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NiS/Ni3S2@NiWO4 nanoarrays towards all-solid-state
hybrid supercapacitor with record-high energy
density
Fangshuai Chen1†, Xiaoya Cui2†, Chang Liu1†, Baihua Cui1, Shuming Dou1, Jie Xu1, Siliang Liu1,
Hong Zhang1, Yida Deng1*, Yanan Chen1* and Wenbin Hu1,3

ABSTRACT The rational design and synthesis of hybrid-type
electrode nanomaterials are significant for their diverse ap-
plications, including their potential usage as high-efficiency
nanoarchitectures for supercapacitors (SCs) as a class of pro-
mising energy-storage systems for powering next-generation
electric vehicles and electronic devices. Here, we reported a
facile and controllable synthesis of core-shell NiS/Ni3S2@
NiWO4 nanoarrays to fabricate a freestanding electrode for
hybrid SCs. Impressively, the as-prepared freestanding NiS/
Ni3S2@NiWO4 electrode presents an ultrahigh areal capacity
of 2032 μA h cm−2 at 5 mA cm−2, and a capacity retention of
63.6% even when the current density increased up to
50 mA cm−2. Remarkably, the NiS/Ni3S2@NiWO4 nanoarray-
based hybrid SC delivers a maximum energy density of
1.283 mW h cm−2 at 3.128 mW cm−2 and a maximum power
density of 41.105 mW cm−2 at 0.753 mW h cm−2. Furthermore,
the hybrid SC exhibits a capacity retention of 89.6% even after
continuous 10,000 cycles, proving its superior stability. This
study provides a facile pathway to rationally design a variety of
core-shell metal nanostructures for high-performance energy
storage devices.

Keywords: core-shell nanoarrays, freestanding electrode, max-
imum energy density, hybrid SC

INTRODUCTION
With the continuous reduction of traditional fossil energy
reserves and the increasing global environmental pro-
blems, the development of new and environmental-be-
nign energy storage devices is one of the most important

strategies to solve the energy crisis. Electrochemical en-
ergy storage devices have attracted extensive attention for
the last few decades [1–3]. Among all the energy storage
devices featured with small size, flexible and high-per-
formance [4,5] supercapacitors (SCs) have become one of
the hot topics due to their excellent properties, such as
high power density, environmental friendliness, long
durability, low cost and fast charge/discharge [6,7], as
compared with Li-ion batteries. However, the current
technology is far from the best choice to modify energy
density, charge efficiency and cycle life of SCs at mole-
cular scale, which hinders their further applications in
electronics and industry. As the core of SCs, the elec-
trochemical performance of electrode materials has a
decisive impact on the energy storage performance of SCs
[8,9]. Therefore, electrode materials with high energy
density should be intensively investigated for potential
SCs. The hybrid SC devices, using electric double-layer
capacitive (EDLC) materials as the negative electrodes
and the battery-type materials as the positive electrodes
[10,11], possess enhanced characteristics, including
higher energy densities and power densities than the in-
dividual counterparts. This facilitates their applications in
energy efficient systems as compared with other energy
storage devices.
Metal-based sulfides have become potential SC elec-

trode materials due to their battery-type characteristics.
They are featured with abundant sources, low price,
fantastic energy density and high conductivity [12–16].
Particularly, nickel sulfides with various compositions
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and phases (NiS, Ni3S2, and Ni3S4) have been widely
concerned because of their application prospects in
practical devices [17–22]. Various nickel sulfide nanos-
tructures, such as nanorod arrays [23,24], nanosheet ar-
rays [22,25,26], nanonests [27] and core-shell structures
[5,20,28,29], have been explored as SC electrodes due to
their fantastic electrochemical performances, which pro-
vide more active sites for charges and facilitate fast ion
diffusion. Despite great progress, designing and fabri-
cating structurally stable electrode materials with ultra-
high electrochemical activity for practical applications
still remains a great challenge. Constructing synergistic
core-shell nanostructures is also one of the effective
pathways to generate abundant active sites [10,30], ac-
celerate the diffusion of electrolyte ions, prolong the cy-
cling life and enhance the charge storage ability,
compared with their separated parts [7,31–35]. Further-
more, binary transition metal oxides, which combine two
metal cations together, could significantly improve the
electrical conductivity and provide various oxidation
states, leading to enhanced electrochemical properties [5].
Synthesizing highly conductive electrode materials with
high surface area is an effective approach to enhance the
electrochemical performance. NiWO4 presents much
higher conductivity (i.e., in the order of 10−7 to
10−3 S cm−1) than pure NiO (i.e., 10−13 S cm−1) due to the
incorporation of the W atom [36,37]. Therefore, NiWO4
could exhibit higher electrochemical performance for
energy storage systems in comparison with Ni hydroxide/
oxide.
Herein, a core-shell structured NiS/Ni3S2@NiWO4 na-

noarray-based freestanding electrode has been explored
to fabricate hybrid SC device. A two-step facile method
was used to synthesize the core-shell structured NiS/Ni3S2
@NiWO4 nanoarrays with Ni foam as substrate. The one-
dimensional (1D) NiS/Ni3S2 nanorods were firstly in-situ
prepared on Ni foam, and then NiWO4 was deposited on
the surface of the NiS/Ni3S2 nanorods to form the final
product, referred to as NiS/Ni3S2@NiWO4 nanoarrays. A
hybrid SC with the NiS/Ni3S2@NiWO4 nanoarrays as the
positive electrode and commercial active carbon (AC) as
the negative electrode was fabricated. The all-solid-state
hybrid SC exhibits enhanced energy density and rate
capability, because the unique nanoarchitecture with high
interfacial atomic activity and robust structure provides
abundant redox reaction sites and thus reduces the charge
transfer resistance.

RESULTS AND DISCUSSION
The preparation procedure of the NiS/Ni3S2@NiWO4

nanoarrays is illustrated in Fig. 1. Firstly, 1D NiS/Ni3S2
nanorods were prepared via a solvothermal method on
the surface of Ni foam. Then, with the obtained NiS/Ni3S2
nanorods as templates, NiWO4 nanofilms were generated
by the solvothermal method, forming the NiS/Ni3S2@
NiWO4 nanoarrays. The high conductivity and unique
1D structure of the NiS/Ni3S2 nanorods, which can act as
the conductive and robust support to hinder the ag-
gregation of the NiWO4 nanofilms, promote the electron
transport between the NiS/Ni3S2 nanorods and NiWO4
films, as well as benefit the cycle stability of the NiS/
Ni3S2@NiWO4 nanoarray-based SCs.
Detailed characterizations of the as-prepared NiS/Ni3S2

nanorods, NiWO4 film and NiS/Ni3S2@NiWO4 na-
noarrays are shown in Fig. S1 and Fig. 2. The re-
presentative scanning electron microscopy (SEM) images
(Fig. S1a–c) show that Ni3S2/NiS nanorods display a ty-
pical 1D nanorod array morphology, with the average
diameter of 500 nm and smooth surface. After the uni-
form growth of NiWO4 nanofilms, the unique 1D core-
shell NiS/Ni3S2@NiWO4 nanoarrays featured with a
rough surface (Fig. 2a–d) and average diameter of 550 nm
(Fig. 2c, d) were synthesized. Note that the unique 1D
nanorod array morphology of NiS/Ni3S2@NiWO4 na-
noarrays is well retained (Fig. 2a). High-resolution
transmission electron microscopy (HRTEM) image
(Fig. 2e) reveals that the thickness of the ultrathin NiWO4
nanofilm is about 16.5 nm, and the interface between
NiS/Ni3S2 nanorods and NiWO4 nanofilm is marked by
the red dotted line. Moreover, the HRTEM image shows
that the lattice distance at the shell is 0.230 nm, which is
in good agreement with the (200) plane of the monoclinic
NiWO4. By comparison, the lattice distances at the core
are 0.204 and 0.186 nm, which are associated with the
(202) plane of Ni3S2 and (131) plane of NiS. The selected
area electron diffraction (SAED) pattern (Fig. 2f) of the
NiS/Ni3S2@NiWO4 nanoarray has several bright dots,
which are ascribed to the (200) plane of NiWO4, (202)

Figure 1 Schematic illustration of the fabrication of the core-shell NiS/
Ni3S2@NiWO4 nanoarrays.
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plane of Ni3S2 and (131) plane of NiS, confirming the
core-shell structure of the NiS/Ni3S2@NiWO4 nanoarrays.
In addition, the energy-dispersive X-ray spectroscopy
(EDS) elemental mapping images (Fig. 2g) further con-
firm the core-shell nanostructure of the NiS/Ni3S2@
NiWO4 nanoarrays, which obviously show that S is rich
on the NiS/Ni3S2 core, W and O are mainly on the
NiWO4 shell, while Ni is homogeneous dispersed in the
entire core-shell structures. For comparison, the NiWO4
electrode materials were also directly grown on Ni foam
via the hydrothermal method (Fig. S1d–f).
The X-ray diffraction (XRD) patterns of the NiS/Ni3S2

nanorods and NiS/Ni3S2@NiWO4 nanoarrays are shown
in Fig. 3a. The diffraction peaks at 21.75°, 31.10°, 37.78°,
44.33°, 49.73° and 54.62° are assigned to the (101), (110),
(003), (202), (113) and (122) planes of Ni3S2 (PDF#44-
1418), respectively. In addition, the diffraction peaks at
18.43°, 30.31°, 32.21°, 35.71°, 40.47°, 48.84°, 57.43° and
59.70° are well assigned to the (110), (101), (300), (021),
(211), (131), (330) and (012) planes of NiS (PDF#86-
2281), respectively. Moreover, the major diffraction peaks
at 19.28°, 23.97°, 24.92°, 30.93°, 36.57° and 41.66° ascribed

to the (100), (011), (110), (−111), (002) and (−102) planes
of NiWO4 (PDF#15-0755) can be identified in the XRD
pattern of NiS/Ni3S2@NiWO4. However, the intensities of
these NiWO4 diffraction peaks are weaker due to the poor
crystallinity or the low mass loading of the NiWO4
nanofilms. Except for the aforementioned peaks and
diffraction peaks of Ni (PDF#04-0805) from Ni foam, no
extra peaks were detected in the XRD pattern. X-ray
photoelectron spectroscopy (XPS) was then employed to
further investigate the chemical states of the NiS/Ni3S2@
NiWO4 as shown in Fig. 3b–e, confirming the presence of
Ni, W, O and S, which matches well with the NiS/Ni3S2
@NiWO4 composite phases. Besides the Ni LMM, O KLL,
C 1s and O 1s peaks, the S 2s, S 2p, W 4d, W 4f, W 4p,
Ni 2s, Ni 2p, Ni 3s and Ni 3p peaks can also be observed
in the spectrum of NiS/Ni3S2@NiWO4 nanoarrays
(Fig. 3b). In the Ni 2p spectrum (Fig. 3c), the two peaks
centered at 855.9 and 873.6 eV are typically ascribed to
Ni3+ [17,18], and the satellite peaks (861.6 and 879.7 eV)
are two shake-up type peaks of Ni. Particularly, the peak
centered at 853.0 eV is typically ascribed to Ni2+ [17, 38].
With respect to the W 4f spectrum (Fig. 3d), two peaks

Figure 2 (a–c) SEM images, (d) TEM image, (e) HRTEM images and (f) SAED pattern of the NiS/Ni3S2@NiWO4 nanoarrays on Ni foam. (g–k) TEM-
EDS elemental mapping images of a typical NiS/Ni3S2@NiWO4 nanorod.
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centered at 35.2 and 37.4 eV with a difference of 2.2 eV
demonstrate the presence of W6+ oxidation state [36,39].
In the S 2p spectrum (Fig. 3e), the main peaks (161.8 and
163.0 eV) and the satellite peak (168.1 eV) can be as-
signed to S in the Ni3S2 and NiS phase [40].
Cyclic voltammetry (CV) was firstly applied to measure

the electrochemical properties of the NiS/Ni3S2 nanorods,

NiWO4 film and NiS/Ni3S2@NiWO4 nanoarrays using
3 mol L−1 KOH electrolyte in the potential range of −0.1
to 0.7 V. CV curves (at a scan rate of 5 mV s−1) of the
aforementioned samples show a pair of redox peaks
(Fig. 4a), indicating that highly reversible Faradaic reac-
tions occur in the process of CV. It is also clearly shown
that the enclosed areas of CV of NiS/Ni3S2@NiWO4 is

Figure 3 (a) XRD patterns of the NiS/Ni3S2 and NiS/Ni3S2@NiWO4 on Ni foam. XPS spectra of the core-shell NiS/Ni3S2@NiWO4 nanorod arrays on
Ni foam: (b) full spectrum, (c) Ni 2p, (d) W 4f and (e) S 2p.
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greater than those of NiS/Ni3S2 and NiWO4 (Fig. 4a),
suggesting the higher electrochemical capacity of the NiS/
Ni3S2@NiWO4 nanoarrays, as compared with the NiS/
Ni3S2 nanorods and NiWO4 film. The CV curves of the
NiS/Ni3S2@NiWO4 nanoarrays were also recorded from 5
to 30 mV s−1 (Fig. 4b). The response current increases
linearly with the increase of the scan rate and the CV
curves also keep their original shape, indicating the high
reversibility and superior rate capability. The reaction
kinetics was investigated by analyzing the relationship
between the peak current (i) and scan rate (v) according
to the following equation:
i = avb (log(i)=blog(v)+log(a)), (1)
where a and b are constants. The value of b can be ob-
tained from the slope of the linear plot of log(i) against
log(v). The b-values of the cathodic and anodic peaks are

0.60 and 0.56 (Fig. 4c), respectively, indicating that the
charge-discharge process in the NiS/Ni3S2@NiWO4 elec-
trode is dominated by a diffusion-controlled battery-type
behavior [41]. The capacities of the as-prepared NiS/Ni3S2
nanorods, NiWO4 film and NiS/Ni3S2@NiWO4 na-
noarrays were also evaluated by galvanostatic charge-
discharge (GCD) analysis at 5 mA cm−2 (Fig. 4d). The
battery types of three GCD profiles, namely two well-
defined potential plateaus, confirm that the Faradaic re-
duction reactions occur during the GCD processes, which
match well with the aforementioned CV results. As ex-
pected, the discharge time of NiS/Ni3S2@NiWO4 (1464 s)
is much longer than those of NiS/Ni3S2 (424 s) and
NiWO4 (76 s), proving the higher specific capacity of NiS/
Ni3S2@NiWO4 (the CV and GCD curves of NiS/Ni3S2 and
NiWO4 are shown in Fig. S2). GCD curves of NiS/Ni3

Figure 4 (a) CV curves of NiWO4, NiS/Ni3S2 and NiS/Ni3S2@NiWO4 at 5 mV s−1. (b) CV curves of NiS/Ni3S2@NiWO4 from 5 to 30 mV s−1. (c) The
plots of log(i) versus log(v) for NiS/Ni3S2@NiWO4. (d) GCD curves of NiWO4, NiS/Ni3S2 and NiS/Ni3S2@NiWO4 at 2 mA cm−2. (e) GCD curves of
NiS/Ni3S2@NiWO4 at different current densities. (f) IR drop vs. current density for NiS/Ni3S2@NiWO4. (g) Areal capacity of NiWO4, NiS/Ni3S2 and
NiS/Ni3S2@NiWO4 at different current densities. (h) Nyquist plots of the EIS for NiWO4, NiS/Ni3S2 and NiS/Ni3S2@NiWO4.
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S2@NiWO4 (Fig. 4e) show well-defined potential plateaus,
which results from its good battery-type properties at all
the current densities. As shown in Fig. 4f, the IR drop
linearly increases in the GCD curves, indicating that the
conductivity of the electrode materials unvaried during
the GCD processes due to the fantastic stability of the
NiS/Ni3S2@NiWO4 nanoarrays. As shown in Fig. 4g, the
NiS/Ni3S2@NiWO4 nanoarrays show the highest areal
capacity from 5 to 50 mA cm−2, as compared with the
NiS/Ni3S2 and NiWO4 samples. Impressively, the NiS/
Ni3S2@NiWO4 nanoarrays present an ultrahigh areal ca-
pacity of 2032 μA h cm−2 at 5 mA cm−2, and a capacity
retention of 63.6% even when the current density in-
creases to 50 mA cm−2, indicating its high electrocatalytic
stability and exceptional rate capability. The resulting
high capacity performance of the NiS/Ni3S2@NiWO4
nanoarrays is comparable to other reported hybrid SCs
(Table S1). The electrochemical impedance spectroscopy
(EIS) measurements were conducted at the frequency
range of 0.01–100 kHz with a superimposed 5 mV sinu-
soidal voltage (Fig. 4h). The measured impedance data
were analyzed by fitting an equivalent electrical circuit,
which is composed of equivalent series resistance (Rs),
charge-transfer resistance (Rct), constant phase element
(Cd) and Warburg element (Zw) [42]. The straight line of
the NiS/Ni3S2@NiWO4 electrode is steeper than those of
NiWO4 and NiS/Ni3S2 in the low frequency region, in-

dicating that the lower diffusion resistance and more ef-
ficient ion diffusion of charges, which could shorten the
transportation and diffusion path of electrons and ions
[43]. In addition, the equivalent series resistance of
NiWO4, NiS/Ni3S2 and NiS/Ni3S2@NiWO4 are 0.53, 0.56
and 0.67 Ω, respectively. The excellent electrochemical
performance of the NiS/Ni3S2@NiWO4 nanoarrays might
arise from the modification of NiWO4 facilitating the
permeation of OH− to the NiS/Ni3S2 “core” [44].
To further evaluate the feasibility of the core-shell NiS/

Ni3S2@NiWO4 nanoarray-based electrode in practical
application, a hybrid SC with the NiS/Ni3S2@NiWO4
nanoarrays as the positive electrode and AC as the ne-
gative electrode was fabricated (Fig. 5a). The positive/
negative mass ratio is 0.25 (see Supplementary informa-
tion) according to their individual electrochemical beha-
viors. The CV curves of the NiS/Ni3S2@NiWO4
nanoarray-based hybrid SC device at various voltage
windows (Fig. 5b) do not show visible polarization when
the voltage window is smaller than 1.6 V, which de-
termines its voltage window as 0.0–1.6 V. Therefore, the
CV test of the NiS/Ni3S2@NiWO4 nanoarray-based hy-
brid SC device was carried out between 0 to 1.6 V from 5
to 50 mV s−1 (Fig. 5c). The CV curves show “knife-like”
shapes with a pair of broad redox peaks, which is a typical
shape for hybrid SC cells compared with pseudocapacitor
and EDLC [45, 46]. Moreover, these CV curves show no

Figure 5 (a) Schematic illustration of the hybrid SC fabricated with NiS/Ni3S2@NiWO4/Ni and AC/Ni. (b) CV curves of the NiS/Ni3S2@NiWO4/Ni-
based hybrid SC measured at different operating voltages at 10 mV s−1. (c) CV curves of the NiS/Ni3S2@NiWO4/Ni-based hybrid SC from 5 to
50 mV s−1. (d) GCD curves of the hybrid SC from 5 to 50 mA cm−2. (e) Specific capacities and Coulombic efficiencies at different current densities for
the hybrid SC. (f) Ragone plot of our work compared with the reported nickel-based hybrid SCs.
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obvious polarization, indicating that the capacitance
mainly comes from the redox reactions. As shown in
Fig. 5d, the GCD curves of the NiS/Ni3S2@NiWO4 na-
noarray-based hybrid SC exhibit a good linear feature,
and quasi-triangular shape with good symmetry, sug-
gesting high reversibility and capacity of this hybrid SC
[47]. The areal capacitance (Fig. 5e) reaches
1604 μA h cm−2 at 5 mA cm−2. The value maintains as
942 μA h cm−2 with a capacity retention of 58.7% at
50 mA cm−2. Moreover, the Coulombic efficiency is
nearly 100% when the current density reaches
50 mA cm−2. To evaluate the electrochemical perfor-
mance of our hybrid SC device, we compared the values
of our hybrid SC device with recently reported nickel-
and nickel sulfide-based electrodes (Fig. 5f). The Ragone
plot calculated by the areal parameters shows that the
electrochemical values of our device are on top right
corner of Fig. 5f. The NiS/Ni3S2@NiWO4 nanoarray-
based device can deliver a tested maximum energy den-
sity of 1.283 mW h cm−2 at 3.128 mW cm−2, and the en-
ergy density still remains 0.754 mW h cm−2 at
41.105 mW cm−2. Our device exhibits superior energy
and power densities and shows comparable reversibility
and large working potential window, as compared with
recently reported SCs (Fig. 5f and Table S2).

The cycling stability of the hybrid SC device was stu-
died by continuous GCD test (Fig. 6a) at 20 mA cm−2. It
is worth noting that the capacity retention can be as high
as 89.6% after a successive test of 10,000 cycles, proving a
superior long-term stability with high Coulombic effi-
ciency of our device. Fig. 6b shows a schematic illustra-
tion of the assembly of the two-electrode all-solid-state
hybrid SC. Impressively, by assembling three hybrid SC
devices in series, eight light emitting diodes (LEDs) can
be easily lighted up, demonstrating the viability and po-
tential of this hybrid SC device for practical applications.
The electrochemical properties of the all-solid-state hy-
brid SC were also demonstrated (Fig. S4).

CONCLUSIONS
In summary, we prepared an all-solid-state hybrid SC
with the 1D core-shell structured NiS/Ni3S2@NiWO4
nanoarray-based freestanding electrodes. The as-prepared
electrodes show enhanced specific capacity with long
durability. The NiS/Ni3S2@NiWO4 nanoarray-based
electrode demonstrates a superior specific capacity of
2032 μA h cm−2 at 5 mA cm−2. The superior electro-
chemical performance can be attributed to the synergy
effect, more active sites and robust support. The above-
mentioned features of the hybrid SC device show high

Figure 6 (a) Cycle stability test and Coulombic efficiency of the hybrid SC for 10,000 cycles at 20 mA cm−2. (b) Schematic illustration of the two-
electrode all-solid-state hybrid SC. (c) Digital photos of eight red LEDs in parallel lighted up by assembling three hybrid SC devices in series.
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reliable and potential for practical applications in next-
generation electronic devices.
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NiS/Ni3S2@NiWO4纳米阵列用于构造能量密度创
新高的全固态混合超级电容器
陈方帅1†, 崔晓亚2†, 刘畅1†, 崔柏桦1, 窦树明1, 许洁1, 刘丝靓1,
张鸿1, 邓意达1*, 陈亚楠1*, 胡文彬1,3

摘要 混合型纳米电极材料的合理设计及合成对于其不同的应用
具有重要意义, 尤其是对于可用于下一代电动汽车和电子设备供
电的高效纳米结构超级电容器(SCs)储能器件. 本文报道了一种简
便可控合成核-壳NiS/Ni3S2@NiWO4纳米阵列的方法, 并将其用于
混合超级电容器的独立电极. 在5 mA cm−2的条件下, 所制备的
NiS/Ni3S2@NiWO4独立电极表现出高达2032 μA h cm−2的面积容
量; 即使电流密度增至50 mA cm−2, 其容量保留率仍为63.6%. 更重
要的是, 在功率密度为3.128 mW cm−2时,该NiS/Ni3S2@NiWO4纳米
阵列混合超级电容器仍表现出1.283 mW h cm−2的最大能量密度;
而在能量密度为0.753 mW h cm−2时, 该超级电容器表现出的最大
功率密度为41.105 mW cm−2. 此外 , 该混合超级电容器在连续
10,000次循环后仍能保持89.6%的原始容量, 从而进一步证明其优
异的稳定性. 本研究为合理设计各种核壳金属纳米结构提供了便
捷途径, 有助于促进其在高性能储能器件领域的广泛应用.
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