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A novel ordered mesoporous carbon hybrid composite, CoO/CMK-3, is prepared by an infusing method
using Co(NOs3),-6H,0 as the cobalt source. The products are characterized by X-ray diffraction, trans-
mission electron microscopy and N, adsorption-desorption analysis techniques. It is observed that the
CoO nanoparticles are loaded in the channels of mesoporous carbon. The mesopore structure of CMK-3

is destroyed gradually with increasing of the CoO content. The electrochemical properties of samples
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as the anode materials for lithium-ion batteries are studied by galvanostatic method. The results show
that the CoO/CMK-3 composites have higher reversible capacities (more than 700 mAhg-') and better
cycle performance in comparison with the pure mesoporous carbon (CMK-3). Based on the above results,
a mechanism is proposed to explain the reason of such a substantial improvement of electrochemical
performance in the CoO/CMK-3 composites.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Because of the wide application in mobile communication
devices, portable electronic devices, electrical/hybrid vehicles and
miscellaneous power devices, the advanced Li-ion batteries (LIBs)
with higher energy capacity and longer cycle lifetime have great
demand world widely. Traditional highly graphitized carbon anode
materials show low Li storage capacity (<372mAhg-1) due to
LiCg formation [1]. In order to get higher capacity, many new
carbon-based materials have been investigated, especially amor-
phous carbon materials, which show enhanced storage capacities
(400-700 mAh g~') compared with those of graphite [2-5]. The
excessive storage capacity beyond theoretical value of LiCg is
thought to be caused by the additional Li-ion storage site at inner
micropore, which was formed by defect in the amorphous carbon.
However, the Li-ion storage sites are easy to collapse during the
charge/discharge process, which leads to the fast fading of specific
capacity of the amorphous carbon [6,7]. Moreover, the amorphous
carbon materials usually have large surface areas, where the solid
electrolyte interface (SEI) films form during the first discharging
process to make large irreversible capacity [8,9]. Therefore, in order
to improve the electrochemical performance, the structure and the
components of the amorphous carbon materials should be devised
and synthesized elaborately.
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Recently, ordered mesoporous carbon (CMK-3) has been consid-
ered as possible nanomaterials with high Li-ion storage capacity.
The ordered mesochannel and large surface area of CMK-3 shorten
the distance of Li-ion diffusing and its high conductivity is in
favor of transmitting the electron [10]. CMK-3 materials were also
used to functionalize other materials, improving the electrical con-
ductivity, mechanical and thermal properties [11-13]. Zhou et al.
synthesized a mesoporous carbon material by using the meso-
porous silica as hard template. The first discharge capacity of the
mesoporous carbon material was 3100 mAh g~!, about eight times
higher than the theoretical value of LiCg [14]. However, the initial
coulombic efficiency was only about 34%. Li-ion storage capacity of
almost 2000 mAh g~! was irreversible, which attributed to the for-
mation of SEI films on the large surface area. Moreover, the material
showed unsatisfactory capacity retention with cycling. Zhao et al.
loaded SnO, in the mesochannels of CMK-3 by an infusing method
[15]. Although the first cycle coulombic efficiency of this com-
posite was improved, the first discharge capacity was only about
520mAh g1, and the capacity dropped to about 249 mAh g1 after
20th cycle, only about 60% of the original capacity, compared with
the second discharge capacity, about 420 mAhg-1.

CoO is a new type anodic material of lithium-ion batter-
ies with high reversible specific capacity [16,17]. The Li-ion
insertion-extraction mechanism and electrochemical performance
of various nano-structured CoO materials have been intensively
investigated. In this paper we reported a CoO-loaded mesoporous
carbon materials, which shows higher reversible capacity, higher
coulombic efficiency, and better capacity retention compared with
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the pure CMK-3. The morphology and structure of CoO/CMK-3 com-
posites were characterized and the electrochemical performances
of the composites were investigated. On the basis of the experi-
ment results, a possible mechanism for improved electrochemical
properties of CoO/CMK-3 composites was discussed in detail.

2. Experimental
2.1. Synthesis of SBA-15 and CMK-3

According to the method reported by Zhao et al. [18], SBA-15
mesoporous silica materials were synthesized using the triblock
copolymer (Pluronic P13 EO¢PO79EO20, May = 5800) as the surfac-
tant and tetraethylorthosilicate (TEOS) as the silica source. CMK-3
was similar to the synthesis method described by Ryoo et al. [10].
In a typical synthesis, 1g of above prepared SBA-15 was added to
a solution containing 1.25 g of sucrose, 0.14 g of H,SO4 and 5 g of
H,0. The mixture was then put in a drying oven for 6 h at 373K,
and subsequently the temperature of oven was increased to 433 K,
then maintained there for another 6 h. After the present step, the
sample was treated again at 373 and 433 K using the same drying
oven after the addition of 0.8 g of sucrose, 0.09 g of H,SO4 and 5 g of
H,0. The carbonization was complemented by pyrolysis with heat-
ing to 1173 K under a nitrogen gas protection. The silica template
was removed using 5 wt% HF aqueous solutions at room tempera-
ture. CMK-3 was obtained after washing with distilled water and
drying at 353 K.

2.2. Synthesis of CoO/CMK-3

CoO/CMK-3 composites were prepared by the following steps:
0.6g CMK-3 was added in a flask-2-neck, and then the flask-2-
neck was vacuumized. 15 mL ethanol solution containing a certain
amount of Co(NOs3),-6H,0 was added into the flask. For exam-
ple, if the target product with CoO mass load of 10wt%, 0.25g
Co(NO3),-6H,0 was added. The above mixture was stirred for 1h
at room temperature under vacuum to make the CMK-3 dispersed
completely in the solution. The ethanol was vaporized slowly at
333 Kunder stirring, and the CoO/CMK-3 composites were obtained
after heating the mixture in a tube furnace at 773K for 4h under
flowing nitrogen. By these procedures we prepared five types of
CoO/CMK-3 composites with different CoO contents: 5, 10, 15, 20
and 25 wt%, respectively. The CoO contents were calculated based
on the amount of carbon and cobalt precursors. After synthesiz-
ing the CoO/CMK-3 composites, the loading CoO amount of the
samples was determined by the TG analysis. The testing data were
consistent with designed CoO content.

2.3. Characterizations

X-ray powder diffraction (XRD) patterns were obtained on the
Japan Rigakul D/max-2550 instrument operating at 40kV and
40 mA using CuK, radiation (A=0.154nm). The scanning range
20 of the wide-angle and low-angle are from 10° to 80° and
from 0.5° to 5° respectively, with a step size of 0.02°. The struc-
tural properties and morphology of CoO/CMK-3 were studied
by a JEOL 200CX, transmission electron microscopy (TEM). Nj
adsorption-desorption isotherms were recorded on a Micromerit-
ics ASAP 2020 at 77K after evacuation at 573K for 5h. Thermal
analysis was carried out on a Metter Toledo TGA/SDTA 851¢ thermal
analyzer with 8-10 mg sample for each measurement. The temper-
ature rise rate was 10 Kmin~! from room temperature to 1073 K in
the flow of air at a flow rate of 30 mImin~!.

For electrochemical measurements, the active materials were
mixed and rolled with 10 wt% polytetrafluoroethylene powder to
form a film. The obtained film was pressed onto a copper mesh,
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Fig. 1. X-ray diffraction patterns of CoO/CMK-3 composites with different CoO con-
tents: (a) wide-angle and (b) low-angle.

and dried under vacuum for 10 h at 80 °C. The electrolyte used was
1 M LiPFg dissolved in dimethyl carbonate (DMC), diethyl carbonate
(DEC) and ethylene carbonate (EC)(1:1:1 by weight). Lithium metal
was used as the counter electrode. The cell was assembled in a
glove box filled with argon gas. Each cell contained about 3.6 mg
active materials. Discharge/charge testing was carried out on Land-
CT2001A battery test system with a constant discharge/charge rate
at 100 mAg—1.

3. Results and discussion

Fig. 1 shows the wide-angle and low-angle XRD patterns of
CoO/CMK-3 composites with different CoO contents. In Fig. 1(a), the
two broad diffraction peaks (00 2) and (1 00) of the graphite struc-
ture were observed in the wide-angle XRD pattern of CMK-3, which
indicates that the CMK-3 is not highly graphitized. After loading
CoO, five diffraction peaks appear in Fig. 1(a) at 20=36.5°, 42.4°,
61.5°, 73.7°, 77.5°, respectively, which can be indexed to cubic
structure of CoO for the planesof(111),(200),(220),(311),(222)
(PDF No. 43-1004). With the increasing of CoO content, the inten-
sity of diffraction peaks increases gradually and becomes sharper,
which indicates that increasing the content of Co(NOs3),-6H,0 in
the precursors not only increases the quantity of CoO in the sam-
ple, but also leads to enlarge the diameter of CoO nanoparticles.
As can be seen in Fig. 1(b), an intense peak (1 00) and two weaker
peaks (110)and (200)are observed in the low-angle XRD patterns
of CMK-3, which associates with the 2-d hexagonal mesostructure
with P6 m space group [10]. With increasing of loading CoO amount,
the intensity of these peaks gradually decreases. The (1 00) peak of
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Fig. 2. TEM images of CoO/CMK-3 composites with different CoO contents: (A) CMK-3 without loading and loading with CoO, (B) 5wt%, (C) 10 wt%, (D) 15 wt%, (E) 20 wt%,

and (F) 25 wt%.

the CMK-3 is almost not observed in 25 wt% CoO-loaded sample,
which indicates that most of the ordered structure was destroyed
during the loading process in this heavy CoO-loaded sample. The
similar phenomenon has been observed previously [19].

Fig. 2 shows the TEM images of CoO/CMK-3 composites with
different CoO contents. The mesopore structure of CMK-3 can
be clearly observed in the TEM images. The CoO nanoparticles
uniformly dispersed inside the CMK-3 framework. With the CoO
content increasing, the size of CoO nanoparticles increases gradu-
ally. The average CoO particle sizes of various composites which are
estimated from TEM images are listed in Table 1. When the load-
ing amount is over 20 wt%, the average CoO particle size becomes
more than 10 nm, much larger than the mesopore diameter of CMK-
3 (3.7 nm). The large CoO nanoparticles may destroy the mesopore
structure of CMK-3 and decrease the ordered level of 2-D hexago-

nal mesostructure of CMK-3 framework, which is consistent with
the XRD results.

The N, adsorption-desorption isotherms of pure CMK-3 and
CoO/CMK-3 composites with different CoO contents are shown in
Fig. 3. All the samples exhibit typical type IV isotherms with a H;
hysteresis loop which are typical adsorption for mesoporous mate-
rials with 2-D hexagonal ordered structure [10]. The pronounced
capillary condensation steps confirm the mesoporous structure of
the hybrid composites. As listed in Table 1, the textural proper-
ties of the CoO/CMK-3 composites systematically decrease with
the increasing of amount of CoO, such as BET surface area (from
1168 to 825 m?2 g~ 1), pore size (from 3.63 to 2.67 nm) and pore vol-
ume (from 1.06 to 0.55cm3 g~1), which affirm CoO grown inside
the mesochannels of the CMK-3. In order to deduct the impact of
the weight of loading CoO on textural properties such as surface
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Table 1
Textural properties of CoOO/CMK-3 composites with different CoO contents.

CoO content (wt%) Sper® (m2g~1) Pore size® (nm)

Pore volume® (cm3 g—1)

Size of CoOY (nm) Absolute surface

area of CMK-3

Absolute pore
volume of CMK-3

(m>g)e (cm?g1)f
0 1168 3.63 1.06 - - -
5 1067 3.64 0.97 3.5 1123 1.03
10 1030 3.60 0.85 3.9 1144 0.96
15 1000 3.04 0.76 7.8 1176 0.92
20 922 2.86 0.66 9.3 1153 0.86
25 825 2,67 0.55 12.5 1100 0.79

2 Surface area calculated by the (Brunauer-Emmett-Teller) BET method.
b Adsorption average pore width (4 V/A by BET).

¢ Total pore volume measured at p/po = 0.96.

d The size of CoO estimated from TEM image.

¢ Absolute surface area of CMK-3 calculated as formula 1.

f Absolute pore volume of CMK-3 calculated as formula 2.

area and pore volume, the absolute surface area and the absolute
pore volume of the CMK-3 framework of each sample have been
calculated as below.

3.1. The absolute surface area of CMK-3

Compared with the surface area of CMK-3, the surface area of
CoOis so small thatit can be ignored in the calculation. The absolute
surface area of CMK-3 can be estimated as the following formula

(1):
(1 =x)Scmi-3 = Sm (1)

ScMmk-3 is the absolute surface area of CMK-3; Sy, is the measured
surface area of the sample; and x is the content of CoO.

3.2. The absolute pore volume of CMK-3

The absolute pore volume of CMK-3 is supposed to be composed
of two parts: one is the measured pore volume (empty volume) and
the other is the volume occupied by loading CoO. So the absolute
pore volume of CMK-3 is estimated as the following formula (2):

(2)

(1 =x)Vemi3 = Vim +
Pco0
Vemk-3 is the absolute pore volume of CMK-3; Vi, is the measured
pore volume; x is the content of CoO; and pcq0 is the density of CoO
(about 6.45 gcm3).
The absolute surface area and absolute pore volume of CMK-
3 are listed in the 6th and the 7th columns of Table 1. There are
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Fig. 3. N, adsorption-desorption isotherms of CoO/CMK-3 composites with differ-
ent CoO contents.

almost no variation of the absolute surface area of CMK-3 frame-
work, which may indicates the channels of CMK-3 are not blocked
by loading CoO, or else the absolute surface area of CMK-3 may
evidently decreases. However, the absolute pore volume of CMK-3
decreases with increasing the CoO content, which probably indi-
cates that mesopore structure of CMK-3 is partially destroyed by
CoO deposition. This result is consistent with the analysis from the
pore size and TEM images.

Fig. 4 presents the charge/discharge curves of the CMK-3 with
different CoO contents between 0.005 and 3.0V (vs. Li*/Li). Large
charge/discharge voltage hysteresis between the charge/discharge
processes exists and no distinct potential plateaus on the
charge/discharge curves, which are similar to other amorphous
carbon [20,21]. When the CoO content exceeds 10 wt%, there are
only inflexions on the charge/discharge curves appear at the range
from 1.4 to 1.0V and 1.9 to 2.3V after the first cycle, which cor-
respond to the discharge and charge processes of CoO [16,17].
Fig. 5 compares the charge/discharge capacities and initial coulom-
bic efficiency of all composites with different CoO contents in
the first cycle. The pure CMK-3 exhibits a discharge capacity of
1600 mAh g~! and the charge capacity of 520 mAh g~!, correspond-
ing to a coulombic efficiency of 32.5%. With the increase of CoO
content, the discharge capacity of the CoO/CMK-3 composites grad-
ually decreases to 1170 mAh g~1. But the charge capacity increases
to 710mAhg-! when CoO content gets to 15wt%, and then
decreases to 560 mAhg~! when CoO content gets to 25 wt%. The
irreversible capacity of the first cycle decreases from 1100 mAh g~!
of pure CMK-3 to 620mAhg-! of 25wt% CoO-loaded composite.
The initial coulombic efficiency intensively increases to more than
47% when CoO content exceeds 15 wt%. The irreversible capacity of
amorphous carbon materials at the first cycle is mainly attributed
to the solid electrolyte interface (SEI) formation and a part of Li-ion
inactivation after the first cycle, the degree of which is proportional
to the surface area of carbon and the irreversible storage of Li-ions
at void or cavity sites [6]. Seen from the analyses of the morphol-
ogy and structure, there are abundant mesopores in CMK-3, which
results in a large surface area about 1168 m2 g~1. That might be the
reason for the large irreversible capacity and low coulombic effi-
ciency of pure CMK-3, just as shown in Scheme 1(a). When CoO
particles are loaded in the channel of CMK-3, the surface area of
the hybrid composites obviously decrease as shown in Table 1.
That might be the major reason for continuing decrease of irre-
versible capacity of the CoO/CMK-3 composites with increasing
CoO content, and also the initial discharge capacity of the CoO/CMK-
3 composites continuously decreases with increasing CoO content.
The decrease of irreversible capacity with CoO loading induces a
notable improvement of the initial coulombic efficiency.

Fig. 6 shows the cycle performance of CoO/CMK-3 composites
with different CoO contents. For the pure CMK-3, the capacity is
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about 650 mAh g~! (corresponding to the discharge capacity of the
2nd cycle), which is much higher than the theoretical value of
graphitized carbon. However the capacity is only 350 mAh g~ after
20 cycles, just the 61% of the capacity of the 2nd cycle. As previously
reported, there are a lot of cavities and micropores in the carbon
matrix of CMK-3, and also there are many disordered carbon atoms
stacking zones, supplying excess lithium storage positions. How-
ever, the structure around these positions is not very stable because
the inner force induced from the volume variation during cycling
is prone to make the structure destroyed, which makes more and
more pores and cavities passivated and loss capacity. That might
be the reason for serious capacity decay of CMK-3 at the cycling
proceeds. When increasing the CoO content to 15 wt%, the capac-
ity of the samples gradually grows up to about 771 mAhg-!. The
15 wt% CoO-loaded composite also shows the best cycle perfor-
mance. The capacity is 709 mAh g~1 after 20 cycles, about 92% of the
discharge capacity of the 2nd cycle. CoO is a good anode material of
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Scheme 1. The first discharge process of (a) CMK-3 and (b) CoO/CMK-3 composites
with heavy loading.

Li-ion batteries and its theoretical capacity is about 715.4mAh g1
[17], which is higher than the capacity value of pure CMK-3 (about
650mAhg-1) in our experiment. So the hybrid composites with
different CoO loading contents show higher capacity than pure
CMK-3. However the theoretical capacity of the 15 wt% CoO-loaded
sample which calculates from the theoretical capacity of CoO and
the capacity of pure CMK-3 is only about 660 mAhg-1, which is
lower than its experimental value (about 771 mAhg-1). The rea-
sons for such a high capacity are not very clear now. According to
the literature [17], there may be some additional Li-ion reduced
and stored in the boundary between Co and Li;O during the dis-
charge process, which is extracted in the following charge cycle. The
intercalation-extraction of the additional Li-ion in the CoO enlarges
the capacity of CoO. Then the capacity of CoO can reach to about
1200mAhg-! [17]. Based on this capacity value, the capacity of
the 15 wt% CoO-loaded sample can be about 733 mAhg~1, which is
similar to our experimental value. This is a possible explanation for
the high capacity of 15 wt% CoO-loaded sample. Furthermore, when
the CoO content is less than 15 wt%, the CoO nanoparticles homoge-
neously disperse in the channels of CMK-3. The mesopore structure
prevents CoO from aggregating. The nano-sized CoO closely con-
tacted with carbon matrix ensures a good electrical conductivity.
The mesopore channel also provides enough space to buffer the
volume change during the Li-ion insertion and extraction reac-
tions in CoO nanoparticles. All of these factors above-mentioned
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Fig. 6. Cycling performance of CoO/CMK-3 composites with different CoO contents
at a current density of 100 mA g~ between 0.005 and 3.0V.

enhance the cyclability of CoO/CMK-3 composites. When the CoO
loading content exceeds 15 wt%, CoO nanoparticles in the meso-
pore of CMK-3 becomes very large and probably destroy the CMK-3
framework, just as shown in Scheme 1(b). With CoO particle size
increasing, the stress and volume change of CoO nanoparticles dur-
ing Li-ioninsertion and extraction reaction may resultin decreasing
the electrical conductivity between CoO nanoparticles and CMK-
3 framework. These may be the reasons for the lowering of the
capacity of CoO/CMK-3 with loading amount above 20 wt%.

4. Conclusions

In conclusion, we developed a simple and effective method
to synthesize CoO/CMK-3 composites by an infusing method, in
which CoO nanoparticles were successfully filled in the ordered
channels of CMK-3. The CoO/CMK-3 composites showed better
electrochemical performance than the pure CMK-3 including spe-
cific capacity, coulombic efficiency and cycling capability. This
substantial improvement of electrochemical performance may be
attributed to the synergistic effects in the CoO/CMK-3 compos-
ites. Loaded CoO nanoparticles reduce the surface area of the
CMK-3, which decrease the irreversible capacity and improve the
initial coulombic efficiency of the CoO/CMK-3 composites. The
homogeneously dispersed CoO nanoparticles keep good electri-
cal conductivity with CMK-3 framework. The mesopore structure
of CMK-3 is tolerant to the stress and volume change of CoO
nanopaticles during Li-ion insertion and extraction process. These
synergistic effects make the CoO/CMK-3 composites higher specific
capacity and better cycling performance.
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