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a  b  s  t  r  a  c  t

Mesoporous  Cr2O3 with  a high  specific  surface  area  of 162  m2 g−1 is prepared  by the  solution  combustion
method. The  mesoporous  Cr2O3 has  a sheet  structure,  which  consists  of nanoparticles  with  an  average
size  of  20 nm.  As  an  anode  electrode  material  for rechargeable  lithium-ion  batteries,  the  mesoporous
Cr2O3 nanoparticles  display  enhanced  electrochemical  performance.  Stable  and  reversible  capacity  of
vailable online 11 July 2014
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480 mA  h  g−1 after  55 cycles  is demonstrated.  The  enhanced  electrochemical  performance  of  the  Cr2O3

can  be  attributed  to  the  high  surface  area  and  morphological  characteristics  of  mesoporous  materials.
© 2014  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Tremendous efforts are devoted to develop renewable energy
ources to address multiple economic issues related to the expo-
ential growth in global energy, consumption, rapid depletion
f fossil fuels, increasing greenhouse gas emissions, and upward
pike in the crude-oil and gasoline prices [1]. Lithium-ion batteries
LIBs), with high energy and power density are in great demand
s energy sources for multiple applications, including hybrid elec-
ric vehicles and clean energy storage [2–5], which accelerates
he search for new electrode materials with higher capacity and
ate capabilities. Currently, graphite-based anodes are used in
ost commercially available rechargeable lithium-ion batteries,
hich can only provide a theoretical maximum capacity of about

72 mA  h g−1. Due to the low theoretical capacity, graphite elec-
rodes can only supply relatively low energy storage ability, thus
hey cannot meet the increasing power demands. A new family
f high energy anode materials beyond those based on lithium
lloying/de-alloying, such as Sn, Si and several transition metal

xides, have been reported [6–13]. The lithium storage mechanism
s the “conversion reaction”, in which transition metal oxides, fluo-
ides, oxyfluorides, sulfides, and nitrides react with lithium, leading

∗ Corresponding author. Tel.: +86 10 82377286; fax: +86 10 62334311.
E-mail address: qinml@mater.ustb.edu.cn (M.  Qin).

ttp://dx.doi.org/10.1016/j.electacta.2014.06.160
013-4686/© 2014 Elsevier Ltd. All rights reserved.
to reversible in situ formation and decomposition of LiyX (where X
is O, S, F, or N), accompanying the reduction and oxidation of metal
nanoparticles [14]. The reaction gives rise to high reversible capac-
ity, ranging from 400 to 1100 mA  h g−1 between 0.001 V and 3.0 V
vs. Li/Li+ [15–18].

Among various transition metal oxides that are prospective
anodes for LIBs, Cr2O3 has been suggested as a promising candidate
for anode electrode materials of the Li-ion battery due to its high
theoretical specific lithium storage capacity (1058 mA  h g−1), rela-
tively low lithium insertion potential among metal oxides (MOx)
and low cost [19–23]. However, the application of Cr2O3 is accom-
panied with a sharp capacity fade, which is considered to be caused
by the huge volume variation, pulverization, electrical contact loss
and formation of unstable solid electrolyte interphase (SEI) during
the lithium ion insertion/extraction process. Mesoporous struc-
ture of Cr2O3 is expected to solve these problems. The mesoporous
Cr2O3 materials have lots of advantages in the application of lithium
batteries [24]. For example, the large surface area generated by
mespores offers more active sites for the reactions (electronic and
ionic transport). The small grain size of mesoporous materials
allows fast completion of the lithium ion insertion/extraction to
the small crystalline walls, thus improving the high-rate perfor-

mance of lithium battery anodes due to a shorter diffusion length
for lithium ion and electronic transport in nanoparticles.

Some methods have been reported for the preparation of meso-
porous Cr2O3 materials, such as vacuum assisted impregnation and

dx.doi.org/10.1016/j.electacta.2014.06.160
http://www.sciencedirect.com/science/journal/00134686
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anocasting [24–26]. These methods rely on tedious processing
r surfactants as templates for the synthesis of nanostructures.
ence, it is of significant interest to develop a facile, surfactant-free
ethod to prepare mesoporous Cr2O3 nanocrystalline structure
ith high specific surface area. Solution combustion synthesis is

 well known method for the preparation of nanocrystalline oxides
27–30]. This method has been regarded as one of the effective and
conomic methods due to its convenient processing, simple experi-
ental setup, significant time saving and high purity products [31].

he method can prepare nanocrystalline products with high spe-
ific surface area due to a large volume of gases liberated during the
ombustion reaction [32]. In this work, we report the solution com-
ustion synthesis method for the synthesis of mesoporous Cr2O3
ith a high specific surface area directly from the reaction of metal
itrates-glycine. The as-prepared mesoporous Cr2O3 with high spe-
ific surface area exhibits excellent performance for lithium ion
atteries.

. Experimental

.1. Synthesis

Cr2O3 nanoparticles were prepared by solution-combustion
ynthesis using chromium nitrate [Cr(NO3)3·9H2O] as the oxi-
ant and glycine [NH2CH2COOH] as the fuel. Analytical reagent
rade chemicals were purchased commercially. As a typical sam-
le preparation procedure, Cr(NO3)3·9H2O and NH2CH2COOH were
issolved in 150 mL  deionized water under stirring to obtain a
edox mixture. The mixture was filled in a 500 mL  glass, and was
eated in air on an electrical furnace whose temperature could be
ontrolled. In this work, the temperature is controlled at 300◦C. As
eating continued, the solution evaporated and formed a gelati-
ous mass. It took about 5 minutes to form gelatinous mass. Upon

urther heating, the resultant mass swelled suddenly accompanied
y the release of a lot of gases. The whole process of gel swelling
nd combustion appeared to undergo a self-propagating and non-
xplosive exothermic reaction, which took only several minutes,
esulting in a fragile and foamy products.

.2. Characterization and electrochemical measurements

The products were analyzed by X-ray diffractometer using
u-K� radiation (�=0.1542 nm,  Rigaku D/max-RB12). The mor-
hology and particle size of products were observed by scanning
lectron microscopy (SEM, JSM-5600) and transmission electron
icroscopy (TEM, Tecnai G2 F30 S-TWIN). The specific surface

rea (SSA) was determined by the Brunauer-Emmett-Teller (BET)
ethod using an automated surface area and pore size analyzer

QUADRASORB SI-MP, Quantachrome Instruments, Boynton Beach,
L).

Electrochemical measurements were performed in the CR2023-
ype coin cells. The Cr2O3 anode electrode (working electrode) was
abricated by mixing the active materials with acetylene black (AB)
nd a binder, poly(vinylidene fluoride) (PVDF), at weight ratios
f 40:40:20. The mixture was dispersed in the NMP  solvent to
orm slurry and uniformly pasted on the Cu foil with a blade.
hese prepared electrode sheets were dried at 120 ◦C in a vac-
um oven for 12 h and pressed under a pressure of 200 kg m−2.
he CR2032-type coin cells were assembled in a glove box for elec-
rochemical characterization. A non-aqueous solution of 1 M LiPF6
n a 1:1 ethylene carbonate (EC) and dimethyl carbonate (DMC)
as used as electrolyte. Li metal disk was used as the counter
lectrode for electrochemical testing. The cells were galvanostat-
cally charged and discharged in a current density range of 0.1 C

ithin the voltage range of 0.01–3 V. For the high rate testing, the
Fig. 1. The XRD patterns of the products obtained by the solution combustion syn-
thesis with different ratio of glycine to chromium nitrate.

charge/discharge current gradually increased from 0.1 C to 0.2, 0.5,
1, 2, 5 and 10 C, and then decreased to 1 C and 0.1 C, step by step.
Cyclic voltammetry (CV) curves were collected using an electro-
chemistry workstation (CHI618D) at 0.5 mV s−1 in the 0.0-3.0 V
range.

3. Results and discussion

3.1. Morphology and structure of Cr2O3 nanopaticles

In solution combustion synthesis, the fuel to oxidizer ratio has
been previously shown to alter the combustion behavior [33], oxi-
dation state [34,35], morphology and grain size of the products
[36,37]. In this work, glycine is used as a fuel. It not only reacts with
oxidizer to form a combustion, but also acts as complexing agents
reacting with chromium cations, preventing selective precipitation
at the heating stage [38]. Therefore, the effect of glycine fuel to
chromium nitrate oxidizer ratio (G/C) on the formation of products
is investigated in details. Fig. 1 shows the X-ray diffraction (XRD)
patterns of the products at different G/C ratios. It is evident that no
obvious Bragg diffraction peaks have been detected in the product
with G/C = 1, indicating that the product is amorphous. For other
products, except for G/C = 1, the obvious diffraction peaks identi-
fied for the planes of the Cr2O3 crystalline structure can be clearly
detected. In solution combustion synthesis, the chemical energy
released from the redox exothermic reaction transforms the metal
ions to the corresponding metal oxide, and the fuel to oxidizer ratio
has an effect on the energy and the oxidation state [39]. For the
combustion reaction system in this work, the G/C of 5/3 is stoichio-
metric, which is predicted by the propellant chemistry criterion.
When the G/C is equal to 1, it is a fuel-lean condition. The amount
of fuel (glycine) is not enough, and the energy generated during
the combustion reaction is not sufficient for the crystallization of
Cr2O3. If the G/C exceeds 5/3, it is a fuel-rich condition. The energy
generated during combustion reactions of stoichiometric and fuel-
rich mixtures is sufficient for the crystallization of Cr2O3, and the
Cr2O3 crystal can be easily obtained directly from the reaction of
metal nitrates-glycine without further heating or calcined treat-
ment. The crystalline sizes from the XRD were estimated by the
Scherrer’s formula, and the results were shown in Table 1.

Fig. 2 shows SEM images of the products at different amounts of
glycine. As the amount of glycine increases, the morphology of the
as prepared products changes from flocculent to the sheet struc-
ture. When the glycine-to-chromium nitrate ratio (G/C) is 1 or 5/3,

the products are composed of the flocculent structure (Fig. 2a and
b). When the G/C is 3, the product is composed of the flocculent
and sheet structure (Fig. 2c). As the G/C is increased to 4 and 5, the
products are composed of the sheet structure (Fig. 2d and Fig. 2e).
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Table 1
Experimental details on samples obtained at different G/C.

G/C Surface area (m2 g−1) type of hysteresis and isotherm pore diameter (nm) pore volume (cc/g) crystallite size by XRD (nm)

1 20 IV 20.3 0.099 -
5/3  26 IV 23.1 0.145 41.0
3  30 IV 25.7 0.190 31.6
4  162 IV 4.4 0.178 19.8

6.3 
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m
f
m
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d
t
r
a
o

F

5  140 IV 

itrogen adsorption/desorption isotherms are measured to deter-
ine the specific surface area of the products. As the G/C increased

rom 1, 5/3, 3, 4 to 5, the SSA of the products are 20 m2 g−1, 26
2 g−1, 30 m2 g−1, 162 m2 g−1 and 140 m2 g−1, determined by the

ET method. However, some researchers have reported that the
ifferent amount of fuel could affect the SSA and morphology due

o the different amount of gases generated during the reaction,
einforcing the dispersant effect on the product particles [40]. In
ddition, as shown in Table 1, the SSA increases with the decrease
f the crystalline size. The comprehension about the great change

ig. 2. SEM images of the products obtained by the solution combustion synthesis with di
0.166 30.0

for the high SSA of the products from the G/C =3 and G/C = 4 is still
under investigation.

The nitrogen adsorption–desorption isotherms of all products
show type IV characteristics with H2 type of hysteresis. The type
of hysteresis and isotherm, porous volume and pore size of the
products at different G/C are shown in Table 1. The nitrogen

adsorption–desorption isotherm for the product with G/C = 4, is
presented in Fig. 3. The physisorption measurement is essen-
tially type-IV isotherm with H2-type hysteresis loops associated
with the capillary and wormhole-like pores [41]. Such hysteresis

fferent amount of glycine: (a) G/C = 1. (b) G/C = 5/3. (c) G/C = 3. (d) G/C = 4. (e) G/C = 5.
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ig. 3. Nitrogen adsorption/desorption isotherms of the product with G/C =4.

ypically indicates the presence of mesopores, according to IUPAC
42]. A large hysteresis loop between the adsorption and desorp-
ion isotherms over a P/P0 range of 0.13–0.98 is the characteristic of
ighly porous materials, which confirmed the formation of meso-
ores in the sheet structures. The average pore diameter deduced
y adsorption–desorption isotherm is 4.4 nm.

The magnified TEM image of the nanosheet for the product with
/C = 4 is presented in Fig. 4a, which indicates that the sheet struc-

ure consists of nanoparticles with a diameter of ∼20 nm and the
r2O3 has a porous structure. The particle size is in good agree-
ent with the size obtained by Scherrer formula. From the HRTEM

mage in Fig. 4b, the fringe of the particle in a Cr2O3 corresponds
o an interplanar distance of 0.2479 nm.  This agrees well with the
attice spacing of the (110) plane of Cr2O3.

.2. Electrochemical performance

Due to the high specific surface area of mesoporous Cr2O3
anopaticles, they are suitable as the LIBs anode materials. The
lectrochemical properties of the products with G/C = 4 as anode
aterials for LIBs are investigated. The cyclic voltammetry (CV)

rofiles of the mesoporous Cr2O3 nanopaticles for the initial four
ycles are shown in Fig. 5. In the first negative scan of the sam-
le in Fig. 5, one small peak at 0.7 V as well as an obvious peak
t 0.01 V are observed. The cathodic peak at 0.7 V is assigned to
he irreversible reductive decomposition of the electrolyte form-
ng the SEI layer. This peak decreases in intensity in the 2nd cycle,

nd completely disappears after the 3rd cycle. This result suggests
hat the SEI layer is unstable due to the volume change of Cr2O3 in
he first conversion/deconversion cycle, but stabilizes afterwards.
he peak at 0.01 V corresponds to the conversion reaction of Cr2O3

Fig. 4. Characterization of the product with G/
Fig. 5. The first 4 cycles of cyclic voltammetry curves of mesoporous Cr2O3 nanopar-
ticles. Scanning rate is 0.5 mV s−1 in the 0.01-3 V testing range.

with Li. Meanwhile, in the anodic process, a broad peak is present
at about 1.08 V, corresponding to the reversible oxidation of Cr0 to
Cr3+ [43,44]. In the subsequent cycle, the anodic peak disappears
at the second and subsequent cycles. Additionally, peak intensi-
ties decrease, which can be attributed to the thermodynamically
impossible extraction of Li from Li2O and the decomposition of
electrolyte to form an SEI layer [45].

The charge/discharge curves of the mesoporous Cr2O3 nanopat-
icles for the first four cycles obtained at the current density of
100 mA h g−1 in the voltage window of 0.01-3.0 V (vs. Li/Li+) are
presented in Fig. 6. It can be seen that the first and second spe-
cific discharge capacity of the mesoporous Cr2O3 nanoparticles is
as high as 1676 mA  h g−1 and 1079 mA h g−1, respectively. It is larger
than the theoretical capacity of 1058 mA h g−1, which can be due to
the SEI (solid electrolyte interphase) layer forming by the decom-
posed electrolyte at low voltage and further lithium insertion via
interfacial charging at the metal/Li2O interfaces [46,47]. In addition,
there is a plateau at 0.7 V only for the initial discharge capacities. It
is assigned to the irreversible reductive decomposition of the elec-
trolyte forming the SEI layer. The overlap of the third and the fourth
discharge curves shows that the Cr2O3 sheet structure electrode is
stable during these cycles.

Furthermore, the mesoporous Cr2O3 nanoparticles also support
the cycle performance, as revealed by Fig. 7. Even after 55 cycles,
the reversible capacity of Cr2O3 is stable and still retains at 480 mA

h g−1. The cycling performance of the mesoporous Cr2O3 nanopat-
icles with varied current rates is revealed in Fig. 8. For the high
testing rate, the charge/discharge current gradually increases from
0.1 C to 0.2, 0.5, 1, 2, 5 and 10 C, then decreases to 1 C and 0.1 C, step

C = 4: (a) TEM image. (b) HRTEM image.
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Fig. 6. The first four charge/discharge curves of mesoporous Cr2O3 nanoparticles at
a  current density of 100 mA g−1, in the 0.01-3.0 V voltage range.

Fig. 7. Cycle performance of mesoporous Cr2O3 nanoparticles (at 0.1 C rate).
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y step. The capacity decreases at the 0.1 C and 0.2 steps, ascribed
o the active material undergoing minor structural rearrangement
nd making good electrical contact with the conducting carbon
articles in the composite electrode, the current-collector and the

iquid electrolyte. After 10 cycles, the capacity is stable at the same
urrent rate. A decrease in capacity value is observed at higher rates.
fter 48 cycles, the current rate is reduced from 10 C to 1 C and
.1 C, and still a reversible capacity of 684 mA  h g−1 is obtained.

his shows the good rate capability of the material.As a result,
he high surface area and morph The large surface area of Cr2O3
ffers more actives sites for the electronic and ionic transport. The

[

[
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feature of mesoporous Cr2O3 with high surface-to-volume ratio is
its nanosize crystalline walls. The lithium ions insertion/extraction
to the thinner crystal walls can complete faster and provides
enough structural stability for the electrode, culminating in its
good cycling stability. ological characteristics of mesoporous Cr2O3
enhance the transport of Li+ ions and electrons within the
composite electrode and surface incorporation of Li+ into the elec-
trochemically active particles, achieving enhanced rate capability.

4. Conclusions

In summary, this work demonstrates the successful synthesis of
mesoporous Cr2O3 with a high specific surface area of 162 m2 g−1

by the solution combustion method. The mesoporous Cr2O3 has a
sheet structure, which consists of nanoparticles with an average
size of 20 nm.  The as-prepared mesoporous Cr2O3 nanoparticles
exhibit enhanced performance for lithium ion batteries, which is
mainly due to the high surface area and morphological charac-
teristics of mesoporous materials. This study clearly indicates the
synthesis of high performance anode material by simple solution
combustion synthesis and this technique can be extended for other
transition metal oxides used in the development of high power
lithium-ion batteries.
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