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ABSTRACT: We report that CoNi2S4 nanosheet arrays
exhibit ultrahigh specific capacitance of 2906 F g−1 and areal
capacitance of 6.39 F cm−2 at a current density of 5 mA cm−2,
as well as good rate capability and cycling stability, and
superior electrochemical performances with an energy density
of 33.9 Wh kg−1 at a power density of 409 W kg−1 have been
achieved in an assembled aqueous asymmetric supercapacitor.
The CoNi2S4 nanosheet arrays were in situ grown on nickel
foams by a facile two-step hydrothermal method. The
formation mechanism of the CoNi2S4 nanosheet arrays was
based on an anion-exchange reaction involving the pseudo
Kirkendall effect. The two aqueous asymmetric supercapacitors
in series using the CoNi2S4 nanosheet arrays as the positive electrodes can power four 3-mm-diameter red-light-emitting diodes.
The outstanding supercapacitive performance of CoNi2S4 nanosheet arrays can be attributed to ravine-like nanosheet
architectures with good mechanical and electrical contact, low crystallinity and good wettability without an annealing process,
rich redox reactions, as well as high conductivity and transport rate for both electrolyte ions and electrons. Our results
demonstrate that CoNi2S4 nanosheet arrays are promising electrode materials for supercapacitor applications.
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1. INTRODUCTION

Recently, urgent and increasing demands for clean, efficient,
and sustainable energy have greatly stimulated substantial
research on alternative energy storage and conversion. Among
the effective and practical technologies for energy storage and
conversion, supercapacitors, also called electrochemical capaci-
tors, have been considered as one of the most promising
energy-storage devices and wildly investigated for applications
in portable electronic devices and electric vehicles because of
their advantages such as fast charge−discharge process, high
power density, and long cycle life.1−4 Generally, electro-
chemical capacitors have been divided into two types in terms
of the charge-storage mechanism. One is an electrochemical
double-layer capacitor (EDLC), which is dominated by
electrostatic charge diffusion and accumulation at the interface
of the carbon electrode and electrolyte. The carbon-based
electrode materials (e.g., active carbon, carbon nanotubes, and
graphene) exhibit excellent conductivity and chemical
stability.4−6 However, the carbon-based electrodes suffer from
relatively low specific capacitance.6,7 The other one, in contrast,
is a pseudocapacitor, which is mainly dominated by reversible
fast surface Faradaic redox reactions and can provide much
higher specific capacitance than EDLC.3,7,8

Transition-metal oxides, hydroxides, and conducting poly-
mers are demonstrated in supercapacitor applications based on
their pseudocapacitive properties.7−11 More recently, metal
sulfides have attracted extensive attention owing to their
excellent potential applications in optics, catalysis, sensing, solar
energy, and batteries.12 Furthermore, metal sulfides are also
especially notable candidates for pseudocapacitors because of
their low electronegativity and high electrochemical activ-
ity.13−17 Several metal sulfides can be easily synthesized by a
facile and effective hydrothermal anion-exchange reaction
method. Pu et al. prepared Co9S8 nanotube arrays supported
on nickel foam for a high-performance supercapacitor.13 Xia et
al. synthesized NiS, Co9S8, CoS, and CoS/NiS nanostructures
for electrochemical energy storage.14 Besides, it has been
proven that Ni−Co sulfides have much lower optical band-gap
energy and higher conductivity compared to Ni−Co oxides.18

The substitution of oxygen with sulfur could create a more
flexible structure because the electronegativity of sulfur is lower
than that of oxygen.19 In addition, ternary Ni−Co sulfides
possess richer redox reaction and higher electronic conductivity
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compared with binary metal sulfides including NiS, CoS, and
Co9S8.

15,20 Various morphologies and structures of Ni−Co
sulfides, such as NiCo2S4 nanotubes,

15−17 NiCo2S4 urchin-like
nanostructures,18 Ni−Co sulfide nanowires,20 NiCo2S4 nano-
networks,21 shape-controlled NiCo2S4,

22 CoNi2S4 mushroom-
like arrays,23 and NixCo3−xS4 hollow nanoprisms,24 have been
obtained to investigate the supercapacitive performance. For
instance, Peng et al. have synthesized NiCo2S4 nanosheets on
graphene with high capacitance and long cycle life.25 Chen et al.
have in situ fabricated NiCo2S4 nanotube arrays on nickel foam
to achieve ultrahigh areal capacitance.15

High-performance supercapacitor electrodes should display
characteristics such as high utilization efficiency and high mass
loading of electroactive materials as well as high transport rate
for both electrolyte ions and electrons. Thus, it is of significance
to prepare high mass loading active materials directly through
mechanical and electrical contact with the current collector for
improved supercapacitor performance. It has been reported
that CoNi2S4 nanoparticles,

26 CoNi2S4/graphene nanocompo-
sites27 with additive binder, and CoNi2S4 mushroom-like
arrays23 on nickel foam as supercapacitor electrodes. However,
there is no report on CoNi2S4 nanosheet arrays directly
deposited on nickel foams for supercapacitor applications. It is
expected that CoNi2S4 nanosheet arrays grown directly on
nickel foams can lead to superior pseudocapacitive perform-
ance. In this work, using a facile two-step hydrothermal
method, we have successfully in situ synthesized CoNi2S4
nanosheet arrays on nickel foams. The as-fabricated CoNi2S4
nanosheet arrays manifest ultrahigh specific and areal
capacitance values as well as good cycling stability. The
assembled aqueous asymmetric supercapacitor cell exhibits high
energy density and power density. Our results suggest that the
CoNi2S4 nanosheet arrays can act as high-performance
electrode materials for supercapacitor applications.

2. EXPERIMENTAL SECTION
2.1. Materials Preparation. All of the reagents were analytical

grade and were used without further purification. Before the
deposition of Ni−Co precursor on nickel foam, the nickel foam was
immersed in a 3 M HCl solution for 10 min to remove the possible
surface oxide layer and cleaned sequentially in ethanol and deionized
water for 15 min, respectively.
Typically, 2.5 mM Ni(NO3)2·6H2O, 5 mM Co(NO3)2·6H2O, and

15 mM hexamethylenetetramine were dissolved in 75 mL of deionized
water by magnetic stirring for 30 min. Then, the solution was
transferred into a 100 mL Teflon-lined stainless steel autoclave. A
piece of nickel foam was immersed in the solution followed by heating
of the autoclave at 95 °C for 8 h, and the top side of the nickel foam
was uniformly covered with poly(tetrafluoroethylene) tape to prevent
the solution contamination. After the autoclave cooled to room
temperature, the Ni−Co precursor on nickel foam was washed with
ethanol and deionized water several times and dried at 60 °C for 5 h.
Then, the Ni−Co precursor on nickel foam was treated in a
hydrothermal environment with sodium sulfide. In brief, 25 mM Na2S·
9H2O was dissolved in 75 mL of deionized water, and then the Ni−Co
precursor and solution were transferred into a 100 mL Teflon-lined
stainless steel autoclave. The autoclave was heated to 120 °C for 8 h.
The Ni−Co sulfide nanosheet arrays on nickel foam were obtained,
washed with ethanol and deionized water, and dried at 60 °C for 5 h.
For contrast, the Ni−Co oxide nanosheet arrays on nickel foam have
been synthesized by annealing the Ni−Co precursor nanosheet in an
air ambient atmosphere at 350 °C for 2 h with a heating rate of 1 °C
min−1. The average mass loadings of Ni−Co precursor, oxide, and
sulfide nanosheet arrays on nickel foam were approximately 1.4, 1.2,
and 2.2 mg cm−2, respectively.

2.2. Asymmetric Supercapacitor Fabrication. To construct an
asymmetric supercapacitor, the Ni−Co sulfide nanosheet arrays were
used as the positive electrode and active carbon as the negative
electrode. The negative electrode was prepared by mixing active
carbon, acetylene black, and poly(vinylidene fluoride) with a mass
ratio of 8:1:1, which was then pressed on nickel foam and dried at 80
°C for 12 h. The asymmetric supercapacitor was separated by a
separator (NKK, MPF20AC-100), and a 2 M KOH aqueous solution
was used as the electrolyte.

2.3. Material Characterization. The structures and morphologies
of these samples were characterized by grazing-incident X-ray
diffraction (XRD; EMPYREAN, PANalytical with Cu Kα radiation,
λ = 0.15406 nm), X-ray photoelectron spectroscopy (XPS; ESCALAB
250), field-emission scanning electron microscopy (FESEM; QUAN-
TA 400F), and high-resolution transmission electron microscopy
(TEM; JEOL JEM-2010HR) with an energy-dispersive X-ray spec-
troscopy (EDS) detector. Nitrogen adsorption/desorption measure-
ments were performed to investigate the surface characteristics at 77 K
using a surface area analyzer (Micromeritics ASAP 2020).

2.4. Electrochemical Measurements. The nominal area of the
Ni−Co oxide and Ni−Co sulfide nanosheet arrays on nickel foam
immersed in the electrolyte is controlled at around 1 × 1 cm2. The
electrochemical tests were conducted with a CHI 660E electro-
chemical workstation (Chenhua, Shanghai) in an aqueous 2.0 M KOH
electrolyte with a three-electrode cell where platinum foil serves as the
counter electrode and a standard calomel electrode (SCE) as the
reference electrode.

3. RESULTS AND DISCUSSION
Figure 1 illustrates the fabrication process of the Ni−Co oxide
and Ni−Co sulfide nanosheet arrays on nickel foam through a

two-step method. First, the Ni−Co precursor nanosheet was
directly grown on nickel foam by the hydrothermal process.
Then the Ni−Co oxide and Ni−Co sulfide nanosheet arrays
were converted from the Ni−Co precursor nanosheet
subsequently by the calcination and hydrothermal anion-
exchange reaction processes, respectively. The ion-exchange
reaction including cation- and anion-exchange reactions is an
effective and low-cost method for chemical transformation of
nanomaterials.28−30 Nanostructured CdS, CdS-Cu2S, and CdS-
Ag2S materials have been synthesized by a cation-exchange
reaction.31,32 The formation mechanism of Ni−Co sulfides in
our work is based on an anion-exchange reaction between S2−

in the sodium sulfide solution and OH− and CO3
2− in the Ni−

Co precursor nanosheet at hydrothermal environment. We also
demonstrated that the anion-exchange reaction can take place
between S2− and O2−, and thus the Ni−Co oxide nanosheet
arrays could be converted into Ni−Co sulfide nanosheet arrays.
Figure S1 in the Supporting Information (SI) shows the
FESEM images of Ni−Co sulfide nanosheet arrays by anion-
exchange reaction from Ni−Co oxide nanosheet arrays.

Figure 1. Schematic illustration of the fabrication process for Ni−Co
precursor, oxide, and sulfide nanosheet arrays.
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Figure 2 shows the typical FESEM images of the Ni−Co
precursor (Figure 2a,b), oxide (Figure 2c,d,g), and sulfide

(Figure 2e,f,h) nanosheet arrays supported on nickel foam.
Obviously, the nanosheet arrays uniformly cover nickel foam,
and they interconnect with each other to form a wall-like
structure. As shown in Figure 2c,d, the interconnected wall-like
feature of Ni−Co oxide nanosheet arrays, converted from Ni−
Co precursor nanosheet arrays after thermal transformation,
retained perfectly. The Ni−Co oxide nanosheet arrays have a
thickness of approximately 45 nm, which is favorable for full
utilization of the active materials. Meanwhile, the Ni−Co
sulfide nanosheet arrays also retained the wall-like nanosheet
morphology well after the hydrothermal anion-exchange
reaction process. Figure S2 in the SI displays the elemental
mapping images of Ni−Co sulfide nanosheet arrays on nickel
foam, which indicate that the nickel, cobalt, and sulfur elements
dispersed uniformly and continuously. From the high-
magnification FESEM images in Figure 2g,h, there is a little
difference in the morphologies between the Ni−Co oxide and
sulfide nanosheet arrays. The surface of Ni−Co sulfide with a

ravine-like feature is rougher than that of the Ni−Co oxide
nanosheet arrays. In addition, the thickness of Ni−Co sulfide
nanosheet arrays increases slightly. Through Brunauer−
Emmett−Teller (BET) surface area analysis (Figure S3 in the
SI), it can be seen that the BET surface area of both Ni−Co
oxide (106.7 m2 g−1) and Ni−Co sulfide (22.9 m2 g−1)
nanosheet arrays is higher than that of Ni−Co precursor (18.2
m2 g−1) nanosheet arrays. The huge increase of the BET surface
area of Ni−Co oxide could be caused by the formation of
quantities of mesopores after annealing Ni−Co precursor. The
increased BET surface area of Ni−Co sulfide could be ascribed
to the growth of a ravine-like surface and a few large pores after
the hydrothermal anion-exchange reaction.
Figure 3a shows the XRD patterns of the Ni−Co oxide and

Ni−Co sulfide nanosheet arrays on nickel foams. The two

typical peaks, marked with asterisks, originate from nickel foam.
Although the peaks of Ni−Co oxide nanosheet arrays are
relatively weak and broad, the XRD peaks at 36° and 64°,
corresponding to the (311) and (440) planes, respectively, and
the selected-area electron diffraction pattern (SAED) of Ni−Co
oxide nanosheet arrays (Figure S4 in the SI), indicating the
(311), (400), and (620) planes, confirm the formation of the
NiCo2O4 spinel phase. This result is consistent with the
previous report on NiCo2O4 nanosheet arrays synthesized by a
similar fabrication method.33 The diffraction peaks of Ni−Co
sulfide nanosheet arrays are also weak, indicating the low
crystallinity. Four diffraction peaks at 31.4°, 38.2°, 50.1°, and
55.1°, corresponding to the (311), (400), (511), and (440)
diffraction planes, respectively, can be indexed to the cubic
phase of CoNi2S4 (JCPDS 24-0334) or NiCo2S4 (JCPDS 43-
1477). The elemental composition and chemical state of the
Ni−Co sulfide nanosheet arrays have been investigated by XPS
measurements, and the corresponding results are presented in
Figure 3b−d. The Co 2p and Ni 2p high-resolution spectra can
be fitted with two spin−orbit doublets and two shakeup
satellites (Sat.) by using a Gaussian fitting method. As shown in
Figure 3b, the intensity of the Co 2p peaks is relatively weak.

Figure 2. Typical FESEM images at different magnifications of (a and
b) Ni−Co precursor nanosheet arrays, (c and d) Ni−Co oxide
nanosheet arrays, (e and f) Ni−Co sulfide nanosheet arrays supported
on nickel foam and (g and h) Ni−Co oxide and Ni−Co sulfide
nanosheet arrays on nickel foam with high magnification, respectively.

Figure 3. (a) XRD patterns of Ni−Co oxide and sulfide nanosheet
arrays on nickel foam. XPS spectra of (b) Co 2p, (c) Ni 2p, and (d) S
2p for Ni−Co sulfide nanosheet arrays.
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The binding energies at around 777.62 and 794.13 eV of the
Co 2p peaks are assigned to Co3+ and the binding energies at
783.25 and 798.42 eV to Co2+. Likewise, in the Ni 2p spectra
shown in Figure 3c, the peaks at 855.88 and 873.50 eV
indicated Ni2+ and the peaks at 857.40 and 875.18 eV denoted
Ni3+. In the S 2p spectra (Figure 3d), the binding energy
centered at 168.83 eV can be fitted by one main peak and one
shakeup satellite peak. The peak centered at about 163.22 eV
agrees with the binding energies of metal−sulfur bonding (Ni−
S and Co−S bonding).18,27,34 Therefore, the surface of the Ni−
Co sulfide nanosheet arrays is composed of Co2+, Co3+, Ni2+,
Ni3+, and S2−. Figure S5 in the SI shows the XPS spectra of the
Ni−Co oxide nanosheet arrays. The results are in accordance
with the reported chemical states of NiCo2O4.

33

The detailed morphology and structure characteristics of
Ni−Co sulfide nanosheet arrays are further investigated by
TEM characterization. As shown in Figure 4a,b, the surface of
the Ni−Co sulfide nanosheet arrays is densely wrinkled and the
planar size is about 0.8 μm, which are in good agreement with
the results of FESEM images. The lattice fringes shown in
Figure 4c can be indexed to the (111) crystal plane of the cubic
phase. The inset of Figure 4c shows the corresponding fast
Fourier transform (FFT) pattern. Simultaneously, the corre-

sponding SAED image shown in Figure 4d implies the
polycrystalline nature of Ni−Co sulfide nanosheet arrays, and
the diffraction rings can be readily indexed to the (311), (400),
and (440) planes of the CoNi2S4 or NiCo2S4 phase, which
corresponds to the aforementioned XRD result.
In addition, EDS analysis was conducted to examine the

composition of Ni−Co oxide and sulfide nanosheet arrays. The
elements copper and carbon (from the TEM copper grid),
chromium (from the specimen holder), nickel, cobalt, sulfur,
and oxygen were detected, and the element ratio of Co/Ni/S is
1:1.85:3.5 in Ni−Co sulfide nanosheet arrays, as shown in
Figure 4e. On the basis of analysis of the XRD, XPS, and TEM
results, it can be identified that Ni−Co sulfide nanosheet arrays
are composed of CoNi2S4 nanosheet arrays. TEM images and
EDS spectra of Ni−Co oxide nanosheet arrays are shown in
Figure S4 in the SI, indicating that Ni−Co oxide nanosheet
arrays exhibit mesoporous structure and the element ratio of
Co/Ni/ is approximately 1.15:1. Ni−Co oxide nanosheet arrays
are nonstoichiometric NiCo2O4, which also implies that the
Ni:Co element ratio is about 1.15:1 in Ni−Co precursor
nanosheet arrays. The variation of the components and ratio of
Ni/Co in Ni−Co sulfide could be attributed to the pseudo
Kirkendall effect. At the beginning of hydrothermal anion-
exchange reaction process, the reactions between the sulfur ions
and Ni−Co precursor resulted in the formation of a ravine
surface layer of Ni−Co sulfide. Then, the reactions continued
by the diffusion of sulfur ions through the interface. Yin et al.
have proposed that the direct conversion of the precursor core
to the metal sulfide shell is therefore obstructed by the surface
layer, and some previous work demonstrated that void metal
sulfide nanostructures such as nanotubes and hollow nanoplates
could be synthesized because of the unequal diffusion of the
cobalt and sulfur ions.13,17,29,30,34,35 However, in our study, no
obvious void nanostructures but a few large pores and a
changed Ni/Co element ratio of nanosheet arrays formed after
anion-exchange reaction. This could be attributed to the
relatively sufficient anion-exchange reaction between the Ni−
Co precursor and sulfur ions because of the unique nanosheet
architecture and the thin thickness of the Ni−Co precursor
nanosheet. The variation of the Ni/Co element ratio, which
changed from about 1:1.15 of the Ni−Co precursor to about
1.85:1 of Ni−Co sulfide, could be because the outward
diffusion of the cobalt ions is much faster than the inward
diffusion of the sulfur ions.13,17,29,30,34 In addition, there might
be a little reaction between nickel foam and sulfur ions.
To demonstrate the potential applications in supercapacitors,

we investigated the electrochemical performance of Ni−Co
precursor, oxide, and sulfide nanosheet arrays on nickel foam.
Figure 5a shows the typical cyclic voltammetry (CV) curves of
CoNi2S4 nanosheet arrays supported on nickel foam with the
potential window from −0.1 to 0.6 V (vs SCE) at various sweep
rates ranging from 3 to 20 mV s−1. Clearly, the shape of the CV
curves shows a pair of redox peaks during the cathodic and
anodic sweeps, which is apparently distinct from the EDLCs
characterized by nearly rectangular CV curves. This indicates
that the capacity of CoNi2S4 nanosheet arrays results from the
Faradaic redox reactions. With an increase of the sweep rates,
the anodic peak current density increases and the cathodic peak
current density decreases, suggesting a relatively low resistance
of the electrode and fast redox reactions at the interface of the
electrode and electrolyte.36

Figure 5b shows the galvanostatic charge−discharge (GCD)
curves of CoNi2S4 nanosheet arrays on nickel foam with a

Figure 4. (a−c) TEM images of Ni−Co sulfide nanosheet arrays at
different magnifications, respectively. (d) Corresponding SAED
pattern of a Ni−Co sulfide nanosheet array. (e) EDS spectra of a
Ni−Co sulfide nanosheet array. The inset of part c shows the
corresponding FFT pattern.
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potential window of 0−0.45 V (vs SCE) at various current
densities ranging from 5 to 50 mA cm−2. The symmetric shape
of the GCD curves implies good electrochemical capacitive
characteristics and excellent reversibility of Faradaic redox
reactions. The distinct plateau regions in the GCD curves
demonstrate the pseudocapacitive behaviors, caused by the
charge-transfer reaction and electrochemical adsorption−
desorption process at the electrode/electrolyte interface,
which is well consistent with the redox peaks in the CV
curves. For comparison, the CV curves at a sweep rate of 5 mV
s−1 and GCD curves at a current density of 5 mA cm−2 of Ni−
Co precursor, oxide, and sulfide nanosheet arrays are shown in
parts c and d of Figure 5, respectively. Figures S6 and S7 in the
SI show the detailed CV and GCD curves of Ni−Co precursor
and oxide nanosheet arrays. The CV integral area of Ni−Co
sulfide is larger than that of Ni−Co precursor and oxide
nanosheet arrays, and the GCD time of Ni−Co sulfide is above
twice that of Ni−Co precursor and oxide nanosheet arrays at a
current density of 5 mA cm−2. As for the capacitance
contribution of conductive substrates, the electrochemical
performance of nickel foam has been investigated, as shown

in Figure S8 in the SI. We agree that the capacitance
contribution from nickel foam can be negligible.15,17,37

The specific capacitance (F g−1) and areal capacitance (F
cm−2) of the electrode in a three-electrode system can be
calculated from the galvanostatic discharge curves according to
the following equation:38,39 Cs = IΔt/mΔV or CA = IΔt/SΔV,
where I (A), Δt (s), ΔV (V), and m (g) are designated as the
current during the discharge process, the discharge time, the
potential window, and the mass of active materials, respectively.
The calculated specific and areal capacitance values as a
function of the applied current density for Ni−Co precursor,
oxide, and sulfide nanosheet arrays are shown in Figure 5e. For
Ni−Co sulfide nanosheet arrays, the specific capacitance values
are as high as 2906, 2719, 2609, 2538, 2423, 2362, and 2268 F
g−1 at discharge current densities of 5, 10, 15, 20, 30, 40, and 50
mA cm−2, respectively. The areal capacitances are 6.39, 5.98,
5.74, 5.58, 5.33, 5.19, and 4.99 F cm−2 at the corresponding
current densities mentioned above. In common, as the
discharge current density increases, the specific and areal
capacitance values decrease gradually. This can be explained by
the diffusion effect limiting the diffusion and migration of

Figure 5. (a) CV curves at various scan rates and (b) GCD plots at various current densities of Ni−Co sulfide nanosheet arrays supported on nickel
foam. (c) Comparative CV curves at a scan rate of 5 mV s−1. (d) GCD curves at a current density of 5 mA cm−2 of Ni−Co precursor, oxide, and
sulfide nanosheet arrays. (e) Specific capacitance and areal capacitance of Ni−Co precursor, oxide, and sulfide nanosheet arrays. (f) Cycling
performance and Coulombic efficiency of Ni−Co sulfide nanosheet arrays at a current density of 30 mA cm−2.
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electrolyte ions OH− within the electrode at a high discharge
current density.40,41 It is worth noting that Ni−Co sulfide
nanosheet arrays remain at 2267 F g−1 (4.99 F cm−2) at 50 mA
cm−2 and hold 78.0% retention of the capacity when the rate
increases from 5 to 50 mA cm−2, implying good rate capability.
Evidently, in our work, the specific and areal capacitance values
of Ni−Co sulfide nanosheet arrays are significantly higher than
those of Ni−Co precursor and oxide nanosheet arrays, and this
performance is also remarkable compared with previously
reported values for metal sulfide electrodes. For instance, Pu
and co-workers obtained a specific capacitance of 783 F g−1 at a
current density of 2 A g−1 in NiCo2S4 nanotube arrays on nickel
foam.17 Du and co-workers reported that the CoNi2S4/

graphene nanocomposites possess a specific capacitance of
1652 F g−1 at a current density of 5 A g−1.27 Li and co-workers
prepared Ni−Co sulfide nanowires on nickel foam and
obtained a high specific capacitance of 2053 F g−1 and areal
capacitance of 5.1 F cm−2 at a current density of 5 mA cm−2.20

Nyquist impedance spectral measurements were also carried
out to evaluate the charge transfer and electrolyte diffusion in
the electrode/electrolyte interface, as shown in Figure S9 in the
SI. Obviously, the Nyquist impedance plots of the Ni−Co
precursor, oxide, and sulfide electrodes are composed of a
semicircle at the high-frequency region and a straight line at the
low-frequency region. The internal and charge-transfer
resistance values of these samples are almost the same at the

Figure 6. (a) CV curves with different scan voltage windows. (b) CV curves at various scan rates. (c) GCD plots at various current densities of the
asymmetric supercapacitor cell. (d) Nyquist impedance spectra of the asymmetric supercapacitor cell. (e) Ragone plots of the asymmetric
supercapacitor cell. (f) Four LEDs powered by two asymmetric supercapacitor cells in series. (g) Photographs of LEDs at different lighting times.
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high-frequency region. However, according to the high slope of
the straight line, the Ni−Co sulfide electrode exhibits lower
diffusive resistance than the Ni−Co precursor and oxide
electrodes at the low-frequency region, which could improve
the diffusion and transportation of the electrolyte ions into the
electrode materials.42,43

The superior supercapacitive performance of CoNi2S4
nanosheet arrays can be attributed to the following aspects:
(1) The ravine-like nanosheet structure of CoNi2S4 nanosheet
arrays is directly grown on nickel foam with good mechanical
and electrical contact. (2) The ravine-like nanosheet
architectures not only provide numerous electroactive sites
for the adsorption of ions but also contribute efficient pathways
for charge transportation.33,36,44 (3) CoNi2S4 nanosheet arrays
exhibit low crystallinity and good wettability without an
annealing process, which are beneficial for improving the
supercapacitive performance.15,45,46 (4) CoNi2S4 nanosheet
arrays possess higher conductivity and richer redox reaction
compared to Ni−Co precursor and oxide nanosheet
arrays.16,18,20

The cycling stability of CoNi2S4 nanosheet arrays on nickel
foam as an important factor for supercapacitor application is
evaluated by repeated GCD measurements at a current density
of 30 mA cm−2. Figure 5f shows the cycling performance and
corresponding Coulombic efficiency of CoNi2S4 nanosheet
arrays on nickel foam. As the cycle number increases, the
specific capacitance decreases gradually. CoNi2S4 nanosheet
arrays on nickel foam retain a high specific capacitance of 1889
F g−1 even after 3000 cycles, indicating good cycling stability.
The Coulombic efficiency, calculated from the equation47 η =
td/tc × 100%, where tc and td are designated as the charge and
discharge times, is about 98.5% over the entire cycling
measurement, which demonstrates the excellent reversibility
of CoNi2S4 nanosheet arrays.
In order to illustrate the potential application of CoNi2S4

nanosheet arrays for electrochemical energy storage, an
aqueous asymmetric supercapacitor cell was assembled and
measured, in which CoNi2S4 nanosheet arrays were used as the
positive electrode and active carbon was used as the negative
electrode with one piece of filter paper as the separator. To
obtain the maximum performance of the asymmetric super-
capacitor cell, the charges of the positive and negative
electrodes should be optimized based on the electrochemical
performance of active carbon and CoNi2S4 nanosheet arrays, as
shown in Figure S10 in the SI, and the relationship48 m+/m− =
C−ΔE−/C+ΔE+, where C+ and C− represent the specific
capacitance values of the positive and negative electrodes,
respectively, and ΔE is the potential range. Figure 6a shows the
CV curves of the asymmetric supercapacitor cell at different
voltage windows in a 2 M KOH electrolyte at a scan rate of 10
mV s−1. It is noted that the stable electrochemical window of
the asymmetric supercapacitor cell can be extended to 1.8 V.
Figure 6b shows the CV curves at various scan rates, and Figure
6c displays the GCD curves of the asymmetric supercapacitor
cell at various current densities in a voltage window from 0 to
1.7 V. The GCD curves are nearly symmetrical, indicating good
electrochemical capacitive characteristics and excellent reversi-
bility of Faradaic redox reactions. Figure 6d shows the Nyquist
impedance spectra of the asymmetric supercapacitor cell. It is
worth noting that the charge-transfer resistance is about 1 Ω,
implying that CoNi2S4 nanosheet arrays exhibit favorable
charge-transfer kinetics and fast electron transport. The
power and energy densities are two key parameters to

characterize the performance of the electrochemical super-
capacitor. Figure 6e shows the Ragone plots of the asymmetric
supercapacitor cell based on the galvanostatic discharge curves.
Note that the aqueous asymmetric supercapacitor cell delivers a
high energy density of 33.9 Wh kg−1 at a power density of 409
W kg−1 and still maintains an energy density of 27.2 Wh kg−1 at
a high power density of 2458 W kg−1. Furthermore, two
asymmetric supercapacitors in series can easily light four red-
light-emitting diodes (LEDs) with a working voltage of 1.8 V
more than 30 min after separate charging for a total time of 6
min, as shown in Figure 6f,g, which indicates the potential
applications in supercapacitor devices.

4. CONCLUSIONS
In conclusion, we have successfully in situ grown CoNi2S4
nanosheet arrays on nickel foams through a facile two-step
hydrothermal method for electrochemical energy storage. The
efficient and low-cost two-step fabrication method involves the
hydrothermal method and anion-exchange reaction. CoNi2S4
nanosheet arrays supported on nickel foam are able to deliver
an ultrahigh specific capacitance of 2906 F g−1 and areal
capacitance of 6.39 F cm−2 at a current density of 5 mA cm−2,
as well as good rate capability and long cycle stability in a three-
electrode test system. The excellent electrochemical perform-
ance of CoNi2S4 nanosheet arrays can be attributed to a ravine-
like nanosheet structure with good mechanical and electrical
contact, low crystallinity and good wettability without an
annealing process, rich redox reactions, as well as high
conductivity and transport rate for both electrolyte ions and
electrons. An asymmetric supercapacitor cell based on CoNi2S4
nanosheet arrays as the positive electrode and active carbon as
the negative electrode exhibits a high energy density of 33.9 Wh
kg−1 at a power density of 409 W kg−1. Our results suggest that
CoNi2S4 nanosheet arrays can find opportunity in super-
capacitor applications.
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