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Abstract

Bimetallic oxide nickel cobaltite (NiCo204) nanoflakes are fabricated on the surface and sidewall of three
dimensional microporous electrically conductive network (MECN) as the active electrode materials for miniature
supercapacitors by hydrothermal method. The X-ray diffraction (XRD) and scanning electron microscopy (SEM)
characterisation of as-prepared material demonstrates that the nanostructure grown on the MECN consists of a
NiCo204 nanoflake layer. Compared with the nanostructured nickel growth on the MECN, the as-prepared
NiCo0204/MECN nanoflake has shown enhanced electrochemical properties, manifesting a high capacitance of 607.29
F g (7.29 F cm?) at 10 mA cm™ and good cycling stability of 60.60% capacity retention after 2000 cycles. Even at
the power density of 1000.0 W Kg!, the device still has the energy density of 134.71 Wh Kg-! which is comparable to
related research. The large specific capacitance and remarkable rate capability can attribute to the unique 3D ordered
porous architecture, which facilitates electron and ion transport, enlarges the liquid-solid interfacial area, and
enhances the utilization efficiency of the active materials. Meanwhile, the weight and size of the device are reduced.
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1. Introduction

With the technological and scientific advancements in the 21st century, our modern society is facing the
energy and environmental related issues such as deficiency, pollution of fossil fuels and global
warming[1]. To meet urgent needs for sustainable and renewable power sources in the modern electronic
industry, many effort has been made in developing energy storage and conversion form clean and
renewable energy sources [2, 3]. Electrochemical capacitors (ECs), that store energy using both ion
adsorption-desorption and electrochemical reaction, have attracted much attention for their high power
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density, long lifespan and charge/discharge efficiency application. With characteristics complementary to
those of rechargeable batteries and fuel cell, supercapacitors have been used in many application, such as
power back-up, pacemakers, air bags and electrical vehicles [4, 5]. Therefore, much effort has been put
into exploring new ways of manufacturing high performance supercapacitors which can deliver high
power within a very short time and store a large amount of energy.

Recently, mixed metal oxides and binary metal oxides have been reported to show higher
performance than single component oxides due to their feasible oxidation states and high electrical
conductivity, such as ZnC0204,[6] Zn2SnO4,[7] NiMo0O4,[8] CoMoO4 [9] and NiCo0204 [1, 10] et, al.
seems to be the most promising materials for ECs. Among those materials, NiC020s is advantageous
because it is low cost, non-toxic, and exhibits enhanced electrochemical properties. Due to its excellent
nano morphology structure (Fig.1 (e)-(h)) and stable electrochemical properties, NiCo204 has become a
hot research topic in the near few years. So far, the main synthesis strategies include liquid-phase co-
precipitation,[11] hydro- and solvothermal routes, [12] microwave-assisted methods,[13]
electrodeposition methods,[14] electrospinning methods,[15] high-temperture synthesis[16] etc. Actually,
most of the methods are suitable for the growth of active material on large aperture porous or 2 dimension

planar electrodes but do not suitable for the growth of active substances in the internal channels of MECN.

Therefore, among those methods, in comparison, the hydrothermal synthesis route has several advantages
for nanomaterials growth in the MECN. First of all, instead of producing the active materials in a
complex environment, the materials can be deposited directly on a substrate and so the microstructure of
the active materials can be preserved. Secondly, the active materials can be deposited directly without the
need of adding a polymer binder and conduction agent, and so the conductivity and purity of the active
materials will not be affected by additives. Thirdly, the reaction carried out in the high temperature and
pressure environment, the reaction solution can easily penetrate into the inside of the nanoscale electrode
substrate, so that the hierarchical NiCo,O4 nano-sturcture growth uniform on both the surface and side
wall of MECN[9]. The fabrication process of MECN can be find from literature by Mai Li etc.[9] and the
synthetic methods of NiC0,04 can be find from the literature by Suning Gao etc.[10].

2. The structure of nanoscale covered MECN and the NiCo0,04/MECN composite structure

(f)

Intensity (a.u.)

Fig.1. (a) the surface of silicon micro channel plate (Si-MCP), (b) the surface of microporous electrically conductive network
(MECN), (c) the morphology of nickel growth on the surface of MECN, (d) the XRD patterns of MECN and NiCo.04/MECN, (e)
the surface of NiCo,O4/MECN electrode, (f) the nanoflake structure of NiCo,04, (g) the cross-sectional view, (h) magnified image

of (g).

It is well known that the pseudocapacitance is mainly produced by fast faradic reactions associated
with double injection (extraction) of ions and electrons[9]. To improve supercapacitive behavior, it is
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crucial to enhance the kinetics of ion and electron transport inside the electrodes and at the
electrode/electrolyte interface. Porous three-dimensional (3D) silicon micro channel plate (Si-MCP) act
as skeleton substrate, enabling access of ions and electrons to the active surfaces and produce a better
electrochemical response on the electrodes. After the fabrication of Si-MCP by silicon process, a nickel
layer was grown on the surface of Si-MCP as the conductive layer of the electrode that formation the
MECN as shown in Fig.1 (a)-(c). In this work, we report a novel strategy to prepare ordered hierarchical
NiCo204 films via hydrothermal synthesis route based on microporous electrically conductive network
(MECN) with a large aspect ratio for the production of novel supercapacitors. The inner channels of the
MECN provide all the space needed for the nickel current collector layer and NiCo204 active materials in
the supercapacitors. So the footprint of the whole electrode can be reduced while maintaining the
advantage of a large surface area for the active materials due to the nano-crystals on the inner walls of the
microchannels. Fig. 1 shows the large specific surface area design concept and unit structure of our
miniature supercapacitors which vividly reveals the advantages of MECN.

Fig.1. (e)-(h) show the morphology of the bimetallic oxide nickel cobaltite thin film on the MECN as
observed by field-emission scanning electron microscopy (FE-SEM) at different magnifications. As
shown in Fig. 1(e), the sandwich-like MECN with a large surface area provide more NiCo,O4 nucleation
centers and also good support with high conductivity to decrease the contact resistance of the active
materials. After hydrothermal synthesis, a smooth and compact NiCo0,04 layer about 300 nm thick is
formed and cracks between the active materials resulting from deposition can be observed in Fig. 1(f) and
(g). The nano-flakes on the top walls in Fig. 1(f) are larger than those on the sidewalls shown in Fig. 1(g).
According to the cross-sectional SEM morphology of the NiCo,O4/MECN in Fig. 1(g), NiCo20s4 is
deposited uniformly onto the sidewalls of the microchannel and this is favorable to enhanced performance.
In order to determine the structure and crystallinity of the samples, XRD measurements were employed to
record the patterns with the MECN and NiCo0,O+/MECN. Fig. 1(d) absolutely exhibits the peaks that
belonged to spinel NiCo204 (JCPDS data no.73-1702) and the XRD pattern of the bare MECN substrate is
shown in this picture[10].

3. Electrochemical performance of the NiCo,O4/MECN electrode

Cyclic voltammogram (CV) and chronopotentiometry measurements are conducted to evaluate the
specific capacitance and electrochemical properties of the as-prepared NiCo,O4/MECN electrodes. Fig.
3(a)~(c) show the CV curves of the MECN and NiCo,Os/MECN electrode in 2 M KOH at various
sweeping rates in the potential range between -0.2 and 0.6 V. As shown in Fig. 2(a), as the scanning rate
goes up, the peak currents are proportional to the square root of the scanning rates, implying that the
electrodes have good electrochemical performance. In the reverse scanning direction, the current is almost
instantaneous suggesting that in the CV curve, there is a small angle along the horizontal axis, indicating
that the barely MECN electrodes have smaller impedance. The CV of the MECN normally approaches
the ideal shape of redox reaction, but the CV obtained from the NiCo0,O4/MECN pseudo-capacitance is
quite different. While, Furthermore, it is apparent from Fig.2 (b) that NiCo,O4/MECN possesses a much
larger area under the same current-potential compared to nano nickel covered MECN suggesting that
NiCo204 has an excellent electrochemical performance based on the MECN and the capacitance of
MECN can be ignored (Fig. 3 (c)). The structure of the NiCo,O4 nano-flakes provides reaction sites due
to the huge surface area and porous structure of the MECN. While the CV of NiC0,04/MECN under large
scanning rate have large angle along the horizontal axis that indicate us the chemical reaction of NiC0,04
is not sufficient under this situation. The specific capacitance can be calculated from the CV curves using
Eq. (1):[17]
C, = (Jidt)(AAV)" (1)

where Cris the electrode specific capacitance, i is the instantanecous current, 4 is the footprint area of the

entire electrode, and A V is potential voltage window. The specific capacitance can be calculated from
the CV curves. Fig. 2(d) displays the charge-discharge curves of the as-prepared NiCo,O4/MECN
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electrode measured in 2 M KOH at different discharge current densities in the potential range from 0 to
0.4 V. According to the shape of the charge-discharge curves, it is mainly pseudo-capacitance instead of
pure double-layer capacitance and the results are consistent with the CV data of Fig. 2(b).
Chronopotentiometry is a recommended method to determine the capacitance of supercapacitors
according to eqn (2): [17]
C; = (IA(AAE)! )

where / is the constant discharge current, A ¢ is the discharge time, A E is the potential drop during the
discharge process and 4 is the area of the working electrode immersed in KOH.
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Fig.2. (a) CV curves of MECN and (b) CV curves of NiCo,O4MECN under different scanning rate, (c) the CV and
chronopotentiometry comparison between the MECN and NiCo,O4/MECN, (d) the chronopotentiometry of NiCo,O4/MECN under
different current density.

According to the chronopotentiometry, as shown in Fig. 3(a), the area capacity values of
NiC0204/MECN are calculated to be 7.29, 7.04, 6.78, 6.27 and 5.63 F cm? for discharging current
densities of 10, 20, 30, 40 and 60 mA cm?, respectively. Due to the mass of the NiC0,04 is 0.012g on the
sample, the mass capacity values of NiC0o04/MECN are calculated to be 607.29, 586.33, 565.08, 522.67
and 467.75 F g'! for discharging current densities of 10, 20, 30, 40 and 60 mA c¢cm™, respectively.

It indicates the excellent ability of the supercapacitors. The energy and power densities (E
and P) are calculated using the following equ(3) and (4):[18]

2
e O.5C3(§V) (3)

where C is specific capacitance, AV is the potential window, At is the discharge time. As shown in Fig.
3(b), the supercapacitor displays a high energy density of 174.90 Wh kg™! at a power density of 208.30W
kg'!'. Even at a high power density of 1000.0 W kg*!, the device still has an energy density of 134.71 Wh
kg! that is much better than that of the conventional EDLC.

In order to demonstrate the long term electrochemical stability of the nano-flaked NiCo0,0s electrode
materials, the IT characteristics were measured in 2 M KOH at a current density 70 mA ¢cm™2. As shown
in Fig. 3(c), the specific capacitance calculated from eqn (2) decreases with cycle numbers. In the first
1000 cycles, the calculated capacitance loss of NiCo,O4 was 27.6%, while in the last 1000 cycles, the
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sample have capacitance loss of 11.8%, thereby demonstrating good stability in long charging—
discharging cycles. It has been proposed that a smaller surface area and degradation of the active
materials are responsible for the capacitance loss in long charging—discharging. Another important aspect
of a supercapacitor electrode is the impedance spectra. The measurements were carried out on the
NiCo204/MECN electrodes with an excitation signal of 5 mV for those samples. The EIS of the MECN
and NiC0,04/MECN before and after cycling tests (Fig.3 (d)) are also consistent with the other
electrochemical tests that exaggerate the excellent performance of the NiC0,O4. The MECN has a fast
reaction rate and contact resistance with the electrolyte, while the NiCo,O4/MECN has much more has
more active materials that can react violent with the electrolyte. From EIS, we also find that after 2000
cycles under large current density, the active materials of NiCo2O4/MECN reduced dramatically but the

ion migration ability enhanced that may due to the reaction changed the composition of the substance.[5]
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Fig.3. (a) the capacity of NiCo,O4/MECN under different calculation methods, (b) Ragone plot of the NiCo,O4/MECN under
different current density, (c) 2000 cycles cycling ability test of the NiCo204/MECN, (d) the EIS plot of the samples of MECN and
NiC0,04/MECN before and after the 2000 cycling ability test.

4. Conclusions

The effects, mechanism, electrochemical performance of an improved bimetallic oxide nickel
cobaltite coated MECN fabricated by hydrothermal method are investigated. The structure with the
nanoflake NiCo2O; film exhibits much higher specific capacitance than the barely MECN. This can be
attributed to the regular nano-structure consisting of mesopores and faster redox reaction of NiCo204. The
highest specific capacitance of 7.29 F cm™ (607.29 F g'!) was attained at a discharge current density of 10
mA cm? and there is good electrochemical stability up to 2000 cycles. The materials can be readily
upscaled to mass production of miniature supercapacitors.
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