
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2018) 29:12871–12877 
https://doi.org/10.1007/s10854-018-9406-4

Core–shell NiCo2O4@ZnWO4 nanosheets arrays electrode material 
deposited at carbon-cloth for flexible electrochemical supercapacitors

Kaihua Zhang1 · Liyang Lin1 · Shahid Hussain2 · Song Han1

Received: 26 March 2018 / Accepted: 1 June 2018 / Published online: 5 June 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Three dimensional (3D) hierarchical NiCo2O4 nanosheet arrays (NSAs)@ZnWO4 nanoflakes (NFs) core–shell structures 
have been successfully grown on a carbon cloth (CC) using two-step hydrothermal approach, following a heat treatment 
route. Compared with the pure CC@NiCo2O4 NSAs electrode, the binder-free CC@NiCo2O4@ZnWO4 hybrid system gives 
rise to a higher specific capacitance of 872.0 Fg−1 at a low current density of 1 Ag−1 and 791.1 Fg−1 at a quite high current 
density of 20 Ag−1, and retains ~ 92.9% of the initial capacitance even after 5000 cycles of charge and discharge. The excellent 
electrochemical performance of CC@NiCo2O4@ZnWO4 electrode is attributed to its high specific surface area of the 3D 
structures, fast electron transport property of NiCo2O4 material as the skeleton, and the synergistic effect between NiCo2O4 
and ZnWO4 materials, demonstrating that CC supported NiCo2O4 NSAs@ZnWO4 NFs composite as the high-performance 
electrode materials are highly desirable for the application of flexible supercapacitors.

1  Introduction

Fast developing stretchable devices, collapsible displays, and 
wearable electronics significantly booms the demand of suit-
able flexible energy powering sources [1]. Supercapacitors 
have attracted considerable attention in the field of energy 
storage due to their high power density, fast charge–dis-
charge (CD) rate, and ultra-long cycle lifetime [2–5]. In 
recent years, some metal substrates have been wildly used 
as the current collectors or electrically conductive substrates 
to grow metal oxides/hydroxides on the surface directly 
without any binders, which can improve the electrical con-
ductivity of the whole system [6–10]. However, these metal 
substrates not only contribute little capacitance to the super-
capacitor devices by themselves, but also cannot bear the 
mechanical distortion without break.

In order to meet the requirement of flexible supercapaci-
tor devices, many carbon based three dimensional substrate 

have been designed and used in the electrochemical fields 
[11–15]. The cheap but flexible/bendable carbon cloth 
(CC) has already attracted extensive research for a genera-
tion of electronic devices in various applications [16–19]. 
Unfortunately, because of the limited surface area, it is dif-
ficult to grow complex metal oxides nanostructures on the 
surface of CC, which results in the serious shortage of the 
effective electrode materials. A novel and skillful strategy 
is constructing the electrode composite materials with 3D 
core–shell structures on the skeleton of CC. Such hierarchi-
cal 3D synergistic nanostructures can provide a quite large 
surface area to facilitate easy access of electrolyte ions into 
the whole system [20–23]. Moreover, the synergistic effect 
between two different electrode materials can enhance the 
electrochemical performance, for instance, the promo-
tion of the specific capacitance and the cycle performance 
[24–26]. Almost all of the systems containing two electrode 
materials have been reported, but there is a promising elec-
trode material ZnWO4 is rarely reported as the composite 
materials for supercapacitors [27]. In addition, NiCo2O4 
as a common electrode material has been widely reported 
owing to its outstanding electrical conductivity and high 
redox activity, which are very favorable and suitable for the 
“core” part in the core–shell system [28–31]. It is expected 
that advancements in anode electrodes can be achieved by 
combining the flexible CC and hierarchical 3D NiCo2O4@
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ZnWO4 core–shell structures in a complete supercapacitor 
configurations.

Herein, we reported a synthesis of 3D NiCo2O4 NSAs@
ZnWO4 NFs core–shell structures grown on CC by a facile 
and efficient two-step hydrothermal method. This special 
system as both a new class of binder-free anode and the 
current collector instead of traditional 2D or 3D metal cur-
rent collectors such as copper, titanium plates and Ni foam, 
exhibiting high specific capacitance, good rate capability, 
and great cycle performance. The CC@NiCo2O4@ZnWO4 
electrode possessed a high specific capacitance of 872.0 
Fg−1 at a current density of 1 Ag−1, 791.1 Fg−1 at a high 
current density of 20 Ag−1, and still retained 92.9% capaci-
tance even after 5000 cycles.

2 � Experimental

2.1 � Materials preparation and characterization

All the regents that were used in the experiment are analyti-
cal grade without any further purification. Firstly, a piece 
of CC (2 cm × 3 cm) was adequately washed to remove the 
dirty by continuous ultrasonication in acetone, ethanol, and 
deionized (DI) water for 15 min, respectively.

To grow NiCo2O4 NSAs on the CC (S1), 2 mmol cobalt 
nitrate hexahydrate, 1 mmol nickel nitrate hexahydrate, 1 g 
cetyltrimethyl ammonium bromide (CTAB) were dissolved 
in 40 mL mixed solution (34 mL methyl alcohol and 6 mL 
DI water) under magnetic stirring for 30 min. The solution 
was subsequently transferred into a 50 mL Teflon-lined 
stainless steel autoclave. A piece of treated CC (2 cm × 3 cm) 
was immersed in the solution before sealing the autoclave. 
Then, the autoclave was put into an electric oven and heated 
at 180 °C for 12 h. The precursors grown on the CC were 
rinsed several times with ethanol and DI water. Finally, S1 
was obtained after annealing in the muffle furnace at 350 °C 
for 2 h.

To fabricate CC@NiCo2O4@ZnWO4 NSAs core–shell 
structures (S2), 1 mmol zinc nitrate hexahydrate, 1 mmol 
sodium tungstate, and 6 mmol ammonium fluoride were 
dissolved in 40 mL DI water under magnetic stirring for 
30 min. Then, the milky suspension was transferred into a 
50 mL Teflon-lined stainless steel autoclave with as-obtained 
S1. The autoclaves was put into the electric oven and heated 
at 180 °C for 6 h. The final products were washed with DI 
water and dried at 60 °C for 6 h following a heat treatment 
in the muffle furnace at 400 °C for 2 h to obtain S2.

The composition and phase of the samples were evalu-
ated by X-ray diffraction (XRD). Morphologies, elemental 
map and nanostructures were characterized with a JSM-
7800F (JEOL) field-emission scanning electron microscope 

(FE-SEM) and a JEM-2100F (JEOL) Transmission Electron 
Microscope (TEM).

2.2 � Electrochemical measurements

A common three-electrode system was used for the test of 
electrochemical performance. The electrodes made of S1 
and S2 were used as working electrodes. Saturated calo-
mel electrodes and Pt foil was used as reference and coun-
ter electrodes, respectively. Cyclic voltammetry (CV) and 
galvanostatic charge–discharge (GCD) measurements were 
conducted in 2.0 M KOH solution by an electrochemical 
working station. The specific capacitance (C) was calcu-
lated by using C = IΔt/mΔU in the discharge measurements, 
where I is discharge current density, ΔU is the width of the 
potential window, m is the mass of the active materials and 
Δt is the discharging time [32, 33]. The effective region of 
the electrodes immersed in the electrolyte was controlled 
to be ~ 1 × 1 cm2. The mass loading of the S1 and S2 elec-
trodes for the three-electrode system was ~ 0.82 mg and ~ 1.2 
mgcm−2, respectively.

3 � Results and discussion

3.1 � Structural characterization and analysis

A simple schematic illustration of formation process of 
CC@NiCo2O4 NSAs@ ZnWO4 NFs core–shell structures 
are shown in Fig. 1. The corresponding X-ray diffraction 
(XRD) patterns of the CC@NiCo2O4@ZnWO4 sample 
that was tested as the thin-film materials are presented in 
Fig. 2, including the standard patterns of NiCo2O4 (JCPDS 
20–0781) and ZnWO4 (JCPDS 15–0774). Obviously, it con-
tains three different phases. Four diffraction peaks at 36.8°, 
44.7°, 59.3° and 65.0° correspond to (311), (400), (511) 
and (440) planes of NiCo2O4. A peak appearing at 26.4° 
corresponds to (002) plane of C (JCPDS 41-1487). Other 
peaks at 23.8°, 24.6°, 30.5°, 36.4°, and 53.6° correspond to 
(011), (110), (111), (002) and (-202) plane can be identified 
as ZnWO4. It can be confirmed that as-prepared product is 
with no impurities.

Surface morphologies of S1 and S2 have been observed 
and recorded by SEM shown in Fig. 3. In detail, Fig. 3a, b, 
d, e show the low-magnification SEM images of S1 and S2 
revealing that almost all the carbon fibers are covered by 
NiCo2O4 or NiCo2O4@ZnWO4 composite even after a com-
prehensive rinsing by DI water and ethanol. From the high-
magnification SEM image (Fig. 3c) of S1, one can notice that 
these well-ordered NiCo2O4 nanosheets (length of 1 ~ 2 µm) 
are grown vertically and cross-linked on the carbon fiber. 
For the feature of S2, Fig. 3f indicates that each piece is fully 
decorated by a number of small and dense flakes (length 
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of 150 ~ 200 nm). Furthermore, the EDS mappings includ-
ing W, Zn, Ni, Co, and O are also displayed separately in 
Fig. 4, roughly confirming the uniformly distribution of 
these elements.

To probe nanostructures of both S1 and S2, we conducted 
TEM and HRTEM imaging of a single NiCo2O4 NS and 
NiCo2O4@ZnWO4 core–shell NS scraped from the CC 
respectively, as shown in Fig. 5. Figure 5a illustrates that 
the NiCo2O4 nanosheet is flat but with many pores (a lot 
of white plots) on the surface according to the whole con-
trast, which should be attributed to the thermal-dynamical 
decomposition from the precursor NixCo2x(OH)6x to final 
product [34]. In addition, Fig. 5b as the HRTEM image of 
S1 shows one set of lattice fringes from NiCo2O4 nanosheet 
(the width of 0.245 nm) corresponds to (311) crystal plane 
of NiCo2O4 phase. From Fig. 5c, the core–shell structures 

Step I Step II

Carbon Fiber C@NiCo2O4 C@NiCo2O4@ZnWO4Carbon Cloth

Fig. 1   Steps wise schematic diagram for the formation of nanostructures deposited on carbon cloth
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Fig. 2   XRD patterns of CC@NiCo2O4@ZnWO4 NSAs core–shell 
structures

Fig. 3   SEM images of a–c S1 and d–f S2
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Fig. 4   SEM image and EDS mappings of S2

Fig. 5   TEM and HRTEM images of a, b S1 and c, d S2. (Color figure online)
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can be observed based on the different contrast compar-
ing with Fig. 5a. Clearly, the flat flake facing us with a 
larger size should be NiCo2O4 nanosheet. Some black lines 
(marked with red dotted lines) are about width of 150 nm, 
which matches the characterization of SEM image Fig. 3f, 
corresponding to the small-size vertical ZnWO4 NFs. The 
HRTEM image (Fig. 5d) that obtained from one end of 
a black line shows one set of lattice fringes (the width of 
0.292 nm) corresponds to (111) crystal plane of ZnWO4 
phase.

3.2 � Electrochemical characterization and analysis

To test their potential application as supercapacitors, we 
studied electrochemical performance of both electrodes 
S1 and S2. Figure 6a shows the cyclic voltammetry (CV) 
curves with the potential window ranging from 0 to 0.7 V 
at a sweep rate of 100 mVs−1 for the electrode S1 and S2, 
respectively. As expected, the region surrounded by the CV 
curve for the electrode S2 is broader than that for the elec-
trode S1. Moreover, the positions of redox peaks are also 
different. For the electrode S1, the shape of the CV curve 
shows a pair of redox peaks: one appears around 0.27 V and 
the other appears around 0.42 V. For the electrode S2, a pair 
of redox peaks appears around 0.37 V and 0.5 V. This means 
that the Faradaic redox reactions have a significant impact on 
the capacitance of electrode S1 and S2. Figure 6b shows the 
galvanostatic charge–discharge (GCD) curves at the current 
density of 1 Ag−1. Obviously, it takes a longer time to com-
plete one discharge process (it is ~ 392.4 s for the electrode 
S2 and ~ 208.0 s for the electrode S1), demonstrating that the 
electrode S2 shows the larger specific capacitance.

To further investigate the electrochemical behaviors of 
the electrode S2 in a three-electrode system, we have done a 
series of testing under different condition. Figure 7a shows 
a sequence of CV curves obtained with the potential win-
dow ranging from 0 to 0.7 V at various scan rates. With the 
increase of the voltage sweep rate, the absolute value of 
the anodic and cathodic peaks increases clearly, revealing a 
relatively low resistance of the electrode and the fast redox 
reactions at the interface between the electrode and electro-
lyte [35]. Figure 7b shows GCD curves of the electrode S2 
obtained at a potential window 0 ~ 0.45 V at different current 
densities from 1 to 20 Ag−1. The corresponding discharge 
time is estimated to be 392.4, 193.1, 74.7, 45.8, 36.4, and 
17.8 s. According to the above results, the specific capaci-
ties of the electrode S2 and S1 at different current densities 
can be calculated by the formula introduced in "Experimen-
tal" section and shown in Fig. 7c. The electrode S1 has a 
specific capacitance of 458.2, 449.3, 433.6, 416.9, 407.1, 
and 393.8 Fg−1 at a current density of 1, 2, 5, 8, 10, and 
20 Ag−1, respectively, while the electrode S2 has a specific 
capacitance of 872.0, 858.2, 830.0, 814.2, 808.9, and 791.1 
Fg−1. Significantly, compared with the former, the latter (S2) 
exhibits the higher capacitance of 872.0 Fg−1 at a low cur-
rent density of 1 Ag−1 and retains 791.1 Fg−1 even at a high 
current density of 20 Ag−1. Such an enhanced electrochemi-
cal performance for the electrode S2 should be attributed to 
its rational material and structure design [36, 37]. In order 
to check the cycling performance of the electrode S2, we 
calculated and presented in Fig. 7d the retention of specific 
capacitance obtained at current density of 10 Ag−1, finding 
that the electrode S2 still retains 92.9% capacitance even 
after 5000 cycles. The inset shows the last ten GCD curves.
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4 � Conclusions

In summary, we have demonstrated the rational design and 
fabrication of 3D hierarchical NiCo2O4 nanosheet arrays@
ZnWO4 nanoflakes core–shell structures on carbon cloth by 
a facile and efficient two-step hydrothermal approach fol-
lowing the proper heat treatment. The as-prepared CC@
NiCo2O4 NSAs@ZnWO4 NFs electrode was found to show 
a high specific capacitance of 872.0 Fg−1 at a low current 
density of 1 Ag−1 and still retaining 791.1 Fg−1 even at a 
high current density of 20 Ag−1, revealing its excellent rate 
capability. After 5000 GCD cycles at the current density of 
10 Ag−1, the electrode still kept 92.9% specific capacitance, 
indicating its great cycling performance. Therefore, the pre-
sent work provided an insight into the fabrication of novel 
electrode materials with both enhanced rate capability and 
cycle performance for potential use in supercapacitors and 
other energy storage devices.
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