J Mater Sci: Mater Electron (2021) 3

t‘)

Check for
updates

CTAB-templated formation of CuCo204/CuO nanorods
and nanosheets for high-performance supercapacitor

applications

G. Sivashanmugam™*
M. Sathiyaseelan®

, Kunhikrishnan Lakshmi?, B. Preethi®, S. Nelson 4, and

"Department of Chemistry, A.V.C. College(Autonomous), Mannampandal, Mayiladuthurai, Tamil Nadu, India

2Department of Chemistry, Anand Institute of Higher Technology, OMR Road, Chennai 603103, India

3 Department of Chemistry, BS Abdur Rahman Crescent Institute of Science and Technology, Vandalur, Chennai 600048, India
4 Department of Chemistry, T.B.M.L College, India Porayar 609307

®Department of Chemistry, Annai College of Arts and Science, Kovilacheri, Kumbakonam, India

Received: 8 May 2021
Accepted: 15 August 2021
Published online:

20 October 2021

© The Author(s),

exclusive licence to Springer

under

Science+Business Media, LLC,

part of Springer Nature 2021

1 Introduction

ABSTRACT

In the present work, Copper cobaltites (CuCo,0O,) were efficiently developed by
the CTAB-assisted sonochemical process succeeded by calcination at 350 °C for
3 h. The differential scanning calorimetric analysis results showed that all the
reactions ended at 300 °C. The Fourier transform infrared spectroscopy and
X-ray diffraction results established the formation of spinel CuC0,0,/CuO. The
morphological analytic results exposed that CuCo,O, possesses both the
nanorods and nanoparticles structure. Furthermore, cyclic voltammetry (CV)
and chronopotentiometric (CP) methods were used to evaluate the electro-
chemical properties of various CuCo,O, formed. It is observed that the freshly
prepared CuCo,0, electrodes exhibit a very high specific capacitance of 811
Fg ' at a scan rate of 5 mV s~ ' and also demonstrates superior cycling stability
retaining 91% of the initial capacitance even after 3000 continuous CV cycles.
Hence, typical CuCo,04 could be considered as an important electrode material
for supercapacitor applications.

supercapacitors or ultracapacitors are recognized as a
widespread clean energy storage device, which

Scheming and emerging of new and effective clean
energy accumulators is a significant issue in the
present universal scientific research because of
exhausting renewable energy resources and issues in
the environment [1]. In this connection,

exhibits long cycle life, high power density, high-rate
capability, fast charging/discharging, and wide
range of operating temperatures [2]. Due to these
significant features, supercapacitors find applications
in memory backups, electric vehicle, power grids,
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hybrid-electric vehicles, etc. Ultracapacitors are clas-
sified into two types; (i) electric double-layer capaci-
tors (EDLCs) and pseudo-capacitors. The electric
double-layer capacitors store energy through ion
absorption and pseudocapacitors store energy by
electrochemical redox reactions [3-5]. In addition, the
pseudo-capacitor materials possess higher specific
capacitance than electric double-layer capacitor
materials due to redox reaction [2, 6, 7].

Fascinatingly, ruthenium oxide (RuQO,) is generally
acknowledged as a better alternate for pseudoca-
pacitor electrode as it exhibits high conductivity and
superior specific capacitance, and good durability.
However, its high cost, toxicity, and low abundance
have restricted its usage in commercial supercapaci-
tor applications [8]. Consequently, multiple attempts
have been made to prepare different transition metal
oxides such as MnO, [9], CoOj3 [10], NiO [11], and
MoQO; [12] demonstrating outstanding electrochemi-
cal features and intensively examined as alternative
materials for supercapacitor electrodes. Besides, the
metal oxides, clubbed with carbon fibres were also
investigated in a wide perspective [13, 14]. However,
poor conductivity of these binary metal oxides reg-
ulates their employability in ultracapacitors. Fur-
thermore, works on lithium polysulphide
suspensions were focussed on as they exhibited a
decrease in capacitive behaviour and caused severe
damage to electrode configurations by 80% due to
volume expansions during charge/discharge reac-
tions [3-5]. Certain energy devices, direct methanol
fuel cells (DMFCs) have also sought attention owing
to their abundant fuel sources, low operational tem-
perature, low environmental pollution, and high
energy conversion ability [15]. Owing to the wide
surface area, high electrical conductivity, outstanding
electrochemical activity, higher environmental sta-
bility, and great capacitive qualities of cobalt-nickel
oxides and sulphide electrodes, they are preferred for
the application of high-performance SCs among the
transition metal dichalcogenides and ternary transi-
tion metal oxides [16, 17].

However, recently again, mixed metal oxides have
been highlighted than single metal oxides because it
exhibits multiple oxidation states which may enhance
good electrochemical performance [18-20]. Among
the mixed metal oxides, ternary metal oxide con-
stituents prepared from copper cobalt have fasci-
nated much consideration owing to their high
theoretical capacity, excellent redox capability, earth
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abundance, corrosion resistance features in basic
atmosphere, and good catalytic nature [21]. So far,
various approaches have been tried on the spinel
cobaltites particularly NiCo,O,, which have been
thoroughly examined with outstanding electro-
chemical properties [22-25]. A maximum specific
capacitance of 1210 F/g at 2.5 A/g was revealed for
the CoMoO,@CFC, by Hussain et al., with an
exceptional rate capability and outstanding cycling
stability of 91% after 10,000 charge/discharge cycles.
Though, research is being carried out, still it demands
improvement in the field of supercapacitors appli-
cation, so we need to examine alternative new spinel
cobaltites material and discover its utilization in
supercapacitors. For the abovementioned issues,
CuCo,04 is a best option because it exhibits good
redox behaviour and high specific capacitance. When
compared with single component of copper oxides
and cobalt oxides, electrochemical activity and elec-
trical conductivity of CuCo,0, are reasonably higher
owing to its multiple oxidation states [26]. Until now,
there are a few literatures for CuCo,0O, as high-per-
formance supercapacitors. For Example, Kaner and
Mousavi et al. prepared mesoporous CuCoO4
nanowires, which exhibit higher specific capacitance
of 1210 Fg{1 at a current density of 2 Ag71[27]. Ryu
et al. synthesized battery-like CuCo,0, flowers on Ni
foil, which demonstrates the specific capacitance of
692.4 Cg' at a scan rate of 5 mVs™'[28]. Lou and
shen et al. synthesized CuCo0,0, nanowires which
provide the specific capacitance of 11.09 Fg' at a
current of 2 mA [29]. In spite of the current devel-
opment, it is still required to discover well-defined
materials to further enhance their electrode proper-
ties for supercapacitor applications.

In this endeavour, we demonstrate CuCo0,0,/CuO
through a CTAB-assisted sonochemical method
accompanied by a calcining process. CTAB ionizes
into CTA™ and Br™ ions when it dissolves in solvents
such as ethanol and water. Consequently, the CTAB
ions such as CTA' and Br~ alter the CuCo0,04/CuO
material’s morphologies. In addition, the formation
of micelle or reverse micelles when it dissolves in
solvents play a major role in the morphology of
CuC0,04/CuO materials. The CTAB template acts as
a growth controller, and agglomeration inhibitor for
obtaining principle-oriented nanostructure. The
resultant CuCo,0,/CuO were examined by differ-
ential scanning calorimetry (DSC), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction
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(XRD), Energy-dispersive X-ray (EDS) spectroscopic
studies, and Field emission scanning electron micro-
scopy (FESEM) techniques. The CuCo0,0,/CuO
crystal exhibits nanorods and nanoparticles structure
which display a higher surface area, outstanding
electron and ion transport capability, and easy
approach for electrolyte transfer during electro-
chemical analysis. The CuCo,04/CuO crystal pro-
vides excellent electrochemical features with a
specific capacitance of 811 Fg~' at a scan rate of
5mV s~!, outstanding rate capability, and superior
cyclic stability retaining 91% of the initial capacitance
even after 3000 cycles at a scan rate of 100 mVs ™. The
excellent electrochemical features of CuCo0,0,/CuO
crystal were considered as the good electrode mate-
rial for supercapacitor applications.

2 Experimental
2.1 Materials

All the chemical reagents used for the experimenta-
tion work are pure. N-methyl-2-pyrrolidone (NMP),
Ethanol, and Sodium hydroxide (NaOH) were pur-
chased from SRL (India). Poly(vinylidene fluoride)
(PVDF), Copper (II) nitrate trihydrate (Cu (NOj)s-
3H,0), Cobalt (II) nitrate hexahydrate (Co(NO3),.
6H,0), Cetyltrimethylammonium bromide (CTAB),
and carbon black were obtained from Sigma Aldrich.
Furthermore, nickel foil (0.025 mm thickness) was
acquired from Alfa aesar. De-ionized (DI) water was
used throughout the process.

2.2 Preparation of CuCo,0, crystal

CuCo0,04/CuO were generated by using CTAB in a
precipitation process and afterwards treating them
with ultrasound as displayed in Scheme 1. A typical
procedure is followed where, 0.90 g (0.025 M) of
Cu(NO;),-3H,0 and 2.183 g (0.05 M) of Co(NO3),.
6H,0O were dissolved in 150 ml of distilled water
separately under constant stirring followed by the
addition of CTAB template in cobalt nitrate hexahy-
drate solution carried out along with continuous
stirring for half an hour. Following that, copper
nitrate trihydrate was steadily applied to cobalt
nitrate hexahydrate and CTAB concoction, stirring
continuously for another 30 min. As the stirring
progressed, a surplus of 2 M NaOH solution was
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applied to the metal ion solution to complete the
metal ion precipitation. Furthermore, the precipitate
was ultra-sonicated in an ultrasonic cleaner (orchid
scientific, model PS-500) for half an hour at room
temperature. The precipitate was cleaned several
times with distilled water before being filtered using
Whatman filter paper. To obtain the final products,
the resulting product was dried at 80 °C in a hot air
oven and calcined at 350 °C for 3 h. Control synthetic
methods with various CTAB concentrations were
also performed for evaluation purposes. The materi-
als namely CuCo0,04-A, CuCo0,0,-B, CuC0,0,4-C, and
CuCo0,04-D were prepared using 0, 0.005, 0.01, and
0.02 M of CTAB concentrations, respectively.

2.3 Material characterization

The thermal properties of the prepared CuCo,O4/
CuO were analysed using thermal analysis instru-
ment (DSC, Hitachi- 7020 model). The phase, crystal
structure, and purity of CuCo,O, crystal were
examined via X-ray diffraction with Cu-Kao radiation
(I ~ 1.5418 nm) by means of PANalytical X-pert PRO
diffractometer instrument. A scan rate of 0.07° s-1
was used to record diffraction patterns in the 20
range 20-80°. The internal structure and bonding
properties of the prepared nanomaterials were anal-
ysed by ‘Perkin-Elmer RX1" spectrophotometer with
4 cm™" resolution for 20 scans. The elemental com-
position and surface morphologies of CuC0,04/CuO
were studied using a thermo scientific instrument
(Quattro  environmental  scanning  electron
microscopy).

PREPARATION OF CuCo0204/CuO

LCTAB. =%
2. Cu(NO3), 3H,00

Scheme 1 Preparation of CuC0,04/CuO Nanorods and sheets
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2.4 Supercapacitor electrode preparation

The fabrication of working electrodes were done by
mixing 80 wt% of CuCo0,04/CuO with 10 wt% of
acetylene black (super P) using a mortar and pestle.
To this blend, 5 wt% of poly(vinylidene fluoride)
(PVDF) binder was added to form a slurry. The slurry
was coated on nickel foil. Then, the electrode was
dried overnight at 80° C in the vacuum oven. The
weight of active electrode materials was approxi-
mately 3 mg. The supercapacitor features of the
developed electrodes were studied using Biologic
instrument (Model SP-150). The electrochemical
measurements were analysed using three-electrode
cell configurations with CuCo0,0,4/CuO as working
electrode, platinum wire as counter electrode, and a
saturated calomel electrode (SCE) as reference elec-
trode. Moreover, 1 M KOH was used as the elec-
trolyte. The cyclic voltammetric (CV) measurements
were performed in a potential window of 0-0.5 V.
The charge—discharge study was carried out at dif-
ferent current densities in a potential window of
0-04 V.

3 Results and discussion

3.1 Differential scanning calorimetric
(DSCO) analysis

The thermal features of the prepared CuCo,04/CuO
nanomaterials were analysed using Differential
Scanning Calorimetric (DSC) technique, shown in
Fig. 1. Remarkably, there are one exothermic peak
and two endothermic peaks present in the DSC
curves. Prominently, there are one exothermic peak
and two endothermic peaks in the present DCS
curves. The loss of crystal water from the metal
nitrate, evaporation of residual solvent, and loss of
adsorption of water are indicated by the two
endothermic peaks that appeared at 139 and 234 °C.
In addition, the endothermic peak appeared at
294 °C, due to the decomposition of the precursor
materials, chemical bond recombination, and lattice
reconstruction to form CuCo,0,/CuO nanomaterials.
Moreover, the formations of pure CuCo,O4 samples
are confirmed by no prominent peaks at higher
temperatures. Also, 350 °C is chosen as the calcina-
tion temperature in this current endeavour.
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3.2 X-ray diffraction (XRD) analysis

The XRD patterns of the freshly prepared CuCo,O4/
CuO are shown in Fig. 2. All the observed diffraction
patterns obtained at 31.3, 36.9, 38.9, 45, 56, 59.5, 65.7,
and 68.9° correspond to (220), (311), (222), (400), (422),
(511), (440), and (531) planes coinciding with the data
card (JCPDS card no. 1-1155) and could be indexed to
the cubic phase (Fd3m), which affirms the develop-
ment of CuCo,0,. Additionally, other three diffrac-
tion peaks were observed at 35.4, 48.7, and 61.9
resembling the (— 111), (— 202), and (— 113) planes
which compared with the standard JCPDS data (Card
No. # 80-1268) designates the formation of copper
oxide phase (Fig. 2). The present XRD results confirm
the formation of CuCo0,04/CuO multiphase crystal.
Due to low thermal stability, CuCo,O4 forms as
CuC0,04/CuO multiphase [30].

3.3 Fourier transform infrared
spectroscopic analysis

The bonding properties of the as-synthesized
CuCo0,0,/CuO were examined by FTIR spectroscopy
as shown in Fig. 3a—d. The two absorption bands that
appeared at 542 and 650 cm~' may be the charac-
teristic peaks and confirm the formation of CuCo,O4
nanomaterial. The band visible at 542 cm ™" is ascri-
bed to vjstretching vibration of Co®*-O®" in the
tetrahedral complexes and the band at 650 cm ™' may
be due to v, band corresponding to the Co**-O" at
the octahedral complexes. No variation is displayed
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Fig. 1 DSC curves of CuCo,04 samples (a) CuCo,04-A;
(b) CuCo0,04-B; (c) CuC0,04-C; and (d) CuCo,04-D
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Fig. 2 XRD patterns of CuCo,04 samples. (a) CuCo,04-A;
(b) CuCo0,04-B; (¢) CuC0,04-C; and (d) CuCo,04-D

in the absorption band portrayed by the secondary
phase such as CuO which can be attributed to the
Co’* ions and Co®* occupied in tetrahedral and
octahedral sites, respectively. The basic characteri-
zation results such as XRD and FTIR confirm the
formation of CuCo,O, [31].

3.4 Morphological analysis

The surface morphologies of CuC0,0,/CuO nano-
material were evaluated by FESEM, Energy-disper-
sive X-ray (EDAX) analysis and the relevant weight
% values are displayed. Figure 4a and b displays the
lower and higher magnification images CuCo,04-A,
which does not show any particular morphologies.
CuCo0,04-B shows the microspheres with aggregated-
like morphologies and is shown in Fig. 4 ¢ and d.
Furthermore, CuCo,0,-C (Fig. 4e, f) displays the
uniform nanoparticles structure. The low and high
magnification FESEM images of 3(Fig. 4g, h) dis-
seminate both nanoparticle and nanorod structures. It
is established that the size and shape are decreased
when the concentration of CTAB template is
increased from these results. Additionally, CTAB is
more effective in the process of CuCo0,04/CuO
preparation. The energy-dispersive X-ray spectro-
scopic (EDAX) studies of the freshly prepared
CuC0,04/CuO (CuCo,04-D) is displayed in Fig. 5
and the subsequent weight % values are given in
fig. The EDAX spectrum comprises different charac-
teristic peaks such as Cu, Co, O, Al, and C confirming
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Fig. 3 FTIR spectra of CuCo,0O4 samples (a) CuCo,04-A;
(b) CuCo0,04-B; (c) CuCo0,04-C; and (d) CuCo,04-D

their presence in the freshly prepared CuCo,O4/
CuO, while the peak C and Al accounts from the
residual amount of CTAB and substrate. Therefore,
XRD and EDAX analysis confirm the existence of
CuC0,04/CuO in CuCo,04-D sample.

3.5 Supercapacitive performance

The supercapacitive features of the freshly prepared
CuCo0,04/CuO were investigated by cyclic voltam-
metry (CV) and chronopotentiometric (CP) analyses.
Figure 6 (1-4) shows the CV curves of the CuC0,0,/
CuO at various scan rates. The chosen potential
window for CuCo0,0,/CuO is from 0 to 0.5 V. It is
noteworthy that the CV curves exhibit a pair of
strong redox peaks confirming pseudocapacitive
properties of the CuCo0,0,/CuO electrodes which are
due to the Faradaic reaction of the Co*"converted to
Co’* and the formation of Cu* from Cu®* in alkaline
KOH electrolyte [6]. The faradaic redox reactions can
be designated as follows [21, 26]:

Co0304 + OH™ + H,O < 3CoOOH + e~ (1)
CuCo0,04 + H,O + e~ + 2CoOOH + CuOH (2)
CoOOH + OH™ « Co0O; + H,O + e~ (3)
CuOH + OH™ < Cu(OH),+e"~ (4)

Furthermore, when the scan rate increases, the
anodic and cathodic peak potentials shift away from

each other due to the polarization and internal
resistance of the CuCo0,0,/CuO electrodes. The
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Fig. 4 FESEM images of
CuCo,0, samples: a &

b CuCo0,04-A; ¢ &

d CuCo0,04-B; e &

f CuC0,04-C; and g &

h CuCo,04-D

resultant CV curves are asymmetric during anodic
and cathodic sweeps, designating the kinetic irre-
versibility of electrodes, which are due to ohmic
resistance and polarization during the electrochemi-
cal Faradaic redox reaction. Interestingly, the unal-
tered shape of the CV curves at a higher scan rate
indicates the good electrochemical stability of
CuCo0,0,/CuO electrodes [3]. Figure 6e shows the
CV curves of all the CuCo,0,/CuO electrodes at a
scan rate of 5 mVs~'. Among all the materials,

CuCo0,04-D electrode provides a higher surface area,
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indicating superior specific capacitance performance.
Additionally from the present CV curves, the specific

capacitances were determined wusing Eq. (5)
[7, 32, 33].

~ [idV
P =S AVm )

where [idV represents the integral area of CV curve,
A4V is potential window (V), m is mass of the active
material (mg), and S is the scan rate (mVs™'). The
electrode materials such as CuCo0,04-A, CuCo0,0,4-B,
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Fig. 5 Energy-dispersive
X-ray (EDAX) analysis of
CuCo0,04-D sample

Full scale counts: 25618
Integral Counts: 1191636

20K

10K

kim- 3 - Li

CuCo0,04-C, and CuCo,O4-D provide the specific
capacitances of 244, 381, 590, and 811 Fg_l, respec-
tively, at a scan rate of 5 mVs~!. In addition, the
calculated specific capacitance value (811 Fg') of
CuCo0,04-D electrode is higher than the copper,
cobalt, and copper cobaltite-based crystal in earlier
literatures and it may be due to the following facts:
the nanorods and nanoparticles provide the high
surface area for electron and ion transport. Second,
the nanorods act as a conductive network between
two adjacent nanoparticles and it enhance the specific
capacitance. The nanosheet and nanorod morpholo-
gies provide numerous active sites which enhance
faradaic redox reactions during electrochemical
analysis. The nanorods shorten the conductive path
length, increasing the movement of ions and elec-
trons over the surface of electrodes [34, 35]. Figure 6f
shows the rate capability of all CuC0,0,/CuO elec-
trodes plotted with specific capacitance and scan rate
values. It is clear that the specific capacitance values
decrease when the scan rate increases from 5 to 100
mVs ™!, which is due to the time limiting process [27].
At lower scan rates, all the electrode materials are
actively performed in the electrochemical redox
reaction due to larger time which increases the
capacitance. Due to short time, the outer surface
electrode materials only participated in the redox
reactions at higher scan rates. The CuCo,04-D dis-
plays the highest specific capacitance than the other
materials. Therefore, all the remaining electrochemi-
cal performance investigations such as cycling sta-
bility analysis and chronopotentiometric were carried
out by using the CuCo,04-D electrode.
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Base(20)_pt1

The chronopotentiometric analyses were per-
formed at various current densities within a potential
limit from 0 to 0.4 V using aqueous 1 M KOH elec-
trolyte solution as shown in Fig. 7. a. The CP curves
show the non-linear profile confirming the pseudo-
capacitive nature of the CuCo,O4-D electrode. Fur-
thermore, the specific capacitance was calculated
from the charge/discharge curves using Eq. (6) [36].

IAt

Csp=— 2y (6)

where AV represents potential window (V), m is
mass of the active material (mg), I (A) is discharge
current density, and 4t (s) is the discharge time. The
specific capacitance values of CuCo,0,-4 are 600, 335,
160, and 120 Fg ™' at various current densities of 0.5,
1, 2, and 3, respectively. The specific capacitance as a
function of current density is shown in Fig. 7. The
specific capacitance decreases when current densities
increase, due to time limitation process, which mat-
ches with the CV results.

Capacitance retention over a long time is important
for practical supercapacitor applications. Therefore,
CV cycles tests up to 3000 cycles at a high scan rate of
100 mVs ™! were carried to determine the cyclic sta-
bility of CuCo0,04-D electrodes as shown in Fig. 8. It
is worth to note that the particular enhancement in
the specific capacitance is detected during the first
1500 cycles, which is due to structural activation of
the CuCo,04-D electrodes [37, 38]. Subsequently, it is
gradually decreasing and attained 91% of initial
capacitance at 3000 cycles. These results reveal the
outstanding cycling stability features of CuCo,0,.
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Fig. 6 CV curves of CuCo,04 samples: a CuC0,04-A; b CuC0,04-B; ¢ CuC0,04-C; and d CuCo0,04-D; e CV curves of all CuCo,0,4

crystals; f Scan rate vs Specific capacitance

These results suggest that the present CuCo,04
material is a promising electrode material for super-
capacitor applications.

4 Conclusion

In conclusion, a simple and low-cost CTAB-assisted
sonochemical method was utilized to prepare
CuC0,04/CuO nanorods and sheets. The phase and
internal structures of freshly prepared material were
analysed using X-ray diffraction and Fourier trans-
form infrared spectroscopic analyses. By varying the
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Fig. 7 a Chronopotentiometric (CP) Curves of CuCo0,0,4-D electrode at different current densities; b Current density vs Specific

capacitance

concentration of CTAB template and sonochemical
synthetic method, the surface morphologies can be
finely altered. The FESEM analysis reveals that the
prepared materials are nanorod and nanoparticle
structure (CuCo,O4-D). It displays the highest speci-
fic capacitance of 811 at a scan rate of 5 mVs ..
Interestingly, cycling stability studies of the CuCo,.
O4D have exhibited 91% of the initial specific
capacitance after 3000 cycles. The above results ini-
tiate the freshly prepared CuCo,0O,/CuO to be

100 < 9'0Q-O-O@.Q.Q-O‘O'O.Q.O‘O'O'O“O.o_o_o-o
~°’°-°.°_°-°.°.°.°-“
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3 0.064——3000" cyele
g
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§ oy Z 0.02
= S el
5 2 0004
é 40 S -0.024
]
g -0.04
4z 204 -0.064
0.0 0.1 0.2 0.3 0.4 0.5
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0ty T Y v T T Y
0 500 1000 1500 2000 2500 3000
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Fig. 8 Cyclic stability studies of CuCo,04-D electrode at a scan
rate of 100 mVs™'; Inset: Ist and 3000th cycles of cyclic stability
studies
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assumed as an eminent candidate for Ultracapacitor
devices.
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