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1. Introduction
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Understanding the impact of different compositions of nanocomposites synthesized via in situ incorporation
of different ratios of carbon with metal oxides is an important factor for designing efficient electrode
materials for high-performance supercapacitors. Here, a series of nanomaterials, NiMoO,, carbonaceous
nanospheres (CNSs), and NiMoQO4/C nanocomposites (NiMoO4/C (Dx), where, x = 10, 25, 50, and 75
represents the molar ratio of dextrose (D) to Ni?*), have been synthesized via an in situ hydrothermal
method. The structural and surface analysis revealed the efficient integration of NiMoO,4 and carbon in the
NiMoO,4/C (D50) nanocomposite, consisting of 71.1% NiMoO4 and 28.9% carbon components. The
nanocomposite features a graphitic carbon sheet-like structure embedded with NiMoO,4 nanorods, showing
increased defects with higher carbon content and enhanced surface area with larger mesoporosity. In three-
electrode supercapacitor studies for these electrode materials using 3 M KOH as the electrolyte, the
NiMoO,4/C (D50)-based electrode delivered superior specific capacitance (940 F g~ at a current density of
1 A g! compared to bare NiMoO, (520 F g%, CNS (75 F g% and NiMoO,/C (D10, D25 and D75)
nanocomposites (436-583 F g™, with 71% capacity retention up to 5000 cycles. Furthermore, for the fabri-
cated NiMoO,4/C (D50)-based two-electrode supercapacitors at 1 A g% using 3 M KOH, the symmetric
configuration delivered a doubled specific capacitance (83 F g™, while the asymmetric configuration led to
a doubled performance in both energy density (14.2 W h kg™) and power density (444 W kg™, in compari-
son to each other. The enhanced supercapacitor performance of NiMoO,/C (D50) can be attributed to the
synergistic effect between carbon and NiMoO, in the optimized nanocomposites, which improves the
electrolyte-philicity by altering the surface composition and properties, leading to more electroactive sites
and increased charge storage capacity. Thus, designing new electrode materials via in situ hydrothermal
synthesis of different metal oxide/C nanocomposites with optimal composition and choosing different car-
bon source materials will deliver high-performance supercapacitors in the near future.

capabilities, outstanding cycling stability, inherent safety, and high
power density."* Despite these advantages, their widespread appli-

Supercapacitors (SCs) stand out among energy storage technologies
due to their exceptional combination of rapid charge-discharge
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cations are constrained by relatively lower energy density. To
overcome this limitation, integrating hybrid nanocomposite mate-
rials consisting of pseudocapacitive metal oxides and capacitive
carbon materials has emerged as a promising approach to achieve
high energy density supercapacitors.>* Among the different
approaches, the in situ hydrothermal incorporation of carbon with
metal oxides is particularly effective for tailoring electrode materi-
als to surpassingly enhance their charge storage performance.>®
However, comprehensive reports on this specific approach for
supercapacitors remain scarce in the existing literature.

Among various bimetallic oxides, nickel molybdate
(NiMoO,) emerges as a capable electrode material for SC owing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to its key advantages, such as high specific capacitance accel-
erated by multiple redox states, enhanced electrical properties,
reliable cyclability and moderate cost.” Notably, hydrothermal
synthesis offers a versatile approach for producing NiMoO, with
controlled and uniform morphology, high purity, scalability, and
environmental friendliness. Moreover, this method enables the
formation of diverse nanostructures of NiMoO, such as nanorods,?
nanospheres,” nanosheets,'® nanowires,'* and nanoflowers," each
of which can significantly influence the SC performance of the
resulting material.

However, during charge-discharge cycles, pristine NiMoO,
undergoes volume expansion and structural degradation, lead-
ing to a decline in performance over time."* To address this
limitation, researchers have explored composite electrodes that
combine NiMoO, with carbonaceous nanomaterials. These
materials offer several advantages, creating a synergistic effect
that overcomes the inherent weaknesses of pristine NiMoO,."*
In particular, enhanced structural stability was offered by
carbonaceous materials, including activated carbon, carbon
fiber, graphene, carbon nanotubes, carbon aerogels, etc., forming
a conductive network around the NiMoO, particles. This network
acts as a buffer, accommodating the volume changes experienced
by NiMoO, during cycling and mitigating structural degradation.
This significantly improves the cycling stability and lifespan of the
supercapacitor.'®'® Further, carbonaceous materials possess high
surface areas, providing more sites for electrolyte interaction with
the NiMoO,, leading to higher capacitance. Additionally, their
inherent conductivity enhances the overall electrical conductivity
of the composite electrode, facilitating faster charge and dis-
charge rates.® Several studies have demonstrated the effective-
ness of this approach. For example, Muthu et al. reported that
NiMoO,/reduced graphene oxide composites exhibit increased
surface area, enhancing capacitance.”® Wei et al synthesized
carbon sphere@NiMoO, nanocomposites, resulting in improved
overall electrical conductivity and faster charge-discharge rates.?*
Zhang et al. confirmed improved cycling stability and longer
lifespan in NiMoO,/carbon composites.” These findings high-
light that the selection and optimization of NiMoO,/carbon
nanocomposites is essential for achieving high-performance
supercapacitors.

Conversely, traditional methods for synthesizing carbon
nanomaterials like carbon nanotubes and graphene often require
complex procedures and high temperatures, significantly increas-
ing their cost.”>** This high cost hinders their large-scale applica-
tion in commercially viable supercapacitors. Hence, the potential
of porous carbon derived from hydrothermal carbonization (HTC)
as a cost-effective and sustainable alternative for supercapacitor
electrodes has been explored. HTC utilizes readily available
natural molecules such as sucrose, dextrose, and citric acid as
carbon precursors.>* This low-temperature process offers a sim-
pler and more environmentally friendly approach to producing
porous carbon materials. Mo et al. prepared a porous NiCo,0,@a-
morphous carbon nanocomposite using sucrose as a carbon
source, resulting in a high specific capacity of 1225 mA h g~ >
Similarly, an enhanced supercapacitor performance (specific
capacity of 586 mA h g~ ') was reported by Zhang et al. in a
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NiO@carbon nanocomposite obtained from the blending of NiO
with glucose-derived carbon.”® However, the composition of car-
bon in the nanocomposites has to be optimized for the resulting
enhancement effect in energy storage.

In particular, in comparison to the traditional blending
approach, the incorporation of porous carbon with metal
oxides through an in situ hydrothermal carbonization approach
offers several advantages for supercapacitor applications. For
example, Wang et al. reported in situ synthesis of noble metals
with carbon reaching a specific capacitance of 115 F g '
through the development of a porous carbon structure within
the composite electrode.”” Furthermore, Li et al. performed
in situ synthesis of V,0;@C composites and achieved a specific
capacitance of 205 F g~ * at 0.05 A g~ * via the improved intimate
contact between the metal oxide and the carbon, creating a
more efficient pathway for electron transfer throughout the
electrode.”® Ma et al. reported the in situ synthesis of a nitrogen-
doped carbon framework with NiO nanoparticles, resulting in
enhanced supercapacitor performance by providing more uni-
form particle size distribution, more active sites, smaller charge
transfer resistance and higher ionic diffusion coefficient.*®
However, in these kinds of in situ synthesis of metal oxide/
carbon nanocomposites, a comprehensive report on the influ-
ence of carbon content on the supercapacitor performance is
not well elucidated in the literature.

Hence, the present work aims to investigate the impact of
carbon content in NiMoO,/carbon nanocomposites to be
employed for supercapacitor applications. In particular, it focuses
on (i) in situ hydrothermal synthesis of NiMoO,/carbon nanocom-
posites with different amounts of carbon incorporation using
dextrose as the carbon source, (ii) comparison of two- and
three-electrode SC performance in terms of energy density, power
density, specific capacitance and cycling stability, and (iii) fabrica-
tion and testing symmetric supercapacitor devices to evaluate
their practical energy storage capability.

2. Experimental

2.1. Materials and methods

All chemicals were of analytical grade and used as such without
any purification. Nickel nitrate hexahydrate, ammonium molyb-
date tetrahydrate, urea, hexamine, dextrose, sodium lauryl sulfate
(SLS), potassium hydroxide and N-methyl pyrrolidine (NMP) were
obtained from Sisco Research Laboratories Pvt. Ltd acetylene
black (AB) and polyvinylidene fluoride (PVDF) were purchased
from Sigma-Aldrich. Polyvinyl alcohol (PVA, M,, = ~115 000) was
received from Loba Chemie Pvt. Ltd. Deionized (DI) water was
used throughout the studies. Before use, the nickel plate (99%
purity, thickness: 0.5 mm), and stainless-steel sheets (SS-304,
thickness: 0.1 mm) were polished with P220 emery paper for
surface activation, then sequentially cleaned in 1 M HCI for
15 minutes and acetone for 30 minutes using ultrasonication to
remove any surface residues.

Synthesis of NiM0O,. A modified hydrothermal synthesis of
NiMoO, is as follows:*° to a 25 mL aqueous solution of a
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mixture of Ni(NOj3),-6H,0 (0.29 g, 1.0 mmol) and (NH,)sMo--
0,4-4H,0 (1.24 g, 1.0 mmol), a 25 mL ethanolic solution of a
mixture of urea (0.6 g, 10 mmol) and hexamine (1.4 g, 10 mmol)
was added under constant stirring and allowed to stir for
30 min. The resultant solution was transferred into a Teflon-
lined (100 mL) stainless steel autoclave, and heated in an oven
at 180 °C for 12 h. The obtained greenish-yellow precipitate was
filtered after cooling to room temperature, and washed three
times with DI water and ethanol, followed by drying at 60 °C for
5 h. Then, the dried powder was calcinated in a muffle furnace
at 400 °C for 3 h.

Synthesis of carbonaceous nanospheres (CNS). In a typical
synthesis of carbonaceous nanospheres using the hydrother-
mal carbonization method.**? A mixture of dextrose (0.36 g,
2.0 mmol) as a carbon source and SLS (0.58 g, 2.0 mmol) as a
surfactant in 50 mL of water was vigorously stirred for 30 min.
Then, the resultant solution was transferred into a Teflon-lined
(100 mL) stainless steel autoclave, followed by heating at 180 °C
for 12 h. The obtained black precipitate was filtered after
cooling to room temperature, washed three times with DI water
and ethanol, and dried in an oven at 60 °C for 5 h.

In situ hydrothermal synthesis of NiMoO,/C (Dx) nanocom-
posites. To a 15 mL aqueous solution of a mixture of dextrose
(1.8 g, 10 mmol) and SLS (2.88 g, 10 mmol), a 10 mL aqueous
solution of a mixture of Ni(NOj3),-6H,O (0.29 g, 1.0 mmol) and
(NH4)6M0,0,4-4H,0 (1.24 g, 1.0 mmol) was added and ultra-
sonicated for 30 min. Then, a 25 mL ethanolic solution of a
mixture of urea (0.6 g, 10 mmol) and hexamine (1.4 g, 10 mmol)
was added to the reaction mixture under constant stirring and
allowed to stir for 30 min. The obtained mixture was trans-
ferred into a Teflon-lined (100 mL) stainless steel autoclave,
and heated in an oven at 180 °C for 12 h. The resultant black
precipitate was filtered after cooling to room temperature,
washed three times with water and ethanol, and dried in an
oven at 60 °C for 5 h. Then, the dried powder was calcinated in
a muffle furnace at 400 °C for 3 h.

The same procedure was followed to synthesise different
compositions of NiMoO,/C nanocomposites by varying the
amount of dextrose as 25, 50 and 75 mmol. The prepared
samples were labelled as NiMoO,/C (Dx), where x = 10, 25, 50
and 75, representing the molar ratio of dextrose/Ni*".

2.2. Materials characterization

X-Ray diffraction (XRD) patterns of the samples were obtained
using a Bruker D8 Advance X-ray diffractometer with Cu-Ko
radiation as the X-ray source in the 20 range of 10°-90°. Raman
spectra of the samples were collected from a Horiba Raman
spectrometer using a 532 nm laser source. Fourier transform
infrared (FT-IR) spectroscopy was performed on a Bruker mid-
IR spectrometer. The thermogravimetric analysis (TGA) of the
samples was carried out using a TGA Q500 V20.13 Build 39
thermal analyzer in an air atmosphere from 30 to 700 °C with a
heating rate of 10 °C min~'. Surface morphology and chemical
elements of the samples were examined by a CARL ZEISS
GEMINI 500 field emission scanning electron microscope (FE-
SEM) coupled with energy dispersive X-ray spectroscopy (EDS).
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High-resolution transmission electron microscopy (HR-TEM)
was performed on a FEI-TECNAI G2-20 TWIN microscope. BET
surface area and BJH pore size distribution of the samples were
obtained from the N, adsorption-desorption isotherm techni-
que using a BELSORP II (BEL Japan Inc.) instrument. X-Ray
photoelectron spectroscopy (XPS) was carried out on a PHI 5000
Versa Probe III photoelectron spectrometer (ULVAC-PHI, Inc.,
Japan) equipped with a monochromatic Al Ko source (4 =
1486.7 eV). All electrochemical measurements were carried
out using the K-Lyte 1.3 (PG-Lyte) electrochemical workstation
(Kanopy Techno Solutions, India). Electrochemical impedance
spectroscopy (EIS) measurements were performed using the
CHI660E workstation in the frequency range of 0.1 Hz to
100 kHz with a potential amplitude of 10 mV.

2.3. Electrochemical measurements

2.3.1 Three-electrode supercapacitor studies. To perform
three-electrode SC studies, platinum wire, Hg/HgO electrode
and aqueous 3 M KOH were used as the counter electrode,
reference electrode and electrolyte, respectively. Furthermore,
the working electrode was made from a slurry consisting of
active material (80 wt%), acetylene black (10 wt%) as conducting
material, and PVDF (10 wt%) as a binder using the requisite
amount of NMP as the solvent. Then, the resultant slurry was
coated on the surface of the nickel plate current collector (1.5 cm x
1.5 cm), followed by drying at 60 °C for 5 h. The mass loading of
active materials on the nickel plate was calculated by weighing the
plate before and after the loading of the active material. Cyclic
voltammetry (CV) experiments were performed in the potential
range of 0 to 0.6 V at various scan rates (10, 20, 40, 60, 80 and
100 mV s %). Galvanostatic charge-discharge (GCD) studies were
assessed between the potential window of 0 to 0.5 V at different
current densities (1, 2, 3, 4, 5, 10 and 15 A g ). The specific
capacitance (Cs) values of the electrode materials were calculated
from the GCD curves using eqn (1).*

I x At
ST XAV (1)

where C; (F g 1), (A), At (s), AV (V) and m (g) represent the specific
capacitance, constant discharge current, time taken for dischar-
ging, potential drop upon discharging and mass loading of the
active material on the electrode, respectively.

2.3.2 Two-electrode symmetric and asymmetric SC studies.
For the two-electrode SC studies, symmetric SC was fabricated
using a Swagelok-type cell by sandwiching the two symmetric
electrodes using Whatman filter paper as the separator and 3 M
KOH as the electrolyte. The symmetric electrodes were made by
coating the slurry of active material consisting of NiMoO,/C
(D50) (80 wt%), PVDF (10 wt%), and acetylene black (10 wt%)
using NMP solvent on two stainless steel (SS) plates (diameter:
1.7 cm and active area: 2.27 cm?), followed by drying at 60 °C for
5 h. By following the same method, the asymmetric two-
electrode SC was constructed except one of the electrodes
consists of active material as acetylene black (90 wt%) and
PVDF (10 wt%). From the obtained GCD curves, the performance
of the two-electrode SCs was assessed by using eqn (2)-(4) for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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symmetric setup and eqn (5)-(7) for the asymmetric
configuration,****
For the symmetric configuration,
I x At
Ci=2x—— 2
s X< AV @)
Cs x (AV)?
E=—"— 3
8x3.6 )
E
P =— %3600 4
he 4)
For the asymmetric configuration,
I x At
N ©)
Cs x (AV)?
E=——7—"-— 6
2x3.6 (©)
E
P =— %3600 7
AS )

where E is the energy density (W h kg™"), P is the power density
(W kg™"), m stands for the mass loading of the active material
in one electrode for symmetric type (), and m’ is the total mass
loading of the active materials in both the anode and cathode
for the asymmetric type (g).

2.3.3 Fabrication of all-solid-state symmetric SCs. All-solid-
state SCs were fabricated using PVA-KOH gel electrolyte as
follows:** firstly, PVA powder (3 g) in DI water (30 mL) was
warmed to 80 °C and stirred continuously until the solution
turned clear. Then, aqueous KOH (1.5 g, 20 mL) was vigorously
added to the above solution at 80 °C until a clear solution was
obtained. For the fabrication of symmetric SC devices, the
electrodes were made by coating the slurry of active material
consisting of NiMoO,/C (D50) (80 wt%), PVDF (10 wt%), and
acetylene black (10 wt%) using NMP on the six stainless steel
(SS) plates (4.0 cm x 1.0 cm), followed by drying at 60 °C for 5 h.
After that, the electrodes were dipped for 5 minutes in the hot
PVA-KOH gel solution, followed by taking them out and allowing
for solidification at room temperature. Furthermore, by hard
pressing the two electrodes, a three-set of symmetric SC devices
was made and tested for open-circuit potential (OCP) measure-
ment. Then three sets of symmetric SC devices were coupled in
series and activated through the cyclic voltammetry method for
10 cycles. After charging, the device was tested to lighten a blue
LED to evaluate the SC performance for real-time applications.

3. Results and discussion

3.1. Synthesis and characterization of NiMoO,/C
nanocomposites

A typical in situ hydrothermal synthesis of NiMoO,/C nanocom-
posite is illustrated in Scheme 1. There are two parallel reac-
tions, namely, (i) the formation of NiMoO, by the combination
of Ni** and MoO,>~ ions by the urea and hexamine, which can
act as both an alkali source and shape-controlling agent, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of in situ hydrothermal synthesis of
the NiMoO,4/C nanocomposite.

(ii) the formation of CNS material by the hydrothermal carbo-
nization of dextrose using SLS as a templating agent.”**?
By changing the molar ratio of dextrose, different amounts of
carbon incorporated NiMoO,/C nanocomposites were prepared
to investigate the impact of their compositions on the super-
capacitor performance. Furthermore, this kind of in situ incor-
poration of carbon with metal oxides as well as the influence of
their composition on supercapacitor performance is not clear
in the literature.

The X-ray diffraction method was used to study the structure
and crystallinity of the electrode materials. Fig. 1(a)-(e) depicts
typical XRD patterns of the synthesized CNS, NiMoO,, and
NiMoO,/C (Dx) samples. A broad peak corresponding to the (002)
plane in Fig. 1(a) demonstrates the existence of a graphitic-like
nature in CNS.*® The XRD pattern in Fig. 1(b) matches the typical
monoclinic structure of NiMoO, (JCPDS No. 86-0361), showing the
characteristic peaks at 20 values of 12.9° 23.3°, 25.7°, 27.3°, 28.9°
33.1° 33.8°, 39.1°, 46.5°, 49.4°, 55.4°, 56.5°, and 64.7° with respect
to (001), (021), (—202), (—221), (220), (—312), (112), (—132), (240),
(312), (223), (332), and (600) planes.®*" Furthermore, the formation
of NiMoO,/C (Dx) nanocomposites can be confirmed from the
observation of the characteristic diffraction pattern of NiMoO, in
Fig. 1(c)~(e). However, in Fig. 1(c)-(e), the (002) diffraction peak of
carbon merges with the NiMoO, peak at 24.8°, which may be due to
the well-blended nature or suppression of carbon in the prepared
nanocomposites.'®*'

The Raman spectra of NiMoO,, CNS and NiMoO,/C-based
nanocomposites are depicted in Fig. 2(a)-(e). The formation of

=S SRS 1§ =

S Nlclow‘_l s —_— =

e ¢ecRRRlEcle 8§ 7§ §

e LSS = 35 §8 8 (e)

lLL‘.L (c)

1 A e . (b)
I G 1 a1 44 JCPDS no: 86-0361

e (a)

10 20 30 40 50 60 70 80 90
20 (degree)

Fig.1 XRD patterns of (a) CNS, (b) NiMoO,, (c) NiMoO,4/C (D25), (d)
NiMoO,4/C (D50) and (e) NiMoO4/C (D75).
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Fig. 2 Raman spectra of (a) NiMoOy,, (b) CNS, (c) NiMoO,4/C (D25), (d)
NiMoO,4/C (D50) and (e) NiMoO4/C (D75).

NiMoO, can be ascribed from the observation of bands at 384,
711, 825, 905, and 955 cm ™' (Fig. 2(a)) corresponding to the
Mo-O bending, Ni-Mo-O symmetric stretching, Ni-O-Mo
asymmetric stretching, Mo-O asymmetric stretching and Mo-
O symmetric stretching modes, respectively.’”*® The Raman
spectrum of CNS in Fig. 2(b) shows the characteristic D and G
bands of carbon at 1356 cm™ ' and 1572 em ™! corresponding to
the defects caused by the out-of-plane and in-plane vibrations
in the graphitic structure, respectively.'® Furthermore, the
characteristic peaks associated with NiMoO, in the prepared
nanocomposites Fig. 2(c)-(e) are masked due to the presence of
higher carbon content. The obtained values of I/ ratio for
CNS, NiMo0,/C (D25), NiM0O,/C (D50) and NiMoO,/C (D75)
are 0.82, 0.60, 0.63, and 0.74, respectively. The noted increase in
the Ip/lg ratio of the NiMoO,/C nanocomposites with the
increase in carbon content suggests an increase in the defects
of the graphitic structure.®®

The FT-IR spectra of CNS, NiMoO, and NiMoO,/C (D25, D50
and D75) in Fig. 3(a)-(e) were used to analyze their characteristic
vibrational modes and chemical bonding environment. In
Fig. 3(a), the FTIR spectrum of CNS exhibits characteristic peaks
at 3675-3000 cm ' (O-H stretching), 2925 cm™ ' & 2850 cm ™' (C-H
stretching), 1700 em™ ' (C=O stretching), 1612 cm ' (C=C

o =

5 @ ! — Y T

& 0 : : :
1

8 E Mo-O-Mo -

c

© 1 [

E i :

£ Ay

2 1

Elai "

h 1 v;\ g 1 1 1
= C-H

:\O—H cn © °c=cJ {O—H: P

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 FT-IR spectra of (a) CNS, (b) NiMoOy, (c) NiMoO,/C (D25), (d)
NiMoO,4/C (D50) and (e) NiMoO4/C (D75).
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Fig. 4 TGA profiles of CNS, NiMoO,4, and NiMoO,/C (D50).

stretching), 1470-1350 cm™ ' (combination of O-C-H and C-
O-H absorption bands), 1198 cm ' (in-plane C-H and O-H
deformation), 1190-970 cm ™' (C-O and C-C stretching) and
880-750 cm ™~ (aromatic C-H out-of-plane bending), supporting
the presence of carboxylic acid, carbonyl, olefin, and hydroxyl
groups within the graphitic carbon structure of CNS.**™*> The
spectrum of NiMoO, in Fig. 3(b) displays an intense peak at
928 cm ™', corresponding to the symmetric stretching vibrations
of Mo—O0O bonds of the distorted MoO, lattice. Additionally,
sharp peaks at 397 and 582 cm ™' are attributed to Mo-O-Mo
and Mo-O-Ni vibrations, respectively.****> Furthermore, the
prepared NiMoO,/C (D25, D50 and D75) nanocomposites in
Fig. 3(c)-(e) exhibit characteristic vibrations, with slight varia-
tions in intensity and position corresponding to the increase in
carbon content, suggesting a noticeable interaction between
NiMoO, and carbon within the nanocomposite structure.*®*”

To further elucidate the composition of NiMoO, in the as-
prepared nanocomposite, TGA was conducted for CNS, NiMoO,
and NiMoO,/C (D50), as shown in Fig. 4. NiMoO, exhibits excellent
thermal stability, retaining 97.4% of its initial weight at 600 °C
with a minimal weight loss of 2.6%. In contrast, CNS shows
significant weight losses of 6.5%, 5.9%, 77.1%, 4.5%, 4.7%, and
0.4% in the temperature ranges of 30-100 °C, 100-240 °C, 240-
370 °C, 370-450 °C, 450-520 °C, and 520-600 °C, respectively.
Similarly, NiMoO,/C (D50) displays weight losses of 8.7%, 3.0%,
2.2%, 2.5%, 13.7%, and 0.4% across the same temperature ranges.
These observed weight losses are likely due to (i) the removal of
moisture and volatile substances between 30-240 °C, (ii) the
decomposition of organic groups between 240-370 °C, and (iii)
the decomposition of residual organics between 370-520 °C.**>°
Notably, at 600 °C, nearly all carbon content in the NiMoO,/C
(D50) nanocomposite is lost (CNS weight reduced to 0.9%), while
NiMoO, remains largely intact, retaining 97.4% of its weight.
Therefore, the calculated NiMoO, and carbon components in the
NiMoO,/C (D50) nanocomposite were determined to be 71.1% and
28.9%, respectively (refer to ESIt for calculation).

The FESEM images of pure NiMoO,, CNS and NiMoO,/C
(D50) in Fig. 5(a)-(c) are used to correlate the impact of their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FESEM images of (a) NiMoQOy,, (b) CNS and (c) NiMoO,4/C (D50).

structural features on the supercapacitor performance. In
Fig. 5(a), NiMoO, appears as hierarchical porous microspheres
with an average diameter of 3.0 pm.%*"*> The as-prepared CNS
in Fig. 5(b) looks like hollow nano/microspheres (740 nm-
1.7 um).>' However, the preparation of the NiMoO,/C (D50)
nanocomposite results in aggregated/collapsed microspheres
in Fig. 5(c) due to the blending NiMoO, and carbon in the
nanocomposite. The presence of Ni, Mo, O and C elements in
the prepared NiMoO,, CNS and NiMoO,/C (D50) was further
confirmed by EDAX analysis (Fig. S1, ESIT). Thus, the effective
blended and porous nature of the prepared nanocomposite
may afford more electrochemical active sites for more charge
storage.”'

The morphology of the NiMoO,/C (D50) nanocomposite was
further examined using HRTEM, as shown in Fig. 6(a)-(d). The
HRTEM images in Fig. 6(a) and (b) reveal a graphitic carbon
sheet-like structure with embedded NiMoO, nanorods, indicating
the efficient integration of NiMoO, within the carbon matrix of
the nanocomposite. This highlights the effectiveness of the in situ
carbon incorporation approach in achieving a homogeneously
dispersed nanostructure, superior to conventional blending
methods.>® Fig. 6(c) displays lattice fringes with a spacing of
0.31 nm, corresponding to the (220) plane of monoclinic NiM0O,.
The selected area electron diffraction (SAED) pattern in Fig. 6(d)
further confirms the polycrystalline nature of NiMoO, within the
NiMoO,/C (D50) nanocomposite.>*

(a)

\ Eo
1 S~
7\ 7%
Carbon
nanosheets

_-NiMoo,

Fig. 6 (a)—(d) HRTEM images of NiMoO,4/C (D50) with the SAED pattern.
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pore-size distributions plots (insets): (a) NiMoO4 and (b) NiMoO,4/C (D50).

BET isotherms of N, adsorption-desorption along with BJH
pore size distribution plots for NiMoO, and NiMoO,/C (D50)
are shown in Fig. 7(a) and (b) to elucidate their surface area and
pore size distribution. Both samples exhibit type IV isotherms
with H3 hysteresis loops, indicative of mesoporous materials.
Both NiMoO, and NiMoO,/C (D50) initially show a gradual
increase in N, adsorption with increasing relative pressure due
to the presence of mesopores involving capillary reduction and
multilayer adsorption. Lastly, a rapid rise in the adsorption at
the high-pressure region explores the occurrence of adsorption
within the interstices between the nanoparticles. Furthermore,
the pore size distribution plots in Fig. 7((a) and (b) insets) also
reveal the coexistence of mesopores (2-50 nm) and macropores
(>50 nm) in the prepared NiMoO, and NiMoO,/C (D50)
nanocomposite. Besides the incorporation of carbon signifi-
cantly 12-fold increases the BET surface area of the NiMoO,/C
(D50) nanocomposite (37.4 m* g~ ') compared to pure NiMoO,
(2.93 m? g~ '). However, the pore volume and pore radius of the
nanocomposite (0.015 cm® g ' and 13.9 nm, respectively)
are lower compared to NiMoO, (0.12 cm® g~ and 20.8 nm),
likely due to the effective blending of NiMoO, and carbon in the
nanocomposite.'®*>*® The observed higher surface area and
larger mesoporosity of the NiMoO,/C (D50) nanocomposite
may offer more electroactive sites and efficient pathways for
electron transport to facilitate faster redox processes and more
charge storage.®>'>°

The chemical structure and bonding characteristics of
NiMoO,/C (D50) were further confirmed by elucidating their
XPS spectra of Mo 3d, Ni 2p, O 1s, and C 1s elements (Fig. 8(a)-
(d)). The Ni 2p spectrum in Fig. 8(a) shows two distinct spin-
orbit doublets corresponding to Ni 2p3/, (856.2 eV) and Ni 2p,,
(873.9 eV), along with shakeup satellite peaks at 861.8 and
880.1 eV for each doublet, respectively. Furthermore, the
deconvolution of each doublet presents two peaks corres-
ponding to the coexistence of Ni** (855.9 and 873.4 €V) and
Ni** (856.9 and 875.2 eV). The Mo 3d spectrum (Fig. 8(b))
exhibits two distinct peaks at 232.5 and 235.6 eV corresponding
to Mo 3ds,, and Mo 3d;), levels of Mo®*, correspondingly. These
findings explore the coexistence of Ni**/Ni** and Mo®" species
in the NiMoO,/C (D50) nanocomposite."”®>! Furthermore, the
deconvoluted O 1s spectrum (Fig. 8(c)) dictates two peaks at
530.5 and 532.0 eV, respective to the existence of primary lattice
oxygen species associated with metal-oxygen bonds and defect
sites of lattice oxygen by the insufficient coordination in
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Fig. 8 XPS spectra of NiMoO,/C (D50): (a) Ni 2p, (b) Mo 3d, (c) O 1s and
(d) C 1s.

NiMoO, or oxygenated species of carbon. The deconvoluted C
1s spectrum of carbon in Fig. 8(d) reveals a prominent peak for
C-C at 284.6 eV and other weaker peaks for C-OH (285.6 €V)
and O=C-OH (288.3 eV).>”**

3.2. Three-electrode supercapacitor studies

Three electrode SC studies for NiMoO,, CNS, and NiMoO,/C
(Dx)-based electrode materials coated on a nickel plate were
examined in 3 M KOH electrolyte at different sweep rates (10 to
100 mV s~ ') in the potential range of 0 to 0.6 V (vs. Hg/HgO).
Fig. 9(a) shows a set of redox peaks at about 0.43-0.51 V and 0.31-
0.39 V in the CV profiles of NiMoO, and NiMoO,/C (Dx) at a sweep
rate of 100 mV s, dictating the involvement of pseudocapacitive
behavior by the Ni**/Ni*" redox couple through the faradaic reac-
tions corresponding to Ni-O/Ni-O-OH redox transitions (eqn (8)
and (9)) on the electrode surfaces in the alkaline medium.**>°

NiMoO, + 20H™ «> Ni(OH), + MoO,*" (8)
Ni*"(OH), + OH™ « Ni**OOH + H,0 + e~ 9)

However, Mo species does not take part in redox reactions
and it only helps to increase molybdate’s conductivity, thereby
resulting in enhanced supercapacitor performance.">”° Further-
more, all the electrode materials show a symmetrical CV profile,
demonstrating the reversibility of these redox processes to be
employed as efficient rechargeable supercapacitors. In particu-
lar, NiMoO,/C (D50) shows a larger CV curve area and enhanced
current response compared to NiMoO, and NiMoO,/C (D10,
D25, and D75), signifying that the optimum carbon incorporated
nanocomposite can result in enhanced electrical conductivity
and electrolyte-philicity via altering the surface composition and
properties of the electrodes, with lowering charge transfer resis-
tance to store more amount of charge.®®

The impact of various scan rates (10-100 mV s~ ') on the CV
profiles of all prepared electrodes are shown in Fig. 9(b)-(d) and
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Fig. 9 CV curves at different scan rates: (a) comparison data of NiMoO,4 and
NiMoO,4/C (Dx) at 100 mV s~2, (b) NiMoOy, (c) NiMoO,/C (D50) and (d) CNS.

Fig. S2a-c (ESIt). When increasing the scan rates for the
NiMoO,-based electrodes, both the anodic and cathodic peaks
shift towards more positive and more negative potentials, respec-
tively, signifying the involvement of faster electron and ion
transfer reactions through pseudocapacitive faradaic mechan-
isms at the electrode-electrolyte boundaries.®'® Meanwhile, CNS
(Fig. 9(d)) exhibits the characteristic rectangular/quasi-
rectangular CV profiles associated with the electrical double
layer capacitance (EDLC) of a non-faradaic process.’’ %

The charge storage capability of the as-prepared electrodes
was further evaluated using the GCD technique. Fig. 10(a)
shows the comparative GCD curves of NiMoO, and NiMoO,/C
(Dx)-based nanocomposites. The noted longest discharge time
for the NiM0O,/C (D50) electrode may result in more charge
storage for attaining higher specific capacitance. Furthermore,
the observed two voltage plateaus in the GCD curves of the
NiMoO, and NiMoO,/C (Dx)-based nanocomposites depict the
involvement of faradaic reactions as corroborated with CV
results. All electrode materials show a low IR drop, representing
their good conductivity and small internal resistivity for fabri-
cating high-rate supercapacitors.*** Furthermore, the noted
asymmetrical shape of the GCD curves implies increased
polarization. Also, the presence of loops in the GCD curves
implies the involvement of faradaic reactions through the
insertion/extraction of ions into and out of the NiMoO, lattice
during charge/discharge cycles.**

The influence of different current densities (1-15 A g~ ') on
the GCD curves of NiMoO,, CNS, and NiMoO,/C (Dx) nano-
composites are shown in Fig. 10(b)-(d) and Fig. S3a-c (ESIY).
At higher current densities, NiMoO,4-based electrode materials
exhibit linear charge/discharge curves due to faster ion diffusion,
which limits the rate of the faradaic charge storage mechanism.
Conversely, at lower current densities, non-linear charge/dis-
charge curves are observed due to increased contributions from
faradaic reactions, resulting in more efficient charge storage.®>*°
To further quantitatively estimate the supercapacitor perfor-
mance of the prepared electrode materials, specific capacitance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 GCD curves at different current densities: (a) comparison data of
NiMoO4 and NiMoO,4/C (Dx) at 1 A g~2 (b) NiMoOQs, (c) NiMoO,/C (D50)
and (d) CNS.

(Cs) was calculated from the GCD discharge curves using eqn (1)
and the values are presented in Table S1 (ESIT). Notably, NiMoO,/
C (D50) demonstrates the highest specific capacitance (940 F g %)
compared to pure NiMoO, (520 F g~ '), CNS (75 F g~ '), and other
NiMoO,/C (Dx) nanocomposites (436, 583, and 508 F g~ * for D10,
D25, and D75, respectively). Interestingly, the NiMoO,/C (D50)
nanocomposite exhibits a near-doubling of its specific capacitance
compared to pure NiMoO,. In contrast, other nanocomposites do
not show a significant enhancement effect. This emphasizes
that the incorporation of different amounts of carbon with
NiMoO, could result in altering the surface composition and
properties of the as-prepared electrodes. In particular, the
dextrose-derived carbon is expected to consist of some polar
moieties such as carboxylic acids, alcohols, carbonyl groups, etc.,
which leads to deriving hydrophilic and hydrophobic regions on
the electrode surface.*! The presence of these regions is expected
to alter the wettability or electrolyte-philicity of electrode materi-
als. Thus, the existence of a synergistic effect between NiMoO,
and the optimized carbon content in the NiMoO,/C (D50)
nanocomposite via improved electrolyte-philicity at the electrode
surface results in enhanced electrochemical performance for
more charge storage.**%”
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Fig. 11 (a) Comparison curves of the specific capacitances of the

NiMoO,, CNS and NiMoO,4/C (D50) at different current densities, and (b)
capacity retention and coulombic efficiency of NiMoO,/C (D50) up to
5000 cycles at 5 A g~*. The inset figure shows the initial and final three
cycles of the GCD curves.
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Fig. 11(a) compares the specific capacitances of NiMoO,,
CNS, and NiMoO,/C (D50) at various current densities (1 to
15 Ag "), demonstrating the reliable performance of NiM0O,/C
(D50) across all tested current densities. As the current density
decreases, NiMoO,/C (D50) exhibits higher specific capacitance
due to enhanced faradaic processes and increased electrolyte
ion diffusion. Furthermore, the NiMoO,/C (D50) electrode
exhibits moderate charge-discharge rate capability, retaining
approximately 51% of its specific capacitance when the current
density is increased from 1 A g~ " to 15 A g~ "."*'® The long-term
cycling stability and coulombic efficiency of the NiMoO,/C
(D50)-based electrode were evaluated by repeated GCD
measurements up to 5000 cycles at 5 A g~ ', as shown in
Fig. 11(b). The remarkable retention of 71% of its initial
specific capacitance up to 5000 cycles demonstrates the appre-
ciable cycling stability and resilience against degradation
mechanisms of the NiMoO,/C (D50) electrode. Furthermore,
the noted coulombic efficiency remains nearly 96% even up
to 5000 cycles, highlighting the efficient charge transfer
and reversibility of the faradaic reactions.'®®® Additionally,
the FESEM images (Fig. 12(a) and (b)), taken before and after
5000 GCD cycles at 5 A g~ for the NiMoO,/C (D50) electrodes,
illustrate the structural changes impacting supercapacitor per-
formance after cyclic stability testing. The images reveal that
the initially smooth electrode surfaces exhibit signs of fractur-
ing or degradation following prolonged cycling, which conse-
quently leads to a decline in supercapacitor performance.

EIS analysis of NiMoO,, CNS and NiMoO,/C (D50) provides
valuable insights into the electrochemical behavior and inter-
face properties of the electrode materials. The Nyquist plots
(Fig. 13) were fitted with an equivalent circuit (inset Fig. 13)
using ZSimpWin software to extract key electrical parameters
(Table S2, ESIY). All the electrode materials show acceptable
values, indicating excellent fitting of the equivalent circuit.
Solution resistance (Rg) for NiMoO,/C (D50) (1.16 Q e¢m?) is
comparable to NiMoO, (1.15 Q cm?) and CNS (1.07 Q cm?),
indicating the minimal impact of carbon on bulk electrolyte
resistance. Charge transfer resistance (R.), crucial for interfa-
cial electron transfer, is significantly lower for NiMoO,/C (D50)
(2.96 Q ¢cm?) compared to NiMoO, (13.02 Q cm?), but higher
than CNS (55.8 pQ cm?), suggesting improved interfacial prop-
erties likely due to enhanced conductivity from the incorpo-
rated carbon. Pore resistance (Rpoe) reflects ion diffusion

Fig. 12 FESEM images of the NiMoQO,/C (D50) electrode (a) before and (b)
after cyclic stability studies performed for GCD 5000 cycles at 5 A g~2.
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within the electrode. NiMoO,/C (D50) displayed a slightly
higher R,ore value (5.48 mQ cm?) compared to NiMoO,
(0.95 mQ cm?) but much lower than CNS (57.7 mQ c¢cm?). This
indicates a more accessible pore network in the NiMoO,/C
(D50) composite, achieved by altering the surface composition
and structure, leading to improved electrolyte penetration and
ion diffusion compared to pure CNS.**%

Constant phase elements (CPEs) provide insights into capa-
citance. We analyzed Q. (coating capacitance) and Qg4 (double
layer capacitance). Q. values for NiMoO, (0.0032 S cm > s7),
CNS (0.0012 S cm > s"), and NiMoO,/C (D50) (0.0024 S cm > s
represent the porous structure’s capacitance. The slightly lower
Q. for NiMoO,/C (D50) suggests a potentially less developed
pore network compared to pristine NiMoO,. Qq; values for
NiMoO, (0.0229 S ecm™? s"), CNS (0.0005 S cm > s”), and
NiMoO,/C (D50) (0.0236 S cm™? s”) reflect the electrode-elec-
trolyte interface capacitance. Comparable values for NiMoO,
and NiMoO,/C (D50) indicate minimal change in accessible
surface area for ion adsorption with carbon incorporation. The
lower Qg for CNS suggests limited capacitance due to its lower
conductivity. The Warburg impedance (W) characterizes ion
diffusion within the electrode. W values for NiMoO, (4.091 X
107"? S em ™2 s%°), CNS (1.034 x 107* S cm™ > s°%), and NiMoO,/
C (D50) (6.465 x 107'* S em > s°°) reveal slower diffusion in
CNS compared to NiMoO, and NiMoO,/C (D50). This suggests
that carbon facilitates ion transport in the composite while
maintaining a comparable rate to pristine NiMoO,. EIS analysis
supports the benefits of the NiMoO,/C (D50) composite struc-
ture. While the Q. value suggests a potentially less developed
pore network, the comparable Qq; value indicates maintained
accessible surface area. This highlights a potential trade-off
between pore development and conductivity within the compo-
site. The significantly lower R.. and faster ion diffusion (W) in
NiMoO,/C (D50) compared to CNS demonstrate the positive
impact of carbon, likely contributing to its enhanced electro-
chemical performance.”®”?
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To investigate the contribution of capacitive or diffusive
controlled processes in the energy storage mechanism of
NiMoO,/C (D50), CV experiments were performed at various
scan rates (1-10 mV s~ ) using three electrode configurations.
The association between the current (i) vs. scan rate (v) can be
expressed by the following eqn (10) and (11):**7?

i=ax1f (10)

log(7) = log(a) + blog(v) (11)
where a is constant, and b is the slope of the log(i) vs.
log(v) graph.

Further, it is known that the value of b is 0.5 and 1 for the
diffusion-controlled and capacitive-controlled processes,
respectively.”*’* The b values of the NiMoO,/C (D50) electrode
obtained from Fig. 14(a) indicate mixed behavior. For the anodic
process, the intermediate b value (0.608) falls within the range of
0.5 < b < 1.0, suggesting contributions from both diffusion and
capacitive processes, ie. the system is influenced by both the
diffusion of ions and surface reactions. Conversely, the lower b
value (0.052) for the cathodic process (b < 0.5) suggests a
predominantly diffusion-controlled process with additional
kinetic limitations, which may be due to factors such as slow
electron transfer or mass transport resistances.*””

To further estimate the contribution of the surface-controlled
capacitive process (k;v) and diffusion-controlled/faradaic process
(k1+/v) methods on the current of the NiMoO,/C (D50) electrode,
the following eqn (12)-(15) were used:”

[ =k + ko Jv (12)

or

iIJv=FkiJv+k, (13)

Capacitive contribution rate (%) = L x 100% (14)

- k]l/+k2\/l/

k
Diffusive contribution rate (%) = 2VY x 100%

7kll/+k2\/l/ (15)

where the values of k; and &, were obtained from the plot of i/\/ v
versus \/v (Fig. 14(b)). The estimated contributions of capacitive-
controlled (43%) and diffusion-controlled (57%) processes in
the cyclic voltammogram of NiMoO,/C (D50) at 10 mV s~ ' are
presented in Fig. 14(c). As shown in Fig. 14(d), increasing the
scan rate from 1 mV s~' to 10 mV s leads to a progressive
increase in the capacitive contribution from 19% to 43%,
indicating a limitation in the diffusion time of electrolyte ions
to reach the electrode surfaces at higher scan rate.”>”®

3.3. Two-electrode symmetric and asymmetric SC studies

The electrochemical outcomes of NiMoO,/C (D50) based sym-
metric and asymmetric SCs were evaluated at different scan rates
(10-100 mV s~ ') using a Swagelok-type two-electrode setup and
3 M KOH electrolyte. The CV curves of both symmetric and
asymmetric SCs exhibit no distinct redox peaks in Fig. 15(a) and
(b). Unlike the symmetric SC, the asymmetric SC demonstrates a
uniformly increased current response even upon increasing the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Kinetics of energy storage behavior of NiMoO,4/C (D50) at differ-
ent scan rates (1-10 mV s 3): (a) plot of log(i) vs. log(v), (b) plot of ilJvand
Jv. (€) CV cycles of capacitive-contribution (pink-shaded region) and
diffusion-contribution (blue-shaded region) at 10 mV s, and (d) total
contribution rate of capacitive (pink) and diffusion-controlled (blue) pro-
cesses at different scan rates.

scan rate, indicating its good rechargeable behavior for making
it suitable for repeated charge-discharge applications.”” More-
over, the GCD profiles of both symmetric and asymmetric SCs at
different current densities (1 to 15 A g~ ') in Fig. 15(c) and (d)
match with the characteristic pseudocapacitive behavior.>>”®
Furthermore, the performance of symmetric and asymmetric
SCs was assessed in terms of specific capacitance (Cs), power
density (P) and energy density (E), at a current density of 1 A g~
using eqn (2)-(7) and the values are given in Table 1. In compar-
ison, the symmetric SC demonstrates a doubled value of specific
capacitance (83 F g~ '), while the asymmetric SC delivers the
doubled values of both energy density (14.2 W h kg™ ") and power
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Fig. 15 The electrochemical performances of NiMoO4/C (D50) based
symmetric (left) and asymmetric (right) SCs: (a) and (b) CV curves at different
scan rates, and (c) and (d) GCD curves at different current densities.
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Table 1 Comparison of electrochemical performance of symmetric and
asymmetric SCsat 1A g™t

Two-electrode SCs Cs(Fg™) EWhkg P(Wkg")
Symmetric 83 7.4 267
Asymmetric 40 14.2 444

Fig. 16 Demonstration of powering a blue LED light by three NiMoO,4/C
(D50) based symmetric SC devices connected in series.

density (444 W kg '). These outcomes highlight the promising
electrochemical performance of NiMoO,/C (D50) asymmetric SCs
for versatile energy-storing applications.**>’

3.4. Fabrication of an all-solid-state symmetric SC

To demonstrate the practical energy storage capability of NiMoO,/C
(D50) in real-time, three symmetric supercapacitor devices were
connected in series to power a blue LED (Fig. 16). This configu-
ration successfully illuminated the LED for about two minutes,
signifying their promising potential for practical applications where
short-term bursts of energy are required. However, the observed
decay of LED brightness is so fast due to the low-cost current
collector (stainless-steel) used to fabricate all-solid-state symmetric
supercapacitors. Furthermore, the electrolytes have to be optimized
by a combination of different electrolytes for high-performing SCs.

Notably, the prepared NiMoO,/C (D50) nanocomposite demon-
strates a significant supercapacitor performance compared to
previously reported NiMoO,-based materials (Table S3, ESIT). This
exceptional performance is due to several factors: (1) conductive
carbon networks facilitate rapid charge/discharge, (2) the porous
nanosphere structure maximizes electrolyte accessibility, boosting
charge storage, (3) in situ synthesis and incorporation of optimal
carbon content improves the electrolyte-philicity of the electrode
via altering the surface composition and properties, providing
more electroactive sites, and (4) intimate integration of NiMoO,
and carbon amplifies supercapacitor behavior beyond individual
component contributions. This rapid, one-pot, cost-effective, and
environmentally friendly approach of in situ carbon incorporation
enables scalable nanocomposite production, and promising appli-
cations in supercapacitors, lithium-ion batteries, and other energy
storage technologies.

4. Conclusions

In summary, this work demonstrated the impact of different
ratios of carbon in NiMoO,/C (Dx) nanocomposites prepared
via in situ hydrothermal carbonization of dextrose for
the application of electrode materials in supercapacitor
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applications. The NiMoO,/C (D50) nanocomposite exhibited
a well-integrated structure, with NiMoO, nanorods dispersed
within a graphitic carbon matrix, consisting of 71.1% NiMoO,
and 28.9% carbon components. The graphitic carbon matrix
showed increased defects with higher carbon content, which
contributed to the enhanced surface area and mesoporosity of
the nanocomposite. In particular, the NiMoO,/C (D50) elec-
trode material delivered a high specific capacitance of 940 F g~ *
at1 A g ' compared to pure NiMoO, (520 F g~ ') and NiM0O,/C
(D10, D25 and D75) nanocomposites (436-583 F g ).
Furthermore, the fabricated NiMoO,/C (D50) based two-
electrode system showed doubled energy and power densities
(14.2 W h kg™ and 444 W kg™ ") for asymmetric supercapacitors
compared to symmetric supercapacitors (energy density of
7.4 W h kg™' at power density of 267 W kg '). This noted
superior supercapacitor performance of NiMoO,/C (D50) can be
ascribed to the incorporation of optimal carbon content in the
nanocomposite, which synergistically improves the electro-
active sites and electrolyte-philicity via altering the surface
composition and properties of the electrodes, for more charge
storage. Thus, this kind of in situ hydrothermal synthesis of
bimetallic oxides/carbon nanocomposites with optimal carbon
content using different carbon sources will be a promising
strategy for achieving high-performance supercapacitors.
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