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o2O4/CoS nanograss arrays as
a binder-free advanced electrode material for high-
performance supercapacitors†

Chandu V. V. Muralee Gopi, ‡a Araveeti Eswar Reddy, ‡b

Sunkara Srinivasa Rao, c K. V. G. Raghavendra,d Maduru Suneetha,*e Hee-Je Kim*d

and R. Ramesh *f

This study uses a facile one-step hydrothermal method to successfully synthesize hierarchical dandelion

flower-like CuCo2O4/CoS structures on Ni foam. The composite exhibits a unique dandelion flower-like

architecture comprising interconnected nanograss arrays (NGAs), resulting in a significantly higher

surface area than individual CuCo2O4 and CoS electrodes. Electrochemical characterization reveals that

the CuCo2O4/CoS electrode exhibits superior electrochemical performance, demonstrating battery-type

behavior with well-defined redox peaks in cyclic voltammetry and distinct plateaus in galvanostatic

charge–discharge curves. The composite electrode delivers a high specific capacity of 217.86 mA h g−1

at a current density of 6 mA cm−2, surpassing the performance of individual CuCo2O4 (142.54 mA h g−1)

and CoS (160.37 mA h g−1) electrodes. Moreover, the composite electrodes exhibit outstanding cycling

life, retaining 86.23% of their initial capacity in over 3000 cycles. Electrochemical impedance

spectroscopy analysis confirms lower charge transfer resistance and solution resistance for the

composite electrode, indicating improved charge transfer kinetics and ion diffusion. These findings

demonstrate that the hierarchical CuCo2O4/CoS composite holds significant promise as a high-

performance battery-type electrode material for supercapacitor applications.
1 Introduction

The growing emphasis on environmental protection and the
need for sustainable energy solutions have urged signicant
research and development in technologies related to energy
generation, storage, and conservation.1,2 Electrochemical capac-
itors, oen called supercapacitors, are emerging as a leading
contender for advanced energy storage solutions due to their
numerous benets. These include their eco-friendly nature,
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exceptional power delivery capabilities, rapid charging and dis-
charging times, high current handling capacity, and extended
lifespan compared to traditional batteries.3–6 Supercapacitors are
broadly classied into two types: electrochemical double-layer
capacitors (EDLCs), utilizing carbon-based materials,7,8 and
pseudocapacitors (PCs), employing conductive polymers or
transitionmetal compounds.9–12 EDLCs rely on ion adsorption for
energy storage, offering long cycle life and high power density but
limited energy density. In contrast, PCs utilize reversible faradaic
reactions for charge storage, resulting in signicantly higher
specic capacitance and energy density than EDLCs.13

Furthermore, it has been observed that mixed transition
metal oxides oen exhibit enhanced properties compared to
their single-component or single-phase counterparts, likely due
to the synergistic interactions between the multiple metal
species, such as MnCo2O4,14 MgCo2O4,15 FeCo2O4,16 CuCo2O4,17

NiCo2O4 (ref. 18) and ZnCo2O4.19 Among them, CuCo2O4 has
attracted increased interest due to its natural abundance, low
cost, environmental compatibility, and high theoretical
capacity.20 Compared to its individual copper and cobalt oxide
counterparts, CuCo2O4 exhibits enhanced electrochemical
activity and electrical conductivity due to multiple oxidation
states for both copper and cobalt within its structure.21,22

Despite these advantages, its theoretical capacitance of 984 F
g−1 limits its suitability for high-performance supercapacitor
© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications.22 To improve the capacitance of CuCo2O4,
researchers have investigated various nanostructures, aiming to
facilitate rapid ion transport and increase the available surface
area for charge storage. For example, CuCo2O4 nanoparticles
demonstrated a high capacitance of 338 F g−1 at a current
density of 1 A g−1 in a study by Pendashteh et al.23 In another
investigation, hierarchical nanostructures based on CuCo2O4

nanobelt morphology exhibited a specic capacitance of 809 F
g−1.17 Despite limitations arising from low conductivity,
advancements in core–shell heterostructures have demon-
strated improved electrochemical performance in applications.
Hierarchical CuCo2O4/MnCo2O4 bilayer spinel heterostructures
were fabricated on graphite paper using a two-step hydro-
thermal process, exhibiting a remarkable specic capacitance of
1434 F g− et1 at a current density of 0.5 A g−1.24 A hierarchical
NiCo2O4@MnO2 composite, synthesized through a multi-step
process involving electrospinning, calcination, and hydro-
thermal treatment, demonstrated high specic capacitance
(706.7 F g−1 at 3 A g−1) and excellent cycling stability, as re-
ported by Li et al.25 Therefore, controllable synthesis and inte-
grated core/shell heterostructures with superior
electrochemical properties are crucial for high-performance
electrochemical capacitors. On the other hand, cobalt suldes
(CoSs) like CoS, CoS2, and Co3S4 offer advantages such as high
theoretical capacitance (∼2356.2 F g−1), low toxicity, and cost-
effectiveness.26 Therefore, combining CuCo2O4 with hierarchi-
cally structured CoS is a promising strategy for advanced
battery-type electrodes, leveraging their individual strengths for
improved performance and stability.

Herein, we report for the rst time a simple one-step
hydrothermal method to directly fabricate hierarchical dande-
lion ower-like CuCo2O4/CoS structures on Ni foam. The
composite material exhibited a higher specic surface area than
the bare CuCo2O4 and CoS materials. The synthesized hierar-
chical dandelion ower-like CuCo2O4/CoS composite electrode
showed an enhanced electrochemical performance, such as
a high specic capacity of 217.86 mA h g−1 at 6 mA cm−2 and
excellent long-term cycle stability (86.23% capacitance retention
aer 3000 cycles) than CuCo2O4 and CoS electrodes. The hier-
archical CuCo2O4/CoS dandelion ower-like composite, fabri-
cated through a one-step hydrothermal process, exhibits
superior electrochemical properties, showing signicant
potential for future electronic applications.
2 Experimental
2.1 Materials

Analytical-grade copper(II) nitrate trihydrate (Cu(No3)2$3H2O),
cobalt(II) nitrate hexahydrate (Co(No3)2$6H2O), (C2H5NS), urea
(CH4N2O), ammonium uoride (NH4F), potassium hydroxide
(KOH), and Ni foam, all obtained from Sigma-Aldrich, were
used without further purication in the experiment.
2.2 Synthesis of CuCo2O4, CoS and CuCo2O4/CoS electrodes

Prior to deposition, Ni foams underwent surface cleaning by
sonication in 2 M HCl for 30 minutes to eliminate the oxide
© 2025 The Author(s). Published by the Royal Society of Chemistry
layer, followed by sequential 10 minute washes in acetone,
ethanol, and deionized (DI) water. Aer that, the cleaned Ni
foams were dried in an electric oven overnight. A solution was
prepared by combining 0.028 M Cu(NO3)2$3H2O, 0.1 M
Co(NO3)2$6H2O, 0.4 M C2H5NS, 0.4 M CH4N2O, and 0.168 M
NH4F in 80 mL of DI water, followed by 30 minutes of stirring to
ensure complete dissolution of all components. Aer trans-
ferring the completely dissolved reaction mixture and a thor-
oughly cleaned Ni foam piece to a Teon-lined stainless-steel
autoclave, the system was maintained at 90 °C for 15 hours.
Following deposition, the autoclave was allowed to cool natu-
rally to ambient temperature, aer which the Ni foam
substrates bearing the deposited active material were retrieved
and subjected to repeated ethanol and DI water rinses. Finally,
the resulting CuCo2O4/CoS composite electrodes were annealed
at 150 °C for 3 hours in air, with a heating rate of 3 °C min−1.
Similarly, bare CuCo2O4 and CoS were synthesized on Ni foam
substrates using analogous procedures and corresponding
precursors. The active materials CuCo2O4, CoS, and CuCo2O4/
CoS, deposited on a Ni foam substrate, exhibited mass loadings
of 2.77, 2.7, and 2.8 mg cm−2, respectively.
2.3 Materials characterization

Comprehensive characterization of the materials was carried
out using a suite of techniques. Crystalline phases and struc-
tural properties were elucidated via X-ray diffraction (XRD)
analysis using a Bruker D8 Advance system. Morphological
features were examined using scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDX)
for elemental mapping on a Hitachi S-2400 instrument. Trans-
mission electron microscopy (TEM) on a CJ111 instrument
provided detailed insights into the microstructure, including
lattice fringes and interfacial characteristics. Surface chemical
composition was investigated using X-ray photoelectron spec-
troscopy (XPS) on a VG Scientic ESCALAB 250 system. Finally,
Brunauer–Emmett–Teller (BET) surface area and Barrett–Joy-
ner–Halenda (BJH) pore size distribution measurements were
performed on a BEL-sorp-Max instrument (BEL, Japan) to assess
the materials' textural properties.
2.4 Electrochemical measurements

Electrochemical characterization of the fabricated electrodes
was performed using a Biologic-SP150 electrochemical work-
station in a three-electrode cell conguration with a 3 M KOH
electrolyte. Cyclic voltammetry (CV) was conducted between
−0.3 and 0.5 V vs. Ag/AgCl at scan rates ranging from 5 to 50 mV
s−1. Galvanostatic charge–discharge (GCD) measurements were
performed within a potential window of 0 to 0.4 V vs. Ag/AgCl,
and electrochemical impedance spectroscopy (EIS) was carried
out over a frequency range of 0.1 Hz to 500 kHz to investigate
the electrochemical behavior of the electrodes further. Specic
capacity (QSC, mA h g−1) for all electrodes was determined using
eqn (1).

QSC ¼ I � Dt

m� 3:6
(1)
Nanoscale Adv., 2025, 7, 2742–2750 | 2743
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where I (A) is the constant discharge current, Dt (s) signies the
discharge time, and m (g) is the active material mass.27
Fig. 1 SEM images at low and high resolution of (a–c) CuCo2O4, (d–f)
CoS, and (g–i) CuCo2O4/CoS active materials on the Ni foam
substrate.
3 Results and discussion

A CuCo2O4/CoS composite electrode with a unique dandelion
ower-like morphology was effectively deposited on a Ni foam
substrate through a straightforward one-step hydrothermal
process (Scheme 1). This dandelion ower-like structure
comprises densely packed nanograss arrays (NGAs). The hier-
archical architecture of this composite signicantly enhances
its electrochemical properties. The high surface area provided
by the numerous NGAs maximizes contact with the electrolyte,
leading to abundant electroactive sites. Furthermore, the
shortened diffusion pathways within the nanograss structure
facilitate rapid ion transport within the electrode, resulting in
enhanced energy storage performance.

The surface morphologies of CuCo2O4, CoS, and CuCo2O4/
CoS architectures were investigated using SEM, as presented in
Fig. 1. Fig. 1a–f reveal that CuCo2O4 and CoS active materials
deposited on Ni foam exhibit irregular and non-uniform
morphologies characterized by nanoparticle-like structures.
Both electrode materials display a tendency towards the
formation of agglomerated particles, resulting in a surface with
numerous voids and micro-gaps. This non-homogeneous
distribution of nanoparticles and the presence of signicant
gaps between them on the Ni foam substrate are not conducive
to optimal electrochemical performance. Unlike bare CuCo2O4

and CoS electrodes, the CuCo2O4/CoS composite electrode
exhibited a unique surface morphology characterized by
consistent and uniform coverage over the entire Ni foam
substrate (Fig. 1g). Fig. 1h illustrates the dandelion ower-like
morphology of the CuCo2O4/CoS composite. High-resolution
SEM imaging in Fig. 1i reveals that these dandelion ower-
like structures are composed of nanograss array (NGA)-like
structures. This NGA structure potentially offers a high
surface area, abundant electroactive sites, and shortened
pathways for charge diffusion, facilitating rapid electrolyte
transport and consequently enhancing the material's electro-
chemical performance.

XRD was employed to characterize the crystallinity and
phase structure of the CuCo2O4/CoS composite. The XRD
pattern of the CuCo2O4/CoS composite is presented in Fig. 2.
Peaks observed at 2q values of approximately 19.07°, 31.36°,
Scheme 1 Schematic representation of the synthesis of dandelion
flower-like CuCo2O4/CoS nanograss arrays on a Ni foam substrate.

2744 | Nanoscale Adv., 2025, 7, 2742–2750
36.96°, 38.96°, 45.07°, 56.03°, 59.59°, and 65.75° are attributed
to the (111), (220), (311), (222), (400), (422), (511), and (440)
planes of the cubic spinel CuCo2O4 phase (JCPDS #001-1155).
Additionally, peaks at 2q values of approximately 30.8°, 35.5°,
47.2°, 54.8°, 62.9°, 64.1°, and 66.9° correspond to the (100),
(101), (102), (110), (103), (200), and (201) planes of hexagonal
CoS (JCPDS # 65-3418). These ndings align with previously
reported literature.28,29

To conrm their elemental composition, EDX analysis was
conducted on CuCo2O4, CoS, and CuCo2O4/CoS samples
(Fig. 3). The spectra of the individual CuCo2O4 and CoS samples
showed the existence of only the expected elements: copper
(Cu), cobalt (Co), and oxygen (O) for CuCo2O4; and cobalt (Co)
and sulfur (S) for CoS. This indicates the high purity of the
synthesized materials. Conversely, the spectrum of the
composite material exhibited peaks corresponding to all four
elements (Cu, Co, O, and S), conrming the successful inte-
gration of CuCo2O4 and CoS components within the composite
structure.
Fig. 2 X-ray diffraction pattern of the as-fabricated CuCo2O4/CoS
composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX spectra of (a) CuCo2O4, (b) CoS, and (c) CuCo2O4/CoS
composite.

Fig. 4 TEM and high-resolution TEM images of the (a–c) CuCo2O4,
(d–f) CoS, and (g–i) CuCo2O4/CoS composite electrodes. (j–o)
Scanning TEM (STEM) and elemental mapping of the CuCo2O4/CoS
composite electrode.

Fig. 5 High-resolution XPS deconvoluted spectra of (a) Cu 2p, (b) Co
2p, (c) O 1s, and (d) S 2p.
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The CuCo2O4, CoS, and CuCo2O4/CoS electrodes were
further investigated using TEM, HR-TEM, and scanning TEM
(STEM) to examine their morphologies and structural details. As
shown in Fig. 4a, b and d, e, TEM images of the CuCo2O4 and
CoS electrodes exhibit agglomerated nanoparticle-like struc-
tures, which is consistent with SEM analysis. Furthermore,
analysis of HR-TEM images in Fig. 4c and f reveals lattice fringes
with 0.24 and 0.25 nm spacings, respectively. These spacings
correspond to the (311) and (101) planes of the CuCo2O4 and
CoS phases, respectively.30,31 In contrast, the CuCo2O4/CoS
composite electrodes display a distinctive hierarchical archi-
tecture, with ower-like structures built from interconnected
nanograss array-like units (Fig. 4g and h). HR-TEM analysis of
the CuMn2O4/CoS nanostructured electrode (Fig. 4i) reveals
interplanar spacings of 0.24 and 0.25 nm, corresponding to the
(311) plane of CuMn2O4 and the (101) plane of CoS, respectively.
To further investigate the compositional distribution within the
CuCo2O4/CoS nanostructures, STEM and elemental mapping
techniques were utilized. These analyses conrmed the pres-
ence and homogeneous distribution of Cu, Co, O, and S within
the composite electrode, as evidenced by the elemental maps
(Fig. 4j–o).

XPS analysis was employed to delve deeper into the chemical
composition and surface chemistry. Fig. S1† displays the survey
spectrum of CuCo2O4/CoS, conrming the presence of Cu, Co,
O, and S elements within the sample. High-resolution Cu 2p
XPS spectra (Fig. 5a) were deconvoluted, revealing two prom-
inent peaks centered at binding energies of 932.3 eV and
952.1 eV, attributed to Cu 2p3/2 and Cu 2p1/2, respectively.
Satellite peaks observed at 962.3 eV and 942.2 eV, respectively,
© 2025 The Author(s). Published by the Royal Society of Chemistry
accompanying these main peaks, are characteristic of the Cu2+

oxidation state.32 The Co 2p XPS spectrum in Fig. 5b exhibits
prominent peaks at 780.5 and 796.2 eV, attributed to Co 2p3/2
and Co 2p1/2, respectively, with corresponding satellite peaks at
786.1 and 802.4 eV, indicative of the Co2+ oxidation state.33 The
O 1s spectrum in Fig. 5c exhibits a single peak at 531.4 eV,
Nanoscale Adv., 2025, 7, 2742–2750 | 2745
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Fig. 7 (a) A comparison of CV plots of CuCo2O4, CoS, and CuCo2O4/
CoS NGA electrodes at 5 mV s−1 scan rate. CV plots of (b) CuCo2O4, (c)
CoS, and (d) CuCo2O4/CoS NGA electrodes at different scan rates.
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indicative of the presence of oxygen ions within the CuCo2O4

compound.34 The S 2p spectrum in Fig. 5d exhibits two prom-
inent peaks, corresponding to S 2p3/2 and S 2p1/2 at 162.2 and
168.0 eV, respectively, which are characteristic of the S2− state in
CoS.35

All synthesized materials were characterized using BET and
BJH techniques. The adsorption–desorption isotherm of the
sample (Fig. 6) exhibited a type IV prole, characteristic of
mesoporous materials.36 The BET analysis revealed that the
CuCo2O4/CoS NGA composite displayed a signicantly higher
specic surface area (24.3 m2 g−1) compared to its individual
components, CuCo2O4 (8 m2 g−1) and CoS (10.6 m2 g−1). This
enhanced surface area provides abundant active sites, poten-
tially facilitating improved electrochemical performance. The
inset of Fig. 6 displays the BJH pore size distribution of the
samples, indicating average pore sizes of 24.2 nm, 23.1 nm, and
25.6 nm for CuCo2O4, CoS, and the CuCo2O4/CoS NGA
composite, respectively. These results conrm the mesoporous
nature of the materials. The combination of a high specic
surface area and mesoporosity, attributed to the substantial
pore volume and distinctive nanoower structures, enhances
both electron transport and ion diffusion at the electrolyte–
electrode interface. This unique structural characteristic is also
pivotal in improving the overall electrochemical performance.

The electrochemical characteristics of CuCo2O4, CoS, and
CuCo2O4/CoS NGA electrodes were investigated by CV
measurements, as demonstrated in Fig. 7. The measurements
were done using a standard three-electrode system in 3 M KOH
aqueous electrolyte solution over a potential window between
−0.3 and 0.5 V vs. Ag/AgCl electrode at ambient temperature.
Fig. 7a compares CV plots of as-fabricated electrodes at a scan
rate of 5 mV s−1. CV curves of the electrodes displayed charac-
teristic redox peaks with signicant current, conrming their
battery-type behavior. This behavior differs from the capacitive
behavior observed in electric double-layer capacitors (EDLCs).37

A Faraday reaction may occur within the electrolyte solution
as follows.

CuCo2O4 + H2O + OH− / CuOOH + 2CoOOH + e− (2)
Fig. 6 N2 adsorption/desorption isotherms with the pore size distri-
bution curve (inset) of the (a) CuCo2O4, (b) CoS, and (c) CuCo2O4/CoS
electrodes.

2746 | Nanoscale Adv., 2025, 7, 2742–2750
CoOOH + OH− / CoO2 + H2O + e− (3)

CoS + OH− 4 CoSOH + e− (4)

CoSOH + OH− 4 CoSO + H2O + e− (5)

Among the tested electrodes at a scan rate of 5 mV s−1, the
CuCo2O4/CoS nanocomposite demonstrated the highest
current response in CV measurements, indicated by the largest
enclosed area within the CV curve. This enhanced electro-
chemical activity can be attributed to the signicantly increased
surface area of the CuCo2O4/CoS composite. A larger surface
area provides more accessible sites for interaction with elec-
trolyte ions, facilitating a higher rate of faradaic reactions. The
CV measurements of CuCo2O4, CoS, and CuCo2O4/CoS NGA
electrodes were carried out at different scan rates from 5 to
50 mV s−1, as shown in Fig. 7b–d, respectively. Cyclic voltam-
metry (CV) of all three electrodes exhibited characteristic redox
peaks indicative of battery-like behavior. Upon increasing the
scan rate, a positive shi in the anodic peak and a negative shi
in the cathodic peak were observed in the CV curves of the
prepared electrodes. This phenomenon is attributed to the
increasing internal diffusion limitations within the three-
electrode system.38 Despite this shi, the peak shape remains
unchanged, indicating a good rate capability.

A common method to explore charge storage mechanisms in
fabricated electrode materials involves analyzing the relation-
ship between cathodic peak current (ip) and scan rate (v) using
a power law (ip = avb).39 The slope ‘b’ of the log(v) − log (ip) plot
provides valuable insights. Typically, a ‘b’ value close to 0.5
indicates diffusion-controlled charge storage, characteristic of
battery-type behavior. Conversely, a ‘b’ value near 1.0 suggests
surface-controlled processes, typical of capacitive behavior. The
b values obtained for the present study were found to be (Fig. 7a)
0.548, 0.641, and 0.51 for CuCo2O4, CoS, and CuCo2O4/CoS NGA
electrodes, respectively. The results strongly suggest that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Comparative GCD plots of the CuCo2O4, CoS, and
CuCo2O4/CoS NGA electrodes at a current density of 6 mA cm−2.
GCD curves of the (b) CuCo2O4, (c) CoS, and (d) CuCo2O4/CoS
electrodes at various current densities. (e) Specific capacity of
CuCo2O4, CoS, and composite CuCo2O4/CoS NGA electrodes at
different current densities. (f) The cycling performance of CuCo2O4,
CoS, and composite CuCo2O4/CoS NGA electrodes at 20 mA cm−2

over 3000 cycles.
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fabricated electrode materials exhibit primarily diffusion-
controlled behavior, a characteristic oen observed in battery-
type electroactive materials.40

The precise quantication of capacitive and diffusion-
controlled charge storage contributions in the synthesized
electrodes can be achieved using the following equation.41

ip = k1v + k2v
1/2 (6)

where k1 (slope) and k2 (intercept) are constants determined
from the linear relationship between i/n1/2 vs. n1/2. A linear
regression analysis of CuCo2O4, CoS, and CuCo2O4@CoS data-
sets revealed k1 values of 0.0002322, 0.00020082, and 0.0000442,
respectively, and corresponding k2 values of 0.01255, 0.01599,
and 0.01179, respectively. Fig. 6a and b present the calculated
relative contributions of faradaic and diffusion-controlled
processes derived from the obtained values of k1 and k2. The
relative contributions of diffusion-controlled and surface-
controlled processes in redox reactions at an electrode shi
with scan rate, with slower scans favoring diffusion-limited
reactions due to increased ion penetration, and faster scans
emphasizing capacitive contributions from the electrode–elec-
trolyte interface. Fig. 8b–d support these observations,
demonstrating that the contribution from diffusion diminishes
progressively as the scan rate increases for the pristine elec-
trodes. Signicantly, the composite CuCo2O4@CoS electrode
consistently demonstrates a greater contribution from
diffusion-controlled charge storage than CuCo2O4 and CoS
electrodes across all scan rates. This enhanced diffusional
contribution aligns with the observed superior rate perfor-
mance of CuCo2O4@CoS. This suggests that the composite
material facilitates a slower redox reaction kinetics during
electrochemical processes.

The electrochemical performance of electrode materials was
further measured using GCD measurements. Fig. 9a shows the
Fig. 8 (a) The b-value for the cathodic peaks of the as-prepared
samples was determined from the slope of the log(i) vs. log(scan rate,
v) plot. Investigation of charge storage contributions in (b) CuCo2O4,
(c) CoS, and (d) CuCo2O4/CoS NGA electrodes by analysing their
dependence on the scan rate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
comparative GCD curves of CuCo2O4, CoS, and composite
CuCo2O4/CoS NGA electrodes at the same current density of 6
mA cm−2. All the GCD curves exhibit the typical faradaic redox
battery-type nature of electrode materials, which is consistent
with the obtained CV results. As expected, the CuCo2O4/CoS
NGA composite electrode shows a much longer discharge time
than the CuCo2O4 and CoS electrodes at a current density of 6
mA cm−2. Fig. 9b–d show the GCD curves of CuCo2O4, CoS, and
composite CuCo2O4/CoS NGA electrodes at different current
densities varying from 6 to 50 mA cm−2.

The specic capacity values of the three electrodes were
calculated using GCD plots and eqn (1), and the corresponding
results are plotted in Fig. 9e. As shown in Fig. 9e, the CuCo2O4/
CoS NGA composite electrode exhibits excellent specic
capacity values of 217.86, 209.78, 192.77, 180.6, 169.64, and
140.08 mA h g−1 at current densities of 6, 8, 15, 20, 30, and 50
mA cm−2, respectively, much higher than those of the CuCo2O4

(142.54, 136.21, 115.07, 90.19, 87.24, and 81.58 mA h g−1) and
CoS (160.37, 156.71, 147.07, 139.71, 127.47, and 110.6 mA h g−1)
electrodes, respectively. The observed enhanced electro-
chemical performance of the CuCo2O4/CoS NGA composite
electrode can be attributed to several factors, including an
increased surface area, improved conductivity, and facilitated
ion transport. These benets likely stem from the unique
Nanoscale Adv., 2025, 7, 2742–2750 | 2747
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Table 1 Comparison of the specific capacity of the CuCo2O4/CoS NGA composite electrode with recent reports

Electrode materials Preparation method Electrolyte Specic capacity, mA h g−1 Current density Reference

CuCo2O4 Solvothermal 2 M KOH 109.35 1 A g−1 42
CuCo2O4/rGO Self-assembly 6 M KOH 40.4 1 A g−1 43
CuCo2O4@Co(OH)2 Hydrothermal and electrodeposition 1 M KOH 23.78 0.5 A g−1 44
CuCo2O4/CuO Microwave assisted reux 1 M KOH 49.86 1 A g−1 45
CuCo2O4@C Hydrothermal and magnetron sputtering 2 M NaOH 198.94 1 A g−1 46
CuCo2O4/CuO Hydrothermal deposition and SILAR 1 M KOH 79.22 11 mA cm−2 47
CuCo2O4@NiCo2O4 Two-step hydrothermal 2 M KOH 105.5 1 A g−1 48
NiCo2O4@CuS Two-step hydrothermal 3 M KOH 141.13 1 A g−1 49
CuCo2O4/CuS Hydrothermal and thermolysis 3 M KOH 102.1 1 A g−1 50
CuCo2O4/MnCo2O4 Two-step hydrothermal 2 M KOH 199.16 0.5 A g−1 24
CuCo2O4/CoS One-step hydrothermal 3 M KOH 217.86 6 mA cm−2 This study
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hierarchical and interpenetrating network structure of the
CuCo2O4/CoS composite, making it a promising candidate for
supercapacitor applications. The CuCo2O4/CoS NGA composite
electrode exhibited a superior specic capacity value compared
to both individual CuCo2O4 and CoS nanocomposite electrodes,
as well as surpassing values reported in previous literature, as
listed in Table 1.

Long-term cycling stability is essential for the practical
viability of nanocomposite electrode materials. As shown in
Fig. 9f, the cycling stability of CuCo2O4, CoS, and composite
CuCo2O4/CoS NGA electrodes was determined at a current
density of 20 mA cm−2 over 3000 cycles. A signicant
improvement in cycling stability was observed in the CuCo2O4/
CoS NGA composite electrode compared to its individual
components, CuCo2O4 and CoS. Aer 3000 cycles, the
composite electrode retained 86.23% of its initial capacitance,
while CuCo2O4 and CoS retained 71.11% and 78.14%, respec-
tively. This enhanced stability can be attributed to the syner-
gistic effects between CuCo2O4 and CoS within the composite
structure. Combining these materials may improve charge
transfer kinetics, reduce volume changes during cycling, and
enhance structural stability, leading to improved long-term
performance.

EIS is an effective diagnostic technique to explore further the
excellent electrochemical behaviours of the as-prepared elec-
trode materials. The Nyquist plots of CuCo2O4, CoS, and
Fig. 10 (a) EIS Nyquist plots of CuCo2O4, CoS, and composite
CuCo2O4/CoS NGA electrodes. The inset displays high-magnification
Nyquist plots alongside the corresponding equivalent circuit to fit the
plots. (b) Schematic diagram illustrating the merits of the CuCo2O4/
CoS nanograss array electrode.

2748 | Nanoscale Adv., 2025, 7, 2742–2750
composite CuCo2O4/CoS NGA electrodes in 3 M KOH electrolyte
are presented in Fig. 10, and the equivalent circuit is shown in
the inset of the gure to t the Nyquist plots. Nyquist plots
typically exhibit two distinct regions: a semicircle in the high-
frequency range and a sloped line in the low-frequency range.
The x-intercept of the semicircle in the high-frequency region
corresponds to the equivalent series resistance (Rs), while the
diameter of the semicircle is oen associated with the charge
transfer resistance (Rct) at the electrode–electrolyte interface.51

The Rs (0.3 U cm−2) and Rct (0.57 U cm−2) values of the
composite CuCo2O4/CoS NGA electrode are lower than those of
the bare CuCo2O4 (Rs = 0.46 U cm−2 and Rct = 1.11 U cm−2) and
CoS (Rs = 0.35 U cm−2 and Rct = 0.88 U cm−2) electrodes. The
composite CuCo2O4/CoS NGA electrode has the lowest Rs and
Rct values and steeper linear slope than the bare CuCo2O4 and
CoS electrodes, which further demonstrate the superior ion
diffusion, improved charge transfer kinetics, enhanced elec-
trical conductivity, and improved ionic conductivity.52

The CuCo2O4/CoS nanograss electrode material, grown
directly on a Ni foam substrate, exhibits enhanced energy
storage performance. Fig. 10b illustrates a schematic diagram
of the CuCo2O4/CoS nanograss electrode, highlighting key
features for efficient electron transport and OH− ion penetra-
tion. The 3D Ni foam scaffold provides a conductive backbone,
facilitating rapid ion and electron transport. The direct growth
of nanograss arrays eliminates the need for binders and addi-
tives, minimizing dead mass and improving electron conduc-
tivity. The high surface area of the nanograss arrays maximizes
active site exposure, enabling fast electrochemical reactions.
Furthermore, the robust adhesion of the nanograss arrays to the
substrate ensures long-term cycling stability. The vertically
aligned structure of the nanograss arrays shortens the diffusion
pathways for electrolyte ions, contributing to high areal capacity
and stable cycling performance. These combined factors result
in superior ionic and electronic conductivity within the
composite, making it a promising battery-type electrode mate-
rial for high-performance hybrid supercapacitors.
4 Conclusion

In summary, hierarchical dandelion ower-like CuCo2O4/CoS
structures were successfully developed on Ni foam via a facile
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and effective one-step hydrothermal process. The surface
morphology results reveal that the dandelion ower-like struc-
tures consist of nanograss arrays. The hierarchical architecture
offers several key benets, including increased surface area,
enhanced electrolyte ion diffusion, shortened ion transport
pathways, and excellent conductivity, all contributing to supe-
rior overall electrochemical performance. CV and GCD
measurements demonstrated that the fabricated CuCo2O4, CoS,
and composite CuCo2O4/CoS NGA electrodes exhibited elec-
trochemical characteristics typical of a faradaic redox battery-
type behavior. The as-prepared composite CuCo2O4/CoS NGA
electrode exhibited superior electrochemical performance with
an ultrahigh specic capacity of 217.86 mA h g−1 at 6 mA cm−2

compared to CuCo2O4 (142.54 mA h g−1) and CoS
(160.37 mA h g−1) electrodes. Furthermore, the composite
CuCo2O4/CoS NGA electrode demonstrated enhanced cycling
stability, retaining 87.37% of its initial capacity aer 3000
cycles, surpassing the performance of individual CuCo2O4

(71.11%) and CoS (78.14%) electrodes. Furthermore, EIS anal-
ysis revealed that the composite CuCo2O4/CoS NGA electrode
exhibited lower charge transfer resistance and solution resis-
tance than individual CuCo2O4 and CoS electrodes, indicating
enhanced charge transfer kinetics, improved conductivity, and
superior ion diffusion. Therefore, our ndings demonstrate
that the synthesized battery-type CuCo2O4/CoS NGA composite
electrode exhibits exceptional potential as an electrode material
for supercapacitor applications.
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