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Abstract: A facile ultrasonic method was used to synthesize CoO/graphene nanohybrids by employing Cos(CO);, as a cobalt
precursor. The nanohybrids were characterized by SEM, TEM and XPS, and the results show that CoO nanoparticles (3—5 nm)
distribute uniformly on the surface of graphene. The CoO/graphene nanohybrids display high performance as an anode material for
lithium-ion battery, such as high reversible lithium storage capacity (650 mA-h/g after 50 cycles, almost twice that of commercial
graphite anode), high coulombic efficiency (over 95%) and excellent cycling stability. The extraordinary performance arises from the
structure of the nanohybrids: the nanosized CoO particles with high dispersity on conductive graphene substrates are beneficial for
lithium-ion insertion/extraction, shortening diffusion length for lithium ions and improving conductivity, thus the lithium storage

performance was improved.
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1 Introduction

Lithium-ion batteries (LIBs) have attracted
considerable attention due to their high electromotive
force and high energy density as a power source for
portable electron devices and the large-scale electric
application [1-3]. Graphite is usually employed as a
commercial anode material for LIBs with a theoretical
capacity of 374 mA-h/g. However, to meet the increasing
demand for advanced lithium ion batteries, especially
their potential applications in electrical/hybrid vehicles,
many efforts have been made to explore the alternative
electrode materials with high energy density and good
rate capability [4].

Recently, graphene-based materials have attracted
much attention for promising alternative anode materials
in LIB [5—8]. These composites consist of graphene and
metal oxides or their derivation, such as
Sn0,/SnS,/SnSe;, C03;04/Co0, Fe;04/Fe,0;, Mn;0,,
NiO/Ni(OH),, CuO/Cu,0, TiO,/LisTisO;, to enhance
reversible capacity and rate capability [9—-17]. In these

composites, metal oxides are distributed on the surface of
graphene or between the graphene layers, which can not
only provide the high lithium storage capacity (>600
mA-h/g), but also effectively reduce the degree of the
restacking of graphene and expose more active surface
area to the electrolytes [10,18]. The superior electric

greatly
transportation of the electron of the whole electrode

conductive  graphene can improve the
[12—15,19]. Moreover, graphene can be used as host

matrix to buffer the volume change of the metal oxides

during the charge/discharge  processes,  which
successfully suppressed the decay of cycling
performance of LIB [20—22]. Nevertheless, the

preparation routes, such as one-pot chemical reduction of
metal oxides/graphene composites and assembly of the
metal oxides onto graphene nanosheets via multi-step
methods, have less manipulation on the dispersion of the
metal oxides and graphene [14,23-25], thus graphene
has a tendency to restack and therefore affects the
distribution of the metal oxides on the graphene matrix
during the preparation of the composite processes.

In this work, we present a ultrasonic strategy to
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prepare the nanosized CoO/graphene composites and
evaluate their electrochemical performance for LIB.
During the ultrasonic processes, graphene can be
completely dispersed and serve as the electric conductive
support for the metal oxides, while cobalt monoxide
(CoO) nanoparticles firmly adhere to the surface of
graphene or are surrounded by the flexible graphene
nanosheets. Such three-dimensional metal oxides/
graphene composites are advantageous for inhibiting
aggregation and volume change of CoO nanoparticles
during cycling and offer a short diffusion path of lithium
ion. Thus, as expected, the CoO/graphene composites
exhibit a high reversible lithium storage capacity as an
anode material for LIB.

2 Experimental

Nanosized CoO/graphene composites were prepared
by a ultrasonic method at room temperature. Graphene
nanosheets were obtained by the rapid exfoliation of
graphite oxide at a low temperature using the previous
method. Co4(CO);, was purchased from Alfa Aesar
China (Tianjin) Co., Ltd. The experimental details were
described as follows: 40 mg graphene nanosheets were
dispersed in 90 mL hexane by sonicate for 1 h, then an
appropriate quantity of Co4(CO);, was directly added
into the above solution by sonicate for an additional 1 h.
After the reaction completed, the resulted products were
centrifugalized, washed with deionized water and ethanol
to remove possibly remaining ions in the final product,
and dried at 60 °C in air.

The morphology of the product was characterized
by scanning electron microscopy (SEM, JEOL,
JSM-6700F) and transmission electron microscopy
(TEM, JEOL, JSE—2100F). The chemical composites of
the product were determined by X-photoelectron
spectroscopy (XPS, PHI 5000C ESCA System).

Electrochemical performance was evaluated via a
CR2016-type coin cell on a LAND battery test system
(CT2001A, Wuhan, China). The working electrode was
composed of 80% active material (CoO/graphene
composites), 12% acetylene black (Super-P), and 8%
poly(vinylidene fluoride) (PVDF) binder dissolved in
N-methyl-2-pyrrolidinone (NMP). Lithium foils were
used as the counter and reference electrode, and
polypropylene (PP) membrane (Celgard 2400) was
employed as a separator. The electrolytes were 1 mol/L
LiPF¢ dissolved in a mixture of ethylene (EC) and
diethyl carbonate (DEC) (1:1, in volume ratio). The
batteries were assembled in an argon-filled glove-box
and charged/discharged at various current densities of
50-500 mA/g in the fixed voltage range of 3.00—0.01 V
at room temperature.

3 Results and discussion

The CoO/graphene composites were prepared under
an ultrasonic condition at room temperature (see Fig. 1).
Here, we used the metal carboxylic Cos(CO),, cluster as
the precursors. Firstly, Cos(CO);;, cluster can be readily
decomposed to metals Co and CO, as shown in reaction
1. Secondly, the active metal Co can be oxidized rapidly
to CoO with the oxygen contained in the solutions, as
illustrated in reaction 2. Thirdly, with the extension of
the reaction time, nanosized CoO with positive charge
can firmly adhere to the support of graphene with
unsaturated p-m bonds due to the electrostatic attraction.
While graphene can be effectively dispersed under the
ultrasonic conditions, and expose more active surface
area serving as the support for the metal oxides.

C04(CO)1,—4Co+12CO (1)
2C0+0,—2Co0 )

é Co,(CO)y,
m Co
€ CoO

Fig. 1 Schematic illustration for ultrasonic synthesis of

Grephene

CoO/graphene nanohybrids

The morphology of the CoO/graphene composites is
shown in Fig. 2(a). The overall sample was dominated by
the three-dimensional porous structure of graphene with
very thin planes and curly state. Figure 2(b) reveals that
nanosized CoO, derived from the decomposition of
Co4(CO)y; cluster and subsequently the oxidation by the
oxygen contained in the solutions, firmly adhered to the
surface of the graphene substrates or was surrounded by
flexible graphene nanosheets, which can preserve the
3-dimensional porous structure of nanosized CoO/
graphene composites.

Figure 2(c) presents a low magnification TEM
image of the nanosized CoO/graphene composites. It is
observed that nanosized CoO is uniformly and fully
distributed on the two-dimensional graphene nanosheets.
A high magnification TEM image in Fig. 1(d) reveals
that the average particle size of CoO was determined to
be 2—4 nm. In this experiment, Co atom was derived
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Graphene ¢

Fig. 2 SEM images (a,b), and TEM images (c,d) of CoO/graphene composites (Inset in (d) is SAED pattern of CoO)

from the decomposition of Co4(CO), cluster and then
oxidized with the oxygen contained in the solutions
during the fast ultrasonic preparation processes at room
temperature. Thus a small-sized CoO was formed and
firmly adhered to the support of graphene. With the
characteristic of the corresponding selected area electron
diffraction (SAED) pattern inset in Fig. 2(d), nanosized
CoO distributed on the graphene matrix was amorphous
due to a fast synthesis at a relative low temperature.

The chemical compositions of nanosized CoO/
graphene composites were further investigated by
X-photoelectron spectroscopy (XPS) measurements. Full
XPS spectrum was firstly employed to determine the
existence of all elements in the composites. Figure 3(a)
reveals the presence of Co, O and C elements in the
composites, which suggests the presence of metal oxides
and graphene. The Co 2p XPS spectra of the composites
in Fig. 3(b) exhibit two major peaks at 782.7 and 798.2
eV, corresponding to Co 2ps, and Co 2py, respectively.
The spin-energy separation between the peak of Co 2ps),
and the peak of Co 2p, is approximately at 15.5 eV,
which is the characteristic of CoO phase, while two
small peaks at 787.2 and 803.7 eV are Co’" shake-up
satellite peaks of CoO in the composites. The O 1s XPS
spectra in Fig. 3(c) show a prominent peak at 532.8 eV
and a shoulder peak at 530.8 eV, mainly corresponding to
the oxygen species of CoO. And also it reveals that there
were few additional residual oxygen-containing groups
on the as-prepared graphene. Moreover, the presence of
peak at 284.6 eV in Fig. 3(d) was ascribed to the

graphitic carbon in graphene, while the C 1s XPS spectra
at 288.7 eV, indicate the presence of the oxygen-
containing groups in the composites. The above results
show that CoO was the prime cobalt oxide phase
anchored on the surface of graphene.

The electrochemical performance of the as-prepared
CoO/graphene composites was firstly evaluated by
galvanostatic charge/discharge cycling at the current
density of 50 mA/g. Figure 4(a) shows the charge—
discharge profile of the CoO/graphene composites in the
Ist, 2nd, S5th, 10th, 20th, 50th cycles. In the first
discharge curve, it presents four sloping voltage plateaus:
the first sloping voltage plateau presented at ca. 1.5 V but
it was absent after several charge/discharge cycles,
revealing the existence of the electrochemical reaction
between the electrode materials and the electrolytes and
the formation of the solid electron layers (SEI) on the
surface of the electrode. The following two sloping
voltage plateaus at ca. 1.2 and 0.7 V in the discharge
profiles and the voltage plateaus at ca. 1.3 and 2.2 V in
the charge profiles were ascribed to the lithium
insertion/extraction processes in CoO. However, it
changed to a long sloping voltage plateau at 1.2-0.7 V
and showed a gradual decay in the following charge/
discharge processes, indicating some irreversible reaction
during the charge/discharge processes due to the
amorphous metal oxides in the composites.

Figure 4(b) shows the cycling performance of the
CoO/graphene nanohybrids at a current density of 50
mA/g. The CoO/graphene nanohybrids deliver a super
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Fig. 3 XPS full spectrum of CoO/graphene composites (a), XPS spectra of Co 2p (b), O 1s (c¢) and C 2s (d) of CoO/graphene
composites
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high lithium storage capacity of 2000 mA-h/gin the first
discharge process, which is much higher than the
theoretical Li-ion storage capacity of CoO (716 mA-h/g),
and also higher than other reported result for CoO/
graphene composites [10]. However, a relative low
charge capacity of 1036 mA-h/g is achieved,
corresponding to a coulombic efficiency of 52%. The
large irreversible capacity loss during the first cycle is
mainly related to the irreversible lithium loss due to the
formation of SEI layer. In the second cycle, a discharge
capacity of 1200 mA-h/gis achieved and the coulombic
efficiency increases to 85%. The capacitance
continuously decreases over the first 20 cycles and
becomes stable in subsequent cycles. The capacitance
retention is more than 95% after 50 cycles and the
reversible capacity of the CoO/graphene nanohybrids
reaches 650 mA-h/g, almost twice that of commercial
graphite anode, demonstrating the high lithium storage
capability and the excellent cycling behavior of the
sample.

Figure 4(c) shows the specific charge capacity of
the CoO/graphene nanohybrids as a function of cycle
number and current density. As shown in Fig. 3(c), the
CoO/graphene nanohybrids show a reversible capacity of
700 mA-h/gafter the 10th cycle at a current density of 50
mA-h/g, then 450 mA-h/g after the 20th cycle at 150
mA-h/g, 400 mA-h/gafter the 30th cycle at 250 mA-h/g,
340 mA'h/g after the 40th cycle at 500 mA‘h/g. A
retention of 49% in total is obtained when the current
density is enlarged 10 times from 50 to 500 mA-h/g.
When the rate returns from 500 mA-h/g to the initial 50
mA-h/g, the electrode charge capacity almost recovers its
original value of 650 mA-‘h/g. The -extraordinary
performance attributes to the specific structure of the
CoO/graphene nanohybrids which offer the good
conductivity for Li-ion diffusion and large quantity of
accessible sites for Li-ion insertion.

4 Conclusions

1) CoO nanoparticles with average diameter of 3—5
nm homogeneously adhered to the surfaces of graphene
via a ultrasonic method.

2) The as-prepared CoO/graphene nanohybrids were
used as anode materials for lithium ion battery and the
electrode demonstrated extraordinary performance, such
as high reversible lithium storage capacity (650 mA-h/g
after 50 cycles, almost twice that of commercial graphite
anode), high coulombic efficiency (over 95%) and
excellent cycling stability.
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