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ABSTRACT: In this work, we have developed a new method
to grow NiO nanomaterials on the surface of graphene
nanosheets (GNSs). The morphologies of NiO nanomaterials
grown on GNSs could be tailored by trace amounts of water
introduced into the mixed solvents of CO2-expanded ethanol
(CE). Small and uniform Ni-salt nanoparticles (Ni-salt-NPs)
were grown on the surface of graphene oxide (GO) through
the decomposition of nickel nitrate directly in CE. However,
when trace amounts of water were introduced into the mixed
solvents, Ni-salt nanoﬂakes arrays (Ni-salt-NFAs) were grown on the surface of GO with almost perpendicular direction. After
thermal treatment in N2 atmosphere, these Ni-salt @GO composites were converted to NiO@GNSs composites. The forming
mechanisms of the NiO-NPs@GNSs and NiO-NFAs@GNSs were discussed by series comparative experiments. The presence of
the trace amounts of water aﬀected the chemical composition and structure of the precursors formed in CE and the growth
behaviors on the surface of GNSs. When used as anode materials for lithium-ion batteries, the NiO-NPs@GNSs composite
exhibited better cycle and rate performance compared with the NiO-NFAs@GNSs.
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1. INTRODUCTION
Graphene nanosheet (GNS), because of its excellent electronic
conductivity, mechanical properties, and high surface area
(theoretical value of 2630 m2 g−1), has become an ideal
substrate to immobilize functional materials for diﬀerent highperformance energy storage devices.1−7 The presence of GNSs
in the GNS-based composites can supply a conducting and
well-accessible carbon network, which aﬀords facile electron
transport to ensure the guest component electrochemically
active.8,9 In addition to their good conductivity, the high surface
areas can supply enough growth sites to immobilize the guest
components and prevent them aggregation in the composites.10,11 Furthermore, the good mechanical ﬂexibility of GNSs
can readily absorb the massive volume expansion associated
with a conversion reaction electrode, which is crucial for
cyclability of electrodes.12−14
Although many metal oxide@GNSs composites have been
reported recently, most of the active components are simple
zero-dimensional (0D) nanoparticles.10,15−19 In recent years,
materials with other morphologies such as 1D and 2D
nanomaterial growing on GNSs have also been reported.1,3,20−26 But only several examples have demonstrated
the growth behaviors and the mechanisms of these 1D and 2D
nanomaterials on GNSs. For example, Chen et al. reported the
© 2013 American Chemical Society

synthesis of MnO2 nanoneedles@GO and the formation
mechanisms.24 Wang et al. reported that the morphologies of
some oxides nanocrystals could be controlled by tuning the
degree of oxidation of the GNSs.1 Ding et al. also reported that
the addition of mercaptoacetic acid in the process of synthesis
could lead to SnO2 nanoﬂake arrays growing on GNSs.15
Therefore, it is still a challenge to control the morphologies of
nanocrystals to grow on GNSs and realize their growth
behaviors.
Most of the metal oxide@GNSs composites were usually
synthesized by a solution-based chemical synthesis method.
The commonly used solvents such as ethanol and water are of
high viscosity, surface tension and low diﬀusivity.27,28 These
properties strongly limit the ability of solvents to homogenously disperse and smoothly transfer of the generated solid
intermediates to grow on the surface of substrate, resulted in
the poor adherent of guest components on substrate or
crystallize and aggregate in solution, which made the
investigation of the growth behaviors more diﬃculty.1,3,29 As
a green or sustainable technology, supercritical ﬂuid (SCF) has
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ultrasonication for 120 min. One-tenth of a gram of Ni(NO3)2·6H2O
was added to the ﬂask. Then the dispersion was loaded into a highpressure 50 mL vessel, which subsequently was placed into an oil bath
at 150 °C and pumped CO2 to form a homogeneous expanded ﬂuid
(12.0 MPa) under rapid stirring. The reactor was heated to the
reaction temperature of 200 °C for 2 h. After it was cooled to ambient
temperature, the vessel was slowly depressurized. The precursor (Nisalt-NPs@GO composite) was collected though centrifugation and
dried in vacuum at 100 °C for 6 h. Then, the precursor was calcined in
a tube furnace at 400 °C for 3 h with a heating rate of 3 °C min−1
under a N2 atmosphere ﬂow in which the Ni-salt NPs were
decomposed to NiO in situ and to form the NiO-NPs@GNSs. The
Ni-salt nanoﬂake arrays growing on GO (Ni-salt-NFAs@GO) and
NiO-NFAs@GNSs were also prepared by the same way, except that
40 μL of water was introduced to the reaction system. To investigate
the growth mechanism, we also prepared the intermediate compounds
without GO by the same method. The intermediate compound
obtained in the CE without GO was designated as Ni-salt, whereas the
other one obtained with additional trace amounts of water introduced
in the mixed solvents was designated as Ni-salt-water.
2.3. Materials Characterizations. The phase structures were
characterized with X-ray diﬀraction [XRD, Bruker D8 Advance
diﬀractometer using Cu Kα (λ = 1.5418 A°)]. The morphology of
the materials was analyzed by the scanning electron microscope (SEM
Hitachi S-4800). Transmission electron microscope (TEM) was
recorded on a Tecnai G2 operating at 200 kV for the detailed
microstructure information of the sample. Thermal gravimetric
analysis (TGA) was carried out using a TGA 2050 thermogravimetric
analyzer. The existence of CO32− and/or NO3− in resultant solid
compounds was conﬁrmed by CHN-analysis (VarioEL CHN). The
chemical bond information was conﬁrmed by Fourier transform
infrared spectroscopy (FTIR) that recorded with Bruker Vertex 70 in
the frequency range of 4000−450 cm−1.
2.4. Electrochemical Measurements. The electrochemical tests
were measured using two-electrode 2025-type coin cells assembled in
an argon-ﬁlled glovebox. Lithium sheets served as the counter
electrode and reference electrode, and a polypropylene ﬁlm
(Celgard-2300) was used as a separator. The electrolyte was a 1.0
M LiPF6 solution in a mixture of EC-DMC (1:1 in volume). The
working electrodes were prepared by a slurry coating procedure. The
slurry consisted of 80 wt % active materials, 10 wt % acetylene black
and 10 wt % polyvinylidene ﬂuorides dissolved in N-methyl-2pyrrolidinone. This slurry was spread on copper foil, which acted as a
current collector. The electrodes were dried at 100 °C for 4 h in air,
and then at 100 °C in a vacuum for another 12 h and pressed. The
weight of every electrode was weighed accurately by electronic balance.
The mass of the active materials was controlled in the range of 1−2
mg. Furthermore, the thickness of the electrode was measured by
SEM. As can be seen from Figure S1 in the Supporting Information,
the thickness of the active materials was about 16 μm at a mass of 1.82
mg. Galvanostatic charge−discharge cycles were carried out on a
battery tester between 0.01 and 3.00 V at various current densities on a
NEWARE cell test instrument (Shenzhen Neware Electronic Co.,
China).

drawn sustaining interest both in the current scientiﬁc and
industrial ﬁelds.27,30 SCF is an attractive alternative to
conventional solvents due to its unique features of tunable
physical properties characterized with low viscosity, high
diﬀusivity, and absence of surface tension. These properties
make SCF to be a potentially superior solvent for the synthesis
and processing of nanomaterials (nanoscale particles, wires, and
ﬁlms).30 The most widely studied SCF is supercritical carbon
dioxide (scCO2) because it is nonﬂammable, essentially
nontoxic, inexpensive, and environmentally benign. Recently,
the speciﬁc properties of scCO2 have been exploited for
synthesizing of functional nanomaterials, especially in the ﬁeld
of inorganic and hybrid materials.29,31,32 The materials could
assemble according to their wills in SCF because it can avoid
the eﬀect of viscosity, surface tension, and diﬀusivity generated
from some routine solvents. So, the growth mechanisms could
be revealed easily in SCF because the eﬀects originating from
solvents have been avoided.
Nickel oxide (NiO) has long been investigated as one of the
most promising materials for lithium-ion batteries (LIBs) or
capacitor because of its abundance and low cost.8,33−45
However, the cycle ability of pure NiO is poor because of its
unsatisfactory electronic conductivity and the volume expansion after repetitive charging and discharging, which causes
the collapse of the active materials and the loss of electrical
contact. To circumvent this problem, GNSs have been used as
additive for NiO anodes to improve their lithium-ion storage
properties.8,10,23,34,36,41,46 In this work, NiO was used as a
model material for investigating the growth behavior on the
surface of GNSs. The morphologies of NiO growing on GNSs
could be controlled by adding trace amounts of water to the
mixed solvents of CO2-expanded ethanol (CE). Small and
uniform Ni-salt nanoparticles were grown on the surfaces of
graphene oxide (GO) through the decomposition of nickel
nitrate in CE. However, when trace amounts of water was
introduced in the mixed solvents, Ni-salt nanoﬂake arrays were
formed on the surface of GO. After thermal treatment in N2
atmosphere, these Ni-salt@GO composites were converted to
NiO@GNSs composites. The formation mechanisms of the
NiO nanoparticles@GNSs (NiO-NPs@GNSs) and NiO nanoﬂake arrays@GNSs (NiO-NFAs@GNSs) have been investigated by series comparative experiments. When applied as the
anode materials for LIBs, the NiO-NPs@GNSs manifested
better cyclability and rate capability than the NiO-NFAs@
GNSs, suggesting that the electrochemical performances of
these composites was depended on the morphology of the NiO
nanocrystals growing on GNSs. The NiO-NPs@GNSs nanocomposite showed good cyclability with a speciﬁc revisable
capacity of 741.5 mA h g−1 at a charge−discharge rate of 100
mA g−1 at the 100th cycle. Even at a high current density of 4 A
g−1, the NiO-NPs@GNSs also presented good rate performance. In contrast, the NiO-NFAs@GNSs showed inferior
performance compared to the NiO-NPs@GNSs nanocomposite.

3. RESULTS AND DISCUSSION
The structure and purity of the NiO-NPs@GNSs, NiO-NFAs@
GNSs nanocomposites together with pure GNSs were
characterized by XRD. As shown in Figure 1, the diﬀraction
peaks at 25° for pure GNSs can be attributed to graphite-like
(002) reﬂection. The peaks at 37.3, 43.4, and 63.0° of the two
nanocomposites can be ascribed to NiO (JCPDS No. 78−
0643).37 Compared to the XRD pattern of pure NiO, an
additional small and low broad diﬀraction peak appeared at
about 25°, corresponding to the (002) diﬀraction peak of the
disorderedly stacked GNSs.23 These results suggest that the
hybrid material is composed of GNSs and NiO. Because GNSs
can be burned away while the bare NiO is stable in air at high

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals were used as received without further
puriﬁcation. Ni(NO3)2·6H2O was purchased from Beijing Chemical
Works. Natural graphite powder was purchased from Shanghai Colloid
Chemical Plant.
2.2. Synthesis of NiO@GNSs Composites. GO was prepared
from puriﬁed natural graphite powder according to the improved
method.31 GO (25 mg) was diluted in absolute alcohol (10 mL),
7066

dx.doi.org/10.1021/am401370u | ACS Appl. Mater. Interfaces 2013, 5, 7065−7071

ACS Applied Materials & Interfaces

Research Article

small nanoparticles. The microstructures of the NiO-NPs@
GNSs were further characterized by TEM technique. The TEM
image (Figure 2c) revealed that the NiO nanoparticles were
distributed on the surface of GNSs with a size of 3−5 nm in
diameter. There were no free NiO nanoparticles isolated from
GNSs or vacancy on GNSs. The above observation also
revealed that these NiO particles were ﬁrmly attached to the
GNSs by considering that ultrasonication was used during the
preparation of TEM specimen. The HRTEM image of the
NiO-NPs@GNSs is shown in Figure 2e. The lattice fringes with
d-spacing of 0.24 and 0.21 nm can be assigned to the (111) and
(200) planes of the cubic NiO. However, when trace amounts
of water was introduced in the mixed solvents, SEM image
(Figure 1b) showed that a dense nanoﬂake arrays grew over the
entire surface of GNSs with almost perpendicular direction.
With a closer examination, the nanosheet constituents were
about 100 nm in length and 5−10 nm in thickness. Such an
interesting structure was also viewed under TEM (Figure 1d).
Consistent with the above SEM analysis, the NiO nanosheets
were mostly grown upright with a random orientation on the
GNSs support. The HRTEM (Figure 1f) of the NiO-NFAs@
GNSs also showed clearly lattice fringes with d-spacing of 0.24
and 0.21 nm, the (111) and (200) planes of the cubic NiO as
observed in the NiO-NPs@GNSs.
To understand the diﬀerent growth behaviors of the two
distinct NiO nanostructures on GNSs, we performed several
experiments to investigate the function of CO2 and trace
amounts of water. At the temperature of 200 °C, nickel nitrate
hexahydrate could convert into crystalline solid compounds in
pure ethanol without GO and CO2 whether additional water
was added or not. The XRD results (see Figure S3 in the
Supporting Information) showed that the compounds were
Ni3(NO3)2(OH)4 (JCPDS card 22−0752). SEM images of
these compounds exhibited overall thin nanosheet morphologies (see Figure S4 in the Supporting Information). However,
when compressed CO2 was introduced into the vessel, the
precursors obtained without or with the presence of additional
water showed diﬀerent chemical structures and compositions.
As shown in Figure 3, the Ni-salt had amorphous structure

Figure 1. XRD patterns of the NiO-NPs@GNSs, NiO-NFAs@GNSs,
and GNSs.

temperature. TGA analysis was carried out in air to quantify the
amount of GNSs in the composites. TGA analysis for the
composites was carried out in air to quantify the amounts of
GNSs in the composites. As seen from Figure S2 in the
Supporting Information, the weight loss over the temperature
ranged from 40 to 200 °C might be due to the loss of residual
water in the samples. The main weight loss at about 300−500
°C, was ascribed to the oxidation and decomposition of GNSs
in air. According to the TGA analysis, the amounts of GNSs in
these nanocomposites were about 31.5%.
To investigate the morphologies of the samples, SEM and
TEM images were collected for the NiO-NPs@GNSs and NiONFAs@GNSs nanocomposites. As shown in Figure 2a, the
SEM image of the NiO-NPs@GNSs showed that the twodimensional GNSs were well decorated with a thin layer of

Figure 3. XRD patterns of the Ni-salt-NPs@GO, Ni-salt-NFAs@GO,
Ni-salt, and Ni-salt-water.

while the Ni-salt-water had a crystalline structure, which was
consistent with the samples synthesized in the presence of GO.
The XRD patterns of the Ni-salt-NFAs@GO and Ni-salt-water
exhibited typical features for α-phase nickel hydroxide with a
general formula ([Ni(OH)2−xAn−x/n·yH2O] with x = 0.2−0.4, y
= 0.6−1, and A = Cl−, NO3−, SO42−,CO32−, or OCN−), as
reported in the literature. The Ni-salt and Ni-salt-water were
also characterized by FTIR spectrum and Elemental analysis. As
demonstrated in Figure S5 in the Supporting Information, the
interactions of metal ions with NO3− and CO32− groups were

Figure 2. SEM images of (a) NiO-NPs@GNSs and (b) NiO-NFAs@
GNSs. TEM images of (c) NiO-NPs@GNSs and (d) NiO-NFAs@
GNSs. HRTEM images of (e) NiO-NPs@GNSs and (f) NiO-NFAs@
GNSs.
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proved according to the spectrum information of FTIR.47,48
The new group of CO32− should be originated from the
reaction of CO2 and H2O in this system. Elemental analysis
proved that the content of the element of C, H and N in the
two precursors was quite diﬀerent. As shown in Table S1, the
content of C in the Ni-salt was higher than that in the Ni-saltwater, whereas the content of N in the Ni-salt was lower than
that in the Ni-salt-water. Furthermore, the diﬀerence of the
content of H between the two precursors was also found. The
above results clearly showed that CO2 and the additional water
aﬀected the chemical compositions and structures of the
precursors.
Diﬀerent chemical compositions and structures of the
precursors may result diﬀerent growth behaviors. To investigate
the morphologies of the precursors, SEM images were collected
for Ni-salt-NPs@GO, Ni-salt-NFAs@GO, Ni-salt, and Ni-saltwater. As shown in panels a and b in Figure 4, the

transfer of the generated solid intermediates to grow on the
surface of substrate, resulted in some NiO particles crystallized
and aggregated freely in solution (see Figure S6 in the
Supporting Information).
In order to understand the forming process of the 3D
ﬂowerlike microstructure, we carried out time-dependent
experiments during which samples were collected at diﬀerent
time intervals. As shown in Figure 5a, at the early stage, the

Figure 5. SEM images of the samples formed at diﬀerent times after
the temperature reached 200 °C: (a) 0, (b) 10, (c, d) 30, (e) 50, and
(f) 70 min during the formation of 3D ﬂowerlike microstructure.

sample was composed of ca. 200 nm particles. Ten min later, as
shown in Figure 5b, some nanoﬂakes emerged in the sample
indicating that anisotropic growth had occurred in this stage. As
the reaction proceeded, the amount of nanoﬂakes increased at
the expense of the nanoparticles (Figure 5c). At the same time,
3D microstructure grew gradually and the morphology became
ﬂowerlike (Figure 5d). 50 min later, most of the nanoﬂakes
have been assembled to form 3D ﬂowerlike microstructure
(Figure 5e). Eventually no nanoﬂakes remained and the sample
was composed entirely of the 3D ﬂowerlike microstructure
(Figure 5f). In the forming process, the samples were
amorphous at early stage, but the crystallinity of the samples
increased when plenty of nanoﬂakes were formed after 30 min
(see Figure S7 in the Supporting Information).
On the basis of above structural and morphological analysis,
a possible growth mechanism was proposed as follows. In
general, the crystal forming process in a solution is mainly
divided into two stages of nucleation and crystal growth, and
the special crystal structure and symmetry determine its
inherent morphology.50,51 In the forming process of 3D
ﬂowerlike microstructure, the nickel ions were precipitated
and nucleated to form amorphous primary particles by
hydrolysation and polymerization reactions very quickly at
early stage, and then the crystallization of the amorphous
primary particles increased gradually as the reaction proceeded.
The freshly crystalline seeds were unstable because of their high
surface energy and tend to aggregate to form ﬂakes as
conﬁrmed by the evidence that the ﬂakes were composed of

Figure 4. SEM images of the (a) Ni-salt-NPs@GO, (b) Ni-saltNFAs@GO, (c) Ni-salt, and (d) Ni-salt-water.

morphologies of Ni-salt-NPs@GO and Ni-salt-NFAs@GO
were consistent with their calcined ones, which indicated that
the morphologies of the precursors were maintained during
thermal treatment. Without the presence of GO, the Ni-salt was
mainly consisted of particles with the size of 200 nm in
diameter (Figure 4c). After trace amounts of water were added
during the synthesis, the obtained Ni-salt-water was composed
mainly of 3D ﬂowerlike microstructure with the size of 1−2 μm
in diameter (Figure 4d). These ﬂowerlike microstructures were
assembled mainly of nanosized ﬂakes with the thickness of
about 20 nm. From the above results, it was easier to conclude
that the additional trace amounts of water played an important
role in the conversion of the amorphous precursor to crystalline
precursor, which was proposed to be one of the key factors to
inﬂuence the growth behavior of the precursors on GO.
Furthermore, owing to the special properties of scCO2, like the
lower viscosity, high mass transfer rate, and absence of surface
tension, the metal oxide nanoparticles yielded in the scCO2
tend to deposit onto the surfaces of GO. Meanwhile, scCO2 as
an antisolvent reduced the solvent strength caused by hydroxyls
originated from ethanol and water, which could lower the
aggregation of the ﬁnal particles.28,31,49 However, for the pure
ethanol, the existence of surface tension, hydroxyls, and low
diﬀusivity, which strongly limit the ability to disperse and
7068

dx.doi.org/10.1021/am401370u | ACS Appl. Mater. Interfaces 2013, 5, 7065−7071

ACS Applied Materials & Interfaces

Research Article

Figure 6. The 1st, 2nd, 50th, and 100th charge−discharge voltage proﬁles of (a) NiO-NPs@GNSs and (b) NiO-NFAs@GNSs. (c) Cycling
performances of the bare GNSs, commercial NiO, NiO-NPs@GNSs, and NiO-NFAs@GNSs at a current of 100 mA g−1. (d) Rate performances of
the NiO-NPs@GNSs and NiO-NFAs@GNSs nanocomposites.

GNSs was 603 mA h g−1. So the theoretical capacity of the
NiO@GNSs composite was 681 mA h g−1 (603 mA h g−1 ×
0.315 + 718 mA h g−1 × 0.685). The electrochemical
performances of NiO-NPs@GNSs and NiO-NFAs@GNSs
were evaluated by galvanostatic charge−discharge. Figure 6a-b
show the ﬁrst, second, 50th, and 100th charge−discharge
voltage proﬁles of the cells at current rate of 100 mA g−1. In the
discharge curves of the ﬁrst cycle, both the samples exhibited a
typical plateau at around 0.7 V, corresponding to the formation
of a solid-electrolyte interfacial (SEI) layer and the reaction of
NiO with lithium to from amorphous Li2O and Ni0.23 As
shown in Figure 6a, the ﬁrst discharge and charge capacity for
NiO-NPs@GNSs composite was 967 mA h g−1 and 629 mA h
g−1, respectively. The discharge capacity of the composite at the
second, 50th and 100th cycle was 747 mA h g−1, 803 mA h g−1
and 741 mA h g−1, respectively. The Coulombic eﬃciency rose
from 65.1% at the ﬁrst cycle to 91.7% at the second cycle and
97.7% at the 100th cycle. By contrast, the NiO-NFAs@GNSs
showed inferior performance compared to NiO-NPs@GNSs.
As shown in Figure 6b, the ﬁrst discharge and charge capacity
for NiO-NFAs@GNSs composite was 957 mA h g−1 and 608
mA h g−1, respectively. The discharge capacity of the composite
at the second, 50th and 100th cycle was 805 mA h g−1, 740 mA
h g−1 and 394 mA h g−1, respectively.
Figure 6c shows a comparison of the charge−discharge cyclic
performances for the bare GNSs, commercial NiO, NiO-NPs@
GNSs and NiO-NFAs@GNSs composites. The cells were
cycled at a current of 100 mA g−1. The bare GNSs had an initial
discharge capacity of 1422 mAh g−1 and charge capacity of 603
mAh g−1 with a Coulombic eﬃciency of 42.4%, but after 50
cycles, the charge capacity dropped to 407 mAh g−1. For the

nanoparticles (see Figure S8 in the Supporting Information).
The assembly of these crystalline seeds to form ﬂakes may be
related to the intrinsic lamellar structure of α-Ni(OH)2.52−54
These nanoﬂakes took a positive charge because of the hydroxyl
defects in the Ni(OH)x layer originated the intercalation of the
special species (water and/or anions) in the interlayer
galleries.54,55 So, the electrostatic and hydrogen bonds might
be the main driving forces for self-assembly of nanoﬂakes into
3D ﬂower microstructure.54 The growth process is consistent
with previous reports of a so-called two-stage growth process,
which involves a fast nucleation of amorphous primary particles
followed by a slow crystallization and anisotropic growth of
primary particles.56 However, when GO was introduced into
the system, the nucleation was preferential on the surface of
GO due to the absorption of Ni2+ by hydroxyl, carboxyl, or
epoxy groups, thus nanoﬂakes were formed on the surface of
GO in situ to form Ni-salt-NFAs@GO. So, the self-assembly of
these nanoﬂakes was prohibited since they were held in
position by the GO. For the synthesizing of Ni-salt-NPs@GO,
Ni2+ could be ﬁrst randomly adsorbed on the surface of GO as
a nucleation site, and the residual Ni2+ ions in solution took
precedence to continuously absorb on the nucleation sites and
grew slowly to large particles. Owing to the amorphous
structure of these particles, the stage of anisotropic growth was
not involved. Finally, the surfaces of GO were covered with
small and uniform nanoparticles.
It has been reported that one mole of NiO has the ability to
react with two moles of Li ions through the conversion
reaction: NiO + 2Li+ + 2e ↔ Li2O + Ni. On the basis of this
reaction, the theoretical capacity of NiO was calculated to be
718 mA h g−1. In addition, the largest reversible capacity for the
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commercial NiO, the capacity faded rapidly due to the severe
pulverization after 50 cycles. In contrast with the bare GNSs
and commercial NiO, the NiO-NPs@GNSs composite showed
enhanced capacity and stable recycled capacity up to 100 cycles.
However, the capacity for the NiO-NFAs@GNSs composite
faded rapidly after 20 cycles. After cycling up to 100 cycles, the
remained charge capacity for NiO-NFAs@GNSs composite
was only 383.8 mAh g−1, being about 63% of the ﬁrst reversible
capacity. For the two composites, the reversible capacity was
slightly increased in the initial several cycles, which was
attributed to the gradual activation of electrode in the ﬁrst
stage.
To further investigate the electrochemical performance of the
NiO-NPs@GNSs and NiO-NFAs@GNSs composites, the
charge−discharge measurements for them were also carried
out at various current densities. Figure 6d demonstrates the rate
capability of the two composites electrodes from current
densities of 0.1−4 A g−1 for ten cycles at each current density.
At the low current density (0.1 A g−1 and 0.5 A g−1), the
capacities of the NiO-NPs@GNSs and NiO-NFAs@GNSs
composites are comparable. However, at a higher current
density of 2 A g−1, the NiO-NPs@GNSs composite was still
able to deliver a discharge capacity of 350 mA h g−1, which is
much higher than that of NiO-NFAs@GNSs (171 mA h g−1).
Even at a high current density of 4 A g−1, the NiO-NPs@GNSs
composite was still able to deliver a capacity of 152 mA h g−1;
however, the capacity of the NiO-NFAs@GNSs dropped
dramatically to 84 mA h g−1. If the current was returned from 4
to 0.5 A g−1, the speciﬁc capacity of the NiO-NPs@GNSs could
return to 561 mA h g−1, which was much higher than that of
NiO-NFAs@GNSs (289 mA h g−1).
To understand the good electrochemical performance of the
NiO-NPs@GNSs, the morphology and microstructure variation in the NiO-NPs@GNSs and NiO-NFAs@GNSs nanocomposites after 100 discharge−charge cycles were examined
using XPS, SEM, and TEM. As the XPS spectra of Ni 2p shown
in Figure S9 in the Supporting Information, it can be seen that
the peaks of the materials after cycling could be well indexed to
Ni0 and oxidized Ni. The small portion of Ni0 in the cycled
samples was probably ascribed to the irreversible reaction in the
cells. The SEM (Figure 7a) and TEM images (Figure 7c, e)
showed that the size of the NiO particles was almost the same
as in the initial state for the NiO-NPs@GNSs nanocomposite
after 100 cycles. The spherelike morphology of the NiO
nanoparticles which was diﬀerent from their initial irregular
morphology indicated that these particles were suﬀered from
lithiation-delithiation repeatedly. However, the NiO nanoparticles were still closely enbedded in GNSs and no obvious
aggregation was observed despite that they had undergone 100
times of volume expansion−contraction associated with the
lithium insertion and extraction process, highlighting the
structure stability of NiO-NPs@GNSs hybrid electrode. The
fact that the NiO particles in the NiO-NPs@GNSs composite
did not exhibit agglomeration or size variation should be
beneﬁted of the intimate contact of GNSs and the small NiO
nanoparticles, which consequently enhanced the cyclic stability
and rate capability. However, for the NiO-NFAs@GNSs, due to
the small contact interface and little linkage sites of these
nanoﬂake arrays with perpendicular direction, the NiO
nanoﬂakes on the surfaces of GNSs had collapsed and
overlapped after 100 cycles (Figure 7b). The TEM images
(Figure 7d, f) showed that most of the NiO-NFAs on the
surfaces of GNSs had cracked and aggregated into large

Figure 7. SEM images of the samples after 100 cycles: (a) NiO-NPs@
GNSs and (b) NiO-NFAs@GNSs. TEM images of the samples after
100 cycles: (c, e) NiO-NPs@GNSs and (d, f) NiO-NFAs@GNSs.

particles, indicating that the pulverization of the particles in
cycling, which leaded to the poor cycling stability of NiONFAs@GNSs nanocomposite.

4. CONCLUSIONS
In summary, we have developed a new method to grow NiO
nanomaterials on GNSs through a simple low temperature
chemical deposition in CE. The morphologies of NiO
nanomaterials grown on GNSs could be tailored by trace
amounts of water introduced in CE. Small and uniform
nanoparticles of NiO were covered on the surfaces of GNSs
through the decomposition of nickel nitrate in CE directly.
However, when trace amounts of water was introduced into the
mixed solvents, NiO nanoﬂake arrays were grown on the
surface of GNSs. The quiet diﬀerent chemical compositions
and structures of the two formed precursors were proposed to
be the key factors to inﬂuence the growth behaviors of the two
distinct nanostructures on the surface of GNSs. When used as
anode material for LIBs, the NiO-NPs@GNSs composite
exhibited a higher reversible capacity, better cycle and rate
performance compared with the NiO-NFAs@GNSs. At a
higher current densities of 2 and 4 A g−1, the NiO-NPs@GNSs
composite could deliver a discharge capacity of 350 and 152
mA h g−1, respectively, which was much higher than that of
NiO-NFAs@GNSs (171 mA h g−1 and 85 mA h g−1). If the
current was returned from 4 A g−1 to 0.5 A g−1, the speciﬁc
capacity of the NiO-NPs@GNSs could still return to 561 mAh
g−1. The better electrochemical performances of the NiONPs@GNSs composite was beneﬁted of the intimate contact of
GNSs and the small NiO nanoparticles, resulting in the NiONPs keeping well dispersion without any agglomeration or size
variation after 100 times recycling. Because the presented
method does not need tedious pretreatment, surfactants, high
viscous solvents, and precipitate, it is a green technology, which
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could be easily extended to the synthesis of a wide range of
functional nanomaterials.
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