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The Electrochemical Reaction of Li with Amorphous
Si-Sn Alloys
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Si12x Snx samples for 0, x , 0.5 were prepared by magnetron sputtering using a combinatorial materials science approach. The
room-temperature resistivity and X-ray diffraction~XRD! patterns of the samples were used to select materials having both an
amorphous structure and good conductivity for further study. The reaction of lithium with amorphous Si0.66Sn0.34 was then studied
by electrochemical methods and byin situ XRD. The electrode material apparently remains amorphous throughout all portions of
the charge and discharge profile, in the range 0, x , 4.4 in LixSi0.66Sn0.34. No crystalline phases are formed, unlike the situation
when lithium reacts with tin. Using the Debye scattering formalism, we show that the XRD patterns of the a-Si0.66Sn0.34 starting
material and a-Li4.4Si0.66Sn0.34 can be explained by the same local atomic arrangements as found in crystalline Si and Li4.4 Si or
Li4.4 Sn, respectively. In fact, thein situ XRD patterns of a-LixSi0.66Sn0.34, for any x, can be well approximated by a linear
combination of the patterns forx 5 0 andx 5 4.4. This suggests that predominantly only two local environments for Si and Sn
are found at any value ofx in a-LixSi0.66Sn0.44. However, based on differential capacityvs. potential results for Li/a-Si0.66Sn0.34
there is no evidence for two-phase regions during the charge and discharge profile. Thus, the two local environments must appear
at random throughout the particles. We speculate that the charge-discharge hysteresis in the voltage-capacity profile of Li/
a-LixSi0.66Sn0.34 cells is caused by the energy dissipated during the changes in the local atomic environment around the host atoms.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1530151# All rights reserved.
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The capacity advantages of lithium alloys compared to grap
are potentially enormous. For example, graphite can store
mAh/g corresponding to LiC6, and silicon can store 4200 mAh/
corresponding to Li4.4Si. However, obtaining hundreds of charg
discharge cycles with alloy negative electrodes has proven to
difficult, except when the capacity is constrained to values near
of graphite.1 The reason for failure is believed to be inhomogeneo
volume expansion in coexisting regions of phases with differ
lithium concentrations within the same particle, resulting in parti
pulverization.2

In a recent patent application, Turneret al.3 described the utility
of amorphous metals and metalloids as negative electrode mate
for lithium-ion cells. The advantage of amorphous materials
claimed to be the elimination of two-phase regions between ph
of different lithium concentration leading to homogeneous volu
expansions4 and improved charge-discharge cycling behavior.

In this paper, we discuss some aspects of a-Si12xSnx alloy nega-
tives, which are discussed in the patent application. First, we
scribe the production of the amorphous alloys by sputtering and
composition range of the amorphous phase. The electrical resis
of the samples is dramatically reduced as the tin concentratio
increased, and therefore we selected a composition, a-Si0.66Sn0.34,
near the end of the amorphous range for detailed electrochem
and in situ XRD studies.

Experimental

Two sputtering systems and approaches were used to prepa
samples in this work. One sputtering system used is well adapte
making a range of stoichiometries in a single deposition as in c
binatorial materials science. The other larger system is well suite
the production of larger quantities of material of a single compo
tion.

Combinatorial magnetron sputtering was performed using a
rona Vacuum Coater’s~Vancouver, BC, Canada! V3T system. The
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system is turbopumped and reaches a base pressure of 53 1028

Torr. 2 in. diam targets of Si and Sn were used. The sputte
chamber is equipped with a 40 cm diam water-cooled rotating s
strate table and a stationary mask platform. The mask openi
shown in Fig. 1, were placed as near to the substrate table as
sible. The curved mask opening opposite to the Si target was
signed so that a constant Si deposition rate~measured in Å/cm2/s! is
maintained as a function ofr , as shown in Fig. 1 when the substra
table is rotating. The curved mask opening opposite to the Sn ta
was designed so that a linearly varying deposition rate is achieve
a function ofr when the substrate table is rotating. Sputtering a
rotation rates were selected so that about one atomic layer of a
was deposited during each pass under the targets. Both Sn a
were sputter deposited using dc power supplies, operating at 50
300 W, respectively. The Ar flow rate was about 19 sccm, and ch
ber pressure was maintained at 3.2 mTorr during the deposition.
substrate table angular speed was 20 rpm.

Sputtering was made on copper foil for battery electrodes, X-
diffraction ~XRD!, and compositional analysis, on aluminum foil fo
mass loading and thickness determinations, and on glass slide
resistivity measurements, all during the same deposition run.
foils and slides were bonded to the water-cooled substrate t
using 3M brand Y9415 double-sided adhesive tape. Small recta
lar glass slides (33 25 3 1 mm thick! were placed with their long
direction perpendicular to the vectorr in Fig. 1 and their distance
from the center of the table carefully measured and recorded.
copper foil and glass slides were cleaned first with methanol
then by plasma etching in the sputtering chamber. Masses of
deposited films were determined by weighing 1.3 cm diam Al f
disks before and after sputtering with a Cahn micr
balance~610 mg!. Film thickness was estimated from the mass p
unit area and the expected density of the deposit, calculate
r(Si12xSnx) 5 (1 2 x)r(Si) 1 xr(Sn).

Resistivity measurements were made using a two-wire techn
with silver-painted contacts to the Si12xSnx films. A two-wire mea-
surement was deemed sufficient because the film resistance was
mally between 10V and 10 MV.

Composition as a function ofr was determined using a fully
automated 733 JEOL electron microprobe X-ray microanaly
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equipped with an Oxford Link eXL 131 eV energy-dispersive det
tor. The 2mm electron beam was operated at 15 kV and 15 nA.

A large-scale sputtered sample of Si0.66Sn0.34 was produced using
a Perkin Elmer Randex model 2400-8SA sputtering system. Spu
ing was made on copper foil that was bonded to a rotating wa
cooled substrate table with two-sided tape as described previo
The copper foil was plasma cleaned with moderate energy a
ions~100-150 eV! before deposition for 30 min. A single target~cast
at 3M! of composition Si0.66Sn0.34 was sputtered using a dc powe
supply using an argon pressure of 30 mTorr. After sputtering,
film was scraped off the substrate and ground into fine powder~par-
ticle size,56 mm!.

Electrochemical tests performed in standard two-electrode c
cells.—Composite electrodes made from 80 wt % Si0.66Sn0.34, 10
wt % Super-S carbon black, and 10 wt % polyvinylidene fluori
~PVdF! were coated on a thin copper foil and tested in 2325 c
cell hardware. Also used in the construction of these cells wa
polypropylene microporous separator, electrolyte~1 M LiPF6 dis-
solved in ethylene carbonate/diethyl carbonate 30:70 vol, Mitsub
Chemical!, and lithium metal~FMC Chemicals! as both the refer-
ence and counter electrode. All cells were assembled in an ar
filled glove box and tested using constant charge and discharge
rents at a constant temperature of 30.06 0.1°C.

XRD experiments were conducted on a Siemens D5000 diff
tometer using a theta/theta goniometer with a Cu target sou
Samples were X-rayed in powder form in a standard well-ty
sample holder.

In situ XRD was used to study the reaction mechanism dur
the first two discharge/charge cycles. A composite electrode as
scribed above was deposited on a Be window and assemble
coin-type cells as described in Ref. 5. Allin situ experiments were
conducted at room temperature with the Siemens D5000 diffra
meter described.

In order to interpret the XRD patterns from the amorpho
samples, the Debye scattering formalism was used.6 The Debye
scattering equation is given by

I eu 5 (
m

(
n

f mf n

sin~krmn!

krmn
@1#

whereI eu is the scattered intensity in electron units,f m is the scat-
tering power of atom m,r mn is the distance between atoms m and
and k 5 4p sin(u)/l. The Debye scattering formalism sums th
scattered amplitude from each atom assembled in a given geom
to simulate XRD patterns.

Results and Discussion

Figure 1 shows a schematic representation of the setup use
our sputtering chamber. The masks placed over the Si and th
targets are designed to give a compositionx in Si12xSnx such thatx
varies linearly along the direction radial to the substrate table.
ure 2 shows the measured stoichiometry as a function of the ra
distance. The tin composition,x, is near 0.5 at the inner edge of th
deposit~begins at 9.4 cm radius! and decreases almost linearly
x 5 0 at r 5 18.3 cm.

Figure 3 shows the resistivity~taken at 21°C! of Si12xSnx vs. x
for the films deposited on the rectangular slides. The value ofx was
determined from the position of the slide~its value ofr ! and Fig. 2.
The resistivity drops dramatically withx, until aboutx 5 0.3, where
a change in slope is observed. The data match that collecte
Maruyama and Akagi7 quite well. However, the precision of ou
data is much higher so that the change in slope at aboutx 5 0.3 can
be observed.

Figure 4 shows XRD patterns for representative Si(1 2 x)Snx

samples withx 5 0.24, 0.36, 0.40, and 0.53. All samples withx
< 0.36 are amorphous and all samples withx > 0.40 show evi-
dence for crystalline tin precipitates. We believe that the chang
-
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slope of the resistivity graph is probably caused by the onset o
crystallization. The diffraction patterns of the amorphous samp
with x 5 0.24 and 0.36 in Fig. 4 are dominated by the signal fro
the underlying glass slide because the films are only about 1mm
thick. A better diffraction pattern of a thick powder specimen
amorphous Si0.66Sn0.34 is shown later.

Based on the results in Fig. 3 and 4, we selected the compos
Si0.66Sn0.34 for electrochemical study. Si0.66Sn0.34has a relatively low
resistivity and shows no evidence for the precipitation of crystall
tin.

Figure 1. Schematic representation of the setup used inside our sputte
chamber. Sputtering masks are used to deposit a linear range in compo
x in a binary system such as Si12xSnx .

Figure 2. Value of Sn compositionx in Si12xSnx plotted as a function of the
radial distance from the center of the sputtering table.
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Figure 5a shows the XRD pattern of powdered Si0.66Sn0.34 mate-
rial prepared in the Randex sputtering system. The XRD pat
shows the alloy is amorphous as expected based on Fig. 4. In o
to try to understand the structure of this amorphous material,
Debye scattering formalism was used to calculate the diffrac
pattern of a single Si unit cube containing 18 atoms, eight on
corners@~0,0,0!, ~1,0,0!, ~0,1,0!, ~0,0,1!, ~1,1,0!, ~0,1,1!, ~1,0,1! and
~1,1,1!#, six on the faces@~1/2,1/2,0!, ~0,1/2,1/2!, ~1/2,0,1/2!, ~1/2,
1/2,1!, ~1,1/2,1/2!, ~1/2,1,1/2!#, and four within the cube at~1/4,1/4,
1/4!, ~3/4,3/4,1/4!, ~1/4,3/4,3/4!, and ~3/4,1/4,3/4!.6 The calculated
result that best matched the Si0.66Sn0.34 pattern was obtained when
cube edge of 5.6 Å was used. This is slightly larger than the
cepted valuea 5 5.43 Å for crystalline Si.6 The increase is prob
ably a result of the larger Sn atoms incorporated substitutionally

Figure 3. Resistivity ~V cm! as a function of Sn compositionx. ~d! data
taken by the present authors and~h! data from Maruyama and Akagi.6

Figure 4. XRD patterns of Si12xSnx for x 5 ~a! 0.53, ~b! 0.40, ~c! 0.36,
and ~d! 0.24.
n
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a-Si. Although not rigorous, this Debye calculation suggests
Si0.66Sn0.34 has a short-range ordered diamond structure, simila
amorphous Si.

Figure 6 shows the voltagevs.capacity~6a! and the differential
capacityvs. voltage ~6b! of a Li/Si0.66Sn0.34 cell charged and dis-
charged at 45.5 mA/g~C/42 or 0.04 mA/cm2) between 1.3 and 0 V
vs. pure lithium metal for the first few cycles. The voltagevs. ca-
pacity is smooth and continuous, showing the absence of any
teaus indicative of phase changes during the reaction with Li. P
teaus in voltagevs.capacity graphs indicating phase changes app
as sharp peaks in differential capacityvs. voltage. The differential
capacity shown in Fig. 6b is smooth and free from sharp peaks

Figure 7 shows thein situ XRD results collected during the firs
discharge cycle of a Li/Si0.66Sn0.34 cell. The cell was discharged a
19.7 mA/g~C/96 or 0.15 mA/cm2) to 0.2 V for the first cycle. The
voltagevs. capacity curve for the cell collected during the expe
ment is shown in Fig. 7e. The maximum capacity of 860 mAh
obtained for the first discharge represents approximately 2 Li at
per Si0.66Sn0.34 formula unit. Some of the XRD patterns collecte
during the first discharge cycle are shown in order from top to b
tom in Fig. 7a-d. The sharp peaks in the diffraction pattern are
to various cell parts. The solid dots on the voltage curve~Fig. 7e!
show the starting position at which each X-ray scan shown in F
7a-d was collected. Figure 7a-d shows that the XRD pattern of
electrode develops broad peaks at 2u ' 23° and 2u ' 40° during
the insertion of lithium. The change in the 23° peak can more cle
be seen in Fig. 8a, where the XRD pattern at the bottom of disch
~dark line! is compared to the XRD pattern of the fresh cell. Di
playing the two curves together shows the existence of the br
peaks. The broad peaks observed in this work have often been

Figure 5. ~a! XRD pattern of amorphous Si0.66Sn0.34. ~b! Simulated XRD
pattern of a single Si unit cell~with a 5 5.6 Å! using the Debye scattering
equation.

Figure 6. ~a! Voltagevs.capacity of a Si0.66Sn0.34 electrode cycled against L
metal between 0 and 1.3 V.~b! Differential capacityvs. voltage of the cell
shown in part a.
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served in other Li-Sn-containing intermetallics and have been
plained in Ref. 8 by the local structure found in Li22Sn5 ~or isos-
tructural Li22Si5). In this structure, Sn atoms are arranged locally
the corners of tetrahedra that have edges 3.3 Å long.

Figure 7. ~a-d! In situ XRD patterns collected during the first discharg
cycle of a Si0.66Sn0.34 electrode cycled against Li metal to 0.2 V. The sha
peaks in the diffraction patterns come from various cell parts.~e! Voltagevs.
capacity~bottom abscissa! and X-ray scan number~top abscissa! collected
during the experiment.~d! indicates where the X-ray scans began.

Figure 8. ~a! Comparison between the XRD pattern of the~light line! fresh
cell and the~dark line! fully discharged cell.~b! Comparison between the
XRD pattern of the~dark line! fully discharged cell and~light line! the fully
charged cell.~c! Comparison between the XRD pattern of~light line! the
fresh cell and~dark line! the fully charged cell.
-
The results from the first charge of the same Li/LixSi0.66Sn0.34

cell are shown in Fig. 9. As lithium is removed from the electrod
the broad peaks~Fig. 9a-d! slowly disappear until the XRD pattern
of the electrode at the top of the first charge cycle resembles
XRD pattern of the fresh cell. Figure 8b shows the XRD pattern
the electrode at the bottom of the first discharge cycle~dark line!
and the top of the first charge cycle~light line!. More importantly,
Fig. 8c shows a comparison between the XRD pattern of the fr
cell ~light line! and the XRD pattern of the electrode at the top of t
first charge cycle~dark line!. Little difference is observed betwee
the patterns in Fig. 8c showing that the electrode returns to appr
mately the starting state.

In this same experimentin situ XRD patterns were collected fo
the second cycle where this time the cell was discharged to
~approximatelyx 5 4 in LixSi0.66Sn0.34). The results for the second
discharge and charge cycle are shown in Fig. 10 and 11, res
tively. The same gradual increase in broad peaks at 2u ' 23 and
40° ~Fig. 10 b-d! are observed during the discharge. The 23° pe
~shown in Fig. 10d! becomes more intense than the correspond
peak formed during the first discharge cycle~to 0.2 V! shown in Fig.
7d, presumably due to the larger amount of lithium added to
sample. Figure 11a-d shows that as lithium is again removed f
the electrode the 23 and 40° peaks slowly disappear.

The XRD pattern observed at 0 V~Fig. 10d! is very similar to
that found during the room-temperature lithiation of Sn at the sa
potential.9 Figure 12 shows a comparison between the XRD patt
of a fully discharged Si0.66Sn0.34 electrode~Fig. 12a!, and a simu-
lated XRD pattern of a Li-Sn tetrahedron~Fig. 12b!. Such local
tetrahedral arrangements of Sn atoms are found in Li22Sn5 and
Li22Si5 , where a Li atom is at the center of the tetrahedron and S
Si atoms are at the four corners. The edge length of the tetrahe
was taken to be 3.3 Å, approximately the same as the nearest n
bor Sn-Sn distance in Li22Sn5 . The similarities between the two

Figure 9. ~a-d! In situ XRD patterns collected during the first charge cyc
of a Si0.66Sn0.34 electrode cycled against Li metal charge to 1.3 V. The sh
peaks in the diffraction patterns come from various cell parts.~e! Voltagevs.
capacity~bottom abscissa! and X-ray scan number~top abscissa! collected
during the experiment.~d! Indicates where the X-ray scans began.
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diffraction patterns are striking, suggesting that the local arran
ments of Si and Sn atoms are similar to the local arrangem
found in Li22Sn5 and Li22Si5 .

Figure 13 shows by XRD that the starting Si0.66Sn0.34 material
is structurally different from the final lithiated materia
Li4.4Si0.66Sn0.34. However, the intermediate diffraction patterns
Fig. 7, 8, 10, and 11 appear by eye to be made up of a fraction o
pattern from the first scan of the cell~Fig. 7a! and a fraction of the
pattern from the electrode at 0 V, Fig. 10d. In order to examine
idea more fully, we represented an arbitrary scan of the electrod
the cell,Yn(m), as a sum

Yn
calc~m! 5 ~1 2 z!YFC~m! 1 zY0V~m! @2#

where Yn
calc(m) is the calculatedmth data point of thenth scan,

YFC(m) is themth data point of the fresh cell scan~Fig. 7a!, Y0V(m)
is themth data point of the scan at 0 V~Fig. 10d!, andz is a number
between 0 and 1. The index,m, runs from 1 toM, whereM is the
number of data points in each scan, in this case 900. The good
of fit, x2, defined as

x2 5
1

M (
m 5 1

M

@Yn~m! 2 Yn
calc~m!#2/@Yn~m!# @3#

was then minimized~using the solver feature of Microsoft Excel! by
changingz. Figure 14 shows some fits to data sets based on
approach. For example, Fig. 14a shows that scan 11 of the
discharge is well fitted withz 5 0.56, Fig. 14c shows that scan 2
of the first discharge~Fig. 7d! is well fitted withz 5 0.88, and Fig.
14e shows that scan 31 of the first cycle, during charge, is well fi
with z 5 0.60. For the second cycle, Fig. 15a shows that the

Figure 10. ~a-d! In situ XRD patterns collected during the second discha
cycle of a Si0.66Sn0.34 electrode cycled against Li metal to 0 V. The sha
peaks in the diffraction patterns come from various cell parts.~e! Voltagevs.
capacity~bottom abscissa! and X-ray scan number~top abscissa! collected
during the experiment.~d! indicates where the X-ray scans began.
-
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scan of the second discharge~scan 41 overall! is well fitted with z
5 0.18, Fig. 15c shows that scan 18 of the second discharge~scan
58 overall! is well fitted withz 5 0.67, and Fig. 15e shows that sca
51 ~scan 92 overall! of the second cycle, during charge, is well fitte
with z 5 0.75. In fact, almost all the scans can be fitted well by t
approach as we show later.

Figure 16a shows the cell potentialvs. scan number,n, for the
first two cycles, Fig. 16b showsx2 vs. n,and Fig. 16c shows bothz
and 12 z vs. n. Since we are fitting a data set with random stat
tical noise by the linear combination of two other data sets hav
random statistical noise, a ‘‘perfect’’ fit will havex2 5 2. ~If a data
set with random statistical noise is fit to a noise-free calculati
then it is well known that a ‘‘perfect’’ fit will havex2 5 1. In our
case, a perfect fit hasx2 5 2 because the calculated curve and t
data set both have statistical noise.! Figure 13b shows that the fit
give x2 near 2 for most of the data sets, proving that all scans ca
well represented by a linear combination of the scan from the fr
cell and the scan from the fully discharged cell.

Figure 16c shows that asx in Li xSi0.66Sn0.34 increases, the dif-
fraction pattern shows more and more evidence of the local struc
found in Li4.4Sn or Li4.4Si, sincez increases whenx increases. When
the lithium is removed from the electrode, the diffraction patte

Figure 11. ~a-d! In situ XRD patterns collected during the second char
cycle of a Si0.66Sn0.34 electrode cycled against Li metal charged to 0 V. T
sharp peaks in the diffraction patterns come from various cell parts.~e!
Voltagevs.capacity~bottom abscissa! and X-ray scan number~top abscissa!
collected during the experiment.~d! Indicates where the X-ray scans bega
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reverts to that characteristic of the local structure found in the
mond lattice. The variation ofz and 12 z with scan number, orx,
is not perfectly linear. For example, there is a region in Fig. 1
near the start of the experiment, whenz does not change appreciab
for the first three scans. This may indicate that either the transfe
lithium is consumed by irreversible surface reaction and is not
corporated into the host, or that the transferred lithiu
is incorporated uniformly interstitially within the diamond-lik
a-Si0.66Sn0.34 structure without causing significant bond rearrang
ments as found in Li4.4 Sn. In the range from scans 60 to 78 in Fi
16c, the variation ofz with scan number slows. The local structu
of Sn and Si atoms found in Li4.4Sn or Li4.4Si may be predominantly
formed at smaller lithium concentrations~say nearx 5 2.5) and
hence z would approach 1 as observed. Adding further lithiu
would not impact the diffraction pattern significantly, since its sc
tering power is small, if the correct local arrangement of Si and
atoms has already been established.

This in situ XRD experiment clearly shows the room
temperature electrochemical reaction of Li with this Si0.66Sn0.34elec-

Figure 12. Comparison between the XRD pattern of~a! the fully discharged
cell at 0 V and~b! the simulated XRD pattern of a Li-Sn tetrahedron of t
type found in Li22Sn5 .

Figure 13. Comparison between the XRD pattern of the~dark line! fresh
cell and ~light line! the fully discharged cell~0.0 V!, corresponding to
Li4.4Si0.66Sn0.34.
-

,

d
-

trode proceeds via a relatively benign exchange reaction of the l
environment of Si0.66Sn0.34 for the local environment of
Li 4.4Si0.66Sn0.34.Since the materials remain amorphous at all tim
during cycling and since there are no plateaus in the volta
capacity relation, it can only be assumed that these two local e
ronments are distributed evenly throughout the bulk of the mate
This reaction mechanism is perhaps the main factor contributin
the favorable cycling performance of this compound. This is d
cussed further in upcoming publications.

Finally, now that the reaction process is understood, it is poss
to make some statements about the origin of the hysteresis bet
charge and discharge displayed in Fig. 6. Figure 17 shows the
agevs. capacity for two Si0.66Sn0.33 cells cycled at 55 and 30°C a
different current densities. In order to see the hysteresis m
clearly, the voltage curves have been normalized to the same ca
ity during charge and discharge. The true discharge capacity
been plotted, and the charge curve has been scaled to have the
capacity. From this data, the difference in the average voltage
tween the charge and discharge cycle was measured for each c
cycle. This data is plotted in Fig. 18 against the specific current.
expected, the hysteresis of the 55°C cell is less then the hystere
the cell cycled at 30°C. The hysteresis of the cells does not appro
zero as the current density approaches zero. Therefore, the hyst
is inherent and the area between the charge and discharge c
represents the energy dissipated during one charge-discharge c
We speculate that the energy is dissipated by the changes in the
atomic environment around the host atoms that involve the brea
and creation of new bonds involving the host atoms and lithiu
Using the results in Fig. 17 and 18, we can estimate the magni
of the energy dissipated by the hysteresis. Figure 18 shows tha
offset between charge and discharge is about 0.2 V. Figure 17a

Figure 14. ~a! ~d! The XRD pattern of scan 11 of the first discharge cyc
while ~—! shows the fit to the data set using a linear combination of the fi
scan and the scan taken at 0.0 V corresponding to Li4.4Si0.66Sn0.34. ~b! Dif-
ference between scan 11 and the linear combination.~c! ~d! The XRD pat-
tern of scan 22 of the first discharge cycle, while~—! shows the linear
combination.~d! Difference between scan 22 and the linear combination.~e!
~d! The XRD pattern of scan 31 of the first charge cycle, while~—! shows
the linear combination.~f! Difference plot between scan 31 and the line
combination.
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Figure 15. ~a! ~d! The XRD pattern of scan 1~scan 41 overall! of the
second discharge cycle, while~—! shows the linear combination.~b! Differ-
ence between scan 1 and the linear combination.~c! ~d! The XRD pattern of
scan 18~scan 58 overall! of the second discharge cycle, while~—! shows the
linear combination.~d! Difference between scan 18 and the linear fit.~e! ~d!
The XRD pattern of scan 51~scan 92 overall! of the second charge cycle
while ~—! shows the linear combination.~f! Difference between scan 51 an
the linear combination.

Figure 16. ~a! ~—! The voltagevs.X-ray scan number.~d! The position of
the XRD patterns highlighted in Fig. 14 and 15.~b! Goodness of fitx2 as
calculated by Eq.~3! vs. X-ray scan number.~c! Numerical value of~d! 1
2 z and ~l! z of Eq. ~2! vs.X-ray scan number.
the lowest charge-discharge rate, gives a capacity of about
atoms per Si0.66Sn0.33. Therefore, the hysteresis energy is about 0
eV per Si0.66Sn0.33 formula unit. Since chemical bonds general
have energies on the order of a few electronvolts per bond, we
that the measured energy is consistent with a change in the
environment of the Si and Sn atoms.

Conclusion

We have shown that Si12xSnx samples for 0, x , 0.5 can be
prepared by magnetron sputtering using a combinatorial mate
science approach. Resistivity and XRD measurements were us
screen the composition range and indicated the most promi
sample to be Si0.66Sn0.34. Electrochemical andin situ XRD experi-

Figure 17. Graph of voltagevs.capacity of two cells cycled at~—! 55 and
~---! 30°C. All voltage curves have been normalized. Specific current of
55°C cell is ~a! 14.3, ~b! 28.6, ~c!. 57.0, ~d! 114.4, and~e! 228.6 mA/g.
Specific current of the 30°C cell is~a! 16, ~b! 33, ~c! 66, ~d! 133, and~e! 266
mA/g. The factors used in the normalization of the voltage curves of the
and 55°C cells are, respectively,~a! 1.62 and 1.44,~b! 1.12 and 1.18,~c! 1.08
and 1.10,~d! 1.06 and 1.07, and~e! 1.04 and 1.02. The normalization factor
are largest at the smallest currents due to inaccuracies in the currents
the chargers at currents below 10 mA.

Figure 18. Hysteresis voltagevs.specific current of two cells cycled at~d!
55 and~l! 30°C.



fo

th
ca

ma
at

w

h b

da

this

O

Journal of The Electrochemical Society, 150 ~2! A149-A156 ~2003!A156
ments have shown predominantly only two local environments
Si and Sn are found at any value ofx in a-LixSi0.66Sn0.44.Since the
materials remain amorphous at all times during cycling and since
voltage profile is smooth, it can only be assumed that the two lo
environments are distributed evenly throughout the bulk of the
terial. This reaction mechanism is believed to be the reason th
Si0.64Sn0.34 can undergo reversible colossal volume expansion as
have shown earlier.4
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