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The equilibrium coulometric titration curve shows four intermediate phases in the Li-Si system at 
415°C. The nominal compositions for these phases are LinSiT, Li~Sia, Li~aSi4, and Li~Si~, respectively. 
They all have quite narrow ranges of homogeneity. The compositional variations of the chemical 
diffusion coefficients within the various intermediate phases are similar to each other and closely 
resemble those of the thermodynamic enhancement factor for each phase. The chemical diffusion 
coefficients across all four intermediate phases are essentially of the same order, about 6.0 × 10 -5 
cm2/sec at 415°C. 

Introduct ion 

There  is much current  interest  in lithium- 
based bat tery systems with molten salt 
electrolytes.  These batteries are generally 
operated at temperatures of  400-450°C. 
Present  versions employ either l i thium- 
aluminum (1, 2) or li thium-silicon (3-5) 
alloys as active constituents in their nega- 
tive electrodes.  

The work reported here is part of  a series 
of  investigations of  the thermodynamic  and 
kinetic properties of  a number  of  lithium 
alloy systems which might be considered 
for use as negative electrode reactants in 
lithium-based batteries. The lithium chemi- 
cal potential and its compositional depen- 
dence determine the potential and the ca- 
pacity of  electrode reactants.  The fun- 
damental pa rame te r  related to their ki- 
netic behavior  is the chemical diffusion 
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coefficient, which controls the rate of  com- 
positional equilibration within the solid 
consti tuents of  the electrode structure.  This 
paper  reports experimental  results on the 
compositional variations of  the emf, the 
thermodynamic enhancement  factor  (TEF) ,  
the chemical diffusion coefficient, and the 
lithium self-diffusion coefficient across the 
four intermediate phases in the L i -S i  sys- 
tem. 

Only two intermediate phases,  with nom- 
inal composit ions Li2Si and Li,  Si, are indi- 
cated in the standard Li -S i  phase diagram 
(6, 7). The  crystal  structures of  the phases 
Li~Si (8) and Li4Si (9) were determined,  but  
their detailed X-ray diffraction patterns 
were not given. L i -S i  alloys with various 
nominal composit ions such as Li13Si7 (9), 
Li13Si4 (10), Lil0Si3 (11), LirSiz (12) Li~sSi4 
(13, 14), and Li22Si s (15, 16) have also been 
repor ted in the literature. Structural  work 
(15, 16) indicates,  however ,  that Liz~Si 5 
(isostructural with Li22Pbs) rather  than 
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Li15Si4 or Li4Si is actually the most Li-rich 
phase of the Li-Si system. The crystal 
structure of LixaSi4, earlier reported as 
LiTSi 2 (12), was redetermined by Frank et 
al. (10). Very recently, a careful study by 
yon Schnering et al. (17, 18) also indicated 
that orthorhombic LitzSi7 rather than 
LiizSi7, as reported in the literature, is the 
most Si-rich phase. Furthermore, the next 
phase is the violet Li~4Si 6 (18) or Lis_xSi2, 
where x is nearly 0.33. This phase is iso- 
structural with Li5Sn 2 (19), and can be 
nominally represented by LiTSi3. Thus 
these structural results indicate phases with 
nominal compositions Lia2SiT, Li7Si3, 
Li13Si 4, and Li22Si5, o ry  = 1.71, 2.33, 3.25, 
and 4.4, in the formula LiySi. 

Investigations of nonequilibfium electro- 
chemical discharge of Li-Si alloys (20, 21) 
and dynamic charging of silicon (4) have 
shown four intermediate phases in the Li-  
Si system at 415°C. McCoy and Lai (20, 21) 
suggested that the four intermediate phases 
are Li2Si, Li14Si~, Li41Si10, and LisSi, i.e., y 
= 2.0, 2.8, 4.1, and 5.0. On the other hand, 
Sharma and Seefurth (4) concluded that 
they have the nominal compositions Li2Si, 
Li2~Si 8, Li15Si 4, and Li22Si 5, corresponding 
to values o f y  = 2.0, 2.625, 3.75, and 4.4. 
However,  recently reported equilibrium 
electrochemical experiments (18) indicated 
that the first two phases appear at abouty = 
1.7 and 2.33. 

The equilibrium electrochemical coulo- 
metric titration technique was used in this 
study in the hope of resolving this disagree- 
ment regarding the compositions of the 
intermediate phases in the Li-Si system. 
This involves the imposition of precise 
compositional changes in solid samples by 
passing known amounts of charge through 
an appropriate electrochemical cell in 
which they are used as electrodes, followed 
by equilibration and the evaluation of the 
resultant changes in lithium chemical po- 
tential by means of potential measure- 
ments. In addition, X-ray diffraction anal- 

ysis was undertaken to help corroborate the 
existence and formulas of these intermedi- 
ate phases (22). 

The self-diffusion coefficient of lithium in 
silicon has been measured by a number of 
investigators using various experimental 
techniques (23 -29) and has a mean value of 
about 3.3 × 10 -8 cm2/sec at 415°C. No 
comparable data are available for any Of the 
intermediate phases. Furthermore, proper 
understanding of the processes occurring 
when Li-Si alloys are employed as active 
materials in the negative electrode in high- 
performance lithium-based batteries re- 
quires a knowledge of the chemical diffu- 
sion coefficient (which is relevant to 
diffusion in the presence of a concentration 
gradient) as a function of composition in 
these phases. No such information appears 
to be available in the literature. 

Experimental Procedures 

The coulometric titrations, emf, and 
chemical diffusion measurements were all 
made using the following three-electrode 
type of galvanic cell: 

Al,"LiAl"(s)lLiC1-KCl(eut.)lLiuSi(s), (I) 

where Li~Si is the Li-Si alloy under investi- 
gation, and LiC1-KCI (cut.) is the eutectic 
molten-salt electrolyte. A1, "LiAI" repre- 
sents both the reference and counter elec- 
trodes, which were composed of a two- 
phase Li-A1 alloy mixture consisting of the 
saturated solid solution of lithium in alumi- 
num and the intermediate phase "LiAI," 
with an overall composition of 40 a /o  Li. 
Similar experimental setups and proce- 
dures have been described elsewhere 
(22, 30-34), and thus will not be repeated 
here. 

Semiconductor grade p-type silicon wa- 
fers (doped with boron) and Li-Si alloys 
were both used as starting materials for the 
coulometric titration experiments. Molyb- 
denum sheets were employed as the electri- 
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cal leads. The Li-Si alloys used in this 
study were prepared by a fusion technique 
inside a helium-filled glovebox in a manner 
similar to that described previously (4). 
Lithium metal (99.9%), obtained from 
Foote Mineral, was first melted in a nickel 
crucible at about 325°C. After adding the 
appropriate amount of silicon powder 
(99.99%), purchased from Alfa, Ventron 
Corp., the temperature was slowly raised to 
750°C and maintained at that value for 
approximately 20 to 30 rain. The alloy was 
cooled to 450°C and annealed for another 18 
hr. After annealing, it was slowly cooled to 
room temperature. The resultant alloys 
were powdered and sieved through a 150- 
mesh screen. These powders were cold 
pressed into pellets of 3/8 in diameter at a 
pressure of 9 x 104 psi under a helium 
atmosphere. 

The chemical diffusion coefficient was 
evaluated from the long-time solution of the 
diffusion equations relevant to a potentio- 
static step experiment, as described else- 
where (32, 34). 

Results 

Figure 1 shows the equilibrium open- 
circuit voltage in the Li-Si system as a 
function of composition, as determined by 
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FIG. 1. Coulometric titration curve for the lithium- 
silicon system at 415°C. 

use of the coulometic titration technique. 
Up to the composition of 83 a /o  Li, five 
voltage plateaus were observed. At 415°C, 
the constant-emf values of the five two- 
phase regions are 332, 288, 158, 44, and 2 
mV, relative to pure liquid lithium, in or- 
der of increasing lithium content. The 
corresponding lithium activity values at 
that temperature are 3.70 × 10 -3, 7.77 x 
10 -3, 6.96 × 10- 2, 0.476, and 0.967, re- 
spectively. These results are in good 
agreement with those previously reported 
in the literature (4, 20, 21). 

Although no particular effort was made 
to accurately determine the solid solubility 
of lithium in silicon, the coulometric titra- 
tion experiment indicated that it is less than 
0.36 a /o  Li at 415°C. Figure 1 also shows 
that these experiments, performed by elec- 
trochemically incorporating lithium into a 
silicon wafer, indicated the presence of four 
intermediate phases in the Li-Si system. 
The approximate compositions of these 
four phases, expressed as y in Li~Si, were 
found to be 1.731, 2.367, 3.317, and 4.25, 
respectively. Using a Li-Si alloy with an 
overall composition of 72.2 a /o  Li as the 
starting material, the component ratios of 
the two Li-rich phases were redetermined 
and found to be 3.237 and 4.41, respec- 
tively. These results indicate that the nomi- 
nal compositions for these four intermedi- 
ate phases are Li12Si7, LirSi3, Li13Si4, and 
Li2~Sis. As shown in Fig. 1, all the interme- 
diate phases in the Li-Si system have quite 
narrow ranges of stoichiometry. 

The standard Gibbs free energy of forma- 
tion for the phase LiaSib, AGf(LiaSib), ac- 
cording to the reaction 

a Li(1) + b Si(1) ~,~ LiaSib(s) (II) 

can be determined by graphical evaluation 
of the area under the coulometric titration 
curve (E versus y) 

AG~(LiaSib) = - b F  [~' Edy, (1) 
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where y is the atomic ratio of lithium to 
silicon. At the temperature of 415°C, the 
values of the standard Gibbs free energy of 
formation of the four intermediate phases, 
assumed to be nominally Li12SiT, Li7Sia, 
LilsSi4, and LizzSis, are - 384, - 216, - 344, 
and -445 kJ/mole, respectively. 

Phase LilzSi 7 

The compositional variations of the 
open-circuit voltage relative to pure lithium 
and the thermodynamic enhancement fac- 
tor in the most Si-rich phase Li12Si7 at 
415°C are shown in Fig. 2. The coulometric 
titration curve was slightly shifted so that 
the inflection point occurs at the nominal 
stoichiometric composition LixzSi7. This 
adjustment was made on the basis of a 
simple defect model (35) in which the 
small deviations from the ideal stochiome- 
try are expressed as being due to the pres- 
ence of lithium vacancies and interstitial 
lithium atoms as the predominant point 
defects for the Li-poor and Li-rich compo- 
sitions, respectively. Although this defect 
model should not be considered valid with- 
out further experimental evidence, the data 
on the emf versus the change in composi- 
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tion, not the absolute composition, are 
quite precise. 

At 415°C, the emf of the phase LilzSi 7 lies 
between 332 and 288 mV with respect to 
pure liquid lithium. The thermodynamic 
enhancement factor was calculated from 
the local slope, dE/dS,  of the coulometric 
titration curve using the expression 

d In a Li 

d ln(a + 8) 

F dE aF2nsiAE 
= - - ~ ( a  + 8 ) - ~ =  - bRTQ ' (2) 

where aLi, F, R, T, Q, nsi, and AE are the 
lithium activity, the Faraday constant, the 
gas constant, the absolute temperature, the 
total charge accumulated after each voltage 
step, the number of gram-atoms of silicon, 
and the applied voltage step, respectively. 
In the above expression, a and b are the 
stoichiometric numbers of the lithium and 
silicon atoms in the Li-Si phase LiaSib. 
Within the stability range of Li12SiT, the 
thermodynamic enhancement factor varies 
f r o m  122 to 160, with a maximum at the 
nominal stoichiometric composition. 

The mass transport properties within the 
phase Li12Si7 are presented in Fig. 3. The 
compositional dependence of the chemical 
diffusion coefficient is similar to that of the 
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thermodynamic enhancement factor. The 
chemical diffusion coefficient varies with 
composition from 6.60 × 10 -5 to 8.13 × 
10 -5 cm2/sec, showing a maximum at the 
nominal stoichiometric composition. Using 
these data on the chemical diffusion 
coefficient and the thermodynamic en- 
hancement factor, the lithium self-diffusion 
coefficient was determined as a function of 
composition according to the following 
equation: 

d In aLi ] 
/ )=DL~ d l n ( a  + 8) ' (3) 

with the assumption that the self-diffusion 
coefficient of the lithium a toms is much 
higher than that of the silicon atoms. In 
contrast to the chemical diffusion co- 
efficient, the lithium self-diffusion coef-  
ficient in the phase Lil~Sir is essentially 
composition independent, with an average 
value of 5.08 × 10 -7 cm2/sec at 415°C. 

Phase LirSi 3 

The phase, LiTSi3 is stable between 288 
and 158 mV relative to pure liquid lithium at 
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415°C. In Fig. 4, the coulometric titration 
curve shows that the experimental results 
obtained by electrochemically incorporat- 
ing lithium into the sample electrode are in 
accordance with those determined by re- 
moving lithium. The calculated thermody- 
namic enhancement factor in this phase is 
shown at the bottom of Fig. 4. It changes 
with composition from 87 to 111, having a 
maximum value at or near the nominal 
stoichiometric composition. 

Figure 5 shows the compositional depen- 
dence of the chemical diffusion coefficient 
and the lithium self-diffusion coefficient 
across the phase LiTSis. As more lithium is 
added, the chemical diffusion coefficient 
first increases, with the maximum value at 
the nominal stoichiometric composition. 
The chemical diffusion coefficient varies 
with composition from 4.16 × 10 -5 to 5.46 
× 10 -5 cm2/sec at 415°C but the lithium 
self-diffusion coefficient remains constant 
within the phase stability range, with a 
mean value of 4.80 x 10 -7 cm2/sec. 

Phase Li13Si4 

The thermodynamic data for the phase 
Li13Si4 are presented in Fig. 6. At 415°C, 
the open-circuit voltage lies between 157 
and 44 mV relative to pure lithium. The 
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FIG. 6. Thermodynamic properties of the phase 
Li13Si4. 

thermodynamic enhancement factor, rang- 
ing from 120 to 325, is shown to have a 
maximum at the nominal stoichiometric 
composition. 

At high lithium activities, a slow volt- 
age drift with time was observed. The to- 
tal charge, Q, used to calculate the 
change in composition for each voltage 
step was. the arithmetic mean of charge 
and discharge. Alternatively, the neces- 
sary corrections for Q due to the loss of 
lithium during potentiostatic titration were 
made by measuring the residual current 
in each voltage step. The results were al- 
ways compared with the theoretical 
values calculated from the relation Q = 
7r2Io/8k, where I0 and k were the extrapo- 
lated intercept at t = 0 and the slope of a 
linear plot of current versus time on a 
semilogarithmic scale, as described previ- 
ously (32, 34). 

The chemical diffusion coefficient and 
lithium self-diffusion coefficient within the 
phase Li13Si4 are given as functions of com- 
position in Fig. 7. The compositional varia- 
tion of the chemical diffusion coefficient 
across this phase is similar to that of the 
thermodynamic enhancement factor. The 
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FIG. 7. Transport properties of the phase Li13Si 4. 

chemical diffusion coefficient varies from 
7.00 × 10 -5 to 9.33 × 10 -5 cm2/sec at 415°C 
and has a maximum at the ideal stoichiome- 
try. The values of the self-diffusion 
coefficient of lithium in LilzSi4 also change 
with composition from 2.88 × 10 -5 to 5.01 
× 10 -5 cm2/sec, but show a minimum 
rather than a maximum near the nominal 
stoichiometric composition. 

Phase  Li22Si 5 

Figure 8 shows the thermodynamic prop- 
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erties of the most Li-rich intermediate 
phase Li22Si 5 in the Li-Si system. At 415°C, 
this phase is stable between 44 and 2 mV 
relative to pure lithium. The emf versus 
composition data for the phase Li2,S5 were 
determined in the same manner as de- 
scribed above for the phase Li13Si4. The 
coulometric tritration curve shows an 
inflection point at the nominal stoichiomet- 
tic composition so that the thermodynamic 
enhancetnent factor, varying from 147 to 
232, has a maximum at that composition. 

As shown in Fig. 9, the compositional 
dependence of the chemical diffusion 
coefficient in the phase Li,eSi 5 is 
significantly influenced by the thermody- 
namic enhancement factor. The chemical 
diffusion coefficient across this phase 
shows a maximum value at the nominal 
stoichiometric composition. While the 
chemical diffusion coefficient is strongly 
dependent upon the composition, the lith- 
ium self-diffusion coefficient remains essen- 
tially constant within the phase stability 
range, with a mean value of 3.16 x 10 -7 
c m Z / s e c .  

Discussion 

As shown in the previous sections, the 
compositional variations of the chemical 
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diffusion coefficients within the various in- 
termediate phases in the Li-Si system are 
similar to each other and closely resemble 
those of their thermodynamic enhancement 
factors. The chemical diffusion coefficients 
across the four phases are essentially of the 
same magnitude, about 6.0 x 10 -5 cm2/sec 
at 415°C. These results can be attributed 
to the fact that the lithium self-diffusion 
coefficients and the thermodynamic en- 
hancement factors (TEF) are of the same 
order of magnitude, as shown in Table I. 

The data reported in the literature on the 
lithium self-diffusion coefficient in silicon 
(23-29) are also included in Table I for 
comparison. It is one order of magnitude 
lower than those in the intermediate 
phases, as illustrated in column 4. Only 
limited information is available concerning 
the thermodynamics of the Li-Si system. 
At 415°C the solid solubility of lithium in 
silicon is estimated to be about 10 ppm, 
using the available data in the literature 
(36, 37). Since the terminal solubility of 
lithium in silicon is so low, it is not unrea- 
sonable to assume that the thermodynamic 
enhancement factor is close to unity. Under 
these circumstances, the chemical diffusion 
coefficient in the dilute solid solution of 
lithium in silicon is approximately equal to 
the self-diffusion coefficient of lithium in 
silicon, about 3.3 × l0 -s cm2/sec at 415°C. 
This value is nearly three orders of magni- 
tude lower than the chemical diffusion 
coefficients in the various intermediate 
phases at the same temperature. 

T A B L E  I 

THERMODYNAMIC AND KINETIC DATA FOR VARIOUS 

INTERMEDIATE PHASES IN THE L i - S i  SYSTEM 

1) Du 
Phase TEF  (cm2/sec) (cmS/sec) 

Si 1.67-6.56 × 10 -a 
Li15Si~ 122-160 6 .60-8.13 × 10 -5 4.85-5.44 x 10 -7 
Li~Sia 87-111 4.16-5.46 x 10 -s 4 .16-4 .96  x 10 -~ 
LilaSi 4 120-325 7 .00-9.33 x 10- 5 2.88-5.01 × 10 -~ 
Li~Si 5 147-232 5.13-7.24 x 10- 5 2 .99-3 .45  x I0 -~ 
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We feel that the compositions of the 
intermediate phases in the Li-Si system at 
415°C have now been clarified, as the data 
obtained in this work correspond quite well 
with the new structural work, as well as 
with the other recent equilibrium electro- 
chemical measurements. The disparate 
results reported by some earlier investiga- 
tors using electrochemical techniques may 
be due to two factors. One is their use of 
dynamic (current flowing) measurements, 
whereas the results reported here were 
obtained after equilibration under open cir- 
cuit conditions. The second is that it is 
known that electronic leakage occurs in 
molten-chloride-electrolyte melts at high 
lithium activities, and this could easily lead 
to imprecision in the evaluation of composi- 
tion changes. 
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