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a b s t r a c t

In this work, mixed nickel-cobalt sulfides (NCSs) were prepared by a facile solvothermal method.
Structural and morphological characterization of synthesized materials were confirmed by X-ray
diffractometry, X-ray photoelectron spectroscopy, scanning and transmission electron microscopy.
Electrochemical measurements revealed that mixed NCSs exhibit pseudocapacitor behaviour and their
capacitance was strongly dependent on the composition. Interestingly, the electrochemical performance
of the mixed NCSs has been significantly improved in comparison to the pristine nickel sulfide or cobalt
sulfide. Particularly, the mixed NCS prepared at a nickel:cobalt molar ratio of 3:1 exhibited a specific
capacitance of 2599.6 F g�1 at a scan rate of 10 mV s�1 (or 1345 F g�1 at a current density of 2 A g�1) and
retained 95% of its initial capacitance after 3000 charge-discharge cycles. The excellent electrochemical
performances of NCSs indicate they are promising candidate for supercapacitor electrode.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Over the past few decades, the increasing demand for portable
electronic devices and electric vehicles has set higher requirements
for power sources such as high durability, safe to use, compact, and
lightweight. To resolve this problem, supercapacitors and batteries
are among the most promising candidates selected to research and
develop. In comparison with batteries, supercapacitors are
receiving more intense attention because they have several ad-
vantages such as simple configuration, long cycle stability, high
coulombic efficiency and fast charging-discharging rates [1e3].
Based on charge storage mechanisms, SCs are generally classified
into two types: electrochemical double-layer capacitors (EDLCs)
and Faradaic redox reaction pseudocapacitors (PCs) [4e6].

EDLC stores electrical energy based solely on the absorption and
desorption of the electrolyte ions at the electrolyte/electrode
n), tranvietthu1@duytan.edu.
interface. EDLC electrode materials are largely based on carbon
materials with large surface area such as activated carbon [7],
carbon foam [8], carbon nanotubes [9], and graphene [9e11].
Meanwhile, PCs operate based on redox reactions between a thin
layer of active electrode materials and electrolyte ions at their
interface [12]. Therefore, typical electrode materials used in PCs are
transition metal oxides with multiple oxidation states such as
MnO2 [13,14], NiCo2O4 [15e17], and MnFe2O4 [11]. PCs generally
provide higher energy density than EDCLs but suffer from lower
power density due to poor electrical conductivity. Supercapacitors
using transition metal oxides as electrode materials have slow
charge and discharge rate [18e20].

Recently, metal sulfides have received great attention as a
promising electrode materials for pseudocapacitor because of their
high specific capacitance, high electron conductivity abundance,
low cost, and environmental friendliness [21,22]. It has been re-
ported that CoS2 octahedrons directly applied as electrodes for
supercapacitors show typical pseudocapative properties with
maximum specific capacitance of 236.5 F g�1 at 1 A g�1 [23]. In
addition, NiS2 nanomaterial prepared by microwave assisted
method and used as an electrode material for supercapacitor
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Table 1
Ratio between precursor chemicals for different samples.

Amount (mmol)

NiCl2$6H2O CoCl2$6H2O Na2S2O3$5H2O Total

NS 10 0 15 25
NCS1 7.5 2.5 15 25
NCS2 5 5 15 25
NCS3 2.5 7.5 15 25
CS 0 10 15 25
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delivers a specific capacitance of 695 F g�1 at 1.25 A g�1 [24]. Those
studies indicated that, although individual nickel or cobalt sulfide
electrodes possess high electron conductivity but their capacity is
still lower than that of metal oxides materials. Several studies
attacking this problem has mainly focused on combining different
metal sulfides [25e27] or couplingmetal sulfidewith carbon-based
materials or conducting polymers [28,29]. However, the effect of
composition of mixed-metal sulfides on their electrochemical
properties has not been extensively explored, in spite of their
fundamental importance.

In this work, we report a facile simple solvothermal treatment
route to prepare mixed nickel-cobalt sulfide (NCSs) with controlled
nickel:cobalt (Ni:Co) molar ratios. The mixed NCSs is supposed to
offer a synergistic effect contributed by NiS2 and CoS2. We also
investigated the correlation between the composition, structure
and electrochemical performance of the as-prepared mixed NCSs,
which would be the valuable information to prepare other related
metal sulfies systems for supercapacitor application. We found that
all of the mixed NCSs display pseudocapacitive behaviour and their
pseudocapacitances are strongly dependent on their composition.
In particular, mixed NCS prepared at a Ni:Co molar ratio of 3:1
exhibited an enhanced Cs compared to those of pristine nickel or
cobalt sulfide, indicating a synergistic effect of nickel and cobalt in
all mixed NCSs.

2. Experimental

2.1. Chemicals

Nickel chloride hexahydrate (NiCl2,6H2O), cobalt (II) chloride
hexahydrate (CoCl2,6H2O), sodium thiosulfate pentahydrate
(Na2S2O3,5H2O), ethylene glycol (EG), hydrochloric acid (HCl), Ni
foam, acetylene black (AB), poly(vinylidene fluoride) (PVDF), N-
methyl pyrrolidone (NMP). All the chemicals were of analytical
grade and used without further purification, and were purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd. De-ionized
Fig. 1. Synthesis flowchart of
(DI) water was used to prepare solutions in all experiments.

2.2. Materials synthesis

All materials were synthesized via solvothermal process (Fig. 1).
In a typical procedure, 15 mmol of Na2S2O3,5H2O and pre-
determined amounts of M2þ salts (M ¼ Ni, Co) were dissolved into
150 ml of mixed ethylene glycol/water (ratio volume 1: 2) by
magnetic stirring for 30 min, resulting in the formation of a pinkish
solution. The total amount of M2þ salts was fixed at 10mmol, where
Ni:Co molar ratio was varied: 10/0 (NS); 7.5/2.5 (NCS1); 5/5 (NCS2);
2.5/7.5 (NCS3) and 0/10 (CS). The resulted mixture was transferred
to a 200-ml Teflon-lined autoclave and heated to 160 �C for 10 h.
After it was cooled down to room temperature, the product was
washed with DI water and ethanol several times and dried at 60 �C
in vacuum for 6 h. The precursor ratios and sample names are given
in Table 1.

2.3. Material characterization

Characterization of all mixed metal sulfides were confirmed by
X-ray diffraction (XRD, Siemens D5005 X-ray diffract meter with
Cu-Ka radiation); thermal gravimetric analysis (TGA, PerkinElmer
Pyris 6); scanning electronmicroscopy and energy-dispersive X-ray
spectroscopy (SEM-EDS, JEOL JSM-6490 scanning electron
NS, CS and mixed NCSs.
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microscope); and transmission electron microscopy (TEM, JEOL
JEM-1010).

2.4. Electrochemical measurements

To evaluate electrochemical properties of synthesized materials,
we used cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS) mea-
surements. All above measurements were performed on Metrohm
Autolab PGSTAT 302 N with standard three-electrode system:
working electrode, reference electrode (Ag/AgCl in 3 M KCl solu-
tion), counter electrode (Pt, sheet) and 3 M KOH aqueous solution
as the electrolyte. To prepared working electrode, active material
was mixed with acetylene black and PVDF (weight ratio 80:10:10)
in a small amount of NMP solvent to make a homogeneous slurry.
Then, 20 mL of homogeneous slurry were dropped onto Ni foam
Fig. 2. XRD patterns of the as-synthesized metal sulfides along with the patterns of
reference materials of NiS2 (PDF #01-078-4702, black bars) and CoS2 (PDF #00-041-
1471, olive bars).

Fig. 3. (a) Full-scale TG analysis of all samples; (b) TG analysis of mixed
(0.25 cm � 0.25 cm) and dried in a vacuum heater at 60 �C for 2 h.
The mass loading of active materials was about 0.64 mg cm�2.
Specific capacitance (Cs) of materials were calculated from CV and
GCD curves using the formula Cs¼ (!I dt)/(m DE), Cs¼ (IDt)/(m DE),
respectively, where I is the discharge current (A), Dt is discharge
time (sec), DE is the potential window (V), and m is the weight of
active material in the electrode (g).
3. Results and discussion

3.1. Structural and morphological characterization

The crystallization of all synthesized materials was identified by
XRD technique. As shown in Fig. 2, the XRD patterns of NS and CS
samples could be assigned to NiS2 (PDF #01-078-4702) and CoS2
(PDF #00-041-1471), respectively. The observed diffraction peaks of
NS (CS) at 27.23 (27.90), 31.56 (32.35), 35.40 (36.31), 38.86 (39.90),
45.26 (46.41), 53.60 (55.07), 56.40 (57.80), 58.72 (60.37) and 61.09
(62.90) are appropriately indexed to the (111), (200), (210), (211),
(220), (311), (222), (023) and (321) planes, respectively. The same
diffraction planes of NiS2 and CoS2 are closely located to each other
due to small difference in the ionic radius of Ni2þ (0.0069 nm) and
Co2þ (0.0065 nm). The observed diffraction peaks of mixed NCSs
are in the middle of corresponding peaks of NiS2 and CoS2, and the
majority of them could be deconvoluted to match with that of NiS2
and CoS2. This result indicated the mixed NCSs contained both NiS2
and CoS2 phases, and thus NiS2eCoS2 interphases, which are ex-
pected to provide active sites for electrochemical energy storage.

The thermal stability and thermal decomposition processes of
as-prepared samples were investigated by TGA technique and the
results are shown in Fig. 3. The small mass loss starting at ~80 �C in
all samples (ca. 1e5 wt%, Fig. 3a) is due to the dehydration. A strong
mass loss (ca. 13e22 wt%, Fig. 3bed) occurring at ~400 �C in all Ni-
containing samples (NS, NCS1, NCS2, and NCS3) and at ~430 �C in
CS sample is due to their thermal decomposition (desulfurization)
from MS2 into MS (M ¼ Ni, Co) [30e32]. Fig. 3B clearly shows that
this mass loss increases with increasing Ni:Co molar ratio. In
addition, CS sample without Ni is desulfurized at a higher
NCSs. Thermal decomposition processes of NiS2 (c) and CoS2 (d).
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temperature than all Ni-containing samples (~30 �C higher), indi-
cating that CoS2 sample is thermally more stable than Ni-
containing ones. The resulting MS could be partly oxidized to cor-
responding oxides (NiO or Co2O3). However, this oxidation stepwas
difficult to control, and it is likely possible that not only a single
compound exists at this stage of heating. The subsequent and great
mass gain is due to the formation of NiSO4 (Fig. 3c), Co2(SO4)3
(Fig. 3d) or both (Fig. 3b). Upon heating to ca. 700 �C and above,
these sulfates are decomposed into NiO or Co2O3, generating sulfur
dioxide (SO2). This step completes at ~810 �C for the NS (Fig. 3c)
[31], at ~850 �C for the CS (Fig. 3d) [33], and at ~825e845 �C for the
Fig. 4. SEM images of NS (a, a1, a2); NCS1 (b, b1, b2); N
NCSs (Fig. 3b). The residual weight was ~57% for the NS and ~63.1%
for the CS, which was agreeing with their expected formula (NiS2
for NS sample, CoS2 for CS sample, and mixed NiS2eCoS2 for NCS
samples).

The morphology of the pristine (NS, CS) and the mixed NCS
samples was examined by SEM and TEM techniques and the results
are shown in Fig. 4 and Fig. S(1e6). SEM images of NS sample at
low- and high magnification (Fig. 4(a-a2)) show that NS sample
mainly contains microspheres having a wide range of diameter (ca.
100 nm up to 2 mm). These microspheres are very dense and their
constituents were difficult to observe even by using TEM (Fig. S6a).
CS2 (c, c1, c2); NCS3 (d, d1, d2); and CS (e, e1, e2).
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SEM images of NCS samples (Fig. 4(b-d2)) exhibit cauliflower-like
microspheres which are nearly equal in size with that of NS sam-
ple. These microspheres are formed by assembly of a large amount
of primary nanoparticles due to the absence of surfactants, which
are clearly confirmed by TEM images (Fig. S6(b-d)). It is observed
that with increasing Co content, the microspheres were gradually
deformed, and the size of primary particles noticeably increases.
Different from pristine NS and CS samples, the presence of
NiS2eCoS2 interfaces in NCS samples is expected to provide redox-
active sites, which are beneficial for charge storage in super-
capacitors. Additionally, Fig. S6(b-d) show that among NCSs, NCS1
sample has the smallest size of primary nanoparticles and the least
degree of aggregation, which are desired for better contact with
electrolyte during charging/discharging. CS sample (Fig. 4(e-e2)
and Fig. S6(e)) also contains microspheres but a large portion of
them became deformed and had much larger size of primary par-
ticles. Overall, mixed NCS samples exhibited smaller size of primary
particles, better dispersibility, and higher density of interfacial
redox-active sites than the pristine NS and CS ones. Therefore, they
are expected to provide smaller electrical resistivity, higher redox
current, and subsequently better electrochemical performances.

The chemical composition of materials was analyzed by energy
dispersive X-ray spectroscopy (EDS) analysis (Fig. 5 and
Fig. S(7e11)). Fig. 5 illustrates the presence of Ni, S in NS sample; Ni,
Co, S in mixed NCSs samples; Co, S in CS sample and the absence of
other chemical impurities. The Ni:S and Co:S molar ratios of NS
(Fig. 5a) and CS (Fig. 5e) materials were 1:1.97 and 1:1.93, respec-
tively. The result is reasonably agreeing with molecular formula
AS2 (A ¼ Ni, Co) and consistent with XRD results. For all mixed
NCSs, the Ni:Co:S molar ratio of NCS1, NCS2, NCS3 sample were
0.74:0.26:1.92, 0.49:0.51:1.94, and 0.27:0.73:1.87, respectively. The
Ni:Co molar ratio of in all mixed NCSs is also equivalent to
Ni2þ:Co2þ molar ratio of A2þ (A ¼ Ni, Co) precursors.
Fig. 5. EDX profiles of NS (a); NCS1 (b
To sum up, the XRD, TGA, SEM, and EDS results confirmed that
nickel sulfide, cobalt sulfide, and mixed nickel-cobalt sulfide with
high purity have been successfully synthesized. The chemical
composition, crystal structure, and morphology were determined
by the Ni:Co molar ratio in precursors, which have profound effects
on electrochemical properties of the resulting materials.
3.2. Electrochemical characteristics

3.2.1. CV analysis
Fig. 6(a-e) show the CV curves of NS, NCS1, NCS2, NCS3 and CS at

different scan rates. In all of these CV curves, a pair of redox peaks
appears, which could be attributed to Faradaic reactions of M�S/
M�SeOH pairs (M ¼ Ni, Co) [34]. This characteristic indicates that
all materials exhibit pseudocapacitor behaviour, and their main
mechanism for energy storage is based on redox reactions.
Although mixed NCSs simultaneously contain two different M�S
bonds (Ni and Co), their Faradaic reactions occur at similar poten-
tials and no redox peak separation was observed. At higher scan
rates, the oxidation peaks of all samples shift to higher potentials,
whereas the reduction peaks contrarily shift to lower potentials.
Simultaneously, both the maximum anodic current (Ipa) and the
maximum cathodic current (Ipc) increase. These indicate that the
redox events occurring at the electrode/electrolyte interface are
fast, reversible and are only limited by the diffusion of electrolyte
ions [35]. At the same scanning rate, the potential at the redox
peaks of all mixed NCSs increases as the Ni:Comolar ratio decreases
and it was in the potential range of the redox peaks of NS and CS
samples. Specifically, themixed NCS prepared at a Ni:Comolar ratio
of 3:1 (NCS1 sample) shows the highest redox current and largest
surrounded area of CV curve. It is obviously that the NCS1 sample
exhibited the highest capacitance among all prepared samples. The
specific capacitance (Cs) of these materials at different scan rates
); NCS2 (c); NCS3 (d) and CS (e).



Fig. 6. (aee) CV curves of all materials at different scan rate; (f) Specific capacitance of all materials at different scan rates.
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was calculated and are shown in Fig. 6f and Table S2.
For all materials, when the scan rate decreases, the specific

capacitance increases. It was observed that at the same scan rate,
the Cs values of all NCS samples are significantly higher than those
of the pristine NS or CS ones. The values of Cs obtained at 10 mV s�1

and 100 mV s�1 for NS, NCS1, NCS2, NCS3 and CS active materials
were calculated to be 1369.3/298.3, 2599.6/703.5, 1730.2/538.7,
1760/618.7 and 1230.9/598.4 F g�1, respectively. These Cs values
were used to calculate rate capacity, which is considered an
important attribution for a supercapacitor electrode material.
Within a range of scanning rates, the rate capacity is the ratio be-
tween the Cs values at the maximum and the minimum scanning
rate. The calculated rate capacities of NS, NCS1, NCS2, NCS3 and CS
were 0.22, 0.27, 0.32, 0.35 and 0.49, respectively. Therefore, the
addition of Co into NiS2 not only enhances the Cs value but also
increases the rate capacity as compared to NiS2 sample. This effect
suggests a synergistic effect between the faradaic redox reactions of
Ni and Co in NCSs.
3.2.2. GCD analysis
To evaluate the Cs of the obtained mixed nickel-cobalt sulfide,

GCD measurements were conducted within the potential range of
0e0.43 V at different current densities from 2 to 10 A g�1. As shown
in Fig. 7(a-e), the GCD voltage profiles present voltage plateaus and
match well with the peak potentials observed in the CV curves,
indicating that the energy storage mechanism of all materials is
based on Faradaic reactions. The observed iR drops were very small,
implying a high reversibility and Coulombic efficiency of the elec-
trode materials.

The specific capacitance values were calculated based on GCD
voltage profiles and are shown in Fig. 7f and Table S3. In all samples,
the Cs values decrease when the current density increases. How-
ever, the dependence of Cs on the current density is significantly
different. Specifically, when the current density increases 5 times



Figure 7. (aee) GCD curves of all electrode materials at different current densities; (f) Specific capacitance of all materials at different current density.

Table 2
Comparison of capacitance performance with that of previously reported mixed metal sulfides.

Electrode materials Method of synthesis Electrolyte Cs Reference

NiS2 Microwave 3 M KOH 695 F g�1 at 1.25 A g�1 [24]
CoS2 nanowire Hydrothemal 6 M KOH 828.2 F g�1 at 10 mV s�1 [39]
MoS2 nanosheet Hydrothemal 6 M KOH 683 F g�1 at 1 A g�1 [40]
Ni0$32Co0$68S2 2 M KOH 1698 F g�1 at 2 A g�1 [27]
CoS2@MoS2 Hydrothemal 2 M KOH 1038 F g�1 at 1 A g�1 [36]
Nickel-cobalt sulfides Electrodeposited 3 M KOH 956.67 F g�1 at 2 A g�1 [37]
Ni3S4@MoS2 Hydrothermal 6 M KOH 1440.9 F g�1 at 2 A g�1 [38]
NiS2/CoS2/N-doped Carbon 6 M KOH 1350 F g�1 at 1 A g�1 [26]
NiS/rGO composites Hydrothermal 905.3 F g�1 at 0.5 A g�1 [41]
Nickel sulfides/MoS2 2 M KOH 757 F g�1 at 0.5 A g�1 [42]
NiS2/ZnS 1198 F g�1 at 1 A g�1 [43]
Ni3S2@b-NiS 1158 F g�1 at 2 A g�1 [44]
NCS1 Solvothermal 3 M KOH 1345 F g�1 at 2 A g�1 This work
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Fig. 8. (a) Cycling performance of all materials for 3000 cycles at a current density of 6 A g�1; (bec) Nyquist plots of all materials at all frequency and high-frequency region,
respectively; (d) Equivalent circuit diagram used for fitting EIS data.
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(2e10 A g�1), the Cs decreases 5.34, 2.43, 2.13, 1.64 and 1.47 times
with respect to NS, NCS1, NCS2, NCS3 and CS samples. This result
indicates that the rate capacity increases in the order of
NS < NCS1 < NCS2 < NCS3 < CS. Therefore, controlling the
composition of the electrode material is an important factor to
change the rate capacity as desired.

Fig. 7f also shows that at the same current density, the Cs of
NCS1 is always highest among those of obtained materials. Spe-
cifically, at the current density of 2 A g�1, the Cs of NCS1 is
1345 F g�1, much higher than that of NS (881.9 F g�1), NCS2
(868.8 F g�1), NCS3 (815.8 F g�1) and CS (481.6 F g�1). These results
match well with the CV results and show a strong evidence of the
synergistic effect of Faradaic conversions between M�S/M�SeOH
(M ¼ Ni, Co) pairs in mixed NCSs. A similar phenomenon has been
also observed in other mixed metal sulfides such as Ni0$32Co0$68S2
[27], CoS2@MoS2 [36], nickel-cobalt sulfides [37], and Ni3S4@MoS2
[38]. The Cs of NCS1 is superior or similar to those of many other
oxide-based electrodes, as evident in Table 2.

3.2.3. Cycling stability
The cycling performance of all synthesized materials was eval-

uated by repeating GCD measurement for 3000 cycles at a high
current density of 6 A g�1 and the result is shown in Fig. 8a. The Cs
of NS, NCS1, and NCS2 increased upon cycling, reached the
maximum values at ca. 150th cycle, and slowly decreased in sub-
sequent cycles. Meanwhile, the Cs of NCS3 and CS reached the
maximum values at the first cycle and immediately decreased in
subsequent cycles. This feature indicates that mixed NCSswith high
nickel content require longer time to gain full activation of elec-
trode surface. After 3000 consecutive cycles, the capacitance
retention decreases in the order of NS (96%) > NCS1 (95%) > NCS2
(93%) > NCS3 (87%) > CS (78%). Note that the Ni:Co molar ratio also
decreases following that order. These values indicate that the
cycling performance of the synthesized sulfides decreased with
increasing Co content in mixed NCSs. Among all samples, the NCS1
not only exhibited immediate activation of electrode surface but
also retained high capacitance after 3000 cycles.

3.2.4. EIS analysis
EIS measurements were performed in order to analyze various

parameters related to the reaction kinetics at the electrode/elec-
trolyte interface. The Nyquist plots of all samples are presented in
Fig. 8b-c, the equivalent circuit diagram used for fitting EIS data is
shown in Fig. 8d, and the corresponding fitting parameters are
given in Table S4. As shown in Fig. 8c and Table S4, the equivalent
series resistance (Rs) of all materials is small and increases when
mass ratio of cobalt increases. This result indicates that the con-
ductivity of electrode materials decreases with the increasing co-
balt content in the materials. The diffusive resistance of OH�

electrolyte ions is evaluated through the slope of the plots in the
low frequency region [45], Fig. 8b-c show that the higher the cobalt
content in the materials, the higher the OH� diffusive resistance.
Impressively, the Nyquist plots of NS and NCS1 in the low-
frequency region show a nearly vertical line, indicating a high
electron mobility and ideal battery-like behaviour [46,47]. These
analyses indicate that NS and NCS1 had lower resistance and faster
redox reaction kinetics than those other mixed NCSs.

4. Conclusions

In summary, we have successfully prepared mixed NCSs by a
facile solvothermal route and examined them as a high-
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performance electrodematerial for supercapacitor. Themixed NCSs
showed enhanced electrochemical performances than those of the
pristine NiS2 and CoS2 ones, which signified the synergistic effect
between Ni and Co in mixed NCSs. The smaller particle size and the
presence of NiS2eCoS2 interfaces in mixed NCOs was found to
reduce diffusion resistance, leading to high-capacitance and long-
life performance for supercapacitor. In particular, the mixed NCS1
exhibited an impressive Cs of 2599.6 F g�1 at 10 mV s�1 (or
1345 F g�1 at 2 A g�1) and an excellent capacitance retention of 95%
after 3000 charge-discharge cycles at 6 A g�1. The combination and
tuning of multiple metallic sulphides proposed in this work could
provide a feasible strategy for developing novel electrode materials
for supercapacitor.
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