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Abstract. In this study, the spinel copper manganese oxide (CMO) nanocrystals were synthesized by simple chemical
co-precipitation method and was characterized by Fourier transform infrared spectroscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, scanning electron microscopy and transmission electron microscopy (TEM). The morphology
of the material found from TEM is to be spherical in shape with the crystallite size of 3.51 nm. The electrochemical
characterizations of the CMO were performed by cyclic voltammetry, galvanostatic charge/discharge and electrochemical
impedance spectroscopy. The specific capacitance of CMO was found to be 280 F g™ at a current density of 1 A g~'. To
enhance its capacitance value, it was doped with multi-walled carbon nanotube and poly(3,4-ethylenedioxythiophene)
polystyrene sulphonate (PEDOT:PSS) and their electrochemical characterizations were recorded and compared with
CMO. Doped material (CMO/MWCNT/PEDOT:PSS) exhibits a high specific capacitance of 1087 F g~' at current
density of 1 A g~' with a good rate performance and retained an excellent electrochemical stability of 104% capacitance
retention and coulombic efficiency of 101% over 10,000 cycles at a current density of 5 A g~ This work recommends an

idea for such advanced electrode material for efficient supercapacitors.
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1. Introduction

The requirement for energy storage devices is becoming
high due to the depletion of our natural resources, increase
in population and also high usage of electronic devices like
mobile phones, laptops, etc. [1]. The energy storage devices
like battery due to poor conductivity cannot attain high
energy storage capacity. Though conventional capacitors
provide high energy storage capacity, the energy and power
densities are lower than batteries due to their low surface
area. Hence, supercapacitors lead a role to bridge the gap
between batteries and conventional capacitors. They are
promising devices for energy storage applications as they
exhibit high surface area and long cycle life resulting in
higher energy density than capacitors and greater power
density than batteries [2]. They are being considered for
various applications as power sources for pulsed light
generators, lasers, camera flash equipment and backup
power source for computer memory [3, 4]. They are cate-
gorized into three types depending on the nature of elec-
trode materials and mechanism involved for the storage of
charge, namely electrical double-layer capacitor (EDLC),
pseudocapacitor and hybrid capacitor. EDLC stores charge
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electrostatically (non-Faradaically) and there is no transfer
of charge between electrode and electrolyte [5]. For
example, different forms of carbon materials like graphene
[6] and CNT [7] can be used to store charge in EDLC
electrodes. In pseudocapacitors, charge storage arises from
the fast reversible surface faradic reactions happening at
electrode/electrolyte  interface. Metal oxides/hydrox-
ides/sulphides [8-10] and conducting polymers like
polyaniline [11], PEDOT:PSS [12], polypyrrole [13] are
good examples of pseudocapacitors. In hybrid capacitor, the
charge storage arises from the combination of both faradaic
and non-faradaic processes and it has the ability to achieve
longer cycle life, greater energy and power densities than
EDLC [14]. In recent times, nanomaterial-based superca-
pacitors play a vital role in the energy storage applications
[15]. Researchers are searching for the energy storage
device which is eco-friendly, reusable, conversion effi-
ciency and long cycle life with high energy density and
great power density [16].

Due to high storage capacity and earth abundance, tran-
sition metal oxides (TMOs) with spinel-type nanomaterials
have attracted the attention of researchers worldwide
recently [17, 18]. Many TMOs with properties of
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supercapacitors such as NiCo,O4 [19], MnCo,0, [20],
CUC0204 [21], COF6204 [22], NiFCQO4 [23] and CUFCQO4
[24] have been reported. Among the TMOs, copper and
manganese are abundant, eco-friendly and of low cost
compared to other metals such as nickel and cobalt. Copper
oxide [25] and manganese oxide [26] are among the most
investigated metal oxides for supercapacitor applications.
Though having large working potential window with low
electrical conductivity [27], manganese oxide could not
serve as a good electrode in supercapacitor. Moreover, the
chemical instability of copper oxide [28] also limits its
usage as an efficient electrode. Whereas, when manganese
oxide combines with copper oxide as copper manganese
oxide (CMO), it serves as capable electrode material. In
recent times, many researchers concentrated on preparing
CMO by different synthetic methods, such as hydrothermal
[29], sol—gel [30], ceramic [31], co-precipitation [32, 33],
micro-emulsion [34], novel combustion [35], mechano-
chemical [36], solid-state reaction [37] and thermal oxida-
tion method [38].

Chen et al [39] designed a unique cupric oxide—man-
ganese dioxide on a copper grid for high-performance
supercapacitors with a very high specific capacitance of
3439 F g at a current density of 0.25 A/g along with a good
rate capability. Similarly, Saravanakumar et al [40] reported
CuMn,0, electrode material prepared by solvothermal
method with specific capacitance value of 571.6 F g~ at
1A g_1 [40]. Recently, Sheikhzadeh and Sanjabi [41]
reported spinel CuMn,0, electrode material prepared by
electrodeposition method with the specific capacitance
value of 744 F g~ " at 10 mV s™' and the retention capac-
itance of 91% of 10,000 cycles. But Jingbin et al [42]
reported Cu; sMn; sO4 spinel oxide as a novel anode
material for lithium-ion batteries that retain a specific
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capacity of 464 mAh g~ ! at a current of 100 mA g after
60 cycles.

In view of all these reports, we aimed to synthesize copper
manganese oxide, Cu; sMn; 504 (CMO), spinel nanocrystal by
simple chemical co-precipitation method. The CMO was
characterized for its functional group by Fourier transform
infrared spectroscopy (FTIR), phase structure by X-ray
diffraction (XRD) analysis, whereas the morphology and
particle size were analysed by recording their scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). Faurther its electrochemical properties like cyclic
voltammetry (CV), galvanostatic charge/ discharge (GCD)
and electrochemical impedance spectroscopy (EIS) were
studied. The specific capacitance of CMO was found to be
280 F g~ ' at a current density of 1 A g~ . Further to enhance
its capacitance value, it was doped with a carbon material—
multi-walled carbon nanotube (MWCNT), a conducting
polymer—poly (3,4-ethylenedioxy thiophene) polystyrene
sulphonate (PEDOT:PSS) separately and in a combination of
MWCNT and PEDOT:PSS denoted as CMO/MWCNT/
PEDOT:PSS and their electrochemical performance were
recorded. By such doping, a high specific capacitance of
1087 F g~' at a current density of 1 A g~' was obtained
bearing 104% capacitance retention with a coulombic effi-
ciency of 101% over 10,000 cycles, and at a current density of
5 A g~ ! was obtained for CMO/MWCNT/PEDOT:PSS.

2. Experimental

2.1 Materials

Copper acetate, manganese acetate, sodium hydroxide,
1-methyl-2-pyrrolidone (NMP) and ethanol (99.9%) were
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Figure 1.
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Table 1. Percentage composition of different electrode materials.
% of Active material

Electrode CMO MWCNT PEDOT:PSS Mixing procedure

CMO 80 — — CMO was ground to powder

CMO/MWCNT 75 5 — CMO was ball milled with MWCNT to obtain CMO-MWCNT
composite

CMO/PEDOT:PSS 75 — 5 CMO was added to PEDOT:PSS and ultrasonicated for proper mixing
to get CMO-PEDOT:PSS composite

CMO/MWCNT/PEDOT:PSS 75 25 25 CMO was ball milled with MWCNT then PEDOT:PSS is added and

ultrasonicated to get CMO/MWCNT/PEDOT:PSS composite

Figure 2. Active material coated on nickel foam.

purchased from Merck specialities Private Limited, India.
Multi-walled carbon nanotube (MWCNT) was purchased
from Sisco Research Laboratory, India. Poly(3,4-ethylene-
dioxythiophene) polystyrene sulphonate (PEDOT:PSS),
polyvinylidene difluoride (PVDF), acetylene black (AB)
and nickel foam were purchased from Sigma Aldrich. All
chemicals were of analytical grade and used as such without
any further purification.

(a)
100 4
? 588|
é 1603
8 90 3421
=
s
=
£
g 527
£ 80+
;1™
=
70 <
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 3. (a) FTIR spectra and (b) XRD pattern and its

2.2 Synthesis of CMO

Copper manganese oxide, Cu;sMn; ;04 (CMO), spinel
nanocrystal was prepared by simple chemical co-precipita-
tion method [43]. Copper acetate (0.05 M) and manganese
acetate (0.1 M) were dissolved in deionized water (50 ml)
and stirred for 15 min. The mixed solution was added to
sodium hydroxide (0.05 M) dissolved in 50 ml deionised
water under vigorous stirring at 25°C. After 10 min, the pH
of the solution was adjusted to 11 by adding alkali solution.
Further, the solution was stirred for 30 min in hot condition.
The obtained precipitate was filtered, washed with water
several times and once with ethanol to remove any other
impurities present. It was dried in air for 24 h and calcinated
at 300°C for 3 h to get the purified CMO. Figure 1 repre-
sents the schematic diagram for the synthesis of CMO.

2.3 Characterization

FTIR spectra of the prepared CMO was recorded using
Perkin-Elmer Spectrometer over the wavelength range of
400-4000 cm™' using KBr as a reference to determine the
functional group. The phase formation, crystalline structure
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and particle size were investigated by X-ray powder
diffraction (X’ pert PRO analytical diffractometer) using Cu
K, as radiation (¢ = 1.5418 10\) as X-ray source. The
composition of the element and oxidation states were
analysed using X-ray photoelectron spectroscopy (XPS)
with Thermo Scientific MULTILAB 2000 using Al Ko as a
radiation source. Surface morphology and elemental com-
position were analysed by SEM with energy-dispersive
X-ray spectroscopy (EDAX) using TESCAN (Bruker)
microscope. The microstructure was observed by TEM
using FEI Tecnai 20 G2 microscope. The electrochemical
performance was analysed by Biologic (SP-120)
workstation.

2.4  Electrode preparation and electrochemical
characterization

The active material was mixed with acetylene black (AB,
conducting material) and polyvinylidene difluoride (PVDF,
binder) in the ratio 80:15:5. The mixture was continuously
ground in a mortar and the required amount of N-methyl-2-
pyrrolidone (NMP) was used as solvent to make a

@) Survey

Intensity ( a.u)

0 200 400 600 800 1000

Binding Energy (eV)
©
Cu 2p
5 2032 24
satellite P1/2
xCu2+
=
d
N’
Z satellite
‘@ Cu™
g \
2
s
5=
960 950 940 930

Binding Energy (eV)

1200

Bull. Mater. Sci. (2023)46:98

homogenous slurry. Nickel foam was pretreated and washed
in acetone, HCI, distilled water and anhydrous ethanol.
After washing, it was dried in hot air oven at 80°C for 12 h.
The homogenous slurry was coated on nickel foam, which
acts as a current collector and then it was dried at 80°C for
12 h in an oven. After drying, it was uniaxially pressed. The
weight of the coated material (~ 4 mg) was maintained by
measuring the weight of the Ni foam before and after
coating [44]. The percentage composition and the mixing
procedure for the different electrode materials are given in
table 1. The active material was mixed with AB, PVDF,
NMP as mentioned in table 1. The prepared electrode is
shown in figure 2.

The standard three-electrode cell configuration was used
for electrochemical studies. The active material coated on
nickel foam performs as working electrode, Ag/AgCl (3 M
KCI) and Pt wire acts as reference and counter electrode,
respectively. The electrolyte used was S M potassium
hydroxide. The CV and GCD studies were carried out in the
potential range between 0 and 0.5 V with different scan
rates ranging from 5 to 50 mV s~' and different current
densities from 1 to 5 A g~', respectively. EIS was also
studied by applying an alternate current (AC) in the
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Figure 4. XPS spectra of CMO: (a) survey spectrum, (b) Mn 2p, (¢) Cu 2p and (d) deconvoluted O 1s.
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frequency range from 100 kHz to 10 mHz. The specific
capacitance of the electrode material from the discharge
curve was calculated by using equation (1) [45]

C = IAt/mAV, (1)

where C is the specific capacitance of the electrode material
(F g7, I the applied current for charge—discharge cycles
(A), At the discharge time (s), m the mass of the working
electrode (g) and AV the operating potential window (V).
The columbic efficiency can be calculated by the following
equation (2)

n= [Aldischarge/Atcharge] X 100(%7 (2)

where, 7 is the columbic efficiency, Z4ischarge the discharging
time and Zcharge the charging time.

3. Results and discussions

3.1 FTIR spectroscopy

FTIR was accomplished to detect the functional groups of
the CMO and is depicted in figure 3a. FTIR spectra in the

(a) TEM images, (b) histogram and (c¢) selected area electron diffraction spectrum of CMO.

region 400-700 cm ™' is related to the spinel structure. The
sharp peak at 527 cm ™' corresponds to the stretching bond
of Cu-O in the tetrahedral site. The band that appeared at
588 cm™ ! associates with the stretching bond of Mn-O in
octahedral site [46]. This agrees the formation of spinel
Cu; sMn,; 50,4. The broad band detected at 3421 cm 'and a
small band at 1603 cm™' provide the stretching and bend-
ing vibrations of —OH group, arising due to the adsorption
of water on the nanocrystal surface [47]. The stretching
frequencies obtained in the FTIR spectra confirm the for-
mation of CMO.

3.2 XRD analysis

The XRD pattern of the CMO was recorded and depicted in
figure 3b. The peaks observed at the 260 values are 30.86°,
35.86°, 38.92°, 43.60°, 48.42°, 53.02°, 57.74° and 63.51°
which correspond to the lattice planes (220), (311), (222),
(400), (331), (422), (511) and (440), respectively. The
diffraction peaks were matched with the standard reference
JCPDS card n0.70-0260. The CMO prepared by the simple
co-precipitation method exhibits the cubic Cu; sMn; 504
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(P4332 space group) with the lattice constant a = b = ¢ =
8.2800 A. The obtained diffraction pattern confirms the
formation of CMO nanocrystal. No additional peaks
appeared, indicating the high purity of the electrode mate-
rial. The CMO belongs to inverse cubic spinel structure,
where manganese ions are distributed among the tetrahedral
and octahedral sites, while copper ions are located at the
octahedral sites [48]. The average crystallite size was cal-
culated from the high intensity peak using the Debye—
Scherrer equation (3) [49]

D = K7/ fcosb, (3)

where D (nm) is the crystalline size, K the diffraction
constant (~ 0.9), 4 the wavelength of the incident X-ray, §
the full-width half-maximum multiplies and 0 the angle of
diffraction. The average crystallite size was found to be
1.38 nm using equation (3)

3.3 XPS analysis

Further the oxidation state with the elemental composition
of the prepared CMO was analysed using XPS and is shown
in figure 4a. XPS spectrum of Mn2p depicted in figure 4b
shows two peaks at 641.6 and 653.45 eV, which are
attributed to Mn2p;,, and Mn2p,,; levels, respectively. The
spin energy separation of 11.6 eV is smaller than 11.7 eV of
standard manganese oxide [50]. This confirms the doping
of Cu in manganese oxide [51, 52]. The binding energy of
Mn2p;, peaks at 641.6 eV shows the existence of Mn**
[53, 54] and the satellite peak at 647.26—-649.51 eV belongs
to MnO satellite feature [55]. XPS spectrum of Cu 2p level
is presented in figure 4c. The broad peak at 933.3 eV cor-
responds to Cu>" and 930.73 eV corresponds to Cu™ [56].
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(a) CV and (b) GCD curve of CMO at various scan rates and current densities.

The satellite peak at 941 and 943 eV belongs to Cu’*"
contribution [56, 57] (Cut is diamagnetic and, conse-
quently, does not show shake-up satellite structure). The
peak at 953 eV indicates the presence of Cu in Cu" state
[58]. The existence of redox equilibrium between Cu and
Mn as Cu' + Mn*" « Mn®" 4+ Cu®" exists in Cuys
Mn, 50, phase [59, 60]. Figure 4d shows the deconvoluted
XPS spectrum of Ols. The two peaks located at 529.42 and
530.84 eV confirm that the oxygen in this sample is present
in the form of oxide [61, 62].

3.4 Morphological analysis

The surface morphology and the composition of the CMO
were analysed by SEM with EDAX analysis. Spherical-like
nanocrystals are observed for CMO (figure 5a). The pres-
ence of predominant characteristic elemental peak in the
EDAX spectra, namely copper, manganese and oxygen, are
shown in figure 5b and confirmed the prepared CMO is in
pure form.

The magnified surface morphology of the prepared CMO
was further confirmed by TEM image and is shown in
figure 6a. The average particle size was analysed quantita-
tively by fitting the histogram and Imagel] software (fig-
ure 6b) and is found to be the order of 3.51 nm. The grain
size observed by the TEM is closer to the crystallite size
obtained from the XRD pattern, confirming the formation of
monocrystalline particles and the grain sizes of which are
close to the values revealed by a study on similar spinel
materials [63]. The selected area electron diffraction pattern
shown in figure 6¢ indicates the presence of (222), (400),
(331) and (422) planes, which are in good agreement with
XRD pattern of the prepared CMO.
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PEDOT:PSS at different scan rates and current densities.
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Table 2. Specific capacitance value with current density of the electrode materials.

Specific capacitance (F g™ ')

Current density (A g™") CMO CMO/MWCNT CMO/PEDOT:PSS CMO/MWCNT/PEDOT:PSS
1 280 645 604 1087
2 250 569 580 1061
3 186 525 521 1048
4 107 486 511 1007
5 70 458 493 937
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(a) CV and (b) GCD curve of bare Nickel foam, CMO, CMO/MWCNT, CMO/PEDOT:PSS,

CMO/MWCNT/PEDOT:PSS at scan rate of 10 mV s~ and current density of 1 A g™'.

4. Electrochemical characterizations

4.1 Effect of MWCNT, PEDOT:PSS doping on the
electrochemical performance of CMO electrode material

Figure 7a displays the CV curve of CMO at various scan
rates. It is clearly seen from the graph that the CMO
exhibits pseudocapacitance behaviour, as it has the redox
peak with the potential window of 0 to 0.5 V. The redox
peak may be due to the conversion of Cu**/Cu™ and Mn**/
Mn>". The area under the CV curve increases with increase
in the scan rate. This may be due to the diffusion rate of
electrolyte ions. Even at high scan rate of 50 mV s~ !, the
materials retain their shape in the CV curve indicating the
good electrical conductivity of the electrode materials.
Figure 7b depicts the GCD curve of CMO. The specific
capacitance of the GCD curve was calculated using equa-
tion (1). The calculated specific capacitances of CMO are
280, 250, 186, 107, 70 F g7l at current densities of 1, 2, 3,
4, 5 A g~'. The above results indicate that the specific
capacitance decreases with increase in current density. This

may be due to the diffusion of ions at different current
rates. At a lower current density, the electrolyte ions have
enough time to enter into the inner pores of the electrode
surface to attain the maximum utilization of the active
surface areas of the electrode materials [64, 65], whereas
at high current densities, only the surface of the electrode
materials is accessed by the electrolyte ions. The elec-
trolyte ions could not find sufficient time to intercalate the
inner pores of the electrode surfaces to obtain the maxi-
mum utilization of the active surface areas of the electrode
materials.

Figure 8 shows the individual CV and GCD curves of
CMO/MWCNT, CMO/PEDOT:PSS and CMO/MWCNT/
PEDOT:PSS at different scan rates and current densities.
The calculated specific capacitances of the electrode
materials are given in table 2. The increase in specific
capacitance value can be clearly seen from CMO to
CMO/MWCNT/PEDOT:PSS electrode material. This may
be due to the addition of minimum amount of dopant to the
CMO, which increases the electroactivity of the electrode.
The specific capacitance of the CMO/MWCNT and
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Figure 10. (a) Specific capacitance as a function of current density for CMO, CMO/MWCNT, CMO/PEDOT:PSS and

CMO/MWCNT/PEDOT:PSS electrode materials. (b) Nyquist plot for CMO, CMO/MWCNT, CMO/PEDOT:PSS
and CMO/MWCNT/PEDOT:PSS electrodes (insets are the magnified view of Nyquist plots at high frequency region and
the equivalent circuit). (¢) Cyclic stability of CMO/MWCNT/PEDOT:PSS for 10,000 cycles at 5 A g~ '.

Table 3. Parameters obtained by fitting of the experimental impedance data, calculated specific capacitance and electrochemical surface

area (ECSA).

Electrode R, (Q) R. (Q) C (mF) CPE (mF) W (Q) Cum (mF) ECSA (m> g™ ")
CMO 0.530 0.0118 2.19 187 0.061 111.9 559
CMO/MWCNT 0.520 0.0105 2.62 376 0.127 251.50 1257
CMO/PEDOT:PSS 0.524 0.0115 251 354 0.119 241.28 1206
CMO/MWCNT/PEDOT:PSS 0.471 0.0108 11.18 620 0.712 308.84 1544

CMO/PEDOT:PSS are nearly equal, but doping of both
MWCNT and PEDOT:PSS on CMO (CMO/MWCNT/
PEDOT:PSS) shows the highest specific capacitance value.

Figure 9a and b shows the CV and GCD curves of bare
nickel foam, CMO, CMO/MWCNT, CMO/PEDOT:PSS,

CMO/MWCNT/PEDOT:PSS electrodes at a scan rate of
10 mV s~ ' and at a current density of 1 A g™, respectively.
It shows the influence of MWCNT, PEDOT and the nature
of dopants on the electrochemical behaviour of CMO
electrode. The CV curve exhibits the redox behaviour
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Table 4. Comparative table of specific capacitance and cycling stability of various metal oxide-based materials in different electrolytes.

Electrode material Electrolyte Specific capacitance Cycling stability Refs.
Mn;0,4 1 M Na,SO, 322F g7 ' at 0.5 mA cm™>  77% over 1000cycles [69]
Mn;04NPs/AC 2 M TEABE, 216 F g_] at 0.5 A g_] 85% over 500cycles [26]
Co-doped MnO 2 M KClI 1862 Fg ' at 10 mV s™'  84% over 500 cycles [70]
Fe-doped MnO 2 M KCl1 2084 F g 'at 10 mV s™! 83% over 500 cycles [70]
Manganese oxide/CNT 1 M Na,SO,4 568 F g_] at 1 mA cm 2 88% over 2500 cycles [71]
MnO,/PEDOT 1 M LiCIOy in acetonitrile 315 F g™'at 1 mA cm™>  85% over 500 cycles [72]
Graphite/PEDOT/MnO, 0.5 M Na,SO,4 195.7 F gfl at 0.5 A gfl 81.1% over 2000 cycles [73]
CuO 6 M KOH 137 F g ' at 5 mA em ™2 88% over 500 cycles [28]
CuO NPs/MWCNT 0.5 M Na,SO, 45285 F g~ at 10 mV s™'  90% over 500cycles [74]
PEDOT/CuO 0.5 M H,S0, 19889 Fg'at5mVs '  68.55% over 500 cycles  [75]
CuMn,0, 6 M KOH 5716 Fg'at1 A g 98% [40]
CuMn,0, 0.1 M Na,SO, 744 F g~' at 10 mV s~ 91% over 10000 cycles [41]
CuO@MnO, 1 M Na,SO, 3439F g 'at 025 A g™'  83.1% over 12,000 cycles [39]
Cu; sMn; s O/MWCNT/PEDOT 5 M KOH 1087 F g_1 at 1 A g_1 104% over 10,000 cycles  This study

proving the presence of faradaic charge storage mechanism.
CMO/MWCNT/PEDOT:PSS shows better performance and
high electrochemical activity compared to all other com-
posites electrode. Nickel foam shows negligible electro-
chemical activity.

In addition, the non-linear charge/discharge curve con-
firms the faradaic nature of the electrode material. Further,
the CMO/MWCNT/PEDOT:PSS has a higher discharge
time, thereby shows higher specific capacitance compared
to CMO at a current density of 1 A g~'. The calculated
specific capacitance of CMO/MWCNT/PEDOT:PSS at a
current density of 1 A g~ is 1087 F g~', which is signifi-
cantly higher than the CMO of 280 F g~ at 1 A g~'. The
specific capacitance of all the electrode materials as a
function of different current densities is displayed in
figure 10a. This demonstrates that the doping enhances the
specific capacitance of CMO for the supercapacitor
application.

4.2 EIS analysis

The impedance spectra was recorded for the four electrodes
(CMO, CMO/MWCNT, CMO/PEDOT:PSS and CMO/
MWCNT/PEDOT:PSS) and presented as Nyquist plot in
figure 10b. At low frequency region, a vertical line along
the y-axis more than 45° is observed. This indicates the
ideal capacitive behaviour of the electrode. The equivalent
circuit model which fits for all the electrodes is shown as an
inset (top) in figure 10b and the parameters are tabulated in
table 3. The solution resistance (R,) of the CMO, CMO/
MWCNT, CMO/PEDOT:PSS and CMO/MWCNT/PED-
OT:PSS electrode obtained from the Nyquist plot is 0.530
Q, 0.520 Q, 0.524 Q and 0.471 Q, respectively. It is
observed that CMO/MWCNT/PEDOT:PSS electrode has
low R, value compared to other electrode materials.

The specific capacitance, Cy4p,, can be calculated from the
low frequency value of Nyquist plot using equation (4)
[66, 67]

Ciam = —1/2nfZ"m, (4)

where Cyy, is specific capacitance, Z” is imaginary part of
the impedance, f the subsequent frequency and m the mass
of the electrode material. The Cq,, value is used to calculate
the electrochemical surface area (ECSA) by using equation
(5) [67, 68]

ECSA = Cyn/Cq, (5)

where Cg,, is specific capacitance obtained from Nyquist
plot and Cy a constant value of 20 uF cm 2. The calculated
values of Cg4, and ECSA are tabulated in table 3. The
calculated ECSA values are in good agreement with the
specific capacitance values. CMO/MWCNT/PEDOT:PSS
shows the highest ECSA, which provides the highest
specific capacitance value among all the electrodes. It may
be due to the pore structure of MWCNT together with the
large electroactive conducting polymer and pseudocapaci-
tive nature of CMO. CMO/MWCNT/PEDOT:PSS shows
the most capacitive behaviour when compared to all the
other electrodes.

4.3 Electrochemical stability

Further, to check the electrochemical stability of the elec-
trode materials, GCD was performed for 10,000 cycles at
current density of 5 A g~'. Figure 10c shows the cyclic
stability of CMO/MWCNT/PEDOT:PSS for 10,000 cycles
at 5 A g~ '. It can be noticed that 104% of initial capaci-
tance retention was retained with high coulombic efficiency
of 101% over 10,000 cycles. This indicates the high sta-
bility of the CMO/MWCNT/PEDOT:PSS electrode. To
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compare our results with reported values, a comparative
table is provided in table 4 with specific capacitance and
cycle life of several metal oxide-based electrodes in dif-
ferent electrolytes.

5. Conclusions

This work involves the synthesis of spinel CMO
nanocrystals by a simple chemical co-precipitation method.
XRD pattern reveals the formation of cubic with inverse
spinel structure. SEM and TEM analyses show the crys-
tallite particle size to be 3.51 nm, and the elemental com-
position confirms the presence of Cu, Mn and O. Further,
the oxidation state and elemental composition was analysed
by XPS and confirms the presence of CuysMn; 5Oy
nanocrystals. The electrochemical performance of CMO
shows a specific capacitance of 280 F g~' at the current
density of 5 A g~'. To enhance its electrochemical per-
formance, it was doped with MWCNT and PEDOT:PSS.
The specific capacitance values of CMO/MWCNT and
CMO/PEDOT:PSS are 645 and 604 F g~' at the current
density of 1 A g~!, respectively. CMO/MWCNT/PED-
OT:PSS electrode shows a very high specific capacitance
value of 1087 F g~' at a current density of 1 A g™', with
good rate performance retained with an excellent electro-
chemical stability of 104% capacitance retention, having
coulombic efficiency of 101% over 10,000 cycles at a
current density of 5 A g~'. This study shows the excellent
performance of CMO/MWCNT/PEDOT:PSS suitable for
supercapacitor applications.
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