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Abstract

Binary transition metal sulfides have garnered widespread concentration result from their superior electrical conductivity
and outstanding capacitance. However, their poor cycling stability hinders their applications in energy storage devices. The
objective of this study is to devise and prepare graphene and NiCo,S, composite (NiCo,S,@graphene) using a simple one-
step hydrothermal modality. Graphene is used as a conductive substrate, and NiCo,S, nanoparticles are formed in situ and
homogeneously anchored on graphene nanosheets through C-S-C covalent bonds. For example, the NiCo,S,@graphene
composite has a high specific capacitance of 918.0 C g~! at a current density of 1 A g~! and enhanced cycling stability
(90.1% after 6000 cycles). In addition, the asymmetric supercapacitor was fabricated with NiCo,S, @ graphene as the positive
electrode and graphene (GR) as the negative electrode, and the device provided a maximum energy density of 49.8 Wh kg ™!
at a power density of 845.3 Wh kg~!. Besides, the capacitance retention rate was as high as 92.0% after 1000 cycles. The
superior electrochemical properties of the NiCo,S,@ graphene material verified its huge potential for realistic applications.
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Introduction

The pollution and non-renewability of conventional oil
resources have been obstacles to sustainable development
for humans. Accordingly, there is much interest in develop-
ing environmental benignity and low-cost and clean renew-
able energy sources [1, 2]. Scientists and researchers have
been focusing on developing and studying electrochemical
energy storage technologies such as lithium-ion batteries
(LIBs) [3, 4], sodium-ion batteries (SIBs) [5, 6], and super-
capacitors (SCs) [7, 8]. Supercapacitors are new energy
devices that combines the characteristics of conventional
capacitors with the energy storage properties of batteries.
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Supercapacitors offer several advantages, including good
safety, high power density, rapid charging and discharging
rates, and long cycle life [9, 10]. Supercapacitors can be cat-
egorized into electric double-layer capacitors (EDLCs) and
pseudocapacitors based on their operating principles [11].
The electrical double-layer capacitors store energy primar-
ily through the interfacial double layer formed between the
electrodes and the electrolyte [12]. An critical characteris-
tic of this process is that no transfer of charge occurring at
the interface between the electrode and electrolyte. In other
words, it is a non-Faraday process [13]. Pseudocapacitors
rely heavily on the Faraday process to store charges, which
involves rapid and reversible oxidation and reduction reac-
tions on or around the superficies of the active material [14].
Among the above two mechanisms, the bilayer capacitor
usually shows higher rate performance, and the pseudoca-
pacitor exhibits higher capacitance performance but poorer
rate performance and cycling stability. Those with the same
positive and negative electrode materials are known as sym-
metric supercapacitors, while those with different ones are
known as asymmetric supercapacitors (ASCs) [15]. In the
past several years, supercapacitors have gained widespread
concern due to the aforementioned advantages. Gongalves
et al. assembled supercapacitors based on trimetallic oxides
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by (a) heteroatom doping, (b) hierarchical nanostructuring,
and (c) combination with other suitable materials to prepare
nanocomposites [16]. Mariappan and colleagues prepared
the stand-alone carbyne (SAC) film by dehydrohalogena-
tion on the porous polyvinylidene fluoride (PVDF) mat [17].

The performance of supercapacitors is primarily influ-
enced by the electrode materials, which mostly include
carbon materials, conductive polymers, and transition
metal compounds [18]. Among them, transition metal
compounds (TMCs) are capable of storing charges rapidly
through Faraday reaction, with large energy storage capac-
ity and electrical conductivity, as well as environmental
friendliness [19-21]. And transition metal sulfides (TMSs)
have been widely recognized due to their higher theoretical
capacity and electrical conductivity, as well as more easily
tunable morphology compared with other transition metal
compounds [22-25]. Compared with mono-metal sulfides,
such as CoS, [26], NiS, [27], MoS, [28], and MnS [29],
bimetallic sulfides, such as CoMoS, [30] and NiCo,S, [31]
have better electrical conductivity and richer redox reac-
tions, which can provide higher specific capacitance and
exhibit better electrochemical properties. Therefore, bime-
tallic sulfides are regarded as a new research hotspot in
supercapacitors [32].

Among the various TMSs, NiCo,S,-based materials have
a high theoretical specific capacitance and are therefore con-
sidered by researchers as ideal electrode materials for super-
capacitors. The current studies report that different nanostruc-
tures of NiCo,S, materials have been successfully designed,
such as nanoneedles [32], nanosheets [33], nanoparticles [34],
and nanospheres [35]. However, among the many NiCo,S,
morphologies, fewer reports on NiCo,S, nanoparticles have
been reported. For instance, Xin and colleagues reported the
devise and synthesis of nanoflower-NiCo,S, with remark-
able performance (specific capacitance of 1141.0F g™l at 1 A
g™") using low-cost [CH;NH;][Ni(HCOO)] and [CH;NH,]
[Co(HCOO);] as the precursor [36]. Xiang et al. Successfully
reported an approach for designing and synthesizing NiCo,S,
polyhedral structures with stable structure and good perfor-
mance (specific capacitance of 1298.0 F g~!at 1 A g™!) using
NiCo,0, as the precursor [37]. However, although NiCo2S4
materials are used as excellent battery materials, NiCo,S,
nanoparticles tend to aggregate during charging and discharg-
ing, which reduces the stability and specific capacitance of
supercapacitors [38]. Moreover, the alteration in the volume
of NiCo2S4 nanoparticles during cycling results in a rapid
decrease in the capacity and cycling stability of the NiCo,S,
material [39]. To address these disadvantages of the NiCo2S4
material, researchers considered combining the NiCo,S, mate-
rial with a conductive substrate to improve its electrochemical
properties. Typically, carbon spheres [40], graphene [41], Ni
foam [42], and carbonized polymer sponges [43] are chosen
as conductive substrates. For instance, Mariappan et al. used
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antimonene sheets as a conductive substrate to grow nano-
structures to generate antimonene/3DNi [44]. Tian et al. used
CNT fiber as the primary core and in situ growth on CNT to
obtain PANI/N-CNT@CNT fiber [45]. However, most of the
composites of NiCo,S, nanoparticles and carbon materials
are simply mixed, and the NiCo,S, nanoparticles cannot be
tightly bonded with the carbon materials, thus easily leading
to the dislodgement of NiCo,S, nanoparticles from the carbon
materials during the charging and discharging process [46, 47].
In this work, we prepared NiCo,S,@ graphene compos-
ite by a simple one-step hydrothermal method, which uses
graphene nanosheets as conductive substrate and immobi-
lizes NiCo,S, nanoparticles onto graphene nanosheets by
constructing C-S-C covalent bonds. Graphene is a 2D mon-
olayer material with a theoretical specific surface area of
up to 2630 m? g~!, which facilitates electron transport and
exposes numerous adsorption sites. Therefore, it is capa-
ble of being an excellent conductive substrate for NiCo,S,
nanoparticles [48, 49]. Graphene nanosheets can avoid
the agglomeration of NiCo2S4 nanoparticles to a certain
extent [50]. Meanwhile, the lamellar structure of graphene
nanosheets provides protection for NiCo2S4 nanoparti-
cles, hinders the volume variation of NiCo,S, nanopar-
ticles during charge/discharge process, and effectively
improves the cycling stability of the material. In addition,
NiCo,S, nanoparticles enter into the interlayers of graphene
nanosheets, effectively reducing the agglomeration of gra-
phene nanosheets, thereby enhancing the material’s electri-
cal conductivity [51]. Meanwhile, the construction of C-S-C
covalent bonds enhance the interfacial interaction between
NiCo,S, nanoparticles and graphene, anchoring NiCo,S,
nanoparticle firmly on the graphene conducting substrate,
thus improving the charge transfer of NiCo,S,@graphene
composite. NiCo,S,@graphene electrodes presented a high
capacitance of up to 918.0 C g™' at 1 A g7, and they also
demonstrate exceptional cycling stability with a capacitance
retention of 90.4% even after 5000 cycles. The asymmetric
supercapacitor was assembled with NiCo,S,@ graphene as
the positive electrode and graphene (GR) as the negative
electrode. Such device exhibited a remarkable energy den-
sity of 49.8 Wh kg~! at a power density of 845.3 Wh kg~!
and a remarkable capacitance retention rate of 92.0% after
1000 cycles. With the NiCo,S, @ graphene composite exhibit
good cycling stability and capacitance performance, their
great potential for supercapacitors applications is verified.

Experimental section
Synthesis of NiCo,S,@graphene composite

NiCo,S,@graphene composite was synthesized by a typical
one-step hydrothermal method. First, 50 mg graphene was
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once brought to a combination of 40 ml deionized water and
20 ml anhydrous ethanol to gain a homogeneous suspension
by means of sonication. Then, 1 mmol Ni(NO;),-6H,0, 2
mmol Co(NO;),-6H,0, and 7 mmol thiourea were added to
the above suspension and stirred at room temperature for 1
h to acquire a homogeneous mixture. The combination was
then transferred into a Teflon-lined stainless steel autoclave
and kept at 180 °C for 12 h. The precipitate was obtained
by filtration, washed a few times with deionized water, and
then, gathered after freeze-drying for 12 h.

Structural characterizations

The nanomorphology and microstructure of the samples
were investigated using scanning electron microscopy
(SEM, JEOL JSM-6700F) and transmission electron micros-
copy (TEM, JEOL JEM-2100PLUS) with energy spec-
troscopy (EDS). The crystal structure of the products was
characterized using X-ray diffractometer (XRD, Rigaku, D/
MAX/2500PC). Raman spectroscopy was carried out using
a laser Raman spectrometer (Renishaw, inVia Qontor). An
X-ray photoelectron spectrometer (XPS, Thermo Fisher Sci-
entific, ESCALAB XI") was used for the valence analysis of
Ni, Co, S, O, and C elements.

Electrochemical measurements

The electrochemical properties of the materials are tested by
electrochemical workstation under room temperature con-
ditions using techniques such as cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). In the three-electrode meas-
urement, NiCo,S,@graphene on nickel foam is used as the
working electrode, platinum as the counter electrode, Hg/
HgO electrode as the reference electrode, and 2.0 M KOH
aqueous solution as electrolyte. The working electrodes were
prepared by grinding the sample and carbon black into a fine
powder in the ratio of 8:1 and then adding 3.0 wt% PTFE as
a binder. The resulting mixture was rolled into a thin sheet
and attached to nickel foam, wherein the average mass load-
ing of the active material was 1.0-1.5 mg cm™2. Then, the
nickel foam containing the active material was dried in an
oven at 60 °C for 12 h to obtain the working electrode. The
specific capacity (Cg, C g7!) of the electrode material can
be calculated from the GCD curve. The calculation formula
is as follows [52, 53]:

_ I
m

Cs (1)

where I (A) represents the discharge current, At (s) rep-
resents the discharge time, and m (g) represents the mass of
the active electrode materials.

In order to assess its usefulness, asymmetric supercapaci-
tor (ASC) was prepared with graphene as negative electrode
and NiCo,S,@graphene as positive electrode. The following
equations can be used to calculate the specific capacitance
(Casc» F 271, the mass of the positive and negative materi-
als, the energy density (£, Wh kg™!), and the power density
(P, Whkg™") [54]:
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where m* and C* denote the mass and specific capaci-
tance of the active substance at the positive (or negative)
electrode, respectively; I (A), t (s), and AV (V) denote the
discharge current, discharge time, and potential window of
the ASC device, respectively [55].

Results and discussion

The process of growing NiCo,S, nanoparticles on gra-
phene nanosheets is proven in Fig. 1. First, graphene
nanosheets were uniformly dispersed in deionized water
by ultrasonication. The reaction was then carried out under
hydrothermal conditions with thiourea providing the sul-
fur source, Ni(NO;),-6H,0 providing the Ni source, and
Co(NO;),-6H,0 providing the Co source. Due to the
strong interaction between S atoms and transition metals,
NiCo,S, nanoparticles were gradually formed and firmly
dispersed on graphene nanosheets through covalent bonds
C-S-C. In Fig. 2a, b, the growth of NiCo,S, nanoparticles
on graphene nanosheets is uniform and does not result in
significant particle aggregation. Figures S1a and S1b show
the SEM images of NiCo,S, nanoparticles and graphene
sheets, respectively. SEM images show that without the
introduction of graphene sheets, the NiCo,S, nanoparticles
are clustered together, which can seriously compromise
the material’s electrochemical properties. Figure 2¢ shows
the TEM image of NiCo,S,@graphene, which further
illustrating that NiCo,S, nanoparticles are uniformly dis-
tributed on graphene nanosheets. Furthermore, the curved
lamellar structure of graphene nanosheets effectively sup-
pressed the volume expansion of NiCo,S, nanoparticles
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Fig. 1 Schematic of the design and synthesis of NiCo,S,@graphene

Fig.2 a, b SEM images of
NiCo,S,@graphene. ¢ TEM
image of NiCo,S,@graphene.
d HRTEM image of NiCo,S,@
graphene
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during the charge/discharge process. Then, the micro-
structure of NiCo,S,@graphene nanoparticles was fur-
ther investigated and observed using HRTEM (Fig. 2d).
The 0.28 nm and 0.54 nm lattice fringes observed in the
HRTEM images are in line with the (311) and (111) planes
of NiCo,S,, respectively, which is also supported by the
XRD patterns. In addition, the lattice fringes with a pitch
of 0.34 nm indexed to the (002) plane of graphene. The
elemental distributions of the NiCo,S,@graphene and
NiCo,S, samples were investigated using TEM-EDS ele-
mental mapping. Figure S1le shows the elemental distribu-
tion of NiCo,S,, demonstrating a uniformed distribution
of elements Ni, Co, and S. Figure 2e shows the elemental
distribution of NiCo,S,@graphene, which further demon-
strates that Ni, Co, and S elements are evenly distributed
on the graphene nanosheets. The graphene nanosheets pos-
sess a high specific surface area, and numerous adsorption
sites can prevent the massive aggregation of NiCo,S, and
induce the uniform growth of NiCo,S, nanoparticles on
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the graphene sheet, thus improving the material’s struc-
tural stability [50].

The X-ray diffraction (XRD) patterns of NiCo,S, and
NiCo,S,@graphene are shown in Fig. 2a. The peaks of
NiCo,S, and NiCo,S,@graphene matches well with
NiCo,S, (JCPDS-20-0782) [25]. The X-ray diffraction
peaks of NiCo,S, and NiCo,S,@graphene with centers
of 16.3°, 26.8°, 31.6°, 38.2°, 47.4°, 50.3°, and 55.0° can
be indexed to the (111), (220), (311), (400), (422), (511),
and (440) planes of NiCo,S,,, respectively. These charac-
teristic peaks confirm the successful synthesis of NiCo,S,
nanoparticles. The broad peak of NiCo,S,@graphene
near 23.6° is associated with the (002) face of graphene.
The results indicate that NiCo,S,@graphene compos-
ite was successfully synthesized. The Raman spectra of
the NiCo,S,@graphene sample (Fig. 2b) shows two dis-
tinct peaks at 1350 cm™! and 1590 cm™! representing the
D-band and G-band of graphene, which are usually associ-
ated with disordered and ordered graphite, respectively. By
examining the intensity ratio (ID/IG) between these two
bands, we can determine the level of graphene graphitiza-
tion. Furthermore, the wide peak at 2700 cm”!is a 2D
band with a large correlation with the layer structure and
stacking mode, indicating that the graphene nanosheets
consist of several layers of graphene. As shown in Fig. 2c,
three distinct peaks around 460, 509, and 660 cm~! cor-
relate with the F,,, F,,, and A, models of NiCo,S,, sug-
gesting that NiCo,S, was successfully introduced into
graphene [55, 56].

The NiCo,S,@graphene composites were then examined
using analysis by X-ray photoelectron spectroscopy (XPS)
to determine their compositional composition and chemical
bonding state. The presence of elements such as C, O, Ni,
Co, and S in the NiCo,S,@graphene composite as shown in
the full measurement spectrum of XPS in Fig. S2a. In the Ni
2p spectrum (Fig. 3e), it can be observed that in addition to
the two shake-up satellites at 861.9 and 880.5 eV (consid-
ered as “Sat.”), the peaks at 873.9 and 856.4 eV are related
to Ni**, and the peaks at 871.5 and 854.2 eV correspond to
Ni?*, indicating coexistence of Ni** and Ni**. Similar to Ni
2p, except for two shake-up satellites at 786.7 and 803.3 eV,
the 2p spectrum of Co (Fig. 3f) shows four peaks: the peaks
are located at 778.9 and 797.2eV, respectively, correspond-
ing to Co>*; while the peaks at 781.6 and 798.9 eV indexed
to Co*, suggesting the simultaneous presence of Co** and
Co’*. Figure S2a shows the S 2p spectrum, where the peaks
at the binding energies of 161.7 and 162.8 eV are indexed
as S 2psj, and S 2p, ,, respectively, indicating that the pre-
pared NiCo,S, material consists of metal-sulfur bonds. The
peak at 164.3 eV is associated with an aromatic C-S-C cova-
lent bonds, which indicates the successful construction of a
C-S-C covalent bonds that can firmly anchor the NiCo,S,
nanoparticles to the graphene nanosheets and prevent the
NiCo,S, nanoparticles from falling off during cycling.
The high-resolution C 1s spectrum of NiCo,S,@graphene
(Fig. S2b) yields four major peaks located at 284.6, 285,0,
286.1, and 290.1 eV, attributing to C=C/C-C, C-S, C-O, and
0-C=0, respectively.
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Fig.3 a XRD patterns of NiCo,S, and NiCo,S,@graphene; Raman spectra of NiCo,S,@graphene within different ranges: b 1000-3300 cm™
and ¢ 200-900 cm™'; high-resolution XPS spectra of d Ni 2p, e Co 2p, and f S 2p in NiCo,S,@graphene
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The electrochemical behavior of the working electrode
including NiCo,S, and NiCo,S,@graphene was studied
with a three-electrode system under alkaline KOH electro-
lyte environment. A general method for characterizing the
capacitive behavior of electrode materials is cyclic voltam-
metry (CV). Figure 4a shows the CV curves of NiCo,S,
and NiCo,S,@graphene materials at a scan rate of 20 mV
s~!. Based on the CV curves, there are well-defined redox
peaks which corresponds to the presence of Faraday redox
behavior [36]:

NiCo,S, + OH™ + H,0 — NiSOH + 2CoSOH + 2¢~  (6)
CoSOH + OH™ — CoSO + H,0 + ¢~ 7
NiSOH + OH™ — NiSO + H,0 + e~ 8)

At the scan rate of 20 mV s~!, the CV curve for
NiCo,S,@graphene has a bigger area than that of NiCo,S,,
suggesting that the incorporation of graphene provides the
material with superior charge storage capacity [33]. Fig-
ure S3a displays the NiCo2S4 @graphene electrode’s CV
curves for various scan rates. There may be a polarization
effect between the electrode and electrolyte in the electro-
chemical process since the oxidation peak shifts slightly to
a higher potential as scan rate is raised, while the reduction
peak shifts slightly to a lower potential. Even at scanning
rates as high as 100 mV s~! the CV curves still exhibit

obvious redox peaks, which indicates that the structure of
NiCo,S,@graphene has the benefit of promoting rapid redox
reactions. The geometry of the CV curves has fine symme-
try, suggesting that the redox reaction of the electrode mate-
rial has good reversibility. The charge storage mechanism of
the NiCo,S,@graphene electrode is deeply explored using
the following equation [57]:

i=av

®

log(i) = log(a) + blog (v) 10)

The b is the slope and is determined by a plot of log (i)
and log (v). The value of b of 0.5 indicates that the electro-
chemical process is a diffusion-controlled process. The value
of b of 1 denotes a surface-controlled process. When the b
value is between 0.5 and 1, it indicates the coexistence of
both control processes. The plots of the redox peaks for log
(v) and log (i) of NiCo,S,@graphene are shown in Fig. S3b,
and from the linear fit, it can be seen that the values for b
of each of the redox peaks are 0.56 and 0.57, demonstrating
that the charge storage of the NiCo,S, @graphene electrode
is dictated by a combination of diffusion control and surface
control. The capacitive contribution at a scan rate of 100 mV
s™!is 34.7% of the total capacity, as shown by the yellow-
shaded area in Fig. S3c. Furthermore, the capacitive contri-
bution of the NiCo,S,@graphene electrode is illustrated in
Fig. S3d, covering scan rates that range from 5 to 100 mV
s~!. The capacitive contribution of the NiCo,S,@graphene
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Fig.4 a CV curves of NiCo,S, and NiCo,S,@graphene at 20 mV
s~ b GCD curves of NiCo,S, and NiCo,S,@graphene at 1 A g™%; ¢
GCD curves of NiCo,S,@graphene under different current densities;
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d rate performances of NiCo,S, and NiCo,S,@graphene at 20 mV
s~L; e cycling performance NiCo,S, and NiCo,S,@graphene at 10 A
¢~ L. £ EIS curve of NiCo,S,, NiCo,S,@graphene
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d The specific capacitance values from discharge curves. e Cycling

electrode increases from 11.7 to 34.7% with raising scan
rate. At a current density of 1 A g~!, their specific capacities
can be calculated from the NiCo,S, and NiCo,S,@graphene
electrodes’ GCD curves (Fig. 4b) to be 614.0 and 918.0 C
g~ !, respectively, indicating that the specific capacity could
be greatly improved by adding graphene nanosheets. Fig-
ure 4¢ shows the GCD curves for NiCo,S,@graphene for
a potential range from O to 0.5 V and at current densities
of 1,2,4,6,8,and 10 A g‘l. The charging and discharg-
ing curves show a relatively flat slope, which corresponds
to the CV curve, indicating the battery-type charge storage
behavior of the NiCo,S, @ graphene composites. The calcu-
lated specific capacities of NiCo,S,@ graphene are 918.0,
706.0, 574.4, 501.6, 460.8, and 430.0 C g_], respectively.
The NiCo,S,@graphene electrode’s capacity increases with
decreasing current density, indicating that the electrode
material can be better utilized at lower current densities.
The capacity of the NiCo,S,@graphene electrode can be
maintained at around 46.8% and that of the NiCo,S, elec-
trode can be maintained around 36.6% as the current density
is expanded (Fig. 4d), evidencing that the introduction of
graphene improves the rate performance of NiCo,S,. We
repeated charge/discharge testing at a constant current den-
sity of 5 A g~! to examine the electrochemical stability of
the electrodes in depth. After 5000 cycles, NiCo,S,@gra-
phene had a specific capacity retention of 90.4%, whereas
NiCo,S, retained only 51.5% (Fig. 4e). The incorporation
of graphene nanosheets introduced more active sites, which

Cycle number

Power density (Wkg™)

stability tests for NiCo,S,@graphene//GR at 5 A g~'. f Ragone plot
of NiCo,S,@graphene//GR ASC compared with other previously
reported devices

enhance binding with NiCo,S, and reduce the aggregation of
NiCo,S, material, leading to the excellent structural stability
and outstanding electrochemical performance of NiCo,S,@
graphene. At the same time, graphene nanosheets provide
protection for NiCo,S, nanoparticles during charging/dis-
charging, buffering the volume expansion of the material
during charging/discharging and to enhance the material’s
energy storage capacity and cycling stability. Electrochemi-
cal impedance spectroscopy (ELS) measurements were con-
ducted for NiCo,S, and NiCo,S,@graphene composite.
The slope of the Nyquist plot (Fig. 4f) in the low-frequency
range represents the Warburg impedance (R,,), the inter-
cept with the real axis at high-frequency range indicates the
internal resistance (R,), while the diameter of the semicircle
reflects the interfacial charge transfer resistance (R) [58].
Compared to pure NiCo,S,, NiCo,S,@graphene composite
exhibits a higher tilt in the low-frequency range, resulting in
a lower R,, for NiCo,S,@graphene. The intercept value of
NiCo,S,@graphene composite is smaller than that of pure
NiCo,S, at high frequencies, indicating that the NiCo,S,@
graphene material has lower R,. NiCo,S,@graphene com-
posite has smaller semicircular diameters, which suggests
that it has a smaller interfacial charge R, than pure NiCo,S,.
Therefore, NiCo,S,@graphene materials have good capaci-
tive behavior and better electrical conductivity.

To deeply investigate the practical application of the
NiCo,S,@graphene composite, an asymmetric capacitor
(ASC) was made with NiCo,S,@graphene as the positive
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electrode, graphene (GR) as the negative electrode (noted
as NiCo,S,@graphene//GR), and aqueous KOH solution
as the electrolyte. Prior to this, the electrochemical proper-
ties of GR were investigated. Figure S4a shows the GCD
curve of graphene at 2 A g~! with a specific capacity of
128.6 C g~!. According to the charge balance principle,
the mass ratio of NiCo,S,@graphene to GR in the ASC
was controlled to be around 1:2.7(see Eq. (1) and Eq. (3)).
Figure S4b shows the EIS curves of GR. The CV curves
of GR show the double-layer capacitance characteristics,
indicating stable cycling properties (Fig. S4c). The stable
working potential window of the electrodes was evalu-
ated before conducting electrochemical tests. Figure Sa
shows the CV curves of NiCo,S,@graphene and GR
electrodes at 10 mV s~! for stable potential windows of
0to 1.6 and — 1 to 0 V, respectively. Thus, the working
potential window of the prepared NiCo,S,@graphene//
GR ACS is 0 to 1.6 V. Figure S4d presents the CV curves
of the NiCo,S,@ graphene//GR ASC device for dissimi-
lar voltage windows, in which the CV curves maintain a
good geometry without obvious polarization, indicating
that the ASC’s stabilized operating voltage can be as high
as 1.6 V. Therefore, the 0 to 1.6 V potential bias range
is applied on the NiCo,S,@graphene//GR ASC. The CV
curves of NiCo,S,@graphene//GR ASC at 5 to 100 mV
s~! are collected in Fig. 5b. The redox peak displacement
of the CV curves did not change significantly as the scan
rate is increased and there is no noticeable distortion in
the geometry, which indicate that the ASC has outstand-
ing reversibility and good rate property. Figure Sc displays
the GCD curves of NiCo,S,@graphene//GR ASC at cur-
rent densities from 1 to 10 A g=!. The specific capaci-
tance was computed by Eq. (2) to be 140.3, 99.5, 83.35,
71.18, 62.7, and 57 F g_] when current densities are 1,
2,4,6,8,and 10 A g~!, respectively. Besides, the CV
curves have apparent redox peaks, and the GCD curves
have relatively flat slopes, indicating that the capacitance
of ACS is the result of the combined effect of electric
double-layer capacitance and pseudo-capacitance. Fig-
ure 5d demonstrates that around 41% of the capacitance
is retained while the current density rises from 1 to 10 A
g~!. Figure Se shows the continuous charge/discharge test
for NiCo,S,@graphene//GR ASCs with a constant cur-
rent density of 5A g~!. After 1000 cycles, 92.7% of the
capacitance of the NiCo,S,@graphene//GR ASC device
is retained, demonstrating excellent cycling stability. In
Fig. 51, the Ragone plot illustrates the energy density and
power density of the NiCo,S,@ graphene//GR ASC device.
At a power density of 845.3 Wh kg~!, the device provides
a maximum energy density of up to 49.8 Wh kg~'. Energy
density remains at 20.3 Wh kg~! even after the power
density is boosted to 7931.7 Wh kg~!. The energy den-
sity of the NiCo,S,@graphene//GR ASC device is better
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than the majority of the previously reported composites,
such as H-NiCo,S,//AC [30], EC@NiCo,S,//EC [33], C/
NCS-12//AC [35], NiCo,S,//AC [37], NiCo,S,/PRGO//AC
[38], NCS@MCMB//AC [40], NiCo,S,@G//PC [41], and
CoS@eRG//AC [59].

The synergism between NiCo,S, and graphene is the
main factor leading to the preeminent electrochemical prop-
erties of the NiCo,S,@ graphene composite, specifically, as
follows: (1) the bimetallic sulfide NiCo,S, is rich in redox
reactions and has a high specific capacitance; (ii) the high
specific surface area of graphene can supply more adsorption
sites to bind to NiCo,S,, thus greatly preventing the aggre-
gation of NiCo,S,; (iii) the NiCo,S,@ graphene composite
are rich in C-S-C covalent bonds to enhance the NiCo,S,
nanoparticles interfacial bonding between the NiCo,S,
nanoparticles and graphene nanosheets, thus NiCo,S, nan-
oparticles are tightly anchored on the graphene nanosheets
and enhance the electrochemical kinetics; (iv) the lamel-
lar structure of graphene nanosheets provides preservation
to the NiCo,S, nanoparticles during the charge/discharge
process and buffers the volume variations of NiCo,S, nano-
particles. At the same time, the NiCo,S, nanoparticles can
also reduce the accumulation of graphene. Thus, the cycling
stability and reversibility of the material are improved, and
the utilization rate of the device is enhanced.

Conclusions

In conclusion, we used a one-step hydrothermal method to
construct C-S-C covalent bonds, and NiCo,S, nanoparticles
were successfully anchored on graphene nanosheets. The
synergistic effect between the two reduces the buildup of
NiCo,S, nanoparticles and graphene nanosheets, and buff-
ers the volume variations of NiCo,S, nanoparticles. As a
supercapacitor electrode, the NiCo,S,@ graphene electrode
has a high specific capacitance of 918.0 C g~! at a current
density of 1 A g~! and impressive cycling stability (capaci-
tance maintained at 90.4% after 5000 cycles). The asymmet-
ric supercapacitor prepared based on NiCo,S,@graphene//
GR electrode has a high energy density of 49.8 Wh kg~! at
the power density of 845.3 Wh kg~!, with excellent cycling
stability (92.0% capacitance retention after 1000 cycles).
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