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The compositional variation of the chemical diffusion coefficient in the six intermediate phases LiSn,
Li;Sn,, Li;Sn,, Li;3Sn,, Li;Sn,, and Li;;Sn, of the lithium—tin system at 415°C has been measured.
Among these intermediate phases, the phase Li ;Sn; has the highest chemical diffusion coefficient,
varying with composition from 5.01 x 1073 to 7.59 x 10~ ¢m?/sec at that temperature. Combining this
information with coulometric titration curves (emf versus composition), the self-diffusion coefficient of
lithium has also been determined in the various intermetallic phases as a function of composition under
the assumption that the tin atoms do not move appreciably compared with the lithium atoms. The
lithium self-diffusion coefficient in the phase LiSn is lower than those in the more lithium-rich phases
by one order of magnitude. This result is discussed in terms of the difference between the crystal
structures of LiSn and the other lithium-rich phases in the lithium—tin system.

Introduction

In the development of advanced lithium
alloy/metal-sulfide high-performance sec-
ondary batteries, investigations of the com-
positional variations of thermodynamic and
transport properties of solid lithium alloys
are urgently needed. Such studies can help
understand and evaluate the performance
of solid lithium alloys as active materials in
negative electrodes. Because of the scar-
city of data on the lithium chemical poten-
tial and chemical diffusion coefficient in
solid lithium alloys, a systematic study of a
number of lithium alloy systems has been
undertaken. Such experimental results not
only provide thermodynamic and Kkinetic
information about the specific systems, but
also furnish guidelines for searching for
new lithium alloys as negative electrode
materials.
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A prior thermodynamic study of the lith-
ium-tin system at temperatures from 360 to
590°C has revealed that there are six inter-
mediate phases (/). The nominal composi-
tions are LiSn, Li;Sn,, Li;Sn,, Li;;Sn;,
Li,Sn,, and Li,Sn;, respectively. In addi-
tion, since the only X-ray diffraction pat-
tern available in the ASTM standard file
relating to these phases is that for Li,,Sn;,
powder diffraction patterns of all the phases
have also been investigated (2). ,

This paper reports experimental determi-
nations of the compositional dependence of
the emf versus pure lithium, the thermody-
namic enhancement factor, the chemical
diffusion coefficient, and the lithium self-
diffusion coefficient within all six of these
phases.

Experimental Procedures

The electrochemical measurements were

376
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made using a three-electrode cell of the
type

AL “LiAl”’|LiCI-KCl (eut.)|Li,Sn, (D

where Li,Sn represents the solid lithium-
tin phases under investigation, Al,*‘LiAl”
denotes the two-phase mixture of lithium—
aluminum with a composition of about 40
a/o Li. This mixture was used as both the
lithium activity reference electrode and as
the lithium-reservoir counter electrode.
The LiCI-KCl eutectic molten salt was
used as the electrolyte. It was obtained
from Lithcoa. An alumina crucible was
employed as the container for the molten
salt. The lithium—tin sample electrode, ref-
erence, and counter electrodes were all
suspended within the salt from the top.
Molydenum has been shown to be suitable
for use as the electrical lead material at all
lithium activities (2-5). In addition, the
solubility of lithium in molybdenum is neg-
ligibly small at the temperature of these
experiments (6). This cell was heated in a
simple 6-in. high resistance furnace. The
entire experimental setup was installed
in a controlled atmosphere glove box
(Vacuum/Atmosphere Co.) filled with re-
cycling helium gas. The concentrations of
water vapor, oxygen, and nitrogen gas were
maintained below about | ppm.

A detailed description of the preparation
of the two-phase lithinm—aluminum refer-
ence and counter electrodes has been given
elsewhere (I). The emf of the two-phase
Al, ““LiAl” reference electrode relative to
pure lithium is about 300 mV at 415°C, and
its dependence upon temperature has been
reported by several investigators (5, 7-9).
The eutectic mixture of LiCl and KCl was
heated in an alumina crucible at 420°C for
about 12 hrs before use. Without further
treatment these molten salts were clear and
colorless.

The various solid lithium—tin phases used
in the diffusion measurements were pre-
pared by melting the preweighed amounts
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of lithium (99.9%, Foote Mineral) and tin
(99.9%, Baker) metals of the nominal stoi-
chiometric compositions in molybdenum
cups with lids at temperatures from 525 to
825°C inside the glove box. The alloys were
annealed at 450°C for about 12 hrs and then
they were allowed to cool to room tempera-
ture in several hours. The alloys were
crushed and ground to powder in a porce-
lain mortar with a pestle in the glove box.
The powder was sieved to 150 mesh and
cold pressed into pellets of §-in. diameter at
a pressure of 90,000 psi under a helium
atmosphere. A molybdenum sheet was
wrapped around the pellet to prevent the
circumference from being directly exposed
to the electrolyte. As a result, one-dimen-
sional diffusion into the sample from the
two planar sides could be assumed.

The electrochemical measurements were
made using either a PAR 173 po-
tentiostat/galvanostat with a plug-in PAR
179 digital coulometer or an Aardvark PEC-
1 potentiostat in conjunction with a free-
standing PAR 379 digital coulometer. Di-
rectly measured open-circuit voltages
indicated that some of the alloys prepared
by this fusion technique were not in the
desired single-phase regions, and this sug-
gested that there was a slight loss of lith-
ium, possibly due to evaporation during the
preparation process. In all cases, the
proper composition was assured by apply-
ing a constant voltage, corresponding to the
known single-phase composition deter-
mined by direct coulometric titration of
lithium into pure tin, between the working
electrode and the two-phase Al,*‘LiAl’ ref-
erence electrode until the current became
negligibly small. It usually took less than
half an hour to reach such a steady-state
composition for all phases except for LiSn,
which required a longer time for equilibra-
tion.

After the sample electrode attained a
uniform composition a small voltage step (4
to 8 mV) was imposed and the transient
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current, I{t), was monitored as a function of
time, ¢. The chemical diffusion coefficient,
D, was evaluated from the long-time ap-
proximation for a potentiostatic experiment
as (7)

20D ( 3 172D~t>
= P\ T )
if t > LD, (1)

where L, Q, and § were the half-thickness
of the sample pellet, the total charge trans-
ferred as a result of the voltage step, and
the total surface area common to both the
working electrode and the electrolyte
phase, respectively. The total charge, O,
accumulated in a given voltage interval,
AE, was also used to obtain the coulome-
tric titration curve or emf versus composi-
tion data. The change in composition ex-
pressed in terms of deviations from the
ideal stoichiometry, §, for the lithium—tin
phase Li,.;Sn, was calculated according to
Faraday’s law with the assumption of 100%
coulombic efficiency, i.e., A8 = bQ/ Fng,
where n,, was the number of moles of tin
and F the Faraday constant. The magnitude
of ng, was calculated from the weight and
the original composition of the alloy sam-
ple.

I@) =

Results

Phase LiSn

Above 360°C LiSn has been shown to be
the most tin-rich phase in the lithium-tin
system (7). Figure 1 presents the measured
open-circuit voltage and the calculated
thermodynamic enhancement factor as
functions of composition at 415°C. This
phase is stable between 569 and 456 mV
with respect to pure lithium at 415°C. The
homogeneity range expressed in terms of
stoichiometric parameter, A§, is 1.7 x 1072,
The thermodynamic enhancement factor
for a single-phase lithium-tin phase
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Fig. 1. Coulometric titration curve (top) and the
compositional variation of the thermodynamic en-
hancement factor (bottom) within the phase LiSn.

Li,.;Sn, was evaluated according to the
expression (3)

dina, __F dE
diha+9  RTC*O%
aF*ng AE

where ay;, R, T, and AE are the lithium
activity, the gas constant, the absolute tem-
perature, and the applied voltage step, re-
spectively. It is interesting to note that the
compositional dependence of the thermo-
dynamic enhancement factor is similar to
that of the ‘“‘LiAl'’ phase in the lithium-
aluminum system (7). It is essentially con-
stant with a value of 80 in the region of
positive deviations from the ideal stoi-
chiometry, but increases with decreasing
lithium concentration on the lithium-poor
side of LiSn, reaching a value of about 185
near the tin-rich phase boundary.

Figure 2 shows the compositional varia-
tions of the chemical diffusion coefficient
and the lithium self-diffusion coefficient in



DIFFUSION IN LITHIUM-TIN SYSTEM

the phase LiSn. Within that phase’s stabil-
ity range, the chemical diffusion coefficient
varies from 2.24 x 107% to 4.10 x 10°®
cm?/sec, and shows a minimum at (or near)
the nominal stoichiometric composition.
The self-diffusion coefficient of lithium in
Li,,5sSn, was calculated by use of the ex-
pression

lj — l)u ( Ciln a[j ).

dIn(a + 3) 3)

The quantity in the bracket on the right-
hand side of this expression is the thermo-
dynamic enhancement factor, which is re-
lated to the thermodynamic nonideality of
the alloy phase and generally assumes
values larger than unity. The self-diffusion
coefficient of lithium describes the random
motion of lithium atoms in the absence of a
chemical concentration gradient. The
above equation is directly related to the
Darken equation (/0), with the assumption
that the tin atoms do not move appreciably.
In contrast to the chemical diffusion
coefficient, the lithium self-diffusion
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Fic. 2. Compositional variation of the chemical
diffusion coefficient (top) and the lithium self-diffusion
coefficient (bottom) within the phase LiSn.
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FiG. 3. Coulometric titration curve (top) and the
compositional variation of the thermodynamic en-
hancement factor (bottom) within the phase Li,Sn,.

coeflicient in the phase LiSn shows a mono-
tonic increase in value from 2.03 x 1078 to
4.16 x 107® cm?/sec as more lithium is
added.

The open-circuit voltage and the calcu-
lated thermodynamic enhancement factor
are shown in Fig. 3 as functions of composi-
tion within the phase Li;Sn;. The coulome-
tric titration curve shows an inflection point
right at the nominal composition. The emf
of phase Li,Sn, lies between 456 and 430
mYV relative to pure lithium, corresponding
to a lithium activity variation from 4.57 X
104 atd = —1.5 x 1072 t0 7.08 X 10~* at §
= 2.0 x 1072, The experimental data on the
thermodynamic enhancement factor show
that it varies from 46 to 110 over the
existence range, with a maximum at the
nominal stoichiometric composition.

Figure 4 shows the chemical diffusion
coefficient and lithium self-diffusion co-
efficient as functions of composition for
the phase Li;Sn,. The compositional behav-
ior of the chemical diffusion coefficient,
which varies from 2.57 x 1075 to 4.07 x
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Fic. 4. Compositional variation of the chemical
diffusion coefficient (top) and the lithium self-diffusion
coefficient (bottom) within the phase Li;Sn;.

10-5 ¢cm?/sec, closely resembles that of the
thermodynamic enhancement factor. On
the other hand, the self-diffusion coefficient
of lithium in Li;Sn, is nearly independent of
composition, with an average value of 3.98
x 1077 cm?/sec.

In Fig. 5, the emf and the thermodynamic
enhancement factor in the phase Li;Sn, are
plotted as functions of composition. The
coulometric titration curve indicates that
the data obtained by adding lithium to the
sample electrode correspond very well with
those determined by removing lithium from
the sample electrode. As in the case of
phase Li,Sn,, the emf versus composition
data yield a symmetrical curve with an
inflection point at the nominal composition,
where the thermodynamic enhancement
factor also shows a maximum. The range of
emf is from 430 to 390 mV relative to pure
lithium over the composition range from &
=-3x102to8 =3 x 1072 at 415°C. The
values of the thermodynamic enhancement
factor are seen to vary from 33 to 99.

The variation of the chemical diffusion
coefficient in the phase Li;Sn, with respect
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FiG. 5. Coulometric titration curve (top) and the
compositional variation of the thermodynamic en-
hancement factor (bottom) within the phase Li;Sn,.

to composition is similar to that of the
thermodynamic enhancement factor, as
shown in Fig. 6. The chemical diffusion
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diffusion coefficient (top) and the lithium self-diffusion
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coefficient increases from 3.89 x 103
cm?/sec at 8 = 2 X 1072 to a maximum
value of 5.89 x 1075 ¢m?/sec at the nominal
stoichiometric composition as the lithium
concentration decreases, and then de-
creases with decreasing lithium concentra-
tion. However, the lithium self-diffusion
coefficient in Li;Sn, is nearly composition
independent, with a mean value of 6.31 x
1077 cm?/sec.

Phase Li3Sny

As shown in Fig. 7, the open-circuit
voltage relative to pure Li varies gradually
with composition in the region of negative
deviations from the nominal stoichiometry
in the phase Li;;Sn,, but drops more rapidly
on the lithium-rich side. At 415°C, this emf
value decreases from 390 mV at about § =
—4 x 1072 to 286 mV at 6 = 2.5 x 1072,
Figure 7 also shows that the thermody-
namic enhancement factor increases by
three orders of magnitude with increasing
lithium concentration, reaching a maximum
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FiG. 7. Coulometric titration curve (top) and the
compositional variation of the thermodynamic en-
hancement factor (bottom) within the phase Li,;Sns.
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Fig. 8. Compositional variation of the chemical
diffusion coefficient (top) and the lithium self-diffusion
coefflicient (bottom) within the phase Li,,Sn;.

value of 1150 at § = 1.9 x 10-2. Thereafter,
it decreases somewhat as even more lith-
ium is added.

The compositional dependence of the
chemical diffusion coefficient in phase
Li,;Sn; is very similar to that of the thermo-
dynamic enhancement factor. As shown in
Fig. 8, the chemical diffusion coefficient
varies from 5.01 x 1075 to 7.59 x 10—¢
cm?/sec. The self-diffusion coefficient of
lithium in Li,;Sn;, however, is essentially
constant, with an average value of 5.96 x
10~7 cm?/sec at 415°C.

Phase Li;Sn,

As shown in Fig. 9, a plot of emf versus
composition yields an almost symmetrical
curve with an inflection point near the
nominal stoichiometric composition of
Li;Sn,. The open-circuit voltage varies
from 280 mV at§ = ~5.0 x 10~2to 170 mV
at = 5.0 x 102 versus pure lithium. The
thermodynamic enhancement factor varies
from 128 to 196, with a maximum at the
nominal stoichiometry.
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FiG. 9. Coulometric titration curve (top) and the
compositional variation of the thermodynamic en-
hancement factor (bottom) within the phase Li;Sn..

In Fig. 10, the chemical diffusion
coefficient within the Li;Sn, phase is shown
to have a maximum at or near the nominal
stoichiometric composition, where its value
is 7.76 x 105 cm?/sec. The lithium self-
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diffusion coefficient in Li,Sn, is essentially
composition independent, with a mean
value of 4.47 x 10~7 cm?/sec at 415°C.

Phase Liy,Sng

Li,;Sn, is the most lithium-rich interme-
diate phase in the lithium-tin system
(1, 17). The measured open-circuit voltage
was found to slowly drift with time at high
lithium activities. The total charge, O, used
in the calculation of the change in composi-
tion, A8, for each voltage step was the
arithmetric mean of experiments run in the
two opposite directions. The value of Q
was further checked by the following ex-
pression

7T210

Q=" 4
where I, and k& were the extrapolated inter-
cept at ¢+ = 0, and the slope of a linear plot
ofIn1 versust, i.e., Eq. (1) or the long-term
expression for the transient current /(¢) as a
function of time, ¢, in a potentiostatic ex-
periment.
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compositional variation of the thermodynamic en-
hancement factor (bottom) within the phase LizSns.
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The thermodynamic data for the Li,,Sn;
phase are given in Fig. 11. The emf relative
to pure lithium decreases in value from
170mV até = —0.15to 100 mV at § = 0.15,
following a slightly asymmetrical curve
with an inflection point near the nominal
stoichiometric composition, similar to
those of Li,Sn,;, Li;Sn,, and Li,Sn,, as
shown in previous sections. The thermody-
namic enhancement factor ranges from 18
to 335, with a maximum at the nominal
stoichiometric composition.

The transport properties of the Li,,Sn,
phase are shown in Fig. 12. The chemical
diffusion coefficient, which varies from 6.58
x 1075 to 1.91 x 10~* cm?/sec, shows a
maximum near the nominal stoichiometric
composition. The self-diffusion coefficient
of lithium within the phase Li,,Sn, is seen
to vary with composition in the range of § =
—0.03 to & = 0.05. However, it appears to
be essentially independent of composition
for § > 0.05 or 8 < —0.03. The constant
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F1G. 12. Compositional variation of the chemical
diffusion coefficient (top) and the lithium self-diffusion
coefficient (bottom) within the phase Li,,Sn;.
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values of the Ilithium self-diffusion
coefficient are 9.12 x 1077 and 4.79 x 1077
cm?/sec on the lithium-rich side and lith-
ium-poor side of the composition range,
respectively.

Discussion

The ranges of the chemical diffusion
coefficients, the self-diffusion coefficients,
and the thermodynamic enhancement fac-
tors (TEF) across all of the intermediate
phases in the lithium-tin system at 415°C
are presented in Table 1. Although all the
phases have reasonably high chemical dif-
fusion coeflicients, the phase Li;;Sn; has
the largest value, approahing 10-3 cm?/sec.
This is higher than the chemical diffusion
coefficients in most liquids by about two
orders of magnitude. This extremely high
value within the phase Li,;Sn; can be seen
to be related to the large value of the
thermodynamic enhancement factor, of the
order 103,

As evident in Table I, the lithium self-
diffusion coefficients in phases Li,Sn,,
LisSn,, Li;3Sn;, Li,Sn,, and Li,,Sn, are all
of the same order of magnitude. On the
other hand, the lithium self-diffusion
coefficient in LiSn is about one order of
magnitude lower. This interesting result
may be discussed in terms of the differ-
ences in the crystal structure of LiSn from
those of the more lithium-rich phases.

TABLE I

THERMODYNAMIC AND KINETIC DATA FOR
INTERMEDIATE PHASES IN THE LITHIUM-TIN

SYSTEM

Phase TEF D (cm?/sec) Dy, (cm?/sec)

LiSn 80-185 2.24-4.10 x 107 2.03-4.16 x 107
Li,Sn, 46-110 2.57-4.07 x 10~ 3.63-4.37 x 1077
Li;Sn, 33-9 3.89-5.89 x 10 5.89-6.92 x 1077
Li3Sng 18-1150  5.01-75.9 x 10~%  5.62-6.61 x 10°7
Li;Sn, 128-196 4.90-7.76 x 10~5  3.89-5.01 x 10~7
Liz,Sng 18-335 6.58-19.1 x 103  4.79-9.12 x 10°7
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The structures of all the other intermedi-
ate phases are based on a bcc packing
characterized by 14-fold coordination of
nearest and next-nearest neighbors (/7).
According to Frank and Kasper (12), for a
bcc structure the coordination number of
an icosahedron is 14, rather than 8. As in
the case of the intermediate phases in the
lithium-lead system (/3-16), the five
phases in the lithium—tin system have basi-
cally the same type bcc packing as lithium
metal, but with the appropriate fraction of
lithium atoms replaced by tin atoms in such
a way as to regularly distribute the tin
atoms among the available sites.

The crystal structure of the phase LiSn is
a variant of bcc packing. Each atom is
surrounded by eight opposite atoms and
four like atoms (/6). Thus, the coordination
number is 12. This is different from the
other lithium-rich intermediate phases,
which all have a 14-fold coordination. This
difference in crystal structures between
LiSn and the other more lithium-rich
phases is surely related to the observation
that the self-diffusion coefficients of lithium
in LiSn is one order of magnitude smaller
than it is in the other phases.
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