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Abstract

We have compared the local structure of electrochemically lithiated SnO with Sn/Li alloys using "Lito study the environment of the
Li ion and extended X-ray absorption fine structure to study the environment of the Sn ion. Although a widely accepted simple model
suggested that the electrochemically lithiated SnO should be similar to Sn/Li aloys of corresponding composition, we find this is true
only at low Li concentrations. The addition of more Li to the structure produces, for both the Li and the Sn, features which are difficult to
reconcile with the simple model, and suggest the presence of direct Sn—O interactions. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Tin compounds and especially oxides have attracted
recent interest as high capacity anodes in lithium ion
batteries [1-7]. The compound SnO, which has been con-
sidered as a possible anode material, has the additional
advantage of serving as a useful model of the more
chemically complex composite tin oxide glasses. A widely
used model of the reaction of lithium with SnO involves
initially reduction of the Sn and subsequently alloying of
the Sn, according to [1,2]:

SnO + xLi — Li, 0+ SnLi_,. (1)

Although there isalarge irreversible Li capacity associ-
ated with the Li,O phase, the latter appears to improve
cyclability as compared to elemental Sn, which undergoes
large volumetric changes on Li aloying. Recently pub-
lished results from our |aboratory [4] and others [5—7] have
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shed additional light on the electrochemical lithiation of
SnO, via ’Li nuclear magnetic resonance (NMR) and
X-ray absorption spectroscopy at the Sn K-edge. The two
methods are complementary in that the former yields
information regarding the local environment of the Li™
ions while the latter is sensitive to the local Sn environ-
ment. In these previous studies, it was found that the
simple reaction mechanism (1) is valid only under limited
circumstances; large structural differences between the
ideal SnLi alloy and the electrochemically lithiated mate-
rial were observed at high Li content [4—7]. In this paper,
we present more detailed measurements than those in our
initial communication [4], which provide additional evi-
dence for differences in alloy formation at high Li content.

2. Experimental

Lithium was electrochemically titrated into SnO as
described elsewhere [4] under galvanostatic (20 wA /cm?)
conditions. Reference SnLi, aloys were synthesized by
direct reaction of the elements. Appropriate amounts of
elemental lithium and tin obtained commercially were
weighed. Tin contained in a molybdenum crucible was
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first melted in an oven within a glove box under argon.
Lithium was then added to the molten Sn. The final
products were annedled at 350°C for 24 h and the resulting
aloys were ground into powder.

Solid state 'Li NMR measurements were performed
with a Chemagnetics CMX 300 spectrometer operating at
a resonance frequency of 117 MHz. Both wide line and
high resolution magic angle spinning (MAS) spectra were
acquired, the latter with a spinning rate of about 5 kHz. A
1-M agueous solution of LiCl was employed as a chemical
shift reference.

Samples were prepared for EXAFS measurements by
mixing SnLi, and SnOLi, aloys with boron nitride and
pressing the material into pellets, measured to be one
absorption length thick at the Sn K edge, under argon
atmosphere in a dry glove box. The XAS experiments
were performed on experimental station X-11A of the
National Synchrotron Light Source with the electron stor-
age ring operating at an electron energy of 2.8 GeV and
stored current in the range of 110 to 250 mA. Data were
collected with a variable exit double-crystal monochro-
mator using two flat Si (311) crystals. The energy resolu-
tion at the Sn K-edge energy, taking into account the
incident beam dlit width of 0.5 mm at a distance of 10 m
from the source, is 10.2 eV. At the Sn K-edge energy, the
harmonics content of the beam is negligible and the mono-
chromator was not detuned. The incident and transmitted
X-ray intensities were monitored using ionization cham-
bers (30 cm in length) filled with argon gas. The XAS
measurements were made in transmission mode at room
temperature. A Sn foil reference was used for calibration.

The Sn K edge EXAFS spectra provide information
about the local Sn environment. Analysis involves subtrac-
tion of the background from the raw absorption spectra,
conversion to k-space and Fourier transformation to r-
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Fig. 1. Electrochemical titration curve for Li in SnO.
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Fig. 2. NMR spectra of 'Li; wide line (left side) and MAS (right side) in
(a) crystalline Li,O; (b) SnO/Li, 5; and (c) SnO/Li, .

space, yielding a quasi-radial distribution function (QRDF)
centered at the absorbing Sn ion. Peaks in this function
correspond to near neighbor distances. Changes in the
local Sn environment which occur with lithiation can be
guantitatively compared to model functions theoretically
calculated using the program FEFF [8].

3. Results and discussion

A typical electrochemical titration curve of Li in SnO
for the materials in this investigation, presented in a previ-
ous publication [9], is shown in Fig. 1. Full lithiation (0 V
vs. Li) corresponds to a stoichiometry of 6.4 Li per SnO.
Thisis in agreement with the simple model (Eg. 1) assum-
ing that the maximum Li content of the pure aloy is
SnLi,,, as implied by the known phase diagram of SnLi
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Fig. 3. NMR spectra of "Li; wide line (left side) and MAS (right side) in
(@ SnLi, 5 and (b) SNO/Li 4 5.
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Fig. 4. EXAFS QRDF of SnO/Li, 5 (upper curve) and SnLi, 4 aloy

(lower curve). These are very similar, as expected from the simple
reaction model.

alloys [3]. On electrochemical delithiation, 2.0 Li per SnO
remain in the material, again consistent with the formation
of Li,O as implied by Eq. (1). Previous X-ray diffraction
studies [2] failed to detect the presence of crystalline Li,O,
leading to the conclusion that the Li,O formed on electro-
chemical reduction of SnO is amorphous.

This conclusion is supported by the wide line and MAS
'Li NMR spectra of samples SnO/Li,, for x=0.5 and
2.0, displayed in Fig. 2 with spectra of commercial (Al-
drich) crystalline Li,O as a reference. The model (Eg. 1)
predicts that for x < 2.0 the only lithium-containing com-
pound in the electrochemically titrated material is Li,O.
However, it is evident from Fig. 2 that the spectra of the
former are considerably different from those of the latter.
In the wide line spectra, the Pake doublet (due to the
"Li-"Li dipolar interaction) observed in the crystaline
Li,O is not resolved in the SnO/Li materials. In the MAS
spectra, the latter also yield broader side band spinning
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Fig. 5. Magic angle spinning NMR spectra of "Li in (a) SnLi, and (b)
SnO/Liss.
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Fig. 6. NMR spectra of " Li; wide line (left side) and MAS (right side) in
(@ SnLi,, and (b) SNO/Lig 4.

patterns than the Li,O reference. Both of these observa
tions imply that the Li,O in the SnO/Li materids is
amorphous. A distribution of Li—O-Li angles in a disor-
dered analogue of the crystalline compound would smear
out the Pake doublet characteristic of the latter and would
also yield a broader side band pattern, because MAS is not
as effective in narrowing spectral features due to distribu-
tions (i.e. inhomogeneous broadening). MAS is also less
effective in averaging interactions appreciably broader than
the spinning frequency. Parenthetically, note that the wide
line spectrum of the x = 0.5 compound exhibits additional
broadening, which we attribute to a larger relative contri-
bution to the spectrum from lithiated electrolyte decompo-
sition products, similar to the solid electrolyte interphase
present in lithiated graphite [10].

At higher (x> 2) Li content, the simple model (Eq. 1)
implies that the Li aloys with the Sn. Thisis confirmed by
the wide line and MAS "Li NMR spectra of SnO/Li, ,
and the corresponding reference aloy SnLi,,; shown in
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Fig. 7. EXAFS QRDF spectrum of SnO/Lig, (upper curve) and SnLi, ,
(lower curve). The drastic differences seen are inconsistent with the
simple model.
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Fig. 8. EXAFS QRDF spectrum of SnO.

Fig. 3. Under both sets of experimental conditions, the
SnO/Li, 5 spectrum is well approximated by a superposi-
tion of the SnLi, 5 aloy, with major components appearing
at about 17 and 47 ppm, and amorphous Li,O, consistent
with the smple model and with the NMR results of Ref.
[7].

This confirmation of the simple model is reinforced by
EXAFS, which as mentioned, studies the loca environ-
ment of the Sn. In Fig. 4, we compare the QRDFs of
SnLi, 5 and SnO/Li , 5. The dominant peak corresponds to
the nearest Sn—Sn distances, which are slightly decreased
with respect to the distances measured for the beta phase
of metallic Sn, in agreement with previous studied5-7].
The close similarity between the peak structure of SnLi, 4
and SnO/Li, 5 is consistent with full reduction of the Sn
in the latter and the formation of SnLi,, aloy particles.
There is no evidence of Sn—O interactions within the first
coordination shell. Like the NMR results which study the
Li sites, this is consistent with the simple reaction model.

However, both the NMR and EXAFS results imply the
simple model does not work at higher Li content. The
NMR MAS spectra of SnO/Lig s and the reference alloy
SnLi, s, shown in Fig. 5, differ by more than merely the
addition of an amorphous Li,O component to the latter.
Although the major SnLi;. aloy spectral components
appearing at 8, 12, and 55 ppm are also present in the
electrochemically prepared SnO/Lic., the latter has a
considerably broader line width, indicating a more hetero-
geneous Li environment. At the maximum Li content, the
difference between the Li environments in the lithiated
SnO and the corresponding reference aloy is even more
dramatic. Both wide line and MAS spectra of SnO/Lig,
and SnLi,, are shown in Fig. 6. While the reference alloy
is characterized by a maor Knight-shifted component at
around 69 ppm and a small component at 260 ppm, the
latter corresponding to metallic Li, the SnO/Lig, sample
exhibits only a single prominent peak at 8 ppm (apart from
the amorphous Li,O component at 0 ppm).

Similarly, Fig. 7 shows the EXAFS QRDF for the
Li,,Sn aloy and the electrochemically produced

SnO/Lig,. These distribution functions do not resemble
each other, indicating that the local Sn environment of the
aloy is very different from that of the electrochemically
produced material. There appears to be Sn—Q bonding, as
evidenced by the prominent peak around 2.1 A (after phase
shift correction; in Fig. 7 the peak appearsat ~ 1.6 A), a
distance which is similar to the first Sn—O coordination
shell found by others [7] at low Li concentration in both
the charge and discharge part of the voltage cycle. This
distance differs slightly, but significantly, from the mea-
sured first shell O distance (2.2 A) in SnO (Fig. 8). The
reappearance of O bonding at high Li content is very
unexpected and requires further investigation. This surpris-
ing result may be related to possible oxygen uptake and
reintroduction into the coordination shell, as suggested in
Ref. [7], or a previously reported observation [11] that
electrochemically prepared aloys differ from metal aloys
formed under thermal equilibrium.

4, Conclusion

Both the NMR and EXAFS results confirm that at low
Li concentration, the simple model of the electrochemical
reaction, which assumes the formation of Li,O followed
by the aloying of Li with Sn, is correct. The loca
environment of the Li, as measured by ‘Li NMR, and the
local environment of the Sn, as measured by EXAFS on
the Sn K edge, are consistent with the presence of these
species. On the other hand, as the electrochemical reaction
continues and more Li is introduced into the structure, this
simple model appears to break down and other species
form. There are indications of direct Sn—O interactions at
the highest Li concentrations.
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