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Ab initio calculation of the lithium-tin voltage profile
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An ab initio pseudopotential plane-wave method was used to calculate the total energies for several struc-
tures (Sn, LbSns, LiSn, Li;Sm, LisSm, LijsSns, LizSn, and L) of the lithium-tin phase diagram. This
information was used to determine a theoretical electrochemical voltage profile, which compares well with
experiment foix<<2.5 in Li,Sn. Forx>2.5, it was found that the equilibrium structures predicted by the phase
diagram were not formed in the room-temperature electrochemical cell, which explains why the calculated
results are less good there. Calculations of this type are useful for materials research in lithium-ion batteries.
[S0163-182608)03048-3

. INTRODUCTION LiC¢/LiM0O, (anode/cathodecells and LiG/LiNiO, cells.
A. Lithium-ion intercalation cell Aydinol et al® calculated the average voltages for LM.O,
o ] ) and Li/LiCoX, (M=Ti, V, Mn, Co, Ni, Cu, Zn, Al; X=0,
Lithium-ion batteries are the current rechargeable power g sg cells. An approximation made in these calculations is
source of choice for portable electronics devices such as lagp ¢ the transformation from reactant to product is two phase,
top computers and cellular telephorfeBhey can store more and so an average voltage can be deffhEdr example, for

energy per weight than their competitors; nickel-metal hy- i jco0, electrochemical cells, the reaction is assumed to
dride, nickel-cadmium, or lead-acid=urther increases to the be

energy density and thermal stability of lithium-ion batteries

may lead to their use in electric vehicles. LiCoO,—Co0O,+Li. (1)
An ideal lithium-ion cell would be able to pass a large

amount of lithium reversibly between anode and cathode]he average voltage is then

and at a large potential difference. Materials research in this

area strives to maximize these quantities in order to produce V=-AG/Ax,

a battery with increased energy storage capability. The Per{/'vhereAx refers to the number of lithium transferrédx

odic Table allows for many possible electrode materials,=1 0 for Eq. (1)]. We can make a further approximation
some of which have been discovered and tested, but ma |vén that e

which have not. New materials are generally discovered b
following general trends that are shown to produce better AG=AE+PAV—TAS, ?)
electrode materiats.The advance in performance, coupled
with the reduction in cost, of computers has opened the doorvhereAE, the change in internal energy, will be the order of
to a potentially very useful avenue for the materials scientistD.1—4.0(eV/Li atom), PAV is of the order of 10° (eV/Li
This paper demonstrates how well a standard theoretical caitom), and TAS is the order of the thermal energkgT)
culation matches data produced in an electrochemical expenvhich is also much smaller thaAE at ambient tempera-
ment. This type of approach could be used to predict matetures. Therefore,
rials with enhanced energy storage abilities.

V=—AE/AX (3

B. Total-energy calculations applied to electrochemistry is a good approximation for the electrochemical voltage of

Several groups have recently performed first-principleghe general reaction
calculations of various electrode materials. Deistsal®
calculated the average voltage and energy density for LiyX+ AXLi—Li 1 ax)X. (4)
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TABLE I. Crystal structure information.

Name Space group Lattice constants Reference
sn l4famd a=5.83A,c=3.18A 10
Li,Sn P4/mbm a=10.274 A,c=3.125 A 11
LiSn P2/m a=51.7A,b=774A,c=3.18A, y=104.5° 12
Li,Sny P2,/m a=9.45A,b=856A,c=4.72 A, y=105.95° 13
LisSr, R3m a=4.74A,c=19.83A 14
Li;sSn P3m1l a=4.70A,c=17.12 A 15
Li,Sn, Cmmm a9.80A,b=13.80A,c=4.75A 16
Li Im3m a=3.51A 10
The energy differencAE is Details of cell assembly can be found in Ref. 17. The cells
were tested with constant curreri&7.2 mA/g.
AE=Eotaf Li (x+axX) — Etotal( LixX) = AX[ Eqoaf( Li) ]. The voltage profile obtained for one of the cells is shown

) in Fig. 1. Here the capacity has been rescaled ito Li,Sn,
where Li, ,Sn represents the alloying limit of the Li-Sn phase
diagram® The cell did not achieve the maximum cagacity of

_ Covey ; _ ; Li, ,Sn as predicted by the equilibrium phase diagramogt
V=1Buoal LX)~ Brotaf Ll 40 X) VAX~ Bgral L) (6  only 3.8 equivalents of lithium. This is typical for a Li-Sn
voltage curve. This may indicate that the lithium-rich alloy
A range of anode materials that are currently receiving?hases are not easily formed in an electrochemical cell at
much interest are tin-oxide composite glasses. This new gericom temperature. Note the well-defined voltage plateaus,
eration of anode materials have a better energy storage capihich are indicative of two-phase coexistence regions be-
bility than graphite. It has been suggested that the basictween neighboring phases in the Li-Sn alloy phase diagram.
reaction mechanism in all of these types of materials is sim-
ply an alloying and dealloying reaction between lithium and
tin,® and thus not an intercalation mechanism. As a first step
toward modeling a very complicated system, such as a dis- The calculations that were performed were based on six
ordered glass, we submit a first-principles calculation of théwo-phase regions according to E@). The seven line
lithium-tin voltage profile itself, and compare it to an experi- phases have=0.0, 0.4, 1.0, 2.3333, 2.5, 2.6, and 3.5; thus

mental one. the widths of the two phase regiodsx are Ax=0.4, 0.6,

There are several phase transitions between quite differedt3333, 0.1667, 0.1, and 0.9. An average voltage was calcu-
crystallographic structures, seven to be eXaghich makes lated for each of the two-phase regions in accordance with

a first-principles calculation of the lithium-tin system a large Eq. (6).

undertaking. The experimentally determined structures of The pseudopotential plane-wave metHoamplemented

these alloy phases, as well as lithium and tin, are listedn the Viennaab initio simulation packagévasp) was used

(along with original referencesn Table I. The most lithium-  to compute the total energies of the Li-Sn alloy phasasp

Thus, the cell voltage is

B. Computational details

rich phase, Li,Sn;, was not calculated. performs an iterative diagonalization of the Kohn-Sham
Il. RESULTS AND DISCUSSION 14
A. Experimental voltage profile 1.2 ———  Experiment
An electrode of Sn powdefAldrich, 99.99%<10 xm) —S—  Caleulation

was prepared by coating a slurry of Sn powd86% by
weight, “superS’ carbon black(10% by weight, and poly-
vinylidene fluoride (PVDF) (5% by weighj dissolved in
N-methyl pyrrolidinone on a copper foil substrate. The thick-
ness of the coated film was about 1afh. After coating, the
electrode was dried fo4 h at 106 °C angressed between
plates at 2.6 10° Pa. The electrode was cut into 1.44%<m
squares and weighed. Coin-type test cells were constructed
using this electrode in 23283-mm diameter and 2.5 mm
thick) coin cell hardware. The cells used a polypropylene ool o . N
microporous separator, an electrolyfieM LiPFg dissolved 0.0 05 1.0 1.5 20 25 3.0 35 40 45
in a 30:70-vol % mixture of ethylene carbonate and diethyl xin LixSn

carbonate, Mitsubishi Chemigal and a 125«m-thick,

1.44-cn? lithium foil for the negative electrode. Cells were  FIG. 1. Experimental and calculated electrochemical voltage
assembled and crimped closed in an argon-filled glove boxprofiles for the lithium tin system.
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equations of local-density-functional theory based on refor example, due to a small solubility of lithium in tin, or as
siduum minimization and optimized charge-density mixinga result of small contamination of the tin by oxygen. The
routines'® In our calculations, we used the exchange-later situation would result firstly in the formation of lithia
correlation functional based on the quantum Monte Carldfollowed by the alloying of lithium with tirf In any event,
simulations of Ceperley and Alder as parametrized by Perthe modeling of this region could be a worthwhile exercise
dew and Zungef? Optimized ultrasoft Vanderbilt pseudopo- for future research. For the purpose of this work, however, it
tentials for Li and Sn atorﬁ%zzlwere used in the calculation. was neg'ected as it 0n|y affects a Sma” portion of the Vo|tage
The tetrahedron method with Rib correction®’ was usedin profile. The experimental voltage plateaus are well defined
the Smearlng Of the Fermi |eVe|. In a.” Of the Ca|CU|atI0nS, theup unt" the formation Of L‘}Sf}; Th|s is Consistent Wlth a'rm
convergence of the total energy with respeckfooint sam-  sjty x-ray-diffraction experiment in our earlier work, where
pling and plane-wave energy cutoff have been carefully exthe pulk Li-Sn alloy phases $n and LiSn were clearly
amined. The final set of energies were computed with ampserved There is a “voltage spike” in the calculation at
energy cutoff of 200 eV, and the numberlopoints in the  5roundx=2.6, which arises due to the similarity of the sto-
wrgduuble Brillouin zone range from 144 tq 310. The Calcu'ichiometry of the neighboring phases and the small differ-
lations have been performed_ at the experlmental_volume Oénces in the total energy between them. The “jumps” in
the compounds. The reason is that the local-density approxjsoitage which occur at the compositions of the line phases
mation underestimates the ethbnqm atomic volume of thq_iZSrb and LiSn are well matched by the experiment, but the
alkali metals(by ~12.5% for Lj). This error is partly cor-  compositions at which the “jumps” occur are displaced in
rected by including generalized gradient correcti@®&C'S)  the experimental charge curve with respect to the discharge.
(VECC=19.7 A3, v&P=21.4 A% to the exchange-corre- This is probably caused by the nonzero rate at which the
lation functionaP* For Sn, on the other hand, the local- experiment was performed, and further work could address
density-approximation(LDA) prediction is more accurate this point. For 2.6x<<3.6, the calculation predicts another
(VERA=33.8 A®, v&P'=34.2 A%), while the GGC's lead to a two-phase region and a corresponding plateau, which is not
overestimate of the equilibrium volunmy +7.2%. Struc-  Well formed in experiment. We now examine the reasons for
tural predictions, on the other hand are unaffected by théhis discrepancy.
corrections since the GGC’s merely add an isotropic term to Figure 2 is an x-ray-diffraction pattern taken of a cell
the pressuré Perhaps with the exception of transition €lectrode at 0.0 V, equivalent to the compounggsn. To
metals?* the introduction of GGC’s has produced mixed re-obtain the electrode for this measurement, a cell was taken
sults for main group metafé:2® Hence the proper choice of into an argon-filled glove box after discharge to 0.0 V. It was
an exchange-correlation functional for Li-Sn alloys leadingthen carefully opened and was mounted in a special air-tight
to correct densities at all compositions remains difficult atx-ray holder with a Kapton window. A Siemens D-5000 dif-
the moment. Initial calculations showed that a meaningfufractometer, equipped with a Cu target x-ray tube and a dif-
voltage profile could not be obtained with the experimentalffracted beam monochromator, was used to measure the pow-
unit-cell sizes and fractional atomic coordinates. The optimi-der pattern of the electrode. According to the Li-Sn phase
zation of the atomic positions in the experimental unit celldiagram, this x-ray pattern should showJSrs and Li;Sn,.
led to more satisfactory results. The optimized, as well aglowever, the diffraction pattern does not agree with this
experimental, atomic positions are shown in Table II. It isprediction, and it shows both sharp peaks and broad oscilla-
observed that the positions of the lithium atoms are affecteéions from the sample. The sharp peaks are well indexed to a
most in the geometry optimization process, but that the disbcc structure with a lattice constant at=3.30 A, and the
tances from the experimental values are small. This observailler indices are shown next to each peak. We have seen
tion is understandable since the intensities of the diffracted %his interesting x-ray pattern in all of our work on Sn con-
rays in the structural determination are dominated by thdaining materials in the structures,Bin(x>2.5) .2’
much heavier tin atoms. Therefore, the positions for the In order to understand the pattern in Fig. 2, we first start
lighter lithium atoms are often less well defined by the ex-by considering the structure of LBy as given in the
periment. A tabulation of the calculated total energies for Li literature?® The structure is based on a bcc subcell with a
Sn and the Li-Sn alloy phases is shown in Table Ill. Thelattice constana=3.296 A. The tin and lithium atoms are
calculated voltage profile is plotted in Fig. 1. arranged on this bcc network to give &6X6 superstruc-
ture witha=19.78 A. The arrangement of Sn atoms is most
interesting. All the tin atoms are found on tetrahedra, as
shown in Fig. 8. The atom at the center of the Sn tetrahe-
The comparison between experiment and calculation iglron is a Li atom, and in Fig.(B) the tetrahedron itself is
shown in Fig. 1. The results show excellent agreement. Thehaded, obscuring the Li atom in its center. Figuke) 3
true equilibrium voltage profile would be single valued with shows a portion of the Lj)Sns unit cell containing 64 bcc
respect to charge and discharge, and would lie somewhere gubcells, with Sn tetrahedra indicated. Figufd) Zhows all
between the charge and discharge curves. Since the expetite tin atoms in a complete unit cell, and does not show the
ment was not performed at an infinitesimally slow rate, therithium atoms. All the tin atoms are contained in tetrahedra,
we do not measure the true equilibrium voltage profile. Thaewhich are either isolated, share edges, or share corners.
calculation, on the other hand, assumes the equilibrium con- Given the complex superstructure adopted by the Sn tet-
dition. Forx<0.1, in the experimental voltage curve of Fig. rahedra in Lj,Sns, we felt that it was likely that Li,Sn
1, the voltage does not immediately adopt the plateau of thprepared at room temperature would not show well-
first two-phase region. This could be due to several reasonsteveloped long-range order of the Sn tetrahedra. Model cal-

C. Discussion
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TABLE Il. Optimized and experimental atomic coordinates for the alloy phases. The lattice constants were not optimized, so the
experimental structure was used for elemental Li and elemental Sn in the calc@tat@®nnique position Numbers in parentheses are the
experimental values if the value was changed during optimization.

Space Atom
Name Group (site) X y VA
Li,Sns P4/mbm Sn(8d) 0.0698(0.0676 0.2054(0.2046 0.0
Sn(2d) 0.0 3 0.0
Li(4h) 0.174(0.172 0.674(0.672 1
LiSn P2/m Sn(1la) 0.0 0.0 0.0
Sn(2m) 0.234(0.234 0.0 0.658(0.666
Li(1e) : : 0.0
Li(2n) 0.271(0.263 0.5 0.328(0.336
Li,Sny P2,/m Sn(2e) 0.2228(0.2251 0.4013(0.3995 :
Sn(2e) 0.9153(0.9179 0.1955(0.1974 :
Sn(2e) 0.4304(0.4318 0.1974(0.1979 i
Li(2e) 0.724(0.732 0.397(0.392 :
Li(2e) 0.126(0.134 0.007(0.007 :
Li(2e) 0.620(0.622 0.995(0.998 :
Li(2e) 0.312(0.318 0.801(0.803 3
Li(2e) 0.830(0.821) 0.812(0.810 3
Li(2e) 0.533(0.533 0.600(0.601) 3
Li(2e) 0.015(0.02) 0.602(0.606 :
LisSn, R3m Sn(6c) 0.0 0.0 0.07270.0727
Li(6¢) 0.0 0.0 0.3550.352
Li(6¢) 0.0 0.0 0.2130.210
Li(3b) 0.0 0.0 :
Li1sSn P3mi1 Sn(1la) 0.0 0.0 0.0
Sn(d) : 2 0.7772(0.7764
Sn(2d) : z 0.6090(0.6091
Li(1b) 0.0 0.0 :
Li(2c) 0.0 0.0 0.6720.668
Li(2c) 0.0 0.0 0.8370.836
Li(2d) i 2 0.946(0.943
Li(2d) i 2 0.446(0.445
Li(2d) : 2 0.281(0.284
Li(2d) : 2 0.109(0.117
Li,Sn, Cmmm Sn(4) 0.0 0.3189(0.3127 0.0
Sn(4h) 0.161(0.153 0.0 :
Li(2a) 0.0 0.0 0.0
Li(2c) : 0.0 :
Li(4g) 0.342(0.359 0.0 0.0
Li(4j) 0.0 0.172(0.179 :
Li(8p) 0.187(0.18% 0.159(0.154 0.0
Li(8q) 0.342(0.349 0.161(0.165 :

culations were therefore undertaken to explore whether alose to the broad peaks observed in the data. This suggests
simple random arrangement of Sn tetrahedra on the underlyhat tin tetrahedra can be responsible for the broad peaks in
ing bcc lattice could explain the pattern observed in Fig. 2.the experimental pattern.

The Debye scattering formalism, described in Ref. 29, Figure 4b) shows a calculation for a lattice consisting of
was used to calculate the powder pattern of the model000 bcc subunits arranged on a<100Xx 10 grid. Tin atoms
lattices®’ Figure 4a) shows the powder diffraction pattern of were placed on tetrahedra as shown in Figh)33and these
a tin tetrahedron with an edge length of 4.67 A, which is thetetrahedra were located randomly throughout the lattice. The
size and shape of the tetrahedron in Fig)3The first and remaining sites were filled with lithium, and a lithium:tin
second peaks in the calculation are at about 23° and 42fatio of 4:1 was used. This pattern shows the same oscilla-
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TABLE lll. Calculated total energies for Li-Sn alloy phases.

Ab initio CALCULATION OF THE LITHIUM-TIN . ..

Total energy

Total energy per
Li,Sn

334
& Q

Name Number ok points (eV/formula unij (eV/formula uni}
Li 220 —-2.034 N/A ©
S-n 196 —4.511 —4.511 O )
Li,Sn 144 —28.254 —5.651 Q Q
LiSn 250 —7.294 —7.294 Li Sn
Li,Sry 250 —32.296 —10.764 a)
LisSn, 182 —22.389 —11.194
Li;aSns 310 —-57.292 —11.458 S o
Li-Sn, 216 —-27.135 —-13.568 P2 IS
&od)oo OOOO O($ i
- Q Q G
& O,/»(Q’O o0
tory pattern from the tin tetrahedra as does Fig) 4nd, in O"°O 9 A’fﬂ\ °)(’ ooOO o
addition, the sharp Bragg peaks from the underlying bcc © | & ,}‘?\\_‘0 §
structure. Figure @) also shows the result of the calculation A /Og? 4 S
for the same lattice if the lithium atoms are omitted. This is ¢ é’g" | o9 7’?
almost identical, because the scattering power of the lithium $ \315’6 o°° A) s
Q' o) o —

atom is so small compared to tin. However, the tin-only re-
sult shows that the sharp Bragg peaks arise due to the place- C) d)

ment of the atoms making up the tin tetrahedra on the under-

lying bce lattice. By comparing Figs.(# and 4b), the FIG. 3. The structure of LSrs. () A bec unit of the structure
effects of the short-range order of the tin atoms can be inghich has four tin atomgb) Showing how the four tin atoms if@)
vestigated by doing calculations of tin clusters alone, assumgre on the corners of a tetrahedréc). A portion of the unit cell of
ing that the atoms of the clusters “fit” onto the underlying Li,,Sn; showing the arrangement of tin tetrahedra and Li atoms.
bcc lattice.

Individual tin atoms are shown where they are in tetrahedra which

The calculations in Figs.(d) and 4b) are suggestive that are not entirely included in the view. Some Li atoms are omitted on

the correct explanation of the diffraction pattern of k$n is  the faces of the diagranid) All the tin atoms which reside in a unit
at hand. However, the first broad peak in the calculation isell of Li,;Srs shown in their tetrahedra.

much broader than experimefifig. 4(d)]. The width of the
peak can be narrowed if the tin atoms are arranged into
larger clusters. Figure(d) shows the powder diffraction pat-
tern that an arrangement of five tin tetrahedra would give. a)

Notice that the shape of the first peak matches experiment - -
more closely. This type of calculation was explored for vari-
ous Li-Sn ratiogLi,Sn, 3.6<x<4.0), with similar results.

:'g b) T Soia-fnonly
S :  Dash-all atoms ’
_E' 200 211
) g /
€t y 2 bttt}
g 1t
]
8 £ 1
'é’ [ l B \_/\/\\/\—\/‘
% } t } } t } }
E d)
Osdillations P
N 10 20 30 40 50 60 70 80 90
10 20 30 40 50 60 70 80 Scattering Angle (deg.
Scattering Angle (deg.) (deg)

FIG. 4. Powder diffraction patterns calculated fay tin tetra-

FIG. 2. Ex situ diffraction data for an electrode taken from a hedron, andb) tin tedrahedra randomly arranged on the underlying

Li/SnO cell at 0.0 V. The estimated stoichiometry of the alloy is bcc lattice(see text (c) A calculation based on five tin clusters.
Liz gSn. Small Sn peaks arise from an incomplete alloying reactionThe experimental data of Fig. 2 are shown for comparisoftin
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The theoretical calculations of the total energies of theof certainab initio calculations with ease. On the other hand,
Li-Sn alloy phases assumed that they adopted the structuresskilled theorist on a modern computer has at his disposal a
of the bulk equilibrium phases. However, experiment showgotentially very powerful predictive tool for the materials
that for x>2.5, they adopt the structure described abovescientist. In this paper we showed the effective use of a first-
with Li and Sn atoms on a bcc lattice, having Sn atomsprinciples calculation as it is applied to a structurally chal-
predominantly found in tetrahedra as shown in Fige)3 lenging system, that is, the calculation of the lithium-tin volt-
Therefore, the departure between theoretical and experimeage profile.
tal results for the regiox>2.5 can be appreciated in the  The calculation and experiment agree well, except in re-
context of the structural analysis. This work, therefore,gions where the bulk equilibrium phases do not form in the
serves as a warning to theorists that equilibrium phases amectrochemical cell. Using x-ray diffraction, we showed that
not always formed in electrochemical cells operating at roonthe tin atoms in LjSn prepared at room temperature by elec-
temperature. trochemical methods do not adopt the complex superstruc-

For x<2.5, the calculation and experiment match to anture found in Lj,Sns. Instead the tin atoms display only the
acceptable level for someone interested in the materials reshort-range order characteristic of this phase. Comparisons
search of batteries. It is encouraging that one can perform between experimental voltage profiles, and those calculated
calculation to the demonstrated degree of accuracy whildased on equilibrium phase diagrams, must recognize the
dealing with many different and structurally complex lat- regions where the equilibrium phases are, in fact, formed and
tices. The next step in this type of calculation would be tothe regions where they are not.
pursue a first-principles modeling of the tin-oxide composite
glass. The tin-oxide composite glasses may be the next gen-
eration of anode materials for lithium-ion batteries. The re- ACKNOWLEDGMENTS
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