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Supercapacitors (SCs) are crucial for meeting the growing demand for energy. The development of next-
generation SCs still depends on the evolution of high-performance electrode materials. Compared with
single component metal oxides, ternary metal oxides (TMOs) offer multiple oxidation states and superior
supercapacitive performance. The rational design and doping of complex metal oxides offer a powerful
strategy to overcome the performance limitations of supercapacitors (SCs). This work presents pure and
Mo-doped ZnV,04 ternary metal oxides (Mo-TMOs) with tailored nanostructures synthesized by
a hydrothermal method to optimize the electrochemical performance for SC applications. The
synthesized materials were used for assembling a symmetric SC device. Comprehensive structural and
morphological analyses confirm a uniform Mo distribution and the formation of highly interconnected
nanostructures that promote rapid ion diffusion and electron transport. The prepared ZnV,0,4 and
ZnVp.9gM0g 02,0, deliver excellent specific capacitances of 697.14 F g*1 and 752.08 F g*1 at 5mV st
respectively. The fabricated device possesses a high energy density of 34.85 Wh kg™ at a power density
of 31371 W kg~?! for ZnV,0, and 37.60 Wh kg™ at a power density of 323.08 W kg~ for the
ZnVg.9gM0g 020, sample. Both samples possess high BET surface areas of 77.25 and 100.42 m? g‘l.
Moreover, the fabricated device exhibits excellent cyclic stability of 96.1% for the pure sample and 97.2%
for the Mo-doped sample at 5 A g~* after 10 000 cycles. Incorporation of Mo into the ternary oxide
framework successfully tunes the electronic conductivity, increases the redox activity and enhances the
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1. Introduction

Non-renewable energy sources based on fossil fuels are running
out due to the continuously increasing global energy demands.*
Therefore, it is an urgent need to develop a clean, environ-
mentally conscious and sustainable energy source. This energy
source should be a good substitute to fossil fuels and must
fulfill the continuous requirement of energy. There are many
renewable energy sources like solar energy, wind energy and
tidal energy. However, energy from these sources are not
continuously available, and hence, energy storage devices are
needed.” This escalating demand for efficient and sustainable
energy storage solutions has propelled SCs to the forefront of

“Department of Sciences (Physics), School of Sciences, Manav Rachna University,
Faridabad-121004, Haryana, India

*Department of Physics, JDPS College, SGB Amravati University, Amravati 444803,
India

“Department of Biotechnology, School of Engineering and Technology, Manav Rachna
International Institute of Research and Studies, Faridabad, Haryana, India
“Department of Physics, Government PG College Sec-12, Palwal-121102, Haryana,
India. E-mail: yk.physics@gmail.com; Tel: +91 9255533031

7638 | Nanoscale Adv, 2025, 7, 7638-7652

structural stability, indicating promising SC performances for future prospects.

research due to their remarkable supercapacitive property,
electrochemical behaviour and extended cycle life.>® In
comparison with batteries, SCs are compact, lightweight, and
cost-effective and have a higher power density of more than 10
kW kg™, a longer life, the ability to rapidly charge as well as
discharge, a broad working temperature range, and excellent
cycle retention qualities greater than 100 000 cycles.®® These
practical values of SC parameters and the availability of elec-
trode materials make them a prominent, sustainable and
environment friendly energy storage device.** The unique
benefit of SCs is that they can bridge the energy and power
density gap between batteries and conventional capacitors.”
However, their relatively low energy density compared to
batteries remains a significant limitation. To address this,
extensive efforts have been directed toward developing
advanced electrode materials that can enhance the energy
storage capacity and better the supercapacitive activities of
SCs.*®

Generally, an SC device is made up of two electrodes, two
current collectors, an electrolyte, and a separator that physically
separates the two electrodes.®'” Because of the porous nature of
the electrode material, it helps in the charge storage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanism.*”® SCs can be broadly classified into three cate-
gories, which are the electric double layer capacitor (EDLCs),
pseudo capacitor (PCs) and the hybrid capacitor (HCs), which is
prepared by the combination of the first two types.'”***°
However, there are only two categories of SCs on the basis of the
charge storing mechanism. The first one is the electrical double
layer capacitors (EDLCs) SCs and the other one is the pseudo
supercapacitors (PCs).>* Electrostatic charge storage at the
conducting interface between the electrode and electrolyte is
the basis for the electric double-layer capacitance (EDLCs)
charge storage mechanism. This causes the Helmholtz double
layer to develop. The formation of an electric double layer at the
electrode-electrolyte interface allows ions to accumulate and
store charge in EDLCs. The electrical energy is stored electro-
statically via non-faradaic reaction at the electrode interface.?>*
On the other hand, pseudocapacitance is a principle of elec-
trical energy storage that relies on faradaic charge storage, in
which electrons produced by reversible redox reactions are
transferred across the electrode-electrolyte interface to elec-
trochemically store the charge. Due to the highly reversible
intercalation of electrolyte ions in the electrode material's
lattice, no new chemical species are formed.** Furthermore,
because more ions are utilized in the faradaic processes,
pseudocapacitors deliver higher energy density and specific
capacitance than the electric double layer capacitor.”**® The
electrode material and synthesis methods are the key elements
in the fabrication of high energy storage devices like SCs
because they determine the performance of the SCs.>”*® There-
fore, the selection of the electrode materials and the synthesis
methods are both crucial for enhancing the electrochemical
performance of any SC device.”

Transition metal oxides have garnered considerable atten-
tion as electrode materials owing to their multiple oxidation
states, which facilitate rich redox reactions, thereby contrib-
uting to high pseudocapacitance.**** Despite these advantages,
many transition metal oxides suffer from poor electrical
conductivity and structural instability during cycling, which
restrict their practical applications.?” To overcome these chal-
lenges, researchers have explored the design of ternary metal
oxides (TMOs), which incorporate three different metals into
a single oxide framework using different synthesis methods.
This strategy leverages the synergistic effects of various oxida-
tion states among the constituent metals, leading to enhanced
electrical conductivity, increased active sites, improved struc-
tural stability and better electrochemical performance.***
Additionally, for improving the electrochemical activities of the
SCs electrode materials, multiple ternary metal oxides were
recently developed using various synthesis processes.*®*® The
hydrothermal technique is most commonly used for this
purpose because it is simple, cost-effective, environmentally
friendly and creates nanomaterials of the desired morphology
and size.>*” In recent years, there have been many articles
published on ternary metal oxides. Nimra et al. prepared TMOs
through the hydrothermal method, which exhibited an excel-
lent energy density of 138.9 Wh kg~ '. TMOs were created by
Ferreira et al. using the Pechini process, which showed
a specific capacitance of 328 F ¢~ ' and an energy density of
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18.92 Wh kg™ ! at a power density of 345.7 W kg™ '.*® Bhujun
et al. synthesized nanocomposites by sol-gel method, which
showed an excellent energy density of 7.9 kW kg "at 1Ag ' and
a specific capacitance of 221 F g~ for CuCoF at a scan rate of
5 mV s . Co:Ni:MoO, were created by Xing et al. using the
hydrothermal method, which showed an energy density of 12.5
Wh kg~! and a high-power density of 7479.1 W kg™ '. Addi-
tionally, it demonstrated good cyclic stability and 91% capacity
retention after 5000 cycles.*” Huang et al. used a 1:2: 2 ratio of
Ni, Co, and Mo to create TMOs by the hydrothermal technique
for SC applications. These electrode materials have a good
energy density and a power density of 22.02 Wh kg™ ' at 3.50 W
kg ', and a capacitance value of 126 mF cm™ > at 10 mA cm™ 2%’
Furthermore, integrating TMOs with conductive materials, such
as graphene or conducting polymers, or the doping of an
additional metal has been shown to further boost their
electrochemical properties. Qu et al. synthesized Mo-based
ternary oxides (MTOs) via a facile and scalable method, which
showed good value of energy and power density, but compara-
tively smaller specific capacitance value.** Sharma et al. fabri-
cated a symmetric SC device based on a two-electrode system
through a hydrothermal process. The fabricated device
possessed an excellent specific capacitance of 573.21 F g~ * for
the Mo-doped MnV,, 9sM0y 0,0,. Furthermore, it exhibited high
energy and power densities of 28.66 Wh kg~ ' and 318.45 W
kg, respectively. This fabricated Mo-TMO also demonstrates
superior cyclic stability of 96.1% after 5000 cycles.'” Denis et al.
synthesized an Mo-based ternary Ni,sCosM00,-xH,O by
a scalable two-step method. The prepared ternary metal oxides
exhibited better electrochemical performance by showing good
energy and power density values as well as a better specific
capacitance of 665.0 F g~ ' at 5.0 A g~ .2 Teli et al. synthesized
ternary metal oxides based on MnVMo-O by hydrothermal
process, which demonstrated excellent electrochemical
behavior.** Sharma et al. fabricated a symmetric TMO-based SC
device using the hydrothermal method for SC applications. The
as-fabricated device demonstrated superior supercapacitive
properties for future prospects. This device shows the highest
capacitance of 578.57 F g~ ', better energy density of 28.92 Wh
kg~ " and power density of 318.34 W kg~ '. These TMOs also
possess excellent material retention of 97.1% after 10000
cycles.** These reports show that the TMO-based SCs synthe-
sized by different synthesis methods can be a good approach for
fulfilling the rising energy demand. A comparative analysis for
the preparation of electrode materials by different synthesis
methods is listed in Table 1. Based on the literature, it is clear
that the hydrothermal method is not only a cost-effective
method, but also provides better electrochemical performance.

This study explores the synthesis of pure and Mo-doped
spinel ZnV,0, TMOs for SC applications. ZnV,0, is known for
its rich redox activity and structural stability. However, its
electrochemical performance is hindered by poor conductivity
and limited active sites. Introducing Mo as a dopant into the
ZnV,0, lattice presents a novel strategy to overcome these
challenges. Molybdenum, with its multiple valence states
(Mo*"/Mo®"), plays a dual role: (i) it contributes additional redox
centers, enhancing the pseudocapacitive behavior, and (ii) it
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Table 1 Comparison of the synthesis methods for the preparation of different electrode materials

Material Synthesis method Specific capacitance Energy density (Eq) Power density (Pq) Reference
TiO,/NiO/ZnO Electrospinning method 438 Fg ! 43.9 Wh kg ™" 749 W kg ! 45
(NiO/ZnO@(GO)x) Sol-gel method 1833.9F g * — — 46
Mn-Ni-Co Electrodeposition method ~ 176.8 Fg™* 55.2 Wh kg ™" 749.91 W kg™* 47

NiCoP Solvothermal method 1095 F g’ 43.54 Wh kg ™" 150 W kg ! 48
PAni@Mg-OP/CuO Co-precipitation method 702.8 Fg ! 37.5 Wh kg ™' 328.2 W kg ™" 34
Ag@MnCo-NGO-PVP Hydrothermal method 1986.8 F g " 139.9 Wh kg * 5273.9 W kg™ 49
CNT/P-(NiMn)C0,0,@NGQD  Hydrothermal method 2172 F g ! 94.4 Wh kg ! 800 W kg ' 50
(NiO/V,05/MnO,) Hydrothermal method 788 Fg ' 138 Wh kg ! 450 W kg ! 51

improves the electrical conductivity by modifying the electron
transport pathways within the lattice.”** Furthermore, Mo
substitution promotes oxygen vacancies, which facilitate ion
diffusion and boost charge storage capacity. This study shows
the superior electrochemical performance of the Mo-doped
ZnV,0, sample, which introduces synergistic effects that
enhance the redox activity and boost the electrical conductivity
of the material. These synergistic effects are scarcely reported
for the Zn-V-O system, especially in optimized doping
concentrations and synthesized via a hydrothermal approach.
Thus, this work not only introduces a novel doped ternary
system, but also sets a precedent for tailoring spinel oxides via
hetero-valent ion engineering to meet the performance
demands of next-generation supercapacitors.

2. Experimental
2.1 Materials

We bought zinc acetate dihydrate (Zn(CH;COO),-2H,0),
ammonium metavanadate (NH,VO;), ammonium molybdate
((NH4)sM0,0,,4-4H,0) and polyethylene glycol 400 (PEG-400)
(H(OCH,CH,),,OH) from Sigma-Aldrich. Urea (NH,CONH,)
and hydrogen peroxide (H,O,) were imported from Thermo
Fisher Scientific India Pvt., Ltd. We purchased graphite sheets
(250 pm thick) from Nikunj Eximp Enterprises, Ltd, Bangalore.
The solvents used for the entire synthesis process were ethanol
and deionized water (DIW), which were purchased from
Thermo Fisher Scientific.

2.2 Synthesis of ZnV,0, electrode materials

A simple hydrothermal synthesis method following calcination
treatment was used to synthesize the zinc, vanadium, and
molybdenum-based nanostructured materials. The synthesis of
the nanostructured ZnV,0, was carried out by taking 5.47 g zinc
acetate dihydrate (Zn(CH;COO),-2H,0) in 50 mL deionized
water and 5.85 g of ammonium metavanadate (NH,VO;) in
50 mL deionized water (DIW). Both materials were magnetically
stirred separately for 10 min at 40 °C. Subsequently, 5 mL
polyethylene glycol 400 (PEG-400) (H(OCH,CH,),,OH) and 2 g of
urea (NH,CONH,) were added to the second material and
magnetically stirred, and then, zinc acetate dihydrate
(Zn(CH3COO0),-2H,0) was added dropwise. This mixture was
magnetically stirred again for one hour at 60 °C. After that, the
prepared mixture was put inside a stainless-steel autoclave
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hydrothermal reactor lined with Teflon. For 12 hours, this
mixture was heated up to 150 °C in a hot air oven. The autoclave
was allowed to cool to room temperature once the reaction was
finished. The produced sample was gathered, repeatedly
cleaned with ethanol and deionized water using a centrifuga-
tion process (5000 rpm for 5-6 min), and then dried in a muffle
furnace for 6 hours at 150 °C. Finally, the material was calci-
nated at 750 °C for 12 hours. The as-prepared pure ZnV,0, was
taken as sample S1. Similarly, another sample S2 (ZnVj og-
Moy ¢,0,) was prepared by taking 5.47 g zinc acetate dihydrate
and 5.73 g of ammonium metavanadate in 50 mL deionized
water. Also, 0.62 g of ammonium molybdate ((NH,)s-
Mo-,0,,-4H,0) was taken in another 50 mL deionized water. In
this sample, magnetically stirred ammonium molybdate
((NH4)6M0,0,4-4H,0) was added dropwise in place of zinc
acetate dihydrate (Zn(CH3COO),-2H,0), and the rest of the
procedure was the same as in the case of S1. A small portion of
the synthesized ternary metal oxides was retained for several
structural, vibrational, and morphological characterizations,
whereas the main portion of materials would be used for elec-
trode manufacturing, electrochemical characterization and
device fabrication.

2.3 Fabrication of the supercapacitor device

For the fabrication of the SC device, a two-electrode system was
used. The supercapacitor device was fabricated using similar
types of materials for both electrodes on a graphite substrate of
1 cm?® Throughout the entire fabrication process, poly-
vinylidene fluoride (PVDF) served as the binder and acetylene
black served as the conducting agent. A fixed 80:10:10 ratio
was maintained for the synthesized material, conductive addi-
tive (acetylene black) and binder (PVDF), respectively. All of the
materials were ground with a mortar and pestle in order to form
a homogeneous mixture, and then 0.5 mL of N,N-di-
methylformamide (DMF) (HCON(CH3),) solvent was added to
form a slurry. This homogeneous slurry was coated on to
a graphite substrate (1 ecm?) by paint brush and then dried in
a hot air oven overnight at 60 °C. A highly sensitive electrical
balance was used to determine the weight of the active mass
that was put onto the graphite electrode. The deposited mass of
the synthesized material on the graphite substrate was deter-
mined by measuring the mass of the graphite sheet before and
after covering the mass of the dynamic material. In each case,
the mass of the electrode material was found to be 0.0028 g. For

© 2025 The Author(s). Published by the Royal Society of Chemistry
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device characterization, 1 M of Na,SO, was used as an electro-
lyte. As Na,SO, is a neutral electrolyte, it is less corrosive,
possesses a wide potential window and does not react with the
electrode materials, which can otherwise cause device degra-
dation.”® A Whatman filter paper was used as a separator. The
symmetric SC device was fabricated by sandwiching the What-
man filter paper between two similar types of electrodes after
dipping it into 1 M of Na,SO, electrolyte. The device was then
placed in a sample holder for the electrochemical
characterizations.

3. Characterization
3.1 Structural and morphological characterizations

In order to examine the phase and structural information of the
prepared nanostructured materials, X-ray diffraction (Rigaku
Miniflex X-ray diffractometer) with Cu Ko. radiation at 1.5418 A
was utilized. The synthesized materials were examined by field
emission scanning electron microscope (FESEM) by Gemini-
SEM 560 for studying the surface morphological information
and particle size. To study the different vibrational peaks that
correspond to different stretching and bending modes, Fourier
transform infrared spectroscopy (Shimadzu IR Spirit-T FTIR)
was utilized. The surface area of the synthesized electrode
materials was determined using a Brunauer-Emmett-Teller
(BET) surface area analyzer (Quantachrome Instruments v10.0,

Japan).

3.2 Electrochemical characterizations

An electrochemical workstation (CHI-680) setup was used for
the electrochemical characterizations of the synthesized elec-
trode materials. For the electrochemical characterization, a two-
electrode system was used. 1 M of Na,SO, was utilized as an
electrolyte within the potential window of 0 V to 0.6 V for the CV
and GCD analysis of the prepared electrode materials. In order
to conduct an electrochemical impedance spectroscopy (EIS)
study, an open circuit AC source with a frequency range of 1
mHz to 1 MHz was used.

The following four equations were used to determine the
performance parameters of the synthesized electrode materials.
Eqn (1) was used to determine the value of the specific capaci-
tance Cs (F g~ '). Eqn (2) and (3) were used to determine the
energy density Eq (Wh kg™") and power density Pq (W kg™ ") of
the fabricated device, respectively. The coulombic efficiency was
calculated by eqn (4).>*7

[ 1(v)ydv
-1y . In
CS(Fg >_ WlV(Vz*V[) (1)
1 CAV?
-1y L Gs
1 Eq
Po(W kg™!) =~ 3600 3)
d
I
n= P x 100% (4)

C
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Here, AV* = Viax> — Vimin’, Cs represents the specific capaci-
tance, I (mA) is the response current produced in the device, m
(g) is the mass of the electrode material deposited onto the
graphite substrate and AV represents the potential window. The
terms t. and ¢4 represent the charging and discharging times,
respectively.

4. Results and discussion
4.1 X-ray diffraction (XRD) analysis

A Rigaku Miniflex X-ray diffractometer with Cu Ko radiation at
1.5418 A was used to examine the phase, purity and crystallo-
graphic structural information of the synthesized materials.
The XRD patterns of the samples S1 and S2 in the 26 range of
10° to 80° are shown in Fig. 1, demonstrating how well the
resulting XRD pattern is obtained. The characteristic peaks of
sample S1 at 18.2°, 30°, 35.4°,43.1°, 53.3°, 56.7°, 62.5° and 66.2°
and of sample S2 at 18.4°, 30.1°, 35.3°, 43.1°, 53.3°, 56.1°, 62.5°
and 67.2° correspond to planes (111), (220), (311), (400), (422),
(511), (440) and (533), respectively. The obtained diffraction
patterns of the prepared samples were compared to the stan-
dard JCPDS card number 75-0318 to confirm the formation of
the spinel structure, phase purity and peaks.**** The Scherrer
eqn (5) was used to calculate the crystallite size (D) of the

materials.®>¢*

KA
b= B cos (5)

Here, K is the Scherrer constant (0.9), A is the wavelength of the
X-ray (Ko = 1.5418 A), @ is the full width at half maximum
(FWHM) of the peak, and ¢ is Bragg's diffraction angle. The
average crystallite size for each was found to be 47.8 nm and
32.6 nm. This suggest that after the doping of Mo in S2, the
average crystallite size decreases, which increases the surface
area. This increased surface area will be beneficial for ion
diffusion and charge storage. The experimental data and
sharpness of the XRD peaks show the high crystallinity spinel
structure of the synthesized materials. The peaks of the Mo-
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Fig.1 XRD patterns of samples S1 and S2.
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Fig. 2 FESEM images of sample S1 at (@) 100 nm and (b) 500 nm and S2 at (c) 100 nm and (d) 500 nm.

Paper

doped sample show a slight shift and broadening of peaks as 4.2 Field emission scanning electron microscope (FESEM)

compared to the undoped sample, indicating lattice distortion analysis
due to Mo-incorporation.®* No significant impurity peaks are
observed, which confirms the retention of the spinel structure
of ZnVv,0, even after Mo-doping.
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Fig. 3 Particle size histograms of samples S1 (a) and S2 (b).
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A Gemini-SEM 560 system with magnifications from 10x to 1
000 000x and good spatial resolution (~0.5 nm) was used to
study the surface morphology and particle size of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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synthesized samples. Fig. 2 displays the FESEM images of these micrographs. The microcracks and grain boundaries
samples S1 and S2. The spinel-like structures and homogeneous show the high degree of crystallinity of the synthesized samples.
morphology of the sample surfaces can be clearly seen from Particle sizes were measured quantitatively using Image]
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Fig. 4 (a) EDX spectra of S1, (b—d) elemental mapping of Zn, V and O and (e) elemental mapping of ZnV,O4.
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software and Gaussian fitting was applied to the prepared advantageous for improved electrochemical performance. Mo
histogram, as shown in Fig. 3. This shows the average particle doping in ZnV,0, results in an enhanced surface roughness,
size of 49.3 nm and 35.4 nm for S1 and S2, respectively, which is which increases the surface activity for catalytic applications
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Fig. 5 (a) EDX spectra of S2, (b—e) elemental mapping of Zn, V, Mo and O and (f) elemental mapping of ZnVg 9gM0g.020>.
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Fig. 6 FTIR spectra of samples S1 and S2.

without substantially altering the basic spinel structure. The
samples were also examined using EDX spectra, which are di-
splayed in Fig. 4 and 5 for samples S1 and S2, respectively.
These spectra reveal that the elements in samples S1 and S2 are
distributed uniformly.

4.3 Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analysis using a Shimadzu IR Spirit-T system was done to
assess the structural integrity and electrochemical relevance of
ZnV,0, for SCs application, and its spectra were analyzed. The
FTIR spectra of samples S1 and S2 are displayed in Fig. 6. The
distinctive absorption bands in this spectrum are attributed to
M-O vibrations and other potential stretching and vibration
modes. In this spectrum, a prominent band at 1028 cm ™' is
attributed to V=0 stretching, signifying the presence of elec-
trochemically active vanadyl bonds. Bands at 750 and
469.65 cm ™" confirm the formation of a stable V-0-V and Zn-O
lattice framework and spinel ZnV,0, structure. FTIR analysis of
the samples shows the presence of Zn-O and V-O vibrational
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Fig. 7 Adsorption—desorption isotherms for (a) S1 and (b) S2.
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peaks and the main spinel band remains at nearly the same
position after Mo incorporation, which confirms that the orig-
inal spinel structure remains intact even after Mo-
incorporation. The Mo-doped sample shows an additional
Mo-O stretching band at 845.25 cm™', which confirms
successful Mo-doping without changing its original spinel
structure. The metal-oxygen vibrations play a vital role in
ensuring structural robustness and enabling faradaic redox
activity crucial for pseudocapacitive performance. This struc-
tural motif facilitates efficient charge transport and enhances
ion diffusion pathways, both of which are essential for high-rate
charge-discharge cycling.

4.4 Brunauer-Emmett-Teller (BET) analysis

The capacitance of SCs depends on the surface area. Therefore,
in order to determine the surface area of the as-synthesized
pure and Mo-doped ZnV,0, electrode materials, a Brunauer-
Emmett-teller (BET) surface area analyzer (Quantachrome
Instruments v10.0, Japan) was used. Fig. 7 shows the nitrogen
adsorption and desorption isotherms for samples S1 and S2.
The gradual increase in adsorption volume within the relative
pressure range of 0.1 to 0.9 confirms the mesoporous structure
of the materials, while the higher adsorption in S2 suggests an
enhanced surface area and pore volume compared to S1. For
both samples, the surface area was found to be 77.25 and 100.42
m® g~ '. This suggests that Mo doping in sample S2 with
a higher surface area may have led to a more porous structure,
which creates an abundance of active sites for ion adsorption
and desorption and better electrochemical performance
compared to pure sample S1.%

4.5 Electrochemical analysis

4.5.1 Cyclic voltammetry (CV) analysis. Cyclic voltammetry
(CV) analysis was done using an electrochemical workstation
(CHI-680) to study the supercapacitive performance of the
prepared device made from pure (S1) and Mo-doped (S2)
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electrode materials. Fig. 8 displays the CV curves of the pure and
Mo-doped ZnV,0, electrode materials in the potential range of
0 to 0.6 V and scan rate varying between 5 to 100 mV s~ . The
pseudocapacitive character of the pure and Mo-doped ZnV,0,
samples is clearly visible by the obtained CV curves. The shapes
of the synthesized samples S1 and S2 are almost similar, but
sample S2 exhibits a larger area under the CV curve than sample
S1. The maximum specific capacitance value for samples S1 and
S2 was found to be 697.14 F g~ ' and 752.08 F g™, respectively, at
a scan rate of 5 mV s~ '. The charge storage mechanism of the
pure and Mo-doped nanocrystalline ZnV,0, electrode materials
is primarily driven by the surface phenomenon of alkali cation
intercalation and de-intercalation.®®®” Pure and Mo-doped
electrodes at different scan rates are compared, along with
their corresponding capacitance values, in Table 2. The CV
analysis results show that the specific capacitance values
decreased at higher scan rates for the synthesized samples. The
specific capacitance may decrease due to the presence of inte-
rior active sites that cannot completely support the redox tran-
sition at higher scan rates.®®* The power law formula given by
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Table 2 Comparison of the specific capacitance of samples S1 and S2

at different scan rates

Scan rate Specific capacitance Specific capacitance
S. no. (mvs™ (Fg™),s1 (Fg™),s2
1. 5 697.14 752.08
2. 10 598.63 607.26
3. 50 273.69 298.73
4. 100 186.55 194.17

eqn (6) was used to calculate the charge storage mechanism and
quantify the contributions from diffusion and capacitance to
the prepared materials. CV analysis shows both types of charge
storage mechanisms (capacitive and diffusion) for S1 and S2.
Therefore, they can perform better as SC devices. The fitting
parameters k; and k, were determined to be 1 and 1.49 for S1,
and 1 and 0.75 for sample S2, respectively. These values corre-
spond to a capacitive contribution of around 60% at a scan rate
of 5 mV s~ for S1. Meanwhile, the Mo-doped sample S2 shows
an enhanced capacitive contribution of about 75% at the same
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Fig. 8 (a) CV curves of S1, (b) CV curves of S2, (c) comparison of the CV curves of S1 and S2 at 5 mV s~* and (d) comparison of the specific

capacitance of S1 and S2 at different scan rates.
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scan rate, indicating improved surface-controlled charge
storage kinetics. This shift suggests that Mo doping effectively
promotes faster charge transfer and increases the pseudo-
capacitive behavior, making S2 more favorable for high-rate SC
applications.”

= klv + kgV“z (6)

Here, i is the CV current at any given potential, k;v represents
the capacitive contribution and k,v*'? represents the diffusion-
controlled contribution of charge.” In the CV plots, a disconti-
nuity near zero potential is observed, which is likely due to the
rapid switching of the scan direction. It may also arise due to
instrumental artifacts like iR drop and capacitive offsets. It can
be minimized by optimization of the potential window and scan
rates.

4.5.2 Galvanostatic charge discharge (GCD) analysis. To
further evaluate the electrochemical performance of the fabri-
cated devices made from samples ZnV,0, and ZnV, 9gM0g 9205,
Galvanostatic Charge Discharge (GCD) analysis was done. Fig. 9

© 2025 The Author(s). Published by the Royal Society of Chemistry

shows the GCD plots of the synthesized pure and Mo-doped
samples S1 and S2 in 1 mol per L Na,SO, electrolyte at
a current density of 0.1 mA cm™> and potential window ranging
between 0 and 0.6 V. The asymmetrical galvanostatic charge-
discharge (GCD) curves of the as-prepared electrode materials at
different current densities are an indication of the pseudo-
capacitive behavior of the materials. This suggests that the
charge storage process is governed by a fast and reversible
surface or near-surface faradaic redox reactions.””® The sample
prepared by Mo-doping has a longer discharge time than
sample S1 due to the significant electrolyte ion exchange
between the electrode and electrolyte interface.” GCD calcula-
tions of the pure and doped samples at a current density of 1 mA
cm ™ revealed that their maximum specific capacitances for S1
and S2 were 667 F g ' and 700 F g, respectively, which are
inconsistent with the CV results. Pure sample S1 showed
a higher value of energy density of 34.85 Wh kg™' at a power
density of 313.71 W kg™ ', while the Mo-doped sample S2
exhibited an energy density of 37.60 Wh kg~ ' at a power density
of 323.08 W kg™'. Moreover, the as-fabricated device exhibits
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Fig. 10 EIS curves of samples (a) S1 and (b) S2.

excellent cyclic stability of 96.1% and 97.2% at 5 A g~ " after 10
000 cycles of charge and discharge for the pure and Mo-doped
samples. This shows that Mo doping enhances the charge
storing capability of ZnV,0,. This results in enhanced elec-
tronic conductivity and ion diffusion for better electrochemical
performance. Fig. 9(c and d) shows the comparison of the GCD
curves of 1 and S2 at 1 A g~ " and cyclic stability at 5 A g~ " after
10 000 cycles of charge-discharge, respectively.

4.5.3 Electrochemical impedance spectroscopy (EIS) anal-
ysis. Electrochemical impedance spectroscopy (EIS) in the
frequency range of 1 mHz to 1 MHz using 1 mol per L Na,SO,
electrolyte was used to study the prepared devices, employing
the synthesized samples S1 and S2. Fig. 10 displays the
Nyquist plots and equivalent circuits of the devices made from
samples S1 and S2. The excellent pseudocapacitive qualities of
the pure and Mo-doped electrode materials can be seen by the
straight line in the Nyquist spectra of the samples. Both spectra

Table 3 EIS fitting parameters of sample S1 and S2

Fitting
parameters Rs(Q) R (Q) Cq1 (MF) W (Q) Cg (mF)
Samples S1 10.01 59.3 2.6 0.85 268

S2 9.03 29.3 5.4 0.58 543
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show a low charge transfer resistance of the materials. The
electrolyte resistance and charge transfer resistance of Mo-
doped sample S2 are considerably lower than that of sample
S1, as seen by the Nyquist plot of the samples in low frequency
areas. The charge transfer resistance (R.) drops from 59.3 Q to
29.3 Q for the Mo-doped sample. It shows improved electron
mobility at the electrode-electrolyte interface and increased
electrical conductivity. Additionally, for the Mo-doped material,
the double-layer capacitance (Cq;) rose from 2.6 mF to 5.4 mF,
suggesting enhanced interfacial charge accumulation. This
is Dbeneficial for the rapid cycles of charging and
discharging. More importantly, with the Mo-doped sample, the
Warburg impedance dropped to 0.58 Q and the faradaic
capacitance (Cy) rose to 543 mF. It indicates that the Mo-doped
sample has better ion transport and higher redox activity. Table
3 summarizes the fitting parameters obtained from equivalent
circuits.

The EIS results are consistent with the CV and GCD analysis
results, indicating that the Mo-doped electrode material
(S2) has low resistance and facilitates easier access for the
intercalation and de-intercalation of charges between the
electrode and electrolyte for better electrochemical perfor-
mance.”” Table 4 shows a comparison of the performance
parameter of the proposed material with previously reported
works.

Table 4 Performance comparison of the proposed material with the previously reported materials based on molybdenum

Electrode material Specific capacitance Cyclic stability Energy density Power density Ref.
PAC/M00,/Mo,C 747Fg " 83% after 25 000 cycles 51.8 Wh kg ™' 0.9 kW kg ' 76
TiMoNi-oxides 255.4F g ! 96.8% after 11 000 cycles 68.47 Wh kg ™' 2058 W kg ! 77
MnVMo-oxide 814.5 mF cm > 71.45% after 9000 cycles 0.025 mWh cm ™2 1.5 mW cm ™ 43
NiMo0O,-xH,0 156 Fg ' 81% after 5000 cycles 55.6 Wh kg ™! 640 W kg ™! M
Bi,M0oOs@Ni foam 655.5 mF cm ™2 82% after 5000 cycles 22.76 x 10> Wh cm ™2 347.18 x 10> W cm ™2 78
RGO(MP)g 363F g ! 73.4% after 200 cycles 72.6 Wh kg " 217.7 Wkg ! 79
ZnV,0, 697.14 F g~* 96.1% after 10 000 cycles 34.85 Wh kg ™! 313.71 W kg ™" This work
ZnV,.9sM0g 0205 752.08 Fg ' 97.2% after 10 000 cycles 37.60 Wh kg ™" 323.08 W kg ! This work
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5. Conclusion

In conclusion, we have successfully synthesized pure and Mo-
doped ZnV,0, electrode materials using the hydrothermal
method and fabricated a symmetric supercapacitor device.
FESEM and EDX analysis of the prepared materials confirm
spinel structures and purity of the synthesized materials. XRD
and FTIR analysis confirm the high crystallinity and presence of
functional groups, respectively, for better electrochemical
performance. BET analysis shows good surface area values of
77.25 and 100.42 m* g~ * for the pure and Mo-doped samples,
respectively. The as-prepared electrode materials provide
promising pseudocapacitance performance by delivering a high
energy density of 34.85 Wh kg™ ' at a power density of 313.71 W
kg " for $1 and 37.60 Wh kg™ " at a power density 323.08 W kg "
for S2. Moreover, the prepared SC devices possess excellent
specific capacitances of 697.14 F g ' and 752.08 F g ' and
excellent cyclic stabilities of 96.1% and 97.2% at 5 A g~ " after 10
000 cycles of charge and discharge for pure and Mo-doped
ZnV,0,, respectively. It can be concluded that the addition of
Mo in ZnV,0, enhances the surface area, specific capacitance,
energy density, power density and cyclic stability for better
performance as an electrode material. The finding of these
synthesized materials reveals the potential possibilities of
ternary metal oxides in energy storage applications. The
enhanced electrochemical performance of Mo-doped MnV,0, is
attributed to the synergistic effects of Mo incorporation, which
simultaneously improves the electrical conductivity, redox
activity, and structural stability. Mo doping introduces addi-
tional redox-active sites and facilitates faster charge transfer,
leading to improved capacitance and electrochemical
performance.
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