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Abstract

Nickel oxide nanoparticles were synthesized via a simple and inexpensive microwave-assisted synthesis method within a fast reaction
time of less than 20 min. The calcination of as-prepared precursor at 600 °C produces single phase nickel oxide. The lattice structure and
morphology of the sample were investigated by X-ray diffraction, field-emission scanning electron microscopy and field-emission
transmission electron microscopy. The particle size range of the nickel oxide nanoparticles varied from 50 to 60 nm. Nickel oxide
nanoparticles exhibited good electrochemical performances as an anode material for lithium-ion batteries. The prepared nickel oxide
anode revealed a large initial discharge capacity of 1111.08 mAh g~ " at 0.03 C rate and retained 80% of initial capacity (884.30 mAh g~ ")
after 20 cycles. Furthermore, at elevated rate of 3.7 C, the charge capacity of the nickel oxide electrode was as high as 253.1 mAhg~",
which was 35% greater than that of commercial bulk nickel oxide (188 mAh g™"). The enhancement of the electrochemical
performance was attributed to the high specific surface area, good electric contact among the particles and easier lithium ion
diffusion.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction:

Rechargeable lithium-ion batteries have been the most
widely used batteries in portable electronic device market
for the past few years. Carbon-based materials, such as
graphite, have been employed as anodes in commercial
available lithium-ion batteries since 1991, due to their high
deliverable operation potential, good electronic conduc-
tivity, high LiT chemical diffusion coefficient and low
volume changes during Li* intercalation/de-intercalation [1].
However, their limited capacities (the theoretical capacity
of graphite is 372 mAh g~ ') appear to be an obstacle to
satisfy the urgent need for rechargeable lithium-ion bat-
teries with high energy and power densities for hybrid and
plug-in hybrid electric vehicles [2,3]. On the other hand,
various carbon nanostructures, such as porous carbon,
which can provide fast kinetics and are structurally stable
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during charge/discharge are still under intensive develop-
ment [4].

Recently, transition metal oxides (MO, where M is Ni,
Co, Cu or Fe) have attracted much attention and wide-
spread interest in the energy industry, due to their
numerous desirable properties, such as their high theore-
tical capacity (500-1000 mAh g~' compared with conven-
tional graphite) on the basis of their unique conversion
mechanism, long cycle life and high recharging rates [5-8].
These impressive properties make them promising candi-
dates to use as anode materials in lithium-ion batteries.
Nevertheless, anodes based on pure transition metal oxides
suffer from poor cycling performance, owing to the
tendency of particle agglomeration during lithium-ion
insertion/extraction processes and mechanical instabilities
caused by drastic volume changes, which ultimately result
in increased diffusion lengths and electrical disconnection
from the current collector [9,10]. So, in recent years, much
research has been focused on improving their electroche-
mical performance, and many methods have been pro-
posed in this regard. For example, forming composites
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with conductive materials such as carbon is a very
common and useful method, but often reduces the mass
specific capacity [11,12]. So, preparing materials with a
special morphologies such as a porous structure [13-16],
nanoarrays [6,17], microspheres [18-22] and some others
[23] to enhance the electrochemical performance has
attracted much attraction.

Owing to its superior properties such as its high
theoretical capacity (718 mAh g~ '), higher density (6.81 g
cm ) than that of graphite (2.268 gcm™?), nontoxicity
and low material cost, nickel oxide (NiO) has been under
extensive investigation as an important functional inor-
ganic material, for use in fuel cells [24], solar cells [25,26],
lithium-ion batteries (LIBs) and supercapacitors [27-30].
In the past few decades, many methods have been reported
for the synthesis of NiO particles with various mor-
phologies, such as nanoplates, nanorods, nanowires, nano-
tubes, and 3D-rose like and hollow microspheres particles
[6,31-50], but achieving better long term and high rate
performances, required to make them a qualified anode
material for high power lithium-ion batteries, is still
problematic. Therefore, strategy to develop NiO electrode
materials with intrinsically high-rate capability remains
significant. Recently, microwave heating has been used as a
new rapid synthesis route for preparing metallic or bime-
tallic nanoparticles [51]. One obvious merit of microwave-
assisted process is the marked decrease in reaction time to
less than 20 min, which is significantly less than the
reaction time needed in traditional or sol-gel methods. In
microwave heating the energy is directly transferred to the
material through molecular interaction and, therefore, it
has several beneficial effects, including rapid volumetric
heating, shorter reaction times, selective heating, and an
additional driving force for diffusion mechanism compared
to conventional thermal processing. In light of the above
discussion, the present study reports the synthesis of NiO
nanoparticles via a simple and inexpensive microwave-
assisted synthesis method, followed by calcination at
600 °C in air atmosphere. A series of characterization
procedures indicated that there was an enhancement of
the electrochemical performance of the NiO nanoparticles,
which is attributed to the short diffusion length and large
surface-to-volume ratio that allows for a large electrode/
electrolyte contact area. In addition, we have also checked
the ex-situ DSC measurements and found a higher thermal
stability in comparison to other anodes.

2. Experimental
2.1. Materials synthesis

Analytical grade nickel (II) acetate (Ni(CH3COO),-
4H,0) (98%, Aldrich) was used as a precursor. In a
typical synthesis, 0.01 mol of nickel acetate were dissolved
in 50 ml of deionized water (DI) with magnetic stirring at
room temperature to form a homogeneous solution.
Ammonia solution (10 ml, Daejung 25%) was added to

the above solution and subsequently stirred for 3 h.
The resulting mixture was transferred to a conventional
microwave oven (MM-M 301, LG-Korea), with the
specification of 1000 W at 2450 MHz, and was heated
around 140-150 °C for 10 min by microwave irradiation.
After the reaction, the mixture was cooled to room tem-
perature. The resultant as-prepared dried mixtures were
ground to fine powders before heating at 600 °C for 3 h in
air atmosphere.

2.2. Material characterization:

The X-ray diffraction (XRD) pattern was obtained by a
Shimadzu X-ray diffractometer with Cu Ko radiation
(4=1.5406 A). The morphology of the final product was
characterized by field-emission scanning electron micro-
scopy (FE-SEM, S-4700 Hitachi). Field-emission transmis-
sion electron microscopy (FE-TEM) and high-resolution
transmission electron microscopy (HR-TEM) images with
the corresponding selected-area electron diffraction (SAED)
patterns were obtained by a FEI Tecnai F20 with an
accelerating voltage of 200 kV. For the FE-TEM images,
powder samples were ultrasonically dispersed in ethanol and
a few drops were coated on copper grids and the solvent
was subsequently allowed to evaporate in air at room
temperature.

2.3. Electrochemical measurements

Electrochemical experiments were carried out using 2032
coin-type cells assembled in an argon-filled glovebox. For
the working electrode fabrication, a slurry was prepared by
mixing the active material (NiO nanoparticles) with super-
P and poly vinylidene difluoride at a weight ratio of
80:10:10 in N-methyl-2-pyrrolidone. The resultant slurry
was uniformly pasted on Cu-foil with a blade, dried at
120 °C in a vacuum oven and pressed between stainless
steel twin rollers. Afterward, the foil was punched into
circular discs and pressed, and coin cells were assembled
with lithium metal as the counter electrode and a Celgard
2400 membrane together with glass fiber as a separator.
The cells were kept in a glovebox for 12 h before electro-
chemical measurements. The electrolyte used was 1 M
LiPF¢ dissolved in a mixture of ethylene carbonate (EC)
and dimethylcarbonate (DMC) (1:1 in volume ratio). The
discharge-charge measurements (wonatech WBCS 3000)
were performed over the potential range of 0.005-3.0 V vs.
Li*/Li at different current densities. Cyclic voltammetric
(CV) measurement of the electrode was performed on an
AUTOLAB potentiostat (PGSTAT302N) with a scan rate
of 0.1mVs~" between 0 and 3V (vs. Li*/Li). Electro-
chemical impedance spectroscopy (EIS) measurements of
the electrode were also carried out on an AUTOLAB
potentiostat (PGSTAT302N). Before the measurements,
the electrode was cycled for 3 cycles and then measured in
the frequency range from 0.01 Hz to 1.0 MHz. A small ac
signal of 5 mV in amplitude was used as the perturbation
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of the system throughout the tests. EIS was used to
measure the electronic conductivities of the assembled cell
using lithium foil acting as both the counter and reference
electrodes. In order to investigate the thermal safety of the
prepared NiO sample, ex-situ differential scanning calori-
meter (DSC) measurement was performed on this sample
up to 400 °C at a heating rate of 5 °C/min in a nitrogen
atmosphere using a Q1000 (TA instruments, USA) at the
Korea Electrotechnology Research Institute (KERI). First
the NiO electrode was discharged and maintained at
0.005 V for 12 h during the Ist discharge cycle. After the
electrochemical reaction, the electrode was rinsed with
DMC in order to remove the remaining electrolyte and
then dried in an Ar-filled glovebox at ambient temperature.
The electrode was then separated from the stainless steel
mesh current collectors and sealed via a micro-tube in an
Ar-filled glovebox to avoid exposure to air.

3. Results and discussion
3.1. Crystal structure and morphology

XRD measurement was employed to investigate the phase
and structure of the synthesized sample. Fig. 1 shows the
XRD pattern of the prepared NiO nanoparticles powder. All
the diffraction peaks at 37.29°, 43.30°, 62.96°, 75.43° and
79.36° [(111), (200), (220), (311) and (222) reflections, respec-
tively] are in good agreement with the standard crystallo-
graphic data (JCPDS-No 04-0835, space group Fm3m),
indicating nanocrystalline cubic structure of the sample. In
addition, XRD pattern also shows that the nickel precursor
has been fully transformed into crystalline NiO.

The morphology of the prepared NiO nanoparticles was
studied by FE-SEM and the recorded image is displayed in
Fig. 2(a). The photograph clearly shows irregularly-shaped
particles with particle sizes of about 50-60 nm. In addition,
particle agglomeration is also visible. To further under-
stand the morphology and structural characteristics of the
NiO nanoparticles, FE-TEM was also employed. Fig. 2(b)
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Fig. 1. XRD pattern of NiO nanoparticles synthesized at 600 °C for 3 h
in air.

presents a typical TEM image, which confirmed the overall
morphology of the as-prepared product. The agglomera-
tion of the NiO nanoparticles with an irregular shaped
morphology was observed. The FE-TEM picture shown in
Fig. 2(c) provides information on the size and morphology
of the NiO nanoparticles and their state of agglomera-
tion. A few of the smaller nanoparticles aggregate into
secondary particles, probably due to their extremely small
dimensions and high surface energies. The inset of Fig. 2(c)
represents the HR-TEM image of the sample which reveals
unidirectional fringe patterns and thereby indicates the
high crystalline nature of the sample. The interplanar
spacing ‘d (distance between 2 successive lines) measured
from the fringe pattern is 2.08 A, which corresponds to the
(200) plane, as observed from the XRD results in Fig. 1.
Fig. 2(d) shows that the corresponding SAED originating
from the NiO nanoparticles which demonstrated clear
rings with superimposed bright spots that are indicative
of the nanocrystalline nature of NiO nanoparticles. Grain
size is small, so sub-grains within bigger grains are also
present within the selected area aperture. These grains give
extra spots. The SAED pattern could be indexed on the
basis of the Fm3m space group and the calculated planes
(the obtained d-values corresponding to the spots/rings)
are matched very well with those of the XRD pattern.

3.2. Electrochemical performance:

Fig. 3(a) shows the voltage profiles for the NiO nano-
particle anode in the range 0.005-3.0 V at a rate of 0.03 C
for the Ist, 2nd, 5th and 10th cycles. The cells show an
irreversible discharge capacity loss during the first cycle
and the values stabilized on subsequent cycling. During the
first discharge, the initial discharge capacity for NiO
nanoparticles is 1111.08 mAh g~'. At the same time, the
voltage decreases steeply to 0.6 V where a plateau region
sets in and continues until the discharge capacity of
840.1 mAh g~!, which corresponds to a consumption
of 2.34 mol of Li per mole of NiO. Another slope observed
at 0.55V, with a total initial discharge capacity of
1111.08 mAh g~ ', is associated with a consumption of
3.09mol of Li per mole of NiO. According to the
mechanism (NiO+2Li" +2e~ < Li,O+Ni), the discharge
process should consume 2.0 lithium per NiO, but the
experimental value is 3.09 lithium per NiO nanoparticles.
The capacity of the initial discharge process may be
attributed to both the formation of a solid electrolyte
interface (SEI) film and a polymeric gel-type layer on the
surface of the material, resulting from the solvent decom-
position of the electrolyte [52,53]. The first charge profile
of the NiO nanoparticles shows a strong polarization of
~1.3 V followed by a voltage plateau at ~2.2 V. The peak
at 2.2 V during the charge cycle corresponds to the reverse
reaction of formation of NiO from Ni and Li,O. The
first charge capacity (Li* deinsertion) is 780.5 mAh g~!
(2.17mol of Li) [6]. The irreversible capacity loss
during the first discharge/charge cycle is ~331 mAh g™ ".
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Fig. 2. (a) FE-SEM micrograph of NiO nanoparticles, (b) Low-magnification FE-TEM, (c) high-magnification FE-TEM images, and (d) corresponding
SAED pattern of NiO nanoparticles. The inset in (c) is the HR-TEM image of NiO nanoparticles with [200] plane.
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Fig. 3. Electrochemical performance of the NiO nanoparticles electrode. (a) Discharge/charge voltage profiles at the rate of 0.03 C. (b) Capacity retention
and coulombic efficiency plots between 0.005-3.0 V at the rate of 0.03 C. (c) The charge capacity as a function of C-rate is plotted. (d) Cyclic
voltammograms at a scan rate of 0.1 mV s~ ",
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Generally, the irreversible capacity loss during the first
cycle can be attributed to the incomplete decomposition
of SEI film and Li,O. The other factors, such as the
intrinsic nature of the material with specific morphology
are also apparent [22]. A reversible discharge capacity of
7554 mAh g~ ! was achieved in the second cycle, which
gradually increases to about 785.4 and 832.9 mAhg~'
after the 5th and 10th cycles, respectively, whereas the
coulombic efficiency reached more than 75%. The increase
in specific capacities during consecutive cycles is a common
feature observed for nanocrystalline electrodes and is
attributed to the enhanced probabilities of finding more
favorable Li-ion migration pathways in the nano-scaled
NiO particles.

Fig. 3(b) shows the discharge/charge capacity profile vs.
cycle number of the NiO nanoparticles electrode at a rate
of 0.03C. As can be observed, a discharge capacity of
884.30 mAh g~ ', which is equivalent to 80% of the initial
capacity, is registered after 20 cycles with 98% of cou-
lombic efficiency. There can be a possible reason for the
better cycling performance of the nanocrystalline NiO
electrode such as the annealed NiO nanoparticles have a
high degree of crystallization, resulting in the reduction in
the number of lattice defects, which facilitates the lithium
ions insertion and extraction processes. It can be clearly
observed that microwave-assisted synthesized NiO nano-
particle electrode provides impressive performance and
unique behavior with increasing values of the discharge/
charge capacity and cycle number. Additionally, the
observed discharge/charge capacity and cycle number
values are not much lower than those reported for NiO
nanoparticles, but the synthesis strategy adopted in the
present study is cost-effective and simple compared to that
in the previously reported counterparts [20,54—56].

Moreover, NiO nanoparticles electrode shows good
C-rate behavior ranging from 0.03 C to 3.7 C, as shown
in Fig. 3(c). The cell was first cycled at a low current rate of
0.03 C, where a stable specific charge capacity of about
780.5 mAh g~ ! was obtained. The charge capacity was as

high as 738.5, 730.3, 710.7, 678.7, 611.4 and 501.9 mAh g~
after the current rate was increased to 0.06 C, 0.1 C, 0.2 C,
0.5C, 0.9 C and 1.6 C, respectively, which are still higher
than the theoretical capacity of graphite (372mAhg™").
Even at a high current rate of 3.7 C, more than 32% of the
capacity (253.1 mAh g~ ') is retained.

The CV curves of the NiO nanoparticle electrode were
tested over the voltage range from 0.0 to 3.0 V (vs. Li*/Li)
at a scan rate of 0.1 mV s~ '. As shown in Fig. 3(d), there
was a characteristic cathodic peak at around 0.32 V in the
first cycle, which corresponds to the initial reduction of
NiO to metallic Ni nanoparticles and the formation of a
partly reversible SEI layer [6]. Two anodic peaks were also
observed at around ~2.24 and 1.52V, which corres-
pond to the decomposition of Li,O and the electrolyte,
respectively. This agrees well with the previously reported
characteristics of NiO nanoparticle anode materials [20,57].
These peaks shift to about 1.13 and 2.24 V, respectively, in
the subsequent cycles, due to the drastic lithium driven
structural or textural modifications [52,57].

The increased electronic conductivity of the NiO nano-
particle anode is clearly demonstrated by EIS. Fig. 4(a)
shows the EIS spectrum of the NiO nanoparticle electrode.
Before the measurement, the electrode was cycled for 3
discharge/charge cycles and kept until a stable open-circuit
voltage is reached. Fig. 4(b) shows the zoomed part of
Fig. 4(a) in the high frequency region and the plotted data
was fitted using the Non-Linear Square Fit method and the
corresponding equivalent circuit is also shown in Fig. 4(b).
The parameters, R, Rs;, R and W in the circuit corre-
spond to the ohmic resistances of the electrolyte, SEI and
Li-ion charge transfer and the Warburg impedance,
respectively. Generally, the high frequency semicircle and
the semicircle in the medium-frequency region are attrib-
uted to the SEI film and/or contact resistance and the Li™
charge-transfer impedance at the electrode/electrolyte
interface, respectively [58,59]. The inclined line observed
in the low frequency range at an angle of approximately
45° to the real axis corresponds to the lithium-diffusion
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Fig. 4. (a) EIS spectrum of NiO nanoparticles electrode in the frequency range between 0.01 Hz and 1.0 MHz at room temperature and (b) high

frequency zoomed part of EIS spectrum with equivalent circuit.
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Fig. 5. DSC curve of the fully lithiated NiO nanoparticles electrode.

processes within the electrode and is known as the
Warburg impedance [60]. In the present case, the impe-
dance spectra at high frequencies are fitted by two merging
semicircles, such as the smaller one corresponding to the
higher frequency domain which in turn corresponds to the
SEI film resistance and the bigger semicircle at the
apparently lower or intermediate frequencies corresponds
to the charge-transfer resistance. The results of the fitting
analysis indicate that the SEI film and charge-transfer
resistances are 3.6 Q and 7.9 Q respectively. Precisely, the
value obtained for the latter one is much less, which is
most probably due to the facile charge transfer at the
nano-scale NiO walls/electrolyte interface and large reduc-
tion in the charge-transfer impedance. This reduction of
the charge transfer resistance is beneficial to enhance the
electron kinetics in the electrode material and, hence,
improve the electrochemical performance of the NiO
nanoparticle electrode for lithium storage.

Materials safety is also a major consideration for
batteries in automotive applications. We performed ex-
situ DSC measurements on the NiO anode material up to
400 °C to determine at what temperatures thermal events
would occur and how much energy would be released.
Fig. 5 shows the ex-situ DSC profile of the NiO nanopar-
ticle anode material obtained after first discharge cycle.
This microwave-assisted synthesized NiO anode material
revealed significant differences in its thermal characteristics
in comparison to the other well-known, commercially used
anode material such as graphite [61]. It can be clearly
observed from Fig. 5 that the ex-situ DSC profile of NiO
indicates a widely stable thermal window, as observed
from the absence of exothermic peaks up to the 400 °C.
The authors believe that the exothermic peak at 400 °C is
caused by the thermal decomposition of the products of
the reaction, whereas graphite possesses exothermic DSC
peaks around ~130 °C and in the range of ~270-300 °C,
which are indicated by the marked lines in Fig. 5. Further,
the total energy released by graphite is much greater than
that released by NiO [61]. Thus, it is reasonable to
conclude that graphite exhibits an apparently lower ther-
mal stability domain in comparsion to that of NiO.

Moreover, literature reports of a DSC exothermic peak
in another well-known anode material LisTisO;, at
~300 °C [62]. Hence, it can be reasonably argued that
NiO possesses potential advantages that warrant its con-
sideration as an alternative anode to commercially used
anodes.

4. Conclusions

In this study, pure NiO nanoparticles were successfully
synthesized by a simple and fast microwave-assisted
synthesis with a reaction time of less than 20 min, followed
by calcination at 600 °C for 3 h. The synthesized NiO
nanoparticles were characterized using XRD, FE-SEM
and FE-TEM techniques. The FE-SEM and FE-TEM
images show that the NiO nanoparticles have sizes of
about 50-60 nm with an irregular shaped morphology. The
NiO nanoparticles electrode shows good rate capability
and high capacity when used as an anode in lithium-ion
batteries. The NiO electrode delivers an initial discharge
capacity of 1111.08 mAh g~ ' at 0.03 C and, more impor-
tantly, can retain 80% of initial capacity (884.30 mAh g~ ")
after 20 cycles. Moreover, the NiO electrodes maintain a
charge capacity of 253.1 mAh g~ ' even at a rate as high as
3.7 C, which is 35% higher than that in commercial or
bulk NiO electrode (only 188 mAh g~!'). The enhanced
electrochemical characteristics of the NiO nanoparticle
electrodes arise from their relatively high specific surface
area, good electric contact among the particles and easier
lithium ion diffusion. The ex-situ DSC measurements
performed on the prepared NiO sample indicated that it
possessed higher thermal stability compared to other
anodes, making it attractive for alternative and safer
anodes. Moreover, the simple preparation method enables
the possibility of their easier production on a large scale.
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