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a b s t r a c t

Amorphous and crystalline copper cobalt sulfides are successfully synthesized via a hydrothermal
method at different temperatures and researched as electrode materials for supercapacitor. The reaction
mechanisms during the sulfidation and hydrothermal processes are investigated and clarified. It is
demonstrated that the hydrothermal temperature is a crucial factor for the crystallinity, morphology and
electrochemical performance of CuCo2S4. Among all the samples, the CuCo2S4 synthesized at 150 �C
shows the highest specific capacitance of 515 F g-1 at 1 A g�1 as well as good cycling stability with ~93.3%
capacitance retention after 10000 cycles at 5 A g�1. An asymmetric device which is assembled by using
optimized CuCo2S4 electrode as positive electrode and activated carbon as negative electrode material is
able to deliver an ultrahigh energy density of 50.56Wh kg�1 at a power density of 4.6 kW kg�1, and
remains 20.93Wh kg�1 at a high power density of 22.5 kW kg�1, with ~99% capacity retention after
10000 cycles. Based on the results above, the CuCo2S4 materials prepared by our method possess a
considerable potential as electrode materials for supercapacitor applications.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemical capacitors (ECs), also known as supercapacitors
(SCs), are new energy storage devices which have attracted much
research interest and have beenwidely used in portable electronics
and electric vehicles [1e5]. They have gradually become an alter-
native option of batteries gradually due to their unique advantages,
i.e. fast charge and discharge process [6], excellent cycling stability
[7] and facile productive process [8]. In general, the electrochemical
performances of ECs are strongly dominated by electrodematerials,
such as carbon materials [9], transition metal compounds [10,11]
and conductive polymers [12].

In recent years, transition metal oxides and hydroxides have
been widely investigated as electrode materials for ECs because of
their higher energy density than that of carbon materials [13,14].
Nevertheless, the poor cycling stability, low electrical conductivity
and limited power density have restrained their potential
applications in energy storage [14e17]. Due to the lower electro-
negativity of sulfur than that of oxygen, transition metal sulfides
possess higher electroconductivity and more effective electro-
chemical activity compared with metal oxides and hydroxides,
which can thus provide faster transport pathways for electrons [18].
Furthermore, binary-metal sulfides can exhibit better electro-
chemical properties than single-metal sulfides owing to abundant
redox reactions and the synergistic effect between two metal ele-
ments [19e22].

Recently, copper cobalt sulfide (CuCo2S4) has been investigated
as an active electrodematerial with a relatively high energy density
for ECs. For example, Zhang et al. prepared flower-like CuCo2S4
nanosheet arrays directly grown on Ni foamwhich exhibited a high
specific capacitance of 908.9 F g-1 at 5mA cm�2 [23]. Wang et al.
successfully fabricated CuCo2S4 with uniform flower-like structure
via a traditional two-step hydrothermal method, and it was able to
deliver a specific capacitance of 592 F g-1 at 1 A g�1 and 518 F g-1 at
10 A g�1 [24]. Moosavifard et al. synthesized hierarchical CuCo2S4
hollow nanoneedle arrays on Ni foamwhich was applied as binder-
free electrodes with a high specific capacitance of 2163 F g-1 at
6mA cm�2 [25]. Wang et al. directly prepared oriented CuCo2S4
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nanograss arrays on Ni foam and achieved a high energy density of
31.88Wh kg�1 at a power density of 3.20 kWkg�1 [26]. The
CuCo2S4 materials reported in all above literature were synthesized
by a two-step hydrothermal method using sodium sulphide as the
sulfur source and the resultant CuCo2S4 products were mostly
deposited on metal substrates.

In our previous work, we successfully synthesized Cu-Co car-
bonate hydroxide microspheres as a battery-like electrode material
via a one-step hydrothermal method [27], which possessed a
unique dandelion-like structure and exhibited excellent cycling
stability. Meanwhile, we also found that when the brown Cu-Co
carbonate hydroxide met saturated Na2S solution at room tem-
perature, it would form a metal sulfide product and turn black
rapidly. The XRD analyses revealed that the black product was
amorphous and it could be crystallized by subsequent hydrother-
mal treatment. Though there are many reports focused on the
electrochemical performance of CuCo2S4 materials [23e26], the
influences of the crystallinity on the electrochemical performances
of CuCo2S4 materials have rarely been investigated to the best of
our knowledge.

In this work, amorphous and crystalline CuCo2S4 microspheres
could be successfully synthesized via a hydrothermal method using
Cu-Co carbonate hydroxide as the precursor by controlling the re-
action temperature. The CuCo2S4 would undergo a transformation
from amorphous to crystalline during the sulfidation and hydro-
thermal process above 100 �C. We found that the reaction tem-
perature was a key factor to the crystallinity of CuCo2S4 which
would dominate the electrochemical performances, and the
CuCo2S4 hydrothermally synthesized at 150 �C was able to obtain
the highest specific capacitance of 515 F g-1 at a current density of
1 A g�1 with a good cycling stability. An asymmetric supercapacitor
(ASC) which was fabricated by using optimized CuCo2S4 electrode
as positive electrode and activated carbon (AC) as negative elec-
trode exhibited an ultrahigh energy density of 50.56Wh kg�1 at a
power density of 4.6 kWkg�1 and an excellent cycling stability with
~99% capacity retention after 10000 cycles at 5 A g�1.

2. Experimental

2.1. Synthesis of CuCo2S4 materials

The precursor i.e. Cu-Co carbonate hydroxide with the Cu to Co
molar ratio of 1:2 was synthesized by a hydrothermal method as
reported previously [27]. Then CuCo2S4 materials were synthesized
as the following process. 0.2 g precursor was dispersed in 50ml
water under stirring, then 20ml saturated Na2S solution was
dropwise added into the suspension of the precursor at room
temperature. After the color of the suspension turned into black,
the suspension was transferred into a 100ml Teflon-lined stainless
autoclave and kept at room temperature, 100 �C, 150 �C and 200 �C
for 4 h to allow the growth of CuCo2S4 materials with the name of
CCS-RT, CCS-100, CCS-150 and CCS-200, respectively. After reaction,
the resultant product was filtrated and fully washed by deionized
water and ethanol, then dried at 80 �C for 8 h.

2.2. Preparation of electrode

The electrodes were prepared according to the following steps.
After dispersing the mixture of 80wt% of CuCo2S4, 10wt% of acet-
ylene black and 10wt% of PVDF in some 1-methyl-2-pyrrolidone,
the homogeneous slurry formedwas coated onto a piece of Ni foam
(1.5 cm� 1.5 cm) as a current collector. Then the electrodes were
dried at 80 �C for 10 h before electrochemical measurement. The
mass loading of electrode materials on each electrode was
approximately 5mg.
2.3. Materials characterization

The phase and crystal structure of CuCo2S4 were characterized
by a powder X-ray diffractometer (Shimadzu, XRD-6000) using Cu-
Ka irradiation (l¼ 1.5406Å) from 10� to 80� with the scanning rate
of 3� min�1. A scanning electron microscope (SEM, Hitachi S-4800)
and a transmission electron microscope (TEM, Philips-CM200)
were used to characterize their morphology and microstructure.
The chemical analyses of the sample were measured by X-ray
photoelectron spectroscopy (XPS, Shimadzu, AXIS Supra). Fourier
transformed infrared (FTIR) spectrum was measured by Bruker
spectrometer (TENSOR27).

2.4. Electrochemical measurements

The electrochemical performances of electrode materials were
measured with a standard three-electrode system in 2M KOH
aqueous solution. The as-prepared electrode, nickel foil and Ag/
AgCl electrode were used as working electrode, counter electrode
and reference electrode, respectively. Cyclic voltammograms (CV),
galvanostatic charge/discharge curves and electrochemical
impedance spectrum (EIS) were measured by a CHI660E electro-
chemical workstation within the frequency range from 100 kHz to
0.01 Hz. The cycling stability was tested in LAND CT2001A test
system by galvanostatic charge/discharge processes. The specific
capacitance (Cs) of the sample was calculated according to the
following equation,

Cs ¼ I$Dt=ðm$DVÞ (1)

where I (A), Dt (s), m (g) andDV (V) represent the discharge current,
discharge time, mass of active material and potential window,
respectively.

Asymmetric devices, i.e. CuCo2S4//AC capacitor, were assembled
by using optimized sample CCS-150 as positive electrode, AC as
negative electrode, 2M KOH as electrolyte and a piece of cellulose
paper as the separator. Fig. S1 shows the CV curves and galvano-
static charge and discharge curves of AC we used here. The mass
ratio of CuCo2S4 to AC was determined to be 1.12, which was
calculated by the charge balance theory [28]. The performances of
the hybrid capacitor were measured under a two-electrode system.
The energy density (E) and power density (P) of the asymmetric
device can be calculated according to the following equations.

E ¼  1
2
$C$DV2 (2)

P ¼ E=Dt (3)

where C (F g�1), DV (V), Dt (s) represent the specific capacitance of
hybrid capacitor, potential window and discharge time,
respectively.

3. Results and discussions

3.1. Crystal structure and morphology analyses

The crystal structures of as-synthesized CuCo2S4 materials were
examined by X-ray diffraction (XRD). As shown in Fig. 1, The
diffraction peaks for sample CCS-100, CCS-150 and CCS-200 at
2q¼ 31.30�, 37.95� and 54.78� are well indexed to the reflection of
(113), (004) and (044) planes of crystalline CuCo2S4 (PDF#42-1450),
respectively. However, it is obvious that the CuCo2S4 material
prepared at room temperature (sample CCS-RT) shows a typical
amorphous structure, without any refection peaks in the pattern,



Table 1
The data of diffraction peaks.

Sample (hkl) Intensity (C.P.S) Integral area (a.u.)

CCS-100 (113) 498 18461
(044) 373 21193

CCS-150 (113) 1169 49341
(044) 795 42975

CCS-200 (113) 1303 54001
(044) 869 50611
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which will be also verified by the following TEM observation. There
is a tendency that the intensity of the diffraction peaks in XRD
patterns increase with the rising hydrothermal temperature, which
indicates that the crystallinity of CuCo2S4 has increased in the hy-
drothermal process. For comparison, the data of diffraction peaks
are listed in Table 1 in detail.

The morphology and microstructure of CuCo2S4 products were
investigated by SEM. Fig. 2 shows the SEM images of all samples
under different magnifications. All samples show a morphology of
spherical clusters containing numerous nanorods, and there are no
obvious changes in terms of morphology comparing with Cu-Co
precursors in our previous work [27]. Significantly, sample CCS-
200 shows the coexistence of nanorods and nanoplates in Fig. 2(g
and h), which indicates that the nanorods will self-assemble into
nanoplates during the hydrothermal process when the reaction
temperature is as high as 200 �C. However, the XRD diffraction
peaks of CCS-200 are also well assigned to the standard pattern of
CuCo2S4, demonstrating that the nanorods and nanoplates have the
same crystal structure. It has been confirmed by other reports that
nanorods have larger surface area compared to nanoplates, which
can possess more effective electrochemical active sites and offer
abundant diffusion channels [29,30].

TEM observation was used to further investigate the trans-
formation of CuCo2S4 from amorphous to crystalline. Fig. 3(a and b)
illustrate the separated nanorods of sample CCS-RT under different
magnifications. Selected area electron diffraction (SAED) pattern of
the nanorods in the inset of Fig. 3a confirms that they are amor-
phous in nature, which is in good agreement with the results by
XRD. Fig. 3(c and d) show an individual nanorod of sample CCS-150.
The nanorod shows an obvious porous structure which may be
caused by volume expansion in the sulfidation process. A typical
SAED pattern in the inset of Fig. 3c confirms the crystalline nature
of the nanorod with marked <222> planes. In a high-resolution
TEM image in Fig. 3d, the nanorod shows a lattice spacing of
0.57 nm which can be attributed to the (111) plane of the CuCo2S4
phase. Meanwhile, we can confirm that the nanorod in Fig. 3d is
composed of many small single-crystalline nanograins from the
clear random lattice fringes. Fig. S2(a) shows the TEM image of
sample CCS-200 which is composed of nanorods and nanoplates.
The SEAD pattern of CCS-200 in Fig. S2(b) are similar to that of CCS-
150, which further confirms that the nanorods and nanoplates are
Fig. 1. XRD patterns of all the samples under different hydrothermal temperatures and
the standard pattern of CuCo2S4 (PDF No.42-1450).
of the same crystal structure.
FTIR spectra of all the samples are presented in Fig. S3. From the

spectra, we can easily draw a conclusion that they are of the same
vibration betweenmetal and sulfur, which are close to the previous
report [31].

Based on the above results, it is confirmed that even at room
temperature, CuCo2S4 material can be also easily synthesized
through a simple sulfidation process. The crystalline Cu-Co car-
bonate hydroxide precursor will go through a precipitation con-
version reaction in Na2S solution due to the lower solubility
constant of metal sulfides than that of metal carbonate hydroxides
[32]. The mechanisms of the reaction are as follows.

ðCu;CoÞ2ðCO3ÞðOHÞ2 % 2Co2þ þ Cu2þ þ CO2�
3 þ 2OH� (4)

2Co2þ þ Cu2þ þ 4S2� % CuCo2S4 (5)

The CuCo2S4 synthesized at room temperature will form an
amorphous structure owing to the different lattice constants of
crystalline CuCo2S4 and (Cu,Co)2(CO3) (OH)2 which also caused the
volume expansion. Because of the higher Gibbs free energy of
amorphous materials than that of crystalline materials, the amor-
phous CuCo2S4 would crystalize by hydrothermal treatment
spontaneously. As we all know, the reaction velocity can be strongly
dominated by the reaction temperature according to Arrhenius
equation [33]. Thus, the reaction temperature is a key factor to the
crystallinity of CuCo2S4 materials.

Chemical composition and states of sample CCS-150 were
investigated by XPS analysis, as shown in Fig. 4. Each peak can be
assigned correctly in thewide spectrum in Fig. 4a, which confirms a
high purity of the sample. The high-resolution spectrum for S 2p in
Fig. 4b reveals two peaks at 162.7 eV and 161.5 eV, which are
assigned to S 2p1/2 and S 2p3/2 species, respectively. In the Cu 2p
high-resolution XPS spectrum (Fig. 4c), the Cu 2p deconvoluted
spineorbit peaks display 2p3/2 electronic configurations at 932.5 eV
and 934.2 eV, signifying the di-valent and tri-valent states of Cu,
respectively. The spineorbit peaks at 952.2 eV and 953.2 eV
correspond to the Cu 2p1/2 electronic configurations. Fig. 4d ex-
hibits Co 2p XPS spectrum, where two peaks at 779.1 eV and
794.3 eV are corresponding to Co 2p3/2 and Co 2p1/2 signals of Co3þ,
respectively.
3.2. Electrochemical properties

The electrochemical properties of the CuCo2S4 materials syn-
thesized at different temperatures were investigated as ECs elec-
trodes, and their CV curves under different scan rates are shown in
Fig. S4. Fig. 5a shows the CV curves of all the samples at a scan rate
of 5mV s�1 from 0 to 0.55 V. An anodic peak at 0.05 V and a
cathodic peak at 0.33 V are derived from the oxidation of Co2þ to
Co3þ and its reverse process [34,35], respectively, whereas another
anodic peak at 0.37 V and cathodic peak at 0.20 V are assigned to
the oxidation of Cu2þ to Cu3þ and its reverse process [16,36],
respectively. The Faradic redox reactions of CuCo2S4 can be



Fig. 2. SEM images of CuCo2S4 materials under different magnifications, (a,b) CCS-RT, (c,d) CCS-100, (e,f) CCS-150, (g,h) CCS-200.
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generally concluded as follows [37],

CoS þ OH� 4 CoSOH þ H2O þ e� (6)

CuS þ OH� 4 CuSOH þ H2O þ e� (7)

It can be noticed that the amorphous sample CCS-RT has a
similar CV curve with other crystalline samples, which indicates
that the amorphous CuCo2S4 has the same Faradic reactions as the
crystalline CuCo2S4. From the enclosed area of each curve under the
same scan rate, we can generally draw a conclusion that sample
CCS-150 has the highest specific capacitance among all the sam-
ples. Fig. 5b shows the CV curves of as-prepared CCS-150 electrode
with various scan rates of 5, 10, 20, 30 and 50mV s�1, showing a
battery-like performance. The deviation of the redox reaction peak
with the increasing scan rate is related to the inner resistance of the
electrode itself [38].

The galvanostatic charge and discharge curves of all the samples
at 1 A g�1 are illustrated in Fig. 6a and those under various current
densities are shown in Fig. S5. The specific capacitances for sample
CCS-RT, CCS-100, CCS-150 and CCS-200 are calculated to be 281.9,
449.5, 515.0 and 465.7 F g-1 at 1 A g�1 from the corresponding



Fig. 3. TEM images and SEAD patterns of CuCo2S4 materials, (a,b) CCS-RT and (c,d) CCS-150.

Fig. 4. XPS spectra of sample CCS-150 (a) wide, (b) S 2p, (c) Cu 2p and (d) Co 2p.
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Fig. 5. CV curves of (a) CuCo2S4 electrode materials at the scan rate of 5mV s�1, (b) CCS-150 electrode at various scan rates.
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discharge curves, respectively. We can see that the specific capac-
itance increases initially with the increase of hydrothermal tem-
perature, which indicates that enhanced electrochemical
performances can be obtained by increasing the crystallinity of the
CuCo2S4 materials. In general, electrode materials with a high
crystallinity will have a high conductivity and good structural sta-
bility, which are two important features for an ideal electrode
material [39]. Therewill be fewer grain boundaries, resulting in less
scattering during electron transport [40]. However, sample CCS-
200 shows an abnormal decrease in specific capacitance which
may ascribe to the self-assembled behavior during hydrothermal
process at a high temperature. The nanorods have a larger surface
area than nanoplates, thus more electrochemical active sites and
larger contact area of electrode and electrolyte can be obtained in
microspheres composed by nanorods [29,30].

Fig. 6b illustrates the galvanostatic charge and discharge curves
of sample CCS-150 at 1, 2, 3, 4, 5, 8 and 10 A g�1. Fig. 6c shows the
specific capacitance of all the samples as a function of current
density. Meanwhile, sample CCS-150 shows the highest specific
capacitance at all current densities among them. Though the
highest specific capacitance here is lower than the reported values
in Refs. [23] [25], and is close to that in Ref. [24], it may ascribe to
the fact that all these CuCo2S4 materials [23e25] are thin films
grown on a conductive substrate such as Ni foam or Ti wire. The
“dead surface” of electrode materials from the contact with the
electrolyte to participate in the Faradaic reactions can be avoided
compared with the conventional slurry coating process [39], thus
leading to a high specific capacitance, but it is difficult to investigate
the reaction mechanisms during sulfidation and hydrothermal
process under the interference of substrate.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out to further examine the electrochemical behavior
of CuCo2S4 materials at the potential of 5mV in the frequency
range from 100 kHz to 0.01 Hz, as shown in Fig. 6d. The Nyquist
plots of the CuCo2S4 electrodes consist of a partial semicircle in the
high-frequency region and a straight line in the low-frequency
region. The straight line and semicircle represent the redox
behavior and charge transfer resistance (Rct) of the material [41],
respectively. Impressively, all the CuCo2S4 electrodes exhibit
relatively low Rct values (~0.4U), demonstrating that the CuCo2S4
materials have fast electron transfer properties on the electrode/
electrolyte interface due to its unique microstructure and high
conductivity [42]. Cycling stability is an important factor for
practical supercapacitor applications [43]. Sample CCS-150 was
subjected to galvanostatic charge and discharge processes for
10000 cycles at a current density of 5 A g�1. As shown in Fig. 6e, it
shows a good cycling stability with ~93.3% of initial specific
capacitance retention after 10000 cycles and a high Coulombic
efficiency, which proves that the as-synthesized CuCo2S4 materials
have a good stability in both structure and electrochemical
performance.

Compared with other samples, sample CCS-150 exhibited rela-
tively better electrochemical properties. In order to further explore
the performances of CuCo2S4 materials for practical applications,
we assembled CuCo2S4//AC ASC devices. Fig. 7a shows the
comparative CV curves of both positive and negative electrode
materials which are measured in the three-electrode system at a
scan rate of 5mV s�1, suggesting that the as-fabricated ASC device
will have a stable operating voltage for at least 1.6 V. Therefore, a
potential window of 1.6 V is selected herein to investigate the
electrochemical properties of the ASC device, as displayed in Fig. 7b
at different scan rates from 5 to 40mV s�1. Fig. 7c illustrates the
galvanostatic discharge curves of the ASC device at different cur-
rent densities. The device reached an ultrahigh specific capacitance
of 112.4 F g-1 at a high current density of 5 A g�1 based on the total
mass of positive and negative electrode active materials. The long-
term cycling performance of the ASC device was tested by galva-
nostatic charge and discharge processes at 5 A g�1. As shown in
Fig. 7d, the ASC device possesses an excellent cycling stability with
approximately 99% of specific capacitance retention after 10000
cycles and a high Coulombic efficiency.

The energy density and power density are two crucial charac-
teristics for hybrid capacitors. Fig. 7e compares the Ragone plot of
the ASC device with other reports [23,25,26,44e46]. Remarkably,
the ASC device we assembled achieved an ultrahigh energy density
of 50.56Wh kg�1 at a power density of 4.6 kWkg�1, and retained
20.93Wh kg�1 at a high power density of 22.5 kWkg�1. These re-
sults are better than those of ASC devices reported previously, such
as CuCo2S4//AC (15.6Wh kg�1 at 3.0 kWkg�1) [23], CuCo2S4 NRAs//
AC (26.29Wh kg�1 at 4.8 kWkg�1) [44], CuCo2S4/NG//AC (47.5Wh
kg�1 at 4 kWkg�1) [45], CuCo2S4-HNN//AC (44.1Wh kg�1 at
0.8 kWkg�1) [25], CuCo2S4//AC (35.15Wh kg�1 at 6.64 kWkg�1)
[46] and CuCo2S4//AC (31.88Wh kg�1 at 3.02 kWkg�1) [26]. Finally,
two ASC devices which were connected in series were able to po-
wer a LED light (3 V) for a long time after being charged due to the
high energy density of ASC devices, as shown in Fig. 7f.



Fig. 6. (a) Galvanostatic charge and discharge curves of CuCo2S4 electrodes at 1 A g�1, (b) galvanostatic charge and discharge curves of CCS-150 electrode at various current
densities, (c) dependence of specific capacitance of CuCo2S4 electrodes on current density, (d) EIS Nyquist plots of CuCo2S4 electrodes and (e) cycling performance of CCS-150
electrode at 5 A g�1.
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4. Conclusions

CuCo2S4 materials have been successfully synthesized by a
simple hydrothermal method using Cu-Co carbonate hydroxide as
the precursor in Na2S solution. The Cu-Co precursor would go
through an amorphous-crystalline transition during the sulfidation
and hydrothermal process, and the reaction temperature was a
crucial factor to the crystallinity, morphology and electrochemical



Fig. 7. Electrochemical performances of hybrid capacitor, (a) CV curves of positive and negative electrodes at a scan rate of 5mV s�1, (b) CV curves at different scan rates within 1.6 V,
(c) galvanostatic discharge curves at various current densities, (d) cycling performances of the device at 5 A g�1, (e) Ragone plot and (f) photograph of a commercial LED in red color
powered by two ASC devices connected in series. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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performances of CuCo2S4 materials. The optimized CCS-150 elec-
trodewas able to exhibit a specific capacitance of 515 F g-1 at 1 A g�1

and good cycling stability of 93.3% retention after 10000 cycles.
Meanwhile, the assembled ASC device had an ultrahigh energy
density of 50.56Wh kg�1 at a power density of 4.6 kWkg�1 and an
excellent cycling stability with ~99% retention after 10000 cycles.
These above results demonstrate that the as-synthesized CuCo2S4
materials are of practical application for energy storage.
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