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Abstract

A facile one-step hydrothermal route has been developed to directly synthesize CoNi,S, nanoparticles on carbon fiber cloth
(CO) to study the synergistic effect of bimetallic sulfides and carbon substrate on the electrochemical performance of super-
capacitor electrode. The integrated binder-free CoNi,S,/CC electrode possesses an outstanding specific capacitance of 1165
Fg~'at1 A g7!, and excellent rate capacitance (75.3% retention at 10 A g~!) in a three-electrode system, which is 27.2%
and 32.2% higher than that of pure CoNi,S, electrode. Detailed electrochemical tests and results showed that the surface
capacitance effect ratio of the CoNi,S,/CC electrode is higher than that of pure CoNi,S, electrode because of the introduction
of CC. The CC substrates can provide a channel for electrolyte electrons and ions to promote reaction kinetics and shorten
the diffusion distance of the redox reaction, thereby improving the performance of the pseudocapacitor CoNi,S,. Besides,
the assembled asymmetric supercapacitors based on CoNi,S,/CC electrode and reduced graphene oxide electrode displayed
a high specific energy density of 33.2 Wh kg™! at 800 W kg™!, remarkable electrochemical stability (87.1% retention after

10,000 circulations) and high rate stability.

1 Introduction

In recent years, with the continuous development of society,
new electrochemical energy storage and conversion devices
such as supercapacitors, fuel cells and lithium-ion batter-
ies have received extensive attention [1]. Compared with
other energy storage and conversion devices, supercapacitors
possess the advantages of light weight, fast charging speed,
high power density, longer lifespans, environmental friendli-
ness, low preparation cost and so on [2]. They have attracted
extensive attention of researchers all over the world. Based
on the energy storage mechanisms of supercapacitors, they
can be categorized into three types: electric double-layer
capacitors (EDLCs), hybrid supercapacitors, and pseudo-
capacitors [3, 4]. The capacitance of a EDLC is the static
electricity generated by the separation at the interface of
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electrodes and electrolyte [4, 5]. The capacitance of a hybrid
supercapacitor is stemed from its two electrodes through
battery reaction and double layer of electricity, respectively
[4]. The capacitance of the pseudocapacitor is derived from
the rapid reversible redox reaction of the near surface of
the redox active material [4]. The electrodes of EDLCs are
mainly composed of carbon materials, and the electrode
materials of pseudocapacitors are mainly composed of con-
ductive polymers, transition metal sulfides and transition
metal oxides/hydroxides. Compared with EDLCs, pseu-
docapacitors have attracted widespread attention because
of their superior specific capacity [4]. Aqueous electro-
lytes usually have high conductivity and and lower inter-
nal resistance of the capacitor [6-9]. Aqueous electrolytes
have a small molecular diameter and are easily impregnated
with micropores. H,SO, aqueous solution is the most com-
monly used in acidic aqueous solution, because it has the
advantages of high conductivity, ion concentration and low
internal resistance. But H,SO, aqueous solution as electro-
lyte, corrosive, fluid collection can not be used metal materi-
als [7]. Neutral electrolyte has certain advantages in safety
performance, but it is aqueous solution electrolyte after all,
which is greatly affected by the decomposition voltage of
water [7, 8]. For alkaline electrolytes, KOH aqueous solution
is most commonly used. Among them, high concentration
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KOH electrolyte is used when carbon material is used as
electrode material of capacitor, and low concentration KOH
electrolyte is used when metal oxide is used as electrode
material of capacitor [9].

In recent years, some transition—metal compound,
particularly binary nickel-cobalt sulfides (NiCo,S, and
CoNi,S,), have been widespread researched as promising
pseudo-capacitor materials [10]. On the one hand, since the
electronegativity of S is lower than O, the material has addi-
tional structural flexibility after surface vulcanization, which
makes the metal sulfide have higher stability; the transition
metal sulfide has a smaller band gap, which also Will result
in higher conductivity [10-12]. On the other hand, binary
Ni—Co sulfides (such as NiCo,S, and CoNi,S,) exhibit
synergistic effects of Co and Ni species due to multiva-
lent transitions, resulting in better specific capacitance [11,
13, 14]. All the characteristics mentioned above provide a
good opportunity for the development of next-generation
electrode materials. In the last few years, different mor-
phologies of CoNi,S, and NiCo,S, have been successfully
synthesized, such as nanoparticles [15], nanoplates [16],
mushroom-like [17] nanowires [18], nanotubes [19], cocks-
comb flower-like [20], lily-like [21], and nanosheet arrays
[22, 23]. For example, Yu et al. [24]. synthesized Ni,Co;_,S,
nanoprisms via a method of sacrificial templates and pre-
sented high specific capacitance of 895 Fg~'at 1 A g7!. Zhu
et al. [25]. fabricated NiCo,S, hollow microspheres by gas
bubble soft template and their electrochemical measurement
results demonstrated a high capacitance of 768 F g~! at a
current density of 2 A g~!. Gao et al. [26]. synthesized the
CoNi,S, nanosheets array on nickel foam at constant poten-
tial. The results show that the specific capacitance is 1932
F g~!, when the current density is 2 A g~!. Unfortunately,
even though the electrochemical performance of CoNi,S,
nanosheets is better than that of other materials, its cycling
performance is still dissatisfactory [11]. Therefore, because
the reaction kinetics of NiCo,S, and CoNi,S, are slow and
dependent on Faraday oxidation—reduction reaction, the rate
of long-term charge/discharge is low and the stability is poor
[10]. A popular approach to solving this problem is to com-
bine conductive materials. Compared with carbon materials,
the using of foam nickel to build an integrated independent
electrode can shorten the ions diffusion path and improve the
utilization of electroactive atoms, so that the electrochemi-
cal performance is improved [10]. However, the influence
of oxide and hydroxide on the nickel foam, especially under
low mass loading, can not be neglected [10, 12]. Under the
same conditions, the contribution of carbon materials can
be neglected [12]. Compared with foam nickel substrate,
the mass ratio of active material attached to carbon fiber
cloth substrates is higher, which provides a broad prospect
for the replacement of nickel foam for the preparation of
integrated electrodes. Ding et al. [27] fabricated hierarchical
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NiCo,S,@NiCo,S, nanoarrays on CC. CoNi,S, intercon-
nected nanosheet was also fabricated arrays on conductive
carbon fiber cloth to form a independent electrode with good
high-speed channels for electron and electrolyte transport by
Chen et al. [28]. As an asymmetric supercapacitors (ASC)
electrode, it has good electrochemical performance. Hao
et al. [29] prepared hollow NiCo,S, nanotubes array on
carbon fabrics. This integrated structure enables the active
material to have sufficient electrical contact with carbon
fibers, thus improving the effective participation in redox
reaction.

Up to now, the most researches have focused on the
structural design and method improvement, and there are
few studies on the effects of CC on surface capacitive pro-
cesses and diffusion-controlled reaction kinetics. In this
work, CoNi,S, nanoparticles immobilized on carbon cloth
were prepared by simple one-step hydrothermal route for
application. The introduced CC not only prevented the re-
crushing of the CoNi,S, nanoparticles, but also enhanced
the connection between the CC backbone and CoNi,S,, and
built a high-speed channel for electron transfer. When the
as-obtained hybrid material is used as positive electrode
materials of supercapacitor, it exhibits an remarkable pseu-
docapacitve performance with an excellent specific capaci-
tance and capacity retention.

2 Experimental
2.1 Materials

All the chemical reagents and solvents used in this experi-
ment belong to analytical grade and have not been further
treatment. The CC was pretreated with potassium perman-
ganate and then ultrasonically washed three times with
deionized (DI) water and ethyl alcohol for 30 min each
time. Cobalt nitrate hexahydrate (Co(NO;),-6H,0), nickel
chloride hexahydrate (NiCl,-6H,0), thioacetamide (TAA,
CH;CSNH,) and urea (CON,H,) were purchased from Alad-
din (Shanghai, China).

2.2 Synthesis of CoNi,S,

The CoNi,S, was prepared according to a facile one-step
hydrothermal route for application. Initially, before using it,
the carbon fiber cloth (CC) was pretreated with potassium
permanganate and ultrasonically washed three times with
DI water and ethyl alcohol, respectively. Then, 0.29105 g
of Co(NO;),-6H,0, 0.23769 g of NiCl,-6H,0, 0.06006 g
of urea and 0.30052 g of TAA were sequentially added to
30 mL DI deionized water. Then the precursor solution was
stirred on a magnetic stirrer for half an hour to form a uni-
form mixed solution. Two pieces of CC (2 cmXx 1 cm) and
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the uniform mixed solution were then poured into a 50 mL
Teflon-lined autoclave. Finally, the Teflon-lined autoclave
was transferred to an oven and kept at 180 °C for 24 h. After
naturally cooling down to room temperature, the sample
was ultrasonically rinsed with DI water and ethyl alcohol
and dried at 70 °C, CoNi,S, sample was afforded, which
is denoted as CoNi,S,/CC. For comparison, pure CoNi,S,
was also synthesized without CC under the same procedure.

2.3 Characterization

The structures of the obtained materials were analyzed by
X-ray diffraction (D8 Advance, Bruker, Germany) with Cu
Ka radiation in the angle range from 10° to 80° at a scan
rate of 8° min~!. The chemical state of the fabricated prod-
uct was performed and analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi) by Al-Ka as X-ray
source. Morphologies of the fabricated products were per-
formed by scanning electron microscopy (SEM) (Hitachi
SU-8000). Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM, Tecnai G2F20) were also
used to observe the the morphology and structure of the
CoNi,S,/CC nanostructures.

2.4 Electrochemical measurements

The electrochemical tests of both three-electrode and two-
electrode were carried out in 2 M KOH electrolyte at room
temperature. The instrument used for electrochemical meas-
urements was the CHI660D electrochemical workstation
(Chenhua, China). The platinum electrode, the reference
electrode and the working electrode together constitute
a three-electrode system. Platinum foil served as counter
electrode, saturated calomel electrode (SCE) as reference
electrode, and active material as a work electrode. The mass
loading of the CoNi,S, materials on CC was approximately
0.9 mg cm™2 The CoNi,S,/CC (1 cmx 2 cm) was used as
the working electrode. For the pure CoNi,S, powder without
carbon fiber cloth, the working electrode was the mixture of
the acetylene black conductive agent, a polyvinylidene fluo-
ride binder and the obtained CoNi,S, powder in a mass ratio
of 1:1:8. The current collector was Ni foam (NF). The mass
loading of the pure CoNi,S, material on the NF surface was
approximately 1.1 mg cm™2. The contents of electrochemi-
cal testing mainly include cyclic voltammograms (CVs),
galvanostatic charge/discharges (GCDs) measurement and
electrochemical impedance spectra (EIS) measurement. The
specific capacitances (C) of the three-electrode system and
two-electrode system can be calculated according to dis-
charge time in GCDs using the following equation [4]:

At 1
mAV )

in which I (A) represents charge/discharge current, m (g)
symbolizes the accurate weight of the active material, At (s)
stands for the discharge time in GCDs and AV (V) stands for
the voltage range upon discharging, respectively.

The electrochemical performance of the sample was fur-
ther evaluated via an two-electrode system. In the case of
ASC, the CoNi,S,/CC electrode and r-GO electrode were
prepared as the positive electrode and the negative electrode,
respectively. The CV, GCDs and EIS of the device were
measured in 2 M KOH electrolyte solution. In order to bal-
ance the charge storage of negative electrode and positive
electrode, the charge stored in negative electrode and posi-
tive electrode should be approximately equal. The optimal
mass ratio can be calculated according to the equation below
[4]:
mt ¢ XAV~
m- ¢t X AV* @
in which m* and m™ are the positive mass and negative mass
in the two-electrode system, respectively, AV~ and AV™ rep-
resent the voltage ranges for the negative electrode and the
positive electrode, C* is specific capacity of CoNi,S,/CC
electrode and C™ is specific capacity of the r-GO electrode.

The power density (P, W kg™!) and the energy density (E,
Wh kg™") of CoNi,S,/CC//-GO ASC device can be obtained
from the equations below [30]:

1

E=§><c><AV2 3)
E
P=x )

in which At (s) stands for the discharge time, AV (v) repre-
sents the voltage range and C (F g~!) symbolizes the specific
capacitance of CoNi,S,/CC//r-GO ASC device, respectively.

3 Results and discussion

The composition and structure of CoNi,S,/CC and CoNi,S,
samples have been investigated by XRD patterns, as depicted
in Fig. 1. Obviously, it can be seen that both the CoNi,S,/
CC and the pure CoNi,S, display the same peaks at 16.28°,
26.82°, 31.52°, 38.30°, 47.33°, 50.29° and 55.22°, which
can be identified asthe (1 11),(220),(311),(400), 4
22),(511),and (4 4 0) planes of the CoNi,S, (JCPDS no.
24-0334), respectively [15, 18, 22, 23]. No other impurity
peaks can be found on the XRD patterns of the CoNi,S,/CC
and CoNi,S,, respectively. The well-matched XRD peaks
of these two samples demonstrate the preservation of the
CoNi,S,/CC. The broad diffraction peaks of the CoNi,S,/
CC sample imply the relatively poor crystallinity.
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Fig. 1 XRD patterns of the CoNi,S,/CC and pure CoNi,S,

The element composition and chemical states of the
CoNi,S,/CC sample were further tested by XPS [11]. The
results are shown in Fig. 2a—d. As shown in Fig. 2a, the
electrode material is mainly composed of Co, Ni, S and C

element. The C elements may come from the carbon fiber
cloth. By Gaussian fitting, the Co 2p and Ni 2p are decon-
voluted into multipeaks, including two spin—orbit doublets
and two shake-up satellites (Sat) [31, 32]. As displayed in
Fig. 2b, the spectrum of CO 2P is matched to two shake-
up satellites (Sat) and two spin—orbit doublets (2P;;, and
2P, [31, 32]. The fitting peaks at 778.5 eV and 793.3 eV
are indexed to spin—orbit characteristics of Co’*, while the
existing peak located at 781.4 eV and the peak at 797.8 eV
correspond to the Co®* ions [33]. In addition, two shake-up
satellites can be seen at 802.9 and 783.7 eV [31]. The coex-
istence of Co®* and Co>* can be determined by spin-energy
separation between Co 2p,,, and Co 2ps,, of about 15 eV.
Similarly, the spectrum of Ni 2P can also be matched to
two shake-up satellites (sat.) and two spin—orbit doublets
(2P;), and 2P, ,) [31]. The high-resolution Ni 2p XPS spec-
trum is shown in Fig. 2c, the binding energies situated at
around 853.0 and 870.7 eV corresponded to Ni** and those
at around 855.2 and 873.0 eV indicated Ni** [31, 32]. S
2p spectrum can also be fitted with one shake-up satellite
and two peaks, as shown in Fig. 2d [31]. The binding ener-
gies situated located at around 161.7, 162.7 and 168.5 eV
are attributed to S 2p35,, S 2p,,, and the satellite peak,
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Fig.2 a XPS survey spectrum of CoNi,S,/CC; b, d XPS spectra of Co 2p, Ni 2p and S 2p
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respectively [31, 32]. According to these XPS results, the
CoNi,S,/CC materal is composed of Co**, Ni**, Co**, Ni**
and S?~, which is consistent with the literature for CoNi,S,
[15, 17,23, 31-36].

The microstructural features of the CoNi,S,/CC the
CoNi,S,/CC hybrid and pure CoNi,S, powder were further
investigated by SEM, TEM and HRTEM analysis. Figure 3a
shows the bare carbon cloth rough surface and grooves,
which is conducive to the deposition of active substances.
As shown in Fig. 3b, the carbon fiber cloth is evenly cov-
ered by CoNi,S, nanoparticles with an average diameter of
approximately 200 nm after hydrothermal reaction. Com-
pared to pure CoNi,S, sample without carbon cloth substrate
(Fig. 3c). Compared with pure CoNi,S, powder without CC
substrates (Fig. 3c), relatively small nanoparticle diameters
and more uniform dispersion in three-electrode and two-
electrode systems are critical to accelerating reaction kinet-
ics. The microstructures and the crystallinity of the CoNi,S,/
CC nanoparticles were further characterized by HRTEM and
selected-area electron diffraction (SAED) analysis, which is
shown in Fig. 3d. HRTEM image displays the visible lattice
fringes with a spacing of 0.2840 nm, which is related to the
(311) crystal plane of CoNi,S, and shows no difference with
the XRD results. Furthermore, the SAED pattern is depicted
in a inset of Fig. 3d. These well-defined diffraction rings can
be directed to the (311), (422), (511) and (440) planes of the

CoNi,S,, as marked in Fig. 1, respectively, suggesting the
polycrystalline structure of CoNi,S,.

To further research the practicality of the CoNi2S4/CC
sample as a supercapacitor electrode, its electrochemical
performance was investigated by CV, GCDs and EIS meas-
urements in a three-electrode system in 2 M KOH electro-
lyte. The electrochemical characterizations of the CoNi,S,/
CC sample and CoNi,S, sample were first performed by CV
test with scanning rate of 10-100 mV s~' and the potential
window from O to 0.7 V. As revealed in Fig. 4a, a couple of
well-defined faradaic redox peaks can be observed in the
range of 0-0.7 V of the CV curves of the CoNi,S,/CC sam-
ple, mainly due to the Faraday-type redox reaction [37]. As
the increase of scanning rate, the shape of CV keeps very
good, which indicated the ideal pseudocapacitance behaviors
and excellent rate performance [37, 38]. At the same time,
the cathode peaks and anode peaks shift to lower potential
and higher potential respectively, which may be caused by
an increase of internal resistance and polarization [38]. Fig-
ure 4b exhibits a comparison of CV curves of pure CoNi,S,
sample and the CoNi,S,/CC sample at a scanning rate of
50 mV s~!. Clearly, the CoNi,S,/CC material has a larger
integral area than the pure CoNi,S, material, that is, the
specific capacitances of CoNi,S,/CC material are larger. The
redox reaction of CoNi,S,/CC electrode in KOH electrolyte
solution can be expressed by the equation below [39, 40]:

Fig.3 SEM images of a bare CC; b CoNi,S, loaded on carbon fiber cloth; ¢ the pure CoNi,S, samples at different magnifications; d HRTEM

images of the CoNi,S,/CC sample
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The GCD curves of both CoNi,S,/CC electrode and pure
CoNi,S, electrode were performed at the current densities
of 1,2,3,5,8and 10 A g_1 and displayed in Fig. 4c, d.
Figure 4c revealed the GCD measurements of the CoNi,S,/
CC electrode in the potential window of 0-0.5 V. The GCD
curves clearly show distinct voltage plateaus, which is
caused by the Faraday oxidation—reduction reaction during
charging and discharging [31]. The two voltage plateaus are
consistent with the redox peaks obtained from the CV analy-
sis. The nonlinear shapes of these charge—discharge curves
are similar and shown their ideal pseudocapacitive behaviors
and Faraday reversible redox reaction between CoNi,S,/CC
and KOH electrolyte [30]. It is a typical pseudocapacitive
property of transition metal compounds which was derived
from the absorption/desorption of the electrolyte ions at the
electrode—electrolyte interface [2, 31]. Figure 4d reveals the
direct GCD measurements comparison of the CoNi,S,/CC
electrode and pure CoNi,S, electrode collected at 1 A g~.
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As expected, the discharge time of the CoNi,S,/CC electrode
is longer, which suggests that the charge stored in CoNi,S,/
CC electrode is larger than that in pure CoNi,S, electrode.
The calculated specific capacitances of CoNi,S,/CC elec-
trode and pure CoNi,S, electrode are displayed in Fig. 4e.
The specific capacitance of CoNi,S,/CC electrode can be
calculated to be 1165, 1114.8, 1080.6, 1019, 958.4 and
924 Fglat1,2,3,5,8,and 10 A g~! and its rate per-
formance was 79.3%. In addition, as can be observed from
Fig. 4e, the specific capacitances of CoNi,S,/CC electrode
decay gradually in pace with the increase of current density.
This phenomenon can be interpreted by the fact that when
the current density of charge/discharge is lower, ions not
only have higher diffusion efficiency in the electrolyte, but
also have higher migration efficiency in the electrode region
[41]. When the current density of charge/discharge is higher,
the migration and diffusion of electrolyte ions are limited
due to diffusion effects [2, 32]. When the current density
is the same, the specific capacitances of the pure CoNi,S,
electrodes are lower than the CoNi,S,/CC electrode. While
the pure CoNi,S, electrode exhibits 916, 840, 814, 778, 722
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and 699 F g_1 at1,2,3,5,8,and 10 A g_l, respectively,
and its rate performance is 76.3%, which is due to the insuf-
ficient utilization of electrochemical active material. As can
be observed, the capacity retention rate of the CoNi,S,/CC
electrode is higher than pure CoNi,S, electrode. In order
to study the electron transport characteristics of CoNi,S,/
CC electrode and pure CoNi,S, electrode during the Faradic
reactions, the EIS analysis was applied within the range of
0.01 Hz-100 kHz with the amplitude of 5 mV at an open
circuit potential. As revealed in Nyquist plots (Fig. 4f), the
curves include the linear part of the low frequency range and
the semi-circle part of the high frequency range. In the high
frequency range, the real axis intercept between the semicir-
cle and the X coordinate represents internal resistance (Rs),
which consists of the resistance of the active substance, the
ionic resistance and the contact resistance [3, 4]. Obviously,
the Rs of the CoNi,S,/CC and CoNi,S, electrodes are 0.70
and 0.85Q, respectively. As comparable to the CoNi,S,/CC
electrode, the pure CoNi,S, electrode has larger interfacial
charge transfer resistance. All electrodes exhibit a similar
semicircular arc shape in the high frequency range, and the
size of the semicircle represents the size of the electrode/
electrolyte interface charge-transfer resistance (Rct) [3, 4].
The slope of the line at the low frequency (Warburg-type lie)
represents the Warburg impendence (Zw) associated with
ion diffusion [3, 30]. As shown in Nyquist plots, the slope
difference between the two lines is very small. The line at
the low frequency is close to Y-axis, which indicates that
ions and electrolytes diffuse effectively in the whole system,
resulting in lower diffusion resistance of the CoNi,S,/CC
and CoNi,S, electrodes.

In order to better assess the feasibility of the CoNi,S,/CC
electrode, the CoNi,S,/CC//-GO ASC device was fabricated
and measured by using the CoNi,S,/CC sample and r-GO as
the positive electrode and negative electrode in 2 M KOH
electrolyte, respectively. The specific capacitance of r-GO
material at 1A g~!is 165 F g~! and the capacitance degra-
dation is extremely small after 10,000 cycles. Figure 5a dis-
plays the CV curves of r-GO and the CoNi,S,/CC electrodes
within the voltage windows range of 1.0-0 V and 0-0.7 V at
50 mV s~!, respectively. In addition, the optimal weight ratio
between the CoNi,S,/CC electrode and the r-GO electrode
is about 1:3.1 according to the Eq. (2). According to the CV
measurements exhibits in Fig. 5a, the maximum operation
potential window of the CoNi,S,/CC//r-GO ASC device can
be extended up to 1.6 V. Even at 100 mV s~!, the curve does
not show obvious polarization, which indicates that the bat-
tery voltage is reasonable. It can be seen from Fig. 5b that the
CV cures of the ASC device have only slight deviation with
scanning rate of 10—100 mV s~! and the potential window
from O to 0.7 V, which indicats that this device has excellent
reversibility of charge-storage. In order to evaluate the charg-
ing capacity more intuitively, GCD curves of the ASC device

under different current densities were tested, as illustrated in
Fig. 5c. As shown in Fig. 5d, the specific capacities of the
CoNi,S,/CC//r-GO ASC device is calculated to be 93.31,
85.75, 80.25,72.03,65.45,and 60.75 F g ' at 1, 2,3, 5,8, and
10 A g7}, respectively, according to Eq. (1). As displayed in
Fig. Se, an equivalent circuit was used to fit the curves using
the ZView software. The EIS curves are composed of semicir-
cles at a high-frequency range which are related to the charge-
transfer resistance at the electrolyte—electrode interface and
a straight sloping line at the low-frequency range [42]. In the
high frequency range, the real axis intercept represents internal
resistance (Rs), caused by the contact resistance of interface
between active material and current collector, and the intrin-
sic resistance from the electrode and electrolyte [3]. The Rs
of the assembled devices is 1.354 Q, which implies that the
interface charge transfer resistance is smaller. The semicircle
at high frequency corresponds to the interface charge-transfer
resistance (Rct), caused by the faradic reactions ascribed to the
conductivity of active materials [3]. The larger the diameter of
the semicircle, the higher the impedance. In addition, the line
at the low frequency is close to Y-axis, which indicates that
ions and electrolytes diffuse effectively in the whole system,
resulting in lower diffusion resistance of the device. Addition-
ally, cyclic performance is also one of the important indicators
for the practical application of supercapacitor electrode materi-
als [43, 44]. It is worth noting that after 10,000 cycle numbers,
this device retained approximately 87.1% initial capacitance at
10 A g~!, which indicates its excellent cycling stability. One
of the important reasons for capacitance decay in the cycling
process is that the low spalling of active substances on the
electrodes.

The power density (P) and energy density (E) are the
important indicators of supercapacitors, which can be cal-
culated from Egs. (3) and (4) according to the GCD meas-
urements (Fig. 5c) and the results were displayed in Fig. 6.
The ASC device achieved the maximum energy density of
33.2 Whkg~! at 800 W kg~'. Even when the power density
was as high as 8000 W kg™, the energy density still retained
21.6 Wh kg~!. The obtained energy densities and power den-
sities of this CoNi,S,/CC//r-GO device was competitive in
current researches, such as CoNi,S, NS//AC (33.9 Wh kg~!
at 409 W kg~!) [32], NiCo,S, nanoparticles//AC (28.3
Whkg™! at 245 W kg™!) [45], Ni-Co-sulfide NW AS//AC (25
Wh kg! at 447 W kg™!) [46], NiS HNPs//AC (11.6 Whkg™!
at 187.5 W kg™ [47], NiC0,0,/CuCo0,0,//AC (15 Wh kg™!
at 814 W kg_l) [48] and nickel—cobalt oxide//AC (10.8 Wh
kg~!at474.4 W kg™") [49].
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@ Springer

GO ASC device can reach up to 33.18 Wh kg~! at specific
power of 800 W kg™, and still remained 21.6 Wh kg™!
at 8000 W kg~!. Hence, these results suggested that the
constructed CoNi,S,/CC//r-GO ASC device exhibited an
outstanding electrochemical characteristic.
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