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g r a p h i c a l a b s t r a c t
� Hierarchical NiCo2O4@ nickel-sulfide
nanoplate arrays were prepared.

� The array electrode shows good
integrity and porosity.

� The array electrode exhibits an
improved areal capacitance of
1.85 F cm�2 at 8 mA cm�2.
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Electrodeposition of nickel sulfide (NieS) on NiCo2O4 (NiCo2O4@NieS) nanoplate arrays produces a new
hierarchical coreeshell functional-material. Weak crystalline NieS nanosheets have been uniformly
coated on the NiCo2O4 nanoplate array obtained by hydrothermal growth. When tested as an electrode
for supercapacitors, the NiCo2O4@NieS nanoplate arrays have been found to exhibit a significantly
improved areal capacitance of 1.85 F cm�2 at a current density of 8 mA cm�2, good rate capability and
cycling stability. In addition, the capacitance fading of the NiCo2O4@NieS arrays are attributed to the
surface coarsening of the NieS nanosheets.

Published by Elsevier B.V.
1. Introduction

The environmental issues have pushed human being to find
novel energy sources instead of fossil fuels to meet the increasing
re Science and Technology
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demands of energy consumptions. Currently, it is deeply urgent to
develop reliable green energy storage technologies to achieve a
secured and reliable energy supply. The high power performance of
supercapacitors has made them important complement power
sources of batteries to meet the increasing demands of energy
storage and conversion [1e3]. In the two categories of super-
capacitors (electrochemical double layer capacitor - EDLC and
pseudocapacitor) with different charge storage mechanisms, the
EDLC with traditional carbon materials has very limited specific
energy. Researchers are trying to develop pseudocapacitive
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materials based on faradaic reactions with the specific capacitance
an order of magnitude higher than that of carbon [4,5]. To this end,
metal oxides have been extensively studied as pseudocapacitor
electrode materials, and it has been shown that the architecture
design is very important to improve their supercapacitor perfor-
mance [5,6]. In particular, 3D array electrodes have drawn much
attention because of their facile preparation and excellent perfor-
mance [7e9]. On the other hand, recent research results show that
metal sulfides can also be used as good active materials for pseu-
docapacitor applications [10e12], and especially, coreeshell arrays
of metal oxide and sulfide have shown excellent performance
[12e14]. However, the syntheses of sulfides usually involve toxic
gases as reactant or product, and therefore it is very urgent to
develop a green strategy to construct the coreeshell oxide-sulfide
array architectures.

Nickel sulfides with various compositions, such as NiS, NiS2,
Ni3S2, Ni6S5, Ni7S6, and Ni3S4 [15], are an important class of semi-
conductor materials with great potential multifunctional applica-
tions in high-performance supercapacitors, lithium ion batteries,
and the photocatalysis production of hydrogen [15e20]. In partic-
ular, Ni3S2 is of interest because of its good performance as elec-
trode materials for supercapacitors and lithium ion batteries
[15,21e23]. A number of Ni3S2 composites, such as one-
dimensional hierarchical structures of Ni3S2 nanosheets grown on
carbon nanotube backbone [15], Ni3S2/graphene [24], and Ni3S2
nanoflakes on a 3D porous nickel foam [25], have been prepared for
enhanced performance. Recently, NiCo2O4 has drawn intensive
attention because of its low cost, environmental friendliness, nat-
ural abundance and importantly, a high theoretical capacitance. In
addition, the NiCo2O4 array electrodes can be facilely synthesized
on various substrate with excellent cycling stability, making it a
good substrate to grow other pseudocapacitive materials [26]. In
this paper, we demonstrate the electrodeposition of NieS on
NiCo2O4 arrays supported by nickel foam. The NiCo2O4@NieS ar-
rays were further tested as an electrode material for super-
capacitors and found to exhibit a high specific capacitance of
1.85 F cm�2 at a current density of 8 mA cm�2, good rate capability
and cycling stability.
2. Experimental section

2.1. Reagents and materials

NiCl2$6H2O, urea, Co(NO3)2�6H2O and the other chemicals were
purchased fromAladdin Ltd. (Shanghai, China) and used as received
without further purification. The water used throughout all ex-
periments was purified through a Millipore system.
2.2. Growing NiCo2O4 array on nickel foam

In a typical synthesis, 1 mmol of Ni(NO3)2�6H2O, 2 mmol of
Co(NO3)2�6H2O, 6 mmol of NH4F and 15 mmol of urea were dis-
solved in 80 mL of deionized water under magnetic stirring for
30 min in air to form a clear pink solution. 12 mL of the above so-
lution was transferred to a 15 mL Teflon-lined stainless steel
autoclave with a piece of pretreated Ni foam immersed into the
reaction solution. After that, The autoclave was sealed and main-
tained at 120 �C for 3 h, and then cooled down to room tempera-
ture. The NiCo2O4 array coated nickel foam samples were collected
and rinsedwith distilled water several times, followed by annealing
at 320 �C in air for 2 h. The loading mass of the NiCo2O4 nanoplate
arrays is ca. 1.3 mg cm�2 [27].
2.3. Electrodeposition of NieS on NiCo2O4 array

NieS were synthesized by electrodeposition [25] carried out
using a CHI 660D (CH Instrument) electrochemical work station in
a three-electrode configuration, including a NiCo2O4 grown nickel
foam as the working electrode, a Pt wire as the counter electrode
and a saturated Ag/AgCl reference electrode. The electrochemical
depositions of nickel sulfide nanostructure by cyclic voltammetry
(CV) were performed within the potential range between �1.2 V
and 0.2 V vs. Ag/AgCl at a scan rate of 5 mV s�1 for 10 cycles. The
deposition bath used for the electrodeposition was simply
composed of 50 mM NiCl2$6H2O and 1 M thiourea (TU). Then the
as-prepared NieS electrodes were rinsed with deionized water and
subsequently dried in vacuum at 60 �C for 12 h. The loaded weight
of NieS film was controlled at approximately 0.8 mg cm�2

measured by a microbalance with an accuracy of 0.01 mg.

2.4. Characterizations

Powder X-ray diffraction (XRD) datumwas recorded on a Rigaku
D/MAX 2550 diffractometer with Cu Ka radiation (l ¼ 1.5418 Å).
Scanning electronmicroscopy (SEM) imageswere takenwith a JEOL
JSM-6700F microscope operating at 10 kV. Energy-dispersive
spectroscopy (EDS) was performed on an Oxford INCA energy-
dispersive analyzer. X-ray photoelectron spectrophotometer (XPS)
with Al-Ka radiation at 1486.6 eV (ESCALAB 250 Thermo) was used
to investigate the element ratio and valence states in the synthe-
sized samples. During each scan the C1s peak positioned at
284.6 eV was recorded as the energy reference. Transmission
electron microscopy (TEM) measurements were made on a HITA-
CHI H-8100 electron microscopy (Hitachi, Tokyo, Japan) with an
accelerating voltage of 200 kV. The nitrogen sorption measure-
ments were performed on a Micromeritics ASAP 2420 surface area
analyzer by using BrunauereEmmetteTeller (BET) method at 77 K.

2.5. Electrochemical measurements

The NiCo2O4@NieS arrays were directly used as the working
electrode. The electrochemical tests were conducted with a CHI
660C electrochemical workstation in an aqueous NaOH electrolyte
(1.0 M) with a three-electrode cell where Pt wire serves as the
counter electrode and saturated calomel electrode (SCE) as the
reference electrode. Electrochemical impedance spectroscopy (EIS)
measurements were carried out on this apparatus with a super-
imposed 5 mV sinusoidal voltage in the frequency range of 100 kHz
to 0.01 Hz. All the EIS measurements were acquired at the potential
of 0 V vs. SCE.

3. Results and discussion

The NiCo2O4@NieS nanoplate arrays were synthesized by a
two-step process, as illustrated in Scheme 1. Firstly, NiCo2O4
nanoplate arrays were grown on nickel foam by a hydrothermal
process in an 80 mL solution containing 1 mmol of Ni(NO3)2,
2 mmol of Co(NO3)2, 6 mmol of NH4F and 15 mmol of urea [27].
Secondly, NieS nanostructures were electrodeposited on the pre-
grown NiCo2O4 nanoplate arrays by CV in 10 mL solution contain-
ing 50 mM NiCl2$6H2O and 1 M thiourea [25]. The weak-crystalline
nature of the NieS deposit is confirmed by XRD, as shown in Fig.1A,
because the XRD patterns are nearly unchanged before and after
NieS deposition. Electrodeposited sulfide films, for example, CoeS
filmwith the samemethod of this paper, can be amorphouswith no
reflections in X-ray diffraction patterns [28]. In this paper, X-ray
diffraction patterns present no reflections of crystalline nickel
sulfides; therefore, initially, it is speculated that the NieS layer is



Scheme 1. Schematic illustration of the two-step synthesis of hierarchical NiCo2O4@NieS coreeshell nanoplate arrays.

Fig. 1. (A) Powder XRD patterns of the NiCo2O4 and NiCo2O4@NieS nanoplate arrays and (B) survey XPS scan of the NiCo2O4@NieS nanoplate arrays grown on nickel foam,
respectively.
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amorphous. However, high-resolution TEM image (Fig. S1) in-
dicates that lattice fringes exist in some nano-regions (below
10 nm). Therefore, the NieS layer is weak-crystalline and the
diffraction peaks may be weak and broadened, which is difficult to
detect. The crystallinity of the electrodeposited NieS layer may be
Fig. 2. SEM images of NiCo2O4 nanoplate (A and B) and NiCo2O
sensitive to the substrate, leading to the different crystallinity of the
NieS layer of this paper with the previous reported ZnO@Ni3S2
arrays [13]. The energy-dispersive X-ray spectra analyses show the
existence of Ni, Co and O and S atoms in the final product (Fig. S2).
X-ray photoelectron spectra analyses (Fig. 1B) present a Co:S ratio
4@NieS nanoplate (C and D) arrays grown on nickel foam.
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of ca 1:1, indicating the Ni:S ratio in the electrodeposited NieS film
is ca 3:2.5, close to the composition of Ni3S2 in the previous studies
[13,25].

Fig. 2 displays the SEM images of the NiCo2O4 and NiC-
o2O4@NieS arrays, respectively. It can be seen that the NiCo2O4
nanoplates are uniformly grown on the nickel foam skeleton, as
shown in SEM image of Fig. 2A. The thicknesses of the NiCo2O4
nanoplates are around 30 nm with widths ranging from 0.5 to
1.5 mm (Fig. 2B). Fig. 2C and D shows the SEM images of the NiCo2O4
arrays after NieS electrodeposition. It can be seen that the NiCo2O4
arrays were uniformly covered by a thin layer nanostructures,
resulting in thicker hierarchical core/shell NiCo2O4@NieS nano-
plate arrays.

TEM images were taken to further evaluate the microstructure
of the NiCo2O4 and NiCo2O4@NieS arrays. Fig. 3A shows the vertical
NiCo2O4@NieS nanoplates. It can be seen that the NiCo2O4 nano-
plates are covered by a thin layer nanostructure, corresponding to
the SEM images of Fig. 2C and D. Fig 3B further shows an individual
NiCo2O4@NieS nanoplate. Comparing with the individual NiCo2O4
nanoplate (Fig. 3B inset), an additional NieS layer can be recog-
nized. Moreover, Fig. 3C and D further compare the NiCo2O4 and
NiCo2O4@NieS arrays at larger magnifications, which show clearly
that the NiCo2O4 nanoplate is enclosed by a thin layer of nanosheet-
like morphology. The corresponding high-resolution TEM (Fig. S1)
image of the shell shows lattice fringe with d-spacing of 0.2 nm,
corresponding to the (202) lattice plane of Ni3S2 (JCPDS 44e1418).
However, this reflection is not detected by XRD due to the weak-
crystallinity of the NieS shell as discussed above. In addition, the
porosity of the NiCo2O4@NieS nanoplates has been determined by
N2 adsorption-desorption measurements. The BET specific surface
area of the NiCo2O4@NieS is determined to be 29.4 m2 g�1 with the
pore size around 6 nm (Fig. S3).

The as-prepared NiCo2O4@NieS arrays were further evaluated
as an electrode material for supercapacitors. Fig. 4A shows the CV
curves of the NiCo2O4@NieS nanoplate arrays, NiCo2O4 arrays and
Fig. 3. TEM images of NiCo2O4@NieS nanoplate (A, B and D) and NiCo2O4 nanoplate (C) arra
B show the individual NiCo2O4 nanoplate).
bare nickel foam substrate in the voltage range of �0.2 Ve0.6 V vs
SCE at a scan rate of 10 mV s�1. The specific capacitance is pro-
portional to the area under the CV curve; therefore, the capacitance
of the nickel foam is neglectable comparing with both array elec-
trodes. The CV profile of NiCo2O4@NieS arrays clearly show pro-
nounced pseudocapacitive characteristics comparing with NiCo2O4
array electrode. Fig. 4B further shows the CV analysis of the NiC-
o2O4@NieS nanoplate arrays at various scan rates in the potential
range of �0.20e0.60 V. The couple redox peaks at around 0.38 V
and 0.19 V at the scan rate of 2 mV s�1 can be attributed to the
reversible redox reactions of Ni(II)4 Ni(III) and Co(III)4 Co(IV). It
has been suggested that redox mechanism of nickel sulfide/oxides,
such as Ni3S2 and NiCo2O4, in aqueous alkaline solution can be
express as follows [25,27]:

Ni3S2 þ 3OH�4Ni3S2ðOHÞ3 þ 3e� [1]

NiCo2O4 þ OH�þH2O4NiOOHþ 2CoOOHþ e� [2]

CoOOHþ OH�4CoO2þH2Oþ e� [3]

It is well-known that the ability of high-rate discharge is crucial
for a supercapacitor. Fig. 4C shows the galvanostatic char-
geedischarge curves for the NiCo2O4@NieS array electrode at
various current densities in the range of �0.2e0.5 V. The anodic
peak at about 0.40 V from the CV curves is well manifested as a
plateau in the galvanostatic charge curves. The potential plateaus
observed in the charge curves correspond to the anodic process.
With higher current densities, this plateau shifts to a higher voltage
because of stronger polarization. The sepcific capacitance value Cs
can further be estimated according to the following equation:
Cs ¼ It/(DVm), where I is the current, t is the charge/discharge time,
DV is the potential window, and m is the mass of active material.
When calculate the areal capacitance, m is replaced by the area of
the electrode plane, S. Fig. 4D shows the comparative galvanostatic
ys grown on nickel foam (A presents the vertical NiCo2O4@NieS nanoplates and inset of



Fig. 4. (A) CV curves of the NiCo2O4@NieS arrays, NiCo2O4 arrays and bare nickel foam substrate in the range of �0.20 Ve0.60 V at 10 mV s�1. (B) CV curves of NiCo2O4@NieS arrays
in the range of �0.20 Ve0.60 V at various scan rates. (C) Galvanostatic chargeedischarge curves of NiCo2O4@NieS arrays at various current rates in the range of �0.20e0.50 V. (D)
Galvanostatic chargeedischarge curves of NiCo2O4@NieS and NiCo2O4 arrays at 8 mA cm�2 in �0.20e0.50 V. (E) Specific capacitance and (F) areal capacitance of NiCo2O4@ NieS
and NiCo2O4 arrays at various current densities.
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chargeedischarge curves of NiCo2O4@NieS and NiCo2O4 arrays at
8 mA cm�2 in �0.20e0.50 V. The elongated discharging time of
NiCo2O4@NieS electrode suggests its larger areal capacitance at
this current density. The corresponding plots of discharge capaci-
tance versus current density of NiCo2O4@NieS in Fig. 4C are shown
in Fig. 4E and F, along with the comparative data of NiCo2O4 arrays.
The NiCo2O4@NieS arrays can deliver a high specific capacitance of
926 F g�1 (1.85 F cm�2) at a current density of 8 mA cm�2 and a
specific capacitance of 577 F g�1 (1.15 F cm�2) is still retained at a
very high current density of 40 mA cm�2, which are much higher
than the bare NiCo2O4 arrays at the same current densities.

The cycling capability of the NiCo2O4@NieS array electrode was
further tested by the galvanostatic chargeedischarge measure-
ments for 3000 cycles conducted at a current density of
40 mA cm�2 within a potential window of �0.20e0.50 V. As shown
in Fig. 5A, a capacitance of 1.05 F cm�2 (corresponding to 71% of
their initial capacitance) can be retained for the NiCo2O4@NieS
arrays after 3000 cycles even at such a very high current density of
40 mA cm�2. Note that the capacitance fading is mainly originated
from the initial 400 cycles, which is similar to the previous report of
Ni3S2 electrodes [13,25]. After 400 cycles the capacitance of NiC-
o2O4@NieS arrays was increased a little because of the electro-
chemical activation of NiCo2O4, which is ascribed to the cycling-
induced improvement in the surface wetting of the electrode,
leading to more electroactive surface areas [29]. Fig. 5B further
shows Nyquist plots of the NiCo2O4@NieS nanoplate arrays before
and after 1000 cycles. The impedance spectrum of the NiC-
o2O4@NieS consists of a quasi-semicircle at higher frequency and a
linear part at lower frequency. The semicircle of the Nyquist dia-
gram corresponds to the Faradic reactions and its diameter repre-
sents the interfacial charge-transfer impedance, which was
increased after 1000th cycles, corresponding to the capacitance
fading in Fig. 5A. The linear part at the low frequency region in the
Nyquist plots of NiCo2O4@NieS have similar angles of ~79� with the
real axis (Fig. 5B), larger than typical Warburg angle of 45�, which
has also been observed in the previous reports for NiCo2O4, and
Co3O4 for supercapacitors [30,31]. In the present report, the obvious
plateaus in the chargeedischarge curves may suggest the existence
of solid-state diffusion [32], as a result of the diffusive impedance of
the OH� ion within the electrode [27]. In addition, a comparison of
the Nyquist plots of NiCo2O4@NieS and NiCo2O4 arrays is shown in
Fig. S4. The smaller diameter of the semicircle corresponding to the
Faradic reactions of NiCo2O4@NieS nanoplate array in the Nyquist
diagram indicates its smaller interfacial charge-transfer impedance
than bare NiCo2O4 array. The above information suggests that the
hierarchical coreeshell structure with low electron-transfer resis-
tance can effectively enhance electrochemical performance of the
array electrodes. Fig. 5C further shows the SEM image of the



Fig. 5. (A) Cycling performance of the NiCo2O4@NieS and NiCo2O4 nanoplate arrays at 40 mA cm�2. (B) Nyquist plots of the NiCo2O4@NieS nanoplate arrays before and after 1000
cycles. (C) SEM images of the NiCo2O4@NieS nanoplate arrays before (inset) and after 3000 cycles. (D) Galvanostatic chargeedischarge curves of NiCo2O4@NieS arrays for the 1st
and 3000th cycles. (E) EDS spectra and XRD pattern (inset) of the NiCo2O4@NieS nanoplate arrays after 3000 cycles. (F) Ragone plots of the NiCo2O4 and NiCo2O4@NieS nanoplate
arrays, Ni3S2/CNT15, ZnO@Ni3S213 and Ni3S2/Ni25 composites.
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NiCo2O4@NieS nanoplate array after 3000 cycles. It can be seen
that the surface of the nanoplates become coarse, as observed
previously [25]. Fig. 5D shows the galvanostatic chargeedischarge
curves of the NiCo2O4@NieS nanoplate array at 1st and 3000th
cycles. After 3000 cycles, the discharge plateau becomes more in-
clined, which may correspond to the coarsening of the electrode
surface. Elemental analysis by EDS (Fig. 5E) indicates the compo-
sition of the electrode after cycles is nearly the same as before, but
there are additional trace amounts of sodium, which may be left in
the electrode because of incomplete discharge, leading to capaci-
tance fading. Usually, the specific energy of supercapacitors is be-
tween 1 and 10Wh kg�1, while the specific power can be as high as
5 kW kg�1 for a supercapacitor [3]. The introduction of pseudoca-
pacitance can enhance the specific energy of the supercapacitors.
The specific energy of some well-designed supercapacitor mate-
rials, for example, nickel foam/graphene/NiCo2O4 composite can
reach a high value of 43.3 Wh kg�1 [33] and a carbon/MnO2 system
can reach 71 Wh kg�1 [34]. For NiCo2O4@NieS nanoplate arrays, as
shown in Ragone plot of Fig. 5F, the specific energy decreases from
63 to 39 Wh kg�1, while the specific power increases from 1.4 to
6.7 kW kg�1 as the galvanostatic chargeedischarge current density
increases from 8 to 40 mA/cm�2. It suggests that at the same spe-
cific power, our NiCo2O4@NieS nanoplate array shows the highest
specific energy comparing with the previous reported ZnO@Ni3S2,
Ni3S2/CNT and Ni3S2/Ni composites [13,15,25].

The excellent supercapacitive property of the hierarchical NiC-
o2O4@NieS array electrode could be attributed to the following
three reasons: (1) the NiCo2O4 arrays skeleton is stable during the
processes of charging and discharging, offering effectively electron
transport to NieS layer; (2) these electrodeposited NieS nano-
structures are strongly anchored on the NiCo2O4 arrays to form the
unique hierarchical core/shell structure with good stability and
integrity; (3) the pores present within the nickel sulfides are
favorable to electrolyte infiltration and the rapid diffusion of ions by
providing low-resistance pathways through the electrode surface.

4. Conclusions

In conclusion, NiCo2O4@NieS hierarchical coreeshell nanoplate
arrays have been successfully fabricated by a two-step process
combining hydrothermal synthesis and electrodeposition. Such
NiCo2O4@NieS arrays can deliver high specific capacitances of

mailto:ZnO@Ni
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1.85 F cm�2 and 1.15 F cm�2 at current rates of 8 mA cm�2 and
40 mA cm�2, respectively, and also exhibit good cycling stability.
The good stability of NiCo2O4 arrays, the good contact between
nickel sulfides and NiCo2O4 arrays, and the pores present within
nickel sulfides are responsible for the excellent electrochemical
performances of such NiCo2O4@NieS hierarchical coreeshell
nanoplate arrays. The present study can be extended to fabricate
other oxides/sulfides core/shell arrays (for example, NiCo2O4@CoS2,
NiO@Ni3S2, etc.) as electrode materials for electrochemical energy
storage applications.
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