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M
etal oxides have evolved as an
important family of anode materi-
als to be a high-capacity alterna-

tive to graphite.1 They also have a safe
lithiation potential that isolates the proble-
matic lithium plating process.2 However,
the use of metal oxides for lithium ion
batteries (LIBs) has been limited mainly
by their low electrical conductivity, easy
agglomeration, and inferior cycling stabi-
lity resulting from a large volume change
during lithiation/delithiation. To circum-
vent these challenges, uses of good con-
ductive matrix and nanostructured metal
oxides and their composites with carbo-
naceous materials are the efficient meth-
ods to improve the cycling stability of
metal oxides by suppressing their volume
change and increasing their electrical
conductivity.3�8

Graphenewith intrinsically excellent elec-
trical conductivity andmechanical flexibility
is proposed as one of the most appealing
carbon materials for this purpose.9�11 A
variety of metal oxides with different sizes
and morphologies have been blended with
graphene as anode materials for LIBs and
have improved the capacity, rate capability,
and cycling stability.10,12�19 Many reports
have ascribed the phenomenon to “syner-
gistic effects” resulting from their good
“interfacial interaction”, which induces bet-
ter performance than each individual com-
ponent and the total sum of the individual
effects.12,13,16�18,20 However, the terms
“synergistic effect” and “interfacial interaction”
are too vague to indicate the exact interac-
tionmechanism. Therefore, research to clar-
ify the details, both experimentally and
theoretically, is important and urgent. It
is noted that metal oxides can be better
dispersed on higher oxygen content, or
oxygen-rich graphene, which suggests a
unique role of oxygen functional groups in

increasing the interfacial interaction in gra-
phene/metal oxide systems.20�23

Graphene is a sheet, andwe consider that
a sheet-on-sheet (metal oxide/graphene)
nanostructure is beneficial for ions and
electrons to access their surface, consequently
enabling a fast conversion reaction. More
importantly, due to the larger contact inter-
face and more linkage sites, a sheet-like

* Address correspondence to
fli@imr.ac.cn.

Received for review January 9, 2012
and accepted March 18, 2012.

Published online
10.1021/nn300098m

ABSTRACT

Graphene has been widely used to dramatically improve the capacity, rate capability, and cycling

performance of nearly any electrode material for batteries. However, the binding between graphene

and these electrode materials has not been clearly elucidated. Here we report oxygen bridges between

graphene with oxygen functional groups and NiO from analysis by X-ray photoelectron spectroscopy,

Fourier transform infrared spectroscopy, and Raman spectroscopy and confirm the conformation of

oxygen bridges by the first-principles calculations. We found that NiO nanosheets (NiO NSs) are bonded

strongly to graphene through oxygen bridges. The oxygen bridges mainly originate from the pinning of

hydroxyl/epoxy groups from graphene on the Ni atoms of NiO NSs. The calculated adsorption energies

(1.37 and 1.84 eV for graphene with hydroxyl and epoxy) of a Ni adatom on oxygenated graphene by

binding with oxygen are comparable with that on graphene (1.26 eV). However, the calculated

diffusion barriers of the Ni adatom on the oxygenated graphene surface (2.23 and 1.69 eV for graphene

with hydroxyl and epoxy) aremuch larger than that on the graphene (0.19 eV). Therefore, the NiO NS is

anchored strongly on the graphene through a C�O�Ni bridge, which allows a high reversible capacity

and excellent rate performance. The easy binding/difficult dissociating characteristic of Ni adatoms on

the oxygenated graphene facilitates fast electron hopping from graphene to NiO and thus the reversible

lithiation and delithiation of NiO. We believe that the understanding of this oxygen bridge between

graphene and NiO will lead to the development of other high-performance electrode materials.

KEYWORDS: graphene . NiO nanosheets . oxygen bridge . oxygen functional
groups . density functional theory . lithium ion batteries
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structure is more desirable to investigate the interac-
tion between metal oxide and graphene than a sphe-
rical particle-like morphology. Two-dimensional (2D)
NiO nanosheets (NiO NSs) have a similar structure to
graphene and can be used as a model material for
constructing a layered nanostructure, which has shown
potential for use in LIBs.18,24,25

Herein, we grow NiO NSs on graphene and explore
the interaction between NiO and graphene. Combin-
ing the experimental results and the first-principles
calculations, we elucidate the existence of oxygen
bridges between NiO and graphene, which can im-
prove the cyclic stability and high rate capability. We
propose that the oxygen bridges between nickel oxide
(probably many other metal oxides) and graphene-
containing oxygen functional groups are the origin of
the synergistic effect and interfacial interaction.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) images show that the
NiO NS/graphene multilayer structure obtained is
composed of sheet-like NiO homogeneously grown
on graphene, forming a 2D sheet-on-sheet structure
(Figure 1a,b). The size of the NiO NSs ranges from 100
to 200 nm. The presence of NiONSs between graphene
effectively prevents the agglomeration and restacking
of graphene and consequently helps maintain their
high active surface area, which is favorable for increas-
ing accessible reaction sites. It can be seen that NiONSs
are firmly anchored on graphene even after ultrasonic
dispersion for TEM characterization (Figure S1 in the
Supporting Information), indicating a strong link-
age between them. The surface functional groups of

graphene provide preferred nucleation sites for the
growth of NiO, thus enabling a good dispersion of NiO
NSs on the graphene support.21 In comparison, theNiO
NSs obtained from the same experimental condition
but without graphene tend to form an agglomerated
structure, as shown in Figure S2a,b. From the cross-
sectional TEM images, the thickness of the NiO NSs is
estimated to be 30�50 nm (Figure S2b). As for a NiO
NS�graphenemixture (prepared by grinding the same
amount of graphene and NiO NSs as found in the NiO
NS/graphene composite), the NiO NSs are sparsely
distributed on the surface of graphene through weak
van der Waals forces (Figure S3). Figure 1c shows a
high-resolution TEM (HRTEM) image of the NiO NS/
graphene composite taken from an edge, from which
we can clearly see the periodic fringes of graphene and
NiO NSs. The enlarged image of the square area in
panel c, as shown in Figure 1d, reveals lattice fringes
with an interplanar spacing of 0.24 nm corresponding
to the (111) lattice planes of cubic NiO. The rings (inset
of Figure 1d) obtained in the selected area electron
diffraction (SAED) patterns reveal that theNSs attached
to the graphene were crystalline NiO.
Due to the 2D sheet-on-sheet structure with less

agglomeration for NiO NSs and graphene, we expect a
higher contact surface area with more linkage sites in
the multilayer structure. The differences in Brunauer�
Emmett�Teller (BET) specific surface area and porous
structure between the NiO NS/graphene composite,
NiO NS�graphene mixture, and NiO NSs were investi-
gated by nitrogen adsorption. The BET specific surface
area and pore volume are 188m2 g�1 and 0.26 cm3 g�1

for the NiO NS/graphene composite, higher than those
of the NiO NS�graphene mixture (132 m2 g�1,
0.24 cm3 g�1) and NiO NSs (89 m2 g�1, 0.06 cm3 g�1).
The weight percentage of graphene in the composite
is 21.8 wt %, determined by thermogravimetric anal-
ysis (TGA) as shown in Figure S4. Accordingly, the BET
specific surface area of the composite is also larger
than the simple sum (89 � 78.2% þ 376 � 21.8% =
152 m2 g�1) based on the rule of mixtures from
individual graphene (376 m2 g�1) and NiO NSs. These
results can be ascribed to the NiO NSs on the sur-
face and between graphene layers, which prevent the
graphene from aggregating and restacking after the
removal of solvents. Thus the high specific surface area
and pore volume of the composite were maintained.
The bindingbetween the graphene andNiONSswas

studied by X-ray photoelectron spectroscopy (XPS),
which revealed the presence of carbon, oxygen, and
nickel (Figure 2a). A Gaussian fit to the C 1s spectrum of
graphene and the NiO NS/graphene composite shows
three different peaks at 284.6, 285.7, and 289.4 eV,
corresponding to nonoxygenated carbon atoms (C�C/
CdC), carbon atoms in hydroxyl groups (C�OH/
C�ONi), and carbon in carboxyl groups (HO-CdO),
respectively (Figure S5).26 Hydroxyl groups show a

Figure 1. (a) SEM image of theNiONS/graphene composite,
(b) TEM and (c) HRTEM images of the NiO NS/graphene
composite, (d) enlarged image of the square area in (c), and
inset is the SAED pattern of the NiO NS/graphene
composite.
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much higher intensity than do carboxyl groups. In the
spectra of Ni 2p (Figure S6), the peaks centered
at 851�865 and 870�885 eV with a main peak and
satellite peak are attributed to the Ni 2p3/2 and Ni 2p1/2
spin�orbit levels of NiO.25 Figure 2b shows the O 1s
XPS spectrum of the NiO NS/graphene composite,
which can be deconvoluted into four peaks. The peak
at 529.3 eV corresponds to oxygen in NiO,25,27 consis-
tent with the O 1s spectrum of the NiO NSs (Figure 2c).
The peak at 531.2 eV is assigned to CdO groups or
shoulder peak ofO 1s inNiO, and the peak at 533.1 eV is
ascribed to C�OH and/or C�O�C groups (hydroxyl
and/or epoxy).28,29 Moreover, compared with the peak
located at 533.4 eV in O 1s spectrum of the pristine
graphene (Figure 2d), the content of C�OH and/or
C�O�C groups in the composite (Figure 2b) is drama-
tically smaller, which suggests the replacement of
hydrogen in hydroxyl groups or a possible ring-
opening reaction of epoxy groups30 by Ni2þ in NiO form-
ing the C�O�Ni linkage. The extra peak located at
530.2 eV is attributed to the possible formation of a
Ni�O�C bond. The binding of Ni2þ with graphene
might be either with carbon atoms or with oxygen-
containing functional groups on the surface of gra-
phene. However, the first possibility is excluded as the
contribution from C or Ni atoms in the C�Ni bond is
absent at 283.5 eV in the C 1s spectrum (Figure S5b) or
at 853.5 eV in the Ni 2p3/2 spectrum

31 (Figure S6). As a
result, we believe that NiO anchors on the oxygenated
graphene through a C�O�Ni linkage.
The C�O�Ni linkage between graphene and NiO

demonstrated in XPS was further corroborated by

Fourier transform infrared spectroscopy (FTIR). The
structure of the graphene, NiO NS/graphene compo-
site, residual graphene after dissolving NiO NSs in HCl
from the composite, and NiO NSs was analyzed by FTIR
in the 1800�400 cm�1 spectral region, as shown in
Figure 3. The absorption band at 1635 cm�1 for these
samples is assigned to the bending vibration of O�H
(adsorbed water molecules).32,33 The FTIR spectra of
the NiO NS/graphene composite and NiO NSs show
peaks at 415 and 563 cm�1 that are derived from the
stretching vibration of NiO.34 The characteristic peaks
for graphene at 1421, 1162, and 1025 cm�1 are,
respectively, due to O�H deformation vibration, C�O
vibration of the C�OH, and C�O�C vibration of the
epoxy.33,35,36 However, after the growth of NiONSs, the
intensity of the C�OH band at 1162 cm�1 significantly
decreases and the peaks corresponding to the O�H
and C�O�C groups at 1421 and 1025 cm�1 are even
absent (denoted by a pink rectangle). Furthermore,
after removing the NiO NSs by reaction with HCl, the
oxygen functional groups are recovered (as marked by
black arrows). This result suggests that the epoxy and
hydroxyl groups are broken down to form a C�O�Ni
linkage between graphene and NiO, but the NiO
removal restores these oxygen-containing groups.
Raman spectra of the samples are shown in Figure 4a.

There are two prominent peaks at 1330 and 1594 cm�1

for theNiONS/graphene composite, which correspond
to theD andGbands of graphene.37 The G band shift in
carbon-based composites relates to the charge trans-
fer between the carbon and other compounds pres-
ent.38�40 Therefore, the observed shift by 11 cm�1

Figure 2. (a) XPS spectrum of the NiO NS/graphene composite. (b) O 1s XPS spectrum of the NiO NS/graphene composite.
(c) O 1s XPS spectrum of the NiO NSs. (d) O 1s XPS spectrum of the graphene.
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from 1583 (graphene) to 1594 cm�1 (NiO NS/graphene
composite) indicates the presence of a charge transfer
from graphene to NiO NSs (Figure 4b). The G band of
the NiO NS�graphene mixture located at the same
position as that of graphene suggests a weak interac-
tion between graphene and NiO NSs in the mixture.
Besides the two peaks, there are four Raman peaks
located at 370, 545, 825, and 1120 cm�1, which could
be assigned to the first-order transverse optical (TO),
longitudinal optical (LO), 2TO, and 2LO phononmodes
of NiO, respectively.41 The peaks of the NiO NSs, NiO
NS�graphene mixture, and NiO NS/graphene compo-
site at 370 and 825 cm�1 are in the same positions,
while the LO and 2LO phonon modes of the NiO NS/
graphene composite shift to a higher frequency. The
Raman shift in the NiO NS/graphene composite could
be induced by the doping effect and/or bonding
formation, whereas the same positions of G band as
graphene and LO, TO modes as NiO NSs in NiO
NS�graphene mixture indicate the absence of (or
negligible contribution from) doping effect. Therefore,
the shift of G band and LO modes also suggests bond
formation between graphene and NiO NSs.

To better understand the C�O�Ni linkage between
graphene and NiO, we performed density functional
theory (DFT) calculations to explore the nature of the
binding of nickel on the surface of graphene with
oxygen-containing functional groups. On the basis of
the present experimental results, the residual oxygen-
containing functional groups on the graphene are
mainly hydroxyl and epoxy, which is well understood
by a recent theoretical prediction.42 We consider an
isolated Ni atom approaching the surface of a gra-
phene with hydroxyl (HO-graphene) or epoxy groups
(EO-graphene) as the first step for growing NiO NSs on
the graphene surface. The detachment from, and
further diffusion on, the HO-graphene/EO-graphene
was investigated to explore the interaction between
HO-graphene/EO-graphene andNiO.We also studied a
similar diffusion process for an isolated Ni adatom on a
graphene surface for comparison. First-principles cal-
culations were performed to investigate the energetics
and dynamics for these processes. Three possible
adsorption sites for an isolated Ni adatom on a gra-
phene surface are considered, as shown in Figure S7a.
On the basis of our calculations, a hollow site is the

Figure 3. FTIR spectra of the graphene, NiO NS/graphene composite, residual graphene after dissolving NiO NSs from the
composite, and NiO NSs.

Figure 4. (a) Raman spectra of the NiO NS/graphene composite, NiO NS�graphene mixture, NiO NSs, and graphene.
(b) Enlarged G band of the NiO NS/graphene composite, NiO NS�graphene mixture, and graphene marked by a rectangle in (a).
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most energetically favorable site for an isolated Ni
adatom on the graphene with an adsorption energy,
1.26 eV, which is much lower than the cohesive energy
(4.44 eV/atom) of bulk Ni.43 It should be noted that
our result is in good agreement with previous first-
principles calculations.44�46 By using the climbingnudged
elastic band (cNEB) method, the energy barrier for an
isolated Ni adatom to diffuse from a hollow site to a
neighboring hollow site on graphenewas calculated to
be 0.19 eV, indicating that an isolated Ni adatom easily
diffuses and prefers to cluster on the graphene surface.
In the case of HO-graphene, two local minimum ad-
sorption states are observed after full relaxation when
an isolated Ni atom approaches the hydroxyl groups
on the HO-graphene surface from a distant (8 Å from
the HO-graphene surface) out-of-plane position. The
first (diagrama) is where theNi adatombondswith two
O atoms and pushes aside one H atom to the surface
forming a C�H bond (Figure 5a), the second (diagram b)
is where the Ni adatom bonds with three O atoms
after crowding out two H atoms to form a H2 molecule,
as shown in Figure 5b. It should be noted that a similar
deprotonation process was observed in organometal-
lic Ti fragments grafted onto mesoporous silica.47 The
adsorption energies for these two adsorption states
were calculated to be 1.22 (diagram a) and 1.37 eV
(diagram b). In the case of EO-graphene, ring opening
occurs for two adjacent in-plane epoxy groups when a
Ni atom approaches toward the EO-graphene surface
(inset of Figure S8), resulting a calculated adsorption
energy, 1.84 eV, for a Ni adatom bonding with two
oxygen atoms. These adsorption energies for a Ni
adatom on the oxygenated graphene surface are
comparable with that (1.26 eV) on graphene. There-
fore, besides the binding energy, we speculate that the
detachment of the bonded Ni atom from oxygen
atoms and its further diffusion on the HO-graphene/
EO-graphene surface should be different from that on a
graphene surface. Here, we choose diagram b as the
reactant and study the dynamics of the Ni adatom

detaching from the oxygen atom and diffusing on the
HO-graphene surface. As expected, the energy barrier
was calculated to be 2.23 eV (Figure 5c), which is more
than 10-fold that on the graphene (0.19 eV). As for Ni
adatom on EO-graphene surface, the energy barrier
was calculated to be 1.69 eV (Figure S8). These very
large energy barriers (2.23 and 1.69 eV for HO-gra-
phene and EO-graphene, respectively) indicate that it
is hard to detach from the oxygenated graphene for
the bonded Ni adatom. Because of the linkage be-
tween Ni and O atoms, we expect a large electron
charge overlap in the interface between the NiO NSs
and graphene, providing a good pathway for electron
transport during charge/discharge cycles. On the basis
of our first-principles calculations, the residual hydro-
xyl/epoxy groups on the graphene show a strong pin-
ning effect on the Ni atoms of the NiO NSs (hereafter
the C�O�Ni linkage referred to an oxygen bridge),
which is expected to play an important role in improv-
ing the electrochemical performance of the NiO NS/
graphene composite.
To determine whether the functionality of oxygen

bridges between graphene and NiO could improve the
NiO NS/graphene anode performance, a galvanostatic
charge�discharge cycling test was carried out.
Figure 6a�c shows the first, fifth, 10th, and 20th
discharge�charge voltage profiles of the NiO NS/
graphene composite, NiO NS�graphene mixture, and
NiO NSs at a constant current of 50 mA g�1. In the first
discharge curve, an extended voltage plateau was
found around 0.75 V for the three samples, which is
ascribed to the formation of a solid electrolyte interface
(SEI) film and the reduction of Ni2þ to Ni0 according to
2Li þ NiO f Li2O þ Ni.1,25 In addition, a more inclined
discharge slope between 0.75 and 0.001 V is present for
the NiO NS/graphene composite and the NiO NS�
graphene mixture, which corresponds to the partial
capacity contribution from the graphene. There are
two plateaux located at about 1.25 and 2.25 V in the
charge curves, which, respectively, originate from the

Figure 5. Local minimum adsorption states: (a) diagram a and (b) diagram b of a Ni atom binding with HO-graphene, and (c)
the minimum energy path (mep) for a Ni adatom diffusing on the graphene and HO-graphene surface.
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decomposition of the SEI film and the reverse reaction for
the formation of NiO from Ni and Li2O.

25,48 In the subse-
quentdischarge/chargeprocessof thecompositeandmix-
ture, the plateaux became higher and more sloping
with a lower overpotential than those in the first cycle,
indicating that the Liþ insertion reaction is easier. On
the contrary, the plateaux almost disappear, and the
discharge potential decreases while the charge poten-
tial increases, exhibiting higher overpotential for NiO
NSs. These results can be ascribed to the excellent
electrical conductivity of graphene, the large contact
area with the electrolyte, and the sheet-like nanostruc-
ture with a short diffusion pathway for lithium ions
promoting the reaction kinetics of the composite. The
cyclic voltammetry (CV) curves of the NiONS/graphene
composite and NiO NSs were tested over a voltage
range from 0.001 to 3.0 V at a scan rate of 0.2 mV s�1,
showing a cathodic peak and two anodic peaks
(Figure S9), and the peak intensity and integral areas
of the NiO NS/graphene composite are close from the
second cycle to the fifth, showing good cycle stability,
but obviously decrease for the NiO NS electrode after
the first cycle. These resuts are consistent with the
galvanostatic charge�discharge measurements.
Figure 6d shows the cycling performance and the

first Coulombic efficiency of the NiO NS/graphene
composite, NiO NS�graphene mixture, and NiO NSs
at a current density of 50 mA g�1. The NiO NS/
graphene composite exhibits a discharge capacity of
1478 mA h g�1 and a high initial reversible capacity

(1000 mA h g�1), obviously larger than the values for
the NiO NS�graphenemixture (1066 and 696mA h g�1)
and NiO NSs (1193 and 602 mA h g�1). The first
reversible capacity of the NiO NS�graphene mixture
(696mA h g�1) approaches the theoretical value of the
total sum (602� 78.2%þ 1091� 21.8%=709mAhg�1)
of the individual capacities of NiO NSs (602 mA h g�1)
and graphene (1091 mA h g�1, Figure S10), suggesting
a simple principle of superposition between graphene
and NiO NSs (Figure 7). However, the capacity of
the NiO NS/graphene composite is much higher than
the total sum of the individual capacities of NiO NSs
and graphene, indicating a synergistic effect between

Figure 6. Galvanostatic charge�dischargeprofiles of the (a) NiONS/graphene composite, (b) NiONS�graphenemixture, and
(c) NiONSs. (d) Cycling performance and the first Coulombic efficiency of the NiONS/graphene composite, NiONS�graphene
mixture, and NiO NSs at a current density of 50 mA g�1 for 50 cycles. Solid symbols, discharge; hollow symbols, charge.

Figure 7. First reversible specific capacity of the graphene,
NiO NSs, NiO NS/graphene composite, NiO NS�graphene
mixture, and the calculated specific capacity based on
experimental values. The red rectangle indicates the in-
creased capacity due to the synergistic effect between
graphene and NiO NSs.
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these two components. The NiO NS/graphene compo-
site shows a stable reversible capacity of 883 mA h g�1

after 50 charge/discharge cycles, corresponding to
∼90% retention of the initial capacity, which is much
better than that of the NiO NS�graphene mixture
(530 mA h g�1, 76% retention) and the NiO NSs
(210 mA h g�1 and only 35% retention) (Figure 6d).
The first Coulombic efficiency also significantly in-
creases to 67.6% for the composite and remains steady
at a value >96% after the first cycle, compared to the
NiO NSs with a first Coulombic efficiency of 50.5% and
slowly increasing Coulombic efficiency. This suggests
that good binding in the composite in which graphene
provides fast electron transport for NiO NSs and the
porous characteristics of the composite with easy ion
accessibility promoting the conversion reaction im-
prove the efficiency. The flexible graphene provides
good strain accommodation mitigating the volume
change of NiONSs during cycling, which helps improve
the cycling stability.
The oxygen bridges between graphene and NiO NSs

also contribute to the good conductivity of the com-
posites, which directly correlates to the excellent
electrochemical performance and is confirmed by
electrochemical impedance spectroscopy (EIS) mea-
surements. These cells were measured after the first
cycle at a current density of 250mA g�1 in the charged
state (3.0 V vs Liþ/Li), as shown in Figure 8a. TheNyquist
plots of the electrodes are constituted by a single
depressed semicircle in the high-medium frequency
region and an inclined line at low frequency. The
experimental data are represented as symbols, and
the continuous lines are fitted data according to the
equivalent circuit shown in the inset of Figure 8a.7,49�51

The elements in the equivalent circuit include ohmic
resistance of the electrolyte and cell components (Re),
surface film resistance (Rsf), charge-transfer resistance
at the interface between the electrode and electrolyte
(Rct), a constant phase element (CPEi) (sf, double layer
(dl)) used instead of pure capacitance due to the

depressed semicircle, Warburg impedance (Zw), and
intercalation capacitance (Cint).

49,50 According to the
fitting, the value of Re is 1.3�1.9 Ω for the three
samples, indicating that the cells have been properly
fabricated and tested in the same condition. Due to the
single semicircle observed, the impedance can be
ascribed to the combination of the surface film and
charge-transfer resistance R(sfþct).

49,50 The fitting param-
eter of R(sfþct) is much lower for the NiO NS/graphene
composite electrode (105.6 Ω) compared to the NiO
NS�graphene mixture (213.3Ω) and NiO NS electrode
(279.9 Ω), which means that the NiO NS/graphene
composite electrode has a more stable surface film
(including SEI layer) and faster charge-transfer process
than the others. It can be seen that the low-frequency
tail for the three samples was also different, which can
be compared qualitatively with reference to the mass
(mainly of lithium ions) transfer kinetics in the elec-
trode materials. The low-frequency slope angle is 74.6�
for the NiO NS/graphene composite electrode, higher
than that of NiO NS�graphenemixture (70.4�) and NiO
NS electrode (57.6�). The steeper low-frequency tail
indicates higher lithium ion conductivity in the elec-
trodematerials.52 As expected, it indicates that the NiO
NS/graphene composite electrode possesses a high
electrical conductivity, a rapid charge-transfer process,
and good Li-ion kinetics for lithium uptake and extrac-
tion. Therefore, the NiO NS/graphene composite ex-
hibits outstanding high-rate performance compared to
the NiO NS�graphene mixture and NiO NSs, as shown
in Figure 8b. The composite and mixture deliver a
stable specific capacity above 1000 and 680 mA h g�1,
respectively, for five cycles under a current density of
50 mA g�1. On the other hand, the NiO NSs retain only
39% of the first charge capacity at the fifth cycle under
the same test conditions. With increasing current
density, the superior rate capacity of the NiO NS/
graphene composite is more evident. When the dis-
charge and charge current density increase to as high
as 2.5 A g�1, the specific capacity of the composite

Figure 8. (a) Nyquist plots of the NiO NS/graphene composite, NiO NS�graphene mixture, and NiO NSs as anode materials
measured after the first cycle at a current density of 250 mA g�1 in the charged state (3.0 V vs Liþ/Li) and the equivalent
electrical circuit (inset) used to fit the experimental impedance spectra. Selected frequencies are shown. Symbols denote
experimental data, while the continuous lines represent the fitted data. (b) Rate performance of the NiO NS/graphene
composite, NiO NS�graphene mixture, and NiO NSs at different current densities.
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remains at 550 mA h g�1, which is highly attractive
compared with other high-performance nanostruc-
tured NiO-based anode materials.18,25,32,53,54 However,
the capacity of the NiO NS�graphene mixture drops
dramatically to about 100mAhg�1 at the same current
density, and the NiO NS electrode becomes unusable
with cycling only at a low current density of 0.25 A g�1.
Moreover, when the current rate is returned to the
value of 0.5 A g�1, the composite electrode resumes its
capacity of about 775 mA h g�1 after 35 cycles at
various current densities, indicating that the NiO NS/
graphene composite electrode has good rate capabil-
ity and cycling stability. The excellent rate performance
of the NiO NS/graphene composite can be attributed
to the good binding between the two components,
favorable charge-transport characteristics of the com-
bination of graphene with the 2D nanosheet structure
of NiO, together with the short diffusion length of
lithium ions in the thickness direction.
The attractive electrochemical performance of the

NiO NS/graphene composite demonstrated above
could be attributed to the oxygen bridges between
graphene and NiO NSs, inducing a synergistic effect
from the two components. The unique sheet-on-sheet
nanostructure prevents the restacking of graphene,
which improves the utilization of active material. The
NiO NSs grown directly on the graphene have good
adhesion and electrical contact with the graphene.
This is confirmed by the SEM image after 50 cycles

(Figure S11a) and TEM image after discharge
(Figure S11c) in which NiO NSs are still closely anchored
to the graphene compared to the agglomerated bare
NiO NSs (Figure S11b,d). The graphene increases the
electrical conductivity of the electrode and is able to
accommodate the strain induced by volume change of
NiO NSs. It also maintains the integrity of the electrode
during discharge�charge, which is responsible for the
good cycling stability and rate capability.

CONCLUSIONS

NiO NSs were directly grown on graphene to fabri-
cate a multilayer structure, in which oxygen bridges
were formed between graphene and NiO NSs, produ-
cing a synergistic effect to improve the lithium storage
behavior of the composite. The highly improved per-
formance of the NiO NS/graphene composite can be
understood by the pinning effect of hydroxyl/epoxy
groups on the Ni atoms of NiO NSs based on first-
principles calculations. The experimental and calcu-
lated results for the oxygen bridges between graphene
and NiO NSs will help us in designing and obtaining
high-performance electrode materials. The bind-
ing through oxygen bridges demonstrated in this
work could be extended to other metal oxide/
graphene composites for applications in many fields
such as energy storage, catalysis, sensing, electro-
catalysis, and optoelectronics for pursuing optimal
performance.

EXPERIMENTAL SECTION

Synthesis of Graphene. Graphene was prepared from natural
flake graphite powder by chemical exfoliation as reported in our
previous work.55

Synthesis of NiO NS/Graphene Composite. First, 50 mg graphene
was dispersed in 50 mL of an isopropyl alcohol�water (1:1, v/v)
solution with 0.03 M Ni(NO3)2 by sonication for 1 h. Then, an
appropriate amount of ammonia solution (NH3 3H2O, 25 wt %)
was slowly added to this suspension and stirred for 2 h. The
mixed suspension was sealed in an 80 mL Teflon-lined stainless
steel autoclave for hydrothermal reaction at 180 �C for 6 h. The
product was collected after centrifuging, washing with deio-
nized water followed by alcohol, and then drying at 80 �C in air
for 12 h. Finally, the samples were heated to 350 �C with a ramp
of 5 �Cmin�1, where they were annealed for 3 h under an argon
atmosphere to obtain the NiO NS/graphene composite.

Synthesis of Pure NiO NSs. The synthesis procedure was the
same as that for the NiO NS/graphene composite but without
adding graphene.

Synthesis of NiO NS�Graphene Mixture. The mixture was pre-
pared by adding the same amount of graphene and NiO NSs as
that in the NiO NS/graphene composite through grinding in a
mortar at room temperature for 0.5 h.

Materials Characterization. The morphology, composition, and
structure of the samples were characterized by TEM (Tecnai F20,
200 kV), SEM (FEI Nova NanoSEM 430, 15 kV), micro-Raman
spectroscopy (Jobin Yvon LabRam HR800, excited by 632.8 nm
He�Ne laser), and TGA (Netzsch-STA 449C,measured from30 to
800 �C at a heating rate of 10 �C min�1 in air). XPS analysis was
performed on an ESCALAB 250 instrument with Al KR radiation
(15 kV, 150 W) under a pressure of 4� 10�8 Pa. N2 adsorption�
desorption isotherms were determined by a Micromeritics

ASAP 2020M. FTIR spectra were obtained using a Bruker
TENSOR 27 spectrometer. The samples were collected using
the KBr pellet method, and the obtained spectra were normal-
ized using OPUS 6.5 software.

Electrochemical Measurements. The electrochemical properties
of the NiO NS/graphene composite, NiO NS�graphenemixture,
graphene, and NiO NSs as anode materials in half cells were
evaluated by a galvanostatic charge/discharge technique. The
test electrodeswere prepared bymixing 80wt% activematerial
with 10 wt % conductive carbon black (super P) as a conduct-
ing agent and 10 wt % polyvinylidene fluoride dissolved in
N-methyl-2-pyrrolidone as a binder to form a slurry, which was
then coated onto a copper foil and dried under vacuum at
120 �C for 12 h. The foil was pressed between twin rollers,
shaped into a circular pellet with a diameter of 12 mm and
finally dried in a vacuum oven at 120 �C for 6 h. The active
material in the electrode was about 1�2 mg, and the geome-
trical area of the electrode was 1.13 cm2. Coin cells (size 2032)
were assembled in an argon-filled gloveboxwith the samples as
test electrode, metallic lithium as the counter/reference elec-
trode, a mixture of 1 M LiPF6 in ethylene carbonate, dimethyl
carbonate, and ethylmethyl carbonate (1:1:1 vol) as the electro-
lyte, andCelgard 2400 polypropylene as the separator. Charge�
discharge measurements were carried out galvanostatically at
various current densities over a voltage range of 0.001 to 3 V
(vs Li/Liþ) using a battery testing system (LAND CT2001A). After
50 cycles or the first discharge, the cells were disassembled in
the glovebox, and the working electrode was taken out and
washed three times using a dimethyl carbonate solution. It was
then transferred using a sealed container into the vacuum
chamber of the SEM/TEM for structure characterization. CV mea-
surementswere carriedout usingaSolartron1287electrochemical

A
RTIC

LE



ZHOU ET AL. VOL. 6 ’ NO. 4 ’ 3214–3223 ’ 2012

www.acsnano.org

3222

workstation in the voltage rangeof 0.001�3.0 V (vs Liþ/Li) at a scan
rate of 0.2mV s�1. EISmeasurementswere carried out by applying
a perturbation voltage of 10mV in a frequency range of 100 kHz to
10 mHz using a Solartron 1287/1260 electrochemical workstation.

First-Principles Calculations. Total energy calculations were car-
ried out by using DFT implemented in the Vienna ab initio
simulation package,56 using the generalized gradient approx-
imation of Perdew�Burke�Ernzerhof.57 The electron�ion in-
teractions were described by the projector-augmented wave
approach.58,59 The energy cutoff for the plane wave expansion
was set to 544 eV to ensure sufficient convergence (less than
1 meV/cell). A large 2D (4 � 4) supercell consisting of 32 C
atoms was constructed to represent the graphene, as shown in
Figure S7a. In the case of HO-graphene, a 2D periodic supercell
including 56 atoms (40 C atoms and 8 hydroxyl groups) was
built (see Figure S7b), and a 2D supercell including 40 C atoms
and 4 epoxy groupswas constructed to simulate the structure of
EO-graphene (see Figure S8), in which the hydroxyl/epoxy
groups form a stable armchair chain on both sides of the
graphene by polymerizing.60 The vacuum space in the z direc-
tion was set to be 20 Å, thus the k-space sampling was restricted
to the Γ-point for all calculations. All atomic positions were
relaxed to an energy convergence of 10�4 eV (equating to a
force convergence of 10�2 eV/Å). To investigate the diffu-
sion dynamics for an isolated Ni adatom on the surface of a
graphene and the detachment process of a bonded Ni on the
HO-graphene/EO-graphene, we calculated the corresponding
energy barriers by using the cNEB method.61�63
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