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A B S T R A C T

A series of mixed metal sulfides of NixCu1−xCo2S4 were synthesized by a facile two-step hydrothermal method
and they were investigated as electrode materials for supercapacitor. A substitutional solid solution can be easily
formed due to the same atom occupation and similar crystal radius of Ni and Cu in the metal sulfides. The
electrochemical performances of the mixed metal sulfides are strongly influenced by the chemical compositions,
though they have the same crystal structure. Among all the as-prepared materials, Ni0.67Cu0.33Co2S4 shows the
best electrochemical performances with the highest specific capacitance of 1340.48 F g−1 at 1 A g−1, out-
standing rate capability and excellent cycling stability. The improved performances can be attributed to the high
crystallinity, modified microstructure, increased electrochemical sites and improved electroconductivity caused
by lattice distortion as well as the synergistic effect in the Cu-substituted NiCo2S4. Furthermore, the assembled
two-electrode hybrid device Ni0.67Cu0.33Co2S4//activated carbon can deliver a high energy density of
40 Wh kg−1 at the power density of 412.5 W kg−1, showing a great potential for energy storage.

1. Introduction

With the rapid progress of society, the development of electronic
products and electric vehicles puts ever-increasing demand on the en-
ergy storage and conversion technologies [1–3]. Thus, there are much
research attention focused on supercapacitors (SCs), lithium-ion bat-
teries and fuel cells, etc. [4–6]. SCs, as novel energy storage devices,
have a lot of remarkable advantages, such as high power densities, long
lifespan and superior rate capability [7–10]. However, the practical
application of supercapacitors has been hindered by the relatively low
energy density [11–15]. The rational design and fabrication of elec-
trode materials are considered as one of the most important ways to
enhance the energy density of SCs [16–20].

Recently, transition metal sulfides have emerged as potential elec-
trode materials for SCs due to their higher electroconductivity and more
effective electrochemical activity than their corresponding oxides
[21–24]. Furthermore, compared to monometallic sulfides, mixed
metal sulfides possess richer redox reactions and higher electro-
conductivity, which can lead to enhanced electrochemical perfor-
mances [25,26]. Therefore, some binary metal sulfides such as NiCo2S4

[27–29], CuCo2S4 [30,31], ZnCo2S4 [32,33], MnCo2S4 [34,35], CoNi2S4
[36] and ternary metal sulfides including Cu2NiSnS4 [37] and
Cu2ZnSnS4 [38] have attracted much attention as electrode materials
for SCs.

Many researchers have published their reports about NiCo2S4 and
CuCo2S4 with excellent electrochemical properties until now [39,40].
For example, Wu and co-workers synthesized mesoporous NiCo2S4 na-
nosheets, and the as-prepared electrode material possessed a high
specific capacitance of 744 F g−1 at 1 A g−1 [39]. Guo et al. success-
fully fabricated crystalline CuCo2S4 which exhibited a specific capaci-
tance of 515 F g−1 at 1 A g−1 [40]. Significantly, we can see that both
NiCo2S4 and CuCo2S4 have the same space group of Fd3m, and the
crystal radius of Ni2+ (0.69 Å) is very close to that of Cu2+ (0.71 Å),
which indicates that a substitutional solid solution with different che-
mical compositions can be prepared by changing the contents of Ni and
Cu during the preparation process.

It is well-known that the incorporation or substitution of proper
guest elements can change the electrochemical properties of electrode
material [41–44]. Su and co-workers synthesized Cu-doped δ-MnO2 by
hydrothermal method, and the maximum specific capacitance for 2 at.
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% Cu-doped δ-MnO2 film was 80% higher than that of pure δ-MnO2

[41]. By 1.5 mmol Mn2+ doping to modify the electrochemical prop-
erties of Fe3O4, Yang et al. fabricated a supercapacitor which showed a
much higher electrochemical capacitance compared to Fe3O4-based
electrochemical capacitors [42]. Herein, lattice distortion and unit cell
variation will occur through the replacement of Ni by Cu, which means
that more electrochemical active sites can be formed on the surface of
the electrode material and a higher electrical conductivity can be also
achieved [44,45]. Moreover, taking the advantage of the synergistic
effect between Ni and Cu, mixed metal sulfide of NixCu1−xCo2S4 with a
rational composition is expected to show outstanding electrochemical
performances.

In this work, we synthesized a series of mixed metal sulfides of
NixCu1−xCo2S4 through a facile two-step method. The substitutional
solid solutions with different compositions were prepared by changing
the molar ratio of Ni/Cu in the precursor solution. The chemical com-
position plays a crucial role in the lattice parameters and electro-
chemical properties. The optimized electrode material of
Ni0.67Cu0.33Co2S4 exhibited a high specific capacitance of
1340.48 F g−1 at 1 A g−1, outstanding rate capability and excellent
cycling stability. Moreover, the assembled hybrid device based on
Ni0.67Cu0.33Co2S4//activated carbon (AC) could deliver a high energy
density of 40 Wh kg−1 at the power density of 412.5 W kg−1, showing
a great potential for energy storage and conversion.

2. Experimental

2.1. Materials preparation

The synthesis of NixCu1−xCo2S4 materials involves a two-step hy-
drothermal route. Ni-Cu-Co ternary metal carbonate hydroxides as

precursors were prepared at first. Total 1.5 mmol of Ni(NO3)2·6H2O and
Cu(NO3)2·4H2O with specific Ni/Cu molar ratios, 3 mmol Co
(NO3)2·6H2O and 18 mmol urea were dissolved into 50 mL deionized
water. After being stirred for 30 min at room temperature, the homo-
geneous solution was transferred into an 80 mL Teflon-lined stainless-
steel autoclave and then kept at 150 °C for 2 h. After reaction, the
precursors were collected by filtration, and washed with deionized
water repeatedly, then dried at 80 °C for 12 h.

To prepare metal sulfides, 0.2 g precursor was dispersed into 50 mL
deionized water under vigorous stirring to form a suspension. Then
20 mL saturated Na2S solution was slowly added into the suspension at
room temperature. Then the suspension was transferred into a Teflon-
lined stainless-steel autoclave with a volume of 80 mL and kept at
150 °C for 4 h reaction. The final products were collected by filtration,
and washed by ethanol and deionized water repeatedly, then dried at
80 °C.

We named the samples NiCo2S4, Ni0.67Cu0.33Co2S4, Ni0.5Cu0.5Co2S4,
Ni0.33Cu0.67Co2S4, CuCo2S4 with the Ni/Cu molar ratio of 1:0, 2:1, 1:1,
1:2 and 0:1 in the initial reactant, respectively.

2.2. Materials characterization

The phase and crystal structure of the products were characterized
by a powder X-ray diffractometer (XRD, PANalytical, Empyrean) using
Cu-Kα irradiation (λ = 1.5406 Å) from 25° to 70° with a scanning rate
of 3° min−1. Fourier transformed infrared spectrum (FTIR) was char-
acterized by a Bruker spectrometer (TENSOR27). The chemical com-
position was investigated by X-ray photoelectron spectroscopy (XPS,
Shimadzu, AXIS Supra). A scanning electron microscope (SEM, Hitachi
S-4800) and a transmission electron microscope (TEM, FEI Tecnai G2

F20 S-TWIN) were used to characterize their morphology and micro-
structure. The elemental analysis was also carried out by an electron

Fig. 1. (a) XRD patterns of all the samples, (b) the simulated crystal structure of sample Ni0.67Cu0.33Co2S4, (c) the dependence of lattice parameter on the molar
content of Ni, the inset showing the magnified XRD patterns.
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dispersive X-ray spectrometer (EDS) coupled to the SEM.

2.3. Electrochemical measurements

The working electrodes were prepared by painting the homo-
geneous slurry consisting of 80 wt% active material, 10 wt% acetylene
black and 10 wt% PVDF in some 1-methyl-2-pyrrolidone onto the sur-
face of Ni foam used as current collector (1.5 cm ∗ 1.5 cm). The mass
loading of electrode material on each electrode was controlled to be
about 5 mg.

The electrochemical measurements for electrode materials were
tested by a standard three-electrode system in 2 M aqueous KOH as
electrolyte. The as-prepared electrode, nickel foil and Ag/AgCl elec-
trode were used as working electrode, counter electrode and reference
electrode, respectively. Cyclic voltammograms (CV), galvanostatic
charge-discharge (GCD) and the electrochemical impedance spectro-
scopy (EIS) were measured by a CHI660D electrochemical workstation.
The cycling stability was tested by GCD processes on a LANDCT2001A
test system. The specific capacitance (Cs, F g−1) was calculated by the
following equation,

= ×
×

C I t
m Vs (1)

wherein I (A), t (s), m (g) and ΔV (V) represent the discharge current,
discharge time, mass of active material and potential window, respec-
tively.

Meanwhile, for the battery-type electrode material, specific capacity
(C g−1) is also considered as an appropriate result to express the stored
charge. The specific capacity was calculated by the following equation:

= ×C I t
ms (2)

wherein I (A), t (s) and m (g) are the discharge current, discharge time
and mass of active material, respectively.

Hybrid supercapacitors were assembled by using the optimized
electrode material as positive electrode, AC@Ni foam as negative
electrode, a piece of cellulose paper as separator and 2 M KOH as
electrolyte. The mass of the electrode materials was controlled to en-
sure efficient charge storage according to the equation of Q− = Q+,
wherein Q− and Q+ represent the stored charges of the negative and
positive electrodes, respectively. The performance of hybrid capacitors
was measured by a two-electrode system on an electrochemical work-
station. The energy density (E, Wh kg−1) and power density (P, W
kg−1) were calculated according to the following two equations,

= ×E 1
7.2

C V2
(3)

=
t

P E
(4)

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

3. Results and discussions

3.1. Chemical and morphology characterization

The crystal structures of all the samples were firstly investigated by
XRD analysis, as shown in Fig. 1(a). Each XRD pattern consists of at

Fig. 2. High-resolution XPS spectra of Ni0.67Cu0.33Co2S4, (a) Ni 2p, (b) Cu 2p, (c) Co 2p and (d) S 2p.
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Fig. 3. SEM images of all the samples under different magnifications, (a, b) NiCo2S4, (c, d) Ni0.67Cu0.33Co2S4, (e, f) Ni0.5Cu0.5Co2S4, (g, h) Ni0.33Cu0.67Co2S4 and (i, j)
CuCo2S4.
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least four sharp peaks at 2θ position of 31.3°, 38.0°, 50.1° and 54.8°,
which can be well indexed to the cubic NiCo2S4 phase (PDF#20-0782)
and CuCo2S4 phase (PDF#42-1450) with the same space group of
Fd3m. Ni (or Cu), Co and S occupy the atom sites of (0, 0, 0), (3/8, 3/8,
3/8) and (x, x, x) in the cell, respectively. As we all know, the crystal
radius of Ni2+ (0.69 Å) is comparable to that of Cu2+ (0.71 Å). So,
NixCu1−xCo2S4 can form a series of substitutional solid solutions by co-
occupying of Ni and Cu in the atom position of (0,0,0) with different
occupancy, thus resulting in the shift of the diffraction peaks in XRD
patterns. The crystal structure of a typical substitutional solid solution
of Ni0.67Cu0.33Co2S4 is exhibited in Fig. 2(b). The Rietveld analysis
profiles for the XRD data of all the samples are shown in Fig. S1 by
using GSAS software. The fitted lattice parameter decreases with the
increasing content of Ni, showing a nearly linear plot in Fig. 1(c).
However, sample NiCo2S4 has relatively low crystallinity from the XRD
patterns, which indicates that the substitution of Ni by Cu can enhance
the stability of the structure to a large extent. The FTIR spectra in Fig.
S2(a) reveals that all the samples with various Ni/Cu ratios have the
same vibration mode without obvious structure changes, which are well
consistent with the XRD results.

Chemical compositions and valance states of all the samples were
investigated by XPS analysis. The wide survey scan spectra of all the
samples are shown in Fig. S2(b), which indicate the high purity of
NixCu1−xCo2S4. The high-resolution XPS spectra of Ni 2p, Cu 2p, Co 2p
and S 2p for sample Ni0.67Cu0.33Co2S4 are measured and presented in
Fig. 2. The Ni 2p spectrum in Fig. 2(a) exhibits two spin-orbit doublets
in 2p1/2 and 2p3/2, and the peaks located at 853.4 eV, 856.5 eV,
870.7 eV and 873.9 eV suggest the co-existence of Ni2+ and Ni3+ [27].
In the Cu 2p spectrum (Fig. 2(b)), the Cu 2p deconvoluted spin-orbit

peaks display 2p3/2 electronic configurations at 932.5 eV and 934.5 eV,
revealing that different states of Cu2+ and Cu3+ co-exist in the sample
[40]. Fig. 2(c) exhibits the Co 2p spectrum, where two peaks of 2p1/2
and 2p3/2 can be observed. The peaks at 779.0 eV and 794.0 eV are
derived from Co3+, while the peaks at 780.9 eV and 796.8 eV are from
Co2+, signifying the di-valent and tri-valent states of Co in the sample
[27]. The spectrum for S 2p in Fig. 2(d) reveals two peaks at 162.9 eV
and 161.7 eV, which are assigned to S 2p1/2 and 2p3/2 species, re-
spectively, deriving from the typical coordination of sulfur ions with
metal ions [34].

The general morphologies and structures of NixCu1−xCo2S4 samples
were characterized by SEM. Fig. 3 exhibits the SEM images of all the
samples under different magnifications. Obviously, all the samples
show a similar morphology of spherical clusters containing a lot of
nanorods. However, with the increasing content of Cu, the nanorods are
more dispersive and the size of spherical clusters slightly increases.
Therefore, it is expected that with Cu substituting Ni, sample
NixCu1−xCo2S4 will possess more electrochemical active sites and offer
more diffusion channels for electrochemical reactions, which will result
in an enhanced electrochemical performance.

Fig. 4(a–e) demonstrate the SEM image and EDS mappings of
sample Ni0.67Cu0.33Co2S4. A representative spherical cluster is shown in
Fig. 4(a). The elemental mappings exhibit that this cluster is composed
of 33 at.% S, 44 at.% Co, 15 at.% Ni and 7 at.% Cu, which is in well
accordance to the elements ratio in the reactant. The elemental map-
pings of Ni, Cu, Co and S are shown in Fig. 4(b–e), and the uniformly
spatial distribution of each element proves the high homogeneity of the
cluster.

TEM observation was used to further investigate the microstructure

Fig. 4. (a) SEM image and selected-area elemental mappings (b–e) for element Ni, Cu, Co and S, (f, g) TEM images of Ni0.67Cu0.33Co2S4 under different magnifications
and its SEAD pattern in the inset.
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of sample Ni0.67Cu0.33Co2S4. As shown in Fig. 4(f), the nanorods are
composed of many nanocrystals with a size about 20 nm. The corre-
sponding selected area electron diffraction (SEAD) pattern in the inset
of Fig. 4(f) confirms the polycrystalline nature of the nanorod, and the
diffraction rings can be readily indexed to (111), (220), (311) and (222)
planes of NiCo2S4 phase, which is well consistent with above XRD
analysis. From a typical high-resolution TEM image in Fig. 4(g), the
measured lattice fringes are 0.54 nm and 0.28 nm, corresponding to the
d-spacings of (111) and (311) planes, respectively. Though Cu is in-
troduced into the lattice by replacing the atom position of Ni to form

crystalline Ni0.67Cu0.33Co2S4, the crystal structure of the substitutional
solid solution is still well retained.

According to the substitutional solid solution theory and above re-
sults, we can conclude that both Ni and Cu atoms can co-occupy the
same sites in the lattice and form a stable substitutional solid solution
with different chemical compositions. Compared to both NiCo2S4 and
CuCo2S4, the ternary metal sulfides NixCu1−xCo2S4 are expected to
possess higher electroconductivity, more electroactive sites and abun-
dant diffusion channels. Furthermore, the synergistic effect between Ni
and Cu can further enhance the electrochemical properties of the

Fig. 5. Electrochemical characterization of all the samples, (a) CV curves at 5 mV s−1, (b) GCD curves at 1 A g−1, (c) the specific capacitance and capacity at various
current densities, (d) Nyquist plots, (e) cycle stability for 10,000 cycles at 5 A g−1 and (f) specific capacitances with different Ni molar contents under various current
densities.
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electrode material. In the following section, their electrochemical per-
formances will be investigated and compared in detail.

3.2. Electrochemical performances

To test the electrochemical properties of as-prepared NixCu1−xCo2S4
materials, CV, GCD and EIS measurements were conducted in a three-
electrode system with 2 M KOH aqueous solution as electrolyte.

The representative CV curves of NixCu1−xCo2S4 materials at a
constant scan rate of 5 mV s−1 under a potential window of 0–0.5 V are
presented in Fig. 5(a), and the CV curves of all the samples at different
scan rates are also shown in Fig. S3. The obvious redox peaks can be
attributed to the surface Faradaic reactions, suggesting that the capa-
citance mainly originates from the surface electrochemical reactions.

While the position of redox peaks of NixCu1−xCo2S4 materials varies
with the molar content of Cu because of the different redox potentials of
Ni and Cu. The Faradaic reactions can be described as Eqs. (5)–(8)
[31,46]. Among all the materials, sample Ni0.67Cu0.33Co2S4 shows the
largest enclosed CV area, implying that it has the highest specific ca-
pacitance.

+ +CoS OH CoSOH e (5)

+ + +CoSOH OH CoSO H O e2 (6)

+ +NiS OH NiSOH e (7)

+ +CuS OH CuSOH e (8)

Fig. 5(b) displays GCD curves of NixCu1−xCo2S4 materials at the
current density of 1 A g−1, and the GCD curves under various current
densities for all the samples are also shown in Fig. S4. The well-defined
small voltage plateaus demonstrate the existence of Faradaic redox
processes and they match well with the redox peaks in the CV curves.
According to Eqs. (1) and (2), the specific capacitance and specific
capacity of all the samples at different current densities are calculated
and summarized in Fig. 5(c). At the current density of 1 A g−1, the
specific capacitances for sample NiCo2S4, Ni0.67Cu0.33Co2S4,
Ni0.5Cu0.5Co2S4, Ni0.33Cu0.67Co2S4 and CuCo2S4 are 1016.67, 1340.48,
792.86, 707.85and 447.62 F g−1, respectively. Their specific capacities
are in the range from 188 C g−1 to 563 C g−1. The specific capacitance
of the samples rises firstly with the increasing content of Cu, then de-
grades with further increased Cu content. Among all the materials,
sample Ni0.67Cu0.33Co2S4 displays the highest specific capacitance,

Table 1
Comparison of specific capacitance of mixed metal sulfides.

Materials Electrolyte Current
density

Specific
capacitance

Ref.

NiCo2S4 6 M KOH 2 A g−1 1016 F g−1 [24]
NiCo2S4 6 M KOH 1 A g−1 933 F g−1 [49]
NixCo3−xS4 4 M KOH 10 A g−1 895.2 F g−1 [22]
CuCo2S4 2 M KOH 1 A g−1 516 F g−1 [52]
CuCo2S4 2 M KOH 1 A g−1 515 F g−1 [40]
Ni0.67Cu0.33Co2S4 2 M KOH 1 A g−1 1340.48 F g−1 This

work

Fig. 6. Electrochemical performances of a typical hybrid capacitor (a) CV curves at various scan rates, (b) GCD curves at different current densities, (c) Ragone plot
and (d) cycling stability for 10,000 cycles at 4 A g−1.
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which is well consistent with the CV results. As the current density
increases from 1 to 10 A g−1, the capacitance of sample
Ni0.67Cu0.33Co2S4 can retain 80.45%, showing an outstanding rate
capability.

In the frequency range of 100 kHz–0.01 Hz at an open circuit po-
tential with the amplitude of 5 mV, EIS measurements were carried out.
The corresponding Nyquist plots are exhibited in Fig. 5(d) for all the
electrode materials, the results of Ni0.67Cu0.33Co2S4 are simulated and
shown in Fig. S5 and Table S1. All the EIS plots can be divided into two
parts, a partial semicircle in high-frequency area and a straight line in
low-frequency region [47]. Among them, sample Ni0.67Cu0.33Co2S4
shows the smallest Rs value (0.33 Ω) and Rct value (0.08 Ω), indicating
the easiest movement of ions and the fastest charge transfer towards the
electrode/electrolyte interface [48].

Cycling stability is a significant factor for the practical applications
of SCs. The repeated charge-discharge measurements for
NixCu1−xCo2S4 materials at 5 A g−1 for 10,000 cycles were tested and
presented in Fig. 5(e). The specific capacitance retention for NiCo2S4 is
only 61.4%, showing the worst cycling stability among them. However,
with the increasing content of Cu, NixCu1−xCo2S4 materials become
more stable after the long-term charge-discharge processes, indicating
that the substitution of Cu for Ni can improve the cycling stability of the
mixed metal sulfides. The improvement of cycling stability can be at-
tributed to the following two reasons. (I) According to our results and
the previous reports [24,30,40,49], CuCo2S4 showed a better cycling
stability than NiCo2S4. So the material with a higher copper content
shows better cycling performance than NiCo2S4. (II) The successful
incorporation of appropriate elements can stabilize the crystal structure
and restrain the phase transformation, resulting in an enhanced cycling
stability [45,50]. Herein, the higher crystallinity, modified micro-
structure can be achieved by the substitution of Cu for Ni, which will
effectively improve the cycling stability. Finally, to analyze the effect of
cycle stability on the morphological of the electrode material, the SEM
image of Ni0.67Cu0.33Co2S4 material after 10,000 cycles is shown in Fig.
S6. After 10,000 charge-discharge cycles, the material still maintained a
morphology of spherical clusters, while the shape of nanorods changed
and piled up. The obviously morphological change could decrease the
electrochemical active sites and influence the diffusion channels for
electrochemical reactions, leading to the degradation of electro-
chemical properties.

To further elucidate the influence of chemical composition on the
specific capacitance, Fig. 5(f) shows the dependence of specific capa-
citances of NixCu1−xCo2S4 materials on the molar content of Ni under
various current densities. There is a trend of increasing specific capa-
citance initially then decreasing obviously with the gradual increase of
Ni content under any current density. Significantly, sample
Ni0.67Cu0.33Co2S4 keeps the highest specific capacitance under all the
current densities, indicating that proper substitution of Ni by Cu can
effectively improve the electrochemical performance of electrode ma-
terial. The enhancement can be attributed to the high crystallinity,
modified microstructure, increased electrochemical sites, improved
electroconductivity as well as the synergistic effects of Ni and Cu. As we
all know that a material with high crystallinity usually exhibits a better
performance [40]. Appropriate elements substitution can lead to a
small lattice distortion, which can generate more electroactive sites,
and the lattice defects can enhance electroconductivity [51]. Thus,
sample Ni0.67Cu0.33Co2S4 has a significantly higher specific capacitance
than both NiCo2S4 and CuCo2S4. However, CuCo2S4 has a lower theo-
retical capacitance than NiCo2S4, which means that excessive Cu sub-
stitution will deteriorate its electrochemical activity. Compared with
previously reported NiCo2S4 and CuCo2S4 electrode materials, as shown
in Table 1, sample Ni0.67Cu0.33Co2S4 shows a higher specific capaci-
tance in this work.

To further evaluate the practical application of the optimized elec-
trode material of Ni0.67Cu0.33Co2S4, a hybrid capacitor was assembled
by using it as positive electrode and AC as negative electrode. The

performance of it was measured in a two-electrode system in 2 M KOH
aqueous solution. CV curves of Ni0.67Cu0.33Co2O4 and AC at the scan
rate of 5 mV s−1 are shown in Fig. S7, where the nearly rectangle shape
of the CV curve for AC proves its typical electrical double-layer capa-
citor (EDLC) behavior. Fig. 6(a) shows the CV curves of the capacitor at
different scan rates between 0 and 1.7 V, a combination of both EDLC
and battery-like characteristics can be seen in each curve. Fig. 6(b)
exhibits the GCD curves of the capacitor at various current densities.
The specific capacitance taking account of the total mass of two elec-
trodes is calculated by Eq. (1), as presented in the inset of Fig. 6(c). The
hybrid capacitor can deliver a high specific capacitance of 105.8 F g−1

at 0.5 A g−1 in a voltage of 1.65 V, and the capacitance retention is
about 71.9% at the tenfold increased current density. Furthermore, the
energy densities and power densities are also calculated by Eqs. (3) and
(4), respectively, as shown in Fig. 6(c). The hybrid capacitor can
achieve the highest energy density of 40 Wh kg−1 at a power density of
412.5 W kg−1 and maintain 28.8 Wh kg−1 at a high power density of
4125 W kg−1. The cycling stability of the hybrid capacitor device was
examined at a current density of 4 A g−1. As shown in Fig. 6(d), 71.7%
retention of the initial capacitance after 10,000 cycles indicates the
excellent cycling stability of the hybrid capacitor. Therefore, the as-
assembled hybrid capacitor has great potential for practical energy
storage.

4. Conclusion

In summary, mixed metal sulfides of NixCu1−xCo2S4 were synthe-
sized by a facile two-step method. The substitutional solid solutions
with different chemical compositions can be easily obtained by ad-
justing the Ni/Cu molar ratios in the reactant. The content of Cu plays a
crucial role in the lattice parameter, morphology and electrochemical
properties. Among all the as-prepared metal sulfides, sample
Ni0.67Cu0.33Co2S4 shows the best electrochemical performance with a
high specific capacitance of 1340.48 F g−1 at 1 A g−1, outstanding rate
capacity and excellent cycling stability. Its superior performance can be
attributed to its high crystallinity, modified microstructure, increased
electrochemical sites and improved electroconductivity caused by the
lattice distortion as well as the synergistic effects by the element sub-
stitution. Furthermore, the assembled hybrid capacitor of
Ni0.67Cu0.33Co2S4//AC could deliver a high energy density of
40 Wh kg−1 at the power density of 412.5 W kg−1. This work provides
a novel method to synthesize high-performance electrode material by
proper element substitution.
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