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I’d put my money on the sun and solar
energy. What a source of power! | hope we don’t

have to wait until oil and coal run out before we
tackle that.

Thomas Edison, 1931
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Zusammenfassung

Seit einigen Jahren wird der Einsatz von Silicium als Anodenmaterial fir Lithium-lonen-Akku-
mulatoren diskutiert, um den steigenden Leistungsanforderungen durch Erhéhung der Kapa-
zitat gerecht zu werden. Im Vergleich zu herkémmlichen, mit Graphit als Anode betriebenen
Akkus kann ein massiver Kapazitatsgewinn durch Bildung der lithiumreichen Phase LisSis
erreicht werden, wobei in einigen Fallen auch die Bildung von LixSis oder Li»Sis postuliert
wird. Ungeachtet der Bedeutung des damit eng in Verbindung stehenden Phasensystems
Li-Si, insbesondere des lithiumreichen Teils, waren bislang grundlegende Charakteristika nur

unzureichend untersucht.

Im Rahmen der vorliegenden Arbeit wurde das Li-Si-Phasendiagramm im Bereich
> 76 at.% Li mittels dynamischer Differenzkalorimetrie neu bestimmt und deutlich verbessert.
Voraussetzung hierfur war die Identifizierung und zweifelsfreie strukturelle Charakterisierung
aller zugehdrigen (lithiumreichen) Phasen. Im Einzelnen wurden durch réntgenographische
Untersuchungen an Einkristallen Li1sSis und LissSis, das fehlgeordnete Hochtemperatursilicid
Li16.4Sis sowie die lithiumreichste Phase des Systems Lii7Sis charakterisiert. Letztere 16st das
bislang als lithiumreichstes Silicid beschriebene Li»;Sis (Li16.sSis) ab. Die Struktur von Lis3Sis
wurde auf Grund von Diskrepanzen zwischen berechneten (auf Basis vorheriger Einkristallda-
ten) und experimentellen Réntgenpulverdiffraktogrammen von Li13Sis neu bestimmt und deut-
lich verbessert. Geeignete Einkristalle, insbesondere im Falle der ersten Einkristalle zur
metastabilen Phase LiisSis, wurden gréBtenteils durch Zichtung mittels Metallbadtechnik
(Li-Uberschuss bzw. ,Li-Flux®) erhalten. Entscheidender Bedeutung zur Revision des Li-Si-
Phasendiagramms wird der Entdeckung der neuen Phase Lis.4Sis beigemessen. Das thermi-
sche Zersetzungsverhalten der oberhalb von 170 °C nicht mehr stabilen Phase LisSis wurde
zudem eingehend untersucht. Dabei spiegelte die Phasenzusammensetzung der Zerset-
zungsprodukte ab 400 °C den Verlauf des neu etablierten Li-Si-Phasendiagrams exakt wider.
Zwischen 170 °C und 300 °C zersetzt sich LiisSis in Li17Sis und eine teilamorphe, nicht identi-
fizierte Phase. Die Dotierung von LiisSis mit geringen Mengen Al im Sinne von Lis_.ALSis
(0.4 < x < 0.8) flhrt jedoch zu thermodynamisch stabilen Produkten, die sich in einem rever-
siblen Prozess ab ca. 700 °C zersetzen. Die Ausweitung der Untersuchungen auf das System

Li-Ge fUhrten zur Charakterisierung der schwereren Homologen Lii7Ges und Lits4Ges sowie



Zusammenfassung

zur Neubestimmung des Phasendiagramms im Bereich > 79 at.% Li. Im Zuge dessen wurde
auch die Mischbarkeit der isotypen Phasen Lis;Sis und Li;7Ges untersucht. Hier wurde die
Gultigkeit der Vegard’schen Regel fir die festen Losungen Lii7Sis-xGeyx [x = 2.30(2), 3.08(4),
3.53(3)] gezeigt.

Ein weiterer Fokus dieser Arbeit liegt auf der Synthese neuer Phasen im System
Li-B-Si sowie der Elementmodifikation allo-Si, von denen angenommen wird, dass sie inte-
ressante Charakteristika hinsichtlich ihres Einsatzes als alternative Elektrodenmaterialien be-
sitzen. Die Reproduktion der Synthese des Si-Polymorphs allo-Si durch Oxidation der Phase
LisNaSis fiihrte zu amorphen Produkten (a-allo-Si). Starke Ahnlichkeiten der Pulverréntgen-
beugungsdaten von allo-Si aus friiheren Arbeiten und NbSi, deuten auf eine irrtimliche Pha-
senzuordnung auf Grund einer NbSi,-Verunreinigung hin. NbSi; kann aus der Reaktion des
Ampullenmaterials Nb mit a-Si bei der Synthese der Vorstufe LizNaSis hervorgehen. Eine Ana-
lyse der Phasenumwandlungstemperaturen (amorph-zu-kristallin) verschiedener a-allo-Si
Proben zeigte eine starke Schwankung in einem Temperaturbereich von 487-565 °C auf. Im
Gegensatz dazu wandelt sich herkdmmliches, vollstandig amorphes Si (a-Si), hergestellt aus
Li1sSis durch Li-Extraktion mittels fllissigem Ammoniak, bei héheren Temperaturen um
(~660 °C). Jedoch lasst sich dieser Unterschied auf einen hohen Anteil von a-Si Kristalliten
und damit Kristallisationskeimen in a-allo-Si Proben zurlckfihren. Nach eingehenden Unter-
suchungen war keine eindeutige Differenzierung zwischen a-allo-Si und a-Si moéglich, so dass
die Existenz des Si Polymorphs allo-Si gemaB dem in der Literatur beschriebenen Synthese-
verfahren nicht bestétigt werden konnte. Im Zuge der Untersuchungen von festen Lésungen
LisNa(Si1-xGex)s als Vorstufe fir allo-Si;_.Ge, wurde des Weiteren die neue Zintl-Phase
LiisNaGe47 rontgenographisch am Einkristall charakterisiert. LiisNa.Ge+- ist eines der wenigen
Beispiele von Zintl-Phasen, welches drei verschiedene Anionensorten in seiner Struktur ver-
eint (Ge*, [Ged]*, [Geiz]'®).

Bei systematischen Untersuchungen des Systems Li-B-Si wurde in einer Reihe von
Hochdruck- und Hochtemperaturexperimenten die Zintl-Phase LiBSi, synthetisiert. LiBSi, be-
sitzt ein einzigartiges, geordnetes B-Si Netzwerk bestehend aus zueinander senkrecht ste-
henden, mit Li gefiilliten Kanélen. Auf Grund der noch nicht beschriebenen Topologie wurde
das Netz mit ,tum* bezeichnet. Die Einbettung von Li Atomen in die kanalartige Geruststruk-

tur lassen weiterfuhrende elektrochemische Untersuchungen an LiBSi. attraktiv erscheinen.



Abstract

In the last years silicon was particularly discussed as new anode material for lithium-ion bat-
teries since it potentially could cope with the increasing demand for enhanced battery capac-
ities. Compared to graphite being universally used in commercially available lithium-ion bat-
teries, a massive capacity extension based on the formation of the lithium-rich phase LisSi4
can be achieved. In some cases Li»Sis or Li>1Sis were postulated instead of LisSis. Despite
the great significance of the closely related Li-Si phase system, fundamental characteristics

of the Li-Si phase diagram have not been elucidated adequately prior to this work.

In the course of the present thesis, the Li-Si phase diagram (> 76 at.% Li) was redeter-
mined comprehensively and revised considerably by differential scanning calorimetry. This
requested for the identification and unambiguous structural characterization of all phases in
the respective lithium-rich section. In detail, the phases Li3Sis, Li1sSis, the disordered high-
temperature silicide Liss4Sis, as well as the lithium-richest representative of the Li-Si system
Li1zSis were characterized by single crystal X-ray diffraction. The latter replaces the previously
reported lithium-richest silicide Li»1Sis (Li1ssSis). Because of discrepancies between calculated
(on the basis of previous single crystal data) and experimental powder X-ray diffraction data
of LissSi, its structure was redetermined and improved markedly. Suitable single crystals, in
particular the first crystals of the metastable phase LisSis, were mainly obtained from melt
equilibration experiments (Li excess melts, “Li-flux”). Concerning the revision of the Li-Si
phase diagram, the discovery of the phase Li4Sis is ascribed a key role. Moreover, the ther-
mal behavior of LiisSis which is not stable above 170 °C was investigated intensively. Thereby,
the phase compositions of decomposition products exactly follow the newly established
Li-Si phase diagram at temperatures higher than 400 °C. Between 170 and 300 °C, LissSis
decomposes into Lii;Si, and an unknown, weakly crystalline phase. However, replacing small
amounts of Li with Al corresponding to Lis_xAlSis (0.4 < x < 0.8) led to thermodynamically
stable phases which possess thermal stability of up to 700 °C. The decomposition process
has proven to be reversible. Extending the studies to the Li-Ge system, the heavier homo-
logues Lii;Ge4 and Liis4Ges could be characterized. This led to a rigorous redetermination of
the respective section of the Li-Ge phase diagram (> 79 at.% Li), too. In this regard, the
miscibility of the isotypic phases LiizSis and Li;7Ges was investigated. Accordingly, the solid
solutions Li17Sis—«Gey [x = 2.30(2), 3.08(4), 3.53(3)] obey Vegard’s law.



Abstract

Moreover, this work focuses on the synthesis of new phases in the Li-B-Si system as
well as the synthesis of the Si polymorph allo-Si since these might serve as interesting anode
materials. Attempts to reproduce the synthesis of the Si allotrope allo-Si through oxidation of
the ternary phase LizNaSis solely yielded amorphous products which were correspondingly
denoted as a-allo-Si. Moreover, the powder X-ray diffraction data reported for allo-Si bear
striking resemblance with NbSi; and thus indicate an erroneous phase assignment due to an
NbSi, impurity. NbSi, may originate from a reaction of the ampule material Nb with a-Si during
the synthesis of the LisNaSis precursor. An analysis of the amorphous-to-crystalline phase
transition temperatures of a-allo-Si revealed a strong fluctuation between 487 and 565 °C. In
contrast, conventional amorphous Si (a-Si), which was obtained by Li extraction from LisSi4
using liquid ammonia as solvent for Li, is transformed into a-Si at around 660 °C. However,
the difference between a-Si and a-allo-Si can be attributed to large concentrations of a-Si
crystallites and thus crystallization nuclei in a-allo-Si samples. Since comprehensive investi-
gations did not reveal an unambiguous differentiation between a-allo-Si and a-Si, the exist-
ence of the Si polymorph allo-Si according to the reported synthesis could not be confirmed.
In the course of investigations on the solid solution behavior of LisNa(Sii_«Gey)s conceived as
precursor for allo-Sii_Gey, the new Zintl phase LiisNa.Ges7 could be identified and character-
ized crystallographically. LiisNa-Ge7 is one of few Zintl phases whose structure comprises of
three different Zintl anions (Ge*-, [Ge4]*, [Ge12]'%).

Explorative investigations in the Li-B-Si system using a high-pressure high-temperature
synthesis technique led to the discovery of the novel Zintl phase LiBSi.. It possesses a unique
and strictly ordered B-Si open tetrahedral framework comprising mutually orthogonal
channels hosting Li atoms inside. Since its network represents a not yet described topology
it was named “tum”. Owing to the fact that Li atoms are embedded in the channel-like frame-
work structure of LiBSi,, consecutive electrochemical investigations on LiBSi, seem to be very

attractive.
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Chapter 1

Introduction

1.1 Lithium-lon Batteries

“Sustainable development is development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs”.! This quotation, taken
from the report of the World Commission on Environment and Development (“Our Common
future”, 1987), may certainly be seen as a well-founded definition of “sustainable develop-
ment”. Nowadays, we are confronted with a massively increasing demand for energy which
concomitantly causes severe environmental problems since fossil fuels are still the major
source of energy. Therefore, the citation may better be perceived as an insistent calling for
renewable energy sources, an environmentally compatible production of energy and, in par-
ticular, efficient energy storage. The latter aspect is certainly accommodated by the recent
concept of “electromobility”, which has been intensively funded over the last years. Therein,
research on novel energy storage materials and systems plays a decisive role.

In this field, a main focus is the development of efficient high-capacity lithium-ion bat-
teries (LIBs). Analyzing the electrical energy that can be stored in different battery systems,
i.e. the gravimetric and volumetric energy densities as functions of cell potential and capacity,
it is clear that LIBs receive significant attention (see Figure 1.1). Going back in history of Li
batteries, primary Li cells (nhon-rechargeable) were already developed more than 50 years ago
in 1962.%° One decade later, the first primary lithium-ion battery (Li metal anode, MnO, cath-

ode, liquid electrolytes) became commercially available by SANYO INC. in 1972.23
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Figure 1.1. Volumetric and gravimetric energy densities of various battery systems. The figure was

modified on the basis of ref. 2.
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Figure 1.2. Functionality of a lithium-ion battery operating with a LiCoO: cathode, a graphite anode
and a non-aqueous liquid electrolyte (typical lithium-ion secondary battery as introduced by SONY
CORP. in 1991).
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In case of rechargeable Li metal based lithium-ion batteries, the limits were soon encountered.
The combination of Li metal/liquid electrolytes led to an irregular/uneven growth of Li on the
Li metal anode surface after each charge-discharge cycle. The resulting growth of dendrites
and their extension through several charging/discharging processes caused short circuits
leading to cell overheating and battery explosions. The severe safety issues consequently
fueled numerous work in the following years. Finally, this problem could be overcome using
graphite as the new anode material of choice since on the one hand Li can be reversibly
intercalated into the graphite layers at a low potential versus Li/Li* (0.25 V) and on the other
hand, the formation of dendrites was circumvented.* Furthermore, the increase in potential
when employing a graphite anode instead of Li metal was compensated by high-voltage
cathode materials (LiMO, with M = Cr, Co, Ni; LiMn,0,).° In 1991, SONY CORP. commercialized
the first lithium-ion secondary batteries (graphite anode, LiCoO, cathode, porous polypropyl-
ene (PP) separator foil, non-aqueous liquid electrolytes, e.g. ethylene carbonate (EC) and pro-
pylene carbonate (PC) as solvent and LiPF; as conducting salt).2® The functionality of such a
battery is depicted in Figure 1.2. Because of the rocking intercalation and deintercalation pro-
cesses, LIBs are commonly known as “shuttle-cock” or “rocking-chair” batteries.?® Examples

of different types of commercially available LIBs are shown in Figure 1.3.

a) Liquid electrolyte C)
) > \ Cell can s
- Separator
Li1,,Mn05 Al =S _—
Separator X Liquid electrolyte
Carbon&;
~—
= < Cell can
A 341W
3.8V ) i \Separator 1.1Ah 6
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’ Carbon Li;;,Mn,0,
Separator
Al Mesh
b) Liquid d) /+Plastic electrode
electrolyte N (Cathode)
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Figure 1.3. Schematic drawings of different lithium-ion battery geometries: a) cylindrical, b) coin,

c) prismatic, and d) thin/flat. The figure was adopted from ref. 7.
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Regarding the improvements of the lithium-ion battery technology, three main fields
have to be considered inevitably: i) electrolytes, ii) cathode and iii) anode materials. In princi-
pal, desirable cathode and anode materials are those which possess high and low potentials
versus Li metal (i.e. high and low open-circuit voltages (OCVs) when cycled against Li) at high
rate capabilities and high specific capacities (volumetric and gravimetric, see Figure 1.1). Fur-
thermore, Li insertion and extraction should be reversible (cycle life). Concomitantly, it has to
be ascertained that electrolytes are stable within the operating voltage range to prevent their
oxidation or reduction. Safety and toxicity aspects are of further importance. In the following,

developments and viable improvements of anode materials are addressed.
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Figure 1.4. a) Theoretical specific (gravimetric) capacities and b) according volume changes of selected

group 13 (Tr) and group 14 (Tt) elements based on the formation of the respective phases (LiBo.ss,®
xF 10 .
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M = molecular mass, p = density, n = amount of substance).

As can be seen in Figure 1.4a, the theoretical gravimetric capacities of diverse group 13
(triel = Tr) and 14 (tetrel = Tt) elements based on the formation of the lithium-richest repre-
sentatives in the Li-Tr and Li-Tt system (prior to this work), respectively, impressively exceed
the one of graphite (372 mAhg™"). Just recently, Sony commercialized enhanced LIBs operat-
ing with Sn-based anodes (NEXELION™ cells).’ Most notably, B and especially Si are out-
standing candidates owing to their low weight. Because of its natural abundance, the use of
Si would additionally be advantageous. However, large volume changes during charging and
discharging processes as indicated in Figure 1.4b cause severe problems, especially in case

of a Si anode. The charge-discharge induced “breathing” of such active materials leads to a

4
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contact loss of metal electrodes, a pulverization of active material and finally massive capacity
fading during the first cycles.'® These problems were countered by several suggestions, e.g.
reducing the voltage range over which the cell is cycled,'”'® employing Si-C composites to
compensate for the large volume changes,®?° and the use of nanostructured Si anodes.?'?

Besides, a fundamental understanding of processes in Si-based lithium-ion batteries
during charging and discharging is crucial. Limthongkul et al.?*2?* have shown that a previously
crystalline Si anode undergoes complete amorphization when cycled against Li. None of the
known thermodynamically stable Li-Si phases, that were Liz1Sis,'? Li13Sis,?® Li7Sis,?® Li12Siz,?"*®
and LiSi*® by then, were formed directly by alloying Li and Si electrochemically. In 2004,
Obrovac and Hatchard investigated structural changes in silicon anodes and discovered the
new metastable phase LiisSis using ex-situ and in-situ X-ray diffraction methods, respec-
tively.'®3° Depending on the applied discharge voltage, LiisSis crystallizes from amorphous
Lis7sSi corresponding to a specific capacity of 3579 mAhg~'. Remarkably, the use of nano-
structured Si anodes completely suppressed its crystallization.®® Moreover, Kwon et al.®
demonstrated that the maximum capacity due to the formation of Li»:1Sis can be extended to
4008 mAhg" at elevated temperatures (T > 100 °C).

Generally, when structural changes in Si anodes during Li insertion/extraction are stud-
ied, conventional methods such as X-ray diffraction due to the electrochemically driven amor-
phization deliver sparse information. Therefore, alternative techniques had to be employed.
To this end, structural changes in Si anodes upon lithiation were monitored using in-situ/ex-
situ solid state NMR techniques.®** It was shown that the local structure of amorphous
phases resembles that of crystalline ones (Li»Si7, LizSis, Li13Sis, Li1sSis). For that purpose and
because of the complexity of the (de)lithiation processes, an unambiguous structural charac-

terization of Li-Si phases and their assignment in the Li-Si phase diagram is essential.

1.2 Lithium-Rich Intermetallics

As highlighted in the previous chapter, phases of the binary system Li-Si and heavier homo-
logues are of significant importance when novel anode materials for LIBs are discussed. In
general, these phases belong to the family of “intermetallics” or “intermetallic phases” com-
prising of two or more (semi)metallic elements in a homogenous compound possessing either
a certain composition (line phases) or a homogeneity range. Their crystal structures differ from
those of the constituting elements. Consequentially, a slew of different structures may be
obtained from literally endless possible element combinations. Note that more than 80% of

naturally occurring elements in the earth crust are either metals or semimetals and thus the
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term “intermetallics” is rather wide-ranging than specific. Except for Zintl phases (see Chapter
1.3), there are no universally valid rules to explain structures and compositions which in most
cases do not correspond to the valences of the involved elements. Some phases can be
classified according to their valence electron concentration (VEC = sum of valence elec-
trons/number of atoms) or composition, i.e. Hume-Rothery- and Laves-phases, respectively.
Lithium-rich phases of the Li-Tt (Tt = Si, Ge, Sn, Pb) systems can be classified more specifi-
cally as polar intermetallics. In general, this class of compounds comprises electropositive
metals and electronegative (semi)metals. Again, structures and compositions cannot be de-
duced from simple electron counting rules and are frequently rather complex (exception: Zintl
phases).

Regarding their use as high-capacity anode materials in LIBs, considerable importance
is ascribed to lithium-rich polar intermetallics providing high specific capacities. In this regard,
the aforementioned representatives of the binary systems Li-Tt (Tt = Si, Ge, Sn, Pb) are very
promising, in particular, lithium-rich phases of the Li-Si system (see Figure 1.4). The Li-Ge
system receives less attention since it is greatly outperformed by the Li-Si system. In terms
of crystal structures, Li silicides and germanides provide an intriguing variety of different
structure motifs. For instance, 3-bonded Si atoms forming a defect diamond structure in LiSi*®
(high-pressure phase, isotypic with LiGe3*3® which is obtainable at ambient pressure), planar
Si 4-stars and 5-rings in Li2Si; (Li12Ge7),?"?® 2-, 3-, and 4-bonded Ge atoms in polyanionic
layers 2[Ge1,]"~ of Li;Ge12,%® or Si-Si dumbbells in Li;Sis (LizGes).?>*® With respect to anode
materials, the lithium-richest candidates, LiisTt,'®%%4° and LixTts (Tt = Si, Ge),'**' are most
important, though. Their structures exclusively bear isolated Tt atoms embedded in Li matri-
ces. Going from Tt-rich to Li-rich Li-Tt phases, the anionic Tt substructures are closely related
to Li-Tt ratios and compositions, respectively. Li uptake directly translates to successive
bond-breaking and therefore it is clear that highly Li-containing phases solely comprise iso-
lated Tt atoms in their structures.

Remarkably, despite their significance for recent LIB research, properties of lithium-rich
Li-Tt (Tt = Si, Ge) phases at both fundamental and applied levels are not yet conclusively
characterized. Recent examples in literature are surprisingly rare. In particular, the composi-
tions of the lithium-richest representatives are controversially discussed, e.g. LixTts
(Li176Tts),*>* Lio1 Tts (LitesTta),"®*" LinoTts (LiteTts),%8** or Lite.9sGes.'® Additionally, thermodynamic
properties are sparsely investigated, the decomposition characteristics of metastable LisSi,
are barely studied, older structure reports need to be subject to review, and other phases
even seem to have disappeared. Relating to these aspects, both the Li-Si and Li-Ge phase

diagram, at least at the lithium-rich end, are unreliable and need a fundamental clarification.
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1.3 Zintl Phases and Open-Tetrahedral Frameworks

Another important class of compounds are Zintl phases.**” These are formed by electropo-
sitive alkaline, alkaline earth or rare earth metals (A/Ae/Re) and p-block (semi)metals (E). As-
suming a full electron transfer from A/Ae/Re to E, the structures of the “salt-like” compounds
can be explained as follows: i) the number of bonded neighboring atoms in the anionic sub-
structure E follows the 8-N rule (two-center, two-electron bonds), ii) the structures of E cor-
respond to those of elements with the same valence configuration (pseudoelement concept).
In case of cluster compounds, cluster shapes and the electron count can be explained ap-
plying Wade’s rules.®® Thus, various anionic substructures may be realized by Zintl phases,
e.g. isolated atoms (Ca,Si:*° Si*), Cl,-like dumbbells (BaMg.Si»:*° [Si,]®), deltahedral clusters
(Ki2Gei7:®' [Ged*, [Geg]*), large cages (Li-RbGes:®® [Geq]*, [Gerz]'®), polyanionic layers
(Li7Ge12:%%%" 2[Geq2])™, LisNaSis:*® 2[Sig]*), or three-dimensional networks (LiSi:* Si). Relating
to the Li-Si system, LiSi is the only representative whose structure is in unambiguous agree-
ment with the Zintl concept. For others, a Zintl-conform description is difficult or even impos-
sible.*! Regarding the properties of Zintl phases, they are semiconductors with small band

gaps and represent stoichiometric compounds.
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Figure 1.5. Examples of open tetrahedral frameworks realized from Zintl phases and group 14 elements
emphasizing cages and channels. Symbols for nets follow either the zeolite code or the RCSR identi-

fiers.® The figure was modified on the basis of ref. 55.
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Moreover, E atoms in Zintl phases may also realize open tetrahedral frameworks (Zintl
phase OTFs), an intriguing structure family which has received great attention for thermoe-
lectric and superconducting properties of its representatives.®**® Generally, OTFs possess
large and separated cages (clathratic frameworks) or channels (zeolitic frameworks). Zintl
phase OTFs are composed of tetravalent group 14 elements (Tt = Si, Ge, Sn and mixtures
thereof) and trivalent group 13 elements (Tr) representing tetrahedral nodes (host structure).
The electron deficiency of the latter is balanced by electrons being completely transferred
from electropositive metals (M) which are located in the cavities (Quest atoms). Consequently,
OTFs can formally be considered as (4b-Tt), = (M*)m(4b-Tt)r-m(4b-Tr)m (4b = four-bonded).

The most prominent OTF representatives are clathrate-l (mep®¥) and clathrate-Il (mtn)
structures such as K7B7Sise,*® KsZNniSn4:*° and AsNaieSiizs (A = Rb, Cs, Ba),’"% Na,Siis6,% re-
spectively (Figure 1.5). Others are zeolitic frameworks as realized by hP-Na,ZnSns (unj),%
tI-Na,ZnSns (unj),** and Eu,GasGes (CAS).> Remarkably, except K;B;Sis, OTFs involving B
and C atoms are not known. Additionally, OTFs enclosing Li atoms at guest positions have
not been described yet since suitably small cages may only be realized by host structures
comprising the aforementioned light second row elements.®® Such phases, however, might
possess interesting physical and chemical properties.®”¢® Notably, it was shown just recently
that the clathrate-ll compound Na,Sizs (x — 0) can be lithiated electrochemically.®

Beside Zintl phase OTFs, OTFs of group 14 allotropes have always received significant
attention. In particular, the variety of physical and chemical properties of a single element
arising from different element modifications, e.g. the carbon allotropes diamond, graphite,
and fullerenes, fueled a slew of experimental and theoretical studies. For instance, the porous
structure Ge-cF136 (clathrate-Il structure) was synthesized via polymerization and oxidation
of [Geg]* Zintl anions (NasGey) in ionic liquids.” Additionally, various mesoporous Ge-based
materials like cubic gyroidal MSU-Ge-1,"" hexagonal MSU-Ge-27? and NU-Ge-1"® were ac-
cessible by either a metathesis reaction of the Zintl anions Ge* (Mg.Ge)/deltahedral cluster
units [Geg]*~ (KsGes) with GeCl, as linking agent or an oxidative polymerization of [Geo]* (KsGey)
without GeCls. These reactions were carried out in the presence of structure-directing cationic
surfactants. Hexagonal nanoporous Ge could be prepared from an oxidative coupling of linear
polymer chains 1[Geq]*~ (K:Geg) with ferrocenium hexafluorophosphate in a surfactant/ethy-
lenediamine solution.” Moreover, the Ge allotrope m-allo-Ge (Figure 1.5) was obtained from
a mild oxidation of Li-Ge:,, a phase that possesses two-dimensional polyanionic slabs
2[Ge+2])"~ which are separated by Li atoms.?¢*"7% Interstitial Li is deintercalated by treatment of
Li-Ge1» with protic solvents retaining the topology of these layers under interlayer Ge-Ge bond

formation. At temperatures between 150 and 300 °C m-allo-Ge transforms into another
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allotrope, 4H-Ge (Figure 1.5).%57¢ Similar to Ge, an allotropic form of Si named allo-Si origi-
nates from an analogous oxidation of the phase LisNaSis consisting of polyanionic layers
Z[Sie]° separated by Li and Na atoms.*® However, the reaction yields poorly crystalline prod-
ucts not allowing a comprehensive structure determination by X-ray diffraction methods. To
date, its structure has remained unknown and some structure models for allo-Si were pro-

posed by quantum chemical calculations.””

1.4 Scope and Outline

The significance of binary lithium-rich tetrelides (LiTt, phases, x >> y), open tetrahedral frame-
works (OTFs) involving light elements in the second row of the periodic table, i.e. Li, B and C,
as well as the chemistry of allotropic forms of group 14 elements was highlighted in Chapters
1.1-1.3. These topics, both on fundamental and applied levels, are part of recent research on
cutting-edge materials which are ascribed a high potential for future applications such as
next-generation lithium-ion batteries or thermoelectrics. Despite that fact, essential questions
and issues as briefly commented afore have not been addressed prior to this work and some
intriguing fields are not or rather sparsely investigated.

In this regard, this thesis makes an important contribution and opens further perspec-
tives toward new materials in these fields of research. In detail, despite the great significance
of the Li-Si system for LIB research, in particular of the lithium-richest representatives such
as LiisSis and LixsSis, fundamental questions are still unanswered and a comprehensive
characterization of the lithium-rich section of the Li-Si phase diagram (mole fraction Li
> 76 at.%) is more than overdue. Open issues are the composition of the lithium-richest
phase, the sparsely studied decomposition behavior of metastable LisSis and the influence
of dopants, the (non)existence of a previously proposed phase Li,Si (Zintl phase), a critical
review of structures, and the thermodynamic relation of all involved phases. In this regard, the
compositions, structures and the thermodynamic relation of representatives of the Li-Ge sys-
tem also need a fundamental and comprehensive clarification. Therefore, a rigorous redeter-
mination of the Li-Si and Li-Ge phase diagram was carried out with differential scanning
calorimetry investigations employing samples with systematically different compositions.
Large single crystals of lithium-rich phases for X-ray diffraction studies were grown from equil-
ibrated melts (Li concentrations > 85 at.%, “flux method”) and separated by isothermally cen-
trifuging off excess melt at various temperatures. Powder samples of metastable LisSis were
synthesized by ball-milling and investigated intensively with regard to the thermal behavior of

Li1sSis. The combination of DSC investigations, melt equilibration experiments, structural
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characterization by single crystal X-ray diffraction and long-term annealing of various samples
at different temperatures (phase composition analysis by powder X-ray diffraction) allowed a
fundamental revision of the Li-Si (mole fraction Li > 76 at.%) and Li-Ge (mole fraction Li
> 79 at.%) phase diagrams (Chapters 3.1.2 and 3.1.4). The aforementioned methods com-
bined with energy dispersive X-ray and NMR spectroscopy were applied for the characteri-
zation of Al-doped variants of Li1sSis (Li1s-xAlSis) and studies on the solid solution behavior of
the lithium-richest representatives of the Li-Tt (Tt = Si, Ge) systems (Chapters 3.1.3 and 3.1.5).

Another focus is set on OTFs realized by Zintl phases and group 14 elements. In detail,
Zintl phase OTFs involving light second row elements and allotropic forms of Si are of
particular interest since they might serve as potential electrode materials in LIBs. Therefore,
the Li-B-Si system was studied and the synthesis of the Si polymorph allo-Si which was first
reported in the 1980’s came under scrutiny in the course of the present thesis. Another moti-
vation for the reinvestigation of the formation of allo-Si is the fact that a structure has not been
determined from X-ray diffraction experiments as yet. Hence, the oxidation of LisNaSis to
allo-Si was performed under inert gas atmosphere at various conditions (e.g. slow or fast
oxidation, different morphologies of the LisNaSis precursor). In comparison, the extraction of
Li from Li1sSis using liquid ammonia as solvent for Li was also investigated. Products from
both oxidation reactions were characterized comprehensively by powder X-ray diffraction,
differential thermal analysis as well as various spectroscopic and microscopic methods. This
allowed a careful analysis of differences between the products obtained from each reaction
and thus a clear statement on the existence of the Si polymorph allo-Si. According results are
presented in Chapter 3.2.2. Moreover, the miscibility of Ge and Si in LisNaSis corresponding
to LizsNa(Sii_«Gey)s was investigated since such phases were conceived as precursors for
allo-Sis_«Ge,x which might be interesting materials in terms of band gap tuning (Chapter 3.2.3).
Respective products were analyzed by powder and single crystal X-ray diffraction.

Turning to the Li-B-Si system, the boron-rich phase Li»B1,Si» was the only representa-
tive prior to this work. Thus, investigations using standard solid state synthesis techniques
(ambient pressure, high temperature) targeted the discovery of new, and in particular, lithium-
richer phases. However, the accessibility to novel materials turned out to be very limited and
thus, high-pressure high-temperature experiments were performed at the high-pressure fa-
cility of the ARIZONA STATE UNIVERSITY (Tempe, AZ, USA) in a series of research stays. These
investigations yielded a second representative of the ternary system Li-B-Si. The novel phase
was structurally characterized by powder X-ray diffraction, solid state NMR and Raman spec-

troscopy (Chapter 3.2.4).
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Chapter 2

Experimental Section

2.1 Sample Handling and Preparation

Handling air- and moisture sensitive samples and preparations for solid state reactions were
carried out in a glove box (MBRAUN, Ar atmosphere, H,O and O levels < 0.1 ppm). A high-
vacuum all-glass Schlenk line supplied with purified Ar (dried over P.Os, molecular sieve, and
heated (T = 750 °C) titanium sponge) was additionally used for handling air- and moisture
sensitive materials, oxidation reactions in Schlenk tubes under Ar atmosphere or heating

metal ampules and elements under dynamic vacuum (p < 1:10-2 mbar).

2.2 Synthesis
2.2.1 Starting Materials

Shapes and purities of starting materials are listed in Table 2.1. All elements were stored
inside an Ar-filled glove box. Residual oxides or nitrides on the surface of Li and Na rods were
removed by cutting. Prior to use, Si, Ge and B were heated to 800 °C (Si, Ge) and 1100 °C (B)
under dynamic vacuum (o < 1-10~° mbar) for several hours and transferred to the glove box
subsequently. Liquid ammonia was dried over Na using a custom-built high-vacuum all-glass

Schlenk line supplied with purified argon (see Chapters 2.1 and 2.2.7).

15



2 Experimental Section

Table 2.1. Specifications of starting materials.

Element Shape Supplier Purity

Li rods Rockwood Lithium 99%

Li rods Sigma-Aldrich (USA) 99.9%

Li foil (0.5 mm thickness) Rockwood Lithium 99.8%

Na rods Merck 99%

B chunks Chempur 99.95%

Al granules Chempur 99.99%

Si powder Alfa Aesar/Sigma- 99.999%
Aldrich

Ge chunks Chempur 99.999%

NHs gas Westfalen AG 99.98%

(dried over Na)

Ethanol liquid - technical grade
(dried over Na)

2.2.2 Reaction Containers and Sample Storage

Depending on the batch size of the experiment, Ta (purity > 99.99%) ampules with
OD=10mm, /D=9 mm,L =5-6cmor OD =12.7 mm, ID = 11.7 mm, L = 8-10 cm served
as reaction containers. Prior to use, according Ta tubes and custom-built Ta lids were suc-
cessively cleaned in ethanol, acetic acid, and acetone under ultrasonification and pre-dried
in a drying oven at 120 °C. Subsequently, tubes and lids were transferred to a silica Schlenk
tube and heated at 1000 °C under dynamic vacuum (p < 1-10-% mbar) for several hours. Inside
an Ar-filled glove box, lids were pressed onto the tubes and arc-welded (water-cooled arc
furnace, MAM-1, JOHANNA OTTO GmbH). After the accordingly prepared ampules were loaded
with samples or reaction mixtures, they were roughly closed either by crimping the open end
or pressing a lid on top of them. Thereafter, ampules were sealed by arc-welding under cool-
ing and an Ar-pressure of approximately 400-600 mbar. To prevent oxidation of Ta reaction
containers during annealing in furnaces, ampules were encapsulated in silica jackets under
vacuum using a high-vacuum all-glass Schlenk line (see Chapter 2.1).

Due to their extreme sensitivity toward air and moisture, synthesized samples were
stored either in stainless steel (OD = 12.7 mm, ID = 11.7 mm) or glass ampules (OD = 10 mm,
ID = 7 mm). The latter were self-made and prepared for plugging and sealing at a high-
vacuum all-glass Schlenk line supplied with purified Ar (see Chapter 2.1) to guarantee com-
plete exclusion of air and moisture. The sealed ends of glass ampules were additionally

coated with apiezon wax (APIEZON-WAX W).
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2.2 Synthesis

2.2.3 Furnaces

Reaction mixtures or samples as prepared for annealing according to Chapter 2.2.2 and 2.2.4
were vertically placed into muffle furnaces (Tmax. = 1100 °C, P330 controller, NABERTHERM

GmbH). The monitored temperatures were additionally verified by an external Typ S thermo-
couple.

2.2.4 Melt Equilibration Experiments and Isothermal

Melt-Centrifugation

Melt equilibration experiments (Li-Tt (Tt = Si, Ge) melts with Li concentrations > 85 at. %) were
carried out in specially prepared ampules (OD = 12.7 mm, ID = 11.7 mm) either fabricated
from Ta (purity > 99.99%) or stainless steel (Figure 2.1a). The procedure for cleaning Ta parts
follows the methodology already described in Chapter 2.2.2. Pieces made from stainless steel
were successively cleaned in ethanol and acetone under ultrasonification, pre-dried in a dry-
ing oven at 120 °C, and finally heated at 800 °C inside a silica Schlenk tube under dynamic

vacuum (p < 1-:107 mbar) for several hours.

a) b) c) d) e)
T
2 -
@ 3 3 s 13 3 3
E |_—Li H 2 H H H H
£ crystals
= T siGe-poliet 8 % 8 8 8 8 ! 8
LG | 3) E\Li o == © @ ® B Q_/_q @
4)
(5) Li
—
11.7 mm
— . led le placed insid . tated cylind d
12.7 mm ampule loaded with sea eA } ampuiie p aced inside rotated cylinder and rotated cy [.n eran
. . silica wool insulated ) subsequent isothermal
reaction mixture . . annealing . .
stainless steel cylinder centrifugation

Figure 2.1. a) Specially prepared ampule for melt equilibration experiments according to ref. 1 (1 = top
lid, 2 = sample space, 3 = filter lid with 0.5 mm holes, 4 = centrifugation space, 5 = bottom lid) and
b-e) steps of synthesis.

The procedure of a typically performed melt equilibration experiment is depicted in Fig-
ure 2.1. If Ta ampules were employed, these had to be encapsulated inside silica jackets to

prevent oxidation. Contrary, stainless steel ampules can be used up to 800 °C without
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additional protection. The experiments were finally terminated by isothermally centrifuging off
excess melt at various temperatures (centrifugation at 3000 rpm for 3 min, model HERAEUS

MEGAFUGE 1.0; see Figure 2.1¢e).

2.2.5 Ball-Milling

Ball-milling experiments were carried out with a RETSCH PM 100 planetary ball mill. The reac-
tion mixtures were loaded into a stainless steel jar (V = 50 mL, ball charge: 3 pieces with a
diameter of 15 mm) inside an Ar-filled glove box. Subsequently, the jar was hermetically
sealed using a safety closure device and transferred to the ball mill outside the glove box.
Typical ball-milling parameters were 12-24 h duration with intervals of 10 min at 250 rpm
followed by a 2-4 min break and direction reversal. Thereafter, products were recovered in-

side the glove box and obtained as fine powders.

2.2.6 High-Pressure High-Temperature Synthesis

High-pressure high-temperature experiments were performed at the high-pressure facility at
the ARIZONA STATE UNIVERSITY (Tempe, AZ, USA) in a 6-8 Walker-type multi-anvil high-pres-
sure device using an 18/12 assembly developed by Stoyanov et al.? A NaCl capsule served
as reaction container (ID = 4 mm, OD = 6 mm, L = 8 mm; prepared from NaCl; dried under
vacuum at 250-300 °C). It was loaded with the reaction mixture inside a glove box (MBRAUN,
Ar atmosphere, H.O and O levels < 0.1 ppm) and sealed by pressing salt on top of the open
end. Subsequently, the NaCl sample capsules were inserted in the high-pressure cell assem-
bly. 25 mm tungsten carbide cubes truncated to 12 mm edge length were used to pressurize
the samples at rate of about 0.5 GPa-h-". After reaching the target pressure (deviations are
+/- 0.3 GPa) specified temperature programs were applied. The temperature was measured
close to the sample using a thermocouple type C (W5%Re — W26%Re wire) in an Al.Os sleeve.
Usually, the reactions were terminated by quenching the samples through turning off the
power to the furnace (quenching rate ~50 °C-min~' at approximately constant pressure).
Thereafter, the pressure was released slowly at a rate of ~0.5 GPa-h~' and the samples were
recovered inside the glove box. The different steps of preparing an 18/12 assembly for a

typical high-pressure high-temperature experiment are depicted in Figure 2.2.
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1 zirconia sleeve 2 3
OD=7.77 mm,
graphite D = 6.63 mm,
10.80 mm

graphite
lid

*

4 7 5 type C thermocouple octahedron before
(W5%Re - W26%Re wire) sample capsule inset

= \

/

alumina slee

temperature
measuring point

7 salt capsule 8
covered with MgO lid
graphite /
lid /
zirconia
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10 1 18/12 assembly
. before pressurizing
copper

pyrophyllite gasket

Figure 2.2. Steps of preparing an 18/12 assembly for a high-pressure high-temperature experiment in

a 6-8 Walker-type multi-anvil high-pressure device.

2.2.7 Li-Extraction Using Liquid Ammonia

Liquid ammonia (dried over Na, see Chapter 2.2.1) was used for extracting Li from solids. This
was carried out with a custom-built apparatus shown in Figure 2.4a. Prior to extraction cycles,
the solid was filled onto the frit of the extractor inside an Ar-filled glove boxed. Subsequently,
the closed device was connected to a custom-built high-vacuum all-glass Schlenk line sup-
plied with purified argon (see Chapter 2.1) and liquid ammonia (Figure 2.3). For condensing
ammonia onto the sample, the respective part is cooled with a mixture of isopropanol and dry

ice (-78 °C). When closing valve (1) and cooling the reservoir (see Figure 2.4b), liquid ammonia
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Figure 2.3. High-vacuum all-glass Schlenk line (borosilicate glass) supplied with purified argon. Am-

monia is dried over sodium by condensing it into the sodium-filled cooling-trap. Adopted from ref. 3.
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2.2 Synthesis

flows into the reservoir. If valve (1) is opened and the sample space is cooled again, the pro-

cedure can be repeated (see Figure 2.4c). At the end of the extraction procedure, liquid am-

monia is evaporated from the reservoir and the product is recovered inside the glove box.

custom-built
extractor

NHs/Ar/vacuum
«—>

¥

@)

reservoir

Li15Sis + NH3)

(1) opened A '\

. .
@’a. |

(1) closé " | J B
mé{i_,:allxc
\ solution Li

Figure 2.4. a) Custom-built apparatus for extracting Li from solids using liquid ammonia. An example

of an extraction process is shown in (b) and (c): A deep blue color is observed as soon as ammonia is

condensed onto LisSis (b), extracted Li (concentrated metallic bronze solution of Li in NHs) and LiNH:

remains in the reservoir (c). The figure was adopted from Chapter 5.6.

2.2.8 Experimental Contributions from Coauthors

Table 2.2. Experimental contributions from coauthors to respective publications.

Publication

Chapters 5.1, 5.2,
5.3,5.5

Chapter 5.4

Chapter 5.6

Chapter 5.7

Chapter 5.8

Author

Volodymyr Baran

Lavinia M. Scherf

Florian J. Kiefer

Lavinia M. Scherf
(first author)

Sumit Konar

Contributions

synthesis of various Liis-xAlxSis phases, single
crystal X-ray diffraction of Li14.37Alo.63Sia

investigations on the solid solution behavior of
LisNa(Si1-«Gex)s and Liz(Ge1-,Siy)12 as precursors
for allo-Si1—«Gex and allo-Ge1-,Siy, respectively.*

investigations on the synthesis of allo-Si, see
alsoref. 5

investigations on the solid solution behavior of
LisNa(Si1-xGex)s, synthesis and characterization
of LiisNa:Ge1r

Raman spectra of LiBSiz, support during high-
pressure high-temperature experiments
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2.3 Characterization

2.3.1 Powder X-ray Diffraction (PXRD)

PXRD patterns were recorded on a STOE STADI P diffractometer (Ge(111) monochromator for
CuK radiation, A = 1.54056 A) equipped with a DECTRIS MYTHEN DCS 1K solid state detec-
tor. All samples were ground in agate mortars and sealed inside glass capillaries (OD = 0.3,
0.5, 0.7, HILGENBERG GmbH). Measurements (Debye-Scherer geometry) were performed in a
2 6-range of 5-90° (PSD steps: 0.06-1.50°; time/step: 10-40 s).

Raw data were handled with the STOE WinXPOW software package.® PXRD patterns
were visualized with the ORIGIN 8.0 software.” For the phase identification, the SEARCH/MATCH
module as implemented in the WinXPOW software,® the ICSD (FINDIT),® and the PEARSON’S
CRYSTAL DATA® crystallographic databases were used. Rietveld refinements were performed
with the BRUKER software TOPAS 4.0."° Ab initio structure determination from X-ray powder
diffraction data was done using the parallel tempering algorithm implemented in the software
Fox.""'® Structure solutions are approached by starting with reasonable “structural building
blocks”. Solutions are finalized by Rietveld refinement applying the final structure model ob-

tained from FOX.

2.3.2 Single Crystal X-ray Diffraction, Structure Solution

and Refinement

Using a microscope installed at an Ar-filled glove box, all single crystals were selected and
cut in perfluoropolyalkylether or grease on a glass slide. The best specimens were placed
inside glass capillaries with glass fibers. Subsequently, the funnels of the capillaries were filled
with grease to guarantee exclusion of air and moisture during flame-sealing outside the glove
box. Finally, the accordingly prepared capillaries were glued to copper pins suitable for
mounting on the goniometer.

Single crystal X-ray diffraction experiments were performed at X-ray diffractometers
from STOE (IPDS 2T), BRUKER and OXFORD DIFFRACTION using the X-AREA,'* APEX2,' and
CRYSALISRED software packages,'® respectively. The BRUKER devices are equipped with CCD
detectors (APEX Il, k-CCD) and either a fine-focused sealed tube with MoK, radiation
(A =0.71073 A) and a graphite monochromator or a NONIUS FR591 rotating anode (MoK,
radiation) with a Montel mirror. The STOE IPDS 2T is operated with a rotating anode
A=0.71073 A, MoK, radiation) and a Montel mirror. The OXFORD XCALIBUR3 diffractometer is

equipped with a Sapphire3 CCD detector and a graphite monochromated MoK, radition
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A=0.71073 /3\). Integration, data reduction and absorption correction was done with X-AREA,
X-RED, X-SHAPE (STOE),'*'"'® SAINT, SADABS (BRUKER),'®?° and CRYSALISRED (OXFORD DIF-
FRACTION).'® The space groups were assigned on the basis of the systematic absences and
the statistical analysis of the intensity distributions. The structures were solved with direct
methods (SHELXS?') and refined with full-matrix least squares on F? (SHELXL??). Difference
Fourier maps F,—F. were calculated with JANA 2006.2% Crystallographic information files (CIF)
were generated with enClIFer?* and publCIF? using the IUCr-CIF template. CIFs were finally
checked with the CHECKCIF routine.?® Structures were visualized with the DIAMOND 3.2d soft-

ware.?’

2.3.3 Differential Scanning Calorimetry (DSC) and
Differential Thermal Analysis (DTA)

a) b) 6.5 mm Differential scanning calorimetry and differential

I I thermal analysis investigations were performed with

5.5mm aNETZSCH DSC 404 Pegasus apparatus equipped

5.0 mm with either a DSC or DTA carrier system. Niobium

15 mm

crucibles for DSC and DTA measurements (Fig-

ure 2.5) were thoroughly cleaned (analogously to
Chapter 2.2.2), heated to 1000 °C under dynamic

15 mm

vacuum (p < 1-:10=% mbar) for 2 h and transferred to

an Ar-filled glove box. Crucibles were loaded with

6.5mm 30-50 mg of sample. The open end was crimped

and then sealed by arc-welding inside the glove box

under cooling (see also Chapter 2.2.2). A sealed

DSC DTA crucible without sample served as reference. All

Nb ampule Nb ampule
measurements were performed under an Ar-flow of

60-70 mL-min~' and a heating/cooling rate of
Figure 2.5. Drawings of cylindrical Nb cru-
i 10 K:min™'. Samples were recovered after the
cibles used for a) DSC and b) DTA

measurement by opening the niobium crucibles in-
measurements.
side an Ar-filled glove box. Data handling was done

with the program PROTEUS THERMAL ANALYSIS.?®

The device was calibrated for temperature by determining the melting and crystallization

points of reference materials (In, Sn, Zn, Al, Ag). Note that in most cases the obtained onsets
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of effects assigned to melting and recrystallization were almost identical. Otherwise, differ-

ences were marginal (+1 K) and according values were merged for the calibration curve.

2.3.4 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDX)

A JEOL-JSM 7500F scanning electron microscope (FE-SEM) equipped with an OXFORD X-MAX
EDX analyzer with Mn as internal standard was used to determine elements with atomic num-
bers larger than four. Samples were handled inside an Ar-filled glove box or outside if not air
sensitive and fixed on a graphite platelet which was attached to an aluminum stub. Measure-
ments were performed by Dipl. Min. Katia Rodewald at the INSTITUT FUR SILICIUMCHEMIE der
TECHNISCHEN UNIVERSITAT MUNCHEN (Germany).

2.3.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

Solid state NMR-spectroscopy was carried out by Prof. Dr. Leo van Wiillen (UNIVERSITY OF
AUGSBURG, Germany). “Li- and ""B-MAS (magic angle spinning) NMR spectra were collected
on a VARIAN VNMRs 500, and ?’Al NMR data were acquired on a BRUKER AVANCE Il spectrom-

eter. For details, refer to according publications in Chapter 5.4 and 5.8, respectively.

2.3.6 Transmission Electron Microscopy (TEM)

Transmission electron microscopy and selected area electron diffraction (SAED) were per-
formed by Prof. Dr. Lorenz Kienle (UNIVERSITY OF KIEL, Germany) with a PHILIPS CM30 ST
microscope (LaBs cathode, 300 kV acceleration voltage, Cs = 1.15 mm) equipped with a
GATAN multiscan CCD camera. EDX analysis as part of TEM examinations were carried out
with a NORAN VOYAGER EDX system. For details, refer to the respective manuscript in
Chapter 5.6.
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2.3.7 Infrared (IR) and Raman Spectroscopy

A VARIAN 670-IR FT-IR spectrometer equipped with a PIKE GladiATR ATR stage was employed
for the acquisition of ATR-FT-IR spectra. The VARIAN RESOLUTION PRO software was used for
data handling.®

Raman spectra data were recorded at the spectroscopy facility of the UNIVERSITY of
STOCKHOLM (Stockholm, Sweden; M. Sc. Sumit Konar) using a LABRAM HR 800 spectrometer
equipped with an 800 mm focal length spectrograph and a back thinned CCD detector. For
sample excitation, an air cooled double frequency Nd:YAG laser (532 nm, 5.6 mW) and an air
cooled intra cavity regulated laser diode with point source (785 nm, 0.88 mW) were used. The
laser was focused using a 50X super long working distance (20.5 mm) Mitutoyo objective with
a numerical aperture of 0.42 and depth of focus of 1.6 mm. More specific experimental details

are described in Chapters 5.6 and 5.8.

2.3.8 Photoluminescence (PL) Spectroscopy

PL-spectroscopy was carried out at the ARIZONA STATE UNIVERSITY (Tempe, AZ, USA;
Dr. Christian Poweleit) using a 532 nm CW doubled Nd:YAG laser for photoexcitation. The
collected energy was energy dispersed through a 0.5 m ACTON spectrometer with and a back-
thinned liquid nitrogen cooled PRINCETON INSTRUMENTS CCD camera. Further details are de-
scribed in Chapter 5.6.

2.3.9 Elemental Analysis

Elemental analysis was provided as service of the micro-analytical laboratory of the
TECHNISCHEN UNIVERSITAT MUNCHEN (Germany). The lithium content in samples was deter-
mined by atomic absorption spectroscopy using a VARIAN AA280FS device. C,H, and N con-
tents were obtained from a HEKATECH EURO EA CHNSO-Analyzer.
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24

Computational Methods

Quantum chemical calculations were exclusively performed by coauthors. Relevant publica-

tions (investigated compounds referenced with Chapters), according coauthor names and

employed programs are listed below.

a)

LiBSi, (see Chapter 5.8), Dr. Daryn Benson (ARIZONA STATE UNIVERSITY, Tempe, AZ,
USA): VIENNA AB INITIO SIMULATION PACKAGE (VASP),**®' Prof. Dr. Leo van Wiillen (UNI-
VERSITY OF AUGSBURG, Germany): WIEN2k®3?

allo-Si (see Chapter 5.6), M.Sc. Laura A. Jantke (TECHNISCHE UNIVERSITAT MUNCHEN,
Germany), Dr. Antti Karttunen (UNIVERSITY OF JYVASKYLA, Finland): CRYSTALQ9 software
package®®

Li1sSis, "Li1eSis" and "LiiesSis" (structure models for Liis.42Sis), Li17Sis (see Chapter 5.1
and 5.2), Dr. Daryn Benson (ARIZONA STATE UNIVERSITY, Tempe, AZ, USA): VIENNA AB
INITIO SIMULATION PACKAGE (VASP),*°*" M. Sc. Iryna M. Kurylyshyn (TECHNISCHE UNIVER-
SITAT MUNCHEN, Germany): WIEN2k??

Specific details on the theoretical calculations may be obtained from the publications and

manuscripts as cited above.

2.5
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Chapter 3

Results and Discussion

composed from ref. 64-67

3.1 Revision of the Li-Tt (Tt = Si, Ge) Phase Diagrams and
New Lithium-Rich Tetrelides

3.1.1 Review of Relevant Literature

Discussing new materials for high-capacity lithium-ion batteries, a main focus has always
been set on Li-Si phases because theoretical capacities being almost ten times higher than
for the universally used graphite anodes can be achieved. The severe problems that occur
during charging and discharging processes when Si is employed as electrode material,
suggestions to overcome them and the role of the metastable phase LiisSis have already been
addressed in Chapter 1. Furthermore, the possibility of monitoring structural changes in
working LIBs by in-situ/ex-situ solid state NMR spectroscopy and total scattering methods
are described in literature.”? These investigations were followed by a detailed structural char-
acterization of LisSia, Li1sSis, LizSis, Li12Siz, and Li1.Ge; applying NMR techniques.®*® Due to
the general importance of the Li-Si phase diagram for LIB research it is evident that a com-
prehensive characterization of the lithium-rich section, i.e. the unambiguous determination of
compositions, structures, and thermodynamic relations of relevant phases is essential. Also
the related section of the Li-Ge phase diagram is overdue and has to be revised fundamen-

tally. In the following, the chronicles of Li-Si and Li-Ge phases are briefly highlighted,
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Figure 3.1. Chronicle of Li-Si phases (highlighted with a blue frame = structurally characterized, shown

in red = ascertained structures). The figure was modified on the basis of ref. 66.

associated recent developments are presented and aspects that were of particular im-
portance for this thesis are elucidated.

The first investigations on phases in the Li-Si system can be assigned to Moissan. In
1902, he reported on the phase Li;Si® (Figure 3.1). Decades later, however, Klemm and Struck’
postulated the phases Li,Si and Li,Si instead which were confirmed by Pell,2 Béhm,? Obinata
et al.,"® and Federov and loffe' later on. The 1960’s can be considered as the “era of the
Li-Si system”, mainly due to the work of Schafer and Weiss. Several phases were character-
ized in this period (Figure 3.1)."2" In particular, the lithium-richest representative, Li»»Sis, was
identified as a new example of the Li»Pbs structure type by Gladyshevskii et al."” using
powder X-ray diffraction methods. Axel et al.’? confirmed its existence by a single crystal
X-ray diffraction study shortly after. In the following years, almost all of the phases reported
in the 1960’s were revised (Figure 3.1).'%2% |n this regard, the composition of the lithium-richest
representative was discussed controversially ranging from reports on LixSis**2° to Li»1Sis'® and
Li»»Sis.'>'” Still today, there are plenty of examples in literature referring to either Li»Sis or its
revision Li»sSis. Judging from the crystallographic data of Li1Sis,' this unconfirmed phase
might have been Lix»Sis although its composition is rather different. More interestingly, the
phase LisSi crystallizing with an orthorhombic base face-centered cell was reported in the
1960’s. Yet, it was neither characterized structurally nor confirmed by subsequent investiga-
tions.”™ As a consequence, it was excluded from compilations of the Li-Si phase diagram
(Figure 3.2a).262° Although there are some reports on the possible existence of a phase with

a composition Li,Si or close to it,** Li,Si became obscure most likely since other lithium-rich
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Figure 3.2. Phase diagram compilation for a) the Li-Si and b) the Li-Ge system according to ref. 27
(phase diagram assessment and calculation of liquidus boundaries) and 33 (phase diagram evaluation),

respectively.

phases with a similar composition were established. Moreover, two further representatives of
the Li-Si system were identified later on, LiisSis** and LiSi.??® The latter was synthesized at
high pressure and metastable LiisSis was obtained electrochemically. Interestingly, LiisSis was

first obtained from ball-milling the pure elements some years before it could be identified
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Figure 3.3. Chronicle of Li-Ge phases (highlighted with a blue frame = structurally characterized,

shown in red = ascertained structures).

during electrochemical investigations. However, the authors denoted it as “metastable Lis.4Si”
(“metastable Li»»Sis”) and it somehow remained unrecognized.®3¢

Turning to the Li-Ge system, the first binary compounds were reported in the 1950’s
and 60’s (Figure 3.3). These were Li;Ge, Li,Ge and LiGe.** A first phase diagram determina-
tion was reported by Federov and Molochka in 1966.%° Similar to the Li-Si system, several
phases were proposed and revised later on. To date, the ascertained Li-Ge phases include
Li_17Ges* (= Lix1.316Ges revised from LiiGes*' which was formerly reported as LixGes'’#?),
LiisGes,*>* LiisGes* (formerly reported as Li;Gex*), LisGes,**?° LisGes,*® LinGer,2%%** LiGe
(space group /44/a),%%4" the hexagonal and tetragonal high-pressure forms of LiGe (space
groups P6s/mmc and I4:/amd, respectively),*®*° and Li;Ge1, (Figure 3.3).24°%5" In the course of
an experimental redetermination of the Li-Ge phase diagram by Grittner,? a previously de-
termined phase Li11Ges* could not be confirmed. It was suspected that it might have been
identical with ternary LisMgGes due to “striking similarities” to LisMgSis.>® A recent compilation
of the Li-Ge phase diagram is given by Sangster and Pelton (Figure 3.2b).** However,
Gruttner’s work is not included and therefore significant information is missing.

The Li-Si and Li-Ge phase systems were continuously developed over many years and
plenty of phases have been established. In the last decade, contributions focusing on a
fundamental understanding have been rare, for instance, structural investigations applying
solid state NMR techniques,’** further spectroscopic®*® and thermodynamic studies,®*®
quantum chemical calculations,’®% and the determination of heat capacities and entropies of
Li-Si phases.®® However, the Li-Ge system has received significantly less attention, most

likely because the demand for high-capacity LIBs particularly enforced investigations on
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Li-Si phases which offer much higher theoretical specific capacities and because of the great
abundance of Si. Despite the importance of both the Li-Si and Li-Ge system, their character-
ization is still unsatisfying and recent phase diagrams are outdated. In detail, all phases in the
lithium-rich sections of these phase diagrams need to be identified, characterized structurally
and investigated with regard to their thermodynamic properties. In particular, the controversy
regarding the lithium-richest representatives of both systems and the potential existence of
the Zintl phases LisTt (Tt = Si, Ge) request for unambiguous clarification. Moreover, despite
its important role in LIB research, little to nothing was known about the decomposition be-
havior of metastable Li{sSi, and the influence of dopants prior to this work.

In the following, the fundamental revision of the lithium-rich sections of the Li-Tt (Tt = Si,
Ge) phase diagrams as well as the synthesis and characterization of Lii;Tt,%*5° Li,Tt%>
(Litg.aTta), Li1sSis,®” Li13Sis,® Lits_xALSis®” (0.4 < x < 0.8), and Li;Sis«Gex [x = 2.30(2), 3.08(4),
3.53(3)]¢° are presented (see also Figure 3.1 and 3.3).
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3.1.2 Revision of the Li-Si Phase Diagram: Thermodynamic

Relation of Li17Si4, Li16_42Si4, Li1sSis and Li13Sis

see Chapter 5.1 Zeilinger, M.; Benson, D.; Haussermann, U.;
Fassler, T. F. Chem. Mater. 2013, 25, 1960.
see Chapter 5.2 Zeilinger, M.; Kurylyshyn, I. M.; Haussermann, U.;
Fassler, T. F. Chem. Mater. 2013, 25, 4623.
see Chapter 5.3 Zeilinger, M.; Fassler, T. F. Acta Cryst. 2013, E69, i81.
see Chapter 5.4 Zeilinger, M.; Baran, V.; Haussermann, U.; Fassler, T. F.

Chem. Mater. 2013, 25, 4113.

Figure 3.4a illustrates the lithium-rich section (> 76 at.% Li) of the Li-Si phase diagram as
reported prior to this work. In the course of the present thesis, this portion of the Li-Si system

was comprehensively reinvestigated and revised fundamentally. The newly established Li-Si

phase diagram section is depicted in Figure 3.4b.
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Figure 3.4. a) Li-Si phase diagram for Li concentrations > 76 at.% Li as reported by Okamoto?”?° and
Braga?® and b) its revision based on results from DSC investigations (corresponding cooling traces and

thermal effects are presented in Figure 3.5) and long term annealing experiments of “Li1sSis” sam-

pleS 64,66

The phase diagram redetermination was achieved by differential scanning calorimetry

investigations and melt equilibration experiments (Li.Sii00-x, X > 85) at specific temperatures
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where excess melt is removed by isothermal centrifugation. Various melts Li,Siigo—x (x > 85)
that were equilibrated below 500 °C yielded large crystals of Lii7Sis, whereas crystals of the
silicide Lis11Si (Li16.42Sis) were isolated from excess melt above 500 °C (cf. Figure 3.4b). Con-
sequentially, bulk samples of Li7Sis and nominal compositions “LissSis”, “LisSis”, and
“Li14Sis” were investigated by DSC. A careful analysis of cooling traces and powder X-ray
diffraction patterns of these samples as well as results from melt equilibration experiments

finally led to the revised version of the Li-Si phase diagram as depicted in Figure 3.4b.
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Figure 3.5. DSC cooling traces (recorded from 750 °C) for LiizSis and nominal compositions “Lit6.5Sis”,
“Li1eSis” and “Li14Sis” (according to ref. 64). Thermal events are labeled and assigned in the updated

Li-Si phase diagram in Figure 3.4. The figure was modified on the basis of ref. 66.

Remarkably, the isotherm at 470-480 °C could not be traced by DSC means due to the slug-
gish peritectoid decomposition of Liss42Sis into Lii7Sis and LissSis. However, long term anneal-

ing experiments of “Li1sSis” samples manifested Liis.42Sis as high-temperature phase. Turning
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to LissSis, it is not included in the phase diagram due to its metastability. Thus far, its decom-
position behavior has been studied sparsely and is widely unknown."%"! Yet, the redetermi-
nation of the Li-Si phase diagram allowed a rigorous investigation of the decomposition be-
havior of LiisSis by DSC/DTA and annealing experiments. Above 170 °C LisSis decomposes
into Li7Sis and an unidentified weakly crystalline phase (Figure 3.6a). The latter might be
considered as “LissSis pre-phase” since, according to the recent Li-Si phase diagram, LizSis
would have been expected instead. Above 300 °C, the decomposition products are in line
with the Li-Si phase diagram (Figure 3.6b—d).

a) 300 °C @ Li3Sis
@® Lis11Si
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@ Li17Sia
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Figure 3.6. Evolution of the thermal decomposition of LiisSis: powder X-ray diffraction patterns of bulk
samples after annealing at 300 °C (a), 400 °C (b), 500 °C (c) and 600 °C (d) for three days (exp. = black;
Li1sSis calc. = red; Li1sSis calc. = green; Lis.11Si calc. = blue; Li17Sis calc. = gray; unknown reflections are

marked with *). Figure and figure caption were adopted from ref. 67.
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Of considerable importance for the phase diagram redetermination and the assignment of
phases in powder X-ray diffraction patterns was the identification and unambiguous structural
characterization of all relevant phases by single crystal X-ray diffraction. In the following, the
structure determination and description of the newly established phases Li7Sis,** Lis.11Si
(Li1s.42Si4)® as well as the first single crystal X-ray diffraction study of Li1sSi,®” and the structure

revision of Li13Si,®® are addressed.

a) Li;7Si4

The structure of the lithium-richest representative of the Li-Si phase diagram Lii7Sis was
solved and refined with excellent reliability factors of Ry = 0.028 and wR. = 0.037 for all data
(9-range = 1.89-47.62°). Li;Si, crystallizes in the cubic space group F43m with
a = 18.6563(2) A (Z =20, T =-150 °C). The asymmetric unit contains four Si and 13 Li posi-
tions. All atoms are located on special positions which are fully occupied. Accordingly, the
unit cell of Lii;Si, contains 80 Si and 340 Li atoms in total (cF420). Lii;Sis is isotypic with
Li17Sn4.” The previously reported phase Li»Sis'® (revised from Li»Sis'>"") is closely related to
Li1zSis» and only differs in the occupation of one fourfold special position. In detail, the space
group F43m possesses four fourfold special positions 4a—d which are all unoccupied in Liz;Sis
corresponding to 80 Si and 336 Li atoms per unit cell. In case of Lii;Sis, the 4a site is fully

occupied by Li which translates to 340 Li atoms in the unit cell.

a)

Figure 3.7. a) Difference Fourier map (Fo—F¢, contour lines +0.075 e-A‘3) for the plane defined by two
Si2 and two Li1 atoms containing the site 4a and b) the coordination environment of Li13 on 4a in Li17Sia
(Si = gray; Li = white; thermal ellipsoids at a 90% probability level; single crystal data at —150 °C).

Figures were adopted from ref. 64.

37



3 Results and Discussion

In order to demonstrate the fully occupied 4a site, the respective Li atom (Li13) was removed
from the final refinement and a difference Fourier map F,—F. based on the newly refined data
was generated (Figure 3.7a). Evidence for a phase with the composition Li»2Sis, corresponding
to a full occupancy of all fourfold positions 4a-d,''” could not be found. The coordination
environment of Li13 located on the 4a site is illustrated in Figure 3.7b. It centers a (Li1), tetra-
hedron resulting in short but reasonable Li-Li distances. Further coordination shells are gen-
erated by a (Si2), tetrahedron, a (Li7)s octahedron, and a (Li12):. cuboctahedron. Such 26
atom clusters M (M = Li + Si) are also centered at void sites 4b—d. Emphasizing the corre-
sponding Si polyhedra, i.e. (Si1)s at 4c, (Si2)4 at 4a, (Si3)s at 4b, and (Si4)s at 44, the crystal
structure of Lis7Sis can be considered as two interpenetrating ZnS-type lattices as described

in Figure 3.8 (for more details see ref. 64).

two interpenetrating ZnS-type lattices
(red/yellow and blue/green)

Figure 3.8. Crystal structure of Li17Sis: arrangement of Si polyhedra (no Si-Si bonds) which are part of
crystallographically independent M2s (M = Li + Si) atom clusters around the sites 4a—d in the unit cell of

Li17Sis.The figure was modified on the basis of ref. 64.

In order to further analyze the differences between Li:Sis and Lis7Sis, their structures
were computationally relaxed and their equilibrium volume structure parameters determined.
Whereas the experimentally established structure of Lii;Sis was reproduced, the relaxed
structure of Li»1Sis reveals discrepancies to the experimental one regarding the coordination
of position 4a. Furthermore, based on the calculated reaction energy (referring to zero Kelvin)

for LissSio + Li (bcc) = LigsSiz, Li uptake in LixsSis yielding Li7Sis is slightly exothermic
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(-0.04 eV). Thus, computational and experimental results cast doubts on the existence of
Li»+Sis and firmly established Li7Sis as lithium-richest representative in the Li-Si system. How-
ever, the existence of a small homogeneity range Lii7—«Sis (0 < x < 0.2) could not be ruled out

by single crystal X-ray diffraction studies or DSC investigations.

b) Li:sSis

Melt equilibration experiments targeting the single crystal growth of Lii;Sis also yielded few
needle-shaped crystals of metastable LisSis as a side product (Figure 3.9a). This is a surpris-
ing result since samples of LiisSis are commonly obtained from either ball-milling the pure
elements™®3¢ (Figure 3.9b,c) or alloying Si with Li electrochemically.®*"® Thus far, its crystal
structure has been determined from powder data applying a Rietveld fit of the CuisSis
structure model (see also Figure 3.9b).>*" As part of this work, the structure of LisSis could
be readily solved and refined from single crystal X-ray diffraction data. Li1sSis crystallizes in
the cubic space group /43d with a = 10.6322(9) A (V=1201.9(2) A Z=4,T=-150 °C). The
asymmetric unit contains Si on 16c¢ (x, x, x), Li1 on 48e (x, y, z), and Li2 on 12b ("%, V4, V&),
corresponding to an overall unit cell content of 16 Si and 60 Li atoms (c/76). Accordingly, the

validity of the previously assigned Cu.sSis structure model was confirmed resolutely.

b) e calc.
— obs
— diff.
|  Bragg refl.
2
‘®
c
i)
£

I
o une ke, Aot o

KRN Y RAEE 0 1 R I 0 M MR

10 |/ 201 80} | 40/ |i56||/{|60 | |70 |§80] (|0
20(°)

Figure 3.9. a) Needle-shaped crystals of LisSis (encircled) grown at the bottom lid of a stainless steel
ampule, b) Rietveld fit of the Cu1sSis structure model to the powder X-ray diffraction pattern of a Li1sSia
bulk sample (/43d, a = 10.7163(1) A V= 1230.66(5) As), c) photograph of LitsSis bulk sample obtained

from ball-milling (sealed inside a glass ampule). Figures were adopted from ref. 67.
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Regarding the structure of LissSis, the central motif is the quasi-anticuboctahedral coor-
dination of Si atoms (Figure 3.10a,b). [Si@Li:,] pseudo-anticuboctahedra are condensed into
strands by sharing opposite triangular faces (Li1)s. These strands proceed along the threefold
axes of the cubic unit cell as indicated by different colors in Figure 3.10a. Note that the blue
strand is exactly located on the body diagonal. Each [Si@Li2] pseudo-anticuboctahedron is
coordinated by eleven further units sharing common faces and edges (Figure 3.10c). A more
detailed analysis of the complex coordination environment of [Si@Lii2] units is illustrated in
Figure 3.10d.

13.96(5)°

chain of distorted anticuboctahedron
units [Si@Lie/2+6]

Figure 3.10. Structural motifs of Li1sSis and Lits-xAlxSis (Cu1sSis-type): a) strands of condensed [Si@Li12]
units proceeding in different directions of the unit cell as indicated by different colors, b) stacking of
pseudo-anticuboctahedron units [Si@Li12] emphasizing the skeleton formed by trigonal bipyramids, c)
the connectivity of distorted anticuboctahedron units (shared faces/edges are marked in black), and d)
the coordination of a pseudo-anticuboctahedron (light blue) by eleven neighboring [Si@Lii2] units (the

position of the three-fold axis is indicated by its symbol). The figure was modified on the basis of ref. 67.

C) Lis.11Si (Li16.42Si4)

Millimeter-sized crystals of the high-temperature phase Lis.4201)Sis were obtained from a melt
“LigsSits” equilibrated at 510 °C in a Ta ampule. Lis.106Si (referring to Z = 16) crystallizes in the
orthorhombic space group Cmcm with a = 4.5246(2) A, b = 21.944(1) A, ¢ = 13.2001(6) A
(V = 1310.6(1) A%). For a better comparability to Lis;Sis, LitsSis, and Li1aSia, Lis1062/Si/Lite.421Sia
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is referred to as Lis.42Sis. Its structure was solved and refined with excellent reliability factors
of R1 =0.017 and wR» = 0.029 for all data (#-range = 1.86-45.29°). The unit cell contains three
Si and 10 Li positions. All Si and eight Li sites are fully occupied, two Li positions are affected
by occupational disorder. In detail, the sum of occupancies factors for Li4A on 4c (Y2, y, Va)
and Li4B on 8g (x, y, 4) are constrained to one (0.575(3) and 0.425(3), respectively) to prohibit
unreasonably short Li-Li distances (Figure 3.11). The corresponding disordered Li strand pro-
ceeding along the crystallographic a-axis is unique amongst Li-Si phases. The difference
Fourier map (Fo,—F.) in Figure 3.11a emphasizes its strand-like shape. Additionally, a split po-
sition was introduced for Li5 [occupancy ratio 0.848(7)/0.152(7)]. The geometric situation
around the disordered Li strand and an idealized structure model are illustrated in
Figures 3.11b and c. Note that a simultaneous occupation of Li4B and Li5B is excluded as

this would give rise to unreasonably short Li-Li distances.

a)

15

e2

d(Li5B-Li4B) = 1.99 A d(Li5A-Li4B) =250 A  d(Li4B-Li4B)=1.89 A
d(Li5B-Li4A) =2.83 A  d(Li9-Lid4A)=2.38 A d(Li4B-Li4B) = 2.64 A
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Figure 3.11. a) Difference Fourier map (Fo—Fc, contour lines +0.6 e-A‘3) shown for the ab-plane con-
taining Si1, Si2, and Li1-3 (cell edges are shown in blue; calculated from single crystal data at -173 °C),
b) the disordered Li-strand with view onto the ac-plane emphasizing its structural environment (per-
pendicular to the ab-plane of the difference Fourier map in Figure 3.11a) and c) schematic description
of an idealized disorder model for Li4; thermal ellipsoids are shown at a 90% probability level. The

figure was adopted from ref. 66.
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Figure 3.12. SiLi, coordination polyhedra and their arrangement in the unit cell of Li16.42Si4 (a, b), Li1sSia
(c—e), and Li17Sia (f, g). In the structure of Lits.42Sis, SiLi» polyhedra (a) of the same kind are condensed
into strands which share common faces, edges and vertices with parallel ones (b); pseudo-anticub-
octahedron units [Si@Lii2] in Li1sSis (C) are condensed to strands and proceed along the 3-fold axes of
the cubic unit cell (d; different directions are indicated by different colors); the relative arrangement of
[Si@Li+2] units is depicted in (e) (shared edges and faces in black); in case of Lii7Sis, SiLi» coordination
polyhedra (f) form supratetrahedra (yellow, red) and supraoctahedra (blue, green) as shown in (g); all

thermal ellipsoids are shown at a 90% probability level. The figure was modified on the basis of ref. 66.

The complex structure of Lits42Sis may be visualized by SiLi, polyhedra since, similar to
Li;zSis and LisSi4, all Si atoms are isolated. The SiLi, coordination polyhedra for Si1-3 are
depicted in Figure 3.12a. Whereas Si1 and Si2 are permanently 13-coordinated, due to the
disorder Si3 may attain a coordination of either 12 or 13 depending on whether the Li4A or

Li4B position is occupied. SiLi, polyhedra of the same kind are condensed into strands by

42



3.1 Revision of the Li-Tt (Tt = Si, Ge) Phase Diagrams and New Lithium-Rich Tetrelides

sharing opposite faces as shown in Figure 3.12b. As mentioned before, the structures of the
neighboring phases LissSis and Lii;Si, comprise isolated Si atoms as well. Hence, their struc-
tures may also be represented utilizing SiLi, coordination polyhedra (Figure 3.11¢c—g). Remark-
ably, the series LiisSis (CN = 12), Li16.42Sis (CN = 12-13), and Li7Sis (CN = 13 and 14) demon-
strates the enlargement of SiLi, coordination polyhedra with increasing Li content.

In addition, the density of states and band structures for Li{7Sis, Li16.42Sis and Li1sSis were
calculated. For that purpose, the disorder in Li1s42Sis was resolved by constructing two struc-
ture models with compositions LisSis (hypothetical Zintl phase, 16 Li*, 4 Si*") and Li1s5Sis (for
details see Chapter 5.2). As a result, the density of states and band structures of Lii7Sis,
Lite5Sis, Li1eSis, and LiisSis revealed a metallic character. In case of LisSis, a pseudo-gap is

located above the Fermi level (see also Chapter 3.1.3).

d) Li13Sis

In the course of the reinvestigation of the Li-Si phase diagram® the crystal structure of
Li13Sis was redetermined by single crystal X-ray diffraction since experimental and calculated
(on the basis of available structural data)'®®? powder X-ray diffraction patterns of Li;sSi, did
not match. Compared to the first single crystal structure determination,’ the improvements
of the new model are i) the introduction of a split position for one Li site, ii) the anisotropic
refinement of atomic displacement parameters for all atoms, and iii) a significantly more pre-
cise determination of atom positions and thus unit cell parameters. As a result, experimental

and calculated Bragg reflection positions and intensities of Lii3Si, match very well, allowing

a)

L pseudo anticuboctahedron units [Si@Li12]
O\O Si=Si dumbbell condensed along ¢ by sharing triangular faces

Figure 3.13. a) 2x1x2 super cell of orthorhombic Li1sSis emphasizing the parallel stacking of Si-Si
dumbbells which are embedded in channels formed by b) parallel strands of condensed pseudo-an-
ticuboctahedron units [Si@Lii2] proceeding along the crystallographic c-axis. These parallel strands are

connected by sharing common vertices and edges of neighboring ones (c).
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an accurate assignment of phases in powder X-ray diffraction patterns of Lii;Si;-containing
samples. Regarding the structure of Lii3Sis, it consists of isolated Si atoms coordinated by 12
Li atoms in a pseudo-anticuboctahedral fashion (Figure 3.13b). These [Si@Li:,] units are con-
densed along the c-direction of the unit cell forming parallel mutually connected strands which

enclose Si-Si dumbbells in the resulting channel-like voids (Figure 3.13a,c).

3.1.3 Thermodynamic Stability of Lii437Al063Sis — an Al-doped

Variant of Li1sSi4

see Chapter 5.4 Zeilinger, M.; Baran, V.; Haussermann, U.; Fassler, T. F.
Chem. Mater. 2013, 25, 4113.

As mentioned in Chapter 3.1.2, the band structure of LiisSis reveals a pseudo-gap situated
above the Fermi level (Figure 3.14a). Accordingly, an increase of the electron concentration
could shift the Fermi level to the pseudo-gap in the electronic density of states. Thus, regard-
ing LiisSis as an electron deficient Zintl phase (15 Li*, 4 Si*), Al-doping corresponding to
Li1s_AlSi, could result in the formation of the Zintl phase Li45AlosSis (x = 0.5; 14.5 Li*, 0.5 AP*,
4 Si*). Since melt equilibration experiments are an expedient method for growing large single
crystals of lithium-rich phases, Lig:Al13Sis melts were equilibrated at 450 °C. These experi-
ments almost exclusively yielded large single crystals of Litas7¢1)Aloss)Sis, an Al-doped variant
of LisSis (Figure 3.14b). In contrast, Li\Sii0-x (x > 85) melts afforded crystals of Lii7Sis as the

main product and only few needle-shaped crystals of LissSia.

a) Li15Sis b) Li14.37(¢1)Alo.63(1)Si4
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Figure 3.14. a) Total and partial DOS together with the band structure representation for LiisSis and
b) Rietveld fit of the Cu1sSis structure model to the powder X-ray diffraction pattern of ground single
crystals of Lits.s71AlossSis (/43d, a = 10.66095(3) A,V =1211 .68(1) A3). Figures were modified on the
basis of ref. 66 and 67.
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The powder X-ray diffraction pattern of ground single crystals of Lit4.a71Aloes)Sia was fitted
well using the CusSis structure model (Figure 3.14b). Comparing the unit cell parameters of
Li1sSis and Litas7mAloesySia determined from powder X-ray diffraction data (Rietveld refine-
ments), the unit cell of LiwarmAlossnSis is slightly contracted (@ = 10.7163(1) A vs.
a = 10.66095(3) A). According to single crystal X-ray diffraction experiments, the two crystal-
lographically independent Li positions in the structure of LisSis are partially substituted by Al
(8.95(7)% and 5.31(9)%). The incorporation of Al was further validated by *’Al-MAS-NMR
spectroscopy and supported by results from X-ray diffraction experiments and EDX investi-
gations. The homogeneity range of Liis_Al.Sis could be assessed as Xmin. 0.4 and Xmax. = 0.8.
Remarkably, the Zintl phase Li4sAlosSis exactly falls in this range and samples corresponding
to Lits-xAlLSis (0.4 < x < 0.8) feature diamagnetic behavior which is expected for Zintl phases.

Surprisingly, thermal investigations (DSC) of Lis_xAlSis (0.4 < x < 0.8) revealed thermo-
dynamic stability of up to 700 °C whereas metastable LisSis already decomposes in an exo-

thermal irreversible process at around 170 °C.

3.1.4 Revision of the Li-Ge Phase Diagram: Thermodynamic

Relation of LiizGes, LitsssGes, and LiisGes

see Chapter 5.5 Zeilinger, M.; Fassler, T. F. Dalton Trans. 2014,
DOI:10.1039/C4DT00743C.

The lithium-rich section of the Li-Si phase diagram (> 76 at.% Li) was comprehensively and
unambiguously characterized and a slight modification of LisSis by Al doping led to thermo-
dynamically stable phases Liss_AlSis (0.4 < x < 0.8). Extending the phase diagram work to the
Li-Ge system, Li7Ges®® (space group F43m) and Lis3sGes®® (space group Cmcm) were iden-
tified as new phases which are isotypic with their Si counterparts Lii;Sis and Lits42Sis. As
demonstrated in the difference Fourier map in Figure 3.15, the disordered Li-strands apparent
in Lite421Sis and LitesspGes are very similar. Within standard deviations (30), the occupancy
ratios of the respective Wyckoff positions 4c and 8g are identical. Li1-Ge. replaces the closely
related disordered Liis9sGes* as lithium-richest phase of the Li-Ge system. The latter can be
regarded as a representative of a small homogeneity range Lii7—«Ges (0 < x < 0.2) where
x = 0.05. This may be enabled by the structural flexibility of the Ms-cluster unit (M = Li + Ge)
around the 4a site as already proposed for Lii7_Sis (0 < x < 0.2).54

Since the structure descriptions of LiisssGes and Li;yGes exactly follows those given for
their isotypic silicides it is referred to Chapters 3.1.2 and 5.5.%° Regarding the determination

of the Li-Ge phase diagram for Li concentrations > 79 at.% Li, the same methodology was

45



3 Results and Discussion

Figure 3.15. Difference Fourier map (Fo—Fc) shown for the layer defined by Ti1, Tt2 and Li2 in a) Lit6.42Sia
and b) LitessGes (parallel to ab-plane, calculated from single crystal data at —173 °C and -150 °C for
Lit6.42Si4 (contour lines +0.6 e-A‘3) and Lits.3sGes (contour lines +0.5 e-A‘3), respectively; cell edges are

shown in blue). Figure and figure caption were adopted from ref. 65.

used as successfully applied for the Li-Si system.®*%¢ Previously unrecognized work by
Grlttner?® was also considered for these investigations (Figure 3.16a). As a result, the Li-Ge
phase diagram was revised according to Figure 3.16b. Thermal effects that were observed in
the thermograms of Li;7Ges and samples with nominal compositions “LissGes” and “LiisGes”
were assigned therein. Starting from different Li-Ge melts, effects (1-3) correspond to cross-
ing the liquidus boundary and effects (4) and (5) are attributed to the peritectic decomposition
of Li17Ges (into melt and Liis3sGes) and Liss3sGes (into melt and LiisGes), respectively. The very
sluggish peritectoid decomposition of LiisssGes into Lii7Ges and LiisGes at around 400 °C
could be elucidated by long-term annealing experiments of “LiisGes” samples. A concluding
comparison of the Li-Ge phase diagram with the Li-Si system (Figure 3.16c¢) reveals resem-
blance regarding the thermodynamic stability of Li«7Tts and Lie4Tts. In contrast to LiisGeys,
which is a thermodynamically stable phase melting congruently at 720 °C,?° isotypic LissSis is

metastable and therefore missing in the Li-Si phase diagram compilation.
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Figure 3.16. a) Excerpt of the Li-Ge phase diagram as reported by Grittner®® (the composition of the
eutectic between LiisGes and Li1sGes was not determined), b) its revision based on DSC investigations
and annealing experiments of “LitsGes” samples reported herein, and c) the most recent Li-Si phase

diagram for Li concentrations > 76%.% Figure and figure caption were adopted from ref. 65.

3.1.5 Solid Solutions Li17SisxGex [x = 2.30(2), 3.08(4), 3.53(3)]

see Chapter 5.5 Zeilinger, M.; Féassler, T. F. Dalton Trans. 2014,
DOI:10.1039/C4DT00743C.

As reported in the previous Chapter, the isotypic phases Li:zSis and Li;7Ges were manifested
as the lithium-richest candidates of the Li-Si and Li-Ge system. According to Vegard’s law,”
they should form solid solutions corresponding to Li1zSisxGex (0 < x < 4). Employing melt
equilibration experiments, crystals of Lii;Sis_xGex [x = 2.30(2), 3.08(4), 3.53(3)]%*® were grown
and subsequently characterized by single crystal and powder X-ray diffraction. Compositions
obtained from single crystal X-ray diffraction studies were supported by EDX investigations.
As demonstrated in Figure 3.17a, cell volumes of respective solid solutions linearly increase
with increasing concentrations of Ge in Li;;Sis_xGex as expected from Vegard’s law.™
Evaluating the distribution of Si and Ge among the four crystallographically different
tetrel positions Tt1-4 (Tt = Si, Ge) in Lii7Sis-xGey, the general trend can be observed that Tt2
is slightly preferred by Si (Figure 3.17b). Such a preferential site occupation is also known as
the “coloring problem” and in some cases this phenomenon cannot be explained by simple

chemical reasoning.” For Li;Sis«Gey, albeit differences are quite small, future quantum
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chemical calculations might elucidate the reasons for the different distribution of Si and Ge

among the four crystallographically independent atom positions Tt1-4.

a)
18.90
Li17Sis-xGex
x=4
18.85 - x =3.53(3) w,/.
T x=3.08(4)
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18.75 4 1 Si-Ge ratio (EDX)
Xx=0 = Si-Ge ratio
(single crystal data)
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Figure 3.17. a) Trend of cell volumes vs. Ge contents in Lii7Sis—xGex (x = 0, 2.30(2), 3.08(4), 3.53(3)
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cell parameters were determined from powder X-ray diffraction patterns recorded for ground single

crystals (Rietveld refinements), Ge contents were obtained from single crystal X-ray diffraction data

(error bars are smaller than data point icons) and EDX. b) Distribution of Si and Ge among the four

crystallographically different tetrel positions Tt1-4 (Tt = Si, Ge) in Li17SisxGex according to single crystal

X-ray diffraction data (error bars = +30). Figure 3.17a was adopted from ref. 65.
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3.2 Open Tetrahedral Frameworks (OTFs)

3.2.1 Review of Relevant Literature

Lithium-rich tetrelides such as Lii7Tts, Lite4Tts Or LiisTts (Tt = Si, Ge) solely comprise isolated,
highly negatively charged tetrel atoms which are embedded in Li matrices. A sound descrip-
tion of their complex structures is achieved by visualizing the arrangement of TtLi, coordina-
tion polyhedra. Gradually going to Tt-rich phases, these, for example, contain Tt—-Tt dumbbells
(Li7Tts), clusters such as [Tt]* and [Tt)]*~ (Ki2Tti7'?), two-dimensional layers like Z[Geqs]”
(Li-Ge1**, see also Figure 3.19a) or extended network structures. The latter, in particular Zintl
phases realizing open tetrahedral framework (OTF) structures, have been a focus of the
Fassler group for many vyears. Recent examples are hP-Na.ZnSns and t/-Na,ZnSns
possessing zeolitic Zn-Sn-frameworks,® the clathrate-l type NasZnsGes:® and KsZnsSnsy,” or
Li.ZnGe; revealing a hexagonal diamond (2H polytype?®) like Zn—-Ge network (Figure 3.18a-c).°
In terms of electrode materials for LIBs, light-weight Zintl phase OTFs involving elements of
the second row (Li, B, C) are most interesting. Yet, the synthesis of such phases has long
been unsuccessful. Prior to this work, K;B;Sisx'® (Si is partially replaced by B) and
KsLixGeas—xal 2-3x4'' have been the only representatives (Figure 3.18d). Notably, Li replaces
small amounts of Ge in the Ge host structure of the latter and does not occupy framework
cavities. Additionally, an electrochemical lithiation of the clathrate-Il compound Na,Siiss
(x — 0) was reported.' In the Li-B-C system, the completely intercalated heterographite LiBC
(a variant of the AIB; structure, i.e. LIBC) is the lithium-richest phase (Figure 3.18e)."® How-

ever, it was shown that its performance as a cathode or anode material is very poor.* The
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boron-rich phases Li:B12C», Li2B13C2," Li1.6sB3s.76Cs, '® and Li1 43B3s.82C6' bearing Bio-icosahe-
dral units in their structures are less attractive. In case of the Li-B-Si system, Li»B1,Si> was
the only known phase prior to this work (Figure 3.18f)." The synthesis, crystal and electronic
structure of the second representative LiBSi, is addressed in Chapter 3.2.4. LiBSi, consists
of a strictly ordered tetrahedral B-Si network, to which the symbol tum was assigned in the
TopPOs topological database (TTD)."® The Zintl phase OTF hosts Li atoms inside mutually or-

thogonal channels and may therefore be considered as an interesting electrode material.

a) b)
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© Il T & | ¢ [l

v Y 2 \\\/ : Q@&w\ ’ %‘\
hP-Na2ZnSns Li2ZnGe3s

e) f)
.i;'n
K7B7Si3g | LiBC Li2B12Si2

Figure 3.18. Examples of Zintl phase OTFs revealing Zn-Sn or Zn-Ge networks: a) hP-Na2ZnSns (Na
atoms exhibit occupational disorder), b) Li2ZnGes, and c¢) KeZn4Sna.. Clathrate-I type KrB7Siss (mixed
Si/B sites are shown in green) as an example of a Zintl phase OTF involving a second row element (d),
the fully Li-intercalated heterographite LiBC (e), and, prior to this work, the only representative of the
Li-B-Si system bearing Biz2-icosahedral units (f). Li, Na, and K atoms are shown in yellow, red, and

violet, respectively. The methodology for drawing Figure (a—c) follows ref. 18.

In terms of open tetrahedral frameworks, another focus of the Fassler group are group 14
allotropes. These may possess interesting properties regarding their application as electrode
or semiconducting materials. For instance, the Ge polymorphs allo-Ge and 4H-Ge were char-

acterized comprehensively during the last years (Figure 3.19¢,d). The synthesis of allo-Ge and
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Figure 3.19. Crystal structures of a) LizGe12 and b) LisNaSis revealing polyanionic layers 2[Ge12]’~ and
2[Sie]*, respectively, separated by Li (red) and Na (yellow) atoms. A mild oxidation of LizGexz, i.e. a Li
deintercalation and concomitant interlayer bond formation (corresponding layers are shown in green),
leads to the formation of m-allo-Ge (c) which transforms into the further allotrope 4H-Ge (d).

Figure 3.19c was modified on the basis of ref. 18.

its transformation to 4H-Ge (isotypic to the 4H polytype of SiC) was first described in the
1980’s.%" Accordingly, allo-Ge was obtained through a mild oxidation of LiGe1,, a phase that
possesses polyanionic slabs 2[Ge1.]’~ which are separated from each other by Li atoms (Fig-
ure 3.19a). By treatment of Li;Ge1. with protic solvents, interstitial Li is removed. Thereby, the
topology of the 2[Ge+]"~ layers is retained under interlayer Ge-Ge bond formation (topochem-
ical reaction, Scheme 3.1a). However, the oxidation reaction afforded microcrystalline prod-
ucts which did not allow a comprehensive structure determination. Consequently, the struc-

ture model for allo-Ge remained unsatisfying until lately. Applying a combination of selected

55



3 Results and Discussion

area electron diffraction, powder X-ray diffraction, quantum chemical calculations and simu-
lated powder X-ray diffraction patterns, the structure model for m-allo-Ge (microcrystalline
allo-Ge) was improved considerably by Fassler and coworkers.?® Between 150 and 300 °C
m-allo-Ge transforms into 4H-Ge (Figure 3.19d).22" Similar to the synthesis of allo-Ge, allo-Si
was obtained from an oxidation of LisNaSis as yet another group 14 polymorph (Scheme 3.1b).
LisNaSis comprises of polyanionic layers Z[Sig]*~ that are separated by Li and Na atoms
(Figure 3.19b).222% The treatment of this phase with protic solvents leads to a topochemical
oxidation reaction where Li and Na atoms are deintercalated under formation of a three-di-
mensional four-connected (4c) Si-network through interlayer bond formation.?>?* However,
this reaction only afforded poorly crystalline products which did not allow a conclusive struc-
ture determination. As yet, the structure of allo-Si is only sketchily described and sparse
successive work is found in literature. Employing quantum chemical calculations, hypothetical

structures for allo-Si** and other Si allotropes were predicted.?>*'

a) Li;:Geiz + 7ROH —> 12allo-Ge + 3.5H. + 7LiOR
b) LisNaSis + 4 ROH — 6allo-Si + 2H, + 3LIOR + NaOR

Scheme 3.1. Oxidation reactions of LizGe12/LisNaSis yielding allo-Ge and allo-Si.

In the course of this thesis, the synthesis of the Si polymorph allo-Si came under scrutiny and
comprehensive investigations could not confirm its existence. According results are pre-
sented in Chapter 3.2.2. As part of these studies, the incorporation of Ge into the structure of
LisNaSis (note that LisNaGes is not known) was studied additionally since LisNa(Sii-xGex)s
phases might serve as a precursors for allo-Sii_xGe,. This led to the discovery of the novel
Zintl phase LiisNa.Ge17* which contains the three Zintl anions Ge*, [Ge4]*", and [Ge12]'*" in a
1:1:1 ratio (see Chapter 3.2.3).

3.2.2 OTF from Silicon: On the Existence of the Si Polymorph allo-Si

see Chapter 5.6 Zeilinger, M.; Jantke, L. A.; Scherf, L. M.; Kiefer, F. J.;
Konar, S.; Kienle, L.; Karttunen, A. J.; Haussermann, U;
Fassler, T. F., manuscript for publication.
As briefly addressed in the introduction, the structure of the Ge polymorph m-allo-Ge
(allo-Ge) was elucidated just recently.?®° Thereby, quantum chemical calculations on differently
modeled structures played an important role. Since the structure of allo-Ge is directly related

to the polyanionic 2[Ge:.]”~ slabs in Li-Ge12, these models were constructed by connecting
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Figure 3.20. Hypothetical oxidation of LisNaSis with alcohols ROH (R = —-CHs, -CH2CHa) yielding a
zeolite-type Si open tetrahedral framework (TON, ZSM-22). In the present work, the TON structure was
obtained after a full structural relaxation starting from the Si substructure of LisNaSie. Li and Na atoms

are shown in red and yellow, respectively. Figures were adopted from Chapter 5.6.

2[Ge12]” slab units differently.?’ Turning to allo-Si, an analogous approach would be reason-
able. However, a phase Li;Sis2 has not been described thus far. Considering LisNaSis with its
2[Sig]*" layers as a precursor for allo-Si, a full structural relaxation of its Si substructure con-
cluded with the zeolite-type structure TON (Figure 3.20). This strongly fuels the prospect of
obtaining crystalline samples of allo-Si which could facilitate a conclusive structure determi-
nation of the Si polymorph first described in the 1980’s.

As part of this thesis, diverse reactions targeting the synthesis of allo-Si only yielded
amorphous products which were correspondingly denoted as a-allo-Si. Attempts to repro-
duce reports from literature failed. Previously reported reflections for allo-Si (ICSD 41-1111)
were not traced in any of the powder X-ray diffraction patterns recorded for samples that were
synthesized according to Scheme 3.1b. However, it could be shown that the published dif-
fraction pattern of allo-Si bears a striking resemblance to NbSi.. Since the authors employed
Nb ampules for the synthesis of the precursor LisNaSis at relatively high reaction tempera-
tures,?** the reflections of allo-Si most likely originated from an NbSi, impurity. The corre-
sponding reflections may dominate the powder X-ray diffraction pattern after Li;NaSis was
fully converted into an amorphous phase. Thus, it seems that the oxidation of LisNaSis with
protic solvents is merely a further method to produce amorphous Si. However, Schwarz et
al.?>2 reported on a phase transition of allo-Si yielding a-Si at 527 °C which is drastically lower
than the amorphous-to-crystalline phase transition of ordinary amorphous Si. This was addi-

tionally supported by temperature-dependent powder X-ray diffraction experiments and
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claimed as a “good proof that allo-Si is in fact a new silicon modification”.?® In order to clarify
this issue, amorphous Si (a-Si) was produced by an extraction of Li from the lithium-rich sili-

cide Li1sSis using liquid ammonia as a solvent for Li (Scheme 3.2).

NH
Li15Si4 —3> 15 (1 —X) LiNH3 + 43-Si + 15x LINH2 + 75x H2

Scheme 3.2. Synthesis of amorphous Si (a-Si) starting from Li1sSis and NHzs as solvent for Li.

Since this reaction produces a mixture of a-Si and LiNH,, the extraction process was
followed by an aqueous treatment of the a-Si/LiNH, intermediate to remove LiNH,. Subse-
quently, the corresponding products were rigorously characterized by powder X-ray diffrac-
tion, diverse spectroscopic and microscopic methods which provided evidence for a com-
pletely amorphous character, a slight surface oxidation of nano- and micrometer-sized parti-

cles, and virtually no residual Li.

Li3NaSie
a-allo-Si + LizNaSig @
487 °C
/\ i (onset481 °C)
5 /%\/ﬁ
c 7\
=) 2)
» 613-616 °C
< ™~
o
g a-allo-Si @
565 °C
(onset 544 °C)
a-Si @
658 °C
exo —— 10 Kmin™ heating
400 500 600 700
T/°C

Figure 3.21. First DTA heating traces of thermograms recorded for LisNaSis, partially oxidized LisNaSie
(LisNaSis/a-allo-Si mixture), a-allo-Si, and a-Si obtained from LisSis (Tmax. = 750 °C, #10 K-min~'! heat-
ing/cooling rate, heat effects marked with * could not be assigned). Figure and figure caption were

adopted from Chapter 5.6.

As can be recognized from DTA heating traces in Figure 3.21, fully and partially oxidized

samples of LizNaSis corresponding to a-allo-Si and a mixture a-allo-Si/LisNaSis, respectively,
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undergo an amorphous-to-crystalline phase transition at 487 and 565 °C (effect 1 and 3),
embracing the reported phase transition temperature of allo-Si (527 °C).?22® Effect (2) is at-
tributed to the decomposition of LisNaSis. In case of a-Si, the phase transition is observed at
658 °C (effect 4) which is markedly higher than found for a-allo-Si. These findings support
previous results on the thermal behavior of allo-Si. However, Raman spectroscopy studies
and powder X-ray diffraction of a-Si and a-allo-Si samples indicate that, in contrast to a-Si,
a-allo-Si contains large concentrations of a-Si crystallites which act as crystallization nuclei.
Note that the formation of a-Si crystallites was also mentioned in previous work.® Thus, the
different phase transition temperatures in the series LisNaSis/a-allo-Si, a-allo-Si, and a-Si can
be explained. Therefore, it is concluded that the oxidation of LizNaSis with protic solvents
according to previous work?® solely leads to the formation of amorphous Si. The difficulties to
synthesize crystalline samples of allo-Si were also explained by quantum chemical calcula-
tions since structures derived from the substructure of hypothetical Li;Si. are distinctly
favored over those composed of 2[Sig]*" layers apparent in LisNaSie. Interestingly, some Zint|
phase OTFs (mep, mtn, CAS, unj, tum) were shown to be suitable for Si since these possess
more favorable energies relative to a-Si. This nicely demonstrates that new polymorphs of Si

might be obtainable by employing other precursors or new routes.

3.2.3 LisNa(Sii-xGex)s as Precursor for allo-Sii_«Gex and the

Discovery of the Zintl Phase LiisNa:Ge1r

see Chapter 5.7 Scherf, L. M.; Zeilinger, M.; Fassler, T. F.
Inorg. Chem. 2014, 53, 2096.

The oxidation of the ternary lithium sodium silicide LisNaSis solely led to the formation of
amorphous Si. In contrast, Li;Ge1. is transformed into microcrystalline allo-Ge by an oxidative
deintercalation.®?° For both cases the homologues LisNaGes and Li;Sis. are not known. How-
ever, a limited solubility of the respective tetrel element corresponding to Li-(Sii-xGex)q» and
LisNa(Sii-«Gey)s may be possible. These phases could then serve as precursors for crystalline
allo-Sii_«Ge, which might be interesting in terms of band gap tuning. However, the solid solu-
tion behavior is very limited and other phases are formed instead.®® Within investigations on
LisNa(Sii-xGex)s, the novel Zintl phase LiisNa.Gei; could be identified and subsequently syn-
thesized from a stoichiometric mixture of the pure elements. As part of the corresponding
joint publication, Li;sNa.Ge17 was characterized by single crystal X-ray diffraction. Li;sNa.Ge17
crystallizes in the trigonal space group P31m with a = 17.0905(4) Ac= 8.0783(2) Aand z=3.
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The non-centrosymmetric structure was readily solved and refined with reliability factors of
R+ = 0.0212 and wR, = 0.0420 for all data and a flack parameter of 0.01(2). The asymmetric
unit contains 13 Li, three Na, and 12 Ge positions which are all fully occupied. This corre-
sponds to a total unit cell content of 54 Li, six Na, and 51 Ge atoms (hP111). Atomic displace-
ment parameters were refined anisotropically for all atoms.

LiisNa.Ge+7 is one of few examples comprising three different Zintl anions in its unit cell
(Figure 3.22a). These are [Ge12]'*~ centering a Li atom ([Li@Li,Ge1s]'"), [Ges]*, and Ge* in a
1:1:1 ratio (Figure 3.22b,c).

LiisNa2Ge17 [Li@LisGe12]", [Geq]* Ge*

Figure 3.22. a) Unit cell of LiisNa:Gei7 with view along the crystallographic c-axis emphasizing the
Friauf polyhedra [Li@LisGe12]'™- (light blue) and the two crystallographically independent tetrahedra
[Ges]*- (red and yellow). The coordination environments of [Li@ LisGe12]''~ units and isolated Ge*- atoms
are depicted in (b) and (c), respectively. Thermal ellipsoids in (b) and (c) are shown at a 90% probability

level (Li = white, Na = green, Ge = dark gray). Figures were adopted from ref. 32.

3.2.4 LiBSiz: A Novel Zintl Phase OTF Hosting Li Atoms

Inside Channels

see Chapter 5.8 Zeilinger, M.; van Wdllen, L.; Benson, D.; Kranak, V. F.;
Konar, S.; Fassler, T. F.; Haussermann, U.
Angew. Chem. Int. Ed. 2013, 52, 5978.

Turning to OTFs that are realized by Zintl phases, a high-pressure high-temperature experi-
ment employing a 1:1 mixture of LiB and a-Si encapsulated in a salt cylinder yielded the novel
Zintl phase LiBSi,. The thoroughly mixed reactants were pressurized at a maximum pressure
of 10 GPa and subsequently reacted at 900 °C for one hour. The powder X-ray diffraction

pattern of the product corresponded to LiBSi, and reflections originating from an unknown
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3.2 Open Tetrahedral Frameworks

phase. Serendipitously, the latter is air and moisture sensitive and could be removed by wash-
ing. In contrast, LiBSi; is stable in air and toward strong acids. The structure of LiBSi, could
then be solved from powder X-ray diffraction data using a parallel tempering algorithm.34-3¢
A rigorous investigation of the formation conditions of LiBSi, proved that LiBSi, can be
directly synthesized from a 1:2 mixture of LiB and a-Si. However, an appreciable conversion

is only observed if the educts are reacted at least 90 hours at 900 °C and 10 GPa (Figure 3.23).

a) b)
@ LiBSi» influence of reaction time ‘\ \‘
® -Si ‘ | 12 h (~ 60 wt% Si)
201 (LiBSi») “\ \‘ 111 (S)
|
= > ’; \
£ 2 |
(=4 2 ‘
£ 3 / \
= = [ | 39 h (~20 wt% si)

N
M// gomsawww
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Figure 3.23. a) Powder X-ray diffraction pattern of a LiBSi. sample obtained after reacting a 1:2 mixture
of LiB and a-Si at 900 °C for 90 h at a pressure of 10 GPa. Reducing the dwell time at 900 °C, the
corresponding powder X-ray diffraction patterns (b) reveal drastically higher portions of a-Si («-Si con-
tents were determined by Rietveld refinement; calculated patterns for LiBSi2 and a-Si are shown in red

and blue, respectively, experimental ones in black, pink, and green).

LiBSi» crystallizes in the tetragonal space group P4./nmc with a = 6.83225(3) A,
c = 8.83924(6) A v= 412.612(5) A3, and eight formula units in the unit cell ({P32). The asym-
metric unit contains four crystallographically independent atom positions. Si1 and Si2, being
located on different 8g (V4, y, z) positions, and B on 8f (x, y ,V4) form a strictly ordered open
tetrahedral framework (OTF) that encloses Li atoms (on 8g) inside mutually orthogonal chan-
nels (Figure 3.24a). B atoms are exclusively bonded to Si atoms. Remarkably, LiBSi; is the
first example that reveals such a strictly ordered B-Si framework. It comprises five-, six-, and
seven-membered rings. The bonding situation can be easily explained with the Zintl concept:
(Li*)(4b-B)(4b-Si°) where B~ is isoelectronic with C and thus four-bonded (4b).

The central motifs in the structure of LiBSi, are [B4Si24] realgar-like units and Si1-Sii
dumbbells in a 1:2 ratio forming two-dimensional slabs that embed elongated Lis-tetrahedra
(edge lengths: 3.36 and 3.85 A) as illustrated in Figure 3.24b. These slabs are connected along
the crystallographic c-axis (Figure 3.24a). Since they are related by the n glide perpendicular
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(] Ml
SN

Figure 3.24. Crystal structure of LiBSi.. a) 2x2x2 supercell with view along the b-axis (Li, B, and Si
atoms are shown in red, blue, and dark gray; isotropic atomic displacement at a 90 % probability level);
b) ab-projection of two consecutive slab building units whose boundaries are indicated by blue planes
in Figure (a). Slab building units comprise realgar-like units that are emphasized by yellow bonds. Elon-
gated Lis-tetrahedra (shown in gray) are embedded in each slab. Symmetry elements (42 and 4 axes)
are indicated by their respective symbols; c) excerpt of a structural building block that results from
connecting three consecutive slab building units. Li atoms are hosted inside six- and seven-membered
orthogonal channels which are recognizable as linear chains and zig-zag chains, respectively (dotted

lines between Li atoms do note indicated interactions). Figures were adopted from ref. 18.

to ¢ (Figure 3.24b), realgar units and Lis-tetrahedra are alternatingly stacked whereas Si1-Si1
dumbbells are situated on top of each other by a 90° rotation. As a result of stacking the two-
dimensional slab building units, Li atoms are hosted inside mutually perpendicular channels.
Interestingly, the arrangement of Li atoms may be described as linear chains and zig-zag
chains when viewing along channels formed from seven-membered and six-membered rings,
respectively (Figure 3.24a,c). These chains run along the a- and b-direction. It is noteworthy
that if parallel channels formed by the seven-membered rings (hosting linear Li chains at dif-
ferent heights), for example recognized in the b-direction, are viewed from the (perpendicular)
a-direction, their side view corresponds to parallel channels formed by six-membered rings
(hosting Li zig zag chains).

The fascinating structure of LiBSi, which represents a new three periodic, four con-
nected net (it was assigned the symbol tum in the TOPOS topological database) was also
confirmed by Raman and NMR spectroscopy. Additionally, quantum chemical calculations

revealed a band gap of 1.1 eV.
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Chapter 4

Summary and Conclusion

Efficient and at the same time affordable energy storage has become one of the most im-
portant aspects of the present and future generation. This particularly emerged from an in-
creasing demand for portable electronics and electric vehicles. In this regard, the lithium-ion
battery (LIB) technology is the system of choice since it offers high energy densities at light
weight in combination with a plethora of different battery designs. Enhancing the well-estab-
lished LIB technology in order to meet current requirements is directly associated with the
question of how single components of the system can be viably improved. To this end, a deep
understanding of respective part systems is crucial and inevitable.

In the course of the present thesis, the binary phase diagram Li-Si came under scrutiny
since Si has been regarded as a promising anode material for future LIBs. Theoretically, a Si
anode would offer a specific capacity being almost ten times higher than that of graphite,
which is commercially used as anode material in most LIBs. However, the use of Si is con-
fronted with a massive swelling/contraction of active material during lithiation/delithiation pro-
cesses, contact loss of electrodes and poor cyclability. While various solutions were proposed
to compensate these problems, a fundamental characterization of the Li-Si system, in partic-
ular, the lithium-rich portion, has not been addressed prior to this work. In detail, it was shown
that Lis;Sis is the lithium-richest representative of the Li-Si system replacing the previously
reported phase Li»Sis (LissSis). The structures of Lii;Sis and Li:Sis are closely related and
solely differ in the occupation of one fourfold special position (Figure 4.1a). The existence of
a phase with a composition Li»2Sis (Li17.6Sis) was ruled out and thus the controversy in literature
regarding the composition of the lithium-richest Li-Si phase could be clarified. Remarkably,
these investigations led to the discovery of a new compound. Liis42Sis was established as a
high-temperature phase in the Li-Si system and exhibits a structural disorder which is unique
amongst Li-Si phases. Despite their resembling compositions, the structures of Li;Sis and
Liie.42Sis are very different (Figure 4.1a,b). The discovery of Liis.4.Sis is ascribed a key role since
this allowed a conclusive revision of the lithium-rich section of the Li-Si system (> 76 at.% Li).
Analogous investigations of the Li-Ge phase system revealed the existence of the heavier
homologues Lii7Ges and Liis3sGes. Consequentially, the lithium-rich section of the Li-Ge sys-

tem (> 79 at.% Li) could be redetermined accordingly. Interestingly, the Li-Ge phase
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Li1s-xAlxSis Li13Sis LiBSiz (tum)

Figure 4.1. Crystal structures of phases which were characterized in the course of the present thesis.
a) cubic unit cell of Li1zTts emphasizing the NaTl-type arrangement of Tt-tetrahedra (red, yellow) and
octahedra (blue, green) which correspond to Mas clusters (M = Li + Tt) being centered at Wyckoff po-
sitions 4a, 4c and 4b, 4d, respectively. The 4a position is occupied by Li which centers a M2s-cluster;
b) TtLi» coordination polyhedra and their strand-like arrangement in the orthorhombic unit cell (2x1x1)
of Lite4Tts (Lis1Tt); c) strands of condensed pseudo-anticuboctahedral units [Si@Lis2] proceeding along
the three-fold axes of the cubic unit cell of Liis—xAlSis. Different directions of 1[Si@Lii;] strands are
indicated by different colors; d) 2x1x2 super cell of the orthorhombic phase Li1sSis emphasizing Si-Si
dumbbells and interconnected parallel strands of condensed 1[Si@Lii2] units (green); e) the Zintl phase
OTF of LiBSi2 hosting Li atoms inside mutually orthogonal channels which are formed by six- and
seven-membered rings. The novel, strictly ordered B-Si framework was assigned the symbol tum in
the Topos topological database; Li and Tt (Tt = Si, Ge) atoms in Figures 4.1a,b,d,e are shown in red

and dark gray, respectively.

diagram bears strong resemblance with the Li-Si system regarding the thermodynamic sta-
bilities of Lis7Tts and Liss4Tts. Moreover, melt equilibration experiments employing Li-Si melts
with Li concentrations > 85 at.% surprisingly yielded few single crystals of the metastable

phase LisSis. Hitherto, its structural parameters were merely determined from Rietveld fits of
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the CussSis structure model to respective powder X-ray diffraction patterns. As part of this
work, the first single crystal diffraction study on LisSis validated the assignment of the Cu1sSis
structure type. Again, the structure of LisSis is very different from Li1;Sis and Lits42Sis (Fig-
ure 4.1a-c). Besides, the crystal structure of Li:sSis (Figure 4.1d) was redetermined by single
crystal X-ray diffraction and improved distinctly in comparison to previous work. The unam-
biguous structural and thermodynamic characterization of all aforementioned phases finally
allowed the elucidation of the decomposition behavior of Li5Sia.

Looking at the series Li13Sia, Li1sSia, Lit6.42Sis, and Li17Sis, it is interesting to note that none
of these meet the criteria for a Zintl phase, albeit Liis.42Sisis very close to it. Hence, the ques-
tion of how a Zintl phase may be formed arises. In this regard, the analysis of the band
structure of LisSis reveals a peculiarity since a pseudo-gap is located above the Fermi level.
Consequently, it can be speculated that an increase of the electron concentration by
replacing small amounts of Li by a suitable dopant could shift the Fermi level toward the
pseudo-gap resulting in the formation of an electron-precise (semiconducting) Zintl phase.
Remarkably, it was shown that substituting small concentrations of Li in LisSis by Al leads to
the formation of Lis_xALSis (0.4 < x < 0.8) which also include the Zintl phase Lii45Alo5Sis
(14.5 Li*, 0.5 AP+, 4 Si*). In contrast to LisSis, these phases are thermodynamically stable up
to ~700 °C (Li1sSi4 irreversibly decomposes at ~170 °C) and reveal a diamagnetic behavior.

Another focus of this thesis was set on open tetrahedral framework (OTF) structures
realized by Zintl phases and group 14 elements. These materials might serve as alternative
electrode materials or could be interesting with respect to semiconducting properties. Re-
garding OTFs realized from elements, the synthesis of the Si polymorph allo-Si was studied
comprehensively. Similar to the Ge allotrope allo-Ge, allo-Si can be obtained from an oxida-
tion of the layer-like phase LizsNaSis. It bears polyanionic layers 2[Si¢]*~ that are separated by
alkaline metal atoms (allo-Ge: Li-Ge12, 2[Ge12]"). The oxidative deintercalation of LisNaSis with
protic solvents goes along with a concomitant interlayer bond formation leading to a four-
connected network. Contrary to allo-Ge, authors reported on the formation of poorly crystal-
line allo-Si samples that did not allow a conclusive structural characterization. As part of this
work, only amorphous samples of allo-Si were afforded and denoted as a-allo-Si. Further-
more, previous results from powder X-ray diffraction experiments were shown to be ambigu-
ous since the reported allo-Si Bragg reflections most likely originated from an impurity. It
could be proven by thermal investigations that the amorphous-to-crystalline phase transition
temperature of a-allo-Si (into a-Si, 487-565 °C) is markedly lower than the one of ordinary
amorphous Si (a-Si, ~660 °C). For these studies, a-Si was obtained from a new route employ-
ing liquid ammonia as a solvent for Li to extract it from LisSis. However, the different phase

transition temperatures of a-Si and a-allo-Si are attributed to large concentrations of a-Si
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4. Summary and Conclusion

crystallites (crystallization nuclei) in a-allo-Si samples. A reliable and unambiguous differenti-
ation between a-allo-Si and a-Si was not possible and, therefore, evidence for the existence
of allo-Si was not found. The difficulties for obtaining crystalline allo-Si samples could also be
elucidated by quantum chemical calculations. Remarkably, these calculations also traced a
potential capability of Si to form certain Zintl phase OTFs and thus strengthened the prospect
of obtaining new Si polymorphs. Furthermore, the solid solutions LizNa(Sis_«Ge,)s were con-
ceived as precursors for allo-Sii_xGey in the course of extensive studies on the synthesis of
allo-Si. However, the incorporation of Ge into the structure of LisNaSis is very limited. Instead,
the novel Zintl phase LiisNa.Ge+7 could be identified and characterized by single crystal X-ray
diffraction. It is one of few phases containing three different Zintl anions (Ge*-, [Ge4]*", [Ge1]'*)
in its structure and only the second example of the largest known Ge cluster unit [Ge1,]'".

In terms of Zintl phase OTFs, the novel Zintl phase LiBSi; was synthesized in a high-
pressure high-temperature experiment. The structure of LiBSi, reveals a strictly ordered B-Si
network where B atoms are exclusively involved in heteronuclear contacts. Central structure
motifs are realgar-like units [BsSis]* interconnected by Si-Si dumbbells. Mutually orthogonal
channels formed from six- and seven-membered rings host Li atoms inside (Figure 4.1€). The
novel three periodic, four-connected framework was assigned the symbol tum in the TOPOS

topological database.

In conclusion, the binary phase diagrams Li-Si and Li-Ge were extensively investigated,
revised and established resolutely. The results impressively illustrate that despite the recent
interest in these systems essential characteristics have not been recognized to date. The new
insights may possibly lead to a reconsideration of previous work and certainly account for a
better understanding of these systems on a fundamental level. Moreover, the experimental
and theoretical work on the Si polymorph allo-Si brought up interesting aspects for future
investigations on allo-Si or Si allotropes in general. Also the serendipitous discovery of the
Zintl phase LiisNa>Ge7 is an important result since it could contribute to further work regard-
ing the influence of cations on cluster shapes and crystal packing in Zintl phases as well as
the different behavior of Si and Ge toward their accessibility to certain Zintl phases. In
addition, the discovery of LiBSi, demonstrates that the high-pressure high-temperature tech-
nique can be an expedient and powerful method to obtain novel materials in solid state
chemistry. The intriguing crystal structure of LiBSi, hosting Li atoms in a channel-like fashion
and the thermodynamically stable phases Lis_AlLSis will certainly fuel further work, particu-

larly with regard to their potential use as electrode materials.
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5.1 Single Crystal Growth and Thermodynamic Stability of Li17Sia

Reprinted with permission from Zeilinger, M.; Benson, D.; Haussermann, U.; Fassler,
T. F. Chem. Mater. 2013, 25, 1960. Copyright (2013) American Chemical Society.
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ABSTRACT: Single crystals of Li,;Si, were synthesized from
melts Li,Si;g_, (x > 85) at various temperatures and isolated
by isothermal centrifugation. Li;;Si, crystallizes in the space
group F43m (a = 18.7259(1) A, Z = 20). The highly air and
moisture sensitive compound is isotypic with Li;;Sn,. Li,,Si,
represents a new compound and thus the lithium-richest phase
in the binary system Li—Si superseding known Li,,Sis
(Liy64Sis). As previously shown LiySis (Lij;6Sis) has been
determined incorrectly. The findings are supported by
theoretical calculations of the electronic structure, total
energies, and structural optimizations using first-principles

methods. Results from melt equilibration experiments and differential scanning calorimetry investigations suggest that Li,,Si,
decomposes peritectically at 481 + 2 °C to “Li,Si” and melt. In addition a detailed investigation of the Li—Si phase system at the
Li-rich side by thermal analysis using differential scanning calorimetry is given.

KEYWORDS: Li;;Si, lithium ion battery, lithium silicides, lithium—silicon system, Li—Si system, lithium—silicon phase diagram,
Li—Si phase diagram, isothermal melt centrifugation, crystal growth

1. INTRODUCTION

Silicon has attracted considerable interest as an anode material
for high-energy lithium ion batteries. The theoretical specific
capacity is an order of magnitude larger than for graphite. Yet,
the use of silicon as anode material is problematic because of
the drastic volume changes of up to 300% during charging and
discharging, resulting in a contact loss of electrodes.” The
lithiation and delithiation mechanism of silicon is much more
complex compared to graphite and far from being understood.
Lithiated silicon provides a specific theoretical capacity of
3579 mAh g~' based on the formation of Li;sSi,”” Recently,
Kwon et al.” presented a capacity extension to 4008 mAh g™
by observing the formation of Li, Sis (Lij¢sSis) at lithiation
temperatures above 100 °C. However, it was reported that the
formation of Li,; Sis is kinetically slow and can only be observed
at extended short-circuit times higher than 24 h.

The lithitation/delithiation process of Si is obscured by
crystalline-to-amorphous phase transitions and the manifold of
existing Li—Si phases. A large amount of ex sity, in situ, and in
operando studies have been performed.>>*~"° Interesting are
the results from "Li- and **Si NMR experiments by Gray et al.
identifying Si cluster units as intermediates in the lithitation/
delithiation process.'"”'* These investigations indicate that
thermodynamic relations between phases in the binary Li—Si
system may be more complex as earlier thought.

We put the focus on reinvestigation of structure and phase
relations in the Li rich part of the binary Li—Si system, which
yielded surprising results. The lithium-richest silicide in the

-4 ACS Publications  © 2013 American Chemical Society
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binary system Li—Si has been reported 50 years ago as Li,,Si
(Li,,Si),">"* which has been corrected 25 years ago to Liy;Sis."”
Here we report on the stoichiometric phase Li;;Si; (Lis,sSi)
which supersedes Liy; Sis"> (Li,,Si) as the most Li-rich phase in
the binary system. The latter most likely does not exist as a
stable phase. On the other hand the Li;,T, structure is known
for T = Ge, Sn,"*'” and the discovery of Li;;Si, demonstrates
that the Lirich portion of the phase diagram of the three
systems is actually very similar.

2. EXPERIMENTAL SECTION

Synthesis. Single crystals were grown in melts Li—Si. Starting
materials were rods of Li (99.9%, Sigma-Aldrich) and silicon powder
(99.999%, Sigma-Aldrich). All steps of synthesis and sample
preparation were carried out in a glovebox (MBraun, Ar-atmosphere,
H,O and O, levels < 0.1 ppm). Reactions targeting the equilibrium
between melt and the Li-richest phase at a certain temperature were
performed in tantalum ampules with dimensions L = 80.0 mm, OD =
12.7 mm, and ID = 11.7 mm. Prior to use, these ampules were
thoroughly cleaned and heated to 1000 °C under dynamic vacuum
(p < 1 X 107 mbar) for at least 2 h. Subsequently a filter was inserted
and reactions were prepared according to ref 18. Mixtures with
compositions of 85—95 atom % Li and a total mass of 300 mg were
loaded and sealed in such ampules which were then encapsulated in
silica jackets. Finally, silica jackets were placed in a silica wool insulated
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reaction container made of stainless steel. Reaction mixtures were
heated in a box furnace to 700 °C at a rate of 5 °C min~", kept at this
temperature for 1 h, and subsequently cooled down with a rate of
5 °C h™! to various temperatures. After a dwell time of 48 h, reactions
were terminated by isothermally centrifuging off the melt. Figure 1

Li13Sis

2004 ALi 180.5 °C
0 T T T T
100 90 80
at% Li

Figure 1. Lithium-rich section of the Li—Si phase diagram as published
by Okamoto* and applied synthesis scheme: Melts with nominal
compositions LigsSis, LigySijq, and LigsSi;s were heated to 700 °C and
equilibrated at the dwell temperatures indicated by red circles,
followed by isothermal centrifugation of crystalline products.

shows the employed Li—Si atomic ratios as well as the target
temperatures before centrifugation. Obtained crystalline products are
highly air and moisture sensitive. The crystal diameters varied from 0.2
mm to over 1 cm.

Structure Determination. Crystals of Li;,Si, were selected in an
Ar-filled glovebox and sealed in 0.3 mm glass capillaries. Intensity data
was collected at room temperature and —150 °C. For the latter a
Bruker X-ray diffractometer equipped with a CCD detector (APEX I,
k-CCD), a fine-focused sealed tube with Mo Ka radiation (1 =
0.71073 A), and a graphite monochromator were employed (for
details on the room temperature experiments see Supporting
Information, Tables S1 and S2). Data collection was controlled with
the Bruker APEX Software Suite.'® Integration, data reduction, and
absorption correction were performed with the packages SAINT>® and
SADABS.”' Space group symmetry was assigned on the basis of the
systematic absences and the statistical analysis of the intensity
distributions. In all cases Friedel pairs were not merged as the
assigned space group is noncentrosymmetric. The structures were
solved with direct methods (SHELXS-97*?) and refined with full-
matrix least-squares on F? (SHELXL-97%). Difference Fourier maps
F, — F_ were calculated with JANA2006.>* Details of the single crystal
data collections and refinements are listed in Table 1. Atom position
parameters and selected interatomic distances are given in Tables 2
and 3. Further details of the crystal structure investigations may be
obtained as Supporting Information and from Fachinformationszen-
trum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax
(+49)7247—808—666; e-mail crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-425779 (Li;;Si;-123K) and CSD-
425780 (Li;,Siy-298K).

Powder X-ray Diffraction (PXRD). PXRD patterns were recorded
on a Stoe STADI P diffractometer (Ge(111) monochromator for Cu
Ka radiation, A = 1.54056 A) equipped with a Detectris MYTHEN
DCS 1K solid state detector. Single crystals of Li;,Si; and DSC bulk
samples were ground in an agate mortar and filled in 0.3 mm glass
capillaries which were sealed. All samples were measured within a 26
range of 5—90° (PSD steps: 0.06—1.50°; time/step: 15—40 s). TOPAS
4.0 was used for Rietveld refinements.”
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Table 1. Crystallographic Data and Structure Refinement for
Li,,Si,

empirical formula Li;,Si,
T (K) 123(2)
formula weight (g:mol™) 230.34

0.30 X 0.30 x 0.30
metallic silver
block

F43m

a = 18.6563(2)

crystal size (mm?®)
crystal color
crystal shape
space group

unit cell dimension (A)

V4 20

V(&%) 6493.5(1)

p (calc.) (grem™) 1.178

u (mm™) 0.394

F(000) 2140

0 range (deg) 1.89—47.62

index range hkl —38 < h < 37,
38 < k < 28,
—35<1<26

reflections collected 32178

2971 (R, = 0.036)
2620 (R, = 0.021)

independent reflections
reflections with I > 26(I)

absorption correction multiscan

data/restraints/parameter 2971/0/67

goodness-of-fit on F* 1.061

final R indices [I > 20(I)]** R, = 0.021
wR, = 0.035

R indices (all data)®? R, = 0.028
wR, = 0.037

flack 0.49(7)

largest diff. peak and hole (e:A™?) 0.20 and —0.41

“R, = YF,| — IFll/YIF,. *wR, = [Yw(F.> — F2)?*/ Yw(F2)?*]"2

Table 2. Fractional Atomic Coordinates and Isotropic
Equivalent Atomic Displacement Parameters for Li,,Si,
(F43m, Z = 20, T = 123 K, Estimated Standard Deviations in
Parentheses)

Wyckoft Ueq
atom  position % y Z (A%10%)
Sil 16e 0.15976(1)  0.15976(1)  0.15976(1)  6.89(4)
Si2 16e 0.91660(1)  0.91660(1)  0.91660(1)  6.26(4)
Si3 24f 0.32133(1) 0 0 7.01(4)
Si4 24g 0.57031(1)  1/4 1/4 6.81(4)
Lil 16e 0.07410(6)  0.07410(6)  0.07410(6)  14.9(3)
Li2 16e 0.30284(5)  0.30284(S)  0.30284(S)  12.5(3)
Li3 16e 0.41794(7)  0.41794(7)  041794(7)  12.7(3)
Li4 16e 0.55713(5)  0.55713(5)  0.55713(5) 12.5(3)
Li5 16e 0.68687(5)  0.68687(5)  0.68687(5)  12.3(3)
Li6 16e 0.83168(6)  0.83168(6)  0.83168(6)  13.5(3)
Li7 24f 0.16807(8) 0 0 11.8(3)
Li8 24g 0.07492(9)  1/4 1/4 13.9(3)
Li9 48h 0.09068(4)  0.09068(4)  0.26186(6)  15.7(3)
Lil0 48h 0.09013(S)  0.09013(5)  0.76176(6)  16.0(2)
Lill 48h 0.15503(4)  0.15503(4)  0.51978(6)  16.1(2)
Lil2 48h 0.16327(4)  0.16327(4)  0.00286(7)  14.3(3)
Lil3 4q 0 0 0 10.5(6)

Differential Scanning Calorimetry (DSC). DSC measurements
were performed with a NETZSCH DSC 404 Pegasus instrument.
Cylindrical niobium crucibles (L = 15.0 mm, OD = 6.5 mm, ID = 5.0
mm) were thoroughly cleaned and heated to 1000 °C under dynamic
vacuum (p < 1 X 107 mbar) for 2 h and then transferred to an Ar-
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Table 3. Relevant Interatomic Distances in Li;,Si, (F43m,
Z =20, T = 123 K, Estimated Standard Deviations in
Parentheses)

atom pair d (&) atom pair d(A)

Sil L9 X3 2.636(1) Si3 Li7 2.859(1)
Lil 2.768(2) Lill X3  2.9489(6)
Li2 X3 2.8459(5)  Si4 Lill X2 2.664(1)
Li8 X3 2.8589(9) Lil2 X2  2.6771(9)
Lil2  x2  2929(1) Li8 2.710(2)

Si2  Lil2 X3  2652(1) LiS X2 2.7392(2)
Lil3 2.6949(3) Li6 X2 2.8263(5)
Li7 X3 2.7087(8) Lil0 X3  3.0135(8)
Li6 2.744(2) Li6 Lil0 X3  2441(2)
Lil0 X3  2.894(1) LiS X3 2.746(2)
Lil 2.949(1) Si4 X3  2.8263(5)

Si3  Li9 x2  2.637(1) Lil2 X2 3.196(2)
Li4 X2 27228(2)  Lil3  Lil x4 2.395(2)
Li3 X2 2.8171(5) Si2 x4 2.6949(3)
Lil0  x2  2.839(1) Li7 x6  3.136(1)

filled glovebox. Crucibles were loaded with 30—50 mg of sample and
subsequently sealed by arc-welding inside the glovebox under cooling.
An empty sealed crucible served as reference. All measurements were
done under an Ar flow of 60—70 mL/min and applying a heating/
cooling rate of 10 °C min~'. Samples were recovered after the
measurement and analyzed by PXRD. Handling of the DSC data was
done with the program Proteus Thermal Analysis.*® Samples for DSC
investigations consisted of (i) ground single crystals Li,;Si, obtained
according to the synthesis description above and (ii) bulk samples with
a nominal composition Li;Si,, LijesSiy LijeSiy (Li,Si), and Liy,Siy.
The latter were synthesized from the elements in tantalum ampules as
batches with a total mass of 2.5 g This batch size was deemed
appropriate to keep weighing errors minimal for achieving targeted
compositions with sufficient precision. The ampules were sealed by
arc-welding inside the glovebox, enclosed in silica jackets under
vacuum and annealed at 750 °C for at least 0.5 h. The products were
ground in an agate mortar and characterized by X-ray powder
diffraction prior use. The patterns are shown in the Supporting
Information section.

Computational Details. The theoretical calculations of the
electronic structure, total energies, and structural optimizations were
performed using the first-principles all-electron projector augmented
waves (PAW>"*®) method within VASP**?° (Vienna ab initio
Simulation Package). Exchange-correlation effects were treated within
the generalized gradient approximation (GGA) via the PBE*"**
(Perdew—Burke—Ernzerhof) parametrization. The structures were
relaxed with respect to volume, lattice parameters, and atomic
positions with forces being converged to better than 1 X 107 eV/A.
The equilibrium volume and equation of states parameters were
determined using the third-order Birch—Murnaghan®® equation. The
electronic integration over the Brillouin zone was performed on a
Monkhorst—Pack™ grid of special k-points of size 3 X 3 X 3. To
determine the plane waves, a kinetic energy cutoff of 350 eV was used.

3. RESULTS AND DISCUSSION

Structure Analysis of Li;;Si;. Equilibrating reaction
mixtures Li Sijg_, (x > 85) at temperatures below 500 °C
and subsequent isothermal centrifugation afforded irregularly
shaped, silvery shiny crystals with sizes up to 3 mm. When
equilibrating at 510 °C crystals were found to be larger and of a
different appearance. A selection of crystal specimens is shown
in Figure 2. PXRD patterns from ground crystals synthesized
below 500 °C were readily indexed with a F-centered cubic cell
and the cell parameter refined to be a 18.7259(1) A.
Importantly, the parameter did not vary significantly across
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Figure 2. Examples of crystalline specimens separated from
equilibrated melts Lig,Sijq at 510 °C (left, middle) and 450 °C (right).

samples obtained at different temperatures. PXRD patterns
could be fitted very well to the known Li,; Sig structure with the
space group F43m and Z = 16 (cf. Figure SI in the Supporting
Information), although the cell parameter of this phase has
been reported slightly—but significantly—smaller, a
18.710(2) A"

The subsequent analysis by single crystal XRD confirmed the
space group F43m. Refinements yielded reliability factors
around 0.02, reflecting an excellent crystal quality (see Table 1
and Supporting Information Table S1). F43m is a non-
centrosymmetric space group, and merohedral twinning of the
two enantiomorphic species is frequently observed. Hence,
twinning had to be considered for the structure refinement.
Importantly, Li positions could be refined anisotropically and
with very good accuracy (Tables 2 and 3). Further, refinement
of their site occupancy factor indicated no significant deviation
from full occupancy. As the final result a structure with 340
lithium and 80 silicon atoms in the unit cell was obtained which
corresponds to a formula Li;;Si; (Z = 20). The structure of
Liy,Si, is analogous to Li;;Sn,'® and actually also Li;;Ge,."”

The conspicuous difference between the Li;;Si, and Li,,Sis
(Liy64Si,) structures is the occupation of the site 4a by Li (Lil3,
Table 2) in the former. In space group F43m there are four 4-
fold positions (4a—d) which are all unoccupied for Li,;Sis.
Thus its unit cell contains 80 silicon and 336 instead of 340
lithium atoms. (The atomic position parameters for the Li,;Sis
structure are compiled in Supporting Information Table S4 for
comparison; note that the originally reported unit cell has been
transformed to the standard setting. The here to referred
position 4a corresponds to 4d in ref 1S.)

To explicitly demonstrate the fully occupied 4a site, the
lithium atom situated at this position (Li13) was removed and a
difference Fourier map F, — F. was generated. The residual
electron density map shown in Figure 3 clearly confirms the
occupation of the 44 site by Lil3. The interatomic distances are
reasonable: Lil3 centers a tetrahedron formed by Lil atoms
which in turn has all faces capped by Si2 atoms. This
arrangement is frequently called “tetrahedral star” and has been
recognized as the central building block of a manifold of main
group intermetallics.®® Obviously, the shortest Li—Li distance
in Li;;Si, occurs between Lil3 and Lil atoms. This distance is
2.40 A which is similar to the shortest Li—Li distances found in
other silicides, e.g,, Li},Si,.*® The structural fragment around
the site 4a (a 26 atom “cluster”) is shown in Figure 4. It is
noteworthy that the edges of the tetrahedra spanned by Lil and
Si2 atoms measure 3.910(2) A and 4.4009(2) A, respectively,
while the edges in the corresponding motifs in Li, Sis are
significantly shorter, 3.76(S) A and 4.366(S) A. Thus occupying
position 4a by additional Li in the structure of Li,,Si; would
result in unreasonably short Li—Li distances. Finally, it may be
suspected that site 4a in Li,,Si, is partially occupied by C, N, or
O (X) impurities, instead of Li. However, Li—X distances are
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Figure 3. Difference Fourier map (F, — F,, contour lines +0.07S
e/A%) for the plane through two Si2 and two Lil atoms containing the
site 4a (cf. Figure 4; single crystal data at 123 K).

Figure 4. Coordination around the site 4a in Li;;Si, (Si = gray; Li =
white; thermal ellipsoids at 90% probability, single crystal data at
123 K). Lil and Si2 atoms form a tetrahedral star unit, Li7 atoms an
octahedron, and Lil2 atoms a cuboctahedron.

typically shorter (2—2.2 A). Also, the incorporation of
electronegative X is expected to reduce interatomic distances
within the tetrahedral star unit (Lil),(Si2), with respect to
Li,,Sis, rather than the observed expansion.

At this point it appears that Li;,Si, may not be considered as
a mere structure revision of Li,;Sis but represents a different
phase with a slightly but distinctly different structure. These
structural differences may be traced to a (geometrically) flexible
(Li1),(Si2), tetrahedral star unit around the site 4a, allowing
the incorporation of additional Li. Before we return to this
issue, we conclude the structure description of Li;;Si, which
will essentially follow the one given by Nesper and von
Schnering'® for Li;Sis.

The cubic F-centered structure of Li,,Sis can be considered
as a 6 X 6 X 6 superstructure of the body centered cubic (bcc)
structure (6° X 2 = 432 atoms), with a characteristic defect
distribution corresponding to vacancies at the sites 4a—d (416
atoms, i.e., 336 Li and 80 Si). The (defect) sites 4a—d represent
centers of 26 atom clusters (M,g), and the one around 4a has
already been shown in Figure 4. The clusters are shown in
Figure S. Each cluster displays an analogue shell structure: the
inner shell is represented by a Li, tetrahedron, capped by either
four Si (4a, 4c) or four Li atoms (4b, 4d) (second shell). The
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resulting tetrahedral star unit is then surrounded by an
octahedron of six Li (4a, 4c) or six Si atoms (4b, 4d). Finally,
all clusters are concluded by a shell of 12 cuboctahedrally
arranged Li atoms. We emphasize the arrangement of Si atoms
which gives the advantage of a clearer presentation of the total
structure. Importantly M,s clusters are crystallographically
independent, and no atom is shared between them. The
complete structure represents a NaTl-type arrangement of
cluster units with the sites 4a, 4c (i.e., Siy tetrahedra) and the
sites 4b, 4d (i.e, Sis octahedra) corresponding to Na and TI
atoms, respectively.

To investigate closer the relation between Li,,Si, and Li,;Sis
their structures were computationally relaxed and their
equilibrium volume structure parameters determined. Those
parameters are listed in Tables S4 and S5 (Supporting
Information) in comparison with the experimental ones. As a
result, the Lij,Si, structure was reproduced splendidly
(Table 4); maximum deviations in interatomic distances were
at the order of only 1.5%. This is an excellent agreement and
supports strongly the structure model for Li;,;Si,, thus ruling
out the incorporation of impurities. Turning to Li,,Sis, the
overall agreement between experimental structure (according
to ref 15) and the computationally relaxed one is also good,
although not to the same degree as for Li;,;Si, which may be
partly due to the lower accuracy of the Li,;Si refinement. One
can notice a singularly large deviation associated with the
atomic position parameter of Lil (x = 0.071(2) vs 0.0553,
Table S4 in the Supporting Information). As a matter of fact,
the experimental value is actually rather close to the value for
Li;;Si; (x = 0.07410(6)) which indicates that without Lil3
occupying the site 4a the (Lil), tetrahedron should be
considerably smaller. The edge length in the computationally
relaxed structure is 2.902 A which is drastically shorter than the
experimental value of 3.76(5) A.

It is also interesting to compare the atomic position
parameters of the Li atoms situated on the cuboctahedral
sites 48h. Those atoms define the outer shell of M, clusters.
We note that the Lil2 position representing the boundary of
M,4 around the site 4a is distinguished; its position parameters
(%, y, z) are very closely corresponding to the situation in the
ideal bcc structure (1/6, 1/6, 0). The other cuboctahedra
(around 4b—d) appear considerably contracted with respect to
ideal bee (most pronounced with Lill around the site 4b). This
phenomenon is especially also observed in the computationally
relaxed Li,; Sis structure where all sites 4a—d are unambiguously
vacant (cf. Table S6 in the Supporting Information). Thus, site
4a is distinguished over the other 4-fold sites by being
surrounded by the largest cuboctahedron. This ensures
geometrical flexibility of the (Lil),(Si2), tetrahedral star unit
around the site 4a, which enables accommodation of the
additional Li atom. However, whereas this Li incorporation
may be plausible from a structural point of view the deviation
between experimental and calculated Li,,Sis structure is clearly
suspicious, indicating that the Lil3 atom may have been
overlooked in the earlier refinement. Furthermore when
calculating the reaction energy (referring to zero Kelvin) for
Lig,Siog + Li (bcc) = LigsSiyg a slightly exothermic (—0.04 eV)
result is obtained. Therefore we conclude that whereas the
computational investigation of Li;;Si, and Li, Sis firmly
confirms the structure of the former it casts doubts on the
latter. A phase Li,;Sig may not be stable in the Li—Si system. In
the following we describe thermal investigations to further
elucidate on this issue.
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Liz2+1Sis-cluster
center at 4a site

Li22Sis-cluster
center at 4c site

LizoSig-cluster
center at 4b site

Li10

Si4
Li2oSie-cluster
center at 4d site

v
‘

two interpenetrating ZnS-typ lattices
(red/yellow and blue/green)

Figure 5. Crystallographically independent M,4 atom clusters in the structure of Li;,Si, around the sites 4a—d (Si =

gray; Li = white; thermal

ellipsoids at 90% probability, single crystal data at 123 K). The Si atom arrangement is highlighted as colored polyhedra. The NaTl-type arrangement
of clusters in the complete structure of Li;Siy is shown in the bottom part (view along [110]).

Thermal Analysis of Li;;Si,. Li,;Sis (LijssSis; for reasons
of clarity are all compositions normalized to Li,Si;) has been
described as an incongruently melting phase which decomposes
at 617 °C."* Additionally, there are several reports prior to
ref 15 on phases “Li,,Sis” (Li;;¢Si;) and “Li,Si”
(LiyeSiy)." "~ The latter phase was found to possess a
homogeneity range between 19.2 and 20.1 atom % Si and to
occur in two polymorphic forms.>* However, there are no

1964

consecutive reports supporting those findings. An excerpt of the
lithium rich part of the Li—Si phase diagram according to
Okamoto*” is shown in Figure 1.

Li;;Si, and samples with compositions Li;sSi4 LijeSis, and
Li,,Si, were investigated by thermal analysis using differential
scanning calorimetry (DSC). Detected events were found
reversible and appeared on cooling and heating. In heating
curves events are shifted (by about 20 °C) toward higher
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Table 4. Comparison of Essential Structure Parameters for
Experimental and Computational Relaxed Li,,Sis and Li,,Si,

Liy, Sig Li;,Si,
(reefx{]:i“) calc. (thise)‘fvpc;rkb) calc.

a, A 18.710(2) 18.5541 18.6563(2) 18.5732
d(Lil-Lil), A 3.76(5) 2.902 3.910(2) 3.940
d(Si2—Si2), A 4.366(5) 4.466 4.4009(2) 4.376
d(Si2—Li7), A 2.77(2) 2.760 2.7087(9) 2.707
d(Lil3-Lil), A - - 2.395(2) 2413
d(Li13-Si2), A - - 2.6949(3) 2.680

“Experimental data refer to room temperature measurement, see Table
S4 in Supporting Information. “Experimental data refer to the 123 K
measurement, see also Table S5 in Supporting Information.

temperatures (cf. Supporting Information, Figure S2 and S3).
For Li,,Si,, crystal and bulk samples were employed, showing
identical results. Cooling traces of bulk samples are compiled in
Figure 6.

Upon cooling a melt Lij;Si, from 750 °C the solidus is
reached at 667 °C, and congruently melting Li;;Si, crystallizes.
This event, marked as (1) in Figure 6, is unambiguously
identified. The solidus shifts to higher temperatures with
increasing Si content of the melt; 672, 678, and 709 °C for
Li ¢ 5Siy, LijSiy, and Liy,Siy, respectively, which is in agreement
with the reported phase diagram. On further cooling Li;,Si,
shows two, just resolved, events at 610 and 618 °C (marked as
(2) and (3) in Figure 6), and finally a fourth event (4) at low
temperature (481 °C). The appearance of three thermal events
for melts Li,,Si, after passing the liquidus is surprising. One
event should account for the peritectic formation of the phase
Li;Si; and a second may be associated with a phase Li,Sig
(Liy65Sis)- A third peak could then either mean the presence of
an unknown phase with a composition richer in Li than Li;Si,
or temperature polymorphism of Li;;Si,/Li, Sis. Melts with a
composition Li¢sSi, also show three events, at similar
temperatures as Lij,Si, after having passed the solidus. Since
this composition is more Si rich than Li,;Sis it can be ruled out
that event (4) at 481 = 2 °C corresponds to a peritectic
formation reaction of Li;;Si, (from Li,,Sis). It is however clear
from our synthesis of Li};Si, crystals from, e.g., equilibrated
melts LigySij, that Li;;Siy is stable and the most Li-rich phase at
temperatures below 481 + 2 °C.

Event (4) at low temperatures is absent when cooling melts
with compositions Li;¢Si, and Li,Siy. The powder pattern of
solidified Li,Si, (shown as Supporting Information, Figure S6)
reveals a new phase in the Li—Si system. The composition of
this phase is Li, ;;Si (L116,42(1)Si4).a The characterization of its
highly complex structure and detailed thermodynamic proper-
ties will be presented in a forthcoming article. In the following
we refer to this phase as “Li,Si”. With the presence of “Li,Si”,
event (4) upon cooling corresponds to the peritectic formation
of Li;,Si; (from “Li,Si”). This is in agreement with Lig,Siy,
equilibration experiments that yielded crystals of “Li,Si” at
temperatures above 500 °C (cf. Figure 2). The thermal events
at 619 + 2 °C (2) and 610 = 2 °C (3) which are seen for all
four investigated melt compositions are attributed to “Li,Si”.
The first event represents the peritectic formation (from Li;5Si,
upon cooling) of its high temperature form, the latter the
transition into the low temperature form.

Thermal analysis of melts with composition Li;;Siy, Li;ssSiy,
Li,Si,, and Li),Siy, and the investigation of crystalline products

1965
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Figure 6. DSC thermograms recorded in cooling mode (from 750 °C)
for Li};Si, and for the nominal compositions “Li ¢ 5Si,”, “Li;¢Si,”, and
“Li;4Si,”(top). Revised sketch of the Li—Si phase diagram with events
from the DSC thermograms indicated (bottom).

from equilibrated melts Li,Sijg0_, (x < 85) at different
temperatures established Li,,Si, as the most Li rich phase in
the Li—Si system. In addition a phase “Li,Si” (Li;g45(1)Sis) was
detected. “Li,Si” is not included in current Li—Si phase
diagrams but its potential existence has been mentioned in the
literature from the 1950s and 1960s.>”~*' Its thermodynamic
relation to Li,,Si, and Li;3Siy is just sketched in this work which
focuses on Li,,Si,. Our investigations provide no evidence that
Li,; Sig (Li;65Sis), which hitherto has been considered as the
most Li rich phase, is a stable phase in the Li—Si system.
Especially, computational analysis of the crystal structures for
Li,,Sis and Li,,Si,, which were relaxed with respect to volume,
lattice parameters, and atomic position parameters, thus
simulating the ideal arrangement of atoms within each
composition, finds a decisive discrepancy for Li,;Sis.The
occupation of the 4a position by additional Li may have been
overlooked in the earlier work."® This is especially likely if there
is a homogeneity range Li;,_,Si, (0 < x < 0.2) associated with
the occupation of this position, and the site 4a in the crystal of
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ref 15 was only partially occupied. Again, we have no evidence
for such a solid solution behavior, but we cannot rule it out.

4. CONCLUSION

The reinvestigation of the binary system Li—Si yielded Lij;Si,
as the most Li-rich phase and casts doubts on the existence of
Liy,Sis (LijgSis). Lij;Siy is isostructural to Li;,Sn,'® and also
Li;,Ge,,"” which are the Li-richest phases in their respective
systems. Li;,Si, decomposes peritectically into a phase “Li,Si”
and melt at 481 + 2 °C. “Li,Si” represents either a new or
rediscovered phase in the Li—Si system and details about its
actual composition and complex crystal structure will be
presented separately. “Li,Si” decomposes peritectically into
Li|;Si, and melt at temperatures around 618 °C. The discovery
of Li;;Si, and “Li,Si” shows that elementary relations between
phases and structures in the Li—Si systems are still not
completely understood. However, a sound understanding of the
Li—Si phase diagram is of tremendous significance for research
with high-energy lithium ion batteries when considering silicon
as anode material.
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Details on X-ray single crystal data collection at room
temperature (Table S1), refinement results (Table S2),
equation of states parameters for the computationally relaxed
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Bl ADDITIONAL NOTE

“Liy 106(2)Si crystallizes with a = 4.5246(2) A, b = 21.944(1) A,
¢ = 13.2001(6) A (space group Cmcem, Z = 16, T = 100 K);
quote depository numbers CSD-425864 (Li,;Si-100K) and
CSD-425865 (Liy;Si-298K).
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Details on single crystal X-ray data collection for Li;7Si,4 at room temperature.

Single crystal diffraction of Li;;Si; was performed on a Stoe IPDS IIT diffractometer
equipped with a rotating anode (Bruker AXS, FR591) with MoK, radiation (A = 0.71073 A)

and a Montel mirror.

Table S1. Crystallographic data and structure refinement for Li;;Si,.

empirical formula Liy7Siy

T (K) 298(2)

formula weight (g-mol™) 230.34

crystal size (mm3) 0.30 x 0.30 x 0.30
crystal colour metallic silver
crystal shape block

space group F—43m

unit cell dimension (A)
single crystal data

powder data

a = 18.7353(3)
a = 18.7259(1)

VA 20

V (A% 6576.3(2)

p (calc.) (g-cm™) 1.163
w(mm™) 0.389

F (000) 2140

0 range (deg) 3.61-29.16
index range hkl 125, £25, £25
reflections collected 46589

independent reflections
reflections with 1 > 24(1)

absorption correction

935 (R = 0.054)
930 (R, = 0.010)

data/restraints/parameter 935/0/67

goodness-of-fit on F? 1.255

final R indices [I > 26(1)]*" R; =0.020
wR,=0.055

R indices (all data)*" R, =0.021
wR,=0.055

flack 0.5(3)

largest diff. peak and 0.26 and —0.23




hole (e:A™)

"R)=X[ R [-[R] /2] R[]
b WR2 — [ZW(FOZ_FCZ)Z/ZW(FOZ)Z] 1/2



Table S2. Fractional atomic coordinates and isotropic equivalent atomic displacement parameters for Li;;Si,
(F-43m, Z =20, T =298 K, estimated standard deviations in parentheses).

Atom Wyckoff X y z Ue%
position (A%.10%
si1 166 0.15980(3) 0.15980(3) 0.15980(3) 11.4(2)
Si2 166 0.91674(3) 0.91674(3) 0.91674(3) 9.6(2)
Si3 24f 0.32106(4) 0 0 11.6(2)
Si4 24 0.57004(4) 1/4 1/4 10.9(2)
Lil 166 0.0733(2) 0.0733(2) 0.0733(2) 27(1)
Li2 166 0.3031(2) 0.3031(2) 0.3031(2) 20(1)
Li3 16e 0.4177(2) 0.4177(2) 0.4177(2) 17(2)
Li4 16e 0.5573(2) 0.5573(2) 0.5573(2) 22(1)
Li5 166 0.6876(2) 0.6876(2) 0.6876(2) 23(1)
Li6 16e 0.8313(2) 0.8313(2) 0.8313(2) 27(2)
Li7 24f 0.1685(3) 0 0 23(1)
Lig 24g 0.0749(3) 1/4 1/4 23(1)
Li9 48h 0.0914(2) 0.0914(2) 0.2614(2) 28(1)
Lil0  48h 0.0900(2) 0.0900(2) 0.7614(2) 27.7(9)
Lill  48h 0.1544(1) 0.1544(1) 0.5199(2) 26.6(7)
Lil2  48h 0.1635(1) 0.1635(1) 0.0016(3) 22(1)
Li1l3  4a 0 0 0 16(2)

Table S3. Equation of state parameters for the computationally relaxed structures of Liy; Sis and LiySig.

Liy;Sis Liy7Siy
Total energy Eq -293.9462 -291.6550
(eV/primitive cell)
Volume V, (A®) of 1601.767 1596.835
primitive cell.
Bulk modulus K, 31.49 31.10
(GPa)
Derivative Ky’ 3.76 3.67



Table S4. Comparison of experimental and computational relaxed fractional atomic coordinates for Li,;Sis.
Experimental data are taken from ref. 15 (a=18.710(2) A (T =298 K), ac,c. = 18.55411 A, F-43m, Z = 16,
estimated standard deviations in parentheses). Singularly most differing Lil is marked in bold, calculated data in
italic.

Wyckoff
A position X y z
Sil 16e 0.1595(2) 0.1595(2) 0.1595(2)
0.1605 0.1605 0.1605
Si2 16e 0.9175(2) 0.9175(2) 0.9175(2)
0.9149 0.9149 0.9149
Si3 24f 0.3220(3) 0 0
0.3219 0 0
Si4 249 0.5691(3) 1/4 1/4
0.5700 1/4 1/4
Lil 16e 0.071(2) 0.071(2) 0.071(2)
0.0553 0.0553 0.0553
Li2 16e 0.304(1) 0.304(2) 0.304(2)
0.3027 0.3027 0.3027
Li3 16e 0.417(1) 0.417(1) 0.417(1)
0.4189 0.4189 0.4189
Li4 16e 0.559(2) 0.559(2) 0.559(2)
0.5572 0.5572 0.5572
Li5 16e 0.688(2) 0.688(2) 0.688(2)
0.6862 0.6862 0.6862
Li6 16e 0.829(1) 0.829(1) 0.829(1)
0.8301 0.8301 0.8301
Li7 24f 0.174(2) 0 0
0.1725 0 0
Li8 249 0.073(2) 1/4 1/4
0.0747 1/4 1/4
Li9 48h 0.092(1) 0.092(1) 0.262(1)
0.0910 0.0910 0.2630
Li10 48h 0.088(1) 0.088(1) 0.761(1
0.0905 0.0905 0.7616
Lill 48h 0.153(1) 0.153(1) 0.521(1)
0.1550 0.1550 0.5203
Li12 48h 0.164(1) 0.164(1) 0.000(1)
0.1607 0.1607 0.0068



Table S5. Comparison of experimental and computational relaxed fractional atomic coordinates for Li;Siy.
Experimental data are from this work (exp. = 18.6563(2) A (T = 123 K), ac.. = 18.57319 A, F-43m, Z = 20,
estimated standard deviations in parentheses). Calculated data is marked in italic.

Atom Wyckoff X

position y z
Sil 16e 0.15976(1) 0.15976 (1) 0.15976 (1)
0.1600 0.1600 0.1600
Si2 16e 0.91660(1) 0.91660(1) 0.91660(1)
0.9167 0.9167 0.9167
Si3 24f 0.32133(1) 0 0
0.3215 0 0
Si4 249 0.57031(1) 1/4 1/4
0.5708 1/4 1/4
Lil 16e 0.07410(6) 0.07410(6) 0.07410(6)
0.0750 0.0750 0.0750
Li2 16e 0.30284(5) 0.30284(5) 0.30284(5)
0.3031 0.3031 0.3031
Li3 16e 0.41794(7) 0.41794(7) 0.41794(7)
0.4180 0.4180 0.4180
Li4 16e 0.55713(5) 0.55713(5) 0.55713(5)
0.5572 0.5572 0.5572
Li5 16e 0.68687(5) 0.68687(5) 0.68687(5)
0.6867 0.6867 0.6867
Li6 16e 0.83168(6) 0.83168(6) 0.83168(6)
0.8311 0.8311 0.8311
Li7 24f 0.16807(8) 0 0
0.1691 0 0
Li8 249 0.07492(9) 1/4 1/4
0.0750 1/4 1/4
Li9 48h 0.09068(4) 0.09068(4) 0.26186(6)
0.0907 0.0907 0.2616
Li10 48h 0.09013(5) 0.09013(5) 0.76176(6)
0.0900 0.0900 0.7604
Lill 48h 0.15503(4) 0.15503(4) 0.51978(6)
0.1551 0.1551 0.5193
Li12 48h 0.16327(4) 0.16327(4) 0.00286(7)
0.1635 0.1635 0.0029
Lil3 4a 0 0 0
0 0 0



Table S6. Idealized atomic position parameters for Li,;Sis corresponding to the body centered cubic structure.

Atom

Sil
Si2
Si3
Si4
Lil
Li2
Li3
Li4
Li5
Li6
Li7
Li8
Li9
Li10
Lill
Lil2

Wyckoff

position

16e
16e
24f
24q
16e
16e
16e
16e
16e
16e
24f
24g
48h
48h
48h
48h

X

1/6 (0.1666)

11/12 (0.9166)

1/3 (0.3223)
7/12 (0.5833)
1/12 (0.0833)

1/3 (0.3333)
5/12 (0.4166)
7/12 (0.5833)
2/3 (0.6666)
5/6 (0.8333)

1/6 (0.1666)
1/12 (0.0833)
1/12 (0.0833)
1/12 (0.0833)

1/6 (0.1666)

1/6 (0.1666)

y
1/6 (0.1666)

11/12 (0.9166)

0

1/4
1/12 (0.0833)
1/3 (0.3333)
5/12 (0.4166)
7/12 (0.5833)
2/3 (0.6666)
5/6 (0.8333)

0

1/4
1/12 (0.0833)
1/12 (0.0833)
1/6 (0.1666)
1/6 (0.1666)

z

1/6 (0.1666)
11/12 (0.9166)
0

1/4
1/12 (0.0833)
1/3 (0.3333)
5/12 (0.4166)
7/12 (0.5833)
2/3 (0.6666)
5/6 (0.8333)
0
1/4
Ya
3
Y
0



Figures S1 - S7
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Figure S1 Rietveld fit to the powder X-Ray diffraction data of Liy;Si, employing the Liy Sis structure model.
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Figure S2. DSC thermogram recorded for Li;Si, showing the heating (red) and cooling (blue) trace.
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Figure S4. Powder X-ray diffraction pattern of the Li;;Siy bulk sample used for DSC investigations (pure
Liy7Si4; experimental = black; Liy;Si4 calculated = yellow).
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Figure S5. Powder X-ray diffraction pattern of the “Liyg5Si,“ bulk sample used for DSC investigations (mixture
of Liy;Siy and Lig1,Si; experimental = black; Liy;Si, calculated = yellow; Lig1;Si calculated = blue).
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Figure S6. Powder X-ray diffraction pattern of the “Li,Si” bulk sample used for DSC investigations (Li41;Si and
tiny amounts of Liy3Si,; experimental = black; Li, 11Si calculated = blue; Li;3Si, calculated = red).
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Figure S7. Powder X-ray diffraction pattern of the “Li4Si,* bulk sample used for DSC investigations (mixture
of Liy3Si, and Lig1,Si; experimental = black; Liy3Si, calculated = red; Liy11Si calculated = blue).
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ABSTRACT: Silicon has been regarded as a promising anode
material for future lithium-ion batteries, and Li—Si phases play an
important role. A detailed reinvestigation of the Li-rich part of the
binary Li—Si phase diagram revealed the existence of a new phase,
Li4 106(2)S1 (Liyg425i4). Lij64,Siy forms through the peritectic
decomposition of the Li-richest phase Li,,Si, at 481—486 °C and
was characterized by single-crystal X-ray diffraction (a = 4.5246(2)
A, b=21.944(1) A, ¢ = 13.2001(6) A, space group Cmcm, Z = 16),
differential scanning calorimetry, and theoretical calculations.
Lij¢4,5i, represents a high-temperature phase that is thermody-
namically stable above ~480 °C and decomposes peritectically at
618 + 2 °C to Li;5Si, and a melt. Li44,Si, can be retained at room
temperature. The structure consists of 3 and 10 different kinds of

University, 10691 Stockholm, Sweden
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Si and Li atoms, respectively. Two Li positions show occupational disorder. Si atoms are well-separated from each other and have
only Li atoms as nearest neighbors. This is similar to Li;;Si, and Li;sSi, compositionally embracing Lijs4,Si,. The SiLi,
coordination polyhedra in the series Li;Siy, Lig 4,514, and Li;,Si, are compared. Li;Si, exclusively features coordination numbers
of 12, Lij64,Si, of 12 and 13, and Li;;Si, reveals 13- and 14-coordinated Si atoms. The band structure and density of states of
Liy4,Si, were calculated on the basis of two ordered model structures with nominal compositions Li¢Si, (a hypothetical Zintl
phase) and Li;4Si,. Both reveal a metallic character that is analogous to Li;,;Si,. In contrast, the electronic structure of Li,Si, is

characteristic of a p-doped semiconductor.

KEYWORDS: Li,Si, Liy;;Si, Li;s4,Siy lithium silicide, thermodynamic stability of silicides, Li—Si phase diagram, Li—Si system,

lithium—silicon system, lithium-ion batteries

1. INTRODUCTION

The Li—Si system has been of great interest, particularly
because silicon is regarded as promising anode material for
future lithium-ion batteries (LIBs). Although silicon offers a
high theoretical specific capacity, its use in such systems is
accompanied with several difficulties, such as massive volume
expansion during Li “insertion” combined with contact loss of
electrodes and a huge capacity loss during the first cycles.'
Many research groups have been focusing on characterizing the
processes during charging and discharging of lithium. Naturally,
it has been assumed that the known Li—Si phases will play an
important role. Before 2004, those included Liy,Sis,> Li;3Si,,”
Li,Siy,* Li},Si-,® and the high-pressure phase LiSi®%’ (Figure 1).
However, none of these phases were observed in a crystalline
form during charging and discharging.g’9 In 2004, Obrovac et
al.'® and Hatchard et al.'" found a previously unknown silicide,
Li,sSi,, at discharge voltages below 50 mV by ex-situ/in situ X-
ray diffraction experiments, and its structure was confirmed
recently by a single-crystal structure determination.'” The fact
that intermediate phases between the fully charged and the

-4 ACS Publications  © 2013 American Chemical Society 4623

discharged states occur predominately amorphous has fueled an
increasing number of studies based on total scattering and/or
NMR techniques.>~"”

Although it appears that crystalline lithium silicides may play
a minor role in the lithiation/delithiation process of Si anodes,
a fundamental understanding of the Li—Si phase diagram and
associated specific thermodynamic relations between lithium
silicides is of considerable importance for future silicon-based
LIBs. In this respect, only a few investigations have been
performed. Exemplary work is given in refs 10, 11, and 18-25.
Recently, we reported on the new lithium silicide Li,,Si,, which
was obtained by equilibration experiments of Li-rich melts (Li
conc. > 85 at. %).” It is closely related to LiySis,> which, in
turn, was formerly reported as Liy,Sis.”**” Going further back
in history, the first investigation of the Li—Si system can be
assigned to Moissan, who, in 1902, claimed the existence of a

Received: September S, 2013
Revised:  October 10, 2013

Published: October 10, 2013

dx.doi.org/10.1021/cm4029885 | Chem. Mater. 2013, 25, 4623—4632


pubs.acs.org/cm

Chemistry of Materials

LisSi?®

1902

LisSi%®

29
1955 Li2Si

1964 -1966

[1965

1965

[1965 |1965

Li22Sis?627 [ LiaSi®7

lLizsiz® | |LinSis¥|  [LinSir| |Lisi]

2004

1975

‘1980 1980 1993/2013

|Li15Si4*°ﬂ1| |Li13$i43|

|Li128i75| |Li7Si3“| |Li$iﬁ7|

—{ Li21Si52|
2013
Li17Si425

Figure 1. Chronicle of phases in the Li—Si phase system. Structurally characterized phases are marked with a blue frame, unambiguously ascertained

ones are shown in red.

phase with the nominal composition Li;Si.*® In 1955, Klemm
and Struck were not able to confirm Moissan’s finding and
instead postulated the phases Li,Si and Li,Si.”® Those
compounds were later confirmed by Pell,*® Bshm,* Obinata
et al,** and Federov and Ioffe.®® In the 1960s, Schifer and
Weiss recognized the complexity of the Li—Si system and
identified several more phases (Figure 1).””**7%” In this time
falls also the characterization of the phase Liy,Sis from powder
X-ray powder diffraction by Gladyshevskii et al.*® and single-
crystal X-ray diffraction by Axel et al.>” Later, compositions and
structures of many of the phases proposed in the 1960s were
revised.””> However, the 3phase Li,Si (Figure 1) has never been
characterized structurally’” or confirmed by later investigations
and has thus disappeared from recent compilations of the Li—Si
phase diagram,**~*° despite reports on the possible existence of
phases with the same composition or close to it.*'~*

Herein, we report on a detailed analysis of the Li-rich part of
the Li—Si phase diagram and the single-crystal X-ray structure
determination as well as the thermodynamic stability of a not
yet characterized silicide Li,;,Si. For better comparability with
phases of similar composition in this article, Li,;;Si will be
referred to as Lij4,Si,. Its stability is limited to the range of
470—618 °C, and thus, Li 4,Si, represents a high-temperature
phase in the Li—Si phase diagram. Of particular interest are the
Si coordination environments and how those change with
respect to other Lirich silicides. Furthermore, theoretical
calculations for the disordered structure of Lij¢,,Si, were
approached by two idealized models and their electronic
structures related to those of Li;sSi, and Li;,Si, with
compositions embracing Li;44,Si,.

2. EXPERIMENTAL SECTION

Synthesis. Starting materials were lithium rods (99%, Rockwood-
Lithium) and silicon powder (99.999%, Alfa Aesar). All steps of
synthesis and sample preparation were carried out in a glovebox
(MBraun, Ar atmosphere, H,0 and O, levels < 0.1 ppm). Tantalum
ampules were thoroughly cleaned, heated to 1000 °C under dynamic
vacuum (p < 1 X 107° mbar) for at least 2 h, and transferred to the
glovebox. Heating and handling under inert conditions was done by
using an all-glass Schlenk line supplied with Ar, which is dried over
P,0s, a molecular sieve, and a heated titanium sponge (T = 750 °C).

Elemental mixtures with nominal compositions Li;;Si,, “Li;4sSiy”,
“Liy6Siy”, and “Liy,Si,” were loaded into tantalum ampules that were
sealed by arc-welding inside the glove box. The total mass of samples
amounted to 2.5 g. This batch size was deemed appropriate to keep
weighing errors minimal for achieving targeted compositions with
sufficient precision.”> Subsequently, ampules were sealed in silica
jackets under vacuum and annealed in a muffle furnace. The
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temperature was raised to 750 °C at a rate of 10 K:min™' and held
for 0.5 h, followed by cooling to 500 °C at a rate of 10 K-min™". After a
dwell time of 1 h, ampules were quenched in liquid nitrogen and
transferred back to the glove box. Obtained products were ground in
an agate mortar and characterized by powder X-ray diffraction (cf.
Figure S1 in the Supporting Information). Millimeter-sized crystals of
Liy1;Si (Lijg4,Si,) were obtained from equilibrating a melt with the
composition “LigsSi;s” at 510 °C in a tantalum ampule and subsequent
isothermal melt-centrifugation.>®

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry was performed with a NETZSCH DSC 404 Pegasus
apparatus. Cylindrical niobium crucibles (L = 15.0 mm, O.D. = 6.5
mm, LD. = 5.0 mm) were thoroughly cleaned, heated to 1000 °C
under dynamic vacuum (p < 1 X 10~ mbar) for 2 h, and transferred to
an Ar-filled glovebox. Crucibles were loaded with 30—50 mg of sample
(Liy;Siy “LijgsSiy”, “LiyeSi,”, “LigSiy”). The open end was roughly
closed by squeezing and then sealed by arc-welding inside the
glovebox under cooling. A sealed niobium crucible without a sample
served as reference. All measurements were performed under an Ar-
flow of 60—70 mL-min~" and a heating/cooling rate of 10 K-min~'.
Samples were recovered after the measurement by opening the
niobium crucibles inside an Ar-filled glove box. Data handling was
done with the program Proteus Thermal Analysis.**

Annealing Experiments. To investigate the thermodynamic
stability of Liy;Si (Li;64,5i,), batches of 100—150 mg of bulk sample
“Liy6Si,” were sealed in tantalum ampules and annealed in a muflle
furnace at 300, 400, 470, and 500 °C (10 K-min™* heating rate) for 3
days. Thereafter, ampules were quenched in liquid nitrogen and
transferred inside an argon-filled glovebox. Products were ground in an
agate mortar and characterized by powder X-ray diffraction (cf. Figure
S2 in the Supporting Information).

Single-Crystal X-ray Diffraction and Structure Determina-
tion. Crystals of Li,;;Si (Lij4,Si,) obtained from an equilibrated Li—
Si melt according to ref 25 were handled in an Ar-filled glovebox,
selected under a microscope, and sealed inside 0.5 mm glass capillaries.
Intensity data were collected at 100 K on a Bruker X-ray diffractometer
equipped with a CCD detector (APEX II, xk-CCD), a fine-focused
sealed tube with Mo Ka radiation (1 = 0.71073 A), and a graphite
monochromator by using the Bruker APEX Software Suite.*
Integration, data reduction, and absorption correction were done
with SAINT and SADABS.***” The space group Crmicm was assigned
on the basis of the systematic absences and the statistical analysis of
the intensity distributions. The structure was solved with direct
methods (SHELXS-97*%) and refined with full-matrix least-squares on
F* (SHELXL-97*). Difference Fourier maps F, — F, were calculated
with JANA2006.%° Extinction was refined to very small values and,
therefore, set to zero. Atom positions were determined on the basis of
successive analysis of difference Fourier maps. Two out of 10 Li
positions display occupational disorder, which is described in more
detail later on. Table 1 lists a summary of the refinement results.
Results for room-temperature data are given in Tables S1 and S2 in the
Supporting Information. Further data may be obtained from
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Table 1. Crystallographic Data and Structure Refinement for

Liy ;,Si

empirical formula

T/K

formula weight/! g-mol_1
crystal size/mm?®
crystal color

crystal shape

space group

unit cell dimension/A

V/A3

Z

p (caled)/g-cm™
u/mm™!

F(000)

0 range/deg

index range hkl
reflns collected
independent reflns
reflns with I > 26(I)

Liy j06(2)S1

100(2)

56.59

0.40 X 0.30 x 0.28
metallic silver
block

Cmecm

a = 4.5246(2), b = 21.944(1),
¢ = 13.2001(6)

1310.6(1)

16

1.147

0.390

421

1.86-45.29

+9, +43, +26
53893

3052 (R, = 0.020)
2596 (R, = 0.007)

data/restraints/param 3052/0/81

absorption correction multiscan

goodness-of-fit on P 1.087

final R indices [I > 26(I)]*® R, = 0.012
wR, = 0.027

R indices (all data)®? R, = 0.017
wR, = 0.029

largest diff. 0.35 and —0.31

peak and hole/e A3
“R, = YNE| — IFIl/YIF, *wR, = [Yw(F.? — F2)Y/ Yw(F,2)*]"2

Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen, Germany (Fax: (+49)7247-808-666; E-mail: crysdata@fiz-
karlsruhe.de) on quoting the depository numbers CSD-425864
(Ligy3Si (Lijg4Siy) 100 K) and CSD-425865 (Liyy;Si (Lijg45Sis)
298 K).

Powder X-ray Diffraction (PXRD). PXRD patterns were recorded
on a Stoe STADI P diffractometer (Ge(111) monochromator for Cu
Ka radiation, 4 = 1.54056 A) equipped with a Dectris MYTHEN DCS
1K solid-state detector. Ground samples were sealed inside 0.3 mm
glass capillaries, and measurements were performed in a 20 range of
5—90° (PSD steps: 0.06—1.00°; time/step: 20—40 s). Rietveld analysis
of samples was performed with the TOPAS 4.0 software.”"

Computational Details. Theoretical studies on Li;sSiy, Lij64,Sis
and Li;,Si, were performed within density functional theory (DFT)
using the full potential linearized augmented plane-wave (FP-LAPW)
method as implemented in WIEN2k.*>* Exchange and correlation
effects were treated by the generalized gradient approximation
(GGA>>>*) usins% the parametrization according to Perdew—Burke—
Ernzerhof (PBE™). Valence configurations were 1s*2s' and 3s?3p® for
Li and Si, respectively. Ry;p was set equal to 2.0 au for all atoms; the
value used for Ry;r X K, was 8. The disordered structure of Li¢ 4,Si,
was approximated by two ordered models with nominal compositions
Li;¢Si, (Li,Si) (model A) and LijsSi, (model B). Their design
followed symmetry considerations (cf. Figure S4 in the Supporting
Information). The models are presented in the structure discussion
part of Li4,Si, (Figure 6). Convergence during the SCF iteration was
considered to be reached when the total energy of the system was
stable within 10™ Ry. The k-meshes used for the calculations were
constructed according to the Monkhorst—Pack scheme®® and
corresponded to a 9 X 9 X 3 grid for model A (Li;¢Siy), 2 S X 3 X
4 grid mesh for model B (Li;Si,), and 3 X 3 X 3 grids for Li;Si, and
Li,,Si,.

Geometry optimization was performed for models A and B by
exploiting the quadratic approximation as implemented in the
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Optimize and Mini routines of WIEN2k. During the minimization
procedure, forces on all atoms were fully relaxed until residual forces
became smaller than 1 mRy-bohr™" (x0.026 eV-A™"). The volume and
unit cell metrics of A and B corresponded to the experimental
structure of Lij4,Si,. Electronic structure calculations were performed
for the relaxed models A and B as well as for Li;Si,"* and Li,,Si,*®
using their experimental structure parameters. Fermi energy and
weight of bands for the band structure calculations and corresponding
DOS were computed using a modified tetrahedron method.”” The
XCrySDen code was used for data rendering and analysis.® Formation
energies were assessed according to AE(Li,Si) = E(Li,Si) — x-E(bcc-
Li) — E(a-Si), where E(bcc-Li) and E(a-Si) represent the total
energies of elemental structures of Li and Si per atom, and E(Li,Si) the
total energy of the considered Li—Si phases per formula unit Li,Si.

3. RESULTS AND DISCUSSION

Revision of the Li—Si Phase Diagram and Thermody-
namic Stability of Li;g4,Sis. First evidence of a not yet
identified phase Li,¢4,Si, was obtained from the equilibration of
melts with com}saositions “LigsSiys” or “LiggSi;” at temperatures
above 500 °C.>> These experiments were targeting the crystal
growth of Li;,Si,, which was then established as the Li-richest
phase in the Li—Si system. At temperatures around 510 °C,
however, the product corresponded to a mixture of crystals of
Li;,Si, and an unknown phase.

Figure 2 shows thermograms from bulk samples Li,-Si,,
“LiygsSi,", “LijgSiy”, and “Lij,Si,” recorded in cooling mode.
According to PXRD analysis (Figure S1 in the Supporting
Information), these samples correspond to pure-phase Li;,Siy, a
mixture of phases Li;;Si, and Lij44,Si,, and mixtures of phases
Lij6 4,51, and Li,5Si,, respectively. When cooling melts with the
considered compositions from 750 °C, the first thermal effect
(labeled as (1), (2), (3), and (4) in Figure 2) is assigned to the
crossing of the liquidus boundary. Li,Si, forms peritectically at
481 + 2 °C (event (7)) from a melt and Lijg,,Si,>> The
thermograms of all compositions persistently show thermal
effects at 618 + 2 °C (event (5)) and 610 + 2 °C (event (6)).
Signal (S) is tentatively assigned to the peritectic formation of
Lij44,Si,. The origin of the second effect at 610 °C is not yet
clear. It may be associated with a structural change of
disordered Li,44,Si,. However, it may be as well that, between
610 and 618 °C, a phase with yet another composition (a high-
temperature phase) exists, which forms peritectically at 618 °C
and from which Li¢4,Si, forms at 610 °C. An unambiguous
elucidation would only be possible by an in situ structural study
(e.g., PXRD) covering this temperature range. Long-term
annealing experiments of samples “Li;Si,” between 200 and
500 °C revealed that, at temperatures below 470 °C, the phase
Lij4,Si; decomposes into Lij;Si, and Li3Si,, The PXRD
patterns of products of these annealing experiments are
compiled in Figure S2 in the Supporting Information. We
note that the peritectoid decomposition of Li, ¢ 4,Si, into Li;;Si,
and Li,;Si, proceeds very slowly. A complete decomposition is
not even achieved after 3 days of annealing at 400 °C. The
long-term annealing experiments manifest Li;4,Si, as a high-
temperature phase, which, however, can be retained at room
temperature.

As a consequence of our DSC and annealing experiments, a
revision of the Li—Si phase diagram according to Figure 3 is
suggested. We emphasize that this part (Li conc. > 76 at. %)
still contains two uncertainties: first, it is not yet clear whether
Li;,Si, possesses a homogeneity range;”* and second is the
assignment of the already discussed isotherms at 610 and 618
°C. As mentioned in the Introduction, the existence of a phase
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Figure 2. DSC thermograms recorded in cooling mode (from 750 °C) for Li;,Si, and nominal compositions “Li;s5Si,”, “Li;¢Si,”, and “Li;,Si,”
(according to ref 25). Thermal effects are assigned in an updated Li—Si phase diagram in Figure 3.
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Figure 3. Revised Li—Si phase diagram (modified on the basis of ref
25) with thermal events from current DSC investigations and long-
term annealing experiments of “Li;Si,” samples.

. . . L 29-33,59
“Li,Si” has been described in the earlier literature. ’

However, a conclusive characterization has never been
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performed and eventually “Li,Si” became obscure, presumably
because of the several Li—Si phases with a similar composition.
We note in passing that our reinvestigation of the Li—Ge
system revealed the existence of a phase Li;s34(,)Ge, for this
system as well.°

Determination and Description of the Structure of
Li16.42Si4. Lij45(1)Siy crystallizes with the orthorhombic space
group Cmcm, with a = 4.5246(2) A, b = 21.944(1) A, ¢ =
13.2001(6) A (V = 1310.6(1) A%), and Z = 16 (referring to
Liy 106(2)Si as one formula unit). The unit cell contains 3 distinct
Si atom positions (16 Si atoms in total) and 10 Li positions
(Table 2). Two of the Li positions (Li4 and LiS) display
occupational disorder. Whereas the split position of LiS was
easily extracted from difference Fourier maps, the assignment of
Li4 was somewhat peculiar. Figure 4a shows that significant
residual electron density is located along the a axis in a
strandlike shape. The peak maxima correspond to the sites 4c
(1/2, y, 1/4) and 8g (x, y, 1/4). Too small interatomic
distances prohibit their simultaneous occupancy (Figure 4b).

dx.doi.org/10.1021/cm4029885 | Chem. Mater. 2013, 25, 4623—4632
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Table 2. Fractional Atomic Coordinates and Isotropic Equivalent Atomic Displacement Parameters for Li, ;,Si (Cmcm, Z = 16,
T = 100 K, Estimated Standard Deviations in Parentheses)

atom Wyckoff position x y z s.o.f Ueq/A7'~103
Sil 4c 0 0.256155(4) 1/4 1 7.89(2)
Si2 4c 1/2 0.454324(4) 1/4 1 6.81(2)
Si3 8f 1/2 0.105366(3) 0.067645(5) 1 7.75(1)
Lil 4c 1/2 0.03270(3) 1/4 1 13.4(1)
Li2 4¢ 1/2 0.32951(3) 1/4 1 12.7(1)
Li3 4c 0 0.39263(3) 1/4 1 16.5(1)
Li4A 4c 1/2 0.14744(7) 1/4 0.575(3) 43.5(7)
Li4B 8¢ 0.2084(3) 0.13867(5) 1/4 0.425(3) 18.1(3)
LiSA 8f 0 0.17392(4) 0.0849(1) 0.848(7) 14.2(2)
LiSB 8f 0 0.1641(3) 0.1246(9) 0.152(7) 18(2)
Li6 8f 0 0.04654(2) 0.12217(4) 1 13.09(8)
Li7 8f 0 0.31629(3) 0.07895(4) 1 15.35(8)
Li8 8f 0 0.47119(3) 0.09071(4) 1 18.14(9)
Li9 8f 1/2 0.23121(3) 0.13577(4) 1 17.96(9)
Lil0 8f 1/2 0.40459(2) 0.06398(4) 1 14.02(8)
a) . - b)

Li10 &

Li6 (W

Li6 §

Lito &)

d(Li5A-Li4B) = 2.50 A

d(Li5B-Li4B) = 1.99 A

d(Li4B-Li4B) = 1.89 A

d(L

s.o.f. (4c) + s.o.f. (8g) = 1.0

i5B-Li4A) = 2.83 A

d(Li9-Li4A) = 2.38 A

d(Li4B-Li4B) = 2.64 A

cell 1 cell 2

@00 | 000 |
99 -

§-0.1. (8g)max. = 0.5 ® max. 6.0 Li/u.c. on 8g and 4c

Figure 4. (a) Difference Fourier map (F, — F,, contour lines + 0.6 e:A™>) shown for the layer defined by Sil, Si2, and Li2 (parallel to ab plane; cell
edges are shown in blue; calculated from single-crystal data at 100 K). (b) The structural environment of the disordered Li-strand with view on the
ac plane (perpendicular to the extracted plane for the difference Fourier map in (a). (c) Schematic description of an idealized disorder model for Li4;

thermal ellipsoids are shown at a 90% probability level.

The sum of refined occupancies yielded a value very close to 1.
Therefore, the sum of occupancy factors was constrained to 1,
and the two sites were assigned Li4A and Li4B, respectively.
The structure was then refined with excellent reliability factors
of R; = 0.017 and wR, = 0.029 for all data (cf. Table 1). A
meaningful anisotropic refinement of atomic displacement
parameters was possible for all atoms. Because of the disorder,
the unit cell contains 65.70(3) Li atoms, and the crystallo-
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graphic density of L 4(1ySiy is 1.147 g-em ™. In the following,
we elaborate briefly on the disorder in Li,44,Si,; further details
are described in the Supporting Information.

The refined proportions of Li4A (site 4c) and Li4B (site 8g)
are 0.575(3) and 0.425(3), respectively. An occupancy of Li4B
below 0.5 allows for an arrangement of Li atoms that excludes
distances d(Li—Li) < 1.89 A (Figure 4c). In this case, the Li4B
site may be occupied in every other unit cell, whereas cells void
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Table 3. Relevant Interatomic Distances in Li, ;;Si (Cmcm, Z = 16, T = 100 K, Estimated Standard Deviations in Parentheses)

atom pair d/A atom pair d/A atom pair d/A

Sil LiSB 2x 2.612(5) Si3 Li7 2.5884(5) Li4B Lil 2.674(1)
Li7 2X 2.6152(5) Li8 2.6817(5) Li6 2X 2.797(1)
Li4B 2% 2.745(1) Li6 2% 2.7023(3) Li9 2x 2.853(1)
Li9 4x 2.7733(3) LiSB 2X 2.710(2) LiSA Li4B 2X 2.498(2)
Li2 2X 2.7766(4) LiSA 2X 2.7263(4) Lil0 2.613(2)
LiSA 2% 2.830(1) Li4B 2X 2.8406(7) Li9 2X 2.6739(S)
Li3 2.9948(7) Lil0 2X 2.8609(3) Li6 2.838(1)
Li4A 2% 3.288(1) Lil 2.8873(4) Li7 3.125(1)

Si2 Li6 2x 2.6348(5) Li9 2.9042(7) Li7 2X 3.137(1)
Li3 2x 2.6364(4) Li8 2.9600(7) LiSB Li6 2.579(6)
Lil0 2% 2.6870(S) Li4A Li9 2X 2.378(1) Li9 2X 2.704(3)
Li2 2.7388(7) Lil 2.518(2) Li4A 2X 2.827(7)
Lil 2% 2.8419(4) LiSB 4x 2.827(7) Lil0 2.910(8)
Li8 4x 3.1106(4) Li4B LiSA 2X 2.498(2)

Si3 Li4A 2.5781(6) Li4B 2.639(3)

Li16.42(1)Sia

Li15Sia

Figure S. Structural details of Lij44,Si, (3, b), LijsSi, (c—e), and Li};Si, (f g). Parallel rods of face-sharing Si coordination polyhedra (a) and their
relative arrangement in the unit cell of Li;44,Si, (b). Chains of distorted anticuboctahedron units [Si@Liy,] (c) proceeding along the 3-fold axes of
the cubic unit cell of Li;sSi, (d; different directions are indicated by different colors of the polyhedra) and (e) their relative arrangement (shared
edges and faces in black). Clusters of Si centered polyhedra appear in Li;;Si, (f, g) that form supratetrahedra (yellow and red) and supraoctahedra
(blue and green); thermal ellipsoids are shown at a 90% probability level.

4628 dx.doi.org/10.1021/cm4029885 | Chem. Mater. 2013, 25, 4623—4632



Chemistry of Materials

of Li4B would contain Li4A. The scenario corresponds to 0.5
occupation of each Li4A and Li4B site (i.e., maximal 6 Li atoms
per unit cell (u.c.) on 4c and 8g) and is in reasonable close
agreement with the refinement result (5.70(3) Li atoms/u.c. on
4¢ and 8g). The disorder described by Li4A/Li4B has then
consequences to the split position of Li5 (LiSA/0.848(7) and
LiSB/0.152(7)). The presence of a LiSB atom excludes the
simultaneous presence of Li4B in the same cell because
distances Li4B—LiSB are unreasonably short (1.99 A, cf. Figure
4b).

In the structure of Lijg4,Siy the Si atoms are exclusively
coordinated by Li atoms. Nearest-neighbor distances range
from 2.38 to 3.29 A (Table 3) and are well-separated from next-
nearest-neighbor ones starting off at 4.07 A. The SiLi,
coordination polyhedra for Sil—Si3 are shown in Figure Sa.
Disorder affects the coordination of Sil and Si3 atoms. Sil and
Si2 atoms are 13-coordinated, whereas Si3 atoms attain either a
12- or a 13-coordination, depending on whether Li4A or Li4B
is occupied. SiL, polyhedra are further condensed into strands
running along the a direction by sharing opposite faces (Figure
Sb). Strands of polyhedra are connected via sharing vertices,
edges, and faces. Similar to Li¢4,Si,, the structures of LisSi,
and Li,,Si, can also be built from SiLi, coordination polyhedra.
All three structures have in common that Si atoms are separated
from each other by more than 4.4 A. In the Li;Si, structure, Si
atoms are exclusively 12-coordinated in a distorted anti-
cuboctahedral fashion (Figure Sc).

This coordination is closely related to that of atoms in an hcp
packing.'> Similar to Liy,,Si, polyhedra are condensed into
strands via sharing opposite (triangular) faces (Figure Sd).
Strands run parallel to the body diagonals (3-fold axes) in the
cubic unit cell and are connected by sharing common edges and
faces (Figure Se). The four directions of the cubic cell are
indicated by different colors in Figure Sd. In the Li-richest
phase Li;;Si,, two different SiLi, coordinations occur, with n =
13 and n = 14 (Figure Sf). The Li;;Si, structure is closely
related to a 6 X 6 X 6 superstructure of the bec structure® in
which the Si atoms occupy specific positions. Emphasizing the
Si atom arrangement, Si, tetrahedra (Sil and Si2) and Sig
octahedra (Si3 and Si4) appear, which form together with their
Li coordination spheres equal numbers of supratetrahedra (red
and yellow) and supraoctahedra (green and blue). The SiLi,
polyhedra share vertices, edges, and faces to give the
arrangement shown in Figure 5g. One way to interpret the
Li),Si, structure is to consider the arrangement of supra-
tetrahedra and supraoctahedra as two interpenetrating supra-
diamond structures (corresponding to a hierarchical variant of
the NaTl structure type) by sharing common edges. In
conclusion, the series Li;sSiy, Lijg4,Si, and Li;;Si, shows the
gradual enlargement of SiL, coordination polyhedra (n = 12—
14) with increasing Li content.

The disorder of the Li4A and Li4B atoms in Li;4(;)Siy may
be resolved in two alternative ordered models A and B (Figure
6). Structure model A excludes Li4B on 8¢ (x, y, 1/4) but
includes fully occupied Li4A at 4c (1/2, y, 1/4) and LiSA
positions. As a consequence, Si3 coordinates to 12 Li atoms
and Sil to 13 Li atoms. The composition of model A is Li¢Si,
(Li,Si). Ordered model B includes both sites Li4B on 8g (x, y,
1/4) and Li4a on 4c (1/2, y, 1/4), each with 50% occupancy.
Model B cannot be realized in the actual space group Cmcm.
Two crystallographically independent Li4B positions (i.e., Li4B
and Li4B’, Figure 6) are achieved by a symmetry reduction and
a larger unit cell (space group P2,/m, a = 9.0492(4) A, b =
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a) Model A: Li16Sia (Li4Si)

o

x4

CN=13

Figure 6. Two alternative models for Lijz,Si, with an ordered
distribution of Li atoms. (a) In model A, Li4A and LiSA are fully
occupied and Li4B and LiSB are void (resulting composition: Li, Si,).
(b) Model B includes a fully occupied LiSA position and half occupied
positions Li4A and Li4B (resulting composition: LijssSi,). Si, Li
(ordered), and Li (disordered) atoms are shown as gray, white, and
red ellipsoids, respectively. All displacement ellipsoids are drawn at a

90% probability level.

13.2001(6) A, ¢ = 11.2027(5) A, f = 101.650°, the LiS position
is presented by LiSA; for the Birnighausen tree, see Figure S4
in the Supporting Information). In model B, Si3 alternately
coordinates to 12 and 13 Li atoms, whereas the Sil
coordination polyhedron comprises exclusively 13 Li atoms as
in model A. The composition of model B is Li;sSiy (Lis 12551)
(Figure 6).

Electronic Structure of Li,,Si. Theoretical studies on
Li 44,Si, were approached on the basis of the two ordered
structure models A and B. Since these models represent an
approximation to the real structure of Lij¢4,Si,, Hellmann—
Feynman forces on specific atoms are expected. However, after
geometry optimization, atom positions were found only
marginally different from their starting values. The formation
energies of the model structures are very different, —0.67 and
—1.35 Ry for A and B, respectively, implying that model B is
highly favored over A. Model B has a composition close to
Lijg4,Si,, and its structure probably also represents a good
approximation to the experimental crystal structure. Li;,Si,, the
most rich Li—Si phase, attains a formation energy of —1.78 Ry
and metastable Li,;Si, —0.68 Ry, which is very similar to model
A

The results of electronic structure calculations of the three Li
silicides are compiled in Figure 7. We first note their similar
overall electronic structure. The s-bands stemming from Si
atoms are only weakly dispersed and confined in the energy
range from —6.5 to —7.5 eV below the Fermi level. Because
they are not significant to bonding properties, they have been
excluded in Figure 7. Also, the shape and width of the Si-p
bands starting off at around —3 eV and terminating at around
the Fermi level are very similar for the four structures. Strong
Li—Si bonding interactions are apparent from the significant
mixing of Li states into these bands. Interesting are the
differences around the Fermi level. The DOS of Li,sSi, actually
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Figure 7. Total and partial DOS together with the band structure representation in the range from —4 to 4 eV for (a) Li;sSi,, (b) structure model A

(Liy6Siy), (c) structure model B (Li;q5Si,), and (d) Li;,Siy.

shows a small band gap (0.1 eV) just above the Fermi level,
separating the Si-p bands from a peculiar narrow band centered
approximately at 0.7 eV above the Fermi level. The band
structure is in agreement with earlier reports'® and suggests
that Li;sSi, could reach a semiconducting state with one
additional electron per formula unit (assuming a rigid band
behavior). This would be in agreement with a Zintl phase
description (Si*"),.* Therefore, Li,Si, may be considered as a
p-doped semiconductor. When turning to the model structures
A and B, however, it is apparent that the Si-p band does not
follow a rigid band behavior for states around the Fermi level.
For model A with a composition Li,¢Si, appropriate for a Zintl
phase, the band gap present in Li;Si, has closed and the system
represents a metallic conductor. The “Li;Si, gap” is also absent
in the DOS and band structure for model B and for Li,,Si,.
Provided a rigid band behavior, for those systems, this gap
should be situated below the Fermi level. Both systems clearly
reveal a metallic character.

In conclusion, among the Li-rich silicides, only LisSi,
displays an electronic structure that is characteristic of a Zintl
phase, yet Li;sSi, is electron-deficient. Interestingly, it has been
shown that a small concentration of Li can be exchanged for Al
(Liys_,ALSi, x ~ 0.5),"> which increases the electron
concentration of the system. When going from Li;sSi, to
more Li-rich phases, the electronic structure changes decisively
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around the Fermi level. This is attributed to the altered Li—Si
bonding interactions.

4. CONCLUSION

The binary lithium silicide Li,;;Si (Lijg4,Si;) was synthesized,
and its thermodynamic relation with Li;;Si, and Li;;Si, in the
Li—Si phase system was firmly established. Li;4 4,514 forms from
the peritectic decomposition of Li;;Si, and decomposes
peritectically at 618 + 2 °C. The crystal structure is rather
complex and displays some occupational disorder affecting Li
positions. The accumulation of Li-rich phases in the interval of
75—81 at. % Li is characteristic of Li-tetrel (Si, Ge, Sn) systems.
It is a consequence of rather strong covalent Li-tetrel bonding
interactions that, in turn, make the application of structure-
bonding correlations according to the Zintl—Klemm concept
difficult or even impossible.”” Among the Li—Si phases, only
the most Si-rich equimolar LiSi, which is metastable and
accessible through high-pressure techniques or high-energy
ball-milling,” displays a structure in unambiguous agreement
with the Zintl-Klemm concept. It features a three-dimensional
network of three-bonded Si atoms.® Reaching the area of the Li-
rich side, now various lithium silicides are established in the
phase diagram and structurally characterized even though
crystalline lithium silicides are considered to play a minor role
in the lithiation/delithiation process of Si anodes. The here
reported Lij¢4,Si, might not appear during charging/discharg-
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ing processes since it represents a high-temperature phase.
However, Lijz4,Si, reveals important structural information
since it is in line with the description of the Li-rich structures
presented here as SiLi, polyhedra with increasing n from 12 to
14 going from Li;sSi, to Li;Si,. Interestingly, although Li,,Si,,
Lij¢4,Siy, and LijSiy are metallic and have very similar
compositions, they appear without significant phase width.
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4.5511(2) A, b =22.0862(7) A, c = 13.2751(4) A, V = 1334.37(8) A3
(single-crystal data, space group Cmcm, Z = 16, T = 123 K).

(61) (a) Zintl, E. Angew. Chem. 1939, 52, 1. (b) Klemm, W. Proc.
Chem. Soc. 1958, 329. (c) Klemm, W.; Busmann, E. Z. Anorg. Allg.
Chem. 1963, 319, 297.

(62) Nesper, R. Prog. Solid State Chem. 1990, 20, 1.
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Revision of the Li—Si Phase Diagram: Discovery and Single Crystal X-ray

Structure Determination of the High Temperature Phase Lis11Si

Michael Zeilinger, Iryna M. Kurylyshyn, Ulrich Haussermann, Thomas F. Fassler*

Details on the single crystal X-ray structure refinement of Lig11Si

As shown in the crystallographic section of this article, the disorder in the Lis11Si structure
affects Li5 on 8f, Li4A on 4c and Li4B on 8g (Table 2). If the occupancies for Li4A and Li4B are
refined freely, the values converge to 0.577(5) and 0.425(3), respectively, with the sum being
very close to one. Thus, the constrain occ(Li4A) + occ(Li4B) = 1, which excludes a simultaneous
occupancy of both sites, is justified. The variables then converge to 0.575(3) and 0.425(3).
Furthermore, it was demonstrated in the structure discussion part that the maximum occupancy of
Li4B is 0.5, as higher values would give rise to unreasonably short Li-Li distances by
neighboring  Li4B-Li4B pairs (Figure4). An interpretation of the example
occ(Li4A) = occ(Li4B) = 0.5, which represents the maximum accumulation of Li on those sites
(6 Li atoms/u.c.), is highlighted as well.

Furthermore, a careful analysis of residual electron densities during the structure refinement
procedure elucidated further positional disorder for Li5 on 8f. The atom split reveals
occ(Li5A) = 0.848(7) and occ(Li5B) = 0.152(7), respectively (Table 2). Again, a free refinement
delivers equal results (occ(Li5A) =0.851(8) and occ(Li5B) =0.155(8)). It might be speculated
that due to the weak scattering power of lithium introducing a split position with a small split
fraction for Li5B is not meaningful. However, when deleting Li5B for the refinement, the
occupancy of Li5 (former Li5A) refines to 0.950(5) and significant residual electron density is
almost exactly located at the former Li5B position (+1.238 e-A™). The reliability factors for all
data are R; = 0.023 and wR, = 0.047. Without ignoring the atom split, we obtain markedly lower
R-values of R; = 0.017 and wR, = 0.029 for all data and very small (as well as balanced) residual

electron densities (+0.35 e-A~ and —0.31 e-A™).
S1



Details on the single crystal X-ray data collection for Lis.1;Si at room temperature

Single crystal diffraction of Lis11Si was performed on a Stoe IPDS IIT diffractometer equipped
with a rotating anode (Bruker AXS, FR591) with MoK, radiation (1 = 0.71073 A) and a Montel

mirror.

Table S1. Crystallographic data and structure refinement for Lig ;;Si at 298 K.

empirical formula

T/K

formula weight / g-mol *
crystal size / mm?®
crystal color

crystal shape

space group

unit cell dimension / A
V/IAS

Z

p (calc.)/g-cm™3
wlmm™

F (000)

Orange/°

index range hkl
reflections collected
independent reflections
reflections with | > 24(1)
data/restraints/parameter
absorption correction

goodness-of-fit on F?

Final R indices [I > 25(1)]*"°

R indices (all data)*”

Largest diff. peak and
hole / e-A™3

Lis 10561

298(2)

56.59

0.40 x 0.30 x 0.28
metallic silver
block

Cmcm
a=4.5467(9), b = 22.065(4), c = 13.240(3)
1328.3(5)

16

1.132

0.385

421

8.47-30.49

16, +31, +18
15579

1120 (Riy = 0.047)
1049 (R, = 0.015)
1120/0/81

1.206

R;=0.019
wR,=0.031

R; =0.021

wR, = 0.032
0.15and —0.14

Re=X[[Fol =[] [/Z]F]

"WR, = [YwW(Fo™—F )y w(Fo?)"?

S2



Table S2. Fractional atomic coordinates and isotropic equivalent atomic displacement parameters

for Lig.1;S1 (Cmem, Z =16, T =298 K, estimated standard deviations in parentheses).

Atom

Sil
Si2
Si3
Lil
Li2
Li3
LidA
Li4B
Li5A
Li5B
Li6
Li7
Li8
Li9
Li10

Wyckoff
position
4c

4c

8f

4c

4c

4c

4c

89

8f

8f

8f

8f

8f

8f

8f

X

0

Y

Y

Y

Y

0

Y
0.213(1)
0

o O O o

y

0.25634(1)
0.45423(1)
0.105557(7)
0.03229(8)
0.32954(7)
0.39256(9)
0.1473(2)
0.1390(2)
0.1736(2)
0.162(2)
0.04662(5)
0.31628(6)
0.47120(7)
0.23095(6)
0.40482(6)

z

Yy

Yy
0.06740(1)
Yy

Yy

Yy

Yy

Y,
0.0858(6)
0.128(5)
0.12234(9)
0.07904(9)
0.0909(1)
0.1362(1)
0.06375(8)

s.0.f

L

1
0.58(1)
0.42(1)
0.91(3)
0.09(3)
1

I e

Ueg

1 A%10°
13.02(6)
12.38(6)
12.62(5)
25.1(3)
21.7(3)
32.1(4)
64(3)
43(2)
25.5(9)
22(9)
22.5(2)
27.6(2)
35.5(3)
27.8(2)
25.4(2)

S3



vS

"(pa1 = ("o[e0) PISEITT ‘onq = (*o[e0) IS 1T “Mofjek = (0Ted)
MISLIIT Yoelq = [epuewiadxa) (p) MISPIrT pue (9) NSO (q) MISSOIIT “(e) TSt sojdwes ynq o) jo surened QYXd TS dInsig

()oz oz
09 05 oy 0 0z ol o o 0z
i . L _ . . 0 e 1 - 1 e 1 L _
é.vlc‘jj AT ™ f:% Ja.ﬁa, frrmrF i ¥ S | _\_\T)\Ij}J_‘T_ T :. T =
. BI f e I
-1 \N,O
g -8
5 o ot
IN =3 I.VO =3
< <
Le r90 3
Ly o F8‘0
ISHYT @ 14 gl @
nSEHT @ ! WSSV, | (p |Stme , J1SE0HT, | (
, 0l q
()oz (ee
09 05 oy 0g 0z ol oo 09 0 ov 0€ 0z 0l
R T T b _ _ S SO NN — 0"
Eﬂ?ﬁﬁéjﬁ " ] 1 J; RN LA | _y ey 00
I | f i
b0 f ﬁﬁ:* -Gl
Q | Q
4 | - @
| !
Le'0 W. ‘ —0'¢ m
< = Z
T —g'r @
nSENT @ “ ~0'9
1Q9l 9l
ISH¥] @ WIS, s 1S @ S| (e




"Li1eSis" @ 300 °C, 3d @ Li17Sia
® Lis11Si
@ Li3Sis

T

M\JJ'

AA& A [

\
Jis U_U k

"LnsSu“@§470°C 3d

intensity

MMMM]J no
"LiseSis" @ 500 °C, 3d

10 15 20 25 30 35
20(%)

Figure S2. PXRD patterns of “Li;6Sis” samples annealed at different temperatures for three days
followed by quenching in liquid nitrogen (experimental =black; Li;7Sis calculated = orange;

Lig 11Si calculated = blue; Li;3Si4 calculated = red).
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Figure S3. Experimental (black) X-ray powder diffraction pattern of Lis ;51 referenced with the
theoretical powder pattern obtained from Rietveld refinement. The difference plot is shown in

blue, Bragg positions in green (up: Li;3Sis, down: Lis ;Si). The strongest reflection of Lij3Siy

(111) at ~23.5° is labeled with *.
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Besides Li;Si4, Lijg4,Siy, and LijsSiy, another lithium-rich
representative in the Li-Si system is the phase Li;3Siy
(tridecalithium tetrasilicide), the structure of which has been
determined previously [Frank et al. (1975). Z. Naturforsch.
Teil B, 30, 10-13]. A careful analysis of X-ray diffraction
patterns of Li;3Siy revealed discrepancies between experi-
mentally observed and calculated Bragg positions. Therefore,
we redetermined the structure of Li;3Si4 on the basis of single-
crystal X-ray diffraction data. Compared to the previous
structure report, decisive differences are (i) the introduction
of a split position for one Li site [occupancy ratio
0.838 (7):0.162 (7)], (ii) the anisotropic refinement of atomic
displacement parameters for all atoms, and (iii)) a high
accuracy of atom positions and unit-cell parameters. The
asymmetric unit of Li;3Siy contains two Si and seven Li atoms.
Except for one Li atom situated on a site with symmetry 2/m,
all other atoms are on mirror planes. The structure consists of
isolated Si atoms as well as Si—Si dumbbells surrounded by Li
atoms. Each Si atom is either 12- or 13-coordinated. The
isolated Si atoms are situated in the ab plane at z = 0 and are
strictly separated from the Si-Si dumbbells at z = 0.5.

Related literature

For details of the structural description of Li;5Siy, see: Frank et
al. (1975). For structural data for Li;3Si, based on computa-
tional methods, see: Chevrier et al. (2010). For details of the
synthesis, thermodynamic properties and crystal structures of
Li;;Siy, Lijg42Si;, and LijsSiy, see: Zeilinger & Benson et al.
(2013); Zeilinger & Kurylyshyn et al. (2013); Zeilinger &
Baran et al. (2013). For further thermodynamic investigations
on the Li-Si system, see: Thomas et al. (2013); Wang et al.
(2013). The behavior of silicon as anode material upon li-
thiation/delithiation is described by Limthongkul et al. (2003)
and Obrovac & Christensen (2004). For in-situ/ex-situ solid
state NMR investigations of structural changes in silicon

electrodes for lithium-ion batteries, see: Key et al. (2009,
2011).

Experimental

Crystal data

Liy5Sis V =536.93 (5) A’
M, =202.58 Z=2
Orthorhombic, OPbam Mo Ka radiation
a=79488 (4) A =047 mm™

b =15.1248 (8) A T=100K

¢ =4.4661 (2) A 0.2 x 0.2 x 0.2 mm

Data collection

Bruker APEXII CCD
diffractometer

Absorption correction: multi-scan
(SADABS; Bruker, 2008)
Tomin = 0.781, Tyax = 0.818

25938 measured reflections
2429 independent reflections
2333 reflections with 7 > 20(1)
Rin = 0.033

Refinement

R[F? > 20(F%)] = 0.015
wR(F?) = 0.044

S =1.08

2429 reflections

60 parameters
Apmax =068 ¢ A7
APmin = —0.40 e A3

Data collection: APEX2 (Bruker, 2008); cell refinement: SAINT
(Bruker, 2008); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics:
DIAMOND (Brandenburg, 2012); software used to prepare material
for publication: pubICIF (Westrip, 2010).

This work has been funded by the Fonds der Chemischen
Industrie and the SolTech (Solar Technologies go Hybrid)
program of the State of Bavaria.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: WM2778).
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Revision of the Li;;3Sis structure
Michael Zeilinger and Thomas F. Fiissler

1. Comment

In the last decade, the demand for high capacity lithium-ion batteries (LIBs) particularly fueled the research on the Li—Si
phase system since as anode material, Si theoretically offers a specific capacity of 3579 mA h g! based on the formation
of the metastable phase Li;sSis (Obrovac & Christensen, 2004). It is well known that Li;sSis is the only Li—Si phase that
appears in crystalline form during charging and discharging processes in silicon based LIBs at room temperature
(Limthongkul et al., 2003; Obrovac & Christensen, 2004). However, in order to understand the lithiation/delithiation
mechanism, X-ray diffraction methods only provide sparse information and therefore other techniques such as in-situ /
ex-situ solid state NMR are frequently used (Key & Bhattacharyya et al., 2009; Key & Morcrette ef al., 2011).

Furthermore, a fundamental understanding of the thermodynamic relation of Li—Si phases, especially in the lithium-
rich section of the phase diagram, is of considerable importance. Exemplary work is given by Zeilinger & Baran ef al.
(2013), Zeilinger & Benson et al. (2013), Zeilinger & Kurylyshyn ef al. (2013), Thomas et al. (2013) and Wang ef al.
(2013). For those studies as well as for NMR investigations it is crucial that all existing Li—Si phases are structurally
well characterized since otherwise a phase identification of model compounds can be difficult (Key & Bhattacharyya et
al., 2009; Thomas ef al., 2013). In the course of our investigations on the thermodynamic properties of Li—Si phases, we
identified two new phases, Li,;Sis (Zeilinger & Benson ef al., 2013) and Li6.4Sis (Zeilinger & Kurylyshyn et al., 2013).
The latter is assigned a high temperature phase existing in a temperature range of 743—891 K, the former decomposes
peritectically at 754—759 K. Li 4,514 is compositionally embraced by the lithium-richer phase Li;;Sis and the lithium-
poorer phase Lij;Sis. Since the determination of the Li—Si phase diagram in the aforementioned section is carried out by
thermal investigations on various samples with different Li concentrations, the structures of the relevant phases have to
be ascertained for an unambiguous assignment of phases in X-ray powder diffraction patterns of those samples. However,
the calculated X-ray diffraction pattern of Li,3Si, based on structural data published by Frank et al. (1975) decisively
differs from the experimentally observed pattern of a Li;;Sis sample (Fig. 1). More recent data based on theoretical
calculations were reported by Chevrier et al. (2010). Yet, the accordingly calculated pattern is slightly but still distinctly
different (Fig. 1).

Therefore, we redetermined the structure of Li;;Siy based on single crystal X-ray diffraction data. As can be seen in Fig.
1, the resulting calculated pattern is in very good agreement with the experimental one. Main differences to the previous
single-crystal X-ray structure determination by Frank et al. (1975) are i) a significantly more precise determination of
atomic positions and unit-cell parameters, respectively (a =7.99 (2) A, b=15.21 (3) A, ¢ =4.43 (1) A compared with a =
7.9488 (4) A, b=15.1248 (8) A, ¢ = 4.4661 (2) A), ii) an anisotropic refinement of atomic displacement parameters for
all atoms and iii) the introduction of a split position for Li6 (occupancy ratio 0.838 (7):0.162 (7)).

Regarding the structure of Li;3Sis we briefly elaborate on the main structure motifs since this has already been described
in detail by Frank et al. (1975). Contrary to the lithium-richer phases Li;7Si4, Lij64,S14 and Li;sSis where all Si atoms are
isolated, Li;3Sis contains Si—Si dumbbells beside isolated Si atoms (Fig. 2a). Li—Si distances range from 2.5173 (2) A
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to 3.2283 (7) A and next nearest neighbor distances are clearly separated, starting off from 4.1899 (2) A. The shortest Li
—Li distance is 2.429 (7) A and comparable to other Li—Si phases (Zeilinger & Benson et al., 2013). The Si—Si
distance within the Si—Si dumbbells is 2.3852 (2) A, further Si atoms are separated by distances larger than 4.4661 (2)
A. Whereas Sil is coordinated by 12 Li and one Si atom, Si2 is exclusively surrounded by 12 Li atoms. In addition,
dumbbells and isolated Si atoms are strictly separated from each other in a layer like fashion as they are located in
different ab-planes (Figs. 2 b and c).

2. Experimental

In our previous work we reported on thermal investigations by differential scanning calorimetry (DSC) means which
were targeting the determination of the lithium-rich section of the Li—Si phase diagram (Zeilinger & Kurylyshyn et al.
2013). Various samples with different Li—Si compositions (Li;7Sis, "Lij6sSis", "LijeSis" and "Li,4Sis") were synthesized.
Crystals of Lij;Sis could be obtained from a sample with a nominal composition "Li;4Sis". For the synthesis of "Li;4Sis"
we refer to Zeilinger & Kurylyshyn ef al. (2013). Li;3Si4 crystals were handled inside an Ar-filled glove box, selected

under a microscope and sealed inside 0.3 mm glass capillaries for X-ray diffraction experiments.

3. Refinement

For better comparison between the first structure refinement and the current redetermination, atomic coordinates and
atom labels were taken from Frank ef al. (1975). During the structure refinement procedure the positions of two Si and
seven Li atoms were confirmed. If refined freely, the site occupation factors of all atoms converged to values very close
to full occupancy for the respective sites and were therefore constrained for full occupancy. Extinction was refined to
non-significant values and thus excluded from the refinement. Furthermore, an anisotropic refinement of atomic
displacement parameters was possible for all atoms. This model resulted in R-values of R, = 0.020 and wR, = 0.059 for all
data and residual electron densities of +1.223 e A~ and -0.740 e A>. However, the atomic displacement parameters for
Li6 on Wyckoff position 4/ (0.0895 (2), 0.25508 (9), 1/2) indicated a large prolongation in the x-direction. Additionally,
significant residual electron density (+1.22 e A7) is located closely to Li6. To account for that, we introduced a split
position for Li6. This resulted in markedly better R-values of R, = 0.016 and wR, = 0.044 for all data as well as
acceptable residual electron densities of +0.68 e A= and -0.40 e A-. The refined fractions are 0.838 (7) for Li6A and
0.162 (7) for Li6B. An example for a similar introduction of an atom split in lithium-rich Li—Si phases is given by
Zeilinger & Kurylyshyn et al. (2013).

Computing details

Data collection: APEX2 (Bruker, 2008); cell refinement: SAINT (Bruker, 2008); data reduction: SAINT (Bruker, 2008);
program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: DIAMOND (Brandenburg, 2012); software used to prepare material for
publication: pubICIF (Westrip, 2010).
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Figure 1

(a) Powder X-ray diffraction pattern of a Li;3Sis sample referenced with the theoretical patterns calculated from (b)
single-crystal X-ray data presented herein, previous structural data published by (c) Chevrier ef al. (2010) and (d) Frank
et al. (1975).
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a)
b) ¢=0,1
c) ¢=0.5

Figure 2
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Structure motifs in Li;Sis: () perspective view along the crystallographic c-axis of the unit cell of Li;3Sis (atoms of the
asymmetric unit are labeled), () isolated Si atoms, and (c) Si—Si dumbbells located in different ab-planes (c =0, 1 and ¢
= 1/2, respectively). Ellipsoids are drawn at a 80% probability level (Li = red, Si = blue; only the major component of Li6

is shown).

Tridecalithium tetrasilicide

Crystal data

Li13Si4

M, =202.58
Orthorhombic, Pbam
Hall symbol: -P 2 2ab
a=7.9488 (4) A
b=15.1248 (8) A
c=4.4661 () A

V=1536.93 (5) A

zZ=2

F(000) =190

D,=1253Mgm?3

Melting point: 995 K

Mo Ka radiation, 1 =0.71073 A

Cell parameters from 9823 reflections
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6=2.9-57.3°
4 =047 mm™!
T=100 K

Data collection

Bruker APEXII CCD
diffractometer
Radiation source: rotating anode FR591
MONTEL optic monochromator
Detector resolution: 16 pixels mm™!
¢— and w-rotation scans
Absorption correction: multi-scan
(SADABS; Bruker, 2008)
Tin = 0.781, Thax = 0.818

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?*)]=0.015
wR(F?) = 0.044

§=1.08

2429 reflections

60 parameters

0 restraints

Special details

Block, metallic silver
0.2 x0.2 x0.2 mm

25938 measured reflections
2429 independent reflections
2333 reflections with 7> 2a(1)
Ry =0.033

Omax = 45.3°, Omin = 2.7°
h=-13—15

k=-28—30

[=-8-8

Primary atom site location: structure-invariant
direct methods

Secondary atom site location: difference Fourier
map

w = 1/[6X(F,?) + (0.0204P)* + 0.0373P]
where P = (F,2 + 2F2)/3

(A/0)max = 0.002

Apmax = 0.68 ¢ A3

Apmin=—0.40 ¢ A3

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of F? against all reflections. The weighted R-factor wR and goodness of fit S are based on F?,
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F? > o(F?) is used
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F?
are statistically about twice as large as those based on F, and R-factors based on all data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4?)

X y z Uiso®/Ueq Occ. (<1)

Sil 0.426415 (11) 0.431285 (6) 0.5000 0.00704 (2)
Si2 0.415184 (11) 0.160356 (6) 0.0000 0.00617 (2)
Lil 0.15083 (11) 0.02778 (6) 0.0000 0.01635 (13)
Li2 0.0000 0.5000 0.0000 0.01727 (19)
Li3 0.09442 (12) 0.19506 (7) 0.0000 0.0242 (2)
Li4 0.27005 (11) 0.34697 (6) 0.0000 0.01476 (13)
Li5 0.25998 (11) 0.09271 (6) 0.5000 0.01663 (14)
Li6A 0.4138 (3) 0.25535 (7) 0.5000 0.0195 (4) 0.838 (7)
Li6B 0.3327 (12) 0.2487 (4) 0.5000 0.0192 (15) 0.162 (7)
Li7 0.09281 (10) 0.39330 (6) 0.5000 0.01429 (13)
Atomic displacement parameters (4?)

U]] U23
Sil 0.00650 (4) 0.00658 (4) 0.00803 (4) —0.00146 (2) 0.000
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Si2 0.00659 (4) 0.00652 (4) 0.00541 (4) —0.00044 (2) 0.000 0.000
Lil 0.0192 (3) 0.0173 (3) 0.0126 (3) —0.0052 (3) 0.000 0.000
Li2 0.0249 (5) 0.0097 (4) 0.0172 (5) —0.0035 (4) 0.000 0.000
Li3 0.0129 (3) 0.0169 (3) 0.0427 (6) 0.0034 (3) 0.000 0.000
Li4 0.0133 (3) 0.0173 (3) 0.0137 (3) 0.0004 (2) 0.000 0.000
Li5 0.0127 (3) 0.0262 (4) 0.0110 (3) —0.0061 (3) 0.000 0.000
Li6A 0.0374 (11) 0.0107 (4) 0.0104 (4) 0.0041 (4) 0.000 0.000
Li6B 0.019 (4) 0.017 (2) 0.022 (3) 0.003 (2) 0.000 0.000
Li7 0.0105 (3) 0.0204 (3) 0.0119 (3) —0.0008 (2) 0.000 0.000
Geometric parameters (A, ©)

Sil—Sil 2.3852 (2) Li3—Li6Ax 2.7585 (14)
Sil—Li6A 2.6628 (12) Li3—Li6Axi 2.7585 (14)
Sil—Li5! 2.6762 (8) Li3—Li5 3.0191 (9)
Sil—Li7 2.7133 (8) Li3—Li5vi 3.0191 (9)
Sil—Lill 2.7374 (5) Li3—Li6B 3.038 (7)
Sil—Lil"V 2.7374 (5) Li3—Li6Bii 3.038 (7)
Sil—Li5t 2.8559 (9) Li3—Li6Bxi 3.168 (7)
Sil—Li4Y 2.8561 (5) Li4—Lj3f 2.6556 (13)
Sil—Li4 2.8561 (5) Li4—Li6B 2.728 (3)
Sil—Li6B 2.860 (7) Li4—Li6Bii 2.728 (3)
Sil—Lilv 2.9244 (6) Li4—Li7 2.7317 (7)
Sil—Lilt 2.9244 (6) Li4—Li7"i 2.7318 (7)
Si2—Li2vi 2.5174 (2) Li4—LilV 2.8060 (12)
Si2—Li3 2.6031 (9) Li4—Si2xi 2.8229 (9)
Si2—Li3t 2.6099 (10) Li4—Si1vi 2.8562 (5)
Si2—Li6A 2.6554 (6) Li4—Li6Avi 2.8659 (11)
Si2—Li6Avi 2.6554 (6) Li4—Li6A 2.8659 (11)
Si2—Li6Bi 2.684 (3) Li5—Li6B 2.429 (7)
Si2—Li6B 2.684 (3) Li5—LilY 2.5892 (6)
Si2—Li5 2.7487 (5) Li5—Li7% 2.6540 (12)
Si2—Li5Vvii 2.7487 (5) Li5—Silxi 2.6762 (8)
Si2—Li7# 2.7638 (5) Li5—Li6A 2.7472 (18)
Si2—Li7* 2.7638 (5) Li5—Si2Y 2.7487 (5)
Si2—Li4i 2.8229 (9) Li5—Sil® 2.8559 (9)
Lil—Lil* 2.5408 (17) Li5—Li3Y 3.0191 (9)
Lil—Li3 2.5696 (13) Li5—Li7¥ 3.2351 (14)
Lil—Li5vi 2.5892 (6) Li6A—Si2Y 2.6553 (6)
Lil—Li5 2.5892 (6) Li6A—Li7i 2.6605 (16)
Lil—Sil1vi 2.7374 (5) Li6A—Li3" 2.7585 (14)
Lil—Silx 2.7374 (5) Li6A—Li3" 2.7585 (14)
Lil—Li4i 2.8060 (12) Li6A—Li4Y 2.8659 (11)
Lil—Li2"i 2.8071 (9) Li6A—Li7 3.296 (2)
Lil—Sil1xi 2.9244 (6) Li6A—Li3Y 3.5021 (19)
Lil—Silxi 2.9244 (6) Li6B—Si2Y 2.684 (3)
Li2—Sj2xi 2.5173 (2) Li6B—Li4" 2.728 (3)
Li2—Si2¥ 2.5174 (2) Li6B—Li7 2.902 (7)
Li2—Lilxi 2.8071 (9) Li6B—Li7! 2.981 (7)
Li2—Lil" 2.8071 (9) Li6B—Li3Y 3.038 (7)
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Li2—Lji7vi
Li2—Li74
Li2—Li7v
Li2—Li7
Li2—Li4®
Li2—Li4
Li2—Li5f
Li2—Li5"
Li3—Si2xi
Li3—Li4xii
Li3—Li4

Sili—Sil—Li6A
Sil'—Sil—Li5"
Li6A—Sil—Li5'
Sil'—Sil—Li7
Li6A—Sil—Li7
Li5"—Sil—Li7
Sil'—Sil—Lilf
Li6A—Sil—Lil
Li5i—Sil—Lili
Li7—Sil—Lil
Sil'—Sil—Lil"
Li6A—Sil—Lil¥
Li5"—Sil—Lil
Li7—Sil—LilV
Lili—Sil—Lil"
Sili—Sil—Li5f
Li6A—Sil—Li5it
Li5—Sil—Li5f
Li7—Sil—Li5f
Lil#—Sil—Li5
Lil*—Sil—Li5f
Sil'—Sil—Li4"
Li6A—Sil—Li4Y
Li5%"—Sil—Li4"
Li7—Si1—Li4Y
Lil'i—Sil—Li4"
Lil*—Sil—Li4"
Li5%—Sil—Li4"
Sil—Sil—Li4
Li6A—Sil—Li4
Li5"—Sil—Li4
Li7—Sil—Li4
Lil'i—Sil—Li4
Lil*—Sil—Li4
Li5—Sil—Li4
Li4*—Sil—Li4
Sil—Sil—Li6B

2.8522 (6)
2.8522 (6)
2.8522 (6)
2.8522 (6)
3.1567 (9)
3.1567 (9)
3.2546 (7)
3.2546 (7)
2.6099 (10)
2.6556 (13)
2.6884 (13)

152.78 (5)
68.43 (2)
84.35 (5)
131.60 (2)
75.63 (5)
159.98 (3)
69.231 (19)
121.62 (2)
107.13 (2)
83.90 (2)
69.231 (19)
121.62 (2)
107.13 (2)
83.90 (2)
109.32 (3)
60.62 (2)
146.60 (5)
129.047 (16)
70.97 (3)
55.100 (14)
55.100 (14)
127.050 (14)
62.45 (3)
111.752 (19)
58.678 (17)
60.17 (2)
141.10 (3)
98.97 (2)
127.051 (14)
62.45 (3)
111.752 (19)
58.678 (17)
141.10 (3)
60.17 (2)
98.97 (2)
102.86 (3)
165.72 (19)

Li6B—Li3"
Li6B—Li3!
Li7—Li5%
Li7—Li6Axi
Li7—Li4Y
Li7—Si2xi
Li7—Si2
Li7—Li2Y
Li7—Li6Bxi
Li7—Lj5t

Li3i—Li4—Li7
Li3—Li4—Li7
Li6B—Li4—Li7
Li6BYi—Li4—Li7
Li3i—Li4—Li7"i
Li3—Li4—Li7vi
Li6B—Li4—Li7"i
Li6Bi—Li4—Li7i
Li7—Li4—Li7vii
Li3i—Li4—Lil"
Li3—Li4—Lil"
Li6B—Li4—Lil"
Li6Bvii—Li4—LilV
Li7—Li4—Lil"
Li7vi—Li4—LilY
Li3t—Li4—Si2xi
Li3—Li4—Si2xiii
Li6B—Li4—Si2xi
Li6BYii—Li4—Sj2xi
Li7—Li4—Si2xi
Li7"i—] j4—Sj2xiii
Lil"—Li4—Si2~i
Li3i—Li4—Sil
Li3—Li4—Sil
Li6B—Li4—Sil
Li6Bvii—Li4—Sil
Li7—Li4—Sil
Li7¥ii—Li4—Sil
Lil*—Li4—Sil
Si2xi [ i4—Sil
Li3i—Li4—Si]vi
Li3—Li4—Sili
Li6B—Li4—Sili
Li6Bvii—Li4—Si]vi
Li7—Li4—Sili
Li7vii—Li4—Silvil
Lilv—Li4—Silvi

3.168 (7)
3.168 (7)
2.6540 (12)
2.6605 (16)
2.7317 (7)
2.7638 (5)
2.7638 (5)
2.8522 (6)
2.981 (7)
3.2351 (14)

124.20 (2)
87.21 (3)
64.21 (14)
154.5 (2)
124.20 (2)
87.21 (3)
154.5 (2)
64.21 (14)
109.66 (4)
90.90 (4)
161.67 (4)
119.34 (14)
119.34 (14)
82.28 (3)
82.28 (3)
163.90 (4)
56.47 (3)
99.3 (2)
99.3 (2)
59.65 (2)
59.65 (2)
105.20 (3)
71.60 (2)
127.412 (15)
61.57 (14)
143.5 (2)
58.048 (18)
138.51 (4)
57.815 (16)
116.896 (19)
71.60 (2)
127.413 (15)
143.5 (2)
61.57 (14)
138.51 (4)
58.048 (18)
57.814 (16)
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Li6A—Sil—Li6B
Li5"—Sil—Li6B
Li7—Sil—Li6B
Lilt—Sil—Li6B
Lil*—Sil—Li6B
Li5%—Sil—Li6B
Li4—Sil—Li6B
Li4—Sil—Li6B
Sil—Sil—Lilv
Li6A—Sil—Lil"
Li5%"—Sil—Lil"
Li7—Sil—Lil"
Lilii—Sil—Lil"
Lil*—Sil—Lilv
Li5—Sil—Lil"
Li4*—Sil—Lil¥
Li4—Sil—Lil"
Li6B—Sil—Lil"
Sil'—Sil—Lilf
Li6A—Sil—Lil#
Li5i—Sil—Lil'
Li7—Sil—Lil#
Lil'i—Sil—Lil¥
Lil"—Sil—Lil#
Li5ti—Sil—Lill
Li4—Sil—Lil#
Li4—Sil—Lil#
Li6B—Sil—Lil#
Lilv—Sil—Lilf
Li2"i—Si2—Li3
Li2"i—Si2—Li3f
Li3—Si2—Li3#
Li2"i—Si2—Li6A
Li3—Si2—Li6A
Li3i—Si2—Li6A

Li2vi—Si2—Li6Ai

Li3—Si2—Li6Avi
Li3i—Si2—Li6Ai

Li6A—Si2—Li6Avi
Li2vi—Si2—Li6Bi

Li3—Si2—Li6Bi
Li3i—Si2—Li6Bi

Li6A—Si2—Li6Bi
Li6Avi—Si2—Li6Bi

Li2"i—Si2—Li6B
Li3—Si2—Li6B
Li3#—Si2—Li6B
LibA—Si2—Li6B

Li6AYi—Si2—Li6B

12.94 (15)
97.30 (19)
62.68 (19)
117.15 (8)
117.15 (8)
133.66 (19)
57.02 (7)
57.02 (7)
61.073 (16)
103.56 (3)
54.856 (16)
129.866 (14)
53.20 (3)
130.304 (9)
97.78 (2)
76.29 (2)
163.14 (2)
111.30 (11)
61.073 (16)
103.56 (3)
54.856 (16)
129.866 (14)
130.304 (9)
53.20 (3)
97.78 (2)
163.14 (2)
76.29 (2)
111.30 (11)
99.56 (3)
117.17 (2)
131.38 (2)
111.451 (16)
121.49 (2)
83.51 (5)
63.18 (4)
121.49 (2)
83.51 (5)
63.18 (4)
114.48 (4)
123.03 (10)
70.1 (2)
73.51 (18)
115.43 (10)
14.03 (17)
123.03 (10)
70.1 (2)
73.51 (18)
14.03 (17)
115.43 (10)

Si2xi] j4—Sj]viii
Sil—Li4—Si]Vi
Li3i—Li4—Li6Ai
Li3—Li4—Li6A"i
Li6B—Li4—Li6Avi
Li6Bvii—Li4—Li6Avi
Li7—Li4—Li6Ai
Li7¥ii—Li4—Li6Avi
Lil"—Li4—Li6Avi
Si2xi[ji4—Li6AVi
Sil—Li4—Li6A
Silvii—Li4—Li6Avi
Li3i—Li4—Li6A
Li3—Li4—Li6A
Li6B—Li4—Li6A
Li6BYi—Li4—Li6A
Li7—Li4—Li6A
Li7"i—Li4—Li6A
Lil"—Li4—Li6A
Si2*ii [ i4—TLi6A
Sil—Li4—Li6A
Silvi—Li4—Li6A
Li6AYi—Li4d—Li6A
Li6B—Li5—Lil
Li6B—Li5—LilY
Lil—Li5—LilY
Li6B—Li5—Li7"
Lil—Li5—Li7"
Lil*—Li5—Li7t
Li6B—Li5—Silxi
Lil—Li5—Silxi
Lil*—Li5—Si1xi
Li7i—Li5—Si1xi
Li6B—Li5—Li6A
Lil—Li5—Li6A
Lil*—Li5—Li6A
Li7"—Li5—Li6A
Silxi—[i5—Li6A
Li6B—Li5—Si2

Lil—Li5—Si2
Lil*—Li5—Si2
Li7%"—Li5—Si2

Silxi—[i5—Si2
Li6A—Li5—Si2
Li6B—Li5—Si2Y
Lil—Li5—Si2¥
Lil"—Li5—Si2¥
Li7i—Li5—Si2"
Silxi ] j5—Si2v

116.896 (19)
102.86 (3)
59.80 (4)
78.11 (4)
107.55 (12)
13.10 (18)
165.17 (5)
72.11 (3)
112.45 (4)
112.31 (5)
130.66 (5)
55.47 (3)
59.80 (4)
78.10 (4)
13.10 (18)
107.55 (12)
72.11 (3)
165.17 (5)
112.45 (4)
112.31 (5)
55.47 (3)
130.66 (5)
102.37 (5)
116.63 (6)
116.63 (6)
119.19 (5)
71.7 (2)
111.36 (3)
111.36 (3)
111.6 (2)
67.45 (3)
67.45 (3)
176.78 (5)
12.67 (19)
119.26 (3)
119.26 (3)
58.99 (5)
124.23 (6)
62.07 (9)
65.853 (16)
172.86 (4)
61.506 (17)
119.680 (19)
57.78 (2)
62.07 (9)
172.86 (4)
65.854 (16)
61.506 (17)
119.680 (19)
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Li6Bvii—Si2—Li6B

Li2"i—Si2—Li5
Li3—Si2—Li5
Li3"—Si2—Li5
Li6A—Si2—Li5
Li6AYi—Si2—Li5
Li6B¥i—Si2—Li5
Li6B—Si2—Li5
Li2"i—Si2—L 5V
Li3—Si2—Li5"
Li3T—Si2—Lj5i
Li6A—Si2—Li5"i

Li6AYi—Si2—T j5vi
Li6Bvii—Si2—L i5vi

Li6B—Si2—Li5"i
Li5—Si2—Li5"i
Li2"i—Si2—Li7i
Li3—Si2—Li7®
Li3—Si2—Li7t
Li6A—Si2—Li7t
Li6AYi—Si2—L 7t
Li6Bvii—Si2—Li7t
Li6B—Si2—Li7!
Li5—Si2—Li7!
Li5vi—Si2—I i7i
Li2"i—Si2—Li7%
Li3—Si2—Li7*
Li3%—Si2—Li7*
Li6A—Si2—Li7*
Li6AYi—Si2—Li7™
Li6Bvii—Si2—Li7*
Li6B—Si2—Li7*
Li5—Si2—Li7*
Li5vi—Si2—Li7*
Li7i—Si2—Li7™
Li2vi—Si2—Li4f
Li3—Si2—Li4i
Li3i—Si2—Li4f
Li6A—Si2—Li4f
Li6Avi—Si2—TL i4t
Li6Bvii—Si2—L i4i
Li6B—Si2—Li4t
Li5—Si2—Li4#
Li5vii—Si2—Li4f
Li7i—Si2—Li4f
Li7*—Si2—Li4f
Lil*—Lil—Li3
Lil*—Lil—Li5"i
Li3—Lil—Li5vi

112.6 (2)
76.21 (2)
68.62 (2)
123.840 (16)
61.08 (4)
151.98 (5)
138.7 (2)
53.11 (15)
76.21 (2)
68.62 (2)
123.840 (16)
151.98 (5)
61.08 (4)
53.11 (15)
138.7 (2)
108.66 (3)
65.184 (19)
124.026 (15)
88.12 (3)
58.76 (3)
147.18 (5)
160.6 (2)
66.34 (14)
57.56 (2)
140.93 (3)
65.184 (18)
124.026 (15)
88.12 (3)
147.18 (5)
58.77 (3)
66.34 (14)
160.6 (2)
140.93 (3)
57.56 (2)
107.80 (3)
72.216 (17)
170.62 (3)
59.16 (3)
91.45 (5)
91.45 (5)
105.3 (2)
105.3 (2)
115.713 (19)
115.713 (19)
58.534 (15)
58.534 (15)
99.26 (5)
116.21 (3)
71.64 (3)

Li6A—Li5—Si2Y
Si2—Li5—Si2Y
Li6B—Li5—Sil*
Lil—Li5—Sil*
Lil*—Li5—Sil™
Li7%—Li5—Sil¥
Silxi—[i5—Si1x
Li6A—Li5—Sil*
Si2—Li5—Silx
Si2"—Li5—Silx
Li6B—Li5—Li3

Lil—Li5—Li3
Lil*—Li5—Li3
Li7%"—Li5—Li3

Silxi—Li5—Li3
LibA—Li5—Li3
Si2—Li5—Li3
Si2v—Li5—Li3
Sil¥—Li5—Li3
Li6B—Li5—Li3"
Lil—Li5—Li3Y
Lil"—Li5—Li3"
Li7%"—Li5—Li3¥
Sil*i—[Li5—Li3Y
Li6A—Li5—Li3Y
Si2—Li5—Li3Y
Si2*—Li5—Li3Y
Sil®—Li5—Li3"
Li3—Li5—Li3Y
Li6B—Li5—Li7*
Lil—Li5—Li74
Lil*—Li5—Li7%
Li7i—Li5—Li74
Silxi—[j5—Li7%
Li6A—Li5—Li74
Si2—Li5—Li7¥
Si2"—Li5—Li7x
Sil¥—Li5—Li7x
Li3—Li5—Li7%
Li3*—Li5—Li74
Si2"—Li6A—Si2
Si2—Li6A—Li7!
Si2—Li6A—Li7!
Si2*—Li6A—Sil
Si2—Li6A—Sil
Li7"—Li6A—Sil
Si2*—Li6A—Li5
Si2—Li6A—Li5
Li7i—Li6A—Li5

57.78 (2)
108.66 (3)
162.5 (2)
60.12 (2)
60.12 (2)
125.82 (4)
50.954 (16)
175.18 (6)
123.439 (18)
123.440 (18)
66.78 (13)
53.88 (3)
133.34 (4)
113.18 (3)
68.76 (2)
74.63 (4)
53.408 (19)
127.28 (4)
102.25 (3)
66.78 (13)
133.34 (4)
53.88 (3)
113.18 (3)
68.76 (2)
74.63 (4)
127.28 (4)
53.408 (19)
102.25 (3)
95.40 (4)
145.0 (2)
76.56 (3)
76.56 (3)
73.37 (4)
103.41 (3)
132.36 (5)
100.64 (2)
100.64 (2)
52.46 (2)
129.47 (2)
129.47 (2)
114.48 (4)
62.65 (2)
62.65 (2)
122.72 (2)
122.72 (2)
145.53 (10)
61.14 (3)
61.14 (3)
58.76 (3)
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Lil*—Lil—Li5
Li3—Lil—Li5
Li5vi—Lil—Li5
Lil*—Lil—Silv
Li3—Lil—Silvi
Li5svi—Lj1—Sil*i
Li5—Lil—Silv
Lil*—Lil—Sil*
Li3—Lil—Sild
Li5svi—1j1—SilH
Li5—Lil—SilH
Silvi-Lil—Silx
Lil*—Lil—Li4"i
Li3—Lil—Li4"i
Li5vi—Ljil—Li4"i
Li5—Lil—Li4"i
Silvi—Lil—Li4"i
Sil¥—Lil—Li4vi
Lil*—Lil—Li2"i
Li3—Lil—Li2"i
Li5svi—[jl1—Li2i
Li5—Lil—Li2vi
Silvi—Lil—Li2"i
Sil¥—Lil—Li2i
Li4vi—Lil—Li2"i
Lil*—Lil—Si2
Li3—Lil—Si2
Lisvi—Lil—Si2
Li5—Lil—Si2
Silvi—Lil—Si2
Sil®—Lil—Si2
Li4vi—Lil—Si2
Li2"i—Lil—Si2
Lil*—Lil—Silxi
Li3—Lil—Si1H
Lisvii—Lil—Silx
Li5—Lil—Silxi
Silvi—Lil—Si1xi
Sil¥—Lil—Sil*
Li4vi—Lil—Si1x
Li2"i—Lil—Sil1x
Si2—Lil—Silxi
Lil*—Lil—Silxi
Li3—Lil—Silxi
Li5vi—[j]1—Si]xii
Li5—Lil—Silxi
Silvi—Lil—Si]xi
Sil*—Lil—Si1xi
Li4"i—Lil—Si]xi

116.21 (3)
71.64 (3)
119.19 (5)
67.17 (2)
119.07 (2)
64.776 (18)
168.80 (4)
67.17 (2)
119.07 (2)
168.80 (4)
64.776 (18)
109.32 (3)
83.64 (4)
177.10 (5)
107.13 (3)
107.13 (3)
62.011 (17)
62.012 (18)
152.08 (6)
108.66 (4)
74.07 (3)
74.07 (3)
98.16 (2)
98.16 (2)
68.44 (3)
155.65 (6)
56.39 (3)
59.72 (2)
59.72 (2)
122.029 (17)
122.029 (17)
120.71 (4)
52.269 (16)
59.63 (2)
71.64 (2)
57.691 (19)
141.50 (4)
49.695 (9)
126.80 (3)
110.06 (2)
129.406 (14)
107.16 (2)
59.63 (2)
71.64 (2)
141.50 (4)
57.691 (19)
126.80 (3)
49.695 (9)
110.06 (2)

Sil—Li6A—Li5
Si2"—Li6A—Li3"
Si2—Li6A—Li3"
Li7i—Li6A—Li3"
Sil—Li6A—Li3"
Li5—Li6A—Li3"
Si2—Li6A—Li3f
Si2—Li6A—Li3f
Li7i—Li6A—Li3i
Sil—Li6A—Li3!
Li5—Li6A—Li3#
Li3“—Li6A—Li3"
Si2*—Li6A—Li4
Si2—Li6A—Li4
Li7"—Li6A—Li4
Sil—Li6A—Li4
Li5—Li6A—Li4
Li3"—Li6A—Li4
Li3i—Li6A—Li4
Si2*—Li6A—Li4"
Si2—Li6A—Li4"
Li7"—Li6A—Li4"
Sil—Li6A—Li4¥
Li5—Li6A—Li4Y
Li3"—Li6A—Li4"
Li3i—Li6A—Li4"
Li4—Li6A—Li4Y
Si2"—Li6A—Li7
Si2—Li6A—Li7
Li7"—Li6A—Li7
Sil—Li6A—Li7
Li5—Li6A—Li7
Li3v—Li6A—Li7
Li3i—Li6A—Li7
Li4—Li6A—Li7
Li4*—Li6A—Li7
Si2*—Li6A—Li3
Si2—Li6A—Li3
Li7"—Li6A—Li3
Sil—Li6A—Li3
Li5—Li6A—Li3
Li3"—Li6A—Li3
Li3i—Li6A—Li3
Li4—Li6A—Li3
Li4*—Li6A—Li3
Li7—Li6A—Li3
Si2*—Li6A—Li3Y
Si2—Li6A—Li3Y
Li7i—Li6A—Li3"

155.71 (9)
57.60 (2)
145.67 (8)
87.22 (5)
73.07 (4)
118.37 (3)
145.67 (8)
57.61 (2)
87.22 (5)
73.07 (4)
118.37 (3)
108.10 (8)
156.71 (9)
66.92 (2)
128.45 (2)
62.08 (3)
104.80 (6)
134.98 (5)
56.31 (3)
66.92 (2)
156.71 (9)
128.45 (2)
62.08 (3)
104.80 (6)
56.31 (3)
134.98 (5)
102.37 (5)
110.22 (5)
110.22 (5)
161.59 (8)
52.88 (3)
102.83 (7)
103.34 (4)
103.34 (4)
52.06 (3)
52.06 (3)
113.47 (6)
47.61 (3)
99.65 (4)
106.70 (5)
56.23 (4)
164.63 (7)
86.09 (2)
48.69 (3)
109.49 (7)
66.64 (4)
47.61 (3)
113.47 (6)
99.65 (4)

Acta Cryst. (2013). E69, i81-i82

sup-10



supplementary materials

Li2vi—Lil—Si]xi
Si2—Lil—Silxi
Sil*i—Lil—Si1xi
Si2xiiT,i2—Si2%
Si2xii T j2— j]xi
Si2v—Li2—Li1xi
Si2xi T i2—Lil"
Si2V—Li2—LilV"
Lilxi—Ti2—T i1t
Si2xi T j2—[j7vi
Si2v—Li2—Lj7"ii
Lilxi—Lj2—[ {7V
Lilv—Li2—Li7vii
Si2xi T j2—Li7xY
Si2¥—Li2—Li7*v
Lilxi—Li2—[ {7+
Lilv—Li2—Li7*v
Li7vi—Li2—Li7*"
Si2¥i T i2—Li7*
Si2V—Li2—Li7*
Lil*i—Ti2—TLi7*
Lilv—Li2—Li7*
Li7"i—Li2—Li7*
Li7*V—Li2—Li7*
Si2xi T i2—Ti7
Si2v—Li2—Li7
Lil¥i—Li2—Li7
Lil"—Li2—Li7
Li7i—1i2—Li7
Li7—Li2—Li7
Li7—Li2—Li7
Si2xi T i2—[i4x
Si2v—Li2—Li4*
Lil*i—Tj2—Li4*
Lilv—Li2—Li4*
Li7vii—Li2—Li4x
Li7*v—Li2—Li4*
Li7—Li2—Li4~
Li7—Li2—Li4*
Si2xi—Li2—Li4
Si2v—Li2—Li4
Lil¥i—Ti2—Li4
Lil"—Li2—Li4
Li7¥i—Li2—Li4
Li7*v—Li2—Li4
Li7~—Li2—Li4
Li7—Li2—Li4
Li4*—Li2—Li4
Si2xi T j2—T j5il

129.406 (14)
107.16 (2)
99.56 (3)
180.000 (4)
65.859 (17)
114.141 (17)
114.142 (17)
65.859 (17)
180.0
61.584 (16)
118.416 (16)
99.849 (19)
80.151 (19)
118.417 (16)
61.583 (16)
80.151 (19)
99.849 (19)
180.0
118.417 (16)
61.583 (16)
80.151 (19)
99.849 (19)
76.94 (3)
103.06 (3)
61.584 (16)
118.417 (16)
99.850 (19)
80.151 (19)
103.06 (3)
76.94 (3)
180.0
121.622 (16)
58.378 (16)
55.76 (2)
124.24 (2)
126.209 (14)
53.791 (15)
53.791 (15)
126.210 (14)
58.378 (16)
121.622 (16)
124.24 (2)
55.76 (2)
53.791 (14)
126.210 (14)
126.210 (14)
53.790 (15)
180.0
124.896 (15)

Sil—Li6A—Li3Y
Li5—Li6A—Li3¥
Li3"—Li6A—Li3"
Li3"—Li6A—Li3"
Li4—Li6A—Li3Y
Li4*—Li6A—Li3Y
Li7—Li6A—Li3Y
Li3—Li6A—Li3Y
Li5—Li6B—Si2¥
Li5—Li6B—Si2
Si2*—Li6B—Si2
Li5—Li6B—Li4
Si2*—Li6B—Li4
Si2—Li6B—Li4
Li5—Li6B—Li4"
Si2*—Li6B—Li4"
Si2—Li6B—Li4"
Li4—Li6B—Li4"
Li5—Li6B—Sil
Si2*—Li6B—Sil
Si2—Li6B—Sil
Li4—Li6B—Sil
Li4—Li6B—Sil
Li5—Li6B—Li7
Si2*—Li6B—Li7
Si2—Li6B—Li7
Li4—Li6B—Li7
Li4*—Li6B—Li7
Sil—Li6B—Li7
Li5—Li6B—Li7t
Si2—Li6B—Li7
Si2—Li6B—Li7!
Li4—Li6B—Li7t
Li4*—Li6B—Li7t
Sil—Li6B—Li7t
Li7—Li6B—Li7!
Li5—Li6B—Li3
Si2"—Li6B—Li3
Si2—Li6B—Li3
Li4—Li6B—Li3
Li4*—Li6B—Li3
Sil—Li6B—Li3
Li7—Li6B—Li3
Li7i—Li6B—Li3
Li5—Li6B—Li3"
Si2*—Li6B—Li3"¥
Si2—Li6B—Li3Y
Li4—Li6B—Li3"
Li4*—Li6B—Li3"

106.70 (5)
56.23 (4)
86.09 (2)
164.63 (7)
109.48 (7)
48.69 (3)
66.64 (4)
79.23 (5)
64.82 (11)
64.82 (11)
112.6 (2)
119.1 (2)
175.5 (4)
68.579 (18)
119.1 (2)
68.579 (19)
175.5 (4)
109.86 (19)
178.7 (4)
114.7 2)
114.7 2)
61.41 (11)
61.41 (11)
125.1 (4)
122.40 (15)
122.40 (15)
57.95 (11)
57.95 (11)
56.18 (10)
57.68 (13)
58.12 (12)
58.12 (12)
121.27 (18)
121.27 (18)
121.0 (3)
177.2 (4)
65.94 (17)
129.1 (3)
53.69 (8)
55.26 (9)
129.3 (3)
114.84 (14)
77.97 (19)
103.89 (14)
65.94 (17)
53.69 (8)
129.1 (3)
129.3 (3)
55.26 (9)
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Si2v—Li2—Li5i
Lilxi—Tj2—L 5
Lil*—Li2—Li5'
Li7¥ii—Li2—Lji5i
Li7*v—Li2—Li5f
Li7~—Li2—Li5f
Li7—Li2—Li5f
Li4~—Li2—Li5'
Li4—Li2—Li5
Si2xi T i2—Li5"
Si2¥—Li2—Li5"
Lilxi—Li2—Li5Y
Lilv—Li2—Li5Y
Li7vi—Li2—Li5"
Li7%—Li2—Li5Y
Li7*—Li2—Li5Y
Li7—Li2—Li5"
Li4~—Li2—Li5"
Li4—Li2—Li5"
Li5H—Li2—Li5Y
Lil—Li3—Si2
Lil—Li3—Si2xi
Si2—Li3—Si2xii
Lil—Li3—Li4~i
Si2—Li3—Li4xi
Si2xiil T j3—Li4xi
Lil—Li3—Li4
Si2—Li3—Li4
Si2xi 1 j3—Li4
Li4xi ] i3—Li4
Lil—Li3—Li6Axi
Si2—Li3—Li6Ax
Si2xi T j3—Li6AxXi
Lidxi ] j3—Li6Axi
Li4—Li3—Li6AX
Lil—Li3—Li6Axi
Si2—Li3—Li6Axii
Si2¥i T j3—Li6AXi
Lid*i T j3—Li6 A
Li4—Li3—Li6Axi
Li6A¥i—Li3—Li6Axi
Lil—Li3—Li5
Si2—Li3—Li5
Si2xi T i3—Li5
Li4xi—Ti3—Li5
Li4—Li3—Li5
Li6A¥—Li3—Li5
Li6A*i—Li3—Li5
Lil—Li3—Li5vi

55.104 (15)
130.096 (14)
49.904 (14)
129.00 (2)
51.00 (2)
116.42 (2)
63.58 (2)
94.745 (17)
85.255 (17)
124.896 (15)
55.104 (15)
130.096 (14)
49.904 (14)
63.58 (2)
116.42 (2)
51.00 (2)
129.00 (2)
94.745 (17)
85.255 (17)
86.65 (2)
68.32 (3)
156.96 (5)
134.72 (4)
86.20 (4)
154.51 (5)
70.77 (3)
138.67 (5)
70.35 (3)
64.37 (3)
135.14 (4)
111.01 (3)
124.37 (4)
59.21 (3)
63.89 (4)
92.17 (4)
111.01 (3)
124.37 (4)
59.21 (3)
63.89 (4)
92.17 (4)
108.10 (8)
54.48 (2)
57.97 (2)
131.88 (2)
107.49 (3)
102.23 (3)
164.79 (5)
76.55 (4)
54.48 (2)

Sil—Li6B—Li3Y
Li7—Li6B—Li3"
Li7%"—Li6B—Li3"
Li3—Li6B—Li3"
Li5—Li6B—Li3v
Si2—Li6B—Li3"
Si2—Li6B—Li3"
Li4—Li6B—Li3"
Li4—Li6B—Li3v
Sil—Li6B—Li3"
Li7—Li6B—Li3"
Li7i—Li6B—Li3"
Li3—Li6B—Li3v
Li3*—Li6B—Li3"
Li5—Li6B—Li3
Si2"—Li6B—Li3#
Si2—Li6B—Li3'
Li4—Li6B—Li3f
Li4*—Li6B—Li3f
Sil—Li6B—Li3f
Li7—Li6B—Li3i
Li7%"—Li6B—Li3'
Li3—Li6B—Li3
Li3*—Li6B—Li3
Li3"—Li6B—Li3i
Li5*i T j7—Li6Axi
Lis¥i—Ti7—Sil
Li6A*i—Li7—Sil
Lisvi—Ti7—Li4"
Li6Axi—]i7—Li4"
Sil—Li7—Li4"
Lis*i—Li7—Li4
Li6AXi T i7—Li4
Sil—Li7—Li4
Li4—Li7—Li4
Lis*i—[j7—Sj2xi
Li6AXi— j7—Sj2xi
Sil—Li7—Si2xi
Li4"—Li7—Si2xi
Li4—Li7—Si2xi
Li5xi ] j7—Si2xi
Li6AXi—]j7—Si2xi
Sil—Li7—Si2x
Li4*—Li7—Si2x
Li4—Li7—Si2x
Si2xii j7—Si2xi
Lis¥i—Ti7—Li2Y
Li6A*i—Li7—Li2"
Sil—Li7—Li2"

114.84 (14)
77.97 (19)
103.89 (14)
94.6 (3)
114.65 (17)
52.18 (10)
124.0 (3)
123.4 (3)
52.90 (9)
64.52 (16)
103.25 (14)
74.81 (18)
177.4 (3)
87.879 (16)
114.65 (17)
124.0 (3)
52.18 (10)
52.90 (9)
123.4 (3)
64.52 (16)
103.25 (14)
74.81 (18)
87.879 (16)
177.4 (3)
89.6 (3)
62.25 (5)
163.20 (4)
134.55 (6)
122.31 (2)
93.38 (4)
63.27 (2)
122.31 (2)
93.38 (4)
63.27 (2)
109.66 (4)
60.933 (17)
58.58 (2)
124.156 (15)
148.06 (4)
61.815 (18)
60.933 (17)
58.58 (2)
124.156 (15)
61.815 (18)
148.06 (4)
107.79 (3)
72.37 (2)
109.87 (3)
97.64 (2)
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Si2—Li3—Li5ii 57.97 (2) Li4—Li7—Li2" 68.809 (17)
Si2vi L i3—Li5vi 131.88 (2) Li4—Li7—Li2" 156.71 (4)
LidsiLi3—Li5v 107.48 (3) Si2siLi7—Li2" 131.80 (3)
Li4—Li3—Li5"i 102.23 (3) Si2™iLi7—Li2" 53.233 (8)
Li6A¥—Li3—Li5"i 76.55 (4) Lis¥iLi7—Li2 72.37 (2)
Li6A®i—Li3—Li5i 164.79 (5) Li6A®i—Li7—Li2 109.87 (3)
Li5—Li3—Li5i 95.40 (4) Sil—Li7—Li2 97.64 (2)
Lil—Li3—Li6B 98.86 (11) Li4—Li7—Li2 156.71 (4)
Si2—Li3—Li6B 56.17 (14) Li4—Li7—Li2 68.810 (17)
Si2vi—Li3—Li6B 96.70 (11) Si2vi—Li7—Li2 53.233(8)
Li4iLi3—Li6B 132.00 (14) Si2™iLi7—Li2 131.80 (3)
Li4—Li3—Li6B 56.51 (11) Li2—Li7—Li2 103.06 (3)
Li6A¥—Li3—Li6B 147.86 (12) Lis¥iLi7—Li6B 135.66 (19)
Li6A"i—Li3—Li6B 69.93 (11) Li6A®i—Li7—Li6B 73.41 (15)
Li5—Li3—Li6B 47.28 (10) Sil—Li7—Li6B 61.14 (18)
Li5"i—Li3—Li6B 114.13 (14) Li4—Li7—Li6B 57.84 (5)
Lil—Li3—Li6B"i 98.86 (11) Li4—Li7—Li6B 57.84 (5)
Si2—Li3—Li6Bvi 56.17 (14) Si2®i—Li7—Li6B 96.57 (11)
Si2vi L i3—Li6Bil 96.70 (11) Si2vi—Li7—Li6B 96.57 (11)
Li4*i—Li3—Li6Bil 132.00 (14) Li2—Li7—Li6B 126.62 (4)
Li4—Li3—Li6B" 56.51 (11) Li2—Li7—Li6B 126.62 (4)
Li6A*—Li3—Li6Bvi 69.93 (11) Li5™i—Li7—Li6Bi 50.66 (18)
Li6A®i—Li3—Li6Bi 147.86 (12) Li6A®i—Li7—Li6Bs 11.59 (14)
Li5—Li3—Li6B" 114.13 (14) Sil—Li7—Li6Bxi 146.14 (18)
Li5"iLi3—Li6Bi 47.28 (10) Li4—Li7—Li6Bi 99.96 (10)
Li6B—Li3—Li6Bi 94.6 (3) Li4—Li7—Li6Bxi 99.96 (10)
Lil—Li3—Li6B 112.27 (10) Si2vi L i7—Li6Bi 55.54 (4)
Si2—Li3—Li6B* 134.21 (13) Si2®iLi7—Li6Bi 55.54 (4)
Si2vi—Li3—Li6B™ 54.31 (10) Li2—Li7—Li6Bxi 103.19 (11)
Li4*i—Li3—Li6B 55.03 (13) Li2—Li7—Li6Bxi 103.19 (11)
Li4—Li3—Li6B 96.40 (11) Li6B—Li7—Li6B 85.00 (3)
Li6A—Li3—Li6B¥i 9.86 (10) Lis*i—Li7—Li5" 106.63 (4)
Li6A%i—Li3—Li6B* 98.97 (16) Li6A%i—Li7—Lisi 168.88 (6)
Li5—Li3—Li6B" 160.95 (12) Sil—Li7—Li5" 56.57 (2)
Li5¥i—Li3—Li6B 84.41 (12) Li4—Li7—Li5" 93.01 (3)
Li6B—Li3—Li6B* 148.83 (4) Li4—Li7—Li5" 93.02 (3)
Li6BviLi3—Li6B* 79.609 (14) Si2vii [ i7—Lisi 117.29 (2)
Li3"-Li4—Li3 107.43 (3) Si2™iLi7—Li5 117.29 (2)
Li3" Li4—Li6B 72.1 (2) Li2*—Li7—Li5" 64.282 (19)
Li3—Li4—Li6B 68.24 (17) Li2—Li7—Li5 64.281 (19)
Li3i Li4—Li6Bi 72.1 (2) Li6B—Li7—Li5" 117.71 (18)
Li3—Li4—Li6Bvi 68.24 (17) Li6Bri—Li7—Li5 157.29 (18)
Li6B—Li4—Li6Bii 109.86 (19)

Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) x+1/2, —y+1/2, z; (iii) —x+1/2, y+1/2, —z+1; (iv) —x+1/2, y+1/2, —z; (V) x, y, z+1; (vi) x+1/2, —=y+1/2, z+1; (vii)
—x+1/2, y—=1/2, —z; (viii) x, y, z—1; (ix) x+1/2, =y+1/2, z—1; (X) =x, =y, —z; (xi) —x+1/2, y—1/2, —z+1; (xii) x—1/2, =y+1/2, z—1; (xiii) x—1/2, =y+1/2, z; (xiv)
—x, —y+1, —z+1; (xv) —x, —p+1, —z; (xvi) x—1/2, =p+1/2, z+1.
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ABSTRACT: Single crystals of Li;sSi, and Lijs_ ALSi, (x =
0.63(1)) were obtained from equilibrated melts with
compositions Lijgo_,Si, (¥ = 10, 15) and Lig;Al;5Si,,
respectively, and isolated by isothermal centrifugation. Li;sSi,
and Lijy37(1)Alge3(1)Siy crystallize with the CuysSiy structure
type (I43d, a,_o = 10.6322(9) A, a,_g1) = 10.6172(4) A, Z =
4, T = 123 K). The incorporation of Al equally affects both
crystallographically distinguished Li positions in the LijsSi,
structure. The replacement of about 4% of Li is firmly
established by the refinement of single crystal diffraction data e,
and NMR spectroscopy. The homogeneity range of | T
Lijs_ ALSi, was assessed as 0.4 < x < 0.8 from synthesis

experiments using stoichiometric proportions of the elements.

Differential scanning calorimetry studies confirm the metastable character of Li;Si,, decomposing exothermally at temperatures
around 200 °C. However, the decomposition process of Li;sSi, is sluggish and appreciable rates are not observed before
temperatures reach 400 °C. In contrast Li;s_,ALSi, is thermodynamically stable. The decomposition temperature is at about
700 °C. It is speculated that the thermodynamic stability of Li;s_ Al Si, is a consequence of the increased electron concentration,
shifting the Fermi level to a pseudo-gap in the electronic density of states. Since metastable Li,sSi, plays an important role during
electrochemical lithiation of a silicon anode, thermodynamically stable Li s AL Si, may have interesting properties as anode
material in lithium ion batteries.

Li15--Al:Sis

KEYWORDS: Li;Si, lithium silicides, Li—Si system, lithium—silicon system, Li—Al—Si system, lithium—aluminum—silicon system,
thermodynamic stability of lithium silicides

1. INTRODUCTION Remarkably, despite its significance, a range of fundamental
properties of LijsSi, are still not conclusively characterized.
Although metastable, the bulk synthesis of Li;sSi; can be
achieved through electrochemical reactions or mechanical ball
milling at room temperature.'~>'*'> On the basis of powder X-
ray diffraction data and theoretical calculations Li;Si, has been
assigned the cubic CuSi, structure type.">'*"" This structure
model may be correct; however, our recent discovery of
interstitial Li in Liy,Si®® shows clearly the superiority of
diffraction data from high quality single crystals for the
unambiguous location and refinement of Li atom positions in

Of particular significance in the (de)lithiation process is the lithium silicides.” Further, it was reported that upon fnnealmg

composition Liy ;sSi (78.9 atom % Li) which is considered to be me.tastable ,,I}ill5Si‘}‘ deCOInPOSfS into “unknc;;v;l3 ;" “new but
the fully lithiated state in a typical electrochemical reaction." umc'l'entlﬁed or unexp'ected known phe}ses.' These v§71de1y
Depending on the applied discharge voltage and the design of the varying results are confusing and need clarification. According to

Si anode amorphous Liy;sSi can under§o a transition to a
1,58

Efforts on implementing silicon as anode material in future
lithium ion batteries have fueled numerous investigations of the
binary Li—Si system. The lithitation/delithiation process of Si is
highly complex, involving crystalline-to-amorphous phase
transitions and various amorphous phases."”® It has been
shown that the local structure of the amorphous Li,Si materials
resembles that of crystalline phases,>* and the complexity of the
(de)lithitation process of Si probably relates to the complexity of
the Li—Si phase diagram showing three, or possibly four, stable
phases in the narrow range 76.5—81 atom % Li.”

crystalline but metastable phase Li sSi,.*° The conditions of Received: August 12, 2013
formation of crystalline Li;sSi, and the lithiation mechanism in Revised: ~ September 11, 2013
silicon electrodes are topics of extensive current research.””" Published: September 16, 2013
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T, K
formula weight, g~mol_1
crystal size, mm?>
crystal color

crystal shape

space group

unit cell dimension, A
v, A

VA

p(caled), grem™

1

3

H, mm~
F(000)
0 range, deg

index range hkl
reflections collected
independent reflections
reflections with I > 26(I)

Table 1. Crystallographic Data and Structure Refinement for Li;sSi, and Li;4 37(1)Alp 63(1)Sis

empirical formula

Li;sSi,
123(2)
216.46
0.30 X 0.30 X 0.30
metallic silver
block
I43d
a =10.6322(9)
1201.9(2)
4
1.196
0.424
404
4.70-31.47
+15, +15, +15
6926
335 (Ry, = 0.019)
335 (R, = 0.006)

Liy4367(9)Alo.s33(9)Sle
123(2)
229.14
0.30 X 0.20 X 0.20
metallic silver
block
I43d
a=10.6172(4)
1196.82(8)
4
1.272
0.474
429
4.70—36.24
+17, +17, =15 < 1 < 17
24153
485 (R, = 0.022)
480 (R, = 0.005)

absorption correction multiscan multiscan

data/restraints/parameter 335/0/1S 485/0/17

goodness-of-fit on F? 1.145 1.299

final R indices [I > 26(I)]*? R, = 0.010 R, = 0.006
WR, = 0.030 WR, = 0.017

R indices (all data)®? R, = 0.010 R, = 0.007
WR,= 0.030 WwRy= 0.017

Flack parameter —0.2(2) 0.07(7)

largest diff. peak and hole, e:A™ 0.19 and —0.08 0.06 and —0.05

“R, = YIIF,| — IE||/YIF,. *wR, = [Sw(F,> — F2)¥/ Y w(F,2)*]"

latest findings, the Li—Si system contains a previously overlooked
phase, Li,;;Si,”** which may play an important role for
understanding the decomposition behavior of Li;Si,.

Herein, we report on the structural characterization of Li;Si,
from single crystal X-ray diffraction data and a detailed analysis of
its thermal decomposition behavior. Additionally, we show that
the substitution of small concentrations of Li by Al (about 4%) in
Li;Si, leads to a thermodynamically stable system which
decomposes at around 700 °C.

2. EXPERIMENTAL SECTION

Synthesis. All steps of synthesis and sample preparation were carried
out in a glovebox (MBraun, Ar-atmosphere, H,O and O, levels <
0.1 ppm). Starting materials were rods of Li (99%, Rockwood Lithium),
aluminum granules (99.99%, Chempur), and silicon powder (99.999%,
Sigma-Aldrich). Li;sSi; bulk material was synthesized by mechanical
ball-milling of a stoichiometric mixture of lithium and silicon in a
RETSCH PM 100 planetary ball mill. A total amount of 3.0 g of lithium
pieces and silicon powder were loaded into a stainless steel jar (V =
50 mL, ball charge: 3 pieces with a diameter of 15 mm) inside an argon
filled glovebox. Using a safety closure device the jar was hermetically
sealed and transferred to the ball mill outside the glovebox. The mixture
was ball milled for 12—16 h (intervals: 10 min at 250 rpm followed by a 4
min break and direction reversal). Afterward the jar was transferred back
to the glovebox where the Li;sSi, product was recovered. For the
preparation of Lij;_ AlLSi, a fine powder “AlSi” was employed as
precursor. A 1:1 molar mixture of Al and Si with a total amount of 0.7—
1.0 g was arc-melted inside the glovebox, subsequently fragmented into
smaller pieces, and finally ball milled for 2—4 h.

Single crystals of Li;sSi, were obtained as a byproduct from
experiments aimed at the single crystal growth of Li;;Si, from
equilibrated melts with compositions LigeSi; and LigsSijs.” In contrast
to ref 7 the experiments reported here were performed in stainless steel
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ampules with dimensions L = 80.0 mm, OD = 12.7 mm, and ID = 11.7
mm. Prior to use, ampules were thoroughly cleaned and heated to 750
°C under dynamic vacuum (p < 1 X 107> mbar) for at least 2 h. A filter
was inserted and reactions prepared according to ref 25. Reaction
mixtures of LigoSi;o and LigsSi; s with a total mass of 300 mg were loaded
and sealed in such ampules which were then placed in silica wool
insulated reaction containers made of stainless steel. The mixtures were
heated in a box furnace to 700 °C at a rate of 5 K min~", kept at this
temperature for 1 h, and subsequently cooled at a rate of S Kh™" to 450
°C. After a dwell time of 48 h reactions were terminated by isothermally
centrifuging off the melt. For the synthesis of single crystals
Liy4 37(1Alo 63(1)Siy a reaction mixture Lig3Al,;Siy (where “AlSi” powder
and small Al pieces served as Al source) was employed. Additionally,
bulk synthesis of Liys ,AlLSi, was attempted by reacting mixtures
Lis_ALSi, with x = 0.25, 0.50, 0.7S, and 1.00 (where “AlSi” powder
served as Al source) in tantalum ampules at 700 °C for 1 h, followed by
cooling to 450 °C at a rate of 10 K min~", dwelling for four days, and
subsequent quenching in liquid nitrogen. Samples where then ground in
an agate mortar, annealed for one day at 800 °C, and quenched.

Annealing experiments were performed with 150 mg batches of
Li;sSi, powder (obtained by mechanical ball-milling of the elements)
which were sealed in tantalum ampules by arc-welding inside the
glovebox. Tantalum ampules were enclosed in silica jackets under
vacuum, annealed at various temperatures, and quenched in liquid
nitrogen after different dwell times.

Single Crystal X-ray Diffraction and Structure Determination.
Crystals of Li;Si, and Liy 37(1yAlg 63(1)Sis Were selected and cut in an Ar-
filled glovebox and sealed in glass capillaries. Intensity data was collected
at room temperature and —150 °C. For the latter a Bruker X-ray
diffractometer equipped with a CCD detector (APEX II, k-CCD), a fine-
focused sealed tube with Mo Ka radiation (4 = 0.71073 A), and a
graphite monochromator was employed (for details on the room
temperature experiments see Supporting Information, Tables S1 and
S2). Data collection was controlled with the Bruker APEX Software

dx.doi.org/10.1021/cm402721n | Chem. Mater. 2013, 25, 4113—-4121
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Suite.2° Integration, data reduction, and absorption correction was
performed with the programs SAINT and SADABS.*”** Space group
symmetry was assigned on the basis of the systematic absences and the
statistical analysis of the intensity distributions. Friedel pairs were not
merged as the assigned space group (I43d) is noncentrosymmetric.
Fractional atomic coordinates and atomic displacement parameters for
Li/Al mixed sites were set equal. The structures were solved with direct
methods (SHELXS-97) and refined with full-matrix least-squares on F
(SHELXL-97).2** Details of the single crystal data collections and
refinements are listed in Table 1. Further details of the crystal structure
investigations are supplied as Supporting Information or can be
obtained from Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49) 7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository numbers CSD-
426034 (Li;sSi,-123K), CSD-426035 (Li;5Si,-298K), CSD-426037
(Liy4 37Aly 38i,-123K), and CSD-426038 (Liy 41l 59Si,-298K).

Powder X-ray Diffraction (PXRD). PXRD patterns were recorded
on a Stoe STADI P diffractometer (Ge(111) monochromator for Cu Ka
radiation, 4 = 1.54056 A) equipped with a Detectris MYTHEN DCS 1K
solid state detector. PXRD patterns were recorded from Li;sSi, and
Li;s_,AlSi, bulk samples, ground single crystals of Li;s_,Al Si,, and the
products of Li;sSi, annealing experiments, as well as from recovered
samples of thermal analysis investigation runs (see below). Samples
were ground in an agate mortar, sealed in glass capillaries, and measured
within a 26 range of 10—90° (PSD steps: 0.06—1.50°; time/step: 15—40
s). TOPAS 4.0 was used for Rietveld refinements.>'

Differential Scanning Calorimetry (DSC). DSC measurements
were performed with a NETZSCH DSC 404 Pegasus instrument.
Cylindrical niobium crucibles (L = 15.0 mm, OD = 6.5 mm, ID = 5.0
mm) were thoroughly cleaned and heated to 1000 °C under dynamic
vacuum (p < 1 X 107° mbar) for 2 h and then transferred to an Ar-filled
glovebox. Crucibles were loaded with 30—50 mg of sample and
subsequently sealed by arc-welding inside the glovebox under cooling.
An empty sealed crucible served as reference. All measurements were
done under an Ar flow of 60—70 mL min~' and applying a heating/
cooling rate of 10 K min™". Handling of the DSC data was done with the
program Proteus Thermal Analysis.*> Samples for DSC investigations
consisted of (i) Li;sSi, bulk material, (ii) ground single crystals of
Liy4 371)Al 631)Sig and (iii) Lijs,5Aly75Si, bulk material. The thermal
behavior of Li, sSi, between 25 and 300 °C was additionally studied with
a Shimadzu DTA-S0 instrument. A total of 15—25 mg of sample were
loaded in stainless steel pans which were sealed airtight. Measurements
are performed analogously to the previous description.

Energy Dispersive X-ray Spectroscopy (EDX). A JEOL-JSM
7S00F scanning electron microscope equipped with an Oxford X-Max
EDX analyzer with Mn as internal standard was used for determining the
Al=Si ratio in Liy 37(1yAlg 63(1)Sis- Samples were handled inside an Ar-
filled glovebox and fixed on a graphite platelet which was mounted on an
aluminum stub.

Solid State Nuclear Magnetic Resonance (NMR) Spectrosco-
py. Solid State NMR experiments were performed on a Bruker Avance
III spectrometer operating at 7 T at a resonance frequency of 78.5 MHz
for Al MAS NMR experiments were performed employing a 4 mm
Bruker MAS NMR probe and spinning frequencies of 12 kHz, using dry
N,-gas as the bearing/drive gas. The rotor was packed in an Ar glovebox.
Spectra are referenced to the ’Al resonance of a 1 M aqueous solution of
AI(NO;); at 0 ppm. The repetition delay was set to S—15 s; an increase
of this delay did not alter the appearance of the spectrum.

3. RESULTS AND DISCUSSION

Synthesis, Structure, and Phase Analysis of Li;s_,AlSi,.
Bulk synthesis by mechanical ball milling of stoichiometric
mixtures of lithium and silicon affords Li;sSi, as a fine, dark gray
powder consisting of submicrometer sized particles (Figure 1a).
High-energy ball milling has been previously applied for the
synthesis of metastable Li;Si,, and our result is in accordance
with earlier investigations.s’ 1S

Surprisingly, needle shaped single crystals of LijSi, with
dimensions 1.5 X 0.3 X 0.3 mm were obtained as a side product
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a)

Figure 1. Photographs of obtained specimens. (a) Bulk sample of Li;Si,
obtained from high-energy mechanical ball milling. (b) Needle-shaped,
intergrown crystals of Li;sSi, (encircled) grown at the bottom lid of a
stainless steel ampule. (c) Representative single crystal of
Liyy371)Alo31)Siy separated from an equilibrated melt with the
composition Lig3Al};Si, at 450 °C.

when equilibrating melts with compositions Lig,Si;, and LigsSi; g
at 450 °C. Such melts targeted the crystal growth of Li;,Si,” and
were regularly accompanied by very few crystals of Li, sSi,. These
crystals grow at the surface of the bottom lid of the stainless steel
ampule (Figure 1b) hosting the melt and stay attached to it
during the centrifugation process separating Li,,Si, crystals from
the melt. Their needle-like appearance is very different from the
block-shaped Li,,Si, crystals. It is not clear why and at which
stage of the melt equilibration Li;sSi, crystals are formed.
However, it is apparent that their formation reflects non-
equilibrium conditions either by virtue of the melt or the
presence of the iron/iron-silicide surface. It is well-known that
flux reactions can afford metastable materials through a kinetic
cont3r3<’);4 of reactions, although details often remain specula-
tive.”™

Interestingly, melts Lig;Al;3Si, equilibrated at 450 °C
exclusively afford Lijs Al Si, with crystal diameters varying
from 0.2 mm to 2.5 mm (Figure 1c). The presence of Al
suppresses completely the formation of Li,,Si, otherwise
obtained from binary Li-rich melts. Melts with the Al-poorer
composition Lig,Al,Siy also yield Lijs_ ALSi, although with a
minor amount of byproduct (cf. Figure Sla, Supporting
Information). The PXRD patterns of Lijs_,AlSi, obtained
from both melts are virtually identical which indicates a very
similar value of x despite the different composition of the melts.

Figure 2a,b show the PXRD pattern of Li;sSi, and ground
single crystals of Lijs_,AlSi, from a melt Lig;Al;3Si,. The high
crystallinity of the latter in comparison with Li;sSi, from
mechanical ball milling is clearly recognizable. The patterns can
be fit to the Cu,;Si, structure model suggested in the literature
with excellent reliability factors. The cell parameters are only
slightly different, a = 10.7163(1) and a = 10.66095(3) A for
Li;sSi, and Lijs_ ALSi, respectively. Single crystal X-ray
diffraction studies confirm unambiguously and resolutely the
validity of Cuy;Si, structure (space group I43d, Z = 4) for both
systems. The structure refinements concluded with excellent
reliability factors (all data) of R; = 0.010 (wR, = 0.030) for Li,;Si,
and R, = 0.007 (wR, = 0.017) for Li;s_,AlLSi, and residual
electron densities of virtually zero. Table 1 lists a summary of

dx.doi.org/10.1021/cm402721n | Chem. Mater. 2013, 25, 4113—-4121
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Figure 2. Rietveld fit of the Cu,Si, structure model to the PXRD data of
(a) Li;5Siy (bulk sample; R, = 3.22, R, = 4.21, GOF = 1.37, space group
1#3d, a = 10.7163(1), V = 1230.66(5)), and (b) Lij437(1)Alye3(1)Sis
(ground single crystals; R, =3.18, =4.65, GOF = 3.49, space group
I43d, a = 10.66095(3), V = 1211.68(1)).

refinement results of low temperature data and Table 2 atomic
position parameters (for room temperature data see Table S1
and S2, Supporting Information).

The cubic Cuy;Si, structure (which is described in more detail
in the next section) is composed of two crystallographically
different metal atoms situated on sites 48e (x, y, z) and 12b (1/2,
1/4, 1/8) and one kind of Si atom on site 16¢ (x, x, x). The
refinement of single crystal diffraction data for Li,5_,Al Si, shows
that Al substitutes a small amount of Li atoms on both sites, 4%
on 48¢ and 5.3% on 12b, indicating a slight preference for the
higher symmetry position (Table 2). The average replacement is
4.2% which results in a total Al content of 3.3 atom % and the
formula Li, 4 37(1Aly 63(1)Sis (x = 0.63(1)). Rietveld refinement of
(room temperature) PXRD data, which is less accurate, provides
a slightly lower value of x = 0.49(1). The Al/(Al + Si) ratio
obtained from EDX analysis is 11.8(7) atom %, which translates

to x = 0.54(4) and agrees well with the crystallographically
determined composition.

The incorporation of Al into Li sSi, leading to a small
contraction of the unit cell volume (by 1.6%), is clearly a
consequence of Li substitution. In the *’Al MAS NMR spectrum
(Figure 3) two different *’Al signals with peak positions of

T T T T
400 200 0 =200

T
600

1
ppm

3600 20‘00 1600 (|) -1600 -2600 -3600 l ppm

Figure 3. 2’Al MAS NMR spectrum of Liyy 37(1)Alp.63(1)Sis- Two signals
are identified at 120 ppm and 193 ppm, respectively. The signal at
approximately 1635 ppm indicates the presence of some residual

metallic AL*®

193 ppm and 120 ppm are discerned. From additional
experiments at a different By-field (11.7 T) and the observed
field dependent peak positions®™ we estimate the isotropic
chemical shift values to 150 ppm and 230 ppm for the downfield
and high field signal, respectively. Due to the limited resolution
and the ill-defined line shape of the signals no attempt was
undertaken to exactly simulate the line shape; we can, however—
using a set of two Gaussians for the downfield and a single
Gaussian for the high field signal—approximate the relative
amounts of the two signals as 3:7, respectively. Thus, the NMR
results of the powdered sample reveal Al in two different
environments in a ratio of 2.3:1 and are thus rather close to the
findings from the single crystal X-ray analysis (3:1).

For assessing the homogeneity range of Lijs_ Al Si, bulk
samples with x = 0.25, 0.50, 0.75, and 1.00 were prepared by
heating and quenching stoichiometric mixtures of the elements.
This procedure resulted in highly crystalline products, which for
x = 0.50 and x = 0.75 corresponded to phase pure Li;s_,AlSi,
according to PXRD. For x = 0.25 and x = 1.00 PXRD patterns
revealed the presence of other phases next to Li;s_,AlSi,, which
could not be identified (cf. Figure S2, Supporting Information).
It is therefore concluded that Li;s_,AlSi, has a small
homogeneity range around x = 0.63, x,;, ~ 0.4 and x,, ~ 0.8.
The composition x ~ 0.63 of crystals grown in equilibrated Li-
rich melts with different compositions is considered as the
preferred, most stable, composition of Lis Al Si, Earlier

Table 2. Fractional Atomic Coordinates and Isotropic Equivalent Atomic Displacement Parameters for Li,;Si, and

Liy4 37(1yAlp.63(1) 814"
atom Wyckoft position x y

Si 16¢ 0.29247(1) 0.29247(1)
0.292808(5) 0.292808(5)

Lil 48e 0.34994(8) 0.46209(9)

LillAll 0.34839(3) 0.46277(3)

Li2 12b 1/2 1/4

Li2lAI2 1/2 1/4

z Uy A210° occ.
0.29247(1) 8.88(8) 1
0.292808(5) 11.00(3) 1
0.12524(8) 17.0(2) 1
0.12354(3) 15.2(1) 0.9605(7)/0.0395(7)
1/8 18.7(3) 1
1/8 13.3(2) 0.9469(9)/0.0531(9)

“143d, Z = 4, T = 123 K, estimated standard deviations in parentheses; values for Lij437(1)Aly3(1)Sis are marked bold.
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Table 3. Interatomic Distances in Li;sSiy and Liyy 37(;)Aly 63(1)Sis*

atom pair d A
Si Lil 3x 2.605(1)
Si LillAll 3x 2.6143(4)
Lil 3% 2.7151(9)
LillAll 3x 2.7173(4)
Lil 3x 2.819(1)
LillAll 3x 2.8056(3)
Li2 3% 2.8711(2)
Li2l A2 3X 2.8670(1)
Lil Si 2.605(1)
LillAll Si 2.6143(4)
Lil 2% 2.660(2)
LillAll 2% 2.6500(6)
Si 2.7151(9)
Si 2.7173(4)
Li2 2.762(1)
Li2lAI2 2.7539(4)
Li2 2.7644(9)

Atom pair d, A
LillAll Li2lAl2 2.7739(4)
Lil Lil 2.773(2)
LillAll 2.7993(5)
Si 2.819(1)
Si 2.8056(3)
Lil 2X 3.039(1)
LillAll 2X 3.0161(5)
Lil 2X 3.2503(5)
LillAll 2X 3.2494(5)
Lil 3.407(1)
LillAll 3.3536(5)
Li2 Lil 4x 2.762(1)
Li2lA2 LillAll 4x 2.7539(4)
Lil 4x 2.7644(9)
LillAll 4x 2.7739(4)
Si 4x 2.8711(2)
Si 4x 2.8670(1)

“143d, Z = 4, T = 123 K, estimated standard deviations in parentheses; values for Lij437(1)Al3(1)Sis are marked bold.

reports on the existence of Li;;Al;Si, with the Cu,Si, structure
(that is x = 3) could not be confirmed.*® Thus Li,s_,Al Si,
presented herein is an additional representative of the Li—AI—Si
phase system. Further structurally characterized ternary phases
are LiAlSi, LigAlL,Sis, Li,AlL,Si,, Li;AlSi,, LioAlSis, a-Li;AlSi,, and
S-LiAlSi,.>”

Description of the Crystal Structure of Li;s_,AlSi,.
Li;¢Siy and Li;s_ ALSi, (0.4 < x < 0.8) crystallize with the cubic
Cuy;5Siy structure'® (space group [43d). This structure type is not
very common among intermetallic compounds. Further
representatives include Li;sGe,,>**” Na;sPb,,** Na Sn,*
Li;sPd,,** and Li;sAu,.*® Table 3 lists the interatomic distances
for Li;5Siy and Liyy 37(1yAly 63(1)Sis, which are very similar. Si (on
16¢ (x, x, x)) is surrounded by 12 Li atoms at distances ranging
from 2.61 A to 2.87 A. There is a clear separation between nearest
and next nearest neighbor distances, the latter starting off above
4 A. Li2 (on 12b) is 12-coordinated by 4 Si and 8 Lil atoms,
whereas Lil (on 48e) is 13-coordinated by 3 Si, 8 Lil, and 2 Li2
atoms. The range of interatomic distances defining nearest
neighbor coordination of Li atoms extends to 3.4 A. The
separation with respect to next nearest neighbors (above 3.9 A) is
much less pronounced than with Si.

The prominent feature of the Cu,;Si, structure is the quasi
anticuboctahedral coordination of Si atoms. Anticuboctahedra
are the basic structural motif of a hexagonal close packing. The
Cuy;sSiy structure has been interpreted earlier as a topological
close packing of atoms of different size by Kripyakevich and
Gladyshevskii.** The [Si@Li,,] anticuboctahedron in Li,sSi, is
shown in Figure 4a,b. The polyhedra are slightly distorted; first
there is a mutual rotation of (Lil); triangles by about 14°, and
second the six-membered ring situated between the (Lil),
triangle faces (formed by 3 Lil and 3 Li2 atoms) is slightly
puckered.

These polyhedra are condensed into strands by sharing
opposite and parallel triangular faces formed by Lil atoms
(Figure 4a). In Figure 4c these strands are better visualized as a
skeleton of Si(Lil); corner-shared trigonal bipyramids
'w[Siy/»(Lil);]. Furthermore, Figure 4d shows all
! o[Si2(Lil);]-strands interpenetrating the unit cell with view
along [TI11]. Thereby, segments of equal directions are
represented with the same color. It can be seen easily that the
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blue strand is exactly situated at a body diagonal of the cubic unit
cell whereas the green, red, and yellow segments are arranged in
parallel to all residual body diagonals of directions [111], [111,]
and [111]. Finally, Figure 4e shows the connectivity of the [Si@
Li},] units. Each polyhedron of a strand having two neighboring
polyhedra is further connected to nine from neighboring strands,
three of which share faces and six of which share edges. This
results in overall 11 neighboring anticuboctahedra. Figure 4f
depicts the full environment of 11 polyhedra generated from two
polyhedra (4 and S) of the blue segment that are condensed via
(Li1); triangle faces above and below, three polyhedra (3, 3’, and
3”) and pairs of polyhedra (1 and 2, 1’ and 2/, and 1” and 2") that
are fused via triangular sites. There are also 11 anticuboctahedra
in an ideal hcp atom packing; however, they share edges and
quadratic faces instead of edges and triangle faces (cf. Figure S3,
Supporting Information).

One may speculate for possible reasons for the existence of
Liys_,ALSi,. A plausible explanation could be that the exchange
of Li by Al atoms leads to an increase of the electron
concentration and a concomitant shift of Fermi level toward a
pseudo gap in the electronic density of states. The electronic
structure of Li,sSi, has been recently calculated by Xu et al.'® It
was found that the Fermi level of Li;;Si, with the Cu;Si,
structure is situated below a pseudo gap. Alternatively, in a
simplified picture Li;sSi, may be classified as an electron-
deficient Zintl phase (Li*),5(Si*"),. Within this picture and
assuming Al as cation-like (AI**) in Li;s_,Al Si, the optimum
concentration of Al would be x = 0.5, which falls in the range of
the experimentally determined homogeneity range x,,;,, ~ 0.4
and %, ~ 0.8. Supportingly, magnetic measurements reveal
diamagnetic behavior for a sample with x in this range.

Thermal Analysis of Li;s_,Al,Sis. Li;sSi, is a metastable
compound. However, the nature of the decomposition process
and products remains largely unknown. Key et al.’ reported a
decomposition into a mixture of unidentified phases at high
temperatures. Wang and Dahn investigated phase changes in
electrochemically lithiated silicon at temperatures of up to
450 °C.** Yet, their results are ambiguous, as the decomposition
of electrochemically produced Li, sSi, yielded Li;3Si, and Li,Si; at
450 °C whereas Li,Si, and Li;;Si, would have been expected
according to the Li—Si phase diagram. Similar observations have

dx.doi.org/10.1021/cm402721n | Chem. Mater. 2013, 25, 4113—-4121
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chain of distorted anticuboctahedron

c)

units [Si@Lie/2+6]

Figure 4. Crystal structure motifs of Li;sSi, and Li;s_,ALSi, (CuySi, type). (a) 'o[Si@Li;,]-strands running in different directions as indicated by
different colors; (b) stacking of distorted anticuboctahedron units [Si@Lij,]. The skeleton formed by trigonal bipyramids is emphasized. (c)
Arrangement of ', [Si@Lij,]-strands in (a) shown in the skeleton representation; (d) three-dimensional arrangement of strands of pseudo trigonal-
bipyramids with view along [T11]; (e) connectivity of distorted anticuboctahedron units (shared faces/edges are marked in black); (f) three orientations
showing the eleven neighboring [Si@Li;,] cuboctahedra around a central one (light blue, denoted with 0).

been made by Chevrier et al.:** heating of electrochemically
generated Li;Si, to 500 °C only afforded Li;;Si,. In both cases
the observed lithium loss might be deduced from a reaction of
residual amounts of SEI (Solid Electrolyte Interphase)
components or binder during the heating.*”** Profatilova et
al.”! reported on the formation of a further but not identifiable
phase when they quenched DSC measurements for electro-
chemically generated LisSi, at temperatures between 230 and
300 °C.

We attempted diligently to monitor the decomposition of
Li;sSi, (synthesized through mechanical ball-milling) by
performing thermal analysis (both DTA and DSC) experiments.
Yet, results were inconclusive. At best, thermal decomposition
was indicated by a very broad signal and only one experiment
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showed clear evidence of an exothermic event, occurring around
177 °C (Figure S).

As a next step we performed ex situ investigations where
Li,Si, was annealed for three days (72 h) at various temperatures
and subsequently quenched and analyzed. At 120 °C we found
LiysSi, unchanged whereas at 200 °C a partial decomposition
occurred. The PXRD patterns after annealing at 200 and 300 °C
were almost identical, and the one obtained for the product after
annealing at 300 °C is shown in Figure 6a. This pattern contains
sharp diffraction lines from Li,,Si, and still presents crystalline
Li, sSi,. Additionally, there is a range of broad peaks indicating a
partially amorphous Li—Si phase. The presence of Li;,Si,
requires the simultaneous formation of a Li poorer phase.
According to the Li—Si phase diagram this should be Li,3Si,. It

dx.doi.org/10.1021/cm402721n | Chem. Mater. 2013, 25, 4113—-4121
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Figure 6. Evolution of the thermal decomposition of Li;sSi;: PXRD
patterns of bulk samples after annealing at 300 °C (a), 400 °C (b), S00
°C (c), and 600 °C (d) for three days (experimental = black; Li;;Si,
calculated = red; Li;sSi, calculated = green; Li,;,Si calculated = blue;
Li;,Si, calculated = gray; unknown reflections are marked with *).

may be suspected that the broad diffraction peaks associate to an
amorphous “pre-phase” to Lij;Si,. The ex situ experiments
confirm a very slow kinetics of the decomposition of LisSi,
which explains the difficulties of detecting this event in in situ
thermal investigations.
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The result from the annealing experiment at 400 °C is shown
in Figure 6b. Now crystalline Li,;Si, is clearly recognizable in the
PXRD pattern. The product corresponds to a mixture of Li,,Si,
and Li;Si,. After annealing at 500 °C the product consists of
three crystalline phases, Li;,Siy, Li;1;Si, and Li;Si, (Figure 6¢).
The amount of Lij;Si, is considerably reduced. This is in
accordance with the recently revised Li—Si phase diagram
(Figure 7a): (i) the peritectic decomposition interval of Li,,Si, is
481—486 °C (ie. the amount of Li,,Si, is decreased for T >
486 °C)” and (ii) we recently could identify Li, ,Si as a high
temperature phase in the Li—Si system which forms from a slow
peritectoid reaction between Li;;Si, and Li,,Si, at 470—480 °C
(i.e., no Liy,;Si phase is observed for T < 470 °C).>* As expected,
after annealing at 600 °C the product represents a mixture of
Liy;Si and Li;;Si, (Figure 6d). In a control experiment a DSC
thermogram was recorded for LijsSi, after heating to 750 °C
(cooling curve). This is shown in Figure 7b. The three thermal
events correspond to crossing the liquidus boundary (1), the
peritectic formation temperature of Li,;,Si (2), and a proposed
high temperature phase transition of Li,;;Si (3) which is in
agreement with the recent phase diagram.”* The event for the
peritectoid decomposition of Li,;Si around 500 °C is not seen
in the thermogram because of its slow kinetics.**

Lastly we performed thermal analysis (DSC) experiments with
Li;s_,ALSi, (x =0.75) and found a surprisingly different behavior
compared to Li;sSi,. The thermogram is shown in Figure 8. The
first event upon heating is detected around 700 °C (1) followed
by another one at approximately 760 °C (2). Those signals are
tentatively assigned to the decomposition of Lij,,sAly;sSiy
followed by a crossing of the liquidus boundary. The cooling
trace reveals then two broad signals at 744 and 683 °C (3, 4) and
asharp one at 631 °C (5). A consecutive second heating—cooling
cycle exactly reproduces events (1—5). Also the PXRD pattern of
Liy4,5Aly75Si, after DSC investigations is unchanged (cf. Figure
S4, Supporting Information), which confirms a complete
reversibility of the thermal processes. Consequently, signals
(3—5) are attributed to a stepwise formation of Li;4,5Al75Siy
from the melt. The substitution of about 2.7% of Li by Al (x ~
0.4) transforms metastable Li;sSi, into a stable phase which
decomposes beyond 650 °C.

4. CONCLUSION

Metastable Li;sSi, is an important phase in the lithiation process
of silicon. In this work we were able to obtain single crystals of
Li;sSi, for the first time and to perform a rigorous structure
characterization based on single crystal X-ray diffraction data
which unambiguously confirmed the previously assigned Cu;5Si,
structure type. We further showed that Li;Si, thermally
decomposes at temperatures above 200 °C. However, the
decomposition process is sluggish and appreciable rates are not
observed before temperatures approach 400 °C. At these
temperatures the decomposition products are in accordance
with the most recent Li—Si phase diagram (crystalline Li,;Si, and
Li;,Si,/Liy ,Si).** At temperatures between 200 and 300 °C
decomposition yields amorphous/weakly crystalline products. A
surprising result is the discovery of the solid solution Li;s_ Al Si,
(0.4 < x < 0.8), where small concentrations of Li in Li,Si, are
replaced by Al. Contrary to Li,sSi,, Li;s_,AlSi, is thermodynami-
cally stable until about 700 °C. It will be interesting to investigate
its potential use as anode material in lithium ion batteries,
especially if the Li;s_ Al Si, phases possess a higher inertness
against reactions with electrolyte solution than Li,sSi,.
Preliminary investigations indeed indicate that Lijs Al Si,

dx.doi.org/10.1021/cm402721n | Chem. Mater. 2013, 25, 4113—-4121
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formation of Li,4,5Aly-5Si, from the melt.

exhibits a much lower sensitivity toward air and moisture than
crystalline powders of Li-rich phases such as Li,,Si, and Li, ;;Si.
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SUPPORTING INFORMATION

Stabilizing the Phase Li;sSi4 through Lithium-Aluminum Substitution in
Li;s-AlLSi4 (0.4 <x <0.8) — Single Crystal X-ray Structure Determination of
Li;sSiy and Liy437Aly.63Si4

Michael Zeilinger, Volodymyr Baran, Leo van Wiillen, Ulrich Haussermann,

Thomas F. Fissler”

Details on the single crystal X-ray data collection for Li;sSis and Lijs—AlSi4 at room

temperature.

Single crystal diffraction measurement of Lij44202)Al 5802)S1s was performed on a Stoe IPDS IIT
diffractometer equipped with a rotating anode (Bruker AXS, FR591) with MoK, radiation
(L=0.71073 A) and a Montel mirror. Single crystal data for Li;sSis was recorded on a Bruker X-
ray diffractometer equipped with a CCD detector (APEX II, k-CCD), a fine-focused sealed tube
with MoK, radiation (4 = 0.71073 A) and a graphite monochromator.
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Table S1. Crystallographic data and structure refinement for Li;5Si4 and Lijs 4202)Al 58(2)S1a.

empirical formula
T/K

formula weight / g'mol”’
crystal size / mm®
crystal color

crystal shape

space group

unit cell dimension / A
viA

VA

p (calc.) / g-em™
u/mm’'

F (000)

0 range / °

index range Akl
reflections collected
independent reflections

reflections with /> 2a([)

Li;sSiy

298(2)

216.46

0.20 x 0.20 x 0.20
metallic silver
block

1-43d
a=10.687(7)
1221(1)

4

1.178

0.418

404

4.67-31.44
+15,+15,+15
9378

343 (R = 0.029)
338 (R, = 0.008)

Lijga20)Alo 582)S1s
298(2)

228.13

0.20 x 0.20 x 0.15
metallic silver
block

1-43d
a=10.664(1)
1212.7(2)

4

1.250

0.464

427

4.68-29.18
+14,+14, 14
14445

277 (Riny = 0.058)
276 (R, = 0.009)

absorption correction multi-scan multi-scan

data/restraints/parameter 343/0/15 277/0/17

goodness-of-fit on F 1.195 1.307

final R indices [/> 20(1)]* " R, =0.010 R, =0.013
wR, =0.027 wR, =0.031

R indices (all data)*” R, =0.010 R, =0.013
wR,=0.027 wR,=0.032

Flack parameter -0.2(2) 0.1(2)

largest diff. peak and 0.12 and —0.06 0.08 and —0.07

hole / e:A”

Ri=Y[[FI-TETT/ZTFT;

bWRzz [ZW(FOZ_FCZ)Z/ZW(FOZ)Z]1/2
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Table S2. Fractional atomic coordinates and isotropic equivalent atomic displacement parameters

for Li;5S14 and Lijs40)Aloss)Siy (I—43d , Z=4, T=298 K, estimated standard deviations in

parentheses; values for Lij4.422)Alo s532)S14 are marked bold).

Atom Wyckoff
position

Si 16¢

Lil 48e

Lil | All

Li2 12b

Li2 | A2

X

0.29232(1)
0.29268(2)
0.35029(8)
0.34860(9)
A
v

y

0.29232(1)
0.29268(2)
0.4619(1)
0.4630(1)
Va

A

S3

0.29232(1)
0.29268(2)
0.12560(9)
0.1243(1)
Y

A

Ueq

/ A*10°
15.29(7)
14.6(1)
26.9(2)
21.4(4)
29.8(4)
19.4(8)

0ocCC.

1
1
1
0.961(2) / 0.039(2)
1
0.958(3) / 0.042(3)
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Figure S1. Rietveld fits of the Cu;sSis model to PXRD patterns of ground crystals

Li;s—AlSis (x = 0.63) obtained from equilibrated melts with compositions Lig;Al4Si9 (a) and
Lig3Al13Siy (b).
S4



intensity

Lita.75Al0.25Si4
space group /43d
a=10.6891(3)
V= 1221.29(9)

e calc.

obs

diff.

| Bragg refl.
unknown refl.

j S U

A

b)

Li14.5Al0.5Sia

space group /43d
a=10.67538(8)
V= 1216.61(3)

|

LL LJ;) Y U U B |
e I

Il I e et e rrrrrrr o rrrrrrr |

c)

Li14.25Al0.75Si4

space group /43d
a=10.6573(1)
V= 1210.42(4)

T T O I A

d)

Li14AlSis

space group /43d
a=10.6303(4)
V= 1201.3(1)

I*l n.***ml
by
[

10

L it
60 70 80

Figure S2. Rietveld fits of the Cu;5Si, model to PXRD patterns of bulk samples Li;s—Al,Sis with
x=0.25(a), x=0.50 (b), x=0.75 (c) and x = 1.00 (d).
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Figure S3. The full environment of eleven anticuboctahedra as they appear in an ideal scp atom

arrangement.

@ Lits25Al075Sis before DSC
@ Li1s25Al0.75Sis after DSC

RN L

rel. intensity

20 30 40 50 60
20(%)

Figure S4. PXRD pattern of Lij425Alp.75S14 before (blue) and after two DSC heating (800 °C) and
cooling cycles (black).

S6



5 Publications and Manuscripts

5.5

Structural and Thermodynamic Similarities of Phases in the
Li-Tt (Tt = Si, Ge) Systems: Redetermination of the
Lithium-Rich Side of the Li-Ge Phase Diagram and Crystal
Structures of Li17Sis0-xGex for x = 2.3, 3.1, 3.5, and 4 as well
as Li.1Ge

Reproduced from Zeilinger, M.; Faéassler, T. F. Dalton Trans. 2014,
DOI:10.1039/C4DT00743C with permission from The Royal Society of Chemistry.

77






Published on 13 May 2014. Downloaded by Technische Universitaet Muenchen on 05/06/2014 14:03:37.

ROYAL SOCIETY
OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal

Structural and thermodynamic similarities of
phases in the Li—-Tt (Tt = Si, Ge) systems:
redetermination of the lithium-rich side of the
Li—Ge phase diagram and crystal structures of
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Michael Zeilinger and Thomas F. Fassler*
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A reinvestigation of the lithium-rich section of the Li—-Ge phase diagram reveals the existence of two
new phases, Li;;Gey and Liy 10Ge (Lijg 38Ges). Their structures are determined by X-ray diffraction experi-
ments of large single crystals obtained from equilibrated melts with compositions LigsGes and LigsGe;s.
Excess melt is subsequently removed through isothermal centrifugation at 400 °C and 530 °C, respect-
ively. Li;;Ge, crystallizes in the space group F43m (a = 18.8521(3) A, V = 6700.1(2) A®>, Z = 20, T = 298 K)
and Lig10Ge (Litg 38Ges) in Cmem (@ = 4.5511(2) A, b = 22.0862(7) A, ¢ = 13.2751(4) A, V = 1334.37(8) A3,
Z =16, T = 123 K). Both phases are isotypic with their Si counterparts and are further representative of the
Li;sPbs and Lis14Si structure types. Additionally, the solid solutions Li;;Siy_,Ge, follows Vegard's law.
A comparison of the Geli, coordination polyhedra shows that isolated Ge atoms are 13- and 14-co-
ordinated in Li;;Ges, whereas in Lijg3sGes the Ge atoms possess coordination numbers 12 and 13.
Regarding the thermodynamic stability, Liig 33Gey is assigned a high-temperature phase existing between
~400 °C and 627 °C, whereas Li;;Ge, decomposes peritectically at 520-522 °C. Additionally, the
decomposition of Lijg 38Gey below ~400 °C was found to be very sluggish. These findings are manifested
Received 12th March 2014, by differential scanning calorimetry, long-term annealing experiments and the results from melt equili-

Accepted 12th May 2014 bration experiments. Interestingly, the thermodynamic properties of the lithium-rich tetrelides Li;; Tt, and

DOI: 10.1039/c4dt00743¢ Lia1Tt (Lizg.4Tts) are very similar (Tt = Si, Ge). Besides LisTta, LinaTte, LisTty, and LiTt, the title compounds
www.rsc.org/dalton are further examples of isotypic tetrelides in the systems Li-Tt.
Introduction research; in particular, the chemistry of group 14 elements

(tetrel = Tt) plays an important role in the development of
In the last decade, the demand for high capacity lithium-ion more efficient anode materials. Since Si theoretically offers a
batteries (LIBs) decisively influenced numerous fields of specific capacity of 3579 mA h g~* (based on the formation of
Li;5Siy) and thus massively exceeds the capacity of the com-
monly used graphite anode (372 mA h g™, LiCg),"* research
Department Chemie, Technische Universitdt Miinchen, LichtenbergstrafSe 4, 85747 OTI Li-Si m-aterlal.s .has bee:n n f(')cus for many years. As the
Garching b. Miinchen, Germany. E-mail: Thomas.Faessler@lrz.tum.de, high capacity of Si is associated with several problems such as
michael.zeilinger@mytum.de; Tel: (+49) 89 289 13131 a large volume expansion of up to 300% upon lithiation
tElectronic supplementary information (ESI) available: Crystallographic data, accompanied by contact loss of electrodes and poor cycle life,
refinement results, fractional atomic coordinates, and isotropic equivalent . . 3
o s a large number of these studies target these issues.” Further,
atomic displacement parameters for Li;;Si,_,Ge, [x = 2.30(2), 3.08(4), 3.53(3)] L . .
(Table S1-4), comparison of experimental and computational relaxed fractional Li-Si phases predominantly occur amorphously during char-
atomic coordinates for both LiySis and Li;;Si, (Table S5), experimental frac-  ging and discharging, and only at low discharge voltages, crys-
d.">*® However, the processes in
(Table S6), gomparlson ofl exlpen(rinentalffractlonal atlc))lmlc coordinates for working LIBs can be nicely monitored by in situlex situ NMR
Li;6.95Ge, and computational relaxed ones for Li,;Sis (Table S7), PXRD patterns . L .
oo P : a:Sis (Table §7), PXRD patte investigations.®” Moreover, a fundamental understanding of
of “Li;¢Ge,” samples annealed at various temperatures (Fig. S1), Rietveld refine- X . X
ment results for Li;;Sis_,Gex (x = 0, 2.30(2), 3.08(4), 3.53(3), 4) (Fig. s2). See por:  thermodynamic properties and an unambiguous structural
10.1039/c4dt00743¢ characterization of Li-Si phases are of considerable impor-

tional atomic coordinates for Li;,Si,, Li;;Ges, Liy;_.Zn.Gey, and LijeosGes  talline Li158i4 is observe
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tance. Just recently, we reported on detailed investigations on
lithium-rich silicides, including the metastable phase Li;sSi,,®
Li;;Sis° and the high-temperature phase Lis;1Si (Lij.42Sis)."°
Further examples are given in ref. 11-17.

The heavier tetrel element Ge has received less attention
regarding its use as an anode material due to its low natural
abundance connected with a lower theoretical specific capacity
compared to silicon (1564 mA h g~ vs. 4056 mA h g, based
on the formation of LijgosGes'® and Liy,Siy,° respectively).
However, the diffusivity of lithium in Ge is approximately 400
times larger than in Si at room temperature,'>?*® which intrin-
sically puts germanium to the foreground. Since some Si ana-
logues are not known we put emphasis on the structural
variety of lithium germanides and their thermodynamic
relation.

Li-Ge phases were first postulated in the 1950s and 1960s
(Li;Ge, LiGe, LiGe),>" > fueling numerous investigations in
this field later on. Before 2001, the ascertained Li-Ge represen-
tatives included Li,;Ges>* (formerly described as LiyoGe;>>>°
and Li,,Ge;>"®), Li;sGe,,*®* Lij;Ge,*® (formerly reported as
Li;Ge,?"), LijsGeg,>?® LisGey,®” Lip,Ge;,>>*®® LiGe (space
group I4,/a, ambient pressure),**** LiGe (space group I4,/amd,
high pressure),®® and Li,Ge;,.>**® A previously described
phase Li;;Geg®” could not be reproduced in the course of the
redetermination of the Li-Ge phase diagram by Griittner,>”
and due to the “striking similarity” to LigMgSie,*® it might
have been ternary LigMgGee. Until then, solely Li,;Tts, Li;4Tte,
Liy,Tt,, and LiTt (LiSi*° is obtainable from high-pressure syn-
thesis) were known for both Si and Ge. We note that Li;5Si,
and Li;3Ge, are not isotypic and crystallize with their own
structure types. In the following years new Li-Tt phases were
found and others were revised, e.g. a hexagonal high-pressure
form of LiGe (space group P6s/mmc),*® metastable Li;5Si"?
being isotypic with the congruently melting phase Li;sGe,>’
(LiysTty), Li1;Ges (LizirzneSis = LijgosGes)'® revised from
Li,;Ges, and the revision of the Li,Gej, structure.’* The syn-
thesis of solid solutions Li;5Sis_,Ge, by mechanical ball-
milling was also reported.”® An experimental determination of
the Li-Ge phase diagram involving most of the aforemen-
tioned phases is given by Griittner in his dissertation.>®

We recently reported on the single crystal structures and
thermodynamic properties of Li;-Sis,° the high-temperature
phase Liy 11Si (Lije.42Si4),"® and metastable Li;5Si,.* The Li-Si
phase diagram was revised accordingly. Consequently, we
extended our studies on the Li-Ge system. Herein, we present
the single crystal X-ray structure determination of Li;;Ge, and
Liy10Ge which crystallize isotypically with their Si counter-
parts. Earlier structure reports on Li.;;Ge; (Lizi+3/165i5 =
Lize.05Gey)'® involving partially occupied Li sites could not be
confirmed. Solid solutions of the isotypic phases Li;;Si, and
Li;,Ge, follow Vegard’s law.*® Due to clarity and a better com-
parability, the phase Li,;0Ge is referred to as LijezsGey.
Furthermore, the lithium-rich section of the Li-Ge phase
diagram (Li concentrations >79 at%) is reinvestigated by differ-
ential scanning calorimetry and long-term annealing exper-
iments, manifesting Li;¢33Ge, as a high-temperature phase
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which possesses a very sluggish decomposition behavior below
~400 °C. Li;,Ge, is peritectically formed at 520-522 °C from
cooling an according melt.

Results and discussion

Single crystal X-ray structure determination of Li,,Ge, and
Liy635Geq

Large single crystals of Li;;Ge, and Li;633Ge, were grown in
Li-Ge melts LiysGes; and LigsGe;s at 400 °C and 530 °C,
respectively. For Li;¢33Ge,, bar-shaped crystals with a size of
up to 0.6 x 0.25 x 0.25 cm® could be obtained. A representative
specimen is depicted in Fig. 1. Generally, crystals of Li;;Ge,
grew much smaller in a block-like shape with diameters of
0.1 x 0.1 x 0.1 cm®. Those crystals allowed acquisition of high
quality single crystal X-ray diffraction data.

The phase Li;;Ge, crystallizes in the space group F43m with
a =18.8521(3) A (V= 6700.1(2) A*) and Z = 20. The asymmetric
unit consists of 13 Li and four Ge atoms each being located on
a special position (Table 1). As already reported for Li;;Si,,
Li;,Sn,, and Li;;Pby,”'®** the Wyckoff position 4a with sym-
metry 43m was found to be fully occupied. We note that the
refinement of occupancy factors did not indicate significantly
large deviations from full occupancy and thus they were
regarded as being fully occupied. Accordingly, the cubic unit
cell of Li;;Ge, contains 340 Li and 80 Ge atoms (cF420).
Further, atomic displacement parameters were refined aniso-
tropically with meaningful results for all atoms, revealing
excellent reliability factors of R; = 0.022 and wR, = 0.038 (all
data) for the final model (Table 6). The structure of Li;,Ge, is
isotypic with Li;;Sis, Li;;Sn,, and Li;,Pb,. > %%

Liye.352)Ge4 crystallizes in the space group Cmcm with a =
4.5511(2) A, b = 22.0862(7) A, ¢ = 13.2751(4) A (V = 1334.37(8)
1&3) and Z = 16 referring to Liy oe6(1)Ge as one formula unit. The

“fcm

Fig. 1 Example of a bar-shaped single crystal of Lijg38Ges obtained
from a melt LigsGe;s at 530 °C.

This journal is © The Royal Society of Chemistry 2014
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Table 1 Fractional atomic coordinates and isotropic equivalent atomic
displacement parameters for Li;;Ges (F43m, Z = 20, T = 298 K, estimated
standard deviations in parentheses)

Atom  Wyckoff position  x y oz Ue/A10°
Gel  16e 0.159545(8) x x 13.03(4)
Ge2  16e 0.916568(8) x x 11.37(4)
Ge3  24f 0.32102(1) 0 0 13.27(5)
Ge4 24g 0.57015(1)  1/4 1/4 13.06(4)
Li1 16e 0.0734(2) x x 31(1)
Li2 16e 0.3031(2) x x 21.6(8)
Li3 16e 0.4175(2) x x 22.3(9)
Li4 16e 0.5575(2) x x 23(1)
Li5 16e 0.6877(2) x x 28(1)
Li6 16e 0.8314(2) x x 27(1)
Li7 24f 0.1677(3) 0 0 25(1)
Li8 24g 0.0743(3) 1/4 1/4 23.1(9)
Li9 48h 0.0913(2) x 0.2624(2)  32.0(9)
Lil0 48K 0.0896(2) x 0.7612(2) 31.1(8)
Lill 48k 0.1547(1) x 0.5205(2) 32.5(8)
Li12 48K 0.1637(1) x 0.0027(2)  22.5(8)
Li13  4a 0 0 0 17(2)

unit cell contains 10 Li and three Ge atom positions (Table 2)
where Li4 and Li5 are disordered. A careful analysis of differ-
ence Fourier maps after assigning all Ge and nine Li atom
positions (Li1-Li3 and Li5-Li10) revealed occupational dis-
order along the crystallographic g-axis like that reported for
Lije4,Sis.'" As can be seen in Fig. 2a and 2b, the difference
Fourier maps showing the strand-like residual electron density
with peak-maxima at Wyckoff positions 4c and 8g are almost
identical for Li;g 42(1)Si4 and Liye 352)Ge4. Applying the disorder
model as reported for Liyg 42(1)Sis,'” we subsequently obtained
a very similar occupancy ratio of 0.616(8)/0.384(8) for Li4A on
4c (1/2, y, 1/4) and Li4B on 8¢ (x, y, 1/4), respectively, compared
with 0.575(3)/0.425(3) found in Lije42(1)Sis. Analogously to
Liy6.421)Ss,'" a split position for Li5 on 8f (0, x, y) was intro-
duced. The split fractions converged to 0.75(4) for Li5A and
0.25(4) for Li5B (0.848(7)/0.152(7) in Liye.42(1)Sia;'® refinement

Table 2 Fractional atomic coordinates and isotropic equivalent atomic
displacement parameters for Lis g964)Ge (Cmcm, Z = 16, T = 100 K, esti-
mated standard deviations in parentheses)

Wyckoff Ueq./
Atom position x y z s.o.f. A%10°
Gel 4c 0 0.256372(6) 1/4 1 7.83(3)
Ge2  4c 1/2 0.454314(5) 1/4 1 6.35(3)
Ge3 8f 1/2 0.105220(4) 0.067609(6) 1 6.83(2)
Lil  4c 1/2 0.0333(1)  1/4 1 14.4(4)
Li2  4c 1/2 0.3297(1)  1/4 1 13.5(4)
Li3  4c 0 0.3922(1)  1/4 1 17.5(5)
Li4A 4c 1/2 0.1476(2)  1/4 0.616(8) 52(3)
Li4B 8g 0.210(1) 0.1385(2)  1/4 0.384(8) 21(2)
Li5A  8f 0 0.1741(3)  0.0842(7)  0.75(4) 14(1)
Li5B  8f 0 0.164(1) 0.123(4) 0.25(4) 24(6)
Li6  8f 0 0.04650(7) 0.1225(1) 1 13.9(3)
Li7  §f 0 0.31636(9) 0.0788(1) 1 16.5(3)
Li8  8f 0 0.47089(9)  0.0908(1) 1 18.7(3)
Li9  8f 1/2 0.23155(8)  0.1356(1) 1 19.1(3)
Li10 8f 1/2 0.40425(8)  0.0639(1) 1 14.5(3)

This journal is © The Royal Society of Chemistry 2014
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details and the geometric relevance of the atom split are given
in the ESIT). In case of atoms being uninvolved in disorder,
site occupancy factors were refined to values close to full occu-
pancy and therefore those positions were constrained to full
occupancy. Thus, the unit cell contains 65.54(7) Li atoms as a
consequence of the disorder (65.70(3) in Li;s.401)Sis*°) and 16
Ge atoms, resulting in a crystallographic density of 2.011 g
em >, The structure was finally solved with reliability factors of
Ry = 0.023 and WR, = 0.027 for all data (Table 6). Li;s3502)Ges
crystallizes isotypically with Liy 45(1)Sis."’

Structure description of Li;,Ge, and Li; ¢ 35Ge,

In our previous work we reported on the structures of Li;Si,
and Lijg4,Si; in detail.”'® Both phases were comparatively
highlighted on the basis of SiLi, coordination polyhedra and
the disorder in Li;¢4,Si, was illustrated with various structure
models. Hence, we analogously elaborate on the structures of
the isotypic phases Li;;Ge, and Li;6 35Gey herein.

The structure of Li;;Ge, is closely related to the previously
reported phase Liy;Ges>! (Li;q5Gey) only differing in the occu-
pation of one fourfold special position. In detail, their
common space group F43m possesses four positions with site
symmetry 43m (4a-d). Whereas Wyckoff positions 4a-d were
claimed to be void in Li,;Ges, we found a fully occupied 4a site
in Li,;Ge4 with short but reasonable next nearest neighbor dis-
tances of 2.397(7) A for Li1-Li13 (¢f. Fig. 3 and Table 4). We
note that since Li,,Sis>”*® (its composition corresponds to a
full occupancy of sites 4a-d) was revised to Li,;Sis,*® heavier
analogues such as Li,,Ges were supposed to crystallize with
the Liy;Sis structure type as well (Liy;Ges).>* We have already
shown by computational methods that the fully relaxed struc-
tures of Liy;Si, and Li,;Sis decisively differ regarding the
coordination environment around the 4a site.” If this position
is unoccupied, the first coordination shell, which is a (Li1),
tetrahedron (cf. Fig. 3), is markedly contracted, which was not
observed in experimental data of Li,;Si5 (Table S5 in the ESIT).
Therefore it could be concluded that Li might have been over-
seen in the previous structure refinement (most likely a partial
occupancy). Turning to Li;;Gey, the positional parameters are
almost identical with Li;,Si, (Table S6 in the ESI{) and there-
fore an equal conclusion is reasonable.

In 2001, Goward et al.'® have already reported on the revi-
sion of Li;,Ms to Li;;M; (M = Ge, Sn, Pb). However, their
model for “Li;;Ge,” involved partially occupied Li sites
(Table 3), namely Li1A on 16e (3/4 occ.), Li1B on 16e (1/4 occ.),
and Li13 on 4a (3/4 occ.) resulting in the composition
Li;6.05Gey (note that for a better comparability the fractional
atomic coordinates and labels were adapted to Li;;Ge,). In the
case of a void 4a site, the surrounding (Li1A), tetrahedron
(comparable with Li1 in Fig. 3) is slightly contracted to (Li1B),
whose vertices are markedly closer to the 4a center (2.52 A vs.
1.91 A)."® Interestingly, this scenario is in close agreement
with the computationally relaxed structure of Li,;Si5° (Table S7
in the ESIf) where all fourfold positions are void. Conse-
quently, a partial occupancy of the 4a position as reported for
Lij6.05Ges and hence the existence of a small homogeneity
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Fig. 2 Difference Fourier map (F, — F.) shown for the layer defined by Tt1, Tt2 and Li2 in (a) Lize.42Si4*° and (b) Liye 35Ges (parallel to the ab-plane,
calculated from single crystal data at 100 K and 123 K for Lig.42Sis (contour lines +0.6 e A~%) and Liyg 35Ge, (contour lines +0.5 e A~3), respectively;

cell edges are shown in blue).

Li12

Fig. 3 Coordination environment of Lil3 on the Wyckoff position 4a
(Ge = black; Li = white; thermal ellipsoids at 70% probability, single
crystal data at room temperature). The 1st, 2nd, 3rd, and 4th coordi-
nation shell is formed by a (Lil); and (Ge2), tetrahedron as well as a
(Li7)g octahedron and a (Li12),, cuboctahedron.

region Li;;_,Tt, (0 < x < 0.2) are indeed meaningful. More
recently, Lacroix-Orio et al."” presented a Zn-doped derivative
of the Li;;Ge, compound. They could not find any evidence for
partially occupied Li positions and instead found small con-
centrations of Zn being incorporated at the 4a position
(Liys_.Zn,Gey, € = 0.005(1)).

Concluding, the fractional atomic coordinates of all Li;,Ge,
related phases listed in Table 3 are very similar and the scen-

Dalton Trans.

ario of an unoccupied 4a position in Li;s95Ge, fits the calcu-
lated data of the corresponding Li,;Sis structure very well. This
strengthens the existence of a homogeneity region Li;,_,Tt,
(0 < x < 0.2) which is deduced from the flexibility of the
(Li1)4(Tt,), tetrahedral star around the Wyckoff position 4a.’
Accordingly, the herein reported phase Li;,Ge, is regarded as
the lithium-richest representative in the Li-Ge system.

The structure of Li;;Ge, is closely related to a 6 x 6 x 6
superstructure of the body centered cubic (bce) structure.*® As
already shown by von Schnering and Nesper,® it can be easily
interpreted by 26 atom clusters (M,¢ with M = Tt, Li) centered
at the special positions 4a-d whereas Ge, tetrahedra and Geg
octahedra (note that Ge atoms are isolated by distances larger
than 4.44 A) are situated around 4a, 4c and 45, 4d, respectively,
corresponding to the arrangement of Na and Tl atoms in the
NaTl structure.*®

Yet another possible way of looking at the structure of
Li;;Ge, is the comparison of GeLi, coordination polyhedra
and their arrangement in the unit cell. This has proven to be a
neat method for the comparison of lithium-rich Li-Si phases
solely bearing isolated Si atoms in their structures (Li;;Tty,
Li;e4Tts and LijsTt,)."° As shown in Fig. 4a, Gel, Ge3 and Ge4
are 13-coordinated by Li atoms, whereas Ge2 attains a coordi-
nation number (CN) of 14. Corresponding to the first coordi-
nation shell of Ge atoms, Li-Ge distances range from 2.659(4) A
to 3.053(3) A (Table 4). The second Li shell is clearly separated
with distances larger than 4.2564(3) A. Interestingly, the poly-
hedra around Wyckoff positions 4a, 4c and 4b, 4d either form

This journal is © The Royal Society of Chemistry 2014
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Table 3 Comparison of fractional atomic coordinates for Li;;Ges, Li;7_.Zn,Ges, and Liig 05Ges4 (space group F43 m (for all phases), Z = 20, estimated
standard deviations in parentheses). Listed are x values for the special positions 16e (x, x, x), 24f (x, 0, 0), 24g (x, 1/4, 1/4) and x, z pairs for 48h

(x, x, 2)

At. Wyck. pos. Li;,Ge, Liy;_.Zn,Ge,*’ Lijg.05Ge,™® At. Wyck. pos. Li;,Ge, Li,;_.Zn,Ge,*’ Liy6.05Ge,™®
Gel 16e 0.15955(1) 0.15958(2) 0.15952(5) Li8 24g 0.0743(3) 0.0740(6) 0.075(1)
Ge2 16e 0.91657(1) 0.91667(3) 0.91684(5) Li9 48h 0.0913(2) 0.0906(3) 0.0907(7)
Ge3 24f 0.32102(1) 0.32118(4) 0.32112(7) 0.2624(2) 0.2631(4) 0.2660(8)
Ged 24g 0.57015(1) 0.57020(4) 0.56965(7) Li10 48h 0.0896(2) 0.0904(4) 0.0914(7)
Li1A 16e 0.0734(2) 0.0747(6) 0.0775 0.7612(2) 0.7613(4) 0.7597(9)
Li1B 16e — — 0.0587 Lill 48h 0.1547(1) 0.1554(3) 0.1540(5)
Li2 16e 0.3031(2) 0.3033(3) 0.3032(6) 0.5205(2) 0.5216(4) 0.5216(9)
Li3 16e 0.4175(2) 0.4179(5) 0.4169(9) Li12 48h 0.1637(1) 0.1632(3) 0.1625(5)
Li4 16e 0.5575(2) 0.5584(4) 0.5579(6) 0.0027(2) 0.0025(5) 0.005(1)
Li5 16e 0.6877(2) 0.6864(4) 0.6876(7) Li13 4a 0 0 0

Li6 16e 0.8314(2) 0.8331(4) 0.8329(7) Zn1 da — 0 —

Li7 24f 0.1677(3) 0.1678(6) 0.170(1)

CN(Ge3) =13

CN(Ged) =13

interpenetrating ccp lattices of '2' and '3' (NaCl structure)
with 1" and '4' at tetrahedral voids

Fig. 4 (a) Geli, coordination polyhedra (CN = coordination number) and (b) their relative arrangement in the cubic unit cell of Li;;Ge4 (Ge = black;
Li = white; thermal ellipsoids at 70% probability, single crystal data at room temperature). Supratetrahedra and supraoctahedra are formed from
GellLiys, Ge2Liy4 and Ge3Liys, Ge4li;s coordination polyhedra (denoted as 1, 2, 3 and 4).

supratetrahedra ([GelLi,;], and [Ge2Li,4), denoted as (1) and
(2)) or supraoctahedra ([Ge3Li;3] and [Ge4Liy3]s denoted as (3)
and (4)), respectively (Fig. 4b). Accordingly, the structure of
Li;;Ge, can be considered as two interpenetrating ccp lattices
of (2) and (3), i.e. the NaCl structure, where tetrahedral voids
are filled with (1) and (4).

Besides Li;;Ge, and Li;jsGey, Lije35Gey is yet another repre-
sentative exclusively bearing isolated Ge atoms. It is isotypic
with Liyg4,Si,"® which possesses a peculiar structure involving
occupational and positional disorder along the crystallo-
graphic a-axes (¢f. Fig. 2). A convenient way of illustrating the
disordered structure of Li;e33Ge, is the assumption of a sim-
plified ordered model which has already been applied for the
description and band structure calculations of Liyg4,Sis."® In
detail, the atom positions Li4A, Li4B and Li5A (¢f. Table 2)
affected by disorder corresponding to the Wyckoff positions 4¢

This journal is © The Royal Society of Chemistry 2014

Table 4 Selected interatomic distances in Li;;Ges (F43m, Z = 20, T =
298 K, estimated standard deviations in parentheses)

Atom pair d(A) Atom pair d(A)
Gel  Li9 X3 2.659(4) Ge3 Lil0  x2  2.849(4)
Li1 2.813(7) Li3 x2  2.855(2)
Li2 x3  2.884(1) Li7 2.890(5)
Li8 x3  2.898(3) Lill x4 2.977(2)
Li12  x3  2.959(4) Ge4 Lil2  x2  2.680(3)
Ge2  Li12  x3  2.686(3) Lill  x2  2.709(3)
Li13 2.7244(3) Li8 2.723(5)
Li7 X3 2.734(3) Li5 X2 2.769(4)
Li6 2.780(6) Li6 X2  2.856(2)
Li10  x3  2.933(4) Li10 x4  3.053(3)
Li1 X3 2.969(4) Li13  Lil x4 2.397(7)
Ge3  Li9 X2 2.673(4) Ge2 x4 2.7244(3)
Li4 X2 2.760(3) Li7 x6  3.162(5)
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(0.616(8) occ.), 8g (0.384(8) occ.) and 8f (0.75(4) occ.), respect-
ively, are either regarded as half (Li4A, Li4B) or fully occupied
(Li5A) resulting in the composition Li;e5Gey. An accordingly
ordered model with fully occupied atom positions and crystal-
lographically independent sites for Li4B’ and Li4B" (translate
to Li4B in Cmcm) can be achieved by symmetry reduction and
a cell enlargement (space group P2,/m, a = 9.1016(4) A, b =
13.2751(4) A, ¢ = 11.2744(4) A, § = 101.643(1)°; for crystallo-
graphic details, see ref. 10). The GeLi, polyhedra occurring in
the respective model “Li; 5Ge,” are depicted in Fig. 5a.

Similar to Li;;Ge,, the first shell of Li atoms surrounding
each Ge atom is clearly separated from the second one with
distances between 2.596(2) A to 3.309(3) A and distances above
4.103(4) A (Table 5). Whereas Gel and Ge2 are permanently
13-coordinated (GelLi;3/Gel'Liy3 and Ge2Li;; denoted as (1)/
(1" and (2)), Ge3 attains coordination numbers of either 12 or
13 (Ge3Li;, and Ge3'Li;; denoted as (3) and (3')). The different
coordination of Ge3 is attributed to the varying occupation of
atom positions Li4A, Li4B’ and Li4B". The arrangement of
GeLi, polyhedra in the unit cell of Li;s33Ge, is achieved by
stacking them into strands which proceed along the crystallo-
graphic g-axis (Fig. 5b). For the ordered model “Li;¢ 5Ge,”, the
stacking sequence is indicated by numbers corresponding to
various GeLi, polyhedra highlighted in Fig. 5a.

Comparing the TtLi, coordination polyhedra of all lithium-
rich Li-Tt phases, which exclusively comprise isolated Tt
atoms in their structures, the coordination numbers consist-
ently increase from CN = 12 (Li;sTts), over CN = 12-13
(Li;.4Tt,) to CN = 13-14 (Li;,Ge,).

Solid solutions Li;,Si;_,Ge, [x = 2.30(2), 3.08(4), 3.53(3)]

Li;,Siy and Li;,Ge, are isotypic phases that form solid solu-
tions. Single crystalline samples of Li;,Si,_,Ge, were obtained
from melt equilibration experiments and analyzed by single
crystal and powder X-ray diffraction as well as energy disper-
sive X-ray spectroscopy. The Si-Ge ratios for Li,,Siy_,Gey
samples obtained from single crystal X-ray diffraction data
were x = 2.30(2), 3.08(4), and 3.53(3). We note that these values
deviate from the initial ones x = 1.0, 2.0, and 3.0 corres-
ponding to the employed melts “LigoSi; 5Ges5”, “LigoSisGes”
and “LigySi, sGe;5s” as the Si amount is reduced due to a
partial reaction of Si with the stainless steel ampules; thus the
Si-Ge ratios in the products are shifted toward higher Ge con-
tents. As can be seen in Fig. 6, the cell axes and volumes
(determined from PXRD patterns of the respective samples by
Rietveld refinement, Fig. S271) linearly increase with increasing
Ge concentrations in Liy,Si,_,Ge, revealing a perfect behavior
obeying Vegard’s law.”> Additionally, results from EDX
measurements agree well with the crystallographically deter-
mined Si-Ge ratios (impurities originating from the stainless
steel ampule were not detected).

Analyzing the distribution of Si and Ge on atom positions
Tt1-4, the Si-Ge ratios are very similar for Tt1, Tt3, and Tt4,
whereas Tt2 on the Wyckoff position 16e (x, x, x) features a
slight preference for Si (Table S1-41). Comparing the coordi-
nation environment of Tt2 and Tt1, Tt3, Tt4, the former is
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CN(Ge2) =13

CN(Ge3) = 12

CN(Ge3') =13

Fig. 5 (a) Geli, coordination polyhedra occurring in an idealized model
for Lijg 38Ge4 with a composition of Lijg sGey (space group P2;/m, fully
occupied and crystallographically independent atom positions Li4B’,
Li4B" (both correspond to Li4B in Lijg 33Gey), Li4A, and Li5A); (b) stacking
of Geli, polyhedra by sharing opposite faces resulting in parallel rods
which run along the crystallographic a-axis (Ge = black, Li = white,
thermal ellipsoids at 90% probability, single crystal data at 100 K). The
polyhedra stacking in the structure model “Lijgs5Ges” is indicated by
numbers X which correspond to the coordination polyhedra of atom
GeXin (a).

Table 5 Selected interatomic distances in Lijg33Ges (Cmcm, Z = 16,
T = 123 K, estimated standard deviations in parentheses)

Atom pair d(A) Atom pair d(A)

Gel  Li7 X2 2.631(2) Ge2  Lis x4 3.127(1)
Li5B x2  2.64(2) Ge3  LidA 2.596(2)
Li4B  x2 2.772(4) Li7 2.603(2)
Li9 x4 2.790(1) Li8 2.693(2)
Li2 X2 2.792(1) Li6 X2 2.7188(9)
Li5A  x2  2.854(8) Li5B x2  2.723(8)
Li3 3.001(2) LiSA  x2  2.747(3)
LidA =2 3.309(3) Li4B  x2  2.854(3)

Ge2  Li6 X2 2.647(2) Lilo  x2  2.875(1)
Li3 X2 2.657(1) Li1 2.896(1)
Lito  x2  2.707(2) Li9 2.932(2)
Li2 2.753(2) Li8 2.983(2)
Li1 X2 2.867(2)

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Trend of cell volumes vs. Ge contents in Li;;Sis_Ge, (x = 0, 2.30(2),
3.08(4), 3.53(3), 4). Cell parameters were determined from respective
PXRD patterns by Rietveld refinement (Fig. S2), and Ge contents were
obtained from either single crystal X-ray diffraction data or EDX (error
bars for a, V, and Xsingle crystal (in at%) are smaller than data point icons).

14- and the latter are 13-coordinated by Li atoms with similar
Ge-Li distances (2.68 A-2.95 A vs. 2.65-3.04 A). The pheno-
menon that different crystallographic sites are substituted
differently is also known as the “coloring problem”."® In some
cases the site preferences cannot be deduced on the basis of
simple chemical reasoning (e.g. differences in electronegativ-
ities) and quantum chemical calculations may give a reason-
able explanation.*® Here, the focus is set on experimental work
and we note that small differences in the distribution of Si and
Ge on atom positions Tt2 and Tt1, Tt3, Tt4 were traced.

Thermodynamic stability of Li;;Ge, and Li;6 35Ge,

The Li-Ge phase diagram was determined by Federov &
Molochka®® in 1966 and later revised by Griittner® in his dis-
sertation. However, a current compilation of the Li-Ge
system®® did not include Griittner’s results and, hence, signifi-
cant information is missing. Therefore and due to the recent
improvements of the Li-Si phase diagram (>76 at% Li),* " a
detailed redetermination of the respective portion of the Li-Ge
system is essential.

The lithium-rich section of the Li-Ge phase diagram (>79 at
% Li) was studied by DSC investigations of samples with sys-
tematically different compositions Li;;Ges, “LijesGes” and
“Li;¢Ge,”. Accordingly, PXRD patterns correspond to pure-
phase Li;;Ge,, a mixture of Li;;Ge, and Lij33Ge;, and a
mixture of Li; ¢ 33Ge, and Li;sGey, respectively (Fig. 7).

The thermograms of these samples are depicted in Fig. 7.
The first thermal events in these cooling traces (signal 1-3) are
assigned to the crossing of the liquidus boundary. Analogously
to the Li-Si system,'® signals (4) and (5) at 520-522 °C and
627 °C are attributed to the peritectic formation temperatures
of Li;;Ge, (481-486 °C for Li;,Si,y) and Lise 33Gey (618 °C for
Liy6.42S14), respectively. This is additionally strengthened by
our results from melt equilibration experiments (see above)
where crystals of Li;e33Ge, are only afforded above tempera-
tures of 520 °C. Note that signal (5) corresponding to the peri-

This journal is © The Royal Society of Chemistry 2014
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tectic formation of Lig33Ge, from melt and Lij;Ge, is
superimposed by signals (1) and (2) in the cooling traces of
Li;;Ge, and “Liy6 5Gey” (Fig. 7), respectively, but clearly visible
for the “Li;¢Ge,” sample. Instead, it can be recognized at
around 630 °C in the respective heating trace, exemplarily
shown for Li;,Ge, (effect 5'). Furthermore, long term anneal-
ing experiments of “Li;sGe,” samples (Fig. S1 in the ESIf})
established Li;e33Ge, as a high-temperature phase being
stable above ~400 °C until 627 °C, just like Li;¢.4,Sis existing
between 470 and 618 °C."'® We note that the decomposition be-
havior of Liye35Ge, is very sluggish and even harder to trace
than in the case of its Si counterpart.

Finally, the recent results from DSC investigations are com-
piled in an updated Li-Ge phase diagram (Fig. 8b) which was
revised from Griittner’s previously determined one shown in
Fig. 8a. A comparison with the Li-Si phase diagram (Fig. 8c)
reveals similarities to the Li-Ge system. An interesting differ-
ence is the stability of Li;sTt,. Whereas Li;5Si, is metastable
and decomposes above ~170 °C,® Li;sGe, is thermodynami-
cally stable and melts congruently at 720 °C.>® Furthermore,
uncertainties regarding the isotherms at 610 °C and 618 °C in
the Li-Si phase diagram'® could not be found for the Li-Ge
system.

Conclusion

The germanides Li;;Ge, and Li;e33Ge, were established as
further representatives of the Li-Ge system. The latter is
assigned a high-temperature phase which exists between ~400
and 627 °C, the former, the lithium-richest Li-Ge phase,
decomposes peritectically at 521 °C into melt and Li;¢ 33Ge,.
Lis6.38Gey4 can be retained at room temperature if according
melts are cooled to the respective temperature region and sub-
sequently quenched. Both germanides are isotypic to the sili-
cides Li;;Siy and Li;e4,Si, extending the family of isotypic
lithium tetrelides to Li;;Tt,, Liye4Tts, LijsTt,, Lij4Tte, Li;,Tt,
and LiTt (Tt = Si, Ge). The previously reported Li;s95Ge, can
be regarded as representative of a homogeneity region
Li;;_,Tt, (0 < x < 0.2) with Li;;Ge, and LiyeGe, (Liy;Ges) as
border phases only differing in the occupation of the Wyckoff
position 4a. Moreover, the validity of Vegard’s law for the solid
solutions Li;;Si,_,Ge, was confirmed and small differences in
the distribution of Si and Ge to the four crystallographically
independent atom positions were observed. Regarding the
thermodynamic properties, the regions of stability for Li,,;Tt,
and Li;g 4Tty are very similar. Interesting are also the thermo-
dynamic and structural differences of lithium silicides and
germanides. For instance, whereas Li;5Si; is a metastable
phase, Li;sGe; melts congruently at 720 °C. Further, the
phases LisGe, and Li;Ge;, are not known in the Li-Si system.
In particular, the synthesis of a hypothetical phase Li,Si;,
would be an intriguing field of research since it may serve as a
precursor for a new allotrope of Si, just as was reported for
Li,Ge,, and its mild oxidation to allo-Ge.*®>*
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Fig. 7 PXRD patterns and corresponding DSC thermograms of bulk samples (a) Li;;Gey, (b) Lizg sGes, and (c) Li;eGe4 (PXRD patterns: experimental =
black, Li;;Gey (calc.) = yellow, Lig 10Ge (calc.) = blue, Li;sGey (calc.) = red; DSC thermograms: heating and cooling traces are shown in red and blue,
respectively, a signal assignment is given in the Li—Ge phase diagram in Fig. 8b).

Experimental section
Synthesis

Starting materials were Li rods (99%, Rockwood-Lithium), Si
powder (99.999%, Alfa Aesar) and Ge pieces (99.999%,
Chempur). All steps of synthesis and sample preparation were
carried out in a glove box (MBraun, Ar atmosphere, H,O and
O, levels <0.1 ppm). Ta and stainless steel ampules were
thoroughly cleaned, heated to 1000 °C (Ta) or 800 °C (stainless
steel) under dynamic vacuum (p < 1 x 10~ mbar) for at least
2 h and transferred to the glove box. An all-glass Schlenk line

Dalton Trans.

supplied with Ar, which is dried over P,Os, molecular sieve
and heated titanium sponge (7 = 750 °C), was used for heating
and handling under inert conditions.

Large single crystals of Li;;Ge, and Li, 10Ge (Liye.35Ges) (cf
Fig. 1) were obtained from equilibrating melts with compo-
sitions “LigsGes” and “LigsGe;s” at temperatures of 400 and
530 °C in Ta ampules (slow cooling from 700 °C at a rate of
5 K h™" followed by 48 hours dwelling at specified tempera-
tures) and subsequent isothermal melt-centrifugation. Details
of this procedure have already been described in ref. 9 and 52.
Crystals of Liy,Siy_,Ge, [x = 0, 2.30(2), 3.08(4), 3.53(3)] were

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4dt00743c

Published on 13 May 2014. Downloaded by Technische Universitaet Muenchen on 05/06/2014 14:03:37.

Dalton Transactions

a) 780 °C
720 °C
700 - '
630 °C
600
!
o 530 °C ® E
=~ - Al |
[
500
O
Q
._I_'
400 -

81 80 79 78 77

<«— at.% Li
c)
1224C
700 A
618°C

gig T ——
T %) =
P z 2
~ ] pa}
-

500 1 4g1486°c

I 470-480°C
a00{ |~

81 80 79 78 77

<—at.% Li

View Article Online

Paper
b) 780 °C
: DSC samples
720 °C
700 4 . ‘
600 - f
1 - i @
© : Q Q
= : 5 5
L o
500 - :
sli| &
8|S
] s
0 1 a0 °C
Ivv y

81 80 79 78 77

<«— at.% Li

Fig. 8 (a) Excerpt of the Li—Ge phase diagram as reported from Gruttner?® (the composition of the eutectic between Li;sGe, and Lij3Gey was not
determined), (b) its revision based on DSC investigations and annealing experiments of “Lij¢Ge,” samples reported herein, and (c) the most recent

Li-Si phase diagram for Li concentrations >76%.1°

grown analogously in stainless steel ampules from melts with

compositions “LigoSiyp”, “LigoSiy5Gess”, “LigeSisGes” and
“LigSi,. sGey 5” equilibrated at 450 °C.
Furthermore, elemental mixtures with compositions

Li;;Gey, “Lijs5Ge,” and “Li;¢Ge,” with a total amount of 2.5 ¢
each were loaded into Ta ampules which were sealed by arc
welding inside the glove box. For achieving targeted compo-
sitions with sufficient precision, a batch size of 2.5 g was
deemed appropriate to keep weighing errors minimal.”*° Sub-
sequently, ampules were sealed in silica jackets under vacuum
and annealed in a muffle furnace. The temperature was raised

This journal is © The Royal Society of Chemistry 2014

to 750 °C at a rate of 10 K min~" and held for 0.5 h followed by
cooling to 500-550 °C at a rate of 10 K min~". After a dwell
time of one hour, ampules were quenched in water and trans-
ferred back to the glove box. Obtained products were ground
in agate mortars and characterized by powder X-ray diffraction

(¢f. Fig. 7).
Differential scanning calorimetry (DSC)

Differential scanning calorimetry was carried out with a
Netzsch DSC 404 Pegasus apparatus. Cylindrical Nb crucibles
(L = 15.0 mm, OD = 6.5 mm, ID = 5.0 mm) were thoroughly
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cleaned, heated to 1000 °C under dynamic vacuum (p < 1 x
10~ mbar) for 2 h and transferred to an Ar-filled glove box.
Crucibles were loaded with 30-50 mg of the sample (Li;,Gey,
“Lije5Gey” and “Li;¢Ges”). Subsequently, the open end was
roughly closed by crimping and then sealed by arc-welding
inside the glove box under cooling. A sealed Nb crucible
without the sample served as a reference. For all measure-
ments an Ar-flow of 60-70 mL min~" and a heating/cooling
rate of 10 K min~" were used. Samples were recovered after the
measurement inside an Ar-filled glove box. Data were handled
with the program Proteus Thermal Analysis.”?

Annealing experiments

In order to further investigate the thermodynamic stability of
Lis10Ge (Lije.33Ge,), batches of 100-150 mg of “Li;¢Ge,” bulk
material were sealed in Ta ampules and annealed in a muffle
furnace at 200, 400 and 510 °C (10 K min™" heating rate) for
three days. Thereafter, ampules were quenched in water and
transferred inside an Ar-filled glove box. Products were ground
in agate mortars and subsequently characterized by powder
X-ray diffraction (Fig. S17).

Single crystal X-ray diffraction and structure determination

Crystals of Li;;Ge, and Liy gos(4)G€ (Liss.35(2)Ge4) Were handled
in an Ar-filled glove box, selected under a microscope and
sealed inside glass capillaries. For the best specimen, intensity
data were collected at room temperature (Li;;Ge,) and 123 K
(Lis6.3502)Ge4) on a Bruker X-ray diffractometer equipped with a
CCD detector (Apex II, k-CCD), a fine-focused sealed tube with
MoK, radiation (4 = 0.71073 A) and a graphite monochromator
using the Bruker Apex2 software.’>® Integration, data reduction
and absorption correction were done using SAINT and
SADABS.>>*® The space groups Fi3m (Li;;Ge,) and Cmcm
(Lije.3802)Ges) were assigned on the basis of the systematic
absence and the statistical analysis of the intensity distri-
butions. For Li;,Ge,, Friedel pairs were not merged since the
assigned space group is non-centrosymmetric. The Flack®” par-
ameter was determined as 0.50(3). The structures were solved
by direct methods (Shelxs-97°%) and refined with full-matrix
least squares on F* (Shelxl-97°°). Difference Fourier maps
F, — F, were calculated with Jana2006.°° All refinement results
are compiled in Table 6.

Details of the single crystal X-ray structure determination,
refinement data, fractional atomic coordinates and isotropic
equivalent atomic displacement parameters for Li;,Si,_.Ge, [(x =
2.30(2), 3.08(4), 3.53(3)] are given in Table S1-4 in the ESLf
Further data may be obtained from Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-427231 (Liyq0Ge (Lijg35Ges)),
CSD-427232 (Li;;Gey), CSD-427233 (Liy;Sig4sGes.53), CSD-427234
(Li;5Sig.02Ges.05), and CSD-427235 (Li;-Siy 70Ges.30)-

Powder X-ray diffraction (PXRD)

PXRD patterns were recorded on a Stoe Stadi P diffractometer
(Ge(111) monochromator for CuK,; radiation, 1 = 1.54056 A)
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Table 6 Crystallographic data and structure refinement for Li;;Ge4 and

Lis.006(4)Ge

Empirical formula Li;;Gey Lis.006(4)G€
T/K 298(2) 123(2)
Formula weight/g-mol ™" 408.34 101.01

Crystal size/mm”®
Crystal color

0.40 x 0.40 x 0.35
Metallic silver

0.37 x 0.24 x 0.23
Metallic silver

Crystal shape Block Bar

Space group Fi3m Cmcem
Structure type Li;;Pb, Liy 14 Si

Unit cell dimension/A a=18.8521(3) a=4.5511(2)

b = 22.0862(7)
¢=13.2751(4)

VIA® 6700.1(2) 1334.37(8)

VA 20 16

p (cale.)/g em™ 2.024 2.011

u/mm™* 8.832 8.860

F (000) 3580 709

6 Range/° 1.87-45.26 1.84-40.25

Index range hkl —37<h<+23 —6<h<+8
—-37 <k<+30 —-32 <k<+40
—37<1<+37 —24 <[ <+19

Reflections collected 67 542 15241

Independent reflections 2757 (Rine = 2369 (Rine =
0.047) 0.023)

Reflections with I> 24(I) 2547 (Rs = 0.017) 1920 (R, = 0.017)

Data/restraints/parameter 2757/0/68 2369/0/82

Absorption correction Multi-scan Multi-scan

Goodness-of-fit on F* 1.106 1.042

Final R indices [I > 20(1)]*? R, =0.018 R, =0.015
WR, = 0.037 WR, = 0.026

R indices (all data)®? R, =0.022 R, =0.023
WR, = 0.038 WR, = 0.027

Extinction coefficient 1.59(9) x 107* 1.52(7) x 1072

Flack parameter 0.50(3) —

Largest diff. peak and hole/e
A—B

0.46 and —0.69

0.69 and —0.52

“Ry = Y| Fo|=|Fel /X1 Fol- bWRZ = [ZW(FOZ - FCZ)Z/ZW(FOZ)Z]I/Z-

equipped with a Dectris Mythen DCS 1 K solid state detector.
Investigated samples were (i) single crystals of Li;,Si,_,Ge, (x =
0, 2.30(2), 3.08(4), 3.53(3), 4), (ii) bulk samples of Li;;Gey,
“Li65Ge,” and “LijeGey”, and (iii) samples of “Li;cGe,”
annealed at different temperatures. These were thoroughly
ground in agate mortars, sealed inside 0.3 mm glass capil-
laries and measured in a 26-range of 5-90° (PSD steps:
0.06-1.00°; time per step: 20-40 s).

Energy dispersive X-ray spectroscopy (EDX)

A Jeol-JSM 7500F scanning electron microscope equipped with
an Oxford X-Max EDX analyzer with Mn as an internal stan-
dard was used for determining the Si-Ge ratios in Li;;Sis_,Ge,
[x = 2.30(2), 3.08(4), 3.53(3)]. Samples were handled inside an
Ar-filled glove box and fixed on a graphite platelet which was
mounted on an aluminum stub.
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SUPPORTING INFORMATION

Structural and Thermodynamic Similarities of Phases in the Li—7%
(Tt = Si, Ge) Systems: Redetermination of the Lithium-Rich Side of the
Li—Ge Phase Diagram and Crystal Structures of Li;;Sis-.Ge,
for x =2.3, 3.1, 3.5, and 4 as well as Li; ;Ge

Michael Zeilinger and Thomas F. Fassler*

Department Chemie, Technische Universitdit Miinchen, LichtenbergstrafSe 4,

85747 Garching b. Miinchen, Germany

Details on the structure refinement of Lis 964 Ge

The structure of Lijg3302)Ges is isotypic with Lis11Si (Lije42(1)Sis) and the disorder model
highlighted in this article corresponds to the one reported for Lijs 42(1)Sis. Atom positions Li4A
on 4c (', y, ), Li4B on 8g (x, y, ), and Li5 on &f (0, x, y) are affected by disorder
(cf. Table 2). A free refinement of occupancy factors for Li4A and Li4B delivers values of
0.669(15) und 0.390(8). Within standard deviations (30), those values are in agreement with
refinement results using the constraint occ(Li4A) + occ(Li4B) =1 (0.616(8) and 0.384(8))
which excludes their simultaneous occupancy since otherwise meaningless Li—Li distances are
observed.

For Li5 on 8/ (0, x, y), a split position was introduced. The split fractions converged to
0.25(4) and 0.75(4) which is identical with results obtained from a free refinement of
occupancy factors for these positions (0.74(4) and 0.25(4)). The R-values of the final model are
Ry= 0.023 and wR,=0.027 for all data and residual electron densities are +0.69 e-A7 and
—0.52 e-A”. Ignoring the atom split, the reliability factors for all data are slightly higher
(R;=0.024 and wR,= 0.030) but significant residual electron density is almost exactly located
at the former Li5B position (+1.134 e:A™).

Regarding the relevance of the atom split for Li5, it demonstrates structural flexibility
which comes along with the disorder of Li4A and Li4B. In detail, if position Li4B is occupied,
a simultaneous occupancy of Li5B is excluded due to unreasonably short Li—Li distances
(2.02(4) A). In case of an occupied Li4A site, either LiSA or Li5B can be occupied (2.86(3) A
(Li4A-Li5B), 3.220(7) A (Li4A-Li5B)).
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Li;7Sis—Ge, [x =2.30(2), 3.08(4), 3.53(3)]: Single Crystal X-ray diffraction and
crystallographic details

The preparation of crystals from Li;7S14-,Ge, [x = 2.30(2), 3.08(4), 3.53(3)] exactly follows the
procedure described in the main article. For Li7SisGe, [x =2.30(2), 3.08(4)], single crystal
diffraction data were collected at 123 K on an OXFORD XCALIBUR3 diffractometer (SAPPHIRE3
CCD detector) equipped with a graphite monochromated MoK, radition (1 = 0.71073 A) using
the Oxford CrysAlisRED software.! Empirical absorption correction was carried out with the
SCALE3 ABSPACK scaling algorithm as implemented in CRYSALISRED. For Li;7S1473)G€3.533),
intensity data were collected at 123 K on a BRUKER X-ray diffractometer equipped with a CCD
detector (APEX II, x-CCD), a rotating anode (NONIUS, FR591) with MoK, radiation
(4 =0.71073 A) and a Montel mirror using the BRUKER APEX Software Suite.” Integration, data
reduction and absorption correction was done with SAINT and SADABS.>*

In case of Li;7Si0.024)Ge3.084), penetration twinning along [1 1 1] was detected (twin
fraction 0.45). Only single reflections of the main domain were used, composite reflections
from both domains were omitted. For all compounds, the space group F43m was assigned on
the basis of the systematic absences and the statistical analysis of the intensity distributions.
Since F43m is non-centrosymmetric, only identical indices were merged. Fractional atomic
coordinates and atomic displacement parameters for Si/Ge mixed sites were set equal. The
structures were solved with direct methods (SHELXS-97) and refined with full-matrix least

squares on F* (SHELXL-97).5’ 6

Table S1-S4 list refinement results, fractional atomic
coordinates, and isotropic equivalent atomic displacement parameters for Li;;Sis—Ge,

[x = 2.30(2), 3.08(4), 3.53(3)].
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Table S1. Crystallographic data and structure refinement for Li;,Si;-,Ge, [x = 2.30(2), 3.08(4), 3.53(3)].

empirical formula

L1751 702)Ge€2.3002)

Li,7S10.92(4)G€3.08(4)

Li17S10.473)Ge3.533)

T/K 123(2) 123(2) 123(2)
diffractometer Oxford Xcalibur Oxford Xcalibur Bruker APEX 11
formula weight / g-mol ™" 332.69 367.44 387.34

crystal size / mm?®

crystal color

0.20 x 0.20 x 0.10

metallic silver

0.10 x0.10 x 0.10

metallic silver

0.20 x0.20 x 0.15

metallic silver

crystal shape block block block
space group F43m F43m F43m
structure type Li,7Pby Li;;Pb, Li,7Pby
unit cell dimension / A a=18.7125(1) a=18.7515(12) a=18.7721(5)
VA3 6552.33(6) 6593.4(1) 6615.1(3)
4 20 20 20
p (cale.) / (grem™) 1.686 1.851 1.945
w/ mm! 5.354 6.995 7.928
F(000) 2968 3249 3410
6 - range / ° 3.61-30.45 3.07-30.00 2.17-30.03
index range hkl —26<h<+14, 26 <h<+25, 26 <h<+18,
=26 < k<126, —26 < k<+26, —26<k<+19,
—26<1<+26 —26<[<+26 —24<[<+22
reflections collected 31663 26446 19618

independent reflections

reflections with 7> 20(1)

1035 (Rin = 0.032)
991 (R, = 0.010)

952 (Rin = 0.061)
880 (R, = 0.021)

1019 (R = 0.041)
1016 (R, = 0.015)

data/restraints/parameter 1035/0/72 952/0/72 1019/0/72
absorption correction multi-scan multi-scan multi-scan
goodness-of-fit on F* 1.260 1.000 1.202

Final R indices [/ > 2a(])]"" R, =0.016 R, =0.022 R, =0.014
wR,=0.036 wR,=0.047 wR,=0.036
R indices (all data)a"b R, =0.017 R, =0.025 R, =0.014
wR,=0.036 wR,=0.048 wR,=0.037
extinction coefficient 4.4(3)x10°* 2.43)x10* 0.9(1)x10°*
Flack parameter 0.42(3) 0.54(5) 0.54(3)
Largest diff. peak and 0.45 and —0.28 0.32 and —0.26 0.28 and —0.37

hole / e-A™3

‘Ri=3||F|-[F| | /2] F]
bWR2: [ZW(FOZ_FCZ)Z/ZW(Foz)z]]/2
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Table S2. Fractional atomic coordinates and isotropic equivalent atomic displacement parameters for

Li,7S1; 702)Ge€2.3002) (F43m, Z=20, T= 123 K, estimated standard deviations in parentheses).

Atom Wyckoff X y z Ugq s.o.f.
position / (A*107%)

Si/Gel 16e 0.15972(2) X X 7.2(2) 0.41(1)/0.59(1)
Si/Ge2 16e 0.91675(2) X x 6.6(2) 0.522(9) / 0.478(9)
Si/Ge3 24f 0.32154(3) 0 0 7.6(2) 0.39(1)/0.61(1)
Si/Ge4 24g 0.57001(3) Va Va 7.8(1) 0.40(1) / 0.60(1)

Lil 16e 0.0743(3) X X 16(2) 1

Li2 16e 0.3027(2) X x 11(1) 1

Li3 16e 0.4187(3) X X 12(1) 1

Li4 16e 0.5573(2) X x 12(1) 1

Li5 16e 0.6882(2) X X 15(1) 1

Li6 16e 0.8325(2) X X 19(2) 1

Li7 24f 0.1686(4) 0 0 19(2) 1

Li8 24g 0.0746(3) Ve Vi 10(2) 1

Li9 48h 0.0909(2) x 0.2625(3) 19(1) 1

Lil0 48h 0.0907(2) X 0.7609(3) 21(1) 1

Lill 48h 0.1550(2) X 0.5211(2) 21(1) 1

Lil2 48h 0.1632(2) X 0.0026(3) 12(1) 1

Lil3 4a 0 0 0 13(3) 1
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Table S3. Fractional atomic coordinates and isotropic equivalent atomic displacement parameters for

Li,7S10.92(4)G€3.08(4) (F43m, Z=20, T= 123 K, estimated standard deviations in parentheses).

Atom Wyckoff X y z Ueq s.0.f.
position / (A*107%)

Si/Gel 16e 0.15999(3) x x 9.5(2) 0.22(2)/0.78(2)
Si/Ge2 16e 0.91708(3) X X 8.6(2) 0.30(2) /0.70(2)
Si/Ge3 24f 0.32192(4) 0 0 9.6(2) 0.22(2)/0.78(2)
Si/Ge4 24¢g 0.56959(4) Va Va 10.8(2) 0.21(2) /0.79(2)

Lil 16e 0.0732(5) X X 29(4) 1

Li2 16e 0.3019(3) x x 17(2) 1

Li3 16e 0.4186(5) x x 20(3) 1

Li4 16e 0.5578(3) X X 16(2) 1

Li5 16e 0.6893(4) x X 20(3) 1

Li6 16e 0.8329(5) X X 45(5) 1

Li7 24f 0.1694(7) 0 0 27(5) 1

Li8 24g 0.0755(6) Y Ve 12(4) 1

Li9 48h 0.0910(4) X 0.2622(4) 22(2) 1

Lil0 48h 0.0919(5) x 0.7631(6) 41(3) 1

Lill 48h 0.1553(3 X 0.5218(4) 23(2) 1

Lil2 48h 0.1636(3) X 0.0031(5) 15(2) 1

Lil3 4a 0 0 0 17(6) 1
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Table S4. Fractional atomic coordinates and isotropic equivalent atomic displacement parameters for

Li,7S1047:3)Ge€3 533 (F43m, Z=20, T= 123 K, estimated standard deviations in parentheses).

Atom Wyckoff X y z Ugq s.o.f.
position / (A*107%)

Si/Gel 16e 0.15962(1) X X 7.5(1) 0.10(1) /0.90(1)
Si/Ge2 16e 0.91657(1) X x 6.2(1) 0.18(1)/0.82(1)
Si/Ge3 24f 0.32124(2) 0 0 7.3(1) 0.10(1) /0.90(1)
Si/Ge4 24g 0.57034(2) Va Va 7.3(1) 0.11(1) /0.89(1)

Lil 16e 0.0740(3) X X 20(2) 1

Li2 16e 0.3028(2) X x 14(1) 1

Li3 16e 0.4179(3) X X 14(2) 1

Li4 16e 0.5573(2) X x 14(1) 1

Li5 16e 0.6872(2) X X 15(1) 1

Li6 16e 0.8317(2) X X 18(2) 1

Li7 24f 0.1672(4) 0 0 19Q2) 1

Li8 24g 0.0747(3) Ve Vi 12(2) 1

Li9 48h 0.0908(2) x 0.2622(3) 22(1) 1

Lil0 48h 0.0900(2) X 0.7614(3) 18(1) 1

Lill 48h 0.1553(2) X 0.5197(2) 17.109) 1

Lil2 48h 0.1633(2) X 0.0018(3) 14(1) 1

Lil3 4a 0 0 0 8(3) 1
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Table S5.° Comparison of experimental and computational relaxed fractional atomic coordinates for
LiySis” ° (aexp.= 18.710Q2) A (T=298K), dcqe. = 18.55411 A, F43m, Z=16) and Li;Sis’
(Aexp- = 18.6563(2) A (T=123K) and aeu.. =18.57319 A, F43m, Z=20). Estimated standard

deviations are given in parentheses; most differing Lil is marked in bold.

Atom “;Z:k x(Liasiy (cl;iil.?ls (LijSiS) ) (01;11??15 x(Lipsi) (cl;ig?u 2 (LiSi) gﬁ??”
Tl 16e  0.1595(2)  0.1605 x x 0.15976(1)  0.1600 x x
™2 16e  091752)  0.9149 x x 0.91660(1)  0.9167 x x
T3 24f  032203) 03219 0 0 032133(1)  0.3215 0 0
T4 24g  0.5691(3)  0.5700 v v 0.57031(1)  0.5708 v va

Lil 16e  0.0712)  0.0553
Li2 16e  0304(1) 03027
Li3 l6e  0417(1)  0.4189

x 0.07410(6)  0.0750
X
X
Li4 16e  0.559(2)  0.5572 x
X
X
0

x X X
X 0.30284(5) 0.3031 X X
x 0.41794(7) 0.4180 x x
X 0.55713(5) 0.5572 X X
Li5 16e 0.688(2) 0.6862 X X X
Li6 16e 0.829(1) 0.8301 X 0.83168(6) 0.8311 X X
Li7 24f 0.174(2) 0.1725 0 0.16807(8) 0.1691 0 0
Li8 24g 0.073(2) 0.0747 Ya Va 0.07492(9) 0.0750 Ya Va
Li9 48h 0.092(1) 0.0910 0.262(1) 0.2630 0.09068(4) 0.0907 0.26186(6) 0.2616
Lil0 48h 0.088(1) 0.0905 0.761(1) 0.7616 0.09013(5) 0.0900 0.76176(6) 0.7604
Lill 48h 0.153(1) 0.1550 0.521(1) 0.5203 0.15503(4) 0.1551 0.51978(6) 0.5193
Lil12 48h 0.164(1) 0.1607 0.000(1) 0.0068 0.16327(4) 0.1635 0.00286(7) 0.0029
Lil3 4a - - - - 0 0 0 0

0.68687(5)  0.6867

Table S6. Comparison of experimental fractional atomic coordinates for Li;;Sis® (a = 18.6563(2) A,
T=123K), Li;sGes (a=18.8521(3) A, T=298 K), Li;;.Zn,Ge,’ (a=18.842(1) A, T=173 K), and
Lije0sGes'® (@ = 18.756(2) A, T=160 K; space group F43m, Z=20). Estimated standard deviations

are given in parentheses.

Wyck. C . X X o z z z

Atom s @S x@inGe) o Ge  (LiwssGes) Z TS (LiGe)  (LimeZnGes) (LirsssGes)
il 16e  0.15976(1) 0.15955(1)  0.15958(2)  0.15952(5) x x x x
2 16e  091660(1) 091657(1)  0.91667(3)  0.91684(5) x x x x
T3 24f  032133(1) 032102(1)  0.32118(4)  0.32112(7) 0 0 0 0
T4 24g  0.57031(1) 0.57015(1)  0.57020(4)  0.56965(7) v Vi v Vi
LilA  16e  0.07410(6) 0.0734(2)  0.0747(6) 0.0775 x x x x
LilB  l6e - ; - 0.0587 ; - - x
L2 16e 0302845 030312)  030333)  0.3032(6) x x x x
Li3  16e  041794(7) 041752) 041795  0.4169(9) x x x x
Li4  16e  055713(5) 0.5575(2)  0.5584(4)  0.5579(6) x x x x
Li5  16e  0.68687(5) 0.6877(2)  0.6864(4)  0.6876(7) x x x x
Li6  16e  0.83168(6) 0.83142)  0.8331(4)  0.8329(7) x x x x
Li7  24f  0.16807(8) 0.1677(3)  0.1678(6) 0.170(1) 0 0 0 0

Li8 24g  0.07492(9) 0.0743(3) 0.0740(6) 0.075(1) Ya Ya Ya Va
Li9  48h  0.09068(4) 0.0913(2)  0.0906(3)  0.0907(7) 026186(6) 0.2624(2)  0.2631(4)  0.2660(8)
Lil0  48h  0.09013(5) 0.0896(2)  0.0904(4)  0.0914(7) 0.76176(6) 0.7612(2)  0.7613(4)  0.7597(9)
Lill 48k  0.15503(4) 0.1547(1)  0.1554(3)  0.1540(5) 0.51978(6) 0.5205(2)  0.5216(4)  0.5216(9)
Lil2 48h 0.16327(4)  0.1637(1) 0.1632(3) 0.1625(5)  0.00286(7)  0.0027(2) 0.0025(5) 0.005(1)
Lil3 4a 0 0 0 0 0 0 0 0
Znl 4a - - 0 - - - 0 -
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Table S7. Comparison of experimental fractional atomic coordinates for Lij60sGes'’ (a=18.756(2) A,

T=160K;

space

group FA43m, Z=20)

and

computational relaxed ones

for

(Geate. = 18.55411 A, F43m, Z = 16). Estimated standard deviations are given in parentheses.

Atom

Tt1
112
113
Tt4
LilA
LilB
Li2
Li3
Li4
Li5
Li6
Li7
Li8
Li9
Lil0
Lill
Lil2
Lil3

Wyck
0

16e
16e
24f
24g
16e
16e
16e
16e
16e
16e
16e
24f
24g
48h
48h
48h
48h
4a

x (Lij605Ges)

0.15952(5)
0.91684(5)
0.32112(7)
0.56965(7)
0.0775
0.0587
0.3032(6)
0.4169(9)
0.5579(6)
0.6876(7)
0.8329(7)
0.1697(12)
0.0752(12)
0.0907(7)
0.0914(7)
0.1540(5)
0.1625(5)
0

x (Lip;Sis calc.)
0.1605
0.9149
0.3219
0.5700
0.0553
0.3027
0.4189
0.5572
0.6862
0.8301
0.1725
0.0747
0.0910
0.0905
0.1550
0.1607

z (Lij695Gey)

0.2660(8)
0.7597(9)
0.5216(9)
0.005(1)

Va

0

z (Liz] Sl5 CalC.)

0

Va
0.2630
0.7616
0.5203
0.0068
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Figure S1. PXRD patterns of “Li;¢Ges” samples annealed at 200, 400 and 510 °C in tantalum ampules
for three days followed by quenching in water (experimental = black, Li;;Geq4 (calc.) = yellow, Lig 0Ge

(calc.) = blue, Li;sGey (calc.) = red).
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Figure S2. Rietveld'' fits of the Li;;Si, model to PXRD patterns of ground single crystals of
Li;7Sig—Ge, (x =0, 2.30(2), 3.08(4), 3.53(3), 4).
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ABSTRACT

A versatile chemical synthesis of amorphous silicon (a-Si) starting from LissSis powder which
is easily accessible through high-energetic ball-milling is presented. Using a custom-built
extractor, lithium can be extracted from LissSis through liquid ammonia. After a subsequent
aqueous treatment of the intermediate, a mixture of a-Si and LiNH,, a-Si is retained as a black
powder. a-Si samples were characterized by powder X-ray diffraction, infrared, Raman,
photoluminescence, atomic absorption and energy dispersive X-ray spectroscopy,
transmission electron microscopy, selected area electron diffraction as well as differential
thermal analysis. Those characterization methods revealed the presence of micro- and
nanosized particles, a slight surface oxidation after aqueous treatment, an amorphous-to-
crystalline phase transition at around 658 °C and conclusive evidence for the amorphous
nature of the samples. Further, we focused on the synthesis of allo-Si, a silicon allotrope
described in the 1980’s which can be obtained through oxidation of the phase Li;NaSis.
Previous results from powder X-ray diffraction experiments could not be confirmed and were
shown to be ambiguous. Instead, depending on the crystallinity of the precursor, LisNaSis
undergoes a partial or full amorphization after treatment with protic solvents. The reaction
yields amorphous silicon which differs from ordinary a-Si regarding the amorphous-to-
crystalline transformation temperature ranging from 490 to 570 °C. However, the different
phase transition temperatures of a-Si and a-allo-Si are attributable to the large concentration
of a-Si crystallites (crystallization nuclei) in a-allo-Si samples. Conclusive characteristics that
would allow an unambiguous differentiation between a-allo-Si and a-Si were not found. There
are also strong indications that the XRD reflections reported earlier for allo-Si (ICSD-41-1111)
are identical to those of NbSi.. Therefore the results cast doubts on the existence of the silicon
polymorph allo-Si. Besides, quantum chemical calculations confirm that upon oxidation
Li;NaSis does not behave analogously to Li-Ge:» which is topotactically converted to
m-allo-Ge. Furthermore, the previously published TON zeolite-type structure (ZSM-22) was
found to be a product of a full structural relaxation starting from the Si substructure of
LisNaSis.
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5.6 Allotropism of Silicon

1. INTRODUCTION

Exploring new allotropes of elements has been a challenging and intriguing field of
research ever since. In particular, the variety of properties of a single element that arises from
different structures are fascinating, such as the carbon allotropes graphite and diamond, the
former a conductive soft material being used as electrode and lubricant and the latter an
insulator and one of the hardest known materials. In general, the chemistry of group 14
elements, primarily silicon and germanium, was fueled by the demand for more efficient solar
cells, thermoelectric and superconducting materials or high-capacity lithium-ion batteries.

In this field a few crystalline phases, amorphous materials and most notably new
allotropes of germanium and silicon have been characterized. In particular, amorphous silicon
(@-Si) is widely used in thin film transistors and regarded as material for future photovoltaic
applications, exploiting its higher optical absorption coefficient for visible light than that of
crystalline silicon (c-Si).? In 2005, McMillan et al.® reported on a solid state synthesis route
for bulk samples of amorphous and nanocrystalline silicon or germanium. A solid state
metathesis reaction (SSM) between NaSi and NH,CI at 200-300 °C is used to produce a-Si
beside NaBr, NH3, and H.. NaBr is subsequently removed by washing with water. Recently,
this method was taken on by Wang et al.* to synthesize P-doped amorphous and
nanocrystalline silicon. Furthermore, bulk amorphous silicon can also be obtained from
crystalline Li-Si phases like LisSis if those are electrochemically delithiated.®

Lastly, the discovery of novel allotropic forms of germanium and silicon decisively
influenced numerous work in the field of semiconducting materials. Examples of crystalline
materials are the clathrate-II-type porous structure Ge-cF136,° hexagonal Ge (4H-Ge),”® and
allo-Ge/m-allo-Ge.”® Also mesoporous Ge-based materials have been reported.'®® In the
case of silicon, the polymorph allo-Si was described briefly.'*® allo-Si/allo-Ge have attracted
our attention since until lately none of these modifications have been unambiguously and
resolutely characterized regarding their structures. The reasons for that can primarily be
ascribed to their synthesis. m-allo-Ge® is obtained by mild oxidation of Li;Ge1»,”'® a phase that
consists of two-dimensional polyanionic slabs 2[Ge:,]”~ which are separated by Li atoms
(Figure 1a). After reaction with protic solvents, interstitial Li is deintercalated and the topology
of those layers is retained under interlayer Ge-Ge bond formation. Turning to Si, allo-Si can
be synthesized analogously from LisNaSis.'*'> Similarly to Li;Ge:,, LisNaSis possesses
polyanionic layers 2[Sig]*~ which are separated from each other by Li and Na atoms

(Figure 1b).
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Figure 1. Structures of a) LizGe2 and b) LisNaSis revealing 2[Ge:2]”~ and 2[Sig]* layers (black),

respectively, that are separated by Li (red) and Na (yellow) atoms.

In the synthesis of both allotropes, microcrystalline (m-allo-Ge) or poorly
crystalline/heavily disordered samples (allo-Si) are afforded that do not allow a comprehensive
structure determination by single crystal X-ray diffraction.”'*'® Yet, just recently the structure
model for m-allo-Ge could be improved significantly by a combination of selected area
electron diffraction (SAED), powder X-ray diffraction (PXRD), quantum chemical calculations
and simulated powder X-ray diffraction patterns,® whereas the structure of allo-Si is still
completely unknown.''s Employing theoretical means, structure models for allo-Si and
several silicon allotropes were predicted.’

Herein, we present an alternative route for bulk amorphous silicon starting from LisSis
which is easily accessible through high-energetic ball-milling. A custom-built apparatus is
used to extract Li from LiisSis powder with liquid ammonia. a-Si is obtained after subsequent
aqueous treatment of the a-Si/LiNH; intermediate. The reproduction of the previously reported
formation of allo-Si by the treatment of LisNaSis with protic solvents also leads to an
amorphous phase which we named accordingly (a-allo-Si). However, a careful analysis of its
synthesis reveals strong indications that the reported Bragg reflections of allo-Si (ICSD 41-
1111) originated from NbSi,» which most probably was formed in small amounts during the
synthesis of LisNaSis in Nb ampules. Although the thermal behavior of a-Si considerably
differs from that of a-allo-Si, conclusive evidence for the existence of allo-Si according to
reports in literature could not be found. In addition, the difficulties to obtain crystalline samples

of allo-Si were explained by quantum chemical calculations.
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2. EXPERIMENTAL SECTION

Synthesis. Starting materials were Li rods (99%, Rockwood-Lithium), Na rods (99%,
Chempur) and Si powder (99.999%, Sigma Aldrich). All steps for solid state synthesis and
preparation of air and moisture sensitive samples were carried out in a glove box (MBraun,
Ar-atmosphere, H,O and O, levels < 0.1 ppm). Ta ampules were thoroughly cleaned, heated
to 1000 °C under dynamic vacuum (p < 1x10-® mbar) for at least 2 h and transferred to the
glove box. Heating and handling under inert conditions was done using an all-glass Schlenk
line supplied with Ar which is dried over P,Os, molecular sieve and heated titanium sponge
(T =750 °C).

Li:>Si;, NaSi, LisSis and LisNaSis. The binary precursors Li;2Si; and NaSi were
synthesized from stoichiometric mixtures of the elements with a total mass of 2.0 g each. The
reactions were carried out in Ta ampules which were encapsulated in silica jackets under
vacuum. Sample annealing was carried out in a muffle furnace. In case of Li.Si7, the
temperature was raised to 750 °C at 5 K-min-', followed by one hour dwelling, cooling to
400 °C at a rate of 0.5 K-min~", dwelling for six hours and subsequent quenching. For NaSi,
the temperature was raised stepwise to 600 °C (5 K:min~" to 500 °C, one hour dwelling,
5 K:min~' to 600 °C). After a dwell time of 30 hours a cooling rate of 5 K-min~' was applied.
Samples were recovered inside the glove box.

LisNaSis was subsequently synthesized from a 1:4:13 molar mixture of Li»Si;, NaSi
(Figure S1), and a-Si (cf. Scheme 1) with a total mass of 0.5 g. Reactants were thoroughly
homogenized in an agate mortar, pressed to a pellet and sealed in a Ta ampule which was

then encapsulated in a silica jacket under vacuum.

Li12Siz + 4 NaSi + 13 Si — 4 LisNaSis

Scheme 1. Peritectoid reaction of Li12Siz, NaSi and a-Si yielding pure-phase LisNaSis.

The ampule was annealed in a muffle furnace applying a heating rate of 5 K:-min-'to a
target temperature of 550 °C, allowing a dwell time of one day. After a slow cooling at
0.075 K-min~" the pure-phase sample is recovered inside the glove box. A sample of Li;NaSis
containing a marginal a-Si impurity was synthesized from a 1:5:26 molar mixture of LisSia,
Na, and a-Si with a total mass of 2.0 g (Figure S7a). The reactants were homogenized by ball-
milling in a stainless steel jar using a RETSCH PM 100 planetary ball mill (duration: 70 min,
250 rpm, ball charge: 3, ball size: 15 mm diameter) and subsequently sealed in a Ta ampule
which was encapsulated in a silica jacket under vacuum thereafter. Annealing was carried out

in a muffle furnace as follows: 4 K-min~' to 600 °C, seven days dwelling, cooling to room
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temperature at a rate of 0.075 K-min~'. The synthesis of Li1sSis bulk material by ball-milling of
a stoichiometric mixture of Li and Si using a RETSCH PM 100 planetary ball mill follows the
description in ref. 26.

All synthesized samples were ground in agate mortars and analyzed by powder X-ray
diffraction. The PXRD patterns in Figure S1, S2 and 3a correspond to pure-phase Li1»Si;, NaSi,
LisNaSis, and Li1sSis, respectively. A reaction of Si with the ampule material forming TaSi. was
circumvented by comparatively low reaction temperatures and short reaction times.

a-Si. 0.5 g of LisSis were loaded into a custom-built extractor for liquid ammonia
(Figure 2). Using liquid ammonia (WESTFALEN AG; dried over Na), Li was extracted from LisSis
under inert conditions at a special high-vacuum glass line which is supplied with purified Ar
(see above). The extraction process was stopped after the color of the liquid ammonia solution
had turned from deep to light blue after approximately 40 extraction cycles. After evaporating
ammonia from the extractor, the solid black product consisting of a-Si and LiNH. (Scheme 2)

was recovered in the glove box.

a custom-built
extractor S —
NHs/Ar/lvacuum - (o ' (1) opened 44 \ (2fopened

()

reservoir

Figure 2. Custom-built apparatus (a) for extracting Li from Li1sSis with liquid NHs. Li1sSis powder is
loaded onto the frit inside the glove box. If NHs is condensed onto it (sample space is cooled, —78 °C),
a deep blue color is observed. Closing valve (1) and cooling the reservoir (b), the extract is transported
therein. By opening valve (1) and cooling the sample space, NHs can be recondensed onto the solid
(c). Thereafter, Li/LiNHz2 remains in the reservoir (c). The color is characteristic for a concentrated

metallic bronze solution of Li in NHs denoted as Li(NHa)x.?”

To produce amorphous silicon (a-Si), 140 mg of the intermediate (a-Si/LiNH. mixture),
were filled into a Schlenk flask. Subsequently, 40 ml of ethanol (dried over Na and distilled)
were added and stirred shortly. Afterwards the black suspension (pH > 10) is handled under
air and transferred into an Erlenmeyer flask where 200 ml of an 1:1 ethanol-water mixture (V/V)

and few milliliters of acetic acid were added to adjust the pH-value (pH ~ 5). After 5 min of
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stirring a black solid was separated via centrifugation, washed with 20 ml ethanol three times
and finally dried under vacuum for several hours. This procedure yielded 30-40 mg of a black
amorphous product.

Li158i4 M’ 15 (1 —X) LiNHs + 4a-Si + 15x LINHz + 7.5x Hz

Scheme 2. Reaction equation for the synthesis of a-Si starting from Li1sSia.

The O content of large sample areas was determined as 11.77 = 1.87 at.% (EDX, cf.
Figure S5). Furthermore, traces of Na (< 1 at.%) were detected. The residual Li content in
a-Si was determined by AAS and amounts to ~1 wt.%, whereas the a-Si/LiNH; intermediate
contained 21.9(1) wt.% of Li (48.1 wt.% Li in LissSis). C-H-N impurities of a-Si samples are
marginal (C, H, N < 1.2 wt.%).

a-allo-Si (amorphous allo-Si). Fully oxidized samples of LizNaSis could be obtained by
the following procedure: i) ball-milling 400 mg pure-phase LisNaSis in a hermetically sealed
stainless steel jar (RETSCH PM 100 planetary ball; duration: 8 hours, 300 rpm, ball charge: 3,
ball size: 15 mm diameter), ii) reacting 135 mg of ball-milled LizNaSis with 30 ml ethanol
(Scheme 3) under inert conditions and adding 4 ml concentrated HCI solution subsequently,
iii) separating the black solid by centrifugation, iv) washing the product repeatedly (3—4 times)

with 30 ml of a 1:1 ethanol-water mixture (V/V) each and drying it under vacuum.

LisNaSis + 4 ROH —» 6a-allo-Si + 2H, + 3LOR + NaOR

Scheme 3. Reaction of LisNaSis with protic solvents.

Powder X-Ray Diffraction (PXRD). PXRD patterns were recorded on a STOE STADI P
diffractometer (Ge(111) monochromator for CuK. radiation, A = 1.54056 A) equipped with a
DecTRIS MYTHEN DCS 1K solid state detector. Samples were ground, sealed inside 0.3 mm
glass capillaries and measurements performed in a 2 range of 5-90° (PSD steps: 0.06-1.00°;

time/step: 10-40 s). Rietveld refinements were carried out with the TOPAS 4.0 software.?

Differential Thermal Analysis (DTA). Differential thermal analysis was performed with
a NETzscH DSC 404 Pegasus apparatus equipped with a DTA carrier system. Custom-built
Nb crucibles were thoroughly cleaned, heated to 1000 °C under dynamic vacuum
(o < 1x107* mbar) for 2 h and transferred to an Ar-filled glove box. Crucibles were loaded with
20-30 mg of sample. The open end was roughly closed by crimping and then sealed by arc-

welding inside the glove box under cooling. A sealed Nb crucible without sample served as
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reference. All measurements were performed under an Ar-flow of 60-70 mL-min~' and a
heating/cooling rate of 10 K-min™'. Samples were recovered after the measurement by
opening the Nb crucibles inside the glove box. Data was handled with the PROTEUS THERMAL
ANALYSIS program.?®

Transmission Electron Microscopy (TEM). Transmission electron microscopy and
selected-area electron diffraction (SAED) were performed with a PHILIPS CM30ST microscope
(300 kV, LaBs cathode, Cs = 1.15 mm) which is equipped with a multiscan CCD camera
(GATAN). EDX analysis as part of the TEM examinations were carried out using a NORAN
VOYAGER EDX system. A sample of a-Si was suspended in n-butanol and subsequently coated
on a perforated carbon/copper net. All images were evaluated (including Fourier filtering) with

the program DIGITAL MICROGRAPH 3.6.1 (GATAN).

Infrared (IR) and Raman Spectroscopy. ATR-FT-IR spectra were recorded on a
VARIAN 670 IR FT-IR spectrometer equipped with a PIKE GLADIATR ATR stage. The VARIAN
RESOLUTION PRO software was used for data handling.®® Raman spectra for a-Si and a-allo-Si
were measured using a LABRAM HR 800 spectrometer. The instrument is equipped with an
800 mm focal length spectrograph and an air cooled (=70 °C), back thinned CCD detector.
Samples were sealed in 0.7 mm glass capillaries. The capillaries were placed on a glass slide
and samples were excited with an air cooled double frequency Nd:YAG laser (532 nm). The
laser was focused onto the sample using a 50X super long working distance (WD = 20.5 mm)
MITUTOYO objective. The laser power was adjusted by a software controlled filter wheel with
6 ND filters. Spectra were collected with an exposure time of 60 s (10 accumulations) and
using a grating of 600 lines/mm. All spectra were calibrated and normalized. The spatial

resolution of the instrument is specified as 1 um in diameter.

Photoluminescence Spectroscopy (PL). PL measurements were performed using a
532 nm CW doubled Nd:YAG laser for photoexcitation. The excitation was in a backscatter
microscope configuration focusing through a 100X objective with a 1 um spot size. The
collected energy was energy dispersed through a 0.5 m ACTON spectrometer with an
1800 g-mm~" grating and a back-thinned liquid nitrogen cooled PRINCETON INSTRUMENTS CCD

camera.

Elemental Analysis. A JEOL-JSM 7500F scanning electron microscope equipped with
an OXFORD X-Max EDX (Energy-Dispersive X-ray Spectroscopy) analyzer with Mn as internal
standard was used to determine elements with atomic numbers larger than four. Samples

were handled inside an Ar-filled glove box or outside if not air sensitive and fixed on a graphite
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platelet which was attached to an aluminum stub. The Li content determination was carried
out by atomic absorption spectroscopy using a VARIAN AA280FS device. C-H-N contents
were determined by a HEKATECH EURO EA CHNSO-Analyzer.

Computational Details. Quantum chemical calculations with the Perdew-Burke-
Ernzerhof hybrid density functional method (DFT-PBEOQ)*'*2 were performed using the
CRYSTALQ9 software package.® For energetic comparisons, the structures of Conesa'” were
included and labeled as in the original publication. Sp-valence + polarization (SVP) quality
basis sets were applied for all elements: The basis set for Si was taken from ref. 20 and for
Na and Li the split-valence level basis sets were derived from the molecular def-SVP basis
set** (see Supporting Information). Both the lattice and the atomic parameters were allowed
to relax within the constraints imposed by the space group symmetry for structural
optimization. The shrinking factor (SHRINK) used for the generation of a Monkhorst-Pack-
type grid of k-points in reciprocal space was 4 for lattice sizes larger 10 A, 8 for lattices smaller
or equal 10 A, but larger 5 A and 16 for smaller lattice parameters. Tight tolerance factors of
8, 8, 8, 8, and 16 were used for the evaluation of the Coulomb and exchange integrals
(TOLINTEG). Default optimization convergence thresholds and an extra-large integration grid
(XLGRID) for the density-functional part were applied in all calculations. For the full structural
relaxation of the Si substructure of Li;NaSis, the published structure of Li;NaSis'* was first fully
optimized, after which the Si substructure was investigated in further calculations (atomic
parameters are in the Supporting Information). As a first step, the initial lattice and atomic
parameters of LisNaSis without the alkalides were taken to optimize the structure without any
symmetry constraints at DFT-PBE®'/SVP level of theory. At this point the system was metallic
and the Fermi surface was smeared with a width of 0.02 a.u.. For the evaluation of the
tolerance and exchange integrals (TOLINTEG), tight criteria of 7, 7, 7, 7 and 14 were used and
for the density-functional part, a large integration grid (LGRID) was applied. The geometry
optimization starting from the Si substructure in LisNaSis naturally resulted in large changes
in the geometry, and the optimization process had to be carried out carefully and restarted
several times. The resulting minimum structure was subsequently optimized at the DFT-
PBEQ/SVP level of theory and the stricter computational parameters discussed above for all
Conesa structures. The space group of the minimum structure was determined to be Cmcm
(63) with FINDSYM.* The structure is identical to Conesa’s SD structure. The type of
stationary point was found to be a minimum for all optimized structures applying frequency

calculations.®637
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3. RESULTS AND DISCUSSION

Synthesis and characterization of the precursors. In accordance with earlier
literature reports,?63#4° |j;sSi, is obtained from mechanical ball-milling of a stoichiometric
mixture of Li and Si. The respective PXRD pattern is depicted in Figure 3a and corresponds
to pure-phase LiisSis. In order to obtain single-phase LisNaSis, a peritectoid reaction of Li»Siz,
NaSi and a-Si was performed at 550 °C just below the decomposition temperature of LisNaSis
at600 °C (Figure S2). LisNaSis was alternatively synthesized from the elements'*'® or a mixture

of Li1sSis, Na and a-Si yielding a-Si as byproduct, though.

Synthesis and Characterization of a-Si. In silicon based lithium-ion batteries (cycling
Si against Li), an amorphization of the previously crystalline Si anode is observed when the
“Li-inserted” anode (discharged state) is again fully “de-inserted” (charged state).>4'42
Crystalline metastable LiisSis was found to be present at discharge voltages below 50 mV.5#!
Thus, in a simplified view the “charged” and “discharged” states correspond to a-Si and
Li1sSis, respectively. Therefore, we investigated the formation of a-Si by chemical delithiation
through Li extraction from LisSis, a phase consisting of isolated Si atoms, using liquid
ammonia as solvent for Li. The extraction procedure was established with a custom-built
apparatus shown in Figure 2a. The blue color of liquid ammonia when condensed onto LisSis
powder clearly indicates the formation of solvated electrons (Figure 2b). The formation of a
metallic bronze solution as shown in Figure 2c¢ typically indicates that Li is extracted.?” After
several extraction cycles solely LiNH. was identified as crystalline phase in the PXRD pattern
of the product (Figure 3b). Additionally, an IR spectrum (Figure S4a) only shows NH stretching
and HNH deformation modes*® at 3259 cm~' and 1560 cm~'/1538 cm™', respectively. Si-O
vibrational modes that typically occur at around 800-1100 cm™" indicating O impurities* are
not observed. In a further step, LiNH; is removed by sequential treatment with ethanol and an
ethanol/water mixture. Acetic acid is used to adjust to acidity as silicon dissolves under

alkaline conditions. Alternatively, a buffered solution could be used to remove LiNH..
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Figure 3. PXRD patterns of a) Li1sSis bulk material, the sequential products after b) Li-extraction with
liquid ammonia, c) subsequent aqueous treatment, and d) differential thermal analysis (calculated
patterns for LiisSis, LiINH2, and a-Si are shown in green, red and blue, respectively; * corresponds to

the (111)-reflection of Li>SiOs).

As can be seen from the PXRD pattern in Figure 3c, the dried black product after aqueous
treatment is fully amorphous. However, IR spectroscopic investigations of several samples
clearly reveal Si-O vibrational modes, in particular the Si-O stretching mode at around
1069 cm™' (Figure S4b), indicating a slight partial surface oxidation.* This is additionally
strengthened by EDX examinations and EDX nanoprobe analysis as part of TEM
investigations (Figure 4b,c and S5). Furthermore, TEM images illustrate that a-Si samples

consist of micro- and nanosized particles (Figure 4a—c). In accordance with X-ray diffraction
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experiments, the SAED image (Figure 4d) does not show any diffraction, revealing a fully
amorphous character. Concomitantly, the absence of a PL band (Figure S6) and the Raman
mode at 466 cm™' (Si-Si stretching mode), which is observed at markedly lower wave

numbers than in case of crystalline a-Si (521 cm™), are characteristic for amorphous silicon.®

Si81% 4

Figure 4. TEM images of a-Si (a—c) and results from concomitant EDX nanoprobe investigations (b, c).
The SAED (selected area electron diffraction) image (d) clearly reveals a complete amorphous character

of the sample.

a-Si 466

spot (3)

Raman intensity ——

spot (4)

Figure 5. Various Raman spectra of a-Si. The Si-Si stretching mode can be recognized as a broad
band at 466 cm™.
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Synthesis and Characterization of a-allo-Si. The phases Li;Ge1, and LisNaSis both
reveal polyanionic layers 2[Ge+2]"~ and 2[Sie]*", respectively, which are separated by Li and Na
atoms (Figure 1).”'41¢ A treatment of these precursors with protic solvents induces a strictly
topochemical oxidation reaction in which slabs are connected through interlayer bond
formation under retention of their two-dimensional topology. The corresponding products are
identified as m-allo-Ge and allo-Si.”*'*'* Whereas the synthesis of LiGe1., the subsequent
oxidation to m-allo-Ge and its phase transition to 4H-Ge are well established,®® ¢ the structure
of allo-Si has only been described sketchily.

Referring to the previously reported synthesis of allo-Si, hydrogen is exclusively evolved
during the reaction of LizNaSis with protic solvents. Silanes were not detected by mass
spectroscopy.'*'® Reacting LisNaSis with water, an almost complete conversion (97 %) to
allo-Si was observed.'*' Beside allo-Si, a-Si crystallites are formed concomitantly. However,
due to heavily disordered products a structure could not be proposed. The poor crystal quality
only allowed the determination of cell parameters (orthorhombic, a = 13.29 A, b =3.79 A,
c = 12.63 A)."® Though, the reflection positions calculated from these parameters decisively
differ from the ones reported in the database entry for allo-Si (ICSD 41-1111).

We diligently tried to reproduce and closely investigated the reaction of LisNaSis with
protic solvents in a series of experiments. Generally, consistent with earlier reports,’'® we
found that the reactivity of LisNaSis strongly depends on its crystallinity. For instance, a
thoroughly powdered crystalline sample of LisNaSis (Figure S7a) was allowed to react with
ethanol for 15 days. Thereafter, reflections from LisNaSis were still recognizable in the PXRD
pattern and the increased background indicates the presence of an amorphous phase
(Figure S7b). Additionally, infrared and energy dispersive X-ray spectroscopy revealed a low
O-content excluding the formation of significant quantities of SiO. (Figure S9). Even after
treatment of such samples with concentrated HCI the PXRD pattern did not change
considerably. In order to fully oxidize a sample of Li;NaSie, it was ball-milled prior to oxidation
to increase the surface area and thus its reactivity (Figures S8a,b). Thereafter, an intense
reaction of the ball-milled sample with ethanol was observed. The respective PXRD pattern
shows an increased background as well as Bragg reflections of a-Si and NasSiss (Figure S8c).
The latter phase most probably originates from the initial reactant LizNaSis although it is not
recognizable in the according PXRD pattern. The formation of a-Si crystallites was also
reported in previous work. Note that traces of NaSi in the LisNaSis precursor may be oxidized
to NasSiss with H.O.* Regardless of a slow, fast, partial or full oxidation of LisNaSis, we never
observed the reflections that are reported for allo-Si (ICSD-41-1111).*° Instead, an increased
background at 26 values of ~30° and ~55° is characteristic for the respective PXRD patterns

indicating the formation of an amorphous phase. In order to account for the amorphous
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product being obtained in analogy to allo-Ge, it is named a-allo-Si (cf. Scheme 3). We note
that annealing partially oxidized samples of LisNaSis at 300 °C for two weeks did not give rise
to any new reflections (Figure S10). The formation of a-Si crystallites which are embedded in
an amorphous Si matrix is also strengthened by Raman spectroscopy. The Raman spectra of

a-allo-Si in Figure 6 show characteristic modes for amorphous and nanocrystalline Si.

a-allo-Si 507-515

Raman intensity ——

100 200 300 400 500 600 700 800
viem'—>

Figure 6. Various Raman spectra of a-allo-Si showing the characteristic Si-Si stretching mode for

amorphous (a-Si:® ~450 cm-) and nanocrystalline Si (nc-Si:® ~490-507 cm™).

Analyzing the reflection pattern of allo-Si (ICSD 41-1111) more critically, it shows
strong analogies to NbSi, (Figure S11). A possible explanation could be that the reported
synthesis of LisNaSis was carried out in Nb ampules reaching temperatures of up to 800 °C
over a longer period allowing for the formation of NbSi,.™ Minor portions of NbSi, may not be
recognizable in the diffraction patterns of LisNaSis but can dominate the PXRD pattern in an
amorphous product.* This is a reasonable explanation for the absence of the reported
allo-Si Bragg reflections in our PXRD patterns and casts doubts on former powder X-ray

investigations.

DTA investigations on a-Si and a-allo-Si. It was shown in the previous section that Li
can be removed from LisSis and LisNaSis by various methods yielding amorphous Si and a
mixture of amorphous Si and a-Si (nano)crystallites, respectively. As yet, it is not clear whether
it is justified to identify both products as a-Si or if a-allo-Si possesses a different amorphous
nature. Since a-allo-Si is obtained from LisNaSis by a strictly topochemical reaction, a
resemblance of the local structure of a-allo-Si would be reasonable. We investigated the

amorphous-to-crystalline phase transition of both materials (a-Si/allo-Si to a-Si) by differential
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thermal analysis since for allo-Si a significantly lower transformation temperature was
reported and claimed as good “proof that allo-Si is in fact a new silicon modification”.'

Figure 7 shows the first heating traces of thermograms recorded for (i) LisNaSie,
(ii) partially oxidized LisNaSis (virtually a mixture of LisNaSis and a-allo-Si), (iii) a-allo-Si, and (iv)
a-Si. LisNaSis decomposes at around 600 °C (effect 2) into Li2Siz, NaSi, and a-Si (Figure S3).
For the LisNaSis/a-allo-Si mixture, an additional exothermic effect is observed at 487 °C
(effect 1). Comparing the PXRD patterns of both the pure-phase LisNaSis sample and the
LisNaSis/a-allo-Si mixture after DTA investigations, the latter clearly reveals higher portions of
a-Si (Figure S3 and S7c). Additionally, the heating trace of the a-allo-Si sample exclusively
contains an irreversible exothermic effect that is markedly shifted to higher temperatures
(effect 3 at 565 °C). The subsequently recorded PXRD pattern corresponds to a-Si
(Figure S8d). Thus, effect (1) and (3) are attributed to the transformation of a-allo-Si into a-Si.
In case of a-Si, the phase transition is found at 658 °C (effect 4) and consistent with previous
reports (cf. Figure 3d and 7).44"

LisNaSie
R \
a-allo-Si + LisNaSié @
487 °C
/\ i (onset481°C)
5 /}\/m
c 7=\
k=] 2)
» 613-616 °C
< ~
o
g a-allo-Si @
L | 565 °C
(onset 544 °C)
a-Si @
658 °C
exo —— 10 Kmin™" heating
400 500 600 700
T/°C

Figure 7. First DTA heating traces of thermograms recorded for LisNaSis, partially oxidized LisNaSis
(LisNaSie/a-allo-Si mixture), a-allo-Si, and a-Si (Tmax. = 750 °C, +10 K-min~' heating/cooling rate, heat
effects marked with * could not be assigned).
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Compared to a-Si, a-allo-Si samples possess lower amorphous-to-crystalline phase
transition temperatures due to a large concentration of a-Si (nano)crystallites serving as
crystallization nuclei. For a-Si, the concentration of such particles is very low and the
nucleation has to be induced prior to the transition. Thus, the phase transition temperature of
a-Si is higher than that of a-allo-Si. In case of previous work on allo-Si,'*' the formation of
a-Si crystallites was reported as well and the phase transition of allo-Si at 527 °C is in line
with our findings.*'®

Concluding, our experimental results show that a clear differentiation between a-allo-Si
and a-Si is not possible and that the oxidation of Li;NaSis according to earlier work solely

leads to the formation of amorphous products.

Model Structures for a-allo-Si derived from LisNaSis. As shown in the previous
chapter, the existence of an allotropic form of silicon obtained from Li;NaSis according to
reports in literature is disputable. Attempts to obtain microcrystalline samples of allo-Si
(m-allo-Si) failed up to now and its synthesis still remains challenging. Similarly to m-allo-Ge,
a close resemblance of the m-allo-Si structure to the two-dimensional slabs in LisNaSis
remains reasonable. Yet, the Si substructure of LizNaSis significantly differs from the Ge
substructure of Li;Ge1.. A calculation of Conesa’s structures'” at the DFT-PBEOQ/SVP level of
theory shows that for Si, most of the allotropic structures derived from a hypothetical Li;Sii2
structure (isotypic with Li-Ge1»; “G-structures”) are favored in total energy over structures
derived from LizNaSis (“S-structures”; Figure 8 and 10, Table S1).

Conesa’s G structures (Figure 8) are divided into four groups: GA are structures in which
the tetrel layers are connected to result in 7-membered rings. The tetrel layers are stacked as
they appear in the reactant phase Li:Ge1, (opposite orientation by inversion). Group GB is also
characterized by a stacking of these opposing layers, resulting in 6- and 8-membered rings.
Groups GC and GD represent stacking of layers with the same orientation, GC structures are
linked to yield 7-membered rings and GD contain 6- and 8-membered rings. Therefore, the
latter two groups are just hypothetical. For group G, the favored structure for Si is GAa4
(distances: 2.32 A-2.46 A, angles: 92.6-126.8°, crystallographic density: 2.220 g-cm~®). This
is the same result as obtained for the Ge counterpart.® The difference in energy per atom to
a-Siis 8.0 kJ-(mol-Si)~" (optimized structure: distances 2.36 A, angles 109.4°, crystallographic
density: 2.290 g-cm=®). The hypothetical structure GDd1 has the highest total energy of this
group (distances: 2.33-2.46 A, angles: 90.0-137.7°, crystallographic density: 2.098 g-cm=)
with a difference of 16.2 kdJ-mol-" (Figure 8).
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18

kJ/mol per atom

Figure 8. Comparison of the total energies in kJ:(mol-Si)~' in networks optimized on the basis of
Conesa’s G-type structures (derived from the Ge substructure of LizGe12). The single groups GA (red),

GB (green), GC (orange), and GD (blue) refer to different ways of layer connections.'”

The two dimensional slabs 2[Sig]*~ in LisNaSis are built of four- (4b), three- (3b), and two-
bonded (2b) Si atoms, respectively (cf. Figure 9: 4b = black, 3b = light and dark blue, 2b = red).
Based on this structure, Conesa’s S group is derived which can also be divided into four
smaller structure groups. The SA group is built by connecting 2b-Si atoms (red) of neighboring
layers and bonding them to 3b-Si atoms of their own layers (dark blue). The light blue 3b-Si
atoms are bonded to the light blue ones of the neighboring layer. SB is a connection of red
Si2- atoms (2b) with light blue Si-atoms (3b) of the neighboring layer and dark blue Si- atoms
(8b) of their own layer. For structures SC, the 2b-Si?- atoms are connected to dark blue
3b-Si- atoms and to the red Si?- of the neighboring layer. The 3b-Si- atoms (light blue) are
connected to the same kind of the next layer. For each of these types four structure variations
exist. The fourth group SD is built by connecting red Si?- atoms (2b) to both Si- atoms (3b) of
the next layer. For such a network, only one structure type is possible, the TON*® zeolite-type
network (ZSM-22).
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Figure 9. Si substructure in the phase LisNaSis. The four- (Si°), three- (Si-) and two-bonded (Si?) Si
atoms are shown in black, light/dark blue, and red, respectively. For the four different groups of allo-Si

networks derived from this layered structure, the charged atoms are connected differently.

A comparison of total energies (Figure 10) shows that SD is the favored structure with an
energy difference to a-Si of 13.7 kJ-(mol-Si)™" (Si-Si distances: 2.34-2.40 A, angles:
90.7-142.9°, crystallographic density: 2.011 g-cm=3, Figure 11a). Its structure has the lowest
density of all G and S group networks and is equivalent to the zeolite network TON.* As
shown in Figure 11a it contains 10-, 6-, and 5-membered rings which form parallel channels
proceeding along the c-axis. The diameter of the largest channel ranges from 6.6 to 7.4 A In
energy, this framework is followed by SC1 (Figure 11b) with a relative energy of
14.0 kd-(mol-Si)~". Si-Si distances vary from 2.31 to 2.43 A and angles range from 92.0 to
128.4°. The crystallographic density of this structure is 2.292 g-cm= and therefore almost the
same as for a-Si (even slightly higher). The SC group is the one with the highest densities at
around 2.290 g-cm=3, the density of a-Si (all crystallographic densities are listed in Table S1).
SC1 is also a one dimensional channel system bearing 6- and 5-membered rings in a direction
(Figure 11b). We note that overall the S group shows higher relative energies than the G group.
The total energies per atom of the two most stable phases of the S group, SD and SC1, are
5.7 kd-(mol-Si)™" and 6.0 kd-(mol-Si)™' larger than GAa4, the most stable structure of the
G group.
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Figure 10. Energies relative to a-Si for Conesa’s S-type structures (derived from the Si substructure of
LisNaSis). The four different network classes are colored differently; SA in red, SB in green, SC in orange
and SD in blue. To show the energy difference to well-known open tetrahedral frameworks (OTFs),

these are depicted as well (violet). All relative energies are also listed in Table S1.

As LisNaSis has a well-ordered and layered Si substructure and is therefore a reasonable
reactant phase for the synthesis of allo-Si, we also carried out a full structural relaxation of
the Si substructure in the optimized structure of LizNaSis. This resulted in a true local minimum
being the TON structure, which was also the favored of all “handmade” structures of
Conesa," highlighting the key role of this network. Furthermore, the structure with the
smallest density is favored in the present structural relaxation without any initial specification
of Si-Si bonds. We note that we performed this full structural relaxation in space group P1 to
avoid any restrictions caused by symmetry. The open tetrahedral frameworks (OTFs) which
may also be formed in reactions toward allo-Si, have more favorable relative energies than
the structures derived from LizNaSis. The relative energies compared to a-Si range from
7.7 kJ-(mol-Si)~" (unj) to 10.7 kJ-(mol-Si)~' (CAS). Also, the crystallographic densities are lower
and range from 1.979 g/cm?® (mtn) to 2.180 g-cm~2 (tum) (Table S1).
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Figure 11. a) The most stable network (SD) derived from the Si substructure of LisNaSis with view along

the c-direction emphasizing the one dimensional channel structure built from 10-, 6-, and 5-membered

rings; b) Network of the structure SC1 with view along the a-direction. It is built of 6- and 5-membered

rings.
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Figure 12. Band structure of SD showing an indirect band gap of 1.74 eV and a direct band gap of

1.85 eV, respectively. The band gap in z-direction is significantly larger with a value of 3.4 eV. The zero

energy level corresponds to the top of the valence bands.

The band gaps of all calculated structures range from 0.73 (SB4) to 3.01 eV (mtn)
(Table S1). The most stable structures, GAa4, SD and SC1 possess gaps of 2.23 eV, 1.74 eV,

and 1.50 eV, respectively. For both relevant structures derived from LisNaSis (SD and SC1),

the bands are flat (Figures 12 and S12). Still, these are no direct band gap materials. SD has

a narrow gap in the x and y directions, whereas it is significantly larger in z direction. This goes

along with the channels in the z direction as well, here the gap is 3.4 eV. For the structure

SC4, there is no band gap at all since it is highly strained (Si-Si bonds: 2.28-2.50 A, angles:

88.7 to 136.5°).
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4. CONCLUSION

In the course of our investigations on allotropic forms of silicon we focused on the previously
reported modification allo-Si. Hitherto, its structure is unknown and attempts to obtain
crystalline samples from an oxidation of the precursor LisNaSis failed. Furthermore, our
studies revealed ambiguities regarding the X-ray diffraction pattern reported for allo-Si since
a strong resemblance to NbSi; is recognizable. Reactions targeting the synthesis of allo-Si
solely yielded amorphous products. However, the reported amorphous-to-crystalline
transformation temperature of 527 °C is drastically lower than that of ordinary amorphous Si
which transforms to a-Si at ~660 °C. In order to clarify this issue, differences between
amorphous allo-Si (a-allo-Si) and amorphous silicon (a-Si) were elucidated. The latter was
obtained from LissSis by a delithiation process employing liquid ammonia as solvent for Li.
Thermal investigations confirmed that a-allo-Si recrystallizes at markedly lower temperatures
than a-Si. However, the lower phase transition temperatures of a-allo-Si samples are a
consequence of large concentrations of a-Si crystallites that serve as crystallization nuclei.
These results call the existence of allo-Si into question and maybe other routes could lead to
the formation of allo-Si. Nevertheless, diverse hypothetical structures for allo-Si were
approached by quantum chemical investigations on the basis of the Si substructures of
LisNaSis and a hypothetical phase Li;Sii.. The latter is isotypic with Li-:Ges. which transform
into the well characterized Ge polymorph m-allo-Ge upon oxidation. Remarkably, structures
derived from Li;Sis, are distinctly favored over those obtained from LisNaSis. On a theoretical
level, this is a reasonable explanation for the difficulties to obtain crystalline samples of
allo-Si. Yet, other phases may also serve as precursors for new Si allotropes since Si network
structures conceived of known tetrahedral frameworks were proven to possess considerably

more favorable energies relative to a-Si.
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Supporting Information. PXRD patterns of Lii»Si7, NaSi (Figure S1) and LizsNaSis (Figure S2),
PXRD pattern of LizNaSis after DTA investigations (Figure S3), ATR-FT-IR spectra of an
a-Si/LiNH, mixture after Li extraction from LiisSi,and a subsequently synthesized a-Si sample
(Figure S4), results from EDX investigations of a-Si (Figure S5), PL-spectrum of a-Si
(Figure S6), PXRD patterns of LisNaSis, the product after partial oxidation with ethanol and
subsequent DTA-investigation (Figure S7), PXRD patterns of LisNaSis before and after ball-
milling, the product after aqueous treatment and subsequent DTA investigation (Figure S8),
ATR-FT-IR spectra of partially und fully oxidized LizNaSis through aqueous treatment
(Figure S9), PXRD pattern of LisNaSis after reaction with ethanol and subsequent annealing at
300 °C for two weeks (Figure S10), PXRD pattern of a NbSi, sample referenced with the
database entry for allo-Si and NbSi, (Figure S11), band structure of SC1 (Figure S12), DFT-

PBEQ results in tabular format (Table S1), and basis set listings for Na and Li.
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Figure S1. PXRD patterns of Li12Siz and NaSi referenced with their theoretical patterns (Li+2Siz = blue,
NaSi = green).
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Figure S2. PXRD pattern of LisNaSis synthesized from a mixture of Li12Siz, NaSi and «a-Si (calculated

pattern for LisNaSis = orange).
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Figure S3. Rietveld fit to the PXRD pattern of LisNaSis after DTA investigations (Tmax. = 700 °C,
+10 Kmin™' heating/cooling rate; a-Si (pink), NaSi (green), Li:«2Siz (blue), LisNaSis (orange),

corresponding weight fractions are given).
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a) Li1sSis after Li extraction: a-Si + LiNH:
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Figure S4. ATR-FT-IR spectra recorded for a) an a-Si/LiNH2 mixture after Li extraction from Li1sSis,
and b) an a-Si sample obtained from aqueous treatment of

absorption of diamond).
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Figure S5. Results from EDX investigations of a-Si retained from LiisSis (data acquisition: 60 s

exposure time at 7.00 kV for each spectrum).
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Figure S6. Photoluminescence (PL) spectrum of a-Si produced from Li1sSis through Li-extraction with
liquid ammonia and subsequent treatment with ethanol. The PL-band position expected for a-Si is

indicated by a dotted line.
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Figure S7. PXRD patterns of a) LisNaSis (synthesized from LisSis, Na and a-Si), b) the product after
partial oxidation with ethanol (15 days reaction time), and c) subsequent DTA-investigation
(Tmax. = 700 °C, 10 Kmin~' heating/cooling rate; calculated patterns for LisNaSis, a-Si, NaSi, and
Li12Siz are shown in orange, red/pink, green and blue). For the PXRD pattern shown in (c), a Rietveld

fit was applied giving the weight fractions of all components.
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a) LisNaSis synthesis O LisNaSis
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Figure S8. PXRD patterns of LisNaSis before (a) and after ball-milling (b), the product after aqueous
treatment (c) and subsequent DTA investigation (d; Tmax = 700 °C, +10 Kmin~' heating/cooling rate;
calculated patterns for LisNaSis, a-Si, and NasSiss are shown in orange, blue, and green). Note that

MeSiss (M = Na, K) are known to decompose around 600 °C (see ref. 44).

109



5 Publications and Manuscripts

100

a-allo-Si + LizNaSis background artifacts*

N

(o]
o
|

80 a-allo-Si
v(Si-0) = 1069 cm™ —

a-allo-Si + LisNaSis (EDX) \
1 O (at.%): 5.50 +1.58
s Na (at.%): 9.07+0.16

Si (at.%): 85.43+1.51

70

transmission/ % ——>

a-allo-Si (EDX)
504 O (at.%): 7.43+1.87
Na (at.%): 6.04+0.58
1 Si (at.%): 86.54*1.60

40 y T y T y T y T y T y T y T T
4000 3600 3200 2800 2400 2000 1600 1200 800
<«— v/cm™

Figure S9. ATR-FT-IR spectra of partially und fully oxidized LisNaSis through aqueous treatment
(samples correspond to a mixture of LisNaSis / a-allo-Si, and a-allo-Si, respectively). EDX results for

both samples are given below. Artifacts labeled with (*) arise from the self-absorption of diamond.
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Figure S10. PXRD pattern of LisNaSis after reaction with ethanol (15 days) and subsequent annealing

at 300 °C for two weeks (calculated pattern for LisNaSis = orange).
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Figure S11. PXRD pattern of a NbSi2 sample referenced with the database entry for a-Si (red), allo-Si
(ICSD 41-1111, blue), and NbSi: (green). The Bragg reflection at ~68° which should be observed for
NbSiz is not matched by the allo-Si pattern.
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Computational Part

Energy/a.u.

Figure S12. Band structure of SC1 showing an indirect band gap of 1.50 eV and a direct band gap of

2.47 eV, respectively. The zero energy level corresponds to the top of the valence bands.

Table S1. Comparison of all calculated Si networks

name p/g-cm=2 AE/kJ-mol-’ band name p/g-cm=  AE/kJ-mol-’ band
gap/eV gap/eV

GAal 2.124 11.60 2.30 GCat 2.158 9.87 2.59
GAa2 2.167 10.13 2.47 GCa2 2.165 9.81 2.60
GAa3 2.190 10.01 2.00 GCb1 2.162 10.55 2.45
GAa4 2.220 7.96 2.23 GCb2 2.154 8.74 2.61
GAa5 2.132 10.74 2.58 GDat 2.183 13.09 2.03
GAb1 2.171 9.74 2.48 GDa2 2.095 15.89 1.86
GAb2 2.199 9.38 2.08 GDb1 2.104 14.80 2.24
GADb3 2.129 11.09 2.00 GDb2 2.166 14.16 1.55
GAb4 2171 9.74 2.48 GDc1 2.169 14.59 1.64
GAc1 2.120 9.77 2.45 GDc2 2.093 14.21 2.03
GAc2 2.160 10.19 2.31 GDd1 2.098 16.23 2.13
GACc3 2.129 11.70 2.38 GDd2 2177 12.13 1.61
GAc4 2.194 10.61 1.92 SA1 2.239 20.30 0.85
GAc5 2.200 8.22 1.78 SA2 2.238 19.49 1.62
GAd1 2.162 11.25 2.22 SA3 2.227 19.77 0.97
GAd2 2.196 9.79 2.04 SA4 2.233 29.07 0.77
GAd3 2.123 11.07 2.43 SB1 2.148 19.95 1.07
GAd4 2.161 9.02 2.22 SB2 2.146 15.94 1.74
GBat 2.139 13.29 2.22 SB3 2.153 21.02 1.12
GBa2 2.144 12.64 2.56 SB4 2.167 30.32 0.73
GBa3 2.150 11.96 2.80 SCA1 2.292 14.00 1.50
GBb1 2.139 12.80 2.33 SC2 2.303 16.13 1.50
GBb2 2.145 12.45 2.62 SC3 2.294 15.42 1.78
GBb3 2.152 12.07 2.69 SC4 2.286 27.23 -
GBc1 2.140 11.27 2.50 SD 2.011 13.66 1.74
GBc2 2.141 12.24 2.61 mep 2.004 9.40 2.78
GBc3 2.143 18.07 2.60 mtn 1.979 8.06 2.83
GBd1 2.140 11.26 2.73 CAS 2127 10.66 1.84
GBd2 2.140 12.50 2.62 unj/NGS 2.105 7.70 3.01
GBd3 2.140 13.69 2.34 tum 2.180 9.76 2.54
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5.6 Allotropism of Silicon

Basis set details for Na and Li

Na: The molecular def-SVP basis set was modified as follows: The exponents of two diffuse
outermost s-type functions (0.052 and 0.028) were increased to 0.25 and 0.10 by dividing
the third outermost s-exponent of 0.648 by a factor of 2.5. The exponent of a diffuse
outermost p-type function (0.052) was increased to 0.10 and the outermost s and p
functions were combined into a single sp-type function to increase the efficiency of the
CRYSTAL code. A d-type polarization function with an exponent of .265 was added by
taking the average of two d-type polarization functions in set def2-TZVP basis set
(exponents 0.43 and 0.10; Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7,
3297).

Li: The molecular def-SVP basis set was modified as follows: The exponents of two diffuse
outermost s-type functions (0.0528 and 0.021) were increased to 0.36 and 0.18 by dividing
the third outermost s-exponent of 0.722 by a factor of 2.0. The contracted p-type
polarization function with exponents of 0.45 and 0.10 was replaced by a primitive function
with an exponent of 0.18 and the outermost s and p functions were combined into a single

sp-type function to increase the efficiency of the CRYSTAL code.

Basis sets listed in CRYSTALO9 input format

11 6

0052.01.0
4098.2003908
616.49374031

.58535911879E-02
.43647161872E-01

139.96644001 .19431465884
39.073441051 .48685065731
11.929847205 .41881705137
003 2.01.0
20.659966030 .85949689854E-01
1.9838860978 -.56359144041
.64836323942 -.51954009048
0011.01.0
0.25 1.0000000000
0110.01.0
0.10 1.0 1.0
02546.01.0
75.401862017 .154353625324E-01
17.274818978 .997382931840E-01
5.1842347425 .312095939659
1.6601211973 .492956748074
.51232528958 .324203983180
03 10.01.0
0.265 1.0
33
0052.01.0
266.27785516 .64920150325E-02
40.069783447 .47747863215E-01
9.0559944389 .20268796111
2.4503009051 .48606574817
.72209571855 .43626977955
0011.01.0
0.36 1.0000000000
0110.01.0
0.18 1.0 1.0
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Structural Parameters

All structural parameters and atomic coordinates are listed in the CRYSTALO9 input format

as follows:

Space group number

Minimal set of lattice parameters a,

br c, a,

BV

Y

Number of non-equivalent atoms in the assymetric unit
<atomic number> <fractional x> < fractional y> < fractional z>

5.45503610 5.45503610 5.45503610 90.000000 90.000000 90.000000

250000000000E-01

1.

250000000000E-01

.51968402 7.60210801 7.99343475 90.000000

.500000000000E-01

500000000000E-01

.500000000000E-01

716186319573E-02
839815176519E-02
477049689831E-01
003273320247E-01

oN 0O

-3

.000000000000E+00
.000000000000E-01
.554225539019E-01
.000000000000E+00

5.
-2.
.390758160078E-01

000000000000E-01
559722310182E-01

7.95492313 7.53697027 11.44136475 90.030957

.308570690944E-01
.307143575920E-01
.567366428087E-01
.625037369079E-01

545829148461E-01
074829605624E-01

.266059259271E-02
.410515326580E-01

703027360977E-01

.037558758881E-01
.774089339692E-02
.350195629936E-01
.377085729811E-01
.486247504013E-01
.799100701424E-01
.597315330547E-01
.022823035631E-01
.747480612895E-02
.832009635135E-01
.400596392568E-01
.975098087572E-01
.184076426449E-02

= oo

.185735531344E-21
.000000000000E-01
.185735542298E-21
.000000000000E-01
.479291033927E-01
.565855541145E-01
.399192051343E-01
.185735547712E-21
.000000000000E-01
.373519759800E-01
.646773157259E-01
.185735522207E-21
.000000000000E-01
.185735550446E-21
.000000000000E-01
.568125929163E-01
.566097714812E-01
.368014325965E-01
.185735553911E-21
.000000000000E-01
.607247673881E-01
.338415735472E-01

.43732402 7.46648355 7.94834712 90.000000

a-Si

227

1

14 1.
GAa1i

51

11

7

14 2
14 2.
14 2
14 -9.
14 -9.
14 -1.
14 -1.
GAa2

6

22

14 -3
14 -3
14 -4
14 -4
14 -1.
14 3.
14 3
14 -4
14 -4
14 3
14 2
14 3
14 3
14 4
14 4
14 1
14 -3
14 -2
14 4
14 4
14 -2
14 -2
GAa3

59

11

7

14 -5.
14 -5.
14 -5.
14 1
14 1.
14 1.
14 1.

114

000000000000E-01
000000000000E-01
000000000000E-01

.537619332775E-01

503059970699E-01
026528996772E-01
628198749591E-01

.000000000000E+00
.000000000000E-01
.577688215275E-01
.000000000000E+00
.000000000000E-01
.387486104244E-01
.679123108520E-01

1.

N Wb B WwWWw

N Wb b WwWw

250000000000E-01

.336306420909E-01
.358211129809E-01
.602651561979E-01
.544689545843E-01
.662949034080E-01
.045386908748E-01
.995589950820E-02

.512564781479E-01
.115755298555E-01
.129105831114E-01
.249541371376E-01
.290482249716E-01
.338479321754E-01
.806010482918E-01
.096843392947E-01
.189239300664E-01
.291255811344E-01
.966900818622E-02
.575190594118E-01
.734869698881E-01
.938362953050E-01
.744542745197E-01
.631744294154E-01
.685895714783E-01
.169901208292E-01
.788461276686E-02
.383454354127E-02
.630832310750E-01
.027557995745E-01

.308634430102E-01
.336502288773E-01
.527536060586E-01
.723801417456E-01
.493102626383E-01
.010401792182E-01
.572478686383E-02
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GAa4

57

7.88777246 11.34980856 7.48053954 90.000000 90.000000 90.000000

6

14
14
14
14
14
14

N Wb =W

GAa5

53

.308401228268E-01
.533866339042E-01
.364442887590E-01
.850386860133E-01
.014252175481E-01
.500083519762E-02

2
2

.776393443943E-01
.500000000000E-01
4.
3.
3.
4.

150174140047E-01
876989632456E-01
528420841575E-01
131219487405E-01

7.62005107 7.96949177 11.48081914 90.000000

6

14
14
14
14
14
14

0.
-2.
-5.

0.
-2.
-3.

GAb1

12
22
11
14
14
14
14
14
14
14
14
14
14
14

000000000000E+00
500000000000E-01
000000000000E-01
000000000000E+00
577013312525E-01
406789048650E-01

3

4

.356932538554E-01
1.
.725965273923E-01
4.
3.
2.

614369712208E-01

464592422698E-01
043600559211E-01
913883652888E-02

.86874316 7.54679951 7.93493979 90.102551

-1
-1.

N

O3 O NDEE P

GAb2

35

.340795586098E-01

173181927276E-01

.044925145484E-01
.979090873799E-01
.269270793314E-01
.769659845633E-01
.068503260275E-01
.130723416901E-02
.711221246905E-02
.447568108203E-02
.073871633496E-02

2

2

3
2

.261847200735E-18
5.
1.
5.
.514402651751E-01
2.
.348165171401E-01
.788277178583E-18
5.
2.
1.

000000000000E-01
980271610523E-17
000000000000E-01

620401156207E-01

000000000000E-01

425776359688E-01
602681902517E-01

7.47283467 22.82357067 7.92704399 90.000000

13
14
14
14
14
14
14
14
14
14
14
14
14
14

O UINOWNDOUNO O

[
=N

GAb3

35

.000000000000E+00 -5.
.000000000000E+00
.568936234327E-01
.000000000000E-01
.000000000000E+00
.599894759386E-01
.319811801301E-01
.000000000000E+00
.500000000000E-01
.000000000000E-01
.000000000000E+00
.384544153694E-01
.656098527197E-01

PP JJNNOORFEREFEDNO

000000000000E-01

.000000000000E+00
.059291174921E-17
.715509271810E-01
.770596331105E-01
.145631255370E-02
.193263213140E-02
.592039941030E-01
.500000000000E-01
.538572616620E-02
.695148912717E-02
.988119487109E-01
.691267788097E-01

7.61259950 22.99784657 7.97834643 90.000000

13
14
14
14
14
14
14
14
14
14
14
14
14

-1
-2
-1.
-5.
-2
-3.
-1
-1
-2

2
-5.

2.

008594493835E-20
000000000000E-01

.576816667795E-01

407459619346E-01

.359096035029E-21
.359096035029E-21
.560166859699E-01
.305364761610E-21

000000000000E-01
561861384154E-01

UORPRPOOUORRFEREJIN

.516028706329E-20 -2.
.500000000000E-01

425218964616E-01

.500000000000E-01
.557317132660E-02
.682342536707E-02
.989214515800E-01
.757207847793E-01
.932253964954E-39
.000000000000E-01
.000000000000E+00
.712516465771E-01
.767499238514E-01
.124958395992E-02

-2

2
-2

-8

-3
-3
-4
-4

-2
-4
-4

.500000000000E-01
0.
.500000000000E-01
.500000000000E-01
-1.
.545510489538E-02

000000000000E+00

157353482175E-02

.623061297915E-01
.500000000000E-01
.991156159656E-01
.055164554202E-01
.523764677403E-01
.990176361547E-01

.350824571481E-01
.325580185760E-01
.373571242234E-01
.797390345728E-01
.574937861765E-01
-3.
.434801346658E-02
.753109129268E-01
.475264412154E-01
-3.
-2.

008356719040E-01

045438390833E-01
932800132083E-02

.257616970615E-01
.262657629855E-01
.464239341829E-01
.343298008063E-01
.750966580626E-01
.064804135725E-01
.119199284081E-02
.382203813783E-01
.596459874479E-01
.781707470387E-01
.544789074685E-01
.953287972102E-01
.931205933211E-02

.305725291427E-01
.563608910109E-01
.510427608286E-01
.607230444884E-01
.093137666044E-01
.429073263372E-02
.369838293810E-01
.415668850266E-01
.651319748471E-01
.502808117513E-01
.786851965393E-01
.000329287637E-01
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[
[N E)]

|
WN O DNDDNDO

507441292378E-02

.86831111 7.54631619 7.93466666 89.898170

.000000000000E-01
.445273715588E-17
.679809623087E-18
.000000000000E-01
.514813166892E-01
.425718035937E-01
.602720064215E-01
.229657275404E-18
.000000000000E-01
.620275014843E-01
.348195006807E-01

.52902569 90.000000

-1.
-1.
8.
2
-2
1
1.

563434594731E-01
771758565861E-01
057260000981E-02

.399270933515E-01
.798383265381E-01
.530644509859E-01

512684972447E-02

.46071405 90.026562

SO WP P WNDNNDEDNDNDO
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14 -4.654126419475E-03 1.173381149357E-01 -1.496034017994E-01
14 -4.923695332292E-01 -3.028669973814E-02 -3.977416617996E-01
14 -5.197397081012E-03 -2.181742479372E-02 -4.004447650968E-01
14 -4.124984738800E-01 1.105474769731E-01 -3.463268962269E-01
14 -8.734105521930E-02 1.169744691525E-01 -3.448428612807E-01
GBc3

14

8.77580703 11.62939017 7.51063379 64.804899

8

14 4.184560977152E-01 2.404677882972E-01 -8.226828174646E-02
14 -4.070112863368E-01 2.523194869420E-01 8.063233118433E-02
14 -2.110633201787E-01 -1.035358610872E-01 4.721249627912E-01
14 -2.184170824256E-01 -9.453762790406E-02 -1.353051839225E-02
14 5.430825246051E-02 1.378373710884E-01 3.445419853685E-01
14 5.197246373771E-02 1.601447468772E-01 -1.415848594938E-01
14 -2.278248381097E-01 9.262408335898E-02 4.025762489968E-01
14 -2.240362443623E-01 1.001375909167E-01 7.480160623443E-02
GBd1

15

23.31004099 15.74882190 12.23354769 161.979260

9

14 0.000000000000E+00 -3.013150886029E-02 2.500000000000E-01
14 5.000000000000E-01 -5.063746250088E-02 2.500000000000E-01
14 -2.650495893375E-01 4.613645737666E-02 -2.786519301401E-01
14 -8.001912986068E-02 1.335898442016E-01 -2.598459105700E-01
14 4.297979936088E-01 1.516205624480E-01 -2.401145287221E-01
14 2.835050500837E-01 -2.244590895330E-01 -2.759092188907E-01
14 -1.821254751307E-01 -2.219766369090E-01 -2.232146328894E-01
14 4.193236477330E-01 1.368206653298E-01 -6.829890445032E-02
14 -2.628949810755E-01 1.362120865220E-01 -4.302386078743E-01
GBd2

8

7.53251971 23.31904907 8.78935269 64.150537

18

14 -5.033601794929E-02 1.540743955510E-33 -4.046984464523E-01
14 4.403077028279E-01 0.000000000000E+00 -3.647825481466E-01
14 2.933485746542E-01 0.000000000000E+00 4.480451145360E-01
14 -2.282576577972E-01 2.015535775916E-17 4.352037449339E-01
14 -1.257864066929E-01 -1.755959747778E-01 2.417817766605E-01
14 3.777804179741E-01 -1.737732244832E-01 2.541444040719E-01
14 6.318377769970E-04 -5.142275882289E-02 -2.639799568013E-02
14 -4.802400314429E-01 -4.967023899119E-02 -1.251472344700E-02
14 4.594163538815E-01 -7.723772231652E-02 2.644903425468E-01
14 -2.160336378247E-01 -7.797057415409E-02 2.561506671697E-01
14 -2.260753980266E-01 2.529335426284E-01 4.518516864841E-01
14 4.353670661507E-01 2.490653449042E-01 -3.736120733983E-01
14 -1.552833053431E-01 -7.520309279061E-02 -1.986706465436E-01
14 3.388360258104E-01 -7.531918231976E-02 -1.634591217577E-01
14 -2.976852572897E-01 -2.035873142310E-01 8.354009386840E-02
14 2.134485322277E-01 -1.956056008244E-01 8.872767875556E-02
14 4.342952858101E-01 -1.720986534006E-01 -1.932465200971E-01
14 -2.375227838793E-01 -1.734154528433E-01 -1.943045010686E-01
GBd3

15

7.49563277 15.88947064 12.24114924 107.669141

9

14 5.551115123126E-17 -2.011985516124E-01 -2.500000000000E-01
14 5.000000000000E-01 -2.063539472313E-01 -2.500000000000E-01
14 -2.575543551420E-01 2.086577033066E-01 -2.557410111790E-01
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14
14
14
14
14
14

GCa1

5

3
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4
-5.
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-1

.100301426678E-01
-1.
.291609287399E-02
.900397488350E-02
-1.
-1.

040987995372E-01

117557629972E-01
154250115981E-01

12.11953109 7.97220424 7.53190587 108.780110

9

14
14
14
14
14
14
14
14
14

GCa2

5

B R0 WR R W

.351173003643E-22
.387778780781E-17
.651133490462E-03
.546691245689E-01
.497601015777E-01
.831247972003E-02
.164536415398E-01
.523638152470E-01
.581335699761E-01

-3.
.388084300156E-01
-1.
.641871118796E-01
-5.

2.
.988411242899E-01
.431403243509E-02
.968770278711E-02

-3

4

=N DN

420864099329E-01

635109540398E-01

636497786533E-02
944633804878E-01

12.10087582 7.94450060 7.52897198 108.431755

9
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8

14
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8
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10
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-3
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-4.
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.571536125013E-02
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-1
1

-4.
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-2.
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-3.
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-3
-1

.025036973140E-01
.992128521818E-01
.491856508882E-01
.525960836208E-01

048176451530E-01
033479594156E-01

.495002510058E-23
-5.
.437808361144E-01
.166713440931E-02
.143337570341E-01
-1.
.007484461508E-01
.507486130570E-02
.428421456268E-01

000000000000E-01

942064035719E-01

.446906641658E-01
.370431415997E-36

000000000000E-01

210688174929E-01
287903789743E-02
675460605776E-01

580392166728E-01
634636555307E-02
249860075939E-01

181877523083E-01

679177377935E-02

101067628104E-02

463395746437E-01

002454849150E-01
224130552724E-02

.330294922002E-01
.556087681541E-01
.466119562843E-01
.773247388183E-01
.972511220710E-01
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14 -8.301039798873E-02 3.233874261032E-01 1.755966055483E-02
GDa2

25

7.57049563 5.90188979 7.93923492 90.000000 90
7

14 3.179993157838E-36 0.000000000000E+00
14 -5.000000000000E-01 0.000000000000E+00
14 -2.540328419967E-01 0.000000000000E+00
14 3.179993157838E-36 -2.979853028507E-01
14 -5.000000000000E-01 -2.999627393408E-01
14 2.590927888692E-01 1.986179653488E-01
14 3.385911708657E-01 2.980604297874E-01
GDb1

35

7.59541431 11.78051366 7.89549016 590.000000

6

14 0.000000000000E+00 2.642005531346E-01
14 -2.500000000000E-01 2.500000000000E-01
14 0.000000000000E+00 -1.026992514975E-01
14 5.000000000000E-01 -9.901998071532E-02
14 -2.399029541396E-01 1.508919669789E-01
14 -1.593408583616E-01 1.013855755626E-01
GDb2

35

7.43144955 11.69900794 7.89262403 90.000000
7

14 -2.143692597877E-22 -2.919150072659E-23
14 -2.143692597877E-22 -5.000000000000E-01
14 -2.425957962051E-01 -5.978546026366E-22
14 7.387083006208E-22 1.510403570648E-01
14 5.000000000000E-01 1.477707544546E-01
14 2.402298817750E-01 -9.985686855409E-02
14 1.688159009659E-01 -1.615324449463E-01
GDc1

39

5.84848658 7.41715198 15.79905490 90.000000

6

14 -1.638960994073E-02 2.500000000000E-01
14 8.236518084953E-36 6.530358532011E-21
14 -3.065101594993E-01 -2.500000000000E-01
14 -2.908437149519E-01 2.500000000000E-01
14 -1.993882547451E-01 -4.926285748986E-01
14 -3.219448837099E-01 -4.197745848825E-01
GDc2

38

5.90505566 7.63274399 15.76074160 90.000000
7

14 0.000000000000E+00 -5.000000000000E-01
14 0.000000000000E+00 0.000000000000E+00
14 0.000000000000E+00 2.366205252542E-01
14 -2.990400303232E-01 0.000000000000E+00
14 -2.982252297083E-01 0.000000000000E+00
14 -1.984835899147E-01 -2.368544151286E-01
14 -2.985062921606E-01 -1.578563086331E-01
GDd1

42

7.55498438 11.79093278 15.91157524 90.000000
6

14 0.000000000000E+00 -2.443818206969E-01
14 2.500000000000E-01 -2.500000000000E-01
14 0.000000000000E+00 -1.012890196698E-01
14 0.000000000000E+00 -9.985055217040E-02
14 2.548567174531E-01 1.508153076484E-01
14 -3.378965268707E-01 1.013157871508E-01
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6

14 1.975074421173E-01 -8.868899509884E-02 -1.723172920195E-01
14 -2.224358671803E-01 1.981412707425E-01 3.537067490716E-01
14 -1.400350365655E-01 -4.244768548383E-01 -3.061776131758E-01
14 3.993656546724E-01 -1.563669289772E-01 2.739332854793E-01
14 2.497672102629E-01 1.277939097620E-01 3.969545377438E-02
14 -3.504554523411E-01 -2.102462068422E-01 -4.979459241721E-01
SB3

19

14.15329843 3.79872004 9.63300000

6

14 4.110585307345E-01 6.265447812573E-02 -4.259581893984E-01
14 3.017203441350E-01 -1.198521092120E-01 3.972371989129E-01
14 -4.246261052909E-01 1.371703923170E-01 -4.433164968064E-01
14 -1.567885586052E-01 3.424877111639E-01 -2.793794598029E-02
14 1.256814287275E-01 4.231941616351E-01 2.097826819046E-01
14 -2.111356173939E-01 1.419332122004E-01 -2.511695484783E-01
SB4

33

14.03013049 9.76773911 3.75479302

6

14 4.093518045758E-01 3.236125958836E-01 4.919883079051E-01
14 -3.050015990135E-01 -1.513056278887E-01 -3.199325850540E-01
14 7.471806210964E-02 1.974903254819E-01 -4.300932441695E-01
14 3.416455050974E-01 -2.225622167174E-01 -4.154491128509E-01
14 -3.755166387735E-01 -4.665199285237E-01 -4.749005335711E-01
14 2.885243322777E-01 4.959727502980E-03 -3.434328322596E-01
SC1

14

3.79536940 10.22995946 12.58083537 95.078688

6

14 -7.473113983735E-02 1.143926747060E-01 6.426269046737E-03
14 -1.779641440326E-01 1.766526967948E-01 1.851927143976E-01
14 4.110011185519E-01 4.392990383896E-01 -7.666270313764E-02
14 1.363890977741E-01 -1.296507582974E-02 -3.183659047397E-01
14 3.991916541821E-01 2.086289046087E-01 -7.482807905567E-02
14 3.179556636571E-01 1.985229197387E-01 -2.636924476369E-01
SC2

14

3.65875 12.1079 10.43006 108.04197

6

14 -0.00569 0.49341 -0.38837

14 0.13920 0.68374 -0.67654

14 0.88608 0.57690 -0.06232

14 0.41225 0.81688 -0.51684

14 0.58121 0.57399 -0.29048

14 0.53426 0.76413 -0.29998

SC3

18

10.25118222 12.51361424 3.78814918

6

14 3.843057392786E-01 4.904036133204E-01 -6.448589038786E-02
14 3.192240026298E-01 3.131803413243E-01 1.138044813728E-01
14 6.293182797120E-02 -4.227496518740E-01 3.231941482269E-01
14 -4.851210002322E-01 -1.822605756148E-01 1.873069782155E-01
14 2.914250385330E-01 -4.270923930651E-01 4.189154776264E-01
14 3.052910441773E-01 -2.382031637309E-01 3.735148735192E-01
SC4

34

10.32789655 12.60145959 3.74789243

6

14 -3.860299534978E-01 -4.869681535342E-01 3.931844219766E-01
14 3.232716076693E-01 3.159150034130E-01 1.036010732916E-01
14 -6.390159720445E-02 4.235233939973E-01 2.432256938691E-02
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14 4.829513370260E-01
14 -2.913688680667E-01
14 -3.025462324739E-01
SD

63

10.32789655 12.60145959 3
6

14 -3.860299534978E-01
14 3.232716076693E-01
14 -6.390159720445E-02
14 4.829513370260E-01
14 -2.913688680667E-01
14 -3.025462324739E-01
mep

223

10.21628464

3

14 0.000000000000E+00
14 1.836328729915E-01
14 2.500000000000E-01
mtn

227

14.72399514

3

14 -1.250000000000E-01
14 -2.169943502463E-01
14 3.174641942200E-01
CAS

63

3.83423475 10.74044913 12
3

14 -3.049695997126E-17
14 -7.624239992815E-18
14 -5.000000000000E-01
NGS

178

5.47157777 5.10710666
1
14 -2.322685208250E-01

tum

137
7.45563568 9.20081520
3

14 -1.946318569050E-02
14 2.500000000000E-01
14 2.500000000000E-01

1.814991524737E-01
4.250805873289E-01
2.384715450045E-01

.74789243

.869681535342E-01
.159150034130E-01
.235233939973E-01
.814991524737E-01
.250805873289E-01

-4
3
4
1
4
2.384715450045E-01

3.080457631353E-01
1.836328729915E-01
0.000000000000E+00

-1.250000000000E-01
-2.169943502463E-01
-1.825358057800E-01

.72663951

2.570866137000E-01
7.133361706975E-02
-2.898655627853E-02

2.322685208250E-01

1.946318569050E-02
-8.703908518123E-02
4.142344254555E-01

~N oW N W

-1

-5
-1

.269178147935E-02
.975745673560E-02
.638761060111E-02

.931844219766E-01
.036010732916E-01
.432256938691E-02
.269178147935E-02
.975745673560E-02
.638761060111E-02

.170622392585E-01
.836328729915E-01
.000000000000E-01

.250000000000E-01
-2.
.295011757420E-01

169943502463E-01

.511620526110E-02
.573697463423E-01
-9.

052835284157E-02

.166666666667E-01

.500000000000E-01
.156697554256E-01
.688471736737E-01
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Li,gNa,Ge,;;—A Compound Demonstrating Cation Effects on Cluster
Shapes and Crystal Packing in Ternary Zintl Phases
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ABSTRACT: The novel ternary Zintl phase Li3Na,Ge;;, was
synthesized from a stoichiometric melt and characterized crystallo-
graphically. It crystallizes in the trigonal space group P31m (No. 157)
with a = 17.0905(4) A, ¢ = 8.0783(2) A, and V = 2043.43(8) A® (final
R indices R1 = 0.0212 and wR2 = 0.0420 for all data). The structure
contains three different Zintl anions in a 1:1:1 ratio: isolated anions
Ge*™, tetrahedra [Ge,]*", and truncated, Li-centered tetrahedra [Li@
Ge,]"'", whose hexagonal faces are capped by four Li cations,
resulting in the Friauf polyhedra [Li@Li,Ge,]”". According to the
Zintl—Klemm concept, Li;sNa,Ge,, is an electronically balanced Zintl
phase, as experimentally verified by its diamagnetism. The compound
is structurally related to Li;RbGeg, which also contains [Ge,]*~ and

Li,;Na,Ge,;,

[Li@Li,Ge,]"

[Li@Li,Ge,,]"” in its anionic substructure. However, exchanging the heavier alkali metal cation Rb for Na in the mixed-cation
germanides leads to drastic changes in stoichiometry and crystal packing, demonstrating the great effects that cations exert on
such Zintl phases through optimized cluster sheathing and space filling.

B INTRODUCTION

Zintl phases are commonly defined as saltlike intermetallic
compounds with highly heteropolar bonds. Formally, they can
be described by a complete valence electron transfer from
electropositive elements such as alkali or alkaline-earth metals
to the more electronegative p-block metals of groups 13—16.
Resulting Zintl anions typically behave like elements with the
same number of valence electrons N according to the octet (8
— N) rule.! Just like the corresponding elements, Zintl anions
may take the form of extensive polymeric structures as well as
few-atom clusters or isolated atoms. Ge cluster anions range
from Brylike [Ge,]°” dumbbells in BaMg,Ge,” and P,
analogous [Ge,]* tetrahedra in A,Ge, (A = Na, K, Rb, Cs)3
to truncated tetrahedra [Ge,,]"*” in Li,RbGe,.* Some examples
of such Ge Zintl anions are depicted in Figure 1. Isolated Ge*~
anions with noble-gas configurations are frequently observed as
well: for example, in compounds E,Ge (E = Mg, Ca, Sr, Ba).®
Examples of polymeric germanides are CaGe, (*,[Ge™], Asy,,y
structure),6 CaGe (',[Ge*], polymeric Se structure),7 Li;Gey,
(*[Ge,s'*71),® and clathrate-type compounds BasGe,s,”
A Gey (A = K, Rb, Cs, Ba),'® and A, Ge 3 (A = Na, K, Rb)."!

The formation of the novel allotrope m-allo-Ge as a
microcrystalline bulk material'* in a topotactic reaction of
Li,Ge,, triggered our interest in looking for other allotropes of
Ge and Si."® In the course of our investigations, we considered
Li;NaSis as a potential precursor because it has a two-
dimensional Si substructure similar to that of Li,Ge;, and a
topotactic conversion to allo-Si has been reported.'® During our
attempts to synthesize a solid solution Li;NaSis/Li;NaGeg as a

-4 ACS Publications  © 2014 American Chemical Society
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precursor of a new modification of binary Si—Ge, we
serendipitously obtained the new compound Li;¢Na,Ge,.

A single-crystal X-ray structure determination shows that the
novel Zintl phase LijgNa,Ge;; contains the largest known
anionic cluster unit, [Ge;,]'*~, which has been observed in only
one other compound—the structurally related Li,RbGes.*
Moreover, Li;sNa,Ge,; features three different Ge Zintl anions.
Reports of compounds comprised of three or more different
Zintl anions are extremely rare. The few examples include
BagMg,,sLi; »,Si;, (Si*7, [Si,]®” dumbbells, bent [Sij]”*"
chains),'” E;;Sn,, (E = Ca, Sr, Yb; Sn*", [Sn,]®~ dumbbells,
linear [Sng]'*~ chains),"® YbySn,; (Sn*", [Sn,]*” dumbbells,
linear [Sng]™ chains)"® and NayKyTlys; (T, linear [Tly]7~
chains, [T1,]®" tetrahedra, trigonal-bipyramidal [T1]7").*

Rather complex Zintl phases with various anions of different
sizes require an equally complex and efficient coordination by
cations. Corbett described the concepts and effects of this
cluster “solvation” in detail?’ In short, surrounding cations
stabilize anionic clusters by bridging and separating them.
Stable Zintl phases require an optimized balance of specific
cluster sheathing and efficient space filling. Interestingly, some
Ge Zintl anions (e.g, [Ge,]* in BaMngez,2 [Ge, ] in
Li;RbGeg*) have only been obtained in ternary compounds
with mixed cations. Others (e.g, [Ge,—Na—Ge,]”” in A;NaGe,
with A = K, Rb)** show packing schemes very different from
those of their binary analogues. These examples along with
extensive studies on mixed cation trielides performed by Dong
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Figure 1. Selected Ge cluster anions from left to right: [Ge,]*”
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(A,Gey; A = Na, K, Rb, Cs),® monocapped-quadratic-antiprismatic [Gey]*™

C\—.-/"
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dumbbell (BaMngez), butterﬂy shaped [Ge4]6 (B- Ba3Ge4),12 [Ge4]4 tetrahedron

(K,Ge,),"? truncated-tetrahedral [Ge,;,]">” (Li,RbGeg).*

and Corbett*>** demonstrated that mixing cations of different
sizes can be a very useful tool for achieving this balance.”* Ab
initio calculations on the structural differences in NaTl and
KTI** as well as Li,AuBi and Na,AuBi*® support the frequently
observed structure-directing effect of cations in Zintl
compounds. The new Zintl phase Li;gNa,Ge,, presented here
clearly illustrates the influence of cations on cluster shapes and
crystal packing in ternary Zintl phases.

B EXPERIMENTAL SECTION

Synthesis of Li;gNa,Ge;;. All steps of synthesis and sample
preparation were carried out in an Ar-filled glovebox (MBraun, H,0
level <0.1 ppm, O, level <0.1 ppm). Li;sNa,Ge,, was prepared from
the pure elements (99% Li rods, Rockwood-Lithium; 99% Na rods,
Chempur; 99.999% Ge pieces, Chempur) in a tantalum ampule. The
sealed ampule containing the stoichiometric reaction mixture with a
total mass of 1 g was placed inside a silica reaction container, which
was then evacuated and heated to 750 °C for 1 h. The resulting melt
was cooled at a rate of 0.5 °C min™" to 300 °C, at which temperature
annealing of the reaction product was allowed for 3 h.

Single-Crystal Structure Determination. Crystals of
Li;gNa,Ge,, were selected in an Ar-filled glovebox and sealed in 0.3
mm glass capillaries. For the best specimen, intensity data were
collected at 123 K using a Bruker AXS X-ray diffractometer equipped
with a CCD detector (APEX II, k-CCD), a rotating anode FR591 with
Mo Ka radiation (4 = 0.71073 A), and a MONTEL optic
monochromator. Data collection was controlled with the Bruker
APEX software package.”® Integration, data reduction, and absorption
correction were performed with the SAINT®” and SADABS*®
packages. The structure was solved with direct methods (SHELXS-
97) and refined with full-matrix least squares on F* (SHELXL-97).>°
Details of the single-crystal data collection and refinement are given in
Table 1. Further details on the crystal structure investigation may be
obtained as Supporting Information (atomic coordinates and isotropic
displacement parameters in Table S1, CIF file) and from
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax (+49)7247-808-666; e-mail crysdata@fiz-karlsruhe.
de; http://www.fiz-karlsruhe.de/request_for deposited_data.html) on
quoting the deposition number CSD-426692.

Powder X-ray Diffraction Analysis. A PXRD pattern of
LijgNa,Ge,; was recorded using a Stoe STADI P diffractometer
equipped with a Ge(111) monochromator for Cu Ka radiation (4 =
1.54056 A) and a Dectris MYTHEN DCS 1K solid-state detector. A
crystalline sample of a Li;gNa,Ge,; synthesis product was ground in an
agate mortar and filled into a 0.3 mm glass capillary, which was then
sealed. The sample was measured within a 26 range of 5—89° (PSD
steps, 0.075° time/step, 45 s). The diffraction pattern is shown in
Figure S2 in the Supporting Information.

Magnetic Measurements. Using a Quantum Design MPMS 5
XL SQUID magnetometer, the magnetization of 39 mg of a
LijgNa,Ge,; synthesis product was measured at applied fields of
5000 and 10000 Oe over the temperature range 2—300 K. The data
were corrected for the sample holder and for ion-core diamagnetism
using Pascal’s constants.® The molar susceptibility X,, is negative in
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Table 1. Crystallographic Data and Structure Refinement for

Li;g4Na,Ge,,

T (K)
formula wt

cryst size (mm®)

123(2)
1404.93
0.11 X 0.13 X 0.28

cryst color metallic black
cryst shape block
space group P31m
unit cell dimens (A)
a 17.0905(4)
¢ 8.0783(2)
Z 3
Vv (A%) 2043.43(8)
p(caled) (g em™) 3425
u (mm™) 18.459
F(000) 1860
0 range (deg) 2.38—33.16
index range —-26 <h<26
—-25<k<23
-12<L1<12
no. of rflns collected 47691

no. of indep rflns
no. of rflns with I > 26(I)

5466 (R, = 0.0407)
5150 (R, = 0.0250)

abs cor multiscan
no. of data/restraints/params 5466/1/191
goodness of fit on F2 1.041
final R indices (I > 20(I))**
R1 0.0185
wR2 0.0412
R indices (all data)®?
R1 0.0212
wR2 0.0420
Flack param 0.01(2)
largest diff peak, hole (e A7) 0.88, —0.99

“R1 = YIIF,| —

IFll/SIF,. "wR2 = [Yw(F,? —

FCZ)Z/ZW(FQZ)Z] 1/2'

the range of —(1.44—1.55) X 107 emu mol™" and temperature
independent, as expected for a diamagnetic compound. The
corresponding graph is shown in Figure S3 in the Supporting
Information.

B RESULTS AND DISCUSSION

Structure of Li;gNa,Ge;; Li;;Na,Ge,; was serendipitously
identified from a reaction intended to yleld L13Na813Ge3,
derivative of the known Zintl phase Li;NaSis.'® Subsequently,
the air- and moisture-sensitive compound was synthesized
directly from the pure elements and characterized crystallo-
graphically. Li;gNa,Ge,, crystallizes in the trigonal space group
P31m (No. 157) with a = 17.0905(4) A, ¢ = 8.0783(2) A. and Z
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mailto:crysdata@fiz-karlsruhe.de
mailto:crysdata@fiz-karlsruhe.de
http://www.fiz-karlsruhe.de/request_for_deposited_data.html

Inorganic Chemistry

Figure 2. (a) Projection of the structure of Li;¢Na,Ge,; onto the ab plane (Li, white; Na, green; Ge, gray; thermal ellipsoids at 90% probability at
123 K). The anionic Ge clusters are highlighted as colored polyhedra (truncated tetrahedra [Ge,,]'*, blue; crystallographically different tetrahedra
[Ge,]*™ (A) red, (B) yellow). The hexagonal primitive packing of truncated tetrahedra is indicated by red lines. (b) Projection of the structure of
Li7RbGe84 onto the ab plane (Li, white; Rb, green; Ge, gray). The anionic Ge clusters are highlighted as colored polyhedra (truncated tetrahedra

[Gey,]'”", blue; tetrahedra [Ge,]*", orange).

= 3. All atoms were refined anisotropically with final reliability
factors of R1 = 0.0212 and wR2 = 0.0420 for all data (Table 1).

Interestingly, the structure of Li;gNa,Ge,, incorporates three
different Zintl anions in a 1:1:1 ratio: truncated Ge tetrahedra
[Ge,]'*, Ge tetrahedra [Ge,]*", and isolated Ge anions Ge*~
(Figure 2a). Thus, to the best of our knowledge, it is the first
germanide containing three different Zintl anions with each of
them observing the (8 — N) rule. In addition, the new Zintl
phase LijgNa,Ge, is only the second compound containing the
largest known anionic Ge cluster unit, [Ge;,]"*". Such
[Ge;,]"*" truncated tetrahedra have been reported once before
in the related Zintl phase Li-RbGeg, in which they occur next to
tetrahedral [Ge,]*".* Similar [Sn,,]'>~ clusters are observed in
ENa,,Sn,, (E = Ca, Sr).>! Larger Ge polyanions have only been
isolated via soluble [Geo]*", with [Ge,]">” being the largest
example of covalently linked Ge atoms.

The shape of the large [Ge,,]"*™ unit, a polyhedron with four
triangular and four hexagonal faces, derives from a large
tetrahedron with truncated vertices. Four Li atoms cap the
hexagonal faces of the truncated tetrahedron and thus
constitute the 16-vertex Friauf*’ polyhedron [Li,Ge,]%". In
addition, the Friauf polyhedron is centered by one Li atom
(Figure 3). Due to the lower crystal symmetry, Ge—Ge bond
lengths (2.4840(5)—2.6948(S) A) vary in a greater range than
in Friauf polyhedra in Li:RbGeg (2.505(2)—2.603(2) A).*
However, average Ge—Ge bond lengths are identical (2.567(1)
A for LijgNa,Ge,, 2.569(2) A for Li,RbGeg). Similarly, the
average interatomic distances of Ge and capping Li atoms
(2.91(1) A for Li,qNa,Ge,,, 2.96(2) A for Li,RbGe;) as well as
the interatomic distances of centering Lil to all 16 surrounding
atoms (2.99(1) A for Li;Na,Ge;,, 3.02(2) A for Li,RbGe;) fall
in the same ranges (Table 2). In addition, the Friauf
polyhedron [Li@Li,Ge;,]’” is coordinated by another 30
alkali-metal cations, forming an approximately spherical
“solvation” environment (Figure S1 in the Supporting
Information).

The four capping Li atoms link the Friauf polyhedron to
neighboring Zintl anions (Figure 3). Li2 is coordinated by a
triangular face of a neighboring Friauf polyhedron along ¢,
whereas Li4 coordinates one edge of crystallographically
distinguishable tetrahedra A and Li3 coordinates a face of the
second tetrahedron type B.

Ge tetrahedra A and B (ratio 2:1) are both located on 3-fold
rotation axes (Figure 2a) and differ in their relative orientations
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Figure 3. Structure of the Li-centered Friauf polyhedron [Li@
Li,Gep,])”™ (Li, white; Ge, gray; truncated tetrahedron [Ge,,]'*", blue;
crystallographically different tetrahedra [Ge,]*~ (A) red, (B) yellow;
thermal ellipsoids at 90% probability at 123 K). Ge—Ge bonds are
marked in black, whereas capping Li atoms are connected with gray
lines. Interactions of capping Li atoms with edges (A) or triangular
faces (B and [Li@Li,Ge;,]”") of neighboring clusters are shown with
broken lines. Relevant interatomic distances are given in Table 2.

as well as their coordination environments (Figure 4a,b).
Nevertheless, their Ge—Ge bond lengths of 2.5610(S)—
2.5818(6) A agree well with those in A,Ge, (A = Na, K, Rb,
Cs).? Tetrahedron A has a coordination environment similar to
that of [Ge,]*™ tetrahedra in Li;RbGeg,* containing 12 Li and 2
Na atoms (Figure 4a; Ge—Li distances 2.575(5)—3.114(6) A,
Ge—Na distances 2.980(2)—3.320(2) A). In contrast, tetrahe-
dron B is coordinated by 15 Li and 2 Na atoms (Figure 4b;
Ge—Li distances 2.703(7)—3.095(6) A, Ge—Na distances
3.020(3)—3.335(2) A). For both tetrahedron types, Li atoms
cap trigonal faces or bridge edges or coordinate exo at vertices.
These coordination modes commonly occur in Zintl cluster
sheathing.21

The isolated Ge atom Gel is coordinated by nine Li atoms
and Nal (Figure 4c) with a Ge—Na distance of 2.877(2) A.
Coordinating Li atoms (Ge—Li distance 2.514(6)—2.903(5) A)
are clearly differentiated from next-nearest neighbors with Ge—
Li distances >4.8 A. All relevant interatomic distances in
Li;gNa,Ge,, are given in Table 2.
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a) b)

L3

Figure 4. Coordination environments of (a) the Ge tetrahedron A, (b) the Ge tetrahedron B, (c) and the isolated Ge atom Gel (Li, white; Na,
green; Ge, gray; thermal ellipsoids at 90% probability at 123 K). Relevant interatomic distances are given in Table 2.

Table 2. Relevant Interatomic Distances in Li;sNa,Ge;, (P31m, Z = 3, Estimated Standard Deviations in Parentheses)

atom pair atom pair
d (A)

Gel Li6 2.514(6) Ge6 Ge6
Lill x 2 2.543(5) Ge9
Li9 2.560(7) Ge7
Lil3 X 2 2.643(5) Lill
Li7 2.709(7) Li7
Nal 2.877(2) Li8
Lil0 X 2 2.902(5) LiS

Ge2 Ge2 X 2 2.5610(5) Li3
Ge3 2.5753(4) Li2
Lil3 2.575(5) Lil
Li4 2.854(5) Ge7 Ge8
Li4 2.885(5) Ge9
Lil2 2.924(5) Lill
Lil2 2.932(5) Ge6
Lil0 3.114(6) Lil0
Na2 3.335(2) Li4

Ge3 Ge2 X 3 2.5753(4) Lil2
Lil2 X 3 2.862(5) Li2
Lil0 X 3 2.975(6) Lil
Na2 2.980(2) Ge8 Ge7

Ge4 GeS 2.5688(6) GelO
Ge4 X 2 2.5818(6) Li6
Li9 2.703(7) Ge8
LiS X 2 2.823(6) Lil0
Li7 2.902(7) Li4
Li3 X 2 3.035(6) Lil2
Li8 3.095(6) Li2
Na3 3.320(2) Lil

GeS Ge4 X 3 2.5688(6) Ge9 Gel2
Li8 X 3 2.770(6) Ge7
Li3 X 3 2.838(6) Geb6
Na3 3.020(3) Li9

atom pair
d (A) d (A)

2.4883(5) Ge9 Li8 2.856(4)
2.5980(4) Lil3 2.921(5)
2.6596(4) Li3 2.935(3)
2.708(4) Li4 2.978(4)
2.740(3) Lil 3.058(3)
2.752(3) Nal 3.161(1)
2.836(6) Gel0 Gell 2.4840(5)
2.906(6) Ge8 X 2 2.5596(4)
2.974(6) Lil3 X 2 2.826(5)
2.995(6) Li4 X 2 2.946(4)
2.4952(4) Nal 2.978(2)
2.5651(4) Lil 3.042(6)
2.618(5) Gell GelO 2.4839(5)
2.6596(4) Li6 2.585(6)
2.767(5) Gel2 X 2 2.5921(4)
2.882(5) Li4 X 2 2.871(5)
2.951(6) Lil2 X 2 2.903(5)
2.980(4) Li2 2.960(8)
2.997(4) Lil 2.964(7)
2.4952(4) Gel2 Ge9 2.5000(4)
2.5597(4) Lill 2.567(5)
2.659(5) Gell 2.5921(4)
2.6948(5) Gel2 2.5992(5)
2.768(5) LiS 2.766(6)
2.851(S) Li4 2.857(S)
2.912(6) Li3 2.875(6)
2.916(6) Lil2 2.942(8)
2.969(6) Lil 2.945(7)
2.5000(4) Li2 3.018(7)
2.5651(4) Lil Li2 2.94(1)
2.5980(4) Li3 2.981(9)
2.855(4) Li4 X 2 3.009(6)

Electron Count. According to the Zintl-Klemm con-
cept,'** the truncated Ge tetrahedron may be viewed as a
[Ge;,]"*” anion with one negative charge for every three-
connected Ge atom. Adding the four capping Li atoms and Lil
in the center with one positive charge each results in an overall
electron count of —7 for [Li@Li,Ge,,]"". Li;;Na,Ge,, contains
the Friauf polyhedron, tetrahedral [Ge,]*", and isolated Ge* in
a 1:1:1 ratio. Thus, (Li*),3(Na*),[Li@
Li,Ge;,] [Ge,]* (Ge*") is an appropriate notation for this
novel Zintl phase, in which all Zintl anions obey the (8 — N)
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rule. A magnetic measurement of Li;gNa,Ge;; clearly reveals
diamagnetism of the metallic black and brittle compound
(Figure S3 in the Supporting Information), which is consistent
with a semiconducting Zintl phase.

Cation Effects. The crystal structure of Li;gNa,Ge,; is
closely related to the structure of Li;RbGeg* In both
compounds, the Li-centered Friauf polyhedra [Li@Li,Ge,,]"~
arrange in a hexagonally primitive fashion, as demonstrated in
Figure 2. The resulting voids are filled by [Ge,]*" tetrahedra
and in the case of Li;¢Na,Ge,; also by isolated Ge anions.

dx.doi.org/10.1021/ic4027046 | Inorg. Chem. 2014, 53, 2096—2101



Inorganic Chemistry

Alkali-metal cations Li* as well as Na* and Rb*, respectively,
stabilize the Zintl anions by counterbalancing the negative
charge, filling voids and providing cluster sheathing that keeps
clusters separated.

Although the heavier alkali-metal content in the two ternary
germanides only amounts to 5.41 (Li;sNa,Ge;;) and 6.25 atom
% (Li;RbGeg), the exchange of the heavier alkali-metal cation
induces a dramatic difference in the crystal structures. A
comparison of cell dimensions of the hexagonally primitive
framework of Friauf polyhedra in both compounds shows a
slight cell contraction upon utilization of Na instead of Rb
(Table 3), changing the requirements for effective space filling.

Table 3. Cell Dimensions a’, ¢/, and V' of the Hexagonally
Primitive Friauf Polyhedron Framework in Li;4Na,Ge;,
(Room-Temperature Powder Data; a’ = (1/3)"%a; ¢’ = ; V'
= (1/3)"2V) and Li,RbGe, (Room-Temperature Single-
Crystal Data;* a’ = a; ¢’ = (1/2); V' = (1/2)V)

Li;gNa,Ge;, Li-RbGeg
a' (A) 9.899(2) 9.8946(7)
¢ (A) 8.100(1) 8.135(2)
Vv (A%) 679.74(4) 689.74(2)

An isolated Ge*™ anion replaces one of the two [Ge,]*"
tetrahedra in each primitive cell. However, the isolated anion,
which has the same 4-fold negative charge as the larger [Ge,]*”
tetrahedron, cannot encompass the same number of cations in
its coordination environment. Therefore, [Ge,]*" tetrahedron
B accommodates three additional Li cations, resulting in
decreased overall symmetry and a greater a parameter. The
lowered symmetry is accompanied by a slight distortion of the
hexagonally primitive Friauf polyhedron framework in
Li;¢Na,Ge,,. Whereas the distances of one Friauf polyhedron
center to the centers of each of the six neighboring polyhedra in
the ab plane are all equal in Li;,RbGeg (9.8946(7) A, room-
temperature single-crystal data), these center-to-center dis-
tances slightly differ in Li;sNa,Ge,, (4 X 9.931(6) A, 2 X
9.742(6) A, 123 K single-crystal data).

In addition, the introduction of Na as the heavier alkali-metal
cation evokes a drastic change of the crystal packing along the ¢
direction (Figure 5). In Li;RbGeg, two [Ge,]*” tetrahedra are
separated by two Rb cations and Friauf polyhedra are staggered
due to a 6; screw axis. However, in Lij¢Na,Ge;; a single Na
cation alternates with each tetrahedron and isolated Ge anion,
respectively. Concomitantly, the length of the ¢ axis is halved
(Table 3) because [Li@Li,Ge;,]”” clusters stack in an eclipsed
manner in the lower symmetry.

B CONCLUSIONS

Mixing cations of different size or even different charge in
syntheses of Zintl phases has been shown to be an efficient tool
to stabilize rare cluster shapes. The novel compound
Li;sNa,Ge,, presented here and the related Li,RbGe;" illustrate
this concept well. Although the heavier alkali-metal content
only amounts to 5—6 atom % in these compounds, the
exchange of Rb by Na introduces a dramatic structural
difference. In the case of LigNa,Ge; an intriguing structure
with three different Zintl anions is obtained. It is therefore easy
to imagine that many more novel structures may be stabilized
as mixed-cation compounds which are not available in binary
systems. Thus, cation ratios must be carefully selected in order
to obtain electronically balanced structures with favorable
cluster sheathing and efficient space filling. However, owing to
the multitude of Zintl anion geometries and countless possible
combinations thereof, predicting new ternary Zintl phases
remains difficult.

B ASSOCIATED CONTENT

© Supporting Information

Atomic coordinates and isotropic displacement parameters of
Li;gNa,Ge;; (Table S1), coordination environment of the
Friauf polyhedron [Li@Li,Ge,]”” in Li,sNa,Ge,, (Figure S1),
a powder X-ray diffraction pattern of Li;gNa,Ge,, (Figure S2),
results of magnetic susceptibility measurements (Figure S3),
and a CIF file giving crystallographic data. This material is
available free of charge via the Internet at http://pubs.acs.org.

Figure 5. Fragments of the structures of (a) Li;jNa,Ge,; (Na, green, Ge, gray; truncated tetrahedra [Ge,]'>”, blue; crystallographically different
tetrahedra [Ge,]*™ (A) red, (B ) yellow) and (b) Li-RbGe," (Rb, green; Ge, gray; truncated tetrahedra [Ge,,]'?”, blue; tetrahedra [Ge,]*", orange),
demonstrating the packing of Zintl anions and Na and Rb cations, respectively, along c. The main symmetry elements are indicated by their symbols.

Li atoms are omitted for enhanced clarity.
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Li;sNa,Ge;; — a Compound Demonstrating Cation Effects on Cluster Shapes
and Crystal Packing in Ternary Zintl Phases

Lavinia M. Scherf, Michael Zeilinger, Thomas F. Fissler*

Table S1. Fractional atomic coordinates and equivalent isotropic atomic displacement parameters
for LijgNayGe7 (P31m, Z=3, T =123 K, estimated standard deviations in parentheses).

atom  Wyckoff position x ¥ 4 U, I1A>10°
Gel 3¢ 0.33940(2) 0 0.20480(5)  9.55(7)
Ge2  6d 0.58056(2) 0.24642(1) 0.97870(4) 10.08(5)
Ge3  2b 23 1/3 0.23971(5) 9.61(9)
Ged 3¢ 0.08722(2) 0 0.02877(6) 9.46(7)
Ge5  la 0 0 0.76979(8) 9.2(1)
Ge6  6d 0.23988(2) 0.15581(2) 0.48856(3) 7.70(5)
Ge7 6d 0.41951(2) 0.24371(2) 0.49600(3) 8.40(5)
Ge8  6d 0.50333(2) 0.41229(2) 0.49809(3) 8.29(5)
Ge9  6d 0.32803(1) 0.15256(2) 0.74800(3) 8.43(5)
Gel0 3c 0.49594(2) 0 0.74910(4) 9.31(6)
Gell 3c 0.41729(2) 0.41729(2) 0.99578(4) 8.84(6)
Gel2 6d 0.32997(1) 0.24217(2) 0.99415(3) 8.68(5)
Nal 3¢ 0.3462(1) 0 0.5607(2)  26.6(4)
Na2  2b 213 1/3 0.6086(3)  43.1(7)
Na3 la 0 0 0.3960(3) 28.5(6)
Lil 3¢ 032913)  0.3291(3) 0.6799(9) 17(2)
L2 3¢ 03333(3)  033333) 0316(1)  15(1)
L3 3¢ 0.1651(4) 0.1651(4) 0.8062(9) 15(1)
Li4  6d 0.4944(3)  0.32943) 0.8091(7) 16(1)
Li5 3¢ 0.1726(4)  0.1726(4)  0.1776(9)  16(1)
L6 3c 0.48553) 0 0.2409(8)  13(1)
Li7 3¢ 0.1897(4) 0 03152(8)  19(1)
Li§ 3¢ 0.1556(4) 0 0.6740(8)  16(1)
Li9 3c 0.2423(4) O 0.9634(9) 18(1)
Lil0  6d 0.49873)  0.1619(4) 0.3216(7)  18(1)
Lill 6d 03382(3) 0.1476(3) 0.2332(6) 14.009)
Lil2 6d 0.5013(3)  0.3324(3) 0.1786(7) 17(1)
Lil3 6d 04331(3)  0.0943(3) 0.9449(7) 19(1)

Sl



Figures S1 — S3

Figure S1. Coordination sphere of the Friauf polyhedron [Li@Li4Ge12]7_ (blue) in Li;gNa,Gey; (Li = white, Na =
green, Ge = grey; thermal ellipsoids at 90 % probability at 123 K).
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Figure S2. Experimental X-ray powder diffraction pattern of Li;sNa,Ge;; (black) referenced with its theoretical
powder pattern (red; T = LiGe, * = unknown compound).
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Figure S3. Molar susceptibilities X, of Li;sNa,Ge;; at field intensities H of 5000 Oe (black) and 10 000 Oe (red)
over the temperature range of 2-300 K. The data were corrected for the sample holder and for ion-core diamagnetism

using Pascal’s constants.' Slight deviations from ideal diamagnetic behavior at low temperatures are caused by small
sample impurities.
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LiBSi,: A Tetrahedral Semiconductor Framework from Boron and
Silicon Atoms Bearing Lithium Atoms in the Channels**
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The crystalline open frameworks of zeolites and clathrates are
based on three-periodic, four-connected nets with tetrahedral
nodes and have long attracted attention for their unique
physical properties and great significance to fundamental
crystal chemistry.'! Such open tetrahedral frameworks
(OTFs) enclose interstitial volumes in the form of large and
separated cages (clathratic frameworks) or channels (zeolitic
frameworks). While they most commonly occur with oxide
materials, using oxygen to bridge the tetrahedral nodes,
intermetallic Zintl phases may realize OTFs where the edges
of nets correspond to covalent two-center, two-electron bonds
(direct links).” Tetrahedral nodes in Zintl-phase OTFs are
typically represented by the tetravalent Group 14 element
(Tt) atoms Si, Ge, and Sn or mixtures of Tt atoms and
trivalent Group 13 element (Tr) atoms (sp® hybridized atoms).
For the latter systems, the apparent electron deficiency is
balanced by electrons of the less electronegative metals
situated in cavities in the OTF (guest species), which becomes
nominally charged, that is, (4c-Tt),=(A"),(4c-Tt),_,.(4c-
Tr7),, (4c=four-connected, A =alkaline-earth metal) and
thus shows a strong analogy to the charge distribution in
aluminosilicates.

Among Zintl-phase OTFs the clathrate-I and -II type of
structures with the nets mtn and mep, respectively,””! are most
prominent (Scheme 1). They occur for numerous composi-
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Scheme 1. Open tetrahedral frameworks realized by Zintl phases and
Group 14 elements.”!

tions and have received considerable attention for their
thermoelectric and superconducting properties.ll Guest spe-
cies in cages (i.e. Na—Cs, Sr, Ba, Eu atoms) play an important
role in determining and tuning electric and thermal transport
properties.’?l Other OTFs include zeolitic frameworks such as
the chiral net unj which is the basis of the structures of
NalnSn,, NaGaSn,, and NaGaSn; as well as #P-Na,ZnSn; and
tI-Na,ZnSn;,") and CAS which describes the topology of the
frameworks of Eu,Ga,Si;s or ASis (A = Ca, Sr, Ba).l
Notably, compared with silicates the topological variety of
Zintl-phase OTFs is very limited® 7 and especially attempts
to achieve Zintl-phase OTFs with Li as the guest species have
long been unsuccessful ! although interesting properties for
such materials were predicted.”’ For clathratic frameworks it

Angew. Chem. Int. Ed. 2013, 52, 5978 -5982
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is believed that cages would be too large for Li atoms.”™ The
encapsulation of Liatoms (in a stable compound) will
probably require the OTF to consist of a large fraction of
light elements from the second row, that is, B and C atoms.
Thus far, the only known OTF involving a second row
element is found in K;B,Si;,, ') where a comparatively small
fraction of the Si atoms in a clathrate-I structure are replaced
by B atoms. Although this produced the smallest lattice
parameter among Zintl phases with the clathrate-I structure
cage, the size remained far too large for Li atoms.

Herein, we report on LiBSi, displaying a zeolitic frame-
work with a new topology based on a unique strictly ordered

Angewandte
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distribution of B and Si atoms. This B-Si OTF has mutually
orthogonal channels that host Li atoms.

LiBSi, was obtained as a dark gray, microcrystalline,
powder from reaction mixtures LiB:Si=1:1 that had been
pressurized to 10 GPa and heated at 900°C. LiBSi, is air and
moisture stable, and also inert to strong acids. Its thermal
stability exceeds 800°C. The structure of LiBSi, depicted in
Figure 1 was solved from powder X-ray diffraction data using
a parallel tempering algorithm and subsequently finalized by
Rietveld refinement.!'!

LiBSi, crystallizes with the tetragonal space group P4,/
nmc and contains eight formula units in the unit cell

Si2

Si1

Si2

Figure 1. a) Crystal structure of tetragonal LiBSi, (2x2x2 supercell) viewed approximately along the [100] direction. Atoms are displayed as
ellipsoids at a 90% probability (Li red, B blue, Si dark gray). Boundaries of two slab-like building units are marked by light blue planes. b) Two

consecutive slab building units projected along the [001] direction. Bonds of the realgar-like [B,Si2,] structural unit are drawn in yellow. Elongated
tetrahedra produced by the arrangement of Li atoms are highlighted. The position of 4, and 4 axes are indicated by their symbol. c) Section of the
LiBSi, structure showing the consequence of connecting slab building units: six- and seven-membered rings are introduced defining orthogonal
channels that host the Li atoms. Within seven-ring channels Li atoms are arranged as linear chains, within six-ring channels as zigzag chains.
Connecting lines between Li atoms do not indicate interactions, they are only meant to emphasize structural features. d) Natural tiling for the net
tum formed by B and Si atoms in LiBSi,. There are four different kinds of tiles, three four-faced tiles and one six-faced. (A tile is characterized by
a face symbol [M™.N"...] indicating that there are m faces that are M-rings, n faces that are N-rings, and so on). Left: Arrangement of 4-faced tiles
[5*] (green), [7] (yellow), and [5%.7%] (pink) not sharing faces. Middle: Arrangement of four-faced tiles within slab building blocks (Figure 1b).
Right: Complete natural tiling of tum including also the six-faced “Li tiles” [5%.6%.7] (blue). Li tiles share common six-ring faces which emphasizes
the six-ring channel system (hosting Li zigzag chains) in zeolitic LiBSi, (seen at the bottom of the figure). e) Coordination environment around Li
atoms within a [5%.6%.77 tile.
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(Figure 1a). The B-Si ordered OTF is built from three distinct
crystallographic positions—one B site (8f) and two Si sites
(Sil and Si2, both on 8g)—and thus corresponds to a trinodal
net. Li atoms are situated on an 8g site and occupy channels in
the B-Si OTE.

The tetrahedral B-Si framework can be divided into
[B,Si2,] realgar-like units and Sil-Sil dumbbells which occur
in a 1:2 ratio and are arranged in two-dimensional slabs
(Figure 1b). The realgar-like unit represents a cage, which is
enclosed by four five-membered rings. Its linkage with the
Sil, dumbbell units creates additional five-membered rings.
The slab also contains eight-membered rings, which, however,
become part of seven-membered rings upon connecting slabs
and thus do not represent strong rings in the three-periodic
framework."? Finally, a slab hosts mutually perpendicular
linear chains of Liatoms at two different heights (corre-
sponding to the thickness of a slab; Figure 1a) running along
the a and b directions. Distances in a linear chain are
alternating short (3.36 A) and long (3.47 A), and the arrange-
ment of short distances corresponds to elongated Li, tetrahe-
dra surrounded by eight-membered rings.

In the three-periodic net, slabs are stacked along the ¢
direction, related by the n glide perpendicular to ¢ (Fig-
ure 1b). As a consequence, realgar and Li, tetrahedral units
are situated alternating on top of each other and (Sil),
dumbbells are stacked mutually rotated by 90°.%1 The
connection of slabs introduces six- and seven-membered
rings, which define the channels hosting the Li atoms (Fig-
ure 1c, compared to Figure 1a). In channels embraced by
seven-membered rings, Li atoms are arranged as the linear
chains mentioned above; in channels embraced by six-
membered rings, Li atoms form zigzag chains where they
are equidistantly separated at 3.66 A (Figure 1c). This
distance corresponds to the separation of Li, tetrahedra, or
alternatively the distance between parallel linear chains at
different heights. Both kinds of channels run along the a and b
directions and are mutually converted by a 90° rotation
around the c axis.

The outcome of the ordering of B and Si atoms is that
B atoms are exclusively bonded to Si atoms with dg.z =2.05
and 2.08 A whereas Si atoms utilize two homoatomic bonds
with distances dg;;=2.44, 2.47, and 2.51 A. Different B—Si
and Si—Si bond lengths induce distorted tetrahedral coordi-
nation environments (X (Si—B—Si)=91.07°-124.52°; X (B—
Si—B) =106.41°, 117.30°; % (Si—Si—B)=100.94°-116.96°; X -
(Si—Si—Si) =112.33°).

The OTF formed by B and Siatoms in LiBSi, consists
exclusively of five-, six-, and seven-membered rings and
represents a not yet described topology for a three-periodic,
four-connected net. It has been assigned the symbol tum in
the TTD topological database.!"! We note that tum is also the
net of the orthorhombic framework of the recently discovered
intermetallic compounds NasM,, .Sny,_, (x~0.5,M =Zn, Hg)
where it is formed by the M and Sn atoms.['”)

The natural tiling associated with tum is shown in
Figure 1d. A tiling is the filling of space by generalized
polyhedra (tiles) that share faces."! A tile represents the
interior of a cage with typically curved faces that are rings of
the net. Thus a tiling carries a net formed by the vertices and
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edges of tiles. According to a set of rules, natural tilings are
unique and provide an unambiguous way to partition space by
the net. This in turn enables convenient identification and
analysis of the size and location of cavities and channels. For
tum there are four kinds of tiles: one corresponds to the
[B,Si2,] realgar-like cage centered at the Wyckoff site 2a and
has the face symbol [5*], indicating that there are four faces
that are five-membered rings. Another tile with face symbol
[7*] is located at the center of the Li, tetrahedron (position 2b)
and a third tile with the face symbol [5°.7%] is centered at site
4d, in between two Sil, dumbbells stacked along the ¢
direction. The fourth tile is enclosed by six faces (face symbol
[5%6°7"]) and is centered at a position approximately
corresponding to the location of the Li atoms (Figure 1e).

This partitioning appears chemically meaningful; the
three four-faced tiles do not share common faces but are
tetrahedrally surrounded by Li tiles, which in turn are
octahedrally connected to two [5%77] tiles (through a seven-
and a five-membered ring face, respectively), one realgar [5%]
tile, one [7*] tile, and two other Li tiles (sharing six-sided
faces). The face sharing of Li tiles defines the relevant
channels (Figure 1 f), which, interestingly, are those that are
embraced by six-membered rings and host zigzag chains of
Li atoms rather than the ones embraced by seven-membered
rings that host linear chains. Li atoms in LiBSi, attain a clearly
defined coordination by two B and nine Si atoms (Figure 1e¢).
Distances range from 2.34 A (Li-B) to 2.86 A (Li-Sil) and are
well separated from the next nearest neighbor distances
starting off at 3.34 A (Li-B). However, the tile (cage)
associated with Li is larger (14 vertices) and Li is positioned
quite off-centered in its tile.

The structure was further confirmed by the Raman
spectrum of LiBSi, (Figure 2). The rather complex structure
gives rise to 31 Raman-active modes,"'” of which about 20 are
observed. Excitation with a green laser (A =532 nm) yields
better resolved high-frequency modes, whereas red-laser
excitation (A=785nm) results in better resolved low-fre-
quency modes. The assignment of bands was assisted by first-
principles zone center phonon calculations. The modes with
lowest and highest wave number were calculated at 168 and
683 cm™!, respectively, which is in good agreement with the
span of wave numbers of the observed spectrum. The bands in
the wave number region 600-700 cm™' correspond to B-Si
vibrations (modes 14-19; Figure 2) and are detached from the
bulk of modes between 150 and 470 cm ™. The latter range of
wave numbers is typical for Si-Si stretching and bending
vibrations in silicide clathrates,"® however, for LiBSi, we find
that bands from Si-Si and Li-Si vibrations appear at similar
wave numbers. In fact, mode 13 at around 467 cm™" corre-
sponds to a Li-Si vibration, whereas the first Si-Si stretching
mode (12) is at around 430 cm~'. This indicates a strong
interaction between Li and the host OTF. Also, the optical
mode with the lowest wave number involves displacement
contributions from all atoms and is not, as perhaps expected,
dominated by Li atoms.

The electronic structure of LiBSi, has been calculated and
the density of states (DOS) is shown in Figure 3. LiBSi, is
a semiconductor with a band gap of 1.1 eV. Because DFT-
calculated band gaps are known to be underestimated, the
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Figure 2. Raman spectrum of LiBSi, recorded with excitation wave-
lengths 532 and 785 nm. Values listed are wavenumbers (cm™") of the
labeled bands (1-20). The origin of band 20 in the lower spectrum is
not known.
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Figure 3. Electronic density of states for LiBSi, and the site projected
contributions from Li, B, and Si atoms. The Fermi level (E;) is set at
0 eV at the top of the valence band (dotted line).

experimental band gap may approach 2 eV. The occurrence of
a band gap is in agreement with an electron precise B-Si OTF
where Li acts as an electron donor, as expected for a Zintl
phase. However, the site-projected DOS reveals that the Li
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and B states contribute almost equally and homogenously to
the valence band throughout its range of dispersion. Such an
intimate admixture of states from the less electronegative—
electron-donating—component to the occupied valence band
is not typical of a Zintl phase and is also indicative of strong
Li-OTF interactions. Preliminary 'Li- and "B-MAS-NMR
investigations (chemical shift of "Li: —0.35 ppm) reveal the
diamagnetic character. Further details on the NMR-spectro-
scopic investigations are given in the Supporting Information.

Apart from its new topology, the B-Si net in LiBSi, is also
chemically unique: it represents the first example where B
and Si atoms form an ordered common framework structure
with boron exclusively engaged in heteronuclear B-Si con-
tacts. Typically frameworks of borosilicides are characterized
by either segregated B and Si structural entities or separated
B,, icosahedra and Si, rhomboid rings as in -SiB;!"” or the
occurrence of B/Si disorder as manifested in mixed occupied
positions as, for example, in a-SiB;, NagB,sSi;;5,?" and the
earlier mentioned K;B,Sis.'" Since the tum net exclusively
consists of four-connected nodes it additionally enlarges the
number of models for novel tetrel allotropes, such as the
recently predicted Si allotrope®! or the experimentally
established m-allo-Ge.”

In conclusion, we have shown that high-pressure reactions
between LiB and Si afford LiBSi, with a novel intermetallic
B-Si OTF dubbed tum. Unique to this compound is the
encapsulation of small-sized Li as the guest species and the
topology of the OTF, based on a strictly ordered distribution
of B and Si atoms. Owing to the low density and its open
framework structure, doped LiBSi, may be the basis for useful
electrode materials.” Also, tum may be an interesting model
for a low-density allotrope of Group 14 elements. The search
for such allotropes has recently become a very active field of
research.?! LiBSi, is predicted to be a semiconductor with
a band gap exceeding 1 eV. Vibrational properties and the
calculated electronic structure indicate that the Li guest
species interacts strongly with the OTF host. The physical
properties, the detailed formation conditions of LiBSi,, as
well as an analysis of the NMR-spectroscopic investigations
will be presented in a forthcoming paper.

Experimental Section

In a typical synthesis a mixture of LiB and Si (80-100 mg, molar ratio
1:1) were sealed in a salt capsule. The capsules were compressed in
a multi-anvil device!®! to a pressure of 10 GPa and subsequently
heated to 900°C at a rate of 5°C min~'. After equilibrating samples at
their target temperature for one hour, the temperature was quenched
and the pressure released at a rate of approximately 0.5 GPa per hour.
The preparation of salt capsules and their recovery after high-
pressure, high-temperature treatment was performed in an Ar-filled
glove box. Thereafter, the product was treated with half concentrated
HCI and washed several times with water and ethanol followed by
drying in air. A synthesis run typically yielded 40-50 mg product.
Products were analyzed by powder X-ray diffraction (PXRD),
Raman, and "Li- and ''B-MAS NMR spectroscopy.

Samples were ground, loaded into 0.3 mm capillaries, and
measured on a STOE STADI P diffractometer (Ge-(111) monochro-
mator for Cuk, radition, 1=1.54056 A) equipped with a linear
position-sensitive detector (PSD). Tetragonal unit cell: a=
6.83225(3) A, c=8.83924(6) A and space group P4,/nmc. Further
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details on the crystal structure may be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many (fax: (449)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de),
by quoting the depository number CSD-425643 (LiBSi,).

Raman spectra were recorded on powder samples placed on
a glass slide using a LabRAM HR 800 spectrometer with a back-
thinned CCD detector and lasers at 532 and 785 nm as excitation
sources. 'Li- and "B-MAS (magic angle spinning) NMR spectra
(Supporting Information, Figures S3,S4) were collected on a Varian
VNMRs 500 spectrometer, operating at 160.37 MHz and 194.24 MHz
for "B and "Li, respectively. MAS was performed at spinning speeds
of 15-40 kHz with a Varian 1.6 mm triple resonance T°-MAS probe.
Theoretical calculations were performed in the framework of the
frozen core all-electron projected augmented wave (PAW) method, as
implemented in the program VASP.?

Received: February 22, 2013
Published online: April 22, 2013

Keywords: open tetrahedral frameworks - silicon - zeolites -
Zintl phases

[1] a)J. V. Smith, Chem. Rev. 1988, 88, 149; b) M. O’Keeffe, B. G.
Hyde, Crystal Structures I: Patterns and Symmetry, Monograph,
Mineralogical Assoc. of America, Washington DC, 1996; c) O.
Delgado Friedrichs, A. W. M. Dress, D. H. Huson, J. Klinowski,
A. L. Mackay, Nature 1999, 400, 644.

a) “Zintl Clathrates” A.V. Shevelkov, K. Kovnir in Zintl
Phases: Principles and Recent Developments, Vol. 139 (Eds.:
D. M. P. Mingos, T. F. Fissler), Springer, Heidelberg 2011, p. 97;
b) “Structural Relationships Between Intermetallic Clathrates,
Porous Tectosilicates and Clathrate Hydrates”: D. Santamaria-
Perez, F. Libeau in Inorganic 3D Structures: The Extended Zintl-
Klemm Concept, Vol. 138 (Eds.: D. M. P. Mingos, A. Vegas),
Springer, Heidelberg 2011, p. 1.

Symbols for nets follow either the zeolite code according to
ref. [3a] or the RCSR identifiers according to ref. [3b]; a) C.
Baerlocher, W. M. Meier, D. H. Olson, Atlas of Zeolite Frame-
work Types, 6th rev. ed., Elsevier, Amsterdam, 2007. Data
available online at http:/www.iza-structure.org/databases/;
b) M. O’Keeffe, M. A. Peskov, S.J. Ramsden, O. M. Yaghi,
Acc. Chem. Res. 2008, 41, 1782.

a) M. Beekman, G.S. Nolas, J. Mater. Chem. 2008, 18, 842;
b) G. S. Nolas, J. L. Cohn, G. A. Slack, S.B. Schujman, Appl.
Phys. Lett. 1998, 73, 178; ¢) S. Yamanaka, Dalton Trans. 2010, 39,
1901.

a) W. Blase, G. Cordier, R. Kniep, R. Schmidt, Z. Naturforsch. B
1989, 44, 505; b) J. T. Vaughey, J. D. Corbett, J. Am. Chem. Soc.
1996, 718, 12098; c) W. Blase, G. Cordier, Z. Naturforsch. B 1988,
43, 1017; d) S. Stegmeier, S.-J. Kim, A. Henze, T.F. Fissler,
unplublished results.

a) J. D. Bryan, G. D. Stucky, Chem. Mater. 2001, 13, 253; b) W.
Carrillo-Cabrera, S. Paschen, Y. Grin, J. Alloys Compd. 2002,
333, 4; ¢) A. Wosylus, Y. Prots, U. Burkhardt, W. Schnelle, U.
Schwarz, Sci. Technol. Adv. Mater. 2007, 8,383; d) A. Wosylus, Y.
Prots, U. Burkhardt, W. Schnelle, U. Schwarz, Y. Grin, Z.
Naturforsch. B 2006, 61, 1485; ) S. Yamanaka, S. Mackawa, Z.
Naturforsch. B 2006, 61, 1493.

a) M. M. J. Treacy, L. Rivin, E. Balkovsky, K. H. Randall, M. D.
Foster, Microporous Mesoporous Mater. 2004, 74, 121; b) A. J.
Karttunen, T. F. Fassler, M. Linnolahti, T. A. Pakkanen, Inorg.
Chem. 2011, 50, 1733.

[2

—

[3

—_—

[4

[}

5

—

[6

—_

[7

—

[8] Lireplaces small amounts of Ge in the clathrate-I host structure.
See: Y. Liang, B. Bohme, A. Ormeci, H. Borrmann, O. Pecher, F.
Haarmann, W. Schnelle, M. Baitinger, Y. Grin, Chem. Eur. J.
2012, 18, 9818.

[9] a) A. Ker, E. Todorov, R. Rousseau, K. Uehara, F. X. Lannuzel,
J.S. Tse, Chem. Eur. J. 2002, 8, 2787; b) N. Rey, A. Munoz, P.
Rodriguez-Hernandez, A. San Miguel, J. Phys. Condens. Matter
2008, 20,215218; c) A recent report gives evidence that Li can be
inserted electrochemically into Si clathrate-II and may have
potential as a novel electrode material for lithium-ion batteries,
see: T. Langer, S. Dupke, H. Trill, S. Passerini, H. Eckert, R.
Pottgen, M. Winter, J. Electrochem. Soc. 2012, 159, A1318.

[10] W. Jung, J. Lorincz, R. Ramlau, H. Borrmann, Y. Prots, F.
Haarmann, W. Schnelle, U. Burkhardt, M. Baitinger, Y. Grin,
Angew. Chem. 2007, 119, 6846; Angew. Chem. Int. Ed. 2007, 46,
6725.

[11] a) FO.X., Free Objects for Crystallography V 1.9.7.0, http:/
objcryst.sourceforge.net, 2011; b) R. Cerny, V. Favre-Nicolin,
Powder Diffr. 2005, 20, 359; c) V. Favre-Nicolin, R. Cerny, J.
Appl. Crystallogr. 2002, 35, 734; d) TOPAS 4.0—Rietveld Soft-
ware, Bruker AXS, Madison (Wisconsin, USA), 2009.

[12] Strong rings are defined as rings that are not the sum of any
number of smaller cycles, see: O. Delgado-Friedrichs, M.
O’Keeffe, J. Solid State Chem. 2005, 178, 2480.

[13] Realgar and Li, tetrahedral units have —4m2 symmetry. Note
that the 4, screw axis runs through the centers of gravity of the
(Sil), units.

[14] a) V. A. Blatov, D. M. Proserpio, Acta Crystallogr. Sect. A 2009,
65, 202; b) V. A. Blatov, IUCr CompComm. Newsletter 2006, 7,
4; ¢) TOPOS Topological Databases and Topolgical Types
Observed, http://www.topos.ssu.samara.ru.

[15] S. Ponou, S.J. Kim, T. F. Fassler, J. Am. Chem. Soc. 2009, 131,
10246.

[16] a) V. A. Blatov, O. Delgado-Friedrichs, M. O’Keeffe, D. M.
Proserpio, Acta Crystallogr. Sect. A 2007, 63,418;b) O. Delgado-
Friedrichs, M. O’Keeffe, O. M. Yaghi, Phys. Chem. Chem. Phys.
2007, 9, 1035; ¢) V. A. Blatov, M. O’Keeffe, D. M. Proserpio,
CrystEngComm 2010, 12, 44.

[17] E. Kroumova, C. Capillas, S. Ivantchev, H. Wondratschek, Phase
Transitions 2003, 76, 155.

[18] a) G. S. Nolas, C. A. Kendziora, J. Gryko, J. Dong, C. W. Myles,
A. Poddar, O.F. Sankey, J. Appl. Phys. 2002, 92, 7225; b) D.
Machon, P. Toulemonde, P.F. McMillan, M. Amboage, A.
Munoz, P. Rodriguez-Hernandez, A. San Miguel, Phys. Rev. B
2009, 79, 184101.

[19] J. R. Salvador, D. Bilc, S. D. Mahanti, M. G. Kanatzidis, Angew.
Chem. 2003, 115, 1973; Angew. Chem. Int. Ed. 2003, 42, 1929.

[20] a) B. Magnusson, C. Brosset, Acta Chem. Scand. 1962, 16, 449;
b) H. F. Rizzo, L. R. Bidwell, J. Am. Ceram. Soc. 1960, 43, 550;
¢) H. Morito, B. Eck, R. Dronskowski, H. Yamane, Dalton Trans.
2010, 39, 10197.

[21] a) M. A. Zwijnenburg, K. E. Jelfs, S. T. Bromley, Phys. Chem.
Chem. Phys. 2010, 12, 8505; b) C. J. Pickard, R. J. Needs, Phys.
Rev. B 2010, 81, 014106.

[22] a) A. Griittner, R. Nesper, H. G. von Schnering, Angew. Chem.
1982, 94, 933; Angew. Chem. Int. Ed. Engl. 1982, 21, 912; b) F.
Kiefer, A.J. Karttunen, M. Ddoblinger, T.F. Fissler, Chem.
Mater. 2011, 23, 4578.

[23] E. Stoyanov, U. Hédussermann, K. Leinenweber, High Pressure
Res. 2010, 30, 175.

[24] a) P. E. Blochl, Phys. Rev. B 1994, 50, 17953; b) G. Kresse, D.
Joubert, Phys. Rev. B 1999, 59, 1758; c) G. Kresse, J. Hafner,
Phys. Rev. B 1993, 48, 13115; d) G. Kresse, J. Furthmiiller,
Comput. Mater. Sci. 1996, 6, 15.

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2013, 52, 5978 -5982


http://dx.doi.org/10.1021/cr00083a008
http://dx.doi.org/10.1039/b706808e
http://dx.doi.org/10.1039/b706808e
http://dx.doi.org/10.1063/1.121747
http://dx.doi.org/10.1063/1.121747
http://dx.doi.org/10.1039/b918480e
http://dx.doi.org/10.1039/b918480e
http://dx.doi.org/10.1021/ja961975f
http://dx.doi.org/10.1021/ja961975f
http://dx.doi.org/10.1021/cm000233p
http://dx.doi.org/10.1016/S0925-8388(01)01725-X
http://dx.doi.org/10.1016/S0925-8388(01)01725-X
http://dx.doi.org/10.1016/j.stam.2007.06.005
http://dx.doi.org/10.1016/j.micromeso.2004.06.013
http://dx.doi.org/10.1021/ic102178d
http://dx.doi.org/10.1021/ic102178d
http://dx.doi.org/10.1002/chem.201202069
http://dx.doi.org/10.1002/chem.201202069
http://dx.doi.org/10.1002/1521-3765(20020617)8:12%3C2787::AID-CHEM2787%3E3.0.CO;2-B
http://dx.doi.org/10.1088/0953-8984/20/21/215218
http://dx.doi.org/10.1088/0953-8984/20/21/215218
http://dx.doi.org/10.1149/2.082208jes
http://dx.doi.org/10.1002/ange.200701028
http://dx.doi.org/10.1002/anie.200701028
http://dx.doi.org/10.1002/anie.200701028
http://dx.doi.org/10.1107/S0021889802015236
http://dx.doi.org/10.1107/S0021889802015236
http://dx.doi.org/10.1107/S0021889802015236
http://dx.doi.org/10.1107/S0021889802015236
http://dx.doi.org/10.1016/j.jssc.2005.06.011
http://dx.doi.org/10.1107/S0108767309006096
http://dx.doi.org/10.1107/S0108767309006096
http://dx.doi.org/10.1021/ja902664c
http://dx.doi.org/10.1021/ja902664c
http://dx.doi.org/10.1021/ja902664c
http://dx.doi.org/10.1107/S0108767307038287
http://dx.doi.org/10.1039/b615006c
http://dx.doi.org/10.1039/b615006c
http://dx.doi.org/10.1039/b910671e
http://dx.doi.org/10.1080/0141159031000076110
http://dx.doi.org/10.1080/0141159031000076110
http://dx.doi.org/10.1063/1.1523146
http://dx.doi.org/10.1002/ange.200219986
http://dx.doi.org/10.1002/ange.200219986
http://dx.doi.org/10.1002/anie.200219986
http://dx.doi.org/10.3891/acta.chem.scand.16-0449
http://dx.doi.org/10.1111/j.1151-2916.1960.tb13612.x
http://dx.doi.org/10.1039/c0dt00801j
http://dx.doi.org/10.1039/c0dt00801j
http://dx.doi.org/10.1039/c004375c
http://dx.doi.org/10.1039/c004375c
http://dx.doi.org/10.1021/cm201976x
http://dx.doi.org/10.1021/cm201976x
http://dx.doi.org/10.1080/08957950903422444
http://dx.doi.org/10.1080/08957950903422444
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.48.13115
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://www.angewandte.org




Angewandte
A @ T-1 (I

Supporting Information
© Wiley-VCH 2013

69451 Weinheim, Germany

LiBSi,: A Tetrahedral Semiconductor Framework from Boron and
Silicon Atoms Bearing Lithium Atoms in the Channels**

Michael Zeilinger, Leo van Wiillen, Daryn Benson, Verina F. Kranak, Sumit Konar,
Thomas F. Fissler,* and Ulrich Haussermann*

anie_201301540_sm_miscellaneous_information.pdf



Supporting Information

Synthesis. Starting materials were rods of Li (99 %, Rockwood-Lithium), boron chunks
(99.95 %, ChemPur) and silicon powder (99.999%, Sigma-Aldrich). All steps for synthesis
and sample preparation were carried out in a glove box (MBraun, Ar-atmosphere, HO and O,
levels < 0.1 ppm). Stainless steel ampoules were thoroughly cleaned, heated to 700 °C under
dynamic vacuum (p < 1-10” mbar) for at least 1 h and transferred to the glove box. Heating
and handling under inert conditions was done by using an all-glass Schlenk line supplied with
Ar, which is dried over phosphorous pentoxide, molecular sieve and heated titanium sponge
(T=1750°C).

LiB: Lithium and boron were filled into a stainless steel ampoule with a molar ratio of 1:1 and
a total mass of 0.5 g. The ampoule was sealed by arc-welding inside the glove box and then
encapsulated in a silica jacket under vacuum. After annealing at 470 °C in a muffle oven for
three days pure LiB is obtained (Figure S1). For further synthesis steps LiB was ground inside
an agate mortar.

LiBSi,: High pressure syntheses were performed in a 6-8 Walker-type multi-anvil high
pressure device using an 18/12 assembly developed by Stoyanov et al.!'! Mixtures of
powdered LiB and Si with a molar ratio of 1:1 and a total amount between 80 and 100 mg
were compacted and placed inside a NaCl capsule (inner diameter: 4 mm, outer diameter:
8 mm, length: 8 mm; prepared from NaCl dried under vacuum at 250-300 °C). Subsequently,
capsules were sealed and transferred outside the glove box. To prepare the high pressure cell
assembly NaCl sample capsules were positioned in a graphite furnace which in turn was
placed together with a Zircon thermal insulating sleeve (0.57 mm wall thickness, 7.77 mm
OD, 10.80 mm length) in a magnesia octahedron with 18 mm edge length. Samples were
pressurized at a rate of about 0.5 GPa/h with 25 mm tungsten carbide cubes truncated to 12
mm edge length. After reaching the target pressure of 10 GPa the samples were heated.
Deviations from the target pressure are estimated as +/— 0.3 GPa. The temperature was
measured close to the sample using a thermocouple type C (W5%Re — W26%Re wire) in an
ALOj; sleeve. The samples were heated to 900 °C within 3 h. After applying a dwelling time
of 1 h samples were quenched by turning off the power to the furnace (quench rate
~50 °C/min and at approximately constant pressure). Afterwards, the pressure was released at
a rate of approximately 0.5 GPa/h and the samples were recovered in the glove box.
Thereafter, the product was treated with diluted HCI and washed several times with water and
ethanol followed by drying in air. The product was obtained as a fine, grey colored, powder.
According to powder X-Ray diffraction it corresponds to crystalline LiBSi, and a minor
amount of an unidentified crystalline impurity (Figure 2, reflections at 20 ~21° and ~28°).
Solid state NMR investigations (see below) revealed the presence of an amorphous byproduct
next to crystalline LiBSi,, which most likely is associated with the excess of LiB employed in
the high pressure synthesis.
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Figure S1. Experimental X-ray powder diffraction pattern of LiB (black) referenced with its
theoretical powder pattern (red).

Powder X-ray diffraction. X-ray powder diffraction patterns were recorded on a STOE
STADI P diffractometer (Ge-(111) monochromator for CukK, radiation, A= 1.54056 A)
equipped with a linear PSD. Samples were ground in an agate mortar, sealed in 0.3 mm glass
capillaries and measured within a 26 range of 5-90° using two measurement runs, each with a
PSD step width of 0.05° and an exposure time of 40 sec per step.

Structure determination. The structure of LiBSi, was determined ab initio from X-ray
powder diffraction data by using the parallel tempering algorithm implemented in the
software FOX.! The X-ray diffraction pattern could be indexed with a tetragonal cell
a=06.83225(3) A, ¢ = 8.83924(6) A and the space group P4,/nmc was assigned after Le Bail
profile fitting. As the main idea of the FOX program is to approach structure solutions by
starting with “structural building blocks” several structure motifs having B-B bonds could be
excluded because Raman spectroscopy clearly showed the absence of those. Consequently,
the idea of a tetrahedral B-Si network arose and resulted in a successful structure solution with
acceptable reliability factors (Ry, =0.067, GOF = 1.24). The final structure is provided by
Rietveld refinement which was done with the program TOPAS 4.0.) The results of the
refinement are presented in Figure S2 and Tables 1-3. Further data may be obtained from
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository numbers
CSD-425643 (LiBSi,).
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Figure S2. Experimental X-ray powder diffraction pattern of LiBSi, (black) referenced with
the theoretical powder pattern based on Rietveld refinement (red). The difference plot is
shown in blue.

Table 1. Crystallographic data of LiBSi, from Rietveld refinement (P4,/nmc, Z = 8, origin at
—1 (choice 2); estimated standard deviations in parentheses)

empirical formula LiBSi,

formula weight (g'mol™) | 73.92

space group P4,/nmc

unit cell dimension a=6.83225(3) A,

c = 8.83924(6) A,
V=412.612(5) A’

VA 8

p (calc.) (g/cm?) 2.38

w (mm ) 11.60

R, / Ry, / GOF 3.83/4.96/1.35




Table 2. Fractional atomic coordinates, isotropic equivalent atomic displacement parameters
and side occupancy factors for LiBSi, (P4,/nmc, Z=8, origin at —1 (choice 2); estimated
standard deviations in parentheses).

Atom | Wyckoff X y z s.o.f. Usiso
position (A%10%)

Li 8g 1/4 0.5042(9) 0.0784(5) 1 12(2)

B 8f 0.5095(3) 0.4905(3) 1/4 1 6(1)

Sil 8g 1/4 0.0690(1) 0.3632(1) 1 5.4(4)

Si2 8g 1/4 0.5665(1) 0.6181(1) 1 5.8(4)

Table 3. Interatomic distances in LiBSi, (P4,/nmc, Z = 8, origin at —1 (choice 2); estimated
standard deviations in parentheses).

Atom pair d(A) Atom pair d(A)
Li- B 2x | 2.335(3) Sil- Bl |2x | 2.076(2)
Sil 2.567(4) Si2 2.436(1)
Si2 | 2x | 2.722(5) Sil 2.474(1)
Si2 | 2x | 2.796(4) Li 2.567(4)
Sil | 2x | 2.799(4) Li | 2x | 2.799(5)
Sil | 2x | 2.857(5) Li |2x |2.857(4)
B-  Si2 | 2x |2.052(2) Si2- B 2x | 2.052(2)
Sil | 2x | 2.076(2) Sil 2.436(1)
Lil | 2x | 2.335(5) Si2 2.507(1)
Li | 2x | 2.722(4)
Li | 2x | 2.796(5)

Raman spectroscopy. Raman spectra were collected using a LabRAM HR 800 spectrometer.
The instrument is equipped with an 800 mm focal length spectrograph and an air cooled
(=70°C), back thinned CCD detector (pixel size 26x26 microns). The fine powdered sample
was placed on a glass slide and the laser was focused onto the sample using a 50X super long
working distance (WD=20.5 mm) Mitutoyo objective with a numerical aperture of 0.42 and
depth of focus of 1.6 mm. The sample was excited using an air cooled double frequency
Nd:YAG laser (532 nm, 5.6 mW) and an air cooled intra cavity regulated laser diode with
point source (785 nm, 0.88 mW). The spectrum was collected with an exposure time of 60 sec,
accumulation number of 10 and grating of 600 lines/mm.

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) measurements
were performed with a NETZSCH DSC 404 Pegasus apparatus under an Ar gas flow of ~60
ml/min. About 5 mg of powder sample LiBSi, were sealed in a niobium crucible by arc-
welding in an Ar-filled glove box. An empty niobium crucible served as reference. The
scanning range was from room temperature to 800 °C with a heating/cooling rate of 10 K/min.
The sample was recovered after the measurement and investigated by PXRD. Handling of
DSC data was done with the program Proteus Thermal Analysis.”! From the DSC trace and
PXRD pattern of the recovered sample it could be concluded that LiBSi, does not decompose
in the investigated temperature range.



Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy. The "Li- and ''B-MAS
(magic angle spinning) NMR spectra (Figure S3 and S4) were collected on a Varian VNMRs
500 spectrometer operating at 160.37 MHz and 194.24 MHz for ''B and "Li, respectively.
MAS was performed at spinning speeds of 15 - 40 kHz employing a Varian 1.6 mm triple
resonance T°-MAS probe. LiBSi, appears as the only crystalline product beside an amorphous
byproduct.

The 'Li MAS NMR spectrum exhibits a signal at 0.95 ppm, accompanied by a set of spinning
sidebands. From the positions of the outermost spinning sidebands a quadrupolar coupling
constant Cq = 0.18 MHz is estimated. At longer relaxation delays (up to 2h), a second
contribution at -0.35 ppm adds to the signal.

In the "'B-MAS NMR spectrum, a broad NMR signal appears centered around -0.5 ppm, with
spinning sidebands covering a range of + 0.8 MHz. In addition to this, a second contribution is
found at -30.8 ppm, which exhibits a rather long relaxation time and but a small number of
spinning sidebands. The quadrupolar coupling constants for these two components are
estimated to Co= 1.6 MHz for the signal at -0.5 ppm and Cq = 0.3 MHz for the narrow signal
at -30.8 ppm. We tentatively assign the two signals with the long relaxation times ('Li: -0.35
ppm; ''B: -30.8 ppm) to LiBSi,.

8iS.O =1.0 ppm Siso =-0.35 ppm
width: 5.3 ppm width: 2.05 ppm
82 % 18 %
d1=7200s
di=1s
20 0 -20 ppmM

Figure S3: "Li-MAS NMR spectrum of LiBSi,. Exp. details: vgr = 113.6 kHz; vpmas = 15
kHz; relaxation delay: 3600 s.
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Figure S4: ''B MAS NMR spectrum of LiBSi,. Exp. details: vgr = 68.5 kHz; vyias = 35 kHz;
relaxation delay: 8000 s. Insert: sideband pattern for the broad component, from which a
quadrupolar coupling constant Cq = 1.6 MHz can be estimated (for I = 3/2, Cg, is identical to
the overall width of the spectrum).

Computational details. Theoretical calculations of the electronic structure were performed
using the first principles all-electron projected augmented wave (PAW) method™ as
implemented by the Vienna Ab Initio Simulation Package (VASP!®)). Exchange-correlation
effects were treated within the generalized gradient approximation (GGA!) using the
Perdew-Burke-Ernzerhof (PBE'™) parameterization. The LiBSi, structure was relaxed with
respect to volume, lattice parameters, and atom positions and using experimental parameters
as starting values. Forces were converged to better than 1x107 eV/A. The equilibrium volume
was obtained by fitting to a third order Birch-Murnaghan equation of state.”! The integration
over the Brillion Zone (BZ) was done on a grid of special k-points with size 11x11x11
(6x6%6 for the equation of state) determined accordmg to the Monkhorst-Pack scheme!'” and
using the tetrahedron method with Blschl correction.!'!! The energy cutoff was set to 500 eV.
Zone-centered phonon calculations were performed using VASP’s density functional
perturbation theory (DFPT) approach. The decomposition of the density of state (DOS) into
atomic contributions is based on spheres with radii Li=1.5A, Si=125A, B=0.8 A,
exceeding slightly the covalent radii of B and Si, and the ionic radius of Li (extrapolated to a
coordination number 11). The structure parameters after relaxation and equations of states
(EOS) parameters are specified in Tables S4 and S5. Note that the agreement with the
experimental structure parameters is excellent (cf. Tables 1 and 2).



Table S4. Computationally relaxed structure parameters for LiBSi,. Space group P4,/nmc, a =
6.8328 A, c=8.8524 A

Atom Wyckoff X y z
position

Li 8g 1/4 0.5037 0.0766

B 8f 0.5080 0.4920 1/4

Sil 8g 1/4 0.0691 0.3637

Si2 8g 1/4 0.5663 0.6206

Table S5. Computed equation of states parameters:

| Eo (eV/fu) Vo (A%/fu) By (GPa) By’

Li,BSi; | -20.0308 51.702 103.7 4.1
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