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Abstract

A new strategy was developed to synthesize tin-composite materials. The Sn:BPO4 and Sn:CaSiO; composites were obtained by solid state
reaction, but the BPO4 and CaSiO; matrices were synthesized by solid state reaction and sol-gel method, respectively. These materials are
characterized by X-ray diffraction, ''°Sn Méssbauer spectroscopy and electrochemical tests. The results show that these new materials are efficient
during electrochemical cycling (500 mAh g~!), because of a good dispersion of Sn particles into the matrix. From the second cycle, charge and
discharge reversibility is linked to both reversible LixSn alloy forming and the modification of the tin particle surface showed by Conversion
Electron Mossbauer spectroscopy (CEMS) which allows us to characterize the sample surface. The irreversible capacity observed for the first

charge/discharge cycle is due to tin oxide reduction and passivation of the anode surface by electrolyte solution decomposition (SEI layer).

© 2007 Published by Elsevier B.V.
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1. Introduction

The increasing demand for high energy storage systems for
new applications has driven extensive research on new Li-
storage materials with improved electrochemical performances
(high capacity, good cyclability and high level of safety). Over
the last 15 years, many Li-alloy materials have been studied
as possible anode materials for Li-ion batteries, because these
materials show higher specific capacity than those obtained with
the currently used carbon. Among these materials, Sn drew con-
siderable attention because of two advantages, i.e. Sn has good
electronic conductivity and a high theoretical specific capacity
(993 mAh g~ 1), corresponding to the formation of the lithium-
richest alloy: LippSns (4.4 Li per Sn atom). However, this
promising material shows poor cycling stability, due to signifi-
cant volume changes between pure and fully lithiated tin (300%)
which leads to the loss of electronic and mechanical contact. In
order to solve this problem, Tin can be dispersed in a matrix to
buffer volume changes, which makes it possible to maintain the
electric contact within the anode materials.
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Tin-based composite oxides developed by Fuji Photo Film
(SnBg 56P0.4Alg 4203 4¢) have drawn considerable attention [1].
The mechanism consists in reducing tin oxide into metallic
tin which is dispersed in sifu in an oxide matrix [2]. More
recently, tin oxide and amorphous or crystalline boron phosphate
(SnyP207, Sn3(PO4)2, SnyBPOg and SnP,07) were investigated
[3,4]. The most noticeable deficiencies of Tin Composite Oxide
are their irreversible capacity loss in the first charge cycle and
their poor cyclability compared to carbon-based anodes.

Another method proposed in this study is to disperse the
active species ex sifu into an electrochemically inactive matrix.
The purpose of dispersion is to improve the electrochemical per-
formances, avoid pulverisation and reduce the stress in electrode
materials [5,6].

This work focuses on the dispersion of the active tin species
into two matrices, i.e. BPO4 and CaSiOj3. The matrices were cho-
sen because of their good thermal and electrochemical stability
and good ionic conductivity [7,8].

The purpose of our work was to test the capacity of the BPO4
and CaSiO3 matrices in order to restrain the particle growth of
the active phase during electrochemical tests.

The structural properties of these materials are characterized
by X-Ray diffraction. In order to obtain an accurate anal-
ysis of the electronic structure of materials, we used 119gp
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Mossbauer spectroscopy, in transmission (TMS) and emission
modes (CEMS), which allows us to characterize crystalline and
amorphous compounds.

The electrochemical performances were examined using a
Swagelock™ cell in galvanostatic mode.

2. Experiments

The BPO4 and CaSiOj3 pristine materials were synthesized
by solid-state route and sol-gel method, respectively. For solid-
state reaction, the starting materials — H3BO4 and NH4H,PO4
— were mixed in appropriate quantities so as to form a 2 g sam-
ple. The ground mixtures were homogeneously mixed using
deionized water, and then heated in silica crucible at 180°C
in order to remove the volatile components and heated at 500 °C
for different durations in a furnace [9].

The calcia-silicate powders were prepared by sol-gel method
as previously described [10]. Tetraethyl orthosilicate TEOS and
tetra hydrated calcium nitrate (Ca(NO3);-4H>0) were used as
precursors of SiO, and CaO, nitric acid was used as a catalyst
and ethanol as a solvent. Briefly, a certain amount of TEOS
was added to water under continuous stirring. The second solu-
tion was prepared with Ca(NO3),-4H;O in deionised water and
added to the first solution and stirred for 2 h. The obtained solu-
tion was maintained at 60 °C until gelation occurred. The gel
was dried at 80 °C and calcined at 730 °C for 4 h.

After optimizing both the structure and texture of the disper-
sion matrix, stoichiometric amounts of Sn (Aldrich, diameter
<10 pm) and BPO4 or CaSiO3 were ground and heated in a vit-
reous carbon heating boat inside a horizontal tube furnace at
500 and 850 °C, respectively. This mixture was heated for 7h
in a constant flow of inert gas (nitrogen or helium) and cooled
down to room temperature by quenching, after removing the
boat from the furnace. The solid obtained gives a grey powder
after grinding in agate mortar.

X-ray diffraction (XRD) measurements were carried out over
the 260 ranges from 10° to 90° with a Philips diffractometer using
Cu Ka radiation (1 =1.5418 A).

1198n Mossbauer spectra were recorded in transmission
geometry (TMS) in the constant acceleration mode using com-
ponents manufactured by ORTEC and WISSEL. Conversion
Electron Mossbauer Spectroscopy (CEMS) measurements were
carried out using both a standard Mossbauer spectrometer with
a constant acceleration movement and a gas flow (94% He, 6%
methane) proportional counter to detect the internal conversion
electrons emitted after resonant absorption of gamma rays. The
source was '1°™Sn in a CaSnO3; matrix and all spectra were
collected at room temperature.

Electrochemical tests were carried out using a Swagelok™
cell which contains a lithium foil as counter electrode. The
working electrode was made by mixing active materials, acety-
lene black as the conductive agent, and polyvinylidene fluoride
(PVDF) as the binder. The weight ratio of active powder, con-
ductive agent and binder is 80:10:10. A solution containing
50 vol% ethylene carbonate (EC), 50 vol% dimethyl carbonate
(DMC) and 1 M LiPF6 was used as the electrolyte solution and
a Whatman paper (glass microfiber filters) was used as the sep-
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Fig. 1. XRD patterns of pristine materials (BPO4 and CaSiO3) and composite
materials after Sn dispersion.

arator. The cell was assembled in an Ar-filled glove box. The
discharge—charge tests were carried out with a Mac Pile system
operating in galvanostatic mode, in a constant current density
between 1.2 and 0.1 V versus Li*/Li°.

3. Results and discussion

The XRD patterns of the starting materials (BPO4 and
CaSiO3 matrices) and the composites after dispersion of Sn are
shown in Fig. 1. BPO4 synthesized by solid-state reaction shows
high crystallinity and it can be indexed in a tetragonal unit cell,
space group /4. The following lattice parameters: a=4.338 A,
b=4.322A, ¢=6.635 A match the JCPDS file well (No. 79-
1467).

After dispersion of tin powder, we observed a partial amor-
phisation of the matrix materials, a decrease in the intensity of the
peaks, and the appearance of crystalline 3-Sn which crystallizes
in the tetragonal system, with the following lattice parameters
a=5.827 A and ¢=3.181 A corresponding to the values found
in the literature.

The X-ray patterns also show a broad scattering between 10°
and 18°, probably due to the formation of an amorphous phase
between the matrix materials and the active species dispersed.
Maossbauer spectroscopy makes it possible to obtain more infor-
mation and to characterize this phase more precisely.

For CaSiOs3 synthesized by sol-gel route, the gel-based mate-
rial is obtained after heat treatment at 730 °C which is necessary
to remove nitrate and residual organic groups. The presence of
a diffusion “halo” is a feature of amorphous materials which do
not show long-range order in the pristine sample.

After dispersion of tin particles within the matrix, the diffrac-
tion intensity increases, and typical 3-Sn and CaSnOSiOy4 peaks
appear. In addition, crystallization of CaSiOs3 is found in the
powder.

The local electronic structure of Sn atoms has been charac-
terized using ''°Sn TMS and CEMS in order to probe the bulk
as well as the surface of these materials. The values of the hyper-
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Table 1

Hyperfine parameters obtained from '1°Sn Mossbauer spectra shown in Fig. 2

Mossbauer mode Tin sites Sn:BPO4 Sn:CaSiO3

& (mm/s) A (mm/s) Abs % RC % 8 (mm/s) A (mm/s) Abs % RC %

T™S Sn® 2.46 (13) - 54 92 2.54 (13) - 56 93
Sn!! 3.45(5) 1.45 (6) 46 8 2.93(3) 1.89 (4) 14 2
Sn'v - - - - —0.05 (5) 1.41 (4) 30 5

CEMS Sn® 2.34 (8) - 17 67 2.58 (4) - 26 78
Sn!! 3.38 (5) 1.54 (6) 83 33 2.95 (5) 2.0 (10) 21 6
Sn'v - - - - —0.03 (5) 141 (5) 53 16

The different types of tin used in the Mdssbauer fitting procedure and their relative contributions in the total absorption (Abs) in the Mossbauer spectra, the
values of the isomer shift 8, the quadrupole splitting A and the relative concentration (RC) calculated using the following values of the Lamb-Mossbauer factor f:

fisny=£Sn'™v)=0.4, f(iSn®) = 0.04

fine parameters obtained from TMS and CEMS spectra recorded
at room temperature are included in Table 1. Two components
are observed for the Sn:BPO4 composite in TMS (Fig. 1a’),
Sn!! fitted with a quadrupole doublet, with the following hyper-
fine parameters; isomer shift (I.S.) § = 3.45 mm s and quadrupole
splitting (Q.S.) A=1.45mms. The other component is fitted
with a singlet due to the contribution of Sn° witha §=2.37 mm s
isomer shift. The contribution of these species (Abs) to the total
absorption area depends on the Lamb-Madssbauer factor f values
of each tin site. That is why the relative concentration (RC) of
tin in the different species can be deduced from the correspond-
ing (Abs) areas only if the f values are known. The values of
the hyperfine parameters of Sn'! are similar to those observed
for the SnBg ¢Py.402.9 glass which was studied by Chouvin et
al. [11], so we used as the f factor the following values: 0.4
for Sn'! [12], 0.04 for Sn° [13], and 0.4 for Sn'Y [14]. There-
fore, the real concentration in bulk is 92% for Sn° and only 8%
for Sn'l.

In Emission mode (Fig. 2a’), we found the same components
but the surface area of the Sn'! signal (83%) is higher than that
of Sn® (17%). The relative concentration of Sn!! on the surface
(33%) is higher compared with those in the bulk.
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For the Sn:CaSiO3 composite, the Mdssbauer absorption
spectra are shown in Fig. 2b. The spectra can be interpreted con-
sidering three main components whose contributions values are
evaluated by taking into account the Lamb-Md&ssbauer factors
listed in Table 1.

In TMS, the real contribution of Sn® due to the [3-Sn particles
is higher (93%) compared with the two other contributions. In
emission mode we observe no difference between the hyperfine
parameters of the different components, but we note an increase
in the contribution of Sn'! and Sn!V as compared to that of Sn°.
So, Sn!V tends to form more on the surface of CaSiOs. This
component with a high quadrupole splitting (A =1.41 mms) is
due to the formation of crystalline CaSnOSiOy4 as shown in X-ray
patterns.

In Table 2, we summarize the evolution of the composition
on the surface and in the bulk of the different compounds. We
observe that the percentage of amorphous tin(Il) increases on
the surface in the case of the Sn:BPO,4 materials, even though
the percentage of Sn” decreases.

For Sn:CaSiOs3, the amount of CaSnSiOs on the surface
increases compared with those in the bulk, even though the
quantity of Sn!' remains quite stable.

Velocity(mm/s)

Fig. 2. 11981 Mossbauer spectroscopy spectrum for Sn:BPOy (a and a’) and Sn:CaSiO3 (b and b’) in transmission and emission mode.
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Table 2

Summary of the bulk and the surface composition studied by XRD and !!°Sn Méssbauer spectroscopy, ’ (increase); ‘ (decrease)

1227

Sn:BPOy4 Sn:CaSiO3
Bulk Surface Bulk Surface
XRD
BPO4 - CaSiO3 -
B-Sn B-Sn
Amorphous phase CaSnSiOs
Mbossbauer
Amorphous Sn!! Amorphous Sn!! ’ Amorphous Sn!! Amorphous Sn!f
B-Sn B-Sn ¥ B-Sn B-Sn ¥
CaSnSiOs Casnsios N

Discharge and charge performances of these electrode mate-
rials were tested via Swagelok'™ cell using a Mac pile in
galvanostatic mode. Fig. 3 shows the first two cycles of the
Sn:BPO,4 and Sn:CaSiO3; anode materials tested at C/20 and
C/10 rate, in potential windows [0.1-1.2 V] and [0.01-1.2 V],
respectively.

The small plateau at 1.5 V is due to the reduction of Sn!' which
leads to the formation of an amorphous interface between the
Sn? particles and the borophosphate matrix. At 0.8 V, the small
shoulder is associated to the formation of the first Li—Sn alloy
(LioSns), we observe a large plateau at 0.58 V corresponding to
a LiSn alloy formation. Between 0.4 and 0.1V, the absence of
plateau for Li;Sn3, LisSn, and Lij3Sns during Li is caused by
the relatively identical enthalpy of formation of these alloys.

Nearly similar potential profiles are also seen in the case of the
Sn:CaSiO3 composite. However, two differences are observed.
The first one is the absence of plateau at 1.57 V associated to a
Sn' reduction because of the small quantity of Sn''. This plateau
is replaced by a small one at around 0.89 V due to the Sn'Y
reduction into Sn°. The second one is the absence of plateau at
0.58 V because the cell is cycled at fast rate (C/10). Therefore,
Sn'T and Sn'Y have hardly any influence on the electrochemical
potential curve of the Sn:CaSiO3 composite.
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During the first charge, the electrochemical behaviour is sim-
ilar for both materials, therefore we show better reversibility
for the Sn:CaSiO3 composite compared to Sn:BPOj4. In the
second discharge, same plateaus are observed for the two mate-
rials.

During charge—discharge processes, the polarization is lower
compared with pure nanosize Sn. This can be explained by
both a good electric contact of the electrode material and a
decrease in volume expansion contraction during Lithium inser-
tion/extraction. The matrix can buffer volume changes and avoid
the impact of the shrinkage of actives particles on electric con-
ductivity.

Fig. 4 shows the discharge capacity of the Sn:BPO4 and
Sn:CaSiO3 composites cycled at C/20 and C/10 rates, respec-
tively. During the first cycle, irreversible capacity around
200mAh g~ is observed. This irreversible part may be linked
to both the formation of a passivation film one the electrode
surface because of the electrolyte degradation at the elec-
trode/electrolyte interface and to the reduction of Sn!! forming
the interface in the Sn:BPO4 composite and/or to the reduction
of Sn'V for the Sn:CaSiO3 composite. The reversible capacity
is high for both materials (500 mAh g~!) and capacity retention
is higher than 98% after the eighth cycle.
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Fig. 3. First two discharge charge curves obtained for Sn:BPO4 and Sn:CaSiO3
composites at C/20 and C/10 rates, respectively.
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Fig. 4. Discharge capacity vs. number of cycle for Sn:BPO4 and Sn:CaSiO3
composites.
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4. Conclusion

Dispersion of tin particles in a crystalline borophosphate
matrix allows the pinning of these particles in the matrix by an
amorphous Sn'! boron phosphate glass interface. In an amor-
phous calcia-silicate matrix, a new crystalline component is
formed at the interface (CaSnSiOs), observed by XRD and
Mossbauer spectroscopy. Both Crystalline CaSnSiO5 and amor-
phous Sn™! are responsible for the good retention capacity during
the alloying/desalloying reactions.

These new Sn-based composite materials show good cycla-
bility and high discharge capacity as compared to carbon. The
performances are due to either an amorphous (boron phosphate
matrix) or crystalline (calcium silicate matrix) interface formed
between active/inactive materials. Pinning makes it possible to
maintain the metallic tin performances, while absorbing volume
change and avoiding particle coalescence.

The active/inactive material ratio is essential to obtain good
electrochemical performances. Our future research projects will
focus on the optimization of this parameter.
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