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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
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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

5,484 reflecting its similarity to silicon with its

oxidophosphates, that is in the oxidation state of +
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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57073 |58 |5afiH |60 0| |61 62 63 64 65 66 67 68 69 70 71
La||Ce|[|Pr|[Nd||Pm||Sm||Eu||Gd||Tb||Dy||Ho||Er||[Tm]||Yb || Lu

[112]] | [112)] [ [213]) | [113]

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac||Th||[Pa|[ U [|[Np||Pu|[Am|[|{Cm||Bk || Cf||Es||Fm||[Md||[Nb]|]| Lr

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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