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ABSTRACT: Due to environmental contamination and the depletion of
energy supplies, it is very important to develop low-cost, high-performance,
multifunctional electrocatalysts for energy conversion and storage systems.
Herein, we report the development of cost-effective modified electrodes
containing g-C;N,/chlorocobaloxime composites (C1—C4) and their electro-
catalytic behavior toward the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER), followed by their energy-storage applications.
A series of chlorocobaloximes {ClCo(dpgH),B} with diphenylglyoxime (dpgH)
and neutral bases (B) containing a carboxylic acid moiety (isonicotinic acid,
pyridine-3,5-dicarboxylic acid, indole-2-carboxylic acid, and p-aminobenzoic
acid) have been synthesized and characterized by spectroscopic techniques. The
nanocomposites of g-C;N,/chlorocobaloximes are prepared and characterized
by Fourier transform infrared (FTIR) spectroscopy, ultraviolet—visible diffuse
reflectance spectroscopy (UV-DRS), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), X-ray photoelectron spectroscopy (XPS), particle size distribution analysis
(PSA), Brunauer—Emmett—Teller (BET), and energy dispersive X-ray analysis (EDAX) techniques. The composite coatings exhibit
enhanced HER performance at lower overpotential and with a lower Tafel slope. When the water-splitting reactions are studied
using 0.5 M H,SO, and 0.5 M KOH as electrolytic solutions, the composite g-C;N,/C2 containing pyridine-3,5-dicarboxylic acid as
a neutral base shows excellent HER activity with a lower overpotential of 173 mV at —10 mA cm™* and OER activity with a lower
overpotential of 303 mV. The HER reaction takes place through the Volmer—Heyrovsky mechanism, where the desorption step is
the rate-determining step. Among the synthesized nanocomposites, the nanocomposite g-C3N,/C2 shows higher efficiency toward
both HER and OER reactions, with a lower Tafel slope of S5 mV dec™" for HER and 114 mV dec™' for OER than the other
nanocomposites. The overall water-splitting studies of the composite g-C;N,/C2 in 0.5 M KOH indicate that the evolution of
hydrogen and oxygen occurs constantly up to 120 h. The supercapacitance applications studied using cyclic voltammetry and
charge—discharge studies indicate that the nanocomposite g-C;N,/C1 shows a good specific capacitance of 236 F g ™' at 0.5 A g™*
compared to others. The increased electrochemical performance of the synthesized nanocomposites is due to the incorporation of
electron-withdrawing carboxylic-acid-functionalized neutral bases present in cobaloximes, which increases electron mobility. The
incorporation of a cobaloxime complex into a g-C;N, nanosheet enhances the electrocatalytic behavior of the nanosheet, and its
performance can further be fine-tuned by systematic variation in the structure of cobaloxime by changing the halide ion, dioxime, the
neutral base ligand, or the substituent.

1. INTRODUCTION problem. In a water-splitting reaction, water can be split into
The issue of energy scarcity and environmental damage caused two chemical forms such as hydrogen and oxygen through
by the heavy usage of fossil fuels has sparked considerable electrocatalytic reactions, namely, the hydrogen evolution
concern. Therefore, there is a continuous interest in the reaction [HER] and the oxygen evolution reaction [OER],
production of clean, alternative, and sustainable energy sources respectively.”™ But the higher overpotential values of HER
since nonrenewable energy sources are not constant, and they and OER limit their electrocatalytic efficiencies as the quantity

cannot be used endlessly as power sources.' "~ Progress in this
approach will definitely reduce the release of greenhouse gases
and the overdependence on fossil fuels. For developing a stable
and efficient renewable energy system, two essential !
components namely energy conversion and energy-storage Published: August 29, 2023 E;mﬁmm
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capacity are essential.”® Converting renewable energy to i
chemical energy storage in the form of hydrogen by water
splitting is a promising and viable solution to this challenging
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of hydrogen and oxygen adsorbed on the catalyst surface has a
substantial impact on the catalyst’s activity.'”"" According to
the literature reports, the most advanced electrocatalytically
active electrode materials, which have less overpotential, are
platinum, iridium oxide, and ruthenium oxide.'”"®> However,
due to their cost considerations, they could not be used on a
larger scale. It is therefore essential to look for bifunctional
platinum-free catalysts that simultaneously catalyze HER and
OER reactions.'* Many earth-abundant transition metal
sulfides, nitrides, phosphides, hydroxides/oxides, carbides,
and transition metal complexes have been explored as
bifunctional catalysts for electrochemical water-splitting
applications.'

Similarly, developing a storage device with high efficiency
and low cost is also a challenge. Most of the storage devices
used nowadays are Li-ion batteries and supercapacitors. In Li-
ion batteries, when the charge and discharge processes take
place, they undergo a deintercalation reaction, but their
specific capacity is lost during increasing cycle time or current
density. This is the major drawback of using these batteries for
future use including portable electronics, medical devices,
etc.'® In terms of power density and energy density,
supercapacitors can replace batteries and conventional
capacitors.'” Meanwhile, due to their fast charge—discharge
rate and extended lifetime, supercapacitors have attracted
significant research attention as efficient energy-storage
systems.18

Many of the transition-metal-based molecular electro-
catalysts can function as the most efficient catalysts in
nonaqueous solvents than the aqueous solvents which limit
their usage for commercial applications.'” Additionally, these
metal complexes degrade in acidic media, which affects their
stability and lowers their water splitting and supercapacitor
efficiency. Therefore, at present, research work in this area is
focused on developing catalysts with high efficiency and
stability in an aqueous medium. For this purpose, a lot of
researchers have validated that encapsulation of metal
complexes inside a carbon-based substrate, such as graphene,
carbon nitrides, etc., increases the stability and efficiency of
water splittin§ and supercapacitor applications and other
applications.”””" Among the reported carbon substrate
materials, two-dimensional carbon nitride (g-C3N,),”*™>°
having higher nitrogen content, is gaining importance as a
catalyst for su})ercapacitor and water-splitting applications in
recent times.”””” However, it possesses fewer active sites and
high resistance that limit their applications. To overcome this
issue, g-C;N, combined with metal complexes or metal oxides
has been explored and it has been found that the introduction
of these catalysts increases its active site, thereby increasing its
efficiency.””” Several g-C;N, composites with metal oxides,*
metals,”’ carbon,’” and metal phosphides” have been studied
for water-splitting activity, and it has been found that the
catalyst’s incorporation into the g-C;N, matrix improves the
performance.

Carbon, metal oxides, and polymer electrodes have generally
been used for supercapacitor applications. Recently, a graphite
sheet electrode has been given more importance than the other
carbon electrodes for studying the electrocatalytic and
supercapacitor applications as the graphite sheet electrode is
more cost-effective than CNT,** ITO,*> GCE,*® etc. More-
over, the graphite sheet electrode has excellent electrical
conductivity and high porosity. This property of the graphite
sheet electrode can enhance the efficiency in both storage and

energy conversion applications.”” Nowadays, transition metals
have recently been employed extensively in electrode materials
for supercapacitor applications as they are affordable, simple to
acquire, have more redox valence states, have stable structures,
and have outstanding chemical and physical properties. These
properties can speed up the charging and discharging process
and also allow full contact between the electrode material and
the electrolyte.”®””

Significant advancement in the area of research on
cobaloxime complexes {having general formula XCo(L),B
(where X = monoanion, L = dioxime monoanion, and B=
neutral bases)}, considered as the better model complexes of
vitamin B,,, has taken place over the period of time particularly
in the area of catalysis. Their advantages include closer
simulation of the reactions of vitamin B,-based enzymes, facile
synthesis, and more importantly, fine-tuning of the electronic
and steric properties of the axial (X, B) and equatorial (L)
ligands can be done effortlessly. Recently, a lot of importance
has been devoted to the application of cobaloxime complexes
toward photocatalytic and electrocatalytic hydrogen evolution
reactions.”” The electrocatalytic activity of the cobaloxime
complexes with MoS,*" graphene,”” and MOF*’ has been
reported earlier. The g-C;N,/cobaloxime nanocomposites
have been studied extensively for their photocatalytic
activity,”** but the electrocatalytic activity of g-C;N, and g-
C;N,/cobaloxime composites has not been explored much.
Similarly, the supercapacitor application of cobaloxime
complexes has not yet been reported yet. Among the reported
cobaloximes, most of the cobaloximes are known with
dimethyl glyoximes (dmgH) as an equatorial ligand, and
complexes with other dioximes are relatively unexplored. Also,
the electrocatalytic properties of cobaloximes containing
diphenyl glyoximes have not been probed yet, and in
particular, the electrocatalytic activity of modified electrodes
containing cobaloximes with diphenylglyoxime and function-
alized neutral bases has not been studied. It is well established
that the effect of the substituent plays a vital role in the
reactivity of cobaloxime complexes.

Keeping all of the above facts, we report here the synthesis,
characterization, and electrocatalytic applications of cost-
effective g-C3N,/chlorocobaloxime nanocomposites containing
carboxylic acid functionality. For this study, a series of
chlorocobaloxime complexes with diphenyl glyoximes and
neutral bases containing carboxylic acid functionality have
been synthesized and characterized. The synthesized com-
plexes have been converted into nanocomposites with g-C;N,,
and the characterization of the synthesized nanocomposites
using various techniques is described. Finally, the composites
have been coated on the graphite sheet electrode, and their
utilization toward overall water-splitting (HER and OER)
reactions and supercapacitor applications are discussed.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Urea powder (CH,N,0)-
97% (Himedia), cobalt chloride hexahydrate (CoCl,-6H,0)-
97% (Avra), isonicotinic acid (C4HNO,)-99% (Sigma-
Aldrich), p-aminobenzoic acid (C;H,NO,)-99% (Alfa Aeser),
indole-2-carboxylic acid (CoH,NO,)-95% (Avra), pyridine-3,5-
dicarboxylic acid (C,HsNO,)-97% (Avra), acetonitrile
(CH;CN) (Avra), and ethanol (C,H;OH)—analytical grade
were purchased and used without further purification. The
graphite sheet electrode with a 0.5 mm thickness was used as a
working electrode.

https://doi.org/10.1021/acsomega.3c04347
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Scheme 1. General Scheme for the Synthesis of Chlorocobaloximes
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2.2. General Procedure for the Synthesis of Chlor-
ocobaloximes. Chlorocobaloximes were synthesized by the
general procedure as given below (Scheme 1). To a refluxing
solution of CoCl,-6H,0 (4.2 mmol) and dpgH, (8.4 mmol) in
40 mL of ethanol, the base [isonicotinic acid (1), pyridine-3,S-
dicarboxylic acid (2), indole-2-carboxylic acid (3) and p-
aminobenzoic acid (4)] (8.4 mmol) was added with constant
stirring. The mixture was refluxed for 6 h and allowed to cool
to room temperature. Air was passed through the solution for 2
h. The brown microcrystalline precipitate formed was filtered
off, washed with a solvent [2 X 10 mL], and dried under a
vacuum to get the desired product, and the complexes were
characterized by spectroscopic techniques.™*°

2.3. Synthesis of g-C3N,. The polymeric g-C;N, was
synthesized by a simple pyrolysis method reported by Dong et
al.”” Ten grams of urea powder was taken in an alumina
crucible, covered tightly, and heated up to 450 °C in a mufile
furnace for 2 h. After cooling, the yellow flake powder obtained
was collected, washed with distilled water, and used for further
synthesis.

2.4. Synthesis of g-C3N,/Chlorocobaloxime Nano-
composites. The g-C;N,/chlorocobaloxime nanocomposites
were prepared as follows: 250 mg of g-C;N, was dispersed
ultrasonically in 10 mL of an acetonitrile solution followed by
the addition of 125 mg of chlorocobaloximes. The mixture was
ultrasonicated for 2 h and refluxed overnight at 95 °C under a
nitrogen atmosphere. The resulting solution was washed
several times in ethanol and distilled water by centrifugation
to remove unbound cobaloximes.** The formed g-C;N,/
chlorocobaloxime nanocomposites (Table 1) were used for
catalysis after drying.

2.5. Instrumentation. IR spectra were recorded using KBr
Pellets on a Shimadzu FTIR Spectrometer. Ultraviolet—visible
diffuse reflectance spectroscopy (UV-DRS) spectra were
recorded on a Jasco v-630 spectrometer using quartz glass.
X-ray diffraction was recorded using an X-Shimadzu instru-

Table 1. Synthesized g-C;N,/Chlorocobaloximes

S. composite
No nanosheet complex name

1 g-C;N,  ClCo(dpgH),(Isonicotinic acid) (C1) g-C;N,/C1

2 g-C;N,  ClCo(dpgH),(Pyridine-3,5-dicarboxylic g-C;N,/C2
acid) (C2)

3 g-C;N,  ClICo(dpgH),(Indole-2-carboxylic acid) g-C;N,/C3
(C3)

4 g-C;N,  ClCo(dpgH),(p-Aminobenzoic acid) g-C3N,/C4
(C4)

32942

ment. Scanning electron microscopy (SEM) analysis was
carried out on a JEOL, JSE-6390 SEM. The transmission
electron microscopy (TEM) image was recorded using a JEM
2100 instrument. High-resolution transmission electron
microscopy (HRTEM) equipped with a Gatan USC 4000 4
X 4k camera at an accelerating voltage of 200 kV was used.
Brunauer—Emmett—Teller (BET) was analyzed using the
Nova station A instrument. Particle size analysis was carried
out on a zeta sizer nano ZSy,. EDAX spectra were recorded on
a JSE-6390. X-ray photoelectron spectroscopy (XPS) was
recorded using a Thermo Scientific Nexa spectrometer, UHV.

2.6. Electrochemical Investigation. The electrochemical
studies were carried out on PAR electrochemical workstation
PMC CHSO08A using a graphite sheet working electrode [1 X 1
cm?®], Ag/AgCl (3 M KCl) as a reference electrode, and a
platinum wire as a counter electrode without iR compensation.
A 0.5 M H,SO, solution was used as an electrolyte solution for
HER and supercapacitor studies. OER was carried out using a
0.5 M KOH solution as an electrolyte. The observed potentials
were converted to reversible hydrogen electrode potential
(RHE) by using the equation Epyg = Eng/agcl + 0209 V +
0.059 V X pH. For calculating overpotentials in the OER, the
relationship Epyp — 1.23 V was used.

2.7. Fabrication of the Electrode for HER, OER, and
Overall Water Splitting. A graphite sheet electrode of 1 X 1
cm? with a 0.5 mm thickness was used as a working electrode
for HER, OER, and overall water splitting. The prepared
composites were coated by the drop-casting method by the
following procedure. The synthesized nanocomposites and N-
methyl-2-pyrrolidone (NMP) were taken in a 9:1 ratio and
added to a Nafion solution (aqueous dispersion) and then
sonicated for 2 h to make a slurry. The slurry was evenly
coated over the graphite sheet electrode. The electrode was
weighed after being dried overnight. The catalyst loading on
the electrode was found to be 1 mg.

2.8. Fabrication of Electrodes for Supercapacitor
Applications. A graphite sheet electrode of 1 X 1 cm® with a
0.5 mm thickness was used as a working electrode, and the
prepared composites were coated by the drop-casting method
by the following procedure. The synthesized nanocomposites,
poly(vinylidene fluoride) (PVDF-binder), and carbon black
were taken in an 8:1:1 ratio and added to N-methyl-2-
pyrrolidone (NMP) and then sonicated for 2 h to make a
slurry. The slurry was evenly coated over the graphite sheet
electrode. The electrode was weighed after overnight drying.
The catalyst loading on the electrode was found to be 1 mg.

https://doi.org/10.1021/acsomega.3c04347
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3. RESULTS AND DISCUSSION

3.1. IR Spectroscopy. IR spectroscopy has been used to
confirm the functional groups present in cobaloxime
complexes and pure g-C;N, and g-C;N,/cobaloxime nano-
composites. Figure 1 depicts the IR spectrum of cobaloxime

—¢-C,N, / Cobaloxime (C2)

N-H str

0-H--O . N-H bend
CN' CNstr

% Transmission

O-H =
C=Nstr C-Nstr

Cobaloxime (C2)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

Figure 1. IR spectrum of cobaloxime (C2), g-C;N,, and g-C;N,/
cobaloxime (C2).

(C2), gC3N,, and g-C;N,/C2. In the IR spectra of pure g-
C;N,, the characteristic peak at around 3360 cm™ is attributed
to O—H stretching, the peak at 1743 cm™' is due to N—H
stretching, 1639 cm™' is assigned to C=N stretching, the
peaks at 1521 and 1240 cm™' are due to stretching and
bending frequency of N—H, the peak at 1328 cm™ is due to
aromatic C—N stretching, and a peak at 812 cm™" is due to the
bending mode of N—H stretching.”’

All of the synthesized chlorocobaloxime complexes show a
characteristic peak at around 600—700 cm™, corresponding to
Co—N stretching. The C=N stretching of the complexes
appears at around 1500—1600 cm™. The presence of the C=
O group is confirmed by the appearance of a peak at around
1700 cm™" for all of the complexes. The 3400—3500 cm ™" peak
is due to O—H-O stretching.*’

In the nanocomposite, all of the characteristic peaks present
in both pure g-C;N, and chlorocobaloximes appeared, but
there was a slight shift in the position of the peaks. These shifts
in the characteristic peaks indicate the formation of nano-
composites. Also, the new peak that appears at around 2150
cm™! is observed only in the composite, which is due to N=
C=N that indicates the accumulation of electrons on g-C;N,
layers, pointing to a Coulombic mechanism of intercalation.’!

3.2. UV-DRS Spectroscopy. The UV-DRS spectra of the
g-C;N, and g-C;N,/cobaloxime (C1—C4) nanocomposites
are depicted in Figure 2.

The UV-DRS spectra show that pure g-C;N, absorbs at
around 390 nm, whereas the composites absorb at around 370
nm. In addition to the 370 nm peak, a broad peak has been
observed at around 280 nm. The shift in the absorbance and

—¢g¢CN,
—g-C,N/C1
g-CN/C2
—g-CN/C3
g-C\N /C4

0.8 4

0.6 4

0.24

absorbance (a.u.)

0.04

200 400 600 800
Wave length (nm)

Figure 2. UV-DRS spectra of g-C;N,, g-C;N,/cobaloxime nano-
composites (C1—C4).

the appearance of additional peaks in the composite material
indicate the formation of nanocomposites of g-C;N,/
cobaloxime. The Tauc plot (Figure S1) has been used to
calculate the band gap of g-C3N, and g-C;N,/ nanocomposites
(Table S1).

3.3. X-ray Photon Spectroscopy. To gain insights into
the binding energy, electronic states, and chemical composi-
tion of the composite, the g-C;N,/C2 composite has been
characterized by X-ray photoelectron spectroscopy. Figure 3a
shows the survey spectrum of the g-C;N,/C2 composite,
which confirms the presence of the elements C, O, N, Cl, and
Co. The wide range spectrum contains five predominant peaks
at 285, 533, 400, 200, and 782 eV, confirming the presence of
chemical functional groups of C, O, N, Cl, and Co,
respectively. The high-resolution deconvoluted spectrum of
C 1s shows peaks at 285.1 285.8, and 289.2 eV, corresponding
to C—C, C=N, and C—(N)y;, respectively (Figure 3b). Figure
3c shows that the O 1s spectra deconvoluted into two main
peaks. The primary peak corresponds to C—O—C at 533.7 eV
and the secondary peak represents the carbon double bond
with oxygen (C=0) at 532.2 eV. As shown in Figure 3d, the
N 1Is spectrum is deconvoluted into four intense peaks. The
intense peak centered at 398.6 eV confirms the presence of
deprotonated N atoms corresponding to C—N—C bonds in the
g-C;N, moiety. Similarly, the other three peaks with binding
energies of 399.3, 400.5, and 402 eV represent the C=NH,
C=N bonds, and tertiary sp3 nitrogen atoms (N—C3)
respectively. The high-resolution Cl 2p XPS spectrum (Figure
3e) exhibits doublets at 198.5 and 200.2 eV associated with
2p3/, and 2p, , levels due to the Co—ClI covalent bond in the
cobaloxime complex, respectively. In Figure 3f, the Co 2p
spectrum exhibiting the peaks at 781.5 and 796 eV is attributed
to the valence states of Co 2p;,, and Co 2p,,, respectively

3.4. X-ray Diffraction (XRD). The phase and the crystallite
nature have been studied by using X-ray diffraction analysis.
The XRD patterns of pure g-C;N, and g-C;N,/C2 nano-
composites are provided in Figure 4. The pure g-C;N, shows a
peak at 27.58° with an interlayer distance of 0.32 nm and a
shoulder peak at 13.7° with an interlayer distance of 0.57 nm,
and the peaks have been assigned to the (002) and (100)
planes, respectively, according to JCPDS indexing (36-1472).
For g-C;N,/cobaloxime composites, the peak at 27.58° is

https://doi.org/10.1021/acsomega.3c04347
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Figure 3. (a) Full XPS spectrum of g-C;N,/C2 and high-resolution XPS spectra of (b) C 1s, (c) O 1s, (d) N 1s, (e) Cl 2p, and (f) Co 2p.

slightly shifted toward a lower 20 value (Figure S2) and also
there is a slight increase in the d-spacing, which may be to the
interaction between the NH, moiety of C;N, and the COOH
moiety of the cobaloxime complex that makes the intercalation
of cobaloxime into the g-C;N, nanosheet.”**>** The grain
sizes of g-C;N, and g-C;N,/cobaloxime composites have been
calculated using the Scherrer equation, and values are given in
Table 2. The absence of any other impurity peak in the
diffraction pattern shows the higher purity of the nano-
composites.

3.5. Brunauer—Emmett—Teller (BET) Analysis. The
pore structure and the specific surface area of the synthesized
g-C3N, and g-C;N,/C2 samples have been analyzed by N,
adsorption—desorption isotherms and Barrett—Joyner—Halen-
da (BJH) pore size distribution (Figure 5). The adsorption—
desorption isotherms of g-C;N, and g-C;N,/C2 exhibit type
IV isotherm with H3 hysteresis loops, which indicates that
both the samples have a mesoporous structure.”* The
hysteresis loop indicates the formation of nonrigid aggregates
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of flake-like particles. The surface area of g-C;N,/C2 material
was calculated as 80.341 m” g~', which is higher than the g-
C,;N, nanosheet (76.487 m* g™'). Moreover, the hysteresis
loop of g-C3N,/C2 is shifted to the lower relative pressure, and
the area of the hysteresis loop was larger than that of g-C;N,,
indicating that g-C;N,/C2 has an enlarged mesoporous
structure. The intercalation of cobaloxime between the
interlayers of g-C;N, induces the building of mesoporous
structures, which results in an increase in the number of
electroactive sites and hybrid material utilization. The pore
distribution plot of g-C;N, and g-C;N,/C2 is depicted in
Figure S (inset). The significant enlargement of the nanopores
was observed in g-C;N,/C2 with a larger pore volume of 0.169
cm® ¢! compared with the g-C;N, nanosheet (0.157 cm® g™").
The higher pore size distribution of g-C;N,/C2 is due to the
presence of abundant active sites and it increases the transfer
resistance of the electrolyte and the catalyst.>’

3.6. Scanning Electron Microscopy (SEM) Analysis.
Scanning electron microscopy (SEM) analysis has been carried
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Figure 4. XRD pattern of g-C;N, and g-C;N,/C2 (*—due to the
cobaloxime complex (Figure S2)).

Table 2. XRD Data of g-C;N, and g-C;N,/Cobaloxime
Nanocomposites

compound peaks grain size in A d-spacing in nm
g-C;N, 27.60 6.40 0.323
g-C;N,/C1 27.30 2.85 0327
g-C;N,/C2 26.95 3.29 0.331
g-C;N,/C3 27.14 3.34 0.329
g-C,N,/C4 27.38 6.06 0326
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Figure S. BET analysis of g-C;N, and g-C;N,/C2 composites (inset:
the pore distribution curve of g-C;N, and g-C;N,/C2).

out to understand the morphology of the prepared nano-
composites. The SEM images of g-C3N,, cobaloxime complex
C2, and g-C;N,/C2 are given in Figure 6. The pure g-C;N,,
cobaloxime C2, and g-C;N,/C2 nanocomposites show flake-
like, cube-like, and deformed flake-like morphologies,
respectively. The deformation of the flakes is due to the
intramolecular interaction between g-C;N, and cobaloxime
complex C2.

3.7. Energy Dispersive X-ray Analysis (EDAX). The
EDAX spectrum has been recorded for pure g-C;N,,
cobaloxime complex (C2), and g-C;N,/ C2 nanocomposites
to confirm the presence and approximate weight % of the

elements in it (Figures 7 and S3). The approximate weight %
details are given in Table S2. The spectrum shows that pure g-
C;N, contains only carbon, nitrogen, and oxygen. Cobaloxime
contains cobalt and chlorine elements in addition to carbon,
nitrogen, and oxygen. The nanocomposite contains all of the
elements present in g-C3N, and the cobaloxime complex. This
shows the formation of a nanocomposite, and no other
impurities are present in the nanocomposite.

3.8. Transmission Electron Microscopy (TEM) Anal-
ysis. The TEM has been recorded to analyze the morphology
of g-C3N,, cobaloxime C2, and g-C;N,/C2 nanocomposites.
The TEM images are given in Figure 8. From the figure, it can
be observed that g-C;N, tends to have a two-dimensional
sheet-like morphology. Cobaloxime C2 shows a crystal-like
morphology. The cobaloxime complexes can be seen on the g-
C;N, surface in black color, which affirms that the cobaloxime
complexes are embedded in the g-C;N, matrix. g-C;N,/C2
nanosheets exhibit a stacked lamellar structure with an
irregular flake-like two-dimensional morphology.

In addition to TEM images, the HRTEM of the g-C;N,/C2
nanocomposite has been recorded to analyze the width and
thickness of the composite (Figure 9). Recorded at different
resolutions, the images in Figure 9a,b indicate a lamellar 2D
structure similar to the TEM images of the g-C;N,/C2
nanocomposite. The interplanar distance has been found to be
0.33 nm from the SAED pattern (Figure 9b, inset), which
matches well with the crystal lattice of the (002) plane, and the
result is concurrent with the XRD analysis.

3.9. Particle Size Distribution Analysis (PSA). To study
the particle size of the compounds, particle size analysis was
carried out using an aqueous dispersion of the samples. The
corresponding bar graphs are given in Figure 10. The pure g-
C;N, has a particle size of 690 nm with a 124.5 nm width.
Cobaloxime complex C2 has a particle size of 318.5 nm with
an 8833 nm width. The g-C;N,/C2 composite shows a
particle size of 141.2 nm with a 22.42 nm width. The decrease
in the particle size is due to the intercalation of the metal
complex into the g-C;N, nanosheet. The decrease in particle
size in the composite indicates that the catalytic activity of the
complex is enhanced.*

3.10. Hydrogen Evolution Reaction Performance. The
synthesized cobaloxime complexes have been employed as
electrocatalysts after intercalation with g-C;N, nanosheets to
improve the HER activity since some cobalt complexes have
been reported to show good HER activity. The linear scan
voltammetry technique was employed to study the HER
activity of the synthesized composites (Figure 11a). For this
purpose, the HER activity was studied in a 0.5 M KOH
solution initially but the composite materials showed higher
overpotential values in an alkaline medium.”” Then, the HER
studies were performed using the modified graphite sheet
electrodes drop-casted with (i) g-C;N,, (ii) cobaloxime C2,
and (iii) g-C;N,/cobaloxime composites in a 0.5 M H,SO,
solution. The pure graphite sheet shows negligible HER
activity. But when the graphite sheet was coated with g-C;N,,
the sheet became electroactive and its HER performance was
improved, showing an overpotential of 586 mV at a current
density of —10 mA cm ™ vs RHE. The HER studies performed
for the cobaloxime C2 show an overpotential of 525 mV at
—10 mA cm™? vs RHE, which is slightly lower than the g-C;N,
nanosheet. Then, HER studies were conducted on all four
synthesized g-C;N,/cobaloxime composites. The overpotential
values obtained for g-C;N,/Cl, g-C;N,/C2, g-C;N,/C3, and
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g-C;N,/C4 nanocomposites are 199, 173, 264, and 324 mV vs
RHE, respectively. The overpotentials of all g-C;N,/cobalox-
ime composites were found to be much lower than both the g-
C;N, and cobaloxime, indicating that the electroactivity of the
g-C;N nanosheet has been enhanced by the addition of a
cobaloxime catalyst. Among the g-C;N,/cobaloxime compo-
sites reported here, the composite g-C;N,/C2 shows higher
activity than those of other nanocomposites.

To study the nature of the electrocatalyst and overall HER
activity, the Tafel slope was derived from LSV (Figure 11b).
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The g-C;N, exhibits a Tafel slope of 312 mV dec™!, and
cobaloxime complex C2 exhibits a Tafel slope of 256 mV
dec™". The nanocomposites of g-C;N,/cobaloxime composites
exhibit the Tafel slopes of 60, 55, 73, and 76 mV dec™' vs RHE
for ¢g-C;N,/Cl1, g-C;N,/C2, g-C;N,/C3, and g-C;N,/C4
nanocomposites, respectively. This clearly shows that g-
C;N,/cobaloxime nanocomposites behave as better catalysts
than g-C;N, and cobaloximes. It also shows that in g-C;N,/
cobaloxime composites, the reaction takes place through the
Volmer—Heyrovsky mechanism (Scheme 2), where the
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Figure 9. HR-transmission electron microscopy images of g-C;N,/C2 (a) at 100 nm and (b) at 20 nm (inset: SAED pattern).

desorption step is the rate-determining step.”® Materials with a
lower Tafel slope and the highest current density have been
proven to be better catalysts and possess good kinetic
properties for water reduction applications. Among the four
nanocomposites, synthesized g-C;N,/C2 shows a better
catalytic activity with a lower Tafel slope and lower onset
potential compared to the other three composites synthesized.

Chronoamperometric experiments have been carried out to
analyze the stability of the g-C3N,/C2 catalyst, and the
chronoamperometric graph is given in Figure 12a. The
chronoamperometric studies show that the catalyst is stable
up to 15 h at a fixed potential of 173 mV, and LSV was
recorded after the chronoamperometric experiments (Figure
12b). The LSV curve shows that there is an increase of only
0.10 mV at a current density of —10 mA cm™2 This shows the
good stability of the composite.

3.11. Oxygen Evolution Reaction Performance. In
addition to HER performance, the OER performance has been
studied in an alkaline medium to verify the efficient water-
splitting ability of the synthesized materials. The LSV graph
shows that overpotentials of 498 mV and 404 mV vs RHE are
required to drive a 10 mA cm ™ current density for the g-C3N,
nanosheet and the cobaloxime complex (C2), respectively
(Figure 13a). However, the g-C;N,/cobaloxime composites

need less overpotential to drive 10 mA cm™ than both g-C;N,
and cobaloxime complex C2. The composites show the
overpotential values of 322, 303, 376, and 354 mV vs RHE
for ¢g-C;N,/Cl1, g-C;N,/C2, g-C3N,/C3, and g-C;N,/C4
nanocomposites, respectively.

g-C;N, exhibits a Tafel slope of 296 mV dec™ and
cobaloxime complex C2 exhibits a Tafel slope of 253 mV
dec™'. The g-CyN,/cobaloxime composites g-C;N,/Cl, g-
C;N,/C2 g-C;N,/C3, and g-C3;N,/C4 show the Tafel slope
values of 148, 114, 176, and 194 mV dec™’, respectively.
Similar to HER, the composite g-C;N,/C2 shows good
catalytic activity with a lower Tafel slope of 114 mV dec™
(Figure 13b). The plausible mechanism is given in Scheme 3."°
The intercalation of the cobaloxime complex on g-C;N,
enables high mass transfer within the electrodes.

The catalyst’s stability was analyzed by chronoamperometry,
and the catalyst was found stable up to 15 h (Figure 14a). The
LSV was recorded after the stability experiments, and there was
a change of only 0.1 mV, which shows the good stability of the
catalyst (Figure 14b). After the chronoamperometric analysis,
the SEM image of the catalyst was recorded to check the
morphology, and the image showed similar deformed flake-like
morphology, and there was no detectable change in the

https://doi.org/10.1021/acsomega.3c04347
ACS Omega 2023, 8, 32940—-32954


https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(b)

Intensity (%)

1 10 100 1000
(c)
O e L
D -SSP .
= | :
-'520 .................................................. - --c-
= :
2 L :
1o e PP R ERINEEE =~
o :
1 10 1000

Size (rnm)
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Figure 11. (a) Linear sweep voltammograms of g-C;N,, cobaloxime complex C2, and g-C;N,,/cobaloxime nanocomposites. (b) Tafel slope of g-
C;N,, cobaloxime complex C2, and g-C;N,/cobaloxime nanocomposites for HER in 0.5 M H,SO,.

morphology. The SEM image after the stability test is given in
Figure S4.

The HER and the OER activities of g-C;N,/C2 nano-
composites are higher compared to the other nanocomposites
synthesized at 10 mA cm™2. At higher current density, g-C;N,/
C1 also shows higher activity, but the Tafel slope was lower for
the g-C3N,/C2 composite than for g-C;N,/Cl1. It has been
reported that the increase in the number of oxygen groups in a
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composite increases the active sites on the composites, thereby
enhancing the water-splitting ability.”” In the present study, the
higher activity of g-C;N,/C2 nanocomposites may be due to
the presence of two carboxylic acid groups, where there is an
increased number of oxygen atoms. The comparison Tafel
slope values of other earlier g-C;N, nanocomposites are given
in Table $3.”%%7°°7%> The values were found to be congruent
with the earlier reported values.

https://doi.org/10.1021/acsomega.3c04347
ACS Omega 2023, 8, 32940—-32954


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04347/suppl_file/ao3c04347_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04347/suppl_file/ao3c04347_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04347?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 2. Plausible Mechanism for the HER Reaction
(Volmer—Heyrovsky)
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3.12. Overall Water Splitting. After studying the HER
and OER activity of the catalysts, the overall water-splitting
performance of the catalyst g-C;N,/C2 was carried out in a 0.5
M KOH solution using the graphite sheet electrodes as an
anode and a cathode, both coated with 1 mg of the catalyst in a
two-electrode system configuration. The LSV curve was
recorded, and the overpotential was found to be 1.64 V vs
RHE at 10 mA cm™ (Figure 15a). The chronopotentiometric
experiment was carried out at 10 mA cm™?, and it was found
that the overpotential was maintained without disturbance for
at least 120 h (Figure 15b). The inset in Figure 15b shows the
H, and O, bubbles at the electrode surface, indicating an
effective electron transfer on both the anode and cathode.

3.13. Supercapacitance Applications. The improved
high-rate charge—discharge analysis is an important aspect in
determining the energy-storage performance of the electrode
material. The supercapacitance application of the synthesized
g-C;N, and g-C;N,/cobaloxime composite materials has been
examined by cyclic voltammetry (CV) and the galvanostatic
charge—discharge (GCD) method.

The cyclic voltammetry (CV) studies of the prepared g-
C;N, and g-C;N,/cobaloxime nanocomposites have been
analyzed at a scan rate 10—100 mV s~ in the potential range
of 0.0—1.0 V (Figures 16 and SS). Figure 16a shows the CV of
g-C;N,/C1 at different scan rates, and Figure 16b shows the

comparative CV of g-C;N,, cobaloxime (C1), and g-C;N,/C1
composites. The observed CV curves show quasi-rectangular
peaks, indicating an ideal capacitive behavior. In addition, the
CV curves of the prepared materials maintain the quasi-
rectangular shape even at the higher scan rate, signifying the
rapid charge—discharge property of the electrode materials.

The charge—discharge studies of g-C;N, and g-C;N,/
cobaloxime nanocomposites have been examined at various
current densities from 0.5 to 5.0 A ¢! in the same potential
window range of 0.0—1.0 V. The charge—discharge curves of
the prepared g-C;N,/cobaloxime composite electrode materi-
als show higher discharging time when compared to pure g-
C;N, and cobaloxime C1. This longest time duration reveals
the excellent capacitance behavior of the composite materials
compared to the individual components. The nonlinear shapes
of the charge—discharge curve reveal the EDLC (electrical
double-layer capacitance) nature of the prepared electrode
materials.

The charge—discharge curves of the composite g-C;N,/Cl1
at different current densities are presented in Figure 17a, and
the remaining composites are provided in Figure S6. The
comparative charge—discharge curve of g-C;N,, cobaloxime
(C1), and g-C;N,/C1 composites is given in Figure 17b. The
specific capacitance of the prepared electrode materials from
the GCD studies is calculated using eq 1.

_IxXAt
mAV

) (1)
where C, I, At, m, and AV correspond to the specific
capacitance (F g™'), discharge current (mA), discharging time
(s), mass of the prepared electrode material (g), and operating
potential (V), respectively.

From eq 1, the calculated capacitance of the prepared g-
C;N,, cobaloxime (C1), and g-C;N,/C1, g-C;N,/C2, ¢-C;N,/
C3, and g-C;N,/C4 composite electrode materials at 0.5 A g”*
are found to be 134, 125, 236, 199, 191, and 209 F g/,
respectively. The data show that the specific capacitance
decreases with an increase in current density, as expected for
the supercapacitance behavior. The cobaloximes have a lower
storage capacity than g-C;N, However, the nanocomposites of
g-C;N,/cobaloxime nanocomposites show higher specific
capacitance than the g-C;N, and cobaloxime complexes.
Thus, the intercalation of metal complexes into the g-C;N,
nanomaterial offers good redox properties, thereby increasing
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Figure 12. (a) Chronoamperometry curve of g-C;N,/C2 at a fixed potential of 173 mV vs RHE. (b) LSV curve before and after

chronoamperometry.
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Scheme 3. Plausible Mechanism for the OER Reaction
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the charge transfer ability and also increasing the high
accessibility of electroactive ions from electrolytes. Due to
the high accessibility of electroactive ions, the charge—
discharge capacity of the g-C;N,/cobaloxime nanocomposites
shows a higher specific capacity than g-C;N,.

The specific capacitance of all four synthesized g-C;N,/
cobaloxime nanocomposites has been studied in the current
density range between 0.5 and 5.0 mA g™, Figure 18a shows
the comparative specific capacitance of g-C;N,, cobaloxime
complex C1, and all four synthesized g-C;N,/cobaloxime
nanocomposites. It shows that g-C;N,/C1 is found to have the

highest specific capacitance at all current density ranges (0.5—
5.0 mA) compared to the other composites. When the specific
capacitance values of the composites studied in this work are
compared with other g-C;N, nanocomposites reported earlier
(Table S4), the g-C;N,/cobaloxime nanocomposites show
superior values than most of the other composites containing
6367

g-C3N,.

Supercapacitor materials should have higher stability in
order to improve their ability and durability in practical
applications.”® The stability of the electrode material g-C;N,/
C1 nanocomposite has been studied using a charge—discharge
cycle up to 7000 continuous cycle performance. Figure 18b
shows the multiple charge—discharge graph of the g-C;N,/Cl1
electrode material. The studies show that the electrode
material retained 82% stability at a 2.0 A g”' current density.

To gain further insights into the enhanced electrochemical
activity of the catalyst, the electrochemical surface area
(ESCA) of different catalysts has been calculated by using
current in the nonfaradic region of the cyclic voltammograms
at various scan rates from 10 to 100 mV s™'. The double-layer
capacitance (Cy) is calculated from the slope values of the plot
drawn between the current density and scan rate. Using the Cq
value, ESCA can be calculated using the well-known formula
ECSA = Cy4/C, where C is the super capacitance of the
electrode.”” The ESCA calculated for all of the catalysts is
provided in Figure 19. From the figure, it is seen that the g-
C;N, has a very less active surface of 0.74 mF cm™ The
nanocomposites show a higher surface area than that of pure g-
C;N,, which, in turn, show enhanced activity. Among the
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204
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Figure 14. (a) Chronoamperometry of g-C;N,/C2 at a fixed potential of 303 mV vs RHE. (b) LSV curve before and after chronoamperometry.
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discharge curve of g-C;N,, cobaloxime complex C1, and g-C;N,/Cl at 1.0 A g™

nanocomposites, g-C3N,/C1 has a higher surface area of 2.10
mF cm™ than the other three composites. It has better super
capacitance ability among the four composites and also shows
good HER and OER activity.”’

The composite g-C;N,/C2 has a surface area of 1.90 mF
cm™?, which is only 0.2 mF cm™ lower than that of g-C;N,/
C1 and shows better HER and OER activity. The g-C;N,/C3
and g-C;N,/C4 composites have a surface area of 1.72 and
1.17 mF cm™, respectively. The studies indicate that the
composites g-C;N,/C1 and g-C;N,/C2 have more accessible
active sites than the other composites, g-C;N,/C1 bears good

32951

supercapacitance, and g-C3;N,/C2 possesses better water-
splitting ability.

4. CONCLUSIONS

In summary, four cobaloximes, g-C;N,, and g-C;N,/cobalox-
ime (C1, C2, C3, C4) nanocomposites have been synthesized,
and the synthesized nanocomposites have been characterized
by Fourier transform infrared (FTIR) spectroscopy, UV-DRS,
XRD, XPS, SEM, PSA, TEM, HRTEM, BET, and EDAX
analyses. The synthesized composites have been tested toward
their HER, OER, and supercapacitance ability, and all of them
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C;N,/C3, and g-C;N,/C4.

behave as multifunctional catalysts, showing good electro-
chemical energy conversion and storage capability. Among the
synthesized g-C;N,/cobaloxime nanocomposites, composite g-
C;N,/C2 functions as a good bifunctional catalyst toward
HER and OER as it affords excellent HER activity with a lower
overpotential of 173 mV at —10 mA cm™> and OER activity
with a lower overpotential of 303 mV. The overall electro-
catalytic water-splitting studies indicate that the hydrogen and
oxygen evolution process is undisturbed for at least 120 h. The
storage capacity studies of the synthesized g-C;N,/cobaloxime
composites reveal that among the prepared nanocomposites,
the composite g-C;N,/C1 possesses good storage capacity
with a specific capacitance of 236 F g~' with an 82% capacity
retention up to 7000 cycles. The studies also indicate that the
g-C;N,/cobaloxime nanocomposites behave as better electro-
chemical storage devices compared to other catalysts with g-
C;N, as the catalyst support. The improved catalytic activity of
g-C;3N, is due to the more active sites provided by g-C;N,, the
introduction of cobalt metal into the g-C;N, matrix that
improves the redox property of the composites, and the
presence of an electron-withdrawing carboxylic acid group.
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