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ABSTRACT: Intermetallic lithium compounds are
potential candidates as anode materials for battery
applications. We report on the synthesis, crystal struc-
tures, and chemical bonding of lithium-transition
metal-stannides and indides. These structures are
composed of two- or three-dimensionally infinite
polyanions formed by the transition metal and tin
(indium) atoms. Besides the crystal chemistry we re-
port on magnetic properties, 'Li solid state NMR,
and °Sn Méssbauer spectroscopy data in order to
elucidate structure-property relations for this fam-
ily of intermetallics. © 2002 Wiley Periodicals, Inc.
Heteroatom Chem 13:506-513, 2002; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI
10.1002/hc.10095

Correspondence to: Rainer Pottgen; e-mail: pottgen@uni-
muenster.de.
Contract grant sponsor: Fonds der Chemischen Industrie.
Contract grant sponsor: Deutsche Forschungsgemeinschaft.
Contract grant number: SFB 458.
© 2002 Wiley Periodicals, Inc.

506

INTRODUCTION

Lithium-based battery materials enable the devel-
opment of cells with potentials up to 4 V, which
can store large amounts of energy [1]. A sudden en-
ergy burst might cause local heating to high tem-
peratures. This causes problems if the temperature
rises above the melting point of lithium (454 K)
when elemental lithium is used as anode material.
Also the shape change of lithium anodes is puzzling.
The reduced lithium may grow in the form of den-
drites, fibers, and whiskers during the electrodepo-
sition process, probably causing disconnection and
electrical insulation or even electrical shortening be-
tween the electrodes.

Such problems can be avoided by using binary
or ternary intermetallic lithium compounds, which
have higher melting points. The intermetallics, how-
ever, carry two disadvantages: (i) because of the al-
loying element the density increases and (ii) the
lithium activity decreases.

So far, only the phase diagrams of the bi-
nary systems are well established [2,3]. Most
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studies concerning thermodynamic properties, the
potential-composition correlation, '"?Sn Méssbauer
spectroscopy, and chemical bonding [4-7, and ref.
therein] were performed in the lithium-tin system.
It is characterized by the intermetallics Li;;Sn, (for-
merly Li»,Sns), Li;sSns, Li;Sn;, Li;Sn,, LisSn,, LiSn,
and Li,Sn; [8-14]. In combination with a transition
metal (7), so far only few ternary stannides Li,7Sn
and Li7T,Sn with cubic structures have been reported
[15-22].

We have started a more systematic investigation
of the lithium-transition metal-tin systems with re-
spect to structure property relations. An overview of
the recent results is presented herein.

EXPERIMENTAL
Synthesis

Lithium-transition metal-stannides and indides can
be prepared in quantitative yield from the elemen-
tal components in sealed inert metal tubes (niobium
or tantalum). Lithium is used in the form of rods in
order to reduce the reactive surface. Reaction with
moist air causes contaminations with LiOH and Li; N
in the form of a dark cusp at the surface. The no-
ble metals were used as thin wires (& 1-2 mm) or
powders (typically 200 mesh). Indium and tin were
taken in the form of teardrops or granules. Lithium
pieces were mixed with the noble metals and indium
(tin) in the stoichiometric ratios and arc-welded in
niobium or tantalum tubes [23] under an argon
pressure (purified over titanium sponge at 900 K,
silica gel and molecular sieves) of about 800 mbar.
The sealed metal tubes were subsequently enclosed
in evacuated silica tubes to prevent oxidation and
then annealed in tube furnaces. Alternatively the

metal tubes can be heated in a water-cooled sample
chamber of a high-frequency furnace [24]. The sam-
ples can be separated quantitatively from the tubes.
No reaction of the samples with the container ma-
terial was observed. The compounds were stable in
air over several weeks. For further details refer to the
original papers.

Inductively Coupled Plasma—Atomic Emission
Spectrometry Analyses

Besides the heavy noble metals it is difficult to get
reliable values for the lithium content from the X-
ray data. In most cases we have analyzed polycrys-
talline pieces of the lithium compounds by induc-
tively coupled plasma-atomic emission spectrome-
try (ICP-AES) [25] using a VariaN Vista RL Ccp Si-
multaneous ICP-AES. The samples were dissolved
in a mixture of nitric and sulfuric acid (Merck, p.a.)
using 40 ml teflon autoclaves and a MvLs-EtHos-PLus
microwave generator. No tantalum or niobium con-
taminations from the crucibles were observed.

X-Ray Investigations

The purity of the samples was checked by X-ray pow-
der diffraction (Stoe StadiP powder diffractometer,
Cu K, radiation) and the lattice parameters (see
Table 1) were obtained from least-squares fits of the
powder data. In the case of a larger range of ho-
mogeneity the lattice parameters of the single crys-
tals are reported in Table 1. Single crystal intensity
data of suitable single crystals were collected at room
temperature by making use of a four-circle diffrac-
tometer (CAD4) or a Stoe image plate system with
graphite monochromatized Mo K, radiation.

TABLE 1 Crystal Data of Various Lithium—Transition Metal-Stannides and Indides

Compound Space Group Structure Type a (pm) b (pm) c (pm) Residual Reference
LiCoSng Ibca LiCoSng 620.2 (1) 621.0 (1) 3699.6 (7) 0.024 This work
LiPd,Sng P4/mbm LiPd,Sng 663.92 (9) a 843.2 (2) 0.050 [26]
LiRuSn, 14/mem PdGas 662.61 (3) a 1116.98 (7) 0.073 [26,27]
LiRhSny 14/mem PdGas 658.73 (5) a 1136.4 (1) 0.053 [26,27]
LilrSnyg 14/mem PdGas 657.34 (5) a 1130.4 (1) 0.034 [26,27]
LiRh3Sns Pbcm LiRh3Sns 537.4 (5) 977.7 (8) 1276 (1) 0.042 This work
LigPt,Sng a3 LisPt,Sng 1263.9 (1) a a 0.018 This work
LiAuSn P63/mmc ZrBeSi 467.08 (8) a 603.7 (1) 0.040 [28]
LiAuzSny P63mc LiAuzSn, 448.31 (6) a 2055.7 (4) 0.081 [28]
Li; ggRhIng 14 Fm3m BiF3 631.8 (1) a a 0.047 This work
LiRhiIn Fm3m BiF3 644.0 a a - [29]
LiPdIn, Fm3m BiF3 648.22 (5) a a 0.018 This work
LiPdIn, Fm3m BiF3 649.0 a a - [29]
LiPtin, Fm3m BiF3 646.10 (7) a a 0.018 This work
LiPtin, Fm3m BiF3 645.9 a a - [29]
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Chemical Bonding Analysis

Self-consistent band structure calculations for
LiRuSn, were performed using the LMTO method
in its scalar-relativistic version (program TB-LMTO-
ASA) [30]. Detailed descriptions are given elsewhere
[31,32]. Reciprocal space integrations were per-
formed with the tetrahedron method [33]. The ba-
sis sets consisted of 2s/2p/3d for Li, 5s/5p/4d for Ru,
and 5s/5p/5d/4f for Sn. The 2p/3d orbitals of Li and
5d/4f of Sn were treated by the downfolding tech-
nique [34]. To achieve space filling within the atomic
sphere approximation, interstitial spheres were in-
troduced to avoid too large overlap of the atom-
centered spheres. The COHP (Crystal Orbital Hamil-
ton Population) method was used for the bond anal-
ysis [35].COHP gives the energy contributions of all
electronic states for a selected bond. The values are
negative for bonding and positive for antibonding
interactions. With respect to the well-known COOP
diagrams, we plot -COHP(E) to get positive values
for bonding states.

Physical Property Measurements
and Spectroscopy

The magnetic susceptibilities of polycrystalline sam-
ples were determined with a MPMS XL SQUID mag-
netometer (Quantum Design) in the temperature
range of 4.2-300 K with magnetic flux densities up
to 5 T. The "Sn Méssbauer spectroscopic investi-
gations were carried out with a Ca!'”™SnO; source.
The measurements were performed in the usual
transmission geometry in a commercial helium bath
cryostat in the temperature range of 4.2-300 K.
"Li solid state NMR spectroscopy was conducted
at 155.5 MHz, on a Bruker DSX-400 spectrometer.
Powdered samples diluted with silica were spun at
25 kHz in a 2.5-mm MAS probe. The 90° pulse
length and relaxation delays were 2 ws and 4 s,
respectively.

RESULTS AND DISCUSSION
Crystal Chemistry and Chemical Bonding

A common structural motif of the lithium-transition
metal-stannides is the formation of polyanionic net-
works by the transition metal and tin atoms. These
networks can have a more pronounced 2-D charac-
ter or they are 3-D. In the case of 2-D networks, the
lithium atoms separate them, while they occupy cav-
ities within the 3-D ones. In the discussion of the
crystal chemistry we will start with the pronounced
2-D polyanions.

The tetragonal stannides LiTSn, (T = Ru, Rh,
Ir) [27] (space group I4/mcm) crystallize with an
ordered variant of the PdGas type [36-39]. The
transition-metal atoms have a square-antiprismatic
tin coordination. These square anti-prisms are con-
densed via common faces forming 2-D [7TSny]
polyanions which are separated by the lithium atoms
(Fig. 1). Each lithium atom has a nearest-neighbor
environment of eight tin atoms in the form of slightly
compressed cubes. Similar distorted cubes occur
already in the binary lithium stannides [13] and
plumbides [40-44]. The various coordination poly-
hedra have been summarized by Frank and Miiller
[13]. In the case of elemental bce lithium [45], the
cube center and the corners are occupied by lithium,
resulting in a LiLis s coordination. In the binary stan-
nides several of the corners can be occupied by tin
atoms. In the case of LiTSn, (T = Ru, Rh, Ir) we find a
LiSng,s coordination with Li—Sn distances of 292 pm
(LiRuSn,) and 291 pm (LiRhSn, and LilrSn,). The
Ru—Sn, Rh—Sn, and Ir—Sn distances of 279, 280, and
280 pm, respectively, within the 2-D [TSn,] polyan-
ions are slightly larger than the sum of the covalent
radii [46] of 265 pm (Ru + Sn/Rh + Sn) and 266
pm (Ir + Sn). Similar distances occur in the vari-
ous binary transition-metal stannides. The various
Sn—Sn distances in the LiTSn, stannides range from
294 to 352 pm, similar to those in the 3-tin structure
(4 x 302 and 2 x 318 pm) [45]. Based on these dis-
tances we also expect a significant degree of Sn—Sn
bonding besides strong 7—Sn bonding. The shortest
Sn—Sn distances of 300 pm (in LiRuSn,) occur be-
tween the TSng square antiprisms where we observe
slightly elongated Sn, tetrahedra with point symme-
try 4. Such tetrahedra are also the building units in
the rhodium-based stannide LiRh;Sns (see later).

The results of a DFT-LDA band structure calcu-
lation confirm this picture of chemical bonding for
LiRuSn,. Figure 2 shows the electronic density of
states (DOS) together with the projections of states
from lithium, tin, and ruthenium. No energy gap dis-
cerns at the Fermi level, where the DOS is domi-
nated by tin and, to a lower extent, ruthenium states.
LiRuSn, is clearly expected to be metallic. Although
the lithium contribution to the DOS is small (Fig. 2),
we find some occupation of Li states. From this we
assume a positively polarized Li**, which transfers
charge to the [RuSn,]>~ polyanions, but lithium is
certainly not completely ionized.

As seen from the COHP diagrams in Fig. 3, the
strongest bonds result from the Ru-Sn interaction
and the corresponding bonding states are completely
filled. This is not the case for the Sn—Sn bonds, whose
bonding energy (ICOHP) is roughly 50% of a Ru—Sn
bond. Thus, Sn—Sn bonding is likewise significant
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FIGURE 1 The crystal structures of LiRuSng, LiPd,Sng, LiCoSng, and PdSng. Lithium, transition metal, and tin atoms are
drawn as gray, black, and open circles, respectively. The 2-D polyanionic networks are emphasized. Note that the scaling varies
for LiCoSng.

in LiRuSn; and would be slightly increased by  was obtained (Fig. 1) [26]. In this structure we
higher valence electron counts, as expected for also observe a square anti-prismatic tin coordina-
LiRhSn,. tion for the palladium atoms, however, now two
With palladium as the transition-metal compo-  [PdSn,] layers are condensed via common tin atoms
nent the stannide LiPd,Sn, (space group P4/mbm) forming the 2-D [Pd,Sn¢] polyanion. This structural
motif directly derives from the structure of binary

PdSn; [36]. Again, the lithium atoms have a square-
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FIGURE 2 Electronic DOS of LiRuSn, and the projected FIGURE 3 Sn—Sn and Ru—Sn COHP of LiRuSn,. Dotted
contributions of Li, Sn, and Ru, respectively. lines: COHP integrations.



510 Pdéttgen et al.

In LiPd,Sn, the Pd—Sn distances also compare
well with the sum of the covalent radii. In contrast to
the LiTSn, stannides, LiPd,Sn, shows a small range
of homogeneity. The lithium position is occupied
by 10% with palladium and one tin site has about
22% lithium occupancy, leading to a refined com-
position Li; 35yPd;.100)Snsser) for the single crystal
investigated.

The most complicated structure so far in this
family of compounds is LiCoSn4 (Fig. 1). This or-
thorhombic stannide crystallizes in the space group
Ibca with very similar lattice parameters a and b,
faking tetragonal symmetry. The cobalt atoms have
a square anti-prismatic tin coordination and the
lithium atoms fill square prisms. Along the relatively
long ¢ axis, we observe a stacking of one Li,Sn, block
followed by two CoSn, blocks resulting in the compo-
sition Li,Co,Sn;,=LiCoSn,. All blocks are connected
via Sn—Sn bonding.

The structure of LiAuSn [28] (Fig. 4) contains
planar hexagonal Au;Sn; networks, which are sep-
arated by the lithium atoms. The Au—Sn distances
within and between the Au;Sn; networks are 270 and
302 pm, respectively. The gold and tin atoms both
have a trigonal prismatic lithium coordination.

In LiAu;Sn, the [Au;Sn,] network is 3-D. As em-
phasized in Fig. 4, the structure can be described as
an intergrowth of NiAs and CaAl,Si, related slabs of
compositions AuSn and LiAu,Sn,. The lithium atoms
fill tetrahedral voids of gold atoms. These LiAu, tetra-
hedra point exclusively towards the +z direction
classifying the structure as polar, space group P6;mic.

NiAs

CaAl,Si

NiAs

CaAIESig

X - w |

LiAIJ:,SI“I;,

FIGURE 4 The crystal structures of LiAuSn and LiAuzSn,.
Lithium, gold, and tin atoms are drawn as gray, black, and
open circles, respectively. The 2-D [AuSn] network of LiAuSn
is emphasized. The LiAugSny structure is an intergrowth
structure of NiAs (gray shading) and CaAl,Si, related slabs.

The various Au—Sn distances (270-302 pm) compare
well with the LiAuSn structure. Within the NiAs re-
lated slab of composition AuSn we observe Au—Au
distances of 285 pm.

A complex 3-D [Rh;Sns] network occurs in
LiRh;Sns (Fig. 5). Within this network, the lithium
atoms fill larger voids of coordination number (CN)
13, formed by five rhodium and eight tin atoms.
These CN13 polyhedra are connected via Sn—Sn
bonds. Together, the tin atoms form a 3-D network
with Sn—Sn distances ranging from 289 to 376 pm.
Within this tin substructure we observe chains of
trans edge-sharing Sn,,, tetrahedra.

Within the family of lithium intermetallics sev-
eral compounds crystallize with structures related to
the well-known fluorite type. The most complex su-
perstructure within this series is certainly Li;Pt,Sn;
(Fig. 6). With respect to the CaF, type, the Li;Pt,Sn;
unit cell is doubled in all three directions. A slightly
distorted CaF, related subcell of the platinum atoms
is shown in the left-hand part of Fig. 6. The eight flu-
orine positions are occupied by two lithium and six
tin atoms. Additionally we find lithium atoms in the
octahedral voids formed by platinum. With respect
to the fluorite structure we can write the formula as
Li[PtSn; sLigs]. This stannide shows a small range of
homogeneity Li;_,Pt,Sn;,,. So far two compositions
have been verified through single crystal X-ray data:
x =0.75 and x = 0.09. We can thus consider these
compounds as filled substitution variants of the bi-
nary stannide PtSn, [47] which itself adopts the flu-
orite type.

STRUCTURES OF INDIUM COMPOUNDS

The indium compounds LiPdIn, and LiPtIn, have al-
ready been reported by Schuster and coworkers [29]
on the basis of X-ray powder data. We could grow

FIGURE 5 Crystal structure of LiRh3Sns. The left-hand
drawing emphasizes the CN13 polyhedra around the lithium
atoms while the 3-D tin substructure is shown at the right-hand
part.
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FIGURE 6 The crystal structures of LizPt,Snz and LiPdIn,.
Lithium, transition metal, and tin (indium) atoms are drawn as
gray, black, and open circles, respectively. For LizPt,Sns, one
fluorite related subcell is outlined in the upper left-hand part.

small single crystals and refine the structures from
single crystal diffractometer data. While LiPdIn,
shows full occupancy for all atomic sites, we find
lithium/indium mixing for the platinum compound,
leading to the refined composition Lig7s)PtIn; s
for the single crystal investigated. Superstructure
reflections indicating lithium/indium ordering have
not been observed. Both structures may be described
as lithium filled fluorite phases PtIn, and Pdln,. At
this point it is worthwhile to note that a binary com-
pound PdIn, is not known in the palladium/indium
system. It can only be stabilized by the addition of
lithium. The electronic nature of this phenomenon
is not yet understood.

With rhodium as the transition-metal compo-
nent we obtained Li; g)RhIn; 144). This compound
has the same atomic positions as LiPdIn, and
Lig 751y PtIn, 51y, however, a higher lithium content.
Also in the rhodium/indium system, a binary com-
pound RAhlIn, is not known. In these fluorite related
systems, ordered ternary compounds of composi-
tions Li,T In, LiT,In, and LiT In, are possible. Thus,
various solid solutions with lithium/indium mixing
may occur. More detailed investigations of these sys-
tems are currently in progress.

Physical Properties and Spectroscopy

Several lithium compounds have been studied inten-
sively with respect to their physical properties. As an

3+
5
€ -4f
e
e -5F
= ‘..""0-0-0-0-0—0-0—0-0—0—0-0—0-0—0-0-0-.-..._.-.-.-.-.-.-0
s -6f
= LiRuSn,
7k

50 100 150 200 250 300
T/K

FIGURE 7 Temperature dependence of the magnetic sus-
ceptibility of LiRuSn, measured at an external magnetic flux
density of 1 T.

example we present the data for LiRuSn,. The tem-
perature dependence of the magnetic susceptibility
is displayed in Fig. 7. Over the whole temperature
range we observe negative, nearly temperature in-
dependent susceptibilities with a room temperature
value of —5.7 x 107° m?*/mol. This behavior is com-
patible with Pauli paramagnetism. Since the intrin-
sic diamagnetic contributions are large and the Pauli
contribution is small, we still observe negative sus-
ceptibilities over the whole temperature range.

A '""Sn Mossbauer spectrum of LiRuSn, at 4.2 K
is shown in Fig. 8. In agreement with the single crys-
tallographic tin position we observe only one signal
at an isomer shift 6 = 2.21(4) mm/s, an experimen-
tal line width T' = 0.92(4) mm/s and a quadrupole
splitting parameter AEy = 1.02(5) mm/s. The large
quadrupole splitting results from the low site sym-
metry (..m) of the tin atoms. The rhodium and irid-
ium compound show similar behavior.

In Fig. 9 we present a room temperature MAS
NMR spectrum of LiRuSn,, acquired at a spinning

B e By et
2 Y ;
= k) .:‘f
% 92 | §
£ LiRuSn 4 V]
® ‘s,,f\j
! 1 1 1 1 1
-5 -3 -1 1 3 5

v/ mm s

FIGURE 8 119Sn Mossbauer spectrum of LiRuSn, at room
temperature.
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FIGURE 9 ’Li MAS-NMR spectrum of LiRuSn, at room temperature. The peak at 0 ppm arises from an oxidic impurity. The

asterisks mark spinning sidebands.

speed of 25 kHz. The isotropic chemical shift of
76.7 ppm vs. aqueous LiCl solution indicates a signi-
ficant amount of delocalized s-electron density at the
"Linuclearsite, resulting in a substantial Knight shift
contribution. In contrast, the resonance shifts of the
rhodium and iridium compounds are substantially
smaller (14.5 and 9.5 ppm, respectively), indicating
amuch more ionic lithium site in the latter two com-
pounds. Similar differences can also be inferred from
spin-lattice relaxation time measurements. Prelimi-
nary temperature dependent studies conducted on
static samples indicate the onset of motional narrow-
ing due to lithium diffusion at temperatures exceed-
ing 400 K.
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