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In this work we report a hierarchical Co030,@NiO
nanostrips@nanorods arrays (Co;0,@NiO NSRAs) which
is directly grown on three-dimensional conductive
substrates by a facile three-step hydrothermal reaction and
a following annealing treatment. This hierarchical structure
provides several advantages including a large contact
surface area, short ion diffusion path and good charge
transport, which validate this film as an advanced electrode
for nickel-zinc battery with both high energy density (5.1
mWh cm™) and power density (82.2 mW cm).

The need for the development of efficient energy storage devices
with high safety for electrical vehicles as well as portable electronics
is becoming more and more urgent.** Lithium ion batteries (LIBs)
have attracted the widest attention due to the high energy density,
however, the flammability of organic electrolytes and high reactivity
of Li containing electrode materials will inevitably induce unsafe
factors, which limit the widespread usage of LIBs.> ¢ Aqueous
rechargeable batteries (such as Ni-Zn battery,”  Ni-MH battery,® 2
and Ni-Fe battery %), which usually show much higher power
density and safety, have attracted renewed interest as a possible
alternative solution. Aqueous Ni-Zn battery, where both Zn?/Zn and
NiZ*/Ni®* conversion processes occur associated with water
molecular, is thought of an advance energy storage system due to its
relatively higher theoretical specific energy density (~372 Wh kg™) ,
high open-circuit voltage, low toxicity and cost.” 2

For the NizZn battery system, the anode material is metallic Zn
while the cathode material usually shows a much weaker
conductivity (typically Ni(OH),), which would significantly affect
the electron transportation through the electrode with a high mass-
loading, thus degrading the overall energy storage performance,
including the specific capacity and rate capability. In order to
improve the performance, the structure and morphology of the active
materials should be further explored and optimized.**
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Herein we designed and fabricated hierarchical Co;0,@NiO
nanostrips@nanorods arrays (Coz0,@NiO NSRAs) as positive
electrodes for Ni-Zn batteries. The NiO nanorods were uniformly
and vertically grown outside of the CozO,4 nanostrip arrays, leading
to the formation of a hierarchical structure. As demonstrated
previously,2=2 constructing hierarchical nanoarray structure was
considered as an effective approach to achieve high utilization of the
electrode material, because it not only facilitated the electron
transport and electrolyte penetration, but also showed a synergistic
effect of each component, thereby bringing about a boost
improvement of capacitive performance. This hierarchical
architecture showed a high areal capacity (~2.91 mAh cm?),
excellent rate capability (retains ~61% of the capacity at 10 times
higher current density), and prominent cycling stability (~96% after
1000 cycles), which were benefited from the high mass-loading and
high porosity of the active materials, and the direct contact to the
current collector underlying. Besides, we paired the Coz0,@NiO
NSRAs with a zinc anode in alkaline solution as a NiZn battery
system, which delivered a peak energy density of ~5.12 mWh cm™
and a peak power density of ~82.21 mW cm, respectively. The
charge and discharge cycling stability of the battery showed a
capacity degradation of ~10% over 500 cycles at 50 mA cm and
The columbic efficiency of the battery was found greater than 97%,
which were both receivable for an aqueous rechargeable battery
system.

The fabrication process of the Co03;0,@NiO NSRAs was
illustrated in Scheme 1. The nickel foam was chosen here as the
substrate because of its zig-zag skeleton and high porosity, which
helped to increase the active surface area.?2 Co,(OH),CO; nanowires
were firstly grown on the nickel foam to form a well-aligned array-
like structure.Z 2 Afterwards, the Co,(OH),CO; nanowires were
converted into Co(OH), nanostrips by a secondary hydrothermal
treatment, which dissolved and recrystallized the precursor
nanowires.?® Thirdly, the Ni?* salt was subsequently added and
precipitated to obtain a hierarchical structure. It is notable that the
film was bonded tightly to the foam substrate, as even hours of
ultrasonication did not dislodge the colored material from the foam.
Finally, the precursor hierarchical nanostrips@nanorods arrays were
annealed to convert into the corresponding oxides materials.
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Scheme 1. Schematic illustration of the fabrication procedures of
hierarchical Co30,@NiO NSRAs.

The surface morphology of the hierarchical structure was firstly
investigated by scanning emission microscopy (SEM). The surface
morphologies of the samples after the 1% and 2" growth step were
shown in Figure S1, revealing nanowire arrays (NWAs) and
nanostrip arrays (NSAs) were successfully fabricated on the
substrate. After Ni(ll) salt precipitation and thermal treatment,
hierarchical structures with multidirectional nanorods could be seen
on the nanostrips, thus forming a highly dense film (Figures 1A and
B). The resulting NSRAs were vertically aligned on the substrate
and the total size of the assembled structure was in the range of 2—4
pum while its thickness was about 400 nm. The average diameter and
length of the nanorods were estimated to be about 10-15 nm and
100-200 nm, respectively.

High resolution TEM image (Figure 1C) was further measured to
gain more structural information. Two lattice spacings (0.237 nm
and 0.277 nm), corresponding to the (111) plane of NiO and (220)
plane of NiCo,0, were observed in an individual nanorod, indicating
that the tip was composed of NiO and the root was mainly made of
spinel-type mixed metal oxides.t” Only the spinel phase was found
in the XRD pattern (Figure 1D), suggesting that the NiO nanorods
were poorly crystallized with small crystal grains, which was
consistent with the HRTEM results. X-ray photoelectron
spectroscopy (XPS, Figure S2) demonstrated the +2 oxidation state
of Ni and mixed oxidation state (2+ and 3+) of Co with a Ni/Co ratio
of 4, while the energy dispersive spectroscopy (EDS, Figure S3)
result showed a much smaller Ni/Co ratio of 2.5:1, thus confirming
the vast majority of the materials in the surface of the hierarchical
structure (i.e. the tip of the secondary nanorod) was NiO.

The electrochemical properties of the Coz;0,@NiO NSRAs were
examined by cyclic voltammetry (CV) and charge/discharge
measurements using a standard three electrode system in 6 M KOH.
The representative CV curves at scan rates of 1, 5 and 10 mV s*
were shown in Figure 2A, where a pair of obvious redox peaks was
observed. It was attributed to the redox couples of Ni**/Ni*" and
Co*/Co®Y % which located at similar equilibrium
potentials(AE<0.1 V), thus leading to the formation of overlapped
and broad peaks. As the sweep rate was increased, the anodic peak
potential and cathodic peak potential shifted to more anodic and
cathodic directions, respectively, and this phenomenon might be
caused by the polarization effect including concentration

2| J. Name., 2012, 00, 1-3

Journal Name

polarization and resistance effect. The typical charge and discharge
profiles of the NSRAs at different current densities were presented in
Figure 2B. It can be observed that the voltage plateaus were located
between 0.2 V and 0.3 V in the discharge curves, in consistent with
the position of the anodic peak in CV curves. The symmetric shape
of charge and discharge process illustrated the high columbic
efficiency of the electrode material (at least 95% for various current
densities). Calculated from the discharge curves (Figure 2C), the
areal capacity delivered as high as 2.91 mAh cm (corresponding to
a specific capacity of ~242.4 mAh g?) at a current density of 5 mA
cm?, while the capacity could be retained at 1.76 mAh cm™ as the
current density increased to 50 mA cm, showing a rate capability of
~60.5%. The remarkable rate capability as well as the ultrahigh areal
capacity manifested the effectiveness of constructing ordered
hierarchical mesoporous architecture. For comparison purposes, the
C050, NWAs and NSAs after 1 and 2™ growth step and annealing
process were evaluated using similar measurements (Figure S4). It
was found that both Co;0, NWAs and NSAs showed much inferior
performance, which indicated that the addition of NiO and the
hierarchical construction were both beneficial for achieving high
areal and specific capacity.
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Figure 1. (A) and (B), SEM images of the hierarchical Co;0,@NiO
NSRAs with different magnifications; (C) and (D), HRTEM image
and XRD pattern of the hierarchical Co;0,@NiO NSRAs.

Long-term cycling stability is another essential factor for practical
application. Over 1000 cycles charge/discharge testing was
employed to examine the service life of the Co30,@NiO NSRAs
electrode at a current density of 50 mA cm™ (Figure 2D). The
specific capacity decreased slightly (~4%) over the initial 100 cycles
and subsequently remained essentially unchanged over the following
900 cycles. Moreover, the coulombic efficiency of the electrode
gradually increased and maintained at ~98% upon cycling testing.
The high stability indicated that the charge/ discharge processes did
not induce structural change of the electrodes which would influence
the surface redox reactions. Combination of the above features (high
areal capacity, remarkable rate capability and excellent stability) was
attributed to the hierarchical structure design with the integration of
unique merits of Co30, nanostrips as scaffold to render fast electron
transport and superior electrolyte diffusion and ultrathin NiO
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nanorods with high electrochemically active surface area, thus
leading to substantially improved capacitive and rate performance.
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Figure 2. (A) and (B) The CV curves and the galvanostatic charge
and discharge curves of the hierarchical Co;0,@NiO NSRAs; (C)
areal and specific capacitances the hierarchical Co30,@NiO NSRAs
at different current densities; (D) cycling stability and coulombic
efficiency of the hierarchical Co;0,@NiO NSRAs at 50 mA cm,

The potential application of the Co;0,@NiO NSRAs in aqueous
NiZn batteries was further investigated by incorporation of zinc as
the anode (Figure 3A). An aqueous solution of 6 M KOH saturated
with ZnO was used as the electrolyte. Copper foil was used as both
the current collector and substrate for electrodeposition of Zn. The
CV curves of the NiZn battery at various scan rates were shown in
Figure 3B, where a pair of redox peaks was observed. These peaks
corresponded to the following reactions.® 2
Anodic reaction:

Zn(OH),> +2¢"— Zn +40H  (Equation 1)

Cathodic reaction: NiO+ OH™-e"NiOOH (Equation 2)

C05;04+H,0+0OH-e«>3Co00H (Equation 3)

To quantitively measure the energy storage performance of the
NiZn battery, galvanostatic charge/discharge curves at different
current densities was performed (Figure 3C). The calculated specific
capacity of the aqueous NiZn battery was ~2.89 mAh cm™ (or 182.6
mAh g?) at a current density of 5 mA cm? and it was still
maintained at as high as ~1.28 mAh cm (or 80.5 mAh g) when the
current density was increased to 50 mA cm. Together with the high
operating voltage (~1.7 V), this NiZn battery showed comparable or
higher energy density and power density comparing with other
batteries reported” 20, as shown in the Ragone plot in Figure 3D.
This NiZn battery could deliver an areal energy density of 5.12 mWh
cm at a power density of 8.61 mW cm™, and an energy density of
2.11 mWh cm™ at a power density of 82.21 mW cm™. Although the
high areal energy density was partially by virtue of the high mass-
loading, the calculated specific energy density and power density
(215.51 Wh kg™ and 3.45 kW kg™) were still comparable or higher
to the previous data.” **2 To demonstrate the practical application
of the battery, we engineered a pouch cell of our samples, which was
used to light a commercial light-emitting diode (LED) (Fig. S5). The
tandem aqueous batteries (two devices connected in series) could
easily light up a LED for hours after being fully charged.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. (A) Schematic representation of the novel NiZn battery; (B)
and (C) the CV curves and galvanostatic charge and discharge
curves of the NiZn battery; (D) the Ragone plots of the NiZn battery
in comparison with other batteries reported; (E) and (F), cycling
stability, coulombic efficiency and the last several cycling curves of
the NiZn battery at 50 mA cm.

The long-term stability was also examined by cycling testing, as
shown in Figure 3E and F. Unlike to the highly stable Co;0,@NiO
NSRAs electrodes, the NiZn battery showed a quasi-stable
performance with a capacity degradation of ~11% after 500 cycles.
This was attributed to the Zn dendrite formation on the Cu
substrate®2 33 which might result in decreasing the effective working
area and decelerating the Zn deposition process. The SEM images of
the Zn electrode after first 5 cycles and 500 cycling test are shown in
Fig. S6. Notably, the coulombic efficiency of the battery could
achieve above 97% during the cycling testing at high rate,
illustrating the good reversibility.

In summary, we have developed a multi-step hydrothermal
reaction and a following calcination process to fabricate hierarchical
Co030,@NiO NSRAs directly grown on conductive substrate. Due to
the unique architecture, the hierarchical nanoarrays exhibited an
outstanding capacitive performance as the positive electrodes.
Moreover, by incorporating a zinc anode, an aqueous NiZn battery
was fabricated, which delivered both high energy density and power
density. This study not only provides a battery technology with the
advantages of high energy and power density, cost-effectiveness and
high safety, but also clearly demonstrates the feasibility of
constructing hierarchical nanoarrays on a variety of energy storage
applications.
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