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composites synthesized by reduction of a SbCl5–graphite

intercalation compound by gaseous caesium
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Abstract

Preparation of antimony-based graphite composite using a graphite intercalation compound as precursor was described. A C12SbCl5
graphite intercalation compound was reduced by caesium in the vapor phase at 70◦C. The resulting compound was composed of antimony
particles deposited on a graphite matrix. Used as negative-electrode material for lithium-ion rechargeable cells, this composite presented
not only an improved storage capacity (490 mAh g−1 between 0 and 2 V versus Li+/Li) by comparison with free graphite but also enhanced
dimensional stability of lithium–antimony alloys.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Many metals such as Al, Sn, Bi, Sb, etc., which can re-
versibly alloy with lithium have shown a renewal of interest
as potential negative-electrode materials for lithium-ion bat-
teries. Indeed, lithium storage metals have been studied long
before carbonaceous materials were chosen for the same
application[1]. Although lithium alloys present theoretical
specific charge much higher than those of the commonly
used lithiated carbon materials, their use has been hindered
by significant volume variation occurring during lithium in-
sertion and removal. The strong volume expansion leads to
mechanical stresses including a rapid decay of the mechani-
cal stability and cycle life of the electrode. This latter suffers
from crumbling and cracking which cause its fast disinte-
gration. In order to counteract the mechanical degradation,
small particle size materials and composites materials con-
taining active/inactive phases have been investigated. With
regard to a first concept, the superfine alloys use, thanks to
the small absolute changes in the particle dimensions, allows
to improve cyclic performances compared with pure metal or
alloy with large particle size. Another concept consists in the
dispersion of small particles of reactive lithium alloys with
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less active or inert phases. The more electroactive particles
can expand during the alloying into ductile surroundings of
still unreacted materials. The amorphous tin composite ox-
ide (TCO) anodes patented by Fujifilm exemplify such an
approach[2]. The high reversible capacity and the excellent
cyclability of TCO can be attributed to the presence of a Sn
nano-structured active phase as finely dispersed in a network
of Li2O, formed upon the first charge, and glass formation
promoters that hinder the aggregation of Sn particles.

Several host materials with enhanced performance have
also been proposed as alternative anode[3–5] such as inter-
metallic lithium insertion compounds, where lithium occu-
pies interstitial sites giving only a small volume expansion,
or mixed active material composites where stepwise lithium
insertion mode into the different active phases buffers the
host volume expansion. A successful example is the SnSbx

compound[3].
Processes have been developed to incorporate metal par-

ticles in a conductive matrix capable of reversible inser-
tion/removal of lithium like carbon or graphite. Not only a
substrate, which is an active lithium-storage compound, al-
lows to add to the overall capacity of the composite material
but it also provides a mechanical and conductivity support
for the dispersed phase[6,7]. Tin was used as the attractive
element in these whole attempts because it can combine with
lithium to form Li22Sn5 alloys with a theoretical capacity of
990 mAh g−1.

0378-7753/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0378-7753(03)00825-5



A. Dailly et al. / Journal of Power Sources 125 (2004) 70–76 71

In this study, we examine the feasibility to incorporate
metal particles between graphene layers by using graphite
intercalation compounds (GICs) as precursors materials.
The insertion of such metals in a spontaneous way is im-
possible. Elements which intercalate spontaneously into the
graphite are electropositive elements: alkaline metals, al-
kaline earth metals and bivalent, rather volatile lanthanides
[8]. Thereby, metal introduction into graphite can be led
only by indirect way as for example the chemical reduction
of a metal compound, generally a beforehand intercalated
metal halide, between graphene layers. The considered
reduction process consists in reducing an antimony pen-
tachloride graphite intercalated compound with caesium in
the vapor phase. The choice turned to the antimony be-
cause, on one hand, it is rather easy to synthesize graphite
intercalation compounds with antimony-based compounds,
particularly antimony pentachloride[9,10], and on the
other hand, antimony–lithium alloys present high theoreti-
cal specific charge (Li3Sb: 660 mAh g−1). Processes based
on the chemical reduction of acceptor graphite transition
metal chloride compounds with alkaline metal phase have
been tested with the aim to prepare intercalated metal.
With some metals, attempts have been revealed decisive
because insertion or inclusion graphite compounds with
these last ones were obtained[11,12]. In many other cases,
the metal chloride reduction occurs mainly outside graphite
layers and a dispersion of metal particles on the graphite
surface is observed. In our knowledge, there was no at-
tempt of SbCl5 reduction with vapor phase alkali metal,
beforehand, intercalated into graphite. In this paper, we
present the results obtained after reduction of a C12SbCl5
graphite intercalation compound by caesium in the va-
por phase. The resulting products, characterized by X-ray
diffraction and transmission electron microscopy, were
then tested as negative-electrode materials for lithium-ion
batteries.

2. Experimental

SbCl5–graphite intercalation compounds used in this
investigation may be conveniently prepared in the vapor
phase by the two-bulb method in which the graphite sam-
ple is maintained at a temperatureTg which is higher than
the SbCl5 temperatureTi . Initial conditions for interca-
lation were established by using the conditions of Melin
and Herold[13]. In the present experiment, the intercalant
temperature was held constant at 165◦C while the host
material, Ceylon powder with 25–45�m average size, was
maintained at 170◦C during 12 h.

The reduction of the as-synthesized first-stage compound
C12SbCl5 by caesium in the vapor phase was then performed
with a small temperature gradient between the alkali metal
(TCs = 70◦C) and the material for about 1 month. Caesium
was introduced in excess into the reactor so that the SbCl5
reduction might be complete.

Phases were identified via X-ray diffraction using an au-
tomated powder diffractometer with K� radiation (Rotaflex
RU-200B, RIGAKU generator and CPS 120 INEL detec-
tor, transmission assembly) with a holder appropriate for
air-sensitive materials. Samples were prepared under argon
gas by inserting some powder into Lindemann glass capil-
laries which were then sealed after glove box transfer. Di-
amond, added to the GIC sample, was used as an internal
reference. The electron microscopy observations were ob-
tained using a Philips CM20 instrument operated at 200 kV.
Samples were prepared by previously dispersing in tetrahy-
drofuran, picking up a drop of the sonicated suspension of
the Sb-based graphite compound and then depositing on a
carbon grid.

Electrochemical tests were performed using lithium acting
both as reference and counter electrode in a laboratory-type
glass cell. A 1-methyl-2-pyrrolidinon slurry of 95 wt.% of
Sb-based graphite anode material and 5 wt.% of polyvinyli-
dene fluoride (PVDF) was used to coat a thick copper cur-
rent collector. LiClO4 (1 M) in ethylene carbonate (EC) was
used as an electrolyte. All of the test cells were assem-
bled in an argon atmosphere and cycled using a Mac Pile
II, potentiostat–galvanostat (Biologic) working either in the
voltammetry mode between 0 and 2 V versus Li+/Li with
following steps of 2.5 mV every 2 min or in the galvanostatic
mode with a constant current density for charge and dis-
charge of 7�A mg−1 between 0 and 2 V versus Li+/Li. Cur-
rent was applied for 6 min and the circuit was then opened
for 10 s.

3. Results and discussion

The XRD patterns from the antimony pentachloride
graphite intercalation compound before (a) and after (b) its
reduction by caesium in the vapor phase are displayed in
Fig. 1. X-ray diffraction results from the GIC provide aver-
aged informations on the chemical composition (C12SbCl5
stage 1) and the interplanar distance (di = 942 pm). Few
un-assigned peaks can be attributed to h k 0 or h k l reflec-
tions[9,13]. The diffraction pattern obtained after reduction
consists of up to 10 fine lines, which were well indexed
to CsCl, and a broad peak corresponding to deintercalated
graphite. X-ray reflections of the pristine material are no
more present. The weak intensity and the broadening of the
0 0 2 graphite reflection reveal a strong structural disorder
involved by deintercalation and further reduction processes.
The coherence length (size of the coherent domains) along
thec-direction of graphite,LC, was evaluated from the half
height width of the 0 0 2 reflection using the Scherrer equa-
tion; it is equal to 11 nm. This value can differ according
to the samples. The sharp peaks corresponding to the cubic
system of the crystalline byproduct CsCl, tend to hide any
other reflection which could belong to antimony assuming
this metal be crystallized. So the samples were washed with
H2O/C2H5OH mixture in order to remove CsCl from the
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Fig. 1. XRD patterns of antimony pentachloride intercalated graphite
compound (a) before and (b) after reduction by gaseous caesium.

surface. The XRD results of the washed sample are pre-
sented inFig. 2: they reveal an important removal of CsCl
evidenced by the decrease of the intensity of CsCl reflec-
tions compared to the 0 0 2 reflection of graphite. Though
there was no detectable reflections of metallic antimony on
the X-ray diffraction pattern, a more direct analysis of the
sample was performed by EDX and ensured that this ele-
ment was present in the material (Fig. 3a). In the case of the
as-synthetized composite strong lines due to Sb and Cs, on
one hand, and weak lines due to Cl, on the other hand, were
detected in the energy dispersive spectrum. The presence of
an important quantity of caesium is due to its introduction
with excess in the reactional medium. The EDX spec-
trum obtained with the sample washed with H2O/C2H5OH
mixture (Fig. 3b) exhibited exclusively strong peaks due
to Sb while no peak for Cl and Cs were present. From
the selected area electron diffraction (SAED) pattern dis-
played in Fig. 4, CsCl reflections appear as dotted rings

Fig. 2. XRD pattern of the washed reduced product with H2O/C2H5OH
mixture.

superimposed to the h k 0 spots related to pristine graphite.
Besides these reflections, a weak intensity ring corresponds
to the maximum relative intensity of the 0 1 2 reflection
of antimony. The absence of thin and intense rings in the
electron diffraction pattern demonstrates that antimony is

Fig. 3. EDX spectra of (a) the non-washed reduced product obtained after
C12SbCl5 reduction by gaseous caesium and (b) the washed material.
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Fig. 4. SAED pattern of the non-washed antimony-based graphite com-
pound.

Fig. 5. Bright-field micrographs of supported particles and free nodules of antimony present in the non-washed reduced compound.

amorphous. These results corroborate those of XRD.
Bright-field micrographs displayed inFig. 5clearly illustrate
the complexity of the microstructure in which both crystal-
lite and amorphous particles are present. In the non-washed
samples, the particle distribution is inhomogeneous. Not
only metallic antimony clusters and CsCl crystals are sup-
ported on graphite surface (Fig. 5a) but also shapeless free
nodules (Fig. 5b) and well-crystallized antimony particles
(Fig. 5c) were evidenced. We could suggest that the con-
ditions of reaction such as temperature and reducing agent
nature govern the structure and the dispersion of the parti-
cles. TEM was also employed to characterize the structure of
the washed sample. Bright-field micrographs of the washed
sample (Fig. 6) show a film-like deposit of small antimony
particles on graphite surface. Antimony appears also present
as shapeless independent particles. Considering all these ob-
servations, we can conclude that the alkali metal vapor is a
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Fig. 6. Bright-field micrographs related to antimony distribution in the washed material.

good reducing agent for intercalated metal halides due to its
advantage to be intercalated into graphite. That could favor
the reduction of SbCl5 between the graphene layers to form
either intercalated or included antimony. In the first case, a
partial charge transfer occurred with formation of interca-
lated Sbδ+ while in the second case, only neutral antimony
is present between the graphene sheets. However, antimony
particles are mainly present at the edges of the graphite lay-
ers. The mobilities of both intercalated Cs and SbCl5 are so
important that the reduction of SbCl5 occurs after its dein-
tercalation. Generated antimony particles were aggregated
and distributed heterogeneously through the whole material.
Metallic clusters were mainly supported on the graphite ma-
trix which seemed to be strongly distorted due to the fast
SbCl5 deintercalation. Morphological and structural charac-
teristics of the antimony particles were preserved after wash-
ing. This result is consistent with the fact that antimony is
not readily attacked by water and that it is passivated in air
and moisture at room temperature.

Electrochemical tests have been carried out by using as
negative-electrode material either non-washed or washed
Sb-based graphite composite.Fig. 7 exhibits the first cyclic
voltammograms for these electrodes. A weak intensity
shoulder around 1.5 V was present in the voltammogram
related to the first reduction of the washed sample. It might
be interpreted as the reduction of oxidized antimony. In-
deed, the formation of Li2O from a convertible oxide is well
documented in the SnO system[2,14] but is also quoted for
antimony oxides[15]. This irreversible reaction occurs in
the early stages of the first cycle. It is followed by the alloy-
ing of the remaining lithium with the elemental antimony.
In the subsequent cycles, the lithium is reversibly alloyed
with antimony while Li2O remains inactive. The formation
of small amounts of antimony oxides probably occurs dur-
ing the sample washing. Both for non-washed and washed
samples, a consequent negative current is observed down

Fig. 7. Cyclic behavior of the non-washed and washed antimony-based
graphite compounds.
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about 0.9 V. A broad peak centered around 0.6 V is evi-
denced in the reduction part of the voltammogram of the
non-washed material. This reduction current could be at-
tributed to various reactions: a first one is the formation of a
solid-electrolyte interphase (SEI) appearing both on carbon
materials and lithium storage metals[16]. This passivation
layer is expected to form through a side reaction of partial
electrolyte decomposition; another one should correspond
to the simultaneous insertion of lithium into antimony
[17,18]. This hypothesis was supported by the presence of a
peak in the oxidation process for a potential value close to
1.0 V, which gives evidence for the reversibility of lithium
alloying. Contrary to the metal, graphite presents in the
first cycles, a poor reversibility of the lithium intercalation.
Indeed, to the present intense peak observed during the
reduction at the lowest potentials corresponds a weak and
badly defined peak in oxidation. Obviously, the important
structural disorganization of the graphite observed after its
de-intercalation would imply difficulties for intercalating
lithium in a reversible way. The graphite exhibited however
a more classic behavior up to the fifth voltammetric cycle
illustrating an improved accessibility of lithium between
these graphene layers. Our graphite–antimony materials
present a good cyclability and stability both for the metal
and the graphite matrix throughout the duration of the ex-
periment as shown inFig. 8 which compares the 5th and
20th voltammograms related to the washed materials. The
intensity profiles decay only very slowly during the cycling.
The electrochemical behavior of the non-washed product
is similar. A plot of the cycle life of the washed Sb-based
graphite composite is shown onFig. 9. Galvanostatic results
were obtained with a sample which was previously cycled
20 times in slow scan voltammetry mode The charge and
discharge curves for the 40th cycle displayed in the inset of
Fig. 9 exhibit various plateaux which provide evidence of
the reaction mechanisms: firstly, lithium alloying with an-
timony occurs near 0.8 V versus Li+/Li; then the extended
flat voltage profile near 0 V versus Li+/Li is indicative of
the formation of lithium graphite intercalation compounds.

Fig. 8. Selected cyclic voltammograms of the washed Sb–graphite com-
posite.

Fig. 9. Cycle life of the washed product after 20 voltammetric cycles and
voltage profile of the 40th cycle.

Both processes were reversible. Cycles 20–40 give evidence
for a stable specific capacity of approximately 490 mAh g−1

in which 160 mAh g−1 can be attributed to the metal. As-
suming that the final middle composition be close to C12Sb
implies that the material contains 46 wt.% Sb. Such a metal
concentration would lead to a theoretical mass capacity of
≈504 mAh g−1, based on the assumption of full lithiation
of the Sb–graphite composite of the given composition
to Li3Sb and LiC6, which agrees with the experimentally
evaluated reversible capacity. The small difference could
be explained by the fact that the given composition of the
graphite intercalation compound, C12SbCl5, is a theoretical
average composition[13]. Moreover, SbCl5 was supposed
to be completely reduced into metallic Sb. Only elemental
analyses of the composites could give the exact compo-
sitions of the samples, especially the Sb/C ratio. Even if
the metal particles are not included between the graphite
layers, they present a large stability throughout the cycling.
Compared to bulk antimony, which has essentially no cycle
life [20], our as-synthesized Sb–graphite composite exhibits
far superior electrochemical performances during charge
and discharge cycling. To our knowledge, no investigation
about antimony expects such results. The metal has not
only seemed to undergo the mechanical constrains which
arise generally during Li+ insertion and Li+ removal, but
when associated to graphite in our synthesis conditions, it
provides to the Sb–graphite composite a large improvement
of the specific charge.

4. Conclusion

A novel process has been described to synthesize a
negative-electrode composite material for rechargeable
lithium-ion batteries. In such a material, lithium alloying
antimony particles are formed after reduction of intercalated
antimony pentachloride by gaseous caesium. The result-
ing reduced material is composed of aggregated antimony
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nanoparticles supported and possibly bonded to the graphite
matrix. Combining the high lithium storage capacity of the
semi-metal antimony and the stable cyclability of graphite
results in an improved and almost stable capacity. With
Li–Sb alloys synthesized by classical ways, the electrode
pulverization occurs generally during the charge and dis-
charge processes[20]. To the contrary, in the Sb–graphite
composites obtained by reduction of SbCl5–graphite inter-
calation compounds by caesium, such an electrode pulver-
ization does not occur significantly. We can hypothesize that
this reduction method leads to materials in which antimony
is possibly bonded to graphite. The nature of this bond is
not clear at the present time but it appears strong enough
to avoid the dramatic effects related to the large volume
variations occurring during antimony alloying. Graphite
provides not only a mechanical and a conducting support
for the dispersed Sb phase that it allows the particles to
remain electrically connected but it is also by itself electro-
chemically active towards Li+ insertion and removal. The
origin of the metal–graphite interaction, supposed to be a
key point for long life cycling, is being currently studied
by comparing the properties of selected metal–graphite
systems composed of various metals and graphites[19].
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