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ABSTRACT: Here we design a nanostructure by embedding
Au nanoparticles into ZnO/NiO core−shell composites as
supercapacitors electrodes materials. This optimized hybrid
electrodes exhibited an excellent electrochemical performance
including a long-term cycling stability and a maximum specific
areal capacitance of 4.1 F/cm2 at a current density of 5 mA/
cm2, which is much higher than that of ZnO/NiO hierarchical
materials (0.5 F/cm2). Such an enhanced property is attributed
to the increased electro−electrolyte interfaces, short electron
diffusion pathways and good electrical conductivity. Apart
from this, electrons can be temporarily trapped and
accumulated at the Fermi level (EF′) because of the localized
schottky barrier at Au/NiO interface in charge process until fill the gap between ZnO and NiO, so that additional electrons can
be released during discharge. These results demonstrate that suitable interface engineering may open up new opportunities in the
development of high-performance supercapacitors.
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■ INTRODUCTION

With the increasing power and energy demand of modern
society and the emerging environmental concerns, it has
become essential for the utilization of clean and renewable
energy. Of the many available energy storage devices,1−3

supercapacitors, also called electrochemical capacitors (ECs) or
ultracapacitors, have attracted tremendous attentions owing to
their significant superiorities such as high power density, fast
charge/discharge rates and long cycle life in comparison to
batteries and conventional dielectric capacitors. Numerous
materials have been found to be suitable as the electrode
materials in supercapacitors and can be classified into three
types: carbonaceous materials,4,5 conducting organic poly-
mers6,7 and transition metal oxides/hydroxides.8,9 Commonly,
NiO,6 RuO2,

10 NiCoS4,
11 MnO2,

12 Co3O4,
13 and CoMoO4

14

have been widely used as the pseudocapacitors electrode
materials. They have presented good capacitive performance.
Among the transition metal oxides,10−16 NiO has been widely
investigated as candidate for supercapacitors with low cost, high
theoretical capacity (2573 F g−1) and high power density.17−20

However, the low surface area and poor electrical conductivity
of NiO limit its wide application as high-performance
supercapacitors.
To overcome this problem, three-dimensional nanostruc-

tured electrodes have been extensively researched to shorten
diffusion distance of electrolytes into pseudocapacitor electro-

des.21,22 3D ZnO nanowire/nanorod combined with several
transition metal oxides used for pesudocapacitors have been
developed to enhance the electrochemical behavior.23−28 These
studies proved that the remarkable performance was because
that ZnO worked as a conducting scaffold for supporting
electrochemically active materials and an effective channel for
electrons transport.29 In addition, ZnO nanowire could
function as efficient mechanical support because of high
chemical stability and mechanical flexibility,30 which is expected
to be a promising high-performance electrode material for
flexible supercapacitors.
It is well-known that gold nanoparticles supported on metal

oxides have proven to be highly active and selective catalysts for
various chemical reactions.31 Another hopeful advantage of
gold is its good conductivity, which is helpful to electron
transfer. Recently, compounding conductive Au and Ag on
metal oxide pseudocapacitor electrodes was also demonstrated
to be another effective strategy to improve rate perform-
ance.32,33

In this work, we report an optimized supercapacitor
electrode material based on 3D ZnO−NiO composites by
incorporation of very small amounts of Au nanoparticles, the
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resultant electrode exhibited ultraperformance with high
specific areal capacitance of 4.1 F/cm2 at a current density of
5 mA/cm2 and good cycling stability, which is truly superior to
the ZnO−NiO core−shell nanomaterials. The decorated Au
nanoparticles not only accelerated electron conduction but also
temporarily trapped and accumulated electrons resulting in
more electrons release in discharge process. Band theory were
further utilized to account for improved capacitive performance
of the ZnO−Au−NiO. Our study provides that the suitable
interface design can be used for enhancing the efficiency of
energy storage devices.

■ EXPERIMENTAL SECTION
Synthesis of ZnO−Au−NiO Composites. Briefly, the carbon

cloth (WOS1002, 1 cm × 1 cm × 360 μm) was first cleaned
ultrasonically in acetone, ethanol, and deionized water for 10 min,
respectively. The carbon cloth was dipped in ethanol solution of 0.1 M
zinc acetate to form a seed layer. Then the carbon cloth was dried at
100 °C for 10 min and sintered at 350 °C for 15 min for 3−4 times to
ensure complete coverage of the carbon cloth with a ZnO seed layer.34

A 100 mL precursor solution was prepared with 0.015 M of zinc
nitrate hexahydrate and 0.015 M of hexamethylenetetramine (HMTA)
added with 4 mL of ammonia. The carbon cloth was placed in the
precursor solution under 90 °C for 15 h.
Au NPs was synthesized by photoreduction method35 and

deposited in situ onto the ZnO NR arrays by the following procedures.
First, 0.05% HAuCl4 aqueous solution, 1% poly(vinyl alcohol) (PVA)
solution, and methanol were mixed together with a proper ratio. The
pH value of the mixed solution was adjusted to 8 by NaOH. When Au
NPs protected by PVA were negatively charged while ZnO NR arrays
were positively charged. The carbon cloth with ZnO NR arrays was
then immersed in the photoreduction solution and an ultravitalux lamp
(OSRAM, 300 W) was used to irradiate 15 min for the photo-
reduction. Next, ZnO arrays attached with Au nanoparticles were
annealed in air at 350 °C for 0.5 h to remove the capped PVA.
NiO nanosheets were prepared by chemical bath deposition (CBD)

in previous study.19 The solution for the CBD was obtained by mixing
40 mL of 1 M nickel sulfate, 30 mL of 0.25 M potassium persulfate,
and 10 mL of aqueous ammonia in a 100 mL beaker at room
temperature. The ZnO−Au composites were placed vertically in the
fresh resulting solution, kept at 25 °C for 30 min and then subjected to
calcination at 350 °C for 1.5 h.
Characterization and Measurements. Small pieces of the

samples were tailored and pasted onto aluminum metal table with
conductive adhesives for scanning electron microscopy (FESEM, FEI
Quanta 3D) observations. The ZnO−Au−NiO samples were removed
from carbon cloth surface into alcohol solution during ultrasonic
dispersion. Then the alcohol solution with ZnO-Au-NiO samples was
dropped onto copper net with support film for transmission electron
microscopy (JEOL, JEM-2010) characterization. X-ray diffraction
patterns were carried out at room temperature using a Rigaku DMA-
RB X-ray diffractometer with an incident X-ray beam (λ = 1.5406 Å) at
40 kV and 30 mA with Cu-Ka radiation. Energy dispersive
spectrometer (EDS) measurements were performed to evaluate the
structure and element properties. Surface elements of electron
materials were investigated by X-ray photoelectron spectroscopy
(AXIS ULTRADLD), using Al Kα (hυ = 1486.6 eV) as an exciting X-
ray source.
Electrochemical Measurements. Cyclic voltammetry (CV),

galvanostatic charge−discharge and impedance measurements were
carried out in a conventional three-electrode configuration at room
temperature by an electrochemical workstation (SI 1287, Solartron
Analytical). The synthesized electrode on the textile substrate acted as
a working electrode. Ag/AgCl electrode and platinum foil served as
reference and counter electrodes, respectively. Electrochemical
impedance spectroscopy (EIS) was performed in the frequency
range from 100 kHz at open circuit voltage by applying a 5 mV signal.

All electrochemical measurements were carried out in 1.0 mol L−1

KOH electrolyte.

■ RESULTS AND DISCUSSION
The formation process is schematically shown in Figure 1a.
First, ZnO nanoarrays were grown directly on carbon cloth by a

simple hydrothermal method.34,36 Afterward, small amounts of
Au nanoparticles were synthesized to coat the ZnO nanowires
and NiO nanosheets were in situ deposited on the surface of
Au-modified ZnO nanowires resulting in ZnO−Au−NiO
core−shell hierarchitectures. Figure 1b shows the typical SEM
images of the ZnO nanorods. It can been clearly seen that large
area ZnO nanorod arrays were grown continuously on carbon
cloth substrates. The diameter and the length of the ZnO
nanorod are 200−300 nm and 3 μm, respectively, and very
small amounts of Au nanoparticles have been introduced in the
sample (Figure 1c). The intermediate products were further
covered by NiO nanosheets. The SEM views of the final
samples indicated in Figure 1d suggest that numerous NiO
nanoflakes with a thickness of about dozens of nanometers
were deposited uniformly on the surface of ZnO nanowire and
fill the space in between.
Additionally, energy dispersive spectroscopy (EDS) showing

the presence of the corresponding elements of Zn, Au, Ni, and
O (as shown in Figure 2a). XRD measurements was evaluated
to identify the phase and composition of the as-prepared
samples (see Figure 2b). Obviously, the XRD pattern exhibited
corresponding patterns from pure ZnO to ZnO/Au/NiO
composites. The single-crystal NiO nanosheet and Au nano-
particles are both cubic phase, ZnO nanorods associated with
the wurtzite phase. According to the Scherrer’s equation

λ β θ=D k / coshkl (1)

where k is Scherrer constant with the value of 0.89, λ is the X-
ray wavelength with the value of 0.15406 nm, β is full width
half-maximum with the value of 0.305 min, and θ is incident

Figure 1. Schematic illustration of the fabrication process for three-
dimensional NiO@Au@ZnO hybrid nanostructure (a). SEM images
of ZnO nanorods and its corresponding enlarged image on carbon
cloth (b), ZnO nanorods modified by Au nanoparticles at different
resolutions (c), and the low and high magnification images of the
ZnO−Au−NiO hybrid composites (d).
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angle with the value of 19.09°. The mean crystallite size of the
Au nanoparticles is 27.27 nm. As for NiO nanosheets, the full
width half-maximum is 0.716 min and the incident angle is
21.63°. By calculatiion, the NiO nanosheets have the thickness
of 11.8 nm. These agree well with the TEM and SEM results.
No peaks from other phases existed, indicating the high purity
of the obtained electrode materials.
The as-prepared products were further characterized by

TEM (Figure 2c−e). The TEM observation was consistent
with the SEM observation. ZnO nanowires were fully covered
with few Au nanoparticles and thin NiO nanosheets, forming a
typical 3D architecture. Further information was presented in
high resolution TEM (HRTEM) image (Figure 2d), which
displayed a distinct ZnO (002) plane spacing of 0.26 nm, Au
(111) plane spacing of 0.23 nm, and visible lattice fringes with
an equal interplanar distance of 0.21 nm, corresponding to the
(200) plane of face-centered cubic phase NiO, respectively.
This is in good agreement with the XRD analysis (Figure 2b).
Figure 3 displayed the XPS spectra of this hybrid electrode.

The appearance of two peaks centered at 1022.5 and 1045.5 eV
can be assigned to Zn 2p3/2 and Zn 2p1/2 (Figure 3a),
respectively. In Figure 3b, it can been observed that two Au 4f
binding-energy peaks at 83.8 and 87.4 eV, which is reported
previously. Figure 3c gives the XPS spectra of the Ni 2p. The

main peaks located at 855.5, 873.8, 861.7, 880.0 eV are
corresponding to NiO 2p3/2, 2p1/2, and its satellites
respectively, suggesting the Ni2+ ions are dominant in the
product.
Further insights into the electrochemical properties of the

electrode materials were achieved by electrochemical measure-
ments of ZnO/Au/NiO composites in a three-electrode
electrochemical cell containing a 1 M KOH as the electrolyte.
At first, cyclic voltammetry (CV) was tested at 2 mVs−1 within
the potential range of 0−0.50 V (vs SCE). To explore the
exceptional specific capacitance contribution from Au nano-
particles, ZnO/NiO core−shell composites were prepared to
act as comparative electrodes. It turns out that ZnO/Au/NiO
electrodes possess larger areas in the CVs indicating the higher
level of stored charge and performing better electrochemical
behavior than ZnO/NiO nanorods. Faradaic reactions corre-
sponding to the redox peaks are as follows:

+ ↔ +− −NiO OH NiOOH e1 1 (2)

As shown in Figure 4b, galvanostatic charge−discharge
measurements were subsequently tested to estimate the specific

capacitance of electrode materials in the voltage range between
0 and 0.5 V at 2 mAcm−2. The corresponding specific

Figure 2. (a) EDS spectrum of the ZnO@Au@NiO product. (b) XRD
patterns of the samples at different preparation stages. (c) TEM
images of ZnO@Au@NiO core−shell nanostructure and (d and e) the
corresponding HRTEM images.

Figure 3. XPS spectra of (a) Zn 2p, (b) Au 4f, and (c) Ni 2p for the composites.

Figure 4. (a) CV curves of ZnO@Au@NiO and ZnO@NiO
electrodes measured at 2 mVs−1. (b) Galvanostatic discharge curves
of ZnO@Au@NiO and ZnO@NiO electrodes collected at a current
density of 2 mAcm−2. (c, d) The energy level diagram at the interface
of ZnO−Au and NiO−Au in charge/discharge process, indicating Au
nanoparticles produce an electrons trapping channel.
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capacitance can been expressed using the eqs 2, By calculation,
the areal capacitance of the ZnO@Au@NiO nanocomposite is
3.50 F/cm2 at the current density of 2 mAcm−2, whereas the
ZnO@NiO electrodes only display 0.42 F/cm2.
Consequently modifying Au nanoparticles is an effective

method in boosting the performance of the supercapacitors
electrodes.

=
Δ

C
it

m Vs (3)

It is obvious that the peak of the ZnO−Au−NiO composites
shifts much compared to that of ZnO−NiO hybrid (Figure 4a),
the negative shift of the onset potential of the oxidation
reaction is attributed to two factors: On one hand, a decreased
energy barrier would be required for the NiO/NiOOH reaction
resulting in the improvement in the reaction kinetics and the
better electrochemical activities of the NiO. The enhanced
electrochemical activities of the ZnO−NiO composites
combined with Au nanoparticles could be ascribed to the
larger surface area of NiO nanosheets and the improved
conductivity of the NiO, which may lead to higher current
intensities of the redox couple and lower onset potential of the
oxidation reaction. On the other hand, electrons can be
temporarily trapped and accumulated at the Fermi level (EF́)
due to the localized schottky barrier at Au/NiO interface in
charge process until fill the gap between ZnO and NiO (Figure
4c), so that additional electrons can be released during
discharge (Figure 4d). As a result, an additional current density
exists before the NiO/NiOOH reaction in the CV curves and
larger capacitance can been obtained.
Figure 5b plotted the changes in the relative specific

capacitance of the ZnO/Au/NiO electrodes depending on

various current densities from 2 to 20 mA cm−2. For
comparison, corresponding galvanostatic charge−discharge
curves of ZnO@NiO are provided (Figure 5a). According to
eq 3, the area capacitance of the two electrodes can be
calculated and depicted in Figure 5c. Obviously, our approach
inserts very small amounts of Au nanoparticles into ZnO/NiO
core−shell structure resulting in dramatic improvements of the

electrochemical properties. The decorated Au nanoparticles can
accelerate electron transportation and electrons can been
accumulated at Au nanoparticles/NiO interfacial resulting in
more electrons release in discharge process. This interface
engineering design can also been utilized to improve capacitive
performance of other active oxides electrode materials.
As is known to all, a long cycle life is one of the key factors

for supercapacitors application, an endurance test based on
ZnO@Au@NiO structure was conducted by galvanostatic
charge−discharge test at 30 mAcm−2. Before the initial 450
cycles, a small increase of capacitance was observed, this
phenomenon may be due to an activation process occurring at
the beginning of the charging/discharging cycling test. With the
electrolyte gradually penetrating into the electrode, more and
more electrode material is activated, thus contributing to the
increase in the specific capacitance37 (Figure 5d). And then the
capacitance tends to slowly decrease, the electrode material
maintained about 80.3% of the original capacitance after 4000
cycles, implying this electrode fabricated shows a good cyclic
stability.
To further confirm the role of Au nanopaticles in electron

transport process, the measured EIS results show a single
semicircles over the high frequency range, followed by the short
straight lines in the low-frequency region for the two samples
(Figure 6). The diameter of the semicircle corresponds to the

interfacial charge-transfer resistance (Rct), which usually
represents the resistance of electrochemical reactions on the
electrode. The Rct for ZnO−NiO and ZnO−Au−NiO
composites are calculated as 0.963 and 0.468 Ω respectively.
The charge-transfer resistance (Rct) decreases obviously as the
Au nanoparticles introduced, which indicates Au nanoparticle
can promote the electron transportation between ZnO and
NiO. And the Schottky junction at the ZnO−NiO interface
does not lead to a large increase in resistance. Therefore, the
enhanced pseudocapacitance behavior is also attributed to the
higher electron transfer rate assisted by Au nanopaticles.

■ CONCLUSION
In summary, 3D ZnO−NiO hybrid architectures have been
synthesized for supercapacitor electrodes with Au nanopaticles
implanted at the interface between ZnO nanorods and NiO
nanosheets. The ZnO−Au−NiO composites exhibited the
maximum specific capacitance of 4.1 F/cm2 at current density

Figure 5. (a, b) Galvanostatic discharge curves for ZnO−NiO and
ZnO−Au−NiO electrode at various current densities of 2, 5, 10, and
20 mA cm−2, respectively. (c) A comparison of the specific capacitance
of two electrodes. (d) Cycling stability of the ZnO/Au/NiO electrodes
at 30 mA cm−2 in 1 M KOH electrolyte as a function of cycle numbers.

Figure 6. Electrochemical impedance spectra (EIS) of ZnO−NiO with
Au nanoparticles or not in the frequency range from 10 mHz to 100
kHz in 1 KOH solution.
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of 5 mAcm−2 and excellent stability (about 19.7% loss after
4000 cycles), which is not only because of the low internal
resistance but also due to electrons tapping and accumulation
effect of Au nanopaticles/NiO interfacial schottky barrier. It is
demonstrated that the ZnO−Au−NiO core−shell structure is a
promising candidate for application in efficient energy storage
devices and interface engineering design may open up new
opportunities in the development of high-performance super-
capacitors.
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