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Mesoporous carbon-Cr, 03 (M-C-Cr,03) composite was prepared by co-assembly of in situ formed phe-
nolic resin, chromium precursor, and Pluronic block copolymer under acidic conditions, followed by
carbonization at 750°C under Argon. The TEM results confirmed that the Cr,O03; nanoparticles, ranging
from 10 to 20 nm, were well dispersed in the matrix of mesoporous carbon. The composite exhibited an
initial reversible capacity of 710 mAh g~ and good cycling stability, which is mainly due to the synergic
effects of carbons within the composites, i.e. confining the crystal growth of Cr,03; during the high tem-
perature treatment step and buffering the volume change of Cr, 03 during the cycling step. This composite
material is a promising anode material for lithium ion batteries.

Published by Elsevier B.V.

1. Introduction

To date, Li-ion batteries are dominant in the portable electronic
market as power sources owing to their advantages in voltage
and energy densities as compared with other battery technolo-
gies [1-3]. However, cost, safety, service life, as well as limited
energy density and power capability have limited their massive
application in electric vehicles (EVs). To further increase the energy
density of lithium ion batteries, many high capacity electrode mate-
rials have been explored [1-3]. As a distinctive family, transition
metal oxides, such as Co304 [4,5], MnO [6], Fe304 [7] and CuO [8]
have also been explored due to their attractive capacities as high
as 700-1000 mAh g~!. Among the transition-metal oxides, Cr,03
has been considered as a promising anode material for lithium ion
batteries because of its high theoretical capacity of 1058 mAhg~!
and relatively low emf value of 1.085V [9]. However, as com-
monly observed on other transition metal oxides [7,10], bulk Cr,03
materials usually suffer from poor cycling stability due to signif-
icant volume change and aggregation of the pulverized and/or
nanosized particles, and thus hinder their practical applications in
lithium ion batteries. It has been reported that using a nanostruc-
tured approach or synthesizing active materials with mesoporous
structures could effectively improve the cycling stability of Cr,03
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based lithium ion batteries [10-12]. For example, Tarascon et al.
[11,12] synthesized mesoporous Cr,03 as anode for lithium ion
batteries, which exhibited better cycling performance than that of
bulk Cr,0s3. Unfortunately, the capacity based on Cr,03 was only
300-400 mAh g~1, which is much lower than the theoretical capac-
ity of Cr,03.

An alternative strategy to increase the capacity and improve
cycling performance of Cr,03 is to form a composite with another
material, which can restrain the volume change of Cr,03 dur-
ing cycling. Carbon has been routinely used for this purpose to
form composite with active materials displaying large volumet-
ric changes during cycling such as Si [13] and Sn [14,15], and as
a result, the composites all exhibited better electrochemical per-
formance than those of the pristine materials. However, the carbon
materials used in the above cases could not well buffer the volume
change because of their nonporous nature. To well accommodate
the volume change, mesoporous carbon would be a better choice.
Recently, we have demonstrated that mesoporous carbons could
easily be synthesized via a soft-template approach, which exhib-
ited not only a high lithium storage capacity of 1000 mAhg~! but
also good rate capabilities [16]. Another advantage of using meso-
porous carbon s that its capacity and electrochemical activity range
are similar to those of Cr,03 and therefore the capacity of the com-
posite will not be compromised. Here, we report an in situ synthesis
of composite anode material consisting of mesoporous carbon and
Cr,03 (M-C-Cr,03) using a soft-template approach, which shows
high capacity and excellent cycling stability.
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2. Experimental

M-C-Cr,03 was prepared by carbonization of a polymeric com-
posite, which was obtained by self-assembly of in situ formed
phenolic resin and Pluronic block copolymer under an acidic con-
dition [17-20]. Briefly, 2.2 g of resorcinol (CgHgO>, Sigma-Aldrich)
and 2.2 g of F127 (EO19gP070EO10g, Aldrich) were dissolved in a
mixed solution of 9ml EtOH and 9 ml HCl (3 M). To this solution,
2.6 g of formaldehyde (37%) was then added. After stirring for about
30 min at room temperature, the polymer-rich gel phase was col-
lected after centrifugation at 8500 rpm for 6 min. The gel phase and
7.86 g chromium nitrate (Cr(NO3)3-9H- 0, Aldrich) were well mixed
in 20 ml ETOH and poured on a petri dish, dried overnight, and then
cured in an oven at 80°C for 24 h. Carbonization was carried out
under Argon atmosphere at 400°C for 2 h with a heating rate of
1°Cmin~!, followed by treatment at 750°C for 6 h with a heating
rate of 5°Cmin~!. For comparison, Cr,03 was prepared by sinter-
ing chromium nitrate (Cr(NOs3)3-9H,0) under the same condition
as that for M-C-Cr,0s. In addition, mesoporous carbon was also
prepared under the same condition, and labeled as MC-750.

Nitrogen adsorption isotherms were measured at —196 °C using
TriStar 3000 volumetric adsorption analyzer manufactured by
Micromeritics Instrument Corp. (Norcross, GA). Before adsorption
measurements the carbon powders were degassed in flowing nitro-
gen for 1-2h at 200°C. The specific surface area of the samples
was calculated using the Brunauer-Emmett-Teller (BET) method
within the relative pressure range of 0.05-0.20. TEM and EELS anal-
ysis were carried out on a FEI Titan 60/300 (S)TEM microscope
equipped with a Gatan Image Filter (GIF) Quantum. The electrodes
were rinsed with dimethyl carbonate (DMC) in an argon-filled glove
box and dried in a vacuum chamber. Afterwards, they were dis-
persed on lacey carbon grids and loaded on a TEM vacuum transfer
holder in a glove box to eliminate air-exposure. Each EELS spec-
trum was acquired from a “fresh” area under 300 kV without pre-
e-beam exposure. The energy shift of each core-loss spectrum was
carefully calibrated by using a corresponding zero loss peak (ZLP)
which was acquired simultaneously using Gatanduol-EELS system.

Wide-angle X-ray diffraction (WAXS) patterns were recorded
on a Siemens D5005 diffractometer operating at 40 kV and 40 mA.
The thermal gravimetric analysis (TGA) profile was recorded on
a TGA thermogravimetric analyser (TA Instruments, Inc.) under
air environment. Electrochemical experiments were carried out by
using coin cells. The working electrode was prepared by mixing
M-C-Cr,03, carbon black and poly(vinylidenedifluoride), PVDF, at
a weight ratio of 80:10:10. The slurry was casted on Cu foil and
dried under an infrared lamp to remove the solvent, followed by
drying in a vacuum oven at 100°C for 12 h. The loading of active
materials is between 1.0 and 2.0 mg cm—2. Celgard 2320 was used
as separator and lithium foil was used as both counter and refer-
ence electrode. The electrolyte consisted of a solution of 1 M LiPFg
in ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl car-
bonate (DEC) (1:1:1 by volume). The carbonates and LiPFg were all
obtained from Novolyte Corporation. The cells were assembled in
an argon-filled glove box with moisture and oxygen level below
0.5 ppm. Galvanostatic discharge—charge experiments were tested
in the voltage range of 0.005-3.0 V on an Arbin battery test system.

3. Results and discussion

So far, most of reported mesoporous materials were prepared
by inverse replicas of ordered mesoporous silica templates (hard-
templating method) [21,22], which required tedious steps such
as synthesis of the silica templates, impregnation of the silica
pores with a precursor and the use of toxic chemicals such as
hydrofluoric acid (HF) or sodium hydroxide (NaOH) to etch the

silica templates after sintering. As a contrast, the mesoporous com-
posite M-C-Cr,03 was prepared by soft template approach via
self-assembly of in situ formed phenolic resin and Pluronic block
copolymer under acidic condition [18,19]. Both Cr precursor and
copolymer template can be well dispersed in EtOH to form a homo-
geneous gel. After sintering at 750 °C under Ar atmosphere, the Cr
precursor was decomposed in situ to form M-C-Cr, 0.

Fig. 1a displays the WAXS patterns of the synthesized M-
C-Cr,03 and Cr,03 samples. All recorded peaks can be ascribed
to those of Cr,03 (JCPDS: 06-0504) and no Cr or other chromium
oxides peaks were detected, suggesting that pure Cr,O3 was
obtained even after high-temperature treatment in the presence of
carbon. In order to confirm the content of carbon in the M-C-Cr,03
composite, thermal gravimetric analysis (TGA) under air environ-
ment was used. As shown in Fig. 1b that the M-C-Cr,03 composite
contains 42% carbon and 58% Cr,0s.

The N, adsorption-desorption isotherms and corresponding
pore size distribution curves for M-C-Cr, 03 are shownin Fig. 1cand
d, respectively. M-C-Cr, 03 sample exhibits a typical type IV nitro-
gen adsorption/desorption isotherm with a pronounced uptake in
the relative pressure range (P/Py) of 0.4-0.7, indicating uniform
mesoporous structure. The pore width in the PSD curves (Fig. 1d)
is about 4.5 nm and the BET surface area is 505m2 g~1.

Fig. 2 shows the typical TEM images of M-C-Cr,03 and Cr,0s3.
Different from previous reports of ordered structure [17-20], the
M-C-Cr,03 sample shows disordered mesoporous structure, which
might be due to the high Cr,03 content in the composite (58 wt%).
The dark spots in the low magnification images (Fig. 2a and b)
are Cr,03 nanoparticles, which are homogeneously dispersed in
the carbon matrix. The crystal Cr,03 nanoparticles within the
M-C-Cr,03 composite, ranging from 10 to 20 nm, can be easily
observed in the high magnification image (Fig. 2c). As a comparison,
the particle size of Cr,03 shown in Fig. 2d is not homogeneous with
diameter ranging from tens to hundreds nanometer. The smaller
and homogeneous particle in M-C-Cr,03 indicates that the car-
bon within the composite effectively suppressed the Cr,03 particle
growth and agglomeration during the high temperature treatment.

Fig. 3a shows the CV curves for the M-C-Cr,03 electrode at a
scan rate of 0.1mVs~! in the voltage range of 0.0-3.0V. In the
cathodic scan there is a pronounced reduction peak between 0.85
and 0.13V. The reduction peak is the result of the electrolyte
decomposition and concomitant solid electrolyte interphase (SEI)
formation, which is mainly observed during the first cycle and
almost disappeared in the following cycles. In the anodic scan one
broad oxidation peakis observed between 0.6 and 1.6 V. No obvious
oxidation peak for Cr is observed, which could be ascribed to the
nanoparticle size and/or the amorphous natures of the production
after conversion reactions of the transition-metal oxides [11,12].

The lithium storage property of the M-C-Cr, 03 sample was eval-
uated by galvanostatic discharge-charge tests at a current density
of 50mA g~!. For comparison, Cr,03 and MC-750 were also evalu-
ated under the same condition. The discharge (Li uptake)/charge
(Li removal) profiles for the M-C-Cr,03 electrode are shown in
Fig. 3b. The reversible capacity based on the total weight of M-
C-Cr,03 composite is 710 mAh g1, which is more than two times
the reversible capacity of commercial graphite (350mAhg=1).
The reversible capacity of mesoprous carbon MC-750, as shown
in Fig. 3¢, is 700mAhg-!. Therefore, the calculated reversible
capacity of Cr,O; within the composite is only 717 mAhg-!
((710—700 x 0.42)/0.58). This capacity is much lower than the the-
oretical capacity of Cr,03 (1058 mAh g~1), which might be directly
related to the fact, as suggested by Tarascon et al. [11,12], that
during the charge process chromium monoxide (CrO) rather than
Cr,03 was formed. To verify this, the cell charged to 3V after ini-
tial discharge to 0V was disassembled inside the glove box and
the electrode was washed with dry dimethyl carbonate (DMC).
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Fig. 1. WAXS (a) and TGA (b) of M-C-Cr,03; nitrogen adsorption isotherms (c) and BJH pore size distribution plots (d) for M-C-Cr,05.

After it was dried in the antechamber of the glove box, some pow-
der was scraped off the electrode for TEM/EELS study. As shown
in Fig. 3d that the Cr-L spectrum from the charged sample is
shifted toward lower energy compared to that of the pristine Cr, 03

sample, indicating that indeed Cr in the charged product has a
lower oxidation state than 3* as in Cr,0s3. Also, the drop of O-K
pre-peak (at ~529eV), which can be assigned to unoccupied oxy-
gen 2p orbitals hybridized with the chromium 3d orbitals, confirms

Fig. 2. Typical TEM images of M-C-Cr,03 (a, b, ¢) and Cr,03 (d).
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M-C-Cr,03 and M-Cg»-Cr,03 under the current density of 50mAg-1.
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that the valence states of the Cr element in the recharged sample
and that in the pristine sample are different. These spectra evi-
dence confirms that the charged product might contain significant
amount of CrO rather than pure Cr,03 [23-25]. Furthermore, the
observation that the nominal reversible capacity of 717 mAhg-!
for the Cr,03 within the composite being close to the theoretical
capacity of CrO (744 mAh g~1) also supports the above conclusions.

It is also noted, as often observed for other mesoporous materi-
als[26,27], that the initial irreversible capacity of M-C-Cr, 03 is very
large (545 mAh g~1), resulting in an initial coulombic efficiency of
55%. However, after the first few cycles, the coulombic efficiency
quickly improves above 98%. The large initial irreversible capacity
may come from two sources. One source is due to the large specific
surface area (505m2 g~1), which results in the electrolyte decom-
position and the SEI formation during the discharge process [28,29].
The other source is due to the fact that the charged product con-
tains significant amount of CrO rather than Cr,03, which results
in a lower charge capacity. In the following cycles, Cr and CrO are
cycledreversibly during the discharge and charge process, resulting
in higher coulombic efficiencies.

Fig. 3e compares the cycling performance of the cells based on
M-C-Cr,03 and Cr,03 electrodes. The Cr,03 cell capacity decays
rapidly with cycling whereas the M-C-Cr, 05 cell not only exhibits
a high reversible capacity but also excellent cycling stability. After
80 cycles the reversible capacity of the M-C-Cr, O3 cell is still as high
as639mAh g1, which is much better than that previously reported
performance of nanostructure Cr,03 or C-Cr,03 composite [30,31].
The poor performance of Cr, 03 cell, as mentioned before, is due to
the significant volume variation and the aggregation of the pul-
verized particles during repeated charge/discharge process [10].
The significantly enhanced performance of the M-C-Cr,05 cell is
attributed to the presence of carbon and its mesoporous struc-
ture. First, as shown in Fig. 2 that carbon restrains the growth of
Cr,03 during the high-temperature treatment, which results in less
volume change during discharge/charge process and improves the
cycling performance. Secondly, mesoporous carbon acts as a buffer
for volume change during the Li uptake/removal, providing enough
structural stability for the electrode and culminating in its better
cycling stability as compared with pure bulky Cr,0s3. Finally, the
carbon in the composite increases the electronic conductivity of
the composite.

It should be emphasized that the first two carbon effects within
the composite are more important than the last one in improving
the cycling performance. For the sake of improving electronic con-
ductivity 20% of carbon or even less should be enough, however, it
might not be enough to improve the cycling performance. This is
evident in the performance comparison of the composite with 20%
carbon versus that with 40% carbon. As shown in Fig. 3e that under
the same condition the capacity of the composite with 20 wt% of
carbon (M-Cg5-Cr,03) decreases quickly within the first 20 cycles,
after which it slowly decreases. Obviously, the cycling stability of
the composite with 20% carbon is much worse than that of the com-
posite with 40% carbon, even though it is much better than the bare
Cr,03 materials. The above fact indicates that 20% carbon might not
be enough inrestraining the crystal growth of Cr, O3 during the high
temperature treatment process and preventing capacity decay dur-
ing the cycling process. Nevertheless, the high capacity and good
cycling performance of M-C-Cr,03 make it a good candidate as
anode for application in lithium ion batteries.

4. Conclusion

The carbon-Cr, 03 composite was easily synthesized by anin situ
soft-template approach at 750°C. The composite exhibited much

better cell performance than the bulk Cr, 03 under the same cycling
condition. The improved performance is mainly due to the syner-
gic effects of carbons, i.e. confining the crystal growth of Cr,03
during the high temperature treatment step and buffering the
volume change of Cr,03 during the cycling step. The favorable
electrochemical properties combined with the advantages of the
soft-templating approach to prepare M-C-Cr,03 nanocomposites
make these materials good anode candidates for lithium ion bat-
teries.
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