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Abstract
Novel sandwich-like hollow nickel cobalt sulfides@carbon@nickel cobalt double hydroxides (CoNi2S4@C@NiCo-LDH) are
synthesized using a facile microwave-assisted hydrothermal method and investigated as promising electrode materials for
supercapacitors. The in-between highly conductive carbon layer simultaneously serves as uniform cover for CoNi2S4 and
large-area support for ultrathin NiCo-LDH, which can restrain the microstructure change during the cyclic charge-discharge
process and enhance the transmission rate of electrons and electrolyte ions. The especially nanostructured CoNi2S4@C@NiCo-
LDH nanocomposites exhibit outstanding supercapacitive performances including excellent gravimetric specific capacitance
(1183 mAh g−1 at 1 A g−1) and high rate capability (85.8% retention rate at 20 A g−1). More importantly, the assembled
CoNi2S4@C@NiCo-LDH//graphene asymmetric supercapacitor can deliver a superhigh specific capacitance of 550 mAh g−1

at 1 A g−1, prominent energy density of 111.9 Wh kg−1 and long cycling stability with 93.8% of its initial capacitance after
10,000 cycles at 5 A g−1.
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Introduction

With the gradually worsening environmental issues and rising
demand for clean energy, the rapid development of efficient
and sustainable power storage and conversion devices needs
to be further promoted. Among them, supercapacitors are ren-
dered as special and advanced electric apparatuses with higher
power density, shorter charging-discharging time and longer
cycling life as compared to conventional batteries, but their
energy densities, cyclic stability, and capacitance retention
rates are still very low [1]. In order to increase the energy
density, numerous efforts were devoted to the synthesis of
novel supercapacitive electrode materials with high specific

capacitance and operation voltage. To further promote the
cycle stability and capacitance retention rate at high discharge
current density, many hybrid nanocomposites with special
nanostructure were designed.

According to energy storage mechanism at the electrode/
electrolyte interface, supercapacitive electrode materials can
be divided into carbonaceous nanomaterials for double-layer
capaci tors and redox electroact ive mater ials for
pseudocapacitors. Comparatively speaking, nanoporous car-
bon materials show higher rate capability, wider potential win-
dow, and longer cycle lifespan, while redox electrode mate-
rials deliver a superior gram-specific capacitance [2]. More
than that, the combination of carbon nanomaterials with redox
electroactive materials can bring out higher electrochemical
performances than any single electrode nanomaterials because
every component’s distinct characteristics and functionality
can be effectively integrated and fully utilized [3, 4]. In addi-
tion, somewell-designed nanostructures of electrode materials
can effectively endure structural deformation in the successive
charge-discharge process, which is essential to long cycle life.
Specially, ternary carbon-based nanohybrids have higher elec-
trochemical specific capacitance and wider potential range
than conventional binary nanocomposites [5–9]. On the other
hand, as fully proved in recent literatures, the nanostructure
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design plays a crucial role in the electrochemical perfor-
mances of electroactive materials, and the special sandwich-
like microstructure can bring about distinguished
supercapacitive behaviors, including specific capacitance
and rate capability [10]. For these reasons, the creative design
and construction of novel multi-component ternary carbon-
based hybrids with sandwich-like nanostructure for
supercapacitor were put forward in this work.

Nickel cobalt sulfide (CoNi2S4) has very promising and
diverse application prospect as active electrode materials in
the supercapacitor field because of its larger theoretical specif-
ic capacitance and 100 times higher electrical conductivity
than conventional nickel cobalt oxide (CoNi2O4) [11, 12].
However, pristine CoNi2S4 still suffers from low actual specif-
ic capacitance (less than 1800 F g−1), short cycling life and fast
reduced rate capability since it has low electrical conductivity
and could be easily agglomerated after multiple cyclic charge-
discharge process [13–16]. Thus, many high-performance car-
bon-based CoNi2S4 electrode materials have been thoroughly
investigated by designing special architectures and combining
with highly conductive matrix [7, 17–20]. For example,
Wang’s group prepared CoNi2S4/CNTs by one-pot
solvothermal route with an ultrahigh specific capacitance of
2080 F g−1 at 1 A g−1 and a good rate capability of 61% [7].
Furthermore, graphene supported CoNi2S4 nanocomposites
displayed a high specific capacitance of 2009.1 F g−1 at
1 A g−1 with a capacitance retention rate of 78.7% at 5 A g−1

[19]. Peng et al. reported that CoNi2S4 nanosheets were uni-
formly grown on the RGO sheets, which presents an extremely
high specific capacitance of 1161 F g−1 at 5 A g−1 [20]. In
addition, flower-like CoNi2S4/CNTs was designed and
showed a good specific capacitance of 2094 F g−1 at 1 A g−1

with 72% capacity retention at 10 A g−1 [21]. Although com-
bining CoNi2S4 with highly electrically conductive carbon is
an achievable way and the CoNi2S4/carbon hybrids are prom-
ising electroactive nanomaterials, their rate capability, specific
capacitance and cyclability still remains poor owing to the
gradual degradation in nanostructure and limited electric con-
ductivity during the charge-discharge process. Furthermore,
for these carbon-supported CoNi2S4 nanocomposites, only
one side of the nanoporous carbon was utilized and the in-
duced strain encouraged the agglomeration and separation of
CoNi2S4 from carbon substrate. Here, novel sandwich-like
ternary CoNi2S4@C@NiCo-LDH was designed and synthe-
sized using a facile microwave method. The carbon layer em-
bedded between CoNi2S4 and NiCo-LDH can not only effec-
tively accelerate the transportation of electrons and electrolyte
ions, but also enhance their utilization ratio, electrical conduc-
tivity, and surface area. Furthermore, NiCo-LDHs have been
regarded as a promising class of electrode materials for high-
performance supercapacitors due to their higher electrochem-
ical activity and electrical conductivity than mono-metal hy-
droxide [22–25].

Experimental

Reagents and materials

All the reagents were directly utilized without further purifi-
cation. Commercial Ni(NO3)2·6H2O, Co(NO3)2·6H2O, glyc-
erol, isopropanol, ethanol, thioacetamide, tris(hydroxymethyl)
aminomethane, dopamine, and urea were purchased from
Sinopharm Chemical Reagent Co. Ltd. in China. All aqueous
solutions were freshly prepared with high purity water.

Synthesis of hollow CoNi2S4 spheres

Hollow CoNi2S4 spheres were synthesized according to a
well-established hydrothermal process [26] with some modi-
fications. Firstly, 0.182 g Ni(NO3)2·6H2O, 0.091 g Co(NO3)2·
6H2O, and 20 ml glycerol were orderly added into 100 ml
isopropanol. Secondly, the above-formed transparent pink so-
lution was transferred to a Teflon-lined autoclave and then
was irradiated in a Milestone Microsynth Microwave oven
(Germany) for 60 min at 180 °C. After cooling, centrifuging,
and washing, the generated brown NiCo-glycerate precursor
was vacuum-dried at 60 °C for 12 h and then uniformly dis-
persed in 40 ml ethanol via a vigorous ultrasonic process.
Thirdly, 160 mg thioacetamide was added into the above so-
lution, and the obtained mixture was kept under microwave-
assisted hydrothermal treatment at 160 °C for 60 min. Finally,
the precipitate was centrifuged and washed, and then hollow
CoNi2S4 spheres were produced.

Synthesis of core-shell nanostructured CoNi2S4@C
microspheres

The 0.08 g as-prepared CoNi2S4 hollow spheres were dis-
persed in 25 ml 10 mmol L−1 tris(hydroxymethyl)
aminomethane solution under vigorous stirring. After adding
80 mg dopamine, the above mixture was continuously stirred
for 20 h. Subsequently, the obtained product was collected by
centrifugation at 10,000 rpm and then washed with water and
ethanol for three times. After being vacuum dried at 60 °C for
12 h, the synthesized precursor was heated from room tem-
perature to 500 °C with a heating rate of 3 °C min−1 and
maintained for 3 h under N2 atmosphere.

Synthesis of sandwich-like CoNi2S4@C@NiCo-LDH
microspheres

Sandwich-like CoNi2S4@C@NiCo-LDH microspheres were
synthesized by microwave-assisted hydrothermal method. In
a typical synthesis, 0.874 g Ni(NO3)2·6H2O, 0.437 g
Co(NO3)2·6H2O, and 1.442 g urea were dissolved in 60 mL
deionized water via an ultrasonic dispersion to form a homo-
geneous solution. After 0.02 g CoNi2S4@C was added, the
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above mixture was put in a Milestone Microsynth Microwave
oven (Germany) and heated for 60 min at 120 °C. The pro-
duced precipitate was separated by centrifugation at
10,000 rpm and washing with distilled water several times.
Af t e r b e ing vacuum dr i ed a t 60 °C fo r 12 h ,
CoNi2S4@C@NiCo-LDH microspheres were produced.

Characterization techniques

XRD data of the as-prepared samples were obtained
from a Rigaku D/max 2500 PC diffractometer with Cu
Kα radiation. The microstructures and morphology of
the CoNi2S4@C@NiCo-LDH materials were observed
using field-emission scanning electron microscope
(FESEM, S4800, Hitachi) and transmission electron

microscope (TEM, Philips Tecnai G2F20), respectively.
The specific surface areas and porosity properties of the
products were evaluated via a Micromeritics ASAP
2010 Brunauer-Emmett-Teller (BET) surface analyzer.
The element composition was further determined by
X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250) and energy-dispersive X-ray spectrom-
etry (EDS) that was combined with FESEM.

Preparation of working electrode and electrochemical
measurements

In the preparation process of working electrode, the
CoN i 2 S 4@C@NiCo -LDH n a n o c ompo s i t e s a s
electroactive materials, the acetylene black as a conductive
agent, and the polytetrafluoroethylene (PTFE) as a binder
were thoroughly mixed with a mass ratio of 85:20:5. After
being uniformly spread on foam nickel (1 cm × 1 cm), the
mazarine clay electrode was then dried at 60 °C for 12 h
and pressed under 10-MPa pressure. For comparison, the
CoNi2S4 and CoNi2S4@C electrodes were prepared with
the same process.

In order to further evaluate the electrochemical perfor-
mances of the CoNi2S4@C@NiCo-LDH electrode, elec-
trochemical tests, including cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) were carried out in
both three-electrode and two-electrode system at 25 °C by
using a Versa STAT3 electrochemical workstation
(Pr inceton Appl ied Research, USA). Moreover,
6 mol L−1 KOH aqueous solution was chosen as electro-
l y t e . I n t h e t h r e e - e l e c t r o d e s y s t e m , t h e
CoNi2S4@C@NiCo-LDH, Pt sheet, and Hg/HgO elec-
trodes were used as the working, counter, and reference

10 20 30 40 50 60 70 80

(4
2
2
)

(3
1
1
)

R
el

at
iv

e 
In

te
n
si

ty
 (

a.
u
.)

2theta (degree)

(1
1
1
)

(2
2
0
)

(3
1
1
)

(4
0
0
)

(5
1
1
)

(4
4
0
)

(0
0
3
)

(0
0
6
)

(0
1
2
)

(1
1
0
)

(a)

(c)

(b)

Fig. 1 XRD patterns of CoNi2S4 (a), CoNi2S4@C (b), and
CoNi2S4@C@NiCo-LDH (c)

Fig. 2 TEM images of CoNi2S4 (a), CoNi2S4@C (b), CoNi2S4@C@NiCo-LDH (c), and elemental mapping of CoNi2S4@C (d)
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electrodes, respectively. In the case of the designed asym-
metric capacitor, graphene electrode was chosen as anode
electrode. The CoNi2S4@C@NiCo-LDH cathode and the
graphene anode were pressed together and separated by
a porous nonwoven fabric separator. For excellent elec-
trochemical performances, the mass proportion of cath-
ode and anode was elaborately optimized to ensure
charge balance between two electrodes [19]. The opera-
tion voltage of the CoNi2S4@C@NiCo-LDH//graphene
asymmetric capacitor was set in the range of 0 to
1.4 V. Moreover, the energy density (E) and power den-
sity (P) were calculated based on the galvanostatic dis-

charge curves by the following equation [27–29]: E ¼
1
7:2 CV

2 and P ¼ E
t *3600, where C (F g−1), V (V), and t

(s) are the specific capacitance of the assembled asym-
metric capacitor, the voltage response range, and the
discharge time, respectively.

Results and discussion

Structure and morphology analysis

Figure 1 shows XRD patterns of pristine CoNi2S4,
CoNi2S4@C, and CoNi2S4@C@NiCo-LDH, respectively.
The characteristic peaks of the pristine CoNi2S4 material that
located at 16.28°, 26.67°, 31.48°, 38.18°, 50.25°, and 55.00°
were assigned to the (111), (220), (311), (400), (511), and
(440) planes of the spinel phase (JCPDS No. 24-0334) (curve
a) [19]. For the CoNi2S4@C sample, the diffraction peaks of
the CoNi2S4 became much weaker and broader (curve b),
which can be ascribed to the wrapping of carbon shell on the
surface of CoNi2S4. The characteristic peak of carbon at 26°
cannot be clearly differentiated from the peak of CoNi2S4
because their position is very close. In the case of the
CoNi2S4@C@NiCo-LDH sample, the diffraction peaks
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Fig. 3 FESEM images of CoNi2S4 (a), CoNi2S4@C (b), and CoNi2S4@C@NiCo-LDH (c, d). The corresponding EDS pattern of CoNi2S4@C@NiCo-
LDH was illustrated in the inset.
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match well with the standard α-Ni(OH)2 (JCPDS No. 38-
0715) and α-Co(OH)2 (JCPDS No. 46-0605). Furthermore,
the diffraction peak intensity of CoNi2S4 became too weak to
be observed except the strongest peak at (311) plane, implying
that the surface of CoNi2S4@C was closely wrapped by
NiCo-LDH (curve c).

The morphology and microstructure of the CoNi2S4,
CoNi2S4@C, and CoNi2S4@C@NiCo-LDH were charac-
terized by TEM, as shown in Fig. 2. Pristine CoNi2S4
displayed a homogeneous hollow spherical nanostructure,
and its average diameter is ca. 700 nm (Fig. 2a). For the
CoNi2S4@C sample, obvious core-shell nanospheres were
observed after the wrapping of carbon and the carbon
shell spacing is ca. 45 nm (Fig. 2b). After the coating of
NiCo-LDH, the surface of CoNi2S4@C was uniformly
wrapped with a thick layer of hairy litchi shell and the
diameter of the CoNi2S4@C@NiCo-LDH sample is in-
creased to ca. 2.7 μm (Fig. 2c). The structure nature of
the CoNi2S4@C can be ascertained by element mapping
images (Fig. 2d), which illustrated that C, Co, Ni, and S
were evenly distributed. Particularly, obvious carbon shell
nanostructure was obtained from the carbon mapping im-
age. As reported in literatures [30, 31], the pores or holes
of unique core-shell architecture can act as effective trans-
portation channels for the electrolyte ions during charge-
discharge process. Meanwhile, coarse and nanoporous
structure can bring about large surface area, which helps
to the fast electron transfer and diffusion of electrolyte
ions into the underneath part of the CoNi2S4@C@NiCo-
LDH sample. Furthermore, the highly conductive carbon
layer embedded between CoNi2S4 and NiCo-LDH also
can enhance the transfer rate of electrons. Thus, much
more active sites can take part in the electrochemical re-
action and higher specific capacitance can be obtained. In
summary, the coarse and nanoporous structure helps to the
increase in surface area and transfer rate of electrons and
electrolyte ions.

Figure 3 shows the FESEM images of the CoNi2S4,
CoNi2S4@C, and CoNi2S4@C@NiCo-LDH sample and the
corresponding EDS pattern of the CoNi2S4@C@NiCo-LDH.
As observed, the pristine NiCo2S4 hollow spheres are quite
uniform and the surfaces are composedwith tiny nanoparticles
(Fig. 3a). After the polymerization and carbonation of dopa-
mine, the surface of CoNi2S4 was coated with rough carbon
shell (Fig. 3b). In the case of the CoNi2S4@C@NiCo-LDH
sample, their surface shows fluffy pompon morphology (Fig.
3c). A magnified FESEM image displays that the villiform
surface is composed of many tiny nanoribbons (Fig. 3d).
The inser ted EDS da ta fu r the r p roved tha t the
CoNi2S4@C@NiCo-LDH nanocomposite was mainly com-
posed of Ni, Co, S, C, and O elements, in well agreement with
the elemental mapping results of TEM. The existence of Pt
comes from the plating process for the FESEM determination.

Figure 4 presents the nitrogen adsorption-desorption iso-
therms and pore size distribution plots of the CoNi2S4,
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Fig. 4 N2 adsorption-desorption isotherm curves of CoNi2S4 (a),
CoNi2S4@C (b) , and CoNi2S4@C@NiCo-LDH (c) . Their
corresponding pore size distribution plots for the as-prepared samples
were presented in the inset.
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CoNi2S4@C, and CoNi2S4@C@NiCo-LDH. The structural
properties of these three samples are summarized in Table 1.
For all the three samples, typical IV isotherm with a H2-type
hysteresis loop in the nitrogen desorption branch at a high P/
P0 relative pressure appeared, manifesting a porous

nanostructure [32]. By comparison, the hysteresis loop of
CoNi2S4@C@NiCo-LDH appears at lower pressure, indicat-
ing the existence of much more macropores and mesopores.
As listed in Table 1, the CoNi2S4@C@NiCo-LDH sample has
the largest BET specific surface area and pore volume, which
is very helpful to the increase in electrochemical
performances.

The elemental composition and valence state of the
CoNi2S4@C@NiCo-LDH nanocomposite were further
evaluated using XPS techniques, as shown in Fig. 5.
Survey XPS spectra reveal that the as-prepared
CoNi2S4@C@NiCo-LDH mainly contains Ni, Co, C, O,
and S elements (Fig. 5a). Moreover, the fitted Ni 2p and
Co 2p peaks can be respectively divided into two spin-

Table 1 BET properties of as-prepared samples

Sample SBET (m
2 g−1) Vpore (cm

3 g−1) dBJH (nm)

CoNi2S4 68.6 0.08 7.8

CoNi2S4@C 169.2 0.36 8.7

CoNi2S4@C@NiCo-LDH 235.6 0.68 12.9
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orbit doublets and two shakeup satellites (Sat.). For the Ni
2p spectra (Fig. 5b), the peaks at 855.3 and 873.4 eV are
ascribed to Ni2+ and the peaks at 857.1 and 875.2 eV are
assigned to Ni3+ [16]. With regard to the Co 2p spectra,
two pairs of separate peaks can be obviously observed
(Fig. 5c). One pair of peaks was located at 780.2 eV and
796.2 eV, corresponding to Co 2p3/2 and Co 2p1/2 of Co

2+.
The other couple of peaks at 781.5 eV and 801.2 eV are
typical of Co3+ [33]. In the case of C1s spectra, the peaks
situated at 284.5, 286.2, and 288.4 eV are attributed to the
C–C, C–O, and C=O bonds (Fig. 5d), respectively [33].
The O 1s spectra were fitted into three discrete peaks at
530.0, 531.1, and 533.0 eV (Fig. 5e), which can be attrib-
uted to M–O–M, M–O–H, and H–O–H [34]. As for the S
2p spectra, two main peaks and one shake-up satellite
appeared (Fig. 5f). The main peak at 162.4 eV is

characteristic of metal-sulfur bonds, while the main peak
at 167.7 eV belongs to sulfur ions [19].

Electrochemical performances
of the CoNi2S4@C@NiCo-LDH microspheres

Figure 6 presents cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) curves of pristine CoNi2S4,
CoNi2S4@C, and CoNi2S4@C@NiCo-LDH electrodes in a
three-electrode system. For all of the three electrodes, each
of the CV curves has a pair of redox peaks during the scanning
process (Fig. 6A), illustrating that their electrochemical per-
formances in alkaline electrolyte belong to Faradaic
pseudocapacitive behaviors. After the coating of carbon shell
on the surface of CoNi2S4, the potential difference value be-
tween the oxidation peak and reduction peak decreased,
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indicating more excellent electrochemical reversibility. In
contrast, the CoNi2S4@C@NiCo-LDH electrode has the larg-
est integral area and highest redox current intensity than that
of the pristine CoNi2S4 and CoNi2S4@C electrode, proving
the best electrochemical capacitances [35]. Based on the
quasi-symmetric galvanostatic charge-discharge curves at
1 A g−1 (Fig. 6B), the specific capacitances of CoNi2S4,
CoNi2S4@C, and CoNi2S4@C@NiCo-LDH electrodes have
been calculated as 683, 876, and 1183 mAh g−1, which further
confirms the result of CV test. The increase in specific capac-
itance may come from the special sandwich nanostructure and
the synergetic effect of CoNi2S4 supporting, carbon coating,
and NiCo-LDH modification [36].

Figure 7 reveals CV and charge-discharge curves of the
CoNi2S4@C@NiCo-LDH electrode at multiple scan rates
and current densities. The redox peak current densities and
potential differences gradually increase with the raise of scan
rates and charge-discharge current densities (Fig. 7A), indicat-
ing that the CoNi2S4@C@NiCo-LDH electrode has fast
charge-discharge response [37] and the redox electrochemical
reaction was mainly limited by the charge transfer kinetics
[38]. To further explore rate capacitive performances,
charge-discharge measurements were executed with a poten-
tial window of 0~0.5 Vat successively increased current den-
sities from 1 to 20 A g−1 (Fig. 7B). Based on the discharge
t ime , the spec i f i c capac i t ances o f the p r i s t ine
CoNi2S4@C@NiCo-LDH electrode can attain 1183, 1153,
1141, 1119, 1078, and 1015 mAh g−1 at multiple discharge
current densities of 1, 3, 5, 10, 15, and 20 A g−1, respectively.

Even at a high current density of 20 A g−1, the capacitance
retention rate still can retain 85.8% of its initial capacitance,
exhibiting better rate capability than reported NiCo-LDH and
carbon/NiCo-LDH [24, 39]. The excellent capacitance reten-
tion value of the CoNi2S4@C@NiCo-LDH electrode may
come from the highly electroconductive carbon layer that em-
bedded between CoNi2S4 and NiCo-LDH, which efficiently
enhanced the transfer of electrons and electrolyte ions.

Electrochemical properties of the assembled
CoNi2S4@C@NiCo-LDH//graphene asymmetric
supercapacitor

To sufficiently investigate the performances of sandwich
nanostructured CoNi2S4@C@NiCo-LDH in practical electro-
chemical devices, an asymmetric supercapacitor was fabricat-
ed using the CoNi2S4@C@NiCo-LDH as cathode and com-
mercial graphene as anode. Figure 8 displays the CV, charge-
discharge, Ragone, and cyclic stability curves of the as-
designed CoNi2S4@C@NiCo-LDH//graphene asymmetric
supercapacitor at different scan rates and current densities.
A s i l l u s t r a t e d , t h e c u r r e n t d e n s i t i e s o f t h e
CoNi2S4@C@NiCo-LDH/ /graphene asymmet r i c
supercapacitor increased with the elevation of scan rates and
the CV curves were composed of two disparate parts: a narrow
quasi-rectangular shape at 0~0.6 V and a broad redox peak at
0.6~1.4 V (Fig. 8A), proving that the specific capacitance
comes from the combinatorial capacitance of electrical double
layer and faradaic reaction. Besides, even if the current density
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Fig. 8 CV plots at various scan
rates (A), charge-discharge curves
at successive current densities
(B), relationship of energy and
power densities with another
device in literature (C), and
cycling performances at a current
density of 5 A g−1 (D) of the as-
assembled CoNi2S4@C@NiCo-
LDH//graphene asymmetric
supercapacitor in 6 mol L−1 KOH
electrolyte
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increased from 1 to 10 A g−1, the galvanostatic charge-
discharge curves of the CoNi2S4@C@NiCo-LDH//graphene
asymmetric supercapacitor retained their symmetrical triangle
shape (Fig. 8B), manifesting a great electrochemical response
at high current density. The specific capacitances of the eval-
uated asymmetric supercapacitor were calculated to be ca.
550, 479, 448, and 392 mAh g−1 at 1, 3, 5, and 10 A g−1,
exhibiting an exceptional rate capability of 71.3%.
Furthermore, the assembled asymmetric supercapacitor
shows an excellent energy density of 111.9 Wh kg−1. As
the power density increased from 349.1 to 6483.8 W kg−1,
the energy density of CoNi2S4@C@NiCo-LDH//graphene
device was reduced from 111.9 to 76.14 Wh kg−1, which
are higher than many reported asymmetric supercapacitors,
such as NF/S-Co3O4@NiCo2S4//AC BSH (50.5 Wh kg−1

at 375 W kg−1) [27], CC/ZnO@C@NiO CSNAs//graphene
(16.0 Wh kg−1 at 2704.2 W kg−1) [28], CC/NiCo2O4-
N@NiO//graphene (28 Wh kg−1 at 6000 W kg−1), and
CC/NiCo2O4-S@NiO//graphene (20.1 Wh kg−1 at
5692 W kg−1) [29]. To investigate the cyclic stability of
the assembled asymmetric supercapacitor, the galvanosta-
tic charge-discharge experiments are performed at a current
density of 5 A g−1 for 10,000 cycles in 6 mol L−1 KOH
electrolyte. After continuous charge-discharge cycles, the
specific capacitance value can retain 93.8% of the initial
value (Fig. 8C). These good cycling life and electrochem-
ical reversibility may be attributed to the intermediate car-
bon layer, which can not only enhance electrical conduc-
tivity but also provide much more attachment sites for
CoNi2S4 and NiCo-LDH.

Conclusion

Hollow sandwich nanostructured CoNi2S4@C@NiCo-
LDH nanocomposites were successfully designed and
prepared by a convenient microwave-assisted hydrother-
mal method, which were utilized as efficient electrode
ma t e r i a l s f o r s up e r c ap a c i t o r s . The de s i gn ed
CoNi2S4@C@NiCo-LDH microspheres exhibited high
specific capacitance, excellent cycle life, and fast
charge-discharge response at high current densities.
Furthermore, the assembled CoNi2S4@C@NiCo-LDH//
graphene asymmetric supercapacitor could supply an em-
inent pseudocapacitance of 550 mAh g−1 and retain
93.8% of the initial value after consecutive 10,000 cycles.
This work provided a novel and promising electrode ma-
terial for future energy storage devices.
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