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ABSTRACT: Currently, tremendous attention has been paid
to the rational design and synthesis of unique core/shell
heterostructures for high-performance supercapacitors. In this
work, the unique ZnO@Co3O4 core/shell heterostructures on
nickel foam are successfully synthesized through a facile and
cost-effective hydrothermal method combined with a short
post annealing treatment. Mesoporous Co3O4 nanowires are
multidirectional growing on the rhombus-like ZnO nanorods.
In addition, the growth mechanism for such unique core/shell
heterostructures is also proposed. Supercapacitor electrodes
based on the ZnO@Co3O4 and Co3O4 heterostructures on
nickel foam are thoroughly characterized. The ZnO@Co3O4 electrode exhibits high capacitance of 1.72 F cm−2 (857.7 F g−1) at a
current density of 1 A g−1, which is higher than that of the Co3O4 electrode. Impressively, the capacitance of the ZnO@Co3O4
electrode increases gradually from 1.29 to 1.66 F cm−2 (830.8 F g−1) after 6000 cycles at a high current density of 6 A g−1,
indicating good long-term cycling stability. These results indicate the unique ZnO@Co3O4 electrode would be a promising
electrode for high-performance supercapacitor applications.
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1. INTRODUCTION

Supercapacitors, also called electrochemical capacitors, have
attracted great research interest from both industry and
academia because they are specified to be as important as
batteries for future energy storage systems by the U.S.
Department of Energy.1,2 Among the various energy storage
devices, supercapacitors are superior in the fields of fast charge/
discharge process, high power density, long lifespan, safety
and environmental friendliness.3−5 Although carbon-based
materials have been widely investigated as electrode materials,
the fairly low specific and volumetric capacitances have badly
hindered their further practical use for high-performance
supercapacitors.6,7 Recently, extensive attention has been paid
to investigate pseudocapacitive transition metal oxides (such
as RuO2,

8,9 MnO2,
10 NiO,11 Co3O4,

12−15 etc.), which can obtain
a much higher specific capacitance and energy density because
they can supply different oxidation states for efficient redox
reactions. Among them, Co3O4 is particularly attractive as high-
performance electrode materials owing to its high theoretical
capacitance (ca. 3560 F g−1), as well as low cost, abundant
resources and environmental friendliness. For example, Rao et al.
have synthesized the ultralayered Co3O4 structures, which
exhibited high specific capacitance of 548 F g−1 at a current
density of 8 A g−1, as well as excellent cycling stability.14 Tu et al.
reported the hydrothermal synthesis of freestanding Co3O4
nanowire arrays grown on nickel foam, which delivered a high
capacitance of 754 F g−1 at 2 A g−1.15

Currently, tremendous attention has been paid to the rational
design and synthesis of unique core/shell heterostructures
to achieve enhanced electrochemical, optical, electrical and
mechanical properties.16−19 Zinc oxide (ZnO), as one of the
most attractive multifunctional materials, is extensively studied in
piezotronics and electronics devices, surface switches, strain
sensors and photocatalysis due to its good electric conduction
and special optoelectronic properties, as well as the excellent
chemical and thermal stabilities.20,21 Among various core/shell
heterostructures, ZnO is usually selected as the ideal core
material that can function as a strong mechanical support and
electron transport pathway due to its good chemical stability and
high electrical conductivity.22−26 Recently, Sun and co-workers
demonstrated the electrodeposition of Ni3S2 and Ni(OH)2 on
a ZnO array supported on Ni foam. The as-synthesized
ZnO@Ni3S2 and ZnO@Ni(OH)2 electrodes exhibited excellent
electrochemical performance when evaluated as binder-free
electrodes for supercapacitors.24,25 Li et al. reported ZnO@MoO3
core/shell nanocables, which exhibited much enhanced specific
capacitance than that of MoO3 nanoparticles.

26 However, the
fabrication of well-defined core/shell heterostructures via facile
and simple methods still remains a big challenge. In addition,
most of the present reports about synthesis of ZnO core/shell
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heterostructures are via two-step methods, that is, by electro-
deposition of shell materials on the preformed ZnO cores,24−26

which could be time-consuming and costly. Therefore, it is
significant to develop a simple and cost-effective method to
synthesize well-defined ZnO core/shell heterostructures.
In this work, we successfully synthesize the unique ZnO@

Co3O4 core/shell heterostructures on nickel foam through a
facile and cost-effective hydrothermal method combined with a
short post annealing treatment. The unique ZnO@Co3O4 core/
shell heterostructures are directly grown on nickel foam with
good mechanical adhesion and electrical contact. Directly grown
electrode materials on a current collector not only simplify the
electrode processing but also avoid the use of polymer binder and
conducting additives, allowing for more effectively charge and
mass exchange.27−29 3D nickel foam with uniform macropores,
large supporting area and high electrical conductivity is selected
as the current collector.17 As a binder-free electrode for super-
capacitors, the unique ZnO@Co3O4 electrode exhibits excellent
electrochemical performance.

2. EXPERIMENTAL DETAILS
2.1. Materials Preparation. All of the reagents were of analytical

purity grade and used without further purification. Before the synthesis,
the Ni foam substrate (2 × 1 × 0.1 cm) was washed by sonication in
acetone, ethanol and deionized (DI) water for 10 min, respectively.
Typically, 2 mmol Co(NO3)2·6H2O, 1 mmol Zn(NO3)2·6H2O and
4 mmol NH4F were dissolved in 30 mL of deionized (DI) water to form
a homogeneous solution. Subsequently, 8 mmol of urea was added
into the above homogeneous solution with magnetic stirring and
then transferred to a 50 mL Teflon-lined stainless steel autoclave. The
cleaned Ni foam substrate was immersed into the reaction solution.
After that, the autoclave was heated to 120 °C for 5 h and then cooled
down to room temperature naturally. The Ni foam loaded with
precursor was washed with distilled water and dried in the oven. The
final product was obtained by annealing the precursor at 400 °C for 3 h
in air. The Co3O4 heterostructures on nickel foam was synthesized at
the same condition except for no addition of the Zn(NO3)2·6H2O.
The mass loadings of the ZnO@Co3O4 and Co3O4 heterostructures on
nickel foam were around 2.0 and 1.5 mg cm−2, respectively.
2.2. Materials Characterization. The morphology and micro-

structure of the products were observed using scanning electron
microscopy (SEM, Zeiss Supra 55) and transmission electron
microscopy (TEM, JEM-2100). The crystal structure and phase purity
of the products were characterized by X-ray diffraction (XRD, Rigaku
Ultima IV) with Cu Kα irradiation.

2.3. Electrochemical Measurements. The electrochemical
measurements were carried out using a CHI660E electrochemical
workstation at room temperature in a three-electrode electrochemical
cell. The ZnO@Co3O4 and Co3O4 heterostructures on nickel foam
(1 cm2 in area) were directly investigated as the working electrodes.
The reference electrode was a standard calomel electrode (SCE), and
the counter electrode was a Pt foil. A 2 M KOH aqueous solution was
used as the electrolyte. Electrochemical impedance spectroscopy (EIS)
measurements were measured in the frequency range from 0.01 Hz to
100 kHz. The specific capacitance (C) was calculated from the following
formulas:27
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where I (A), t (s), V (V), S (cm2) and m (g) represent the discharge
current, discharge time, potential window, area of the working electrode
and the mass of electrode materials, respectively.

3. RESULT AND DISCUSSION
3.1. Synthesis and Structural Analysis.Themorphologies

of the ZnO@Co3O4 core/shell heterostructures on nickel foam
were first investigated by SEM. Figure 1 shows the SEM images
of the ZnO@Co3O4 core/shell heterostructures on Ni foam at
different magnifications. It can be observed that the nickel foam
is uniformly covered by the ZnO@Co3O4 heterostructures on
a large scale (Figure 1a,b). The ZnO@Co3O4 heterostructures
display bundle-like nanostructure, as observed from the high
magnification SEM image (Figure 1c−e). The Co3O4 nanowires
with diameters of 50−80 nm are grown on the ZnO core and self-
assembled forming clusters (Figure 1f). TEM studies provide
further insight into the unique ZnO@Co3O4 core/shell hetero-
structures. As shown in Figure 2a,b, the core/shell structure is
easily distinguished from the TEM image from an individual
ZnO@Co3O4 core/shell heterostructure, where the ZnO core
is fully covered by the Co3O4 nanowires. The energy dispersive
spectrometry (EDS) analysis reveals that signal of Zn is strong in
the core region (A1), whereas quite weak in the shell region (A2)
(Figure S1, Supporting Information). In addition, the mapping
analysis further indicates this unique core/shell structure, as
shown in Figure 3a. These Co3O4 nanowires are highly porous,
made up of numerous nanocrystallites about 10−20 nm in size
(Figure 2c,d). It is thought that these mesopores are due to the
release of gases during the thermal treatment. It is well accepted
that the mesoporous structures can facilitate the transport of the

Figure 1. (a−f) Typical SEM images of the ZnO@Co3O4 core/shell heterostructures on nickel foam at different magnifications.
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electrolyte and ensure efficient contact between the active
material and the electrolyte when used as a supercapacitor
electrode.30,31 The HRTEM image of the Co3O4 nanowires
shows an interplanar spacing of 0.286 nm, corresponding to the
(220) plane of the Co3O4 (JCPDS No. 42-1467), as shown in
Figure 2e.12,13,15 The corresponding selected area electron
diffraction (SAED) pattern reveals the polycrystalline nature
of the mesoporous Co3O4 nanowires, and the diffraction
rings are readily indexed to the (220), (311), (400), (511) and
(440) planes of the Co3O4 crystal structure (JCPDS No. 42-
1467).12,13,15 In addition, the ZnO@Co3O4 (10min) sample was
also investigated by TEM. The TEM and HRTEM images and
SAED pattern of ZnO@Co3O4 (10 min) are shown in Figure S2
(Supporting Information). The spacing of the lattice fringes is
calculated to be 0.260 nm, which can be indexed to the (002)
planes of the hexagonal ZnO. And the diffraction rings in the
SAED pattern can be readily indexed to the (002), (101), (102),
(110), (103) and (112) planes of the hexagonal ZnO (JCPDS
No. 36-1451).26

To further investigate the crystal structure and phase
composition, the ZnO@Co3O4 core/shell heterostructures
were scratched from nickel foam for XRD analysis, as shown in

Figure 3. Besides the three peaks from the nickel foam substrate,
the other diffraction peaks can be indexed to the (111), (220),
(311), (222), (400), (511) and (440) planes of the cubic Co3O4
(JCPDSNo. 42-1467)12,13,15 and the (100), (002), (101), (102),
(110) and (103) planes of the hexagonal ZnO (JCPDS No. 36-
1451),26 which is consistent with the TEM analysis. The EDS
analysis indicates that there exists some weak Zn signal in the
Co3O4 shell region, which is attributed to the partial substitution
of some Co ions by Zn ions. It is worth noting that the replace-
ment of Co ions with Zn ions only slightly changes the lattice
parameters while the crystal structure is maintained.
To investigate the growth mechanism for such unique ZnO@

Co3O4 core/shell heterostructures, a series of experiments with
different hydrothermal reaction times are performed. Figure 4
shows the SEM images of the products obtained at different
reaction times after annealing treatment. At the beginning of
the hydrothermal reactions, Co2+ and Zn2+ ions can interact with
F− ions to form CoF+ and ZnF+ complexes in the homogeneous
solution.32−36When the reaction temperature increases to 120 °C,
urea can provide OH− and carbonate ions simultaneously during
the hydrolysis. Due to the lower solubility product (Ksp) value of
Zn(OH)2 than that of Co(OH)2, ZnF

+ ions and OH− ions can

Figure 2. (a) Low and (b) high magnification TEM images of an individual ZnO@Co3O4 heterostructure; (c) low and (d) high magnification TEM
images, (e) high-resolution TEM image and (f) the corresponding SAED pattern of the Co3O4 nanowires.

Figure 3. (a) Mapping analysis and (b) XRD pattern of the ZnO@Co3O4 core/shell heterostructures scratched from nickel foam.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5035494 | ACS Appl. Mater. Interfaces 2014, 6, 15905−1591215907



easily combine into Zn(OH)F precipitate and firmly grow onto
the substrate through the functional groups (e.g., hydroxyl
groups) on the surface of nickel foam.33 3D flower-like
nanoarchitectures made up of many rhombus-like ZnO nanorods
are observed on the nickel foam (Figure 4a1−a3).When the ZnF+

ions are consumed to some degree, the CoF+ ions begin to
precipitate into nanoparticles on the rhombus-like Zn(OH)F
nanorods. It is worth noting that carbonate anions can replace F−

due to its strong affinity to Co2+ to produce needle-like cobalt
hydroxide carbonate.36 Figure 4b1−b3 shows that the surface of
the rhombus-like ZnO nanorods becomes rough and covered by a
thin film of small nanoparticles. The XRD pattern of the product
(obtained at 30 min) scratched from nickel foam is shown in
Figure S3 (Supporting Information), where the strong diffraction
peaks from ZnO phase are observed. When the reaction time is
prolonged, the cobalt hydroxide carbonate nanowires gradually
grow longer (Figure 4d1−d3). Finally, the self-assembled
ZnO@Co3O4 core/shell heterostructures on nickel foam are
obtained after a short post annealing treatment (Figure 4e1−e3).

The related chemical reactions occurred during the hydrothermal
synthesis could be expressed using the following formulas:35−37

+ → +CO(NH ) H O 2NH CO2 2 2 3 2

+ → +− +H O NH OH NH2 3
4

+ →+ −ZnF OH Zn(OH)F

+ → +− +CO H O CO 2H2 2 3
2

+ + − +

→ • +

+ − −

−
−
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3 4 2 2

Figure 4. Low and high magnification SEM images of the products obtained at different reaction times after annealing treatment: (a1−a3) 10 min,
(b1−b3) 30 min, (c1−c3) 1 h, (d1−d3) 2 h and (e1−e3) 5 h.
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On the basis of the above results, the unique ZnO@Co3O4
core/shell heterostructure is formed by the subsequent multi-
directional growing of Co3O4 nanowires on the rhombus-like
ZnO nanorods. Without the addition of Zn(NO3)2, the SEM
images of the products obtained at different reaction times after
annealing treatment are also investigated, as shown in Figure 5.
The growth mechanism of the products in the absence of
Zn(NO3)2 is different from that of ZnO@Co3O4 core/shell
heterostructures. At the early stage of reaction, numerous
nanoparticles nucleated on the surface of theNi foam, forming an
uneven layer (Figure 5a,e). The nanoparticles then grow into
small nanosheets and then quickly become large (Figure 5b,f).
As the reaction proceeded, these nanosheets became thicker
with a rough surface (Figure 5c,g). Subsequently, these nano-
sheets act as the backbone for the cobalt hydroxide carbonate
nanowires to grow on (Figure 5d,h). By further increasing the
reaction time to 5 h, the cobalt hydroxide carbonate nanowires
become long and dense (Figure 6a−c). Finally, the Co3O4
nanosheet−nanowire heterostructures on nickel foam are
obtained after thermal annealing. The growth process of the
Co3O4 heterostructures is quite similar to the hierarchical Co3O4
nanosheet@nanowire arrays and self-assembled NiCo2O4
heterostructure arrays.13,38

Figure 6a−c shows the SEM images of the Co3O4 hetero-
structures grown on Ni foam at different magnifications. It can
be seen that the nickel foam is uniformly covered by the Co3O4
heterostructures. The high magnification SEM image reveals the
highly porous feature of the Co3O4 nanowires. The XRD pattern
of the Co3O4 heterostructures scratched from nickel foam is
shown in Figure S3 (Supporting Information). All the diffraction
peaks can be assigned to the (111), (220), (311), (222), (400),
(511) and (440) planes of the cubic Co3O4 (JCPDS No. 42-
1467).12,13,15 Figure 6d,e shows the low and high magnification
TEM images of the Co3O4 nanowires, further indicating the
mesoporous characteristic. The lattice fringes of 0.467 and
0.286 nm can correspond to the (111) and (220) crystal planes of
cubic phase Co3O4, respectively, as seen in the HRTEM image
(Figure 6f).

3.2. Electrochemical Analysis.The obtained ZnO@Co3O4
and Co3O4 heterostructures on nickel foam were directly
evaluated as binder-free electrodes for supercapacitors. The
electrochemical measurements were carried out in a three-
electrode electrochemical cell where a 2 M KOH aqueous
solution is used as the electrolyte. Figure 7a,b shows the cyclic
voltammogram (CV) curves of the ZnO@Co3O4 and Co3O4
electrodes recorded at various scan rates within the potential

Figure 5. Low and high magnification SEM images of the products (without the addition of Zn(NO3)2 obtained at different reaction times after
annealing treatment: (a and e) 10 min, (b and f) 30 min, (c and g) 1 h and (d and h) 2 h.

Figure 6. (a−c) Typical SEM images of the Co3O4 heterostructures (5 h) on nickel foam at different magnifications; (d) low and (e) high magnification
TEM images and (f) high-resolution TEM images of the Co3O4 heterostructure.
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range of −0.1 to +0.75 V. A pair of redox peaks can be observed
in all the CV curves, which indicates the electrochemical
performance of electrodes is resulted from the pseudocapacitive
capacitance.14,27,31 The shape of the CV curves is evidently
different from the CV curves of EDLCs that are similar to an ideal
rectangular shape. With increasing scan rates, the positions of
anodic peaks shift to a more anodic direction, which could be
attributed to the internal resistance of the electrode. Figure S4
(Supporting Information) shows the CV comparison of the two
electrodes recorded at a scan rate of 10 mV s−1. The CV curve
integral area of the ZnO@Co3O4 electrode is much larger than of
Co3O4 electrode, indicating that larger capacitance of the ZnO@
Co3O4 electrode is obtained. It is noting that the area of the CV
curve of Ni foam substrate is very small, which suggests that the
capacitance contribution from nickel foam can be negligible.
The typical charge and discharge curves of the two electrodes

at different current densities within the potential window
of 0−0.52 V are shown in Figure 7c,d. The areal and specific
capacitance for the ZnO@Co3O4 and Co3O4 electrodes can be
calculated on the basis of the charge and discharge curves, and the
results are presented in Figure 7e,f. The ZnO@Co3O4 electrode
exhibits high areal capacitance values of 1.72, 1.52, 1.42, 1.36,
1.29, 1.19 and 1.09 F cm−2, and specific capacitance values of
857.7, 759.6, 709.2, 677.9, 647.3, 593.8 and 544.2 F g−1 at
different current densities of 2, 5, 8, 10, 12, 16 and 20 mA cm−2,
respectively. The capacitance can retain 63.4% of its initial value
as the current density increases by 10 times, indicating a good
rate capability. For comparison, the Co3O4 electrode exhibits
lower areal capacitance values of 956, 827, 754, 723, 697, 658 and
623 mF cm−2, and specific capacitance values of 637.2, 551.3,
502.6, 482.1, 464.6, 439.0 and 415.4 F g−1 at the same current
densities. The capacitance of the ZnO@Co3O4 electrode is also
superior to previously binder-free electrodes reported else-
where, such as Co3O4/NiO core/shell nanowire arrays (452 F g−1

at 2 A g−1),16 NiCo2O4 nanoneedle arrays on nickel foam
(0.99 F cm−2 at 5.56 mA cm−2)27 and CoMoO4 nanoplate arrays
on nickel foam (1.15 F cm−2 at 8 mA cm−2).39

The long-term cycling stability of electrodes is also important
requirement for practical supercapacitor applications, which was
investigated by the repeated charge and discharge measurement
at a high current density of 6 A g−1 for 6000 cycles, as shown

in Figure 8. For the Co3O4 electrode, the areal capacitance is
710 mF cm−2 in the first cycle, and it gradually decreases to
554 mF cm−2 after 6000 cycles, leading to an overall capacitance
loss of ∼22.0%. Interestingly, the areal capacitance of the
ZnO@Co3O4 electrode gradually increases and keeps at a high
capacitance of 1.66 F cm−2 (830.8 F g−1) after 6000 cycles, which
is generally explained by the activation of the electrode. The
possible explanation is that only a part of electrode material is
active at first. As the electrolyte gradually penetrates into the
inner region of the electrode, more and more sites become
activated and contribute to the increase of capacitance.16,38 The
SEM images of the ZnO@Co3O4 core/shell heterostructures on
nickel foam after 6000 cycles is shown in Figure S5 (Supporting
Information), the ZnO@Co3O4 core/shell heterostructures are
well maintained with little structural deformation.
The EIS measurements were further carried out to investigate

the electrochemical behavior of the ZnO@Co3O4 electrode
before and after cycling. The corresponding Nyquist plots
obtained in the frequency range from 0.01 to 100 kHz at open
circuit potential are shown in Figure 9a. The impedance spectra
are composed of a semicircle at high frequency region and a spike
at low frequency region. The intercept of the curve at Z′-axis
at the high frequency represents the resistance of the electro-
chemical system (Rs, which includes the intrinsic resistance of the
substrate, ionic resistance of electrolyte and contact resistance
between current collector and active material) and the semicircle

Figure 7.CV curves of the (a) ZnO@Co3O4 and (b) Co3O4 electrodes at different scan rates; charge and discharge curves of the (c) ZnO@Co3O4 and
(d) Co3O4 electrodes at different current densities; (e and f) the calculated areal and specific capacitance as a function of the current density.

Figure 8. Cycling performance of the ZnO@Co3O4 and Co3O4
electrodes at a high current density of 6 A g−1 for 6000 cycles.
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diameter represents the charge-transfer resistance (Rct).
17,40,41

It can be seen that both Rs and Rct of the ZnO@Co3O4 electrode
become lower after a long-term cycling test. The Rs and Rct of
the ZnO@Co3O4 electrode, after cycling, is superior to the
Co3O4 nanowires directly grown the nickle foam, indicating
the fast electron transport through ZnO nanorods to the current
collector. The EIS results imply the enhanced utilization of the
electrode materials and the easy penetration of the electrolyte
within the electrode, which can well explain the increase of the
capacitance as described above.
As shown in Figure 9b, the excellent performance of the

ZnO@Co3O4 electrode could be attributed to the following
aspects: (1) due to the good chemical stability of ZnO, the
rhombus-like ZnOnanorods can act as stable scaffolds and provide
numerous sites for Co3O4 nanowire growth;20,21 (2) the ZnO
nanorods bridge the Co3O4 nanowires with the current collector,
which can facilitate electron transport during the processes
of charging and discharging because of its high electrical con-
ductivity;23−25 (3) the mesoporous structures for the Co3O4
nanowires can facilitate the transport of the electrolyte and
ensure efficient contact between the electrode material and
the electrolyte, thus enhancing the electrochemical kinetics;30,31

(4) the ZnO@Co3O4 core/shell heterostructures are directly
grownon the current collector, which can ensure strongmechanical
adhesion and good electrical contact with the conductive substrate.
Moreover, this electrode design can avoid the use of a polymer
binder and conducting additives, resulting in high capacitance
even at high current densities by improving the utilization of the
electrode material.27−29

■ CONCLUSION
In this work, we demonstrate a facile and cost-effective
hydrothermal method to synthesize the unique ZnO@Co3O4
core/shell heterostructures on nickel foam for the first time. In
addition, a series of experiments are also performed to investigate
the growth mechanism. It is found that the unique ZnO@Co3O4
core/shell heterostructure is formed by the subsequent multi-
directional growing of Co3O4 nanowires on the rhombus-like
ZnO nanorod. Without the addition of Zn(NO3)2, the Co3O4
heterostructures on nickel foam are obtained instead. The
as-synthesized ZnO@Co3O4 and Co3O4 heterostructures on
nickel foam are directly evaluated as binder-free electrodes
for supercapacitors. The electrochemial results show that the
ZnO@Co3O4 electrode exhibits high capacitance of 1.72 F cm

−2

(857.7 F g−1) at a current density of 2 mA cm−2, which is superior
to that of the Co3O4 electrode. Impressively, the ZnO@Co3O4
electrode also exhibits good long-term cycling stability.

The capacitance of the ZnO@Co3O4 electrode increases
gradually from 1.29 to 1.66 F cm−2 (830.8 F g−1) after 6000
cycles at a high current density of 6 A g−1. These results indicate
the unique ZnO@Co3O4 electrode would be a promising
electrode for supercapacitor applications. It is also thought that
the unique ZnO@Co3O4 core/shell heterostructures would
hold potential applications in other fields, such as chemical and
electrochemical sensing, solar cells, catalysis and field emission.
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