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Abstract Composites of Co;O,4/graphene nanosheets are
prepared and characterized by X-ray diffraction and scanning
electron microscopy. Their electrochemical behavior as anode
materials of lithium-ion rechargeable batteries is investigated
by galvanostatic discharge/charge measurements and cyclic
voltammetry. The composite is composed of Co;04 nanorods
(around 2040 nm in diameter) and nanoparticles (around
10 nm in diameter) distributed within the graphene matrix.
The specific capacity of the composite is higher than both
Co0304 and graphene nanosheets. The cycling stability of
Co30y is obviously enhanced by compositing with graphene.
After 100 cycles, the discharge and charge capacity of the
composite is 1,005 and 975 mAh g, respectively, and the
irreversible capacity loss is less than 3%.

Keywords Cobalt oxide - Graphene nanosheet -
Composite - Anode - Lithium-ion battery

Introduction

Nano-sized Co;04 has been demonstrated to be a promising
anode material for lithium-ion batteries(LIB) due to its high
specific capacity, good cycling and high rate performance
[1]. The charge/discharge electrochemical reactions of Co3Oy4
and Li involve the reversible formation and decomposition
of Li,O accompanying by the reduction of Co;04 and the
oxidation of Co [1, 2]. This mechanism is different from the
insertion/deinsertion mechanism of Li ions for graphite-
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based intercalation anode materials with layered structures.
Co0504 can react with more than eight Li ions per formula,
corresponding to a theoretical reversible capacity of
1,100 mAh g ' when discharged to 0 V vs. Li*/Li [2, 3].
Practical capacities more than 700 mAh g ' have been
reported in recent studies for CosO4 nanoparticles, nano-
wires, nanorods, nanotubes, and hierarchical porous array
films [4-12]. These capacities are nearly twice of that of
graphite anode currently used in commercial LIB. However,
a large specific volume change usually occurs in the Co;04
anode during cycling process due to the pulverization and
aggregation of Co;0, particles, which leads to deterioration
of electric contact between particles. As a result, Coz0y4
anode generally exhibited a significant loss of reversible
capacity after cycling. Attempts have been made to improve
the cycling stability of Co30,4 anode by dispersing Co;04
particles on graphitic carbons with high electrical conductivity
[7, 10, 13, 14].

Graphene nanosheets (GNS) possess high electrical
conductivity, large specific surface area (2,600 m°g ') and
a broad electrochemical window owing to their unique
structure of two-dimensional layers with one-atomic thick-
ness and strongly bonded carbon networks [15-17]. So
GNS are promising materials of LIB anode and can also be
used as matrices for metal oxides, such as Co3;04 and SnO».
Recently, the performance of GNS as anode materials for
rechargeable LIB have been investigated and reversible
specific capacities over 600 mAh g ' have been reported
[18-20]. The combination of high capacity and relatively
good cycling performance of GNS make them of interesting
potential candidates of LIB anode materials. Composites of
GNS and metal oxides, such SnO,/GNS and Co3;04/NS,
have also been investigated as LIB anode material. Their
reversible specific capacities are found to be higher than
750 mAh g~ ' [21-23]. In these composites, GNS efficiently
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buffer the volume change of metal oxides during charge/
discharge processes and enhance the electrical conductivity
of metal oxides. On the other hand, particles of metal
oxides can reduce the degree of stacking of GNS, Which
will make GNS retain their high storage capacity of lithium
and improve cycling stability. Herein, we reported the
preparation of a composite of Co;04/graphite and its
electrochemical performance as the anode material of LIB.

Experimental
Preparation of GNS

GNS were synthesized from spherical natural graphite
(Qingdao Furunda Graphite Co., Ltd) by a modified
Hummers method [24]. Typically, 1 g graphite powder
and 0.5 g NaNO; were added into 70 mL concentrated
H,SO,4 (under ice bath), to which 3 g KMnO, was
gradually added under vigorous stirring condition within
40 min. The mixture was further stirred for another 2 h
under ice bath, then warmed up to 40 °C and reacted for
1 h. Seven hundred milliliters of distilled water was slowly
added to the mixture to bring the temperature up to 80 °C
and maintained at this temperature for 15 min. H,O, (5%)
was added into the mixture until the color of the solution
turning to brilliant yellow. The obtained powder was
collected by filtration, re-dispersed in distilled water and
ultrasonicated for 4 h to generate GNS oxides, which were
reduced by hydrazine monohydrate under refluxing condi-
tion for 2 h. The resulting dark black GNS were dried in a
vacuum oven at 80 °C for 10 h to obtain GNS powder.

Preparation and characterization of Co304/GNS composite

Ten mmol Co(NO;), and 5 mmol NH4NO; were dissolved
in 35 mL distilled water to obtain a clear solution, to which
20 mL NH4H,O (25 wt.%) was slowly added. White
precipitate of Co(OH), formed initially and partially turned
to reddish brown Co(OH); precipitate instantly. With the
increase of ammonia, all precipitates re-dissolved to form a
clear solution. A mass of 1 g GNS was dispersed into this
solution by sonication for 30 min. The suspension was
refluxed at 90 °C for 12 h. The solid powder was collected
by filtration, dried at 80 °C for 10 h in air, and calcined at
500 °C for 4 h under nitrogen atmosphere to obtain the
Co304/GNS composite. For comparison, pure Co;0,4 was
also prepared as described above.

The morphology was examined by scanning electron
microscopy (SEM, JEOL JSM-6480). The structure was
analyzed using X-ray diffraction (XRD, Rigaku TTR III)
with Cu K« radiation (A=0.1514178 nm). The weight
content of Co30,4 in Co3;04/GNS was quantitatively deter-
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mined by inductively coupled plasma mass spectrometer
(ICP-MS, Xseries-II).

Electrochemical measurements

Electrochemical experiments were carried out using two-
electrode CR2032 coin type half cells. To make working
electrodes, slurries of active materials (Co;O4/GNS composite,
Co504 or GNY), carbon black (Ketjenblack EC-600 JD) and
poly(vinyl difluoride) (PVDF; weight ratio of 85:8:7) in N-
methyl-2-pyrrolidone were pasted on pure Cu foil, dried
under vacuum at 80 °C for 8 h and pressed at 10 MPa. A Li
foil served as the reference and counter electrode. A
concentration of 1.0 mol L™ LiPF, dissolved in a mixture
of ethylene carbonate (EC), dimethyl carbonate (DMC) and
ethyl methyl carbonate (EMC; volume ratio of 1:1:1) was
used as the electrolyte. Microporous polypropene film
(Celgard 2400) was used as the separator. The cells were
assembled in a nitrogen-filled glove box. The discharge/
charge performance was tested at a current density of
744 mA g in the potential range of 0.0~3.0 V vs. Li"/Li
on a battery test system (CT-3008-5 V/5 mA, Neware
Technology Ltd., Shenzhen, China). Cyclic voltammetry
(CV) was conducted using an electrochemical workstation
(VMP3/Z, Bio-logic, France).

Results and discussion
Structure and morphology of Co304/GNS composite
Figure 1 shows the XRD patterns of Co304/GNS composite,

Co504 and GNS. The diffraction peaks of the Co3;0,4 sample
are well indexed to the cubic spinel Co304 (JCPDS card No.
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Fig. 1 XRD patterns of Co;04/GNS (a), Co304 (b), and GNS (c)
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42-1467). The XRD pattern of GNS displayed two broad
peaks at 25.6° and 42.7°. The main peak at 25.6°
corresponding to the (002) plane of graphite occurs at
slightly lower angle than that of hexagonal phase graphite
(20=26.52°, JCPDS card No. 41-1487). The XRD pattern of
the Co3;04/GNS composite contains all the peaks from
Co0504 and the GNS sample. In addition, two minor peaks at
42.4° and 61.6° were observed, which can be attributed to
CoO. The peak at 25.6° become sharper and strong
comparing with that of GNS sample, implying that restacking
of GSN might take place during preparation of the composite.
The average size of Co30, in the composite was estimated to
be around 20 nm using the Scherrer’s equation based on the
peak (311).

Figure 2 shows the SEM image of Co;04 and TEM
images of GNS, Co3;04/GNS composite. The Co;0, sample
was prepared under the same condition as the Co;04/GNS
composite in the absence of GNS. The majority of Co304

are rods with diameters in the nano- and micro-meter range
(Fig. 2a). The GNS are crumpled and curved nanosheets
(Fig. 2b) with the thickness of around 5 nm (Fig. 2c¢). In the
Co0304/GNS composite, Co3;0,4 presents as nanorods
(around 20~40 nm in diameter) and nanoparticles (around
10 nm in diameter; Fig. 2d), and dispersed within GNS
matrix. The interaction of Co30,4 nanorods with graphene
sheets is weaker than that of the nanoparticles with the
sheets due to the smaller contact area of nanorods than
nanoparticles. Besides, comparing to nanoparticles, nano-
rods have larger volume expansion/contraction and severer
particle aggregation associated with the Li" insertion and
extraction process. So nanorods might lose their contact
during charge/discharge cycling resulting in an irreversible
capacity loss and a poor cycling stability. Increasing the
interaction force between Co3;04 and graphene by control-
ling the size and shape of Co30, is expected to enhance the
cycling stability of the composite.

Fig. 2 SEM image of Co;04 (a) and TEM images of GNS (b, ¢) and Co;04/GNS composite (d)

@ Springer



2590

J Solid State Electrochem (2011) 15:2587-2592

Electrochemical performance of Co;04/GNS composite

Galvanostatic discharge/charge experiments were carried
out to evaluate the electrochemical performance of Co3;0,4/
graphite composite as the anode material of LIB. For
comparison, Co3;04 and GNS were also tested under the
same conditions. Figure 3a, b and ¢ shows the first three
discharge/charge curves of Co3;04/GNS composite, Co304
and GNS, respectively. The curves were measured at a
current density of 74.4 mA g ' in the potential range of
0~3.0 V vs. Li"/Li.

The discharge and charge curves of the three electrodes
displayed obviously different behavior. The profile of
potential against capacity curves for Co3;0,4 electrode
(Fig. 3b) was similar to that of Co;04 nanowires, nanotubes
and commercial nanoparticles [4, 5, 10, 22]. The first
discharge curve exhibited a distinct potential plateau at
about 1.0 V followed by a gradual slope. The potential
plateau shifted to around 1.2 V and narrowed in the
subsequent discharge curves. This potential plateau corre-
sponds to the reduction of Co304 to CoO accompanying
with the formation of Li,O. The intermediate of CoO was
further converted to Co and Li,O corresponding to the
sloping curve down to the 0.0 V [3, 4, 6, 13]. The total
discharge capacity reached 980 mAh g_1 in the first cycle,
but reduced to 635 mAh g ! after three discharge/charge
cycles. The significant loss in capacity is usually attributed
to the pulverization and aggregation of Co;0, nanopar-
ticles, which leads to the reduction of electrical contacts
between Co30,4 nanoparticles and that between Co3;0,4 and
current collector. The loss of irreversible capacity is 23% in
the first cycle and this value decreases to 12% in the third
cycle. This irreversible capacity is mainly attributed to the
formation of solid electrolyte interface and the inactivation
of part of Li-ion after cycles, which occur primarily in the
first cycle.

The discharge/charge behavior of GNS (Fig. 3c) is in
good agreement with that reported in the literatures [18-20,
22, 25]. The first discharge curve has a potential plateau at
about 0.8 V, which can be attributed to the decomposition
of electrolyte and the formation of solid electrolyte
interface film. In the subsequent cycles, the discharge/
charge curves show a slope without distinguishable
plateaus. The absence of plateaus indicated a disordered
stacking of GNS resulting in the formation of nonequiva-
lent sites for insertion/deinsertion of Li ions. The discharge
and charge capacity are 700 and 550 mAh g ' in the first
cycle, corresponding to an irreversible capacity loss of
21%. After three cycles, the discharge capacity decreased to
460 mAh g .

The discharge/charge curves of Co3;04/GNS composite
(Fig. 3a) are obviously different form that of Co;0, and
GNS. The curves exhibited combined features of Cos;04

@ Springer

30F
;—‘ 25F |
= 20t
”y
> L
> 15F
s L
5 1.0
) I
=9
0.5
0.0 I . L . 1 . L . 1
0 200 400 600 800
Specific capacity/mAh g
30F o
r 3rd 2nd” st (b)
o 25¢ S
= i
= 20}
e
> 15|
:TE A
5 10}
<)
[
0.5F
00 E 1 . ! N ! R . - i !
0 200 400 60 800 1000
Specific capacity/mAh g
3.0+

2.54

2.0+

1.0 4

Potential/V (vs. Li/Li)
n

0.5 1

0.0 1

. . . : . :

0 200 400 600 800
Specific capacity/mAh g"1

Fig. 3 First three discharge/charge curves of Co304/GNS composite

(a), Co304 (b), and GNS (c) cycled at a current density of
744 mA g

(Fig. 3b) and GNS (Fig. 3c). Two potential plateaus at
around 1.0 V and 0.5 V in the discharge curves were
observed, which can be ascribed to the reduction of Co;0y4
to CoO and CoO to Co, respectively, as well as the
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insertion of lithium ions into GNS. The plateau at around
1.0 V for the Co304/GNS is less distinct than that for
Co0304. This behavior likely results from GNS in the
composite because GNS show no clear potential plateaus
(Fig. 3c). It can be concluded that both Co;04 and GNS
play active role for storage of lithium ions. More
remarkably, the discharge and charge capacities of Co304/
GNS composite remain nearly constant in the initial three
cycles. This behavior is very different from that of Co304
to GNS alone. The discharge and charge capacity is about
780 and 760 mAh g ', respectively, corresponding to an
irreversible capacity loss of 2.5% and a columbic efficiency
of 97%. These capacities are larger than that of Co;0,4 and
GNS indicating that there exists a synergistic beneficial
effect of Co3;04 and GNS. The superior electrochemical
performance of Co;0,4/GNS composite can be attributed to
its unique structure. Nano-sized Co3z04 in the composite are
dispersed within GSN matrix, so volume change and the
aggregation of Co3z0,4 during cycling processes might be
suppress. Besides, the intimate contact between Co;04 and
GNS can significantly decrease the contact resistance of
active particles in the composite and thus provide the
electrode with a high electrical conductivity. It should be
pointed out that the crystalline size of Co;0,4 in the Co304/
GNS composite is smaller than that of pure Coz04 (Fig. 2a
and d). The reduced Co304 size might also contribute to the
enhancement of the capacity and the stability of the
composite because it is well known that decreasing the
size of Co3;0,4 can shorten the electronic and lithium ion
conduction path and reduce the volume change induced by
charge and discharge reactions.

The cycling stability of Co3;04/GNS composite was
further examined by repetitive discharge/charge cycles at a
constant current density of 74.4 mA g '. The results are
shown in Fig. 4. The discharge and charge capacity
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Fig. 4 Cycle performances of Co3;04/GNS composite at a current
density of 74.4 mA g

gradually increased within the first 15 cycles and then
became relatively stable in the subsequent cycles. After 100
cycles, the discharge and charge capacity are 1,005 and
975 mAh g ', respectively, corresponding to an irreversible
capacity loss of 3%. These results demonstrated that the
composite electrode of Co3;04/GNS has remarkably good
performance and reversibility. In a recent study, Wu et al.
[26] investigated a Co304/GNS composite with the content
of Co30,4 of 75.4% and found that the composite exhibits a
reversible capacity of 935 mAh g ' after 30 cycles at a
constant current density of 50 mA g '. Our Co304/GNS has
lower content of Co0304 and higher specific discharge
capacity and better cycling performance than that reported
by Wu et al. The difference likely relates to the different
Co304 shape and its content in the composite and
dispersion pattern of Co30, in the composite matrix.

CV measurements were carried out to understand the
electrochemical process. Figure 5 shows the cyclic voltam-
mograms of Co40;, GNS, and Co304/GNS composite
electrode at a scan rate of 0.1 mV s '. For Co;0, electrode,
the cyclic voltammogram exhibits two broad reduction
peaks at 1.0 V and 2.0 V in the cathodic process and one
broad oxidation peak at 2.25 V in the anodic process. This
behavior is in good agreements with literature results [9, 10,
12]. Tt has been reported that the electrochemical reaction
mechanism of Li with Co30;, is different from the classical
reversible insertion/deinsertion of Li ions in materials with
layered structure (e.g., graphite). It involves the formation
and decomposition of Li,O accompanying by the reduction
of Co304 to Co and the oxidation of Co to Co3;0, through
an intermediate of CoO. This multiple electron process can
be represented by Egs. 1 and 2 [1, 3, 4, 6, 9]. According to
this mechanism, the cathodic peak at 2.0 V with low current
and at 1.0 V with high current can be ascribed to the
reduction of Co3;04 and CoO, respectively. The broad
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Fig. 5 Cyclic voltammograms of Co;04 (a), GNS (b) and Co;04/GNS
composite (¢) measured at a scan rate of 0.1 mV s’
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anodic peak starting from around 1.2 V corresponds to the
oxidation of metallic Co to CoO and then to Co30,.

Co304 + 2Li" +2e

discharge 1 i 6+ 3€00 (1)
—

charge

3Co0 + 6Li" + 6~

discharge 374 0 + 3¢ (2)
—

charge

The voltammogram profile of GNS displayed typical
feature of graphene reported in literatures [18, 25]. No well-
defined cathodic and anodic peaks were observed, which
matches well with the discharge/charge profiles without
potential plateaus (Fig. 3c). The CV of Co3;04/GNS
composite exhibited different features from that of Co;04
and GNS. Three cathodic peaks and two anodic peaks were
observed in the first cycle. The cathodic peak at 0.43 V
significantly reduced after 100 cycles but did not complete-
ly disappear. This peak can be attributed to the formation of
the solid electrolyte interface membrane and the simulta-
neous insertion of lithium into graphite nanosheets [18, 25].
The anodic peak at 1.37 V can be assigned to the formation
of CoO intermediate [6]. This peak is more visible in the
composite electrode than in the Co3;0,4 electrode, which
likely results from the decreased particle size and increased
electrical conductivity of Co30, in the composite. Peaks for
the reduction of Co;0,4 and the oxidation of Co in the
composite shifted to lower potentials comparing to those
for Co3;04, an indication of lower resistance of the
composite electrode than the Coz04 electrode.

Conclusions

Composites of Co3;04/GNS were prepared by simple
refluxing of a solution containing Co(NO5),,NH4NO; and
NH4H,0 in the presence of graphene nanosheets. The
obtained composites exhibit higher specific capacity than
both Co3;04 and GNS and superior cyclability. The
discharge and charge capacities slightly increased within
the initial 15 cycles and remained nearly unchanged in the
subsequent 85 cycles. The reversible capacity after 100
cycles is 975 mAh g ! with the irreversible capacity loss
less than 3%. The high performance of the Co;04/GNS
composite can be attributed to the buffer effects of GNS on
the volume change and aggregation of Co;0, during
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cycling processes as well as the reduction of contact
resistance of Coz0y particles.
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