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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.[1] Herein, the main focus lies on the reduction of CO2 

emission to zero. A main component in the transformation to net zero emission economy is 

the energy sector. Currently, 86 % of the emitted CO2 is caused by the burning of fossil 

fuels.[2] To reduce the emitted CO2, 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).[3] 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.[4] 

In displays for consumer electronics, of which smartphones account for over 7 billion 

worldwide, several competing technologies are applied to date.[5] 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.[6, 7] 

In 2022 11 % of the total electricity in Germany was provided by photovoltaics.[8] 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.[9, 10] 

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. 



1 Introduction 

 

2 

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, 

c 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 (Θ = 1287 °C) or of peculiar 

appearance.[11, 12] 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.[13]   

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.[14, 15] 

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 

(Be3Al2Si6O18), bertrandite (Be4Si2O7(OH)2), phenakite (Be2SiO4) and chrysoberyl 

(Al2[BeO4]).[15] Furthermore, melilite ((Ca,Na)2(Mg,Al)[Si2O7]) is known to incorporate larger 

quantities of beryllium substituting Mg or Al. As illustrated in Figure 1, the incorporation of 

color centers as Fe2+/3+ and Cr3+ in beryllates leads to various color characteristics.[16] This 

makes beryllium containing minerals common gemstones.[14] 

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.[15] 

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.[17] 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.[15] 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.[18-21] The classification as 

carcinogenic is also being reevaluated, as beryllium shows no proven carcinogenicity in 

humans.[22]  

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.[23] 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.[24] 

 

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 Be2+ and Si4+ as interchangeable network building cations these two 

elements have a lot in common.[25] The main analogy in solid state chemistry is the nearly 

identical ionic radius of Be2+ and Si4+ in tetrahedral coordination.[26, 27]   

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 Ga1−xInxN, emit UV to blue light with high efficiency.[28] 
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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.[6] 

In most commercially available phosphors, an anionic network incorporates so called 

“activator ions”. These ions, like Eu2+/3+, Ce3+ or Mn4+, absorb blue light, emitted by the LED 

chip itself and emit light with increased wavelengths.[29] The underlying process is illustrated 

in a configuration coordination diagram for the most commonly used activator Eu2+ (Figure 

3).[30] 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.[31, 32] 

EStokes = 2 S ∙ ħω      (1) 

Accordingly, the Stokes shift is proportional to S, the Huang-Rhys parameter, and ω, the 

angular vibration frequency. ω 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.[30, 33] 
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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 (Δr) 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 (Δr) 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 Eu2+ 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.[34] 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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Figure 4 Schematic Eu2+ energy diagram. The energy difference between the 4f 7 ground state and 

the 4f65d1 excited state of a Eu2+ activator ion is reduced by a host lattice in comparison to a free 

ion.[35, 36] 

 

The combination of highly symmetrical activator environments with coordination by N 

atoms, given in various nitridosilicates, leads to Eu2+ 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 Sr2[Si5N8]:Eu2+, systems expressing the UCr4C4 

structure type and therefore cuboidal N coordination of Eu2+ showed high potential for 

application.[37] Sr[Mg3SiN4]:Eu2+ (SMS) as well as the derived Sr[LiAl3N4]:Eu2+ (SLA) and 

Sr[Li2Al2O2N2]:Eu2+ (SALON) show narrow band red emission with little to no infrared 

spillover, making them viable red phosphors for ambient lighting.[38-40] The latter already 

indicate the switch from Si to further network building cations as Al3+ 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 

l’éclairage).[41] 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 K2SiF6:Mn4+ 

(PSF), are already vastly optimized.[42] The third color point is generated by a green emitting 

phosphor. Here, widely used β-SiAlON:Eu2+ and green emitting AESi2O2N2:Eu2+(AE = Sr, 

Ba) showed applicability in displays.[43-46] 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.[6] This green emission and the 

resulting greater color gamut would cause a better color perception and thus a more vivid 

image representation.  

 

 

Figure 5 CIE 1931 Diagram. The color gamut (grey triangle) of a 2pcLED with PSF as red and 

β-SiAlON:Eu2+ 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 Ion 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 Ca2SiS4:Eu2+ and BaLa2Si2S8:Ce3+ have very 

limited industrial relevance.[47-49] 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 Li2SiS3 express lithium ion superconductivity at 

room temperature.[50-52] Following this pathway, related thiosilicates and –aluminates as 

Li11Si2PS12 and Li11AlP2S12 showed superionic conductivity as well.[53, 54] The in comparison 

to O2− larger and therefore more polarizable anion S2−, leads to a “softer” anionic network, 

which is discussed as beneficial for solid state ion conduction.[55, 56] 

At the same time, the switch from lithium to more earth-abundant sodium as charge carrier 

leads to a demand of unprecedented solid electrolytes. Na3PS4 is characterized as one of 

the most promising materials in solid state sodium conduction.[57] In analogy to lithium ion 

conductors, the substitution of P by Si leads to Na4SiS4. In combination with the derived 

Na5AlS4, the system Na4SiS4-Na5AlS4 represents one of the latest steps towards softer host 

lattices in the expanded chemistry of thio-compounds.[58] 

Obviously, a detailed oversight on solid state electrolytes is far beyond the scope of this 

chapter and can be found in literature.[59, 60] 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 Al3+, Si4+ and P5+ lower charged Be2+ 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.[61, 62] The trigonal planar coordination of Be2+, as additional structural 

motif in comparison to Si4+ tetrahedra, combined with the lower charge of Be2+ enabled a 

variety of new, highly condensed structures. The highest achievable degree of 

condensation κ, representing the ratio of network building cation centers to surrounding 

anions, is given by the respective binary nitrides of network building cations. With 

κ (Si3N4) = 0.75 and κ (Be3N2) = 1.5, the condensation degree of MBe20N14 (κ = 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 AEBe20N14:Eu2+.[63] Even narrower emission could be achieved by the 

highly condensed SrLi2Be4O6:Eu2+.[64] 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.  

 

Figure 6 Crystal Structures of SrBe3O4 and the derived Sr[BeSi2N4]. The structure of Sr[BeSi2N4] 

on the right is derived from SrBe3O4. Si4+ (green, in green tetrahedra) occupies the tetrahedral 

positions of Be2+ (grey, grey tetrahedra and triangles), while the trigonal planar coordinated sites 

remain exclusively Be2+.  O (red) is substituted by N (blue) for net charge neutrality. Sr (orange) is 

nine-fold coordinated in both compounds. 
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The nitridoberyllosilicate Sr[BeSi2N4]:Eu2+ combines structural motifs from silicates and 

beryllates. It crystallizes in the SrBe3O4 structure type, with O substituted by N and Si 

occupying the tetrahedrally coordinated Be positions. Sr[BeSi2N4]:Eu2+ 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[BeSiON2]:Eu2+, 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[BeSi2O3N2]:Eu2+, the second overall SiBeON 

phosphor. Its luminescence properties as well as its structure in the LaSi3N5 structure type 

are examined.  

Chapter 4 deals with the system AE[BeSi2N4] (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 Sr3Be2O5 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 Na2BeS2. The analogy between silicon and beryllium is expanded into sulfidic 

chemistry. Na2BeS2 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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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[BeSiON2]:Eu2+ showing outstanding narrow-band 

green emission (λmax ≈526 nm with FWHM ≈1600 cm−1 (≈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]:Eu2+ and K2SiF6:Mn4+ 

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 β-SiAlON:Eu2+ phosphor 

(104%), making it suitable for use in phone displays, monitors, and television screens. 
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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.[1-4] 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.[5-11] 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.[12, 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.[14-18] 

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 β-

SiAlON:Eu2+ phosphor for green emission and K2SiF6:Mn4+ (PSF) for red emission.[19, 20] 

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 Eu2+ 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 β-SiAlON:Eu2+ in application.[21-33] 

In the design of a new Eu2+-based phosphor, the focus lies on the activator's coordination 

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

https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0001
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0004
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https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0011
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0012
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0013
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0014
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0018
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0019
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0020
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0021
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0033
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wavelengths.[34] The most promising materials classes in this field, i.e., silicates, 

alumosilicates, and lithosilicates, show a distinct structural motif in building corner sharing 

MO4 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 Be2+, similar 

sized to Si4+, increases the structural variety even further, as their coordination in either 

tetrahedral [BeX4] or trigonal planar [BeX3] building blocks create new structural motifs and 

hereby, new coordination geometries for activator ions, in this case, Eu2+.[35-37] Generally, in 

coordination of Eu2+, 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[BeSiON2]:Eu2+ (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[BeSiON2]:Eu2+ (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: Ba1.0[BeSi0.9(1)O1.1(3)N2.0(5)]) and nuclear magnetic resonance spectroscopy 

(NMR) data. Since Be is hardly detectable by EDS, its presence was verified by NMR 

https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0034
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0035
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0037
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
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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[BeSiON2] crystallizes in the orthorhombic space group Ama2 (no. 40) with lattice 

parameters a = 5.6366(3), b = 11.6363(7) and c = 4.9295(3) Å.[38] It exhibits [BeSiON2]2− 

layers built by alternating chains of condensed trigonal planar [BeN3]7− units and [SiON3]7− 

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.[39] All Ba2+ ions share one crystallographic site 

located between the [BeSiON2]2− 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 Å for Ba─O and 2.95–2.99 Å 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[Si2O2N2] crystallizing in space group 

Pbcn, as shown in Figure 1.[40] but in Ba[BeSiON2] every second [SiON3]7− tetrahedron is 

replaced by a [BeN3]7− unit. 

The substitution leads to a reduction of the Si–Si distance between respective layers from 

7.2 to 5.8 Å, while the degree of condensation κ (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[Si2O2N2] to irregularly sevenfold 

coordination by O and N in BBS. 

 

https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0038
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0001
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0039
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0001
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0040
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Figure 1. Comparison of schematic crystal structures of Ba[BeSiON2]:Eu2+ (left) to 

BaSi2O2N2 (right). a) Layers of [SiON3]-tetrahedra (green) and trigonal planar [BeN3]-units 

(gray) stacked along [010] with Ba ions (orange) and their respective coordinational 

environment ions (blue), b) Layers of [SiON3]-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).[41-42] 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[Si2O2N2] at 4.8 eV.[40, 

43] 
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Figure 2. Luminescence of Ba[BeSiON2]:Eu2+. a) Excitation (blue) and emission (green) 

curves of selected particles of Ba[BeSiON2]:Eu2+, b) Thermal quenching behavior of 

Ba[BeSiON2]:Eu2+, normalized on the intensity at 6 K, c) Microscopic image of 

agglomerated crystals of a[BeSiON2]:Eu2+ under UV light.  
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Luminescence 

The different coordination environments of Ba between Ba[Si2O2N2] and BBS, as shown in 

Figure S2 (Supporting Information), lead to different luminescence properties, as Eu2+ is 

assumed to replace Ba2+ statistically. BBS shows an emission maximum at a longer 

wavelength (526 nm) compared to 490 nm of Ba[Si2O2N2]:Eu2+, and therefore emits green 

light.[44] 

BBS shows green luminescence under irradiation of UV to blue light, due to the Eu2+ 

4f7(8S7/2)→4f6(7F)5d1 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−1), 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 Eu2+ and Ba2+ on the host lattice.[35]  

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 BaBeSiON2:Eu2+. 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 

https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0044
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0002
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0002
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0045
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0002
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0003
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#support-information-section
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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.[45, 46]  

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 β-SiAlON:Eu2+ 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−1) with chemical and thermal stability, as provided by Ba[BeSiON2]:Eu2+, 

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.  

https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0046
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-bib-0047
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0003
https://onlinelibrary.wiley.com/doi/10.1002/adom.202302343#adom202302343-fig-0003
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Figure 3. Emission of a LED chip with Ba[BeSiON2]:Eu2+. a) Simulated emission diagram 

of a InGaN LED (blue) with Ba[BeSiON2]:Eu2+ (green) and PSF (red). b) Image of a InGaN 

pcLED with Ba[BeSiON2]:Eu2+ 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 β-SiAlON 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. 

 

  



2 Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON2]:Eu2+ for Wide Gamut Displays 

 

28 

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 Be2+ 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−xSi2+xO3−2xN2+2x:Eu2+ (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:Eu2+. High 

temperature synthesis, starting from 

Sr2N, BeO, SiO2 and Si3N4, yields the 

target phase as the main product. Upon 

doping with Eu2+, 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−1. The structure is an ordered 

variant of the LaSi3N5 structure type and was elucidated by single-crystal X-ray diffraction 

data. The network in SrBe1−xSi2+xO3−2xN2+2x:Eu2+ is highly condensed with a condensation 

degree of κ = 0.6 comprising corner-sharing [MX4] (M = Be, Si; X = O, N) tetrahedra, with 

mixed occupancies on both the ligand and central metal sites. 
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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 AE2Si5N8:Eu2+ (AE = Ca, Sr, Ba) or Ca1−xSrxAlSiN3:Eu2+ 

and in the green spectral region in RE3−xAl5−yGayO12:Cex.[1-5]  

As shown by the substitution of Si4+ by Al3+ 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.[6-7] Due to the nephelauxetic effect and crystal field 

splitting this leads to a change in emission wavelengths. Based on the comparable sizes of 

Be2+ and Si4+ cations (0.27 Å and 0.26 Å respectively, in tetrahedral coordination), beryllates 

in general are closely related to silicates and their respective nitride derivatives.[8-12] 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 SrSiAl2O3N2:Eu2+, which has an emission 

maximum at ~487 nm with an fwhm greater than 85 nm, while spectral properties depend 

on the dopant concentration.[13-15]  

In this context, we report here on the derived, blue emitting phosphor 

SrBe1−xSi2+xO3−2xN2+2x:Eu2+(SBS). 

3.2 Results and Discussion 

High temperature synthesis of SrBe1−xSi2+xO3−2xN2+2x:Eu2+ starting from Sr2N, BeO, SiO2, 

Si3N4 and EuF3 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 

SrBeSiO4, Sr2SiO4 and BeSiN2 as minor side-products (see Figure S2). SBS crystallizes in 

the orthorhombic space group P212121 (no. 19) with cell parameters a = 4.7671(2), 

b = 7.7683(2) and c = 10.9364(3) Å and is an ordered variant of the LaSi3N5 structure 

type.[16] The chemical composition of the target phase was confirmed by EDS (averaged 
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over seven data points; Sr1.0BeSi2.8(2)O3.3(1)N2.3(3); 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 κ = 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 fünfer-

rings with channels along [100].[17]  

BVS and CHARDI calculations corroborate the proposed structure model and the 

assignment of mixed occupancies (see table S6).[18-20]  

Figure 1. Structure of SrBe1−xSi2+xO3−2xN2+2x:Eu2+. Sr orange, Be and [BeO3N] tetrahedra 

purple, Si and [SiON3]/[SiO2N2] 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 Å. 
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Upon doping with Eu2+ 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−1 (Figure 2). Compared to 

the structurally closely related SrSiAl2O3N2:Eu2+, SBS emits a narrower emission spectrum 

at shorter wavelengths. The slightly changed emission properties are likely due to a change 

in the orientation of Eu2+ 5d orbitals relative to their coordination sphere. The shorter 

average distances in SBS to the ligands and the smaller coordination polyhedron with 

respect to SrSiAl2O3N2:Eu2+ are typically not expected to result in shorter emission 

wavelengths.[21] A similar anomaly has been observed in Sr1−xBaxSiAl2O3N2:Eu2+, where 

chemical pressure of the second and third coordination sphere was used as an explanation. 

[15] 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 Eu2+ (4f65d1) are necessary 

for further clarification.[22]    

The system SrSiAl2O3N2:Eu2+/ SrBe1−xSi2+xO3−2xN2+2x:Eu2+ 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 SrBe1−xSi2+xO3−2xN2+2x:Eu2+. 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−xSi2+xO3−2xN2+2x:Eu2+ illustrate the potential of SiBeONs 

for application as phosphor materials. It is shown that substitution of Be2+ for the known 

network-building cations Al3+ and Si4+ 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. [23-24] 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 Sr2N (synthesized from Sr, Sigma Aldrich, 99.99%) BeO (Alfa Aesar, 

99.95%), SiO2 (Acros Organics, 60 A) and Si3N4 (UBE, SNA-00) were ground in a tungsten 

carbide mortar inside a glovebox (Unilab, MBraun, Garching; O2<0.1 ppm, H2O <0.1 ppm) 

together with EuF3 (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; 

Hüttinger Elektronik Freiburg, Germany) under dried N2 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 SrBe1−xSi2+xO3−2xN2+2x:Eu2+ were collected on a 

Bruker D8 Venture rotary anode diffractometer with Mo-Kα radiation (λ = 0.71073 Å), that 

was focused with a Goebel mirror. The collected data was integrated and absorption 

corrected with APEX3.[25] Structures were solved by direct methods with SHELXS and 

refined with SHELXL, applying the full-matrix least square method.[26-27] 

 

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-Kα1 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.[28] 

 

Elemental analysis. 

To determine the elemental composition of SrBe1−xSi2+xO3−2xN2+2x:Eu2+, 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. 

 

3.6 References  

 

[1] O. M. ten Kate, Z. Zhang, P. Dorenbos, H. T. Hintzen, E. van der Kolk, J. Solid State 

Chem. 2013, 197, 209-217. 

[2] T. Schlieper, W. Milius, W. Schnick, Z. Anorg. Allg. Chem. 1995, 621, 1380-1384. 

[3] H. Watanabe, N. Kijima, J. Alloys Compd. 2009, 475, 434-439. 

[4] J. M. Ogieglo, A. Katelnikovas, A. Zych, T. Justel, A. Meijerink, C. R. Ronda, J. Phys. 

Chem. A 2013, 117, 2479-2484. 

[5] D. Nakauchi, Y. Yoshida, N. Kawaguchi, T. Yanagida, J. Mater. Sci. - Mater. 

Electron. 2019, 30, 14085-14090. 

[6] P. Pust, V. Weiler, C. Hecht, A. Tucks, A. S. Wochnik, A. K. Henss, D. Wiechert, C. 

Scheu, P. J. Schmidt, W. Schnick, Nat. Mater. 2014, 13, 891-896. 



3 Blue Emitting SrBe1−xSi2+xO3−2xN2+2x:Eu2+ (x ≈ 0.1) 

 

40 

[7] G. J. Hoerder, M. Seibald, D. Baumann, T. Schröder, S. Peschke, P. C. Schmid, T. 

Tyborski, P. Pust, I. Stoll, M. Bergler, C. Patzig, S. Reissaus, M. Krause, L. Berthold, 

T. Hoche, D. Johrendt, H. Huppertz, Nat. Commun. 2019, 10, 1824. 

[8] L. Eisenburger, O. Oeckler, W. Schnick, Chem. Eur. J. 2021, 27, 4461-4465. 

[9] S. Merlino, C. Biagioni, E. Bonaccorsi, N. V. Chukanov, I. V. Pekov, S. V. 

Krivovichev, V. N. Yakovenchuk, T. Armbruster, Mineral. Mag. 2018, 79, 145-155. 

[10] L. A. Harris, H. L. Yakel, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 

1969, 25, 1647-1651. 

[11] P. Strobel, V. Weiler, P. J. Schmidt, W. Schnick, Chem. Eur. J. 2018, 24, 7243-7249. 

[12] N. Krishna Rao, T. Sreenivas, Miner. Process. Extr. Metall. Rev. 1994, 13, 19-42. 

[13] R. Lauterbach, W. Schnick, Z. Anorg. Allg. Chem. 1998, 624, 1154-1158. 

[14] X. Wang, Z. Zhao, Q. Wu, Y. Li, C. Wang, A. Mao, Y. Wang, Dalton Trans. 2015, 

44, 11057-11066. 

[15] W.-Y. Huang, F. Yoshimura, K. Ueda, Y. Shimomura, H.-S. Sheu, T.-S. Chan, C.-Y. 

Chiang, W. Zhou, R.-S. Liu, Chem. Mater. 2014, 26, 2075-2085. 

[16] Z. Inoue, M. Mitomo, N. Ii, J. Mater. Sci. 1980, 15, 2915-2920. 

[17] F. Liebau, Structural Chemistry of Silicates, Springer, Berlin, Heidelberg, 1985. 

 The term "fünfer ring", as defined by Liebau, describes a ring of five tetrahedra and 

is derived from the german word fünf – five. 

[18] N. E. Brese, M. O'Keeffe, Acta Crystallogr. Sect. B: Struct. Sci. 1991, 47, 192-197. 

[19] I. D. Brown, D. Altermatt, Acta Crystallogr. Sect. B: Struct. Sci. 1985, 41, 244-247. 

[20] R. Hoppe, S. Voigt, H. Glaum, J. Kissel, H. P. Müller, K. Bernet, J. Less Common 

Met. 1989, 156, 105-122. 

[21] M.-H. Fang, C. O. M. Mariano, P.-Y. Chen, S.-F. Hu, R.-S. Liu, Chem. Mater. 2020, 

32, 1748-1759. 

[22] R. Shafei, D. Maganas, P. J. Strobel, P. J. Schmidt, W. Schnick, F. Neese, J. Am. 

Chem. Soc. 2022, 144, 8038-8053. 

[23] O. Kumberger, H. Schmidbaur, Chem. Unserer Zeit 1993, 27, 310-316. 

[24] D. Naglav, M. R. Buchner, G. Bendt, F. Kraus, S. Schulz, Angew. Chem. Int. Ed. 

2016, 55, 10562-10576. 

[25] BrukerAXS, Billerica, 2016. 

[26] G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3-8. 

[27] G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112-122. 

[28] A. A. Coelho, in TOPAS Academic, 6 ed., Brisbane (Australia), 2016. 

 

 



 

 

 

4 The Nitridoberyllosilicate System AEBeSi2N4 (AE = Ca, Ba) 
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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 CaBeSi2N4 and BaBeSi2N4. The structural relations between these two phases 

and the pre-existent SrBeSi2N4 are viewed in detail. All three alkaline earth 

nitridoberyllosilicates express trigonal-planar [BeN3] and double-tetrahedral [Si2N7] 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. 
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4.1 Introduction 

 

The broadly investigated material class of nitridosilicates raised attention in recent 

years, as many of them show luminescence upon Eu2+ doping. Therefore, various 

nitridosilicates found application as phosphors in inorganic phosphor converted light 

emitting diodes (pcLEDs).[1-4] 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 

Al3+, Li+ and Be2+.[5-7] Hereby, the similar to Si4+ sized Be2+ can be coordinated tetrahedral 

or trigonal planar. These coordinations are expressed in the double nitride BeSiN2 

(tetrahedral) and the nitridoberyllosilicate Sr[BeSi2N4] (trigonal planar).[8, 9] 

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 M2Si5N8 and M[Mg3SiN4].[1, 10-12] Especially 

the therefore changed symmetry of cationic sites can be highly influential on luminescence 

properties.[13] 

The adaption of Sr[BeSi2N4] to different alkaline earth cations can be subject to closer 

investigation, as the only other Be–Si–N compound Eu[BeSi2N4] expresses an isotypic 

structure, due to the similar radii of Sr2+ and Eu2+.[9] 

Sr[BeSi2N4]  exhibits vertex sharing [Si2N7] double tetrahedra with Si–N–Si angles of 180° 

and connecting [BeN3] trigonal planary units.[9] Herein we present the adaption of this 

network and the expressed structural motifs to the smaller radius of Ca2+ as well as the 

larger radius of Ba2+ and elucidate the symmetry changes in cationic positions of the alkaline 

earth ions. 
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4.2 Results and Discussion 

 

Synthesis and Elemental Analysis 

 

The high temperature syntheses of Ca[BeSiN2] and Ba[BeSi2N4] yields pale yellow powders. 

Eu2+ doped Ba[BeSi2N4] 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 

(Ca1.0BeSi2.1N4, Ba1.0BeSi2.0N3.7). Beryllium can not be quantified by this method. 

 

Crystal Structure Determination 

 

The existing structure model of Sr[BeSi2N4] in P6̄2c (no. 190) was used as a  starting model 

to understand the structure of Ca[BeSi2N4], as the degree of condensation κ, 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[BeSI2N4] 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[BeSi2N4] crystallizes in the hexagonal space group P6̄ (no. 174) with lattice parameters 

a = b = 8.369(1) Å and c = 9.190(1) Å.  

Ba[BeSi2N4] crystallizes in the orthorhombic space group Ama2 (no. 40) with lattice 

parameters a = 8.1314(4) Å, b =9.9947(6) Å and c = 4.8017(3) Å. Further details regarding 

the structure elucidation in the supporting information. 

The structures of Ca[BeSi2N4] and Ba[BeSi2N4] are closely related to the structure of 

Sr[BeSi2N4]. All exhibit layers of vertex sharing trigonal-planar [BeN3] and tetrahedral [SiN4] 

units. The layers are connected by vertices of [SiN4] units, eventually forming [Si2N7] double 

tetrahedra. 
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In Ca[BeSi2N4] however, due to the comparatively smaller size of Ca2+, 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 c of 9.19 Å in the Ca phase  

compared to 9.42 Å in the Sr phase. Subsequently, [Si2N7] double tetrahedral units are bent 

with resulting Si–N–Si angles of. 

In contrast, the larger size of Ba2+ 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 Å. The [Si2N7] 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[BeSi2N4] 

cell is a √3 × √3 𝑅30 super cell to the unit cell of Sr[BeSi2N4]. Herein, the vector aCa with a 

length of 8.37 Å is shorter than the comparable vector aortho, Sr in Sr[BeSi2N4] with 8.42 Å 

(shown in Figure 1 as dashed red line) but longer than the respective vector aBa of 

Ba[BeSi2N4] with 8.13 Å. The cBa vector in Ba[BeSi2N4] with 4.80 Å is also shorter than the 

respective aSr vector in Sr[BeSi2N4] with 4.86 Å and 1/3 of the corresponding aortho, Ca in 

Ca[BeSi2N4] with 4.83 Å (shown in Figure 1 as dashed black line). The respective lattice 

parameters of Ca[BeSi2N4] as well as of Ba[BeSi2N4] contract slightly in the ab plane (ac for 

Ba[BeSi2N4]) compared to Sr[BeSi2N4]. The main difference in cell volume per formula unit 

is therefore found in the respective orthogonal axis, c for Ca[BeSi2N4] and Sr[BeSi2N4] and 

b for Ba[BeSi2N4].  

Subsequently the symmetry of the alkaline earth cationic site is changed from a 2d position 

in Sr[BeSi2N4] to 3j and 3k positions in Ca[BeSi2N4] and a 4b position in Ba[BeSi2N4]. 

Further structural details are given in the Bärnighausen tree in the supporting information 

(Figure S3).   
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Figure 1. Relation of lattice parameters of AE[BeSi2N4] (AE = Ca, Sr, Ba). The unit cells of 

Ca[BeSi2N4] (black), Sr[BeSi2N4] (red) and Ba[BeSi2N4] (blue) in respective orientation. The 

red dashed line represents the length of the orthohexagonal aortho, Sr vector, the black 

dashed line the length of aortho, Ca. All unit cells are shown to scale. 

 
Table 1. Lattice parameters of AE[BeSi2N4] (AE = Ca, Sr, Ba).  

 Ca[BeSi2N4] Sr[BeSi2N4] Ba[BeSi2N4] 

a / Å 
8.369(1) 4.861(2) 8.1314(4) 

b / Å 
8.369(1) 4.861(2) 9.9947(6) 

c / Å 
9.190(1) 9.423(4) 4.8017(3) 

aortho  √3𝑎 = 8.420 
 

1

3
 aortho 

𝑎

√3
 = 4.831  

 

V / Å3 
557.43(15) 192.807(1) 390.24(4) 

Z 6 2 4 

V / Z 92.905 96.4035 97.56  
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Figure 2. Crystal strutures of AE[BeSi2N4] (AE = Ca, Sr, Ba). The structures of Ca[BeSi2N4] 

and Ba[BeSi2N4] derived from Sr[BeSi2N4] . Ca (yellow), Sr (bright orange), Ba (dark 

orange), Be (grey), Si (green), N (blue). [BeN3] trigonal-planary units in grey and  [SiN4] 

tetrahedra in green. [Si2N7] double tetrahedra are tilted in Ba[BeSi2N4], the layers diverge, 

in contrast [Si2N7] double tetrahedra are bent in Ca[BeSi2N4], the layers converge.  
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Luminescence of Ba[BeSi2N4]:Eu2+. 

 

Upon doping with Eu2+,Ba[BeSi2N4] shows orange luminescence under irradiation with blue 

light. The maximum emission wavelength λmax is 596 nm and the full width at half maximum 

fwhm = 100 nm / 2806 cm−1 (spectra see Figure S6). Due to the larger coordination 

polyhedron of Ba2+ compared to Sr2+ and the therefore lowered nephelauxetic effect, 

emission at increased wavelengths is expected. However, as Sr[BeSi2N4]:Eu2+ shows 

nontypical emission properties, the emission is not directly comparable. Ca[BeSi2N4] shows 

no luminescence upon doping with Eu2+. 

 

4.3 Conclusions 

 

The system AE[BeSi2N4] (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 (c 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[BeSi2N4] (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.[14-15] 

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; O2<0.1 ppm, H2O <0.1 ppm). The experiments were carried 

out in a RF-furnace attached to a Schlenk-type vacuum line (10−3 mbar) under dried N2 (Air 

Liquid, 5.0). The atmosphere was purified by passage through columns filled with KOH 

(Merck, ≥85%), silica gel (Merck), molecular sieve (Fluka, 4 Å), P4O10 (Roth, ≥99%) and 

BTS catalyst.  

Samples of Ca[BeSi2N4] were obtained by reaction of Ca(NH2)2 (synthesized from Ca (Alfa 

Aesar, 99.98%) in an autoclav under NH3 atmosphere at 200 °C), Be3N2 (synthesized from 

Be (ABCR, 99%) in an rf-furnace under N2 atmosphere at 1300 °C) and “Si(NH)2” (from 

SiCl4 in liquid NH3) in a rf-furnace under N2 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[BeSi2N4] were obtained by reaction of Ba2N (synthesized from Ba (Alfa 

Aesar, 99.9%) under N2 flow at 830 °C)[16], Be3N2 (see above) and Si3N4 (UBE, SNA-00) by 

identical method. Ba[BeSi2N4]:Eu2+ was synthesized accordingly, with EuF2 as additional 

precursor. 

Electron microscopy. 

Energy dispersive X-ray spectroscopy (EDS) was used to determine the elemental 

composition of AEBeSi2N4. 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[BeSi2N4] were selected and mounted on the loop of MicroMounts 

(MiTeGen). Data was collected on a Bruker D8 Venture diffractometer with Mo–Kα radiation 

and a graphite monochromator. The APEX 3 program package was used for integration 

and multi-scan absorption correction.[17] The structure was solved with SHELXS applying 

direct methods and refined against F2 with SHELXL by the full-matrix least squares 

method.[18, 19]   

Data of single microcrystals of Ca[BeSi2N4] were collected on beamline ID11 of the ESRF 

(Grenoble, France). The TEM grid was mounted on a Symétrie Hexapods Nanopos device. 

A Ca[BeSi2N4] crystal of about 6 μm3 in size was recovered at beamline ID11 (λ=0.309 Å, 

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 1×2 

μm. 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 AEBeSi2N4 were 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–Kα1 radiation for Ca, Ag–Kα 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[BeSi2N4]:Eu2+ 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 (LaB6) 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 

Sr3Be2O5 

 

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 Sr3Be2O5 via a high-

temperature high-pressure reaction and have 

structurally characterized the ternary oxide by 

single-crystal and powder X-ray diffraction analysis.  Sr3Be2O5, a low condensed 

oxoberyllate, contains unprecedented [Be2O5]6- double triangles and Sr atoms in both 

double-capped trigonal-prismatic and octahedral coordination. These motifs show striking 

resemblance to α-SrBeO2 and SrO, combining their structural properties. Lattice energy 

(MAPLE) calculations corroborate found parallels to the known phases SrO and α-SrBeO2. 
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5.1 Introduction 

Albeit their structural diversity, matching well-investigated silicates, the chemistry of 

beryllates is widely unexplored. [1-4]  SrBe3O4, published in 1969, was the only identified 

ternary phase in the system SrO-BeO until recently.[5-7] 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 BexOy
z--network with suitable counterions. As the 

Be coordination can either be tetrahedral, e.g. in Sr12Be17O29, trigonal as in SrBe3O4 or 3+1 

as in BeO, a broad variety of structural motifs is accessible by combination of the different 

Be-O polyhedra.[8] This diversity is well known from borates, where a variety of ternary 

compounds with resembling structural motifs has been observed.[9, 10] 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 Sr3Be2O5 

exhibiting hitherto unknown [Be2O5]6- 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.  

 

 

 

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

with year of first publication.[5, 6, 8] 
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5.2 Results and Discussion 

Sr3Be2O5 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 Sr3Be2O5 is 

colorless and transparent. 

 

Rietveld refinement of powder X-ray diffraction data showed a product composition of  ≈80 

wt.-% Sr3Be2O5, ≈20 wt.-% SrO and traces of α/β-SrBeO2, respectively (Fig.1). Sr3Be2O5 

crystallizes in space group P21/c (no. 14). Single crystal structure determination resulted in 

a monoclinic cell with lattice parameters a = 3.7000(7), b = 9.600(2) and c = 7.900(2) Å, β 

= 99.00(3)°, Z = 2 and V = 277.15(10) Å3. Rietveld refinement confirmed the metrics (a = 

3.70237(6), b = 9.6069(2) and c = 7.9004(1) Å, β = 99.0076(4)°, V = 277.539(8) Å3).The 

structure is illustrated in Figure 2, coordination polyhedra are depicted in Figure 3. 

 

 Figure 1. Result of the Rietveld refinement of Sr3Be2O5. Powder X-ray diffraction diagram 

of Sr3Be2O5 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 Sr3Be2O5. Sr (orange), Be (violet), O (red). 

Two corner sharing BeO3 triangles form a [Be2O5]6- unit with a torsion angle of 9.2°. Sr1 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 Sr1 and Be 

in Sr3Be2O5 to the ones found in α-SrBeO2 and Sr2 in SrO become obvious in direct 

comparison (Fig.3). Isolated [Be2O5]6- units (a) can be seen as sections of the infinite zweier 

single chains of BeO3-units (b). The Be-O distances of both species are identical within the 

limits of accuracy and vary between 1.545 and 1.549 Å. Furthermore, corresponding angles 

differ only slightly. For Sr3Be2O5 the corresponding angles vary in the range 118-122° and 

113-123° for α-SrBeO2. The 6+2 coordination of Sr1 as found in Sr3Be2O5 (c) resembles the 

Sr coordination in α-SrBeO2 (d). The octahedral coordination of Sr2 by O (e) resembles the 

surrounding of Sr in SrO (f). While the Sr- O distances in Sr3BeO2 are 3-5% smaller at 2.480-

2.532 Å compared to 2.605 Å 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 

 Sr3Be2O5 α-SrBeO2 SrO 

Sr2+ 1776-1969 1818 1864 

Be2+ 2936 2951  

O2- 2155-2464 2160-2458 1864 

Total 22495 9387 3727 

2 α-SrBeO2 + SrO = 22501 kJ/mol, Δ = 0.3‰ 



5.3 Conclusions 

57 

 

Figure 3. Comparison of cation coordination between Sr3Be2O5 (a, c, e) and 

α-SrBeO2 (b, d)/SrO (f). Sr (orange), Be (violet), O (red). Distances are given in Å. 

 

5.3 Conclusions 

Single crystals of Sr3Be2O5 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 Sr3Be2O5 contains unprecedented isolated [Be2O5]6- units. Surprisingly, 

oxoberyllates represent a largely unexplored substance class that could exhibit a broad 

spectrum of unexpected structural features and properties. Besides [BeO4]6- tetrahedra, 

especially non-condensed trigonal planar [BeO3]4- ions are expected to occur. 

 



5 Synthesis and Crystal Structure of the Strontium Beryllate Sr3Be2O5 

58 

5.4 Experimental Section 

Safety Precautions. Be is considered a highly hazardous element.[14] Be containing dusts 

are known to cause CBD (chronic beryllium disease) and might be carcinogenic.[15] 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, H2O <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 (10-3 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 Å), P4O10 (Roth, ≥99%), and titanium 

sponge (Johnsen Matthey, 99.5%), heated to 730 °C. Crystals of Sr3Be2O5 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 Sr3Be2O5  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-Kα radiation (λ = 

0.71073 Å, T = 297(2) K). APEX3[16] was used for integration and absorption correction. The 

crystal structures were solved by Direct Methods (SHELXS)[17] and refined by full-matrix 

least-squares methods (SHELXL)[18, 19] 

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-Kα1 radiation, Ge(111) monochromator, Mythen 1k detector) with modified Debye-

Scherrer geometry. TOPAS 6 was used for Rietveld refinement.[20] 

Elemental analysis. The elemental composition of Sr3Be2O5 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 – Na2BeS2 

 

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

Schnick*[a] 

 

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 Na2BeS2, the first 

member of the compound class of ternary 

thioberyllates. Synthesized from the respective 

sulfides in a high-temperature reaction, Na2BeS2 

was obtained as yellow crystals. It crystallizes in 

the K2SiP2 structure type, as shown by single-crystal and powder X-ray diffraction 

experiments. Na2BeS2 is a mixed ionic – electronic conductor with a transference number 

of 0.67 and a sodium ion conductivity of 3.3∙10−9 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.  
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6.1 Introducing Ternary Thioberyllates – Na2BeS2 

 

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.[1-2]  

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.[3-4] However, the usage of sodium requires powerful sodium-based 

MIECs.[5-6] In search for sodium conducting materials sulfides and thio-compounds such 

as the ortho-thiophosphate Na3PS4 show high potential.[7] 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 Na5AlS4 and Na4SiS4.[8] 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.[9] 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.[10-11] Furthermore, the desired 

“Na6BeS4” was expected to improve ion conductivity compared to related Si or Al ortho-thio-

compounds, as Be2+ carries a smaller charge compared to Al3+ and Si4+ and therefore 

increases the charge carrier concentration of the mobile ion, the lattice polarizability, and 

therefore, the lattice softness. 

In search for the suspected “Na6BeS4” with a degree of condensation of κ = 0.25, we found 

the higher condensed Na2BeS2 with a degree of condensation of κ = 0.5.[12] 

 

Na2S + Be + S → Na2BeS2        (Eq 1) 

 

Na2BeS2 was obtained as a yellow powder and is sensitive towards air and moisture. It was 

synthesized starting from Be, S and Na2S, as given in the chemical equation Eq1. 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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 Figure 1. Crystal structure of Na2BeS2. Two units cells of the crystal structure of Na2BeS2, 

S (yellow) forms octahedral coordination of Na (red) and tetrahedral coordination of Be 

(gray). Columns of edge sharing [BeS4]-tetrahedra along [001]. All atoms are depicted as 

ellipsoids at 95% probability level.  

 

The crystal structure of Na2BeS2 was solved and refined based on single-crystal X-ray 

diffraction data (R1 = 0.037, details in supporting information) and confirmed by Rietveld 

refinement (see supporting information Table S5, Figure S2).[13-16] Na2BeS2 crystallizes in 

the orthorhombic space group Ibam.[17] It is isotypic to K2SiP2, with a measure of similarity 

(Δ) of 0.042.[18-19] The unit cell with lattice parameters a = 6.0015(4), b = 11.1701(7) and 

c = 5.5179(4) Å contains four formula units. It exhibits columns of edge sharing [BeS4]6- 

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 Na2BeS2) 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, Na2BeS2 can be characterized as the first 

ternary thioberyllate. 
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Na atoms are found in largely distorted [NaS6] octahedra in between the columns. These 

octahedra can also be described as a 5+2+1 coordination by 5 close-by S2- ions, with 2 Be2+ 

and 1 further S2- 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 Na2S. 

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 Na2BeS2 for sodium ion conduction was determined by electrochemical 

impedance spectroscopy as well as chronopotentiometry. 

Electrochemical impedance spectroscopy of a cold-pressed sample of Na2BeS2 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.[22] Therefore, an equivalent circuit comprising 

an ionic and electronic conduction process was used for fitting, resulting in a total ionic 

conductivity of σion = 3.3∙10−9 S/cm and an electronic conductivity of σeon = 1.6∙10−9 S/cm at 

25 °C. These values are in good agreement with those obtained from chronopotentiometry 

(Figure S3, σeon ≤ 1.2∙10−9 S/cm, σtotal = 2.3∙10−9 S/cm and σion ≥ 1.2∙10−9 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 Ea,ion = 0.092(±0.010) eV for the ionic conductivity and Ea,eon = 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.[23] Nevertheless, iso- and especially aliovalent substitutions and alternative synthetic 
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routes such as ball-milling are expected to be expedient strategies to further systematically 

optimize the ionic conductivity.  

 

Figure 2. Electrochemical impedance spectroscopy. A cold pressed sample of Na2BeS2 

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 Na2BeS2, carries great potential for further investigation. 

The accessibility through high temperature synthesis, starting from readily available 

precursors or even the elements, in this case Na2S, 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 “Na6BeS4” 

as well as the interplay between thioberyllate phases with proven Na conducting phases, 

giving rise to solid solutions with the general composition Na6−(x+y)Be1−(x+y)SixAlyS4, 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.[24]  
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7 Summary 

7.1 Green-Emitting Oxonitridoberyllosilicate Ba[BeSiON2]:Eu2+ 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 

[SiON3] tetrahedra connected by trigonal planar [BeN3] 

units. Upon doping with Eu2+, BBS shows green 

luminescence with an emission wavelength of 526 nm and a fwhm of 1600 cm−1. 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−xSi2+xO3−2xN2+2x:Eu2+ (x ≈ 0.1) 

 

This contribution presents the second known oxonitrido-

beryllosilicate SrBe1−xSi2+xO3−2xN2+2x:Eu2+(x ≈ 0.1), called 

SBS. The pale blue powder is synthesized at high 

temperatures from Sr2N, BeO, SiO2, Si3N4 and EuF3. 

Under UV irradiation, it emits blue light at 465 nm. The 

crystal structure of SBS is an ordered variant of the 

LaSi3N5 structure type and therefore isotypic to the 

oxonitridoalumosilicate SrSiAl2O3N2. 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) 

 

CaBeSi2N4 and BaBeSi2N4, 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 AEBeSi2N4 (AE = Ca, 

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

planar [BeN3] units and [Si2N7] 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 Sr3Be2O5 

 

In the quasi-binary system SrO–BeO, a new strontium-

rich compound Sr3Be2O5 is presented. Colorless 

crystals of Sr3Be2O5 were synthesized from SrO and 

BeO in a hot isostatic press at elevated pressure and 

high temperatures. The structure of Sr3Be2O5 is 

elucidated by single crystal X-ray diffraction data. It 

consists of vertex sharing, trigonal planar [BeO3] units, 

forming [Be2O5] doubles. Sr is found in an octahedral 

coordination. The structure of Sr3Be2O5 can be derived from the related α-SrBeO2 and SrO.  
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7.5 Introducing Ternary Thioberyllates – Na2BeS2 

 

This contribution introduces Na2BeS2, the first ternary 

thioberyllate. The synthesis starting from Na2S, Be and 

S, yields a pale yellow powder, that is sensitive to air and 

moisture. Na2BeS2 crystallizes in the K2SiP2 structure 

type, with columns of corner-sharing [BeS4] tetrahedra. 

The sodium atoms, in octahedral coordination, are 

highly mobile. Therefore, Na2BeS2 is a mixed ionic 

electronic conductor with a remarkably small activation 

energy for ion conduction.
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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 Na2BeS2, 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[BeSiON2] (BBS) 

represents a new substance class of oxonitridoberyllosilicates and shows green emission 

upon doping with Eu2+. 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.[1] 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.[2] The resulting 

applicability of BBS gives a benchmark for pcLED backlit 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.[3, 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[Si2O2N2] can be structurally derived from Ba[BeSiON2] through formal substitution of half 

of the [SiON3] tetrahedra by trigonal planar [BeN3] units. However, this [SiON3] tetrahedron 

with a terminal O atom is no unique structural motif of Ba[Si2O2N2] and can be found in other 

SiAlONs as well.[5-7] Therefore, one possible pathway in future investigations aiming for 

structural expansion of the broader SiAlON compound class, may be the introduction of 

Be2+ into their structure chemistry, in substitution of a isovalent [Si-O]2+ unit.  

 

8.2 Beryllium in red pcLED Phosphors 

 

In Chapter 4 the nitridoberyllosilicates Ca[BeSi2N4] and Ba[BeSi2N4] are presented. The 

structural relation between the AE[BeSi2N4] 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[BeSi2N4]:Eu2+, Ba[BeSi2N4]:Eu2+ shows red emission comparable 

to Ba2Si5N8:Eu2+.[8] This effect of network adaption to the cation radius and subsequently 

altered luminescence is known from nitridosilicates systems like AE2[Si5N8].[9-12] 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[BeSi2O3N2]:Eu2+. Its 

structure is isotypic to the known SrSiAl2O3N2:Eu2+.[13] However, upon blue or UV irradiation 

Sr[BeSi2O3N2]:Eu2+ emits light at shorter wavelengths in comparison to the alumosilicate.[14] 

In this context, the net-isovalent substitution of combinations in the expanded spectrum of 
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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 SrBeSi2O3N2:Eu2+/SrSiAl2O3N2:Eu2+, 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[LiAl3N4]:Eu2+ conventionally are 

tuned by cation-balanced anion substitution, in this case to Sr[Li2Al2O2N2]:Eu2+ or 

substitution of the counterion as in AE[Si2O2N2]:Eu2+ (AE = Ca, Sr, Ba).[15-17] The presented 

pathway may be applied in a complementary or substitutive way. For instance, in the 

lithonitridoaluminate Sr[LiAl3N4], the net-isovalent formal substitution to an hypothetical 

“AE[Be2Al2N4]” (AE = Ca, Sr) seems feasible, considering the existing Sr2[BeAl3N5] and 

Ca[LiAl3N4].[18] 

 

8.3 Thioberyllates in solid state ion conduction 

 

The first thioberyllate Na2BeS2 presented in Chapter 6 exhibits columns of condensed 

[BeS4] tetrahedra and sodium in octahedral voids. The sodium ion conductivity is found to 

be 3.3∙10−9 S/cm at 25 °C. While this is by no means extraordinary, the calculated activation 

energy Ea,ion = 0.092(±0.010) eV is remarkably low in comparison to other solid sodium 

electrolytes.[19-21] 

As Na2BeS2 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 Sr3Be2O5 is presented. Its corner sharing trigonal planar [BeO3] 

units are a recurring motif in strontium beryllates, alongside corner and edge sharing [BeO4] 

tetrahedra.[22, 23] This combination is also found in other beryllates as the sodium containing 

Na2[BeO2] and Na6Be8O11 and leads to a large variety of structures in this compound 

class.[24, 25] Hence, the related thioberyllates are offered a wide range of structural options. 

In contrast to oxides, however, the expression of corresponding trigonal planar [BeS3] units 

is unlikely, due to the relation of anionic to cationic radii.[26, 27] Nonetheless, this structural 
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motif, condensed or isolated, would be highly interesting. The easier accessible, already 

observed [BeS4] tetrahedra, are expected to be found in various degrees of condensation 

and interconnections. In particular, the search for further sodium thioberyllates, as the 

desired “Na6BeS4”, might lead to a thioberyllate with isolated [BeS4] tetrahedra. Such low-

condensed thioberyllates are of special interest for application as ion conductors[28].  

Additionally, the low activation energy for ion conduction calculated for Na2BeS2 is likely 

due to the polarizability of the Be-S network.[29, 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,[1-2] 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[BeSiON2]:Eu2+ was synthesized by mixing stoichiometric amounts of BaH2 (Materion, 

99.7%), BeO (Alfa Aesar, 99.95%) and Si3N4 (UBE, SNA-00), and EuF3 (Sigma-Aldrich, 

99.99%) in an agate mortar with 1 wt.% of BaF2 (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; O2 <0.1 ppm, H2O <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[BeSiON2]:Eu2+ were isolated on MicroMounts (MiTeGen). Single-

crystal X-ray diffraction data were collected on a Bruker D8 Quest (Mo-Kα radiation, graphite 

monochromator). Integration and multi-scan absorption correction were carried out using 

APEX3.[3] The crystal structure was solved with the SHELXS package (direct methods) and 

refined against F2 by a full-matrix least-squares method with SHELXL.[4-5] The contained 

Eu2+ 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-Kα 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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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-III 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 BaSO4 standard and a 

reference phosphor (CASN; BR101A: Mitsubishi Chemicals).  

 

A.2 Results 

X-Ray Diffraction 

 

Table S1 Crystallographic data of Rietveld refinement of Ba[BeSiON2]:Eu2+, (standard 

deviations in parentheses). 

 

Formula Ba[BeSiON2]:Eu2+ 

Crystal system Orthorhombic 

Space group Ama2 (no. 40) 

Lattice parameters (Å) a = 5.6366(3), b = 11.6363(7), c = 4.9295(3) 

Cell volume (Å3) 323.32(3) 

Z 4 

Density (g · cm-3) 4.5662(1) 

T (K) 297(2) 

Diffractometer STOE STADI P  

Radiation (Å) Mo-Kα1 (λ = 0.71073) 

Profile range (°) 5.0 ≤ θ ≤ 60.0 

Data points 3886 

Total number of reflections 287 

Refined parameters 49 

Background function Shifted Chebyshev (14 parameters) 

R values RP = 0.0667, RP exp. = 0.0330, 

RwP = 0.0880, R(F2) = 0.1296 

RBragg =0.0190 

Goodness of fit 2.668 
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Figure S1. Crystal structure confirmation of Ba[BeSiON2]:Eu2+. Powder X-ray diffraction 

diagram of Ba[BeSiON2]:Eu2+ 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[BeSiON2]:Eu2+, 
(standard deviations in parentheses). 

Formula Ba[BeSiON2]:Eu2+ 

Formula mass(g∙mol–1) 218.44 

Crystal system Orthorhombic 

Space group Ama2 (no. 40) 

Lattice parameters (Å) a = 5.6366(3) 
b = 11.6363(7) 
c = 4.9295(3) 

Cell volume (Å3) 323.32(3) 

Z 4 

Density (g · cm-3) 4.488 

Experimental absorption 
coefficient [cm-1] 

12.416 

F (000) 384 

Crystal dimensions (μm3) 25 × 15 × 5 

Diffractometer D8 Quest 

Radiation Mo-Kα (λ = 0.71073 Å) 

T (K) 296(2) 

Abs. correction Multi-scan 

θ range (°) 4.490 − 34.945 

Measured  reflns 5137 

Independent reflns (I < 2 σ(I)) 697 (685) 

Friedel fraction coverage 0.966 

Rint, Rσ 0.0328, 0.0221 

Refined parameters 32 

Restraints 1 

Twin volume fraction 0.90639 

R indices (I≥2σ(I)) R1 = 0.0124, wR2 = 0.0245 

R indices (all data) R1 = 0.0131, wR2 = 0.0247 

GooF 1.116 

Δρmax, Δρmin / (e∙Å-3) 0.556, -1.140 
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Table S3. Atomic coordinates and equivalent isotropic displacement parameters of 

Ba[BeSiON2]:Eu2+ (standard deviations in parentheses). 

Atom (Wyck.) x y z Ueq (A2) so

f 

Ba1 (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[BeSiON2]:Eu2+, 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 / Å Bond name Bond length / Å 

Ba1—O5 2.652(10) Si2—O5 1.672(3) 

Ba1—O5i 2.649(10) Si2—N4 1.709(4) 

Ba1—O5ii 2.8268(2) Si2—N3vi 1.7426(18) 

Ba1—O5iii 2.8268(2) Si2—N3 1.7426(18) 

Ba1—N3iv 2.9514(7) Be6—N3 1.688(7) 

Ba1—N3v 2.9514(7) Be6—N4vi 1.644(4) 

Ba1—N4 2.986(3) Be6—N4vii 1.644(4) 

Angle name Angle / ° Angle name  Angle / ° 

O5—Si2—N4 

O5—Si2—N3vi 

N4—Si2—N3vi 

O5—Si2—N3 

N4—Si2—N3 

107.8(4) 

108.1(2) 

112.32(13) 

108.1(2) 

112.32(13) 

N3vi—Si2—N3 

N4—Be6—N4 

N4—Be6—N3 

N4—Be6—N3 

107.93(16) 

124.2(5) 

117.9(2) 

117.9(2) 
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Figure S2. Comparison of coordinational environments. Barium (orange) coordinated 

by oxygen (red) and nitrogen (blue). a Sevenfold coordinated barium in Ba[BeSiON2], b 

eightfold coordinated barium in Ba[Si2O2N2].[6] 
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Scanning Electron Microscopy 

 

Table S5. Energy dispersive X-ray spectroscopy (EDS) of Ba[BeSiON2] measured on eight 

sample points for elemental analysis.  

 1 2 3 4 5 6 7 8 Ø 

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 1.1 0.9 0.9 0.5 1.5 1.2 1.1 

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[BeSiON2]:Eu2+. Agglomerates of 
crystals of Ba[BeSiON2]:Eu2+ 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 

 

 

Figure S4. Solid state NMR spectra of Ba[BeSiON2]:Eu2+ under 8 kHz magic-angle 

spinning (MAS). Solid-state NMR spectra of BBS a 9Be-NMR, with the quadrupolar-

broadened line shape of the central transition centered around 0 ppm (black: experimental 

spectrum, blue: simulated line shape); b 29Si-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 9Be-NMR spectrum (Fig. S4a) shows the typical broadening caused 

by the quadrupolar interaction, as may be expected for a nuclide with spin I=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[7] returns a quadrupolar coupling constant of 

Cq = (1.59 ± 0.01) MHz, and an asymmetry parameter of ηq = (0.232 ± 0.001). The Cq value 

is among the largest observed so far for 9Be, 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. [8]). The fit value for the isotropic 

chemical shift is δiso=(12.2 ± 0.1) ppm (with the shown spectrum being indirectly referenced 

by using the 1H resonance of TMS). With the large quadrupolar coupling experienced by 

9Be 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 0 ppm. In contrast, 29Si 

has spin I=1/2, and is therefore affected by chemical shift only. The 29Si 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, δiso=(−37.4 ± 0.1) ppm. 
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UV/Vis Spectroscopy 

 

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).[9] 

 

Luminescence 

 

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. 

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

 λem / nm fwhm / nm fwhm / cm-1 

BaSiBeON2:Eu2 526 45 1600 

Ba[Li2(Al2Si2)N6]:Eu2+[10] 532 57 1962 

β-SiAlON:Eu2+[11] 535 55 1560 

RbNa(Li3SiO4)2:Eu2+[12] 523 41 1498 

Ba[Li(Si7Al)N12]:Eu2+[13] 515 61 2280 

Sr2MgAl22O36:Mn2+[14] 518 26 969 

NaK2Li[Li3SiO4]4:Eu2+[15] 528 44 1569 

NaBaB9O15:Eu2+[16] 515 61 2294 

MgAl2O4:Mn2+[17] 525 35 1269 

LiK7[Li3SiO4]8:Eu2+[18] 509 42 1651 

Ba2SiO4:Eu2+[19] 505 52 2044 

LuAG:Ce3+ 505 87 3226 
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B.1 Elemental Analysis 

Table S1. Energy dispersive X-ray spectroscopy (EDS) as elemental analysis of 

SrBe0.87Si2.13O2.74N2.26:Eu2+ 

SrBe0.87Si2.13O2.74N2.26:Eu2+ 1 2 3 4 5 6 7 Ø Σ 

Sr 1 1 1 1 1 1 1 1  

Si 3.7 3.0 2.8 2.3 2.5 2.5 2.5 2.8 0.23 

O 4.0 3.3 3.4 3.3 2.9 3.2 3.0 3.3 0.12 

N 2.9 2.4 1.8 1.2 2.6 2.6 2.5 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 SrBe0.87Si2.13O2.74N2.26:Eu2+ on a 

micromount under UV-irradiation. 
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Table S2. SCXRD Crystallographic data  

 SrBe0.87Si2.13O2.74N2.26:Eu2+ 

Formula mass [g mol–1] 230.79 

Crystal system, space group Orthorhombic, P212121 (no. 19) 

Lattice parameters [Å] a = 4.7671(2) 

b = 7.7683(2) 

c = 10.9364(3) 

Cell volume [Å3] 405.00(2) 

Formula units per cell Z 4 

X-ray density [g cm–1] 3.785 

Linear absorption coefficient [cm–1] 13.824 

F(000) 436.2 

Crystal dimensions (ca.) [mm3] 0.025 × 0.025 × 0.02 

Diffractometer Bruker D8 Venture 

Mo-Kα (λ = 0.71073 Å) 

297(2) 

Multi-scan 

 

Radiation 

Temperature [K] 

Abs correction 

θ range [°] 3.217 – 37.498 

Measured reflections 19177 

Independent reflections (I < 2 σ(I)) 2131 (1964) 

Rint/ Rσ 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 ≥ 2σ(Fo

2)) R1 = 0.0252, wR2 = 0.0314 

R indices (all data) R1 = 0.0452, wR2 = 0.0463 

min./max. residual electron density [eÅ−3] -0.685/0.763 
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Table S3. Atomic coordinates and equivalent isotropic displacement parameters of 

SrBe0.87Si2.13O2.74N2.26:Eu2+ 

Atom (Wyck.) x y z Ueq (A2) 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) 

Si04 (4a) “ “ “ “ 0.130(5) 

O005 (4a) 0.0325(6) 0.3392(3) 0.07370(19) 0.0120(4) 1 

O006 (4a) 0.6738(4) 0.1177(3) 0.1617(2) 0.0085(4) 0.87(2) 

N006 (4a) “ “ “ “ 0.13(2) 

O007 (4a) 0.1288(5) 0.2164(3) 0.2918(2) 0.0097(4) 0.87(2) 

N007 (4a) “ “ “ “ 0.13(2) 

N008 (4a) 0.1976(5) 0.6500(3) 0.0051(2) 0.0071(4) 1 

N009 (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 SrBe0.87Si2.13O2.74N2.26:Eu2+ with symmetry 

operations (i) 1−x, 0.5+y, 0.5−z; (ii) 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 / Å Bond name Bond length / Å 

Sr01—O006|N006i 2.485(2) Si02—N009iv 1.712(2) 

Sr01—O006|N006 2.621(2) Si02—N008v 1.737(3) 

Sr01—O005 2.665(3) Si02—N008vi 1.750(3) 

Sr01—O007|N007i 2.749(2) Si03—O005vii 1.617(2) 

Sr01—O005ii 2.771(3) Si03—O006|N006 1.638(2) 

Sr01—N008 2.859(2) Si03—N009viii 1.709(3) 

Sr01—O007|N007 2.890(2) Si03—N008vii 1.748(2) 

Sr01—N009iii 2.984(3) Be04|Si04—O006|N006ix 1.633(4) 

Angle name Angle / ° Angle name Angle / ° 

O007|N007—Si02—N009iv 118.05(12) O006|N006—Si03—N009viii 104.79(12) 

O007|N007—Si02—N009iv 118.05(12) N009viii—Si03—N008vii 112.41(12) 

O007|N007—Si02—N008v 109.99(12) O006|N006ix—Be04|Si04—O007|N007 111.73(18) 

N009iv—Si02—N008v 107.79(13) O006|N006ix—Be04|Si04—O005 105.9(2) 

O007|N007—Si02—N008vi 104.95(13) O007|N007—Be04|Si04—O005 105.75(17) 

N009iv—Si02—N008vi 106.31(12) O006|N006ix—Be04|Si04—N009viii 107.76(16) 

O005vii—Si03—N008vii 103.71(12) O007|N007—Be04|Si04—N009viii 112.35(19) 

O005vii—Si03—O006|N006 110.96(12) O005—Be04|Si04—N009viii 113.23(18) 
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Table S5. PXRD Crystallographic data  

 SrBe0.87Si2.13O2.74N2.26 

Formula mass [g mol–1] 230.79 

Crystal system, space group Orthorhombic, P212121 (no. 19) 

Lattice parameters [Å] a = 4.7652(3) 

b = 7.7783(2) 

c = 10.9032(4) 

Cell volume [Å3] 404.13(3) 

Formula units per cell Z 4 

X-ray density [g cm–1] 3.7930(3) 

Linear absorption coefficient [cm–1] 237.00(2) 

Radiation Cu-Kα1 (λ = 1.5406 Å)  

Temperature 293(2)  

2θ 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 

RP 0.0507 

RBragg 0.0205 

 

Figure S27 Rietveld refinement and crystal structure confirmation of 
SrBe0.87Si2.13O2.74N2.26:Eu2+. Powder X-ray diffraction diagram of SrBe0.87Si2.13O2.74N2.26:Eu2+ 

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). 
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B.3 Chardi and BVS 

 

Table S6. Results of CHARDI and BVS calculations 

Site Expected 

Charge 

CHARDI BVS 

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 

O005 −2 −2.02 −1.98 

O/N006 −2.13 −2.11 −2.16/−2.89 

O/N007 −2.13 −2.15 −1.85/−2.46 

N008 −3 −3.00 −3.02 

N009 −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[BeSi2N4] with standard deviations 

in parentheses. 

Formula Ca[BeSi2N4] 

Crystal system Hexagonal 

Space group P6̄ (no. 174) 

Lattice parameters/ Å a = b =8.36867(2), c = 9.17822(3) 

Cell volume/ Å3 556.677(3) 

Z 6 

Density/ (g · cm-3) 2.887 

T/ K 297(2) 

Diffractometer STOE STADI P  

Radiation/ Å Cu-Kα1 (λ = 1.540596) 

Data points 6572 

Total number of reflections 237 

Refined parameters 35 

Background function Shifted Chebyshev (12 parameters) 

R values RP = 0.03529, RP exp. = 0.02574, 

RwP = 0.04800 

RBragg =0.0181 

Goodness of fit 1.865 
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Figure S8. Crystal structure confirmation of Ca[BeSi2N4]. Powder X-ray diffraction diagram 

of Ca[BeSi2N4] with the measured data (black crossmarks), pattern based on Rietveld 

refinement data (red line), difference curve (gray line) and reflection-tickmarks of Ca[BeSi2N4] 

(blue) as well as Be3N2 (dark yellow). 
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Table S2. Crystallographic data of single-crystal XRD refinement of Ca[BeSi2N4] with standard 

deviations in parentheses. 

Formula Ca[BeSi2N4]+ 

Crystal system Hexagonal 

Space group P6̄ (no. 174) 

Lattice parameters / Å a = b =8.369(1), c = 9.190(1) 

Cell volume / Å3 557.43(15) 

Z 6 

Density / g · cm-3 2.833 

Experimental absorption 
coefficient / cm-1 

0.226 

F (000) 480 

Crystal dimensions / μm3 3 × 2 × 1 

Diffractometer ESRF Beamline ID11 

Radiation Synchrotron (λ = 0.30996 Å) 

T / K 293(2) 

Abs. correction Empirical 

θ range  / ° 1.56 − 18.6 

Measured  reflns 5416 

Independent reflns (I < 2 σ(I)) 1198 (1171) 

Friedel fraction coverage 0.990 

Rint, Rσ 0.0523, 0.0491 

Refined parameters 81 

Flack -0.16(17) 

R indices (I≥2σ(I)) R1 = 0.0275, wR2 = 0.0621 

R indices (all data) R1 = 0.0279, wR2 = 0.0623 

GooF 1.126 

Δρmax, Δρmin / e∙Å-3 0.468, -0.961 
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Table S3. Atomic coordinates and equivalent isotropic displacement parameters of 

Ca[BeSi2N4] with standard deviations in parentheses. 

Atom (Wyck.) x y z Ueq (A2) sof 

Ca1 (3k) 0.6805(3) 0.6561(4) 1/2 0.0121(3) 1 

Ca2 (3j) 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 

Be1 (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) 1−y, x−y, z; (ii) x, y, 1−z; (iii) −x+y, 1−x, 1−z; (iv) −x+y, 1−x, z;  

(v) 2−y, 1+x−y, z; (vi) x, y, 2−z; (vii) 2−y, 1+x−y, 2−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 / Å Bond name Bond length / Å 

Ca1—N4i 2.453(7) Si1—N4 1.6903(19) 

Ca1—N2 2.578(3) Si1—N3v 1.734(3) 

Ca1—N2ii 2.578(3) Si1—N2v 1.737(3) 

Ca1—N4 2.627(8) Si1—N1 1.746(3) 

Ca1—N1ii 2.801(3) Si2—N5 1.696(2) 

Ca1—N1 2.801(3) Si2—N1 1.730(3) 

Ca1—N3iii 3.054(4) Si2—N3iv 1.731(3) 

Ca1—N3iv 3.054(4) Si2—N2 1.755(3) 

Ca2—N5v 2.438(8) Be1—N3iv 1.637(2) 

Ca2—N5 2.585(7) Be1—N3 1.637(2) 

Ca2—N1 2.648(4) Be1—N3viii 1.637(2) 

Ca2—N1vi 2.648(4) Be2—N1 1.646(2) 

Ca2—N3vii 2.699(3) Be2—N1ix 1.646(2) 

Ca2—N3v 2.699(3) Be2—N1i 1.646(2) 

Ca2—N2vii 3.044(4) Be3—N2v 1.652(2) 

Ca2—N2v 3.044(4) Be3—N2 1.652(2) 

  Be3—N2x 1.652(2) 

Angle name Angle / ° Angle name  Angle / ° 

N4—Si1—N3v 115.2(2) N1—Si2—N3iv 107.73(15) 

N4—Si1—N2v 112.8(2) N5—Si2—N2 109.6(3) 

N3v—Si1—N2v 106.94(14) N1—Si2—N2 104.46(13) 

N4—Si1—N1 108.7(3) N3iv—Si2—N2 108.07(14) 

N3v—Si1—N1 104.08(13) N2v—Be3—N2 119.96(2) 

N2v—Si1—N1 108.62(13) N2v—Be3—N2x 119.97(2) 

N5—Si2—N1 111.7(3) Si1ii—N4—Si1 156.4(5) 

N5—Si2—N3iv 114.8(3) Si2—N5—Si2vi 151.9(5) 
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Table S5 Crystallographic data of Rietveld refinement of Ba[BeSi2N4] with standard deviations 

in parentheses. 

 

Formula Ba[BeSi2N4]+ 

Crystal system Orthorhombic 

Space group Ama2 (no. 40) 

Lattice parameters / Å a = 8.1377(1), b =9.9995 (2), c = 4.80545(7) 

Cell volume  / Å3 391.04(1) 

Z 4 

Density  / g · cm-3 4.391 

T / K 297(2) 

Diffractometer STOE STADI P  

Radiation  / Å Ag-Kα (λ = 0.5593268) 

Data points 4257 

Total number of reflections 870 

Refined parameters 50 

Background function Shifted Chebyshev (10 parameters) 

R values RP = 0.05735, RP exp. = 0.02729, 

RwP = 0.07452 

RBragg =0.0261 

Goodness of fit 2.731 
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Figure S2. Crystal structure confirmation of Ba[BeSi2N4]. Powder X-ray diffraction diagram 

of Ba[BeSi2N4] with the measured data (black crossmarks), pattern based on Rietveld 

refinement data (red line), difference curve (gray line) and reflection-tickmarks of Ba[BeSi2N4]  

(blue) as well as BaBeSiO4 (dark yellow). 
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Table S6. Crystallographic data of single-crystal XRD refinement of Ba[BeSi2N4] with standard 

deviations in parentheses. 

Formula Ba[BeSi2N4] 

Crystal system Orthorhombic 

Space group Ama2 (no. 40) 

Lattice parameters / Å a = 8.1314(4), b =9.9947(6), c = 4.8017(3) 

Cell volume / Å3 390.24(4) 

Z 4 

Density / g · cm-3 4.401 

Experimental absorption 
coefficient / cm-1 

10.611 

F (000) 464 

Crystal dimensions / μm 15 × 10 × 5 

Diffractometer Bruker D8 Venture 

Radiation Mo Kα (λ = 0.71073 Å) 

T / K 293(2) 

Abs. correction Multi-scan 

θ range / ° 4.078 – 39.211 

Measured  reflns 7593 

Independent reflns (I < 2 σ(I)) 1171 (1084) 

Friedel fraction coverage 0.846 

Rint, Rσ 0.0491, 0.0336 

Refined parameters 43 

Restraints 1 

Flack 0.54(3) 

R indices (I≥2σ(I)) R1 = 0.0227, wR2 = 0.0372 

R indices (all data) R1 = 0.0272, wR2 = 0.0379 

GooF 1.152 

Δρmax, Δρmin / (e∙Å-3) 1.233, -1.765 

 

  



C Supporting Information for Chapter 4 

116 

Table S77. Atomic coordinates and equivalent isotropic displacement parameters of 

Ba[BeSi2N4] with standard deviations in parentheses. 

Atom (Wyck.) x y z Ueq (A2) sof 

Ba1 (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 (8c) 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[BeSi2N4], symmetry operations labeled as 

(i) x, −0.5+y, −0.5+z; (ii) x, 0.5+y, −0.5+z; (iii) 0.5−x, 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, 0.5−y, 0.5+z; (x) −x, 0.5−y, −0.5+z; (xi) x, y, 1+z; (xii) −x, −y, z. Standard deviations in 

parentheses. 

Bond name Bond length / Å Bond name Bond length / Å 

Ba1—N4i 2.750(4) Be2—N6 1.620(5) 

Ba1—N4 2.816(4) Be2—N6iii 1.620(5) 

Ba1—N6iii 2.978(3) Be2—N4vii 1.626(10) 

Ba1—N6 2.978(3) Si3—N5 1.7111(10) 

Ba1—N5iv 2.991(3) Si3—N6 1.745(3) 

Ba1—N5v 2.991(3) Si3—N6x 1.749(3) 

Ba1—N6vi 3.273(3) Si3—N4i 1.750(2) 

Ba1—N6ii 3.273(3)   

Angle name Angle / ° Angle name  Angle / ° 

N6—Be2—N6iii 119.7(6) N6—Si3—N6x 104.2(1) 

N6—Be2—N4vii 119.6(3) N5—Si3—N4i 111.06(17) 

N5—Si3—N6 114.13(18) N6—Si3—N4i 106.75(17) 

N5—Si3—N6x 113.73(14) Si3—N5—Si3xii 174.3(3) 
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Figure S39. Bärnighausen tree of the symmetry descent from P6̄2c to P6̄. Bärnighausen 

tree and of the symmetry descent from P6̄2c to P6̄ and comparison of atomic coordinates 

between Sr[BeSi2N4] and Ca[BeSi2N4]. 
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C.3 Scanning Electron Microscopy 

 

Table S98. Energy dispersive X-ray spectroscopy (EDS) of Ca[BeSi2N4]. Eight sample points 

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

 1 2 3 4 5 6 7 8 Ø 

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[BeSi2N4]. Eight sample points 

taken for elemental analysis.  

 1 2 3 4 5 6 7 8 Ø 

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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Figure S4. SEM image of crystal agglomerates of Ba[BeSi2N4]. Agglomerated crystals of 

Ba[BeSi2N4] 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[BeSi2N4]. Agglomerated crystals 

of Ca[BeSi2N4] 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 

 

 

Figure S6. Luminescence plot of Ba[BeSi2N4]:Eu2+. 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 Sr3Be2O5 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 Sr3Be2O5  

  1 2 3 4 Ø 

Sr3Be2O5 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 Sr3Be2O5:Eu2+ 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-Kα radiation (λ = 0.71073 Å). 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 Kα1 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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Table S2. Crystallographic data from SCXRD 

 Sr3Be2O5:Eu2+ 

Formula mass [g mol–1] 360.88 

Crystal system / space group Monoclinic, P21/c (no. 14) 

Lattice parameters [Å,°] a = 3.7000(7) 

b = 9.600(2) 

c = 7.900(2) 

β = 99.00(3) 

Cell volume [Å3] 277.15(10) 

Formula units per cell Z 2 

X-ray density [g cm–1] 4.324 

Linear absorption coefficient [cm–1] 28.699 

F(000) 324 

Crystal dimensions (mm3) 0.02 × 0.01 × 0.01 

Diffractometer D8 Quest 

Mo-Kα (λ = 0.71073 Å) 

297(2) 

Multi-scan 

 

Radiation 

Temperature [K] 

Abs correction 

θ range [°] 3.365 − 24.121 

Measured  reflns 5067 

Independent reflns (I < 2 σ(I)) 635 (606) [Rint = 0.0817] 

  

Min./max. transmission 0.2788/1.000 

Refined params 49 

GooF 1.179 

R indices (Fo2 ≥ 2σ(Fo2)) R1 = 0.0199, wR2 = 0.0462 

R indices (all data) R1 = 0.0213, wR2 = 0.0467 

min./max. residual electron density (eÅ−3) -1.288/0.793 
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Table S3. Atomic coordinates and equivalent isotropic displacement parameters of 

Sr3Be2O5:Eu2+  

Atom (Wyck.) x y z Ueq (A2) sof 

Sr1 (4e) 0.43613(9) 0.31897(3) 0.15501(5) 0.0074(2) 1 

Sr2 (2a) 0 0 0 0.0050(2) 1 

Be1 (4e) 0.8656(13) 0.1059(5) 0.3557(6) 0.0079(10) 1 

O1 (4e) 0.5768(6) 0.0598(3) 0.2046(3) 0.0076(6) 1 

O2 (4e) 0.0153(7) 0.7604(3) 0.1181(4) 0.0106(6) 1 

O3 (2c) 0 1/2 0 0.0191(10) 1 

 

Table S4. Selected bond lengths and angles in Sr3Be2O5:Eu2+  

Bond name Bond length / Å Bond name Bond length / Å 

Sr1—O3 2.5505(6) Sr2—O2iv 2.480(2) 

Sr1—O2i 2.555(2) Sr2—O2 2.480(2) 

Sr1—O1ii 2.560(2) Sr2—O1iv 2.486(2) 

Sr1—O1iii 2.567(2) Sr2—O1 2.486(2) 

Sr1—O2iv 2.623(2) Sr2—O1viii 2.532(2) 

Sr1—O2iii 2.692(2) Sr2—O1ii 2.532(2) 

Sr1—O3ii 3.1101(6) O1—Be1ix 1.548(4) 

  O2—Be1x 1.549(4) 

Angle name Angle / ° Angle name  Angle / ° 

O1—Be1—O3 

O2—Be1—O3 

O1—Be1—O2 

O2iii—Sr2—O2ix  

O2iii—Sr2—O1x  

O2ix—Sr2—O1x  

O2iii—Sr2—O1xi  

O2ix—Sr2—O1xi  

O1x—Sr2—O1xi 
  

118.892 

118.895 

121.554 

180.00(4)  

87.05(7)  

92.95(7)  

92.95(7)  

87.05(7)  

180.00(13) 

 

O2iii—Sr2—O1  

O2ix—Sr2—O1  

O1x—Sr2—O1
  

O1xi—Sr2—O1  

O2iii—Sr2—O1xii 

O2ix—Sr2—O1xii  

O1x—Sr2—O1xii  

O1xi—Sr2—O1xii  

O1—Sr2—O1xii 

  

89.76(7)  

90.24(7)  

84.99(7)  

95.01(7) 

90.24(7)  

89.76(7)  

95.01(7) 

84.99(7)  

180.000 
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Table S5. Crystallographic data from PXRD 

 Sr3Be2O5 

Formula mass [g mol–1] 360.88 

Crystal system / space group Monoclinic, P21/c (no. 14) 

Lattice parameters [Å,°] a = 3.70237(6) 

b = 9.6069(2) 

c = 7.9004(1) 

β = 99.0076(4) 

Cell volume [Å3] 277.539(8) 

Formula units per cell Z 2 

X-ray density [g cm–1] 4.2227(1) 

Linear absorption coefficient [cm–1] 364.53(1) 

Radiation Cu-Kα1 (λ = 1.5406 Å)  

Temperature 293(2)  

2θ range [°] 5.000 − 106.820 

Number of data points 6789 

Number of observed reflections 333 

Number of parameters 46, thereof 12 background 

GooF 2.2073 

Rwp 0.0717 

Rexp  0.0324 

RP 0.0531 

RBragg 0.0486 
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E.1 Experimental Details 

High-temperature synthesis 

Due to their moisture sensitivity and toxicity, the starting materials, S (GRÜSSING, sublimed 

in vacuo), Be (abcr, 99+%, 325 mesh) and Na2S (ALFA AESAR, 99%) were handled under 

argon atmosphere in a glovebox (Unilab, MBraun, Garching, < 0.1 ppm H2O, O2). 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. Na2BeS2 was 

obtained as a pale yellow, moisture and air sensitive powder. 

Single-crystal X-ray diffraction (SCXRD) 

Single crystals of Na2BeS2 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-Kα radiation, λ = 0.71073 Å, rotating anode, multilayer monochromator) by 

performing a combination of ω- and φ-scans. The corresponding APEX 3 software-package 

was used for indexing and integration, as well as multi-scan semi-empiric absorption 

correction. [1,2]  

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. [3–5]    

Diamond 3 and VESTA were used for structure visualization. [6,7] 

Powder X-ray diffraction (PXRD) 

Samples of Na2BeS2 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-Kα1 radiation, λ = 1.5406 Å, 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. [8-

11] 
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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 Na2BeS2. Standard deviations are given in 

brackets. 

Formula Na2BeS2 

Crystal system orthorhombic 

Space group Ibam (no. 72) 

Molecular weight / g·mol−1 119.11 

Lattice parameters / Å a = 6.0015(4) 

 b = 11.1701(7) 

 c = 5.5179(4) 

Cell volume / Å3 369.91(4) 

Formula units per cell 4 

Calculated X-ray density / g·cm−3 2.139 

Linear absorption coefficient / cm−1 1.406 

Tmin/ Tmax 0.718 

Radiation Mo-Kα (λ = 0.71073 Å) 

Diffractometer Bruker D8 Venture 

θ-range / ° 3.648< θ < 31.433 

Temperature / K 293(2) 

F(000) 232 

Observed reflections 2099 

Independent reflections (> 2σ) 336 (290) 

Number of parameters 16 

Rint; Rσ 0.0596; 0.0438 

Final R indices [I > 2 σ(I)] 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·Å−3 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 / Å2 

S1 8j 0.19157(8) 0.39560(4) 1/2 0.01178(13) 

Na2 8j 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 (Å2). Standard 

deviations are given in brackets. 

Atom U11 U22 U33 U23 U13 U12 

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 Na2BeS2 (Å). Standard deviations are given in brackets. 

Be3–S1 2.1412(4)   Na2–S1 2.9182(10)   
Na2–

Be3 
2.9295(8) 

Na2–S1 2.8019(10)  Na2–S1 2.9263(4)  
Na2–

Be3 
2.9295(8) 

Na2–S1 2.8758(10)   Na2–S1 2.9263(4)  Na2–S1 3.1946(10) 
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Figure S1. Interatomic distances (Å) and coordination polyhedra of Na2BeS2. 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 

 

Figure S2. Measured (black crosses) as well as calculated (red line) PXRD data and difference 

profile (gray) from Rietveld refinement of Na2BeS2. 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 Na2BeS2. 

Formula Na2BeS2 

Crystal system orthorhombic 

Space group Ibam (no. 72) 

Lattice parameters / Å 

a = 6.00133(3) 

b = 11.17358(5) 

c = 5.51616(2)  

Cell volume / Å3 369.894(3) 

Formula units per cell 4 

Calculated X-ray density / g·cm−3 2.13906(2) 

Linear absorption coefficient / cm−1 131.822(1) 

Radiation Cu-Kα1 (λ = 1.540596 Å) 

Monochromator Ge(111) 

Diffractometer STOE Stadi P 

Detector MYTHEN 1K 

2θ-range 5° < 2θ < 101° 

Temperature / K 293 

Data points 6432 

Number of observed reflections 112 

Number of parameters  

(thereof background) 
43(12) 

Profile function fundamental parameter approach[14] 

Background function Shifted Chebyshev 

R indices 

RBragg = 0.02444 

Rp = 0.03580 

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 Na2S and BeS to the target phase 

Na2BeS2.[12] 

 

Na2S + BeS      →                Na2BeS2 

Na2S: 2472 kJ·mol−1 Na2BeS2: 6680 k J·mol−1 

BeS: 4322 kJ·mol−1   

 6794 kJ·mol−1  1.7% difference 

 

Crystal structure comparison 

The crystal structure of Na2BeS2 was compared to the structure of K2SiP2 based on the method 

of G. Bergerhoff. [13,14] 

 

Wyckoff 

Position 

General 

Coordinates 
Atom 1 Atom 2 

4b (1/2,0,1/4) Be Si 

8j (x,y,0) S P 

8j (x,y,0) Na K 
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Chronopotentiometry 

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.  

 

𝜎𝑒𝑜𝑛 =  
1

𝑅𝑒𝑜𝑛

𝑑

𝐴
 𝑤𝑖𝑡ℎ 𝑅𝑒𝑜𝑛 =

𝑈𝑒

𝐼
    (Eq. 1)  

𝜎𝑡𝑜𝑡𝑎𝑙 =  
1

𝑅𝐼𝑅

𝑑

𝐴
 𝑤𝑖𝑡ℎ 𝑅𝐼𝑅 =

𝑈𝐼𝑅

𝐼
       (Eq. 2) 

 

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

 

𝜎𝑖𝑜𝑛 = 𝜎𝑡𝑜𝑡𝑎𝑙 − 𝜎𝑒𝑜𝑛      (Eq. 3) 

  

Figure S3: Room temperature chronopotentiometry measurement of the Na2BeS2 sample 

(d=0.785) using a current of 5 nA. The IR drop and the saturation voltage Ue are annotated. 
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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:[15] 

 

𝑡𝑖𝑜𝑛 =  
𝜎𝑖𝑜𝑛

𝜎𝑖𝑜𝑛+𝜎𝑒𝑜𝑛
=  

3.3∙10−9

3.3∙10−9+1.6∙10−9 = 0.67   (Eq. 4) 
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