.
The existence of these defects is beneficial to improve the storage of sodium ions. To explore
the optimum operating voltage range of coin cell with sodium tin alloy as anode and SCDC
as cathode. Cyclic voltammetry of these cells was determined in different voltage range.
As shown in Figure 2a, the polarization of cyclic voltammetry curves for SCDC positive is
significant at 1.0 V–4.0 V compared with at 1.5–4.0 V and 2.0–4.0 V. Therefore, considering
the influence of the operating voltage range on mass specific capacity of SCDC, 1.5 V–4.0 V
is selected as the charge-discharge voltage range. As a comparison, the electrochemical
properties of pure sodium and tin foil anode were also tested, as exhibited in Figure 2c.
The results show that when sodium-tin alloy prepared by in situ electrochemical epitaxy is
used as anode, SCDC exhibits the highest gradient mass specific capacity compared with
that of pure Sn foil and pure Na metal disc as anode, just as shown in Figure 2d. It should
be noted that the specific capacity of the pure sodium anode for the first 20 laps was lower
than that of the sodium tin alloy anode because the voltage range for the first 10 laps is 2–4 V.
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Figure 2. (a) The morphology of SCDC tested by FESEM, Raman (in the upper right of Figure 2a)
and TEM (in the right bottom of Figure 2a); (b) Cyclic voltammetry curves of SCDC vs. Na/Na+ in
different voltage ranges of 1.0–4.0 V, 1.5–4.0 V and 2.0–4.0 V; (c) Cyclic voltammetry curves of SCDC
vs. Na/Na+ at different scan rate of 5 mV s−1, 10 mV s−1 and 20 mV s−1; (d) Comparison of gradient
properties for pure Sn foil, pure Na metal disc and sodium-tin alloy anode in situ electrochemical
derived from Sn foil inlaid with sodium ring.

The gradient characteristic (Figure 3a–c) and cyclic stability (Figure 3b–d) of SCDC vs.
sodium-tin alloy anode were also determined. As presented in Figure 3a,b, SCDC exhibits
the first mass specific capapcity of 280 mAh g−1, and considerable mid-value voltage of
2.66 V. Figure 3c indicates that SCDC exhibited high gradient capacities of 250 mAh g−1,
170 mAh g−1, 155 mAh g−1, 148 mAh g−1, 145 mAh g−1, 125 mAh g−1 and 120 mAh g−1

at the current density of 0.1 A g−1, 0.2 A g−1, 0.4 A g−1, 0.8 A g−1, 1.6 A g−1, 3.2 A g−1

and 6.4 A g−1, respectively. Along with high capacity of 100 mAh g−1 and ultra-long cyclic
life of 10,000 cycles at 1.0 A g−1, sodium-tin alloy in situ electrochemically derived will
possibly be a candidate anode of devices with high mass specific capacity and excellent
cyclic longevity. It basically attributes to the multi-hole and irregular surface of sodium-tin
alloy, which can afford more storage space for electrochemically active Na+ ions. While
these electrochemical activity Na ions can instantaneously complement those consumed
during the repeated formation of SEI film.

Considering the universal application of the sodium-tin alloy in situ electrochemically
derived, the coin cells were also assembled, in which sodium-tin alloy in situ electro-
chemically derived by Sn foil (13 mm) inlaid with Na ring (1 mm) was negative, and
Na0.91MnO2 hexagonal tablets (just as XRD demonstrated inset Figure 4b) was the counter
electrode. The electrochemical performance of as-assembled coin cells presents that NMO
HTs vs. sodium-tin alloy anode displays a high first-lap specific capacity of 140 mAh g−1 at
0.1 A g−1 current density, and it remains nearly 90 mAh g−1 after 570 cycles, as Figure 4a
shown. The gradient capacity and the cyclic stability for NMO HTs cathode vs. sodium-tin
alloy anode was also collected, as shown in Figure 4b,c. In the gradient range from 0.1 to
1.6 A g−1 for 10 laps at each stage, the discharge capacity of the coin cell with NMO
HTs as cathode and sodium-tin alloy as anode keeps 96 mAh g−1 at current density of
0.1 A g−1 after 10 laps. When the current density stepwise increased to 0.2, 0.5, 1, and
2 A g−1, the corresponding specific capacities present 85, 78, 67, and 55 mAh g−1, respec-
tively. When the current density turns back to 0.1 A g−1, the specific capacity still maintains
140 mAh g−1 and ultimately holds 89 mAh g−1. However, it cannot be neglected that
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the first coulombic efficiencies of these batteries are all lower than 70% and gradually
increase to 100% as the charge-discharge cycle continues, which dominantly comes down
to the concentration polarization caused by the difference of sodium ion concentration on
the surface of metal tin anode at the initial stage of charge and discharge. But with the
progress of the charging and discharging cycle, this polarization gradually weakens, so that
NMO HTs still maintains nearly 60 mAh g−1 specific capacity after 8400 cycles at 1 A g−1

directly achieved after gradient cycles, as Figure 4c,d demonstrated. The excellent cyclic
stability principally attributes to the improvement of Na+ ion transport rate caused by thin
lamellar of NMO HTs cathode and the exceptional conductivity and stability of sodium-tin
alloy counter electrode in situ electrochemically derived by Sn foil (13 mm) inlaid with Na
ring (1 mm).

Figure 3. The electrochemical characteristic for sodium ion capacitors with SCDC as cathode and
sodium-tin as anode; (a) curves of voltage vs. specific capacity for the first charge-discharge; (b) the
gradient performance obtained from 0.1 to 6.4 A g−1 increasing by 2 times and circulates 10 laps for
each current density; (c) the cyclic performance at 1 A g−1; (d) curves of voltage vs. specific capacity
for the first 100 cycles of (c).

To further explore the potential reasons for the excellent electrochemical performance
of NMO HTs, we performed CV detection and fitting. Figure 5a illustrates the original CV
curves at different scan rates of NMO HTs positive vs. sodium-tin alloy negative in situ
electrochemically derived, it is found that there are one distinct reduction peak at 2.13 V
and two oxidation peaks at 2.45 V and 3.6 V, respectively. CV curves scanned at different
rates shown in Figure 5b are overlapped and almost the same shape, which further con-
firms the excellent reversibility of the above coin cell. Furthermore, the capacitive/battery
contribution to the total charge storage of NMO HTs positive vs. sodium-tin alloy negative
electrochemically derived was also quantified through the method of charging storage
distinction according to the accurate and efficient analysis method of charge storage mech-
anism and pseudo contribution in cyclic voltammetry curve developed by Dunn et al.
Accordingly, the total current at a fixed potential can be expressed as the combination of
two parts of pseudocapacitive (k1ν) and diffusion-controlled capacity (k2ν0.5) [31,32].

i(V) = k1ν + k2ν0.5 (1)

For further mathematical treatment, Equation (1) slightly transfers to

i(V)/ν0.5 = k1ν0.5 + k2 (2)
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Figure 4. (a) Cycle performance of Na0.91MnO2 hexagonal tablets (NMO HTs) vs. sodium-tin alloy in
situ electrochemically derived directly collected for 570 cycles at 0.1 A g−1; (b) Capacity evolution
of NMO HTs vs. sodium-tin alloy in situ electrochemically derived by evolving current densities
ranging from 0.1, 0.2, 0.4, 0.8, 1.6 A g−1 and transfer to 0.1 A g−1 (inset, XRD of NMO HTs); (c) Cycle
performance for 8400 cycles at 1 A g−1 directly collected after the various current densities for NMO
HTs vs. sodium-tin alloy in situ electrochemically derived were tested; (d) The profiles of voltage vs.
specific capacity for NMO HTs vs. sodium-tin alloy at 1.5–4.0 V between 4290th and 4300th cycles.

On account of the linear fitting (Figure 5c) for logarithm of voltage to logarithm of
currents at each potential, the coefficients k1 and k2 can be determined, and the k1ν and
k2ν0.5 were calculated. Then the pseudo capacitive (k1ν) and diffusion control contribution
(k2ν0.5) are distinguished [33–35]. As demonstrated in Figure 5d, the shaded regions
stand for the contribution from charge controlled by the capacitive, while the blank areas
represent the diffusion control contribution. The results demonstrate that the capacitive
controlled charge occupied about 25% of the entire charge storage capacity of 1.3 mV s−1.
However, it suddenly increases to 30% at 1.5 mV s−1, which is due to the coin cell holds for
a whole night between 1.3 mV s−1 and 1.5 mV s−1 test. In particular, the capacitance charge
ratio has turned slowly upward from 1.7–2.1 mV s−1 (Figure 5e). The above results indicate
although the proportion of NMO HTs pseudocapacitive charge is less than 30% of the
total charge, the dynamic defects of solid-state diffusion can still be effectively alleviated.
This is also demonstrated by electrochemical impedance spectroscopy (EIS, Figure 5f). As
Figure 5f indicated, the Nyquist plot in high frequency region is respectively contributed
by physical impedance of device and interface impedance resistances between NMO HTs
electrode and electrolyte, while the low-frequency impedance derived from the diffusion
of Na ions, which is consistent with the equivalent current diagram inset Figure 5f.

In order to verify the in-situ electrochemical formation of sodium-tin alloy and com-
pare the differences between sodium-tin alloy derived by (a) pure Sn foil and (b) Sn foil
inlaid with Na metal ring. the according image were observed after repeated charge-
discharge. As Figure 6a–c presented, the surface of sodium-tin alloy derived by Sn foil
inlaid with Na metal ring become multi-hole and irregular compared with that of sodium-
tin alloy derived by pure Sn foil. This unique structure is contributed to affording more
storage space for electrochemically active Na+ ions. Simultaneously, Na ions consumed by
the repeated formation of SEI film can be instantaneously complement during the process
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of charge and discharge. Together with the uniform distribution of Na and Sn elements
(Figure 6d,e), sodium-tin alloy in situ derived by Sn foil inlaid with Na ring was used
as negative, and matched with SCDC and NMO HTs as positive present high specific
capacity and remarkable cyclic stability. This provides a new avenue for the assembly
of sodium storage energy devices with excellent electrochemical performance. The EDS
(Figure 6f) of sodium-tin alloy further verified that the molar ratio of Na and Sn elements
is 19.4/1, which is far higher than maximum theoretical mole ratio 15/4 for sodium em-
bedding. It is indicated that in addition to contributing to the formation of Na15Sn4 alloy
(Na15Sn4 ⇔15Na++ 4Sn +15e−), Na metal ring also compensated for sodium ions consumed
by the repeated formation of SEI in reaction system during charge and discharge.

Figure 5. (a) The first cyclic voltammetry of NMO HTs vs. Na/Na+ at 0.1 mV s−1; (b) Cyclic
voltammetry curves of NMO HTs vs. Na/Na+ at different scan rate between 1.1 mV s−1 and
2.1 mV s−1 at intervals of 0.2 mV s−1; (c) The b-value determination of the peak currents of cathode
shows that charge storage of SCDC vs. sodium-tin alloy; (d) Cyclic voltammetry curves of NMO
HTs vs. Na/Na+ at 1.3 mV s−1 and the shadowed areas represent the capacitive contribution;
(e) Separation of diffusion-controlled and capacitive charge at different sweep rates; (f) Nyquist dots
of the NMO HTs vs. sodium-tin alloy in situ electrochemically derived by Sn foil (13 mm) inlaid with
Na ring (1 mm) before and after 8400 cycles at 1 A g−1 (inset, the corresponding equivalent circuit
diagram after 8400 cycles).

 
Figure 6. Low magnification FESEM images of sodium-tin alloy derived by (a) pure Sn foil and
(b) Sn foil inlaid with Na metal ring; (c)The representative district scanning and corresponding
element mappings: (d) Na and (e) Sn; (f) the electron diffraction spectra (EDS) of sodium-tin alloy.
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4. Conclusions

To summery, the sodium-tin alloy was successfully in situ electrochemically derived
through a simple and practicable design of Sn foil (13 mm) inlaid with Na ring (1 mm).
In view of the distinctive design, the expansion of tin foil during the repeated sodium
ions inlaid and removal was utilized to maximum extent, the formation of sodium-tin
alloy anode and the improvement of sodium storage characteristics were realized, Na
ions consumed by the repeated formation of SEI film were instantaneously complement.
When the in-situ as-derived sodium-tin alloy was used as anode, SCDC as cathode, the
as-assembled sodium ion capacitors exhibited about 100 mAh g−1 high specific capacity
after 10,000 cycles; while when NMO HTs as cathode, the as-assembled sodium ion batteries
exhibited favorable pseudocapacitive behavior and about 80 mAh g−1 specific capacity after
8400 cycles. The above results demonstrated that the strategy of in-situ electrochemical
derivation can provide a reference for sodium ion energy storage devices with overall
electrochemical characteristics.
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Abstract: We studied a molecular junction with arylalkane self-assembled monolayers sandwiched
between two graphene contacts. The arrangement of graphene-based molecular junctions provides a
stable device structure with a high yield and allows for extensive transport measurements at 78 K. We
observed a temperature-independent current density–voltage (J–V) characteristic and the exponential
dependency of the current density on the molecular length, proving that the charge transport occurs by
non-resonant tunneling through the molecular barrier. Based on the Simmons model, the bias-voltage
dependence of the decay coefficient and barrier height was extracted from variable-length transport
characterizations. The J–V data measured were simulated by the Simmons model, which was
modified with the barrier lowering induced by the bias voltage. Indeed, there isno need for adjustable
fitting parameters. The resulting simulation was in remarkable consistency with experimental
measurements over a full bias range up to |V| ≤ 1.5 V for the case of graphene/arylalkane/graphene
heterojunctions. Our findings clearly showed the demonstration of stable and reliable molecular
junctions with graphene contacts and their intrinsic charge transport characteristics, as well as
justifying the application of the voltage-induced barrier lowering approximation to the graphene-
based molecular junction.

Keywords: molecular tunnel junction; Simmons model; barrier lowering; graphene

1. Introduction

The utilization of inherent molecular electronic functionality has been recognized as a
fascinating idea to create the ultimate sub-nanoscale devices that are able to offer distinctive
characteristics unavailable in the conventional semiconductor technologies [1–3]. However,
the electronic properties of a molecular junction based on individual molecules directly rely
upon the accurate control of molecular configurations in the junction, and the atomic preci-
sion essential for reproducibility cannot be accomplished with the top-down fabrication
techniques of today [4–7]. On this account, the vertical junction architectures sandwiched
with self-assembled monolayers (SAMs) are beneficial for their technological application,
but the nondestructive fabrication of SAM electrode top contacts is required [8–14]. The pro-
cess for top-contact formation should maintain the integrity and functionality of molecular
layers, while being simultaneously compatible with the high-yield construction of molecu-
lar electronic junctions. It has been revealed that molecular junctions fabricated with the
evaporation of top metal atoms indicate a very low device yield, often less than 1% [8,13].
Until now, a variety of methods have been suggested to protect molecular SAMs from the
evaporated metal atoms. Most of these methods have employed non-evaporative elec-
trode systems using a single or multilayer graphene [6,15,16], reduced graphene oxide [17],
conducting polymer [11,14], metallic nanoparticle [9,10], or direct metal transfer [12,13]
(see Table S1). In particular, graphene and its derivatives have received considerable at-
tention as the contact materials of molecular junctions due to their excellent electronic
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and optical properties [5,6,15–17]. In this study, we investigated a tunnel junction with
arylalkane SAMs as the insulating barriers, which are sandwiched between the top and
bottom graphene contacts. The bottom graphene allows for robust covalent C−C bonds
with the component molecules, and the top graphene serves as a protecting layer against
the vapor-deposited metal atoms to prevent the formation of electrical shorts. Overall, the
arrangement of molecular junctions based on a graphene heterostructure provides a stable
device structure with a high yield (>80%) and makes cryogenic measurements possible.

To explore the charge transport characteristics of molecular junctions, one of the critical
challenges is the demonstration of an easily accessible theoretical model, which is highly
desirable to design novel electronic devices with predictable transport behaviors. The Sim-
mons model has been recognized as the simplest approximation to tunneling via a constant
rectangular barrier [18], but it seems to be inaccurate for experimental measurements on
actual molecular junctions [19–21]. The original model with a constant barrier height was
previously applied to a tunnel junction containing alkanethiol SAMs, where an additional
fitting parameter α was required to achieve the best fit to the measurements [22,23]. The ori-
gin of the adjustable parameter α remains obscure. It may result from the non-rectangular
barrier, the effective mass of electrons in SAMs, or a combination of those factors [19,22,24].
Furthermore, as noticed by earlier studies [18,22], the barrier lowering induced by the
bias voltage has to be considered for a practical tunnel junction. This effect has been still
overlooked in molecular junctions. In consequence, different parameters for a molecular
tunnel barrier were often obtained from the same junctions, giving rise to a substantial
variation in the fitting results [18]. In this regard, it is essential to demonstrate a more
precise model that can be compared directly to experimental measurements. Here, we
employed the model based on the bias-voltage dependence of a barrier height to describe
the transport measurements for graphene-based molecular junctions. The barrier height
is not demanded as a fitting parameter. Rather, it is straightforwardly determined by
variable-length transport characterization and then is incorporated in the Simmons approx-
imation to simulate the experiments. Agreement between the simulation and experiments
is excellent for the cases of graphene/arylalkane/graphene heterojunctions. These results
solidify the application of the barrier lowering model to quantitative transport analysis for
molecular tunnel junctions.

2. Experimental Details

The schematic of a device structure is seen in Figure 1a, which was based on arylalkane
monolayers anchored between two (top and bottom) graphene electrodes. To fabricate
the device, a pre-patterned Au(100 nm)/Ti(3 nm) bottom contact pad was first deposited
on oxidized Si wafers using an electron-beam evaporator at the low evaporation rate
of ~0.1 Å/s. A single layer graphene (from Graphene Square), grown on a Cu foil by
chemical vapor deposition, was transferred as a bottom electrode on the oxidized Si
substrate. We employed a well-known poly(methyl methacrylate) (PMMA)-mediated
graphene transfer method [25], in which a thermal-release tape was applied to the PMMA
film spin-coated on the bottom graphene. The Cu foils were eliminated in the solution of
20 g/L ammonium persulfate in distilled water for more than 10 h, and the release tapes
and PMMA were removed by warm acetone after the graphene transfer. Afterward, the
bottom graphene was patterned through a shadow mask by O2 plasma treatment. For
molecular deposition, 20~50 mM diazonium compounds of arylalkanes were dissolved
within dimethylformamide (DMF). The graphene-transferred substrates were submersed
in the diazonium solution for a minimum of 24 h. Arylalkanes for three different lengths,
denoted in the following as ArC8, ArC10, and ArC12 by the number of a C atom in the
alkyl chain, were anchored to the bottom graphene via a dediazonization reaction [26].
This process allowed for a robust covalent bond between the bottom graphene and aryl
diazonium compounds. The arylalkanes on the bottom graphene were rinsed with DMF
to remove residual molecules and then dried completely in a vacuum chamber. The top
graphene and Au (100 nm) contact pad were deposited on the molecular layers, the same
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as the procedures to create the bottom electrodes. As a final step, the redundant graphene
and molecules out of the junction area were eliminated by O2 plasma to avoid parasitic
conducting paths. Figure 1b shows a top-view image of scanning electron microscopy
(SEM) for the whole device fabricated, where the junction area, highlighted in a yellow
square box, ranged from 4.0 × 10−8 to 6.3 × 10−8 m2 (200–250 μm on a side). We used
a Raman spectroscopy (NOST, FEX, Seongnam-si, Korea) and atomic force microscopy
(AFM) (Park Systems, XE7, Suwon-si, Korea) to inspect the pristine and monolayer-covered
graphenes and a Keithley 4200A-SCS parameter analyzer (Keithley Instruments, Solon,
OH, USA) and Janis cryostat for transport measurements.

Figure 1. (a) Schematic of graphene/arylalkane/graphene heterojunctions. The arylalkane (ArC8)
monolayer is sandwiched between top and bottom graphene contacts. (b) An SEM image of the
fabricated device. The active area of a molecular junction is highlighted by a yellow square box.

3. Results and Discussion

The fabrication of a molecular junction based on SAMs mostly involves the deposition
of the metal atoms for a top-side contact on a few nanometer-thick molecular layers.
This process frequently results in a short circuit failure due to direct penetration of the
evaporated metal atoms through SAMs, thus destroying the molecular junctions. To prevent
this problem, here we employed the graphene film as a protecting interlayer for the stable
formation of a molecule–electrode top contact. We also note that the graphene contacts did
not take part in the molecular tunnel junctions as actively tunable components with the
gate modulation [27,28], which was beyond the scope of the present study.

We measured the Raman spectra of the pristine and arylalkane (ArC10)-covered
graphenes transferred on the substrates (see Figure S1). Two typical prominent peaks of the
G band (1581 cm−1) and 2D band (2674 cm−1) and a large ratio (>~2.3) of Raman intensity
between the G and 2D bands indicated that the transferred graphene film was a single
layer [29]. The absence of the D peak (1349 cm−1) in the pristine graphene implied that it
was of good quality without substantial defects. The Raman peak corresponding to the D
band appeared after the attachment of the arylalkane molecules to the graphene, which can
be caused by the defects, resulting from the formation of a covalent C−C sp3 bond between
the molecules and graphene [26,29]. From the line profile analysis of the AFM images (see
Figure S2), the height of the ArC10-grafted and pristine graphenes’ layers transferred to the
SiO2 surface was measured as 2.5 and 0.5 nm, respectively. The offset of ~2 nm was nearly
comparable to the molecular length. In total, the results for the Raman spectroscopy and
AFM measurements consistently indicated the SAM formation onto the bottom graphene.

As the Fermi level (EF) of electrodes is located within a large HOMO–LUMO gap of
the short-length arylalkane series, tunneling via the molecular barrier can be rationally
anticipated as the dominant transport mechanism of these junctions [22,23]. However, in
the absence of variable-temperature characterization, other thermally activated mecha-
nisms such as hopping conduction or thermionic emission cannot be ruled out. Figure 2a
shows the representative semilogarithmic J–V characteristic of an ArC8 junction measured
from the device structure described in Figure 1. It was obtained in a sufficiently wide
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temperature variation (from 298 to 78 K) and with 20 K steps to verify the conduction
mechanism. The current density barely changed, which was in agreement with the results
measured with similar metal/alkyl molecules/metal junctions. Figure 2b displays an
Arrhenius analysis of the current density. The slope of ln(J) against 1/T at different biases
exhibited no significant dependence, thus manifesting the absence of thermal activation.
The measurements on ArC10 and ArC12 showed also little temperature dependence (see
Figure S3). Hence, we concluded that charge tunneling is maintained as the conduction
mechanism through arylalkane monolayers incorporated between graphene electrodes.
Now that we established tunneling as the transport mechanism, theoretical calculations
from a tunneling model could be used to simulate our molecular junctions based on a
graphene heterostructure.

Figure 2. (a) Variable-temperature J–V characteristics with temperature variation from 298 to 78 K
with 20 K steps, displayed in different color lines. (b) Arrhenius plot of ArC8 junctions at voltages
from 0.1 to 1.5 V with 0.2 V steps.

One of the most essential parameters related to tunneling through a molecular junction
is the decay coefficient (β), which can be determined by performing the length-dependent
transport measurements based on the Simmons model [11,22,24]. Figure 3a shows ln(J)
values plotted against the molecular length of arylalkanes at the different biases. By using
ACD/Lab software, the molecular lengths of ArC8, ArC10, and ArC12 were estimated to be
13.3, 18.2, and 23.2 Å, respectively. The tunneling current densities were calculated from the
average of approximately 80 devices per each molecule, indicating exponential dependency
upon the molecular length (d) for a given bias. This length dependence represented a
general feature of non-resonant tunneling, described by J ∝ exp(−βd) [8,13,23]. The decay
coefficient at each bias was determined from the slopes of linear fits and is displayed in
Figure 3b. The uncertainty of the β values in Figure 3b denotes a linear fit error. The
decay coefficients ranged from 1.08 to 0.92 Å−1, dependent on the applied voltages. These
values were similar to that of alkyl-based junctions with metallic contacts [13,24]. Our
analysis of this length-dependent transport showed that the arylalkane monolayer not
only maintained its molecular integrity in the junction but also predominated the charge
transport properties and was not disturbed by the graphene–molecule contacts. Overall,
temperature-independent and exponentially length-dependent J–V characteristics consis-
tently showed the non-resonant tunneling transport for these junctions. These findings
ruled out defect-mediated transport in the molecular tunnel barrier and graphene contacts,
which is typically expected to show thermally activated transport characteristics [10,13].
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Figure 3. (a) Plot of ln(J) versus d for the bias range from 0.1 (bottom) to 1.5 V (top). For clarity, the
data only at 0.1 V contain the error bar, indicating the standard deviation upon averaging the current
density. The β values were determined from the slope of the linear fits (solid line). (b) Plot of β versus
V. The inset shows the bias-voltage dependence of the barrier height. The solid line indicates the
linear fit.

Within the Simmons model of a rectangular barrier (i.e., α = 1), the relationship
between the tunneling decay coefficient and barrier height (ΦB) is given by [21,27]:

β =
2
√

2m
�

√
ΦB (1)

where m is the bare electron mass and h (= 2π�) is the Planck constant. Using Equation (1),
the Simmons barrier heights calculated from the β values at different biases are plotted in
the inset of Figure 3b, where the barrier height linearly depends on the magnitude of the
bias voltage. Our findings indicated that the increasing bias voltage led to lower tunneling
barrier, thus decreasing the decay coefficient. This effect may be attributed to image po-
tential, which has been known to reduce the barrier height and, therefore, enhances the
probability of charge tunneling across molecular barriers [18,19]. The extraction of β and
ΦB was then straightforward by performing the length-dependent transport characteri-
zation, without adjustable fitting parameters. Based on the linear relation (red, solid line)
observed in the inset of Figure 3b, the voltage dependence of the barrier height could be
approximated as

ΦB(V) = −γ|eV|+ ΦB0 (2)

where ΦB(V) and ΦB0 are defined as the bias-voltage dependent and zero-bias barrier
height, respectively, in units of eV, and γ signifies the degree of the voltage dependency
on the barrier height as a unitless constant. In this linear relationship, γ and ΦB0 can be
determined from the slope and y-intercept, respectively, by which γ = 0.21 ± 0.01 and
ΦB0 = 1.16 ± 0.01 eV are found in the inset of Figure 3b. The voltage dependence of a
barrier height was also previously reported for porphyrin molecular junctions formed by a
conducting AFM technique without the length-dependent measurements [30].

The statistically representative J–V curves (data points) are presented in Figure 4 and
were obtained by averaging all the data measured at 78 K for each arylalkane molecule
with different lengths. The error bars indicate a 1σ standard error of the mean value.
The traces of the J–V curves are almost symmetric in respect to the origin and display
a nonlinearity that was shown to be more prominent as increasing the bias We initially
tested the original Simmons model (see Equation (S1)) based on a constant rectangular
barrier to simulate the representative J–V curves [18], where the barrier height was used
as a fitting parameter. Apparently, there was inconsistency between the constant barrier
approximation and the experimental J–V curves. As seen in Figure 4, the fitted current
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density (black, solid curves) with the constant barrier increased abruptly near ±1.1 V from
an almost flat value, whereas the experimental J–V data rose gradually in a sigmoidal
shape. This fitting result showed that the Simmons model based on the constant barrier
height was not suitable to characterize the J–V curves of the graphene tunnel junctions
without a further adjustable parameter.

Figure 4. The statistically representative J–V curves (data points), obtained by averaging all the data
measured at 78 K for (a) ArC8, (b) ArC10, and (c) ArC12 junctions. Black curves indicate the fitting
results of the original Simmons model with a constant barrier height, and red curves denote the
simulation of the VIBL-modified Simmons model.

Therefore, we presented an alternative method, where the Simmons model was modi-
fied with a voltage-induced barrier lowering (VIBL), quantitatively characterized by the
length-dependent transport measurements. The significance of VIBL is that it allows for
our experimental J–V curves to be simulated over a full bias range of |V| ≤ 1.5 V by incor-
porating Equation (2) as the VIBL parameter in the Simmons model. Then, the modified
Simmons equation expresses the current density through a molecular tunnel barrier as:

J =
e

4π2�d2

{(
ΦB(V)− eV

2

)
exp

(
− 2d

√
2m

�

√
ΦB(V)− eV

2

)
−

(
ΦB(V) +

eV
2

)
exp

(
− 2d

√
2m

�

√
ΦB(V) +

eV
2

)}
(3)

Figure 4 demonstrates that the representative J–V characteristics averaged from exten-
sive measurements on the tunnel junctions can be described with the modified Simmons
simulation (red, solid curves) using Equation (3), where VIBL is included as ΦB(V) in the
model. As described above, the VIBL parameter ΦB(V) was experimentally determined by
the length-dependent analysis using Equations (1) and (2). It is noted that the J–V curves
were not “fitted” and, thus, there was no need for the adjustable fitting parameters. The
simulation with ΦB(V) was accurate within the errors of measurements over the entire bias
range, offering a better description for the measured J–V curves, as compared to the con-
ventional constant barrier approximation. A clear consensus between the experimental and
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simulated transport characteristics demonstrated the validity for the use of the Simmons
model combined with VIBL for the case of our graphene-based molecular junctions.

A critical verification of the VIBL approximation is if this model can exactly predict
the experimental results. For a self-consistency check, we replotted the experimental
and simulated data, as displayed in Figure 5, where the resistance R multiplied by the
junction area A is shown on a logarithmic scale against the bias voltage for each molecule
investigated [19]. Simmons earlier presented this analysis in the original paper to examine
the effect of fitting parameters on the tunneling model [18]. We note that the log plot of RA
versus V was beneficial to especially reveal the further details concerning the validity of
the tunneling model. The simulations plotted using the VIBL model (red lines) precisely
described the measurements (data points) in the whole bias region, as likewise observed
in Figure 4. The fitting results with the constant barrier model are also plotted in Figure 5
(black lines), where the disagreement between the experiment and model is much more
profound and the fits clearly seem to be not accurate over the entire voltage regime. With the
barrier height alone as a fitting parameter, the analysis of RA versus V indicated that it was
not possible to characterize the molecular tunnel junctions based on graphene electrodes.

Figure 5. Log plots of RA versus V for (a) ArC8, (b) ArC10, and (c) ArC12 junctions. The fits with
the original Simmons model for a constant barrier height (black curves) and the simulation of the
VIBL-modified Simmons model (red curves) are shown.

4. Conclusions

The charge transport through vertical graphene/arylalkane/graphene heterojunctions
was investigated by the Simmons model combined with the bias-voltage dependence of
a tunneling barrier height. Both the temperature independence and exponential length
dependence of the measured J–V characteristics clearly showed that non-resonant tunneling
is the dominant conduction mechanism in these junctions. The tunneling decay coefficients
at different bias voltages were determined by inspecting an exponential decrease in the
current density with the molecular length, for an arylalkane series contacted between
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top and bottom graphene electrodes. The decay coefficient ranged from 1.08 to 0.92 Å−1

depending on the bias voltage. Based on the Simmons model, the length-dependent
transport analysis indicated γ = 0.21 ± 0.01 and ΦB0 = 1.16 ± 0.01 eV for the arylalkane
tunnel junctions. The critical parameter ΦB(V) of VIBL was experimentally extracted
from the bias dependence of β. Then, we employed the Simmons model modified with
ΦB(V) to simulate the charge transport characteristics measured from graphene-based
molecular junctions. Irrespective of the molecular length, the representative J–V data were
in agreement with the simulation without adjustable fitting parameters over the whole
range of applied voltage (|V| ≤ 1.5 V), which was consistently revealed by the analysis of
RA versus V plots on a logarithmic scale. The high quality of the simulations justifies the use
of the VIBL-modified Simmons model for analysis of graphene-based molecular junctions.
As presented in this study, the graphene contacts in molecular junctions effectively protect
the molecular SAMs from penetration by the evaporated metal atoms, providing a stable test
bed for the transport measurement. In addition, the incorporation of a gate electrode may
become a fascinating future work to modulate the tunneling transport through graphene-
based molecular devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12060767/s1, Figure S1: Raman spectrum for a pristine and
ArC10-coverd graphene; Figure S2: AFM topographical images and line profile analyses of a pristine
and ArC10-coverd graphene; Figure S3: Arrhenius plots of ArC10 and ArC12 junctions; Table S1:
Comparison of various non-evaporative top contact molecular junctions [10].
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Abstract: We demonstrate the fabrication and complete characterization of vertical molecular tunnel-
ing junctions based on graphene heterostructures, which incorporate a control series of arylalkane
molecules acting as charge transport barriers. Raman spectroscopy and atomic force microscopy
were employed to identify the formation of the molecular monolayer via an electrophilic diazonium
reaction on a pre-patterned bottom graphene electrode. The top graphene electrode was transferred
to the deposited molecular layer to form a stable electrical connection without filamentary damage.
Then, we showed proof of intrinsic charge carrier transport through the arylalkane molecule in the
vertical tunneling junctions by carrying out multiprobe approaches combining complementary trans-
port characterization methods, which included length- and temperature-dependent charge transport
measurements and transition voltage spectroscopy. Interpretation of all the electrical characteriza-
tions was conducted on the basis of intact statistical analysis using a total of 294 fabricated devices.
Our results and analysis can provide an objective criterion to validate molecular electronic devices
fabricated with graphene electrodes and establish statistically representative junction properties.
Since many of the experimental test beds used to examine molecular junctions have generated large
variation in the measured data, such a statistical approach is advantageous to identify the meaningful
parameters with the data population and describe how the results can be used to characterize the
graphene-based molecular junctions.

Keywords: molecular junction; graphene electrode; charge tunneling; transition voltage spectroscopy

1. Introduction

Molecular electronics has the intention of creating a molecular junction device based
on an individual molecule or its ensemble, whose current (I)−voltage (V) characteristics
show the signatures of conventional electronic components or offer new electrical behav-
iors at the molecular level [1–3]. A variety of electronic functionalities demonstrated by
molecular junctions, such as a diode [4], transistor [5], memory [6], photo-switching [7],
and thermoelectric device [8], have been hitherto reported, which constitute a prospective
component for future nanoscale electronic systems, as well as offer an ideal platform to
explore new physical properties that occur in the charge transport through molecular sys-
tems. However, many challenges still have to be resolved for the technological applications
and full understanding of molecular charge transport. The ensemble molecular junction
(as opposed to a single-molecule junction) is typically built by sandwiching self-assembled
monolayers between two thin metallic films. Such vertical junction arrangement most
frequently involves the evaporative deposition of the top (second) metallic electrodes on
vulnerable molecular monolayers, which can give rise to conductive filament formation,
often leading to shorted circuit problems [9–12]. Comprehensive statistical studies on molec-
ular junctions fabricated by the direct vapor deposition of top metal atoms have shown
extremely low yields of working devices, frequently less than ~1% [12]. In this context,
various methods have been proposed to prevent filamentary paths or related damage to the
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ultrathin molecular layer, arising from the evaporated metal atoms. Many of these methods
take advantage of non-evaporative electrode systems using multilayer graphenes [13,14],
reduced graphene oxides [15], conducting polymers [16], non-Newtonian liquid metals [9],
or direct metal transfers [17]. Recently, the application of singe-layer graphenes (SLGs) to
an electrical contact material in the junctions has gained substantial interest because of their
outstanding mechanical, optical and electrical performance [8,18,19]. The SLG electrodes
provide the possibility of using unique quantum transport phenomena with the control of
Dirac points and high mobility [20]. They are also ultimately compatible with molecular
self-assembled monolayers via both a chemical linkage and noncovalent interaction [21,22],
offering a stable test bed to explore inherent molecular charge transport characteristics in
the junctions.

In the present study, we demonstrate the fabrication and full characterization of
vertical molecular tunneling junctions that incorporate a series of arylalkane monolayers
inserted between two SLG interlayer electrodes. Raman spectra of the graphene sheets,
deposited with aryl diazonium compounds and then modulated by the molecular doping
effect, indicated that the component molecules were successfully grafted onto SLGs. The
arylalkane monolayers can constitute prototypical molecular control series to corroborate
the valid junction formation, because the alkyl-based molecules with different lengths
have exhibited well-established charge transport pictures. The nearest molecular transport
orbital (HOMO or LUMO) remains far above or below the Fermi level (EF) of the electrode,
and, accordingly, coherent non-resonant tunneling can be reasonably expected as the
dominant conduction mechanism [23,24]. To investigate the transport behaviors of the
vertical molecular junctions in detail, we employed various kinds of characterization
techniques, including length- and temperature-dependent transport measurements and
transition voltage spectroscopy, which were performed with follow-up statistical analysis
for all the measured devices. Self-consistency for such multiprobe measurements validates
the observation of intrinsic molecular electronic properties in the junctions fabricated with
the graphene electrodes.

2. Experimental Details

Figure 1a illustrates a fabrication process for constructing a vertical molecular tunnel-
ing junction with two SLG interlayer electrodes. First, the bottom 50 nm-thick Au contact
lead with an adhesion layer of 5 nm-thick Ti was patterned on Si/SiO2 substrates using a
shadow mask and electron-gun evaporator at a deposition rate of ~0.2 Å/s (step 1). After
the treatment of O2 plasma to improve the surface wettability, chemical vapor deposition
(CVD)-grown SLGs (from Graphene Square, Pohang, Korea) on a Cu foil were transferred
to the substrates using a polymethyl methacrylate (PMMA)-mediated method [25]. Ther-
mal release tapes were attached to spin-coated PMMA films on the transferred graphene
sheet. The copper foil layers were removed with 20 g/L ammonium persulfate solution in
distilled water for 12 h. The remaining supporting tapes and PMMA films were eliminated
using warm acetone after the transfer process. Then, the bottom SLGs were patterned by
O2 plasma etching with a shadow mask (step 2). The arylalkane molecule of three different
lengths, indicated as C8, C10 and C12, respectively, according to the number of carbons
in the alkyl chain, was covalently grafted to the bottom SLGs (step 3). For molecular
self-assembly, the samples were immersed in 10 mM arylalkane diazonium solution in
dimethylformamide (DMF) for over 12 h in a N2 glove box (less than O2 level of 10 ppm).
Before further progress, they were thoroughly cleansed using DMF and dried inside the
glove box. Thereafter, the top SLGs and the contact lead of 50 nm-thick Au were formed on
the monolayers (steps 4 and 5) by repeating the same process as described previously when
constructing the bottom electrodes. Finally, the residual graphene layers and molecules
outside the active area of the junctions were removed using O2 plasma treatment with a
shadow mask to prevent the formation of a direct conducing pathway between the top and
bottom electrodes (step 6). Figure 1b shows an optical image of the fabricated device, where
the junction area, highlighted with a red dashed line, was estimated to be 250 × 250 μm2.
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The graphene layers in pristine condition and with arylalkane molecules were characterized
using Raman spectroscopy (NOST, FEX, Seongnam, Korea) and atomic force microscopy
(AFM) (Park Systems, XE7, Suwon, Korea). The electrical characterization was carried out
using parameter analyzers (Keithley, 4200A-SCS, Solon, OH, USA) and cryogenic probe
stations (Lake Shore Cryotronics, Model TTPX, Westerville, OH, USA).

Figure 1. (a) Illustration of the fabrication process (step 1 to step 6) of the vertically stacked
graphene/arylalkane/graphene device. (b) Optical image of a complete device. Red dashed square
denotes the area of an active junction, which was estimated to be 250 × 250 μm2. (c) Schematic of the
device structure in a cross-sectional view. The component molecule in the junction is C8.

3. Results and Discussion

The arylalkane molecules were self-assembled on the patterned bottom SLGs by a
dediazonization process of sp2 hybridization carbon networks, which can form a robust
covalent C−C bond between the molecules and graphene basal planes [21,22]. contrary,
the top end of the molecular monolayers was contacted with the top SLGs by means of
van der Waals interactions. Figure 1c illustrates the schematic of the complete device
structure in a cross-sectional view. The arrangement based on vertically stacked graphene
heterostructures showed excellent stability for high-yield devices (>80%) and successive
electrical measurements. By performing a line profile analysis of the AFM topographical
images (Figure S1 in the Supplementary Materials), the heights of a pristine and C10-
grafted graphene layer transferred to the SiO2 surface were measured as 0.5 nm and 2.5 nm,
respectively. The height difference of ~2 nm reasonably confirmed the monolayer formation
on SLGs, as compared to the molecular length estimated from ChemDraw (CambridgeSoft,
Cambridge, MA, USA).

Raman spectroscopy has been extensively used as an analytical technique for the
non-destructive investigation of SLGs and their derivatives decorated with the organic
molecules [26,27]. We measured the Raman spectra of the pristine and arylalkane-grafted
graphenes transferred on the substrates, as shown in Figure 2, which were obtained at
10 different spots with a 532 nm laser. The assigned peak position and intensity in each
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spectrum were determined by Lorentzian function. The spectrum of the pristine graphene
sheet entirely concurred with previously reported results [26], where two prominent peaks
of G band (1582 cm−1) and 2D band (2675 cm−1) appeared. The omission of D band
(1350 cm−1), typically induced by disorder or defects in the graphene basal plane [27],
implied that the CVD graphene was of good quality. A large Raman intensity ratio between
2D and G bands (I2D/IG > 2.4) indicated that the transferred graphene film was a single
layer [28]. Noticeably, the Raman peak corresponding to D band appeared after the
attachment of the arylalkane molecules to SLGs. The D peak can be caused by increased
defects resulting from the formation of a covalent C–C sp3 bond between the molecules
and SLGs [22]. After molecular deposition, we also observed that the intensity ratio of
the 2D band against the G band (I2D/IG) decreased, and the position of the G peak was
downshifted (Figure S2 in the Supplementary Materials). It has been reported that such
a decrease in the ratio of I2D/IG results from a molecular doping effect and G peak’s
shift to lower frequency, namely, softening of the G band indicates electron donating on
graphene [29]. Collectively, our observation in the Raman spectra consistently showed the
signatures of molecular layer formation on SLGs.

Figure 2. Raman spectra of pristine and arylalkane (C8, C10 and C12)-grafted graphenes transferred
to SiO2 surface.

The alkyl chains with different lengths constitute an important control series in molec-
ular junctions, because a coherent picture has been clearly established for the non-resonant
tunneling mechanism and length-dependent transport characteristics with the alkyl-based
molecules [2,12,23]. We performed electrical measurements on a total of 294 fabricated
devices (78 for C8, 105 for C10, and 111 C for 12), excluding open- or short-circuit failures
(38 devices). The current density (J)−voltage (V) data collected by measuring enough
devices provided the statistical picture of molecular electronic properties in the vertical
junctions. Figure 3a displays the current density histograms of C8, C10 and C12 junctions
measured at 2 V, which fitted well with the Gaussian curves. The intact statistics, without
any device selection, showed that the J values were log-normally distributed. The peak
positions of Gaussian curves in the histograms represented the most probable value of
the current density for each junction, manifesting distinct molecular length dependency.
We note that the log-normal distribution derives from the primary factor exponentially
affecting the current density. It would probably be the variation in the tunneling distance
that can be influenced by the detailed microscopic configurations, such as a molecular
binding site and conformation in the junctions [2]. Such a result was not monitored in
the graphene–graphene structure with the absence of component molecules, but rather its
histogram indicated Gaussian distribution at the linear scale (not shown here). Figure 3b
displays the statistically representative J−V curve on a log scale, which was generated
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by averaging the junctions within three sigma (3σ) regimes of the Gaussian distribution
in Figure 3a [30]. The error bar indicates standard deviation from the averaged J value.
The current density of the molecular junctions appeared to be much lower than that of
the direct graphene–graphene (Gr–Gr) contact (top data in Figure 3b). For the shortest
C8 junction, it was reduced by a factor of ~103 in A/m2 unit, denoting the formation of
a transport barrier sandwiched between two SLGs. In addition, Figure 3b shows that the
current density of the molecular junctions rapidly decreased as the number of carbons in
the alkyl chains increased, which accorded with the characteristic of tunneling [23].

Figure 3. (a) Statistical histograms of the current density at 2 V for C8, C10 and C12 junctions.
The peak position of Gaussian distribution indicates the most probable value for each junction.
(b) Statistical representative J−V curves on a log scale, obtained from the devices within 3σ regimes
of Gaussian distribution. The error bars denote the standard deviation for averaging. (c) Plots of ln(J)
versus the number of carbons at different voltages. β is determined by the slopes of the linear fits.
(d) Plots of the β values from −1 V to 1 V. Error bars denote the uncertainty about the linear fits.

To investigate the length-dependent charge transport of the junctions in more detail,
we presented the semi-log plot of current density (−1 to +1 V) as a function of the molecular
length, as shown in Figure 3c. Within the simplified Simmons model for trapezoidal barrier
approximation, the molecular tunneling junction is typically described by J ∝ exp(−βd),
where β is the tunneling decay coefficient and d is the molecular length. β mathematically
scales with the square root of the barrier height and quantifies the decay of the tunneling
probability with increasing d [23], depending on the molecular structure. Furthermore,
the decay coefficient is reproducible across various experimental platforms [24], which
can accordingly provide a valuable benchmark for the formation of a valid molecular
junction. Figure 3c reveals an apparent exponential relationship existing between J and
d, corresponding to J ∝ exp(−βd), where the tunneling decay parameter was obtained
from the slopes of the linear fits in Figure 3c. As plotted in Figure 3d, the β values were
estimated to be 1.04 to 1.12 per carbon (equal to 0.83 to 0.89 Å−1). The error bar denotes
uncertainty about the linear fits. These β values were reasonably consistent with those
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observed in conventional metal/alkyl-containing monolayer/metal junctions [16,23,24].
Despite still being within the range of uncertainty, a subtle reduction in β with increasing
voltage may be ascribed to a large electric field-induced barrier lowering in the tunneling
junctions [31]. It is also noteworthy that a few recent studies on the rough topographic
condition of the bottom electrodes have shown a significantly lower β value (~0.5 Å−1),
even for alkyl-based junctions [7,32]. In this context, we checked the surface roughness
of a graphene layer transferred on the oxidized Si substrate using AFM (Figure S3 in the
Supplementary Materials). The root mean square (r.m.s.) roughness was estimated to
be ∼0.14 nm. Such a smooth graphene surface would be desirable to obtain an accurate
β value.

The independence of J−V characteristics on temperature variation is a well-known ver-
ification of charge tunneling, because it can eliminate many of the other thermally activated
transport mechanisms, for example, thermionic emission or hopping conduction [11,23].
The temperature-variable measurement (80 to 280 K) of J−V curves on C8 junctions is
shown in Figure 4a. Figure 4b displays corresponding Arrhenius plots and logarithmic
J versus inverse temperatures, transformed from the data in Figure 4a. No temperature
dependency of the J−V characteristics was clearly confirmed. This result demonstrates
that the charge transport occurred by tunneling via the molecular monolayer incorporated
into two SLGs. A coherent and clear picture of non-resonant tunneling has, so far, emerged
for alkyl-based molecular junctions, because the EF easily lies in the large HOMO−LUMO
gap (8~10 eV) of the very short molecule [2,24].

Figure 4. (a) Representative J−V curves of the C8 junction on a semi-log scale as the temperature
varies from 80 to 280 K. (b) Arrhenius plots of the current density at different voltages from 0.1 to 1 V.

Transition voltage spectroscopy (TVS) facilitates an evaluation of the difference (|ε0
− EF|) between the nearest molecular energy level (ε0) and EF [33,34], which refers to
the height of a transport barrier in the junctions, by estimating the transition voltage (Vt)
to produce an inflection point of the nonlinear Fowler—Nordheim (FN) plot, namely,
ln(J/V2) versus 1/V (see the Supplementary Materials for details). Since its first intro-
duction [33], TVS has become a prevailing analytical technique to study the energy level
alignment in molecular junctions, due to its simplicity and validity. Interpretation of the FN
curves based on the Landauer transport model showed that such inflection can take place
when ε0 (HOMO for this case) is quite close to a resonance position by the bias voltage
(Figure 5a) [35], where it seems to be in the Lorentzian shape broadened by the coupling
with electrodes [30]. Accordingly, a measurement of Vt offers experimental approximation
to |ε0− EF|. Figure 5b shows the representative TVS analysis of C8, C10 and C12 junctions.
The minimum point on the FN curves refers to Vt (as marked by arrows). A TVS histogram
of the inflection events was constructed from these minimum values (Figure 6a–c), in which
the Gaussian distribution showed no significant asymmetry for the bias polarity. This effect
was observed in the molecular junctions, which have comparable coupling strengths for
both molecule–electrode contacts [34], thus indicating that the graphene-based vertical
molecular junctions can provide good stability for the top physical contacts via van der
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Waals interactions [36]. A graphical summary of the TVS measurement on the arylalkane
junctions is shown in Figure 6d. It can be clearly observed that the average of Vt (point data
with error bar) fell within the standard deviation (dashed lines) of the values measured in
each junction. This result demonstrated that Vt was not dependent on the molecular length.
Similarly, a study of ultraviolet photoelectron spectroscopy using alkyl thiol monolayers
on the Au surface showed that the energy offset (|εHOMO − EF|) of HOMO and EF was
independent of the alkyl chain’s length [33]. The constancy of Vt in alkyl-based molecular
junctions with variable lengths exactly coincided with the Landauer transport model of
TVS, where it was invariant for constant |ε0 − EF| [37], whereas it decreased as the tun-
neling gap in a molecule-free vacuum junction increased, complying with the Simmons
model [38]. Consequently, the findings of the TVS analysis presented further evidence of
molecular barrier formation in the vertical tunneling junctions.

Figure 5. (a) Illustration of the inflection behavior in the FN curve and corresponding energy band
diagrams. The inflection voltage Vinfl (vertically dashed line) in the FN curve denotes the transition
voltage. Reproduced from Ref. [29], with permission from American Physical Society. (b) Representa-
tive TVS analysis of C8, C10 and C12 junctions. Each arrow indicates the transition voltage.

Figure 6. Statistical TVS histograms of (a) C8, (b) C10 and (c) C12 junctions. The solid curves indicate
Gaussian distribution, where no significant asymmetry was observed. (d) Graphical summary of TVS
measurement on the arylalkane junctions. The transition voltage of the junctions was independent of
the molecular length.
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4. Conclusions

In summary, we reported an alternative molecular device architecture using graphene
heterostructures. Our prototype devices were the SLG electrode-based molecular junctions
with arylalkane molecules acting as a vertical tunneling barrier. They, indeed, exhibited
intrinsic molecular charge transport characteristics with a working device yield of more
than 80% among all the fabricated devices. Such devices have considerable potential for a
versatile test platform in molecular electronics. We showed inherent molecular contribution
to the charge tunneling in the junctions by accomplishing various characterization tech-
niques: (1) intact statistical analysis, (2) J−V curves independent of temperature variation,
(3) accurate exponential decay of the current density with the length of alkyl chains, and
(4) the TVS analysis coincided with the Landauer transport model, which fully demon-
strated that arylalkane molecules acted as a controllable transport barrier in the vertical
junctions, by which one can constitute a valid molecular electronic device with SLG elec-
trodes. The intrinsic tunneling characteristics indicate that the integrity of the component
molecular layer as a tunnel barrier is preserved in the fabricated device, and the charge
transport is not dominated by defects and imperfections. As demonstrated by our find-
ings, the graphene contacts effectively protect the molecular layer from penetration of the
evaporated metal atoms and preserve its integrity in the junction, offering a reliable test
platform for molecular charge transport characterization. In addition, the application of
a back-gate electrode to the graphene-based molecular junctions, to actively control the
tunneling transport, suggests promising avenues for future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12060787/s1, Figure S1: AFM topographical images and
line profile analyses; Figure S2: Intensity ratio and shift of Raman peak; Figure S3: Surface roughness;
Figure S4: Representative J−V curves of C10 and C12 junctions.
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Abstract: In this study, we investigated the high-temperature electronic transport behavior of spin-
coated PEDOT:PSS top-contact molecular ensemble junctions based on self-assembled monolayers
(SAMs) of oligophenylene dithiols. We observed irreversible temperature-dependent charge transport
at the high-temperature regime over 320 K. The effective contact resistance and normalized resistance
decreased with increasing temperature (320 to 400 K), whereas the tunneling attenuation factor
was nearly constant irrespective of temperature change. These findings demonstrate that the high-
temperature transport properties are not dominated by the integrity of SAMs in molecular junctions,
but rather the PEDOT:PSS/SAMs contact. Transition voltage spectroscopy measurements indicated
that the contact barrier height of the PEDOT:PSS/SAMs is lowered at elevated temperatures, which
gives rise to a decrease in the contact resistance and normalized resistance. The high-temperature
charge transport through these junctions is also related to an increase in the grain area of PEDOT
cores after thermal treatment. Moreover, it was found that there was no significant change in either
the current density or normalized resistance of the annealed junctions after 60 days of storage in
ambient conditions.

Keywords: molecular junction; PEDOT:PSS; off-resonant tunneling; transition voltage spectroscopy

1. Introduction

Molecular ensemble junctions have been considered a key element in molecular
electronics in which self-assembled monolayers (SAMs) of individual molecules are ver-
tically sandwiched between top and bottom electrodes and the constituent molecules
span the two electrodes [1–3]. This junction arrangement typically prefers quantum me-
chanical tunneling as a charge transport mechanism through SAMs because of their large
HOMO–LUMO (the highest occupied and lowest unoccupied molecular orbitals) gap with
a very short molecular length [4–6]. Over the past few decades, a variety of pioneering
techniques, such as a conducting atomic force microcopy [7], Hg drop [8], eutectic Ga-In [9],
nanopore [6], micro-via-hole [5], nanoparticle top-contact [10], metal transfer printing [11],
and graphene interlayer [12], have been demonstrated to fabricate and characterize the
molecular ensemble junctions based on SAMs. In particular, the highly conducting poly-
mer poly(3,4-ethylenedioxythiophene):ploy(styrenesulfonate) (PEDOT:PSS) top-contact
molecular ensemble junction is one of the most successful methods to achieve the high
yield of working devices as well as the outstanding stability and reproductivity of large
area junctions (up to several hundreds of μm2 in area) [2,13,14], which are crucial for
any technological applications of molecular electronic devices. However, the physisorbed
contact properties between the spin-coated PEDOT:PSS top-contact and SAMs have been
not thoroughly investigated in the test device platform of molecular junctions. Moreover,
most of the charge transport studies on the molecular junction have been performed at low
(cryogenic) or room temperature due to its thermal instability [3,13,15].
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In this work, we studied the electronic transport properties of PEDOT:PSS top-contact
molecular junctions containing oligophenylene dithiols with three different lengths. The
PEDOT:PSS top electrodes spin-coated on the SAMs of oligophenylene dithiols effectively
prevent electrical shorts from vapor-deposited top metal contacts. The active region of a
molecular junction is generated by via-holes photolithographically pattered in photoresist
to eliminate parasitical current paths and protect the junction from ambient conditions. The
oligophenylene dithiols are one of the simplest prototype molecules with a π-conjugated
backbone, which provide a control series to systemically investigate the charge transport
through molecular junctions because the off-resonant tunneling mechanism has been
coherently demonstrated so far for these molecules [16,17]. Here, our primary focus is on
high-temperature charge transport behavior through the annealed PEDOT:PSS molecular
junctions. Specifically, we observed that the low-bias junction resistance is temperature-
dependent at elevated temperatures above 320 K, which is highly related to total area of
the PEDOT grains and the conductivity of spin-coated PEDOT:PSS film. The high-bias
nonlinear transport is also examined by transition voltage spectroscopy, indicating that
the barrier height at the PEDOT:PSS/SAMs contact is lowered with increasing annealing
temperature and therefore the effective contact resistance of these junctions is decreased.
Finally, we demonstrate the long-term stability of PEDOT:PSS molecular junctions after
thermal treatment.

2. Experimental Details

The device structure of a molecular ensemble junction with the PEDOT:PSS top-contact
is schematically shown in Figure 1a. Three different oligophenylene dithiols, abbreviated
as OPD-n, where n denotes the number of a phenyl ring (see Figure 1b), are sandwiched
between the PEDOT:PSS (top) and Au (bottom) electrodes. To fabricate the device, a 2 nm
thick Ti adhesion layer and a 60 nm thick Au bottom electrode are vapor-deposited on a
thermally oxidized Si substrate using an e-beam evaporator. As seen in Figure 1c, a photore-
sist layer is spin-coated and via-hole arrays of diameter 20–200 μm are created by a typical
photolithographic method. For the SAM formation on Au bottom electrodes, the substrate
is immersed into an ethanol solution of OPD-n molecules at a concentration of 1–2 mM
for a minimum of 24 h. Before the next process, it is thoroughly rinsed with clean ethanol
and then dried in a vacuum desiccator. The conducting polymer PEDOT:PSS (CleviosTM

PH1000) modified with 5% dimethyl sulfoxide (DMSO) is spin-coated on top of the OPD-n
SAMs, producing a film thickness of 90–100 nm with a conductivity of about 300 S cm−1 at
room temperature. It has been known that the conductivity of DMSO-modified PEDOT:PSS
film is 2–3 orders of magnitude greater than that of pure PEDOT:PSS [13]. Moreover, the
pure PEDOT:PSS makes short molecular junctions indistinguishable due to its low conduc-
tivity and high contact resistance [14]. In order to secure low contact resistance, a 50 nm Au
top-contact pad is vapor-deposited through a shadow mask. Lastly, residual SAMs and
PEDOT:PSS film outside the effective region of a molecular junction are eliminated using
reactive ion etching, in which the top Au layer acts as an etching mask. All the electrical
measurements were performed in a probe station equipped with a built-in temperature
controller (MS tech, M5VC model) using a semiconductor parameter analyzer (Keithley
4200A-SCS), where the sample stage cools using a liquid nitrogen. The experimental condi-
tions (e.g., spin-coating and deposition rate and solvent concentrations) are consistently
preserved to examine the effect of anneal temperature on charge transport through the
molecular junctions. To investigate the long-term stability of annealed molecular junctions,
the samples are stored in ambient conditions (usually temperatures of 293–302 K and
the relative humidity of 40–50%) without light shielding, humidity control, or any other
precautions, and then are remeasured after 60 days in air.
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Figure 1. (a) Schematic image of PEDOT:PSS top-contact molecular ensemble junctions. (b) Chemical
structure of oligophenylene dithiols with three different lengths (n = 2, 3 and 4). (c) Optical images of
fabricated devices, showing via-hole arrays with diameter 20–200 μm. (d) Room temperature J(V)
curves of OPD-2, OPD-3, OPD-4, and PEDOT:PSS only junctions.

3. Results and Discussion

The oligophenylene dithiols with different lengths constitute an important control
series in molecular junctions because it has been unambiguously determined that off-
resonant tunneling is the dominant conduction mechanism for these molecules and the
length-dependent transport behavior with various electrode systems is extensively reported
in studies [1–3], providing a crucial comparative study to validate the demonstration of
molecular junctions based on PEDOT:PSS top-contact. Moreover, oligophenylene forms the
conjugated backbone of a molecular wire, and the application of such conductive organic
molecules as an active component in molecular junctions is highly desirable in the field of
molecular electronics. Figure 1d presents the current density (J) of OPD-n (n = 2, 3 and 4)
junctions on a logarithmic scale as a function of the bias voltage (V), which was measured
at room temperature. The J(V) curves were produced by an average over 20 devices per
molecule, and the error bars denote a standard deviation. The ODP-n junction shows a
much lower J value than that of a PEDOT:PSS-only device (that is, without ODP-n SAMs).
For the case of OPD-2 (the shortest molecule), it was decreased by a factor of ~104 in a unit of
A/m2, indicating that a molecular tunnel barrier was formed in the vertically sandwiched
junctions. Figure 1d also exhibits that the current density exponentially decreases with
increasing n or a molecular length, which can be considered as a typical characteristic of
off-resonant tunneling [6,14]. The most remarkable feature observed in the PEDOT:PSS
top-contact molecular junctions is that the charge transport exhibits temperature-dependent
behavior at a high temperature (typically over room temperature). Figure 2a shows the
normalized resistance RA (where R is the resistance and A is the junction area) plotted
against the annealing temperature. R is determined by the linear fits of J(V) curves in a low
bias region ranging from −0.1 to +0.1 V and the plots are displayed for different molecular
lengths of OPD-n in Figure 2a. The RA values of all junctions exponentially decrease
with increasing temperature at more than 320 K, whereas those are nearly constant at low
temperatures (80–300 K). As clearly shown in Figure 2b, the J(V) characteristics of OPD-n
junctions indicate an irreversible change for temperature variation. This result implies that
the charge transport properties might be not caused by thermally activated conduction
mechanisms or thermal broadening of the Fermi-Dirac distribution at the contacts.
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Figure 2. (a) Semilog plots of RA versus temperature for OPD-n junctions at different annealing
temperatures (300, 340, and 380 K). A vertically dashed line indicates 300 K. (b) Irreversible I(V)
characteristic of OPD-4 junction after thermal annealing at 400 K.

To understand the charge transport properties of PEDOT:PSS top-contact molecular
junctions at the high-temperature regime (≥320 K), we performed a variety of transport
characterizations, including the measurements of a tunneling attenuation factor β, effective
contact resistance Rc, and transition voltage Vtrans for OPD-n molecular series. Figure 3a
displays the normalized resistance RA against the number of a phenyl ring (n = 2, 3, 4) at
different annealing temperatures (300, 340, and 380 K). It was observed that the RA values
exponentially increase with n. The low-bias resistance R of a molecular tunnel junction is
typically expressed as [6,9]:

R = Rc exp(βn) (1)
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Figure 3. (a) Semilog plots of RA versus n. Inset shows β values as a function of temperature. Solid
lines indicate linear fits. Error bars denote fitting errors. (b) Plot of Rc versus temperature. Solid lines
indicate a linear fit.

Equation (1) is a general feature of off-resonant tunneling and also convenient because
it distinguishes the exponential length dependence of R from the molecule–electrode contact
contribution (Rc). β is determined from the slope of linear fits (solid lines) in Figure 3a.
It has been well-known that β is a parameter that depends on the molecular backbone
structure in the junctions, reflecting the extent to which the electron wave function decays
with a molecular length [3,6]. The β value obtained at 300 K is 1.61 per a phenyl ring
(=0.38 Å−1), which reasonably agrees with previous studies for OPD-n junctions [16,17].
Noticeably, β is nearly constant across a range of annealing temperatures as shown in
the inset of Figure 3a. This finding clearly indicates that the efficiency of the tunneling
process through the conjugated molecular backbone of OPD-n is maintained, thus implying
that the integrity of SAMs in the molecular junctions is saved from considerable damage
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within the temperature range investigated (up to 400 K). On the contrary, we observed that
Rc monotonously decreases with elevating temperature (Figure 3b), which is determined
from an extrapolation at n = 0 in Figure 3a using Equation (1). These results indicate
that the high-temperature charge transport behavior is not dominated by the integrity of
SAMs themselves in the junctions, but rather electrical contacts between PEDOT:PSS top
electrodes and OPD-n SAMs.

It has been recognized that the morphology of spin-coated PEDOT:PSS films has
a core–shell structure consisting of highly-conductive PEDOT cores enclosed by shells
with non-conductive PSS chains [18]. The electrical conduction in PEDOT:PSS occurs
mainly by charge hopping through PEDOT grains, but not PSS shells. Therefore, the
total area of PEDOT segments occupied in the conducting polymer is a crucial factor in
determining its conductivity. The grain area of PEDOT conductive regions in the spin-
coated PEDOT:PSS film can be examined by its phase image obtained from an atomic
force microscopy (AFM) [18]. Figure 4a displays representative AFM topographical and
phase images of a PEDOT:PSS film obtained at 300 K and after being annealed at 400 K.
A bright (in positive degree) and dark (in negative degree) region in the phase images
corresponds to the grains of a PEDOT core and PSS shell, respectively. We obtained all
the AFM images after cooling the samples to room temperature and found that the total
area of PEDOT grains increases with thermal treatment. For comparison, the PEDOT grain
area was calculated to be 0.452 μm2 at 300 K and 0.538 μm2 at 400 K in the phase images of
1 μm2 using a built-in analysis software (see Figure 4a, bottom). Figure 4b shows a direct
correlation between the entire grain area of PEDOT cores and four-point-probe conductivity
of PEDOT:PSS films with an increase in the annealing temperature from 300 to 400 K. This
result demonstrates that high temperatures over 320 K give rise to an increase in the total
grain area of conductive PEDOT cores and thus the enhancement of PEDOT:PSS electrode’s
conductivity. In addition, residual solvent and moisture, acting as a tunnel barrier in the
spin-coated PEDOT:PSS top-contact molecular junctions, can be evaporated during an
annealing process. These effects generate better electrical contact between the PEDOT:PSS
film and OPD-n SAMs, leading to a decrease in the normalized resistance (Figure 2a) and
effective contact resistance (Figure 3b) of the junctions.

Figure 4. (a) AFM topography image (top), phase images (middle), and grain area calculation
(bottom) of PEDOT:PSS film in of 1 × 1 μm2 area obtained at 300 K and after being annealed at
400 K. (b) Plots of the total grain area of PEDOT cores and the conductivity of PEDOT:PSS film
against temperature.
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For a more comprehensive investigation of charge transport behavior through PE-
DOT:PSS molecular junctions, we also examined the high-bias (nonlinear) regime of the
current (I)−voltage characteristics at different temperatures. In a situation of off-resonant
tunneling observed in the OPD-n junctions, a tunnel barrier can be approximately estimated
from the inflection (or transition) voltage V = Vtrans in a Fowler–Nordheim plot of the
same I(V) characteristics [19]. This method is so-called transition voltage spectroscopy
(TVS) [20]. Owing to its simplicity and reproducibility, TVS have been widely utilized
as a tool to quantify the barrier height for nonlinear transport through molecular tunnel
junctions [20–22]. As representatively illustrated in Figure 5a, we examined the shape of
nonlinear I(V) curves obtained from OPD-n junctions by recasting the curves as Fowler–
Nordheim coordinates, that is, ln

∣∣I2/V
∣∣ versus 1/V. These plots produce well-defined

minima at Vtrans (as denoted by arrows in Figure 5a), which is the key quantity of TVS and
gives an approximation to the height of tunneling barrier in the junctions. To investigate
the influence of thermal treatment on charge transport through the junctions, we plot Vtrans
as a function of temperature in Figure 5b. It was found that Vtrans consistently decreases for
OPD-n junctions as temperature increases. A decease in Vtrans indicates the lowering of a
barrier height with high temperature, which can be attributed to a decrease in the effective
contact resistance at the interface between PEDOT:PSS and OPD-n due to an increase in the
grain area of PEDOT cores (as described in Figure 4) and the removal of residual solvent
and water in the spin-coated polymer films.
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Figure 5. (a) Fowler–Nordheim plots of OPD-n junctions. Arrows indicate Vtrans. (b) Plot of Vtrans

versus temperature. Solid line indicates a linear fit and error bars denote a standard deviation.

Furthermore, to examine the long-term stability of PEDOT:PSS molecular junctions
with high temperature, the samples were annealed at 400 K and then stored in ambient
conditions for subsequent electrical measurements. We remeasured the junctions after
60 days. As shown in Figure 6a, there is no significant change in the J(V) curves. A slight
decrease in the current density is probably due to an increase in the hopping distance
of PEDOT:PSS films or an additional contact barrier resulting from water molecules in
air [18]. Figure 6b presents the RA values of eight distinct junctions after 2 months of
storage in ambient conditions, where the only small increase in RA values was observed
for all measured devices.
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Figure 6. (a) The J(V) characteristics of OPD-2 junctions measured after being annealed at 400 K and
60 days of storage in ambient conditions. (b) RA values for 8 OPD-2 junctions measured after being
annealed at 400 K and 60 days of storage in ambient conditions.

4. Conclusions

We investigated the charge transport properties of spin-coated PEDOT:PSS top-contact
molecular ensemble junctions with OPD-n SAMs. The current density exponentially de-
creased with molecular length, indicating a general feature of off-resonant tunneling.
The charge transport exhibited irreversible temperature-dependent behavior at the high-
temperature regime. The normalized resistance rapidly decreased with increasing tempera-
ture above 320 K. β showed a constant value of 0.38 Å−1, whereas Rc linearly decreased as
temperature increases from 320 to 400 K. These results indicate that the high-temperature
transport behavior was dominated by the PEDOT:PSS/SAMs contact, but not the integrity
of SAMs in the junctions. A decease in Vtrans can be attributed to the contact barrier lower-
ing at the PEDOT:PSS/SAMs interface, which is most probably due to an increase in the
grain area of PEDOT cores and the removal of residual solvent and water in the spin-coated
polymer films after thermal annealing. In addition, no significant change was found in the
current density and normalized resistance of the annealed molecular junctions after 60 days
of storage in ambient conditions. Recent studies also indicate that PEDOT:PSS electrodes
can provide various approaches to create molecular junctions [23–25].
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Abstract: The increasing demands for portable, intelligent, and wearable electronics have significantly
promoted the development of flexible supercapacitors (SCs) with features such as a long lifespan,
a high degree of flexibility, and safety. MXenes, a class of unique two-dimensional materials with
excellent physical and chemical properties, have been extensively studied as electrode materials for
SCs. However, there is little literature that systematically summarizes MXene-based flexible SCs
according to different flexible electrode construction methods. Recent progress in flexible electrode
fabrication and its application to SCs is reviewed according to different flexible electrode construction
methods based on MXenes and their composite electrodes, with or without substrate support. The
fabrication methods of flexible electrodes, electrochemical performance, and the related influencing
factors of MXene-based flexible SCs are summarized and discussed in detail. In addition, the future
possibilities of flexible SCs based on MXene are explored and presented.

Keywords: MXenes; two-dimensional materials; flexible electrode; flexible supercapacitors

1. Introduction

With the emergence of more foldable, wearable, and flexible electronic devices, it is
imperative to develop high-performing, safe, and cost-effective flexible energy storage
devices that are compact and flexible enough to match these electronic components [1,2].
Due to the benefits of supercapacitors (SCs), such as long cycling, fast charging–discharging
rates, and higher power density [3,4], flexible SCs are seen as advantageous candidates for
powering flexible devices due to their being space efficient, lightweight, easy to handle,
reliable, and compatible with other flexible electronic components [5–7]. They are usually
made with thin-film electrode materials in the shape of fibers or flat sheets, with or without
soft-matter substrates for support. Active materials are firmly integrated with flexible sub-
strates, which allows the device to be robust and flexible mechanically. Free-standing films,
fibers, or papers can serve as flexible electrodes generally without the need for current col-
lectors and insulating binders, providing superior volumetric and gravimetric capacitance.
Additionally, they can be easily fabricated into any desired shape or structural form [8].
Many nanostructured materials are frequently used in flexible SCs as electrode materials
with improved performance, including carbon nanotubes, hierarchically porous carbon,
and hollow metal oxides/sulfides [9–16]. However, there are few electrode materials that
can have both high volumetric and gravimetric specific capacitance.

MXenes, a specific class of 2D transition metal carbides and nitrides, are obtained by
selectively etching the A layer in their precursor MAX phase, where A is mainly group-13 or
group-14 elements [17,18]. Since Ti3C2Tx nanosheets were successfully synthesized with a
selective etching method in 2011, MXenes have attracted great attention from scientists [19].
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In the past decade, although more than thirty MXenes have been synthesized, includ-
ing Ti2CTx, Ti2NTx, Ti3C2Fx, Ti4N3Tx, Mo1.33CTx, Mo2CTx, Nb2CTx, Nb4C3Tx, Hf3C2Tx,
Zr3C2Tx, Cr2CTx, and V2AlC, MXene-based SC electrodes mainly focus on Ti3C2Tx, Ti2CTx,
Mo2CTx, V2CTx, and Mo1.33CTx [20–39]. In addition to having the advantages of numerous
electrochemically active sites, intact electron transport channels, and a two-dimensional
structure for the diffusion of electrolytes, MXenes also exhibit metal conductivity and
contain functional groups, including oxygen and fluorine, which are conducive to current
charge–discharge and rate performance [23]. Furthermore, MXenes contribute most capaci-
tance in the form of intercalation pseudocapacitance through intercalation processes with
better reversibility and reaction kinetics, showing excellent cycling stability when employed
as electrode materials [40]. Since the crystal layers of MXenes are flexible, their large gaps
can accommodate more electrolyte ions, and MXenes with high packing density theoreti-
cally have higher volumetric capacity and energy density. For example, MXene hydrogels
provide a volumetric capacitance of 1500 F cm−3, which surpasses the hitherto unequaled
value of RuO2, and its rate characteristic is superior to that of carbon [24]. Hence, MXenes,
as a layered 2D material, have demonstrated the most promising application potential in
flexible SCs because of their higher conductivity and excellent dispersibility, which are
beneficial to making films due to their hydrophilic surface. There is also a lot of reported
research about MXenes as flexible SC electrode materials.

Several reviews on the synthesis and applications of MXenes have been published,
particularly in energy storage and conversion [41–57]. For example, Ma et al. summa-
rized the latest developments in flexible MXene-based composites for wearable devices,
emphasizing preparation processes, working mechanisms, performance, and a vast array
of applications, including sensors, SCs, and electromagnetic interference (EMI)-shielding
materials [58]. Huang et al. reviewed the synthetic processes and fundamental features
of functional 2D MXene nanostructures, highlighting their applications in EMI shielding,
sensors, photodetectors, and catalysis [59]. Liu et al. overviewed the synthesis methods
and the associated mechanisms of the Ti3C2 MXene/graphene composite, highlighting
their potential application as energy storage materials, such as lithium–sulfur batteries,
lithium-ion batteries, SCs, etc. [53]. Jiang et al. presented the most recent developments
in MXene-based microsupercapacitors (MSCs), including device architecture, electrode
material design, and different methods of depositing and patterning [41]. In 2021, Xu et al.
reviewed recent research and breakthroughs in the chemical and physical synthesis of 2D
MXenes and their applications in different flexible devices [50]. Zhang et al. reviewed the
most typical flexible electrode materials at this point of development in terms of the recent
advancements and challenges of flexible SCs [60]. Ma et al. comprehensively reviewed
the most recent developments in Ti3C2Tx-based SC electrodes, paying special emphasis to
the crucial role played by Ti3C2Tx MXene in the exceptional electrochemical performance
as well as the underlying mechanisms [49]. Yang et al. summarized the recent advances
in MXene-based electrochemical immunosensors, emphasizing the roles played by MX-
enes in various types of electrochemical immunosensors [61]. Vasyukova et al. reviewed
methods for synthesizing MXenes as well as their potential medical and environmental
applications [62]. Yang et al. reviewed the recent research advancements in the structure,
construction, and application of MXene-based heterostructures such as SCs, sensors, bat-
teries, and photocatalysts [63]. However, for all that, the above-reported reviews are not
specifically for the application of MXene-based electrode materials in flexible SCs.

Despite the numerous reviews that have referred to MXenes for their electrochemical
energy storage capabilities, there have been a limited number of reviews about the different
construction methods of electrodes for MXene-based flexible SCs. Here, we present the
most recent developments in flexible electrode manufacturing and their applications in SCs
according to the different construction methods of flexible electrodes based on MXenes and
their composite electrodes, with or without substrate support. Firstly, since the distinctive
physical and chemical properties of Ti3C2Tx MXene are directly related to the process of
preparation, a brief description of the synthesis strategy of Ti3C2Tx MXene and its impact
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on the electrochemical properties will be presented. Secondly, construction methods such
as self-supporting, PET-supported, fabric fiber-supported, and other substrate-supported
MXene-based films as flexible electrodes are reviewed. An overview of the fabrication
methods, electrode structures, working mechanisms, electrochemical performance, and
related influencing factors of Ti3C2Tx-based SC electrodes is provided. In addition, the
future possibilities of SC materials based on Ti3C2Tx are outlined to encourage more
research and development on MXenes in this fast-growing field.

2. Synthesis of Ti3C2Tx MXene

The outstanding properties of Ti3C2Tx are highly dependent upon its synthesis pro-
cesses, which determine its chemical composition, electrical conductivity, lateral size,
etching efficiency, surface terminations, and defects. Since the first preparation of Ti3C2Tx
in 2011, researchers have conducted extensive research on the new MAX phase and on
the etching method. At present, many types of etchants are being explored for the pro-
duction of Ti3C2Tx MXene, including fluoride etching [26,30,64–68], fluoride-based salt
etching [69,70], and fluoride-free etching, which have a significant impact on the electro-
chemical performance.

2.1. HF Etching

MXene is typically prepared by selectively etching the A layer of the MAX phase, and
the mechanism can be described as follows [71,72]:

M(n+1) AXn + 3HF = AlF3 + 1.5H2 + M(n+1) Xn (1)

M(n+1) Xn + 2H2O = M(n+1) Xn (OH)2 + H2 (2)

M(n+1) Xn + 2HF = M(n+1) XnF2 + H2 (3)

In reaction (1), the A elements are separated from the MAX phase, resulting in the
Mn+1Xn phase. The functional groups of -F and/or -OH originate from reactions (2)
and (3). Figure 1a,b show the schematic of the exfoliation process and characterization
of structure morphology for Ti3AlC2. Naguib et al. prepared Ti3C2Tx MXene with an
accordion-like shape (Figure 1b) by etching Ti3AlC2 powders for 2 h in a 50% concentrated
HF solution [73]. Mashtalir et al. investigated the influence of process parameters and
particle size on the etching of Al from Ti3AlC2 in a 50% HF solution. The results showed
that reducing the initial MAX particle size, prolonging reaction time, and increasing the
immersion temperature were advantageous for the phase transformation of bulky Ti3AlC2
into Ti3C2Tx [74]. During the etching procedure, etching duration, temperature, and HF
concentration significantly impact the products. Al can be removed from the Ti3AlC2 MAX
phase by HF with concentrations as high as 5%. However, an accordion-like particle form
is commonly observed when HF concentrations exceed 10%. Moreover, the higher the HF
percentage, the more defects there are in the Ti3C2Tx flakes, affecting the quality, stability
in the environment, and properties of the MXene obtained [75,76]. As the HF method has a
low reaction temperature and is easy to operate, it is ideal for etching Al-containing MAX
phases and portions of non-MAX phases. The HF etchant, however, is highly corrosive,
toxic, poses operational risks, and has adverse environmental effects.
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Figure 1. (a) Schematic of the exfoliation process for Ti3AlC2. (b) SEM image of a sample after HF
treatment. Reprinted with permission from Ref. [73]. Copyright 2011 WILEY-VCH Verlag GmbH
& Co., KGaA. (c) Ti3AlC2 etched in a solution of HCl + LiF and then washed with water to obtain
Ti3C2Tx; the resulting Ti3C2Tx behaves like a clay. (d) XRD patterns of samples produced by etching
in LiF + HCl solution. Reprinted with permission from Ref. [77]. Copyright 2014 Nature. (e) The
schematic illustration of a reaction between Ti3AlC2 and bifluorides. (f) SEM images of samples
exfoliated by NH4HF2 and the XRD patterns of Ti3AlC2 and different Ti3C2 samples: (I) Ti3C2 from
etching Ti3AlC2 with HF; (II) Ti3C2 from etching Ti3AlC2 with NaHF2; (III) Ti3C2 from etching
Ti3AlC2 with KHF2; (IV) Ti3C2 from etching Ti3AlC2 with NH4HF2. Reprinted with permission from
Ref. [78]. Copyright 2017 Materials & Design.
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2.2. Fluoride-Based Salt Etching

To develop significantly safer and gentler methods to manufacture Ti3C2Tx flakes,
researchers attempted to use hydrochloric acid (HCl) and fluoride salts as etchants to
dissolve the Al element and generate 2D transition metal carbides. Ghidiu et al. prepared
MXenes by dissolving LiF in 6 M HCl (Figure 1c) [77]. Compared to the HF etchant,
this method can produce MXene flakes with bigger lateral dimensions, higher yields,
and better quality. Furthermore, compared with the lattice parameter of HF-produced
Ti3C2Tx (c < 20 Å), the value in this study was 27–28. (Figure 1d). The increased interlayer
spacing allows for the creation of more electrochemically active surfaces as well as shorter
electrolyte ion transport routes. Furthermore, the milder etchant of LiF + HCl produces the
Ti3C2Tx flakes with wider lateral dimensions and fewer nanosized flaws. TEM also showed
that the majority of the Ti3C2Tx flakes had diameters of 500–1500 nm. The amount of HCl
and LiF during the synthesis of fluoride-based salts affects the size, processing capacity,
and quality of Ti3C2Tx. For example, LiF:Ti3AlC2 molar ratios increase from 5 to 7.5 when
the HCl concentration is increased from 6 to 9 M, improving the quality and size of the
Ti3C2Tx flakes [79].

In addition to LiF, various fluoride salts such as NH4HF2, KF, NaF, FeF3, NH4F, etc.,
have been utilized to produce Ti3C2Tx MXene. In 2014, it was reported that NH4HF2 could
be used to etch sputter-deposited epitaxial Ti3AlC2 films at room temperature [80]. In
contrast to the films etched with HF, the films intercalated with NH3 and NH4+ species
showed 25% larger c lattice parameters. Feng et al. described the effect of etching duration
and temperature on the synthesis of Ti3C2Tx in 1 M of different bifluoride solutions (NaHF2,
KHF2, NH4HF) (Figure 1e) [78]. In 1 M of bifluoride solution at 60 ◦C, the minimum etching
duration for the onset of exfoliation of Ti3AlC2 was 8 h. Using bifluoride, KHF2, or NH4HF2
as an etchant allowed the formation of Ti3C2 with greater interplanar spacing in a single-
stage process and the retention of the 2D flake structure (Figure 1f). Wang et al. proposed
using iron fluoride (FeF3) and hydrogen chloride (HCl) as an etching for the production
of Tin+1CnTx from Tin+1AlCn (n = 1 or 2) [81]. Compared to the HF etching method, the
fluorine content of Ti3C2 made with FeF3/HCl is lower. By adjusting the immersion time
in the water, it was possible to tune the partial oxidation of Ti3C2Tx, which enabled the
preparation of a composite of anatase and Ti3C2Tx.

The fluoride salts used in synthesizing Ti3C2Tx are less poisonous and milder than HF.
This Ti3C2Tx has a relatively large size, few flaws, a low fluorine concentration, and large
interlayer spacing, allowing for further structural modification.

2.3. Fluoride-Free Etching

Even though fluorine-containing etching produces MXenes with a good layer-sheet
structure, long etching times can cause defects in the product, and impurity groups (-F,
-OH) can change the properties of the MXenes. The specific capacitance of the material can
also be affected when it is used as an SC electrode. Researchers have developed a variety of
fluorine-free MXene etching techniques in response to these problems [82–89].

Electrochemical etching is a method for preparing 2D Ti3C2Tx with good capacitive
performance. This method can be carried out in electrolytes devoid of fluorides in order to
produce Ti3C2Tx MXene devoid of fluorine terminations. Al layers can be selectively etched
by applying a steady voltage, allowing chloride ions (Cl−) that have a strong affinity for Al
to break the Ti-Al bonds. Feng et al. proposed an electrochemical method for layering Ti3C2
using binary aqueous electrolytes [89]. The anodic etching of Al is facilitated by chloride
ions, which allow Ti-Al bonds to be broken quickly. Then, ammonium hydroxide (NH4OH)
is added to make it easier to etch below the surface of the anode that has already been
etched. More than 90% of the Ti3AlC2 etched in a short period of time is a single layer or
double layer, and the average lateral dimension exceeds 2 μm. In addition, an all-solid-state
SC fabricated from exfoliated sheets exhibits excellent volumetric and areal capacitances of
439 F cm−3 and 220 mF cm−2, respectively, at a scan rate of 10 mV s−1, which is larger than
for the classical HF etching process [90].
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Alkali is also anticipated to achieve selective etching of the MAX phase. Li et al.
successfully prepared multilayer MXene with 92 wt% purity based on the Bayer process
using only alkali-assisted hydrothermal methods [91]. Initially, a solution of Ti3AlC2 was
oxidized by NaOH and then dissolved into Al (OH)4−, resulting in the surface termination
of MXene with various functional groups of Al atoms, such as -OH and/or -O. After that, the
inner Al atoms began to oxidize, producing new Al hydroxides ((Al(OH)3) and dehydrated
oxide hydroxides (AlO(OH)). These Ti layers provided lattice confinement, preventing these
insoluble compounds from reacting readily with -OH to produce dissolvable Al (OH)4

−,
which interfered with MXene synthesis and had to be eliminated. The schematic diagram
of the reaction between Ti3AlC2 and the NaOH aqueous solution under different conditions
is shown in Figure 2a. The Ti3C2Tx film electrode was prepared (52 μm thick) in 1 M
H2SO4 with a gravimetric capacitance of 314 F g−1 at 2 mV s−1, which is 28.2% higher than
the LiF + HCl-Ti3C2Tx clay (75 μm thick) [48] and 214% higher than the HF-Ti3C2Tx [92].
Similarly, Li et al. etched 0.1 g Ti3AlC2 by using 0.35 g of KOH in a hydrothermal reactor
at 180 ◦C for 24 h [93]. Al atoms are replaced with -OH groups, resulting in nanosheets
of Ti3C2(OH)2 with significant lateral dimensions. When the MAX phase is etched with
concentrated alkali, highly hydrophilic products with F-free terminations can be achieved.
The use of high alkali concentrations and high temperatures limits its applications for
preparing MXene on a large scale.

Due to their electron acceptor, transition metal halides in the molten state are capable
of reacting with the A layer of the MAX phase. As shown in Figure 2b, Li et al. presented a
method for etching MAX phases based on direct redox coupling between A and a Lewis
acid molten salt cation [94]. This general Lewis acid etching procedure also expanded the
range of MAX-phase precursors, which can be used to prepare new MXenes (Figure 2c).
These MXenes exhibited increased storage capacity for Li+ and high current in nonaqueous
electrolytes, making them suitable electrode materials for Li-ion batteries and multifunc-
tional devices, including capacitors [95,96]. Using the one-step molten salt reaction of SnCl2
in situ, Wu et al. synthesized Ti3C2Tx MXene/Sn composites directly from Ti3AlC2 MAX
phase precursors in Figure 2d [97]. The SnCl2 is etched as a Lewis acid during this process
to etch the Ti3AlC2 MAX phase and obtain Ti3C2Tx MXenes. The structure of Ti3C2Tx
MXene displays a typical accordion design. It was found that the interlayer spacing of
Ti3C2Tx MXene was 1.15 nm (Figure 2e), a much greater spacing than that obtained by
acid etching (0.96–0.98 nm), widely used at the time. Although the nonaqueous molten
salt etching method offers a broader range of etching and chemical safety, it is still in its
infancy, which requires further investigation into the physicochemical properties of the
MXenes produced.

It is more difficult to produce MXenes using water as a solvent at room temperature.
For example, the presence of water adversely affects the synthesis of polymeric nanocom-
posites with MXenes reinforced by means of in situ polymerization [98,99]. The residual
water may have an impact on the successful loading of specific quantum dots onto MXene
sheets [100,101]. Moreover, when organic electrolytes are employed, the presence of wa-
ter could decrease the stability of the electrolyte and reduce the electrochemical voltage
window, resulting in the performance degradation of lithium-ion and sodium-ion batteries.
In recent years, researchers have made great efforts to find a breakthrough. Using organic
substances and deep eutectic solvents (DES) as etching solvents, they have succeeded in
preparing MXene products with good electrochemical properties.
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Figure 2. (a) The reaction between Ti3AlC2 and NaOH water solution under different conditions.
Reprinted with permission from Ref. [91]. Copyright 2018 WILEY-VCH. (b) Schematic of Ti3C2Tx

MXene preparation. (c) Generalization of the Lewis acid etching route to a large family of MAX
phases. Reprinted with permission from Ref. [94]. Copyright 2020 Natural Materials. (d) Schematic of
the synthesis of Ti3C2Tx and Ti3C2Tx/Sn composites by SnCl2 molten salt reaction. (e) HRTEM image
of Ti3C2Tx MXene. Reprinted with permission from Ref. [97]. Copyright 2022 Electrochimica Acta.

As shown in Figure 3a, Wu et al. reported a highly reliable and water-free ion thermal
method for synthesizing Ti3C2 MXene in deep eutectic solvents (DES) [102]. The DES used
in the production of Ti3C2 MXene offers the following special advantages over earlier high-
risk processes: (i) The processing of solid precursors and products at room temperature was
highly safe, rather than making use of hazardous solutions; (ii) the low vapor pressure of
DES and its excellent solvation properties enable the etching process to generate HF in situ
through a reaction between H2C2O4 and NH4F in a mild environment; (iii) the cations of
choline were intercalated into the layers of Ti3C2, resulting in a larger interlayer spacing of
1.35 nm in comparison with HF-Ti3C2 (0.98 nm); and (iv) DES can be recycled and reutilized
throughout the etching process, which is promising for the industrial preparation of MXene
at a low cost. Shi et al. developed a new iodine-assisted nonaqueous etching strategy [103].
MAX powders were immersed in an I2-CH3CN mixture with a 1:3 molar ratio of Ti3AlC2 to
I2, as shown in Figure 3b. Iodine can remove Al layers from Ti3AlC2 because Ti−Al bonds
are more reactive than Ti−C bonds. Then, manual shaking in an HCl solution was sufficient
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for separating 2D MXene sheets. Because of the benefits of the nonaqueous etching process,
2D MXene sheets exhibit good structural stability. MXene films have a higher conductivity
of 1250 S cm−1 compared to films made with fluoride etchants. The exfoliated MXene sheets,
through iodine etching containing extensive oxygen surface groups, can be fabricated into
SCs with gravimetric capacitances and cycling stability, which surpasses the performance
of most MXene materials previously reported [34,104,105].

Figure 3. (a) Scheme of the ionothermal synthesis of DES-Ti3C2 MXene. Reprinted with permission
from Ref. [102]. Copyright 2019 Journal of Energy Chemistry. (b) The iodine-assisted etching and
delamination of Ti3AlC2 towards 2D MXene sheets. Reprinted with permission from Ref. [103].
Copyright 2021 Wiley-VCH GmbH.

3. MXene-Based Flexible Electrode Materials

As electrode materials, MXenes should exhibit not only excellent electrochemical
performance but also excellent properties such as hydrophilicity, malleability, and two-
dimensional structure (atomic layer thickness and micrometer-scale lateral dimensions),
which make them suitable for the formation of the thin film serving as a flexible electrode.
As a result, the electrochemical performance of SCs is largely determined by MXene
electrode material structure design, such as electrode architecture, surface terminations,
interlayer spacing, and composites (Figure 4) [55]. Recently, a lot of research has explored
the application of MXenes and their composites for fabricating SCs on different substrates,
including self-supporting, PET-supported, carbon-cloth-fiber-supported, and so on. In this
section, we provide a report on recent developments in MXene-based flexible electrodes.
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Figure 4. Modification design strategies for MXenes and applications, including interlayer structure
design, surface chemistry design, electrode architecture design, and composites. Reprinted with
permission from Ref. [55]. Copyright 2021 Journal of Electroanalytical Chemistry.

3.1. Self-Support MXene-Based Films as Flexible Electrodes
3.1.1. Pure MXene

MXene-based electrodes, especially freestanding MXene films, have immense potential
for SCs and flexible electronics [44]. In addition, the many terminations endow MXenes
with excellent hydrophilicity and a rich surface charge, allowing MXene nanosheets to be
disseminated uniformly in aqueous solutions.

By using vacuum filtration (VAF) [106], the MXene dispersions can be easily turned
into MXene films. These films can be directly charged as electrodes for flexible SCs to
achieve high specific capacitance and good cycling performance. Ghidiu et al. rolled
hydrophilic MXene (Ti3C2) into thin films using LiF and HCl etching [77]. The volumetric
capacitance of the Ti3C2 electrode is up to 900 F cm−3, which is at least twice that of
MXene (300 F cm−3) generated through hydrofluoric acid etching and is characterized by
exceptional rate performance and excellent cyclability [23]. Furthermore, the synthetic
method allows film production to be much faster while avoiding the handling of hazardous
concentrated hydrofluoric acid. It is necessary for the delaminated Ti3C2 (d−Ti3C2) films to
have a sufficiently high stacking density and electrical conductivity for them to be capable
of producing high volumetric performances. As shown in Figure 5a, Que et al. developed a
much thinner, more flexible MXene-film electrode obtained through vacuum filtration by
applying external pressure to the membrane [107]. The application of external pressures
could increase the density of the delaminated Ti3C2 (d−Ti3C2) films, resulting in good
wettability, a comparatively high electrical conductivity, and high surface activity, thereby
facilitating effective ion transport. The d−Ti3C2 film, pressed at a pressure of 40 MPa,
exhibits an extraordinarily high capacitance of 633 F cm−3, a high energy density, and
outstanding cyclical stability (Figure 5c,d). Furthermore, the corresponding SC in the
organic electrolyte has a volumetric energy density of 41 Wh L−1 (Figure 5b).
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Figure 5. (a) Schematic illustration of the high-pressure d−Ti3C2 film synthesis and electrode
preparation. (b) Ragone plots of volumetric energy and power densities. (c) Volumetric capacitances
of the d−Ti3C2 film electrodes in different symmetric SCs. (d) Ragone plots of volumetric energy
and power densities obtained from the symmetric SCs based on the d−Ti3C2 films under different
pressures. Reprinted with permission from Ref. [107]. Copyright 2018 WILEY-VCH Verlag GmbH &
Co., KGaA.

Heat treatment is an efficient approach for eliminating the terminals of MXene and
improving its electrochemical performance [108]. A method for enhancing the capacitance
performance of Ti3C2Tx film by annealing at a low temperature in inert gas was presented
by Zhang et al. [109]. Due to more C−Ti−O active sites and greater interlayer voids, the
annealed film at 200 ◦C in an Ar atmosphere has an energy density of 29.2 Wh Kg−1 and a
capacitance of 429 F g−1 in 1 M H2SO4 electrolyte. Subsequently, Zhao et al. investigated
the high-temperature annealing of Ti3C2Tx films to enhance capacitance performance [110].
In addition to its gravimetric value of 442 F g−1, the film also has a high volumetric capaci-
tance and an excellent rate capability after being annealed at 650 ◦C in an Ar atmosphere.
As a simple and environmentally friendly process, alkalinizing followed by annealing
has been certified to increase the gravimetric capacitance of MXenes. By alkalinizing and
annealing Ti3C2Tx film (Figure 6a), Zhang et al. synthesized a flexible and binderless
MXene film (named ak−Ti3C2Tx film−A) [106]. As a result of the alkalizing and annealing
processes, more oxygen-containing groups are exposed to the aqueous electrolyte, increas-
ing the pseudocapacitance during the charge–discharge process [111,112]. Furthermore, the
annealing treatment also increases the crystalline order, which enhances the conductivity of
the MXene film. In addition to extremely high volumetric capacitance (Figure 6b), the film
electrode has remarkable cycling stability. The symmetric SC with ak−Ti3C2Tx film−A
also showed a volumetric energy density of 45.2 Wh L−1.
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Figure 6. (a) Schematic diagram showing the synthesis process of ak−Ti3C2Tx film−A. (b) The
specific capacitance as a function of current density. Reprinted with permission from Ref. [106].
Copyright 2018 Electrochimica Acta. (c) Schematic illustration for the fabrication of f-MXene and
v-MXene films. (d) Specific capacitance of f−MXene−10 and v−MXene−10 at different current
densities. Reprinted with permission from Ref. [113]. Copyright 2020 Applied Surface Science. (e) SEM
image of macroporous templated Ti3C2Tx electrode cross-section. Insets show schematically the
ionic current pathway in electrodes of different architectures. (f) Cyclic voltammetry profiles of a
macroporous 13−μm−thick film with a 0.43 mg cm−2 loading collected in 3 M H2SO4 at scan rates
from 20 to 10,000 mV s−1; the inset shows a schematically macroporous electrode architecture and the
ionic current pathways in it. Reprinted with permission from Ref. [24]. Copyright 2017 Nature Energy.

Although MXenes can be easily built into a film using a simple vacuum filtration pro-
cess, this results in the horizontal restacking of the delaminated MXene nanosheets, slowing
ion transport as well as inadequate active site exposure, hence reducing capacitance and
rate performance. Many ways have been reported for enhancing ion accessibility to active
sites. For example, the freeze-drying treatment is an efficient way of producing 2D materials
with extremely complex structures since some of the metastable designs can be preserved
during the process [114]. During the process, the solvent molecules function as pore cre-
ators, which prevent the flakes from stacking, resulting in an increase in the specific surface
area. Additionally, MXene films with suitable porosity architectures can be produced by
modifying the freeze-drying procedure. Xia et al. presented a method for fabricating a
Ti3C2Tx film electrode with malleable, freestanding, and vertically aligned properties by
mechanically shearing a liquid–crystalline phase of MXene nanosheets and then freeze-
drying the nanosheets to remove ethanol [115]. Ran et al. fabricated freestanding and
flexible MXene films with vacuum-filtering and freeze-drying techniques (Figure 6c) [113].
The frozen solvent molecules were eliminated by sublimation throughout the freeze-drying
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process, mitigating the detrimental effect of van der Waals forces and enhancing layer spac-
ing. In comparison to the dense stacking of vacuum-heated MXene (v−MXene) film, the
freeze-dried MXene (f−MXene) film exhibited a porous structure that enhanced electrolyte
ion shuttling, thus enhancing electrochemical performance. Therefore, the f−MXene film
electrode has a maximum specific capacitance of 341.5 F g−1 at 1 A g−1 and 206.2 F g−1

when the current density reaches 10 A g−1, which is a significant improvement over the
v-MXene film electrode (Figure 6d).

The templating method is also widely used to produce porous 2D materials by putting
a template material into the nanosheet interlayers of 2D materials and then removing
it [115–117]. Typically, polymers are utilized as templates for designing 3D macroporous
electrode films by ordered assembly. Lukatskaya et al. created a flexible Ti3C2Tx electrode
with an open, porous architecture using microspheres of polymethylmethacrylate (PMMA)
as a sacrificial template and then removed the template via annealing (Figure 6e) [24]. The
Ti3C2Tx electrode exhibited a capacitance of 200 F g−1 at scan rates as high as 10 V s−1

(Figure 6f).

3.1.2. MXene/Graphene

Integrating MXenes with graphene is a promising method of fabricating composite
films. The irregular Ti3C2Tx acts as an intercalator and dispersant within the graphene
layer, lessening graphene agglomeration and increasing specific surface area. The Ti3C2Tx
with superior electrical conductivity and hydrophilicity will enhance the electrochemical
properties of the composites and their capacitive deionization characteristics [118–120].
Thus, the synergistic effect enabled by the bilayer effect of graphene and the pseudoca-
pacitive characteristics of Ti3C2Tx may enhance the energy storage performance of the
composite electrode [121–125].

Most of the time, MXenes and graphene are made by mixing solutions of MXenes
with reduced graphene oxide (rGO) or graphene oxide nanosheets and then vacuum-
filtering to form the composite films [126–129]. Yan et al. came up with a way to make
MXene/rGO SC electrodes using the electrostatic self-assembly of negatively charged
MXene and positively charged, chemically oxidized rGO, as shown in Figure 7a [130]. The
MXene/rGO composite effectively prevents the self-restacking of both rGO and MXene
while maintaining extremely high electrical conductivity (2261 S cm−1) and large density
(3.1 g cm−3). The MXene/rGO-5 wt% composite electrode has an excellent volumetric
capacitance at 2 mV s−1, a capacitance retention capacity of 61% at 1 V s−1, and an extended
cycle life. In addition, this binder-free symmetric SC displays an extremely high volumetric
energy density of 32.6 Wh L−1. Fan et al. prepared modified MXene/holey graphene films
by filtering alkalized MXene and holey graphene oxide (HGO) dispersions and annealing
them in Figure 7b [128]. Alkali is capable of leading not only to the destruction of charge
balance in holey graphene oxide and MXene dispersions but also of causing the transition
of the -F group into a -OH group. Furthermore, annealing may also remove most of the -OH
groups and increase the number of Ti atoms, which could lead to greater pseudocapacitive
reactions. It can provide extremely high capacitances (1445 F cm−3 at 2 mV s−1), high
mass loading capacities, and excellent rate performance as an electrode material for SCs.
Furthermore, the assembled symmetric SC exhibits a tremendous volumetric energy density
(38.5 Wh L−1).
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Figure 7. (a) Schematic illustration for the synthesis of the MXene/rGO hybrids. Reprinted with
permission from Ref. [130]. Copyright 2017 WILEY-VCH Verlag GmbH & Co., KGaA. (b) Illustration
of synthesis of the modified MXene/holey graphene film. Reprinted with permission from Ref. [128].
Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA.

These heterostructured films were manufactured via a vacuum-assisted filtration
process, which is both time-consuming and size-constrained, making it unsuitable for
large-scale production. Therefore, for a satisfactory stacking of each component, as well
as for high-speed processing [131], Miao et al. developed a simple and effective method
for fabricating a 3D porous MXene film using self-propagating reduction. The process
can be completed in 1.25 s, resulting in a 3D porous framework via the immediate release
of substantial amounts of gas. MXene/rGO films have a higher capacitance and rate
performance because the 3D porous structure provides abundant ion-accessible active
sites and allows rapid ion transport [132]. Yang et al. developed an effective and rapid
self-assembly method for creating a 3D porous oxidation-resistant MXene/graphene (PMG)
composite using the template in Figure 8a [133]. The 3D porous design could successfully
prevent the oxidation of MXene layers, ensuring superior electrical conductivity and an
adequate number of electrochemically active sites. Therefore, the PMG−5 electrode has
an exceptional cycling stability, excellent rate performance, and a remarkable specific
capacitance (Figure 8b,c). In addition, the as-assembled asymmetric SC (ASC) has excellent
cycling stability with a specific capacitance degradation of 4.3% after 10,000 cycles and a
notable energy density of 50.8 Wh kg−1 (Figure 8d,e).
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Figure 8. (a) Schematic illustration of the synthesis of 3D porous MG nanocomposite. (b) Specific
capacitance at different scan rates. (c) Cycling stability of the Zn−MXene, PMG−5, and PMG−10
electrode measured at 200 mV s−1. (d) Energy and power density for PMG−5//NHRGO ASCs.
(e) Capacitance retention ratio of ASC at a scan rate of 100 mV s−1 for 10,000 cycles. Reprinted with
permission from Ref. [133]. Copyright 2021 Wiley-VCH GmbH.

3.1.3. MXene/Carbon Nanotubes

Carbon nanotubes (CNTs), a common and well-studied type of 1D carbon nanomate-
rial, are also used to make SC electrodes by combining them with Ti3C2Tx MXene. CNTs can
increase the performance of energy storage by enlarging the specific surface area, regulating
the interlayer gap, enabling ion diffusion, and improving electrical conductivity [134–139].

The layer-by-layer assembly method is a well-established method of constructing mi-
crostructures [140,141]. Zhao et al. have exploited sandwich-like, flexible MXene/CNT film
electrodes for SCs using the alternate filtration of MXene and CNTs from aqueous solutions
(Figure 9a) [142]. In comparison to pure MXene and randomly mixed MXene/CNT paper
electrodes, these electrodes are highly flexible and freestanding, with highly significant
volumetric capacitances and excellent rate performance. At a scan rate of 2 mV s−1, the MX-
ene/SWCNT paper electrode showed a high capacitance of 390 F cm−3. It also displayed a
volumetric capacitance of 350 F cm−3 at 5 A g−1, which did not degrade after 10,000 cycles
(Figure 9b,c).

Self-assembly technology, also known as electrostatic assembly, is an easy method of
synthesizing hybrid materials. In self-assembly technology, one material is constructed
on the surface of another, thus forming composites by utilizing the electrostatic interac-
tion between distinct charges. Dall’Agnese et al. produced a flexible Ti3C2Tx/CNT film
by using the self-assembly approach and studied the electrochemical behavior of Ti3C2
MXene in different organic electrolytes [143]. This electrode exhibited excellent cycling
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stability and rate performance. By means of vacuum filtration, Xu et al. also produced
a Ti3C2Tx/SCNT self-assembled composite electrode, which exhibited a capacitance of
220 mF cm−2 (314 F cm−3) and retained 95% of its capacitance after 10,000 cycles [144]. The
enhanced capacitance could be attributed to the increase in the interlayer spacing of MXene
and the improved ion accessibility brought about by the utilization of SWCNTs as spacers.

Figure 9. (a) The fabrication of MXene/CNT papers. (b) Gravimetric capacitances of Ti3C2Tx

and Ti3C2Tx/CNT electrodes at different scan rates. (c) Cycling stability of a sandwich-like
Ti3C2Tx/SWCNT electrode at 5 A g−1. Reprinted with permission from Ref. [142]. Copyright
2014 WILEY-VCH Verlag GmbH & Co., KGaA. (d) Schematic illustration of the fabrication process
of MXene nanosheets, vacuum-dried D−MF film, freeze-dried 3D−PMF film, and freeze-dried
3D−PMCF film. (e) Gravimetric energy and power density profiles for 3D−PMCF, 3D−PMF, and
D−MF. Reprinted with permission from Ref. [144]. Copyright 2020 WILEY-VCH Verlag GmbH & Co.,
KGaA. (f) Design of the MXene-knotted CNT composite electrodes for efficient ion transportation.
(g) Cyclic voltammograms with larger voltage windows at low temperatures for the full cell using
a MXene-knotted CNT composite electrode with a CNT content of 17% as the negative electrode.
Reprinted with permission from Ref. [145]. Copyright 2020 Nature Communications.

Even though the MXene/MWCNT composite electrodes made with these methods
seem to have a larger gap between layers compared to unmodified MXenes, the 2D layers
continue to be horizontally stacked, indicating that the stacking problem persists, which
restricts ion accessibility and slows ion kinetics. As shown in Figure 9d, Zhang fabricated
a flexible 3D porous Ti3C2Tx/CNTs film (3D−PMCF) using an in situ ice template strat-
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egy [144]. After freeze-drying, the resulting Ti3C2Tx/CNTs film possessed a 3D structural
network with a highly porous structure, which was templated by interlayered ice in con-
junction with CNTs as functional spacers. In addition to exposing several active sites,
3D-PMCF facilitates rapid ion transport, resulting in superior electrochemical performance.
The symmetric SCs based on 3D−PMCF achieved a high energy density of 23.9 Wh kg−1,
demonstrating their potential as flexible electrodes for supercapacitors (Figure 9e). In order
to achieve improved ion transport at low temperatures, Gao applied knotted CNTs, which
broke the traditional horizontal alignment of the 2D layers of MXene Ti3C2 [145]. As a
result of knot-like structures, the Ti3C2 flakes are prevented from restacking, providing fast
pathways for ion transport, which results in the improved low-temperature operation of
Ti3C2 MXene-based SCs (Figure 9f,g).

3.1.4. MXene/Polymer

Since polymers are simple to produce, are inexpensive, and have tunable function-
alities, they have been widely employed to prepare MXene-based composites [146,147].
MXene and polymer-formed composite films have also been increasingly applied to flexible
devices over the past few years.

Solvent processing is the most common method of production. In most cases, MXene
is added to a polymer solution in the colloidal form (often aqueous). Then, the solvent
is removed from the solution using evaporation, vacuum filtration, or precipitation into
a nonsolvent. Ling et al. fabricated Ti3C2/polymer membranes by applying charged
polydiallyldimethylammonium chloride (PDDA) and polyvinyl alcohol (PVA) via a VAF
method (Figure 10a) [148]. Compared to pure Ti3C2Tx film (2.4 × 105 S m−1), the con-
ductivity of Ti3C2Tx/PVA composite film is 2.2 × 104 S m−1. However, the composite
Ti3C2Tx/PVA films displayed a significantly higher tensile strength than the pure PVA or
Ti3C2Tx films (Figure 10b). Intercalating and confining the polymer between the MXene
flakes helped increase both cationic intercalation and flexibility, resulting in an outstanding
volumetric capacitance (Figure 10c). The volumetric capacitance was still quite respectable
after 10,000 cycles, indicating satisfactory cyclic stability (Figure 10d). In addition, as
shown in Figure 10d, Boota et al. fabricated a Ti3C2/polypyrrole (PPy) flexible film by
using the oxidant-free polymerization of PPy and a subsequent VAF approach [149]. By
intercalating homogeneous polymer chains, the interlayer spacing is widened, and the
orderly alignment of the polymer chains facilitates charge transport and ion diffusion
within the electrolyte, significantly enhancing the pseudocapacitive. As SC electrodes, the
PPy/Ti3C2Tx film retained a capacitance of 92% after 25,000 cycles and showed an excellent
volumetric capacitance of 1000 F cm−3 (Figure 10e). In Figure 10f, Luo et al. presented the
simple physical mixing of MXene nanosheets with PANI nanofibers followed by a suction
filtration procedure to create MXene/PANI films [150]. In addition to offering a channel for
charge carriers, PANI nanofibers can enhance MXene layer spacing, which is advantageous
for electrolyte ion infiltration. The assembled device exhibited a specific capacitance of
272.5 F g−1 at 1 A g−1 (Figure 10g).

It is more convenient and less expensive in industrial production to directly combine
a Ti3C2Tx supernatant with PEDOT aqueous solution than to polymerize a monomer in
situ on the sheet surface. Li et al. proposed an SC constructed from a Ti3C2/poly (3,4-
ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) membrane treated with
sulfuric acid (H2SO4), with the hybrid film serving as the negative electrode [151]. H2SO4
can remove a portion of the insulating PSS, which results in an increased conductivity in
the composite. As well as providing electroactive surfaces, PEDOT chains create electronic
transport pathways that accelerate electrochemical reactions. In comparison to pure Ti3C2,
the hybrid film has an increase in specific surface area of 4.5 times, as well as exceptional
volumetric capacitance (1065 F cm−3 at 2 mV s−1).
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Figure 10. (a) Schematic illustration of the preparation of Ti3C2Tx/PDDA films. (b) Volumetric
capacitances at different scan rates for Ti3C2Tx, Ti3C2Tx/PDDA, and Ti3C2Tx/PVA−KOH films.
(c) Cyclic stability of Ti3C2Tx/PDDA and Ti3C2Tx/PVA−KOH electrodes at a current density of
5 A g−1; the inset shows the last three cycles of a Ti3C2Tx/PVA−KOH capacitor. Reprinted with
permission from Ref. [148]. Copyright 2014 PNAS. (d) Schematic illustration of pyrrole polymerization
using MXene. The terminating groups on the latter contribute to the polymerization process. (e) Cycle
life performance showing high capacitance retention of the PPy/Ti3C2Tx (1:2) film after 25,000 cycles
at 100 mV s−1. Inset shows that the shape of the CV was retained after cycling, confirming the
high electrochemical stability. Reprinted with permission from Ref. [149]. Copyright 2015 WILEY-
VCH Verlag GmbH & Co., KGaA. (f) Schematic diagram of binding mechanism between MXene
nanosheets and PANI nanofibers of the PPy confined between the MXene layers. (g) The plot of
specific capacitance versus scan rates and current densities for MP5. Reprinted with permission from
Ref. [150]. Copyright 2022 Electrochimica Acta.

3.1.5. MXene/Metal Oxides, Metal Hydroxide Composites

Transition metal compounds have large specific capacitances in theory (RuO2
(720 F g−1), MnO2 (1370 F g−1), and MoS2 (811 F g−1)). However, the rate performance and
cycle stability are not good when using these compounds alone [152–155]. The conductivity
of MXenes is high, while the capacitance is relatively low in comparison with transition
metal compounds. The integration of pseudocapacitive materials and MXenes will enhance
the pseudocapacitance. As a pseudocapacitive material, oxide/hydroxide nanoparticles
are used as intercalation materials to prevent the restacking of MXene sheets [156–161].

As a typical pseudocapacitive material, MnO2 possesses plentiful resources, low tox-
icity, low cost, and high capacitance in theory. In addition to enhancing its conducting
properties, the MnOx/MXene composite can achieve higher specific capacitances. Tian et al.
exploited freestanding and flexible MnOx-Ti3C2 films using a simple in situ wet-chemistry
synthesis approach [162]. In comparison to random mixing approaches or layer-by-layer
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assembly, this method ensures a strong connection between the components, thus reducing
contact resistance and improving electrochemical performance. The MnOx-Ti3C2 film
electrodes exhibited outstanding electrochemical properties. In addition to a volumetric
capacity of 602.0 F cm−3, they also show good rate capability. The MnOx-Ti3C2 film-based
symmetric SC has an energy density of 13.64 mWh cm−3 at 2 mV s−1, a power density of
3755.61 mW cm−3 at 100 mV s−1, and remarkable cycling stability. As shown in Figure 11a,
Zhou et al. made a highly flexible, all-pseudocapacitive electrode by combining Ti3C2Tx
with ultralong MnO2 NWs [158]. MnO2 nanosheets can be useful as electrochemically
active materials and interlayers for preventing MXene restacking and improving pseudo-
capacitance, as well as retaining outstanding flexibility. When used as an electrode for
SCs, the resulting film (Ti3C2Tx/MnO2 = 6) has excellent volumetric and a specific areal
capacitance of 1025 F cm−3 and 205 mF cm−2, respectively (Figure 11b). It also retains its
capacitance after 10,000 cycles at 98.38% and has high capacitance retention, outperforming
the previously reported Ti3C2Tx MXene-based flexible electrodes.

Figure 11. (a) A schematic representation of the fabrication process. (b) Specific areal capacitance
of different samples versus current density. Reprinted with permission from Ref. [158]. Copy-
right 2018 WILEY-VCH Verlag GmbH & Co., KGaA. (c) Schematic illustration of the synthesis of
Ti3C2/FeOOH hybrid films. (d) The areal capacitance as a function of scan rates. (e) Ragone plots
of the Ti3C2/Fe−15%//MnO2/CC device in comparison with the other reported ASCs. Reprinted
with permission from Ref. [163]. Copyright 2019 Electrochimica Acta. (f) Schematic illustration of the
fabrication process of M/MoO3 hybrid films. (g) Corresponding volumetric specific capacitance of
various electrodes. Reprinted with permission from Ref. [164]. Copyright 2020 Nano-Micro Lett.
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Zhao et al. synthesized a freestanding Ti3C2/FeOOH quantum dots (QDs) hybrid film
by electrostatic self-assembly in Figure 11c [163]. Amorphous FeOOH QDs anchored on
Ti3C2 nanosheets can serve as both pillars to prevent the nanosheets from being restacked as
well as active materials to provide considerable capacitance. Ti3C2 nanosheets as conductive
layers were used to make up for the low conductivity of FeOOH. In addition to possessing a
capacitance that is 2.3 times higher than the traditional Ti3C2 film, the hybrid Ti3C2/FeOOH
QDs film shows excellent cycle stability with neutral electrolytes (Figure 11d). An ASC
was created by combing the hybrid film with MnO2/CC. The ASC provided a maximum
power density of 8.2 mW cm−2 and an energy density of 42 μWh cm−2 when working
in a wide potential window of 1.6 V (Figure 11e). Simple, flexible devices made from
Ti3C2/Fe−15%//MnO2/CC demonstrated outstanding flexibility. These results show that
the Ti3C2/Fe−15% hybrid film has a lot of potential for use in flexible ASCs, where it will
allow for a larger applied potential difference window and a higher energy density.

MoO3 nanobelts, as pseudocapacitive materials, exhibit excellent potential for MXene
films, such as mechanical stability, simple preparation procedure, strong electrochemical
reaction activity, and high pseudocapacitance in acidic conditions. As depicted in Figure 11f,
Wang et al. manufactured all-pseudocapacitive and highly malleable MXene/MoO3 hybrid
films using a vacuum-assisted technique. [164]. As a result of the excellent synergetic
effect, the MXene nanosheets exhibit the highest pseudocapacitance in an acidic electrolyte.
The as-prepared freestanding MXene/MoO3-20% hybrid film exhibits an extremely high
volumetric capacitance of 1817 F cm−3, which is over 1.5 times greater than the capacitance
of pure MXene film (Figure 11g).

3.2. PET (Terephthalic Acid Glycol Ester) as Flexible Substrate

Due to their good flexibility and stability, polymers are commonly used as substrate
materials for flexible SCs [165,166]. Flexible SCs are typically constructed by combining
conductive materials with PET flexible substrates through deposition, spraying, printing,
and coating processes.

As shown in Figure 12a, Rosen et al. fabricated a high-performance solid-state SC
from Mo1.33C MXene/PEDOT:PSS-aligned polymer films [167]. This process involved
vacuum-filtering the composite, followed by acid treating the as-obtained film for 24 h
before preparing the all-solid SCs using PET as a flexible substrate. PEDOT nanofibers
are aligned and confined between layers of high-conducting Mo1.33C, allowing rapidly
reversible oxidation reactions as well as short diffusion paths to facilitate ion transport.
Thus, these flexible solid-state SCs have a maximal capacitance of 568 F cm−3, a power
density of 19,470 mW cm−3 (Figure 12b), an extremely high energy density of 33.2 mWh
cm−3, and a capacitive retention of 90% after 10,000 cycles. As shown in Figure 12c, a
flexible hybrid film electrode composed of 3D cubic Ni-Fe oxide and 2D Ti3C2Tx layers
was developed by Zhang et al. [157], and it was made to adhere to a PET flexible substrate
for the purposes of electrochemical measurements. MXene layers were utilized as binders
and conductive additives to assist charge transfer in the electrode, thereby preventing
a substantial loss in conductivity. As a result of the cubic Ni-Fe oxide being used as a
spacer between the MXene layers, more interlayer space was created, which improved
the diffusion of electrolytes. Based on the flexible composite film electrode, a solid-state
flexible SC was fabricated that displays exceptionally robust cycling stability, retaining 90%
of its capacitance after 10,000 charging–discharging cycles and maintaining steady energy
storage capability following 50 cycles of mechanical bending.
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Figure 12. (a) Schematic illustration of the preparation of composite films and the fabrication of a
solid-state SC. (b) Energy and power density of the M:P = 10:1−24 h device compared with previ-
ously reported devices. Reprinted with permission from Ref. [167]. Copyright 2017 WILEY-VCH
Verlag GmbH & Co., KGaA. (c) Schematic illustration of the fabrication process for the composite
film electrode. Reprinted with permission from Ref. [157]. Copyright 2020 Chemical Engineering
Journal. (d) Schematic demonstration of Ti3C2Tx MXene-based transparent, flexible solid-state su-
percapacitor fabrication. Reprinted with permission from Ref. [168]. Copyright 2017 WILEY-VCH
Verlag GmbH & Co., KGaA. (e) Schematic illustration of the MnO2/Ti3C2Tx nanocomposite-based
flexible supercapacitor preparation. Reprinted with permission from Ref. [169]. Copyright 2018
Electrochimica Acta.

Zhang et al. produced transparent films by spin-casting colloidal solutions of Ti3C2Tx
nanosheets onto PET substrates and then annealing them at 200 ◦C [168] (Figure 12d). The
DC conductivity of films with transmissions of 29% and 93%, respectively, is 9880 S cm−1

and 5736 S cm−1. These transparent Ti3C2Tx electrodes have an excellent volumetric ca-
pacitance in combination with a high response speed. Transparent solid-state asymmetric
SCs have a greater energy density (0.05 μWh cm−2) and capacitance (1.6 mF cm−2) than
SWCNT or graphene-based transparent SC devices, as well as a longer lifetime. Jiang et al.
constructed an asymmetric flexible SC by coating the slurry of MnO2/Ti3C2Tx on PET
substrates [169] (Figure 12e). This highly synergistic effect between Ti3C2Tx and MnO2,
resulting from their chemical interaction, significantly enhances structural stability, rate
stability, and the specific capacitance of the MnO2/Ti3C2Tx nanocomposite electrode. Fur-
thermore, a symmetrical flexible SC based on a MnO2/Ti3C2Tx nanocomposite electrode
exhibits good electrochemical performance, great flexibility, and excellent cycling ability.

In addition to being flexible, SCs are also expected to be miniature in order to power
microdevices. The construction of flexible MSCs is also a future development trend. Laser
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scribing is a straightforward and cost-effective method for creating unique patterns on
a variety of substrates. It has excellent flexibility in the depth of the field and the mate-
rials that can be ablated. The difficulty of laser processing is finding the correct wave-
length, pulse energy, and scanning speed of the laser to achieve the proper resolution.
Huang et al. described a laser processing method for fabricating freestanding MXene films,
then mounted MXene films on PET substrates for flexible MSC device manufacturing, as in
Figure 13a [170]. Since a cool laser is employed, less oxidation and no undesirable edge
defects have been discovered during the process of laser scribing, which has improved
the performance of the as-made MSC device. Moreover, the areal capacitance of these
freestanding flexible MSCs is an astounding 340 mF cm−2 at 0.25 mA cm−2 when polyvinyl
alcohol/sulfuric acid (PVA/H2SO4) gel is used as the electrolyte. As the device bends to
60◦, it does not show any decrease in capacitance. In addition, MSCs also show the highest
energy density and volumetric capacitance among (at the time) all unconventional SCs,
reaching 12.4 mWh cm−3 and 183 F cm−3, respectively.

Figure 13. (a) Schematic illustration of manufacturing flexible solid-state MSCs. Reprinted with
permission from Ref. [170]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA. (b) Schematic
illustration of direct MXene ink printing. Reprinted with permission from Ref. [170]. Copyright
2019 Nature Communications. (c) Schematic diagram of the inkjet printing of MXene/graphene
films. Reprinted with permission from Ref. [171]. Copyright 2022 Journal of Alloys and Compounds.
(d) Asymmetrical MXene MSCs fabricated by a modified screen-printing process. Reprinted with
permission from Ref. [172]. Copyright 2022 Copyright 2018 Nano Energy. (e) The fabrication process
of 3D printing all-MXene MSC via MSES. (f) Photographs of a 3D-printed MXene MSC; scale bar is
1 cm. Reprinted with permission from Ref. [173]. Copyright 2021 Wiley-VCH GmbH.
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Inkjet printing is one of the most promising technologies for the speedy development
and application of new material inks. In addition to the excellent printing precision that
can be provided on a variety of substrates, its printing speed is also faster than that
of screenprinting. Zhang et al. reported employing inkjet printing on an AlOx-coated
PET substrate to produce an MSC (Figure 13b) [166]. A variety of solvents have been
investigated for fine printing, such as NMP, ethanol, DMSO, and DMF. Both low- and
high-concentration inks show excellent printing resolution. The MSC has a volumetric
capacitance of 562 F cm−3, while its energy density is 0.32 μWh cm−2, considered to be one
of the highest among printed MSC devices. Wen et al. fabricated flexible MXene/graphene
composite electrodes through inkjet printing (Figure 13c) [171]. As a result of the insertion
of graphene nanosheets into composite films, the interlayer gap can be increased, thereby
minimizing the self-stacking effect of MXenes. The composite electrodes exhibited high
volumetric capacitance and excellent stability. Moreover, a flexible MSC based on the
composite electrodes demonstrated a competitive energy density.

Due to its reproducibility and stability, screen-printing is employed for the mass
production of MSCs. In this technique, a stencil is initially placed over the desired sub-
strate, followed by the ink being pressed through a planar form stencil onto the substrate.
Subsequently, the ink dries to form the desired patterns on the substrate. As shown in
Figure 13d, Xu et al. fabricated a flexible coplanar asymmetric microscale hybrid device by
screen-printing on PET substrates [172]. The assembled flexible device has excellent areal
energy and power densities.

The 3D printing method is regarded to be a form of additive manufacturing. Extrusion-
based 3D printing is the most cost-effective and versatile method for producing 3D and
self-supported micro-prototypes compared with other 3D printing methods [174,175]. An
extrusion-based 3D printing requires a functional ink material that is high in viscosity and
exhibits the proper rheological behavior in order to achieve rapid and precise prototyp-
ing [176]. Huang et al. performed an extrusion-based 3D printing of MXene ink using a 3D
printing station and then produced an MSC with interdigital patterns using a layer-by-layer
printing procedure on PET substrates (Figure 13e,f) [173]. The MSC exhibits a record-high
energy density of 0.1 mWh cm−2 at 0.38 mW cm−2 and excellent areal capacitance (2.0 F
cm−2 at 1.2 mA cm−2).

In addition to the fabrication techniques discussed above, Feng et al. created in-plane
flexible MSCs by spray coating MXene/rGO hybrid ink onto a PET substrate [121]. The
flexible MSCs have a volumetric capacitance of 33 F cm−3 and an area capacitance of
3.26 mF cm−2 at 2 mV s−1. Couly et al. fabricated an asymmetric MXene-based MSC
that is current-collector-free, binder-free, and flexible by spraying both Ti3C2Tx and rGO
dispersions onto a PET substrate [177]. Despite operating for 10,000 cycles, this MXene-
based asymmetric MSC retains 97% of its initial capacitance. It also has a power density of
0.2 W cm−3 and an energy density of 8.6 mWh cm−3.

An electrolyte is also an essential part of constructing flexible SCs. SCs that are flexible
work in a bent state, which can potentially result in electrolyte leakage. This necessitates
the development of an electrolyte with high conductivity and excellent infiltration char-
acteristics. Moreover, in order to further expand the electrochemical voltage window of
the flexible MSCs based on MXenes, Zheng et al. created ionogel-based MXene MSCs with
a MXene film that was pre-intercalated by the ionic liquid. The patterned MXene-based
microelectrodes were transferred onto a PET substrate to fabricate MSCs with the assistance
of 20 MPa pressure [178]. Due to the pre-intercalation of ionic liquid, the interlayer spacing
was enlarged to 1.45 nm, which was beneficial to the ion deintercalation and intercalation
of the electrolyte. The MXene-based MSCs (M−MSCs) using EMIMBF4 ionic liquid as an
electrolyte showed high areal energy density and remarkably high volumetric capacitance.
In addition, the solid-state M−MSCs with ionogel as an electrolyte exhibited a volumetric
energy density of 41.8 mWh cm−3 and an excellent areal energy density of 13.3 Wh cm−2,
as well as long-term cyclability.
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3.3. Fabric Fiber as Flexible Substrate

Because fabric fibers have stable chemical properties, high electrical conductivity, and
good mechanical properties, they can be used as current collectors for flexible substrates
to support or load active materials for the construction of flexible energy storage devices.
Fibers have the advantage of containing 3D open-pore structures, which makes conformal
coating much more effective throughout the textile network, leading to a much higher
loading of active materials and, accordingly, higher energy density and power. In addition,
fabric fibers are thermally stable, which expands the temperature range of flexible SCs. As
a consequence, there are numerous approaches to constructing flexible electrodes based on
fiber textiles, such as through chemical vapor deposition (CVD), electrodeposition, dipping,
and spin coating active electrode material onto fiber textiles.

Specifically, Xia et al. presented a simple CVD method that can produce single-
crystalline TiC nanowire arrays with good electrical conductivity directly on flexible carbon
cloth [179]. The TiC nanowire arrays demonstrated excellent performance for flexible SCs
over a wide temperature range (–25 ◦C to 60 ◦C), including high-rate characteristics and an
ultra-stable cycle life. In addition, the energy density of TiC-based SCs was 18.2, which is
roughly double that of commercial AC-based SCs.

Electrophoretic deposition (EPD) can be used to fabricate binder-free films with uni-
formity and mass-loading adjustability. Furthermore, the preparation method of EPD has
unique advantages in infiltrating and depositing active material onto porous substrates,
especially for the production of wearable SCs on flexible substrates. Xu et al. deposited
binder-free d-Ti3C2Tx nanoflakes on a fabric substrate in acetone solvent utilizing the EPD
approach [180]. As the surface of MXene flakes that contain absorbed H+ carries positive
charges, the flakes migrate toward the cathode during the deposition of electrophoretic par-
ticles, resulting in a uniform film of MXene. In addition to great flexibility, all-solid-state SCs
based on EPD film electrodes display exceptional electrochemical performance. Wang et al.
employed the electrophoresis effect in depositing Ti3C2Tx/rGO composite on carbon cloth.
Without adhesives, the built solid-state SCs based on the Ti3C2Tx/rGO electrode displayed
outstanding cycling stability, low series resistance, high specific capacitance, and excellent
mechanical flexibility [181].

In addition to deposition, dipping is a more convenient and efficient method of
constructing flexible electrodes on fabric substrates [182,183]. Yan et al. fabricated con-
ductive textile electrodes that have a specific capacitance of 182.70 F g−1 using dipping
and drying [184]. PPy textile electrodes were electrochemically deposited on MXene
textiles as a means of improving the capacitance of MXene and avoiding MXene oxida-
tion. Furthermore, the symmetrical solid-state SCs using MXene-PPy textile electrodes
also showed improved electrochemical performance and a greater degree of flexibility.
Li et al. developed a synthetic technique for the construction of a high-performance, flex-
ible SC by the in situ growth of multi-walled carbon nanotubes (MWCNTs) on MXene
nanosheets placed on a CC substrate [185] (Figure 14a). Similarly, a specific concentration
of MXene was loaded onto CC with multiple dipping and drying, catalyzed by nickel–
aluminum-layered double hydroxide (Ni-Al-LDH), and then subjected to CVD to produce
MWCNTs. The MWCNT–MXene@CC displays excellent conductivity along with an ex-
foliated, large surface area. Therefore, the as-manufactured electrode exhibited a large
specific capacitance while retaining a high retention after 16,000 cycles at 10 mA cm−2

(Figure 14b,c). Recently, Li et al. developed an extremely conductive textile based on
MXenes through electrostatic self-assembly [186]. In addition to providing abundant active
sites, the horizontally aligned, compact MXene flakes painted on the fabric fibers may
produce connected electron transport channels, as shown in Figure 14d. Thus, from 1 to
50 mA cm−2, the MXene/PEI-modified fiber fabric (MXene/PMFF) delivered excellent rate
performance with no reduction in capacitance. The PPy-coated MXene/PMFF electrode
had a high-rate capability and areal capacitance as well as outstanding cycling stability and
gravimetric capacitance (Figure 14e,f). Moreover, a solid-state symmetric SC based on the
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PPy/MXene/PMFF textiles had an energy density of 40.7 Wh cm−2, a maximum power
density of 25 mW cm−2, as well as an areal capacitance of 458 mF cm−2.

Figure 14. (a) Schematic illustration for the preparation of MXene and MWCNTs. (b) Areal
specific capacitance of different samples at different scan rates. (c) Cycling stability of
10−MWCNT−MXene@CC electrode at a current density of 10 mA cm−2. Reprinted with permission
from Ref. [185]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA. (d) Schematic illustration
of the synthesis process for a MXene and PPy/MXene/PMFF textile electrode. (e) Areal capacitance
comparison of the samples at different current densities. (f) Cycling performance of PPy/FF and
PPy/MXene/PMFF measured at 30 mA cm−2, with enlargement of cycling performance of PPy/FF
in the inset. Reprinted with permission from Ref. [186]. Copyright 2020 Energy Storage Materials.

3.4. Other Substrates

In addition to the usual PET and fabric flexible substrates, others, such as PDMS sub-
strates, carbon-based substrates, metal substrates, traditional paper substrates, sponge-type
substrates, and cable-type substrates, can also be used as substrates of the flexible electrode.
These substrates are very flexible and mechanically robust despite severe bending, enabling
the employment of SCs in lightweight, wearable, and flexible electronic devices for exten-
sive portable applications. Nevertheless, each type of flexible substrate has both advantages
and disadvantages in terms of flexible SC application, which are listed in Table 1.

PDMS inherently has excellent ductility, flexibility, and mechanical strength. Therefore,
flexible SCs based on PDMS substrates have better bending and electrochemical properties.
Li et al. prepared stretchable MSCs on oxygen-plasma-treated PDMS substrates using 3D
printing and unidirectional freezing, as in Figure 15a [187]. A nanocomposite ink consist-
ing of MnONWs, MXene, C60, and AgNWs was constructed in a honeycomb-like porous
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structure. Taking advantage of the synergies between the electrode architecture and nanocom-
ponents, the 3D-printed MSC device exhibited excellent electrochemical performance.

Table 1. Comparison of various flexible substrates for the flexible SC electrodes.

Substrate Conductivity Cost Surface Area Flexibility Weight

metal substrate high moderate low high high

traditional paper low low moderate high low

carbon-based paper high moderate moderate moderate low

sponge-type low low high high low

cable-type high moderate moderate high low

textile-type low low high high low

Figure 15. (a) Schematic illustration of the fabrication process of intrinsically stretchable MSCs
through 3D printing and unidirectional freezing. The 3D-printed thick interdigitated electrodes
possess a honeycomb-like porous structure in combination with a layered cell wall architecture.
Reprinted with permission from Ref. [187]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA.
(b) MXene slurry on an A4 sheet of printing paper with Meyer rod; the inset shows a snapshot of
the progression of the coating process. (c) Foldable MXene/paper, schematic illustration of laser
patterning of MXene-coated paper to fabricate interdigitated electrodes for MSCs, and fabricated
MXene-based MSC device along with the crystallographic arrangement of Ti (gray color) and C
(black color) atoms in MXene sheets. Reprinted with permission from Ref. [188]. Copyright 2016
WILEY-VCH Verlag GmbH & Co., KGaA. (d) Schematic representation of the synthesis of a stable
SA-MXene nanocomposite. (e) Schematic representation of a solid-state MSC fabricated through the
inkjet printing of SA-MXene nanocomposites. Reprinted with permission from Ref. [189]. Copyright
2019 Energy Storage Materials.
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It is simpler and more economical to construct flexible electrodes based on ordinary
paper. The paper contains a hierarchical arrangement of cellulose fibers and can be re-
garded as having a rough and porous surface texture that is conducive to ink adhesion
without the need for extra treatments [190]. The paper surface provides a suitable substrate
for solution-processed coatings of a variety of functional materials because of the capillary
nature of fibers, functional groups, and intrinsic surface charge. Kurra et al. successfully
manufactured MXene-on-paper energy storage devices using Meyer rod coating and direct
laser machining (Figure 15b,c) [188]. Compared to those paper-based MSCs, the Ti3C2
MXene-on-paper MSC produced comparable power–energy densities. Wu et al. printed
interdigitated MSC electrodes on photopaper using an inkjet printer (Figure 15d,e) [189].
Adding ascorbic acid into Ti3C2Tx MXenes can improve not only the dispersibility and
oxidative stability but also enhance the spacing between the MXene layers, thereby facilitat-
ing the diffusion of the electrolyte ions. Furthermore, the manufactured solid-state MSCs
displayed specific capacitance, superior mechanical flexibility, and cycle stability. Yang et al.
deposited Ti3C2/CNTs sheets onto graphite paper for SC electrodes via electrophoretic
deposition, as in Figure 16a [191]. The Ti3C2/CNTs electrode exhibited enhanced cycling
stability and specific capacitance. (Figure 16b). Li et al. reported a flexible AMSC based
on Ti3C2Tx//PPy/MnO2 [192]. As shown in Figure 16c, the Ti3C2Tx nanosheets were
formed on graphite paper (GP) as negative electrodes. The PPy/MnO2 materials on the
GP were prepared using the same method as the positive electrodes. An AMSC based on
Ti3C2Tx/PPy/MnO2 was then constructed using a PVA/H2SO4 electrolyte. The maximal
energy density and areal capacitance can reach 6.73 μWh cm−2 and 61.5 mF cm−2, respec-
tively (Figure 16d,e). In addition, the AMSC exhibited better flexibility when mechanically
bent at different angles. (Figure 16f).

In summary, MXene-based films have advantages in terms of favorable metallic con-
ductivity, high capacitance, and good flexibility, all of which are imperative for flexible
energy storage devices. It is possible to assemble freestanding electrodes from the delam-
inated Ti3C2Tx without the utilization of additional current collectors, polymer binders,
or conductive agents. However, a significant problem associated with thin-film electrode
fabrication is self-restacking for MXene nanosheets because of the van der Waals interaction
between the layers, which interferes with the ability of electrolyte ions to reach the active
materials, resulting in poor rate performance and sluggish redox reactions. Thus, different
interlayer spacers have been introduced between Ti3C2Tx sheets in order to alleviate the
stacking problem and improve the electrochemical performance of the electrodes. The meth-
ods for preparing composite electrode materials consisting of carbon materials and MXenes
include the in situ growth method, the self-assembly method, and the layer-by-layer assem-
bly method. As a result of the increased interlayer spacing and surface area, these composite
electrodes exhibit higher mechanical and electrochemical properties than pure Ti3C2Tx
electrodes. In addition, there is a strong bonding interaction between groups terminated on
the surfaces of different materials, which leads to a good degree of flexibility. However, a
large number of insulating groups may adversely affect the electrical conductivity of com-
posite materials. Ti3C2Tx/polymer composites are primarily produced by polymerizing
polymer monomers onto the surface of Ti3C2Tx nanosheets. The electrodes have excellent
capacitance and outstanding mechanical strength due to the superior pseudocapacitive
behavior and flexibility of the polymer. Furthermore, as a result of the excellent cycling
stability of Ti3C2Tx MXene, they also have a respectable cycle life. When combined with
transition metal compounds, Ti3C2Tx MXene can also effectively improve electrochemical
performance. On the one hand, the superior electrical conductivity of Ti3C2Tx MXene can
substantially facilitate electron transport. On the other hand, the theoretical capacitance of
transition metal compounds is relatively high, which can greatly facilitate pseudocapac-
itance. However, as a result of stiffness and the poor flexibility of these transition metal
compounds, a majority of Ti3C2Tx/transition metal compound composites still exhibit low
mechanical strength. For the development of lightweight and flexible MXene-based films,
rational methods must be developed for constructing efficient channels to facilitate ion
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transport. The electrochemical performance of flexible Ti3C2Tx-based composite SCs is
summarized in Tables 2 and 3.

Figure 16. (a) Schematic diagram of the preparation route of electrode films using the EPD method.
(b) The plots of the specific capacitance of the three electrodes after 10,000 GCD cycles at 5 A g−1.
Reprinted with permission from Ref. [191]. Copyright 2018 Journal of Electroanalytical Chemistry.
(c) The schematic representation of the fabrication route of the flexible Ti3C2Tx//PPy/MnO2-based
AMSC. (d) The ACs of the Ti3C2Tx//PPy/MnO2-based AMSC at 2–300 mV s−1. (e) A Ragone plot
of Ti3C2Tx//PPy/MnO2-based AMSC compared to previously reported MSCs. (f) The CV curves of
the AMSC under 0–180◦ bending conditions at 10 mV s−1. Reprinted with permission from Ref. [192].
Copyright 2020 WILEY-VCH Verlag GmbH & Co., KG.

Table 2. Comparison of the electrochemical performance of MXene-based flexible SCs.

Substrates Electrode Electrolyte Capacitance Stability Source

No

Ti3C2Tx films 1 M H2SO4 245 F g−1 at 2 mV s−1 100% after 10,000 cycles [77]
ak-Ti3C2Tx film-A 1 M H2SO4 294 F g−1 at 1 A g−1 91% after 4000 cycles [106]

d-Ti3C2 films 1 M Li2SO4 633 F cm−3 at 2 mV s−1 95.3% after 10,000 cycles [107]
200-Ti3C2Tx film 1 M H2SO4 429 F g−1 at 1 A g−1 89% after 5000 cycles [109]

Ti3C2Tx film 1 M H2SO4 223 F g−1 at 0.5 A g−1 [110]
f-MXene-10 film 3 M H2SO4 83 F g−1 at 1 A g−1 89.3% after 1000 cycles [113]
Ti3C2Tx-Li film 1 M H2SO4 892 F cm−3 at 2 mV s−1 100% after 10,000 cycles [193]

MXene/rHGO 3 M H2SO4 1445 F cm−3 at 2 mV s−1 93% after 10,000 cycles [128]
MXene/rGO-5 wt% 1 M KCl 1040 F cm−3 at 2 mV s−1 100% after 20,000 cycles [130]
MXene-rGO-20 film 3 M H2SO4 300.4 F g−1 at 2 A g−1 90.7% after 40,000 cycles [132]
MXene/graphene 3 M H2SO4 127 F g−1 at 2 mV s−1 95.7% after 10,000 cycles [133]
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Table 2. Cont.

Substrates Electrode Electrolyte Capacitance Stability Source

No

Ti3C2Tx/SCNT films 1 M KOH 314 F cm−3 at 2 mV s−1 95% after 10,000 cycles [137]
MXene/CNT paper 1M MgSO4 390 F cm−3 at 2 mV s−1 100% after 10,000 cycles [142]
Ti3C2Tx/CNTs film 3 M H2SO4 74.1 F g−1 at 5 mV s−1 86.3% after 10,000 cycles [144]

MXene/CNT-5% 1 M H2SO4 300 F g−1 at 1 A g−1 92% after 10,000 cycles [194]

layered Ti3C2/PPy PVA/H2SO4 35.6 mF cm−2 at 0.3 mA cm−2 100% after 10,000 cycles [146]
Ti3C2Tx/PDT PVA/H2SO4 52.4 mF cm−2 at 0.1 mA cm−2 excellent cycling stability [147]

Ti3C2Tx/PVA film 1 M KOH 528 F cm−3 at 2 mV s−1 [148]
Ti3C2Tx/PPy 1 M H2SO4 1000 F cm−3 at 5 mV s−1 92% after 25,000 cycles [149]

Ti3C2Tx/PANI 1 M H2SO4 272.5 F g−1 at 1 A g−1 71.4% after 4000 cycles [150]
Ti3C2Tx/PEDOT:PSS 1 M H2SO4 1065 F cm−3 at 2 mV s−1 80% after 10,000 cycles [151]

Ti3C2Tx/MnO2 = 6 205 mF cm−2 at 0.2 mA cm−2 100% after 10,000 cycles [158]
Ti3C2/MnOx 1 M Li2SO4 392.9 F cm−3 at 2 mV s−1 89.8% after 10,000 cycles [162]

Ti3C2/FeOOH QDs 1 M Li2SO4 115 mF cm−2 at 2 mA cm−2 82% after 3000 cycles [163]
MXene/MoO3 1 M H2SO4 396 F cm−3 at 10 mV s−1 90% after 5000 cycles [164]

MXene/Fe (OH)3 3 M H2SO4 1142 F cm−3 at 0.5 A g−1 [195]

PET

Mo1.33C
MXene/PEDOT:PSS 1 M H2SO4 1310 F cm−3 at 2 mV s−1 90% after 10,000 cycles [167]

Ti3C2Tx/ MnO2 1M Na2SO4 130.5 F g−1 at 0.2 A g−1 100% after 1000 cycles [169]
Ti3C2Tx/rGO PVA/H2SO4 80 F cm−3 at 2 mV s−1 97% after 10,000 cycles [177]

Ti3C2Tx PVA/H2SO4 340 mF cm−2 at 0.25 mA cm−2 82.5% after 5000 cycles [170]
MXene EMIMBF4 140 F cm−3 at 0.1 mA cm−2 92% after 1000 cycles [178]

Fiber

TiC nanowires EMIMBF4 107.1 F cm−3 at 2.5 A g−1 97% after 5000 cycles [179]
Ti3C2Tx/rGO PVA/H3PO4 11.6 mF cm−2 at 0.1 mA g−1 100% after 1000 cycles [181]
MXene/PPy 0.2 M NaClO4 275.2 F g−1 at 1.0 mA cm−2 [184]

MXene/ MWCNTs PVA/H2SO4 994.79 mF cm−3 at 1 mA cm−2 95.4% after 5000 cycles [185]
PPy/MXene/PMFF PVA/Na2SO4 458 mF cm−2 at 1 mA cm−2 93.7% after 3000 cycles [186]

PDMS MXene-AgNW-
MnONW-C60 PVA/KOH 216.2 mF cm−2 at 10 mV s−1 85% after 10,000 cycles [187]

Paper
MXene 1 M H2SO4 25 mF cm−2 at 20 mV s−1 80% after 1000 cycles [188]
sodium

ascorbate–MXene PVA/H2SO4 108.1 mF cm−2 at 1 A g−1 94.7% after 4000 cycles [189]

GP Ti3C2/CNTs 6 M KOH 55.3 F g−1 at 0.5 A g−1 Increase after 1000 cycles [191]
Ti3C2Tx//PPy/MnO2 PVA/H2SO4 61.5 mF cm−2 at 2 mV s−1 80.7% after 5000 cycles [192]

Table 3. Comparison of the energy density and power density of MXene-based flexible SCs.

Substrates Electrode Energy Density Power Density Source

No

ak-Ti3C2Tx film-A 45.2 Wh L−1 326 W L−1 [106]
d-Ti3C2 films 41 Wh L−1 [107]

200-Ti3C2Tx film 29.2 Wh kg−1 [109]
Ti3C2Tx film 15.2 Wh L−1 204.8 W L−1 [110]

f-MXene-10 film 6.1 Wh Kg−1 175.0 W Kg−1 [113]

MXene/rHGO 11.5 Wh Kg−1 62.4 W Kg−1 [128]
MXene/rGO-5 wt% 32.6 Wh L−1 74.4 kW L−1 [130]
MXene/graphene 50.8 Wh kg−1 215 W kg−1 [133]

Ti3C2Tx/CNTs film 23.9 Wh kg−1 498.6 W kg−1 [144]
MXene-knotted CNT 59 Wh kg−1 9.6 kW kg−1 [145]

Ti3C2Tx/PANI 31.18 Wh kg−1 1079.3 W kg−1 [150]
Ti3C2Tx/PEDOT:PSS 23 mWh cm−3 7659 mW cm−3 [151]

Ti3C2Tx/MnO2 = 6 56.94 mWh cm−3 0.5 W cm−3 [158]
Ti3C2/MnOx 13.64 mWh cm−3 3755.61 mW cm−3 [162]

Ti3C2/FeOOH QDs 40 mWh cm−2 8.2 mW cm−2 [163]
MXene/MoO3 13.4 Wh kg−1 534.6 W kg−1 [164]

MXene/Fe (OH)3 20.7 Wh L−1 184.8 W L−1 [195]

134



Crystals 2022, 12, 1099

Table 3. Cont.

Substrates Electrode Energy Density Power Density Source

PET

Mo1.33C MXene/PEDOT:PSS 24.72 mWh cm−3 19,470 mW cm−3 [167]
Ti3C2Tx films 0.05 μWh cm−2 2.4 μW cm−2 [168]

Ti3C2Tx/MnO2 0.7mWh cm−2 80.0 mW cm−2 [169]
Ti3C2Tx/rGO 8.6 mWh cm−3 0.2 W cm−3 [177]

Ti3C2Tx 43.5 mWh cm−2 87.5 mW cm−2 [170]
MXene 19.2 mWh cm−3 14 W cm−3 [178]

Fiber

TiC nanowires 13.1 Wh kg−1 20.2 kW kg−1 [179]
MXene/PPy 1.30 mWh g−1 41.1 mW g−1 [184]

MXene/MWCNTs 22.11 mWh cm−3 2.99 W cm−3 [185]
PPy/MXene/PMFF 29.2 μW h cm−2 25 mW cm−2 [186]

PDMS MXene-AgNW-MnONW-
C60 19.2 μWh cm−2 58.3 mW cm−2 [187]

Paper MXene 0.77 μWh cm−2 46.6 mW cm−2 [188]
sodium ascorbate–MXene 100.2 mWh cm−3 1.9 W cm−3 [189]

GP
Ti3C2/CNTs 0.56 Wh kg−1 416.7 W kg−1 [191]

Ti3C2Tx//PPy/MnO2 6.73 μWh cm−2 204 μW cm−2 [192]

4. Conclusions and Perspectives

In summary, this review article detailed recent advancements in the development of
flexible electrodes based on MXenes for applications in SCs. A concise introduction of
MXenes as emerging 2D materials was provided, along with the different synthesis methods
of Ti3C2Tx MXene and its influence on its electrochemical properties. The applications of
MXene-based flexible electrodes in SCs, according to the different construction methods of
flexible electrodes based on MXenes and their composite electrodes, which are the theme
of this review, were also presented. Different construction methods such as self-supporting,
PET-supported, fabric fiber-supported, and other substrate-supported MXene-based films
as flexible electrodes for fSCs were discussed in detail. In recent years, researchers have
achieved substantial advances in the study of MXene-based SCs, but there are still a great
number of obstacles to their development. Consequently, we need to consider the following
factors in subsequent research:

(1) In spite of the growing body of research on the preparation of MXenes, wet chemical
etching remains the most common method for the production of MXenes. However,
chemical etching usually uses corrosive solvents or gases, and etching conditions are harsh.
The emission of pollutants is another problem that cannot be ignored. Additionally, MXenes
are easily oxidized in humid environments, which limits not only their synthesis on a large
scale but also their application areas and environmental status. The future direction of
MXene synthesis should be facile, low-cost, green, and have excellent and stable properties.
Lastly, surface functional groups have a considerable impact on their physicochemical
properties, and the specific capacitance of Ti3C2Tx is far from optimal, so it is still possible
to improve the design and control of surface functional groups during the etching process.

(2) Due to the 2D lamellar structure, hydrophilic surface, and excellent metallic con-
ductivity of MXenes, they are preferable as energy storage electrode materials. What’s
more, MXenes can achieve high volumetric capacitance due to impressive density and
pseudocapacitive behavior. These properties make MXene very appealing for flexible
SCs. However, the gravimetric capacitance of MXene flexible electrodes has yet to be
further improved because of the aggregation and restacking of MXene nanosheets. On
the one hand, the stacking of MXene lamellar structures can be prevented by loading
small-sized pseudocapacitance materials such as nanodots. On the other hand, the density
and additional pseudocapacitance can be increased by anchoring nanodots to pseudoca-
pacitive material on MXene nanosheets so as to improve the mass-specific capacity and
electrochemical performance.

135



Crystals 2022, 12, 1099

(3) Along with the proliferation of emerging smart wearable electronic devices (SWEDs),
there has also been an increase in the demand for flexible SCs to be integrated with other
flexible devices or wearable devices to provide them with a power source or additional func-
tions. For example, integration with sensors or environmental monitoring equipment can
allow them to operate independently and work under special conditions. A self-powered
integrated system composed of strain sensors and flexible SCs is capable of detecting stable
human motion with precision, which makes smart flexible SCs more suitable for SWEDs.
In recent years, research on self-repairing, self-charging, and electrochromic flexible SCs
has also become one of the new research hotspots and development trends. In addition
to traditional electrochemical properties, such as specific capacity and cyclic stability, we
should also pay more attention to the photosensitivity, self-healing, transparency, and other
properties of intelligent electrode materials. In conclusion, it is imperative to design novel
fSCs with intelligent and interactive characteristics.

(4) It is crucial to employ solid or gel electrolytes with high conductivity and efficient
infiltration because flexible SCs frequently need to work in a curved or bending state,
which increases the risk of electrolyte leakage. Ionic liquid-based gel (ionogel) electrolytes
have been demonstrated to have better thermal stability, chemical inertness, as well as non-
flammability. In addition to this, ionogel electrolytes also have the characteristics of the ionic
liquid itself, with a wide electrochemical potential window, high ionic conductivity, and
negligible vapor pressure, making them a promising electrolyte choice for the production
of all-solid flexible SCs with high energy density. However, the use of ionogel electrolytes is
still limited by the low capacitance and slow speed of ion transport. Thus, more efforts have
been made toward improving the ionic conductivity of ionogel electrolytes and expanding
the voltage window of Ti3C2Tx electrodes in aqueous electrolytes.

In addition, the design of the flexible current collector is important, as it is a crucial
component of the electrode. The conventional current collectors, such as carbon-based,
planar metal-based, and 3D metal-based, increase the whole mass of the supercapacitor
and thus reduce the energy density. Therefore, considerable attempts and methods should
be made to develop ultrathin 3D (to load more active materials) metallic current collectors.
The manufacturing cost of flexible supercapacitors can also be reduced if components such
as current collectors, adhesives, and encapsulation films are used as little as possible under
the premise of ensuring performance stability. As a consequence, using self-supporting
MXene film as a flexible electrode without current collectors is also a development direction
for future flexible SCs.
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Abstract: FeNi-based hybrid materials are among the most representative catalysts for alkaline
oxygen evolution reaction (OER), but the modulation of their surface atoms to achieve the op-
timal catalytic properties is still a big challenge. Here, we report the surface modification of
Ni(OH)2/nickel foam (NF)-based electrocatalyst with a trace amount of ferrocene formic acid (FFA)
(FFA-Ni(OH)2/NF) for highly efficient OER. Owing to the strong electron interaction and synergistic
effects of Fe-Ni heteroatoms, FFA-Ni(OH)2/NF exhibits an overpotential of 311 mV at a current
density of 100 mA cm−2. Impressively, the overpotential of FFA-Ni(OH)2/NF at 100 mA cm−2 is
108 mV less than that of bulk phase doped Ni/FFA(OH)2/NF, demonstrating the surprising effect of
heteroatomic surface modification. In addition, by introducing a small amount of surface modifier
into the electrolyte, the weak surface reconstruction process in the electrochemical process can be
fully utilized to achieve obvious modification effects. Therefore, this work fully proves the feasibility
of improving catalytic activities of FeNi-based catalysts by modifying surface heterogeneous atom pairs.

Keywords: oxygen evolution reaction (OER); surface modification; Ni(OH)2; FeNi-based catalysts

1. Introduction

Developing sustainable green energy is a key way to realize a low-carbon transi-
tion [1,2]. At present, the development of main renewable green energy sources, including
solar energy, tidal energy, wind energy, and geothermal energy, are severely limited by
their intermittency, instability, and regionalism [3–5]. Hydrogen, by contrast, has a high
energy density and good sustainability and is emerging as the latest star in the third energy
revolution of the world [6–9].

Compared with traditional industrial hydrogen production, water electrolysis is
a more ideal way for hydrogen production because of its advantages, such as being sustain-
able and pollution-free [10–12]. However, the efficiency of hydrogen production from water
electrolysis is severely limited by the oxygen evolution reaction (OER) of four-electron
transfer that occurs slowly at the anode [13–16]. At present, the most widely-used catalysts
for OER are precious metals and their derivatives such as RuO2 and IrO2, which suffer from
their high price and rare reserves [17–21]. It is reported that the well-designed FeNi-based
hybrid catalytic materials in an alkaline environment have superior OER performance
comparable to that of precious metals [22–26]. However, the key problem limiting the
development of FeNi-based hybrid catalysts, especially FeNiOxHy, is that under the action
of oxidation current, the strong oxidation and reconstruction of the surface of catalysts,
lead to the loss of active sites and stability attenuation [27,28]. Therefore, the design and
synthesis of FeNi-based catalytic materials with heterogeneous catalytic surfaces for the
long-term OER is still a research hotspot.

Through accidental or intentional Fe doping or incorporation, the OER activity of
nickel/cobalt-based electrocatalysts can be greatly increased, which is called the “Fe ef-
fect” [29–31]. Many researchers have discovered this phenomenon, but few have applied it
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to the synthesis and development of Fe-Ni and Fe-Co-based bimetallic composites. Fur-
thermore, our previous work has shown that catalytic surfaces rich in nickel and low in
iron are more conducive to the bonding of heterogeneous atoms to maintain the long-term
stability of FeNi-based hybrid materials [32].

Herein, we synthesized trace ferrocene formic acid (FFA) modified Ni(OH)2 hybrid
catalyst by a simple electrochemical activation method to provide excellent OER perfor-
mance in an alkaline solution. Due to the unique heteroatomic bond cooperation assisted
by electrochemistry, the introduction of a small amount of ferrocene formic acid in the
electrolyte can significantly improve the reaction current and oxygen evolution efficiency,
indicating that it has a good modification effect on Ni(OH)2 catalytic surface. Meanwhile,
after ferrocene formic acid was introduced, the solid electronic interactions between Ni
and Fe might change the electronic structure of Ni(OH)2 to provide suitable intermediate
adsorption energy. Impressively, the OER activity of Ni/FFA(OH)2/NF is far inferior to
that of FFA-Ni(OH)2/NF.

2. Experimental Section

2.1. Chemicals

Ni(NO3)2·6H2O (AR), C11H10FeO2 (AR), and C3H7NO (DMF) (AR) were purchased
from Macklin (Shanghai, China). We used standard analytical pure KOH (purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) to prepare the electrolyte.
The content of Fe in this KOH is less than 0.001%. Nickel foams (NFs) were ultrasonically
cleaned in acetone, hydrochloric acid (1 mol L−1), and ethanol for 30 min. In this experiment,
all electrolytes are prepared with specially purified ultrapure water to avoid any impurities.
The models of electric heating constant temperature blast drying oven, muffle furnace, and
tube furnace are DGG-90030G, KSL-1200X, and ZL-2011-2-0389859.8, respectively.

2.2. Synthesis of the Ni(OH)2/NF

The growth solution contains ammonium fluoride (3 mmol), nickel nitrate (3 mmol),
urea (10 mmol), and deionized water (40 mL) [33,34]. The prepared solution was then
added to the reactor including a piece of NF (2 cm × 2 cm), and then heated at 100 ◦C for
12 h. Finally, a color transition of NF from silver-gray to light green can be observed.

2.3. Synthesis of the FFA-Ni(OH)2/NF

FFA-Ni(OH)2 was obtained by rapid electrochemical activation. First, Ni(OH)2/NF
was activated to a stable state by linear sweep voltammetry (LSV) (5 mV s−1, 0–0.7 V
vs. SCE, 5 cycles). Then, ferrocene formic acid solution (0.05 mol L−1) was added to the
electrolyte drop by drop and stirred evenly. At the same time, LSV scanning was continued
until stable. Finally, about 40 uL ferrocene formic acid solution was added until achieving
the optimum activity. Finally, the obtained FFA-Ni(OH)2/NF catalyst was washed with
deionized water.

2.4. Synthesis of the Ni/FFA(OH)2/NF

The synthetic method of Ni/FFA(OH)2/NF is almost the same as that of Ni(OH)2/NF,
except that the growth solution is replaced with 10 mL 0.05 mol L−1 ferrocene formic acid
solution, nickel nitrate (3 mmol), urea (10 mmol) and deionized water (40 mL).

2.5. Characterization

X-ray diffraction (XRD, Rigaku D/MAX-2500PC) with Cu Kα, λ = 1.54 Å was used to
investigate the crystal phase-related information of the obtained catalysts. The instrument
models of scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
are Hitachi S-4800 and FEI Tecni G20, respectively. The SEM-energy dispersive spectrometer
(EDS) was used to analyze the detailed elemental composition of the catalyst. X-ray
photoelectron spectroscopy (XPS) was tested on a Thermo Fisher Scientific II spectrometer
using an Al Kα source.
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2.6. Electrochemical Measurements

The electrochemical activities of catalysts were tested with a Gamry Reference 600 work-
station in 1 M KOH electrolyte. In a typical three-electrode system, the working, counter,
and reference electrodes are catalysts on NF, platinum sheet, and calomel electrode, respec-
tively. Specifically, the LSV sweep is set at 5 mV s−1; the test voltage and frequency ranges
of electrochemical impedance spectroscopy (EIS) are 0.45 V vs. SCE and 105−0.1 Hz; the
current density for the chronopotentiometry method is 200 mA cm−2. The electrochemical
active surface areas (ECSAs) of electrocatalysts were measured by cyclic voltammetry
(CV). Test voltage range was set as 1.35–1.45 V vs. RHE and sweep speeds were set as 20,
40, 60, 80, and 100 mV s−1. Their electrochemical double-layer capacitances (Cdl) were
obtained from the change rate of voltage with sweep speed. According to the formula
ESCA = Cdl/Cs (Cs = 0.04 mF), the corresponding ECSA of each sample can be obtained.

3. Results and Discussion

Figure 1 shows the detailed synthesis pathway of trace ferrocene formic acid (FFA)-
modified Ni(OH)2 electrocatalyst (named FFA-Ni(OH)2/NF), including a one-step hy-
drothermal reaction and simple electrochemical activation process. It has been reported
that Ni(OH)2 has a special bonding effect for Fe ions, and the electrochemical reconstruc-
tion process of OER can promote the interaction of Fe-Ni heteroatomic pairs [24,25]. The
XRD peaks of pure Ni foam are consistent with the characteristic peaks of standard Ni
(00-003-1051) (Figure S1, see Supplementary Materials). Ni(OH)2 synthesized by hydrother-
mal reaction has a mixed crystal phase structure. As shown in Figure 2a, XRD peaks of
Ni(OH)2/NF correspond to the standard peaks of α-Ni(OH)2 (00-038-0715) and β-Ni(OH)2
(01-074-2075). After the surface treatment with ferrocene formic acid, the original crystal
structure of Ni(OH)2 was basically retained, and the characteristic peaks of Fe(OH)3 were
also detected. This indicates that a tiny proportion of ferrocene is electro-activated to form
Fe(OH)3 after electrochemical action due to the particular interaction of Fe-Ni heteroatoms.
In alkaline environments, OH intermediates can be adsorbed to Ni-Fe sites by terminal
bonding or bridging to form heteroatomic bonds—Fe-O-Ni, which can be pivotal catalytic
sites with high OER activity [35,36].

Figure 1. Schematic diagram of the preparation of FFA-Ni(OH)2/NF.

In addition, the near-surface species composition and elemental valence states of all
electrocatalysts were characterized by XPS. Characteristic peaks of Ni, O, and Fe appear
in the full-range spectral data of FFA-Ni(OH)2/NF (Figure 2b), which is consistent with
the XRD data mentioned above. In detail, the Ni 2p peaks of FFA-Ni(OH)2/NF could be
divided into four peaks: Ni 2p3/2 (854.83 eV), Ni 2p1/2 (877.42 eV), Sat1 (860.51 eV) and
Sat2 (878.40 eV) (Figure 2c). For the Ni 2p spectrum of Ni(OH)2/NF, four similar peaks are
located at 855.23, 861.03, 873.03, and 878.94 eV, respectively. A detailed comparison shows
that the peak of Ni 2p3/2 of FFA-Ni(OH)2/NF is offset by 0.4 eV relative to Ni(OH)2/NF,
indicating an intense electron interaction between the introduced Fe and Ni.

147



Crystals 2022, 12, 1404

 
Figure 2. (a) Typical XRD patterns of Ni(OH)2/NF and FFA-Ni(OH)2/NF. (b) XPS spectra of FFA-
Ni(OH)2/NF (red) and Ni(OH)2/NF (blue). (c) Ni 2p and (d) O 1s spectra of FFA-Ni(OH)2/NF and
Ni(OH)2/NF.

In addition, the O 1s of FFA-Ni(OH)2/NF and Ni(OH)2/NF can be divided into
three peaks corresponding to O-M (520 eV), O-H (531 eV), and adsorbed oxygen (532 eV)
(Figure 2d). Compared with Ni(OH)2/NF, the M-O peak of FFA-Ni(OH)2/NF also exhibits
a 0.3 eV shift, which is also due to the electron interaction of Fe-Ni heteroatom pairs. The
2p profile of Fe is shown in Figure S2. The peak of Fe is puzzling due to the interference of
the strong Auger peak of Ni. This may also be caused by too little Fe content on the surface
of FFA-Ni(OH)2/NF.

The surface morphology information of electrocatalysts can be obtained from SEM.
The surface of the pure NF is smooth, which is not conducive to the exposure of the cat-
alytic active site and the direct application of the catalytic process (Figure S3). However,
NF is more suitable for dispersion substrate because of its complex pore structure. In
Figure 3a, the Ni(OH)2/NF prepared by the hydrothermal method presents a flower-like
three-dimensional structure with the aggregation of ultra-thin nanosheets. Polygonal ultra-
thin nanosheets are more conducive to providing a large specific surface area and rich
active sites (Figure 3d). Moreover, the interspaces formed by the cross-linking of nanosheets
can provide a large number of gas transport channels to promote oxygen desorption. The
surface elemental distribution of Ni(OH)2/NF is demonstrated in Figure S4, and it can be
found that Ni and O are distributed uniformly on the surface of the nanosheet. As we can
see in Figure 3b, after ferrocene formic acid surface modification and electrochemical activa-
tion, FFA-Ni(OH)2/NF can still maintain the morphology of flower-like nanosheet clusters,
indicating that the main structure of the original precursor will not be damaged by FFA
modification. More notably, compared with Ni(OH)2/NF, FFA-Ni(OH)2/NF has a thinner
and more uniform nanosheet-like structure (Figure 3e), which may be more conducive to
the exposure of active catalytic sites and transport of gas. In addition, FFA was added to the
growth solution to prepare bulk phase doped Ni/FFA(OH)2/NF, as shown in Figure 3c. It
is not difficult to find that Ni/FFA(OH)2/NF does not possess the flower-like morphology
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of nanosheet aggregation, which may be because the addition of FFA hinders the crystal
growth of Ni(OH)2. In Figure 3f, Ni/FFA(OH)2/NF has a spongy porous structure, which
is harmful to providing a large specific surface area and abundant active sites. To better
reveal the influence of the morphology of electrocatalysts on the ECSA, we carried out
CV tests on all samples (Figure S5). The results show that FFA-Ni(OH)2/NF (37.18 mF
cm−2) has the largest Cdl compared with Ni(OH)2/NF (23.36 mF cm−2), Ni/FFA(OH)2/NF
(30.55 mF cm−2). The ECSAs of FFA-Ni(OH)2/NF, Ni/FFA(OH)2/NF, and Ni(OH)2/NF
are 929.50, 763.75, and 584.00 cm−2, respectively (according to the formula: ESCA = Cdl/Cs).
The results of the electrochemical test are consistent with SEM characterizations. SEM-
Mapping results further showed that Fe, Ni, and O contained in FFA-Ni(OH)2/NF were
uniformly distributed, indicating that the electrochemical activation process could achieve
uniform Fe dispersion. The content of the Fe element is really low (atomic content as
low as 0.22%, Figure S6), indicating that a small amount of FFA can provide a significant
modification effect.

Figure 3. SEM images of Ni(OH)2/NF (a,d), FFA-Ni(OH)2/NF (b,e), and Ni/FFA(OH)2/NF (c,f).
(g) SEM image and EDX elemental mappings of FFA-Ni(OH)2/NF.

To further highlight the enhanced catalytic effect of surface modification, detailed
electrochemical characterizations were carried out for all electrocatalysts in 1 M KOH. In
Figure 4a, compared with pure Ni(OH)2/NF, the alkaline OER activity of Ni(OH)2 modified
by FFA was significantly improved. This may be due to the strong electron interaction
and synergistic catalytic effects of Fe-Ni heteroatoms on the catalytic surface. Meanwhile,
a small amount of ferrocene formic acid solution was added to the growth solution to
synthesize bulk doped Ni(OH)2 (Ni/FFA(OH)2/NF) as the contrast sample.

As expected, the OER properties of Ni/FFA(OH)2/NF are not ideal. Compared with
Ni(OH)2/NF, its overpotential reduces by only 30 mV, while FFA-Ni(OH)2/NF reduces by
138 mV at 100 mA cm−2 (Figure 4b). The excellent modification effect of ferrocene formic
acid surface modification can be well proved. In Figure 4g, the electrocatalysts in this
work have better performances over several previously reported Fe-Ni-based OER catalysts
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(Table S1). More importantly, FFA-Ni(OH)2/NF exhibits an overpotential of 350 mV at a cur-
rent density of 300 mA cm−2, which is 240 mV less than Ni(OH)2/NF. OER reaction kinetics
of electrocatalysts can be reflected by the Tafel slope. As we can see in Figure 4c, FFA-
Ni(OH)2/NF has the smallest Tafel slope (77.68 mV dec−1), indicating that it has improved
OER reaction kinetics. In addition, the system resistance (Rs) and charge transfer resistance
(Rct) of the catalytic system were studied by electrochemical impedance spectroscopy (EIS).
Our results show that the system resistances of NF, Ni(OH)2/NF, Ni/FFA(OH)2/NF, and
FFA-Ni(OH)2/NF are similar, but the Rct of FFA-Ni(OH)2/NF decreases nearly 100 times,
which indicates that the electron transfer rate of the catalytic surface is obviously accel-
erated after surface modification with FFA (Figure 4d). This is probably because of the
presence of conjugated electrons in the organic match, which makes the conductivity of the
material significantly improved. In conclusion, FFA-Ni(OH)2/NF exhibits surprising OER
performances thanks to the electron interaction of Fe-Ni heteroatomic pairs, the surface
modification effect of FFA, and the stereoscopic flower structure.

Figure 4. (a) LSV, (b) overpotential, (c) Tafel, and (d) EIS of FFA-Ni(OH)2/NF, Ni(OH)2/NF,
Ni/FFA(OH)2/NF, and NF. (e) LSV of FFA−Ni(OH)2/NF before and after 10,000 CV cycles. (f) The
chronopotentiometry (CP) test at 200 mA cm−2 of FFA-Ni(OH)2/NF in 1 M KOH solution. (g) Com-
parison of the overpotentials of the catalyst in this work and the previously reported Fe-Ni-based
OER catalysts.

In addition, the stability test of FFA-Ni(OH)2/NF was explored in detail. As exhibited
in Figure 4e, after 10,000 cycles of CV, the LSV profiles of FFA-Ni(OH)2/NF basically
coincide, indicating that it has excellent cycling stability. More importantly, after 50 h
of stability testing, the reaction current of FFA-Ni(OH)2/NF did not decay significantly,
proving that it also had preeminent long-term stability (Figure 4f). Due to the interaction
of abundant conjugated electron pairs, organic iron may be more conducive to Fe site
stabilization than inorganic Fe salt. Importantly, the overpotential of the catalyst in this
work is comparable to those of previously reported Fe-Ni-based OER catalysts (Figure 4g
and Table S1) [37–47]. Therefore, the performance and stability of FFA-Ni(OH)2/NF will
meet the requirements of OER catalysts for future industrial applications.
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4. Conclusions

In summary, FFA-Ni(OH)2/NF synthesized by electrochemical activation and surface
modification of FFA exhibited excellent OER performances in alkaline solution. Electro-
chemical tests revealed that FFA-Ni(OH)2/NF only required an overpotential of 311 mV at
100 mA cm−2, which was 138 mV less than that of Ni(OH)2/NF. Moreover, the electrocat-
alytic activities of Ni(OH)2/NF are stable after 10,000 cycles and up to 50 h of durability
test. The excellent and comprehensive properties of FFA-Ni(OH)2/NF may come from the
following two aspects: (1) the strong electronic interaction of Fe-Ni heteroatom pairs posi-
tively regulates the binding energy of oxygen-containing intermediates. (2) the flower-like
structure of Ni(OH)2/NF composed of ultrathin nanosheets is well-maintained after micro
FFA surface modification. Our research proves that surface modification is an effective way
to achieve the performance enhancement of FeNi-based electrocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12101404/s1, Figure S1: XRD of Ni foam; Figure S2: Fe 2p
of FFA-Ni(OH)2/NF; Figure S3: SEM images of NF; Figure S4: SEM-Mappings of Ni(OH)2/NF;
Figure S5: CVs of (a) FFA-Ni(OH)2/NF, (b) Ni/FFA(OH)2/NF, and (c) Ni(OH)2/NF (at 1.35–1.45 V
vs. RHE). (d) Cdl of FFA-Ni(OH)2/NF, Ni/FFA(OH)2/NF and Ni(OH)2/NF; Figure S6: The surface
element content statistics of FFA-Ni(OH)2/NF; Table S1: Comparison of the overpotential between
the catalyst in this work and the previously reported Fe-Ni based OER electrocatalysts [37–47].
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