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ARTICLE INFO ABSTRACT

Keywords: In this research work, we report a novel method for developing ternary NiCo204 compounds using deep eutectic

NiCo204 solvents (DESs) and a strategy for improving their pseudocapacitive performance. NiCo204 composites with N-

lgCNTs . doped carbon nanotubes (NCNTs) were fabricated on Ni foam using a hydrothermal method. The electrochemical
omposite

performance of the NiCo04 was altered with the change in the reaction temperature. The composite of NiCo204
and NCNTs demonstrated a maximum value of specific capacity of 303 mAh g~! at a scan rate of 5 mV s~ 1. The
specific capacity for the composite compound was 1.3-fold greater than that of the pristine NiCo204 sample. For
practical applications, we constructed a flexible solid-state hybrid supercapacitor comprised of NiCo204/
NCNTs//activated carbon (AC) cells with an excellent energy density of 12.31 Wh kg™!, outstanding power
density of 8.96 kW kg™, and tremendous electrode stability. The three-dimensional mesoporous nanoflowers
and nanotubes-like nanostructures of NiCo04 are well-suited for use in hybrid devices as well as convenient for

Deep eutectic solvents
Hydrothermal method
Hybrid supercapacitor

flexible electronic devices.

1. Introduction

Supercapacitors are actively being investigated by researchers for
extended commercial use due to the increasing demand for energy
storage devices in smart-grid digital electronic gadgets [1]. However,
supercapacitors are currently limited by their low energy density
compared to Li-ion batteries. Therefore, improving the energy density is
the fundamental goal of current supercapacitor research. To this end,
many attempts have been made to develop highly efficient super-
capacitive materials such as metal oxides, chalcogenides, polymers,
polyoxometalates, metal-organic frameworks, Mxene, and siloxene [2,
3]. The combination of two different metals to form bimetallic oxides is
also an efficient approach to enhance the electrochemical performance
of supercapacitors compared to bare metal oxides [1,4].

Recently, various binary and ternary metal oxides have been
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synthesized for supercapacitor applications including MnCo0204,
FeC0204, CoFey04, ZnFey04, and ZnCoy04, NiCo2S4, NiCosSey etc.
Among them, the NiCo304 is widely used as a supercapacitor electrode
because of its various properties like good electrical conductivity,
excellent redox activity, long-term stability, environmental nontoxic,
easily available on the earth, and simple preparation [5]. Interestingly,
NiCo,04 has been utilized for various applications in several research
fields such as supercapacitors, Li-ion batteries, water splitting, solar
cells, oxygen reduction, hydrogen evolution, and electrocatalysts [1,3].
Recently, many researchers focus on the ternary NiCo04 nano-
compounds with various nanostructures for supercapacitor applications.
Because, it offers good electrical conductivity and better electrochemical
performance, faster redox reaction, multivalence states of Nid*/Ni%*
and Co®"/Co?*, good cycling stability as compared to the binary NiO
and Co304 [3].
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Scheme 1. Schematic presentation of experimental setup of DES method.

There are numerous literature reports on NiCo,04 with various
structural and morphological modifications for supercapacitor applica-
tion. Saraf et al. [6] developed porous nanorods like NiCo,0O4 for
multifunctional applications that demonstrated significant electro-
chemical performance with a specific capacity of 163 mAh g~! and 92 %
capacity retention. Further, Gu et al. [7] designed 3D nanowires like
nanostructures of NiCoy04@NiMoO4 nanocomposites for super-
capacitor applications that showed the specific capacity of 207 mAh g~
at a current density of 10 mA cm 2 In addition, Kumar et al. [8] pre-
pared the nanoflakes likes Ni/Co oxide-carbon composite thin films
using a SILAR method at different carbon contents. This electrode
demonstrated a specific capacity of 201 mAh g~ with an excellent cyclic
performance of 92 % after 8000 cycles. Xu et al. [9] have synthesized
N-doped carbon coated on NiCoy04 nanowires array (NiCoz04@NC)
directly grown on Ni-foam for the supercapacitor application. The
NiC0204@NC exhibited an improved specific capacity of 214 mAh g~!
which was further utilized as a positive electrode for the fabrication of
hybrid supercapacitor. Xu et al. [10] have reported hydrothermal route
for the synthesis of NiCo204//AC composite for supercapacitor appli-
cation. The NiCo,04 composite exhibited nanoplates-like morphology
with a diameter of 0.5-1 pm which was further coated with AC layer of
around 20 nm thickness. The NiCo204//AC composite electrode showed
maximum specific capacity of 38 mAh g~! with an excellent cyclic sta-
bility of 96 % after 3000 cycles. Many other morphological de-
velopments have been reported by Dubal et al. [5], such as nanowire,
nanosheet@nanowire core-shell, nanorods, nanoflowers, microspheres,
nanoneedles, 2D-nanosheets, nanowire@nanoplate core-shell, nano-
particles, nanotubes, urchin-like, and using different chemical routes.
However, to the best of our information, there are no reports on the
ternary NiCo04 thin films using DESs with effects of reaction temper-
atures. After successful formation of the pure ternary NiCo04, we sys-
temically designed a novel experimental setup for compositing the
N-doped CNTs and NiCo304 via hydrothermal and DES methods. The
optimized NiCo304/NCNTs//AC electrode has been considered for its
supercapacitor and hybrid asymmetric devices applications.

In the previous study, we observed that there are no reports on
ternary NiCo04 synthesized using the DES method for the super-
capacitor applications. Therefore, we planned to synthesize a ternary
NiCo,04 compound using a cost-effective and simple DES method. The
DES method is very effective than other physical and chemical methods
because this method is operated very easily and simply, besides, there is
no need for special instruments and no loss of chemicals during the
experiment, indicating no environmental pollution produced from this
method. Also, the DES method provided many advantages comparing to
the other physical and chemical methods, including high conductivity,
high thermal stability and low viscosity and pressure [11-13]. The DES
method offers unique and typical surface morphologies with highly
porous nanostructures, these highly porous nanostructures are useful for
supercapacitor application because this type of surface morphology
provides a higher surface area and easy path to electronic transport.

This manuscript is divided into three parts; the first part describes a

strategic development of nanoneedles, nanoflowers, nanoflakes and
nanoclusters like surface morphologies of the ternary NiCoyO4 at
different reaction temperatures [14]. The second part depicts the
preparation of nitrogen-doped CNTs via the hydrothermal method, and
its characterization, furthermore the last and main part focuses on
optimization of NiCo204/NCNTs composite electrode for hybrid super-
capacitor fabrication. The prepared NiCo,04 was analyzed using several
measurement techniques to identify its structural, morphological, and
surface properties. Electrodes created with the as-prepared NiCo04
were systematically evaluated in 3 M KOH. Finally, we demonstrated the
practical feasibility of the NiCo304/NCNTs electrodes by fabricating
hybrid supercapacitor devices using AC as a negative electrode. The
performance of the hybrid supercapacitor NiCo204/NCNTs//AC device
was evaluated using different electrochemical tests.

2. Experimental
2.1. Materials

Analytical grade chemicals such as choline chloride, urea, nickel
nitrate hexahydrate Ni(NO3)2.6H20, and cobalt nitrate hexahydrate (Co
(NO3)2).6H20 were purchased from Sigma Aldrich and used directly
without further purification.

2.2. Preparation of deep eutectic solvent (DES)

Choline chloride and urea were added to a flask at a molar ratio of
1:2 and the mixture was constantly stirred at 60 °C. After some time, the
entire solid mixture changed to a transparent liquid. The reaction was
maintained for 1 h to ensure a stable liquid mixture of choline chloride/
urea-based DES. The DES was transferred to an air-tight container and
used as a solvent for further reactions.

2.3. Synthesis of NiCo204

2.5 g of Ni(NO3)2.6H50 and 5 g of Co(NO3),.6H20 were successively
dissolved in 20 mL of deionized water (DI). Sequentially, 20 mL of the
choline chloride/urea-based DES was slowly added to the above solution
with constant stirring at 300 rpm. The four-reaction baths were kept at
room temperature (298 K) for 12 h. Finally, a light pink slurry of DES
containing NiCoy04 was obtained. The solution was filtered using vac-
uum filtration and the product was rinsed with a large amount of water.
The filtered NiCo204 product was dried further at 80 °C in a vacuum
oven for 12 h to remove all the DES content in the product. The same
reaction procedure was performed at bath temperatures of 323, 348, and
373 K. The synthesized powder was used for the preparation of thin films
on Ni foam using the screen-printing method and further analyses were
performed. After the assembly of NiCo204 thin films with a homogenous
coating, different samples were screen printed on Ni foam. The prepared
NiCo,04 samples dried naturally and were further annealed at 100 °C for
6 h to evaporate the hydroxide and polyvinyl alcohol (PVA) binder
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content. The active mass was constant for the four electrodes; a mass of
0.27 mg cm 2 was coated on the Ni foam. Henceforth, the samples will
be denoted as NC1, NC2, NC3, and NC4 prepared at 298, 323, 348, and
373 K, respectively. The simplicity of the experimental setup of the DES
methods shown in Scheme 1.

2.4. Synthesis of N-doped CNTs using the hydrothermal method

Hollow fixable nanotube-like NCNTs were synthesized using the
hydrothermal method. 0.01 g of CNTs were dispersed in 100 mL of DI
water with continuous stirring. The solution was kept under ultra-
sonication using a probe sonicator for 45 min at 75 Hz. To the above
solution, 1 g of urea and 16 mL of ammonia solution were added drop-
wise. The solution was placed in a 250 mL Teflon-lined autoclave and
kept at 180 "C for 6 h to achieve the deposition of NCNTs on the Ni foam
[15,16]. Then, the autoclave was cooled naturally to room temperature
and the NCNTs-coated Ni foam was cleaned several times with double
distilled water to remove loosely deposited particles. Afterward, the
NCNTs-coated Ni foam was used to create a composite with the opti-
mized as-prepared NC2 for further analysis.
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2.5. Synthesis of NiCo204 and NCNTs composite thin films using screen
printing method

To prepare NC2/NCNTs composite thin films, we used the NCNTs-
coated Ni foam as a base and created a composite with the optimized
NC2 samples using screen printing [17]. Further details of the
screen-printing method and final preparation of the sample are given in
section 2.3. This synthesized composite was designated as NC2/NCNTs
and used for further structural, morphological, and electrochemical
studies.

2.6. Characterization

The structures of the as-prepared and composite nanomaterials were
confirmed using powder X-ray diffraction (XRD, Bruker D8 Advanced).
Raman spectroscopy (Jobin-Yvon LabRam-HR) and Fourier-transform
infrared spectroscopy (FT-IR, Nicolet 6700) were used to examine the
relationships between the vibrational modes and chemical composition,
respectively. X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical composition and elemental information
(ULVAC-PHI Quantera SXM). The surface morphology of the as-
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Fig. 1. (a) XRD patterns of NC1, NC2, NC3, NC4, NCNTs, and composite of NC2/NCNTs samples, (b) XPS survey scan spectrum of optimized NC2 and composite of
NC2/NCNTs samples, (c-g) Core level of Ni 2p, Co 2p, Ols, Cls, and N1s of NC2/NCNTs sample, respectively, (h) FT-IR spectra of the NC1, NC2, NC3, and NC4

samples, and (i) Raman spectra of the NC1, NC2, NC3, and NC4 samples.

31652



S.K. Shinde et al.

prepared and composite samples was studied using field emission
scanning electron microscopy (FE-SEM; JEOL JSM-7100) and high-
resolution transmission electron microscopy (HR-TEM; JEOL JEM-
2100). The supercapacitor properties were investigated using a three-
electrode system with the as-prepared and composite electrodes, Pt,
and Ag/AgCl as the working, counter, and reference electrodes,
respectively. Electrochemical analyses consisting of cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were carried out on a Versa STAT 3 ma-
chine in 3 M KOH. The electrochemical tests for CV and GCD were
performed at scan rates and current densities of 5-100 mV s+ and 10-30
mA cm 2, respectively. The EIS studies were performed within the fre-
quency range of 0.1-100 kHz [18].

2.7. Fabrication of flexible solid-state hybrid (SSHSc) supercapacitors

2.7.1. Preparation of PVA-KOH solid gel-like electrolyte

Firstly, we dissolved 2 g PVA in 25 mL double distilled water with
continuous stirring at 60 "C for 2 h. Afterward, 2 g KOH was dissolved in
10 mL double distilled water and added dropwise to the PVA solution
with a 5 min interval between drops under continuous stirring. After 12
h, the PVA and KOH solution was fully transformed into a whitish
transparent gel [18].

2.7.2. Assembly of SSHSc

Two-electrode flexible hybrid supercapacitor pouch cells were
fabricated with the NiCO204/NCNTs composite as the positive electrode
and commercial AC as the negative electrode. The prepared PVA/KOH
gel and printing paper were used as a solid-state electrolyte and sepa-
rator, respectively. The CV, GCD, and EIS were performed using the
same workstation and the electrochemical parameters were calculated
[18]. The specific capacity (Cs) of the NiCo204 electrodes was calculated
with the formulae below for the CV curves and charge-discharge curves
[18];

1 7fl(V)dV
CimAhg™") = my X 3.6 [1]
legy =LY 2
L[ vdr
C;(mAhg™") = VX 38 [3]

The specific energy and power were calculated using the following
equations [18].

1 vdt
L
C(Fg)="1a [4]
ifi -1y 2
Specific Energy (SE) (Wh kg )—2 ” 3.6CV [5]
SE x 3600
Specific Power (SP) (W kg™') :XTi [6]
d

3. Results and discussion
3.1. Reaction mechanism

The reaction kinetics for the synthesis of NiCoy04 were determined
with the following steps. The heated DES mixture released ammonia
from urea as depicted in the following reaction.

CO(NH,),—~NH; + HCNO [71

Further, the added Ni(NO3), and Co(NH3), directly reacted with the
ammonia due to the anhydrous DES solution, leading to the formation of
Ni and Co ammonium nitrate.
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Ni(NO»), + NH3;—Ni(NH3)(NO3), [8]

Co(NOs), + NH;—Co(NH3)(NOs), 1 [9]

The addition of water helped create a suitable reaction environment
for the Ni and Co ammonium nitrate to form NiCo04 as depicted in the
reaction below:

Ni(NH3)(NOs), + 2Co(NH3)(NOs), + 4H,0—NiCo,0, + 6HNO; + 3NH;
+ Hy?
[10]

During the reaction, the NiCo,04 nanoparticles aggregated in the
form of nanoneedles, nanoflowers, nanoflakes, and clustered nanoflakes
at different reaction temperatures.

3.2. X-ray diffraction (XRD) study

XRD was used to confirm the crystal structure, phase, and effect of
the reaction temperature on the structural properties. Fig. 1(a) presents
the XRD patterns of the NiCoy04 samples prepared at various temper-
atures using DES and the optimized NCNTs sample composite with NC2
on Ni foam (NC2/NCNTs). All NiCoy04 samples were well-matched to
the standard JCPDS card number (00-020-0781), indicating the forma-
tion of a cubic crystal structure. All XRD patterns showed the prepared
NiCo,04 samples were in a highly pure phase and no other binary phase
or impurities were identified. As the preparation temperature was
increased to 298 K, additional diffraction peaks appeared on the main
diffraction peaks for the stable ternary phase of NiCo204. From the XRD
results, four major peaks were observed at 26 of 38.32, 44.52, 64.05, and
78.11°, related to the (222), (400), (440), and (531) crystalline planes,
respectively. All of the above peaks were in agreement with the JCPDS
card, indicating a pure ternary NiCo04 phase was formed in all samples
[19]. The NCNTs show the XRD patterns for the NCNTs developed with
the hydrothermal method. The comparison of the NC1-NC4, NCNTs, and
NC2/NCNTs composite shows the both materials are presented in good
order. The diffraction peaks at 38.32, 44.52, 64.05, and 78.1 1“, corre-
sponded to the NiCo,04 phase and the peaks at 25.91° were related to
the NCNTs. This indicates that both NiCo;04 and N-doped CNTs were
present in the prepared composite. These results were in good agree-
ment with the previously reported work [20,21].

3.3. X-ray photoelectron spectroscopy study

XPS analysis was performed for a detailed assessment of the elec-
tronic valence and chemical state of the optimized NC2 and composite
NC2/NCNTs samples. Fig. 1(b) shows the survey spectra for NC2 and
NC2/NCNTs samples [22]. Peaks correspond to Ni, Co, and O appeared
in the spectrum of NC2, and peaks related to Ni, Co, O, C, and N
appeared in the spectrum of the NC2/NCNTSs composite, as expected.
The core levels of Ni 2p, Co 2p O1s, Cls, and N 1s are presented in Fig. 1
(c-g). At the Ni 2p core level, two main peaks observed at the binding
energies of 855.45 and 873.34 eV were attributed to Ni 2ps,; and Ni
2p1,2, respectively, corresponding to the Ni®* species [23]. Two more
peaks were positioned at 861.26 and 879.85 eV, which were related to
the satellite peaks of the Ni 2p species (As shown in Fig. 1(c)), [24]. The
peak at 780.63 and 797.210 eV corresponded to Co 2p3,5 and Co 2p1 /2,
while the peak at 786.32 eV was ascribed to the satellite peak for the
Co?t species, as shown in Fig. 1(d) [25]. Fig. 1(e) shows the core level of
the O 1s spectrum for the composite NC2/NCNTs material. The core
level shows the three main peaks at 530.85, 531.81, and 532.69 eV,
which correspond to the typical metal—O, and the water defect sites in
0,, respectively, confirming the presence of rich defect sites on the
surface of the NC2/NCNTs [24-28]. Upon closer observation of Fig. 1(e),
the main peak for the Ols at the binding energy of 531.81 eV was
ascribed to the metal—oxygen bonds in the NC2/NCNTs [25-28]. Fig. 1
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Fig. 2. (a-h) FE-SEM of as-prepared NC1, NC2, NC3, and NC4 samples with different magnifications, respectively.

(f) and (g) presents the core level of the Cls and N1s spectrum for the effectively doped in the final NC2/NCNTs product. The peaks located at
NC2/NCNTs, respectively. The peaks located at the binding energies of 399.27 and 401.44 eV are related to the pyridinic/pyrrolic, and
284.13, 284.55, and 286.39 eV correspond to the C-O-C, C-C, and C-O graphitic state of nitrogen [28,30]. The XPS survey and core-level
bonds, respectively [28,29]. The N1s core level shows that nitrogen was spectrum show that the Ni, Co, O, C and N elements were present,
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Scheme 2. Growth mechanism of NiCo,04 thin films prepared from DES method.

suggesting that the synthesized sample is pure, which was also
confirmed by EDS analysis.

3.4. FT-IR and Raman spectroscopy study

FT-IR analysis was used to study the effect of the reaction tempera-
tures on the functional group and stretching vibrational modes of
NiCo,04. Fig. 1(h) presents the FT-IR spectrum of the NiCoy04 nano-
material prepared at different reaction temperatures. The main sharp
peaks located at 523-688 cm ™! were assigned to the octahedral site for
the Co-O and Ni-O stretching vibrational modes and demonstrated the
vibrational bands of Ni and Co oxide appeared in all samples of NiCo204
[19,31]. Four other peaks were located at 1495, 1639, 2217, and 3507
em ™}, corresponding to the stretching vibration modes of the C—=C, CHa,
and O-H groups. At a temperature of 373 K, the peaks located at 2217
and 3507 cm™}, showing that the peak intensity decreased. From the
FT-IR studies, we observed that the peak absorption intensity changed
depending on the bath temperature as well as the surface morphology
and functional groups present in the prepared samples [32]. Fig. 1(i)
presents the Raman spectrum for NiCo304 prepared at different reaction
temperatures in the range of 0-3000 cm ™. In the Raman spectrum, three
main absorption peaks were observed at 438.45, 474.52, and 693.34
cm ! related to the three different modes Eg, Fag, and A1 [33]. These Eg,
Fag, and A;g modes corresponded to the NiCo,04 vibrational modes,
indicating that the prepared NiCo204 was highly pure. Two more ab-
sorption peaks were located at 1461.62 and 1520 em ™}, corresponding
to the D and G absorption bands of graphene [34-37].

3.5. Surface morphology study

FE-SEM was used to study the surface morphologies of the as-
prepared NiCo,04 with different reaction temperatures. Fig. 2(a-h)

presents the FE-SEM images of the NiCo,04 samples with different
magnifications. From the FE-SEM results, we observed that the surface
morphology of NiCop04 samples alters from nanoneedles to nano-
clusters of the nanoflakes as the reaction temperature increased. The
surface morphology of the NiCo,04 sample prepared at room tempera-
ture (298 K) shows the horizontal growth of the nanoneedles-like sur-
face formed with an individual length 300-350 nm and a thickness of 20-
30 nm (as shown in Fig. 2 (a, b)). At high magnification (Fig. 2 (b)), the
FE-SEM image showed that all the conical nanoneedles were deposited
in a horizontal direction on the surface of the NiCo;04 sample [37,38].
As the reaction temperature increased to 323 K, the surface morphology
is developed from nanoneedles to the typical flower-like surface
morphology of the NiCoy04 sample. At high magnification (Fig. 2(d)),
the FE-SEM image clearly shows alteration in the growth direction from
horizontally deposited nanoneedles to the vertical growth of the nano-
flakes like the NiCoy04 sample. It may be due to the reduction of the
surface energy with increasing reaction temperature from 298 to 323 K.
The thickness and length of the uniform and interconnected nanoflakes
are 100-120 and 10-20 nm as clearly seen in Fig. 2(d). The marked area
shows the individual hexagonal nanoflakes are highly porous. This type
of surface morphology provides higher porosity and specific surface area
[37,38], which are more beneficial for energy storage applications
because the porous surface area is useful for the ion/electron trans-
formation during electrochemical testing [35-38]. Further, with
increased reaction temperature to 348 K, the nanoflowers were con-
verted into interconnected nanoflakes-like surface morphology, which
may be the nucleation rate higher than the growth rate (Fig. 2 (e, f))
[14]. FE-SEM results of the NC3 samples clearly show that the surface of
morphology was fully covered with highly compact, aggregated, and
interconnected nanoflakes-like chains of nanoflowers [36]. The di-
ameters of typical nanoflowers were around 400-500 nm, with an in-
dividual thickness of nanoflakes 15-20 nm and a chain length of around
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Fig. 3. (a-e) TEM images, (f-h) elemental mapping, and (i) EDS of optimized NC2 sample, inset shows the SEAD patterns of NC2 sample.

1-1.5 pm. Compact nanostructures are poorly suitable for supercapacitor
applications because they provided slower ion/electron transformation
during electrochemical testing [35-37]. To obtain more detailed infor-
mation about the surface morphology and confirm the effect of the
higher temperature on the surface morphology, we further increased the
temperature to 373 K. The significant changes were observed in the
surface morphology at a higher temperature (Fig. 2 (g, h)). The FE-SEM
results clearly show the overgrowth formed on the surface of the
NiCo,04 sample, because of the fast rate of nucleation and low devel-
opment of the growth, and which indicates the reduction of the surface
energy of the material [36-38].

We have presented a possible growth formation mechanism for
different nanostructures as shown in Scheme 2. The preparation of
nanomaterial depends on the development of a solid phase from the
supersaturated solution of the Ni, and Co ions. In this procedure, four
main steps are involved such as aggregation, nucleation, coalescence
and growth of nanomaterials. In the first step, a heterogeneous reaction
formed and bunches of the nanomaterials are formed and in the second
step the aggregation of the particles formed on the center of nucleation
of the nanomaterials. The third and last steps are related to the coales-
cence and growth of nanostructure, respectively. In the coalescence
process, nanoparticles are aggregated to each other and started the
formation of the nanostructures. Finally, in the fourth step, the growth
of nanostructures developed on the surface of nanomaterials. This
growth of nanomaterials depends on the ion-by-ion mechanism, which is
related to the ion-by-ion formation of the nanostructure on the surfaces
of the nanomaterials [14]. Fig. 2 and Scheme 2 indicate the deposition
temperature is useful for the development of the different surface

morphology.

TEM, elemental mapping, EDS, and SAED were used to obtain more
information on the surface morphology, composition, and elemental
mapping of the optimized NC2 samples. Fig. 3(a-e) presents the TEM
images of the NC2 sample, which indicates the interconnected chain of
numerous flowers over the surface of the carbon grids (shown in Fig. 3
(a)) [33,38]. At a higher magnification, the top view of a rose flower-like
surface is noticeable (shown in Fig. 3(b)). The TEM results clearly shows
the number of interconnected highly mesoporous nanoplates that grow
in the vertical direction with a regular shape and an average length and
thickness of 100-150 nm and 5-10 nm, respectively. The lower thickness
and highly porous nanoplates are more useful for supercapacitor
application, because this type of surface morphology provides a large
electroactive area, making easy contact between the electrolyte and
electrode interface [33]. The elemental mapping of the optimized NC2
sample shows the uniform distribution of the Ni, Co and O elements,
which indicates the formation of the pure ternary NiCo;O4 nano-
compounds (Fig. 3(f-h)). The inset of Fig. 3(i) presents SAED pattern of
the optimized NC2 and clearly shows the three major rings. In the SAED
pattern, the lattice planes are indexed to (222), (400), and (440), which
confirm the polycrystalline nature of the nanoplates-like NiCoy04
[39-43]. EDS was used to confirm the chemical composition of the
optimized NC2 sample and presented in Fig. 3(i). The EDS results
confirm the presence of Ni, Co, and O in the optimized NC2 sample with
atomic weight percentages of about 29.5, 27.81, and 42.69, respec-
tively. The TEM, mapping, and EDS results indicate the formation of a
highly pure phase of NiCo04 [20].

We developed a new technique to improve the electrical properties of
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Fig. 4. (a, b) FE-SEM images, inset shows the cross section of the NC2/NCNTs sample, (c-f) TEM images of the NC2/NCNTs sample, (g-k) elemental mapping of the
Ni, Co, O, C and N elements, and (1) EDS of optimized composite NC2/NCNTs sample, inset shows the SEAD patterns of NC2/NCNTs sample.

the NiCo204 electrodes. NCNTs samples were prepared using the hy-
drothermal method and composites with the optimized NC2 sample. FE-
SEM was used to observe the surface morphologies of the as-prepared
NCNTs and composite of the NC2/NCNTs with different magnifica-
tion. The FE-SEM images for the composite materials are shown in Fig. 4
(a and b), respectively. To understand the construction of the composite,
we evaluated the cross-sections of the composite samples (Fig. 4(a)) and
observed the nanoflakes layer of NiCo,04 deposited on the nanotubes of
the NCNTSs. The cross-section views of the composites showed that the
nanotubes layers and nanoflakes were interconnected and distributed
across each other. The FE-SEM represented the formation of the uniform
formation of the nanoflower-like surface morphology on the surface of
the composite materials with the individual length and thickness of the
nanosheet of 500-600 nm and a 50-60 nm [44,45]. The TEM images of
NC2/NCNTs composite displays both nanoflowers- and nanotube-like
nanostructures are observed, indicating that both compounds were
well ordered deposited on the Ni foam (shown in Fig. 4(c-f)). At higher

magnification of the TEM images (Fig. 4(e)), we observed that the
mesoporous nanoflakes were fully grown on the nanotubes. This type of
hybrid surface morphology is suitable for improving electrochemical
performance because it provides an easy and faster path for ion-electron
transformation from the surface of electrode and electrolyte [46,47].
The homogeneous distribution and formation of Ni, Co, O, C and N el-
ements are observed in the elemental mapping (Fig. 4(g-k)). SAED
patterns also provide information on the crystal structure (inset of Fig. 4
(1)). The SAED patterns depicted four diffraction rings, out of these
(222), (400), and (440) planes correspond to NiCoy04 nanomaterial and
one diffraction ring indexed to (002) plane attributes to the N-doped
CNTs, which confirmed the polycrystalline nature with a hybrid phase of
the NiCo204 and N-doped CNTs material. The SAED patterns matched in
good order to the XRD and XPS results. Fig. 4(1) shows the EDS of
NC2/NCNTs composite, shown the presence of Ni, Co, O, N and C ele-
ments, which indicates the formation of the NC2/NCNTs composite. The
EDS of the NC2/NCNTs showed atomic percentage of Ni, Co, O, N and C
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Fig. 5. (a, b) FE-SEM images with different magnification, inset shows the cross section, (c-g) TEM images with different magnifications, (h, i) elemental mapping of

C and N elements, (j) SEAD patterns and (k) EDS of the NCNTs samples.

for about 24.45, 21.65, 19.82, 25.69, and 8.46% on the samples. The
EDS and elemental mapping analysis confirmed the formation of both
NiCo204 and N-doped CNT compounds in the NC2/NCNTs composite.
Fig. 5(a-k) shows the FE-SEM, TEM, elemental mapping and EDS
images of NCNTs thin films prepared on Ni foam using the hydrothermal
method. The FE-SEM results clearly show that all surfaces of the Ni foam
were uniformly covered in nanotube-like nanostructures with diameters
of around 50-60 nm (as shown in Fig. 5 (a, b)) [48,49]. At higher
magnifications, FE-SEM images shows the all nanotubes are inter-
connected with each other and both ends of the nanotube are open,
which is more suitable for the supercapacitor applications because
tube-like nanostructures provided higher active surface area, faster
transformation of ions, fast faradaic reactions. Fig. 5(c-g) shows the TEM
images of the NCNTs with different magnification. The lower magnifi-
cation TEM images show the nanotubes were more flexible and
open-ended with a porous nanostructure (Fig. 5 (¢, d)). However, at
higher magnification, we observed that both ends of the nanotubes were
open and the nanotubes were distributed in two regions: the outer layer
and the inner hollow cylindrical layer (as shown in Fig. 5(e-g)). The
thickness of the outer layer was very low, and the inner diameters of the
cylindrical nanotubes were 19 nm and 7 nm, respectively. The elemental
mapping of the N-doped CNTs samples shows the uniform distribution of

C and N elements on the surface of nanotubes (Fig. 5 (h, i)), which in-
dicates the presence of C and N elements in NCNTs sample. The SAED
patterns of the NCNTs shows the diffraction ring of the (002) plane,
which is related to the carbon nanotube (Fig. 5 (j)). Fig. 5 (k) presents
the EDS results of the N-doped NCNTs samples. EDS results showed
uniform distributions with atomic percentage of carbon and nitrogen of
98% and 2%, respectively. The EDS and elemental mapping results are
well matched.

3.6. BET analysis

The specific surface area, pore size distributions, and pore volume
are important parameters to improve the electrochemical performance
of NiCo204. Fig. 6(a-d) represents the Ny adsorption/desorption
isotherm of NC1, NC2, NC3 and NC4 samples prepared at different re-
action temperatures, respectively. All BET curves of NiCo204 samples
show the type 4 adsorption/desorption isotherm with H3 hysteresis
loops, which could be related to the mesoporous nanoflakes like
NiCo,04 nanoflowers. The pore size distributions of NC1, NC2, NC3 and
NC4 samples are shown in the inset of Fig. 6(a-d). All pore size distri-
butions curves show the pore size ranges from 2 to 5 nm, suggesting the
mesoporous nature of all prepared samples. These results indicate
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Fig. 6. (a-d) BET results of NC1, NC2, NC3, and NC4 samples, insets shows the pore size distributions of samples.

different pore volumes with the same pore diameter and mesoporous,
which may be due to the different surface morphology. The BET surface
areas for nanoneedles, nanoflowers, nanoflakes and nanoclusters are
22.66, 82.33, 43.46, and 16.60 m? g’l, respectively. These results
indicate of NC2 provided a higher specific surface area compared to the
other NiCoy04 samples, because highly porous and vertically grown
nanoflakes provided a more specific surface area. These types of nano-
structures and lower pore diameter of samples are more useful for the
supercapacitor application because it provides higher specific surface
area and easy path for ion transformation. Moreover, BET results indi-
cate the surface area of NC3 and NC4 samples decreases with increased
reaction temperature, which is the main reason for the decrease in the
electrochemical performance of NiCoy04 electrodes. Previously, similar
reports are available [14]. This BET analysis strongly supports to the
surface morphologically analysis.

3.7. Electrochemical study

The electrochemical properties of the NiCoy04 electrodes synthe-
sized at different reaction temperatures were analyzed in a three-
electrode system with a potential window of 0.0-0.5 V using 3 M
KOH. Figs. 7(a) and S1 (a-c) present the CV curves for the NiCoo04
electrodes at different scan rates from 5 to 100 mV s~ within a potential
window of 0.0-0.5 V. The CV curves for the NC1, NC2, NC3, and NC4
electrodes show current densities of 63.86, 94.29, 73.61, and 28.19 mA
cm 2 within a unit area at a scan rate of 100 mV s~ . Therefore, the NC2
electrode had the highest current density compared to the other three
electrodes, possibly because the nanoflakes-like nanostructure provided

a larger specific surface area [50]. The CV curves clearly showed strong
redox peaks at 0.13 and 0.33 V potential values due to reversible
Faradaic redox reactions [51,52]. Moreover, we observed that the re-
action temperature affected the nature of the CV curves. Reaction tem-
peratures of 298 and 323 K were quite similar, with only a difference in
the current. We observed similar results for the surface morphology.
During the electrochemical test, the following reaction occurred be-
tween the NiCoy04 electrodes and KOH electrolytes, in accordance with
the Faradaic reactions [51].

NiC0,0,+ H,0 + OH™ <> NiOOH + 2CoOOH + e~ [11]

CoOOH + OH™ < Co0O, + H,O + e~ [12]

Furthermore, the current density increased as the scan rates
increased, and the peak position of oxidation was higher (0.30-0.35 V)
and the reduction peak shifted to the lower potential window (0.17-0.13
V). Fig. S1(d) shows the specific capacity of the NC1, NC2, NC3, and NC4
electrodes with different scan rates. The specific capacity values for the
NC1, NC2, NC3, and NC4 electrodes were 119, 237, 189, and 101 mAh
g~ !, respectively, which indicates NG2 electrode showing the highest
specific capacity. The mesoporous interconnected nanoflakes-like sur-
face provides a more specific surface area and the lower pore diameter of
the vertically grown hexagonal nanoflakes structure leads to its highest
specific capacity. The other NiCo204 samples shows specific capacity
values reduced as compared to NC2 samples attributed to low specific
surface area and pore diameters, which may be due to compact nano-
structures. These compact like surface is not suitable for the ion ex-
change or ion transfer during the electrochemical process. These BET
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Fig. 7. (a-c) CV measurements of NC2, NCNTs, and NC2/NCNTs composite, respectively, (d) specific capacity of NC2, NCNTs, and NC2/NCNTs composite with
different scan rates, (e) log of peak current as a function of the log of scan rate, (f) total charge QUOTE as a function of reciprocal square root of scan rate,
contribution from QUOTE and QUOTE to the QUOTE stored at different scan rates for (g) NC2 and (h) NC2/NCNTs electrodes, (i) cycling stability of the NC2/NCNTs

electrodes at 5000 cycles, respectively.

and surface morphological analyses strongly support the electro-
chemical study [14,34,53].

After optimizing the specific capacity of the NC1, NC2, NC3, and NC4
electrodes, we systemically developed a strategy to improve the elec-
trochemical performance within the composite of NCNTs electrodes
prepared on Ni foam. Fig. 7(a-c) shows the CV curves for the NC2,
NCNTs, and NC2/NCNTs composite electrodes with various scan rates.
Fig. 7 (b, c) presents the CV measurements for the NCNTs and NC2/
NCNTs composites at potential windows of —0.2-0.7 V and —0.1-0.6 V,
respectively, with different scan rates of 5-100 mV s As expected, the
CV curves for the NC2/NCNTs composite electrode (shown in Fig. 7(c))
showed the highest current density. This composite will be most effec-
tive at improving the electrochemical properties of supercapacitors
[54]. Fig. 7(d) shows the specific capacity for NC2, NC2/NCNTs, and the
NCNTs composite for the various scan rates in the range of 5-100 mV
sL. The specific capacity of the composite electrode was 303 mAh g~ at
5 mV sfl, which was 1.3-fold higher than that of the pristine NiCo204
electrodes (as shown in Fig. S1(d)). This enhancement in electro-
chemical properties can be ascribed to the positive synergistic effects
between NiCo04 and NCNTs nanomaterials. Firstly, highly porous
NiCo,04 nanoflakes are decorated on the porous 1D hallow nanotubes
structures. Secondly, vertically grown NiCoy04 nanoflakes and NCNTs
nanotubes provided maximum surface area, which is more effective for
easy ion transportation. Third and last, interconnected-like network of
the nanoflakes and nanotubes hybrid nanostructures indicates, this type

of surface provided the higher electrically conductive as well as lower
contact resistance, which is useful for faster redox reactions and faster
ion exchange process [55,56]. Such hybrid surface morphology pro-
vided a maximum specific surface area because 1D hallow nanotubes
and 3D nanoflakes are individually activated in the electrochemical
reaction [57]. The mechanism of charge storage within the NC2 elec-
trode was scrutinized using the CV curves. The charge-scan rate relation
according to the power-law can be written as follows.

I=a’ [13]

In which, ‘a’ and ‘b’ are the adjustable parameters having the definite
condition. The b value can be estimated by plotting log(I) against log(v)
depicted in Fig. 7(e). It reveals b = 0.60 for NC2 electrode whereas b =
0.85 for NC2/NCNTs composite electrode denoting contribution of
diffusion and capacitive controlled processes. The contribution from the
total charge (Q) stored by the electrode can be further quantified by
assuming that the current response at the fixed potential is the combi-
nation of capacitive contribution (Qs) and diffusion-controlled process

Qo).
Q/ = Qs + Qd [14]

Considering the semi-infinite linear diffusion, Qs contribution was
calculated by plotting a total charge (Qy) to the reciprocal square root of
the scan rate (Fig. 7(f)) as per the following equation.
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Q=04+ cv®

The total charge contribution that arises from the capacitive-
dominated and diffusion-controlled mechanism occurred on the sur-
face of the electrode is depicted separately in Fig. 7(g) and (h) for NC2
and NC2/NCNTs composite electrodes, respectively. It reveals nearly 70
% and 79 % of charges are contributed by the diffusion-controlled

[15]

processes for NC2 and NC2/NCNTs electrodes at lower scan rate.
Fig. 7(i) shows the cycling stability at 100 mV s~ up to 5000 cycles,
indicates a good rate of retention (92 %).

After systemic analysis with CV, we performed GCD measurements of
pristine NC2, NCNTs, and the NC2/NCNTs composite. Fig. 8(a-c) shows
the GCD curves for NC2, NCNTs, and the NC2/NCNTs composite elec-
trode at potential windows of 0-0.5, 0-0.4, and 0-0.5 V with current

Table 1
Comparative study of electrochemical performance NiCo,0,4 materials and other composites.
Ternary compound Specific capacitance (mAh g~*) Scan rate (mV s~!) Current Density (A g1) Capability (%) Potential (V) Electrolyte Ref.
M (KOH)

NiC0,04/NCNTs 330 10 mA cm 2 92 0-0.5 3 This work

NiCo04@ 173 10 mA cm ™2 920 0-0.5 3 7
NiMoO4

NiCo,04 151 1 94 0-0.5 2 20

NiCo,04@ 286 1 - —0.2-0.5 2
ZnCo504

NiCo,04@ 209 2 mA cm 2 68.2 -0.1-0.5 2 25
Ni-MOF

NiCo204 140 - 1 93.2 0-0.5 6 27

NiC0204/1GO 112 10 92.28 0-0.6 2 33

NiCo,04 125 - 1 94.7 0-0.6 2 41

NiCo204 323 5 94.5 —0.1-0.5 3 50

Co-Al (OH), 116 - 1 87 0-0.4 6 56

NiCo,04@ 173 30 94 0-0.5V 2 59
GQDs

NiCo,04@ 254 0.5 87.1 —0.5-0.5 1 64
MnO,
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Table 2
EIS parameters NiCo,0,4 electrodes prepared at various temperature, N-doped
CNTs, and composite.

Sample ID Solution Resistance (Rg) Charge transferred resistance (R
NC1 1.26 0.70

NC2 1.45 0.26

NC3 1.86 291

NC4 2.91 14.13

NCNTs 2.45 5.65

NC3/NCNTs 1.95 5.83

NC3/NCNTs//AC 1.74 0.19

Before stability
NC3/NCNTs//AC 6.81 0.26

After Stability

densities ranging from 10 to 30 mA cm™2. The GCD measurements
clearly showed that the nature of all samples was symmetrical with
different densities ranging from 10 to 30 mA cm™2, indicating that the
samples were stable. The charge/discharge times for NC2, NCNT, and
the NC2/NCNT composite were 439, 96, and 646 s, respectively, with
the NC2/NCNTs composite having the longest charge/discharge time
[54-57]. Compared to the pristine NC2 and NCNTs, the composite
electrodes had better electrical properties. Fig. 8(d) shows the calculated
specific capacity values for NC2, NCNTs, and the NC2/NCNTs composite
electrodes at current densities in the range of 10-30 mA cm™2. The
specific capacity values calculated for NC2, NCNTs, and the NC2/NCNTs
composite electrodes were 169, 46, and 330 mAh g’1 at 10 mA cm’z,
respectively. The NC2/NCNTs composite electrode had higher specific
capacity values than the pristine NC2 and NCNTs electrodes. The GCD
curves clearly showed that the specific capacity decreased as the current
density increased, possibly because the redox reaction was completed in
a short period [51-55,58]. The higher current density values indicated
the NC2/NCNTs composite electrodes had excellent rate capabilities
compared to the other electrodes [55,59,60]. More research has been
performed on NiCo204 and very few papers have been published on the
composites, as shown in Table 1.

EIS measurements were used to determine the correlations and

Ceramics International 47 (2021) 31650-31665

internal charge mechanism for the working electrodes and alkaline 3 M
KOH electrolytes. Fig. S2 shows the Nyquist plots for the NC1, NC2, NC3,
and NC4 electrodes, respectively. The solution resistance and charge
transfer resistance for these samples are listed in Table 2. The NC2
electrode prepared at 323 K had lower solution resistance and charge
transfer resistance than the other NC1, NC3, and NC4 samples. The
optimized NC2 electrode was used to form a composite with NCNTs to
improve the electrical properties [60]. Fig. 9 shows the Nyquist plots for
NC2, NCNTs, and the NC2/NCNTs composite electrodes. Compared to
the above electrode, the NC2/NCNTs composite had smaller values for
charge transfer resistance, suggesting this electrode has high electrical
conductivity [61]. Higher electrical conductivity is beneficial for elec-
trochemical performance [62]. The composite of the NC2 and NCNTs
electrodes had the lowest charge transfer and solution resistance
because the nanostructures of both components are highly mesoporous,
similar to nanoflakes/nanotube, and these nanostructures are more
suitable for ion diffusion between the electrolytes and electrodes
[60-63].

For further practical applications, we constructed pouch-type solid-
state hybrid supercapacitor (SSHSc) cells with NC2/NCNTs as a positive
electrode denoted as (NC2/NCNTs//AC), AC powder as the negative
electrode, and PVA-KOH gel as the conducting electrolyte. The sche-
matic for the construction of the SSHSc cells is shown in Fig. 10(a).
Fig. 10(b) shows the optimization of the potential window and the inset
shows the specific capacitance of the SSHSc device of NC2/NCNTs//AC
determined using CV at a scan rate of 100 mV s, respectively. The CV
curves indicated that the current sharply increased above 1.2 V; there-
fore, we employed a potential window of 0-1.2 V for further testing.
Fig. 10(c) presents the CV measurements for the SSHSc device of NC2/
NCNTs//AC cells at different scan rates in the range of 5-100 mV s,
and the inset shows the specific capacitance of NC2/NCNTs//AC elec-
trode. The calculated value for the specific capacitance was 170 F g~ ! at
a scan rate of 5 mV s~!, which was better than previously reported
(Table 3). The GCD was tested at various current densities in the range of
2-14 mA cm™2 as shown in Fig. 10(d) at a potential of 1.2 V. Fig. 10(e)
presents the specific capacitance of the SSHSc device of NC2/NCNTs//
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Fig. 9. Nyquist plots of NC2, NCNTs, and NC2/NCNTs composite electrodes, inset shows the high resolution area of the Nyquist plots.
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Fig. 10. (a) Schematic assembly of SSHSc device, inset shows the real images of the device, (b) potential window optimization from CV measurements and inset

shows the specific capacitance with potential windows, (c) CV curves with different scan rates from 5 to 100 mV s~

1 and inset shows the specific capacitance with

respect to scan rates, (d) GCD curves with different current densities, (e) specific capacitance with respect with different current densities, (f) bending angle study and
inset shows the specific capacitance with real picture of bending device, (g) cycling stability of the SSHSc device, (h) Nyquist plots of before and after cycling stability
of the pouch types SSHSc device, (i) Ragone plots of the pouch types SSHSc device..

Table 3
Comparative study of hybrid supercapacitor device of NiCo,0,4 electrodes.
Ternary Specific capacitance Current density (A g™!)/  Power density (W  Energy density Potential Cycling stability ~ No of Ref.
compound (Fgh Scan rates kg™H (Whkg™) w) (%) cycles
NICO204/ 170 5mvVs! 8.96 kW kg7l 12.31 1.2 84 2000 This
NCNTs@AC study
MSBPC/NiCo204 60 1 - 8.47 1.6 85 10,000 34
NiCo204 82.1 875 34.9 1.8 86.4 10,000 41
NiCo204@ 149 1 800 53 1.6 94.8 5000 57
HfCNWs/CC
NiCo,04@ 107 1 800 38 1.6 71.8 3000 59
GQDs
NiCo,04/PPy 165 1 365 58.8 1.6 89.2 5000 61

AC electrode with different current densities. The calculated values for
the specific capacitance were 73, 67, 62, 58, 47, and 43 F g‘l at current
densities of 2, 4, 6, 8, 10, and 14 mA cm 2, respectively.

To investigate the mechanical flexibility of the SSHSc devices, we
performed bending tests at 0, 45, 90, 135, and 1800, respectively. Fig. 10
(f) show the CV curves with different bending angle and the inset shows
the corresponding specific capacitance. No measurable changes were
observed after the bending tests, which confirmed the prepared devices
had maintained outstanding flexibility and high conductivity [18,64].
Fig. 10(g) shows the stability of the SSHSc device of NC2/NCNTs//AC

electrode at 100 mV s~ over 2000 cycles. The stability curves showed
that the specific capacitance decreased sharply during the first 100 cy-
cles and remained constant afterward. This indicated that the composite
electrode had excellent stability up to 94 %. The stability tests showed
that the composite material would be useful in pseudocapacitors. We
compared the EIS results before and after 2000 cycles and found that the
values for the solution and charge transfer resistance increased slightly
after stability testing as shown in Fig. 10(h), indicating that the com-
posite samples did not break after continuous dipping in electrolytes
[60,64].
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To determine the conductivity of the SSHSc NC2/NCNTs//AC de-
vice, we performed EIS before and after cycling testing as shown in
Fig. 10(h). The EIS showed lower values for the solution and charge
transfer resistance after cycling stability. The EIS measurements showed
small changes in the solution and charge transfer resistance, suggesting
the devices had higher current and would be more effective for super-
capacitor applications [65]. Fig. 10(i) displays the Ragone plot for the
SSHSc device of NC2/NCNTs//AC cells. The calculated values for the
energy and power density of the SSHSc device of NC2/NCNTs//AC
electrode were 12.31 W h kg™!, outstanding power density 8.96 kW
kg~!, respectively. The obtained values were comparable with previ-
ously reported results (Table 3), indicating the composite of NiCo204
and NCNTs materials is highly suited for pseudocapacitor applications
[54,66].

4. Conclusions

We summarized three different chemical methods for the prepara-
tion of nanoflowers, nanotubes, and hybrid nanostructures. NiCoy04/
NCNTs films with uniform deposition over Ni foam were synthesized
using a simple and cost-effective chemical method for electrochemical
application. NiCo204 materials with various nanostructures were suc-
cessfully developed at various reaction temperatures. Among these,
interconnected hierarchical nanoflowers had the best electrochemical
performance because the interconnected plates provided more surface
and mesoporous areas and lower resistance. The NiCoy04/NCNTs
composite had better values for specific capacity (303 mAh g~! at 5 mV
s™1) than the pristine NiCo204 electrode (237 mAh g’1 at5mVs™!). The
NiCo,04/NCNTs composite had superior electrochemical properties,
suggesting that the composite electrode will be more useful in two-
electrode devices because of the minimal environmental effect, low
cost, and simple synthesis method. Electrochemical analysis of the
SSHSc showed that the composite NiCoy04/NCNTs flower grown on
nanotubes would be a better option for the fabrication of flexible SSHSc
devices at the industrial level.
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