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ABSTRACT

The development of advanced electrode materials with high capacitance and
long-term cycling durability is critical for next-generation supercapacitor appli-
cations. Despite the promising properties of individual CoMoO, and NiMoO,
phases, standalone electrodes suffer from limited rate performance and insuf-
ficient cycling stability. To address these limitations, the present work reports
the hydrothermal synthesis of CoMoO,/NiMoO, composite (CNMO). Structural
characterization by X-ray diffraction (XRD) confirmed the formation of a highly
crystalline monoclinic phase without detectable impurities. Scanning electron
microscopy (SEM) analyses revealed the formation of interconnected nanorods,
providing a large electrochemically active surface area and efficient ion diffusion
pathways. X-ray photoelectron spectroscopy (XPS) further confirmed the coex-
istence of mixed-valence Co, Ni, and Mo species, which contribute to enhanced
faradaic redox activity and improved charge transfer kinetics. Owing to the syner-
gistic interaction between CoMoO, and NiMoQO,, the CNMO electrode delivered
a high specific capacitance (Sc) of 2948 F g™' at 2 A g™! and retained 86% of its
initial capacitance after 5000 charge—discharge cycles. Furthermore, an asym-
metric supercapacitor device (CNMO//AC) exhibited a specific capacitance of
143 F g}, an energy density of 38.9 Wh kg™ at a power density of 2090 W kg™,
and excellent cycling stability with 82% capacitance retention after 5000 cycles.
The enhanced electrochemical performance can be attributed to the synergistic
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redox contribution of the bimetallic molybdate framework and the favorable
nanorod architecture. These findings demonstrate that the CNMO composite is a
promising electrode material for high-performance energy storage applications.

1 Introduction

Energy storage systems that are more dependable and
efficient are necessary in the contemporary environ-
ment due to the steady introduction of devices with
smart technologies and features. Because of its high-
power density, long cycle life, and ability to charge
and discharge quickly, the supercapacitor is a type
of energy storage device that has garnered the most
attention [1]. Among portable electronic applications,
supercapacitors (SCs), especially, have received a
great deal of interest because of their unparalleled
high-power density, impressive lifetime, rapid charg-
ing and discharging capabilities and reliability [2].
Their special electrochemical performance make
them critical for a wide range of wearable electronics,
including smartwatches and flexible displays, mobile
communication devices, like smartphones and tab-
lets, electric vehicles (EVs) and hybrid electric vehi-
cles (HEVs), portable medical tools, such as implant-
able drug delivery systems and defibrillators, where
regenerative braking and high-speed energy delivery
are essential functions [3]. Additionally, the develop-
ment of the Internet of Things (IoT) has accelerated the
application of SCs in energy harvesting systems, wire-
less sensor networks and smart automation devices,
where they are capable of harvesting energy from
the environment, like solar cells, piezoelectric gen-
erators, and thermoelectric generators, and storing it
effectively [4]. Besides, their high-power density and
excellent performance in harsh environments are well-
suited for advanced military communication systems,
unmanned aerial vehicles (UAVs) and satellite power
management applications [5]. As a result, research-
ers have been focusing on the development of new
supercapacitor electrode materials that exhibit high
electrochemical properties and do not require expen-
sive electrolyte, which has led to the development of
anew class of materials that possess high capacitance
and can be used in supercapacitors [6].

Among the available energy storage devices, super-
capacitors occupy a unique position between conven-
tional dielectric capacitors and batteries. Conventional
capacitors can deliver very high-power density and
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almost unlimited cycle life, but their energy density is
too low for most practical energy storage needs. Bat-
teries, on the other hand, offer high energy density but
suffer from slow charge—discharge kinetics, limited
cycle life caused by irreversible redox/phase-change
reactions, and safety concerns such as flammability
and thermal runaway [7]. Supercapacitors bridge this
gap: they store charge through highly reversible sur-
face or near-surface electrochemical processes rather
than bulk redox phase transformations, which allows
them to deliver power densities approaching those of
conventional capacitors while achieving energy den-
sities far higher than dielectric capacitors, along with
markedly faster charge-discharge rates, longer cycle
life (often exceeding tens of thousands of cycles), and
safer, more stable operation than most battery chem-
istries [8].

Based on their charge-storage mechanism, super-
capacitors can be broadly classified into three types:
electrical double-layer capacitors (EDLCs), pseudoca-
pacitors, and hybrid supercapacitors. EDLCs are gen-
erally based on carbon materials including activated
carbon, carbon nanotubes, and graphene, store charge
electrostatically through the accumulation of ions at
the electrode—electrolyte interface, without any charge
transfer between the electrode and the electrolyte.
This non-faradaic mechanism gives EDLCs excellent
cycling stability and high-power density, but their spe-
cific capacitance and energy density remain compara-
tively low [9]. Pseudocapacitors, utilize redox-active
materials such as transition metal oxides, hydroxides,
and conducting polymers, which store charge through
rapid and reversible faradaic reactions, including sur-
face redox process and ion intercalation. This faradaic
mechanism allows pseudocapacitors to achieve spe-
cific capacitance values typically one to two orders of
magnitude higher than EDLCs, although they can suf-
fer from comparatively lower electrical conductivity
and cycling stability. Hybrid supercapacitors combine
an EDLC-type electrode with a pseudocapacitive or
battery-type electrode in a single device, harnessing
the high-power density of the former and the high
energy density of the latter to achieve a favorable over-
all balance of performance. The composite developed
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in the present work falls within the pseudocapacitor
category, exploiting the reversible redox activity of
transition metal molybdates [10].

Transition metal oxides are among the many elec-
trode materials with high specific capacitance that
have garnered a lot of interest and environmental
friendliness. Transition metal oxides effectively store
energy utilizing highly reversible redox reactions
because of the existence of changing valence metal
species [11]. Metal molybdates, a novel class of metal
oxides, are known for their excellent electrical conduc-
tivity, diverse valence states, and stable crystal struc-
ture, including CoMoQO,, NiMoO,, ZnMoO,, MnMoQO,,
and CuMoQ,, which have led to their exploration as
electrode materials in recent years [12].

Among them, NiMoO, in particular has garnered a
lot of interest because of its high redox activity (par-
ticularly for the Ni element), chemical stability, low
cost, and abundance in nature [13]. Because of its high
Ni element activity, NiMoO, exhibits highest specific
capacitance; however, it has low-rate performance and
poor cycling stability [14]. NiMoO, semiconductors
are known to be promising materials for electrodes
in pseudocapacitors. Their exceptional electrical and
thermal conductivity, chemical stability, abundance,
and affordability are the reasons for this [15]. For high-
performance supercapacitors, morphological optimi-
zation, and the development of core-shell heterostruc-
tures have been utilized to overcome these problems
[16]. Due to its potential uses in fields including photo-
chemistry, ion exchange, intercalation, proton conduc-
tivity, and chemistry, the cobalt molybdate (CoMoQO,)
nanocatalyst has lately attracted interest. Furthermore,
at the nanoscale level, studies have been performed
to cultivate particles with distinct forms, including
nanoneedles, nanowires, and nanotubes. The ration-
ale for combining CoMoO, and NiMoO, is now clearly
presented as synergistic composite design: CoMoO,
provides structural stability and enhanced conduc-
tivity via Co%*/Co%" redox transitions, while NiMoO,
contributes high specific capacitance through Ni*/Ni**
redox activity. Together, the composite offers supe-
rior performance compared to either individual com-
ponent. The composite of molybdates during devel-
opment will provide the redox reactions, leading to
increased electrochemical performance and enhanced
electrical conductivity [17].

Besides transition metal molybdates, rare-earth-
based materials, such as cerium oxide (CeO,), lantha-
num oxide (La,0;), and gadolinium oxide (Gd,0O3),
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have also been explored for supercapacitor electrodes
owing to their high redox activity, ion exchange capac-
ity, and good chemical stability, which can enhance
the electrochemical performance of host materials
when used as dopants in metal oxides or conduct-
ing polymers. However, rare-earth elements are not
selected as the primary electrode material in the pre-
sent study for several practical reasons: they are com-
paratively scarce and geographically concentrated in
supply, their extraction and purification require com-
plex, energy-intensive, and environmentally taxing
processing, and the resulting materials are typically
expensive, which limits their scalability for large-vol-
ume electrode fabrication. Moreover, rare-earth com-
pounds are most often employed as minor dopants to
enhance the conductivity of an existing host material
rather than as standalone high capacitance electrode
hosts in their own right [18]. In contrast, the transi-
tion metal molybdates used in this study (NiMoO,
and CoMoQy,) are naturally abundant, inexpensive,
and intrinsically redox-active, making them more
suitable for the development of a scalable, low-cost,
high-performance composite electrode.

Various chemical synthetic methods can be
employed to synthesize molybdate compounds,
including sonochemical, hydrothermal methods,
and micro-emulsion [19-21]. The synthesis method’s
physical and chemical characteristics can significantly
affect the final nanoparticles’ capacitive behavior, sur-
face area, and overall stability; hence, this aspect is
crucial [22]. Among these methods, the hydrothermal
route was selected for the synthesis of the CNMO in
the present work because of its distinct advantages: it
is a simple, low-cost, single-step, and environmentally
friendly process that does not require sophisticated
equipment or hazardous reagents, while still offer-
ing precise control over reaction parameters such as
temperature, precursor concentration, and reaction
time. This level of control allows the morphology,
particle size, crystallinity, and porosity of the result-
ing nanostructures to be finely tuned, which directly
governs the electrochemical performance of the final
electrode material. The hydrothermal method is also
readily scalable, making it well-suited for the repro-
ducible, large-scale synthesis of composite metal
molybdate nanostructures such as the CNMO devel-
oped here [23]. The hydrothermal method was used
by Cai et al. to prepare NiMoO, NRs, which had a
capacitance of 974.4 F g™ at 1 current density [24]. Lin
et al. prepared NiMoO, hollow nanorods utilizing a
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hydrothermal process to serve as the supercapacitor’s
positive electrode. The NiMoO, provided the highest
specific capacitance value of 1102.2 F g™ at 1 A/g [25].
Recently, Raj et al. produced NiMoO, nanoflowers
using a co-precipitation method, and achieved 554 C
glat1 A g™ [26]. Zhanwei Xu et al. reported that a
cobalt molybdate exhibited a Sc value of 171.1 mA h
g 1[27]. John Candler et al. reported driven morphol-
ogy-reliant CoMoQO, and achieved the Sc value of 170
Fg™[28].

Despite these advances, most prior reports on
CoMoO,/NiMoO, systems rely on multi-step, tem-
plate-assisted, or core—shell fabrication routes, which
add synthetic complexity and cost. The key novelty
of the present study lies in the development of a
facile, one-pot hydrothermal synthesis of CoMoQO,/
NiMoO, (CNMO) in a single reaction vessel, followed
by a single thermal treatment step to enhance crys-
tallinity, eliminating the need for multi-step or tem-
plate-assisted procedures reported elsewhere. This
simplified strategy directly combines the structural
stability and conductivity benefits of CoMoO, with
the high specific capacitance of NiMoO, within a sin-
gle nanorod architecture, offering a scalable and cost-
effective pathway toward high-performance pseudo-
capacitive electrodes.

In this work, the synthesis of CNMO and its elec-
trochemical performance were evaluated. The con-
ductive properties and synergistic effect materials
of CoMoO, and NiMoO,. The facile preparation
method consisted of producing the required sub-
stance in a single reaction vessel and then applying
heat to improve its crystallinity. The synthesized
samples were analyzed using FT-IR, TEM, XRD, and
XPS methods, which confirmed the successful forma-
tion of the CNMO with the expected nanorod mor-
phology and crystal structure. Their electrochemical
properties were analyzed through Electrochemical
impedance spectroscopy (EIS), cyclic voltammetry
(CV), and galvanostatic charge and discharge (GCD).
In a three-electrode supercapacitor system, electro-
chemical characterisations were performed using a
6 M potassium hydroxide aqueous solution, and the
CNMO electrode delivered a high specific capacitance
of 2948 F g™ at 2 A g™, along with 86% capacitance
retention after 5,000 cycles, confirming its excellent
rate capability and cycling stability. To further evalu-
ate its practical applicability, a two-electrode asym-
metric supercapacitor device was assembled using the
CNMO electrode, which achieved an energy density
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Fig. 1 Schematic diagram of the CNMO

of 38.9 Wh kg™! at a power density of 2090 W kg,
demonstrating the material’s potential for real-world
energy storage applications. Given this combination of
high capacitance, good cycling stability, and favorable
energy/power characteristics, the developed CNMO
holds strong promise for use in portable and wear-
able electronics, electric and hybrid electric vehicles,
and other next-generation energy storage applications
requiring fast charge-discharge capability and long
operational life.

2 Experimental section
2.1 Materials

Ammonium molybdate tetrahydrate, potassium
hydroxide, HCI, and cobalt nitrate hexahydrate and
nickel nitrate hexahydrate, were purchased from
Sigma-Aldrich. Vritra Technologies was the source of
the nickel foam. The purchased chemicals were used
without any further purification.

2.2 Hydrothermal synthesis of CNMO

CoMo0O,/NiMoO, (CNMO) nanorod electrode mate-
rial was fabricated directly onto the cleaned nickel
foam by a facile one-step hydrothermal reaction in an
autoclave, which is schematically illustrated in Fig. 1.
Initially, the nickel foam (2 x 2 cm?, 1.6 mm thick,
95% porosity) was sequentially ultrasonicated in 3 M
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Fig. 9 a Schematic diagram of CNMO//AC device, b CNMO//AC CV analysis, ¢ CNMO//AC GCD analysis, d CNMO//AC EIS spec-

tra, and e Current density vs Specific capacitance plot

between 3 and 7 A g™ within an active potential range
of 0 to 1.4 V. Typical non-linear charge-discharge
curves in Fig. 9(c) display the charge stored by the
slow faradaic redox process [52]. GCD at various cur-
rent densities showed that the maximum capacitance
of the CNMO//AC hybrid device is 143, 114, 92, 81,
and 65 F g'1 at3,4,5,6,and 7 A g'l, respectively, as
shown in Fig. 9(e).

The developed device’s cycling of stability is dis-
played in Fig. 10(a). The device shows extraordinary
cyclic stability even after 5000 cycles, maintaining 82%
of its capacitance and 93% of the coulombic efficiency.
The electrochemical analysis to demonstrate capaci-
tive behavior, energy, and power densities is required.
The Ragone plot of the CNMO//AC hybrid device,
is presented in Fig. 10(b). Ragone plots were calcu-
lated based on the total active mass of both positive
(CNMO) and negative (activated carbon) electrodes,
the CNMO//AC hybrid device delivered a maximum
energy density of 38.9 Wh kg™! and power density of
2090 W kg ! at 3 A g™ respectively, as shown in Fig. S3.
The higher energy density values (31, 25.4, 22.5, and
17 Wh kg™) and higher power density values (2936,
3600, 4400, and 5100 W kg‘l) were demonstrated by
the hybrid gadgets at current densities between 4 and
7 A g [53].

4 Conclusions

In this study, CNMO was synthesized via a fac-
ile one-pot hydrothermal route, and evaluated as
a supercapacitor electrode material. XRD analysis
were confirmed the crystalline, monoclinic phase,
while electron microscopy revealed an interconnected
nanorod morphology. XPS verified the coexistence
of mixed-valence Co, Ni, and Mo species, confirm-
ing successful integration of both molybdate phases.
This structure directly underpins the observed per-
formance. The interconnected nanorods provide a
high electrochemically active surface area and short
ion-diffusion pathways, facilitating rapid electrolyte
access and faradaic charge transfer, while their con-
tinuous network ensures efficient electron transport
to the nickel foam current collector. Simultaneously,
the mixed-valence Co?"/Co*" and Ni?*/Ni*" redox
couples provide multiple, closely coupled faradaic
pathways, allowing the high capacitance of NiMoO,
and the conductive, structurally stable framework of
CoMoO, to act synergistically rather than additively.
This structure—property synergy is reflected in the
CNMO electrode specific capacitance of 2948 F g™ at 2
A g and 86% capacitance retention after 5000 charge-
discharge cycles. The assembled CNMO//AC hybrid

@ Springer
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device achieved 143 F g™}, an energy density of 38.9
Wh kg™ at 2090 W kg™, and 82% retention after 5000
cycles, confirming that the nanorod architecture and
bimetallic redox activity. These results demonstrate
that the enhanced electrochemical response of CNMO
originates from the coupling of its crystalline, high-
surface-area nanorod morphology with synergistic
multi-valence redox chemistry, supporting bimetallic
molybdate composite design as an effective strategy
for low-cost, high capacitance, durable electrode mate-
rials for next-generation energy storage applications.
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