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Developing safe, efficient and environment-friendly energy storage systems continues to inspire
researchers to synthesize new electrode materials. Doping or substituting host material by some guest
elements has been regarded as an effective way to improve the performance of supercapacitors. In this
work, single-phase CuCo2�xNixS4 materials were synthesized by a facile two-step hydrothermal method,
where Co in CuCo2S4 was substituted by Ni. Cobalt could be easily substituted with Ni in a rational range
to keep its constant phase. But, a high content of Ni resulted in a multi-phase composite. Among a series
of CuCo2�xNixS4 materials with different Ni/Co mole ratios, CuCo1.25Ni0.75S4 material presented a signif-
icantly high specific capacitance (647 F g�1 or 272 C g�1 at 1 A g�1) and the best cycling stability (�98%
specific capacitance retention after 10,000 charge-discharge cycles), which was mainly due to the mod-
ified composition, specific single phase, higher electroconductivity, more electroactive sites and the syn-
ergistic effect between Ni and Co. Moreover, the assembled asymmetric capacitor using CuCo1.25Ni0.75S4
as a positive electrode and activated carbon as a negative electrode delivered a high energy density of
31.8 Wh kg�1 at the power density of 412.5 W kg�1. These results demonstrated that ternary metal sul-
fides of CuCo2�xNixS4 are promising electrode materials for high-performance supercapacitors.
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1. Introduction

Over the past decades, we have witnessed great advances in the
development of efficient energy storage and conversion systems
[1]. Various energy storage devices have been well researched.
Supercapacitors (SCs) have been also paid much attention as one
of the most significant energy storage devices due to the advan-
tages such as high power density, rapid recharge speed, long life
span, ease maintenance and environmental friendliness [2–6]. In
general, SCs can be briefly classified into two major types, i.e. elec-
trical double-layer capacitors (EDLCs) and Faradaic supercapacitors
(FSs) according to the basic energy storage mechanism of electrode
materials [7–9]. The electrode materials of FSs have fast and rever-
sible chemical redox reactions on their surface, which is the main
difference from EDLCs [10,11]. The electrode materials for EDLCs
are widely considered as carbonaceous materials with high surface
areas [8,12,13], while those for FSs are battery-like active materi-
als, such as transition metal oxides/hydroxides/sulfides and con-
ductive polymers [8,13–20].

In recent years, transition metal sulfides have been inten-
sively researched and considered as promising electrode materi-
als for SCs, due to their unique physical and chemical properties
[21–27]. Furthermore, they usually exhibit higher conductivity
and better performance than the corresponding oxide forms,
thus resulting in enhanced electrochemical properties, especially
for the specific capacity and rate capability [25,28–30].
Particularly, some mixed metal sulfides such as CuCo2S4 [31–34],
NiCo2S4 [35–38], CoNi2S4 [39], ZnCo2S4 [40], Ni1�xZnxS [41], have
drawn much attention owing to their superior conductivity and
richer redox activity in comparison with single metal sulfides
[42–44]. The mixed metal sulfides can combine the contributions
from each transition metal ions, leading to a significant enhance-
ment of conductivity [24,44–47], as well as richer reaction sites
coming from the multiple counterpart elements, resulting in bet-
ter electrochemical activities and higher specific capacitance
[48,49]. Previous reports show that the presence of Cu into the
host material or parent sulfide can improve the electrical con-
ductivity and play as a buffer matrix for the volume expansion
[50]. Thus, both CuCo2S4 [22,27–30,44] and Cu1�xNixS4 [45] have
attracted much more attention than the other mixed metal
sulfides due to their high activities, low cost and excellent stabil-
ity [22,44–45]. For instance, Guo and co-workers synthesized
crystalline CuCo2S4 by hydrothermal method, which possessed
a stable specific capacitance of 515 F g�1 at 1 A g�1 [51]. Ahmed
et al. found that the specific capacitance of copper cobalt sulfide
electrode was 516 F g�1 at 10 A g�1 with 66% retention for
10,000 cycles [30]. Balamurugan et al. reported that copper
nickel sulfide (Cu1�xNixS4) nanosheet arrays had a very high
specific capacitance of 2672 F g�1 at a current density of
2 mA cm�2, with 97.33% capacitance retention after 10,000 cycles
[52]. From the above results, it seems that the copper-based sul-
fides containing Ni have a higher specific capacitance than that
of copper sulfides having Co.

There has much potential remained to further improve the
performances of CuCo2S4 and Cu1�xNixS4 materials, especially
for the specific capacitance and cycling stability. Thus, some
strategies are developed to gain this goal. One is to form
multi-phased composites consisting of metal sulfides and highly
conductive components, such as graphene, carbon nanotubes
et al [21,33,53]. Another method is to modify or change their
compositions and meanwhile to keep the same phase and struc-
ture [54–56]. However, the partial substitution of the cationic
elements has not been extensively explored for the single-
phase form of ternary sulfides. Fortunately, it can be noticed that
both CuCo2S4 and Cu(Co, Ni)2S4 have the same space group of
Fd3m according to their standard XRD patterns. At the same
time, the crystal radius of Co2+ (0.72 Å) is very close to that of
Ni2+ (0.69 Å), which illustrates that a series of substitutional
solid solutions with different chemical compositions can be
easily prepared by substituting Co with Ni during the prepara-
tion process without changing the phase and structure. Thus, it
is expected that some CuCo2�xNixS4 materials with different con-
tents of nickel can be prepared and they have the same structure
and phase as CuCo2S4. The presence of Ni in the parent sulfide
(CuCo2S4) will play a significant role in comprehensive electro-
chemical performance.

In this work, we reveal the controllable synthesis of
CuCo2�xNixS4 materials by a facile two-step hydrothermal method.
By controlling the mole ratio of Ni to Co in the precursor solution
followed by sulfidation, element Ni is introduced into CuCo2S4 to
form single-phase CuCo2�xNixS4 with a definite Fd3m structure. If
the content of Ni is too high, higher than that of cobalt, multi-
phase composites will be generated. Thus, the chemical composi-
tion has a significant influence on the phase of the product and
therefore influence their electrochemical properties.
2. Experimental

2.1. Materials preparation

Copper nitrate trihydrate (Cu(NO3)2�3H2O), cobalt nitrate
hexahydrate (Co(NO3)2�6H2O) and nickel nitrate hexahydrate (Ni
(NO3)2�6H2O) were in analytical grade purity and used as-received.
Sodium sulfide nonahydrate (Na2S�9H2O) was applied as sulfur
source. Distilled water was used throughout the preparation
process.

The two-step hydrothermal synthesis for single-phase
CuCoxNi2�xS4 is as follows. In the first step, total 3 mmol of Ni
(NO3)2�6H2O and Co(NO3)2�6H2O with several Ni/Co mole ratios,
1.5 mmol of Cu(NO3)2�3H2O and 18 mmol urea were dissolved into
50 mL water at room temperature. Subsequently, the solution was
placed into a 100 mL Teflon-lined stainless-steel autoclave and
kept at 150 �C for 2 h reaction. After the hydrothermal reaction,
the autoclave was allowed to cool to room temperature and the
as-obtained solid precursors were washed with water and ethanol
several times, then dried at 80 �C for 12 h.

In the second step, 0.2 g of above solid precursor was dispersed
in 50 mL water under stirring, followed by adding 20 mL saturated
Na2S solution into the suspension of the precursor. It was trans-
ferred into a 100 mL Teflon-lined stainless autoclave and heated
at 180 �C for 4 h. The obtained products were washed with enough
water and named CuCo2S4, CuCo1.75Ni0.25S4, CuCo1.5Ni0.5S4,
CuCo1.25Ni0.75S4 and CuCoNiS4 with the Ni/Co mole ratios of 0:1,
1:7, 1:3, 3:5 and 1:1, respectively.
2.2. Materials characterization

The phase of the materials was characterized by a powder X-ray
diffractometer (XRD, PANalytical, Empyrean) with Cu-Ka irradia-
tion (k = 1.5406 Å) from10� to 80�with a scan rate of 3�min�1. Four-
ier transformed infrared spectrum (FTIR) was tested by a Bruker
spectrometer (TENSOR27). The specific surface area of the samples
was characterized by Brunauer-Emmett-Teller measurements
(BET, Gemini VII). A scanning electron microscope (SEM, Hitachi
S-4800) and a transmission electron microscope (TEM, JEOL,
JEM-2100 plus) were applied to characterize their morphology and
microstructure. X-ray photoelectron spectroscopy (XPS, Shimadzu,
AXIS Supra) was performed to characterize the composition and
valence of the materials.



Fig. 1. XRD patterns of CuCo2S4, CuCo1.75Ni0.25S4, CuCo1.5Ni0.5S4, CuCo1.25Ni0.75S4
and CuCoNiS4.
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2.3. Electrochemical measurements

Composed of 80 wt% active material, 10 wt% acetylene black
and 10 wt% polyvinylidene fluoride (PVDF), dispersed and mixed
in some 1-methyl-2-pyrrolidone, the as-prepared slurry was
painted on a piece of Ni foam (approximately1.5 cm * 1.5 cm) to
fabricate working electrodes. The mass loading of electrode mate-
rials was about 2.23 mg cm�2. Besides, nickel foil and Ag/AgCl elec-
trode were served as counter electrode and reference electrode,
respectively. The electrochemical properties of electrode materials
were tested by a standard three-electrode configuration. Cyclic
voltammograms (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) measurements
were carried out using a CHI660D electrochemical workstation in
2 M aqueous KOH as electrolyte. The cycling stability was tested
by GCD processes on a LANDCT2001A system. All the electrochem-
ical tests were carried out at room temperature. The specific capac-
itance (C and Cs) of the materials was calculated according to the
following equations,

C ¼ I � Dtð Þ=ðm� DVÞ ð1Þ

Cs ¼ ðI� DtÞ=m ð2Þ
where I (A),Dt (s), m (g) and DV (V) represent the discharge current,
discharge time, the mass of active material and potential window,
respectively.

An asymmetric supercapacitor was constructed using the opti-
mized electrode material as a positive electrode, activated carbon
(AC)@Ni foam as a negative electrode, a piece of cellulose paper
as the separator. The negative electrode was prepared by painting
the slurry of AC, acetylene black and poly vinylidene fluoride (wt%)
in a mass ratio of 80:10:10 in some 1-methyl-2-pyrrolidinone onto
the surface of Ni foam (1.5 cm * 1.5 cm). The mass of electrode
materials for the two electrodes was balanced to keep the charges
stored in both electrodes equally. The electrochemical perfor-
mance of the asymmetric supercapacitor was also evaluated by
the CHI660D electrochemical workstation and the LANDCT2001A
test system with a cell configuration. The energy density (E, Wh
Kg�1) and power density (P, W Kg�1) of the asymmetric superca-
pacitor can be calculated using the following equations,

E ¼ 1
7:2

C � DV2 ð3Þ

P ¼ E=Dt ð4Þ
where C (F g�1), DV (V) and Dt (s) represent the specific capacitance
of the asymmetric capacitor, potential window and discharge time,
respectively.

3. Results and discussion

3.1. Chemical and morphology characterization

Fig. 1 shows the X-ray diffraction (XRD) patterns of all the as-
synthesized CuCo2�xNixS4 materials along with the standard JCPDS
card of CuCo2S4 (PDF#42-1450). In these patterns, we can see that
the phase of the products is the same as that of CuCo2S4 and that
they have the same diffraction peaks. The diffraction peaks at
about 2h = 26.6, 31.3, 38.0, 50.0 and 54.8� in each pattern, can be
matched well with the (0 2 2), (1 1 3), (0 0 4), (1 1 5) and (0 4 4)
Bragg indexes of crystalline CuCo2S4 phase, respectively. No other
crystalline impurities can be found from the XRD patterns. There-
fore, all the as-fabricated CuCo2�xNixS4 materials with different
mole ratios of Ni to Co are confirmed to have a specific single
phase. Thus, the introduction of Ni into CuCo2S4 has few effects
on phase and structure of the product. However, when the mole
ratio of Ni/Co is increased to 5:3 and 3:1, the as-obtained product
is composed of CuCo2S4, Cu9S8 and Ni7S6 from the XRD patterns,
proving to form multi-phase composites, as shown in Fig. S1. A
rational Ni/Co mole ratio is important in order to obtain a single-
phase material. In this work, the mole ratio of Ni to Co should
not be higher than 1.

Fig. 2(a) demonstrates the FTIR spectra of all the as-synthesized
CuCo2�xNixS4 materials. The bonds at around 626 cm�1 and
1107 cm�1 are attributed to the vibrations of Ni-S [57], Cu-S [58]
and Co-S. While the peaks around 1401 cm�1, 1629 cm�1 and
3384 cm�1 are related to the absorption of CO3

2� and H2O [59]. As
shown in the FTIR spectra, all the materials with various Ni/Co
ratios exhibit the same vibration modes without noticeable
changes, in accordance with the XRD results. The FTIR data further
demonstrate the same structure of all the materials.

The surface chemical valence of elements for sample
CuCo1.25Ni0.75S4 and CuCoNiS4 was investigated by XPS analysis.
Fig. 2(b) displays the wide XPS spectra of the two materials. The
peaks of Cu(2p), Co(2p), Ni(2p), S(2s, 2p) and O(1s) are located at
the same binding energy without other elementals, which
indicates a high purity of the two materials. As illustrated in the
Cu 2p spectrum (Fig. 2(c)), two major peaks at 932.5 eV and
952.3 eV with a spin-orbit splitting value of about 19.8 eV, are
assigned to the Cu 2p3/2 and Cu 2p1/2, indicating the chief presence
of Cu+. Fig. 2(d) depicts the Co 2p XPS spectrum, where two spin–
orbit doublets in 2p1/2 and 2p3/2 and the peaks are located at
794.1 eV, 796.3 eV, 779.0 eV and 779.7 eV, thereby indicating the
co-existence of Co2+ and Co3+. In addition to, two peaks at
782.0 eV and 801.3 eV can be attributed to shake-up satellites
(marked by ‘‘Sat” in the spectrum). For the Ni 2p spectrum in
Fig. 2(e), the two spin–orbit doublets from the characteristic of
Ni2+ and Ni3+ are well fitted at 854.1 eV and 871.2 eV, as well as
856.7 eV and 874.1 eV, respectively, accompanied by two shake-up
satellite peaks. Fig. 2(f) presents the high-resolution spectrum for
the S 2p region, the main peaks located at 161.7 eV and 162.7 eV
are characteristic of S2� and surface sulfur ion with low coordination.
Simultaneously, the strong peak observed at 168.6 eV can be attrib-
uted to high oxide state sulfur on the surface, such as sulfate, imply-
ing the easy oxidization of the metal sulfide by air.

Some typical SEM images of the materials under different
magnifications are shown in Fig. 3 to exhibit their general
morphologies and structures. In Fig. 3, it can be observed that
the materials with different compositions exhibit a similar mor-



Fig. 2. (a) FTIR spectra of all the samples, (b) full scan XPS spectra of CuCo1.25Ni0.75S4 and CuCoNiS4, (c) Cu 2p spectrum, (d) Co 2p spectrum, (e) Ni 2p spectrum, (f) S 2p
spectrum for CuCo1.25Ni0.75S4.
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phology, showing spherical clusters containing a large number of
nanorods. Compared with the SEM images of the precursors pre-
pared by the first hydrothermal step in Fig. S2, the general mor-
phology of the clusters is well maintained after sulfidation.
Under a high nickel content, the spherical clusters will contain
denser nanorods as the nanorods become much thinner. Therefore,
it can be reasonably inferred that CuCo2�xNixS4 materials will pos-
sess more electrochemical active sites and offer more diffusion
channels for electrochemical reactions by the incorporation of Ni
in the metal sulfides than CuCo2S4 material.
The specific surface area of sample CuCo1.25Ni0.75S4 and
CuCoNiS4 was characterized by Brunauer-Emmett-Teller (BET)
measurement. Fig. S3 exhibits the N2 adsorption-desorption iso-
therms after degassing at 300 �C. The evaluated BET surface area
for CuCoNiS4 is 17.9 m2 g�1, higher than that of CuCo1.25Ni0.75S4
(11.4 m2 g�1). This is consistent with the SEM observation that a
high Ni content will lead to thinner nanorods and a higher surface
area. Therefore, sample CuCoNiS4 with a high Ni content can pro-
vide more available active sites for Faradaic reactions on the sur-
face as well as offer more diffusion paths for the electrolyte



Fig. 3. SEM images of all the samples under different magnifications, (a, b) CuCo2S4,
(c, d) CuCo1.75Ni0.25S4, (e, f) CuCo1.5Ni0.5S4, (g, h) CuCo1.25Ni0.75S4 and (i, j) CuCoNiS4.
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transport, leading to improved electrochemical performances
[60,61].

In order to deeply understand the elemental distribution of
sample CuCo1.25Ni0.75S4, its SEM image and EDS mappings are
shown in Fig. 4(a–e). The elemental mappings show that sample
CuCo1.25Ni0.75S4 in the selected-area consists of 50 at.% S, 19 at.%
Co, 12 at.% Ni, 10 at.% Cu and 9 at.% Al (from the SEM holder), which
is consistent with the atomic ratio of the reactants within a reason-
able error range. As exhibited in the corresponding elemental map-
pings (in Fig. 4(b–e)), the distribution of Cu, Co, Ni and S is
homogeneous throughout the entire particles in the sample.

TEM observation was further used to study the detailed struc-
ture of sample CuCo1.25Ni0.75S4. As displayed in Fig. 4(f), the nanor-
ods are composed of a lot of small nanocrystals ranging from 20 to
40 nm in size. These nanocrystals are randomly connected with
each other to build a large nanorod. Moreover, the selected area
electron diffraction (SAED) pattern of the nanorod in the insert of
Fig. 4(f) can confirm its polycrystalline nature clearly, which can
be well indexed to (1 1 1), (0 2 2), (1 1 3) and (0 0 4) planes of
CuCo2S4 phase. A typical high-resolution TEM (HRTEM) image of
the nanorods in CuCo1.25Ni0.75S4 is displayed in Fig. 4(g), from
which the lattice fringes with d-spacing of 0.28 nm can be mea-
sured, consistent with that of (3 1 1) planes. From the HRTEM
image, we confirm that each nanocrystal in the nanorod is single
crystalline.

Based on the experimental results above-mentioned, it can be
reasonably concluded that Ni can replace Co in crystalline CuCo2S4
to form a stable substitutional solid solution with different chem-
ical compositions. It has the same phase and structure as CuCo2S4
to produce a single-phase material. However, when the Ni/Co ratio
is too high, higher than 1:1, the final product will be multi-phased
in addition to CuCo2S4. Compared with CuCo2S4, the ternary metal
sulfides CuCo2�xNixS4 are expected to show better electrochemical
performance, due to the higher electroconductivity, more elec-
troactive sites and the synergistic effect between Ni and Co.

3.2. Electrochemical measurements

To evaluate and compare the electrochemical properties of the
as-prepared CuCo2�xNixS4 materials, CV, GCD and EIS measure-
ments were measured by a standard three-electrode system in
2 M KOH aqueous solution at first.

Fig. 5(a) exhibits the CV curves of all the samples at a constant
scan rate of 5 mV s�1 under a potential window between 0 and
0.55 V, and Fig. S4 shows the CV curves of all the samples at differ-
ent scan rates. The strong redox peaks exist in each CV curves,
which are different from electric double layer capacitors, indicating
that the energy storage mechanism is mainly derived from reversi-
ble Faradaic redox reactions. Obviously, the redox reaction peaks
arise from the reversible Faradaic reactions of Cu2+/Cu+, Co2+/Co3+

and Ni2+/Ni3+ associated with OH� anions. The Faradaic redox
reactions of CuCo2�xNixS4 materials involved in our experiments
can be described as follows:

CoS + OH� $ CoSOH + e� ð5Þ

NiS + OH� $ NiSOH + e� ð6Þ

Cu2S + 2OH� $ CuS + Cu(OH)2 + 2e� ð7Þ
As we can see, these materials with different chemical compo-

sitions show the similar CV curves, while the location of the redox
peaks slightly varies with the mole ratio of Ni/Co due to the differ-
ent redox potentials of Ni and Co. Among all the materials, sample
CuCoNiS4 exhibits the largest enclosed CV area in Fig. 5a, which
suggests that it possesses the highest specific capacitance among
them. While sample CuCo1.25Ni0.75S4 exhibits the second highest
capacitance among all the samples. It shows that the substitution
of Ni for Co leads to an increase in energy storage capacity.

The charge storage capacity of the materials is further tested by
GCD method. Fig. 5(b) shows the GCD curves of CuCo2�xNixS4
materials at the current density of 1 A g�1 in a potential window
of 0.42 V, and the GCD curves at different current densities ranging
from 1 A g�1 to 10 A g�1 for all the samples are shown in Fig. S5.
The nonlinear feature of the curves also confirms the battery-like
behavior of the CuCo2�xNixS4 electrodes. The potential plateaus
correlated with the red-ox reactions can be observed in the curves.
The specific capacitance of CuCo2�xNixS4 materials can be calcu-
lated from the discharge curves according to Eq. (1) and Eq. (2).
Consistent with the CV results, a significant increase in the dis-
charging time with the increasing Ni content indicates the
enhancement of the capacity, from 202 C g�1 for sample CuCo2S4
to 345 C g�1 for CuCoNiS4. The calculated specific capacitances



Fig. 4. (a) SEM image and selected-area elemental mappings for Cu (b), Co (c), Ni (d) and S (e), (f, g) TEM images of CuCo1.25Ni0.75S4 under different magnifications and its
SAED pattern in the inset.
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for sample CuCo2S4, CuCo1.75Ni0.25S4, CuCo1.5Ni0.5S4, CuCo1.25Ni0.75S4
and CuCoNiS4 are 480 F g�1 (202 C g�1), 520 F g�1 (218 C g�1),
590 F g�1 (248 C g�1), 647 F g�1 (272 C g�1) and 822 F g�1

(345 C g�1) at 1 A g�1, respectively.
Fig. S6 displays the specific capacitance related to different Ni

mole contents under various current densities. It can be clearly
observed that CuCo2�xNixS4 materials deliver improved specific
capacitances with the increase of Ni content. When Ni/Co mole
ratio is 1:1, the specific capacitance reaches the maximum value,
in agreement with previous reports [62,63]. Chen et al. [62]
reported that NixCo3�xS4 (x = 0, 1, 1.5) materials had gradually
increased capacitance as the Ni content increased, while too much
Ni (more than 1:1) would lead to the capacitance fading, due to the
electrochemical inactivity of cobalt compared with nickel. Zhang
et al. [63] found that the Ni/Co/S composites showed the best elec-
trochemical performance when the Ni/Co mole ratio was 1:1,
which was attributed to the rough surfaces and hollow spheres
structure as well as synergetic effects of NiS2 and CoS2. They [63]
also thought that Co2+ could offer extra holes and Ni3+ supplied
extra electrons in the redox reactions, thus improving conductivity
and capacitive performance. In our cases, CuCo1.25Ni0.75S4 and
CuCoNiS4 have the top two specific capacitances among all the
samples. Besides, the notable values are attributed to the hierarchi-
cal structure, the synergistic effect between Ni and Co and the por-
ous characteristic as well. About 57% and 76% of the capacitance
can remain when the current density is increased from 1 A g�1 to
10 A g�1, respectively, revealing a moderate rate capability for
CuCo1.25Ni0.75S4 and CuCoNiS4.

Since charge transport is a crucial factor to influence electrode
kinetics in an electrolyte, EIS curves of the CuCo2�xNixS4 electrodes
at the potential of 5 mV in the frequency range from 100 kHz to
0.01 Hz were measured. The Nyquist plots and an equivalent
circuit diagram are presented in Fig. 5(c). Each plot consists of a
straight line in the low-frequency region and a partial semicircle
in the high-frequency region. The intercept at the X-axis shows
the series resistance (Rs) due to the electrical conductivity of the
electrode and the ionic conductivity of electrolyte. The diameter
of the semicircle represents the charge-transfer resistance (Rct)
because of Faradaic reactions of electrode material [30,53]. Well
consistent with the CV and GCD results, both CuCo1.25Ni0.75S4
and CuCoNiS4 show very smaller Rs values (0.65X and 0.33X)
and Rct values (0.07X and 0.09X), thus reinforcing the fact of
the introduction of Ni facilitating fast charge transfer on the elec-
trode/electrolyte interface for better electrochemical properties.

Fig. 5(d) shows the cyclic performance of as-synthesized mate-
rials at 5 A g�1 for continuous 10,000 charge/discharge cycles.
Sample CuCo1.25Ni0.75S4 presents the best cycling stability, attain-
ing about 98% retention of specific capacitance. However, sample
CuCoNiS4, with 68% of the initial specific capacitance, shows the
worst cycling performance among all the samples, though it has
the highest specific capacitance. It is generally acknowledged that
CuCo2S4 presents better cycling stability than NiCo2S4, while
NiCo2S4 shows higher capacitive performances than CuCo2S4
[23,51,64,65]. Therefore, compared with CuCoNiS4, sample
CuCo1.25Ni0.75S4 has an inferior specific capacitance, but better
cycling stability, which indicates that the incorporation of an
appropriate amount of Ni can effectively suppress capacitance fad-
ing by stabilizing the crystal structure.

As exhibited in Table 1, in comparison with previously reported
CuCo2S4 electrode materials, sample CuCo1.25Ni0.75S4 shows better
comprehensive electrochemical performances. This suggests that it
indeed can be well applied for high-performance SCs.

To further explore the CuCo2�xNixS4 electrode for actual
application, asymmetric supercapacitor (ASC) devices with a



Fig. 5. Electrochemical characterization for the materials, (a) CV curves at 5 mV s�1, (b) GCD curves at 1 A g�1, (c) Nyquist plots, (d) cycle stability for 10,000 cycles at 5 A g�1.

Table 1
Comparison of specific capacitance and cycling stability of mixed metal sulfides.

Materials Electrolyte Current density Specific capacitance cycling stability Ref.

CuCo2S4 2 M KOH 1 A g�1 515 F g�1 93% (after10,000 cycles) [51]
CuCo2S4/graphene aerogel 3 M KOH 1 A g�1 668 F g�1 84.5% (after 8000 cycles at 20 A g�1) [66]
CuCo2S4 2 M KOH 1 A g�1 373 F g�1 —— [67]
CuCo2S4/CNT/graphene 6 M KOH 10 A g�1 504 F g�1 92% (after 2000 cycles at 20 A g�1) [21]
CuCo1.25Ni0.75S4 2 M KOH 1 A g�1 647 F g�1 98% (after 10,000 cycles at 5 A g�1) This work
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cell-like configuration were constructed by selecting CuCo1.25-
Ni0.75S4 as a positive electrode and AC as a negative electrode in
2 M KOH. The CV curves of AC and CuCo1.25Ni0.75S4 material in
2 M KOH are measured and shown in Fig. 6(a) at a scan rate of
5 mV s�1, showing their different energy storage mechanism. The
voltage windows of AC and CuCo1.25Ni0.75S4 are from � 1.2 to
0.0 V and between 0.0 and 0.5 V, respectively. Therefore, it can
be reasonably implied that the as-fabricated ASC device can reach
a stable working potential at least 1.6 V.

The performance of ASC was measured by a two-electrode sys-
tem. Fig. 6(b) depicts the quasi-rectangular CV curves of the ASC
device at different scan rates within a potential window of 0.0–
1.6 V, suggesting a combination capacitance from both EDLC and
battery-like capacitors. The GCD curves of the CuCo1.25Ni0.75S4//
AC ASC at different current densities are exhibited in Fig. 6(c).
The specific capacitance of the ASC capacitor is calculated to be
84 F g�1 (134 C g�1) at 0.5 A g�1 taking account of total masses of
two electrodes in a voltage of 1.65 V, and it can still remain
42.7 F g�1 (68 C g�1) at 10 A g�1. The dependence of specific capac-
itance on current density is shown in the inset of Fig. 6(d).

Since energy density and power density are two important
factors for SCs, they are conveyed via Ragone plot of the ASC
device based on GCD curves, as plotted in Fig. 6(d). The ASC
device delivers the highest energy density of 31.8 Wh kg�1 at a
power density of 412.5 W kg�1 and it still maintains
15.9 Wh kg�1 at a high power density of 8195 W kg�1, displaying
great potential for high power delivery and energy storage. The
cycling performance of the ASC device at a current density of
2 A g�1 is demonstrated in Fig. 6(e). After 10,000 charge-
discharge cycles, only 45% of the initial capacitance is retained.
The gradual decay of specific capacitance can be attributed to
the gradual oxidation and dissolution of metal sulfide electrodes
in the electrolyte under such a high potential window. XPS
results have demonstrated that the surface of the metal sulfides
is easy to be oxidized by air. Further work to improve its stabil-
ity is under progress. Furthermore, two ASC series assembly can



Fig. 6. Electrochemical performances of an asymmetric capacitor, (a) CV curves of positive and negative electrodes at 5 mV s�1, (b) CV curves at various scan rates, (c) GCD
curves at different current densities, (d) Ragone plot, (e) cycling stability for 10,000 cycles at 2 A g�1, (f) photograph of a commercial LED powered by two ASC devices
connected in series.
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efficiently light up a LED light (3 V) for long time after being
charged for a few seconds, as shown in Fig. 6(f).

4. Conclusion

Single-phase CuCoxNi2�xS4 materials with different Ni/Co ratios
have been successfully synthesized by a facile two-step hydrother-
mal method in this work. Proper introduction of Ni can enhance
the electrochemical performance by providing more electrochem-
ical active sites and offering more diffusion channels for electro-
chemical reactions without changing the structure and phase.
The optimized CuCo1.25Ni0.75S4 electrode exhibits the best
comprehensive electrochemical performance with a high specific
capacitance of 647 F g�1 (272 C g�1) at 1 A g�1 and impressive
cycling stability of 98% specific capacitance retention for 10,000
cycles. Meanwhile, the asymmetric capacitors based on CuCo1.25-
Ni0.75S4 electrode and activated carbon can deliver a high energy
density of 31.8 Wh kg�1 at a power density of 412.5 W kg�1. This
study shows a promising potential to fabricate high-performance
ternary metal sulfides of CuCoxNi2�xS4 for supercapacitor
application.
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