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In this work, the extraordinary properties of CuO addition on the morphology and supercapacitive performance
of Mn,O3 electrodes were demonstrated. Concisely, CuO/Mn.O3 thin films were prepared by an easy and in-
expensive successive ionic layer adsorption and reaction (SILAR) method. The prepared thin films were char-
acterized by various sophisticated physiochemical systems. The results demonstrated formation of Mn,O3 thin
films with noteworthy morphological alteration upon introduction of CuO. Furthermore, a significant effect of
CuO introduction was observed on the electrocatalytic properties of the nanostructured Mn,O3 electrodes. At 3%

CuO doping, the Mn,O3 electrodes displayed the maximum specific capacitance owing to formation of nano-
plate-like structures. The enhanced specific capacitance attained for 3% CuO doping in the Mn,O3 electrode was
500F/g at 5mV/s in a 3M KOH electrolyte. All results confirmed the plausible potential of the CuO/Mn,03
electrode for supercapacitor applications.

1. Introduction

In recent years, supercapacitors have emerged as good candidates
for different energy storage applications owing their excellent power
density, extensive cycle life, high rate capability, high reversibility, and
extremely fast charging/discharging [1]. The increasing energy de-
mands and the consequent environmental impact have encouraged a
search for alternative clean and sustainable energy storage technologies
with high efficiency and excellent performance [2]. Accordingly, con-
siderable attempts have been made to find a suitable electrode mate-
rials with decent capacitive features analogous to those of NiO, CoOx,
CuO, MnO,, Fe30,, etc. [3-7]. Among the different transition metal
oxides, manganese oxide has attracted attention because of its low cost,
environmental friendliness, high energy density, universal abundance,
high theoretical capacity (1370F/g), and excellent electrochemical
properties for applications in supercapacitors and use as an electro-
catalyst in basic reagents for the oxygen reduction reaction (ORR)
[2,8-10].

Different strategies have been proposed to boost the electrochemical
properties of manganese oxides. The electrochemical features of a
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substance are mainly determined by their electronic structure. Extra
energy states can be introduced to metal oxides by doping other ma-
terials to alter their electronic characteristics [8]. The most prominent
method to enhance the specific capacity of metal oxide is the addition
of metal ions to develop desired mixed metal compounds [11]. The
doping of heteroatoms can strengthen the pseudocapacitive and elec-
trochemical properties of manganese oxides [8]. Among different metal
dopants, the copper cation is considered as a superior dopant because of
its electrical conductivity, environmentally benign nature, and low cost
[2,12]. P-type materials such as CuO and manganese oxides with a tiny
band gap (E; = 1.2eV) are considered dynamic materials in batteries
and supercapacitors [2]. Copper-based manganese oxides material has
been used as catalyst for the oxidation of CO [13], hydrogenation re-
action [14], oxidative decomposition of ethyl acetate [15], and oxida-
tion of 5-hydroxymethylfurfural [16], Fe, and Mn doped CuSe [17].
Recently, Li et al. prepared various transition metal (Fe, Co, Ni, and
V) ion-doped MnO, on carbon for the ORR and supercapacitor appli-
cations. They prepared manganese oxides nanosheets by a redox reac-
tion between the macroporous carbon and a KMnO, solution. They
found that the electrochemical performance can be improved by doping
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with appropriate elements [8]. In another study, Davis et al. showed
that the current density can be enhanced using Cu-MnO, nanowires
because it can facilitate equilibrium of O, adsorption on their exterior
[9]. Zhang et al. prepared CuO/MnO; core-shell structures by hydro-
thermal synthesis that exhibited a promising specific capacitance of
228F/g [18]. Chen et al. [19] anchored CuO nanowires on porous
MnO, nanosheets by hydrothermal synthesis. The CutO@MnO,, elec-
trode showed a specific capacitance of 343.9 F/g at a current density of
0.25 A/g. Huang et al. developed hierarchical CuO@MnO, core-shell
heterostructures, also by the hydrothermal method. The complex het-
erostructures showed a high specific capacitance of 276 F/g at a current
density of 0.6 A/g [10]. Poonguzhali et al. [11] synthesized Cu-MnO,
nanocrystals by precipitation with different doping contents
(0.025-0.125 M). Cu-doping in MnO, at 0.1 M resulted in a specific
capacitance of 583 F/g and an energy density of 80 W h/kg. A specific
capacitance of 167.2F/g was obtained for flower-like CuO-MnO,, na-
nosheets prepared by Zhang et al. using the hydrothermal method [20].

Researchers have attempted to enhance the specific capacitance of
CuO-doped Mn,O3 based electrodes using different morphologies, na-
noporous structures, large pore volumes, and high-specific-surface-area
materials [21]. The electrochemical performance of manganese oxides
can be tuned by the crystal structure and morphology [3]. However,
little attention has been paid to the use of the simple SILAR method in
developing CuO-doped Mn,O3 nanostructures.

In this work, in view of the plausible synergistic effect of CuO and
Mn,03, we attempted to demonstrate the fabrication of CuO/Mn,05
nanostructured thin films by the facile and inexpensive SILAR method
toward electrochemical energy storage application. The charge storing
ability of the material was significantly enhanced owing to the forma-
tion of CuO/Mn,0O3 nanostructures on the stainless steel (SS), which
exhibited excellent porosity, high stability, and good electrical con-
ductivity. The incorporation of CuO into Mn,0O5; was advantageous for
electrolyte permeation. This can promote the use of the active material
by providing several active sites for reaching the electrolyte ions and
ultimately enhancing the electrochemical energy storage performance.

2. Experimental details
2.1. Materials

All the analytical-grade chemical reagents used in this study were
procured from Sigma Aldrich and used as received.

2.2. Synthesis of CuO-doped Mn,03 nanostructures

CuO-doped Mn,03 nanostructures were fabricated by the facile
SILAR method. SS substrates were used to deposit Mn,O3 thin films at
room temperature. The SS substrates were ultrasonically cleaned for
5min in each of the following solvents: distilled water, acetone, and
absolute ethanol. These substrates were then dried at room tempera-
ture. To deposit CuO-doped Mn,O; thin films, 1mL of 0.1M
CuS04.6H,0, 49 mL of 0.1 M MnSO4.H50, and 50 mL of 0.1 M NaOH
were used. Initially, the SS substrate was dipped in MnSO4.H5O for 20 s
to allow the adsorption of Mn?* ions. It was cleaned with distilled
water for 55 to remove any loosely bound Mn?* ions. Following this,
the SS substrate was dipped in CuSO4.6H,0 for 20s to allow the ad-
sorption of Cu®>* ions and then cleaned with distilled water. Finally, it
was dipped in the NaOH solution and again cleaned with distilled
water. These steps were repeated for 40 SILAR cycles to achieve the
desired CuO doped Mn,Os thin films. The thin films with 1, 3, and
5 mol % loading of CuO on Mn,O3 were obtained by varying precursor
stoichiometry. A similar protocol was used to fabricate pure Mn,O3 thin
films without the copper precursor solution for comparison. The oxi-
dation of metal hydroxide to metal oxide in alkaline solution is simple
[22] and the reaction pathway for the formation of Mn,03 and CuO can
be represented as follows.
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MnSO4 + 2NaOH — Mn(OH), + Na, SOy (63)
2Mn(OH), + 20H — Mn,0; + 3H,0 (ii)
CuSO, + 2NaOH — Cu(OH), + Na, SO, (iii)
Cu(OH), - CuO + H,0 @iv)

2.3. Characterization

Crystallographic information was obtained for the prepared samples
by a Rigaku Ultima III diffractometer operated at 40 kV and 40 mA with
Cu K< radiation (1.54 A°) as a source. The thin films were starched from
the SS to analyze XRD. The morphology and elemental composition of
the thin films were acquired using scanning electron microscopy (JEOL
JSM-7100) and energy dispersive spectroscopy, respectively. The na-
nostructures of CuO-Mn,05 visualized using a high-resolution trans-
mission electron microscopy (TEM; JEOL, Model JEM-2100).

2.4. Electrochemical measurements

The electrochemical characteristics were studied using a three-
electrode system on a CHI 660 electrochemical workstation. As-pre-
pared samples were used as the working electrodes whereas Pt was used
as the counter electrode and Ag/AgCl as the reference electrode. A
cyclic potential sweep was applied in the range of 0-0.8V.
Electrochemical impedance measurements were carried out between
1 Hz and 100 kHz with an AC amplitude of 10 mV and a bias potential
of 0.4 V.

3. Results and discussion
3.1. Morphological and compositional studies

Fig. 1 (a-h) shows SEM images of the pure Mn,O3 and CuO-doped
Mn,O3 thin films. The pure manganese oxide thin film showed rod-like
structures with diameters of 20-25nm and lengths of 100-120 nm
(Fig. 1a-b). The morphology of manganese oxide altered upon doping
the matrix with copper. The 1% CuO-doped Mn,05 showed spherical
nanoparticles about 10 nm in size that formed aggregates a few hun-
dred nanometers in size covering the nanorod-like nanostructures
(Fig. 1c-d). Surprisingly, these nanospheres turned into flakes when the
CuO-doping amount reached 3% (Fig. le-f) [23-25].

The sizes of the nanoflakes were in the range of about 150-200 nm
with a thickness of "25nm. On further increasing the dopant con-
centration up to 5%, the morphology comprised very compact nano-
flakes of manganese oxides (Fig. 1g-h). The SEM results clearly show
that the morphology of manganese oxide can be altered with the
amount of dopant used in the host matrix. The morphologies noted for
the nanostructured Mn,O3; with a porous structure are very promising
[21]. Fig. 1 (i-1) shows the typical EDS results obtained and the inset
shows mapping analysis results for the pure Mn,O3 and CuO-doped
Mn,0O3 nanostructures [26,27].

The EDS spectra revealed the presence of only Mn, O, and Cu, which
proved the purity of the product. The corresponding elemental mapping
revealed the good distribution of Mn, O, and Cu on the substrate.
Furthermore, Mn,O3 nanostructures were uniformly decorated by CuO
nanostructures. Hence, almost all of the nanostructures were available
to electrolytes for energy storage owing to the presence of convenient
diffusion channels [28]. Fig. 2a shows the possible growth mechanism
for the formation of different nanostructure such as nanorods, nano-
particle decorated on nanorods, and hexagonal nanoplates on a (SS)
substrate. The deposition mechanism of the hexagonal nanoplate-like
3% CuO-doped Mn,O3 thin films involved nucleation, growth, and or-
iented attachment [24,25,27].

To characterize the surface morphology and nanostructure of the
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Fig. 1. (a-h) SEM images of Mn;O3, 1% CuO-doped Mn,03, 3% CuO-doped Mn»03, and 5% CuO-doped Mn,O3 thin films with different magnification, repectively,
(i-1) EDS and inset shows the mapping of the Mn,03, 1% CuO-doped Mn,03, 3% CuO-doped Mn,03, and 5% CuO-doped Mn,O3 thin films, respectivly.

samples in greater detail, TEM analysis was undertaken at different
magnifications. Fig. 2 (b—e) shows the TEM micro images of Mn,O3 and
CuO-doped Mn,O3 thin films: all the samples were fully and uniformly
covered with different interconnected 3D nanostructure such as na-
norods, nanoparticles, nanoparticles/nanosheets, and hexagonal na-
nosheets. The high-magnification image of the 3% CuO-doped Mn,053
sample was superior to the other samples in terms of the formation of a
porous structure. Such a porous and interconnected nanostructures can
allow rapid ion/electron transport, which is very useful for electro-
chemical applications, especially in a supercapacitor (Fig. 2 (f, g)). The
TEM images agreed well with the SEM observations. Fig. 2h reveals the
HRTEM results with SEAD patterns and lattice fringes observed for the
3% CuO-doped Mn,O5 thin films.

3.2. Structural and electrochemical studies

Fig. 3a depicts the XRD patterns obtained for pure Mn,03 and CuO-
doped Mn,O3; nanostructures. XRD patterns characteristic of Mn,03
(JCPDS 00-006-0540) were observed for all samples. The diffraction
peaks for Mn,Os3; nanostructures were observed at 28.70°, 32.10°
35.86°, 50.46°, 58.28°, and 59.83° and they could be assigned to the
(202), (221), (203), (115), (510), and (305) planes, respectively. The
XRD peaks at 32.10°, 35.86°, and 37.86°, confirmed the presence of
copper oxide in the doped manganese oxide samples and matched with
the standard XRD peaks of monoclinic CuO (JCPDS 00-048-1548). From
these results, we confirmed that the phase formation of CuO/Mn,05
composite after doping of CuO. The absence of other peaks signified
high purity of the samples. The remaining diffraction peaks found at
43.23, 50.97, and 74.16 are due to the SS and matched with the 304-
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Fig. 2. (a) Schematic of growth formation of CuO-doped Mn,O3 thin films using SILAR method, (b—e) TEM images of Mn,03, 1% CuO-doped Mn,03, 3% CuO-doped
Mn,03, and 5% CuO-doped Mn,O3 thin films, respectivly, (f, g) High magnificed images of 3% CuO-doped Mn,O3 thin films, and (h) HRTEM of 3% CuO-doped
Mn,03 thin films and inset shows the SEAD patterns of 3% CuO-doped Mn,O3 sample, repectively.

stainless steel (JCPDS 00-033-0397) while the peak at 44.20 matches
with 434-L stainless steel (JCPDS 00-034-0396) [29,30]. The crystallite
size of all samples was estimated using Debye-Scherrer method. The
crystallite for undoped Mn,O3, 1%, 3% and 5% CuO doped samples are
44.32, 44.31, 27.71, and 36.93 nm, respectively.

The CV profiles of the pure Mn,O3 and CuO-doped Mn,O3 elec-
trodes (Fig. 3b and S1) show almost symmetrical rectangular shapes in
the potential window of 0-0.8 V. The CV profile acquired for the 3%
CuO-doped Mn,O3 sample was slightly better than that for the 5% CuO-
doped Mn,O3 one. The current response of 3% CuO-doped Mn,O3 in-
creased with an increase in the scan rate, representing good capacitive
performance of the electrode (Fig. 3b). In this case, the CV curves
maintained the rectangular shape at all scan rates. Fig. 3b shows CV
curves obtained for the 3% CuO-doped Mn,Os thin films at different
scan rates of 5-100mV/s in a 3M KOH electrolyte in the potential
window 0.0-0.8V. The CV curves show an increase in the current
density up to 15.33 mA/cm? with an increase in the scan rate from 5 to
100 mV/s. Fig. 3b shows that the oxidation and reduction peaks were
mirror images of each other for all scan rates, which indicates typical
pseudocapacitive behavior. The specific capacitance (Cs values were
estimated according to Eq. (1) [31];

V max
1
C=—r—— I(V)dv
mv(Vmax - Vmin) V‘é‘i‘n (1)

where C; is the specific capacitance, v is the potential scan rate, (Vyax-
Vmin) is the operating potential window, I is the current density, and m
is the deposited mass of active material. The active mass of loading for
pure Mn»O3, 1% CuO-doped Mn,03, 3% CuO-doped Mn,O3, and 5%
CuO-doped Mn,03 electrodes were found to be, 0.51, 0.53, 0.47 and
0.45 mg/cm?, respectively. The value of C, obtained from the CV curves
was calculated to be 500 F/cm? at the scan rates of 5-100 mV/s. The
enhancement in the capacitive performance of Mn,O3 containing 3%
CuO could be attributed to the extremely porous nanostructures, which
simplified the movement of ions and electrons through the porous
structure [20]. The dependence of the specific capacitance on the scan
rate (Fig. 3c) resulted in the sample retaining 60% of its initial specific
capacitance (from 500 to 300 F/cm?) as the scan rate increased from 5
to 100 mV/s. This superior rate capability can be related to various
factors such as the porous nature of material, an appropriate amount of
a suitable dopant, compact diffusion path of ions, easy contact between
electrolyte ions, and high electrical conductivity of the nanostructures
[32,33].
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Fig. 3. (a) XRD patterns of Mn,03, 1% CuO-doped Mn,03, 3% CuO-doped Mn,03, and 5% CuO-doped Mn,O3 thin films prepered using SILAR method, repectively,
(b) CV of the 3% CuO-doped Mn,Os5 thin films at different scan rate from 5 to 100 mV/s, (c) Specific capactance of the 3% CuO-doped Mn,Os5 thin films with respect
to the scan rate, (d) Galvanostatic charge-discharge of the 3% CuO-doped Mn,O5 thin films at different current density from 1 to 5mA/cm?, (e) Specific capactance of
the 3% CuO-doped Mn,03 thin films with respect to the different current density, respectivly, (f) Nyquist plots of the Mn,03, 1% CuO-doped Mn,03, 3% CuO-doped
Mn,03, and 5% CuO-doped Mn,O3 thin films, and inset shows the equivalent circuit.

The galvanostatic charge—discharge behavior illustrates that the
capacitance performance of Mn,O3; improved with increase in the
amount of CuO dopant in the host matrix. However, the 3% CuO-doped
Mn,03 showed a slightly higher capacitance value than that of the 5%
CuO-doped Mn,03, as shown in Fig. 3d and S2. This can be attributed to
the spongy and porous morphology of 3% CuO-doped Mn,O3 and the
compact morphology of the 5% CuO-doped manganese. The galvano-
static charge—discharge measurements were carried out to evaluate the
electrochemical performance of the 3% CuO-doped Mn,0j; electrode at
0-0.8V and different current densities (1, 2, 3, 4, and 5mA/cm?
Fig. 3d). The charge curve of 3% CuO-doped Mn,O3 was identical to its
corresponding discharge curve with a minor bend, directing the high
reversibility of the hybrid materials [20,34,35]

The Cs values were estimated from the GCD curves according to Eq.

2

I X At
m X AV

: (2
where I, At, m and AV are discharge current (A), discharge time (s),
mass of the electrode (cm?), and discharge potential range (V), re-
spectively. The specific capacitance obtained from the discharging
curves was calculated to be 391 F/cm? at the current density of 1 mA/
cm? (Fig. 3e). The highly porous nature of the nanostructures was re-
sponsible for the enhanced capacitive performance of the 3% CuO-
doped Mn,05 sample. The porous nanostructures helped the migration
of ions and electrons[20]. The values obtained in this work are superior
to those previously reported (Table 1) [36].

Electrochemical impedance spectroscopy (EIS) spectra of the pure
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Table 1

Comparative study of supercapacitor with various methods and nanostructure.
Compounds Method Nanostructures Electrolyte Specific capacitance Reference
Cu doped MnO, Hydrothermal Nanosheets 1M NaySO4 296F/gat1 A/g [2]
Ni doped MnO, Simple reaction Nanosheets 1M NaySO4 445F/gat 1 A/g [8]
Cu doped MnO, Chemical precipitation Nanorods 0.5 M KCl 583F/g at 10 A/g [11]
CuO/MnO, Hydrothermal Dandelions 1M Na,SO,4 228F/g [18]
MnO,/CuO Hydrothermal Nanosheets/flower 1M Na,SO4 167.2F/g at 0.3 A/g [20]
CuO/MnO, hydrothermal Diatom 1M NaySO4 240F/g at 0.5 A/g [39]
CuO doped Mn,03 SILAR Hexagonal nanosheets 3MKOH 500F/g Present study

manganese oxide and CuO-doped Mn,O3 were recorded in the range of
1-10° Hz. Fig. 3f shows the Nyquist plots of all the samples: it shows a
semicircle at high frequencies and a straight line at low frequencies
(inset, Fig. 3f). An almost vertical line represents quick ion diffusion in
the electrolyte and represents model capacitive performance in the
charge-discharge process. The 3% CuO-doped Mn,O3 electrode showed
good kinetics for the ion diffusion owing to lower mass loading of CuO
in the host matrix [37]. The values of solution resistance for the pure
Mn,03 and 1%, 3%, 5% CuO-doped Mn,O3 were 3.6, 3.1, 2.6, and 3.5
Q, respectively. The charge transfer resistance of pure Mn,O3; and
CuO-doped Mn,03; were 59.66, 73.84, 42.27, and 50.91 Q, respec-
tively. The 3% CuO-doped Mn,O3 electrode showed the lowest solution
resistance. Meanwhile, its charge transfer resistance also had a lower
value than that of other samples, suggesting the electrode was more
conductive than the other ones. The higher electric conductivity would
lead to faster ion and electron transport in electrochemical reactions
[38]. Also, the structural and morphological properties of 3% doped
samples are better than that of other samples. The crystallite size of 3%
doped sample was lower than other samples which ultimately provide
large surface area for electrochemical reactions. Thus, the optimum 3%
doped sample shows better electrochemical performance than other
samples. Thus, the 3% CuO-doped Mn,O3 electrode was chosen for a
detailed electrochemical investigation in future.

4. Conclusions

In conclusion, we successfully synthesized CuO-doped Mn,O3 na-
nostructures with different morphologies by the facile and effective
SILAR method. The effect of the amount of CuO doped in the Mn,O3 on
the morphological and electrochemical properties was significant. In
particular, 3% CuO-doped Mn,O3 showed a high specific capacitance of
500F/cm? at 5mV/s, demonstrating phase purity, a porous mor-
phology, and good ion diffusion for the electrolyte. An appropriate
amount of CuO doped in Mn,O3 nanostructures can thus offer pro-
mising supercapacitor electrode applications.
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