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a b s t r a c t

In this paper, we report an investigation of three tin-based composite materials as negative electrodes
for lithium-ion batteries. Theses composites were synthesized by solid state reaction from dispersion of
micrometric tin into BPO4, Li-doped BPO4 (LiBPO) and Na-substituted BPO4 (NaBPO) matrix, respectively.
We have investigated more particularly the influence of the two alkaline ions (Li+, Na+) introduced into
the matrix on electrochemical performances. The morphology of powders was observed by SEM and
eywords:
i-ion
nodic materials
in-based composites
onductivity

the composition studied by EDX analysis. The conductivity measurements showed that the modified
BPO4 matrixes (Li or Na) exhibit improved conductivity (�RT = 2 × 10−11 S cm−1 for NaBPO). A focus of our
interest was to relate the nature and structural composition of the composite interface between active tin
and inactive matrix to the irreversible capacity in this type of composite materials. The electrochemical
analysis shows a decrease of the irreversible capacity for the composite based on modified matrixes
(around 150 and 190 mAh g−1 for SnNaBPO and SnLiBPO, respectively) with respect to the reference

Ah g−
composite SnBPO (245 m

. Introduction

Lithium-ion batteries have attracted considerable interest
ecause of their promising applications ranging from electronic
evices, electric and hybrid vehicles to even space applications.

Since the first Li-ion cells commercialized by Sony with a LixC6
egative electrode, much research has been undertaken for new
node materials in order to improve the energy density for lithium-
on batteries [1].

The announcement of the Stalion battery by Fuji film has stimu-
ated intense discussion on the use of amorphous tin composite
xides (ATCO) as anodic materials [2–4]. The lithium insertion
echanism has been studied by Chouvin et al. and Courtney et al.

sing 119Sn Mössbauer spectroscopy ex situ and in situ, respectively
5,6]. The main drawback of these composite materials is the large
rreversible capacity (around 660 mAh g−1) due to the formation of
n0 from SnO reduction in the first discharge [7,8].
In our past investigations, BPO4 has been used as inert matrix
or dispersion of tin particles [9,10]. This composite shows a higher
eversible capacity and a smaller irreversible part with respect
o ATCO [8]. In this Paper, we present a new strategy to reduce

∗ Corresponding author. Tel.: +33 4 67 14 90 99; fax: +33 4 67 14 33 04.
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the irreversible capacity by structural modification of the BPO4
matrix.

Tin dispersed in amorphous NawBxPyOz and crystalline LixByPOz

matrixes is studied using 119Sn Mössbauer spectroscopy, X-ray
diffraction and galvanostatic cycling. EDX coupled SEM imaging has
been used to confirm the Sn/matrix interaction.

2. Experimental

The reference compound BPO4 was synthesized by conven-
tional solid state reaction. The precursors, H3BO3 (Acros Organics)
and NH4H2PO4 (Acros Organics), were homogeneously grinded
and the matrix formed by heat treatment (380 ◦C under air) then
slowly cooled down to room temperature (RT). Micrometric Sn
(Sigma–Aldrich) was subsequently weighed and added to the pre-
viously produced matrix to obtain a composite of average formula
Sn0.72[BPO4]0.28. After a 7-h reaction under N2 flow at 500 ◦C,
the composite was extracted from the oven and quenched to
RT. The same procedure has been followed for LixByPOz and for
NawBxPyOz. For the former, mono-hydrated LiOH (Prolabo) was

added employed along with a more intensive heat treatment
(1000 ◦C under air) also ended in a slow cooling. The stoichiometry
of the reagents was calculated for an oxygen deficient compound.
Na2CO3 (Fluka Biochemika) along with a melt-quenching proce-
dure (850 ◦C under air) was used for the latter matrix.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:iguanasornione@libero.it
dx.doi.org/10.1016/j.jpowsour.2009.11.094
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X-ray diffractograms were recorded using a diffractometer
quipped with Cu K� radiation in the range 10 < 2� < 90◦. The FULL-
ROF [11] software has been used for the profile matching of the
ixByPOz diffractogram and for the calculation of its unit cell param-
ters. The quality of the refinement was controlled by the classical
2-test.

A Quanta 200F SEM microscope (Fei-Tecnai) equipped with an
xford Instruments INCA X-sight EDX (Energy-dispersive X-ray)
nalyzer has been used for imaging and composition confirmations.
he SnLiBPO composite has been included into an epoxidic resin in
rder to obtain a polished surface to observe. A microtome Leica
ltracut UCT with glass knife has been used to obtain a horizontal

urface.
119Sn Mößbauer spectra were recorded in transmission geom-

try with a constant acceleration mode using a conventional EG&G
pectrometer. The source was 119mSn in a CaSnO3 matrix, and spec-
ra were collected at room temperature. The spectra were fitted to
orentzian profiles by the least-squares method using the WinISO
oftware [12]. The quality of the refinement was controlled here, by
he same �2-test used for X-rays treatment. Isomer shifts are given
ith respect to the room temperature spectrum of BaSnO3.

Conductivity measurements were carried on using a Pt|Pt cell
inked to a Hewlett-Packard 4192A LF impedance analyzer operat-
ng in the frequency range 5 Hz to 13 MHz and in the temperature
ange 25–550 ◦C. The compound to be tested was compressed with
pressure of 150 bar in a 1.33-cm2 round pellet. The thickness of

he BPO4, LixByPOz and NawBxPyOz pellets was, respectively, 533,
16 and 850 �m. The obtained pellets were compacted by heat
reatment under air (800 ◦C for BPO4 and LixByPOz whereas 400 ◦C
awBxPyOz) and then slowly cooled to RT. A circular surface of
.26 cm2 was subsequently metallized using a Balzers SCD004 sput-
er coater equipped with a Pt counter electrode. Impedance spectra
ere fitted using the ZSimpWin® software.

Electrochemical tests were conducted using SwagelokTM type
ells employing lithium foil as a counter electrode, a mixture of
0% active material and 10% carbon black powders as working
lectrode and utilizing 1 M LiPF6 dissolved in a mixture of organic
olvents (EC/PC/DMC 1:1:3, received by SAFT, Bordeaux) as the
lectrolyte. The assembly was carried out in Ar-filled glove box. The
ischarge-charge tests were carried out by means of a Mac-Pile sys-
em operating in galvanostatic mode, between 1.2 V and 0.01 V vs.
i+/Li0 with a cycling speed of alternatively C/8 or C/5 (expressed
s 1 Li+ equivalent inserted/extracted in 8 or 5 h).

. Results and discussion

.1. X-ray diffraction

The XRD patterns of the Li-doped BPO4 (LiBPO) and the Na-
ubstituted BPO4 matrixes (NaBPO) as well as the corresponding
omposite materials (SnLiBPO and SnNaBPO) compared with the
eference Sn-BPO4 (SnBPO) composite material are shown in Fig. 1.
he Li-doped BPO4 matrix shows a high crystallinity and all the
iffraction lines correspond to BPO4 as reported in the JCPDS #74-
169. The diffraction peaks can be indexed in the I-4 space group
ith the following cell parameters: a = 4.339(1) Å, c = 6.642(1) Å.

hese results are in agreement with the previously published data
13] indicating a negligible effect of lithium doping on the BPO4 host
rystal structure. The XRD data of Na-substituted BPO4 shows the
bsence of long-range order which clearly shows the amorphous

ature of this matrix.

After ex situ dispersion of micrometric tin into both modified
PO4 matrixes, the diffraction peaks of �-Sn (JCPDS #86-2265) and
PO4 appear only for SnLiBPO. Compared to the SnBPO diffraction
attern, the SnLiBPO pattern still retains a certain intensity relative
Fig. 1. X-ray diffraction patterns of Li-doped BPO4 and Na-substituted BPO4 and of
the corresponding composite after dispersion of �-Sn compared with the reference
composite SnBPO (�Cu K� = 1.5418 Å).

to its matrix diffraction peaks. This is not surprising if one keeps in
mind the synthesis conditions of the two matrixes and the quantity
of alkaline ions utilized.

The presence of a large diffusion domain in the 20 < 2� < 34◦

range can be observed. This has been attributed to the partial amor-
phisation of the composite [9]. As expected, the SnNaBPO pattern
shows only the peaks of �-Sn.

3.2. Scanning electron microscopy–EDX

Fig. 2 shows SEM images and EDX spectra in two different zones
of SnLiBPO (as-synthesized, resin included) and SnNaBPO (pow-
der). As visible, the particles vary in size from 20 to 150 �m for
SnLiBPO and from 5 to 100 �m for SnNaBPO. The images observed
in backscattering mode highlight two different zones; one appears
clear (zone 1) and the second appears darker instead (zone 2). The
composition of zone 1 in both composites (Table 1) shows a large
presence of Sn. In these areas the data are collected on one of the
�-Sn particles dispersed during the synthesis step. The presence
of the other elements should be attributed to part of the matrix
(we stress that EDX is a “3D” analysis which collects data up to
1 �m deep) which can be partially coated by the �-Sn particle. The
large excess of oxygen recorded is the product of different com-
pounds: the matrix itself as well as some H2O vapor adsorbed on the
compound or on the carbon adhesive tape, a partial, non-extended
oxidation of �-Sn and, in the case of SnLiBPO, the embedding
resin.

When moving to zone 2, the presence of tin is largely dimin-

ished. This part of the sample is assigned to the matrix itself and
to the SnII based glassy interface (cfr. Mößbauer spectroscopy). We
recall that matrix diffraction peaks can be seen by XRD measure-
ments (Fig. 1) and that the SnII based interface has been previously
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Fig. 2. Scanning electron micrographs and EDX spec

Table 1
The EDX results for both SnLiBPO and SnNaBPO composite materials (atomic per-
centage). The zones selected for analysis were shown in Fig. 2a and b.

Code Elements Zone 1 Zone 2

SnLiBPO Sn 34 12.7
P 4.4 9.7
O 61.7 77.5

SnNaBPO Sn 27.2 11.5

c
p

t
t
t
t
e
s

P 10.7 16.1
Na 9.2 13.6
O 52.9 58.1

onsidered as a glass (Fig. 1 and Ref. [9]). Here again the depth of
enetration has to be taken into account.

The amounts of lithium and boron are not indicated due to
heir light atomic weight which does not permit the analysis of

heir emitted radiations. In any case this analysis does not permit
o separate the extent of pinning effect (“bubbles” appearing on
he surface of the tin particle; Fig. 3) with respect to the coating
ffect (tin part enclosed in the matrix; Fig. 3) after the disper-
ion of �-Sn. A mix of the two has to be taken into account in
tra of (a) SnLiBPO and (b) SnNaBPO powders.

order to explain the reciprocal interaction between Sn and the
matrix.

3.3. 119Sn Mößbauer spectroscopy

A deeper insight in the local environment of tin atoms can be
obtained by 119Sn Mößbauer spectroscopy. Fig. 4 shows both the
experimental data and the fitted curves of the Mößbauer spectra
recorded at room temperature for SnLiBPO and SnNaBPO compared
with the reference composite (SnBPO).

Two components were used to fit all the spectra. One sub-
spectrum gives small QS and IS corresponding to metallic tin. The
second sub-spectrum gives large QS and IS similar to those previ-
ously observed for SnII [10] and attributed here to the amorphous
part observed with XRD. Table 2 presents the Mößbauer parameters
obtained from the spectra of the three composite materials.
As discussed in a recent work [8] we chose not to fix the values
of hyperfine parameters corresponding to �-Sn (ı = 2.56 mm s−1,
� = 0.29 mm s−1 [14]). Instead we preferred to first evaluate the line
width at half-maximum of the SnII sub-spectrum and then to fix it
for the overall treatment of the recorded spectra (this is represented
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Fig. 3. SEM micrographs and EDX spectra of SnLiBPO in three di

y “*” in Table 2). Effective fractions of the two tin species can be
irectly calculated using the following equation:

Fi = SFi/fi∑
iSFi/fi

(1)

here SF is the spectral fraction of the analyzed species (given by
he relative area of the corresponding sub-spectrum) and f is the
amb–Mößbauer factor representing the probability of a nuclear
ransition (absorption or emission) without variation of the vibra-
ional state of the lattice spectrum. The values of f have been
reviously determined [8] and correspond to f(Sn0) = 0.07(1) and

(SnII) = 0.12(3).
Concerning the SnII contribution, the values of isomer shift and

uadrupole splitting of SnLiBPO are close to those of the reference
omposite SnBPO, while the effective proportion is less important
or the composite formed from the Li-doped matrix. This means
hat the nature of the interface formed between matrix and �-Sn is
ot changed after doping the BPO4 matrix by lithium and thus the
ifference in the amount of interfacial SnII formed, under the same
ynthesis conditions, accounts for a difference in the texture of the
atrix itself (Fig. 5).
For SnNaBPO sample, the values of hyperfine parameters are

uite different. As regards the SnII species, its variation in isomer
hift is due to variations in the Sn 5s and/or Sn 5p electronic popu-
ations. The isomer shift is given by the equation [15]:

= ˛[�a(0) − �s(0)] (2)

here �a(0) and �s(0) are the electron densities at the nucleus
f the absorber and source respectively while � is a calibration

onstant. For a qualitative analysis, it is possible to relate ı to the
mount of Sn 5s and Sn 5p electrons of the absorber species by the
ollowing equation:

a = cnst + 10N5s − N5p (3)
t points. The mixed effect of both pinning and coating is visible.

where N5s and N5p are the numbers of Sn 5s or Sn 5p electrons,
respectively.

In the case of SnII, it is possible to record a decrease in the isomer
shift value due either to a decrease in the amount of 5s electrons
or to an increase in the amount of 5p electrons. Considering that
sodium is stabilized as a cation in the glass, the rest of the composite
material is globally negatively charged. Thus, it is reasonable to
consider an increase in the covalency of the Sn–O bonds, reflected in
the increase of the 5p electrons population in the SnII specie, respect
to the case of the composites formed with crystalline BPO4 (SnBPO
and SnLiBPO). The higher quadrupole splitting (1.81 mm s−1) may
also account for a more distorted SnII geometry.

It is worth noting that a remarkably smaller relative amount of
divalent tin is present is this composite compared to other ones
(see Table 2). A possible explanation of this effect is probably the
presence of large amounts of sodium in the matrix, which renders
it already glassy before it is contacted with tin. This phase is prob-
ably less reactive than the crystalline BPO4, this assertion being
comforted by the fact that Na+ and Sn2+ have a very similar ionic
radius and both react with the crystalline borophosphate as net-
work modifiers to give the glass state. The previous reaction with
Na+ hinders therefore the subsequent reaction of the matrix with
tin metal.

3.4. Conductivity measurements

The Arrhenius plot of the conductivity (�(1/T)) for the sub-
stituted matrixes (LiBPO and NaBPO) is represented in Fig. 6.
According the Arrhenius equation:
� = �0 exp
(−Ea

kT

)
(4)

where � is the material conductivity (obtained by AC impedance
response, not showed), �0 is a pre-exponential factor characteristic
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Fig. 4. 119Sn Mößbauer spectra recorded in transmission mode at room tempera-
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vation energies and conductivity values close to ours have been
reported by Lanfredi and de Lima Nobre [18] for a pyrochlore type
Bi3Zn2Sb3O14 ceramic. They attributed such a behavior to a hopping
type mechanism for electronic transport suggesting the presence of
ure for the three composites: SnLiBPO, SnNaBPO and reference SnBPO. Open circles
enote the experimental data and the calculated spectrum is denoted by solid bold

ine. The different contributions to the spectra are denoted by a dotted line for �-Sn,
dashed line for SnII.

f the material, Ea is the activation energy of the conduction pro-
ess, k is the Boltzmann’s constant and T the absolute temperature.
he activation energy of the process can then be determined from
he slope of the Arrhenius plot.

We calculated a value of Ea = 1.41 eV for the LiBPO matrix
hile its extrapolated RT conductivity was calculated to be
(298 K) = 8 × 10−22 S cm−1. This value is higher respect to SnBPO but

s much different from that reported in previous works [16,17] for
amples of composition similar to our compound. It is also true that

ur sample has not been submitted to mechanical milling thus pos-
essing large particle agglomerates of much dispersed sizes (Fig. 5).
his can account for a lengthen in the Li+ diffusion paths with a
onsequent hindering in the total conductivity. On the other hand,

able 2
yperfine parameters obtained from 119Sn Mößbauer spectra in transmission mode

ecorded at room temperature for SnLiBPO, SnNaBPO and SnBPO materials. Isomer
hift relative to BaSnO3 “ı” (mm s−1), quadrupole splitting “�” (mm s−1), line width
t half-maximum “�” (mm s−1), relative area of the sub-spectra “S.F.” (%), effective
raction “E.F.” (%) and refinement quality �2. “*” represents fixed values.

Code ı � � S.F. % E.F. % Site �2

SnLiBPO 2.53(3) 0.33(5) 0.95(4) 61 74 Sn0 0.42
3.27(3) 1.64(5) 0.83(*) 39 26 SnII

SnNaBPO 2.63(1) 0.21(2) 0.96(1) 82 89 Sn0 0.47
3.15(1) 1.81(2) 0.80(*) 18 11 SnII

SnBPO 2.51(2) 0.39(3) 0.83(3) 41 56 Sn0 0.52
3.27(2) 1.62(3) 0.99(*) 59 44 SnII
Fig. 5. SEM micrographs of (a) BPO matrix (380 ◦C) used for the reference compound
(SnBPO) and (b) LiBPO matrix (1000 ◦C).

since our initial intention was to produce an under-stoichiometric
compound, oxygen conductivity may not be passed over. Acti-
Fig. 6. Arrhenius plot for LiBPO and NaBPO.
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The financial support of the agreement CNES-Région Langue-
Fig. 7. Galvanostatic cycling curves at C/5 of SnBPO, SnLiBPO and at C

2− vacancies in the lattice. A more accurate study in this direction
s currently undertaken.

As regards the NaBPO sample, its calculated activation energy
alue is lower (Ea = 0.66 eV) and the extrapolated RT conductivity
s �(298 K) = 8 × 10−11 S cm−1. Such a value is consistent with previ-
usly published data [19] and can be attributed to the Na+ mobility.
ne should note that, for this matrix, temperature measurements
ould be performed only up to 350 ◦C, where it showed already
good conductivity, since melting of the material was registered

bove 400 ◦C. This is much different from the LiBPO sample which
s stable up to over 1000 ◦C and where conductivity could not be
bserved below 475 ◦C. The softer nature of the NaBPO matrix may
mply a weaker bonding and thus a stronger ionic mobility, result-
ng in an enhancement of the conductivity.

.5. Electrochemical characterizations

The first cycle galvanostatic response of the two modified
omposites (SnLiBPO and SnNaBPO) and the reference composite
SnBPO) are shown in Fig. 7. The SnBPO composite shows the high-
st loss with an irreversible capacity of about 245 mAh g−1 after the
econd discharge/charge cycle. This is anyway around one third
f the irreversible capacity value of the amorphous tin compos-
te oxide [7,8]. The electrochemical behavior is sensibly improved
sing more conducting matrixes for the �-Sn dispersion.

The lithium consumption at 1.5 V vs. Li+/Li0 has been attributed
o the interfacial SnII reduction [9,14]. More than the consump-
ion of lithium due to this reduction, the three samples exhibit
lectrolyte reduction which can be due to the formation of a SEI
ayer on conducting carbon at around 0.75 V vs Li+/Li0 [20]. The
henomena are probably contemporary with the formation of the
rst, lithium-poor, Li–Sn alloys [14].

The SnLiBPO sample exhibits the best performances. It has been
ossible to lithiate/de-lithiate additional 0.3 Li+ per atom of tin in
he composite compared to the reference. Some activation/kinetic

ffects also take place during the galvanostatic test of this sample.
he extent of the SnII reduction is in the middle between what we
bserved for the reference and the SnNaBPO composites. This is
elated to the smaller amount of SnII specie present in the compos-
te (see “effective fraction”, Table 2).
nNaBPO in the potential window between 0.01 V and 1.2 V vs. Li+/Li0.

In the case of the SnNaBPO sample, a lower capacity can be
obtained due to the higher weight of the matrix herself. The
superior Na+ conductivity is probably not influent on the elec-
trochemical results but the interface restructuration taking place
during the first discharge could modify the NaBPO glass by the
addition of some mobile Li+.

A deeper study in this direction is being carried on in our labo-
ratory.

4. Conclusion

In conclusion, we have analyzed the influence of dispersion
matrix on electrochemical performances in tin-based composite
materials. The composites are synthesized by ex situ disper-
sion of micrometric tin in crystallized BPO4, Li-doped BPO4 and
amorphous Na-substituted BPO4 matrixes. 119Sn Mößbauer spec-
troscopy shows the presence of starting �-Sn and the formation of
a new SnII species. The proportion of SnII is reduced at 26% in the
case of Li+ and 11% in the case of Na+ with respect to the reference
SnBPO4 (44%).

The effect of incorporation of Li+ and Na+ in the starting matrix
is also to increase the conductivity, an important parameter for
fast electrochemical cycling in this material. The diminution of
interfacial SnII has the consequence of diminishing the irreversible
capacity during the first cycle. The present work improves the
understanding of the relationship between interface structure
and electrochemical performances, more particularly irreversible
capacity; even if a number of points remain unclear, such as the
influence of cycling rate and the possible “structuration” of the
composite during the first or following cycles.
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