Dissertation zur Erlangung des Doktorgrades
der Fakultat fir Chemie und Pharmazie

der Ludwig-Maximilians-Universitat Minchen

Beryllates as Functional Materials

Tobias Giftthaler

aus

Dingolfing, Deutschland

2023






Erklarung

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28.

November 2011 von Herrn Prof. Dr. Wolfgang Schnick betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstandig und ohne unerlaubte Hilfe erarbeitet.

Miinchen, den 06.11.2023

Dissertation eingereicht am:

1. Gutachter:
2. Gutachter:

Mdindliche Prifung am:

Tobias Giftthaler

07.11.2023
Prof. Dr. Wolfgang Schnick
Prof. Dr. Hubert Huppertz

06.12.2023






Fiir meine Tamilie






Aus niedriger Hduser dumpfen Gemdchern,
Aus Handwerks- und Gewerbesbanden,
Aus dem Druck von Giebeln und Ddchern,
Aus der StraBBen quetschender Enge,

Aus der Kirchen ehrwiirdiger Nacht

Sind sie alle ans Licht gebracht.

Johann Wolfgang von Goethe (Faust I)






DANKE

Danksagung

Zunachst mochte ich mich bei Herrn Prof. Dr. Wolfgang Schnick bedanken, fir die
Mdglichkeit, die vorliegende Arbeit in seinem Arbeitskreis anfertigen zu kénnen. Die
gegebene Freiheit, das Forschungsthema nach eigenen Vorstellungen zu gestalten und
das Verstandnis fur spannende, aber riskante Synthesen sind nicht selbstverstéandlich. Die
technische und analytische Umgebung bot die perfekte Basis zur Umsetzung neuer Ideen.
Auch die Moglichkeit der Teilnahme an nationalen wie internationalen Tagungen war ein
wichtiger Bestandteil dieser Promotion.

Insbesondere mdchte ich mich aber fir die menschliche und personliche Unterstiitzung
bedanken, ohne welche die Anfertigung der vorliegenden Arbeit schlichtweg nicht méglich
gewesen ware. lhre fachliche Anleitung sowie lhre unaufgeregte Art und Ricksichtnahme

haben trotz aller Riickschlage meinen Glauben an dieses Projekt erhalten.

Bei Herrn Prof. Hubert Huppertz méchte ich mich fiir die Ubernahme des Koreferats
bedanken, sowie fir die Gastfreundlichkeit auf dem Obergurgl-Seminar fur
Festkorperchemie. Das Anbieten dieser Tagung stellt eine tolle Chance fir uns jungen
Wissenschatftler dar, unsere Forschung in legerem Umfeld fachlich kompetent einordnen

zu lassen.

Bei Herrn PD Dr. Constantin Hoch méchte ich mich sowohl fiir die Teilnahme am Rigorosum
danken, als auch fir die Betreuung der vorangegangenen Masterarbeit. Ich habe viel von
Dir gelernt und bin Dir fir jedes Gesprach, auch noch wéahrend der Promotion, sei es

fachlich wie nicht fachlich, dankbar.

Herrn Prof. Oliver Oeckler danke ich fir die Bereitschaft an der Prifung teilzunehmen und

fur die stets positive Kooperation.

Herrn Prof. Hans-Christian Béttcher und Frau Prof. Silvija Markic mdchte ich ebenso daflr

danken, Teil meiner Prifungskommission zu sein.

Des Weiteren danke ich meinen Kooperationspartnern, Dr. Philipp Strobel, Dr. Peter
Schmidt, Volker Weiler, Dr. Arthur Haffner, Dr. Thomas Brauniger, Robert Calaminus und
Frau Prof. Bettina Lotsch, die einen wesentlichen Beitrag zu meiner Forschung geleistet

haben.

Bei Herrn Christian Minke, Herrn Wolfgang Winschheim, Herrn Thomas Miller, Dr. Dieter

Rau, Dr. Peter Mayer, Herrn Michael Gayer und Frau Olga Lorenz mdchte ich mich fur die



DANKE

Unterstiitzung im technischen und organisatorischen Bereich bedanken, sowie fur die

Anfertigung zahlreicher Analytik.

Bei meinen Praktikanten Herrn Sebastian Reiner, Herrn Andreas Neuer und Herrn Can
Gulen mdchte ich mich fur ihren hervorragenden Beitrag zu meiner Arbeit bedanken. Ich

wuinsche Euch nur das Beste auf Eurem jeweiligen weiteren Weg.

Bei den Arbeitskreisen Schnick, Lotsch, Hoch und Johrendt modchte ich mich fir die tolle
Arbeitsumgebung und Stimmung wahrend meiner gesamten Promotion bedanken. Es ist

schon, nicht nur Arbeitskollegen, sondern Freunde um sich zu haben.

Mein besonderer Dank gilt diesbeziiglich meinen Labor- und Schreibstubenkollegen Drs.
Anna-Katharina Hatz, Eva-Maria Wendinger, Fabian Kefler Jonathan Sappl, Sascha
Dums, Philipp Bielec, Timotheus Hohl, Lucien Eisenburger sowie Frau Amalina Buda, Frau
Jennifer Steinadler, Herrn Reinhard Pritzl, Herrn Georg Krach, Herrn Sebastian Ambach
und Herrn Marwin Dialer. Dazu nattrlich auch den Drs. Lisa Gamperl, Christian Maak,
Mathias Mallmann, Frau Mirjam Zipkat, Herrn Thanh Chau und Herrn Florian Engelsberger
,von gegenuber®. Ich habe die Zusammenarbeit und auch das private Zusammensein mit

Euch allen sehr genossen.

Frau Stefanie Schneider und Frau Sophia Wandelt danke ich fur die Unterstiitzung im

Rahmen des gemeinsamen Zieleinlaufs.

Bei Dr. Stefan Rudel und Dr. Simon Klof3 méchte ich mich herzlich fir die Freundschaft

sowie fiir die fachliche Unterstiitzung deutlich tGiber das normale Mal3 hinaus bedanken.

Dr. Peter Wagatha danke ich dafir, mir aktiv viele Fragen beantwortet zu haben, von denen
ich nicht wusste, dass ich sie stellen muss und dafiir auch nach der Promotion an mich

gedacht zu haben.

Bei Dr. Sebastian Vogel und Dr. Sebastian Wendl mdchte ich mich fur die jahrelange
Freundschaft und Begleitung auf diesem ganzen Lebensabschnitt bedanken. Vielleicht
finden wir die Cenote Azul noch und vielleicht werden wir irgendwann einen schénen Wenz
zu schatzen wissen. Die Hoffnung stirbt zuletzt. Viel Glick von Herzen, Euch und Euren

Familien.

Stellvertretend fir die Lehrkréfte, die mich fur Naturwissenschaften begeistert haben,
mdchte ich mich bei Frau Petra Schupke, Herrn Mathias Batz und Herrn Dr. Axel Goldberg

bedanken.



DANKE

Meinen Freunden und meiner ,Zweit-Familie“, den Achatz, gilt ein besonderer Dank. lhr

seid mir immer eine Heimat.

Zuletzt bleibt mir, meinen gréRten Dank an meine Familie zu richten. Insbesondere an
meine Grol3eltern Margot, Alfred, Monika und Rudolf sowie meine Eltern Monika und Alwin
und meine Schwester Nicole. Ihr hab mir diesen Weg ermdglicht und steht mir jederzeit zur
Seite. Euer Beitrag kann gar nicht Giberschatzt werden, dieses Werk ist zu schmal, um ihn
zu fassen. Kristin, danke fir alles, was ich bin und sein werde. Ich freue mich tber jeden

Tag mit Dir, alles gemeinsam Erlebte und auf unsere gemeinsame Zukunft.

Tobias






Table of Contents

Table of Contents

1 Introduction 1
1.1 The necessity for new materials in distribution, conversion and storage of energy................... 1
1.2 Beryllium - The Element of Choice 2
13 Beryllium and Silicon 4
14 State of the Art in (Oxonitrido-)Beryllates 10
1.5 What can be realized with Beryllium? — Scope of this Thesis 11
1.6 References 12

2  Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON.]:Eu?* for Wide Gamut Displays............c........ 19
2.1 Introduction 20
2.2 Results and Discussion 21
2.3 Conclusions 26
24 Acknowledgements 28
2.5 References 29

3 Blue Emitting SrBe1_4Siz.x03-2xN2.2x:Eu?* (x = 0.1) 33
3.1 Introduction 34
3.2 Results and Discussion 34
33 Conclusion and Outlook 37
34 Experimental Section 38
3.5 Acknowledgements 39
3.6 References 39

4 The Nitridoberyllosilicate System AEBeSi>:N4 (AE = Ca, Ba) 41
4.1 Introduction 42
4.2 Results and Discussion 43
4.3 Conclusions 47
4.4 Experimental Section 47
4.5 Acknowledgements 49
4.6 References 50

5  Synthesis and Crystal Structure of the Strontium Beryllate Sr:Be;Os 53




Table of Contents

5.1 Introduction 54
5.2 Results and Discussion 55
5.3 Conclusions 57
5.4 Experimental Section 58
5.5 Acknowledgements 59
5.6 References 60

Introducing Ternary Thioberyllates — Na;BeS; 63
6.1 Introducing Ternary Thioberyllates — Na;BeS; 64
6.2 Acknowledgements 68
6.3 References 69

Summary 71
7.1 Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON,]:Eu?* for Wide Gamut Displays ........... 71
7.2 Blue Emitting SrBe_,Siz.x03-2xNz.2x:Eu?* (x = 0.1) 71
7.3 The Nitridoberyllosilicate System AEBeSi>N4 (AE = Ca, Ba) 72
7.4 Synthesis and Crystal Structure of the Strontium Beryllate Sr;Be;Os 72
7.5 Introducing Ternary Thioberyllates — Na;BeS; 73

Concluding Remarks and Outlook 75
8.1 Oxonitridoberyllosilicates for pcLED Backlit Displays 75
8.2 Beryllium in red pcLED Phosphors 76
8.3 Thioberyllates in solid state ion conduction 77
8.4 Final Remarks 78
8.5 References 79

Supporting Information for Chapter 2 83
A1 Methods 84
A2 Results 86
A3 References 97

Supporting Information for Chapter 3 99
B.1 Elemental Analysis 100
B.2 X-Ray Diffraction 100
B.3 Chardi and BVS 105




Table of Contents

C

Supporting Information for Chapter 4 107
C.1 Crystallographic Data. 108
C.2 X-Ray Diffraction 108
Cc3 Scanning Electron Microscopy 118
Cc4 Luminescence 121

Supporting Information for Chapter 5 123
D.1 Elemental Analysis. 124
D.2 X-ray Diffraction. 124

Supporting Information for Chapter 6 129
E.1 Experimental Details 130
E.2 Results and Discussion 132
E.3 References 139

Miscellaneous 141
F.1 List of Publications, Manuscripts and Patents 142
F.2 Publication beyond this Thesis 145
F.3 Conference Contributions and Presentations 146
F.4 Deposited Crystallographic Data 147













1.1 The necessity for new materials in distribution, conversion and storage of energy

1 Introduction

1.1 The necessity for new materials in distribution, conversion and storage

of energy

In 2015, with the Paris climate agreement, 175 states have declared the intention to
fight global warming cooperatively.! Herein, the main focus lies on the reduction of CO;
emission to zero. A main component in the transformation to net zero emission economy is
the energy sector. Currently, 86 % of the emitted CO; is caused by the burning of fossil
fuels.”! To reduce the emitted CO,, the pathway is to replace existing energy provision and
refine all processes involved in application. However, with modern renewable energy
sources as an alternative to fossil fuels, major obstacles emerge in the distribution, storage
and conversion of energy. Therefore, a set of uprising technologies will be applied to tackle

these issues. With them comes an increasing demand for new materials.

In this context, three fields of technology will be of relevance for this contribution: indoor
illumination, displays and solid state batteries.

In the illumination sector, currently responsible for 16 % of the used electricity in the US,
the technology of choice is the light emitting diode (LED)."! The most efficient form of LEDs
for illumination application is the inorganic phosphor converted LED (pcLED). The applied
phosphor materials, especially in the red spectral region, are subject to current research

and represent a broad range of optimization possibilities.™

In displays for consumer electronics, of which smartphones account for over 7 billion
worldwide, several competing technologies are applied to date. One of these, the pcLED
backlit LCD, might be the solution for the future. Here, in contrast to illumination, green

emitting phosphors are the main objects of current research.® 7

In 2022 11 % of the total electricity in Germany was provided by photovoltaics.® For the
storage of renewable energy technologies, all solid state batteries gained traction in recent
years. Particularly regarding the switch from lithium to the more earth-abundant sodium,

this technology requires new, highly efficient electrolyte materials.® 1°

In all three fields, the necessity of new functional materials grows with increasing
application. This, in turn, creates a demand for solid state compounds with new properties,
which can be met by expanding the structural chemistry through the usage of additional
elements. To address these challenges, an additional framework building cation can be

introduced: Beryllium.
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1.2 Beryllium — The Element of Choice

1.2.1 Natural occurrence, properties and technical relevance of beryllium

Figure 1 Pictures of selected beryllium containing gemstones. a Alexandrite, b Aquamarine,

¢ Emerald, d Morganite, e Chrysoberyl, f Phenakite.

Why would one even want to deal with beryllium?

Beryllium, the fourth element of the periodic table, is neither very common, it makes up for
only 46 ppbw of the earth, nor is it extremely high melting (© = 1287 °C) or of peculiar
appearance.'* 2 Nonetheless, it shows very distinctive properties making it suitable for
high-tech applications. The technically most important one, its low density, is commonly
utilized in aerospace. Combined with its high stiffness and low thermal expansion
coefficient, this resulted in the notable application as mirror material of the James Webb
Space Telescope.[*®!

Because of the low X-ray absorption coefficient of elemental beryllium, it is also used as
window material in X-ray tubes. Additionally, its large neutron scattering radius enables

application as a neutron mirror in nuclear devices.[** 151

However, beryllium does not occur on earth in elemental form, due to its high oxygen affinity.
Some of the most abundant beryllium containing minerals are the oxides beryl
(BesAlSisO1g), bertrandite (BesSioO7(OH)2), phenakite (Be;SiOs4) and chrysoberyl
(Alz[BeO4]).® Furthermore, melilite ((Ca,Na)2(Mg,Al)[Si.O7]) is known to incorporate larger
quantities of beryllium substituting Mg or Al. As illustrated in Figure 1, the incorporation of
color centers as Fe?"®** and Cr®* in beryllates leads to various color characteristics.*¢ This

makes beryllium containing minerals common gemstones.*

The oxide BeO is the most technical relevant Be containing compound. Its large band gap

combined with high thermal conductivity makes it a suitable electric insulator for
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miniaturized semiconductor elements. With respect to the large neutron scattering radius of

Be atoms, BeO is applied as moderator material in nuclear reactors.!*%)

1.2.2 Obstacles in Beryllium Application

Most chemists refrain from beryllium chemistry due to its characterization as one of the most
toxic non-radioactive elements.*”) But, where does this evaluation come from and why could
it be necessary to revisit beryllium and its supposed toxicity?

The toxicity of beryllium, its compounds and especially its dusts were subject to
investigations due to two major beryllium induced medical conditions occurring subsequent
to Be or BeO handling.™™ The first, acute pulmonary inflammation (pneumonitis), is
presumably caused by exposition to high quantities of beryllium containing compounds. In
particular, absorption of dusts is suspected to induce this severe inflammation of lung tissue,
which can be fatal. The second, chronic beryllium disease (CBD or berylliosis), is assumably
caused by either exposition to high doses of beryllium for a short period of time or lower
doses over a long time. After years of latency, berylliosis leads to granulomatous changes
in lung tissue, comparable to the effects of asbestos induced silicosis. Additionally to these

main effects on the human health, beryllium is considered as a carcinogenic compound.

However, the toxicity of beryllium seems to be more complex than assumed. Recent studies
on immune responses to beryllium and statistical analyses of beryllium expositions indicate
that beryllium “toxicity” should rather be considered as an autoimmune condition or allergic
hypersensitivity and find no evidence for acute toxicity.'821 The classification as
carcinogenic is also being reevaluated, as beryllium shows no proven carcinogenicity in
humans.??

Aggregated for preparative solid state chemistry, this is no deferral of basic safety
techniques. This only shows that beryllium and its compounds must be handled with great
precaution but can be applied in a safe manner. The preparative work in closed vessels
under exclusion of air and moisture (Schlenk-technique) is a standardized method for solid
state chemists.? It enables secure handling of low quantities of beryllium, as the risk of

exposition is minimized.

In upscaling the production of beryllium containing compounds, an additional aspect has to
be considered. The aforementioned large neutron scattering radius of beryllium and the
resulting application in nuclear fusion ordnance (H-bombs) leads to an intentionally globally

limited availability of beryllium metal. This can be circumvented by the usage of beryllium
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oxide as a starting material, but is an obstacle in samples where beryllium nitride,

synthesized from beryllium metal, is required.?4

1.3 Beryllium and Silicon

When looking into a new or vastly unexplored substance class, it is worth finding analogies
to well-established chemistry and application as a starting point.

As illustrated by the characterization of Be and Si as lithophile and therefore, the broad
variety of minerals with Be?* and Si** as interchangeable network building cations these two
elements have a lot in common.?® The main analogy in solid state chemistry is the nearly
identical ionic radius of Be?* and Si** in tetrahedral coordination. ¢ 271

To understand the possible structures, properties and applications of (nitrido-)beryllates, it

is necessary to understand the chemistry behind the applications of related silicates.

1.3.1 (Oxo-)nitridosilicates as LED Phosphors

The technical relevance of (oxo-)nitridosilicates results mainly from their application as
ceramic light converters, also known as phosphors, in LED devices. Phosphors are
ceramics applied atop of light emitting semiconductor chips, as shown in Figure 2. These

chips, mostly Gai—InkN, emit UV to blue light with high efficiency.®!
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Figure 2 Schematic illustration of a state of the art 2pcLED. Blue light is emitted by a thin-film,
flip-chip LED and converted by red and green phosphors. The blue, green and red emission add to

a white color impression. Adapted from Ref.[®

In most commercially available phosphors, an anionic network incorporates so called
“activator ions”. These ions, like Eu?***, Ce®* or Mn**, absorb blue light, emitted by the LED
chip itself and emit light with increased wavelengths.?® The underlying process is illustrated
in a configuration coordination diagram for the most commonly used activator Eu?* (Figure
3).B% The absorption of high-energy radiation, UV or blue light, leads to the excitation of
electrons from a 4f ground level to an excited 5d level. From there, the electron can fall back
to the ground state by emission of energy in a radiative or non-radiative manner. The
desired radiative relaxation emits light of longer wavelength. Therefore, the absorbed high
energetic light is converted to lower energies. The energy difference between excitation and

emission is called Stokes shift and can be described by Equation 1.5 32
Estokes =2 S - hw (1)

Accordingly, the Stokes shift is proportional to S, the Huang-Rhys parameter, and w, the
angular vibration frequency. w is influenced by the molar mass of the host atoms. Typically,
a higher mass leads to smaller frequencies. The Huang-Rhys parameter S is given by the
number of phonons that are involved in the excitation and is therefore a measure of the
electron-phonon coupling. It highly depends on the rigidity of a host structure. As shown in
Figure 3, higher rigidity leads to smaller Stokes shifts and the technologically desired

lowered probability of non-radiative decays.% 33l



T Introduction

low S

| state

E[ | |\ excited / |
|

|
1 1
1 . .
| excitation |
1

I. . .

| emission
i
i

ha,

) ground

— state ..'x. 7
——d
—

—
r r
Figure 3 Configurational coordinate diagram. The configurational coordinate diagram shows

electron energy in respect to a schematic coordinational radius, that represents the mean distance

between an activator ion and its ligands. a) The absorption of a high energy photon leads to excitation
(blue arrow) of an electron from the ground state (green parabola) to an excited state (black
parabola). After subsequent vibrational relaxation of the electron (violet dotted arrow), a photon of
lower energy is emitted and the electron relaxes to the ground state (red arrow). Alternatively, a non-
radiative decay is possible at the parabola intersection (orange arrow). The shifted radius
corresponding to energetic minima (Ar) leads to a lowered energy difference in emission compared
to excitation, known as the Stokes shift. b) Lower S, corresponding to higher network rigidity, leads

to a smaller parabola offset (Ar) and therefore to a smaller Stokes shift and lower probability of non-
radiative decays as the parabolas intersect at higher energy.[30 33

In a solid state compound, the energy of 5d orbitals of the activator Eu?* is largely reduced
in comparison to a free ion by the formation of covalent bonds to coordinating atoms. This
is called the nephelauxetic effect. Additionally, due to the different shapes of d orbitals, their
spatial position in relation to the ligands and the respective coordination polyhedra, the
energy of 5d orbitals splits in the surrounding crystal field.®4 Following the scheme in Figure
4, it is evident that the energy needed for the 4f—5d transition is reduced. Therefore, the

difference between ground state and excited state is vastly influenced by the coordination
environment of the activator ion.
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free ion in host lattice

covalent influence ionic influence
E conduction band

4f 5d! excited state
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Figure 4 Schematic Eu?* energy diagram. The energy difference between the 4f7 ground state and

the 4f65d! excited state of a Eu2* activator ion is reduced by a host lattice in comparison to a free
ion. (35 361

The combination of highly symmetrical activator environments with coordination by N
atoms, given in various nitridosilicates, leads to Eu?* emission in the red spectral region.
This spectral region was in focus of research for the last decade, as narrow band emitting
red phosphors can contribute to better color rendition. This is quantified in a higher color
rendering index (CRI). Coming from Sr;[SisNg:Eu?*, systems expressing the UCrsC,
structure type and therefore cuboidal N coordination of Eu?* showed high potential for
application.®l Sr{MgsSiN4]:Eu?* (SMS) as well as the derived Sr[LiAlsN4]:Eu?* (SLA) and
Sr[Li,Al,O2Nz]:Eu?* (SALON) show narrow band red emission with little to no infrared
spillover, making them viable red phosphors for ambient lighting.*8-% The latter already

indicate the switch from Si to further network building cations as AI** and Li*.

In comparison to LED devices for ambient lighting, displays require different emitters. The
main objective is not to resemble sunlight as well as possible, quantified by a high CRI, but
rather to be able to cover a large color gamut area (depicted in Figure 5). The color gamut
represents all displayable colors by additive mixing of base emissions. It is commonly
illustrated in a CIE 1931 or CIE 1976 diagram (CIE — Commission internationale de
I'éclairage).*t Hereby, the available color points of the LED span a triangular surface that

covers the gamut area. Two of these color points, which are the blue light emitted by the
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semiconductor chip itself as well as the red light converted by the phosphor K;SiFs:Mn**
(PSF), are already vastly optimized.?? The third color point is generated by a green emitting
phosphor. Here, widely used B-SiAION:Eu?* and green emitting AESi>O.N2:Eu?*(AE = Sr,
Ba) showed applicability in displays.[“36 However, their respective green emission leaves
room for improvement. The desired, more saturated green light could be achieved by
narrow-band emission at wavelengths around 525 nm.®! This green emission and the
resulting greater color gamut would cause a better color perception and thus a more vivid

image representation.

0.9
520 nm

0.8

540 nm

0.7

560 nm

0.6
500 nm :
0.5 sl O\ 580 nm

0.4

600 nm
03 i ) 620 nmM

CIE 1931y

0.2
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Figure 5 CIE 1931 Diagram. The color gamut (grey triangle) of a 2pcLED with PSF as red and
B-SIAION:Eu?* as green phosphor. The covered area can be expanded in the green spectral region
by application of an optimized green phosphor. The desired emission shift is highlighted by a red

arrow.
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1.3.2 Thiosilicates as Solid State lon Conductors

Expanding the chemistry of silicates, the substitution of oxygen by the heavier homologue
sulfur leads to thiosilicates. In analogy to many silicates and nitridosilicates, their sulfuric
equivalents show luminescence upon doping with activator ions. However, due to their
limited chemical stability, thiosilicates like CarSiSs:Eu?" and Bala,Si.Ss:Ce*" have very
limited industrial relevance.*’-*° Instead, the focus in thiosilicates is on the application as
ion conductors. While silicates and nitridosilicates are investigated as high-temperature
lithium ion conductors, thiosilicates like Li»SiSs express lithium ion superconductivity at
room temperature.’*52 Following this pathway, related thiosilicates and —aluminates as
Li11Si>PS12 and Li1nAlIP2S12 showed superionic conductivity as well.5® 54 The in comparison
to O?" larger and therefore more polarizable anion S?7, leads to a “softer” anionic network,

which is discussed as beneficial for solid state ion conduction.®> 58]

At the same time, the switch from lithium to more earth-abundant sodium as charge carrier
leads to a demand of unprecedented solid electrolytes. NasPS, is characterized as one of
the most promising materials in solid state sodium conduction.®” In analogy to lithium ion
conductors, the substitution of P by Si leads to NasSiS4. In combination with the derived
NasAlS4, the system NasSiSs-NasAlS, represents one of the latest steps towards softer host

lattices in the expanded chemistry of thio-compounds.8

Obviously, a detailed oversight on solid state electrolytes is far beyond the scope of this
chapter and can be found in literature.®® % However, the requirement of solid state
electrolytes with even softer, more polarizable lattices is evident. This can possibly be
addressed by the usage of compared to Al**, Si** and P>* lower charged Be?* as a network
building cation.
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1.4 State of the Art in (Oxonitrido-)Beryllates

With the work of Strobel and Elzer, it was shown that beryllates could contribute to the class
of LED phosphors.®® 62 The trigonal planar coordination of Be?*, as additional structural
motif in comparison to Si** tetrahedra, combined with the lower charge of Be?* enabled a
variety of new, highly condensed structures. The highest achievable degree of
condensation k, representing the ratio of network building cation centers to surrounding
anions, is given by the respective binary nitrides of network building cations. With
K (SisN4) = 0.75 and k (BesN2) = 1.5, the condensation degree of MBexoN14 (k = 1.43) shows
the potential of beryllates to overcome nitridosilicates in terms of condensation. This high
condensation resulted in a very rigid host lattice, and therefore in narrow, efficient
luminescence of AEBexN14:Eu?*.®¥l Even narrower emission could be achieved by the
highly condensed SrLi;BesOgs:Eu?*.14 Despite their high efficiency, either phosphors proved
unfit for application, due to their relatively high beryllium content and the suboptimal
emission wavelength. Therefore, the combination of beryllates and silicates, known from

minerals, came to focus.

SrBe;0, Sr[BeSi,N,]

«

Figure 6 Crystal Structures of SrBe3O4 and the derived Sr[BeSi>N4]. The structure of Sr[BeSiz2N4]
on the right is derived from SrBesOa. Si** (green, in green tetrahedra) occupies the tetrahedral
positions of Be?* (grey, grey tetrahedra and triangles), while the trigonal planar coordinated sites
remain exclusively Be?*. O (red) is substituted by N (blue) for net charge neutrality. Sr (orange) is

nine-fold coordinated in both compounds.

10
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The nitridoberyllosilicate Sr[BeSizN4]:Eu** combines structural motifs from silicates and
beryllates. It crystallizes in the SrBesO,4 structure type, with O substituted by N and Si
occupying the tetrahedrally coordinated Be positions. Sr[BeSi:N]:Eu?* shows anormal
luminescence properties due to trapped exciton emission, making it a rather inefficient

phosphor material.[65!

1.5 What can be realized with Beryllium? — Scope of this Thesis

Within this work, the focus lies on explorative solid state chemistry, using beryllium as a
network building cation. New compounds were synthesized, characterized and their

properties examined.

The Chapters 2 to 5 focus on the structural expansion of oxonitridosilicates by formal
substitution of silicon by beryllium.

In Chapter 2 an unprecedented phosphor, Ba[BeSiON;]:Eu?*, is presented. Its structure is
elucidated by a combination of analytical methods, in particular single crystal X-ray
diffraction and solid state nuclear magnetic resonance spectroscopy. The subsequent
discussion of applicability as green emitting phosphor in backlighting of liquid crystal
displays is backed by a manufactured LED device and simulated color gamut coverage.
The third chapter is used to present Sr[BeSi,O3N.]:Eu?*, the second overall SiBeON
phosphor. Its luminescence properties as well as its structure in the LaSisNs structure type
are examined.

Chapter 4 deals with the system AE[BeSi;N4] (AE = Ca, Sr, Ba) and the structural relations
between the phases. Diffraction methods including X-ray diffraction on powder samples and
single crystals as well as synchrotron radiation experiments are used to elucidate the
structural impact of differently sized cations.

In Chapter 5 the oxoberyllate SrzBe,Os is presented and the chemical relation to other
strontium beryllates is discussed.

Chapter 6, however, introduces the unprecedented class of ternary thioberyllates with its
first member Na;BeS,. The analogy between silicon and beryllium is expanded into sulfidic
chemistry. Na:BeS:; is characterized and mixed electronic ionic conduction properties are

measured.

Overall, this work aims to combine the realms of solid state chemistry: synthesis,

crystallography and application with different emphasis in the respective chapters.
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2 Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON2]:Eu?*
for Wide Gamut Displays

Tobias Giftthaler, Philipp Strobel, Volker Weiler, Arthur Haffner, Andreas Neuer, Jennifer

Steinadler, Thomas Bréuniger, Simon D. Klof3, Stefan Rudel, Peter J. Schmidt and
Wolfgang Schnick

Abstract: Light-emitting diodes (LEDS)
producing pure, highly saturated colors are
the industry standard for efficient
backlighting of high-color gamut displays.
Vivid color reproduction, matching the eye's
perception of nature, is the central
paradigm in the design of narrow-band
emitting phosphors. To cover a wide range

of naturally occurring color tones,

expansion of the color gamut in the green
spectral region, and therefore an advanced applicable green phosphor, is highly desired.
Herein, the oxonitridoberyllosilicate Ba[BeSiON;]:Eu?* showing outstanding narrow-band
green emission (Amax 526 nm with FWHM =1600 cm™ (=45 nm), x =0.212, y = 0.715) when
excited with InGaN-based blue LEDs is presented. High quantum efficiency and low thermal
quenching (>90% rel. quantum efficiency at 100 °C) as well as excellent scalability make
the material suitable for industrial application in high color-gamut LED displays. A prototype
phosphor-converted-LED (pc-LED), with green-emitting Ba[BeSiON2]:Eu?* and K,SiFs:Mn**
as red phosphor shows an extraordinary coverage in the CIE 1931 color space of 109%
compared to the DCI-P3 standard, topping the widely applied B-SiAION:Eu?* phosphor

(104%), making it suitable for use in phone displays, monitors, and television screens.



2 Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON,]:Eu?* for Wide Gamut Displays

2.1 Introduction

In search for next generation displaying technologies direct emitting LEDs as organic
LEDs (OLED) and inorganic mini and micro LEDs as well as quantum dot converted
inorganic LEDs (QLED) and phosphor converted inorganic LEDs (pcLED) are competing
for the lead in overall applicability. While organic-LED-based displays feature high color
gamuts and are therefore often used in miniaturized displays, they have major drawbacks
such as rather high energy consumption, limited luminance, and reduced front of screen
brightness.24 In contrast, inorganic semiconductor-based LEDs have a comparably low
energy consumption and long lifespan, and are increasingly available as mini and micro
LEDs either as direct emitters or as backlight for liquid crystal displays (LCD), which makes
them suitable for miniaturized pixelated displays.24 In application are either a combination
of primary red, green, and blue LEDs or, more efficiently, a blue LED combined with color
down-converters. In the latter, color conversion is usually achieved with quantum dots,
which suffer from reliability challenges and achievable brightness, or with inorganic
phosphors, which have high efficacies and are thus used in illumination devices.!2 13
Commonly used phosphor converters are though broad band emitters and hence not all

specific colors can be targeted individually at high efficiency, reducing color saturation. 48l

This leads to limited color gamuts in display technology making them inadequate for
application, where the currently most advantageous combination for backlit LC displays, as
defined above, features blue emitting InGaN primary LEDs with a combination of -
SIAION:Eu?* phosphor for green emission and K:SiFe:Mn** (PSF) for red emission.2 29
This combination still lacks in coverage of common standardized color spaces and Pointer's
gamut, the representation of natural occurring colors, as well as in efficiency. Therefore, the
development of green phosphors combining high quantum efficiency (QE) with strong blue
light absorption and a narrow band emission with a maximum in the region of 530 nm is
imperative to increase the gamut and color saturation enabling it to compete with current
state-of-the-art displaying devices. Currently, no commercialized green phosphor fulfills all
criteria and candidate materials under investigation such as Eu?* doped oxonitridosilicates,
lithosilicates, borates, alumolithonitridosilicates or manganese doped aluminates each
suffer from low efficiency, insufficient stability, demanding synthetic accessibility or emission

mismatch and are therefore not suitable to replace B-SiAION:Eu?* in application.223

In the design of a new Eu?*-based phosphor, the focus lies on the activator's coordination

geometry and type of ligand, as it defines the desired excitation and emission
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2.2 Results and Discussion

wavelengths.B4 The most promising materials classes in this field, i.e., silicates,
alumosilicates, and lithosilicates, show a distinct structural motif in building corner sharing
MO, tetrahedra connected via bridging O atoms. This leads to a broad diversity of possible
structures, as linkages can be found in one, two, or all three dimensions resulting in chains,
layers, or interconnected networks. The incorporation of nitrogen in silicates, hence, going
from silicates to nitridosilicates, expands the variety of possible linkages from twofold
coordinated oxygen to threefold or even higher coordinated nitrogen. Adding Be?*, similar
sized to Si**, increases the structural variety even further, as their coordination in either
tetrahedral [BeX4] or trigonal planar [BeXs] building blocks create new structural motifs and
hereby, new coordination geometries for activator ions, in this case, Eu?*.E5231 Generally, in
coordination of Eu?*, smaller distances, and ligands with stronger ligand fields typically lead
to higher energetic splitting Eu:5d states and therefore, to lower energetic absorption
transitions. This adds to the nephelauxetic effect, lowering the energies of Eu:5d states due
to more covalent bonding characteristics. In this case, the substitution of O by N in a
coordination sphere eventually leads to an emission shift towards the red spectral region

for a given Stokes shift.

Here, we report the novel green emitting oxonitridoberyllosilicate phosphor
Ba[BeSiON]:Eu?* (BBS), which we characterize regarding it's luminescence properties,
chemical composition, and structure, showing that it is suitable for LEDs with high color

gamut.

2.2 Results and Discussion

Synthesis and Chemical Analysis

The high-temperature synthesis of Ba[BeSiON]:Eu?* (BBS) yields an air and moisture
resistant yellow-greenish powder, which dissolves slowly in diluted hydrochloric acid. The
structure of BBS was solved and refined based on single-crystal X-ray diffraction data
(SCXRD) and confirmed with Rietveld refinement of powder X-ray diffraction data (PXRD,
Figure S1, Tables S1,S2, Supporting Information). The chemical composition was
confirmed by a combination of energy dispersive X-ray spectroscopy (EDS) (averaged over
eight datapoints: Bai.o[BeSio.o1)01.13)N2.05)]) and nuclear magnetic resonance spectroscopy

(NMR) data. Since Be is hardly detectable by EDS, its presence was verified by NMR
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measurements. The observed characteristic line shape of the central transition broadened
by the quadrupolar interaction is in good agreement with the structural motif of trigonal

planar coordination for the Be-site (details in Supporting Information).

Crystal Structure Determination

Ba[BeSiON3] crystallizes in the orthorhombic space group Ama2 (no. 40) with lattice
parameters a = 5.6366(3), b = 11.6363(7) and ¢ = 4.9295(3) A3 |t exhibits [BeSiON]*
layers built by alternating chains of condensed trigonal planar [BeNs]”~ units and [SiONs]’"~
tetrahedra. These tetrahedral chains show a strictly alternating up-down-up-down
sequence, as shown in Figure 1. The chemically preferred occupation of the terminal
position by O was also indicated by SCXRD refinement, as given with smaller interatomic
distances compared to N-occupied positions.*¥ All Ba?* ions share one crystallographic site
located between the [BeSiON;]?" layers, sevenfold coordinated by four O and three N atoms
forming a distorted pentagonal bipyramid. The interatomic distances are found between
2.64 and 2.83 A for Ba—O and 2.95-2.99 A for Ba—N, respectively. Further crystallographic

details are given in the Tables S3,S4 (Supporting Information).

The crystal structure is closely related to that of Ba[Si.O2N;] crystallizing in space group
Pbcn, as shown in Figure 1.9 but in Ba[BeSiON;] every second [SiONs]”~ tetrahedron is

replaced by a [BeNs]”™ unit.

The substitution leads to a reduction of the Si—Si distance between respective layers from
7.2 to 5.8 A, while the degree of condensation k (atomic ratio of tetrahedral centers to
coordinating atoms) rises from 1/2 to 2/3. The coordination of Ba significantly changes from
a cuboid shaped eightfold coordination by O in Ba[Si.O:N;] to irregularly sevenfold
coordination by O and N in BBS.
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2.2 Results and Discussion

Figure 1. Comparison of schematic crystal structures of Ba[BeSiONJ:Eu?* (left) to
BaSi>O:2N; (right). a) Layers of [SiONj3]-tetrahedra (green) and trigonal planar [BeNs]-units
(gray) stacked along [010] with Ba ions (orange) and their respective coordinational
environment ions (blue), b) Layers of [SiONs]-tetrahedra (green) stacked along [100] with
Ba ions (orange) and their respective coordinational environment ions (blue), c) Sevenfold
oxygen (red) and nitrogen (blue) coordinated Ba ions (orange) and their coordinational
environment (blue) d) Eightfold oxygen (red) coordinated Ba ions (orange) and their

coordinational environment (blue).

UV/Vis Spectroscopy

Diffuse reflectance UV-vis spectra of undoped samples were collected to determine the
optical band gap of BBS. The collected reflectance spectra were converted to pseudo
absorption spectra using the Kubelka-Munk-theory and displayed in a Tauc-plot (see Figure
S5, Supporting Information).“*421 The zero point of a linear data fit on the infliction point
determined the, assumed direct, band gap to be around 4.0 eV. This is within the usual

range for (oxo-)nitridic phosphors, but smaller than the band gap of Ba[Si.O:N,] at 4.8 eV.["

43]
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Figure 2. Luminescence of Ba[BeSiON]:Eu?*. a) Excitation (blue) and emission (green)

curves of selected particles of Ba[BeSiON;]:Eu?*, b) Thermal quenching behavior of

Ba[BeSiON]:Eu?*, normalized on the intensity at 6 K, c¢) Microscopic image of

agglomerated crystals of a[BeSiON;]:Eu?* under UV light.
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2.2 Results and Discussion

Luminescence

The different coordination environments of Ba between Ba[Si-O2N;] and BBS, as shown in
Figure S2 (Supporting Information), lead to different luminescence properties, as Eu?* is
assumed to replace Ba?" statistically. BBS shows an emission maximum at a longer
wavelength (526 nm) compared to 490 nm of Ba[Si.O2Nz]:Eu?*, and therefore emits green
light.[4]

BBS shows green luminescence under irradiation of UV to blue light, due to the Eu?*
4f"(8S7,2)—4f5("F)5d! transition (see Figure 2c). Accordingly, the emission shows a
maximum at 526 nm with a full width at half maximum (FWHM) of 45 nm (=1600 cm™), as
given in Figure 2a for BBS with 0.75% nominal dopant concentration. The additionally
shown excitation curve drops significantly only in the spectral region beyond 475 nm. Thus,
efficient excitation can be obtained with blue emitting primary LEDs. And the ideal excitation
can be realized with an UV- or a blue LED chip (=450 nm), as required for display
backlighting applications. A variation of the dopant concentration leads to an emission shift
(see Figure S6, Supporting Information), likely due to the influence of the different ionic radii
of Eu?* and Ba?* on the host lattice.®

As given in Figure 2b the temperature-dependent photoluminescence emission intensity of
BBS, defined as the ratio of emitted to absorbed photons normalized to the value at 6 K,
decreases with temperature. With a maximum at 200 K, the relative QE is still above 90%
at 300 K compared to the low temperature QE and contains more than 70% up to 400 K.
The emission wavelength does not change during heating. Temperature dependent spectra
are given in the supporting information (Figures S7,S8, Supporting Information). The
internal quantum efficiency (IQE), representing the ratio of emitted to absorbed photons,
was found to be up to 43% for as-synthesized samples. This can be further increased for
industrial application by optimization of the synthetic process, as variation of the thermal
parameters and mechanical treatment are highly influential on crystallite growth and
therefore absorption and emission.

A green LED suitable for display backlighting application was built (depicted in Figure 3b)
and relevant luminescence properties were measured. Hereby, the standard design for
backlight LEDs was used. A blue emitting InGaN LED acts as primary emitter covered with
a green emitting phosphor, in this case BaBeSiON.:Eu?*. For demonstration of applicability
a simulation of the emitted light and applied filters is used to obtain the individual RGB
spectra (see Figure S9, Supporting Information). Every given color displayable by this setup
can be described as a combination of the three individually emitted color points via a

coordinate in a CIE color diagram. The main goal in application is to widen the so-called
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color gamut, hence, the coverage of predefined color spaces, focusing on the green spectral
region, where a wider gamut is most beneficial. The color spaces used for benchmarking
are the established NTSC color space developed for TV applications as well as the newer
DCI-P3 and Rec.2020 focusing on modern displays.[“5 46l

When BBS (x =0.212, y = 0.715) is used in combination with a blue emitting LED chip with
PSF as red phosphor, the color gamut covers the visible spectrum (see Figure 3a) as well
as 109.0% of the DCI-P3 standard (108.3% compared to NTSC, 80.2% to Rec.2020), as
shown in Figure 3c. This marks a major increase compared to the 104.4% (103.7% NTSC)
of the widely used standard green emitting phosphor B-SIAION:Eu?* in an equivalent
configuration. This increase is due to coverage of a significantly wider variety of colors in

the turquoise-green spectral region.

2.3 Conclusions

In conclusion, combination of narrow green emission (526 nm peak emission,
FWHM = 1600 cm™) with chemical and thermal stability, as provided by Ba[BeSiON_]:Eu?*,
is unmatched in phosphors for application in inorganic LED backlit LC displays with high
color gamut. The straightforward synthesis from commercially available starting materials
meets industrial requirements and gives room for even further improvements regarding the
crystallite growth and therefore, the already outstanding emission properties. For further
understanding of these emission properties, theoretical and detailed experimental

examinations of the electronic structure will be reported in the near future.
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Figure 3. Emission of a LED chip with Ba[BeSiON;]:Eu?*. a) Simulated emission diagram
of a InGaN LED (blue) with Ba[BeSiON,]:Eu?* (green) and PSF (red). b) Image of a InGaN
pcLED with Ba[BeSiON;]:Eu?* c) CIE 1931 diagram of a display with a pcLED (BBS+PSF)
as background light source. The black triangle being the covered gamut area, the orange
triangle the covered area with B-SiAION as green phosphor. The gained gamut coverage is

given as the striped area. For reference Pointer's gamut (red dotted area) and DCI-P3
standard (white triangle) are given.
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As energy consumption and longevity of electronics are a major concern, displays using
mini-LED backlighting systems are advantageous compared to other backlighting
technologies. However, already commercially available displays leave room for
improvement regarding chromaticity and energy efficiency. Our material can help to improve
the next generation of these displays, by reducing the percentage of color-filter erased
wavelengths and therefore the overall energy loss. Furthermore, it expands the possible
display color gamut especially in the very relevant green spectral region. This is crucial, as
the human eye's sensitivity for green color shades is high and a variety of natural colors
relies on an expanded green gamut for natural representation and leads to possible
applications in displays, as in automotive or handheld devices, where wide gamut and
natural color representation are highly desired. This is of particular significance, i.e., for
photography and cinematography, which require high quality wide gamut displays.

In general, the incorporation of Be?* as network building ion gives room for expanded
research in phosphor materials, applying diversified structural motifs as a combination of

trigonal planar and tetrahedral units and will prove beneficial in future phosphor design.

Further details of the crystal structure investigation(s) may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on
quoting the depository number CSD-2191356.
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3 Blue Emitting SrBe1-xSiz+xOz-2xN2+2x: EU?* (X = 0.1)

Tobias Giftthaler, Marwin Dialer, Philipp Strobel, Peter J. Schmidt and Wolfgang Schnick

Abstract: In the search for materials for
high-efficiency lighting applications, the
color-point tuning of phosphors for
inorganic phosphor converted LEDs
(pcLEDs) is of special interest. We
expand the recently explored phosphor
class of SiBeONs
(oxinitridoberyllosilicates) by the
synthesis and characterization of
SrBe1-xSi2+xO3-2xN2+2x: EU?", High
temperature synthesis, starting from
SN, BeO, SiO; and SisNg4, yields the

target phase as the main product. Upon

doping with Eu?*, the pale blue crystals exhibit blue luminescence with emission at 456 nm
and a full width at half maximum (fwhm) of 66 nm / 3108 cm™. The structure is an ordered
variant of the LaSi3Ns structure type and was elucidated by single-crystal X-ray diffraction
data. The network in SrBe1—Siz«xOs-2xN2+2x:EU?* is highly condensed with a condensation
degree of k = 0.6 comprising corner-sharing [MX4] (M = Be, Si; X = O, N) tetrahedra, with

mixed occupancies on both the ligand and central metal sites.



3 Blue Emitting SrBe1-xSiz+x03-2xNa+2xEU?* (x = 0.1)

3.1 Introduction

As part of environmental efforts to save energy, solid-state lighting using phosphor-
converted LEDs (pcLEDs) can contribute to a more energy-efficient future. In white emitting
pcLEDs, ultraviolet (UV) or blue light emitted from a semiconductor chip is partially
converted by ceramic phosphors to reproduce the spectral power distribution of natural
white light in the visible spectral range. Hereby, the chemical tunability of applied phosphors
is essential to achieve the desired emission. The luminescence of widely used aluminates
and silicates, as well as their respective nitride equivalents, is conventionally tuned by
substitution of the cations on the doped site. Industrially, this is applied in the red spectral
region by emission optimization in AE;SisNs:Eu?* (AE = Ca, Sr, Ba) or CaiSrAlISiNs:Eu?
and in the green spectral region in REs-xAls-yGayO12:Cey.[ !

As shown by the substitution of Si** by AI** or Li*, elemental substitutions at the network-
building positions can also alter the emission of doped phosphors. In this case, charge
neutrality is maintained by O/N/F substitution on the anion sites, which changes the
coordination environment of the emitter.*"] Due to the nephelauxetic effect and crystal field
splitting this leads to a change in emission wavelengths. Based on the comparable sizes of
Be?* and Si** cations (0.27 A and 0.26 A respectively, in tetrahedral coordination), beryllates
in general are closely related to silicates and their respective nitride derivatives.®*? Hence,
replacing Al/Li/Si by Be can potentially be used as a third substitution pathway to target

selected spectral regions more efficiently without altering the formal anionic composition.

An established cyan emitting phosphor is SrSiAl.OsNz:Eu?*, which has an emission
maximum at ~487 nm with an fwhm greater than 85 nm, while spectral properties depend
on the dopant concentration. %1%
In this context, we report here on the derived, blue emitting phosphor
SrBe1-xSiz+x03-2xN2+2x: EU**(SBS).

3.2 Results and Discussion

High temperature synthesis of SrBe1-,Siz+xO3-2xN2+2x:EU?* starting from SrzN, BeO, SiO,
SisN4 and EuF; yielded an air- and moisture-insensitive pale blue powder. Powder X-ray
diffraction (PXRD) experiments confirmed SBS as the main product phase (> 80 wt%) with
SrBeSiOs, Sr.SiO4 and BeSiN2 as minor side-products (see Figure S2). SBS crystallizes in
the orthorhombic space group P2:2:2; (no. 19) with cell parameters a=4.7671(2),
b =7.7683(2) and ¢ =10.9364(3) A and is an ordered variant of the LaSisNs structure

type.® The chemical composition of the target phase was confirmed by EDS (averaged
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3.2 Results and Discussion

over seven data points; Sr1.0BeSi» g2)O3.31)N2.33); see table S1).

Details of the crystal structure and product phase determination are given in the Supporting
Information (tables S2-S5).

As shown in Figure 1, in SBS O and N coordinate Be and Si in corner sharing tetrahedra.
This results in a highly condensed network with a degree of condensation k= 0.6. Sr is
(8+2)-fold coordinated by O and N in a distorted double capped square antiprism (Johnson
polyhedron 17). Hereby, N sites are fully occupied, whereas two of three O sites are
occupied by both O and N. The O sites and those with mixed occupancy can be identified
by significantly shorter interatomic distances compared to the N sites in [MX4]
(M =Be, Si X=N, O) tetrahedra. Charge neutrality is maintained, by a mixed occupation
of the single Be site by Be and Si. Both Si sites are fully occupied. Tetrahedra form flinfer-
rings with channels along [100].*"]

BVS and CHARDI calculations corroborate the proposed structure model and the
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assignment of mixed occupancies (see table S6).128-20

Figure 1. Structure of SrBe1Si2«xO3-2xN2:2x:EU*. Sr orange, Be and [BeOsN] tetrahedra
purple, Si and [SiON3]/[SiO2N] tetrahedra green, O red, N blue; crystal structure projection
along [100]; corner-sharing tetrahedra connected via O/N; coordination environments of the

cations by O and N with atomic distances given in A.
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3 Blue Emitting SrBe1-xSiz+x03-2xNa+2xEU?* (x = 0.1)

Upon doping with Eu?" and excitation with radiation wavelengths shorter than 400 nm, the
target phase exhibits blue luminescence. Single crystal luminescence experiments showed
a maximum emission at 456 nm and fwhm of 66 nm / 3108 cm™ (Figure 2). Compared to
the structurally closely related SrSiAl,OsN2:Eu?*, SBS emits a narrower emission spectrum
at shorter wavelengths. The slightly changed emission properties are likely due to a change
in the orientation of Eu?* 5d orbitals relative to their coordination sphere. The shorter
average distances in SBS to the ligands and the smaller coordination polyhedron with
respect to SrSiAl,OsN2:Eu?* are typically not expected to result in shorter emission
wavelengths.?!l A similar anomaly has been observed in Sri-BaxSiAl,03N2:Eu?*, where
chemical pressure of the second and third coordination sphere was used as an explanation.
151 The difference is, that in SBS the coordination sphere increases compared to the
respective reference and therefore other mechanisms must determine the emission. Hence,
theoretical calculations of the crystal fields and excited states of Eu?* (4f°5d') are necessary
for further clarification.??

The system SrSiAl,03sN2:Eu?*/ SrBe1-xSiz+Os-2xN2+2x:EU?* can be an example of color point
tuning of phosphors by Be substitution. However, due to the presence of minor phases and
the use of toxic BeO as a precursor, industrial application of SBS is currently not a main
focus. Instead, the route of using beryllium as an additional or substituting network building
cation proves promising to enable activator sites in next generation luminescent materials

with further optimized performance.
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Figure 2. Luminescence spectrum of SrBeiSi»«xOs-2xNzs2x:EU*. The excitation (blue
dashed line) and emission of SBS under UV irradiation (blue line) with an emission
maximum at 456 nm and a fwhm of 66 nm; selected particle of SBS in an optical and a

scanning electron microscope.

3.3 Conclusion and Outlook

The luminescent properties of SrBe1-xSi»+xO3-2xN2+2x:Eu?* illustrate the potential of SiBeONs
for application as phosphor materials. It is shown that substitution of Be?* for the known
network-building cations AIF* and Si** enables comparatively narrow-band emission. For
further investigations, phase pure samples can be beneficial to determine quantum
efficiencies as well as electronic properties like the band structure and gap. For further
elucidation of mixed occupations, neutron scattering experiments could provide new
insights.

SiBeONs in general can help to achieve desired emission characteristics in future phosphor

applications, especially those containing low quantities of beryllium.
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3.4 Experimental Section

Safety Precautions.

BeO is characterized as toxic and was therefore exclusively handled in closed systems,
under Schlenk conditions or inside a glovebox. 2324 For safety precautions the product was
also handled under closed conditions, although, chemically stable multinary beryllates as

the mineral beryl are not known to be harmful.

Synthesis.

The starting materials SroN (synthesized from Sr, Sigma Aldrich, 99.99%) BeO (Alfa Aesar,
99.95%), SiO, (Acros Organics, 60 A) and SisN4 (UBE, SNA-00) were ground in a tungsten
carbide mortar inside a glovebox (Unilab, MBraun, Garching; 02<0.1 ppm, H20 <0.1 ppm)
together with EuFs (Sigma-Aldrich, 99.99%) for luminescence experiments and transferred
to a W crucible. Reactions were carried out in a radio frequency furnace (TIG 10/100;
Huttinger Elektronik Freiburg, Germany) under dried N> atmosphere. For the reaction the
crucible was heated to 1600 °C in 30 minutes, the temperature was held for further
30 minutes, cooled down in 30 minutes to 600 °C and then quenched to room temperature
by turning off the heating.

Singe-Crystal X-ray diffraction.

Data of micromount fixed single crystals of SrBe -xSi>+xO3-2xN2+2x:EU* were collected on a
Bruker D8 Venture rotary anode diffractometer with Mo-Ka radiation (A = 0.71073 A), that
was focused with a Goebel mirror. The collected data was integrated and absorption
corrected with APEX3.?% Structures were solved by direct methods with SHELXS and
refined with SHELXL, applying the full-matrix least square method.26-2"]

Powder X-ray diffraction.

Powder samples were ground in a tungsten carbide mortar and sealed in glass capillaries
(Hilgenberg, d = 0.5 mm). Measurements were carried out on a rotary head STOE STADI

P diffractometer (Cu-Ka; radiation, Ge(111) monochromator, Mythen 1k detector) with
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modified Debye-Scherrer geometry. The TOPAS 6 software package was used for Rietveld

refinement and determining of the given phase composition.?®!

Elemental analysis.

To determine the elemental composition of SrBe —Siz+«O3-2xN2+2x:EU?*, energy dispersive
X-ray spectroscopy (EDS) on a Dualbeam Helios Nanolab G3 UC scanning electron
microscope (SEM, FEI) with X-Max 80 SDD detector (Oxford Instruments) was applied.
Data of a selected particle were collected at an acceleration voltage of 25 kV.

Luminescence.

Luminescence data of selected particles and single crystals were obtained on an Olympus
BX51 microscope with a HORIBA Fluoromax4 spectrofluorimeter system attached. Particle

and single crystal images were taken on a ZEISS AXIO imager M1m microscope.

3.5 Acknowledgements

The authors thank Dr. Peter Mayer and Reinhard Pritzl for collecting single-crystal data as
well as Christian Minke (all at Department of Chemistry, LMU Munich) for EDS

measurements.
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4 The Nitridoberyllosilicate System AEBeSi2N4 (AE = Ca, Ba)

Tobias Giftthaler, Philipp Strobel, Lucien Eisenburger, Oliver Oeckler and Wolfgang
Schnick

Abstract: The structural relations between
different alkaline-earth containing
nitridosilicates have been extensively studied
due to their application as LED phosphors. This
contribution focuses on the related, recently
explored compound class of

nitridoberyllosilicates, with only two previously

known phases. The class is expanded by the
presented CaBeSi:N4 and BaBeSi>N4. The structural relations between these two phases
and the pre-existent SrBeSi:Ns are viewed in detail. All three alkaline earth
nitridoberyllosilicates express trigonal-planar [BeNs] and double-tetrahedral [Si>N7] units. In
comparison to the Sr phase, the double tetrahedra units are bent in the Ca and tilted in the
Ba phase. This adaptation to the respective cationic radii leads to altered luminescent
properties, as known from nitridosilicates.



4 The Nitridoberyllosilicate System AEBeSi>N4 (AE = Ca, Ba)

4.1 Introduction

The broadly investigated material class of nitridosilicates raised attention in recent
years, as many of them show luminescence upon Eu?" doping. Therefore, various
nitridosilicates found application as phosphors in inorganic phosphor converted light
emitting diodes (pcLEDs).** The structures of nitridosilicates are closely related to silicates,
but the introduction of nitrogen allows for unprecedented motifs as nitrogen can connect
three or more tetrahedral centers. In analogy to silicates, the structural variety of
nitridosilicates is expanded by the introduction of additional network building cations, as
APR*, Li* and Be?*.51 Hereby, the similar to Si** sized Be?* can be coordinated tetrahedral
or trigonal planar. These coordinations are expressed in the double nitride BeSiN;
(tetrahedral) and the nitridoberyllosilicate Sr[BeSizN.] (trigonal planar).®
This expansion of possible structural motifs raises the question, if a nitridoberyllosilicate
system shows adaption to cationic radii in analogy to nitridosilicates and related nitride
compound classes. These can show adjustment of structural motifs to given cations, while
the structures of compounds with similar degree of condensation are commonly closely
related. An effect, well understood in the systems M,SisNs and M[MgsSiN4].l> 19121 Especially
the therefore changed symmetry of cationic sites can be highly influential on luminescence
properties.*®
The adaption of Sr[BeSi:N4] to different alkaline earth cations can be subject to closer
investigation, as the only other Be-Si—N compound Eu[BeSi;N.] expresses an isotypic
structure, due to the similar radii of Sr2* and Eu?*.[l
Sr[BeSizN4] exhibits vertex sharing [Si2N7] double tetrahedra with Si—-N-Si angles of 180°
and connecting [BeNjs] trigonal planary units.®! Herein we present the adaption of this
network and the expressed structural motifs to the smaller radius of Ca?* as well as the
larger radius of Ba?* and elucidate the symmetry changes in cationic positions of the alkaline

earth ions.
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4.2 Results and Discussion

4.2 Results and Discussion

Synthesis and Elemental Analysis

The high temperature syntheses of Ca[BeSiN] and Ba[BeSizN4] yields pale yellow powders.
Eu?* doped Ba[BeSi,N4] exhibits an orange body color. All products are stable towards air
and moisture and crystallize in microcrystalline plate like morphology (See Figures S4/5).
Energy dispersive X-ray spectroscopy (EDS) confirmed the chemical composition

(Ca1.0BeSiz.1N4, BaioBeSizoNz7). Beryllium can not be quantified by this method.

Crystal Structure Determination

The existing structure model of Sr[BeSi>N4] in P62c (no. 190) was used as a starting model
to understand the structure of Ca[BeSi:N.], as the degree of condensation «, the ratio of
network building cations to anions, remains unchanged at 3/4. However, PXRD data
indicated significant structural differences between the compounds, but showed insufficient
for elucidation of the correct crystal structure. Due to the lack of large single crystals, micro
focused synchrotron radiation was used for structure elucidation. In contrast, the structure
of Ba[BeSI:N4] could be solved and refined from data of larger single crystals. Powder X-

ray diffraction data corroborates to the respective structural models.

Crystal Structure Description

Ca[BeSizN] crystallizes in the hexagonal space group P6 (no. 174) with lattice parameters
a=b=28.369(1) Aand c=9.190(1) A.

Ba[BeSi:N4] crystallizes in the orthorhombic space group Ama2 (no. 40) with lattice
parameters a = 8.1314(4) A, b =9.9947(6) A and ¢ = 4.8017(3) A. Further details regarding
the structure elucidation in the supporting information.

The structures of Ca[BeSi:N4] and Ba[BeSi:N4] are closely related to the structure of
Sr[BeSizN4]. All exhibit layers of vertex sharing trigonal-planar [BeNs] and tetrahedral [SiNa4]
units. The layers are connected by vertices of [SiN4] units, eventually forming [Si>N-] double

tetrahedra.
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In Ca[BeSi2N4] however, due to the comparatively smaller size of Ca?*, the layers contract
by reduction of the Si-N-Si angles (152 and 156° as given in Figure 2) along stacking
direction [001], resulting in reduced unit cell parameter ¢ of 9.19 A in the Ca phase
compared to 9.42 A in the Sr phase. Subsequently, [SizN-] double tetrahedral units are bent
with resulting Si—N-Si angles of.

In contrast, the larger size of Ba?* cations results in layers tilted from [010] not being parallel
to the stacking direction anymore and therefore an expanded b axis ([010] in the
orthorhombic crystal system) of 10.0 A. The [Si2N-] double tetrahedral units are tilted, while
the Si—-N-Si angles are slightly reduced to 174° (also see Figure 2).

Since the differing ionic cation radii mainly effect the distance between respective layers,
the lattice parameters primarily change in one crystallographic direction. Hence, for better
understanding of the symmetry relations between the three structures a 2D—projection of
the unit cells, along the stacking direction, as given in Figure 1 is beneficial. The Ca[BeSi>N4]
cell is a V3 x /3 R30 super cell to the unit cell of Sr[BeSi,N4]. Herein, the vector aca with a
length of 8.37 A is shorter than the comparable vector aorno, sr in SI[BeSiN4] with 8.42 A
(shown in Figure 1 as dashed red line) but longer than the respective vector aga of
Ba[BeSizN4] with 8.13 A. The cga vector in Ba[BeSizN4] with 4.80 A is also shorter than the
respective as; vector in Sr[BeSizN4] with 4.86 A and 1/3 of the corresponding aortho, ca in
Ca[BeSizN4] with 4.83 A (shown in Figure 1 as dashed black line). The respective lattice
parameters of Ca[BeSi:N4] as well as of Ba[BeSi>N4] contract slightly in the ab plane (ac for
Ba[BeSizN4]) compared to Sr[BeSizN4]. The main difference in cell volume per formula unit
is therefore found in the respective orthogonal axis, ¢ for Ca[BeSi2N4] and Sr[BeSi,N4] and
b for Ba[BeSizNa].

Subsequently the symmetry of the alkaline earth cationic site is changed from a 2d position
in Sr[BeSizN4] to 3j and 3k positions in Ca[BeSi>N.] and a 4b position in Ba[BeSizNa].
Further structural details are given in the Bérnighausen tree in the supporting information
(Figure S3).
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PRI

o

Figure 1. Relation of lattice parameters of AE[BeSi:N4] (AE = Ca, Sr, Ba). The unit cells of
Ca[BeSizN4] (black), Sr[BeSizN4] (red) and Ba[BeSi>N4] (blue) in respective orientation. The
red dashed line represents the length of the orthohexagonal aono, sr vector, the black

dashed line the length of aornno, ca. All unit cells are shown to scale.

Table 1. Lattice parameters of AE[BeSi>N.] (AE = Ca, Sr, Ba).

Ca[BeSizN4] Sr[BeSi>N4] Ba[BeSi>N4]

QA 8.369(1) 4.861(2) 8.1314(4)
b/ A 8.369(1) 4.861(2) 9.9947(6)
o/ A 9.190(1) 9.423(4) 4.8017(3)
aortho \/ga = 8420
~ 8ortho % =4.831
v/ AS 557.43(15) 192.807(1) 390.24(4)

Z 6 2 4
VIZ 92.905 96.4035 97.56
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Figure 2. Crystal strutures of AE[BeSi>N4] (AE = Ca, Sr, Ba). The structures of Ca[BeSi>N4]
and Ba[BeSi;Ns] derived from Sr[BeSi:N4] . Ca (yellow), Sr (bright orange), Ba (dark
orange), Be (grey), Si (green), N (blue). [BeNs] trigonal-planary units in grey and [SiN4]
tetrahedra in green. [Si2N;] double tetrahedra are tilted in Ba[BeSi>N4], the layers diverge,

in contrast [Si2N7] double tetrahedra are bent in Ca[BeSi>N4], the layers converge.
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Luminescence of Ba[BeSi>N4J:Eu’*.

Upon doping with Eu?*,Ba[BeSizN4] shows orange luminescence under irradiation with blue
light. The maximum emission wavelength Amax is 596 nm and the full width at half maximum
fwhm =100 nm / 2806 cm™ (spectra see Figure S6). Due to the larger coordination
polyhedron of Ba?" compared to Sr?* and the therefore lowered nephelauxetic effect,
emission at increased wavelengths is expected. However, as Sr[BeSi:N4]:Eu?* shows
nontypical emission properties, the emission is not directly comparable. Ca[BeSizN4] shows

no luminescence upon doping with Eu?*.

4.3 Conclusions

The system AE[BeSi:N4] (AE = Ca, Sr, Ba) shows the adaption of an anionic host lattice to
the ionic radius of its counter cation. While the cell parameters, with respect to Z and the
cell symmetry,

mainly adjust along the stacking direction (¢ in the hexagonal, b in the orthorhombic
system), the structural motifs are altered slightly. This adaption leads to changed symmetry
of the alkaline earth site and therefore changed luminescence properties as well. A detailed
elucidation of luminescence and electronic properties of the AE[BeSi;N4] (AE = Ca, Sr, Ba)

system is subject to investigation and will be published separately.

4.4 Experimental Section

Safety Precautions.

All tasks were performed in closed systems, like Schlenk-lines and gloveboxes to minimize
the risk of exposure. This is necessary because Be is considered a highly hazardous
element. Especially Be containing dusts are known to cause various medical conditions as

CBD (chronic beryllium disease) and might be carcinogenic.[4-15]

Synthesis.

Due to their sensitivity towards moisture and oxygen, as well as the toxicity of Be and most

Be containing compounds, all starting materials were handled under argon atmosphere in
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a glovebox (Unilab, MBraun; 02<0.1 ppm, H.O <0.1 ppm). The experiments were carried
out in a RF-furnace attached to a Schlenk-type vacuum line (1072 mbar) under dried N (Air
Liquid, 5.0). The atmosphere was purified by passage through columns filled with KOH
(Merck, 285%), silica gel (Merck), molecular sieve (Fluka, 4 A), P4O10 (Roth, 299%) and
BTS catalyst.

Samples of Ca[BeSizN4] were obtained by reaction of Ca(NH:), (synthesized from Ca (Alfa
Aesar, 99.98%) in an autoclav under NH3 atmosphere at 200 °C), BesN: (synthesized from
Be (ABCR, 99%) in an rf-furnace under N, atmosphere at 1300 °C) and “Si(NH),” (from
SiCls in liquid NHs) in a rf-furnace under N, atmosphere at 1400 °C. After mixing the starting
materials in a tungsten carbide mortar and transferring the mixture into a W crucible, it was
heated to 1400 °C in 0.75 h. This temperature was kept for 6 h, then the crucible was cooled
to 700 °C in 10 h and subsequently to room temperature by shutting off the heating.
Samples of Ba[BeSi:N4] were obtained by reaction of Ba:N (synthesized from Ba (Alfa
Aesar, 99.9%) under N flow at 830 °C)1¢, BesN; (see above) and SisNs (UBE, SNA-00) by
identical method. Ba[BeSi,N4]:Eu?* was synthesized accordingly, with EuF, as additional

precursor.

Electron microscopy.

Energy dispersive X-ray spectroscopy (EDS) was used to determine the elemental
composition of AEBeSi;N4. The data was obtained at an accelerating voltage of 20 kV on a
Dualbeam Helios Nanolab G3 UC scanning electron microscope (SEM, FEI) with X-Max 80
SDD detector (Oxford Instruments) from several particles. Crystal images were taken on

the given electron microscope as well.

Single-crystal X-ray diffraction.

Single crystals of Ba[BeSi,N4] were selected and mounted on the loop of MicroMounts
(MiTeGen). Data was collected on a Bruker D8 Venture diffractometer with Mo—K, radiation
and a graphite monochromator. The APEX 3 program package was used for integration
and multi-scan absorption correction.’” The structure was solved with SHELXS applying
direct methods and refined against F? with SHELXL by the full-matrix least squares
method.8 19

Data of single microcrystals of Ca[BeSi>N4] were collected on beamline ID11 of the ESRF
(Grenoble, France). The TEM grid was mounted on a Symétrie Hexapods Nanopos device.
A Ca[BeSi:N,] crystal of about 6 um? in size was recovered at beamline ID11 (A=0.309 A,
ESRF, Grenoble) by a telescope with large magnification, using the copper crossbars of the

grid as landmarks. The crystallite was centred using Ca X-ray fluorescence scans. The
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single-crystal data set was then collected using a microfocused synchrotron beam of 1x2
pm. CrysAlisPro and SADABS were used for the integration and the semiempirical
absorption correction of the data. The incomplete absorption of X-ray radiation in the CCD
phosphor was corrected. The crystal structure was solved by direct methods and refined by
least-squares methods with SHELX-2014.

Powder X-ray diffraction.

Samples of AEBeSi;Nswere ground and sealed in glass capillaries (Hilgenberg, d = 0.2 mm
for Ca, d = 0.3 mm or Ba) and mounted on a rotary head in a STOE STADI P diffractometer
(Cu—Ka; radiation for Ca, Ag—Kq radiation for Ba, Ge(111) monochromator, Mythen 1k
detector) with modified Debye-Scherrer geometry. The TOPAS 6 program package was

used for Rietveld refinement.

Luminescence.

The luminescence of single particles of Ba[BeSi>N4]:Eu?* was measured on an Olympus
BX51 microscope with attached HORIBA Fluoromax4 spectrofluorimeter system. The
excitation was carried out by blue light with a wavelength of 420 nm and a spectral width of

10 nm. The emission spectrum was measured from 480 to 820 nm with a step size of 1 nm.

Transmission electron microscopy (TEM):

The sample was ground in an agate mortar, suspended in ethanol and drop-cast on a
copper grid with holey carbon film (S160NH2C, Plano GmbH, Wetzlar, Germany). The grid
was mounted on a double-tilt holder and isolated crystallites of Ca[BeSi2N4] were identified
by EDX and electron diffraction using a FEI Tecnai G20 transmission electron microscope
(TEM) with a thermal emitter (LaBg) operated at 200 keV. Selected area electron diffraction
patterns and bright-field images were recorded using a TVIPS camera (TemCam F216,

Tietz) with a resolution of 2048%2048 pixels.
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5 Synthesis and Crystal Structure of the Strontium Beryllate
Sr3Be20s

Tobias Giftthaler, Philipp Strobel and Wolfgang Schnick

Abstract: Beryllates show an interesting and
diverse structural chemistry, resembling that of
well-investigated silicates. The coexistence of
tetrahedral and trigonal coordination of Be by O
atoms in oxoberyllates allows for an even broader
variety of structural motives and implies a plurality
of possible atomic ratios Be:O in ternary or higher
compounds. We have now synthesized the novel
strontium oxoberyllate Sr:Be.Os via a high-

temperature high-pressure reaction and have

structurally characterized the ternary oxide by
single-crystal and powder X-ray diffraction analysis. SrsBe;Os, a low condensed
oxoberyllate, contains unprecedented [Be.Os]® double triangles and Sr atoms in both
double-capped trigonal-prismatic and octahedral coordination. These motifs show striking
resemblance to a-SrBeO; and SrO, combining their structural properties. Lattice energy

(MAPLE) calculations corroborate found parallels to the known phases SrO and a-SrBeOs-.



5 Synthesis and Crystal Structure of the Strontium Beryllate Sr3:Be;Os

5.1 Introduction

Albeit their structural diversity, matching well-investigated silicates, the chemistry of
beryllates is widely unexplored. 4 SrBezO4, published in 1969, was the only identified
ternary phase in the system SrO-BeO until recently.®™" This rarity of ternary phases is quite
surprising due to the vast amount of structural possibilities and possible compositions
allowed by a combination of an anionic BexO,*-network with suitable counterions. As the
Be coordination can either be tetrahedral, e.g. in Sr12Be17029, trigonal as in SrBesO,4 or 3+1
as in BeO, a broad variety of structural motifs is accessible by combination of the different
Be-O polyhedra.®® This diversity is well known from borates, where a variety of ternary
compounds with resembling structural motifs has been observed.® 1% New compounds are
therefore expected to combine these known structural motifs to unrevealed structures.
Herein, we report on the so far least condensed strontium beryllate, namely Srs;Be,Os
exhibiting hitherto unknown [Be2Os]® units. The crystal structure was solved and refined
from single-crystal X-ray diffraction data and confirmed by Rietveld analysis of powder X-

ray diffraction data.
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Scheme 1. Hitherto known ternary strontium beryllates in the quasi binary system SrO-BeO

with year of first publication. > ©: @
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5.2 Results and Discussion

5.2 Results and Discussion

SrsBe20Os was synthesized under nitrogen pressure in a hot isostatic press (HIP) starting
from SrO and BeO. The target phase could not be obtained by reaction of stoichiometric
amounts of SrO and BeO at ambient pressure. Doping with 1 mol% (Eu) resulted in orange
crystallites, showing no luminescence at ambient temperature. Non-doped SrsBe;Os is

colorless and transparent.

Rietveld refinement of powder X-ray diffraction data showed a product composition of =80
wt.-% SrzBe;0s, =20 wt.-% SrO and traces of a/B-SrBeO-, respectively (Fig.1). SrsBe;Os
crystallizes in space group P2i/c (no. 14). Single crystal structure determination resulted in
a monoclinic cell with lattice parameters a = 3.7000(7), b = 9.600(2) and ¢ = 7.900(2) A, B
= 99.00(3)°, Z=2 and V = 277.15(10) A3. Rietveld refinement confirmed the metrics (a =
3.70237(6), b = 9.6069(2) and ¢ = 7.9004(1) A, B =99.0076(4)°, V = 277.539(8) A%.The
structure is illustrated in Figure 2, coordination polyhedra are depicted in Figure 3.
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Figure 1. Result of the Rietveld refinement of Sr;Be,Os. Powder X-ray diffraction diagram
of Sr:Be;Os with the measured data (black crossmarks), pattern based on Rietveld
refinement data (red line), difference curve (gray line) and position of allowed Bragg

reflections (blue and green bars). Crystallographic data shown in supporting information.
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Figure 2. Crystal structure of SrzsBe,Os. Sr (orange), Be (violet), O (red).

Two corner sharing BeOs triangles form a [BeOs]® unit with a torsion angle of 9.2°. Srl is
coordinated by 6+2 O atoms forming a doubly capped trigonal prism. Sr2 is coordinated by
six O atoms in a slightly distorted octahedron. The similarity of coordination of Srl and Be
in SrsBe20s to the ones found in a-SrBeO, and Sr2 in SrO become obvious in direct
comparison (Fig.3). Isolated [Be2Os]® units (a) can be seen as sections of the infinite zweier
single chains of BeOs-units (b). The Be-O distances of both species are identical within the
limits of accuracy and vary between 1.545 and 1.549 A. Furthermore, corresponding angles
differ only slightly. For SrsBe,Os the corresponding angles vary in the range 118-122° and
113-123° for a-SrBeO,. The 6+2 coordination of Srl as found in SrsBe2Os (c) resembles the
Sr coordination in a-SrBeO- (d). The octahedral coordination of Sr2 by O (e) resembles the
surrounding of Srin SrO (f). While the Sr- O distances in SrsBeO, are 3-5% smaller at 2.480-
2.532 A compared to 2.605 A in SrO, the coordination octahedron is distorted. Bond angles
are between 84 and 96°. Selected distances and angles are given in the supporting

information.

Table 1. MAPLE data of selected Sr-Be-O phases in kj/mol

SrsBe>Os a-SrBeO; Sro
Sr# 1776-1969 1818 1864
Be?* 2936 2951
oLy 2155-2464 2160-2458 1864
Total 22495 9387 3727

2 a-SrBeO: + SrO = 22501 kJ/mol, A = 0.3%o
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5.3 Conclusions

Figure 3. Comparison of cation coordination between Sr;Be;Os (a, ¢, e) and
a-SrBeO; (b, d)/SrO (f). Sr (orange), Be (violet), O (red). Distances are given in A.

5.3 Conclusions

Single crystals of Sr;Be,Os were obtained by high-pressure high-temperature synthesis
starting from the respective binary oxides in a hot isostatic press. The crystal structure of
strontium beryllate SrsBe.Os contains unprecedented isolated [Be,Os]® units. Surprisingly,
oxoberyllates represent a largely unexplored substance class that could exhibit a broad
spectrum of unexpected structural features and properties. Besides [BeO4]® tetrahedra,

especially non-condensed trigonal planar [BeOgz]* ions are expected to occur.
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5.4 Experimental Section

Safety Precautions. Be is considered a highly hazardous element.*¥ Be containing dusts
are known to cause CBD (chronic beryllium disease) and might be carcinogenic.® To
minimize the risk of exposure, all operations were performed in closed systems, like

Schlenk-lines and gloveboxes.

Synthesis. All starting materials were handled under argon atmosphere in a glovebox
(Unilab, MBraun, Garching; O2<1 ppm, H-O <1 ppm) due to their moisture sensitivity and
the toxicity of Be and most Be containing compounds. The experiments were carried out in
a rf-furnace attached to a Schlenk-type vacuum line (10 mbar) under dried Ar (Air Liquid,
5.0). The atmosphere was purified by passage through columns filled with KOH (Merck,
>85%), silica gel (Merck), molecular sieve (Fluka, 4 A), P4O10 (Roth, 299%), and titanium
sponge (Johnsen Matthey, 99.5%), heated to 730 °C. Crystals of Sr;Be,Os were obtained
by reaction of SrO (Alfa Aesar, 46.6 mg, 0.45mmol, 99.5%) and BeO (Alfa Aesar, 7.5 mg,
0.3 mmol, 99.95%) in a hot isostatic press (American Isostatic Presses) under 150 MPa of
N2 atmosphere at 1200 °C. After mixing the starting materials in a tungsten carbide mortar
and transferring the mixture into W crucibles it was heated to 1200 °C in 4 h. This

temperature was kept for 5 h, then the crucible was cooled to room temperature in 6 h.

Single-crystal X-ray diffraction. Single crystals of SrsBe».Os were selected and fixed on
a micromount. X-ray diffraction data was collected on a Bruker D8 Venture rotary anode
diffractometer with Goebel mirror optics for selection and focussing of Mo-Ka radiation (A =
0.71073 A, T = 297(2) K). APEX31% was used for integration and absorption correction. The
crystal structures were solved by Direct Methods (SHELXS)!"! and refined by full-matrix
least-squares methods (SHELXL)8 9]

Powder X-ray diffraction. The sample was ground and sealed in a glass capillary
(Hilgenberg, d = 0.3 mm) and mounted on a rotary head in a STOE STADI P diffractometer
(Cu-Ka; radiation, Ge(111) monochromator, Mythen 1k detector) with modified Debye-

Scherrer geometry. TOPAS 6 was used for Rietveld refinement.?%

Elemental analysis. The elemental composition of Sr:Be>Os was determined by energy
dispersive X-ray spectroscopy (EDS) on a Dualbeam Helios Nanolab G3 UC scanning
electron microscope (SEM, FEI) with X-Max 80 SDD detector (Oxford Instruments). EDS

data was obtained at an accelerating voltage of 25 kV from several particles.
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6 Introducing Ternary Thioberyllates — Na:BeS>
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Abstract: Sodium ion conduction has become a
focal point of battery cell research. Especially,
sulfides show remarkable potential for this
application. However, thioberyllates were mostly
neglected, due to the toxicity of beryllium. In this
contribution we characterize NaBeS,, the first
member of the compound class of ternary
thioberyllates. Synthesized from the respective

sulfides in a high-temperature reaction, Na;BeS:

was obtained as yellow crystals. It crystallizes in

the K,SiP, structure type, as shown by single-crystal and powder X-ray diffraction
experiments. Na:BeS; is a mixed ionic — electronic conductor with a transference number
of 0.67 and a sodium ion conductivity of 3.3-:107° S/cm at 25 °C, which makes the substance
class of thioberyllates interesting candidates of future research in fields where Na transport
iS an asset.



6 Introducing Ternary Thioberyllates — Na;BeS,

6.1 Introducing Ternary Thioberyllates — Na:BeS:

Mixed ionic — electronic conductors (MIEC) gained increasing attention in recent
years. Their multiple applications in energy conversion and storage, memory devices and
sensing put them in the focus of current research.*2
Especially combined with the turn from lithium to sodium as the more sustainable material,
this can reduce the technological reliance on limited resources and focus on a more earth-
abundant element.®4 However, the usage of sodium requires powerful sodium-based
MIECs.[58] In search for sodium conducting materials sulfides and thio-compounds such
as the ortho-thiophosphate NasPSs show high potential.”!l The ion conductivity of ortho-
thiophosphate can even be enhanced by aliovalent substitution of P by Al or Si, as this can
influence diffusion pathways as well as the charge carrier concentration and the
polarizability of the overall lattice. For example, this was shown by and studied with the
synthesis and characterization of NasAlS; and NasSiS4.1®! Given the fact that so far Be and
its thio-compounds were mostly neglected in research due to their toxicity, the motivation
for a search for a beryllium analog was evident.”! Beryllium, as known from its oxides and
nitrides, can be found in either trigonal planar or tetrahedral coordination, which can
possibly expand the structural variety in thio-compounds.t% Furthermore, the desired
“NasBeS.” was expected to improve ion conductivity compared to related Si or Al ortho-thio-
compounds, as Be?" carries a smaller charge compared to AI** and Si** and therefore
increases the charge carrier concentration of the mobile ion, the lattice polarizability, and
therefore, the lattice softness.

In search for the suspected “NasBeS.” with a degree of condensation of k = 0.25, we found

the higher condensed Na,BeS; with a degree of condensation of k = 0.5.1%?

Na.S + Be + S — Na:BeS; (Eq 1)
Na;BeS, was obtained as a yellow powder and is sensitive towards air and moisture. It was
synthesized starting from Be, S and Na;S, as given in the chemical equation Eql. The

precursors were finely ground with a 10% excess of S and heated to 600 °C for 72 h.

Detailed information regarding the synthesis can be found in the supporting information.
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6.1 Introducing Ternary Thioberyllates — Na2BeS2

Figure 1. Crystal structure of Na;BeS,. Two units cells of the crystal structure of Na.BeS,,

S (yellow) forms octahedral coordination of Na (red) and tetrahedral coordination of Be
(gray). Columns of edge sharing [BeS.]-tetrahedra along [001]. All atoms are depicted as
ellipsoids at 95% probability level.

The crystal structure of Na;BeS, was solved and refined based on single-crystal X-ray
diffraction data (R: = 0.037, details in supporting information) and confirmed by Rietveld
refinement (see supporting information Table S5, Figure S2).13161 Na,BeS; crystallizes in
the orthorhombic space group Ibam.7 It is isotypic to K,SiP2, with a measure of similarity
(A) of 0.042.1282% The unit cell with lattice parameters a = 6.0015(4), b = 11.1701(7) and
¢ =5.5179(4) A contains four formula units. It exhibits columns of edge sharing [BeS4]*
tetrahedra, running along c. The small measure of similarity, showing small deviation of
atomic parameters from the aristotype, indicates structure direction by the Be—S columns,
as the difference in ionic radii between Na* (in Na:BeS;) and K* (in K2SiP2) has minor
influence on the crystal structure. With respect to the tetrahedral coordination of Be and the
given structure direction by Be—-S columns, Na:BeS. can be characterized as the first
ternary thioberyllate.
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6 Introducing Ternary Thioberyllates — Na;BeS,

Na atoms are found in largely distorted [NaSs] octahedra in between the columns. These
octahedra can also be described as a 5+2+1 coordination by 5 close-by S ions, with 2 Be?*
and 1 further S% atom in the second coordination sphere. According to Pauling’s second
rule, this might reduce the bond energy and subsequently lead to the observed sensitivity
towards air and moisture.[20-21

The characterization as a thioberyllate is supported by calculation of the Madelung part of
lattice energy, which was found to be 6679.9 kJ/mol, deviating just 1.7% from the sum of
Madelung lattice energies of the respective binary sulfides BeS and NasS.
Due to the known side phases BeO and BeS, bulk composition analysis via CHNS or ICP
gives no further information on the composition of the targeted phase. Additionally, the given
moisture sensitivity and potential toxicity disqualifies EDS and NMR, as the sample is briefly
exposed to air during sample transfer.

The applicability of Na>:BeS; for sodium ion conduction was determined by electrochemical
impedance spectroscopy as well as chronopotentiometry.

Electrochemical impedance spectroscopy of a cold-pressed sample of Na:BeS, shows that
the sample is a mixed ionic electronic conductor (ionic transference number tion = 0.67). This
is evident in the Nyquist diagram (Figure 2) by the presence of a semicircle with
simultaneous absence of a polarisation tail.?? Therefore, an equivalent circuit comprising
an ionic and electronic conduction process was used for fitting, resulting in a total ionic
conductivity of gien = 3.3:107° S/cm and an electronic conductivity of Geon = 1.6-107° S/cm at
25 °C. These values are in good agreement with those obtained from chronopotentiometry
(Figure S3, Teon < 1.2:107° S/cm, Oiota = 2.3-107° S/cm and Gion = 1.2:107° S/cm). Since no
steady state was achieved during the measurement, the electronic conductivity derived from
chronopotentiometry can be seen as the upper limit.

Temperature-dependent EIS measurements (Figure 2) allow the calculation of activation
energies of Eajon = 0.092(+0.010) eV for the ionic conductivity and Eaeon = 0.599(£0.013) eV
for the electronic conductivity using the Arrhenius equation. The activation energy of the
ionic conduction is surprisingly low. While the measurements seem consistent, it cannot be
ruled out with absolute certainty that the value is influenced by overlap of bulk and grain
boundary processes, a measuring error, or a fitting error.

Although being over one order of magnitude smaller than comparable thiosilicates and —
aluminates, the ionic conductivity shows the potential of thioberyllates as mixed or purely
ionic conductors in general. However, it has to be considered that ionic conductivities are
difficult to compare between different classes of compounds because they are influenced
by several factors, including particle size, measurement method and even measurement

setup.® Nevertheless, iso- and especially aliovalent substitutions and alternative synthetic

66



6.1 Introducing Ternary Thioberyllates — Na2BeS2

routes such as ball-milling are expected to be expedient strategies to further systematically

optimize the ionic conductivity.
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Figure 2. Electrochemical impedance spectroscopy. A cold pressed sample of Na:BeS,
was measured at 25 °C and the data (black dots) were fitted in a Nyquist diagram as a
semicircle (red) to determine the capacitance. Details can be found in supporting

information.

In summary, we showed that the novel substance class of ternary thioberyllates,
represented by its first member NazBeS,, carries great potential for further investigation.
The accessibility through high temperature synthesis, starting from readily available
precursors or even the elements, in this case Na,S, Be and S, allows for a broad explorative
search for unknown compounds. As the first member of this substance class already
exhibits significant ion conduction properties, future investigations can focus either on the
further expansion of the given substance class or on the detailed research of mixed phases
with other network building anions. The further search for a hypothetical phase “NasBeS,”
as well as the interplay between thioberyllate phases with proven Na conducting phases,
giving rise to solid solutions with the general composition Nae-x+y)Be1-(x+y)SixAlySa, is

expected to deliver important insights into the structure-property relations of potentially new
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ion conducting phases. Furthermore, rare earth doped alkaline earth thioberyllates might
be of interest as phosphors for solid-state light conversion as sulfides already are in broad

application as phosphors.?4
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7 Summary

7 Summary

7.1 Green-Emitting Oxonitridoberyllosilicate Ba[BeSiONz]:Eu?* for Wide

Gamut Displays

In this contribution, the unprecedented class of
oxonitridoberyllosilicates is presented with its first
member, BaBeSiON2 (BBS). It is synthesized from
industrially available starting materials. The structure
of BBS is elucidated through a combination of X-ray
and NMR measurements and features layers of
[SIONj3] tetrahedra connected by trigonal planar [BeNs]
units. Upon doping with Eu?*, BBS shows green

luminescence with an emission wavelength of 526 nm and a fwhm of 1600 cm™. This

makes BSS an outstanding phosphor for application in LED backlit LCD devices, where it

helps to expand the covered color gamut.

7.2 Blue Emitting SrBe1-xSiz+xO3-2xN2+2x:EU?* (X = 0.1)

This contribution presents the second known oxonitrido-
beryllosilicate SrBe1-xSiz«xO3-2xN2+2x:Eu?*(x = 0.1), called
SBS. The pale blue powder is synthesized at high
temperatures from Sr:N, BeO, SiO,, SisNs and EuFs.
Under UV irradiation, it emits blue light at 465 nm. The
crystal structure of SBS is an ordered variant of the
LaSisNs structure type and therefore isotypic to the
oxonitridoalumosilicate  SrSiAl,OsN..  The  altered

emission of SBS in comparison to the related alumo-

compound shows a new pathway for phosphor fine-tuning.
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7.3 The Nitridoberyllosilicate System AEBeSi2N4 (AE = Ca, Ba)

CaBeSi:Ns and BaBeSi:N4, presented in this
contribution, expand the class of
nitridoberyllosilicates. Both compounds are yielded
from a high-temperature synthesis. The crystal
structures of all three known AEBeSi;N. (AE = Ca,

Sr, Ba) phases are closely related. All show trigonal

planar [BeNs] units and [Si2N-] double tetrahedra.
The different ionic radii of the alkaline earth cations lead to the adaption of these structural
motifs. This highlights the resemblance between nitridosilicates and nitridoberyllosilicates.

7.4 Synthesis and Crystal Structure of the Strontium Beryllate SrsBe>Os

In the quasi-binary system SrO-BeO, a new strontium-
rich compound Sr:Be;Os is presented. Colorless
crystals of SrsBe,Os were synthesized from SrO and
BeO in a hot isostatic press at elevated pressure and
high temperatures. The structure of SriBe;Os is
elucidated by single crystal X-ray diffraction data. It

consists of vertex sharing, trigonal planar [BeOg] units,

forming [Be2Os] doubles. Sr is found in an octahedral

coordination. The structure of SrzBe,Os can be derived from the related a-SrBeO, and SrO.
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7 Summary

7.5 Introducing Ternary Thioberyllates — Na>BeS>

This contribution introduces NazBeS;, the first ternary
thioberyllate. The synthesis starting from Na.S, Be and
S, yields a pale yellow powder, that is sensitive to air and
moisture. Na:BeS; crystallizes in the K;SiP, structure
type, with columns of corner-sharing [BeSy] tetrahedra.
The sodium atoms, in octahedral coordination, are

highly mobile. Therefore, Na;BeS, is a mixed ionic
electronic conductor with a remarkably small activation

energy for ion conduction.
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8.1 Oxonitridoberyllosilicates for pcLED Backlit Displays

8 Concluding Remarks and Outlook

This thesis aims to study different application-related solid state compound classes with the
common denominator beryllium. Fundamental and applied investigations are combined,
while various preparational and analytical methods are exercised. The Chapters 2-4 focus
on oxonitridoberyllosilicates, their high-temperature synthesis and the importance of their
respective structural characteristics for possible applications. The subsequent Chapters 5
and 6 cover ternary chalkogenidoberyllates. Herein, the synthesis as well as structure
elucidation are discussed and, in case of Na:BeS,, ion conduction properties are

investigated.

The following chapter intends to elaborate the scientific relevance of these findings in the
context of current and possible future research in addition to the separate discussions in
the respective chapters. The three major issues stated at the beginning of this thesis serve
as a guide for the discussion.

8.1 Oxonitridoberyllosilicates for pcLED Backlit Displays

The initially stated demand for a green phosphor, which is applicable in pcLEDs as display
backlight, was discussed in detail in Chapter 2. The synthesized Ba[BeSiON,] (BBS)
represents a new substance class of oxonitridoberyllosilicates and shows green emission
upon doping with Eu?*. With a narrow-band emission reaching its maximum at 526 nm, it
meets the requirements for green phosphors in display backlights. As shown in Chapter 2,
the occurrence of the desired efficient green emission in a thermally and chemically stable
compound is unprecedented. The combined fulfillment of all requirements makes it the best
available phosphor for application. Due to the low mass proportion of Be (4 wt.%) and the
high chemical stability of BBS, technical implementation is not limited by the beryllium
content.

The challenges for industrial application lie in the synthesis optimization and the usage of
BeO as a starting material instead. It is known that optimized crystallite growth and their
resulting habitus can further improve luminescence properties. Therefore, synthesis

optimization is a common industrial process.™ With respect to the health risks posed by
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BeO, stated in Chapter 1.2.2, additional safety standards are required for BBS production.
Nevertheless, BeO is already used on a large scale and handled industrially.”? The resulting
applicability of BBS gives a benchmark for pcLED backilit liquid crystal displays (LCD). In
context of alternative display technologies like OLED (organic LED) and QLED (quantum
dot converted LED backlit LCD), the competitiveness of pcLED based technologies shows

that the research in phosphors is worth expanding.t® 4

Aside from the application-relevant materials properties, the class of
oxonitridoberyllosilicates can be put in broader perspective from a structural point of view.
Ba[SiO2N2] can be structurally derived from Ba[BeSiON.] through formal substitution of half
of the [SiONs] tetrahedra by trigonal planar [BeNs] units. However, this [SIONs] tetrahedron
with a terminal O atom is no unique structural motif of Ba[Si,O2N,] and can be found in other
SiAIONs as well.5"1 Therefore, one possible pathway in future investigations aiming for
structural expansion of the broader SIAION compound class, may be the introduction of

Be?* into their structure chemistry, in substitution of a isovalent [Si-O]?* unit.

8.2 Beryllium in red pcLED Phosphors

In Chapter 4 the nitridoberyllosilicates Ca[BeSi:N4] and Ba[BeSi:N4] are presented. The
structural relation between the AE[BeSi:N.] phases (AE = Ca, Sr, Ba) is discussed and it is
shown that different cationic radii of the alkaline-earth counter ions lead to an adaption of
the anionic network. While topographical motifs remain preserved, the coordination sphere
and symmetry of the cationic site change significantly. Therefore, instead of the orange
nontypical emission of Sr[BeSi,N4]:Eu?*, Ba[BeSi.N4]:Eu** shows red emission comparable
to Ba,SisNs:Eu?*.®l This effect of network adaption to the cation radius and subsequently
altered luminescence is known from nitridosilicates systems like AE2[SisNg].[>*? It is herein
presented for nitridoberyllosilicates, highlighting the analogies between these two
compound classes. This is a first indication that general principles for nitridosilicates might
also apply in the related Be containing class. This makes it all the more interesting to find

further ways to change structures and subsequently properties in (oxo)nitridoberyllates.

Chapter 3 introduces the blue emitting oxonitridoberyllosilicate Sr[BeSi.OsN,]:Eu?*. Its
structure is isotypic to the known SrSiAl,O3N,:Eu?*.23 However, upon blue or UV irradiation
Sr[BeSi,O3N2]:Eu?* emits light at shorter wavelengths in comparison to the alumosilicate.!

In this context, the net-isovalent substitution of combinations in the expanded spectrum of
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8.3 Thioberyllates in solid state ion conduction

network building cations Li-Al-Si-P by Be represents a new way of phosphor fine tuning,
especially relevant for the red spectral region with already highly sophisticated materials in
application. Without interfering with the network building structure and the involved anion
composition, the first coordination sphere of the activator ion remains untouched. As shown
in the system SrBeSi,OsN2:Eu?*/SrSiAl,O3N2:Eu?*, the change in the second coordination
sphere leads to slightly different emission. In case of phosphor optimization, this might be
highly beneficial. Industrially applied phosphors like Sr[LiAlsNs]:Eu?* conventionally are
tuned by cation-balanced anion substitution, in this case to Sr[Li2ALO2N;]:Eu®* or
substitution of the counterion as in AE[Si,O,N2]:Eu?* (AE = Ca, Sr, Ba).!*>'" The presented
pathway may be applied in a complementary or substitutive way. For instance, in the
lithonitridoaluminate Sr[LiAlzNg4], the net-isovalent formal substitution to an hypothetical
“AE[Be2AlN4]” (AE = Ca, Sr) seems feasible, considering the existing Sr[BeAlsNs] and
Ca|[LiAl3N,].1:8

8.3 Thioberyllates in solid state ion conduction

The first thioberyllate Na;BeS; presented in Chapter 6 exhibits columns of condensed
[BeS,] tetrahedra and sodium in octahedral voids. The sodium ion conductivity is found to
be 3.3-107° S/cm at 25 °C. While this is by no means extraordinary, the calculated activation
energy Eajon = 0.092(x0.010) eV is remarkably low in comparison to other solid sodium

electrolytes.[*9-21

As Na;BeS; marks the starting point to thioberyllate chemistry, future investigations might
expand this compound class. The inherent challenge for expansion in new compound
classes is the lack of structural systematics and synthetic guidelines. A view at the lighter
homologues compared to sulfides, might help at this point, since oxoberyllates have been

studied at least to a small extent.

In Chapter 5, the structure of SrzBe;Os is presented. Its corner sharing trigonal planar [BeOj]
units are a recurring motif in strontium beryllates, alongside corner and edge sharing [BeO4]
tetrahedra.?> 2% This combination is also found in other beryllates as the sodium containing
Nay[BeO,] and NasBesO11 and leads to a large variety of structures in this compound
class.?* 251 Hence, the related thioberyllates are offered a wide range of structural options.
In contrast to oxides, however, the expression of corresponding trigonal planar [BeSs] units

is unlikely, due to the relation of anionic to cationic radii.?® 21 Nonetheless, this structural
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motif, condensed or isolated, would be highly interesting. The easier accessible, already
observed [BeS,] tetrahedra, are expected to be found in various degrees of condensation
and interconnections. In particular, the search for further sodium thioberyllates, as the
desired “NasBeS.”, might lead to a thioberyllate with isolated [BeS.] tetrahedra. Such low-
condensed thioberyllates are of special interest for application as ion conductors(?®,

Additionally, the low activation energy for ion conduction calculated for Na;BeS; is likely
due to the polarizability of the Be-S network.?® 30 Therefore, it is expected to be found in
other thioberyllates as well. In combination with the anticipated structural variety this makes

thioberyllates in general a highly promising compound class.

8.4 Final Remarks

The introduction of beryllium to oxides, nitrides and sulfides was shown in this thesis to be
highly promising in terms of structural chemistry and application. On the one hand, an
actually applicable phosphor was found and on the other hand, pathways for future
investigations on new compound classes were drawn. The structural diversity in
oxonitridoberyllates and, in the broader context, Be-Si-Al-P-O-N-S-compounds allows for a
broad variety of properties to be expected. Especially considering high-pressure
investigations, it is obvious that the structural possibilities and feasible motifs are far from
being studied completely. The understanding of network building structures and resulting
properties based on the increased structural variety will subsequently lead to further
expansion of solid state chemistry, or as Victor Hugo put it: “Scientists have searched for a

perpetuum mobile; they have found it: it is science itself.”
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A.1 Methods

Safety Assessment.

As Be and Be containing compounds, like BeO are characterized as toxic and might be
carcinogenic, all operations with Be were performed in closed systems to prevent any
exposure. For precaution, this also applies to the product. Although, multinary beryllates in

general, as beryll and other minerals are not known to be harmful.

Synthesis.

Ba[BeSiON_]:Eu?* was synthesized by mixing stoichiometric amounts of BaH, (Materion,
99.7%), BeO (Alfa Aesar, 99.95%) and SisNs (UBE, SNA-00), and EuFs (Sigma-Aldrich,
99.99%) in an agate mortar with 1 wt.% of BaF; (abcr, 99.999%) as mineralizing agent. Due
to the moisture sensitivity and toxicity of the starting materials, all manipulations were
carried out in a glovebox (Unilab, MBraun, Garching; O» <0.1 ppm, H.O <1 ppm) under
argon atmosphere. The mixture was transferred into a tungsten crucible and heated to
1375 °C within 45 minutes in an rf-furnace under nitrogen atmosphere with a five hour dwell

at target temperature and subsequent cooling to 1100 °C over three hours.

Single Crystal X-Ray Diffraction.

Selected crystals of Ba[BeSiON,]:Eu?* were isolated on MicroMounts (MiTeGen). Single-
crystal X-ray diffraction data were collected on a Bruker D8 Quest (Mo-K radiation, graphite
monochromator). Integration and multi-scan absorption correction were carried out using
APEX3.PBl The crystal structure was solved with the SHELXS package (direct methods) and
refined against F? by a full-matrix least-squares method with SHELXL.*® The contained
Eu?* was neglected in refinement due to its low overall content and therefore, insignificant

scattering effects.

Crystallographic Data.

Details concerning the crystal structure data and investigations are given at the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax:
+49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de) under the depository number
CSD-2191356.

Powder X-Ray Diffraction.

The Rietveld method (TOPAS Academic 6) was applied on powder X-ray diffraction data,
that were collected on a STOE STADI P diffractometer (Mo-Ka radiation, Ge(111)
monochromator, Mythen 1k detector) in a sealed glass capillary (Hilgenberg, d = 0.3 mm)

on a rotary-head in modified Debye-Scherrer geometry.
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A.1 Methods

Electron Microscopy.

The chemical composition was determined based on EDS data, collected of multiple
crystallites on a SM-6500F scanning electron microscope (SEM, Jeol) with a Si/Li EDS
detector (Oxford Instruments, model 7418) at 30 kV (Table S5). The given electron

microscope was also used for crystal imaging (Figure S3).

NMR Spectroscopy.

Beryllium was detected based on NMR data, collected on a Bruker Avance-lll 500

spectrometer via magic angle spinning at 8 kHz.

UV-vis Spectroscopy.

Diffuse reflectance UV-vis spectra of undoped and doped samples ranging from 240 to
800 nm were recorded on a UV/vis spectrophotometer (Jasco V-650) with a deuterium and
a halogen lamp (JASCO, Pfungstadt, Germany, Czerny-Turner monochromator with

1200 lines/mm, concave grating, photomultiplier tube detector). The step size was 1 nm.

Luminescence.

Single-particle photoluminescence measurements were carried out on an Olympus BX51
microscope with a HORIBA Fluoromax4 spectrofluorimeter system attached. The excitation
wavelength was 420 nm with a spectral width of 10 nm. Emission was measured from 480
to 820 nm with 1 nm step size. Particle images were taken on a ZEISS AXIO imager M1m
microscope.

Powder sample photoluminescence measurements were carried out on an in-house-built
system, based on a 5.3 " integrating sphere and an attached spectrofluorimeter. The
spectrofluorimeter is equipped with a 150 W Xe lamp with a spectral range of 230-820 nm
and two Czerny-Turner monochromators with a focal length of 500 mm and grating of
1800 g/mm, which are blazed at 250/500 nm.

For measurements of temperature-dependent quantum efficiencies between 6 and 300 K,
a fiber-coupled spectroscopy system, consisting of a thermally stabilized LED light source
and a fiber-optic spectrometer (HR2000+ES spectrometer, Ocean Optics) was utilized. For
the duration of the measurement, the thick-bed powder layer was placed in an evacuated
cooling chamber cooled by liquid He. The used He was provided by a compressor system
(ARS4HW, Advanced Research System Inc., Macungie, Pennsylvania, USA). Relative
quantum efficiency data was obtained by integration of emission spectra.

High temperature powder data, from 300 to 500 K, were obtained with an AvaSpec-2048
USB2 spectrometer, and scaled, relative to the 300 K values, to be comparable to low

temperature data.
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The internal quantum efficiency was measured in regard to a BaSO, standard and a
reference phosphor (CASN; BR101A: Mitsubishi Chemicals).

A.2 Results

X-Ray Diffraction

Table S1 Crystallographic data of Rietveld refinement of Ba[BeSiON]:Eu?*, (standard

deviations in parentheses).

Formula

Crystal system

Space group

Lattice parameters (A)
Cell volume (A3)

4

Density (g - cm3)

T (K)

Diffractometer
Radiation (A)

Profile range (°)

Data points

Total number of reflections
Refined parameters
Background function

R values

Goodness of fit

Ba[BeSiON]:Eu?*

Orthorhombic

Amaz2 (no. 40)

a =5.6366(3), b = 11.6363(7), ¢ = 4.9295(3)
323.32(3)

4

4.5662(1)

297(2)

STOE STADI P

Mo-Ka; (A = 0.71073)
5.06=<60.0

3886

287

49

Shifted Chebyshev (14 parameters)
Re = 0.0667, Rp exp. = 0.0330,

Rwe = 0.0880, R(F?) = 0.1296

Reragg =0.0190

2.668
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Calculated
Difference profile

BaBeSiO N2:Eu2+

Intensity / a.u.

L L Ty
10 20 30 40 50 60

281°

Figure S1. Crystal structure confirmation of Ba[BeSiON_]:Eu?*. Powder X-ray diffraction
diagram of Ba[BeSiON_]:Eu?* with the measured data (black crossmarks), pattern based on

Rietveld refinement data (red line), difference curve (gray line) and reflection-tickmarks

(blue).
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Table S2. Crystallographic data of single-crystal XRD refinement of Ba[BeSiON_]:Eu?*,

(standard deviations in parentheses).

Formula

Formula mass(g-mol™)
Crystal system

Space group

Lattice parameters (A)

Cell volume (A3)
Z
Density (g - cm3)

Experimental
coefficient [cm™]

F (000)

absorption

Crystal dimensions (um?®)
Diffractometer

Radiation

T (K)

Abs. correction

6 range (°)

Measured refins
Independent reflns (I < 2 o(l))
Friedel fraction coverage
Rint, Ro

Refined parameters
Restraints

Twin volume fraction

R indices (1220(1))
R indices (all data)
GooF

Apmax, Apmin/ (e.A.g)

Ba[BeSiON]:Eu?*
218.44
Orthorhombic
Amaz2 (no. 40)

a = 5.6366(3)
b =11.6363(7)
¢ = 4.9295(3)

323.32(3)
4

4.488
12.416

384

25x15x%x5

D8 Quest

Mo-Kq (A =0.71073 A)
296(2)

Multi-scan

4.490 - 34.945

5137

697 (685)

0.966

0.0328, 0.0221

32

1

0.90639

R1 =0.0124, wR2 = 0.0245

R1 =0.0131, wR2 = 0.0247
1.116

0.556, -1.140

88



A.2 Results

Table S3. Atomic coordinates and equivalent isotropic displacement parameters of

Ba[BeSiON_]:Eu?* (standard deviations in parentheses).

Atom (Wyck.) X y z Ueq (A?) o)

f
Bal (4b) 1/4  0.28252(2) 0.04265(5) 0.00847(6) 1
Si2 (4b) 1/4  0.05624(8)  0.4975(2) 0.0047(3) 1
N3 (4a) 0 0 0.6575(7) 0.0073(4) 1
N4 (4b) 1/4 0.0304(4) 0.1561(7) 0.0073(4) 1
O5 (4b) 1/4 0.1986(2) 0.543(2) 0.0096(4) 1
Be6 (4a) 0 0 0.000(1) 0.008(1) 1

Table S4. Selected bond lengths and angles in Ba[BeSiON;]:Eu?*, symmetry operations
labeled as (i) X, y, -1+z; (ii) 1-X, 0.5-y, -0.5+z; (iii) -x, 0.5-y, -0.5+z; (iv) 0.5+x, 0.5-y, -0.5+z;
(V) x, 0.5+y, -0.5+z; (vi) 0.5+x, -y, z. Standard deviations in parentheses.

Bond name Bond length / A Bond name Bond length / A
Bal—O05 2.652(10) Si2—05 1.672(3)
Bal—O5 2.649(10) Si2—N4 1.709(4)
Bal—O5 2.8268(2) Si2—N3v 1.7426(18)
Bal—O5" 2.8268(2) Si2—N3 1.7426(18)
Bal—N3V 2.9514(7) Be6—N3 1.688(7)
Bal—N3 2.9514(7) Be6—N4V 1.644(4)
Bal—N4 2.986(3) Be6—N4vi 1.644(4)
Angle name Angle/° Angle name Angle/°
O5—Si2—N4 107.8(4) N3"—Si2—N3 107.93(16)
O5—Si2—N3V 108.1(2) N4—Be6—N4 124.2(5)
N4—Si2—N3Y 112.32(13) N4—Be6—N3 117.9(2)
O5—Si2—N3 108.1(2) N4—Be6—N3 117.9(2)
N4—Si2—N3 112.32(13)
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3.096

2.828

2,916 2828

@

Figure S2. Comparison of coordinational environments. Barium (orange) coordinated
by oxygen (red) and nitrogen (blue). a Sevenfold coordinated barium in Ba[BeSiON3], b
eightfold coordinated barium in Ba[Si,O2N_].®
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Scanning Electron Microscopy

Table S5. Energy dispersive X-ray spectroscopy (EDS) of Ba[BeSiON;] measured on eight

sample points for elemental analysis.

1 2 3 4 5 6 7 8 1%}
Ba 1 1 1 1 1 1 1 1 1
Si 1.0 1.0 1.0 0.9 0.9 0.6 1.0 1.0 0.9
O 1.2 1.3 11 0.9 0.9 0.5 15 1.2 11
N 2.1 2.5 2.0 1.6 1.7 1.0 2.6 2.1 2.0

Figure S3. SEM image of agglomerated crystals of Ba[BeSiON_]:Eu?*. Agglomerates of
crystals of Ba[BeSiON]:Eu?* are shown at an acceleration voltage of 30 kV. The respective
crystallites have edge lengths in the range of several micrometers.
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Nuclear Magnetic Resonance Spectroscopy

30 20 10 0 -10 -20 -30 -34 -36 -38 -40 42
vl vy (Be) / ppm vl vy (CSi) / ppm

Figure S4. Solid state NMR spectra of Ba[BeSiON;]:Eu?" under 8 kHz magic-angle
spinning (MAS). Solid-state NMR spectra of BBS a °Be-NMR, with the quadrupolar-
broadened line shape of the central transition centered around 0 ppm (black: experimental

spectrum, blue: simulated line shape); b 2°Si-NMR, with a single resonance at —=37.4 ppm.

Figure S4 shows the results of the characterization of BBS by solid-state NMR. The central-
transition signal in the °Be-NMR spectrum (Fig. S4a) shows the typical broadening caused
by the quadrupolar interaction, as may be expected for a nuclide with spin 1=3/2. The two
peaks present in the spectrum belong to a single, broadened line shape, and are therefore
compatible with the existence of one beryllium site in the crystal structure. Fitting the
spectrum with the DMFIT program!! returns a quadrupolar coupling constant of
Cq = (1.59 = 0.01) MHz, and an asymmetry parameter of nq = (0.232 + 0.001). The Cq value
is among the largest observed so far for °Be, and consistent with the comparatively low
symmetry of trigonal coordination. In the frequently occurring tetrahedral coordination, Cq
does not exceed 0.7 MHz (see, e.g., Table 1 in Ref. ). The fit value for the isotropic
chemical shift is 6is0=(12.2 £ 0.1) ppm (with the shown spectrum being indirectly referenced
by using the *H resonance of TMS). With the large quadrupolar coupling experienced by
°Be in BBS, the position of the central-transition resonance in Fig. S4a is determined by
both the chemical shift and the quadrupolar interaction. The latter contributes a
quadrupolar-induced shift (QIS), which is customarily described by perturbation theory to
second-order. Since the QIS has a negative sign, the entire line shape is moved to the right
from the value of the isotropic chemical shift, and centered around O ppm. In contrast, 2°Si
has spin 1=1/2, and is therefore affected by chemical shift only. The #Si spectrum in Fig.
S4b shows a single resonance, which is compatible with having a single silicon site in the
crystal structure. The resonance position directly represents the isotropic chemical shift
value, 0iso=(—37.4 + 0.1) ppm.
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UV/Vis Spectroscopy
a b

100
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se 804
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Figure S5. UV/Vis spectrum and Tauc-plot. a .UV/Vis plot of BBS. Doped sample in
green, undoped sample in black; b Tauc plot of the Kubelka-Munk-calculated pseudo

absorption (black), a linear data fit on the infliction point (orange).®
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Figure S6. Dopant concentration dependent luminescence spectra. Emission spectra
of BBS at given dopant concentrations.
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Figure S7. Temperature dependent luminescence spectra, low temperature. Emission
spectra of BBS at the given temperatures.

—— 303.15(303.75) K
—— 323.15 (323.65) K
348.15 (349.05) K
—— 373.15 (374.65) K
398.15 (400.15) K
—— 423.15 (424.75) K
448.15 (450.15) K
——— 473.15 (474.75) K
—— 498.15 (499.45) K
—— 523.15 (523.25) K
—— 548.15 (548.05) K
—— 573.15 (572.65) K
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Figure S8. Temperature dependent luminescence spectra, high temperature.
Emission spectra of BBS at the given temperatures; the exact temperatures are given in
brackets.
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Transmission / a.u.

400 500 600 700
Wavelength / nm

Figure S9. Filters applied for color gamut simulations. The three filter curves used for

color gamut simulation, all filters are given in their respective color.
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Table S6. Overview on green phosphors. Selected green phosphors, their emission

maximum (Aem) and full width at half maximum (fwhm).

Aem / NM fwhm / nm fwhm / cm™?

BaSiBeON,:Eu? 526 45 1600
Ba[Liz(AlSiz)Ne|:Euz*t9 532 57 1962
B-SIAION:Eu?*tl 535 55 1560
RbNa(LizSiO4)x:Eu?*2 523 41 1498
Ba[Li(SizA)N12]:Eu?*t3! 515 61 2280
SroMgAl22036:Mn?*24] 518 26 969
NakK,Li[LisSiOs)s:Eu?18 528 44 1569
NaBaBgO15:Eu?*16l 515 61 2294
MgAlLO4:Mn?7] 525 35 1269
LiK[Li3SiO4]s: Eu2*118! 509 42 1651
Ba,SiO4:Eu?*td 505 52 2044
LUAG:Ce** 505 87 3226
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B.1 Elemental Analysis

Table S1. Energy dispersive X-ray spectroscopy (EDS) as elemental analysis of
SrBeo s7Si2.1302.7aN2.26: EU*

SrBeo.s7Si2.1302.74N2.26:EUZ* 1 2 3 4 5 6 7 (/] 2>
Sr 1 1 1 1 1 1 1 1
Si 3.7 3.0 2.8 2.3 25 25 25 2.8 0.23
0] 4.0 3.3 3.4 3.3 29 3.2 3.0 3.3 0.12
N 2.9 24 1.8 1.2 2.6 2.6 25 2.3 0.33

B.2 X-Ray Diffraction

For additional information and further details of the crystal structure investigations the crystal
information file (.cif) can be obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (Fax, (+49)7247-808-666; email, crysdata@fiz-
karlsruhe.de) upon quoting the depository number CSD-2291214.

Figure S1 Image of a single crystal of SrBeo.s7Si2.1302.74N2.26:EU?* oNn a
micromount under UV-irradiation.
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B.2 X-Ray Diffraction

Table S2. SCXRD Crystallographic data

SrBeo .s7Si2.1302.74N2.26:EU?*

Formula mass [g mol™] 230.79
Crystal system, space group Orthorhombic, P212:2; (no. 19)
Lattice parameters [A] a=4.7671(2)

b =7.7683(2)

c = 10.9364(3)
Cell volume [A?] 405.00(2)
Formula units per cell Z 4
X-ray density [g cm™] 3.785
Linear absorption coefficient [cm™] 13.824
F(000) 436.2
Crystal dimensions (ca.) [mm?] 0.025 x 0.025 x 0.02
Diffractometer Bruker D8 Venture
Radiation Mo-Kq (A = 0.71073 A)
Temperature [K] 297(2)
Abs correction Multi-scan
6 range [°] 3.217 — 37.498
Measured reflections 19177
Independent reflections (I < 2 o(l)) 2131 (1964)
Rint/ Ro 0.0517/0.0304
Min./max. transmission 0.858/1.000
Refined parameters 86
Restraints 1 (net charge neutrality)
Constraints 6
GooF 1.067
Flack parameter 0.547(8)
R indices (Fo? 2 20(Fo?)) R1 =0.0252, wR2 = 0.0314
R indices (all data) R1 =0.0452, wR2 = 0.0463

min./max. residual electron density [eA~] -0.685/0.763
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Table S3. Atomic coordinates and equivalent

SrBeo.s7Si2.1302.74N2.26:EU?*

isotropic displacement parameters of

Atom (Wyck.) X y z Ueq (A?) sof
Sr01 (4a) 0.51980(6) ~ 0.44150(3)  0.16845(2)  0.01066(6) 1
Si02 (4a) 0.0056(2) 0.30042(8)  0.41768(6) 0.00628(12) 1
Si03 (4a) 0.51580(19) ~ 0.03326(9)  0.04300(6) 0.00706(13) 1
Be04 (4a) 0.0075(6) 0.1646(3) 0.1569(2)  0.0076(6)  0.870(5)
Sio4 (4a) “ ‘ “ “ 0.130(5)
0005 (4a) 0.0325(6) 0.3392(3)  0.07370(19)  0.0120(4) 1
0006 (4a) 0.6738(4) 0.1177(3) 0.1617(2) ~ 0.0085(4)  0.87(2)
NOO6 (4a) « « « - 0.13(2)
0007 (4a) 0.1288(5) 0.2164(3) 0.2918(2) 0.0097(4)  0.87(2)
NOO7 (4a) « « « - 0.13(2)
N0O8 (4a) 0.1976(5) 0.6500(3) 0.0051(2)  0.0071(4) 1
NOO9 (4a) 0.3150(5) 0.0134(3) 0.5931(2) 0.0082(4) 1
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Table S4. Selected bond lengths and angles in SrBeos7Siz1302.74N2.26:EU?* with symmetry
operations (i) 1-x, 0.5+y, 0.5-z; (i) 1+x, y, z; (iii) 0.5+x, 0.5-y, 1-z; (iv) -0.5+x, 0.5-y, 1-z; (V)
=X, —=0.5+y, 0.5-z; (vi) 0.5-x, 1=y, 0.5+z; (vii) 0.5+x, 0.5-y, —z; (viii) 0.5-x, -y, —0.5+z; (iX)
-1+X, Y, z; (x) 1-x, —0.5+y, 0.5-z; (xi) =0.5+x, 0.5-y, -z; (xii) =X, 0.5+y, 0.5-z; (xiii) 0.5-x, 1-y,
-0.5+z; (xiv) 0.5-x, -y, 0.5+z.

Bond name Bond length / A Bond name Bond length / A
Sr01—O0006|N006' 2.485(2) Si02—N009V 1.712(2)
Sr01—O006|N006 2.621(2) Si02—N008Y 1.737(3)
Sr01—0005 2.665(3) Si02—N008" 1.750(3)
Sr01—O0007|N007 2.749(2) Si03—0005Vi 1.617(2)
Sr01—00051 2.771(3) Si03—O0006|N006 1.638(2)
Sr01—N008 2.859(2) Si03—N009Vii 1.709(3)
Sr01—0007|N007 2.890(2) Si03—N008Vi 1.748(2)
Sr01—NO0Q9 2.984(3) Be04|Si04—O0006|N006™* 1.633(4)

Angle name Angle/® Angle name Angle/°
0007|N007—Si02—N009" 118.05(12) 0006|N006—Si03—N00gVii 104.79(12)
0007|N007—Si02—N009" 118.05(12) NO009Vi—Sj03—N008Vi 112.41(12)
0O007|N007—Si02—N008Y 109.99(12) 0006|N006*—Be04|Si04—0007|NO07  111.73(18)
NO09V—Si02—N008Y 107.79(13) 0006|N006*—Be04|Si04—0005 105.9(2)
0007|N007—Si02—N008" 104.95(13) 0007|N007—Be04|Si04—0005 105.75(17)
NO09V—Si02—NO008" 106.31(12) 0O006|N006*—Be04|Si04—N009Vi 107.76(16)
0005¥1—Si03—N008"i 103.71(12) 0007|N007—Be04|Si04—N009Vi 112.35(19)
0005Yi—Si03—O0006|N006 110.96(12) 0005—Be04|Si04—N009Vii 113.23(18)
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Figure S27 Rietveld refinement and crystal structure confirmation of
SrBeo.s7Si21302.74N2.26:EU?*. Powder X-ray diffraction diagram of SrBeo s7Si2.1302.74N2.26:EU?*
with the collected data (black crossmarks), calculated pattern based on Rietveld refinement
data (red line), difference curve (grey line) and reflex-tick marks (blue, dark yellow, magenta
and green).

Table S5. PXRD Crystallographic data

SrBeos7Si2.1302.74N2.26
Formula mass [g mol™] 230.79
Crystal system, space group Orthorhombic, P212:2; (no. 19)
Lattice parameters [A] a=4.7652(3)
b=7.7783(2)
c = 10.9032(4)
Cell volume [A3] 404.13(3)
Formula units per cell Z 4
X-ray density [g cm™] 3.7930(3)
Linear absorption coefficient [cm™] 237.00(2)
Radiation Cu-Kar (A = 1.5406 A)
Temperature 293(2)
26 range [°] 5.000 - 105.485
Number of data points 6700
Number of parameters 96, thereof 12 background
GooF 3.7885
Rwp 0.0715
Rexp 0.0189
Re 0.0507
Reragg 0.0205
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B.3 Chardi and BVS

B.3 Chardi and BVS

Table S6. Results of CHARDI and BVS calculations

Site Expected CHARDI BVS
Charge

Sr01 2 1.99 1.81
Si02 4 4.08 3.95
Si03 4 3.93 4.00
Be/Si04 2.26 2.26 2.05/3.89
0005 -2 -2.02 -1.98
O/NO06 -2.13 -2.11 -2.16/-2.89
O/NO07 -2.13 -2.15 -1.85/-2.46
N0O08 -3 -3.00 -3.02
NO009 -3 -2.98 -2.87
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C.1 Crystallographic Data.

Details concerning the crystal structure data and investigations are given at the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-
7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de) under the depository numbers
CSD-2305743 (Ba) and CSD-2305744 (Ca).

C.2 X-Ray Diffraction

Table S1 Crystallographic data of Rietveld refinement of Ca[BeSi>-N4] with standard deviations

in parentheses.

Formula

Crystal system
Space group

Lattice parameters/ A
Cell volume/ A3

Z

Density/ (g - cm™)

T/ K

Diffractometer
Radiation/ A

Data points

Total number of reflections
Refined parameters
Background function

R values

Goodness of fit

Ca[BeSizN4]

Hexagonal

Ps (no. 174)

a =b =8.36867(2), ¢ = 9.17822(3)
556.677(3)

6

2.887

297(2)

STOE STADI P

Cu-Kay (A = 1.540596)

6572

237

35

Shifted Chebyshev (12 parameters)
Rp = 0.03529, Rp exp. = 0.02574,
Rwe = 0.04800

Reragg =0.0181

1.865
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C.2 X-Ray Diffraction
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Difference profile
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Figure S8. Crystal structure confirmation of Ca[BeSi,N4]. Powder X-ray diffraction diagram
of Ca[BeSi;N4] with the measured data (black crossmarks), pattern based on Rietveld

refinement data (red line), difference curve (gray line) and reflection-tickmarks of Ca[BeSi>N4]
(blue) as well as BesN: (dark yellow).

109




C Supporting Information for Chapter 4

Table S2. Crystallographic data of single-crystal XRD refinement of Ca[BeSi>N4] with standard

deviations in parentheses.

Formula Ca[BeSi>Na4]*
Crystal system Hexagonal
Space group P& (no. 174)
Lattice parameters / A a=Db=8.369(1), c =9.190(1)
Cell volume / A3 557.43(15)

Z 6

Density / g - cm? 2.833
Experimental absorption 0.226
coefficient / cm™

F (000) 480

Crystal dimensions / ym? 3x2x1

Diffractometer ESRF Beamline ID11
Radiation Synchrotron (A = 0.30996 A)
T/K 293(2)

Abs. correction Empirical

6range /° 1.56 - 18.6
Measured refins 5416

Independent reflns (I < 2 a(l)) 1198 (1171)

Friedel fraction coverage 0.990

Rint, Ro 0.0523, 0.0491
Refined parameters 81

Flack -0.16(17)

R indices (I1220(1))
R indices (all data)
GooF

DPmax, Domin/ e-A3

R1 =0.0275, wR2 = 0.0621
R1 =0.0279, wR2 = 0.0623
1.126

0.468, -0.961




C.2 X-Ray Diffraction

Table S3. Atomic coordinates and equivalent isotropic displacement parameters of

Ca[BeSizN4] with standard deviations in parentheses.

Atom (Wyck.) X y z Ueq (A2) sof
Cal (3K) 0.6805(3) 0.6561(4) 1/2 0.0121(3) 1
ca2 (3) 0.9877(3) 0.6756(5) 0 0.0108(3) 1
Si1 (6l) 0.9975(2) 0.6559(3) 0.68004(12)  0.0055(2) 1
Si2 (6l) 0.6723(2) 0.6787(3) 0.82097(13)  0.0059(2) 1
Bel (2h) 1/3 2/3 0.7741(7) 0.0078(13) 1
Be2 (2i) 2/3 1/3 0.7638(11) 0.010(2) 1
Be3 (2a) 1 1 0.7198(10) 0.009(2) 1
N1 (6l) 0.7810(3) 0.5605(3) 0.7626(4) 0.0108(5) 1
N2 (6l) 0.7722(3) 0.8812(3) 0.7164(3) 0.0107(4) 1
N3 (6l) 0.4507(3) 0.8924(3) 0.7736(4) 0.0121(6) 1
N4 (3K) 0.9680(11) 0.6087(9) 1/2 0.0130(14) 1

N5 (3j) 0.712(1) 0.7338(10) 0 0.0144(13) 1
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Table S4. Selected bond lengths and angles in Ca[BeSi2N4] symmetry operations labeled as

(i)
(v)

1=y, Xy, z

2=y, 1+x-y,

(i) x, v,
vi) x vy,

2-z;

-X+y, 1-X,

(vii) 2-y, 1+x-y,

(iv) -x+y, 1-x, z

(viii) 1=y, 1+x-y, z;

(ix) 1=x+y, 1-X, z; (X) 1-x+y, 2-X, z.. Standard deviations in parentheses.

Bond name Bond length / A Bond name Bond length / A
Cal—N4 2.453(7) Sil—N4 1.6903(19)
Cal—N2 2.578(3) Si1—N3" 1.734(3)
Cal—N2 2.578(3) Si1—N2" 1.737(3)
Cal—N4 2.627(8) Si1—N1 1.746(3)
Cal—N1" 2.801(3) Si2—N5 1.696(2)
Cal—N1 2.801(3) Si2—N1 1.730(3)
Cal—N3i 3.054(4) Si2—N3v 1.731(3)
Cal—N3V¥ 3.054(4) Si2—N2 1.755(3)
Ca2—N5 2.438(8) Bel—N3" 1.637(2)
Ca2—N5 2.585(7) Bel—N3 1.637(2)
Ca2—N1 2.648(4) Bel—N3Vi 1.637(2)
Ca2—N1v 2.648(4) Be2—N1 1.646(2)
Ca2—N3vi 2.699(3) Be2—N1* 1.646(2)
Ca2—N3Y 2.699(3) Be2—N1! 1.646(2)
Ca2—N2vi 3.044(4) Be3—N2 1.652(2)
Ca2—N2" 3.044(4) Be3—N2 1.652(2)
Be3—N2* 1.652(2)
Angle name Angle/° Angle name Angle/°
N4—Si1—N3Y 115.2(2) N1—Si2—N3V 107.73(15)
N4—Si1—N2" 112.8(2) N5—Si2—N2 109.6(3)
N3'—Si1—N2" 106.94(14) N1—Si2—N2 104.46(13)
N4—Si1—N1 108.7(3) N3V—Si2—N2 108.07(14)
N3'—Sil—N1 104.08(13) N2'—Be3—N2 119.96(2)
N2'—Sil—N1 108.62(13) N2'—Be3—N2 119.97(2)
N5—Si2—N1 111.7(3) Si1'—N4—Si1 156.4(5)
N5—Si2—N3V 114.8(3) Si2—N5—Si2" 151.9(5)
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C.2 X-Ray Diffraction

Table S5 Crystallographic data of Rietveld refinement of Ba[BeSi>N4] with standard deviations

in parentheses.

Formula

Crystal system

Space group

Lattice parameters / A
Cell volume / A3

Z

Density /g - cm?
T/K

Diffractometer
Radiation /A

Data points

Total number of reflections
Refined parameters
Background function

R values

Goodness of fit

Ba[BeSi>N4]*

Orthorhombic

Amaz2 (no. 40)

a=28.1377(1), b =9.9995 (2), c = 4.80545(7)
391.04(1)

4

4.391

297(2)

STOE STADI P

Ag-Ka (A = 0.5593268)

4257

870

50

Shifted Chebyshev (10 parameters)
Rp = 0.05735, Rp exp. = 0.02729,
Rwp = 0.07452

Reragg =0.0261

2.731
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Measured
Calculated
Difference profile
Ba[BeSi2N4] (92%)
BaBeSiO, (8%)
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Figure S2. Crystal structure confirmation of Ba[BeSi;N.]. Powder X-ray diffraction diagram
of Ba[BeSi:N4] with the measured data (black crossmarks), pattern based on Rietveld
refinement data (red line), difference curve (gray line) and reflection-tickmarks of Ba[BeSizNa]

(blue) as well as BaBeSiO4 (dark yellow).
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C.2 X-Ray Diffraction

Table S6. Crystallographic data of single-crystal XRD refinement of Ba[BeSi>N4] with standard

deviations in parentheses.

Formula
Crystal system
Space group

Lattice parameters / A

Ba[BeSi>Ny]

Orthorhombic

Amaz2 (no. 40)

a =8.1314(4), b =9.9947(6), ¢ = 4.8017(3)

Cell volume / A3 390.24(4)
z 4

Density / g - cm? 4.401
Experimental absorption 10.611
coefficient / cm™?

F (000) 464
Crystal dimensions / um 15x10x5

Diffractometer Bruker D8 Venture
Radiation Mo Ka (A =0.71073 A)
T/K 293(2)

Abs. correction Multi-scan
6range/° 4.078 - 39.211
Measured refins 7593

Independent reflns (I < 2 a(l)) 1171 (1084)
Friedel fraction coverage 0.846

Rint, Ro 0.0491, 0.0336
Refined parameters 43

Restraints 1

Flack 0.54(3)

R indices (I1220(1))
R indices (all data)
GooF

Dprax, Domin/ (e-A%)

R1 =0.0227, wR2 = 0.0372
R1=0.0272, wR2 = 0.0379
1.152

1.233,-1.765
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Table S77. Atomic coordinates and equivalent isotropic displacement parameters of

Ba[BeSi>N4] with standard deviations in parentheses.

Atom (Wyck.) X y z Ueq (A?) sof
Bal (4b) 1/4 0.44578(3) 0.05734(8)  0.00839(6) 1
Be2 (4b) 1/4 0.2233(6) 0.5257(18)  0.0056(13) 1
Si3 (8¢c) 0.05932(11)  0.16404(9) 0.01788(18) 0.00287(18) 1
N4 (4b) 1/4 0.6881(4) 0.3564(8) 0.0043(7) 1
N5 (4a) 0 0 0.0000(9) 0.0080(8) 1
N6 (8c) 0.0778(4) 0.2256(3) 0.3564(6) 0.0047(5) 1

Table S8. Selected bond lengths and angles in Ba[BeSizN4], symmetry operations labeled as
() x, -0.5+y, -0.5+z; (i) x, 0.5+y, —-0.5+z; (iii) 0.5-%, y, z; (iv) 0.5-x, 0.5+y, 0.5+z
(V) X, 0.5+y, 0.5+z; (vi) 0.5-X, 0.5+y, —=0.5+z; (vii) X, —0.5+y, 0.5+z; (viii)) 0.5+x, 0.5-y, 0.5+z;
(ix) =x, 0.5y, 0.5+z; (x) =%, 0.5-y, —=0.5+z; (xi) X, y, 1+z; (xii) =X, -y, z. Standard deviations in

parentheses.
Bond name Bond length / A Bond name Bond length / A
Bal—N4 2.750(4) Be2—N6 1.620(5)
Bal—N4 2.816(4) Be2—N6' 1.620(5)
Bal—N6' 2.978(3) Be2—N4vi 1.626(10)
Bal—N6 2.978(3) Si3—N5 1.7111(10)
Bal—N5" 2.991(3) Si3—N6 1.745(3)
Bal—N5Y 2.991(3) Si3—N6* 1.749(3)
Bal—Ne6" 3.273(3) Si3—N4! 1.750(2)
Bal—N6' 3.273(3)
Angle name Angle/° Angle name Angle/®
N6—Be2—N6" 119.7(6) N6—Si3—N6* 104.2(1)
N6—Be2—N4Vi 119.6(3) N5—Si3—N4! 111.06(17)
N5—Si3—N6 114.13(18) N6—Si3—N4! 106.75(17)
N5—Si3—N6* 113.73(14) Si3—N5—Si3" 174.3(3)
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C.2 X-Ray Diffraction
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Figure S39. Barnighausen tree of the symmetry descent from P62c to P6. Barnighausen

tree and of the symmetry descent from P62c to P6 and comparison of atomic coordinates

between Sr[BeSi>N4] and Ca[BeSi>N4].
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C.3 Scanning Electron Microscopy

Table S98. Energy dispersive X-ray spectroscopy (EDS) of Ca[BeSiz2N4]. Eight sample points

taken for elemental analysis. N was not quantified due to surface hydrolysis.

1 2 3 4 5 6 7 8 1%}
Ca 1 1 1 1 1 1 1 1 1
Si 2.2 2.2 2.2 2.2 2.0 1.7 2.2 1.9 2.1

Table S10. Energy dispersive X-ray spectroscopy (EDS) of Ba[BeSi>N4]. Eight sample points

taken for elemental analysis.

1 2 3 4 5 6 7 8 1%}
Ba 1 1 1 1 1 1 1 1 1
Si 2.0 2.0 1.9 1.9 2.0 1.9 2.1 2.1 2.0
N 3.6 3.6 3.0 3.3 3.5 3.3 4.7 4.7 3.7
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C.3 Scanning Electron Microscopy

Figure S4. SEM image of crystal agglomerates of Ba[BeSizN4]. Agglomerated crystals of

Ba[BeSi>N4] are shown at an acceleration voltage of 20 kV. The single crystallites have edge
lengths in the range of micrometers and below.
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Figure S510. SEM image of crystal agglomerates of Ca[BeSi2N.]. Agglomerated crystals

of Ca[BeSiz2N4] are shown at an acceleration voltage of 20 kV. The single crystallites have edge

lengths in the range of several micrometers.
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C.4 Luminescence

C.4 Luminescence

Intensity / a.u.
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Figure S6. Luminescence plot of Ba[BeSi2N4]:Eu?*. Excitation spectrum in blue, emission

spectrum in orange. Maximum emission highlighted by the dashed black line.
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D.1 Elemental Analysis.

The elemental composition of SrsBe.Os was determined by energy dispersive X-ray
spectroscopy (EDS) on a Dualbeam Helios Nanolab G3 UC scanning electron microscope
(SEM, FEI) with X-Max 80 SDD detector (Oxford Instruments). EDS data was obtained at an

accelerating voltage of 20 kV from several particles.

Table S1. Elemental Analysis by energy dispersive X-ray spectroscopy (EDS) of SrsBe;0s

1 2 3 4 1]
Sr3BexOs Sr 1 1 1 1 1
O 1.7 1.9 1.6 1.9 1.8

D.2 X-ray Diffraction.

Single crystals of SrzBe.Os:Eu?* were selected and fixed on a glass filament. X-ray diffraction
data was collected on a Bruker D8 Venture rotary anode diffractometer with Goebel mirror
optics for selection and focussing of Mo-Ka radiation (A = 0.71073 A). APEX3 was used for
integration and absorption correction. The crystal structures were solved by Direct Methods
(SHELXS) and refined by full-matrix least-squares methods (SHELXL).

For powder X-ray diffraction the sample was ground and sealed in a glass capillary
(Hilgenberg, d = 0.3 mm) and mounted on a rotary head of a STOE STADI P diffractometer
(Cu Ka; radiation, Ge(111) monochromator, Mythen 1k detector) with modified Debye-
Scherrer geometry. TOPAS 6 was used for crystal structure refinement by the Rietveld method.

Further details of the crystal structure investigations can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax,
(+49)7247-808-666; email, crysdata@fiz-karlsruhe.de) upon quoting the depository number
CSD-1959979.
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D.2 X-ray Diffraction.

Table S2. Crystallographic data from SCXRD

SrsBezoleU2+

Formula mass [g mol™] 360.88
Crystal system / space group Monoclinic, P2i/c (no. 14)
Lattice parameters [A,°] a =3.7000(7)
b =9.600(2)
c =7.900(2)
B =99.00(3)
Cell volume [A3] 277.15(10)
Formula units per cell Z 2
X-ray density [g cm™] 4.324
Linear absorption coefficient [cm™] 28.699
F(000) 324
Crystal dimensions (mm?3) 0.02 x 0.01 x 0.01
Diffractometer D8 Quest
Radiation Mo-Kq (A = 0.71073 A)
Temperature [K] 297(2)
Abs correction Multi-scan
6 range [°] 3.365 - 24.121
Measured refins 5067
Independent reflns (I < 2 o(l)) 635 (606) [Rint = 0.0817]
Min./max. transmission 0.2788/1.000
Refined params 49
GooF 1.179
R indices (Fo2 = 20(F02)) R1 =0.0199, wR2 = 0.0462
R indices (all data) R1 =0.0213, wR2 = 0.0467
min./max. residual electron density (eA=3) -1.288/0.793
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Table S3. Atomic coordinates and equivalent isotropic displacement parameters of

SrsBe,Os:Eu?t

Atom (Wyck.) X y z Ueq (A% sof
Sri (4e) 0.43613(9) 0.31897(3) 0.15501(5) 0.0074(2) 1
Sr2 (2a) 0 0 0 0.0050(2) 1
Bel (4e) 0.8656(13)  0.1059(5)  0.3557(6) 0.0079(10) 1
01 (4e) 0.5768(6)  0.0598(3) 0.2046(3) 0.0076(6) 1
02 (4e) 0.0153(7)  0.7604(3) 0.1181(4) 0.0106(6) 1
03 (2¢) 0 1/2 0 0.0191(10) 1

Table S4. Selected bond lengths and angles in SrsBe,Os:Eu?*

Bond name Bond length / A Bond name Bond length / A
Sr1i—03 2.5505(6) Sr2—02" 2.480(2)
Sr1—02! 2.555(2) Sr2—02 2.480(2)
Sr1—O1" 2.560(2) Sr2—O01V 2.486(2)
Sr1—O1' 2.567(2) Sr2—01 2.486(2)
Sr1—O2V 2.623(2) Sr2—O1Vi 2.532(2)
Sr1—O2 2.692(2) Sr2—O1' 2.532(2)
Sr1—og3i 3.1101(6) O1—Bel™ 1.548(4)

02—Bel* 1.549(4)

Angle name Angle/° Angle name Angle/°

01—Bel—03 118.892 02ii—-Sr2—01 89.76(7)

02—Bel—03 118.895 02*x—Sr2—01 90.24(7)

0O1—Bel—02 121.554 01*—Sr2—01 84.99(7)

02ii-Sr2—02*  180.00(4) 95.01(7)

01%—Sr2—01

02i—Sr2—01*  87.05(7) 90.24(7)

. 02ii—Sr2—01%

02*—Sr2—01*  92.95(7) 89.76(7)

. 02*—Sr2—O1~
02i-Sr2—01%  92.95(7) 95.01(7)

. . O1*—Sr2—O1%
02*—Sr2—01%  87.05(7) 84.99(7)

. 01%—Sr2—O1~
01-Sr2—01%  180.00(13) 180.000

01—Sr2—01
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D.2 X-ray Diffraction.

Table S5. Crystallographic data from PXRD

SI’3B€205

Formula mass [g mol™]
Crystal system / space group

Lattice parameters [A,°]

Cell volume [A3]

Formula units per cell Z

X-ray density [g cm™]

Linear absorption coefficient [cm™]
Radiation

Temperature

20 range [°]

Number of data points

Number of observed reflections
Number of parameters

GooF

Ruwp

Rexp

Rp

RBragg

360.88

Monoclinic, P2i/c (no. 14)
a =3.70237(6)

b =9.6069(2)

c = 7.9004(1)

B =99.0076(4)
277.539(8)

2

4.2227(1)

364.53(1)

Cu-Ka1 (A = 1.5406 A)
293(2)

5.000 - 106.820
6789

333

46, thereof 12 background
2.2073

0.0717

0.0324

0.0531

0.0486
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E.1 Experimental Details

High-temperature synthesis

Due to their moisture sensitivity and toxicity, the starting materials, S (GRUSSING, sublimed
in vacuo), Be (abcr, 99+%, 325 mesh) and Na>S (ALFA AESAR, 99%) were handled under
argon atmosphere in a glovebox (Unilab, MBraun, Garching, < 0.1 ppm H2O, O). All starting
materials were ground in a tungsten carbide mortar and filled in a boron nitride crucible (Henze,
Kempten). The crucible was sealed in an argon filled quartz ampule. The ampule was heated
with 25 K/h in a tube furnace to 600 °C. This temperature was maintained for 72 h.
Subsequently, the specimen was cooled down by shutting down the furnace. Na:BeS, was
obtained as a pale yellow, moisture and air sensitive powder.

Single-crystal X-ray diffraction (SCXRD)

Single crystals of Na;BeS, were isolated in a capillary (Hilgenberg, Malsfeld) under paraffin.
The single-crystal X-ray diffraction data were collected on a Bruker D8 Venture TXS
diffractometer (Mo-Ka radiation, A = 0.71073 A, rotating anode, multilayer monochromator) by
performing a combination of w- and @-scans. The corresponding APEX 3 software-package
was used for indexing and integration, as well as multi-scan semi-empiric absorption
correction. 12

The resulting structure was solved and refined with SHELX-97 in the WinGX software package.
Hereby, the structure solution was based on direct methods and refined against F2 by the full-
matrix least-square method. -

Diamond 3 and VESTA were used for structure visualization. 6]

Powder X-ray diffraction (PXRD)

Samples of Na:BeS, were ground in a tungsten carbide mortar, sealed in glass capillaries
(0.5 mm, Hilgenberg, Malsfeld) and mounted on the rotary head of a STOE Stadi P
diffractometer (STOE & Cie GmbH, Darmstadt, Cu-Ka; radiation, A =1.5406 A, Ge(111)
monochromator). Data was collected in modified Debye-Scherrer geometry with a MYTHEN
1K Si strip detector.

TOPAS 6 Academic software was used for Rietveld refinement. Herein the background was
accounted by a shifted Chebyshev polynomial and peak profiles were described by pseudo-
Voigt-terms that were modeled based on a fundamental parameters approach. Possible

preferred crystal orientation was described by a spherical harmonics function of sixth order. &

11]
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E.1 Experimental Details

Electrochemical analysis

The sample was ground thoroughly prior to measurement and compacted by uniaxial cold
pressing (1000 MPa/2 t) to a pellet of about 0.785 mm thickness, 5 mm diameter with a relative
pellet density of 83.9%. Platinum was sputtered onto the pellet with a Quorum Q150 GB to
enhance electrode/sample-contact. No reactions were observed between Pt and the sample.

Electrochemical Impedance Spectroscopy (EIS) and Chronopotentiometry (CP) were
performed using an Ivium compactstat.h and a TSC SW closed impedance cell from
rhd instruments kept under argon. EIS was performed in a two-electrode setup, while CP was
performed in a pseudo-four-electrode setup. All measurements were conducted at a pressure
of 720 kPa.

For the impedance measurement, an AC voltage of 100 mV was applied. Impedance
measurements were carried out between 3 MHz and 0.5 Hz in a temperature range between
25 °C and 75 °C to determine the activation energies using the Arrhenius equation. The

impedance spectra were analyzed using the RelaxIS3 software from rhd instruments.

For the CP measurement, a current of 5 nA was applied before the current was switched off

again.
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E.2 Results and Discussion

Structure determination
SCXRD

Table S1. Crystallographic data of SCXRD of Na:BeS,. Standard deviations are given in
brackets.

Formula Na:BeS;
Crystal system orthorhombic
Space group Ibam (no. 72)
Molecular weight / g-mol™ 119.11
Lattice parameters / A a =6.0015(4)

b =11.1701(7)

¢ =5.5179(4)
Cell volume / A3 369.91(4)
Formula units per cell 4
Calculated X-ray density / g-cm™ 2.139
Linear absorption coefficient / cm™’ 1.406
Tmin/ Tmax 0.718
Radiation Mo-Ka (A = 0.71073 A)
Diffractometer Bruker D8 Venture
B-range / ° 3.648< 6<31.433
Temperature / K 293(2)
F(000) 232
Observed reflections 2099
Independent reflections (> 20) 336 (290)
Number of parameters 16
Rin;; Ro 0.0596; 0.0438
Final R indices [l > 2 o(1)] R1 = 0.0305; wR2 = 0.0445
Final R indices (all data) R1 = 0.0369; wR2 = 0.0462
Goodness of fit (GooF) 1.099
Residual electron density / e-A= 0.52; -0.348
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Table S2. SCXRD refined atom coordinates and equivalent isotropic atomic displacement
parameters. Standard deviations are given in brackets.

Atom Position X y z Ueq / A2
S1 8] 0.19157(8) 0.39560(4) 12 0.01178(13)
Na2 8; 0.16471(15) 0.14518(8) 1/2 0.0196(2)
Be3 4b 0 1/2 1/4 0.0133(7)

Table S3. SCXRD refined anisotropic atomic displacement parameters (A?). Standard
deviations are given in brackets.

Atom Un Uz Uss Uzs Uiz Ui
S1 0.0128(2) 0.0119(2) 0.0106(2) 0 0 0.0038(2)
Na2 0.0200(4) 0.0181(4) 0.0207(5) 0 0 0.0025(3)
Be3  0.0137(16) 0.0148(15) 0.0114(17) 0 0 0

Table S4. Interatomic distances of Na;BeS; (A). Standard deviations are given in brackets.

Be3-S1 2.1412(4) Na2-S1 2.9182(10) g:s‘ 2.9295(8)
Na2—
Na2-S1 2.8019(10) Na2-S1 2.9263(4) ey 29295(8)

Na2-S1 2.8758(10) Na2-S1 2.9263(4) Na2-S1 3.1946(10)
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Figure S1. Interatomic distances (A) and coordination polyhedra of Na:BeS,. Ellipsoids are
displayed at 95% probability level. a Tetrahedral coordination of Be by S b 5+2+1 coordination
of Na by S and Be c Distorted octahedron of S in Na coordination sphere.
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Rietveld refinement
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Figure S2. Measured (black crosses) as well as calculated (red line) PXRD data and difference
profile (gray) from Rietveld refinement of Na;BeS,. All identified Bragg reflections are marked
by vertical lines. Reflections of an unidentified, minor side phase are tagged (°). The residual

difference is due to the profile fit, since the profile resulting of small domains is not fitted

perfectly. Details in Table S5.
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Table S5. Detailed crystallographic data of the Rietveld refinement of Na-BeS.

Formula Na:BeS>
Crystal system orthorhombic
Space group Ibam (no. 72)

a = 6.00133(3)
Lattice parameters / A b =11.17358(5)
c =5.51616(2)

Cell volume / A3 369.894(3)
Formula units per cell 4
Calculated X-ray density / g-cm™ 2.13906(2)
Linear absorption coefficient / cm™ 131.822(1)
Radiation Cu-Ka (A = 1.540596 A)
Monochromator Ge(111)
Diffractometer STOE Stadi P
Detector MYTHEN 1K
26-range 5°<26<101°
Temperature / K 293
Data points 6432
Number of observed reflections 112

Number of parameters

43(12)
(thereof background)
Profile function fundamental parameter approach®*4
Background function Shifted Chebyshev

RBragg = 002444

Rp = 0.03580
R indices

Rwp = 0.09487

Rexp = 0.02546
Goodness of fit 1.930
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Calculation of MAPLE values

Table S6. The calculation of MAPLE values shows a 1.7% difference in the Madelung part of
lattice energy of the sum of the respective binary sulfides Na,S and BeS to the target phase
NazBeSZ.[lz]

Na.,S + BeS — Na:BeS:
Na,S: 2472 kJ-mol™ Na,BeS,: 6680 k J-mol™
BeS: 4322 kJ-mol™
6794 kJ-mol™ 1.7% difference

Crystal structure comparison

The crystal structure of Na,BeS;, was compared to the structure of K,SiP, based on the method
of G. Bergerhoff. (1314

Wyckoff General

Position Coordinates Atom 1 Atom 2
4b (1/2,0,1/4) Be Si
8 (x.y,0) S P
8] (x,y,0) Na K
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Chronopotentiometry
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Figure S3: Room temperature chronopotentiometry measurement of the Na;BeS; sample

(d=0.785) using a current of 5 nA. The IR drop and the saturation voltage U. are annotated.

To separate the ionic and electronic contribution to the total conductivity, CP was measured

with blocking electrodes (c.f. Figure S3). Therefore, after an initial open-circuit potential phase

(I=0 A), a current of 5 nA was applied for 8 h (data points were collected every 0.2 s). Even

after this time, the sample did not reach a steady state, rendering the determined electronic

conduction an upper limit. The electronic and total conductivities of the sample can be

calculated using equation 1 and 2, respectively.

1d . U,

Oeon = 71— With Reon = -
_1d . _ Ug
Ototal = 774 with Rjg = -

From these values, the ionic conductivity can be calculated by equation 3:

Oion = Ototal — Oeon
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Description of the Equivalent Circuit

The equivalent circuit used to fit the impedance data is shown in Figure 2. It consists of a
resistor and constant phase element (CPE) in series, connected to a CPE and to another
resistor. The resistor and CPE in series represent the ionic conduction process, the single
resistor represents the resistance of the electronic conduction process and the single CPE is
the geometrical capacitance. Unlike other equivalent circuits used to fit ionic conductors, there

is no low frequency tail because the interface resistance is bridged by the electronic current.

Transference number

The ionic transference number is calculated according to equation 4 using the conductivity

values obtained by EIS:[%]

. .10—9
tign = —Zen = __ 3310 = 0.67 (Eq. 4)

OiontOeon 3.3:1079+1.6:10~°

E.3 References

[1] BrukerAXS, Billerica, 2016.

[2] XPREP Reciprocal Space Exploration, Vers. 6.12, Bruker-AXS, Karlsruhe, 2001.

[3] G. M. Sheldrick, University of Goéttingen 1997.

[4] G. M. Sheldrick; A short history of SHELX, Acta Crystallogr. Sect. A 2008, 64, 112,
doi:10.1107/S0108767307043930.

[5] L. J. Farrugia; WinGXsuite for small-molecule single-crystal crystallography, J. Appl.
Crystallogr. 1999, 32, 837, doi:10.1107/s0021889899006020.

[6] G. Bergerhoff, M. Berndt and K. Brandenburg; Evaluation ofCrystallographic Data with the
Program DIAMOND, J. Res. Natl. Inst. Stand. Technol. 1996, 101, 221.

[7] K.Momma and F. Izumi; VESTA 3 for three-dimensional visualization of crystal, volumetric
and morphology data, J. Appl. Crystallogr. 2011, 44, 1272,
doi:10.1107/S0021889811038970.

[8] H. M. Rietveld; A profile refinement method for nuclear and magnetic structures, J. Appl.
Crystallogr. 1969, 2, 65, doi:10.1107/s0021889869006558.

[9] A. A. Coelho, 4.1 ed., Brisbane, Australia, 2007.

139



E Supporting Information for Chapter 6

[10] R. W. Cheary and A. Coelho; A fundamental parameters approach to X-ray line-profile
fitting, J. Appl. Crystallogr. 1992, 25, 109, doi:10.1107/s0021889891010804.

[11] R. W. Cheary, A. A. Coelho and J. P. Cline; Fundamental Parameters Line Profile Fitting
in Laboratory Diffractometers, J. Res. Natl. Inst. Stand. Technol. 2004, 109, 1,
doi:10.6028/jres.109.002.

[12] R. Hoppe; On the Madelung Part of Lattice Energy, Zeitschrift fir Naturforschung A 1995,
50, 555, d0i:10.1515/zna-1995-0607.

[13] B. Eisenmann and M. Somer; K>SiP2, ein Phosphidopolysilikat(IV), Z. Naturforsch., B:

Chem. Sci. 1 984, 39, 736.

[14] G. Bergerhoff, M. Berndt, K. Brandenburg and T. Degen; Concerning inorganic crystal
structure types, Acta Crystallogr. Sect. B: Struct. Sci. 1999, 55, 147,
doi:10.1107/s0108768198010969.

[15] R. A. Huggins; Simple method to determine electronic and ionic components of the
conductivity in mixed conductors a review, lonics 2002, 8, 300, doi:10.1007/bf02376083.

140



F Miscellaneous



F Miscellaneous

F.1 List of Publications, Manuscripts and Patents

The following list contains all publications, patents and manuscripts of this thesis including

authors, author contributions and (if applicable) citations.

1. Synthesis and Crystal Structure of the Strontium Beryllate Sr;Be;Os

Tobias Giftthaler, Philipp Strobel and Wolfgang Schnick

Zeitschrift fir anorganische und allgemeine Chemie, 2019

DOI: 10.1002/zaac.201900281

T.G., P.S. and W.S. conceived and designed the project. T.G. conducted the majority of
experimental work. The data were measured and analyzed by T.G., P.S. and W.S.. All authors

discussed the results and took part in producing the manuscript.

2. Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON;]:Eu?* for Wide Gamut Displays

Tobias Giftthaler, Philipp Strobel, Volker Weiler, Arthur Haffner, Andreas Neuer, Jennifer

Steinadler, Thomas Brauniger, Simon D. KloR, Stefan Rudel, Peter J. Schmidt and Wolfgang
Schnick

Advanced Optical Materials, 2023

DOI: 10.1002/adom.202302343

T.G., P.S., P.J.S. and W.S. conceived and designed the project. T.G. conducted the majority
of experimental work with significant help from A.N., P.S., S.R. and J.S.. The data were
measured and analyzed by T.G., P.S., V.W., AH., J.S,, T.B,, S.DK., S.R, P.J.S. and W.S..

All authors discussed the results and took part in producing the manuscript.


https://doi.org/10.1002/zaac.201900281
https://doi.org/10.1002/adom.202302343

F.7 List of Publications, Manuscripts and Patents

3. Blue Emitting SrBe1-xSizxOs-2xN2-2x: EU?* (x = 0.1)

Tobias Giftthaler, Marwin Dialer, Philipp Strobel, Peter J. Schmidt and Wolfgang Schnick

Zeitschrift fir anorganische und allgemeine Chemie, 2023

DOI: 10.1002/zaac.202300208

T.G.,, M.D., P.S., P.J.S. and W.S. conceived and designed the project. T.G. and M.D.
conducted the majority of experimental work. The data were measured and analyzed by T.G.,
M.D., P.S., P.J.S. and W.S.. All authors discussed the results and took part in producing the

manuscript.

4. Introducing Ternary Thioberyllates — Na;BeS;

Tobias Giftthaler, Robert Calaminus, Sascha Harm, Bettina V. Lotsch and Wolfgang Schnick

Published as part of this thesis

T.G.,, R.C,, S.H.,, B.V.L. and W.S. conceived and designed the project. T.G. and R.C.
conducted the majority of experimental work. The data were measured and analyzed by T.G.,
R.C., S.H., B.V.L. and W.S.. All authors discussed the results and took part in producing the

manuscript.


https://doi.org/10.1002/zaac.201900281
https://doi.org/10.1002/zaac.201900281

F Miscellaneous

5. The Nitridoberyllosilicate System AEBeSi:N4 (AE = Ca, Ba)

Tobias Giftthaler, Lucien Eisenburger, Philipp Strobel, Oliver Oeckler and Wolfgang Schnick

Published as part of this thesis

T.G., L.E., P.S., O.0e. and W.S. conceived and designed the project. T.G., P.S. and L.E.
conducted the majority of experimental work. The data were measured and analyzed by T.G.,
L.E., P.S., 0.0e. and W.S.. All authors discussed the results and took part in producing the

manuscript.

6. Oxonitridoberyllosilicate Phosphors

Tobias Giftthaler, Philipp Strobel, Peter J. Schmidt, Hans-Helmut Bechtel and Wolfgang
Schnick

Patent granted
PCT/US2022/049598

T.G., P.S., P.J.S. and W.S. conceived and designed the project. T.G. conducted the majority
of experimental work with significant help from P.S.. and H.-H.B.. The data were measured
and analyzed by T.G., P.S., H.-H.B., P.J.S. and W.S.. All authors discussed the results and

took part in the patent draw.



F.2 Publication beyond this Thesis

F.2 Publication beyond this Thesis

Understanding of Luminescence Properties Using Direct Measurements on Eu?*-Doped

Wide Bandgap Phosphors

Muhammad Ruhul Amin, Philipp Strobel, Amir Qamar, Tobias Giftthaler, Wolfgang Schnick,

Alexander Moewes

Advanced Optical Materials, 2020

DOI: 10.1002/adom.202000504


https://onlinelibrary.wiley.com/authored-by/Amin/Muhammad+Ruhul
https://onlinelibrary.wiley.com/authored-by/Strobel/Philipp
https://onlinelibrary.wiley.com/authored-by/Qamar/Amir
https://onlinelibrary.wiley.com/authored-by/Giftthaler/Tobias
https://onlinelibrary.wiley.com/authored-by/Schnick/Wolfgang
https://onlinelibrary.wiley.com/authored-by/Moewes/Alexander
https://doi.org/10.1002/adom.202000504

F Miscellaneous

F.3 Conference Contributions and Presentations

Irgendwas mit Beryllium

Tobias Giftthaler, and Wolfgang Schnick

Talk, 5. Obergurgl-Seminar fur Festkérperchemie, 2020, Obergurgl, Austria

Be Green Lantern

Tobias Giftthaler, and Wolfgang Schnick

Talk, 6. Obergurgl-Seminar fur Festkérperchemie, 2023, Obergurgl, Austria

Nitridoberyllosilicates — Promising Host Materials for Solid-state Lighting

Tobias Giftthaler, Philipp Strobel, Lucien Eisenburger, Oliver Oeckler and Wolfgang Schnick

Talk and Poster, International Symposium on Nitrides, 2019, Barcelona, Spain



F.4 Deposited Crystallographic Data

F.4 Deposited Crystallographic Data

The Crystallographic Information Files (CIFs) of all compounds introduced in this thesis are
deposited at and provided free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe All data can be obtained quoting the respective
depository number.

Table F.1. List of compounds that are introduced within this thesis with corresponding

depository number.

Compound CSD

BaBeSiON:> 2191356
SrBeSi>03N2 2291214
CaBeSizN4 2305744
BaBeSi:N4 2305743
SrzBe,0s 1959979

Na:BeS; 2302593




