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During an investigation of the interaction of the omponents in the Li—-Sn—Si system, the existence sdven
binary compounds was confirmed in the Li-Sn systerby means of X-ray powder diffraction. A continuous
series of solid solutions was found between the k$n, and Li;;Si, binary intermetallides with Li;-Pbs-type
structure. The cell parameters within the solid saltions change approximately according to Vegard'saw
(Li7/Sny. Si ( =0-4), =1.9714(1)-1.8718(1nm). The variation of the lattice parameters withinthe limited
solid solutions based on LiSn (up to 10 at.%) and ikSn; (up to 5at.%) binary compounds was also

determined.

Crystal structure / X-ray powder diffraction / Binary compound / Solid solution

1. Introduction

One of the disadvantages of the widely used carbon-
based anode materials for Li-ion batteries is thre LLi
charge density. Sn-based alloys have high theaitetic
charge densities, which allows considering them as
possible candidates for replacing ki@]. Addition of
small amounts of silicon increases the specific
capacity but does not cause any large volume
expansion upon lithiation as is the case for pure S

reported as LbSn; (ST LiPhbs, SG F23) [16], then
LioSry (ST LiySis, SG F-43m) was proposedl17].
Based on detailed studies by X-ray single-crystal a
neutron powder diffraction, the composition was
corrected to Li;Sn, (own ST[18] or ST Li/Ph, [19],
SGF-43m). This phase melts congruently at 1031 K.
To the best of my knowledge, there is hardly any
information in the literature about compounds in
systems containing twp-elements of group IV and
lithium. Only a continuous series of solid solugon

The Li-Sn phase diagram has been studied based onLi;;Si;. Ge ( = 0-4, ST Li-Pty, SGF-43m) has been

measurements of thermo-chemical and thermo-
physical properties of alloyj&-5]. The reported phase
diagrams are in good agreement with each other,
although uncertainties remain in the Li-rich patt a
high temperatures. The phase diagram and thermo-
chemical data were summarized6]. Several
thermodynamic descriptions of the Li-Sn system have
been performed5,7-9]. Using differential thermal
analysis, powder X-ray diffraction technique and
CALPHAD method, the existence of seven binary
compounds, most of which were discovered in the
1970s, was confirme@].

The compounds LESn, (structure type (ST)
Li;Ge, space group (SGmmn) [10] and LiSn (own
ST, SGP2/m) [11] melt congruently at 1056 and
759 K, respectively. The compoundsg4dSny (own ST,

SG P-3ml) [12], LisSn, (ST Mo,Bs, SG R-3m) [13],
Li;Sry (own ST, SGP2;/m) [14], and LpSns (ST
Mn,Hgs, SG P4/mbn) [15] form via peritectic
reactions at 997, 971, 782, and 600 K, respectively
The discussions mainly concern the Li-richest phase
with a large unit cell. Its composition was first
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reported[20]. The best investigated related ternary
systems are those containing Li apeklements of
groups Il and IV (in particular systems with
aluminium), followed by systems with-elements of
groups Il and V. As part of an investigation okth
interaction between the components in the Li—Sn-Si
system, the possible solubility of Si in Li-Sn bipa
compounds was studied in the present work.

2. Experimental

Alloys were made by two methods of synthesis, using
the following starting materials: lithium (nominal
purity 99.9 wt.%), silicon (99.99 wt.%), and tin
(99.99 wt.%). In the first case mixtures of the
components were melted by arc melting on a water-
cooled copper hearth in purified argon atmosphere,
using titanium getter and a tungsten electrodethas
alloys include a volatile element (Li), the latteras
added in excess, depending on the expected cantent
the alloy, but no more than 5 %. The composition of
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the alloys was controlled by comparing the weight
before and after melting, limited to 3 %. The afioy
were kept under inert oil. In the second case,

Table 1 Cell parameters of the i:Bn,. Si

stoichiometric quantities of the components were

heated to 1380 K in sealed tantalum crucibles with
intensive shaking during the process. The samples
were held for 10 min and then slowly cooled down to
room temperature. After melting the total weightdo
was less than 2 %.

solid solution.
Phase composition , hm
Li;7Si, 1.8718(1)
Li;17SisSn 1.8882(3)
Li;17Si,Smp 1.9198(1)
Li,/SiSny 1.9457(2)
Li /S, 1.9714(1)

Phase analysis of the samples was carried out by
X-ray powder diffraction, using DRON-2.0 (FeK -
radiation) and STOE STADI P (M4 -radiation,
0.02 step size, 8 s counting time) diffractometers.
Rietveld refinements of the powder diffraction data
were performed by the FullProf progrg#i |.

3. Results and discussion

The existence of seven binary compounds was
confirmed in the Li-Sn system. According to the
results, it was found that the binary compounds
Li;Sr, LisSn, LisSn, and LpSns do practically not
dissolve silicon. The solid solutions based on the
binary compounds LiSn and ASn; extend into the
ternary Li-Sn—Si system up to 10 and 5at.% Si,
respectively. A continuous series of solid solusion
was found between the compounds;;&in, and

Li-Sn-V ternary system[22], where the LiSn,
Li;sSrs, and LySn, binary compounds dissolve up to
5 at.% V, and Li;Sn, dissolves up to 10 at.% V.

In the lithium-rich ternary area a set of peaks wa
found on the diffraction patterns of the alloysisTéet
is characteristic of the binary compounds;&n, and
Li,;Si;. According to the results of a single-crystal
X-ray diffraction investigatior[23], the composition
Li,7Si; (ST Li7Phky) was found to be more correct than
Li»;Sis (own ST), reported earliefl7]. Based on
gradual deposition, the existence of a continuous
series of solid solutions between the above-meation
binary intermetallides was assumed. The crystal
structure of the solid solutiorig. 1) was refined by
the powder diffraction method. The atom coordinates
of the Li;;Sn, compound[19] were used as starting
model for the refinement. The diffraction patterh o
the LigSigsSnhs sample (STOE STADI P
diffractometer, Rz = 0.104, R- = 0.149) is shown in
Fig. 2 The lithium atoms occupy 13 independent
positions in the structure and a statistical Sn/Si
mixture occupies another 4 sites. The coordination
polyhedra of the atoms are Frank-Kasper and pseudo
Frank-Kasper polyhedra, rhombic dodecahedra,
icosahedra, and pentacapped trigonal prisms. The
solid solution forms by mutual substitution of Sida
Sn atoms. The cell parameters of different
compositions of the solid solution k5n,. Si
( =0-4) are listed imable 1 The change of the cell
volume within the limits of the solid solution shew
slight negative deviation from Vegard'’s lafig. 3).

Li,7Sis. Similar interaction has been observed in the
Ic—>

a .SI/Sn

Fig. 1 Unit cell content in the structure of
Li17Sm_ Si ( =0'4).

The formation of a limited solid solution was
observed based on the binary intermetallide
LiSn (SG P2/m, a=0.51814(1), b=0.31793(1),
c=0.77626(3) nm, = 104.82(1)°V = 0.12362(2) nri.
Also this solid solution forms by partial substitut of
Si atoms for Sn and extends to 10 at.% Si in the
ternary area. The crystal structure of the solidtg&m
was refined by the powder diffraction method, using
data obtained on the STOE STADI P diffractometer.
The experimental and calculated diffraction patern
of the sample of composition 4gBi; oSy (LiSig Sy s
content 92.4, Si 7.6 wt.%) are shown Rig. 4 The
cell parameters of LigiSnyg refined to
a=0.51738(2), b=0.31722(1), c=0.77428(2) nm,

=104.98(1)°, V=0.12276(5)nth The atom
coordinates (reliability factorsRz = 0.0658 and
R- =0.0476) are given imable 2 The interatomic
distances have typical values for intermetallic
compounds and are listed Trable 3 All the atoms in
the structure have coordination polyhedra in thenfo
of slightly distorted cuboctahedra (CN =12). A
projection of the unit cell of LiSen,.. ( =0-0.2) and
the coordination polyhedra are showrfig. 5.
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Fig. 2 Experimental (circles), calculated (continuouselinand difference between experimental and
calculated (bottom) X-ray powder diffraction patteiof the sample kiSigsS s.

Table 2 Atomic coordinates and isotropic displacement peaters of LiSj Sy s

. . Wyckoff ,

Site Occupation position / /b zlc B, 10% nnf

Li1 1.00 Yq 0.744(9) Y% 0.689(8) 2.9(3)

Li2 1.00 ke Vs Y 0 2.9(3)
Sn.Si1 %ﬁ((?) o om 0.7666(4) 0 0.3398(4) 1.2(1)
Sn.Si2 %‘_722((2)) g‘ 1a 0 0 0 1.1(1)

7.80 some difference with respect to the parametersiof t
7.60 3 binary compound (own ST, SB2,/m, = 0.8552(2),

v 740 b=0.4729(1), c¢=0.9453(2) nm, = 105.96°,
720 V = 0.3676(2) nff). This led to the conclusion that Si
s/ ; .
~57.00 subsptutes for a small amount of Sn and_ a solid

6.80 | solution based on the 4Sn; compound forms in the
6'60 | system. The cell parameters for the composition
) f Li;SipsSrps  are =0.8543(2), b=0.4718(1),
6.40 ‘ ‘ ‘ ¢ =0.9427(3) nm, = 106.02(3)°V = 0.3652(3) nr

0 ! 2 x 3 4 As it is known, the tendency to form solid solatio

Fig. 3 Cell volume within the LiSn. Si
( = 0-4) solid solution.

The refined cell parameters of the binary phase
Li;Sry in the alloy of composition L§SisSns showed

94

is determined by the similarity of the interacting
elements. The probability of formation of a solid
solution increases when the crystal-chemical
differences weaken. Thus, considering the simyarit
of silicon and tin, some substitution of Si for 8n
binary compounds is expected, and has been proven
by the experiment.
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Fig. 4 Experimental (circles), calculated (continuouselinand difference between experimental and
calculated (bottom) X-ray powder diffraction patterfor the sample EiSiyoSiug.

Fig. 5 Unit cell of the LiSiSn.. ( = 0-0.2) solid solution and coordination polyhedfdhe atoms.
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Table 3 Interatomic distances df and In the Li— — ' systems (where and are
coordination numbers (CN) of the atoms in -elements), the electronic structures of the imtimg
LiSigsSny s elements are not very differen-[§-p elements); Li
has the largest metallic radius, but the differesaeot
Atoms d nm CN significant. As a result, structure types with
Lil— 2(Sn,Si2) 0.2902 12 cuboctahedral (CN = 12) coordination, or derivetive
Li2 0.2994 are formed. Cuboctahedral coordination is obseived
. compounds where the ratio of the atom ragilry
2822:3 82322 remains within the limits 1.10-1.00. In the invgstied
e ' system Li—Sn-Si, solid solutions based on the linar
2($n,S|1) 0.3163 phases were found to exist. These phases also have
2_'-'1 0.3172 cuboctahedral coordination and similar packing of
Lil 0.3335 atomic layers. Fig. 6 shows the structure of the
Li2— 2Li1 0.2994 12 LiSi Sn.. ( =0-0.2) solid solution with alternating
4(Sn,Si2) 0.3034 distorted square-mesh layers of Li atoms and
4(Sn,Si1) 0.3077 p-elements.
2Li2 0.3172
Sn,Sil- Sn,Sil 0.2982 12
2Li1 0.3040 Acknowledgements
;t:; 823;1;1 Financial support of the Ministry of Education and
. ’ Science of Ukraine is gratefully acknowledged
2Ll 0.3163 (grant No. 0115U003257).
Sn,Si2 0.3166
2(Sn,Sil) 0.3172
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Fig. 6 Atomic layers az = 0 and % in the structure of the LiSn,. ( = 0-0.2) solid solution.
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