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ABSTRACT: NiO/Ni/graphene nanocomposites were prepared using a simple and
environmentally friendly method comprising an electrical wire pulse technique in oleic
acid containing graphenes and subsequent annealing to form anodes for Li ion batteries.
The control product of NiO/Ni nanocomposite was prepared under the same conditions
and characterized by structural and electrochemical analysis. The obtained NiO/Ni/
graphene nanocomposite particles had sizes of 5−12 nm and a high surface area of 137
m2 g−1. In comparison to NiO/Ni, NiO/Ni/graphene exhibited improved cycling
performance and good rate capability. Reversible capacity was maintained at over 600 mA
h g−1 at 0.2 C and was attributed to the alleviation in volume change and improved
electrical conductivity of NiO/Ni/graphene nanocomposites.
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I. INTRODUCTION
Li-ion batteries (LIBs) have found widespread use as power
sources in portable electric devices and electric vehicles
recently. Significant research into various other applications
has also been carried out. Electrode materials form a vital
component of LIBs and are finding increasing additional
applications. Although graphite has been the preferred choice
for the anode material in commercial LIBs, elemental metals
(Si, Sn, Ge, Zn, etc.) and transition metal oxides have also been
explored due to the relatively low theoretical capacity of
graphite (372 mA h g−1).1−6

Nanosized transition metal oxides are able to deliver large Li-
storage capacity due to the conversion reaction with Li (MxOy
+ 2yLi ↔ yLi2O + xM, M = Co, Cu, Fe, Ni, etc.) and thus have
been extensively studied as potential anode materials.7−9

Among these metal oxides, NiO is an attractive material due
to its high theoretical capacity (718 mA h g−1), which is about 2
times higher than when graphite is used as the anode,
abundance, low cost, and environmental safety. Synthesis of
nanostructured NiO for use as anode materials that include
nanoflakes, nanoparticles, nanotubes, nanosheets, and nano-
composites has been the subject of current studies.10−15 Several
methods were used for the synthesis of nanostructured NiO
such as physical and chemical thermal vapor deposition,
hydrothermal, and sol−gel process.16−19 However, transition
metal oxides including NiO undergo significant volume change
during the repetitive charge−discharge process due to the
conversion reaction with lithium ion, causing capacity fading
and poor cycling performance.1,7

In order to overcome the limitations associated with single-
phase nanomaterials, various hybrid nanostructures have

recently been proposed.20−24 A hybrid combination of various
nanomaterials is expected to improve energy and power
densities of LIBs. A combination of transition metal oxides
with carbonaceous materials to fabricate hybrid nanostructured
anodes using several techniques have routinely been
proposed25−28 and has proved to be an effective strategy to
enhance electron transport. It was discovered in 2004 that
graphene with its two-dimensional single layer of graphite
displayed good mechanical strength and thermal properties,
excellent electric conductivity, and high surface area. Graphene
may also deliver other additional properties that surpass
graphite and carbon nanotubes leading to improved electro-
chemical performance in LIBs. Even at a very low weight
fraction, graphene can serve as an efficient electron conducting
network and an excellent support that acts as a buffer for the
volume variation of electrode materials.29−31 Newer studies
have reported the fabrication of NiO/graphene composites that
have enhanced electrochemical performance.32−34

In this paper, we report the fabrication of hybrid NiO/Ni/
graphene nanocomposites by a simple two-step procedure: (1)
initial synthesis of Ni nanoparticles on graphenes using a low-
cost and scalable electrical wire explosion process in oleic acid
(OA) as liquid solvent media containing graphenes, and (2)
partial oxidation of Ni in the as-prepared Ni/graphene
composites at 300 °C in air. We show that the uniform
distribution of NiO/Ni nanoparticles on graphenes allows the
achievement of a large surface area and enables electrical
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connection to a current collector through the electrically
conducting graphenes networks. Furthermore, we demonstrate
the superior electrochemical properties of hybrid NiO/Ni/
graphene nanocomposite anodes compared with their NiO/Ni
counterparts.

II. RESULTS & DISCUSSION
Figure 1a shows the photograph of the set up for the
preparation of nanocolloids during the electrical wire explosion

process in OA. The Ni wire was continuously fed by a feeding
roller installed between high-voltage electrodes within the
exploding bottle. This setup enables simple production of
nanocolloids and has the potential to be easily scaled-up. The
working principle of the electrical wire explosion process is
illustrated in Figure 1b. It is a pulse method where the
nanoparticle is formed with each pulse. When a high rate of
energy is injected by a pulse with high density current that
passes through Ni wire, the Ni is superheated and evaporates
with an explosion. The vapor is scattered at a high velocity into
the surrounding liquid medium, OA. This explosive disintegra-
tion of the Ni wire is accompanied by a bright flash of light, as
shown in Figure 1a. Subsequently, the condensed particles from
the vapor cool quickly, which provides suitable conditions for
synthesizing small Ni particles.35−37

Figure 2a shows the representative field-emission scanning
electron microscopy (FESEM) images of the Ni nanopowders
collected from the as-prepared Ni nanocolloids (Figure 2a
inset, lower left) using the electrical wire explosion process,
whence it is confirmed that uniform-sized Ni particles were
produced. However, these nanoparticles showed a tendency to
partially aggregate (Figure 2a inset, upper right).
All diffraction peaks in the X-ray diffraction (XRD) patterns

of Ni nanopowders were perfectly matched to the Ni single
phase (JCPDS card No. 04-0850). The partial thermochemical
oxidation of as-prepared Ni nanopowders enabled the
fabrication of uniform NiO/Ni nanopowders for conductive
composite anodes. However, high oxidation temperatures led
to significant decrease in the amount of metallic Ni, as shown in
Figure S1 in the Supporting Information. Furthermore, the
growth and coarsening of nanoparticles could be induced by
the heat-treatment at high temperatures. After heat treatment at
300 °C in air, the XRD pattern partially changes and the
resultant diffraction pattern represented NiO/Ni multiphases,

as can be seen in Figure 2b. The peaks of NiO at 37.25°,
43.29°, 62.85°, 75.4°, and 79.37° were attributed to diffraction
from the (101), (012), (110), (113), and (202) planes and
match the trigonal NiO structure (JCPDS card No. 44-1159).
Furthermore, three minor peaks at 44.51°, 51.85°, and 76.37°
indexed to the (111), (200), and (220) Ni planes, respectively,
were also observed.
The specific surface area of the obtained Ni and NiO/Ni

particles was determined by the nitrogen adsorption−
desorption method. The curve of the nitrogen adsorption
isotherm of IUPAC type IV is shown in Figure S2. Ni
nanoparticles had a large Brunauer−Emmett−Teller (BET)
surface area of 79.4 m2 g−1. Although a slight growth in the
nanoparticles was observed after partial oxidation at 300 °C
(Figure S3), the BET surface area of NiO/Ni nanoparticles was
estimated to be higher, approximately 93.0 m2 g−1, which may
be attributed the removal of surface organic residue.
The microstructures of the synthesized Ni and NiO/Ni

powders were also characterized by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM), as
shown in Figure 3. Figure 3a shows a representative image of
the as-prepared Ni nanoparticles, which revealed that most of
the nanoparticles were spherical in shape with a diameter of
about 5−12 nm. According to the selected area electron
diffraction (SAED) pattern (Figure 3a inset), these nano-
particles were successfully indexed to the Ni phase. The
HRTEM image of Ni nanoparticles are shown in Figure 3b,
which reveals a d-spacing of 0.2 nm that corresponds to the
(111) crystalline plane of Ni phase. NiO/Ni nanoparticles show
similar spherical morphology with slightly larger particle size
(Figure 3c). The SAED pattern (Figure 3c inset) revealed the
formation of NiO/Ni composites. Based on the additional
HRTEM analysis of NiO/Ni nanoparticles in Figure 3d, lattice
spacing of 0.24 and 0.2 nm were indexed to the (101) plane of
NiO and the (111) plane of Ni, respectively. No other phases

Figure 1. (a) Photographs showing the setup for the continuous
electrical wire explosion process. (b) Schematic of working mechanism
of the electrical wire explosion process.

Figure 2. (a) Typical FESEM image of as-prepared Ni nanoparticles.
Upper right and lower left insets show the magnified FESEM image of
Ni nanoparticles and photograph of Ni colloids in OA, respectively.
(b) XRD patterns of as-prepared Ni and NiO/Ni nanoparticles.
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can be observed in either the TEM or SAED patterns and these
results were in agreement with the XRD analysis in Figure 2b.
The electrochemical property of NiO/Ni composites was

analyzed by cyclic voltammetry (CV) and galvanostatic test.
The CV curve obtained over a potential range from 0.01 to 3 V
at a 0.3 mV s−1 scan rate for 10 cycles. As shown in Figure 4a, a

strong peak was located near 0.25 V in the first cathodic scan
that corresponds to the formation of a solid electrolyte layer
(SEI) and the decomposition of NiO into Ni. During the first
anodic scan, two peaks at around 1.5 and 2.2 V were observed.
A weak peak near 1.5 V corresponds to the reoxidization of Ni
to NiO and the decomposition of Li2O matrix.38,39 In the
subsequent cycles, the cathode peaks shifts near 0.75 V because
of a stable electrochemical reaction with lithium and surface

texture changes due to the electrochemical reaction of Li+ and
NiO/Ni nanocomposites.
The galvanostatic cycling of NiO/Ni composites was carried

out at a current density of 0.2 C (142 mA g−1, based on the Li-
conversion reaction of NiO, NiO + 2Li + 2e− → Ni + Li2O).

8

Figure 4b displays the 1st, 2nd, fifth, 10th, 30th, and 50th
charge/discharge profiles and reveals a larger first discharge
capacity of 1226 mAhg−1 than the theoretical value (718 mA h
g−1). There is a rapid fall in the voltage to about 1 V after the
first discharge with a long plateau around 0.75 V corresponding
to the formation of the SEI layer and decomposition of NiO
into Ni. The plateau during the charging cycle was located at
about 1.5 and 2.25 V due to the reverse reaction of formation of
NiO and these results correspond well with the CV data. The
initial discharge and charge capacities were observed to be 1226
and 731 mA h g−1, respectively. The reversible capacity of
NiO/Ni showed large values, over 600 mA h g−1 but decreased
to 148 mA h g−1 after 50 cycles, possibly due to the volume
expansion of transition metal oxide anode materials during the
repetitive charge/discharge cycles and aggregated particles
present in the Ni composites.40,41

In order to overcome these drawbacks and to improve cycle
performance of NiO/Ni, we synthesized NiO/Ni/graphene
composites. To fabricate the NiO/Ni/graphene nanocompo-
sites, we first investigated the dispersion behavior of
commercially produced, graphenes, which have a thickness
less than 1 nm and maximum x−y dimensions of 10 μm
(Figure S4). A homogeneous graphene dispersion in OA was
obtained by sonication. After suspending the graphenes, Ni/
NiO nanoparticles were synthesized via electrical wire
explosion process and subsequent partial oxidation at 300 °C,
resulting in the formation of hybrid Ni/NiO/graphene
nanocomposites.
Single particles or small clusters were observed without any

appreciable agglomeration, as seen in typical TEM images of
the NiO/Ni/graphene nanocomposites (Figure 5a, Supporting

Information Figures S5 and S6). A simplified illustration of a
NiO/Ni/graphene nanocomposite is provided in the inset of
Figure 5a. Additionally, these nanoparticles were indexed as
NiO and Ni having high crystallinity, based on the SAED
pattern (Figure 5b) and HRTEM image (Figure 5c). The
overall composition of NiO/Ni and NiO/Ni/graphene was
evaluated using an electron probe microanalyzer (EPMA) by

Figure 3. (a, b) TEM and HRTEM images of as-prepared Ni
nanoparticles. (c, d) TEM and HRTEM images of as-prepared NiO/
Ni nanoparticles. Insets of (a) and (c) show the SAED patterns of Ni
and NiO/Ni nanoparticles, respectively.

Figure 4. Typical (a) cyclic voltammograms and (b) charge−discharge
curves of NiO/Ni nanoparticles.

Figure 5. (a) TEM, (b) SAED, and (c) HRTEM images of NiO/Ni/
graphene nanocomposites. Inset in (a) shows schematic illustration of
NiO/Ni/graphene nanocomposites.
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averaging at least 10 points for each sample. EPMA results
indicated that 5 wt % of the graphene was incorporated in
NiO/Ni/graphene nanocomposites. The metallic portion
(NiO/Ni) in the composite can be easily adjusted by the
control of graphene contents upon electrical wire explosion
process. Additionally, the increase in number of pulses (3000
pulses in this work) led to the increase in the metallic portion
in the composite because each pulse could generate the Ni
nanocluster. Furthermore, the weight ratio of the NiO and Ni
in these composites was 0.82:0.18 which is almost same ratio
observed in NiO/Ni nanocomposites without graphene. In
addition, the surface area of NiO/Ni/graphene nanocomposites
increased to 137 m2 g−1 due to the incorporation of graphenes
with a much larger surface area.
The cyclability of the NiO/Ni/graphene electrodes cycled

galvanostatically at a rate of 0.2 C (142 mA g−1) is depicted in
Figure 6a. For comparison, the variation in the discharge−
charge capacity for NiO/Ni without graphene and pure
graphene electrodes is also included in Figure 6a. Gradual
capacity decay was observed in the NiO/Ni electrodes but the
capacities of NiO/Ni/graphene electrodes stabilized around
700 mA h g−1. This capacity value is much higher than the
specific capacity of graphenes (Figure 6a) as well as
conventional graphite electrodes. Furthermore, NiO/Ni/
graphene electrodes exhibited Coulombic efficiency of 62% in
the first cycle but very stable reversibility (Coulombic efficiency
over 96%) was maintained after initial 5 cycles.
To demonstrate the rate capability of NiO/Ni/graphene

electrodes, the cells were first cycled at a rate of 0.1 C and after
every 10 cycles, the rate was increased in stages to 0.5 C
(Figure 6b). NiO/Ni/graphene electrodes exhibited excellent
rate performance, delivering charge capacities of ∼780, ∼700,
and ∼500 mA h g−1 at rates of 0.1 C (71 mA g−1), 0.2 C (142
mA g−1), and 0.5 C (353 mA g−1), respectively. The
electrochemical performance of the NiO/Ni/graphene compo-
site electrodes reported in this work is also superior to other
reported NiO-based anodes.42−44

Electrochemical impedance spectroscopy (EIS) measure-
ments were also carried out to compare the charge transfer
resistances of the NiO/Ni and NiO/Ni/graphene electrodes.
NiO/Ni/graphene electrodes deliver smaller diameters of both
the high and low frequency semicircles after several cycles,
indicating better electronic contact compared to NiO/Ni
electrodes, as shown in Figure 6c. Therefore, graphenes with
high conductivity can provide an efficient electron transport
pathway from each active NiO nanoparticle to the current
collector, thereby delivering reversible capacity and enhancing
capacity retention and rate capability.

III. CONCLUSION
In summary, we have successfully synthesized NiO/Ni/
graphene nanocomposites using a two-step route. First, we
prepared a Ni/graphene precursor through a low-cost and
highly scalable electrical wire explosion method using Ni wire
in OA solvent medium containing graphenes. Subsequently,
partial oxidation can produce NiO/Ni/graphene nanocompo-
sites. The excellent cycle stabilities and rate capabilities of the
NiO/Ni/graphene nanocomposite electrodes were proven to
originate from the facile electronic delivery and the larger
electrical contact area provided by the uniform distribution of
NiO and Ni particles on graphenes without appreciable
aggregation. We expect that this approach using the electrical
wire explosion process will facilitate the fabrication of other
nanocomposite electrodes with superior cycling performance.

IV. EXPERIMENTAL DETAILS
Synthesis of NiO/Ni/Graphene Nanococomposites. Commer-

cial Ni wire (0.2 mm diameter) and graphene (ANGSTRON
Materials) were used as precursors. Electrical pulse equipment (NTi-
miniP, Nano Tech, Korea) was used to fabricate Ni nanoparticles.
Electrical wire explosion was performed at 40 mm feeding distance and
320 V charging voltage in 700 mL OA with and without graphenes. Ni
and Ni/graphene nanocolloids were sonicated and filtered through a
Nylon membrane (Durapore, 0.22 mm, Millipore). The washing and
filtering steps were performed several times using anhydrous ethanol
and acetone. The nanoparticles were then dried in a vacuum oven at

Figure 6. (a) Variation of the discharge−charge specific capacity with cycle number for NiO/Ni/graphene, NiO/Ni, and graphene electrodes.
Coulombic efficiency of Ni/NiO/graphene electrode is also shown. (b) Rate capabilities for NiO/Ni/graphene electrodes at different C rate. (c)
Typical impedance spectrum of NiO/Ni/graphene (red circle) and NiO/Ni (blue circle) electrode at 20th discharge state.
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70 °C for 5 h. For the partial oxidation, the resultant Ni and Ni/
graphene nanopowders were heated in an alumina boat in a box
furnace at 300 °C for 2 h in air.
Characterization. The morphology and crystal structure of the

NiO/Ni and NiO/Ni/graphene composites were characterized by X-
ray diffraction (XRD) (Miniflex II, Rigaku, Japan), field-emission
scanning electron microscopy (FESEM) (JSM-6700F, JEOL, Tokyo,
Japan), high-resolution transmission electron microscopy (HRTEM)
(FEI, Tecnai G2 F30 S-Twin), and energy-dispersive X-ray spectros-
copy (EDS). In addition, the specific surface areas of each powder
were analyzed using the Brunauer−Emmett−Teller (BET, Belsor-mini
II, BEL Japan) method with nitrogen adsorption−desorption.
Quantitative elemental analyses were performed using an electron
probe microanalyzer (EPMA-1600, Shimadzu, Japan).
Electrochemical Characterization. The electrochemical per-

formance of the NiO/Ni and NiO/Ni/graphene nanocomposites was
measured using Swagelok-type half-cells with Li metal foil as the
negative electrode that was assembled in an argon-filled glovebox.
Positive electrodes comprising the nanocomposite powders were cast
on the Cu foil by mixing the prepared powders with Super P carbon
black (MMM Carbon, Brussels, Belgium) as the conductive material
and Kynar 2801 polymer binder (PVDF-HEP) at a mass ratio of
70:15:15 dissolved in 1-methyl-2-pyrrolidinone (NMP; Sigma-
Aldrich). The slurry was spread onto the Cu foil and then dried in a
vacuum oven at 100 °C for 4 h. Finally, half-cells were assembled using
a separator film (Celgard 2400) saturated with a liquid electrolyte
solution comprising 1 M LiPF6 dissolved in ethylene carbonate (EC)
and dimethyl carbonate (DMC) with volume ratio of 1:1. Assembled
half-cells were evaluated using galvanostatic discharge/charge cycling
under various current rates using a battery cycler (WBCS 3000,
WonaTech) between 0.01 and 3 V. Electrochemical impedance
measurement was performed using an electrochemical workstation
(Ivium-n-Stat electrochemical analyzer, Ivium Technologies B. V., The
Netherlands) over the range of 100 kHz to 10 mHz with an AC
amplitude of 10 mV for 10 cycles.
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