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ABSTRACT: Hierarchical ZnCo,0,/nickel foam architectures were first fabricated from a simple scalable solution approach,
exhibiting outstanding electrochemical performance in supercapacitors with high specific capacitance (~1400 F g™' at 1 A g™'),
excellent rate capability (72.5% capacity retention at 20 A g”'), and good cycling stability (only 3% loss after 1000 cycles at 6 A
g™"). All-solid-state supercapacitors were also fabricated by assembling two pieces of the ZnCo,0,-based electrodes, showing
superior performance in terms of high specific capacitance and long cycling stability. Our work confirms that the as-prepared
architectures can not only be applied in high energy density fields, but also be used in high power density applications, such as

electric vehicles, flexible electronics, and energy storage devices.
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1. INTRODUCTION

High-performance, lightweight, and environmentally friendly
energy storage devices, such as supercapacitors and lithium-ion
batteries, are urgently needed for sustainable and renewable
power sources in modern electronic industry."”* Typically, Li-
ion batteries have high energy densities, low power densities,
and limited cycle lives.>™® On the contrary, with the features of
higher power density than batteries, and higher energy density
than conventional dielectric capacitors, supercapacitors have
attracted much attention for next-generation power devi-
ces, 10-14

Transition metal (Ni, Co, Ru, etc.) oxides and hydroxides
have been investigated to be used as active materials for
supercapacitors because they have theoretical specific capaci-
tance (SC) values higher than 1000 F g_l.ls_18 However, these
is still plenty of room to enhance the most experimental
capacitive values of these systems.'”>* Studies found that
electrodes with suitable porous or network microstructures can
well enhance not only power density but also cycling stability
for supercapacitors, which open new ways to develop high-
performance supercapacitors.”>** Therefore, finding specific

-4 ACS Publications  © 2013 American Chemical Society

porous or network electrode materials with enhanced perform-
ance is highly desired.

ZnCo,0, is a promising functional material that has been
investi%ated for applications in Li-ion batteries, electrocatalysts,
etc.>™*” However, too little information about ZnCo,O,
materials as electrodes for high performance supercapacitors
was disclosed till now.”**** Considering previous reports on
the cobaltite-based electrodes, it reveals that NiCo,0, and
ZnCo,0, electrodes evidently delivered superior capacitive
performance because of their higher electrochemical activity,
richer redox reactions than Co;0,.>'>*%*! Additionally, recent
reports have demonstrated that one-dimensional ZnCo,0,
nanowires grown on the current collectors could achieve
high-performance electrochemical properties for Li-ion bat-
teries.”>*” It is expected that the 1D ZnCo,O, nanostructures/
current collector composites serving as promising active
materials may also have a superior capacitive performance
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Figure 1. (a) Schematic representation of the ZnCo,0, nanorods/nickel foam synthesis. (b, c) photographs of the obtained products without and
with bending, (d) SEM image of the pristine nickel foam, and (e, f) the ZnCo,0, nanorods grown on it.

compared to their binary oxide conterparts. Herein, we first
report the fabrication of hierarchical ZnCo,0, architectures on
porous nickel foam via a polyol refluxing process followed by
thermal treatment. Assembled as supercapacitors, the hier-
archical nanostructured electrode showed good capacitive
behavior with an enhanced SC of ~1400 F g™ at 1 A g,
excellent rate capacity (72.5% capacity retention at 20 A g_l)
and good cycling stability. To verify the great feasibility for the
as-fabricated ZnCo,O,-based electrodes in a complete storage
unit, we further assembled all-solid-state supercapacitors by
using two pieces of these electrodes, which shows their superior
performance and great promising power.

2. EXPERIMENTAL METHODS

Preparation of Nickel Foam Substrate. Before the fabrication of
ZnCo,0, samples, the nickel foam substrate was cleaned by sonication
sequentially in acetone, deionized (DI) water, and ethanol for 30 min
each. After being dried, the well-cleaned nickel foam was transferred
into a flask.

Synthesis of Hierarchical ZnCo,0,/Nickel Foam Architec-
tures. All the reagents were analytical grade and used without further
purification. Hierarchicial ZnCo,0,/nickel foam architectures were
fabricated from a simple polzol refluxing process, according to the
previous similar procedures.>* In a typical procedure, 0.5 mmol of
Zn(NO;),e6H,0 and 1 mmol of Co(NO;),6H,0 were first
dispersed in 30 mL of deionized water. Sequently, the mixed solution
was transferred into a 250 mL three-necked flask with cleaned nickel
foam and heated to 80 °C. Then, 6 mmol of oxalic acid was dissolved
in 20 mL of deionized water and then slowly injected into the flask.
Under magnetic stirring, the reaction system was kept at 80 °C for 2 h
and then cooled to room temperature naturally. After the flask cooled

down to room temperature, the product was collected, washed,
vacuum-dried, and then thermal treated at 400 °C for 2 h.

Characterization. X-ray diffraction patterns (XRD) were obtained
from a X-ray diffractometer (X' Pert PRO, PANalytical B.V., The
Netherlands) with radiation of a Cu target (Ka, A= 0.15406 nm). The
morphologies and size-distributions of samples were characterized by
field emission scanning electron microscopy (FESEM; JEOL JSM-
6700F, 5 kV), and transmission electron microscopy (HRTEM; JEOL,
JEM-2010 HT). A field-emission scanning electron microscope
(Hitachi FE-SEM $S4800) equipped with an Energy dispersive X-ray
(EDX) analyzer was used to investigate the morphologies and
compositions of the samples.

Electrochemical Characterizations. The electrochemical proper-
ties of ZnCo,0,/nickel foam products were carried out in a classical
three electrodes setup: hierarchical ZnCo,0,/nickel foam architec-
tures were directly used as working electrode; a platinum plate served
as a counter electrode; and a Hg/HgO electrode served as a reference
electrode. The cyclic voltammetry (CV) and galvanostatic charge/
discharge of capacitors were investigated in 1 M KOH aqueous
solution at a voltage window of 0—0.4 V on an electrochemical
workstation (CHI 760D). Similarly, the all-solid-state SCs were
fabricated by assembling two pieces of ZnCo,0,-based electrodes.
PVA/KOH composite gel electrolyte was prepared by mixing PVA
powder (6 g), KOH (6 g), and deionized water (60 mL) and then
heating to 85 °C under vigorous stirring until the solution became
homogeneous. The cyclic voltammetry (CV) and galvanostatic
charge/discharge of devices were performed between 0 and 1.0 V at
various current densities.

3. RESULTS AND DISCUSSION

The schematic of the 3D porous nickel foam substrate and
hierarchical ZnCo,0O,/nickel foam structures is shown in Figure
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Figure 2. (a) XRD pattern, (b) EDS spectrum, (c) TEM image, and (d) HRTEM image of the as-obtained ZnCo,0, nanorods. Inset: the XRD

pattern of the precursors.

la, showing aligned nanorods coated on nickel foam substrate
after reaction. Briefly, in the refluxing process, the Zn** and
Co™ can react with H,C,0,, acting as a key reagent, to
synthesize ZnCo,(C,0,); precursors grown on Ni foam.** The
above precursors were then transformed into the final ZnCo,O,
nanorods products/Ni foam composites due to the release of
CO, and oxidation of Co*" into Co®>" when further thermal-
treatment process was fully completed. Photographs of the
nickel foam before and after polyol refluxing synthesis are
shown in Figure 1b and Ic, respectively. The obvious color
change from metallic silver to black indicates the uniform
deposition of ZnCo,0, products on the large scale nickel foam.
More importantly, the final hierarchical ZnCo,0,/nickel foam
structures still preserve the excellent flexibility of the original
nickel foam, which is benefical to fabricate wearable devices for
flexible energy storage applications. Figure 1d depicts the SEM
image of the pure nickel foam with network structures and
smooth surfaces. After synthesis, high-density nanorods were
found deposited on the whole foam, as can be seen in Figure
le. A magnified SEM image of the selected area framed in
Figure le is shown in Figure 1f, inset up and down of Figure 1f,
and Figure S1 in the Supporting Information. It clearly reveals
that the as-obtained ZnCo,0, nanorods have uniform
diameters of 300—500 nm (inset up) and lengths of 10 ym
(inset down).

The phase and composition of the nanorods were
investigated by peeling off the nickel foam and then using X-
ray diffraction (XRD). In inset of Figure 2a, the XRD pattern of
the precursor is well consistent with previous reports,>**
which can confirm that the precursor is ZnCo,(C,0,);-6H,0.
The corresponding XRD pattern of the annealed products is
depicted in Figure 2a. All of the diffraction peaks can be readily
indexed to pure cubic ZnCo,0, phase (JCPDS Card No. 23—
1390) without any detectable peaks from impurities. Peaks
from Zn, Co and O elements were clearly observed form
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energy dispersive spectroscopy (EDS) spectrum of the as-
prepared samples (Figure 2b). Moreover, the corresponding
molar ratio of these elements from the EDS spectrum was
demonstrated in Table S1 in the Supporting Information,
showing that the molar ratio of Zn: Co: O is ~1: 2: 4 within the
samples. All these results further confirm the formation of
ZnCo,0, pure phase. The microstructures of the ZnCo,O,
nanorods were also investigated by using transmission electron
microscopy (TEM). Figure 2c shows a low-magnification TEM
image of several ZnCo,0, nanorods. From the image we can
see that the ZnCo,O, nanorods are porous nanorods with
diameters of about 300—500 nm, consisting with the SEM
results. Figure 2d demonstrates the HRTEM image of a single
porous ZnCo,0O, nanorod. The clearly resolved lattice fringes
show an interplanar spacing of 0.24 nm, corresponding to the
(311) planes of ZnCo,0,.

To evaluate the capacitive performance of the as-obtained
hierarchical ZnCo,0, nanorods/nickel foam, we carried out
cycle voltammetry (CV) and galvanostatic charge—discharge
measurements in a 1 M KOH aqueous solution using a three
electrode system at room temperature (Figure 3a). Figure 3b
shows the CV measurements of the hierarchical ZnCo,0,/
nickel foam electrodes in the potential window of 0-0.4 V
versus Hg/HgO at scan rates of 10, 30, SO, and 80 mV s/,
respectively. From the curves, it can be seen that the redox
peaks positions shifted with the increase of the scan rate from
10 to 80 mV s~". In addition, it can be observed that the specific
capacitance of these electrodes decreases with the increase of
scan rate ranging from 10 to 80 mV s™'. This is attributed to
the limited charge transfer and diffusion rate of electrolyte
which is not fast enough to satisfy the electrochemical reactions
of the electrode materials at high scan rates.>>™>’ On the
contrary, the capacity of electrodes may deliver the weak
influence from ion transport at a low scan rate.”® In Figure 3b,
it is observed that pure nickel foam has an extremely small area
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Figure 3. (a) Schematic of the fabrication process for the three-electrode measurement system. (b) CV curves of the ZnCo,0, nanorods/nickel
foam at the different scan rates. (c) Discharging curves at different current densities. (d) The specific capacitance as a function of the current
densities of the ZnCo,0, nanorods. (e) Cycling performance of the ZnCo,0, nanorods/nickel foam electrodes at various current densities of 2 and

6 A g_l.

surrounded by CV curves at 10 mV s

, suggesting that the
capacitance contribution from the annealed Ni foam is
negligible. Thus, the source of total capacitance arises primarily
from the redox pseudocapacitance of the loaded ZnCo,O,. The
pair of peaks is assigned to the Co(OH),/CoOOH redox
couple prior to the onset of oxygen evolution, illustrates high
redox reversibility for these electrodes. Also, the CV curves of
the ZnCo,0, presented here possess a much more uniform
distribution of the enclosed area than those of Co;0,
electrodes reported previously, which reveals that ternary
oxides like ZnCo,0, in this case can be served as suitable active
materials for supercapacitors due to the possible increase in
feasible oxidation states.*® Figure 3c presents the galvanostatic
charge—discharge curves of the ZnCo,0, nanorods based
electrodes at different current densities ranging from 1 to 20 A
g™! in the potential window of 0—0.4 V. The specific
capacitance from discharge curves could be calculated from

eq 1:

Csp = IAt/mAV (1)

Where I (mA) refers to the constant discharge current, m (mg),
At (s), and AV (V) designate the mass of active material,
discharge time, and potential drop during discharge.

The SC of the ZnCo,0,/nickel foam electrodes calculated
from each discharge curve is about 1400, 1220, 1150, 1080,
1050, and 1015 F g_1 at 1,2, 3,5, 10, and ZOAg_l, respectively,
as shown in Figure 3d. Most importantly, the specific
capacitance of the ZnCo,0,-based electrodes remained almost
constant within a variable range at high scan rates from S to 20
A g™, The Csp of the ZnCo,0, based electrodes still keeps at
1015 F ¢! when the current density was increased to 20 A g/,
demonstrating their excellent rate capability. The results
illustrated the high-capacity at a wide range of current densities,
terrific rate capability, and high energy density of the present
hierarchical ZnCo,0,/nickel foam structures. Figure 3e shows
the cycling performance of the ZnCo,0, nanorods based
electrodes at two different current densities of 2 and 6 A g™
respectively. After 1000 charge—discharge cycles, the specific
capacitances still keep at about 1180 and 1078 F g7/,
respectively, revealing very good reversibility with only about
3% loss at 6 A g~ after 1000 cycles. The corresponding
charge—discharge curves of the first S cycles and the last S

dx.doi.org/10.1021/am402339d | ACS Appl. Mater. Interfaces 2013, 5, 10011—10017
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Figure 4. (a) Schematic illustration of the structure of the as-assembled all-solid-state devices. Electrochemical characterizations of these
supercapacitors based on the ZnCo,0,/nickel foam electrodes in the voltage window of 0—1.0 V using a PVA/KOH electrolyte. (b) CV curves at
various scan rates, (c) discharge curves at different current densities, (d) rate capability. Loading density of samples is approximately 1.2 mg cm™ for

one electrode.

cycles were depicted in Figure S2a, b in the Supporting
Information. From the curves, we can see that the curves did
not show obvious differences, indicating that the ZnCo,0,/
nickel foam electrodes showed excellent long-term electro-
chemical stability and good reversible redox behaviors.

The all-solid-state SC devices in terms of safety consideration
are superior to their counterparts with liquid electrolytes
including robust encapsulation to prevent leakage of liquid
electrolyte and package units making them bulky. Herein, on
the basis of the above electrodes using liquid electrolytes, we
further assembled the all-solid-state devices based on two
composite electrodes, which consist of two (sandwiched
construction: the as-synthesized ZnCo,0,—Ni foams/PVA-
based solid electrolyte/ZnCo,0,—Ni foam), as shown in Figure
4 and Figure S3 in the Supporting Information. Figure 4b
shows the rectangular-like shape in CV curves of the electrodes
between 0 and 1.0 V at various current densities of 10, 20, 30,
40, 50, and 80 mV s7}, respectively, revealing the composite
electrodes are mainly described as a double-layer behavior.*®
Thus, the capacitance arises from unique hierarchical
ZnCo,0,/nickel foam networks for storing electrical charge.
From the plot, it can be observed that the curves of the two-
electrode systems are obviously different with those of the
above three-electrode systems, which mainly represent the
absence of redox peaks. Briefly, supercapacitors can be classified
into two categories: the non-Faradic electrical double-layer
capacitor and Faradaic redox pseudocapacitor. These two
mechanisms can work separately or together, depending on the
active electrode materials used in the capacitors. For our 2-
electrode system, it clearly reveals that the feature of electrical
double-layer capacitor occupied dominant position than that of
typical pseudocapacitor. Besides, no obvious redox peaks are
observed in the present work, indicating that the current
supercapacitors are charged and discharged at a pseudoconstant
rate.>*” Thus, we can get the conclusion that the two-electrode

devices are primarily nonfaradaic within their corresponding
voltage window.? Actually, this common phenomenon is
observed in many symmetric supercapacitors reported
previously.”'>***"* Figure 4c further shows the discharge
curves at various current densities. The calculated results of the
specific capacity are illustrated in Figure 4d. The corresponding
areal capacitance was calculated using eq 2

Ca = IAt/sAV ()

Where I (mA) refers to the constant discharge current, s (cm?),
At (s), and AV (V) designate area of active material, discharge
time, and potential drop during discharge. Loading density of
samples is approximately 1.2 mg cm™ for one electrode. The
devices based on the ZnCo,0, nanorods/nickel foam electro-
des exhibit enhanced capacitances of 94, 69, 56, 47, 44, 36, 29,
and 24 mF cm™ (39, 29, 23, 20, 18, 15, 12, and 10 F g™* for a
device) at the discharge currents of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0,
1.6, and 2.0 mA cm™?, respectively, showing their correspond-
ing improved rate-performance. It is a common phenomenon
that three-electrode system can achieve higher capacity value
than two-electrode system due to the capacitance values of the
ZnCo,0, electrodes strongly depending on the cell config-
uration used for the electrochemical investigation, being always
significantly higher for a three-electrode system.*’ ™ In
addition, the capacitance value for two-electrode systems will
depend on the equilibrium potentials of both positive/negative
electrodes. Especially with increasing the operating voltage of
the capacitor, the potential of the positive electrode is mainly
shifted in the positive direction, which leads to a smaller
capacitance presented.*” Although the specific capacity of our
two-electrode supercapacitors is lower than the three-electrode
ones, the binder-free two-electrode cells with better availability
and incomparable merits should be evaluated in real capacitors,
such as higher safety (not liquid leakage), better portability

(desired assembly design), and more improved capacity.

10015 dx.doi.org/10.1021/am402339d | ACS Appl. Mater. Interfaces 2013, 5, 10011-10017
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Figure Sa shows the cycling performance of the devices that
was performed at a current density of 0.5 mA cm™ for as long
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Figure S. (a) Cycling performance of these as-assembled ZnCo,0,/
nickel foam electrodes for 1400 cycles at 0.5 mA cm™2 The
corresponding charge—discharge curves of the (b) first and (c) last
eight cycles.

as 1400 cycles. The capacity retention of the as-assembled all-
solid-state device remains approximately 100%, revealing its
corresponding excellent cycling capability. From the plot, it can
be seen that the capacitance loss after 1400 cycles is only 2.6%,
as further evident from the very stable charge—discharge curves
for the first and last 8 cycles in panels b and c in Figure §,
respectively. From the curves, we can see that the curves did
not show obvious differences, further indicating that the
ZnCo,0,/nickel foam devices showed the excellent long-term
electrochemical stability.

All excellent performances of novel ZnCo,0,/nickel foam
electrodes are also comparable to previous reported values of
other ZnCo,0, electrodes, as shown in Table S2 in the
Supporting Information. On the premise of superior
comprehensive features of our as-fabricated devices, they may
be described as more potential candidates in supercapacitor

applications. The greatly enhanced capacity, excellent rate
capability, and cycling stability of the ZnCo,0O, nanorod-based
electrodes may be attributed to the unique hierarchical porous
electrode structures and the 1D shape. With the porous nickel
foam as the skeleton, the as-obtained hierarchical structures
have an outstanding electronic conductivity because the 1D
ZnCo,0, active material sticked tightly to the nickel foam,
achieving excellent adhesion and electrical contact. It builds up
an express way for charge transfer. Besides, the hierarchical 3D
configuration of the porous ZnCo,O, nanorods/nickel foam
ensures the large surface area, loose textures and open spaces
between neighboring nanorods, thus greatly increases the
contact areas between electrolyte and the ZnCo,0, nanorods,
which improves electron/ion transport, enhances the kinetics of
redox reactions, and facilitates facile stress relaxation during
cycling.

As efficient and powerful energy storage devices, the SCs
could, in principle, be charged and then discharged to drive
various electronic units. To demonstrate the practical
application of the as-assembled supercapacitors, the photo of
two pieces of the as-fabricated supercapacitors after charged
were connected in series and then they were connected with a
yellow LED. Figure 6 and Figure S4 in the Supporting

Figure 6. Optical image of a yellow LED powered by two charged all-
solid-state SCs connected in series.

Information show the corresponding photograph of the
assembled system. The yellow LED was successfully lightened
by the supercapacitors, charged as-assembled SCs connected in
series. From the plot, it can be seen that a yellow LED is lighted
by two charged all-solid-state SCs in series, suggesting that
these devices are very promising candidates for various practical
applications.

4. CONCLUSION

In summary, high-performance supercapacitor based on
hierarchical ZnCo,0, nanorods/nickel foam architecture has
been successfully fabricated, exhibiting a very high specific
capacitance of 1400 F ¢! at 1A g™, enhanced rate capability
and cycling stability (97% retention after 1000 cycles at 6 A
g™"). All-solid-state supercapacitors with superior electro-
chemical performances were successfully fabricated by assem-
bling two pieces of the ZnCo,0,-based electrodes. Our results
indicate that the ZnCo,0, nanonods structure are highly
desirable in the application of advanced electrochemical

dx.doi.org/10.1021/am402339d | ACS Appl. Mater. Interfaces 2013, 5, 10011—10017
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electrode materials, also open up the opportunities for the
devices configuration for flexible electronics, high energy
storage devices, etc.
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Typical SEM images, corresponding EDS microanalysis,
charge—discharge curves of the first and last five cycles for
hierarchical ZnCo,0, nanorod/nickel foam, and optical image
of the as-assembled all-solid-state ZnCo,0,/nickel foam
devices. A comparison of the desired performance between
existing ZnCo,0,/nickel foam composite electrodes and other
reported electrodes. This material is available free of charge via
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