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Driven by the intensifying global energy crisis, significant efforts have been focused on designing advanced
nanostructured electrode materials that are capable of delivering both energy and power output
simultaneously while ensuring optimized diffusion dynamics. Herein, a rationally engineered Cu,MnzOg
(CMOQ) and its nanocomposites with 3%, 6%, and 9% carbon nanotubes (CNTs) (CMO-1, CMO-2, and CMO-
3, respectively) were prepared via a cost-effective synthesis method. Quasi-rectangular, polyhedral structures
were revealed via electron microscopy. A hybrid charge-storage mechanism was observed via voltammetric
analysis combined with insights from Dunn’s model. Galvanostatic charge—discharge testing revealed that
CMO-2 delivered a specific capacity of 954.25 C g * at 11.76 A g~%, accompanied by an excellent energy
density of 66.26 Wh kg™ and power density of 2941.17 W kg~™. Notably, the electrode retained 99% of its
initial capacity after 3000 cycles, confirming excellent durability. Galvanostatic intermittent titration technique
measurements further estimated a diffusion coefficient of ~4.96 x 107 m? s* for the optimized sample,
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highlighting efficient ion transport through the electrode material. Electrochemical impedance spectroscopy
revealed a low solution resistance of 0.91 Q, high conductivity of 0.099 S cm™, and a short relaxation time
DOI: 10.1039/d5tc03417e of 0.082 s. The observed agglomeration of CNTs in CMO-3 reduced the ion diffusion coefficient,

highlighting a critical consideration for future researchers in optimizing material design. Collectively, these
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1. Introduction

Efficient energy storage has become an important priority
worldwide in the context of rapid scientific advancement, rising
energy demands, and the ongoing climate crisis. Although
fossil fuels still dominate global energy frameworks owing to
their high energy output, their combustion generates harmful
emissions that accelerate environmental degradation and hin-
der the transition to renewable energy sources."” Moreover,
population growth and the progressive depletion of natural
reserves have further escalated the demand to adopt clean and
sustainable alternatives such as wind and solar power.’
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results position CMO-2 as a highly attractive electrode material for future hybrid supercapacitors.

However, these renewable sources are inherently intermittent,
as wind energy is dependent on weather conditions and solar
power is ineffective during cloudy weather or at night.* To
address these challenges, significant research efforts have been
directed toward developing energy storage systems (ESSs) cap-
able of efficiently storing energy and delivering it reliably on
demand. Conventional ESS technologies, including lithium-
ion, sodium-ion, and metal-air batteries, as well as fuel cells,
offer advantages such as high energy density (E4) and opera-
tional versatility. Nevertheless, their practical deployment is
limited by sluggish charge-discharge kinetics, relatively short
lifespans, environmental concerns, and high production costs.’
Supercapacitors (SCs) have attracted growing attention as next-
generation energy storage devices. Benefiting from advances in
nanotechnology, SCs offer several superior features compared
to conventional batteries, including high power density (Py),
fast charge-discharge capability, long cyclic stability, cost-
effectiveness, and environmentally benign operation. These
attributes make SCs highly attractive for applications requiring
rapid energy delivery, extended durability, and minimal
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environmental impact, thereby positioning them as a promis-
ing solution in the evolving energy storage domain.®’

SCs are categorized as electric double layer capacitors
(EDLCs), pseudo capacitors (PCs), and hybrid capacitors
(HCs) based on their electrochemical (EC) charge storage
mechanism.®® An EDLC utilizes non-faradaic ion adsorption
at the electrode-electrolyte (E/E) interface and offers remark-
able cycling stability but suffers from low specific capacitance
(CS).10 The PCs, in contrast, rely on fast and reversible faradaic
redox reactions, providing higher C; but often at the expense of
conductivity and long-term durability."""> The HCs integrate
carbon-based EDLC materials with faradaic-active components,
combining the high P4 and cyclic life of EDLCs with the
remarkable E4 of PCs, thereby achieving balanced performance
with improved stability and charge storage."?

The inherently limited E4 of SCs constrains their widespread
applicability. Therefore, the development of efficient electrode
materials remains crucial for enhancing EC performance.'*
Extensive efforts have focused on diverse electrode classes, includ-
ing carbon-based materials, transition metal oxides (TMOs),
transition-metal sulfides, and conducting polymers.””® Among
TMOs, CuO and NiO are particularly attractive, owing to their high
theoretical capacities, rich redox activity, environmental benig-
nity, and cost-effectiveness. However, their practical use is limited
by intrinsically low electrical conductivity and structural instability
during charging and discharging.’**' To address these draw-
backs, mixed transition metal oxides (MTMOs) have emerged as
promising candidates, as the incorporation of divalent (Cu™", Ni**,
and Fe®") and trivalent (Mn**, AI**, Co®", and Ti*") cations facil-
itates multiple redox transitions, enhances electrical pathways,
and improves structural robustness.”” In particular, Mn-based
MTMOs are compelling because of their lower toxicity, natural
abundance, tunable oxidation states, and affordability. Neverthe-
less, their experimentally achieved capacitance remains far below
the theoretical limit, primarily due to poor electron transport.?*>*
Among MTMOs, CMO has attracted considerable interest, as the
coexistence of multiple Cu and Mn valence states enables efficient
and reversible redox reactions. Despite these advantages, CMO
suffers from moderate conductivity and particle agglomeration,
which restricts charge transport and reduces the accessible active
surface area. To overcome these limitations, incorporating highly
conductive CNTs is a viable strategy. In particular, CNTs offer
excellent electrical conductivity, high aspect ratio, mechanical
robustness, and an interconnected 3D network, making them
superior to other carbonaceous materials. Thus, the integration of
CMO with CNTs is expected to enhance electron mobility, modify
the electronic structure, improve structural integrity, and ulti-
mately deliver outstanding EC performance. Further, these two
develop interfacial interaction between the working electrode
and the electrolyte, enhancing the overall performance of the
system.>>2°

Several studies have explored CuMn,O,-based electrode
materials to enhance the performance of SCs. Deva et al
synthesized CuMn,O, utilizing a sol-gel method (auto-
combustion), achieving a C; of 822.02 F g~ " at a current density
(Cq) of 1 A g, with 91% coulombic efficiency (CE) retained
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after completing 5000 cycles.”” A solvothermal technique was
utilized by Kumar et al. to synthesize CuMn,0, nanoparticles,
achieving a C, of 520.5 F g " at a scan rate (SR) of 10 mV s~ .
Further, the electrode material exhibited an excellent Cy of
578.01 F g ' at 0.5 A g ' and 98% capacitance retention after
prolonged cycling.*® Zhang et al. employed the sol-gel techni-
que to prepare a CuMn,O,//rGO composite, which exhibited a
Cs of 342.12 F g ' at 1 A g, outperforming CuMn,0, and
demonstrating enhanced rate capability.>® Beknalker et al.
synthesized a CuMn,0,@MXene composite via the hydrother-
mal method, which delivered an enhanced areal capacitance of
629 mF cm > at 4 mA cm > The corresponding asymmetric
device achieved a Cy of 496 mF cm ™2 at 6 mA cm ™2 and Pg4 of
1.5 mW cm 23° More recently, Alrowaily et al. reported the
synthesis of CuMn,0,, MoS,, and CuMn,0,/MoS, composites
via a hydrothermal route, where the CuMn,0,/MoS, electrode
exhibited an outstanding Cs of 1244 F g~ ' at Cq of 1 A g™, with
25 Wh kg™ E4 and 93% capacitance retention in assembled SC
devices.”

Although CuMn,0,4 and CuMnO, have been investigated for
energy storage applications, thus far, the synthesis and utiliza-
tion of CMO in SC applications have not been reported. In this
work, CMO was synthesized via a hydrothermal strategy, and
nanocomposites were further prepared by incorporating 3, 6,
and 9 wt% CNTs through a solvothermal approach. The rational
integration of CNTs into the CMO matrix was designed to
mitigate the intrinsic limitations of Cu-Mn-based TMOs, includ-
ing moderate conductivity and agglomeration, while synergisti-
cally enhancing electron transport, ion diffusion, and structural
stability. This compositional tuning strategy was expected to
achieve high Ej, optimize ion-electron transfer kinetics, and
unlock the redox activity of multivalent Cu and Mn centers.
Overall, this study not only addresses the long-standing chal-
lenges associated with Cu-Mn oxide electrodes but also provides
new insight into the design of high-performance hybrid elec-
trode materials for next-generation SCs.

2. Experimental

2.1. Synthesis of CMO

CMO was synthesized using a hydrothermal approach to inves-
tigate EC features while controlling its morphology. All
chemical precursors, including copper-nitrate hexahydrate
(Cu(NO3),-6H,0, 98% purity), manganese-nitrate nonahydrate
(Mn(NO3),-9H,0, 98% purity), urea (CO(NH,),, 99% purity),
and ammonium fluoride (NH,F, 97% purity), were procured
from a reputable supplier (Sigma-Aldrich) and utilized directly
without additional purification.

Stoichiometric quantities of precursors were dissolved in
40 mL of distilled water (DIW). The solution was continuously
stirred magnetically to ensure initial homogenization and then
ultrasonicated to promote effective exfoliation, reduce particle
clustering, and minimize agglomeration. Following ultrasoni-
cation, the mixture was magnetically stirred at 250 rpm for
30 min to ensure complete homogeneity. The precursor

This journal is © The Royal Society of Chemistry 2026
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solution was then transferred to a Teflon-lined stainless-steel
reactor and subjected to hydrothermal treatment at 180 °C for
16 h. The selection of specific temperature and duration was
optimized via initial trials to obtain pure CMO with uniform
morphology. The optimized conditions present a balanced
compromise between controlled particle growth and sufficient
crystallinity. After the reaction, the autoclave was allowed to
cool to room temperature. The resulting precipitates were
collected and washed repeatedly with ethanol and DIW to
eliminate impurities and unreacted chemicals. The obtained
precipitates were dried under suitable conditions and subse-
quently calcined at 550 °C for 4 h to enhance crystallinity and
obtain the final powder.

2.2. Synthesis of CMO/CNT nanocomposites

A facile solvothermal technique was employed to synthesize
CMO-1, CMO-2, and CMO-3 nanocomposites. Precisely-measured
amounts of CMO and CNTs were suspended in 30 mL of ethanol
and subjected to ultrasonication for 30 min to attain uniform
dispersion. The suspension was then magnetically stirred continu-
ously at 250 rpm for an additional 30 min to ensure homogeneity.
The mixture was subsequently transferred to a Teflon-coated
stainless-steel reactor and thermally treated at 180 °C for 3 h.
Following the reaction, the obtained precipitates were thoroughly
rinsed sequentially with ethanol and DIW by centrifugation to
eliminate residual impurities. Finally, the purified nanocomposites
were dried on a hot plate, yielding the CMO/CNTs materials, which
were later used for electrode fabrication.

2.3. Electrode fabrication

Nickel foam (NF) was cut into 1 x 1.5 cm? pieces and subjected
to surface etching to improve adhesion of the active material.
The NF was etched by immersing in an acidic solution contain-
ing 30% hydrochloric acid and 70% DIW, followed by sonica-
tion for 1 h. A binder solution was formulated by dissolving
3 mg of polyvinylidene fluoride in 15 mL of dimethylformamide
under continuous stirring until complete dissolution. Subse-
quently, a homogeneous slurry was prepared by mixing the
binder, active material, and activated carbon (AC)ina 10:85:5
ratio, respectively. The slurry was evenly deposited onto the
etched NF with a pipette gun and dehydrated at 70 °C. Fig. 1
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illustrates the synthesis of active materials and the fabrication
of electrodes.

2.4. Characterization techniques

To comprehensively investigate the properties of the synthe-
sized nanomaterials, a series of structural, morphological,
elemental, and EC characterizations was employed. Structural
characterization was conducted utilizing X-ray diffraction ana-
lysis (XRD) (Rigaku SmartLab SE XRD) equipped with a Cu-Ka
radiation source (4 = 1.5406 A) to confirm the crystalline phase
and purity of the samples. The surface morphology and particle
size distribution were analyzed utilizing a Nova Nano SEM-450
field-emission scanning electron microscope (SEM). Insightful
information regarding the nanostructural features was
obtained through transmission electron microscopy (TEM).
Compositional analysis and uniformity were verified through
energy-dispersive X-ray spectroscopy (EDX) using an integrated
Oxford instrument setup. The EC performance was system-
atically investigated using a Corrtest CS350M workstation
(version 6.8) in a conventional three-electrode setup, with a
platinum wire and Ag/AgCl serving as the counter and reference
electrodes, respectively, and 1 M KOH solution as the electro-
Iyte. Cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), galvanostatic intermittent titration technique (GITT),
and electrochemical impedance spectroscopy (EIS) were con-
ducted to evaluate the charge storage behavior, rate capability,
and overall EC performance of the electrodes.

3. Results and discussion

3.1. X-ray diffraction analysis

XRD was performed to analyze the crystal structure of the
prepared samples (CMO, CMO-1, CMO-2, and CMO-3).>*> The
XRD patterns, recorded in the 20 range of 15°-70° depicted in
Fig. 2(a), exhibited distinct diffraction peaks at 18.24°, 28.84°,
31.68°, 32.42°, 37.12°, 37.93°, 43.39°, 53.35°, 58.28°, and 59.68°,
which correspond to the (110), (201), (020), (310), (220), (400),
(221), (—131), (—331) and (402) planes, respectively. These Akl
planes are well consistent with the ICSD reference # 00-026-
0537, confirming the monoclinic structure of CMO. The incor-
poration of CNTs did not noticeably change the diffraction
peak positions, indicating that the CMO lattice structure

180°C/3 h Washing

CMO/CNTs

Solvothermal

Fig. 1 Schematic illustration of the synthesis of the CMO and CNT-incorporated composites through a hydrothermal process, followed by a

solvothermal process.
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Fig. 2 (a) XRD patterns of pristine CMO and the CNT-incorporated CMO-1, CMO-2, and CMO-3 composites, (b)—(f) SEM micrographs of the

synthesized samples at different magnifications, (g) TEM analysis of CMO-2, and (h) EDX spectra validating the elemental composition of the prepared

samples.

remained intact. The sharp, well-defined reflections further
affirmed the high crystallinity of all samples, a desirable attri-
bute for improved EC performance. Moreover, a distinct peak at
a 20 value of 26.11°, marked in Fig. 2(a), was indexed to the
carbon phase, consistent with the standard reference pattern
ICSD 00-026-1076, confirming the successful integration of
CNTs. The average crystalline size was estimated via the Scherrer
equation, eqn (1).*?

D = KJ/fcosO (1)

The calculated crystallite sizes for CMO, CMO-1, CMO-2, and
CMO-3 were 18.79, 17.88, 18.40, and 18.78 nm, respectively.
These results confirm that CNT integration preserved the
structural stability of the CMO phase while maintaining high
crystallinity throughout all compositions.

3.2. Morphological analysis

SEM analysis was performed to examine the structural morphol-
ogy, particle dimensions, and microstructural features of all the
nanomaterials.*® Fig. 2(b-e) shows the SEM images of all the
prepared samples. Fig. 2(b) displays polyhedral and quasi-
spherical particles forming an agglomerated network. The micro-
structure comprised a heterogeneous mix of small and large
particles, ranging in size from nanometers to micrometers. A
distinctly developed porous framework with pronounced grain
boundaries and interparticle voids was evident, indicating a
hierarchically porous architecture. Such structural porosity,
coupled with controlled particle size distribution, is beneficial
for rapid EC kinetics, thereby enhancing both E4 and P4.*°
SEM images of CNT-incorporated samples, as presented in
Fig. 2(b-f), confirmed the successful incorporation of CNTs
into the CMO matrix. The CNTs are uniformly dispersed and
anchored onto multifaceted CMO particles, forming a three-
dimensional conductive network, facilitating superior electrical
conductivity and efficient ion diffusion pathways. Notably,
CMO-2, as presented in Fig. 2(d and e), exhibited the most
favorable morphology among all samples, where the optimal
CNT loading created an extensive conductive network without
compromising active site accessibility. Further, Fig. 2(e) shows
the histogram of the CMO-2 composite revealing a particle size
distribution, which is in the range of micrometers. In contrast,

J. Mater. Chem. C

CMO-3, as shown in Fig. 2(f), displayed CNT agglomeration,
forming dense clusters that particularly covered the CMO
surface. Such excessive CNT contents block electroactive sites
and hinder ion diffusion, ultimately leading to reduced EC
efficiency. These types of agglomerations can be minimized via
different strategies, like prolonged stirring and sonication or
solvent treatment methods.

In addition, Fig. 2(g) illustrates the TEM images of CMO-2,
representing well-defined polyhedral particles at 1 um and
500 nm magnification. These particles are uniformly intercon-
nected with minimal agglomeration and sharp edges, consistent
with the irregular microstructure morphology observed in SEM
images. CMO-2 exhibits tubular structures, which correspond to
the presence of CNTs within the material. Notably, the maximum
nanoparticles were measured within the size range of micro-
meters, which correlates with the SEM analysis and is beneficial
for ion transport. This ion transport promotes EC efficiency,
underscoring the suitability of these materials for energy storage
applications.

3.3. Compositional analysis

EDX analysis was performed to determine the elemental com-
position and spatial distribution of the samples.*® Fig. 2(h)
illustrates the EDX spectra of pure CMO, CMO-1, CMO-2, and
CMO-3 samples. For CMO, prominent peaks corresponding to
Mn, Cu, and O confirmed the successful formation of the target
phase. In contrast, the EDX spectra of CNT-integrated samples
revealed characteristic C peaks, validating the successful inte-
gration of CNTs into the CMO matrix. A gradual increase in the
C peak intensity with CNT contents further confirmed the
controlled integration of CNTs. The presence of Au peaks in
all samples corresponded to a gold coating applied during
sample preparation to improve conductivity. Importantly, no
extraneous peaks were detected, signifying the absence of any
impurities and attesting to the high chemical purity and precise
compositional control of the synthesized nanocomposites.

3.4. Voltammetry study

CV is a fundamental EC technique that provides insights into
charge storage mechanisms by measuring the current response
to applied potential sweeps.’”*® In this study, CV analysis was

This journal is © The Royal Society of Chemistry 2026
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performed using 1 M KOH electrolyte, as shown in Fig. 3(a),
within a stable potential window ranging from 0 to 0.5 V.
Fig. 3(b-f) depicts the CV profiles of CMO and CMO/CNT
composites (CMO-1, CMO-2, and CMO-3) at SRs ranging from
2.5 to 15 mV s~ . The activation potential of all the synthesized
samples was detected in the range of 0.26 to 0.31 V. Fig. 3(b)
illustrates the CV voltammogram of CMO, where distinct redox
peaks are clearly visible in each cycle, confirming significant
pseudocapacitive behavior, originating from a reversible fara-
daic redox reaction.’®*° In addition, a linear region at the start
of the forward sweep and reverse sweep indicates the presence
of non-faradaic contributions.*' The overall CV curve thus
reveals a hybrid charge storage behavior.

At elevated SRs, the anodic peaks shifted towards higher
potentials and cathodic peaks shifted more towards negative
potentials, which is attributed to polarization effects and
restricted ion diffusion.*>** Nevertheless, the CV curves retained
their shape, demonstrating excellent rate capability and kinetic
reversibility.***> However, at elevated SRs, broadening of the CV
loops was observed as shown in Fig. 3(b), which can be attributed
to the formation of resistive layers and hindered ion penetration
into the inner channels of the materials. The CNT-incorporated
composites exhibited similar trends but with markedly
enhanced EC performance. For instance, the CV voltammogram
of CMO-1, as depicted in Fig. 3(c), demonstrated an increase in
the CV loop area as compared to CMO, attributed to the
enhanced surface area and conductive network provided by
CNTs, leading to the high charge storage capability and substan-
tially improved EC response.*® CMO-2 exhibited the highest
integrated area among all synthesized samples, indicating better
electrolyte access and a strong synergetic interaction between
CMO and moderate concentration of CNTs. In contrast, the
cyclic voltammogram of CMO-3, as shown in Fig. 3(e), exhibited
a reduced CV loop area, likely due to the aggregation of CNTs at
higher loading, which blocked active sites and disrupted electron
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curves of all samples at a scan rate of 2.5 mV s7%
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pathways, thereby limiting conductivity and charge storage
capability.”” The specific capacity (Qs) evaluated from the cyclic
voltammogram provides a quantitative measure of EC perfor-
mance and was calculated using eqn (2).

0. = LJ”: < VdV 2)

my, Vi

Here, the integral part corresponds to the total area enclosed
by the CV curves, v represents the SR, V corresponds to the
applied potential, and m represents the active mass of material.
The maximum Q value of 1919.09 C g~ ' was obtained for the
CMO-2 electrode at a SR of 2.5 mV s~ ', the highest among all
other electrodes. The higher Qg at lower SRs arise from
enhanced ion diffusion, which enables complete utilization of
active sites, while the decrease in Qg at higher SRs reflects the
limited ion accessibility within shorter time intervals.*® Fig. 3(f)
compares the redox behavior of all the synthesized samples at
2.5 mV s~ ', highlighting the significant improvement in Q
achieved by incorporating 6% CNTs. Furthermore, Fig. 3(g)
illustrates the relationship between SRs and Qq for all electro-
des, with the results summarized in Table 1. Overall, CV
analysis confirms that optimal CNTs (CMO-2) provide superior
Qs rate capability owing to synergistic pseudocapacitive con-
tributions and efficient ion transport pathways.

3.4.1. Theoretical analysis using Dunn’s model. A theore-
tical model was employed to confirm the EC behavior of the
synthesized electrodes. The CV plots were analyzed to predict
whether the charge storage process was predominantly
diffusive-controlled or capacitive-controlled by examining the
current response as a function of SRs (2.5-15 mV s~ '), as shown
in Fig. 3(b-e). The mechanism was further understood by
calculating the b-value from the analysis. To further understand
the mechanism, both the power-law relationship and Dunn’s
model quantify the contributions from capacitive and diffusive
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(a) Schematic of the three-electrode system, (b)-(e) CV profiles of CMO, CMO-1, CMO-2, and CMO-3 at various scan rates, (f) comparative CV
, and (g) variation of specific capacity with scan rate for all the electrodes.
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Table 1 Specific capacity of CMO, CMO-1, CMO-2, and CMO-3 electro-
des at different scan rates

Scan rates CMO CMO-1 CMO-2 CMO-3
-1 —1 —1 —1 —1
(mvs™) (Cg™) (Cg™) Cg™) (Cg)
2.5 1623.57 1685.81 1919.09 1724.49
5 1356.18 1491.17 1633.26 1561.25
7.5 1163.22 1309.95 1406.96 1316.65
10 1020.04 1153.611 1225.02 1124.40
15 825.11 928.26 959.93 849.63

processes. The power law expresses the relationship between
peak current (I,) and scan rate (v) as in eqn (3) and (4).

I, = (@) (3)
log(I,) = log(a) + blog(v) (4)

Here, a and b are empirical parameters. The slope of the
log(I,) vs. log(v) plot yields the b-value, which reveals the
charge-storage mechanism.**>! A b-value of 1.0 indicates EDLC
nature, whereas a b-value of 0.5 signifies diffusive nature;
intermediate b-values suggest a hybrid charge storage
mechanism.”® As shown by the linear fittings in Fig. 4(a-d),
the calculated b-values for CMO, CMO-I, CMO-2, and CMO-3 are
0.67, 0.86, 0.88, and 0.86, respectively. These values indicate that
the charge-storage behavior of all samples is governed by the
predominantly hybrid EC mechanism, involving contributions
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from both diffusion-controlled and surface-controlled processes.
The relatively higher b-value indicated that CMO-2 provides a
stronger non-faradaic contribution, which underpins its remark-
able energy storage capability.>® To further decouple the con-
tributions, Dunn’s model was applied, which separates the
current into diffusive and capacitive components, as given in

eqn (5)~(7).
Iy = Laige + Leap (5)

I(V) = kl + kz‘l)o.s (6)

By rearranging eqn (6).

I(v
% =k + kyy*? (7)

Here, k; and k, are constants related to diffusive and
1(v)
5

54 —Z s.

W
v*?, the slope and intercept yield the respective fractions of
capacitive and diffusive currents. The percentage of capacitive
and diffusive contributions at a fix scan rate of 2.5 mV s~ " is
depicted in Fig. 4(e-h). The bar charts, as illustrated in Fig. 4(i-1),
demonstrate the percentage contributions of all electrode mate-
rials (CMO, CMO-1, CMO-2, and CMO-3). At 2.5 mV s~ ', CMO
exhibited a diffusive contribution of approximately 78% along
with a capacitive contribution of about 22%. In contrast, CMO-1,

capacitive contributions, respectively.”® By plotting
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(a)—(d) Linear fitting analysis of CMO, CMO-1, CMO-2, and CMO-3 for theoretical evaluation of the charge storage mechanism, (e)—(h) CV plots

emphasized the contribution of diffusive and capacitive currents at a scan rate of 2.5 mV s7%, and (i) () Dunn model-based analysis of capacitive and
diffusive percentage contributions at varying scan rates for all the electrodes.
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CMO-2, and CMO-3 showed diffusive contributions of 75%, 55%,
and 44%, with corresponding capacitive contributions of 25%,
45% and 56%, respectively. The pronounced capacitive contribu-
tion in CMO-2 underscores the dominance of non-faradaic
processes in governing its charge storage kinetics. Furthermore,
Fig. 4(i-1) shows that with increasing SR, capacitive contributions
increased across all samples, reflecting the prevalence of surface-
controlled non-faradaic processes at higher rates. Overall, the
theoretical analysis confirmed the hybrid charge storage nature
of the synthesized electrodes.

3.5. Galvanostatic charge discharge analysis

The GCD technique was employed to assess the charge storage
behavior of the synthesized electrodes, including Qs, Eq, Pq, and
cyclic stability.® The GCD profiles for all electrodes were
recorded at different C4 values, deliberately restricted com-
pared to CV to suppress hydrogen evolution and ensure reliable
measurements.’® Fig. 5(a-d) presents the GCD profiles of CMO,
and CNT-incorporated samples at different Cq4 values of 11.76,
17.65, 23.53, 29.41, and 35.29 A g~ . All electrodes exhibited
quasi-triangular GCD profiles with distinct plateaus, consistent
with the hybrid charge storage behavior observed in CV. These
plateaus correspond to redox peaks, confirming the dominance
of faradaic redox reactions in the charge storage process.’”»>®
The GCD profiles of pristine CMO were observed at Cq values of
11.76-35.29 A g~ '. As depicted in Fig. 5(a), the area under the
GCD curve is proportional to the charge-discharge time, pro-
viding insight into the electrode EC performance. The longest
discharge duration was observed at 11.76 A g~ ', corresponding
to the maximum Qg, while at 35.29 A g™ ', a shorter discharge
time was ascribed to diffusion-limited charge kinetics and
hindered ion transports at higher C4.°>®® In comparison,
CMO-1, as depicted in Fig. 5(b), exhibited a progressively
enlarged discharge time relative to pure CMO, demonstrating
improved capacity owing to the synergistic effect of CNTs and
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Cu-Mn active sites. CMO-2, as shown in Fig. 5(c), exhibited
further extended charge discharge time, confirming remark-
able EC kinetics and higher utilization of active material. This
improvement can be attributed to moderate CNT contents,
which promoted the well-interconnected conductive networks,
facilitating fast ion transport. Conversely, CMO-3, as shown in
Fig. 5(d), demonstrated a reduction in discharge time, likely
due to the aggregation of CNTs at higher loading, which
blocked ion pathways and hindered access to the electroactive
sites. Fig. 5(e) shows the charge-discharge curves at 11.76 Ag™*
for all the samples. The Qg were calculated by employing
eqn (8).

I x At
oom

05

(8)

Here, At (s) is the discharging time, I (mA) is the applied
current, and m (mg) is the active mass deposited on the
electrode materials. Among all the electrodes, CMO-2 delivered
the highest Q, of 954.25 C g~ " at 11.76 A g ', with a discharge
duration of 81.11 s, clearly outperforming other samples. A
progressive decline in Cg with an increasing Cq4 was observed for
all the synthesized electrodes depicted in Fig. 5(f). The E4 and
P4 were calculated using eqn (9) and (10).

1o,

2
Ed 736 X AV (9)
Eq x 3600
Pa=—"3" (10)

At 11.76 A g~ ', CMO exhibited an E4 of 44.02 Wh kg™ with a
P40f2941.17 W kg™ ', whereas CMO-1 achieved 52.27 Wh kg™ " Eg.
Remarkably, CMO-2 achieved an excellent E4 of 66.26 Wh kg™,
significantly higher than its counterparts. The calculated values
of Qs, Eq, and P4 for all the samples at Cq of 11.76 A g~ ' are
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Fig. 5 (a)-(d) GCD profiles of CMO, CMO-1, CMO-2, and CMO-3 at different current densities, (e) comparison of all the electrodes at 11.76 A g~%,
(f) variation of specific capacity with current density, (g) Ragone plot for all fabricated electrodes, and (h) capacity retention of CMO-2 up to 3000 cycles

along with post-cycling FESEM analysis.
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Table 2 Specific capacity, energy density, and power density at the
current density of 11.76 A g~ for CMO, CMO-1, CMO-2, and CMO-3

Current Specific Energy Power

density Discharge capacity  density density
Sample (Ag) time (s) (Ceg™ Whkg™) Wkeg?)
CMO 11.76 53.89 634.02 44.02 2941.17
CMO-1 11.76 63.98 652.73 52.27 2941.17
CMO-2 11.76 81.11 954.25 66.26 2941.17
CMO-3 11.76 77.42 910.88 63.25 2941.17

Table 3 Specific capacity, discharge time, energy density, and power
density of CMO, CMO-1, CMO-2, and CMO-3 at different current densities
from the GCD analysis

Current Specific Energy Power
density Discharge capacity  density density
Sample (Ag™) time (s) (cg™ Whkg™) Wkeg™h
CMO 11.76 53.89 634.02 44.02 2941.17
17.64 29.58 522.12 36.26 4411.76
23.53 19.44 457.48 31.76 5882.35
29.41 14.06 413.74 28.73 7352.94
35.29 10.78 380.56 26.42 8823.52
CMO-1 11.76 63.98 752.73 52.27 2941.17
17.64 35.87 633 43.95 4411.76
23.53 23.92 562.84 39.08 5882.35
29.41 17.22 506.55 35.17 7352.94
35.29 12.93 456.58 31.7 8823.52
CMO-2 11.76 81.11 954.25 66.26 2941.17
17.64 44.06 777.65 54 4411.76
23.53 28.71 675.55 46.91 5882.35
29.41 20.71 609.18 42.3 7352.94
35.29 15.21 537.01 37.29 8823.52
CMO-3 11.76 77.42 910.88 63.25 2941.17
17.64 42.12 743.41 51.62 4411.76
23.53 27.55 648.24 45.01 5882.35
29.41 19.17 563.97 39.1 7352.94
35.29 13.7 483.56 33.58 8823.52

presented in Table 2. The Ragone plots illustrated in Fig. 5(g)
provide the trade-off between E4 and P4, where CMO-2 consis-
tently outperformed the other electrodes across all C4q. The
calculated values of Qs, Eq, and Pq4 for all ¢ prepared electrode
materials are shown in Table 3.

Long-term cyclic stability was further examined under
repeated GCD cycling. As shown in Fig. 5(h), the CMO-2
electrode maintained 99% of its original Qg after completing
3000 consecutive cycles, signifying exceptional structural
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stability and EC durability. Additionally, the post-cycling SEM
image (CMO-2) demonstrates a well-dispersed three-
dimensional porous network, demonstrating minimal struc-
tural degradation after prolonged 3000 charge-discharge
cycles, as shown in Fig. 5(h). These findings highlight the
potential of the CMO-2 nanocomposite as an excellent elec-
trode material for SC applications.

3.5.1. Galvanostatic intermittent titration technique. GITT
is a powerful method to probe the diffusion dynamics and
charge-transfer kinetics of electrode materials by evaluating the
ion diffusion coefficient (D.).*"°> The GITT measurements were
carried out in a 2 M KOH electrolyte by applying a constant
current pulse to the EC cell for a set duration, during which
ions adsorb/desorb at the E/E interface. Following each pulse,
the subsequent relaxation time and the corresponding
potential response were recorded and used to evaluate D.. D,
represents the rate of ion migration within the electrode during
charge-discharge processes and can be calculated from Fick’s
law using eqn (11).

4\ (my Vi (AE\’
D.=(—
=) (ns) (52)

Here, D, is the diffusion constant in (m> s™'), 7 is the pulse
duration (s), my, represents the active mass, V;, denotes the
molar volume, and My, corresponds to the molecular weight of
the compound, A is the E/E interfacial area, and m is the
electrode thickness. Moreover, AE, represents the steady state
voltage amid an individual GITT pulse, and AE; is the total
voltage change excluding IR drop.®® GITT data were recorded
for all electrodes at a current of 1 mA, with a pulse duration of
600 s. Measurements were conducted at charging and dischar-
ging potentials of 0.4 V and 1.5 V, respectively. A quasi-steady
state voltage response was obtained, as illustrated in Fig. 6(a-d).
For pure CMO, the calculated D, was 4.38 x 10> m* s™'. The
incorporation of 3% CNTs in CMO-1 enhanced ion transport,
yielding a slightly higher D.f 4.44 x 10" m? s'. CMO-2
exhibited a further increase, reaching 4.96 x 10" m”> s/,
attributed to the development of a well-interconnected conduc-
tive network at moderate CNT loading, which provided addi-
tional ion diffusion pathways. However, in CMO-3, excessive
CNT incorporation caused agglomeration and blockage of active
sites, leading to a reduction in D, to 4.48 x 10™° m”> s~ ". Overall,
the GITT analysis revealed that by moderate CNT loading, CMO-2
significantly enhanced ion diffusion dynamics, while both low

(11)
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(a)—(d) GITT profiles of CMO, CMO-1, CMO-2, and CMO-3, highlighting ion diffusion kinetics at constant current pulses.
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Fig. 7 (a)-(d) Nyquist plots with fitted Randle circuits for CMO, CMO-1, CMO-2, and CMO-3, (e) combined Bode plot, and (f)—(h) variation in relaxation

time, ionic conductivity, solution, and charge-transfer resistance.

and excessive CNTs concentrations yielded pronounced improve-
ments. The variations in D. across charging and discharging
pulses also suggest excellent reversibility of Cu/Mn ion insertion
and extraction, further confirming the superior EC kinetics of the
CMO-2 electrode.

3.6. Electrochemical impedance spectroscopy

EIS serves as a versatile technique that provides detailed
insights into EC processes at the E/E interface, particularly
charge-transfer kinetics and interfacial interactions.®* EIS spec-
tra, typically presented as Nyquist and Bode plots, were
recorded at frequencies ranging from 107 to 10°> Hz to probe
the intrinsic EC and kinetic behavior of the synthesized elec-
trodes. In the Nyquist spectrum, the real impedance (Z’) was
plotted on the x-axis, while the imaginary part (Z”) was plotted
on the y-axis.®®® The extracted Nyquist spectra were fitted
utilizing the Randle circuit model, as illustrated in Fig. 7(a-d).
The Nyquist plot comprises three characteristic regions: (1) a
high frequency intercept attributed to solution resistance (Ry), (2)
a semicircle in the mid-frequency region attributed to charge-
transfer resistance (R..) related to Cu/Mn redox reaction at the E/E
interface, (3) a low-frequency inclined line reflecting Warburg
impedance, linked to ion diffusion into the electrode bulk.®”*®
The extracted Nyquist plot yielded R, values of 1.29, 1.04, 0.91,
and 1.06 Q for CMO, CMO-1, CMO-2, and CMO-3, respectively, as
summarized in Table 4. Among all samples, CMO-2 exhibited the

Table 4 Values of elements for the corresponding fitted circuit, Ry = R,
R> = Rq, Qp = constant phase elements, and W = Warburg diffusion
element

sample R, (@) R, (@) Qs (Fs) W (@)
CMO 1.29 6.92 0.010 2.52
CMO-1 1.04 4.61 0.011 2.37
CMO-2 0.91 4.43 0.016 2.10
CMO-3 1.06 5.40 0.013 2.25

This journal is © The Royal Society of Chemistry 2026

lowest R together with a reduced R, (4.43 Q), signifying superior
charge-transfer kinetics and remarkable EC activity.

3.6.1. Bode plot analysis. The Bode plot presents comple-
mentary information by representing the logarithm of fre-
quency against the negative phase angle. It allows assessment
of the charge storage process and relaxation behavior. Ideally,
capacitive electrodes exhibit a phase angle approaching 90° at
lower frequencies, whereas pseudocapacitive contributions are
generally observed near 45°.°7° As illustrated in Fig. 7(e), the
phase angles of all electrodes were dominated by pseudocapa-
citive behavior, consistent with CV results discussed earlier,
indicating that the overall capacitance mainly arises from
reversible faradaic redox reactions rather than purely double-
layer effects.

3.6.2. Relaxation time. Relaxation time is another critical
parameter in the evaluation of SCs, representing the minimum
time required to discharge the stored energy.”’ It can be
calculated by employing eqn (12).

(12)

Here, 7 represents the relaxation time, and f denotes the
characteristic frequency at which resistive and capacitive reso-
nance co-exist. The calculated t values for CMO, CMO-1,
CMO-2, and CMO-3 were 0.103, 0.092, 0.082, and 0.099 s,
respectively, as shown in Table 5. Fig. 7(f) shows the variation
in the relaxation time relative to all the tested electrode
materials. Notably, CMO-2 exhibited the shortest 7, suggesting
faster ion transport kinetics and its ability to deliver stored
energy rapidly during charging-discharging processes.

3.6.3. Ionic conductivity. Ionic conductivity represents the
capability of an electrode material to support efficient ion
transport, which directly governs its redox activity and EC
performance. Elevated ionic conductivity improves ion mobility
and intensifies redox reaction, thereby enabling a more
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Table 5 Calculated values of relaxation time, conductivity, and diffusion
coefficient

Diffusion
Frequency Relaxation  Conductivity  coefficient
Sample (Hz) time (s) (Sem™) (m?>s™)
CMO 1.59 0.103 0.069 438 x 107"
CMO-1  1.76 0.092 0.086 4.44 x 10
CMO-2  1.84 0.082 0.099 4.96 x 107
CMO-3  1.60 0.099 0.084 448 x 10 ¥

efficient and effective charge storage process.”>”* Ionic con-
ductivity of all the prepared samples was calculated using
eqn (13), as shown below.

(13)

Here, o represents the ionic conductivity, L represents the
thickness of the electrode material, A is the electrode area, and Ry
represents solution resistance. The results presented in Table 5
show that CMO-2 exhibited the highest ¢ of 0.099 S cm™?,
indicating minimal resistance to ion migration and enhanced
EC reactivity. This improvement was attributed to the moderate
incorporation of CNTs (6%), which effectively lowered both R
and R, thereby establishing efficient ion-transport pathways
and promoting fast charge transfer. Fig. 7(g) compares the ionic
conductivity values of the synthesized electrodes, revealing that
CMO-2 demonstrates superior ¢ among all samples. Further-
more, Fig. 7(h) illustrates the correlation between R and R,
highlighting the comparative interfacial kinetics of the prepared
electrodes. The overall comparative evaluation of the EC perfor-
mance is summarized in Table 6.

4. Conclusion

In summary, this investigation reports the successful synthesis
of CMO and its composites, CMO-1, CMO-2, and CMO-3, by
utilizing an eco-friendly hydrothermal route, followed by a
solvothermal reaction. Structural analysis confirmed that the
monoclinic phase of CMO was preserved, irrespective of the
CNT content, while morphological studies revealed polyhedral,
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quasi-spherical particles. The uniform incorporation of the
polyhedral particles was also verified through TEM images at
magnifications of 1 um and 500 nm. The EDS analysis con-
firmed the successful synthesis of CMO and the incorporation
of CNTs into the CMO matrix, with no extraneous peaks,
thereby confirming the purity of these materials. CV analysis
confirmed the hybrid charge storage mechanism, while Dunn’s
model further demonstrated the coexistence of capacitive and
diffusive contributions. Among all the synthesized materials,
CMO-2 exhibited an excellent Qg of 954.25 C g~ ' and E,; of
66.26 Wh kg™ ' along with a Py 0of 2941.17 Wkg 'at 11.76 Ag™".
Moreover, the electrode retained 99% of its initial capacity after
3000 consecutive charge-discharge cycles. Due to the excellent
conductive path provided by CNTs, R declined from 1.29 to
0.91 Q, while the R, value decreased from 6.92 to 4.43 Q, along
with a D, of ~4.96 x 10~ m? s~ . Collectively, these findings
highlight CMO-2 as a highly effective electrode material for
advanced hybrid SCs.
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