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Abstract Tin-based composite oxide materials have
received considerable attention as potential anode ma-
terials for rechargeable lithium batteries. In this contri-
bution we present the results of our investigations of the
SnO—B,0;—P,05 system. We have investigated its
electrochemical properties and especially its cycling
performance. A focus of our interest was to explain the
structural changes which occur during lithium cycling
and their strong dependence on the preparation method.
A part of the Sn—O component was converted into a
very stable metallic phase. In addition, a decrease was
observed in capacity owing to the formation of isolated
and inactive tin grains. We also report on structural
changes in the B,O3;—P,05 matrix.
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Introduction

A large number of materials and electrode concepts have
been extensively studied over a long period with a view
to replacing metallic lithium as the negative electrode in
rechargeable batteries [1]. A novel material must meet
several requirements. For a practical battery, it must be
low in cost, easily available and not harmful to human
life. The specific capacity and the potential should be
close to that of metallic lithium.
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Work in this field has mainly focused on carbon-
based materials. Such materials offer good cycleability
because they form a lithium-ion-conducting passivation
layer. A disadvantage is that a part of the initial charge
capacity is consumed to form this protective layer.

In terms of other negative electrode materials, studies
have been undertaken on lithium transition metal nit-
rides [2] and transition metal oxides or dichalcogenides
[1, 3]. TiS;, WOsand MoO;, have been specially pro-
posed as anodes. However, these materials represent no
serious challenge to carbon. Some of these materials
have a high potential in comparison to lithium (Fig. 1),
although this is not necessarily a disadvantage. Since the
development of 4-V cathode materials [4] a new trend
can be observed. Some materials first used as cathodes
versus lithium are now being investigated as anodes in
combination with 4-V cathodes. The Li/TiO,system is
well known and has been extensively examined [5]. Ex-
nar et al. have reported novel 2-V TiO,(anatase)/LiCoO,
and TiO(anatase)/LiNij sCog 50, rocking chair lithium
batteries [6-8]. They suggest that a 2-V system is more
practical for microelectronic applications, especially in
combination with photovoltaic recharging. Two-volt
coin-type lithium ion cells based on either Nb,Os or
Liy/3Tis/304/ V205 chemistries are already commercially
available for memory backup use.

In principle, the disadvantages of metallic lithium
cycleability can be avoided by using these materials.
Nevertheless, it should be mentioned that none of these
anodes has yet shown the high energy density properties
demonstrated by batteries based on lithium metal.

Since the announcement of Fujifilms’ Stalion battery,
there has been intense discussion on the use of amor-
phous tin composite oxides as the anode materials for
rechargeable lithium ion batteries [9—13]. SnO and SnO,
also belong to this group of materials, which were first
examined as cathodes [5, 14-16]. However, these com-
pounds attained no practical importance as cathodes
because of their low cell voltage.

The new composite oxide materials offer a higher
theoretical volumetric and gravimetric capacity
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Fig. 1 Electrochemical potential of some electrode materials used in
lithium batteries

(>600 mAh/g; 2200 mAh/cm?® [9]) than carbon. How-
ever, the lithium storage mechanism is not yet com-
pletely understood. The observed storage of up to seven
lithium atoms per atom of tin is not typical for inter-
calation systems. This is why some researchers suggest
reduction to metallic tin followed by lithium alloying
[10, 11, 17].

This study makes a contribution to clarify the lithium
storage mechanism in SnO—B,03;—P,05 composite 0x-
ide glasses by using Fourier transform infrared spec-
troscopy (FTIR) and X-ray diffraction (XRD) in
combination with electrochemical measurements.

Experimental
Material preparation

We prepared several SnB,P,O. compositions (Table 1) by solid-
state reactions at high temperatures. For synthesis, reagent grade
SnO (Showa Chemicals), B,O; with either P,Os (both Kanto
Chemical) or Sn,P,O; (Aldrich) were mixed in appropriate
amounts and melted in a sintered alumina crucible under Ar. The
oxygen-rich material SnBj 5Py 503,, was obtained by melting the
starting materials in an Ar:O, (1:1) atmosphere. The furnace was
heated at 200 °C/h to a final temperature of 1000 °C and held for
4 h. The cooling rate was about 200 °C/h. The product obtained
was a compact glass that had a yellow colour which varied in
intensity depending on the composition.

Table 1 Molar composition of the several investigated oxides

SnO B,O;5 P,0s5 Composite
oxide
1 0.25 0.25 SnBg 5Py 503
1 0.3 0.2 SnBO‘GPOAOz'g
1 0.2 0.3 SnBy 4P 603 1
2 0.25 0.25 Sn2B0‘5P0'504
Sn2P207
0.5 0.25 0.25 SnBo 5Po 503

Part of the SnB 5Py.s0; was treated by a single-roll quenching
equipment (Nisshin-giken) The samples were melted at 1000 °C in
Pt nozzle using radio-frequency heating, and then jetted by Ar gas
pressure on a Cu roll (20 cm in diameter) at 2000-3000 rev/min.
The atmosphere was Ar. Samples of the complete amorphous
phase were obtained. The cooling rate was 10*-10° °C/s.

Cell assembly

For electrochemical investigations the samples were ground and
composite electrodes were formed by mixing the sample with
25 wt% acetylene black (Denki Kagaku) and 5 wt% polytetra-
fluoroethylene powder (Daikin) as binder, using an automatic ag-
ate mortar. The electrodes were rolled out between two cylinders
and cut into pellets (15 mm in diameter, and about 0.3 mm thick).

The anode performance of the material was studied in coin-type
cells (type R2320) using Li metal (Honjo Metal) as a counter
electrode. A microporous polypropylene film (Celgard 3501, Hoe-
chst Celanese) was used as a separator. The electrolyte we used was
1 M LiClO4 in ethylene carbonate/1,2-diethoxyethane (Lipaste
EDEE/1 Tomiyama Pure Chemicals).

The cell assembling was carried out in a dry air atmosphere (the
dew point was less than —50 °C).

Measuring equipment

The charge/discharge behaviour of the cells was measured gal-
vanostatically (current density = 0.5 mA/cm?) in the 0.0-1.5V
range.

The structures were characterized by XRD (Rigaku RU-200)
measurements using Cu Ko radiation with a graphite monochro-
mater. Step width was 0.02 ° and data acquisition time per step was
0.6 s. DS and SS were 1 ° and RS was 0.3 mm.

The FTIR spectra were measured in KBr pellets under a dry
nitrogen atmosphere using a Perkin Elmer 1720X FTIR spec-
trometer.

For X-ray photoelectron spectroscopy measurements we uti-
lized an ESCA-5400 system (Perkin Elmer) with a Mg Ko X-ray
source working at the exciting power of 400 W.

The samples containing lithium were prepared as follows. The
coin-type cells were dismantled, the electrodes were washed with
tetrahydrofuran, vacuum dried and then analysed. All these oper-
ations were carried out in a dry atmosphere.

Results and discussion
Structural characterization of materials

B,05 and P,0O5 are well known as glass network forming
compounds. They form macromolecular chains which
are strongly cross-linked by assembling tetrahedra (BO,,
PO,) and triangles (BO3) [18]. When SnO is added, its
primary effect is as a network modifier. According to the
Zachariasen theory, glass formation would be impossi-
ble with a SnO content of more than 50 mol% if the Sn
cations act only as a network modifier. Investigations by
Tick [19] and Xu and Day [20] have shown that some
fraction of the Sn cations acts in a network forming role.
Figures 2 and 3 show the XRD patterns of the dif-
ferent oxide materials. The patterns in Fig. 2 are for
various SnO:B,05:P,05 compositions. Figure 3 shows
SnBy 5Py 505 synthesized under different conditions.
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Fig. 2 X-ray diffraction (XRD) patterns of SnO—B,0;—P,0s
samples with various compositions
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Fig. 3 XRD patterns of SnBgsPysO; synthesized under various
conditions

All the patterns show that the materials are in an
almost amorphous state. Generally, we could observe a
diffused broad halo around 27°. Beside it, the crystalline
phase of the samples consists of phases of SnO, (cas-
siterite) and tin(IV) pyrophosphate (SnP,O-). The other
phases could not be determined. In both cases the va-
lency of tin is changed from Sn®" in SnO to Sn** in
SnO, or SnP,05. In an inert gas atmosphere this oxi-
dation is only possible if a corresponding reduction
occurs. Investigations by X-ray photoelectron spectros-
copy have shown that tin merely exists as Sn>* or Sn**.
Metallic tin could not be detected. By the analytical
techniques used the inevitable reduction process occur-
ring could not be determined.

The formation of SnP,0O, depends strongly on the
amount of phosphorus. In the sample with the lowest
proportion of P,Os (SnBg¢Pg40,9) the SnP,O, phase
could not be detected. The oxidation of SnO to SnO,
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seems to be independent of the composition. The
SnP,0O; phase does not appear when there is a surplus of
SnO (Sn,Bg 5Py 504), but the intensity of the cassiterite
lines is much greater.

The synthesis of SnBjsP;sO3,, in a mixed argon-
oxygen atmosphere leads to a well-crystallized material.
All the lines for cassiterite and tin(IV) pyrophosphate
are confirmed in the XRD pattern of this material
(Fig. 3).

The material synthesized by using Sn,P,O; as the
phosphorus-supplying component shows a slightly
higher intensity in the SnO, pattern. After the single-roll
quenching treatment, the material was transferred in a
completely amorphous state.

IR spectra of the various oxides are shown in Fig. 4.
None of the samples shows any significant difference in
the overall line shape of their spectra. Broad and con-
tinuous bands dominate the spectra. This indicates a
glass-like system with a random structure.

The IR peak around 1360 cm™! is attributed to B—O
bond stretching in trigonal BO3 units [21]. Furthermore,
the band at 700 cm™' is assigned to the bending of
the B—O—B linkages in the borate network [22]. The
band at 1250 cm™" is related to the stretching vibration
of P=0O double bonds in polyphosphate anions. The
absorption band near 1050 cm™' has been assigned as
the P—O~ stretching vibration [23]. Xu and Day [20]
associate this band with the P—O—Sn linkage in
Sn—P—O—F glasses. The band at 550 cm™" is attributed
to the deformation of PO, tetrahedra [24]. The band
expected for the Sn—O vibration in SnO, around
490 cm™! can be observed but is weak.

There are only slight differences between the spectra
for the various compositions. The band at 550 cm™!
changes in intensity depending on the amount of phos-
phorus. In addition, we can observe an increase in the
intensity of the B—O stretching (1360 cm™') and the
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Fig. 4 Infrared (IR) spectra of SnO—B,0;—P,0s samples with
different compositions
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B—O—B bending band (700 cm™') as the amount of
boron increases.

Electrochemical characterization of materials

We examined the charge-discharge behaviour under
constant current conditions between 1.5 and 0.0 V.
Figure 5 shows the typical voltage-time behaviour of
several materials during the first 1.5 cycles. The graphs
are almost the same whatever the composition. In the
first reduction step two clear voltage plateaus can be
observed. The first plateau is in the 1-3 mol lithium
region. A second appears around 5 mol of inserted
lithium and is not seen so clearly. In all the subsequent
charge-discharge steps only one plateau can be observed,
as shown in the right part of Fig. 5.

The capacities of the first reduction step are not very
different, around 7 Li/mol (1050 mAh/g). An exception
is the graph for SnBg 5Py sO3.,. The large amount of 9
Li/mol (1150 mAh/g) can be inserted in this compound,
which was melted in an Ar/O, mixture. This sample
contains significant crystalline SnO,, as shown in Fig. 3.
It suggests that this material behaves in the same way as
pure SnO, [11].

Around 3 mol lithium/mol oxide can be reversibly
removed and cycled from the lithiated substrates. The
rest of the initial capacity is irreversibly lost. The cycling
performance of several SnO—B,03;—P,05s compounds is
depicted in Fig. 6. During the first 10 cycles, capacities
fall to approximately 30-50% of their initial value. After
that, over 40 cycles we can achieve relatively stable ca-
pacities between 50 and 170 mAh/g. This corresponds to
less than 1 mol lithium/formula unit.

The inset in Fig. 6 shows the specific capacities re-
lated to the molar mass which seem to be independent of
the composition, suggesting that the capacity is deter-
mined solely by the amount of tin in the matrix.

The cycling performance of the fast-quenched
SnBy 5Py 503 can be compared with that of the un-

Fig. 5 Voltage-time behaviour
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quenched sample. The differences in structure give an
improvement in the cycleability for the quenched sample
from the 20th cycle.

Structural changes during lithium insertion

In order to explain the processes of lithium incorpora-
tion in tin-containing composite oxides we have inves-
tigated the changes in the structure of unquenched
SnB 5Py 503 (SnO—B,03;—P,0s) during cycling, par-
ticularly during the first reduction step. The voltage-time
characteristic for this material is given in Fig. 7. The
corresponding X-ray patterns are shown in Fig. 8. The
coin-type cells were disassembled after a 1 week rest time
in order to guarantee homogeneous distribution of
lithium in the matrix.

As shown in Figs. 5 and 7, most of the initial capacity
is reduced irreversibly. The X-ray patterns in Fig. 8
show that at least some of the SnO, component of the
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Fig. 8 XRD patterns of SnBy 5P sO; for the initial 1.5 cycles (states
A—-H correspond to Fig. 7)

composite oxide will be irreversibly reduced and metallic
tin and amorphous Li,O will be formed at the same
time, also shown in Fig. 9. The formation of metallic tin
can be observed during the initial reduction step, at least
from state C.

Courtney and Dahn [10] describe the conversion of
tin-containing composite oxides into binary Li—Sn alloy
during cycling. They propose that the accumulation of
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Fig. 9 IR spectra of SnB, 5Py sO5 for the initial 1.5 cycles (states A—H
correspond to Fig. 7)

the patterns of several Li,Sn, alloys results in a broad
halo around 22., and 38,. We could only find these
broad patterns in state D. By contrast, the X-ray pat-
terns in states E-H indicate that the formed metallic tin
is stable during lithium cycling. This means that a part
of the formed metallic tin is isolated in the glass network
and reduces the capacity. The SnP,O; embedded in the
network does not react with lithium.

Figure 9 shows IR spectra corresponding to the dif-
ferent lithium insertion states in the voltage-time be-
haviour (Fig. 7). The IR spectra have relatively weak
absorption bands owing to the use of complete pellets,
including acetylene black and polytetrafluoroethylene
binder. Because of this, some additional bands can be
observed in the spectra. All the spectra were normalized
to the band at 630 cm™' (PTFE). The changes in the
spectra are discussed below.

The broad band at 500 cm™" assigned to Sn—O de-
creases in intensity during the first reduction step. This
confirms the result of the XRD investigations which
revealed that the Sn—O bonds are broken during the
simultaneous formation of the Li—O bonds. Guzman
et al. [25] suggest that the bands at 1200 and 1080 cm™'
are Li—O stretching vibrations. They came to this con-
clusion as result of the lithium insertion in MoQO3AO0.5-
H,O. These two bands disappear during the first
oxidation state (E, F) and appear again in states G and
H. This suggests that lithium can be stored in tin com-
posite oxide anode materials by forming Li—O bonds.
This means we can consider it to be an insertion mate-
rial.

Several authors [26, 27] have reported on the changes
in the IR spectra of B,O; glasses when a modifier such as
Li,O is added. The absorption band at 1310 cm™!
characterizes the stretching of B—O bonds in BOj3 units.
The main observation is the growth of two new bands at
730 and 980 cm™', attributed to the stretching of the
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vibrations in BO, tetrahedral units. Balkanski et al. [21,
28, 29] describe the mechanism for the transformation of
threefold coordinated boron centres into fourfold co-
ordinated boron centres owing to the addition of Li,O.

The change in the structure of the phosphorus net-
work is mainly connected with the appearance of two
new bands around 785 and 900 cm ™" which occur during
the first reduction. These are attributed to the existence
of P—O—P linkages in a glass network [20, 23]. By
contrast, the P=O stretching vibration vanishes gradu-
ally during the initial reduction. The changes in the P—O
bonds seem to be reversible and independent of the
formation of metallic tin.

The band ascribed to P—O~ stretching in P—O—Sn
bonds disappears from states A to B. This can be ex-
plained in terms of the splitting of Sn** (Sn**) followed
by a reduction to metallic tin. This process is not re-
versible and can be observed only in the initial step.

Any further indications with respect to the tin(IV)
pyrophosphate are not provided by the IR spectra.

Conclusions

In our opinion, the following processes occur during the
cycling of lithium on tin-containing composite oxides.
The equations are schematic and do not represent re-
actions in a chemical sense. The stoichiometry and
charge neutrality are not important in the equations.

Reductionprocess(lithiuminsertion)
b —

Oxidation process (lithium extraction)

P—O—Sn— — - P—O Sn— (1)
(irreversible)

SnO —— LipO+Sn (2)

SnOy  (irreversible)

Sn == LiSn, (3)

Sn—O0 ===  Sn—O—Li (4)
(reversible)

BO) == _ [BO >

[ (reversible) 4 ®)
(reversible)

SnP,0; (inactive) (7)

In the first reduction step, the tin fragments which
are incorporated in the glass network will be split off
(Eq. 1). These fragments and the partially contained
phase SnO, are reduced to metallic tin simultaneously
with the formation of Li,O (Eq. 2). The existence of
metallic tin could be confirmed at every charge-dis-
charge state. This means that part of the tin must be
isolated because of its electrochemical inactivity. On
the other hand, the storage of lithium in pure Li,Sn,

alloy phases could not be detected so clearly (Eq. 3).
IR spectra show the reversible formation of Li—O
bonds during every reduction period (Eq. 4), suggesting
reversible lithium storage in the composite oxide
matrix.

The effects of the incorporation of Li,O in borate and
phosphate glasses are well known and could be con-
firmed for our system. The change from threefold co-
ordinated boron to fourfold coordinated boron as a
result of the electrochemical lithium incorporation seems
to be reversible (Eq. 5). In the phosphorus network a
reversible change could be observed between
P=0 and P—O—P bonds (Eq. 6). Part of the tin is
bound as SnP,0,. This material is inactive as regards the
reversible storage of lithium (Eq. 7). Therefore the for-
mation of this phase should be avoided.

The applicability of the tin-containing amorphous
oxides as negative electrodes in rechargeable lithium
batteries described above appears questionable. Com-
pared with Fujifilms’ materials the cycling performance
of our materials is very poor. This is because of the dif-
ference in structure resulting from the different method
of synthesis. The materials we investigated exhibited
some structural characteristics which enabled us to ex-
amine structural changes during the initial reduction
step. We hope this contributes to an understanding of the
mechanism even if a number of points remain unclear.
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