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a b s t r a c t

Currently, many transition metal oxides (TMOs) have been demonstrated as attractive nanomaterials for
application in supercapacitors for energy storage/conversion systems. Among TMOs, CuCo2O4 has pre-
sented excellent electrochemical properties, including higher electrical behavior. Also, they are readily
accessible in earth, ecofriendly and cost effective compared to other nanocompunds. In this research,
we have for the first time synthesized CuCo2O4 (CCO) nanomaterials using a deep eutectic solvents
(DES) method for supercapacitor (SC) applications. We systematically studied the effect of annealing tem-
perature of CCO on its structural, morphological, and electrical properties. The CCO was annealed at dif-
ferent temperature of 150, 200, 250, and 300 �C for 3 h. CCO annealed at 250 �C exhibited the superior
performance compared to other as-synthesized and annealed samples. The optimized CCO electrode
shows outstanding supercapacitive properties with specific capacity 421 mAh g�1 at 10 mV s�1, excellent
GCD capability, and super cycling stability. This indicates that the DES-prepared CCO shows better elec-
trochemical performance due to highly porous nanostructure providing more active sites for easy trans-
formation of the ions.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Supercapacitors (SCs) are the core component in the develop-
ment of sustainable energy storage systems with high power den-
sity, high energy density, fast charge–discharge, long life, cycling
stability, and low cost [1–4]. SCs can be classified into two cate-
gories based on the charge storage mechanism: electrical double
layer capacitors (EDLCs), which consist of electrostatic charge
accumulation at the electrode/electrolyte interfaces, and pseudo-
capacitors, which comprise reversible Faradic reactions. Pseudoca-
pacitors deliver much higher specific capacitance and energy
density than the EDLC [5–7] Metal oxides of copper, nickel, cobalt,
and manganese have gained increasing attention in SCs research
because of their electrochemical properties [8,9]. Copper oxide
and cobalt oxide has many potential applications in various scien-
tific technologies. Among numerous metal oxides, binary transition
metal oxides (TMOs) of copper and cobalt showed excellent elec-
trochemical properties, such as specific capacitance, conductivity,
cycling performance, and structural stability [10].

The earth abundant spinel type cobalt oxide and its derived
compounds offer a promising alternative cheap material for elec-
trochemical energy storage application because of its high theoret-
ical capacitance ~ 3600 F g�1, electrochemical reversibility, and
stability. However, the electrochemical performance was slightly
lower than expected due to the internal low conductivity, mor-
phology, surface area, chemical composition, and crystallinity
[11,12]. Recently, many efforts have been devoted to overcoming
these obstacles by designing mixed-metal oxides, controlling mor-
phology, size, and structural properties. Previous reports found
that the introduction of Cu in the host cobalt oxide could be bene-
ficial towards improving conductivity and electrochemical proper-
ties. Therefore, copper cobalt-based oxides have been highlighted
because of their natural abundance, excellent stability, and low
cost. Furthermore, amalgamation of metal oxides is a promising
way to boost electrical conductivity, electro-chemical properties,
and structural stability.
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Recently, many CCO based electrodes with various morpholo-
gies, such as nanoparticles [13], nanoarrays [5], nanowires [14],
nanorods [15], nanoneedles [16], and nanosheets [17], and cedar
leaf-like [18], dandelion-like [19] nanoforests [20], and these
nanostructures were considered to have a key influence on the
electrochemical performance. Among the reported synthesis meth-
ods, CCO have been mostly synthesized by a hydrothermal method.
However, in this work, we have synthesized CCO by using a deep
eutectic solvents (DES) method for hybrid SCs application on Ni
foam. The effect of annealing temperature on the structural, mor-
phological, and electrochemical properties of the CCO electrodes
showed that the CCO nanomaterials positively affected with
annealing temperature. The structural, morphological, and super-
capacitive performance revealed that CCO electrodes annealing
temperature at 250 �C achieves the superior performance com-
pared to other as-synthesized and annealed samples, which may
be due to the better crystallinity, higher porosity, and lower grain
size. This indicates that the sample annealed at 250 �C provided
easy pathways like highways for ion transport or ion exchange
during the electrochemical reaction. The sample annealed at
250 �C achieved a specific capacity 421 mAh g�1 at 10 mV s�1,
which is higher than that of the as-synthesized and other annealed
samples. This optimized sample was found to be more suitable for
hybrid SCs applications because of their better electrical properties
and higher active surface area.
2. Experimental

2.1. Materials

Analytical-grade chemicals such as choline chloride, urea, cop-
per nitrate hexahydrate (Cu(NO3)2).6H2O, and cobalt nitrate tri
hydrate (Co(NO3)2).3H2O were purchased from Sigma Aldrich and
used directly without further purification.

2.2. Preparation of deep eutectic solvent (DES)

Choline chloride and urea were added to a flask at a molar ratio
of 1:2, and the mixture was constantly stirred at 60 �C. After some
time, the entire solid mixture changed to a transparent liquid. The
reaction was maintained for 1 h to ensure a stable liquid mixture of
choline chloride/urea-based DES. The DES was transferred to an
air-tight container and used as a solvent for further reactions.

2.3. Synthesis of CuCo2O4

For synthesis of CuCo2O4, 5 g Cu(NO3)2�6H2O and 10 g Co(NO3)2-
�3H2O were dissolved in a solution bath containing 40 mL DES with
vigorous stirring for 15 min. After that, 40 mL deionized water was
added, and the bath temperature set to 70 �C for 12 h with constant
stirring to complete the reaction process. Then, the reaction was
cooled to room temperature and the product filtered using vacuum
filtration. The product was washed several times with deionized
water followed by ethanol. Finally, the collected product was kept
for drying in an oven for 12 h at 60 �C. Moreover, the post anneal-
ing effect on DES mediated as-synthesized CCO was studied at dif-
ferent temperatures of 150, 200, 250, and 300 �C for 3 h in air. The
as-synthesized and post powder was used for the preparation of
thin films on Ni foam using the drop coating method and further
investigations were performed. The as-synthesized CCO thin films
were air dried naturally for overnight and were further annealed at
100 �C for 10 min to vaporize the PVDF binder. Henceforth, the
synthesized samples are denoted as CCO-RT, CCO-150, CCO-200,
CCO-250, and CCO-300 for as-synthesized and annealed at 150,
200, 250, and 300 �C, respectively.
2

2.4. Growth mechanism

The growth mechanism of the CCO can be predicted as follows.
In the present work we have prepared a DES by using choline chlo-
ride as quaternary ammonium salt and urea as a hydrogen bond
donor. There is no any water influence during the preparation of
DES [21,22]. Ammonia releases urea when heating the DES, which
further reacts with the Cu(NO3)2 and Co(NO3)2 and forms the Cu
and Co ammonium nitrate.

COðNH2Þ2 ! NH3 þ HCNO ½1�

Cu NO3ð Þ2 þ NH3 ! Cu NH3ð Þ NO3ð Þ2 ½2�

Co NO3ð Þ2 þ NH3 ! Co NH3ð Þ NO3ð Þ2 ½3�
Further, addition of water in the reaction bath initiates the reac-

tion towards the formation of CCO. During the reaction, the aggre-
gation of the CCO nanostructure in the form of clustered
nanoparticles.

Cu NH3ð Þ NO3ð Þ2 þ 2Co NH3ð Þ NO3ð Þ2 þ 4H2O ! CuCo2O4

þ 3NH4NO3 þ 3HNO3 þ H2 " ½4�
2.5. Characterization

The structures of the as-synthesized and composite nanomate-
rials were confirmed using powder X-ray diffraction (XRD, Bruker
D8 Advanced). X-ray photoelectron spectroscopy (XPS) was used
to determine the chemical composition and elemental information
(ULVAC-PHI Quantera SXM). The surface morphologies of the as-
synthesized and composite samples were studied using field emis-
sion scanning electron microscopy (FE-SEM; JEOL JSM-7100) and
high-resolution transmission electron microscopy (HR-TEM; JEOL
JEM-2100). The SC properties were investigated using a three-
electrode system with the as-synthesized electrodes, Pt, and Ag/
AgCl as the working, counter, and reference electrode, respectively.
Electrochemical analyses consisting of cyclic voltammetry (CV),
galvanostatic charge–discharge (GCD), and electrochemical impe-
dance spectroscopy (EIS) were carried out on a Versa STAT 3
machine in 3 M KOH. The electrochemical tests for CV and GCD
were performed at scan rates and current densities of 10–
100 mV s�1 and 10–50 mA cm�2, respectively. The EIS studies were
performed within the frequency range of 0.1–100 kHz.

The specific capacity (Cs) of the CCO electrodes was calculated
with the formulas below for the CV curves [23,24];

CsðC g�1Þ ¼

Z
IðVÞdV
mv ½5�

CsðmAh g�1Þ ¼

Z
IðVÞdV

mm� 3:6
½6�

where, ‘
Z

I(V)dv’ is the area under the CV curve, ‘m’ is the active

electrode mass loading on the substrate, and ‘m’ is the scan rate. Sim-
ilarly, the specific capacity of the electrode can be calculated using
charge–discharge profile as given in the below eqs. (7) and (8).

CsðC g�1Þ ¼
I
Z

Vdt

mV
½7�

CsðmAh g�1Þ ¼
I
Z

Vdt

mV � 3:6
½8�



Surendra.K. Shinde, S.S. Karade, N.C. Maile et al. Journal of Molecular Liquids 334 (2021) 116390
where, ‘‘I” is the discharge current density, ‘
R
Vdt’ is the area

covered by the discharge curve, ‘m’ is the active mass loading on
the substrate, and ‘V ’ is the potential window.
3. Results and discussion

SEM analysis was used for the study of the surface properties of
the as-synthesized and annealed CCO composites nanomaterials.
Fig. 1 present the SEM images of the as-synthesized and annealed
CCO nanocomposite materials with different magnifications. All
SEM images of as-synthesized and annealed CCO presented uni-
form formation of the nanograin-like nanoparticles and drastic
change in its porosity, grain size, and compactness of after anneal-
ing CCO [25,26]. Fig. 1 (a, b) shows the SEM images of the as-
synthesized CCO composites with different magnifications. The
SEM images of as-synthesized CCO show the e-regular growth
developed on the surface of nanomaterials and the annealed sam-
ples shown in Fig. 1 (c-j) [27,28]. After annealing as-synthesized
CCO samples at 150 �C, surface of nanomaterials shows the drastic
Fig. 1. FE-SEM of as- synthesized CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-
300 samples with different magnifications.
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change from irregular growth to compact growth, and aggregation
of nanograins uniformly covers the surface, as shown in Fig. 1 (c,
d). Furthermore, we changed annealing temperature from 150 to
200 �C, the surface morphology shows quite similar nanostruc-
tures, but with reduced particle size from 45-35 to 35–25 nm,
respectively (as shown in the Fig. 1f). However, for CCO-250 sam-
ple, surface of the nanomaterials shows highly porous nanograins/
nanosheet-like hybrid nanostructures developed with lower size of
nanograins compared to the other CCO samples [29-32]. The grain
size of the optimized CCO-250 sample is 15–10 nm, which indi-
cates that these sample provided more surface area than the other
samples due to its lower size and highly porous structure. The high
porosity and lower particle size of the nanomaterials are more ben-
efits, because these types of surface provided easy paths, so called
super highways, for the ions and electrons transferred during elec-
trochemical study. After higher temperature annealing at 300 �C,
surface of samples shows the highly compact and cubic-like nanos-
tructures, as shown in Fig. 1 (i, j). Thus, we confirmed that opti-
mized CCO-250 sample annealing at 250 �C is the best annealing
temperature for the optimization of the nanomaterial for the elec-
trochemical application. The SEM analyses are very helpful by the
optimization and support the structural, and supercapactive prop-
erties of the CCO nanomaterials [33].

For further analysis, CCO-RT and CCO-250 nanocomposites
were investigated by TEM. Fig. 2 (a-c) and Fig. 3 (ac) present a typ-
ical TEM analysis of the CCO-RT and CCO-250 nanocomposites
with various magnifications, respectively. CCO-RT has
nanoparticles-like nanostructures; interconnected and developed
chain-like nanoparticles with sizes 7–10 nm (Fig. 2b). The pin hole
like dark/white nanoparticles with highly porous surface was
observed at high magnification as shown in Fig. 2 (c). This indicates
that the CCO-RT is porous, and porous nanoparticle-like nanostruc-
tures are useful to provide active surface area to capably interface
between the electrode/electrolyte and for faster transformation of
ion/electron. This is very useful for the improved the electrochem-
ical activities as well as the rate-stable material, which is a very
important factor in the supercapcitor application [34]. The elemen-
tal distribution and composition of the CCO-RT was further studied
by the elemental mapping and EDS, respectively. The mapping
results show the identical distribution of Cu, Co, and O elements
are presented on the surface of the CCO-RT in the Fig. 2(e-h). EDS
results confirmed the existence Cu, Co, and O elements with stoi-
chiometry ratio, it indicates the pure phase formation of the
CCO-RT nanomaterials (as shown in the Fig. 2i). Fig. 3 (a-d) shows
the TEM images of the CCO-250 at a various magnifications. Fig. 3
(e-h) presented a highly porous nanoparticles are uniformly cov-
ered on the surface of interconnected nanosheet-like nanostruc-
tures [35]. This type of hybrid arrangement of the nanostructures
provided effective involvement of surface area and could be useful
for the improving the SC performance and electrical stability of the
ternary metal oxides (CCO).

The width and length of CCO-250 was in the range of 40–50 and
80–100 nm for the nanosheet, respectively and the diameters of
the nanoparticles was about 10 nm. To study the more detailed
information of the crystallographic nature of CCO sample, we
examined the selected area electron diffraction (SAED) the patterns
of both samples, which was shown in the inset of the Fig. 2i and
Fig. 3i. The SAED patterns showed the black dark rings of the
diffraction and white dots, which indicates the polycrystalline nat-
ure of the CCO-RT and CCO-250 sample [36]. The HR-TEM images
of the CCO-RT and CCO-250 are shown in the Fig. 2d and 3d, the
lattice fringes between two fringes are 0.28 and 0.23 nm, with a
cubic crystal phase, respectively [34,35].

Surface area of the active material is an important parameter to
accounting a supercapacitor performance which was determined
by using Brunauer-Emmet-Teller (BET) analysis. Fig. 4 shows the



Fig. 2. (a-c) TEM images, (d) HR-TEM images, (e-h) elemental mapping, and (i) EDS of as-synthesized CCO-RT sample, inset shows the SEAD patterns.
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N2 adsorption/desorption isotherm of the CCO-RT and CCO-250. It
reveals classical type-VI adsorption/desorption isotherm, strongly
suggests mesoporous surface area of both samples. The surface
area of the CCO-RT and CCO-250 was found to be 9 and 16 m2

g�1, respectively. Thus, the CCO-250 shows the higher surface area
as compared to the CCO-RT sample. This type’s hybrid nanostruc-
ture with higher active surface area is more beneficial for superca-
pacitors application as it provide easy path to electron
transformation as well as small pores diameters [37] which stur-
dily assisted for high electrochemical performance of the CuCo2O4

electrode.
The phase purities and identification of crystal structure of the

all as-synthesized and all annealed CCO samples were investigated
using the XRD. Fig. 5a reveals the XRD patterns of the CCO-RT,
CCO-150, CCO-200, CCO-250, and CCO-300, respectively. XRD pat-
terns clearly shows the improvement in the crystallinity with
annealing treatment. CCO-150 shows almost similar crystal struc-
tural and phase with CCO-RT. Furthermore, as we increased
annealing temperature from 150 to 200 �C, CCO-200 samples
shows the improvement in the peak intensity and crystallinity
[38]. Thus, these results indicate the the structural properties of
4

the CCO was altered with annealing temperature. However, after
increasing annealing temperature up to 250 �C, the XRD patterns
shows the better and higher crystallinity, it suggest that 250 �C
is sufficient to higher crystallinity and better development of the
formation of pure phase [38,39]. The diffraction patterns of the
CCO reveal that higher sharpness and better crystallinity annealed
at 250 �C, which confirms the polycrystalline nature with pure
phase of cubic crystal structure of the CCO-250 [40]. The further
increment in the annealing temperature up to 300 �C, shows the
hybrid phase of cubic CuCo2O4 and orthorhombic phase of CoCu2-
O3. Figure 5a presents the diffraction peaks at 32.31, 36.64, 38.70,
47.50, 56.35, and 65.60, 69.60� assigned to (2 2 0), (3 1 1), (2 2 2),
(4 0 0), (4 2 2), (4 4 0) and (5 3 1) planes are well matched to stan-
dard JCPDS cards of cubic phase of CuCo2O4 (JCPDS No. 001–1155),
which was shown in the XRD diffraction patterns of CCO-RT to
CCO-200. The diffraction peaks at 28.64, 30.21, 35.57, 41.62,
49.55, 53.81, 62.64, and 65.8� related to the (0 0 1), (1 0 1),
(0 1 1), (2 1 1), (2 2 0), (4 1 1), (0 1 2) and (2 1 2) planes of the
orthorhombic phase of CoCu2O3 (JCPDS No. 76–04442). The diffrac-
tion patterns of higher annealing temperature show the mixed
phase of CuCo2O4 and CoCu2O3 nanomaterials which was shown



Fig. 3. (a-d) TEM images, (d) HR-TEM images, (e-h) elemental mapping, and (i) EDS of optimized CCO-250 sample, inset shows the SEAD patterns.
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in the Fig. 5a . There was no any binary phase of copper oxide and
cobalt oxide formed, indicating the formation of phase pure as well
Fig. 4. BET plots of as-synthesized and optimized CCO sample at 250 �C,
respectively.
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as hybrid CuCo2O4 and CoCu2O3 heterostructures [34]. No other
phase observed, it indicates that the CCO samples are highly pure
and unique. Similar results have been reported previously for other
materials with different applications [41,42].

Fig. 5b presented the XPS survey scan spectra of the CCO-RT and
CCO-250, respectively. The survey spectra presented the existence
of Cu, Co, and O elements, which indicates the formation of the
CuCo2O4 material in both samples. Fig. 5 (c-e) presents the core
levels spectra of the Cu 2p, Co 2p, and O1s, respectively. The core
level spectrum of Cu 2p, shows two main characteristics peaks
located at 932.55 and 952.53 eV, corresponding to the Cu 2p3/2

and Cu 2p1/2, respectively [43]. The splitting difference between
the binding energies of the Cu 2p3/2 and Cu 2p1/2 is about
19.9 eV. Moreover, we noticed that two more characteristics peaks,
which are related to the shake-up satellites peaks of the Cu 2p3/2

and Cu 2p1/2, respectively. The satellites peaks located at 941.7
and 962.35 eV, which indicates the presence of Cu2+ [44]. Similarly,
core level spectra of the Co 2p shows the two main characteristics
peaks at 780.94 and 796.76 eV, which correspond to the Co 2p3/2

and Co 2p1/2, respectively. The difference between the two main
peaks is around 15.82 eV, which suggest the Co2+ and Co3+



Fig. 5. (a) XRD patterns of CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300 samples, (b) XPS survey spectra of as-synthesized and optimized CCO-250 sample, (c) core
level of Cu 2p, (d) core level of Co 2p, (e) core level of O 1 s, (f) FT-IR spectra of the CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300 samples.
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oxidation states [45,46]. Additionally, Fig. 5e presents the O 1 s
spectrum, which demonstrates two peaks at 531.06 and
532.29 eV, which are related to the metal–oxygen bonds, which
indicates the presence of oxygen ions [45,47]. These XPS results
clearly show the development of ternary CCO.

The existence of functional moieties on the surface of as-
synthesized and annealed CCO was confirmed by FT-IR analysis.
Fig. 5f presents the FT-IR spectra of as-synthesized and annealed
CCO composites. The strong absorption peaks observed at
3436 cm�1, which are correlated to the OH-containing of water
molecule, present in the OH modes, are presented in the as-
synthesized and lower annealing temperature [48]. Furthermore,
at higher annealing temperature, we clearly observed that the peak
intensity of the 3436 cm�1 is reduced; in addition, some absorption
bonds are vanished at higher temperature shown in the FT-IR by
mark. This indicates the different annealing temperatures have
positively affected on the ternary composite of the CCO. The broad
absorption peaks noticed at the 467 cm�1 and 500–594 cm�1,
which correspond to the stretching vibrational modes of Co–O
and Cu–O, respectively [49,50]. These two vibrational bonds indi-
cate the mixed metal oxides materials are present in all CCO sam-
ples. From the of FT-IR results of CCO composites, the existence of
two main vibration modes at 467 and 594 cm�1, confirmed the for-
mation of pure phase with annealing temperature of CCO and this
is in strong support to the XRD results.
4. Electrochemical study

After confirming the effect of the annealing temperature on the
structural, morphology, and composition of CCO, we studied the
effect of annealing temperature on the electrochemical properties
of the as-synthesized CCO electrodes. Fig. 6 (a-e) presents the CV
curves of the CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-350
electrodes with a various scan rates from 10 to 100 mV s�1, in
6

the potential window 0 to 0.5 V, respectively. The current values
of about 25, 57, 60, 300, and 140 mA cm�2 were observed for
CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-350 electrodes,
respectively. Annealed CCO’s shown more current values com-
pared with CCO-RT, demonstrating that the temperatures are pos-
itively affecting on the electrochemical performance [47]. From all
CV curve, the current density of annealing CCO electrodes
increased progressively with the increasing annealing temperature
and higher annealing temperature the values of current density
decreased, due to the compact nanostructure. The CCO-250 had
the higher current density indicating that this sample provides
the higher capacitance values than the other CCO samples which
may be due to the structural deformation and this electrochemical
analysis was in good agreement with the SEM results [39]. The
CCO-RT electrode was incapable to provide all sites involved in
the electrochemical reaction, furthermore the samples prepared
at low annealing temperature shows the poor crystallinity which
ultimately affected on the electrical conductivity. The optimum
annealing temperature of 250 �C for CCO offering more active sites,
high surface area, and highly porous structure than the other sam-
ples. Also, the better crystallinity of CCO-250 with phase purity
gives better electrical conductive and higher electrochemical per-
formance [51]. The CCO-250 exhibits very intense change in the
current distribution with well distinguished redox peaks and
depicts enhanced electrochemical performance. The possible
charge–discharge reaction is as follows.

CuCo2O4 þ OH� þH2O�CuOOHþ 2CoOOHþ e� ½9�
In point of fact, the current in the CV curve is the combination of

surface charge (Qs) contribution due to electrostatic charge adsorp-
tion as well as faradaic reaction on the surface of the electrode and
diffusion controlled (Qd) processes allied with surface and bulk
electrochemical reaction. The charge storage mechanism can be
easily understood using power law.



Fig. 6. (a-e) CV curves of CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300 electrodes at various scan rates, respectively, (f) log of peak current as a function of the log of
scan rate, (g) total charge Qt as a function of reciprocal square root of scan rate, contribution from Qs and Qd to the Qt stored at different scan rates, (h) specific capacity of
CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300 electrodes with different scan rates, (i) capacity retention of the CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300
electrodes with different scan rates.
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I ¼ avb ½10�
Where, I is current associated with electrode in CV, m is the scan

rate, a and b are the adjustable parameters having definite condi-
tions. When b is equal to 1 then charge storage kinetics purely
capacitive in nature with surface adsorption of electrolyte ions,
when b value is below 0.5 then the electrode possesses purely bat-
tery type nature with diffusion-controlled process in dominance
whereas if the b value is in between 0.5 and 1 then the nature of
charge storage includes both surface and diffusion-controlled pro-
cesses. The value of b can be calculated using the plot of log(i) vs
log(m) as showing in Fig. 6f. The as-synthesized and annealed elec-
trodes (at 150, 200, 250 and 300 �C) shows b values of 1.06, 1.63,
0.72, 0.34, and 0.22, respectively. Based on Trasatti plot [52] in
the frame of total charge (Qt) and inverse square root of the scan
rate, we can easily find the dominant charge storage mechanism
during the charge storage (Fig. 6g). The as-synthesized and low-
temperature annealed (150 �C) electrodes exhibit capacitive dom-
7

inant in the charge storage, with further increased annealing tem-
perature shifting the charge storage mechanism towards diffusion-
controlled processes. Utilizing all possible sites of the electrode
with bulk faradaic redox processes the CCO electrode annealed at
250 �C showed very high specific capacity (Cs) of 421 mAh g�1 at
lower scan rate of 10 mV s�1 with respect to the other electrodes
(Fig. 6h). Fig. 6h shows the obtained values of the Cs with respect
to the various scan rates for all samples. The calculated values of
the Cs were 70, 101, 110, 421, and 228 mAh g�1 for the CCO-RT,
CCO-150, CCO-200, CCO-250, and CCO-300 electrodes, respec-
tively. The obtained values of Cs indicate the CCO-250 electrode
show the higher values than the other electrode, indicating the
nanograins provided more active sites, high surface area, high
porosity, and provided easy path to ion transformation from one
layer to other [39]. Fig. 6i shows retention in the Cs value as a func-
tion if scan rate ranging from 10 to 100 mV s�1 for all CCO elec-
trodes. It reveals the capacitive dominant electrodes showed
superior rate capability by retaining 75% of the capacity even at
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higher scan rate 100 mV s�1 while the diffusion-controlled domi-
nant electrodes (250 �C and 300 �C) showed very poor rate capabil-
ity of 17% and 11%. These results are in good agreement with the
XRD and SEM analyses. This implies the redox activity of the CCO
material was improved and particle dimensions was reduced with
increased annealing temperature from 150 to 250 �C. However,
further increase in the annealing temperature up to 300 �C resulted
into the poor electrochemical performance due to the binary and
unstable phase of CCO-300.

Fig. 7 (a-e) present the GCD measurements of the as-
synthesized and annealed CCO electrodes in the potential ranging
from 0.0 to 0.5 V with different current densities range 10–
50 mA cm�2. The GCD curves shows the charging/discharging time
of CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300 are 118, 28,
109, 600, and 136 s, respectively. These results indicate the CCO-
250 electrode shows the higher electrochemical capacitance,
which may be due to the better crystallinity, high surface area,
and high porosity with more electroactive sites [47,53]. The GCD
curves demonstrate the as-synthesized and annealed CCO elec-
trode possesses the pseudocapacitive nature and the good
Fig. 7. (a-e) GCD curves of CCO-RT, CCO-150, CCO-200, CCO-250, and CCO-300 electrode
the current density, (g) coulombic efficiency of CCO-RT, CCO-150, CCO-200, CCO-250,
stability of the of CCO-RT, and CCO-250 electrodes, (i) Nyquist plots of CCO-RT, CCO-15
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reversibility, which may be due to the reversible faradaic redox
reaction [54]. The Cs values of the CCO-RT, CCO-150, CCO-200,
CCO-250, and CCO-300 are calculated to be 119, 135, 225, 394,
and 156 mAh g�1 at current density 10 mA cm�2, respectively
(Fig. 7f). The calculated values of Cs of the CCO-250 shows the
higher electrochemical performance than the as-synthesized and
other annealed CCO electrodes. Fig. 7g and Fig. 7h shows the
coulombic efficiency and cycling stability of CCO electrode, respec-
tively. Fig. 7h shows the cycling stability of the synthesized and
optimized CCO electrodes, respectively. The retention capacity
indicates optimized CCO electrodes annealed at 250 �C shows the
better than the synthesized CCO electrode, which suggest that
annealing temperatures are positively affected on the ternary com-
pound CuCo2O4 [55]. Table 1 depicts the higher performance of
CCO-250 electrode compared with previous results. The prepara-
tion of ternary CCO by DLS method would be a superior option
for developing electrodes in energy storage systems.

The EIS analysis were used to investigate the relation between
the electrical conductivity and interface between the electrodes/-
electrolyte of the as-synthesized and annealed CCO samples with
s at different current densities, respectively, and (f) specific capacity with respect to
and CCO-300 electrodes with different current densities, respectively. (g) Cycling
0, CCO-200, CCO-250, and CCO-300 electrodes.



Table 1
The electrochemical performance of CuCo2O4 as supercapacitor electrodes.

Materials Electrode
(Foam)

Method Potential
window (V)

Specificcapacity
(mAh g�1)

Current
density

Electrolyte(M
KOH)

Capacity
retention (%)

Cycles Reference

CuCo2O4 Ni DES 0–0.5 421 10 mA cm�2 3 92 10,000 This study
CuCo2O4 Ni Hydrothermal 0–0.4 136.42 5 mA cm�2 3 95.4 1000 [5]
CuCo2O4 Ni Electrodeposition 0–0.4 163.66 1 A g�1 3 93 5000 [17]
CuCo2O4 Ni Hydrothermal/

annealing
�0.1–0.4 169.88 1.08 A g�1 2 88 2000 [18]

CuCo2O4 Ni 0–0.47 346.84 1 mA cm�2 6 92.32 5000 [19]
CuCo2O4 Ni 0–0.4 91.11 2 mA cm�2 2 94 1500 [20]
CuCo2O4 Ni Hydrothermal 0–0.4 177.22 1 A g�1 6 85.1 4600 [56]
CuCo2O4@CQDs Ni 0–0.55 233.56 1 A g�1 2 91 4000 [59]
CuCo2O4 Ni 0–0.5 139.72 1 A g�1 3 85.5 10,000 [60]
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a frequency ranges from 0.1 to 10 MHz at a potential amplitude of
3.9 mV. Fig. 7i shows the Nyquist plots of the as-synthesized and
CCO electrodes annealed at 150, 200, 250 and 300 �C. Inset shows
the zoom area of the Nyquist plots and it clearly indicates the CCO-
250 shows the lower solution and charge transfer resistance than
the all other electrodes. The obtained values of RS for the as-
synthesized and CCO electrode annealed at 150, 200, 250, and
300 �C are 3.87, 1.11, 1.65, 0.36, and 1.12 X, respectively. The cal-
culated values of the charge transfer resistance (Rct) of the CCO-RT
and CCO electrode annealed at 150, 200, 250, and 300 �C are 5.29,
10.42, 25.04, 0.11, and 0.66 X, respectively. Out of obtained values
of Rs and Rct indicates the CCO-250 shows the lower values of the
charger transfer resistance and solution resistance resulted into
superior electrochemical SC performance [57, 58]. The lower val-
ues of the Rs and Rct for CCO-250 may be attributed to the typical
nanostructure, phase purity, higher active surface area, highly por-
ous nature, and excellent redox properties of the porous ternary
CCO electrode [47,55].
5. Conclusion

In conclusion, we designed a novel CuCo2O4 (CCO) nanomaterial
synthesized by deep eutectic solvents method for the SC applica-
tion. In this work, we demonstrated the improvement in the struc-
tural, morphological, and electrochemical properties of CuCO2O4

using different annealing temperatures. The annealing effect on
electrochemical properties is discussed along with particle size,
phase purity, porosity, and surface area. Annealing at 300 �C pro-
motes formation of binary phase and poor supercapacitor perfor-
mance while annealing at 250 �C demonstrated pure phase
formation and superior supercapacitor performance of CuCO2O4.
The CuCO2O4 electrode obtained at 250 �C shows higher specific
capacity, 421 mAh g�1, at constant current density than the other
four electrodes. Finally, the electrochemical properties of CuCO2O4

can be tunned with different annealing temperature.
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