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L
ithium-ion batteries (LIBs) are the
power source of choice not only for
popular consumer electronics but

also for upcoming electric vehicles.1�3 So

far, various materials, such as graphitic/non-

graphitic carbon,4 transition-metal oxides

(SnO2,5 TiO2,6 Fe2O3,7 Co3O4,8�10 NiO,11

MnO2,12 MoO3,13 WO3
14), chalcogenides

(TiS2),15,16 nitrides,17 polymers,18 lithium al-

loys (Si, Sn, Al, Sb)/multinary alloys,19�21 and

their composites,22�26 have been exploited

as the anode materials of LIBs. Among

them, Co3O4 attracts extensive interest for

LIBs due to its high theoretical capacity

(890 mAh g�1), more than two times larger

than that of graphite (372 mAh g�1), which

are expected to meet the requirements of

future energy storage systems.8�10 How-

ever, its large volume expansion/contrac-

tion and severe particle aggregation associ-

ated with the Li� insertion and extraction

process lead to electrode pulverization and

loss of interparticle contact and, conse-

quently, result in a large irreversible capac-

ity loss and poor cycling stability.27,28 A vari-

ety of appealing strategies have been

utilized to solve these intractable prob-

lems, including the use of carbon-based

nanocomposites28�32 and unique Co3O4

nanostructures/microstructures of nano-

tubes,9 nanowires,27 nanoparticles (NPs),33

nanorods,34 octahedral cages,35 and

plates.10 However, to keep large reversible

capacity combined with high Coulombic ef-

ficiency, achieving long cycling life and

good rate capability of Co3O4 electrode ma-

terial still remains a great challenge.

Graphene, a new two-dimensional car-

bon material, is recently expected to be an

advanced anode material in LIBs36�45 due to
its superior electrical conductivity, high
surface-to-volume ratio, ultrathin thickness,
structural flexibility, and chemical
stability.46�50 It has been demonstrated that
graphene-based anode materials have large
initial discharge capacity (600�2042 mAh
g�1) and reversible capacity (540�1264 mAh
g�1), although they suffer from large irrevers-
ible capacity, low initial Coulombic efficiency,
and fast capacity fading.36�40 More impor-
tantly, graphene can also be used in compos-
ites with metallic or oxide NPs to improve
the electrochemical performance of these
particles40�44 because the ultrathin flexible
graphene layers not only can provide a sup-
port for anchoring well-dispersed NPs and
work as a highly conductive matrix for en-
abling good contact between them51 but also
can effectively prevent the volume expan-
sion/contraction and aggregation of NPs dur-
ing Li charge/discharge process.40 Mean-
while, the anchoring of NPs on graphene
can effectively reduce the degree of restack-
ing of graphene sheets and consequently
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ABSTRACT We report a facile strategy to synthesize the nanocomposite of Co3O4 nanoparticles anchored on

conducting graphene as an advanced anode material for high-performance lithium-ion batteries. The Co3O4

nanoparticles obtained are 10�30 nm in size and homogeneously anchor on graphene sheets as spacers to keep

the neighboring sheets separated. This Co3O4/graphene nanocomposite displays superior Li-battery performance

with large reversible capacity, excellent cyclic performance, and good rate capability, highlighting the importance

of the anchoring of nanoparticles on graphene sheets for maximum utilization of electrochemically active Co3O4

nanoparticles and graphene for energy storage applications in high-performance lithium-ion batteries.

KEYWORDS: graphene · cobalt oxide · nanomaterial · anode · lithium-ion
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keep their high active surface area and, to some extent, in-

crease the lithium storage capacity and cyclic perfor-

mance of graphene-based material.36,40�43 It is well-

accepted that nanomaterials have advantages of good

cycling performance and short path length for Li� trans-

port over their bulk counterparts due to the large contact

area between electrode and electrolyte.3,52 Therefore, it

is believed that the composite of flexible and electrically

conductive graphene anchored with nanostructured

Co3O4 particles can efficiently utilize the combinative mer-

its of nanosized Co3O4 and graphene and obtain LIBs

with superior performance.

Herein, we report a facile strategy to synthesize

such composite of Co3O4 NPs anchored on conducting

graphene as an advanced anode material for high-

performance LIBs. The Co3O4 NPs obtained are 10�30

nm in size and homogeneously anchor on graphene

sheets as spacers to keep the neighboring sheets sepa-

rated. This Co3O4/graphene nanocomposite displays su-

perior LIB performance with large reversible capacity,

high Coulombic efficiency, excellent cyclic perfor-

mance, and good rate capability, highlighting the im-
portance of the anchoring of NPs on graphene sheets
for maximum utilization of electrochemically active
Co3O4 NPs and graphene for energy storage applica-
tions in high-performance LIBs.

RESULTS AND DISCUSSION
Figure 1 illustrates the preparation of single-

crystalline Co3O4 NPs anchored on graphene by
solution-phase dispersion of Co2� inorganic salt on
graphene in basic (NH3 · H2O) aqueous solution and
subsequent transformation of Co(OH)2/graphene into
Co3O4/graphene composite by calcination at 450 °C.
Figure 2a shows the typical X-ray diffraction (XRD) pat-
tern of the as-prepared Co3O4/graphene composite.
Compared to that of pure Co3O4 (Figure S1 in the Sup-
porting Information), an additional small and low broad
(002) diffraction peak appears at 2� of 24.5�27.5°,
which can be indexed into the disorderedly stacked
graphene sheets (Figure S2).53 Moreover, this broad
peak is weaker than that of the as-prepared graphene
(Figure S2), suggestive of more disordered stacking and

Figure 1. Schematic representation of the fabrication process of Co3O4/graphene composite. (a) Dispersion of chemically
derived graphene in isopropyl alcohol�water (1:1, v/v) solution. (b) Formation of Co(OH)2/graphene composite in basic so-
lution. (c) Phase transformation from Co(OH)2/graphene composite to Co3O4/graphene composite by calcination.

Figure 2. Powder XRD pattern (a) and XPS spectrum (b) of Co3O4/graphene composite. Co 2p (c) and O 1s (d) XPS spectra of
Co3O4/graphene composite. The red dot circle in (a) indicates the (002) diffraction peak of graphene sheets in the Co3O4/
graphene composite.
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less agglomeration for graphene sheets in composite.
All of the other diffraction peaks can be ascribed to the
well-crystallized Co3O4 with a face-centered cubic (fcc,
Fd3m (227), a � 0.808 nm) structure (JCPDS No. 42-
1467).8 These results indicate that the composite con-
sists of disorderedly stacked graphene sheets and well-
crystallized Co3O4.

To determine the chemical composition of Co3O4/
graphene composite, X-ray photoelectron spectros-
copy (XPS) measurements were carried out in the re-
gion of 0�1300 eV (Figure 2b). The Co 2p XPS spectra
of the composite exhibit two peaks at 795.6 and 780.2
eV, corresponding to the Co 2p1/2 and Co 2p3/2

spin�orbit peaks of Co3O4 (Figure 2c).54 The presence
of Co3O4 can be further confirmed by the O 1s XPS peak
at 530.1 eV, which corresponds to the oxygen species
in the Co3O4 phase (Figure 2d).54 The C 1s (284.6 eV)
peak observed is related to graphitic carbon in
graphene, and the small O 1s peak at 532.0 eV in the
spectrum indicates the presence of residual oxygen-
containing groups (such as �OH and �COOH) bonded
with C atoms in graphene (Figure 2d).55 It is important
to note that the C/O ratio for graphene in the compos-
ite was estimated to be 55.0 after subtracting the oxy-
gen species involved in O�Co chemical bonds of Co3O4

in the composite, which is much higher than that (10.7)
of the as-prepared graphene. It is considered that the
decreased oxygen-containing groups are possibly in-
volved in the formation of Co3O4 anchored on the sur-
face of graphene sheets, and a further study is required
to elucidate this point in the future. Such a high C/O ra-
tio of the graphene sheets implies a good electronic

conductivity, which may enable the graphene sheets
to serve as the conductive channels between Co3O4

NPs, and is favorable for stabilizing the electronic and
ionic conductivity consequently.

Figure 3 shows scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of
the as-prepared Co3O4/graphene composite. It can be
seen from Figure 3a and Figure S3 (Supporting Informa-
tion) that small Co3O4 NPs are closely anchored on the
surface of graphene sheets. Figure 3b,c shows the TEM
images of the as-prepared Co3O4/graphene composite,
from which it can be seen that the Co3O4 NPs have a
size of 10�30 nm and are homogeneously anchored
on the thin graphene layers. The selected area electron
diffraction (SAED) pattern (inset in Figure 3c) and high-
resolution TEM (HRTEM) image (Figure 3d and Figure
S4) clearly demonstrate the well-textured and single-
crystalline nature of Co3O4 NPs in the Co3O4/graphene
composite, consistent with the XRD results. It should be
emphasized that, without the presence of graphene,
no Co3O4 NPs were formed at the same conditions as
those for the preparation of the Co3O4/graphene com-
posite (Figure S5). This result strongly indicates that the
presence of graphene plays an essential role in the for-
mation of homogeneous Co3O4 NPs. Another phenom-
enon is that, even after a long time of sonication during
the preparation of the TEM specimen, the NPs are still
strongly anchored on the surface of graphene sheets
with a high density, as shown in Figure 3b,c, suggest-
ing the strong interaction between NPs and graphene
sheets. We believe that such interaction combined with
good mechanical flexibility of graphene sheets pre-

Figure 3. (a) SEM image of Co3O4/graphene composite. (b) Low-magnification TEM, (c) high-magnification TEM, and (d) HR-
TEM images of Co3O4/graphene composite. The inset in (c) is the SAED pattern of Co3O4 NPs with [110] plane in the Co3O4/
graphene composite, indicative of the well-textured and single-crystalline nature of Co3O4 NPs.
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vents the agglomeration of NPs to large particles, as

shown in Figure S5 (Supporting Information), in the

presence of graphene sheets. In addition, the strong an-

choring of Co3O4 NPs on graphene sheets enables fast

electron transport through the underlying graphene

layers to NPs to improve the electrochemical perfor-

mance.40 On the other hand, the NPs on the surface of

graphene sheets can act as spacers to efficiently pre-

vent the closely restacking of graphene sheets, avoid-

ing/weakening the loss of their high active surface

area.56

The electrochemical performance of the as-prepared

Co3O4/graphene composite was first evaluated by gal-

vanostatic charge/discharge cycling at a current density

of 50 mA g�1. For comparison, we also present the re-

sult of pure graphene (Figure 4a) and Co3O4 (Figure 4b)

prepared by the same procedure under the same elec-

trochemical conditions. Figure 4b,c shows the charge/

discharge profiles of the Co3O4 and Co3O4/graphene

composite electrodes in the 1st, 5th, 10th, and 20th

cycles. In the first discharge step, both of them present

a long voltage plateau at 1.06 V for the Co3O4/graphene

composite and 1.10 V for Co3O4, followed by a sloping

curve down to the cutoff voltage of 0.01 V, indicative of

typical characteristics of voltage trends for the Co3O4

electrode.10 However, no obvious voltage plateau was

observed for graphene (Figure 4a).38 The first discharge

and charge capacities are 2179 and 955 mAh g�1 for

graphene, 1105 and 817 mAh g�1 for Co3O4, and 1097

and �753 mAh g�1 for Co3O4/graphene composite

electrodes. Compared to the theoretical capacity of

bulk Co3O4 (890 mAh g�1) and graphite (372 mAh g�1),

the extra discharge capacity of the Co3O4/graphene

composite may be attributed to the larger electro-

chemical active surface area of graphene and/or grain

boundary area of the nanosized Co3O4 particles.30,38 The

initial capacity loss may result from the incomplete con-

version reaction and irreversible lithium loss due to

the formation of a solid electrolyte interphase (SEI)

layer.10 Since the second cycle, however, the Co3O4/

graphene composite electrode presents much better

electrochemical lithium storage performance than

Co3O4 electrode. After five discharge/charge cycles, it

exhibits a high reversible capacity of �800 mAh g�1.

The Coulombic efficiency rapidly rises from 68.6% in the

first cycle to 97.6% in the fifth one and then remains

above 98% in the following cycles (Figure 4c). In con-

trast, the reversible capacity of the Co3O4 electrode rap-

idly drops to 609 mAh g�1 with a low Coulombic effi-

ciency of 91.3% after the fifth cycle and then gradually

increases to 95.1% for the 20th cycle (Figure 4b). Com-

pared to the Co3O4/graphene composite and Co3O4

electrodes, the graphene electrode shows larger dis-

charge/charge capacity in the first cycle but suffers from

a lower initial Coulombic efficiency (only 43.8%) and

fast reversible capacity fading (773 mAh g�1 for the fifth

cycle, 642 mAh g�1 for the 20th cycle, Figure 4a). More

importantly, the Co3O4/graphene composite exhibits a

much better cycling performance than graphene and

Co3O4 (Figure 4d). It can be seen that the reversible ca-

pacity of graphene and Co3O4 decreases from 955 to

638 mAh g�1 and from 817 to only 184 mAh g�1, re-

Figure 4. Galvanostatic charge�discharge curves of (a) graphene, (b) Co3O4, and (c) the Co3O4/graphene composite cycled
at the 1st, 5th, 10th, and 20th between 3 and 0.01 V (vs Li�/Li) at a current density of 50 mA g�1. (d) Comparison of the cy-
cling performance of graphene, Co3O4, and the Co3O4/graphene composite.

A
RT

IC
LE

VOL. 4 ▪ NO. 6 ▪ WU ET AL. www.acsnano.org3190



spectively, up to 30 cycles. In contrast, the reversible ca-

pacity of the Co3O4/graphene composite slightly in-

creases with cycling and reaches �935 mAh g�1 after

30 cycles. From Figure 4d and Figure S6 (Supporting In-

formation), it is important to note that there is a strong

synergistic effect between Co3O4 NPs and graphene

sheets in the composite, which becomes much more

apparent with cycling and plays a central role in the ex-

cellent cyclic performance of the Co3O4/graphene

composite.

Figure 5 presents cyclic voltammograms (CV) of the

as-prepared Co3O4/graphene composite and Co3O4

electrodes. In the first cycle, two cathodic peaks were

observed at 0.50 and 0.36 V for the Co3O4/graphene

composite and at 0.51 and 0.26 V for Co3O4, corre-

sponding to a multistep electrochemical reduction

(lithiation) reaction of Co3O4 with Li.8 The observed

main anodic peak at 2.24 V for the Co3O4/graphene

composite and at 2.15 V for Co3O4 is ascribed to the oxi-

dation (delithiation) reaction of Co3O4. The formation

of Co and Li2O and the re-formation of Co3O4 can be de-

scribed by the electrochemical conversion reaction:8,10

The cathodic peak below 0.8 V for Co3O4 is broader

than that of Co3O4/graphene composite partly due to

the electrolyte decomposition and formation of the SEI

layer.10,41 The weak but discriminable reduction and oxi-

dation peaks at 0.045 and 0.21 V/1.0 V, respectively,

are observed for the composite electrode but are ab-

sent for Co3O4 due to the insertion/extraction of Li into/

from graphene, suggesting that the graphene in the

Co3O4/graphene composite is also electroactive for

lithium storage.41 In the second cycle, the main reduc-

tion peak is shifted to 0.83 V for the Co3O4/graphene

composite and to 0.66 V for Co3O4. The peak intensity

and integral areas of the third cycle are close to that of

the second one for Co3O4/graphene but are obviously

decreased for Co3O4 (Figure 5). These results indicate

that the electrochemical reversibility of Co3O4/

graphene is gradually built after the initial cycle and

much better than that for Co3O4.

In addition, the Co3O4/graphene composite exhibits

much better rate capability compared to the Co3O4

electrode operated at various rates between 50 and

500 mA g�1 (Figure 6a,b). For example, the Co3O4/

graphene composite keeps a reversible capacity of 800

mAh g�1 after the 10th cycle at a current density of 50

mA g�1, whereas the reversible capacity of the Co3O4

electrode rapidly drops from 759 to 541 mAh g�1. The

following reversible capacity of the Co3O4/graphene

composite and Co3O4 electrodes at other various rates

is 715 and 239 mAh g�1 for the 20th cycle at 150 mA

g�1, 631 and 122 mAh g�1 for the 30th cycle at 250 mA

g�1, and 484 and 53 mAh g�1 for the 40th cycle at 500

mA g�1, respectively, with �66.2% (only �7.1% for

Co3O4) of the initial reversible capacity. Moreover, when

the rate returns to the initial 50 mA g�1 after 40 cycles,

the composite electrode recovers its original capacity or

even a little bit higher (767 mAh g�1 for the 50th cycle),

but the Co3O4 electrode cannot go back, as illustrated

in Figure 6a,b.

A rough comparison indicates that the reversible ca-

pacity (935 mAh g�1) of the Co3O4/graphene compos-

ite is much better than those previously reported, such

as carbon nanofiber/Co3O4
28,29 and mesoporous car-

bon/Co3O4
30 composites, and some unique Co3O4 nano/

microstrucutres of NPs,8 nanotubes,8 nanorods,8

nanowires,27 octahedral cages,35 and plates.10 The in-

crease of cyclic capacity is different from other appeal-

Figure 5. Cyclic voltammograms of the Co3O4/graphene
composite (solid line) and Co3O4 (dotted line) at a scanning
rate of 1 mV s�1.

Figure 6. Rate capability of the Co3O4/graphene composite (a) and Co3O4 (b) at various current densities between 50 and
500 mA g�1.

Co3O4 + 8Li y\z
discharge

charge
4Li2O + 3Co
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ing strategies for improving electrochemical perfor-
mance of the Co3O4 system,8,27,30,35 demonstrating the
excellent cyclic performance of Co3O4/graphene com-
posite. The initial Coulombic efficiency (68.6%) of the
Co3O4/graphene composite is not prominent, but still
higher than those of mesoporous carbon/Co3O4

(55%),30 NPs (55.2%),8 nanotubes (58.8%),8 and nano-
rods (57.8%).8 Of importance is that more than �98%
of Coulombic efficiency was observed after the fifth
cycle, indicative of high charge/discharge reversibility
of the Co3O4/graphene composite electrode.

Combining the highly reversible capacity, excellent
cyclic performance, and high Coulombic efficiency with
good rate capability, we believe that such composites
of graphene anchored with Co3O4 NPs are a good can-
didate as anode material of high-performance LIBs. The
superior Li-battery performance of the Co3O4/graphene
composite electrode can be explained as follows: (i)
Graphene sheets act as flexible two-dimensional car-
bon supports for homogeneous anchoring of Co3O4

NPs. The graphene sheets in the obtained composite
not only provide an elastic buffer space to accommo-
date the volume expansion/contraction of Co3O4 NPs
during Li insertion/extraction process but also effi-
ciently prevent the aggregation of Co3O4 NPs and the
cracking or crumbling of electrode material upon con-
tinuous cycling, thus maintaining large capacity, good
Coulombic efficiency, high rate capability and cycling
stability.40 (ii) The graphene sheets in the composite
have a good electrical conductivity57 and serve as the
conductive channels between Co3O4 NPs, which de-
creases the inner resistance of LIBs and is favorable for
stabilizing the electronic and ionic conductivity, there-
fore leading to a higher specific capacity.52 (iii) Li-ion dif-
fusion strongly depends on the transport length and ac-
cessible sites on the surface of active materials.52

Therefore, it is expected that the Co3O4 NPs as well as
ultrathin graphene sheets in the nanocomposite offer
improved energy storage capacity, Coulombic effi-
ciency, and better cycling stability due to the large elec-
trode/electrolyte contact area, short path length for

Li� transport, and good stability for nanostructured

electrodes.3,52 (iv) The presence of Co3O4 NPs between

graphene sheets effectively prevents the agglomera-

tion of graphene sheets and consequently keeps their

high active surface area, which is favorable for increas-

ing the Li storage capacity of graphene in the compos-

ite. On the basis of the above analyses, it is concluded

that the synergetic effect between conducting

graphene sheets and Co3O4 NPs is responsible for the

excellent electrochemical performance of the overall

electrode via the maximum utilization of electrochemi-

cally active graphene and nanosized Co3O4.

CONCLUSIONS
We developed a facile strategy to synthesize a com-

posite of electrically conductive graphene anchored

with Co3O4 NPs as an advanced anode material for high-

performance LIBs. The Co3O4 NPs obtained are 10�30

nm in size and homogeneously anchored on graphene

as spacers to keep the neighboring graphene sheets

separated. Moreover, the flexible structure of two-

dimensional graphene sheets and the strong interac-

tion between Co3O4 NPs and graphene sheets in Co3O4/

graphene composite are beneficial for efficiently

preventing volume expansion/contraction and aggre-

gation of Co3O4 during Li charge/discharge process.

Therefore, such a composite is capable of effectively uti-

lizing the good conductivity, high surface area, me-

chanical flexibility, and good electrochemical perfor-

mance of graphene as well as the large electrode/

electrolyte contact area, short path length for Li�

transport, and good stability for nanostructured Co3O4

particles. As a result, the Co3O4/graphene composite ex-

hibits a large reversible capacity (�935 mAh g�1 after

30 cycles), excellent cyclic performance, high Coulom-

bic efficiency (above �98%), and good rate capability,

highlighting the advantages of anchoring of NPs on

graphene sheets for the maximum utilization of electro-

chemically active Co3O4 NPs and graphene for energy

storage applications in high-performance LIBs.

EXPERIMENTAL SECTION
Synthesis of the Co3O4/Graphene Composite. The graphene sheets

(�3 layers) used were synthesized by chemical exfoliation of
flake graphite powder (500 mesh) and reduction as previously re-
ported57 and have a C/O ratio of 10.7. The Co3O4/graphene com-
posite was prepared as follows. First, 100 mg of graphene was
dispersed in 100 mL of isopropyl alcohol�water (1:1, v/v) solu-
tion by sonication for 0.5 h and transferred into a three-necked
round-bottom flask under argon flow. An appropriate amount of
inorganic salts, Co(NO3)2 · 6H2O, followed by ammonia solution
(NH3 · H2O, 25 wt %), was slowly added into the above suspen-
sion and then stirred for several hours under an argon flow to en-
sure complete reaction. The obtained Co(OH)2/graphene com-
posite precursor was filtered and dried under vacuum at 70 °C.
Finally, the Co(OH)2/graphene composite precursor was calcined
at 450 °C in air for 2 h to obtain the Co3O4/graphene compos-
ite. According to thermogravimetry/differentiate thermogravim-

etry (TG/DTG) analyses (Figure S7 in Supporting Information),
the weight percentage of Co3O4 and graphene in the Co3O4/
graphene composite was estimated to be �75.4 and �24.6 wt
%, respectively. For comparison, Co3O4 particles were also pre-
pared in the same conditions but without the presence of
graphene.

Materials Characterizations. The Co3O4/graphene composites
were characterized by XRD (D/max 2400 with Cu K� radiation),
XPS (Escalab 250, Al K�), SEM (Nova Nano 430), and HRTEM (JEOL
JEM 2010, 200 kV and Tecnai F30, 300 kV), and TG/DTG (Netzsch-
STA 449C, measured from 30 to 800 °C at a heating rate of 10 °C/
min in air). The Co3O4 particles prepared without the presence of
graphene were characterized by XRD, SEM, and TEM.

Electrochemical Measurements. The working electrodes were pre-
pared by mixing 80 wt % active material (Co3O4/graphene com-
posite, Co3O4), 12 wt % acetylene black (Super-P), and 8 wt %
polyvinylidene fluoride (PVDF, 5 wt %) binder dissolved in
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N-methyl-2-pyrrolidinone. After coating the above slurries on
Cu foils, the electrodes were dried at 120 °C in vacuum for 2 h
to remove the solvent before pressing. Then the electrodes were
cut into disks (12 mm in diameter) and dried at 100 °C for 24 h
in vacuum. For graphene, the electrode was prepared by the
same procedure with 70 wt % graphene, 10 wt % acetylene
black, and 20 wt % PVDF. Electrochemical measurements were
carried out via CR2032 (3 V) coin-type cell with lithium metal as
the counter/reference electrode, Celgard 2400 membrane sepa-
rator, and 1 M LiPF6 electrolyte solution dissolved in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) (EC/
DMC, 1:1 v/v). The cells were assembled in an argon-filled glove-
box. CV measurements were carried out using a Solartron 1287
electrochemical workstation at a scanning rate of 1 mV s�1. Gal-
vanostatic charge�discharge cycles were tested by LAND
CT2001A electrochemical workstation at various current densi-
ties of 50�500 mA g�1 between 3 and 0.01 V vs Li�/Li at room
temperature.
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