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D
evelopment of energy storage de-
vices with high energy and power
outputs, long lifetime, and short

charging time is urgently needed to meet
the increasing demand for energy and
power in our daily life.1�3 Supercapacitors
are emerging as very promising energy
storage deviceswith some excellent proper-
ties such as high power density, long cycle
life, fast charge time, and safe operation
mode.4�6 However, supercapacitors suffer
from relatively lower energy density as com-
pared to rechargeable lithium batteries.4 In
recent years, great research progress has
been accomplished for the improvement of
supercapacitor performance by the fabrica-
tion of nanostructured electrodematerials.7,8

Carbon-basedmaterials, transitionmetal oxi-
des/hydroxides, and conducting polymers
are among the most intensively explored
supercapacitor materials for energy storage
applications.9�12 Typically, supercapacitors
using carbon-based materials (activated car-
bon, carbon nanotubes, graphene, etc.) show
lowcapacitancedue to their surfacedominant

electrochemical double-layer storage mech-
anism.13�15 Transition metal oxides, hydro-
xides (MnO2, Co3O4, MoO3, Ni(OH)2, etc.) and
conducting polymers (polyaniline, polypyr-
role, poly(3,4-ethylenedioxythiophene), etc.)
show higher capacitance owing to their re-
dox-reaction-enriched energy storage me-
chanism. However, these materials have
either low conductivity or poor electroche-
mical stability, a fact that has largely limited
their widespread applications in super-
capacitors.16�22 Therefore, it is important
to develop new electrode materials with
desirable supercapacitor properties, such
as high electrical conductivity, porous struc-
ture, large capacitance, and good electro-
chemical stability.
Recently, transition metal sulfides includ-

ing binary cobalt sulfides, nickel sulfides,
copper sulfides, and ternary nickel cobalt
sulfides have been investigated as novel
supercapacitor electrode materials with im-
proved electrochemical performance.23�28

Chang et al. prepared hollowCoS hexagonal
nanosheets by a hydrothermal method, and
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ABSTRACT A facile one-step electrodeposition method is developed to prepare

ternary nickel cobalt sulfide interconnected nanosheet arrays on conductive carbon

substrates as electrodes for supercapacitors, resulting in exceptional energy

storage performance. Taking advantages of the highly conductive, mesoporous

nature of the nanosheets and open framework of the three-dimensional

nanoarchitectures, the ternary sulfide electrodes exhibit high specific capacitance

(1418 F g�1 at 5 A g�1 and 1285 F g�1 at 100 A g�1) with excellent rate capability. An asymmetric supercapacitor fabricated by the ternary sulfide nano-

sheet arrays as positive electrode and porous graphene film as negative electrode demonstrates outstanding electrochemical performance for practical

energy storage applications. Our asymmetric supercapacitors show a high energy density of 60 Wh kg�1 at a power density of 1.8 kW kg�1. Even when

charging the cell within 4.5 s, the energy density is still as high as 33 Wh kg�1 at an outstanding power density of 28.8 kW kg�1 with robust long-term

cycling stability up to 50 000 cycles.

KEYWORDS: nickel cobalt sulfides . interconnected nanosheet arrays . electrochemical deposition . graphene .
asymmetric supercapacitors
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the supercapacitor based on these CoS showed a
capacitance of 326.4 F g�1 under a high current density
of 64.6 A g�1 in the three-electrode measurement.29

Zeng et al. synthesized flower-like NiS for supercapac-
itors with a high specific capacitance of 965.98 F g�1

at a current density of 0.5 A g�1 in the three-electrode
measurement.30 Lou et al. reported amultiple-step and
template-engaged method to grow CuS nanoneedles
on carbon nanotubes, and the supercapacitor using
this composite showed a capacitance of 114 F g�1 at a
scan rate of 2 mV s�1 in the three-electrode test.31 It
was reported that the ternary sulfides such as nickel
cobalt sulfides have an electronic conductivity of about
2 orders higher than that of the oxide counterparts and
much higher conductivity than those of the binary
sulfides.32�34 In addition, the electrochemical contri-
butions from both nickel and cobalt ions in the ternary
sulfides are expected to provide richer redox reactions
than that of the single binary sulfides (nickel sulfide
or cobalt sulfide), resulting in better electrochemical
energy storage performance.35,36 Recently, Xia et al.
prepared NiCo2S4 urchin-like nanostructures by a mul-
tistep hydrothermal method that converted the corre-
sponding ternary-based carbonate hydroxide precursors
by S2� ion exchange. The supercapacitors based on
the NiCo2S4 urchin-like nanostructures presented a
high capacitance of 1149 F g�1 at current density of
0.5 A g�1 in the three-electrodemeasurement.37 Wang
et al. reported a similarmultistep route to growNiCo2S4
nanotube arrays on carbon fiber paper by hydrother-
mal preparation of the carbonate hydroxide precursor,
followed by the vulcanization thermal treatment and
acid etching processes. The obtained NiCo2S4 nano-
tube arrays exhibited a high areal capacitance of
0.87 F cm�2 at 4 mA cm�2 in the three-electrode mea-
surement.26 Lou et al. developed a two-step sacrificial
template method to prepare NixCo3�xS4 hollow nano-
prisms that were sulfurized from a Ni�Co precursor.
The NiCo2S4 hollow prisms manifested a high specific

capacitance of 895.2 F g�1 when tested as super-
capacitor material at a current density of 1 A g�1 in
the three-electrode measurement.38 Unfortunately,
the above-mentioned methods involve multistep
processes that make the development of the ternary
sulfides costly, complicated, and time-consuming.
Moreover, a real-life demonstration of a ternary sulfide
based supercapacitor (the practical configuration of two-
electrode full cell devices) is essential for energy storage
applications, as recently highlighted by Ruoff et al.39

We herein report the development of ternary nickel
cobalt sulfides with controllable composition by a
facile one-step electrochemical co-deposition method
and their application as positive electrodes for asym-
metric supercapacitors with excellent energy storage
properties. The hierarchically interconnected ternary sul-
fide nanosheet arrays grown on conductive carbon cloth
exhibit a very high capacitance of 1418 F g�1 at a current
density of 5 A g�1 in the three-electrode measure-
ment, and the capacitance remained as high as 90.6%
(1285 F g�1) when the current density increased to
100 A g�1. The asymmetric ternary sulfide//graphene
supercapacitor, where the ternary sulfide and graphene
act aspositiveandnegativeelectrodes, respectively, shows
a very high energy density of 60 Wh kg�1 at a power
density of 1.8 kW kg�1 with a charge time of 247.7 s. Even
under a very short charge time of 4.5 s, the asymmetric
supercapacitor still kept a high energy density of
33.3 Wh kg�1 at a power density of 28.7 kW kg�1.

RESULTS AND DISCUSSION

The design of the asymmetric supercapacitor
with the employment of ternary nickel cobalt sulfide
(Ni�Co�S) as the positive electrode and graphene film
as the negative electrode is schematically illustrated in
Figure 1. It shows that the ternary Ni�Co�S intercon-
nected nanosheet arrays are grown directly on the
woven conductive carbon cloth, making the electrode
highly porous (macroscopically porous as the whole

Figure 1. Schematic of the design of asymmetric supercapacitors by applying interconnected Ni�Co�S nanosheet arrays on
carbon cloth as a positive electrode and porous graphene film as a negative electrode.
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electrode and nanoscopically porous due to the
nanomaterial design). This is believed to facilitate the
electrolyte ion trapping and access to the porous
structures, which will reduce the electrolyte ion trans-
portation path during the supercapacitor charge�
discharge process. In addition, the porous graphene
film attached to the carbon cloth acts as an effective
negative electrode and further promotes the flow of
electrolytes in the whole device.
We are able to control the growth of the as-prepared

Ni�Co�S nanosheets by adjusting the concentrations
of the electrodeposition solutions. Five different tern-
ary sulfides, henceforth referred to as Ni�Co�S-1 to
Ni�Co�S-5, have been investigatedwhich correspond
to the different concentrations of the deposition solu-
tions (see Experimental Section for detail). As shown in
Figure S1, with the increase of Ni2þ concentration at a
specific concentration of Co2þ, the electrodeposited
Ni�Co�S sheets transform from lightly deposited
nanosheets with large intersheet gaps (Figure S1A),
to moderately deposited nanosheet arrays (Figure S1B),
and then to heavily deposited nanosheet arrays
(Figure S1C and Figure 2), and finally to excessively
deposited nanosheet films with some cracks due to

their mechanical expansion (Figure S1D). The deposi-
tion of Ni�Co�S nanosheet arrays on the carbon
fibers is successfully achieved, as can be differentiated
from the smooth surface of the pure carbon cloth
fibers (Figure S2). Importantly, the one-step electro-
deposition of the ternary sulfides provides a facile and
effective approach for large-scale application, which
is a distinct advantage compared to other multistep
fabrication techniques. The different morphology and
composition of the Ni�Co�S nanosheet arrays is
expected to give markedly different electrochemical
properties when used as a supercapacitor electrode, as
will be discussed in the next section. It will be further
found that the Ni�Co�S-4 interconnected nanosheet
gives the best electrochemical performance as a super-
capacitor electrode, and we thus focus on studying this
optimized Ni�Co�S electrode in this work.
Figure 2 shows the morphology and microstructure

of the optimized Ni�Co�S-4 with different magnifica-
tions that are revealed by scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM). The low-magnification image of the Ni�Co�S
on carbon cloth (inset of Figure 2A) shows an overviewof
the integrated electrode, where the woven conductive

Figure 2. Characterizationof theNi�Co�S-4nanosheet arraysbySEM(A,B) andTEM(C,D). Scalebarof the inset FigureA is500μm.
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carbon cloth with a macroporous nature serves as an
excellent scaffold for the uniform deposition of the
ternary nanosheet arrays (Figure 2A). It is believed that
the adhesion of the Ni�Co�S on carbon cloth is very
robust due to theuniformmaterial coatingand themerits
of the electrodeposition technique. Even after heavy
depositionof thematerials, the resultingelectrode retains
a good macroporous nature without blocking its macro-
scopic pores. This morphology is favorable for the effec-
tive flow of the electrolyte ions throughout the whole
electrode structure, resulting in extensive contact of the
electrodematerialswith theelectrolyte ions for enhanced
charge storage reactions. A higher magnification SEM
image (Figure 2B) demonstrates that the vertically grown
Ni�Co�S on a carbon fiber forms a dense array of highly
porousnanosheets that are interconnected, as confirmed
by a low-magnification TEM image (Figure S3A). Looking
into the detail of the Ni�Co�Smicrostrutures, it is found
that in addition to the macroporous nature of the inter-
connected nanosheet arrays, the ultrathin Ni�Co�S
nanosheets themselves are mesoporous in nature
(Figure S3B and Figure 2C). As a result, they form a fully
porous nanostructured electrode, which is a highly

desired morphology for supercapacitor applications. It
is further revealed that the size of the mesopores in the
Ni�Co�S nanosheet is in the range between 2 and
10 nm (Figure 2C). The highly crystalline lattice fringes
with different orientations show that the Ni�Co�S nano-
sheet is polycrystalline in nature. This is further confirmed
by the selected area electron diffraction (SAED) pattern
taken on the Ni�Co�S nanosheet (Figure 2D). The
indexed lattice fringes in Figure 2C correspond to the
Ni�Co�S with a composition of CoNi2S4, which is
consistent with the indexed SAED pattern with differ-
ent lattice planes. The absence of some lattice planes in
Figure 2C that appear in the SAED pattern is probably
due to the spatial limitation of the TEM. Similar designs
of nanoporous materials with macroporous features
have previously been demonstrated as excellent elec-
trodes for supercapacitor energy storage devices.40�42

We further employed high-angle annular dark-field
scanning transmission electronmicroscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDX) map-
ping to study the elemental distribution in the elec-
trode material of Ni�Co�S nanosheet arrays. The
HAADF-STEM image shown in Figure 3A exhibits a

Figure 3. HAADF-STEM image (A) and EDX mapping of the elements (B) cobalt, (C) nickel, and (D) sulfur, respectively.

A
RTIC

LE



CHEN ET AL . VOL. 8 ’ NO. 9 ’ 9531–9541 ’ 2014

www.acsnano.org

9535

uniform layer of interconnected nanosheets, which
agrees well with the SEM observation, as shown in
Figure 2B. The EDX-STEM elemental mapping images
in Figure 3B�D correspond to the K-edge signals of Co,
Ni, and S, respectively. The even distribution of the Co,
Ni, and S elements demonstrates the uniform deposi-
tion of the Ni�Co�S nanosheet arrays, which further
confirms the successful preparation of the ternary
Ni�Co�S nanosheets by one-step electrodeposition.
X-ray photoelectron spectroscopy (XPS) analysis was

carried out in order to further investigate the chemical
composition of the Ni�Co�S nanosheets and the
oxidation state of the detected elements. High-resolu-
tion XPS spectra of Co 2p, Ni 2p, and S 2p core levels
have been recorded and are shown in Figure S4, which
match well with those obtained for ternary cobalt
nickel sulfides of CoNi2S4.

43 The Ni 2p3/2 peaks ob-
served at 853.3 and 856.4 eV are characteristic of Ni2þ

and Ni3þ species (Figure S4A), while the Co 2p3/2 peaks

observed at 778.5 and 781.6 eV are characteristic of
Co3þ and Co2þ species, respectively (Figure S4B).43,44

For the S 2p high-resolution XPS spectrum (Figure S4C),
the peak observed at 161.5 eV corresponding to the S
2p3/2 core level is typical of metal�sulfur bonds in the
ternary metal sulfides and consistent with nickel sul-
fides and cobalt sulfides.45�47 The S 2p peak observed
at 169.0 eV is attributed to surface sulfur with high
oxide state, such as sulfates.46

The electrochemical properties of the Ni�Co�S
nanosheets as positive electrode were investigated
first in the three-electrode measurements with 1 M
KOHas the electrolyte. As shown in Figure 4A, the cyclic
voltammetry curves obtained under different scan
rates show a pair of redox peaks, representing a typical
electrochemical behavior of the sulfide electrodes.38,43

The formation of the redox peaks is probably ascribed
to the reactions between the electrode material and
the alkaline electrolyte, according to the following

Figure 4. Electrochemical performance of the Ni�Co�S nanosheets as supercapacitor electrodes in the three-electrode
measurements with 1M KOH as the electrolyte. (A) Cyclic voltammetry and (B) galvanostatic charge�discharge curves of the
optimized Ni�Co�S-4 nanosheets; (C) cyclic voltammetry, (D) galvanostatic charge�discharge curves, (E) summary of
specific capacitance as a function of current density, and (F) Nyquist plot of all the Ni�Co�S electrodes, respectively.
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equation:26,48

CoNi2S4 þ 2OH�TCoS2xOHþNi2S4 � 2xOHþ 2e�

The reversible redox reactions give rise to the forma-
tion of CoSOH and NiSOH, similar to the reaction
mechanism of cobalt sulfides and nickel sulfides as
has been previously reported.24,29 The anodic peaks
shift to higher potential while the cathodic peaks shift
to lower potential as the scan rate is increased due
to the faster charge and discharge rates. The galvano-
static charge�discharge curves show symmetric
charge and discharge processes even at high current
densities (Figure 4B), indicating the excellent electro-
chemical features of the ternary sulfides as pseudoca-
pacitor electrodes and their superior rate capability.
The electrochemical performances of Ni�Co�S

ternary nanosheets with different compositions were
all investigated as pseudocapacitor materials in the
alkaline electrolyte. At the same scan rate of 20mV s�1,
the anodic peaks shift to higher potential with the
increase of Ni2þ concentration in the electrodeposi-
tion of Ni�Co�S ternary nanosheets (Figure 4C). This
agrees with the electrochemical behaviors of cobalt
sulfides and nickel sulfides reported previously, in
which the cobalt sulfides showed much lower redox
reaction potential compared to that of nickel sulfides
due to their intrinsic electrochemical response to the
electrolyte.38,49,50 In addition, the intensity of the cur-
rent increases with the electrodeposition solution con-
centration to a maximal value and then decreases,
resulting in the optimized electrodeposition condition
that we mentioned in the previous section. The high
current density induced by the optimized Ni�Co�S-4
nanosheets will give rise to the best energy storage
performance among all the studied ternary nano-
sheets. The charge�discharge curves show symmetric
electrochemical characteristics and very small voltage
drops in the discharge process, indicating good elec-
trical and ionic conductivity of the ternary sulfides
(Figure 4D). As summarized in Figure 4E, the specific
capacitances of Ni�Co�S ternary electrodes vary with
their different compositions within a large range of
current densities. Specifically, the capacitance of the
Ni�Co�S ternary electrodes increases with the con-
centration of Ni2þ in the electrodeposition solution at a
given concentration of Co2þ, while the Ni�Co�S
electrode prepared with further increased Ni2þ con-
centration results in much lower capacitance. For ex-
ample, the specific capacitance of Ni�Co�S-4 nano-
sheets at 10 A g�1 is as high as 1354 F g�1, much higher
than that of 653 F g�1 for Ni�Co�S-1, 769 F g�1 for
Ni�Co�S-2, 955 F g�1 for Ni�Co�S-3, and 783 F g�1

for Ni�Co�S-5. The energy storage performance of the
Ni�Co�S electrodes is probably correlated to their
unique morphology as well as composition. The very
high specific capacitance of 1418 F g�1 at 5 A g�1 for
Ni�Co�S-4 nanosheets is among the highest values

reported so far for metal sulfides.23,27,36�38,48 Impress-
ively, the Ni�Co�S ternary nanosheets prepared by
the facile one-step electrodeposition exhibit ultrafast
charge and discharge characteristics and outstanding
rate capabilities. As for the optimized Ni�Co�S-4
nanosheets, the electrode can even be charged within
a few seconds at a very high current density of
100 A g�1, while its specific capacitance can still remain
as high as 1285 F g�1. Therefore, it shows a very high
rate capability of 90.6%, superior to that of the other
Ni�Co�S nanosheets (range from 83.7% to 89.2% as
shown in Figure 4E). Moreover, the Ni�Co�S-4 nano-
sheets show the best conductivity among all the
investigated ternary sulfides, as demonstrated by the
Nyquist plot in Figure 4F. The excellent electrochemical
performance of the Ni�Co�S-4 nanosheets benefits
from the following facts. First, the highly conductive
Ni�Co�S nanosheets contact directly on the conduc-
tive carbon cloths to form an integrated electrode with
superb highways for fast electron transportation and
electrolyte ion diffusion, which greatly increase the
charge rate of the electrode for high-power applica-
tions. Second, the interconnected nanosheets with
mesoporous nanostructures grown on the macropo-
rous carbon substrate serve as an ideal platform for
supercapacitive energy storage. The porous three-
dimensional electrode allows facile electrolyte ion
access for fast and reversible redox reactions, largely
contributing to the increased energy storage capacity for
high-energy applications. Third, the unique hierarchical
morphologyof theNi�Co�Snanosheet arrays is critical to
the long-term stability of energy storage devices. Overall,
the successful fabrication of the three-dimensional elec-
trode gains a number of advantages that benefit super-
capacitive energy storage devices.
To further explore the electrochemical properties

toward practical application of the Ni�Co�S nano-
sheet arrays, we have fabricated an asymmetric super-
capacitor by employing the optimized Ni�Co�S as
positive electrode and graphene film as negative
electrode. It is well known that graphene is an excellent
supercapacitor material, serving as a good negative
electrode in alkaline electrolytes due to promising
features such as high surface area, good conductivity,
and superior electrochemical stability.51�53 The gra-
phene used in this study was prepared by a facile one-
pot hydrothermal method as reported elsewhere.54,55

As shown in Figure S5, the reduced graphene oxide
with a few layers exhibits a wrinkled characteristic that
is ideal to serve as a supercapacitor electrode, in which
the electrolyte ions have full access to the graphene
electrode.56,57 The electrochemical performance of the
graphene electrode was studied in the three-electrode
measurement with 1 M KOH as the electrolyte
(Figure S6). It is shown that the graphene electrode
has excellent electrochemical performance in terms of
rectangular cyclic voltammetry curves (Figure S6A),
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symmetric charge�discharge behaviors (Figure S6B),
and long-term cycling stability (Figure S6D). In a pro-
longed voltage window of 1.2 V (from�1.2 to 0 V), the
specific capacitance of the graphene electrode can
reach as high as 332 F g�1 at a current density of
4 A g�1, and it still remains 171 F g�1 at a current den-
sity of 100 A g�1 (Figure S6C). Moreover, the graphene
electrode shows negligible decay of the initial capaci-
tance after 10000 cycles of charge and discharge at a
high current density of 40 A g�1. The excellent electro-
chemical properties of the graphene electrode indicate
that it is ideal to act as a negative electrode in this study.
The asymmetric supercapacitor is composed of

Ni�Co�S nanosheet arrays as positive electrode, gra-
phene film as negative electrode, and 1 M KOH as
electrolyte. The mass loading of the two electrode
materials was balanced before making the full cell
devices, and the voltage window of the full cell was
determined to be 1.8 V, according to their individual
electrochemical behaviors (Figure S7; see Experimental
Section for details). Figure 5 shows the electrochemical
performance of the asymmetric supercapacitors. The
cyclic voltammetry curves show a pair of distinct peaks
under different scan rates, corresponding to the redox
reactions of Ni�Co�S with the alkaline electrolyte
(Figure 5A).48,58 The nearly symmetric charge and
discharge curves with very small voltage drops at
different current densities are indicative of good super-
capacitor behaviors (Figure 5B). As summarized in
Figure 5C, the cell capacitance of the asymmetric
supercapacitors based on the total masses of the two
electrodes is at a very high level, ranging from 74 to
133 F g�1. For example, the cell capacitance is as high
as 133 F g�1 at a current density of 2 A g�1, while it is

still 74 F g�1 at a current density of 30 A g�1. The cell
capacitances of our asymmetric supercapacitors are
the highest reported values so far for sulfide-based
asymmetric supercapacitors.48,58�60 The areal capaci-
tance is an important parameter to indicate the total
capacitance of the device that normalized to the
geometrical area by a certain amount of electrode
material. Our asymmetric supercapacitor shows a rela-
tively high areal capacitance, from 263 mF cm�2 at
2 A g�1 to 146 mF cm�2 at 30 A g�1, demonstrating its
good capability to store enough energy in a confined
area. The Nyquist plot in Figure 5D represents excellent
electrical conductivity of the device with a very small cell
resistance (0.86Ω) shown at a high frequency range. The
disappearance of the semicircle in the Nyquist plot in a
high frequency range exhibits very small charge-transfer
resistanceof thedevice,which is probably ascribed to the
integrated 3D electrodes that minimize the contact
impedance between electrodes and electrolyte.
As a critical parameter to determine the energy

storage performance for practical applications, the
long-term cycling stability of our asymmetric sueprca-
pacitor is tested and shown in Figure 5E. The asym-
metric device is capable of retaining 90.1% and 82.2%
of the initial capacitance after 10 000 and 20 000 con-
secutive charge�discharge tests, respectively. The ca-
pacitance of the cell degraded slowly with the cycle
test; however it still retained 63.2% of the capacitance
even after 50 000 cycles (Figure S7). This is the first
ultralong cycling test that was applied to the asym-
metric supercapacitors, showing the outstanding cycle
life of our devices. The cycling stability of our asym-
metric supercapacitor is remarkable when compared
to previous studies on sulfide-based asymmetric

Figure 5. Electrochemical performance of the Ni�Co�S//graphene asymmetric supercapacitors. (A) Cyclic voltammetry
curves; (B) galvanostatic charge�discharge curves; (C) cell capacitance and areal capacitance vs current density; (D) Nyquist
plot; (E) cycling stability performance; (F) Ragone plot (energy density vs power density vs charge time).

A
RTIC

LE



CHEN ET AL . VOL. 8 ’ NO. 9 ’ 9531–9541 ’ 2014

www.acsnano.org

9538

supercapacitors reported in good studies by Zhang
et al. (73.1% retention after 3000 cycles for Ni�Co
sulfide nanowires//activated carbon cells), Lin et al.
(90% retention after 5000 cycles for Ni3S2-MWCNT//
activated carbon cells), and Shen et al. (90.2% retention
after 2000 cycles for Co9S8 nanorod//Co3O4@RuO2

nanosheet based cells). Further, our cycling stability
results are highly comparable to those of other asym-
metric supercapacitors based on different materials,
such as CoO@polypyrrole//activated carbon asym-
metric supercapacitors (91.5% retention after 20 000
cycles), Ni(OH)2-CNT//activated carbon asymmetric
supercapacitors (83% retention after 3000 cycles),
and graphene-MnO2//SWCNT asymmetric supercapa-
citors (95% retention after 5000 cycles).58�63 The ca-
pacity decay after long-term cycling for our asym-
metric full cells is not well understood yet, but is
probably due to the following reasons. First, the posi-
tive Ni�Co�S electrode may undergo material evolu-
tion and partially change to ternary oxides or
hydroxides due to their intensive reactions with the
alkaline electrolyte, which decreases their energy sto-
rage capacity. Second, the fast and long-term cycling
tests may induce the mechanical failure of the
Ni�Co�S electrode, resulting in the delamination of
the materials from the substrate. Third, the morphol-
ogy of the interconnected ternary nanosheets may be
altered or damaged by the fast and long term cycling
tests. Figure 5F shows an advanced Ragone plot of our
asymmetric supercapacitors (energy density vs power
density vs charge time). Impressively, our devices show
a very high energy density of 60 Wh kg�1 at a power
densityof1.8 kWkg�1, and thecorrespondingcharge time
is only 248 s. Even when charging the cell within 4.5 s, the
energy density is still as high as 33 Wh kg�1 at an
outstanding power density of 28.8 kW kg�1. The obtained
high energy and power densities of our supercapacitors
are some of the highest values reported so far among
asymmetric supercapacitors. For example, Lin et al. re-
ported a nice study on Ni3S2-MWCNT//activated carbon

asymmetric devices, achieving an energy density of
19.8 Wh kg�1 at a power density of 798 W kg�1. Zhang
et al. reported Ni�Co sulfide nanowires//activated
carbon cells with an energy density of 25 Wh kg�1 at
a power density of 447 W kg�1. Gong et al. reported
Ni(OH)2-CNT//activated carbon asymmetric superca-
pacitors with an energy density of 50.6 Wh kg�1 at
a power density of 95 W kg�1. Duan et al. showed
a MnO2//graphene asymmetric device with an en-
ergy density of 23.2 Wh kg�1 at a power density of
1 kW kg�1.58,60,62,64 The high energy and power density
of our asymmetric supercapacitorswith very short charge
time are of great promise for practical energy storage
applications.

CONCLUSIONS

In summary, we have demonstrated a facile, one-
step electrodeposition process of nickel cobalt sulfide
nanosheet arrays for high-performance asymmetric
supercapacitors. The reported electrochemical deposi-
tion process of the ternary sulfides is controllable and
has a number of advantages over the conventional
multistep processes for the preparation of sulfides. The
optimized nickel cobalt sulfides with interconnected
nanosheet arrays on a conductive carbon substrate
serves as an excellent three-dimensional supercapaci-
tor electrode, showing high specific capacitance
(1418 F g�1 at 5 A g�1 and 1285 F g�1 at 100 A g�1)
and excellent rate capability and conductivity. Further-
more, the asymmetric supercapacitor fabricated by the
optimized nickel cobalt sulfide nanosheet arrays as
positive electrode and porous graphene film as nega-
tive electrode demonstrated outstanding electroche-
mical performance. Our asymmetric supercapacitors
showed high energy and power density with short
charge time, as well as robust long-term cycling stabi-
lity. The performance we achieved suggests that the
ternary sulfides prepared by the scalable one-step
electrodeposition process have great potential in var-
ious energy storage technologies.

EXPERIMENTAL SECTION

Materials. All chemicals used in this study were received
from Sigma-Aldrich and used without further treatment. DI
water (18.2 MΩ 3 cm) from Milli Q was used throughout the
whole experiment.

Electrochemical Co-deposition of Ni�Co�S Nanosheet Arrays. The
Ni�Co�S with different morphology and composition were
electrochemically co-deposited onto the flexible carbon cloth
with a woven carbon fiber configuration. Prior to the electro-
deposition, the carbon cloth was wetted and cleaned with
acetone and water, respectively. The electrodeposition solution
contains 5 mM CoCl2 3 6H2O with different concentrations of
NiCl2 3 6H2O (1, 2.5, 5, 7.5, and 10 mM) and 0.75 M thiourea
(CS(NH2)2), resulting in the obtained Ni�Co�S electrodes with
names of Ni�Co�S-1, Ni�Co�S-2, Ni�Co�S-3, Ni�Co�S-4,
and Ni�Co�S-5, respectively. The pH value of the solution was

adjusted with diluted NH3 3H2O to ∼6. The electrodynamic
deposition was carried out in a three-electrode cell using
cleaned carbon cloth as the working electrode, Pt as counter
electrode, and Ag/AgCl as reference electrode by cyclic voltam-
metry at a scan rate of 5 mV s�1 for 15 cycles within a voltage
range of�1.2 to 0.2 V vs Ag/AgCl. The electrodeposited carbon
cloth was cleaned by rinsing with a large amount of water,
followed by drying in air for 12 h and vacuum drying at 80 �C for
12 h. Themass loading of the Ni�Co�S on the carbon cloth was
determined by the mass difference before and after the elec-
trodeposition using a microbalance (Mettler Toledo XP26,
resolution of 1 μg). The typical mass loading of the positive
Ni�Co�S-4 electrode is about 0.8 mg/cm2.

Preparation of Graphene Films. The graphene films were pre-
pared according to a modified method reported by the Dan Li
group.57,65 Specifically, the graphene oxide (GO) prepared by a
modified Hummer's method was dispersed in water with
a concentration of 0.5 mg mL�1. The GO solution was subject
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to bath sonication for 2 h (Branson 2510), followed by ultra-
sonication at 160W (UP400S, ultrasonic processor, Hielscher) for
another 1 h. The GO solution was then centrifuged at 3000 rpm
for 30 min to remove any unexfoliated GO. The pH value of the
obtained GO dispersion was adjusted to ∼10 by NH3 3H2O. We
used a hydrothermal reaction to reduce the GO and produce a
well-dispersed graphene solution, namely, hydrothermally re-
duced graphene oxide (HTrGO), which was reported by our and
other studies elsewhere.54�56 Subsequently, the HTrGO disper-
sion was vacuum filtered through an AAOmembrane (pore size
of 0.2 μm). The vacuum filter was disconnected immediately
after no dispersion was left. The filtered graphene film on the
AAO membrane was transferred to water, and the graphene
film can be easily peeled off from themembrane. The graphene
film was then attached to the carbon cloth and used as a
negative electrode for the asymmetric supercapacitor.

Fabrication of Ni�Co�S//Graphene Asymmetric Supercapacitors. The
fabrication of the Ni�Co�S//graphene asymmetric supercapa-
citors was conducted by taking the Ni�Co�S nanosheet arrays
and graphene films as positive and negative electrodes, respec-
tively. A 1 M KOH solution was used as the electrolyte, and a
porous polymermembrane as the separator (Celgard 3501). The
asymmetric supercapacitors were assembled in pouch cells by
sealing them into plastic bags to avoid evaporation of the
aqueous electrolyte during the long-time measurement. Prior
to the fabrication of the asymmetric supercapacitor, the masses
of the positive and negative electrodes were balanced accord-
ing to the following equation:66

mþ
m�

¼ Cs�ΔV�
CsþΔVþ

wherem is themass, Cs is the specific capacitance, andΔV is the
voltage range for positive (þ) and negative (�) electrodes,
respectively. The typical mass loading of an asymmetric super-
capacitor is about 2.6 mg/cm2.

Material Characterization. The morphology andmicrostructure
of the samples were characterized by SEM (Nova Nano 630, FEI)
and TEM (Titan 80�300 kV (ST) TEM, FEI). The XPS analysis was
conducted on a Kratos AXIS Ultra DLD spectrometer.

Electrochemical Measurements. The electrochemical tests were
carried out at room temperature in both three-electrode (half-cell)
and two-electrode (full-cell) configurations. In the three-electrode
measurements, Ni�Co�Sdepositedon the carbon clothwasused
as the working electrode, a Pt wire as the counter electrode, and
Ag/AgCl as the reference electrode. In the full-cell measurement,
an asymmetric supercapacitor with Ni�Co�S acting as positive
electrode and graphene film as negative electrodewas assembled
in the pouch cells. A 1 M KOH solution was used as electrolyte
for all electrochemical measurements. The electrochemical per-
formance was tested in a VMP3 multichannel electrochemical
workstation (Bio-Logic) by the techniques of electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and gal-
vanostatic charge�discharge (CD). The voltage window is from
�0.2 to 0.6 V vsAg/AgCl for the positive Ni�Co�S electrode,�1.2
to 0 V vs Ag/AgCl for the negative graphene electrode, and thus
0 to 1.8 V for the asymmetric Ni�Co�S//graphene cell.

The capacitance values were calculated from galvanostatic
charge�discharge curves according to the following equations:

half-cell:

Cs ¼ I

ΔV

Δt
m

full cell:

Ccell ¼ I

ΔV

Δt
M

where the specific capacitance (Cs) applies to a single electrode
and the cell capacitance (Ccell) applies to the full cell only, I is the
applied current in the measurement, (ΔV/Δt) is the slope of

discharge curve after the voltage drop, m is the mass of the
activematerials on the single electrodes, andM is the total mass
of the active materials on both the positive and negative
electrodes (M = mþ þ m�).

The calculation of energy and power density is based on the
total weight of the two electrodes in the full-cell devices
according to the following equations.

E ¼ 1
2
CcellV

2

P ¼ E

td
¼ 1

2
CcellV

2=td

where E is energy density, P is the power density, Ccell is the
cell capacitance, V is the maximum voltage applied during the
charge�discharge measurement, and td is the discharge time
obtained from the discharge curve.
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