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Abstract. Here reports a hollow cube NiCo2S4 nanomaterial, which was prepared via facile hydroxylation
and sulfuration steps using the self-prepared ZIF-67 as a precursor. This kind of NiCo2S4 as an electrode
material for supercapacitor presents a speciﬁc capacitance high up to 1350 F g-1 at 1 A g-1 due to the
contribution of pseudocapacitance. Particularly, the hybrid supercapacitor PC//NiCo2S4, assembled using the
NiCo2S4 as the positive electrode material and the PC as the negative electrode material, delivers a high
energy density of 33 Wh kg-1 at the power density of 800 W kg-1. Meanwhile, it presents a good cyclic
stability with 67% capacitance retention after 10,000 cycles of charge–discharge at the current density of 5 A
g-1. However, the rate capability is not good enough because of the polarization effect of NiCo2S4 as a
battery-type electrode material. Therefore, this research provides a reference for enhancing capacitance
performance of an electrode material. For instance, reversibility in redox reaction and stability in structure are
more important than the capacity in many cases.
Keywords. Electrochemistry; capacitance; energy density; ZIF-67; nanomaterial.

1. Introduction
With the development of renewable energy such as
solar, wind and tidal power, large-scale energy
storage devices are urgently needed. At the same
time, power station peak regulation, urban transport
vehicles and portable electronic equipment also need
safe, stable, long life, high power and large capacity’s energy storage devices and power supply.
Therefore, relevant research has become a research
hotspot in the world1,2. Thereinto, supercapacitors
have received a lot of attention due to the advantages such as rapid charging, long cycle life, high
power density and safety3–8. Supercapacitors store
electrical energy in two types: double-layer capacitance and pseudocapacitance. The former stores
electrical energy by forming double layers through
adsorbing oppositely charged ions from electrolyte

solution at the interface of electrode, while the latter
stores electrical energy through a rapid redox reaction at the surface of electrode. The speciﬁc capacity
of pseudocapacitance is usually much larger than
that of the double layer capacitance9. Transition
metal oxides or hydroxides such as RuO210, MnO23,
Co3O411 and Ni(OH)212 are typical pseudocapacitive
materials, which have widely been researched as
hotspot materials due to the merits of high theoretical speciﬁc capacitance, environmental friendliness
and low cost13–16. However, these pseudocapacitive
materials usually present a poor electrical conductivity, thus making their capacitance performance
decrease greatly. Therefore, in order to overcome
this drawback, bimetallic oxides have been exploited
as electrode materials for supercapacitors. Among
them, ternary nickel-cobalt oxide NiCo2O4 has been
widely studied due to its higher electrical
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conductivity and multiple redox states compared to
binary transition metal oxides3,17, 18. Introduction of
the bivalent nickel or the trivalent cobalt resulted
really in improvement of the material’s capacitance
performance because of the synergistic effect
between Ni(II) and Co(III)18.
Recently, however, it was found that using sulﬁdes
instead of oxides could lead to better performance. For
example, vulcanization of NiCo2O4 into NiCo2S4
could improve conductivity by two orders of magnitude19–21. The speciﬁc capacitance was also enhanced
obviously, e.g., increased from 1588 F g-1 to 2044 F g-1
at the current density of 1 A g-117. At present, some
common methods for experimentally preparing ternary
transition metal sulﬁde include co-precipitation, solgel, hydrothermal process, electrospinning, electrodeposition, self-template, etc.3,8,22–24. Utilization of these
methods can prepare various ternary transition metal
sulﬁde materials with different morphologies. As well
known, different morphologies will bring remarkable
inﬂuence on the performance of materials. It has been
found that metal–organic frameworks (MOFs) have
some advantages such as high surface areas, remarkable porosity, enormous structure diversity, etc.3
Therefore, utilizing MOFs as sacriﬁcial templates can
fabricate desired materials with a speciﬁed structure
and morphology. According to this strategy, a novel
hollow cube NiCo2S4 nano-material was prepared by a
simple stirring and high temperature reﬂux process
using ZIF-67 as a precursor and the sodium sulﬁde as
sulfur source in this paper. The as-synthesized hollow
cube NiCo2S4 is expected to have better capacitance
performance as an electrode material for
supercapacitors.
2. Experimental
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2.2 Preparation of the hollow cube NiCo2S4
After making a little change according to the synthesis
method reported by Hu et al 25,26, the typical synthesis
steps are as follows: 2.724 g 2-methylimidazole,
0.174 g cobalt nitrate hexahydrate and 3 mg CTAB
were dissolved into the 46 mL of distilled water,
getting purple solution, and then magnetically stirred
for 50 min. The resulting ZIF-67 products were collected by centrifugation, washed with anhydrous
ethanol several times, and dried in a 60 °C oven. After
ultrasonic dissolution of 40 mg ZIF-67 in 15 mL of
anhydrous ethanol, the resulting solution was poured
into 10 mL of ethanol solution containing 80 mg
nickel nitrate hexahydrate, stirred for 50 min to obtain
the light purple ZIF-67/Ni-Co layered double
hydroxides (LDH) solution, then centrifuged and
washed with anhydrous ethanol. The ZIF-67/Ni-Co
LDH obtained above was dissolved in 20 mL of
anhydrous ethanol; meanwhile, 110 mg of sodium
sulﬁde 9-hydrates was dissolved in 10 mL of 1:1
ethanol solution. The above two solutions were mixed
and transferred to reﬂux at 85 °C for 2 h. The black
NiCo2S4 products were collected by centrifugation,
washed several times with anhydrous ethanol and
deionized water, and dried for use. The above preparation process is intuitively illustrated in Scheme 1.

2.3 Preparation of the porous carbon material
The porous carbon (PC) material used to assemble a
hybrid supercapacitor device was prepared by a series
of procedures including freeze-drying, carbonization
and activation using Bitter tea leaves as precursor. The
as-prepared PC has a BET speciﬁc surface area of
about 2371 m2g-1 and a speciﬁc capacitance of about
311 Fg-1 at 1 Ag-1.

2.1 Chemicals
2-Methylimidazole (C4H6N2), hexadecyl trimethyl
ammonium bromide (CTAB), cobalt nitrate hexahydrate [Co(NO3)26H2O] and nickel nitrate hexahydrate
[Ni(NO3)26H2O] were purchased from McLean Biochemical Technology Co. Ltd; sodium sulﬁde nonahydrates (Na2S9H2O), potassium hydroxide (KOH)
and anhydrous ethanol (CH3CH2OH) were purchased
from Xilong Scientiﬁc Co., Ltd.; acetone (CH3COCH3) and hydrochloric acid (HCl) were purchased
from Tianjin Fuchen chemical reagent factory. All of
the reagents were of analytical grade and were used
without further puriﬁcation. Solutions used throughout
the testing were prepared with deionized water.

2.4 Characterization of the materials
To characterize the surface morphology and internal
microstructure of the as-prepared samples, their SEM
and TEM images were recorded using a JEOL
JSM-7100F scanning electron microscope (Tokyo,
Japan) and a transmission electron microscope (CM10,
Philips), respectively; meanwhile, the chemical element and relative element content were analyzed by
using the energy dispersive spectroscopy (EDS). The
BET speciﬁc surface area, pore diameter size and
distribution of samples were measured through nitrogen adsorption-desorption isotherms at 77 K using
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ASAP 2020 system equipped with an automated surface area and pore size analyzer. The XRD patterns of
samples were recorded using a Bruker D8 ADVANCE
X-ray diffractometer (Karisruhe, Germany); the radiation source used is Cu-Ka1 ray with a wavelength of
0.154056 nm; the tube voltage and current are 40 KV
and 40 mA, respectively. The chemical element
components and their chemical valence states of
samples were determined using ESCALAB 250 X-ray
photoelectron spectroscope (XPS).
2.5 Electrochemical measurements
Before measurement, the NiCo2S4 electrode was fabricated according to steps as follows: Firstly, the nickel
foam was cut into slices with a size of 1 cm 9 3 cm,
then washed with acetone, diluted hydrochloric acid
and ethanol, respectively, and dried under vacuum at
70 °C for use. Secondly, NiCo2S4, acetylene black and
polytetraﬂuoroethylene (PTFE) were mixed and
ground evenly in an agate mortar according to the
mass ratio of 7:2:1, then the resulting slurry was rolled
into thin sheet on the glass. Finally, a slurry thin slice
with a size of 1 cm91 cm was pressed on the foam
nickel prepared above on a tablet press under a pressure of 4 Mpa. The mass loading of the NiCo2S4 active
material is 1.3 mg in the three-electrode system.
Whereas in the two-electrode system (button cell), the
mass loading of NiCo2S4 is 1.2 mg, PC is 2.9 mg; the
total mass of active materials is 4.1 mg. A ﬁlter paper
and 2 mol L-1 KOH aqueous solution are used as the
membrane and the supporting electrolyte, respectively.
The digital photo of an assembled button supercapacitor device is provided in in Figure 3S (Supplementary Information). Electrochemical measurements
such as cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and galvanostatic
charge–discharge (GCD) were conducted on the
CHI766D electrochemical workstation (Shanghai
Chenhua). A single-chamber electrolytic cell was used
with the prepared NiCo2S4 electrode as working
electrode, platinum plate as counter electrode and Hg/
HgO electrode as reference electrode. Prior to each
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measurement, oxygen dissolved in the solution was
degassed with nitrogen for 10 min. The cycling stability tests were performed on the TC53 battery test
system (NEWARE, China). The 2 mol L-1 KOH
solution was used as the supporting electrolyte. The
speciﬁc capacitance of electrode materials was calculated in terms of GCD curves according to equation
(1):
Cs ¼

IDt
mDV

ð1Þ

where, I is the electric current value (A); Dt is the
discharge time (s); m is the mass of the active substance (g); DV is the voltage window (V).
A hybrid supercapacitor (HSC) with a working
voltage of 1.6 V was assembled using NiCo2S4 as
positive electrode and the self-prepared porous carbon
(PC) as negative electrode. Its energy density and
power density were estimated according to equations
(2) and (3) :
1
E ¼ CV 2
2

ð2Þ

E
t

ð3Þ

P¼

Where, C is the capacitance of the device (F g-1); V is
the working voltage window of the device (V); t is the
discharge time (s).
3. Results and Discussion
3.1 Characterization of the materials
The SEM and TEM images characterizing the surface
and internal microstructure of the synthesized samples
are displayed in Figure 1. It can be seen that the
zeolitic imidazolate frameworks (ZIF-67), yielded
from the reaction of cobalt ions with 2-methylimidazole under the guidance of the CTAB as template,
presents a farctate cubic structure similar to ‘‘coffee
candy’’ with a size of about 210 nm (Figure 1a,d).
Dissolving ZIF-67 together with nickel nitrate

Scheme 1. Schematic diagram of NiCo2S4 preparation process.
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hexahydrate in absolute ethyl alcohol under magnetic
stirring produced ZIF-67/Ni-Co layered double
hydroxides (LDH). The resulting ZIF-67/Ni-Co LDH
still retained the cube structure of ZIF-67; however, it
has become hollowed, and its surface became rough
due to the formation of surface hierarchical structure
(Figure 1b,e). These variations result from the co-reaction of Ni2? and Co2? with OH-. The formation of
hollow structure may be attributed to a more rapid
reaction of OH- with Co2? owing to the Kirkendall
effect8. EDS element analyses provide the evidence of
cobalt and nickel co-existence (Figure 1S, Supplementary Information). High temperature reﬂux of ZIF67/Ni-Co LDH and sodium sulﬁde in aqueous ethanol
yielded the black NiCo2S4 through the ion-exchange
reaction between OH- and S2-. Alike with the ZIF-67/
Ni-Co LDH, the NiCo2S4 also keeps the hollow cubic
structure with the ZIF-67 framework, but the sheet
hierarchical structure on the surface is more clear (Figure 1c,f). EDS element analyses display the existence of S, Co, Ni, proving the sulfuration
transformation of ZIF-67/Ni-Co LDH (Figure 1S,
Supplementary Information).
X-ray diffraction (XRD) spectra revealed the phase
structure and crystallization situation of the synthesized samples. As shown in Figure 2, all of the
diffraction peaks for the ZIF-67 sample can be clearly
observed and are in agreement with those reported in
reference27. The typical diffraction peaks appearing at
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the low angles of 7.24°, 10.27°, 12.64° and 17.94°
results from the diffraction of (011), (002), (112) and
(222) lattice plane of ZIF-67, respectively27,28. Sharp
diffraction peaks indicate that ZIF-67 crystals have
good crystallinity. After formation of the ZIF-67/NiCo LDH, the peaks corresponding to (114) and (223)
planes become a little wider except the typical
diffraction peaks. This is because parts of the cobalt
organic framework complex were transformed into
layered double metal hydroxides together with
nickel28,29, which is consistent with the result observed
by SEM. The sample obtained through the reaction of
ZIF-67/Ni-Co LDH with sodium sulﬁde shows the
weak diffraction peaks of NiCo2S4 at the 2h angles of
27.5°, 32.4°, 33.9°, 39.2°, 56.8° and 59.7°, corresponding to the crystal face of (220), (311), (222),
(400), (440) and (531), respectively (JCPDS No.
20-0782). This result indicates that the synthesized
sample is just the expected NiCo2S4. Apparently, the
poor crystallinity of NiCo2S4 accounts for the weak
diffraction peaks.
XPS tests further provide a chemical composition
and valence state information about NiCo2S4. As
shown in Figure 3, Ni, Co and S elements can be
observed in the binding energy spectrum in the range
from 0 to 1200 eV. The signals of C and O probably
result from the residual ZIF-67 and ZIF-67/Ni-Co
LDH rather than the atmospheric contamination24. In
the high resolution spectrum of Ni 2p, the Ni 2p3/2 and

Figure 1. SEM and TEM images of the synthesized samples: (a, d) ZIF-67; (b, e) ZIF-67/Ni-Co-LDH; (c, f) NiCo2S4.
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Ni 2p1/2 states of Ni2? can be observed at the position
of 857.31 eV and 874.96 eV. The shoulder peaks at
862.95 eV and 881.13 eV are the corresponding
states of Ni3?. Similarly, the peaks at 782.49 eV and
798.52 eV are assigned to the Co 2p1/2 and 2p3/2 states
of Co3? in the Co 2p spectrum; the shoulder peaks at
787.46 eV and 804.18 eV are the states of Co2?.
Therefore, Cobalt and Nickel are mainly positive
trivalent and divalent in NiCo2S4, respectively.
Whereas the Sulfur is negative divalent because the
S 2p1/2 and S 2p3/2 states of S2- can be observed at
163.49 eV and 168.91 eV in the S 2p spectrum.
Generally, the speciﬁc area and the pore size distribution of the electrode material have an important inﬂuence
on its capacitance performance. Therefore, N2 adsorption–desorption BET tests for the NiCo2S4 material were
carried out to get these information. The results are
illustrated in Figure 4. It can be seen that the N2 adsorption–desorption isotherm presents a clear hysteresis loop
in the range of 0.40–0.99 P/P0 relative pressure, indicating
the existence of mesoporous structure. The pore size
distribution mainly focuses on the range of 4–7 nm. The
BET speciﬁc surface area estimated in terms of the N2
adsorption-desorption experiment is ca 46 m2g-1.

3.2 Electrochemical performance
The electrochemical performances of the NiCo2S4
material were measured using a three-electrode system. The results are shown in Figure 5. The cyclic
voltammograms in Figure 5a exhibit a pair of redox
peaks at the potential of 0.38/0.2 V when the scan rate
is 3 mV s-1. Obviously, the peak potential difference
between the reduction peak and the oxidation peak is
relatively large (about 180 mV); also, both the anodic
peak potential and the cathodic one shift remarkably
when the scan rate increases from 3 to 30 mVs-1,
leading to an increase of peak-to-peak separation.
These results demonstrate that NiCo2S4 has poor redox
reversibility, and its Faradaic response is quasi-reversible. Moreover, we note that there is a very small
reduction peak appearing at around 0.3V in the cyclic
voltammograms. This is caused by residual Ni(OH)2
on the foam nickel matrix due to incomplete clearance.
Typically, a pair of current peaks rather than a rectangular shape observed in the cyclic voltammogram
indicates that the NiCo2S4 is a kind of battery-type
electrode material, similar to NiCo2O418, 30. This
redox response is due to the redox reaction of the
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Figure 2. XRD patterns of the synthesized samples: (a) ZIF-67; (b) ZIF-67/Ni-Co LDH; (c) NiCo2S4.
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of redox peaks from Ni(II)/Ni(III) couple occur,
whereas the redox peaks from Co(III)/Co(IV) couple
are not observed. Thus, the charge–discharge process
is realized through the redox reaction of Ni(II)/Ni(III)
couple.
Apparently, used as the electrode material for
supercapacitors, NiCo2S4 can provide Faradaic pseudocapacitance via the redox reaction mentioned about.
The speciﬁc capacitance of NiCo2S4 was estimated to
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Ni(II)/Ni(III) couple in the NiCo2S4 framework31,
which can be expressed with equation (4) as follows:
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Figure 5. Electrochemical performances of the NiCo2S4 material: (a) CV curves at different scan rate; (b) GCD curves at
different current densities; (c) The speciﬁc capacitance change as a function of current density; (d) Nyquist plot of the
NiCo2S4 electrode.

be ca 1350 F g-1 at 1 A g-1 in terms of its galvanostatic
charge–discharge curve in Figure 5(b). It should be
noted that the speciﬁc capacitance value is related to
the current density. As shown in Figure 5(c), the
speciﬁc capacitance of NiCo2S4 decreases with
increase of the current density from 1 to 20 A g-1.
When the current density increases to 20 A g-1, the
speciﬁc capacitance drops to 950 F g-1, but still has ca
70% retention, presenting a relatively good rate
capability. The galvanostatic charge–discharge curves
possessing a potential plateaus shown in
Figure 5(b) also conﬁrm that NiCo2S4 belongs to
battery-type material. For a battery-type electrode
material, speciﬁc capacitance degradation with
increase of the current density is inevitably prominent
due to large electrochemical polarization resulting
from a slow migration of electroactive species or the
intercalation and de-intercalation of ions in a solid
phase structure. This just is its defect compared to a
capacitance-type electrode material because the latter
only involves in electrolyte ions transport along the
surface. Evidently, large electrochemical polarization
will affect the rate capability and cyclic life of the
battery-type electrode materials. The cyclic charge–

discharge tests show that the NiCo2S4 with a ZIF-67
framework structure exhibits a poor cyclic stability.
When the charge–discharge is less than 500 cycles, the
speciﬁc capacitance has already presented a great
attenuation (Figure 2S, Supplementary Information).
This may be related to the instability of the material
structure during charge–discharge process because it
involves in intercalation and de-intercalation of OHions in the crystal phase structure (equation 4). For
materials immobilized on a solid electrode in a traditional way, such instability in architecture under action
of electrochemical ‘‘pressure’’, e.g., agglomeration,
sintering, dissolution, expansion and passivation, etc.,
is a universal phenomenon. This phenomenon may be
related to the resistance of electron transfer or ions
transport under an applied electric ﬁeld. For instance,
repeating intercalation and de-intercalation of OHions in the crystal architecture of NiCo2S4 would cause
inevitably a structural inﬂation and constriction, thus
collapse of the structure18.
In order to examine the resistance of electron
transfer across interface and ions diffusion, EIS measurements were performed in the frequency range
from 0.01 Hz to 100 kHz under the open-circuit
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Figure 6. Electrochemical performances of the hybrid supercapacitor PC//NiCo2S4. (a) CV curves of NiCo2S4 and PC
electrodes at a scan rate of 10 mV s-1; (b) CV curves at different scan rate; (c) GCD curves at different current
densities; (d) The speciﬁc capacitance change as a function of current density; (e) The cycling stability at the current density
of 5 A g-1; (f) Ragone plot.

potential and the AC amplitude of 5 mV, and the
obtained Nyquist plot is illustrated in Figure 5(d). It
can be seen that the high-frequency intersection of the
Nyquist plot at the real axis gives a value of about
1.2 X, which is ascribed to the electrode resistance34.
In the range of intermediate frequencies (corresponding to the interval of 1.2–2 X at the real axis), the
Nyquist plot presents a nonvertical line with a medium
slope, which is often used to describe diffusion layer
resistance. Whereas in the range of low frequencies
(corresponding to the interval of 2*12 X at the real
axis), the Warburg line35 increase a little in slope but
remains nonvertical versus the real axis, indicating

that the charge–discharge process is limited by ion
diffusion in the electrolyte34. Meanwhile, it also
accounts for a small electron transfer resistance across
interface between different materials, thus reﬂecting
the capacitive feature of the NiCo2S4 electrode36.
For practical application, the prepared NiCo2S4 was
used as positive electrode material to assemble a
hybrid supercapacitor device together with a self-prepared porous carbon (PC) as negative electrode
material, expressed as PC//NiCo2S4. The measuring
results in regard to the electrochemical performance of
this device are presented in Figure 6. It can be seen
from Figure 6(a), (b) that a potential window of 1.6 V
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was obtained for the PC//NiCo2S4, much wider than
that of the pristine NiCo2S4 or PC. Therefore, assembling of a hybrid supercapacitor can remarkably
extend the device’s operating voltage versus a symmetrical supercapacitor. Obviously, this is helpful to
greatly enhancing device’s energy density according
to Eq. (2). The cyclic voltammograms in
Figure 6(b) display the shape similar to rectangle,
demonstrating that the main performance of PC//
NiCo2S4 is capacitive behavior. This capacitance
behavior primarily comes from the contribution of the
negative electrode carbon material because the positive electrode active substance NiCo2S4 is battery-type
electrode material. The speciﬁc capacitance of the
PC//NiCo2S4, calculated from the discharge curves
(Figure 6c), decreases from 94 to 23 F g-1 when the
current density increases from 1 to 30 A g-1 (Figure 6d), presenting a poor rate capability. This phenomenon can be explained by the polarization effect of
the NiCo2S4 positive electrode at large current density.
Namely, during charge-discharge the rate of intercalation and de-intercalation of the OH- ion in the
NiCo2S4 crystal structure are slower than that of the
electron transfer, leading to that the positive or negative charge is not compensated in time. As a result, the
accumulated charge will hinder subsequent electron
transfer, resulting in a rapid decrease in capacitance.
With respect to the cyclic life, the speciﬁc capacitance
drops to 67% of the original value when the chargedischarge at 5 A g-1 reached 10000 cycles (Figure 6e),
displaying a good cyclic stability. Therefore, the cyclic
stability for the PC//NiCo2S4 is much better than that
for the pristine NiCo2S4 electrode material. The reason
is not clear. We notice that in Figure 6(e), the capacitance retention ratio rises at the 4800 cycle number,
then drops and remains stable again beyond the 6500
cycle number. This phenomenon may be ascribed to
the activation of materials. Some deep layer NiCo2S4
active substances begin to react along with the permeation of electrolyte ions, thus leading to capacitance
increase. However, electrochemical polarization and
material’s tiring make the capacitance decline again.
Finally, multiple positive and negative factors together
maintain the capacitance’s stability.
Energy density (E) and power density (P) are usually another two critical parameters for estimating
performance of an energy storage device. Generally,
energy density varies with the power density. The
curve that illustrates this change relationship is called
as Ragone plot. The Ragone plot of PC//NiCo2S4 is
shown in Figure 6(f). It can be seen that the energy
density of PC//NiCo2S4 decreases with increase of the
power density. A maximum energy density of about 33
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Wh kg-1 at the power density of 800 W kg-1 was
achieved under the experimental conditions. This
value is higher than those of some other ASCs37,38.
Such a high energy density results majorly from the
contribution of the operating voltage of 1.6 V (Eq.2)39.
4. Conclusions
A hollow cube NiCo2S4 nanomaterial was prepared
via facile hydroxylation and sulfuration steps using the
self-prepared ZIF-67 as a precursor. The as-prepared
NiCo2S4 presents a speciﬁc capacitance high up to
1350 F g-1 at 1 A g-1 when used to be an electrode
material for supercapacitor. For practical application, a
hybrid supercapacitor PC//NiCo2S4 was assembled
using NiCo2S4 as the positive electrode material and
PC as the negative electrode material. The PC//
NiCo2S4 device delivers an energy density of 33 Wh
kg-1 at the power density of 800 W kg-1 and exhibits a
good cyclic stability and a poor rate capability.
Therefore, this kind of NiCo2S4 with a hollow cube
nanostructure leaves much to be desired if used for a
high performance supercapacitor.
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