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Introduction




1 Introduction

One of the most important discoveries in the field of inorganic chemistry dates back to the years of 1864
and 1869 with the quest for an organizing principle of the chemical elements by Lothar Meyer and,
especially, Dimitri I. Mendelejew — the periodic table of elements.!"? In the first prototype of the table,
the elements were listed according to their ascending atomic weight and their chemical behavior. A
simple but at the same time astonishing accomplishment since the atomic structure composed of
protons, neutrons and electrons was still unknown. Additionally, Mendelejew himself showed the
impact of this elemental arrangement by correctly predicting the unknown elements Sc, Ga, Ge and Tk,
for example, or by exposing wrongly determined atom weights for some elements.”* Today, more than
150 years later, the original table has been barely modified and complemented to 118 entries and is now
not only printed on the first page in almost every chemical school- and textbook but represents every

chemist’s vast playground.

In contrast to the chemical discipline of organic chemistry, which mainly deals with chemical substances
based on the elements of hydrogen and carbon, the inorganic chemistry contemplates the interaction of
all elements of the periodic system. However, in the daily routine work of a chemical inorganic
laboratory, the research is limited to stable and therefore naturally occuring elements. By the exclusion
of the unstable elements, which are radioactive or only producible by nuclear reactions or decays in
particle accelerators or nuclear reactors, only 86 of the known 118 elements remain for research without
special precautions. At the first glance, this rather small amount seems to be manageable but the
combinatorial possibilities for element combinations increase dramatically with n![k!(n-k)!]"! where n
and k represent the number of different elements and the components in a compound.*! Assuming only
binary chemical systems the formula gives 3655 elemental combination possibilities. While a ternary
system also seems bearable with 102340 combinations, the amount for quaternary systems exceed far
the number of two million. Keeping in mind that chemical compounds are elemental combinations with
certain stoichiometric ratios, the formula above is to be multiplied with the factor [I*~(I-1)] where I

represents the maximum number of one atom type contributing to a compound or, in other words, the
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highest index of a chemical sum formula. If one estimates conservatively a maximal index value of 3,
than there are around 2.5 million hypothetical compounds in the ternary and 170 million in the
quaternary system. Obviously, this quantity is pure combinatorial and therefore overestimated for real
structures or compounds since there is no information integrated about the chemical reactivity or the
plausibility of generated chemical formulas. Even though a plurality of these hypothetical substances are
not existent, the discovery of the remaining existing compounds will last over the next decades or
centuries with conventional methods. This implies that improved key substances for today’s issues or
problems may be available only in the future, most likely by a serendipitous discovery. Therefore, the
prediction of desired compounds with specific properties is desirable and circumvents the difficulty of
the uncountable amount of hypothetical compounds to be synthesized and investigated. Several ideas
have already been described based on computational methods and combinatorial synthesis with high-
throughput characterization, which may offer the screening of previously unknown and known
thousands of compounds in a shorter time compared to conventional experiments.*'” Due to the
lacking of computing resources in the past this access to new materials is still in its beginning, but some
achievements have already been made demonstrated by predicting and successfully synthesizing
unknown compounds for renewable energy applications, magnetic or multiferroic substances.!’**
Contrary to the prediction of Moore’s law the computing power will not be rising significantly in the
next years and decades and therefore theoretical ideas and methods for structure prediction have to be

improved further enabling faster processing of larger datasets.

In spite of this exciting prospective progress, the chemist’s historically traditional explorative work will
remain essential. Not only because the synthesis conditions have to be found for predicted substances
but exotic structures leading to new phenomena or improved properties probably will stay undiscovered
by calculations since they are based on libraries of known compounds and derived chemical or physical
rules, thus reflecting only the current state of knowledge.!"***** In that view, it is of high importance to
look for new substances and structural families, with both educated chemical intuition and a little bit of

naivety to enlarge the library of inorganic compounds.

However, new key substances are desired to be producible without particular efforts and composed of
earth abundant and globally easy accessible elements providing large-scale production and application
in different areas and devices. In this view, the most frequent and cheap elements forming our planet
are oxygen and silicon with about 75 % by weight (excluding earth’s core). Combining these two

elements yields the structure class of silicates in which the silicon cation is coordinated tetrahedrally by



Supertetrahedral Networks and Lithium-lon Mobility in Li2SiP2 and LiSi2Ps 3

Figure 1.1 Predominant basic building block of silicates consisting of [SiO4]* tetrahedra (left), and the only
condensation mode of common vertices observed in silicates (right). Silicon is shown in blue, oxygen in red and

they depict structural sections of Zn,SiO, and Ca,MgSi,O,.[2¢")

four oxygen anions. The only condensation mode observed in this class is the condensation of two
tetrahedra by one common oxide vertex, although the condensation by common edges was reported
once for fibrous SiO, which was never reproduced and therefore is still elusive.” Given only these two
possible structural motives for silicates it is astonishing that this substance class represents one of the
most extensive family in inorganic chemistry with hundreds of representatives.?®! This structural
plurality arises from the continuative vertex connection and the branching of the SiO, tetrahedra leading
to the subclasses of chain- (ino-), ring- (cyclo-), sheet- (phyllo-) and framework- (tecto-) besides the
ortho- (neso-) and pyrosilicates (sorosilicates) depicted in Figure 1.1. Due to their natural abundance
and the relatively simple fabrication, they are broadly used in electronics, ceramics, optics, catalysis,
cosmetics or food additives for instance.? While most of the oxidosilicates are naturally occurring, the
related family of nitridosilicates does not exist in nature due to the high bond energy of elemental
nitrogen (941 kJ/mol), its negative redox potential (-0.736 V)*'and its positive electron affinity (+0.07
eV). Exceptions are SiN,O and a few other transition metal nitrides found in meteorites or impact
craters.®**! On this account, a systematic synthetic approach was required achieved by the application
of nitride precursors in combination with high-pressure (up to 65 GPa) or high-temperature (well
beyond 1000 °C) techniques.’?** Since the ionic radii of the oxide (1.26 A) and nitride ions (1.32 A) are
almost identical and their electronegativity resemble each other with xp = 3.44 and 3.04, respectively, to
some extent a similar bonding situation and structural features as for oxosilicates, shown in Figure 1.1,
are found in nitride containing analogues. But additionally, the condensation of two SiNj tetrahedra by

common edges,“” as described for the elusive modification of fibrous SiO,,*!

can be found in multiple
compounds. This originates most likely from the decreased electronegativity of nitrogen involving a less

ionic bonding situation, which in turn decreases the charge of the silicon ions thus reducing their mutual
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Figure 1.2 Additional structural features observed in nitridosilicates consisting in the condensation of SiNj
tetrahedra by common edges (left), as well as triple (middle) and quadruple vertex condensation (right). Shown
are structural sections of the crystal structures of BasSi,Ne,""”! Ca,SisNs ! and BaYbSi,N,*?! with silicon in blue and

nitrogen in petrol.

Coulomb repulsion. Contrary to oxygen, the nitrogen’s trivalent nature enables also the bridging of three
to four SiN, tetrahedra by one common nitride vertex, shown in Figure 1.2.4% Apparently, the
structural degree of freedom is more than doubled with the substitution of oxygen by nitrogen and one
would reasonably think of at least comparable known amounts of nitridosilicate materials. But in fact,
they lag far behind the oxidosilicates probably due to the relatively new development of the demanding
preparative methods and the high synthetic efforts. However, numerous compounds attracted immense
interest because of their properties and they were discussed for high-temperature ceramics as well as for
thermal and ion conductors.**) Within a short time, they also became an inherent part in the

application as luminescent materials in phosphor converting LEDs in the lighting industries. 4647

While nitrogen is the major constituent of the atmosphere, thus easy accessible, the second most
abundant nonmetal element in earth’s crust is phosphorus located in the same group of the periodic
table. Although it is therefore isovalent to nitrogen, its chemical behavior is amphoteric and unique.
Given the ubiquitous occurrence of oxygen, phosphorus can naturally be found almost only in

14891 reflecting its similarity to silicon with its

oxidophosphates, that is in the oxidation state of +5,
potential of -1.445 V in the PO.*/P system compared to -1.834 V for SiO4*/Si,*” as well as in the
structural motives of nitridophosphates.*” On the other hand, phosphorus exhibits an electron affinity
of 0.746 eVP! and a Pauling electronegativity of xp = 2.2. This enables the formation of phosphides,
which can be found in the recently discovered and extremely rare minerals of terrestrial®>** but mostly

[60-66While molecular nitrogen exhibits a high bonding

of meteoritic origin containing nickel and iron.
energy of 941 kJ/mol originating from its triple bond, it amounts approximately only one fifth in the

case of phosphorus (205 kJ/mol) due to the formation of single bonds. For this tendency of homonuclear
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single bonding, phosphorus is known to be the element with the greatest ability of self-bonding after
carbon.?® This can be exemplarily seen in the number of its allotropes (red (I-V), of which some are still
unknown, white, black, violet, fibrous, and a few exotic representatives'® ") as well as in the amount of

different phosphide anions in alkaline metal binaries, depicted in Figure 1.3.171%

Figure 1.3 Different examples of phosphide anions in P3*,[73] Pt 74761 pi- [77781 p_3- [79-81] P 3- [8283] p 1 [84] P, 1- 85-87)

P58 and P, 18] jp reading order.

Thus, in analogy to the afore mentioned nitridosilicates the combination of silicon with phosphorus
would lead to the isovalent class of phosphidosilicates providing all structural possibilities described
before and shown in Figure 1.1 and Figure 1.2. In addition, regarding the distinct ability of homonuclear
bonding one would assume the extension of the structural features in phosphidosilicates by bridging
adjacent SiP, tetrahedra by P-P bonds, which are highly unlikely to be found in oxido- and
nitridosilicates. Furthermore, phosphidosilicates are vastly distinct from their related compounds in
terms of bonding situation. Silicon and phosphorus resemble each other noticeable in their adjacent
position in the periodic table. The difference in their electronegativity amounts only 0.3 on the Pauling
scale with xp (Si) = 1.9, thus causing a mainly covalent bonding. For this reason, homonuclear silicon
bonding may probably occur more frequently in phosphidosilicates, in light of this only the reduced
nitridosilicate SrSigNs is known with this peculiarity.”" These two structural motives have been already

found for example in AlSiP; and Ca;SisP14, shown in Figure 1.4.0%%
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Figure 1.4 Special structural motifs observed in phosphidosilicates, namely homonuclear bonding of phosphorus
(left) and silicon (right). Shown are structural sections of the crystal structures of AlSiP;®? and Ca;SisP14** with

silicon in blue and phosphorus in pink.

This substance class complies with the previous considerations about the desire for new structures
composed of abundant elements and their effortless fabrication since the production of a
phophidosilicate should be feasible by simple solid-state reactions of elemental mixtures. Combining
the multi-variant structural chemistry of phosphorus with silicon, its strong tendency in homonuclear
bonding and the largely simple preparative methods one would expect an overwhelming structure class
with hundreds of representatives comparable to the natural silicates.” In fact, at the beginning of this
thesis only a handful of compounds were synthesized and subsequently investigated of which the most
date back to the 1970’s and 1980’s. A compilation of all known materials in this system is visualized in
the color-coded periodic system of elements in Figure 1.5 excepting only five quaternary compounds of
Na;K,SiP;,” Na,M,SiPy (M = Ca; Sr; Eu)P®® and Ag;Sn,SisPs.*” This figure shows clearly that in most
ternary phosphidosilicate systems only one representative is known. On the other hand
phosphidosilicates were discovered with alkaline and alkaline-earth cations and also with late transition

[92

metals but not with triels (excepting AlSiP;?) suggesting the formation of thermodynamically very

stable metal phosphide binaries mainly with NaCl, ZnS, NiAs or related type structures.?5*4

Following the trend of semiconducting compounds in the decreasing band gap energy with increasing

group number and the covalent nature of Si-P bonds,!"* ¢!

all known phosphidosilicates (referred in
Figure 1.5) are colored, ranging from bright reddish to black. Thus, phosphidosilicates are
semiconductors with small band gap energies contrary to their related families of oxido- and
nitridosilicates with wide band gaps leading to transparent substances. Obviously, this characteristic

impedes the utilization of phosphidosilicates in lighting applications but offers an access to possible new

thermoelectric substances since a high electronic but low thermal conductivity is needed.
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Figure 1.5 Color-coded periodic table of elements representing known ternary phosphidosilicates until the year of
2016. Element symbols shaded in green, yellow or orange typify one, two or four known ternary structures. The

PP icon indicates at least one compound in this system with homonuclear phosphorus bonding.

While the first requirement is associated with a low band gap, the second premise is, by the rule of
thumb, the scattering of phonons through the alternation of ionic and covalent bonding, disorder or
nano-sized structural building blocks and architectures.!'**! As the research on phosphidosilicates is
still in its infancy, there are no examples of thermoelectrics yet, but recently the silicate Ba,SisPs was
reported to exhibit an ultralow thermal conductivity of 0.6 Wm™K™, originating from the mentioned
alternating bonding situations of the Ba cations and the double chains of SiP, tetrahedra.!* This value
is comparable with the quaternary black and layered silicate Li;>3Bas35S133Ps; comprising fused defect T5
supertetrahedra (vide infra) with a similar thermal conductivity of 0.6-0.7 Wm™'K", representing nano-
structural building units with an edge length of 1.8 nm.!"” These values are in the range of known
thermoelectrics!''*2#1% and strongly emphasize further research in this field. Another and may be the
most important potential application area to face the currently increasing demand of electrical energy
and the ongoing human-made climate change, caused by combustion of fossil fuels, are rechargeable
batteries. They can be used as storage media for mobile devices or to buffer natural fluctuations of

regenerative power generation.!’*'¥” Batteries consist essentially of three components comprising the
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cathode and anode separated by an ion-conducting electrolyte. While cathode materials have to be redox
active to absorb the electrons and conducting metal ions by discharging, thus comprising metals with
various possible oxidation states, the anode consists mostly of an intercalated or pure metal with a
negative potential. Obviously, other electrode requirements are also crucial, for example the accessibility
of the conducting ions into the electrodes or their chemical and structural stability.'**%?) For the
electrolytes the most relevant property is the provision of exclusively ionic conductivity between the
electrodes which would otherwise result in a short-circuit fault or self-discharge. While the currently
used electrolytes are mostly based on alkali salts dissolved in aprotic solvents or polymers,*!*I the all-
solid-state batteries comprising a solid electrolyte are discussed to improve the energy densities and
charging rates!"**'¥”] and may allow the future utilization of metallic lithium anodes.!"***! Thus, solid-
state electrolytes require a rather rigid anionic framework with loosely bound cationic species and the
ionic conductivity, which is strongly associated with the underlying crystal structure, is to be maximized
for the utilization in all-solid-state batteries. Besides multiple strategies for this improvement an increase
was observed - to some extent*’- with a softening of the anionic structure, thus decreasing the
attractive Coulomb interactions of the conducting ions, visible in chalkogenotetrelates and -
pentelates.'™ %) Therefore one may expect a similar behavior for silicon and phosphorus containing
structures. In that view, the investigation of this underrepresented compound family was revived with
the discovery of the orthosilicate LisSiP, with a remarkably high ionic conductivity of 1.2 - 10* S-cm™
and an activation energy of 0.37 eV in 2016.'! At the same time, Li,SiP, and LiSi,P; were found with
estimated activation energies of 0.1 and 0.07 eV for the lithium ion conduction, respectively (see Chapter
2). Additionally, the SiP, anions in the phosphidosilicate family unexpectedly tend to cluster into large
supertetrahedral entities, denominated in the Yaghi notation as Tn where n represents the number of

7] This results in large anionic structures with

condensed tetrahedra along a supertetrahedral edge.!
reduced charge density, which in turn dilutes the cations, thus yielding in numerous partially occupied
sites favoring a facile ion movement through the structure. Within a few years, several new lithium
phosphidosilicates were reported and the ion conductivity was raised to 10 S-cm™ in Li14SiPs suggesting

a rapid growth of the research in the field of phosphidosilicates in future.!"*®1%]

This thesis addresses the research and characterization on hitherto unknown phosphidosilicate
compounds with alkaline and alkaline-earth metals to find new structure motives or improved
properties, which may tentatively contribute a mite facet to the solution of todays or tomorrows issues

in future.
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Chapter 2 of this thesis reports on the discovery and characterization of Li,SiP; and LiSi,Ps; showing a
fast movement of lithium ions as indicated by small activation energies of 0.1 and 0.08 eV, respectively.
Lithium ion batteries are discussed to be a valuable alternative for combustion engines in the transport
industry and may be used as well in small electronic devices. But, in consideration of large-scale usage,
the accessibility and extractability of lithium is to be considered.'” Therefore, alternative systems
should be sought for the replacement of lithium by sodium or potassium based solid-state batteries. In
this view, Chapters 3, 4, and 5 deal with the discovery and the ionic conduction investigation of the
heavier alkaline metal ions of sodium and potassium in the supertetrahedral solid electrolyte
phosphidosilicates Nay;Sions19P124433 With # = 0-3, Na,SiP; and T5-KSi,Ps. In the following Chapters 6, 7,
and 8, to date unknown structures with unprecedented structural motives of ternary phosphidosilicates
with alkaline-earth cations are shown and some light is shed on the bonding situation in
phosphidosilicates described above. Chapter 9 hints at the possibility to extend the number of
constituting elements in phosphidosilicates to quaternary systems with the purpose to increase the ionic
conduction by further sodium diluting with the incorporation of Ba** cations in Na,;BaossSisPs and
Nas;BasSis;Pss. Further, this chapter shows once more the unpredictable ability of phosphidosilicates in

the formation of supertetrahedral entities enabling fast ion migration.
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2.1 Abstract
The new phosphidosilicates Li,SiP, and LiSi,P; were synthesized by heating the elements at 1123 K and
characterized by single-crystal X-ray diffraction. Li,SiP, (I41/acd, Z = 32, a = 12.111(1) A, ¢ = 18.658(2)
A) contains two interpenetrating diamond-like tetrahedral networks consisting of corner-sharing T2
supertetrahedra [(SiPs2)s]. Sphalerite-like interpenetrating networks of uniquely bridged T4 and T5
supertetrahedra make up the complex structure of LiSi,Ps (I4i/a, Z = 100, a = 18.4757(3) A ¢ =
35.0982(6) A). The lithium ions are located in the open spaces between the supertetrahedra and
coordinated by four to six phosphorus atoms. Temperature-dependent “Li solid-state MAS NMR
spectroscopic data indicate high mobility of the Li* ions with low activation energies of 0.10 eV in Li,SiP,

and 0.07 eV in LiSi,Ps.
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2.2 Introduction

Phosphidosilicates contain SiP, tetrahedra that are connected via common vertices or edges to form
insular entities, chains, layers, or complex three-dimensional networks. Some examples are isolated
[Si2Ps]'* anions in NasSiPs,!" infinite '»[SiP4,]* chains in K;SiP,,* double layers of SiP, tetrahedra in
KSi,P3," and interpenetrating three-dimensional [SiP4»]* networks in MgSiP,."! Furthermore, several
compounds such as AlSiPs®! or CasSisP1, are polyphosphides with short P-P bonds between
neighboring tetrahedra, which distinguishes phosphidosilicates from structurally comparable oxido-
and nitridosilicates where homonuclear bonds between oxygen or nitrogen atoms do not form.

7-10

Phosphidosilicates with transition-7'" and rare-earth metals!"! are also known. CdSiP, and the

germanate ZnGeP,, with a tetragonal chalcopyrite-type structure, have attracted considerable interest as

nonlinear optical materials.!">"

To the best of our knowledge, LisSiPs, which was described by Juza et al. in 1954, is the only lithium
phosphidosilicate that has been reported thus far; its structure, however, has not been unambiguously
assigned to date. Given the manifold structural chemistry of phosphidosilicates together with the
immense interest in new materials with potential lithium ion conductivity, we have re-addressed the Li-
Si-P system and came across the two new compounds Li,SiP, and LiSi,Ps whose crystal structures are

reported herein. “Li solid-state MAS NMR spectra serve as first indications for possible Li* mobility.

2.3 Results and Discussion
Li,SiP; and LiSi,Ps were synthesized by heating stoichiometric mixtures of the elements in alumina
crucibles sealed in silica tubes under purified argon atmosphere. Optimized heating procedures yielded
dark red and black polycrystalline samples, respectively, which were sensitive to air. Small single crystals
were selected for X-ray structure determination. The crystal structures were solved and refined using
the tetragonal space groups 14:/acd (Li,SiP,) and I4./a (LiSi,Ps). Three lithium positions in Li,SiP; are
well defined while three of seven lithium positions in LiSi,P; have large displacement parameters also
when high-quality diffraction data collected at 100 K were used. Thus the uncertain lithium positions in
LiSi,P3 may arise from possible Li mobility rather than from measurement artefacts. The crystallographic
data of Li,SiP; and LiSi,Ps are compiled in Table 2.1. Atomic parameters and displacement factors are

given in the Supporting Information, Tables A1-A4.
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Rietveld refinements of the powder X-ray patterns obtained by using the single-crystal data as starting

parameters (Figure 2.1) confirm the structures and corroborate that bulk samples of both compounds

are single phases without discernible impurities.

L= W =

Counts (x 10%)

<

LiS®P,

(=]

,_JA'J_J.L».-_LJL.LIIJJM

URUE RET WIS TR AT MR IR ETE ST

-

5 10 15 20 25 30
20(%)

35

40 45 50 55

L]

Lounts (x 10%)

i L

RERITTE o]

o

LisiP,

5

10

15

20

25 30 s 40 45 50 55
20(°)

Figure 2.1 X-ray powder diffraction patterns (Yos), Rietveld fits (Ycac), and difference lines (gray) of Li,SiP; (left)

and LiSi,P; (right).

Table 2.1 Crystallographic data of Li,SiP, and LiSi,Ps.

Formula Li,SiP, LiSi,P;
space group I41/acd (142) I4,/a (88)
al A 12.111(1) 18.4658(6)
c/A 18.658(2) 35.0924(12)
Vear | A3 2736.6(5) 11966.0(9)
V4 32 100

Proray | g co”! 2.018 2.165

4/ mm 1.33 1.55
6-range / ° 3.23 -26.36 12.2 - 30.0
Reflections meas. 14645 168514
Independent refl. 704 8708
Parameters 48 340

Ro 0.026 0.018

Rint 0.073 0.049

Ry (F*> 26 (F%)) / all 0.023/0.031 0.041 /0.056
wR, (F? > 26 (F?)) / all 0.042 / 0.044 0.098/0.104
GooF 1.111 1.036

AP minjmax | €A +0.29 /-0.31 +3.24/-1.18
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The SiP; tetrahedra (ds.p = 2.23 — 2.27 A) in both structures are connected via common vertices to form
supertetrahedral clusters (Figure 2.2). Li,SiP; contains solely T2 supertetrahedra (4 SiPs hetero-
adamantane), while the basic building block of LiSi,Ps is a double unit of T4 (20 SiP,) and T5 (35 SiP,)
supertetrahedra sharing one common SiP, tetrahedron (Figure 2.2 right). The T2 units in Li,SiP, share
corners and form two three-dimensional interpenetrating diamond-like networks, which are a hierar-
chical variant of the NaTl structure.™ Figure 2.3 shows the connectivity of the T2 centers of gravity in
Li,SiP,. Decorating the nodes of these networks with vertex-sharing T2 supertetrahedra yields the
interpenetrating six-membered rings depicted in Figure 2.3. The different colours were used to facilitate
the discrimination of the otherwise identical networks. Interestingly, both networks are built up by one
crystallographically independent silicon site, thus all SiP4 as well as all T2 tetrahedra are related by
symmetry. The nodes of both diamond-like networks, that is the centres of the T2 clusters are at the 8a
site (0, Y%, 3/8) of the space group I4:/acd with the point symmetry 4. The supertetrahedra of the two
diamond-like networks point in opposite directions. The lithium ions are located in between the

supertetrahedral networks and coordinated by four or six phosphorous atoms.

With 600 atoms in the unit cell, the crystal structure of LiSi,P; is more complex than that of Li,SiP,, but
the structural principle is similar. The basic patterns again consist of two interpenetrating tetrahedral
nets, where the nodes represent the centers of the supertetrahedra (Figure 2.4). The latter net now
consists of alternating T4 and T5 clusters, thus each T4 corner is connected to four T5 corners and vice
versa. Consequently, the underlying net is not derived from a diamond-type structure as in Li,SiP,, but

analogous to a sphalerite-type (ZnS) structure.

Figure 2.2 Supertetrahedral building units of Li,SiP> Figure 2.3 Crystal structure of Li,SiP,. Left:
(T2, left) and LiSi,P; (T4 connected to T5 via one Topology of the two interpenetrating diamond-like
common SiP, tetrahedron, right). networks. Right: Six-membered rings of T2-

supertetraheda are located at each node of the
network. Different colours were used to be able to
distinguish between the two networks and do not

indicate different types of T2 units
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The nodes of the sphalerite network in the space group I4./a are again at sites with 4 symmetry, namely
at 4a (0, %, 1/8) and 4b (0, %, 5/8), which define the centres of the T4 and T5 supertetrahedra,
respectively. Figure 2.4 shows the interpenetrating six-membered rings of alternating T4 and T5 units,
always connected via one common SiP; tetrahedron. Like the T2 units in Li,SiP,, the T4 and T5 clusters
of each sphalerite net in LiSi,Ps also point in opposite directions. The Li* ions in LiSi,Ps are distributed
over the large voids between the T4 and T5 units and coordinated by four (Lil, Li5, Li7) or six (Li2, Li3,

Li4) phosphorus atoms within 3.4 A. One Li atom (Li6) has only three neighbours.

Figure 2.4 Crystal structure of LiSi,Ps. Left: Topology of the two interpenetrating sphalerite-like networks. Right:
Six-membered rings of alternating T4 and T5 supertetrahedra are located at each node of the network. Different

colours were used to be able to distinguish between the two nets and do not indicate different types of T units.

Both phosphidosilicates crystallize in hitherto unknown structure types that are different from the
known homologous nitridosilicates. Li,SiN," consists of two interpenetrating networks of vertex-
sharing T2 supertetrahedra (4 SiN4) and is thus comparable to Li,SiP,, but has a different topology. The
’Li MAS NMR spectrum of Li,SiN, shows one resonance at 1.7 ppm with a full width at half maximum
(FWHM) of 7.5 ppm. LiSi;N; is isotypic to the oxidosilicate Li,SiOs,!"”! which is a Wurtzite variant.
Interpenetrating diamond-like nets of vertex-sharing T5 supertetrahedra were recently found in the
nitridoaluminate Cajs7sLiios[AlsoNss]:Eu?*." In general, supertetrahedral structures have thus far been
more commonly observed in open-framework chalcogenides, predominantly with indium."? In the

present phospidosilicates, the “pores” are filled with the second network.

In the 'Li NMR spectra of the compounds (Figure 2.5), only a single resonance was observed at 2.0 and
2.7 ppm for Li,SiP, and LiSi,Ps, respectively. As three/seven lithium sites are present in the crystal

structures, more resonances were expected. However, upon cooling, the single resonances broaden
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considerably, which is a clear sign of an exchange process taking place. To obtain more detailed
information on the ’Li mobility, we also measured the spin-lattice relaxation times T, by applying the
saturation recovery method and assuming monoexponential recovery (see Supporting Information for
details). A logarithmic plot of the relaxation rates (1/T:) versus the inverse temperature shows good
linear correlations (Figure 2.5) as would be expected in the so-called low-temperature regime.”?"*? The
slopes of the linear fits yield the activation energies for the ion motion, which were determined to be
0.07 eV for LiSi,Ps, and 0.10 eV for Li,SiP,. The compound with the higher activation energy also shows
a larger residual line width close to room temperature, as one would expect. These activation energies
are comparatively low and consistent with very fast lithium motion. However, it is known that data
extracted only from the low-temperature regime need to be treated with caution. In particular, a
flattening may occur at the low temperature flank (“stretched exponential”), which would lower the
activation energies extracted from that region'**?. For a full characterisation of the lithium mobility in
LiSi,P; and Li,SiP,, more comprehensive NMR studies are necessary (wider temperature windows

and/or different magnetic fields), which is beyond the scope of the current work.

LiSi,P, ' T/K Li,SiP,
‘ f\ 0.0 |
I \ 0.5 ¢ Tl LiSi,P
_‘Jl '.\_ 280______/ .\i_q____ = = _""'1--.,_,____‘:_'1
‘ I |II h _|‘0 3 .-
|l f \ :: [y
N u )\ g 15 e g
B o - = R Li,SiP,
A 2.0 R
1 ——
J\ 180 /\ 5 ——
10 5 0 5 10 5 0 5 3.5 40 45 5.0 5.5
vl vy (Li) / ppm 1000/T in K''

Figure 2.5 "Li NMR spectra of LiSi,P; and Li,SiP». Left: 10 kHz MAS spectra at the indicated temperatures. Right:
Temperature dependence of the spin-lattice relaxation rates (1/T1). The slopes of the linear fits allow for

determination of the activation energies of the lithium mobility (see text for details).

2.4 Conclusion
In conclusion, we have found the new phosphidosilicates Li,SiP, and LiSi,Ps, which display unusual
crystal structures that consist of interpenetrating networks of vertex-sharing T2, T4, and T5

supertetrahedra. The network topologies are based on the diamond-type structure in Li,SiP, and a
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sphalerite-type structure in LiSi,Ps. The lithium ions are located in the open spaces between the large
supertetrahedral clusters and mobile according to temperature-dependent “Li solid-state MAS NMR
spectroscopy. The low activation energies of 0.10 eV (Li,SiP») and 0.07 eV (LiSi,Ps) are consistent with

very fast lithium motion.

2.5 Experimental Section
Li,SiP; and LiSi,P; were obtained by heating Li metal (99.8 %, Alfa Aesar), Si powder (99.8 %, smart
elements), and P (> 99%, chempur) in alumina crucibles welded in silica tubes under purified argon

atmospheres. The optimized heating procedures

Li,SiP, : 295K —2KN 473k KM 933k 200Kh 1123k (20h)
—10Kh_, 450Kk Tt 295K
LiSpP; : 295K —22KN L 473k 0K 933k 10Kh 1223k (20h)

-10K/h 450K fast 205K

yielded dark read polycrystalline and air-sensitive samples. X-ray powder patterns were obtained with a
Stoe Stadi-P diffractometer (Mo-Kal) equipped with a Stoe Mythen 1k detector and fitted using
Topas.”! Single-crystal data were collected using Bruker D8 Venture (Mo-Ka 1, rotating anode, Photon-
II CPAD detector) or Bruker D8 Quest (Mo-Kal Photon-I detector) diffractometers. The crystal
structures were solved and refined with the Jana?*! and ShelxI™®! packages. Further details on the crystal
structure investigation may be obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany, (email: crysdata@fiz-karlsruhe.de) on quoting the depository
numbers CSD-431573 (Li,SiP,) and CSD-431584 (LiSi,P5). The “Li-NMR MAS spectra were recorded
on a Bruker Avance-III 500 spectrometer at a Larmor frequency of v(’Li)= 194.41 MHz, using a

commercial 4 mm MAS probe.
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3.1 Abstract
Fast sodium-ion conductors are key components of Na-based all-solid-state batteries which hold
promise for large-scale storage of electrical power. We report the synthesis, crystal-structure
determination, and Na*-ion conductivities of six new Na-ion conductors, the phosphidosilicates
NaioSii3P2s, NaysSiroPss, NaxsSizsPus, NaxSissPs;, LT-NaSi,P; and HT-NaSi,Ps, based entirely on earth-
abundant elements. They have SiP, tetrahedra assembled interpenetrating networks of T3 to T5
supertetrahedral clusters and can be hierarchically assigned to sphalerite- or diamond-type structures.
*Na solid-state NMR spectra and geometrical pathway analysis show Na*-ion mobility between the
supertetrahedral cluster networks. Electrochemical impedance spectroscopy shows Na*-ion
conductivities up to ¢ (Na*) = 4 - 10* Scm™. The conductivities increase with the size of the
supertetrahedral clusters through dilution of Na*-ions as the charge density of the anionic networks

decreases.



32 Fast Sodium-lon Conductivity in Supertetrahedral Phosphidosilicates

3.2 Introduction
A supertetrahedron or supertetrahedral cluster is a segment of the sphalerite-type structure. The number
of constituting tetrahedra in a Tn supertetrahedron is t, = n(n+1)(n+2)/6 where n is the number of
tetrahedra along the cluster edges.!"! Crystal structures with supertetrahedra Tn up to T5 have been
found for example in indium-based chalcogenides, such as CdiIneSss', Cdaln;eSs3' and CuslngsSss'™,
and were discussed as pathways to new open framework structures."”’ On the other hand,
supertetrahedra are often connected via vertices and form rather dense interpenetrating networks.
Examples are ZnL, Li,SiN, (T2),”) NagB1oSis (T3),! and CaiszsLios[AlssNss]:Eu?* (T5).°) These
interpenetrating supertetrahedral networks do not exhibit large pores, but their topology enforces an
inhomogeneous distribution of the cations by confining them into the spaces between the large clusters.
This introduces limitations to the coordination of the cations, which may be weaker bonded in more
irregular surroundings by the anions of the cluster surfaces. Thus, supertetrahedral anionic networks
potentially favor the mobility of the cations and are therefore candidates for fast ion conductivity. The
recently reported Li*-ion mobility in the phosphidosilicates Li,SiP,"" and LiSi,Ps""! with supertetra-

hedral networks based on SiP; entities supports this concept.

1217 and the immense interest in new,

Because of the versatile structural chemistry of phosphidosilicates !
earth-abundant solid-state ionic conductors, we have now addressed sodium phosphidosilicates.
Though sodium-based batteries "*'*! and solid-state Na* electrolytes are intensively investigated, !>
NasSiP;!" is the only hitherto known SiP based compound. In the system Na-Si-P we came across the
six new compounds NaisSiisPss, NaSiioPss, NaysSisPus, NassSiszPs; and LT-/HT-NaSiP; (low-
temperature (LT) and high-temperature (HT) polymorphs), whose crystal structures are reported

herein. *Na solid-state MAS NMR spectra, Ti-relaxometry and impedance spectroscopy were used to

quantify the Na*-ion conductivity, which increases with the supertetrahedral cluster size.

3.3 Results and Discussion
Table 3.1 summarizes the results of the X-ray crystal structure determinations. All compounds exhibit
SiP, based supertetrahedral clusters. Na;sSiisP2s has two different motives (Figure 2.1): the first is a T3
supertetrahedron. The second contains two edge-sharing SiP, tetrahedra bridged by another vertex
sharing SiP, tetrahedron with an additional P-P single bond (217.6 pm). Each T3 supertetrahedron

shares three vertices with the Si;Ps unit. The fourth vertex of the T3 tetrahedron is connected via a single
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Table 3.1 Crystallographic data of NajoSii3P2s, Naz3SiioPs3, NaysSizsPas, NasSiz;Pss, LT-NaSi,P; and HT-

NaSizP3.

Formula Na198113P25 Na238i19P33 N323Sizsp45 Na23Si37P57 LT—NaSizP3 HT-NaSizP3

space P1(2) C2/c (15) P2,/c (14) C2/c (15) 14,/a (88) 14, /acd

al A 13.3550 (5) 28.4985 (10)  19.1630 (8) 341017 (18)  19.5431 (6) 20.8976
(13)

b/ A 15.3909 (5) 16.3175 (6) 23.4038 (11)  16.5140 (9) 19.5431 (6) 20.8976
(13)

clA 15.4609 (6) 13.8732 (5) 19.0220 (8) 19.5764 (11)  34.5317 (11)  40.081 (2)

al® 118.0540 (10) 90 90 90 90 90

pl° 111.7050 (10) 102.3510 104.3020 111.528 (2) 90 90

(10) (10)

yl° 93.0540 (10) 90 90 90 90 90

Vear | A3 2503.64 (16) 6302.1 (4) 8266.7 (6) 10255.5 (10) 13188.8 (9) 17504 (2)

VA 2 4 4 4 100 128

Pxray ! g 2.091 2.197 2.177 2.159 2.167 2.090

cm’

p! mm™ 1.317 1.402 1.442 1.463 1.491 1.438

©-range /°  2.543-27.5 2.496-30.508 2.203- 2.214-30.507 2.359-30.508 2.198-

25.681 30.557

refl. 81805 100893 186348 120166 158298 257162

measured

independe 11484 9634 15704 15633 10080 6714

nt refl.

Parameters 517 343 880 557 378 251

R, 0.0228 0.0154 0.0616 0.0364 0.0273 0.0164

Rint 0.0362 0.0313 0.1119 0.0562 0.0610 0.0618

R, (F*> 0.0361/ 0.0284 / 0.0641 / 0.0457 / 0.0334/ 0.0443 /

20(F?)) /all  0.0455 0.0349 0.1188 0.0762 0.0586 0.0618

WRy (F*> 0.0907 / 0.0705 / 0.1157/ 0.1122/ 0.0632 / 0.1244 /

20(F*)) /all  0.0943 0.0741 0.1345 0.1279 0.0708 0.1387

GooF 1.042 1.063 1.022 1.035 1.013 1.171

AP mav/min / +1.755/-1.474 +1.816/- +2.826/- +2.105/- +0.953/- +1.597/-

e A3 0.929 1.086 1.004 0.788 1.290
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P-P bond (221.4 pm) to the SisPs unit, leading to a Ps-chain (Figure 3.1). The charge neutral formula is
(Na*™)19(Si*)13(P)(P2)2(P?)2. Condensation of the two motives forms a three-dimensional sphalerite-
like network. The voids are interpenetrated with a second crystallographically independent but
symmetrically equivalent network. Figure 3.1 shows the connectivity of the Si;Ps and T3 entities and

emphasizes the interpenetration of the six-membered rings.

Figure 3.1 Crystal structure of NaysSiisPas. Left. Connectivity of T3 and Si;Ps entities with two single P-P bonds
(221.4 and 217.6 pm, black lines) leading to a Ps-chain. Right: Interpenetrating six-membered rings of alternating

building units. See text for details.

Nay3SiioP33 contains solely T3 tetrahedra whereas in Na,sSis;Ps; only T4 tetrahedra occur (Figure 3.2).
Every T3 tetrahedron is connected to three T3 by common vertices and to a fourth T3 by sharing one
SiP, tetrahedron. This anionic structure is isotypic to LisB1sSs3.12" Na,3Sis;Ps; has this motif the other way
round with T4 units: only one vertex linkage but three fusions occur, which means that two
supertetrahedra share one common SiP, unit (Figure 3.2). Na»3SizsPss contains T3 and T4 tetrahedra,
whereby every T3 shares vertices to two other T3, one T4 and is fused with another T4 tetrahedra (Figure
3.3). Every T4 cluster is fused with two other T4, one T3 and vertex shared with one T3 entity (Figure
3.3). Four different six-membered supertetrahedral ring motives occur (Figure B10 in the Supporting
Information), leading to six interpenetration modes (Figure 3.3, for details see Supporting Information).
In contrast to the complex patterns of Na,sSixsPus the crystal structures of LT-NaSi,P; and HT-NaSi;Ps
are relatively simple. In LT-NaSi,P; every T4 cluster is coordinated tetrahedrally by four T5 tetrahedra
and vice versa by sharing one SiP, unit (Figure 3.4). HT-NaSi,P; contains solely T5 units tetrahedrally

connected by four other T5 entities as depicted in Figure 3.4.
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Figure 3.2 Crystal structures of Na,3Si;oPs; (top) and Figure 3.3 Crystal structure of NaysSizsPss. Top:
Nay3Sis;Ps; (bottom). The connected T3 or T4 entities Connectivities of the T3 and T4 clusters. Bottom:
form interpenetrating networks of six-membered Two out of six modes of interpenetrating six-
rings (right). membered rings of T3 and T4 supertetrahedra.

The resulting tetrahedral networks are interpenetrated by a second network (Figure 3.4, right). The T5
supertetrahedra in LT-NaSi,P; and HT-NaSi,Ps lack one Si atom in their centers. This was already
observed in other T5 compounds, namely [InssSs4®,*! LiSi,Ps!"! and HP-B,S:.*®! The infinite
connection of SiP, supertetrahedra formally gives SiP with sphalerite-type structure. Assuming Si** and
P* ions, SiP is not electroneutral and Si vacancies are required, leading to Si;P,, which is unknown.
However, SisP, was investigated theoretically by DFT methods yielding a pseudo-cubic structure with
similar lattice parameters (¢ = 502.7 pm and ¢ = 499.8 pm) ! as those derived from a T5
supertetrahedron (a = 494 to 534 pm). Therefore, the reason for the absence of one Si in the center of

the T5 entities is the tendency to attain charge neutrality in the interior of the cluster.

The sodium ions are located between the supertetrahedral networks as shown in Figure 3.5 and exhibit
irregular NaP, polyhedra. The Na-P distances measure between 271.1 pm up to extremely elongated
398.0 pm. The extremely elongated ones may not be considered to the coordination. Octahedral and
trigonal prismatic coordination predominates, while trigonal bipyramids and trigonal and quadratic
pyramids also occur. Additionally, HT-NaSi,P; contains higher coordinated Na*-ions such as twofold
capped trigonal prisms. Moreover, many Na*-ions reveal large anisotropic thermal displacement
ellipsoids (Figure 3.5) and relatively high residual electron densities in their vicinities. While all Na* sites
are fully occupied in Na;sSiisP2s and NaysSioPas, some are partially occupied in the other compounds

(Table 3.2, and Tables B1-B6). This deficiency is ascribed to the incorporation of Na*-ions into the



36 Fast Sodium-lon Conductivity in Supertetrahedral Phosphidosilicates

increasing voids between the supertetrahedral anionic networks with constant charges (except

NayoSiisP2s). These findings are typical for compounds that exhibit a high mobility of Na*-ions and thus

30]

suggest a possible (high) sodium ion conductivity.'

Figure 3.4 Crystal structures of LT-NaSi,P; (top) Figure 3.5 Unit cell of HT-NaSi,P;. Super-
and HT-NaSi,P; (bottom). The connected T4/T5 or tetrahedral entities are depicted as enlarged single
T5/T5 entities form interpenetrating networks of tetrahedra. Na* ions (blue) are located between the
six-membered rings (right). tetrahedral networks with increased anisotropic

displacement ellipsoids..

Table 3.2 Average occupancies and sodium densities in NajoSiisPas (T3), Na3SiioPas (T3T3), Naz3SizsPas
(T3T4), NaysSis;Ps; (T4T4), LT-NaSi,P; (T4T5) and HT-NaSi,P; (T5T5).

Compound T3 T3T3 T3T4 T4T4 T4T5 T5T5
?-occ(Na) 1 1 0.958 0.821 0.625 0.571
p (NaA-?) 0.0152 0.0146 0.0111 0.0090 0.0076 0.0073

Na*-ion mobility is supported by solid-state NMR measurements both under static and MAS conditions.
In spite of a variety of distinct crystallographic Na sites with diverse coordination, *Na MAS NMR
spectra of virtually every compound demonstrate a single and relatively sharp resonance (Figure 3.6).
The broader signal of NaySiioPs; is likely a result of both second-order quadrupolar broadening and
overlap of several signals (cf. Figure 3.6). Less effective motional averaging of the different chemical

environments experienced by the Na*-ions results in a broader linewidth indicating lower Na*-ion
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Figure 3.6 Na MAS NMR spectra (vioy = 10 kHz) at room temperature of NayoSiisPas (top, left), NaysSiioPs; (top,
middle), Na,sSixsPys (top, right), Na,sSis;Ps; (bottom, left), LT-NaSi,P; (bottom, middle) and HT-NaSi,P5 (bottom,
right). § (¥*Na) = 14.04, 8.63, 14.19, 12.61, 13.98, 6.6 ppm and FWHM (*Na) = 12.89, 27.50, 8.01, 6.82, 4.81 and
14.53 ppm.

mobility. The relatively sharp signals of the other compounds mean enhanced averaging. The overall
signal’s width roughly decreases with increasing size of the tetrahedral building units. The sharpest
signal belongs to LT-NaSi,Ps, which consists of T4 and T5 tetrahedra and indicates enhanced Na*-ion

mobility.

Possible Na*-ion migration pathways were extracted from geometrical analysis with Topos®! using
covalent radii for silicon and phosphorus.*” The calculations resulted in a rather isotropic distribution
of pathways. Four large channels occur in all compounds (Figure B42-B47). With increasing
supertetrahedral building units, the width of these channels increases. Shorter pathways connect the
channels along every supertetrahedral face, leading to almost three-dimensional sodium migration
pathways (Figures B42-B47). Such isotropic trajectories are desirable for fast ion conduction, since
blocking effects have less impact on 3D compared to lower dimensional ion diffusion. Na*-ion
conductivities were determined by impedance spectroscopy. DC galvanostatic polarization
measurements (Figure B49) revealed negligible contributions of electronic conductivity to the overall
conductivity, which is desired in the context of solid electrolytes for battery applications. The ionic
conductivities of all compounds (T3-T5T5) at 25 °C are plotted in Figure 3.7 as a function of size of their

supertetrahedral entities. In addition, the sodium density in the compounds is given in the upper x-axis.
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For a detailed description of the data analysis see Figure B50-B55 in the Supporting Information. All
samples were sintered below their synthesis temperature to avoid decomposition (T3-T4T4 at 400 °C;
T4T5 and T5T5 additionally at 800 °C, marked #). 0w (black; Figure 3.7) refers to the total ionic
conductivity including all grain boundary contributions of at least four samples of each compound. The
conductivities of samples with optimized morphologies with only one semicircle in the EIS are plotted
in orange (0 Figure 3.7). The total ionic conductivity clearly increases with supertetrahedra size from

1.76:10” Scm™ to 4.0-10* Scm". This trend is also valid if only the grain boundary process at higher

p (Na/A?
- 0.0152 0.0146 0.0111 0.009 0.0076 0.0073
. : ; 2 . ~
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Figure 3.7 Ionic conductivity at 25 °C increases with the size of the supertetrahedral entities in the Na-Si-P

structures and with a decrease in sodium density p(NaA-3). For details see text.
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Figure 3.8 Comparison of the activation energies of all compounds (left). Complex impedance plot of T5T5

sintered at 800 °C (right). For details see text.
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frequencies (cf. Figure B57) is evaluated and if the “best” samples with only one grain boundary
contribution are compared (orange; Figure 3.7). Figure B58 shows a plot including the data of T4T5 and
T5T5 samples sintered at 400 °C. The increase in conductivity is rationalized by the increasing space
between the supertetrahedra as observed in the pathway analysis. By enlarging the supertetrahedra all
channels and shorter connecting pathways become broader. Moreover, the relation between the phases
T3T3 to T5T5 can be rationalized by adding 3x“SisP,” to the formulae: Na,3SiioPs; (T3T3) + 3x“SizPy” —
NaysSizsPus (T3T4) + 3x“SisPy” — NaysSiszPs; (T4T4) + 3x“SisPs” — NaysSisePeo (T4T5 or T5T5). The
general formula is Na;Siou:19P 120433 (1 = 0-3). Adding charge neutral "SisP4” to the anionic framework
reduces the charge density, thus reduces the effective charge acting on the Na* ions. Besides, the Na*
ions are “diluted”, that is, the Na density decreases and the number of partially occupied Na sites
increases, which in turn increases the conductivity (cf. Tables 3.2, Tables B1-B6 and Figure 3.7). In
Figure 3.8, the activation energies (E;) obtained from the grain boundary process at higher frequencies
and from the measurements showing only one semicircle [cf. ST Eq. (5)] confirm the facilitation of the
Na*-ion movement in the larger structures. In general, a lower E, is associated with a more facile
movement of the ions.* We find that the activation energies decrease dramatically along the series
T3T3 to T5T5 with increasing supertetrahedra size and Na*-ion conductivity from 0.47 eV to 0.23 eV.
The E, of the two fastest materials LT-NaSi,P; (T4T5,0.23 eV) and HT-NaSi,P; (T5T5, 0.25 eV) are even
lower compared to existing fast Na*-ion conductors like NasPS; (0.29 eV)#2, Na;SbS, (0.25 eV)™,
NasPosAsosSs (0.27 V)P and NasZry(Si04)2(PO.) (0.26 eV)24, NaoSiizPas (T3) does not follow the
described trend. Its total conductivity of 2.9-10° Scm™ is close to that of Nay;Siz;Ps; (T4T4, 3.7:10° Scm®
") and its E, of 0.36 €V is very close to that of the T4T4 sample. The relatively high conductivity may be
connected to the low density of 2.091 g cm™. Apparently, the replacement of a T3 supertetrahedron by
a SisPs unit in NayoSii3P2s creates extra space for the movement of Na*-ions. HT-NaSi,P; (T5T5) exhibits
the highest total ionic conductivity of 4:10* Scm™ at 25 °C. (cf. Figure 3.8). Thus, HT-NaSi,P; is
comparable with very fast Na*-ion conductors, such as Na;PS;*? (2:10* Scm™) and NASICON-type
Na34S¢2(Si04)0.4(PO4)26°7 (7:10* Scm™?), but slightly slower than materials such as NASICON produced
by Ceramtec™, B-Aluminal®!, Nas1Zr9:MgosSi:PO 1" Na;SbS,*!, Na;;Sn,PS1, > 4, NaCBoHio**! and

Na(CsH,0)(CB11Hi2)* with conductivities of 10°*-10 Scm™.

For a deeper understanding of the origin and bulk vs. grain boundary contributions to the conductivity,
the capacitance of the semicircle in the EIS has to be considered: assuming a realistic relative permittivity

¢ between 1-100 for a non-ferroelectric solid like HT-NaSi,Ps, the bulk capacitance calculated by C=
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&A/d with g,being the vacuum permittivity should be in the low pF range.*’) Here, in Figure 3.8 and in
a measurement of T5T5 at -60 °C (Figure B56), the capacitance is in the range of 20-100 pF and thus
much larger than the expected bulk value. Consequently, we attribute the semicircle to a grain boundary
process where ion transport is limited by geometrical current constriction effects. “* The bulk
properties of T5T5 are concealed by the grain boundary contributions and could not be deconvoluted.
The bulk conductivity of this material thus potentially exceeds 4:10* Scm™ at ambient conditions. This
assumption is corroborated by **Na-T:-relaxometry data showing a low E, of 0.11 eV for T5T5 (Figure
3.9). This suggests fast ion dynamics in the bulk, similar to -Alumina. The grain boundary E, of
polycrystalline -Alumina is 0.26 eV (0gs=1-10" Scm™), while the bulk E, amounts to only 0.15 eV

(0buk=8-107 Scm™).*® For T4T5 similar results were obtained.
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Figure 3.9 Temperature dependence of the ?Na-T-relaxation time in the samples T4T5 (left) and T5T5 (right).

3.4 Conclusion

In summary, the herein reported phosphidosilicates are fast Na*-ion conductors and our systematic
study shows that the conductivity increases with the size of the supertetrahedra. It is demonstrated that
the enhanced conductivity is due to the dilution of the Na* ions since the anionic charge of the
supertetrahedral networks remains constant (except NaioSiisPss). HT-NaSi,P; with the largest
supertetrahedral entities (T5) exhibits the highest total conductivity of up to 4-10* Scm™ at 25 °C which
is competitive to known fast ionic conductors.?>**! Impedance and NMR data indicate the existence of
an even more facile and fast bulk conductivity, motivating additional research on the family of sodium

phosphidosilicates for Na*-ion conduction.
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3.5 Experimental Section

All experiments and measurements were performed in an argon filled glovebox. The compounds were

synthesized by solid state reactions of the elements in alumina crucibles at 750 to 1100 °C. Further details

on elemental analysis, NMR, electrochemical spectroscopy are in the Supporting Information. CCDC

1816420-1816425 contain the supplementary crystallographic data for this paper. These data can be

obtained free of charge from The Cambridge Crystallographic Data Centre.
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4.1 Abstract

Ion conductors of light alkaline metals based on earth-abundant elements are important components
for all-solid-state batteries. The new sodium-rich phosphidosilicate Na,SiP, was synthesized by solid
state reaction of stoichiometric amounts of the elements at 973 K and characterized by single-crystal X-
ray diffraction (space group Pccn (no. 56), a = 12.7929(5) A, b=122.310909) A, c=6.0522(2) A and Z =
16) and solid-state NMR under MAS conditions. The compound forms dark-red twinned crystals, and
its crystal structure contains edge-sharing SiP, tetrahedra connected to infinite «'[SiP4.] chains. The
sodium ions between the chains are fairly mobile. Electrochemical impedance spectroscopy shows a total
ionic conductivity of o(Na*, 373 K) = 2.3 - 10° Scm™ with an activation energy of E, = 0.43 eV, and

galvanostatic polarization reveals mixed conduction behavior with a transference number of 0.8.
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4.2 Introduction
Fast lithium and sodium ion conductors composed of earth abundant elements as potential components
of all solid-state batteries attract immense interest.!'*! Recently, several phosphidosilicates with isolated
or condensed SiP, tetrahedra have demonstrated lithium or sodium ion conductivity, for example
LisSiP4,1® Li;SiP,,!%” LiSi,P3,”! and the series Nay:Sions19P12ns33 (1 = 0-3).[¥ These compounds have also
been studied in the framework of the electrochemical mechanism of SiP,/Li anodes.”'"! Except LisSiP,
with isolated [SiP4]* tetrahedra, the crystal structures feature networks of interpenetrating T2-T5
supertetrahedra according to the Yaghi notation.”®'" It was shown that larger supertetrahedral entities
favour the ion conductivity by diluting the alkali metal ions between the lower charged clusters.!®
Nevertheless there is currently no reason to believe that supertetrahedral structures are generally needed
for facile ion movement in phosphidosilicates. Since the actual structural requirements for fast ion
conductivity are still not fully understood, it is reasonable to search for further compounds in this
system. The supertetrahedral compounds in the system Na-Si-P are rather sodium-poor and the only
known sodium-rich compound is NasSiPs.'"? Therefore we focused on the sodium-rich part of the
system and came across Na,SiP, which turned out to be structurally quite different from the lithium
analogue reported earlier.*”) Here we report the synthesis, crystal structure, NMR and impedance

spectroscopy of Na,SiP..

4.3 Results and Discussion
The crystal structure of Na,SiP, was solved from single-crystal diffraction data using direct methods.!"!
The diffraction patterns of several measured single-crystals showed pseudo-hexagonal metric, but a
structure solution using hexagonal symmetry failed. One specimen showed unequal contributions of the
twin domains, so the feigned hexagonal intensity distribution was broken. From this dataset, a structure
model with orthorhombic symmetry could be derived under the assumption of a merohedral drilling by
a rotation of 120 ° around (0 0 1). From the expected three sets of drilling domains, only two were
observed in the diffraction pattern. One additional domain occurs twinned by the mirror plane (1 1 0)
yielding in volume fractions of 16.8 and 13.5 %. Note that this twinning originates not from phase
transitions but is caused by the metric of the orthorhombic unit cell (b/a =~ V3), leading to oriented
adhering of crystal domains while growth of the contact twins. Figure 4.1 (left) shows the pseudo-
hexagonal diffraction pattern of the hk2 plane with the three interfering lattices marked in blue (main
domain), green and purple (minor components). The reflections of the main domain show little

intensity deviations (a, highlighted in red) compared to the other two highlighted areas (b and c), where
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only every second reflection belongs to the main component, discernible by alternating intensities.
Figure 4.1 (right) shows a non-integer 0.5kl-plane, where no reflections of the main domain are visible,
but of the two minor components. All atom positions were refined with anisotropic thermal
displacement parameters. Data on structure refinement and the fractional coordinates are compiled in

Table 4.1 and Table 4.2 (CCDC 1946908).

Table 4.1 Crystallographic data for the refinement of Na,SiP..

Formula

NaZSiPz

formula mass / g-mol™

space group

136.01

Pccn (no. 56)

alA 12.7929(5)

bl A 22.3109(9)

cl A 6.0522(2)
VIA 1727.43(11)

Z 16

Pxeray/ grem™ 2.092

¢/ mm! 1.262
radiation Mo-Ka
0-range / ° 3.168 - 30.682
reflections measured 28523
independent reflections 4104

refined parameters 94

R, 0.0225

Rine (main component) 0.0404

R1 (F* > 20(F?) / all) 0.0389 / 0.0455
WR2 (F* > 20(F?) / all) 0.0852/0.0881
GooF 1.118

BASF factor 1 0.16745

BASF factor 2 0.13472

Apumass Apmin | € A3 0.634, -1.460
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Table 4.2 Fractional atom coordinates, Wyckoff positions and equivalent displacement parameters of

Nazsipz.

Atom Wyckoff x y z Ue | A?
position

P1 8e 0.03221(7) 0.07405(4) 0.00206(16) 0.01376(16)
P2 8e 0.12998(6) 0.50881(4) 0.00362(16) 0.01327(15)
P3 8e 0.16116(7) 0.19518(4) 0.43788(14) 0.01279(16)
P4 8e 0.66053(8) 0.19606(5) 0.18775(16) 0.0198(2)
Sil 8e 0.50140(8) 0.00021(5) 0.25362(14) 0.01086(15)
si2 4d 1 % 0.0615(3) 0.0157(3)
$i3 4c 1 1 0.1882(2) 0.0102(2)
Nal 8e 0.00974(14) 0.20996(8) 0.0224(3) 0.0330(4)
Na2 8e 0.24880(16) 0.08638(8) 0.2294(3) 0.0275(3)
Na3 8¢ 0.30558(15) 0.59216(9) 0.0123(4) 0.0408(5)
Na4 8¢ 0.50940(12) 0.11973(7) 0.0096(3) 0.0272(3)

5 s : -
k2 s 0.5kI
l..::.gjﬁzl_:.b' :
....... M
TR

Figure 4.1 Left: hk2-plane with the three interfering lattices marked blue (main component), green and purple
(minor components). The red highlighted areas indicate the violation of the hexagonal symmetry. Right: 0.5kl-

plane with reflections of the two minor components only.

The phosphidosilicate polyanion in Na,SiP, is composed of three crystallographic independent SiP4

tetrahedra, sharing common edges along [001] and assembling three independent «'[SiP,]* chains
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(Figure 4.2). The Si-P distances range between 2.244 and 2.273 A as typical in phosphidosilicates. With
94.98 to 121.95° the P-Si-P angles show considerable deviation from the ideal tetrahedral angle,
whereas the mean value of 109.77° is still close to it. The sodium cations reside on general Wyckoff
positions between the tetrahedra chains coordinated by P atoms and form distorted trigonal bipyramids

(Nal), octahedra (Na2 and Na4) and trigonal prisms (Na3) with two elongated Na-P distances (see

Figure 4.3).

P2

2917
Figure 4.2 Three independent «!'[SiP;]* chains of Figure 4.3 Distorted NaP, polyhedra in Na,SiP; (top,
edge-sharing SiP; tetrahedra in Na,SiP, with Si-P left: NalPs trigonal bipyramid; top, right: Na2Ps
distances. octahedron; bottom, left: Na3Pgs trigonal prism;

bottom, right: Na4Ps octahedron).

The measured reflection patterns indicated a hexagonal crystal symmetry in which no structure solution
was possible. The underlying hexagonal motif appears in the topology of a hexagonal rod packing of the
anionic bars along the c-axis (Figure 4.4) as well as in the b/a ratio with only 0.69 % deviation from V3.
By decorating these bars with silicon and phosphorus ions to edge-shared «'[SiP,]* chains, the
hexagonal symmetry reduces to orthorhombic with splitting into three crystallographically independent
SiP, chains. The symmetry reduction creates a pseudo-merohedral drilling with a C-centered
orthorhombic unit cell. For the tetrahedra chain composed of Sil, P1 and P2 this centering is nearly
accomplished whereas it is infringed by the two other tetrahedra chains. As depicted in Figure 4.4, the
tetrahedra chain with Si3 slightly shift along [001] whereas the symmetry equivalent chain displaces in

the opposing direction. The same occurs in the chain assembled of Si2 and P4 with a larger offset. In
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case of the sodium ions the discussed centering is also valid if a minor displacement is taken into account.
In contrast to Li,SiP,,”! where the constituting SiP; tetrahedra assemble interpenetrating T2
supertetrahedral networks, the structural motif of K,SiP, " and Cs,SiP,"* with K,ZnO; type structure
1€l are rather similar to Na,SiP,, where the tetrahedra chains are arranged along the c-axis as well. Due
to the chain orientation with respect to the ab-plane there are two differently oriented, but topologically
identical chains in K;SiP, whereas in Na,SiP; three types occur (symmetrically inequivalent due to shift
in the z parameter, Figure 4.4) leading to nearly the same c- and almost doubled a and b cell parameters
involving quadruplicating of respective Wyckoft sites. The majority of representatives of the K,ZnO,-
type structure are sulfides or selenides with relatively big cations separating the tetrahedra chains like in
AxCoX, "or A;MnXo!" or in the compounds AsFe, X, 2! (A = K, Rb, Cs; X =S, Se) with the TlsFe,S.-
type structure. There are fewer examples of tetrahedra chains surrounded by cations smaller than
potassium like in Na,ZnS,,* Na,Co(S;Se).!"” or NasFe,(S;Se)s.* 2! Decreasing the amount of the
separating counterions leads to KFeSe,-type structure® with edge condensed tetrahedra chains as well.
The effect of substitution of Cs* in CsGa(S;Se). by smaller cations Rb* or K* was investigated, and it
turned out that the structure changes when about 30 % of the Cs* ions are replaced.” These findings
may suggest that chains of edge condensed tetrahedra are stabilized by the amount and size of the
counterions. NMR spectra of all constituting nuclei were collected under MAS conditions with rotation

frequencies of 10 kHz of a pure polycrystalline sample (see Figure 4.5).

= =k ok
o N B O o

Lt
,J.’v‘_“‘f'eu-ﬂ'ui.hﬁu,wm C—

5 10 15 20 25 30 35 40 45 50 &5
20()

@ o

Counts (x 10%)

N oA

Figure 4.4 Unit cell of NaSiP, with .![SiP,]* Figure 4.5 X-Ray powder pattern of Na,SiP, (blue)
tetrahedra chains in [001] direction and the pseudo- with Rietveld fit (red) and difference plot (grey).
hexagonal unit cell (left) and view along the g-axis

with opposing displacement of the tetrahedra chains

(right).
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As it is depicted in Figure 4.6, Na,SiP; has four resonance frequencies for phosphorus at § (*'P) = -74.7,
-71.4, -52.6 and -34.8 ppm with the first two at nearly the same chemical shift. Integrating the intensities
including rotation sidebands yields a 1:1:1:1 ratio indicating four magnetically inequivalent phosphorus
atoms in the structure. The resonances with nearly the same chemical shift are assigned to P3 and P4
with almost the same Si-P distances and both with five sodium ions in vicinity. P3 induces the resonance
in the shielded region due to the larger chemical shift anisotropy than P4, seen on the greater intensity
on the rotation sideband pattern, whereas the downfield signals belong to the Sil tetrahedra chain with
slightly elongated Si-P distances. Following the observation described by Monconduit et al. for
compounds in the Li-Si-P system, a resonance is shifted into the upfield region with increasing negative
charge density at a particular phosphorus atom in *P-NMR spectra.”’ Assuming the same behavior
towards sodium ions, the resonance at § (*'P) = -52.6 ppm can be assigned to P2 with seven by contrast
to P1 with six sodium ions in vicinity (the limit was set to 3.7 A for this approach). In the silicon spectrum
three broad resonances were detected in agreement with the structure model at § (**Si) = -59.0, -39.3 and
-35.5 ppm. The additional signal at 48 ppm differs in line shape and is assigned to background noise.
Opposing the structure model, in the sodium spectrum only one signal is visible with a shoulder in the
high field region at § (**Na) = 8.1 ppm instead of four distinct resonances. As it was shown for sodium
based supertetrahedral ionic conductors,® this observation can arise from similar chemical
environment or from fast exchange processes. Since Na,SiP, comprises three different NaPy polyhedra,

one single sodium resonance indicates fast dynamics.
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Figure 4.6 *'P (left), *Si (middle) and *Na (right) MAS-NMR spectra at 10 kHz of Na,SiP, with star-marked
rotation side bands. Respective chemical shifts are § (*'P) = -74.7, -71.4, -52.6 and -34.8 ppm, § (¥*Si) = -59.0, -39.3

and -35.5 ppm (marked with crosses) and ¢ (*Na) = 8.1 ppm.

Ionic conduction was quantified by electrochemical impedance spectroscopy. Spectra measured from

303 to 373 K (cf. Figure 4.7, top left) reveal two distorted semicircles at higher frequencies and a spike at
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lower frequencies which results from polarization of sodium ions at the blocking electrodes. The data
were fitted to the equivalent circuit shown in Figure 4.7 (bottom, left) comprising of two parallel
resistances (R) and constant phase element (CPE)-entities, representing the semicircles, in series to a

CPE for the electrode polarization. These elements are placed in parallel to a capacitor (C) representing

a stray capacitance of about 80 pF. According to the Brug formula C,rf = Ql/ aR(/a=D) an effective
capacitance (Ce) of a CPE in parallel to a resistance was calculated resulting C.s(CPE1) = 30 pF and
Cei(CPE2) = 0.23 nF.?”! These values indicate that only grain boundary processes or current constriction

% 21 The bulk properties could not be resolved and only the total ionic

phenomena are visible.!
conductivity ¢ (Na*) of 2.3 - 10° Scm™ at 373 K was calculated from the sum of R1+R2=R by o(Na*) =
L-(RA)" with L being the thickness and A the area of the sample. Since the grain boundary thickness is
unknown, the activation energies of the two processes were calculated with the conductivity derived
from the formula above using R1 and R2, respectively. A low activation energy of 0.43 eV for the high
frequency process (CPE1R1) and a significantly higher one of 0.57 eV for CPE2R2, possibly stemming
from highly resistive grain boundaries, were obtained. The DC galvanostatic polarization measurement
in Figure 4.7 (bottom, right), measured with stainless steel electrodes at 368 K, determines an electronic
conductivity of o (¢') = 7.9 - 10® Scm™, which is roughly one order of magnitude lower than the o (Na*)
of 6.8 - 10” Scm™ of this sample leading to a transference number of 0.8. This classifies the material as a

sort of mixed ionic electronic conductor being unsuitable for the application as solid electrolyte, but

potentially interesting in SiP, electrode material research.
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Figure 4.7 Selection of temperature dependent AC impedance spectra of Na,SiP; (top, left) fitted to the equivalent
circuit (bottom, left). Plot of the activation energy showing 0.43 eV for R1 in parallel CPE = 3-10"' F and 0.57 eV
for R2 in parallel to CPE = 2:107'° F (top, right) and DC galvanostatic polarization measured with stainless steel
electrodes showing a Geon 0f 7.9-10° S/cm at 368 K (bottom, right).
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4.4 Conclusion
Na,SiP; is a new phosphidosilicate with a SiS,-like arrangement of ..'[SiP;]*" chains and fairly mobile
sodium ions between them. The crystal structure differs from the related potassium compound with
K,ZnO,-type structure by three crystallographically different tetrahedra chains instead of one and feigns
hexagonal symmetry. Impedance data show mobile sodium ions at elevated temperatures and
polarization experiments reveal mixed ionic and electronic conduction behaviour, making this
compound potentially interesting in SiP, electrode material research. Na,SiP; enriches the family of
phosphidosilicates and encourages continuative research in the field of the Si-P-system with light alkali

metals for low-cost energy storage applications.

4.5 Experimental Section

Synthesis. Na,SiP, was prepared by solid-state reaction of a stoichiometric mixture of metallic sodium
(67.6 mg, Alfa Aesar, 99.8 %), silicon powder (41.3 mg, Smart Elements, 99.8 %) and red phosphorus
(91.1 mg, Chempur, > 99 %). The reaction mixture was ground and filled in alumina crucibles under
inert conditions in an argon-filled glovebox with concentrations of O, and H,O < 0.1 ppm. This mixture
was sealed in a silica ampoule and fired in a tube furnace to 100 °C within 5 h before the temperature
was raised to 700 °C and maintained for 40 h. After cooling to room temperature, the still
inhomogeneous product was ground thoroughly and reheated to the same reaction temperature twice

yielding a polycrystalline and highly moisture-sensitive red powder.

Single-Crystal X-ray Diffraction. Crystals of sufficient quality for diffraction experiments were selected
under dried paraffin oil and sealed in oil-filled glass capillaries (Hilgenberg GmbH, Germany, inner
diameter 0.1 mm). Diffraction data were collected on a Bruker D8 Quest diffractometer equipped with
a microfocus Mo-Ka X-ray source, Gobel mirror optics and Photon II detector. For data reduction and
absorption correction the software package APEX3 %! was used. Space group determination was carried
out with XPREP ! based on systematically absent reflections. SHELX-97 **) was used for structure
solution and refinement. Visualization of the crystal structure was carried out with Diamond ©*?

software. CCDC 1946908 (for Na,SiP,) contains the supplementary crystallographic data for this paper.

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.

Powder X-ray Diffraction. For powder X-ray diffraction a phase pure polycrystalline sample was
ground and sealed in Hilgenberg glass capillaries to avoid hydrolysis. Data were collected on a Stadi P

powder diffractometer (STOE & Cie GmbH, Darmstadt, Germany) equipped with a Mythen 1K detector
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(Dectris, Baden, Switzerland) in Debye-Scherrer geometry with a Ge(111) monochromator and Mo-Kal
radiation. Rietveld refinement based on single-crystal diffraction data was performed with TOPAS ©**

software.

Solid-State MAS-NMR. Polycrystalline samples of Na,SiP, were loaded into a commercial 4 mm
zirconia rotor. Spectra of *’Na, *Si and *'P were acquired on a Bruker Avance III 500 with a magnetic
field of 11.74 T in MAS conditions (vt = 10 kHz) and Larmor frequencies of vo(*Na) = 132.33 MHz,
vo(*¥Si) = 99.38 MHz and vo(*'P) = 202.48 MHz. All spectra were indirectly referenced to 'H in 100 %

TMS at -0.1240 ppm.

Electrical Conductivity. For DC conductivity measurements and AC impedance spectroscopy, an
Ivium compactstat.h (24 bit) in a two-electrode setup using a home-build Swagelok cell was applied.
Prior to the measurements a polycrystalline sample was compacted to a pellet with 5 mm in diameter
and 1 mm of thickness by uniaxial cold pressing (22 kN) and annealed for 10 h at 400 °C. Then, the pellet
was sandwiched between indium foil (Alfa Aesar, 0.127 mm of thickness, 99.99 %) to enhance contact
with the Swagelok cell. No reactions between the pellet and the indium foil were observed. For DC
measurements stainless steel electrodes were applied. All measurements were carried out under inert
conditions and the amplitude of the AC voltage was 100 mV. Collected data were analyzed by RelaxIS3

software from rhd instruments.
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5.1 Abstract

The all-solid-state battery (ASSB) is a promising candidate for electrochemical energy storage. In view
of the limited availability of lithium, however, alternative systems based on earth-abundant and
inexpensive elements are urgently sought. Besides well-studied sodium compounds, potassium-based
systems offer the advantage of low cost and a large electrochemical window, but are hardly explored.
Here we report the synthesis and crystal structure of K-ion conducting T5 KSi,P; inspired by recent
discoveries of fast ion conductors in alkaline phosphidosilicates. KSi,Ps is composed of SiPs tetrahedra
forming interpenetrating networks of large T5 supertetrahedra. The compound passes through a
reconstructive phase transition from the known T3 to the new tetragonal T5 polymorph at 1020 °C with
enantiotropic displacive phase transitions upon cooling at about 155 °C and 80 °C. The potassium ions
are located in large channels between the T5 supertetrahedral networks and show facile movement
through the structure. The bulk ionic conductivity is up to 2.6-10* S/cm at 25 °C with an average
activation energy of 0.20eV. This is remarkable high for a potassium ion conductor at room

temperature, and marks KSi,P; as the first non-oxide solid potassium ion conductor.
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5.2 Introduction
All-solid-state batteries (ASSB) with solid instead of liquid electrolytes are traded as the next generation
energy storage devices because they provide higher energy densities and faster charging rates than
conventional systems.!"® For the development of ASSBs, the solid electrolyte is a critical component and
its ionic conductivity a key performance indicator. So far, several lithium ion conducting materials are
well investigated. Garnets such as doped Li;La;Zr,O1; and Li; 4Alo4Ti16(PO4)s exhibit bulk ionic con-
ductivities up to 10° S/cm at room temperature. Similar and even higher lithium ion conductivities in
the range of 1.6:10* to 2.5-107% S/cm were found in ternary lithium thiophosphates,” halide
argyrodites,®*! Li;GeP,S1>-type materials!'” and rare-earth halides.!"""* Recently, it became apparent
that phosphidosilicates may be promising candidates for solid electrolytes. These compound contain
SiP, tetrahedra, which are isolated in LisSiP4,™ while in Li;cSi,Ps or LisSisP;!*® the tetrahedra are
condensed via edges or vertices to reduce the charge. The SiP, tetrahedra in Li,SiP; form interpenetrating
networks of T2 supertetrahedra,!'* while in LiSi,Psfused T4 and T5 entities are present. ' The lithium
ion conductivities are between 4-107 S/cm (Li,SiP2) ™ and 1-10® S/cm (Li1.SiPs)!'” with activation
energies of 0.49 to 0.30 eV, respectively. NMR data of LiSi,P; reveal an activation energy of about 0.1 eV
indicating an even more facile ion transport in this compound. However, lithium batteries for large scale
applications are restricted by the availability and cost of lithium.!"®??! Therefore, systems with earth
abundant cheap alternatives such as sodium or potassium are requested. Solid sodium electrolytes like
Na;PS,**! or NaSICON-type Na;4Sca(SiOu)o.4(PO4)262* > have conductivities on the order of 2-10* S/cm
and 7-10* S/cm, respectively. B-Alumina,?® Na;SbS,#"?* or Na;;Sn,PS1,12% exceed these conductivities
by about one order of magnitude. The phosphidosilicates Nay3Sion:19P124433 based on interpenetrating
networks of fused T3 to T5 supertetrahedra turned out to be competitive.*") HT-NaSi,P exhibits solely
T5 entities and shows a total sodium ion conductivity of 4-10* S/cm with a low activation energy (E.) of
0.25 eV. NMR data reveal an even lower activation energy of 0.11 eV, suggesting a facile Na hopping
process. While sodium is much more abundant than lithium, it has a less negative electrode potential (-
2.71 V) compared to lithium (-3.04 V). In contrast, potassium has a lower potential than Na (-2.93 V)

that enables an improved cell output voltage.

Since the availability and low cost of potassium are comparable with those of sodium, the exploration of
potassium ion batteries (KIBs) appears promising. So far, studies on KIBs employing potassium metal
anodes, solid electrolytes and cathodes such as Prussian blue with remarkable capacities and cycling

stabilities were reported.**** Surprisingly, only a few solid potassium ion electrolytes are known (Figure
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5.1, for data and references see Table C8). These materials are oxides and show conductivities in a
reasonable range for applications (10%-10?S/cm) only at high temperatures of 300-400 °C. The only
exception is polycrystalline K;Fe;O; with a conductivity of 510> S/cm at room temperature. However,
single crystal impedance spectroscopy shows that the potassium ion migration in this compound is

predominantly two-dimensional. **
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Figure 5.1 K*-ion conductivities of known materials and of KSi,P;-mC928 (sample 2¢ in Table C9). Asterisks

indicate single-crystal data. References and activation energies are in Table C8.

In this work, we address the family of potassium phosphidosilicates as possible solid electrolytes.
Currently only the compounds K,SiP," and the layered T3 KSi,P;*” are known in this system. Both are
not promising as ion conductors because of the lack of partial occupied potassium sites. Here we report
three new polymorphs of KSi,P; with T5 supertetrahedral structures related to the sodium ion conductor
NaSi,Ps.°Y The polymorphs are characterized by X-ray powder diffraction based on the single-crystal
data of the high temperature polymorph. Electrochemical impedance and MAS-NMR spectra of the new
monoclinic modification revealed a remarkably high ouu (K*) up to 2.6:10™* S/cm at 25 °C, and a low
activation energy of 0.20 eV. This material hence qualifies as the first non-oxide fast solid potassium ion

conductor.

5.3 Results and Discussion
KSi,P; with the space group C2/c was first described by Feng ef al.®” and is denominated as KSi,Ps-mC96

in the following. It contains SiP4 tetrahedra which form T3 supertetrahedra according to the Yaghi
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nomenclature.®® These T3 entities are fused by one common SiP; tetrahedron resulting in a layered
structure with the K* ions located on two fully occupied general Wyckoff sites between T3
supertetrahedral layers (see inset of Figure 5.2). This structure is stable upon heating to 1000 °C. We find
a mixture of two phases at 1020 °C before KSi,P3-mC96 is completely transformed to a tetragonal
modification at 1040°C, denoted as KSi;Ps-t1960. Figure 5.2 shows the high temperature diffraction
patterns. The additional reflection at about 9.8° indicates crystallization of the silica capillary. We were
able to solve and refine the structure of this metastable high temperature polymorph quenched to room
temperature with single-crystals. For details we refer to the experimental section in the Supporting
Information. Table 5.1 summarizes the single-crystal data of KSi,Ps-#1960 in space group I4:/acd (No.
142).51 Atom positions and displacement factors are given in Tables C1 and C2 of the Supporting
Information. KSi,Ps-t1960 is also built from SiP, tetrahedra, but now forming three-dimensional

networks of T5 supertetrahedra as shown in Figure 5.3.
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Figure 5.2 High temperature Mo-Ka, X-ray powder Figure 5.3  Three-dimensional fused T5

diffraction patterns of a KSi,P3-mC96 sample with a
phase transition to KSi;Ps-t1960 at about 1020 °C
(highlighted in green). Inset shows the crystal

structure of the known KSi,P;-mC96 compound.

supertetrahedra composed of SiP; tetrahedra in
KSi,P5-t1960. Every T5 cluster lacks a central silicon
atom indicated by the green empty tetrahedron in
the upper T5 cluster, where one layer of SiP,

tetrahedra was removed for clarity.

Every T5 cluster features a missing silicon site in its center, affecting the adjacent four phosphorus atoms
by shifting them slightly towards the vacancy. This leads to shorter average P-P distances of 3.2 A
compared to 3.7 A of the phosphorus atoms not neighboring the missing site. This appears counter-

intuitive but has been already observed in several T5 supertetrahedral compounds, such as B,S;,"*
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LiSi,P5," HT- and LT-NaSi,P;* or UCR-15.1 A likely explanation could be the preservation of charge
neutrality in the interior of the T5 entity, since the T5 cluster is a section of the sphalerite-type structure
with silicon defects resulting in the sum formula of Si;P.. However, this binary compound has not been
confirmed experimentally, but predicted by DFT calculations.****! The T5 clusters share one common
SiP, tetrahedron resulting in a three-dimensional anionic network with giant voids interpenetrated by a
second crystallographically equivalent network. These can be ascribed hierarchically to a diamond type

network, resembling the structure of homeotypic HT-NaSi,P;."

Table 5.1 Single crystal data of the high temperature polymorph KSi,P;-t1960, measured at 25 °C on a Bruker

D8 Quest diffractometer.

Formula KSi,P3-t1960
space group I41/acd (No. 142)
alA 21.9221(15)
c/A 39.868(3)

Vear/ A3 19160(3)

Z 128

PXeray/ grem™ 2.088

AlA 0.71073 (Mo-Ka)
¢/ mm™ 1.937

©-range / ° 2.120 - 30.586
reflections measured 459701
independent reflections 7358

parameters 283

Rs 0.0095

Rint 0.0452

R; (F>20(F?)) / all 0.0391/0.0438
wR, (F>20(F?)) / all 0.0919/0.0951
Goof 1.102

restraints 1

AP max/min / C'A73 +1.610/-1.374
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The potassium ions reside in big cavities of the supertetrahedral networks with large displacement
factors and an average occupancy of 0.4. All eleven potassium positions are partially occupied and thus
disordered (see Figure 5.4), similar to HT-NaSi,Ps, which indicates mobility of potassium ions already
at room temperature. KSi,Ps-t1960 goes through displacive phase transitions upon cooling. As shown
in Figure 5.5, KSi;Ps-11960 exhibits a splitting of the most intense reflections at a diffraction angle range
of 13.1 to 13.7° (Mo-Ka;) at 155 °C. Two of these split reflections approach each other while the third
moves towards a higher angle of about 14° beginning at 80 °C, indicating a third phase transition. These
phase transitions occur upon heating and cooling of a KSi,P; sample making this T5 compound

enantiotropic (see Figure 5.5).
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Figure 5.4 Unit cell of KSi,Ps-t/960 with large Figure 5.5 High temperature X-ray powder

displacements of the K ions (top, ellipsoids with 90 %
probability) and K positions in the voids along [111]
indicating a possible ion migration pathway

(bottom, ellipsoids with 50 % probability).

diffraction (Mo-Ka;) of a KSi,P3-m(C928 sample
upon heating to 350 °C and subsequent cooling.
KSi,P3-mC928 (highlighted in blue) transforms at
80 °C to KSi;P3-0F1952 (orange) before a further
phase transition at 155°C yields KSi;Ps-t1960
(green). The same phase transitions are observable
upon cooling making the T5 compound

enantiotropic.

We were not able to synthesize suitable single-crystals of the two low temperature modifications mainly

due to twinning. Therefore, we stabilized the different modifications for powder diffraction analysis at

ambient conditions. While the room temperature modification is easily producible with conventional
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solid-state methods, small amounts of the other modification could only be obtained by a modified
synthesis as described in the Supporting Information. The Cu-Ka; diffraction patterns and Rietveld fits
of the respective modifications are shown in Figure 5.6 (enlarged in the SI Figures C1-3) highlighting
their most prominent differences consisting in the splitting, the intensity distribution, and the shifting
towards higher diffraction angles of the indicated reflections. Acceptable refinements were obtained by
translationsgleiche (12) symmetry reductions from tetragonal KSi,Ps-t1960 (spacegroup I4:/acd) to the
orthorhombic and monoclinic subgroups of KSi,P;-0F1952 (Fddd) and KSi,P;-m(C928 (C2/c). The
potassium positions were calculated from the symmetry reduced single-crystal structure data of KSi,Ps-
t1960. Therefore, these positions do not strictly follow the Bdirnighausen tree while silicon and
phosphorus do. The displacive phase transitions are mainly contractions of the crystal structure as
visible in Table 5.2, thus increasing the crystallographic density along with the symmetry reduction (note

that the cell parameters given in Table 5.2 appear dissimilar due to different space groups).
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Figure 5.6 X-ray powder diffraction patterns (Cu-Ka;) of tetragonal (top, left), orthorhombic (top, right) and

monoclinic (bottom) KSi,Ps.

We have confirmed the composition and structure model of KSi,Ps-mC928 with EDX (Figure C4, Table
C7) and MAS-NMR measurements. The *Si spectrum (Figure C5) has broad signals between & (*Si) =
-12 to -26 ppm originating from 32 crystallographically inequivalent silicon atoms on general Wyckoff

sites. Since the structure of KSi,P;-m(C928 is homeotypic to HT-NaSi,Ps, the’'P spectra are comparable
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Table 5.2 Rietveld refinement results of the T5 KSi,P; modifications.

Modification KSi,P5-t1960 KSi,P;-0F1952 KSi,P;-m(C928
space group I4,/acd (No. 142) Fddd (No. 70) C2/c (No. 15)
stability range / °C > 155 155 - 80 <80

alA 21.8826(3) 31.5291(10) 31.8337(4)

b/ A 21.8826(3) 30.5475(5) 30.4796(3)
c/A 40.2923(8) 39.9611(13) 25.2909(2)
Bl 90 90 128.7029(8)
Vear | A2 19293.8(6) 38487(2) 19150.3(4)
Pxeray | grem™ 2.07651(6) 2.08417(12) 2.11092(5)

as shown in Figure 5.7. KSi,P5-mC928 exhibits four broad signals within almost the same chemical shift

range compared to the tetragonal sodium phase. Integration of these signals in the KSi,Ps-mC928

spectrum yields the same intensity distribution of 4:4:3:1 as in HT-NaSi,P;.*" The resonance pattern of

KSi,P3-m(C928 is more complicated than that of HT-NaSi,P; due to the symmetry reduction from

tetragonal to monoclinic, which leads to splitting of all resonances and impeding a simple intensity

assignment to the respective phosphorus atoms. Assuming that the upfield signal at § (*'P) = -298.7 ppm

is the result of only one phosphorus atom, a sectional intensity integration of the whole spectrum is

possible. It results in 49 distinct atoms being very close to the number of 48 atoms as predicted by X-ray

diffraction. Hence, the NMR measurements are in line with the structure.
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Figure 5.7 Normalized *'P MAS-NMR spectra of HT-NaSi,P; (top, blue) and KSi,P;-m(C928 (bottom, black) at 25

kHz and a magnetic field of By = 11.7 T. Asterisks indicate rotational side bands.
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We  have  identified  possible  migration  pathways of all  polymorphs  of
KSi,P; from geometrical calculations yielding four large channels through the structure, which are
connected by short passages along every supertetrahedral face. This indicates a 3D ion conduction
similar to NaSi,Ps. The calculated migration paths are visualized in Figure C6-C8 in the Supporting

Information.

We have shown recently that ionic conductivity in supertetrahedral phosphidosilicates increases with
increasing cluster size. ®" In view of the T5 structure of KSi,Ps, high K-ion mobility seems more likely
than in the T3 structure. We applied electrochemical impedance spectroscopy (EIS) and potentiostatic
polarization measurements as described in the SI on several samples from different batches to assess the
ionic and electronic conductivity. All results are listed in Table C9 and C10, and a representative
impedance spectrum at -20 °C (sample 2b in Table C9) is shown in Figure 5.8. The measurements were
performed at low temperatures to deconvolute the bulk properties of the material and to avoid phase
changes that already occur at 80 °C, which may influence the performance. The spectrum contains high
and low frequency contributions followed by a spike resulting from the polarization of K ions at the
blocking electrodes at low frequencies. The spectrum is fitted with the equivalent circuit model depicted
in the inset in Figure 5.8. For the high frequency semicircle modelled by R1-CPEl, an effective
capacitance Cer = (Q/(R*"))" of 8 pF is calculated that corresponds to a relative permittivity of 24. This
is a typical value for the bulk contributions of a solid inorganic material.* The low frequency semicircle
(R2-CPE2) possesses a much larger Cerof 9-107F, thus it presumably stems from grain boundaries or a
surface layer."*! The low frequency semicircle CPE3 models the polarization of ions at the electrode. The
measured ionic conductivities o (K*) of nine samples from three different batches (cf. Table C9) are
between 0.13-10* and 2.6-10* S/cm with an average activation energy of 0.20+0.04 eV. The scatter of
conductivities is typical for a solid ion conductor as previously revealed in a round robin study of sulfide
electrolytes,*”! and can be rationalized by batch to batch variations as well as differences in pellet
preparation, annealing and sputtering of each sample. The highest bulk conductivity we found is 2.6-10"
* S/cm at room temperature with an activation energy of 0.21 eV (plotted in Figure C9), which is
consistent with the averaged activation energy of the high frequency semicircle of all samples (0.20+0.04
eV). This result is directly compared to literature data in Figure 5.1, highlighting its uniqueness as first
non-oxide Kion conductor with high ionic conductivity at room temperature and below (down to -20
°C) and alow activation energy, indicating facile ion migration within the large channels of the structure.

KSi,P; exhibits an even higher ionic conductivity than K-B-Alumina single-crystals. Compared to other
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potassium ion conductors, KSi,P; contains neither redox active transition metals nor expensive or rare

elements.

The measured total ionic conductivity ranges from 0.045-10*to 2.0-10* S/cm and can be calculated from
Riot as sum of R1+R2 with oi: = d/(A-Rit) with d being the thickness and A the area of the sample. This
shows that even the total ionic conductivity is reasonably fast for an ionic conductor at room
temperature. The activation energy of the low frequency semicircle (R2-CPE2) of 0.19+0.03 eV
resembles the activation energy of the bulk process (also cf. Figure C9). Thus, there is no indication of
the presence of highly resistive grain boundaries. The similar activation energy rather points to a current
constriction phenomenon that could result from a limited contact area between the grains, which is
consistent with the low geometrical density of 77+3 % of the sample pellets.*! Therefore, by optimizing

the sample preparation and microstructure, the total conductivity may be enhanced further.
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Figure 5.8 Left: Impedance spectra of KSi;P; at -20 °C (sample 6 in Table C9), fitted with the equivalent circuit
model shown in the inset. The spectrum can be deconvoluted into bulk (high frequency semicircle RICPE1) and
surface/interlayer contributions (low frequency semicircle). Right: Potentiostatic polarization curve over 5 h

showing a low electronic conductivity of 3.8x10° S/cm. Inset shows data at short times.

The partial electronic conductivity was measured by a potentiostatic polarization experiment over
several hours at 0.25 and 0.5 V for several samples (cf. Table C10). A representative plot is shown in
Figure 5.8 (right). The electronic conductivity ranges from 0.09-10® to 1.1-10® S/cm, resulting in a
transference number 7; = Gion/ (Gion+0eon) Of 0.9998. This suggests that this material can be classified as a

predominantly ionic conductor.
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5.4 Conclusion
In summary, we have identified three new polymorphs of KSi,P; with T5 supertetrahedra and K-ion
conductivities up to 2.6:10*S/cm at 25°C. The hitherto known modification consists of T3
supertetrahedra without partially occupied K sites, which hampers ion conduction. We demonstrate fast
potassium ion conduction through three-dimensional connected voids between the large T5
supertetrahedra. KSi,P; contains low cost, non-redox active and abundant elements. As the first non-
oxide solid material, KSi,P; extents the compositional space of solid potassium ion conductors, which is
key for the rational design of further potassium solid electrolytes. Further investigations must show

whether these compounds are suitable for use in batteries.

5.5 Experimental Section

Due to the moisture sensitivity of the title compound all experiments and sample manipulations were
conducted at inert conditions in argon filled gloveboxes. The synthesis and further experimental details

are compiled in the Supporting Information.
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6.1 Abstract

The new phosphidosilicates SrSi;Pi, and BaSi;P1, were synthesized by solid-state reactions, and their
crystal structures determined by single-crystal X-ray diffraction [P1, Z = 1, SrSi;Pio: a = 6.1521(1) A, b =
8.0420(2) A, ¢ = 8.1374(2) A, a=106.854(1)°, B=99.020(1)°, = 105.190(1)°; BaSi;P1o: a = 6.1537(1) A,
b = 8.0423(2) A, ¢ = 8.1401(2) A, a = 106.863(1)°, B = 99.050(1)°, 7 = 105.188(1)°]. The compounds
crystallize in a new triclinic structure type with vertex sharing SiP, tetrahedra, which assemble a non-
centrosymmetric diamond-like network of T2 supertetrahedra. The alkaline earth cations reside in
cuboctahedral voids. *'P solid-state MAS-NMR spectra confirm the crystal structure. SrSi;Pi and
BaSi;Py, exhibit the lowest charged SiP network in phosphidosilicates so far. Full-potential DFT

calculations classify both compounds as semiconductors with small indirect band gaps of 1.1 eV.
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6.2 Introduction

Posphidosilicates gain increasing attention due to its versatile structure chemistry and the abundance of
its constituting elements. Relatively few representatives with alkaline and alkaline earth metals were
reported in the 1970s and 1980s. The ortho-compounds AE.SiPs (AE = Ca, Sr, Ba)!! contain isolated SiPy
tetrahedra, whereas edge- or vertex-condensed tetrahedra occur in NasSiP;,” K,SiP,® or Ba;SisPs.!
Networks of vertex-shared SiP; tetrahedra were observed likewise in MgSiP, with chalcopyrite-type
structure.” Only recently, further alkaline and alkaline earth phosphidosilicates were reported, which
comprise homonuclear Si-Si or P-P bonding, or with SiP, tetrahedra which coalesce into
supertetrahedral entities.'?! Examples with P-P bonds are the compounds AE,SiP,"***! (AE = Sr, Ba,
Eu), where all phosphorus atoms form dimers. Additionally, Mark et al. demonstrated the thermal
conductivity and SHG responses of Ba,SizPs making this compound potentially interesting for IR-NLO

materials.[

! Most of the known alkaline earth phosphidosilicates are relatively rich of AE** cations
resulting in highly charged SiP frameworks. The only known Si-P binary compounds are SiP and SiP,
with either Si-Si or P-P bonds,'”*®! whereas the Si;Ns analogue SisP; has been predicted only

theoretically,!"

one may ask for compounds with lower charged networks closer to Si;Ps. Therefore, we
now focused on AE**-poor phosphidosilicates and found SrSi;P,, and BaSi;Py, with the lowest charged

SiP network so far known in phosphidosilicates.

6.3 Results and Discussion
The title compounds were synthesized by solid-state reactions and several annealing steps of respective
elemental mixtures under argon atmosphere in alumina or glassy-carbon crucibles. After the procedure,

polycrystalline black powders with 1.1 % and 5.1 % silicon as impurities were obtained (Figure 6.1).
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Figure 6.1 X-ray powder diffraction patterns of SrSi;Py, (left) and BaSi;Py, (right) displayed as blue circles with
Rietveld-fit (red line) and difference (grey line). Both samples contain minor amounts of unreacted Si and in the

SrSi;Py1o sample an additional unknown phase (marked with asterisks).
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Small single-crystals were selected from the samples for EDX analysis and single-crystal X-ray
diffraction. The EDX analysis confirmed the chemical composition and the X-ray diffraction data
revealed triclinic unit cells in space group P1 with almost identical lattice parameters for both
compounds. The crystal structures were solved by direct methods and refined using least-squares

methods with SHELX. Crystallographic data are compiled in Table 6.1.

Table 6.1 Single-crystal data of SrSi;P1 and BaSi;P1,.

Formula SrSiz P BaSi;Pio
space group P1 (no. 1) P1 (no. 1)
alA 6.1521(1) 6.1537(1)

bl A 8.0420(2) 8.0423(2)
c/A 8.1374(2) 8.1401(2)
al® 106.854(1) 106.863(1)
Bl° 99.020(1) 99.050(1)
yl° 105.190(1) 105.188(1)
Vear | A3 359.844(14) 359.998(14)
Z 1 1

Pxeray | grem™ 2.741 2.969

¢/ mm™ 5.411 4.422
©-range / ° 2.799 - 36.362 2.702 - 30.760
T/K 295(2) 295(2)
reflections measured 14508 15294
independent reflections 6659 4411
parameters 163 163

R, 0.0712 0.0293

Rint 0.0282 0.0354

Ry (F*>20(F?)) / all 0.0279/0.0341 0.0254 / 0.0283
WR, (F>>20(F%)) / all 0.0552/0.0583 0.0580 /0.0593
Goof 0.711 1.073

Flack x 0.017(4) 0.047(6)

AP max/min / eA3

+0.549 / -0.695

+0.928 /-1.206
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The basic building units of these compounds are SiP; tetrahedra condensed by vertices to T2
supertetrahedra (Figure 6.2, yellow) according to the Yaghi ! notation. By zigzag fusion of these
entities, which was sparely observed in related compounds,'® '8 chains are formed, depicted in
turquoise in Figure 6.2. Further vertex-edge condensation of these fused T2-chain motifs - to the best

[29]

of our knowledge only once observed ' — yields in T2-layers, which are propagating in the ab plane,
visualized by condensation of the blue T2 chains in Figure 6.2. These layers are stacked along the c axis
with symmetrically equivalent layers, exclusively by common T2 vertices, resulting in a dense three-

dimensional network (see Figure 6.3). In addition, one SiP, tetrahedron belongs to no T2

supertetrahedron but links the layers discussed above, twice by vertex and twice by vertex-edge

connection, enlarging the condensation degree of the anionic [Si;P10]*” network.

Figure 6.2 View on the ab plane of a Figure 6.3 T2 layers stacked along the ¢ axis by
supertetrahedral layer of SrSi;P, composed of zigzag common vertices and the linkage of the only SiP,
fused T2 entities (yellow) to chains (turquoise) tetrahedron not belonging to supertetrahedral
linked by vertex-edge connections with other entities in SrSi;Pyo (red).

symmetrically equivalent T2 chains.

This supertetrahedral T2 network topologically complies with a distorted diamond-type network, if one
considers only the centers of the supertetrahedra. The distortion of the diamond network arises from
the different condensation modes. The alkaline earth cations reside in the supertetrahedral networks
forming distorted SrP1; and BaPy, cuboctahedra, shown in Figure 6.4. Given the rigid anionic network,
it is not surprising that the interatomic distances between the alkaline earth and phosphorus atoms have
almost identic average values of 3.47 A for the strontium and 3.50 A for the barium compound.
Consequently, the thermal displacement parameter of Sr is almost doubled compared to BaSi;P1, (Figure

6.4). On the other hand, the AE-P distances exceed the typical values observed in other alkaline earth
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phosphides and phosphidosilicates, which are in the range of 3.1 A and 3.3 A for Sr and Ba, respectively.
The longer distances correspond to the unusual high coordination number of 12, and both effects

explain the increased thermal displacements of the Ba and Sr sites.

@Sr oF
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C

Figure 6.4 SrPi; (left) and BaP;; (right) cuboctahedra. Thermal displacement parameters of Sr and Ba are enlarged

in comparison with P atoms. Ellipsoids are drawn with 99 % probability.

Because of the relatively symmetric coordination of the alkaline earth cations, we examined the barium
nuclei with solid-state NMR measurements under MAS conditions. However, the '*’Ba nuclei induce no
detectible resonance frequency. This originates from large quadrupolar interactions yielding in only few
examples for '’Ba NMR experiments. ***!/ In contrast, the *'P NMR spectrum reveals nine resonance
frequencies at § (°'P) =—170.3, -166.9,—157.4,—-140.7,-131.0, —115.4, —104.5, —48.5 and —31.0 ppm with
equal intensities except the resonance at —157.4 ppm with a doubled one (see Figure 6.5, bottom left).
This agrees with the crystal structure with ten crystallographically independent phosphorus atoms. A
similar NMR pattern was obtained for the SrSi;P,, sample with resonance frequencies of § (*'P) =—170.0,
—164.5,-154.8,-139.3, -131.9, -110.3, —98.8, —36.9 and —16.3 ppm, depicted in Figure 6.5 (top left). In
contrast, the silicon spectra show only two asymmetric resonance frequencies at § (*Si) = -29.1 and -
22.3 ppm for SrSi;Py, (Figure 6.5, top right) and one asymmetric at § (**Si) = -26.9 ppm for BaSi;Pyo
(Figure 6.5, bottom right) instead of seven discrete signals originating from similar chemical shifts.
However, the signals occur in the same chemical shift range known from other condensed
phosphidosilicates. Unreacted elemental silicon detected by powder X-ray diffraction was not observed
in the spectra which would cause a resonance frequency at & (**Si) = -82.0 ppm. The title compounds are
charge neutral according to Ba’*(Si**);(P*)10 and expectedly semiconducting with relatively small
bandgaps according to the black color. DFT calculations of the still unknown binary SisP, with a pseudo-
cubic structure predicted a small gap of 0.134 eV (GGA, certainly too small).!'” Our full potential

electronic band structure calculations of both phases reveal almost identical indirect bandgaps of 1.1 eV
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for SrSi;P1o and BaSi;Pyo, respectively. Figure 6.6 shows the band structure of the barium compound.

Additionally, we have calculated atom charges using the Bader approach,®” which gives

Ba1'49+(Si1'93+)7(P1‘5')10‘
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Figure 6.5 *'P and »Si solid-state NMR spectra
under MAS conditions of SrSi;Py (top) and BaSi;Py,
(bottom). Rotation side bands are marked with

asterisks; chemical shifts are given in the text.

6.4 Conclusion
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Figure 6.6. Electronic band structure of BaSi;Pi,.

The energy zero is taken at the Fermi level

SrSizP1o and BaSi;Po crystalize in a new triclinic structure type with vertex sharing SiP, tetrahedra

assembling T2 supertetrahedra. These entities are fused and linked to form dense non-centrosymmetric

anionic networks, which are hierarchical variants of the diamond-type structure. The alkaline earth

cations reside in cuboctahedral voids of the framework with slightly elongated AE-P distances compared

to related phosphides and phosphidosilicates. The crystal structures were validated by solid-state *'P

MAS-NMR. Full potential DFT calculations reveal indirect bandgaps of ca. 1.1 eV for SrSi;Pi, and

BaSi;P1o, respectively, which may be interesting with respect to potential thermoelectric properties.

Moreover, in view of the still unknown binary SisPs, the new compounds SrSi;P1o and BaSi;P, exhibit

the lowest charged SiP network in phosphidosilicates so far.
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6.5 Experimental Section

Synthesis. Stoichiometric mixtures of Sr metal (SMT Metalle Wimmer, 99.95 %) or Ba metal (Sigma
Aldrich, 99.99 %) were mixed with silicon powder (Smart Elements, 99.8 %) and red phosphorus
(Chempur, > 99 %) and filled in alumina or glassy-carbon crucibles and welded in silica ampoules under
argon atmosphere. The ampoules were placed in tube furnaces and heated to 950 °C for 90 h. The
intermediates were homogenized, compacted to a pellet and heated twice at the same temperature for
40 h. The products were black powders stable in air for days and contained 1 % and 5 % silicon

impurities, respectively

Single-Crystal X-ray Diffraction. Glass-like black shards were isolated under paraffin oil and
transferred into oil filled glass capillaries. Diffraction pattern were recorded using a Bruker D8 Quest
diffractometer with a molybdenum X-ray source, Gobel mirror optics and Photon II detector. Reflection
data for unit cell determination revealed frequent twinning. Concerning the low symmetry of the
compoundes, reflections of the whole Ewald’s sphere were measured for complete single-crystal datasets.
Indexing, integration and absorption correction were performed using APEX3 software."** Structure
solution and refinement was carried out by SHELXL® software and the results were plotted with
Diamond." The refinements were conducted without twinning by inversion due to the almost zero

Flack parameters given in Table 6.1.

Further details of the crystal structures investigations may be obtained from the joint CCDC/FIZ
Karlsruhe online deposition service (Fax: +49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de,
http://www.fiz-karlsruhe.de/request for deposited data.html) on quoting the depository numbers CSD-

2022066 and CSD-2022067.

X-ray Powder Diffraction. Polycrystalline samples were loaded in Hilgenberg glass capillaries and
sealed under argon atmosphere to avoid potential hydrolysis of intermediates formed by incomplete
reactions. Diffraction patterns of respective compounds were acquired with a Stoe-Stadi P
diffractometer in Debye-Scherrer geometry, Ge(111) monochromator and Mythen 1K detector
(Dectris) using Cu-Kq radiation. Based on the single-crystal data the powder diffraction patterns were

indexed and refined with Topas. ©*

Solid-State MAS-NMR Spectroscopy. Polycrystalline samples were filled in commercial 2.5 mm rotors
for the phosphorus and in 4 mm rotors for the silicon spectra. Data collection was performed in a Bruker

Avance III 500 spectrometer with a 11.74 T magnetic field under MAS conditions with a rotation and a
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Larmor frequency of 25 kHz and v, (*'P) = 202.48 MHz for the phosphorus and of 10 kHz and v, (*Si)
=99.36 MHz for the silicon spectra. All spectra were indirectly referenced to "H in 100 % TMS at -0.1240

ppm for the 2.5 mm probes and to 'H in 0.1 % TMS in CDCl; at 0 ppm for the 4 mm probes.

EDX Analysis. Chemical compositions were verified with an EVO MA-10 scanning electron
microscope equipped with a Bruker X-Flash 410-M X-ray detector and a field emission gun as electron
beam source. Samples were placed on adhesive and conductive carbon pads and inserted into the SEM.

The QUANTAX 200 software was used for data processing.

Electronic Structure Calculations. Band structure calculations were performed with the full-potential-

37]

linear-augmented plane-wave (FLAPW) method and WIEN2k software package.*”! Electronic

correlations and exchanges were considered with utilising PBEP® and mBJ™ functionals. Prior to the

calculations, the structure models were relaxed yielding no significant changes of the atomic positions.
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7.1 Abstract
Ba,SiP; was synthesized by heating of the elements at 1173 K and the crystal structure was determined
from single-crystal X-ray diffraction [I42d, a = 990.57(3) pm, ¢ = 731.80(3) pm; Z = 4]. The novel
structure is homeotypic to hp-Zn,SiO4 but the SiP,-tetrahedra are exclusively bridged via P—P bonds
[d(P—P) = 222 pm] which is hitherto unprecedented. The three-dimensional SiP, network is analogous
to B-cristobalite if oxygen is formally replaced by a P—P dimer. Barium fills the voids and is coordinated
by eight phosphorus atoms. DFT calculations indicate covalent Si—P and P—P bonding and an indirect

energy gap of ca. 1 eV.
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7.2 Introduction
Ternary phosphidosilicates of weak electronegative metals contain SiP,-tetrahedra which can occur
isolated as in the ortho-compounds BasSiP, ") and LisSiP,*! but more common are SiPs- tetrahedra
connected via vertices or edges to form insular entities, chains, layers, or complex three-dimensional
networks. Examples are isolated [Si,Ps]'> anions in NasSiPs,” infinite 'o0[SiPy5]* chains in K,SiP,,™

> networks in

double layers of SiP4-tetrahedra in KSi,Ps or interpenetrating three dimensional [SiPy]
MgSiP,.”! Phosphidosilicates with transition metals'®® and rare-earth metals!"” are likewise known.
CdSiP; and the germanate ZnGeP; with the tetragonal chalcopyrite-type structure have been studied as
nonlinear optical materials.'"'? Recently reported Li-phosphidosilicates like LiSi,P; "*! and Li,SiP, !
attract considerable interest as Li ion conductors. Due to the same fundamental tetrahedral building
unit, the structural chemistry of phosphidosilicates resembles to some extend those of the much bigger
families of oxido- and nitridosilicates. One important difference is the possible formation of
homonuclear P—P bonds, which can bridge neighboring SiP; tetrahedra. Such polyphosphide
formation is an additional structural degree of freedom in this class of materials, because such bonds
between the anions are unknown (and unlikely) in oxido- and nitridosilicates. Examples for phosphido-
silicates with P—P bonds are LaSi,P¢'” which contains not less than four different polyphosphide units
(P,)"?- with n = 3-6, or the recently published Li;Si;P; with polyphosphide chains.' P,-dimers were

found in AISiPs"*! or CasSisP1s!'® with P—P distances around 220 pm as typical for single bonds.

All hitherto known phosphidosilicates with [P,]*” groups contain also terminal P atoms and no
compound is known, where all SiP, tetrahedra are connected by P—P bonds. In this paper, we report
the synthesis, crystal structure, and chemical bonding of the new phosphidosilicate Ba,SiPs which fills

this gap.

7.3 Results and Discussion
Ba,SiP, was synthesized from the elements as an almost black, air and moisture sensitive polycrystalline
powder. Single crystals suitable for X-ray diffraction were selected directly from the samples. Ba,SiP,
crystallizes tetragonal body-centred in the non-centrosymmetric space group type [42d (no. 122) with
the lattice parameters a = 990.57(3) pm and ¢ = 731.80(3) pm. The structure was solved by direct
methods and refined with SHELXL.!'”! Results of the structure determination together with selected

interatomic distances are compiled in Table 7.1.
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Table 7.1 Crystallographic data of Ba,SiP;.

Formula

BaZSiP4

M; / g-mol

Crystal system, space group
Temperature / K

a/pm

c/pm

VA

Z

Radiation type

¢/ mm!

Crystal size / mm
Diffractometer

Absorption correction

Trnins Tomax

No. meas., indep., obs. [[ > 20(I)] reflections
Rint

(sin O/\)max / A
R[F*>20(F*)], wR(F?), S
No. of reflections

No. of parameters

Apumass Apmin / €A

Absolute structure parameter

426.65
tetragonal, 142d
298

990.57(3)
731.80(3)
718.06(5)

4

Mo-Ka

11.84

0.13 x 0.09 x 0.06
Bruker D8 Quest
Multi-scan
0.335, 0.705
7860, 789, 775
0.038

0.803

0.013, 0.036, 1.20
789

17

0.73, -1.06

0.012 (10)

Atom positions and equivalent displacement parameters

Atom Wyck X y z Ueq

Ba 8d 0.61890(2) Ya 1/8 0.01079(7)
Si 4a 0 0 0 0.0068(3)

p 16e 0.93388(8) 0.15431(8) 0.20396(1) 0.00967(14)

Selected interatomic distances / pm and angles / °.

Ba-P (2x) 326.58(8)

Ba-P (2x) 349.41(8)


file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_chemical_formula_sum
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_chemical_formula_sum
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_chemical_formula_sum
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_chemical_formula_sum
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_chemical_formula_weight
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_space_group_crystal_system
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_cell_measurement_temperature
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_cell_length_a
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_cell_volume
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_cell_formula_units_Z
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_diffrn_radiation_type
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_diffrn_radiation_type
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_diffrn_radiation_type
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_absorpt_coefficient_mu
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_crystal_size_max
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_crystal_size_mid
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_crystal_size_min
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_absorpt_correction_type
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_absorpt_correction_T_min
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_exptl_absorpt_correction_T_max
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_threshold_expression
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_threshold_expression
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_threshold_expression
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_threshold_expression
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_threshold_expression
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_threshold_expression
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_diffrn_reflns_number
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_number_total
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_reflns_number_gt
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_diffrn_reflns_av_R_equivalents
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_ls_R_factor_gt
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_ls_wR_factor_ref
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_ls_goodness_of_fit_ref
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_ls_number_reflns
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_ls_number_parameters
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_diff_density_max
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_diff_density_min
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_diff_density_min
file:///C:/Users/arhach/Desktop/Dissertation/Text/shelxl%20_refine_ls_abs_structure_Flack

84 Synthesis, Crystal Structure, and Chemical Bonding of BaSiP4

Ba-P (2x) 331.17(8) Si-P (4x) 223.45(8)
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Figure 7.1 X-ray powder pattern of the Ba,SiP, sample (blue circles) with Rietveld fit (red line) and difference (grey
line).

The single crystal data were used to index and refine the X-ray powder pattern (Figure 7.1). The Rietveld-
fit yielded Ba,SiP, as the main component (ca. 90 wt%) with BasPs (ca. 8 wt%) and an unidentified minor
phase as impurities. The sample was further characterized by *Si and *'P solid-state MAS-NMR
spectroscopy. Both spectra (Figure 7.2) show one single resonance at § (Si) = 24.8 ppm and § (P) =-79.8
ppm, respectively, indicating one silicon and one phosphorus site in agreement with the single crystal
structure determination. The *'P spectrum reveals additional weak signals from the impurity phases.
The NMR resonances have linewidths (fwhm) of = 500 Hz for *'P and = 205 Hz for *Si, which makes
the distinction of possible ] couplings impossible. The spinning side bands of the *'P spectrum cover a

range of about 200 ppm, which indicates a fairly large anisotropy of the chemical shift tensor, as expected

for the Si-P-P-Si motive.

r T T T 1T 71 1 T T T T T T T T T T T T 1
100 90 80 70 60 S0 40 30 20 10 O -10 -20 -30 -40 -50 40 20 O -20 -40 -60 -80 -100 -120 -140 -160 -180 -200

viv, (“’si)/ ppm viv, ("P)/ ppm

Figure 7.2 #Si (left) and *'P (right) solid-state MAS-NMR spectra of the Ba,SiPs-sample.
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Ba,SiP; crystallizes in a new structure type with slightly distorted SiP, tetrahedra [d(Si—P) = 223.45(8)

pm] which are exclusively connected via homonuclear P—P bonds [d(P—P) = 221.01(15) pm] to form

a three-dimensional network with barium atoms in the lacunae (Figure 7.3).

Figure 7.3 Crystal structure of Ba,SiP.. Ellipsoids Figure 7.4 Coordination of the barium atom in

represent 98 % probability. Ba,SiP,. Ellipsoids represent 98 % probability.

Barium is eightfold coordinated by phosphorus [d(Ba—P) = 326.58(8) pm - 349.41(8) pm]. The
coordination polyhedra may be described as a pentagonal bipyramid where one vertex is a P, dimer
(Figure 7.4). Ba,SiP4 represents a new structure type, which is related to the high-pressure phase of
Zn,SiOs (Willemite)."® The latter has no bonds between the tetrahedra, but crystallizes in the same
tetragonal space group I42d with atoms at the same Wyckoff positions. The coordinates of oxygen in
Zn,SiO4 and of phosphorus in Ba,SiP, are quite different, which may formally be interpreted as opposing
rotation of the neighboring tetrahedra as illustrated in Figure 7.5. Because the phosphorus coordinates
are very different from those of oxygen in Zn,SiO,, one cannot refer both structures as isotypic but at
best as homeotypic."”! A further structural relation is the similarity of the SiP4 network in Ba,SiP, and
the SiO4;, network in B-cristobalite (ordered model in space group 142d).”" Indeed the positions of the
P, dimer midpoints almost exactly coincide with the oxygen sites of tetragonal SiO,. However, the P,
dimers, which formally replace oxygen atoms elongate the tetrahedra network in Ba,SiP; significantly
along the a and b axes. Thus the c/a value becomes 0.74, which is far from the pseudo-cubic metric of
tetragonal SiO, (c/a = 1.414). This deformation is also necessary to form the appropriate coordination

of the barium ions.
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Zn,Si0,-type Ba,SiP,-type

Figure 7.5 Relation between the hp-Zn,SiO4 and Ba,SiP, type structures through rotations of the tetrahedra.

Though the crystal chemistry of phosphido-, oxido-, and nitridosilicates have certain similarities based
on the SiX, tetrahedra (X = O, N, P) as common building units, the bonding situation is expectably
different. The main reason is the lower electronegativity of the 3p element phosphorus (y» = 2.1) in
comparison to the 2p elements oxygen (y» = 3.7) and nitrogen (y» = 3.0). Thus Si—P bonds are
significantly more covalent and one may argue if these compounds are true phosphidosilicates or better
named as silicon-phosphides. To shed some light on the bonding situation we have performed
relativistic DFT electronic band structure calculations of Ba,SiP,. Figure 7.6 shows the total DOS and
atom-resolved density-of-states (pDOS). Ba,SiPs is a semiconductor with a calculated indirect energy
gap of ca. 0.9 eV. DFT generally underestimates the gap, therefore the experimental value is certainly
bigger. The valence band is dominated by phosphorus 3p states and the top of the conduction band is
formed by a mixture of phosphorus and barium states with small contributions of silicon. The pDOS of
silicon shows significant occupied Si-3p states, which indicates that silicon is far from a Si** state as
expected. Integrations of the pDOS reveal charges of Ba'***, Si®***, and P*’*". The topological analysis of
the electron density using the Bader formalism!*!! results charges of Ba'***, Si'’**, and P*'*". Both charge
assignments are consistent with a polyanionic [SiP4]°” network with predominantly covalent Si-P bonds.
This is further supported by the electron localization function (ELF)#***! shown in Figure 7.7. High ELF
values (ca. 0.9) occur along the Si—P and P—P bonds indicating their mainly covalent character. Note
that the ELF basin of the Si—P bond is almost halfway between the atoms, which further supports the
weak iconicity of the Si-P bond. The distinct lone pairs at the phosphorus atoms are likely visualized by

the ELF.
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Figure7.6 Total and atom-resolved density-of-states Figure 7.7 Electron localization function (ELF) of

of Ba,SiP,. The energy zero is taken at the fermi level.
Ba,SiP4. ELF is given in a plane defined through the

atoms of the P2 dimer and the left silicon atom.

7.4 Conclusion
Ba,SiP, represents a novel phosphidosilicate, where the SiP, tetrahedra are exclusively bridged via
homonuclear P, dimers. The structure is homeotypic to hp-Zn,SiO, and formally emerges from the
silicate by opposing rotations of neighbouring tetrahedra. The SiP, network of Ba,SiP, is likewise related
to the tetragonal B-cristobalite structure of SiO, by formally replacing the oxygen atoms with P, dimers.
Ba,SiPy is a semiconductor with an indirect bad gap around 1 eV. Electronic density of states, Bader-,

and ELF analysis suggest strong covalent Si-P bonds and only small positive charge at the silicon atom.

7.5 Experimental Section

Synthesis. Ba,SiP, was obtained by heating stoichiometric amounts of Ba metal (99.99 % SIGMA-
ALDRICH), Si powder (99.8 %, SMART ELEMENTSY) and red phosphorus (> 99 %, CHEMPUR) up to
1173 K with a 100 K-h™' heating rate for 20 h in alumina crucibles welded in silica tubes under purified
argon atmosphere. To prevent incomplete reaction the ground product was annealed at 1123 K twice

leading to a polycrystalline and air sensitive black sample.

Single-Crystal X-ray Diffraction. A suited single-crystal was selected from the sample and welded in a
Hilgenberg glass capillary under paraffin oil. Diffraction data were recorded on a Bruker D8 Quest
diffractometer with Photon-I detector at room temperature using Mo-Ka radiation (A = 0.71073 A). The
single-crystal structure was solved by using direct methods and refined with SHELXL crystallographic

software package.!'”!
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X-ray Powder Diffraction. Measurements were performed with a Stoe Stadi-P diffractometer equipped
with a Stoe Mythen 1k detector at ambient temperature using Mo-Kal radiation (A = 0.71073 A). The

Topas package**! was used for Rietveld refinement.

Nuclear Magnetic Resonance. *Si- and *'P-specta were measured on a Bruker Avance-III 500
spectrometer with a magnetic field of 11.74 T under MAS conditions at a Larmor frequency of v, (**Si)
=99.38 MHz and v, (*'P) = 202.48 MHz. A commercial zirconia rotor (4 mm) was used with a rotation

frequency of 10 kHz.

EDX-Analysis. EDX measurements were carried out with an EVO-MA 10 (Zeiss) scanning electron
microscope using Bruker X-Flash 410-M detector for elemental analysis. Received data were analysed
using QUANTAX 200 software package. Signals of oxygen were not taken into account due to partial

hydrolysis of the samples by contact with air.

DFT calculations. Electronic structure calculations were performed using the Vienna ab initio

),2>% which is based on density functional theory (DFT) and plane wave basis

simulation package (VASP
sets. Projector-augmented waves (PAW)!?”) were used and contributions of correlation and exchange
were treated in the generalized-gradient approximation (GGA).1®! The PAW eigenstates were projected

onto localized crystal orbitals using LOBSTER.™*!

Further details of the crystal structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggstein-Leopoldshafen, 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 depository number CSD-433493.
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8.1 Abstract

The three-dimensional SiP; network in the known phosphidosilicate Ba,SiPs-#128 is analoguos to f3-
cristobalite if oxygen is formally replaced by P-P dimers. Here we report a second polymorph Ba,SiPs-
0P56 [Pnma, a = 12.3710(4) A, b = 14.6296(7) A, ¢ = 7.9783(3) A; Z = 8] with chains of SiP, tetrahedra
connected by P-P bonds, reminiscent to the elusive fibrous SiO,. Ba,SiP, is enantiotropic. The high
temperature polymorph Ba,SiPs-0P56 transforms to the low-temperature phase Ba,SiP4-t128 at 650 °C
and reconstructs to the high-temperature modification at 1100 °C. DFT calculations predict an indirect

optical band gap of about 1.7 eV.
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8.2 Introduction

Phosphidosilicates are known since the 1980s and attract anew considerable interest due to its broad
structural variety involving compounds with versatile properties. The structures based on SiPstetrahedra
as anionic basic building unit are closely related to oxido- and nitridosilicates indicating a large
structural variety. The nesosilicates LisSiPs,"! EAsSiPs(EA = Ca, Sr, Ba)®?! or Na,EA,SiP, (EA = Ca, Sr,
Eu)® are rare examples of isolated highly charged [SiP4]* anions. More common are SiP;anions with
reduced charge density achieved by different condensation degrees leading to chain, layer or three-
dimensional network motifs. A10Si,Ps (A = Li, Na)**! exhibits edge-shared [Si,Ps]'* entities whereas the
charge density is decreased furthermore by edge condensation of these units to infinite [SiP,]* chains
found in K,SiP,.l” Interestingly, to date layered phosphidosilicates were only observed with
supertetrahedral entities constituted of vertex sharing SiP, tetrahedra in CaSiP; ") and KSi;Ps."¥! In
contrast, the introduction of small and weak electronegative metals yields three-dimensional structures

2100 or supertetrahedra with sizes ranged from T2 to T5 ' and the feature of

of vertex-shared tetrahedra!
supertetrahedral fusion in Li;SiP,, LiSi;P; "? and Nay;Sisn:19P124:33 with n = 0-3.*) To the best of our
knowledge this uncommon condensation mode was sparely observed only in KSi,Ps,! B,S;,!"
LisB10S33,">! Mi1sTraAss, and MsGasAss (M = Sr, Eu; Tr = Ga, In) "% and a few other mixed-metal T3

chalcogenides."”?!

The possibility of the formation of homonuclear phosphorus bonding distinguishes the family of
phosphidosilicates from the oxido- and nitridosilicates. Isolated P-P bonding was described in AlSiPs,"#
Ca;SisP1s,”" Ba,SisPs P and BasSisPs,**! for example, whereas in LaSi:Ps up to four different
polyphosphide anions (P,)™*? with n = 3-6 and in Li;SisP; ¥ polyphosphide chains exist. Tetragonal
Ba,SiP,-1128 *° is the first example where all SiPy tetrahedra are connected by P-P bonds. Currently the
Ba-Si-P ternary system attracts attention regarding possible NLO and thermoelectric properties.'*!
Therefore, we focused upon this compounds and found the high-temperature enantiotropic polymorph

Ba,SiPs-0P56, in which all SiP, tetrahedra are linked by homonuclear phosphorus bonds, as well, being

the second example for this structure motif.

8.3 Results and Discussion

Ba,SiP,-0P56 was synthesized by solid-state reactions of stoichiometric amounts of respective elements

under inert conditions revealing air sensitive polycrystalline black powders. Single crystals suitable for
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single-crystal X-ray diffraction were selected under dried paraftin oil. The compound crystallizes in a
primitive orthorhombic unit cell in space group Pnma with lattice parameters a = 12.3710(4) A, b =
14.6296(7) A and ¢ = 7.9783(3) A. The structure was solved and refined using the SHELX P¢ package.
Crystallographic data of Ba,SiPs;-0P56 are given in Table 8.1, fractional coordinates and equivalent
displacement parameters in Table 8.2. Based on this data the powder pattern of a polycrystalline sample
was indexed and refined yielding in about 94 wt% of the targeted phase with small impurities of the low-

temperature polymorph Ba,SiP,-128,%°! Ba;P,*” and a minor unidentified phase (Figure 8.1).

Table 8.1 Crystallographic data of Ba,SiP4-0P56.

Formula

Ba,SiP,

space group

Pnma (no. 62)

alA 12.3710(4)

bl A 14.6296(7)
c/A 7.9783(3)

Vear / A? 1443.93(10)

Z 8

PXray / g-cm™ 3.925

¢/ mm 11.773
©-range / ° 2.785 - 30.527
reflections measured 14530
independent reflections 2286
parameters 67

Rs 0.0343

Rint 0.0596

R, (F*>20(F?)) / all 0.0281 /0.0448
wR; (F*>20(F?)) / all 0.0470 / 0.0509
Goof 1.095

AP masimin | €A% 1.536 /-1.293
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Table 8.2 Fractional coordinates, Wyckoff positions and equivalent displacement parameters of Ba,SiP,-

oP56.
Atom Wyckoff x y z Ue | A?
position
Bal 8d 0.34858 (2) 0.51347(2) 0.38205(4) 0.01148(7)
Ba2 4c 0.26291(4) 1/4 0.22464(6) 0.01343(9)
Ba3 4c 0.43469(4) 1/4 0.72852(6) 0.0173(1)
Sil 8d 0.04023(11) 0.11551(10) 0.38639(17) 0.0094(2)
P1 8d 0.01981(11) 0.17373(9) 0.12824(17) 0.0116(2)
P2 8d 0.09964(10) 0.51730(9) 0.28240(15) 0.0108(2)
P3 8d 0.16274(11) 0.17243(10) 0.57072(17) 0.0136(3)
P4 8d 0.37387(10) 0.10051(9) 0.00761(16) 0.0104(2)
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Figure 8.1 X-ray powder pattern of the Ba,SiP4-0P56

sample (blue circles) with Rietveld fit (red line) and

difference (grey line). Small amounts of Ba,SiP4-128

and BasPs, beside an unknown impurity, marked

with asterisks, were detected.
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Figure 8.2 *'P solid-state MAS-NMR spectrum of

Ba,SiP,-0P56. Rotation side bands are marked with

asterisks and resonance frequencies of the BasP,

impurity with red crosses.

The polycrystalline sample was further investigated by solid-state MAS-NMR and EDX, confirming the

elemental composition. Figure 8.2 shows the *'P spectrum with four distinct resonance frequencies at §

(*'P) =—67.98,-118.33,-125.92, —157.23 ppm, each with the same intensity indicating four magnetically

inequivalent phosphorus atoms with the same multiplicity, which is in accordance with the single crystal
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structure. The examined sample contains 5 wt% BasP, in SrzAs, type structure with two crystallographic
different phosphorus atoms."?”? This impurity is visible in the *'P NMR spectrum with two additional

resonance frequencies at § (*'P) = —48.35 and —84.40 ppm (see Figure 8.2, red crosses).

Ba,SiP4-0P56 crystallizes in a new structure type with a unique structural motif composed of SiP,
tetrahedra. As in Ba,SiP4-t128, P-P bonds [@d(P-P) = 2.23 A] link all SiP, tetrahedra, but here the
connectivity generates chains along the b axis (Figure 8.3). The chains form a distorted hexagonal rod
packing, similar to the chains of edge-sharing SiS./ tetrahedra in SiS,.*®! As we mentioned earlier, the
three-dimensional network in Ba,SiPs-¢I28 is analogous to [-cristobalite, if one replaces the oxygen
atoms in SiO; by P, dimers. In this sense, the new chain structure of Ba,SiPs+-0P56 would be the analogue
of the fibrous SiO», which is still elusive.” The Ba®* cations are located between the anionic chains in
strongly distorted polyhedra, which are gyro-elongated square pyramids (Bal) with one, cubes (Ba2)
with three or elongated square bipyramids (Ba3) with five homonuclear phosphorus bonds as depicted

in Figure 8.4.

Figure 8.3 Crystal structure of Ba,SiP4-0P56 with
view along [001] (top, left) and along [010] (top,
right) and Ba,SiP,-#128 with respective viewing
directions (bottom). Ellipsoids are drawn with 90 %

probability.

Figure 8.4 .'[SiP4]* chain motif of pseudo edge-
condensed SiP; tetrahedra (top) and Ba
coordinations containing homonuclear phosphorus

bonds of Bal (left), Ba2 (middle) and Ba3 (right). All
BaP; polyhedra are strongly distorted.
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Ba,SiP4-0P56 does not form if the solid state reactions are carried out at increased temperatures of
1100 °C with the slow cooling rates used for Ba,SiP,-t128.%*! A nearly phase-pure sample could only be
obtained by faster cooling rates from —10 K-h"' to =50 K-h"'. We examined the phase transition of
Ba,SiP4-0P56 to Ba,SiP4-t128 by high-temperature powder diffraction yielding no transition until about
600 °C, before a mixture of both modifications occurs near 650 °C. At 700 °C, Ba,SiP4-0P56 is almost
completely transformed to Ba,SiP,-t128, which persists upon cooling to room temperature (Figure 8.5).
The additional reflection at about 20 = 12 ° above 850 °C is probably caused by crystallizing of the silica
capillary. On the other hand Ba,SiP4-0P56 can also be obtained from Ba,SiP,-¢128 if the same heating
protocol is applied with faster cooling, thus Ba,SiPs is enantiotropic with reconstructive phase

transitions.

For the estimation of the electronic properties of Ba,SiP4-0P56 DFT calculations were performed. Figure
8.6 shows the electronic band structure and the atom-resolved density-of-states for Ba,SiPs-0P56. The
valence band is dominated by the P-3p states with some contributions of Si-3p and Ba-5d. The energy
gap is 1.11 eV using the PBE and increases to 1.65 eV with the mBJ functional. The valence band
maximum is located at the /-point in the Brillouin zone and the conduction band minimum occurs at

T, which means that the calculation predicts an indirect band gap.
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Figure 8.5 High-temperature powder diffraction
pattern of Ba,SiPs. The sample was heated to 850 °C
(marked with dashed line) and then cooled to 250 °C.
Phase transition occurs between 600 and 700 °C

(highlighted in green).

Figure 8.6 Electronic band structure (left) and atom-

resolved DOS (right) for Ba,SiP4-0P56. The energy

zero is taken at the Fermi level
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8.4 Conclusion
Ba,SiP4-0P56 crystallizes in a new structure type constituting the second example of a phosphidosilicate
with all phosphorus atoms connected by P-P bonds. The crystal structure comprises SiP, tetrahedra
bridged via P-P bonds, leading to ..'[SiP4]* chains. While the network of tetragonal polymorph Ba,SiP4-
t128 is analogous to the B-cristobalite type if one replaces oxygen by P, dimers, the chains in the new
compound Ba,SiP4-0P56 are analogous to SiS,, and reminiscent to the elusive fibrous SiO,. A phase
transition from Ba,SiPs-0P56 to Ba,SiP.-t128 occurs at around 650 °C whereas we expect the re-
transition well beyond 1000 °C, which we were not able to determine. Solid-state MAS-NMR data and
its EDX fully confirm the structure. DFT calculations reveal an indirect band gap of around 1.7 eV in

agreement with the black color of the compound.

8.5 Experimental Section
Synthesis. Ba,SiP;-0P56 was obtained by two different routes. Either a stoichiometric mixture of
respective elements (Ba, 99.99 %, Sigma Aldrich; Si, 99.8 %, SMART ELEMENTS; P, > 99 %,
CHEMPUR) or a phase-pure sample of Ba,SiP,-t128 was heated to 1100 °C with a 50 K-h' rate for the
elemental or with a 200 K-h™ rate for the Ba,SiP,-t128 route in alumina crucibles welded in argon filled
silica ampoules. This temperature was held for 40 h before it was decreased to 450 °C with a relatively
fast cooling rate of -50 K-h''. After cooling to room temperature the targeted product was received as

polycrystalline and air sensitive black powder.

Single-Crystal X-ray Diffraction. Due to air sensitivity single crystals of sufficient quality were selected
under dried paraffin oil and transferred in oil filled and fused Hilgenberg glass capillaries with 0.2 mm
in diameter. Diffraction data were collected by a Bruker D8 Venture diffractometer with a rotating
anode, Gobel mirror optics and a Photon II detector. Reflection indexing, data reduction and absorption
correction were processed by the Bruker software APEX3.5! Based on systematically absent reflections
the space group of Ba,SiPs;-0P56 was identified with XPREP.® Final solution and refinement of the
crystal structure were performed with direct methods implemented in the SHELX software package.*

For visualisation of the crystal structure Diamond " software was chosen.

Powder X-ray Diffraction. A ground sample was loaded and sealed in a glass capillary with 0.2 mm in
diameter (Hilgenberg GmbH) to avoid hydrolysis. Diffraction patterns were recorded on a Stadi-P

powder diffractometer in Debye-Scherrer setup (STOE & Cie GmbH) equipped with a Ge
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monochromator, a Mythen 1K detector (Dectris) and Mo-Ka; radiation. Diffractograms were indexed
and refined using the single-crystal structure model and the Rietveld method implemented in the

TOPAS B¥ software.

Temperature-Dependent Powder X-ray Diffraction. For the investigation of the phase transition a
ground sample was loaded into a silica capillary with 0.5 mm in diameter (Hilgenberg GmbH) and sealed
with grease for pressure compensation while heating. Data were collected under argon atmosphere also
on a Stadi-P diffractometer (STOE & Cie) with a Ge monochromator, an IP-PSD detector, a resistance
graphite furnance and Mo-Ka, radiation. The sample was heated to 850 °C and cooled to room
temperature in steps of 50 °C with a 5 °K-min™ rate. At each step, the temperature was kept constant and
a diffraction pattern was collected. We were not able to measure the retransition from Ba,SiP,-#128 to

Ba,SiP4-0P56 beyond 1000 °C because of the limited chemical stability of the silica capillaries.

Solid-State MAS-NMR Spectroscopy. For the nuclear magnetic resonance spectrum of the *'P nuclei a
polycrystalline sample of Ba,SiPs-0P56 was loaded into a commercial zirconia rotor with 2.5 mm in
diameter and placed into a Bruker Avance III 500 spectrometer device with a magnetic field of 11.74 T.
The sample was rotated under MAS conditions with a frequency of 25 kHz and a Larmor frequency of

vo (*'P) = 202.5 MHz.

EDX Analysis. For elemental analysis, a sample was prepared under argon atmosphere onto adhesive
and conductive carbon pads, which were inserted into an EVO-MA 10 (Zeiss) scanning electron
microscope quickly. An electron beam was generated by a field emission gun. Characteristic X-ray
radiation was detected by X-Flash 410-M (Bruker) and processed with QUANTAX 200 software

package. Oxygen signals were not taken into account due to partial hydrolysis while inserting the sample.

Electronic Structure Calculations. The electronic band structure was calculated using the full-
potential-linear-augmented plane-wave (FLAPW) method with the WIEN2k package.! Exchange and
correlation were treated with the PBE®* or mBJ"? functionals. The experimental lattice parameters and
atom positions were used for the band and DOS calculations shown in Figure 8.6. Tentatively

optimizations of the atom positions showed no significant changes.



Supertetrahedral Anions in the Phosphidosilicates Na1.2sBao.e75SisPs and Nas1BasSis2Ps3 99

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

(17]

8.6 References

L. Toffoletti, H. Kirchhain, J. Landesfeind, W. Klein, L. van Wiillen, H. A. Gasteiger, T. F. Fissler,

Chem. Eur. ]. 2016, 22, 17635.

B. Eisenmann, H. Jordan, H. Schafer, Mater. Res. Bull.1982, 17, 95.

J. Nuss, H. Kalpen, W. Honle, M. Hartweg, H. G. von Schnering, Z. Anorg. Allg. Chem. 1997,

623, 205.

H. Eickhoft, L. Toffoletti, W. Klein, G. Raudaschl-Sieber, T. F. Fissler, Inorg. Chem. 2017, 56,

6688.

B. Eisenmann, M. Somer, Z. Naturforsch. B 1985, 40, 886.

B. Eisenmann, M. Somer, Z. Naturforsch. B 1984, 39, 736.

X. Zhang, T. Yu, C. Li, S. Wang, X. Tao, Z. Anorg. Allg. Chem. 2015, 641, 1545.

K. Feng, L. Kang, W. Yin, W. Hao, Z. Lin, J. Yao, Y. Wu, J. Solid State Chem. 2013, 205, 129.

A.J. Springthorpe, J. G. Harrison, Nature 1969, 222, 977.

A. A. Vaipolin, E. O. Osmanov ; D. N. Tretyakov, Inorg. Mater. 1967, 3, 231.

H. Li, J. Kim, T. L. Groy, M. O'Keeffe, O. M. Yaghi, J. Am. Chem. Soc. 2001, 123, 4867.

A. Haftner, T. Brdauniger, D. Johrendt, Angew. Chem. Int. Ed. 2016, 55, 13585.

A. Haffner, A.-K. Hatz, I. Moudrakovski, B. V. Lotsch, D. Johrendt, Angew. Chem. Int. Ed. 2018,

57, 6155.

T. Sasaki, H. Takizawa, K. Uheda, T. Yamashita, T. Endo, J. Solid State Chem. 2002, 166, 164-

170.

F. Hiltmann, P. zum Hebel, A. Hammerschmidt, B. Krebs, Z. Anorg. Allg. Chem. 1993, 619, 293.

V. Weippert, A. Haffner, A. Stamatopoulos, D. Johrendt, J. Am. Chem. Soc. 2019, 141, 11245.

H. Lin, J.-N. Shen, L. Chen, L.-M. Wu, Inorg. Chem. 2013, 52, 10726.



100 Supertetrahedral Anions in the Phosphidosilicates Na1.25sBao.s75SisPs and Naz1BasSis2Ps3

[18]  W.Khan, S. Goumri-Said, RSC Adv. 2015, 5, 9455.

[19] H. Li, C. D. Malliakas, Z. Liu, J. A. Peters, H. Jin, C. D. Morris, L. Zhao, B. W. Wessels, A. J.
Freeman, M. G. Kanatzidis, Chem. Mater. 2012, 24, 4434.

[20] ]. H. Liao, M. G. Kanatzidis, Chem. Mater. 1993, 5, 1561.

[21]  H.-W. Ma, G.-C. Guo, M.-S. Wang, G.-W. Zhou, S.-H. Lin, Z.-C. Dong, J.-S. Huang, Inorg.
Chem. 2003, 42, 1366.

[22]  H. G. von Schnering, G. Menge, J. Solid State Chem. 1979, 28, 13.

[23] J. Mark, J. Wang, K. Wu, J. G. Lo, S. Lee, K. Kovnir, J. Am. Chem. Soc. 2019, 141, 11976.

[24] J. Mark, J.-A. Dolyniuk, N. Tran, K. Kovnir, Z. Anorg. Allg. Chem. 2019, 645, 242.

[25] A. Haftner, D. Johrendt, Z. Anorg. Allg. Chem. 2017, 643, 1717.

[26] G. M. Sheldrick, Acta Crystallogr. A 2008, 64, 112.

[27] H.-G. von Schnering, M. Wittmann, D. Sommer, Z. Anorg. Allg. Chem. 1984, 510, 61.

[28] W. Biissem, H. Fischer, E. Gruner, Naturwissenschaften 1935, 23, 740.

[29] A. Weiss, A. Weiss, Z. Anorg. Allg. Chem. 1954, 276, 95.

[30] Bruker AXS Inc., APEX3 Version 2016.5-0, Madison, Wisconsin, 2016.

[31] Bruker AXS Inc., XPREP Version 2008/2, Karlsruhe, Germany, 2008.

[32] K. Brandenburg, Diamond Version 3.2k, Crystal Impact GbR, Bonn, Germany, 2014.

[33] A. Coelho, Topas Academic Version 4.1, Coelho Software, Brisbane, Australia, 2007.

[34] P. Blaha, K. Schwarz, G.K.H. Madsen, D. Kvasnicka, J. Luitz, Wien2k, An Augmented Plane
Wave and Local Orbital Program for Calculating Crystal Properties, TU Wien, Vienna, Austria,
ISBN3-9501031-1-2, 2006.

[35] J.P. Perdew, S. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[36] F. Tran, P. Blaha, Phys. Rev. Lett. 2009, 102, 226401



101

9 Supertetrahedral Anions in the Phosphidosilicates
Nai.2sBao.s755isPs and Naz,BasSiszPs;

Arthur Haffner, Otto E. O. Zeman, Thomas Brauniger, and Dirk Johrendt

VA
W44 k)
) A CTEemY +.

T AY 44/

published in: Dalton Transactions, 2021, DOI: 10.1039/D1DT01234G

Reproduced (adapted) from Reference with permission from The Royal Society of Chemistry

9.1 Abstract

Solid ionic conductors are one key component of all-solid-state batteries, and recent studies with
lithium, sodium and potassium phosphidosilicates revealed remarkable ion conduction capabilities in
these compounds. We report the synthesis and crystal structures of two quaternary phosphidosilicates
with sodium and barium, which crystallize in new structure types. Nai2sBags75SisPs contains layers of T3
supertetrahedra, while Nas BasSis,Ps; forms defect T5 entities and contains Si-Si bonds and Ps trimers.
Though Ti-relaxometry data indicate a relatively low activation energy for Na* migration of 0.16 eV, the
crystal structures lack sufficient three-dimensional migration paths necessary for fast sodium ion

conductivity.
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9.2 Introduction
Supertetrahedra composed of vertex sharing basic tetrahedra represent sections of the cubic sphalerite
type structure. The Yaghi notation denominates them as T in which # is the number of fundamental
tetrahedra along the supertetrahedron edges.! Several hybrid compounds contain inorganic
supertetrahedral entities, mostly based on chalcogenides, including organic spacers, and they are

1181 Supertetrahedral

discussed as pathways to new open framework compounds or as optic materials.!
entities likewise occur in purely inorganic solid-state compounds, especially for small #.
In15B3:07(OH) 11" and LiyB;P1uNy,** contain T2 entities beside other bridging basic BO; and PN;
tetrahedra. However, compounds solely built of supertetrahedra are more common. Li;oPsNy, or
LiisPsNioX5 (with X = Cl, Br) comprise isolated supertetrahedral clusters?’) which are condensed by
common vertices in other compounds to form either layered structures (T1GaSe,*” and RbCuSnS;™*
type) or three-dimensional networks. **** Supertetrahedra larger than T3 are rare in purely solid-state
compounds, although many examples are known in chalcogenides (see above), and they occur in
Cas 75Li10s[ AlsoNss] :Eu**,P Nas3SizsPus, NassSisPs;, ASioPs (A = Li, Na, K), *¢% B,S;P and Mi5Tr»Ass

(M = Sr, Eu; Tr = Ga, In). ™ Most of these supertetrahedra share one basic tetrahedron, while the only

known purely inorganic T6 compounds MsGasAss (M = Sr, Eu) even share T2 entities. °

The three-dimensional channels in supertetrahedral phosphidosilicates resemble to zeolites, but the
phosphide based anionic network is significantly more polarizable. This is desirable for fast ion

conduction"*! and makes the Si-P a promising system for solid-state electrolytes.

We have recently shown that phosphidosilicates with diamond- or sphalerite-like interpenetrating
networks of T3-T5 entities can enable fast lithium, sodium, and potassium ion conduction in large 3D

338 The main reasons for the ion mobility are the low charge

channels between the supertetrahedra. |
density of the large polymeric anions and the dilution of the alkaline ions in the interstitial space over
many sites. Following this concept, one may further dilute the alkaline with bigger alkaline earth ions,
which may enlarge the space between the supertetrahedra and thus the migration pathways. Moreover,
the alkaline ions in the consequently bigger coordination polyhedra should be weaker bonded and thus
more mobile. NaSi,P; with networks of T5-supertetrahedra exhibits fast Na* conductivity, therefore
Bag,sNay sSisPs seemed to be a promising target compound to test the hypothesis. Here we report the
crystal structures of two new quaternary phosphidosilicates with supertetrahedral structures, and show

that though the activation energy from T)-relaxometry is small, the lack of three-dimensional migration

paths probably impedes ion migration.
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9.3 Results and Discussion
Attempts to synthesize Bag,sNa; sSisPs by heating corresponding mixtures of the elements under argon
atmosphere yielded inhomogeneous black polycrystalline and air-sensitive samples. X-ray structure
determinations with selected single crystals revealed Nai,sBagssSi:Ps and NasBasSis;Ps3 as main

components (Table 9.1, for detailed crystallographic data see the SI).

Table 9.1 Crystallographic data of Naj 2sBags75S1sPs and Nas;BasSis;Pss.

Formula Naj 25Bag 875515Ps Naj3BasSis:Pss
formula mass / g-cm™ 388.03 5430.58
crystal system orthorhombic monoclinic

space group

Cmcm (no. 63)

C2/c (no. 15)

al A 7.1678(2) 21.2704(4)

bl A 34.0730(8) 30.6728(6)

cl A 11.0890(2) 25.3238(10)
Bl 90 113.502(1)

Vear | A3 2708.2(1) 15151.3(5)

Z 12 4

PXray / g-cm™ 2.855 2.381

¢/ mm 5.126 2.693
radiation Mo-Ka Mo-Ka
©-range / ° 2.191 - 30.561 2.200 - 30.549
reflections measured 49160 375109
independent reflections 2327 23197
parameters 100 807

restraints 1 2

R, 0.0085 0.0250

Rint 0.0256 0.0615

Ry (F*>20(F?) / all 0.0278 / 0.0292 0.0455 / 0.0602
wR; (F*>20(F?)) / all 0.0665 / 0.0675 0.1017 /0.1090
Goof 1.109 1.053

Apmax; APmin / e'A%’

+2.051/ -2.688

+3.025 / -3.545
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Figure 9.1 Mo-Ka, X-ray powder patterns of Na;,sBays7sS13Ps (left) and Nas BasSis,Pss (right) depicted by blue
circles with Rietveldfit (red line) and according difference (grey line). The later sample contains minor impurities

of NaysSis;Ps; and unreacted silicon.

Correspondingly optimized synthesis protocols resulted in single-phased samples of Na; 2;Baos75Si5Ps,
while samples of Nas;BasSis:Pss contained 10 % NaxsSisPs;*” and traces of silicon as impurities (Figure

9.1).

The crystal structure of NaiasBaosssSisPs (Figure 9.2) contains SiPs tetrahedra (dsip = 2.191-2.291 A)
combined to T3 supertetrahedra, which in turn are connected to form layers parallel to the ac plane.
These layers are stacked with opposing orientations along the b axis. Shifts of every second layer by a/2
result in an ABA’B’ stacking, which is different from the otherwise similar RbCuSnS; type with T3 layers.
(232547891 The supertetrahedral layers interlock like saw teeth, and are separated by sodium and barium
atoms at either uniform or Ba/Na mixed sites as shown in Figure 9.2. The fully occupied Ba3 is in a
trigonal prism with two additional phosphorus atoms over the square faces (ds..» = 3.218-3.612 A). Na2
in a distorted octahedron (dw.» = 2.781-3.080 A) is 82 %, and Na4 in a trigonal prism (dw.» = 3.192-
3.242 A) is 73 % occupied. The electron densities at the two remaining cation sites are in between those
of sodium and barium. Therefore, one cannot distinguish between partial Ba or Ba/Na mixed
occupations or even a mixed occupation with an occupancy sum of less than 100 %. We used Ba/Na
mixed sites and constrained the occupancy sums to unity, which resulted in an almost charge neutral
structure but increased thermal displacements for the cations, which in turn is correlated to the
respective occupancy factors. Nevertheless, due to the before mentioned indistinguishability by
laboratory X-ray analysis, we tried to verify the crystal structure model with NMR and EDX
measurements (vide infra). Figure 9.2 shows the connectivity of the cation coordination polyhedra and
reveals, that the fully occupied Ba3 position (yellow polyhedra) blocks the migration path for Na* ions

between the layers along the b direction. For interatomic distances and further crystallographic details
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on the SiP connectivity within the T3 entities and the network topology we refer to Table D3 and Figure

D1 and D3 in the SI.

Nai5Bags755isPs contains seven crystallographically different phosphorus sites, which distribute over
three different multiplicities, namely 1x4c (m2m), 1x16h (1), 3x8f (m..) and 2x8¢ (..m). The signals of
the *'P solid-state MAS-NMR spectrum (Figure 9.3, left) confirms this sequence and thus the structure
model. The *Na MAS-NMR (Figure 9.3, right) shows a central-transition at 3.6 ppm with a distinct
shoulder in the downfield region. Integrating these signals gives a ratio of 1:1.52, which is compatible
with the ratio between the mixed occupied Ba/Na and the solely occupied Na sites with 1:1.72 from the

crystal structure. EDX elemental analysis further corroborates the cation distribution in Na, ;sBags7551:Ps

(Table D8).

M

T 20 40 60 80
(v-vh” ("P) 4 ppm {v-u)0" (PNa) / ppm

Figure 9.2 Left: Single-crystal structure of Figure 9.3 Solid-state MAS-NMR spectra of

Nay 25Bags75Si3Ps composed of vertex-condensed and
fused T3  supertetrahedra. Right:  Cation
coordination in Na,;sBays7sSisPs. Yellow polyhedra

are centred by Ba3 (100 %) and blue polyhedra by

phosphorus and sodium at rotation frequencies of 12
and 10 kHz, respectively. Chemical shifts are § (*'P)
= -50.6, -78.0, -105.2, -135.8, -214.4, -265.5, -282.5

ppm and a *Na line position of 3.6 ppm.

Na2 or Na4 (82 %, 73 %) whereas red polyhedra
comprise mixed occupancies of Bal/Nal or

Ba2/Na3.

Nas;BasSis; Ps; forms a more complex structure with 684 atoms in the unit cell. Ten SiP, tetrahedra each
form T3 units (yellow, orange and turquoise in Figure 9.4, and a ball-stick model is shown in Figure D2
in the SI), three of which are linked by sharing one SiP, tetrahedron. This results in fragments of T5
supertetrahedra in such a way that T5 entities lack four SiPy tetrahedra or one T2 vertex. In these voids
are the tenfold phosphorus-coordinated barium atoms (Figure 9.4). Two of the T3 clusters comprise Si-
Sibonds in Si-SiPs tetrahedra (purple polyhedra in Figure 9.4). Such Si-Si bonds are rare and, to the best
of our knowledge, have only been observed in BaCuSi,Ps,*” Ca;Si,Ps, Ca;SisP14** and in the reduced

nitridosilicate SrSigNs.”") Si and P are hardly distinguishable by X-ray diffraction. We have identified
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the Si-Si bonds by refining the occupation factors and based on the different lengths of Si-P (& 2.23 A)
and Si-Si bonds (& 2.30 A) in the Si,Ps groups. The defect T5 clusters are vertex condensed with two T5,
and share one SiP;, tetrahedron with two equivalent T5 entities (Figure 9.4). The Si-Si bonds connect a
crystallographically equivalent motif of defect T5 units with opposite orientation, forming a dense single
network (Figure 9.5, ball-stick model is given in Figure D2) unlike to Nay3Sion.19P124+33, LiSi:P3, and KSi,Ps

with two interpenetrating networks, respectively.¢8

' The topology of this unprecedented 26-nodal
network is shown in Figure D4 in the SI. The distortions arrise from different connectivities of the T3
supertetrahedra by homonuclear silicon bonds, vertex condensations and fusions. This supertetrahedral
network contains large cavities proceeding in ¢ direction (Figure 9.6). These cavities contain sodium
ions exclusively, as desired for possible Na* conduction. While the Ba2 site in the T2-void of the defective
T5 entities is fully occupied (Figure 9.4), the Bal and Ba3 sites show occupancies near to 50 % and 100 %,
respectively, and were therefore constrained to these values. The sodium atoms are distributed over 19
crystallographic sites, eight of which are disordered with occupations between 49 % and 90 %. Those

sodium positions with occupancies near to 50 % were also constrained providing realistic interatomic

distances to other partially occupied cation sites and charge neutrality of the whole unit cell.

Figure 9.4 Basic building units of Nas BasSis;Pss Figure 9.5 Condensation of the opposing
composed of fused T3 supertetrahedra (yellow, supertetrahedral layers in NasBasSis;Ps; exclusively
orange and turquoise) and their connection among by two silicon-silicon dumbbells depicted as violet
each other. Every T3 triplet is topped by one Ba ion, tetrahedra (top) and ball-and-stick model with
shown only for the undermost triplet for clarity. Si- interatomic distances in A (bottom, further distances
SiP; tetrahedra are depicted in violet. Inset shows an in Table D6 in the SI)

additional P atom not connected to silicon but

forming a Ps-trimer (see text for details).
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The thermal displacements of the sodium atoms exceed those of the barium atoms which is desirable in
view of possible ion migration although the displacement and occupancy factors correlate. Additionally,
the difference map revealed a residual electron density near Ba2 (1.738 A, Ba2 with 50 % occ.), P5 and

P41 with distances of 2.238 A and 2.171 A, respectively, which are typical for homonuclear phosphorus

'13'>||77 1(' A4S ) LTI

Fe N er-

Figure 9.6 Crystal structure of Nas BasSis;Ps; with large channels filled with Na ions propagating in ¢ direction.

bonds. The occupation refinement of this position yielded also near 50 % of phosphorus. Therefore we
assume this position as P42 site (d(P42-Na3) = 3.033 A) leading to a P; trimer present if the Ba2 position
is unoccupied. This motif occurs also in NaisSiisPss.””) Therefore the formally ionic formula is

(Na*)31(Ba*")s(Si*")4s(Si**)4(P*)s0(P*),(PY). Further interatomic distances are listed in Table D6 in the SI.

Solid-state NMR methods are suitable to verify the crystal structure and allow first insights into possible
atom exchange processes. No resonance frequency of the '*’Ba nuclei (spin I = 3/2) was observed due to
strong quadrupolar interactions, which massively broaden the resonance lines. Figure 9.7 shows the
MAS-spectra of *'P and *Na nuclei. As the single-crystal model of this compound comprises 42
independent phosphorus atoms on general Wyckoff sites (8f) the resonance frequencies in the *'

spectrum overlap and sum up to broad resonance bands. Solely one asymmetric signal at § (*'P) = -227.1
ppm is quite isolated, which is marked with an asterisk in Figure 9.7. Assuming this signal belongs to
two magnetically independent phosphorus atoms due to the asymmetric line shape, the whole spectrum
can be referenced to its intensity. This results in 44 magnetically independent phosphorus atoms instead
of 41.5. However, the sample contains a small amount of Na,;Sis;Ps; as impurity, which cannot be de-
convoluted. Therefore, the *'P spectrum can only be taken as an indication of the plausibility of the

crystal structure. In contrast, the *Na spectrum is surprisingly simple. Only one single resonance
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frequency occurs at 13.4 ppm (see Figure 9.7, right) without a shoulder as in the case of Naj ;sBag 375515 Ps.
For this reason a mixed occupancy of the Ba sites with Na were not taken into account, as it would
considerably broaden the *Na resonance. Since there are 19 crystallographically different sodium
positions distributed onto 17 general Wyckoft sites 8f (1) and two 4e (2), a single resonance frequency
indicates fast exchange processes of the sodium atoms. The FWHM is around 1.1 kHz, which is in the
same range as in the Na* ion conductor HT-NaSi,P; (1.9 kHz). Since this structure provides large
channels solely filled with Na ions, we assume predominantly one-dimensional ion migration, although
these channels are linked by small pathways along the T3 faces (calculated pathways are in the SI).
Unfortunately, we were not successful in producing single-phased samples to test the ionic conductivity
directly by impedance spectroscopy. Therefore, as a first test for possible Na* ion mobility, NMR T:-
relaxometry provides activation energies independent of sample morphologies and constriction
phenomena. Spin-lattice relaxation times T have been measured using the saturation recovery method

and assuming bi-exponential recovery (see SI for details).

IS
. \I\
| | ——Na_EBa 5 264
' ey E -
l| rﬂ \ ~ 7 \\\\
I h \ £ 24 e
[ It ]M L S .'J N z N
u"l r™ - M{} ‘I‘ - o o \.\
-~ l"'U I'JJ k‘*\“"""" L M‘-«wdlid\iw e fixi=a+ b'x e
o S e =y =y wgr g =~y g s Sy "R S 1| 2 =541=:017 N
s 4 p'-rrm- . 00 80 60 40 ‘jl_lh\ 20 -40 80 80 . o S 8 ': + I:_I:/]IS \\\
& 209|"=09es °
T T T T T T T T T
34 36 38 40
1000 in K
Figure 9.7 Solid-state MAS-NMR spectra of Figure 9.8 Temperature dependence of the spin-
phosphorus and sodium at rotation frequencies of 25 lattice relaxation rates (1/T1) of *Na nuclei in
kHz, respectively. Chemical shifts are § (*'P) = -37.7 Nas;BasSis;Pss. The slope of the linear fit gives the
to -179.7, 208.5 and -245.7 to 271.3 ppm and a *Na activation energy of the sodium mobility. See the SI
line position of 13.4 ppm. For comparison, the *Na for details.

spectrum of HT-NaSi,Ps is plotted in red.

Figure 9.8 shows a logarithmic plot of the inverse relaxation rates 1/T; versus the inversetemperature.
As expected in the low temperature regime,”*? the plot shows a good linear correlation. The slope of the
linear fit gives the activation energy of the Na* ion motion of 0.16 eV, which is relatively small. This does
not necessarily reflect ion conductivity, but a correlation of small activation energies with fast ion

diffusion is often observed.***** Moreover, this activation energy is in a similar range as those
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determined for the fast sodium ion conductor NaSi,P; (E, = 0.11 - 0.14 eV; 6 (Na*) = 4.10* Scm™ at 25
°C).’" Therefore, we assume similar values for the predominantly one-dimensional Na* ion
conductivity in Nas BasSisPs; though we do not expect overall high ion conductivity in polycrystalline

material because ion movement is blocked at the boundaries of randomly oriented grains.

9.4 Conclusion
Nai2sBagszsSisPs and NasBasSis;Pss are new quaternary phosphidosilicates with complex crystal
structures based on supertetrahedral entities together with rare motifs like Si-Si bonds and P; trimers.
The concept formulated at the beginning, according to which the incorporation of larger Ba cations
could improve ion conduction, did not work out insofar as the new structures do not have sufficient
three-dimensional ion migration paths. Nevertheless, our results show that such quaternary phosphido-
silicates do exist and can form remarkable new structures. We assume that there are many more related

compounds to discover, among which can also be good ionic conductors.

9.5 Experimental Section
Synthesis. Both compounds were synthesized by solid-state reactions of stoichiometric mixtures of the
elements. Na (99.8 %, Alfa Aesar), Ba (99.99 %, SMT Metalle Wimmer), Si powder (99.8 %, Smart
Elements) and red P (> 99 %, Chempur) were filled in alumina crucibles and sealed in silica ampoules
under inert conditions. Na;,sBagssSi:Ps was prepared in a three-step synthesis by heating to 700 °C
within 7 h and a reaction time of 20 h in a tube furnace with intermediate homogenisation. After
homogenization, the intermediate was heated to 900 °C within 9 h and 20 h of reaction time twice leading
to phase pure samples. For Nas BasSis;Ps; the elemental mixture was heated to 850 °C with a 50 °C/h
heating rate and maintained for 150 h bevor the furnace was cooled down with 20 °C/h. Both compounds

are polycrystalline, moisture sensitive black powders.

Single-Crystal X-ray Diffraction. Due to air and moisture sensitivity of both compounds, plate-like
crystals have been selected and sealed in glass capillaries under dried paraffin oil. Single-crystal datasets
were collected with a Bruker D8 Quest diffractometer with Gobel mirror optics, Mo-Ka radiation, and
Photon II detector. Integration and absorption correction were processed with APEX 3 software.*! For

single-crystal structure solution and refinement the direct methods in the SHELX"¥ software package
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were applied and the final structures presented by Diamond.*"! CCDC-2076577 and 2076578 contain

the supplementary crystallographic data for this paper.

Powder X-ray Diffraction. Powdered samples were filled into Hilgenberg glass capillaries and sealed
under argon. Diffraction data were collected using a Stoe Stadi P diffractometer (Debye-Scherrer
geometry, Mythen 1k detector, Ge(111) monochromator, Mo-Kal radiation). Based on the single-
crystal structure data the powder patterns were refined with the Topas software.*! The results are shown

in Table D5 in the SI.

Solid-State MAS-NMR. The spectra were acquired on a Bruker Avance III 500 spectrometer with
Larmor frequencies of v (*Na) = 132.33 MHz and v, (*'P) = 202.51 MHz using a commercial 4 mm MAS
probe. The phosphorus spectrum of Nas; BasSis,Ps; was obtained using a 2.5 mm zirconia rotor. Spectra
were referenced indirectly to 'H in 0.1 % TMS in CDCl; at 0 ppm for the 4 mm and to 'H in 100 % TMS

at -0.124 ppm for the 2.5 mm rotor.

Elemental Analysis. Elemental compositions were examined with energy dispersive X-ray spectroscopy.
Polycrystalline samples were stuck onto electro conductive carbon pads and inserted quickly into a
scanning electron microscope (EVO MA-10, Zeiss). Characteristic radiation was collected by a Bruker

X-Flash 410-M detector using 20 kV acceleration voltage.
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10 Summary

This thesis emphasizes the multifaceted chemistry of the underrepresented class of phosphidosilicates
in literature. Although the basic building unit in phosphidosilicates consisting in SiP, tetrahedra is very
simple, their possible condensation modes, which are briefly outlined in the introduction, increase the
structural degree of freedom compared to the related class of its oxido or nitrido analogues. On the other
hand, this thesis hints the peculiarity of the silicon-phosphorus-system to form relatively dense
structures by applying low concentrations of alkaline or alkaline earth counter ions, which can be

derived from supertetrahedral motifs.

The chapters in the first part of this thesis, dealing with alkaline metal phosphidosilicates, serve as
examples for the formation of silicon-phosphorus supertetrahedra. Chapter 2 deals with the discovery
of Li,SiP;and LiSi;Ps and their unusual crystal structures. While in Li,SiP, only T2 supertetrahedra, in
LiSi,Ps, T4 as well as T5 clusters are formed. By common vertices or by fusion diamond- or sphalerite-
like networks with large voids are built, which are interpenetrated by an equivalent network preserving
a collapse of the crystal structure. The lithium counter ions for the charge compensation of the anionic
network are located between these supertetrahedral networks and induce only one single and very sharp
resonance in the presented NMR spectra indicating their facile movement already at room temperature.
For an estimation and insight into these exchange processes temperature dependent NMR

measurements were performed, which revealed very low activation energies for the exchange processes.

In Chapter 3, the clustering of the SiP, tatrahedra into supertetrahedral entities is corroborated by the
synthesis of the sodium phosphidosilicate series of NaysSions19P120:33 With 7 = 0-3 and NaisSiisPos. Here,
supertetrahedra can be found ranging from T3 to T5 entities arranged in related networks as discussed
for the lithium compounds. Likewise, the sodium ions reveal a single resonance in NMR measurements
due to exchange processes with low activation energies for the two NaSi,P; polymorphes, in line with
the values of Li,SiP; and LiSi,Ps. Further, the improvement of the ionic conductivity is shown from the
compound comprising solely T3 entities to HT-NaSi,P; with exclusively T5 units originating from the

expansion of possible migration paths and the increase of partial occupied sodium sites. Electrical
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measurements give also low activation energies with associated high ion conductivities, but suggest on
the other hand the probable enhancement of the conduction values by more sophisticated sample

preparation techniques.

Surprisingly no supertetrahedral sodium analogue to Li,SiP, was found, whereas K;SiP; and Cs,SiP; are
also known, but differ in structure. Therefore, Chapter 4 targets the synthesis and crystal structure of
the sodium compound Na,SiP,. Here all SiP, tetrahedra are condensed by common edges to form a SiS,-
like arrangement of three crystallographic independent ..'[SiP;]*" chains, separated by sodium ions.
NMR investigations confirmed the crystal structure and electrochemical measurements revealed a

mixed conduction behavior of Na,SiP; with a low performance.

Chapter 5 illustrates the quest for the lithium and sodium analogue T5 compound KSi,Ps, driven by
chemical intuition, since a compound is already known with the same stoichiometry but composed of
layers of fused T3 entities. Although the solely-T5-KSi,P; structure is no longer surprising at this stage,
it reveals though unexpected behavior. The publication presents the reconstructive phase transition
from the known T3 to the T5 polymorph at temperatures beyond 1000 °C. In addition, this T5
compound passes through two more displacive phase transitions close to room temperature making this
compound enantiotropic. Although potassium ions are almost twice as heavy and markedly larger than
sodium ions, electrospectroscopic data reveal comparable high ion conductivities and low activation
energies. The potassium nuclei inhibit the estimation of the activation energies by NMR measurements,
but it is assumed that more sophisticated sample preparation techniques will be able to increase the
measured ionic conductivity as well. However, besides the promising ion conductivities of the
supertetrahedral alkaline metal phosphidosilicates, they have to prove their suitability for utilization in

solid-state-batteries in further studies.

While the first section of this thesis covers “light” alkaline phosphidosilicates dealing with lithium,
sodium or potassium, the second part focuses on the incorporation of alkaline earth elements into the
ternary Si-P system. SrSi;Pi and the isotypic BaSi;Pi, introduced in Chapter 6 comprise a highly
condensed anionic network, which can be derived from fused and vertex-condensed T2 entities in a
dimond type network. The Sr** and Ba** ions reside in cuboctahedral voids within the network. The cell
parameters of both compounds are nearly identical, owed to the rigid network, and the alkaline earth

cations show large displacement ellipsoids indicating disorder in the cuboctahedra.
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Covalent bonding in the SiP, tetrahedra was verified by theoretical calculations on Ba,SiP, were all SiP,
tetrahedra are interconnected by homonuclear phosphorus bonds as shown in Chapter 7. The anionic
network of the crystal structure resemble the -cristobalite structure if one considers the P, dimers as
oxygen ions and the compound exhibits an indirect band gap of 0.9 eV. This compound was additionally
found to be a low temperature modification and the reversible reconstructive phase transitions are
shown in Chapter 8. In the high temperature modification the SiP, tetrahedra are condensed by P-P
bonds as well, but now '.[SiP4]* chains are formed reminiscent to the elusive fibrous SiO,. This

polymorph is also a semiconductor with an indirect band gap of about 1.7 eV.

The third and last section of this thesis indicates that quaternary phosphidosilicates are also attainable,
of which only very few examples are known. To improve the ionic conductivity in the discussed sodium
phosphidosilicates series Nax3Sion.10P 124433, larger Ba®* ions were incorporated into the Na-Si-P system,
resulting in two new compounds described in Chapter 9. Nai,sBaos7sSisPs and Nas BasSis;Pss both are
built of fused T3 entities, which form defect T5 clusters for the latter compound. Instead of one
additionally fused T3 entity, which would yield a regular T5 tetrahedron, it is replaced by a Ba cation.
Homonuclear silicon bonds, as discussed in the Introduction, link the T3 entities to a three-dimensional
structure, with large ion migration channels similar to those mentioned in the first part of the thesis.
While the barium cations are distributed almost isotropic between the supertetrahedra in the first
compound, they tend to cluster not in the huge channels for Nas;BasSis,Ps; which are therefore filled with
sodium ions only. Unfortunately, these channels are rather one-dimensional which impede
electrospectroscopic measurements due to blocking effects but temperature dependent NMR

measurements indicate mobile sodium ions with a low activation energy of 0.16 eV.
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11 Outlook

The objective of this thesis was to shed light onto the barely explored structure family of
phosphidosilicates with alkaline and alkaline earth cations by an explorative study. It was shown that
phosphidosilicates unexpectedly tend to cluster into supertetrahedral entities when only small amounts
of counter ions are available in the solid-state reactions. This tendency promotes a fast ionic conduction
for respective alkaline phosphidosilicates due to the formation of large migration paths and partially
occupied cation sites. Together with one of the simplest solid-state preparation technique consisting in
the bare heating of elemental mixtures, these compounds could be prepared in large-scale if they
demonstrate their suitability for respective applications by further research. Additionally, this thesis
illustrates the versatile structure chemistry of the Si-P system and hints at the existence of numerous yet
unknown substances in this family. The investigations of new phosphidosilicates start to revive since
within only the last four years about 20 new ternary structures were reported, whereof more than the

half are presented herein (cf. Figure 11.1 and Figure 1.5).
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Figure 11.1 Color-coded periodic table of elements representing known ternary compounds in the family class of

phosphidosilicates until the end of the year 2020.
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On the other hand, this thesis highlights the need for additional research on several issues. Beside the
exploration of other ternary phosphidosilicates, which may be overlooked - for example K;;SizoPss
composed of SiP; double-chains comprising homonuclear silicon bonding - this family is to be extended
to quaternary or multinary systems, as it was done in Chapter 9. This approach offers a great prospect
of success since the compounds Li;3Bas3551:3Ps1, mentioned already in Chapter 1, Liy(Sr;Ca),SiP, and
Li;¢BasSizP1, were already synthesized and investigated and are to be published. Likewise, a multi-anion
strategy may offer similar achievements for example by the incorporation of halides in
Bay(Cu;Ag;Au)SioP16Cl or the combination of nitrido- with phosphido- to nitridophophidosilicates.
The latter idea may require more sophisticated preparation techniques, but in principle, it appears to be
possible since in the related compound class of aluminates the yet unknown oxido-phosphidoaluminate
(Sr;Ba)ALP,O, which is surprisingly structurally related to the nitridophosphate Ce4LisP1sNss, was
detected as a result of the reaction of the alumina crucibles with phosphidosilicate reaction mixtures.
However, the biggest challenge, comparing Figure 11.1, is the development of a synthetic access to
transition metal phosphidosilicates since the thermal treatment of elemental mixtures mostly yields
stable transition metal phosphides. These compounds may be very interesting regarding their potential
application as electrode materials in power storage devices. Approaches to overcome this hindrance are
the usage of metathesis or the utilization of ionic or metallic fluxing agents. However, experiments
applying these strategies failed so far. Another approach may be the raise of the reaction temperature
well beyond 1100 °C, involving additional problems in the inadvertent reaction of alumina or metallic
crucibles. By applying boron nitride crucibles within the multi anvil high-pressure and high-

temperature synthesis route this issues may be overcome.

The published articles within this cumulative dissertation just scratched the surface of the
phosphidosilicate compound space and there will definitely be an exciting progress in this field in the

next years to come.
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A.1 Crystallographic Data on Supertetrahedral Lithium Phosphidosilicates

Table A1 Fractional atomic coordinates, isotropic or equivalent displacement parameters and occupation factors

fOI’ leSle

Atom Wryckoff Symbol  x y z U/ R Occ.
P1 32¢g 0.53452 (4) 0.03715 (4 0.12236 (3) 0.01111 (14) 1
P2 16e % 0.06796 (6 0 0.00887 (17) 1
P3 16d v, Vi ~0.01885(4)  0.01041 (18) 1
Si4 32¢g 0.62070 (4) 0.16757 (4) 0.05714 (3) 0.00790 (14) 1
Li5 16f 0.5949 (3) —-0.1551 (3) 1/8 0.0176 (11) 1
Li6 32¢ 0.6218 (4) ~0.0910 (4) ~0.0317 (2) 0.0273 (10) 1
Li7 16f 0.8496 (5) 0.0996 (5) 0.1/8 0.0372 (16) 1

Table A2 Atomic displacement parameters for Li,SiP,in A2,

Atom Un Un Uss Un Uss Us

P1 0.0117 (3) 0.0080 (3) 0.0136 (3) 0.0000 (2) 0.0040 (2) 0.0003 (2)
P2 0.0081 (4) 0.0076 (4) 0.0109 (4) 0.000 0.0032 (3) 0.000

P3 0.0112 (4) 0.0114 (4) 0.0086 (3) 0.0012 (3) 0.000 0.000

Si4 0.0074 (3) 0.0075 (3) 0.0088 (3) 0.0002 (2) 0.0013 (2) -0.0014 (2)
Li5 0.0179 (17) 0.0179 (17) 0.017 (3) 0.006 (2) 0.0002 (15) -0.0002 (15)
Li6 0.031 (2) 0.023 (2) 0.028 (2) -0.0079 (18)  —0.0015(18)  —0.0020 (18)
Li7 0.042 (2) 0.042 (2) 0.028 (3) 0.014 (3) -0.004 (2) 0.004 (2)

Table A3 Fractional atomic coordinates, isotropic or equivalent displacement parameters and occupation factors

fOI' LlSlzP3

Atom Wyckoff Symbol  x y z Uey/ A Occ.
P1 16f 0.12311 (3) 0.60581 (3) 0.02134 (2) 0.00745 (12) 1
P2 4a 0 3/4 718 0.0127 (2) 1
pP3 16f 0.28192(3) 0.73051 (3) 0.01259 (2) 0.00868 (12) 1
P4 16f 0.40050 (3) 0.55428 (3) 0.01369 (2) 0.00837 (12) 1
P5 16f 0.26621 (3) 0.58344 (3) ~0.05746 (2)  0.00735 (11) 1
P6 16f 0.44184 (3) 0.83696 (3) 0.01494 (2) 0.00763 (12) 1
p7 16f 0.42620 (3) 0.70327 (3) 0.09258 (2) 0.00750 (11) 1
P8 16f 0.25470 (3) 0.58392 (3) 0.09079 (2) 0.00826 (12) 1

P9 16f —0.01525(3)  0.61041 (3) —0.04969 (2)  0.00963 (12) 1
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P10

P11

P12

P13

P14

P15

P16

P17

P18

P19

P20

Si21

Si22

Si23

Si24

Si25

Si26

Si27

Si28

Si29

Si30

Si31

Si32

Si33

Lil

Li2

Li3

Li4

Li5

Li6

Li7

16f
16f
16f
16f
16f
16f
16f
16f
16f
8e

16f
16f
16f
16f
16f
16f
16f
16f
8e

16f
16f
16f
16f
16f
16f
16f
16f
8¢

16f
16f

16f

0.14488 (3)
0.38600 (3)
0.13051 (3)
0.28120 (3)
0.42446 (3)
0.23441 (4)
0.27719 (3)
0.14680 (3)
0.36848 (3)
0

0.10850 (4)
0.34021 (3)
0.20015 (4)
0.18685 (4)
0.34443 (3)
0.20691 (3)
0.44866 (4)
-0.07609 (4)
12
0.06190 (4)
0.31544 (4)
0.36459 (3)
0.04949 (4)
0.47125 (3)
0.4848 (4)
0.1365 (4)
0.2829 (4)
0

0.3341 (6)
0.4004 (7)

0.1087 (5)

0.74709 (3)
0.55776 (3)
0.59683 (3)
0.71848 (3)
0.69470 (4)
0.44450 (3)
0.72235 (4)
0.75021 (3)
0.42415 (3)
3/4
0.46520 (3)
0.64277 (4)
0.66820 (4)
0.52961 (4)
0.64373 (4)
0.67240 (4)
0.48230 (3)
0.68604 (4)
3/4
0.68289(4)
0.50512 (3)
0.77607 (3)
0.53906 (3)
0.61833 (3)
0.4154 (4)
0.4882 (4)
0.4576 (4)
v

0.2977 (4)
0.6624 (7)

0.8338 (5)

-0.04954 (2)
0.16397 (2)
~0.12641 (2)
0.16405 (2)
-0.05717 (2)
0.01961 (2)
-0.12784 (2)
0.08921 (2)
0.08996 (2)
0.02306 (3)
-0.05073 (2)
0.12448 (2)
-0.08893 (2)
-0.01660 (2)
-0.01892 (2)
0.05353 (2)
0.12555 (2)
~0.08811 (2)
-0.01809 (3)
-0.01686 (2)
0.05249 (2)
0.05288 (2)
-0.08877 (2)
0.05368 (2)
0.0460 (2)
0.0699 (2)
0.1472 (2)

0

0.0738 (3)
-0.1257 (3)

0.0361 (3)

0.00982 (12)
0.00757(12)
0.00973 (12)
0.00777 (12)
0.01060 (12)
0.01153 (13)
0.01166 (13)
0.01023 (12)
0.01012 (12)
0.01175 (17)
0.01239 (13)
0.00712 (13)
0.00822 (13)
0.00769 (13)
0.00746 (12)
0.00787 (13)
0.00748 (13)
0.01260 (14)
0.00771 (17)
0.00847 (13)
0.00792 (13)
0.00687 (13)
0.00813 (13)
0.00705 (13)
0.038 (2)
0.036 (2)
0.040 (2)
0.051 (5)
0.081 (4)
0.077 (4)*

0.064 (3)*

1
1

0.99(2)
0.92(2)
0.99(2)
0.83(3)
1

0.93(2)
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Table A4 Atomic displacement parameters for LiSi,P; in A2

Atom Un Un Uss Uiz Uiz U2

Pl 0.0083 (3) 0.0073 (3) 0.0067 (3) —0.0002 (2) —0.0018 (2) 0.0004 (2)
P2 0.0127 (4) 0.0127 (4) 0.0127 (6) 0.000 0.000 0.000

P3 0.0085 (3) 0.0099 (3) 0.0077 (3) -0.0010 (2) -0.0011 (2) -0.0009 (2)
P4 0.0082 (3) 0.0090 (3) 0.0079 (3) —0.0007 (2) ~0.0015 (2) 0.0002 (2)
P5 0.0082 (3) 0.0072 (3) 0.0066 (3) —0.0004 (2) —0.0013 (2) 0.0003 (2)
P6 0.0080 (3) 0.0088 (3) 0.0061 (3) -0.0010 (2) 0.0004 (2) 0.0001 (2)
pP7 0.0079 (3) 0.0077 (3) 0.0069 (3) -0.0003 (2) -0.0009 (2) -0.0004 (2)
P8 0.0086 (3) 0.0084 (3) 0.0078 (3) —0.0005 (2) ~0.0020 (2) —0.0007 (2)
P9 0.0091 (3) 0.0093 (3) 0.0104 (3) 0.0005 (2) -0.0020 (2) -0.0014 (2)
P10 0.0100 (3) 0.0098 (3) 0.0096 (3) 0.0001 (2) 0.0004 (2) 0.0005 (2)
P11 0.0079 (3) 0.0071 (3) 0.0077 (3) —0.0003 (2) —-0.0019 (2) 0.0002 (2)
P12 0.0099 (3) 0.0109 (3) 0.0084 (3) ~0.0018 (2) —0.0011 (2) 0.0008 (2)
P13 0.0076 (3) 0.0085 (3) 0.0072 (3) 0.0006 (2) -0.0004 (2) -0.0010 (2)
P14 0.0106 (3) 0.0145 (3) 0.0067 (3) -0.0050 (2) -0.0013 (2) -0.0001 (2)
P15 0.0142 (3) 0.0075 (3) 0.0129 (3) —0.0011 (2) —0.0067 (2) 0.0016 (2)
P16 0.0075 (3) 0.0134 (3) 0.0141 (3) 0.0020 (2) 0.0009 (2) 0.0069 (2)
P17 0.0079 (3) 0.0114 (3) 0.0114 (3) -0.0001 (2) -0.0014 (2) -0.0044 (2)
P18 0.0126 (3) 0.0067 (3) 0.0111 (3) —0.0006 (2) —-0.0059 (2) 0.0008 (2)
P19 0.0154 (4) 0.0117 (4) 0.0081 (4) 0.0054 (3) 0.000 0.000

P20 0.0155 (3) 0.0070 (3) 0.0147 (3) -0.0021 (2) -0.0093 (2) 0.0019 (2)
Si21 0.0078 (3) 0.0071 (3) 0.0064 (3) 0.0006 (2) -0.0011 (2) -0.0004 (2)
Si22 0.0079 (3) 0.0083 (3) 0.0084 (3) 0.0005 (2) —0.0014 (2) 0.0015 (2)
Si23 0.0084 (3) 0.0075 (3) 0.0072 (3) -0.0010 (2) -0.0015 (2) 0.0000 (2)
Si24 0.0074 (3) 0.0086 (3) 0.0064 (3) -0.0014 (2) -0.0012 (2) 0.0000 (2)
Si25 0.0078 (3) 0.0084 (3) 0.0073 (3) —-0.0001 (2) —-0.0012 (2) —-0.0014 (2)
Si26 0.0083 (3) 0.0069 (3) 0.0072 (3) —0.0001 (2) —-0.0018 (2) 0.0005 (2)
Si27 0.0134 (3) 0.0125 (3) 0.0119 (3) 0.0044 (2) -0.0048 (2) -0.0043 (2)
Si28 0.0079 (4) 0.0085 (4) 0.0067 (4) —-0.0018 (3) 0.000 0.000

Si29 0.0093 (3) 0.0082 (3) 0.0079 (3) 0.0010 (2) —-0.0015 (2) 0.0001 (2)
Si30 0.0084 (3) 0.0072 (3) 0.0082 (3) -0.0004 (2) -0.0019 (2) 0.0005 (2)
Si31 0.0071 (3) 0.0072 (3) 0.0064 (3) -0.0009 (2) 0.0003 (2) -0.0012 (2)
Si32 0.0081 (3) 0.0068 (3) 0.0095 (3) —0.0005 (2) —-0.0022 (2) 0.0001 (2)
Si33 0.0068 (3) 0.0076 (3) 0.0067 (3) 0.0000 (2) —-0.0004 (2) 0.0008 (2)
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Lil 0.040(4) 0.035(4) 0.041(4) -0.021(3) 0.008 (3) 0.002(3)
Li2 0.039(4) 0.038(4) 0.035(4) 0.012(3) 0.019 (3) -0.001(3)
Li3 0.039(4) 0.042 (4) 0.040 (4) 0.010(3) 0.018(3) -0.009(3)
Li4 0.061(9) 0.041(7) 0.057(8) 0.025(6) 0.036(7) 0.017(6)
Li5 0.099 (7) 0.019(3) 0.107 (7) ~0.018(4) 0.074(7) ~0.020 (4)
Li6 isotropic

Li7 isotropic

A.2 NMR Spectroscopy

To obtain the "Li-NMR spin-lattice relaxation time (T,) at different temperatures, the saturation
recovery technique was used. The integrated intensities were then fitted using a mono-exponential

function, which adequately described the data (see Figure Al).

To determine an estimate of the activation energies, the following expression for the relaxation rates was

used:

Ri= =260 syt masT O

1+(wo Te)2  1+QRwotc)?

Here, wy is the Larmor frequency, and the . are characteristic correlation times, which are assumed to

follow an Arrhenius type of behaviour with activation energy E.:

T = Tg exp (kET“T) (2)

In the so-called low-temperature regime (wo . >> 1), Equation (1) reduces to the following form, wich

can be linearized and fitted to extract the activation energies:

1 4 1 E
Ry = = 3G(0) o3 &XP (_TA) (3)
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B.1 Experimental Procedures on Supertetrahedral Sodium Phosphidosilicates

Synthesis. Due to the sensitivity of the educts and products to air moisture all experiments and
measurements were performed in an argon filled glovebox (Unilab, MBraun, O, < 0.1 ppm, H,O < 0.1
ppm). All reactions were carried out in alumina crucibles welded under purified argon atmosphere in

silica tubes which were placed in tube furnaces.

Nay3SioP3; was synthesized by heating stoichiometric amounts of metallic Na (Alfa Aesar, 99.8 %), Si
powder (Smart Elements, 99.8 %) and red phosphorus (Chempur, > 99 %) as multi-phase product. A
phase-pure sample could only be prepared by using in situ formed 7.5 equivalents of Na,S in addition as
crystallization agent. Therefore, 41.9 mg of sodium were heated with 25.6 mg of Si, 49.0 mg P and 11.5
mg of sulfur (Merck, 99.0 %) to 100 °C (20 °C/h) before the temperature was increased to 850 °C with a
100 °C /h rate. This temperature was maintained for 40 h, slowly cooled down (10 °C/h) to 450 °C and
finally quenched to room temperature. To eliminate Na,S the sample was washed several times with dry
methanol. Sorbed methanol was removed in high vacuum. ICP and elemental analysis revealed absence

of sulfur, carbon, oxygen and hydrogen in the product.

Nay3SizsPss was prepared by heating 19.5 mg of elemental Na with 29.0 mg Si and 51.4 mg of red
phosphorus with the same temperature program to 900 °C for 60 h before the reaction was slowly cooled

down to 450 °C and quenched to room temperature.

In the same way Na,3Sis;Ps; was synthesized with 31.7 mg Na, 62.4 mg Si and 105.9 mg P. The reaction

time was decreased to 40 h.

LT-NaSi,P; was obtained by reaction of stoichiometric amounts of the elements. Therefore, 26.7 mg Na,
65.3 mg Si and 108.0 mg P were reacted with the same heating protocol to 1000 °C. The reaction time
was set to 40 h and the sample was cooled down with a 5 °C/h rate to 450 °C before the sample was
quenched to room temperature. The multi-phased sample was ground and reheated leading to a phase-

pure product.

HT-NaSi,P; was synthesized from LT-NaSi,P; as starting material. Therefore, LT-NaSi,P; was ground
thoroughly and filled in alumina crucibles. These were placed and welded in thick-walled silica tubes (2
mm) to withstand the high phosphorus pressure during reaction. These ampoules were welded a second
time in tight-fitting silica tubes for further enhancing stability. These setups were welded a third time in

larger silica tubes for sustaining an inert argon atmosphere in case of cracking of the first two tubes. This
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3-layered set-up was heated to 1100 °C for 50 h before the temperature was decreased to 450 °C with 20

°C/h. In case of non-phase-pure samples this procedure was repeated.

NaysSii3P2s was synthesized by reaction of 27.7 mg Na, 23.2 mg Si and 49.1 mg P not above 750 °C for 40

h. After homogenization this procedure was repeated twice.

Single-Crystal X-ray Diffraction. Suited crystals were selected under paraffin oil to prevent hydrolysis
and sealed in oil filled Hilgenberg glass capillaries. Diffraction data were collected on a Bruker D8 Quest
diffractometer equipped with a Photon-I detector at ambient temperatures using Mo-Ka radiation (A =

0.71073 A). The structures were solved and refined using SHELX97.

X-ray Powder Diffraction. Polycrystalline samples were ground and sealed in Hilgenberg glass
capillaries under argon atmosphere. Measurements were carried out on a Stoe Stadi-P powder
diffractometer with a Stoe Mythen-1k detector and a Ge monochromator in Debye-Scherrer geometry

at room temperature using Mo-Ka radiation. For Rietveld refinement the Topas package was used.

EDX Measurements. Samples for energy dispersive X-ray spectroscopy were prepared by placing single
crystals on conductive and adhesive carbon pads. These were inserted quickly in an EVO-Ma 10
scanning electron microscope (Zeiss) equipped with a field emission gun at an acceleration voltage not
above 15 kV. For elemental analysis a Bruker X-Flash 410-M detector was used and received data were
analyzed with the QUANTAX 200 software package. Signals of oxygen were not taken into account due

to partial hydrolysis of the samples by short contact with air during sample insertion.

Nuclear Magnetic Resonance. **Na, *Si and *'P spectra of powdered samples were measured on a
Bruker Avance III 500 (magnetic field of 11.74 T) under MAS conditions at Larmor frequencies of v,
(*Na) = 132.33 MHz, v, (¥Si) = 99.38 MHz and v, (*'P) = 202.49 MHz and on a Bruker Avance III 400
spectrometer (magnetic field 9.4 T) at Lamor frequencies of v, (*Na) = 105.79 MHz, and v, (*'P) =
161.9 MHz. For *Na and *Si spectra a zirconia rotor with 4 mm diameter with a rotation frequency of
10 kHz was used while *'P spectra were recorded at a rotation frequency of 50 kHz in a 1.3 mm or at 16
kHz in a 4 mm rotor. Variable temperature **Na-T;-relaxation time measurements were performed on
stationary samples at 9.4 T in order to determine the activation energies for Na*-ion mobility. The

temperature in the experiments was controlled using a Bruker BVT3000 temperature controller.

Electrical Conductivity Measurements. Electrochemical impedance spectroscopy and galvanostatic
polarization measurements were performed with an Ivium compactstat.h (24 bit instrument) in a two-

electrode setup using a home-built impedance cell which was kept under argon atmosphere during all
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measurements. Before measuring, the samples were ground thoroughly and compacted to a pellet of
about 1 mm thickness and 5 mm in diameter by uniaxial cold pressing (500 MPa). All pellets were
subsequently annealed at 400 °C for 10 h in glassy carbon crucibles under purified argon atmosphere.
Additionally, pellets of LT- and HT-NaSi,P; were annealed at 800 °C. After annealing, the pellets were
sandwiched between indium foil (Alfa Aesar, 0.127 mm of thickness, 99.99% (metals basis)) to enhance
the contact with the measuring cells. No reactions between In and the samples were observed. The
applied root mean square AC voltage was between 10-100 mV with a higher voltage for the less

conducting samples. The analysis of the impedance spectra was carried out by means of the RelaxIS

software from rhd instruments.

Crystallographic Data on Supertetrahedral Sodium Phosphidosilicates

Table B1 Fractional atomic coordinates and equivalent thermal displacement parameters for Na;oSiisPs.

Atom Wyckoff Symbol  x y z U/ R

PI 2i 0.01458 (6) 0.40324 (5) 0.08750 (6) 0.00944 (13)
P2 2i 0.01898 (6) 0.40738 (5) 0.33334 (6) 0.00977 (14)
P3 2i 0.06603 (6) 0.39863 (5) 0.72214 (6) 0.01108 (14)
P4 2i 0.09190 (6) 0.19480 (6) 0.90106 (6) 0.01401 (15)
P5 2i 0.09273 (6) 0.84754 (5) 0.44804 (6) 0.01190 (14)
P6 2i 0.09714 (6) 0.20479 (6) 0.38150 (6) 0.01707 (16)
P7 2i 0.09879 (6) 0.19435 (5) 0.13958 (6) 0.01121 (14)
P8 2i 0.16207 (6) 0.86078 (5) 0.09007 (6) 0.01244 (14)
P9 2i 0.20224 (6) 0.66644 (5) 0.27243 (6) 0.01208 (14)
P10 2i 0.21058 (6) 0.66610 (5) 0.51667 (6) 0.01350 (15)
P11 2i 0.24343 (6) 0.10719 (6) 0.65492 (6) 0.01319 (15)
P12 2i 0.27725 (6) 0.47032 (5) 0.08499 (6) 0.01219 (14)
P13 2i 0.28883 (6) 0.46665 (5) 0.32396 (6) 0.00999 (14)
P14 2i 0.28999 (6) 0.47568 (6) 0.56498 (6) 0.01341 (15)
P15 2i 029307 (7) 0.03026 (6) 0.45126 (7) 0.02120 (17)
P16 2i 0.32741 (6) 0.12727 (6) 0.81610 (6) 0.01409 (15)
P17 2i 0.36479 (6) 0.25813 (6) 0.13539 (6) 0.01587 (15)
P18 2i 0.36825 (7) 0.26292 (6) 0.37097 (6) 0.01765 (16)
P19 2i 0.39249 (7) 031518 (6) 0.63087 (6) 0.01975 (17)
P20 2i 0.40919 (6) 0.92806 (6) 0.07004 (6) 0.01578 (15)
P21 2i 0.54715 (6) 0.18329 (6) 0.74298 (7) 0.01851 (16)



B Appendix — Supporting Information for Chapter 3

131

P22

P23

P24

P25

Sil

Si2

Si3

Si4

Si5

Si6

Si7

Si8

Si9

Si10

Sill

Si12

Si13

Nal

Na2

Na3

Na4

Na5

Na6

Na7

Na8

Na9

Nal0

Nall

Nal2

Nal3

Nal4

Nal5

Naleé

Nal7

Nal8

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

2i

0.60352 (7)
0.63984 (6)
0.75099 (6)
0.83748 (6)
0.01372 (6)
0.01582 (6)
0.06867 (6)
0.11596 (6)
0.19563 (6)
0.20057 (6)
0.26786 (6)
0.27666 (6)
0.27760 (6)
0.37785 (7)
0.47959 (6)
0.73841 (6)
0.76065 (6)
0.0267 (2)
0.04089 (12)
0.04727 (11)
0.06619 (13)
0.12204 (11)
0.14254 (12)
0.2225 (2)
0.22733 (11)
0.28106 (17)
0.35285 (16)
0.3716 (2)
0.45184 (16)
0.47376 (11)
0.53550 (11)
0.55155 (14)
0.57862 (16)
0.79415 (11)

0.82125 (16)

0.07942 (6)
0.70444 (6)
0.34971 (5)
0.14530 (6)
0.23632 (6)
0.24037 (6)
0.56140 (6)
0.68960 (6)
0.50146 (6)
0.50221 (6)
0.30258 (6)
0.30601 (6)
0.29624 (6)
0.16812 (6)
0.08361 (6)
0.04345 (6)
0.18502 (6)
0.01173 (14)
0.38378 (11)
0.40635 (10)
0.07026 (14)
0.23224 (11)
0.84154 (10)
0.04768 (18)
0.67618 (11)
0.4316 (2)
0.03557 (15)
0.0228 (2)
0.61703 (13)
0.48149 (10)
0.26049 (12)
0.24492 (17)
0.27835 (19)
0.35190 (11)

0.13804 (13)

0.35375 (7)
0.08421 (6)
0.09819 (6)
0.15687 (6)
0.01382 (6)
0.25335 (6)
0.80125 (6)
0.37850 (6)
0.19387 (6)
0.43162 (6)
0.01348 (6)
0.47594 (6)
0.24260 (6)
0.62228 (6)
0.78751 (6)
0.46084 (6)
0.02698 (6)
0.1628 (2)
0.52204 (11)
0.90900 (10)
0.45236 (14)
0.74648 (11)
0.26631 (11)
0.0657 (3)
0.09566 (11)
0.7492 (2)
0.29066 (15)
0.9399 (2)
0.10586 (18)
0.26437 (11)
0.05804 (12)
0.31718 (17)
0.55815 (16)
0.30292 (11)

0.33876 (13)

0.02150 (18)
0.01508 (15)
0.01165 (14)
0.01396 (15)
0.00987 (15)
0.01051 (15)
0.00906 (14)
0.00949 (14)
0.00951 (14)
0.00963 (15)
0.01106 (15)
0.01229 (15)
0.01096 (15)
0.01348 (16)
0.01181 (15)
0.01272 (16)
0.01027 (15)
0.0705 (7)
0.0301 (3)
0.0223 (3)
0.0401 (4)
0.0260 (3)
0.0280 (3)
0.0923 (9)
0.0250 (3)
0.0942 (10)
0.0560 (5)
0.0957 (10)
0.0565 (6)
0.0255 (3)
0.0308 (3)
0.0543 (5)
0.0723 (7)
0.0260 (3)

0.0410 (4)
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Nal9 1h 0.5000 0.5000 0.5000 0.0416 (6)

Na20 1f 0.5000 0.0000 0.5000 0.1154 (17)

Table B2 Fractional atomic coordinates and equivalent thermal displacement parameters for Nay;SiioPs3.

Atom Wryckoff Symbol x y z Uey/ A2

P1 8f 0.03955 (2) 0.15532 (3) 0.37825 (3) 0.00793 (8)
P2 8f 0.05030 (2) 0.01206 (3) 0.70661 (3) 0.01035 (8)
P3 8f 0.05506 (2) 031232 (3) 0.18660 (3) 0.00952 (8)
P4 8f 0.06946 (2) 0.12786 (3) 0.02366 (3) 0.00879 (8)
P5 8f 0.13005 (2) 0.32656 (3) 0.43414 (3) 0.01223 (9)
P6 8f 0.14407 (2) 0.14300 (3) 0.28316 (3) 0.00896 (8)
p7 8f 0.15488 (2) 0.46589 (3) 0.22467 (3) 0.01142 (8)
P8 8f 0.15907 (2) 0.03346 (3) 0.62597 (3) 0.01082 (8)
P9 8f 0.16619 (2) 0.28639 (3) 0.08012 (3) 0.00906 (8)
P10 8f 0.23986 (2) 0.29527 (3) 0.32908 (3) 0.01212 (8)
PI1 8f 0.25401 (2) 0.12992 (3) 0.18687 (3) 0.01066 (8)
P12 8f 0.26971 (2) 0.03255 (3) 0.52006 (3) 0.01014 (8)
P13 8f 0.31871 (2) 0.38843 (3) 0.06780 (3) 0.01039 (8)
P14 8f 0.40578 (2) 0.23744 (3) 0.17508 (3) 0.01102 (8)
P15 8f 0.42349 (2) 0.05755 (3) 0.01435 (3) 0.01212 (8)
P16 8f 0.51752 (2) 021912 (3) 0.06869 (3) 0.01310 (9)
P17 4e 0.0000 0.57416 (4) 0.2500 0.01032 (11)
sil 8f 0.02039 (2) 0.22291 (3) 0.06892 (3) 0.00842 (8)
Si2 8f 0.09293 (2) 0.23920 (3) 031918 (3) 0.00841 (8)
Si3 8f 0.10758 (2) 0.05954 (3) 0.15971 (3) 0.00830 (8)
Sid 8f 0.11343 (2) 0.37471 (3) 0.12073 (3) 0.00864 (8)
Sis 8f 0.18720 (2) 0.38782 (3) 0.35964 (3) 0.00918 (8)
Si6 8f 0.19828 (2) 021351 (3) 0.21704 (3) 0.00829 (8)
Si7 8f 0.21425 (2) 0.04378 (3) 0.07195 (3) 0.00824 (8)
sis 8f 0.37337 (2) 0.30197 (3) 0.03399 (3) 0.00830 (8)
Si9 8f 0.45934 (2) 0.15359 (3) 0.12455 (3) 0.00915 (9)
Sil0 4e 0.0000 0.07676 (4) 0.2500 0.00788 (11)
Nal 8f 0.00984 (4) 0.42050 (7) 0.43871 (9) 0.0469 (3)
Na2 8f 0.07756 (3) 0.45655 (6) 0.31513 (7) 0.0306 (2)

Na3 8f 0.08375 (4) 0.15390 (6) 0.61137 (10) 0.0423 (3)
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Na4

Na5

Naé

Na7

Na8

Na9

Nal0

Nall

Nal2

Nal3

8f
8f
8f
8f
8f
8f
8f
4e
4c

4a

0.10975 (3)
0.20040 (3)
0.25706 (4)
0.30261 (5)
0.31528 (4)
0.33663 (3)
0.41582 (4)
0.0000

0.2500

0.0000

0.00853 (5)
0.17476 (6)
0.46335 (7)
0.12549 (9)
0.29047 (7)
0.09645 (5)
0.09643 (8)
0.83159 (8)
0.2500

0.0000

0.40551 (6)
0.48032 (7)
0.19478 (8)
0.38452 (7)
0.22881 (8)

0.09127 (7)

0.34842 (11)

0.2500

0.0000

0.0000

0.02455 (18)
0.0325 (2)
0.0387 (2)
0.0545 (4)
0.0399 (3)
0.02456 (18)
0.0549 (3)
0.0347 (3)
0.0253 (3)

0.0299 (3)

Table B3 Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for

Nay3SizsPys.
Atom Wyckoff Symbol x y z Ueq/ A Occ.
P1 de 0.04883 (10) 0.35598 (8) 0.09089 (10) 0.0084 (4) 1
P2 de 0.05016 (10) 0.22378 (8) 0.42543 (10) 0.0093 (4) 1
P3 de 0.05031 (10) 0.28771 (8) 0.25308 (9) 0.0085 (4) 1
P4 de 0.05978 (10) 0.19749 (8) 0.08731 (10) 0.0097 (4) 1
P5 de 0.06276 (10) 0.06004 (8) 0.44000 (10) 0.0105 (4) 1
P6 4e 0.06865 (10) 0.13087 (8) 0.26911 (10) 0.0116 (4) 1
p7 de 0.07594 (10) 0.46296 (8) 0.37115 (10) 0.0119 (4) 1
P8 de 0.07846 (10) 0.52716 (8) 0.78782 (10) 0.0098 (4) 1
P9 4e 0.08117 (10) 0.04650 (8) 0.11113 (10) 0.0105 (4) 1
P10 4e 0.08404 (10) 0.60512 (8) 0.62225 (10) 0.0106 (4) 1
P11 de 0.08853 (10) 0.54334 (8) 0.21086 (10) 0.0104 (4) 1
P12 de 0.08913 (10) 0.61637 (8) 0.38891 (10) 0.0105 (4) 1
P13 4e 0.10081 (10) 0.70438 (8) 0.22576 (10) 0.0098 (4) 1
P14 de 0.10573 (10) 0.63855 (9) 0.05724 (10) 0.0156 (4) 1
P15 de 0.10728 (10) 0.77224 (8) 0.40038 (10) 0.0115 (4) 1
P16 4e 0.21091 (10) 0.29997 (8) 0.40604 (10) 0.0111 (4) 1
P17 de 0.21337 (10) 036117 (8) 0.23933 (9) 0.0100 (4) 1
P18 de 0.21774 (10) 0.43154 (8) 0.08746 (10) 0.0119 (4) 1
P19 de 0.21979 (10) 0.27630 (8) 0.07612 (9) 0.0088 (4) 1
P20 4e 0.22641 (10) 0.21109 (8) 0.24893 (10) 0.0105 (4) 1
P21 de 0.22744 (10) 0.14589 (8) 0.42384 (10) 0.0093 (4) 1
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P22 4e 0.23206 (10) 0.82144 (8) 0.11358 (10) 0.0113 (4) 1
P23 4e 0.23235 (1) 0.12647 (8) 0.08648 (10) 0.0141 (4) 1
P24 4e 0.24023 (10) 0.52865 (8) 0.37062 (10) 0.0120 (4) 1
P25 4e 0.24607 (10) 0.05954 (8) 0.27299 (10) 0.0101 (4) 1
P26 4e 0.25028 (10) 0.52317 (8) 0.61460 (9) 0.0089 (4) 1
P27 4e 0.25173 (10) 0.61303 (9) 0.20326 (10) 0.0130 (4) 1
P28 4e 0.42123 (11) 0.45642 (8) 0.38215 (10) 0.0135 (4) 1
P29 4e 0.42443 (10) 0.05096 (8) 0.13224 (10) 0.0129 (4) 1
P30 4e 0.44436 (10) 0.37275 (8) 0.23081 (10) 0.0094 (4) 1
P31 4e 0.44894 (11) 0.31107 (8) 0.41121 (11) 0.0152 (4) 1
P32 4e 0.45026 (13) 0.43602 (9) 0.05848 (11) 0.0234 (5) 1
P33 4e 0.45901 (11) 0.15397 (8) 0.41492 (10) 0.0124 (4) 1
P34 4e 0.46174 (10) 0.27614 (8) 0.08455 (10) 0.0123 (4) 1
P35 4e 0.46362 (10) 0.21997 (8) 0.25527 (10) 0.0118 (4) 1
P36 4e 0.57883 (10) 0.02647 (8) 0.29780 (10) 0.0128 (4) 1
P37 4e 0.59681 (10) 0.10951 (8) 0.13809 (10) 0.0128 (4) 1
P38 4e 0.59978 (10) 0.46783 (8) 0.21074 (11) 0.0133 (4) 1
P39 4e 0.60104 (10) 0.39557 (8) 0.39182 (10) 0.0098 (4) 1
P40 4e 0.62070 (10) 0.30455 (8) 0.23249 (10) 0.0101 (4) 1
P41 4e 0.62233 (12) 0.36706 (10) 0.06104 (11) 0.0234 (5) 1
P42 4e 0.62357 (10) 0.23825 (8) 0.40919 (10) 0.0137 (4) 1
P43 4e 0.74562 (10) 0.18943 (8) 0.12546 (10) 0.0112 (4) 1
P44 4e 0.76399 (10) 0.48823 (8) 0.05891 (10) 0.0117 (4) 1
P45 4e 0.76724 (10) 0.39730 (8) 0.21428 (10) 0.0085 (4) 1
Sil 4e 0.01117 (10) 0.27316 (8) 0.13186 (10) 0.0088 (4) 1
Si2 4e 0.01202 (10) 0.14220 (9) 0.46790 (10) 0.0100 (4) 1
Si3 4e 0.01827 (10) 0.20960 (9) 0.30542 (10) 0.0101 (4) 1
Si4 4e 0.03003 (11) 0.05308 (9) 0.31959 (10) 0.0104 (4) 1
Si5 4e 0.03012 (10) 0.12333 (8) 0.14691 (11) 0.0101 (4) 1
Si6 4e 0.04200 (10) 0.52868 (8) 0.66480 (10) 0.0096 (4) 1
Si7 4e 0.12365 (10) 0.53941 (8) 0.33356 (10) 0.0093 (4) 1
Si8 4e 0.13538 (10) 0.62460 (9) 0.17537 (10) 0.0098 (4) 1
Si9 4e 0.13635 (10) 0.69416 (8) 0.34740 (10) 0.0091 (4) 1
Si10 4e 0.17152 (10) 0.35304 (8) 0.12048 (10) 0.0082 (4) 1

Sill 4e 0.17179 (10) 0.22445 (8) 0.45367 (10) 0.0089 (4) 1
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Sil12 4e 0.17239 (10) 0.28665 (8) 0.28746 (10) 0.0084 (4) 1
Si13 4e 0.18126 (11) 0.19865 (8) 0.12714 (10) 0.0096 (4) 1
Sil4 4e 0.18490 (10) 0.06703 (8) 0.46854 (10) 0.0092 (4) 1
Sil5 4e 0.19017 (11) 0.13606 (8) 0.30291 (10) 0.0100 (4) 1
Sil6 4e 0.20287 (10) 0.05641 (8) 0.15101 (10) 0.0089 (4) 1
Si17 4e 0.20364 (10) 0.59919 (8) 0.66226 (10) 0.0091 (4) 1
Si18 4e 0.28263 (10) 0.60654 (8) 0.32513 (10) 0.0097 (4) 1
Si19 4e 0.47969 (10) 0.45022 (8) 0.17799 (10) 0.0105 (4) 1
Si20 4e 0.47986 (10) 0.38363 (8) 0.35190 (10) 0.0091 (4) 1
Si21 4e 0.49953 (10) 0.29424 (8) 0.20154 (10) 0.0088 (4) 1
Si22 4e 0.50095 (11) 0.35295 (9) 0.03556 (10) 0.0115 (4) 1
Si23 4e 0.50282 (10) 0.23432 (9) 0.37560 (10) 0.0104 (4) 1
Si24 4e 0.54501 (10) 0.03195 (8) 0.17517 (10) 0.0103 (4) 1
Si25 4e 0.62693 (10) 0.47416 (9) 0.33374 (11) 0.0117 (4) 1
Si26 4e 0.64515 (10) 0.38579 (9) 0.17841 (11) 0.0118 (4) 1
Si27 4e 0.64830 (10) 0.31588 (8) 0.35388 (10) 0.0099 (4) 1
Si28 4e 0.79975 (10) 0.48338 (8) 0.17803 (10) 0.0091 (4) 1
Nal 4e 0.07943 (18) 0.41807 (14) 0.23327 (18) 0.0280 (8) 1
Na2 4e 0.0949 (2) 0.36334 (16) 0.4564 (2) 0.0437 (10) 1
Na3 4e 0.0961 (2) 0.77335 (17) 0.0458 (2) 0.0413 (10) 1
Nad 4e 0.0969 (4) 0.5110 (3) 0.0654 (3) 0.086 (3) 0.800 (13)
Na5 4e 0.0980 (2) 0.53262 (15) 0.50053 (18) 0.0463 (11) 1
Naé6 4e 0.10046 (19) 0.83248 (16) 0.2586 (2) 0.0408 (10) 1
Na7 4e 0.25194 (17) 0.73749 (14) 0.23042 (18) 0.0310 (8) 1
Na8 4e 0.2840 (3) 0.4096 (2) 0.4035 (4) 0.100 (2) 1
Na9 4e 0.2852 (3) 0.5481 (3) 0.0910 (3) 0.056 (2) 0.793 (12)
Nal0 4e 0.2957 (2) 0.47480 (17) 0.2446 (2) 0.0429 (10) 1
Nall 4e 0.34425 (16) 0.36148 (14) 0.08820 (17) 0.0252 (7) 1
Nal2 4e 0.34683 (16) 0.29341 (14) 0.27121 (19) 0.0289 (8) 1
Nal3 4e 0.35073 (16) 0.23080 (14) 0.44277 (18) 0.0261 (7) 1
Nald  4e 0.3680 (3) 0.0408 (3) 0.4160 (2) 0.103 (2) 1
Nal5 4e 0.3718 (3) 0.1792 (2) 0.1274 (3) 0.088 (3) 0.953 (14)
Nal6 4e 0.4355 (2) 0.09648 (16) 0.27678 (19) 0.0462 (11) 1
Nal7  4e 0.4749 (3) 0.1137 (4) 0.0232 (4) 0.133 (4) 0.905 (14)
Nal8 4e 0.5516 (3) 0.0560 (2) 0.4467 (3) 0.0531 (19) 0.868 (12)
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Nal9  d4e 0.5908 (2) 0.2239 (2) 0.0539 (2) 0.0579 (13) 1
Na20  d4e 0.5947 (5) 0.0273 (3) 0.0052 (3) 0.160 (4) 1
Na2l  4e 0.59964 (19) 0.16202 (17) 0.2787 (2) 0.0406 (10) 1
Na22  4e 0.7366 (2) 0.2933 (2) 0.0295 (3) 0.0667 (14) 1
Na23  d4e 0.74298 (19) 0.11380 (15) 0.00752 (16) 0.0316 (8) 1
Na24  d4e 0.8864 (4) 0.4058 (4) 0.0773 (4) 0.092 (4) 0.680 (13)

Table B4 Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for

Nay3Sis;Ps7.
Atom Wyckoff Symbol x y z Ueq/ A Occ.
P1 8f 0.01693 (3) 0.15717 (5) 0.11897 (5) 0.01517 (17) 1
P2 8f 0.04189 (3) 0.42413 (5) 0.22558 (5) 0.01250 (16) 1
P3 8f 0.05413 (3) 0.12541 (5) 0.57707 (5) 0.01111 (16) 1
P4 8f 0.06201 (3) 0.30447 (5) 0.45991 (5) 0.01124 (16) 1
P5 8f 0.07898 (3) 0.16570 (5) 0.32672 (5) 0.01306 (17) 1
P6 8f 0.12913 (3) 0.40501 (5) 0.17870 (5) 0.01371 (17) 1
p7 8f 0.13552 (3) 0.03067 (5) 0.12583 (5) 0.01409 (17) 1
P8 8f 0.13989 (3) 0.54150 (5) 0.04112 (5) 0.01090 (15) 1
P9 8f 0.14781 (3) 0.14320 (5) 0.51777 (5) 0.01174 (16) 1
P10 8f 0.15507 (3) 0.31414 (5) 0.40911 (5) 0.01427 (17) 1
P11 8f 0.19849 (3) 0.04481 (5) 0.31944 (5) 0.00961 (15) 1
P12 8f 0.20089 (3) 0.21504 (5) 0.20782 (5) 0.01607 (18) 1
P13 8f 0.21270 (3) 0.38816 (5) 0.10741 (5) 0.00995 (15) 1
P14 8f 0.26952 (3) 0.03842 (5) 0.51590 (5) 0.01371 (17) 1
P15 8f 0.27351 (3) 0.20265 (5) 0.39862 (5) 0.01146 (16) 1
P16 8f 0.28048 (3) 0.37781 (5) 0.29646 (5) 0.01063 (15) 1
P17 8f 0.28532 (3) 0.05426 (5) 0.25675 (5) 0.01168 (16) 1
P18 8f 0.29100 (3) 0.22954 (5) 0.15188 (5) 0.01225 (16) 1
P19 8f 0.30316 (3) 0.39313 (5) 0.04463 (5) 0.01337 (17) 1
P20 8f 0.36481 (3) 0.21687 (5) 0.34297 (5) 0.01444 (17) 1
P21 8f 0.37467 (3) 0.07657 (5) 0.20201 (5) 0.01214 (16) 1
P22 8f 0.37472 (3) 0.39257 (5) 0.23414 (5) 0.01053 (15) 1
P23 8f 0.38392 (3) 0.25129 (5) 0.09558 (5) 0.01484 (17) 1
P24 8f 0.43493 (3) 0.49417 (5) 0.06067 (5) 0.01295 (16) 1

P25 8f 0.45776 (3) 0.24491 (5) 0.28523 (5) 0.01070 (16) 1
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P26 8f 0.46157 (2) 0.08715 (5) 0.15020 (5) 0.00935 (15) 1
P27 8f 0.47103 (3) 0.22644 (6) 0.02029 (5) 0.01629 (18) 1
P28 8f 0.55020 (3) 0.06558 (5) 0.09656 (5) 0.01077 (15) 1
P29 4e 0.0000 0.00960 (7) 0.2500 0.0117 (2) 1
Sil 8f 0.01909 (3) 0.21413 (5) 0.48636 (5) 0.01033 (17) 1
Si2 8f 0.03180 (3) 0.08765 (5) 0.35114 (5) 0.01087 (17) 1
Si3 8f 0.08869 (3) 0.49821 (5) 0.20108 (5) 0.00987 (16) 1
Si4 8f 0.10159 (3) 0.06058 (5) 0.54088 (5) 0.01053 (17) 1
Si5 8f 0.10984 (3) 0.23162 (5) 0.43004 (5) 0.01066 (17) 1
Si6 8f 0.17461 (3) 0.47570 (5) 0.14800 (5) 0.01056 (17) 1
Si7 8f 0.24204 (3) 0.13244 (5) 0.29262 (5) 0.01021 (17) 1
Si8 8f 0.24838 (3) 0.29941 (5) 0.19697 (5) 0.01021 (17) 1
$i9 8f 0.26161 (3) 0.46607 (5) 0.08426 (5) 0.00984 (16) 1
Sil10 8f 0.31321 (3) 0.11788 (5) 0.48831 (5) 0.01067 (17) 1
Sil1 8f 0.31922 (3) 0.28811 (5) 0.37891 (5) 0.01162 (17) 1
Si12 8f 0.32953 (3) 0.45776 (5) 0.27655 (5) 0.00987 (16) 1
Sil3 8f 0.32976 (3) 0.14542 (6) 0.24110 (6) 0.01592 (19) 1
Sil4 8f 0.33913 (3) 0.31402 (5) 0.13598 (5) 0.01091 (17) 1
Sil5 8f 0.40218 (3) 0.13296 (5) 0.43502 (5) 0.01084 (17) 1
Si16 8f 0.41004 (3) 0.30473 (5) 0.32247 (5) 0.01046 (17) 1
Si17 8f 0.41922 (3) 0.16965 (5) 0.18642 (5) 0.01036 (17) 1
Si18 8f 0.50871 (3) 0.16094 (5) 0.12029 (5) 0.00958 (16) 1
Si19 4e 0.0000 0.51187 (7) 0.2500 0.0090 (2) 1
Nal 8f 0.01769 (9) 0.40109 (14) 0.06994 (12) 0.0668 (8) 1
Na2 8f 0.07005 (6) 0.03221 (12) 0.19818 (12) 0.0431 (5) 1
Na3 8f 0.09140 (6) 0.43808 (11) 0.37815 (10) 0.0370 (4) 1
Nad 8f 0.10071 (18) 0.1613 (3) 0.0268 (2) 0.0661 (19) 0.512 (6)
Na5 8f 0.10649 (19) 0.2521 (2) 0.2278 (2) 0.159 (2) 1
Na6 8f 0.11016 (16) 0.3703 (3) 0.0134 (3) 0.0234 (15) 0.311 (5)
Na7 8f 0.13314 (6) 0.01924 (11) 0.39139 (10) 0.0325 (4) 1
Na$ 8f 0.19901 (7) 0.3849 (2) 0.32441 (13) 0.0879 (11) 1
Na9 8f 0.21036 (8) 0.17317 (14) 0.45686 (16) 0.0338 (9) 0.681 (6)
Nal0 8f 0.21516 (7) 0.0676 (2) 0.10465 (12) 0.0798 (10) 1
Nall 8f 0.2289 (2) 0.2790 (3) 0.0011 (3) 0.0491 (19) 0.373 (5)
Nal2 8f 0.31971 (17) 0.1162 (3) 0.0490 (2) 0.0825 (19) 0.627 (5)
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Nal3  8f 0.46411 (7) 0.35697 (12) 0.15271 (14) 0.0580 (7) 1
Nald  4e 0.0000 0.26391 (16) 0.2500 0.0526 (9) 1
Nal5  4a 0.0000 0.0000 0.0000 0.0602 (10) 1

Table B5 Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for

LT—NaSi2P3.

Atom  Wyckoff Symbol x y z Uey/ B2 Occ.
P1 16f 0.00325 (3) 0.01532 (3) 0.37758 (2) 0.01224 (11) 1
P2 16f 0.00358 (3) 0.38033 (3) 0.54724 (2) 0.00993 (10) 1
P3 16f 0.00721 (3) 0.03856 (3) 0.23647 (2) 0.00943 (10) 1
P4 16f 0.01871 (3) 0.04359 (3) 0.08615 (2) 0.00902 (10) 1
P5 16f 0.03762 (3) 0.16844 (3) 031112 (2) 0.01389 (11) 1
P6 16f 0.04085 (3) 0.17886 (3) 0.15817 (2) 0.00933 (10) 1
P7 16f 0.05092 (3) 0.16632 (3) 0.01303 (2) 0.00940 (10) 1
P8 16f 0.13319 (3) 0.12702 (3) 0.47610 (2) 0.00870 (10) 1
P9 16f 0.13438 (3) 0.11468 (3) 0.62674 (2) 0.00955 (10) 1
P10 16f 0.13934 (3) 0.25710 (3) 0.54859 (2) 0.00930 (10) 1
P11 16f 0.14063 (3) 0.01387 (3) 0.30778 (2) 0.00861 (10) 1
P12 16f 0.14527 (3) 0.01024 (3) 0.15893 (2) 0.01001 (10) 1
P13 16f 0.17502 (3) 0.14498 (3) 0.23887 (2) 0.01132 (11) 1
P14 16f 0.17546 (3) 0.13397 (3) 0.08557 (2) 0.00946 (10) 1
P15 16f 0.25992 (3) 0.52668 (3) 0.01774 (2) 0.01302 (11) 1
P16 16f 030116 (3) 0.11249 (3) 0.16167 (2) 0.01190 (11) 1
P17 16f 033771 (3) 0.23282 (3) 0.09083 (2) 0.01218 (11) 1
P18 16f 0.38099 (3) 0.01062 (3) 0.04924 (2) 0.01225 (11) 1
P19 8e 0.0000 0.2500 0.47272 (2) 0.01457 (16) 1
P20 4b 0.0000 0.2500 0.6250 0.0099 (2) 1
sil 16f 0.06067 (3) 0.05602 (3) 0.58814 (2) 0.00907 (11) 1
si2 16f 0.06513 (3) 0.19330 (3) 0.51356 (2) 0.00877 (11) 1
Si3 16f 0.06841 (3) 031626 (3) 058676 (2) 0.00822 (10) 1
Si4 16f 0.08716 (3) 0.09475 (3) 027131 (2) 0.00936 (11) 1
Si5 16f 0.09351 (3) 0.09493 (3) 0.12600 (2) 0.00871 (11) 1
Si6 16f 0.12232 (3) 0.21737 (3) 0.19787 (2) 0.00885 (11) 1
Si7 16f 0.12669 (3) 0.21960 (3) 0.05214 (2) 0.00849 (11) 1

Si8 16f 0.19079 (3) 0.05443 (3) 0.51645 (2) 0.00890 (11) 1
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Si9 16f 0.19761 (3) 0.18680 (3) 0.58965 (2) 0.00892 (11) 1

Si10 16f 0.22072 (3) 0.06613 (3) 0.19805 (2) 0.01003 (11) 1

Sill 16f 0.25150 (3) 0.18830 (3) 0.12403 (2) 0.00894 (11) 1

Si12 16f 0.28548 (3) 0.30974 (3) 0.05497 (2) 0.00886 (11) 1

Sil3 8e 0.0000 0.2500 0.27198 (2) 0.00908 (15) 1

Nal 16f 0.0250 (4) 0.0138 (3) 0.4822 (2) 0.102 (4) 0.242 (3)
Na2 16f 0.0430 (7) 0.1622 (3) 0.39636 (12) 0.075 (5) 0.422 (17)
Na3 16f 0.0957 (10) 0.1333 (7) 0.3854 (3) 0.089 (7) 0.272 (13)
Na4 16f 0.1384 (2) 0.0420 (2) 0.02678 (14) 0.0406 (18) 0.254 (4)
Na5 16f 0.15773 (7) 0.25349 (7) 0.30840 (5) 0.0626 (5) 1

Na6 16f 0.26924 (6) 0.01225 (6) 0.10398 (4) 0.0406 (3) 1

Na7 16f 0.35642 (13) 0.14604 (7) 0.02307 (4) 0.1003 (8) 1

Na8 16f 0.38552 (13) 0.50341 (10) 0.06227 (8) 0.1031 (13) 0.758 (3)
Na9 16f 0.41983 (6) 0.05155 (8) 0.19151 (4) 0.0545 (4) 1

Nal0 16f 0.4789 (9) 0.1597 (6) 0.1019 (3) 0.130 (6) 0.300 (11)

Table B6 Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for

HT-NaSi,Ps.
Atom  Wryckoff Symbol X y z Uey/ A? Occ.
P1 32¢ 0.03874 (4) 0.06180 (4) 0.15553 (2) 0.0178 (2) 1
P2 32¢ 0.03979 (4) 0.05999 (4) 0.27855 (2) 0.01323 (19) 1
P3 32¢ 0.05032 (4) 0.19243 (4) 0.34671 (2) 0.01272 (18) 1
P4 32¢ 0.06298 (4) 0.19718 (4) 0.03587 (2) 0.0180 (2) 1
P5 32¢ 0.06831 (4) 0.31159 (4) 0.27854 (2) 0.01276 (18) 1
P6 32¢ 0.17881 (4) 0.18301 (4) 0.27740 (2) 0.01355 (18) 1
p7 32g 0.18592 (4) 0.08157 (4) 0.03437 (2) 0.01254 (18) 1
P8 32¢ 0.19673 (4) 0.32806 (4) 0.15752 (2) 0.01589 (19) 1
P9 32¢ 0.29607 (4) 0.05675 (4) 0.28044 (2) 0.01653 (19) 1
P10 32¢ 0.30377 (4) 0.07723 (4) 0.09519 (2) 0.01317 (18) 1
P11 32¢ 0.31183 (4) 0.19693 (4) 0.15923 (2) 0.01251 (18) 1
P12 32¢ 0.42365 (4) 0.06857 (4) 0.15775 (2) 0.01241 (18) 1
sil 32¢ 0.11182 (4) 0.12280 (4) 0.37412 (2) 0.01161 (19) 1
si2 32¢ 0.11842 (4) 0.24176 (4) 031211 (2) 0.01186 (19) 1
Si3 32¢ 0.12577 (4) 0.14470 (4) 0.00126 (2) 0.01303 (19) 1
Si4 32 0.25008 (4) 0.14925 (4) 0.06338 (2) 0.01259 (19) 1
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Si5 32¢g 0.25633 (4) 0.26490 (4) 0.12595 (2) 0.01227 (19) 1
Si6 32¢ 0.36738 (4) 0.01595 (4) 0.06165 (2) 0.01337 (19) 1
Si7 32¢ 0.37964 (4) 0.25719 (4) 0.06314 (2) 0.01160 (19) 1
Si8 16e 0.22772 (6) 0.0000 0.2500 0.0145 (3) 1
Si9 16d 0.0000 0.2500 0.00172 (3) 0.0127 (2) 1
Nal 32¢ 0.0206 (6) 0.0618 (3) 0.0435 (3) 0.093 (4) 0.532 (15)
Na2 32¢ 0.1568 (5) 0.0699 (5) 0.1127 (2) 0.093 (5) 0.323 (7)
Na3 32¢g 0.1634 (2) 0.30810 (16) 0.04093 (11) 0.1387 (19) 1
Na4 32¢ 0.1716 (4) 0.2749 (6) 0.2217 (2) 0.076 (4) 0.456 (15)
Na5 32¢g 0.3155 (2) 0.0374 (2) 0.36036 (12) 0.0614 (13) 0.5
Na6 32¢g 0.31554 (16) 0.08682 (16) 0.20814 (9) 0.0586 (12) 0.688 (7)
Na7 16f 0.0467 (6) 0.2967 (6) 0.1250 0.190 (11) 0.423 (14)
Na8 16f 0.4384 (4) 0.6884 (4) 0.1250 0.229 (10) 0.577 (14)

B.3  Structural Details on Supertetrahedral Sodium Phosphidosilicates

Figure B1 Building units of NajoSi;3P2s consisting of

T3 supertetrahedral clusters and SizPs entities. Three
SisPs units are connected with a T3 tetrahedron by
common vertices. The forth supertetrahedral vertex
is linked to another Si;Ps entity by one P-P single
bond (left). The connection of four T3 tetrahedra to

one SizPs unit is similar (right).

Figure B2 Two different ring motives formed of
alternating building units in NajoSiisPas. (left) Six-
membered ring with four vertex and two
homonuclear P-P single bond condensations.

(right) All vertex shared six-membered ring.
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Figure B3 Two different interpenetration modes of
symmetrically equivalent networks in NajoSiisPas.
Ring a (Fig. B2) is interpenetrated by ring b (Fig. B2)
(left) and a homo-interpenetration of ring a (Fig. B2)

can be observed (right).

Figure B5 Supertetrahedral building unit of
NaysSioPss. A T3 cluster is vertex shared with three
other T3 entities and fused with another T3

supertetrahedron by one common SiP, unit.

Figure B7 Two different interpenetration modes of
symmetrically equivalent networks in Nay;SiioPss.
Ring a (Fig. B6) is interpenetrated by ring b (Fig. B6)
(left) and a homo-interpenetration of ring b (Fig. B6)

can be observed (right).

Figure B4 Topology of the two interpenetrating
sphalerite-like networks. Nodes represent the

centers of gravity of respective building units.

Figure B6 Two different ring motives formed by T3
clusters in Nay;SijoPss. (a) All vertex shared six-
membered ring. (b) Six-membered ring consisting of
T3 entities with four common vertices and two

fusions.

Figure B8 Topology of the two interpenetrating
diamond-like networks. Nodes represent the centers

of gravity of the T3 supertetrahedra.
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Figure B9 Basic building units of Na,3Si,sP4s consisting of T3 and T4 clusters. Every T3 entity is connected to one
T4 and two T3 entities by common vertices and fused with one T4 tetrahedron (left). Every T4 cluster is fused with

two other T4 and one T3 entity and vertex shared with one T3 cluster (right).

Figure B10 Four different six-membered ring motives are formed by T3 and T4 clusters in Nay3SixsPss. (top, left)
Three sequent T3 entities are vertex shared and three T4 clusters are fused likewise. T3 and T4 entities are
condensed by common vertices. (top, right) Ring derived from ring a by replacing vertex condensation between
T3 and T4 supertetrahedra by fusion. (bottom, left) Two double units of fused T4 clusters which are turned by two
T3 tetrahedra by two common vertices and two fusions into a ring motive. (bottom, right) Ring consisting of two

double units of vertex shared T3 entities, which are twice fused and twice vertex shared with two T4 clusters.
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Figure B11 Six different interpenetration modes of symmetrically equivalent networks in Nay;SizsPus.
Entanglement of rings a and d (top, left), rings b and d (top, middle), rings a and b (top, right), rings c and b
(bottom, left), rings ¢ and d (bottom middle) and a and ¢ (bottom, right). No homo-interpenetration of one ring

can be observed.

Fad

Figure B12 Topology of the two interpenetrating symmetrically equivalent networks, which are a hierarchically
combination of the diamond- and the sphalerite-type structure. Nodes represent the centers of gravity of the T3
and T4 supertetrahedra.

Figure B13 Supertetrahedral building unit of Figure B14 Two different ring motives formed by T4
Nay;SizsPs7. A T4 cluster is fused with three other T4 clusters in Nay;Sis;Ps;. (a) All fused six-membered
entities by one common SiP4 unit and vertex shared ring. (b) Six-membered ring consisting of T4 entities

with another T4 supertetrahedron. with two common vertices and four fusions.
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Figure B15 Two different interpenetration modes of
symmetrically equivalent networks in Na;SisPs;.
Ring a is interpenetrated by ring b (left) and a homo-

interpenetration of ring b can be observed (right).

Figure B16 Topology of the two interpenetrating
diamond-like networks of NaySiz;Ps;.  Nodes
represent the centers of gravity of the T4

supertetrahedra.

Figure B17 Building units of LT-NaSi,P; consisting
of T4 and T5 supertetrahedral clusters. Every T4
supertetrahedron is fused with four T5 entities by
one common SiP, tetrahedron (left) and vice versa

(right).
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Figure B19 Building unit of HT-NaSi,P; consisting
of solely T5 supertetrahedral clusters. Every T5
supertetrahedron is fused with four other T5 entities
by one common SiP, tetrahedron (left). T5 cluster
with one missing silicon core, depicted as blue
tetrahedron (right, top layer is not displayed due to a

better view).

Figure B18 Six-membered ring motive of alternating
T4 and T5 clusters connected by fusion the whole
structure can be described with in LT-NaSi,P; (left).
Only one single interpenetration mode is existent

(right).

Figure B20 Six-membered ring motive of all-fused

T5 supertetrahedra the whole structure can be
described with in HT-NaSi,Ps (left). Only one single

interpenetration mode is existent (right).
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Figure B21 Topology of the two interpenetrating Figure B22 Topology of the two interpenetrating
sphalerite-like networks of LT-NaSi,P;. Nodes diamond-like networks of HT-NaSi,P;. Nodes
represent the centers of gravity of the T4 and T5 represent the centers of gravity of the T5
supertetrahedra. supertetrahedra.

B.4 Powder Refinements of Supertetrahedral Sodium Phosphidosilicates
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Figure B23 Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot

(grey) of the Rietveld refinement of NajoSii3Pas.
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Figure B24 Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot

(grey) of the Rietveld refinement of Na,3Si1oP3s. Peak positions are illustrated by vertical blue bars.
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Figure B25 Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot

(grey) of the Rietveld refinement of Nay3Si,sPss. Peak positions are illustrated by vertical blue bars.
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Figure B26 Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot

(grey) of the Rietveld refinement of Na,3Sis;Ps;. Peak positions are illustrated by vertical blue bars.
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Figure B27 Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot

(grey) of the Rietveld refinement of LT-NaSi,Ps. Peak positions are illustrated by vertical blue bars.
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Figure B28 Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot
(grey) of the Rietveld refinement of HT-NaSi,Ps. Peak positions are illustrated by vertical blue bars. Asterisked
peaks represent LT-NaSi,Ps as side phase (4.38 wt%).

B.5 Solid-State MAS-NMR of Supertetrahedral Sodium Phosphidosilicates

N
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Figure B29 (left) Si MAS NMR spectrum of NaysSiisP2s with abroad resonance between & = -23.39 and -13.34
ppm (vo = 10 kHz). (right) *P MAS NMR spectrum of Na;oSi13P»s with broad resonances between § = -263.69 and
-229.74 ppm, -175.16 and -163.05 ppm and -139.12 and -48.58 ppm (v, = 50 kHz). If the signal between § =-175.16
and -163.05 is assigned to one phosphorus site then the integration of all signals yields 24 crystallographic P sites
(25 cryst. distinct sites for P).
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Figure B30 (left) Si MAS NMR spectrum of Nay;SijoPs; with a broad resonance at § = -13.68 ppm (v = 10 kHz).
(right) P MAS NMR spectrum of Na,3SisP3; with resonances at § = -247.00, -242.77, -213.04, -106.03, -102.43, -
94.01, -89.47, -84.21, -80.66, -78.07, -72.67 ppm (v = 12.5 kHz). If the signal at § = -247.00 ppm is assigned to one
phosphorus site then the integration of all signals yields 17.5 crystallographic P sites (16.5 cryst. different sites for

P). Rotational sidebands are marked with asterisks.
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Figure B31 (left) Si MAS NMR spectrum of Nay;Si»sP4s with broad resonances at 6 = -31.58, -25.39, -20.69, -14.14
and -9.14 ppm (vo = 10 kHz). (right) *'P MAS NMR spectrum of Na,3Si»sPss with resonances at § = -346.71, -241.78,
-234.08, -212.86, -180.34, -168.41, -161.90, -157.25, -144.63, -131.30, -117.86, -96.13, -88.53, -74.22, -61.65, -42.84
and -31.43 ppm (v, = 50 kHz). If the signal at § = -31.43 ppm is assigned to one phosphorus site then the integration
of all signals yields in 48 crystallographic P sites (45 cryst. different sites for P).
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Figure B32 (left) *Si MAS NMR spectrum of Nay3Sis;Ps; with a broad resonance between 8 = -38.49 and -9.49 ppm
(vo=10kHz). Additional small resonances at § = -81.74 and -0.52 ppm are assigned to small amounts of impurities.
(right) *'P MAS NMR spectrum of Na,;SisPs; with resonances at § = -347.91, -179.58, -172.53, -165.94, -147.11, -
136.25, -124.89, -111.70, -105.23, -95.45, -74.33, -69.51 and -59.66 ppm (v, = 50 kHz). If the signal at § = -347.91
ppm is assigned to one phosphorus site then the integration of all signals yields in 30.5 crystallographic P sites
(desired value 28.5 sites for P). Resonances at § = -296.03, -247.70, -240.51 and -227.45 ppm are assigned to small
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Figure B33 (left) Si MAS NMR spectrum of LT-NaSi,Ps with broad resonances at § = -33.34, -24.17, -19.95 and
-11.47 ppm (v, = 10 kHz). (right) *'P MAS NMR spectrum of LT-NaSi,P; with resonances at § = -296.09, -247.76,
-240.60, -227.41, -177.38, -171.35, -158.12, -149.77, -146.68, -142.71, -135.85, -124.97, -118.57, -110.42, -92.69, -
87.18, -77.51, -68.64 and -54.39 ppm (v, = 50 kHz). If the signal at § = -296.09 ppm is assigned to one phosphorus
site then the integration of all signals yields in 19 crystallographic P sites (18.75 cryst. different sites for P). The

resonance at § = -337.34 ppm is assigned to a small amount of impurity.
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Figure B34 (left) Si MAS NMR spectrum of HT-NaSi,P; with broad resonances at 6 = -37.09, -32.82, -27.71, -
15.87 and -11.10 ppm (vo = 10 kHz). (right) *'P MAS NMR spectrum of LT-NaSi,Ps with resonances at § = -302.12,
-233.12, -239.38, -140.06, -135.98, -130.59, -73.33, -65.68, -58.52 ppm (v = 14 kHz). If the signal at § = -302.12
ppm is assigned to one phosphorus site then the integration of all signals yields in 12 crystallographic P sites (12

cryst. different sites for P). Rotational sidebands are marked with asterisks.
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Figure B35 Na-NMR spectra at the indicated temperatures of LT-NaSi,P; (left) and HT-NaSi,P; (right).
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B.6 EDX Measurements of Supertetrahedral Sodium Phosphidosilicate

2818
SE MAG: 1995 x HV: 20,0 kV WD: 9,1 mm Px: 0,16 pm

Figure B36 Scanning electron micrograph of

NajoSiisPos.

Table B7 EDX elemental analysis of NajoSisPos.
Average of eight measuring points of a
polycrystalline sample. Signals of oxygen were not

taken into account due to hydrolysis by contact with

air.
Na Si p
EDX point 1/ atom% 31.98 2416  43.86
EDX point 2 / atom% 33.05  21.13 4582
EDX point 3 / atom% 3310 22.03  44.88
EDX point 4 / atom% 3336  21.33 4530
EDX point 5/ atom% 33.04 2351 43.44
EDX point 6 / atom% 3345 2519  41.36
EDX point 7 / atom% 34.64 2394 4142
EDX point 8 / atom% 33.18 2224 44.58
Average / atom% 33.23 2294 43.83
Calculated / atom% 33.33 2281 43.86

1875
SE MAG: 17617 x HV: 13,0 kV WD: 9,6 mm Px: 18 nm

Figure B37 Scanning electron micrograph of

Nazasil9P33-

Table B8 EDX elemental analysis of Nay;SijoPss.
Average of eight measuring points of a
polycrystalline sample. Signals of oxygen were not

taken into account due to hydrolysis by contact with

air.
Na Si P
EDX point 1 / atom% 30.74 2377 4549
EDX point 2 / atom% 30.68 23.65  45.67
EDX point 3 / atom% 29.01 26.13  44.86
EDX point 4 / atom% 30.33 2510  44.57
EDX point 5 / atom% 29.27 2581  44.92
EDX point 6 / atom% 2990 2683  43.27
EDX point 7 / atom% 30.71 2642  42.87
EDX point 8 / atom% 29.58 2552 44.89
Average / atom% 30.03 25.40 44.57

Calculated / atom% 30.66 2533 44.00
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1872
SE MAG: 2817 x HV: 13,0 kV WD: 9,6 mm Px: 0,11 pym

Figure B38 Scanning electron micrograph of

NaysSizsPas.

Table B9 EDX elemental analysis of NapsSixsPas.
Average of eight measuring points of a
polycrystalline sample. Signals of oxygen were not

taken into account due to hydrolysis by contact with

air.
Na Si P
EDX point 1 / atom% 24.47 2811 4742
EDX point 2 / atom% 22.89 3050  46.62
EDX point 3 / atom% 2523  28.69  46.08
EDX point 4 / atom% 24.88 2780  47.32
EDX point 5 / atom% 21.46  30.51  48.04
EDX point 6 / atom% 2505 28.64  46.31
EDX point 7 / atom% 23.03  30.34  46.63
EDX point 8 / atom% 2246 3072 46.82
Average / atom% 23.68 29.41 4691

Calculated / atom% 2396 29.17 46.88

3009
SE MAG: 3276 x HV: 12,0 kV WD: 9,7 mm Px: 98 nm

Figure B39 Scanning electron micrograph of

Nay3Sis;Pss.

Table B10 EDX elemental analysis of NaysSis;Pss.
Average of eight measuring points of a
polycrystalline sample. Signals of oxygen were not

taken into account due to hydrolysis by contact with

air.
Na Si P
EDX point 1 / atom% 17.68 33.63  48.69
EDX point 2 / atom% 19.55 3222 48.22
EDX point 3 / atom% 19.60 3194 4847
EDX point 4 / atom% 20.18 31.59  48.23
EDX point 5 / atom% 20.67 31.19  48.14
EDX point 6 / atom% 19.78 31.77  48.46
EDX point 7 / atom% 18.99 31.67  49.35
EDX point 8 / atom% 1929  31.15  49.56
Average / atom% 19.47 31.89 48.64
Calculated / atom% 19.66 31.62 48.72
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2856
SE MAG: 4131 x HV: 12,0 kV WD: 9,1 mm Px: 77 nm
Figure B40 Scanning electron micrograph of LT-

NaSizP3.

Table B11 EDX elemental analysis of LT-NaSi;Ps.
Average of eight measuring points of a
polycrystalline sample. Signals of oxygen were not

taken into account due to hydrolysis by contact with

air.
Na Si p
EDX point 1/ atom% 16.65 3590  47.46
EDX point 2 / atom% 17.31  33.11 49.57
EDX point 3 / atom% 17.21 3286  49.92
EDX point 4 / atom% 15.67  34.87  49.46
EDX point 5/ atom% 1746  32.85 49.69
EDX point 6 / atom% 1701  33.06  49.94
EDX point 7 / atom% 18.09 3329  48.62
EDX point 8 / atom% 16.71 3435  48.94
Average / atom% 17.01 33,79 49.20

Calculated / atom% 16.67 3333 50.00

3002
SE MAG: 1436 x HV: 12,0 kV WD: 9,1 mm Px: 0,22 ym

Figure B41 Scanning electron micrograph of HT-

NaSi,Ps.

Table B12 EDX elemental analysis of HT-NaSi;Ps.
Average of eight measuring points of a
polycrystalline sample. Signals of oxygen were not

taken into account due to hydrolysis by contact with

air.
Na Si p
EDX point 1/ atom% 14.79 3434  50.87
EDX point 2 / atom% 1538 3447  50.14
EDX point 3 / atom% 1518 3437 5045
EDX point 4 / atom% 1597 3377  50.26
EDX point 5 / atom% 1512 34.02  50.86
EDX point 6 / atom% 15.08 3379 51.13
EDX point 7 / atom% 14.66 3446  50.88
EDX point 8 / atom% 16.16 3399  49.86
Average / atom% 15.29 34.15 50.56
Calculated / atom% 16.67 33.33  50.00
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B.7 Geometrical Sodium Pathway Analysis

Figure B42 Calculated possible sodium ion Figure B43  Calculated possible ~sodium —ion
pathways according to the voids in the structure of
Nay;SioPss. View along [112] (top, left), [1-12] (top,

right), [1-10] (bottom, left) and [110] (bottom,

pathways according to the voids in the structure of
NayoSiisPas. View along [100] (top, left), [010] (top,

right), [001] (bottom, left) and [111] (bottom, right).
right).

Figure B44 Calculated possible sodium ion Figure B45 Calculated possible sodium ion

pathways according to the voids in the structure of
Nay3SizsPys. View along [11-1] (top, left), [-111] (top,
right), [100] (bottom, left) and [001] (bottom, right).

pathways according to the voids in the structure of
Nay;Sis7Ps;. View along [112] (top, left), [1-12] (top,

right), [1-10] (bottom, left) and [110] (bottom).
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Figure B46 Calculated possible sodium ion
pathways according to the voids in the structure of
LT-NaSi,Ps. View along [111] (top, left), [-111] (top,
right), [11-1] (bottom, left) and [1-11] (bottom,
right).

Figure B47 Calculated possible sodium ion

pathways according to the voids in the structure of
HT-NaSi,Ps. View along [111] (top, left), [-111] (top,
right), [11-1] (bottom, left) and [1-11] (bottom,
right)

B.8 Details on Electrical Conductivity Measurements

To determine the electronic conductivities and ionic transference numbers, DC galvanostatic

polarization measurements with ion-blocking electrodes (Indium metal) were conducted on all samples.

No reactions between In and the samples were observed under these conditions. A current of 10 nA was

always turned on between 1000-1500 s (each data point was collected in an interval of 0.1 s). Therefore,

the samples except the T3T4 sample did not reach a steady state and the estimation of the electronic

conductivity represents an upper limit. From the polarization in the EIS measurements it is clear that

ions are the majority charge carrier in these systems. According to Maier,"? the processes in an ionically

and electronically conducting sample between two ion blocking electrodes can be described with the

simplified equivalent circuit model in Figure B48 as parallel arrangement of electrical Reon and ionic

resistance Rion with the bulk capacitor Cpux and the ion blocking capacitor Cpiock.



157 B Appendix — Supporting Information for Chapter 3

cblo:k

Figure B48 Equivalent circuit model of an ionic and electronic conducting sample between two ion blocking

electrodes.

The initial sharp IR-drop in the DC polarization experiment after turning on the current contains the

total resistance of the sample (Viz=IR,.). The total resistance R, includes Ri,» and R.,,in parallel:

rL_1 1
Rtot Reon Rion

(1)

After a long time of current flow the saturation voltage V,, which can be assigned to the electronic
resistance (V;=IR.on), is obtained. With the value for R, the ionic resistance R;,, can be calculated from
Ri. But this methods exhibits some problems for materials with high ionic conducitivity, because the
resistance of the IR-drop measured after an interval time of 0.1 s is equivalent with the impedance at a
frequency of 10 Hz and thus includes grain boundary contributions and polarization effects. For the fast
ionic conductors (T3, T4T4, T4T5, T5T5), the ionic conductivity was approximated by the value
obtained by EIS at room temperature. This allows the determination of the ionic transference numbers
t;, which depends on the ionic (o) and electronic (0.») conductivity of all samples according to the

following equation:

Ojon

' Cion T Oeon ( )
For a good ionic conductor, the transference number is ideally as close as possible to 1.0. If #; is much

greater than zero, but much smaller than one, a material is considered to be a mixed conductor.

The DC measurements of all samples are shown in Figure S48 and the electronic conductivity and ionic
transference number for each compound is listed in Table B13. All samples except T3T3 (#=0.6507),
show a transference number that is close to 1. The sample T3T3 shows the behavior of a mixed ionic-

electronic conductor because of its relatively low ionic conductivity.
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Figure B49 Plots of DC galvanostatic polarization measurements at RT with a current of 10 nA turned on between

1000-1500 s. The DC measurements were conducted with the same samples right after the EIS measurements.

Table B13 Results of DC galvanostatic polarization measurements including ionic transference number and

upper limit of electronic conductivity.

Sample Geon/ Scm™ [

T3 1.5-107 0.9851
T3T3 1.4:108 0.6507
T3T4 2.7-108 0.9868
T4T4 8.2:10” 0.9967
T4T5 1.3:10°% 0.9746
T5T5 3.2-108 0.9993

Temperature dependent EIS and and equivalent circuit modelling of T3, T3T3, T3T4, T4T4, T4T5,

T5T5. The representative impedance spectra of the samples NaioSiisP2s (T3), NazsSioPss (T3T3),
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NaysSizsPus (T3T4), NansSis;Ps; (T4T4) LT-NaSi,Ps (T4T5) and HT-NaSi,Ps (T5T5) in Figure
B50-S55 contain one to two semicircles at high frequencies and a spike at low frequencies. In
general, the semicircles can be attributed to bulk or to grain boundary conductivity. In the
simplest case, the impedance of one semicircle can be described with an equivalent circuit
model containing a parallel arrangement of a resistor R and a capacitor C resembling the
capacitive and conductive behavior of a solid electrolyte.** If the semicircles are depressed, the
capacitor can be replaced by a constant phase element (CPE). This element takes a dispersion
of relaxations times (7=1/RC) caused for instance by surface roughness of the sample or
electrodes or non-uniform current distribution into consideration.! If the CPE is placed in
parallel to a resistance, an effective capacitance C,scan be calculated from the fitted values of Q,

R and the factor « by:"!

1
eff = % ®)
At low frequencies the spectra show a capacitive spike in the pF range due to the accumulation of Na*-
ions at the interface between pellet and metal electrode. This polarization is a typical characteristic of a
solid ionic conductor and can be modeled by a capacitor or CPE in series to the RC-element.'**! By
estimating the intersection of the semicircle with the real part of the impedance (Zg.) in a Nyquist plot,
the resistance (R) of the conduction process is obtained. The ionic conductivity (o) is the inverse of R

depending on the thickness (1) of the sample and the surface area of the electrodes (A):™>”

c=— 4)

By measuring the conductivity as function of temperature information about the activation energy E, of
the ion hopping through the structure of the solid (activated jump process) can be obtained in an
Arrhenius-type function with R being the ideal gas constant, 0, an pre-exponential factor and T the

temperature:”'




160 C Appendix — Supporting Information for Chapter 5

In Figure B50-B55 the spectra were fitted with an equivalent circuit containing a capacitor parallel to the
serial connection of RC elements. This accounts for cable and stray capacitance of the measurement

setup and was kept constant at 20 pF during the fitting routine.'"
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Figure B50 Representative EIS measurements of the sample T3 sintered at 400 °C (a) measurements and fits at
different temperatures (b) fit of data measured at 30 °C with visualization of contributions to the fit with the shown

model.
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Figure B51 Representative EIS measurements with fits and applied model of the samples (a) T3T3, (b) T3T4
sintered at 400 °C. The contributions to the fit are indicated with the numbers 1 and 2 corresponding to the R1-
CPE1 and R2-CPE2 elements.

For the capacitance of all contributions in the samples T3, T3T3 and T3T4 only values in the range of
10 nF to 0.1 nF were obtained. The R-CPE elements at higher frequencies (R1-CPE1 in $49-50) showed
capacitances of about 10-100nF and at lower frequencies at least one order of magnitude larger. Thus,
only conductivities limited by grain boundary properties were measured.' The activation energies for
the observed processes shown in the main text were different for each Na-Si-P compound. For sample

NaioSiisP2s (T3) the activation energy for the sum of both processes inside the extremely broad semicircle
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(cf. Figure B50a and b) was 0.36 eV. A clear deconvolution of the processes in the broad semicircle in
T3 was difficult. Therefore, only the total conductivity was considered. For sample T3T3 the activation
energies for both semicircles were very similar with 0.47 eV and 0.44 eV. Interestingly, no polarization
spike was observed for T3T3 (cf. B51a). This corroborates the assumption that T3T3 is a mixed ionic-
electronic conductor due to its comparable low ionic conductivity. For sample T3T4 the semicircle at
lower frequencies (Figure B51b R2-CPE2) showed a much higher E, and higher resistance than the one
at high frequencies (0.69 eV for R2-CPE2 vs. 0.38 eV for R1-CPE1). This can indicate highly resistive

layers at grain-to-grain contacts.!'>"*
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Figure B52 Representative EIS measurements of the sample T4T4 sintered at 400 °C (a) average sample showing

two semicircles in the EIS, (b) best sample of T4T4 showing only one semicircle.
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Figure B53 Representative EIS measurements of the sample T4T5 sintered at (a) 400 °C, (b) 800 °C.

The samples T4T4, T4T5 and T5T5 sintered at 400 °C show similar properties as T3T4 but have higher
conductivities and lower E, (cf. Figure B52a and B53a). For the presented best samples of T4T4 and

T4TS5 in Figure B52b and B53b only one semicircle is visible, probably because this sample received the
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optimal sintering and pressing treatment. The capacitance of the R1-CPE1 element of the best samples

of T4T4 and T4T5 was 20 pF, thus still higher as expected for bulk properties.
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Figure B54 Representative EIS impedance measurement of the samples T5T5 sintered at 400 °C showing two

semicircles.

Especially, for samples T4T5 (Figure B53a) and T5T5 (Figure B54) a non ideal microstructure of the
pellets was noticed. Subsequently, for improving the microstructure the pellets were sintered at 800 °C
(cf. Figure B57). For the other compounds (T3, T3T3, T3T4, T4T4) phase transitions occurred at such
high sintering temperatures leading to a mixture of compounds in the pellet. Hence, they were sintered

at 400 °C only.
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Figure B55 The electrochemical impedance of the T5T5 samples was measured at -60 °C showing a capacitance
of about 20 pF (Cegl calculated from R1 and CPE1). The extraction of the capacitance from the measurement at

25 °C was difficult due to the small resistance and the influence of cable induction on the spectrum.
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Figure B56 Ionic conductivities at 25 °C increases with the size of the supertetrahedral entities in the Na-Si-P

structures. The samples T3-T4T4 were sintered at 400 °C. T4T5 and T5T5 were sintered at 800 °C (marked with a

hash). ong (black) refers to the average conductivity of at least four samples calculated from the resistance of the
high frequency arc (cf. R1-CPE1 in Figure B50-B54). 01 (green) refers to the corresponding total conductivity
(sum of the resistances of both semicircles; R1+R2). Additionally, the conductivities of the samples showing only

one semicircle in the EIS are plotted in orange (0es)-
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Figure B57 Comparison of the ionic conductivity of all samples at 25 °C. The conductivity increases with the size
of the supertetrahedral entities in the Na-Si-P structures. The samples T3-T4T4 were sintered at 400 °C (points).
This Figure also includes the conductivity values of T4T5 and T5T5 sintered at 400 °C (points) and at 800 °C
(triangles). Especially for the sample T4T5 it is obvious that the microstructure is not optimal for impedance

measurements and the performance is reduced in comparison to the samples sintered at 800 °C
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C.1 Experimental Procedures
Synthesis. Like most of alkaline and alkaline-earth phosphidosilicates the title compound is highly
moisture sensitive leading to hydrolysis within a few minutes by contact with air. Therefore, all

manipulations were conducted under inert conditions.

KSi,P;-m(C928 can be obtained as an air sensitive and dark red polycrystalline powder by reacting
directly a stoichiometric elemental mixture. To this end, metallic potassium (1 eq., 0.0208 g, 99.95 %),
silicon powder (2 eq., 0.0299 g, 99.999 %) and red phosphorus (3 eq., 0.0494 g, 99.999+ %) were mixed
in an argon filled glovebox and loaded into an alumina crucible and sealed in silica ampoules under
argon atmosphere. To prevent bursting of the ampoule the temperature of the tube furnace was raised
slowly to 200 °C with a 20 °C/h rate before the mixture was reacted for 60 h at 1060 °C. To produce
larger amounts of KSi,P3-m(C928 we synthesized the known T3 compound as precursor. Therefore, we
mixed potassium (1 eq., 0.1039 g), silicon (2 eq., 0.1495 g) and phosphorus (3 eq., 0.2471 g), and heated
the mixture to 700 °C with a 10 °C/h rate for 30 h. The intermediate was ground and reheated again to
700 °C for 30 h yielding in a phase-pure precursor. This precursor was inserted in a preheated furnace
at 1060 °C and reacted for 2 h before the temperature settled to 25 °C with 40 °C/h. Since we failed to
produce the polymorphs KSi;P3-0F1952 and KSi,Ps-t1960 by different temperature programs, we were
able to intercept small amounts of these by applying three equivalents of an in situ formed crystallization
agent of KsP. To this end, a mixture of potassium (5 eq., 0.0618 g), silicon (1 eq., 0.0085 g) and
phosphorus (3 eq., 0.0294 g) was prepared likewise and heated to 100 °C within 5 h before the

temperature was raised to 800 °C or 950 °C with 100 °C/h for 60 h, respectively.

Single-Crystal X-ray Diffraction. The crystal structure of the T5 compound was successfully solved and
refined only for the KSi,P;-£1960 polymorph. Due to the sensitivity to air and moisture, single-crystals
were prepared under dried paraffin oil and transferred into oil filled and sealed glass capillaries
(Hilgenberg GmbH) with an inner diameter of 0.2 mm. Diffraction data of the whole Ewald’s sphere
were collected with a Bruker D8 Quest device with Mo-Ka radiation, Photon II detector and Gobel
mirror optics. With the software package APEX3 the data reduction and absorption correction were

processed before the structure was solved by direct methods and refined with the SHELX package.

Powder X-ray Diffraction. Phase-pure polycrystalline samples of each polymorph were ground, filled
and sealed in Hilgenberg glass capillaries with an inner diameter of 0.2 mm under argon atmosphere.
Diffraction data were obtained from a StadiP powder diffractometer (STOE & Cie GmbH) with Cu-

Kajradiation and Mythen 1K detector (Dectris) and a Ge (111) monochromator in Debye-Scherrer
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geometry. Based on the single-crystal structure of KSi;P3-t1960 the according diffractogram was refined
with the Rietveld method implemented in the TOPAS software. For the Rietveld refinement of the
KSi,P3-0F1952 polymorph the single-crystal structure of KSi,P:-t1960 was solved assuming an
orthorhombic unit cell. Based on these data, the powder pattern was indexed and refined with manually
adjusted cell parameters. The powder refinement of the KSi,P;-m(C928 polymorph was processed

likewise.

Temperature-Dependent Powder X-ray Diffraction. For the investigation of phase transitions the
respective polycrystalline samples were ground and loaded in Hilgenberg silica glass capillaries with an
inner diameter of 0.4 mm and sealed with grease for pressure compensation. Diffraction data collection
under argon atmosphere was also performed on a STOE StadiP diffractometer with Mo-Ka, radiation,
Ge monochromator, a resistance graphite furnace and IP-PSD detector. For the transition of the T3
compound described by Feng et al. to KSi;Ps-t1960 (Figure 5.1) a sample was heated beginning at room
temperature to 1045 °C in steps of 20 °C with a 5 °C/min heating rate. At each step the temperature was
kept constant and a diffractogram was collected. For the phase transitions solely involving the T5
compounds in Figure 5.5 the sample was heated to 350 °C and cooled to room temperature with the

same heating rate but every 5 °C a diffraction pattern was recorded.

EDX Analysis. The elemental composition of KSi,Ps-mC928 was verified by energy dispersive X-ray
spectroscopy with an EVO-MA10 Zeiss scanning electron microscope with a field emission gun and X-
Flash 410-M X-ray detector. Polycrystalline samples were prepared under inert conditions in a glovebox
on electronic conducting and adhesive carbon pads. These were inserted in the SEM quickly due to
hydrolysis. The collected data were processed with QUANTAX200 software in which signals of oxygen

and carbon were not taken to account.

Solid-State NMR. A X-ray pure sample of KSi,P3-m(C928 was loaded into a zirconia rotor of 4 mm in
diameter for the silicon and into a 2.5 mm rotor for the phosphorus spectra and placed into a Bruker
Avance III 500 spectrometer with a magnetic field strength of 11.74 T. The sample was rotated with 10
kHz and 25 kHz for the respective silicon and phosphorus spectra under MAS conditions with Larmor
frequencies of vo (*'P) = 202.5 MHz and v, (*Si) = 99.38 MHz. All spectra were indirectly referenced to

'H at 0 ppm in 0.1 % TMS (4 mm rotor) and -0.1240 ppm in 100 % TMS (2.5 mm rotor).

Conductivity Measurements. The KSi,P;-m(C928 samples were ground thoroughly and compacted to a

pellet of about 0.5-1.0 mm thickness and 5 mm in diameter by uniaxial cold pressing (10 kN) and then
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annealed under argon at 800 °C for 10 h. The large thickness of the pellets was required for sputtering
and annealing. The pellets had densities of about 78+3 % (Table C9). The pellets were sputtered with
ruthenium as ion-blocking electrodes on both sides. Electrochemical impedance spectroscopy (EIS) for
every sample was measured for several temperature cycles between 25 and -20 °C with 5 °C steps inside
a glovebox under argon atmosphere. Higher temperatures were avoided to avoid phase changes
influencing the performance. The samples were subsequently used for the polarization measurements
to extract the electronic partial conductivity at 25 °C. For these a voltage of 0.25 and 0.5 V was applied
for 5-10 h each and the drop in resulting current measured. The resistance was calculated from the
current measured at a steady state after several hours. EIS and polarization measurements were
performed with an IVIUM compactstat.h (24 bit instrument) in a two-electrode setup using a RHD
INSTRUMENTS Microcell HC cell stand loaded with RHD INSTRUMENTS TSC Battery cells. The
spectra were recorded in a frequency range of 1 MHz-0.01 Hz and rms AC voltage of 50 mV was applied.
The analysis of the impedance spectra was carried out with the RelaxIS3 software from RHD
INSTRUMENTS. The linearity, stability and causality were checked by the Kramers-Kronig-relation

before fitting the data.

Geometrical Pathway Analysis. The identification of possible potassium migration pathways was
conducted with the ToposPro software package. Therefore, based on the crystal structures the voids
accessible for potassium ions were calculated using the ionic radius for potassium and covalent radius
for phosphorus atoms since calculations on Ba,SiPs showed predominantly covalent behavior of the
anionic Si-P network. Afterwards the channels were calculated connecting the possible potassium voids

with at least 3.1 A in diameter. The results are shown in Figure C6-C8.

C.2 Crystallographic Data on KSi.P; Modifications

Table C1 Fractional atomic coordinates, equivalent displacement parameters (A%) and occupancy factors of

KSi,P3-t1960.

atom Wryckoff x y z Ueq Occ. (<1)
Sil 32g 0.01336 (3) 0.13475 (3) 0.31216 (2) 0.01251 (11)
Si2 32 0.11118 (3) 0.26473 (3) 0.31162 (2) 0.01299 (11)
Si3 32g 0.12699 (3) 0.34243 (3) 0.00244 (2) 0.01433 (12)
Si4 32 0.12716 (3) 0.15085 (3) 0.37593 (2) 0.01241 (11)
Si5 32g 0.25467 (3) 0.33227 (3) 0.06290 (2) 0.01332 (11)

Si6 32¢ 0.26842 (3) 0.22218 (3) 0.12512 (2) 0.01347 (11)
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Si7 32¢ 0.28474 (3) 0.11150 (3) 0.18786 (2) 0.01398 (12)
Si8 16e 0.29477 (4) 0 Ya 0.01299 (15)
Si9 16d 0 Y% 0.00359 (2) 0.01502 (16)
Pl 32¢ 0.05818 (3) 0.20620 (3) 0.40372 (2) 0.01319 (10)
P2 32¢ 0.06423 (3) 0.29646 (3) 0.03746 (2) 0.02339 (14)
P3 32¢ 0.06794 (3) 0.19514 (3) 0.27753 (2) 0.01429 (11)
P4 32¢g 0.08297 (3) 0.08147 (3) 0.34163 (2) 0.01326 (11)
P5 32g 0.09091 (3) 0.03417 (3) 0.09325 (2) 0.01942 (12)
P6 32¢g 0.18135 (3) 0.21133 (3) 0.34107 (2) 0.01352 (11)
P7 32g 0.19082 (3) 0.39756 (3) 0.03518 (2) 0.01286 (10)
P8 32¢g 0.19672 (3) 0.02117 (3) 0.02977 (2) 0.01887 (12)
P9 32g 0.19967 (3) 0.27053 (3) 0.09466 (2) 0.01848 (12)
P10 32g 0.31478 (3) 0.27727 (3) 0.02760 (2) 0.01449 (11)
P11 32g 0.33477 (3) 0.17519 (3) 0.22294 (2) 0.01504 (11)
P12 32g 0.34720 (3) 0.05309 (3) 0.15492 (2) 0.01351 (11)
K1 32g 0.0305 (2) 0.06606 (13) 0.02603 (11) 0.108 (3) 0.409 (5)
K2 32g 0.07481 (19) 0.18388 (14) 0.10302 (14) 0.142 (3) 0.436 (4)
K3 32 0.07998 (6) 0.08214 (14) 0.21173 (5) 0.1581 (16) 0.820 (5)
K4 32¢ 0.1508 (2) 0.3851 (3) 0.13536 (14) 0.170 (5) 0.427 (4)
K5 32 0.18701 (11) 0.2800 (2) 0.19937 (10) 0.105 (2) 0.468 (5)
K6 32¢ 0.20248 (8) 0.01439 (9) 0.14389 (6) 0.0651 (6) 0.5
K7 32 0.2161 (3) 0.1692 (5) 0.2668 (3) 0.111 (5) 0.163 (4)
K8 32¢ 0.3209 (6) 0.0292 (4) 0.0672 (5) 0.113 (9) 0.189 (8)
K9 32g 0.34676 (15) 0.04711 (12) 0.04386 (10) 0.0569 (10) 0.459 (8)
K10 16e 0.0999 (3) 0 Y% 0.058 (4) 0.125 (5)
Kl11 16d 0 Y 0.1075 (3) 0.186 (13) 0.193 (7)
Table C2 Atomic displacement parameters (A2) of KSi,P5-t1960.
atom Ut U2 U u" U U
Sil 0.0125 (3) 0.0124 (2) 0.0126 (2) —0.00107 (19)  —0.00011(19)  —0.0002 (2)
Si2 0.0137 (3) 0.0120 (3) 0.0133 (3) —0.00081 (19)  —0.0003 (2) 0.0002 (2)
Si3 0.0140 (3) 0.0155 (3) 0.0135 (3) —0.0032 (2) —0.0015 (2) —0.0005 (2)
Sia 0.0123 (2) 0.0124 (2) 0.0125 (2) —0.00036 (19)  —0.0007 (2) 0.0001 (2)
Si5 0.0128 (3) 0.0127 (3) 0.0144 (3) 0.0010 (2) —0.0015 (2) 0.0005 (2)
Si6 0.0124 (2) 0.0131 (3) 0.0149 (3) 0.0005 (2) —0.0003 (2) 0.0014 (2)
Si7 0.0138 (3) 0.0135 (3) 0.0147 (3) 0.0001 (2) 0.0008 (2) 0.0016 (2)
Si8 0.0119 (3) 0.0136 (4) 0.0135 (3) 0 0 0.0024 (3)
Si9 0.0142 (4) 0.0176 (4) 0.0132 (4) —-0.0041 (3) 0 0
P1 0.0128 (2) 0.0132 (2) 0.0135 (2) 0.00034 (18) —0.00005 (18)  —0.00033 (18)
P2 0.0226 (3) 0.0339 (4) 0.0136 (3) -0.0140 (3) —0.0016 (2) 0.0008 (2)
P3 0.0162 (2) 0.0135 (2) 0.0132 (2) —0.00242 (19)  0.00104 (19) —0.00036 (19)
P4 0.0123 (2) 0.0127 (2) 0.0148 (2) —0.00039 (18)  —0.00019 (18)  —0.00054 (19)
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P5 0.0209 (3) 0.0134 (2) 0.0240 (3) —0.0002 (2) 0.0086 (2) 0.0006 (2)
Pé6 0.0130 (2) 0.0130 (2) 0.0146 (2) —0.00006 (18) 0.00024 (18) 0.00081 (19)
P7 0.0130 (2) 0.0122 (2) 0.0134 (2) —0.00055 (18)  —0.00209 (18)  —0.00035 (18)
P8 0.0216 (3) 0.0118 (2) 0.0233 (3) 0.0014 (2) 0.0099 (2) 0.0009 (2)
P9 0.0136 (2) 0.0190 (3) 0.0229 (3) 0.0002 (2) —0.0022 (2) 0.0064 (2)
P10 0.0142 (2) 0.0144 (2) 0.0148 (2) 0.00248 (19) —0.00186 (19)  —0.00053 (19)
P11 0.0168 (3) 0.0137 (2) 0.0146 (2) —0.00091 (19) 0.0011 (2) 0.00096 (19)
P12 0.0129 (2) 0.0135 (2) 0.0141 (2) —0.00012 (18)  —0.00010 (18)  0.00136 (19)
K1 0.160 (5) 0.0456 (14) 0.119 (3) -0.0022 (18) —0.113 (4) 0.0196 (16)
K2 0.088 (3) 0.0397 (15) 0.298 (7) —0.0017 (14) -0.026 (3) -0.017 (3)
K3 0.0359 (7) 0.303 (4) 0.1350 (17) 0.0462 (12) —-0.0338 (8) —-0.149 (2)
K4 0.0581 (19) 0.220 (8) 0.231 (8) 0.004 (3) 0.022 (3) ~0.200 (7)
K5 0.0507 (13) 0.143 (4) 0.122 (3) —0.0142 (15) 0.0403 (15) -0.097 (3)
K6 0.0391 (8) 0.0557 (10) 0.1003 (15) 0.0023 (7) ~0.0236 (9) ~0.0492 (10)
K7 0.061 (5) 0.134 (8) 0.136 (8) -0.027 (5) 0.058 (5) —0.097 (7)
K8 0.100 (8) 0.041 (4) 0.199 (18) 0.037 (5) —0.118 (11) ~0.069 (7)
K9 0.0648 (15) 0.0371 (10) 0.069 (2) 0.0009 (10) —0.0448 (14) -0.0176 (11)
K10 0.012 (3) 0.073 (7) 0.090 (9) 0 0 0.014 (6)
K11 0.24 (2) 0.26 (3) 0.058 (6) -0.15(2) 0 0

Table C3 Fractional atomic coordinates, equivalent displacement parameters (A%) and occupancy factors of

KSi,Ps- 0F1952.

atom Wyckoff X y z Ueq Occ. (<1)
sil 32h 0.00479 (2) 0.27318 (2) 0.12527 (2) 0.01361 (11)
Si2 32h 0.01178 (2) 0.11103 (2) 0.37389 (2) 0.01247 (11)
si3 32h 0.01526 (2) 0.14230 (2) 0.00260 (2) 0.01448 (12)
Sid 32h 0.05198 (2) 0.33666 (2) 0.18803 (2) 0.01406 (12)
Si5 32h 0.06065 (2) 0.17594 (2) 0.43765 (2) 0.01250 (11)
Si6 32h 0.06200 (2) 0.17319 (2) 0.31147 (2) 0.01304 (11)
Si7 32h 0.07404 (2) 0.06072 (2) 0.31200 (2) 0.01261 (11)
si8 32h 0.07675 (2) 0.06208 (2) 0.43818 (2) 0.01300 (11)
Si9 32h 0.13900 (2) 0.01191 (2) 0.37575 (2) 0.01251 (11)
Si10 32h 0.28886 (2) 0.20650 (2) 0.31273 (2) 0.01341 (11)
Si11 32h 0.29344 (2) 0.03874 (2) 0.06307 (2) 0.01337 (11)
si12 32h 0.35270 (2) 0.10252 (2) 0.00017 (2) 0.01303 (11)
Si13 32h 0.35775 (2) 0.26533 (2) 0.25226 (2) 0.01437 (12)
Sil4 32h 0.41345 (2) 0.05176 (2) 0.06233 (2) 0.01397 (11)
Sil5 32h 0.47694 (2) 0.00462 (2) 0.12505 (2) 0.01355 (11)
Sil6 16¢ Y% Y% 0.00375 (2) 0.01510 (16)
Si17 16g i k] 0.50341 (2) 0.01498 (16)
P1 32h 0.00084 (2) 0.33225 (2) 0.09179 (2) 0.01325 (10)
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P2 32h 0.00490 (2) 0.17015 (2) 0.27689 (2) 0.01504 (11)

P3 32h 0.01494 (2) 0.03536 (2) 0.15519 (2) 0.01840 (12)

P4 32h 0.01490 (2) 0.05368 (2) 0.40875 (2) 0.01353 (10)

P5 32h 0.01870 (2) 0.04604 (2) 0.27746 (2) 0.01453 (11)

P6 32h 0.04995 (2) 0.39708 (2) 0.15509 (2) 0.01344 (10)

P7 32h 0.06266 (2) 0.27846 (2) 0.15691 (2) 0.01947 (12)

P8 32h 0.06356 (2) 0.11848 (2) 0.47231 (2) 0.01426 (11)

P9 32h 0.06966 (2) 0.13391 (3) 0.03762 (2) 0.02356 (14)

P10 32h 0.07398 (2) 0.11781 (2) 0.34612 (2) 0.01319 (10)

P11 32h 0.07974 (2) 0.00505 (2) 0.47276 (2) 0.01508 (11)

P12 32h 0.13154 (2) 0.06365 (2) 0.27737 (2) 0.01437 (11)

P13 32h 0.13220 (2) 0.07403 (2) 0.40355 (2) 0.01314 (10)

P14 32h 0.13389 (3) 0.06969 (2) 0.53729 (2) 0.02334 (14)

P15 32h 0.14092 (2) 0.33790 (2) 0.02959 (2) 0.01892 (12)

P16 16g 0.14654 (2) 0.45586 (2) 0.03499 (2) 0.01285 (10)

P17 16g 0.19640 (2) 0.01505 (2) 0.34091 (2) 0.01353 (10)

P18 32h 0.28553 (2) 0.26483 (2) 0.34449 (2) 0.01857 (12)

P19 32h 0.29425 (2) 0.10329 (2) 0.03535 (2) 0.01282 (10)

P20 32h 0.29600 (2) 0.26879 (2) 0.22222 (2) 0.01444 (11)

P21 32h 0.35297 (2) 0.04977 (2) 0.09525 (2) 0.01352 (10)

P22 32h 0.41233 (2) 0.10883 (2) 0.02994 (2) 0.01882 (12)

P23 32h 0.41780 (2) 0.00069 (2) 0.15852 (2) 0.01320 (10)

P24 32h 0.47171 (2) 0.06245 (2) 0.09341 (2) 0.01939 (12)

K1 32h 0.01614 (10) 0.04712 (12) 0.05120 (9) 0.0984 (13) 0.4524 (13)
K2 32h 0.0241 (3) 0.4426 (3) 0.0171 (3) 0.119 (4) 0.180 (2)
K3 32h 0.04659 (12) 0.51614 (11) 0.05070 (9) 0.0979 (13) 0.4524 (13)
K4 32h 0.04759 (13) 0.01829 (13) 0.02654 (11) 0.1260 (19) 0.4524 (13)
K5 32h 0.0498 (2) 0.3002 (2) 0.0001 (2) 0.085 (3) 0.180 (2)
K6 32h 0.05293 (8) 0.39980 (8) 0.04371 (7) 0.0536 (7) 0.433 (3)
K7 32h 0.07121 (12) 0.25495 (16) 0.03342 (10) 0.0793 (15) 0.433 (3)
K8 32h 0.0748 (3) 0.39580 (18) 0.0670 (3) 0.114 (5) 0.180 (2)
K9 32h 0.10838 (6) 0.34408 (6) 0.10600 (6) 0.0574 (6) 0.4524 (13)
K10 32h 0.1170 (2) 0.48199 (13) 0.11428 (15) 0.181 (4) 0.4524 (13)
K11 32h 0.12912 (12) 0.05465 (11) 0.10258 (15) 0.144 (2) 0.4524 (13)
K12 32h 0.15791 (14) 0.00681 (13) 0.04421 (12) 0.0903 (14) 0.4524 (13)
K13 32h 0.24512 (16) 0.32121 (12) 0.28301 (9) 0.0837 (15) 0.4524 (13)
K14 32h 0.25704 (14) 0.34247 (14) 0.29456 (12) 0.0953 (16) 0.4524 (13)
K15 32h 0.26800 (13) 0.1326 (2) 0.11486 (16) 0.178 (4) 0.4524 (13)
K16 32h 0.3079 (3) 0.2264 (4) 0.0167 (3) 0.145 (6) 0.180 (2)
K17 32h 0.35030 (8) 0.19656 (8) 0.04419 (7) 0.0596 (9) 0.475 (5)
K18 32h 0.35428 (19) 0.1742 (3) 0.0681 (4) 0.107 (5) 0.180 (2)
K19 32h 0.40601 (6) 0.14139 (6) 0.10622 (6) 0.0586 (6) 0.4524 (13)
K20 32h 0.51814 (13) 0.04806 (13) 0.02635 (11) 0.115 (2) 0.433 (3)
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K21 32h 0.55468 (11) 0.12945 (12) 0.10261 (15) 0.143 (2) 0.4524 (13)

Table C4 Atomic displacement parameters (A%) of KSi,Ps- 0F1952.
atom ! U2 U» u» us U=
Sil 0.0134 (3) 0.0121 (3) 0.0154 (3) 0.0004 (2) —0.0009 (2) ~0.0012 (2)
Si2 0.0129 (3) 0.0120 (2) 0.0125 (3) —-0.0001 (2) —0.0006 (2) —-0.0005 (2)
Si3 0.0119 (3) 0.0181 (3) 0.0134 (3) 0.0008 (2) 0.0016 (2) —0.0006 (2)
Si4 0.0137 (3) 0.0135 (3) 0.0149 (3) -0.0002 (2) —-0.0019 (2) —-0.0005 (2)
Si5 0.0135 (3) 0.0114 (3) 0.0126 (3) 0.0002 (2) 0.0001 (2) ~0.0002 (2)
Si6 0.0122 (3) 0.0136 (3) 0.0133 (3) —-0.0007 (2) 0.0001 (2) —-0.0002 (2)
Si7 0.0116 (3) 0.0137 (3) 0.0125 (3) —0.0001 (2) —0.0003 (2) 0.0000 (2)
Si8 0.0137 (3) 0.0120 (3) 0.0134 (3) 0.0008 (2) —0.0005 (2) 0.0000 (2)
Si9 0.0120 (2) 0.0127 (3) 0.0128 (3) 0.0000 (2) —0.0004 (2) 0.0006 (2)
Si10 0.0119 (3) 0.0139 (3) 0.0144 (3) -0.0002 (2) 0.0015 (2) 0.0009 (2)
Sill 0.0140 (3) 0.0118 (3) 0.0144 (3) 0.0001 (2) —0.0005 (2) 0.0013 (2)
Si12 0.0126 (3) 0.0128 (3) 0.0137 (3) —0.0009 (2) —0.0018 (2) 0.0017 (2)
Si13 0.0178 (3) 0.0115 (3) 0.0137 (3) -0.0009 (2) 0.0006 (2) 0.0015 (2)
Sil4 0.0136 (3) 0.0138 (3) 0.0145 (3) 0.0001 (2) —0.0007 (2) 0.0017 (2)
Sil5 0.0123 (3) 0.0132 (3) 0.0152 (3) -0.0002 (2) -0.0013 (2) 0.0006 (2)
Sil6 0.0119 (4) 0.0201 (4) 0.0133 (4) 0.0016 (3) 0 0
Si17 0.0196 (4) 0.0119 (4) 0.0134 (4) 0.0018 (3) 0 0
Pl 0.0130 (2) 0.0123 (2) 0.0145 (2) —0.00027 (19)  0.00018 (19) —0.00056 (19)
P2 0.0145 (2) 0.0163 (3) 0.0144 (3) -0.0016 (2) —0.0016 (2) 0.0002 (2)
P3 0.0165 (3) 0.0162 (3) 0.0225 (3) —-0.0027 (2) 0.0032 (2) —0.0060 (2)
P4 0.0130 (2) 0.0130 (2) 0.0146 (2) —0.00002 (19)  —0.00054 (19)  0.00062 (19)
P5 0.0121 (2) 0.0169 (3) 0.0146 (3) 0.0000 (2) —0.00100 (19)  —0.0016 (2)
P6 0.0130 (2) 0.0133 (2) 0.0139 (2) 0.00030 (19) —0.00125(19)  —0.00099 (19)
P7 0.0170 (3) 0.0175 (3) 0.0239 (3) 0.0038 (2) —0.0066 (2) —0.0057 (2)
P8 0.0172 (3) 0.0123 (2) 0.0132 (2) 0.0011 (2) 0.0010 (2) 0.00041 (19)
P9 0.0145 (3) 0.0425 (4) 0.0137 (3) 0.0058 (3) 0.0007 (2) -0.0018 (3)
P10 0.0128 (2) 0.0134 (2) 0.0134 (2) —0.00020 (19)  0.00014 (19) —0.00022 (19)
P11 0.0161 (3) 0.0142 (2) 0.0149 (3) 0.0016 (2) 0.0002 (2) 0.0014 (2)
P12 0.0125 (2) 0.0175 (3) 0.0131 (2) —0.0013 (2) 0.00052 (19) —0.0010 (2)
P13 0.0134 (2) 0.0128 (2) 0.0132 (2) 0.00020 (19) —0.00040 (19)  —0.00018 (19)
P14 0.0418 (4) 0.0143 (3) 0.0140 (3) 0.0054 (3) —-0.0017 (3) 0.0007 (2)
P15 0.0183 (3) 0.0153 (3) 0.0232 (3) -0.0050 (2) -0.0079 (2) 0.0063 (2)
P16 0.0130 (2) 0.0121 (2) 0.0135 (2) —0.00039 (19)  —0.00125(19)  0.00153 (19)
P17 0.0130 (2) 0.0133 (2) 0.0142 (2) 0.00003 (19) 0.00083 (19) 0.00052 (19)
P18 0.0163 (3) 0.0165 (3) 0.0229 (3) -0.0028 (2) 0.0062 (2) -0.0030 (2)
P19 0.0121 (2) 0.0132 (2) 0.0132 (2) —0.00044 (19)  —0.00187(19)  0.00136 (19)
P20 0.0166 (3) 0.0120 (2) 0.0147 (3) -0.0002 (2) 0.0015 (2) 0.00097 (19)
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P21 0.0134 (2) 0.0131 (2) 0.0140 (2) —0.00039 (19)  -0.00103 (19)  0.00084 (19)
P22 0.0154 (3) 0.0181 (3) 0.0230 (3) —-0.0049 (2) —-0.0066 (2) 0.0076 (2)
P23 0.0122 (2) 0.0130 (2) 0.0145 (2) 0.00020 (19) —0.00060 (19)  —0.00031 (19)
P24 0.0173 (3) 0.0171 (3) 0.0238 (3) —-0.0036 (2) —-0.0057 (2) 0.0063 (2)
K1 0.0762 (18) 0.103 (2) 0.116 (3) —0.0385 (17) ~0.0327 (17) 0.090 (2)

K2 0.137 (8) 0.079 (5) 0.141 (8) —0.044 (5) 0.115 (7) -0.032 (5)
K3 0.102 (2) 0.0782 (18) 0.113 (2) -0.0404 (17) 0.089 (2) —0.0344 (18)
K4 0.117 (3) 0.123 (3) 0.138 (3) -0.072 (2) -0.082 (3) 0.110 (3)

K5 0.064 (4) 0.067 (4) 0.125 (7) -0.038 (3) ~0.005 (4) 0.004 (4)

K6 0.0485 (13) 0.0471 (12) 0.0653 (15) ~0.0129 (9) 0.0423 (11) ~0.0179 (11)
K7 0.072 (2) 0.103 (3) 0.063 (2) —-0.062 (2) 0.0267 (16) —0.0345 (19)
K8 0.109 (6) 0.029 (2) 0.206 (11) —0.028 (3) 0.139 (8) ~0.033 (4)
K9 0.0437 (10) 0.0392 (9) 0.0894 (15) —0.0076 (7) 0.0477 (10) —0.0163 (9)
K10 0.149 (6) 0.152 (3) 0.243 (8) —0.088 (4) 0.168 (6) -0.132 (5)
K11 0.0635 (19) 0.0707 (19) 0.298 (7) —0.0248 (16) -0.031 (3) 0.007 (3)
K12 0.100 (3) 0.070 (2) 0.101 (3) -0.053 (2) ~0.053 (2) 0.024 (2)
K13 0.109 (3) 0.078 (2) 0.0634 (19) 0.067 (2) 0.0371 (19) 0.0278 (16)
K14 0.073 (2) 0.107 (3) 0.105 (3) 0.059 (2) 0.027 (2) 0.056 (2)
K15 0.148 (3) 0.140 (6) 0.245 (8) —0.082 (4) 0.131 (5) -0.162 (6)
K16 0.086 (6) 0.162 (9) 0.186 (11) -0.051 (6) 0.046 (6) —0.147 (9)
K17 0.0502 (12) 0.0544 (14) 0.0741 (17) —0.0147 (10) 0.0201 (11) —0.0476 (13)
K18 0.036 (3) 0.100 (6) 0.185 (10) -0.031 (3) 0.035 (4) -0.120 (7)
K19 0.0392 (9) 0.0448 (10) 0.0918 (16) —0.0081 (7) 0.0168 (9) ~0.0497 (10)
K20 0.110 (3) 0.110 (3) 0.124 (3) ~0.063 (2) 0.097 (3) —0.072 (2)
K21 0.0715 (19) 0.0630 (19) 0.294 (7) ~0.0253 (16) 0.004 (3) -0.027 (3)

Table C5 Fractional atomic coordinates, equivalent displacement parameters (A%) and occupancy factors of

KSi,P3- m(C928.

atom Wyckoff x y z Ueq Occ. (<1)
Sil 8f 0.01059 (3) 0.08657 (3) 0.12466 (4) 0.01386 (14)
Si2 8f 0.02438 (3) 0.20656 (3) 0.12618 (4) 0.01322 (14)
Si3 8f 0.10233 (3) 0.14729 (3) 0.49963 (4) 0.01295 (14)
Sia 8f 0.10506 (3) 0.26526 (3) 0.49476 (4) 0.01428 (15)
Si5 8f 0.12044 (3) 0.02307 (3) 0.25011 (4) 0.01345 (14)
Si6 8f 0.12122 (3) 0.37501 (3) 0.49248 (4) 0.01509 (15)
Si7 8f 0.12393 (3) 0.07676 (3) 0.12365 (4) 0.01288 (14)
Si8 8f 0.13614 (3) 0.13901 (3) 0.24847 (4) 0.01235 (14)
Si9 8f 0.13643 (3) 0.18935 (3) 0.12471 (4) 0.01237 (14)
Si10 8f 0.14792 (3) 0.49521 (3) 0.24947 (4) 0.01353 (14)
Sill 8f 0.14847 (3) 0.25478 (3) 0.25055 (4) 0.01348 (14)
si12 8f 0.14864 (3) 0.44801 (3) 0.12396 (4) 0.01392 (14)
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Si13 8f 0.23715 (3) 0.01178 (3) 0.25221 (4) 0.01226 (14)
Sil4 8f 0.23828 (3) 0.06065 (3) 0.12467 (4) 0.01238 (14)
Sil5 8f 0.24875 (3) 0.07406 (3) 0.37603 (4) 0.01247 (14)
Sil6 8f 0.24976 (3) 0.17326 (3) 0.12365 (4) 0.01280 (14)
Si17 8f 0.26510 (3) 0.23824 (3) 0.25222 (4) 0.01245 (14)
Si18 8f 0.26536 (3) 0.18800 (3) 0.37708 (4) 0.01292 (14)
Si19 8f 0.26760 (3) 0.39226 (3) 0.00456 (4) 0.01411 (14)
Si20 8f 0.26922 (3) 0.46115 (3) 0.12545 (4) 0.01330 (14)
si2l 8f 0.27472 (3) 0.30198 (3) 0.37606 (4) 0.01400 (14)
Si22 8f 0.35179 (3) 0.04344 (3) 0.12612 (4) 0.01324 (14)
Si23 8f 0.35270 (3) 0.10271 (3) 0.00033 (4) 0.01294 (14)
Si24 8f 0.36027 (3) 0.01527 (3) 0.50518 (4) 0.01438 (15)
Si25 8f 0.36173 (3) 0.06201 (3) 0.37704 (4) 0.01282 (14)
Si26 8f 0.36236 (3) 0.11099 (3) 0.24850 (4) 0.01243 (14)
Si27 8f 0.36412 (3) 0.16344 (3) 0.12466 (4) 0.01384 (14)
Si28 8f 0.37728 (3) 0.17595 (3) 0.37597 (4) 0.01244 (14)
Si29 8f 0.37842 (3) 0.37498 (3) 0.00686 (4) 0.01496 (15)
Si30 8f 0.37971 (3) 0.22693 (3) 0.25012 (4) 0.01336 (14)
Si31 8f 0.39381 (3) 0.28885 (3) 0.37456 (4) 0.01329 (14)
Si32 8f 0.48691 (3) 0.35773 (3) 0.00452 (4) 0.01427 (15)
P1 8f 0.03099 (3) 0.02827 (3) 0.18682 (4) 0.01930 (15)
P2 8f 0.03229 (3) 0.07973 (3) 0.05445 (4) 0.01497 (14)
P3 8f 0.04549 (3) 0.14704 (2) 0.19048 (4) 0.01341 (13)
P4 8f 0.04657 (3) 0.20399 (3) 0.05552 (4) 0.01434 (13)
P5 8f 0.05946 (3) 0.26497 (3) 0.18963 (4) 0.01828 (15)
P6 8f 0.06791 (3) 0.20577 (2) 0.42927 (4) 0.01281 (13)
P7 8f 0.07346 (3) 0.26873 (2) 0.55486 (4) 0.01437 (13)
P8 8f 0.07845 (4) 0.31966 (3) 0.42477 (4) 0.02338 (18)
P9 8f 0.07888 (3) 0.08767 (3) 0.44013 (4) 0.01865 (15)
P10 8f 0.07908 (3) 0.14653 (2) 0.56998 (4) 0.01280 (13)
P11 8f 0.09628 (4) 0.43033 (3) 0.42477 (4) 0.02333 (18)
P12 8f 0.10673 (3) 0.50489 (2) 0.05379 (4) 0.01495 (14)
P13 8f 0.11747 (4) 0.39092 (3) 0.05920 (4) 0.01889 (15)
P14 8f 0.11985 (4) 0.48503 (3) 0.31045 (4) 0.01827 (15)
P15 8f 0.12153 (4) 0.43733 (3) 0.18618 (4) 0.01935 (15)
P16 8f 0.14496 (3) 0.01491 (2) 0.18250 (4) 0.01334 (13)
P17 8f 0.14615 (3) 0.06357 (3) 0.05536 (4) 0.01407 (13)
P18 8f 0.15788 (3) 0.08221 (2) 0.31708 (4) 0.01310 (13)
P19 8f 0.15922 (3) 0.18644 (3) 0.05537 (4) 0.01408 (13)
P20 8f 0.17049 (3) 0.13220 (2) 0.19288 (4) 0.01299 (13)
P21 8f 0.17405 (3) 0.25082 (2) 0.18358 (4) 0.01318 (13)
P22 8f 0.17417 (3) 0.19640 (2) 0.31820 (4) 0.01342 (13)

P23 8f 0.18538 (3) 0.31265 (3) 0.31383 (4) 0.01931 (15)
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P24 8f 0.19167 (3) 0.14093 (3) 0.55918 (4) 0.01873 (15)

P25 8f 0.24046 (3) 0.49917 (2) 0.31644 (4) 0.01304 (13)

P26 8f 0.24088 (3) 0.39653 (2) 0.07003 (4) 0.01281 (13)

P27 8f 0.24198 (3) 0.45005 (2) 0.18982 (4) 0.01328 (13)

P28 8f 0.25895 (3) 0.04599 (3) 0.05550 (4) 0.01437 (13)

P29 8f 0.26860 (3) 0.01870 (2) 0.44511 (4) 0.01446 (13)

P30 8f 0.27172 (3) 0.07398 (2) 0.30776 (4) 0.01310 (13)

P31 8f 0.27221 (3) 0.17027 (3) 0.05450 (4) 0.01497 (14)

P32 8f 0.27243 (3) 0.11780 (2) 0.19289 (4) 0.01303 (13)

P33 8f 0.28609 (3) 0.17602 (2) 0.30777 (4) 0.01310 (13)

P34 8f 0.28633 (3) 0.13155 (2) 0.44530 (4) 0.01427 (13)

P35 8f 0.28759 (3) 0.23508 (2) 0.18251 (4) 0.01349 (13)

P36 8f 0.30217 (3) 0.29995 (2) 0.31017 (4) 0.01332 (13)

P37 8f 0.30297 (3) 0.24510 (2) 0.44625 (4) 0.01493 (14)

P38 8f 0.35696 (3) 0.38389 (3) 0.07458 (4) 0.02317 (18)

P39 8f 0.35932 (3) 0.46447 (3) 0.18895 (4) 0.01838 (15)

P40 8f 0.38865 (3) 0.04425 (2) 0.07067 (4) 0.01267 (13)

P41 8f 0.38875 (4) 0.16234 (3) 0.05984 (4) 0.01876 (15)

P42 8f 0.39406 (3) 0.05361 (2) 0.31818 (4) 0.01334 (13)

P43 8f 0.39503 (3) 0.10297 (2) 0.19049 (4) 0.01341 (13)

P44 8f 0.40587 (4) 0.22172 (3) 0.18682 (4) 0.01915 (15)

P45 8f 0.40924 (3) 0.16779 (2) 0.31705 (4) 0.01304 (13)

P46 8f 0.42037 (3) 0.28552 (3) 0.31104 (4) 0.01847 (15)

P47 8f 0.46757 (3) 0.36610 (3) 0.07458 (4) 0.02309 (18)

P48 8f 0.59099 (3) 0.11846 (2) 0.05470 (4) 0.01410 (13)

K1 8f 0.00400 (11) 0.48393 (13) 0.1022 (2) 0.1009 (17) 0.4651 (13)
K2 8f 0.00821 (12) 0.45226 (17) 0.0528 (3) 0.132 (3) 0.4651 (13)
K3 8f 0.0348 (2) 0.04687 (15) 0.6016 (2) 0.0987 (16) 0.4651 (13)
K4 8f 0.03536 (14) 0.09404 (8) 0.28768 (16) 0.0602 (8) 0.4651 (13)
K5 8f 0.03740 (8) 0.33105 (12) 0.07673 (15) 0.1671 (19) 0.889 (3)
K6 8f 0.0477 (3) 0.37071 (16) 0.2044 (5) 0.154 (3) 0.4651 (13)
K7 8f 0.0504 (4) 0.2998 (3) —0.0002 (6) 0.088 (3) 0.180 (2)
K8 8f 0.0798 (15) 0.0219 (12) 0.534 (2) 1.25 (4) 0.778 (5)
K9 8f 0.0935 (3) 0.37923 (16) 0.2960 (5) 0.155 (3) 0.4651 (13)
K10 8f 0.1088 (7) 0.1461 (2) 0.3666 (8) 0.111 (5) 0.180 (2)
K11 8f 0.14408 (14) 0.05317 (10) 0.58778 (18) 0.0575 (8) 0.4651 (13)
K12 8f 0.1517 (2) 0.26613 (13) 0.3977 (2) 0.1011 (16) 0.4651 (13)
K13 8f 0.15285 (16) 0.14977 (11) 0.41214 (18) 0.0589 (9) 0.4651 (13)
K14 8f 0.19353 (11) 0.30305 (10) 0.08763 (17) 0.0574 (8) 0.4651 (13)
K15 8f 0.1998 (4) 0.0499 (3) 0.4998 (6) 0.089 (3) 0.180 (2)
K16 8f 0.20003 (10) 0.35828 (8) 0.21193 (16) 0.0594 (8) 0.4651 (13)
K17 8f 0.2056 (3) 0.29772 (17) 0.4472 (3) 0.129 (2) 0.4651 (13)
K18 8f 0.2101 (7) 0.1921 (4) 0.4667 (7) 0.127 (6) 0.180 (2)
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K19 8f 0.2095 (4) 0.2738 (4) 0.0338 (6) 0.108 (5) 0.180 (2)
K20 8f 0.21050 (14) 0.41881 (12) 0.42323 (15) 0.1666 (18) 0.889 (3)
K21 8f 0.2136 (4) 0.3258 (4) 0.1362 (8) 0.108 (5) 0.180 (2)
K22 8f 0.23815 (12) 0.39179 (8) 0.28818 (16) 0.0584 (8) 0.4651 (13)
K23 8f 0.31688 (14) 0.29675 (15) 0.1016 (2) 0.0995 (16) 0.4651 (13)
K24 8f 0.32425 (14) 0.26794 (16) 0.0523 (3) 0.122 (2) 0.4651 (13)
K25 8f 0.3278 (5) 0.4242 (4) 0.3638 (8) 0.105 (5) 0.180 (2)
K26 8f 0.35392 (18) 0.37509 (13) 0.2502 (3) 0.214 (3) 0.778 (5)
K27 8f 0.36922 (18) 0.49889 (9) 0.07631 (15) 0.1726 (19) 0.889 (3)
K28 8f 0.45716 (9) 0.25098 (9) 0.07616 (15) 0.1722 (19) 0.889 (3)
K29 8f 0.4730 (3) 0.44538 (15) 0.2048 (4) 0.148 (3) 0.4651 (13)
K30 8f 0.4791 (3) 0.48160 (17) 0.0533 (3) 0.126 (2) 0.4651 (13)
K31 8f 0.4819 (2) 0.30457 (15) 0.2049 (4) 0.145 (3) 0.4651 (13)
K32 8f 0.49076 (10) 0.10036 (10) 0.08816 (17) 0.0579 (8) 0.4651 (13)
K33 8f 0.4921 (3) 0.1041 (2) 0.1348 (8) 0.107 (5) 0.180 (2)
K34 8f 0.4930 (3) 0.0582 (4) 0.0339 (8) 0.135 (7) 0.180 (2)
K35 8f 0.49767 (8) 0.15602 (8) 0.21243 (16) 0.0602 (8) 0.4651 (13)
K36 4e 0 0.22907 (15) Vi 0.199 (3) 0.778 (5)
K37 4e 0 0.52111 (15) Y 0.199 (4) 0.778 (5)

Table C6 Atomic displacement parameters (A?) of KSi,Ps- mC928.

atom o U U un U U

Sil 0.0122 (3) 0.0135 (3) 0.0144 (3) 0.0005 (3) 0.0074 (3) 0.0008 (3)
Si2 0.0111 (3) 0.0139 (3) 0.0142 (3) 0.0003 (3) 0.0076 (3) 0.0006 (3)
Si3 0.0114 (3) 0.0126 (3) 0.0133 (3) -0.0005(3)  0.0068 (3) -0.0018 (3)
Si4 0.0155 (3) 0.0119 (3) 0.0132 (3) -0.0014(3)  0.0077 (3) -0.0016 (3)
Si5 0.0131 (3) 0.0123 (3) 0.0153 (4) 0.0006 (3) 0.0089 (3) 0.0012 (3)
Si6 0.0175 (4) 0.0118 (3) 0.0132 (3) -0.0013(3)  0.0080 (3) 0.0000 (3)
Si7 0.0127 (3) 0.0134 (3) 0.0133 (3) 0.0011 (3) 0.0084 (3) 0.0005 (3)
Si8 0.0118 (3) 0.0120 (3) 0.0128 (3) 0.0002 (3) 0.0073 (3) 0.0003 (3)
Si9 0.0115 (3) 0.0134 (3) 0.0126 (3) 0.0002 (3) 0.0076 (3) 0.0000 (3)
Si10 0.0145 (3) 0.0132 (3) 0.0154 (4) -0.0009 (3)  0.0104 (3) -0.0010 (3)
Sill 0.0123 (3) 0.0131 (3) 0.0153 (4) -0.0002(3)  0.0086 (3) ~0.0008 (3)
Si12 0.0145 (3) 0.0135 (3) 0.0149 (4) -0.0010 (3)  0.0096 (3) -0.0018 (3)
Si13 0.0124 (3) 0.0126 (3) 0.0123 (3) 0.0003 (3) 0.0079 (3) 0.0006 (3)
Sil4 0.0121 (3) 0.0132 (3) 0.0127 (3) -0.0001 (3)  0.0081 (3) -0.0001 (3)
Sil5 0.0131 (3) 0.0113 (3) 0.0126 (3) 0.0001 (3) 0.0077 (3) 0.0003 (3)
Sil6 0.0123 (3) 0.0136 (3) 0.0129 (3) 0.0005 (3) 0.0080 (3) -0.0004 (3)
Si17 0.0117 (3) 0.0129 (3) 0.0124 (3) -0.0004 (3)  0.0072 (3) -0.0007 (3)
Si18 0.0129 (3) 0.0121 (3) 0.0131 (3) -0.0006 (3)  0.0076 (3) 0.0001 (3)

Si19 0.0135 (3) 0.0178 (4) 0.0134 (3) 0.0003 (3) 0.0095 (3) -0.0006 (3)
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$i20 0.0149 (3) 0.0117 (3) 0.0144 (3) —0.0007 (3) 0.0095 (3) —0.0013 (3)
Si21 0.0136 (3) 0.0136 (3) 0.0147 (4) —-0.0013 (3) 0.0087 (3) —-0.0020 (3)
Si22 0.0139 (3) 0.0136 (3) 0.0144 (3) —0.0002 (3) 0.0099 (3) —0.0006 (3)
Si23 0.0145 (3) 0.0126 (3) 0.0135 (3) —-0.0018 (3) 0.0095 (3) —-0.0019 (3)
Si24 0.0171 (4) 0.0115 (3) 0.0134 (3) 0.0004 (3) 0.0088 (3) 0.0017 (3)
Si25 0.0134 (3) 0.0120 (3) 0.0131 (3) —0.0007 (3) 0.0082 (3) —0.0001 (3)
Si26 0.0135 (3) 0.0118 (3) 0.0128 (3) —-0.0002 (3) 0.0084 (3) —-0.0004 (3)
Si27 0.0155 (3) 0.0135 (3) 0.0142 (3) —0.0004 (3) 0.0099 (3) —0.0008 (3)
Si28 0.0131 (3) 0.0115 (3) 0.0124 (3) —-0.0003 (3) 0.0077 (3) —-0.0004 (3)
$i29 0.0124 (3) 0.0196 (4) 0.0134 (3) 0.0015 (3) 0.0082 (3) 0.0001 (3)
Si30 0.0144 (3) 0.0121 (3) 0.0150 (4) —-0.0009 (3) 0.0097 (3) —-0.0012 (3)
Si31 0.0129 (3) 0.0120 (3) 0.0144 (3) —0.0011 (3) 0.0081 (3) —0.0016 (3)
Si32 0.0108 (3) 0.0176 (4) 0.0136 (3) 0.0012 (3) 0.0071 (3) 0.0007 (3)
Pl 0.0133 (3) 0.0173 (4) 0.0236 (4) 0.0006 (3) 0.0094 (3) 0.0055 (3)
P2 0.0131 (3) 0.0160 (3) 0.0146 (3) 0.0011 (3) 0.0079 (3) —0.0001 (3)
P3 0.0126 (3) 0.0133 (3) 0.0140 (3) 0.0002 (2) 0.0080 (3) 0.0009 (2)
P4 0.0119 (3) 0.0166 (3) 0.0146 (3) 0.0011 (2) 0.0082 (3) 0.0016 (3)
P5 0.0123 (3) 0.0164 (3) 0.0225 (4) 0.0003 (3) 0.0088 (3) —0.0031 (3)
P6 0.0119 (3) 0.0121 (3) 0.0131 (3) —0.0009 (2) 0.0070 (3) —0.0018 (2)
P7 0.0141 (3) 0.0119 (3) 0.0143 (3) —0.0006 (2) 0.0073 (3) ~0.0009 (2)
P8 0.0297 (4) 0.0144 (4) 0.0135 (4) —0.0050 (3) 0.0069 (3) —0.0006 (3)
P9 0.0121 (3) 0.0153 (3) 0.0228 (4) —0.0003 (3) 0.0079 (3) —0.0066 (3)
P10 0.0110 (3) 0.0131 (3) 0.0134 (3) —0.0003 (2) 0.0070 (3) ~0.0010 (2)
P11 0.0331 (5) 0.0144 (4) 0.0135 (3) —0.0044 (3) 0.0097 (3) 0.0006 (3)
P12 0.0154 (3) 0.0144 (3) 0.0142 (3) 0.0003 (3) 0.0086 (3) —0.0015 (3)
P13 0.0245 (4) 0.0181 (4) 0.0232 (4) —0.0088 (3) 0.0193 (3) —0.0079 (3)
P14 0.0241 (4) 0.0164 (3) 0.0224 (4) —-0.0037 (3) 0.0184 (3) —-0.0029 (3)
P15 0.0254 (4) 0.0169 (3) 0.0237 (4) —0.0070 (3) 0.0191 (3) ~0.0066 (3)
P16 0.0129 (3) 0.0128 (3) 0.0141 (3) 0.0003 (2) 0.0082 (3) 0.0005 (2)
P17 0.0122 (3) 0.0170 (3) 0.0130 (3) 0.0001 (3) 0.0078 (3) —0.0011 (3)
P18 0.0138 (3) 0.0120 (3) 0.0145 (3) 0.0005 (2) 0.0092 (3) 0.0006 (2)
P19 0.0130 (3) 0.0170 (3) 0.0130 (3) 0.0015 (3) 0.0083 (3) 0.0009 (3)
P20 0.0129 (3) 0.0133 (3) 0.0131 (3) 0.0006 (2) 0.0081 (3) 0.0005 (2)
P21 0.0125 (3) 0.0129 (3) 0.0144 (3) —0.0002 (2) 0.0085 (3) 0.0001 (2)
P22 0.0131 (3) 0.0130 (3) 0.0142 (3) —0.0005 (2) 0.0084 (3) —0.0009 (2)
P23 0.0144 (3) 0.0170 (3) 0.0237 (4) —0.0010 (3) 0.0102 (3) —0.0066 (3)
P24 0.0122 (3) 0.0179 (4) 0.0231 (4) -0.0010 (3) 0.0094 (3) —0.0079 (3)
P25 0.0133 (3) 0.0129 (3) 0.0143 (3) 0.0002 (2) 0.0092 (3) 0.0001 (2)
P26 0.0140 (3) 0.0129 (3) 0.0136 (3) —0.0012 (2) 0.0095 (3) —0.0014 (2)
P27 0.0142 (3) 0.0130 (3) 0.0137 (3) —-0.0009 (2) 0.0090 (3) —-0.0012 (2)
P28 0.0139 (3) 0.0165 (3) 0.0148 (3) —0.0006 (3) 0.0098 (3) —0.0015 (3)
P29 0.0177 (3) 0.0117 (3) 0.0147 (3) 0.0006 (3) 0.0103 (3) 0.0010 (2)
P30 0.0135 (3) 0.0128 (3) 0.0134 (3) —0.0004 (2) 0.0084 (3) —0.0002 (2)



178 D Appendix — Supporting Information for Chapter 9

P31 0.0159 (3) 0.0158 (3) 0.0148 (3) 0.0013 (3) 0.0102 (3) 0.0001 (3)
P32 0.0127 (3) 0.0131 (3) 0.0132 (3) -0.0001(2)  0.0079 (3) -0.0004 (2)
P33 0.0131 (3) 0.0125 (3) 0.0135 (3) -0.0002(2)  0.0081 (3) 0.0001 (2)
P34 0.0167 (3) 0.0126 (3) 0.0128 (3) -0.0013(3)  0.0088 (3) -0.0006 (2)
P35 0.0140 (3) 0.0131 (3) 0.0144 (3) -0.0004 (2)  0.0093 (3) ~0.0005 (2)
P36 0.0126 (3) 0.0127 (3) 0.0138 (3) -0.0005(2)  0.0077 (3) -0.0012 (2)
P37 0.0157 (3) 0.0145 (3) 0.0144 (3) -0.0024 (3)  0.0091 (3) -0.0017 (3)
P38 0.0145 (3) 0.0417 (5) 0.0138 (3) 0.0033 (3) 0.0090 (3) -0.0017 (3)
P39 0.0160 (3) 0.0162 (3) 0.0227 (4) -0.0017(3)  0.0117 (3) -0.0062 (3)
P40 0.0144 (3) 0.0118 (3) 0.0133 (3) -0.0016(2)  0.0093 (3) -0.0019 (2)
P41 0.0270 (4) 0.0154 (3) 0.0230 (4) -0.0079 (3)  0.0200 (3) -0.0065 (3)
P42 0.0139 (3) 0.0128 (3) 0.0140 (3) 0.0005 (2) 0.0089 (3) 0.0008 (2)
P43 0.0142 (3) 0.0133 (3) 0.0139 (3) -0.0009 (2)  0.0092 (3) -0.0010 (2)
P44 0.0254 (4) 0.0170 (4) 0.0233 (4) -0.0065(3)  0.0192(3) ~0.0055 (3)
P45 0.0131 (3) 0.0119 (3) 0.0143 (3) -0.0001(2)  0.0085 (3) -0.0006 (2)
P46 0.0218 (4) 0.0159 (3) 0.0230 (4) -0.0060 (3)  0.0165 (3) -0.0062 (3)
P47 0.0134 (3) 0.0414 (5) 0.0137 (3) 0.0053 (3) 0.0080 (3) 0.0017 (3)
P48 0.0147 (3) 0.0122 (3) 0.0129 (3) 0.0009 (2) 0.0072 (3) -0.0004 (2)
K1 0.0221 (11) 0.078 (2) 0.119 (3) -0.0107 (13)  0.0011 (15) 0.032 (2)
K2 0.0230 (12) 0.122 (4) 0.147 (4) -0.0064 (17)  —0.0007 (18)  0.087 (3)
K3 0.122 (3) 0.104 (3) 0.114 (3) 0.084 (3) 0.095 (3) 0.087 (3)
K4 0.113 (2) 0.0407 (12) 0.093 (2) 0.0177 (13) 0.097 (2) 0.0178 (12)
K5 0.0533 (11) 0.227 (3) 0.141 (2) -0.0290 (15)  0.0193 (12) 0.133 (2)
K6 0.155 (5) 0.067 (3) 0.323 (10) 0.001 (3) 0.189 (7) 0.035 (4)
K7 0.100 (7) 0.066 (5) 0.128 (9) ~0.040 (5) 0.086 (7) ~0.011 (5)
K8 1.02 (7) 1.16 (8) 1.74 (11) -0.16 (6) 0.93 (8) -0.36 (8)
K9 0.177 (6) 0.068 (3) 0.327 (10) 0.043 (3) 0.209 (7) 0.036 (4)
K10 0.268 (15) 0.030 (3) 0.198 (11) 0.042 (6) 0.226 (12) 0.033 (6)
K11 0.0756 (19) 0.0529 (16) 0.0699 (18) 0.0382 (14) 0.0577 (17) 0.0451 (14)
K12 0.200 (5) 0.078 (2) 0.119 (3) 0.051 (3) 0.145 (4) 0.033 (2)
K13 0.104 (2) 0.0518 (15) 0.0717 (19) 0.0235 (17) 0.080 (2) 0.0204 (14)
K14 0.0390 (13) 0.0525 (16) 0.0711 (18) 0.0169 (11) 0.0290 (13) 0.0452 (14)
K15 0.086 (6) 0.066 (5) 0.135 (9) 0.030 (5) 0.077 (7) -0.004 (5)
K16 0.0437 (12) 0.0450 (13) 0.092 (2) 0.0236 (10) 0.0433 (14) 0.0487 (14)
K17 0.237 (6) 0.122 (4) 0.140 (4) 0.108 (4) 0.173 (5) 0.082 (3)
K18 0.263 (17) 0.084 (7) 0.156 (11) 0.059 (9) 0.191 (13) 0.040 (7)
K19 0.071 (6) 0.121 (9) 0.125 (9) 0.029 (6) 0.056 (6) 0.098 (8)
K20 0.216 (3) 0.228 (3) 0.142 (2) 0.192 (3) 0.154 (2) 0.134 (2)
K21 0.060 (5) 0.102 (7) 0.191 (12) 0.056 (5) 0.091 (7) 0.127 (9)
K22 0.0751 (17) 0.0441 (12) 0.091 (2) 0.0344 (12) 0.0686 (17) 0.0471 (13)
K23 0.0601 (19) 0.104 (3) 0.117 (3) 0.0241 (19) 0.046 (2) 0.090 (3)
K24 0.0500 (18) 0.116 (3) 0.132 (4) 0.010 (2) 0.022 (2) 0.100 (3)

K25 0.112 (8) 0.102 (7) 0.182 (12) 0.092 (7) 0.131 (9) 0.122 (8)
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K26 0.199 (4) 0.178 (3) 0.363 (6) 0.143 (3) 0.223 (5) 0.232 (4)
K27 0.340 (5) 0.133(2) 0.149 (2) -0.168 (3) 0.204 (3) -0.0889 (18)
K28 0.0656 (12) 0.135 (2) 0.148 (2) -0.0593 (14)  —0.0194 (13)  0.0890 (19)
K29 0.188 (6) 0.074 (3) 0.304 (9) -0.024 (3) 0.212 (7) -0.006 (3)
K30 0.202 (6) 0.119 (3) 0.139 (4) ~0.119 (4) 0.147 (4) ~0.106 (3)
K31 0.124 (5) 0.071 (3) 0.299 (9) -0.018 (2) 0.159 (6) 0.004 (3)
K32 0.0154 (9) 0.0486 (15) 0.0725 (19) 0.0004 (8) 0.0082 (11) 0.0192 (14)
K33 0.016 (3) 0.032 (3) 0.190 (13) -0.003 (2) 0.021 (5) 0.029 (6)
K34 0.030 (4) 0.091 (8) 0.164 (12) -0.016 (4) -0.002 (5) 0.047 (8)
K35 0.0155 (8) 0.0404 (12) 0.094 (2) 0.0040 (8) 0.0178 (11) 0.0172 (12)
K36 0.435 (9) 0.098 (3) 0.337 (7) 0 0.375 (8) 0

K37 0.0228 (12) 0.100 (3) 0.337 (8) 0 0.041 (3) 0

C.3 Powder Refinements of KSi,P:; Modifications
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Figure C1 Cu-Ka, X-ray powder diffraction pattern of KSi,P3-£1960 (blue) with Rietveld fit (red line) and difference
plot (grey).
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Figure C2 Cu-Ka; X-ray powder diffraction pattern of KSi,Ps- 0F1952 (blue) with Rietveld fit (red line) and

difference plot (grey).
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Figure C3 Cu-Ka; X-ray powder diffraction pattern of KSi;Ps- mC928 (blue) with Rietveld fit (red line) and
difference plot (grey).
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C.4 Elemental Analysis of monoclinic KSi,Ps

Figure C4 Representative scanning electron microscopic photographs of KSi,Ps- mC928.

Table C7 Elemental analysis by EDX of KSi,P3-m(C928, signals of oxygen were not taken into account due to

hydrolysis.
K Si P
EDX point 1 / atom-% 18.65 31.51 49.84
EDX point 2 / atom-% 17.23 31.86 50.91
EDX point 3 / atom-% 18.21 31.09 50.71
EDX point 4 / atom-% 15.82 33.82 50.36
EDX point 5 / atom-% 16.23 32.17 51.59
EDX point 6 / atom-% 18.83 31.19 49.98
EDX point 7 / atom-% 17.30 30.54 52.16
EDX point 8 / atom-% 16.98 30.98 52.04
EDX point 9 / atom-% 18.61 30.54 50.85
EDX point 10 / atom-% 19.08 30.06 50.87
EDX point 11 / atom-% 16.41 32.46 51.12
EDX point 12 / atom-% 17.38 32.08 50.54
EDX point 13 / atom-% 18.00 30.22 51.78
EDX point 14 / atom-% 17.96 32.50 49.54
Average / atom-% 17.62 31.50 50.88

Calculated / atom-% 16.66 33.33 50.00
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C.5 2°SjSolid-State MAS NMR of monoclinic KSi.P;

I
-80 -100 -12

I ” I I I ' 1 t I ! 1 v I % I
80 60 40 20 0 -20 -40 -60
viv, (*°Si) / ppm

Figure C5 #Si-MAS-NMR spectrum of a KSi,P3-mC928 sample with a rotation frequency of 10 kHz acquired at a
magnetic field of 11.7 T. Three very broad signals are visible at & (**Si) = -12.9, -17.9 and -25.9 ppm resulting from
32 crystallographically independent Si atoms on general Wyckoff sites. The chemical shift is comparable to known
phosphidosilicates.
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C.6 Geometrical Potassium Pathway Analysis
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Figure C6 Geometrically calculated pathways for potassium ion migration in KSi,Ps
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Figure C7 Geometrically calculated pathways for potassium ion migration in KSi,P3-0F1952. Four main channels
are formed along [101] (top, left), [-101] (top, right), [011] (bottom left) and [0-11] (bottom, right), which are

connected by shorter passages along every supertetrahedral face resulting in an isotropic 3D ion conduction.
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Figure C8 Geometrically calculated pathways for potassium ion migration in KSi,P3-mC928. Four main channels
are formed along [001] (top, left), [101] (top, right), [112] (bottom left) and [1-12] (bottom, right), which are

connected by shorter passages along every supertetrahedral face resulting in an isotropic 3D ion conduction.
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Cc.7

Known Potassium lon Conductors and Impedance Spectroscopy

Table C8 Ionic conductivity and activation energy of selected solid potassium ion conductors; a visualization is

shown in Figure 5.1 main text.

Compound T/°C 6(K*) / Scm™! E./ eV Reference
KSi2P3 25 1x10* 0.20 This work
KoFesOr 25 5x1072 0.08 t
K-fB-Alumina* 25 6.5x107° 0.29 (121
KFeO: 300 3x10* - B3l
Ko7Cdo.15FeO2 300 2x1073 0.24 B3l
Ko4Cdo3FeO> 300 2.5x1072 0.24 Bl
KGaO: 400 1x10-4 0.47 (341
KossPbo.1GaO2 400 1x107? 0.47 1451
Ko7Sr0.15GaOs 400 1x1072 0.23 [4-5]
KAIO: 400 1x10° . (4,6]
Ki.90Pbo.osAlO2 400 2.5x1073 0.29 el
Ki.90Ba.osAlO: 400 5.8x1072 0.23 el
y-KisAlioMo.1O4 (M =Ta, Nb) 300 5-8x107 0.23-0.26 (6-7)
K1.8Ga1.9Vo0.104 400 1x10° 0.47 (781
KisFe19Po.104 300 76x1073 0.35 (8]
KisAli9P0.1O4 200 5x1073 0.21 9101
KosAlosTi0.10:2 400 4x1073 - [1o-1]
KiM2Ti8-52016 (M =Zn, Ni) x=1.6 300 1x10* 0.23 {-12]
Ki6MgosTi72016 300 1x10* 0.29 [12-13]
0.8 La202S04 —0.2 (0.8 K2SO4 —0.2 CaSOy) >800 1x1072 - [13-14]
0.35 Gd203-0.3KNO> 600 2x10°! - [14-15]
K3Sb4BO13 300 3x10°° 0.33 [15-17]
K2SbPOs 400 4x10°¢ 0.82 116, 18]
K3SbsP2014 400 6x10°° 0.59 116, 18]
KsSbsP2020 300 2x10°° 0.52 116, 18]

[F] Data extrapolated. [*] Data of single crystals.

Table C9 Results of electrochemical impedance spectroscopy and polarization measurements of KSi,P3-mC928

of three batches (1-3) of KSi,Ps.

Sample  Relative pellet  gvux/ Scm™ o1t/ Scm™  Ea(6bux)/  Ea(02) / Cest1 / F R C_d
density / % ! ! eV eV €04

la 79 1.3E-05 4.8E-06 0.23 0.34* 1.4E-10 442

1b 81 2.7E-05 7.2E-06 0.21 0.19 9.9E-11 381
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Ic 73 1.9E-05 4.5E-06 0.12 0.39* 2.4E-11 2.4E-05 92

2a 77 5.4E-05 1.1E-05 0.18 0.16 1.6E-11 2.0E-06 64

2b 72 4.5E-05 7.7E-06 0.22 0.19 7.8E-12 9.0E-07 24

2c 80 1.1E-04 1.8E-05 0.20 0.23 4.5E-11 1.0E-06 178
2d 80 2.5E-04 4.1E-05 0.22 0.16 5.8E-11 1.30E-06 211.52
3a 79 2.6E-04 1.4E-05 0.21 0.22 3.4E-11 4.20E-06 90.94
3b* 80 2.0E-04 2.0E-04 0.28 n.a. 3.0E-11 n.a. 92.15
Average 78 1.1E-04 3.4E-05 0.20 0.19

St.dev. 3 9.6E-05 6.0E-05 0.04 0.03

*Qutlier not used for averaging *data fitted with R(1)CPE(1)-CPE(2) Model.

0.21eV

In(cT / Sem™K)
n

® data o,

-7 b fit opy C
e dataog,
fit o,
_8 1 1 1 1 1 1
3.3 3.4 35 36 3.7 3.8 39 40

1000/T 7/ 1/K

Figure C9 Plot of Arrhenius plot of sample 3a in Table C8 showing very similar activation energies of the high

frequency process (bulk) and the low frequency process (R2).
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D.1

Crystallographic Data of Nai..sBao.s7sSisPs and NasiBasSis2Ps:

Table D1 Fractional atomic coordinates, equivalent displacement parameters (A% and occupancy factors of

Naj 25Bag 875515Ps.

atom Wyckoff X y z Ueq Occ. (<1)
Bal 8f 0.000000 0.20847 (2) 0.08780 (4) 0.01843 (16) 0.4052 (19)
Ba2 4c 0.000000 0.41347 (2) 0.250000 0.0391 (2) 0.808 (3)
Ba3 4c 0.000000 0.79762 (2) 0.250000 0.01851 (9)
Nal 8f 0.000000 0.20847 (2) 0.08780 (4) 0.01843 (16) 0.595 (2)
Na2 8e 0.2456 (5) 0.000000 0.000000 0.0399 (8) 0.823 (5)
Na3 4c 0.000000 0.41347 (2) 0.250000 0.0391 (2) 0.192 (3)
Na4 4¢ 0.000000 0.91409 (13) 0.250000 0.0478 (15) 0.733 (11)
Sil 16h 0.25116 (9) 0.10945 (2) 0.08484 (6) 0.01093 (13)
Si2 8f 0.000000 0.32129 (3) 0.07770 (9) 0.01184 (18)
Si3 4c 0.000000 0.03358 (4) 0.250000 0.0114 (2)
Si4 4c 0.000000 0.53264 (4) 0.250000 0.0116 (2)
Si5 4c 0.000000 0.68381 (4) 0.250000 0.0118 (2)
P1 16h 0.26239 (9) 0.35654 (2) 0.08266 (6) 0.01537 (14)
P2 8¢ 0.23757 (13) 0.14767 (3) 0.250000 0.01199 (16)
P3 8¢ 0.25204 (13) 0.49366 (3) 0.250000 0.01388 (17)
P4 8f 0.000000 0.06891 (3) 0.07724 (8) 0.01158 (16)
P5 8f 0.000000 0.27958 (3) 0.58292 (9) 0.0243 (2)
P6 8f 0.000000 0.56828 (3) 0.07749 (8) 0.01209 (17)
pP7 4c 0.000000 0.28421 (4) 0.250000 0.0148 (2)

Table D2 Atomic displacement parameters (A?) of Naj 25Bag §75SisPs.
atom Ut U2 U U U U
Bal 0.0253 (3) 0.0157 (2) 0.0143 (2) 0.000 0.000 0.00122 (15)
Ba2 0.0799 (5) 0.0163 (2) 0.0211 (2) 0.000 0.000 0.000
Ba3 0.02080 (16)  0.01630 (15)  0.01843(16)  0.000 0.000 0.000
Nal 0.0253 (3) 0.0157 (2) 0.0143 (2) 0.000 0.000 0.00122 (15)
Na2 0.070 (2) 0.0303 (12) 0.0192 (11) 0.000 0.000 ~0.0053 (9)
Na3 0.0799 (5) 0.0163 (2) 0.0211 (2) 0.000 0.000 0.000
Nad 0.048 (3) 0.030 (2) 0.066 (3) 0.000 0.000 0.000
sil 0.0089 (3) 0.0139 (3) 0.0100 (3) ~0.0006 (2) ~0.0002 (2) 0.0011 (2)
Si2 0.0118 (4) 0.0136 (4) 0.0101 (4) 0.000 0.000 0.0010 (3)
si3 0.0089 (5) 0.0128 (6) 0.0127 (6) 0.000 0.000 0.000
Si4 0.0098 (6) 0.0126 (6) 0.0125 (6) 0.000 0.000 0.000
Si5 0.0116 (6) 0.0135 (6) 0.0103 (6) 0.000 0.000 0.000
P1 0.0111 (3) 0.0220 (3) 0.0131 (3) ~0.0019 (2) ~0.0018 (2) 0.0060 (2)
P2 0.0097 (4) 0.0154 (4) 0.0108 (4) ~0.0001 (3) 0.000 0.000
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P3 0.0095 (4) 0.0130 (4) 0.0191 (4) ~0.0003 (3) 0.000 0.000
P4 0.0094 (4) 0.0130 (4) 0.0124 (4) 0.000 0.000 0.0005 (3)
P5 0.0485 (7) 0.0136 (4) 0.0109 (4) 0.000 0.000 ~0.0003 (3)
P6 0.0100 (4) 0.0140 (4) 0.0123 (4) 0.000 0.000 0.0003 (3)
P7 0.0212 (6) 0.0145 (6) 0.0086 (5) 0.000 0.000 0.000

Table D3 Selected bond distances in Nay »5Bags75SisPs in A.
atoms distance atoms distance atoms distance atoms distance
Bal—P5' 3.0749 (11) | Ba2—Nad™  3.5840 (1) Na2—P4™ 3,057 (2) Sil—P4 2.2707 (9)
Bal—P7 3.1458 (12) Ba2—Na4* 3.5840 (1) Na2—P6* 3.078 (2) Si2—P1 2.2323(9)
Bal—P2 3.2290 (9) Ba2—Si2! 36762 (11) | Na2—P6"  3.078 (2) Si2—Pp1vi 2.2324 (9)
Bal—P2i 3.2290 (9) Ba2—Si2 3.6764 (11) Na2—Si3** 3.4777 (17) Si2—P5! 2.2785 (14)
Bal—P1"  3.3735(8) Ba2—P6~ 3.6844 (9) Na2—Si3 34777 (17) | Si2—P7 2.2904 (12)
Bal—P1"  3.3735(8) | Ba2—P6"  3.6844(9) | Na2—Sid*  3.4995(18) | Si3—P3* 22382 (12)
Bal—Bal'  3.5971(9) Ba3—P5% 32174 (11) | Na2—Si4i*  3.4995(18) | Si3—P3* 2.2382 (12)
Bal—P5Y 3.6074 (2) Ba3—P5wii 3.2174 (11) Na2—Na2*=  3.521(7) Si3—P4 2.2626 (12)
Bal—P5" 3.6074 (2) Ba3—P1™ 32210 (7) Na2—Na2™  3.646 (7) Si3—P4i 2.2627 (12)
Bal—Ba3" 37517 (5) Ba3—P1™ 32210 (7) Nad—P1¥i 3192 (3) Sid—P3 2.2424 (12)
Bal—Sil 3.8241 (8) Ba3—P1™  3.2210(7) Nad—P1¥  3.192 (3) Si4—p3i 2.2425 (12)
Bal—SilVi  3.8242 (8) Ba3—PI1™ 32210 (7) Nad—P1*™ 3,192 (3) Sid—P6 2.2658 (12)
Ba2—P3i 32754 (10) | Ba3—P7%  36129(2) | Nad—P1™  3.192(3) Si4—P6' 2.2658 (12)
Ba2—P3 3.2755(10) | Ba3—P7%i  3.6129 (2) Nad—P3 3242 (4) Si5—P5vi 2.2336 (13)
Ba2—P1¥  32775(8) | Ba3—Nad4  3.968 (5) Nad—P3vi 3242 (4) Si5—p5¥i 2.2336 (13)
Ba2—P1# 3.2775 (8) Na2—P3 27807 (1) Sil—P1" 2.1913 (9) Si5—P2vi 22483 (12)
Ba2—P1' 32775(8) | Na2—P3" 27807 (1) | Sil—P2 22492 (8) | Si5—P2x 2.2483 (12)
Ba2—P1 3.2776 (8) Na2—P4 3.057 (2) Sil—Pé6™ 2.2707 (9) Sil—P4 2.2707 (9)

Symmetry codes: (i) X, y, —z+1/2; (ii) —x, y, —z+1/2; (iii) x-1/2, =y+1/2, —z; (iv) —x+1/2, —=y+1/2, —z; (v) =x+1/2, —y+1/2,

z-1/2; (vi) —=x—1/2, =y+1/2, z—1/2; (vii) —x, —y+1, —z; (viii) —x, ¥, z; (ix) x+1/2, y—1/2, z; (X) x—1/2, y-1/2, z; (xi) —x, —y+1,

z+1/2; (xii) —x, —y+1, 2—1/2; (xiii) —x, —y+1, —z+1; (Xiv) —=x+1/2, y+1/2, —z+1/2; (xv) x=1/2, y+1/2, —z+1/2; (xvi) —x+1/2,

y+1/2, z; (xvii) x—1/2, y+1/2, z; (xviii) x+1/2, y+1/2, z; (xix) —=x+1/2, y—=1/2, —z+1/2; (xx) —x, =y, —2z; (xxi) —x+1, =y, —2;

(xxii) —x, =y, z+1/2; (xxiii) —x+1/2, —y+1/2, z+1/2; (xxiv) —x—1/2, =y+1/2, z+1/2.

Table D4 Fractional atomic coordinates, equivalent displacement parameters (A?) and occupancy factors of

Nasz BasSisoPss.
atom Wryckoff x y z Ueq Occ. (<1)
Bal 8f 0.03838(3) 0.28816(2) 0.44990(3) 0.03319(13) 0.5
Ba2 8f 0.42512(2) 0.12558(2) 0.29605(2) 0.02363(6)
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Ba3 8f 0.43398(2) 0.00233(2) 0.06545(2) 0.03283(7)

Nal 8f 0.00223(14) 0.10926(17) 0.49733(14) 0.1048(16)

Na2 8f 0.00686(11) 0.16477(9) 0.36852(12) 0.0533(6)

Na3 8f 0.0430(3) 0.30328(17) 0.4023(4) 0.083 (2) 0.5
Nad 8f 0.0624(7) 0.3881(3) 0.2299(5) 0.135(5) 0.5
Na5 8f 0.0636(3) 0.4140 (3) 0.2057 (4) 0.082 (2) 0.5
Na6 8f 0.0721 (4) 0.2081 (2) 0.5718 (3) 0.0715 (18) 0.5
Na7 8f 0.0875 (2) 0.44421 (11) 0.11510 (16) 0.0598 (13) 0.743 (8)
Na8 8f 0.24210 (12) 0.39581 (6) 0.19832 (9) 0.0392 (5)

Na9 8f 0.24662 (15) 0.33869 (11) 0.32971 (16) 0.0814 (11)

Nal0  8f 0.2477 (2) 0.44216 (9) 0.04221 (14) 0.0820 (10)

Nall  8f 0.2522 (3) 0.2775 (2) 0.4487 (4) 0.224 (4)

Nal2  8f 0.25708 (15) 0.30915 (7) 0.00968 (9) 0.0502 (6)

Nal3  8f 0.3839 (2) 0.39190 (13) 0.1225 (2) 0.110 (2) 0.892 (10)
Nal4  8f 0.40704 (13) 0.14171 (8) 0.07478 (9) 0.0459 (5)

Nal5  8f 0.41501 (15) 0.34166 (8) 0.29286 (1) 0.0545 (6)

Nal6  8f 0.43369 (13) 0.25448 (7) 0.09847 (8) 0.0443 (5)

Nal7  8f 0.4914 (2) 0.4690 (2) 0.1078 (2) 0.130 (3) 0.878 (10)
Nalg8  4e 0.000000 0.0063 (2) 0.250000 0.096 (2) 0.972 (15)
Nal9  d4e 0.000000 0.23869 (13) 0.250000 0.0637 (11)

Sil 8f 0.12797 (5) 0.35015 (3) 0.06876 (4) 0.01613 (19)

Si2 8f 0.14325 (6) 0.23599 (3) 0.06283 (4) 0.01532 (19)

Si3 8f 0.14759 (5) 0.29167 (3) 0.19249 (4) 0.01338 (17)

Si4 8f 0.15704 (5) 0.12513 (3) 0.05375 (4) 0.01428 (18)

Si5 8f 0.16056 (5) 0.01184 (3) 0.04449 (4) 0.01362 (18)

Si6 8f 0.16119 (5) 0.06083 (3) 0.17363 (4) 0.01297 (17)

Si7 8f 0.16278 (5) 0.10598 (3) 0.54268 (4) 0.01372 (18)

Si8 8f 0.16296 (5) 0.17611 (3) 0.18630 (4) 0.01279 (17)

Si9 8f 0.16315 (5) 0.04632 (3) 0.41873 (4) 0.01474 (18)

Si10 8f 0.16454 (5) 0.22990 (3) 0.31329 (4) 0.01346 (18)

Sill 8f 0.16732 (5) 0.11122 (3) 0.30336 (4) 0.01368 (18)

Si12 8f 0.16750 (5) 0.16597 (3) 0.42771 (4) 0.01435 (18)

Si13 8f 0.18625 (5) 0.45145 (3) 0.36336 (4) 0.01375 (18)

Sil4 8f 0.29282 (5) 0.30290 (3) 0.15019 (4) 0.01311 (17)

Sil5 8f 0.30819 (5) 0.18534 (3) 0.15002 (4) 0.01325 (17)

Sil6 8f 0.31110 (5) 0.06675 (3) 0.14294 (4) 0.01319 (17)

Si17 8f 0.31122 (5) 0.00422 (3) 0.26096 (4) 0.01410 (18)

Si18 8f 0.31121 (5) 0.23848 (3) 0.27591 (4) 0.01215 (17)

Si19 8f 0.31647 (5) 0.05175 (3) 0.39075 (4) 0.01445 (18)

Si20 8f 0.32087 (5) 0.10468 (3) 0.51419 (4) 0.01544 (18)

Si21 8f 0.32141 (5) 0.16746 (3) 0.39691 (4) 0.01361 (18)

Si22 8f 0.33889 (5) 0.49532 (3) 0.20764 (4) 0.01324 (17)

Si23 8f 0.34165 (5) 0.44621 (3) 0.33394 (4) 0.01315 (17)
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Si24
Si25
Si26
P1
P2
P3
P4
P5
P6
pP7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
P31
P32
P33
P34
P35
P36
P37
P38
P39
P40

8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f

0.44033 (5)
0.44218 (5)
0.53629 (6)
0.06627 (5)
0.07249 (6)
0.07437 (5)
0.07790 (5)
0.09242 (5)
0.09491 (5)
0.10536 (5)
0.10650 (6)
0.11451 (5)
0.11484 (5)
0.11639 (5)
0.11657 (5)
0.11874 (5)
0.11905 (5)
0.12014 (5)
0.12105 (5)
0.12370 (5)
0.12431 (5)
0.22142 (5)
0.22370 (5)
0.22584 (5)
0.24177 (5)
0.25854 (5)
0.26254 (5)
0.27277 (5)
0.27463 (5)
0.27620 (5)
0.27732 (5)
0.27839 (5)
0.28076 (5)
0.28253 (5)
0.28390 (5)
0.37585 (6)
0.37902 (5)
0.38405 (5)
0.40505 (5)
0.42026 (5)
0.42198 (5)
0.42275 (5)
0.42381 (5)

0.24940 (3
0.00773 (3
0.10431 (4
0.39356 (4
0.54290 (4
0.44766 (3
0.40785 (3
0.29268 (3
0.34891 (3
0.23290 (3
0.18167 (3
0.00588 (3
0.12101 (3
0.04637 (3
0.05668 (3
0.17174 (3
0.29095 (3
0.10811 (3
0.11210 (3
0.16694 (3
0.22756 (3
0.39077 (3
0.49260 (3)
0.44311 (3)
0.36008 (3)
0.24264 (3)
0.29965 (3)

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0.12761 (3)
0.06746 (3)
0.01137 (3)
0.17644 (3)
0.04335 (3)
0.23274 (3)
0.11168 (3)
0.16936 (3)
0.48831 (3)
0.42929 (3)
0.43940 (3)
0.31098 (3)
0.18631 (3)
0.01163 (4)
0.24213 (3)
0.06940 (3)

0.23187 (4)
0.22698 (4)
0.01670 (5)
0.44006 (4)
0.06602 (5)
0.32417 (4)
0.01360 (4)
0.00918 (4)
0.14242 (4)
0.13459 (4)
0.00068 (4)
0.11124 (4)
0.12364 (4)
0.48593 (4)
0.24087 (4)
0.25340 (4)
0.26748 (4)
0.36871 (4)
0.61046 (4)
0.49356 (4)
0.38152 (4)
0.41677 (4)
0.16714 (4)
0.29334 (4)
0.09607 (4)
0.09306 (4)
0.22710 (4)
0.08910 (4)
0.21473 (4)
0.07962 (4)
0.22442 (4)
0.46111 (4)
0.35208 (4)
0.33466 (4)
0.46901 (4)
0.13755 (4)
0.00814 (4)
0.26701 (4)
0.18038 (4)
0.18168 (4)
0.30508 (4)
0.31297 (4)
0.17732 (4)

0.01304 (17)
0.01398 (18)
0.0208 (2)

0.0225 (2)

0.0279 (2)

0.01828 (18)
0.01930 (19)
0.01777 (18)
0.01832 (18)
0.01500 (17)
0.0220 (2)

0.01454 (17)
0.01305 (16)
0.01397 (16)
0.01412 (16)
0.01327 (16)
0.01677 (18)
0.01485 (17)
0.01588 (17)
0.01713 (18)
0.01681 (18)
0.01363 (16)
0.01396 (16)
0.01382 (16)
0.01576 (17)
0.01516 (17)
0.01323 (16)
0.01386 (16)
0.01354 (16)
0.01393 (16)
0.01289 (16)
0.01609 (17)
0.01360 (16)
0.01478 (17)
0.01530 (17)
0.01998 (19)
0.01809 (18)
0.01661 (17)
0.01743 (18)
0.01638 (17)
0.0211 (2)

0.01698 (18)
0.01710 (18)
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P41 8f 0.56460 (5) 0.16504 (4) 0.07307 (4) 0.0209 (2)
P42 8f 0.01904 (15) 0.28372 (9) 0.51020 (13) 0.0397 (6) 0.5

Table D5 Atomic displacement parameters (A?) of Nas;BasSisPgs.
atom Ut Uz U Uv us U=
Bal 0.0237(3) 0.0350(3) 0.0402(3) -0.0194(2) 0.0120(2) -0.0034(2)
Ba2 0.02674(12) 0.02313(11) 0.02034(11) -0.00194(9) 0.00866(9) 0.00406(9)
Ba3 0.04358(16) 0.03085(14) 0.02699(13) 0.00248(10) 0.01716(12) -0.01025(12)
Nal 0.0256(13) 0.215(5) 0.0616(19) 0.040(2) 0.0052(12) -0.0109(19)
Na2 0.0267(11) 0.0564(15) 0.0757(18) 0.0158(13) 0.0191(11) 0.0037(10)
Na3 0.044(3) 0.033(3) 0.143(6) -0.037(3) 0.008(3) 0.013(2)
Na4 0.253(14) 0.088(6) 0.120(8) -0.025(6) 0.134(9) 0.029(8)
Na5 0.053(3) 0.074(5) 0.125(7) -0.057(5) 0.040(4) 0.001(3)
Na6 0.103(5) 0.074(4) 0.062(3) 0.015(3) 0.059(4) 0.035(4)
Na7 0.068(3) 0.045(2) 0.056(2) -0.0191(16) 0.0137(18) 0.0057(17)
Na8 0.0652(14) 0.0238(9) 0.0351(10) -0.0108(8) 0.0268(10) -0.0058(9)
Na9 0.0657(18) 0.085(2) 0.109(3) 0.074(2) 0.0513(18) -0.0390(16)
Nal0 0.135(3) 0.0385(14) 0.076(2) 0.0078(14) 0.047(2) -0.0253(17)
Nall 0.106(4) 0.241(7) 0.362(10) -0.255(8) 0.129(5) -0.090(4)
Nal2 0.109(2) 0.0258(10) 0.0343(11) 0.0027(8) 0.0480(13) 0.0058(11)
Nal3 0.067(3) 0.062(2) 0.181(5) 0.066(3) 0.029(3) 0.0077(18)
Nal4 0.0687(16) 0.0470(13) 0.0329(11) 0.0021(9) 0.0319(11) 0.0095(11)
Nal5 0.0839(19) 0.0336(11) 0.0441(13) -0.0131(10) 0.0237(13) 0.0032(12)
Nal6 0.0727(16) 0.0352(11) 0.0205(9) -0.0003(8) 0.0138(10) 0.0047(10)
Nal7 0.046(2) 0.237(7) 0.111(4) -0.058(4) 0.037(2) -0.031(3)
Nal8 0.037(2) 0.155(6) 0.084(4) 0.000 0.011(2) 0.000
Nal9 0.0260(16) 0.056(2) 0.105(3) 0.000 0.0208(19) 0.000
sil 0.0208(19) 0.0145(4) 0.0148(4) 0.0043(3) 0.0037(4) 0.0006(4)
Si2 0.0228(5) 0.0103(4) 0.0115(4) 0.0012(3) 0.0053(4) 0.0012(4)
Si3 0.0159(4) 0.0115(4) 0.0137(4) 0.0013(3) 0.0070(4) 0.0010(3)
Sid 0.0203(5) 0.0105(4) 0.0123(4) 0.0003(3) 0.0068(4) -0.0001(3)
Si5 0.0176(5) 0.0116(4) 0.0117(4) -0.0004(3) 0.0059(4) 0.0008(3)
Si6 0.0168(4) 0.0118(4) 0.0110(4) -0.0002(3) 0.0064(4) 0.0002(3)
Si7 0.0173(5) 0.0138(4) 0.0112(4) 0.0008(3) 0.0068(4) -0.0010(3)
si8 0.0163(4) 0.0113(4) 0.0117(4) 0.0000(3) 0.0065(4) -0.0006(3)
Si9 0.0215(5) 0.0127(4) 0.0116(4) -0.0008(3) 0.0083(4) -0.0023(4)
$i10 0.0168(4) 0.0127(4) 0.0131(4) 0.0004(3) 0.0083(4) -0.0001(3)
Sill 0.0194(5) 0.0116(4) 0.0109(4) 0.0002(3) 0.0068(4) 0.0000(3)
Si12 0.0192(5) 0.0133(4) 0.0123(4) 0.0007(3) 0.0082(4) -0.0007(4)
Si13 0.0170(4) 0.0130(4) 0.0121(4) 0.0006(3) 0.0067(4) 0.0002(3)
Sil4 0.0161(4) 0.0108(4) 0.0129(4) 0.0012(3) 0.0063(4) 0.0015(3)
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Sil5
Silé
Sil7
Si18
Sil19
Si20
Si21
Si22
Si23
Si24
Si25
Si26
P1
P2
P3
P4
P5
P6
pP7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
P31

0.0178(5)
0.0170(4)
0.0155(4)
0.0143(4)
0.0183(5)
0.0184(5)
0.0158(4)
0.0174(4)
0.0166(4)
0.0147(4)
0.0163(4)
0.0170(5)
0.0206(5)
0.0181(5)
0.0168(4)
0.0162(4)
0.0233(5)
0.0222(5)
0.0189(4)
0.0379(6)
0.0193(4)
0.0167(4)
0.0180(4)
0.0186(4)
0.0171(4)
0.0218(5)
0.0195(4)
0.0219(5)
0.0230(5)
0.0237(5)
0.0171(4)
0.0178(4)
0.0170(4)
0.0184(4)
0.0230(5)
0.0160(4)
0.0195(4)
0.0172(4)
0.0183(4)
0.0158(4)
0.0222(5)
0.0169(4)
0.0203(4)

0.0107(4)
0.0115(4)
0.0132(4)
0.0119(4)
0.0128(4)
0.0168(4)
0.0130(4)
0.0121(4)
0.0121(4)
0.0114(4)
0.0131(4)
0.0225(5)
0.0272(5)
0.0269(5)
0.0168(4)
0.0161(4)
0.0156(4)
0.0156(4)
0.0123(4)
0.0111(4)
0.0124(4)
0.0111(4)
0.0129(4)
0.0128(4)
0.0118(4)
0.0145(4)
0.0140(4)
0.0145(4)
0.0169(4)
0.0144(4)
0.0130(4)
0.0117(4)
0.0130(4)
0.0122(4)
0.0112(4)
0.0112(4)
0.0110(4)
0.0125(4)
0.0120(4)
0.0114(4)
0.0150(4)
0.0132(4)
0.0130(4)

0.0134(4)
0.0117(4)
0.0131(4)
0.0117(4)
0.0120(4)
0.0130(4)
0.0124(4)
0.0109(4)
0.0114(4)
0.0151(4)
0.0115(4)
0.0209(5)
0.0191(5)
0.0313(6)
0.0196(4)
0.0239(5)
0.0120(4)
0.0186(4)
0.0130(4)
0.0122(4)
0.0125(4)
0.0111(4)
0.0115(4)
0.0123(4)
0.0120(4)
0.0170(4)
0.0127(4)
0.0129(4)
0.0146(4)
0.0170(4)
0.0115(4)
0.0121(4)
0.0121(4)
0.0181(4)
0.0134(4)
0.0135(4)
0.0123(4)
0.0119(4)
0.0124(4)
0.0125(4)
0.0120(4)
0.0128(4)
0.0122(4)

-0.0006(3)
0.0005(3)
-0.0001(3)
0.0001(3)
-0.0019(3)
0.0005(3)
0.0008(3)
0.0009(3)
0.0011(3)
0.0003(3)
0.0006(3)
0.0072(4)
-0.0008(4)
0.0105(4)
0.0011(3)
0.0091(4)
0.0015(3)
0.0041(3)
0.0011(3)
0.0004(3)
-0.0003(3)
0.0003(3)
0.0008(3)
-0.0006(3)
0.0003(3)
0.0014(3)
0.0001(3)
0.0029(3)
0.0028(3)
0.0019(3)
-0.0002(3)
0.0010(3)
0.0002(3)
0.0040(3)
0.0003(3)
0.0005(3)
0.0002(3)
-0.0005(3)
-0.0006(3)
0.0001(3)
0.0003(3)
0.0004(3)
-0.0002(3)

0.0084(4)
0.0065(4)
0.0051(4)
0.0067(3)
0.0058(4)
0.0082(4)
0.0061(4)
0.0063(4)
0.0063(4)
0.0082(4)
0.0044(4)
0.0055(4)
0.0072(4)
0.0019(4)
0.0056(4)
0.0061(4)
0.0046(4)
0.0096(4)
0.0055(3)
0.0050(4)
0.0070(3)
0.0052(3)
0.0064(3)
0.0076(3)
0.0069(3)
0.0109(4)
0.0081(3)
0.0088(4)
0.0108(4)
0.0131(4)
0.0065(3)
0.0056(3)
0.0064(3)
0.0087(4)
0.0095(4)
0.0070(3)
0.0076(3)
0.0068(3)
0.0071(3)
0.0069(3)
0.0077(4)
0.0082(3)
0.0077(3)

-0.0008(3)
0.0002(3)
-0.0006(3
-0.0003(3
-0.0019(3
-0.0008(4
-0.0005(3
0.0012(3)
0.0010(3)
0.0004(3)
-0.0002(3)
0.0035(4)

)
)
)
)
)

0.0060(4)
-0.0008(3)
0.0008(4)
0.0004(3)
0.0004(3)
-0.0009(3)
-0.0004(3)
0.0001(3)
0.0027(3)
-0.0005(3)
0.0043(3)
0.0017(4)
0.0020(3)
-0.0007(3)
0.0009(3)
0.0007(3)
0.0026(3)
-0.0005(3)
0.0005(3)
0.0000(3)
-0.0001(3)
0.0001(3)
-0.0002(3)
-0.0002(3)
-0.0001(3)
-0.0004(3)
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P32 0.0198(4) 0.0146(4) 0.0133(4) -0.0004(3) 0.0086(3) -0.0016(3)
P33 0.0310(5) 0.0171(4) 0.0174(4) 0.0053(3) 0.0156(4) 0.0086(4)
P34 0.0265(5) 0.0118(4) 0.0126(4) -0.0004(3) 0.0044(4) 0.0013(3)
P35 0.0227(5) 0.0143(4) 0.0160(4) 0.0035(3) 0.0109(4) 0.0047(3)
P36 0.0187(4) 0.0133(4) 0.0221(5) 0.0038(3) 0.0101(4) 0.0010(3)
P37 0.0177(4) 0.0134(4) 0.0202(4) -0.0028(3) 0.0098(4) -0.0001(3)
P38 0.0174(4) 0.0298(5) 0.0156(4) 0.0018(4) 0.0062(4) -0.0011(4)
P39 0.0145(4) 0.0234(5) 0.0142(4) 0.0022(3) 0.0069(3) 0.0002(3)
P40 0.0169(4) 0.0152(4) 0.0183(4) 0.0026(3) 0.0061(4) -0.0004(3)
P41 0.0192(5) 0.0285(5) 0.0153(4) 0.0008(4) 0.0071(4) 0.0080(4)
P42 0.0367(14) 0.0346(13) 0.0413(15) -0.0076(11) 0.0087(12) 0.0005(11)

Table D6 Selected bond distances in Nas;BasSis,Psg; in A.

atoms distance atoms distance atoms distance atoms distance
Bal—Na3  1.331(9) Na5—P6 2.802(6) | Nald—P4  2.828(2) Si9—P33v 22232 (14)
Bal—P42 1.738 (3) Na5—P3i 2912(6) | Nal4—P5% 2931 (2) Si9—P29 2.2518 (15)
Bal—P41! 3.2732 (12) Na5—P38¥= 3.035(9) Nal4—P37 2.945 (2) Si9—P15 2.2604 (14)
Bal—P1 3.3141(13) | Na5—P3 3.093(8) | Nal4—P25  3.050 (3) Si9—P11 2.2879 (13)
Bal—P5 33367 (12) | Na5—Si25™ 3370 (6) | Nald—P40  3.324(2) Silo—P14 22120 (14)
Bal—P7i 3.4030 (11) | Na5—P21 3.395(7) | Nald—Sil"  3.416 (2) Silo—P18  2.2142(13)
Bal—Pé' 3.4190 (12) | Na5—Na8 3916 (7) | Nald—P41  3.444(3) Si10—P30 2.2687 (14)
) Nal4—

Bal—P18 3.5097 (11) | Na5—Na5' 4.144 (16) Nale 3.518 (3) Sil0—P13 2.2919 (13)
Bal—Si26'  3.7149 (12) | Na6—P42 2.771(7) | Nal5—P36  2.926 (3) Sil1—P13 2.2521 (13)
Bal—P32il  3.7435(11) | Na6—P17 2.908 (5) | Nal5—P35  3.083(3) Sil1—P15  2.2537(13)
Bal—Na6  3.781 (6) Na6—P16 3147 (6) | Nal5—P39  3.088 (3) Sil1—P31 2.2548 (14)
Bal—Na2  4.233(3) Na6—P39iii 3257(6) | Nal5—P16i  3.177 (3) Sill—P12  2.2597 (13)
Ba2—P28 3.3255 (9) Na6—Nal6' 3468 (6) | Nal5—P24  3.262(3) Si12—P17 22111 (13)
Ba2—P37  3.4105(10) | Na6—Nal5#  3.662(6) | Nal5—Si24  3.369 (2) Sil2—P18  2.2190 (14)
Ba2—P41"  3.4525(10) | Na6—Na9i 3.935(7) | Nal6—P5vi  2.937(2) Si12—P32 2.2735 (14)
Ba2—P40  3.4557(10) | Na6—Nallii  3.997(8) | Nal6—P36  2.947 (2) Sil2—P15  2.2795 (14)
Ba2—P40"  3.4672 (10) | Na7—P4 2.734(4) | Nal6—P39"  3.006 (3) Si13—P3 2.1858 (14)
Ba2—P38 35049 (12) | Na7—P38x 2.954(3) | Nal6—P8  3.026 (2) Sil3—P19  2.2465(13)
Ba2—P26  3.5224(10) | Na7—P6 2994 (4) | Nal6—P37  3.062(2) Si13—P21 2.2604 (13)
Ba2—P31 3.5639 (10) | Na7—P20 3.048 (4) | Nal6—Si24  3.328 (2) Si13—P27%  2.2761 (13)
Ba2—P39  3.6035(11) | Na7—P2 3239(4) | Nal7—P9*  2.821 (5) Sil4—P36 22112 (14)
Ba2—P37"  3.6230(10) | Na7—Sil 3354 (3) | Nal7—P33  2.906 (4) Sil4—P22 2.2243 (13)
Ba2— B

a4 3.792 (3) Na7—P1i# 3379 (4) | Nal7—P34  2.958 (5) Sil4—P23 2.2802 (13)
Ba2—Ba2"  4.6383 (5) Na7—Na8 3.455 (4) :zf_ 3.331 (5) Sil4—P24  2.2843(13)
Ba3—Pp2" 31927 (12) | Na8—P22 2.809 (2) | Nal7—P35"  3.346 (6) Sil5—P37  2.1913(14)
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Ba3—PpP3¥ 3.3247 (11) Na8—P21 2.946 (2) Nalg: 3.715(5) Sil5—P28 2.2454 (13)
Ba3—P1v 3.3394 (12) Na8—P24 3.028 (2) Nal8—P12 3.007 (4) Sil5—P23 2.2519 (13)
Ba3—P4vi 33551 (10) | Na8—P20 3.057(2) | Nal8—P12i  3.007 (4) Sil15—P25 2.2708 (13)
Ba3—Na7¥ 3.485 (4) Na8—P35 3.121(2) Nal8—P33%  3.0645 (17) Sil6—P40 2.2016 (14)
Ba3—P38" 34937 (11) | Na8—P6 3216 (3) | Nal8—P33" 3.0645(17) | Sil6—P26 2.2434 (13)
Ba3—P27 3.5256 (10) | Na8—Sil4 3.438(2) SNIZS_ 3.1744 (13) | Sil6—P27 2.2489 (13)
Ba3—P2vi 35583 (14) | Na8—Sil 3.502 (2) z;g_ 3.1744 (13) | Sil6—P25 2.2630 (13)
Ba3—P40 3.5769 (10) | Na8—Na9 3.727(5) | Nal8—P358%  3.366 (4) Si17—P38 2.1797 (14)
Ba3—P29'ii  3,5948 (10) Na8—Nal5 3.872 (4) Nal8—P35%  3.366 (4) Sil7—P26 2.2389 (13)
Ba3— ) i

Nalo 4.106 (4) Na9—P14 2929 (3) | Nal9—P14i 2.878(2) Sil7—P20%  2.2524 (13)
Ba3—Nald4  4.332(2) Na9—P19 2940 (3) | Nal9—Pl14  2.878(2) Sil7—P21%  2.2718(13)
Nal—P16  2.971(3) Na9—DP24 3.000 (3) | Nal9—Sil0  3.2275(11) | Sil8—P39 2.1785 (14)
Nal—P34! 2.986 (3) Na9—P16' 3.016 (3) Nal9—Sil0%  3.2275 (11) Si18—P28 2.2564 (13)
Nal—P10i  3.103 (3) Na9—P21 3313(4) | Nal9o—P13  3.229(3) Si18—P24 2.2581 (13)
Nal—Si7 3.140 (3) Na9—P30 3.329 (4) Nal9—P13%  3.230 (3) Si18—P30 2.2732 (13)
Nal—Sidi  3.145(3) Na9—Si7i 3474 (3) | Nal9—P18i 3.3432(11) | Si19—P2v 2.1884 (15)
Nal—P17 3.164 (4) Na9—Nall 3.515(11) | Nal9—P18 3.3432 (11) Si19—P29 2.2467 (13)
Nal—P11 3.203 (4) Na9—Nal5 4.046 (4) | Sil—P6 22410 (14) | Si19—P31 2.2584 (13)
Nal—P8i 3.221 (5) Nal0—P22 2.890 (3) | Sil—P4 22431 (14) | Sil19—P20%  2.2741 (13)
Nal—Na6  3.567 (9) Nal0—P29%  3.148(3) | Sil—P5 22461 (14) | Si20—P1i  2.2112(15)
Nal—Na2  3.715 (4) Nal0—P33 3.165(4) | Sil—P22 22572 (14) | Si20—P19% 22673 (13)
Nal—Nal7  3.761 (6) Nal0—Nal3  3.195(5) | Si2—P5 22062 (14) | Si20—P32  2.2684 (14)
Na2—P15  2.969 (3) Nalo—P27¥i 3249 (3) | Si2—P8 22100 (14) | Si20—P29 2.2790 (14)
Na2—P107  2.992 (2) Nal0—P34 3.260 (4) | Si2—P7 22647 (14) | Si21—P41v  2.2344 (14)
Na2—P18  3.066 (3) Nal0—Nal2  4.183(4) | Si2—P23 22681 (15) | Si21—P31 2.2488 (13)
Na2—Sil2  3.137(2) Nall—P32ii 2978 (5) | Si3—P6 2.1937(13) | Si21—P32  2.2660 (13)
Na2—P7i 3.150 (3) Nall—P17i 2989 (4) | Si3—P14 22126 (13) | Si21—P30 2.2941 (13)
Na2—P17  3.151 (3) Nall—P18 2.992(4) | Si3—P24 22578 (14) | Si22—P33 2.2197 (13)
Na2—P13i  3.184(3) Nall—P30 3.070 (5) | Si3—P7 22705 (13) | Si22—P35 2.2300 (13)
Na2—Si8i  3.331(2) Nall—Nalli  3.124(19) | Si4—P8 2.1947 (14) | Si22—P20  2.2489 (14)
Na2—Nal9  3.718 (4) Nall—P32 3.380(8) | Si4—P34¥i 22074 (13) | Si22—PI12%  2.2704 (13)
Na3—P1 2.907 (5) Nall—Si12ii  3.384(5) | Si4—P25 22605 (14) | Si23—P16i  2.2180 (13)
Na3—P6 3.032 (5) Nall—Sil0 3.503(6) | Si4—P10 2.2849 (13) | Si23—P35 2.2247 (13)
Na3—P42  3.032(10) Nal2—P22 2.811(2) | Si5—P34vi 22024 (13) | Si23—P9*  2.2612 (13)
Na3—P18  3.064 (5) Nal2—P23 2.927(2) | Si5—P27 2.2575(14) | Si23—P21 2.2614 (14)
Na3—Nal9  4.102 (7) Nal2—P23¥i  2952(2) | Si5—P11vi 22713 (13) | Si24—P39 2.2405 (13)
Na3—Nadi  4.124 (13) Nal2—P25%i  3.026(2) | Si5—P9 22738 (13) | Si2d—P36  2.2475(13)
Na3—Nall  4.202 (7) Nal2—Pgvi 3.029 (3) | Si6—P26 22234 (14) | Si24—P37 2.2603 (13)
Na4—Na5  1.009 (11) Nal2—Sil4 3.334(2) | Si6—P10 2.2331(13) | Si24—Si24"  2.330 (2)
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Nad4—P6 2.837 (7) Nal2—Si4"i  3.510(2) | Si6—P9 22522 (13) | Si25—P38  2.1882 (14)
Nad4—P3 2.936 (8) Nal2—Nal4¥i 3,616 (4) | Si6—P12 22595 (13) | Si25—P3%  2.1986 (14)
Nad—Nadi  3.20 (2) Nal2—Nal2¥i 3,658 (4) | Si7—P17 22159 (14) | Si25—P40  2.2182 (13)
Na4—P14  3212(11) | Nal2—Nal6  3.904 (4) | Si7—P16 22327 (13) | Si25—Si25%  2.263 (2)

Nad—P3i  3241(12) | Nal2—Nal3  3.967(6) | Si7—P19i 22615 (14) | Si26—P2v  2.2215(15)
Nad—Na7  3.597 (11) | Nal3—P36 2.826 (4) | Si7—P11 22914 (13) | Si26—P4¥i 22675 (15)
Na4—Na5"  3.735(12) | Nal3—P22 2.988(4) | Si8—P7 22294 (13) | Si26—P1¥ 22727 (16)
Nad—Na9 4017 (14) | Nal3—P33 2.995(4) | Si8—P28 22308 (14) | Si26—P41  2.2768 (16)
Nad—Na8  4.212(12) | Nal3—P34 3.078(5) | Si8—P13 22505 (13) | P5—P42i 2238 (3)

Na5—Na7 2706 (11) | Nal3—Nal7  3.412(7) | Si8—P10 22643 (13) | P41—P42% 2171 (3)

Symmetry codes: (i) x—1/2, —y+1/2, z+1/2; (ii) —=x, y, —z+1/2; (iii) —x+1/2, —y+1/2, —z+1; (iv) —x+1, y, —z+1/2; (v) x+1/2,
y=1/2, z; (Vi) =x+1/2, y=1/2, —z+1/2; (vii) —x+1/2, —=y+1/2, —z; (Viii) x, —y, z2—1/2; (iX) —x+1/2, y+1/2, —z+1/2; (x) x+1/2,
y+1/2, z; (xi) x—-1/2, y=1/2, z; (xii) x+1/2, =y+1/2, z—1/2.

D.2 Topology and ball-stick models of the anionic network of Na;.»sBac.s75SisPs
and Na3;BasSis2Ps;

Figure D1 Ball-stick models of T3 supertetrahedra in Na,sBaosssSisPs along the crystallographic a- and c-axis
showing their connectivity by a common vertex (left) and by a common SiP, tetrahedron (right). Ellipsoids are

drawn with 90 % probability.
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Figure D2 Ball-stick models of T3 supertetrahedra in Nas BasSis;Ps; showing their connectivity by common SiP,

tetrahedra to defect T5 supertetrahedra (left) and the condensation to a three dimensional anionic network by

homonuclear silicon bonds (right). Ellipsoids are drawn with 90 % probability and the homonuclear silicon bonds

are depicted in black.

o

=

=

Figure D3 Topology of the anionic sheets in Na 2sBags75SisPs, which can be assigned to distorted sql-nets. Every

red position corresponds to a T3 supertetrahedron. The distortion arises from different condensations of the T3

supertetrahedra either by common vertices or by fusion.
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Figure D4 Topology of the anionic 26-nodal network (TD10 = 596) in Na31Ba5Si52P83 in b (left), c (right) and a

(bottom) direction. Every red position corresponds to a T3 supertetrahedron either with a SiP4 or a SiP;Si vertex.

D.3 Powder Diffraction and Rietveld Refinements of Na;.sBaos75Si:Ps and
Na;:BasSis,Ps3

The preparation of polycristalline samples was conducted in an argon filled glovebox due to the high
sensitivity towards air and moisture of the compounds. Respective samples were ground and filled in
silica capillaries with a diameter of 0.2 mm and subsequently sealed. The according powder X-ray
diffractograms were obtained by using the setup described in the publication for this Supporting
Information and the fundamental parameter approach. Based on the structure models of the single-
crystal X-ray structure determination and refinement the according powder diffraction patterns were
fitted. Therefore, the unit cell parameters were refined as well as the atom positions of barium, silicon
and phosphorus with no significant changes. The occupancies derived from the single-crystal
refinement were not refined and the peak shapes and background were fitted using pseudo-Voigt and

shiftedChebysheyv, respectively. For the Nas1BasSis2Psssamples the difference curve revealed a side phase
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beside unreacted silicon (1.4 %), which we were able to refine with the single-crystal structure model of

Na23Si37P57 (9.8 %). The according results are compiled in Table D7.

Table D7 Crystallographic data of powder Rietveld refinements of Na, »;Bags7551:Ps and NasiBasSis;Pss.

Formula Nai.25Bao.s75SisPs Nasi1BasSis2Ps3
Space group Cmcm (No. 63) C2/c (No. 15)
alA 7.1682(2) 21.279(1)
blA 34.158(2) 30.688(2)
c/A 11.0886(3) 25.341(1)
Bl° 90 113.559(5)
Ve 1 A3 2715.1(2) 15168(2)
px-ray/ g-cm’! 2.733(5) 2.3751(2)
Diffractometer Stoe Stadi P

Radiation Mo-Kal (A =0.709319 A)

Detector Mythen 1K

Monochromator Ge(111)

20 -range/ ° 2.000 - 55.940 1.000 - 57.145
Data points 3597 3744
Background function Shifted Chebyshev

Refined parameters (background parameters) 48 (18) 234 (20)
GooF 3.302 3.019

Rp; Rwp 0.040; 0.053 0.033; 0.044
Rexp; Riragg 0.016; 0.027 0.014; 0.012
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D.4 Elemental Analysis of Nai.;sBao.s75SisPs and NasziBasSis:Ps:

3485 3489
SE MAG: 1604 x HV: 20,0 kV WD: 9.0 mm Px: 0,20 ym SE MAG: 2102 x HV: 20,0 kV WD: 9.0 mm Px: 0,15 pm

Figure D5 Representative scanning electron microscopic photographs of Naj »sBaos75515Ps.

Table D8 Elemental analysis by EDX of Na 2sBaos75SisPs, signals of oxygen were not taken into account due to

hydrolysis.
Na Ba Si P
EDX point 1/ atom-% 13.09 8.35 26.52 52.04
EDX point 2 / atom-% 12.49 9.28 26.48 51.75
EDX point 3 / atom-% 12.85 9.73 26.42 51.00
EDX point 4 / atom-% 12.51 9.45 26.49 51.55
EDX point 5 / atom-% 12.26 8.28 26.78 52.68
EDX point 6 / atom-% 12.55 8.08 26.96 52.41
EDX point 7 / atom-% 12.15 9.14 26.86 51.85
EDX point 8 / atom-% 12.38 9.48 26.65 51.48
EDX point 9 / atom-% 12.25 9.28 26.79 51.68
EDX point 10 / atom-% 12.28 8.65 26.81 52.27
EDX point 11 / atom-% 11.47 8.78 27.04 52.70
EDX point 12 / atom-% 12.05 8.01 27.18 52.76
EDX point 13 / atom-% 10.11 8.73 28.91 52.24
EDX point 14 / atom-% 13.08 9.18 26.49 51.25
EDX point 15 / atom-% 12.24 9.53 26.23 52.00
Average / atom-% 12.25 8.93 26.84 51.98

Calculated / atom-% 124 8.6 29.6 494
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4683
SE MAG: 1186 x HV: 20,0 kV WD: 8,6 mm Px: 0,27 pm

4686
SE MAG: 1344 x HV: 20,0 kV WD: 8,7 mm Px: 0,24 pm

Figure D6 Representative scanning electron microscopic photographs of Nas BasSisPss.

Table D9 Elemental analysis by EDX of Nas;BasSis,Pss, signals of oxygen were not taken into account due to

hydrolysis.
Na Ba Si P

EDX point 1/ atom-% 17.27 3.56 27.54 51.64
EDX point 2 / atom-% 18.81 3.54 26.51 51.14
EDX point 3 / atom-% 18.69 3.42 26.09 51.80
EDX point 4 / atom-% 18.35 3.76 26.79 51.10
EDX point 5 / atom-% 18.21 2.85 26.42 52.52
EDX point 6 / atom-% 19.48 3.81 26.03 50.69
EDX point 7 / atom-% 17.92 3.41 26.87 51.80
EDX point 8 / atom-% 18.22 3.15 26.29 52.34
EDX point 9 / atom-% 15.64 3.24 28.65 52.47
EDX point 10 / atom-% 17.99 3.45 26.59 51.97
EDX point 11 / atom-% 17.51 3.28 27.71 51.51
EDX point 12 / atom-% 17.62 3.61 28.83 49.94
EDX point 13 / atom-% 15.56 3.52 29.52 51.40
EDX point 14 / atom-% 20.53 3.30 24.25 51.92
EDX point 15 / atom-% 18.44 3.24 27.02 51.31
Average / atom-% 18.0 3.4 27.0 51.6

Calculated / atom-% 18.13 2.92 30.41 48.54
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D.5 Geometrical Sodium Pathway Analysis for Nas BasSisPs:;

-“. ]

.-s"_q-“' ’,
A "_" v

Figure D7 Geometrically calculated possible sodium migration paths for Nas;BasSis;Ps;. Wide channels along ¢ are
formed which are connected by narrow and short passages along the T3 faces assuming predominantly one-

dimensional sodium ion conduction.

D.6 Ti-relaxometry of Na3;BasSisoPs;3

To obtain the *Na-NMR spin-lattice relaxation time (T;) at different temperatures, the saturation
recovery technique was used. For an estimate of the activation energies, the characteristic correlation
times 7. of the dynamic processes causing the spin relaxation are assumed to follow an Arrhenius type

of behavior with activation energy E,:

EA
Tc =TOeXp k T
B

In the so-called low-temperature regime (wo7.>>1), the relaxation rate 1/T for a single dynamic process

is given by the following form, which can be linearized and fitted to extract the activation energy:

1 4 1 E
R =—="G(0 _Za
3 ()a)gro exp[ kBTJ

For a single dynamic process, the integrated signal intensities are expected to follow a mono-exponential

function. As may be seen from Figure D8 (left), using a mono-exponential does not lead to a good fit for
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Nas;BasSis;Pss. In contrast, a bi-exponential fit describes the data much better, see Figure D8 (right). The
existence of a second exponential function implies the presence of at least one more dynamic process on
a much slower time scale. From the M, values returned by the bi-exponential fit it may be seen that slow
process constitutes the minority component of the signal by a factor of about one quarter. Therefore,

this process could be due to sodium ions in the side phase or related to non-mobile or slow moving

sodium in the target structure.

ar * * * ® T * *

&
S =
1] ]
. f(x) = Mo [1-exp(-1/T1%%)] + Mg**[1-exp(-1/T{**x -
= f()(} - M0[1'e)(p('1 /T1X)] ( ) OI [ P( 14 )] ,09‘ [ P( 1 )] . =
= w5 Mo**"= (5 1)*10 Mo™ =(1.80=0.01)*107| | =
e Mo 12 2 2.0 10 T —05+04s T, =36206ms 2
2 T4 =53+09ms 3 e R 1 kit =3 2
£ £

T T T T T T T T T T T T T T T T T T

0 5 10 15 20 0 5 10 15 20

Delay time /s Delay time /s

Figure D8 »Na-NMR spin-lattice relaxation time (T;) data for Nas BasSis;Ps; at 274K. The integrated signal

intensities were fitted with either a mono-exponential (left) or bi-exponential (right) function.
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E.3 Deposited Crystallographic Data
Single-crystal structures of the compounds contained in this dissertation are deposited as
crystallographic information files (CIF) at the Fachinformationszentrum (FIZ) in Karlsruhe or the
Cambridge Crystallographic Data Centre and can be obtained by quoting the corresponding CSD or

CCDC deposition number given in Table E.1.

Table E1: Results of DC galvanostatic polarization measurements including ionic transference number and

upper limit of electronic conductivity.

Compound CSD-Number CCDC-Number
LixSiP2 431573

LiSi.P3 431584

NaioSiisPas 1816421
Naz;SivPs3 1816422
Naz3SizsPas 1816423
Naz3SizrPs7 1816420
LT-NaSi:Ps 1816424
HT-NaSi;Ps 1816425
NaxSiP; 1946908
KSi,Ps-t1960 2058594
SrSizPio 2022066

BaSisPio 2022067

BaxSiP4-t128 433493

Ba,SiP4+-0P56 1946350
Nai 25Baos75513Ps 2076577

Nasi1BasSis2Pss 2076578
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