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Li-Sn intermetallics are promising candidates for high-capacity Li-ion battery anodes, yet, the precise

crystal structures of some “known” binary phases remain unresolved. One such phase, Li;Sn,, originally

reported in 1975, is re-examined here using single-crystal X-ray diffraction methods. Its orthorhombic

structure (space group Cmmm, no. 65) features isolated Sn atoms and Sn—Sn dumbbells in a matrix of Li

atoms. The present study indicates occupational disorder on one of the Li sites in Li;Sn,, meaning that it is
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rsc.li/dalton of Sn—Sn and Li—Sn interactions.

Introduction

Lithium-ion batteries (LIBs) are rechargeable energy storage
devices that have become widely used since their introduction
in the early 1990s. Graphite is the typical anode in LIBs, as it
has a good cycling performance with a theoretical capacity of
372 mAh g~' (LiC)." The other group 14 elements, referred to
as tetrels, Si, Ge, and Sn, have also been studied for appli-
cation as potential anode materials in LIBs. The tetrels (Tt =
Si, Ge, and Sn, hereafter) form a variety of intermetallic Li,Tt,
compounds with Li, some of which are rather Li-rich. Hence,
compared to graphite, Si, Ge, and Sn can provide much higher
theoretical capacities: 4200 mAh g~ for Li;,Si, 1600 mAh g
for Li;;Ge,, and 990 mAh ¢~ * Li;,Sn,."

However, the volume expansion in fully lithiated states is
problematic (viz. 434% (399%) for amorphous (crystalline) Li-
Si%), leading to diminished capacity and reduced lifespan.
Although not as attractive from the point of view of increased
weight, Li-Ge/Sn compounds are gaining attention as more
viable alternatives for LIB applications since their volume
expansions are significantly smaller, especially for Sn.> To
design and develop improved anode materials, one can argue
that it is essential to gain a deeper understanding of the struc-
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a non-stoichiometric phase with revised composition of Li;_,Sn, (0.3 < x < 0.5). In the most extreme case,
when the Li atomic site in question is completely empty, the composition becomes LigsSn, or LijzSng.
Analysis of the chemical bonding through electronic structure calculations indicates significant covalency

tural chemistry of the various Li-Ge and Li-Sn phases that
form during the lithiation of Ge- and Sn-based anodes.

The early structural work on the binary Li-Sn phases is
from the 1950s/1960s. Based on literature searches and the
information found in the ICSD (Inorganic Crystal Structure
Database), there are eight crystallographically characterized
Li-Sn phases and these are: Li,Sns> (the correct composition
and structure of a phase initially reported as LiSn,?) LiSn,*
Li;Sn;,”> LisSn, (or rather Lis_,Sn,.,),>” LijsSns,® Li,Sn,,’
Li;;Sn, (or Liy;¢sSny, previously known as Liy;Sns and/or
Li,»Sns and often referred to as Li,4Sn),">'! and LisSn, which
has the highest amount of Li.'> The latter is also the most
recently discovered phase, which is metastable and not found
in the experimental phase diagram." Theoretical predictions
indicate the presence of additional, hitherto unidentified
members near the bottom of the convex hull. For example,
high-throughput density functional theory (DFT) calculations
on the Li-Sn systems indicate several ground-state and meta-
stable crystal structures, such as Li,Sns, Li,Sn, LizSn,, LisSns,
LigSns, LizSn, Li,Sn, and Li,Sn,** none of which have been
experimentally confirmed to date.

In addition to the structures of the two thermodynamically
stable phases that have already been re-assessed, there remain
controversies surrounding the Li,Sn, phase. The latter was dis-
covered in 1975 and reported to be isotypic with Li,Ge, (pub-
lished in 1972'%). However, in 1988, the composition of the
Li,Ge, phase has been questioned,'® and suggested to be
Lis 5Ge,=Li;3Ge,. The proposed reformulation of Li,Ge, as
Li;;Ge, '® precedes by more than two decades the re-examin-
ation of the structure of Li;3Sis, which had also been pre-
viously known as Li,Si, (N. B. Li;3Si; and Li;3Ge, are not iso-
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Fig. 1 Schematic representations of the crystal structures of (a) Li;Sn,, (b) Li;3Sns, and (c) Li;Sns. Blue represents Li atoms, Sn atoms are drawn in

yellow.

structural)."”

refinement of the structure from single-crystal X-ray diffraction

In the case of the Li-Si system, very careful

data carried out by Féssler et al. identified discrepancies with
regards to the occupation of Li on one of the positions,'
which validates a revised model. It is acknowledged though,
right at the outset, that because lithium may show high mobi-
lity within the structure and it has only three electrons (com-
pared to germanium’s 32 and tin’s 51), achieving a more accu-
rate description of lithium positions and occupancies in
Li-Ge/Sn compounds may be more challenging.

Having said that, we note that in our previous work,” the
crystal structures of LisSn, and LisGe, were re-examined, high-
lighting the structural intricacies among the heavier carbon
congeners. Specifically, it was established that the Li and Sn
atoms in Lis_,Sn,., (0 < x < 0.1) exhibit partial disorder.” This
partial substitution of lithium by tin atoms leads to more
complex atomic bonding, with the Sn atoms forming larger co-
valently bonded fragments. In contrast, both experimental and
computational evidence indicated that in the structure of the
phase hitherto known as LisGe,, there are approximately 30%
vacancies at one of the lithium sites, with the actual chemical
formula being Lis_,Ge, (x ~ 0.3). The latter composition is very
close to that of the “Li,Ge;” phase, which has only been theor-
etically predicted.' One should be aware that the work
computing Li,Ge; was carried out using the atom swapping
method by combining the ab initio random structure searching
procedure (AIRSS) to perform structure prediction from
density functional theory (DFT).'” Our experimental work’
cannot quite validate the computationally suggested structure,
but it does show that in rhombohedral Lis_,Ge, (x =~ 0.3), the
[Ge,] dimers are slightly more “oxidized” and show bond order
intermediate between 1 and 2.

The above-mentioned studies raise questions of potential
undetected disorders in other compositionally/structurally
similar Li-Ge/Sn phases. Therefore we set out to revisit some
of the other structures with smaller, molecular-like fragments,

12860 | Dalton Trans., 2025, 54, 12859-12867

e.g. [Tt,] dimers and [Tt;] trimers (Fig. 1). In particular, our
interest was piqued by the reported Li,Tt, (Tt = Ge, Sn) phases,
which are the Li-richest phases whose structures feature
homoatomic Tt-Tt bonding; we found the structure of both
heptalithium germanide and stannide to be Li-deficient, ie.,
Li;_,Tt,. As part of our investigation, using modern single-
crystal X-ray diffraction methods, we also re-examined the
crystal structures of Li,Sns, and Li;3Sns, which are unique to
the Li-Sn phases and have no structural analogs among the
known Li-Ge phases; we found both structures to be devoid of
any disorder.

Experimental
Synthetic procedures

Handling of the raw and synthesized materials required the
use of a glovebox filled with argon gas (maintaining O,/H,O
levels below one ppm) and vacuum techniques. This was done
in order to protect the air-sensitive reactants and products.
Samples were prepared using the traditional solid-state
method in sealed tubes. Li and Sn (or Ge) were the starting
materials, which were sourced from Sigma-Aldrich and Alfa
Aesar with purities of at least 99.9% by weight. Lithium rods
were cleaned with a scalpel immediately before being used to
remove surface impurities from Li;N. The elements were
weighed with molar ratios varying from ca. 4:1 to 2:1. Some
of the findings from these experiments have already been
reported.” In this article we focus on the nominal compo-
sitions Li:Sn =7.5:2,7.0:2, 6.7:2, 6.5:2, 6.25:2, and 6.0: 2.
In the typical experiments, 300-400 mg elemental mixtures
were placed into niobium tubes, which were then welded shut
under partial pressure of high purity argon gas. Then, the
niobium tubes were enclosed in fused silica tubes, which were
evacuated and flame sealed.

This journal is © The Royal Society of Chemistry 2025



Open Access Atrticle. Published on 29 July 2025. Downloaded on 10/27/2025 4:27:36 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

The processing was done in programmable tube furnaces,
which were brought to 1123 K at a rate of 100 K per hour. The
reactions took place over two hours, following which the fur-
naces were set to controlled cooling at a rate of 25 K per hour.
Once at room temperature, the reaction vessels were removed
from the furnaces; the fused silica tubes were cut and the
welded tubes were returned to the glovebox and carefully
opened to retrieve the final products.

Caution! Lithium vapors can leak from the niobium tubes
at high temperature and cause the breakage of the fused silica
jackets. Therefore, all described experimental procedures have
to be performed with utmost care and by using additional pre-
cautions to minimize the risk of failure of the silica tubes.

Crystallography

Powder X-ray diffraction. Powder X-ray diffraction (PXRD)
experiments were conducted at room temperature on freshly
prepared polycrystalline samples. Small portions from each
reaction’s products were ground in the glovebox into powders,
using agate mortars and pestles. The samples were loaded into
thin-walled capillary tubes (0.5 mm diameter special glass
capillary tubes from Charles Supper). Samples were prepared
in the Ar glovebox and the capillary ends were sealed with clay.
Then the capillaries were placed in a plastic tube, which was
closed and sealed with parafilm, then heat sealed inside a
polybag for transport to the diffractometer to minimize air
exposure until the measurement (N. B. the measurement was
done at ambient conditions). A STOE STADI P diffractometer
with monochromatized Ag Ka radiation (4 = 0.55941 A) with
four single module strip detectors (Mythen2 1K Dectris) was
utilized and data were collected up to 73.335° in 26 with a step
size of 0.015° for a total scan-time of 30 minutes.

Single-crystal X-ray diffraction. Single-crystal X-ray diffraction
(SCXRD) data were gathered for crystals from samples of
different nominal compositions. Abbreviated crystallographic
parameters for two Li,_,Sn, crystals selected from samples
with nominal compositions Li:Sn = 7.0:2 (crystal A), and
6.0:2 (crystal B) are tabulated in Table 1; the corresponding
data for three additional Li,_,Sn, crystals are available as SI
(Table S1). Also in the SI section, one can find complementary
structure refinements for three Li,_,Ge, crystals (Table S2). To
ascertain the presented crystallographic work, additional ana-
lyses were also performed for Li,Sn; (from two independent
samples), Li;3Sns; (from two independent samples), and
Li;»Sn, crystals, with the data available in Tables S3-S5.

The general procedure was the following. First, single crys-
tals were selected in an argon-filled glovebox under a micro-
scope. They were emersed in a droplet of dry Paratone-N oil
and cut with a scalpel, ensuring their dimensions were
<0.2 mm. The samples were them taken out of the glovebox
and the selected crystals were scooped from the oil drop by
MiTeGen plastic loops and transferred to a Bruker APEX III
diffractometer with monochromatized Mo Ka radiation (4 =
0.71073 A). Data collection was performed at a temperature of
200(2) K, which was maintained using a stream of cold nitro-
gen gas. Raw data sets were processed using the Bruker soft-
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Table 1 Crystallographic information for two representative Li;_,Sn,

(0.3 < x < 0.5) crystals. T = 200(2) K; Mo Ka, 4 = 0.71073 A; crystal
system: orthorhombic, space group: Cmmm, Z = 4

Crystal A Crystal B
Refined chemical formula Lig 67(3)SN2 Lig 5Sn,
Formula weight (g mol™") 283.69 282.49
a(A) 9.7882(13) 9.8176(13)
b (A) 13.842(2) 13.826(2)
c(d) 4.7333(6) 4.7187(6)
V(A% 641.29(15) 640.52(15)
Peate (g cm™) 2.94 2.93
u(em™) 76.3 76.4
Goodness-of-fit on F* 1.083 1.056
Ry (I>20))" 0.0220 0.0359
WR, (I > 207)* 0.0395 0.0580
R, (all data)® 0.0275 0.0558
WR; (all data)® 0.0408 0.0627
APmax,minfe” A7 1.13/-1.00 1.56/—-1.51
CCDC number 2444619 2444622
“Ri = X||F| IF II/Z;IF s WRy = [X[W(F," — E)VEw(E ],
where w = 1/[. o'zF + (yP)], and P (F,> + 2F2)/3. x = 0.0126, y =

0.4756 for L16_E,7(3 Snz, x 0.0229, y = 0.2352 for Lig 5Sn,.

ware and corrected for absorption with the SADABS software
package. Crystal structures were solved by the intrinsic
phasing method using SHELXT and refined by full-matrix
least-squares methods on F* with SHELXL, with the OLEX2
program as graphical interface.>***> Atomic coordinates were
standardized with Structure TIDY.”> Sn (and Ge) atoms were
refined with anisotropic displacement parameters, while the Li
atoms in Li,_,Tt, were treated isotropically without further
constraints. For the structure refinements of Li,Sn; and
Li;3Sns, both of which are free of any disorder, all or nearly all
atoms could be refined with anisotropic displacement para-
meters. For the structure refinements of Li;,Sn, (Table S5),
one of the 13 Li sites had to have its U, constrained
(vide infra).

The Cambridge Crystallographic Data Centre (CCDC) con-
tains the full supplementary crystallographic data. The respect-
ive CIFs have depository numbers 2444618-2444627, 2444630,
2444633 and 2444635.

Electronic structure calculations

The electronic band structures were computed using the
Stuttgart TB-LMTO-ASA code, applying the local density
approximation (LDA) for the exchange-correlation func-
tional.** Specifically, the von Barth-Hedin version of the LDA
functional was used.>® Additional empty spheres were intro-
duced where necessary to fulfil the atomic sphere approxi-
mation (ASA) requirements. The Brillouin zone was sampled
with a k-point grid of 6 x 6 x 10. Chemical bonding analysis
was carried out using the Crystal Orbital Hamilton Population
(COHP) method.>®

Total energy calculations were carried out using the
Quantum ESPRESSO 7.4 program package’” for Li,Sn,,
Li;3Sns, as well as two Li;_,Sn, models: Li;3Sn, (x = 0.5) and
Li,,Sng (x = 0.25). Exchange and correlation were described in
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the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof exchange-correlation functional
(PBE).>® A plane wave basis with a kinetic energy cutoff of 70
Ry and ultrasoft Vanderbilt pseudopotentials were employed.>®
The Brillouin zones were sampled with a k-point grid spacing
of about 0.15 A™". The starting structure of Lig5Sn,=Li3Sn,
was taken from directly from the single-crystal refinements,
where the 2a Li site was found to be completely empty
(vide infra). The Li,;Sng model was generated from the struc-
ture of Li;3Sn, by reducing the space group symmetry down to
Pmmm without changing the conventional unit cell size and
placing a Li atom in 1d or 1g position (both options result in
symmetry equivalent structures). All structures were fully
relaxed to residual forces of less than 0.01 eV A™".

Results and discussion
Synthesis and crystal structure

As indicated in the previous section, several Li;_,Sn, nominal
compositions were tried and the corresponding PXRD patterns
are shown in Fig. 2. A close look at the PXRD patterns for the
nominal compositions Li,Sn, and Lis,Sn, shows that they
match very well with the simulated pattern, with only faint
additional peaks originating from a minor secondary phase.
As the lithium content decreases to the nominal composition
Lis 5Sn,, stronger additional peaks (black asterisk) that do not
match the reference Li,Sn, pattern emerge. Upon further
reduction in lithium content to nominal composition of
6.25:2, the PXRD pattern still shows peaks consistent with
Li;Sn,; however, more intense peaks corresponding to the

. Li:sn=625:2

Li:Sn=65:2

Li:Sn=6.7:2

* *

Intenisty (a.u.)

o Lissn=7:2
‘ ' Li;Sn, ICSD 104784

5 10 15 20 25
26 (%)

Fig. 2 Experimental powder X-ray diffraction (PXRD) patterns of
samples with varying nominal compositions (Li:Sn =7:2,6.7:2, 6.5:2,
6.25:2, and 6:2) compared with the simulated PXRD pattern based on
the reported data for Li;Sn,.? Asterisks denote peaks from side products,
which in the cases of Li: Sn = 6.25:2, and Li: Sn = 6: 2 have been deter-
mined to be LijzSns. Data are acquired with monochromatized Ag Ko
radiation (1 = 0.55941 A).
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additional phase, identified as Li;3Sns; become more evident.
Finally, the sample with nominal composition LisSn, exhibits
distinct diffraction peaks associated with a different phase,
Li;3Sns, together with peaks matching the Li,Sn, phase. The
peaks’ relative intensities here are suggestive of Li,Sn, being
the minor product. These findings are in a reasonably good
agreement with the established Li-Sn phase diagram,'® which
indicates Li,Sn, and Li;3Sns to be in equilibrium around 75
at% Li.

Additionally, we note that upon increasing of lithium
content (samples with nominal compositions of 7.25:2 and
7.50:2), the pathway to Li,_,Sn, appears to shut off. Such
experiments predominantly yielded the cubic Li,,Sn, phase,'®
with indications of another, yet unidentified phase. This may
suggest more complex phase relationships than the equilibria
near 80 at% Li that are indicated in the phase diagram.™

The PXRD patterns show no systematic changes in the
lattice parameters that could point to sample dependence on
the experimental conditions, which helps to rule out signifi-
cant stoichiometry range in Li,_,Sn,. This scenario is distinctly
different from what was observed for the phase Lis_,Sn,., (0 <
x < 0.1), whose structure was recently revisited from LisSn, and
found to be partially disordered.” Nonetheless, from single-
crystal X-ray diffraction data, small variations in the lattice
parameters were found, even for crystals selected from the
same batch. This observation is indicative of small disorder-
ing, possibly resulting from partial occupation of Li site(s). By
comparison, contrasting behavior can be seen for the other
phase that was a common by-product of our syntheses,
Li;3Sns—when we examined crystals from two independent
preparations, no statistically significant deviations in the
lattice parameters were found (Table S3 in SI).

To gain better understanding of the potential structural
changes that can be inferred from the discussion above,
single-crystal X-ray diffraction analysis was conducted for five
crystals from independent Li,_,Sn, reaction batches. The
results from the structure refinements confirmed that none of
the collected data sets can be matched properly to the reported
Li,Sn, structure.® Specifically, one of the lithium sites in the
published “7-2” structure, the special 2a Wyckoff position
(Table 2, Fig. 3), was found to be empty, or rather, not entirely
filled by Li. Acknowledging the inaccuracy of refining Li occu-
pancy factors from X-ray diffraction, we draw attention to the
fact that in all refined structures, the difference Fourier maps
are flat with highest residual density of less than 1.3 e A™. In
only one case, namely, the crystal from the nominal compo-
sition 7:2, a small residual peak was located at coordinates
0,0,0. When refined as partially occupied Li, the corresponding
site occupation factor was approximately 35%. If this position
is assigned as Li6 at full occupancy, its U, parameter
becomes 20 times larger than the average Ui, of the other Li
atoms in the structure. One may also notice that Li6 has four
Li2 neighbors at a distance of approx. 2.5 (2.3 A in Li,_,Ge,,
the structure of which was also refined as a part of this study -
Tables S2 and S7 in SI) which is very short for a Li-Li contact.
At the same time, refining Li2 occupancy does not provide

This journal is © The Royal Society of Chemistry 2025
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Table 2 Atomic coordinates and equivalent isotropic displacement
parameters (Ueq? in A?) for Li;_,Sn, (0.3 < x < 0.5). The Li atoms are
refined isotropically (Ueq = Uiso)

Atom Site x y z Ueq
Lig.675n,

sn1 45 0.34610(4) 0 0 0.0107(1)
Sn2 ag 0 0.18646(2) 1/2 0.0108(1)
Li1 8q 0.3116(9) 0.1554(5) 1/2 0.026(2)
Li2 8p 0.149(1) 0.1503(8) 0 0.042(3)
Li3 ah 0.145(1) 0 1/2 0.021(2)
Li4 4i 0 0.3233(8) 0 0.025(3)
Li5 2c 1/2 0 1/2 0.033(4)
Li6 ? 2a 0 0 0 0.06(2)
Lig 5Sn,

sni 45 0.34806(7) 0 0 0.0120(2)
Sn2 ag 0 0.18884(5) 1/2 0.0112(2)
Li1 8q 0.311(1) 0.154(1) 1/2 0.033(4)
Li2 8p 0.143(2) 0.145(2) 0 0.062(6)
Li3 4h 0.146(2) 0 1/2 0.037 (6)
Li4 4i 0 0.321(1) 0 0.041(6)
Li5 2c 1/2 0 1/2 0.037(8)

@ Ueq is defined as one third of the trace of the orthogonalized Uy
tensor. The anisotropic displacement factor exponent takes the form:
—2n?[(ha*)*Uyy + ... + hka*b*Uy,). * The position is freely refined as ca.
1/3 occupied without a constraint on Ujs,.

Fig. 3 Structure of Li;_,Sn, (0.3 < x < 0.5). Blue represents Li atoms, Sn
atoms are drawn in yellow. Missing/partially occupied Li atom is shown
in lighter blue with thin blue lines connecting its closest Li neighbors.
The Li-polyhedra around the Sn, dumbbell and the Sn atoms are also
emphasized.

solid evidence for statistically significant deviations from
100%, which indicates that “filling” of the 2a site in the struc-
ture by a Li atom may not be favorable.

Although the structure of Li;,Sn, is completely different, we
note that it has similar issues concerning one of the Li atoms.
When the structure of Li;-Sn, was refined from our own
single-crystal X-ray diffraction data (Tables S5 and S10 in SI),
there was a residual density of 2.8 e A=, located at coordinates
0,0,0 and at a distance of approx. 2.5 A from another Li atom
(whose occupancy was checked and verified to be very close to

This journal is © The Royal Society of Chemistry 2025
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100%). Refining the residual density as fully occupied Li atom
was possible, but resulted in unphysical Us, parameter. In the
final refinement cycles, Ui, for the said Li position, Li13, had
to be constrained (N. B. in their combined single-crystal X-ray
and powder neutron diffraction work on Li;;Sn,, Guloy et al.
also used constraints on this very same Li site).'® By compari-
son, when the structures of Li;3Sns and Li;Sn; were refined,
there were no Li-Li contacts shorter than 2.75-2.8 A (Tables S8
and S9 in SI) and we were able to even refine most of the Li
atoms with anisotropic displacement parameters.

We also note that there does not seem to be a clear depen-
dence on how the structures are refined with regards to the
lithium content in the samples with nominal compositions of
6.7:2, 6.50:2, 6.25:2, and 6.00:2. In all of these cases, the
residual density located at coordinates 0,0,0 was less than
0.5-0.6 ¢ A™>. The highest residual peaks were of about 1-1.5 e
A3, always less than 1 A away from other (always different)
atoms, whose occupation factors show no evidence for statisti-
cally significant deviations from 100%. It is possible though,
that some small disorder due to Li mobility in the structure is
present, but it remains elusive from the structural data we
have at hand. Taken together, all of the above is suggestive of
the actual structure being with some Li disorder and with vari-
able composition Li,_,Sn, (0.3 < x < 0.5), not the Li,Sn, as pre-
viously thought.’

Having alluded to some subtle structural features already,
let us now look at the whole atomic arrangement in more
details. As mentioned earlier, the ideal, disorder-free structure
is known as isotypic with Li,Ge, (space group Cmmm, no. 65;
Z = 4; Pearson symbol 0536).>° Within the asymmetric unit,
there are eight crystallographically unique atomic positions
(Table 2, Fig. 3): two tin atoms located at the 4j and 4g sites
and six lithium atoms at the 2a, 2c, 4h, 4i, 8p, and 8¢ sites.
With Li6 at 2a being either partially occupied or missing
altogether, the formulation Li,_,Sn, (0.3 < x < 0.5) would be a
more accurate representation. This is in line with the reassess-
ment of the Li;Ge, structure in 1988 as LigsGe,=Li;3Gey,
although the exact structural details are not readily available in
the literature.”® Our own single-crystal data, provided in
Table S2 in the SI section, confirm that the 2a site in the struc-
ture is empty and unlikely to host a Li atom due to the unphy-
sically short distances to neighboring atoms, hence the com-
position Li;3Ge,.

The structure of Li,_,Sn, features key structural motifs pre-
viously described by Frank et al (1975).° Unlike the more
lithium-rich phases, such as Li;,Sn, '®'" and Li;Sn,'* where all
tin atoms are isolated, Li,_,Sn, contains both isolated tin
atoms and tin dumbbells (Fig. 3). The refined bond lengths
within the Sn1-Sn1 dumbbells vary between 2.9838(13) A
(Li.sSn,) and 3.0131(7) A (Lis-Sn,). This is additional experi-
mental evidence lending support to the formulation Li,_,Sn,:
since Sn-Sn distances vary a lot more than 3-4c, one may
reason that slightly varied Li concentration is a contributing
factor. Furthermore, one should also notice that although the
refinements of Li occupancies are not conclusive, the refine-
ments of Sn-Sn distances show the structure where Sn is for-
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mally more reduced (Lig675n,) to exhibit longer Sn1-Sn1 dis-
tance. Such variations of Ge-Ge distances are not observed in
the 3 independent refinements of Li,_,Ge, (bond lengths in
the interval 2.607(1) to 2.615(2) A, Table S7). This indicates
that the germanide is more akin to a line phase
Lis 5Ge,=Li;3Gey, confirming the earlier suggested reformula-
tion of Li,Ge, as Li;;Ge,.'®

Along these lines, considering other Li-Sn phases with
high Li contents and structures featuring smaller molecular-
like fragment is also instructive. For example, Sn-Sn bond
lengths within the dumbbells in Lis_,Sn,., (0 < x < 0.1) are
approx. 2.86 A and vary from sample to sample.” For Li;;Sns,
variations of Sn-Sn distances are not observed (2.865(1) and
2.8653(6) A); Sn-Sn distances within the bent [Sns] moiety in
Li,Sn; are also nearly invariant of the sample (3-5¢ deviations
with an average value of approx. 2.94 A [Table S9]). With the Sn
atom formally being in its most reduced state in Lig ¢,Sn,, it is
reasonable to expect the Sn-Sn bonding to be stretched farth-
est. As discussed in the next chapter, based on simple parti-
tioning of the valence electrons following the Zintl-Klemm
concept®? and based on the electronic structure calculations,
it is reasonable to approximate the [Sn-Sn]®” fragment in
Li;_,Sn, as isosteric with the I, molecule (i.e., single covalent
bond). The less reduced Sn atoms in Lis_,Sn,., (0 < x < 0.1)
and Li;3Sns ought to share more valence electrons, meaning
that the [Sn-Sn]**~ fragments in those will be more like the
super-oxo [O,]” species (i.e., intermediate between single and
double covalent bond). By analogy, the bent [Sn;]”~ in Li,Sns,
the least reduced stannide from the list, will have to be con-
sidered as isosteric with the allyl anion, [H,C-CH=CH,]".

The isolated tin atoms and the tin dumbbells are well sep-
arated, with the shortest contacts between Sn1 and Sn2 on the
order of 4.9 A; Sn2 and Sn2 are more than 4.7 A apart. Sn
atoms have 12 nearest Li atoms neighbors (not counting the
partially occupied Li) (Fig. 3). The dumbbells and isolated tin
atoms are distinctly arranged in a layered manner, with each
type located in separate ab-planes. The Sn-Li distances range
from 2.79 to 3.23 A, and Li-Li distances also vary significantly,
ranging from as short as 2.5 A to over 3.5 A (SI, Table S6).

Electronic structure and chemical bonding

First, let us try to rationalize the chemical bonding from the
standpoint of the Zintl-Klemm concept.’"**> Following the dis-
cussion from the preceding section, the valence electrons in
Li,Sn,=Li;,Sn, and Li;3Sn, can be partitioned in a manner
consistent with the tin dumbbells being [Sn-Sn]°~ ie., single-
bonded and isosteric with the I, molecule. We can then
express their formulae in the following way: Lij,Sn, =
(Li")14[Sn,]*7(Sn*7), and LiysSny = (Li*)15[Sn,]° (Sn*7),(h"),
where h* denotes an electron-hole. Similarly, the formula of
Li,Sn; can be written as (Li*),[Sn;]"~ (recognizing the analogy
with the allyl anion) or as (Li*),[Sns]*"(h") (treating both Sn-Sn
bonds as 2-center 2-electron interactions). Li;3Sns with the
intermediate Sn-Sn bonding can be expressed as
(Li)1s([Snz]’ )(Sn* ) (h") or (Li*)s([Sna]**)a(Sn*") when
further “oxidation” of the dumbbell is allowed. Clearly, simple
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bonding theories do not capture the details of the chemical
bonding in these compounds, as the only formula that can be
readily charge-balanced is that of Li;,Sn,.

Electronic structure calculations were carried out for two
structural models: Li,Sn,=Li,,Sn,, where the Li position at
Wyckoff site 2a is completely filled, and Lis sSn,=Li;35ny,
where the said position is empty. The total and projected den-
sities of states for Li;4Sn, and Li;3Sn, are shown in Fig. 4 and
5. Electronic structure calculations for Lij3Sns and Li,Sns are
also done and are shown as figures in the SI.

The difficulties with balancing charges are reflected by the
plots of the total and projected densities of states. From the
calculated position of the Fermi level (Eg), it is apparent that
both computed model structures do not represent valence-
precise compounds as there are no noticeable (pseudo)gaps at
Er. Notice that the Li;4,Sn, and Li;3Sn, differ by just one elec-
tron and the inclusion of the “extra” lithium atom in the calcu-
lation has a very small effect on the overall DOS. Lack of gaps
in the electronic band structures is also seen in the cases of
the other lithium stannides, Li,Sn; and Li;3Sns that were re-
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Fig. 4 Calculated total electronic density of states (DOS) and partial
densities of states (pDOS) for Li;Sn; (top). Crystal orbital Hamilton popu-
lation (COHP) curves for averaged Sn—Sn, Sn—-Li, and Li-Li interactions
in Lij4sSny (bottom). The dashed lines correspond to the Integrated
Density of State (IDOS). The vertical magenta line to the left of the Fermi
level shows the location of a pseudo-gap corresponding to ca. 29.5
valence electrons per unit cell (Li_g 755n5).
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Fig. 5 Calculated total electronic density of states (DOS) and partial
densities of states (pDOS) for LijzSns (top). Crystal orbital Hamilton
population (COHP) curves for averaged Sn—-Sn, Sn—Li, and Li-Li inter-
actions in LijzSng (bottom). The dashed lines correspond to the
Integrated Density of State (IDOS). The vertical magenta line to the right
of the Fermi level shows the location of a pseudo-gap corresponding to
ca. 29.5 valence electrons per unit cell (Li_1355n4).

evaluated in this work (SI Fig. S1-S4). Thus, all stannides dis-
cussed above will be expected to be compounds with metallic
properties.

However, very close to the Fermi level, pseudogaps are
apparent. Notably, within the rigid band approximation, the
Fermi level can be shifted to the local minimum when the
electron count is set at ca. 29.5 e. This value is intermediate
between Li;3Sn, (29 e) and Li;4Sn, (30 e). This observation is
an indirect evidence of support of the proposed off-stoichio-
metry of the Li,_,Sn, phase as neither end member is expected
to have greater electronic stability than the phase with partial
occupancy of the Li 2a site. As discussed earlier, the lack of
refineable electron density at that position does not rule out
small possible disordering elsewhere in the structure that
would lead to an upended Li content in alignment with this
electronic structure analysis. Consequently, we argue that both
experimental and computation evidence support the re-assess-
ment of Li,Sn, as Li;_,Sn, where x will always be less than 0.5.

The corresponding Crystal Orbital Hamilton Population
(COHP) curves for selected interactions in Li;,Sn, and Li;3Sn,
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are very much alike. The strongest bonds, based on the inte-
grated COHP per bond, are the Sn-Sn bonds. However, these
bonds are not fully optimized at the Fermi level due to the
presence of some antibonding states. In fact, the Sn-Sn COHP
at Fermi level in Li;4Sn,; has more pronounced antibonding
character compared to Li;3Sn,4, where the COHP is almost non-
bonding. Since the Sn-Sn interactions in Li;3Sn, display a
lower occupation of antibonding states, one would expect
stronger Sn-Sn bonds, which is supported by the experi-
mentally observed shorter Sn-Sn bond lengths in
Lig.5Sn,=Li;3Sn, as compared to those in Lig 6;Sn,=Li;3 35n,.

In contrast, the Li-Sn and Li-Li interactions are effectively
optimized at Er. It appears that as the difference of a single Li
atom alters the coordination environments and orbital overlap
significantly enough to strengthen the Sn-Sn interactions and
provide the “drive” for the phase to move away for the ideal
“7-2” composition.

To compare relative stabilities of binary Li stannides in the
vicinity of the Li,_,Sn, composition, we first computed total
energies of Li,Sn, and Li;3Sns. The latter composition has
been reported to be in equilibrium with Li,Sn, at the Li/Sn
ratios between 2.6 and 3.5.3% After that, we evaluated the total
energies of two ordered Li,_,Sn, models: Li;3Sn, and Li,,Sng.
Comparison of the obtained values suggests that Li;3Sn, is
about 3.4 meV per atom less stable, while Li,;Sng is 0.8 meV
per atom more stable that the corresponding mixtures of
Li;Sn, and Li;3Sns. In other words, Li,,Sng is predicted to be
on the convex hull in the Li-Sn system. Of course, the limited
accuracy of the PBE calculations for estimation of the
decomposition enthalpies should not be ignored,> but in
general, our calculations support the experimental observation
that Li,_,Sn, can be stabilized for a range of values x > 0.
Furthermore, the composition of the idealized Li,;Sng=Li;3 55N,
corresponds to 29.5 valence electrons per formula unit. The
predicted thermodynamic stability of this phase is in line with
the optimized chemical bonding at that electron count
suggested by the LMTO calculations.

Conclusions

Li;Sn, has been known for nearly five decades and is now
shown to exhibit notable lithium site defects. The present
study reveals that one specific Li site—namely, the 2a Wyckoff
position is either partially or completely unoccupied. This
observation leads to a revised composition of Li,_,Sn,, with x
ranging between 0.3 and 0.5. Structural analysis across mul-
tiple samples shows no clear correlation between nominal
Li: Sn ratio and occupational disorder, however Sn-Sn inter-
actions do indicate structural response scaling with Li content.
Comparative analysis with related stannides (Li;Sn; and
Li;3Sns) emphasizes consistent trends between bond lengths
and bonding strength.

Li;_,Sn,, as well as other Li-rich germanides and stannides
show metallic characteristics, making it difficult for the
valence rules and the Zintl concept to sufficiently account for
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the observed vacancies at Li sites in these compounds. These
limitations underscore the broader challenges in accurately
resolving Li positions and occupancies through crystallography
and structural analysis.

To address these challenges and gain deeper insights into
the site-specific behavior of alkali elements in tetrelides
systems, investigation of analogous Na-containing compounds
is in order. Given sodium’s higher electron counts and
expected chemical similarity to Li, Na-based systems may offer
improved structural resolution and contribute to a more com-
prehensive understanding of alkali-tetrel interactions.
Furthermore, these studies will also provide valuable knowl-
edge applicable to the development of Na-ion battery
technologies.
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