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So far, numerous metal oxides and metal hydroxides have been reported as an electrode material, a critical
component in supercapacitors that determines the operation window of the capacitor. Among them, nickel
and cobalt-based materials are studied extensively due to their high capacitance nature. However, the pure
phase of hydroxides does not show a significant effect on cycle life. The observed XRD results revealed the
phase structures of the obtained Ni(OH), and Co—-Ni(OH), hydroxides. The congruency of the peak
positions of Ni(OH), and Co-Ni(OH), is attributed to the homogeneity of the physical and chemical
properties of the as-prepared products. The obtained results from XPS analysis indicated the presence of
Co and the chemical states of the as-prepared composite active electrode materials. The SEM analysis
revealed that the sample had the configuration of agglomerated particle nature. Moreover, the
morphology and structure of the hydroxide materials impacted their charge storage properties. Thus, in
this study, Ni(OH), and Co-Ni(OH), composite materials were produced via a hydrothermal method to
obtain controllable morphology. The electrochemical properties were studied. It was observed that both
the samples experienced a pseudocapacitive behavior, which was confirmed from the CV curves. For the
electrode materials Ni(OH), and Co-Ni(OH),, the specific capacitance (C) of about 1038 F g‘1 and 1366
F g% respectively, were observed at the current density of 1.5 A g~*. The Ni—Co(OH), composite
showed high capacitance when compared with Ni(OH),. The cycle index was determined for the
electrode materials and it indicated excellent stability. The stability of the cell was investigated up to
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1. Introduction

In recent years, energy demands are rapidly increasing due to
the depletion of fossil fuel resources and carbon emissions
from vehicles, affecting global environmental conditions.* To
avoid such issues and continue fulfilling electrical energy
demand, renewable resources such as wind, solar, and hydro-
electricity are highly encouraged.>* Owing to the intermittent
nature of renewable resources, it is important to find suitable
storage technologies. Among them, there are plenty of energy
storage systems available; the electrochemical energy storage
systems offer attractive features such as high energy and power
and a large number of complete charge/discharge cycles.”® In
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2000 cycles, and the cell showed excellent retention of 96.26%.

particular, electrochemical capacitors (ECCs) show peculiar
characteristics such as high power density, a high number of
complete charge/discharge cycles, quick charge and discharge
capacity, operating temperature, wide-range capability, and use
of low-cost materials.>* The energy storage mechanism of
ECCs has a charge separation associated between the electrode
and electrolyte. It can exhibit two major mechanisms, such as
non-faradaic reactions, occurring in electric double-layer
capacitors (EDLCs) and the faradaic reaction observed in
pseudocapacitors. The EDLC type of capacitors only involves the
physical adsorption/desorption of the charged particles from
the surface of the electrodes. Most of them are carbon-based
EDLC electrode materials. High surface area (highly porous
nature) has an important role in EDLCs because the ions get
accumulated in the pores at the electrode/electrolyte interface
when the reactions are involved in the charge-discharge
process. Due to non-faradaic reactions, there will be low specific
capacitance. Nevertheless, the pseudocapacitor principle differs
from the EDLC principle. It exhibits surface reduction and
oxidation processes such as battery electrode behavior. Pseu-
docapacitor electrode materials are developed from transition
metal oxides and conducting polymers. Transition metal oxides
with different oxidation states are considered as promising
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materials for supercapacitors. Typical transition metal oxides
such as RuO,, NiO, CoO and MnO, are all examined as superior
supercapacitor electrode materials. The bandgap of transition
metal oxides is found to be narrow, which results in poor
electrical conductivity and hence leads to lowering the capaci-
tance range. To overcome the discrepancy, the first strategy is
conducting reinforcement via carbon-based EDLC electrode
materials, conducting polymers, nanoporous, metals, and
metal oxides. The next one is metal doping in oxides, which are
considered to enhance the electrical conductivity of oxides.'>"
The electrochemical performance of supercapacitors is related
to the preparation of electrodes such as carbon, transition metal
oxides and conducting polymers. In general, steps are taken to
prevent the agglomeration and to increase the conductivity of
pseudocapacitors combined with strongly conducting support
materials."**® For example, graphene has been regarded as an
attractive substrate for pseudocapacitive materials due to its
large surface area, high conductivity and good mechanical
property. Graphene can be regarded as a building block of the
other graphitic allotropes because of its electrical conductivity
and to improve the properties of the composite material. In that
view, graphene composites are widely used in outstanding
energy storage applications. The excellent energy storage
application is defined by the rate performance and power
density."”** In the case of a pseudocapacitor, the rate of reaction
is slower than the ionic adsorption and desorption when
compared to the charge-discharge process of EDLCs. A faster
faradaic reaction occurrs in the battery electrode because of the
bulk redox process. As in the case of pseudocapacitors, only the
surface redox process occurs. In general, metal hydroxides are
actively involved in electrochemical redox reactions. In this
present study, Co and Ni-based hydroxides have been chosen as
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active electrode materials for the supercapacitor applications
due to their excellent electrochemical properties, which are
closer to that of standard RuO,. Hence, in the present study,
mixed-metal hydroxide composites such as nickel and cobalt
hydroxides have been synthesized and characterized. Physical
and chemical characterization studies were performed on the
as-prepared double hydroxide materials.

2. Experimental section

Nickel-cobalt hydroxide composites were obtained via a hydro-
thermal method. High-grade precursor materials such as nickel
acetate, cobalt acetate, and potassium hydroxide were used as-
received. Nickel acetate and cobalt acetate were taken in cor-
responding molar concentration ratio of 0.094 M and 0.06 M,
respectively, and were completely dissolved in deionized water
with the help of a magnetic stirrer. Moreover, a precipitating
agent 1 M potassium hydroxide was prepared and added slowly
dropwise into the nickel-cobalt acetate solution. When the
precipitate was formed, cobalt and nickel acetate compounds
were converted into cobalt and nickel hydroxides, indicated by
a greenish precipitate, which was continuously stirred using
a magnetic stirrer. The precipitate was washed repeatedly with
distilled water, filtered, and dried overnight at 60 °C in a hot air
oven. Standard characterization techniques were employed to
study the composite material structure, morphology, and
purity. The electrochemical measurements were carried out by
employing a biologic SP 150 instrument. The electrode material
consisted of 80 wt% active material Co-Ni(OH),, 15 wt% con-
ducting carbon, and 5 wt% PVDF-polyvinylidene hexafluoride as
a binder. All the materials were mixed to make a uniform slurry
using an N-methyl 2 pyrrolidine solvent. The slurry was coated
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Fig. 1 XRD patterns of (@) Co—Ni(OH), and (b) Ni(OH),.
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on a nickel foam (active area 1 cm?) that acted as the current
collector. Then, the electrode was dried overnight at 60 °C to
evaporate the NMP solvent completely from the electrode. The
same procedure was followed for the preparation of nickel
hydroxide electrode. The as-prepared electrode was analyzed via
electrochemical characterizations, such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and
galvanic charge-discharge (GCD) studies.

3. Results and discussion

The obtained XRD patterns of bare Ni(OH), and mixed Co-
Ni(OH), hydroxides are shown in Fig. 1(a and b). The observed
results revealed that the obtained Ni(OH), and Co-Ni(OH),
hydroxide phase structures well-matched with the data from
standard JCPDS cards no-14-0117 and no-30-0443, respectively.
The congruency of the peak positions of Ni(OH), and Co-
Ni(OH), is attributed to the homogeneity of the physical and
chemical properties of the as-prepared products. The pure
hexagonal beta phase Ni(OH), showed characteristic peaks at 2
theta angles of 19, 32.60, 37.8, 51.45, 58.41, 61.96, 69.18 and
72.58°, corresponding to the of the (001), (100), (101), (102),
(110), (111), (103) and (201) characteristic lattice planes,
respectively. The composite Co-Ni(OH), also showed a similar
phase structure and confirmed the structural purity of the
composites.”” This may be due to the very low content of Co in
Ni(OH),, which meant that the Ni(OH), phase dominated the
mixed hydroxide phase. The double peaks of the (101) plane
may be due to the formation of the beta phase of Co(OH), in the
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composite. As in the case of Ni(OH),, the plane only showed
a single peak.

Further, the bond formation is confirmed from the FTIR
spectral analysis (Fig. 2a and b). The absorption spectra were
recorded between 4000 and 500 cm ™" and revealed the chemical
bonds present in the composite materials. The sharp peak at
3642 cm ' refers to the hydroxyl groups (-OH) stretching
vibration mode of the non-hydrogen bond. The peak observed
at 3432 cm ' indicates the hydrogen-bonded O-H group
stretching vibration of hydroxide. The peaks at 2925 and
2854 cm ™! revealed the C-H vibration modes of CH,. The band
observed at 1627 cm ' revealed the bending vibrations of
adsorbed water molecules, ie., do-y hydroxyl groups.”® The
bands at 462 and 438 cm ™' are assigned to the Ni/Co-O vibra-
tions attributed to Ni and Co-OH, respectively. The main signal
observed at 515 em™ ' is attributed to the Ni-O-H bending
vibrations."

Furthermore, the structural properties of the as-prepared
products were also studied by Raman spectroscopy. The ob-
tained Raman spectra for nickel-cobalt hydroxide and nickel
hydroxide are shown in Fig. 3. Three different modes of vibra-
tion are found at 453, 515, 3585 cm ‘. The Raman mode
observed in the region of 453 cm ™' is assigned to the A, (T)
mode of the Ni-OH stretching vibration. The high-intensity
peak at 515 cm ™' (F,y) exhibited the CoO stretching mode.
The sharp feature of the peak at 3585 cm ™" corresponds to the
symmetric stretching of (O-H) groups. The obtained results
indicated the presence of Co and the chemical state of the as-
prepared composite active electrode materials. Moreover,
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Fig. 2 FTIR spectra of (a) Co—Ni(OH), and (b) Ni(OH),.
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Fig. 4 SEM images of (a) Co-Ni(OH), and (b) Ni(OH),.

Ni(OH), shows a peak at 453 cm ™'

formation.

Further, the surface morphology of the obtained products
was studied via SEM. It is observed that the sample showed the
configuration of agglomerated particle nature (Fig. 4a and b)
with distorted particle morphology and an approximate particle
size between 1-2 pm.

The XPS survey spectrum of the as-prepared product is
shown in Fig. 5a-d. The survey spectrum showed peaks corre-
sponding to the Ni, Co, and O elements in the samples (Fig. 5a).
Ni 2p XPS spectrum showed peaks at 854.69 and 872.32 eV,
which are ascribed to the presence of Ni 2ps, (Fig. 5b). Further,
two satellite peaks were also observed at 861.54 and 879.89 eV,
corresponding to Ni 2p;, (Fig. 5b). The magnitude of spin-orbit
splitting is 17.56 eV and it denotes Ni(OH), phase evolution.*
Furthermore, the occupancy of Co in the nickel lattice is

, which indicates Ni(OH),

This journal is © The Royal Society of Chemistry 2020

confirmed from the characteristic peak obtained at 780.21 eV,
which is related to the Co 2p region (Fig. 5¢).* The presence of
the Ni/Co-O and Ni/Co-OH groups was also determined from
the binding energy peak obtained at 528.25 eV; besides, the
peak obtained at 531.5 eV is recognized as low-coordinated
oxygen defects (Fig. 5d).>* Thus, the obtained results indicate
the presence of Co and the chemical state of the as-prepared
composite active electrode materials. The obtained results
also matched with those obtained via XRD- and Raman-based
structural studies.

In general, CV is used to identify faradaic and non-faradaic
reactions. A typical three-electrode cell configuration was used
to investigate the as-prepared samples along with Ag/AgCl and
Pt wire as the reference and counter electrodes, respectively.
The as-prepared samples coated on nickel foam were used as
the working electrode, and the loading of the active material

RSC Adv, 2020, 10, 19410-19418 | 19413
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Fig. 5

was about 2 mg. A sufficient volume of a 6 M KOH aqueous
solution was employed as an electrolyte. A set of strong redox
peaks can be detected for the three-electrode cell configuration,
which corresponded to the reversible reaction of Ni** < Ni**,
The redox peak highlights the pseudo-capacitive behavior that
occurred at the electrode/electrolyte interface. The corre-
sponding kinematically reversible faradaic redox reactions
involved in the electrochemical process are Ni(OH), + OH™ <
NiOOH + H,O + e; Co(OH), + OH~ < CoOOH + H,0 + e~;
CoOOH + OH™ < Co0, + H,0O + e™. In addition, the CV curves
within the potential window of 0-0.6 V (vs. Ag/AgCl) were also
evaluated. During the increase in the scan rate, the current
increases and potential shifting of redox peaks may occur in the
positive or negative region, this may be due to the increase in
the scan rate that would cause a rise in the internal diffusion
resistance within the pseudocapacitive material. The well-
defined charge/discharge behavior in all curves demonstrates
the existence of the redox reaction, thus confirming the results
of CV. Fig. 6 shows a comparison of the normalized CV curve
recorded at 10 mV s~ scan rate for Ni(OH), and Co-Ni(OH),. It
was noted that the Co-Ni(OH), electrode showed a high current
density than the bare Ni(OH), electrode. The peak potential was
also shifted, and the peak separation potential was highly
reduced, which indicates the enhanced behavior of Co-Ni(OH),.

19414 | RSC Adv, 2020, 10, 19410-19418

(a) XPS survey spectrum, (b) Ni 2p (c) Co 2p and (d) O 1s spectra.
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This enhanced performance may be associated with conduc-
tivity related properties as revealed from the high current
density of the CV curve. The oxidation peak confirmed the

60
40 A) Co-Ni(OH),
B) Ni(OH),

T 20
s
&
s 0
s
2
el
=
o -20

-40

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential (V)

Fig. 6 Cyclic voltammetry behaviors of (A) Co—Ni(OH), (B) Ni(OH),
electrodes at the same scan rate of 10 mV s,
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conversion of Ni(OH), to hydroxyl, which is a one-electron
transfer reaction.””*® However, the broader peak observed in
the oxidation and reduction cycle confirms that the redox
reaction is partially associated and occurs only at the surfaces.
Thus, the reaction mechanism associated with the hydride
materials was a pseudo-process, and hence the rate of reaction
was also faster. Finally, the Co-Ni(OH), electrode performs at
enormous functionality with distinctive properties when
compared with the bare Ni(OH), electrode.

The galvanic charge-discharge process was conducted at
room temperature for both Ni(OH), and Co-Ni(OH), materials.
The operating voltage window range was fixed between 0 to 0.5V
to avoid over potential drop/higher polarization. The obtained
GCD profile showed a non-linear shape for both Ni(OH), and
Co-Ni(OH), as well correlated with the CV curve, and the
recorded GCD profile is shown in Fig. 7. Fig. 7a shows
a comparison of the GCD plot recorded at 1.5 A g~ *. It was noted
that Co-Ni(OH), showed a highly enhanced performance than
Ni(OH),. The observed results indicated the enhanced charge
storage behavior of the mixed metal hydroxides. Fig. 7b shows
the GCD profile of the sample Co-Ni(OH), tested at different
current density ranges from 1.5, 3, 6, and 9 A g~ * and indicates
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the moderate rate capability of the sample when compared with
the reported values.>**° The specific capacitance is calculated at
different current densities from GCD curves. Fig. 7c shows the
comparison of C; of both the electrode materials. The
composite material showed high specific capacitance at all
current densities than bare Ni(OH),. The specific capacitance is
calculated using the given formula: Cs = I x At/m x AV, where
Cs is the specific capacitance, I is the applied current, At is the
discharge time from GCD graph, m is the active material mass
and AV is the potential. It was noted that the maximum specific
capacitance is attained for the Co-Ni(OH), composite electrode.
The composite Co-Ni(OH), electrode illustrated a maximum
specific capacitance value of 1366 F g~ " at 1.5 A g~ ', and the
electrode retained almost 75% capacitance (907 F g~ ') at a high
current density of 9 A g~". In addition, the calculated areal
specific capacitance of the half cell is also plotted and is shown
in Fig. 7d. To elucidate the electrode performance in terms of
cycle life, the Co-Ni(OH), electrode was tested by a continuous
GCD curve at a current density of 5 A g~* (Fig. 8c). The deter-
mined cycle index for the electrode materials indicated excel-
lent stability. The cell was investigated up to 2000 cycles, and
the cell showed an excellent retention of 96.26%, as shown in
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Fig. 7 (a) GCD curves of Ni(OH), and Co—Ni(OH), composites measured at 1.5 A g~%, (b) GCD cycling profile of Co-Ni(OH), evaluated at
different current densities, (c) gravimetric (d) volumetric specific capacitance of Co—Ni(OH),, Ni(OH), electrodes at various current densities.
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Table 1 Method, electrode material, specific capacitance, cycle number, capacity retention comparison

(a) EIS spectra of Ni(OH), and Co—Ni(OH),, (b) cycle number vs. capacity retention% of Co—Ni(OH), (c) GCD cycling stability of Co—

Method/process Electrode material Specific capacitance Cycle number Capacity retention Reference
Microwave irradiation NiO-MnO,@rGO 596 F g’1 at 2000 83.2% 40
ternary hybrids scan rate 20 mV s~ "

Electrochemical deposition Pd-E-ErGO hybrids 15247 Fg ' at 2000 92.1% 40
scan rate 20 mV s~ "

Microwave irradiation Co30, intercalated hybrid — 10 000 55% 38

Microwave Fe;0,~ONCs@rGO — 120 540 42

Temperature PTh-g-rGO 230 Fg 'at 5000 100% 43

reduction and covalent scan rate of 1 mvV s*

crafting of rGO

Microwave assisted synthesis Pd-rGO, Pd-NrGO — — — 44

One pot microwave approach Fe;0,/rGO hybrids 455 Fg 'at 9500 91.4% 45
scan rate § mV s~ "

Microwave GW-MCO ternary hybrids 5627 Fg ' at 2000 92.3% 41
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scan rate 20 mV s~
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Fig. 8b and hence, the metal hydroxide performance is
profoundly revealed (Table 1).

To facilitate and estimate the resistive nature electrode
materials, the electrodes were subjected to the EIS analysis. The
EIS analysis of Ni(OH), and Co-Ni(OH), composite materials
were performed at the 100 Hz to 100 kHz frequency range at
10 mV applied amplitude. The Nyquist plot was used to explore
the behavior of solution resistance (Ry), faradaic charge transfer
resistance (R.), and the reaction mechanism associated with
the electrode materials. It was noted that there was a small
change in the R, value of the electrodes. It may be due to the
conductivity of the electrode materials (Fig. 8a: inset). One can
expect a semi-circular region, but the obtained semicircle is
incomplete; however, a linear spike was clearly observed at the
low-frequency region for Ni(OH),, whereas for Co-Ni(OH),,
a linear spike was not observed, which indicates a high diffu-
sion rate of the Co-Ni(OH), sample and is well correlated with
GCD results. The vertical line slope becomes abrupt due to the
presence of cobalt. The Co-Ni(OH), electrode revealed the
properties of small ohmic resistance and charge transfer resis-
tance when compared to other electrodes. The observed result is
due to electrolyte ionic diffusion rise and electrode material
ionic conductivity based on Ni/Co ratios. Hence, the pseudo-
capacity of Ni(Co)(OH), composites that were fabricated using
the hydrothermal method was explored. The Co-Ni(OH), hybrid
electrode exhibits about 30% higher specific capacitance
compared to the Ni(OH), electrode. The charge-discharge
performance at different current densities and for a long-time
cycling test has been studied. Overall, the hybrid material
exhibits advanced performance with application potentials.

4. Conclusions

A Ni-based mixed metal hydroxide composite was prepared, and
the as-prepared materials were subjected to various structural
studies such as XRD, Raman, FTIR, SEM, and XPS analysis. The
electrochemical charge storage properties were investigated.
Further, the obtained results were compared with those ob-
tained for bare Ni(OH),. Co-Ni(OH), samples showed high
specific capacitance (1366 F g~ ') than the bare Ni(OH), (1038 F
g~ 1). It was observed that the sample having Co in the structure
showed an excellent retention of 96.26% and excellent Ry and
R values when compared with the bare Ni(OH),. Thus, the as-
prepared Ni-based mixed-metal hydroxide composite electrode
has potential as a positive electrode in high energy aqueous
supercapacitor applications.
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