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Nanorod-assembled NiCo,0O,4 hollow microspheres
assisted by an ionic liquid as advanced electrode
materials for supercapacitorst

Yirong Zhu,?® Xiaobo Ji,¢ Ruiming Yin,? Zhongliang Hu,® Xiaoqging Qiu,® Zhibin Wu©
and Yong Liu*?

In this work, nanorod-assembled NiCo,O4 hollow microspheres have been successfully prepared by an
ionic liquid-assisted hydrothermal method for the first time. The as-obtained nanorod-assembled
NiCo,04 hollow microspheres manifest a high specific capacitance (764 F g~ at 2 A g™, exceptional
rate capability (53.5% of capacity retention at 30 A g~%) and good cycling stability (101.7% of initial
capacity retention after 1500 cycles). The superior electrochemical performance can be attributed to the
unique hollow micro-/nanostructure, which can provide more active sites for the faradic redox reaction,
provide an easy electrolyte penetration path and alleviate the volume change during the charge-
discharge process. These results suggest that the nanorod-assembled NiCo,O,4 hollow microspheres
could be promising electrode materials for supercapacitor applications. Additionally, this synthetic
method can be extended to the fabrication of other hollow micro-/nanostructure materials for energy

rsc.li/rsc-advances and other related applications.

1. Introduction

With the increasing depletion of traditional fossil fuels and the
worsening of environmental pollution, new renewable energy
storage technologies have been attracting more and more
research interest." As a new energy storage device, the super-
capacitor has recently attracted tremendous attention and
research due to its advantages such as high power density,
fast charge/discharge rate capability, and long cycle span.*®
Currently, the research of supercapacitors is mainly focused on
the electrode material, electrolyte and assembly technology. The
properties of supercapacitors are mainly determined by the
electrode material, thus the study of electrode materials has
become a research hotspot. Among these electrode materials,
ternary metal oxides (NiCo,0,) are emerging as a promising
electrode material for supercapacitors.®” The coupling of nickel
and cobalt ions render the NiCo,0, with richer redox reactions
and better electronic conductivity than single-component
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NiO and Co3;0,, which are beneficial to the improvement of
the electrochemical performances. Moreover, NiCo,0, has
several inherent advantages of low cost, natural abundance
and low toxicity. These attractive features make NiC0,0,
a promising cost-effective and superior electrode material for
supercapacitors.

Recently, the study of NiCo,O, has been focused on the
synthesis of various special morphologies, including nano-
wires,*® nanoneedles,’ nanorods," nanotubes,’” nano-
sheets,”* 3D structures,**'® urchin-like structures,” and
hollow structures.’*** Among these morphologies, hollow
micro-/nanostructures have drawn extensive attention because
of their attractive advantages such as a large specific surface
area, low density, a kinetically favorable open structure and
surface permeability, which can achieve an enhancement of
the electrochemical performances.*** Yuan et al.*® reported the
use of silica spheres as a hard template to synthesize hollow
NiCo,0, sub-microspheres delivering superior electrochemical
properties as supercapacitor electrode materials. Lou et al.*
developed a self-templated strategy to prepare uniform NiCo,0,
hollow spheres with complex interior structures showing
superior electrochemical performances as advanced electrode
materials for both lithium-ion batteries and supercapacitors.
Very recently, our group has fabricated mesoporous NiCo,0,
hollow microspheres utilizing a soft template method via
a hydrothermal synthesis route, demonstrating enhanced
specific capacitance, rate capability and cycling stability
compared to solid microspheres and collapsed hollow micro-
spheres.” However, to the best of our knowledge, there is still
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no report on the fabrication of nanorod-assembled NiCo,0,
hollow microspheres using an ionic liquid-assisted hydro-
thermal synthesis route.

Ionic liquids, which are typically composed of hydrophilic
inorganic anions and hydrophobic organic cations, are a kind of
environmentally friendly green solvent.*** They have many
superior advantages compared with common organic solvents
and surfactants, and they have been used as templates and
solvents in the synthesis of inorganic materials with unique
morphologies, resulting in improved electrochemical proper-
ties.>*® However, reports of ionic liquid-assisted syntheses of
inorganic materials are still rare, especially for applications in
the field of supercapacitors. Recently, Xu et al.>® successfully
fabricated C3;N,/a-Fe,O; hollow microspheres with enhanced
supercapacitive performance utilizing an ionic liquid-assisted
solvothermal method. The study reveals that the used ionic
liquid 1-butyl-3-methylimidazolium tetrachlorideferrate(ur)
[Bmim]FeCl, acts as solvent, template and reactant during the
synthesis process, and plays a vital role in the formation of
hollow microspheres. Thus, utilizing ionic liquids to synthesize
superior supercapacitor electrode materials is an attractive
prospect.

Herein, a facile ionic liquid [Bmim]Cl-assisted hydrothermal
method was utilized to prepare nanorod-assembled NiCo,0,
hollow microspheres for the first time. During the synthesis
process, the ionic liquid acts not only as the solvent but also as
the template, and a possible formation mechanism of the
NiCo,0, hollow microspheres is proposed. The as-resulted
NiCo,0, hollow microspheres were used as electrode mate-
rials for supercapacitors and superior electrochemical proper-
ties could be obtained.

2. Experiment section
2.1 Materials and chemicals

All the chemicals purchased in the experiments were used
without further purification. NiCl,-6H,0 (analytical grade) and
CoCl,-6H,0 (analytical grade) were obtained from Fengchuan
Chemical Reagent Co., Ltd, Tianjin. CO(NH,), (analytical grade)
was bought from Xilong Chemical Co., Ltd. [Bmim]ClI (analyt-
ical grade) was purchased from Sinopharm Chemical Reagent
Beijing Co., Ltd.

2.2 Materials synthesis

In a typical synthesis, 2 mmol of NiCl,-6H,0 and 4 mmol of
CoCl,-6H,0 were dissolved in 20 mL of distilled water. Then,
10 g of the ionic liquid [Bmim]Cl was added into the mixed
solution under stirring. Subsequently, 30 mmol of CO(NH,),
was further added into the above mixed solution. After stirring
for 30 min, the solution was transferred to a Teflon-lined
stainless steel autoclave and heated in an oven at 120 °C for
10 h. After being cooled to room temperature, the precipitate
was collected by centrifugation, washed with deionized water
and absolute ethanol several times, and finally dried in
a vacuum oven at 60 °C for 12 h. Finally, the precursor was
further annealed at 300 °C in air for 3 h to obtain the product.
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2.3 Materials characterization

Thermogravimetric (TG) data of the sample was acquired using
a thermal analysis instrument (NETZSCH STA449F3) from room
temperature to 800 °C in air. The X-ray diffraction (XRD) pattern
of the sample was collected using a Rigaku D/max 2550 VB* 18
kW X-ray diffractometer with Cu Ko radiation at a scanning rate
of 0.1° 26 s~'. The morphology of the sample was examined
using scanning electron microscopy (SEM, JSM-6510LV). The
Brunauer-Emmett-Teller (BET, BELSORP-MINIII) specific
surface area and the pore size distribution wereacquired based
on the N, adsorption/desorption measurement.

2.4 Electrochemical characterization

The working electrode was prepared by mixing 70 wt% of
NiCo0,0,, 20 wt% of carbon black (super P), and 10 wt% of
polyvinylidene difluoride (PVDF) with a few drops of N-methyl-
2-pyrrolidine (NMP). The mixture was then coated onto nickel
foam as a current collector, which was pretreated according to
our previous work.'*****3 The prepared electrode was dried
under a vacuum at 100 °C for 10 h and then pressed under
a pressure of 15 MPa for 30 s. The electrolyte used was 2 M KOH
aqueous solution. The electrochemical properties of the sample
were evaluated using a CHI 660D electrochemical workstation
using cyclic voltammetry (CV) and galvanostatic charge-
discharge tests with a three-electrode system where Pt foil
served as the counter electrode and Hg/HgO as the reference
electrode.

3. Results and discussion

Thermogravimetric analysis (TG) was employed to determine
the optimum calcination temperature of the as-prepared
sample. The TGA curve of the NiCo,0, precursor is shown in
Fig. 1. The initial weight loss between room temperature and
220 °C is due to the removal of physically adsorbed water and
crystal water. The second obvious weight loss between 220 and
300 °C corresponds to the conversion of the precursor to
NiCo,0,. Beyond 300 °C, no obvious weight loss can be
observed, demonstrating the formation of the stable NiCo0,0,
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Fig. 1 TG curve of the nanorod-assembled NiCo,O4 hollow micro-
spheres precursor.
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product. Based on the thermal analysis, 300 °C is chosen as the
calcination temperature in this work.

The phase and composition of the as-prepared sample
were analyzed using X-ray diffraction (XRD), as shown in
Fig. 2. The positions and intensities of the characteristic
peaks agree well with the standard pattern of the cubic spinel
NiCo,0, phase (JCPDS card no. 20-0781). The characteristic
peaks at 18.91°, 31.15°, 36.70°, 38.40°, 44.62°, 55.44°, 59.09°,
64.98° and 68.31° are indexed to the (111), (220), (311), (222),
(400), (422), (511), (440) and (531) planes of cubic spinel
NiCo,0,, respectively.

In order to investigate the morphology of the as-prepared
sample, SEM was performed, as displayed in Fig. 3. It can be
observed from Fig. 3a and b that the morphology of the sample
is an urchin-like structure with an average diameter of 3-5 um.
As shown in Fig. 3c, the image of the broken microsphere
indicates the hollow structure, and the shell of the hollow
microsphere is composed of an aggregation of many tiny
nanorods. In addition, it can be seen from Fig. 3d that a large
quantity of open holes exist between the interconnected nano-
rods. Such a unique hollow micro/nanostructure indicates
a relatively high specific surface area and abundant porosity
structure, which is further confirmed by the BET N, adsorption/
desorption measurements in Fig. S1. The BET characterization
reveals that the specific surface area is 38.9 m* g™, and the pore
size distribution is mainly centered in the mesoporous size
range of 10-30 nm with an average pore diameter of 19.4 nm.
Although the specific surface area of the as-obtained NiCo,0,
hollow microspheres is not high enough, the mesoporous
structure with a relatively large pore size and the outstanding
electronic conductivity reported by many previous studies**?**
are particularly favorable for the fast diffusion of electrolyte ions
and the transport of electrons during the charge-discharge
process, resulting in the enhancement of the electrochemical
performance. It is well-known that the specific surface area and
electronic conductivity usually have an opposite effect on the
supercapacitive performance.** Thus, in order to obtain supe-
rior electrochemical performance, it is vitally important to
balance the specific surface area, pore structure and electronic
conductivity in the preparation process.
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Fig. 2 XRD pattern of the nanorod-assembled NiCo,04 hollow
microspheres.
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As shown in Fig. 4, the possible formation mechanism of
a NiCo,0, hollow microsphere is proposed. The formation of
the NiCo,0, hollow structure is mainly caused by the ionic
liquid [Bmim]Cl. The ionic liquid [Bmim]Cl has dual roles and
acts not only as a solvent but also as a template during the
synthesis process, and it is vital for the structure of the NiCo,0,
hollow microspheres. It is well known that ionic liquids could
show aggregation behavior and form micelles in solution.**-®
When [Bmim]Cl was added into the Ni** and Co*" ion-
containing water solution, [Bmim]|Cl is soluble in water to
a certain extent with stirring, and it can be dispersed into small
droplets to form numerous micelles, where the hydrophilic
group faces outward and the hydrophobic alkyl chain faces
inward, forming a two-phase interface. After further adding
urea into the above mixed solution, cobalt-nickel bimetallic
carbonate hydroxide crystal nuclei were formed through the
reaction of the metal cations (Co>* and Ni**) with the CO;>~ and
OH™ anions slowly released from the hydrolysis of urea.** Due
to the low surface energy of ionic liquid [Bmim]|Cl, a large
number of cobalt-nickel bimetallic carbonate hydroxide crystal
nuclei were easily adsorbed on the surface of the ionic liquid
micelles. Under the hydrothermal reaction conditions, these
crystal nuclei further grow and self-assemble into nanorods,
and finally the precursor of the NiCo,0, hollow structure can be
formed after washing away the ionic liquids. After calcination,
NiCo,0, hollow microspheres can be obtained. According to the
previously reported literature,*” only urchin-like NiCo,0, solid
microspheres can be obtained via the hydrothermal synthesis
route using urea as precipitant without adding ionic liquid.
Therefore, the ionic liquid [Bmim]Cl plays a vital role in the
formation of the NiCo,0, hollow structure in the synthesis
process. The formation process is similar to that in previous
reports of BiOI hollow microspheres® and graphite-like C3N,
hybridized a-Fe,O; hollow microspheres.” However, further
research is still needed to investigate the exact formation
mechanism, which will form part of our future work.

In order to demonstrate the advantages of this unique
hollow structure, cyclic voltammetry, galvanostatic charge-
discharge measurements and cycling stability tests were used to
evaluate the electrochemical properties of the nanorod-
assembled NiCo,0, hollow microspheres, as displayed in
Fig. 5. Fig. 5a shows the CV curves of the NiCo,0, hollow
microsphere electrode at scan rates of 2-100 mV s ' in
a potential range of 0-0.55 V in 2 M KOH solution. A couple of
redox peaks can be clearly observed from all the CV curves,
which indicates the pseudocapacitive characteristics derived
from the faradaic redox reaction related to M-O/M-0O-OH,
where M represents the Ni and Co ions.”'® Moreover, it can be
seen from Fig. 5a that the peak currents increase with the
increasing scan rates from 2 to 100 mV s . Even at a high scan
rate of 100 mV s, the CV curve doesn’t show any obvious
distortion, and the position of the anodic or cathodic peak only
shifts slightly, suggesting the good electrochemical reversibility
and fast charge—-discharge characteristics of the NiCo,0,4 hollow
microsphere electrode. Fig. 5b displays the galvanostatic
charge-discharge curves of the NiCo,0, hollow microsphere
electrode at current densities of 2-30 A ¢~ ' in a potential range
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Fig. 3 SEM images of the nanorod-assembled NiCo,0O4 hollow microspheres under different magnifications.

of 0-0.5 V in 2 M KOH solution. The calculated specific capac-
itance of the NiCo,0, hollow microsphere electrode as a func-
tion of current density is plotted in Fig. 5c. The specific
capacitances of the NiCo,0, hollow microsphere electrode are
calculated to be 764, 717, 620, 517 and 449 F g~ ' at current
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densities of 2, 5, 10, 20 and 30 A g~ ', and the capacity retention
rate (compared with 2 A g”") is as high as 53.5% at a current
density of 30 A g7, indicating the superior rate capability. As
shown in Fig. 5d, the cycling stability of the NiCo,0, hollow
microsphere electrode was further estimated by the repeated
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Fig. 4 Formation mechanism of the nanorod-assembled NiCo,O4 hollow microspheres.
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Fig.5 The nanorod-assembled NiCo,0, hollow microsphere electrode: (a) CV curves at scan rates of 2-100 mV s~ %; (b) galvanostatic charge—
discharge curves at current densities of 2—30 A g™%; (c) the specific capacitance change as a function of current density; (d) the cycling stability at

a current density of 2 A g~* for 1500 cycles.

charge-discharge measurement at a current density of 2 A g~ .
The specific capacitance of the NiCo,O, hollow microsphere
electrode increases in the first 80 cycles, which can be ascribed
to the cycling-induced improvement of the surface wetting of
the electrode, resulting in more electroactive surface areas, and
then gradually decreases with cycling numbers and remains
stable at about 1000 cycles. This phenomenon is similar to that
in many other groups’ reports.'>'>'%1%2% After 1500 cycles, the
electrode can retain 101.7% of its initial specific capacitance.

The superior electrochemical performance of the NiCo,0,
electrode can be attributed to the unique nanorod-assembled
hollow structure: (1) the tiny nanorod-assembled shell can
enlarge the contact area between the electrode and electrolyte,
and thus offer more active sites for the faradic redox reaction,
resulting in the enhancement of the specific capacitance; (2) the
abundant open space between the neighboring nanorods can
provide an easy electrolyte penetration path, ensuring the high
electrochemical utilization of the active material and an
improvement of the high rate capability; (3) the micrometer-
sized structure of the hollow sphere can keep the host struc-
ture and buffer against volume changes during the charge-
discharge process to guarantee good stability.

This journal is © The Royal Society of Chemistry 2017

4. Conclusions

In summary, nanorod-assembled NiCo,0O, hollow microspheres
have been fabricated by a facile ionic liquid-assisted hydro-
thermal synthesis route for the first time. Due to the advantages
of the unique hollow micro-/nanostructure, the as-resulted
NiCo,0, hollow microspheres demonstrate a high specific
capacitance of 764 F g ' at 2 A g~ ', remarkable capacity reten-
tion rate of 53.5% at 30 A g ' compared with 2 A g and
superior cycling stability of 101.7% of initial capacity retention
over 1500 cycles at 2 A g~ '. The superior electrochemical
properties will render the nanorod-assembled NiCo,0, hollow
microspheres as attractive electrode materials for promising
applications in supercapacitors. Furthermore, the liquid-
assisted synthesis method can be extended to the preparation
of other hollow micro-/nanostructured electrode materials for
supercapacitors and other energy storage systems.
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