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ABSTRACT

he engineered nanostructured electrode material is an important
T factor in enhancing the performance of supercapacitors. Herein, a

facile procedure was reported for the electrosynthesis of MnCo,0,4
nanosheets through one-pot electrodeposition method. The obtained MnCo0,0,4
nanosheets have been characterized using field-emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD), and energy-dispersive X-ray
spectroscopy (EDX) techniques. The results showed that MnCo,0, nanosheets
with multiple walls had been successfully prepared. The -electrochemical
evaluation revealed that the as-prepared MnCo,0, electrode delivered a high
specific capacitance of 1198 mF cm™ at the current density of 1 mA cm? and
demonstrated outstanding cycling performance. The binary nature of the
MnCo,0, nanosheets, along with the unique nanosheet architecture with
accessible void spaces for the transfer of electrolyte ions and electrons, is
responsible for these remarkable properties. These results demonstrate that the
present MnCo,0, nanosheets with outstanding electrochemical properties can be
considered as promising candidates for energy storage systems. Prog. Color
Colorants Coat. 16 (2023), 271-281© Institute for Color Science and Technology.

1. Introduction

can store charges on highly porous electrode materials.

Rapid reduction of fossil fuel supplies and the increase
of greenhouse gases have caused a severe threat to the
ecology of the earth. Also, with the increase of power
demand for portable electronics, developing renewable
and clean energy resources is necessary [1, 2]. In this
regard, supercapacitors have attracted significant
research interests from both industry and science due
to their high power density, long cycle life, safe
operation, and environmental friendliness [3] as
backup/auxiliary power supplies of portable electronics,
smart grids [4, 5], hybrid electric vehicles, and several
micro-devices [6, 7].

Supercapacitors (i.e., electrochemical capacitors)

According to the charge storage mechanisms, they can
be categorized into electrical double-layer capacitors
(EDLCs) and pseudocapacitors [8]. The EDLC version
is the most common type of supercapacitors and stores
charges at the interface of electrode/electrolyte based
on Helmholtz law. The pseudocapacitor version stores
charges based on electrochemical reactions [9].

Many efforts have been made to develop high-
performance electrode materials with low cost and high
capacitance. The specific surface area of the electrode
materials should be increased to increase the specific
capacitance of supercapacitors. In this case, the EDLC
capacitances promoted and imparted many electroactive
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sites for participation in the electrochemical reaction.
Furthermore, the suitable pore size distribution of the
porous electrode materials facilitates the mass transfer of
electrolyte ions through the pores for fast faradaic
reactions and EDLC charging/discharging [10]. Hence,
control over the dimensions and morphology of
electrode material is vital for achieving high-
performance supercapacitors [11].

Despite architecture, the material selection also plays
an essential role in the performance of supercapacitors.
Transition metal oxides (TMOs) and hydroxides, and
conducting polymers as pseudocapacitor electrode
materials offer higher electrochemical performances
than carbonaceous materials (EDLC type) due to the
contribution of redox reactions [12, 13]. Using binary
transition metal oxides compared to single-component
metal oxides is significant in enhancing electrochemical
performance since they have different oxidation states
and provide richer faradaic reactions, resulting in higher
capacitances compared than single-metal oxides [14].
Among the most binary metal oxides, MnCo,0,
has been recognized as an attractive electrode material
due to its higher electrochemical performance than
unitary manganese oxide (MnQO,) and cobalt oxide
(Co304) [15].

Till now, different Mn-Co oxide morphologies, such
as MnCo,0; nanorods [16], MnCo,0, core-shell
structures [17], and MnCo,0, hollow nanotubes [18],
have been reported for supercapacitor applications.
Between different morphologies, 3D nanosheets directly
grown on conductive substrates are considered an ideal
architecture for supercapacitor application. They possess
high electroactive sites and thin wall thickness, allowing
easier electron transfer [19, 20]. A significant challenge
in using MnCo,O, as the electrode material in a
supercapacitor is improving its electroactive sites by
developing a facile one-pot route. Therefore, specific
capacitance and cycling stability are enhanced [21].
Binders and additives used in the fabrication of
electrodes usually block the electroactive sites of the
electrode material and decrease the total efficacies [22].
Direct growth of nanosheets on conductive current
collectors enhances the conductivity of the electrode
materials by close contact of nanosheets to the current
collector. Such a design does not require further
additives or binders [19]. So, it is critically important to
develop a facile approach for the synthesis of nanosheet
electrode materials. Nickel foam substrates could be
used as both current collector and structure support, and
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the electrode materials could be directly grown on them.
In electrosynthesis, no binder and additive are used to
prepare electrodes to prevent "dead" volume resulting
from the tedious process of mixing active ingredients
with polymer binder/conductive additives, and the total
mass of the final device could be reduced.

A possible approach for decreasing the mass
loading issues is precisely designing the MnCo,0,-
based nano-architectures with a facile and cost-
effective electrodeposition method to fulfill the
requirement of high-rate  supercapacitors [23].
Electrodeposition is a versatile method for fabricating
porous electrode materials, which could produce many
nano-architectures by tuning the processing factors
[24].

To the best of our knowledge, the direct growth of
MnCo,0, nanosheets on Ni foam current collector has
rarely been reported. Herein, we designed a facile, one-
pot route for electro-synthesizing of 3D MnCo,0,
nanosheet arrays on the conductive substrate as an
efficient binder-free electrode with enhanced surface
area and easy ion and electron diffusion path. This
method provides a higher utilization rate of the
electrode material for high-rate supercapacitors. The
resultant electrode revealed ultrahigh specific
capacitance (1198 mF cm™ at 1 mA cm™) and excellent
cycle life (97 % capacitance retention after 2000 cycles
at the scan rate of 250 mV s™), which is desired for
energy storage applications.

2. Experimental

2.1. Synthesis of 3D MnCo,0, nanosheets

All the reagents and chemicals were of analytical grade
and were used without further purification. MnCo,0,
was synthesized through electrochemical deposition
from the solution containing 5 mM MnCl,.6H,0, 5 mM
CoCl,.6H,0, and 0.1 M KCI. Before electrodeposition,
Ni foam was washed ultrasonically with alcohol,
acetone, and deionized water for 10 min, respectively.
All experiments were performed in a three-electrode
configuration using cleaned Ni foam as the working
electrode, Pt wire and Ag/AgCl as the auxiliary and
reference electrodes, respectively. A potential of -1.0 V
was applied against the Ag/AgCI for the duration of 120
and 1200 s. Then the samples were washed with distilled
water several times and annealed at 200 °C for 30 min
with temperature programming of 5 °C min™.
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2.2. Characterization

The morphology and textural parameters of the
nanosheets were monitored using field-emission
scanning electron microscopy (FE-SEM, Mirall from
TESCAN Company) equipped with energy-dispersive
X-ray spectroscopy (EDX). The crystalline structure
and purity of the prepared electrode were monitored by
X-ray diffraction (XRD) using Philips PW 1730
diffractometer equipped with a Cu-K, (A=0.15418 nm)
radiation source. Data were collected by scanning in
the range of 10 ° to 80 ° with a step size of 0.05 ° (26)
under grazing incidence mood.

2.3. Electrochemical measurement

The electrochemical tests were carried out at room
temperature. The conventional three-electrode cell was
used, which is connected to an Autolab PGSTAT.302N
potentiostat/galvanostat (Eco-Chemie, The Netherlands).
The deposited MnCo,0, nanosheets on Ni foam
substrate, Ag/AgCI electrode, and Pt plate were used as
the working, reference, and auxiliary electrodes,
respectively, in a solution of 3 M KOH as the
electrolyte.

3. Results and Discussion

3.1. Synthesis and surface morphology analysis

A facile one-pot approach was used to deposit 3D
MnCo,0, nanosheets on Ni foam substrate (Figure 1) as

-
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an effective binder-free electrode. The electrodeposition
bath contained a solution of MnCl,.6H,0, CoCl,.6H,0,
and KCI. It took only 1200 s to deposit nanostructures
with high specific capacitance completely. In practice,
the weight of the cell is important, which could be
affected by the electrolyte, binder, separator, collectors,
and packaging material. The binder sticks the electrode
materials on the substrate in both batteries and
supercapacitors. However, the conductive additive is
used to improve the electrical conductivity of the
laminate. Using insulating polymeric binders increases
the contact resistance between electroactive materials,
which results in increased equivalent series resistance
(ESR) value in the final device [25]. The binders and
additives together constitute 20-40 % of the total mass
of the electrode, namely ‘dead mass’, since it does not
participate in charge storage, but instead lowers the
specific energy of the final device. Besides, the diffusion
path of ions and electrons is ambiguous due to the
heterogeneous nature of the mixture, which results in
low specific power and slow rate performance. The
binder-less electrodes provide some advantages,
comprising low weight, diverse macroscopic structures,
well-defined pore size and distribution, and mechanical
stability. It also offers higher output voltage and fast
energy storage [26, 27]. Besides, such a design

eliminates the need for expensive binders and additives,
which reduces the cost and avoids the difficulty in
electrode preparation processes.

Figure 1: Schematic illustration of MNCo0,04 nanosheets synthesis.
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FE-SEM is used to study the morphological
features of the prepared electrodes. Figures 2a and b
displays the FE-SEM images of the MnCo,0,
nanosheets on Ni foam substrate after 120 s. As shown,
the nanosheet morphology was growing. The well-
defined nanosheet morphology could be fully imaged
by increasing the reaction time to 1200 s (Figures 2c
and d. The MnCo,0, nanosheets were vertically
aligned and intertwined and formed 3D nanosheet
arrays, which grew densely on the Ni foam substrate.
After annealing at 200 °C, the MnCo0,0, keeps the
wall-like architecture of the original morphology and
becomes narrower. Figures 2e and f displays the SEM
images of the MnCo,0, nanosheets after annealing.

SEMHV: 15.00 KV
SEM MAG: 20.00 kx
View field: 10,83 ym

Det: InBeam
Date(may): 04721720

WD: 2.889 mm
SEMMAG 2000kx  Del: inBeam 2pm
View field: 10.83ym  Date(midy): 04/21/20

MIRAN TESCAN

The water has evaporated, and many open pores can be
detected on the MnCo,0, nanosheet surface. The 3D
nanosheet structures obtained by electrodeposition
clarify a high superficial area with an open mesoporous
structure.

The nanosheets have an average diameter and
length of about 15-30 nm and 1 um, respectively
(Figure 2F). With such a fascinating structure, the
voids between the 3D MnCo,0,4 nanosheet arrays can
be efficiently utilized. Such a design shortens ion
diffusion pathways [28]. It provides a fast ion and
charges transportation path during the faradaic
reactions and many electroactive sites for trapping and
accumulating electrolyte ions [29].

SEM HV: 15.00 kV

SEM MAG: 70,00 ko
View field: 3,096 ym

\

SEMHV 15,00 kv
SEMMAG 7000k«  Det nBeam n
Viewfield 3036 ym  Date(m/dly) 042120 u

Det: InBeam 500 nm
Date(midy): 04121720

WD 2889 mm

Figure 2: SEM images of MnCo,04 nanosheets (A, B) after 120 s, (C, D) after 1200 s without annealing, (E, F) after
1200 s with annealing. Yellow arrows indicate some mesopores.
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3.2. Crystalline structure

The elemental composition and crystalline structure of
the prepared electrode were monitored by EDX and
XRD analyses. The EDX spectrum in Figure 3a
displays the presence of Mn, Co, and O elements. It
can be seen in the XRD pattern (Figure 3b) that the
intensity of three peaks at 44.5, 51.8, and 76.4 is much
higher than the other peaks, which correspond to (1 1
1), (20 0), and (2 2 0) crystal facet of nickel in Nickel
foam (JCPDS card no. 04-0850). The weak diffraction
peaks appeared at 63.3° and 66.8°, which is consistent
with (4 4 0), (5 3 1) crystal faces of spinel MnCo0,0,

(JCPDS card no. 23-1237) as has been reported in the
other references [30-33]. In most of the research
reports, the XRD patterns of MnCo,0, nanoscale
compounds on nickel foam were very noisy, and the
reflection peaks had low intensities. Also, maybe some
reflection peaks of Co were hidden under Ni reflection
peaks.

The sample with the less intense diffraction
peak shows that the scale of the nanostructure is
small, which can increase the number of effective
electrochemical reaction points to improve the electro-
chemical performance [34].
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Figure 3: (a) EDX spectrum and (b) XRD pattern of MnCo0,04 nanosheets on the Ni foam.
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3.3. Electrochemical evaluation

The super capacitive performance of the electro-
synthesized electrode was investigated in this paper.
Cyclic voltammetry (CV), galvanostatic charge/
discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were used. They were measured in a
three-electrode setup in 3 M KOH solution as the
electrolyte.

3.3.1. Cyclic voltammetry

The CV curve was first recorded at 10 mV s within
the potential range of 0.0 to 0.5 V, as shown in Figure
4(a). The shape of the CV curve is different from that
of EDLCs, which is similar to an ideal rectangular
shape. The CV curves of the MnCo,0, electrode show
a pair of redox peaks corresponding to the interaction
between spinel materials and electrolyte ions, reflecting
the pseudocapacitive nature of the electrodes [35]. For
the MnCo,0, nanosheets, the electrochemical reactions
could be described according to the following equation

(Eq.1) [36]:
MnCo,0,4+ OH + H,O «—MnOOH+2CoOOH+ ¢ (1)

Based on the CV curve (Figure 4) of the MnCo,0,
electrode, a reversible electron-transfer process was
detected, suggesting that the capacitance of MnCo,0,
arises from the redox mechanism. Furthermore, the low
surface area obtained from the Ni foam substrate proves
that the capacitance due to the current collector is
negligible, and does not contribute to electrochemical
reactions.

Figure 4b shows the CV curves of the MnCo,0,4
electrode at different scan rates (5-100 mV s'). By
increasing the scan rate, CV curves retain a nearly
constant shape, representing the outstanding rate
capability and fast kinetic of the faradaic reactions [37].
A slight shift in the anodic peaks was ascribed to the
internal resistance of the electrode. At lower scan rates,
the electrolyte ions can intercalate/de-intercalate into the
accessible sites in the MnCo,0, nanosheets, which
results in high electrochemical reactions and high
capacitance. But at higher scan rates, the effective
interaction between electrode/electrolyte is considerably
decreased. The faradaic reactions can take place only on
the electrode material's outer surface, which leads to a
decrease in the total capacitance [38].
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Figure 4: Voltammograms of MnCo,04 nanosheets (a)
at different deposition times at 10 mV st (b) at
deposition time of 1200 s at different scan rates.

3.3.2. Galvanostatic charge/discharge

Figure 5a provides the GCD curve of the MnCo,0,
electrode with different deposition times in a potential
window of 0.0-0.45 V (vs. Ag/AgCl) at the current
density of 1.0 mA cm™. The symmetric shape of the
GCD curves with the two well-defined voltage plateaus
suggests the pseudocapacitive behavior of the electrode
during the charge/discharge processes. It confirms the
reversibility of the redox reactions [39], which agrees
with CV results. The specific capacitance (mF cm?)
was determined from the discharge cycles using
equation 2 [40]:

1At

Cs: SA_V (2)
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where | is the charge/discharge current (A), At is the
discharge time (s), S is the surface area of electrode
material (cm?), and AV is the potential range during
discharge (V). According to the discharge time,
increasing deposition time remarkably affected the
specific capacitance. The MnCo,0, electrode with a
deposition time of 1200 s delivered a high specific
capacitance of 1198 mF cm? at the current density of
1.0 mA cm? while the MnCo,0, electrode with the
deposition time of 120 s delivered a specific capacitance
of 577 mF cm™ at the same current density.

Figure 5b shows the GCD curves of the MnCo,0,
nanosheet electrode at different current densities,
ranging from 1 to 20 mA cm® The curves are
symmetric, and the duration of charge and discharge
curves are nearly equal, indicating a high columbic
efficiency, fast redox reactions at the interface of
electrode/electrolyte, and ideal capacitor behavior.

3.3.3. Electrochemical impedance spectroscopy
(E1S)

The EIS analysis is a significant test that provides
valuable information about the resistance behavior at the
interface of electrode/electrolyte in many applications
[41-51]. The Nyquist impedance plot (imaginary part
(Z") versus real part (Z')) for the MnCo,0, nanosheet
electrode shows a small semicircle in a high-frequency
region and a nearly straight line in the low-frequency
region.

The intercept of the Nyquist plot at the x-axis
reflects the equivalent series resistance (ESR) value. At
the same time, the diameter of the semicircle represents
the charge-transfer resistance (R.) value, and the
straight line at the low-frequency region reflects the
Warburg impedance. The ESR value of the MnCo,0,
nanosheet electrode achieved from extrapolating the
Nyquist plot at the x-axis was 1.65 Q (Figure 6a),
which arose from the resistance of both electrolyte and
electrode textile. The low ESR value of the electrode
reveals fast electron transfer, reflecting the rich
electrochemical reactions of the MnCo,0, nanosheet.

According to the diameter of the semicircle
(indicative of interfacial charge-transfer resistance), the
R of the MnCo,0, nanosheet electrode was 2.5 Q.
The high electrical conductivity of MnCo,0, resulted
in the reduced R and can be related to the fast charge
transfer rate of the ions at MnCo,0, nanosheets.
Besides, the sharp line at the high-frequency region
reflects the Warburg resistance (the more vertical line

for an electrode closer to an ideal capacitor), which
arises from the frequency dependence of ion diffusion
in the electrolyte [52, 53]. The MnCo,0, nanosheets
revealed a short ion diffusion pathway, as shown from
the Warburg part on the Nyquist plot.

Furthermore, the MnCo,0, electrode displays an
almost vertical line in the low-frequency region,
indicating reduced mass transfer resistance (Warburg),
and further approving the fast redox reactions.
Moreover, the MnCo,0, nanosheet shows a lower
internal resistance indicating its higher electrical
conductivity [16].
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Figure 5: GCD curves of MnCo0,04 nanosheets (a) at
different deposition times at 1 mA cm?, (b) at deposition
time of 1200 s at different current densities.
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Figure 6: (A) EIS of MnCo0204 nanosheets at different
deposition times, and (B) capacity retention of MnC0,04
nanosheets after 2000 CCV curve at 250 mV s™.

3.3.4. Continues cyclic voltammetry (CCV)

Long-term cycling stability is necessary for practical
application of supercapacitors. It was examined for the
MnCo,0, nanosheet electrode. CCV test can be
regarded as the best technique for monitoring and
exploring the CVs and charge storage performance of
supercapacitors during the time [54-56]. Successive
CCV tests estimated the long-term cycling stability of
the MnCo,0, nanosheet electrode at the scan rate of
250 mV s for 2000 cycles.

The specific capacitance as a function of time is
demonstrated in Figure 6b. As shown, the specific
capacitance of the MnCo,0, nanosheet -electrode
remains nearly unchanged until 2000 cycles and
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gradually decreases from 1198 mF cm™to 1162 mF
cm? (3% decrease). This phenomenon suggests the
excellent cycling stability of the MnCo,0, electrode.
These results reveal that the MnCo,0O, nanosheet
electrode is highly stable during the time. The
enhanced electrochemical performance of the
MnCo,0, nanosheet arrays was ascribed to its unique
structure, which provides more electroactive sites for
reactive species.

The superior performance of the MnCo,0,4
electrode can be ascribed to the following features: (1)
The MnCo,0, was directly grown on a nickel foam
substrate, which can gain direct mechanical and
electrical contact with the underlying nickel foam. (2)
The nanosheet feature of the MnCo,0, electrode and
superior contact area provide many electroactive sites
for ions adsorption and electrochemical redox
reactions. (3) The voids between the interconnected
nanosheets act as ion-buffering reservoirs and ease the
channeling of electrolyte ions and charge transfer [57,
58]. (4) The spinel nature of the MnCo,0, nanosheets
has high electrical conductivity and rich redox reaction,
providing many superficial electroactive species for
participation in Faradaic redox reactions. Therefore,
lower contact resistance and superior super capacitive
performance can be obtained [59]. (5) Binder-free
design provides efficient electron paths for charge
transport because of void spaces between neighboring
sheets and ensures efficient electron transfer between
active material and substrate. All of these aspects are
beneficial for enhancing the super capacitive
performances of the electrode materials.

4. Conclusions

In summary, a facile one-pot approach has been
developed to deposit 3D interconnected MnCo,0,4
nanosheet arrays through electrochemical deposition on
Ni foam substrate as an efficient electrode material for
supercapacitors. The MnCo,0,4-loaded nickel foam can
be directly used as a supercapacitor electrode without
any binders and/or additives. The MnCo,0,4 nanosheet
electrode revealed superior performances, including a
high specific capacitance of 1198 mF cm? at 1 mA
cm?and long cycle life. The improved super capacitive
performances are mainly ascribed to its unique
nanosheet architecture, which provides many
electroactive sites for electrolyte ions, allowing them
easy access to the electrode surface. The results are
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promising and indicate the possible application of
MnCo,0, nanosheets as electrode material for
supercapacitors.
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