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Preface

In recent years, the field of nanomaterials has undergone remarkable advancements, offering

unprecedented opportunities to revolutionize energy storage and catalysis technologies. The

integration of novel nanomaterials into these domains has not only enhanced performance, but

also opened new avenues for addressing pressing global challenges related to energy sustainability

and environmental protection.

This reprint delves into the cutting-edge developments and applications of nanomaterials in

energy storage and catalysis. Authored by leading experts in the field, the insightful works aim to

provide a comprehensive overview of the state-of-the-art research, innovative methodologies and

promising technologies driving significant progress in these critical areas.

The journey through this reprint begins with an exploration of advanced nanomaterials designed

for energy storage applications, including batteries, supercapacitors and fuel cells. It delves into

the fundamental principles governing their design, synthesis, characterization and performance

optimization, highlighting key breakthroughs and emerging trends.

Transitioning into catalysis, the reprint showcases the pivotal role of nanomaterials in catalytic

processes for energy conversion, environmental remediation and sustainable chemical engineering.

Readers gain valuable insights into design strategies, catalytic mechanisms and performance

enhancements enabled by nanomaterial-based catalysts, showcasing their potential to revolutionize

diverse sectors.

Throughout this reprint, an emphasis is placed on the interdisciplinary nature of nanomaterial

research, highlighting the synergistic integration of materials science, chemistry, physics, engineering

and environmental science. Moreover, it underscores the importance of collaboration, knowledge

exchange and continuous innovation in driving impactful solutions for global energy and

environmental challenges.

As editors of this reprint, we are honored to present a compilation of contributions from

esteemed researchers and practitioners whose dedication and expertise have significantly contributed

to advancing nanomaterials for energy storage and catalysis. We hope this reprint serves as a valuable

resource for researchers, students, educators and industry professionals alike, inspiring continued

exploration, discovery and innovation in this exciting and rapidly evolving field.

Zhenyu Yang and Jinsheng Zhao

Editors
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Advancing Energy Storage and Catalysis with Novel
Nanomaterials

Zhenyu Yang 1,* and Jinsheng Zhao 2
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In the dynamic realm of materials science, novel nanomaterials possess the transfor-
mative potential to reshape various industries, ranging from energy storage to catalysis.
The objective of this Special Issue, titled “Innovative Nanomaterials for Energy Storage and
Catalysis”, is to facilitate the exchange of groundbreaking research and ideas related to the
synthesis, characterization, and application of innovative nanomaterials.

The articles featured in this Special Issue encompass a diverse spectrum of topics,
thereby showcasing the multifaceted capabilities of nanomaterials in addressing challenges
within the domains of energy storage and catalysis. Noteworthy breakthroughs include
the utilization of three-dimensional flower-like MoS2 nanosheets and TiO2 nanorod-coated
polyethylene separators, both of which mark significant advancements in the creation of
high-performance materials designed for rapid-charging lithium-ion batteries. Furthermore,
a comprehensive review delves into the realm of new materials tailored for anion-selective
electrodes, offering insights into a multitude of potential applications. Our Special Issue
also highlights the innovative POP-Ni catalyst for CO2 fixation, derived from PBTP, which
offers a groundbreaking approach for the ambient fixation of CO2 into cyclic carbonates—a
notable contribution to the ongoing endeavors related to carbon capture and utilization.
Additionally, we delve into the realm of CO2-switchable hierarchically porous zirconium-
based MOF-stabilized Pickering emulsions, elucidating the prospects of recyclable and
efficient interfacial catalysis through the use of advanced materials.

These contributions highlight the diverse nature of nanomaterial research, covering
various aspects such as material synthesis, hierarchical organization, device fabrication,
and characterization. As readers explore this Special Issue, we encourage them to discover
the incredible potential inherent in nanomaterials and their pivotal role in shaping the
future of energy storage and catalysis. It is our sincere hope that the articles presented
here will serve as a source of inspiration, encouraging further exploration and innovation
in the field of nanomaterials. Ultimately, these efforts have the potential to bring about
transformative advancements in energy storage and catalysis.

Funding: This work was supported by the Natural Science Research Programs of Jiangxi Province
(20202ACB202004, 20212BBE53051, 20213BCJ22024).

Conflicts of Interest: The authors declare no conflict of interest.
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TiO2 Nanorod-Coated Polyethylene Separator with
Well-Balanced Performance for Lithium-Ion Batteries

Zhanjun Chen 1,†, Tao Wang 2,†, Xianglin Yang 1,3,*, Yangxi Peng 1, Hongbin Zhong 1 and Chuanyue Hu 1

1 Modern Industry School of Advanced Ceramics, Hunan Provincial Key Laboratory of Fine Ceramics and
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Science and Technology, Loudi 417000, China

2 School of Materials Science and Engineering, Dongguan University of Technology, Dongguan 523808, China
3 Western Australia School of Mines, Curtin University, Kalgoorlie, WA 6430, Australia
* Correspondence: xianglin.yang@curtin.edu.au; Tel.: +86-0738-8325065
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Abstract: The thermal stability of the polyethylene (PE) separator is of utmost importance for the
safety of lithium-ion batteries. Although the surface coating of PE separator with oxide nanoparticles
can improve thermal stability, some serious problems still exist, such as micropore blockage, easy
detaching, and introduction of excessive inert substances, which negatively affects the power density,
energy density, and safety performance of the battery. In this paper, TiO2 nanorods are used to modify
the surface of the PE separator, and multiple analytical techniques (e.g., SEM, DSC, EIS, and LSV)
are utilized to investigate the effect of coating amount on the physicochemical properties of the PE
separator. The results show that the thermal stability, mechanical properties, and electrochemical
properties of the PE separator can be effectively improved via surface coating with TiO2 nanorods, but
the degree of improvement is not directly proportional to the coating amount due to the fact that the
forces inhibiting micropore deformation (mechanical stretching or thermal contraction) are derived
from the interaction of TiO2 nanorods directly “bridging” with the microporous skeleton rather than
those indirectly “glued” with the microporous skeleton. Conversely, the introduction of excessive
inert coating material could reduce the ionic conductivity, increase the interfacial impedance, and
lower the energy density of the battery. The experimental results show that the ceramic separator
with a coating amount of ~0.6 mg/cm2 TiO2 nanorods has well-balanced performances: its thermal
shrinkage rate is 4.5%, the capacity retention assembled with this separator was 57.1% under 7 C/
0.2 C and 82.6% after 100 cycles, respectively. This research may provide a novel approach to
overcoming the common disadvantages of current surface-coated separators.

Keywords: TiO2 nanorods; polyethylene; ceramic separator; lithium ion batteries; thermal stability

1. Introduction

Lithium-ion batteries (LIBs) have attracted extensive attention in recent years due to
their balanced electrochemical performance and high energy density. However, with the
ever-lasting demand for high-power applications, the safety and reliability of LIBs have
become critical. In a lithium-ion battery system, the separator, which functions as the ion
conductor and electronic insulation between the anode and the cathode, is of paramount
importance for the safety of LIBs [1]. Generally, an ideal separator should possess high
porosity and excellent electrolyte wettability for rapid lithium-ion migration as well as
desired mechanical strength and toughness for facile manufacturing [2,3]. Currently, the
conventional separators for LIBs consist mainly of polyethylene (PE), polypropylene (PP),
and their blends, which have suitable mechanical strength, chemical stability, and mem-
brane thickness. However, these separators would suffer from severe thermal shrinkage
under abnormal conditions such as overheating or overcharging, resulting in catastrophic
thermal runaway, which may cause gas emission, rupture, fire, or explosion [4,5].

Materials 2023, 16, 2049. https://doi.org/10.3390/ma16052049 https://www.mdpi.com/journal/materials3
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In order to enhance the thermal stability of commercial separators, intensive efforts
have been made in recent years. On the one hand, alternatives to polyolefin separators
(e.g., non-woven separators [6] and solid electrolytes) have been developed. However, the
large pore size and poor mechanical properties of non-woven separators severely restrict
their further application, and there remain many technical challenges associated with the
solid electrolytes, such as interface impedance, processability, and electrode/electrolyte
interface stability [7–9]. On the other hand, researchers try to improve the thermal stabil-
ity of polyolefin-based separators by various methods, such as surface grafting, surface
coating, blending, and so on. Among them, the surface coating of PE separators with
inorganic nanoparticles (e.g., SiO2 [10–12], Al2O3 [13,14], metal hydroxides [15,16], zeo-
lite [17,18], ZrO2 [19,20] and TiO2 [21]) have attracted considerable attention, because it’s an
industrially more competitive method to improve the thermal stability of conventional PE
separators. However, surface coating of separators with nanoparticle materials still faces
many problems. For example, the nanoparticles often block the micropores and inhibit
the free migration of lithium ions during the charging and discharging process, leading
to the increase of battery internal resistance [13]. Moreover, some inorganic nanoparticles
would detach from the separator surface because of the interfacial stress resulting from the
manufacturing process of LIBs, which gives rise to nonuniform impedance distribution, po-
tentially resulting in the thermal runaway of LIBs [22]. Additionally, these electrochemical
inert solids (ceramics and binders) are not effective enough in the state-of-the-art research
on achieving better electrochemical performance, such as higher energy density, higher
power density, and so on [23,24]. Minimizing the usage amount of the electrochemical
inert solids can improve the electrochemical performances, but the ultrathin layers are not
effective in improving thermal stability.

Within the structure of surface-coated separators, the inorganic nanoparticle is bound
onto the base film (i.e., PE membrane) via the action of a binder, which is called the “point
bonding” pattern. Such a bonding pattern entails a thicker coating or higher adhesive
usage to achieve remarkably reduced thermal shrinkage. Therefore, only by changing
the interaction mode between the coating layer and the base film can the thermal sta-
bility of the PE membrane be substantially improved while simultaneously decreasing
the use of electro-chemically inert solids. Recently, the use of one-dimensional [25] or
two-dimensional nanomaterials instead of inorganic nanoparticles as the surface coating
of the base film can transform the “point bonding” pattern into the “inter-line or inter-
plane bonding” mode, thus greatly enhancing the adhesive force and thermal stability.
For example, Zhao [26] prepared nanofibers-coated polypropylene (PP) separator with a
three-dimensional network of interlacing Mg2B2O5 bundles, which hardly shrank after
heating at 160 ◦C for 30 min. Hu [27] transplanted catechol functional groups on the surface
of a PP separator with dopamine to interact with aryl nanofibers, and the results showed
that high thermal stability could be achieved even if a small amount of aryl nanofibers
were immersed (0.005% concentration emulsion). Zhang [28] decorated the PP membrane
using hexagonal Mg(OH)2 nanosheets and found that it could maintain its original shape
after heating at 180 ◦C for 30 min even at a coating thickness of 0.035 μm. Inspired by the
aforementioned research findings, in this paper, TiO2 nanorods were used for the surface
modification of the PE membrane. Under the condition of “wire bonding” interaction, the
influence of the thickness of the modification layer on the performance of PE base film is
discussed, and the balance point between the two is sought to obtain a ceramic separator of
high thermal stability with little effect on battery power and energy density.

2. Experimental

2.1. Material Preparation

The TiO2 nanorods were synthesized based on the previously published method [29].
The detailed preparation process is as follows: 1.0 g TiO2 powder (Analytical Reagent,
Aladdin- Reagent) was dispersed into 200 mL of 10 M sodium hydroxide solution, well
stirred, and then transferred to a Teflon-lined autoclave for hydrothermal reaction at 180 ◦C
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for 24 h. After the reaction, the resulting white precipitate was washed with dilute HCl and
deionized water until the filtrate became neutral. Finally, the product was dried at 80 ◦C
for 10 h.

2.2. Preparation of Ceramic Separator

The coating slurry is prepared as follows: 1.0 g PVDF is dissolved in a certain amount
of NMP solvent at 50 ◦C to form a uniform solution, then 1.5 g TiO2 nanorods and 0.01 g
polyvinylpyrrolidone (PVP) are added and stirring is continued to form a uniform solution.
After carefully adjusting the viscosity and solid content of the suspension, the as-prepared
slurry was coated on the surface of the pristine PE membrane by the doctor-blade technique
to obtain a ceramic separator. After drying, the targeted ceramic separator is prepared.
The ceramic separators with a designed coating amount of 0.6, 0.9, 1.2, and 1.5 mg/cm2

are named C-0.6, C-0.9, C-1.2, and C-1.5, respectively, and the actual coating amount is
obtained by the subsequent weighing method, which is 0.6, 0.97, 1.24, and 1.83 mg/cm2,
respectively. For comparison and analysis, the uncoated blank PE base film was named
C-0. In addition, the same coating method was used to coat the PE base film with TiO2
nanoparticles (Aladdin reagent, about 50 nanometers in diameter). The sample is named
C-P.

2.3. Characterization Analysis

The crystal structure of the prepared TiO2 material was examined with X-ray pow-
der diffraction (XRD) using a Bruker D8 Advance diffractometer with Cu-Kα source
(λ = 1.54056 Å) from 10◦ to 90◦ with a step size of 0.02◦ s−1. The surface morphology,
cross-section morphology, and SEM-EDS linear scanning of the TiO2 material and the
coated layer were investigated using a scanning electron microscope (SEM, Philip-XL30).
The thermostability of the samples was measured with differential scanning calorimetry
(DSC, TA-Q200) in a temperature range of 60–200 ◦C at a heating rate of 10 ◦C min−1 under
N2 flow. The thermal shrinkage of the separators (original size: 3 × 3 cm) was determined
by measuring their dimensional changes after storage at 140 ◦C for 30 min. The degree of
thermal shrinkage was calculated by using the equation (Thermal shrinkage ratio (%) = (A1
− A2)/A1 × 100%), where A1 is the initial area and A2 is the final area of the separator after
the storage test. The tensile properties were tested using an Instron Universal Testing ma-
chine (RGWT-4002, Reger, Shenzhen, China). At least five independent measurements were
performed for each sample with a constant rate of 20 mm s−1, a 20 mm length. The Liquid
electrolyte uptakes of the separators were measured in 1 mol L−1 LiPF6 (EC:DMC = 3:7)
solution at room temperature inside the glove box for 6 h. Liquid electrolyte-soaked mem-
branes were weighed immediately after removing the excrescent surface electrolyte by
wipes. The liquid electrolyte uptakes were calculated using the equation of (M1 − M0)/M0
× 100%, where M0 and M1 were the weight of the membrane before and after immersion in
the liquid electrolyte, respectively. The air permeability of separators was examined with a
Gurley densimeter (UEC, 1012 A) by measuring the time for 100 cc of air to pass through
under a given pressure.

The ionic conductivities of the separators were measured by electrochemical impedance
spectroscopy (EIS, CHI-660 E). A total of 2025 coin-type test cells were assembled by sand-
wiching the separator between two stainless steel (SS) electrodes and soaking it into the
liquid electrolyte (1 M LiPF6 in 3:7 (volume ratio) mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC)) for AC impedance measurements. Impedance data were
obtained in the frequency range of 1 Hz–100 kHz with an amplitude of 10 mV at room
temperature. The ionic conductivity (κ) was calculated using the equation (κ = L/(R × S)).
Here, R is the electrolyte resistance measured by AC impedance, and L and S are the
thickness and area of the separators, respectively. The electrochemical stability window
of the separators was estimated by a linear sweep voltammetry program of the CHI-660E
electrochemical workstation to check oxidation decomposition, where the stainless steel
was used as the working electrode and the lithium metal was used as the counter electrode
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at a scan rate of 10 mV s−1 from 2.5 V to 6.0 V versus Li/Li+. The interfacial resistance
between lithium electrodes was determined from the AC impedance spectrum recorded
for Li|separators|Li cell over storage for up to 2 days. The measurement was carried out
over a frequency range of 65,000 Hz to 0.01 Hz, with an amplitude of 10 mV.

The electrochemical performance of the prepared separators was examined using 2025
coin-type cells, comprising of the prepared separators, a cathode [LiCoO2 (active mate-
rial):polyvinylidene fluoride (PVDF, binder):Super-P (conducting agent) = 80:10:10 wt%],
and a lithium foil as an anode. Then, 1 M LiPF6 in EC/DMC 3:7 by volume was employed
as an electrolyte. All the test cells were assembled in a dry, argon-filled glove box. The
assembled coin cells were charged/discharged in the voltage range of 3.0~4.3 V on the
CT2001A cell testing instrument (Land Electronic Co., Ltd.) at currents of 0.2, 0.4, 1.0, 2.0,
3.0 C, 5.0 C, and 7.0 C to test the rate capability. For the cycle stability, the charge/discharge
current density was fixed at 0.5 C. All electrochemical tests were conducted at room temper-
ature. Electrochemical impedance spectroscopy (EIS) was performed on an electrochemical
workstation, while the impedance spectra were recorded under a 0.02 V amplitude and a
frequency range of 50 mHz~105 Hz.

3. Results and Discussion

The crystal structure of TiO2 nanorods was analyzed by XRD as shown in Figure 1a.
It was found that all the peaks were completely consistent with the standard diffraction
peaks (JCPDS: 46–1237), indicating that the prepared TiO2 sample is a pure phase. And the
broad diffraction peaks illustrate that its grain size is small. The SEM image of the TiO2
sample (Figure 1b) shows that lots of nanorods with a diameter of about 10–100 nanometers
and a length of about tens of microns are uniformly dispersed. In ancient China, straw or
bamboo, having similar morphology to the TiO2 sample, was commonly mixed with clay
into a slurry and then coated on the wall surface, as shown in Figure 1c. The coating layer
not only has good permeability but also binds strongly with the wall because the straw or
bamboo interacts with the wall through a “wire bonding”. Therefore, if the synthesized
TiO2 nanorods are prepared into a viscous slurry and coated on the surface of the PE
separator, a protective layer with strong binding force and high permeability can also be
obtained, which further improves the thermal stability of the PE separator without affecting
the free migration of lithium ions.

The surface morphologies of the pristine PE separator and ceramic separators are
shown in Figure 2. The pristine PE separator (Figure 2a) has a typical interconnected
submicron pore structure originating from the wet method. This structure can facilitate
the storage of electrolytes and allow the free migration of lithium ions inside the separa-
tor. Compared with the pristine separators, as depicted in Figure 2b,d–f, all the ceramic
separators have similar surface morphologies for the inorganic coating layer, where the
TiO2 nanorods are uniformly dispersed and interlaced on the surface of the PE separator,
forming a three-dimensional network with porous structure. The surface morphology of
the reverse side of the coating layer for the sample of C-0.6 was also examined, as shown in
Figure 2c. It was found that the pore structures of the PE separator can be maintained after
the coating process, indicating that the TiO2 nanorods, unlike other nanoparticles, did not
clog the micropores because the nanorods with a high ratio of length to diameter tend to
bridge over the micropores while the nanoparticles with a small size can be embedded into
the micropores preventing the Li-ions from migrating through the separator. Besides, the
morphologies of the cross-sectional and the thicknesses of the coating layer for the ceramic
separators were observed with SEM and liner SEM methods, respectively, as shown in
Figure 2g–j. The structures of the coating can be observed clearly, and the thickness for the
samples of C-0.6, C-0.9, C-1.2, and C-1.5 are 0.5, 0.9, 1.3, and 2.1 μm, respectively. These
results are consistent with the actual coating amount tested by weighing method, where
the actual coating amount for sample C-0.6, C-0.9, C-1.2, and C-1.5 are 0.6, 0.97, 1.24, and
1.83 mg/cm2, respectively.
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Figure 1. (a) XRD pattern and (b) SEM image of the as-synthesized TiO2 nanorods, (c) is the schematic
diagram for ceramic separator obtained from TiO2 nanorods.

In order to investigate the thermal-resistant characteristics of the ceramic separators
with different coating amounts, thermal shrinkage behaviors are observed by measuring
the dimensional change (area-based) after storing the separators at 140 ◦C for 0.5 h. The
results are shown in Figure 3a–g. It can be seen that the pristine PE separator (in Figure 3a)
easily loses dimensional stability due to its low melting point of around 130 ◦C, which may
cause an internal short circuit in the battery, further resulting in thermal runaway. When
the synthesized TiO2 nanorods are used to modify the pristine PE separator, their thermal
stability at high temperatures is significantly improved even under low coating amounts,
as shown in Figure 3b. The thermal shrinkage of C-0.6 is about 4.5%, which is within the
acceptable value (5%) for commercial cell [30–32]. When the coating amount increases, as
shown in Figure 3c–e, their thermal shrinkage decreases gradually. The shrinkage of C-1.5
is almost negligible, while the coating amount increases to 1.83 mg/cm2. In addition, the
morphology for the reverse side of the coating of sample C-0.6 after the thermal shrinkage
test was also investigated by SEM measurement. Compared with the surface characteristics
before the thermal shrinkage test (Figure 2a,c), most of the micropores can still maintain
the original structure except for some micropores closed by melting in Figure 3f, indicating
that the ultrathin coating layer composed of TiO2 nanorods can effectively inhibit the
shrinkage of the pristine PE separator at high temperature. It is observed in Figure 3b–f
that the optimum coating amount is about 0.6 mg/cm2 (C-0.6) because it will not introduce
too much inert material and reduce the energy density of the battery while can obtain
decent thermal shrinkage. In order to study the influence of different coating materials
on the thermal stability of the separator, TiO2 nanoparticles with a diameter of about
50 nm were also used to modify the PE surface. The coating amount was tailored based
on its thermal shrinkage, which is exactly equivalent to that of sample C-0.6, as depicted
in Figure 3g,h. The coating thickness for C-P is about 4 μm which is much thicker than
that of C-0.6 (0.5 μm, observed in Figure 2g). It unequivocally demonstrated that the
coating material with nanorods compared with nanoparticles could not only effectively
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reduce the coating thickness and the use of inert substances, improve the energy density of
batteries, but also effectively inhibit thermal shrinkage of the separator at high temperatures.
Moreover, the differential scanning calorimeter (DSC) analysis was carried out to illustrate
the effect of surface coating on the thermal stability of ceramic separators with different
coating amounts. As shown in Figure 3i, the melting point of the pristine PE separator
is 134.9 ◦C, which is consistent with previous literatures [33,34]. While the melting point
of the ceramic separators was significantly improved after coating with TiO2 nanorods, a
smaller increase was observed after the coating thickness increased to more than 1.3 μm
(C-1.2 and C-1.5). Therefore, it can be concluded that the thermal stability for all the ceramic
separators was greatly improved, but the optimum coating amount is about 0.6 mg/cm2

because when the coating amount is greater than this value, the introduction of massive
non-electrochemical substances and the resulting reduction of the energy density will offset
the slightly improved thermal stability of separators.

Figure 2. The SEM images for the pristine PE separator (a) and the ceramic separators with different
coating amounts (b–j): the surface morphologies for the coating layer (b) and the reverse side of the
coating layer (c) of sample C-0.6. (d–f) are the surface morphologies for coating of samples C-0.9,
C-1.2, and C-1.5, respectively. (g–j) are the cross-section morphologies and the thicknesses of the
coating layer for the ceramic separators C-0.6, C-0.9, C-1.2, and C-1.5, respectively.
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Figure 3. Thermal shrinkage (%) of PE separator (a) and ceramic separators at 140 ◦C for 0.5 h:
(b) C-0.6, (c) C-0.9, (d) C-1.2, (e) C-1.5 and (g) C-P. (f) is the SEM image for the reverse side of
the coating of sample C-0.6 after thermal shrinkage test. (h) is the cross-section morphology and
the thicknesses of the coating layer for C-0.6. (i) is the DSC curves for PE separators and ceramic
separators.

The influence of coating amount on the mechanical properties of separators is analyzed
by tension testing. As shown in Figure 4a, the tensile strength of the pristine separator
(sample C-0) is 15.5 MPa, and it can be improved after coating with the synthesized TiO2
nanorods, as evidenced by the tensile strengths of 17.0 (C-0.6), 17.36 (C-0.9), 17.98 (C-1.2)
and 18.05 (C-1.5) MPa, respectively, which is consistent with the aforementioned thermal
stability analysis. Therefore, based on the analysis results of mechanical properties and
thermal stability, a possible mechanism was proposed in Figure 4b. The coating can
be divided into a surface layer and a stacking layer. Firstly, in the surface layer, some
TiO2 nanorods “bridged” on the skeletons of the microporous of the pristine membrane
through the binder. Then, the other TiO2 nanorods will stack on the surface layer to form
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a stacking layer, where these TiO2 nanorods do not interact directly with the pristine
membrane. When the separator is subjected to external force (mechanical stretching or
thermal shrinkage), the micropores can maintain the original shape and keep themselves
from thermal shrinkage or mechanical stretching mainly due to the interaction between
the skeletons of the microporous and TiO2 nanorods in the surface layer rather than
the interaction between the skeletons of the microporous and TiO2 nanorods in stacking
layer. Therefore, smaller improvements in thermal stability and mechanical strength were
observed when the coating amount of TiO2 nanorods increased to above 0.6 mg/cm2.
However, if the TiO2 nanoparticles are used to modify the pristine separator, the interaction
between TiO2 nanoparticles and the skeleton of the pristine separator can only occur by
“point” gluing rather than “bridging” gluing when the separator is subjected to external
force (mechanical stretching or thermal shrinkage), this bonding mode is very inefficient in
preventing the shrinkage or extension of the separator.

Figure 4. The stress-strain curves of the ceramic separators with different coating amounts (a) and
anti-shrinkage mechanism diagram (b).

The electrochemical performances of ceramic separators with different coating amounts
were characterized by the electrochemical workstation. The electrochemical window is
a vital parameter to evaluate the electrochemical stability of separators, which were usu-
ally investigated by linear sweep voltammetry (LSV) tests. Generally, the onset of the
suddenly increasing current was caused by the oxidative reaction of electrolyte decom-
position, and the corresponding voltage indicates the maximum electrochemical stable
voltage [35,36]. As shown in Figure 5a, there were no obvious current changes during
the potential sweeps at 4 V, whereas the current showed a dramatic difference between
4.0 and 5.5 V. The electrochemical stabilities of PE separators are about 4.1 V (vs. Li+/Li).
In comparison, the current onsets of C-0.6, C-0.9, C-1.2, and C-1.5 separators are 5.3 V.
The TiO2 nanorods-coated separator has a wider electrochemical stability window, which
indicates that the TiO2 nanorod-modified separator possesses better electrochemical sta-
bility. The stability enhancement means better compatibility with the electrolyte of the
lithium-ion battery, which should be attributed to the excellent electrolyte affinity of TiO2-
coated PE separator and the stabilization of electrolyte anions by Ti-O units acting as the
Lewis acid centers [37–39]. Ionic conductivity is another important indicator to evaluate
the electrochemical performance of the separator. Figure 5b shows the Nyquist plots of the
stainless steel (SS)/separator-electrolyte/SS molds assembled by sandwiching the pristine
PE separator or coated separators soaking in liquid electrolyte between two pieces of
SS. The high-frequency intercept on the real axis reflects the bulk resistance (Rb), which
can be used to calculate the ionic conductivity in Table 1. According to the results, all
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TiO2 nanorod-modified PE separators show higher ionic conductivity than the pristine
PE separator, and the highest ionic conductivity was observed for sample C-0.6, which
may benefit from the synergistic contributions of the significantly increased electrolyte
uptake and the well-preserved porous structure [13,40], as observed in Figure 2c. The
compatibility of liquid electrolyte-soaked separators with a lithium electrode is also a very
important factor in the C-rate capability of lithium-ion batteries, which can be investigated
by evaluating the impedance variation of Li/liquid electrolyte-soaked separator/Li cells.
As shown in Figure 5c, a semicircle was observed from the impedance spectra of cells
with all separators that represent the Li/electrolyte interfacial resistance (Rint), which was
related to the charge transport across the passivation layer (solid electrolyte film) and the
charge transfer reaction, Li+ + e− = Li [3,37]. The Rint for C-0, C-0.6, C-0.9, C-1.2, and
C-1.5 samples are 243 Ω, 118 Ω, 124 Ω, 141 Ω and 161 Ω, respectively. Compared with
the uncoated PE separator, it can be seen that all TiO2 nanorod-modified PE separators
had lower interfacial resistance, indicating smooth ion transport between the ceramic
nanoparticle-coated separators and electrodes. It can be attributed to the TiO2 nanorod-
modified PE separators capable of retaining the original porous structure and the layer
of TiO2 nanorods able to obtain higher electrolyte uptake (Table 1), which can effectively
decrease the interaction between electrolyte components and the lithium electrode, and
gradually stabilizes the interface [41]. Moreover, the C-0.6 separator exhibited the smallest
interfacial impedance and therefore had the best separator-electrode compatibility. This is
consistent with previous research [38,42] that a very thin inorganic oxide layer can negate
the interfacial impedance between the electrolyte and lithium metal, owing to the high
binding energy between lithium and the oxides layer.

Figure 5. The Linear scan voltammetry (LSV) curve of Li/separator- liquid electrolyte/SS cells (a),
AC impedance spectra of the SS/separator-liquid electrolyte/SS cell (b), the interfacial resistances of
the Li/separator-liquid electrolyte/Li cell (c).

Table 1. Properties of the surface-modified separators.

Sample
Thickness of

Coating
(μm)

Gurley Value
(s 100 cc−1)

Electrolyte
Uptake

(%)

Thermal
Dimensional Shrinkage

(%,140 ◦C)

Melting
Temperature

(◦C)

Ionic
Conductivity

(mS cm−1)

C-0 0 178 132 ~98.0 134.9 0.33
C-0.6 ~0.5 191 269 ~10.0 136.8 0.57
C-0.9 ~0.9 213 283 ~5.65 137.6 0.47
C-1.2 ~1.3 226 299 ~5.69 138.1 0.40
C-1.5 ~2.1 241 311 ~3.0 138.2 0.38

From the results of thermal stability, mechanical properties, and electrochemical perfor-
mance tests for TiO2 nanorod-modified separators with different coating amounts, sample
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C-0.6 has the best overall performance, such as the best ionic conductivity and interfacial
impedance, excellent electrochemical stability window, acceptable thermal stability and
mechanical properties, the minimum introduction of inert ingredients. Therefore, the
electrochemical performance of the half-cell composed of the sample C-0.6 separator, a neg-
ative electrode (lithium metal), and a positive electrode (LiCoO2) was further studied. For
better comparative analysis, the electrochemical performance of the half-cell assembled by
pristine PE membrane (C-0) was also tested. As shown in Figure 6a, the discharge specific
capacity at low rates and its capacity recovering property (0.2 C) after 7 C for C-0.6 and C-0
are very close, but their differences gradually become larger with the increase of discharge
current density. When the discharge current density is 7 C, the specific capacities of C-0.6
and C-0 are ~86.4 and ~60.4 mAh g−1, respectively. Moreover, from their discharge curve
in Figure 6b,c, it can be further seen that there is little difference in the curve shape and the
average discharge voltage platform under low rates, while the voltage platform decrease
for the C-0 sample is more than that of C-0.6 at high rates. These results indicate that the
polarization resistance of the battery assembled by TiO2 nanorod-modified separator is
smaller than that of the battery composed of the pristine separator at high rates, which
is consistent with the test results of ionic conductivity (Figure 5b), interfacial impedance
(Figure 5c) and electrolyte uptake (Table 1). Furthermore, the cycle performance of these
half-cells was studied, as depicted in Figure 6d. At the discharge current density of 0.5 C,
the capacity retention of the C-0.6 sample is 82.6% after 100 cycles, while that of the C-0
sample is only 77.8%. Similarly, from their representative discharge curves (Figure 6e,f), it
can be seen that the C-0.6 sample can maintain a good discharge capacity after cycling.

Figure 6. The C-rate capabilities (a) and their corresponding discharge profiles (b,c) of half-cells
assembled with pristine PE separator (C-0 sample) and TiO2 nanorod-modified PE separator (C-0.6
sample), where charge/discharge current densities are varied from 0.2/0.2–7/7 C under a voltage
range between 3.0 and 4.2 V. the cyclic performance at 0.5 C (d) and their corresponding discharge
profiles (e,f) of half-cells assembled with pristine PE separator (C-0 sample) and TiO2 nanorod-
modified PE separator.

12



Materials 2023, 16, 2049

In order to further understand the influence of the TiO2 nanorod-modified layer on
the electrochemical performance of the PE separator, AC impedance spectrum analysis was
performed on the half-cell assembled by the C-0.6 and C-0 separators. As can be seen from
the Nyquist plot in Figure 7, the semicircle in the high-middle frequency region represents
the interfacial resistance (Rint) modified by the combined effect of solid-electrolyte interface
resistance (RSEI) and charge-transfer resistance (Rct). The TiO2 nanorod-modified PE
separator (C-0.6) exhibited a smaller semicircle at high-middle frequency, indicating that
their interfacial resistance is relatively low compared with that of the pristine PE separator.
These results were ascribed to surface modification leading to enhanced hydrophilicity
and affinity with electrolyte, resulting in thinner and more compact SEI formation by TiO2
nanorod-modified PE separator, which agreed with the findings of the ionic conductivity
(Figure 5b), interfacial resistance (Figure 5c) and electrolyte uptake (Table 1).

Figure 7. Nyquist plots of half-cells assembled with pristine PE (C-0) and TiO2 nanorod-modified PE
(C-0.6) separator.

4. Conclusions

In this paper, the TiO2 nanorods with a diameter of about 10–100 nanometers and a
length of about tens of microns are used to modify the PE separator. It can be observed from
SEM tests that the TiO2 nanorods are “bridged” on the microporous skeleton of pristine
PE separator to form a coating structure with a three-dimensional porous network, while
the TiO2 nanoparticles are “embedded” into the micropores, which will cause a series of
problems such as micropore blockage, easy detaching, and introduction of excessive inert
substances. Then, multiple analytical techniques (e.g., SEM, DSC, EIS, LSV, and so on.)
are also utilized to investigate the effect of coating amount on the physicochemical and
electrochemical properties of ceramic separator. The results showed that these properties
can be effectively improved by coating TiO2 nanorods, but the degree of improvement is
not directly proportional to the coating amount. For example, the thermal stability and
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mechanical properties of the ceramic separator increase with the increase of the coating
amount, however, smaller improvements are observed when the coating amount is above
0.6 mg/cm2. In fact, when the separator is subjected to external force (mechanical stretching
or thermal contraction), the forces inhibiting micropore deformation are derived from the
interaction of TiO2 nanorods directly “bridging” with the microporous skeleton rather than
those indirectly “glued” with the microporous skeleton. In addition, when the loading level
is 0.6 mg/cm2, the ceramic separator can achieve optimal performance in terms of ionic
conductivity, electrochemical stability window, and interface compatibility because the
introduction of excessive inert coating material can reduce the ionic conductivity, increase
the interfacial impedance, and lower the energy density of the battery. Moreover, the
capacity retention assembled by the ceramic separator with a loading of 0.6 mg/cm2 TiO2
nanorods was 57.1% under 7 C/0.2 C and 82.6% after 100 cycles, respectively, indicating
that the ceramic separator with a thin coating layer has well-balanced performances. This
research may provide a novel approach to overcoming the common disadvantages of
current surface-coated separators.
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Abstract: In this work, we prepared a green, cheap material by chelating humic acid with ferric
ions (HA-Fe) and used it as an anode material in LIBs for the first time. From the SEM, TEM, XPS,
XRD, and nitrogen adsorption–desorption experimental results, it was found that the ferric ion can
chelate with humic acid successfully under mild conditions and can increase the surface area of
materials. Taking advantage of the chelation between the ferric ions and HA, the capacity of HA-Fe
is 586 mAh·g−1 at 0.1 A·g−1 after 1000 cycles. Moreover, benefitting from the chelation effect, the
activation degree of HA-Fe (about 8 times) is seriously improved compared with pure HA material
(about 2 times) during the change–discharge process. The capacity retention ratio of HA-Fe is 55.63%
when the current density increased from 0.05 A·g−1 to 1 A·g−1, which is higher than that of HA
(32.55%) and Fe (24.85%). In the end, the storage mechanism of HA-Fe was investigated with ex-situ
XPS measurements, and it was found that the C=O and C=C bonds are the activation sites for storage
Li ions but have different redox voltages.

Keywords: lithium-ion battery; anode material; organic anode; metal–organic compound; humic
acid; Fe chelate

1. Introduction

Rechargeable LIBs have attracted a great deal of attention due to their high energy den-
sity and good cycle stability as a new type of energy storage device [1–6]. LIBs are used in
many applications, including portable electronics, electric vehicles, energy storage devices,
and many others [7–12]. Anode material is a critical part of high-power LIBs. At present,
due to poor rate performance or low theoretical capacity, inorganic materials struggle to
meet the demands of high-performance batteries [13]. For example, graphite carbon mate-
rials have been used as anode materials for commercial lithium-ion batteries due to their
good cycle stability and accessibility. However, further use in high-performance LIBs is
hindered by the low theoretical capacity (373 mAh·g−1) and poor rate performance [14,15].
Silicon materials have a serious volume effect in the repeated charge and discharge process,
resulting in a rapid capacity fading and a poor cycle stability, which is also a problem to be
overcome before the commercial application of LIBs [16,17]. In addition, most inorganic
material production processes are based on the redox reaction of inorganic compounds,
containing expensive transition metal elements [18–20].
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Organic electrode materials, due to their low cost, light weight, and abundance in
nature, are considered as substitute materials to overcome the disadvantages of inorganic
materials [21–26]. Until now, electrode materials for LIBs have consisted of many organic
materials, including organosulfur materials [27–30], free radical compounds [31–34], con-
ducting polymers [35–37], aromatic amines [38], quinine-type carbonyl compounds [39,40],
and other organic materials [41]. Among them, the metal–organic polymer is an important
material due to the π-d conjugated coordination. Using tetraaminobenzoquinone (TABQ)
as the organic ligand and M2+ (M=Co, Ni, and Cu) as the metal ligands, Li et al. developed
the metal–organic polymer as a cathode material of lithium-ion batteries with good rate
performance (even 237.2 mAh·g−1 at 2 A·g−1) [42]. Wu et al. reported two Ni-based
conjugated coordination polymers with N and S as co-chelating atoms, and it was found
that the co-existence of N and S resulted in high electrical conductivity and high stability,
leading to a high capacity, excellent cyclic performance, and a high rate of capability [43].
Yang et al. reported a highly stable Zn, Ni-bimetallic porous nanocomposite via a one-step
pyrolysis of a metal–organic framework as an efficient anode material (1105.2 mAh·g−1 at
0.5 A·g−1 after 400 cycles) [44]. However, the practical application of organic electrodes
in lithium-ion batteries has been hampered by the fact that the majority of reported or-
ganics are derived from chemical feedstock, which are expensive and environmentally
problematic [45–48]. Therefore, it is very urgent to develop new electrode materials for LIBs
with higher energy density, environmental friendliness, low cost, good rate performance,
and long cycle life [49]. Developing new materials originating from natural sources is an
important way to exploit new green, economic anode. Zhang et al. generated a novel anode
material by chelating the tannic acid via ferric ions (TA-Fe) and used the anode materials
with high reversible capacity (1105.2 mAh·g−1 at 0.1 A·g−1) and ultra-long cycling stability
(10.0 A·g−1 over 16,000 cycles with a capacity retention of 78.8%) [50] Zhang et al. chelated
the rhodizonic acid disodium salt (RA) using ferric ions and generated a novel organic
anode material (RAFe) for the first time. The strong chelation interaction between ferric ions
and rhodizonic acid changes its initial structure and characteristics, enabling the obtained
organic RAFe compound with outstanding electrochemical performance as an anode for
lithium-ion batteries (LIB) (1283 mAh·g−1 at 0.1 A·g−1) [51]. Zhu et al. used the humic acid
as anode material for lithium-ion batteries and sodium ion batteries because of its richness
in oxygen functional groups (carboxylic, quinonic, phenolic, and ketonic). However, the
capability and rate performance of HA at higher currents are not excellent. The reported
specific capacity of HA is 420 mAh·g−1 at 20 mA·g−1, while it is only 60 mAh·g−1 at
400 mA·g−1, whose capacity retention is 14.29% [45]. In addition, the long cycle perfor-
mance is also worse than that of the traditionally reported organic materials at the current
density of 40 mA·g−1. Inspired by the promotion method of TA-Fe anode material and the
RA-Fe using ferric ions, a Fe3+ chelated humic acid (named as HA-Fe) in this work at easy
synthesis conditions is developed as the anode material for Li-ion batteries. Unlike previ-
ously reported organic compounds or metal oxides as anodes, which frequently involve
a large number of complex synthetic processes, high temperatures, and toxic pollutant
emissions [50], the HA-Fe in this work can be obtained under easy conditions without high
energy consumption and has no environmental impact, which is beneficial for large-scale
production. From the experimental results, it can be seen that the ferric acid can increase
the surface area of the HA-Fe and improve the properties of capacity (586 mAh·g−1 at
0.1 A·g−1), cycle stability (1000 cycles), and good rate properties (capacity retention ratio of
55.63%).

2. Materials and Methods

2.1. Materials

Humic acid (HA) was purchased from Alfa Aesar Chemical Co., Ltd., Shanghai, China
(Purity, 99%), and the typical structure is shown in Figure 1a. Ammonium iron (III) sulfate
(NH4Fe(SO4)2) was purchased from Damas-beta Chemical Co., Ltd., Shanghai, China
(Purity, 99%). Hydrochloric acid (HCl) (Purity, AR) and sodium hydroxide (NaOH) (Purity,
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AR) were purchased from Yantai Yuandong Fine Chem. Co., Ltd., Yantai, China. All of the
above chemicals were used as received without further processing. The deionized water
was made in our laboratory.

Figure 1. (a) The typical structure of HA molecules. (b) The formation procedures program of HA-Fe
material. (c) Possible molecular structure of HA-Fe compound.

2.2. Preparation Procedure of HA-Fe Materials

The experimental set-up is composed of a single mouth bottom flask, a magnetic stirrer,
vacuum filter, and a vacuum oven. Figure 1b shows the simple preparation process of HA-
Fe. 375 mg of HA was accurately weighed and dispersed in 250 mL deionized water in a
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500 mL single mouth bottom flask with continuous stirring by a magnetic stirrer. Following
that, 0.1 mol·L−1 NaOH solution was used to adjust the pH of the suspension to 8~9 to help
dissolve the HA. The solution was stirred for 30 min, and then 1000 mg of NH4Fe(SO4)2
was added into the HA solution. The ferric ions were successfully chelated with HA after
continuously stirring the mixture for 3 h at room temperature. Adjusting the pH to 3~4
with 0.1 mol·L−1 HCl solution, and then a large amount of black powder was precipitated
from the solution. Stirring was stopped, and the mixture kept quiescence for 24 h to layer
the HA-Fe material. The supernatant liquid was removed, and the underling materials
were filtered and washed with deionized water for three times with a vacuum filter. The
black HA-Fe powder was obtained after drying at 80 ◦C for 12 h in the vacuum oven.
Figure 1c shows the chelation mechanism diagram and the possible molecular structure of
HA-Fe.

2.3. Characterization and Electrochemical Properties of Materials

The Supporting Information (SI) provides the test methods and associated instru-
mentation information for structure confirmation, morphological characterization, and
other physical characterization. The SI also provides a comprehensive introduction of the
electrode preparation procedures, electrochemical testing methods, and instrumentation.

3. Results and Discussion

3.1. Characterization Results of HA and HA-Fe Materials

SEM has been used for microstructural and morphological characterization of HA-Fe
and HA. As clearly depicted in Figure S1a, the original HA shows large particles, about 5–15
um in size. Interestingly, after chelating with ferric ions, the particles of HA-Fe were much
smaller, as shown in Figure S1c. The smaller particle size can always reduce the lithium-ion
diffusion distance, which often results in high rates of capability and good electrochemical
performance [52]. From the morphology comparison in Figure S1b,d, it can be seen that
the surface morphology of HA (Figure S1b) is much clearer and tighter than that of HA-
Fe (Figure S1d), which illustrated that after chelating with the ferric ion, the structure
of particles was changed to some extent. The homogeneous elemental distribution of
oxygen and iron elements in HA-Fe materials is illustrated by the corresponding elemental
mapping images in Figure S1f,g.

The TEM of HA-Fe at the dimension of 100 nm and 10 nm are shown in Figure 2a and c,
respectively, while the TEM of HA at the dimension of 100 nm and 10 nm are shown in
Figure 2b and d, respectively. It can be seen from the areas enclosed by the red boxes in
Figure 2a,b that the morphology of HA-Fe and HA were very different. There are many
dark pots uniformly distributed in the materials enclosed by the red box in Figure 2a,
however, the morphology of HA in the area enclosed by the red box in Figure 2b is very
clear. Similarly, the blocky morphology of HA-Fe in Figure 2c, which is enclosed by the
red cycles, is very different to the uniform morphology of HA enclosed by the red box
in Figure 2d at the 10 nm dimension, as shown in Figure 2c,d. The different morphology
illustrated that the ferric ion is chelated with the HA successfully. The mass fractions of
C, O, and Fe on the surface spectrum of HA and HA-Fe are shown in Table 1. It can be
seen that the mass fraction of Fe increased from <0.1% to 29.2%, which also illustrated the
successful formation of HA-Fe.

Table 1. Mass fractions of C, O, and Fe on the surface spectrum of HA and HA-Fe.

Mass Fractions of Different Element on
Surface Spectrum (wt%)

C O Fe

HA 72.3 27.7 <0.1
HA-Fe 44.0 26.8 29.2
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Figure 2. (a,c) The TEM of HA-Fe at the dimension of 100 nm and 10 nm, respectively; (b,d) The TEM
of HA at the dimension of 100 nm and 10 nm, respectively.

The FTIR spectroscopy (Thermo Fisher, USA) has been used to characterize the typical
chemical groups such as carboxyl, hydroxyl groups of HA and HA-Fe. As shown in
Figure 3a, the spectroscopy of HA is similar to that reported in the literature [45,53]. Also,
it can be seen from Figure 3a that the infrared spectra of HA-Fe and HA are roughly the
same, indicating that the structure of HA was not changed obviously after chelating with
ferric acid. Specifically, the broad peak around 3429 cm−1 is due to the stretching of the
O-H bond. The aliphatic C-H stretching of the alkyl groups and the methyl C-H groups can
be assigned to the weak shoulders at 2920 cm−1 and 2852 cm−1. The peaks at 1580 cm−1

can be indexed to aromatic C=C, and 1380 cm−1 can be indexed to the symmetric stretching
of COO−, C-OH stretching of phenolic OH [53]. However, by observing the infrared
spectrum of HA-Fe carefully, the vibration peak positions of phenolic hydroxyl, aromatic
C=C and COO− changed slightly after forming a stable chelating structure with Fe3+. The
O-H was transferred from 3429 cm−1 to 3439 cm−1, the aromatic C=C was transferred
from 1580 cm−1 to 1630 cm−1, and the symmetric stretching of COO-, C-OH stretching of
phenolic OH was transferred from 1380 cm−1 to 1395 cm−1. Similar peak shifts at the sites
of OH, C=C, and COO− were also observed in the spectra of Fe(III)-humic acid complex
in the literature [53]. This change in the FTIR spectrum is an indication that the major
functional groups chelated by the iron ions are aromatic COOH and hydroxyl or phenolic
OH [53]. As is displayed in Figure 3b, XRD was used to characterize the structure of HA,
Fe, and the HA-Fe materials. The strong peaks at 10.7◦ and 37.2◦ in the XRD patterns of Fe
and the strong peaks at 26.6◦ in the XRD patterns of HA illustrated their highly crystalline
nature. In comparison, no significant peaks appeared in the XRD pattern of HA-Fe after
chelation with trivalent iron ions, indicating that the synthesized HA-Fe is amorphous [54].
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Figure 3. (a) FTIR spectra of Fe, HA, and HA-Fe. (b) X-ray diffraction pattern of Fe, HA, and HA-Fe.
(c,d) X-ray photoelectron spectroscopy of HA and HA-Fe. (e,f) C1s and Fe2p XPS spectra of HA-Fe.
(g) Nitrogen adsorption–desorption isotherm of HA-Fe and HA. (h) Pore size distribution of HA-Fe.

To further confirm the chemical compositions of HA and HA-Fe, the XPS measure-
ments of them are shown in Figure 3c–f. As shown in Figure 3c,d, two typical peaks
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with binding energies (BE) of 285 eV and 531 eV are assigned to the C1s and O1s orbital,
respectively, indicating that the main components are carbon and oxygen [45], and the
peaks at the BE of 400 eV are easily indexed to the N1s orbital, indicating that both HA
and HA-Fe contain N elements [55]. By carefully observing the XPS spectrum of HA-Fe
(Figure 3d), it can be seen that the newly emerging peak at the binding energy of 712 eV
is indexed to the Fe2p orbital [56], indicating that Fe3+ has been successfully chelated to
the HA molecule. The C1s spectrum of HA-Fe (Figure 3e) is divided into four different
types of carbon species: C=C-C (284.6 eV), C-O (286.4 eV), C=O (287.7 eV), and O-C=O
(288.7 eV) groups, which is nearly the same as the XPS spectrum of HA in the literature [45],
indicating that Fe ions do not change the chemical composition significantly. Figure 3f
shows the XPS spectra of the Fe element in the prepared HA-Fe sample. In the Fe2p XPS
spectrum of the HA-Fe material, the two peaks at 712 eV and 725.8 eV are attributed to
Fe2p1/2 and Fe2p3/2, respectively. The weak peaks at 719.3 eV and 734.7 eV are attributed
to the satellite peak [57], which can also prove the successful binding of Fe3+.

The N2 adsorption and desorption at 77 K were used to study the porous structure. As
shown in Figure 3g, the isotherms are assigned to the V type. Under these circumstances,
the adsorption process initially resembles that of macroporous solids, and the capillaries in
the mesopores will be condensed at relatively high pressure, resulting in a sharp increase in
adsorption capacity. The adsorption isotherm tends to be stable after these pores have been
filled. The condensation of the capillaries and the evaporation of the capillaries usually
do not take place at the same pressure, which will lead to the formation of a hysteresis
loop [58]. The pore size distribution curve in Figure 3h shows that the pores with various
diameters (mainly distributed from 10 nm to 100 nm) are present in HA-Fe. The specific
surface areas for HA-Fe and HA are 105.42 m2·g−1 and 5.01 m2·g−1, respectively, which
illustrates that the ferric ion increased the surface area of HA-Fe materials. The thermal
stability of HA and HA-Fe is investigated by the TGA measurement. As shown in Figure S2,
the TGA curve shows that HA-Fe has better thermal stability than HA.

3.2. Electrochemical Properties Investigation of HA-Fe Material

In order to illustrate the electrochemical performance of the HA-Fe material as an
anode for LIBs, the change–discharge process, the cycle stability, rate capability, CV curves,
and electrochemical impedance were investigated systemically.

First, the CV tests were performed to study the redox reaction during charge and
discharge. As shown in Figure S3a,b, the CV curves of the HA and HA-Fe materials were
measured at the scanning rate of 0.1 mV·s−1, and the potential window is from 5 mV to
3 V (vs. Li/Li+). It can be seen from Figure S3a,b that the reduction current of the first
charge–discharge cycle is much larger than that of the second and third cycle, which is
because of the formation of SEI film [53]. As shown in Figure S3a, HA exhibited a reduction
peak centered at 1.0V during the first discharge, indicating the accumulation process of
lithium ions in HA materials. Meanwhile, a slightly corresponding anodic peak at 1.05 V
(vs. Li/Li+) was detected, indicating the de-intercalation of lithium ions. Similarly, Figure
S3b shows a broad oxidation peak at about 1.1 V in the first cycle, which was related to the
SEI film formation and the oxidation of Fe0 to Fe2+/3+ [59]. In the subsequent cycles, the
reduction peaks and the oxidation peak at 1.1 V both decreased rapidly, which is caused by
the end of SEI film formation. In order to compare the response currents of HA and HA-Fe
during the same scan rate clearly, the CV plot of HA and HA-Fe at the third cycle is shown
in Figure S3c. It can be seen that the response current of HA-Fe is much larger than that of
HA, which illustrates that the chelated ferric ion can increase the capacity greatly. Figure
S3d showed the CV curves of HA-Fe materials at 3rd and 800th, respectively. It can be seen
that the response current and the area enclosed by the current curve increased obviously
after 800 times change–discharge process, which means that the change–discharge process
can activate the electrochemical process.

In order to better understand the electrochemical properties of HA-Fe materials, we
tested the cycle performance of HA-Fe, HA, and ammonium iron (III) sulfate (marked
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as Fe). The change–discharge voltage range is 5 mV~3.0 V with a constant current of
100 mA·g−1. Figure 4a shows the capacity of the HA, Fe, and HA-Fe at a current density
of 0.1 A·g−1. The initial discharge capacities of HA and Fe are about 90 mAh·g−1 and
385 mAh·g−1, respectively, which are much smaller than that of HA-Fe (1038 mAh·g−1). As
a result, due to the increased impedance caused by the gradual formation of the SEI layer,
the capacity of the three materials declines rapidly in the first few cycles. After that, the
change–discharge capacities of HA and HA-Fe increased gradually to about 178 mAh·g−1

and 530 mAh·g−1 after 500 cycles, respectively. The capacity of the HA-Fe gradually
leveled off after 500 cycles and stabilized at a value of 586 mAh·g−1 after 1000 cycles.
The improvement in performance during the change–discharge cycle may be due to the
activation process, e.g., the swelling process resulting from the increase in wettability of
the polymer in the electrolyte, which allows for more active sites to participate in the
battery’s change–discharge cycle [60]. Moreover, it can be seen that the activation degree
of HA-Fe is more significant than that of HA, which may be attributed to three reasons.
Firstly, as shown in the SEM morphology of HA and HA-Fe, the HA-Fe particle is much
smaller and looser than that of HA. The loose character is beneficial to the lithium shuttle
in the solid HA-Fe material, which makes the reaction efficiency of the lithium ions and
the functional groups much higher. Secondly, from the XRD results of HA and HA-Fe, the
crystallinity degree of HA materials decreased obviously after chelating with the ferric ions.
Thirdly, the chelation between ferric ions and HA can dramatically decrease the solubility
in electrolytes. In comparison, the change–discharge capacity of Fe did not increase during
the cycling process, which means that Fe did not occur in the activation process.

 
Figure 4. (a) Cycle performance diagram of Fe, HA, and HA-Fe at 100mA·g−1. (b) Rate performance
diagram of Fe, HA, and HA-Fe at different current densities. (c,d) GDC curves of HA and HA-Fe at a
current density of 0.1 A·g−1, respectively.

In order to research the rate ability of Fe, HA, and HA-Fe, the capabilities measure-
ments were conducted at the current densities of 0.05 A·g−1, 0.1 A·g−1, 0.2 A·g−1, 0.5 A·g−1,
and 1.0 A·g−1, respectively, and the corresponding data are shown in Figure 4b. The HA-
Fe material delivers stable charge/discharge capacities of 462 mAh·g−1, 447 mAh·g−1,
398 mAh·g−1, 309 mAh·g−1, and 252 mAh·g−1 at the current densities of 0.05 A·g−1,
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0.1 A·g−1, 0.2 A·g−1, 0.5 A·g−1, and 1.0 A·g−1, respectively, while the HA material de-
livers stable charge/discharge capacities of 252 mAh·g−1, 210 mAh·g−1, 175 mAh·g−1,
120 mAh·g−1, and 82 mAh·g−1. It can be seen that at different current densities, the ca-
pacities of HA-Fe were all much higher than those of HA and Fe. The capacity retention
rates of HA-Fe, HA, and Fe at 1 A·g−1 are 55.63%, 32.55%, and 24.85%, respectively, and
the results show that the performance of the rate is significantly improved after chelation
with ferric ions. In addition, the HA-Fe anode shows a 100% recovery of capacity when
the current densities are returned to 0.05 A·g−1, which shows that the high current has not
destroyed the molecular structure of the HA-Fe.

Figure 4c,d show the change–discharge curve of HA and HA-Fe, respectively. It can
be seen that the main discharge potential of HA and HA-Fe is in the range of 1.2 V~5 mV,
which shows that HA and HA-Fe materials are suitable for use as anode material. During
the first change–discharge process of the HA-Fe material, additional irreversible charge
plateaus (around 1.0 V) and discharge plateaus (around 1.5 V) exist, which may be due
to the irreversible formation of the SEI film. The first discharge and charge capacities of
HA-Fe material are 1038 mAh·g−1 and 437 mAh·g−1, respectively, corresponding to a
low coulombic efficiency of 42%. Similar to many other anode materials, the irreversible
capacity was also caused by the contribution of SEI formation results in the relatively low
coulombic efficiency in the first charge/discharge process. The capacities of both HA and
HA-Fe materials all increased with the change–discharge process. However, the increased
degree of HA is not as large as that of HA-Fe. In the tenth cycle, the discharge capacity of
HA-Fe is 146.9 mAh·g−1, while after 500 change–discharge cycles, the reversible capacity is
530 mAh·g−1, which is much higher than that of HA after 500 cycles (178 mAh·g−1).

To further explain the encouraging electrochemical properties of the synthesized HA-
Fe materials, the electrochemical impedance spectroscopy (EIS) of HA and HA-Fe materials
were conducted from 0.01 Hz to 100 kHz before cycling, after 100 cycles, and after 400 cycles,
respectively. Nyquist plot analysis was performed using an equivalent circuit model, as
shown in Figure S4a. The equivalent circuit model is made up of the following six electrical
elements (Rs, Rf, Rct, CPE1, CPE2, and Q). The Rs corresponded to the ohmic resistance of
the electrode system, while Rf and CPE1 corresponded to the resistance and capacitance
attributed to the SEI film, respectively. CPE2 corresponded to the double-layer electrical
capacitance. Rct corresponded to the change–transfer resistance, and Q corresponded to
the diffusion resistance in the solid phase, respectively [61]. This equivalent circuit model
produced fitted lines as shown in Figure S4b–f, and the electrical element values are given
in Table 2. From Table 2, it can be seen that before the cycling process, the resistance of HA
(1403.6 Ω) was much larger than that of HA-Fe (389.6 Ω), which means that the addition of
ferric ions can decrease the change–transfer resistance. After 100 cycles and 400 cycles of
change–discharge processes, the change–transfer resistance of HA decreased to 240.7 Ω and
162.0 Ω, respectively, while the change–transfer resistance of HA-Fe decreased to 21.3 Ω
and 13.7 Ω, respectively. The decreased change–transfer resistance during the change–
discharge cycles can explain the obvious activation process of the HA-Fe material during
the change–discharge process in Figure 4a.

Table 2. Values of electrical elements in the equivalent circuit model.

Sample

Rs (Ω) Rct (Ω)
Before

Cycling
After 100

Cycles
After 400

Cycles
Before

Cycling
After 100

Cycles
After 400

Cycles

HA 9.39 2.08 2.55 1403.6 240.7 162.0
HA-Fe 4.96 9.06 1.39 389.6 21.3 13.7

Table 3 shows the electrochemical properties comparison between some previously
reported HA or biomass macromolecular composites and the material reported in this
work. It can be seen that the capacity of HA-Fe composites can rival most of the composites
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reported in the literature. Considering the renewability, low cost, the simple preparation
process, and environment friendliness, HA-Fe has great commercial application potential.

Table 3. Electrochemical properties of several HA or biomass macromolecular composites.

Sample
Current Density

(A·g−1)
Capacity

(mAh·g−1)
Cycles Reference

HA-Fe 0.1 586 1000 This work
HA 0.04 180 200 [45]

H-CF 0.1 249 100 [62]
PTA-700 0.1 535 100 [63]

L-900 0.1C 433 100 [64]
PCS-CaCl2 0.2C 546 100 [65]

3.3. Lithium Storage Mechanism Investigation

Ex-situ XPS was performed to characterize the electrodes at different electrochemical
states in the first cycle to investigate the redox mechanism of the HA-Fe material during the
change–discharge process, as shown in Figure 5a. The Li1s spectra of the HA-Fe electrode
in different electrochemical states are shown in Figure 5b. In the case of the original
electrode (A point), almost no Li1s signal could be detected in the XPS spectra. During the
discharging process (A→B→C), the intensity of the Li1s peak increases continuously, which
indicates that the continuous lithiation process is taking place in the HA-Fe. When the
electrode is recharged (C→D→E), a gradual reduction of Li peak was detected by ex-situ
X-ray photoelectron spectroscopy, indicating that the Li ions were gradually eliminated
from the HA-Fe electrode. Nevertheless, when the electrode was recharged to 3.0 V, the Li1s
peak could still be detected, indicating that not all lithium ions released from the HA-Fe
material during the charge. The formation of SEI in the first change–discharge cycle and
the irreversible reaction between HA-Fe and Li+ can explain this irreversible phenomenon.

As shown in Figure 5c–f, the peak intensity of the C1s peak during the change–
discharge process was investigated in detail. The peaks at 284.05 eV, 284.5 eV, 286.31 eV,
and 287.95 eV were assigned to the C=C, C-C, C-O, and C=O bonds, respectively. The
intensity of the C=O peak dropped to its lowest value and the intensity of the C-O peak
increased to its highest value when the voltage decreased from 0.8 V to 0.005 V, which
illustrated that the C=O bond participated in the lithiation process and transferred to C-O
bond. When recharged from 0.005 V to 1.5 V, the C-O peak decreased and the C=O peak
increased, which illustrated the reversible redox transformation between the C=O double
bond and the C-O single bond. However, as shown in Figure 5d,e, the intensities of C-C and
C=C did not change obviously, which illustrated that the redox transfer from C-C to C=C
nearly did not occur in the voltage range of 0.005 V–1.5 V. During the discharge process
from 1.5 V to 3.0 V, the intensity of the C-C peak decreased and the C=C peak increased,
which means that the C=C also participated in the lithiation process and transferred to the
C-C bond.

Figure S5a–d showed the O1s characterization of the HA-Fe electrode at different
states during the discharge–charge processes. As shown in Figure S5a,b, the C=O peak
decreased during the discharge process from 0.8 V to 0.005 V, while the C-O peak increased
accordingly, which is consistent with that from the C=O changing process in the C1s peak.
In contrast, the C=O peak increased while the C-O peak decreased again during the charged
process from 0.005 V to 1.5 V due to the reversible redox transformation between the C=O
bond and the C-O bond (from Figure S5b,c). The obvious transformation process illustrated
that the C=O is a very important active site for Li storage. In addition, it can be seen that
the C=O bond nearly did not change from 1.5 V to 3.0 V, which illustrated that the C=O
bond redox voltage range is 0.005 V~1.5 V but not 1.5 V~3.0 V. From the above discussion,
it can be known that the voltage ranges of redox conversion between C-O and C=O are
lower than the voltage ranges of redox conversion between C=C and C-C.
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Figure 5. (a) The selected points for XPS measurements in the first discharge/charge cycle. (b) XPS
profile of Li1s of the HA-Fe electrodes during the first discharge/charge cycle. (c,d) Ex-situ XPS
spectra of C1s when discharged to 0.8 V, 0.005 V in the tenth discharge/charge cycle, respectively.
(e,f) Ex-situ XPS spectra of C1s when recharged to 1.5 V, 3.0 V in the tenth discharge/charge cycle,
respectively.

The total stored charge comes from two processes: a diffusion controlled faradaic
process and a capacitive process, which mainly includes a pseudocapacitance process
that refers to the redox reaction taking place at the surface locations [66–69]. In order to
study the lithium storage mechanism, the faradaic and capacitive contribution of HA and
HA-Fe materials were calculated by CV curves at different scanning rates (0.1 mV·s−1,
0.3 mV·s−1, 0.5 mV·s−1, 0.7 mV·s−1, 1.0 mV·s−1), as shown in Figure 6a,b. The charge
storage process can be characterized according to the equation: log(i) = log(a)× b log(v).
Where i represents the peak current in CV curve, v denotes the corresponding scan rate,
and a and b are constants [66,70]. When the b value is close to 0.5, it indicates that the
electrochemical process is controlled by the internal solid-phase diffusion process. And
when the b value is close to 1, it indicates that the electrochemical process is controlled by
the capacitive process [71]. As shown in Figure 6c, the b values of HA and HA-Fe were
0.87 and 0.93, respectively, which indicates that HA-Fe has more capacitive contribution
than HA, which can illustrate that the surface area of the HA-Fe materials is larger than
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that of HA material. Furthermore, for a charge storage process combined with diffusion-
controlled faradaic process and capacitive process, its current response i at a given potential
is the sum of the above two contributions, which can be presented as: i = k1v + k2v0.5 or

i
v0.5 = k1v0.5 + k2. Where k1v and k2v0.5 correspond to the pseudocapacitive process and
diffusion-controlled faradaic process, respectively [67,68,72]. Therefore, by obtaining k1 and
k2 values at a constant potential, it is possible to determine the quantitative contributions
of capacitive and diffusive processes at a given voltage. Figure 6d showed the total specific
capacity with contributions from capacitive and diffusive processes of HA and HA-Fe
at 0.1 mV·s−1. The HA-Fe material has both higher capacitive and diffusion capacities
(241 mAh·g−1 and 345 mAh·g−1) than that of HA material (62 mAh·g−1 and 116 mAh·g−1),
which means that the diffusion-controlled faradaic contribution capability and surface
redox sites all increased after chelating with Fe ions. Figure 6e,f showed the capacitive
contribution at different scan rates of the HA and HA-Fe, respectively. It can be seen that
the capacitive contribution of HA-Fe is higher than that of HA at different scan rates, which
is mainly due to the fact that the high specific surface area can provide a large number of
active sites for the rapid embedding and de-embedding of lithium ions, thus improving
the capacitance of the electrode.

Figure 6. (a,b) CV curves at various scan rates ranging from 0.1 to 1.0 mV·s−1 of HA and HA-Fe.
(c) Log(i) versus log (v) plots of HA and HA-Fe. (d) Total specific capacity with contributions from
capacitive and diffusive processes of HA and HA-Fe at 0.1 mV·s−1. (e,f) Capacitive contribution at
different scan rates of HA and HA-Fe, respectively.
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4. Conclusions

In summary, a novel material, named HA-Fe, by chelating ferric ion with humic acid
was prepared in this work and used as anode materials of LIBs. The HA-Fe materials
were synthesized by a simple way without any heating or emission of toxic substances.
According to the SEM, TEM, XPS, XRD, and nitrogen adsorption–desorption experimental
results, it was found that the ferric ions can chelate with humic acid successfully under
the mild conditions, and the ferric ions can increase the surface area of materials and
transform HA into amorphous structure. HA-Fe has excellent electrochemical properties,
including long cycle stability and excellent rate performance. A high specific capacity
of 586 mAh·g−1 was maintained at 0.1 A·g−1 after 1000 cycles. In addition, when the
current density increased from 0.05 A·g−1 to 1 A·g−1, the capacity of HA-Fe changed
from 462 mAh·g−1 to 252 mAh·g−1 with the capacity retention rate of 55.63%, which is
much higher than that of HA (32.55%) and Fe (24.85%). Moreover, the chelation between
ferric ion and humic acid can improve the activation degree of HA-Fe material (improved
about eight times) compared with pure HA material (improved about 2 times) during the
change–discharge process. In the end, the intensified mechanism was also investigated
with ex-situ XPS measurements. It was found that C=O and C=C bonds are activation
sites for storing lithium ions, but with different redox voltages. In our opinion, the simple
synthesis conditions and favorable electrochemical performance of this HA-Fe anodes
make it a promising material for the development of truly powerful “green” LIBs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16196477/s1, Figure S1. (a–d) SEM images with different
magnifications of HA and HA-Fe. (e–g) SEM image of HA-Fe and the corresponding elemen-
tal mapping images of O (purple) and Fe (yellow). Figure S2. TGA curves of HA and HA-Fe.
Figure S3. (a,b) Cyclic voltammetry measurements of HA and HA-Fe during the first three cycles
in the voltage range of 0.005 V~3.0 V at 0.1 mV·s−1; (c) Cyclic voltammetry comparison plot of
HA and HA-Fe at the 3rd cycle; (d) Cyclic voltammetry comparison plot of HA-Fe at the 3rd cycle
and the 800th cycle. Figure S4. (a) The equivalent circuit model used to analyze the nyquist plots.
(b,c) Electrochemical impedance plots of the HA-Fe, HA before cycling, after 100th cycling and after
400th cycling. (d–f) Electrochemical impedance comparison of HA and HA-Fe materials before
cycling, after 100th cycling and after 400th cycling. Figure S5. (a) XPS spectra of O1s when discharged
to 0.8 V, (b) O1s when discharged to 0.005 V, (c) O1s when charged to 1.5 V, (d) O1s when charged
to 3.0 V.
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Abstract: The demand for fast-charging lithium-ion batteries (LIBs) with long cycle life is growing
rapidly due to the increasing use of electric vehicles (EVs) and energy storage systems (ESSs).
Meeting this demand requires the development of advanced anode materials with improved rate
capabilities and cycling stability. Graphite is a widely used anode material for LIBs due to its stable
cycling performance and high reversibility. However, the sluggish kinetics and lithium plating on
the graphite anode during high-rate charging conditions hinder the development of fast-charging
LIBs. In this work, we report on a facile hydrothermal method to achieve three-dimensional (3D)
flower-like MoS2 nanosheets grown on the surface of graphite as anode materials with high capacity
and high power for LIBs. The composite of artificial graphite decorated with varying amounts of
MoS2 nanosheets, denoted as MoS2@AG composites, deliver excellent rate performance and cycling
stability. The 20−MoS2@AG composite exhibits high reversible cycle stability (~463 mAh g−1 at
200 mA g−1 after 100 cycles), excellent rate capability, and a stable cycle life at the high current
density of 1200 mA g−1 over 300 cycles. We demonstrate that the MoS2-nanosheets-decorated
graphite composites synthesized via a simple method have significant potential for the development
of fast-charging LIBs with improved rate capabilities and interfacial kinetics.

Keywords: graphite; molybdenum disulfide; fast charging; high rate capability; hydrothermal synthesis;
lithium-ion battery; anode materials

1. Introduction

Among various energy storage technologies, lithium-ion batteries (LIBs) have been
widely investigated as power sources for portable electronics and electric vehicles (EVs)
due to their high energy density and long lifespan [1–4]. The rapid expansion of the
global EV and energy storage systems (ESSs) market has led to significant demand for
fast-charging battery technology that can support the high power and long cycle life
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requirements of these applications. Graphite, a commercial anode material used in LIBs,
is still considered the most promising material because of its excellent cycle reversibility,
stable cycle life, and superior electronic conductivity. Despite these advantages, due to its
low theoretical capacity (~372 mAh g−1) and limited rate capability under fast charging
conditions, graphite cannot meet the growing performance requirements of LIBs. The slow
kinetics of lithium intercalation at the graphite–electrolyte interface during rapid charging
conditions can lead to an undesirable anode voltage drop below 0 V vs. Li/Li+, resulting
in the formation of lithium plating on the graphite surface. This phenomenon can cause
capacity decay, dendrite growth, short circuits, and even serious safety issues [5–8]. To
overcome this challenge, various approaches have been proposed to develop high-power
lithium-ion battery (LIB) anodes with improved interfacial kinetics [9–15]. Among these
approaches, surface modification using functional materials has emerged as an effective
strategy to enhance the rate capability and cycle stability of graphite anodes [7,8,12–15].

Transition metal sulfides (TMDs) have been extensively investigated in various energy
storage applications, such as batteries, supercapacitors, and electrocatalysts [16–18]. Among
various TMDs, molybdenum disulfide (MoS2), a typical two-dimensional (2D) layered
material, has emerged as a promising anode material for LIBs due to its high theoretical
capacity (~670 mAh g−1), which is much higher than that of graphite [19]. Furthermore, the
interlayer spacing of MoS2 (~0.62 nm) is larger than that of graphite (0.34 nm), providing
ample space for fast Li+ diffusion paths [20,21]. However, MoS2 suffers from rapid capacity
decay and inferior rate capability due to its low intrinsic electronic conductivity, large
volume variation during cycling, and the production of polysulfide dissolution during the
charge and discharge process [22–26].

Herein, we report a facile and efficient approach to synthesizing a 3D hierarchical
MoS2/artificial graphite (MoS2@AG) composite for use as an anode material in LIBs. The
composite was prepared using a hydrothermal reaction to decorate 3D hierarchically
aligned flower-like MoS2 nanosheets directly on the surface of graphite. The resulting
composite exhibits improved specific capacity and rate capability compared to commercial
graphite anodes. The graphite matrix provides a conductive pathway for fast electron
transfer through the electrode, while the 3D hierarchically aligned MoS2 nanosheets form
a stable interface with the graphite, effectively preventing structural degradation and
providing excellent electron transport. Moreover, the 3D hierarchical morphology of the
MoS2 nanosheets enhances the electrode/electrolyte contact area, facilitating charge transfer
kinetics. As a result, the MoS2-decorated graphite composite demonstrates exceptional
rate capability, achieving charging times of less than 20 min for approximately 84% of its
capacity. The composite also exhibits superior cycle stability under fast charging conditions
compared to commercial graphite anodes. These results highlight the potential of the
MoS2/graphite composite as a promising candidate for high-energy and high-power LIBs.

2. Materials and Methods

2.1. Preparation of MoS2- and MoS2-Decorated Graphite Composites

The MoS2-decorated graphite composite was synthesized via a facile hydrothermal
reaction. To prepare the precursor solution, hexaammonium molybdate tetrahydrate
((NH4)6Mo7O24·4H2O) and thiourea (NH2CSNH2), both purchased from Sigma Aldrich,
were dissolved in a molar ratio of 1:14 in 50 mL of water dispersion solution containing
artificial graphite (Hitachi Chemical Co., Japan) at a concentration of 0.0342 g mL−1. The
mixture was vigorously stirred for 1 h. Subsequently, the mixture was transferred into
a Teflon-lined stainless autoclave and reacted at 220 ◦C for 16 h. After cooling naturally,
the black precipitates were collected by centrifugation, washed with distilled water and
ethanol, and dried at 80 ◦C for 24 h. The amount of thiourea and (NH4)6Mo7O24·4H2O
added to the graphite solution varied to achieve mass ratios of 2.5:100, 5:100, 10:100, 20:100,
or 30:100 and the corresponding products were denoted as 2.5−MoS2@AG, 5−MoS2@AG,
10−MoS2@AG, 20−MoS2@AG, or 30−MoS2@AG. The preparation process for the MoS2-
decorated graphite composite is illustrated in Figure 1a. The synthesis procedure for a
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pristine flower-like MoS2 was similar to that of MoS2-decorated graphite composite but
without the presence of graphite.

Figure 1. (a) Schematic illustration and microstructural analysis of one-step hydrothermal synthesis
of the 3D hierarchically aligned flower-like MoS2 nanosheets grown directly on the surface of graphite.
The MoS2@AG composite was formed through spontaneous nucleation and growth of few-layer
MoS2 nanosheets on the surface of graphite. Representative images of the composite obtained by
(b) SEM, (c) TEM, and (d) high-resolution TEM (HR-TEM), revealing the morphology and structure
of the composite at different scales.

2.2. Characterizations

Powder X-ray diffraction (XRD) was measured on an X-ray diffractometer (Rigaku
SmartLab High Resolution, Tokyo, Japan) using Cu-Kα radiation (λ = 1.5406 Å). Raman
spectroscopy measurements were taken using a Raman spectrometer (HORIBA, LabRAM
HR Evolution, Lyon, France) with an excitation wavelength of 514 nm. X-ray photo-
electron microscopy (XPS) analysis was conducted using a Thermo VG Scientific Sigma
Probe instrument with a micro-focused monochromatized Al Ka X-ray source (1486.6 eV).
Field-emission scanning electron microscopy (FE-SEM) images were acquired using a FEI
NovaNano SEM 450, and transmission electron microscopy (TEM) with energy-dispersive
X-ray spectroscopy (EDS) was performed using a JEOL F200 instrument to observe the
surface morphologies and microstructures. The specific surface areas of pristine graphite
(AG) and x−MoS2@AG composites were obtained by using the Brunauer–Emmett–Teller
(BET) method, and pore size distribution was calculated using Barrett–Joyner–Halenda
(BJH) method (BELSORP Max, Microtrac MRB, Osaka, Japan). Thermogravimetric analysis
(TGA) was carried out on a TGA2 (Mettler Toledo) at a heating rate of 10 ◦C min−1 from 30
to 700 ◦C under an air atmosphere.

2.3. Electrochemical Measurements

The electrochemical properties of the MoS2@AG composites were evaluated using
a CR2032 coin-type half-cell assembled in an argon-filled glove box. A slurry was pre-
pared by mixing the active material (MoS2@AG composites), conducting agent (Super
P), and polyvinylidene fluoride (PVDF) binder at a weight ratio of 8:1:1 in a solvent of
N-methyl-2-pyrrolidone (NMP). The resulting slurry was coated onto a copper foil and
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dried in a vacuum at 120 ◦C for 12 h. The average loading density of the anode electrodes
was about 2 mg cm−2. The anode was composed of the MoS2@AG-composite-coated
copper foil, while a lithium metal foil was used as the counter/reference electrode. A
polypropylene membrane was used as the separator. The electrolyte solution comprised
a 1M LiPF6 solution in a mixture of ethylene carbonate (EC)/ethylene methyl carbonate
(EMC)/diethyl carbonate (DEC) (=3:4:3, v/v/v) containing 1% vinylene carbonate (VC).
The electrochemical cell was fabricated using 160 μL of electrolyte. The galvanostatic charge
and discharge curves of the cells were obtained using a battery testing system (Biologic,
BCS) in a voltage range from 0.01 to 2.5 V vs. Li/Li+ with various current densities. The
electrochemical impedance spectroscopy (EIS) measurements were performed at an AC
amplitude of 10 mV over the frequency range from 200 kHz to 50 mHz (Biologic, VSP) and
the equivalent circuit fitting was conducted using ZView Software 3.2 (Scribner Associates,
Inc., Southern Pines, NC, USA).

3. Results and Discussion

Figure 1a illustrates the one-step hydrothermal synthesis process for forming 3D
hierarchical flower-like MoS2 nanosheets directly grown on the surface of graphite.
Figure 1b–d show representative SEM, TEM, and high-resolution TEM (HR-TEM) images
of the MoS2@AG composites, respectively. The x−MoS2@AG composites with different
weight percentages of sulfur and molybdenum sources relative to graphite were synthe-
sized. In this process, MoS2 nanosheets were spontaneously nucleated and grown on the
surface of graphite. Ultimately, a 3D composite of few-layer MoS2 nanosheets with a low
loading on graphite was obtained. The unique structure of the MoS2-decorated graphite
composite is anticipated to significantly enhance the capacity and rate capability of LIBs.
Graphite acts as a support for MoS2 nucleation, thereby providing an excellent electron
transfer channel. Additionally, 3D hierarchically aligned flower-like MoS2 nanosheets
grown on the surface of graphite improve the rate characteristics by facilitating lithium
diffusion and increase the specific capacity by offering abundant exposed active sites.

The morphologies of pristine graphite and MoS2-decorated graphite composites were
examined by SEM and SEM-backscattered electron (SEM-BSE) images to investigate the
effect of the amounts of thiourea and (NH4)6Mo7O24·4H2O on the formation process
(Figures 2 and S1). Three-dimensionally grown plate-like MoS2 nanosheets were observed
on the surface of 2.5−MoS2@AG and 5−MoS2@AG composites, as shown in Figure 2a–c and
Figure 2d–f, respectively. In contrast, flower-shaped MoS2 nanosheets were observed on
the surfaces of 10−MoS2@AG and 20−MoS2@AG composites (Figure 2g–l). The increase
in the amounts of thiourea and (NH4)6Mo7O24·4H2O provided more nucleation sites,
resulting in the formation of more flower-like MoS2 nanosheets. Figure S2 shows the
enlarged SEM images of the flower-like MoS2 nanosheets. Furthermore, Figure 2c,f,i,l show
the SEM-BSE images corresponding to Figure 2b,e,h,k, respectively. The brighter areas
indicate higher average atomic numbers, confirming the successful formation of MoS2 on
the graphite surface.

The specific surface area and pore structure of pristine graphite (AG) and 20−MoS2@AG
composite were examined by the N2 adsorption and desorption isotherm measurements
(Figure S3). The Brunauer–Emmett–Teller (BET) specific surface area of the 20−MoS2@AG
composite was calculated to be 2.98 m2 g−1, which is almost 2.6 times larger than that of
pristine AG (1.15 m2 g−1). As shown in the inset of Figure S3, the mean pore diameters of
AG and 20−MoS2@AG were 29.28 and 21.48 nm, respectively, and 20−MoS2@AG showed
narrower average pores. The increased specific surface area and decreased pore diameter
of the 20−MoS2@AG composite can be attributed to the formation of 3D hierarchically
aligned MoS2 nanosheets on the surface of graphite. These structural features are expected
to improve the rate characteristic by facilitating lithium diffusion and increase the specific
capacity by offering abundant exposed active sites.
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Figure 2. SEM and SEM-BSE images of MoS2-nanosheets-decorated graphite composites with
varying amounts of thiourea and (NH4)6Mo7O24·4H2O: (a–c) 2.5−MoS2@AG, (d–f) 5−MoS2@AG,
(g–i) 10−MoS2@AG, and (j–l) 20−MoS2@AG. The images show vertically aligned plate-like MoS2

nanosheets on 2.5−MoS2@AG and 5−sMoS2@AG composites, and flower-shaped MoS2 nanosheets
on 10−MoS2@AG and 20−MoS2@AG composites. The SEM-BSE images in (c,f,i,l) confirm the
successful formation of MoS2 nanosheets on the graphite surface by brighter contrast indicating a
higher atomic number.

The amount of MoS2 grown on the graphite surface was calculated through thermo-
gravimetric analysis (TGA), as shown in Figure S4. In the case of the pristine MoS2, the
weight loss from 300 to 500 ◦C is indicative of the oxidation of MoS2 to MoO3. As for the
20−MoS2@AG composites, the TGA profiles display a two-step weight decrease, which
can be attributed to the consecutive oxidations of MoS2 and carbon, respectively. The MoS2
content in the 20−MoS2@AG was estimated to be <5 wt% through the TGA results.

The low-magnification TEM image (Figure 3a) reveals the MoS2 nanosheets directly
grown on the graphite surface. High-resolution TEM (HR-TEM) images in Figure 3b,c show
that the few-layered MoS2 nanosheets are grown on the surface of graphite. The MoS2
nanosheets consist of 9–14 layers, and the interlayer distance (002) of MoS2 was found to
be 0.64~0.67 nm, which is slightly larger than that of conventional bulk MoS2 (0.62 nm).
This expanded interlayer spacing could contribute to enhanced kinetics and a low energy
barrier for ion intercalation [25–27]. Furthermore, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of MoS2-decorated graphite
are shown in Figure 3d and energy dispersive spectroscopic (EDS) mapping images of
MoS2-decorated graphite reveal the existence of C, Mo, and S elements in the composite, as
shown in Figure 3e–g.
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Figure 3. TEM and STEM images of MoS2-nanosheets-decorated graphite composites. (a) Low-
magnification TEM image showing 3D architectural MoS2 nanosheets formed on the graphite surface.
(b,c) HR-TEM images displaying few-layered MoS2 nanosheets grown on the graphite surface.
(d) STEM-HAADF image and (e–g) TEM-EDS mapping images indicating the distribution of C, Mo,
and S elements in the composite.

Figure 4a shows the powder XRD pattern of AG, 2.5−MoS2@AG, 5−MoS2@AG,
10−MoS2@AG, and 20−MoS2@AG. The diffraction peaks observed in all MoS2-decorated
graphite composites at 26.44◦, 42.30◦, 44.48◦, and 54.58◦ were consistent with the (002),
(100), (101), and (004) planes of hexagonal graphite (JCPDS 41-1487). Additionally, the (002)
diffraction peak shifted to a lower angle compared to that of pristine graphite (26.58◦),
indicating an increased interlayer spacing (Figure S5). The three-dimensionally aligned
few-layer MoS2 nanosheets grown on the surface of graphite are expected to provide more
space for Li+ ion transport and reduce the kinetic barriers for their movement. Figure 4b
shows an enlarged XRD pattern of the low-angle region in Figure 4a, and the peaks at
14.22◦ and 33.24◦ match well with the (002) and (101) planes of hexagonal MoS2 (JCPDS
37-1492). The average interlayer spacing (002) of MoS2 calculated from Bragg’s law is about
0.622 nm, which is slightly longer than that of highly crystalline MoS2 (0.615 nm).

The Raman spectra of MoS2-nanosheets-decorated graphite are presented in Figure 4c,
showing two sharp peaks at 380 and 407 cm−1 attributed to the E1

2g and A1g vibration
modes of MoS2, respectively [28]. Two characteristic bands were also observed at 1358 and
1580 cm−1, corresponding to the D band and G band of graphite, respectively.

The XPS measurements were used to analyze the elemental composition of MoS2-
decorated graphite. The XPS survey spectra in Figure 4d show that MoS2-decorated
graphite contains Mo, S, C, and O elements. In the high-resolution Mo 3d spectrum
(Figure 4e), two peaks are observed at 229.7 and 232.8 eV, which can be attributed to the
Mo 3d5/2 and Mo 3d3/2 binding energies, respectively, and are characteristic peaks of Mo4+

in MoS2. The peaks at 232.9 and 236.1 eV are related to the Mo 3d5/2 and 3d3/2 of Mo6+

(typical of the Mo-O bond). Furthermore, a small S 2s peak is displayed at 226.7 eV. The
high-resolution S 2p spectrum is consistent with S 2p1/2 at 163.6 eV and S 2p3/2 at 162.5 eV,
respectively (Figure 4f) [22].
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Figure 4. (a,b) XRD patterns, (c) Raman spectra, (d) XPS survey spectrum, and high-resolution XPS
spectra of (e) Mo 3d and (f) S 2p for MoS2@AG composites.

The electrochemical performance of the MoS2-decorated graphite composite was eval-
uated as an LIB anode material. Figure 5a shows the galvanostatic charge and discharge
(GCD) profiles of the 20−MoS2@AG electrode during the initial first cycle in a voltage range
of 0.01–2.5 V vs. Li/Li+ at a current density of 35 mA g−1. The 20−MoS2@AG electrode
exhibited an initial charge capacity of 494.1 mAh g−1 with a coulombic efficiency of 86.1%.
The capacity of 20−MoS2@AG is higher than that of pristine graphite (373.3 mAh g−1)
due to the formation of MoS2 nanosheets on the graphite surface. However, the initial
coulombic efficiency is slightly lower than that of graphite (~91.2%), indicating that elec-
trochemically active MoS2 nanosheets contribute to the total capacity of the 20−MoS2@AG
composite [12,14].

39



Materials 2023, 16, 4016

 

Figure 5. (a) Initial galvanostatic charge and discharge curves at a current density of 35 mA g−1 and
(b) corresponding differential voltage profiles of the 20−MoS2@AG electrode, (c) cycle performance
at a current density of 200 mA g−1, (d) rate performance comparison of pristine AG, pristine MoS2,
and MoS2@AG composite electrodes at different current densities ranging from 200 to 2400 mA g−1,
(e) cycle performance at a high current density of 1200 mA g−1 for pristine AG and 20−MoS2@AG
electrodes, and (f) Nyquist plots from EIS data (symbols) and fitting results (solid lines) of pristine
AG, pristine MoS2, and 20−MoS2@AG electrodes before the cycle.

Figure 5b shows the differential voltage profile of the 20−MoS2@AG. In the first cycle,
the cathodic peaks at 0.08 V and 0.19 V in the discharge (lithiation) process are attributed to
the gradual intercalation of Li+ into the interlayers of graphite [15,29]. Additional discharge
contributions corresponding to the MoS2 nanosheets on the graphite surface were observed
at higher voltages of ~0.68 and 1.18 V vs. Li/Li+. The peak at 1.18 V is ascribed to Li+

insertion into the structure of MoS2 to form LiXMoS2. Another peak at 0.68 V corresponds to
the reduction/decomposition of MoS2 to Mo metal particles and Li2S through a conversion
reaction (MoS2 + 4Li+ → Mo + 2Li2S), and the formation of the solid electrolyte interphase
(SEI) layers [25,30,31]. MoS2 reacts with Li+ ions at a higher operating voltage compared
to graphite. Therefore, the lithiated 20−MoS2@AG electrode can lower the Li+ adsorption
energy on the surface of graphite and form a stable interface between MoS2 and graphite,
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promoting Li+ migration during cycling [12,14,29]. Additionally, the slightly higher anodic
potential in the MoS2@AG composite would prevent the formation of lithium dendrites
during repeated cycling, which typically occurs in conventional graphite anodes [29]. In
the subsequent reverse anodic scan, two peaks at 1.63 V and 2.23 V are associated with the
incomplete oxidation of Mo metal into MoS2 and the partial de-lithiation of Li2S into S,
respectively. In the next cycle, the reduction peaks at 0.68 V and 1.18 V are disappeared
and two new peaks at 1.1 V and 1.95 V are observed, assigned to the following reactions:
2Li+ + S + 2e− → Li2S and MoS2 + xLi+ + xe− → LixMoS2, respectively [25,32]. These
peak shifts could be explained by the structural change and phase transformation during
the first cycling [28]. Even at the 100th cycle, it was confirmed that two weak peaks at
1.3 V and 1.88 V were still observed (Figure S6a,b). As shown in Figure S6c,d, the pristine
MoS2 electrode shows a similar differential voltage profile to the 20−MoS2@AG electrode.
This means that the 20−MoS2@AG composite electrode has an energy storage mechanism
combined with those of graphite and MoS2. Moreover, the presence of two main pairs
of redox peaks during cycling indicated the stable cycle stability and reversibility of the
20−MoS2@AG electrode.

Figure 5c and Figure S7a show the cycle stabilities of pristine AG, pristine MoS2,
5−MoS2@AG, 10−MoS2@AG, 20−MoS2@AG, and 30−MoS2@AG electrodes, with their
initial charge (de-lithiation) capacities at a current density of 200 mA g−1 being 337.1, 812.0,
407.0, 418.0, 448.0, and 523.2 mAh g−1, respectively. The highest specific capacity of the
30-MoS2@AG can be ascribed to the greater loading mass of MoS2. The pristine flower-like
MoS2 nanosheets electrode exhibited a rapid capacity decay during initial cycles, likely
due to its low conductivity and severe structural damage caused by volume changes,
leading to the pulverization of the active material [33]. In contrast, the 20−MoS2@AG
composite electrode displayed excellent cycle performance with an average coulombic
efficiency of 99.3% and delivered the highest reversible capacity of 463.2 mAh g−1 after
100 cycles. The reversible capacity of the 20−MoS2@AG electrode is much larger than the
theoretical capacity of 386.9 mAh g−1 (C20−MoS2@AG = Cgraphite × wt% of graphite (95%)
+ CMoS2 × wt% of MoS2 (5%) = 372 × 0.95 + 670 × 0.05 = 386.9 mAh g−1). This can be
attributed to the formation of 3D hierarchical MoS2 nanosheets on the graphite surface,
resulting in abundant active sites for Li+ diffusion, expanded interlayer spacing, and a
large electrode/electrolyte contact area [25,31].

The galvanostatic charge and discharge curves of pristine MoS2 and 20−MoS2@AG
electrodes at current densities of 35 and 200 mA g−1 are presented in Figure S8. Interestingly,
both pristine MoS2 nanosheets and x−MoS2@AG composite electrodes exhibited a capacity
climbing phenomenon during cycles, which is likely due to the increasing electrochemically
accessible surface area, resulting from the gradual appearance of cracks on the (002) basal
planes of MoS2 [33–37].

The rate capabilities of pristine AG, pristine MoS2, 5−MoS2@AG, 10−MoS2@AG,
20−MoS2@AG, and 30−MoS2@AG electrodes were evaluated at current densities of 200,
400, 800, 1200, and 2400 mA g−1 (1C = ~400 mA g−1), as shown in Figures 5d and S7b.
Among them, the 20−MoS2@AG electrode demonstrated the best rate performance com-
pared to pristine AG and pristine MoS2. At current densities of 200, 400, 800, 1200, and
2400 mA g−1, the average charge capacities of 20−MoS2@AG delivered reversible capac-
ities of 441.7, 431.4, 413.1, 371.0, and 255.8 mAh g−1, respectively, which were superior
to those of pristine MoS2 (699.5, 349.2, 198.8, 139.7, and 84.1 mAh g−1) and pristine AG
(365.5, 342.7, 256.8, 172.6, and 92.5 mAh g−1). The 20−MoS2@AG electrode displayed a
high reversible capacity of 371.0 mAh g−1 at a high current density of 1200 mA g−1. No-
tably, the 20−MoS2@AG electrode maintained a high-capacity value even under high-rate
conditions, retaining approximately 84.0% of the capacity compared to that at a relatively
low current density of 200 mA g−1 (Table S1). Even when the current density recovered
to 200 mA g−1 after 50 cycles, the capacity of the 20−MoS2@AG electrode remained at
439.5 mAh g−1, indicating excellent reversibility and rate cycle stability. On the other hand,
the 30-MoS2@AG electrode with a higher amount of MoS2 showed more capacity fading
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as the current density increased (71.0% retention of the capacity at 1200 mA g−1). These
results showed that the higher the MoS2 content, the lower the rate characteristics due to
its low intrinsic electronic conductivity and large volume change upon cycling. Therefore,
it was determined that the 20−MoS2@AG composite was the most optimal condition.
Additionally, all MoS2-decorated graphite electrodes exhibited enhanced rate performance
and reversibility. This can be attributed to the combination of graphite’s excellent con-
ductivity and the flower-like MoS2 nanosheets grown on its surface, which increases the
contact/accessible area with the electrolyte, provides more reaction sites, and facilitates Li+

diffusion, thereby contributing to the excellent electrochemical performance [26].
A long-term cycling performance at a high current density is essential for practical

applications of LIBs [25]. Figure 5e illustrates the cycle performance of graphite and
20−MoS2@AG electrodes at a high current density of 1200 mA g−1 over 300 cycles. The
20−MoS2@AG electrode exhibits an initial capacity of ~400 mAh g−1, higher than that of
AG (~248 mAh g−1), and shows stable cycle performance over 300 cycles. The significant
improvement in the overall performance of x−MoS2@AG composites compared to pristine
graphite is mainly due to the surface decoration with MoS2 nanosheets. Furthermore, the
20−MoS2@AG electrode exhibited stable cycle characteristics over 400 cycles at a high
current density of 1200 mA g−1, while the 30−MoS2@AG electrode showed a rapid decrease
in capacity from around the 315th cycle (Figure S7c).

The electrochemical performance of our MoS2@AG as anode materials of LIBs was
compared with those of the previously reported transition metal sulfides (MSx) or transi-
tion metal oxides (MOx)-based carbon composites (Table S2) [38–42]. Upon comparing the
specific capacity of our MoS2@AG composite anode to that of carbon composites incorpo-
rating transition metal sulfides or transition metal oxides, we observed that the capacity
of our composite was relatively lower than carbon-based composites containing more
than 50 wt% of transition metal sulfides or oxides. However, in comparison to anode
materials that contained small amounts (<10 wt%) of transition metal sulfides or oxides,
our composite demonstrated superior capacity characteristics under not only low current
density conditions, but also high current density conditions. These findings are expected to
provide the MoS2@AG composite with a small amount of MoS2 surface modification on
the graphite surface as a potential anode material for high-performance and cost-effective
lithium-ion batteries.

Electrochemical impedance spectroscopy (EIS) was used to obtain further insight into
the electrochemical reaction kinetics of AG, pristine MoS2 nanosheets, and 20−MoS2@AG
electrodes (Figure 5f). EIS plots were analyzed based on the fitting results obtained using
an equivalent circuit model (inset of Figure 5f). The Nyquist plots of the electrodes can be
divided into four components. The intercept at the real axis in the high-frequency region
represents the internal resistance (Rs), a semicircle in the high-frequency region corresponds
to the surface film resistance (Rf), a semicircle in the medium-frequency region represents
charge transfer resistance (Rct), and a straight line in the low-frequency region represents
the Warburg impedance (Zw) related to the diffusion resistance of Li+ within the bulk of
the electrode materials [15,21,29]. CPE represents a constant phase element, corresponding
to the charge-transfer reaction. The values for the resistance parameters obtained from
fitting using the equivalent circuit are summarized in Tables S3 and S4. The diameter of the
semicircle (Rf + Rct) of the 20−MoS2@AG electrode (128 Ω) in the high/medium frequency
is similar to that of AG (101 Ω). Moreover, the slopes of the straight lines at low frequencies
for AG and 20−MoS2@AG are larger than those for pristine MoS2 nanosheets, indicating
that the MoS2@AG electrode has a faster diffusion rate at the interface. The equivalent
circuit fitting result confirms that both Warburg resistance (ZwR (Ω)) and Warburg time
constant (ZwT (s)) values of AG and MoS2@AG electrodes are about 2–5 times smaller than
those of MoS2. The ion diffusion coefficient is inversely proportional to the inverse ratio
values of ZwT and ZwR2 [43]. In addition, the Nyquist plots of the pristine AG, pristine
MoS2, and 20−MoS2@AG electrodes were obtained after two cycles at a current density of
35 mA g−1, as shown in Figure S9. The pristine AG and 20−MoS2@AG after two cycles
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show a decrease in both surface film and charge-transfer resistance (Rf + Rct) showing
101 → 76.3 Ω for AG and 128 → 76.8 Ω for MoS2@AG. This observation is attributed to the
improved infiltration of electrolyte into electrode materials and charge transfer kinetics.
However, the Rf + Rct of cycled MoS2 electrode increases slightly (128 → 139 Ω), which
corresponds mainly to the rapid capacity decay due to the pulverization of active materials.

Examining the changes in surface and thickness of the electrode before and after
cycling provides a visual means to understand the mechanism underlying the improved
performance of the MoS2 nanosheets decorated on the graphite composite in compari-
son to pristine graphite. In light of this, we investigated the structural stability of the
20−MoS2@AG electrode before and after cycling by performing SEM measurements, as
shown in Figure S10. Prior to cycling, the MoS2@AG electrode had a rough surface covered
with numerous nanosheets and its thickness was approximately 36.2 μm. After 300 cycles at
a current density of 200 mA g−1, the 3D hierarchically aligned MoS2 nanosheets synthesized
on the surface of the graphite had transformed into nanoparticles and aggregated with
each other, but some MoS2 nanosheets still maintained their original shape. In addition, we
observed that the thickness of the 20−MoS2@AG electrode after cycling was about 36.5 μm,
which was almost unchanged compared to the initial thickness of 36.2 μm before cycling.
These ex situ SEM images provide evidence that the 20−MoS2@AG electrode maintains a
stable structure without significant volume changes even after long-term cycling, indicating
that high reversible capacity can be maintained even after prolonged cycling.

4. Conclusions

In conclusion, we have successfully synthesized a 3D hierarchical MoS2@AG com-
posite that exhibits high performance as an anode material for LIBs. The use of graphite
as a substrate for the nucleation and growth of three-dimensionally aligned few-layer
MoS2 nanosheets provided a conductive matrix and exposed surface area, resulting in
a significant improvement in the rate capability and capacity of the composite. The hy-
drothermal reaction facilitated the growth of MoS2 nanosheets on the graphite surface,
forming a 3D network with excellent structural stability during the charge/discharge pro-
cess. The three-dimensionally grown few-layer MoS2 nanosheets on the surface of graphite
facilitated the diffusion of Li+ and reduced the diffusion resistance, leading to improved
rate performance. The 20−MoS2@AG electrode exhibited excellent cyclability and rate
capability with outstanding stability over 300 cycles, even at a high current density of
1200 mA g−1. Notably, at this current density, the 20−MoS2@AG composite displayed
an initial capacity of around 400 mAh g−1, which is approximately 60% higher than that
of the graphite electrode. These results demonstrate that the MoS2-nanosheets-decorated
graphite composite developed through a simple hydrothermal method holds great promise
as a high-power anode material for LIBs in various practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16114016/s1, Figure S1: SEM images of pristine artificial graphite
(AG) obtained at (a) low magnification (scale bar: 100 μm) and (b) enlarged magnification (scale
bar: 30 μm); Figure S2: SEM images of the MoS2@AG composite obtained at various enlarged
magnifications; Figure S3: N2 adsorption and desorption isotherms of pristine graphite (AG) and
20−MoS2@AG composite. The inset shows their pore size distribution curves; Figure S4: TGA curves
of pristine MoS2, 5−MoS2@AG, 10−MoS2@AG, and 20−MoS2@AG composites with a heating rate
of 10 ◦C min−1 in air; Figure S5: XRD patterns of MoS2@AG composites; Figure S6: The differential
voltage profiles of (a,b) the 20−MoS2@AG electrode and (c,d) pristine MoS2; Figure S7: (a) Cycle
performance at a current density of 200 mA g−1, (b) rate performance comparison of pristine AG,
pristine MoS2, 20−MoS2@AG, and 30−MoS2@AG electrodes at different current densities ranging
from 200 to 2400 mA g−1, and (c) cycle performance at a high current density of 1200 mA g−1 for
pristine AG, 20−MoS2@AG, and 30−MoS2@AG electrodes; Figure S8: Galvanostatic charge and
discharge curves of (a) pristine MoS2 and (b) 20−MoS2@AG electrodes; Figure S9: Nyquist plots
of pristine AG, pristine MoS2, and 20−MoS2@AG obtained after 2 cycles at a current density of
35 mA g−1; Figure S10: Ex situ SEM images of the 20−MoS2@AG electrodes before and after 300 cy-
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cles at a current density of 200 mA g−1; (a–c) before cycling and (d–f) after cycling. Panels (c) and (f)
of Figure S10 show cross-sectional SEM images of the electrode before and after cycling, respectively;
Table S1: Comparison of the initial capacities and rate performance for pristine graphite, pristine
MoS2, 5−MoS2@AG, 10−MoS2@AG, 20−MoS2@AG, and 30−MoS2@AG composites; Table S2: Com-
parison of LIB electrochemical performance for transition metal sulfides (MSx) and transition metal
oxides (MOx)-based composites; Table S3: EIS fitting parameters for AG, MoS2, and 20−MoS2@AG
before the cycling tests; Table S4: EIS fitting parameters for AG, MoS2, and 20−MoS2@AG after
2 cycles. References [38–42] are cited in the supplementary file.
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Abstract: This study describes the single-step synthesis of a mesoporous layered nickel-chromium-
sulfide (NCS) and its hybridization with single-layered graphene oxide (GO) using a facile, inexpen-
sive chemical method. The conductive GO plays a critical role in improving the physicochemical
and electrochemical properties of hybridized NCS/reduced GO (NCSG) materials. The optimized
mesoporous nanohybrid NCSG is obtained when hybridized with 20% GO, and this material exhibits
a very high specific surface area of 685.84 m2/g compared to 149.37 m2/g for bare NCS, and the
pore diameters are 15.81 and 13.85 nm, respectively. The three-fold superior specific capacity of this
optimal NCSG (1932 C/g) is demonstrated over NCS (676 C/g) at a current density of 2 A/g. A
fabricated hybrid supercapacitor (HSC) reveals a maximum specific capacity of 224 C/g at a 5 A/g
current density. The HSC reached an outstanding energy density of 105 Wh/kg with a maximum
power density of 11,250 W/kg. A 4% decrement was observed during the cyclic stability study of
the HSC over 5000 successive charge–discharge cycles at a 10 A/g current density. These results
suggest that the prepared nanohybrid NCSG is an excellent cathode material for gaining a high
energy density in an HSC.

Keywords: electrochemical impedance spectroscopy; energy density; hybrid supercapacitor; nickel-
chromium-sulfide (Ni-Cr-S); specific surface area

1. Introduction

Supercapacitors (SCs) are classified into three types: electric double-layer capacitors
(EDLCs), pseudocapacitors, and hybrid SCs (HSCs) [1,2]. The EDLC [3] has limited specific
energy due to a simple electrostatic charge storage mechanism and pseudocapacitor [4]. The
charge transfer is limited at the electrode surface and electrolyte interface, compromising
SCs’ capability of ultra-high power and a long cycle life [2,5]. Therefore, the combination
of high specific power and energy and long cycle life in one cell has been a research goal
for energy storage devices. In addition, HSCs are one of the best alternative solutions to
increasing specific energy and maintaining high specific power without sacrificing the
cyclic stability of SC devices [5–7]. The HSC integrates the advantages of the EDLC and
pseudocapacitor, minimizing their disadvantages, and is classified into three categories:
asymmetric, composite, and battery-type, according to the nature of their anode and
cathode materials.

Among them, battery-type hybrid materials display the best supercapacitive perfor-
mance, offering a high charge storage capacity, operating voltage, and capacity retention;
a long lifetime; and outstanding specific energy and power due to their unique charge
storage mechanism of deep and diffusion-limited intercalation [8–10]. The charge storage
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mechanism of SCs depends on the composition and physicochemical properties of the
electrode materials (e.g., conductivity, porosity, wettability, specific surface area, redox
properties, etc.). Therefore, the charge stored in the SC is directly proportional to multiple
faradic and non-faradic reactions occurring at a) the interface of the electrode surface with
electrolytes and b) the interplanar surface of the layered materials [11,12].

Many researchers have used various materials and methods, such as carbon ma-
terials and their derivatives [13], metal hydroxide [14,15], metal oxides [16], metal sul-
fides [4,17,18], metal phosphates [11], and polymers [19] to fabricate HSCs. Among them,
layered ternary metal sulfides are promising candidates due to their unique intrinsic prop-
erties, which include a high conductive nature, high theoretical capacity, low cost, and high
specific power and energy with excellent cyclic stability due to the low electronegativity
of sulfur [20,21]. In addition, the layered structure provides large interlayered spacing,
which stores a large capacity using deep intercalation and limited diffusion, confirming a
battery-type material [11].

Very few reports are available on Ni- and Cr-based ternary metal sulfides for SC
applications. For example, Xu et al. synthesized mesoporous NiCo2S4 microspheres using
a solvothermal method and obtained a specific capacity of 857 C/g at the current density
of 1 A/g [22]. Similarly, Ni et al. reported a maximum specific capacity of 803.08 C/g
at a current density of 1 A/g for the core-cell structure of NiMn2O4@NiMn2S4 nanoflow-
ers@nansheets synthesized using a hydrothermal method [23]. Du et al. prepared NiMoS4
and nickel-copper-sulfide for HSCs and achieved maximum specific capacities of 313 and
422.37 C/g at a current density of 1 A/g, respectively [24,25]. Hai et al. reported Cr-doped
(Co, Ni)3S4/Co9S8/NiS2 nanowires/nanoparticles using the hydrothermal method and
achieved a high capacity of 1117 C/g [26]. Bulakhe et al. reported on a polyhedron-
structured CuCr2S4 cathode using the hydrothermal method and obtained a capacity of
1536 C/g at 1 A/g current density [17]. Thus far, there have been no reports on NiCrS4 and
its hybrid/composite materials, so we focused this research on this topic. The literature
in Table S1 concludes that the hydrothermal method efficiently synthesizes ternary metal
disulfides and their hybrid/composite materials.

We synthesized NiCr2S4 (NCS) and hybridized it using single-layered graphene oxide
(GO) and prepared nanohybrid NiCr2S4/rGO (NCSG) materials. GO has been successfully
applied to supercapacitors and batteries owing to its low production cost and outstanding
physicochemical and electrochemical properties [27–29]. The conducting GO plays an im-
portant role in hybridization, and a reduced GO (rGO) amount was successfully engineered
to enhance the performance of the NCSG. The optimized nanohybrid NCSG-2 provides a
high specific surface area of 685.84 m2/g compared to bare NCS at 149.37 m2/g, resulting
in a mesoporous nature with a pore diameter of around 15 nm. The NCSG nanohybrid
material displays excellent capacity and retention with outstanding cyclic stability. An
HSC device was devised using NCSG-2 as the cathode and rGO as the anode, denoted
as NCSG//rGO. The HSC demonstrated outstanding specific energy and power with
excellent cyclic stability. While submitting the manuscript, we found that this is the first
report on an HSC study.

2. Experimental Section

2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nickel
chloride (NiCl2), chromium chloride (CrCl3), hexamethylenetetramine (C6H12N4), sodium
sulfide (Na2S), and GO ink were used prior to purification. Nickel foam (NF) with >99.99 pu-
rity was purchased from MTI Korea (Seoul, Korea).

2.2. Experimental Details on NiCr2S4 and NiCr2S4/rGO

The synthesis process for NCSG is described in Scheme 1. A chemical bath was
prepared using 0.17 g of NiCl2, 0.38 g of CrCl3, and 0.22 g of Na2S, serving as nickel,
chromium, and sulfur precursors, respectively. Additionally, 0.99 g of HMT was introduced
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as a complexing agent during reactions. The chemical bath was prepared using water as an
aqueous solvent. The chemical bath solution was stirred for 30 min at a ramping speed of
100 rpm. The prepared homogeneous chemical bath was poured into a 100 mL Teflon liner.
The Teflon liner was closed and assembled in a stainless-steel case. The autoclave was kept
in a convection oven for 12 h at 120 ◦C. After completing the reaction, the autoclave was
cooled to the atmospheric temperature. The detailed reaction mechanism is explained in
Equations S1–S6 in Note S1. The obtained product was repeatedly cleaned and filtered with
deionized water and ethanol. The prepared NCS powder was dried for 12 h at 60 ◦C. A
similar experiment was repeated with the addition of a single-layered GO ink of 10%, 20%,
and 30% volume ratios to prepare hybrid NCSG materials. The prepared samples were
labeled NCSG-1, NCSG-2, and NCSG-3, respectively. All of the NCS and NCSG samples
were annealed at 450 ◦C for 2 h in an inert atmosphere. All prepared samples were used
for further physicochemical and electrochemical characterizations.

Scheme 1. Synthesis process of Ni-Cr-S/reduced graphene oxide (NCSG).

2.3. Material Characterizations

All physicochemical characterizations for NCS, NCSG-1, NCSG-2, and NCSG-3 sam-
ples were investigated. Structural characterizations were performed using X-ray powder
diffraction (XRD, wavelength: 0.15406 nm) and X-ray photoelectron spectroscopy (XPS)
techniques. Morphological characterizations were investigated using field-emission scan-
ning electron microscopy (FE-SEM) and high-resolution transmission electron microscopy
(HR-TEM). A porosity study was performed using the Brunauer–Emmett–Teller (BET) tech-
nique. The electrochemical studies were conducted using Bio-Logic science instruments.

2.4. Electrochemical Characterizations

The synthesized NCS, NCSG-1, NCSG-2, and NCSG-3 samples were investigated for
electrochemical studies. Prior to the experiment, NF was cleaned with 2 M HCl to remove
the oxide layer on the surface of the NF. The cleaned NF was used as a current collector. In
an appropriate proportion of active materials, conductive carbon black and polyvinylidene
difluoride (85%, 10%, and 5%) were mixed to prepare a homogeneous slurry. The obtained
slurry was uniformly coated onto the NF, and the prepared electrodes were dried at 60 ◦C
for 12 h. Afterward, the prepared electrodes were used as working, platinum chips, and
Ag and AgCl were used as the counter and reference electrodes, respectively. The aqueous
2 M KOH electrolyte was used for the entire electrochemical performance. The cyclic
voltammetry (CV), charge–discharge (CD), electrochemical impedance spectroscopy (EIS),
and cyclic stability were performed for three-electrode systems. Afterward, the HSC was
devised using NCSG-2 as the cathode, with rGO as the anode, a porous glass fiber separator,
and an aqueous KOH electrolyte. The electrochemical cell (EC-CELL) setup was used to
determine the performance regarding the CV, GCD, EIS, and cyclic stability.
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3. Results and Discussion

The structural analysis of the prepared NCS and NCSG samples was performed based
on XRD. The two major broad and intense characteristic peaks are found at the angles of
2θ: 17.20◦, 30.28◦, 34.81◦, 35.87◦, 44.63◦, 49.42◦, 56.18◦, 59.41◦, 65.07◦, and 67.75◦, which
correspond to the (101), (110), (202), (013), (−114), (006), (−312), (215), (017), and (008)
planes, respectively, belonging to the NCS (PDF card no. 01-088-0659). It confirms the
formation of crystalline monoclinic NiCr2S4. The weak peaks marked with a star symbol in
the plot belong to nickel sulfide. The peaks belonging to rGO in the NCSG XRD spectra are
absent, which is possibly ascribed to the small percentage of rGO, so they are masked by
the diffraction signal for NCS or the destruction of the regular GO during the synthesis
processes through the interaction of NCS [30].

Further, the result was confirmed with the XPS study. The elemental composition and
valance states of the NCS and NCSG-2 samples were investigated using the XPS analysis.
Figure S1 depicts the full survey spectrum of the NCS and NCSG-2 samples. The XPS
survey confirms the coexistence of Ni, Cr, and S in NCS and the additional C element
in the NCSG-2 spectrum. Figure 1a′ presents the C1s spectrum deconvoluted in three
peaks at 284.7, 286.3, and 288.4 eV, belonging to the C-C/C=C, C-O, and C=O functional
groups, respectively [31]. The small peaks for C-O and C=O confirm rGO formation during
synthesis. The C-C/C=C functional group indicates the same carbon skeleton structure
before and after the reaction; hence, rGO may provide a large specific surface area of the
nanohybrid NCSG-2 material [11,32,33].

In Figure 1b,b′, the Ni 2p spectra are comparable between the NCS and NCSG-2 sam-
ples. Spin–orbit doublets of 2p3/2 and 2p1/2 are revealed; in order, Ni2+ peaks are located
at 855.73 and 873.48 eV, Ni3+ at 857.33 eV and 875.1 eV, and satellite peaks at 861.83 eV
and 879.68 eV, respectively [34–36]. The spin–orbit splitting of doublet pairs is ~17.75 eV,
typical of Ni 2p doublets [35,36]. These results confirm the coexistence of Ni2+ and Ni3+ [35].
Figure 1c,c′ depict the resembling Cr 2p spectra of NCS and NCSG-2 samples. They are
deconvoluted into two spin–orbit doublet pairs of 2p3/2 and 2p1/2. Cr3+ peaks are located
at 576.73 and 586.16 eV, Cr4+ at 578.58 and 587.88 eV, respectively [31,37], and the spin–orbit
splitting is ~9.3 eV, which is typical of Cr 2p [37], confirming the coexistence of Cr3+ and
Cr4+ [26]. The S 2p spectra are depicted in Figure 1d,d′. The S 2p spectra were also deconvo-
luted into 2p3/2 and 2p1/2 pairs. For these pairs, S peaks are placed at 163.43 and 164.88 eV,
while metal sulfate peaks are found at 169.28 and 170.38 eV, respectively [34,35,38–40]. The
1.15 eV spin–orbit is typical of S 2p [41].

The morphological study of the NCS and NCSG samples was performed using FE-SEM
to determine the crystal shape, size, and morphology. The NCS sample displayed hexagonal
nanosheets with a 400 nm diameter with nanoparticles in Figure 2a. Figure 2b demonstrates
that the rGO sheets are covered with NCS hexagonal nanosheets with nanoparticles and
form an NCSG-2 nanohybrid. Similar results for the NCSG-1 and NCSG-3 samples are
depicted in Figure S2. Similar results have also been reported for nanohybrid materials in
the literature [42,43]. The elemental mapping and energy-dispersive spectroscopy (EDS)
spectra of the NCSG-2 sample are depicted in Figure S3. Figure S3a–e presents the uniform
distribution of all individual elements (Ni, Cr, S, and C) throughout the scanned area.
Furthermore, the NCSG-2 structure was examined using HR-TEM. Figure 2c,d reveals
that the NCS hexagonal nanosheets and nanoparticles completely cover the rGO sheets.
Figure 2e–g illustrates the high-resolution image of the nanosheets. The HR-TEM image
(Figure 2e,f) depicts the parallel lattice fringes with 0.27 and 0.25 nm ‘d’-spacing values,
corresponding to the (004) and (202) planes of the monoclinic structure of NCS. Figure 2h
displays the selected area electron diffraction pattern and the resulting polycrystalline
nature of the NCSG-2 material. Figure S4 provides the elemental mapping analysis of the
NCSG-2 sample employed using the HR-TEM connected to the EDS for all constituent
elements. Figure S4 suggests that the uniform distribution for Ni, Cr, S, and C is observed
throughout the NCSG-2 structure.
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Figure 1. (a) X-ray powder diffraction spectra for NCS and all NCSG samples; high-resolution X-ray
photoelectron spectroscopy spectra of (a′) C, (b,b′) Ni, (c,c′) Cr, and (d,d′) S elements of NCS and
NCSG-2 samples, respectively.

The effects of rGO on the specific surface area, pore diameter, and pore volume of NCS
were studied using the N2 adsorption–desorption isotherm using BET and Barret–Joyner–
Halenda (BJH) measurements. The N2 adsorption–desorption isotherms of bare NCS and
nanohybrid NCSG-2 are presented in Figure 3a. The obtained isotherms are categorized as
BDDT type-IV isotherms and H3-type hysteresis loops, suggesting the mesoporous nature
of the materials [44]. The measured specific surface areas using the BET measurements
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are 149.37 m2/g for bare NCS and 685.84 m2/g for NCSG-2 materials, much higher than
for bare NCS. Using the BJH method, the pore-size and pore-volume distributions of
bare NCS and nanohybrid NCSG-2 were investigated. The observed pore sizes of the
NCS and NCSG-2 materials are 13.85 and 15.81 nm (Figure 3b), confirming a mesoporous
nature. In addition, Figure 3b displayed pore volumes of 1.50 and 0.29 cm3/g for the
NCSG-2 and NCS materials, respectively. The obtained pore sizes are <20 nm, which may
reduce the electrical resistance and enhance the electrochemical activity of the materials [45].
The presence of plenty of mesopores within the nanohybrid materials facilitates the fast
movement of electrolyte ions and works as ion storage, possibly enhancing electrochemical
performance [45].

 

Figure 2. (a) Field-emission scanning electron microscopy images of bare NiCr2S4 (NCS), (b) nanohy-
brid NCS with 20% graphene oxide (NCSG-2), (c,d) transmission electron microscopy (TEM) images,
(e) high-resolution TEM image, (f,g) additional high-resolution TEM images corresponding to the
areas shown in Figure 2e marked in red and yellow, respectively, and (h) selected area electron
diffraction pattern of the NCSG-2 nanohybrid sample.

Figure 3. (a) Adsorption-desorption isotherm plot and (b) Barret–Joyner–Halenda (BJH) desorption
pore-size distribution plot for NiCr2S4 (NCS) and NCS with 20% graphene oxide (NCSG-2).
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4. Electrochemical Studies

The supercapacitive study was investigated using a three-electrode system consisting
of NCS/NCSG electrodes serving as the working electrode and platinum chip and Ag/AgCl
as the counter and reference electrodes, respectively. The aqueous 2 M KOH was used as an
electrolyte. Figure 4 depicts all graphs of SC studies for NCS and NCSG electrodes. Initially,
the comparative CV measurements of the bare NCS and nanohybrid NCSG-1, NCSG-2,
and NCSG-3 electrodes were performed at a 20 mV/s scan rate in Figure 4a. Among them,
NCSG-2 revealed an excellent capacity due to the high current value (large area under
the curve). All CV curves exhibited similar shapes, including a couple of intense redox
peaks. This result suggests that the specific capacity attributes, due to a fast and reversible
redox reaction of Ni2+/Ni3+ and Cr2+/Cr3+, indicate battery-type faradic reactions, strongly
aligning with the literature reports [14,46]. The possible redox reaction may be executed
as follows:

NiCr2S4 + 4OH− ⇔ NiSOH + 2CrSOH + SOH− + 3e− (1)

CrSOH + OH−⇔ CrSO + H2O + e− (2)

NiSOH + OH−⇔ CrSO + H2O + e− (3)

Figure 4b,c combined the CV curves of NCS and NCSG-2 electrodes, and Figure
S5a,b depicts all CV curves for the NCSG-1 and NCSG-3 electrodes at various scan rates
from 2–20 mV/s, respectively. The specific capacities of NCS and all NCSG electrodes
were estimated using Equation S7. The specific capacities of NCS, NCSG-1, NCSG-2, and
NCSG-3 are 764, 1109, 1960, and 1500 C/g, respectively. Battery-type faradic reactions
suggest that the total stored charge contributes to diffusion-controlled (Qd) and capacitive-
type (Qs) mechanisms. The following equation can be used to separate the total stored
charge analysis:

Qt = Qs + Qd, (4)

where Qd = cν−1/2, Qt represents the total charge, Qs denotes the capacitive surface charge,
and c is constant. In addition, Qs can be obtained using the graph Qt vs. ν−1/2 after
extrapolating on the y-axis. Figure S6a plots ν−1/2 vs. the total charge for all electrodes.
All calculated Qs and Qd value fragments are presented in Figure S6b for various scan rates
from 2–20 mV/s for the NCS and all NCSG electrodes. The Qs values for NCS, NCSG-1,
NCSG-2, and NCSG-3 electrodes are 86%, 83%, 84%, and 90%, respectively, at the 20 mV/s
scan rate.

Furthermore, the charge storage ability of the NCS and NCSG electrodes was in-
vestigated using a CD study at various current density values. Figure S7a combines the
curves of the CD for the NCS, NCSG-1, NCSG-2, and NCSG-3 electrodes at a 2 A/g current
density. The NCSG-2 electrode displayed the maximum discharge time compared with
the other electrodes, suggesting a high charge-storing ability. Similarly, Figure 4d,e and
Figure S7b,c depict the CD curves of the NCS, NCSG-2, NCSG-1, and NCSG-3 electrodes at
various current density values from 2–6 A/g. The specific capacities of NCS and all NCSG
electrodes were estimated using the following Equation.

Speci f ic capacity (C/g) =
∫

i(t)dt
m

(5)

where i, t, and m represent the applied current density in mA, the discharge time in
seconds, and the active mass of the electrode material in mg, respectively. The specific
capacity values for NCS, NCSG-1, NCSG-2, and NCSG-3 are 676, 920, 1932, and 1269 C/g,
respectively. The NCSG-2 electrode displayed the highest capacity among them because the
layered morphology supports a large, effective specific surface area, providing numerous
active electrochemical sites.
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Figure 4. (a) Combined cyclic voltammetry (CV) graphs of NiCr2S4 (NCS) and NCS with 10%, 20%,
and 30% graphene oxide (NCSG-1, NCSG-2, and NCSG-3) at a 20 mV/s scan rate; (b) CV graph of
the NCS electrode (2–20 mV/s); (c) CV graphs of the NCSG-2 electrode (2–20 mV/s); (d) charge–
discharge (CD) curves of the NCS electrode (2–6 A/g); (e) CD curves of the NCSG-2 electrode
(2–6 A/g); and (f) graph of the current density vs. specific capacity of the NCS, NCSG-1, NCSG-2,
and NCSG-3 electrodes, respectively.

Additionally, NCSG-2 exhibits mesoporosity (~16 nm), accelerating the diffusion of
the electrolyte ions through pores and contributing to more redox reactions [12]. Based
on the CD measurements, the specific capacity values for NCS and NCSG are plotted
in Figure 4f. The NCSG-2 electrode delivers a much better rate capability than the NCS,
NCSG-1, and NCSG-3 electrodes. The rate capabilities of the NCS, NCSG-1, NCSG-2, and
NCSG-3 electrodes are 60.6%, 65.4%, 81%, and 69%, respectively. Figure 4f reveals that the
bare NCS electrode had a smaller capacity than all NCSG electrodes because the conductive
rGO plays a crucial role in the hybridization. Table S1 provides a comparative SC study of
the Ni- and Cr-based ternary metal dichalcogenides. The specific capacity reported in the
literature suggests that NCS and NCSG perform better [17,24,25].
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The charge storage capabilities are directly proportional to the amount of GO hy-
bridized in the NCSG compositions. The NCSG-2 offers a high capacity value (1932 C/g)
compared to NCSG-1 (920 C/g) and NCSG-3 (1269 C/g) because the amount of GO is
optimum for NCSG-2. If the GO amount is low, the probability of forming a conductive
channel is low. In another case, when the amount of GO is too high, the GO sheets are
likely to restack, reducing the charge storage performance [11].

Moreover, EIS is an important tool providing an intrinsic resistance of the active
materials and the solution resistance (electrode and electrolyte interface). A comparative
EIS study for NCS and NCSG electrodes was investigated. Figure S8a depicts all combined
Nyquist plots for the NCS and NCSG electrodes. All hybrid NCSG electrodes displayed
a semicircle in the decreasing trend compared to the bare NCS electrodes, suggesting
that incorporating the GO sheets minimized the charge-transfer resistance (Rct). The low-
frequency region of the Nyquist plots is ascribed to the diffusion resistance of the electrolyte
(W). All NCSG electrodes displayed an enlarged slope, indicating that the porous structure
enhanced the electrolyte ion’s kinetic transport in the hybrid electrodes. Table S2 provides
the comparative values of all parameters from the fitting of the Nyquist plots for all NCS
and NCSG electrodes. The NCSG-2 electrode exhibited better Rs, Rct, Cdl, and W values,
respectively.

The study of the long-term stability of SCs is important for NCS and NCSG electrodes
(Figure S8b). The continuous 10,000 GCD cycles were performed at a 10 A/g current density
for each electrode. During the CD processes, swelling and shrinkage while intercalation and
deintercalation processes result in stress and cracks within the material and interface [47].
The NCSG-1, NCSG-2, and NCSG-3 electrodes retain 90.8%, 95.2%, and 92.9%, and the
NCS electrode retains 89.1% of their original values over continuous 10,000 GCD cycles.
The results indicate that NCSG-2 is an excellent electrode among the studied options.

Hybrid Supercapacitor

To investigate the potential of the nanohybrid NCSG-2 electrode in the full cell assem-
bly, the HSC was devised using NCSG-2 as the positive electrode and rGO as the negative
electrode. The performance of rGO (the EDLC) is studied in an aqueous electrolyte of 2 M
KOH using a three-electrode assembly, and all results (CV, CD, and EIS) are provided in
Figure S9. The mass balance of the anode and cathode materials was optimized using
the equation provided in Note S2 to obtain the high electrochemical performance of the
HSC. In the HSC, we combined two potential materials as separate electrodes to achieve a
higher cell potential than individual electrodes, resulting in a high energy density. In this
study, the 0 to −1 V potential for the anode is coupled with the −0.2 to 0.5 V of the cathode,
providing a full cell voltage of 1.5 V (Figure S10). The CV and CD curves were examined
at various potential ranges from 0 to 1.6 V to investigate the optimum operating potential
range of NCSG-2//rGO HSC (Figure 5a,b) [48]. The specific capacity was calculated using
CD curves for various potential ranges (Figure 5c), indicating that the capacity increases
linearly with potential ranges. Similarly, a linear energy density increase was observed
from 2.13 to 105 Wh/kg as the potential range increases in the range of 0.8 to 1.5 V, resulting
in the effectiveness of assembling the HSC (Figure 5c).

The studies of the HSC were performed using an optimum 1.5 V potential window
at various scan rates (5 to 100 mV/s). Figure 5d depicts the semi-rectangular shapes of all
CV curves, suggesting a hybrid-type charge storage mechanism (EDLC and battery-type)
contributed to the capacitance as a result of the positive (cathode) and negative (anode)
materials. As the scan rates increased from 5 to 100 mV/s, the shapes of the CV curves
continued with the same enlarged area, indicating the high performance of the HSC device.
Afterward, the CD performance of the HSC device was investigated at various current
density values (Figure 5e). The specific capacities were estimated using discharge curves
for each current density (Figure 5f). At the lowest current density of 5 A/g, the HSC
delivers 224 C/g, and for a high current density of 10 A/g, it remains at 140 C/g. The
capacity retention remains at 62.5% of its original value after increasing the current density
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to 10 A/g. The energy and power density values of the HSC device were calculated and
plotted in Figure 5g. The HSC delivers the maximum energy density of 105 Wh/kg at
the power density of 5625 W/kg and the maximum power density of 11,250 W/kg at
the lowest energy density of 65.62 Wh/kg. Table S3 provides a comparative study of
the electrochemical performance of Ni- and Cr-based HSC devices reported earlier and
presents the working NCSG-2//rGO device. Table S3 suggests that the HSC device displays
superior performance compared to the reported HSC devices [23–26,35].

Figure 5. Complete hybrid supercapacitor (HSC) study: (a) combined cyclic voltammetry (CV) graphs
from 0.8 to 1.6 V potential windows with a 100 mV/s scan rate; (b) combined charge–discharge
(CD) curves from 0.8 to 1.6 V potential window with a 6 A/g current density; (c) graph of potential
variation with specific capacity (black color) and energy density (red color); (d) CV curves from 5 to
100 mV/s of the scan rate; (e) CD curves from 5 to 10 A/g of the current density; (f) graph of the
current density vs. specific capacity; (g) Ragone plot; (h) Nyquist plot; and (i) Capacity retention
obtained from continuous 5000 CD cycles for HSC cell.

The electrochemical impedance measurements of the NCSG-2//rGO HSC device
have been investigated from a lower frequency of 100 mHz to a higher frequency of
1 MHz (Figure 5h). The HSC delivers a smaller solution resistance (Rs) and charge-transfer
resistance (Rct) of 0.47 and 1.03 Ω, respectively. After completing 5000 continuous CD
cycles, Rs and Rct increased to 0.71 and 1.70 Ω, respectively. The enhancement in the EIS
parameters is very small, suggesting the excellent performance of the electrode materials.
The equivalent circuit was fitted to the Nyquist plot and depicted in the Figure 5h inset. All
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values of the circuit components are given in Table S4. The capacitance retention against
the cycle number graph is plotted in Figure 5i. The HSC device reduced capacity retention
by 4% over 5000 CD successive cycles at a 10 A/g current density. A similar study was
reported for Ni- and Cr-based HSCs (Table S3). The performance of the NCSG electrodes
can also be evaluated based on specific capacitance (F/g), and the converted results are
shown in Figure S11 of the Supplementary Materials.

5. Conclusions

The mesoporous layered nanohybrid novel NCSG was successfully synthesized in
a single step using a simple and inexpensive chemical route. The physicochemical and
electrochemical properties of the NCSG were tuned using various amounts of single-layer
GO during the nanohybrid material preparation. Mesoporous NCSG provides a four-
fold greater specific surface area of 658.84 m2/g compared to bare NCS (149.37 m2/g).
The conductive rGO enhanced the three-fold higher capacity of the optimized NCSG-2
(1932 C/g) compared to the bare NCS (676 C/g) materials. The NCSG-2 was used as the
cathode, and rGO was used as the anode during the fabrication of the HSC. The HSC
delivered a maximum specific capacity of 224 C/g at a 5 A/g density. The HSC had a
maximum energy density of 105 Wh/kg and a maximum power density of 11,250 W/kg.
The HSC obtained 96% cyclic stability over successive 5000 CD cycles. The robust and
outstanding supercapacitive performance of the NCSG nanohybrid material suggests that
it is a promising candidate for high-energy HSCs.
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Abstract: This research examines the influence of adding a commercial ionic liquid to the electrolyte
during the electrochemical anodization of tungsten for the fabrication of WO3 nanostructures for
photoelectrochemical applications. An aqueous electrolyte composed of 1.5 M methanesulfonic acid
and 5% v/v [BMIM][BF4] or [EMIM][BF4] was used. A nanostructure synthesized in an ionic-liquid-
free electrolyte was taken as a reference. Morphological and structural studies of the nanostructures
were performed via field emission scanning electron microscopy and X-ray diffraction analyses.
Electrochemical characterization was carried out using electrochemical impedance spectroscopy and
a Mott–Schottky analysis. From the results, it is highlighted that, by adding either of the two ionic
liquids to the electrolyte, well-defined WO3 nanoplates with improved morphological, structural,
and electrochemical properties are obtained compared to samples synthesized without ionic liquid.
In order to evaluate their photoelectrocatalytic performance, the samples were used as photocatalysts
to generate hydrogen by splitting water molecules and in the photoelectrochemical degradation of
methyl red dye. In both applications, the nanostructures synthesized with the addition of either of
the ionic liquids showed a better performance. These findings confirm the suitability of ionic liquids,
such as [BMIM][BF4] and [EMIM][BF4], for the synthesis of highly efficient photoelectrocatalysts via
electrochemical anodization.

Keywords: ionic liquid; organic dye degradation; tungsten oxide; photoelectrocatalysis; water splitting

1. Introduction

In the last two decades, due to the advantages of nanostructured materials, such
as their large surface area in relation to their volume and their high activity, they have
been incorporated into a wide variety of energy applications, such as the production of
hydrogen from water molecules, solar panels, etc., as well as environmental applications
such as wastewater treatment, treatment of air effluents, and so on [1–3]. Recently, the use
of ionic liquids (ILs) in the synthesis of nanostructured catalysts has become widespread,
since they offer very attractive alternatives to traditional liquid organic solvents and solid
salts. This is a result of the suitable physicochemical characteristics of these ILs, which
include a greater conductivity, a low vapor pressure, nonflammability, and good thermal
and chemical stability [4–6], in addition to their selective combination of cations or anions
depending on the subsequent application and their treatability and reusability, greatly
improving their environmental impacts and contributing to sustainability [5,6].

Electrochemical anodization is one of the many methods for synthesizing nanostruc-
tures from semiconductor metal oxides. It offers sufficient scalability and comparatively
easy operation, giving excellent control over the morphology of the nanostructures and
their physicochemical properties [7]. Anodization is carried out at moderate temperatures
and atmospheric pressure, and the morphology and dimensions of the nanostructures can
be altered by varying the number of operation parameters, including the temperature,
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electrolyte composition, and applied cell potential. This makes anodization a very suitable
technique with a minimal environmental impact [8]. Some other methods have been studied
to create WO3 nanostructures with a wide variety of morphologies (nanowires, nanopores,
nanoflakes, nanoplates, etc.) such as hydrothermal methods [9], solvothermal methods [10],
deposition processes (laser deposition [11], sol–gel [12], electrodeposition [13,14], chemical
vapor deposition [15], RF sputtering [16,17], spin-coating [18]), and combustion. However,
they use corrosive reactants and large amounts of energy and they are more complex to
operate in comparison with anodization techniques.

Numerous semiconductor metal oxides have been studied by scientists for a variety
of environmental and energy applications due to their photocatalytic activity [19,20]. By
shining light on a nanostructured photocatalyst and applying a potential at the same time,
matter such as dyes can be degraded. In this process, a positively charged hole is simul-
taneously created in the valence band and an excited electron in the valence band moves
into the conduction band. They migrate to the surface of the photocatalyst, where they
participate in the redox reaction of water and produce OH− radicals, which are responsible
for oxidizing the organic species present [21,22]. In the same way, during photoelectro-
chemical water splitting, electron–hole pairs are photogenerated in the conduction and
valence layers, respectively. Then, they separate, and holes oxidize the water molecules to
create O2 and H+ on the surface of the semiconductor, and electrons in the counter electrode
reduce H+ into gaseous hydrogen [23–25].

Most of the many investigations that have been conducted with commercial ILs as
solvents in the creation of nanostructured catalysts are centered on the fabrication of TiO2
nanostructures. The first investigation into ionic-liquid-based titanium anodization was
reported by Schmuki et al. They showed that self-organized layers of TiO2 NTs may be pro-
duced directly on a titanium surface using anodization in 1-n-butyl-3-methyl-imidazolium
tetrafluoroborate, [BMIN][BF4] [26]. Wender and colleagues subsequently synthesized
titanium dioxide nanostructures with the same IL to evaluate them as photocatalysts for
methyl orange photodegradation and hydrogen evolution from water/methanol mix-
tures [27]. Other studies have also shown improvements in the behavior of anodized
titanium foils using this ionic liquid and some others like 1-ethyl-3 methylimidazolium
tetrafluoroborate, [EMIN][BF4]; 1-butyl-3-methyl-imidazolium chloride, [BMIM][Cl]; 3-
methyl-1-octyimidazolium tetrafluoroborate, [OMIM][BF4]; and 1-butylpiridinium chlo-
ride, [BPy][Cl] [28–30].

However, these different compounds have been rarely employed as solvents during
electrochemical anodization on other types of semiconductor metal oxides and they could
greatly contribute to enhancing their photoelectrochemical performance. Considering
this, tungsten oxide (WO3) is drawing a lot of attention because of its natural abundance,
sufficient conductivity, resistance to photocorrosion, low band gap value (between 2.5
and 3.0 eV [31–33]), and large hole diffusion (150 nm) [34]. Furthermore, the chemistry
of tungsten and the ability of various compounds (ligands) to generate tungsten com-
plexes and alter the electrolyte composition during anodization provide the opportunity
to optimize the size and morphology of nanostructures [35]. In this regard, ILs may be
employed as complexing agents for tungsten during the anodization process to produce
WO3 nanostructures with different morphologies and sizes. The ionic liquids [BMIN][BF4]
and [EMIM][BF4] contain fluoride species [F−] that act as monodentate ligands which
form stronger bonds (higher stability) with tungsten, increasing the dissolution rate of the
WO3 layer, which will then precipitate on the surface. They also delay the precipitation of
tungstic acids on the electrode surface, forming nanostructures with better behavior [36].
In addition, the organic part of these molecules is short, which could facilitate interactions
between the inorganic part [BF4]− and the electrolyte and substrate.

However, not many studies report the use of these materials in the synthesis of
tungsten oxide nanostructures. N-methyl-pyrrolidinium tetrafluoroborate, a protic ionic
liquid (PIL), was used by Go et al. to synthesize WO3 nanoplates, and their findings
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demonstrated an improvement in all electrochromic parameters when compared to an acid
medium electrolyte without ILs [18].

Likewise, within the different applications mentioned, and in order to evaluate the
photoelectrocatalytic performance of the WO3 nanostructures synthesized with the com-
mercial ionic liquids [BMIN][BF4] and [EMIN][BF4], they will be used to carry out the
splitting of water molecules for hydrogen production (with implications for energy applica-
tions) and the decomposition of the methyl red dye (with implications for the environment).
Methyl red (MR) is an anionic organic dye that is produced as waste in the course of many
different industries operations, including paper, pulp, plastic, leather, and textile industries,
and so forth [37]. Various physicochemical and biological approaches, including chemical
oxidation, ion exchange, and biodegradation, have been employed over the years to remove
this pollutant from wastewater because of its high toxicity and health concerns to humans.
Nevertheless, all of them have certain drawbacks, some of which include producing a lot of
extra waste or their very high costs [2,37]. However, photoelectrocatalytic decomposition is
promoted as a quick and easy method for removing this kind of organic contaminant.

The primary goal of this work is to conduct a comprehensive analysis of the physico-
chemical and electrochemical properties of WO3 nanostructures anodized with the com-
mercial ILs [BMIN][BF4] and [EMIN][BF4], ionic liquids which have not been traditionally
used for this purpose. Furthermore, this investigation uses the nanostructures with the
promising properties provided by ILs in applications in which they have not been tested
before, such as the photoelectrochemical splitting of water and in the photodegradation of
methyl red.

2. Materials and Methods

2.1. Synthesis by Electrochemical Anodization

Tungsten oxide nanostructures were synthesized by electrochemical anodization at
50 ◦C. A tungsten foil (with 1.32 cm2 exposed to the electrolyte) was used, and a potential
difference between the tungsten sheet and the cathode (platinum foil) of 20 V for 4 h
was applied. The anodization system was composed of a vertical cell consisting of a
single compartment where the area exposed to the electrolyte was controlled by an O-ring.
The synthesis of the nanostructures was carried out in an aqueous electrolyte with 1.5 M
methanesulfonic acid and 5% v/v of [BMIM][BF4] or [EMIM][BF4] (labeled as BMIM and
EMIM, respectively). To compare the obtained results, an ionic-liquid-free electrolyte was
utilized (identified as Blank). After, the samples were rinsed with water, dried with a
nitrogen stream, and annealed at 600 ◦C for 4 h.

2.2. Morphological and Structural Characterization of the Nanostructures (FESEM and XRD)

Morphological characterization of the nanostructures was performed using a field
emission scanning electron microscope (FESEM) Hitachi S4800, at an accelerating potential
of 5 kV. Using this technique, images were taken of the top of the nanostructures and of the
cross-section (scratching the surface of the samples).

Additionally, the samples were subjected to X-ray diffraction (XRD) analysis, making
use of a Bruker D8AVANCE diffractometer (Bruker, Billerica, MA, USA) fitted with a Cu
Kα1 monochromatic source.

2.3. Electrochemical Characterization

Electrochemical characterization was performed via electrochemical impedance spec-
troscopy (EIS). A three-electrode single compartment cell was used: the nanostructure was
the working electrode (with an exposed area of 0.5 cm2), a platinum tip was the counter
electrode and an Ag/AgCl electrode was the reference electrode. This test was carried out
in 0.1 M H2SO4 as the electrolyte. Using a potentiostat (PalmSens4, PalmSens, Houten,
The Netherlands) at a constant potential of 1 VAg/AgCl, a frequency scan was applied from
10 kHz to 10 mHz with an amplitude of 10 mV. Furthermore, in a similar experimental
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setup, a Mott–Schottky analysis was performed, scanning the potential from 1 to 0 VAg/AgCl
with a frequency of 5000 Hz.

2.4. Application of WO3 Nanostructures
2.4.1. Photoelectrochemical Production of Hydrogen

The tungsten oxide nanostructures were used to produce hydrogen from the photo-
electrochemical splitting of water. These tests were carried out in a three-electrode single
compartment cell using the samples as a working electrode, a platinum tip as a counter
electrode, and an Ag/AgCl reference electrode. The samples were masked with an O-ring
in the cell, exposing 0.5 cm2 of each one to the 0.1 M H2SO4 electrolyte. During this analy-
sis, the surface of the WO3 nanostructures was illuminated with a UV light (λ = 365 nm,
100 mW·cm−2) while scanning the potential from 0 to 1.04 VAg/AgCl at a rate of 0.005 V/s
(using a PalmSens4 potentiostat). Then, the same nanostructure was scanned in the same
potential range, but this time in the dark.

2.4.2. Photoelectrodegradation of Methyl Red

The application of the samples as photoelectrocatalysts in the photoelectrochemical
degradation of methyl red dye in sulfuric acid 0.1 M was tested. A glass cell with a quartz
window and three electrodes immersed in the dye solution was used for this analysis.
The nanostructure was used as a working electrode (with an exposed area of 1.32 cm2), a
platinum tip was used as a counter electrode and an Ag/AgCl electrode was used as a
reference. The nanostructure was illuminated with a UV lamp (λ = 365 nm, 100 mW·cm−2),
and with a potentiostat (PalmSens4), a potential of 1 V was applied.

Dye degradation was monitored every 10 min for 1 h using a quartz cell in a spec-
trophotometer (Cecil CE 1011, Cecil Instruments Limited, Cambridge, UK) at a wavelength
of 517 nm. Figure 1 displays the UV absorbance spectra of the methyl red solution; the
maximum absorption peak is in accordance with the literature [38]. The calibration of
absorbance vs. concentration obtained at 517 nm is shown in the inset in Figure 1.

 
Figure 1. UV absorbance spectra of methyl red (inset: relationship obtained between absorbance “y”
and methyl red concentration “x” at a wavelength of 517 nm).

To check the accuracy of the method, the % recovery of three series of three samples
with different concentrations (1, 5, 10 ppm) of methyl red has been calculated, showing
that the method has a recovery percentage between 97.84 and 99.85. The precision of
the method was also determined using three samples with different concentrations (1, 5,
10 ppm) of methyl red and analyzing each one three times and calculating the relative
standard deviation (RSD). The results show that the method precisely obtains values below
1.8% RSD.
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3. Results and Discussion

3.1. Synthesis by Electrochemical Anodization

It is important to mention that different concentrations (5%, 10%, 30%) of [BMIM][BF4]
and [EMIM][BF4] were used to anodize tungsten. However, the best photoelectrocat-
alytic performance (Figure S1) was achieved by low-IL-concentration nanostructures (5%).
Figure 2 displays the current density–time data registered during anodization in the blank
electrolyte (without ILs) and in both ionic liquids (EMIM and BMIM). A magnified inset
plot is shown to enable a proper view the current density transients of each sample. In this
figure, the current density values reached during the synthesis process and their shapes
can be examined.

Figure 2. Current density curves recorded during electrochemical anodization at 20 V and 50 ◦C in
different electrolytes (with and without IL).

The blank electrolyte sample exhibits the shape of a typical dissolution–precipitation
formation mechanism [39,40]. First, the current density steadily drops due to the growth of
a compact WO3 layer; then, the high concentration of protons in the solution causes the
dissolution of this layer and a resulting current density increase (second stage). Finally,
the current density drops once more when the soluble tungsten species (created immedi-
ately before) reach supersaturation levels and precipitate as tungstic acid (hydrated and
amorphous WO3·2H2O) in the form of nanostructures on the sample. Equations (1)–(3)
represent these three processes that take place during anodization:

W + 3H2O → WO3 + 6H+ + 6e− (1)

WO3 + 2H+ → WO2
2+ + H2O (2)

WO2
2+ + 3H2O → WO3·2H2O + 2H+ (3)

Some differences can be elucidated when 5% of either ionic liquid was added to the
electrolyte, for instance, in the moment the current density reaches its maximum. This
maximum is reached sooner in the presence of 5% IL due to the lower dielectric constants
of the ionic liquids and, therefore, of the anodizing electrolyte containing them. A lower
dielectric constant facilitates the precipitation of the soluble tungsten species generated in
stage two of the anodization process. Therefore, it is reasonable that the current density
peak belonging to this part of the synthesis is reached earlier in electrolytes with lower
dielectric constants (EMIM or BMIM). Moreover, this behavior is reflected in the total charge
of the anodization process of the samples (Table 1). The addition of either of the ionic
liquids to the electrolyte accelerates the dissolution–precipitation mechanism associated
with the formation of WO3 nanostructures and, therefore, the total charge density is higher.
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Table 1. Total charge during electrochemical anodization of tungsten.

Sample Total Charge (C)

Blank 9.5
EMIM 10.2
BMIM 10.8

On the other hand, in the current transients recorded during anodization for the
samples synthesized with EMIM or BMIM, diverse peaks can be appreciated, which
correspond to the formation of pitting or the localized dissolution of tungsten due to
the presence of BF− ions that tend to form soluble tungsten complexes [41,42]. This
result has been observed before when using other fluoride-containing electrolytes. As
has been outlined before, with NaF, fluoride ions formed strong bonds with tungsten
since they act as monodentate ligands. Then, due to the acidic electrolyte, fluoride ions
encouraged localized dissolution of the formed WO3 layer and developed soluble fluoride
complexes [36]. Specifically, methanesulfonic acid can excellently solubilize metal salts and
it is an environmentally friendly electrolyte [43].

Furthermore, comparing both IL curves, it can be noted how stage two occurs earlier
for the EMIM electrolyte than for the BMIM electrolyte. This can be attributed to the organic
contribution, which is the result of larger organic molecules in the electrolyte. This leads to
steric hindrance in the interaction between the oxide layer and fluoride ions.

3.2. Morphological and Structural Characterization of the Nanostructures (FESEM and XRD)

The FESEM images shown in Figure 3 were taken to study the influence of ionic liquids
on the WO3 nanostructures synthesized via electrochemical anodization. The images show
the morphology of the samples synthesized without ionic liquid and of samples for which
5% v/v EMIM or BMIM was added to the anodization electrolyte. In the three studied
cases, the formation of nanoplates can be observed, which increase in length and number
with the addition of ionic liquid. This behavior is in agreement with what was expected
according to the anodization curves studied in the previous section, since the nanoplates
synthesized with EMIM or BMIM begin to precipitate before those formed with the free
electrolyte. According to Figure 2, the second stage (precipitation stage) starts at 1100 or
1700 s for the samples synthesized with EMIM or BMIM, respectively, while, for the blank
electrolyte, it starts at ~2000 s. Therefore, the nanoplates synthesized with ionic liquid have
more time to form and grow. All of this leads to a higher surface area of the nanostructures.
Moreover, the larger number of nanoplates in the EMIM sample can also be explained by
the precipitation stage beginning earlier, as the peak is reached before for this nanostructure
(Figure 2).

Figure 3. FESEM images of tungsten oxide nanostructures synthesized via electrochemical anodiza-
tion with different electrolyte solutions (with and without IL).

Table 2 shows three parameters related to WO3 nanostructures: nanoplate length,
nanoplate thickness and WO3 layer thickness. These measurements were determined
from the top view and cross-sectional images of the nanostructures taken via FESEM (see
Supporting Information, Figure S2). The results indicate that the nanoplates obtained by
adding EMIM or BMIM to the anodization electrolyte are longer and thinner. In addition,
the thickness of the WO3 layer increases with the presence of ionic liquids. This behavior is
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consistent with what has been previously mentioned regarding the earlier precipitation
of tungsten species during anodization. The BF− ions from ionic liquids tend to form
soluble tungsten complexes and, as the anodization process continues, the supersaturation
condition is reached faster, so that soluble species start to precipitate on the sample surface
and favor the formation of thicker layers.

Table 2. Morphological parameters of WO3 nanostructures.

Sample
Nanoplate Length

(μm)
Nanoplate Thickness

(μm)
WO3 Layer Thickness

(μm)

Blank 0.48 ± 0.09 0.09 ± 0.02 0.7 ± 0.1
EMIM 0.60 ± 0.05 0.06 ± 0.01 1.5 ± 0.2
BMIM 0.64 ± 0.06 0.07 ± 0.01 1.2 ± 0.1

Figure 4 shows the X-ray diffractogram of WO3 nanostructures synthesized by electro-
chemical anodization after being calcined at 600 ◦C for 4 h. At this annealing temperature
(600 ◦C), the WO3 nanostructures show a high crystalline structure, a lower resistance
to charge transfer, and a higher dopant density, leading to a better photoelectrochemical
performance [44].

 

Figure 4. X-ray diffraction patterns for WO3 nanostructures after anodization in different electrolytes
(with and without IL) and magnification of the different monoclinic phase peaks.

As can be seen, the three samples present the characteristic peaks of monoclinic
tungsten (JCPDS no. 43-1035). This result agrees with previous studies, as other researchers
have reported that after annealing, amorphous WO3 turned into a crystalline monoclinic
phase [45–47]. Therefore, it is clear that the addition of ionic liquid in the electrolyte does
not affect the crystalline properties of the synthesized nanostructures. Using Scherrer’s
Equation (4), the size of the crystallites has been determined (Table 3).

D =
κλ

FWHM·cos(θ)
(4)

where D is the crystallite size (nm), κ is the shape factor (0.9), λ is the X-ray wavelength
(0.1542 nm), FWHM is the width at half maximum intensity (rad), and θ is the Bragg
angle [48]. In this case, the triplet of peaks appearing at 23.15, 23.48, and 24.25◦, correspond-
ing to the crystallographic planes (002), (020), and (200) and which can be assigned to the
main monoclinic WO3 peaks (JCPDS no. 43-1035), have been used. The rest of the peaks
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also belong to the monoclinic WO3 phase, which has been described as the most stable
one [49,50].

Table 3. Crystallite size determined via the Scherrer equation.

Sample Crystallite Size (nm)

Blank 53.5
EMIM 49.7
BMIM 49.7

The obtained results indicate that the addition of ionic liquid in the electrolyte causes
a decrease in the crystallite size. This behavior is due to the presence of [BF4]− ions in
the electrolyte since they favor the formation of tungsten complexes and influence the
dissolution rate of WO3. As a consequence, the surface area of the nanostructures increases,
leading to the decrease in the crystallite size of the samples. This result is favorable
for the photocatalytic performance of the nanostructures, since for samples with smaller
crystallite sizes, the transfer of photogenerated charge carrier pairs is enhanced and their
recombination probability is reduced [51,52].

3.3. Electrochemical Characterization

Electrochemical impedance spectroscopy tests were performed to learn about the
resistance to charge transfer processes in each photoelectrode. Figure 5 shows the Nyquist
(A) and Bode module (B) data for the WO3 nanostructures in the frequency range of 100 kHz
to 1 mHz obtained at a potential of 1 V versus Ag/AgCl 3 M KCl (Bode phase plots in
Figure S3).

Regardless of the sample, every Nyquist plot presents two semicircles, each one
corresponding to one of the regions of the Bode module plots with different slopes. First,
the charge transfer response of the oxide/electrolyte interface can be linked to the semicircle
obtained at high and intermediate frequencies (see inset of Figure 5A), which can reveal
information about the active surface area of the catalysts. The one at low frequencies is
usually related to the compact layer of oxide formed under the nanostructure [53,54].

Generally, the semicircle amplitude is proportional to the impedance of the related elec-
trochemical process. Observing Figure 5, the Blank sample presents the largest semicircle.
This fact is confirmed in Figure 5B, where the values registered at the lowest frequency in
the plot represent the total resistance offered by each nanostructure (RT). These results are
presented in Table 4. As observed, the Blank sample presents a higher RT. It is confirmed
that the addition of ionic liquid to the anodizing electrolyte decreases the total resistance to
charge transfer of the tungsten nanostructures. It is important to highlight that the total
resistance (RT) is lower for the WO3 nanostructure synthesized with EMIM than for the
one synthesized with BMIM. This result is due to the shorter structural chain of EMIM
which, therefore, makes it a slightly better complexing agent than BMIM. Additionally,
EMIM nanostructures with larger surface areas have been obtained and this decreases the
resistance they offer and increases their donor density [55].

Table 4. Total (Bode module plots) and active part (equivalent circuit fitting results) resistances of
the nanocatalysts.

Nanostructure RT (kOhm·cm2) R1 (kOhm·cm2)

Blank 163.15 8.19
EMIM 53.95 1.38
BMIM 116.05 1.98
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Figure 5. (A) Nyquist plots of WO3 nanostructures formed in electrolytes with and without IL
(continuous line represents the fitting to the equivalent circuit), (B) Bode module plot of WO3

nanostructures formed in electrolytes with and without IL.

To quantitatively analyze the EIS results, an electrical equivalent circuit with two
parallel R-C time constants was used, as illustrated in Figure 5A (depicted in more detail
in Figure S4). In this circuit, the non-ideality of the system has been considered by using
constant phase elements (CPEs) as a substitute for pure capacitors [56,57]. An impedance
fitting analysis was performed with the software ZView4, following the equation shown
below (5):

Z = RS +
R1 + R2 + R1R2Y2(jω)α2

1 + R1Y1(jω)α1 + R2Y2(jω)α2 + R2Y1(jω)α1 + R1R2Y1Y2(jω)α1(jω)α2
(5)

From this fitting, the charge transfer resistance in the active parts of the nanostruc-
ture/electrolyte interface (R1) can be quantified. The results are displayed in Table 4,
taking into consideration that, for all cases, the chi-squared values were lower than 10−3,
validating the circuit used. The rest of the parameters in Equation (5) appear in Table S1.
As expected, R2 values (bulk section) are extremely high as they belong to the compact
oxide layer beneath the active part of the nanocatalysts. Therefore, these values are not
considered at any point, since this part of the samples does not take part in the studied
reactions (only the nanostructured top layers take part).
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As expected, charge transfer in the active part of the WO3 nanostructures is also
improved by the addition of ionic liquid during the anodization process, which can be
related to the higher surface area of the IL samples, as described before. Generally, this
effect would be beneficial for the photoelectrochemical performance of these catalysts
since a low resistance improves electron transfer and hole diffusion, leading to a better
photoresponse [58–60].

These findings are in agreement with what the Mott–Schottky plots show in Figure 6A.
The synthesized tungsten oxide nanostructures are n-type semiconductors, as the positive
slopes of the plots reveal. Therefore, electrons are the dominant charge carriers, and with
the use of the Mott–Schottky Equation (6), it is possible to calculate the donor density (ND)
of each sample:

1
C2 =

1
CH

2 +
2

e·εT ·ε0·ND
·
(

E − EFB − k·T
e

)
(6)

where CSC is the space charge layer capacitance, CH is the Helmholtz layer capacitance, e
the electron charge (1.60 × 10−19 C), ε0 is the vacuum permittivity (8.85 × 10−14 F/cm), ε
is the dielectric constant of WO3 (50 [61–63]), E is the applied potential, k is the Boltzmann
constant (1.38 × 10−23 J/K), and T is the absolute temperature [64]. The values of ND for
each nanostructure are shown in Figure 6B.

Figure 6. (A) Mott–Schottky plots obtained at a frequency of 5 kHz for WO3 nanostructures anodized
with varied ILs. (B) Donor density (ND) calculated from MS plots for the nanostructures synthesized
with different ILs.

For tungsten oxide, the donor density is linked to oxygen vacancies, since these are
the dominant defects in these nanostructures. From Figure 6B, it can be inferred that the
addition of ionic liquid in the anodization process increases the donor density of the sam-
ples. A higher number of oxygen vacancies has a positive impact on WO3 nanostructures
when used as photoanodes, since the electrical conductivity increases and, therefore, their
photoelectrochemical performance improves. However, oxygen vacancies can also act as
electron traps, facilitating the recombination of photogenerated electron/hole pairs [65,66],
which could lead to worse photoelectrochemical behavior of the nanostructures.

3.4. Application of WO3 Nanostructures
3.4.1. Photoelectrochemical Production of Hydrogen

Figure 7A shows the results obtained in the photoelectrochemical separation of wa-
ter molecules after exposing the samples to illumination with a UV lamp and making a
potential scan in the positive direction. According to what can be seen in the graph, the
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three samples present a good photoresponse, since an increase in the current density was
recorded when illuminating the surface of the nanostructure. It is worth stating that when
nanostructures are in the dark, the current density recorded is very close to 0 in all cases.
Figure 7B exhibits the theoretical molar flow of hydrogen produced with the nanostructures
at a potential of 1 V, calculated with Faraday’s law. According to these results, the nanos-
tructures synthesized with ionic liquid exhibit a hydrogen production that is about 130%
higher than that obtained with the blank sample. Furthermore, compared to what has been
reported in the literature, these nanostructures exhibit a much higher hydrogen production
than others. For example, other IL-synthesized nanostructures generate 81–82 μmol during
water splitting, while CuCl/WO3 samples only generate 5 μmol after 30 min of exposure
to UV light [67]. These results suggest that the proposed method of synthesis allows for
obtaining efficient WO3 nanostructures with a better photoresponse, since their produc-
tion of hydrogen is 16 times higher. In other study [68], tungsten oxide nanostructures
were illuminated with UV light for water splitting applications, and thecurrent density
reached maximum values of 0.5 mA/cm2 when applying 1VAg/AgCl using a light intensity
of 50 mW/cm2. The current density values were more than 15 times lower than the ones
achieved in this work at the same applied potential with 100 mW/cm2.

 
Figure 7. (A) Photocurrent transient vs. potential of tungsten oxide nanostructures synthesized by
electrochemical anodization in different electrolyte solutions (with and without IL). (B) Number of
moles of hydrogen generated during the splitting of water molecules.

According to the morphological properties of the samples, it can be seen that the
nanostructures synthesized with ionic liquid had a thicker nanostructured layer, an obser-
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vation that favors the photoelectrocatalytic performance by increasing the surface area of
the nanostructures [36,69].

Additionally, the three samples had a good crystalline structure; however, those
synthesized with EMIM and BMIM presented a smaller crystallite size. Therefore, the prob-
ability of recombination of the electron/hole pair is lower than for the sample synthesized
with the blank electrolyte [70].

Electrochemical characterization of the samples indicated that those that were an-
odized under the presence of ionic liquid had a considerably lower charge transfer resis-
tance than the one synthesized with an ionic-liquid-free electrolyte. Therefore, it is implied
that these nanostructures have better photoelectrocatalytic behavior, since electron transfer
and hole diffusion are improved. A similar effect is obtained as a result of the number of
defects present in the nanostructures, since other studies have shown that, with a higher
number of vacancies, charge transfer processes are improved due to the better mobility of
electrons [71,72].

3.4.2. Photoelectrodegradation of Methyl Red

Tungsten oxide nanostructures were tested as photoelectrocatalysts in the degradation
of methyl red dye in a 0.1 M sulfuric acid solution. The evolution of dye degradation over
time can be seen in Figure 8.

 
Figure 8. C/C0 of methyl red as a function of time during its photoelectrochemical degradation using
a WO3 nanostructure synthesized with ionic liquid.

In this analysis, a starting dye concentration of 20 ppm was used and, measuring
the absorbance at ~517 nm using a spectrophotometer, the elimination of the dye was
evaluated every 10 min. According to the obtained results, the concentration of methyl
red without catalysts remained constant during the experiment, showing that there is no
degradation of the dye. On the other hand, the nanostructures synthesized with ionic
liquid exhibit a better performance than the sample synthesized with a blank electrolyte,
since complete degradation of the dye was achieved after 60 or 50 min when using the
nanostructures synthesized with EMIM or BMIN, respectively, while, for the reference
sample, 60 min was not enough to degrade the whole dye. It is important to note that
the sample anodized without ionic liquid always had a lower percentage of elimination
than the anodized samples with ionic liquids. Taking a closer look at the degradation at
40 min, both nanostructures anodized with EMIM and BMIM achieve more than 90% MR
degradation, while for the blank this value was close to 70%, which means that it is possible
to reduce the energy consumption necessary to degrade a high percentage of methyl red
dye using ILs as electrolytes. At 60 min, the sample without ILs managed to degrade most
of the dye because it is also a nanostructured area with photoelectrocatalytic activity and,
with longer durations, it has the capacity to completely degrade methyl red.
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In Figure S5, the degradation efficiency of each nanostructure is calculated. It can
be appreciated how the EMIM nanostructure presents a better degradation percentage
during most of the test, although the EMIM nanostructure requires 10 min more than the
BMIM sample to achieve 100% degradation efficiency. These results are related to what has
been mentioned above; that is, EMIM has a better complexing activity than BMIM, which
leads to a greater dissolution of the oxide layer during the anodization and subsequently a
greater precipitation with nanoplates of smaller sizes and with greater surface areas that
benefit the photoelectrocalytic activity. Therefore, the use of EMIM seems more promising
due to the obtained results. Despite this, Figure S5 reinforces the fact that both ionic liquids
improve the photoelectrochemical behavior of the tungsten oxide nanostructures and both
have a similar photoelectrocatalytic performance.

Considering the above-mentioned observations and the results of water splitting, the
samples synthesized with EMIM or BMIM present a higher photoelectrocatalytic perfor-
mance, since, as previously determined, their morphological, structural, and electrochemi-
cal properties were improved in relation to the sample synthesized with an ionic-liquid-free
electrolyte [73]. In addition, the degradation efficiency obtained in this study is better than
the 97% degradation of methyl red reached in 160 min with WO3 nanostructures under
visible light illumination, but more favorable conditions were used in the latter example,
such as a lamp of 500 W, an active surface area of 64 cm2, and a greater external potential of
1.5 V [74]. In similar degradation conditions but with another organic dye, methyl orange
(similar structure), our nanostructure also provided better results [75]. Compared with
other metal oxides such as TiO2 doped with Au, the WO3 nanostructures fabricated in the
presence of EMIM and BMIM exhibit better degradation yields in less time, although in
that study, two ultraviolet lamps were used during the degradation tests [76].

4. Conclusions

In this study, we proved that with the incorporation of commercial ionic liquids (EMIM
or BMIM) to the electrolyte during electrochemical anodization of tungsten, it is possible
to synthesize more efficient nanostructures for photoelectrochemical applications, such as
photoelectrochemical hydrogen production and the degradation of methyl red dye.

To be more specific, with 5% v/v of either IL, the anodization process was faster, and
this led to higher-surface-area nanostructures, since the nanoplate length increased from
0.48 μm (blank) to 0.60 μm (EMIM) and 0.64 μm (BMIM) and the layer thickness increased
from 0.7 μm using the blank electrolyte to 1.5 μm and 1.2 μm when using EMIM and
BMIM, respectively.

Furthermore, the formation of a WO3 monoclinic crystalline phase in the samples was
improved by the addition of EMIM/BMIM, since the crystallite size decreased from 53.5 nm
for the sample anodized in the blank electrolyte to 49.7 nm for the IL-anodized sample.

Additionally, the use of ILs during electrochemical anodization of tungsten resulted
in nanostructures with a higher number of oxygen vacancies, as the number rose from
7.21 × 1019 cm−3 to 2.46 × 1020 cm−3 and 9.36 × 1019 cm−3 for EMIM and BMIM samples,
respectively. This led to a higher electrical conductivity that improved the photoelectro-
chemical performance.

In particular, during the splitting of water using EMIM and BMIM samples, the
generation of hydrogen was increased by 132% and 135%, respectively, when compared to
the hydrogen production of the blank sample. Moreover, with the application of IL samples
as photoelectrocatalysts in the photoelectrodegradation of methyl red, a 100% degradation
efficiency was achieved after 50/60 min. To sum up, these results exhibit how IL-anodized
nanostructures can be used for efficient and fast methyl red degradation involving a lower
energy consumption, since less time is needed for a higher percentage of elimination.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17061243/s1, Figure S1: Photocurrent transient vs. potential
of WO3 nanostructures synthesized by electrochemical anodization in different electrolytes (with
and without IL) and with different concentrations of BMIM and EMIM (5, 10 and 30%); Figure S2:
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FESEM images of the WO3 nanostructure synthesized by electrochemical anodization with blank
electrolyte. Top view (left) and cross section (right); Figure S3: Bode-Module and Bode-phase plots
WO3 nanostructures formed in electrolytes with and without IL; Figure S4: Equivalent circuit used
for EIS fitting; Table S1: Results of EIS fitting analysis; Figure S5: Methyl red degradation efficiency of
the different nanostructures.
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Abstract: The inherent properties of TiO2, including a wide band gap and restricted spectral response
range, hinder its commercial application and its ability to harness only 2–3% of solar energy. To
address these challenges and unlock TiO2’s full potential in photocatalysis, C60- and CdS-co-modified
nano-titanium dioxide has been adopted in this work to reduce the band gap, extend the absorption
wavelength, and control photogenerated carrier recombination, thereby enhancing TiO2’s light-
energy-harnessing capabilities and hydrogen evolution capacity. Using the sol-gel method, we
successfully synthesized CdS-C60/TiO2 composite nanomaterials, harnessing the unique strengths of
CdS and C60. The results showed a remarkable average yield of 34.025 μmol/h for TiO2 co-modified
with CdS and C60, representing a substantial 17-fold increase compared to pure CdS. Simultaneously,
the average hydrogen generation of C60-modified CdS surged to 5.648 μmol/h, a notable two-fold
improvement over pure CdS. This work opens up a new avenue for the substantial improvement of
both the photocatalytic degradation efficiency and hydrogen evolution capacity, offering promise of a
brighter future in photocatalysis research.

Keywords: co-modified; CdS-C60/TiO2; photocatalytic activity; hydrogen evolution

1. Introduction

In recent years, photocatalytic technology has garnered significant attention from
researchers owing to its cost-effectiveness, simplicity, and minimal environmental impact.
This versatile technology leverages a range of photocatalysts to disintegrate a wide array
of both organic and inorganic pollutants, offering the promise of converting CO2 into
valuable renewable chemicals and facilitating water decomposition [1–3]. Among these
photocatalysts, titanium dioxide (TiO2) stands out for its relatively high activity, rendering
it highly effective in the purification of air and water, even in biomedical applications [4,5].
Consequently, its applications in the field of photocatalysis hold considerable promise [6,7].

Nevertheless, the inherent limitations of TiO2 are its wide band gap and restricted
spectral response range, which result in its ability to utilize only approximately 2–3% of
solar energy and hinder its commercial application [8]. To address these challenges and
unlock the full potential of TiO2 in photocatalysis, modification techniques have emerged
as a pivotal approach to enhancing its photocatalytic performance. These techniques aim
to reduce the band gap, extend the absorption wavelength, and control photogenerated
carrier recombination, thereby enhancing TiO2’s light-energy-harnessing capabilities [9].
Notably, the choice of dopants significantly influences the photocatalytic activity, affecting
the recombination of photogenerated electrons (e−) and holes (h+) on the material’s surface.

In the field of photoelectrochemical water decomposition, nano-TiO2 coupling systems
have been extensively researched [10,11]. Cadmium sulfide (CdS), with its narrow energy
gap of 2.4 eV, has proved effective as a coupling agent for TiO2, promoting the photocatalytic
decomposition of water [12,13]. The strong coupling between TiO2 and CdS allows for
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the direct combination of TiO2 particles with dispersed CdS particles. Although CdS
exhibits photoetching instability when used independently, the formation of composite
nanomaterials with TiO2, characterized by a wider band gap, effectively reduces the
likelihood of photogenerated electron–hole recombination. Thus, the strategic coupling
of TiO2 with CdS mitigates the photoetching instability associated with CdS alone and
expands the spectral response range [14–16].

Fullerene (C60), renowned for its exceptional electron (e−) transport capabilities, has
emerged as an intriguing option for mitigating charge recombination. This has fueled
increasing interest in TiO2 catalysts supported by C60 [17,18]. C60 boasts an extensive
three-dimensional π electron system, featuring a closed core–shell structure comprising
60 delocalized π electrons and 30 bonded molecular orbitals. Even minor structural vari-
ations or changes in the solvent properties can influence the electron transfer within the
system, making the incorporation of C60 an attractive strategy for enhancing effective
electron transfer [19,20]. With a band gap ranging from 1.6 to 1.9 eV, C60 holds considerable
promise for practical applications, and catalysts modified with C60 are poised to achieve a
remarkable photocatalytic performance.

Recognizing the complementary advantages of CdS and C60, we have adopted a
comprehensive approach to co-modifying TiO2. Utilizing the sol-gel method, we have
successfully synthesized CdS-C60/TiO2 composite nanomaterials with highly effective
photocatalytic properties. Remarkably, the hydrogen production of CdS modified with C60
exhibited a two-fold increase compared to pure CdS, reaching an average of 5.648 μmol/h.
Furthermore, TiO2 co-modified with CdS and C60 demonstrated an impressive average
yield of 34.025 μmol/h, representing a staggering 17-fold increase over pure CdS. This
study underscores the synergistic benefits of combining CdS and C60 in enhancing the
photocatalytic and hydrogen production performance of TiO2, opening up new avenues
for sustainable and efficient environmental remediation processes.

2. Materials and Methods

Materials: The cadmium chloride (CdCl2, 99.0%) and sodium sulfide (Na2S·9H2O)
were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China). The
Malachite Green (MG), P25 (Degussa, Hamburg, Germany), and butyl titanate (Ti(OBu)4)
were all purchased from China National Pharmaceutical Group Chemical Reagent Co.,
Ltd. (Beijing, China). The C60 was purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). All the other reagents were analytical-grade. The pH of the solution
was adjusted using nitric acid and sodium hydroxide solutions. All experiments used
secondary water.

Synthesis of CdS: Dissolve 3.1148 g of CdCl2·2.5H2O in 20 mL of ethanol in the first
bottle, and dissolve 2.4004 g of Na2S·9H2O in 20 mL of ethanol in the second bottle. After
stirring for 10 min, the second bottle is added to the first bottle slowly, drop by drop. Gel
A is stirred for two hours at room temperature before being transferred into an alumina
crucible. Place the sample into a muffle furnace and set the conditions to increase from
room temperature to 450 ◦C, with a heating rate of 2 ◦C/min in an air atmosphere, and
maintain it there for 2 h after aging at room temperature for 24 h. The calcination conditions
are the same for each sample below. Finally, create a sample of CdS powder by grinding
the acquired sample in an agate mortar [21–23].

Synthesis of CdS-TiO2: Make gel A as directed by the conditions listed above. In a
flask with a circular bottom and labeled “gel B”, combine 20 mL of butyl titanate (TBT) with
30 mL of ethanol solution. The combination added dropwise is stirred at room temperature
for 2 h. Prepare another combination using 20 mL of ethanol, 4 mL of distilled water, 2 mL
of nitric acid, and 20 mL of gel A. They should be added dropwise to the room-temperature
gel B solution, stirred as they are added, and left to react for 24 h. Age for 24 h in an alumina
crucible. The sample is burned under the same conditions in a muffle furnace and then
ground to produce a CdS-TiO2 sample.
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Synthesis of CdS-C60: In order to create CdS, 30 mg of Ox-C60 (also known as activated
C60) is added to a combination of distilled water and agitated for 2 h. An alumina crucible
is used to age gel C for 24 h. Then, under the same conditions, it is calcined in a muffle
furnace. The CdS-C60 sample is obtained by grinding it after cooling to room temperature.

Synthesis of CdS-C60-TiO2: Synthesize gel B and gel C separately, measure 20 mL
of ethanol and 4 mL of distilled water, and combine 2 mL of nitric acid and gel C to put
together another mixture. The combination dropwise is added to the gel B solution at room
temperature, stir whilst adding, and react for 24 h. Age it in an alumina crucible for 24 h
and burn it in a muffle furnace underneath the identical conditions. Grind to achieve the
CdS-C60-TiO2 sample. The experimental characterization is detailed in the Supporting
Information (pages 2–4).

3. Results and Discussion

To explore the changes in the TiO2 crystal morphology after the modification, we
conducted X-ray diffraction (XRD) measurements for the pure TiO2 and the modified
TiO2 materials in Figure 1a. As can be seen, the diffraction peaks of P25 (commercial
TiO2) appear at 2θ = 25.08◦, 37.94◦, 48.14◦, 54.26◦, 55.26◦, 62.90◦, 68.98◦, 70.02◦, and 75.24◦,
respectively, corresponding to the diffraction peaks of anatase-phase TiO2 (101), (004),
(200), (105), (211), (204), (116), (200), and (215), respectively, where 2θ = 25.08◦ was the
strongest diffraction peak. The diffraction peaks of the rutile phase (110), (101), and (200)
crystal faces appear at 2θ = 27.7◦, 36.2◦, and 42.82◦, indicating that TiO2 is a mixed crystal
structure dominated by anatase phases and rutile phases [24]. Comparing P25, CdS-TiO2,
and CdS-C60/TiO2, the rutile diffraction peak weakened in turn, and the anatase-phase
diffraction peak increased in turn, indicating that the introduction of CdS into the samples
can inhibit the growth of their rutile phase. As we all know, rutile TiO2, as the most stable
crystalline structure form, has a good crystallization state and fewer defects, resulting
in electrons and holes that are easy to compound, with almost no photocatalytic activity.
Therefore, the CdS-C60/TiO2 composite with less rutile TiO2 will have a better catalytic
performance. We also tested the XPS patterns of P25, CdS-TiO2, and CdS-C60/TiO2, as
shown in Figure S1 (Supporting Information). It was proven that there is no Ti2p separation
between the C60, CdS, and TiO2 phases after preparation, but the shift in the oxygen atom
toward a high binding energy means that the chemical bonds between the oxygen atom
and other elements become tighter and more stable, which indicates that CdS-C60 has a
significant effect on the modification of TiO2, which promotes the transfer of electrons
between oxygen atoms and other elements, thereby increasing the activity of the catalyst.

Not only that but most UV radiation with a wavelength of less than 400 nm is absorbed
by P25. The absorption bands of CdS, CdS-C60, CdS-TiO2, and CdS-C60/TiO2 all entered
the visible light region. This is mainly because the band gap of CdS is 2.4 eV, the response
characteristics of visible light are better, and the crystal structure of the original substance
is changed after being modified with CdS. Compared with pure CdS and pure TiO2, the
absorbance of CdS-C60 and CdS-C60/TiO2 increased, showing that the band gaps of various
semiconductor catalysts overlapped in the ultraviolet and visible regions, respectively,
which is conducive to improving their photocatalytic performance. The C60-modified
sample’s absorption band edge shows some redshift, indicating that C60 can narrow the
catalyst’s band gap, which is due to the interaction between the components, causing
surface lattice oxygen vacancy and other defects [25–27]. The results above indicate that
the crystal structure of TiO2 is alterable by CdS and C60, leading to the creation of defects
on the surface lattice. The cause of the edge absorption is the defect absorption rather
than the actual absorption of the lattice [28]. Additionally, the band gap energy of TiO2
is decreased, enabling it to be activated by visible light and to exhibit photocatalytic
activity. These changes not only enhance the utilization of light energy but also improve the
overall efficiency of the photocatalysis process. Meanwhile, EDX fluorescence spectroscopy
analyses on each sample were performed to detect the type and content of the characteristic
elements contained in each sample, as shown in Figure 1c–e.
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Figure 1. (a) XRD patterns and (b) UV–Vis diffuse reflectance spectra of P25, CdS, CdS-C60, CdS-TiO2,
and CdS-C60/TiO2. Energy-Dispersive X-ray (EDX) elemental microanalysis of (c) CdS, (d) CdS-TiO2,
(e) CdS-C60/TiO2.

As the FT-IR spectra show in Figure 2a,b, all the catalyst samples have strong ab-
sorption peaks at 3420–3510 cm−1 and 1620–1640 cm−1, corresponding to the bending
vibration peaks of the H-O-H bonds, which indicates the bending vibration of the presence
of numerous water molecules adsorbed onto the catalyst surface. These peaks confirm
that water molecules adhere to the catalyst surface in a physical manner. Consequently,
it can be concluded that these nanomaterials possess the ability to exhibit a significant
photocatalytic effect, which may be the presence of the majority of hydroxyl groups on
the surface, and under photoexcitation, the e−-h+ pair generated by the catalyst sample
acts on the hydroxyl group to generate highly oxidizing ·OH. The abundant and diverse
hydroxyl groups present on the surface also promote the creation of sites where O2, CO2,
and CO molecules can be adsorbed [29]. The absorption peak at 1380 cm−1 of the spectrum
indicates that O2 molecules are adsorbed on the surface. Whether it is the formation of
highly oxidizing free radicals or the provision of adsorption sites for small molecules, this
facilitates the oxidation of organic material into a variety of small molecule compounds via
photocatalysis. In comparison to P25, the absorption peaks of CdS-TiO2 and CdS-C60/TiO2
shift toward higher frequencies. The peak at 450–510 cm−1 signifies the presence of titanate
TiO3

2−, indicating that the transition of TiO2 involves lattice distortion [30]. It can be
deduced that the periodic potential field distortion generated by the modification of CdS
and C60 caused lattice defects in the TiO2. The TiO2 band gap decreases, leading to an
enhanced ability to catalyze visible light. Although the sample contains a small amount
of titanate TiO3

2−, the photocatalytic activity can be effectively improved by introducing
more crystal defects [31]. The band of CdS-C60-TiO2 changes the lattice to produce some
characteristic peaks at 1380 cm−1, which further indicates that CdS, C60, and TiO2 are
bonded, changing the original lattice structure of the TiO2. It may be inferred from band
analyses of CdS, CdS-C60, CdS-TiO2, and CdS-C60/TiO2 that the same absorption peak,
which may represent a Cd-S bond vibration, is present in all of these materials.

81



Materials 2024, 17, 1206

Figure 2. (a) FT–IR spectra of P25, pristine TiO2, CdS, (b) CdS-C60, CdS-TiO2, and CdS-C60-TiO2.

Since the photocatalytic activity of the functionalized materials is largely dependent
on their morphological structure, it can be found that P25 (Figure S2a,b, Supporting
Information) is a solid microsphere. However, after being modified by CdS, the particles
become less uniform, and as seen using XRD, there is an interaction between CdS and TiO2,
making its crystal lattice larger. CdS and C60 uniformly cover the surface of TiO2 in the
form of lumps and microspheres, and the aggregation of small particles aggravates the
surface roughness (Figure S2c–j, Supporting Information), as is consistent with the results of
SEM. By comparing the TEM of the samples CdS-TiO2 (Figure S3a, Supporting Information)
and CdS-C60/TiO2 (Figure S3b, Supporting Information), we see the crystal plane of the
CdS-C60/TiO2 composite is clearer and regular, the crystal form is more perfect, and the
lattice fringes of TiO2 and CdS can be seen clearly. This indicates that the introduction of
C60 changed the lattice structure of TiO2, making the crystal form better. In addition, the
connection between the suitable specific surface area and the variables affects the sample’s
photocatalytic performance. We calculated the pore size and pore distribution of each
sample using the Barrett–Joyner–Halenda technique and the Halsey equation, as shown in
Table S1 (Supporting Information) [32–34]. From the nitrogen adsorption data of the six
catalyst samples, when compared to CdS, the specific surface area of CdS-TiO2 has increased
in comparison to commercial P25 and CdS-C60, but the rate of the change in the pore size
is much greater than the change in the specific surface area. This may be a result of the
dopant entering the lattice and causing the pore size to decrease, conducive to producing
lattice defects in the crystal structure. This improves the photocatalytic activity [35]. As a
product of CdS and C60 co-modification, in CdS-C60/TiO2, it is hypothesized that the factors
influencing the photocatalytic performance of the sample are related to an appropriate
specific surface area and a certain degree of lattice defects. As the specific surface area
increases, so does the number of active sites, leading to the higher adsorption performance
of the catalyst. Conversely, reducing the specific surface area leads to a decrease in both
the pore volume and pore size. The presence of certain lattice defects proves beneficial in
enhancing the light-harnessing effect of TiO2 [36].

By assessing the rate at which MG degrades under 120 min of visible light irradiation,
the CdS- and C60-co-modified TiO2 samples can be evaluated for their visible light catalytic
activity. They were put through photocatalytic degradation tests with commercial P25
under identical circumstances to assess their photocatalytic activity. The UV absorption
spectra of CdS, CdS-C60, CdS-TiO2, and CdS-C60/TiO2 are displayed in Figure 3a–d. These
spectra demonstrate that the absorbance values decrease with an increasing visible light
irradiation period, indicating a significant and quick degradation of MG. To examine the
kinetics of MG’s photocatalytic breakdown in more detail, we measured the photocatalytic
degradation curves of five catalyst samples, as shown in Figure 3e–f [37]. According to the
relevant formula, we calculated the apparent rate constant kapp for the catalytic reactions
with different catalysts in Table S1 (Supporting information), and it was indicated that the
photocatalytic efficiency of all the samples was significantly higher than that of P25 when
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exposed to visible light. The order of photocatalytic efficiency was CdS-C60/TiO2 > CdS-
C60 > CdS > CdS-TiO2 > P25. It can be seen that the composite materials have significant
catalytic activity. Compared with the pure materials, the catalytic activity of the C60-
modified materials is improved due to C60’s ability to enhance the quantum efficiency and
facilitate charge transfer: C60 can enhance the efficiency of separating photogenerated e−-h+

pairs. Meanwhile, it can also enhance the adsorption efficiency during the degradation
process [38,39]. This is also due to the small band gap width (2.4 eV) of CdS, which can
induce photocatalysis in the visible light region. CdS can provide excited e− to TiO2,
while water and oxygen are used to generate hydroxyl radicals (·OH) and superoxide
anion radicals (·O2

−). These free radicals contribute to the photooxidation of the adsorbed
organic matrix. The CdS-C60/TiO2 sample exhibits both the characteristics of C60 and CdS,
thus exhibiting the highest photocatalytic activity.

Figure 3. Spectrum of adsorption of MG solution in the presence of (a) CdS; (b) CdS-TiO2; (c) CdS-C60;
and (d) CdS-C60/TiO2 under different irradiation times when exposed to halogen tungsten lamp.
For A–G, each absorbance spectrum was recorded over a 5 min interval; for G–J, each absorbance
spectrum was recorded over a 10 min interval; for J–L, each absorbance spectrum was recorded over
a 30 min interval with visible light illumination. (e) Absorbance variations as a function of irradiation
time (f), ln (c0/c), and the linear of control for P25, CdS, CdS-C60, CdS-TiO2, CdS-C60/TiO2 in MG
deterioration after 120 min exposure to radiation at ambient temperature. [MG] = 4 mg/L; [P25]
(CdS, CdS-C60, CdS-TiO2, CdS-C60/TiO2) = 0.6 g/L.

Moreover, we conducted adsorption mechanical analysis on the different catalysts.
The pore size and pore distribution can be calculated in Table S2 (Supporting Information).
The factors influencing the photocatalytic performance of the sample are connected to
the combined impact of an appropriate specific surface area and a certain level of lattice
defects, which is beneficial for improving the optical effect of TiO2. The results of our
adsorption-based linear fitting analysis are consistent with the desorption equilibrium
data for MG using different catalysts, as shown in Figure S4 (Supporting Information).
One can enhance the TiO2 by increasing its specific surface area and modifying its crystal
structure; TiO2 co-modified with C60 can be expected to improve in its photocatalytic
performance; and given sufficient time, CdS-C60 is comparable to CdS-C60-TiO2 in terms of
its catalytic performance.

To further analyze the catalytic performance of each catalyst, we conducted a com-
parison of the photocatalytic hydrogen production yield over time using 10% lactic acid
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as a sacrificial reagent. This comparison included various catalysts under visible light
conditions, as illustrated in Figure 4a. We tested the average hydrogen production of
different catalysts per hour under continuous illumination for 5 h in Figure 4b. As illus-
trated in Figure 4a,b, the hydrogen production performance of these photocatalysts in order
from best to worst is CdS-C60/TiO2 > CdS-C60 > CdS > CdS-TiO2 = P25. The visible light
hydrogen production effect of pure P25 and CdS-modified TiO2 is basically zero, and the
average hydrogen production of C60-modified CdS is 5.648 μmol/h. The photocatalytic
activity of CdS when co-modified with TiO2 and C60 is approximately twice as high as
that of pure CdS, whereas the average yield of TiO2 co-modified with CdS and C60 is
34.025 μmol/h, which is roughly 17 times higher than that of pure CdS. The narrow band
gap of C60 enables the photocatalyst to have a significantly broader absorption band range,
thereby enhancing its light absorption capability in the visible light spectrum. C60 has
good conductivity and can detach photogenerated e− and promote good separation of the
photogenerated e−-h+, so the visible light hydrogen production performance in CdS can
be enhanced through modification with C60. Furthermore, both CdS and C60 demonstrate
significant light absorption capabilities within the visible spectrum, and C60 as an electronic
relay can promote the flow of CdS and TiO2 photogenerated e−. C60 can be used as an
active site for photocatalytic hydrogen production, specifically the catalytic cleavage of
water to produce H2. This indicates that TiO2 co-modified with CdS and C60 has a high
photocatalytic activity under visible light conditions.

Figure 4. (a) Several kinds of hydrogen production with a time change map; (b) different catalysts
per hour of hydrogen production.

A typical impedance equivalent plot is shown in Figure S4a (Supporting Information)
to demonstrate the impact of the charge transfer on the activity of catalysts. The EIS
Nyquist plots of different catalysts are shown in Figure S5b (Supporting Information). In
the Nyquist plots of EIS, the semicircle’s diameter shows that CdS, CdS-C60, CdS-TiO2, and
CdS-C60/TiO2 have a lower charge transfer resistance compared to pure TiO2. The order of
decreasing resistance values is R(A) < R(B) < R(C) < R(D) < R(E) < R(F). It can speed up
the charge separation and promote e− transfer. This helps to decrease the likelihood of
recombining e−-h+ pairs and enhances the photocatalytic activity [40–42]. From the results
of electrochemical AC impedance, we see the effective charge transfer rate of CdS is weaker
than that of CdS-TiO2, but in the photodegradation experiment, the photodegradation rate
is higher than that of CdS-TiO2. The possible reasons for this are that CdS can provide
excitation of e− to TiO2; within 18 h after the modification of the empty gold sheet, the pure
CdS is unstable on its own, and it may have developed photocorrosion, which, in turn,
reduced the conductivity.

To illustrate the photodegradation mechanism of the catalyst CdS-C60-TiO2, we give
a schematic diagram of the corresponding photodegradation mechanism, as shown in
Figure 5. On the one hand, C60 has a good electron transport performance, which can accel-
erate the photoinduced charge separation and slow down charge recombination. Under
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natural light irradiation, the valence electrons (e−) in TiO2 are excited to the conduction
band (CB), and holes (h+) are generated in the valence band (VB). However, these photo-
generated electrons–holes can recombine quickly in the photocatalytic reaction, but since
C60 is a good electron acceptor and can receive electrons from the titanium dioxide, the
lifetime of the photogenerated e− and h+ will be extended during the transfer process. The
photogenerated h+ can form hydroxyl radicals, with a strong oxidizing activity and OH−
adsorbed on the surface of the TiO2. The photogenerated e− form oxyanion radicals with
the oxygen molecules adsorbed on the surface of the TiO2, which can effectively photolyze
organic radicals or water under the action of free radicals. The resulting active substances
(•O2− and •OH) have a high degradation activity for MG.

Figure 5. The photodegradation mechanism schematic for CdS-C60-TiO2.

On the other hand, TiO2 and CdS can transition under illumination simultaneously,
with the latter’s conduction band position being higher than the former, so there is a
misalignment of the two in the schematic diagram of the mechanism. Generally, when TiO2
absorbs light with an energy greater than its band gap, the e− in the valence band can be
excited and move to the conduction band. This leads to the formation of highly active e− in
the conduction band and corresponding h+ in the valence band [43]. The photogenerated
e− and h+ are separated and moved toward the surface of the semiconductor particles
due to the presence of an electric field, causing highly active photogenerated e−-h+ pairs.
This indicates that the transition of the electrons from the excited state of CdS to the
conduction band of TiO2 occurs, and then these e− are absorbed by O2 molecules to form
the superoxide anion radical O2

− [44–46]. Consequently, the adsorbed organic matrix’s
photooxidation characteristics are improved by this shift in vector transfer, to effectively
enhance the photooxidation performance of the adsorbed organic matrix. Due to the
photogenerated h+’s valence potential, which prevents them from oxidizing hydroxyl
groups into hydroxyl radicals, CdS photocorrodes to create Cd2+. In short, both C60 and
CdS components enhance the catalytic effect of TiO2; therefore, CdS-C60/TiO2 exhibits a
high catalytic activity.

4. Conclusions

In summary, the preparation of CdS- and C60-co-modified TiO2 photocatalysts via
the sol-gel method was followed by their comprehensive characterization using various
techniques. Our rigorous investigation into their photocatalytic performance and hydrogen
production capacity showcased the exceptional effectiveness of the ternary composite
catalyst CdS-C60/TiO2 in oxidizing the targeted degradants. The results demonstrated
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the impressive average hydrogen production of 34.025 μmol/h for TiO2 co-modified with
CdS and C60, marking a substantial 17-fold increase when compared to pure CdS. In
parallel, the average hydrogen generation for C60-modified CdS surged to 5.648 μmol/h,
representing a notable two-fold enhancement over pure CdS. This remarkable performance
can be attributed to the collaborative impact of CdS and C60, which displayed synergistic
effects when combined with TiO2. The co-modifying strategy effectively minimized the
likelihood of photogenerated electron–hole recombination while simultaneously reducing
the material’s band gap. These findings underscore the vast potential of CdS-C60/TiO2 as a
high-performance photocatalytic system, with versatile application fields such as renewable
energy and environmental remediation. We have compiled a comprehensive overview of
highly efficient catalysts for the degradation of MG (refer to Table S3 in the Supporting
Information). Although our designed catalysts may not exhibit an optimal performance,
our work offers a practical approach to enhancing the effectiveness of photocatalytic
degradation by utilizing novel ternary materials.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma17051206/s1. Figures S1–S5: XPS, SEM, TEM, N2 adsorption
and desorption isotherms and pore size distributions and electrochemical impedance spectroscopy
measurement of different samples; Tables S1–S3: Kinetics parameters of photocatalytic degradation
of MG, physical parameters of the adsorption and the photocatalytic degradation of MG at different
catalysts. References [47–55] are cited in the supplementary materials.
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Abstract: Stimuli-responsive Pickering emulsions are recently being progressively utilized as ad-
vanced catalyzed systems for green and sustainable chemical conversion. Hierarchically porous
metal–organic frameworks (H-MOFs) are regarded as promising candidates for the fabrication of Pick-
ering emulsions because of the features of tunable porosity, high specific surface area and structure
diversity. However, CO2-switchable Pickering emulsions formed by hierarchically porous zirconium-
based MOFs have never been seen. In this work, a novel kind of the amine-functionalized hierar-
chically porous UiO-66-(OH)2 (H-UiO-66-(OH)2) has been developed using a post-synthetic modi-
fication of H-UiO-66-(OH)2 by (3-aminopropyl)trimethoxysilane (APTMS), 3-(2-aminoethylamino)
propyltrimethoxysilane (AEAPTMS) and 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxy-
silane (AEAEAPTMS), and employed as emulsifiers for the construction of Pickering emulsions. It
was found that the functionalized H-UiO-66-(OH)2 could stabilize a mixture of toluene and water
to give an emulsion even at 0.25 wt % content. Interestingly, the formed Pickering emulsions could
be reversibly transformed between demulsification and re-emulsification with alternate addition or
removal of CO2. Spectral investigation indicated that the mechanism of the switching is attributed to
the reaction of CO2 with amino silane on the MOF and the generation of hydrophilic salts, leading to
a reduction in MOF wettability. Based on this strategy, a highly efficient and controlled Knoevenagel
condensation reaction has been gained by using the emulsion as a mini-reactor and the emulsifier as
a catalyst, and the coupling of catalysis reaction, product isolation and MOF recyclability has become
accessible for a sustainable chemical process.

Keywords: CO2-switchable; hierarchically porous zirconium-based MOF; Pickering emulsion;
mini-reactor; Knoevenagel condensation

1. Introduction

Pickering emulsions, stabilized by solid colloid particles, are versatile systems that
show great significance for the pharmaceutical, food and biomedical industries [1,2]. More
recently, Pickering emulsions have been considered an ideal platform for biphasic catalytic
reactions on the basis of their large organic solvent–aqueous interface [3]. Moreover, Pick-
ering interfacial catalysis has been rapidly developed to provide a more environmentally
friendly procedure with good selectivity and conversion [4,5]. Although some achieve-
ments have been gained in this regard, extensive efforts are still needed for product isolation
and catalyst recyclability from the emulsion system due to the tedious demulsification
process [3]. Stimuli-responsive Pickering emulsions as advanced catalyzed systems of-
fer considerable advantages for green and sustainable chemical transformation owing
to their switchable emulsification and demulsification as required [6]. In this context,
various attempts have been devoted to the development of stimuli-responsive emulsi-
fiers. Up to now, numerous surface-active colloid particles, for instance, silica, cellulose
nanocrystal, chitosan, lignin, polymer, latex and graphene oxide, have been presented
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to respond to external stimuli such as light [7–9], pH [10–13], redox [14–16], temper-
ature [17–21], magnetism [22,23], pH–temperature [24–26], pH–magnetism [27,28] and
temperature–magnetism [29,30], which have been used to successfully build switchable
Pickering emulsions.

CO2 is ample, cheap, non-poisonous and environmentally friendly, and thus can be
employed as an absorbing trigger to control many procedures [31–33]. Metal–organic
frameworks (MOFs), constructed through the exquisite assembly of metal ions or clusters
and organic linkers, are booming as a kind of fascinating porous material [34,35]. Their
permanent porosity, functional tunability and structural diversity invest MOFs with im-
pressive potential as Pickering emulsifiers. Despite most of the Pickering emulsions formed
by MOFs exhibiting excellent stability [36–41], they could not be efficiently emulsified
and demulsified on command. Until recently, exceptional efforts have been dedicated to
developing pH-, CO2- and thermal-triggered MOF-stabilized Pickering emulsions [42–44].
However, most of the reported MOF emulsifiers are limited to the specific microporous
regime, which may restrict substrate diffusion to the active sites of MOFs and hinder
large guest molecules from entering the MOF channels, thus greatly limiting their employ-
ment, particularly in catalysis. Therefore, it is of critical importance to develop innovative
stimuli-responsive MOFs for the formation of Pickering emulsions to achieve their tunable
demulsification and diverse applications. Hierarchically porous MOFs (H-MOFs), integrat-
ing the advantages of pores of different sizes, are especially desired for the improvement
of the diffusion rate, promotion of mass transport, and enhancement of catalytic active
sites [45,46]. Therefore, the design and development of functionalized H-MOF emulsifiers
combined with micropores, mesopores and macropores are necessary and urgent, but
challenging. To the best of our knowledge, CO2-switchable Pickering emulsions formed by
H-MOFs have not been reported.

Zirconium-based MOFs (UiO-66) are specifically selected on account of their extraor-
dinary thermal and chemical stability in organic solvents and aqueous solutions [47]. In
this work, a series of amine-functionalized hierarchically porous UiO-66-(OH)2 was de-
signed and synthesized through the post-synthetic modification of H-UiO-66-(OH)2 by
(3-aminopropyl)trimethoxysilane (APTMS), 3-(2-aminoethylamino)propyltrimethoxysilane
(AEAPTMS) and 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane (AEAEAP-
TMS), denoted as H-UiO-66-(OAPTMS)2, H-UiO-66-(OAEAPTMS)2 and H-UiO-66-(OAEA-
EAPTMS)2, respectively, and then used as emulsifiers for the fabrication of Pickering
emulsions. It turns out that all the amine-functionalized H-UiO-66-(OH)2 could stabilize
organic–aqueous mixtures to form emulsions even at the content of 0.25 wt % (Figure 1).
Moreover, the formed emulsions could be reversibly converted between demulsification
and re-emulsification with alternate CO2 and N2 addition. Mechanism studies suggested
that the switchable phase transition is ascribed to the efficient reaction of CO2 with different
types of amino silane and the generation of hydrophilic ammonium salts. Based on this,
the CO2-responsive Pickering emulsions have been employed as a mini-reactor and the
hierarchically porous MOFs as a catalyst for the Knoevenagel condensation reaction.
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Figure 1. Schematic diagram for CO2-switchable demulsification and re-emulsification of the func-
tionalized H-UiO-66-(OH)2 stabilized Pickering emulsions.

2. Materials and Methods

2.1. Synthesis of H-UiO-66-(OH)2

H-UiO-66-(OH)2 was synthesized according to the literature [48]. Typically, ZrCl4
(0.120 g, 0.5 mmol), benzoic acid (1.830 g, 15 mmol), Zn(NO)3·6H2O (0.148 g, 0.5 mmol)
and 2,5-dihydroxyterephthalic acid (0.198 g, 1 mmol) were added to 20 mL of N, N-
dimethylformamide (DMF) in a Teflon liner vessel. The obtained mixture was sonicated
for about 20 min to gain a transparent solution and then heated at 120 ◦C for 24 h. Upon
cooling to room temperature, the obtained powder was separated using centrifugation
and washed three times with DMF. The resulting solid was then dispersed in a solution of
hydrochloric acid (pH = 1.0) and agitated for about 10 min to break the acid-labile metal–
organic assembly template. The final product was isolated using centrifugation and then
washed multiple times with DMF and acetone, respectively, to discard the decomposed
template residues and then dried overnight at 70 ◦C under vacuum.

2.2. Synthesis of the Amine-Functionalized H-UiO-66-(OH)2

The amine-functionalized H-UiO-66-(OH)2 was prepared as follows [49]. Briefly, 0.5 g
of the as-synthesized H-UiO-66-(OH)2 was firstly dispersed in 60 mL of toluene, and 0.092 g
of APTMS, 0.117 g of AEAPTMS or 0.147 g of AEAEAPTMS were subsequently added. The
resulting mixtures were stirred at atmospheric temperature for 24 h. The final solids were
isolated using centrifugation, washed several times with toluene and ethanol, in turn, and
dried at 70 ◦C overnight, known as H-UiO-66-(OAPTMS)2, H-UiO-66-(OAEAPTMS)2 and
H-UiO-66-(OAEAEAPTMS)2, respectively.

2.3. Preparation of the CO2-Responsive Pickering Emulsions

As an example, the H-UiO-66-(OAEAEAPTMS)2 was added to the toluene–water
system (3:2, v/v) followed by high-speed homogenization to give an emulsion. Contents
of the H-UiO-66-(OAEAEAPTMS)2 were denoted by mass fraction (wt %) with respect to
water. The formed emulsions were found to be able to stabilize for more than one month.
The emulsion type was determined using the drop test approach. In addition, CO2 or N2
addition was accomplished using a syringe fitted with a needle at the rate of 60 mL min−1.
The other emulsions stabilized by H-UiO-66-(OAPTMS)2 and H-UiO-66-(OAEAPTMS)2
were obtained in a similar way.
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2.4. General Procedure for Knoevenagel Condensation Reaction

Toluene (3 mL), water (2 mL), the functionalized H-UiO-66-(OH)2 (0.025 g), alde-
hydes (0.05 mmol) and malononitrile (0.25 mmol) were added to a glass tube and then
homogenized at 10,000 rpm for 1 min. The formed emulsion was kept at 25 ◦C for 2 h in
a N2 atmosphere, which was monitored with GC-MS. Once the reaction was completed,
demulsification of the emulsion was achieved to separate the product and catalyst with
the addition of CO2. At this time, the product was in the upper layer (toluene phase) and
the MOF catalyst was in the lower layer (aqueous phase). Then, the product could be
acquired with vacuum evaporation, and the toluene phase was then gathered for the next
cycles. Once CO2 was driven out, the functionalized H-UiO-66-(OH)2 in the water phase
could return to toluene. When reactants were added to the recycled system, followed by
re-homogenization, the reaction proceeds as before.

3. Results and Discussion

3.1. The Structure and Morphology of the Amine-Functionalized H-UiO-66-(OH)2

The amine-functionalized H-UiO-66-(OH)2 was produced by anchoring CO2-switchable
functional groups onto the pristine H-UiO-66-(OH)2 at ambient temperature. X-ray pho-
toelectron spectrum (XPS), a powerful surface analysis approach, has been applied for
the analysis of the compositional and chemical states of H-UiO-66-(OAPTMS)2, H-UiO-
66-(OAEAPTMS)2 and H-UiO-66-(OAEAEAPTMS)2, respectively. As shown in Figure
S1, all the functionalized H-UiO-66-(OH)2 consisted of zirconium, silicon, carbon, nitro-
gen and oxygen elements, and the percentages of each element are listed in Table S1.
From their high-resolution XPS results, the binding energies of Zr 3d5/2 and Zr 3d3/2 were
observed at 179.2 and 181.5 eV (Figures S2a–S4a), suggesting the existence of an oxo–
zirconium (IV) cluster in the functionalized H-UiO-66-(OH)2. The peaks of 284.2, 285.4 and
287.8 eV were ascribed to C-C/C=C, C-N and C=O (Figures S2b, S3b and 2a) [35], respec-
tively. The N 1s spectrum displayed two peaks at 398.6 eV for C-N and 399.7 eV for N-H
(Figures S2c, S3c and S4b). The binding energies of Si 2p3/2 and Si 2p1/2 were located
at 99.4 and 100.1 eV (Figures S2d, S3d and S4c), respectively. This is good proof for the
post-synthetic modification of the pristine H-UiO-66-(OH)2 by various types of amine
silane. Nuclear magnetic resonance (NMR) is a useful method that can be used to charac-
terize the structure of H-MOFs at the molecular level in both dry and wet states. Herein,
the solid-state 13C NMR spectra of the pristine and functionalized H-UiO-66-(OH)2 were
obtained, as presented in Figure S5, showing that except for the pristine H-UiO-66-(OH)2
resonances, other resonances from amine silane were also obvious. It is clear that the
peaks of the functionalized H-UiO-66-(OH)2 at about 9.56, 21.67, 35.24 and 42.79 ppm
belonged to the CH2 moiety of amine silane, and the signals at nearly 117.32, 133.24 and
150.74 ppm were attributed to the benzene ring, and the carboxyl peaks were in the range
of 159.61 to 173.03 ppm. Whereas the weak peaks at 31.43–44.09 ppm from the pristine
H-UiO-66-(OH)2 were probably due to residual DMF in its nanopores. Thermogravi-
metric analysis (TGA) (Figure 2b) showed that the grafting amounts of amine silane on
the H-UiO-66-(OH)2 were about 5.10 mmol/g for H-UiO-66-(OAPTMS)2, 3.98 mmol/g
for H-UiO-66-(OAEAPTMS)2 and 3.43 mmol/g for H-UiO-66-(OAEAEAPTMS)2. X-ray
diffraction (XRD) patterns were employed to evaluate the crystalline structures of H-UiO-
66-(OAPTMS)2, H-UiO-66-(OAEAPTMS)2 and H-UiO-66-(OAEAEAPTMS)2. It was found
that all the functionalized H-MOFs reserved the basic crystal structure of the pristine H-
UiO-66-(OH)2 (Figure 2c), despite the partial amorphization that was found for them owing
to the continued exposure of H-UiO-66-(OH)2 to diluted amine silane in the process of func-
tionalization. The morphologies of the pristine and functionalized H-UiO-66-(OH)2 were
also obtained using scanning electron microscopy (SEM). As shown in Figures 2d–f and S6,
it can be observed that the size of the functionalized H-UiO-66-(OH)2 particles were not
obviously changed after modification (about 300 nm).
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Figure 2. High-resolution C 1s XPS spectra of H-UiO-66-(OAEAEAPTMS)2 (a), TGA curves (b) and
XRD patterns (c) of the functionalized H-UiO-66-(OH)2 and SEM images of H-UiO-66-(OAPTMS)2

(d), H-UiO-66-(OAEAPTMS)2 (e) and H-UiO-66-(OAEAEAPTMS)2 (f).

3.2. CO2-Responsive Demulsification and Re-Emulsification of Pickering Emulsions

In the experimental process, the functionalized H-UiO-66-(OH)2 were employed as
emulsifiers for the construction of Pickering emulsions with toluene as the oil phase. It was
found that stable Pickering emulsions could be gained by homogenizing the mixture of
toluene and water with the added H-UiO-66-(OAPTMS)2, H-UiO-66-(OAEAPTMS)2 and
H-UiO-66-(OAEAEAPTMS)2. As an example, Figure 3a presents the Pickering emulsions,
formed by homogenizing toluene at 10,000 rpm for 1 min in the water phase containing
H-UiO-66-(OAEAEAPTMS)2. It was found that even at the content of 0.25 wt %, H-UiO-
66-(OAEAEAPTMS)2 can still effectively emulsify toluene and water to form Pickering
emulsions. The morphology and microstructure of the emulsion droplets were recorded
with the microscope, as shown in Figure 3b. It is obvious that the droplets of these emul-
sions were spherical and micrometer-sized. Moreover, their average sizes were found to
decrease with the increase in emulsifier content from 0.25 to 1.35 wt %. Similar results were
observed for H-UiO-66-(OAPTMS)2 and H-UiO-66-(OAEAPTMS)2 in the same conditions
(Figures S7 and S8). In addition, the type of the emulsion was judged to be toluene-in-water
(o/w) according to the drop test.

Interestingly, the as-prepared Pickering emulsions were shown to be able to demul-
sify within 10 min of CO2 addition. Taking Pickering emulsion stabilized by H-UiO-66-
(OAEAEAPTMS)2 as a representative example, it turned out to be very stable even if excess
water was removed from the emulsion system. Upon adding CO2 using a syringe fitted
with a needle at an airflow rate of 60 mL min−1 for 5 min at normal temperature, the
emulsion could be destabilized, resulting in the toluene/water phase separation. Signif-
icantly, the Pickering emulsion could be formed again once N2 was added at a similar
rate at 60 ◦C for about 20 min. Figure 4 provides five cycles of CO2-responsive demul-
sification and re-emulsification of the H-UiO-66-(OAEAEAPTMS)2-stabilized Pickering
emulsion, indicating excellent reversible switching of Pickering emulsions formed by the
functionalized H-UiO-66-(OH)2. In addition, in the optimization process of Pickering
emulsions, the common organic solvents such as benzene, ethyl acetate, dichloromethane,
trichloromethane, n-hexane and cyclohexane, which were usually used as oil phases to form
emulsions, were also selected as representatives to demonstrate the influence of organic
solvents on the formation of Pickering emulsions. It was found that benzene, n-hexane
and cyclohexane could also be employed as the oil phase to form Pickering emulsions.
Moreover, the formed emulsions were capable of transition between emulsification and
demulsification with alternate CO2 and N2 addition (Figures S9–S17). This means that the
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functionalized H-UiO-66-(OH)2 reported here may have extensive application prosperity
in various oil–water biphasic systems for oil recovery, interface catalysis and as templates
for functional material preparation.

 

Figure 3. Photographs of toluene-in-water emulsions stabilized by H-UiO-66-(OAEAEAPTMS)2

(a) and chosen micrographs for (4), (5) and (6) in (a,b).

 

Figure 4. Five cycles of the CO2-triggered demulsification and re-emulsification process of the
H-UiO-66-(OAEAEAPTMS)2-stabilized Pickering emulsion.

3.3. Mechanism Analysis for CO2-Responsive Demulsification of Emulsions

To provide insight into the mechanism of CO2-responsive demulsification and re-
emulsification of Pickering emulsions, the zeta potential, contact angle, NMR and XPS
spectra of the functionalized H-UiO-66-(OH)2 before and after bubbling CO2 were further
determined. It was found that the fresh functionalized H-UiO-66-(OH)2 showed the zeta
potentials of 18.9 mV for H-UiO-66-(OAPTMS)2 (Figure S18a), 21.8 mV for H-UiO-66-
(OAEAPTMS)2 (Figure S19a) and 22.4 mV for H-UiO-66-(OAEAEAPTMS)2 (Figure 5a)
pure water. Upon adding CO2 into the system, the zeta potentials were found to increase
to 25.9 mV for H-UiO-66-(OAPTMS)2, 32.2 mV for H-UiO-66-(OAEAPTMS)2 and 35.0 mV
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for H-UiO-66-(OAEAEAPTMS)2. This may be attributed to the fact that the switchable
amine groups anchored onto these H-MOFs were ionized by adding CO2. Ionization of
the functionalized H-UiO-66-(OH)2 reduced particle wettability and lowered the emulsion
stability. Despite the fact that the electrostatic repulsion appeared between both the dis-
persed H-MOF particles and emulsion droplets stabilized by the particles, the accessional
electronic stabilization via adding CO2 was inadequate to overcome the destabilization
influence of CO2 on emulsions owing to a lowered wettability of the H-MOF particles.
Once CO2 was removed, the functionalized H-UiO-66-(OH)2 returned back to their original
states by a reverse reaction, accompanied by the recovery of the zeta potential values. In
addition, the water contact angles of H-UiO-66-(OAPTMS)2, H-UiO-66-(OAEAPTMS)2 and
H-UiO-66-(OAEAEAPTMS)2 were determined before and after adding CO2 for further
clarification. It was found that their contact angle values showed an evident decrease from
59◦ to 25◦ for H-UiO-66-(OAPTMS)2 (Figure S18a), 55◦ to 22◦ for H-UiO-66-(OAEAPTMS)2
(Figure S19a) and 51◦ to 21◦ for H-UiO-66-(OAEAEAPTMS)2 upon adding CO2. Taking into
account these results, one can readily conclude that the formation of cationic ammonium
on the H-MOFs makes them more hydrophilic, which reduces H-MOF wettability and
destabilizes the Pickering emulsions.

 

Figure 5. Zeta potentials and water contact angles of H-UiO-66-(OAEAEAPTMS)2 (a); 13C NMR
spectra of AEAEAPTMS in methanol-d4 before and after CO2 bubbling as well as after N2 bubbling
(b); and high-resolution C 1s (c) and N 1s (d) XPS data of H-UiO-66-(OAEAEAPTMS)2 after CO2

bubbling. Circles in (a) stand for zeta potentials, stars stand for water contact angles, and arrows are
used to illustrate what the symbol represents.

In an effort to afford further explanations for CO2-responsive demulsification and
re-emulsification of Pickering emulsions, we attempted to obtain solid-state 13C NMR
spectroscopy of the functionalized H-UiO-66-(OH)2 before and after adding CO2 to present
their structural changes. However, the unique signals from the reacted H-MOFs were
not seen, most likely because of the presence of the carboxylic acid group in the MOFs
themselves, overshadowing the newly formed equivalents, and the absence of water.
Therefore, the liquid-state NMR spectra of the pure silane coupling agent were measured
before and after adding CO2 (Figures 5b, S18b and S19b). It is clear that two new peaks
appeared at about 158.4 and 162.6 ppm for all the amine silanes, ascribing to bicarbonate
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and carbamate, respectively, implying the production of hydrophilic salts from the reaction
of CO2 with amines of the H-MOFs. In addition, the new signals vanished once CO2 was
expelled by N2 addition, indicating the reversible reaction process.

XPS, as a favorable approach, was carried out to distinguish the patterns and binding
sites of the surface groups of the reacted functionalized H-UiO-66-(OH)2. As a typical
example, a new signal at 291.9 eV was observed for the C 1s spectrum of H-UiO-66-
(OAEAEAPTMS)2 (Figure 5c), assigning to bicarbonate [50]. The new peak at 401.2 eV
was attributed to the N 1s spectra of ammonium (Figure 5d), revealing the generation of
ammonium salts [51]. Therefore, it was concluded that the CO2-responsive demulsification
and re-emulsification of Pickering emulsions were involved in the reversible reaction of
amino silane with CO2 and the production of hydrophilic salts, which reduced the H-
MOF wettability and lowered the stabilization of emulsions. Once CO2 was expelled, the
functionalized H-MOFs returned back to their original state, and the emulsions could be
built again.

3.4. Application of CO2-Responsive Pickering Emulsions for Knoevenagel Condensation

The Knoevenagel condensation reaction serves as an imperative and valuable conden-
sation approach in organic chemistry because of the synthesis of important intermediates
for fine chemicals such as pharmaceuticals, biologically active compounds, natural products
and functional polymers through creating new carbon–carbon bonds between carbonyl
compounds and active methylene [52–54]. Until now, most of Knoevenagel condensation
reactions reported have been carried out under homogeneous conditions. However, it
is still challenging for homogeneous systems to efficiently achieve catalyst recovery and
product separation from the reaction medium. Hence, it is highly desired but remains an
arduous task for the development of new catalysis systems to solve the aforementioned
drawbacks. The CO2-responsive functionalized H-UiO-66-(OH)2-stabilized Pickering emul-
sions reported here are considered to be promising candidates for the effective coupling of
reaction separation and catalyst recovery via CO2-induced demulsification. As an applica-
tion example, the switchable Pickering emulsion has been utilized as a mini-reactor and
the functionalized H-UiO-66-(OH)2 as catalysts for the efficient integration of Knoevenagel
condensation, separation of products and recovery of catalysts.

During the process, Pickering emulsions were initially formed by homogenizing the
mixture consisting of toluene, water, reactants (benzaldehyde and malononitrile) and H-
UiO-66-(OAEAEAPTMS)2. The reaction for the synthesis of 2-benzylidenemalononitrile in
Pickering emulsion progressed well at 25 ◦C under the catalysis of H-UiO-66-
(OAEAEAPTMS)2 (Figure 6a), which was monitored with GC-MS. The yield variation
of 2-benzylidenemalononitrile with reaction time in the H-UiO-66-(OAEAEAPTMS)2-
stabilized Pickering emulsion is presented in Figure S20. It was found that the yield
remained basically the same after 2 h even if the reaction time was extended. Once the
reaction was over, the Pickering emulsion was destabilized to separate the product and
H-UiO-66-(OAEAEAPTMS)2 by adding CO2. At this time, the product was in the toluene
phase and the H-UiO-66-(OAEAEAPTMS)2 catalyst was dispersed in aqueous solution. GC
analysis for the reaction mixture showed that 2-benzylidenemalononitrile was generated at
99% GC yield. The product was then obtained using rotary evaporation under reduced
pressure for further purification (Figure S21), toluene was collected for the following cycles
and the H-UiO-66-(OAEAEAPTMS)2 in the aqueous phase was utilized directly in the next
cycle. As given in Figure 6b, when new reactant was added to the mixture of toluene and
water followed by homogenization, along with the removal of CO2, the reaction proceeded
well again. After three cycles, the yield could still be 97% (Figure S22), and the crystalline
structure of H-UiO-66-(OAEAEAPTMS)2 did not change markedly (Figure S23).
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Figure 6. Reaction between aldehydes and malononitrile catalyzed by H-UiO-66-(OAEAEAPTMS)2

(a), and the reaction separation procedure for (a,b).

To extend the range of reaction substrates in the Pickering emulsion, various aldehyde
derivatives were selected as reactants, and medium to superior yields were achieved under
the same circumstances (Table 1, Figures S24–S28). Moreover, it was found that these yields
almost remained the same after three cycles (Table S3). By comparing with other catalyzed
systems [55], the CO2-responsive Pickering emulsion proves special catalytic performance
for Knoevenagel condensation, and isolation of products from the reaction system could
be readily realized by the destabilization of emulsion, and the functionalized H-MOFs
could be directly employed for the following cycles. Therefore, an effective combination
of catalysis reaction, product isolation and catalyst recovery was obtained to give rise to a
sustainable reaction process.

Table 1. Knoevenagel reaction of various aromatic aldehydes.

Entry Substrate Product GC Yield (%)

1 R = p-H R = p-H 99
2 R = o-NO2 R = o-NO2 99
3 R = p-NO2 R = p-NO2 99
4 R = p-CH3 R = p-CH3 98
5 R = p-F R = p-F 64
6 R = p-Br R = p-Br 74

4. Conclusions

In summary, a series of amine-functionalized H-MOFs were prepared and used to
form toluene-in-water Pickering emulsions. It was found that the formed emulsions could
be switched between demulsification and re-emulsification by alternately adding CO2 and
N2 at atmospheric pressure. Mechanism studies showed that the reaction of CO2 with
amine anchored on the H-MOFs results in the production of hydrophilic salts, lowering
the MOF wettability and reducing the emulsion stability. Once CO2 was expelled, a stable
Pickering emulsion could be rebuilt after homogenization through a reverse reaction. Based
on the strategy, a highly effective Knoevenagel condensation reaction was gained, and a

97



Materials 2023, 16, 1675

sustainable synthesis procedure was achieved to couple the catalysis reaction, product
separation and MOF recovery. This work provides us with insight into the reversible
switching of H-MOF-stabilized Pickering emulsions and paves the way for the design
and preparation of other types of emulsion reactors, thus significantly prompting further
investigation of green and sustainable procedures for various chemical reactions.
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Abstract: Biomass-derived raw bamboo charcoal (BC), NaOH-impregnated bamboo charcoal (BC-I),
and magnetic bamboo charcoal (BC-IM) were fabricated and used as bio-adsorbents and Fenton-like
catalysts for methylene blue removal. Compared to the raw biochar, a simple NaOH impregnation
process significantly optimized the crystal structure, pore size distribution, and surface functional
groups and increase the specific surface area from 1.4 to 63.0 m2/g. Further magnetization of the BC-I
sample not only enhanced the surface area to 84.7 m2/g, but also improved the recycling convenience
due to the superparamagnetism. The maximum adsorption capacity of BC, BC-I, and BC-IM for
methylene blue at 328 K was 135.13, 220.26 and 497.51 mg/g, respectively. The pseudo-first-order
rate constants k at 308 K for BC, BC-I, and BC-IM catalytic degradation in the presence of H2O2 were
0.198, 0.351, and 1.542 h−1, respectively. A synergistic mechanism between adsorption and radical
processes was proposed.

Keywords: bamboo charcoal; methylene blue; adsorption; degradation; kinetics

1. Introduction

Nowadays, organic wastewater discharge has caused very serious world environ-
mental problems with the rapid development of chemical production in the textile, paper,
plastic, rubber, and cosmetics industries. Methylene blue (MB) dye is a commonly used
organic pollutant, which has high stability and low biodegradability and is thus difficult
to degrade [1]. Various strategies, such as membrane filtration [2], advanced oxidation
process (AOPs) [3], photocatalysis [4–6], and adsorption [7] have been reported for the
treatment of organic wastewater. Among them, adsorption and the heterogeneous Fenton-
like method, an AOP based on the activation of H2O2 by a solid catalyst, are gaining
importance in dye wastewater decontamination in recent excellent reviews due to their
advantages of simple operation, high removal efficiency, low operating cost, and good
recycling performance [8,9].

Biochar is carbon-enriched solid residues commonly produced by biomass carboniza-
tion at high temperatures under hypoxic or anaerobic conditions without complex activa-
tion processes [10]. Biochar is well-known in wastewater treatment applications due to its
abundant pore structure and surface oxygen-containing functional groups [11]. However,
the raw biomass-derived biochar always possesses low specific surface area and poor
adsorption capacity. For example, Ji et al. reported that fallen leaf-derived biochar had an
adsorption capacity for MB of 78.6 mg/g [12]. Sun et al. prepared biochars by pyrolysis
at 673 K from eucalyptus, palm bark, and anaerobic digestion residues, with adsorption
capacities for MB of 2.0, 2.95, and 9.77 mg/g, respectively [13]. Therefore, modification of
carbon materials such as chemical activation, functional surfaces by surface grafting, or
deposition with metal nanoparticles via impregnation is an efficient approach to improve
adsorption capacity [14–16]. However, in the chemical activation reported in literature,
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biochar is often soaked with acid, alkali, and salt solution and then calcined at high temper-
atures [17–20]. Recently, Xu et al. found that only impregnating bamboo char with HNO3
without secondary high temperature calcination can improve its adsorption of mercury by
introducing functional groups onto the surface of the biochar [21]. Wu et al. explored the
effects of acid/alkali (HCl, HNO3 or NaOH) impregnation on the physicochemical proper-
ties and adsorption behavior of sludge-based carbon [22] providing a new energy-saving
and convenient idea for improving the properties of biochars. On the other hand, biochar
is a good support media to disperse metal oxides [23]. Magnetization of FexOy particles
onto biochars has attracted much attention due to its easy recovery performance and good
adsorption capacities for organic contaminants [24,25] or heavy metals [26]. However,
Liu et al. has pointed out that a large number of uncertainties still need to be explored,
such as the synthesis route and potential applications [27].

Reports of biochar for wastewater treatment by AOPs are increasing year by year.
Khataee et al. found that Cu2O–CuO@BC has better photocatalytic degradation efficiency
of RO29 than that of single-component Cu2O–CuO and biochar [28]. Zhai et al. used
TiO2/MgO/ZnO@BC for methylene blue oxidation and found that it can be a bi-functional
adsorption and catalytic material with excellent performance [29]. Mian et al. had also
reported that MnOx–N@BC complexes showed good activity and stability for dye degrada-
tion in the presence of PMS [30]. Therefore, loading metal oxides on the surface of biochar
can increase new active components and promote catalytic activity. Magnetic biochar–
iron oxide composites can not only increase the surface active sites but also promote the
convenience of recovery. However, only 8.4% of the published papers about magnetic
carbon applications are related to dye removal, and most of them are processed by physical
adsorption [31]. Thus, it is necessary to investigate the adsorption and catalytic ability of
magnetic biochar in the removal of dye from wastewater.

Bamboo is a cheap and fast growing woody plant biomass resource and is a sus-
tainable and suitable source of C-based raw materials [32]. In this paper, raw bamboo
charcoal, NaOH-impregnated bamboo charcoal, and magnetic modified bamboo charcoal
were successively fabricated and used as bio-adsorbents and Fenton-like catalysts for MB
removal. Then, the adsorption kinetics, isotherm, and thermodynamics were analyzed
and compared in detail. The catalytic activity and reusability as Fenton-like catalysts were
studied and a mechanism was proposed. The object of this work is to explore the modi-
fied preparation strategy on the pore texture, surface chemistry, and adsorption/catalytic
degradation capacities of bamboo charcoal.

2. Materials and Methods

2.1. Materials

The bamboo (Phyllostachys edulis) were taken from Nanchang, Jiangxi province.
Sodium hydroxide (NaOH, 96%, AR), hydrogen peroxide (H2O2, 30 wt.%, AR), methylene
blue (C16H18CIN3S, MB, 98.5%, AR), ferrous chloride tetrachloride (FeCl2·4H2O, 99%, AR),
and ferric chloride hexahydrate (FeCl3·6H2O, 99%, AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. All the chemicals were used without any purification.

2.2. Sample Preparation

The bamboo were first cut into pieces and subsequently dried for two days at
373 K, and then were crushed into powder. The bamboo charcoal (BC) was produced
by calcination of the bamboo powder at 923 K for 2 h under an atmosphere of N2. The
obtained BC sample was then impregnated with 6 mol/L NaOH solution for 24 h. The
impregnated BC sample was then centrifuged, washed, dried, and named BC-I. Next, a
certain amount of BC-I (1.15 g), FeCl2·4H2O (1.837 g) and FeCl3·6H2O (5 g) were dissolved
in 200 mL ultrapure water. The solution was heated to 343 K for 10 min. Then, an NaOH
solution was slowly dripped into the mixture and the pH was adjusted to the range of
10~11. The mixture was stirred for 4 h. After filtering, the samples were washed and dried
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for 24 h at 373 K. The final product was named BC-IM. General preparation mechanism
was proposed in Scheme 1.

Scheme 1. General preparation mechanism of BC, BC-I, and BC-IM.

2.3. Sample Characterization

The crystal phase composition of the three adsorbents were analyzed by XRD (Bruker
AXS D8). The pore structures and BET surface were obtained from the adsorption and
desorption of N2 (Micromeritics TriStar 3000, Micromeritics, USA). The characteristics
of the pore size distribution were determined by the Barrett–Joyner–Halenda (BJH) and
Horvath–Kawazoe (HK) methods. The morphologies and images of the three adsorbents
were investigated by SEM (Philips XL 30, Philips, Czech Republic) and TEM (JEOL 2011,
JEOL, Japan), respectively. The element composition analysis and element distribution map
of the samples were obtained by EDS coupled to the SEM. FT-IR (Perkinelmer C107996,
PerkinElmer, USA) was applied to explore the types of surface functional groups. The
magnetic properties were monitored by VSM at room temperature. Finally, XPS (PHI 5000C,
PHI, USA) was used to investigate the valence state of surface iron.

2.4. Batch Adsorption Experiments

A total of 100 mg of biochar was poured into 100 mL of a 10 mg/L MB solution
at 308 K in a 250 mL glass flask. The adsorption process was investigated by a 722-UV
spectrophotometer at 665 nm. Each parameter of the adsorption experiment was repeated
three times. The removal efficiency of MB is expressed as (A0 − A)/A0 × 100%, where A0
and A are the initial absorbance and the absorbance at a given reaction time, respectively.
The recycling experiments of the best BC-IM were carried out under similar reaction
conditions. The sample was collected by centrifugation, washed, and dried overnight in a
vacuum oven at 373 K after each recycle during the recycling experiment.

Furthermore, a series of adsorption tests were carried out with the initial MB concen-
tration varying from 20 to 50 mg/L and the dosage of adsorbent was 100 mg at 308 K. The
influence of adsorption temperature on adsorption properties was also studied at 308, 318,
and 328 K. The adsorption capacity Qe (mg/g) at adsorption equilibrium and Qt (mg/g) at
the selected reaction time were obtained from the following equations:

Qe =
(co − ce)V

m
(1)
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Qt =
(co − ct)V

m
(2)

where co (mg/L), ce (mg/L), and ct (mg/L) represent the MB concentration at the initial
state, adsorption equilibrium, and a selected time t, respectively. The m (g) and V (L) are
the mass of adsorbent and the volume of solution used, respectively.

2.5. Catalytic Degradation Experiments

MB degradation by the catalyst/H2O2 system was used as the model experiment
to study the catalytic activity of the prepared catalysts. In a 250 mL conical flask, 0.1 g
of catalyst, 20 mL H2O2, and 100 mL (10 mg/L) MB solution were mixed and placed at
308 K. The absorbance of the solution was measured using a 722-UV spectrophotometer at
665 nm. The catalytic activity of the catalyst was also determined by the removal efficiency
of MB, which was calculated as (A0 − A)/A0 × 100%. The recycling experiments were
carried out under similar reaction conditions. After reacting for 2 h, the sample was
collected by centrifugation, washed, and dried overnight in a vacuum oven at 373 K after
each recycle during the recycling experiment.

3. Results

3.1. Characterization Results of the Samples

As demonstrated in Figure 1, the BC, BC-I, and BC-IM samples all exhibited a broad
band around 22◦, corresponding to the (002) diffraction of the carbon structure, which
demonstrates the conversion of lignin–cellulose to a more carbonaceous structure during
pyrolysis [33]. For the raw BC, there were many sharp narrow peaks, which may be related
to the formation of inorganic ash (various oxides or carbonates) during the pyrolysis process
of the bamboo [33,34]. It is worth noting that after NaOH-impregnation, a slight diffraction
shift of the (002) plane ranging from 21.7 to 24.5◦ was observed for the BC-I sample, which
has been reported to be related to the formation of more defects [35] and more ordered
graphite structures with smaller layer spacing [36]. In addition, a peak around 2θ value
of 43◦ was also found for the BC-I sample, which belongs to the (100) diffraction plane of
carbons [37]. The appearance of the (100) plane had been reported to be evidence of the
formation of graphitic structures [35], which is consistent with the red shift phenomenon
of the (002) plane. Therefore, it indicates that the simple NaOH-modification treatment
is an efficient way to optimize the crystal structure of biochar materials. After further
magnetization, a diffraction peak centered at 35.6◦ assignable to the iron oxide Fe2O3 was
observed, which indicates that iron oxide was successfully introduced to the surface of
bamboo charcoal through a facile one-pot in situ precipitation. Rietveld analysis showed
that the Fe2O3 (PDF-39-1346) is a cubic system with a cell parameter of 0.8832 nm.

Figure 2 presents the SEM images and EDS patterns of the three adsorbents, as well
as the elemental mappings of the BC-IM sample. As shown in the SEM figures, BC-I had
a rough surface and a large number of irregular channels and folds compared to the raw
BC, providing a wide field for the adsorption of organic pollutants [25]. The SEM image of
BC-IM showed not only more pore structures but also a large number of particle aggregates
distributed around the pores, indicating the formation of magnetic particles on the surface
of BC-IM. To identify the differences in the elemental composition of the adsorbents, the
EDS patterns were also displayed. The results showed that the raw BC sample contained C,
O, K, and Cl elements, with estimated atomic contents of 88.29%, 9.44%, 1.99%, and 0.28%,
respectively. The element composition of the BC-I sample was C (89.43%), O (9.16%), and
Na (1.41%). The composition of BC-IM was C (33.02%), O (45.61%), Na (3.41%), Cl (58.6%),
and Fe (17.58%), which proves that iron was successfully loaded onto the surface of the
bamboo charcoal. The elemental mappings of the BC-IM sample further displayed the
distribution of iron on the surface of the BC-IM.
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θ

Figure 1. X-ray powder diffraction patterns of the synthesized BC, BC-I, and BC-IM.

 

Figure 2. SEM images and EDS patterns of all the samples and elemental mappings of BC-IM.
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The nitrogen adsorption–desorption isotherms and corresponding pore size distribu-
tion curves of BC-I and BC-IM are summarized in Figure 3. The pore size, pore volume,
and BET surface area are displayed in Table 1. For the raw BC sample, a low BET surface
area value of 1.4 m2/g and small pore volume of 0.001 cm3/g were obtained. The above
XRD results demonstrated that the raw BC sample contained some inorganic ash, which
may cover the pore structure and surface active sites of BC. The isotherms of both BC-I and
BC-IM samples exhibited a rapid nitrogen uptake at the low relative pressure region of
less than 0.06, followed by a continuous increase in the rest relative pressure with a large
hysteresis loop. In general, the relative pressure in the adsorption–desorption isotherm
at 0~0.1, 0.1~0.8, and 0.8~1 is regarded as associated with micropores, mesopores, and
macropores, respectively [25]. It shows that high proportion of micropores accompanied
with partial mesopores or even macropores appeared in the BC-I and BC-IM samples, which
is believed to be beneficial for the transport and diffusion of dyes during adsorption [35].

p pp p

Figure 3. Nitrogen adsorption–desorption isotherms and Barret–Joyner–Halenda (BJH) or Horvath–
Kawazoe (HK) pore size distribution curves of BC-I and BC-IM samples.

Table 1. Physicochemical properties of all the adsorbents.

Catalyst SBET (m2/g) Pore Size (nm) Pore Volume (cm3/g)

BC 1.4 \ 0.001
BC-I 63.0 0.8/1.0/6.2 0.082

BC-IM 84.7 0.9/3.8 0.112

The detailed pore characteristics can be further observed by the pore size distribution
curves. The BC-I sample contained pores 0.7–17 nm in size with concentrated pore sizes
of 0.8, 1, and 6.2 nm. The BET surface area and pore volume of BC-I were 63.0 m2/g and
0.082 cm3/g, respectively. Li et al. had also synthesized a series of bamboo hydrochars
with BET surface areas ranging from 2.6 to 43.1 m2/g [38]. Therefore, it is obvious that the
impregnation method using NaOH can effectively remove inorganic ash in the raw BC
sample and improve the surface area and pore structure. After the magnetizing treatment,
the BC-IM showed a large number of micropores centered at 0.9 nm, partial mesopores
centered at 3.8 nm, and small number of macropores. The dimensions of the MB molecule in
water is reported as 0.400 × 0.793 × 1.634 nm; Santoso et al. reported that micropores and
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mesopores less than 6 nm are crucial to increase the amount of adsorbed MB molecules [39].
Furthermore, the BC-IM sample had a higher specific area (84.7 m2/g) and larger pore
volume (0.112 cm3/g). Therefore, a more suitable pore size, higher surface area, and larger
pore volume will make the BC or BC-IM samples have more excellent adsorption capacity
for MB.

Figure 4 shows the FT-IR diagrams of BC, BC-I, and BC-IM. Compared to the raw
BC, the stretching vibration peak of O-H at 3497 cm−1 and C=C bond of the vibration of
the sp2 carbon skeletal network at 1640 cm−1 were significantly enhanced in the NaOH-
impregnated BC-I sample [40]. After magnetization, more surface functional groups ap-
peared. The obvious bands between 1408 and 1662 cm−1 can be ascribed to C=O stretching
modes in aromatic ring structures or ring vibrations in a large aromatic skeleton [41,42].
In addition, the band around 760 cm−1 is related to the C-C and C-H stretching vibration
in aromatic rings [43]. The band at 1020 cm−1 is attributed to the lactone structure of
C-O-C [25]. The unique band observed at about 517 cm−1 in the BC-IM sample is assigned
to the stretching vibration of Fe-O, which proves the appearance of iron oxide [44]. This
indicates that the oxygen-containing functional groups on the surfaces of BC-I and BC-IM
can be greatly increased by modification.

Figure 4. FT-IR spectra of BC, BC-I, and BC-IM.

TEM, HRTEM, and SAED images and VSM magnetization curves of the BC-IM sample
are shown in Figure 5. Apparently, there are many agglomerated particles on the surface
of the rod-like bamboo charcoal structure with diameter of about 65 nm, owing to the
load of iron oxide (Figure 5a). The d-spacing of 0.649 nm was observed in the HR-TEM
patterns, which corresponds to the (200) lattice planes of the Fe2O3 phase. It proves that
Fe2O3 was successfully loaded on the surface of BC-IM, which is in accordance with the
XRD results. The corresponding SAED pattern exhibited a polycrystalline structure pattern.
The hysteresis loop at room temperature of BC-IM is shown in Figure 6d. The absence of
residual matter and coercivity in the magnetic ring proves that the synthesized BC-IM is
superparamagnetic. In addition, the saturation magnetization of BC-IM was 16.4 emu/g. It
shows that BC-IM can be easily separated from the solution [45].
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Figure 5. TEM (a), HRTEM (b), SAED (c) images and VSM magnetization curves (d) of BC-IM sample.

Figure 6. C1s, O1s, and Fe2p spectra of BC-IM.

The XPS technique was also employed to explore the surface species of BC-IM
(Figure 6). The C1s spectrum can be fitted into four peaks. The binding energy peak
at 288.8 eV of C1s contains both CO3

2− and –COOH(R) oxidation states. The peaks at 286.5,
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285.0, and 284.5 eV belong to the functional groups C=O, C-O and C-C, respectively [21,22].
The O1s spectrum can be fitted into five peaks located at the binding energy of 530.05, 530.6,
531.6, 533.2, and 537.0 eV, which are ascribed to Fe-O-Fe, C-O, C=O/Fe-OH, COOH(R), and
O/H2O functional groups [46,47]. All the above analysis indicates that there are abundant
functional groups in BC-IM, which is consistent with the FT-IR results. Next, the Fe2p
peaks could be deconvoluted into some characteristic peaks, among which the four peaks
at 726.0, 724.4, 712.9, and 711.2 eV belong to Fe3+ and the two peaks at 723.3 and 710.1 eV
belong to Fe2+ [47,48]. The results showed that BC-IM has multivalent iron elements.

3.2. Adsorption Properties of Samples

The Performances of the synthesized adsorbents were measured for the adsorption
of methylene blue. As can be seen from Figure 7a, the adsorption capacity of the BC-IM
composites was superior to that of BC-I and BC. For BC-IM, the MB removal efficiency
reached 83% after 11 h, which was higher than that of BC-I (69%) and BC (60%). MB
adsorption by the three adsorbents increased rapidly in the first 10 h, then decreased
gradually until the equilibrium state was reached at around 58 h. The removal efficiency
at equilibrium of BC, BC-I, and BC-IM were 98%, 93%, and 88%, respectively. Combined
with the above characterization results, impregnation and magnetization can enlarge the
specific surface area of bamboo charcoal, improve the pore structure, and form more surface
oxygen-containing functional groups, which may be favorable factors for the improvement
of adsorption capacity. Figure 7a shows the images of the solutions before and after the
reaction, showing that BC-IM has a good ability to treat methylene blue in water and can
be easily recovered under external magnetic action. As can be seen from the figure, the
solution was relatively clear after reaching the adsorption equilibrium, and the BC-IM
sample could be recovered by an external magnetic field.

t

Figure 7. Plots of removal efficiency versus contact time for BC, BC-I, and BC-IM (a). Cycling runs
for MB adsorption by BC-IM (b). Reaction conditions: MB (10 mg/L, 100 mL), contact temperature
(308 K), adsorbent dose (0.1 g).
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The recycling of biochar used for MB removal was investigated using BC-IM and the
results shown in Figure 7b. The adsorption amounts were gradually decreased during
the cycling process, which may be attributed to the blockage of pores by adsorbed MB
molecules. The removal efficiency of 80% after five cycles showed that the BC-IM sample
can act as a potential adsorbent for MB removal.

The point of zero charge (pHpzc) of samples can be determined using a previously
reported method [7]. As can be seen in Figure 8, the pHpzc of the three adsorbents were all
around 9.4. This indicates that at pH above 9.4, the surface of the adsorbent is considered
to have a positive charge, which can adsorb cationic species (like MB). Therefore, the effect
of pH on MB removal by BC-IM was examined by varying the pH values from 5 to 12. The
initial MB concentration was 10 mg/L at room temperature and reaction lasted for 24 h.
At pH > pHpzc, there was an electrostatic attraction between the negative loads from the
adsorbent surface and the positive loads from the MB molecules. Therefore, higher removal
of MB was achieved in the pH range of 10–12 (Figure 8d). Meanwhile, the electrostatic
repulsion, chemical reaction, and Fe leaching in acidic conditions led to the very poor
adsorption efficiency of BC-IM.

Figure 8. pHpzc of BC, BC-I, and BC-IM (a–c) and effect of pH on MB removal by BC-IM (d).

3.3. Adsorption Kinetics, Adsorption Isotherm, and Adsorption Thermodynamics

To explain the MB adsorption mechanism, pseudo-first-order, pseudo-second-order,
and intra-particle diffusion models were first applied to explain the MB adsorption kinetics
using the raw BC, BC-I, and BC-IM samples. The equations of these kinetic models are as
follows [22,43,49]:

lg(Qe − Qt) = lgQe − k1t (3)

t
Qt

=
1

k2Q2
e
+

t
Qe

(4)

Qt = kip t1/2 + Ci (5)

where k1 (h−1) and k2 (g/(mg·h)) obtained from the linear fitting slope of the equations
are the adsorption rate constant of the pseudo-first-order or pseudo-second-order models,
respectively. kip (mg/(g·h0.5)) is the rate constant of the intra-particle diffusion model and
Ci (mg/g) represents the intercept reflecting the boundary layer effect.

The effect of contact time on MB adsorption capacity is shown in Figure 9. It can be
seen that adsorption capacity increased with the contact time. The corresponding fitting
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results and kinetic parameters are shown in Figure 10 and Table 2. A higher correlation
coefficient value (R2) was observed in the pseudo-second-order model for the three adsor-
bents, indicating that the adsorption system conforms to the pseudo-second-order kinetic
model. The basic assumption of the pseudo-second-order model is that chemisorption is
the rate-controlled step and chemisorption originates from valence forces between adsor-
bate and adsorbent by electron exchange or sharing [50]. Therefore, chemisorption is the
rate-determining step for MB adsorption, limiting the mass transfer induced participation
in the solution [51].

Figure 9. The influence of contact time at 308 K for MB adsorption by BC, BC-I, and BC-IM at different
initial MB concentrations.

Then, the Langmuir, Freundlich, and Temkin adsorption isotherm models were applied
to evaluate the mechanism during the adsorption process using BC, BC-I, and BC-IM at
different temperature. In addition, these model equations are as follows [22,52]:

ce

Qe
=

ce

Qm
+

1
QmkL

(6)

ln Qe = ln kF +
1
n

lnce (7)

Qe = BT ln AT + BT ln ce (8)

where Qm (mg/g) represents the amount of MB at the complete cover state, which displays
the maximum adsorption capacity; and kL (L/mg) is the Langmuir constant related to
the adsorption energy; kF is the Freundlich constant related to adsorption capability, and
1/n represents the adsorption intensity; and AT (L/mg) represents the maximum binding
energy and BT (mg/g) is the heat change during the adsorption, which are the Temkin
model constants.

Adsorption isotherms of MB on the three samples at different temperature are shown
in Figure 11. Apparently, MB adsorption capacity of all samples increased as the MB
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concentration increased, resulting from the increased mass transfer driving force during
adsorption. The adsorption isotherms were nearly linear, which suggested a complex
adsorption mechanism involving partitioning for the adsorption of MB by the bamboo
charcoals [38].
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Figure 10. Kinetic model for MB adsorption: the pseudo-first-order model for BC (a), BC-I (b), and
BC-IM (c); the pseudo-second-order model for BC (d), BC-I (e), and BC-IM (f); the intra-particle
diffusion model for BC (g), BC-I (h), and BC-IM (i) (� 20 mg/L; • 30 mg/L; � 40 mg/L).

Table 2. Kinetic model constants and correlation coefficients for MB adsorption by BC, BC-I and BC-IM.

Adsorbents co (mg/L)

Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

k1 (h−1) R2 k2 (g/(mg·h)) R2 kip

(mg/(g·h0.5)
R2

BC
20 0.0246 0.8843 0.0735 0.9812 1.0560 0.8909
30 0.0522 0.9723 0.0074 0.9928 3.9489 0.9893
40 0.0823 0.9145 0.0041 0.9944 5.3319 0.9916

BC-I
20 0.0260 0.9209 0.0458 0.9931 0.8832 0.8515
30 0.0302 0.9281 0.0134 0.9931 2.2269 0.8910
40 0.0359 0.9261 0.0087 0.9921 3.1691 0.9070

BC-IM
20 0.0280 0.9979 0.0523 0.9990 4.5554 0.8668
30 0.0232 0.9477 0.0699 0.9910 4.1223 0.7974
40 0.0525 0.9301 0.0389 0.9936 6.4335 0.5708

The corresponding linear fitting results from the Langmuir, Freundlich, and Temkin
models are listed in Figure 12 and Table 3. Compared with the Temkin isotherms, the
Langmuir and Freundlich isotherms fit the equilibrium data well. Therefore, the Langmuir
and Freundlich models can explain the adsorption mechanism of the three adsorbents. For
the raw BC and BC-IM, the Langmuir isotherm model was more suitable for describing the
MB adsorption process than the Freundlich model on the whole. It shows that the surface
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of the BC and BC-IM adsorbents is homogeneous and the adsorption takes place in the
monolayer. Meanwhile, for the BC-I sample, the value of R2 of the Langmuir isotherm
model became lower than that of the Freundlich model with the increase in adsorption
temperature, indicating that the Freundlich model has higher accuracy. Moradi et al. had
also reported the transition of the adsorption isotherm to the Freundlich model at higher
temperatures [53]. It shows that the heterogeneous surface may play an important role in
multi-layer adsorption for MB removal [22]. Moreover, the 1/n values in the Freundlich
isotherm varied from 0.1 to 1, which shows that the sorption process is favorable [54]. The
maximum adsorption capacity (Qm) of BC, BC-I, and BC-IM obtained by the Langmuir
isotherm model at 328 K was 135.13, 220.26, and 497.51 m2/g, respectively. Compared
to the adsorption capacity for MB from numerous adsorbents reported in the literature
(36.25~384.61 mg/g) [43], bamboo charcoal can be used as efficient adsorbents of MB
from wastewater.

Figure 11. Experimental isotherm data of MB adsorption by BC, BC-I, and BC-IM at
different temperatures.

Finally, the thermodynamic parameters of MB adsorption by the three bamboo char-
coals including the Gibbs free energy change (ΔG0), enthalpy change (ΔH0), and entropy
change (ΔS0) were calculated from the following equations:

ΔG0 = −RT ln Kc (9)

Kc =
Qe

ce
(10)

ln Kc =
ΔS0

R
− ΔH0

RT
(11)

where Kc (L/g) represents the equilibrium constant for the MB adsorption process. The
ΔH0 andΔS0 were evaluated by plotting ln Kc against 1/T (Figure 13).
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Figure 12. Isotherm model for MB adsorption: Langmuir isotherm model for BC (a), BC-I (b), and
BC-IM (c); Freundlich isotherm model for BC (d), BC-I (e), and BC-IM (f); Temkin isotherm model for
BC (g), BC-I (h), and BC-IM (i) (� 308 K; • 318 K; � 328 K).

Table 3. Langmuir, Freundlich, and Temkin isotherm model constants and correlation coefficients for
adsorption of MB by BC, BC-I, and BC-IM.

Adsorbent T (K)

Langmuir Freundlich Temkin

Qm
(mg/g)

kL
(L/mg)

R2 kF 1/n R2 AT

(L/mg)
BT

(mg/g)
R2

BC
308 48.92 0.08777 0.9937 6.2660 0.5518 0.9964 0.65082 12.2765 0.9866
318 71.48 0.02473 0.9741 2.6739 0.7261 0.9641 0.29622 13.2230 0.9695
328 135.13 0.00894 0.9633 1.7027 0.8259 0.9424 0.22519 13.6403 0.9593

BC-I
308 65.75 0.02086 0.9866 2.0719 0.7433 0.9726 0.25067 12.1212 0.9571
318 107.76 0.03123 0.9917 3.9911 0.8051 0.9936 0.40348 18.9115 0.9594
328 220.26 0.01968 0.9929 4.7295 0.8861 0.9936 0.47785 22.9148 0.9703

BC-IM
308 77.46 0.07074 0.9992 6.9693 0.6600 0.9920 0.67924 16.7576 0.9967
318 227.79 0.01196 0.9671 3.4210 0.8490 0.9354 0.36229 19.5187 0.9381
328 497.51 0.00633 0.9831 3.6430 0.9058 0.9689 0.38632 22.1840 0.9841

The values of ΔG0, ΔH0, and ΔS0 are summarized in Table 4. All the ΔG0 values
were negative for the three adsorbents at different temperatures, which indicates that MB
adsorption is spontaneous and does not require external energy input. Generally, the
physical adsorption energy is from 0 to −20 kJ/mol, while that of chemical adsorption is
from −80 to −400 kJ/mol [55]. The ΔG0 values of the three adsorbents shown in Table 4
at different temperatures are in the range of −3.75~−0.97 kJ/mol, indicating that the
adsorption can be regarded as physical adsorption. At the same time, the values of ΔH0

were less than 25 kJ/mol, further proving that the MB adsorption process belongs to
physical adsorption. For BC and BC-IM samples, the negative values of ΔH0 and ΔS0

showed that MB adsorption is a randomness decrease and exothermic process. Meanwhile,
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for the BC-I sample, the positive ΔH0 and ΔS0 values denotes that the adsorption of MB by
BC-I is endothermic and the randomness is raised at the solid–liquid interface.

K
C

T 

Figure 13. Thermodynamic model plots for MB adsorption by BC, BC-I, and BC-IM.

Table 4. Thermodynamic parameters for MB adsorption by BC, BC-I, and BC-IM.

Adsorbents T (K) Kc ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/(mol K))

BC
308 2.01 −1.79

−0.21 −0.59318 1.69 −1.38
328 1.43 −0.97

BC-I
308 2.30 −2.13

0.33 1.17318 2.92 −2.83
328 3,96 −3.75

BC-IM
308 4.06 −3.59

−0.18 −0.43318 3.44 −3.27
328 3.00 −2.99

The adsorption kinetics suggests that the obtained adsorption data fit best with the
pseudo-second order model, which indicates a chemical adsorption. However, it is apparent
from the thermodynamics and adsorption isotherm results that physical reaction also
occurred in the MB adsorption process. In conclusion, MB adsorption by bamboo charcoals
is a complex physical and chemical reaction process.

3.4. Catalytic Properties and Reusability of Samples

The catalysis experiments of the three samples were conducted at 308 K and are
summarized in Figure 14a. The removal efficiency of MB in the presence of H2O2 by BC,
BC-I, and BC-IM was 58.85%, 70.95%, and 98.43%, respectively. For comparison, the pure
adsorption experiment was also performed. The removal efficiency of MB in the absence of
H2O2 by BC, BC-I, and BC-IM was 38.65%, 42.57%, and 71.46%, respectively. Meanwhile,
the degradation efficiency was less than 14% only in the presence of hydrogen peroxide
and no catalyst. The significant improvement of removal efficiency after adding hydrogen
peroxide indicates that Fenton-like catalysis also plays an important role in methylene blue
removal, besides adsorption. Pseudo first-order kinetics was used to obtain the kinetic
rates of MB degradation (Figure 14b). The fitted rate constants at 308 K of BC, BC-I, and
BC-IM were 0.198 h−1, 0.351 h−1, and 1.542 h−1, respectively. Apparently, the degradation
capabilities of the modified bamboo charcoals were higher than that of the raw BC. In
particular, the BC-IM sample showed the best rate constants, which was also better than
other Fenton-like catalytic systems used in methylene blue degradation reactions (Table 5).
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Figure 14. Removal efficiency of MB by the three samples in the absence or presence of H2O2 at
2 h. The reusability of BC-IM (a) and the pseudo-first-order rate constant k (h−1) was calculated from
the slope of lnCt versus reaction time (b). Reaction conditions: MB (10 mg/L, 100 mL), sample dose
(0.1 g), H2O2 (30 wt%, 20 mL), room temperature.

Table 5. Comparison of catalytic performance of BC-IM for MB degradation with cited literature.

Catalyst
Degradation Time and

Temperature
Degradation

Efficiency
k (h−1) Reference

Ca0.5Pb0.4Yb0.1Zn1.0Fe11O19 120 min 96.1% 1.0788 [56]
Ca0.5Pb0.4Dy0.1Ni1.0Fe11.9O19 105 min 85% 0.801 [57]

CoMn30Ce10 360 min, 308 K 90% 0.251 [1]
CuO 210 min, 308 K 96% 0.8112 [58]

BC-IM 120 min, 308 K 98.43% 1.542 This work

The reusability of the best sample (BC-IM) is also shown in Figure 14a. The removal
efficiency after four cycles was 94.6%, 89.5%, 84.7%, and 79.0%, respectively. The loss of
activity may be caused by the slight leaching of iron ions from the catalyst and the surface
active site being blocked by byproducts. The obtained results showed that the Fenton
process can stably remove most of the MB in dye-polluted waters, suggesting that the
BC-IM sample can act as a potential Fenton catalyst for the treatment of actual wastewater.

3.5. Mechanism Study

The MB degradation process is proposed to be a synergistic mechanism involving
adsorption and radical processes. For the raw BC sample, the MB and H2O2 molecules are
first adsorbed on the surface of BC, the persistent free radicals (PFRs) existed on the biomass
charcoal will facilitate the decomposition of H2O2 into hydroxyl radical [59], which can
further attack and degrade MB molecules. Finally, the byproducts produced by degradation
are desorbed. As described above, a simple NaOH impregnation process can significantly
optimize the crystal structure, pore size distribution, and surface functional groups and
increase the specific surface area from 1.4 to 63.0 m2/g. Therefore, the enhancement of
degradation efficiency is related to these factors, which may produce more active sites.
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Further magnetization of the BC-I sample by one-pot in situ precipitation can not only
continuously improve physicochemical properties and facilitate the recycling convenience,
but also introduce Fe oxide as a new activator (Equations (1) and (2)).

Fe2+ + H2O2 → Fe3+ + ·OH + −OH (12)

OH+ MB → intermediates → CO2 + H2O (13)

Therefore, the monolayer adsorbed MB on BC and BC-IM or multilayer adsorbed
MB on BC-I would be degraded by the hydroxyl radical originating from PFRs and Fe
oxide-activated H2O2. Then, the active sites on the surface of BC-IM can be reused to adsorb
MB molecules again, which could improve the MB removal capacity. Magnetic bamboo
charcoal can offer a potential opportunity in the field of organic pollutants treatment.

4. Conclusions

In this study, a simple and feasible modified strategy of bamboo charcoal without
secondary high temperature pyrolysis was studied. In particular, the magnetic modification
not increases the maximum sorption capacity and degradation rate constants of BC-IM
3.7 times or 7.8 times that of the raw BC, but also makes it more convenient to quickly
recover under an external magnetic field. The pseudo-first-order rate constants k at room
temperature for BC, BC-I, and BC-IM for catalytic degradation in the presence of H2O2 were
0.198, 0.351, and 1.542 h−1, respectively. A synergistic mechanism involving adsorption
and radical processes was proposed, which is expected to act as an adsorption/catalytic
bifunctional catalyst in organic pollutants treatment. The findings provide insight into the
MB adsorption/catalytic degradation mechanism by bamboo charcoal, and gives guidance
to the design of modification strategies for biochars.
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Y.; Colmenares, J.C.; Núňez-Delgado, A.; et al. Agricultural biomass/waste as adsorbents for toxic metal decontamination of
aqueous solutions. J. Mol. Liq. 2019, 295, 111684. [CrossRef]

17. Popa, N.; Visa, M. The synthesis, activation and characterization of charcoal powder for the removal of methylene blue and
cadmium from wastewater. Adv. Powder Technol. 2017, 28, 1866–1876. [CrossRef]

18. Lalhruaitluanga, H.; Prasad, M.N.V.; Radha, K. Potential of chemically activated and raw charcoals of Melocannabaccifera for
removal of Ni(II) and Zn(II) from aqueous solutions. Desalination 2011, 271, 301–308. [CrossRef]

19. Islama, M.A.; Ahmed, M.J.; Khanday, W.A.; Asif, M.; Hameed, B.H. Mesoporous activated carbon prepared from NaOH activation
of rattan (Lacospermasecundiflorum) hydrochar for methylene blue removal. Ecotox. Environ. Safe. 2017, 138, 279–285. [CrossRef]

20. Oginni, O.; Singh, K.; Oporto, G.; Dawson-Andoh, B.; McDonald, L.; Sabolsky, E. Influence of one-step and two-step KOH
activation on activated carbon characteristics. Bioresour. Technol. 2019, 7, 100266. [CrossRef]

21. Xu, H.; Shen, B.; Yuan, P.; Lu, F.; Tian, L.; Zhang, X. The adsorption mechanism of elemental mercury by HNO3-modified bamboo
char. Fuel Process. Technol. 2016, 154, 139–146. [CrossRef]

22. Wu, C.; Li, L.; Zhou, H.; Ai, J.; Zhang, H.; Tao, J.; Wang, D.; Zhang, W. Effects of chemical modification on physicochemical
properties and adsorption behavior of sludge-based activated carbon. J. Environ. Sci. 2021, 100, 340–352. [CrossRef] [PubMed]

23. Guo, F.; Peng, K.; Liang, S.; Jia, X.; Jiang, X.; Qian, L. One-step synthesis of biomass activated char supported copper nanoparticles
for catalytic cracking of biomass primary tar. Energy 2019, 180, 584–593. [CrossRef]

24. Thines, K.R.; Abdullah, E.C.; Mubarak, N.M.; Ruthiraan, M. Synthesis of magnetic biochar from agricultural waste biomass to
enhancing route for waste water and polymer application: A review. Renew. Sust. Energ. Rev. 2017, 67, 257–276. [CrossRef]

25. Hao, Z.; Wang, C.; Yan, Z.; Jiang, H.; Xu, H. Magnetic particles modification of coconut shell-derived activated carbon and biochar
for effective removal of phenol from water. Chemosphere 2018, 211, 962–969. [CrossRef]

26. Zhang, Q.; Wang, Y.; Wang, Z.; Zhang, Z.; Wang, X.; Yang, Z. Active biochar support nano zero-valent iron for efficient removal of
U(VI) from sewage water. J. Alloy Compd. 2021, 852, 156993. [CrossRef]

27. Liu, J.W.; Jiang, J.G.; Meng, Y.; Aihemaiti, A.; Xu, Y.W.; Xiang, H.L.; Gao, Y.; Chen, X.C. Preparation, environmental application
and prospect of biochar-supported metal nanoparticles: A review. J. Hazard. Mater. 2020, 388, 122026. [CrossRef]

28. Khataee, A.; Kalderis, D.; Gholami, P.; Fazli, A.; Moschogiannaki, M.; Binas, V.; Lykaki, M.; Konsolakis, M. Cu2O-CuO@biochar
composite: Synthesis, characterization and its efficient photocatalytic performance. Appl. Surf. Sci. 2019, 498, 143846. [CrossRef]

29. Zhai, S.; Li, M.; Wang, D.; Zhang, L.; Yang, Y.; Fu, S. In situ loading metal oxide particles on bio-chars: Reusable materials for
efficient removal of methylene blue from wastewater. J. Clean. Prod. 2019, 220, 460–474. [CrossRef]

30. Mian, M.M.; Liu, G.; Fu, B.; Song, Y. Facile synthesis of sludge-derived MnOx-N-biochar as an efficient catalyst for peroxymono-
sulfate activation. Appl. Catal. B Environ. 2019, 255, 117765. [CrossRef]

31. Yi, Y.; Huang, Z.; Lu, B.; Xian, J.; Tsang, E.P.; Cheng, W.; Fang, J.; Fang, Z. Magnetic biochar for environmental remediation: A
review. Bioresour. Technol. 2020, 298, 122468. [CrossRef]

32. Oyedum, A.O.; Gebreegziabher, T.; Hui, C.W. Mechanism and modeling of bamboo pyrolysis. Fuel Process. Technol. 2013, 106,
595–604. [CrossRef]

118



Materials 2023, 16, 1528

33. Regmi, P.; Moscoso, J.L.G.; Kumar, S.; Cao, X.; Mao, J.; Schafran, G. Removal of copper and cadmium from aqueous solution
using switchgrass biochar produced via hydrothermal carbonization process. J. Environ. Manag. 2012, 109, 61–69. [CrossRef]

34. Karunanayake, A.G.; Navarathna, C.M.; Gunatilake, S.R.; Crowley, M.; Anderson, R.; Mohan, D.; Perez, F.; Pittman Jr, C.U.; Mlsna,
T. Fe3O4 Nanoparticles Dispersed on Douglas Fir Biochar for Phosphate Sorption. ACS Appl. Nano. Mater. 2019, 2, 3467–3479.
[CrossRef]

35. Hou, Y.; Yan, S.; Huang, G.; Yang, Q.; Huang, S.; Cai, J. Fabrication of N-doped carbons from waste bamboo shoot shell with high
removal efficiency of organic dyes from water. Bioresour. Technol. 2020, 303, 122939. [CrossRef] [PubMed]

36. Hou, Y.R.; Huang, G.G.; Li, J.H.; Yang, Q.P.; Huang, S.R.; Cai, J.J. Hydrothermal conversion of bamboo shoot shell to biochar:
Preliminary studies of adsorption equilibrium and kinetics for rhodamine B removal. J. Anal. Appl. Pyrol. 2019, 143, 104694.
[CrossRef]

37. Jena, L.; Soren, D.; Deheri, P.K.; Pattojoshi, P. Preparation, characterization and optical properties evaluations of bamboo charcoal.
Curr. Res. Green Sustain. Chem. 2021, 4, 100077. [CrossRef]

38. Li, Y.; Meas, A.; Shan, S.; Yang, R.; Gai, X. Production and optimization of bamboo hydrochars for adsorption of Congo red and
2-naphthol. Bioresour. Technol. 2016, 207, 379–386. [CrossRef]

39. Santoso, E.; Ediati, R.; Kusumawati, Y.; Bahruji, H.; Sulistiono, D.O.; Prasetyoko, D. Review on recent advances of carbon based
adsorbent for methylene blue removal from waste water. Mater. Today Chem. 2020, 16, 100233. [CrossRef]

40. Liu, S.S.; Ge, H.Y.; Wang, C.C.; Zou, Y.; Liu, J.Y. Agricultural waste/grapheme oxide 3D bio-adsorbent for highly efficient removal
of methylene blue from water pollution. Sci. Total Environ. 2018, 628–629, 959–968. [CrossRef]

41. Saleh, S.; Kamarudin, K.B.; Ghani, W.A.; Kheang, L.S. Removal of organic contaminant from aqueous solution using magnetic
biochar. Procedia Eng. 2016, 148, 228–235. [CrossRef]

42. Oh, W.D.; Lua, S.K.; Dong, Z.I.; Lim, T.T. Performance of magnetic activated carbon composites as peroxymonosulfate activator
and regenerable adsorbent via sulfate radical-mediated oxidation processes. J. Hazard. Mater. 2015, 284, 1–9. [CrossRef] [PubMed]

43. Idohou, E.A.; Fatombi, J.K.; Osseni, S.A.; Agani, I.; Neumeyer, D.; Verelst, M.; Mauricot, R.; Aminou, T. Preparation of activated
carbon/chitosan/carica papaya seeds composite for efficient adsorption of cationic dye from aqueous solution. Surf. Interfaces
2020, 21, 100741. [CrossRef]

44. Panneerselvam, P.; Morad, N.; Tan, K.A. Magnetic nanoparticle (Fe3O4) impregnated onto tea waste for the removal of nickel(II)
from aqueous solution. J. Hazard. Mater. 2011, 186, 160–168. [CrossRef]

45. Xie, Y.; Wu, Y.; Qin, Y.; Yi, Y.; Liu, Z.; Lv, L.; Xu, M. Evalution of perchlorate removal from aqueous solution by cross-linked
magnetic chitosan/poly (vinyl alcohol) particles. J. Taiwan Inst. Chem. Eng. 2016, 65, 295–303. [CrossRef]

46. Daou, T.; Begin-Colin, S.; Greneche, J.; Thomas, F.; Derory, A.; Ernhardt, P.; Legaré, P.; Pourroy, P.G. Phosphate adsorption
properties of magnetite-based nanoparticles. Chem. Mater. 2007, 19, 4494–4505. [CrossRef]

47. Navarathna, C.M.; Karunanayake, A.G.; Gunatilake, S.R.; Pittman Jr, C.U.; Perez, F.; Mohan, D.; Mlsna, T. Removal of Arsenic (III)
from water using magnetite precipitated onto Douglas fir biochar. J. Environ. Manag. 2019, 250, 109429. [CrossRef]

48. Luo, H.Y.; Lin, Q.T.; Zhang, X.F.; Huang, Z.F.; Fu, H.G.; Xiao, R.B.; Liu, S.S. Determining the key factors of nonradical pathway in
activation of persulfate by metal-biochar nanocomposites for bisphenol A degradation. Chem. Eng. J. 2020, 391, 123555.

49. Fan, S.S.; Tang, J.; Wang, Y.; Li, H.; Zhang, H.; Tang, J.; Wang, Z.; Li, X. Biochar prepared from co-pyrolysis of municipal sewage
sludge and tea waste for the adsorption of methylene blue from aqueous solutions: Kinetics, isotherm, thermodynamic and
mechanism. J. Mol. Liq. 2016, 220, 432–441. [CrossRef]

50. Bayramoglu, G.; Altintas, B.; Arica, M.Y. Adsorption kinetics and thermodynamic parameters of cationic dyes from aqueous
solutions by using a new strong cation-exchange resin. Chem. Eng. J. 2009, 152, 339–346. [CrossRef]

51. Wu, F.C.; Tseng, R.L.; Juang, R.S. Kinetic modeling of liquid-phase adsorption of reactive dyes and metal ions on chitosan. Water
Res. 2001, 35, 613–618. [CrossRef] [PubMed]

52. Wang, Y.Q.; Pan, J.; Li, Y.H.; Zhang, P.F.; Li, M.X.; Zheng, H.; Zhang, X.P.; Li, H.; Du, Q.J. Methylene blue adsorption by activated
carbon, nickel alginate/activated carbon aerogel, and nickel alginate/grapheme oxide aerogel: A comparison study. J. Mater. Res.
Technol. 2020, 9, 12443–12460. [CrossRef]

53. Moradi, H.; Azizpour, H.; Bahmanyar, H.; Mohammadi, M. Molecular dynamics simulation of H2S adsorption behavior on the
surface of activated carbon. Inorg. Chem. Commun. 2020, 118, 108048. [CrossRef]

54. Rehman, M.U.; Manan, A.; Uzair, M.; Khan, A.S.; Ullah, A.; Ahmad, A.S.; Wazir, A.H.; Qazi, I.; Khan, M.A. Physicochemical
characterization of Pakistani clay for adsorption of methylene blue: Kinetic, isotherm and thermodynamic study. Mater. Chem.
Phys. 2021, 269, 124722. [CrossRef]

55. Boparai, H.K.; Joseph, M.; O’Carroll, D.M. Kinetics and thermodynamics of cadmiumion removal by adsorption onto nano
zerovalent iron particles. J. Hazard. Mater. 2011, 186, 458–465. [CrossRef] [PubMed]

56. Jamshaid, M.; Nazir, M.A.; Najam, T.; Shah, S.S.A.; Khan, H.M.; Rehman, A.U. Facile synthesis of Yb3+-Zn2+ substituted M type
hexaferrites: Structural, electric and photocatalytic properties under visible light for methylene blue removal. Chem. Phy. Lett.
2022, 805, 139939. [CrossRef]

57. Jamshaid, M.; Rehman, A.U.; Kumar, O.P.; Iqbal, S.; Nazir, M.A.; Anum, A.; Khan, H.M. Design of dielectric and photocatalytic
properties of Dy–Ni substituted Ca0.5 Pb0.5-xFe12-yO19 M-type hexaferrites. J Mater Sci: Mater Electron 2021, 32, 16255–16268.
[CrossRef]

119



Materials 2023, 16, 1528

58. Liu, Q.; Deng, W.; Wang, Q.; Lin, X.; Gong, L.; Liu, C.; Xiong, W.; Nie, X. An efficient chemical precipitation route to fabricate 3D
flower-like CuO and 2D leaf-like CuO for degradation of methylene blue. Adv. Powder Technol. 2020, 31, 1391–1401. [CrossRef]

59. Li, L.; Lai, C.; Huang, F.; Cheng, M.; Zeng, G.; Huang, D.; Li, B.; Liu, S.; Zhang, M.; Qin, L.; et al. Degradation of naphthalene with
magnetic bio-char activate hydrogen peroxide: Synergism of bio-char and FeMn binary oxides. Water Res. 2019, 160, 238–248.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

120



Citation: Wei, F.; Qiu, J.; Zeng, Y.; Liu,

Z.; Wang, X.; Xie, G. A Novel POP-Ni

Catalyst Derived from PBTP for

Ambient Fixation of CO2 into Cyclic

Carbonates. Materials 2023, 16, 2132.

https://doi.org/10.3390/ma16062132

Academic Editor: Haralampos

N. Miras

Received: 11 February 2023

Revised: 2 March 2023

Accepted: 4 March 2023

Published: 7 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

A Novel POP-Ni Catalyst Derived from PBTP for Ambient
Fixation of CO2 into Cyclic Carbonates

Fen Wei 1,2, Jiaxiang Qiu 2, Yanbin Zeng 2, Zhimeng Liu 1, Xiaoxia Wang 1,* and Guanqun Xie 2,*

1 Guangdong Provincial Engineering Technology Research Center of Key Material for High Performance
Copper Clad Laminate, School of Materials Science and Engineering, Dongguan University of Technology,
Dongguan 523808, China

2 School of Environment and Civil Engineering, Dongguan University of Technology, Dongguan 523808, China
* Correspondence: wangxx@dgut.edu.cn (X.W.); gqxie@dgut.edu.cn (G.X.)

Abstract: The immobilization of homogeneous catalysts has always been a hot issue in the field of
catalysis. In this paper, in an attempt to immobilize the homogeneous [Ni(Me6Tren)X]X (X = I, Br,
Cl)-type catalyst with porous organic polymer (POP), the heterogeneous catalyst PBTP-Me6Tren(Ni)
(POP-Ni) was designed and constructed by quaternization of the porous bromomethyl benzene
polymer (PBTP) with tri[2-(dimethylamino)ethyl]amine (Me6Tren) followed by coordination of the
Ni(II) Lewis acidic center. Evaluation of the performance of the POP-Ni catalyst found it was able to
catalyze the CO2 cycloaddition with epichlorohydrin in N,N-dimethylformamide (DMF), affording
97.5% yield with 99% selectivity of chloropropylene carbonate under ambient conditions (80 ◦C, CO2

balloon). The excellent catalytic performance of POP-Ni could be attributed to its porous properties,
the intramolecular synergy between Lewis acid Ni(II) and nucleophilic Br anion, and the efficient
adsorption of CO2 by the multiamines Me6Tren. In addition, POP-Ni can be conveniently recovered
through simple centrifugation, and up to 91.8% yield can be obtained on the sixth run. This research
provided a facile approach to multifunctional POP-supported Ni(II) catalysts and may find promising
application for sustainable and green synthesis of cyclic carbonates.

Keywords: heterogeneous catalysis; POP-Ni catalyst; carbon dioxide fixation; green chemistry;
catalytic material

1. Introduction

In recent years, the issue of persistent increases in CO2 in the atmosphere caused by
the massive combustion of fossil fuels has become one of the most concerns around the
world, and solutions to the issue have been paid significant attention to by both govern-
ments and researchers all over the world [1–3]. A number of measures have been taken to
reduce the release of CO2. Alternatively, utilization of CO2 as an abundant, non-toxic, and
inexpensive C1 source could provide a practical solution. As has been reported, CO2 can be
converted into alcohols [4,5], acids [6], esters [7,8], polycarbonates [9], and other high-value
chemicals [10,11]. It is worth noting that among various chemical fixation methods of CO2,
the cycloaddition of CO2 and epoxide to produce cyclic carbonate has attracted widespread
attention from many researchers [12–14]. On the one hand, the cycloaddition reaction
of CO2 and epoxide is more beneficial to the development of green chemistry due to its
100% atomic economy [15]; on the other hand, as an important type of chemical product,
cyclic carbonates have been commonly applied as fuel additives [16], polar non-protonic
solvents [17], battery electrolytes [18], useful intermediates of drugs/fine chemicals [19],
and the monomers for polycarbonate and polyurethane [20,21]. However, owing to the
high thermodynamic and kinetic stability of CO2, its conversion to cyclic carbonate is
highly energy-consuming and requires the use of an active catalyst. Hitherto, there have
been many catalytic systems available for the transformation of CO2 [22,23]. Among them,
metal complexes have stood out in many catalytic systems due to their high activities,
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simple preparative procedures, as well as low-cost starting materials [24,25]. The metal
complex catalytic system may be divided into binary catalytic systems and one-component
bifunctional catalysts. As for the former, the metal complex catalysts have to be assisted by
additional co-catalysts such as tetrabutylammonium bromide to afford satisfactory perfor-
mance [14,26]. Recently, more and more efforts have been focused on the development of
one-component bifunctional metal catalyst systems that integrate metal Lewis sites and
nucleophilic sites in one component [27,28]. The development of one-component bifunc-
tional catalysts could not only eliminate the extra addition of co-catalysts, but also increase
the intramolecular cooperation between the metal Lewis acidic sites and nucleophilic sites
in the catalysts, thereby enhancing the catalytic activity. In this context, Naveen [29] and
our group [15] reported a series of one-component bifunctional catalysts [M(Me6Tren)X]X.
Among them, [Ni(Me6Tren)X]X (X = I, Br, Cl) exhibited the best catalytic activity for the
efficient conversion of CO2 and epoxide to cyclic carbonate under mild conditions. How-
ever, recovery of these homogeneous [Ni(Me6Tren)X]X catalysts was challenging due to its
cumbersome recovery procedures having a large amount of organic solvent and incomplete
recovery. In view of the recoverability of heterogeneous catalysts [30–33], which could
maintain the good catalytic activity of the counterpart homogeneous catalysts and have
better potential for practical application, we were inspired to attempt the heterogenization
of the [Ni(Me6Tren)X]X catalysts as a novel heterogeneous catalyst.

PBTP-(x)-R, a series of novel amine-containing porous organic copolymers synthe-
sized by Yang and co-workers [34] via copolymerization of 4,4’-bis (chloromethyl) biphenyl
(BCMBP) and 1,3,5-tris (chloromethyl) benzene (TCB) followed by reactions with multi-
amines with benzyl chloride functionality, showed selective-adsorption and high-adsorption
capacity for CO2. In combination with our previous work where [Ni(Me6Tren)X]X (X = I, Br,
Cl) could be an efficient homogeneous catalyst for the fixation of CO2 into cyclic carbonates,
herein a novel heterogeneous PBTP-Me6Tren(Ni) (POP-Ni) catalyst was designed and
constructed by grafting tri[2-(dimethylamino)ethyl]amine (Me6Tren) on a porous organic
polymer PBTP followed by coordination with Ni(II) salt, envisioning that it would be able
to enrich CO2 and catalyze CO2 cycloaddition reaction efficiently.

2. Materials and Methods

2.1. Chemicals and Instruments

1,3,5-Tris(bromomethyl) benzene (TBB) (98%), 1,3,5-trimethoxybenzene (98%), tri[2-
(dimethylamino)ethyl] amine (Me6Tren) (98%), epichlorohydrin (98%), epibromohydrin
(97%), styrene oxide (98%), butyl glycidyl ether (98%), tert-butyl glycidyl ether (97%),
allyl glycidyl ether (98%), phenyl glycidyl ether (97%), and 1,2-epoxyhexane (97%) were
obtained from Energy Chemical (Anhui, China). 4,4’-(Bromomethyl) biphenyl (BBMBP)
(97%) was purchased from TCI (Tokyo, Japan). Ferric chloride (95%) was purchased from
3A Chemicals (Shanghai, China). Both 1,2-dichloroethane and nickel acetate tetrahydrate
(98%) were purchased from Macklin Chemicals (Shanghai, China). All reagents used in
this experiment were directly used without any pretreatment.

The surface morphology of the sample was characterized by means of scanning elec-
tron microscopy (SEM) on a JSM-6701F scanning electron microscope produced by Japan
Electronics Co., Ltd. (Tokyo, Japan). The N2 sorption isotherms were performed on
Quantachrome-EVO (Quantachrome, Hillsboro, OR, USA), and the sample powder was
degassed at 150 ◦C in a vacuum for 12 h before measurement. By using Thermo Scientific
K-Alpha (Thermo Fisher Scientific, Waltham, MA, USA), X-ray photoelectron spectroscopy
(XPS) characterization was performed for the sample. Thermogravimetric analysis (TGA)
was conducted by using Netzsch TG209-F3 (Netzsch, Selbu, Germany) in an N2 atmosphere.
The reaction yield was detected using the Shimadzu GC2010-QP2010Plus gas chromatogra-
phy mass spectrometer (GC-MS) (Shimadzu, Japan) with the gas chromatography column
of Agilent J&W HP-5, and the GC column temperature was programmed at 32–150 ◦C at a
rate of 8 ◦C/min.
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2.2. Synthesis of PBTP

PBTP was synthesized by referring to Yang’s work [34]. A mixture of 4,4′-(bromomethyl)
biphenyl (BBMBP, 0.340 g), and 1,3,5-tris (bromomethyl) benzene (TBB, 1.427 g) was com-
pletely dissolved in 1,2-dichloroethane (30 mL). Under an N2 atmosphere, anhydrous FeCl3
(0.811 g) was added swiftly into the above solution. After being stirred at 45 ◦C for 1 h, the
reaction system was heated to 80 ◦C for another 1 h. After the completion of the reaction,
the solid reaction product was thoroughly washed with methanol and dried in a vacuum
at 70 ◦C for 24 h to obtain dark-brown solid powder.

2.3. The Synthesis of PBTP-Me6Tren

PBTP (0.1 g) was added into a Pyrex tube (15 mL), and toluene (2.5 mL) was added
for its uniform distribution. Then, tri[2-(dimethylamino)ethyl] amine (Me6Tren, 0.2 mmol,
0.11 mL) was added dropwise under stirring. After the complete dripping of Me6Tren, the
screw plug of the Pyrex tube was immediately fitted. Vigorous stirring was performed at
90 ◦C for 72 h. After the reaction, the reaction product was fully washed with methanol
and then dried in a vacuum at 60 ◦C for 12 h to obtain a dark-brown powder.

2.4. The Synthesis of PBTP-Me6Tren (Ni) (POP-Ni)

Nickel acetate tetrahydrate (2 mmol, 2.488 g) was dissolved in N, N-dimethylformamide
(DMF, 25 mL) and filtered to obtain a clear solution. Then, PBTP-Me6Tren (0.1 g) was
uniformly distributed in the above solution, and the reaction system was allowed to
react under reflux at 90 ◦C for 6 h. After the reaction, the reaction product was washed
thoroughly with a large amount of methanol and dried in a vacuum at 60 ◦C for 12 h to
obtain a dark-brown powder.

2.5. Evaluation of the Catalyst by CO2 Cycloaddition Reaction

Typically, a Schlenk tube (10 mL) containing the catalyst POP-Ni (80 mg) was emptied
and backfilled with CO2 three times. Under CO2 balloon pressure, DMF (0.5 mL) and
epichlorohydrin (5 mmol, 0.394 mL) were added via a syringe. Then, the mixture was
stirred at 80 ◦C for 24 h. The crude reaction mixture was centrifuged, and the up-layer
solution was then diluted with ethyl acetate. The yield was determined by GC-MS using
1,3,5-trimethoxybenzene as an internal standard. The low-layer catalyst was repeatedly
washed with ethanol several times. It was used for the next run after drying in a vacuum at
70 ◦C for 6 h. The same conditions were used for the reusability studies.

3. Results and Discussion

3.1. Catalyst Characterization

Porous organic polymer PBTP was synthesized through the copolymerization of
monomer 4,4′-(bromomethyl) biphenyl (BBMBP) and 1,3,5-tris (bromomethyl) (TBB) via a
Friedel–Crafts alkylation reaction, and then the bifunctional catalyst PBTP-Me6Tren(Ni)
(POP-Ni) was synthesized by following a two-step sequential post-synthetic modification
procedure. (Figure 1). Firstly, the surface morphology of the synthesized material was
characterized by scanning electron microscopy (SEM). As shown in Figure 2a, the synthetic
PBTP is formed by the accumulation of a spherical-like structure with a rich pore structure.
After post-synthetic modification, the surface morphology of POP-Ni shows no obvious
change, and it remains an accumulation of a spheroid-like structure. However, compared
with PBTP, the size of the spheroid-like structural unit of POP-Ni shows a significant
increase (increase from 106.7 ± 19.9 nm to 153.7 ± 21.5 nm) (Figures 2b and S1), indicating
that the post-synthetic modification strategy follows a core–shell growth process based on
PBTP. To further explore the impact of post-synthetic modification strategies on the pore
size distribution of materials, the specific surface area and pore size distributions of PBTP
and POP-Ni were examined by means of Brunauer–Emmett–Teller (BET) measurements
(Figure 2c,d). According to the measurement results, PBTP has a large specific surface area
of up to 902.3 m2g−1. In terms of pore size distribution, the pore sizes of PBTP concentrates
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were in the range of 0.8–2.0 nm and 3.2–27 nm. Following the process of two-step sequential
post-synthetic modification, the specific surface area of material POP-Ni was reduced from
902.3 m2g−1 to 576.3 m2g−1. Meanwhile, compared with PBTP, the pore size distribution
of POP-Ni decreased significantly in the range of 0.8–2.0 nm, which may be the leading
cause for the decrease in the specific surface area. On the other hand, there is no significant
difference in the pore size distribution of POP-Ni as compared with that of PBTP in the
range of 3.2–27 nm. Overall, the presence of micropores in the POP-Ni structure could
facilitate CO2 enrichment in the material, while the extensive distribution of mesoporous
could facilitate product transfer.

 
Figure 1. The preparation of PBTP-Me6Tren(Ni) (POP-Ni).

Figure 2. SEM image of POP-Ni (a) and POP-Ni (b); N2 adsorption/desorption isotherm (c) and pore
size distribution of PBTP and POP-Ni (d).

Furthermore, XPS was employed to examine the element composition and valence
distribution of the bifunctional catalysts. As indicated by the XPS spectrum of POP-Ni, there
are four different elements in the material, namely Ni, C, N and Br (Figure S2). As shown
in the Ni 2p XPS spectrum of POP-Ni (Figure 3a), the two peaks at around 855.68 eV and
873.33 eV are assigned to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively, while the satellite peaks
of Ni 2p3/2 at 861.21 eV and the peaks at 878.81 eV are assigned to the satellite peak of Ni
2p1/2. In the Br 3d spectrum (Figure 3b), the peak at 68.19 eV is assigned to the quaternary
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ammonium bromide anion, and the peak with a binding energy of 70.84 eV results from
methyl bromide, indicating an incomplete conversion of the benzyl bromide groups in
the porous polymer precursor into the nucleophilic Br anion through a quaternization
reaction. The incomplete quaternization reaction may be caused by the steric hindrance
and pore size limitation of PBTP material. In the C1s spectrum (Figure 3c), there are three
different forms of carbon observed, with the binding energy of 283.85 eV and 286.53 eV
related to phenyl carbon and aliphatic chain skeleton carbon, respectively. In addition, the
peak at 285.49 eV is assigned to the carbon of −C−N−. In the N 1s spectrum of POP-Ni
(Figure 3d), the peaks at 398.64 eV, 400.55 eV, and 406.21 eV are ascribed to −N−C−, N−Ni,
and quaternary ammonium N cations, respectively. Then, TGA was applied to evaluate the
thermal stability of the synthetic bifunctional POP-Ni catalyst (Figure S3b). The weight loss
of POP-Ni before 150 ◦C should result from the volatilization of the DMF solvent, and the
catalyst maintains sufficient thermal stability before 250 ◦C. In summary, the above results
demonstrate the successful preparation of the bifunctional catalyst POP-Ni.

 
Figure 3. Ni 2p spectrum (a); Br 3d spectrum (b); C 1s spectrum (c); N 1s spectrum of POP-Ni (d).

3.2. Investigation of the Catalytic Performance

The bifunctional catalyst has attracted increased attention due to two advantages:
acid-base coordination and easy reusability. In addition, there has been some attention
paid in recent years to the research of more moderate reaction conditions and a wide range
of substrates. Therefore, the conditions of CO2 cycloaddition reactions were examined
in this study by using POP-Ni as a catalyst and epichlorohydrin as a template substrate
(Table 1). Firstly, the catalytic activity of catalysts PBTP, PBTP-Me6Tren, and POP-Ni for
cycloaddition reaction was explored under solvent-free conditions with a catalyst loading
of 40 mg (Table 1, Entries 1–3). The results show that PBTP as a carrier plays little role in the
catalytic activity for CO2 cycloaddition reactions. Different from PBTP, the PBTP-Me6Tren
with nucleophilic halogen active sites and multiamine groups converted epichlorohydrin
into chloropropene carbonate with a 32.8% yield. In contrast, the bifunctional catalyst
POP-Ni afforded epichlorohydrin with a 51.9% yield, suggesting Ni(II) as the active site of
Lewis acid to synergize cycloaddition with nucleophilic Br. These results clearly indicate

125



Materials 2023, 16, 2132

the important role played by both the intramolecular synergy of metal Ni(II) with Lewis
acidity and the nucleophilic halogen Br and the effective adsorption of multiamine groups
on CO2 [34] in the occurrence of CO2 cycloaddition reactions.

Table 1. Evaluation of the catalytic performance of POP-Ni for CO2 cycloaddition reactions a.

Entry Catalyst
Amount of

Catalyst
Solvent Yield (%) c Selectivity (%) c

1 PBTP 40 mg none 2 >99
2 PBTP-Me6Tren 40 mg none 32.8 >99
3 POP-Ni 40 mg none 51.9 >99
4 POP-Ni 40 mg DMSO 58.4 >99
5 POP-Ni 40 mg DMA 69.6 >99
6 POP-Ni 40 mg DMF 78.5 >99
7 POP-Ni 80 mg DMF 97.5 >99

8 b [15] [Ni(Me6Tren)Br]Br 22 mg none 98.9 >99
a Reaction conditions: 5 mmol of epichlorohydrin, 0.5 mL of solvent, CO2 (balloon), 80 ◦C, and 24 h. b The
performance of the homogeneous catalyst. Reaction conditions: 5 mmol of epichlorohydrin, 1 mol% of catalyst,
CO2 (balloon), 80 ◦C, and 24 h. c Determined by GC-MS.

To further improve the catalyst activity, three highly polar solvents, DMSO, DMA,
and DMF, were introduced into the CO2 cycloaddition reaction (Table 1, Entries 4–6) since
solvent-free conditions seemed to not disperse the catalyst well. The yield of chloropropene
carbonate reached 58.4% when DMSO was used as a solvent, while DMA and DMF as the
solvent could afford 69.6% and 78.5% yield, respectively. Although DMSO shows a higher
polarity to facilitate the dispersion and swelling of the catalysts, its higher viscosity fails
to enhance its catalytic activity significantly compared with DMA and DMF [35]. DMF as
a solvent achieves a higher catalytic yield than DMA. The primary reason for this is that
the DMF with higher polarity produces a more significant swelling effect on the catalyst,
which allows POP-Ni to be better distributed in the reaction system, thus enhancing its
catalytic activity.

The influence of the catalyst loading on the product yields was further investigated
(Figure S4). According to the results, the catalytic activity was boosted significantly with
the increase in catalyst loading: 40 mg (78.5%) < 50 mg (82.3%) < 60 mg (88.2%) < 70 mg
(91.2%) < 80 mg (97.5%) < 90 mg (98.7%). The results showed 90 mg of the catalyst did
not bring about significant improvement in yields and 80 mg of the catalyst could already
afford satisfactory yields (97.5%); thus, 80 mg was set as the optimal catalyst dosage (Table 1,
Entry 7). It should be noted that POP-Ni catalyst at 80 ◦C and CO2 balloon conditions
showed slightly lower catalytic activity (80 mg catalyst loading, 97.5% yield) compared
with that of the homogeneous catalyst [Ni(Me6Tren)Br]Br (1 mol% catalyst loading, 98.9%
yield), and the selectivity in both cases were excellent (>99%).

In addition, a comparison of POP-Ni with other available POP-related catalysts for
the CO2 cycloaddition reaction of epichlorohydrin was also made (Table 2). Although
mild and efficient catalysts involving Zn or Co Lewis centers on the POP have been
developed [36–38], the addition of TBAB as a cocatalyst was required, which may make the
recovery of catalytic systems tedious and difficult. For other Mg2+-, Zn2+-, Co2+-, or Al3+-
involved POP catalysts [39–45], higher temperatures or pressures were usually applied so
that comparable yields could be obtained.
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Table 2. The comparison of POP-Ni with available POP related catalysts for the CO2 cycloaddition
reaction of epichlorohydrin.

Entry Catalyst Cocatalyst
CO2

(Mpa)
Temp.
(◦C) Time (h)

Yield
(%)

Number of
Recycling

(yield, %) a
Ref.

1 Co/POP-TPP TBAB 0.1 29 24 95.6 18 (93.6) [36]
2 Zn/TPA-TCIF(BD) TBAB 0.5 40 10 98.8 10 (84) [37]
3 Co@H-POP-4,4’-

bipyridine TBAB 0.3 30 48 97.1 none [38]
4 Py-Zn@IPOPI none 2 120 6 96 5 (94) [39]
5 NHC-CAP-1(Zn2+) none 2 100 3 97 10 (95) [40]
6 ZnTPP/QA-azo-PiP1 none 1 80 12 99 7 (92) [41]
7 POF-Zn2+-I- none 1 60 8 92.2 none [42]
8 AlPor−PIP−Br none 0.5 40 24 98 6 (97) [43]
9 Al-CPOP none 0.1 120 24 95.0 5 (95) [44]

10 Co-HIP none 0.1 80 20 96 5 (95) [45]
11 POP-Ni none 0.1 80 24 97.5 6 (91.5) This work

a The yields of the cyclic carbonate from the last run are shown in the parentheses.

3.3. Applicability of Catalyst POP-Ni

To illustrate the application scope of POP-Ni, the cycloaddition of CO2 with other
epoxides was examined under the same conditions (CO2 balloon, 80 ◦C, Table 3, and
Table S1). POP-Ni can also catalyze epibromohydrin with high catalytic activity to generate
bromopropylene carbonate with good yields (95.7%) (Table 3, entry 2). For aliphatic
epoxides, the yield of cyclic carbonate declines sharply with the increase in the alkyl chain.
For 1,2-epoxyhexane, the corresponding cyclic carbonate can be obtained with a medium
yield of 62.7% (Table 3, entry 3). With further increases in the length of the alkyl chain,
the catalytic activity of POP-Ni was further reduced, as can be seen for the allyl glycidyl
ether and butyl glycidyl ether, which afford the yield of 48.0% and 49.2%, respectively
(Table 3, entries 4, 5). In addition, the yield of tert-butyl glycidyl ethers containing branched
alkanes was found to be even lower (35.6%) compared to that of the butyl glycidyl ethers
containing straight-chain alkanes (Table 3, entry 6). For phenyl glycidyl ether, it can be
transformed into the corresponding cyclic carbonate with a moderate yield of 51.5%. In
addition, POP-Ni afforded a yield of 48.2% of the cyclic carbonate when styrene oxide
was used as the substrate. It can be seen from the above results that POP-Ni shows good
catalytic activity for epichlorohydrin and epichlorohydrin, and its catalytic activity is on a
medium level for substrates of relatively larger sizes. This is mainly because the pores in
the catalyst are mainly micropores, which restricts the contact between the larger substrate
and the catalytic active site of the catalyst and shows certain substrate selectivity.

3.4. Catalyst Reusability

Recycling experiments were conducted to investigate the recoverability and stability
of the catalyst since they are considered the most important indicators of excellent hetero-
geneous catalysts. With epichlorohydrin as the substrate, recycling of the catalyst for six
runs led to a slight reduction in the catalytic activity of the catalyst (from 97.5% to 91.8%)
while maintaining excellent selectivity (>99%) (Figure 4 and Table S2). At each run of the
reaction, the catalyst was easily separated from the reaction system by centrifugation and
used for the next run. BET measurement of the recycled catalyst (Figure S5) showed the
specific surface area of POP-Ni obviously decreased (403.7 m2g−1) as compared with the
fresh catalyst (576.3 m2g−1), due mainly to the decrease in micropore numbers, which
may probably be caused by blockage of the product molecules in the channel. Overall,
the results showed that the mild catalytic condition (80 ◦C) exerts no obvious effect on the
structure and performance of the catalyst, and the catalyst exhibited good potential for
practical application.
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Table 3. Screening on the substrate scope for CO2 cycloaddition with the POP-Ni catalyst a.

Entry Epoxide Product Yield (%) b Selectivity (%) b

1   
97.5 >99

2 95.7 >99

3
 

62.7 > 99

4
 

48.0 89.4

5 49.2 90.3

6
 

35.6 91.3

7
 

51.5 93.4

8 48.2 87.6

a Reaction condition: 5 mmol of epoxide, 80 mg of POP-Ni, 0.5 mL of DMF, CO2 (balloon), 80 ◦C, and 24 h.
b Determined by GC-MS.

Figure 4. Recycling of the catalyst POP-Ni. Reaction conditions: epichlorohydrin (5 mmol), POP-Ni
(80 mg), 0.5 mL of DMF, CO2 balloon. The mixture was stirred at 80 ◦C for 24 h. Yield and selectivity
were determined by GC-MS.

3.5. Plausible Reaction Pathway

Based on the previous reports [44,46] and our experimental results, the reaction
pathway of CO2 cycloaddition catalyzed by POP-Ni was proposed (Figure 5). Firstly,
the epoxide was activated through the Ni2+ active site in the catalyst to coordinate with the
O atom of the epoxide. Then, the nucleophilic Br anion attacked the carbon atom on the
side of the epoxy with less hindrance through a nucleophilic attack to open up the ring (I),
thus obtaining the ring-opening O anion intermediate (II). Intermediate II further launches
nucleophilic attacks on CO2 (III) to obtain carbonate intermediate (IV). Finally, the product
cyclic carbonate is obtained through intramolecular substitution. At the same time, the
catalyst is released for further catalysis.
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Figure 5. Plausible mechanistic pathway for CO2 cycloaddition with epoxides.

4. Conclusions

A novel heterogeneous POP-Ni catalyst has been successfully constructed by grafting
Me6Tren on the PBTP, synthesized by copolymerization of BBMBP and TBB in a molar
ratio of 1/4 and subsequent coordination of the Ni(II) Lewis acidic center. The POP-Ni
not only possessed a large specific surface area (576.3 m2g−1) and good thermal stability,
but also maintained great catalytic activity after heterogenization. It exhibited excellent
catalytic performance with a yield of 97.5% in converting epichlorohydrin and CO2 into
propylene chlorocarbonate under mild conditions (80 ◦C, CO2 balloon). The excellent
catalytic performance of POP-Ni could be attributed to its porous properties, the synergism
between the Lewis acid Ni(II) and nucleophilic Br anion, and the efficient adsorption of
CO2 by the multiamines Me6Tren. In particular, POP-Ni could be effectively recovered
through simple centrifugal and still maintain excellent catalytic performance with a yield of
91.5% after six consecutive recycles. The POP-Ni catalyst may find promising application
in view of its availability, high activity, and good reusability.
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Figure S3. (a) TGA profile of PBTP; (b) TGA profile of POP-Ni. Figure S4. The catalytic activity
corresponding to different catalyst amounts. Figure S5. N2 adsorption/desorption isotherm (a) and
pore size distribution (b) of POP-Ni (fresh) and POP-Ni (recycled catalyst after the fourth run). Table S1.
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Abstract: Ion-selective electrodes are a popular analytical tool useful in the analysis of cations and
anions in environmental, industrial and clinical samples. This paper presents an overview of new
materials used for the preparation of anion-sensitive ion-selective electrodes during the last five years.
Design variants of anion-sensitive electrodes, their advantages and disadvantages as well as research
methods used to assess their parameters and analytical usefulness are presented. The work is divided
into chapters according to the type of ion to which the electrode is selective. Characteristics of new
ionophores used as the electroactive component of ion-sensitive membranes and other materials used
to achieve improvement of sensor performance (e.g., nanomaterials, composite and hybrid materials)
are presented. Analytical parameters of the electrodes presented in the paper are collected in tables,
which allows for easy comparison of different variants of electrodes sensitive to the same ion.

Keywords: ion-selective electrode; potentiometry; anion ionophore; solid contact; carbon paste
ion-selective electrode

1. Introduction

Ion-selective electrodes (ISEs) are sensors used in potentiometric measurements. They
are also called membrane electrodes due to the presence of an ion-selective membrane,
which is one of the most important elements of each ISE. Because of the presence of the
ionophore in the membrane, the electrode is sensitive to changes in the activity of particular
ions in solutions [1]. The development of ion-selective sensors began more than 100 years
ago when at the beginning of the 20th century, Cramer invented a glass electrode, which,
for quite a long time (until the 1930s), was successfully used for analytical measurements.
Haber and Klemensiewicz were also working on ISEs at the beginning of the last century [2].
Extremely important for potentiometry was the year 1966, when Frant and Ross announced
their pioneering discovery of the fluoride ion-selective electrode [3]. Ion-selective sensors
were improved in subsequent years by researchers such as Bloch, Moody, Thomas, Bakker
and Sokalski. However, the breakthrough in the field of potentiometry came in 1971 when
Freiser and Cattrall invented the first solid contact ion-selective electrode (SC-ISE), which
they called a coated wire electrode (CWE). It was the first ion-selective electrode in which
there was no internal solution. This completely revolutionized the field of potentiometry
and opened the way to a number of new construction possibilities [4]. A brief history of
ISEs is presented in Figure 1.

Their discovery contributed to the development of SC-ISEs, which, compared to
classical ion-selective electrodes, have a number of advantages undoubtedly due to the
elimination of the internal solution. As a result of this action, the design of these electrodes
has been simplified and downsized, and, consequently, the production costs of these
measuring instruments have been significantly reduced [5,6].
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Figure 1. A brief history of ISEs development.

By comparing the differences in the design of classic ion-selective electrodes with a
liquid contact and ion-selective electrodes with a solid contact (Figure 2), it can be observed
that SC-ISEs have an ion-selective membrane and an inner electrode just like classical ISEs.
SC-ISEs differ from classical electrodes because of the absence of an internal electrolyte
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and the presence of solid contact in the form of an intermediate layer between the internal
electrode and the ion-selective membrane. The solid contact that is present in SC-ISEs
provides the transport of ions and the conversion of their signal into an electrical signal [7,8].
It fulfills the functions of the internal solution in classical electrodes, the presence of
which forces the measurement in a vertical position and is the cause of difficulties in the
miniaturization of these electrodes.

Figure 2. Construction of liquid contact ion-selective electrode (1) and solid contact ion-selective
electrode (2) (1—inner electrode; 2—internal electrolyte; 3—holder; 4—solid contact layer; and
5—ion-selective membrane).

The complete elimination of the internal electrolyte solution in the SC-ISEs enables not
only the miniaturization of these sensors but also often obtains a lower limit of detection
(LOD) even to nanomole concentrations [9,10]. This is a consequence of the fact that in
the absence of an internal electrolyte solution, there is no flow of ions from the internal
solution (containing usually a high concentration of these ions) through the membrane into
the sample solution. In addition, the lack of an internal solution eliminates the operations
related to it: the problem of its leakage, the presence of air in the electrode and the need
to work in a vertical position. SC-ISEs show greater mechanical resistance. This is due
to the fact that the membrane of the electrodes with solid contact is usually thicker and
placed on a hard surface. This makes them easier to store and transport, which is especially
important for field measurements. [11,12]. The electrodes are easy to obtain in small sizes
and in any shape. This allows the construction of multi-sensor measurement platforms,
e.g., electronic tongues [13] or wearable sensors in the form of wristbands or elements of
clothing [4]. The most common disadvantage of SC-ISEs is insufficient potential stability
related to inadequate mutual adhesion of the used materials [14] and the formation of an
unfavorable water layer between the membrane and the inner electrode [15].

The research in the area of ion-selective electrodes is still being intensively conducted
and has resulted in the development of sensors with better analytical performance and/or
simpler operations. These include two main research directions: the development of new
active substances to obtain more selective ion-sensitive membranes and/or new primarily
electroconductive materials, which are used in the construction of electrodes without
an internal electrolyte solution to improve the process of charge transfer between the
membrane and the internal electron conductor. Considering the type of ion to which the
electrode is sensitive, there is definitely less work involving anionic electrodes. First and
foremost, this is associated with the fact that, for anions, the number of commercially
available ionophores is much smaller. This fact is also an inspiration to search for new
compounds that can fulfill this function in the membrane.

In the literature on ion-selective electrodes, there are almost no review articles focusing
on anion-selective electrodes. Only one short review has been published in the last 20 years
in which the authors focused on ionophores used in anion-sensitive membranes [16].
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This review presents recent developments in the field of ion-selective electrodes
sensitive to inorganic anions. It describes 102 anionic ion-selective electrodes used in
potentiometric measurements developed over the last five years. Among them were
67 electrodes with solid contact and 35 with liquid contact. ISEs sensitive to 18 different ions
were described, which include anions such as NO3

−, F−, Cl−, Br−, I−, ClO4
−, S2−, SO3

2−,
SO4

2−, H2PO4
−, HPO4

2−, PO4
3−, SCN−, AsO4

3−, BO3
3−, CH3COO−, CO3

2− and SiO3
2−.

This paper is a comprehensive overview containing the characteristics of new materials
used in the construction of ISEs, including both materials used as active substances of the
ion-selective membrane, as well as materials used to improve the efficiency and/or easier
and more universal use of ISEs.

2. Constructional Variants of Anionic Ion-Selective Electrodes

The most important component of any ion-selective electrode is the ion-sensitive
membrane. The most important component of the membrane from the point of view of
electrode operation is the ionophore, which gives it sensitivity and selectivity to a specific
ion. The material used as an ionophore should selectively bind a given ion in the membrane
environment. In the case of anion-sensitive electrodes, three types of membranes can be
distinguished: polymeric membranes based on PVC, crystalline membranes composed
of insoluble salts of the determined ion and composite membranes containing the active
ingredient combined in various ways with other materials. Polymeric and crystalline
membranes are still used in classic liquid-contact electrodes; however, a much larger group
includes a variant of electrodes without internal electrolyte solution called all-solid-state
ion-selective electrodes (ASS-ISEs). In recent years, they have become, among ISEs, one
of the most studied groups of analytical measuring instruments. Depending on their
construction, ASS-ISEs can be classified as follows:

- CWE, CDE—a coated wire/coated disc electrode, which was originally a platinum
wire coated with a layer of PVC membrane. CWEs/CDEs are created by applying,
for example, a polymer membrane or crystal membrane on a wire/disc used as the
inner electrode. Such sensors are now rarely used. In publications, they are studied as
a comparative system to assess the effectiveness of solid contact or modification of the
membrane composition.

- SC-ISE—solid contact ISE is a type of electrode in which an intermediate layer
of material, generally called solid contact, is introduced between the ion-selective
membrane and the inner electrode. Conductive polymers, carbon nanomaterials,
metal and metal oxide nanoparticles and composite materials are most often used as
intermediate layers.

- SP-ISE—a single-piece ion-selective electrode with a membrane in which the mod-
ifying material is dispersed or dissolved. An ion-selective electrode is created by
depositing a membrane cocktail of conductive polymers or other conductive materials,
e.g., carbon nanotubes, onto a surface that is usually a glassy carbon electrode [17,18].
Carbon paste ion-selective electrodes can also be included in this group of electrodes
in which the active component of the membrane is mixed with graphite powder
and binder material, and the mixture is packed in the sensor holder with an internal
electrode placed inside (often a copper wire). In order to improve their work, the com-
position of the paste electrode membrane is also modified by the addition of various
materials, which are often carbon nanomaterials. A comparison of the construction of
different ASS-ISEs electrodes is shown in Figure 3.

All-solid-state constructions, except CWEs and CDEs, provide a reduction of potential
drift and improve stability as well as reproducibility of the potential. The additional
solid contact materials and conductive materials used for membrane modification increase
the electrical capacitance and improve the ion-electron conductivity. To achieve these
goals, a system with solid contact must fulfill three important conditions, which have been
defined by Nikolski and Materov: (1) The current passing through the sample during the
measurement should be significantly lower than the exchange current, which should be
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characterized by high values. (2) The chemical indifference towards the other interferents
present in the sample—there must be no side reactions taking place alongside the main
electrode reaction. (3) The equilibrium of the ion-electron conductivity should be reversible
and stable [19].

 

Figure 3. A comparison of the construction of CP-ISE, SP-ISE and SC-ISE electrodes.

Two of the most disadvantageous properties of CWEs and CDEs are their weak
reproducibility and stability of the potential. Besides this, the formation of an aqueous layer
between the ion-selective membrane and the internal (“lead”) electrode is a fairly common
problem, which in turn results in the generation of a higher potential drift and a shorter
electrode lifetime. This problem can be significantly minimalized by the above-mentioned
modifications. In this case, the hydrophobic materials prove to be very suitable.

3. Research Methods Used to Assess New ISEs

Newly developed ion-selective electrodes are subjected to numerous tests to determine
their parameters and assess their analytical usefulness. The basic measurements carried out
in each case include the production of a calibration curve from which the LOD, measuring
range and slope of the characteristic are determined. Equally important are the selectivity
tests consisting of determining the values of selectivity coefficients towards interfering ions.
These measurements are absolutely necessary when a new active substance is introduced
into the electrode membrane. The most commonly used methods for determining selectivity
coefficients are those recommended by IUPAC, i.e., the separate solution method (SSM)
and the fixed interference method (FIM) [20].

In order to check the effectiveness of the introduced electroconductive materials in
the form of an intermediate layer or as a membrane component, the potential drift tests
are performed: the potential change under zero current conditions and the estimated
E0 potential stability in time [21]. Chronopotentiometry and electrochemical impedance
spectroscopy measurements also provide valuable information in this area as they make it
possible to determine the electrical capacitance of the electrodes and their resistance, which
significantly influence the stability of the electrode potential [15,18,22]. Water layer tests
are also performed according to the procedure proposed by the Pretsch group [15].
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4. Ion-Selective Electrodes Sensitive to Nitrates Ions

The monitoring of nitrate ions is very important, which is why new tools are be-
ing developed to make their identification more accurate and simple. Determining the
concentration of nitrate ions is crucial because an excess of nitrates in the human diet is
harmful to health and can cause, for example, problems with the cardiovascular system
and dysfunction of the intestines and the rest of the gastrointestinal system. It can also
lead to pathological conditions such as cancer. We have collected 19 nitrate ion-selective
electrodes that were developed over the past five years. Almost all of the nitrate electrodes
were solid contact electrodes, with the exception of two that had liquid contact.

For the determination of nitrates, a few groups of scientists proposed electrodes with
a solid contact, which had TDMAN (tridodecylmethylammonium nitrate) as the ionophore.
They were different from each other, for example, in the inner electrode and material of
the intermediate layer. In article [23], the structure of the electrode was developed by
using screen-printing technology, in which the working electrode was a graphite electrode
deposited from a graphite-based ink, was described. Graphite was used as the trans-
ducer layer due to its stability, as well as its good conductive and hydrophobic properties.
The slope of the characteristic of −55.4 mV/decade slightly deviated from the Nernst
value, and the obtained linearity range for the tested microelectrode was not very wide
(2.9 × 10−4–1.7 × 10−1 M). The limit of detection was quite high, so measurements of low
concentrations could be problematic. The advantage of this electrode is its good repeatability.

The second electrode with TDMAN as the ionophore was described in the publi-
cation [24], where the ISE based on hydrophobic laser-induced graphene (LIG) as an
intermediate layer was presented. The hydrophobic LIG was created using a polyimide
substrate and a double lasing process. A study using the XPS (X-ray photoelectron spec-
troscopy) technique was carried out to check the composition of the LIG, and the static
contact water angle of 135.5 ± 0.7◦ was determined. The slope of the characteristic equaled
−58.17 mV/decade and was much closer to the Nernst response in comparison to the elec-
trode described as the first. The ranges of the linearity were comparable, but the detection
limit extended to micromole values, which was a significantly better result. This electrode
was successfully applied in the monitoring of surface water quality.

The authors of another work [25] proposed a novel electrode in which a new nanocom-
posite consisting of poly(3-octylthiophene) and molybdenum disulfide (POT-MoS2) was
used as the intermediate layer. A gold electrode (AuE) was used as the basic electrode. The
SC-ISE exhibited an over-Nerstian response, while the other parameters were comparable
to the ISEs described above. The parameters of the nanocomposite-modified electrodes
were not remarkably different from those for ISEs based on MoS2 or POT. Nevertheless, the
combination of POT-MoS2 gave the best results, i.e., the slope, LOD or potential stability.
An additional advantage of the newly proposed composite is its high hydrophobicity
and redox properties. By replacing the membrane, this electrode can be used for the
determination of other ions, i.e., potassium, phosphate or sulfate ions.

Subsequent electrodes having the same type of ionophore—TDMAN—were presented
in the work [26,27]. In the publication [26], the solid contact ion-selective electrodes with
different types of transducer layers (TLs) were described. The TL was constituted by
polyaniline nanofibers doped with Cl− (PANINFs-Cl−) or NO3

− (PANINFs-NO3
−) ions

(the chemical formulas are shown in Figure 4). Several variations of electrodes were
prepared using the polymer conductor—it was used as a suspension dropped directly
onto the surface of the inner electrode, which was GCE (glass carbon electrode), and
as a component of a membrane cocktail, where it occurred in different amounts (0.5%,
1%, 2%). All polyaniline nanofiber-modified electrodes had better parameters than the
unmodified electrode. Electrodes with PANI nanofibers doped with Cl− ions had a wider
range of linearity and a lower detection limit than those where PANINFs were doped
with NO3

−. On the other hand, the second ones exhibited a slope closer to the Nernst
slope of −57.8 mV/decade. ISEs with both types of nanofibers did not show potential
sensitivity to changes in pH in a very wide range. Furthermore, these types of electrodes
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showed excellent stability and potential reversibility and also had a lower membrane
resistance value and a higher value of double-layer electrical capacitance relative to the
unmodified electrode. These electrodes were successfully used to determine nitrate ions in
real environmental samples, i.e., drinking, river and groundwater.

Figure 4. The structure of polyaniline doped with chloride (a) and nitrate (b) ions [26].

The same type of ionophore was also presented in the article [27], where a miniatur-
ized version of the ion-selective electrode was presented in which the solid contact was
mesoporous black carbon (MCB) and the conductive electrode was a silver wire placed
in a glass capillary. MCB provides good ion-electron conductivity and, in addition, has
a large specific surface. An additional advantage is its high availability and low price.
The addition of MCB significantly stabilized the electrode’s response, ensuring adequate
double-layer capacitance and decreasing the resistance more than a hundred times over
coated wire electrodes. In comparison to electrodes described in the work of [26], these
ISEs had a lower slope of −54.8 mV/decade, an order of magnitude more narrow range
of linearity and a similar detection limit. Undoubtedly, the disadvantage of this electrode
is its relatively short lifetime oscillating around 20 days. By comparing the electrodes
proposed in the publications [26,27], it is clearly preferable to incorporate modifications
such as PANINFs rather than MCBs.

Also, in the paper [28], for the determination of nitrate ions, an electrode in which
TDMAN performed the function of the ionophore was proposed. The inner electrode was
a screen-printed carbon electrode (SPCE), on whose surface cobalt (II, III) oxide nanopar-
ticles (Co3O4NPs) were deposited, and acted as an ion-to-electron transducer. The solid
contact was examined in terms of morphology and physical properties using XRD, EDS
(energy-dispersive X-ray spectroscopy), SEM (scanning electron microscope) and TEM
(transmission electron microscopy). Novelization of the electrode structure with hydropho-
bic Co3O4 nanoparticles prevented the formation of an aqueous layer and improved its
response in relation to ISE without a Co3O4NP layer. This electrode also exhibited a good
slope of −56.8 mV/decade, as well as a low limit of detection of 1.04 × 10−8 M. According
to the EIS spectra, a reduction of membrane resistance was observed for the electrode
modified with oxide nanoparticles. As was confirmed by comparing the results of SC-ISEs
and spectrophotometer determinations, this electrode is certainly suitable for the analysis
of various types of water samples.

The subsequent two electrodes were based on a glassy carbon electrode using polypyr-
role (PPy) doped with NO3

− ions as the ion carrier. The electrodes differed in their solid
contact layer, which, in the case of the electrode presented in the publication [29], was a
pericarpium granati-derived biochar (PGCP) activated with phosphoric acid. PGCP was
applied together with PPy, forming a bilayer membrane. Based on morphological studies
PGCP was found to have a porous structure and, on the basis of the EIS measurements, also
a low resistance, which translates into the possibility of using it as a transducer material
for the charge transfer. In the second article, a double-layer structure consisting of gold
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nanoparticles (AuNPs) (solid contact) and a conductive polymer PPy-NO3
− (ion-selective

membrane) was successfully used [30]. AuNPs solid contact layer and nitrate-doped
polypyrrole molecularly imprinted polymer membranes were prepared by electrodepo-
sition. Both of these electrodes had a slope that deviated from the ideal Nernstian slope
and respectively amounted to −50.86 mV/decade for PGCP-ISE and −50.4 mV/decade
for AuNPs-ISE. For the PGCP-modified electrode, the linearity range was in the range of
1.0 × 10−5–5.0 × 10−1 M and the LOD was 4.64 × 10−6 M, which is very similar to the
results obtained for the gold nanoparticle-modified electrode, where the LOD was an order
of magnitude higher. A positive aspect of the electrode, with solid contact in the form of
AuNPs, is the favorable result of the aqueous layer test because no potential drift towards
higher values of potentials was observed for this electrode compared to the unmodified
AuNPs electrode. Finally, both the PGCP- and AuNPs-modified electrodes exhibited excel-
lent long- and short-term stability and significantly better electrical parameters than the
unmodified electrode. The PGCP-ISE was also successfully used for the determination of
nitrates in samples from Shenzhen OCT wetland and laboratory wastewater with 4% RSD.

In publications [31–33] are presented electrodes that were connected by the presence
of the same ionophore, which was nitrate ionophore VI. The ISE described by [31] was
developed using screen-printing technology by applying inkjet printing gold onto the
substrate, thereby forming a screen-printed gold electrode. Afterwards, the entire sensor
was secured with Teflon tape and the membrane containing the ionophore was applied. The
parameters of this potentiometric sensor were determined, i.e., the slope of the characteristic
−54.1 ± 2.1 mV/decade and the linearity range between 1.0 × 10−5 M and 1.0 × 10−1 M.
The water layer test was carried out with positive results. Unfortunately, the LOD for the
obtained electrode was not included in the publication, and the electrical parameters were
not determined.

Another article [33] described an SC-ISE that was produced by applying a membrane
mixture containing varying amounts of PTFE (poly(tethrafluoroethylene)) (0%, 2.5%, 5%.
7.5%, 10%) onto a screen-printed electrode. The best results were obtained for an ISE in
which PTFE constituted 5% of the membrane cocktail. This electrode was characterized
by a slope of −58.0 mV/decade, which unfortunately reduced to −35.0 mV/decade after
20 days of measurements, which means that the lifetime of this electrode is not long, and
further studies are required to eliminate this drawback.

The last discussed electrode using nitrate ionophore VI is an SC-ISE based on the gold
electrode (AuE) and thiol-functionalized reduced graphene oxide (TRGO) as solid contact
material, which was used for the first time in this role [32]. This electrode was characterized
by an almost Nernst response as the slope equaled −60.0 ± 0.5 mV/decade. The range
of linearity of the described ISE was similar to electrodes possessing the same type of
ionophore. An additional advantage of this SC-ISE is the low detection limit reaching
micromole values and the wide working range of pH 2.0–10.0. Moreover, the use of TRGO
improved the potential reversibility, which indicates that reduced graphene oxide performs
well in the solid contact function due to its good conductivity. In addition, according to the
EIS tests, the membrane resistance values of the electrode with TRGO are lower than those
for the unmodified electrode. The aqueous layer test came off satisfactorily as no potential
drift was observed. After improving the stability of the electrode in real samples, it will be
possible to use it for the determination of ions in blood samples.

A new ionophore as the active ingredient in an ion-selective membrane used in
the construction of nitrate(V) ion-selective electrodes was proposed by our group in the
publication [34]. In the construction of SC-ISEs, a cobalt(II) complex with 4,7-diphenyl-
1,10-phenanthroline (Co(Bphen)2(NO3)2(H2O)2) was used, which performed very well in
this role and cooperated with the Ag|AgCl inner electrode. Trihexyltetradecylphospho-
nium chloride was selected as the ionic component of the membrane, which provided a
constant concentration of chloride ions and represented a reversible redox system with
the internal electrode Ag/AgCl/Cl-(silver/silver chloride electrode/chloride). A satisfy-
ing electrode response was obtained for this ISE, which was characterized by a slope of
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−56.34 mV/decade, a linearity range of 1.0 × 10−5–1.0 × 10−1 M and an LOD lower than
the micromole value. The electrode exhibited a constant potential over a wide pH range of
5.4–10.6. Furthermore, the reversibility of the potential and its drift were at a very satisfac-
tory level. This electrode was successfully applied to the determination of the concentration
of NO3

− ions in tap, mineral and river water samples with reproducibility close to 100%.
The same ionophore was used in an ion-selective electrode based on a glassy carbon elec-
trode [35]. A nanocomposite consisting of multi-walled carbon nanotubes and the ionic
liquid trihexyltetradecylphosphonium chloride (THTDPCl) was proposed as a solid contact
and used as a membrane component. Various composites obtained from MWCNTs differ-
ing in structure were tested. The electrode with a nanocomposite containing nanotubes
characterized by the highest porosity and homogeneity of the structure showed the best
performance. In comparison to the previous electrodes with the same ionophore [34] based
on Ag/AgCl/Cl, the electrode with a nanocomposite achieved a better slope closer to
Nernst’s value, which was −57.1 mV/decade, a lower detection limit of 5.0 × 10−7 M and
a linearity range that was an order of magnitude larger, as well as a wider working pH
range. Interestingly, the addition of the nanocomposite directly to the membrane did not
cause the redox sensitivity of the electrodes. Moreover, this simultaneously increased their
hydrophobicity, so that no water film formation was observed between the membrane and
the inner electrode in these SC-ISEs.

The ionophore in the form of TDANO3 (tetradecylammonium nitrate) was used both
in a nitrate ion-selective electrode with a solid contact [36] and a liquid contact [37]. In the
solid-contact electrode, the leading electrode was a screen-printed carbon electrode, and the
solid-contact layer was a reduced graphite oxide aerogel (rGOA) [36]. A Nernst response
of −59.1 mV/decade, a linearity range of 0.1 M to micromoles and a detection limit of
7.59 × 10−7 M were obtained. With success, this electrode was used for the determination
of NO3

− ions in perilla leaves, where the results achieved by ISE were compared with
chromatographic results. In the case of liquid contact, the inner electrode was one of
the more commonly selected Ag|AgCl electrodes and the inner electrolyte—solution of
0.01 M KNO3 or 0.001 M KCl [37]. There is no doubt that the team carrying out the
study on SC-ISEs succeeded in improving the parameters obtained for the competing
electrode with LC. The slope of the characteristic differed from the theoretical value and
was −53.7 ± 0.4 mV/decade, and, additionally, the values for linearity range and LOD
were less satisfactory, so in this case the solid-contact ISE worked much more effectively.

In order to improve the performance of nitrate ion-selective electrodes with solid
contact, the application of a nitron–nitrate complex (Nit+/NO3

−) that acted as an ionophore
was proposed [38]. A novel form of an ion-selective membrane that had the shape of a
‘sandwich membrane’ (bilayer membrane) was presented. This type of membrane was
formed by pressing together two previously dried membranes, where one of them contained
an ionophore and the other did not. The membrane prepared in this way was then applied
onto the surface of the glassy carbon electrode with the non-ionophore side, where the
part with the ionophore had direct contact with the testing sample. Multi-walled carbon
nanotubes were used as the solid contact. The presented electrode showed a very wide
linearity range of 8.0 × 10−8–1.0 × 10−1 M, and a low LOD of 2.8 × 10−8 M. The response of
the GCE/MWCNTs/NO3

−-ISM electrode was equal to −55.1 ± 2.1 mV/dec. The working
pH range of such an electrode was between 3.5 and 10.0 pH and the lifetime was 8 weeks.
The proposed ISE exhibited a very high tolerance to the presence of interfering ions, as
we could observe from the rather low values of the selectivity coefficients. However, the
authors did not report a value of this parameter for highly lipophilic ions, i.e., ClO4

− or
SCN−, which are well-known interferents for nitrate electrodes. The ISE was successfully
used to measure the concentration of nitrate ions in wastewater samples.

The article [39] presents liquid-contact nitrate ion-selective electrodes used for the
determination of nitrates in hydroponic solutions. A design with two internal solutions
and two membranes was used. The internal electrode was a silver chloride electrode placed
in a PP tube filled with 0.1 M LiCl, which ended with a Nafion membrane—this constituted
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part 1. Part 1 was immersed in part 2, which was a second PP tube that ended with a PVC
membrane, which, in turn, contained a 0.1 M LiNO3 solution (Figure 5). The ionophore
included in the PVC membrane was THANO3 (tetraheptylammonium nitrate), which had
already been used in nitrate ion-selective electrodes. On the basis of the calibration curve, a
slope of −53.3 ± 0.1 mV/decade was determined, which deviates slightly from the ideal
value for monovalent ions. The range of linearity and the detection limit took on average
values and did not stand out from other nitrate electrodes. It was concluded that this type
of electrode could be used in studies of NO3

− ions for more than four weeks in order to
determine their concentration in hydroponic solutions.

 

Figure 5. Ion-selective electrode construction based on [39].

The paper [40] presents a new form of solid contact in the form of TTF-TCNQ
(tetrahiafulvalene-tetracyanoquinodimethane) illustrated in Figure 6. Here, the inner
electrode was a glassy carbon disc onto which an intermediate layer was applied, which
was followed by an ion-selective membrane containing an active ingredient, which was a
nitrate ionophore V. The electrode showed great potential stability and was not sensitive
to changes in the redox potential. The response of the electrode was almost Nernstian
and amounted to −58.47 mV/decade, while the LOD was equal to 1.6 × 10−6 M. The
presence of the proposed solid contact improved the selectivity of the nitrate electrodes
and their electrical parameters, i.e., decreased the membrane resistance and increased the
electrical capacitance.

Figure 6. Tetrathiafulvalene 7,7,8,8-tetracyanoquinodimethane TTF-TCNQ salt used as solid contact
in nitrate SC-ISE [40].

A comparison of the analytical parameters of various nitrate electrodes is presented in
Table 1.
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5. Ion-Selective Electrodes Sensitive to Fluoride Ions

Excessive amounts of fluoride ions become a threat not only to plant and animal
organisms but also to humans. Increased content of this ion can cause disturbances in
the normal sequence of the biological chain, and as a result, the ecological balance will
be upset. In order to check how an excess of fluoride ions affects organisms, a number
of studies were carried out over several years, which confirmed its neurotoxicity. High
quantities of F− ions damage cell organelles, i.e., mitochondria, and possess a mutagenic
function, which in turn can lead to changes in gene expression. Furthermore, due to the
ubiquitous presence of fluoride in drinking water and the large-scale use of fluoride, e.g., in
toothpaste, it is necessary to monitor its concentration in the surrounding environment [41,42].
Consequently, as potentiometry is a rather cheap, fast and accurate method, it can be used
to monitor fluoride ion concentrations in different types of samples. Over the past five
years, 13 fluoride ion-selective electrodes have been proposed, and their design has been
continuously improved to obtain better results.

The article [43] describes a new ion-selective electrode based on an electrode con-
stituted by a titanium film, where lanthanum fluoride (LaF3) nanocrystals doped with
europium (Eu) were proposed as the ion-conducting layer to improve the conductivity
of the membrane. No solid contact intermediate layer was used here. The results ob-
tained for this electrode were average, which was reflected in a typical linearity range of
1.0 × 10−5–1.0 × 10−1 M and a slope of −56 mV/decade. The deviation from the slope
measurements was quite large and as high as −13 mV/decade. It is worth mentioning that
the addition of Eu increased the slope of the characteristic by −10 mV/decade. In addition,
it was possible to obtain LOD results at the micromole level. The disadvantage of these
electrodes is the loss during the measurement of some Eu-doped LaF3 nanocrystals, which
is the reason for the instability and non-repeatability of the potential.

The paper [44] presents a comparison of the performance of fluoride electrodes, each
of which had a LaF3 single crystal membrane as an ion carrier. Two of the tested electrodes
had the same silver inner electrode (AgE) to which different solid contact layers were
applied. In the first case, PEDOT was used as the SC, which performed well in this role
and undoubtedly contributed to stabilizing the electrode potential. It showed a slope of
−56.0 ± 0.9 mV/decade. The second SC-ISE had an intermediate layer in the form of Ag
paste. A super-normal slope was obtained, but the detection limit was the worst of all the
fluoride electrodes described, with a slope of 2.0 × 10−2 M. Both SC-ISEs had the same
linearity range. The third fluoride electrode presented in this article was a liquid-contact
electrode, where the IE was Ag|AgCl and the internal solution was a mixture of phosphate
buffer solution (PBS)—0.01 M Na2HPO3 and 0.02 M KH2PO3. For this electrode, the
response slope of −38.6 ± 9.1 mV/decade was unsatisfactory and far from the book value.
The best performing of the three presented electrodes was the PEDOT-modified SC-ISE,
which had not only the lowest potential drift of 0.06 mV/min but also the highest electrical
capacitance of 937 μF, which is 70 times higher than the Ag paste-modified electrode.

Novel fluoride electrodes with a LaF3 single crystalline membrane and different
types of intermediate layers (solid contact or electrolyte solution) with the addition of
FexOy nanoparticles were presented in [45]. The intermediate layer consisted of FexOyNPs,
which were incorporated into a membrane. For the SC-ISE, the internal electrode was a
stainless-steel disc (SSDE), and for the liquid contact electrode, it was a silver chloride
electrode, which was immersed in an electrolyte that was a mixture of KCl, HCl, 0.1 M
KNO3. The working pH range was the same for both types of electrodes. The LC-ISE
had a lower detection limit of 7.4 × 10−8 M and an order of magnitude wider range of
linearity compared to the SC-ISEs, which in turn had a higher slope response. An additional
advantage of the LC electrode was the high stability of the sensitivity over a period of
two years.

A novel construction of a wearable spandex textile-based solid-contact fluoride sensor
is presented in the article [46]. The scientific team proposed an SC-ISE based on a screen-
printed carbon electrode (screen-printing spandex electrode) to which an intermediate layer
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of MWCNTs-COOH (carboxyl-functionalized multi-walled carbon nanotubes) was deposited,
followed by a membrane containing the fluoride ionophore bis(fluorodioctylstannyl)methane
shown in Figure 7. This electrode exhibited good reproducibility, stability and potential
reversibility. The achieved Nernst characteristic response of −59.2 mV/decade and the
nanomole value of the detection limit only confirmed that this sensor is suitable for the
determination of even trace concentrations of fluoride ions. An additional advantage of this
electrode is its high selectivity. An SC-ISE of this type can be used for the determination of
either chemicals, biologicals or DFP (diisopropyl fluorophosphate).

Figure 7. The structure of bis(fluorodioctylstannyl)methane.

Another electrode proposed for the determination of fluoride ions is SC-ISE, which
in its design had a crystalline membrane consisting of a single crystal cadmium(II) Schiff
base complex (CdLI2—cadmium iodide complex) (Figure 8) [47]. The electrode was ob-
tained by impregnating the carbon paste electrode (CPE) with the Schiff ligand (E)-N1-(2-
nitrobenzylidene)-N2-(2-((E)-(2-nitrobenzylidene)amino)ethyl)ethane-1,2-diamine(L) and
its complex CdI2 (CdLI2). CdLI2 performed of the function of fixed-charge carriers. The
presented electrode exhibited a good membrane resistance determined by the EIS method, a
satisfactory slope of −58.9 mV/decade and a rather low detection limit of 1.2 × 10−7 M. In
addition, very good selectivity against the ions such as IO4

−, SCN−, SO4
2−, CN−, ClO3

−,
Br−, Cl− and I− was recorded.

Figure 8. The structure of CdLI2—cadmium iodide complex [47].

Fluoride solid contact electrodes with a new type of ionophore belonging to Lewis
acidic organo-antimony(V) compounds were presented in [48]. A silver chloride electrode
was used as the internal electrode, and a solution containing 0.2 M Gly/H2PO4 buffer
and 0.001 M NaF was used as the internal electrolyte. All four ionophores are shown in
Figure 9. The electrode in which tetrakis-(pentafluorophenyl)stibonium (Figure 9b) was
used had the most Nernstian electrode response of −59.2 mV/decade and the lowest
detection limit of 5.0 × 10−6 M. The electrode in which tetraphenylstibonium fluoride
(Ph4SbF) (Figure 9a) acted as the ionophore had a slightly lower slope and higher LOD.
The ionophore shown in Figure 9d was a component of the LC-ISE membrane cocktail
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with a slope of −57.8 mV/decade. All three electrodes had the same linearity range of
1.0 × 10−5–1 × 10−1 M. The electrode using tetrachloro-substituted organoantimony(V)
(Figure 9c) had the weakest performance of all the LC-ISEs described in this publication.
This ISE showed the lowest slope, the narrowest linearity range and the highest detection
limit. The difficulty in carrying out measurements with these electrodes is that the pH of
the samples must be within the range of three, as this is the most optimal value, so the
acidity of the solution is recommended. These electrodes can be used to measure F− ions,
for example, in tap water.

Figure 9. Lewis acidic organo-antimony(V) compounds used as fluoride ionophores: tetraphenyl stibo-
nium fluoride (a), tetrakis-(pentafluorophenyl)stibonium (b), tetrachloro-substituted organoantimony(V)
compound with fluoride (c) and bidentate organoantimony(V) compound with fluoride (d) [48].

A comparison of the analytical parameters of various fluoride electrodes is presented
in Table 2.
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6. Ion-Selective Electrodes Sensitive to Chloride and Perchloride Ions

Chloride anions are quite common ions in drinking, ground and surface waters. Not
only they are responsible for their saltiness, but they also affect the physiology of plants.
Chlorine-containing compounds are used in the production of food or fertilizers. Chlorine
is an important component for the human organism, and it is not toxic in small quantities,
but the excess can cause, e.g., hyper-chloremia, which results in dehydration, diarrhea and
metabolic problems, which, in turn, increases blood pressure and can lead to the damage
of certain organs, e.g., the kidneys [49,50]. Perchlorate anions are very widespread in the
world around us. They are present not only in various types of water, including ground
and surface water, but also in plants and soil. In addition, they are used on a large scale in
the industry for the production of explosives and pyrotechnics, and their increasing growth
in the environment is linked to intensified rocket testing as perchlorates are used in rocket
engine fuels. One of the main effects of overexposure to perchlorate ions is reported to be
the disruption of the thyroid gland, due to the replacement of iodine by perchlorate, caused
by a very similar ionic radius [51,52]. This makes it very necessary to monitor these ions.
Other techniques are already used for this purpose, i.e., chromatography and spectroscopy,
but potentiometry is an equally good and inexpensive way to determine the concentration
of chloride and perchlorate anions. Since 2018, 16 Cl−-ISEs have been proposed with the use
of novel charge transfer mediating layers and three leading ionophores (TDMACl, chloride
ionophore(III), chloride ionophore(I)) and various types of nanocomposites (Figure 10).
Whereas for the ClO4

− anions, three new SC-ISEs with different types of compounds used
as an ionophore for the first time are presented.

Figure 10. Active substances used in chloride ISEs: TDMACl (a), chloride ionophore(I) (b) and
chloride ionophore(III) (c).

In 2022, a paper that introduced novel Cl−-SC-ISEs was published. In the role of
solid contact, the polyaniline nanofibers doped with Cl− ions, multi-walled carbon nan-
otubes and three types of nanocomposites with different ratios of constituents that were
PANINFs-Cl- and MWCNTs (2:1, 1:1, 1:2) were used [53]. The ionophore that was used
was chloride ionophore(III) (Figure 10c), and the solid contact was applied by dropping
an appropriate volume of the components directly onto the glassy carbon electrode. The
proposed intermediate layers were investigated both from a morphological point of view,
where their structure was presented on SEM images, and in terms of electrical properties
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that were determined by chronopotentiometry and EIS measurements. On the basis of
these studies, the intermediate layer capacitance and resistance were determined, and the
best results were obtained for a nanocomposite with a component ratio of 2:1, where C
(electric capacitance) = 7.16 mF and R (resistance) = 0.21 kΩ. The same measurements were
also carried out with the SC-ISEs after application of the membrane and again the best
electrical performance was represented by the electrode containing this composite as an
intermediate layer. All of the modified electrodes showed the same range of linearity and
very similar LOD values of the order of 10−6 M and slopes close to the Nernstian value.
Another advantage of these ISEs is their insensitivity to environmental changes, i.e., the
influence of light or the presence of gases (O2 and CO2). The electrodes also exhibited very
good selectivity, which makes them good devices for determining the concentration of Cl−
ions. This is confirmed by the determination of chloride anions using the proposed ISE,
whose results were compared with those obtained using the classic Mohr method.

The next solution implemented in chloride potentiometric sensors is the use of an ion
exchanger in the form of an ionophore, which is TDMACl (Figure 10a). This method was
used, among others, by Kalayci [54] in a liquid contact electrode and by Pięk et al. [55] in
an ISE with solid contact. In the Cl−-LC-ISE, a classical design of this type of electrode was
used, where the IE was Ag|AgCl. The performance of this electrode was not outstanding
and was average compared to the other electrodes listed in Table 3. On the other hand, in
chloride SC-ISEs, novel conductive materials (redox mediators) belonging to the group of
molecular organic materials (MOMs), i.e., TTF (tetrathiafulvalene), the chloride salt TTFCl
and TTF-TCNQ (tetrathia-fulvalene-tetracyanoquinodimethane), as well as a combination
of these materials with carbon black (CB) showing good hydrophobicity, conductivity and
high specific surface area, were used as solid contacts. The modification of the electrodes
improved their linearity range and slightly increased their slope but had little effect on
LOD. Nanocomposites of CBs and MOMs turned out to be the best solid contact material as
they exhibited better electrical performance, i.e., lower resistance and higher double-layer
capacitance, and had a slightly better electrode response compared to electrodes based on
molecular organic materials’ SCs. An additional advantage of the presented electrodes is
their good selectivity and potential reversibility.

The paper [56] describes the novelization of SC-ISE with a new layer providing
sensitivity to chloride ions. For this purpose, the carbon paste electrode (CPE) was modified
with an ion-sensitive layer, which was a composite of graphitic carbon nitride (g-C3N4)
that was anchored to a crystalline AgCl structure. The obtained structure was examined in
terms of physical and morphological properties using techniques such as XRD, SEM and
FTIR. After measurements, the best option was found to be the modification of the CPE
with the addition of a 5% g-C3N4/AgCl composite. For this electrode, the parameters that
were determined showed very good performance compared to the other Cl−-ISEs. The
detection limit was at the lowest level compared to all the chloride electrodes presented in
Table 3. A further advantage of this electrode is its very fast time of response and long-term
potential stability (more than two months), as well as its good selectivity in the presence of
interfering ions, i.e., I−, Br− and CN−.

A comparison of the analytical parameters of various perchlorate electrodes is pre-
sented in Table 4.
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Two kinds of electrodes differing in the type of layer providing sensitivity to chloride
ions were reported in [57]. One of the electrodes had an ion-selective membrane with
chloride ionophore(I) (Figure 10b), which was applied to an Ag|AgCl electrode, while the
other ISE was a classical silver chloride electrode without an ionophore and ISM. It turned
out that the electrode without the ion-selective membrane showed better stability and
reproducibility of potential and kept a constant potential in solutions containing interfering
ions than the proposed SC-ISE. Such an electrode can be used for the determination of
chloride in human sweat.

Another example of chloride electrodes is the new SC-ISEs that have a membrane
enriched with an AgCl:Ag2S:PTFE nanocomposite (two copies with different component
ratios (1:1:2 and 2:1:2)), which provided selectivity of the electrode [58]. Additionally,
nanoparticles of metal oxides, i.e., zinc oxide II (ZnONPs) or iron oxide (FexOyNPs), were
used in the electrode construction as layers supporting charge transfer. These oxides were
investigated using FTIR. In Table 3, the ISEs with the best analytical performance of the
electrodes depending on the type of used oxide are compared. Iron oxides proved to be the
best option for the studied electrodes. Despite the modifications, the slope of the produced
electrodes was quite low and deviated from the theoretical value of −59.16 mV/decade,
which undoubtedly indicates that the sensitivity of the proposed electrodes was quite weak.

One of three electrodes used for the determination of perchlorate ions was an all-solid-
state coated wire electrode (CWE), where a platinum wire was immersed in a membrane
cocktail to apply a membrane (opaque membrane—dixanthylium dye) [59]. The structure
of the new ionophore is shown in Figure 11. The proposed electrode had a wide range of
linearity, a fairly low detection limit of 5.0 × 10−7 M and an excellent working pH range of
1.5–11.0. The advantage of this ISE is a fast response time oscillating around 4 s and good
selectivity towards many interfering ions. This electrode has been successfully used in the
determination of perchlorate ions in the samples of mineral and tap water.

Figure 11. The structure of dixanthylium dye [59].

The next two SC-ISEs had a GCE as the basic electrode. In the first one, PEDOT
was used as an intermediate layer and a dodecabenzylbambus[6]uril (Bn12BU [6]) as an
ionophore (Figure 12) [60]. The proposed selectophore binds perchlorate ions very well
due to an almost perfect match between the ion size and the receptor hole. Potentiometric,
cyclic voltammetry, chronopotentiometry and electrochemical impedance spectroscopy
measurements were carried out to verify if the proposed membrane component succeeds
in its role. On the basis of the ISE response, the slope was determined, which equaled
−59.9 mV/decade for the best electrode, which shows that this electrode has excellent
sensitivity, a six-order linearity range and an LOD of 1.0 × 10−6 M. SC-ISE showed good
stability and selectivity towards inorganic ions such as Br−, Cl− and NO3

−.
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Figure 12. The structure of novel ionophore—Bn12BU [6].

The second electrode with a GCE was the ISE with a solid contact in the form of
single-walled carbon nanotubes (SWCNTs), where indium(III) 5,10,15,20-(tetraphenyl)
porphyrin chloride (InIII-porph) (Figure 13) was responsible for the selectivity towards
the main ion [61]. The selectivity of the described electrode was at a high level and the
analytical parameters of the ISE were very close to the SC-ISE proposed by Babaei et al.
The electrode showed very good short-term stability and satisfying electrical parameters,
e.g., the electrical capacitance equal to 27.6 ± 0.7 μF. The ClO4

−-ISE response time is less
than 10 s, and the lifetime oscillates around 8 weeks, which is not a very long period of
time. The electrode was used for the determination of ClO4

− ions in firework samples, and
the results were compared with those obtained by ion chromatography with satisfactory
accuracy. In addition, the measurement of perchlorate anions in urea perchlorate, hydrazine,
ethylenediamine and ammonium was also successful.

Figure 13. The structure of InIII-porph.

7. Bromide Ion-Selective Electrodes

Bromine is a fairly common element that occurs in large quantities in the biosphere.
More often than in its free state, it is found in a bound form, e.g., in inorganic salts, as a
decomposition product of hydrocarbons saturated with bromine, e.g., methyl bromide,
which is a pesticide with toxic effects on humans and the rest of the ecosystem [62]. As
bromine belongs to the group of halides, it has similar properties to chlorine or iodine. This
is quite dangerous because in human organisms the substitution of iodine by bromide ions
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can occur, for example, in thyroid cells, which can cause dysfunction of this organ and of
other functioning on the basis of thyroid hormone homeostasis. In addition, bromine as
a toxin causes nervous system and neuropsychiatric disorders, problems with excessive
muscle tremors and induces dermatological diseases, i.e., dermatitis and rashes [63,64].
Due to its toxicity, it is necessary to determine this element, e.g., in water and food, in order
to verify whether the potential product can be safely consumed by humans. One of the best
solutions involves the use of cheap and easy-to-use potentiometric sensors that selectively
and accurately determine the concentration of this ion in samples. Several Br-ISEs have
been proposed in the last five years, two of those described below have a SC and three have
a LC.

One of the discussed liquid contact electrodes is a classical ISE with a silver chloride
electrode, which was filled with 0.5 M NaBr solution [54]. The role of the bromide ion
carrier was played by TDMABr (tridodecylmethylammonium bromide). This electrode
was different from other Br−-ISEs because of its very wide working pH range of 1.0–11.0.
The sensitivity of this electrode was remarkably high and the measurement results in the
real sample were almost identical to those performed by ion chromatography. Another ISE
with the same Ag|AgCl internal electrode is the electrode where Pt(II) 5,10,15,20-tetra(4-
methoxyphenyl)-porphyrin (PtTMeOPP) was the selective ion carrier (Figure 14) [65]. In
order to characterize the newly developed ionophore, both 1H-NMR and UV-Vis analyses
were performed. A significant advantage of this electrode is its good selectivity and high
sensitivity, as the slope of the response curve reached −64.4 mV/decade. It was successfully
applied to the determination of Br− ions in drug samples.

Figure 14. Structure of PtTMeOPP [65].

A two orders of magnitude wider range of linearity and a lower detection limit of
7.1 × 10−8 M was observed for LC-ISE in which the membrane was a core-shell nanocom-
posite based on boron-doped graphene oxide-aluminium fumarate metal organic frame-
work (BGO/AlFu MOF) (Figure 15) [66]. The nanocomposite was characterized by XRD,
FTIR and SEM techniques, and its absorption properties were investigated by UV-Vis spec-
troscopy technique. The response time of the proposed electrode was about 13 s and the
obtained slope equaled −54.5 mV/decade, which is the worst value among all described
Br−-LC-ISEs.

In the subsequent article [67] three variants of bromide electrodes with a solid contact,
represented by POT sprinkled directly onto the glassy carbon electrode, were presented. The
electrodes differed in the composition of the ion-selective membrane. The mesotetraphenyl-
porphyrin manganese(III)-chloride complex (ionophore 1) was used as the ionophore in the
first option and 4,5-dimethyl-3,6-diacetyl-o-phenylene-bis(mercuritrifluoroacetate) (ionophore
2) in the second. Membrane III contained in its composition, alongside DOS, ionophore
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2 and PVC, the ion exchanger TDMACl. ISE I showed sensitivity to chloride ions; ISE
with membrane III was rejected because it had significantly worse selectivity than ISE with
membrane II. Electrode II, which exhibited the best performance, had a rather low detection
limit of 2.0 × 10−9 M but a narrow linearity range of 1.0 × 10−8–1.0 × 10−6 M.

Figure 15. The structure of BGO/AlFu MOF [66].

A comparison of the analytical parameters of various bromide electrodes is presented
in Table 5.
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8. Iodide Ion-Selective Electrodes

Iodine is one of the most crucial elements for the human body. It not only influences
the proper functioning of the neurological system but also regulates metabolic processes.
It ensures the proper functioning of the thyroid gland and the development of bones or
muscles. It is very important to supply the body with adequate amounts of this micronutri-
ent via food and liquids. A deficiency or excess of this element leads to hypothyroidism
or hyperthyroidism, which, in turn, causes a number of other health problems, such as
circulatory disorders, weakness and mental illnesses [68–70]. Therefore, it is essential to
monitor the amount of iodine in the human diet, and, for this purpose, potentiometric sen-
sors characterized by selectivity and good sensitivity to iodine can be used, as well as other
techniques. Thirteen ISEs are described below, which differed in the type of ionophore, the
intermediate layer, the type of contact and the lead electrode.

For the determination of I− ions, a new iodide electrode was proposed with an
AgI:Ag2S:PTFE ion-sensitive membrane in a ratio of 1:1:2, which was enriched with
nanoparticles of zinc oxide (ZnO) [71]. Several electrodes differing in the amount of
ZnO in the range of 1–5 wt.% were fabricated. The best of the proposed membranes
turned out to be the one marked as M2, which contained 10 mg ZnO (it was examined
by SEM and EDS). Of all the LC-ISEs, this I−-ISE had the slope that was the closest to
Nernstian’s. The range of linearity for the presented potentiometric sensor in comparison to
measurements using voltammetric methods was actually wider by as much as two orders
of magnitude. This electrode was successfully used for the determination of penicillin in
pharmacological samples.

Classic electrodes with liquid contact and silver chloride internal electrodes are de-
scribed in the works of [54,65,72]. They differed in the type of ion-sensitive component that
provided good sensitivity towards iodide ions. Kalayci used tridodecyl-methylammonium
iodide (TDMAI) for I− ion capture. The performance of this electrode was not signifi-
cantly different from other I−-LC-ISEs but was better than that for the sensor proposed
by [65], where PtTMeOPP was used as the ionophore. This electrode had a lower slope
of −52.3 ± 0.4 mV/decade, while the other parameters, i.e., linearity range or LOD,
were not significantly different. A final example of LC-ISEs with Ag|AgCl as the inter-
nal electrode are electrodes modified with newly proposed active ingredients to provide
selectivity to iodide ions. The first such material is the metallic complex platinum(IV)
tetra-tertbutylphthalocyanine dichloride (PctPtCl2) (Figure 16a) [72]. In addition, three
other composites consisting of the above-mentioned complex and the ionic liquid cetylpyri-
dinim chloride (CPCl) (Figure 16d) (CPCl + PctPtCl2) or cetylpyridinuim bromide (CPBr)
(Figure 16c) (CPBr + PctPtCl2) or 1,3-dicetylimidazolium iodide (DCImI) (Figure 16b)
(DCImI + PctPtCl2) were used. These modifications did not have the desirable effect as
these electrodes had the lowest detection limit and narrowest linearity range compared to
the other cited LC-ISEs, and the slope of the characteristics was less than −50 mV/decade
for all electrodes except the one modified with the CPBr + PctPtCl2 composite. Moreover,
in the publication, electrodes with a solid contact that had the same active components
in the ion-selective membrane as those mentioned above, i.e., PctPtCl2, CPCl + PctPtCl2,
CPBr + PctPtCl2, DCImI + PctPtCl2, were also described. The parameters of the proposed
SC-ISEs were clearly more satisfactory than those for the classic ISEs. The best results were
obtained for electrodes modified with a composite of the metal complex and ionic liquid
DCImI + PctPtCl2 and CPBr + PctPtCl2. The second one was used for the determination of
iodide ion content in pharmaceuticals, i.e., Iodomarine 100 and Iodobalanse 100.

Two novel ionophores providing sensitivity to I− ions were characterized in a publi-
cation [73]. They were used as a component of an ion-selective membrane in an SC-ISE,
where a combination of SPE with PANI was used as a solid contact. The first of the new
active ingredients is XB1 (tripodal halogen bonding (XB) ionophore) (Figure 17) and the
second is HB1 (H-triazal analogue of XB1) (Figure 18). Both ionophores were investigated
using NMR techniques (the effect of XB interactions between I− ions and the ionophore was
determined). It is also worth mentioning that the determined selectivity was incompatible
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for the SCN− ion with the Hofmeister series, which indicates that the ionophore binds with
the I− ions, as a result of the NMR measurements. Among the two proposed structures, the
SC-ISE with HB2 as the ionophore proved to be the better solution with higher sensitivity,
but it was not significantly different from the competitive ISE with XB1 in the ISM structure.

Figure 16. Structure of novel iodic ionophores: platinum (IV) tetra-tertbutylphthalocyanine dichlo-
ride (a), 1,3-dicetylimidazolium iodide (b), cetylpyridinuim bromide (c) and cetylpyridinuim
chloride (d) [72].

Figure 17. Structure of XB1 [73].

Figure 18. Structure of HB1 [73].

A comparison of the analytical parameters of various iodide electrodes is presented in
Table 6.
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9. Ion-Selective Electrodes Sensitive to S2−, SO3
2− and SO4

2− Ions

Sulfur is one of the basic micronutrients that are essential for the human organism. It
is not only a component of amino acids and proteins, but it is also an important element
crucial and necessary for metabolic processes that take place in the body [74]. Sulfur is,
apart from other things, a component of insulin, and a deficiency of this element can
therefore lead to hyper- or hypoglycemia; it has an anti-inflammatory effect and is involved
in the synthesis of connective tissue. Sulfur compounds are also important nutrients for the
growth and development of plants [75]. Both a deficiency and an excess of this element,
its compounds and ions are not beneficial to humans and animals, as well as to the flora
and the rest of the environment. Therefore, a variety of techniques are used to determine
the amount of these molecules. One of the leading methods is potentiometry, so newer
and newer ISEs are being constructed to provide accurate and sensitive measurements.
This review focuses on ten electrodes that are designed to monitor the concentration of
sulfur-containing ions, where four are sensitive to S2− ions, two to SO3

2− ions and four to
SO4

2− ions.
For the detection of S2− ions, four different ISEs were recently constructed, including

three with a liquid contact and one with a layer of solid contact. One of the LC-ISEs
described in the publication [76] had an ion-selective membrane made of Ag2S, which
was obtained by sedimentation. The membrane in the form of a disk was placed at one
end of a PVC case containing a 1 × 10−6 M Na2S (electrolyte solution), which provided a
conductivity between the membrane and the Ag|AgCl inner electrode. The parameters
that were obtained for the proposed electrode were quite satisfying, i.e., a low limit of
detection of 2.3 × 10−7 M, a six-order linearity range and an almost Nernstian slope of
−28.2 mV/decade. A fairly fast electrode response of 5–17 s was also obtained. This
electrode can be used for the determination of sulfide ions in various types of solutions
and industrial water used in oil refineries.

Another two LC-ISEs were described by Matveichuk et al. [77]. In this study, the
electrodes differing in an ion carrier were compared. One of these was the previously
used 4-(trifluoroacetyl)heptyl ester of benzoic acid (TFA-BAHE), and the other was the
new PVC-modified 4-(trifluoroacetyl)benzoate (TFAB-PVC) shown in Figure 19. The use of
TFAB-PVC resulted in an extension of the electrode lifetime in comparison to ISE, where
TFABAHE was used. This was probably due to the fact that the covalent bonding between
the TFAB and the PVC matrix prevented its elution from the membrane. Depending on
the environment, this process has a different course. Both of the presented electrodes
had almost identical parameters, i.e., slope, linearity range and LOD. The change of ion
carrier had a positive effect on the electrode’s lifetime, and an additional advantage is the
possibility to perform measurements in alkaline and acidic environments.

Figure 19. The structure of TFAB-PVC [77].

The last S2−-ISE is an electrode composed of a silver wire (inner electrode) to which
a transducer layer in the form of reduced graphene sheets (RGSs) (solid contact) was
electrodeposited by reducing graphene oxide [78]. The final step in the preparation of this
electrode was the electrodeposition of Ag2S constituting the ISM. The proposed electrode
showed good 7-day potential stability, as well as satisfactory selectivity, but had an order
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of magnitude more narrow linearity range than the other presented ISEs. The electrode
exhibited a super-Nerstian slope of characteristics of about −200 mV/decade. The authors
explain this by the phenomenon of ion bonding in the solid contact layer that results in
increased transport of ions from the diffusion layer.

Another potentiometrically monitored anion is the SO3
2− ion, and the electrodes

sensitive to it were described in the work [79]. Two screen-printed electrodes with a
polymeric membrane containing cobalt(II) phthalocyanine (CoPC) as a material for selective
detection of SO3

2− ions were proposed. These two electrodes differed in the solid contact
layer, which was constituted by organic conductors, i.e., carboxyl functionalized multi-
walled carbon nanotubes (MWCNTs-COOH) or polyaniline nanofibers (PANINFs). Both
described electrodes had a rather narrow range of linearity. The MWCNTs-COOH-modified
electrode had a better electrode response of −29.8 mV/decade and a lower LOD, as well as
better electrical parameters of C = 26.1 μF and R = 5.3 kΩ compared to the one in which
the intermediate layer was PANINFs. In addition, the ISEs were not sensitive to changes
in environmental conditions, i.e., the presence of light and gases (O2 and CO2). They also
positively passed the water layer test.

Among the four ISEs intended for the determination of SO4
2− ions, the CPE (carbon

paste electrode) showed the best predisposition in this direction, where the function of the
ionophore was performed by a Schiff base complex with nickel (Figure 20) [80]. To verify
whether there are no sulfide ions in the complex and if it is suitable to be an ionophore,
UV-Vis spectra were determined. Good parameter values were obtained: a Nernst response
of −29.7 mV/decade, a nanomole LOD value of 5.0 × 10−9 M and a satisfactory linearity
range of 7.5 × 10−9–1.5 × 10−3 M. The effect of temperature and the sensitivity of the
potential to changes of pH were also tested. The electrode was successfully used for the
determination of SO4

2− ions in real samples, i.e., mineral water or blood serum.

Figure 20. Schiff base complex with nickel used as a sulfate ionophore [80].

Three further electrodes that differed in the type of ion carrier were described in arti-
cles [77,81]. In all electrodes, a solution of 0.01 M Na2SO4 and 0.001 M KCl was used as the
internal electrolyte. The ingredient providing selectivity in the electrode described in the pa-
per [81] was the higher quaternary ammonium salt 3,4,5-tris(dodecyloxy)benzyl(oxyethyl)3
trimethylammonium chloride ((oxyethyl)3TM) which was the ion exchanger (Figure 21).
Meanwhile, in the work [77], the anionic ion carrier TFABAHE and the neutral ion carrier
TFAB-PVC were used for this purpose. Among the above-mentioned electrodes, the highest
slope of the characteristic of −27 mV/decade and the lowest limit of detection showed the
ISE in which the ion exchange (oxyethyl)3TM was used as the ionophore. Furthermore, the
lifetime of this electrode was approximately 1 month. The second in terms of quality was
the TFABAHE-modified electrode, which slightly outperformed the competitive ISE with
TFAB-PVC as the ion carrier.
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Figure 21. The structure of (oxyethyl)3TM.

The basic analytical parameters of ISEs sensitive to S2−, SO3
2− and SO4

2− ions are
presented in Table 7.
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10. Ion-Selective Electrodes Sensitive to Phosphates

Phosphorus ions are a fairly common constituent contained in food, drinking water
and soil. They have a major impact not only on human health but also on the economy,
flora, fauna and industry. As a micronutrient, phosphorus is involved in the synthesis
of phospholipids and other nucleic proteins [82]. In addition, phosphorus compounds
are used quite abundantly in the production of fertilizers. They permeate from the soil
into the groundwater and then further, which results in surface eutrophication of water
reservoirs [83,84]. This process reduces the oxygen saturation of water and causes the
death of many aquatic organisms. Phosphorus ions are also present in processed foods, e.g.,
meats, beverages and vegetables, where they have a preservative function, but an excess of
phosphorus can cause a negative response in the human body, i.e., circulatory problems or
problems with the urological system, e.g., kidneys. The maximum number of phosphates
in drinking water according to the. WHO is 1 mg/L [85]. For this reason, it is extremely
important to improve the methods used to detect phosphate concentrations. One possibility
is the use of ion-selective electrodes, which are not only a simple and inexpensive tool, but
also give satisfactory, accurate results at a micromole level for phosphates. Over the past
few years, four ISEs sensitive to H2PO4

− ions, seven selectively detecting HPO4
2− ions

and three sensitive to PO4
3− ions have been developed.

One of the four electrodes used to determine the H2PO4
− ion was a type of ISE with an

internal electrolyte. In the publication [86], a new ionophore 1,3-phenylenebis(methylene)[3-
(N,N-diethyl)carbamoylpyridinium] hexafluorophosphate (bis-meta-NICO-PF6) (Figure 22)
that provides selectivity for ISE was presented. The same type of ionophores was also
presented in bis-, tris- and para-isomerism, but it was the meta-isomer that had the highest
affinity for phosphates, which was confirmed by NMR studies. In this paper, two types of
the applied membrane were presented: one of them was a classic polymeric membrane,
while the other one was a double membrane consisting of a polymeric membrane coated
with a silicon rubber (SR) solution layer that was in direct contact with the solution after
evaporation of the solvent. The SR layer was introduced to prevent the washing-out of the
ionophore from the membrane. Thanks to this, the life of the electrode was extended to
approximately 40 days and the electrode response was improved by −15.4 mV/decade com-
pared to an electrode without SR. An additional advantage of this ISE is its good selectivity.

Figure 22. The structure of bis-meta-NICO-PF6 [86].

The next three electrodes are electrodes without IE. They have, as leading electrodes,
glassy carbon (GCE) [87], carbon paste electrode (CPE) [88] and Cu wire [89], respec-
tively. The publication [87] presents a novel nanocomposite consisting of polypyrrole (PPy),
cobalt and mesoporous ordered carbon (Co-PPY-OMC), which was deposited on GCE in
a one-step electrodeposition at constant potential. In order to determine the appropriate
component ratios of the selective layer, Response Surface Methodology (RSM) combined
with Box Behnken Design (BBD) was used. EIS measurements were carried out and showed
that the use of the nanocomposite resulted in a reduction of resistance. Moreover, a satis-
factory LOD of 6.8 × 10−6 M and a fairly short response time of 9 s were observed. The
ISE had a relatively low potential drift of 1.45 μV/s but unfortunately showed a variable

164



Materials 2023, 16, 5779

slope depending on the pH value. On the other hand, in the paper [88], the preparation of
the hydrogen phosphate ion-imprinted polymer nanoparticles (nano-IIP) in ACN/H2O
(acetonitrile/water) with the help of a matrix in the form of H2PO4 was presented. Nano-
IIP is a novel component providing the carbon paste ISEs selectivity to H2PO4 ions. The
LOD of the presented electrode reached micromole values. In addition, the electrode is not
resistant to pH changes and its potential varies with the pH value. It is associated with the
deprotonation that occurred at the interface between the solution and the nano-IIP due to
the presence of pyridinium groups. For both Co-PPY-OMC/ISEs and nano-IIP/ISEs the
slope is quite weak, deviating fairly strongly from the Nernst value: −31.6 mV/decade and
−30.6 mV/decade, respectively. This is quite a disadvantage of such ISEs and may be
related, for instance, to the leaching of ionophores from the membranes. The electrode de-
scribed in the publication [89] had a solid crystalline membrane obtained from a compressed
mixture of Ba3PO4, Cu2S and Ag2S salts connected to a Cu wire. The electrode showed
a much higher sensitivity because the slope was similar to Nernstian:−57 mV/decade.
In addition, it had the widest linearity range of 1.0 × 10−6–1.0 × 10−1 M, as well as the
lowest detection limit of 2.4 × 10−7 M. The slope value was determined for the electrode
conditioned in 0.1 M NaH2PO4 buffer solution, while for the electrodes stored in air and
water, the slope was −20.6 mV/decade and −27.5 mV/decade, respectively. Unfortunately,
in the publication, there is no explicit statement as to which form of phosphate ion the
electrode is sensitive to.

Among the HPO4
2− ion-selective electrodes, there are six electrodes with solid contact

and two with an internal electrolyte. Two of the SC-type electrodes had a Cu wire as the
leading electrode. In the carbon paste ISE construction, a new copolymer (whose structure
is shown in Figure 23) and MWCNTs were used [90]. The newly proposed layer was
characterized using FTIR, XPS, TG/DTG-DTA and SEM techniques. A satisfying response
of the electrode for the divalent main ion of −30.7 ± 0.4 mV/decade was obtained. The
ISE exhibited a potential drift of 0.48 mV. In addition, the lifetime of HPO4

2−-ISE was
17 weeks, so it is possible to use it repeatably. The solid-state monohydrogen phosphate
sensor was used to determine the content of HPO4

2− ions in many samples with very good
reproducibility, i.e., tap water, dam water and river water.

Figure 23. Cross-linked copper(II) doped copolymer [90].

The article [91] presents a new SC-type electrode in which Bi particles were electrolyt-
ically deposited onto a platinum wire (Pt wire) from a solution of potassium citrate and
bismuth using a Shoddy diode and a function generator. The ion-sensitive function was
performed by a BiPO4 membrane, which was deposited by electroplating using chronoam-
perometry. The surface of the resulting structures was studied by the SEM technique,
which confirmed that both materials formed a homogeneous layer. The described electrode
was characterized by good analytical performance with a slope of −30.3 mV/decade, a
six-order linearity range and an LOD equal to 7.7 × 10−7 M. Moreover, the advantage of
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the electrode is its response time of 1–2 s and also good reversibility and stability of the
potential in different concentrations. The electrode showed a lifetime longer than 90 days.
The most convenient working range of the pH value is between 5–9. The electrode was suc-
cessfully applied to the determination of HPO4

2− ions in natural water. The disadvantage
of this electrode is its high sensitivity to chloride ions, and, therefore, it cannot be used in
chlorinated solutions, e.g., seawater samples, glacial water samples, etc.

A new electrode based on a molybdenum wire was also proposed for the determi-
nation of HPO4

2− ions [92]. The Mo wire was placed in a silicon tube in which one end
was covered with a resin in order to prevent it from entering the sample solution. Subse-
quently, electrochemical deposition of MoO2 + PMo12O40

3− (molybdenum dioxide and
molybdophosphate) was carried out until the electrode turned black and the solution
turned green. This layer was the ion-sensitive layer towards the hydrogen phosphate
ions. The measurements were performed in solutions of the main ion at different pH
values, and pH = 9 was found to be the most optimal value. On the basis of the calibration
curve, a slope of −27 mV/decade, an LOD equal to 1 μM as well as a linearity range of
1.0 × 10−5–1.0 × 10−1 M were determined. The disadvantage of this electrode is its rather
long response time of approximately 5 min.

In the work [93], two kinds of hydrogen-phosphate electrodes in which two types of
ion-selective membranes were used were proposed. Both electrodes contained a mixture
of silver salts (Ag3PO4 + Ag2S) but differed in the dopants, the method of membrane
preparation and the type of electrode material. In the electrode marked ‘type 1 membrane’,
the inner electrode was a stainless steel disc (SSD) and the third membrane component was
polytetrafluoroethylene (PTFE) constituting 50% of the membrane weight. The components
of the mixture were pressed together then placed in a Teflon casing and connected to
the SSD. In the electrode described as a ‘type 2 membrane’, the inner electrode was a
copper wire while the salt mixture that was used was enriched with multi-walled carbon
nanotubes (MWCNTs) (2%). The membrane was prepared by homogenizing the composite
mixture with linseed oil, which was then placed in a plastic tube. Subsequently, the Cu
wire was immersed in it and then allowed to dry for three days. Both electrodes had the
same linearity range and a similar LOD but differed significantly in the slope, which was
−21.0 mV/decade for the PTFE-modified electrode and −32.6 mV/decade for the ISE with
MWCNTs, which was considerably better. For some parameters, the results were only
presented for one electrode, i.e., the response time was only presented for the ISE ‘type
2 electrode’ and amounted to nearly 60 s. According to the authors’ description, the type
1 electrode showed a lifetime of two years, while the type 2 electrode showed a lifetime
of only a few days. Definitely, a better comparison of the properties of the conductive
materials would be if the same type of internal electrode and method of electrode formation
was used because a comparison of the parameters of two completely different electrodes is
not adequate.

Only two of the seven electrodes sensitive to HPO4
2− ions had a construction using

an internal electrolyte; they are described in [77], where a new material performing the
function of a neutral ion carrier was presented, which had already been used for the S2− and
SO4

2− ion-sensitive electrodes. In this case, ion-sensitive layers in the form of TFAB-PVC
and TFABAHE worked similarly well, as can be seen by the good response and LOD of
the electrodes. The TFAB-PVC-modified electrode showed a significantly longer lifetime,
while the presence of TFABAHE reduced the lifetime of the electrodes by 60 days compared
to the unmodified electrode with this carrier. The presence of chemically modified PVC
improved the selectivity and limit of detection.

The last type of electrodes described was PO4
3−-ISEs, which are presented in [94].

All three electrodes were made up of Cu wire immersed in an internal electrolyte of
0.001 M KCl + 0.001 M Na3PO4. To ensure selectivity, membranes were prepared us-
ing phosphate-imprinted polymers as ionophores: IIP-1 (chitosan-La(III)-PO4

3−), IIP-2
(chitosan-La(III)-AAPTS-PO4

3−) and IIP-3 (AAPTS-La(III)-PO4
3−). The applied materials

were investigated using FTIR. Calibration curves were obtained, based on which the slope,
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LOD and linearity range were determined. The slope of the characteristics was extremely
different from Nernsian’s and equaled, respectively, −3.2 mV/decade, −1.9 mV/decade
and −3.7 mV/decade for IIP-1/ISE, IIP-2/ISE and IIP-3/ISE, indicating their very weak
sensitivity. Despite of the inclusion of information in the publication that each electrode
had a linearity range of 1.0 × 10−6–1.0 × 10−2 M, this value is only true for IIP-1-ISE,
while this value was incorrectly reported for the other ISEs. The electrodes showed high
sensitivity to changes in the pH value and extremally long response times of 150, 130 and
30 min sequentially for the ISEs modified with IIP-1, IIP-2 and IIP-3.

A comparison of the analytical parameters of various phosphate electrodes is presented
in Table 8.
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11. Ion-Selective Electrodes Sensitive to Tiocyanate Ions

The thiocyanate anions have toxic impacts on humans and other living organisms. One
of the effects of the excessive amount of SCN− ions, e.g., in milk, is the inhibition of iodine
uptake by the thyroid gland, loss of consciousness and intense dizziness. Newborns and
pregnant women are the most susceptible to the influence of SCN−, as well as organisms
living in communities located far from saline water reservoirs, which are the source of
iodine [95,96]. Increased thiocyanide concentrations in the human body are associated with
excessive smoking (passive and direct smokers) or industrial pollution. The thiocyanates
are the compounds that have the greatest environmental impact on iodine metabolism in the
body and therefore on the occurrence of diseases associated with thyroid malfunction [97,98].
Consequently, it is necessary to monitor the concentration of these ions in order to protect
ourselves from being excessively exposed to them. For this purpose, we can use low-cost
and fast-measuring instruments such as ion-selective electrodes. Over the past few years,
five new modifications of SCN−-ISEs have been proposed to improve their performance.

In the article [99], liquid contact electrodes in the form of a 0.01 M KSCN solution
were used to determine SCN− ions in the human saliva of smokers and non-smokers.
Several ionophores for the detection of thiocyanides were described in the present study,
but ultimately 3,4,5-tris(dodecyloxy)benzyltrilauryl ammonium (TL) bromide was used as
the membrane component of the presented ISE (Figure 24). The electrode had a wide pH
range of 0.5–12.5 and a good detection limit of 5.6 × 10−6 M. The ISE was also characterized
by an average slope and linearity range.

Figure 24. Structure of 3,4,5-tris(dodecyloxy)benzyltrilauryl ammonium (TL) bromide [99].

Urbanowicz et al. presented three types of SCN−-ISEs, where one was a liquid and
two were solid contact electrodes [100]. All three electrodes in the membrane had as an
ionophore a tetrakis-(4-diphenylmethylphosphonium-butoxy)-tetrakis-p-tert-butylcalix
[4]arene tetrathiocyanate (Figure 25). For the liquid-contact electrode, the ionophore mem-
brane was placed in the Ag|AgCl electrode body and then immersed in 0.001 M KCl,
which was the internal electrolyte. On the other hand, electrodes without an internal
electrolyte were created by dropping an appropriate volume of membrane mixture on
the surface contact of GC electrodes or Au rods. In this study, membranes with three
plasticizers o-NPOE, BBPA and chloroparaffins were investigated. Among all three elec-
trodes, the best performance was obtained for SCN−/GCE/ISE, where a Nernstian slope of
−59.9 ± 0.3 mV/decade was achieved. Both SC-type electrodes showed an order of magni-
tude wider range of linearity with respect to LC-ISE. Analogous to the electrode described
in the previous paper, the concentration of SCN− ions in the saliva of non-smokers and
smokers was investigated.
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Figure 25. The structure of a new ionophore—tetrakis-(4-diphenylmethylphosphonium-butoxy)-
tetrakis-p-tert-butylcalix [4]arene tetrathiocyanate [100].

The last SCN−-ISE described in this review is the LC electrode (Ag|AgCl immersed
in an electrolyte constituted by a mixture of 0.01 M NaSCN and 0.1 M NaCl) [101]. The
ion-selective membrane was a sol-gel-based matrix in which the active ingredient was tri-
caprylylmethylammonium thiocyanate (Aliquat336-SCN) (ionophore). The results obtained
for this electrode were compared with those for an ISE using a conventional polymeric
PVC membrane. Better selectivity towards anions, i.e., ClO4

− and SiO4
−, was obtained.

Compared to the other liquid contact electrodes, it had the highest slope value (highest
sensitivity), while the other parameters were very similar. This electrode was also used for
the determination of SCN− ions in human saliva.

A comparison of the analytical parameters of various thiocyanate electrodes is pre-
sented in Table 9.
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12. Ion-Selective Electrodes Sensitive to Other Ions

The development of ion-selective electrodes is still in progress and newer and newer
sensors that selectively detect a large range of ions were introduced by researchers. Over
the past five years, single solutions have been presented for the determination of ions such
as AsO4

3−, BO3
3−, CH3COO−, CO3

2− and SiO3
2−.

An electrode sensitive to AsO4
3− ions was presented in 2018 by Khan et al. [102]. A

new fibrous poly-methylmethacrylate-ZnO (PMMA-ZnO) ion exchanger (Figure 26) was
proposed, which was prepared by a solid-gel method. The newly formed material was then
characterized by techniques, i.e., FTIR, SEM, TEM, XRD, TGA and EDX. It showed very
good properties and was successfully applied as an active component of an ion-selective
membrane providing selectivity to arsenic ions. The presented LC-ISE exhibited a super-
Nerstian response of the electrode (slope of −28.6 mV/decade for the trivalent ion), a
nine-order linearity range and a nanomole detection limit of 1.0 × 10−9 M. The response
time of such an electrode is about 35 s, whereas a great advantage is the possibility of using
it for a period of 12 months.

Figure 26. The structure of PMMA-ZnO [102].

In order to monitor glucose and glycate in blood and to determine the boron in real
samples, an electrode sensitive to BO3

3− ions was invented [103]. This electrode is based
on a composite of multi-walled carbon nanotubes and Ag2B4O7, which simultaneously
acts as a solid contact layer and a BO3

3− ion trapping material. The MWCNTs provide
good ionic conductivity, while the other component of the composite provides ISE se-
lectivity. The composite membrane was placed in a tube and compressed before being
placed on a Cu wire. The performance of the electrode was not remarkable because the
LOD = 5.6 × 10−5 M and the linearity range was equal to 1.0 × 10−4–1.0 × 10−1 M. The
advantage is that the electrode is not sensitive to the presence of interfering ions and its life-
time extends to 18 weeks. Moreover, good potential reversibility of such an electrode was
reported. It was successfully used for the determination of boron in rocks, soil and water
because comparable results to those achieved by the ICP-MS technique were obtained.

The determination of CH3COO− ions in aqueous solutions was presented in [104],
where a solid contact electrode with 1,3-bic(carbosyl)urea derivate acting as the ionophore
was described (Figure 27). The function of the solid contact was performed by the con-
ductive polymer PEDOT, which was deposited on the GCE surface by galvanostatic elec-
tropolymerization. A polymeric ion-selective membrane containing the proposed active
ingredient was then dropped on the prepared surface. The impedance measurements using
EIS as well as the parameters determined by potentiometric measurements were carried
out for CH3COO−-ISE, all of which were not impressive. A narrow linearity range and a
low LOD were obtained, as well as a slope = −51.3 mV/decade. Measurements cannot be
performed in alkaline solutions due to the high probability of OH− ions interference. In
comparison to the electrode that contained the TDMACl ion exchanger, a weaker influence
of interfering ions, i.e., SCN−, I−, Br− and NO3

−, was obtained.
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Figure 27. The structure of 1,3-bic(carbozyl)urea derivate [104].

The new carbonate electrode proposed by the team of Zhang et al. can be used for
the exploration of deep-sea hydrothermal activity [105]. It has carbonate film as the solid
contact and carbonate ionophore VII as the ionophore. In order to make such an electrode
selective for CO3

2− ions, a carbon film was first applied electrochemically to the Ni wire
and then that electrode was immersed in a solution containing the ion-sensitive component.
To characterize the formed film on the electrode morphologically, the SEM technique was
used. Subsequently, analytical parameters that were at a very good level were determined,
including slope = −30.4 mV/decade and LOD = 2.8 × 10−6 M. The electrode also showed
good reproducibility and potential stability, so the carbon film proved to work well as a
solid contact.

To ensure the possibility of measuring silicates in aqueous solutions containing small
amounts of chlorine, an ISE which was Ag wire coated by the Pb film was proposed [106].
Selectivity for silicates was provided by a PbSiO3 membrane, which was electrochemically
applied to the surface of the sensor. The electrode was characterized by good sensitivity, as
is evidenced by an over-Nernst slope for this type of ion, as well as a satisfying detection
limit of 2.8 × 10−6 M. An advantage of this electrode is its fast response time of 5 s. It
showed good selectivity towards SiO3

2− ions and was not affected by the interfering
ions NO3

−, CH3COO− and CO3
2−. The electrode needs to be improved in terms of its

sensitivity to Cl− ions so that it can be applied to different types of samples.
The basic analytical parameters of other ISEs described above are presented in Table 10.
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13. Conclusions

This has been a review of the new materials used in the construction of ion-selective
electrodes for anion determination. From this overview of more than 100 different anion-
selective electrodes, two main research directions can be distinguished, one concerning the
development of new ionophores and the other concerning the improvement of the construc-
tion, mainly related to the introduction of new materials of solid contact or components
of paste electrodes. Depending on the type of ion, one or the other direction is dominant,
e.g., in the case of nitrate electrodes, most of the papers concern solid contact materials,
while in the co-publications concerning new phosphate electrodes, papers describing new
ionophores predominate. Among the active substances of the membrane used to obtain
the selectivity of a specific ion, ion exchange substances and sparingly soluble salts still
dominate. Conductive materials used as intermediate layers or membrane modifiers in
ASS-ISEs are mainly conductive polymers, carbon nanomaterials, metal nanoparticles and
composite or hybrid materials.

The use of new materials in the construction of ISEs allowed to obtain electrodes with
better performance and more convenient to use. This is a valuable achievement considering
the numerous advantages of potentiometry, and it is all the more important that there are
far fewer alternative determination methods for anions.

In the area of anion-selective electrodes, the development of effective ionophores
for hydrophilic anions (carbonates, phosphates and sulfates) is still a current research
topic. Another prospective direction of research includes the use of composite materials,
especially nanocomposites, based on carbon nanomaterials and metal oxide nanoparticles.
These materials combine the valuable properties of the constituent components, which
opens up new fields for their effective applications.
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