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ABSTRACT

With this contribution, we take a new, critical look at the structures of the binary phases LisGe, and

LisSn,. Both are isostructural (centrosymmetric space group Rgm, no. 166), and in their structures, all
germanium (tin) atoms are dimerized. Application of the valence rules will require the allocation of six
additional valence electrons per [Ge,] or [Sn,] unit considering single covalent bonds, akin to those in the
dihalogen molecules. Alternatively, four additional valence electrons per [Ge,] or [Sn,] anion will be
needed if homoatomic double bonds exist, in an analogy with dioxygen. Therefore, five lithium atoms in
one formula unit cannot provide the exact number of electrons, leaving open questions as to what is the
nature of the chemical bonding within these moieties. Additionally, by means of single-crystal X-ray
diffraction, synchrotron powder X-ray diffraction, and neutron powder diffraction, we established that the
Li and Sn atoms in LisSn, are partially disordered, i.e., the actual chemical formula of this compound is
Lis_Sn,,, (0 < x < 0.1). The convoluted atomic bonding in the case where tin atoms partially displace
lithium atoms results in the formation of larger covalently bonded fragments. Our first-principle
calculations suggest that such disorder leads to electron doping. Contrary to that, both experimental and
computational findings indicate that in the LisGe, structure, the [Ge,] dimers are slightly oxidized, i.e.,
hole-doped, as a result of approx. 30% vacancies on a Li site, i.e., the actual chemical formula of this

compound is Lis_Ge, (x = 0.3).



1. INTRODUCTION

Since the turn of the 21* century, lithium-ion batteries (LIBs) have become one of the most important
energy storage technologies."'' To meet the increasing requirements of electromobility, the workhorse
graphite-based anodes with a maximum capacity of 372 mAh g™' need to be replaced by materials with an
increased specific lithium uptake.’ To this end, lithium phases with heavier group 14 elements (tetrel = Tt)
become attractive candidates for the development of new anode materials.'*" Since Li-Si materials
suffer from volume expansion during cycling,'*"® Li—-Ge/Sn phases emerge as more promising candidates
for LIBs applications. Yet, to conceive and ultimately make better anode materials, we need to better
understand the structural chemistry of the various Li—Ge and Li—Sn phases that will form upon lithiation

of Ge- and Sn-based anodes.

The introductory part of this article is the rightful place to provide a brief recap of the historical
developments with regard to the Li—-Ge and Li—Sn binaries. The first reports date back to the 1950s and
cover compounds/structures that have been since corrected (e.g., Li;Ge, Li,Ge) . In subsequent years,
more binary germanides were identified, including LiGe,” Li,Ge,,”' Li,Ge,” Li;Ges,” Li,Ge;,. "
Li, 00sGe,” Li;,Ge,,”® Li;sGe,,”” Li;,Ge,,” and LisGe, **. Most binary stannides were worked out in the
1960s and 1970s, including Li,Sns,” LiSn,”” Li,Sn;,”* LisSn,,* Li,Sn,,” Li;;Sns,* and Li,,Sns.” The latter
was reformulated as Lij;sSn, in 2001,” with the revised structure independently confirmed by neutron
powder diffraction studies **. Very recently, Li;Sn was reported as the binary tetrelide with the highest

amount of lithium so far ¥.

The structures of all of the mentioned binaries are found in the ICSD crystallographic database,
however, the reader is cautioned that there are still controversies surrounding them. For example, crystal
structure of Li,Sn; is now understood to be the revised structure of the phase that was previously reported
as LiSn, *'. The cubic structure of Li, Ge; (also referred to as Li,,Ges) was redetermined by Nazar et al. in

2001 *° and also reinvestigated by Fissler et al. * The revisions of the structure noted that the earlier



reports with partially occupied Li sites could not be replicated. Very near the “17:4” composition, another
lithium-rich phase, Li_,;Ge with an orthorhombic crystal structure, was identified and structurally
characterized not too long ago.” Computational work, however, indicates a different ground state for
Li,Ge *, with the possibility for pressure-induced phase transition. Following that, two other high

pressure LiGe phases in space group /4,/amd and space group P6;/mmc were revisited by Evers et al. *'.

There also exist discrepancies in the literature due to “assignment” of structures. For example, in
analogy with the previously known Li,Si, ** that had been reformulated as Li;Si, “** (Li,Si, = Li,Si,,
where partially occupied Li sites change the formula to Li;;Si,), Nesper et al. suggested the existence of
Li;Ge,.” However, full crystallographic details confirming Li,;Ge, are still missing. Griittner et al.,”
upon redetermination of the Li—Ge phase diagram, noted that the phase Li;;Ge,s could not be synthesized
as a part of their work.” Later, Fiissler et al. opined that the structure of Li,;Ge, is “strikingly similar” to
that of Li;MgSis *°, alluding to the possibility that it might be the structure of Li;MgGes which has
erroneously been assigned as Li;;Ges. Technological advancements of the crystallographic
instrumentation and methods over the last few decades could provide the sought after clarity, although it
is recognized that due to its only three electrons, more accurate description of the lithium
positions/occupancies may not be possible, especially in cases where lithium atoms can be mobile within

the structure.

In this paper, we describe our attempts to fully understand the rhombohedral crystal structure of LisGe,,
first identified during the de/lithiation work of the BayGe,; type-I clathrate, done by in-situ synchrotron X-
ray diffraction *. Prior to that, LisGe, was only suggested from computational work by Morris et al.,”’ as
a phase near the bottom of a convex hull and in close proximity to another hitherto unknown binary
phase, the hexagonal Li,Ge;. Although in reference 30, we did a Rietveld refinement and confirmed the
structure of LisGe,, follow up work on the direct synthesis of this phase indicated that the unit cell
parameters vary slightly from sample to sample. Specifically, we note the observation that there is a large

variability of the c-axis parameter, from ¢ = 18.396(9) A, matching perfectly the previously reported ¢ =



18.397(1) A to a value as low as 18.324(2) A. These results indicate that Li;Ge,, most likely, is not a
line compound, a case that could be analogous to LisSi,, which von Schnering et al. showed to host Li
defects.” The existence of Ge defects is another possibility; the hypothesis that the homogeneity range
can be due to Li/Ge disorder is also a viable alternative, brought to light by the demonstration that lithium
atoms can share position with germanium atoms in some structures, such as BagLi,Ge,s_, (x < 5.33),* and

Ba,Li, Ge;,, (x<0.1).%

To distinguish the eventual scenarios Lis_Ge,,, vs Lis Ge,, we decided to reinvestigate the isotypic
LisSn, phase as well, employing the same techniques—single-crystal X-ray diffraction for multiple
crystals, supported by the Rietveld refinement of synchrotron X-ray powder diffraction and neutron
powder diffraction data. The results from the structural work are discussed in the context of the Zintl

51,52

concept, which also proves helpful in rationalizing the structures. Electronic band structure

calculations by means of the LMTO methods are also presented and discussed.

2. EXPERIMENTAL SECTION
2.1 Synthesis.

Samples of Lis_Tt,,, (x < 0.2) (Tt = Ge and Sn) were prepared by fusing the elements together in either
an induction furnace or a regular tube furnace. All work was carried out under protective atmosphere
(argon gas-filled glovebox with O,/H,O levels below 1 ppm) or under vacuum, since both the starting
materials and the products are unstable in air. The elements Li, Sn and Ge were purchased from Sigma-
Aldrich and Alfa Aesar with a purity 299.9 %wt. The surface of Li rod was cleaned with a scalpel blade
immediately before use. The elements were taken in several different ratios close to the stoichiometric
5:2. The elemental mixtures (approx. 0.4-0.5 g in total) were then put into Nb-tubes (1.6-1.7 inch long,
0.375 inch diameter) that were previously welded on one side. After the elements were loaded, the tubes

were subsequently welded shut (under argon atmosphere). The closed niobium tubes were then put into



evacuated fused silica tubes and heat-treated. All the reactions were carried out under identical conditions.
For the germanium samples, using an induction furnace, the following temperature profile was found to
work the best: heating to 923 K (for 30 sec) — 1123 K (for 30 sec) — 1223 K (for 30 sec) — 1273 K (for
8 min) — 1023 K (30 sec), before the furnace was switched off and the specimens cooled to room
temperature. An IR pyrometer was used to measure temperature. For the tin samples, the steps were as
follow: heating to 923 K (for 30 sec) — 973 K (for 30 sec) — 1023 K (for 10 min), before the furnace
was switched off and the specimens cooled to room temperature. When tube furnace was used, the
samples were heated to 1273 K (rate of 100 K/h) for 2 hours, and then cooled to room temperature with a
25 K/h cooling rate. Then, the welded tubes were brought back in the glove box and cut open to recover

the products.

2.2.Single-crystal X-ray diffraction (SCXRD)

Several crystals from different batches were used for the SCXRD experiments. For this purpose,
suitable single-crystals were selected in the glove box, and were cut under dry Paratone-N oil to
dimensions < 0.10 mm. After that, the crystals were scooped by MiTeGen plastic loops and transferred to
the goniometer of a Bruker APEX II diffractometer, equipped with monochromatized Mo Ka radiation, 4
=0.71073 A. Data acquisitions were done at 200(2) K, maintained by a stream of cold nitrogen gas. Data
sets were processed with the SAINT and SADABS software packages. Structure solutions via direct

methods were tried in all possible space groups: the chiral R3 and R32, the non-centrosymmetric R3m,

and the centrosymmetric R3 and R 3m without significant differences. Therefore, the latter was chosen.
Inspections of the data showed no evidence for the existence of spots that can be indexed to unit cells
with larger volumes/lower symmetry. Refinements were done by full-matrix least-squares minimizations
on F* and were carried out with either SHELXL **** or WinCSD.> In the final stages, atomic coordinates

and labels were set to be consistent with previous studies **. It is important to note here that in almost all



structures, every atom in the structure was refined with an anisotropic displacement parameter, including
Li. Only in one of the cases where Li occupancy was refined, the displacement parameter of that atom had

to be treated as isotropic.

CCDC numbers 2340451 to 2340457 contain the full supplementary crystallographic data for the
compounds discussed in this paper. CIF files can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U K., fax +44 1223

336033.

2.3. Neutron powder diffraction (NPD)

Time-of-flight neutron powder diffraction (ToF-NPD) data were acquired at the Spallation Neutron
Source at Oak Ridge National Laboratory on the high-resolution neutron powder diffractometer
POWGEN. Two samples, one germanide and one stannide, each approximately 2.5 g, were loaded in
vanadium cans (8 mm inner diameter), which were sealed with brass gaskets. The high-resolution datasets
were collected at 100 K, covering a d-spacing range from 0.5 to 7 A. The Rietveld refinements were
performed using GSAS-I1.°° Atomic coordinates and labels were set to be consistent with the SCXRD
data. During the Rietveld refinements the scale factor, two profile shape parameters, lattice parameters,
fractional coordinates of the atoms, and their displacement parameters were optimized. We note that the

TOF profile function for POWGEN varies from the standard line shape originally derived for GSAS.”’

2.4. Synchrotron X-ray powder diffraction (SXPD)

The small portions of the prepared powder samples for NPD were set aside, and later used for SXPD.

As stated above, all work was done inside the glovebox and the powders were loaded in Kapton



capillaries with 0.8 mm inner diameter, which were sealed by using wax. The high-resolution synchrotron
powder diffraction data were collected at the Brockhouse High Energy Wiggler beamline of the Canadian
Light Source, Canada using 35.45 keV (0.3497 A) X-ray and a Varex XRD 4343 CT detector. The data

processing and the Rietveld refinements were carried out using the GSAS-II software.>

2.5. Electronic structure calculations

The electronic band structures were calculated using the Stuttgart TB-LMTO-ASA code with the local
density approximation (LDA) exchange-correlation functional.”®” The von Barth-Hedin type of the LDA
functional was employed. To satisfy the atomic sphere approximation (ASA), empty spheres were
introduced where needed.®® The Brillouin zones were sampled with a k-point step of about 0.1 A~
Chemical bonding was interrogated using the Crystal Orbital Hamilton Population (COHP) approach and
Electron Localization Function (ELF).*' Integrations of electron density were performed with the program

Critic2.%

3. RESULTS AND DISCUSSION
3.1 Notes on the synthesis

As noted earlier, there exist some controversies surrounding lithium germanide binaries, both from an

experimental standpoint and from a point of view of computationally predicted ***

phases that lack
experimental validation. To this end, we tried to (re)synthesize several phases with different Li/Ge ratio,
as such: LisGe, (Li/Ge = 1.5), Li,,Geg (Li/Ge = 1.83), Li,Ge (Li/Ge = 2), Li,Ge, (Li/Ge = 2.25), Li,Ge;
(Li/Ge = 2.34), Li;3Ges (Li/Ge = 2.4), LigGe; (Li/Ge = 2.67), Li;,Ge, (Li/Ge = 2.75), Li;Ge (Li/Ge = 3),

Li;;Ge, (Li/Ge = 3.25) and Li,Ge, (Li/Ge = 3.5). In most cases, after examining the products from each

synthesis by PXRD, there appeared to be only peaks from reported phases (Table S1). For example, the



reaction products of the “Li;;Ges” reaction were LisGe, and Li,Ge, (N.B. Li;Ge, and Li;Ge, are the
formulae from the records in the crystallographic database, the actual chemical formulae are Lis_Ge, and

2

Li,_Ge,, as discussed later in this paper). The major product of the “Li,Ge;” reaction was also the
rhombohedral LisGe, phase.” This is not unexpected since Li;Ge; (Li/Ge = 2.33) and LisGe, (Li/Ge =

2.5) are compositionally very close.

Single-crystal X-ray diffraction work was simultaneously commenced to validate the crystal structures,
particularly those that had been reported without displacement parameters and/or with high residuals.
Working with several crystals from what appeared to be a recurring phase in many syntheses, LisGe,, it
became obvious that LisGe, is a phase with a small homogeneity range. The results from four different
refinements for a single-crystal selected from the “7-3” batch are summarized in Table 1; they are a
testament to the difficulties that can be encountered/expected when discerning the best structural model in

similar situations.

Table 1. Selected crystallographic data for Li;Ge, (Mo Ka, A = 0.71073 A; Space group Rgm, no. 166; Z
= 3). The same data set is refined against four different models—model I is with all atoms being fully
occupied; model II is with all atoms being fully occupied and Li and Ge mixed (ca. 99:1(1) ratio) at the
Li site which is showing occupation factor greater than 1; model III is with all atoms being fully
occupied, except for the Li atom on special position 0, 0, O, which had a refined occupation factor

0.63(5); model IV is composed by model II and model III taken together. CCDC code for the latter is

2340451.

Model I I I v

Chemical formula LisGe, Liso31)Ge2gn  Liys)Ge, Li,7hGes o)
fw/ g mol™ 179.88 180.97 177.57 179.01



c/

VI A3

Qcalc./ g Cm%

u(Mo Ka)/ cm™

R, (I>20,)"

wR, (I>20,,)"

R, (all data)®

wR, (all data)®

AQmax;min/ ei.A%

4.4605(3)
18.3243(17)
315.74(4)
2.84

140 4
0.0158
0.0363
0.0182
0.0369

0.47; -0.46

4.4605(3)
18.3243(17)

315.74(4)

2.86

141.5

0.0155

0.0341

0.0178

0.0347

0.46; -0.45

4.4605(3)
18.3243(17)
315.74(4)
2.80

1403
0.0143
0.0310
0.0165
0.0316

0.45;-045

4.4605(3)
18.3243(17)
315.74(4)
2.83

141.5
0.0143
0.0304
0.0165
0.0308

0.45;-043

 R=SIFJ-IFSIF,J: wRy=[S [W(F.~F 2/ [w(F.2)]]", where
w=1/[0°F *+(AP)*+(BP)] and P=(F4+2F7%)/3. A and B are the

respective weight coefficients (see the CIF data).

The last point of discussion with regards to the synthesis concerns the possibility of an inadvertent

crucible material reaction with the Li-Ge melts. It is recognized that Nb containers may react with Ge, in

particular,” producing Nb-contaminated samples. To rule out “crucible effects”, reactions were also

carried out in sealed Ta containers at the same temperature conditions. The refinements of the structure

for such crystals were indistinguishable from those obtained from experiments in Nb tubes, indicating that

the grown crystals are devoid of Nb.

3.2. Notes on single-crystal X-ray diffraction

As evidenced from Table 1, four structural models were tried when fitting the intensity data from

single-crystal X-ray diffraction experiments. In one, Li and Ge are mixed-occupied (ca. 99:1(1) ratio) at

the Li site showing occupation factor greater than 1 (vide infra). In another one, the Li atom on special
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position 3a (at the origin), which had a refined occupation factor 0.63(5), was considered with fractional
occupancy, leading to the conjecture that the phase is off-stoichiometric with respect to Li. In this regard,
we caution that refining the occupancies of such light elements like Li, from X-ray diffraction data alone,
is not an ideal method for ascertaining Li-occupational disorder, even though the displacement parameter
value of the lithium atom at site 3a decreased noticeably when its occupancy was refined (for a multitude
of crystals from different synthetic batches). Importantly, neutron powder diffraction also indicated
improved refinement when the occupancy parameter of this site was freed. Taken altogether, the results
from the refinements show apparent Li deficiency, both from SCXRD and NPD data, with final refined
composition Li,,,Ge,. It is worthwhile mentioning here that almost the same amount of Li defects has
been reported by von Schnering et al. with regards to Li,Si,.* On this note, we also draw attention to
the fact that 1/3 vacancies, particularly in a rhombohedral structure, can be an indicator for the possible
existence of a superstructure with ordered defects—ordering can manifests itself in another rhombohedral
strtucture with altered stacking sequence, or in a reduced symmetry, such as Li;Ge; in the trigonal space

l.47

group P3,21, predicted by Morris et al.”” To date, we have not found an experimental evidence for that.
We also disclose that even though there is a slight improvement of the conventional residuals when Li/Ge

mixing was considered (Table 1, model IV), no statistically significant effect could be inferred from the

refinements.

To better understand the phase behavior and to help us model the disorder present in this structure, we
followed up with several more experiments with nominal compositions Lis_Ge,,,, where x values increase
in increments of 0.1 from x = 0 to x = 0.5. A crystalline rhombohedral phase was the product up to x =
0.2, with single-crystal refinements giving very similar results—there are barely distinct differences
between the refined compositions, yet, judging from the variations in the Ge—Ge distances and the small
improvement of the refinement statistics upon introducing of disorder, they are not stoichimetric LisGe,

(Table 2).
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Table 2. Selected crystallographic data for three more independent Lis_Ge, samples (Mo Ka, 4 =0.71073
A; Space group Rgm, no. 166; Z = 3). Residual values indicated in brackets are from the refinements
where partial Li-occupancy for the Li atom on special position 3a (0, 0, 0) was not considered. All atoms

were refined with anisotropic displacement parameters, including Li.

Chemical formula Li,;,Ge, Li,;)Ge, Li,;)Ge,

fw/ g mol™ 177.80 177.80 177.80

al A 4.4674(6) 4.4674(5) 4.4634(4)

c/ A 18.328(3) 18.324(3) 18.323(3)

v/ A3 316.78(8) 316.71(7) 316.12(6)

Ocae/ & cm™ 2.80 2.80 2.80

u(Mo Ka)/ cm™  140.0 140.0 140.0

R, (I>204)" 0.0200 {0.0213} 0.0168 {0.0177} 0.0176 {0.0189}

wR, (I >20)"
R, (all data)®
wR, (all data)®
A0 maxcmin/ A7

CCDC code

0.0418 {0.0474}
0.0241 {0.0248}
0.0428 {0.0485}
0.87; -0.44

2340452

0.0344 {0.0356}
0.0219 {0.0225}
0.0348 {0.0368}
0.86; —0.82

2340453

0.0346 {0.0403}
0.0202 {0.0214}
0.0353 {0.0409}
0.61;-0.58

2340454

* R=SIFJAFNZIF; wRy=[Z [W(F,~F.))/2[w(F,)*11"?, where
w=1/[0°F *+(AP)*+(BP)] and P=(F4+2F7%)/3. A and B are the
respective weight coefficients (see the CIF data).

For samples with nominal compositions Lis,,_Ge,, where x > 0.3, the crystallinity was poor and suitable
crystals to measure on the diffractometer could not be obtained. By PXRD, the samples were multi-phase
mixtures. This indicates that crystallization of the rhombohedral LisGe, phase is favored in Li/Ge ratios
from ~2.6 to ~2.2, with the optimal being ~ 2.4, i.e., the actual chemical formula of this compound should

be considered as Lis_Ge, (x = 0.3). Li;Ges;, the computationally predicted *' trigonal phase that was

12



targeted can also be expressed as Li,qGe,, which may indicate the ground state structure for this

composition is indeed the Li-defect Lis_Ge, version of the rhombohedral “5:2” phase.

At this point, with the hypothesis for off-stoichiometry in the germanide confirmed, we decided to take
a closer look at the Li-Sn system, where the crystal structure of LisSn, had been known for many years
(although atomic displacement parameters had not been reported in the 1975 paper).”* Not surprisingly,
slightly different non-stoichiometric behavior was quickly discovered. Since Sn is heavier than Ge (and
much heavier than Li), the refinements from SCXRD data of three independent crystals (Table 3) clearly
indicated that on one Li site, Lil, the occupation factor was 2-3 times greater than 1. In the absence of
evidence for a another element in the sample, the model employed for the final refinements had Li and Sn
atoms randomly distributed (up to ca. 88:12(1) ratio). We also note that rhombohedral Lis_Sn,,, phase
only forms in a nicely crystalline form when x value does not approach/exceed 0.1. When x = 0.1, the

reactions yield monoclinic Li,Sn; instead. Given the very close compositions, that is not unexpected.

Table 3. Selected crystallographic data for three independent Lis_Sn,,, crystals (Mo Ka, A = 0.71073 A;

Space group Rgm, no. 166; Z = 3). All atoms were refined with anisotropic displacement parameters,

including Li.

Chemical formula  Lijo62)Sn04  Lisop1)Sna0s  Lisgor)Sna s

fw/ g mol™ 276.55 281.02 292.20
al A 4.7271(10)  4.7203(9)  4.717(3)
cl A 19.727(7) 19.737(5) 19.78(2)
N 381.76(17) 380.85(14) 381.2(6)
Ocae/ & cm™ 3.61 3.68 3.82
u(Mo Ka)/ cm™  98.0 100.7 104.9
R, (I>204)" 0.0375 0.0119 0.0202

13



wR, (I>20,)° 00731 0.0263 0.0466
R, (all data)’ 0.0445 0.0129 0.0217
WwR, (all data)* 0.0749 0.0267 0.0469
A0mwem €A 137;-123  0.51;-0.58 0.90;-1.18

CCDC code 2340455 2340456 2340457

* R=SIFJAFNZIF; wRy=[Z [W(F,~F.))/X[w(F,)*11"?, where
w=1/[0°F *+(AP)*+(BP)] and P=(F4+2F7%)/3. A and B are the
respective weight coefficients (see the CIF data).

3.3. Notes on synchrotron and neutron diffraction data

As noted in the previous section, there are clear variations in the lattice parameters obtained from
SCXRD (Tables 2 and 3). The same differences can be discerned by a quick visual inspection of the
experimental powder patterns (Figure S1 and S2). For instance, one can see the shift of highest intensity
peak on the NPD and synchrotron XRD pattern from that of simulated XRD pattern at d-value of ca. 4 A
for the Lis_Sn,,, phase (Figure S1); shifts of highest intensity peak at d-value of 3.8 A or the peak at
higher d-value of about 6.1 A are also noticeable for the germanide (Figure S2). This is evidence related
to the change in unit cell volume in response to the change in the synthetic conditions, signaling that the

bulk samples also do not have a fixed composition.

Due to the higher Z-contrast between Li and Sn, both single-crystal and powder X-ray diffraction
methods allow for a relatively straightforward interpretation of the probable Li/Sn disorder in Lis_Sn,,,.
Powder neutron diffraction work helped confirm that line of thought. Specifically, joint Rietveld
refinements of the occupancy factor of the Sn atom also give no deviations from 100% for all three
datasets (Figure 1), while refinements of the site occupancy factor (SOF) of the lithium atoms resulted in
unphysical values approaching 200% for the Lil atom in all datasets. For comparison, the occupancy

factors for Li2 and Li3 fluctuated between 87% and 107% with no trend and most importantly with very

14



large estimated standard deviations (e.s.d.). Introducing the statistical admixing of Li and Sn at 6¢ site
(Lil atom) led to much improved R-value. The Rietveld refinements of SXPD and NPD data for Lis_Sn,,,
are complicated due to the few small peaks from an impurity phase. It is difficult to trace the origin of
them, since for preparing the powder samples, we did several sealed-tube experiments containing 0.5 g of
each sample. Later, samples from each batch were ground using mortar and pestle in the glove box to get

sufficient amount to carry out the powder diffraction experiments.
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Figure 1. Rietveld refinement plots of synchrotron powder X-ray diffraction data (left), and neutron
powder diffraction data (right) for Lis_Sn,,,. Few weaker peaks remain unidentified, indicating presence
of small amount of impurity. The refined atomic coordinates and isotopic displacement parameter are

tabulated in Table S2 and S3, respectively.

Structural disorder in the “5-2” lithium germanide is more subtle, as already deduced from refinements
of SCXRD data (Table 1 and 2). Although we do see variations in the unit cell parameters from sample to

sample, the data for the bulk are not presenting an unambiguous picture (Figure 2). Specifically: i)
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Refinements of the SOF of the Li atoms here give no significant deviations above 100%. The largest
unphysical (more than 100%) values were 110-125%, and the e.s.d.’s were large, barely above the 30
threshold; ii) The “heavy” Li atom here was Li2, while in Lis Sn,,,, the offending site was Lil; iii)
Displacement parameter of lithium atom Li3 at site 3a was noticeably larger compared to the other two Li
atoms. Freeing the SOF of Li3 resulted in SOF of about 70% and much improved U, value (based on
NPD data). The conventional residuals also dropped, suggestive of an overall improved fit of the intensity
data to the structural model. Rietveld refinements parameters (Table S2 and Table S3) are in very good
agreement with the SCXRD refinements. One may notice the higher displacement parameter for Li3.
Since this atom is on a special position, it is hard to conclude if positional disorder is the culprit. That can
be possibly resolved by temperature dependent diffraction studies, which was not a goal for this study. At
this stage, one could also consider the possibility of concurrent defects and substitutional disorder—a

parallel could be drawn between the structure under consideration and the structure of the type-I clathrate

64,65

KsLi,Gey sy 50 (0 < x < 2.67; O denotes vacancy).” " If this was the case here, then the actual formula

can be denoted as Lis .[0,Ge,,,,,, where x and y are two independent variables. In the work studying the

KLi,Gey sy 5.4, Liang et al. showed gradual incorporation of Li atoms into the 6¢ site of the Ge

framework, which indicates that the Li and vacant Ge atoms could be considered together on that
particular crystallographic site.” Under those circumstances, the particular elongation of the displacemnt
ellipsoids of the Ge atoms becomes highly informative. From the structural data available at present, we
see nothing unusual with regards to U;; elements, and therefore, can argue that it is impossible to conclude
the presence of other vacancies in the structure, besides those already discussed at the Li3 special

position.
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Figure 2. Rietveld refinement plots of synchrotron powder X-ray diffraction data (left), and neutron

powder diffraction data (right) for Lis_Ge,.

To sum up this discussion we note that a similar structure with Li defects already has a precedent— von
Schnering et al. studied the isotypic silicide Li, ;,Si,” (this corresponds to Li, ;Si,, i.e. Lis_Si, (x = 0.33)),
whose structural intricacies and disorder mirror those of the model that yielded the refined composition
Li,;Ge,. Coincidently, Li,;Ge, = Li,Ge;, the lithium germanide “7:3” phase that had been
computationally predicted not too long ago, and speculated to crystallize in trigonal syngony with the
space group P3,21)*". We will recall that Li;Ge; was what we aimed to experimentally validate in a first
place, since based on delithiation work, Grey et. al. had suggested that latter phase is thermodynamically
more stable than LisGe, (which is viewed as another, intermediate phase).”® Considering the presence of
vacant lithium atoms in LisGe,, which results in the chemical formula Li_, ;Ge,, it is possible, that the
computations that predict stability for Li;Ge; capture a local order in the otherwise globally disordered
Lis_,Ge, phase. If crystallographic ordering were to happen on a longer range, then the 6 times larger unit
cell volume and lower symmetry could allow the rest of the structure to “relax” around the defects.

However, we are unable to see experimental evidence that such ordered structure exists as predicted.
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3.4.Crystal structure and structural relationships

Notwithstanding the disorder described above, the crystal structure is simple, and it is assigned to the

LisTl, type (space group R gm, no. 166; Z = 3; Pearson symbol i#R7). There are four crystallographically
unique positions in the asymmetric unit (Figure 3), including one tin or germanium atom (at site 6¢) and

three lithium atoms (two at sites 6¢ and another at site 3a).

Li3

Li2 @

Li1 Q

Sn

Figure 3. Schematic representation of the rhombohedral crystal structure of Lis_ Sn,,,. Blue and yellow
colors represent the lithium and tin atoms, respectively. The Li/Sn disorder is shown with partial shading

of the Lil atom at 6¢ site. For Lis_Ge,, such Li/Ge disorder cannot be discerned, but there are approx.
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30% defects on the Li special position 0, 0, O (at the origin). The average distances within the dumbbells

are: dg. . = 2.50 A; ds, s, = 2.86 A.

Below we will use the structure of Li_,,Ge, to start the discussion, since the variations from the ideal
“5-2” structure here are less significant compared to the structure of Lis_Sn,,,. The structure contains
Ge—-Ge dimers that are enclosed in a cage of 20 lithium atoms, as shown in Figure 4a. Six Li2 atoms
arrange themselves in a puckered six-membered ring that wraps around the dumbbell. Four Lil and three
Li3 atoms coordinate the Ge atoms on the top and bottom. The Ge-Li distances vary in a wide range,
between 2.58 A and 3.15 A. Li-Li distances also fall in wide range, with some as short as 2.67 A. The
Ge-Ge distances vary from sample to sample (2.4883(9) A to 2.502(1) A), which is another evidence to
support the hypothesis that valence electron count is varied as a result of small changes in the Li3-
occupancy. Additional details concerning dg. . Will be discussed later on. A view of the extended array
of Ge, dumbbells is depicted in Figure 4b. A very similar environment can be seen in the structure of
Li;NaGe,, where Ge—Ge dimers are coordinated by a total of 15 alkali atoms (11 Li and 4 Na atoms).
Notably, the Ge is less-reduced in Li;NaGe,, and therefore, the Ge—-Ge distances are much shorter,

2.390(1), A which was concluded to be a signature of a Ge=Ge double bond.””
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(b)

Figure 4. (a) The Ge, dumbbell, enclosed by an average of 20 Li atoms. Notice that there are six Li3
atoms in the drawing, and considering the 2/3 occupation factor for Li3, a more accurate way to describe
the polyhedron is as being made of 18 Li atoms in total. (b) An extended view of the local environment

of Ge, dumbbells.

Another way to view the crystal structure is to consider it as a stacking sequence of corrugated Li layers
that make a distorted hexagonal packing in the c-direction; Ge-atoms are situated between the layers as
shown in Figure 5a. One should notice that there are two types (Figure S3) of puckered hexagonal sheets
of Li atoms—one with Li atoms residing in the middle of the six-membered ring and another where the
electron density at the center of the ring is contributed by the electrons localized between the Ge atoms
situated above and below. This arrangement bears some similarity with the structure of the quaternary
phase Baln,Li,Ge,,” which also crystallizes in same rhombohedral space group. In the latter structure,
In,Ge4 double-layers with lithium atoms residing within them are found, as shown in Figure 5b, and they
also form puckered hexagonal sheets. In this case, the six-membered ring “halves” the In—In dumbbell.

The much larger Ba atoms are located in the space between adjacent slabs. The arrangement of the Ge
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atoms also builds up a distorted hexagonal close packing making a honeycomb-like structure (Figure 5c),
while lithium atoms in Li;Ge, resemble the distorted hexagonal packing when viewed in the projection of

the c-axis.

o
| JL Hl

(4

(o

-

Figure 5. (a) Structure of idealized LisGe,, viewed as slabs of tetrahedrally coordinated Li (light blue),
where Ge atoms (yellow) are situated. Octahedrally coordinated Li atoms are found between these slabs
and shown without bonds drawn. (b) Structure of BaLi,In,Ge,, also viewed as slabs of tetrahedrally
coordinated Li (light blue). Ge atoms (yellow) and In atoms (maroon) form corrugated layers.
Octahedrally coordinated Ba atoms (green) are found between these slabs and shown without bonds
drawn.. (c) Top views of layer fragments of both structures centered ar z = 1/3. As it may be obvious from
the schematic representations in this figure, rhombohedral Bali,In,Ge, and LisGe, are isotypic (Pearson
symbol hR7, Wyckoff b’a). A different representation (Figure S4) shows BaLi,In,Ge, as a “colored”

variant of LisGe,.
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The Ge—-Ge moieties are common structural motifs in several other Li-Ge phases.”'** For example,
dumbbells are also found in the structure of Li,Ge,, which has been reported to crystallize in the
orthorhombic crystal system with space group Cmcm (No. 63). The structural identification was done
in 1970.%" Another relevant structure is that of Li,Ge,, which crystallizes in an orthorhombic crystal
system with space group Cmmm (No. 65), reported in 1972 *. Without going into the specifics, we want
to mention that both crystal structures are currently being reassessed, and that the full crystallographic

details will be presented in a future article.

Considering that the refined Ge-Ge (2.50 10\) and Sn—-Sn (2.86 10\) distances are close to the sum of the
respective covalent radii (rg, = 1.22 A, rs, = 1.44 10\),(’9 some discussion along the lines of the Zintl
concept can be instructive. Of particular interest are the distance variations as they pertain to deviations
from the ideas of 2-center 2-electron bonding within the Sn—Sn or Ge—Ge dumbbells (Figure 6). For
example, in the structure of LiyGe, (normalized to 1 equivalent Ge, it can be rewritten as Li,,sGe), the
Ge—Ge dumbbells show dg, . of 2.44 AX Upon further reduction by virtue of increasing the Li content,
as in the Lis Ge, structure (for x = 0.3, the formula can be rewritten as Li_, ;sGe when normalized to 1
equivalent Ge), the Ge—Ge bond length increases. One should note that the refined dg. . for several
independent samples vary from 2.4883(9) A to 2.502(1) A, indicative of the varied valence electron
count. The structure of the lithium richer Li,_Ge, (x = 0.5) consists of Ge—Ge dumbbells with isolated Ge
atoms (Figure 6¢). With the Ge atom being even more reduced here, it is not surprising that the dg. g, is
the longest (~2.62 A).22 This progression was also noted in the publication by Grey et. al. in which the in
situ lithiation of Ge anodes was reported to involve gradual increasing of dg. ., which ultimately leads to
breakage of Ge—Ge bonds.®® The suggested therein pathway Li,Ge, (Li,,sGe) — Li,Ge; (Li,;Ge) —
Li,Ge, (Li;sGe) — Li;sGe, (Lis;5Ge, with no Ge—Ge dumbbells) is in line with the previous discussion.
The crystal structures of the LiyGe, and Li;Ge, phases, as mentioned already, are currently being

reassessed by us. At least for the latter, from the structural data in hand, we can affirmatively state that
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Li,Ge, should be considered as Li;_,Ge, (x = 0.5), mirroring the Li-deficiency in Li,_Si, (x = 0.5), which

has also been denoted as Li;Si,.**

dge e =2.48-2.50 A dge_ge=2.62 A

Lis_ Ge, Li,Ge,

Figure 6: Schematic representations of the crystal structures of (a) Li,Ge, (ICSD#25308).,” (b) Lis_Ge,
(this work) and (c) Li,Ge, (ICSD#42063).*' The blue and yellow colors represent lithium and germanium
atoms, respectively. The Ge—Ge dumbbells are indicated by the yellow cylinders and the respective

distances are marked.

The discussion above can be generalized following the Zintl concept. Assuming 2-center 2-electron
interaction within the Ge-Ge dumbbells, the following schemes for partitioning of the valence

electrons in the above mentioned compounds can be proposed:

Li;Ge, = Li;,Ge, = (Li+)14(Ge26")(Ge4")2
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Lisfoe2 = (Li+)4‘7(G624‘77) {fOI’ X= 0.3}
LiGe, = 2x[(Li"),5(Ge,)*)]

As mentioned above, the expectation that as Li content increases, Ge becomes more reduced and bond
order diminishes is followed. In LiyGe,, based on the electron count and the shortest distance
between Ge atoms (Figure 6), the bond order should be close to 2,i.e., [Ge=Ge]", notwhistanding the
excess of 0.5 electron per dimer. A true precedent for [Ge=Ge]* does exist, as noted earlier, in the closely
related Li;NaGe,,”” where dg. . is even shorter than 2.4 A. The other extreme is in Li,Ge,, where the
bond order should be considered to be 1, i.e. [Ge—Ge]*", corresponding to a significantly longer distance
of approx. 2.6 A. The case of Lis Ge, is clearly in between the “end” members. Another example of
intermediate bond order and intricate contribution of Li to s-bonding concerning Ge—Ge bonds is the
structure of Ba,LiGe;, or rather Ba,Li,_,Ge;,,, where the bond order is fractional, with the hexagonal
[Geg]'" units showing characteristics of Hiickel-aromaticity.”” Examples of intermediate bond order in

stannides also exist, with Ca,_Li,Sn,, being just a more recent one.”

One can surmise that in all structures, wt*-contributions to the Ge—Ge bond are expected to increase with
increasing the Li content. A certain degree of covalency of the Li—Ge / Li—Li interactions, which the Zintl
formalism does not capture, must also be considered to account more closely for the observed trend with
regard to the distances. Similarly, bond lengths within the Sn, dumbbells in Lis . Sn,,, phases can also be
correlated to valence electron count. As seen from the refined distances, values of dg, g, are on the order
of 2.86 A. The Li;;Sns phase is another example having Sn—Sn dumbbells which crystallizes in trigonal
crystal system with space group P3ml 2% with dg, g, value of 2.864(7) A. Lis_Sn,,, and Li,;;Sns have ~2 .4
and 2.6 electrons donated to each Sn atom, respectively. For comparison, the structure of the lithium
richer stannide Li,Sn, (3.5 electrons donated to each Sn) shows Sn—Sn dumbbells that are stretched to dg,_
sn = 2.999(7) A The experimental crystal structure of the Li;Sn; phase (Li/Sn = 2.33) ** does not match

that of the computationally predicted Li,Ges, despite the same composition. There are bent Sn;-fragments
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in Li,Sn; (Figure S5) with dg, g, of 2.943(3) A, which may indicate that Sn—Sn interaction in this stannide,

akin to a single bond, ought to correspond to Sn—Sn distance of about 2.9 A or longer.

Another important observation regarding distances here concerns the disorder in Lis_Sn,,,, which was
modeled as statistical admixing of Li and Sn atoms. This means that in the case where tin atoms partially
replace lithium atoms, more convoluted atomic bonding results and one needs to consider the formation
of larger covalently-bonded fragments of tin. The exact nature of those polyanions is unclear since the
refinement suggest up to ca. 8:1 ratio of Li:Sn (Table 3). Nevertheless, the lithium atoms which are
partially replaced by tin atoms and their neighboring atoms will be interacting in a more covalent fashion,
which becomes evident from the distances (Lil1/Sn)—Sn, which are ca. 2.75 A long. Such value is close to
the sum of the covalent radii (r; = 1.28 A, ren = 1.44 10\).69 Considering the refined proportions, the
expected single bond distance can be estimated as [(0.88x ry;) + (0.12x rg,) + rg, = 2.73 A]. For
comparison, distances involving the lithium atoms that are not disordered (Li2 and Li3) are ca. 2.8 A and

longer.

3.5. Electronic structure

Electronic structure calculations were carried out for the idealized (disorder-free) LisGe, and LisSn,, as
well as for ordered models with the compositions Li,,Ges (derived from the refined composition Li_, ;Ge,;
Table 1) and Li 4,Sn; (derived from the refined composition Li_,sSn_,,; Table 3). The former model was
constructed by removing one of the three Li3 atoms (Wyckoff site 3a) from the conventional
rhombohedral unit cell of Li;Ge,. The latter model was generated by replacing one of the six Lil atoms
(Wyckoff site 6¢) by Sn in the conventional rhombohedral unit cell of LisSn,. The resulting composition,
Li,;Sn,;, is somewhat richer in Sn than the experimentally determined composition but a more

reasonably proxy of the chemical bonding relative to LisSn,.
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Figure 7. Total and projected densities of states for the idealized compositions LisGe, and LisSn,.

Total and projected densities of states for the idealized compositions LisGe, and LisSn, are shown in
Figure 7. Both compounds reveal metallic behavior with no discernible (pseudo)gaps in the vicinity of the
Fermi level. The observed picture is different from that in other electronically imprecise Zintl phases,
where actual gaps or dips in the density of states are observed at the electron count corresponding to the
charge-balanced composition. A possible explanation of the observed discrepancy is the combination of

the rather covalent character of the Li—-Ge bonding and the presence of short Li—Li distances. Both these
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factors drive the system away from the ideal Zintl picture where electrons are donated by the
electropositive atoms to the polyanions consisting of electronegative atoms. Analysis of the charge
distribution within Bader’s Quantum Theory of Atoms in Molecules, done by integrating the valence
electron density inside the all-electron density basins, produces the following Bader charges for the two
compounds: Lil (+0.81), Li2 (+0.81), Li3 (+0.83), Ge (-2.03) for Li;Ge, and Lil (+0.81), Li2 (+0.82),
Li3 (+0.83), Sn (-2.04) for LisSn,. These values show a significant degree of covalency for the Li—Ge and
Li—Sn bonding, as indicated by the incomplete electron transfer from the Li atoms. Taking into account
the fact that absolute values of Bader charges are expected to be lower than the ideal ionic charges, it is
evident that the calculated Bader charges for Ge and Sn in Lis7t, lie between the expected formal charges

for single- and double-bonded Tt species.

Figure 8. A fragment of the idealized Li;Ge, crystal structure with the Electron Localization Function

(ELF) shown at the 0.7 isosurface level.
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The most prominent features of the Electron Localization Function (ELF) for both LisGe, and LisSn,
are the clear maxima between the 7t atoms, corresponding to the 77—77 bonding, as well as the lone-pair
features in the vicinity of the Tt atoms (Figure 8, shown here for a fragment of the Li;Ge, crystal structure
at the 0.7 isosurface level). Integration of the valence electron density in the ELF basins yields 0.52 and
0.49 electrons for the 7t-Tt bond attractor in LisGe, and LisSn,, respectively, pointing toward

considerable degree of delocalization of the chemical bonding, not unusual for metals.
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Figure 9. Crystal orbital Hamilton population (COHP) curves for averaged 7t-Tt, Tt+-Li and Li-Li

interactions in idealized compositions LisGe, and LisSn,.

Crystal Orbital Hamilton Population curves (COHP) for LisGe, and LisSn, are shown in Figure 9. Both
compounds exhibit similar bonding features: the strongest bonds (in terms of the integrated COHP per
bond) are the 77Tt bonds, which are underoptimized at the Fermi level due to population of some
antibonding states. This means that these interactions favor hole doping. In contrast, Li—77 and Li-Li

interactions are essentially optimized at Ep. Furthermore, due to the Li—7t and Li-Li bonding and
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antibonding interactions being balanced out in a wide energy range around the Fermi level, these

interactions should be stable with respect to both hole and electron doping.

Analysis of the COHP characteristics for a hypothetical ordered Li,,Ge, structure (a model for the
experimentally observed composition), qualitatively confirms the conclusions derived from the electronic
structure of the idealized LisGe, (Figure S6). Since removal of a small amount of Li can be effectively
viewed as hole doping, it is not surprising that the electronic structure of Li,,Ge, resembles that of LisGe,,
but with the Fermi level slightly shifted down. While this shift has a somewhat stabilizing effect on the
Ge—Ge bonding, a complete optimization of the Ge—Ge interactions is expected to be achieved at the
composition Li;¢Ge,, i.e., with the Fermi level shifted down to the top of the bonding state domain.
However, such a Li-deficient composition may not be experimentally realizable, due to potential collapse

of the structure.
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Figure 10. Calculated total and projected densities of states for Li,,Sn,; (left) and Crystal orbital

Hamilton population (COHP) curves for Sn—Sn, Sn—Li and Li-Li interactions in Li,;Sn, ; (right).
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A notably different picture is observed for the phase with Li/Sn disorder, Li,;Sn,;, modeled by an
ordered super-structure. Here, the departure from the ideal stoichiometry results in an apparent electron
doping (Figure 10), which can be also easily understood by consideration of the formal charges:
Replacement of one Li atom by Sn, would result in a formal charge of O for this introduced Sn atom,
since it would be bonded to four Sn neighbors. However, for the four Sn atoms in the coordination
environment of this substituted position, the formal negative charge will be reduced (by absolute value)
due to the increase of their covalent bond count, so that the overall effect is indeed electron doping.
Although electron doping is expected to have a destabilizing effect on the Sn—Sn bonds, this kind of
compositional change also increases the total number of the Sn—Sn bonds in the structure, which seems to
counteract the destabilization. We would also like to note that, due to the higher Sn content in the
employed model in comparison with the experimental composition, the Fermi level in Li,,Sn, ; crosses a
peak in the electronic density of states. For the experimental composition, the Fermi level is expected to

be located just below the peak.

Thus, one can conclude that non-stoichiometry in Lis7%, can be accompanied by both hole and electron
doping. The former scenario results in the stabilization of the 77—Tt bonding and can be achieved by
creating Li vacancies in the structure, while the latter case involves replacement of Li by 77, which,
despite having a destabilizing effect on the 77Tt interactions, increases the total number of the 7rTt
contacts. At the moment, it is not possible to say which scenario will be favorable in each particular case,
since another important parameter, namely the geometric distortions of the crystal structures upon
different disorder realizations, has not been considered and will require additional experimental and

theoretical work.

4. CONCLUSIONS
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Lithium forms a number of binary and ternary germanides and stannides with unique structures. Many
of them exhibit complex bonding characteristics, and elude proper rationalization by the Zintl-Klemm
concept. Here we revisited the relatively simple structures of the LisTt, (Tt = Ge, Sn) phases based on
single-crystal X-ray diffraction data, together with Rietveld refinements of synchrotron X-ray powder
diffraction and neutron powder diffraction data. By combination of all three methods, we found Li/Sn
disorder in LisSn,, resulting in final chemical formula of Lis Sn,,, (0 < x < 0.15). In contrats, for the
germanide analog, vacancies on one of the Li sites in Li;Ge, were identified, which results in the final

chemical formula of Lis_Ge, (x = 0.3).

The off-stoichiometry and the concomitant varied electron count were found to be in correlation with
the change of bond order within the [7%,] dimers. The latter is evidenced by the change in bond lengths
and the clear the variation of the m-antibonding characteristics. The bond order of [Ge,] is neither 1 nor 2,
which can be inferred from the Zintl reasoning that suggested the following partitioning scheme of
valence electrons (Li%),, [Ge,]*"". The lone-pair features of the [Tt,] anions are also corroborated from the

Electron Localization Function (ELF) calculations.

Analogous structural motifs and chemical bonding is present in the structures of the Li,7t, (Tt = Ge, Sn)
phases, raising the question on possible disorder in the latter cases. Since we found that the Zintl concept
is applicable to understanding the chemical bonding in Lis_Sn,,, and Lis ,Ge,, at least at a basic level, it
will be interesting to see if it will yield the same results for the Li-richer phases. In that note, we recall
that the Zintl concept could not provide deeper insights as to why the stannide with the*5-2” structure
exhibits Li/Sn disorder, while Li-defects exist for the germanide. Therefore, follow-up work studying

Li,_Tt,,, vs Li;_Tt, scenarios is anticipated to shed more light on this problem.
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From comprehensive experimental work and DT calculations, it is established that Li/Sn disorder in
LisSn, exists, resulting in a chemical formula of Lis_Sn,,, (0 < x < 0.1). For the germanide analog,
vacancies on one of the Li sites in Li;Ge, were identified, which results in the final chemical formula of
Lis_Ge, (x = 0.3). The off-stoichiometry and the concomitant varied electron count are in correlation with

the change of bond order within the [Ge,] and [Sn,] dimers.
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