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ABSTRACT Nowadays, it is a matter of great concern to
design electrode materials with excellent electrochemical
performance for supercapacitors by a safe, efficient and simple
method. And these characteristics are usually related to the
vacancies and impurities in the electrode. To investigate the
effect of the vacancies on the electrochemical properties of the
supercapacitor cathode material, the uniform reduced
CoNi,S, (r-CoNi,S,) nanosheets with sulfur vacancies have
been successfully prepared by a one-step hydrothermal
method. And the formation of sulfur vacancies are char-
acterized by Raman, X-ray photoelectron spectroscopy and
other means. As the electrode for supercapacitor, the
r-CoNi,S; nanosheet electrode delivers a high capacity of
19189 F g

capability (87.9% retention at a current density of 20 A g ')

at a current density of 1A g™, superior rate

and extraordinary cycling stability. Compared with the ori-
ginal CoNi,S, nanosheet electrode (1226 Fg™' at current
density of 1 A g_l), the r-CoNi,S, nanosheet electrode shows a
great improvement. The asymmetric supercapacitor based on
the r-CoNi,S, positive electrode and activated carbon negative
electrode exhibits a high energy density of 30.3 W h kg_1 ata
power density of 802.1 W kgfl, as well as excellent long-term
cycling stability. The feasibility and great potential of the
device in practical applications have been successfully proved
by lightening the light emitting diodes of three different col-
ors.

Keywords: defect engineering, sulfur vacancies, electrochemical

performance, asymmetric supercapacitors

INTRODUCTION

Supercapacitors (SCs) are a new and potential type of
energy storage devices with ultrahigh power density, fast
charge-discharge rate, environmental friendliness, and
long cycling life [1-6]. They are widely used in electric
vehicles, grid-connected power generation, information
communication, aerospace and other fields. At the same
time, SCs can also alleviate the greenhouse effect caused
by the burning of fossil fuels and other environmental
problems, demonstrating a broad application. SCs can be
divided into double layer capacitors and Faraday pseu-
docapacitors according to the energy storage mechanism.
Faraday pseudocapacitor, as a device with different en-
ergy storage mechanism from double-layer capacitor, can
store energy by underpotential deposition, highly re-
versible chemical adsorption/desorption or oxidation/
reduction reaction of electroactive substances in two-di-
mensional (2D) or quasi-2D space on electrode surface or
bulk phase. Therefore, pseudocapacitors can deliver a
much higher specific capacitance than electrochemical
double layer capacitors [1,7].

Since the electronegativity of sulfur element is lower
than that of oxygen element, transition metal sulfide has
higher electrical conductivity than transition metal oxide
and is more likely to form vacancies [8]. Among the
transition metal suulfides, nickel sulfide and cobalt sulfide
are expected to meet the energy storage requirements of
supercapacitors due to their advantages of high theore-
tical capacitances, abundant raw materials, environmental

! National & Local Joint Engineering Laboratory for Optical Conversion Materials and Technology, School of Physical Science and Technology,

Lanzhou University, Lanzhou 730000, China

? Shenzhen Key Laboratory of Nanobiomechanics, Shenzhen Institutes of Advanced Technology Chinese Academy of Sciences, Shenzhen 518055,

China

* Institute of Sensor Technology, Gansu Academy of Sciences, Lanzhou 730000, China
! Corresponding authors (emails: huangjj@lzu.edu.cn (Huang J); gssensor@vip.sina.com (Liu G); pengshl@lzu.edu.cn (Peng S))

1216

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

July 2020 | Vol.63 No.7


mater.scichina.com
springerlink.bibliotecabuap.elogim.com
https://doi.org/10.1007/s40843-020-1302-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-020-1302-6&amp;domain=pdf&amp;date_stamp=2020-04-23

SCIENCE CHINA Materials

ARTICLES

friendliness and safety [9-15]. In addition, nickel, cobalt
bimetallic sulfides can provide richer redox reactions than
one-component sulfides, such as CuS, CoS, MnS, MoS,
and NiS [12,16-19]. Such bimetallic sulfide species can
exhibit diverse and tunable morphologies, such as na-
nowires/nanotubes, nanoparticles and nanosheets [20-
24]. In addition, sodium borohydride (NaBH,) has
wonderful reducibility and is widely used in organic and
inorganic chemistry. Therefore, NaBH, can produce de-
fects in transition metal sulfides. The defects can increase
the active sites on the surfaces of the nanostructures, and
reduce the Gibbs free energy of the surface reaction,
which makes the utilization of electrochemical surface
area higher and allows the redox reaction to proceed
more fully [25,26].

Herein, the uniform reduced CoNi,S, (r-CoNi,S,)
nanosheets with sulfur vacancies were successfully pre-
pared by a one-step hydrothermal method, and used as
electrode materials for SCs. The ultrathin structural
characteristics of the CoNi,S, nanosheets can enable ef-
ficient reduction processing and charge carrier transport
on the surface. Compared with the original CoNi,S, na-
nosheet electrode, the r-CoNi,S, nanosheet electrode
delivers a high capacity of 1918.9 Fg ' at a current den-
sity of 1 A g ' and improved cycling stability. In addition,
an asymmetric supercapacitor (ACS) device composed of
r-CoNi,S, as a positive electrode and activated carbon
(AC) as a negative electrode exhibits an ultra-high energy
density of 303Whkg ' at a power density of
802.1 W kg ', and excellent long-term cycling stability. It
can be found that the r-CoNi,S, nanosheets are an
satisfactory electrode material for SCs with a high specific
capacity and good cycling stability.

EXPERIMENTAL SECTION

Synthesis of the CoNi,S, nanosheets

All the reagents and solvents are analytical grade without
further purification. Prior to the synthesis, a piece of Ni
foam (1.0 cmx4.0 cm) was carefully cleaned by intense
sonication in ethanol and deionized (DI) water for
20 min to remove the surface impurities. The CoNi,S,
electrode was prepared via a one-step hydrothermal re-
action. Briefly, 4 mmol of Ni(NO;),-6H,0, 8 mmol of
Co(NO;),-6H,0 and 16 mmol of thiourea were dissolved
in mixed solvent composed of 20 mL DI water and 20 mL
ethylene glycol. The mixture was stirred for 0.5 h until a
clear precursor solution was obtained, which was then
transferred into a 60-mL Teflon-lined stainless steel au-
toclave. A piece of precleaned Ni foam was then im-
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mersed in the mixture as the substrate. After
hydrothermal reaction at 100°C for 24 h, the CoNi,S, was
tightly grown onto the Ni foam substrate. After cooling, it
was washed with DI water under ultrasonication for
5 min and dried overnight in a 60°C vacuum drying oven.
The CoNi,S, nanosheet electrode was obtained. The mass
loading of the CoNi,S, is about 1.02 mg cm .

Synthesis of the r-CoNi,S, nanosheets with sulfur vacancies
The CoNi,S, nanosheets were immersed in 0.9 mol L’
NaBH, solution at room temperature for 25 min to obtain
the r-CoNi,S, nanosheets. The products were rinsed
several times with DI water, and then dried in a vacuum
oven at 80°C for 12 h.

Assembly of the r-CoNi,S,//AC flexible aqueous ACSs
Flexible aqueous ACS was assembled with the r-CoNi,S,
nanosheets, AC and 6.0 mol L' KOH as the positive
electrode, negative electrode and electrolyte, respectively.
The negative electrode was prepared by mixing AC and
polyvinylidene fluoride (PVDF) with a mass ratio of 9:1
to form a homogeneous slurry. The slurry was then
uniformly coated onto a Ni foam substrate and dried
under vacuum at 60°C for 12 h. After two electrodes and
one separator (TF4030, NKK) were soaked in aqueous
electrolyte for 10 min, the separator was sandwiched be-
tween the two electrodes. The ACS was sealed by tape.
Prior to the fabrication of the ASCs, the masses of the
positive and negative electrodes were balanced according
to the following equation [27]:

m. C AV

m C.AV M

where m is the mass, C, is the specific capacitance of a
single electrode at the scan rate of 10mV s ', and AV is
the voltage range for positive (+) and negative (—) elec-
trodes.

Characterizations

The morphologies and microstructures of the CoNi,S,
and r-CoNi,S, nanosheets were characterized by field
emission scanning electron microscopy (SEM, Hitachi S-
4800, Japan), transmission electron microscopy (TEM,
FEI Tecnai F30, USA; operated at 300 kV), powder X-ray
diffraction (PXRD, X’Pert Pro Philips, Cu Ka radiation,
A=0.154056 nm) and Raman spectroscopy (Raman, Jo-
bin-Yvon LabRAM, HR800 UV, 532 nm). The chemical
component was analyzed on a multifunctional X-ray
photoelectron spectroscope (XPS, PHI-5702, Mg Ka X-
ray, 1253.6 eV).
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Electrochemical measurements

Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic charge-discharge
(GCD) measurements were carried out on a electro-
chemical workstation (CHI 660E and CHI 760E, Shang-
hai) at room temperature. The electrochemical tests of the
CoNi,S, and r-CoNi,S, electrodes were measured under a
three-electrode configuration in which the CoNi,S, or
r-CoNi,S, nanosheet electrodes, Pt plate and Hg/HgO
electrode acted as the working electrode, counter elec-
trode and reference electrode, respectively. 6.0 mol L™
KOH aqueous solution was used as electrolyte. For the
device of the r-CoNi,S,//AC, the measurements were
conducted in a two-electrode configuration. Moreover,
cycling stability test was recorded on a LAND battery test
system (LANHE CT3001A) at the current density of
20 A g for the single electrodes.

The capacitance values were calculated from the GCD
curves according to the formula [28]: Cy=(IAt)/(mAV),
where Cy; is the gravimetric specific capacitance, I is the
discharging current, At is discharging time and AV is the
voltage window. For a single electrode, m is the mass
loading of the electroactive material. For the r-CoNi,S,//
AC device, m is the total mass of the electroactive ma-
terial including the positive and negative electrodes. The
energy and power densities were calculated by the equa-
tions [29]: E=CV*/7.2 and P=Ex3600/At, respectively.

RESULTS AND DISCUSSION

Morphology and structure
The schematic in Fig. 1 illustrates the synthetic process of

32 Ol
(Co(NOj,6H,0
Thiourea
+

Ni foam

Solvothermal

CoNi,S, nanosheet

the CoNi,S, and r-CoNi,S, nanosheets. The uniform
CoNi,S, nanosheets are directly grown on the entire
surface of Ni foam by a one-step hydrothermal reaction.
The NaBH, was added to reduce the pristine CoNi,S,
nanosheets to the r-CoNi,S,.

The CoNi,S, is uniformly coated on the surface of the
Ni foam with the morphology of nanosheets as shown in
Fig. S1a. The average thickness of the CoNi,S, nanosheets
is about 29.66 nm as shown in Fig. S1b. They inter-
connect with each other to form an open meshwork
structure. The open meshwork structure is conducive to
the effective electron transport at the electrode/electrolyte
interface [27]. As expressly observed from the TEM image
in Fig. Slc, the CoNi,S,; nanosheets reveal ultrathin fea-
ture. As shown in Fig. S1d, the observed lattice spacing is
determined to be 0.231 nm, which can be attributed to
the (400) lattice plane of cubic CoNi,S,. In the inset in
Fig. S1d, the selected area electron diffraction (SAED)
pattern recorded from the CoNi,S, nanosheets represents
the poly-crystalline nature. And the EDX mapping ana-
lysis in Fig. Sle-h further shows the uniform distribution
of the Ni (green), Co (orange) and S (red) elements of the
CoNi,S, nanosheets. After treament by NaBH,, the
morphology of the original CoNi,S, nanosheets does not
change, and the obtained r-CoNi,S, nanosheets still
maintain an open network structure as shown in Fig. 2a,
b. The average thickness of the r-CoNi,S, nanosheets is
reduced from 29.66 to 21.36 nm, demonstrating that the
treatment of NaBH, can make the nanosheets thinner.
The Fig. 2c describes the r-CoNi,S, nanosheets with ultra-
thin properties. As shown in Fig. 2d, the observed lattice
spacing is 0.221 nm, which can be attributed to the (311)

Sulphur vacancy

NaBH treatment

r-CoNi,S, nanosheet

Figure 1 Schematic illustration of fabricating the CoNi,S, and r-CoNi,S, nanosheets on the Ni foam and generating the sulfur vacancies by NaBH,

treatment.
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200 nm

Figure 2 SEM images of the r-CoNi,S, nanosheets at (a) low and (b) high magnifications. (c¢) TEM and (d) HRTEM images of the r-CoNi,S,
nanosheets, the inset of (d) is the corresponding SAED pattern. (e) TEM image of the region for elemental mapping. (f) Ni, (g) Co, and (h) S element

mappings based on image (e).

lattice plane of the cubic r-CoNi,S,. The SAED pattern in
the inset in Fig. 2d shows that the r-CoNi,S, nanosheets
have the poly-crystalline nature. Additionally, the uni-
form distribution of Ni, Co and S elements across the
ultrathin nanosheets are observed from the EDX mapping
analysis as presented in Fig. 2e-h.

The phases of the CoNi,S, and r-CoNi,S, nanosheets
were characterized by XRD. In Fig. 3a, the three strong
peaks belong to the Ni foam substrate (JCPDS04-0850),
and the weak diffractions can be indexed to the CoNi,S,
(JCPDS24-0334) [30,31]. The similar weak peaks located
at 31.5° 38.2° 50.3° and 55.0° in both of the CoNi,S, and
r-CoNi,S, samples are attributed to (311), (400), (511)
and (440) lattice planes, respectively [26,32-34]. Fig. 3b
presents the Raman spectra of the CoNi,S, and r-CoNi,S,
nanosheets. The vibration peak at 471 cm ' corresponds
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to the E, and A, of S-S pairs in NiS,, and the peak at
541 cm | is attributed to the S-S pair of CoS, [32,35]. The
weakness or nearly disappearance of both peaks in the r-
CoNi,S, sample represents the reduction reaction of na-
nosheets and the formation of sulfur vacancies [36].
Moreover, a set of characteristics for Raman bands are
observed at 304, 327, 350 and 526 cm ' derived from the
asymmetric bending vibration of tetragonal S-Ni (Co)
bonds [37,38]. The tetragonal S-Ni (Co) bands at 304,
327, 350 and 526 cm ' can be attributed to the CoNi,S,
and r-CoNi,S,, proving that bimetallic sulfides have
successfully grown onto the Ni foam. Meanwhile, the
disappearance of peak at 526 cm ' also proves the gen-
eration of sulfur vacancy [37]. As shown in Fig. 3c, the
surface chemical element states of the CoNi,S, and r-
CoNi,S, nanosheets are verified by XPS. The peaks in the
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Figure 3 (a) XRD patterns of the CoNi,S, and r-CoNi,S, nanosheets. (b) Raman spectra of the CoNi,S, and r-CoNi,S, nanosheets. (c) XPS survey
scan spectra, (d) Ni 2p, (e) Co 2p and (f) S 2p of the CoNi,S, and r-CoNi,S, nanosheets (Sat. means shake-up satellites).

spectrum confirm the presence of Ni, Co, S, C and O
elements. Fig. 3c-f demonstrate the XPS spectra of typical
Ni2p, Co2p and S2p for each sample based on the
Gaussian fitting method. For the Ni2p spectrum in
Fig. 3d, two spin-orbital dipoles of Ni 2p;,, and Ni 2p,,,
and two vibrating satellites (labeled “Sat.”) are observed.
The binding energies of 856.1 and 873.5 eV are related to
the spin-orbital characteristics of Ni*". The binding en-
ergies of 857.5 and 875.4 eV correspond to the spin-or-
bital characteristics of Ni** [39-41]. As shown in Fig. 3e,
high resolution spectral analysis of Co 2p was performed
in the energy range of 776-810 eV. The binding energy of
783.8 and 799.8 eV are related to the spin-orbital char-
acteristics of Co’". The binding energies of 781.6 and
797.2 eV correspond to the spin-orbital characteristics of
Co’* [10,42]. Similarly, intense satellite peaks mean dif-
ferent oxidation numbers among the cobalt atoms. After
treatment by NaBH,, the peak intensity of Ni*" is stronger
than that of the original one, which proves that the
content of Ni’* is obviously increased, thereby being
conductive to stronger redox reaction and enhancing the
electrochemical performance of SCs [33]. However, due
to the strong reducibility of NaBH,, the proportion of
Co™" decreases, and the overall valence state shows a
downward trend. In the S2p XPS spectrum of the
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CoNi,S, (Fig. 3f), the binding energies of 162.5 and
164.3 eV correspond to the S 2ps, and S 2p,, spectra,
respectively. In detail, the peak at 162.5 eV is assigned to
the metal sulfur bond in the CoNi,S, material [20,43],
while the peak at 164.3 eV is to the sulfur vacancies in the
structure [43-45]. The bands of S 2p;,, and S 2p,,, in the
r-CoNi,S, nanosheets shift to 162.2 and 163.6 eV, re-
spectively, compared with the CoNi,S, nanosheets. And
the decrease of binding energy may be ascribed to the
formation of sulfur vacancy [26,46]. More importantly,
the intensity of S 2p,;, (relative to S 2p;;,) of r-CoNi,S,
nanosheets is 45.5%, which is much higher than that of
the CoNi,S, (33.3%, calculated according to the peak
fitting area of S 2p XPS spectrum in Fig. 3f), revealing the
formation of the high-concentration sulfur vacancies in
the r-CoNi,S, nanosheets [26].

Electrochemical performance of the CoNi,S, and r-CoNi,S,
electrodes

The electrochemical tests for the CoNi,S, and r-CoNi,S,
nanosheet electrodes were performed in a three-electrode
system in 6 mol L ' KOH electrolyte. Fig. 4a shows the
typical CV curves of the r-CoNiS, nanosheets, the
CoNi,S, nanosheets and bare Ni foam electrode at a scan
rate of 20 mV s . Clearly, the CV integral area of the bare

July 2020 | Vol.63 No.7
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Figure 4 (a) CV curves of the r-CoN,S,, the CoNi,S, and bare Ni foam electrodes at 20 mV s in 6 mol L' KOH electrolyte. (b) GCD curves of the
r-CoNi,S, and CoNi,S, electrodes at 1 A gil. (c) Specific capacity at different current densities for the r-CoNi,S, and CoNi,S, electrodes. (d) Nyquist
plots of the r-CoNi,S, and CoNi,S, electrodes. (e) Long-term cycling performance for the r-CoNi,S, and CoNi,S, electrodes at 20 A g71 for 4000 cycles.

Ni foam is negligible compared with that of the CoNi,S,
and r-CoNi,S, electrodes, proving the CoNi,S, and
r-CoNi,S, are the major contributors to the capacity.
Besides, the r-CoNi,S, electrode has a larger area of CV
curve than the CoNi,S; electrode, indicating the sig-
nificant increase of the specific capacitances due to the
formation of sulfur vacancies after the treatment by
NaBH,. The shift of the peak positions in the CV curves
for the CoNi,S, and r-CoNi,S, electrodes can be attrib-
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uted to the reversible redox reaction of nickel sulfide with
the increase of Ni’* after treatment by NaBH,. The pos-
sible reaction based on Ni’" is as follows [9,47,48]:
NiS+OH < NiSOH+e .

CV curves at various scan rates ranging from 1 to
50mVs ' are exhibited in Fig. $2a, c. As the scanning
rate increases, the current intensity increases corre-
spondingly, while the redox peak moves slightly, and the
shape of the CV curve can be maintained even at the
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scanning rate up to 50 mV s ' [16]. The GCD also shows
the same trend. The GCD curves of the CoNi,S, and
r-CoNi,S, electrodes at the current density of 1 A g ' are
revealed in Fig. 4b, which shows that the r-CoNi,S,
electrode has longer discharge time and larger specific
capacity than the CoNi,S, electrode due to the formation
of sulfur vacancies. Further, GCD curves of the CoNi,S,
and r-CoNi,S, electrodes at current densities from 1 to
20 A g ' are shown in Fig. $2b, d. The charge/discharge
profiles of the CoNi,S, and r-CoNi,S, electrodes indicate
the highly capacitive behavior of the electrodes. The
asymmetric behavior of charge/discharge curves suggests
that the capacitance of the electrode originates from ion
adsorption/desorption and redox reaction occurring at
the interface of electrolyte/electrode. The specific capa-
cities of the CoNi,S, and r-CoNi,S, electrodes can be
calculated from the charge-discharge profiles [49,50]. The
results are exhibited in Fig. 4c. The specific capacities of
the r-CoNi,S, nanosheets electrodes are about 1918.9,
1916, 1852, 1824.2, 1786, 1743 and 1688 F g71 at current
densities of 1, 2, 5, 7, 10, 15 and 20 A g, respectively. It
is worth noting that the initial specific capacity of 88.0%
can be retained even if the charge-discharge current
density is increased by 20 times, demonstrating the out-
standing rate performance of the r-CoNi,S, nanosheets.
Correspondingly, the specific capacities of the CoNi,S,
nanosheets are about 1226, 1218, 1200, 1194.2, 1184, 1179
and 1144 F g_l at current densities of 1, 2, 5, 7, 10, 15 and
20A g, which are much smaller than that of the
r-CoNi,S, nanosheet electrode. The resistance character-
istics of the CoNi,S, and r-CoNi,S, electrodes were also
tested by EIS measurements as displayed in Fig. 4d. The
EIS of the two electrodes has a steep linear trend with low
intercept on the real axis and inconspicuous arc in the
high-frequency region, showing high conductivity and
low Faraday response resistance of the two electrodes. In
general, the real axial intercept at the high frequency
represents the equivalent series resistance (R,) of the
electrode, including the intrinsic resistance of the active
material, the electrolyte, and the contact resistance on the
active material/collector interface. As seen by the ex-
panded impedance in the high frequency range in the
inset of Fig. 4d, R, is 0.75 and 0.59 Q) for the CoNi,S, and
r-CoNi,S, electrodes, respectively [32]. The R, of the
r-CoNi,S, electrode is slightly lower than that of the
CoNi,S, electrode, suggesting that the generation of sul-
fur vacancy may be benifical to the conductive contact
between the nanosheets [32]. The contact between the
CoNi,S, active layer and the Ni foam current collector is
helpful to reducing energy loss and improving structural
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stability. The high frequency arc reflects the charge
transfer resistance (R,) on the electrode/electrolyte in-
terface. After NaBH, treatment, the Nyquist plot of the
sample shows a semi-circle with a small diameter in the
high frequency range, which means that the R is low
during the electrochemical process. The decrease of R
indicates that the generation of sulfur vacancies could
increase the active sites on the surface of the nanos-
tructure, and reduce the Gibbs free energy of the surface
reaction, which can lead to a higher utilization of the
electrochemical surface area and faster ion transport
[25,36]. Therefore, it can be inferred from the EIS results
that ultrathin nanosheets and sulfur vacancy may be the
reason for the slight decrease in R, and R, [51,52]. Sulfur
vacancy can increase the active sites on the nanosheets,
which may also contribute to the superior electrochemical
performance [26]. Fig. 4e shows the cycle test of the
CoNi,S, and r-CoNi,S, electrodes at the current density
of 20Ag . The 78% capacitance retention for the
r-CoNi,S, electrode is better than that of the CoNi,S,
electrode (62.6% capacitance retention). It is also proved
that with the increase of the proportion of Ni’', the
electrochemical stability of the electrode material is im-
proved [9]. The significant improvement in electro-
chemical performance is mainly due to the changes in
microstructure and electrochemical activity caused by the
introduction of sulfur vacancies. The sulfur vacancies
significantly increase the active sites on the surface, and
provide a high-speed channel for the diffusion of elec-
trolyte ions and the transfer of electrons. In addition, the
increase of the proportion of Ni’* makes the redox re-
action more sufficient and increases the electrochemical
activity.

Electrochemical performance of the r-CoNi,S,//AC ACSs
To further explore the capacitive performance of the
r-CoNi,S, electrode for practical application, an aqueous
ACS was fabricated using the r-CoNi,S, as the positive
electrode and AC as the negative electrode, which is
named as the r-CoNi,S,//AC ACS. An assembly diagram
of the r-CoNi,S,//AC ASC is shown in Fig. S3.

Based on Equation (1), the mass ratio of the r-CoNi,S,
to AC is estimated to be around 1:7.75 in ASCs. There-
fore, the mass loading of AC is about 8 mgcm . The
electrochemical property of the AC electrode is shown in
Fig. S4. Fig. 5a compares the CV of the r-CoNi,S, positive
electrode and AC negative electrode at 20 mV's . The
voltage windows of the r-CoNi,S, and AC are from 0 to
0.6 V and —1 to 0V, respectively. To explore the oper-
ating voltage of the ASC device, the CV curves at different

July 2020 | Vol.63 No.7
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Figure 5 (a) CV curves of the r-CoNi,S, and AC electrodes at a scan rate of 20 mV s~ (b) CV curves of the r-CoNi,S,//AC ASCs at various scan rates
from 1 to 50 mV s . (c) GCD curves of the r-CoNi,S,//AC ASCs at different current densities from 1 to 20 A gfl. (d) Ragone plots of the devices and
the other related reported ASCs. (e) Cycling performance of the r-CoNi,S,//AC ASC during 10,000 cycles at a constant current density of 10 A g .
The inset of (e) is the optical image of the LEDs with three different colors that are lit by two integrated r-CoNi,S,//AC ASCs connected in series.

voltage windows from 1.0 to 1.8 V were measured at a
scan rate of 20mV s = as shown in Fig. S5. The stable
operating voltage can be extended to 1.6 V. When the
voltage is further expanded to 1.8V, significant polar-
ization occurs. Therefore, 0-1.6 V is finally selected as the
operating voltage for the r-CoNi,S,//AC ASCs. Fig. 5b is
the CV curves of the r-CoNi,S,//AC ASC at different scan
rates. As the scan rate increases from 1 to 50 mV s ', the
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shape of the CV curves remains very ideal, indicating that
the interface dynamics is fast and the rate capability is
high. In Fig. 5¢, the GCD curves with a small voltage drop
at the current densities from 1 to 20 Ag ' indicate the
highly capacitive behavior of electrodes. According to the
GCD curves, the r-CoNi,S,//AC ASC device delivers a
capacity of 85.1 Fg ' at a current density of 1 A g ' and
retains 51.3 F g ' at a higher current density of 10 A g ' as
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shown in Fig. S6. In addition, the low R of 0.8 Q cal-
culated from the Nyquist plots as shown in Fig. S7 further
demonstrates distinguished conductivity. Fig. 5d exhibits
the Ragone plots about the relationship between the en-
ergy density and power density of the ASCs. The energy
density of the r-CoNi,S,//AC ASC reaches up to
30.3 W h kg ' at a power density of 802.1 W kg ' and still
maintains 182 Whkg ' at the power density of
7990.2 W kgf1 [53]. These results are much better than
the values reported in the literature, such as the NS//CNS
ASC (6.6 Whkg ' at 818 W kg ') [34], the CoS,-NSA//
rGO ACS (10 Whkg' at 10,000 Wkg ') [54], the
MnO,-CNT-graphene-Ni hybrid electrodes (29 W h kg '
at 1200 Wkg ') [55], the Ni,P NS/NF//AC ACS
(26 Whkg ' at 337 Wkg ') [56], the NiCo,S,//AC ACS
(28.3 W hkg ' at 245 W kg ') [57], and the Ni-Co sulfide
NWAs//AC ACS (25Whkg ' at 447 Wkg') [58].
Fig. 5e shows the cycling performance of the r-CoNi,S,//
AC ASC at a current density of 10 A g . Mentionablely,
the ASC device exhibits remarkable cycling stability and
76.2% retention of the initial capacitance after 10,000
consecutive cycles. As shown in the inset of Fig. 5e, two
series-connected ACS devices can easily supply three
parallel operating voltages of 2.0, 1.8 and 3.0 V respec-
tively in red, yellow and green light-emitting diodes
(LEDs). Therefore, the potential of the r-CoNi,S,//AC
supercapacitor in practical applications is demonstrated.

CONCLUSIONS

The r-CoNi,S, nanosheets with sulfur vacancies have
been successfully synthesized by a one-step hydrothermal
reaction and then a gentle solution reduction method. As
a electrode for supercapacitor, the r-CoNi,S, electrode
delivers a high specific capacitance of 1918.9 Fg ' at a
current density of 1 A g ', which is much higher than that
of the CoNi,S, electrode (1226 F gﬁl), superior rate cap-
ability (1688 Fg ' at 20 Ag ') and remarkable cycling
stability. The excellent electrochemical performance of
the r-CoNi,S, electrode may be related to the formation
of the sulfur vacancies, which can generate more elec-
trochemical reactive sites, and promote the redox reaction
of r-CoNi,S,. Moreover, due to the thinning surface of
nanosheets, the transmission distance of ions and elec-
trons can be shortened and the reaction rate can be ac-
celerated. In addition, the ACS device based on
r-CoNi,S,//AC delivers a high energy density of
30.3 W h kg ' at a power density of 802.1 W kg ', as well
as excellent long-term cycling stability. The feasibility and
great potential practical applications of the fabricated
device have been successfully proved by illuminating the

1224

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

LEDs of three different colors.
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