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a  b  s  t  r  a  c  t

Co3O4/graphene  nanocomposite  material  was  prepared  by  an  in  situ  solution-based  method  under  reflux
conditions.  In  this  reaction  progress,  Co2+ salts  were  converted  to  Co3O4 nanoparticles  which  were
simultaneously  inserted  into  the  graphene  layers,  upon  the  reduction  of  graphite  oxide  to  graphene.
The  prepared  material  consists  of  uniform  Co3O4 nanoparticles  (15–25  nm),  which  are  well  dispersed
on  the  surfaces  of  graphene  nanosheets.  This  has  been  confirmed  through  observations  by  field  emis-
sion  scanning  electron  microscopy,  transmission  electron  microscopy  and  atomic  force  microscopy.  The

−1

o3O4

raphene
ithium-ion batteries
upercapacitors

prepared composite  material  exhibits  an  initial  reversible  lithium  storage  capacity  of  722  mAh  g in
lithium-ion  cells  and  a  specific  supercapacitance  of  478  F  g−1 in  2  M KOH  electrolyte  for  supercapacitors,
which  were  higher  than  that  of  the  previously  reported  pure  graphene  nanosheets  and  Co3O4 nanoparti-
cles.  Co3O4/graphene  nanocomposite  material  demonstrated  an  excellent  electrochemical  performance
as  an  anode  material  for reversible  lithium  storage  in lithium  ion cells  and  as  an  electrode  material  in
supercapacitors.
. Introduction

Graphene is an allotrope of carbon atoms, which are bonded
ogether in hexagonal sp2 arrangement to form a two-dimensional
2D), single-layer of carbon sheets. The 2D layered graphene nano-
tructure shows to have ultra-high specific surface area [1–3].
he unique properties exhibited by graphene nanostructure, have
ttracted international research interests of its synthesis, char-
cterizations, properties and applications. The synthetic methods
f graphene derived from the classic Hummers method [4] have
ince been developed to suit many synthesis techniques, such as
hemical vapor deposition (CVD) [5–7], electrolytic preparation
8],  solvothermal and pyrolysis synthesis [9],  and liquid phase
xfoliation [10]. Graphene has shown to be applied as an anode
aterial for lithium-ion batteries [11–13] and as a potential elec-

rode material for supercapacitors [14], due to its outstanding
lectrochemical properties, low-cost and environmentally benign
ature. The graphene composite materials comprise metal or metal
xide nanoparticles embedded between the layers of graphene

anosheets. The embedded nanoparticles have the ability to pre-
ent graphene nanosheets from aggregation, thus maintaining the
igh surface area of graphene and improving their electrochemical
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performances. These composites therefore could have applications
in lithium-ion batteries [15–17] and supercapacitors [18,19].

To date, Pt/graphene [18] and Au/graphene [20] compos-
ite materials have been prepared by chemical reduction, which
resulted in metal nanoparticles depositing onto graphene layers.
The synthesis of platinum and platinum–ruthenium nanoparticles
supported graphene has also been reported [21]. These com-
posites exhibited high electrocatalytic activities in the oxidation
of methanol and ethanol. We  have also reported the synthesis
of Sn/graphene nanocomposite [22]. Sn nanoparticles (2–5 nm)
were uniformly distributed onto the graphene nanosheets in a
three-dimensional architecture. Our Sn/graphene nanocomposite
was  shown to deliver a reversible lithium storage capacity of
795 mAh  g−1 in the second cycle with enhanced cycling stabil-
ity. Nanocomposite of silicon/graphene on the other hand, was
obtained from expandable graphite and reported to have even
higher specific capacity of 2753 mAh g−1 with improved cycling
capability [23]. The metal oxide/graphene nanocomposites such
as SnO2/graphene could be prepared by reassembling graphene
monolayers in the presence of SnO2 nanoparticles [15] and in situ
chemical reduction [16]. The SnO2/graphene nanocomposites from
both methods showed to have a better lithium storage capacity and
excellent cycling stability. A super-paramagnetic composite such

as Fe3O4/graphene was  produced via a chemical deposition. This
product has shown to have promising applications for lithium-ion
batteries and supercapacitors [24]. In the case of CuO/graphene,
the material was  prepared from CuO and graphene upon reduc-
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ion using hydrazine vapor [17]. The formation of TiO2/graphene
omposite was reported to facilitate by SO4

2− surfactants, which
cted as the stabilizer of the graphene monolayers in situ [25]. The
repared TiO2/graphene composite exhibited more than double the
pecific capacity of pure TiO2 phase at high charge rate. Recently, we
ave synthesized Mn3O4/graphene nanocomposite with a specific
apacitance of 256 F g−1, almost twice the value of bare graphene
anosheets [26]. A microwave-assist reaction was  reported for the
ynthesis of ZnO/graphene nanocomposite in an aqueous solution
19]. The composite showed to have a supercapacitance of 146 F g−1

ith an excellent long term cycling capability.
Among the reported transition metal oxides, the cobalt (II, III)

xide (Co3O4) has delivered the promising electrochemical per-
ormance as an anode material for lithium-ion batteries [27] and
uperior specific capacitance for supercapacitors [28]. The syn-
hesis of nanocrystalline Co3O4 has been carried out with various

ethods to obtain nanosized Co3O4 of different architectures, such
s nanotubes [27], nanoparticles [29], nanorods [30], and hollowed
pheres [31]. In the case of Co3O4/carbon nanotube (CNT), the
anocomposites showed to have good electrical conductivity and
xtra electrochemical properties, which could be potentially appli-
able in lithium-ion batteries [32] and supercapacitors [33].

In comparison, graphene nanosheets have a larger specific sur-
ace area, better organized 2D nanostructure, a more flexible carbon

atrix and superior electrochemical properties than that of CNTs.
n which case, we intent to prepare a Co3O4/graphene nanocompos-
te, by introducing Co3O4 nanoparticles into graphene nanosheets.

u et al. reported an in situ synthesis of graphene anchored with
o3O4 nanoparticles in basic aqueous solution [34]. With the trans-
ormation of Co(OH)2 to Co3O4 by calcination, Co3O4/graphene has
een successfully obtained. In this paper, we report a new syn-
hetic approach that involves the reduction of Co2+ ions from the
alt solution and air-oxidation to form Co3O4 nanoparticles in situ
f the graphene nanosheets. The Co3O4/graphene nanocomposite
aterial will be investigated for their high electrochemical per-

ormance and potential applications as electrodes in lithium-ion
atteries and supercapacitors. The individual roles and contribu-
ions of graphene and the embedded Co3O4 nanoparticles will also
e discussed here.

. Experimental

Graphite oxide nanosheets (GONS) were prepared using a known but modified
ummers method [4,11].  20 ml  of GONS aqueous dispersion (2 mg  GONS in 1 ml
f  distilled water) was then obtained by ultrasonication with an ultrasonic probe
Branson Digital Sonifier S450D, 500 W,  30% amplitude) for an hour. The GONS dis-
ersion was  diluted to 80 ml  with deionized water and mixed thoroughly with 20 ml
f  CoCl2 aqueous solution (30 mg  of CoCl2·6H2O) under magnetic stirring. Graphene
xide nanosheets have carboxylic acid, epoxyl and hydroxyl functional groups on
he edge and on the basal plane [35]. Therefore, individual graphene nanosheet is
egatively charged [36]. Co2+ anions attracted and anchored on the basal planes and
dges of GONS homogeneously. 20 ml  of freshly prepared 5 mg  ml−1 NaBH4 solution
as added dropwise within 10 min  to the above solution and the mixed solution
as refluxed at 100 ◦C for 3 h. During this process, GONS were reduced to graphene
anosheets (GNS) and Co2+ anions to Co nanoparticles simultaneously. The mixture
as  refluxed at 100 ◦C in the air atmosphere; Co nanoparticles were oxidized to
o3O4 nanoparticles rapidly. The reaction mechanism is depicted in Fig. S-1 (Sup-
orting Information (SI)) and detailed in Ref. [22]. The resultant black precipitate
as isolated by filtration, washed with deionized water and ethanol three times

ach, and dried under vacuum for 12 h. To increase crystallinity, the product was
nnealed at 200 ◦C under argon atmosphere for 15 h.

The X-ray diffraction (XRD) pattern of the synthesized materials was measured
sing a GBC MMA  X-ray diffractometer. The Raman spectrum was  acquired on a

obin  Yvon HR800 confocal Raman system with 632.81 nm diode laser excitation
n  a 300 lines/mm grating at room temperature. Field emission scanning electron
icroscope (FESEM) observations were performed using a JEOL JSM-7500FA FESEM

nstrument with the sample loaded on a carbon tape. The transmission electron

icroscopy (TEM) analysis was  carried out using a JEOL 2011 TEM facility. Atomic

orce microscope (AFM) images were collected under tapping mode with a MFP-3D
tand Alone (MFD-3D-SA) AFM (manufactured by Asylum Research) with Super-
harpSilicon – Non-Contact/Tapping Mode – High Resonance Frequency – Reflex
oating (SSS-NCHR) AFM tips for enhanced resolution. The graphene (carbon) con-
Fig. 1. (a) XRD pattern and (b) Raman spectrum of the as-prepared Co3O4/graphene
nanocomposite material.

tent in the composite material was determined by thermogravimetric analysis (TGA)
on a Mettler Toledo TGA/DSC instrument in air at 10 ◦C min−1 at temperature range
of  25–1000 ◦C. The specific surface area of the Co3O4/graphene nanocomposite was
determined by the gas sorption technique using a Quanta Chrome Nova 1000 Gas
Sorption Analyzer based on the Brunauer–Emmett–Teller (BET) method.

Electrodes for electrochemical measurements were fabricated by mixing
89.9 wt%  Co3O4/graphene powders and 10.1 wt% polyvinylidene difluoride (PVdF)
in  the presence of N-methyl pyrrolidinone (NMP), and the resultant slurry mixture
was  pasted onto copper foil for lithium-ion cell test and platinum foil substrates for
supercapacitor, respectively, and then heated at 110 ◦C under vacuum overnight.
For  lithium-ion batteries, CR2032-type coin cells were assembled in a glove box
for  electrochemical characterization. The electrolyte was  1 M LiPF6 in a 1:1 mix-
ture  of ethylene carbonate and dimethyl carbonate. Li metal foil was used as the
counter electrode. The cells were galvanostatically charged and discharged at a
current of 55 mA,  within the range of 0.01–3.0 V. Cyclic voltammetry (CV) curves
were collected at 0.1 mV s−1 within the range of 0.01–3.0 V using an electrochem-
istry workstation (CHI660C). For supercapacitors, the electrochemical properties
were examined by the CV technique using the CHI660C electrochemistry worksta-
tion. A beaker-type three-electrode cell was assembled with a working electrode, a
counter electrode (platinum foil), and a reference electrode (saturated calomel elec-
trode (SCE)) immersed in 2 M KOH solution. CV was applied over the potential range
of  −0.25 to 0.55 V in 2 M KOH, at the scan rates of 5 mV s−1, 10 mV  s−1, 20 mV s−1,
and 50 mV s−1, respectively. For comparative studies, the electrochemical perfor-
mances of nanosized commercial Co3O4 powders (<50 nm, Sigma–Aldrich) and bare
graphene nanosheets were investigated under the same conditions for lithium-ions
batteries and supercapacitors.
3. Results and discussion

Fig. 1(a) shows the XRD pattern of the prepared Co3O4/graphene
nanocomposite material. Well-defined diffraction peaks at around
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Fig. 2. FESEM images obtained under GB-HR mode: (a) numerous curly graphene
nanosheets observed at a low magnification, and (b) a higher magnification image,
780 B. Wang et al. / Journal of Alloys a

9◦, 31◦, 37◦, 45◦, 59◦, and 65◦ are indicative to nanosized Co3O4,
hich is in good agreement with the Joint Committee on Powder
iffraction Standards (JCPDS) card 76-1802. The sharp diffraction
eaks reflect the excellent crystallinity of the Co3O4 nanoparticles.
raphene nanosheets (GNS) display broad graphitic (0 0 2) peak
nd weak (1 0 0) peak, as indicated in the XRD patterns, implying
he breaking of the interplanar carbon bonds of the pristine graphite
nd the formation of graphene nanosheets. Fig. S-2(a) shows the
RD pattern of pure graphene nanosheets, as a confirmation of the
raphene in composite material. In the Raman spectrum (Fig. 1(b)),
wo typical Raman peaks of carbon, the D line and G line as shown,
re observed at 1333 cm−1 and 1598 cm−1, respectively, which are
onsistent with the Raman spectrum of pure graphene nanosheets
Fig.S-2(b)). The D line is stronger than the G line, and the D/G
ntensity ratio in the spectrum is significantly larger than that of

ell-crystallized graphite, indicating the decrease in the sp2 carbon
atrix of pristine graphite and the exfoliation of graphene layers

37]. As the intensity of the D line and the G line is quite high,
nly three other Raman peaks are clearly visible. These three peaks
re located at 182 cm−1, 470 cm−1, and 658 cm−1, respectively, and
an be assigned to the F2g, Eg, and A1g active modes of the Co3O4
anoparticles. The frequencies of these three Raman peaks are sim-

lar to that found in the standard microcrystalline Co3O4 powders
38].

The morphology of the nanocomposite material was  observed
y FESEM in general beam-high resolution (GB-HR) mode. The
cquired FESEM image (Fig. 2(a)) at a low magnification exhibits
umerous of graphene nanosheets in a curly and corrugated states.
t a higher magnification (Fig. 2(b)), Co3O4 nanoparticles, with a
ize of ∼20 nm,  can be found to distribute densely and homoge-
eously on the surfaces of graphene nanosheets. We  also observed
he insertion of Co3O4 nanoparticles between the interlayers of
he graphene nanosheets (as shown in Fig. 2(b)), and this confirms
he presence of the sandwich-like architecture of the composite.
he crystal structure of the Co3O4/graphene nanocomposite mate-
ial was further examined by TEM analysis. Fig. 3(a) shows a low
agnification TEM image, in which Co3O4 nanoparticles are clearly

isible and dispersed homogenously on the graphene nanosheets.
s the graphene nanosheets are corrugated in nature, some regions
ppeared darker, and the Co3O4 nanoparticles therefore appeared
o be very close to each other, however, were actually isolated
y different layers of graphene nanosheets. The particle sizes of
hese Co3O4 nanoparticles were determined to be 15–25 nm,  which
s consistent with the results of FESEM observation. The inset in
ig. 3(a) shows a selected area electron diffraction (SAED) pattern
ithin this examined area. The diffraction rings from inside to out-

ide were indexed to (2 2 0), (3 1 1), (4 0 0), (5 1 1), (4 4 0), and (5 3 3)
lanes of Co3O4 nanoparticles, respectively. A high resolution TEM
HRTEM) image focusing on a single Co3O4 nanoparticle is shown in
ig. 3(b). Crystal fringes were clearly displayed, and the d-spacing of
his Co3O4 nanoparticle was derived to be 0.29 nm,  corresponding
o the spacing between (2 2 0) planes of nanocrystalline Co3O4.

AFM images (Fig. 4) within a 400 nm by 400 nm area reveal sur-
ace traces of graphene nanosheets and Co3O4 nanoparticles. As
hown in Fig. 4(a), Co3O4 nanoparticles are identified as bright
ots. From the view of height differences, it clearly shows that
ome of the Co3O4 nanoparticles were deposited on a lower layer
f the graphene nanosheets, indicated by a lighter color above
he red line. While others were dispersed on a relatively higher
ayer of graphene nanosheets, indicated by a brighter color below
he red line. Graphene nanosheets were stacked in several layers
nd were corrugated when they were dried, resulting in height

ifferences in the various areas examined. The Co3O4 nanoparti-
les stabilized the graphene nanosheets and acted as spacers to
revent the graphene layers from aggregation. The Co3O4 nanopar-
icles deposited at different height levels, as shown in this AFM
displaying the distribution of Co3O4 nanoparticles on graphene nanosheets. The
embedded Co3O4 nanoparticles are ∼20 nm in size.

image. Fig. 4(b) presents a height profile across the examined
region, as marked by the red line in Fig. 4(a). The height differ-
ence of the single Co3O4 nanoparticle on the line is 17.8 nm,  which
is the size of the particle. The thickness of the graphene nanosheets
lying on the line is evaluated to be 3–5 nm,  which further con-
firmed the formation of several layers of graphene nanosheets. The
weight percentage of the graphene nanosheets in Co3O4/graphene
nanocomposite was  determined by TGA measurement (as shown
in Fig. S-3, SI).  The dramatic weight loss was due to the decompo-
sition of Co3O4 to CoO and the consumption of graphene in air as
temperature increased. The final product left was CoO only with
a weight percent of ∼51.0%. The composition of Co3O4 nanoparti-
cles in the Co3O4/graphene nanocomposite was  determined to be
45.4 wt% based on the weight percentage of CoO. Therefore, the
nanocomposite consists of 45.4 wt%  graphene and 54.6 wt%  Co3O4
nanoparticles.

The electrochemical reactivity of Co3O4/graphene nanocompos-
ite as anode material in lithium ion cells was first assessed by
CV measurements. Fig. 5 shows the CV curves of Co3O4/graphene
electrode in the first, second, and 50th scanning cycles. The redox
reactions involved between Co3O4 and Li can be expressed as fol-

lows:

8Li+ + Co3O4 + 8e−1 ↔ 4Li2O + 3Co
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Fig. 3. TEM images of the Co3O4/graphene nanocomposite material: (a) a low mag-
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Fig. 4. AFM images covering an area of 400 nm by 400 nm: (a) surface evidence of
graphene nanosheets and deposited Co3O4 nanoparticles; (b) height profile across

ter lithium storage capacity at the first few cycles and then faded
quickly during the cycling test. Only 230 mAh  g−1 was maintained
after 50 cycles. The bare graphene electrode only exhibited a dis-
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1st

2nd

50th
ification image showing Co3O4 nanoparticles dispersed on graphene nanosheets;
inset) the SAED pattern within this examined region; (b) an HRTEM image focusing
n a single Co3O4 nanoparticle.

In the first cycle, the discharge curve has a longer sloping part,
nd two small cathodic peaks appear at 0.62 V and 0.84 V, which can
e attributed to the formation of the solid electrolyte interphase
SEI) layer. Both of the peaks disappear from the second cycle. The
ther two reduction peaks are located around 0.6 V and 1.35 V, and
ould be due to the insertion of lithium ions into Co3O4 nanoparti-
les at different stages. Two oxidation peaks appear around 1.32 V
nd 2.2 V, and could be due to the process of lithium ion extraction
rom the Co3O4 nanoparticles. The insertion and extraction pro-
esses of lithium ions through graphene nanosheets are evidenced
y the reduction and oxidation peaks located at 0.01 V and 0.17 V,
espectively.

Fig. 6 shows the charge/discharge profile of the Co3O4/graphene
anocomposite material as anode in a lithium cell under galvano-
tatic charge/discharge cycling at a current of 55 mA.  In the first
ycle, the Co3O4/graphene nanocomposite material delivered a
ithium insertion capacity of 1433 mAh  g−1 and a reversible charge
apacity of 705 mAh  g−1. In the second cycle, a discharge capacity
f 722 mAh  g−1 was obtained, while the reversibility was improved
ignificantly and the composite electrode maintained a good cycla-
ility. The theoretical capacity of lithium storage that graphene
ould contribute is 744 mAh  g−1, based on the assumption that all
raphene nanosheets are well separated and strictly monolayers.
n the other hand, Co3O4 should have a theoretical lithium capac-

ty of 890 mAh  g−1. Our Co3O4/graphene nanocomposite material

ontains 54.6 wt% of Co3O4 nanoparticles and 45.4 wt%  of graphene
anosheets. Therefore, the possible maximum theoretical capac-

ty of the Co3O4/graphene nanocomposite material is calculated to
e 823.7 mAh  g−1, based on the theoretical capacities of graphene
the red line; the particle size of the single Co3O4 nanoparticle on the line is 17.8 nm.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

(744 mAh  g−1) and Co3O4. It clearly shows that the initial reversible
discharge capacity, 722 mAh g−1, is very close to the theoretical
capacity of the Co3O4/graphene nanocomposite material.

The reversible lithium storage capacity vs. cycle number
of Co3O4/graphene, commercial Co3O4 nanoparticles and bare
graphene nanosheets is shown in Fig. 7. The Co3O4/graphene elec-
trode delivered a reversible discharge capacity of 722 mAh  g−1 at
55 mA and maintained a capacity of 631 mAh g−1 after 50 cycles.
On the other hand, the Co3O4 nanoparticle electrode exhibited bet-
Potential (V) vs. Li/Li+

Fig. 5. CV curves of Co3O4/graphene anode over a voltage range of 0.01–3 V at a scan
rate  of 0.1 mV  s−1 in the 1st, 2nd and 50th cycles.



7782 B. Wang et al. / Journal of Alloys and Compounds 509 (2011) 7778– 7783

1400120010008006004002000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

50th charge

2nd charge

50th discharge 2nd discharge
1st discharge

1st  charge

V
ol

ta
ge

 (V
) v

s.
 L

i/L
i+

Capacity (mAh g-1 )

F
t

c
a
[
t
t
l
C
e
a
a
t
t
i
i
t
t
l
o
c
r
c
i
b
h

F
n
5

0.70.60.50.40.30.20.10.0-0.1-0.2-0.3-0.4
-12

-10

-8

-6

-4

-2

0

2

4

C
ur

re
nt

 (m
A

)

Potential (V) vs. SCE

 5 mV s-1

 10 mV s-1

 20 mV s-1

 50 mV s-1
ig. 6. Charge/discharge profiles of Co3O4/graphene anode at a current of 55 mA  in
he  1st, 2nd and 50th cycles.

harge capacity of 273 mAh  g−1 after 50 cycles and 255 mAh  g−1

fter 100 cycles at 55 mA,  as demonstrated in our previous studies
22]. Therefore, it has been shown that the Co3O4/graphene elec-
rode performed much better than the bare graphene electrode or
he Co3O4 nanoparticle electrode, by exhibiting highly reversible
ithium storage capacity, excellent cycling stability, and high
olumbic efficiency. The enhancement of the electrochemical prop-
rties, compared to bare graphene and Co3O4 nanoparticles, can be
ttributed to the contributions of both the graphene nanosheets
nd the Co3O4 nanoparticles. The distribution of Co3O4 nanopar-
icles among the graphene nanosheets has effectively separated
hese graphene nanosheets into uniformly layered structure and
ncreased their lithium storage capacity. The graphene nanosheets
n this case have provided carbons as a buffer medium to overcome
he problem associated with the volume expansion/contraction in
he lithium cells when Co3O4 nanoparticles react with lithium by
ithium insertion/extraction [15,16]. Furthermore, the aggregation
f Co3O4 nanoparticles on the graphene nanosheets can be effi-
iently prevented. Therefore, upon cycling, the active material can
esist cracking and crumbling, and maintain large capacity and
ycling stability [15]. As graphene has good conductivity [39], the
nternal resistance in the lithium cells could be minimized to sta-

ilize the electronic and ionic conductivity, thereby leading to a
igher specific capacity [40].
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ig. 7. Cycling performance of Co3O4/graphene nanocomposite material, Co3O4

anoparticles, and bare graphene nanosheets as anode materials at a current of
5  mA.
Fig. 8. CV curves of Co3O4/graphene as working electrode in a supercapacitor cell in
2  M KOH over a voltage range of −0.25 to 0.55 V at scan rates of 5 mV s−1, 10 mV s−1,
20  mV s−1, and 50 mV s−1, respectively.

Fig. 8 shows the CV curves of the as-prepared Co3O4/graphene
nanocomposite material as electrode material in supercapacitor in
2 M KOH electrolyte at different scanning rates. All the CV curves
present a similar shape with oxidation and reduction peaks at
various scan rates. The oxidation peak at 0.36 V and the reduc-
tion peak at 0.42 V were assigned to the redox reactions arising
from the embedded Co3O4 nanoparticles in 2 M KOH. In the lower
voltage region, the −0.01 V oxidation peak and the 0.04 V reduc-
tion peak are due to the effects of epoxyl, hydroxyl, and carboxyl
functional groups attached to the graphene nanosheets. These
functional groups formed in the chemical synthesis process of
graphene nanosheets [35,37].  The indirect evidence for these sur-
face functional groups in the graphene-based composites was
confirmed by us, by elemental analysis in our previous studies
[26]. The maximum specific capacitance evaluated is 478 F g−1

at a scan rate of 5 mV  s−1. It is considered that double layer
capacitance is generated by the graphene, while Co3O4 nanopar-
ticles contribute pseudocapacitance from redox reactions to the
total specific capacitance. Nanosized commercial Co3O4 powders
(<50 nm)  and bare graphene nanosheets yield a maximum specific
capacitance of 118 F g−1 and 245 F g−1, respectively, at 5 mV s−1 in
2 M KOH (Fig. S-4). Compared to the specific capacitance delivered
by commercial Co3O4 nanoparticles and bare graphene nanosheets,
the electrochemical performance of the Co3O4/graphene compos-
ite material is significantly increased as Co3O4 nanoparticles are
inserted into graphene nanosheets. The presence of the Co3O4
nanoparticles prevents the graphene nanosheets from aggregation,
making both sides of the graphene nanosheets accessible for K+

ion insertion and de-insertion. Graphene nanosheets also provide
highly conductive carbon matrix to minimize the internal resis-
tance and facilitate the electrochemical activities. As bare graphene
nanosheets are in the form of multi-layers, the BET surface area
of graphene is only 93.7 m2 g−1 and not sufficiently extended
[26]. However, on the other hand, the BET surface area of our
Co3O4/graphene composite material obtained from the N2 adsorp-
tion/desorption isotherms in Fig. S-5, is dramatically extended to
219.2 m2 g−1 due to the function of Co3O4 nanoparticles as spac-
ers. The extended graphene layers, with enlarged interlayer space
and surface area, are therefore favorable for the formation of dou-
ble layer capacitance. Furthermore, the particle size of Co3O4 in
graphene domain is restricted upon formation between graphene

layers and is relatively smaller (15–25 nm), compared to commer-
cial Co3O4 nanoparticles (<50 nm). The superior electrochemical
behavior of the composite material is also associated with these
smaller embedded nanoparticles. The decrease of the particle size
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f the deposited Co3O4 nanoparticles would lead to the increase
f the specific capacitance of those nanoparticles in the composite.
imilar effect has been reported for composites having particles of
uO2 deposited on carbon nanofibres [41]. It is also very interest-

ng to find that the surface-related capacitance of the composite
aterial is 2.18 F m−2. This result is relatively larger than ordinary

arbon [42], however, similar to those of carbon materials with sur-
ace functionalities [43,44]. It was proposed that surface functional
roups attached to the carbon materials could provide supple-
entary pseudocapacitive contribution to a dominant double-layer

apacitance to enhance the specific capacitance of the modified car-
on materials [45–48].  Therefore, we believe the functional groups

n our nanocomposite material are also electrochemical active, and
ould participate in the redox reactions and contribute extra pse-
ocapacitance to the electrochemical performance.

In summary, Co3O4 nanoparticles play two  major roles in
he Co3O4/graphene nanocomposite material in managing the
nhancement of the electrochemical performance of the composite
aterial. Firstly, the Co3O4 nanoparticles act as spacers to stabi-

ize the graphene nanosheets. The interlayer space and accessible
urface area of the graphene are therefore extended when Co3O4
anoparticles are inserted. When applied in lithium-ion batter-

es and supercapacitors, graphene provides a highly conductive
edium and much more flexible layers with enlarged interlayer

pace and increased surface area, benefiting the electrochemical
erformance in energy storage. Secondly, Co3O4 nanoparticles par-
icipate in the electrochemical activities, not only in lithium-ion
atteries, but also in the supercapacitors. Co3O4 nanoparticles can
eliver a high lithium-ion storage capacity and pseudocapacitance
rom redox reactions, and therefore make electrochemical contri-
utions towards the overall electrochemical performance of the
omposite material.

. Conclusions

An in situ chemical method has been developed to prepare
o3O4/graphene nanocomposite material for energy storage appli-
ation. The prepared composite material consists of uniform
o3O4 nanoparticles (15–25 nm in size) distributed on sepa-
ated graphene nanosheets. The electrochemical properties of
he composite material are enhanced significantly, as embed-
ed Co3O4 nanoparticles can protect graphene from aggregation.
o3O4/graphene nanocomposite material exhibited a high lithium
torage capacity of 722 mAh  g−1 in lithium-ion cells and a high
upercapacitance of 478 F g−1 in supercapacitors.
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41] F. Pico, J. Ibañez, M.A. Lillo-Rodenas, A. Linares-Solano, R.M. Rojas, J.M. Amarilla,

J.M. Rojo, J. Power Sources 176 (2008) 417–425.
42] K. Xia, Q. Gao, J. Jiang, J. Hu, Carbon 46 (2008) 1718–1726.
43] D. Hulicova, J. Yamashita, Y. Soneda, H. Hatori, M.  Kodama, Chem. Mater. 17

(2005) 1241–1247.
44] D. Hulicova, M. Kodama, H. Hatori, Chem. Mater. 18 (2006) 2318–2326.
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