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1. Introduction

Tuning the electrochemical performance of
a hierarchical MoOs/CdO binary heterostructure
for supercapacitor applicationst

Saifullah,? Probal Roy,? Md. Abdullah Zubair ©® and Muhammad Rakibul Islam & *2

Cadmium oxide (CdO)-incorporating molybdenum trioxide (MoOz) nanocomposites were synthesized
using a facile hydrothermal method by varying the CdO content (1%, 3%, and 5%) to comprehend the
influence of CdO concentration on the electrochemical performance of MoOs. The structural and
morphological properties of the synthesized nanomaterials were characterized using X-ray diffraction
(XRD) and field emission scanning electron microscopy (FE-SEM). XRD showed that MoOs has an
orthorhombic structure, and FE-SEM showed that it has a nanobelt shape (0.8-3.2 um long and 100-
228 nm wide) with CdO nanoparticles grown on its surface. Electrochemical properties were analyzed
through cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The 3%CdO-incorporating MoOs electrode exhibited a higher specific
capacitance of 671 F g™ at a current density of 0.50 A g™, while the pristine MoOs shows 386 F g~*.
Kinetic analysis of CV data indicates that redox processes in the nanocomposite electrodes involve both
capacitive and diffusion-controlled mechanisms. The MoOs/CdO (3%) electrode showed low charge
transfer resistance (2.35 Q) and series resistance (6.20 Q), enabling faster faradaic redox reactions and
improved electrochemical performance. Moreover, the MoOsz/CdO (3%) electrode demonstrated
excellent cycling stability, retaining more than 92% of its initial specific capacitance after 5000 cycles.
The incorporation of CdO enhances the diffusion pathways within the nanocomposites, potentially
boosting their conductivity and specific capacitance. The symmetric supercapacitor MoO3z/CdO (3%)//
MoO3/CdO (3%) exhibited a notable operating voltage of 1.6 V, achieving an energy density of
124 W h kg™! at a power density of 1067 W kg~ It also exhibited a capacitance retention of 88.9% after
5000 cycles at a current density of 15 A g™, highlighting its potential for energy storage applications.

provide the required energy consistently and without disrup-
tion.* Electrochemical energy storage devices are unique among

Rapid global economic growth and industrialization have
resulted in a severe energy crisis, creating significant societal
challenges. The increasing global energy demand drives tech-
nological innovations in developing systems for storing and
delivering clean, renewable energy." To address this issue,
scientists have successfully developed new renewable energy
sources that are now used daily, including solar, tidal, and wind
energy.” However, the range of feasible applications is limited
since these sources depend on local climate and geographical
conditions.® As a result, there is a need for competent and
environmentally friendly energy storage and conversion devices
to store and conversion technologies that can reliably store and
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other energy storage and conversion technologies and have
grown to be a vital renewable energy source in people's daily
lives.*® Fuel cells, supercapacitors (SCs), and several kinds of
batteries are examples of electrochemical energy storage
systems that store energy as a charge.” SCs are among the most
promising energy storage devices, often called ultracapacitors
or electrochemical capacitors. Their extended longevity, supe-
rior cycle stability, and quick charge-discharge rates allow them
to fill the gap between batteries and traditional capacitors.®™*
Still, their poor energy density is seen as a significant challenge
in the search for effective energy storage technologies. Consid-
erable attention has been focused on enhancing the energy
density. Improving specific capacitance and expanding the
potential window are key strategies to boost energy density (E),
as E is directly proportional to capacitance (C) and the square of
the potential window (V), according to E = (1/2)CV’. Several
strategies are employed to improve the specific capacitance and
the overall performance of SC electrodes.” The progress of
nanostructured electrode materials has been one of the exciting
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strategies studied to overcome the low energy density of SCs.
The high surface area, nanosize effects, and significantly
enhanced kinetics make them more attractive for developing
better SCs.'*?* Electrode materials are an essential component
of SCs and include carbon materials, metal oxides, metal
nitrides, metal phosphides, metal hydroxides, metal carbides,
conductive polymers, metal sulfides, and chalcogenides.****
Transition metal oxides (TMOs) attract greater interest due to
their several unique benefits, including increased capacity,
energy density, and faster charge transfer dynamics.**??

Many pseudocapacitive energy materials have been studied
and found to have relatively high specific capacitance, including
Ce0,,> C0304,>* Fe,03,> Mn0,,** M003,>” NiO,*® Ru0,,” Sn0O,,*
TiO,,** V,05,>* WO3,* Zn0O,* and so on. Among these, molyb-
denum trioxide (MoO3) is a significant TMO. It is a promising
alternative for the electrode in SCs due to its elevated potential
window in neutral aqueous electrolytes, enhanced stability, as well
as its higher theoretical capacity, cost-effectiveness, and fine
electrochemical behavior.***® MoO; outperforms the other TMOs
due to its wide range of oxidation states and diverse crystallo-
graphic structures, including orthorhombic, hexagonal, and
monoclinic.*” Nonetheless, the thermodynamically stable ortho-
rhombic (¢-MoOj3) structure has attracted huge interest because of
its many uses, including gas sensors,* catalysts,* lubricants,*
photochromic and electrochromic devices,* solar cells,
batteries* and SCs."*®* The 1-D nanostructured morphologies,
together with nanorods, nanobelts, nanotubes, nanofibers, and
nanowires, have huge surface areas that are easily accessible and
short diffusion routes that allow for the passage of electrons and
ions to provide high capacitance and better electrochemical
characteristics.* The present study emphasizes on the 1-D nano-
structure of MoO; (nanobelts). Many reports have already been
made on MoO; nanoplates,” nanowires,** and nanorods* as
electrode materials for SCs.

Although MoO; has attractive characteristics, its low
conductivity and tendency to undergo structural breakdown
into aqueous electrolyte obstruct its performance and long-term
cycling stability in electrochemical devices."*** To address
these problems, several researchers have attempted to fabricate
MoO; nanostructures and have improved their physicochemical
characteristics using a variety of approaches. The usual way to
improve the capacitive properties of MoO; electrodes is to
involve the synthesis of MoOs;-based organic and inorganic
nanocomposites. Currently, metal oxide-incorporating MoO;
nanocomposites have gained a lot of attention due to their
improved cycling stability and collective pseudocapacitance
contributions.”*** Researchers have extensively studied TMOs,
such as cadmium oxide (CdO), for SC application due to their
high conductivity, cost-effectiveness, eco-friendliness, and good
structure.>***> Nonetheless, the typical electrical conductivity of
CdO does not meet the requirements for high-performance SCs.
Therefore, it is crucial to develop composites of CdO with
various nanomaterials, as this could enhance energy storage
capabilities.*® For instance, Wang et al.*” fabricated Co;0,/CdO
nanocomposites for SCs by a solvothermal method. The
synthesized material has a specific capacitance (Cs) of 351.2 F
g ' at 2 A g " and a capacitive retention of 84.9% at 10 A g~ .
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Althubiti et al.>® prepared CdO-doped ZnSe electrodes through
a hydrothermal method. They found that the Cy of the fabri-
cated nanocomposite material is about 1006.8 Fg ' at1 Ag™"
and 92% retention rate. Kenesi et al*® prepared a ternary
nanocomposite electrode material via a co-precipitation
method. They found a C, of 647 F g ' at 1 A g~' and
a stability of 82% after 500 cycles. Anwar et al.*® have synthe-
sized PANI/CdO composites using the in situ chemical poly-
merization route. The PANI-5%CdO nanocomposite exhibited
a higher C, 0of 906.8 F g~ " at 9.26 A g~ . Sivaram et al.*® prepared
a PbO/CdO composite electrode material for SCs which
exhibited a higher C; of 300 F g " at 1 Ag ™", while the pure PbO
exhibited 124 F g~ ' only. The observed capacitance retention of
PbO/CdO is 90% following 5000 cycles. Sivasamy et al.®* fabri-
cated a Gd,0;/CdO composite by the sol-gel method and
observed a C of 521 F g~ " at a scan rate of 5 mV s .

It is perceived from the discussion above that adding CdO
accelerates the electrochemical behavior of a variety of materials
for a few reasons. The porous nature of CdO within the nano-
composite offers an increased surface area and a greater number
of active sites. This structure can enhance the capacitance
performance when in contact with the electrolyte. CdO enhances
the diffusion pathways within nanocomposites, which boosts their
ionic conductivity and perhaps their specific capacitance.’**
Therefore, the current study is an attempt at the synthesis of
Mo0O,/CdO nanocomposites. Although few studies have explored
Mo0O,/CdO nanocomposites in terms of their applications in
sensing devices and radiation shielding,*>* the controlled inte-
gration of CdO nanoparticles into MoO; nanobelts remains largely
unexplored for SC applications. For the highest possible perfor-
mance, it is essential to comprehend the optimal CdO concen-
tration for device applications. Thus, understanding the impact of
CdO concentration on the electrochemical performance of MoOj3
is required. This study aims to develop an appropriate electrode
material based on a MoO5;/CdO nanocomposite by varying the
concentration of CdO that will enhance the redox activity of SCs
through a synergistic effect. The findings of this work could offer
beneficial perspectives on designing efficient hybrid electrode
materials, contributing to the improvement of next-generation
energy storage devices.

Several techniques have been established to synthesize
MoO;. Here, a facile hydrothermal technique was introduced
for the synthesis of the MoO,;/CdO nanocomposite as SC elec-
trode materials because of its unique characteristics, which
include low cost, moderate reaction temperature, easy control
over crystal size and structure, homogenous precipitation,
convenient operation, and environmental friendliness.** This
study presents a comprehensive analysis of how varying CdO
concentrations influence the physical and electrochemical
characteristics of the fabricated electrode materials by usual
characterization techniques.

2. Materials and methods
2.1. Materials

Analytically pure chemical reagents were used with no further
refinement. Sodium molybdate dihydrate (Na,MoO,-2H,0, =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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99%) was obtained from Sigma-Aldrich, USA. Cadmium acetate
dihydrate (Cd(CH3COO),-2H,0, 98%) and hydrazine hydrate
(N,H,4-H,0, 80%) were obtained from Research Lab, India.
Hydrochloric acid (HCI (37%), 35.90%) was received from VWR,
USA. Dimethyl sulfoxide (DMSO) ((CH3),SO, 99%) was obtained
from SRL, India. Polyvinyl alcohol (PVA) ([CH,CH(OH)],, 99%)
and sodium sulfate (Na,SO,, =99%) were received from
Research Lab, India. High-purity deionized water (DIW) was
used during the research.

2.2. Sample preparation

A one-step hydrothermal approach was employed to synthesize
MoO;, CdO, and Mo0O;/CdO nanocomposites.

2.2.1. Synthesis of MoO; nanobelts. Initially, 120 ml of
DIW was added to 0.08 M Na,MoO,-2H,0 and the mixture was
continuously stirred while HCI (37%, ~3 ml) was added drop by
drop to keep the pH level between 0 and 1 (pH < 1). The
precursor solution was continuously stirred for 30 min before
being placed into an autoclave. It was then heated to 150 °C for
24 hours, and cooled to room temperature. Following centri-
fugation, the precipitate was thoroughly washed multiple times
with ethanol and DIW to eliminate impurities. Subsequently,
the washed precipitates were dried overnight in an oven set at
60 °C.

2.2.2. Synthesis of CdO nanoparticles. Initially, Cd(CH;-
COO0),-2H,0 (0.25 M) was melted in 100 ml of DIW under
continuous stirring. Hydrazine hydrate (~5 ml) was then added
dropwise to maintain the pH at around 9, followed by stirring
for 30 min. Afterward, the mixture was placed in an autoclave
chamber and heated at 150 °C for 12 hours. Once cooled to
room temperature, the precipitate was obtained through
centrifugation and repeatedly washed with DIW and ethanol.
The resulting product was dried overnight at 60 °C and, finally,
annealed at 400 °C for 3 hours in a furnace.

2.2.3. Synthesis of MoO;/CdO nanocomposites. For the
preparation of MoO;/CdO nanocomposites, different weight
percentages of CdO (1 wt%, 3 wt%, and 5 wt%) were incorpo-
rated into MoO; and labeled as MoO3/CdO (1%), MoO;/CdO
(3%), and MoO3/CdO (5%), respectively. To prepare MoO3/CdO,
at first, CdO was prepared by a similar method mentioned in
Section 2.2.2. Then, a suitable amount of CdO nanoparticles
was dissolved in 20 ml DIW using bath sonication for 1 hour
(solution A). Meanwhile, Na,MoO,-2H,0 (0.08 M) was melted
in 100 ml DIW and stirred for 30 minutes, while HCI (37%, ~3
ml) was added drop by drop to keep the pH level between 0 and
1 (pH < 1) (solution B). Once homogeneous, the solutions A and
B were mixed and vigorously stirred for 10 minutes. The mixture
was then placed into an autoclave and heated at 150 °C for 24
hours. After being cooled to room temperature, the resulting
precipitate was centrifuged and washed three times with
ethanol and DIW to remove impurities. After overnight drying at
60 °C, the washed precipitates were finely ground into a powder.
The synthesis was conducted without the use of surfactants or
binders; however, the stable dispersion of nanomaterials was
effectively achieved through pH control. The hydrothermal
conditions promoted the formation of CdO nanoparticles on
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MoO;, thereby ensuring excellent composite stability. A
synthesis scheme of MoO;, CdO, and MoO;/CdO nano-
composites is presented in Fig. 1.

2.3. Materials characterization

The structural properties of the synthesized nanomaterials,
including the phase structure, were examined using X-ray
diffraction (XRD) analysis. An X-ray diffractometer [3040 XPert
PRO, Philips] operating with Cu K, radiation of wavelength A =
1.5406 A was employed to examine the diffraction peaks. The
surface morphology of MoOj3;, CdO, and MoO;/CdO was inves-
tigated using field emission scanning electron microscopy (FE-
SEM) (JEOL, JSM, 7600F). The FE-SEM images were analyzed
using Image] software. The MATLAB software was used for
porosity calculation from the FE-SEM images. The elemental
composition and elemental mapping of the samples were
analyzed using energy dispersive X-ray spectroscopy (EDS)
integrated with FE-SEM.

2.3.1. Electrode preparation. Initially, a semi-liquid
mixture containing the synthesized samples (70 mg) as the
electrode material, DMSO as the solvent, and PVA (4 wt% of the
active material) as the binder was prepared. PVA serves as an
excellent binder for high-capacity electrodes due to its
numerous hydroxyl groups, which may create strong hydrogen
bonds with the active materials as well as the current collector.*
Achieving a homogeneous slurry required approximately 60 min
of sonication. Subsequently, this slurry was evenly deposited
onto the cleaned surface of a modified graphite rod by using
a micropipette. The active electrode materials had an average
mass loading of 0.3 mg, while the area of the modified graphite
electrode is 0.5 cm®. The mass of the electrode material (m) was
measured by comparing the electrode's weight before and after
deposition. The electrodes were then allowed to dry for a few
hours at 60 °C to be used as current collectors during the tests.
For the electrolyte preparation, the appropriate amount of
Na,S0O, was mixed with DIW and stirred for 10 min to ensure
uniformity.

2.3.2. Electrochemical measurements. A CS310 electro-
chemical workstation (Corrtest, China) was used to evaluate the
electrochemical performance of the synthesized materials.
Various investigation methods, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), electrochemical
impedance spectroscopy (EIS), and cycling stability, are used.
These measurements were conducted using a three-electrode
system in a 0.5 M Na,SO, solution. Na,SO, serves as a neutral
aqueous electrolyte, providing high conductivity and effectively
preventing the corrosion of transition metal oxide electrodes,
which contribute to long-term stability and safety.®**” The EIS
measurements were executed using a sinusoidal signal within
0.1 Hz to 1 MHz frequency range. The modified graphite elec-
trode, onto which the active material was deposited, functioned
as a working electrode or current collector. A platinum wire
served as the counter electrode, whereas an Ag/AgCl/saturated
KCl electrode was utilized as the reference electrode. From the
GCD results and the following equation, the specific capaci-
tance (Cs) was determined.*®*

Nanoscale Adv., 2025, 7, 5681-5700 | 5683
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Synthesis scheme of MoO,;/CdO nanocomposite
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Fig. 1 Schematic illustration depicting the synthesis of MoOs, CdO,

technique.

I x At

GFEeY) = ar

1)
In this context, I signifies the discharge current (A), At repre-
sents the discharge time (s), AV refers to the potential window
(V), and m denotes the mass (g) of the active materials.

A two-electrode setup was employed to assess the practical
applicability of the synthesised materials as active electrode
components. Symmetric supercapacitors (SSCs) were fabricated
with modified graphite electrodes for both the anode and
cathode. The active materials were applied as a slurry onto the

and MoOs/CdO (different wt%) nanocomposites by the hydrothermal

modified graphite electrodes, with the mass loading carefully
adjusted to 0.6 mg per 0.5 cm” during electrode preparation.

3. Results and discussion

3.1. Structural properties

The crystal structures of the prepared electrode materials,
including MoO; and MoO3/CdO nanocomposites, were studied
using XRD spectra. The XRD patterns are presented in Fig. 2(a).
These spectra were also analyzed to determine the various
phases and assess the purity of the samples. The XRD pattern of

H <&
(040) = (a) (b) ‘e 0.585 ) —o—Dislocation density
s - - ; £ (C)
S AT: T2 o_ _ : o 0.540
e 2i1e F e ey 5 S 0.495
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Fig. 2
parameters for the synthesized nanocomposites.
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(a) XRD patterns of MoOz and MoO3z/CdO nanocomposites, (b) zoom in view of the selected part of the XRD battern, and (c) different XRD
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Fig. 3 FE-SEM image of the (a) MoOs nanobelt (CdO nanoparticle in the inset), (b) MoO=/CdO (1%), (c) MoO=/CdO (3%), (d) MoO3/CdO (5%), (e)
EDS elemental mapping of MoO3z/CdO (3%) from scanning electron microscope (SEM) analysis, (f) O element, (g) Mo element, and (h) Cd

element.

MoO; shows prominent peaks at 26 values of 12.77°, 25.70°,
27.33°, and 38.99°, which correspond to the (020), (040), (021),
and (060) crystal planes, respectively. The obtained XRD
pattern, not only aligned with the prominent peaks but also
matched well with the minor peaks at 23.35°, 33.62°, 35.55°,
46.26°, 49.17°, 58.88° and 64.53°, which correspond to the
(110), (111), (041), (061), (022), (081) and (152) planes, respec-
tively. The comparison of the XRD pattern with the standard
reference data (JCPDS#00-035-0609) verifies the successful
formation of M00O;.” The obtained lattice parameters were a =
3.963 A, b = 13.856 A, and ¢ = 3.969 A, confirming that the
synthesized MoO; exhibits an orthorhombic structure with
a Pbnm space group.” No further impurity peaks were perceived
in the XRD spectra, demonstrating that the material exhibited
high purity, confirming the stability of the orthorhombic
structure in the resulting samples. The diffraction peaks of CdO
(ESI Fig. S17) are noted at 26 values of 33.05°, 38.29°, 55.27°,
65.9°, and 69.24°, which are indexed as (111), (200), (220), (311)
and (222) reflections of the crystalline cubic phase of CdO. The
values align closely with the standard data (JCPDS #01-075-
0592).”* The diffraction patterns of nanocomposites are similar
to those of MoOj;, with no distinct diffraction peaks of CdO
observed in the XRD pattern. This could be attributed to the low
concentration of the incorporated CdO within the MoOj; crystal

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

structure.” This suggests that the crystalline structure remains
unchanged despite the incorporation of CdO.

However, from Fig. 2(a), a shift in the primary position of the
peak is observed. Fig. 2(b) shows the peak shifting of the most
prominent peak (040) toward higher 26 values upon CdO
incorporation. This shift suggests a reduction in interplanar
spacing (d-spacing) and a corresponding compression of the
lattice cell volume.” The observed peak shift may arise from the
variation in ionic radii of the dopant Cd*" (0.78 A)™* and that of
Mo®" (0.59 A).”> Due to the difference in ionic radii, the incor-
poration of CdO may generate internal stress or trigger struc-
tural rearrangement within the MoOj lattice. The substitutional
doping or interstitial incorporation of CdO may force adjacent
Mo-O bonds to compress, driven by modifications in bond
angles.” The resulting compression can enhance electronic
conductivity. Following the incorporation of CdO, the intensity
of the diffraction peak, particularly the (040) peak, increases
and becomes sharper for the MoO;/CdO (1%) and MoO;/CdO
(3%) nanocomposites. In contrast, the peak intensity decreases
and broadens for the MoO;/CdO (5%) nanocomposites. Broader
and less intense diffraction peaks indicate smaller crystallite
sizes and reduced crystallinity, whereas narrower and higher
intense peaks indicate larger crystallite sizes and higher crys-
tallinity.”” Strain may develop in the MoO; lattice upon the

Nanoscale Adv., 2025, 7, 5681-5700 | 5685
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incorporation of Cd**, likely due to the variation in ionic radii of
Cd*>* and Mo°* ions.”®” Various structural parameters derived
from the XRD spectra were analyzed and summarized in ESI
Table S1,T with a graphical representation provided in Fig. 2(c).
The Debye-Scherrer formula was employed to calculate the
average crystallite size (D).*

K
" Bcosd

(2)

The calculation of microstrain was performed using the
following equation.

&= G
4tand

(3)

In this context, A signifies the wavelength of the X-ray employed,
@ indicates the broadening of the diffraction line or the full
width at half maximum (FWHM) measured in radians, and 6
represents the diffraction angle (in degrees) at the peak of most
significant intensity. K = 0.90 is the shape factor (an arbitrary),
also known as Scherrer's constant. The (040) plane was selected
for measuring the crystallite size. With an increase in CdO
concentration, the crystallite size decreases, while the micro-
strain values increase. The increase in microstrain suggests an
enhancement in lattice imperfections, such as dislocations,
structural defects, and vacancies, which facilitates faster ion
diffusion on the electrode surface.® The obtained crystallite size
(D) is used to determine the dislocation density.*

6= D (4)

The dislocation density of the samples is influenced by the
increase in doping concentration and increases with the
incorporation of CdO. This reflects the presence of imperfec-
tions in the composite materials and facilitates the rapid
transport of electrons from the active sites to the electrodes.®
Changes in XRD peak positions suggest lattice distortion
resulting from the interaction between the two phases. Fluctu-
ations in crystallite size indicate alterations in nucleation and
growth dynamics influenced by the secondary phase. Variations
in microstrain and dislocation density indicate structural
alterations aligned with the development of composite or het-
erostructure formations.

3.2. Surface morphology

The micrograph of MoO; and MoO;/CdO nanocomposites is
presented in Fig. 3. The MoO; micrograph (Fig. 3(a)) reveals
one-dimensional (1-D) nanobelt structures with an average
length of 0.8-3.2 um and an average width of around 100-
228 nm. The 1-D nanostructured morphologies are easily
accessible and have short diffusion routes to allow the passage
of electrons and ions.** The morphology of CdO consists of
nanoparticles, as shown in the inset of Fig. 3(a). The size of
these nanoparticles varies between 34 and 76 nm. Fig. 3(b-d)
shows FE-SEM micrographs of the synthesized MoO;/CdO
nanocomposites. The CdO nanoparticles (dashed circle) are
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found to be distributed randomly on the surface of MoOj;
nanobelts. These micrographs are quite similar to those of the
MoO; nanobelts because of the low concentration of CdO.
However, the length of the nanobelts reduces as the doping
concentration increases, which lowers their aspect ratio.
Structures with low aspect ratios typically provide shorter
diffusion pathways, facilitating faster ion transport, and are less
susceptible to structural failure.” ESI Fig. S2(a-d) and S3(a-d)t
display the pore structure and pore volume distribution of the
synthesized nanomaterials. MATLAB software and volume-
based methods were employed for porosity analysis.*

The graphical representation in ESI Fig. S4f shows the
percentage of porosity of MoO; as a function of increasing
concentration of the CdO nanoparticles. The addition of CdO
nanoparticles leads to reduced porosity in the CdO-
incorporating MoO; nanocomposite (Fig. S41). This reduced
porosity may arise from the incorporation of CdO nanoparticles
into the interstitial spaces of the MoO; crystal structure, leading
to a higher packing density. Efficient ion transport channels
remain accessible at elevated packing densities in electrode
materials, resulting in enhanced electrochemical performance
and improved cycling stability.®*%

The EDS data provided insights into the chemical composi-
tion of the nanocomposites, as illustrated in Fig. S5.1 The EDS
data reveal the presence of O, Mo, and Cd elements, which are
anticipated in MoO3/CdO composites. The observed increase in
Cd content within the composites upon the addition of CdO
confirms the effective integration of CdO into MoOj3, as detailed
in Table S2.1 Alongside the elemental composition, the char-
acterization through elemental mapping reveals a consistent
spatial distribution of O, Mo, and Cd throughout the nano-
composites. The elemental mapping for a representative
sample, specifically the MoO;/CdO composite, is illustrated in
Fig. 3(e-h). The EDS mapping is evidence for composite or
heterostructure formation.

3.3. Electrochemical properties

To evaluate the electrochemical performance of the synthesized
nanomaterials as active electrodes for SCs, the CV, GCD, and
EIS analyses were performed in 0.5 M Na,SO, electrolyte solu-
tion using a three-electrode system. There are two different ways
that materials can hold charges. The first way involves faradaic
charge transfer, known as “pseudocapacitance,” where metal
cations from the electrolyte (in this case, Na') diffuse into the
MoO; layers and intercalate with them.

MoO; + Na* + e~ = MoO;Na (5a)

The second technique for storing charge arises from a non-
faradaic process, where charges gather at the electrode/
electrolyte interface, forming an electric double layer.**>*

(MOOS)surface + Na+ te— = (M0037Na+)surface (Sb)

3.3.1. Cyclic voltammetry (CV). CV curves of MoO; and
Mo0O;/CdO nanocomposites were recorded at various scan rates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CV profiles for (a) MoOs, (b) MoOz/CdO (1%), (c) MoO3/CdO (3%), and (d) MoOs/CdO (5%) at different scan rates.

(30, 60, 90, 120, 150, and 200 mV s ') using a conventional
three-electrode setup within a potential window of 0 to 0.9 V and
are presented in Fig. 4(a-d). In electrolytes, Na' ions play
a crucial role in facilitating the electrochemical reaction.®®* A
perfectly rectangular shape and symmetric current response in
the CV curves signify a purely electrical double-layer capacitance
storage mechanism. However, the deviance from the rectan-
gular shape, as shown in Fig. 4(a-d), indicates the presence of
a faradaic pseudocapacitive charge storage mechanism.*® In
this instance, the electrode materials in a Na,SO, electrolyte
exhibited oxidation and reduction processes attributed to the
intercalation and de-intercalation of Na' ions in active mate-
rials. The appearance of a smaller oxidation peak, resulting
from faradaic redox reactions, confirmed that the synthesized
material exhibited pseudocapacitive behavior.”

The intensity of the CV curve is highly reliant on the scan
rate. It has been noted that the region bounded by the CV curve
and the peak current intensity both increase with a higher scan
rate from 30 to 200 mV s *. The anodic peaks increased their
current values (peak) and were shifted to higher potentials. This
is because when the scan rate increases, the internal diffusion
resistance of the pseudoactive material increases as well, or due
to the kinetic irreversibility and electric polarization of ions at
the electrode surface by the electrolyte during redox reactions at
high scan rates.”>*

Moreover, with increasing scan rates, the CV curves maintain
a consistent shape, demonstrating significant pseudocapacitive
characteristics and impressive rate capability of the MoO;/CdO
nanocomposite.*® The MoO3/CdO (3%) nanocomposite exhibits
a larger integral area at any given scan rate, attributed to the

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

synergistic interactions among the metal ions in the electrode
materials, surpassing the performance of other composites.**
This suggests that the particular concentration of CdO has
enhanced the capacity of the electrode for charge storage by
strengthening the bond between the electrolytes and the elec-
trochemically active components. This results in accelerated
diffusion pathways for ion and electron transport, which
enhances specific capacitance and makes it appropriate for
energy storage applications.

3.3.1.1 Capacitive and diffusive properties. The electro-
chemical charge storage mechanism of the fabricated elec-
trodes was examined through CV curves obtained at various
scan rates, facilitating the estimation of current contributions
from surface and diffusion-controlled processes. The general
power law relationship typically observed between peak current
density i(V) at a specific potential V and scan rates v of CV data
can be expressed as follows,” and termed as Dunn's model.

(V) =a® (6)
Or, log(i(V)) = log(a) + b x log(v) (7)

Both ‘@’ and ‘b’ are adjustable parameters. The parameter ‘b’
can be determined by analyzing the slope of the graph of
log(i(V)) versus log(v), as represented in Fig. 5(a). When the value
of ‘b’ approaches 0.5, the electrochemical redox reaction of the
electrode is predominantly governed by a diffusion-controlled
mechanism, driven by faradaic ion insertion and extraction.
This behavior is characteristic of typical battery-like systems.
However, the capacitive behavior is dominated when the ‘v’
value is close to 1.°*°” As shown in Fig. 5(a), the b-values vary
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representative CV curves showing the capacitive and diffusive contributions at 200 mV s

~1 and (g) bar plots showing the proportions of

capacitive and diffusive contributions at different scan rates for MoOs and fabricated nanocomposites, respectively.

from 0.61 to 0.76, particularly 0.61 for MoO3, 0.68 for MoO5;/CdO
(1%), 0.76 for MoO3/CdO (3%), and 0.62 for MoO,/CdO (5%)
electrode materials, indicating the involvement of both capac-
itive and diffusion-controlled mechanisms. The b-value
increases since surface processes, such as faradaic reactions
or ion adsorption, are quicker and not dependent on ion
diffusion.”® Furthermore, their respective contribution rates
were measured using the following equations to assess the
specific contributions of the diffusion and capacitive controlled
processes to the electrochemical reaction.*

. . . 1/2
l(V) = lcapacitivc + ldiffusive — klv + kZV (8)

5688 | Nanoscale Adv, 2025, 7, 5681-5700

Or i(V)W'? = k' + ko, 9)

In this formulation, Zcapacitive = k1v represents the capacitive
contribution, associated with a fast-kinetics process character-
istic of electric double-layer capacitance. In contrast, igifusive =
k'’ describes the diffusive current contribution, correspond-
ing to a slower-kinetics process related to pseudo-capaci-
tance.'® Both k; and k, are computable parameters, determined
from the slope and intercept of the linear plot of i(V)/v*? versus
v'?, as shown in Fig. 5(b). Once the values of k, and k, are
known, it is easy to distinguish the current contribution at each
potential through diffusion-controlled and capacitive
processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5(c-f) present the CV plots depicting the overall contri-
bution, including diffusive and capacitive components, for
MoO; and other nanocomposite electrodes at 200 mV s~ .
Fig. 5(g) displays the charge storage percentage contributions of
the capacitive (yellow color) and diffusive processes (green
color). The diffusive proportions of the MoO; electrode are 87%,
83%, 79%, 77%, 75% and 72% at the scan rate of 30, 60, 90, 120,
150, and 200 mV s *, respectively, and those for the MoO3/CdO
(3%) electrode are 69%, 61%, 56%, 52%, 49%, and 46% at 30,
60, 90, 120, 150, and 200 mV s, respectively. The result shows
that the diffusive contribution significantly exceeds the capac-
itive contribution, indicating that charge storage is predomi-
nantly governed by the diffusive process, characteristic of
pseudo-capacitive behavior. The capacitive contribution
increases with higher scan rates, reaching 54% at 200 mV s~*
for the MoO3/CdO (3%) electrode. With an increase in the scan
rate and concentration of CdO, there is a decrease in the
diffusion-controlled contribution, attributed to the limited time
available for ion diffusion during the oxidation/reduction
process into the host lattices. The rapid adsorption and

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

desorption of electrolyte ions occur close to the electrode and
electrolyte interface. This reduction in diffusion suggests that
the capacitance contribution decreases due to the pseudo-
capacitive mechanism at higher scan rates and higher concen-
trations of CdO. At low scan rates, the diffusion process prevails
over the capacitive mechanism, indicating that the elevated
specific capacitance of the MoOj electrode is mostly attributable
to its pseudo-capacitive characteristics.***°

3.3.2. Galvanostatic charge-discharge (GCD). The electro-
chemical performance of the synthesized materials was further
assessed through GCD analysis across a potential range of 0 to
0.9V at different current densities of 0.50, 0.67, 0.83, 1.00, 1.17,
and 1.33 A g~ ". The GCD curves for the prepared nanomaterials
are presented in Fig. 6(a-d). It is evident that none of the elec-
trodes exhibit linear behavior, and the GCD curves deviate from
the perfectly symmetric triangular shape. This deviation is
attributed to the reversible conversion reaction, indicating
pseudo-capacitive charge storage behavior of the fabricated
electrode materials, consistent with the observations from the
CV analysis.” Furthermore, the discharge time reduces as the

Nanoscale Adv., 2025, 7, 5681-5700 | 5689
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current density increases. The electrodes require more time to
discharge at reduced discharge currents, suggesting an
increased charge storage capacity. Fig. 6(e) presents the
comparative GCD profiles of the MoO; and MoO;/CdO elec-
trodes at an identical current density of 0.5 A g~ '. Among them,
the MoO;/CdO (3%) electrode displays a longer discharge time
than the others.

Although CV curves provide qualitative insight into redox
activity, the specific capacitance (C;) values reported were ob-
tained from GCD analysis using eqn (1), which offers more
precise quantification of charge storage. GCD applies a constant
current during both charging and discharging, leading to
a voltage-time profile that is nearly linear. The linearity facili-
tates precise capacitance calculations through the discharge
slope, reducing errors that may arise from varying current
levels. In contrast, CV implies a fluctuating current as the
voltage fluctuates linearly, resulting in a non-constant current
that complicates precise interpretation for capacitance calcu-
lation.'** Fig. 6(f) and ESI Table S31 present C; at various current
densities. The findings suggest that Cs diminishes as current
density increases, probably because of increased polarizability
and insufficient time for electrolyte ions to penetrate the inner
pores of the electrode material.>***> The reduction in Cg values
at higher current densities is mainly associated with volume
expansion caused by successive multi-electron electrochemical
reactions.”®

The Mo0O;/CdO (3%) nanocomposite achieved the highest Cj
of 671 F g~ ' at a current density of 0.50 A g~' compared to
pristine-MoO; (C; of 386 F g ' at 0.50 A g~ *). Even at higher
current densities, the 3%CdO-incorporating MoO; electrode
maintained a higher Cs; than the other electrodes. This
enhanced capacitance can be due to the synergistic interaction
between the distinct morphological and electrically conductive
characteristics of MoO; and CdO. In the MoO3/CdO (3%)
nanocomposite, CdO nanoparticles are better integrated with
the MoO; nanobelts, constructing shorter diffusion pathways
and better electrically conductive channels. This facilitates the
electrolyte ions and electrons to migrate to the active regions of
the electrodes more quickly and efficiently. Electrolytes can
efficiently diffuse through nearly all available channels and

5690 | Nanoscale Adv., 2025, 7, 5681-5700

pores of the active material at low current densities, enabling
a complete redox reaction.

However, at high current densities, ion penetration into the
innermost regions of the active material becomes limited,
restricting diffusion to more accessible areas and thereby
reducing the specific capacitance.'® Although the incorporation
of CdO improves the specific capacitance of MoOs;, after
a certain amount, it might cause particle aggregation and
increased resistance against electron mobility between the
interfaces, which will ultimately result in a slight decrease in
capacitance for the MoO3/CdO (5%) electrode.*****

3.3.3. Electrochemical impedance spectroscopy (EIS). The
charge transfer dynamics of the synthesized nanomaterials
were examined through EIS analysis. This technique is highly
effective for gaining information about the electrochemical
impedance characteristics of the electrodes. In this study, the
various fabricated electrodes were analyzed in a 0.5 M Na,SO,
solution. The frequency range for the analysis was set from
0.1 Hz to 1 MHz, with an alternating voltage amplitude of 10 mV
at the open-circuit potential (OCP). The EIS data are displayed
as Nyquist plots in Fig. 7(a), and the inset provides a magnified
view of the high-frequency region. This plot reveals a single
semicircle in the higher frequency range for each sample; this
reflects the charge transfer procedure. The intersection of the
curve with the real impedance (x-axis) in the high-frequency
region indicates the internal resistance (R;) of the electro-
chemical systems. The diameter of the semicircle represents the
interfacial charge transfer resistance (R.) between the electro-
Iyte and electrode.®*'*

In the low-frequency range of the Nyquist plots, the inclined
straight line is associated with ion diffusion within the

Table 1 Values of Rs, CPE, R, and W, in the three-electrode system
determined through fitting with an equivalent circuit model

Sample Rs (Q) CPE (puF) R (Q) Wo (Q)
MoO; 7.16 0.031 2.91 2.47
Mo0O;/CdO (1%) 8.86 0.034 4.99 4.30
Mo0;/CdO (3%) 6.20 0.205 2.35 4.56
Mo00;/CdO (5%) 7.40 0.028 2.37 21.21

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrolyte, known as Warburg impedance (W,), which corre-
sponds to mass transfer resistance. If the Warburg angle
exceeds 45° in this region, it specifies that the ion diffusion
process shows a leading role in controlling the behavior of the
electrode.''*® An equivalent electrical circuit employed to
model the EIS data is presented in the inset of Fig. 7. This circuit
includes the components Ry, Ry, W,, and a constant phase
element (CPE). The CPE can explain the frequency-dependent
behavior of the measured capacitance.'” Table 1 displays the
charge transfer kinetic parameters of the electrodes using an
equivalent electrical circuit for fitting the EIS data. The R, value
of the MoO;/CdO (3%) electrode is notably lower than those of
the other electrodes, confirming its reduced internal resistance.
The radius of the Nyquist plot is generally proportional to the
R The initially higher R, noted for MoO3/CdO (1%) can be
attributed to the lack of a percolative CdO network and
suboptimal interfacial contact at this low concentration. As the
CdO content increases, a continuous percolation network is
established, significantly reducing R..

From the plot, the MoO3/CdO (3%) electrode exhibits
a smaller semicircle radius, corresponding to a lower R value
of 2.35 Q. This recommends a quicker faradaic response with
significantly reduced resistance, exhibits higher ionic conduc-
tivity, and contributes to enhanced capacitive performance. The
CPE value is progressively better from 0.031 to 0.205 pF with the
doping of CdO, reaching its highest for the MoO3/CdO (3%)
electrode. This enhanced CPE value indicates an improved
interface of the electrode/electrolyte, which may improve the
superior electrochemical performance of the Mo0O;/CdO
nanocomposites.’***** As illustrated in Fig. 7, the electrode
exhibits a steeper slope of Warburg impedance in the low-
frequency region with increased CdO concentration, demon-
strating enhanced ion diffusion within the electrode material.
This indicates more efficient ion transport across the electro-
lyte-electrode interface, resulting in enhanced charge transfer
kinetics, lower diffusion resistance, and improved overall elec-
trochemical performance. A steeper slope often signifies greater
capacitive behavior and accelerated redox reactions, thereby
boosting the energy storage capability of the device.?® All results
from the EIS analysis indicate the improved ion transfer capa-
bility and conductivity of the MoO3/CdO (3%) electrode, which

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

is further confirmed by the CV and GCD analyses. The Nyquist
plot shown in Fig. 7(b) reveals a slight increase in both R (2.999
Q for MoO3, 2.41 Q for MoO3/CdO (3%)) and R (7.281 Q for
Mo00;3, 6.61 Q for MoO;/CdO (3%)), indicating that the electrode
maintains good conductivity even after 5000 charge-discharge
cycles. However, the increase in R, for MoO3/CdO (3%) was less
significant compared to pure MoOj3, confirming the superior
structural and electrochemical stability of the composite
material.

3.3.4. Cycling stability. Cycling stability is essential for
assessing the efficiency of a supercapacitor electrode. Fig. 8(a)
presents the long-term cycling performance of the electrodes
exhibiting the highest and lowest values of specific capacitance.
Additionally, the inset displays the results of the repetitive GCD
test conducted over 5000 cycles at 8 A g~ ', within the potential
window of 0.0 to 0.9 V. The figure indicates that the MoO;/CdO
(3%) electrode material demonstrates outstanding stability over
5000 cycles, maintaining reversible capacitive behavior with
approximately 92% retention, even under high charge/
discharge rates. A slight decline in specific capacitance is
observed through the early cycles, after which it stabilizes and
remains consistent throughout the 5000 cycles. The excellent
cycling stability of the MoO3/CdO (3%) electrode can be attrib-
uted to the unique nanocomposite structure and enhanced ion
diffusion at the interface.

For comparison, the cycling stability of MoO; electrodes was
also evaluated, showing a retention of 80% after 5000 charge-
discharge cycles. These findings suggest that the integration of
CdO nanoparticles improves the stability of the nanocomposite.
The observed decline in cycling stability could be attributed to
the degradation of the MoO; chemical structure, the dissolution
of constituent ions into the electrolyte during electrochemical
processes, or capacity imbalances between the electrodes."®'*?
Metal oxide electrodes often exhibit limited cycling stability due
to structural degradation occurring during redox processes.***

For practical applications, electrode materials are expected
to demonstrate significantly high coulombic efficiency. Fig. 8(b)
illustrates the change in coulombic efficiency of the MoO;/CdO
(3%) electrode over multiple cycles. The coulombic (or faradaic)
efficiency was determined as the ratio of discharge time to
charge time, reflecting the practical suitability of the electrode
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material for SCs. The high coulombic efficiency confirms the
enhanced redox reversibility of the electrode material.'** As the
number of cycles increased, the coulombic efficiency exceeded
100%, reaching 106%. This phenomenon can be attributed to
parasitic reactions, such as the degradation of the electrode and
electrolyte, which introduce additional charges during the
discharge process.® The high coulombic efficiency and
outstanding cycling stability demonstrate the effectiveness of
the MoO;/CdO (3%) nanocomposite for use in high-
performance SCs.

3.4. Symmetric supercapacitor (SSC) performance
characteristics and evaluation

The SSCs, M0O3//M00; and MoO;/CdO(3%)//Mo03/CdO(3%),
were constructed and further referred to as SSC-1 and SSC-2,
respectively. For the symmetric cell configuration, the specific

5692 | Nanoscale Adv, 2025, 7, 5681-5700

capacitance, Ceq (F g ), energy density, E (W h kg™"), and
power density, P (W kg™ "), were calculated using the following
equations.”'”"'®

I x At I x At
a(Fgl)=4 =2 1
Cean(F ) (MxAV) (mxAV) (10)
1y Cceux(AV)z
E(Whkg™) = Y (11)
W E
P(Wkg™) = 3, % 3600 (12)

In this context, I (A) denotes the charge and discharge current
established for the GCD test, At (s) signifies the duration of
discharge, m (g) refers to the mass of each active material, M (g)
indicates the total mass load on both electrodes, and AV(V)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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represents the voltage window applied in the electrochemical
test.

The electrochemical properties of SSCs are displayed in
Fig. 9 and 10. CV curves were obtained at different scan rates
ranging from 5 to 200 mV s~ ' within the optimal potential
window of 0 to 1.6 Vin a 0.5 M Na,SO, aqueous electrolyte, as
illustrated in Fig. 9(a-b). The observation indicates that the area
enclosed by the CV curve increases as the scan rate increases
from 5 to 200 mV s~ . As the scan rate increases, the CV profile
maintains a consistent shape without any noticeable distortion,
because mass transfer or ion transport of charges between the
electrode and electrolyte occurs with a lack of restriction. This
suggests that the symmetric configuration is kinetically revers-
ible.’* The comparison of CV curves of SSC-1 and SSC-2 is
displayed in Fig. 9(c) at a fixed scan rate of 200 mV s~ . The
integrated CV area of the SSC-2 is larger than that of SSC-1,
indicating a greater charge storage capacity on the surface of
the SSC-2.

The GCD plots for SSC-1 and SSC-2 are conducted at varying
current densities from 0.67 to 5 A g ', within a potential range
of 0 to 1.6 V. Fig. 9(d-e) illustrates the nonlinear charge-
discharge profiles, confirming the predominant pseudocapaci-
tive characteristics of the SSCs. The GCD curves obtained at
different current densities exhibited symmetry and consistency,
demonstrating the exceptional reliability and stability of the
SSC under high current densities.

Fig. 9(f) illustrates the comparative GCD profiles of SSC-1
and SSC-2 at the same applied current density of 0.67 A g~
Remarkably, compared to the SSC-1, the GCD curve of the SSC-2
shows a longer discharge time. Fig. 9(g) presents Cy at various
current densities calculated from the GCD curves using eqn
(10). The fabricated SSC-2 exhibits a high Cs of 348 F g~ " at
0.67 A g " and retains 48 F g~ ' at 5 A g~ !, outperforming SSC-1
at the corresponding current densities. Even at high current
densities, the SSC-2 retained larger Cs than the SSC-1. The
findings suggest that Cs decreases with higher current density.
At higher current densities, the fast ion insertion and extraction
process restricts access to the whole surface area of the elec-
trode, leading to less charge accumulation on the electrode
surface. At a lower current density, the ions in the electrolyte
fully interact with the active material, leading to a significant
increase in the C,.**°

The charge transfer kinetics of the designed SSCs was
analyzed using EIS. This method is particularly efficient for
acquiring information on the electrochemical impedance
properties of the electrodes. The analysis frequency range has
been chosen from 0.1 Hz to 1 MHz, using an alternating voltage
amplitude of 10 mV at the OCP. The EIS data are shown as
Nyquist plots in Fig. 9(h), with the inset offering an enlarged
viewpoint of the high-frequency area. EIS plots reflect the
parameters, including charge transfer resistance (R.), equiva-
lent series resistance (Ry), Warburg impedance, and constant
phase element (CPE). Table 2 displays the charge transfer
kinetics parameters of the fabricated SSCs using an equivalent
electrical circuit for fitting the EIS data.

The R, value of SSC-2 is 14.99 Q lower than that of the SSC-1
(16.24 Q), confirming its reduced internal resistance. SSC-2 also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Charge transfer kinetics parameters of SSCs determined
through fitting with an equivalent circuit model

Sample R, (Q) R () CPE (uF) W, (Q)
SSC-1 16.24 309.7 0.0044 25.18
SSC-2 14.99 230.9 0.0050 12.52

exhibits a lower R, value of 230.9 Q than SSC-1 (309.7 Q). This
recommends a quicker faradaic response with significantly
reduced resistance, exhibits higher ionic conductivity, and
contributes to enhanced electrochemical performance. The re-
ported resistance values for R, and R, in a symmetrical two-
electrode design are typically greater than those in a three-
electrode arrangement. This is caused by the fact that current
flows through both electrodes in a two-electrode system
simultaneously, which lowers the current density per electrode
and increases the overall measured resistance. SSC-2 exhibits
a higher CPE value of 0.0050 F than SSC-1 (0.0044 F). This
enhanced CPE value indicates an improved interface of the
electrode/electrolyte, which may improve the superior electro-
chemical performance of SSC-2. Improved ion diffusion, as
suggested by a steeper slope of SSC-2 (Fig. 9(h)), implies lower
Warburg impedance 12.52 Q in the low-frequency region of the
Nyquist plot, indicating enhanced ionic transport.

The long-term cycle performance of the fabricated SSCs was
investigated by conducting the GCD test 5000 times at a current
density of 15 A g~ throughout a potential range of 0 to 1.6 V,
and the results are shown in Fig. 9(i). It can be observed that the
SSC-1 exhibited only 76.92% capacitance retention after 5000
cycles. Such a significant reduction in capacitance indicates
a degradation of the chemical structure of MoO; and/or the
dissolution of component ions during the long charge-
discharge process.'''* However, the SSC-2 retains 88.9% of its
specific capacitance after 5000 cycles, indicating its excellent
long-term cycling stability.

The operational efficiency of energy storage systems is
mostly dependent upon their energy density (E) and power
density (P). The energy and power density of the SSC are

-
o
Gl
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Ref (S1) N
~ay—Ref (S2) 9

Ref(S3) <«
—4—Ref (S4) ® v
Ref (S5)
1-*—Ref(s§)
—e—Ref (S7)
—@— Ref (S8)
——Ref (S9)

- -
o o
w »

Power density (W/kg)
o

10’
10°

10 102 103

Energy density (Wh/kg)

Fig. 10 Ragone plots of the fabricated SSC-1 and SSC-2 compared
with reported symmetric and asymmetric SCs in the literature (for
references, see the ESI¥).
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Ref.

S1

S2

S3

S

S5

S6

S8

S9

This work
This work

A g1, 10000 cycles

82% (5 A g™ "), 5000 cycles
96.8% (5 A g~ '), 10 000 cycles
80% (2 A g~ '), 5000 cycles
86% (2 A g™ '), 6000 cycles
90% 5000 cycles

86.5% (1 A g™ '), 5000 cycles
76.9% (15 A g ') 5000 cycles
88.9% (15 A g~ ') 5000 cycles

Cycling stability (%)

94% (8

P(Wkg
838
276
524
500
816.67
301

22.6

838.4
1067
1067

E(Whkg™)
51.91
42.6
27.8
14
75.27
19.8
51.89
31.3
84

124

Cs(FgHatly(Ag™

146 (1)
307

61 (0.2)
404 (0.5)
211.71 (1)
99 (0.5)
119

88 (1)
236 (0.67)
348 (0.67)

Device configuration (electrolyte)
Asymmetric (PVA/KOH gel)
Asymmetric (1 M Na,SO,)
Asymmetric (1 M Na,SO,)
Symmetric (H,SO,/PVA gel)

Asymmetric (1 M KOH)
Asymmetric (Na,SO,/PVA gel)

Symmetric (1 M Na,SO,)
Asymmetric (1 M H,SO,)
Symmetric (0.5 M Na,SO,)
Symmetric (0.5 M Na,SO,)

Table 3 Electrochemical performance evaluation with previously reported MoOs-based device performance in the literature

MoO;/GF//PANI/(MnO,-rGO)/PANI
GrMnO,//GrMoO;
MoO3/PPy/rGO//M0O;/PPy/rGO
Ag QDs/MnO,//Ag QDs/MoO3
Mo0;/CdO (3%)//M005/CdO (3%)

MoO;/CDA//EG

MoO,@CNT//MnO,@CNT
MoO;//M00O;

rGO/Mo00O;//rTGO/M0O;
GF-CNTs/MoO;//GF-CNTs

Materials
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calculated from GCD curves at various current densities using
eqn (11) and (12), respectively. The results have been demon-
strated through a Ragone plot in Fig. 10 and compared with
other SCs. The SSC-2 delivered a maximum energy density of
124 W h kg™ at a power density of 1067 W kg ", surpassing SSC-
1, which exhibited a lower energy density of 84 W h keg™* at the
same power density. More importantly, the energy density of
SSC-2 can still be maintained at 17 W h kg™' as the power
density increases to 8000 W kg™ ', reflecting an outstanding
power capability. The superior efficiency of the SSC-2 highlights
the exceptional supercapacitive behavior of the material and
outperforms many previously reported MoO;-based SC devices,
as summarized in Table 3. For instance, o-MoO; nanorods have
been reported to deliver a specific capacitance of 214 F g™ " at
a current density of 0.1 A g~ ', with a cycling stability of only
71.7% retention after 1000 cycles at 1 Ag™ ".**' In terms of energy
storage, a MoOs-based supercapacitor achieves an energy
density of 24 W h kg™" at a power density of 150 W kg™,
whereas the PPy@MoO; nanocomposite offers a lower energy
density of 20 W h kg™" at 75 W kg~ ".*” The N-doped Mo,-
C@MoO; electrode exhibits a specific capacitance of 322 F g’1
at a current density of 0.5 A g™, while the assembled symmetric
supercapacitor delivers an energy density of 37.5 W h kg™ " along
with a power density of 2.495 W kg™ '.12

4. Conclusions

An efficient, environmentally friendly, facile hydrothermal
approach was utilized to synthesize MoO; and MoO;/CdO
binary metal oxides as electrode materials. The 1-D nanobelt
architectures of MoO; provide short diffusion paths for the
movement of electrons and ions, resulting in high capacitance
and improved electrochemical performance. With the increase
in CdO concentration, there is a corresponding decrease in the
size of the nanobelts, leading to a reduction in their aspect
ratio. Lower aspect ratio structures generally offer greater
resistance to structural failure. The electrochemical perfor-
mance is assessed using three-electrode configurations through
CV, GCD, and EIS. A blend of capacitive and diffusion-
controlled mechanisms governs the charge storage process.
However, at identical scan rates, the diffusion-controlled
contribution predominates over the capacitive contribution,
indicating pronounced pseudocapacitive behavior. MoO3/CdO
(3%) exhibits an impressive specific capacitance of 671 F g at
0.50 A g~ ', higher than other electrodes. The synergistic inter-
action between the distinctive morphological characteristics
and the electrically conductive characteristics of MoO; and CdO
may cause this enhanced capacitance. The MoO;/CdO (3%)
electrode exhibits a lower intrinsic series and charge transfer
resistance, which suggests a faster faradaic response with
appreciably lower resistance and contributes to improved
capacitive performance. Additionally, the electrode exhibits
outstanding cycling stability, retaining nearly 92% of its orig-
inal capacitance after 5000 cycles. Also, the high coulombic
efficiency confirms the enhanced redox reversibility of the
electrode material. The SSC-2 exhibited a high energy density of
124 W h kg™" at 1067 W kg™ and maintained a capacitance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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retention of 88.9% after 5000 cycles at 15 A g~ '. These findings
suggest that incorporating CdO nanoparticles into MoO;
nanobelts significantly enhances electrochemical performance,
potentially opening the way for new advancements in electro-
chemical nanodevice fabrication with distinctive properties.
Moreover, this study demonstrates that the simple hydro-
thermal approach can be effectively applied to other transition
metal oxides to develop supercapacitor electrode materials.
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