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Abstract

In situ ''”Sn M&ssbauer study of an SnO, electrode was performed during discharge of a lithium ion cell. The first step is lithium
intercalation into the SnO, host structure. This lithium intercalation results in reinforcement of the SnO, lattice instead of direct
decomposition of the oxide upon reduction. This first step is followed by the reduction of tin dioxide into unusual tin species
(possibly “exotic”” forms of Sn(II) or Sn(0)). The last step of the discharge consists in Li—Sn alloy formation. However, non-reduced
SnQO, is present nearly up to the end of the discharge despite a very low discharge regime. It seems highly probable that this fact is
related both to slow Li diffusion and disconnection of SnO, particles due to Li,O formation. The working electrode appears to be
rather far from equilibrium during continuous discharge, which means that ideal succession of well-defined stages cannot describe

the real phenomena involved in the operating battery.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Graphite compounds are currently the standard
negative electrode in lithium ion batteries. Full lithium
intercalation in graphite leads to the formation of LiCg
[1] which provides a theoretical gravimetric capacity of
372mAh/g. This value is quite satisfying since it is more
than twice that of commonly used positive electrode
materials such as LiCoO, or LiMn,0,4. Despite this
remarkable capacity, graphite negative electrode suffers
from different problems (first cycle irreversible capacity,
swelling of the electrode upon cycling, co-intercalation
of electrolyte solvent, etc.), which have generated an
increasing effort in the search of alternative anode
materials for “‘rocking chair” batteries. Most of the
studies aimed at solving the former problems while
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increasing the electrode capacity and keeping a reason-
able cell voltage. The first efforts were put on tin-based
oxides in the mid-1990s. In this respect, the abundant
literature [2,3] (among others), including patents [4,5],
devoted to SnO, has shown that this material exhibited
promising capacity on the basis of the two-step
mechanism proposed by Courtney [2]:

SnO, +4Li" +4e~ — Sn(0) + 2Li,O (irreversible) (1)

Sn(0) + yLi* + ye~ — Li,Sn (reversible) (2)

According to this mechanism, the reversible specific
capacity (related to the second step) of an SnO,
electrode is about twice that of graphite (about
780 mAh/g assuming the limit formula of the Li—Sn
alloys to be Li;;Sny, according to Nazar [6] or LiySns,
according to Huggins [7]). Since these studies, other
materials have been proposed as alternative negative
electrodes for Li-ion cells, with improved cyclability and
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enhanced capacities. However, the strong international
competition between all the proposed alternative mate-
rials has left in the shadow quite amazing features
related to the solid-state chemistry of oxide electrodes,
especially SnO».

Determination of the reaction mechanisms involved
in an electrochemical system is often somewhat difficult.
In particular, X-ray diffraction measurements (in situ
and ex situ) have been extensively used [2,3], but they are
not very informative due to the loss of long range
crystalline organization which occurs as the battery
works. In these conditions, use of a local technique can
be very pertinent. More precisely, in the case of tin-
containing electrode materials, ''”Sn Mdssbauer spec-
troscopy appears as a very convenient tool [8—11].
However, most of the studies reported deal with
materials which have been transferred into a Mdssbauer
sample holder after the battery has been stopped at a
chosen stage. Even if such a procedure allows interesting
conclusions to be drawn, in situ measurements carried
out on an operating battery appear as much more
attractive. Firstly, they avoid transfer of the material
from the battery to the sample holder, an operation
which can induce, even if performed under “inert”
atmosphere, alteration of oxidizable phases (as we could
observe by ourselves). Secondly, they allow the whole
study to concern a unique battery, which suppresses the
effects of possible uncontrolled differences from a
battery to another. Thirdly, they permit a detailed study
without requiring fabrication of a batch of batteries.
Fourthly, for study of the absorption area evolution,
they avoid the effects of device geometry changes, since
the sample remains in the same position during the
whole measurement series. For all these reasons, we
decided to complete the results we obtained from our
previous ex situ experiments [11] and to perform an in
situ '”Sn Mssbauer study of a SnO, electrode, in order
to precise the chemical changes occurring during the
discharge so that the validity of the proposed mechan-
ism [2] is checked.

2. Experimental

It is not very convenient to perform in situ Mdssbauer
experiments in a glove box; the battery has thus to be
sealed, in order to prevent alteration by ambient
atmosphere. Moreover, presence of absorbing materials
on the y-ray beam way must be as far as possible
avoided. Our battery was prepared by the Laboratoire
de Réactivité et de Chimie des Solides, Unité de
Prototypage UMR 6007 CNRS, Amiens, according to
the plastic technology [12] which perfectly meets these
requirements. Aldrich SnO, powder (99.9% in purity)
was used. It mainly contained roughly spherical particles
with diameter smaller than 1 pum (80% of the mass) but

some particles reached a diameter of 40 um. The oxide
powder (active material) was mixed with poly(vinylidene
fluoride)-hexafluoropropylene (PVDF-HFP), SP car-
bon, and dibutyl phthalate (DBP) with weight ratios
56:6:15:23, respectively. This composite electrode was
not used in a real lithium ion cell but was studied as the
working electrode versus a counter and reference
electrode consisting of a lithium foil, which gives a
well-defined reference potential. The plastic separator
was soaked with a 1M LiPFg solution in ethylene
carbonate/dimethyl carbonate (EC:DMC=1:1). A
4cm x 4cm piece was cut in the plastic laminate and
sealed in a plastic bag in order to be used as the
Moéssbauer sample.

The battery discharge, i.e. the reducing step (3 weeks)
was monitored by a MacPile device operating according
to the potentiostatic mode. The potential was varied
step by step and the current continuously measured in
order to allow, through integration, determination of x,
the mole number of lithium having reacted from the
beginning of the discharge with one mole of SnO».

Three potential steps were used for the first discharge
of the battery. Up to x = 0.5 Li, the potential was varied
by stage of —10mV per hour. Between x = 0.5 and 3.8
Li (corresponding to the pseudo plateau formation, cf.
Fig. la) the cycling mode was slowed down, i.e. to
—10mV per 10h. For x values higher than 3.8 Li and
until the end of the discharge, the potential stages were
—10mV per 3h.

The Mossbauer measurements were performed using
a conventional constant acceleration spectrometer
equipped with a Ca''”™SnO; source (5mCi). The
velocity scale was calibrated with two reference absor-
bers, f-Sn and CaSnOs;. The isomer shifts are referred to
CaSnO; at room temperature. The typical acquisition
time was about 24h per spectrum. The amount of
reacted lithium (x Li per SnO, mole) corresponding to
each of the spectra (and used in the text and the figures)
is calculated as the average value between the lithium
amounts at the beginning and at the end of the
acquisition time.

All the in situ spectra were of course recorded at room
temperature. It has to be kept in mind that, for such a
high measuring temperature, some difficulties can be
encountered concerning identification of phases with a
low recoilless fraction (f, Lamb-Mdossbauer factor) and
determination of the relative amounts of phases with
different f-values.'

'Only the f fraction of the '*Sn nuclei participates in the Méssbauer
spectrum since Mossbauer effect is based on recoilless resonant
absorption of y-rays by nuclei. The (1—f) remaining fraction dissipates
the total recoil energy of the system as lattice vibrations and thus
cannot contribute to the resonant absorption. The recoilless fraction
reflects the dynamics of the tin-containing lattice. At a given
measurement temperature, it is higher if the lattice is more rigid, i.e.
if Sn is involved in strong bonds. For a given compound, decrease of
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3. Results and discussion

As pointed out above our aim was to fully detail the
electrochemical behavior of a SnO, electrode in a
lithium ion cell using in situ ''Sn M&ssbauer spectro-
scopy. For clarity, we will successively address the
different reaction steps in order to give some clues to
elucidate the anomalies detected.

3.1. Does the equation SnO,+4Li" +4e~ — Sn(0)+2Li,O
really reflect the first step of the discharge?

3.1.1. The lowest Li contents

Up to x~ 0.4 Li having reacted with one mole of
SnO,, the Md&ssbauer spectra remain visually identical
to the broadened singlet (unresolved quadrupole doub-
let) of the SnO, starting material, without any extra
contribution to be observed (Fig. 1b and ¢). It can then
be thought that, at this stage, the reaction does not
induce deep changes of the SnO, electrode, i.e. no
important change of the strong bonds occurs. However,
the absorption area normalized to the background
count number (NormAbs) exhibits a rather unexpected
trend for the lowest x values, since it increases with x (up
to x ~ 0.2, Fig. 2). This trend is unexpected because,
according to Eq. (1), SnO, should transform into
metallic tin. The contribution of these new species to
the Mdssbauer spectra could be unobservable due to
low recoilless fraction, but decrease of the SnO, amount
should necessarily induce decrease of the absorption
area, as unambiguously observed above x &~ 0.2 (Fig. 2).
The absorption area should then monotonously de-
crease with increasing x, including the lowest x values. It
means that Eq. (1) does not represent the phenomenon
occurring at the very beginning of the discharge.

For such spectra with a unique tin contribution, the
normalized absorption area (NormAbs) is proportional
to the NV number of tin nuclei present in the sample and
to their f recoilless fraction. The NormAbs increasing
from x = 0 to 0.2 (Fig. 2) can result from an increase in
N because only part (3cm?) of the electrode surface is
exposed to the collimated y-ray beam so that, if the
lattice and consequently the electrode contract, the
number of tin atoms in the measurement areca may
increase. Nevertheless, electrode contraction could
rather be expected to result in formation of cracks
without important change of the tin active amount.
Moreover, the NormAbs increase from x =0 to 0.2 is

(footnote continued)

the measurement temperature attenuates the lattice vibrations and thus
increases f. If tin is present in proportions p(i) in several (i) species in a
sample which contains a total of N tin atoms, the contribution of each
of these species, Abs(i), to the total absorption area
(AbsTot = ZAbs(i)) is proportional to p(i) x N x f(i). For this reason,
the p(i) proportions of tin in the different species can be deduced from
the corresponding Abs(i) areas only if the f(i) values are known.
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Fig. 1. (a) First potentiostatic discharge of the SnO, electrode between
open circuit voltage (OCV) and 0.01 V vs. Li " /Li. (b)—(h) In situ '"*Sn
Maossbauer spectra recorded at different x values (x = 0.00 (5), 0.39 (¢),
1.26 (d), 2.63 (e), 6.90 (f), 7.56 (g), 8.40 (h)) during the first discharge of
the electrode. For clarity purpose, plain and italic types are alternately
used for (b), (¢), (d), (e), (f), (g), (h), and for the corresponding
absorption scales. It should be noted that the absorption scale for
spectra (e), (f), (g), (h) is twice as large as that for spectra (b), (¢), (d),
which illustrates the drastic drop of the overall f factor upon discharge.
The contribution of residual SnO, traces to spectra (f) and (g) is
indicated by the arrows.
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Fig. 2. Variation of the absorption area (normalized to the back-
ground count number) versus x, the Li amount per SnO, mole
(0.00<x<2.63). (The line is a guide for the eyes.)

about 5% which would require notable lattice contrac-
tion. Now, ex situ recorded X-ray diffractograms did
not evidence any significant lattice parameter change in
this region. The only possibility is then that the
NormAbs increase is due to an increase in f, which
means that the SnO, lattice becomes more rigid. Such a
phenomenon can be explained by lithium intercalation
into the host SnO, lattice, with creation of new bonds
(Li-O) without destruction of the pre-existing ones
(Sn—O), which thus results in reinforcement of the
lattice. Besides, in this composition region, the tin
isomer shift slightly increases with x (6 = —0.02mm/s
for x =0, and 6 = 0.00mm/s for x = 0.2). This increase
is not far from the limit of experimental accuracy, but it
is in agreement with what can be expected for oxygen-
surrounded tin (IV) in the presence of a more electro-
positive cation [13].

At the beginning of the discharge (Fig. 1a), a drastic
potential drop is first observed (from 0 to 0.5 Li per
SnO, mole), followed by a pseudo plateau, which
demonstrates that two different phenomena occur in
this region. The first one can then be attributed to
lithium intercalation into the SnO, host, the second one
to reduction of the lithiated structure. However,
intercalation finishes at x =0.5 according to the
voltamogram, while the maximum of the Mo&ssbauer
absorption area is located at x = 0.2. The NormAbs
decrease above x = 0.2 can be explained by reduction of
more or less lithiated SnO, into species with a smaller f
factor. It can thus be thought that reduction begins at
x = 0.2 (absorption area), while intercalation is still
going on (voltamogram). This hypothesis is supported
by the fact that the isomer shift of the SnO,-related
contribution continues to increase above x =0.2

Isomer shift (mm/s)
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Fig. 3. Evolution of the ''°Sn isomer shift () versus x, the Li amount
per SnO, mole (0.00<x<0.73). (The line is a guide for the eyes.)

In this region (very beginning of the discharge), the spectra consist of a
single line and are of excellent quality due to a rather high f factor. The
isomer shift accuracy can then be estimated to +0.005mm/s. For the
highest lithium amount (x = 0.73), reduction products begin to appear
as a very weak and unresolved contribution, which can increase to
0.01 mm/s the uncertainty on the SnO, component isomer shift.

(Fig. 3), which suggests that, as the lithiated phase
begins to be reduced, further lithium intercalation
proceeds in non-reduced parts of this phase.

It thus appears that the first step of discharge is not
reduction of SnO, into metallic Sn, but lithium
intercalation into the SnO, lattice.

3.1.2. Evolution of the remaining SnO; fraction during
the battery discharge

The absorption at v & 0, characteristic of more or less
lithiated SnO,, remains observable for lithium amounts
higher than x = 4, the value expected according to the
mechanism proposed by Courtney [2]. The relative
contribution of this sub-spectrum to the total absorp-
tion in a given spectrum cannot allow to determine the
effective proportion of SnO, at the corresponding stage,
since the f factors of the various species involved are not
known. However, we could estimate the proportion of
unreacted SnO, as follows. For each of the spectra
recorded during the battery discharge, we calculated the
absorption area relative to the SnO, contribution and
normalized it with respect to the background count
number. The remaining SnO, fraction (Fsno,) was then
calculated by dividing each of these values by that
obtained for x =0, which corresponds to Fsuo, = 1.
This procedure gives for 0<x<0.4 Fsyo, fractions
slightly greater than 1 (up to 1.05) due to the initial
absorption area increase. Such values are of course
meaningless. For this reason they have been arbitrarily
replaced in Fig. 4 by the maximum possible value, 1.
Anyway, this minor point cannot change anything
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Fig. 4. Evolution of the remaining SnO, fraction during the electrode
discharge. (The line is a guide for the eyes.)

The uncertainty on the estimated fractions of unreduced SnO; is about
5%. For the high Li amounts (x = 6.90 for instance), even if the
unreduced SnO, fraction is very small (0.01), its presence is not
questionable since its contribution clearly appears at v~ 0 as a
shoulder on the left wing of the doublet (cf Fig. 1f).

owing to the conclusion that some SnO, remains present
in the electrode nearly till the end of the discharge (Fig.
4). Tt can be thought that the remaining SnO, does not
exactly correspond to the usual tin dioxide. Effectively,
the isomer shift related to this sub-spectrum continues to
increase with x (as shown by Fig. 3) up to ~0.16 mm/s.
Even if 6 determination becomes less accurate when the
corresponding contribution becomes less intense, due to
correlations with the parameters of the other compo-
nents of the unresolved spectra, this value is consistent
with that we obtained from ex situ spectra recorded at
78 K (0.19 mm/s [11]). Such a ¢ increase probably means
that, as proposed above, intercalation goes on while
reduction proceeds, as long as SnO, is present. This
phenomenon could result from the presence of SnO,
regions where lithium access is sufficient for intercala-
tion to occur, but too slow for Sn(IV) to be immediately
reduced. However, such 6 values could also be related to
SnO, regions in interaction with surrounding Li,O
particles.

Anyway, again it appears that ideal succession of
well-defined stages cannot describe the real phenomena
involved in the operating battery.

3.2. The chemical evolution of the system

3.2.1. The first reduction step

As indicated above, after the maximum at x = 0.2, the
normalized absorption area drastically decreases (Fig. 2)
which means that SnO, transforms into new species with
lower f factor. Due to this small recoilless fraction, the

contribution of these new species become perceptible
only for x>1 (Fig. 1) and, even for x>2.5, it remains
weak if compared to that of the remaining SnO-.
Besides, the various sub-spectra are not resolved, and
strong correlations between the parameters to be refined
make it difficult to propose unambiguous identification
of the reaction products up to x = 3.6. Satisfactory
reproductions of the spectra can be obtained without f-
Sn contribution and, if we introduce such a contribution
(which was observed in our previous ex situ 78K
measurements [11]), its intensity is weak, which can be
due to the very low f'value expected for small particles of
p-Sn. Whether f-Sn is considered or not, at least
another contribution exists, with an isomer shift of
about 2.2mm/s which corresponds neither to f-Sn
(0 =2.56mm/s [14]) nor to SnO (6 = 2.62mm/s [15]).
This cannot be explained on the basis of the ex situ
spectra we previously recorded at 78 K [11]: effectively,
during the discharge, we clearly observed coexistence of
B-Sn and Sn (IV) (without significant amount of Sn(II)).
Low temperature enhancement of the -Sn f factor can
explain f-Sn contribution to be observable at 78 K (ex
situ) and not at room temperature (in situ), but it cannot
justify the presence of new contribution(s) in the room
temperature in situ spectra. It can then be thought that
unusual species transitorily form; they could be evi-
denced by the in situ study but could transform into a
more stable phase during the time between when the
battery was stopped and our ex situ spectra [11]
recorded (at least several days of room temperature
annealing). In this respect, the isomer shift value
(0 ~22mm/s) observed in the in situ spectra is
intermediate between those of o-Sn (2.0 mm/s) and f-
Sn (2.56 mm/s) and close to that reported for tin thin
films (2.25mmy/s) [14]. The reduction product observed
in situ could then correspond to some unusual form of
metallic tin, which could then transform into the f-Sn
observed ex situ. However, such a ¢ value could also be
related to an unusual form of Sn(II). In both cases, the
species can possibly be in interaction with Li,O.

3.2.2. Alloy formation

The following step of the discharge (from x ~ 4) can
be expected to involve formation of Li,Sn alloys [2], as
already evidenced by our ex situ study [11]. In this
region, our in situ spectra consist (apart from the
contribution of nonreduced Sn(IV)) of a more or less
symmetrical doublet with broadened lines, whose
simulation obviously requires more than one tin site.
An extensive study of the Li—Sn system reported by
Dunlap et al. [16] shows that several phases exist, with
several tin sites for most of them. Since an ideal step by
step mechanism is not followed (as demonstrated
above), coexistence of several alloy phases in the
electrode can be anticipated which means that each of
the corresponding spectra can contain a rather large
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number of contributions. However, considering that
these various contributions are unresolved, we thought
it would not be very significant to introduce in our
calculations an excessive number of variables. For this
reason, we used the minimum number of tin sites
required for good reproduction of our experimental
spectra: two sites, plus the contribution of unreacted
Sn(IV).

Fig. 5 gives the evolution of the Mdssbauer para-
meters of the two alloy tin sites versus the Li/Sn atomic
ratio in the Li,Sn alloys. For the y value to be really
representative of the alloy composition, it has been
calculated according to Fsno,: ¥ =x—4(1—Fsno,), where
x 1s the total lithium amount involved from the
beginning of the discharge and 4(1—Fsno,) the lithium
amount effectively involved in reduction of SnO, into
metallic Sn, taking into account the Fs,o, fraction of
unreduced SnO, (cf. Fig. 4). The lithium amount
possibly intercalated in the unreduced SnO, was not
introduced in this calculation of y because it cannot be
reliably estimated; anyway this cannot induce important
error on the y value.

For the two sites, the isomer shift decreases with
increasing lithium amount. This evolution reflects
progressive replacement of Sn—-Sn contacts (Li-poor
alloys) by Sn—Li ones (Li-rich alloys), in agreement with
the Li—Sn system study of Dunlap [16]. Now with regard
to the quadrupole splitting evolution, it can be seen
(Fig. 5) that the site with the greatest isomer shift has
first the smallest quadrupole splitting and that the
situation reverses above x ~ 7. This crossover is related
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Fig. 5. Two-site description of the Mdssbauer spectra of the Li,Sn
alloys: evolution of the ''”Sn isomer shifts (51, 62) and quadrupole
splittings (41, A2) versus y. (The lines are guides for the eyes.)

The uncertainty on 6 and 4 values is 0.04 mm/s. The data refined for
the lowest Li content are probably affected by presence of residually
reduced but non-alloyed species.

to the change of the doublet asymmetry: the line located
at the lowest velocity is first less intense (Fig. 5f) and,
above x ~ 7 (Fig. 5g), becomes more intense than the
line located at the highest velocity. Similar change of the
spectra asymmetry was observed by Dunlap between
Li;Sn; and LisSn, [16]. It can thus be thought that some
similarity exists between the species we formed and the
alloys described by Dunlap. However, they are not
perfectly identical since the isomer shift and quadrupole
splitting values we refined in this region (Fig. 5) are
somewhat different (slightly greater) than those reported
by Dunlap for the corresponding well-defined Li;Snj
and LisSn, alloy phases. These differences can be due to
poorer organization and/or non-stoichiometry of our
alloy particles.

Our two site fitting procedure perhaps does not
describe exactly the studied electrode (which procedure
could be indisputable for such unresolved spectra?);
however, it allows calculating for each spectrum the
mean isomer shift value (weighted on the basis of the
relative contributions of the two sites to the absorption
area). An interesting feature is that, for spectra which
can be reproduced according to different hyperfine
parameter sets, the mean isomer shift value does not
depend upon the chosen model (which is not surprising
since this value represents the spectrum barycenter).
Fig. 6 shows the evolution of the alloy mean isomer shift
versus the y Li/Sn atomic ratio (calculated taking into
account the amount of unreduced SnO, as in Fig. 5).
Along with our results and for comparison purpose,
Fig. 6 also gives the tin mean isomer shift values
calculated from the data reported by Dunlap for well-
organized Li-Sn alloys [16] and by Chouvin for

2 6 T T T T

---4--- Dunlap

. --&-- Chouvin (Sh powder)
e e - -¥- - Chouvin (Sn foil)
—4— Ourresults g

23

22 -

Mean isomer shift (mm/s)

1.8 I 1 1 1
0 1 2 3 4 5

yinLi, Sn

Fig. 6. Two-site description of the Mdssbauer spectra of the Li,Sn
alloys: evolution of the ''”Sn mean isomer shift (8) versus y. Results
derived from Dunlap and Chouvin data are given for comparison. (7he
lines are guides for the eyes.)
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electrochemically obtained ones (two data sets for two
different morphologies of the f-Sn starting material
[10]). We have considered the ¢ value of 5-Sn (2.56 mm/
s) to belong to the three curves drawn from the results of
Dunlap and Chouvin because in these three cases f-Sn is
the starting material. For the four measurement series,
the overall trend is similar: the mean d-value decreases
as the Li/Sn ratio increases, i.e. as Sn—Sn contacts are
replaced by Sn—Li ones. However, the four curves are
not identical. For low lithium contents, our d-values are
smaller than those of Dunlap and Chouvin, and do not
extrapolate to 6 = 2.56 mm/s (f-Sn) for y = 0. For high
lithium contents, our d-values are greater than those of
Dunlap (comparison to the results of Chouvin is less
significant because his lithium-rich alloy corresponds to
Li/Sn=3.4, instead of 4.4 for our alloys and those of
Dunlap). These differences can probably be explained,
at least partly, by different synthesis procedures. Dunlap
obtained well-defined alloys from the elements at high
temperature, which can be enough to account for
differences with our results. Differences with the values
of Chouvin are more surprising since Chouvin’s study
concerns, as ours, electrochemically prepared alloys. Of
course, the starting materials are not the same, $-Sn for
Chouvin, SnO, for us, but, as far as SnO, can be
expected to be first reduced into f-Sn or any unusual
form of metallic tin, it could be thought that no
significant difference should exist between the three
series. However, it has to be noticed that, for the same
starting material (f-Sn), the two curves for the
Chouvin’s alloys are different depending on the f-Sn
morphology, powder or thin film. It follows that, if f-Sn
is formed through reduction of our SnO, electrode, it
has no reason to exhibit a morphology identical to that
of one of the starting materials of Chouvin. In fact, we
did not unambiguously evidence formation of f-Sn,
possibly due to its low recoilless fraction. As far as the
contribution we observed with J ~ 2.2mm/s is really
related to an unusual form of metallic tin, the resulting
Li—Sn alloys could exhibit an unusual form too.
Moreover, for discussion of the plot versus y of the
mean isomer shift of tin in our alloys (Fig. 6), it has to
be kept in mind that our measurements concern a
working system which does not follow an ideal
equilibrium mechanism, as shown by the persistence of
unreduced Sn(IV) far above the theoretical value of 4 Li
per SnO, mole. In these conditions, the Li—Sn alloys
present at any moment have no reason to be homo-
geneous, which can have consequences concerning the
estimation of the mean isomer shift value due to the
dependence of the tin recoilless fraction upon the
composition of the alloys. Effectively, in a first
approach, for measurements performed at a given
temperature (room-temperature in the present case)
the f factor can be anticipated to increase with the
material melting point (expected to vary in the same way

as the lattice rigidity), i.e. to first increase with the Li/Sn
ratio and then slightly decrease for the highest Li
contents [9,17]. In order to check this assumption, we
have studied the evolution of the absorption area related
to the alloys versus their composition, represented by
the Li/Sn ratio, y (as calculated for Figs. 5 and 6). For
each spectrum, the absorption area relative to the alloys
(AllAbs) is calculated by addition of the absorption
areas relative to the two alloy tin sites. This AllAbs
value is divided by the background count number for
normalization of the different spectra (NormAIllAbs).
For one mole of SnO, initially present in the electrode,
the amount of tin effectively involved in the Li—Sn alloys
is Fap=1—Fspno, (Fsno, 1s the fraction of unreduced
SnO, as plotted in Fig. 4). The normalized alloy
absorption referred to one Sn involved in the alloys is
then NormAllAbs per Sn=NormAllAbs/Fay. Since
they refer for all the spectra to the same Sn number,
these NormAIllAbs per Sn values are then proportional
to the recoilless fractions related to the different Li,Sn
compounds. Fig. 7 shows that, as expected from the
melting points evolution, NormAllAbs per Sn first
drastically increases and then slightly decreases. It
means that the f factor severely depends upon the alloy
composition. Let us consider an inhomogeneous alloy
system with two components named Li-poor (y = 1 for
instance) and Li-rich (y =2 for instance) in relative
proportions Fpirich and Fiipoor- The absorption area
ratio, Absyipoor/AbSLirich, Will be given by (Fiipoor X
fLi—poor)/(FLi—rich XfLi—rich)' Since fLi—poor <fLi—rich (fLi—poor/
Jririen ®0.7/0.8, cf. Fig. 7) the Absyipoor/AbSLirich ratio
will be smaller than the Fii.poor/Fiirich @amount ratio,
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Fig. 7. Melting points reported in the literature for well-defined Li,Sn
alloys, and normalized absorption area per Sn mole involved in the
Li,Sn alloys formed in our electrode. For comparison, before the
battery begins to work, the normalized absorption area for the SnO,
spectrum is greater than 3 in the same arbitrary unit system. It shows
the drastic decrease of the overall f factor. (The lines are guides for the

eyes.)
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which really represents the systems. It follows in such a
case that calculation of the mean isomer shift of the
alloys, weighted on the basis of the AbSy;poor/AbSLi.rich
ratio, will under-estimate the participation of Li-poor
and over-estimate that of Li-rich. Since the isomer shift
decreases with increasing Li content (dpi-poor > OLi-rich)>
this procedure will somewhat under-estimate the mean
isomer shift value in this region. This effect cannot be
quantified, but it is sure that if it could be, the curve we
would obtain would be less different from those derived
from the results of Chouvin and Dunlap. For the highest
lithium contents, when NormAllAbs per Sn decreases
with increasing y (Fig. 7) symmetrical trend can be
expected for f, but less important since the decrease of
NormAIlAbs per Sn is much less important above y ~
2.5 than from y ~ 2.5 to y = 0. Nevertheless, the result
would then be that, in this case, our mean isomer shift
value is over-estimated. If this phenomenon could be
taken into account, our curve would be closer, in this
region too, to the three other ones. Moreover, the
NormAllAbs per Sn versus y plot (Fig. 7) suggests the f
value for metallic Sn to be very low, which can explain
the related contribution not to be observable in the
spectra, despite the presence of f-Sn was evidenced
from ex situ X-ray diffraction and low temperature
Méssbauer measurements [11].

This discussion shows that interpretation of room
temperature in situ Mossbauer experiments is not
necessarily straightforward. However, it one more time
points out that the working electrode is anything but
homogeneous.

3.3. What happens when the cell is discharged?

The first factor which can explain that some SnO,
remains unreduced above the expected x =4 limit is
lithium diffusion in the SnO, structure. In order to
check this hypothesis, estimation has been made
concerning the lithium diffusion coefficient Dy;
(Di=r?/t, r being the particle radius (cm) and 7 the
reaction time (s)). For this estimation, we have chosen
t=10%s (12 days), which is the time passed between the

Sn, LiSn,

Carbon black Organic binder Li,0

Current collector

Step 1 Step II

carbon black Sn0O, SnO,

Current collector

beginning of the discharge and recording of the
spectrum corresponding to x = 4. Effectively, at this
stage, 80wt% of SnO, is reduced (Fsno,=0.2, cf.
Fig. 4), which is precisely the weight percentage of
SnO, particles with a diameter less than 1 pm. For these
small particles to be completely reduced, a Dy
coefficient of 2.5 x 10~"° cm?/s is sufficient. In the rutile
structure, the Dy ; coefficient has been reported to range
between 107¢ and 10~ '?cm?/s [18]. It thus appears
logical that the small particles are completely reduced.
For the largest SnO, particles (up to d = 40 um) to be
completely reduced too, the Dp; coefficient should be at
least 4 x 107"2cm?/s. This value is of the same
magnitude order as the smallest D;; value reported for
rutile structure. Assuming lithium diffusion in our SnO,
particles to be effectively among the slowest in rutile
structure, this phenomenon could be (partly?) respon-
sible for the presence of unreduced SnO; in the largest
particles.

Another reason for this presence can be related to
Li,O formation. Li,O can be expected to form at the
surface of the SnO, particles and can so constitute an
insulating barrier, which impedes lithium access to the
unreduced core of the particle. Then, during discharge,
and especially when the Li—Sn alloys appear, consider-
able material expansion occurs since the complete
transformation of the active phase results in a volume
increase of 300%. This volume increase necessarily
induces important mechanical strains, which can grind
the Li>O particles and thus restore contact between the
remaining SnO, and the reactional medium, which
allows the SnO; reduction to start again (Fig. 8). Even if
further experiments with fine SnO, powder as the
starting material would be necessary for unambiguous
answer to be given, it seems highly probable that both
phenomena (Li diffusion and disconnection-reconnec-
tion of the SnO, particles) are responsible for persistence
of unreduced SnO, nearly until the end of the discharge.

Finally, our measurements allow describing the
phenomena involved during the battery discharge
according to Fig. 9, which shows the imbrications of
the various reactions.

Disconnected Reconnected

Current collector

Step 11

Fig. 8. Disconnection—reconnection of the SnO, particles due to Li,O formation and further grinding of these particles related to the alloy formation
and concomitant volume expansion. Binder: poly(vinylidene fluoride)-hexafluoropropylene (PVDF-HFP); conductive additive: SP carbon. See

experimental section for electrode composition.
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Fig. 9. Various mechanisms taking place during the first discharge of
the SnO, electrode: lithium intercalation into the SnO, host structure
(I), reduction of the more or less lithiated SnO, (II), Li,Sn alloy
formation (III).

4. Conclusion

Even if the spectra were recorded at room tempera-
ture, in situ Mossbauer ''"Sn spectroscopy allowed
better understanding of the behavior of the SnO,
electrode during the battery discharge. In particular,
the first part of the voltametric curve could be explained
on the basis of lithium intercalation in the SnO, host
structure, and it could be evidenced that the succession
of well-defined stages previously proposed does not
exactly represent the phenomena really involved in our
system. Additionally, this study brings new insights on
the use of SnO; in electrochemical devices. For example,
lithium intercalation can be used for electrochromic
purpose for example, and the study of Li,SnO, solid
solution can be interesting from both fundamental and
applied points of view. Besides, the present study points
out the influence of particle size distribution on the
electrochemical properties of batteries. Subsequently,
the battery performance can be monitored via electrode
material engineering.
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