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h i g h l i g h t s
� A carbon-sphere/Co3O4 nanocomposite is introduced as a catalyst for the air electrode.
� Co3O4 nanoparticles were homogeneously dispersed on the surface of carbon spheres.
� This will increase the carbon/catalyst contact area acting as the catalytic active site.
� The electrode containing carbon-sphere/Co3O4 nanocomposite showed high capacity.
� It also presented low over-potential, and relatively stable reversibility.
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As a new approach to the development of advanced Li/air batteries, a carbon-sphere/Co3O4 nano-
composite is introduced as a catalyst for the air electrode. Co3O4 nanoparticles are dispersed homoge-
neously on the surface of carbon spheres in an attempt to increase the carbon/catalyst contact area acting
as the catalytic active site during the electrochemical reaction. A high discharge capacity, relatively stable
reversibility, and low overpotential are observed in electrochemical tests of an electrode containing this
carbon-sphere/Co3O4 nanocomposite. This indicates that the carbon-sphere/Co3O4 composite is a
promising catalyst for the air electrode of Li/air batteries.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Li/air batteries are currently the most promising new recharge-
able batteries because they have much higher energy densities than
other energy-storage systems such as lithium-ion batteries [1e7].
The high energy density of the Li/air cell is attributed to the fact that
the cathode active material (oxygen) is not stored in the battery, but
is instead supplied from the environment. Specifically, oxygen is
reduced catalytically on an “air electrode” surface, and reacts with
the lithium cations supplied by the anode to form Li2O2 (or Li2O) on
the air electrode during the discharge process [8e10]. Theoretically,
if oxygen was supplied without limit, the Li/air battery could be
discharged until the entire lithium anode had reacted with oxygen.
However, in practical applications using organic electrolytes, the
energy density of a Li/air cell falls short of the theoretical value.
06@kyonggi.ac.kr (Y.J. Park).
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Previous studies have suggested that insoluble reaction products
such as lithium peroxide (Li2O2) may block the catalytic active site,
preventing O2 intake and Liþ delivery to the active reaction site and
terminating the discharge process [11e13]. Therefore, the practically
available capacity of the Li/air battery is highly dependent on the
properties of the air electrode. Moreover, the air electrode signifi-
cantly affects the rechargeability and overpotential of the Li/air cell
[8e13].

In general, an air electrode is composed of a catalyst, carbon, and
a binder. Although some carbon itself has a catalytic property, this
is not typically sufficient to dissociate the reaction products. So it
has been known that the oxide catalyst such as Co3O4 needs for
superior catalytic activity of the air electrode. However, the oxide
catalysts should be contacted with carbon to compensate for their
poor electronic conductivity. Considering the reaction model of the
air electrode [12], most active sites may be catalyst/carbon contact
areas in the air electrode. Accordingly, it is expected that the use of
an air electrode with a wide catalyst/carbon contact area will
enhance its catalytic activity. To date, most air electrodes have been
es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153

mailto:yjparketri@yahoo.co.kr
mailto:yjpark2006@kyonggi.ac.kr
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.03.153
http://dx.doi.org/10.1016/j.jpowsour.2013.03.153
http://dx.doi.org/10.1016/j.jpowsour.2013.03.153


C.S. Park et al. / Journal of Power Sources xxx (2013) 1e82
prepared by mechanical mixing of carbon with a catalyst [8e10].
However, such mechanical mixing might not disperse a nanosized
catalyst perfectly on the carbon surface. Thus, it has been difficult to
obtain a sufficient catalyst/carbon contact area.

In the present study, carbon spheres were introduced as a new
carbon frame for combinationwith an oxide catalyst. Our studywas
motivated by the notion that a carbon sphere with homogeneous
surface energy (due to its spherical shape) will facilitate the uni-
form dispersion and coating of a nanocatalyst on the carbon sur-
face. Thus, the carbon-sphere/catalyst nanocomposite could offer a
wide carbon/catalyst contact area, which may act as the catalytic
active site. Moreover, the carbon sphere would compensate for the
insufficient electronic conductivity of the oxide catalyst. In this
work, a carbon-sphere/catalyst composite was fabricated, and its
electrochemical properties as the air electrode in a Li/air cell were
characterized. Co3O4 was adopted as the oxide catalyst because of
its attractive catalytic activity in various application fields [14e16].
The air electrode containing Co3O4 has showed high capacity and
relatively stable cyclic performance. The carbon-sphere/Co3O4
nanocomposites are expected to show enhanced catalytic activities
as electrode materials for Li/air cells owing to their wide catalytic
active areas and improved electronic conductivities.

2. Experimental

Carbon-sphere templates were prepared from D-glucose pre-
cursors using a modified hydrothermal synthesis process [17,18].
Typically, glucose (3 g) was diluted in deionized (DI) water and
mixed by magnetic stirring. The mixture was then sonicated
continuously for 10 min until a clear solution was formed. This
solution was subsequently transferred to a Teflon-lined stainless-
steel autoclave and thermally treated in an electric oven at 180 �C
for 14 h. Next, black products were recovered by centrifugation and
Fig. 1. Schematic of the synthetic procedure used t
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washed with water and alcohol. Finally, the as-synthesized samples
were dried overnight in a vacuumoven at 90 �C. To check the degree
of defect of prepared carbon sphere, Raman spectrumwas obtained
using a Raman spectrometer (Horiba Jobin Yvon, LabRam Aramis).

The carbon-sphere/Co3O4 nanocomposite was prepared by
impregnating carbon sphereswith a cobalt nitrate solution, through
the dispersion of 2.5 g of carbon spheres in 100mL of a 0.05M cobalt
nitrate solution under sonication. This mixture was sonicated at
room temperature, stirred magnetically for 24 h, and then washed
once with water. Subsequently, the powder was dried overnight in
an oven at 80 �C, after which it was calcined at 400 �C under a N2
atmosphere. The fabrication process for the composite is shown in
Fig. 1. The X-ray diffraction (XRD) patterns of the compound were
obtained using a Rigaku X-ray diffractometer with mono-
chromatized Cu-Ka radiation (l ¼ 1.5406�A). The microstructure of
the compoundwas observed usingfield-emission scanning electron
microscopy (SEM, JEOL-JSM 6500F) and transmission electron mi-
croscopy (TEM, JEOL-JEM 2100F). The carbon-sphere/Co3O4 ratio
was analyzed using thermogravimetry (TG, STA S-1500) at a scan-
ning rate of 10 �Cmin�1 from 25 to 800 �C in an air atmosphere. The
electrochemical performance of an air electrode containing the
carbon-sphere/Co3O4 nanocomposite as a catalyst was examined
using a modified Swagelok cell consisting of an air electrode, a
metallic lithium anode, a glass filter separator (Whatman), and an
electrolyte composed of 1 M LiTFSi in tetraethylene glycol dimethyl
ether (TEGDME). The air electrode contained carbon (Ketjenblack
(KB) pore volume z 3.21 cm3 g�1), the catalyst (carbon-sphere/
Co3O4 nanocomposite, pore volumez 0.038 cm3 g�1), and a binder
(polyvinylidene difluoride, PVDF). The weight ratio of catalyst/car-
bon/binder was adjusted to 72:18:10. Because the weight ratio of
carbon spheres to Co3O4 was 71:29 in the composite, the Co3O4
(oxide catalyst) ratio of the electrode containing the composite was
z21 wt%.
o obtain carbon-sphere/Co3O4 nanocomposite.

es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153
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An air electrode containing nanosized commercial Co3O4 pow-
der (Aldrich, average size z 50 nm, pore volume z 0.28 cm3 g�1)
was also prepared with the same Co3O4/carbon/binder ratio
(21:69:10) as the air electrode containing the carbon-sphere/Co3O4
composite, for comparison of the electrochemical properties of the
electrodes. The components were then ball-milled for homoge-
neous mixing, after which they were coated onto porous carbon
paper (JNTC Co.) and dried at 90 �C for 2 h. Several holes weremade
on one side of a Swagelok cell rod to expose the air electrode to the
O2 atmosphere. The cell was then assembled in an Ar-filled glove
box and subjected to galvanostatic cycling using a WonAtech
(WBCS 3000) charge/discharge system. The experiments were
conducted under an O2 pressure of 1 atm in an air chamber.

3. Results and discussion

Fig. 2a shows a typical SEM image of a carbon sphere. The car-
bon spheres have a circular shape and a relatively uniform particle
size of approximately 100e300 nm. The size of the carbon spheres
could be controlled by the reaction time and temperature, and their
surface morphology was smooth and clean, with no heterophase
particles. The carbon spheres were heat-treated at low temperature
(400 �C) under N2 atmosphere, so they may have many defects.
Raman spectroscopy is awidely used technique to check the degree
of defect. From the Raman spectrum in Fig. 2b, it can be found that
two broad peaks at 1585 cm�1 (G band) and 1370 cm�1 (D band),
which are attributed to amorphous carbon [18]. The peak intensity
ratio of D band and G band (D/G) is about 0.58. This is relatively
lower than previously reported value for carbon sphere [18], indi-
cating that the degree of defect of the prepared carbon sphere is
relatively lower compared to that of typical carbon sphere.

As shown in Fig. 2c, the shape and size of the carbon-sphere/
Co3O4 composite was similar to that of a simple carbon sphere.
However, the surface of the composite was rough and covered with
Fig. 2. (a) SEM image of the carbon sphere; (b) Raman spectroscopic profile of carbon spher
the surface of the composite.

Please cite this article in press as: C.S. Park, et al., Journal of Power Sourc
nanoparticles. The presence of Co3O4 nanoparticles on the surface
of the carbon spheres was confirmed by scanning electron micro-
scopeeenergy dispersive spectroscopy (SEMeEDS) analysis. As
shown in Fig. 2d, not only C peaks, but also Co peaks were detected
during analysis, which implies that the surface of the composite
consisted of C and Co3O4. TEM analysis was conducted to investi-
gate in detail the surface morphologies of the pristine and coated
samples. The plain carbon spheres presented a clean surface
(Fig. 3a). However, as shown in Fig. 3bed, the composite surface
was dotted homogeneously with nanoparticles of less than 10 nm
in size. Homogeneously dispersed nanosized Co3O4 particles could
offer good catalytic efficiency owing to their wide catalytic active
area.

The presence of Co3O4 nanoparticles was also confirmed by X-
ray diffraction (XRD). The diffraction pattern of the carbon spheres
is shown at the bottom of Fig. 4a. The broad peak centered at
approximately 2q ¼ 23.5� can be indexed as the [002] diffraction
peak of turbostratic polyaromatic carbon. The broad graphite peaks
indicate the highly disordered structure of the carbon spheres [19].
The top portion of Fig. 4a shows the diffraction peaks for the car-
bon-sphere/Co3O4 nanocomposite. Specifically, a broad peak cor-
responding to the carbon spheres is observed at approximately
2q ¼ 23.5�, and sharp crystalline peaks are also observed. The
crystalline peaks can be indexed exactly to a typical Co3O4 crys-
talline phase with a spinel structure, which indicates that a Co3O4

crystalline phase was successfully formed on the surface of the
carbon spheres through the hydrothermal method. Fig. 4b presents
the XPS spectra of carbon spheres, Co3O4 commercial powder, and
carbon-sphere/Co3O4 nanocomposite. For the Co3O4 commercial
powder, the peaks due to Co 2P3/2 and Co 2P1/2 were observed at
binding energy (BE) of 780.0 eV and 795.1 eV, respectively. These
values were in good agreement with the reported data for Co3O4
[20,21]. The spectrum of carbon-sphere/Co3O4 nanocomposite also
showed two major peaks with binding energy values of 781.4 eV
e; (c) SEM image of the carbon-sphere/Co3O4 nanocomposite; (d) SEMeEDS analysis of

es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153



Fig. 3. TEM images of the carbon sphere and carbon-sphere/Co3O4 nanocomposite: (a) carbon sphere, (b), (c), and (d) carbon-sphere/Co3O4 nanocomposite.
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and 797.2 eV, corresponding to Co 2P3/2 and Co 2P1/2. Although the
peaks was a little shifted to high energy level, the Co 2P3/2eCo 2P1/2
peak separation is approximately 15.8 eV, which is comparable to
that reported for Co3O4 indicating the presence of Co2þ and Co3þ

species in the sample. However, several satellite peaks were also
observed, which is likely due to binding with carbon. Thermogra-
vimetric (TG) analysis revealed that the weight ratio of the carbon
spheres to the Co3O4 crystalline phase was approximately 71:29, as
shown in Fig. 5.

The electrochemical properties of the air electrode containing
the carbon-sphere/Co3O4 nanocomposite were tested to investigate
the catalytic activity of the composite in the Li/air cell. The adoption
of an appropriate electrolyte is a key factor for obtaining reliable
electrochemical behavior. In initial Li/air studies, carbonate-based
electrolytes were adopted for the electrochemical tests because
they have been used successfully in lithium-ion batteries [8e12].
However, recently, ether-based electrolytes such as TEGDME have
been introduced to prevent the easy decomposition of the elec-
trolyte and the formation of lithium carbonate [22e24]. The search
for an appropriate electrolyte for the Li/air cell is still underway,
but 1 M LiTFSi in TEGDME was adopted as the electrolyte to test
our air electrode. The capacity shown in this article is based on
the total electrode mass (carbon-sphere/Co3O4 composite (or
catalyst) þ carbon þ binder), which may be reasonable for the
presentation of its energy-storage ability in a rechargeable battery.

Fig. 6a shows the initial discharge/charge profiles of the air
electrodes containing the carbon-sphere/Co3O4 nanocomposite
as a function of the loading weight of electrode materials
(catalystþ carbonþ binder). It is interesting that the specific capacity
of the air electrode is highly dependent upon the loadingweight. The
electrode loaded with 1.1 mg cm�2 of “catalyst þ carbon þ binder”
delivered z4500 mAh gelectrode�1 at a constant current density of
200mAg�1 in the voltage range4.35e2.35V.However, as the loading
weight increased to 1.3 and 1.9 mg cm�2, the discharge capacities of
the electrodes decreased to z3400 and z2900 mAh gelectrode�1 ,
Please cite this article in press as: C.S. Park, et al., Journal of Power Sourc
respectively. This implies that the large amount of electrodematerial
per unit area is unfavorable for drawing the full catalytic activity of
the electrode. Also, it is not appropriate simply to compare the spe-
cific capacities of electrodes with different loading weights (or elec-
trode thicknesses). Therefore, in this work, the loading weight of
electrode materials was fixed at 1.3 � 0.1 mg cm�2 to ensure that
reliable electrochemical results were obtained.

The initial discharge capacity of the electrode containing the
composite was measured at different current densities to charac-
terize the rate capability of the test cell. As shown in Fig. 6b, the initial
discharge capacity of the electrode was z3400 mAh gelectrode�1 at a
current density of 200 mA g�1. However, when the current density
was decreased to 100mA g�1, the initial discharge capacity increased
dramatically to z7000 mAh gelectrode�1 . In contrast, the initial
discharge capacity measured at a current density of 400 mA g�1 was
just z2100 mAh gelectrode�1 . This result shows that the capacity of the
air electrode is rather sensitive to the current density used for the
measurement. The reaction of the air electrode in the Li/air cell
(based on an organic electrolyte) on discharging may be suppressed
by the formation of solid reaction products. The reaction products
covering the surface of the electrode may increase the internal
resistance and limit the reaction kinetics of the cell because of their
low conductivity, whichmay lead to a low rate capability of the Li/air
cell.

On the basis of the above pre-test, the catalytic activity of the air
electrode containing the carbon-sphere/Co3O4 nanocomposite was
compared with those of other air electrodes. Two standard elec-
trodes were prepared for the electrochemical tests. One was pre-
pared using carbon spheres (72 wt% of the total electrode weight)
as the catalyst, and with KB carbon (18 wt%) and binder (10 wt%)
added in the same amounts as for the electrode containing the
carbon-sphere/Co3O4 nanocomposite. The other was fabricated
using simple mixing of commercial nanosized Co3O4 powder, KB
carbon, and binder. The Co3O4/carbon/binder ratio was adjusted to
21:69:10 because that was the ratio in the electrode containing the
es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153



Fig. 4. (a) XRD patterns of carbon spheres, Co3O4 commercial powder, and carbon-
sphere/Co3O4 nanocomposite; (b) XPS spectra of carbon spheres, Co3O4 commercial
powder, and carbon-sphere/Co3O4 nanocomposite.

Fig. 5. Thermogravimetric (TG) analysis of the carbon sphere and carbon-sphere/
Co3O4 nanocomposite.

Fig. 6. Initial capacity of the air electrode containing carbon-sphere/Co3O4 nano-
composite measured at a variety of (a) loading weights of electrode materials, and (b)
current densities used for the test.
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carbon-sphere/Co3O4 nanocomposite. The current density was
fixed to 200 mA g�1 for this test. Considering that 200 mA g�1 is
approximately a 1.5e1.6C rate of the cathode containing LiCoO2 in
lithium-ion cells, it is a reasonable value to use for the investigation
of the commercially available capacity of the air electrode.

Fig. 7 compares the initial discharge/charge profiles of the three
different electrodes, measured in the voltage range 4.35e2.35 V
(loading weight ¼ 1.3 � 0.1 mg cm�2). It is noticeable that the
electrode containing the carbon-sphere/Co3O4 nanocomposite had
a somewhat higher discharge voltage than the other electrodes.
Moreover, the charge voltage of the electrode containing the
composite was significantly lower than those of the other elec-
trodes. This indicates that the carbon-sphere/Co3O4 nanocomposite
effectively reduced the overpotential (defined as the deviation
from the standard potential) of the test cell. The standard potential
of the Li/air cell can be calculated from the free energy of each
half-cell reaction. However, in practice, the reaction kinetics are
suppressed by several limiting factors [25]. On discharging, the
Please cite this article in press as: C.S. Park, et al., Journal of Power Sourc
formation of reaction products such as Li2O2 may increase the in-
ternal resistance, reduce the reaction kinetics, and require extra
energy. So the discharge potential deviates in the negative direction
from the standard potential (negative overpotential). On charging,
extra energy is required for the decomposition of the reaction
products to oxygen and lithium ions, which leads to a positive
deviation of the real potential from the standard potential (positive
overpotential). In particular, the overpotential on charging is
es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153



Fig. 7. Initial discharge/charge profiles of the air electrodes containing plain carbon
spheres, commercial Co3O4 nanopowder, and the carbon-sphere/Co3O4 nano-
composite. The voltage range was 4.35e2.35 V and the current density was
200 mA g�1 (Top of the figure presents the difference between initial discharge ca-
pacity and charge capacity as %).

Fig. 8. Discharge/charge profiles of the three different electrodes for initial three cy-
cles: (a) electrode containing plain carbon spheres as a catalyst; (b) electrode con-
taining commercial Co3O4 nanopowder as a catalyst; (c) electrode containing carbon-
sphere/Co3O4 nanocomposite as a catalyst (The voltage range was 4.35e2.35 V and the
current density was 200 mA g�1).
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higher than that on discharging because a lot of extra energy is
required for the decomposition of the solid reaction products. The
reduced overpotential of the electrode containing the carbon-
sphere/Co3O4 nanocomposite, as shown in Fig. 7, demonstrates the
superior catalytic activity of the composite in the charging and
discharging processes. In other words, the carbon-sphere/Co3O4
nanocomposite is an effective catalyst for suppressing the increase
in internal resistance due to the formation of reaction products on
discharging, and for facilitating the decomposition of reaction
products to oxygen and lithium ions on charging. In particular,
considering that the reduction in overpotential was more signifi-
cant for the charging process, it is likely that the extra energy
required to drive the decomposition of the reaction products is
decreased by the carbon-sphere/Co3O4 nanocomposite.

In contrast, the electrodes containing carbon spheres and
commercial Co3O4 nanopowder showed higher overpotentials than
the composite electrode. The initial discharge capacity of the
electrode containing carbon spheres reachedz4200 mAh gelectrode�1 .
This large discharge capacity is attributed to the fact that the carbon
spheres are lighter than the Co3O4 catalyst. However, the over-
potential of this electrode was much higher than that of the com-
posite electrode. Moreover, 87% of the initial discharge capacity was
lost on charging, so the initial charge capacity was just 13% of the
initial discharge capacity, as shown at the top of Fig. 7. Considering
that the capacity difference between the initial discharge and
charge was just 11% for the composite electrode, it is demonstrated
that the carbon spheres themselves do not exhibit good catalytic
activity for the decomposition of the reaction products. The elec-
trode containing the commercial Co3O4 nanopowder also showed a
somewhat lower discharge capacity and higher overpotential on
initial cycling than the composite electrode, with 66% of the initial
discharge capacity lost on initial charging. This electrode was
fabricated by simply mixing the Co3O4 nanopowder and carbon.
The nanosized catalysts (Co3O4) may not be dispersed perfectly,
and may be considerably aggregated in the electrode, which may
limit the exhibition of their full catalytic activity. On the other hand,
with the carbon-sphere/Co3O4 nanocomposite, the homogeneously
dispersed Co3O4 nanoparticles on the surface of the carbon spheres
may offer enough catalytic active sites for the formation and
decomposition of reaction products. Moreover, the low electronic
Please cite this article in press as: C.S. Park, et al., Journal of Power Sourc
conductivity of the Co3O4 catalyst could be improved by the carbon
composition, allowing the complete catalytic nature of the Co3O4
nanoparticles to be revealed.

Fig. 8 shows the discharge/charge profiles of the three different
electrodes (loading weight ¼ 1.3 � 0.1 mg cm�2) in the initial three
cycles. As shown in Fig. 8a, the electrode containing the carbon
spheres showed a significantly low reversibility, despite its high
initial capacity. The capacity dropped almost to zero from the
second charging process. The electrode containing the commercial
Co3O4 nanopowder showed a somewhat enhanced reversibility
(Fig. 8b). The reversibility of the electrode was clearly improved
with use of the carbon-sphere/Co3O4 nanocomposite as a catalyst
for the air electrode (Fig. 8c). However, only z25% of the initial
discharge capacity remained after three cycles. This rapid capacity
fading implies that the reaction products such as Li2O2 are not
perfectly decomposed on charging, and remain on the surface of
the electrode. According to previous reports, the charge voltage
generally used for cell tests is not sufficient to decompose the re-
action products formed after a large depth of discharge [13,25,26].
The cycling test shown in Fig. 8 was attempted with an upper cut-
off voltage of 4.35 V to prevent unwanted reactions such as the
decomposition of the electrolyte in the high-voltage range.
es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153
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However, this upper cut-off voltage (4.35 V) is not sufficient for the
full decomposition of the reaction products formed on discharging.
Moreover, the deep depth of discharge is one of the triggers to
deteriorate the air electrode, and the agglomeration of catalyst it-
self during cycling could be one possibility of the decrease of the
catalytic activity of the electrode.

As an approach to avoid a large depth of discharge and obtain an
improved cyclic performance of the air cell, the discharge capacity
of the electrodes was limited to 1000 mAh gelectrode�1 (discharge
voltage was also limited to 2.0 V). In addition, on charging, after the
voltage reached the upper cut-off voltage (4.35 V), the voltage was
held at 4.35 V until the current density reached 2 mA g�1, which is
1/100 of the current density (200 mA g�1), in order to provide
enough energy for the decomposition of the reaction products.
Fig. 9 shows the discharge/charge profiles of the electrodes
measured under the new cycling conditions. The cyclic perfor-
mances of the electrodes seem to be much improved by the limi-
tation of the discharge capacity and the greater current supply at
the fixed voltage. The electrode containing the carbon-sphere/
Co3O4 nanocomposite showed a stable discharge profile up to the
Fig. 9. Discharge/charge profiles of the air electrodes measured under limited capacity
(1000 mAh gelectrode�1 ) and with the supply of more current at a fixed charge voltage
(4.35 V): (a) electrode containing plain carbon spheres as a catalyst; (b) electrode
containing commercial Co3O4 nanopowder as a catalyst; (c) electrode containing car-
bon-sphere/Co3O4 nanocomposite as a catalyst.

Please cite this article in press as: C.S. Park, et al., Journal of Power Sourc
19th cycle (Fig. 9c). However, the average charge voltage gradually
increased during cycling, which implies an increase in the internal
resistance. The discharge profile of the electrode was shifted
considerably to a lower voltage, showing the increase in over-
potential on cycling. The gradual increase in overpotential and
limited cyclic performance indicates that the reaction products
were still not fully decomposed under the new test conditions. It is
known that the homogeneous formation of Li2O2 on discharging
and its full decomposition on charging are ideal for a Li/air cell with
a good cyclic performance. Some studies have suggested that
several reaction products such as C3H6(OCO2Li)2, Li2CO3, HCO2Li,
and CH3CO2Li can be formed from the decomposition of carbonate-
based electrolytes [13,22,23,27]. These reaction products are not
fully dissociated on charging, which lead to a decrease in capacity
in successive cycles when using carbonate-based electrolytes. On
the other hand, with the TEGDME-based electrolyte used in this
work, it has been confirmed that Li2O2 is formed and decomposed
successfully in the initial cycle [22e24]. However, it has also been
reported recently that unwanted side reactions still occur on
cycling. In particular, Li2CO3 can be formed through a side reaction
at the carbon/Li2O2 interface after several cycles [28]. The gradual
degradation of the electrode containing the composite may be
associated with these kinds of side reactions. Previous reports also
showed limited cyclic performances over 20 cycles, similarly to that
demonstrated in our work [29,30].

The electrodes containing carbon spheres and commercial
Co3O4 nanopowder showed inferior cyclic performances compared
with the electrode containing the composite, as shown in Fig. 9a
and b. However, it is interesting that the electrode containing the
plain carbon spheres showed a relatively stable cycle life. The
overpotential of the electrode on charging seemed to be higher
than those of the other electrodes containing Co3O4. However, the
supply of more current at a fixed voltage (4.3 V) may be effective for
the decomposition reaction and the improvement of the cyclic
performance of the carbon-sphere electrode. Fig. 10 shows the
cyclic performances of the electrodes under limited capacity
(1000 mAh gelectrode�1 ) and with the supply of more current at a fixed
charge voltage (4.35 V). The electrodes retain their set-up discharge
capacity (1000 mAh gelectrode�1 ) for 19 cycles (composite electrode),
13 cycles (carbon-sphere electrode), and 7 cycles (commercial
Co3O4 mixture electrode). The superior cyclic performance of the
Fig. 10. Cyclic performance of the air electrodes measured under limited capacity
(1000 mAh gelectrode�1 ) and with the supply of more current at a fixed charge voltage
(4.35 V).

es (2013), http://dx.doi.org/10.1016/j.jpowsour.2013.03.153
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composite electrode shows that the improved catalytic activity of
the composite also enhances the cyclic performance of the air
electrode for the Li/air cell. After discharge process, there may exist
the following interfaces; i) reaction products/Co3O4/carbon inter-
face and ii) reaction products/carbon interface in the air electrode.
It is easily expected that the reaction products/Co3O4/carbon
interface is more effective to dissociate reaction products such as
Li2O2 than the reaction products/carbon interface. The carbon-
sphere/Co3O4 nanocomposite may have much wider reaction
products/Co3O4/carbon interface, which may facilitate the dissoci-
ation of the reaction products and lead to enhanced cyclic
performance.

4. Conclusions

A carbon-sphere/Co3O4 nanocomposite was fabricated suc-
cessfully for use in the air electrodes of Li/air batteries. Carbon
spheres (200e300 nm) were dotted homogeneously with z10 nm
Co3O4 nanoparticles. The SEM-EDS and XRD patterns confirmed the
formation of a Co3O4 crystalline phase with a spinel structure. The
air electrode containing the carbon-sphere/Co3O4 nanocomposite
exhibited a higher capacity and lower overpotential during the
discharge/charge process than those containing plain carbon
spheres or commercial Co3O4 nanopowder. These findings indicate
that the carbon-sphere/Co3O4 nanocomposite is a good catalyst for
an air electrode with a large catalytic active area. Moreover, the
stable contact between the Co3O4 and the carbon spheres may
compensate for the low electronic conductivity of Co3O4, which
may facilitate the achievement of the sufficient catalytic activity of
the oxide catalyst.
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