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Nowadays, research on energy storage devices is mainly focused on enhancing their electrochemical
performance. Among them, electrode materials play an important role. In this work, we synthesised

Received 7th June 2022, several hybrid NiCo,S4@Ni(OH), samples by a three-step hydrothermal route. As electrode materials, the

Accepted 18th June 2022 obtained flower-like structures can accelerate the transfer of electrolyte ions. They possess a specific
capacity of 2899.48 F g™ at 1 A g~* and superior cycle stability. Moreover, the assembled hybrid device

obtains an energy density of 59.26 W h kg™ at 1432.07 W kg™. Bending tests at different angles
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1. Introduction

At present, the demand for clean energy resources has become
overwhelming due to superfluous carbon emission."™ As an
emerging energy storage device, a supercapacitor not only fills
the gap between traditional capacitors and batteries, but also
shows many advantages, such as a wide working temperature
range and long cycle life.*”® However, its relatively low energy
density hinders its further application.”® It is known that
increasing the specific capacitance (C) and voltage window (V)
can improve the corresponding energy density.”™" Transition
metal sulfides have been extensively studied for their excellent
electrochemical activity and ultra-high redox capacity.">* For
example, Ma et al. fabricated NiCo,S, electrode materials on
carbon nanofibers by electrospinning and hydrothermal methods.
The prepared samples showed a mass capacitance of 1169 F g~ " at
1 A g~ " The capacitance retention rate was 87.2% after 10 000
cycles.™ In previous work, we prepared NiCo,S; nanowires using a
two-step hydrothermal route. The resulting product possessed a
specific capacitance of 1382.44 C g " at 1 A g~ '."° Nickel hydro-
xide is also widely used in supercapacitors because of its high
theoretical capacitance and unique layer structure.'’ ™ Sharif’s
group prepared Co(OH),@Ni(OH), nanosheets on 3D-Ni film-
coated nickel wires by an electrochemical route. They delivered
a specific capacitance of 355.2 C g ' at 1 A g ' and 80.0%
capacitance retention after 3000 cycles.*

However, single-component materials often show poor
conductivity.?® This limits the full utilization of their
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indicate that the device possesses excellent mechanical flexibility.

electrochemical performance. The construction of heteroge-
neously structured electrode materials is an efficient strategy
to increase their specific capacitance. The increase in electrical
conductivity of the electrode material can be achieved by using
the synergistic effect of multiple components. The unique
structure facilitates the transport of electrolyte ions, resulting in
an increase in specific capacitance.?*® For instance, Li and
coworkers prepared NiCo,S,;@PPy composite material on Ni foam
by hydrothermal and in situ polymerization methods. The
obtained samples achieved a capacitance of 1842.8 F g '
(at 1 A g ). The energy density of the prepared hybrid device
was 41.2 W h kg™ " at 402.2 W kg™ " and the capacitance retention
rate obtained was as high as 92.8%.>* Sekar et al. synthesized
NiCo,S,@C3;N,@VS, nanocomposites through a multi-step hydro-
thermal approach. It showed a specific capacity of 1984.1 F g™ " at
1A g—1.25

In this work, we report hybrid NiCo,S,@Ni(OH), electrode
materials on Ni foam by a multi-step hydrothermal approach.
The mass capacitance of the prepared sample is 2899.48 Fg ' at
1 A g . It shows an excellent cycling stability after 10 000 cycles
charge/discharge tests and a capacitance retention rate of 85%.
The assembled asymmetric device delivers an energy density of
59.26 W h kg ' at 1432.07 W kg '. It also shows excellent
mechanical flexibility at different bending angles.

2. Experimental

Preparation of NiCo,S, nanosheets

In a typical procedure, 0.29 g of Ni(NOs),-6H,0, 0.58 g of Co(NO3),-
6H,0, 0.11 g of NH,F and 1.5 g of urea were added in turn to 60 mL
of deionized water. Then a piece of pretreated nickel foam was put
into the above mixed solution. After that, the reaction was carried
out at 120 °C for 5 h. After cooling to room temperature, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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resulting product was washed with deionized water and ethanol,
consecutively, and then dried at 60 °C. Finally, 0.4 g of Na,S-9H,0
and the above precursors were added to 60 mL of deionized water
and then transferred to an autoclave and stored at 120 °C for 4 h.

The average mass loading of NiCo,S, was 1 mg cm™ 2.

Synthesis of NiCo,S,@Ni(OH), composite materials

0.29 g of Ni(NOs),-6H,0 and 0.12 g of urea were put into 60 mL of
deionized water with thorough stirring, and then the prepared
NiCo,S, sample was put into the above solution, and kept at
120 °C for 2 h. Several experiments were conducted with different
reaction times (1, 2, 4 h). The samples were marked NiC0,S,@
Ni(OH),-1, NiC0,S;@Ni(OH),-2 and NiCo0,S,;@Ni(OH),-4. Their

average masses were 1, 1.1 and 1.7 mg cm™ >, respectively.

Preparation of activated carbon

Activated carbon, acetylene black and polyvinylidene fluoride
were mixed in a ratio of 7:2:1 and a slurry was prepared with
N-methyl-2-pyrrolidone. Afterwards, it was evenly coated on
nickel foam and then dried.

Assembly of asymmetric supercapacitors

An NiCo,S,@Ni(OH),-2 positive electrode and activated carbon were
used to assemble asymmetric supercapacitors. PVA-KOH was used
as a gel electrolyte and a diaphragm (NKK paper) as a separator.

The active substance mass of electrode materials can be
calculated according to the formula:

m'im~ = C AV /(C'AV) (1)

where m', m~ are the active substance masses of positive and
negative electrodes, respectively, C*, C~ are the mass capaci-
tances, and AV, AV are the voltage windows.

Material characterization

The phase composition of the synthesised material was studied
using an X-ray diffractometer (XRD, Shimadzu-7000, 1 = 0.1506)
containing Cu Ko radiation. X-ray photoelectron spectroscopy
(XPS, ESCALAB 250 Xi, Thermo Scientific) was used to investi-
gate the chemical valence of the products. The morphology of
the samples could be observed with a scanning electron micro-
scope (SEM; Gemini SEM 300-71-31) and a transmission elec-
tron microscope (TEM, JEM-2100 PLUS).

Electrochemical measurements

The electrochemical performance of the samples was examined
in an electrochemical workstation (CHI600E, Chenhua, Shang-
hai). The synthetic samples, Hg/HgO (0.098 V) and Pt sheets
were used as the three electrode materials. The test content
mainly includes cyclic voltammetry, galvanostatic charge-
discharge and electrochemical impedance spectroscopy.

3. Results and discussion

The preparation process of the NiCo,S,@Ni(OH), samples is
illustrated in Fig. 1. Firstly, NiCo,S, nanosheets were synthesized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The synthetic schematic of NiCo,S,@Ni(OH), composites.

using a simple hydrothermal method. Then, a layer of Ni(OH),
nanosheets was covered on the surface of the NiCo,S, product by
a one-step hydrothermal route. When the reaction time increased,
the composite Ni(OH), nanosheets gradually assembled into
nanoflower shapes. The two-layer nanosheet structure allows for
a synergistic effect between the two materials. It significantly
increases the electrochemically active sites and results in high
specific capacitance.

The XRD patterns of the samples are shown in Fig. 2a. Three
typical diffraction peaks come from the nickel substrate. The
peak at 31.6° corresponds to the (311) crystal planes of NiCo,S,
(JCPDS no. 20-0782), while those at 38.3°, 50.5° and 69.3° are in
accordance with the (400), (511), and (440) crystal planes,
respectively. When it is composed with Ni(OH), material,
several additional diffraction peaks are detected at 38.5°
59.1° and 73.1°, which belong to the (101), (110) and (112)
crystal planes of Ni(OH), (JCPDS no. 14-0117). The element
surface states of NiC0,S,;@Ni(OH),-2 were then studied by XPS.
Ni 2p can be divided into two spin orbitals of Ni*" and Ni**
(Fig. 2b). The fitted peaks at 852.3 eV and 872.9 eV correspond
to Ni**. The binding energy of Ni** corresponds to 855.6 eV and
874.3 eV.”® For Co 2p (Fig. 2¢), the peaks of Co>" are located at
binding energies of 780.9 eV and 797.9 eV, while the binding
energies at 776.3 eV and 796.5 eV suggest the presence of
Co*".*” In the S 2p spectra (Fig. 2d), the peaks at 163.4 eV
and 161.9 eV correspond to S 2p;,, and S 2ps),, respectively.?®
Fig. 2e shows the O 1s spectra. The binding energy at 530.4 eV
belongs to a metal-oxygen bond, while the peak at 531.2 eV is
associated with hydroxide and the O; at 532.2 eV represents
adsorbed water.?® The C 1s spectrum can be divided into 284.7 eV
(C-C/C=C), 285.9 eV (C-O/C-S) and 288.6 eV (0-C—0) (Fig. 2f).*°

Fig. 3a shows the SEM image of the NiCo,S, sample uni-
formly distributed on the nickel foam substrate. From the inset,
the average thickness of the nanosheets is 10 nm. From the
inset in Fig. 3b, high-magnification SEM images of the
NiCo,S,@Ni(OH),-1 product indicate that the nanosheets inter-
mingle with each other and form a petal-like structure. SEM
images of the NiCo,S,@Ni(OH),-2 sample are presented in
Fig. 3c. One finds that some nanosheets are assembled into
nanoflower structures. The inset demonstrates that the nano-
flower possesses a uniform shape. As the reaction time increases,
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Fig. 2 Structural characterization: (a) XRD patterns, (b—f) XPS spectra.

the shape of the nanoflower remains constant while the thickness
of the lamellae increases (Fig. 3d). As can be seen in the inset, the
surface of the NiCo,S,@Ni(OH),-4 nanosheets is slightly rough.
Cyclic voltammetry curves of several samples at 20 mV s "
are shown in Fig. 4a. The CV curve area of the NiCo0,S,@
Ni(OH),-2 product is much larger than those of the other

6248 | Mater. Adv, 2022, 3, 6246-6252
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materials, indicating its high capacity. Fig. 4b shows a compar-
ison of the capacitance of several synthesized products, which also
confirms that the hybrid structured samples present a high specific
capacitance. When the current density is increased to 10 A g™, the
capacitance retentions of the NiCo,S;, NiCo,S,@Ni(OH),-1,
NiCo,S,@Ni(OH),-2 and NiCo,S,@Ni(OH),-4 electrode materials

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical characterization: (a) cyclic voltammetry curves, (b) galvanostatic charge—discharge curves, (c) Nyquist plots, (d) cyclic
voltammetry curves of an NiCo,S4@Ni(OH),-2 nanosheet, (e) galvanostatic charge—discharge curves of NiCo,S4@Ni(OH),-2 samples, (f) cycling

performance.

are 63.88%, 67.93%, 58.53% and 70.11%, respectively. To
further understand the electrochemical kinetics of the elec-
trode materials, tests of their electrochemical impedance were
conducted, as shown in Fig. 4c. The intersection with the real
axis represents the equivalent resistance (Rs). Rs values of the

samples are 0.79, 0.66, 0.57 and 0.71 €, respectively. Among
them, the R, value of the NiCo,S,;@Ni(OH),-2 product is the
smallest. In addition, the NiCo0,S,;@Ni(OH),-2 electrode
material shows a small semicircle in the high-frequency region
and a large slope in the low-frequency one. It demonstrates fast
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Fig. 5 Electrochemical performance of the electrode materials: (a—c) cyclic voltammetry curves, (d—f) galvanostatic charge—discharge curves.
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Fig. 6 Electrochemical characterization of the device: (a) CV curves, (b) CV curves at different voltage windows, (c) CV curves at various scanning rates,

(d) GCD curves, (e) Nyquist plot, (f) CV curves at different bending angles,

electron transport kinetics and ion diffusion rates at the
electrode/electrolyte interface.*'**

Fig. 4d shows cyclic voltammetry curves of NiCo,S,@Ni(OH),-2
at different scan rates. Obvious redox peaks can be observed, which
are mainly reversible reactions of the Ni**/Ni*" and Co*"/Co®" redox
pairs.® As the scan rate increases from 5 m Vs " to 50 mV s *, the
cyclic voltammetry curve slopes and the redox peaks shift in
opposite directions, The results show that the migration speed of
electrolyte ions increases with an increase in scan rate at the
interface.>* A plateau can be observed in the galvanostatic charge-
discharge (GCD) curve at 1 to 10 A g~ ' (Fig. 4e), indicating their
pseudocapacitive behaviors. From the GCD curves, the value of the
mass capacitance (C) can be calculated from the following equation:

(2)

I, At, m and AV represent current density, discharge time, the
loading mass of the active material and voltage window,

C = IAt/mAV

6250 | Mater. Adv, 2022, 3, 6246-6252

(g) Ragone plot, (h) cycling performance.

respectively. The calculated specific capacitances are 2899.48 F g~ *
(1Ag"), 244892 Fg ' (2Ag "), 213584 Fg ' (4Agh),
1825.71 F g ' (8 A g ") and 1697.00 F g ' (10 A g '). Fig. 4f
shows the cycling property of several electrode materials.
The NiCo,S,@Ni(OH),-2 sample was tested for 10000 cycles
at 15 A g ' and it retained 85% of the initial capacitance.
The NiCo,S,;, NiCo0,S,;@Ni(OH),-1 and NiCo,S,@Ni(OH),-4
electrode materials showed capacitance retentions of 63%,
70% and 90%, respectively.

Cyclic voltammetry curves of several samples are shown in
Fig. 5(a—c). When the scanning speed is increased, the shapes
of the curves are well preserved, suggesting their excellent rate
characteristics. Furthermore, as shown in Fig. 5(d-f), the mass
capacitances of the three samples are 1707.84, 2455.17 and
2235.74 F ¢ ' at 1 A g, respectively. The redox reactions can
be described as follows:*>

NiCo,S, + 20H™ = NiSOH + CoSOH + 2e~

®)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NiSOH + OH™ = NiSO + H,0 + e~ (4)
CoSOH + OH™ = CoSO + H,O + e~ (5)
Ni(OH), + OH™ = NiOOH + H,0O + e~ (6)

To further explore the practical applications of the synthesised
product, an asymmetric capacitor was assembled. Fig. 6a shows
the CV curves at 20 mV s '. The operating voltage range of
activated carbon is —1.0 to 0 V and that of the NiCo0,S,@
Ni(OH),-2 sample is 0 to 0.6 V. Based on a combination of the
voltage windows of activated carbon and the NiCo,S,@Ni(OH),-2
product, the assembled asymmetric device can operate stably in a
voltage window of 1.6 V. The CV curves at different voltage
windows indicate that the device can still operate stably at
1.6 V.>**” From the CV curves of the devices at scan rates of
10 to 100 mV s~ * (Fig. 6c), the specific capacitance of the hybrid
device is mainly composed of the double layer capacitance of the
activated carbon and the pseudocapacitance of the NiC0,S,;@
Ni(OH),-2 electrode material.*®**° Galvanostatic charge-discharge
curves at different current densities are shown in Fig. 6d. The
specific capacitances are 48.08, 44.75, 39.77,37.17 and 35.75 F g "
at 0.5, 1, 2, 3, and 5 A g ', respectively. The electrochemical
behaviour of the asymmetric device was further determined by
electrochemical impedance spectroscopy, as shown in Fig. 6e. The
equivalent resistance is 1.24 Q. The small semicircle and large
slope indicate its low resistance.

In addition, the mechanical stability of the assembled device
was also investigated. Fig. 6f shows the cyclic voltammetry
curves bending from 0° to 135°. They show a similar shape
and the enclosed area remains unchanged, demonstrating the
excellent mechanical flexibility.** The corresponding energy
density (E) and power density (P) can be derived based on the
following equations:

E =1/2CV* (7)
P =E/At (8)

where C is specific capacitance, V refers to voltage window, and
At represents discharge time. Fig. 6g shows a Ragone plot of
several devices, where the power density of our device is
1432.07 W kg !, which is better than some literature
reports.”>*'~** Finally, the cycling performance of the device
was investigated at 2 A g~', as shown in Fig. 6h. It was
found that the capacitance retention could still reach 87% after
10000 cycles.

4. Conclusions

In summary, we have synthesized several hybrid-structured
NiCo,S,@Ni(OH), samples by a multi-step hydrothermal route.
The results show that nickel atoms increase the energy density
of the material, while cobalt both stabilizes the layered struc-
ture of the material and improves its cycling stability and rate
properties. It improves the electrical conductivity and electro-
nic transfer rate of the hybrid samples. The NiCo0,S,@Ni(OH),-2
product delivers a high specific capacitance. The hybrid device

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shows outstanding cycle stability and mechanical flexibility.
This suggests that the obtained composite electrodes could be
potential candidates for future energy storage devices.
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