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ABSTRACT: Highly porous NiCo,0, nanoflakes and nano-
belts were synthesized by using a hydrothermal technique,
followed by calcination of the NiCo,O, precursors. The as-
synthesized materials were analyzed by scanning electron
microscopy, X-ray diffraction, transmission electron micros-
copy, and Brunauer—Emmett—Teller methods. The NiCo,0,
nanoflakes and nanobelts were applied as anode materials for
lithium-ion batteries. Owing to the unique porous structural
teatures, the NiCo,0, nanoflakes and nanobelts exhibited high
specific capacities of 1033 and 1056 mA h g™', respectively,
and good cycling stability and rate capability. These excep-
tional electrochemical performances could be ascribed to the
remarkable structural feature with a high surface area and void
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spaces within the surface of nanoflakes and nanobelts, which provide large contact areas between electrolyte and active materials
for electrolyte diffusion and cushion the volume variation during the lithium-ion insertion/extraction process.
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1. INTRODUCTION

The limited traditional energy resources and the increasing
concerns on environmental pollution are major driving forces
for the development of sustainable and clean energy sources.'
As one of the most promising energy storage devices, the
lithium-ion batteries have progressively attracted extensive
interests within the industrial and scientific communities. It is
now the dominate power source for portable electronics and
electric/hybrid electric cars.* ¢ The ever-increasing energy
demand has inspired current research to develop new high-
performance electrode materials with various morphologies,
from micro to nanoscales, for lithium-ion batteries. Owing to
their higher theoretical specific capacity (500—1000 mA h g™")
and reversible conversion mechanism for lithium storage,
nanostructured transition metal oxides have been considered as
a possible alternative anode material for lithium-ion bat-
teries.”'>** However, poor cycling performance and low
electrical conductivity limit their practical application. Among
transition metal oxides, cobalt oxide exhibited capacity 3 times
higher than that of conventional graphite; however, because of
the high cost and toxic nature of cobalt, it has not been
recognized as an alternative anode material. Many efforts have
been devoted to partially replacing cobalt oxide with other
inexpensive and environmentally friendly metal oxides.">™"¢
Binary metal oxides, such as CuCo,0,4 MnCo,0,, ZnCo,0,,
NiCo,0,, and ZnMn,0,, have also been reported as anode
materials for lithium-ion batteries.">™'” Among different binary
metal oxides, NiCo,0, is a very promising electrode material
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because of its high theoretical capacity (890 mA h g™'). More
importantly, it has been reported that NiCo,O, has much
higher electrical conductivity and electrochemical performances
than nickel oxides and cobalt oxides.'® The higher electronic
conductivity is favorable for the rapid transfer of electrons in an
electrode. Because of the synergistic effect from higher
electronic conductivity and porous structure, NiCo,O, nano-
flakes and nanobelts show much better electrochemical
performances than nickel oxide and cobalt oxide. Owing to
its intriguing properties, it emerges as a promising material for
diverse applications, such as photodetectors,'® electrocatalytic
water splitters,’ supercapacitors,21 and lithium-ion bat-
teries.'®* In order to develop high-performance lithium-ion
batteries, electrode materials play a very important role in terms
in determining the performance of batteries. Generally, porous
electrode materials exhibit several beneficial properties, which
are preferable for the enhancement of electrochemical perform-
ances; these include that (i) the porous structure can offer
space for volume change throughout the cycling process, and
(ii) the high specific surface area can greatly improve the
interface contact between the active materials and electrolyte,
facilitating fast Li* and electron transport.”*** It is also well-
recognized that the rate performance of electrode materials is
generally determined by electronic conductivity and the kinetics
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of ion diffusion. Thus, the design of electrode materials with
different shapes and sizes is essential to improve electro-
chemical performances of lithium-ion batteries. NiCo,O, has
been widely studied as an electrode material for supercapacitors
owing to its remarkable electrical conductivity and electro-
chemical activities.”> > However, there have been only a few
reports on the application of NiCo,0, as anode materials for
lithium-ion batteries. Qian et al. have reported monodisperse
NiCo,0, mesoporous microspheres by a solvothermal method
with subsequent annealing of the precursor, which displayed
good battery performance.'® Porous flower-like NiCo,0, was
synthesized through a hydrothermal method, followed by
calcination in air. The flower-like NiCo,0, exhibited improved
lithium storage properties and good cycling performance.”* Li
and co-workers have fabricated well-aligned nanorod arrays on
Cu substrates via a one-pot hydrothermal decomposition,
followed by annealing in air. The nanorod arrays demonstrated
higher lithium storage performances.”

Herein, we reported the preparation of highly porous
NiCo,0, nanoflakes and nanobelts by a simple template-free
hydrothermal method. The as-prepared NiCo,0, nanostruc-
tures demonstrated high specific capacity, excellent rate

capability, and a good cycling stability.

2. EXPERIMENTAL SECTION

2.1. Synthesis of NiCo,0, Nanoflakes and Nanobelts. In a
typical synthesis process of NiCo,0, nanoflakes, 0.687 mmol of
Ni(NO;),-6H,0 and 1.375 mmol of Co(NO,),-6H,0 are dissolved in
25 mL of deionized (DI) water, followed by the addition of 0.516 g of
glycine and 0.585 g of Na,SO, salt. The mixture was slowly adjusted to
pH 11 by the dropwise addition of 5 M NaOH solution and stirred for
1 h. The resultant mixture was transferred into a 30 mL Teflon-lined
stainless steel autoclave and heated at 180 °C for 20 h. After cooling to
room temperature, the precipitates were collected by filtration, washed
with DI water and ethanol, and dried in a vacuum oven at 80 °C for 12
h. Finally, to obtain the porous nanoflakes, the precursor was annealed
at 500 °C for 3 h in air. For the synthesis of NiCo,0, nanobelts, the
process was almost identical to the synthesis of NiCo,0, nanoflakes
described above. The only difference is the addition of 50% ethanol
and 50% water instead of 100% water.

2.2. Materials Characterization. The as-synthesized NiCo,0,
nanoflakes and nanobelts were characterized using a GBC MMA X-ray
diffractometer (4 = 0.15405 nm), a field emission scanning electron
microscope (FESEM, Zeiss Supra SSVP) with an energy-dispersive X-
ray (EDX) attachment, and a transmission electron microscope (TEM,
JEOL 2011 TEM facility). The specific surface area was calculated
using the Brunauer—Emmett—Teller (BET) method. The pore size
distribution and average pore diameter were calculated by the Barrett—
Joyner—Halenda (BJH) equation using a Micromeritics 3 Flex surface
characterization analyzer at 77 K. Fourier transform infrared (FTIR)
spectroscopy was performed on a Bruker Tensor 27 IR spectrometer
using KBr as dispersant between 400 to 4000 cm™'. Thermogravi-
metric analysis (TGA) was carried out at a heating rate of 10 °C min™"
from room temperature to 600 °C with an air flow rate of 30 mL
min~" by using the 2960 SDT thermal analyzer.

2.3. Electrochemical Measurements. The electrochemical
performances of the as-prepared NiCo,0, nanoflakes and nanobelts
were measured under room temperature by using coin cells (CR
2032), in which lithium was used as the counter electrode as well as
the reference electrode. The working electrode was prepared using the
active material (NiCo,0, nanobelts and nanoflakes), acetylene carbon
black (conductive agent), and polyvinylidene fluoride (PVDF) binder
in a weight ratio of 60:20:20. The slurry was pasted onto a copper foil
substrate (area of loading: 1 cm? and a total mass of around 1 mg) and
dried in a vacuum oven at 100 °C overnight. A thin round sheet of
microporous polythene (Celgard 2400) was used as separator, and 1
M LiPF in ethylene carbonate (EC) and diethyl carbonate (DEC)

(1:1 by volume) was used as the electrolyte (20 uL for each cell). The
cells were assembled in an argon-filled glovebox (UniLab, MBRAUN,
Germany) with water and oxygen contents of less than 1 ppm. The
galvanostatic charge—discharge cycling was evaluated by the NEW-
ARE-BTS battery tester with a potential window of 0.01—3.0 V. The
cyclic voltammetry (CV) experiment was carried out using a CHI
660C electrochemistry workstation in the voltage range of 0.01-3.0 V
(vs Li*/Li) and at a scan rate of 0.1 mV s7!. Electrochemical
impedance spectroscopy (EIS) was conducted on the CHI 660C
electrochemistry workstation in the frequency range from 0.1 MHz to
0.01 Hz.

3. RESULTS AND DISCUSSION

The crystalline structure and phase purity of the NiCo,O,
materials were characterized by XRD. Figure la,b shows the
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Figure 1. XRD patterns of NiCo,0, calcinated at 500 °C for 3 h: (a)
nanoflakes and (b) nanobelts.

XRD patterns of NiCo,0, nanoflakes and nanobelts. Nine
distinct diffraction peaks are observed at 20 values of 19.3, 31.2,
36.8, 38.5, 44.8, 55.8, 59.3, 65.2, and 77.2°, respectively (Figure
1a). All of these diffraction peaks can be indexed to (111),
(220), (311), (222), (400), (422), (511), (440), and (533)
crystal planes and assigned to cubic NiCo,0, with a spinel
crystalline structure (JCPDS card no. 73-1702). In Figure 1b,
the small peak at around 74° can be indexed to the (620)
crystal plane of NiCo,0,. All diffraction peaks in Figure 1b can
also be ascribed to the cubic NiCo,0, with a spinel crystalline
structure (JCPDS card no. 73-1702).>> No other impurity
peaks were observed, which indicates that the pure NiCo,0,
nanoflakes and nanobelts were formed after thermal treatment.

The morphologies of the as-synthesized Ni-Co based
intermediate products and NiCo,0, nanoflakes and nanobelts
were determined by FESEM. Figure Slab (Supporting
Information) shows the SEM images of Ni-Co based
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Figure 3. FESEM images of porous NiCo,O, nanobelts: (a, b) low magnification and (c, d) high magnification.

intermediate products (nanoflakes). From the low- and high-
magnification images, the uniform distribution of nanoflakes is
observed. Figure Slc,d shows the nanobelts of the Ni-Co based
intermediate with a regular distribution. Remarkably, the
nanoflake and nanobelt structures were maintained even after
thermal treatment of the precursors. There is no obvious

morphology change, which demonstrates excellent structural
stability (Figures 2 and 3). Figure 2 displays different
magnification SEM images of NiCo,0, nanoflakes. From the
low-magnification SEM images, a uniform distribution of
NiCo,0, nanoflakes is observed (Figure 2ab). The high-
magnification SEM images show the nanoflake structure with
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Figure 4. (a) Low-magnification TEM image of NiCo,O, nanoflakes, (b) its corresponding selected area electron diffraction patterns (SAED), (c)
high-magnification TEM image, and (d) lattice resolved HRTEM image.

Figure S. (a) Low-magnification TEM image of NiCo,0, nanobelts, (b) its corresponding selected area electron diffraction patterns (SAED), (c)
high-magnification TEM image, and (d) lattice resolved HRTEM image.

clearly visible small pores on the surface of nanoflakes (Figure We investigated the morphology development of Ni-Co
2¢,d). Figure 3a,b shows the low-magnification SEM images of based precursors and NiCo,O, nanoflakes and nanobelts.
Strong alkaline conditions and the presence of glycine were
essential for the growth of nanoflakes and nanobelts. In the
absence of glycine and without alkaline conditions, nano-
particles were formed. Glycine is applied as a hydrolysis
the nanobelts (Figure 3c,d). controlling agent for the formation of NiCo,0O, nanoflakes and

NiCo,0, nanobelts, in which nanobelts are homogeneously
distributed. From the high-magnification SEM images, we can

clearly observe that there are many mesopores on the surface of
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nanobelts. Assisted by amphiphilic glycine, the NiCo,0,
precursors tend to form a layered structure, which was
uniformly wrapped by the hydrophobic part of glycine.
Meanwhile, the hydrophilic part of glycine was dissolved in
the aqueous solution. Through the hydrolysis of glycine during
the hydrothermal process, more OH™ ions generate in the
solution and the pH value of the solution significantly increases,
leading to the formation of a nanoflake or nanobelt structure
rather than nanoparticles. The temperature also has a
significant effect on morphology development. The nanoflakes
and nanobelts were not achieved if the temperature is less than
180 °C. When the temperature is increased to 200 °C, the
similar morphology of nanoflakes and nanobelts can be
obtained. The Ni-Co based precursors are calcined at 500 °C
for 3 h to obtain porous NiCo,0O, nanoflakes and nanobelts.
The surface compositions of NiCo,0, nanoflakes and nano-
belts were also determined by energy-dispersive X-ray spec-
troscopy (EDX), which confirms the presence of Ni, Co, and O
atoms (Figure S2, in the Supporting Information). The peaks of
carbon originated from the C substrate.

We further used transmission electron microscopy (TEM)
and selected-area electron diffraction (SAED) patterns to
identify the microstructure of as-prepared NiCo,0O, nanoflakes
and nanobelts, as shown in Figures 4 and 5, respectively. In
Figure 4a, it can be clearly seen that, in general, the product is
mainly flakes with the size of ~500 nm. In the low-
magnification TEM image of NiCo,O, nanobelts (Figure Sa),
the nanobelt feature of the as-prepared NiCo,0, can be
observed. All the selected area electron diffraction (SAED)
pattern rings (Figures 4b and Sb) taken from the corresponding
single NiCo, O, nanoflake and NiCo,O, nanobelt can be readily
indexed to the NiCo,0, crystal structure. The high-
magnification TEM image (Figures 4c and Sc) illustrate that
the as-prepared NiCo,0, nanocrystals are consistent with the
mesoporous structure. Figures 4d and 5d show the lattice
resolved HRTEM images of the NiCo,0, nanoflakes and
NiCo,0, nanobelts, respectively, in which the (220) crystal
plane with a d spacing of 0.28 nm can be directly observed. This
further confirmed the crystal structure of the as-prepared
NiCo,0,.

Figure 6 shows the N, adsorption and desorption isotherms
of NiCo,0, nanoflakes and nanobelts. All of the isotherms in
Figure 6a,b can be categorized as type IV isotherms with H1
hysteresis loops, which indicates a characteristic mesoporous
structure.’® Moreover, the BET surface areas of NiCo,O,
nanoflakes and nanobelts are calculated to be around 54 and
66 m* g™, respectively. As shown in the insets of panels (a) and
(b) in Figure 6, the mesoporous structures of NiCo,O,
nanoflakes and nanobelts are further confirmed by the
Barrett—Joyner—Halenda (BJH) pore size distribution data.
The pore size distributions are relatively narrow, with most of
the pores basically in the range of 3—5 nm for nanoflakes and
2—4 nm for nanobelts. Since the mesoporous feature and large
surface area facilitate the Li* diffusion and electrode—electrolyte
contacts throughout the electrochemical process, the NiCo,O,
nanoflakes and nanobelts could have enhanced electrochemical
properties.

Thermogravimetric analysis of Ni-Co based precursors
(nanoflakes and nanobelts) was carried out between room
temperature and 600 °C. As illustrated in Figure S3ab
(Supporting Information), the 3.5% weight loss that occurs
before 286 °C can be ascribed to the dehydration of Ni-Co
based precursors. The second step (18.5% weight loss) in the
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Figure 6. Nitrogen adsorption/desorption isotherms and correspond-
ing BJH pore size distributions (inset) of (a) NiCo,O, nanoflakes and
(b) NiCo,04 nanobelts.

TGA curves corresponds to the conversion process of Ni-Co
based precursors to NiCo,0O, nanoflakes and nanobelts. In the
temperature range between 500 and 600 °C, no obvious weight
loss is observed, which is inferred as the thorough
decomposition of the precursors, structural integrity, and
absence of any other phases. Therefore, the calcination
temperature of 500 °C was applied in order to achieve single
phase NiCo,0, nanoflakes and nanobelts. Figure S4 (Support-
ing Information) shows the FTIR spectra of NiCo,0,
nanoflakes and NiCo,0, nanobelts. For the nanoflakes (Figure
S4a), the peaks at around 662 and 565 cm™ arise from the
metal—oxygen (M—O) vibrations of the NiCo,0,. The bands
at around 662 and 557 cm™" in Figure S4b are also ascribed to
the M—O vibrations of the NiCo,0, nanobelts.*'

The lithium storage properties of the as-synthesized
NiCo,0, nanoflakes and nanobelts were initially evaluated by
cyclic voltammetry (CV). Figure 7a,b shows the first three CV
curves of the NiCo,0, nanoflakes and nanobelts. In the first
cycle of NiCo, O, nanoflakes, as shown in Figure 7a, the intense
cathodic peak located at ~0.95 V results from the reduction of
Co®* and Ni** to metallic Co and Ni, respectively. However,
the broad peak at ~0.68 V corresponds to the formation of a
solid electrolyte interface (SEI) layer. The anodic peak is
observed at ~2.1 V, which could be attributed to the oxidation
of metallic Ni and Co to nickel oxides and cobalt oxides. In the
second and third cycles, the redox peaks at ~1.17 and ~2.16 V
corresponded to the reduction and oxidation of the nickel
oxides and cobalt oxides.'®** Unlike nanoflakes, the NiCo,O,
nanobelt electrode displays three cathodic peaks in the first
cycle. A small peak at ~1.17 V can be ascribed to the
devastation of crystalline structure, which is clearly different
from the other cycles.”> A strong irreversible cathodic peak at
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Figure 7. First three consecutive CV curves of NiCo,0, (a) nanoflakes and (b) nanobelts at a scan rate of 0.1 mV s™' in the voltage range of 0.01—
3.0 V, and galvanostatic discharge and charge profiles for the 1st, 2nd, S0th, and 100th cycles of NiCo,0, (c) nanoflakes and (d) nanobelts.

~0.99 V could be attributed to the reduction of Co** and Ni**
to metallic Co and Nij, respectively. A broad peak at ~0.68 V
can be attributed to the formation of SEIL. The anodic peak at
~2.08 V corresponds to the oxidation of metallic Ni and Co to
nickel oxides and cobalt oxides. In the subsequent cycles, the
continual reduction—oxidation of NiO and CoO results in
redox peaks at ~1.18 and 2.10 V, respectively. From the second
cycle, there is no obvious change of the redox peaks for the
NiCo,0, nanoflake and nanobelt electrodes. This demon-
strated that there is good electrochemical reversibility. On the
basis of the previous reports,"®*>7* the redox reactions can be
described as follows:

NiCo,O, + 8Li" + 8¢~ — Ni + 2Co + 4Li,0 (1)
Ni + Li,0 © NiO + 2Li" + 2e~ )
Co + Li,O < CoO + 2Li" + 2e” (3)
CoO + 1/3Li,0 © 1/3Co,0, + 2/3Li" + 2/3¢”  (4)

The galvanostatic discharge—charge profiles of the as-
prepared NiCo,0, nanoflake and nanobelt electrodes at the
current density of 500 mA g~ are presented in Figure 7¢,d. In
the first discharge process, the NiCo,0, nanoflake and
nanobelt electrodes show a wide and steady potential plateau
at 1.1 V, followed by a gradual voltage decrease. The first
discharge capacity reached about 1292 and 1414 mA h g™' for
NiCo,0, nanoflakes and nanobelts, respectively. The formation
of a solid electrolyte interface (SEI) may contribute to the
initial extra capacity at the first discharge.lé‘35 The potential
plateaus in the subsequent discharge curves were shifted to the
higher voltage than those of the first cycle, which can be

14832

ascribed to the irreversible reaction of NiCo,0, and Li" as in eq
1.* The consequent charge curves show a steady potential
increase, which are associated with the different electrochemical
mechanism. The increase of the overpotential could be ascribed
to the polarization related to the ion transfer during the
charge—dischar§e process, which is often observed in many
metal oxides.*”** The NiCo,0, nanoflake and nanobelt
electrodes delivered a capacity of 934 and 1018 mA h g7/,
respectively, in the first charge process with the capacity
retention ratio of around 72%. The large irreversible capacity
loss in the first cycle can be ascribed to the formation of the SEI
layer that cannot fully decompose during the first charge.16 The
increased capacity retention ratios of 90, 97, and 97.5% were
observed in the 2nd, S0th, and 100th cycles, respectively.
Figure 8ab shows the reversible capacities versus cycle
number of the NiCo,0, nanoflake and nanobelt electrode at
the current densities of S00 and 800 mA g~'. The second
discharge capacities of NiCo,0, nanoflakes and nanobelts are
1033 and 1056 mA h g™/, respectively, at the current density of
500 mA g~ It is interesting to note that there is a trend of the
gradual increased capacities before 40 cycles for both materials,
which is ascribed to the reversible formation of a polymeric gel-
like film originating from the slow kinetic activation process of
the electrode. This is a general observation for transition metal
oxides, and it has been well-documented in previous
reports.”>**73% After 100 cycles, the discharge capacities are
retained at 884 mA h g™' for nanoflakes and 981 mA h g™* for
nanobelts, which are almost 85.5% and 93% of the second
reversible capacities. At the high current density of 800 mA g,
the NiCo,0O, nanoflake and nanobelt electrodes still show the
reversible capacity of 814 and 998 mA h g~!, respectively.

dx.doi.org/10.1021/am5036913 | ACS Appl. Mater. Interfaces 2014, 6, 14827—14835
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Figure 8. Cycling performance of NiCo,0, electrode at the current
densities of 500 and 800 mA g™": (a) nanoflakes and (b) nanobelts.

NiCo,0, nanobelts exhibit better cycling stability than that of
nanoflakes over 100 cycles.

The rate performances were also evaluated to investigate the
high power performance of the porous NiCo,0, nanoflakes
and nanobelts, which is shown in Figure 9a,b. The NiCo,O,
nanoflake electrode was cycled at different current densities
ranging from100 to 2000 mA g~ (Figure 9a). The electrode
shows an excellent cycling performance at differed current
densities. At the current density of 2000 mA g~', the electrode
still delivered a reversible capacity of 902 mA h g™'. Figure 9b
presents the rate capability of NiCo,0O, nanobelts. The
nanobelt electrode also shows the capacity of 1062 mA h g/,
at the high current density of 2000 mA g~'. This verified the
excellent rate performance of NiCo,0, nanoflakes and
nanobelts for high power lithium-ion batteries. Interestingly,
when the currents reversed back to low current densities (500
and 100 mA g™'), the discharge capacities recovered to the
higher values than previous cycles for both NiCo,0, nanoflakes
and nanobelts. This high rate capability demonstrates that the
porous NiCo,0, nanoflake and nanobelt structures have
potentials for high rate anodes in lithium-ion batteries. To
explain the higher values than previous cycles at the low current
densities, we further demonstrate SEM images of NiCo,O,
nanoflake and nanobelt electrodes after rate capability testing.
From Figure SSa,b (Supporting Information), we can see that
the NiCo,0, nanoflake structure reorganized during charge—
discharge cycling at different current densities and converted to
nanoparticles. The nanosized particles may have provided a
larger specific surface area, which effectively maximizes the
NiCo,0,/electrolyte contact area and offers more reaction sites
for Li* diffusion. Owing to the reorganization during high
current density cycling, the NiCo,0, nanobelt structure
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Figure 9. Rate performances for the NiCo,O, electrode at various
current densities: (a) nanoflakes and (b) nanobelts.

(Figure S5c,d) also converted to nanoparticles, providing a
high specific surface area to increase the contact area between
active electrode materials and electrolyte. The high contact area
can provide more active sites for lithium-ion insertion/
extraction. Those factors could induce the increase of specific
capacity. To the best of our knowledge, reports on unique rate
capabilities of porous NiCo,0, nanoflakes and nanobelts are
quite rare.

Electrochemical impedance spectra (EIS) were measured to
understand the performance of the as-prepared porous
NiCo,0, nanoflakes and nanobelts. Figure 10a,b presents the
Nyquist plots obtained from the NiCo,0, nanoflake and
nanobelt electrodes for fresh cells and after the rate capability
test. Both the Nyquist plots exhibit two depressed semicircles in
the high- and medium-frequency regions and a straight line in
the low-frequency region. The straight line in the low-frequency
region corresponds to the Warburg behavior, reflecting the
solid-state diffusion of lithium ions into the bulk of the
electrode materials.** The semicircle in the medium-frequency
region is probably ascribed to the charge-transfer process. As
shown in Figure 10a, there are obvious increases of charge-
transfer resistance (R.) after the rate capability test for
NiCo,0, nanoflakes. On the other hand, the R value of the
NiCo,0, nanobelt electrode (Figure 10b) is lower than that of
the NiCo,0, nanoflake after the rate capability test. This shows
that the lithium ions and electrons can transfer more freely in
the electrode/electrolyte interface and, therefore, enhance the
electrode reaction kinetics and cycling stability throughout the
cycling. Moreover, according to the electrochemical impedance
data of the NiCo,0, nanobelt electrode (Figure 10b), we can
observe that the radius of the semicircle before and after the
rate capability test is almost similar, demonstrating that there is
no significant change in electrochemical resistance after the rate
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Figure 10. Electrochemical impedance spectra of the as-prepared
NiCo,0, before and after rate capability test: (a) nanoflakes and (b)
nanobelts.

capability test. Furthermore, compared with the NiCo,0,
nanoflakes, the high specific surface area of porous NiCo,O,
nanobelts maximizes the contact area between active materials
and electrolyte, which can provide more reaction sites.** Thus,
NiCo,0, nanobelts show better high specific capacity, good
cycling performance, and a high rate capability than that of the
NiCo,0, nanoflakes.

The following factors could be responsible for the observed
good electrochemical performance of these two materials. First,
their higher specific surface area offers a large contact area
between electrode and electrolyte for more Li* diffusion
through the interface, thus improving the high specific capacity
and also benefiting the charge-transfer rate, and enhancing the
rate capability.>®" Second, the existence of pores in the
NiCo,0, nanoflakes and nanobelts could cushion the volume
change associated with the Li" intercalation/deintercalation
process during the long-term charge—discharge cycling and
alleviate the aggregation and pulverization of the electrode
material, thereby improving cycling stability.

4. CONCLUSIONS

We established a facile hydrothermal method to produce both
NiCo,0, nanoflakes and NiCo,0, nanobelts, followed by
annealing in air. The materials have a high specific surface area
and a mesoporous structure, which facilitate the fast trans-
portation of Li* and also accommodate the volume variation
based on the conversion reaction during the charge/discharge
process. When applied as an anode material for LIB
applications, the NiCo,0, nanoflake and nanobelt electrodes
retained reversible capacities of 884 and 981 mA h g7/,
respectively, at the current density of S00 mA g~', even after
100 cycles, which is 85.5% and 93% of the second discharge
capacities. When the NiCo,0O, nanoflake and nanobelt

electrodes were cycled at different current densities (100—
2000 mA g'), both the materials still delivered the capacity of
902 and 1062 mA h g”', respectively, even at a high current
density of 2000 mA g~', demonstrating an excellent high rate
capability. The simple preparation process and excellent
electrochemical performances render porous NiCo,0, nano-
flakes and nanobelts to be attractive anode materials for
lithium-ion batteries.
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