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A B S T R A C T

In this research, we have effectively synthesized a novel NiCo2O4/NiCo2S4 powder by co-precipitation and thin
films prepared using a screen-printing method on Ni mesh for supercapacitor applications. Herein, we report the
effect of unique hierarchical nanostructures and the systematic effect of Ni and Co on the structural, morpho-
logical and electrical properties of the NiCo2O4/NiCo2S4 electrodes. The optimized NiCo2O4/NiCo2S4 electrode
shows outstanding performance with a specific capacitance of 1966 F g−1 at 5mV s−1. The cycling stability
reports indicate the NiCo2O4/NiCo2S4 electrodes have an outstanding cyclic stability with 91% capacity re-
tention. From the supercapacitor performance results, we confirmed that the NiCo2O4/NiCo2S4 electrode is
useful for the fabrication of symmetric supercapacitors. These results reveal that the NiCo2O4/NiCo2S4 electrodes
is a capable electrode material for supercapacitor applications in the future.

1. Introduction

In recent years, with the growth of the world economy, society has
demanded electrical energy storage devices with high power and en-
ergy densities for use with alternative energy sources [1]. In recent
years, many electrical energy storage devices are available in the
market. Out of these, supercapacitors receive great consideration due to
their low-cost, high power and energy densities [1,2], excellent stability
[3], and fast charge-discharge compared to lithium-ion batteries and
traditional capacitors [4]. Anodic and cathodic materials play an im-
portant role in the storage of electrical energy in supercapacitors [1–5].
However, the main problem in commercial device fabrication is lower
power and energy density in supercapacitors [5]. Specific capacitance
and cycling performance of supercapacitors can be enhanced by chan-
ging working materials. This is an important factor, which is beneficial
for commercial applications of supercapacitors [6]. The main key is
developing new strategies to improve energy storage with higher spe-
cific capacitance and long cyclic stability [7].

Currently, binary and ternary transition metal oxides are used for
higher theoretical and experimental specific capacitance, which are
very useful for portable electronic device fabrication [8]. However,
transition metal oxides have comparatively lower electrical con-
ductivity and low cyclic stability [9]. To avoid these problems, we
apply a new strategy to design new nanostructure composite materials
that have higher electrical conductivity and device performance
[10,11]. Binary and ternary metal sulfides, like NiS, CoS and NiCo2S4,
demonstrate better performance in various fields, such as oxygen evo-
lution reactions [12], supercapacitors [13], water splitting [14], pho-
tocatalytic hydrogen evolution [15], and dye-sensitized solar cells [16],
etc., than other oxides and hydroxides, for example NiO, CoO, Co(OH)2,
Ni(OH)2, MnCo2O4/CoCo2O4, Mn:Co3O4, and ZnCo2O4 thin films
[17–19]. Out of these ternary transition metal sulfides, NiCo2S4 and
NiCo2O4 electrodes are better for supercapacitor application, because
they provide higher electrical conductivity, high surface area, have
excellent capacitive properties, and are environmentally stable
[20–22].

https://doi.org/10.1016/j.ceramint.2019.05.274
Received 5 February 2019; Received in revised form 25 April 2019; Accepted 23 May 2019

∗ Corresponding author.
E-mail address: sbpkim@dongguk.edu (D.-Y. Kim).

Ceramics International 45 (2019) 17192–17203

Available online 25 May 2019
0272-8842/ © 2019 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2019.05.274
https://doi.org/10.1016/j.ceramint.2019.05.274
mailto:sbpkim@dongguk.edu
https://doi.org/10.1016/j.ceramint.2019.05.274
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2019.05.274&domain=pdf


Currently, researchers are focusing on improving electrode perfor-
mance. So, we use a novel approach to prepare a new composite thin
film of transition metal sulfide/oxide to increase the supercapacitor
performance. There are several researchers that have reported on
composite thin films for supercapacitor application. For example, Liu
et al. [23] successfully prepared hybrid composite thin films of Ni-
Co2O4–NiCo2S4 using NiCo bimetallic ZIFs as solid precursors. They
reported a 1296 F g−1 specific capacitance at a 1mA cm−1 current
density. Raj et al. [24] produced a mixed ternary NiCo2O4/NiCo2S4
hybrid material on Ni foam using an evaporation technique. They
mentioned that the NiCo2O4/NiCo2S4 hybrid electrodes show sig-
nificant supercapacitive performance compared to without the com-
posite of NiCo2O4 and NiCo2S4. Jinlong et al. [25] synthesized NiCo2S4
nanotubes on Ni foam of NiCo by a hydrothermal method. The nano-
tube-like NiCo2S4 electrode demonstrated a higher capacitance value of
1936.2 F g−1 and excellent stability after 5000 cycles. Rong et al. [26]
prepared NiCo2O4@NiCo2S4 hybrid thin films with a multistep method.
First, he deposited NiCo2O4 nanowires on Ni foam using a hydro-
thermal method and then deposited NiCo2O4 on the NiCo2S4 using a
vapor-phase hydrothermal method. The NiCo2O4@NiCo2S4 coated Ni
substrate displays a maximum specific capacitance of 1872 F g−1 at
1 A g−1 current density. Preparation method is very important for the
formation of 3D nanostructures. Several methods have been used to
synthesize NiCo2O4@NiCo2S4 nanomaterials. The co-precipitation and
screen-printing method is very easy, low-cost, useful, and gorgeous
method. Screen printing has a very attractive deposition technique
because the formation of nanostructures is by layer-by-layer deposition
with a large surface area on the substrate. Screen printing is the best
technique for the preparation of thin films for supercapacitor applica-
tions due to its short deposition time, higher deposition area, simply
handling, and low cost. However, to the best of our knowledge, there
are no reports on NiCo2O4/NiCo2S4 electrode production for super-
capacitor application using the screen-printing method [27].

In this paper, we examine the synthesis of NiCo2O4/NiCo2S4 nano-
materials with different ratios of Ni and Co precursors and the char-
acterization of as-synthesized and annealed NiCo2O4/NiCo2S4 with
various 3D nanostructures, such as nanoflakes, nanoflowers, na-
nosheets, and microspheres using a simple, unique co-precipitation
method and consequential supercapacitor applications. The NiCo2O4/
NiCo2S4 thin films were characterized by physical, chemical and elec-
trical properties, such as X-ray diffraction (XRD), field emission scan-
ning electron microscopy (FE-SEM), transmission electron microscopy
(TEM), cyclic voltammetry (CV), galvanostatic charge/discharge, and
electrochemical impedance spectroscopy.

2. Experimental details

2.1. Materials

The chemicals used for the synthesis of NiCo2O4/NiCo2S4 power
were 0.1 M nickel (II) sulfate (NiSO4·6H2O), 0.1 M cobalt (II) sulfate
(CoSO4·7H2O), 0.2 M sodium sulfide (Na2S·5H2O), ammonium hydro-
xide (NH4OH), and polyvinyl alcohol.

2.2. Synthesis of NiCo2O4/NiCo2S4 thin films

In a typical synthesis process, 0.1M NiSO4 6H2O, 0.1M CoSO4

7H2O, and 0.2M Na2S 5H2O were dissolved separately in 30mL of
double-distilled water. To produce an alkaline solution, liquid ammonia
was added dropwise to Ni and Co precursors. Initially, precipitate ob-
served and after some time it was dissolved. The pH of the Ni and Co
precursor solution was maintained to 11. Then Ni and Co precursors
were dropwise added to Na2S solution. A black precipitate formed and
continues forming for 1 h. The resulting powder was filtered and wa-
shed with distilled water and ethanol repeatedly for five times. The as-
prepared powder was annealed at 300 °C for 1 h in air and subsequently

used to prepare NiCo2O4/NiCo2S4 films via the screen-printing method
and labeled as, NCS/O:3, NCS/O:4, and NCS/O:5.

2.3. Screen printing NiCo2O4/NiCo2S4 films

The chemical co-precipitation synthesized powder was used to make
thin films of NiCo2O4/NiCo2S4 for supercapacitors. PVA gel was added
dropwise to the powder and continuously ground up to a viscous paste.
The appropriate amount of PVA was added to give a viscous paste for
the homogenous and uniform printing of NiCo2O4/NiCo2S4 thin films
on Ni mesh. The NiCo2O4/NiCo2S4 coated thin films were air dried for
6 h and air annealed at 200 °C for 2 h for the vaporization of water and
other impurities. The active mass deposited on Ni mesh is
0.66mg cm−2 for all prepared NiCo2O4/NiCo2S4 thin films. These
prepared NiCo2O4/NiCo2S4 thin films were used to measure electro-
chemical properties with tests like CV, galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS).

2.4. Characterization

The crystalline structures of the as-prepared and annealed samples
were detected using a Rigaku Ultima III diffractometer operated at
40 kV and 30mA with Cu Kα radiation (1.54 Å) as a source, with a
scanning range of 2θ over 20–80°. The nanostructure of the as-prepared
and annealed samples were examined by FE-SEM using a JEOL JSM-
7100 and high-resolution TEM (HR-TEM; JEOL, Model JEM-2100). X-
ray photoelectron spectroscopy (XPS; ULVAC-PHI Quantera SXM) was
used to examine the elemental composition of as-synthesized samples
fitted XPS data with CasaXPS version 2.3.18PR1.0 program [28,29].

2.5. Preparation and electrochemical testing of NiCo2O4/NiCo2S4
electrodes

The electrochemical properties were tested using as-synthesized
NiCo2O4/NiCo2S4 thin film as a working electrode, which was synthe-
sized at different Ni and Co volume percentages, as described elsewhere
[29,30]. A three-electrode system, which included a NiCo2O4/NiCo2S4
electrode as the working electrode, Pt as the counter electrode, and an
Ag/AgCl electrode as the reference electrode, was used to assess the
electrochemical performance of the as-prepared NiCo2O4/NiCo2S4
electrodes. The working electrode probe was connected to a flexible
NiCo2O4/NiCo2S4/Ni electrode. The reference electrode probe was
connected to an Ag/AgCl electrode, and the counter electrode probe
was connected to a thin Pt electrode. The working electrode probe,
connected to the NiCo2O4/NiCo2S4/Ni flexible electrode, was immersed
in a 2M KOH electrolyte solution. The supercapacitor properties were
tested in the −0.2−0.5 V potential window. EIS tests were performed
between 1 and 100 kHz, with AC amplitude of 10mV and bias potential
of 0.34 V. In electrochemical testing experiments, CV, GCD, and EIS
measurements were performed with a CHI 660E electrochemical
workstation in aqueous 2M KOH electrolyte [30].

2.6. Fabrication of flexible symmetric devices

The flexible symmetric NiCo2O4/NiCo2S4 thin films were assembled
by using the optimized NCS/O:4 thin films as positive and negative
electrodes. The both electrodes of NCS/O:4 thin films are separated
using filter paper, and poly (vinyl alcohol) (PVA)/KOH gel was used as
the electrolyte. We used similar process for the preparation of the PVA/
KOH gel as reported previously [31]. The PVA/KOH gel was prepared
by mixing 2 g KOH in 20mL DDW and after dissolving, 2 g PVA added
in the DDW. Further, adding the PVA, the solution was heated at 30 °C
for 30min under the constant stirring. The prepared both NCS/O:4
electrodes and separator paper were dipped into the gel electrolyte for
5 s, and then these electrodes were dried in air at 25 °C for 12 h. Finally,
these electrodes were pressed by sandwiching separator in between at
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35 °C for 6 h.

3. Results and discussion

3.1. FE-SEM and TEM analysis

The surface morphology and the nanostructure of the as-prepared
and annealed composites of NiCo2O4/NiCo2S4 were further character-
ized by FE-SEM. Fig. 1(a–h) shows the FE-SEM images of as-prepared
and annealed composites of NiCo2O4/NiCo2S4 samples with different
magnification. Fig. 1b shows sheets of honeycomb-like nanostructures
with porous interconnected sheets, developing nano-holes with dia-
meters average in the range 100–200 nm (Fig. 1a). At high magnifica-
tion, the FE-SEM images show the nanoparticles are fully covered with
porous surface area, and spherical size of individual particles is in the
10–20 nm range (Fig. 1b) [32]. After annealing samples at 300 °C,
NiCo2O4/NiCo2S4 shows a drastic change in surface morphology from
nanosheets to nanoflower-like nanostructures, which are composed of

many interconnected flakes are shown in Fig. 1 (c, d). At careful ob-
servation, we observed that the sample surface shows the top-view of a
rose flower. Fig. 1d shows a high magnification of a NiCo2O4/NiCo2S4
composite, which was synthesized at Ni (10%) and Co (30%) ratio by a
co-precipitation method. The average thicknesses of the nanoplates are
calculated as 20–25 nm with a highly porous surface (Fig. 1d) [33].
Upon further changing the composition of the Ni (10→ 20) and Co
(30→ 20), the samples demonstrate a useful development in NiCo2O4/
NiCo2S4 composites. It shows a surface that is highly uniform, fully
covered, and interconnected with porous nanoflake-likes nanos-
tructures shown in Fig. 1(e and f). These interconnected nanostructures
are found to be more appropriate for the electrochemical application.
The length of vertical nanoflakes range from 300 to 360 nm and the
thickness 15–20 nm. The separation distance between these vertical,
interconnected nanoflakes is around 100–200 nm. This separation gap
is very useful for ion movement during the electrochemical testing [34].
Fig. 1 (g, h) shows the microspheres of NiCo2O4/NiCo2S4 composites at
percentages of Ni and Co are 30 and 10, respectively. The diameter of a

Fig. 1. FE-SEM images of (a, b) NCS/O:0, (c, d) NCS/O:3, (e, f) NCS/O:4, and (g, h) NCS/O:5 samples of the NiCo2O4/NiCo2S4 composites with different Ni and Co
volume ratio with different magnification.
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microsphere is around 1.5–2 μm with a porous nanostructure. Fig. 1h
shows a high magnification image and indicates the aggregation of
nanoparticles with a 10–15 nm size [35]. An EDS investigation was
used to study the composition of hybrid NiCo2O4/NiCo2S4 composite
nanostructures. Fig. 2 shows that the nickel, cobalt, sulfur, and oxygen
are present in the as-synthesized and annealed composites of the
NiCo2O4/NiCo2S4 samples. From the XRD, XPS, FE-SEM and EDS re-
sults, we can confirm the formation of hybrid NiCo2O4/NiCo2S4 na-
nosheets that are composed of NiCo2S4 with nanosheets-like nanos-
tructures.

Additional examinations of the morphology of as prepared and
annealed hybrid NiCo2O4/NiCo2S4 composites sample were in-
vestigated by TEM. TEM images and elemental mapping of NiCo2O4/
NiCo2S4 composites are shown in Fig. 3. Fig. 3(a–h) shows the TEM
images of NiCo2O4/NiCo2S4 composites. From TEM analysis, we con-
cluded that the annealed samples are highly porous and homogeneously
dispersed on the carbon grid, out of the annealed samples, NCS/O:4
shows the high porosity nanoflake NiCo2O4/NiCo2S4 nanostructures,
which are very useful for the electrochemical reaction because porous
NiCo2O4/NiCo2S4 nanosheets provide more active sites and plentiful
holes and void gaps between nanoflakes help the diffusion and pene-
tration of ions and electrons during the electrochemical charge-dis-
charge process [36]. Also, it provides excellent electrical conductivity
for electron transportation. The inset shows the individual nanoflakes
and nanoflower-like TEM images of sample NCS/O:4. It was clearly
shown that the NCS/O:4 was superior for electrochemical applications
due to its porosity and higher reactive area. The HR-TEM image pre-
sents two types of lattice fringes at 0.13 and 0.26 nm, matching the
(400) and (311) planes of NiCo2O4 and NiCo2S4, respectively, which
indicates the formation of hybrid NiCo2O4/NiCo2S4 nanocrystals.
Fig. 4(a and b) shows the SAED pattern and HR-TEM of sample NCS/
O:4 suggests that the formation of hybrid NiCo2O4/NiCo2S4 nanoflakes

are polycrystalline with a cubic crystal structure, respectively [34,37].

3.2. XRD analysis

The crystallographic studies of the NiCo2O4/NiCo2S4 composite
powder were carried out using XRD. Fig. 5A (a–d) shows the XRD
patterns of as-synthesized and air annealed NiCo2O4/NiCo2S4 samples
prepared by the co-precipitation method with different ratios of Ni and
Co precursor. As synthesized composite powder was annealed at a
temperature of 300 °C for 1 h. After annealing, we observed that
NiCo2O4/NiCo2S4 composite shows a more intense and highly pure
phase of NiCo2O4/NiCo2S4 compared to the as-synthesized composite
powder [23,38]. Fig. 5A (b–c) shows the NiCo2O4/NiCo2S4 composite
powder prepared with different ratios of Ni and Co. These peaks cor-
responded with the cubic phase of NiCo2S4 materials (JCPDS: 20-0782)
and NiCoO4 (JCPDS:20-0781) without any other impurities like NiO,
CoS, NiS, and CoO [39]. The diffraction peaks at 31.30°, 36.00°, 55.57°,
65.0° are related to the (311), (400), (440) and (533) planes of the
NiCo2S4 cubic crystal, respectively. The high-intensity peak at 36.73° is
related to the (311) plain of NiCo2O4, which was confirmed by the
standard result. The peaks located at 36.73°, 44.74°, and 59.24° mat-
ches with the (311), (400), and (511) planes of the NiCo2O4 sample
[40]. After annealing, XRD results show the formation of a hybrid
NiCo2S4 and NiCo2O4 phase using the co-precipitation method. The
XRD results match well with previous reports [26,41].

3.3. Raman analysis

Raman spectroscopy was used to confirm the crystal structures of as-
synthesized and annealed samples. Figure S1 (a–d) shows the Raman
spectra of the NiCo2O4/NiCo2S4 composite materials synthesized using
the co-precipitation method, and provide strong evidence for the

Fig. 2. EDS images of the (a) NCS/O:0, (b) NCS/O:3, (c) NCS/O:4, and (d) NCS/O:5 samples of the NiCo2O4/NiCo2S4 composites thin films.
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Fig. 3. TEM images of the (a, b) NCS/O:0, (c, d) NCS/O:3, (e, f) NCS/O:4, and (g, h) NCS/O:5 samples of the NiCo2O4/NiCo2S4 composites by co-precipitation
method with different magnification and (i–l) Elemental mapping of optimized NCS/O:4 composites, respectively.

Fig. 4. (a) SAED pattern and (b) HR-TEM of NCS/O:4 composites of the NiCo2O4/NiCo2S4 sample.
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formation of hybrid NiCo2S4 and NiCo2O4 nanomaterials. The sharp
peaks located at 460, 477, 532, 656, 664 and 678 cm−1 correspond to
the hybrid crystal structure of NiCo2S4 and NiCo2O4. We observed that
the only the Ni–O/S and Co–O/S vibrational modes were identified
from as-synthesized and annealed NiCo2S4/NiCo2O4 samples and no

other vibration modes were observed [25,42]. All peaks strongly agree
with the T2g,3, Eg, T2g,2, T2g,1, and A1g Raman modes of NiCo2O4 and
NiCo2S4 [43]. From Figure S1b, the most intense peak at 664 cm−1 is
related to the A1g vibration mode of NiCo2S4, which suggests the suc-
cessful formation of NiCo2S4 after annealing. From Raman analysis, we
concluded that a pure phase of hybrid NiCo2O4 and NiCo2S4 was
formed after annealing.

3.4. FT-IR spectroscopy analysis

Fourier transform infrared (FT-IR) spectroscopy is a well-known
characterization technique for detailed studies of the functional groups
of as-synthesized samples. Fig. 5B (a) shows the NiCo2O4/NiCo2S4
composite prepared by the co-precipitation method. Fig. 5B (b–d)
shows the FT-IR spectrum of NiCo2O4/NiCo2S4 composite prepared at
different Ni and Co ratios using the co-precipitation method and an-
nealing at 300 °C. The peaks at 467.02, 562.68 and 627.68 cm−1 are
assigned to the NiCo–S and NiCo–O bonding vibrations [44]. The peaks
at 1097 and 1147 cm−1 are related to the stretching vibration of the
C–N bond, which is reported in the literature [43–45]. The peak at
1628.35 cm−1 corresponds to bonds of the C–C fundamental vibration
groups. The peaks at 2920 and 2852 cm−1 are related to the N–H bond
[46], and the peak at 3423.88 cm−1 is ascribed to the existence of the
O–H group in as-synthesized and annealed NiCo2O4/NiCo2S4 samples
[40].

3.5. XPS analysis

XPS was used to evaluate the chemical and elemental states of Ni,
Co, S, and O in the as-synthesized and annealed NiCo2O4/NiCo2S4
composites. Fig. 5C shows the survey spectra of as-synthesized and
annealed NiCo2O4/NiCo2S4 composites produced by the co-precipita-
tion method. From the survey spectra, we observed that Ni, Co, O, and S
elements are present in all samples, which indicates the formation of
hybrid NiCo2O4/NiCo2S4 composites material. No other impurity peaks
were observed. Fig. 6(a–d) shows the core level spectrum of the Ni 2p,
Co 2p, S 2p and O 1s regions of all samples, respectively. Fig. 6a shows
the high-resolution spectrum of the Ni 2p regions of the NiCo2O4/
NiCo2S4 composites samples as-prepared and NCS/O:4. The core level
of the Ni 2p peaks shows the divalent Ni 2p3/2 and Ni 2p1/2 peaks at
855.94 eV and 873.49 eV, respectively. The two peaks observed at
880.26 eV and 861.25 eV related to the trivalent states of Ni 2p
[47–49]. Fig. 6b displays the core level spectrum of the Co 2p element,
which shows the doublets enclosing at bonding energy 780.59 and
796.14 eV of Co 2p3/2 and Co 2p1/2, respectively, consistent with the
results reported elsewhere [47]. The splitting difference between the
lower binding energy and the higher binding energy is 15.55 eV, which
indicates that the Co2+ and Co3+ states are present in the samples.
These types of results were reported previously [48]. After careful ob-
servation, Ni3+ was much lower than Ni2+, which suggested that di-
valent states were formed in the NiCo2O4/NiCo2S4 composite. Fig. 6c
represents the S 2p high-resolution spectra. The spectra of S 2p shows
peaks at 168 eV, which suggests that S2− is present while another small
peak at 169.63 eV can be assigned to inorganic sulfates. Although sul-
fides can be distinguished from sulfates by their S 2p binding energy,
sulfates and bisulfates show no significant difference in the S 2p region
(the S 2p binding energies vary between 168.1 and 168.6 eV) [50].
Fig. 6d shows the high-resolution spectra of O 1s. The high-resolution
spectra of O 1s shows the two peaks at 529 and 532.16 eV. The ex-
istence of a small peak at 529 eV, which is a characteristic of meta-
l−oxygen binding. This is suggested to the lattice oxygen presented. A
secondary strong peak appeared at 532.16 eV in Fig. 6d and is maybe
due to the chemisorption oxygen [26,48]. Our XPS results proved that
both oxygen and sulfur were present, which indicates the hybrid phase
of NiCo2O4/NiCo2S4 was formed. According to the XPS studies, the
NiCo2O4/NiCo2S4 composite contains Ni 2p, Co 2p, S 2p, and O 1s,

Fig. 5. (A) XRD patterns of (a) as-synthesized NCS/O:0, and annealed (b) NCS/
O:3, (c) NCS/O:4, and (d) NCS/O:5 samples of the NiCo2O4/NiCo2S4 compo-
sites, (B) FT-IR spectra of the (a) as-synthesized NCS/O:0, and annealed (b)
NCS/O:3, (c) NCS/O:4, and (d) NCS/O:5 samples of the NiCo2O4/NiCo2S4
composites prepared by the co-precipitation, (C) Survey spectra of (a) NCS/O:0,
and (b) NCS/O:4 sample of the NiCo2O4/NiCo2S4 composite by the co-pre-
cipitation method, respectively.
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which is in a good composition with the hybrid phase of NiCo2O4/
NiCo2S4 [49–52].

3.6. Electrochemical testing

To determine the supercapacitor performance of hybrid NiCo2O4/
NiCo2S4 electrode, we next study the electrochemical properties of
three different hybrid NiCo2O4/NiCo2S4 electrodes, labeled as NCS/
O:3, NCS/O:4, and NCS/O:5, obtained with three different percentages
of Ni and Co precursors, as shown in Fig. 7(a–c). Fig. 7(a–c) displays the
CV curves of the NCS/O:3, NCS/O:4, and NCS/O:5 electrodes at

5–100mV s−1 in 2M KOH electrolyte, respectively. From Fig. 7(a–c),
we observed that all CV curves had significant reduction and oxidation
peaks at 0.25 V and −0.35 V, respectively that indicates the faradaic
type of supercapacitive property of the hybrid NiCo2O4/NiCo2S4 active
electrodes [51]. As the scan rate increases from 5 to 100mV s−1, the
current densities increase up to 80mA cm−2. The reduction and oxi-
dation peaks are shifted towards the positive and negative potential,
respectively [26,53]. Out of these three samples, sample NCS/O:4
shows the highest current density at different scan rates from 5 to
100mV s−1; sample NCS/O:4 provided a higher reactive area during
the electrochemical testing. Fig. 7b shows characteristic CV curves of

Fig. 6. Core level spectrum of the NCS/O:0, and (b) NCS/O:4 samples (a) Ni 2p, (b) Co 2p, (c) S 2p and (d) O 1s regions of the NiCo2O4/NiCo2S4 composite samples,
respectively.
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the NCS/O:4 sample in 2M KOH electrolyte with the −0.2−0.5 V
potential window at different scan rates. Fig. 7b shows the increasing
scan rate as current densities increases constantly up to 80mA cm−2.
From Fig. 7, we clearly observed that the peak position of the oxidation
and reduction are moving to positive and negative potentials, respec-
tively, indicating fast-redox reactions during the electrode and elec-
trolyte interfaces [54]. Fig. 7d displays the specific capacitance of the
NCS/O:3, NCS/O:4, and NCS/O:5 electrodes at 5–100mV s−1. Fig. 7d
indicates that the specific capacitance decreases with increase in scan
rate. The specific capacitance of NCS/O:3, NCS/O:4, and NCS/O:5
electrodes can be calculated as 1556, 1966, and 1004 Fg-1 at a 5mV s−1

scan rate, respectively. The resultant value of specific capacitance show
that the NCS/O:4 electrode had the highest value of specific capaci-
tance, the calculated values of specific capacitance of the NCS/O:4
electrode were 1966, 1221, 917, 707, 609, and 579 F g−1, indicates that
the NCS/O:4 electrode is suitable for the supercapacitor application.
Because of nanoflakes-like nanostructures provided a higher surface
reactive area and faster ion process in the electrochemical testing
[50–54].

For further details on the electrochemical activities of hybrid sam-
ples, we used the GCD measurement and specific capacitance evolution.
Fig. 8a shows the GCD curve of NCS/O:3, NCS/O:4, and NCS/O:5
electrodes at current densities 16mA cm−2 with a−0.2–0.5 V potential
window in the 2M KOH electrolyte. The charge/discharge time of the
NCS/O:3, NCS/O:4, and NCS/O:5 electrodes are 649.65, 1320.90, and
1036.5 s, at 16mA cm−2 respectively. These results suggest that NCS/
O:4 shows the highest discharging time compared to the other two
electrodes. This indicates that sample NCS/O:4 shows the highest

specific capacitance compared to NCS/O:3, and NCS/O:5 (shows in
Fig. 8b), which could be due to the contribution of uniform formation
and porous nanoflakes-like nanostructure with a higher active surface
area providing a larger number of ions and the motion of the ions is
very fasts [52–55]. Fig. 8c displays the charge/discharge curve of NCS/
O:4 electrodes at different current densities from 16 to 42mA cm−2 in
the −0.2−0.5 V potential window. From Fig. 8c, we see that as current
density increases, discharge time decreases, which corresponds to a
faradic reaction [51,52]. The specific capacitance was calculated using
a standard formula. Fig. 8d shows the specific capacitance with respect
to the different current densities. The calculated values of specific ca-
pacitance of NCS/O:4 sample is 1988.6, 1668.9, 1549.7, 1512.66,
1371.4, 1182.9, 1152.9, and 1020.56 F g−1 at current densities of
16–42mA cm−2, respectively. Also, the value of specific capacitance for
samples NCS/O:3 and NCS/O:5 were calculated and shown in Fig. 8b.
Fig. 8(a and b) indicates that sample NCS/O:4 was the superior elec-
trode for supercapacitor applications [56]. The cyclic performance of
an optimized NiCo2O4/NiCo2S4 electrode was tested in the 2M KOH at
100mV s−1 for 5000 cycles, as shown in Fig. 8e. Fig. 8e inset shows the
CV curve of NCS/O:3, NCS/O:4, and NCS/O:5 electrodes at cycle 1, 2
and 5000 respectively. The calculated value of specific capacitance of
the NiCo2O4/NiCo2S4 electrode shows that the value of specific capa-
citance is maintained, even after 1000 cycles, with 91% capacity re-
tention shown in Fig. 8e.

3.7. Electrochemical impedance spectroscopy (EIS) analysis

EIS analysis was used to further study the electrochemical

Fig. 7. (a–c) Cyclic voltammogram (CV) curves of the NCS/O:3, NCS/O:4, and NCS/O:5 electrodes at 5–100mV s−1 in 2M KOH electrolyte, respectively., (d) Specific
capacitance of the NCS/O:3, NCS/O:4, and NCS/O:5 electrodes at 5–100mV s−1 and inset shows the FESEM images.
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mechanism of composite electrodes. The EIS spectra of the NCS/O:3,
NCS/O:4, and NCS/O:5 electrodes are shown in Fig. 8f. Fig. 8f shows
the Nyquist plots of the NCS/O:3, NCS/O:4, and NCS/O:5 electrodes in
a high range of 1 and 100 kHz at open circuit potential and the inset
shows the equivalent circuit. In the Nyquist plots, one small semicircle
was appeared, it may be related to charge-transfer resistance during the

electrolyte/electrode interface [37,56]. Table 1 depicts the values of
solution resistance (Rs) and charge transfer resistance (Rct) for NCS/
O:3, NCS/O:4, and NCS/O:5 electrodes. Obviously, the Rs and Rct of the
hybrid NCS/O:4 electrode is lower than the NCS/O:3, NCS/O:5, elec-
trode, because of NCS/O:4 sample provided higher surface area and
porous area. This suggests that the nanoflake-like NCS/O:4 electrode is

Fig. 8. (a, b) GCD curve and specific capacitance of NCS/O:3, NCS/O:4, and NCS/O:5 electrodes at current densities 16mA cm−2 with a −0.2–0.5 V potential
window in the 2M KOH electrolyte, respectively, (c) Charge/discharge curve of NCS/O:4 electrodes at different current densities from 16 to 42mA cm−2 in the
−0.2−0.6 V potential window, and (d) Specific capacitance with respect to the different current densities from 16 to 42mA cm−2 of the NCS/O:4 sample, (e)
Capacity retention with cycle number of the NCS/O:3, NCS/O:4, and NCS/O:5 electrodes, and inset shows the CV curve of NCS/O:3, NCS/O:4, and NCS/O:5
electrodes at cycle 1, 2 and 5000 respectively, (f) Nyquist plots of the NCS/O:3, NCS/O:4, and NCS/O:5 and the inset shows the high scale figure and equivalent
circuit.
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more conductive, which is very useful for supercapacitor applications as
an energy storage material [50,51].

3.8. Symmetric fabrication and device performance

Fig. 9a presents the CV curves of the symmetric supercapacitor,
using the as-prepared NCS/O:4 electrodes as the positive and negative
electrodes as a function of different scan rates. The working window is
0.0–0.7 V. Fig. 9b shows the variation of specific capacitance with re-
spect to the different scan rates, ranging from 5 to 100mV s−1, re-
vealing that as the scan rate increases, the specific capacitance de-
creases. The resultant specific capacitance values were calculated as
130, 100, 74, 66, 60, and 56 F g−1 at the scan rates of 5, 10, 30, 50, 80,
and 100mV s−1, respectively. Fig. 9(c and d) illustrate the galvano-
static discharge curves and specific capacitance at different current

Table 1
EIS parameters of NiCo2O4/NiCo2S4 electrodes synthesized co-precipitation
method.

Parameters NCS/O:3 NCS/O:4 NCS/O:5

Rs (Ω) 2.35 2.26 2.80
Rct (Ω) 6.40 0.64 13.48
W 0.22 0.050 0.48
C 0.14 0.074 0.29
Rl (Ω) 0.69 1.42 21.96

Fig. 9. (a) CV curves of NCS/O:4 symmetric supercapacitor (SC) at various scan rate from 5 to 100mVs−1, (b) Specific capacitance with respect to the different scan
rates of the NCS/O:4 symmetric supercapacitor, (c) Charge-discharge curves at various current densities, (d) Specific capacitance with respect to the different current
densities from 0.4 to 1mA cm−2 in the positive window 0–0.7 V, (e) Ragone plot of the SC device, (f) Nyquist plots of the symmetric SC and the inset shows
equivalent circuit.
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density, respectively. The calculated specific capacitance values were
28, 23, 21, 20, 19, and 18 F g−1 at the current densities of
0.4–1mA cm−2, respectively [57]. Fig. 9 (e, f) shows the Ragone plot
and EIS curve of NCS/O:4 electrode, respectively. This suggest the
NiCo2O4/NiCo2S4 hybrid electrode is a better electrode for the asym-
metric supercapacitor application. Fig. 10 shows the cycling stability of
the optimized NCS/O:4 electrode, which indicates the NiCo2O4/
NiCo2S4 hybrid electrode is very suitable for the asymmetric device
fabrication.

4. Conclusions

In this paper, we successfully synthesized nanoflake-, flower-, and
spherical-like nanostructure NiCo2O4/NiCo2S4 by a co-precipitation
and screen-printing methods to obtain improved electrochemical per-
formance for supercapacitors. The diameter of nanoflowers and nano-
spheres are around 1 and 2.5 μm for NiCo2O4/NiCo2S4 electrodes pre-
pared using co-precipitation, respectively. The effect of Ni and Co on
NiCo2O4/NiCo2S4 electrodes exhibited outstanding supercapacitor
performance with excellent stability. The NiCo2O4/NiCo2S4 electrodes
showed the specific capacitance of NCS/O:3, NCS/O:4, and NCS/O:5
were 1556, 1966, and 1004 Fg-1 at 5mV s−1, respectively. Therefore,
we concluded that NiCo2O4/NiCo2S4 flower-like nanostructures are
capable electrodes for supercapacitor applications and devices fabri-
cation.
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