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Abstract: In the frame of the studies on the phase relations
in the ternary system Li—Sb—Sn at 300 °C the new ternary
phase LigSh,Sns;, (0.3 = x = 1.0) was synthesized and
characterized predominantly by single crystal and powder
X-ray diffraction. The title compound crystallizes trigonally
in the space group R3m (no. 166), the lattice parameters
are a = 4.6962(11) A and ¢ = 31.536(6) A. The crystal struc-
ture of LigSb,Sn;, is described in the present paper. In
addition, the stereochemical and topological relations to
the phases with similar composition, namely Li;5Sns,
LisSn, as well as cubic Li;Sb, besides native Li are dis-
cussed.

Keywords: crystal structure; hexacapped cube; Li-Sbh-Sn;
LigSbySns 4; X-ray diffraction.

1 Introduction

Currently employed rechargeable Li-ion batteries (LiBs)
are widely applied in handheld electronics such as note-
books, cell phones or cameras. However, for high-power
applications, like stationary storage systems or electric
mobility, they are insufficient in terms of capacity and
cyclability. To improve the performance of today’s LiBs,
further developments are required for the three funda-
mental constituents, namely the anode, the cathode and
the electrolyte.

For the anode, intermetallic materials seem possible
alternatives to the commonly used graphite (372 mAh g™),
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since e. g. Sb and Sn show theoretical specific capacities of
660 and 994 mAh g, respectively [1]. Unfortunately, ex-
pected volume changes during (de)lithiation lead to me-
chanical degradation of the electrode and restrict the
lifetime of respective batteries. One tentative possibility to
overcome this limitation is the use of Sb—Sn alloys instead
of the pure elements only [2-4]. Lithiation of these alloys
starts with the formation of the phase LizSb going along
with the precipitation of Sn. The fine grained tin matrix can
buffer mechanical stress from formation of lithiated pha-
ses. Another possibility to overcome these drawbacks is the
co-precipitation of a material which is completely inactive
against lithium (like the transition metals Ti or Nb), in
combination with the formation of lithiated Sb- and Sn-
compounds. Especially the ternary compounds SbSnTi and
Ti;_yNbySnSb (0 = y = 1) have been studied in detail [5, 6].
The lithiation path of these ternary compounds, synthe-
sized by ball milling of the pure elements, was investigated
by operando-X-ray diffraction (XRD) and Mossbauer tech-
niques and resulted in a simultaneous conversion to Li-Sh
and Li-Sn alloys during the lithiation process in which
pure transition metals are precipitated contemporane-
ously. Thereby, LisSb and Li,Sn, represent the highest
lithiated phases. However, the authors have not been
aware of phase relations in Li-Sb-Sn and Ti-Sb-Sn. In
order to understand, control and design the (de)lithiation
processes, further and detailed knowledge about relevant
phases, phase transitions, thermodynamic properties and
crystal structures of the involved phases is indispensable.

The Li-Sn system [7] contains at least seven interme-
tallic compounds which exhibit narrow homogeneity
ranges. Five of them are Li-rich and close in composition
where the Li;;Sn, compound is the richest in Li. In addition
to the seven well described intermetallic phases, there are
hints from e.m.f. investigations for a further compound,
LigSns [8, 9]. Interestingly, in the Li—-Pb system, an equi-
librium compound LigPb; was found [10, 11], while in the
Li—Sn system the existence of the corresponding analogue
was never proved or described by means of thermal analysis
or crystal structure investigations. So far, this compound
has not yet been isolated or structurally characterized;
calculations of the stability or the electronic properties are
available from [12], who calculated the formation energy
of several thousands of hypothetical Li-Sn compounds
using various crystal structures through discrete Fourier
transform (DFT). From these they selected those with the
lowest formation energies as possibly stable phases in
addition to the known ones, including LigSn;. However,
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none of these additional compounds have been found so far
and described through experiments. Furthermore, their
calculations are only valid for a temperature of 0 K.

In the Li-Sb system [13], the most Li-rich compound is
Li5Sb [14, 15], the second stable phase is Li,Sh. Phase dia-
grams of both systems exhibit similarities in their general
outline (steep Li-rich liquidus line and high melting
regime), but differ in the type and number of intermetallic
phases. The system Sb-Sn was recently discussed and
described in detail by Schmetterer et al. [16, 17]. The well-
known Sh-Sn phase which exhibits a large homogeneity
range was found to be incommensurately modulated, the
compound Sh,Sn; was proved to be an artifact while a new
commensurate phase Sh;Sn, with small homogeneity
range was established.

There is no clear evidence for a ternary compound in
Li-Sb-Sn from literature. Ronnebro et al. [18] report a
compound Li, 75Sn4 ,,Sb which was supposed to form by
the lithiation of an Ag—Sb—Sn alloy (Ags¢.4Sbis5.6Sn4s) by
ball milling. The existence of such a phase was discussed
in more detail in another paper [19] by the same group
doing electrochemical lithiation of Agsg 4Sbis¢Snys.
However, the evaluation of powder-XRD (PXRD) patterns
is not at all convincing. Positions and intensities of peaks
allocated to Li,,,SbSn;, cannot be distinguished from
these of Li;Sb which is as well formed on lithiation. In
addition, a further isotypic phase, Ag, 4Li;,xSn is present
in some of the alloys investigated, whose XRD-pattern can
hardly be distinguished from a hypothetic Li,,xSbSn; y.
No single crystals were measured and for our opinion
there is no clear proof for the existence of such a Li-Sbh-Sn
compound.

During our work on the phase diagram of the ternary
Li-Sb-Sn system, the existence of a new ternary Li-rich
compound was indicated from powder X-ray patterns of
several samples showing additional but comparable diffrac-
tion peaks. From the single-crystal structure refinement the
chemical formula LigSh,Sns., (0.3 < x =< 1.0) was derived.

2 Experimental
2.1 Synthesis

For sample preparation, pure Li wire (Alfa Aesar, 3.2 mm, 99.8%, with
oil coating) which was stored in a glovebox under Ar atmosphere (Ar
5.0; 0,<1ppm; H,0 <1 ppm), tin rods (Alfa Aesar, 999985) and Sb (Alfa
Aesar, ingot, 99,999%) were used. Initially, the lithium wire was
cleaned outside the glovebox in an ultrasonic bath in cyclohexane,
followed by vacuum evaporation of the solvent in the antechamber of
the glovebox. Surface oxidation products of the lithium wire caused by
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short time exposure to air were mechanically scraped off with a shear
before use. Sb was further purified by filtration of the liquid metal
through quartz glass wool under vacuum.

The single crystal for the present structure determination was
selected from a sample with input composition Li;sSb;, 5Sn;, s that was
initially prepared for the determination of the phase equilibria. This
sample was made through weighing the required amounts of the pure
elements inside a glovebox (Ar 5.0; O, < 1 ppm; H,0 < 1 ppm) and put
into a tantalum crucible. The Ta-crucible was placed on a water cooled
Cu mount in an electric arc furnace and sealed by arc welding under
Ar-atmosphere after evacuating and flushing the chamber of the arc
furnace three times. The sealed crucible was transferred into an in-
duction furnace, where the sample was melted at 1,000 °C for 10-20 s.
To ensure homogeneous mixing of the elements, the melting process
was repeated twice with turning the Ta-crucible upside down after
each melting sequence. In a final step, the crucible itself was sealed in
a quartz glass tube under vacuum and annealed at 300 °C in a muffle
furnace for four weeks. Thereafter, the sample was quenched in cold
water, put back to the glovebox again and opened with a crusher. The
PXRD pattern of the above mentioned sample Li;sSh;5Sn;5 shows the
ternary phase LigSb,Sns_, besides the binary Li;Sb (Figure 1), which is
in accordance with preliminary phase diagram data from work in
progress. The broad humps in the background stem from the amor-
phous polycarbonate cap of the sample holder (see below).

2.2 Powder X-ray diffraction (PXRD)

Small amounts of the obtained alloy were powdered in a glovebox
using a Durit® mortar. Powder patterns were recorded on a Bruker D8
diffractometer with Bragg-Brentano pseudo-focusing geometry (6/26-
geometry) with Cug, X-radiation (40 kV/40 mA/Ni filter). The scattered
intensities were detected using a one dimensional Si-strip detector
(LynxEye detector, Bruker, Germany). The powdered alloy was fixed
with dried petroleum jelly on a silicon-single crystal, which served as
sample holder. To prevent oxidation of the powder during the mea-
surement, the sample was covered by a polycarbonate cap with an
O-ring tightening under Ar-atmosphere. For phase analysis full profile
Rietveld-refinement was applied using Topas4® software supplied by
Bruker, Germany.

2.3 Single-crystal X-ray diffraction (SCXRD)

A small crystal chip of the title compound was fixed with and
covered by vacuum grease on a glass capillary. Multiple trials were
necessary to find a single crystal of sufficient quality for X-ray data
collection. For investigations, a four-circle Nonius Kappa diffrac-
tometer was used (charge-coupled device (CCD) detector, 300 um
capillary optics collimator, conventional X-ray tube, mono-
chromated Moy, radiation). To prevent decomposition of the sam-
ples in air, the crystals were kept in a dry N,-gas stream at 290 K
during the measurement. The unit-cell parameters were obtained by
least-squares refinements from the 29 values of the positions of the
measured Bragg reflections. Corrections for Lorentz polarization and
absorption effects (multi-scan method) were applied; complex
scattering functions [20] were used. For data collection, struc-
ture solution and refinements served the programs “Collect” [21, 22],
“SHELXS-97” and “SHELXL-97” [23-26]. Reflection statistics
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Figure 1: Powder X-ray diffraction (PXRD) pattern of the sample obtained from an input Li;sSby, 5Sns, 5: observed, calculated and difference

pattern.

suggested centrosymmetry. The extinction symbol and possible
space-group symmetries were found from the extinction rules; R3m
is evident from structure refinements. The two positions of the atoms
M = (Sb and/or Sn) were obtained by direct methods in combination
with Patterson summations. Successive Fourier and difference
Fourier summations revealed the four remaining atom sites.

3 Results and discussion

3.1 Crystal structure determination and
refinements

In the first step of the structure refinement the scattering
functions of Sb and Li were applied for the two M (=Sn, Sb)
and four Li sites. However, for the Lil site a slight excess in
the electron density was observed due to a minor substi-
tution by M atoms. During the refinement full occupation
was assumed for the Lil site but the ratio of scattering
function Sn:Li was allowed to vary. However, one cannot
exclude a larger amount of M atoms going along with the
formation of vacancies.

As the chemical elements Sb and Sn are adjacent in the
periodic table, a distinction using conventional X-ray sources
is not likely although there is a hint for the distribution of Sb
and Sn on the M1 and M2 position, respectively. The R values
change slightly for structure models based on distinct scat-
tering functions used. Trials using the scattering functions
Sh/Sb - Sb/Sn — Sn/Sb — Sn/Sn for the atomic positions M1/
M2, respectively, result in the following residual values R1(all
reflections)/R1(observed reflections)/wR2: 0.026/0.020/0.043
- 0.024/0.019/0.044 — 0.029/0.024/0.046 - 0.026/0.021/
0.046. The refinements of these distinct structure models give
a hint that Sb atoms may show a site preference for the M1
position 3(a), and Sn atoms for the M2 6(c) position. It is
consistent with the expected Sh:Sn ratio of 1:2 and result

ideally in an ordered atomic arrangement with respect to the
two M positions. Such a preferred occupation is supported by
crystal chemical considerations (see Section 3 below).

Somewhat large isotropic displacement parameters
were obtained for the positions Li2 and Li3. It should be
mentioned that the r.m.s. amplitudes of these two atom
sites indicate an approximate isometric behavior: 0.034
and 0.031 A? parallel to [001] respectively and 0.027 and
0.030 A%in (00.1). The displacement parameters of the Li2
and Li3 atoms indicate a somewhat too high scattering
power assumed in the actual structure model; minor va-
cancies at these two sites are feasible. Due to high corre-
lation terms with the displacement parameters the
refinement of the two site occupation factors is not signif-
icant. A partial substitution at all the Li position by M
atoms going along with the formation of a significant
amount of vacancies cannot be ruled out. The calculated
volume of the coordination polyhedra around the four
crystallographically different Li atoms compare well (see
Table 2).

Details of data collection and structure refinements are
compiled in Table 1, structural parameters and interatomic dis-
tance in Table 2 (including [27-29]) and 3, respectively. The
display of the crystal structures is based on the software ATOMS.

3.2 A note on the composition of the title
compound

Prior to the description of the crystal structure, it is
necessary to address the topic of the composition of the
compound that arises from the presence of Li and the dis-
tribution of Sb and Sn.

It is impossible to determine the accurate composition
of Li-containing materials by scanning electron micro-
scope (SEM)/energy dispersive X-ray analysis (EDX)
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analysis since the intensity of the X-ray emission of Li is too
low. Calculations of the Li-content from residual mass are
highly inaccurate because of the low atomic mass of Li,
especially compared to this of Sb/Sn. In addition, prepa-
ration of samples for SEM/EDX is seriously complicated by
the reaction of Li-alloys with air and moisture as well as the
decomposition in the vacuum chamber during the electron
irradiation. Further analytical methods are not applicable
as the synthesized samples are not phase pure. Individual
aggregates are small and intergrowth of distinct phases
always is observed. Moreover, the individual phases
cannot be identified in the optical microscope as the
appearance is practically identical. Consequently, the
separation of a sufficient amount of phase pure material of
the compound under investigation was not possible. The
stoichiometric formulation of this new ternary structure in
respect to the Sb/Sn ratio is therefore given as LigSh,Sns. .
Preliminary phase diagram data suggest a lower limit of
~3-4 at.% Sb; see also the last paragraph of this chapter. As
discussed above, the structure model with Sb and Sn atoms
occupying (predominantly) the M1 and M2 sites resulted in

CN (0’K)
9.6
10.3
9.3

9.3

9.9

9.9

9.9
10.4
9.6
9.6

CN (H)
10.0
10.1

8.4

18.5
18.2
18

18.1

V [A%]
18.0
1

Uiz
0.00856(7)
0.00914(7)

0.0087(8)
0.0137(14)
0.015(2)
0.0064(9)

0 for all atoms.

Uss
0.01582(2)
0.0153(2)
0.013(2)
0.034(4)
0.031(5)
0.019(3)

UII
0.0171(2)
0.018(2)
0.027(3)
0.030(3)

0.0183(2)
0.013(2)
0, Uyp = U1, and Uys = Us3

Table 1: Single-crystal X-ray data-collection and structure
refinements of LigSb,Sns_,. Cell parameter obtained from PXRD
are given in brackets.

Uequiv
0.01668(13)
0.01728(14)

0.0159(13)
0.030(2)
0.031(2)

0.0148(14)

= y =

alAl
c[A]

4.6962(11) [4.6975(2)]
31.536(6) [31.538(2)] N

Space group
VA
z
Pealc [g cm”]/p(MoKa) [mm™]
Crystal dimensions [um]
Range of data collection (+h + k + [) []
Number of images/rotation angle
per image [°]
Scan mode (at 11 distinct w-angles)
Scan time [s/°]/frame size (binned mode)
Detector-to-sample distance [mm]
Measured reflections
Unique reflections (n)/reflections
with F, > 40(F,)
Rint = ZIF;™-F,'(mean)|/ZF,?
Extinction parameter k: F.* =
F.-k[1 +0.001 - F2N*/sin(29)]
R1=%(l1F,I-IFID/2F,
(for 388/352 reflections)
WR2 = [Iw(F,*-F2)?/Z|wF,'1""?
GooF = {Z[w(F,*~F)’l/(n-p)}**
Max A/o; number of variable
parameters (p)
Final difference Fourier map [eA7]
w = 1/{c’(F,") + [0.024 x P]’ + 0.75 x P};
P = ([max(0,F,)] + 2 x F)/3]

R3m (no. 166)
602.3

3 {Li7.945n.06Sb}
3.49/9.6

70 x 80 x 90
3<28<70
1294/2

d-scans

65/621 x 576 pixels
32

2205

388/352

0.039
0.0019(3)

0.024/0.019
0.044
1.06

<0.001; 20

—-0.79 to +0.86

Table 2: Fractional atomic coordinates and displacement parameters of LigSbh,Sns.,.

Wyckoff letter Site symmetry

Scattering function

Atom

3(a)

Shi o

M1

0.454744(8)
0.08913(12)

6(c)

Snyo

M2

3m

6(c)

Lio.0645N0.036(2)

Li1o

Li1

0.1776(3)
0.2731(2)
0.3631(2)

6(c)

Li2
Li3

6(c)

Li1.0

6(c)

Liyo

Li4

The anisotropic displacement parameters are defined as: exp [-2n* 2’ = 1 ’; = 1 U;a*; a*; h; hy. x

23

V [A']: Volume of the coordination polyhedron [29].

CN (H): coordination number according to Hoppe [27, 29].

CN (O’K): coordination number according to O’Keeffe [28, 29].



DE GRUYTER

P. Berger et al.: The ternary phase LigSb,Sn;., 187

Table 3: Interatomic bond distance (in A) and average coordination distances for LigSb,Sns.«. X is any atom in the coordination sphere of the

central atom.

LigSb,Sns
M1-Li1 2.811(4), 2x Li1-Li2 2.790(11) Li3-Li4 2.839(10)
M1-Li4 2.870(3), 6x Lil-m1 2.811(4) Li3-Li1 2.861(3), 3x
M1-Li3 3.310(5), 6x Li1-Li3 2.861(3), 3x Li3-Li4 2.876(4), 3x
Li1-m2 2.896(15), 3x Li3-Li2 3.012(15)
M2-m2 2.8544(7) Lil-Li4 3.294(6), 3x Li3-m1 3.310(5), 3x
M2-Li4 2.889(8) Li1-Li2 3.429(8), 3x Li3-mM2 3.328(5), 3x
M2-Li1 2.896(15), 3x
M2-Li2 2.919(4), 3x Li2—-Li1 2.791(11) Li4-Li3 2.839(10)
M2-Li2 3.240(6), 3x Li2-Li2 2.798(5), 3x Li4-mM1 2.870(3), 3x
M2-Li3 3.328(5), 3x Li2-m2 2.919(4), 3x Li4-Li3 2.876(4), 3x
Li2-Li3 3.012(15) Lia-mM2 2.889(8)
Li2-m2 3.240(6), 3x Li4-Li1 3.294(6), 3x
Li2-Li1 3.429(8), 3x Li4-Li4 3.300(9), 3x
first coordination sphere second coordination sphere total [14]-fold coordination
<M1¥-X> 2.855 <M1t-X> 3.311 <M1™-X> 3.051
<M2°-X> 2.899 <M2--X> 3.284 <M2"-X> 3.064
<Li1®-x> 2.859 <Li1"f-Xx> 3.362 <Li1™-x> 3.074
<Li2®-x> 2.869 <Li2"9-Xx> 3.335 <Li2™-x> 3.069
<Li3®-X> 2.883 <Li3"9-X> 3.319 <Li3™-x> 3.070
<Li4®-X> 2.871 <Lig"9-X> 3.297 <Lig"—X> 3.053

a slightly lower R-value, but a partial substitution of Sb by
Sn atoms lowering the Sb-content cannot be ruled out
completely. A homogeneity range of LigSb,Sns, up to
approx. 9 at.% Sb which corresponds to full occupation of
the M1 site with Sb is compatible with our investigations of
phase relations. Accordingly, the homogeneity range is
given as 0.3 =x = 1.0.

A further important aspect is the classification of
LigSh,Sns_, either as a true ternary compound or as the solid
solution of Sb in a hypothetic compound LigSn; [8]. This
question is coupled to the existence of the binary LigSns
compound (cf. Section 1), which is suggested by the in-
vestigations of [8] and [9], who observed additional steps in
the e.m.f. vs. composition curves at the relevant stoichiom-
etry. However, data have been gained from coulometric
titration which easily shows artificial potential steps caused
by slow lithiation kinetics. Furthermore, no direct observa-
tion of this binary compound by XRD, thermal analysis or
other methods is available so far. Accordingly, the most
recent version of the phase diagram by Li et al. [7] does not
include the binary LigSns, as well as most of other phase
diagrams hitherto published. Neither phase analysis of
numerous samples in the binary system Li—Sn reported in Li
et al. [7] nor our present investigations in the ternary system
Li—Sb—-Sn reveal any phase with a binary composition LigSns.

Furthermore, our results indicate that LigSh,Sns.,
qualifies as a ternary phase due to the existence of two- and

three-phase fields between LigSb,Sns,, LisSb and the
neighboring Li—Sn compounds Li;3Sns and Li;Sn,. In terms
of thermal stability, the ternary compound was observed at
300 °C as well as at 400 °C.

3.3 The crystal structure of the title
compound

The title compound crystallizes in the trigonal crystal sys-
tem with space group R3m (no. 166) and the lattice pa-
rameters a = 4.6962(11) and ¢ = 31.536(6) A. It is structurally
related to LigPb; and LigCu,Sn; [11, 30]. The atomic
arrangement within one unit cell is given in Figure 2.

Due to the fact that in LigSh,Sn;., only the sites 3(a)
and 6(c) are occupied, all atoms within the unit cell are
located on the (11 2 0) plane (Figure 3). The atoms within
this plane form a regular arrangement: The crystal struc-
ture is composed by crystallographically identical but
offset atom chains with rod symmetry P1 running parallel
to [11 11 1] (one such chain is highlighted by a gray back-
ground in Figure 3). Each chain contains all atom types M1,
M2, and Lil to Li4, the repeating sequence consists of in
total 11 atoms. The chains deviate only slightly from line-
arity; they are built by three building blocks formed by
groups of atoms with distinct length and composition. With
the simplification that the Lil position is only occupied by
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Li atoms, all the three building blocks start with a M atom
(either Sb = M1 or Sn = M2 atom), followed by two or three Li
atoms (designated 2s or 3s, respectively): 2s = M2-Li2-Li2,
3s = M2-Lil1-Li3-Li4, and 3s’ = M1-Li4-Li3-Lil. Never-
theless, the Lil position is distinguished from Li2 — Li4 in
Tables and Figures.

The 2s and the 3s blocks start with a M2 atom followed
by two and three Li atoms, respectively, while the 3s’
element is built from a M1 atom followed by three Li atoms
arranged as the reverse of the Li sequence of 3s, because
the M1 atom represents the inversion center of the rod
group; i. e. the site symmetry 3m of the compound’s space
group. Thereby, the whole crystal structure can be
composed from these three different building blocks by
forming the atom chains out of the sequence 3s, 3s” and 2s

O
A
{

O

o0 0 0 O 00 0 0 ©
e © O 6 6 6 ¢ O o o o
o—90 0 0 O O 0 0 0 ©
e 6 ¢ O ¢ 6 6 6 © O o
o0 0 0 O O 0 0 0 °

c
O O O
® Li1
a, a
2 @ Li2,34
o M1
@ M2

Figure 2: The crystal structure of LigSb,Sns_, in a projection along
[110].
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that are in turn assembled into the layer by shifting (see
Figure 3).

Further insight into the crystal structure is gained
considering also the local environment of each atom in the
chains, i. e. by extending the description to neighboring
chains in the same layer as well as to those above and
below. As a result, the crystal structure is described based
on polyhedra sequences.

In LigSb,Sns.,, the coordination number for each of
the six different atoms is eight in the first coordination
sphere (distorted cube) and six in the second one (dis-
torted octahedron). The coordination figure may be
described as a hexacapped cube [31] where the coordi-
nating atoms represent the corners. This [8+6] coordina-
tion can be derived from the bcc W-structure type, which
represents also the type structure of pure Li stable at
ambient conditions (Figure 4 gives the coordination for
each atom).

A transformation of the unit cell of trigonal LigSh,Sn;_
according to [2/3 1/3 0.0602/-1/3 -2/3 0.0602/1/3
—-1/3 -0.0602] results in the average cell with the metric
a =3310, b = 3.310, c = 3.310 A, a = 89.63, B = 89.63,
y = 90.37° which resembles cubic pseudo-symmetry; the
unit is significantly smaller as compared to that given by
Berliner et al. [32] for bee-Li metal: a = 3.47851(1) A. The cell
volumes of the title compound and bcc-Li are 602.3 A3 (for
33 atoms per unit cell) and 42.09 A® (Z = 2) giving 18.25
respectively 21.05 A per atom; it is worth noticing that the
coordination polyhedra in bcc-Li are definitely larger.

Starting point for the following discussion is the hexa-
capped cube that only contains Li atoms. Note that in
contrast to the ideal aristotype bcc-structure type the
hexacapped cubes in the ternary compound does not
exhibit a regular [14]-fold coordination (and consequently
deviates from an Archimedean solid), but show a slight
angular distortion besides some moderate differences in
the bond lengths; moreover, the point symmetries of the
coordination polyhedra are only 3m or 3m in the title
compound but m3m in Li metal.

Various hexacapped cubes centered by Li atoms but
coordinated by various arrangements of Li, Sn (or Pb)
atoms, respectively, were discussed and classified by
Frank and Miiller [33] who assigned the letters “a” to “n” to
the various resulting hexacapped cubes. These authors
focused on Li-centered hexacapped cubes occurring in Li-
plumbides and —stannides, but a systematic classification
for Sn- or Pb-centered hexacapped cubes is still missing.
Furthermore, they studied the occurrence of various hexa-
capped cubes in the crystal structures of Li-plumbides and
—stannides, but did not analyze the structures for any
repeating hexacapped cube sequences.
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®Lil ®Li2,34 OMI O M2

Figure3: The (112 0) planein the crystal structure of LigSb,Sns.,, parallel to the direction [11111]. The 353s’2s atomic sequence is highlighted
by a gray background. Combining this sequence to chains respectively to planes, the entire crystal structure is formed. The unit cell is
indicated by dotted lines (analogue projection as in Figure 2).

LigSb,Sn; , exhibits two hexacapped cubes S1 and S2 Like the building blocks defined for the atom sequences,
centered by M1 and M2 atoms, respectively (Tables 4 and each hexacapped cube sequence starting with S1 or S2
5); the hexacapped cube centered by an M1 atom is only defines the corresponding hexacapped cube building
coordinated by Li atoms, while the one centered by an M2  block (Figure 5). For clarity, only every second polyhedron
atom contains another M2 atom in the first coordination is expressed by sticks. The hexacapped cube sequence
sphere (see Figure 4). is constructed similar to the 3s3s’2s atom sequence,

The atom sequences along [11 11 1] discussed above (Figure 5). Thereby, the hexacapped cubes are ordered
can be extended to the respective hexacapped cubes along the 3s3s’2s-sequence using the M and Li atoms as
sequence; the nomenclature applied by Frank and Miiller central atoms that are coordinated by the hexacapped cube
[33] for the coordination polyhedra of the Li®® atoms is types according to the scheme from Frank and Miiller [33]
given in analogy for the M-centered hexacapped cubes as listed in Table 4.
designed as S1 (coordinated by Li atoms only) and S2 (co- The 3s3s’2s atom sequence and the corresponding
ordinated by an M2 atom in the first coordiantion sphere hexacapped cube sequence reflect the composition of
besides Li atoms), respectively (see Tables 4, 5, Figure 5).  the title compound Li:Sb:Sn = 8:1:2 (neglecting minor

Figure 4: Polyhedral environment for all atoms in the crystal structure of the ternary compound LigSh,Sns.«. The observed Li centered
coordination polyhedra correspond with that described by [31] (see Table 4 and text). The atoms M1 and M2 were added as the title compound
can be derived from the W-type structure as characteristic for Li under ambient conditions.
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Table 4: Central atom, number of ligands and nomenclature for the
various polyhedra in LigSb,Sns.4.

Central Ligands Nomenclature
Atom according to [33]
Li1 [1O0Li+1M1+3M2] b
Li2 [4Li+4Lil+6M2] d
Li3 [5 Li + 3 Li1 + 3M1 + 3 M2] a
Li4 [7Li+3Lil1+3M1+1M2] b
Nomenclature from
this work
M1 [13 Li + 1 Li1] S1
M2 [10 Li + 3 Li1 + 1 M2] S2

Table 5: Correlation between atom sequence and polyhedra
sequence.

Designation Atom sequence Polyhedra sequence
3s M2-Li1-Li3-Li4 S2-b-a-b

3s’ M1-Li4-Li3-Li1 S1-b-a-b

2s M2-Li2-Li2 S2-d-d

atom substitutions and/or mixed positions and tentative
vacancies). Due to the fact that the compositions of
Li-Sn phases neighbored in the phase diagram differ
by a few at % only, similar atom environments as well
as analogue atomic and hexacapped cube sequences
are likely.

For a topological comparison, not only the occurrence
of analogue hexacapped cubes but also of comparable 1D-
atomic and 1D-hexacapped cube sequences, respectively,

DE GRUYTER

is considered. Each sequence is defined starting with the
M-centered hexacapped cube (M is either a Sn- or Sb atom),
followed by only Li-centered hexacapped cubes (not taking
into account any mixed occupancies).

Applying these principles to the atomic arrangement in
Li;3Sns [33] and LisSn, [34] revealed that both crystal
structures can be described by analogue S1/S2-b—a-b and
S2-d-d sequences only (Table 6) whereby both atomic
positions, M1 and M2 are occupied by Sn only. However,
the ratio of the individual building blocks differs to achieve
the respective Sn:Li ratios. The structural and topological
relationship to the other Li-Sn phases known so far in the
Li-rich as well as in the Sn-rich area, requires extended
discussion; it will be conducted elsewhere.

Within this group formed by the three compounds it can
be observed that M1®* atoms are coordinated by Li atoms
only (labeled S1) but M2**! atoms have one M atom besides
Li atoms within their first coordination sphere (labeled S2).
In the crystal structure of cubic LisSb [14] only the sequence
S1-b-a-b occurs, i. e. the 3s” block with Sh at the M1 position
forms the entire atomic arrangement (see Table 6). This is
consistent with the ternary title compound LigSh,Sns_,: the
site multiplicity of the M1 and M2 position and the structure
refinements suggest an allocation of the M1 and M2 posi-
tions predominantly by Sb and Sn atoms, respectively. The
occurrence of S1 in Li;3Sns shows that this cuboctahedron
can also be centered by Sn, which may suggest a mixed
occupancy by Sb and Sn in S1in LigSb,Sns 4, which explains
the difference between the ordered stoichiometry
“LigShSn,” (~9 at.% Sbh) from SC-XRD and the ~3-4 at.% Sb

MZ Lin Li3 (Li4) Ml Li4) Li3 (D) M2 L) Li2

S2 b a b S1 b a b S2

d d

Figure 5: The hexacapped cubes around atoms along [11 11 1] in LigSb,Sns.x. For clarity, the hexacapped cube of only every second central
atom is drawn. The sequences of central atoms and hexacapped cubes are indicated.

Table 6: Polyhedra sequence in the title compound and phases with similar ratios M:Li.

Compounds Polyhedra sequence/atom sequence
LigSb,Sns. [this work] S2-b-a-b/3s S1-b-a-b/3s’
Liy3Sns [31] S2-b-a-b/3s S1-b-a-b/3s’
LisSn, [32] S2-b-a-b/3s S2-d-d/2s
c-LisSh [12, 13] S1-b-a-b/3s’

S2-d-d/2s

S2-d-d/2s S2-b-a-b/3s S2-d-d/2s
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according to our preliminary phase diagram analysis. In
any case, Sb only centers the S1 hexacapped cube.

Recently the crystal structure of LigCu,Sns was
published by Fiirtauer et al. [30]. Despite the different
stoichiometry and the presents of copper, its crystal
structure is isotypic to LigSb,Sns,; however, the atom
distribution over the various atom sides differs: the two M-
position of LigSh,Sns;_, are occupied by Sn in LigCu,Sns; Li3
corresponds to Lil* (the “*” denotes positions from
Li¢Cu,Sns), which are only occupied by lithium in both
structures, the remaining Li-positions have mixed Li + Cu
occupancies in LigCu,Sns.

Fiirtauer and co-works [30] characterized this structure
by different layers composed of face-sharing octahedra,
tetrahedra and trigonal prisms. LigCu,Sn; can be described
by the repeated sequence of three layers: A;-B-A;, where A
is made from ocathedra and tetrahedra, while B contains
trigonal prisms. While at first glance this description differs
from ours, the similarity can be established through iden-
tification of A;-B-A; with our atom sequence 3s2s 3s’ = 3s3s’
2s. In complete analogy the layer sequences A;-B-A;-B-A;
given for Li;3Sns and A;-B for LisSn, in [30] correspond to
353s’2s3s2s and 3s2s.

4 Conclusion

It is expected that atomic environments in adjacent
compounds in phase diagrams may be comparable and
consequently, their crystal structures exhibit similarities
to some extent. As shown in this work, the title com-
pound is derivable from the bcc structure type of the
common Li modification: parts of the Li atoms are
substituted by Sh or Sn atoms, the cubic cell is trigonal
rhombohedrally distorted and the unit-cell volume is
increased. It is demonstrated that the crystal structures
of ternary compounds may be described by building
blocks related to these observed in the binary constituent
phase diagrams.

The compounds Li;3Sns, LisSn, and LigSh,Sns . are
built from the hexacapped cube-types a, b, d, S1 and S2.
However, the crystal structures of these compounds are
characterized by distinct sequences of the larger building
blocks designated 3s, 3s’ and 2s. The cubic modification
of Li3Sh exhibits an S1-b-a-b sequence that builds up the
entire crystal structure. Additionally, as this building
block is identical to that in the ternary compound, we
assume that Sb atoms predominantly occupy the M1 po-
sition in LigSbh,Sn;.,. The admixture of Sn at this position
cannot be ruled out since S1 building blocks with Sn
at the M1 position occur in Li;sSns. Thus, these crystal
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structures exhibit rather general similarities with respect
to their topology.

The structure models involving the hexacapped cubes
labelled a, b, d, S1 and S2, as well as the building blocks 3s,
3s’ and 2s, respectively, is applicable to the compounds
mentioned above. However, the topological description of
Li-rich as well as Sn-rich alloys requires additional poly-
hedra types [33]. A further investigation of the structural
relations between the ternary compound LigSb,Sn;., and
the binary Li-Sn phases is currently in progress.
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