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Zusammenfassung

Die Polymorphie von Bi2O3 ist thermisch getrieben, wobei die Hochtemperatur -Phase die 

vielversprechendste für die Verwendung als Festoxid-Elektrolyt in der 

Brennstoffzellentechnologie darstellt. Das Hauptziel dieser Arbeit ist es, die -Phase bei 

Umgebungsbedingungen zu stabilisieren, indem Bi3+ durch andere Kationen ersetzt wird. 

Diese Dissertation konzentriert sich auf die Synthese verschiedener Bi3+-substituierter Serien 

und die Untersuchung der strukturellen Beziehungen zwischen den Phasen, mit besonderem 

Augenmerk auf die Unordnung in der -Phase.

Der Effekt von anionischen und kationischen Fehlstellen sowie dem einsamen Elektronenpaar 

von Bi3+ auf strukturelle Modifikationen wird durch den Austausch von Bi3+ mit In3+-Kationen 

(Kapitel 3) [1] untersucht. Eine Reihe von Sillenit-Verbindungen mit der Formel Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x□0.8-3x (x = 0,03 - 0,27) wird synthetisiert, um zu verstehen, wie sich die 

In3+-Substitution auf die Eigenschaften des Materials auswirkt. Die Festkörpersynthese wird 

verwendet, und die Proben werden durch Röntgenbeugung (XRD), Raman-Spektroskopie, 

UV/Vis diffuse Reflexion und thermogravimetrische Analyse charakterisiert. Die 

Röntgenpulverdaten zeigen, dass für x = 0,03 - 0,08 phasenreine Proben erhalten werden, 

während In2O3 für x > 0,08 als Nebenphase erscheint. Der Gitterparameter verringert sich mit 

zunehmender In3+ Konzentration, was darauf hinweist, dass die kleineren In3+ Kationen Bi3+ 

ersetzen. Die einsamen Elektronenpaare von Bi3+ und Kationen-Fehlstellen verändern die 

Bindungslängen und Raman-Spektren zeigen eine Phononenverhärtung bei reduzierten 

Fehlstellen. Die Bandlücke nimmt mit steigendem In-Gehalt zu, und zusätzliche 

Absorptionsbänder werden für x = 0,03 - 0,08 beobachtet. Stärkere In-O Bindungen verbessern 

die thermische Stabilität, was durch thermogravimetrische Daten bestätigt wird. Der Austausch 

von Bi3+ mit Lanthanoid-Kationen (Kapitel 4) eignet sich für die Bildung der -Phase bei 



verschiedenen Substitutionslevel, wobei die Bildung vom Kationenradius abhängt. Es wird 

eine Serie hochsymmetrischer −(Bi1-xMx)2O3-Phasen, mit M = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb 

und Lu, mittels der Festkörpersynthesemethode synthetisiert, dabei reicht x von 0,05 bis 0,25. 

Rietveld-Verfeinerungen der Röntgenbeugungsdaten werden verwendet, um jede Probe zu 

charakterisieren. Die Art des M3+-Kations und die Zusammensetzung (x) beeinflussen 

erheblich die Transformation von der niedrigsymmetrischen -Phase zur hochsymmetrischen 

-Phase. Der Austausch von Bi3+ durch kleinere M3+-Kationen verringert den Gitterparameter. 

Raman-Spektren bestätigen das Vorhandensein der -Phase und zeigen charakteristische 

Merkmale wie Bandverbreiterung und Blauverschiebungen. Die direkte Bandlücke erreicht 

2,75(4) eV, mit zusätzlichen Absorptionsbändern, die auf anionische Defekte hinweisen. Die 

thermische Stabilität wird durch Veränderungen der Bi/M–O-Bindungsstärke erklärt, wobei ein 

endothermer Peak auf Ordnungs-Unordnungs-Übergänge in der -Phase hinweist. Die 

komplexen strukturellen Modifikationen in der -Phase werden weiter untersucht, indem Bi3+ 

mit Cr3+ und Ta5+-Kationen (Kapitel 5) substituiert wird. Zwei Serien werden untersucht: die 

Cr-Serie (x = 0,15 bis 0,30) und die Ta-Serie (x = 0,05 bis 0,30). Während der Synthese bei 

1273 K wird Cr3+ zu Cr6+ oxidiert, was zu einem gemischten Oxidationszustand führt, der 

durch Röntgenphotoelektronenspektroskopie identifiziert wird. Die Cr-Serie zeigt eine stabile 

-Phase mit konstantem Gitterparameter, während die Ta-Serie mit zunehmendem x von der -

Phase zur -Phase übergeht. Raman-Spektroskopie und Rietveld-verfeinerte 

Röntgenbeugungsdaten bestätigen die Phasen. Die Bandlückenenergie beträgt 2,27(2) eV für 

die Cr-Serie und 2,93(2) eV für die Ta-Serie bei x = 0,25. Defektbezogene Absorptionsbänder 

zeigen Sauerstofffehlstellen in beiden Serien und bestätigen damit die strukturellen 

Modifikationen in der -Phase.
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Summary

The polymorphism of Bi2O3 is thermally driven, with the high-temperature -phase being the 

most promising for use as a solid oxide electrolyte in fuel cell technology. The main goal of 

this work is to stabilize the -phase at ambient conditions by substituting Bi3+ with other 

cations. This dissertation focuses on synthesizing various Bi3+ substituted series and 

investigating the structural relationships between phases, with particular attention to the 

disorder present in the -phase.

The effect of anionic and cationic vacancies, along with the lone electron pair of Bi3+, on 

structural modifications is studied by substituting Bi3+ with In3+ cations (Chapter 3) [1]. A 

series of sillenite compounds with the formula Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x□0.8-3x 

(x = 0.03 - 0.27) is synthesized to understand how In3+ substitution affects the material's 

properties. Solid-state synthesis is used, and the samples are characterized by X-ray diffraction 

(XRD), Raman spectroscopy, UV/Vis diffuse reflectance, and thermogravimetric analysis. X-

ray powder refinement reveals phase-pure samples for x = 0.03 - 0.08, with In2O3 appearing as 

a minor phase for x > 0.08. The lattice parameter decreases with increasing In3+ concentration, 

indicating that smaller In3+ cations replace Bi3+. The lone electron pairs of Bi3+ and cation 

vacancies modify bond lengths, and Raman spectra show phonon hardening with reduced 

vacancies. The bandgap increases with In content, and additional absorption bands are 

observed for x = 0.03 - 0.08. Stronger In-O bond enhances thermal stability, as confirmed by 

thermogravimetric data. The substitution of Bi3+ with rare earth metal cations (Chapter 4) is 

suitable for the formation of the -phase at various substitution levels, with the formation 

depending on the cationic radius. A series of high-symmetric −(Bi1-xMx)2O3 phases, where 

M = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, are synthesized using the solid-state method, with 

x ranging from 0.05 to 0.25. XRD data Rietveld refinement is used to characterize each sample. 



The type of M3+ cation and the composition (x) significantly influence the transformation from 

the low-symmetric -phase to the high-symmetric -phase. Substitution of Bi3+ with smaller 

M3+ cations decreases the lattice parameter. Raman spectra confirm the presence of the -phase 

and show distinct features, such as band broadening and blue shifts. The direct bandgap reaches 

2.75(4) eV, with additional absorption band indicating anionic defect. Thermal stability is 

explained by changes in Bi/M–O bond strength, with an endothermic peak indicating order-

disorder transitions in the -phase. The complex structural modifications in the -phase are 

further studied by substituting Bi3+ with Cr3+ and Ta5+ cations (Chapter 5). Two series are 

studied: the Cr-series (x = 0.15 to 0.30) and the Ta-series (x = 0.05 to 0.30). During synthesis 

at 1273 K, Cr3+ is oxidized to Cr6+, resulting in a mixed oxidation state, identified by X-ray 

photoelectron spectroscopy. The Cr-series shows a stable -phase with a constant lattice 

parameter, while the Ta-series transitions from the -phase to the -phase as x increases. Raman 

spectroscopy and XRD data Rietveld refinement confirm the phases. The bandgap energy is 

2.27(2) eV for the Cr-series and 2.93(2) eV for the Ta-series at x = 0.25. Defect-related 

absorption band indicate oxygen vacancies in both series, further confirming the structural 

modifications in the -phase.
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Thesis structure

This dissertation presents cumulative research on the polymorphism and stabilization of the -

phase of Bi2O3, focusing on its crystal structures, applications, and stabilization at ambient 

conditions. Chapter 1 discusses the temperature-dependent polymorphism of Bi2O3, with 

particular emphasis on the -phase. Chapter 2 outlines the experimental methods for synthesis 

and characterization used throughout the research. Chapter 3 explores indium-containing 

sillenite semiconductors, detailing their synthesis, structural, spectroscopic, and 

thermogravimetric properties, with results published in a peer-reviewed journal (DOI: 

10.1111/jace.19231). Chapter 4 investigates the stabilization of the -phase in (Bi1-xMx)2O3 

using rare-earth cations (M = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), employing structural, 

spectroscopic, and thermal analyses. Chapter 5 examines the impact of Mn+ charge and size 

on -phase formation, focusing on M = Cr and Ta. Chapter 6 further explores potential cations 

for Bi3+ substitution to stabilize the -phase, supported by structural investigations. Each 

chapter includes the relevant references at the end.



Chapter 1

Introduction

Bismuth oxide is versatile material with significant applications in areas such as piezoelectric 

device [1, 2], ferroelectric [3], electro-optic [4], high-temperature superconductor [5, 6], and 

catalyst [7, 8]. Among the various polymorphic phases of Bi2O3, the -phase stands out due to 

its unique properties, particularly its high oxide ion conductivity (OIC) [5]. This high OIC is 

attributed to the substantial number of oxygen vacancies within its structure, which enable the 

efficient movement of oxygen ions (O2-) through the lattice [5]. This characteristic makes the 

-phase a promising candidate for applications in solid oxide fuel cell [6] and other high-

temperature electrochemical processes [5]. The δ-phase of Bi2O3 adopts a face-centered cubic 

structure, commonly referred to as the CaF2-type structure, with a space group of Fm3̅m 

(no. 225) and a lattice parameter of 566.07(7) pm [9]. In this phase, the Bi3+ ions are surrounded 

by oxygen vacancies within the oxygen sublattice [9], significantly contributing to the high 

OIC [9-12]. Additionally, the Bi3+ ions possess 6s2 lone-pair electrons (LEP), which enhance 

the polarizability of the cations, further facilitating the mobility of oxygen ions [12-14]. 

However, the -phase is only stable within a narrow temperature range of approximately 

1002 K – 1097 K [9]. Beyond this range, it transitions to other phases, such as the -phase 

(tetragonal) or -phase (cubic) [15, 16]. At ambient conditions, Bi2O3 predominantly exists in 

the -phase, which is monoclinic in structure [17]. The transformation from -phase to -phase 

is driven thermally [5, 11]. A key challenge for the practical use of the -phase is its limited 

temperature stability [5]. Above ~1097 K, the -phase melts, while below ~1002 K, it 

transforms into the - or -phase [11, 15, 18]. These metastable phases can occur under specific 

conditions, such as rapid cooling or high-temperature treatments, where the stability of the 

structure is influenced by temperature, pressure, and composition [5, 18-38]. This highlights 



the importance of controlled synthesis to achieve the desired properties for practical 

applications.

The -phase has lattice parameters of a = 584.44(2) pm, b = 815.74(3) pm, and 

c = 750.32(3) pm, with β = 112.97(1) [17]. In this phase, the Bi3+ ions are located in a highly 

distorted anion environment, where they occupy two Wyckoff sites near the center of a distorted 

square pyramid of O2- ions. In the -phase, the lattice parameters are a = 774.39(3) pm and 

c = 562.87(3) pm [9]. In this phase, only one Wyckoff site for Bi3+ is observed, forming a 

distorted square pyramidal geometry (BiO5). Both the - and -phases accommodate the LEP 

of the Bi³⁺ ions in such a way that they are centered within an irregular octahedron of anions, 

with one vertex left vacant due to the orientation of the LEP [9]. The -phase and -phase are 

closely related in terms of their Bi3+ cation sublattice, with the -phase being slightly more 

distorted than the -phase [9]. However, the anionic sublattice in the -phase differs 

significantly from that in the -phase, where extensive dynamic disorder is observed in the 

latter [12-14]. Another metastable phase of Bi2O3 is the -phase, also known as sillenite. This 

phase has a lattice parameter of a = 1025.01(5) pm [39]. The Bi3+ cations in the -phase occupy 

two distinct Wyckoff sites, forming BiO5E nido-octahedra and BiO3E nido-tetrahedra [39, 40]. 

Additionally, cation vacancies are present in the central position of the BiO3E nido-tetrahedra, 

which contributes to structural modifications within the -phase [40]. The impact of LEP and 

cation vacancies on the structure of the -phase is further discussed in chapter 3.

Stabilizing the -phase of Bi2O3 often requires significant substitution of Bi3+ cations, which 

can result in grain boundary resistance and microstructural non-uniformity [41, 42]. Excessive 

doping may also reduce the polarizability of the cations, negatively impacting the OIC [43]. To 

enhance the stability of the -phase over a broader temperature range, Bi3+ substitution with 

rare earth metals such as Gd3+, Dy3+, Ho3+, and Er3+ is commonly used [40, 44-46]. The ionic 



radius of the substituted cation is crucial in stabilizing the cubic structure, with smaller ionic 

radii like those of Gd3+ and Dy3+ being particularly effective [47]. The lattice parameter of the 

-phase typically ranges from 540 pm to 551 pm [41, 43, 46-48], though this can vary 

depending on the level of substitution and preparation conditions. Substituting Bi3+ with 

elements like yttrium (Y), tungsten (W), and vanadium (V) has been shown to improve the 

thermal stability of the -phase [42, 49, 50]. The polarizability of the substituted cations, which 

affects the local electron cloud of oxygen, also plays a significant role in phase stabilization. 

Cations with high polarizability, such as Yb3+, tend to enhance the stability of the -phase. 

Several series of (Bi1-xMx)2O3, where M includes elements like Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, 

and Lu, have been studied to determine the conditions for pure δ-phase formation and to assess 

the influence of disorder in the oxygen sublattice. These studies are discussed in chapter 4. 

Other series, including Sc, Ti, Cr, Zr, Mo, Ta, W, Al, Ga, Ge, Sn, Sb, Te, La, Ce, and Eu, are 

explored briefly in chapters 5 and 6. Notably, the substitution of Bi3+ with Cr3+ complicates 

-phase formation due to the easy oxidation of Cr3+ to Cr6+ [51]. X-ray diffraction analysis 

reveals faint extra peaks, particularly at low 2 angles, indicating three-dimensional 

incommensurate modulation in the -phase [51], a trend also observed in Mo and W series [52, 

53]. The disorder in the oxygen sublattice can be tracked using Raman spectroscopy [54], 

where peak broadening in the high-frequency Raman band suggests distortion in the BiOx 

polyhedra [40, 54-57]. Thermal analysis supports these structural modifications, showing that 

metastable phases undergo complex thermal decomposition, transitioning to stable phases 

through intermediate amorphous or crystalline states [18]. These findings highlight the role of 

metastable melts in influencing defective structures.
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Chapter 2

Experimental methods

2.1. Synthesis

The compounds are synthesized using a solid-state method, where stoichiometric amounts of 

metal oxides and bismuth oxide are mixed in an agate mortar and heated in corundum crucible. 

For the - and -phases, the mixture is heated at 923 K for 24 h, followed by air quenching, 

and then further heated at 1073 K for 24 h with another quenching step. The -phase is 

synthesized by mixing metal nitrates and oxides with glycerin, followed by heating at 363 K 

for one hour and 473 K for another hour under stirring. The mixture is then ground and heated 

at 973 K for 30 h, followed by 1073 K for 24 h. For mixed phases, metal oxides and bismuth 

oxide are heated at 923 K for 24 h, followed by intermediate grinding and heating at 1073 K 

for various times, often with air quenching between stages. For specific compositions like (Bi1-

xSnx)2O3+x, heating occurs in two stages, first at 923 K for 24 h and then at 1073 K for 24 h, 

with an ice-water quenching step. Other compositions, such as (Bi1-xSbx)2O3, are heated in 

multiple stages at different temperatures (923 K, 983 K, and 1213 K), with intermediate 

grinding and quenching. Compositions like (Bi1-xTex)2O3+x are heated at 983 K for 18 h, while 

(Bi1-xScx)2O3 is heated at 1073 K for 24 h. (Bi1-xTix)2O3+x is heated at 1073 K for 18 h, and (Bi1-

xZrx)2O3+x is heated at 923 K and 1073 K for 24 h, with intermediate grinding and quenching. 

Finally, (Bi1-xMox)2O3+3x and (Bi1-xWx)2O3+3x are heated at 923 K for 24 h, followed by 1073 K 

for eight days, with intermediate grinding and air quenching. The synthesis process of each 

compound is described in detail in chapter 3 to 6.



2.2. Microscopy

Scanning electron microscopy (SEM) is performed using a JMS-6510 (JEOL) with a X-Flash 

410-M detector (Bruker) for energy dispersive X-ray spectroscopy (EDX) analysis. Samples 

are placed on conducting carbon tabs, gold-sputtered for 20 s with a JFC-1200 coater (JEOL), 

and then inserted into the SEM chamber.

2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurement has been performed on a Specs GmbH 

customized spectrometer, equipped with a Phoibos 150 hemispherical electron analyzer and a 

1D-DLD Detector. Monochromatized Al radiation (E = 1486.6 eV) operated at 15 kV and 

200 W has been used for excitation, and the pressure in the analysis chamber was about 10-

10 mbar. An electron flood gun has been used to compensate for charging. All spectra have been 

referenced to the C1s peak at a value of 284.5 eV. The spectrometer was operated in Medium 

Area Mode. The survey spectrum has been collected at a pass energy of 50 eV, and the high-

resolution spectra were measured at 20 eV.

2.4. Powder X-ray diffraction 

X-ray powder diffraction (XRPD) pattern are recorded on a Bruker D8 Discover powder 

diffractometer using Bragg-Brentano geometry with CuKα1,2 (λkα1 = 154.05929(5) pm, 

λkα2 = 154.4414(2) pm) radiation. The measurements are taken at ambient condition with a step 

size of 0.0167° and a total data collection time of 75 s/step. The fundamental parameter 

approach, where the fundamental parameters are fitted against a LaB6 standard material, is 

applied for the Rietveld refinement using ‘DiffracPlusTopas 6’ software (Bruker AXS GmbH, 

Karlsruhe, Germany). During Rietveld refinements, the background, sample displacement, 

atomic coordinates, and occupancy parameters are optimized. The average crystallite size 



(ACS) and microstrain (MS) are calculated from the observed all X-ray reflections, using the 

fundamental approach, where ACS and MS are defined as LVol(IB) and 0 by the TOPAS 

software [1].

The bond valence sum (BVS) is a method [2] derived from Pauling's second rule. The BVS 

method is derived from a large number of crystal structures and is based on structural chemistry 

principles. In this theory, the valence of an atom is distributed across each bond it forms, and 

each bond has a specific bond valence Si. The bond valence is related to the bond length through 

the equation:

𝑆𝑖 = 𝑒𝑥𝑝 [(𝑅0 − 𝑅𝑖)𝐵 ]
where Ri is the observed bond length, R0 is the ideal bond length for the atom [3] when it has 

the exact valence, and B is an empirical constant, typically 37.0 pm. If the coordination 

environment of an atom is known, the BVS is calculated as:𝐵𝑉𝑆 = ∑ 𝑆𝑖𝑖
2.6. Raman spectroscopy

Raman spectra are recorded on a LabRam ARAMIS (Horiba JobinYvon, New Yersey) confocal 

Raman microscope with an excitation energy of 784 nm and 532 nm laser, respectively. Where 

suitable laser (transparent region) is identified by the UV/Vis diffuse reflectance spectrum. A 

50× objective, a moving grating of 1800 grooves/mm and a thermodynamically cooled CCD 

detector (Synapse, 1024×256 pixels) provide the spectral width of about 1 cm-1 for 784 nm 

laser and 3 cm-1 for the 532 nm laser. The spectral positions are calibrated against the Raman 

mode of silicon at 520.7 cm-1 before the measurement.



2.7. UV/Vis diffuse reflectance spectroscopy

UV/Vis diffuse reflectance spectra are recorded at room temperature on a Shimadzu UV-2600 

(Shimadzu, Kyoto, Japan) spectrometer. Data are collected in the range between 190 nm to 

850 nm with a step size of 1 nm. BaSO4 powder is used as the reference standard for baseline 

correction. The bandgap energies and the types of transition are determined using the RATD 

method described elsewhere [4].

2.8. Thermogravimetric analysis

TGA/DSC measurements are carried out using TGA/DSC 3+STARe System of Mettler Toledo. 

Each sample is measured with a heating rate of 10 K/min and a continuous N2 flow of 

20 mL/min from 298 K to 1473 K. An amount of 10.0(1) mg of power sample is measured 

relative to an empty Al2O3 crucible reference. The drift correction to the data is applied using 

an empty crucible measurement.
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Abstract

Sillenite-type ceramics are non-centrosymmetric phases of ongoing research interest because 

of their structural defects and optoelectronic properties. We report a series of sillenite 

compounds with a general composition Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x□0.8-3x for 

x = 0.03 - 0.27 to understand how the crystal-physico-chemical properties change with a 

successive filling of empty Bi3+ positions in the tetrahedral site by In3+ cation. Conventional 

solid-state synthesis method is used to prepare the micro-crystalline samples. Each sample is 

characterized by X-ray diffraction, Raman, UV/Vis diffuse reflectance spectroscopy and 

thermogravimetry (TG/DSC). X-ray powder data Rietveld refinement reveals that phase-pure 

samples can be obtained for x = 0.03 - 0.08 in the space group I23. Appearance of starting In2O3 

as minor phases with the final products for 0.10 < x < 0.27 suggests for xmax = 0.08. The 

successive decrease of the lattice parameter indicates the incorporation of smaller In3+ cations 

in the structure. The effect of the lone electron pairs of Bi3+ and the structural cation vacancies 

lead to modification of the interatomic bond lengths. At least one Raman active phonon mode 

shows hardening for decreasing cation vacancy concentration in the system. The bandgap 

energy increases with increasing indium content. An additional absorption band at lower energy 

for x = 0.03 - 0.08 complements the theoretical study, which completely disappears for x > 

0.08. The stronger In-O bonds play pivotal roles in thermal stability of the phases studied by 

TGA/DSC analysis. 

Keywords: Sillenite ceramic, ion-vacancy, crystal structure, bandgap, thermal stability



1. Introduction
Most sillenite-type ceramics crystalize in the space group I23. The non-centrosymmetry of this 

space group is a precondition for piezoelectricity and second-harmonic generation [1]. The 

sillenite representative of Bi2O3 ceramics is γ-Bi2O3 [2] –a metastable high-temperature phase. 

Based on intensive crystal structural studies [3-9], the structural formula of γ-Bi2O3 [2] can be 

written as Bi12[Bi3+O3E]0.8[□O4]0.2O16 for Z = 2, where the centroid of the □O4 tetrahedra is 

occupied by a cation vacancy (□). The centroid of both Bi3+O3E tetrahedra and Bi3+O5E 

octahedra keeps a stereochemically active 6s2 lone electron pair (LEP; E in formula) instead of 

one ligand oxygen. The crystal structure [10, 11] and the appearances of different polyhedra 

are depicted in figure 3.1. The Bi3+ cations locate on both 24f and 2a sites comprising of BiO5E 

nido-octahedra and BiO3E nido-tetrahedra, respectively. The BiO5E polyhedra share the 

common edge O(1II)-O(1III) link (superscripted Roman numerals refer to three different Bi(1)-

O(1) bond distances). The other corners are connected to BiO3E tetrahedra sharing the common 

vertices O(3) atoms. According to the Wang-Liebau eccentricity (WLE) parameter [12, 13], the 

Bi3+cation on the 2a site possesses much stronger stereochemical activity than those on the 24f 

site. As such, the BiO5E polyhedra can be regarded as a distorted octahedron with axial O(1I) 

and E, where the equatorial plane is formed by O(lII), O(lIII), O(2) and O(3) atoms [14]. In ideal 

sillenites such as Bi12GeO20 [14], the tetrahedrally coordinated 2a site is fully occupied by 

Ge4+cations due to charge and size, showing regular GeO4 tetrahedra (e.g., Fig. 1c) without any 

vacancies. Ti4+ cations, on the other hand, exceed the optimum size, giving rise to a certain 

local stress in the structure with distorted TiO4 tetrahedra [14]. Phase pure M3+ sillenites can 

possess both oxygen and cation vacancies on the tetrahedral sites [15], and their physico-

chemical properties depend on the 2a site substitution [14]. 



Figure 3.1: Crystal structure of In3+ containing sillenite Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x for 
x = 0.05 with BiO5E and BiO3E (top right) or (Bi,In,□)O4 polyhedral linkages, showing three 
possible configurations: (a) cation vacancy as □O4 tetrahedra, (b) oxygen vacancy as dashed 
circle and (c) without oxygen/cation vacancies. The 6s2 lone electron pairs of Bi3+ cations with 
possible orientations are shown as transparent half-circles.

Sillen as early as in 1937 [16] proposed the possibility of stabilizing metastable γ-Bi2O3 with 

incorporation of small amount of other cations. The prediction can be well judged from the 

follow-up studies on sillenite-type structures with numerous Mn+ cations (e.g., Al3+, Si4+, P5+, 

Ti4+, V5+, Mn4+, Fe3+, Zn2+, Ge4+, As5+, Cd2+, Tl3+) [11, 14, 15, 17-23] mainly on the 2a site. 

Craig et al. [24], however, proposed the presence of Bi5+on the 2a site although Bi5+ is known 

to be unstable at high temperatures [15, 18]. As such, debates on the chemical compositions 

and the crystal structures of some sillenites are still open [25]. The degree of Bi3+ substitution 

and the associated vacancies depend on the size and formal valance of the cations. Indeed, for 

γ-Bi2O3 the structural formula Bi12[Bi8/10□2/10][O19.2□0.5+3/10] keeps, beside the charge balancing 



anion voids (□0.5), both cation deficiency (□2/10) and anion vacancy (□3/10). Incorporation of 

other cations without LEP on the vacant sites can import necessary oxygen for charge 

compensation, leading to formation of unstable Bi3+O4 polyhedra. An additional oxygen anion 

into the 8c site is only possible when the O(3) concentration or the stereochemically activity of 

LEPs is decreased. This condition limits the chemical substitution of Bi3+ cation on the 2a sites 

of sillenites. Based on the structural conditions required for the isomorphous substitution in 

sillenites Valant et al. [15] proposed a general formula Bi12(Bi3+
4/5-nxMn+

5x□1/5-(5-n)x)O19.2+nx for 

γ-Bi2O3, which conveniently serves for substitution of a given cation of valence n = 2 - 5. The 

upper limit of substitution (xmax) depends on how the vacancies in the tetrahedra are filled by 

oxygen. That is, based on this upper limit (zero vacancy for 1/5 – 2x = 0), substitution of a tri-

valent cation in the tetrahedral site allows xmax ~ 0.1. As such, for the present investigation we 

follow the chemical formula Bi12(Bi3+
4/5-3xMn+

5x□1/5-2x)O19.2+3x for a successive substitution of 

Bi3+ by In3+ in the 2a site. This study particularly emphasizes on how the crystal-physico-

chemical properties change upon successive replacement of LEP-containing Bi3+ by In3+ 

(without LEP) on the 2a site of a solid solution of Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x ceramics.

2. Experimental 
2.1. Synthesis

All samples are prepared by mixing stoichiometric amount of Bi(NO3)3·5H2O (98%, Thermo 

Scientific) and In2O3 (99.99%, Thermo Scientific) with 20 wt.% glycerin into a glass beaker 

and heated at 363 K under constant stirring for an hour, followed by further heated at 473 K 

for another hour. Afterward, the fluffy mass is ground in an agate mortar and put into a 

corundum crucible. Finally, the samples are sequentially heated with a heating rate of 200 K/h 

at 973 K for 30 h and at 1073 K for 24 h.



2.2. Microscopy

Scanning electron microscopy (SEM) is carried out using a JMS-6510 (JEOL) equipped with 

an X-Flash 410-M detector (Bruker) for energy dispersive X-ray spectroscopy. A small amount 

of sample is taken on conducting carbon tabs and sputtered with gold for 20 s with a JFC-1200 

coater (JEOL) followed by inserting them into the SEM chamber.

2.3. X-ray diffraction

X-ray powder diffraction (XRPD) pattern are recorded on a Bruker D8 Discover powder 

diffractometer using Bragg-Brentano geometry with CuKα1,2 (λkα1 = 154.05929(5) pm, 

λkα2 = 154.4414(2) pm) radiation. The measurements are taken at ambient condition with a step 

size of 0.0167° and a total data collection time of 75 s/step. The fundamental parameter 

approach, where the fundamental parameters are fitted against a LaB6 standard material, is 

applied for the Rietveld refinement using ‘DiffracPlusTopas 6’ software (Bruker AXS GmbH, 

Karlsruhe, Germany). The starting lattice parameters and atomic coordinates are taken from 

the crystal structure of γ-Bi2O3 [2] (ICSD Coll. Code 71917). During Rietveld refinements, the 

background, sample displacement, atomic coordinates and lattice parameters are optimized. In 

all cases, the isotropic displacement parameters are constrained between atoms located at the 

same Wyckoff site (Bi3+/In3+), and their occupancy parameters are refined. The WLE parameter 

is the absolute value of the sum of the vectors (Φi) as defined by Wang and Liebau [12], which 

measures the deformation density of the LEP. The direction of each Φi is considered along the 

line from the cation nucleus to the approximate center of the deformation density of the LEP. 

The bond valence sum of a given cation has been calculated using the formula suggested by 

Brown [26], where the bond valence parameter has been taken from Brese and O'keeffe [27].



2.4. Raman spectroscopy

Raman spectra are recorded on a LabRam ARAMIS (Horiba JobinYvon, New Yersey) confocal 

Raman microscope with a 785 nm exciting laser. The spectra are collected from 100 to 

1000 cm-1. A 50× objective, a moving grating of 1800 grooves/mm and a thermodynamically 

cooled CCD detector (Synapse, 1024×256 pixels) provide the spectral width of about 1.1 cm-

1. The spectral positions are calibrated against the Raman mode of silicon at 520.7 cm-1 before 

the measurement.

2.5. UV/Vis diffuse reflectance spectroscopy

UV/Vis diffuse reflectance spectra are recorded at room temperature on a Shimadzu UV-2600 

(Shimadzu, Kyoto, Japan) spectrometer. Data are collected in the range between 190 to 850 nm 

with a step size of 1 nm. BaSO4 powder is used as the reference standard for baseline 

correction. The bandgap energies and the types of transition are determined using the RATD 

method described elsewhere [28].

2.6. Thermogravimetric analysis

TGA/DSC measurements are carried out using TGA/DSC 3+STARe System of Mettler Toledo. 

Each sample is measured with a heating rate of 10 K/min and a continuous N2 flow of 

20 mL/min from 298 K to 1473 K. An amount of 11.3(1) mg of power sample is measured 

relative to an empty Al2O3 crucible reference. The drift correction to the data is applied using 

an empty crucible measurement.



3. Results and Discussion

Crystal structure

Each In3+-containing sillenite exhibits distinctive color, as shown in figure S3.1 

(Supplementary Information). The scanning electron micrographs are shown in figure S3.2, 

depicting the distribution of average micrometer-sized particles. The XRPD patterns of 

Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x for x = 0.03 - 0.27 are shown in figure S3.3 – S3.6. XRPD 

data Rietveld refinements confirm that for x = 0.03 – 0.08 the samples are phase pure. A 

representative Rietveld refinement plot for x = 0.05 is shown in figure 3.2, and the crystal 

structure parameters are given in table 3.1.

Figure 3.2: X-ray powder diffraction data Rietveld plot of Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x 
with x = 0.05.

During the Rietveld refinements, bismuth has been found both on 24f (Bi1) and 2a (Bi2) 

Wyckoff positions. Taking In3+ to be co-shared with Bi3+ on the 24f site the refinement results 

in negative values for either the occupancy or the isotropic displacement parameters. 

Successive refinement trials reveal mixed occupancy of In3+ and Bi3+(2) on the 2a site with a 

better convergence statistics (e.g., improved Rwp) for the (Bi,In)O4 tetrahedral geometry. While 



In3+ cations are mostly found with six coordination, purely InO4 tetrahedral coordination is also 

not rare in crystalline compounds. For instance, fourfold coordination of In3+ cation in 

Na26O3[InO4]4 (Z = 4) are known from single crystal X-ray data refinements [29]. The sharp 

decrease of the lattice parameter, as shown in figure 3.3, indicates the incorporation of smaller 

In3+ cations on the 2a position of the sillenite structure.

Table 3.1: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.03 - 0.10 in Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x in the cubic space group I23.

x = 0.03; Rwp = 5.20, Rp = 3.79, RB = 3.67
Atom Site Occupancy x y z B /10-4 pm2

Bi1 24f 1 0.177(2) 0.318(2) 0.011(2) 1.34(1)
Bi/In2 2a 0.81/0.19(1) 0 0 0 2.18(2)
O1 8c 1 0.141(2) 0.257(2) 0.489(3) 0.88(2)a

O2 24f 1 0.172(2) 0.172(2) 0.172(2) 0.88(2)a

O3 8c 1 0.869(2) 0.869(2) 0.869(2) 0.88(2)a

x = 0.05; Rwp = 5.77, Rp = 4.20, RB = 4.07
Bi1 24f 1 0.176(2) 0.319(1) 0.013(1) 1.35(2)
Bi/In2 2a 0.61/0.39(1) 0 0 0 2.09(2)
O1 8c 1 0.130(2) 0.250(2) 0.484(3) 1.08(2)b

O2 24f 1 0.183(2) 0.183(2) 0.183(2) 1.08(2)b

O3 8c 1 0.883(2) 0.883(2) 0.883(2) 1.08(2)b

x = 0.08; Rwp = 5.27, Rp = 3.84, RB = 3.72
Bi1 24f 1 0.176(2) 0.319(1) 0.013(1) 0.89(2)
Bi/In2 2a 0.57/0.43(1) 0 0 0 1.93(1)
O1 8c 1 0.131(2) 0.254(2) 0.483(3) 1.33(1)c

O2 24f 1 0.183(2) 0.183(2) 0.183(2) 1.33(1)c

O3 8c 1 0.889(2) 0.889(2) 0.889(2) 1.33(1)c

x = 0.10; Rwp = 6.73, Rp = 4.90, RB = 4.75
Bi1 24f 1 0.177(2) 0.319(1) 0.013(1) 0.91(2)
Bi/In2 2a 0.53/0.47(1) 0 0 0 2.80(1)
O1 8c 1 0.126(2) 0.248(2) 0.471(3) 2.81(2)d

O2 24f 1 0.179(2) 0.179(2) 0.179(2) 2.81(2)d

O3 8c 1 0.889(2) 0.889(2) 0.889(2) 2.81(2)d

a,b,c,dIsotropic displacement parameter (B) of O(1), O(2) and O(3) with the same letter are linearly constraint to each other.



An abrupt change of the metric parameter behavior can be seen at x = 0.10 with a further 

slightly increase of the lattice parameter and the concomitant appearance of In2O3 as secondary 

phase which increases with increasing x. At this stage, why the lattice parameter increases again 

with increasing indium concentration remains unclear. 

Figure 3.3: Evolution of metric parameter in changing the compositional x in Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x, where the value x = 0 is taken from Radaev et al. [2]. The excess In2O3 

obtained (square) and theoretical ones (diamond) is given in the inset, together with respective 
guideline to the eye.

Either indium further replaces bismuth on the Bi(2) position which is expected to further 

decrease the lattice parameter, or indium replaces bismuth on the Bi(1) position which leads to 

a reduction of the influence of the stereochemically active lone pairs. We assume that the latter 

one is the case, leading to less distortion of the nido-octahedra by shifting the equatorial plane 

further away from the apex O(1I) atom, as the strength of the LEP E1 decreases (Fig. 3.1). This 

might trigger slightly a spatial requirement at the cost of an enlarged lattice parameter. The 

cation vacancy and the orientation of LEP in BiO3E tetrahedra play significant structural roles 

for the averaged <Bi–O> bond distances both for the BiO5E nido-octahedra and BiO3E nido-



tetrahedra [2]. The <Bi(2)–O(3)> bond length decreases with increasing In-content in the 

structure, as shown in figure 3.4 due to smaller cationic size of In3+ cation than that of the Bi3+ 

cation [30]. As such, the number of InO4 tetrahedra increases with successive decrease of the 

cation vacancy and the BiO3E tetrahedra as well.

Figure 3.4: Evaluation of (a) <Bi(2)–O> and (b) <Bi(1)–O> bond distances in BiO3E and 
BiO5E polyhedra, respectively for the compositional x in Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x, 

where the value of x = 0 is taken from Radaev et al. [2].

The apparent saturation of the <Bi(2)–O(3)> bond length at about 197(2) pm between x = 0.08 

and x = 0.10 can be explained in terms of the theoretical limit of the cation vacancy. In the 

octahedra, the <Bi(1)–O(3)> slightly increases, which, however, remains almost constant 

including x = 0 [2]. The octahedral <Bi(1)–O(1III)> and <Bi(1)–O(1I)> bond distances linearly 

increase (Fig. 3.4b). An opposite trend is observed for <Bi(1)–O(2)> and <Bi(1)–O(1II)> bond 

distances, which slightly and sharply decrease, respectively. The change of the <Bi(1)–O(3)> 

bond distance in BiO5E can be explained in terms of concomitant decrease of cation vacancy 

concentration and LEP-effect as the vacancies on Bi(2) site are filled by In3+. The saturation of 

the bond-length changes above x = 0.08, indicating to a maximum incorporation of indium on 

this position. The linking <Bi(1)–O(3)> bond distance increases up to a saturation of about 

256(2) pm, keeping the <Bi(1)–Bi(2)> distance around 373(1) pm at the expense of the change 

of the Bi(1)-O(3)-Bi(2) angle. The significant decrease of the <Bi(1)–O(1II)> bond length can 



be related to the rearrangement of the LEPs and the associated Bi(1)O5E(1) geometry. Here, 

E(1) is the active LEP at Bi(1) and E(2) those of Bi(2). Because, E(2), O(1II), O(1III) and O(2) 

are on a (pseudo-)plane where the <Bi(1)–O(1II)> bond distance is strongly influenced by E(2). 

Figure 3.5: Change of (a) the absolute value of the WLE parameter (Φ) of Bi3+ cation on the 
2a (Bi2) and 24f (Bi1) sites with respect to the compositional x in Bi12(Bi3+

4/5-3xIn3+
5x□1/5-

2x)O19.2+3x. (b) The correlation between the average WLE parameter and bond valence sum 
(BVS) of the BiO3E/InO4 polyhedra. Respective values for x = 0 (triangles) are taken from 
Radaev et al. [2].

The saturation of the mentioned bond distances apparently suggests that the In3+ cations fill the 

2a site’s cation vacancies, which is approximately limited to x = 0.10, instead of replacing the 

Bi3+ cations in the Bi(2)O3E(2) tetrahedra.

The calculated WLEs and BVS show a non-linear trend with respect to the indium content, as 

shown in figure 3.5. The reported γ-Bi2O3 [2] possesses WLE parameters of 5.0x10-5 and 

4.0x10-5 for the BiO3E and BiO5E polyhedra, respectively. A slight incorporation of indium 

(x = 0.03) changes the local distortion of the polyhedra (WLE) of 4.3x10-5 and 1.0x10-5 for the 

BiO5E and BiO3E polyhedra, respectively, which might be originated from the stereochemical 

activity of the associated LEPs. Upon further indium incorporation the eccentricity shows a 

minimum plateau between x = 0.05 and 0.08 for Bi(1)O5E octahedra. In contrast, in the 



Bi(2)O3E(2) polyhedra significant drop of the WLE can be seen when slightly a small amount 

(x = 0.03) of indium be found on the 2a site. This significant drop can be explained if only the 

□O4 tetrahedra be replaced by the InO4 tetrahedra, leading to a new structural configuration 

(Fig. 3.1c). Indeed, if Bi(2)O3E be substituted by InO4, the WLE should decrease. We, 

however, find an opposite behavior as WLE parameter strongly increases with further increase 

of indium incorporation (Fig. 3.5a). It additionally confirms that the amount of In3+ 

incorporation depends on the number of cation vacancy. That is, once the indium is in the 

structure, the existing BiO3E tetrahedra experiences more stereochemical distortion due to 

relaxation of geometric strains for cation vacancy. And, this behavior is observed up to x = 0.08 

and stays at the same values for x = 0.10. The overall behavior between the averaged WLE and 

BVS (Fig. 3.5b) supports the Wang-Liebau model [13] due to change of the Bi(1)O5E(1) 

polyhedron and the associated <Bi(1)–O> bond lengths. For instance, the <Bi(1)–O(3)> bond 

distance significantly changes from 245(2) pm to 256(2) pm, respectively, for x = 0.03 to 

x = 0.08, leading to less contribution to the BVS.

Spectroscopy

Group-theoretical analysis predicts 40 zone-center phonons (8A+8E+25F) and their symmetry 

classification according to the irreducible representations of the crystal symmetry of sillenites 

[31, 32]. Since the acoustic modes belong to F-modes, the rest 24 F-modes are optically active. 

The A-modes are totally symmetric, E-modes are doubly degenerate, and F-modes are triply 

degenerate optical phonons. First-order phonons belonging to all three symmetries are Raman 

active, and only the F-modes are infrared active. A stack plot of the Raman spectra is shown in 

figure 3.6. The spectra could be separated into two regions: Raman shifts above and below 

230 cm-1. The bands observed at 114 - 230 cm-1 wavenumbers are sharper than those at the 



high-frequency region. The intense modes are identified in some early studies [31, 33, 34] 

along with the mode symmetry, assignments and intensity [31]. 

Figure 3.6: (a) Raman spectra of x = 0.03 - 0.10 for compositional x in Bi12(Bi3+
4/5-3xIn3+

5x□1/5-

2x)O19.2+3x, showing the mode assignment (see text). (b) The magnified spectral region assigned 
to In–O(3) stretching band are shown for better clarity.

The bandwidths (FWHM) is reported to be one of the indications for structural distortions in 

BiO5E polyhedra [35], which separates the Bi–O stretching modes into more localized 

vibrations. The Raman peak maxima convoluted at 123, 140, 162, 204, 253, 307, 380, 530 and 

623 cm-1 can be compared with those of other sillenites [31, 32, 34, 36-38]. The peak maxima 

at 123, 253 and 623 cm-1 correspond to E-modes. The bands at 162, 204 and 380 cm-1 are 

assigned to F-modes, and the rest observed at 140, 307 and 530 cm-1 belong to A-modes. The 

In–O(3) stretching band [39] have been identified at 436(2) cm-1 (Fig. 3.6b), which intensity 

(normalized to E-mode at 123 cm-1) shows an increase with respect to the compositional x-

value. This increase saturates between x = 0.08 and 0.10. Thereafter, it slightly decreases again 

up to x = 0.27. This mode behavior corresponds to the change of the lattice parameters 

(Fig. 3.3). The band at 162(1) cm-1 (FWHM = 9(1) cm-1) belongs to the breathing of Bi- and 

O-atoms and, 253(1) cm-1 (FWHM = 18(1) cm-1) to O(2) breathing and weak Bi(1)–O(1) 

rocking [38, 40]. The change of frequencies of these bands (162 and 253 cm-1) is shown in 



figure 3.7, where former one sharply increases and the later one decreases, followed by a 

saturation at the appearance of In2O3 as secondary phase.

Figure 3.7: Change of selected Raman mode frequencies with respect to compositional x in 
Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x.

The red-shift of approximately 5(2) cm-1 for the mode at 162 cm-1 for x = 0.03 (Fig. 3.7a) can 

be related to the elongations of the <Bi(1)–O(3)> and <Bi(1)–O(1III)> bond lengths (Fig. 3.4b). 

Indeed, the <Bi(1)–O(3)> was also earlier reported to be influenced by the cation vacancies on 

the 2a sites [2, 41]. In this regard, the change of each <Bi(1)–O> bond distance differently 

influences the respective vibrational frequency as the LEP effect is orientation dependent. As 

such, the blue shift (~ ca. 6(1) cm-1) of the mode at about 253 cm-1 for x = 0.03 may be related 

to the shortening of the <Bi(1)–O(2)> and <Bi(1)–O(1II)> bond lengths (Fig. 3.4b). Since 

XRPD suggests that the In3+ cations locate only on the Bi(2)O4 tetrahedral sites, we particularly 

emphasize our discussion on the high-frequency region accordingly. Venugopalan et al. [31] 

considered MO4 units (e.g., GeO4, SiO4) as a tightly bound structural motif, and categorized 

the optical phonons into two classes: (I) normal modes and (II) lattice modes where the entire 

MO4 unit vibrates against the other atoms in the crystal. A regular MO4 tetrahedron as an 

isolated unit comprises of Td symmetry with A1+E+2F2 normal modes. The translations and 

rotations of the free unit belong to F2 and F1 modes, respectively. However, the symmetry 



becomes lower (T symmetry) once the MO4 tetrahedron be explained as a structural unit of the 

sillenites, and two additional F-modes should be considered. A mode frequency at 623 cm-1 

was assigned for the Bi–O stretching in the BiO4 tetrahedra [31, 42] for -Bi2O3.Wojdowski 

[32] fitted the Bi–O asymmetric vibrational frequencies against the Bi–O bond distances, 

leading to a liner equation: frequency [cm-1] = 878(18) - 1.36(7)*bond length [pm]. Our 

observed data lie close to the fit line. As such, the frequencies observed (Fig. S3.8) at 489, 526, 

566 and 600 cm-1 can be assigned to the asymmetric stretching of four different Bi–O bond 

lengths. Since Bi(2) and In atoms share the same Wyckoff position, any change of the frequency 

can be correlated to the indium incorporation on this site. Following the trend, the mode at 566 

cm-1 can be assigned to the Bi(2)–O(3) vibrations for the bond length of about 233(2) pm. In 

increasing the indium concentration in the structure, the mode shifts to lower frequency 

(Fig. 3.7b) due to dominating force constant.

A representative evaluation of the UV/Vis diffuse reflectance spectra using the RATD method 

is shown in figure 3.8 for x = 0.03, and the RATD plots for x = 0.05 - 0.10 in figure S3.9. The 

electronic bandgap for each indium substituted composition has been calculated using both 

Tauc’s [43] and DASF [44] evaluation techniques. The comparison between them, as 

implemented in the RATD analysis [28], enables to determine the transition type and the 

bandgap energy, as listed in table 3.2. A direct bandgap Eg = 2.81(3) eV for x = 0.03 calculated 

by the DASF can be compared with that of direct transition Ed = 2.86(3) eV suggested by 

Tauc’s analysis. The possible indirect transition bandgap energy Ei = 2.57(3) eV lies 

significantly away from that of Eg. Comparing the respective values for all the compositions 

(Tab. 3.2) one can assume that the transition type is direct for the investigated samples. This 

contrasts with the theoretically calculated bandgap energy of 1.87 eV [45] for an indirect 

transition in γ-Bi2O3, however, corresponds to earlier experimental findings [46]. 



Figure 3.8: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions for x = 0.03 in Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x.

The bandgap energy slightly increases with increasing indium content up to x = 0.10 in the 

structure, as shown in figure 3.9. Deng et al. [45] demonstrated a comparable change of 

bandgap energies due to filling the oxygen vacancies. In the DASF plots, as shown in 

figure S3.9, additional absorption bands at lower energies can be seen between 2.57(9) eV and 

2.64(13) eV for x = 0.03 - 0.08, and at higher energies between 3.04(2) eV and 3.05(3) eV as 

well. Theoretical calculation for sillenite structures [45] suggests an additional band at lower 

energy for the presence of oxygen vacancy, which was assigned to anion defect transition 

energy Ed-. The appearance of this absorption band for x = 0.03 - 0.08 supports the theoretical 

study [43], where the associated vacancy starts to be filled for these compositions. 



Figure 3.9: Determined (RATD method) Eg (circle, bandgap), Ed- (diamond, anionic defect) 
and Ed+ (square, cationic defect) transition energies for the Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x 

solid solution. Guidelines for the eye are additionally given fitted using double sigmoidal 
curves for Eg and Ed-.

Table 3.2: Bandgap energies calculated from UV/Vis diffuse reflectance spectroscopic data of 
Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x using the RATD methods [28]. Respective value for x = 0 are 

taken from the given literature.

DASF fitting Tauc fitting
Type

x Eg Fv Ed- Ed+ Ed Ei

0 -- -- -- -- -- 1.87 [45] Indirect
0 -- -- -- -- 2.63 [46] -- Direct

0.03 2.81(3) 0.30(3) 2.57(9) 3.05(3) 2.86(3) 2.57(3) Direct
0.05 2.82(4) 0.30(3) 2.57(9) 3.04(3) 2.86(3) 2.55(3) Direct
0.08 2.85(4) 0.26(6) 2.64(13) 3.04(2) 2.90(3) 2.57(3) Direct
0.10 2.92(2) 0.29(2) 2.67(5) -- 2.87(3) 2.52(3) Direct

Eg, Ed-, Ed+ and FV refer to bandgap energy, anionic defect transition, cationic defect transition 
and band flatness in eV, respectively, obtained from the fitting of the DASF plots. The Ed and Ei, 
respectively represent direct and indirect transition in eV determined from the Tauc plots.

Indeed, this transition band cannot be observed for x = 0.10 (Fig. 3.9), where all cation voids 

are filled with indium cations. Further increase of the indium content in the samples lead to a 

drop of the bandgap (Eg) and the anionic defect band (Ed-). The changes can be analyzed using 



a double sigmoidal approach for non-linear ascending and descending values. For higher 

indium content, the defect band remains slightly an elevated horizontal line at 2.57(3) eV than 

that of pure γ-Bi2O3 (extrapolated). Concomitantly, the Eg-plateau is found to be at 2.87(1) eV 

which is again slightly higher than that of γ-Bi2O3 (2.81(1) eV extrapolated for x = 0). The 

maximum Eg-value is found to be 2.92(2) eV for x = 0.10. All the calculated bandgap energies 

of In3+ sillenites are comparable with those of the reported values (Tauc analysis: 

2.76 - 2.95 eV) of other sillenites [36, 47].

Thermal analysis

Thermogravimetric analysis and respective DSC curves are shown in figure 3.10. Initially, a 

weight loss of 0.2 % for x = 0.03 can be explained in terms of the associated loss of CO2. 

Because, sillenites were found to react with atmospheric CO2 due to oxygen vacancy [36].

Figure 3.10: Thermogravimetric analysis of x = 0.03, 0.05 and 0.08 in this Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x.

Sample x = 0.03 was left at ambient conditions for 86 days, which contains as much as 6 wt.-

% of Bi2O2CO3, obtained from XRDP data Rietveld refinements, as shown in figure S3.11. 

The second point of inflection (onset temperature) is identified as the decomposition 



temperature of 1334(2) K, 1338(2) K and 1345(2) K, respectively, for x = 0.03, 0.05 and 0.08 

(Fig. 3.10). The decomposition temperature slightly increases with increasing In3+ 

concentration, which can be understood due to higher bond strength of In–O (360(21) kJ/mol) 

than that of Bi–O (343(6) kJ/mol) [48]. The heat flow curves show endothermic peaks between 

1000 K and 1084 K without mass loss, which can be associated with the transformation to the 

higher symmetric δ-Bi2O3 phase [49].

4. Conclusions

The incorporation of In3+cation in the sillenite structure type of the composition Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x is mainly limited to the Bi-cation vacancy in the tetrahedral site. The 

reported maximum indium incorporation (x = 0.10) cannot be realized from a detailed 

structural and spectroscopic analysis carried out in the present report. Instead, a small part of 

the indium cations above x = 0.08 might have been replaced in the octahedral site. This study 

demonstrates how the crystal chemical properties of sillenite type Bi2O3 ceramics change with 

a subtle change of the indium concentration. The stereochemical activity of the lone electron 

pair of Bi3+ cation shows to be the possible origin of distortions in the polyhedral sites, which 

is characterized by the Wang-Liebau eccentricity parameter and complemented by the bond 

valence sums of the associated cations and the Raman shift. The change of optical bandgap 

with respect to In3+content in the sillenites confirms the substitution behavior, which may help 

understand the relevant optoelectronic properties.

Acknowledgements

We gratefully acknowledge the German science foundation (DFG) for financial support within 

grant GE1981/13-1. MIH gratefully thanks the University of Bremen for the financial supports.



References
[1] P.S. Halasyamani, K.R. Poeppelmeier, Noncentrosymmetric oxides, Chem. Mater. 10(10) 

(1998) 2753-2769. Doi:10.1021/cm980140w
[2] S.F. Radaev, V.I. Simonov, Structural features of γ-phase Bi203 and its place in the sillenite 

family, Acta Cryst. B48 (1992) 604-609. Doi:10.1107/S0108768192003847
[3] B. Aurivillius, L.G. Sillén, Polymorphy of bismuth trioxide, Nature 155(3932) (1945) 305-

306. Doi:10.1038/155305a0
[4] H.A. Harwig, On the structure of bismuthsesquioxide: the α, β, γ, and δ-phase, Z. anorg. 

allg. Chem. 444 (1978) 151-166. Doi:10.1002/zaac.19784440118
[5] S.C. Abrahams, J.L. Bernstein, C. Svensson, Crystal structure and absolute piezoelectric 

d14 coefficient in laevorotatory Bi12SiO20, J. Chem. Phy. 71(2) (1979) 788-792. 
Doi:10.1063/1.438368

[6] C. Svensson, S.C. Abrahams, J.L. Bernstein, Laevorotatory Bi12GeO20: remeasurement of 
the structure, Acta Cryst. B35(11) (1979) 2687-2690. Doi:10.1107/S0567740879010190

[7] S.F. Radaev, L.A. Muradyan, Y.F. Kargin, V.A. Sarin, E.È. Rider, V.I. Simonov, Atomic 
structure Bi25CaO39 and the interpretation of selenite-type crystal structure, Dokl. Akad. 
Nauk SSSR 306(3) (1989) 624-627. 

[8] S.F. Radaev, L.A. Muradyan, Y.F. Kargin, V.A. Sarin, E.È. Rider, V.I. Simonov, Single 
crystal atomic structure of the Bi12(Fe,P)O20 solid solution, Dokl. Akad. Nauk SSSR 
307(6) (1989) 1381-1384. 

[9] S.F. Radaev, L.A. Muradyan, V.A. Sarin, V.N. Kanepit, A.N. Yudin, A.A. Mar'in, V.I. 
Simonov, Neutron diffraction study of the atomic structure of single crystals 
Bi12(V,Bi)O20+x, Dokl. Akad. Nauk SSSR 307(3) (1989) 606-610. 

[10] T.I. Mel’nikova, G.M. Kuz’micheva, N.B. Bolotina, V.B. Rybakov, Y.V. Zubavichus, N.V. 
Sadovskaya, E.A. Mar’ina, Structural features of compounds of the sillenite family, 
Crystallogr. Rep. 59(3) (2014) 353-361. Doi:10.1134/s1063774514030134

[11] S.F. Radaev, M. Trömel, Bi12(BiIII
0.5TlIII

0.5)O19.50, Acta Cryst. C50 (1994) 656-659. 
Doi:10.1107/S0108270193011205

[12] X. Wang, F. Liebau, Influence of lone-pair electrons of cations on bond-valence 
parameters, Z. Kristallogr. Cryst. Mater. 211(7) (1996) 437-439. 
Doi:10.1524/zkri.1996.211.7.437

[13] X. Wang, F. Liebau, Influence of polyhedron distortions on calculated bond-valence sums 
for cations with one lone electron pair, Acta Cryst. B63 (2007) 216-228. 
Doi:10.1107/S0108768106055911

[14] S.F. Radaev, V.I. Simonov, Atomic structure and isomorphism of sillenites Bi12MxO20±δ, 
Butll. Soc. Cat. Cien. 12(2) (1991) 247-263. 

[15] M. Valant, D. Suvorov, A stoichiometric model for sillenit, Chem. Mater. 14 (2002) 3471-
3476. Doi:10.1021/cm021173l

[16] L.G. Sillen, Ark. Kemi. Mineral. Geol. 12A(18) (1937) 1-13. 



[17] J.-C. Champarnaud-Mesjard, B. Frit, A structural model for the Bi1−xCdxO1.5−x/2 (0≤ x ≤ 
0.0256) sillenite-type solid solution, Comptes Rendus de l'Académie des Sciences-Series 
IIC-Chemistry 2(7-8) (1999) 369-374. Doi:10.1016/S1387-1609(00)88547-3

[18] S.F. Radaev, L.A. Muradyan, V.I. Simonov, Atomic structure and crystal chemistry of 
sillenites: Bi12(Bi3+

0.50 Fe3+
0.50)O19.50 and Bi12(Bi3+

0.67 Zn2+
0.33)O19.33, Acta Cryst. B47(1) 

(1991) 1-6. Doi:10.1107/S0108768190007492
[19] H.S. Horowitz, A.J. Jacobson, J.M. Newsam, J.T. Lewandowski, M.E. Leonowicz, 

Solution synthesis and characterization of sillenite phases, Bi24M2O40 (M = Si, Ge, V, As, 
P), Solid State Ionics 32 (1989) 678-690. Doi:10.1016/0167-2738(89)90344-5

[20] D.C.N. Swindells, J.L. Gonzalez, Absolute configuration and optical activity of 
laevorotatory Bi12TiO20, Acta Cryst. B44(1) (1988) 12-15. 
Doi:10.1107/S0108768187010267

[21] U. Delicat, S.F. Radaev, M. Trömel, P. Behrens, Y.F. Kargin, A.A. Mar'in, Tetrahedral 
coordination of Mn (IV) by oxygen in manganese sillenite Bi12MnO20, J. Solid State Chem. 
110(1) (1994) 66-69. Doi:10.1006/jssc.1994.1136

[22] A. Watanabe, H. Kodama, S. Takenouchi, Nonstoichiometric phase with sillenite-type 
structure in the system Bi2O3-P2O5, J. Solid State Chem. 85(1) (1990) 76-82. 
Doi:10.1016/S0022-4596(05)80062-3

[23] A. Watanabe, S. Takenouchi, P. Conflant, J.P. Wignacourt, M. Drache, J.C. Boivin, 
Preparation of a nonstoichiometric sillenite-type phase in the system Bi2O3-As2O5, J. Solid 
State Chem. 103(1) (1993) 57-62. Doi:10.1006/jssc.1993.1078

[24] D.C. Craig, N.C. Stephenson, Structural studies of some body-centered cubic phases of 
mixed oxides involving Bi2O3 : the structures of Bi25FeO40 and Bi38ZnO60, J. Solid State 
Chem. 15 (1975) 1-8. Doi:10.1016/0022-4596(75)90264-9

[25] N. Rangavittal, T.N.G. Row, C.N.R. Rao, A study of cubic bismuth oxides of the type Bi26− 

XMXO40−δ (M= Ti, Mn, Fe, Co, Ni or Pb) related to γ-Bi2O3, Adv. Chem. Ser. (2003) 95-
108. Doi:10.1142/9789812835734_0009

[26] I.D. Brown, The chemical bond in inorganic chemistry: the bond valence model, Oxford 
University Press 2016.

[27] N.E. Brese, M. O'keeffe, Bond-valence parameters for solids, Acta Cryst. B47(2) (1991) 
192-197. Doi:10.1107/S0108768190011041

[28] T.M. Gesing, M.M. Murshed, S. Schuh, O. Thüringer, K. Krämer, T. Neudecker, C.B. 
Mendive, L. Robben, Nano-crystalline precursor formation, stability, and transformation 
to mullite-type visible-light photocatalysts, J. Mater. Sci. (2022) 1-20. 
Doi:10.1007/s10853-022-07854-w

[29] M. Lulei, R. Hoppe, Zur Überwindung von Vorurteilen: Das erste basische Oxoindat, 
Na26O3[InO4]4, Z. anorg. allg. Chem. 620(7) (1994) 1179-1184. 
Doi:10.1002/zaac.19946200709

[30] R.D. Shannon, Revised effective ionic radii and systematic studies of interatomie distances 
in halides and chaleogenides, Acta Cryst. A32 (1976) 751-767. 
Doi:10.1107/S0567739476001551



[31] S. Venugopalan, A.K. Ramdas, Raman Spectra of Bismuth Germanium Oxide and 
Bismuth Silicon Oxide, Phys. Rev. B 5(10) (1972) 4065-4079. 
Doi:10.1103/PhysRevB.5.4065

[32] W. Wojdowski, Vibrational modes in Bi12GeO20 and Bi12SiO20 crystals Phys. Status Solidi 
B 130(1) (1985) 121-130. Doi:10.1002/pssb.2221300109

[33] A.V. Egorysheva, V.I. Burkov, V.S. Gorelik, Y.F. Kargin, A.V. Chervyakov, Raman 
scattering in sillenite-type crystals, Crystallogr. Rep. 46(3) (2001) 461–467. 
Doi:10.1134/1.1376478

[34] A.V. Egorysheva, V.I. Burkov, Y.F. Kargin, V.G. Plotnichenko, V.V. Koltashev, E.D. 
Obraztsova, S.V. Terekhov, Atomic structure features of sillenite crystals as probed by 
Raman spectroscopy, Zh. Neorg. Khim 50(2) (2005) 278-286. 

[35] R.J. Betsch, W.B. White, Vibrational spectra of bismuth oxide and the sillenite-structure 
bismuth oxide derivatives, Spectrochim. Acta A Mol. Biomol. Spectrosc. 34(5) (1978) 
505-514. Doi:10.1016/0584-8539(78)80047-6

[36] M. Weber, R.D. Rodriguez, D.R.T. Zahn, M. Mehring, Gamma-Bi2O3 -To Be or Not To 
Be? Comparison of the Sillenite gamma-Bi2O3 and Isomorphous Sillenite-Type Bi12SiO20, 
Inorg. Chem. 57(14) (2018) 8540-8549. Doi:10.1021/acs.inorgchem.8b01249

[37] B. Mihailova, M. Gospodinov, L. Konstantinov, Raman spectroscopy study of sillenites. 
I. comparison between Bi12(Si,Mn)O20 single crystals, J. Phys. Chem. Solids 60 (1999) 
1821-1827. Doi:10.1016/S0022-3697(99)00194-8

[38] D.J. Arenas, T. Jegorel, C. Knab, L.V. Gasparov, C. Martin, D.M. Pajerowski, H. Kohno, 
M.W. Lufaso, Raman spectroscopy evidence of inhomogeneous disorder in the bismuth-
oxygen framework of Bi25InO39 and other sillenites, Phys. Rev. B 86(14) (2012). 
Doi:10.1103/PhysRevB.86.144116

[39] D.M. Adams, A.J. Carty, P. Carty, D.G. Tuck, Co-ordination chemistry of indium. Part VI. 
Far-infrared spectra of indium trihalide adducts with neutral donors, J. Chem. Soc. A  
(1968) 162-164. Doi:10.1039/J19680000162

[40] L. Wiehl, A. Friedrich, E. Haussühl, W. Morgenroth, A. Grzechnik, K. Friese, B. Winkler, 
K. Refson, V. Milman, Structural compression and vibrational properties of Bi12SiO20 
sillenite from experiment and theory, J. Phys.: Condens. Matter 22(50) (2010) 505401. 
Doi:10.1088/0953-8984/22/50/505401

[41] U.D. Wdowik, G. Jagło, D. Legut, Effect of cation-vacancy superstructure on the phonon 
dynamics in KNi2Se2, Phys. Rev. B 101(4) (2020) 045125. 
Doi:10.1103/PhysRevB.101.045125

[42] A.J. Salazar-Pérez, M.A. Camacho-López, R.A. Morales-Luckie, V. Sánchez-Mendieta, F. 
Ureña-Núñez, J. Arenas-Alatorre, Structural evolution of Bi2O3 prepared by thermal 
oxidation of bismuth nano-particles, Superficies y vacío 18(3) (2005) 4-8. 

[43] J. Tauc, R. Grigorovici, A. Vancu, Optical properties and electronic structure of amorphous 
germanium, Phys. Status Solidi B 15(2) (1966) 627-637. Doi:10.1002/pssb.19660150224

[44] D. Souri, Z.E. Tahan, A new method for the determination of optical band gap and the 
nature of optical transitions in semiconductors, Appl. Phys. B 119(2) (2015) 273-279. 
Doi:10.1007/s00340-015-6053-9



[45] H. Deng, W. Hao, H. Xu, C. Wang, Effect of intrinsic oxygen vacancy on the electronic 
structure of γ-Bi2O3: First-principles calculations, J. Phys. Chem. C 116(1) (2012) 1251-
1255. Doi:10.1021/jp2086895

[46] R. Nagarajan, V. Shrivastava, J. Pandey, Optical, electrical, and catalytic (photo-and sono-
) properties of indium doped γ-Bi2O3 with sillenite structure, J. Alloys Compd. 887 (2021) 
161466. Doi:10.1016/j.jallcom.2021.161466

[47] A.V. Egorysheva, O.M. Gaitko, T.B. Kuvshinova, S.V. Golodukhina, V.A. Lebedev, K.E. 
Erov, Targeted synthesis ultrafine α- and γ-Bi2O3 having different morphologies, Russ. J. 
Inorg. Chem. 62(11) (2017) 1426-1434. Doi:10.1134/s0036023617110055

[48] J.G. Speight, Lange's handbook of chemistry, 17 ed., McGraw-Hill Education 2017.
[49] A.D. Murray, C.R.A. Catlow, F. Beech, J. Drennan, A neutron powder diffraction study of 

the low-and high-temperature structures of Bi12PbO19, J. Solid State Chem. 62(3) (1986) 
290-296. Doi:10.1016/0022-4596(86)90243-4



Supplementary Information

Indium containing sillenite semiconductor: synthesis, structural, 
spectroscopic and thermogravimetric analysis

Md. Imran Hossain1, M. Mangir Murshed1,2*, Thorsten M. Gesing1,2

1University of Bremen, Institute of Inorganic Chemistry and Crystallography, Leobener Straße 
7, D-28359 Bremen, Germany
2MAPEX Center for Materials and Processes, Bibliothekstraße 1, D-28359 Bremen, Germany

*Corresponding author: e-mail address: murshed@uni-bremen.de, phone: +49 (0)421 218 

63144

mailto:murshed@uni-bremen.de


Figure S3.1: Sample color variation in Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x for x = 0.03 - 0.10.

Figure S3.2: Scanning electron micrographs of x = 0.03 (up) and x = 0.08 (down) in 
Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x solid solution.



Figure S3.3: X-ray powder diffraction data Rietveld pattern for x = 0.03 in Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x.

Figure S3.4: X-ray powder diffraction data Rietveld pattern for x = 0.08 in Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x.



Figure S3.5: X-ray powder diffraction data Rietveld pattern for x = 0.10 in Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x.

Figure S3.6: X-ray powder diffraction data Rietveld pattern for x = 0.13 in Bi12(Bi3+
4/5-

3xIn3+
5x□1/5-2x)O19.2+3x.



Figure S3.7: Evaluation of <Bi(1)–O> bond distances in BiO5E polyhedra for the 

compositional x = 0.05 in Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x.

Figure S3.8: Representative Raman spectrum peak fitting of Bi–O asymmetric stretching 
vibrations for x = 0.03 compositional value in Bi12(Bi3+

4/5-3xIn3+
5x□1/5-2x)O19.2+3x.



Figure S3.9: RATD plots of Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x for x = 0.05 - 0.10.



Figure S3.10: Calculated DASF absorbance spectra of Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x for 

x = 0.03 – 0.10.

Figure S3.11: X-ray powder diffraction data Rietveld pattern of x = 0.03 sample exposed to 

open condition for 86 days.



Chapter 4

Stabilization of (Bi1-xMx)2O3 delta phase with rare-earth cations: structural, 
spectroscopic and thermal investigations for M = Y, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, and Lu

Abstract

Series of high symmetric −(Bi1-xMx)2O3 phases are synthesized by solid state method, where 

M = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Each solid solution comprises of members between 

x =0.05 and 0.25 with a chemical slice of 0.05. Each sample is characterized by X-ray powder 

data diffraction followed by Rietveld refinement. The type of M3+-cation and the compositional 

content (x) play vital roles for the modification of low symmetric −phase to high symmetric 

−phase. The successive decrease in lattice parameter indicates the substitution of Bi3+ by 

smaller M3+ cations. The higher isotropic atomic displacement parameter of the oxygen atoms 

indicates a certain degree of static disorder. The −phase is clearly identified by Raman spectra, 

and distinguishable from other structural phases with respect to the concentration of the 

compositional x-values. Moreover, broadening of some selective bands and the associated blue 

shifts support the structural modification. The direct band gap has reached a plateau at 

2.75(4) eV, and additional absorption band is identified due to anionic defect, and the change 

of the defect band gap with respect to x in (Bi1-xMx)2O3 indicates the redistribution of oxygen. 

An additional endothermic peak before the respective decomposition temperature demonstrates 

the order ↔ disorder nature in the −phase. The type of M3+-cation and consecutive change of 

the Bi/M−O bond strengths explain the thermal stability of a given −phase.

Keywords: Bismuth oxide, delta phase, disorder, oxygen vacancy, and bandgap.



1. Introduction

Bismuth oxide, the highly symmetric phase, has particularly come to the center of attention in 

ceramic field, as a solid electrolyte in the solid oxide fuel cell [1]. The polymorphism of Bi2O3 

is temperature dependent, where the thermal history clearly defines the appearance of −, −, 

−, and −phases [2, 3]. The −Bi2O3 is a high symmetry phase (sp. gr. Fm3̅m, Z = 2) and the 

crystal structure can be described as distorted CaF2 type [4], as depicted in figure 4.1. The 

statistical distribution of oxygen in anion sublattice keeps 25 % vacant sites in the structure. 

Both the ordering of the vacant sites and the complex distribution of oxygen sublattice fabricate 

the diffusion path for oxide ion conduction [5-8]. Three vacancy alignments, namely, in the 

direction of <111>, <110>, and <100> are known, leading to the estimated distance between 

the vacant sites as √3 𝑎 2⁄ ,  √2 𝑎 2⁄  and 𝑎 2⁄  (a = lattice parameter), respectively [9]. The 

debate on the reliability of such oxygen vacancy orderings is still open [10]. The ideal anion 

site O(1) has an occupancy factor of 0.243. Another oxygen sublattice O(2), keeping 2.03 

oxygen per unit cell, has been displaced from the tetrahedral site toward the central octahedral 

site along the <111> directions (Fig. 4.1b). The O(1) is located at the center and O(2) close to 

the faces of the OBi4 tetrahedron. The Bi3+ cations hence form a framework, keeping a Bi−Bi 

distance of 400.26(3) pm which is longer than that of other polymorphs [5, 11, 12]. The ambient 

condition −form can be directly transformed into −phase at 1033 K [5]. The  →  

transformation requires a massive energy, which, however, occurs just before the solid-liquid 

phase transition [7]. The other phases appear after cooling the high temperature formed 

−phase [2]. Ambient condition stabilization of the −, − and δ−phase is commonly 

accomplished by substituting bismuth by other cations in the −phase [13-15]. Neutron 

diffraction study on −phase (Bi1-xYx)2O3 solid solution demonstrated cation (24e Wyckoff: 

x,0,0) relaxation along the <100> direction and presence of a small amount of interstitial oxyg-



Figure 4.1: (A) Crystal structure of the representative −phase (Bi0.87Gd0.13)2O3, where the 
dotted circles represent the interstitial position (O3). (B) The green arrow indicates the 
distortive displacement of O(1) along the <111> direction toward the O(2) position.

en (O3) at 48i (½,y,y) [16, 17]. The O(3) is found to be located between two Bi/Y cations along 

the tetrahedral edge (Fig. 4.1a - b). The high isotropic displacement parameters of atoms in 

−Bi2O3 structure at 1033 K indicates a certain degree of positional disordering at ambient 

condition [5, 16-19]. Many Mn+-cations are known to stabilize the −phase at ambient 

condition, however, depends on the degree of substitution and the thermal history [4, 18-36]. 

The amount of Bi3+ substitution is apparently related to the size of the Mn+-cation. For instance, 

for a given MO8 coordination, the size of Y3+- and most rare-earth M3+-cations remains at 

around 115.9±4 pm [37]. This study investigates the successive substitution of Bi3+ by M3+ in 

the chemical formula (Bi1-xMx)2O3, with compositional x-value ranging from 0.05 to 0.25, and 

a maximum slice at x = 0.05 for each M-series (M = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). 

It focuses on how the disorder in the oxygen sublattice of the -phase changes upon the 

replacement of larger Bi3+ ions with smaller M3+ ions at the same Wyckoff site.



2. Experimental 
2.1. Synthesis

All samples are prepared by mixing stoichiometric amount of Bi2O3 and M2O3 (M = Y and 

Gd - Lu) in an agate mortar, and put into a corundum crucible. The solid mixture is heated at 

923 K for 24 h followed by air quenching. Afterward, the grinding sample is further heated at 

1073 K for 24 h followed by quenching down to room temperature.

2.2. Microscopy

Scanning electron microscopy (SEM) is carried out using a JMS-6510 (JEOL) equipped with 

an X-Flash 410-M detector (Bruker) for energy dispersive X-ray spectroscopy. A small amount 

of sample is taken on conducting carbon tabs and sputtered with gold for 20 s with a JFC-1200 

coater (JEOL) followed by inserting them into the SEM chamber.

2.3. X-ray diffraction

X-ray powder diffraction (XRPD) pattern are recorded on a Bruker D8 Discover powder 

diffractometer using Bragg-Brentano geometry with CuKα1,2 (λkα1 = 154.05929(5) pm, 

λkα2 = 154.4414(2) pm) radiation. The measurements are taken at ambient condition with a step 

size of 0.0167° and a total data collection time of 75 s/step. The fundamental parameter 

approach, where the fundamental parameters are fitted against a LaB6 standard material, is 

applied for the Rietveld refinement using ‘DiffracPlusTopas 6’ software (Bruker AXS GmbH, 

Karlsruhe, Germany). The starting lattice parameters and atomic coordinates are taken from 

the crystal structure of - and -phase [15, 16] (ICSD Coll. Code 83640 and 60198). During 

Rietveld refinements, the background, sample displacement, atomic coordinates, and 

occupancy parameters are optimized. In all cases, the isotropic displacement parameters 

between Bi3+ and M3+, and between the oxygen atoms (O1, O2, O3) are constrained. During 



the Rietveld refinements, bismuth has found on 24e Wyckoff positions, and partially share the 

same site with M3+ cation. Successive refinement trials reveal mixed occupancy of Bi3+ and 

M3+. The average crystallite size (ACS) and microstrain (MS) are calculated from the observed 

all X-ray reflections, using the fundamental approach, where ACS and MS are defined as 

LVol(IB) and 0 by the TOPAS software [38].

2.4. Raman spectroscopy

Raman spectra are recorded on a LabRam ARAMIS (Horiba JobinYvon, New Yersey) confocal 

Raman microscope with an excitation energy of 532 nm or 784 nm laser, where suitable laser 

(transparent region) is identified by the UV/Vis diffuse reflectance spectrum. A 50× objective, 

a moving grating of 1800 grooves/mm and a thermodynamically cooled CCD detector 

(Synapse, 1024×256 pixels) provide the spectral width of about 3 cm-1 for 532 nm laser, and 

1 cm-1 for the 784 nm laser. The spectral positions are calibrated against the Raman mode of 

silicon at 520.7 cm-1 before the measurement.

2.5. UV/Vis diffuse reflectance spectroscopy

UV/Vis diffuse reflectance spectra are recorded at room temperature on a Shimadzu UV-2600 

(Shimadzu, Kyoto, Japan) spectrometer. Data are collected in the range between 190 nm to 

850 nm with a step size of 1 nm. BaSO4 powder is used as the reference standard for baseline 

correction. The bandgap energies and the types of transition are determined using the RATD 

method described elsewhere [39].

2.6. Thermogravimetric analysis

TGA/DSC measurements are carried out using TGA/DSC 3+STARe System of Mettler Toledo. 

Each sample is measured with a heating rate of 10 K/min and a continuous N2 flow of 



20 mL/min from 298 K to 1473 K. An amount of 10.0(1) mg of power sample is measured 

relative to an empty Al2O3 crucible reference. The drift correction to the data is applied using 

an empty crucible measurement.

3. Results and Discussion

Color shade

Each solid solution of Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu in the (Bi1-xMx)2O3 series exhibits 

distinct colors that vary with the x-value, as shown in figure S4.1 (Supplementary 

Information). An orange color is seen at lower x-values, while chromatic diversity appears for 

x ≥ 0.10, with a yellowish hue at higher x-value. The color changes in the Y-series are consistent 

with previous reports [18].

Microstructure

Scanning electron micrographs (Fig. S4.2 – S4.3) show dense growth of micrometer-sized 

particles with irregular shapes and sizes. The calculated ACS exhibits a pseudo-linear 

relationship with the x-value (Fig. S4.4a), with a minimum of ~164(2) nm at x = 0.20 and a 

maximum of ~290(4) nm at x = 0.23 (Tab. S4.1). The low ACS at x = 0.20 for Gd-series 

correlates with a high MS of 0.04(1) % (Fig. S4.4b), a trend also seen in x = 0.23 for Tb-series.

Crystal structure

The pure -phase appears in the Gd-, Tb-, Dy-, Ho-, Y-, Er-, Tm-, Yb-, and Lu-series at x = 0.13, 

0.13, 0.13, 0.15, 0.18, 0.20, 0.20, 0.23, and 0.23, respectively (Fig. S4.5 - S4.7). All M-series 

solid solutions maintain the pure -phase up to x = 0.25 after meeting the initial x-value 

requirement for -phase formation. The lowest possible composition for the -phase formation 

is x = 0.13, with a pseudo-linear relationship observed between the x-value and the M3+ cation, 

indicating the amount of Bi3+ substitution needed for the high-symmetry -phase. Smaller M3+ 



Figure 4.2: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.13 
composition in (Bi1-xGdx)2O3.

cations require higher Bi3+ substitution. Below the required x-value for -phase, mixed - and 

-phase are present (Tab. 4.1 and S4.2 – S4.9). At x = 0.05, all solid solutions form a pure -

phase, as shown in the Rietveld refinement plot for the Gd-series at x = 0.05 (Fig. S4.8), with 

associated structural parameters in table 4.1. In the -phase, the lattice parameter (a) increases 

while the c-lattice parameter decreases with the x-value (Fig. S4.9), reducing cell volume [40]. 

The opposite trend in lattice parameters of the -phase with increasing x-value in solid solutions 

leads to the formation of the high-symmetry -phase in each M-series. A representative 

Rietveld refinement plot for the -phase at x = 0.13 in the Gd-series is shown in figure 4.2, 

with structural parameters in table 4.1. Rietveld patterns for other M-series in the (Bi1-xMx)2O3 

solid solution for -phase are in figures S4.10 – S4.17, and structural parameters for Tb, Dy, 

Ho, Y, Er, Tm, Yb, and Lu-series are in tables S4.2 – S4.9. Figure 4.3 shows that the lattice 

parameter (a) in the -phase decreases linearly with increasing Bi3+ substitution (x-value). This 

trend indicates the incorporation of smaller M3+ cations in the (Bi1-xMx)2O3 solid solution [37], 

as they share the same Wyckoff position. For example, at composition of x = 0.13 for Gd-series, 



Table 4.1: X-ray powder diffraction data Rietveld refined structural parameters for 
x = 0.05 - 0.25 in (Bi1-xGdx)2O3.

x = 0.05, space group = P42/nmc
Atom Site Occupancy x y z B /10-4 pm2

Bi/Gd 8g 0.47/0.03(1) 0 0.256(1) 0.237(1) 1.41(3)
O1 8f 0.51(2) 0.300(3) 0.300(3) 0 2.10(3)a

O2 4d 0.42(2) 0 1/2 0.426(3) 2.10(3)a

O3 2a 0.11(3)

((3)

0 0 0 2.10(3)a

x = 0.10, space group = P42/nmc, -phase (%) = 36.8(2)
Bi/Gd 8g 0.45/0.05(1) 0 0.251(1) 0.237(1) 1.58(3)
O1 8f 0.53(2) 0.305(3) 0.305(3) 0 3.10(3)b

O2 4d 0.39(2) 0 1/2 0.487(3) 3.10(3)b

O3 2a 0.10(3) 0 0 0 3.10(3)b

x = 0.10, space group = Fm3̅m, -phase (%) = 63.2(2)
Bi/Gd 24e 0.146/0.021(2) 0.055(2) 0 0 1.70(3)
O1 8c 0.020(2) 1/4 1/4 1/4 5.00(3)c

O2 32f 0.164(2) 0 292(3) 0 292(3) 0 292(3) 5.00(3)c

O3 48i 0.004(3) 1/2 0 320(3) 0 320(3) 5.00(3)c

x = 0.13, space group = Fm3̅m
Bi/Gd 24e 0.142/0.024(1) 0.047(1) 0 0 1.67(2)
O1 8c 0.478(3) 1/4 1/4 1/4 2.60(3)d

O2 32f 0.049(1) 0 393(3) 0 393(3) 0 393(3) 2.60(3)d

O3 48i 0.012(3) 1/2 0 251(3) 0 251(3) 2.60(3)d

x = 0.15, space group = Fm3̅m
Bi/Gd 24e 0.142/0.025(1) 0.045(1) 0 0 1.59(2)
O1 8c 0.465(3) 1/4 1/4 1/4 2.60(3)e

O2 32f 0.052(2) 0 371(3) 0 371(3) 0 371(3) 2.60(3)e

O3 48i 0.012(3) 1/2 0 251(3) 0 251(3) 2.60(3)e

x = 0.25, space group = Fm3̅m
Bi/Gd 24e 0.125/0.042(1) 0.047(1) 0 0 1.67(2)
O1 8c 0.343(2) 1/4 1/4 1/4 5.20(1)f

O2 32f 0.083(2) 0 281(3) 0 281(3) 0 281(3) 5.20(1)f

O3 48i 0.013(3) 1/2 0 247(3) 0 247(3) 5.20(1)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Figure 4.3: Evolution of the metric parameter (a) with varying compositional x in (Bi1-xMx)2O.

a is 554.7(1) pm, about 2.1(1) pm larger than at x = 0.25. A similar trend is observed across all 

series, as shown in figure 4.3. For x = 0.25, a values are 552.4(1) pm, 551.5(1) pm, 

550.1(1) pm, 549.3(1) pm, 549.9(1) pm, 548.5(1) pm, 547.5(1) pm, 547.5(1) pm and 

546.6(1) pm for Gd − Ho, Y, and Er − Lu series, respectively. The deviations between the initial 

-phase composition and the last member (x = 0.25) of the Tb-, Dy-, Ho-, Y-, Er-, Tm-, Yb-, 

and Lu-series are 2.3(1) pm, 2.8(1) pm, 2.9(1) pm, 1.6(1) pm, 1.5(1) pm, 2.0(1) pm, 0.3(1) pm, 

and 0.9(1) pm, respectively. The evaluated <Bi/M–O> bond lengths for -phase in all M-series 

are listed in table S4.10. The <Bi/M–O(1)> bond length decreases linearly with increasing x-

value (Fig. 4.4), while no clear trend is observed for <Bi/M–O(2)> and <Bi/M–O(3)> bond 

lengths (Fig. S4.18 and Tab. S4.10). The <Bi/M–O(2)> bond distances fluctuate within 

234 ± 8 pm, while <Bi/M–O(3)> lengths are grouped into two ranges: 250 ± 10 pm and 

200 ± 10 pm. This reflects the distorted sublattice positions of oxygen (O2, O3), with greater 

deviation at the interstitial O(3) position. The high isotropic displacement parameters (B) for 

O(2) and O(3) atoms further support the non-uniform ordering in the -phase [41], and the 

O−O bond lengths exhibit irregular correlation even at 300 K [4, 40].



Figure 4.4: Evaluation of the <Bi/M–O(1)> bond distances with varying the compositional x-
value in (Bi1-xMx)2O3 for different M-series.

Spectroscopy

Accurate phase identification and positional disordering can be better understood through 

spectroscopic and diffraction techniques. Raman bands between 110 cm-1 and 350 cm-1 of low- 

symmetry phases are sharper than those of the -phase [14, 42-44]. Minor phases in solid solut-

Figure 4.5: Raman spectra of (Bi1-xGdx)2O3 solid solutions with x-value ranging from 0.05 to 
0.25, showing the blue shift of Bi−O stretching frequency (dotted line).



Figure 4.6. Variation of Bi–O stretching vibration frequencies with compositional x-value in 
(Bi1-xMx)2O3 for all M-series.

ions can be identified by mapping these intense Raman bands [44, 45]. XRPD confirms the -

phase at x = 0.05 in all M-series, while Raman spectra (Fig. 4.5, S4.19 - S4.21) probe phase 

identification and structural modifications. The -phase shows Raman shifts at 98(2) cm-1, 

125(2) cm-1, and 314(2) cm-1 [46, 47], with the 314(2) cm-1 Raman band disappearing as the -

phase becomes dominant. This shift is attributed to Bi−O stretching in BiO6 octahedra in the 

-phase [47]. The absence of this band indicates the pure -phase, as observed in the Gd-series 

at x = 0.13 (Fig. 4.5) and in other M-series (Fig. S4.19 - S4.21), matching XRPD analysis. The 

-phase shows intense bands at 104(2) cm-1, along with broad peaks between 435(2) cm-1 to 

692(2) cm-1, characteristic of the disorder in BiOx polyhedra [42, 43, 48]. High-frequency 

bands are deconvoluted into two peaks, e.g., 498(2) cm-1 and 612(2) cm-1 for Gd-series at 

x = 0.13 (Fig. S4.22), where the 498(2) cm-1 band corresponds to asymmetric stretching and 

bending modes [44, 49], and the 612(2) cm-1 band to stretching of Bi−O bond [50-52]. The 

low-frequency bands at 104(2) cm-1, 255(2) cm-1, and 498(2) cm-1 remain consistent across M-

series (Fig.4.5, S4.19 - S4.21). A blue shift in the high-frequency band is observed from 

612(2) cm-1 to 625(2) cm-1 as the composition changes from x = 0.13 to 0.25 in the Gd-series 



(Fig. 4.6). Blue shift of 11 cm-1, 10 cm-1, 9 cm-1, 2 cm-1, 2 cm-1, and 1 cm-1 are observed in the 

Raman spectra from 617(2) cm-1, 621(2) cm-1, 625(2) cm-1, 629(2) cm-1, 634(2) cm-1, and 

636(2) cm-1 wavenumber for Tb-, Dy-, Ho-, Y-,Tm-, and Yb-series (Fig. 4.6). The Raman 

bands for shorter Bi−O (O2, O3) bonds dominates due to their higher covalency and 

polarizability [53]. Distortion in BiOx polyhedra shifts the Bi−O stretching mode to higher 

wavenumbers [53]. The disorder in the oxygen sublattice increases the variation in i− bond 

lengths, causing localized vibrations and broadening the Raman band in the high-frequency 

region [14, 43, 44, 48]. The characteristic M−O vibration of M2O3 between 350 cm-1 and 

395 cm-1 is obscured in Raman spectra [54].

A representative UV/Vis diffuse reflectance spectrum for the Gd-series at x = 0.13 is shown in 

figure 4.7, with spectra for other M-series in figures S4.23 – S4.27. Tauc’s [55] and DASF 

[56] methods are used to calculate the electronic bandgap for each M-series, while RATD 

analysis helps determine the transition type and bandgap energy (Tab. 4.2, S4.11, S4.12). A 

direct bandgap of Eg = 2.68(2) eV at x = 0.13 for Gd-series, calculated by DASF, compares 

with a direct transition Ed = 2.73(3) eV from Tauc’s analysis. The possible indirect transition 

bandgap energy Ei = 2.24(3) eV significantly different from Eg. The same strategy is used to 

calculate Eg, with values listed in table 4.2 for x = 0.05 – 0.25, suggesting a direct transition in 

the Gd-series. Similarly, other solid solutions of Y, Tb, Dy, Tm, Yb, and Lu show direct 

bandgap transitions (Tab. S4.11, S4.12). However, the Eg transition type in the Ho- and Er-

series is unidentified due to additional electronic absorption bands, making separation from 

bandgap transition energy difficult in the DASF method (Fig. S4.29, S4.30). Only the Ed and 

Ei are calculated by Tauc’s analysis, and values are listed in table 4.13. The bandgap energy 

slightly increases with increasing x-value in (Bi1-xMx)2O3, as shown in figure 4.8 and S4.30. Eg 



Figure 4.7: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi1-xGdx)2O3 for x = 0.13 composition.

reaches a plateau at 2.75(4) eV for the pure -phase, corresponding to the reported direct 

bandgap energy [18, 31, 57]. Eg for the -phase is lower than that of the -phase, with the 

dotted line in figure 4.8 and S4.30 representing the phase boundary at the corresponding x-

value of M-series. In addition to Eg, an absorption band between 2.00(2) eV and 2.45(3) eV is 

identified in the DASF spectrum (Fig. 4.7D and S4.23D – S4.27D), which is assigned to anion 

defect transition energy (Ed-). Ed- is a characteristic feature of the −phase, linked to high ionic 

disorder in the oxide lattice (oxygen vacancy) [7, 8, 14, 58]. The variation of Ed- in (Bi1-xMx)2O3 

solid solutions (Fig. 4.8 and S4.30) shows a pseudo-Voigt type distribution, with peak maxima 

appearing at the pure −phase. The low symmetric −phase is closely related to the high 

symmetric −phase, where the vacant oxygen sites are fully ordered [3].



Figure 4.8: Determined Eg (circle, bandgap) and Ed- (square, anionic defect) transition energies 
for the (Bi1-xGdx)2O3 solid solution as a variation of x-value, with the dotted line denoting the 
phase boundary between − and −phases.

Table 4.2: Bandgap energies calculated from UV/Vis diffuse reflectance spectroscopic data of 
(Bi1-xGdx)2O3 using the RATD methods [39]. Respective value for x = 0 is taken from the given 
literature.

DASF fitting Tauc fitting
Type

x Eg/eV Fg/eV Ed-/eV Ed/eV Ei/eV

0 -- -- -- -- 2.50 [59] Indirect
0 -- -- -- 3.55 [57] -- Direct

0.05 2.51(2) 0.51(2) 2.16(2) 2.58(3) 2.09(3) Direct
0.08 2.59(5) 0.48(4) 2.14(6) 2.63(3) 2.14(3) Direct
0.10 2.60(2) 0.53(2) 2.20(2) 2.72(3) 2.14(3) Direct
0.13 2.68(2) 0.41(2) 2.34(2) 2.73(3) 2.24(3) Direct
0.15 2.69(8) 0.46(8) 2.29(9) 2.77(3) 2.18(3) Direct
0.20 2.73(2) 0.36(2) 2.22(2) 2.78(3) 2.16(3) Direct
0.25 2.75(2) 0.39(2) 2.23(2) 2.79(3) 2.15(3) Direct

Eg, Ed- and Fg refer to bandgap energy, anionic defect transition, and band flatness, 
respectively, obtained from the fitting of the DASF plots. Ed and Ei, respectively, 
represent direct and indirect transition energies determined from the Tauc plots.



Thermal analysis

Thermogravimetric analysis and respective DSC curves for (Bi1-xMx)2O3 solid solutions at 

x = 0.25 are shown in figure 4.9. The first inflection point in TGA data marks the onset 

decomposition temperature at 1482(2) K, 1486(2) K, 1468(2) K, 1502(2) K, 1482(2) K, 

1479(2) K, 1478(2) K, and 1460(2) K for Gd, Tb, Ho, Y, Er, Tm, Yb, and Lu, respectively. The 

decomposition temperature slightly decreases with a smaller cationic radius from Gd3+ to Lu3+, 

reflecting the bond strength of the M–O bond [60]. The heat flow curves show an additional 

endothermic peak around 873 K, before the decomposition temperature, indicating an 

order ↔ disorder structural modification in −phase [41].

Figure 4.9: Thermogravimetric analysis of (Bi1-xMx)2O3 solid solution at x = 0.25 composition 
for M = Y and Gd - Lu.

4. Conclusions

The high temperature metastable −Bi is stabilized at ambient condition by substituting 

Bi3+ cation by some rare-earth cations. The amount of substitution depends on the size of the 

RE-cation. By replacing the Bi3+ by the RE-cation the solid solutions gradually transform from 

low-symmetry into high-symmetry phase along with redistribution of the oxygen positions. 

The phase purity of each sample is confirmed by X-ray powder diffraction and complemented 



by Raman spectroscopy. The characteristic Bi−O vibration in the - and -phase clearly 

separates the phase boundary for compositional x-value. The electronic transition calculated by 

the DASF approach indicates the oxygen vacancy. Band gap has reached a plateau at 

2.75(4) eV for all nine investigated series. The low bandgap and the oxygen disordering in 

these solid solutions could be interesting materials for photocatalysis and solid state 

electrolysis. 
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Supplementary Information

Stabilization of (Bi1-xMx)2O3 delta phase with rare-earth cations: 
structural, spectroscopic and thermal investigations for M = Y, 

Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu

Figure S4.1: Selective sample color variation in (Bi1-xMx)2O3 for x = 0.05 – 0.25.

Figure S4.2: Scanning electron micrographs of (Bi1-xMx)2O3 for M = Gd (left) and Tb (right) 
at x = 0.15.



Figure S4.3: Scanning electron micrographs of (Bi1-xMx)2O3 for M = Y (up), Er, and Yb (down) 
at x = 0.15.



Figure S4.4: Variation of average crystallite size (Lvol(IB)) and micro-strain (ԑo) as a function 
of compositional changes in (Bi1-xMx)2O3 for the pure -phase.

Figure S4.5: X-ray powder diffraction patterns for the Gd-series of (Bi1-xGdx)2O3, illustrating 
the variations in structural characteristics as the compositional x-value changes.



Figure S4.6: X-ray powder diffraction patterns for the Tb-series of (Bi1-xTbx)2O3, illustrating 
the variations in structural characteristics as the compositional x-value changes.

Figure S4.7: X-ray powder diffraction patterns for the Dy-series of (Bi1-xDyx)2O3, illustrating 
the variations in structural characteristics as the compositional x-value changes.



Figure S4.8: X-ray powder diffraction data Rietveld pattern for pure -phase at x = 0.05 
composition in (Bi1-xGdx)2O3.

Figure S4.9: Variation of a- and c-lattice parameters as a function of compositional x in 
different M-series of (Bi1-xMx)2O3.



Figure S4.10: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.13 
composition in (Bi1-xTbx)2O3. 

Figure S4.11: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.13 
composition in (Bi1-xDyx)2O3.



Figure S4.12: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.15 
composition in (Bi1-xHox)2O3.

Figure S4.13: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.18 
composition in (Bi1-xYx)2O3.



Figure S4.14: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.20 
composition in (Bi1-xErx)2O3.

Figure S4.15: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.20 
composition in (Bi1-xTmx)2O3.



Figure S4.16: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.23 
composition in (Bi1-xYbx)2O3.

Figure S4.17: X-ray powder diffraction data Rietveld plot for pure δ-phase at x = 0.23 
composition in (Bi1-xLux)2O3.



Figure S4.18: Variation of <Bi/M–O(2)> and <Bi/M–O(3)> bond distances with increasing 
compositional x-value in (Bi1-xMx)2O3 for all M-series.

Figure S4.19: Raman spectra of (Bi1-xMx)2O3 for M = Tb and Dy as a variation of 
compositional x-value.



Figure S4.20: Raman spectra of (Bi1-xMx)2O3 for M = Y, Ho, and Tm as a variation of 
compositional x-value.



Figure S4.21: Raman spectra of (Bi1-xMx)2O3 for M = Yb and Lu as a variation of 
compositional x-value.

Figure S4.22: Representative Raman spectrum peak fitting of different Bi–O vibrations for 
x = 0.13 compositional value in (Bi1-xGdx)2O3.



Figure S4.23: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi1-xGdx)2O3 for x = 0.05 composition.

Figure S4.24: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi1-xGdx)2O3 for x = 0.25 composition.



Figure S4.25: RATD plots of x = 0.05 in (Bi1-xMx)2O3 solid solution for M = Tb, Y, and Yb.



Figure S4.26: RATD plots of x = 0.25 in (Bi1-xMx)2O3 solid solution for M = Tb, Dy, and Y.



Figure S4.27: RATD plots of x = 0.25 in (Bi1-xMx)2O3 solid solution for M = Tm, Yb, and Lu.



Figure S4.28: UV/Vis plot containing reflectance spectrum (R) and Tauc analysis (T) for direct 
(Ed) and indirect (Ei) transitions in (Bi1-xHox)2O3 for x = 0.13 and 0.25.

Figure S4.29: UV/Vis plot containing reflectance spectrum (R) and Tauc analysis (T) for direct 
(Ed) and indirect (Ei) transitions in (Bi1-xErx)2O3 for x = 0.13 and 0.25.



Figure S4.30: Determined Eg (circle, bandgap) and Ed- (diamond, anionic defect) transition 
energies for the (Bi1-xMx)2O3 solid solution of Tb, Y, and Yb, with the dotted line representing 
the phase boundary between − and −phases.



Table S4.1: Average crystallite size and microstrain of the (Bi1-xMx)2O3 -phases obtained from 
X-ray powder data Rietveld refinements.

Lvol(IB) /nm
x Y Gd Tb Dy Ho Er Tm Yb Lu

0.13 -- 203(2) 218(3) 182(2) 274(3) -- -- -- --
0.15 221(4) 186(2) 189(3) 177(2) 174(2) 210(4) -- -- --
0.18 214(3) 236(2) 244(4) 184(2) 202(3) -- -- -- --
0.20 217(3) 164(2) 202(2) 214(3) 208(3) 202(3) 175(2) 188(3) 242(3)
0.23 197(3) 260(3) 290(4) 180(2) -- 261(4) 180(2) 211(3) 183(2)
0.25 244(3) 203(2) 248(3) 242(3) 238(3) 265(4) 175(2) 183(3) 199(3)

 /%
0.13 -- 0.014(1) 0.013(1) 0.016(1) 0.018(1) -- -- -- --
0.15 0.027(1) 0.011(1) 0.005(1) 0.014(1) 0.012(1) 0.007(1) -- -- --
0.18 0.027(1) 0.024(1) 0.043(1) 0.025(1) 0.012(1) -- -- -- --
0.20 0.010(1) 0.043(1) 0.018(1) 0.018(1) 0.013(1) 0.001(1) 0.005(1) 0.014(1) 0.020(1)
0.23 0.036(1) 0.022(1) 0.019(1) 0.031(1) -- 0.005(1) 0.011(1) 0.004(1) 0.011(1)
0.25 0.014(1) 0.037(1) 0.019(1) 0.030(1) 0.016(1) 0.024(1) 0.013(1) 0.028(2) 0.014(1)



Table S4.2: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.05 - 0.25 in (Bi1-xTbx)2O3.

x = 0.05, space group = P42/nmc
Atom Site Occupancy x y z B /10-4 pm2

Bi/Tb 8g 0.48/0.03(1) 0 0.256(1) 0.239(2) 1.37(3)
O1 8f 0.49(2)

(2)(2)

0.299(3) 0.299(3) 0 1.85(3)a

O2 4d 0.48(2) 0 1/2 0.388(3) 1.85(3)a

O3 2a 0.09(3)

((3)

0 0 0 1.85(3)a

x = 0.10, space group = P42/nmc, -phase (%) = 35.9(2)
Bi/Tb 8g 0.45/0.05(1) 0 0.250(2) 0.246(3) 1.58(3)
O1 8f 0.50(2) 0.294(3) 0.294(3) 0 4.93(3)b

O2 4d 0.46(2) 0 1/2 0.402(1) 4.93(3)b

O3 2a 0.09(3) 0 0 0 4.93(3)b

x = 0.10, space group = Fm3̅m, -phase (%) = 64.1(2)
Bi/Tb 24e 0.142/0.025(1) 0.057(3) 0 0 1.76(3)
O1 8c 0.038(3) 1/4 1/4 1/4 5.48(3)c

O2 32f 0.159(3) 0 276(3) 0 276(3) 0 276(3) 5.48(3)c

O3 48i 0.012(3) 1/2 0 249(3) 0 249(3) 5.48(3)c

x = 0.13, space group = Fm3̅m
Bi/Tb 24e 0.144/0.023(1) 0.046(1) 0 0 1.59(2)
O1 8c 0.315(1) 1/4 1/4 1/4 5.00(3)d

O2 32f 0.090(3) 0 310(2) 0 310(2) 0 310(2) 5.00(3)d

O3 48i 0.011(2) 1/2 0 105(3) 0 105(3) 5.00(3)d

x = 0.15, space group = Fm3̅m
Bi/Tb 24e 0.142/0.024(1) 0.044(1) 0 0 1.50(2)
O1 8c 0.280(1) 1/4 1/4 1/4 4.10(3)e

O2 32f 0.099(3) 0 308(3) 0 308(3) 0 308(3) 4.10(3)e

O3 48i 0.011(3) 1/2 0 145(3) 0 145(3) 4.10(3)e

x = 0.25, space group = Fm3̅m
Bi/Tb 24e 0.121/0.046(1) 0.045(1) 0 0 1.56(2)
O1 8c 0.216(3) 1/4 1/4 1/4 4.89(2)f

O2 32f 0.115(3) 0 290(3) 0 290(3) 0 290(3) 4.89(2)f

O3 48i 0.013(3) 1/2 0 252(3) 0 252(3) 4.89(2)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.3: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.10 - 0.25 in (Bi1-xDyx)2O3.

x = 0.10, space group = P42/nmc, -phase (%) = 32.8(2)
Atom Site Occupancy x y z B /10-4 pm2

Bi/Dy 8g 0.45/0.05(2) 0 0.253(2) 0.245(2) 1.15(3)
O1 8f 0.49(2) 0.291(3) 0.291(3) 0 4.20(3) a

O2 4d 0.47(2) 0 1/2 0.494(1) 4.20(3) a

O3 2a 0.09(3) 0 0 0 4.20(3) a

x = 0.10, space group = Fm3̅m, -phase (%) = 67.2(2)
Bi/Dy 24e 0.133/0.034(1) 0.052(2) 0 0 1.55(3)
O1 8c 0.036(3) 1/4 1/4 1/4 4.78(3)b

O2 32f 0.159(3) 0 274(3) 0 274(3) 0 274(3) 4.78(3)b

O3 48i 0.013(3) 1/2 0 249(3) 0 249(3) 4.78(3)b

x = 0.13, space group = Fm3̅m
Bi/Dy 24e 0.145/0.022(1) 0.045(1) 0 0 1.58(2)
O1 8c 0.248(3) 1/4 1/4 1/4 5.00(3)c

O2 32f 0.107(3) 0 299(3) 0 299(3) 0 299(3) 5.00(3)c

O3 48i 0.020(3) 1/2 0 329(3) 0 329(3) 5.00(3)c

x = 0.15, space group = Fm3̅m
Bi/Dy 24e 0.141/0.026(1) 0.045(1) 0 0 1.58(2)
O1 8c 0.320(3) 1/4 1/4 1/4 4.80(3)d

O2 32f 0.089(3) 0 317(2) 0 317(2) 0 317(2) 4.80(3)d

O3 48i 0.019(3) 1/2 0 369(3) 0 369(3) 4.80(3)d

x = 0.20, space group = Fm3̅m
Bi/Dy 24e 0.133/0.033(1) 0.045(1) 0 0 1.55(2)
O1 8c 0.278(3) 1/4 1/4 1/4 4.35(3)e

O2 32f 0.099(3) 0 300(3) 0 300(3) 0 300(3) 4.35(3)e

O3 48i 0.012(3) 1/2 0 353(3) 0 353(3) 4.35(3)e

x = 0.25, space group = Fm3̅m
Bi/Dy 24e 0.121/0.046(1) 0.046(1) 0 0 1.58(2)
O1 8c 0.310(3) 1/4 1/4 1/4 4.58(2)f

O2 32f 0.091(3) 0 288(3) 0 288(3) 0 288(3) 4.58(2)f

O3 48i 0.011(3) 1/2 0 433(3) 0 433(3) 4.58(2)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.4: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.13 - 0.25 in (Bi1-xHox)2O3.

x = 0.13, space group = P42/nmc, -phase (%) = 26.1(2)
Atom Site Occupancy x y z B /10-4 pm2

Bi/Ho 8g 0.43/0.07(2) 0 0.249(2) 0.240(2) 1.44(3)
O1 8f 0.57(2) 0.296(3) 0.296(3) 0 4.80(3) a

O2 4d 0.31(2) 0 1/2 0.530(3) 4.80(3) a

O3 2a 0.10(3) 0 0 0 4.80(3) a

x = 0.13, space group = Fm3̅m, -phase (%) = 73.9(2)
Bi/Ho 24e 0.145/0.022(1) 0.050(3) 0 0 1.50(3)
O1 8c 0.170(3) 1/4 1/4 1/4 3.00(3)b

O2 32f 0.127(3) 0 310(3) 0 310(3) 0 310(3) 3.00(3)b

O3 48i 0.016(3) 1/2 0 440(3) 0 440(3) 3.00(3)b

x = 0.15, space group = Fm3̅m
Bi/Ho 24e 0.143/0.024(1) 0.045(1) 0 0 1.57(2)
O1 8c 0.335(3) 1/4 1/4 1/4 4.10(3)c

O2 32f 0.080(3) 0 339(3) 0 339(3) 0 339(3) 4.10(3)c

O3 48i 0.014(3) 1/2 0 388(3) 0 388(3) 4.10(3)c

x = 0.18, space group = Fm3̅m
Bi/Ho 24e 0.136/0.031(1) 0.045(1) 0 0 1.54(2)
O1 8c 0.290(3) 1/4 1/4 1/4 3.40(3)d

O2 32f 0.097(3) 0 299(3) 0 299(3) 0 299(3) 3.40(3)d

O3 48i 0.014(3) 1/2 0 366(3) 0 366(3) 3.40(3)d

x = 0.20, space group = Fm3̅m
Bi/Ho 24e 0.133/0.033(1) 0.045(1) 0 0 1.56(2)
O1 8c 0.250(3) 1/4 1/4 1/4 4.00(3)e

O2 32f 0.106(3) 0 296(3) 0 296(3) 0 296(3) 4.00(3)e

O3 48i 0.014(3) 1/2 0 350(3) 0 350(3) 4.00(3)e

x = 0.25, space group = Fm3̅m
Bi/Ho 24e 0.124/0.042(1) 0.045(1) 0 0 1.56(2)
O1 8c 0.204(3) 1/4 1/4 1/4 4.17(2)f

O2 32f 0.118(3) 0 286(3) 0 286(3) 0 286(3) 4.17(2)f

O3 48i 0.011(3) 1/2 0 309(3) 0 309(3) 4.17(2)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.5: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.05 - 0.25 in (Bi1-xYx)2O3.

x = 0.05, space group = P42/nmc
Atom Site Occupancy x y z B /10-4 pm2

Bi/Y 8g 0.48/0.02

(1)

0 0.255(1) 0.238(2) 1.30(2)
O1 8f 0.46(2)

(2)(2)

0.304(1) 0.304(1) 0 1.60(3)a

O2 4d 0.54(2) 0 1/2 0.404(3) 1.60(3)a

O3 2a 0.08(3)

((3)

0 0 0 1.60(3)a

x = 0.15, space group = P42/nmc, -phase (%) = 7.7(2)
Bi/Y 8g 0.87/0.13(1) 0 0.248(3) 0.265(3) 1.22(3)
O1 8f 0.51(2) 0.235(3) 0.235(3) 0 4.26(3)b

O2 4d 0.47(2) 0 1/2 0.474(3) 4.26(3)b

O3 2a 0.04(3)

(3)

0 0 0 4.26(3)b

x = 0.15, space group = Fm3̅m, -phase (%) = 92.3(2)
Bi/Y 24e 0.142/0.025(1) 0.045(3) 0 0 1.28(2)
O1 8c 0.100(3) 1/4 1/4 1/4 4.57(3)c

O2 32f 0.144(3) 0 298(3) 0 298(3) 0 298(3) 4.57(3)c

O3 48i 0.017(3) 1/2 0 253(3) 0 253(3) 4.57(3)c

x = 0.18, space group = Fm3̅m
Bi/Y 24e 0.134/0.032(1) 0.045(1) 0 0 1.56(2)
O1 8c 0.309(3) 1/4 1/4 1/4 2.90(3)d

O2 32f 0.092(3) 0 327(2) 0 327(2) 0 327(2) 2.90(3)d

O3 48i 0.013(2) 1/2 0 356(3) 0 356(3) 2.90(3)d

x = 0.23, space group = Fm3̅m
Bi/Y 24e 0.130/0.037(1) 0.047(1) 0 0 1.64(2)
O1 8c 0.320(1) 1/4 1/4 1/4 3.20(3)e

O2 32f 0.089(3) 0 307(2) 0 307(2) 0 307(2) 3.20(3)e

O3 48i 0.012(2) 1/2 0 390(3) 0 390(3) 3.20(3)e

x = 0.25, space group = Fm3̅m
Bi/Y 24e 0.128/0.046(1) 0.039(1) 0 0 1.67(2)
O1 8c 0.278(3) 1/4 1/4 1/4 2.80(3)f

O2 32f 0.099(3) 0 310(2) 0 310(2) 0 310(2) 2.80(3)f

O3 48i 0.003(3) 1/2 0 286(3) 0 286(3) 2.80(3)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.6: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.05 - 0.25 in (Bi1-xErx)2O3.

x = 0.05, space group = P42/nmc
Atom Site Occupancy x y z B /10-4 pm2

Bi/Er 8g 0.48/0.02(2) 0 0.255(1) 0.237(1) 1.22(3)
O1 8f 0.50(3)

(2)(2)

0.317(3) 0.317(3) 0 1.40(3)a

O2 4d 0.46(3) 0 1/2 0.402(3) 1.40(3)a

O3 2a 0.09(3)

((3)

0 0 0 1.40(3)a

x = 0.15, space group = P42/nmc, -phase (%) = 6.6(2)
Bi/Er 8g 0.43/0.07(2) 0 0.248(3) 0.250(1) 1.25(3)
O1 8f 0.53(3) 0.295(3) 0.295(3) 0 4.20(3)b

O2 4d 0.38(3) 0 1/2 0.475(3) 4.20(3)b

O3 2a 0.10(3)

(3)

0 0 0 4.20(3)b

x = 0.15, space group = Fm3̅m, -phase (%) = 93.4(2)
Bi/Er 24e 0.132/0.035(1) 0.045(1) 0 0 1.28(2)
O1 8c 0.250(3) 1/4 1/4 1/4 3.70(3)c

O2 32f 0.105(3) 0 313(3) 0 313(3) 0 313(3) 3.70(3)c

O3 48i 0.015(3) 1/2 0 401(3) 0 401(3) 3.70(3)c

x = 0.20, space group = Fm3̅m
Bi/Er 24e 0.131/0.035(1) 0.041(1) 0 0 1.35(2)
O1 8c 0.390(3) 1/4 1/4 1/4 1.20(3)d

O2 32f 0.072(3) 0 309(3) 0 309(3) 0 309(3) 1.20(3)d

O3 48i 0.016(2) 1/2 0 412(3) 0 412(3) 1.20(3)d

x = 0.23, space group = Fm3̅m
Bi/Er 24e 0.122/0.045(1) 0.042(1) 0 0 1.40(2)
O1 8c 0.300(3) 1/4 1/4 1/4 2.10(3)e

O2 32f 0.094(3) 0 300(3) 0 300(3) 0 300(3) 2.10(3)e

O3 48i 0.012(3) 1/2 0 321(3) 0 321(3) 2.10(3)e

x = 0.25, space group = Fm3̅m
Bi/Er 24e 0.122/0.045(1) 0.046(1) 0 0 1.56(2)
O1 8c 0.260(3) 1/4 1/4 1/4 2.60(3)f

O2 32f 0.104(3) 0 310(2) 0 310(2) 0 310(2) 2.60(3)f

O3 48i 0.012(3) 1/2 0 290(3) 0 290(3) 2.60(3)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.7: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.18 - 0.25 in (Bi1-xTmx)2O3.

x = 0.18, space group = P42/nmc, -phase (%) = 12.4(2)
Atom Site Occupancy x y z B /10-4 pm2

Bi/Tm 8g 0.41/0.09(2) 0 0.249(2) 0.240(2) 1.44(3)
O1 8f 0.49(2) 0.296(3) 0.296(3) 0 4.80(3) a

O2 4d 0.48(2) 0 1/2 0.529(3) 4.80(3) a

O3 2a 0.09(3) 0 0 0 4.80(3) a

x = 0.18, space group = Fm3̅m, -phase (%) = 87.6(2)
Bi/Tm 24e 0.145/0.022(1) 0.047(3) 0 0 1.53(3)
O1 8c 0.151(3) 1/4 1/4 1/4 3.41(3)b

O2 32f 0.131(3) 0 310(3) 0 310(3) 0 310(3) 3.41(3)b

O3 48i 0.011(3) 1/2 0 499(3) 0 499(3) 3.41(3)b

x = 0.20, space group = Fm3̅m
Bi/Tm 24e 0.143/0.024(1) 0.044(1) 0 0 1.48(2)
O1 8c 0.296(3) 1/4 1/4 1/4 1.72(3)c

O2 32f 0.095(3) 0 322(2) 0 322(2) 0 322(2) 1.72(3)c

O3 48i 0.014(3) 1/2 0 203(3) 0 203(3) 1.72(3)c

x = 0.23, space group = Fm3̅m
Bi/Tm 24e 0.129/0.038(1) 0.045(1) 0 0 1.50(2)
O1 8c 0.260(3) 1/4 1/4 1/4 1.45(3)d

O2 32f 0.103(3) 0 309(3) 0 309(3) 0 309(3) 1.45(3)d

O3 48i 0.016(3) 1/2 0 237(3) 0 237(3) 1.45(3)d

x = 0.25, space group = Fm3̅m
Bi/Tm 24e 0.122/0.045(1) 0.044(1) 0 0 1.48(2)
O1 8c 0.365(3) 1/4 1/4 1/4 2.50(3)e

O2 32f 0.077(3) 0 335(2) 0 335(2) 0 335(2) 2.50(3)e

O3 48i 0.016(3) 1/2 0 421(3) 0 421(3) 2.50(3)e

a,b,c,d,eIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.8: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.05 - 0.25 in (Bi1-xYbx)2O3.

x = 0.05, space group = P42/nmc
Atom Site Occupancy x y z B /10-4 pm2

Bi/Yb 8g 0.48/0.02(1) 0 0.255(1) 0.237(2) 0.99(2)
O1 8f 0.49(2)

(2)(2)

0.310(1) 0.310(1) 0 1.30(3)a

O2 4d 0.48(2) 0 1/2 0.375(3) 1.30(3)a

O3 2a 0.09(3)

((3)

0 0 0 1.30(3)a

x = 0.20, space group = P42/nmc, -phase (%) = 17.9(2)
Bi/Yb 8g 0.40/0.10(1) 0 0.248(3) 0.253(3) 1.43(3)
O1 8f 0.50(2) 0.267(3) 0.267(3) 0 3.50(3)b

O2 4d 0.46(2) 0 1/2 0.570(3) 3.50(3)b

O3 2a 0.08(3)

(3)

0 0 0 3.50(3)b

x = 0.20, space group = Fm3̅m, -phase (%) = 82.1(2)
Bi/Yb 24e 0.142/0.025(1) 0.048(1) 0 0 1.54(3)
O1 8c 0.160(3) 1/4 1/4 1/4 4.58(3)c

O2 32f 0.128(3) 0 308(3) 0 308(3) 0 308(3) 4.58(3)c

O3 48i 0.013(3) 1/2 0 292(3) 0 292(3) 4.58(3)c

x = 0.23, space group = Fm3̅m
Bi/Yb 24e 0.130/0.039(1) 0.046(1) 0 0 1.58(2)
O1 8c 0.344(1) 1/4 1/4 1/4 3.00(3)d

O2 32f 0.083(3) 0 329(3) 0 329(3) 0 329(3) 3.00(3)d

O3 48i 0.012(2) 1/2 0 481(3) 0 481(3) 3.00(3)d

x = 0.25, space group = Fm3̅m
Bi/Yb 24e 0.129/0.037(1) 0.047(1) 0 0 1.59(2)
O1 8c 0.311(3) 1/4 1/4 1/4 3.47(3)e

O2 32f 0.091(3) 0 312(2) 0 312(2) 0 312(2) 3.47(3)e

O3 48i 0.011(3) 1/2 0 300(3) 0 300(3) 3.47(3)e

a,b,c,d,eIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.9: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.20 - 0.25 in (Bi1-xLux)2O3.

x = 0.20, space group = P42/nmc, -phase (%) = 15.5(2)
Atom Site Occupancy x y z B /10-4 pm2

Bi/Lu 8g 0.40/0.10(2) 0 0.249(3) 0.243(3) 0.82(3)
O1 8f 0.51(3)

((3)

0.270(3) 0.270(3) 0 3.30(3) a

O2 4d 0.44(3) 0 1/2 0.490(3) 3.30(3) a

O3 2a 0.07(3) 0 0 0 3.30(3) a

x = 0.20, space group = Fm3̅m, -phase (%) = 84.5(2)
Bi/Lu 24e 0.133/0.034(1) 0.048(1) 0 0 1.53(3)
O1 8c 0.110(3) 1/4 1/4 1/4 4.18(3)b

O2 32f 0.140(3) 0 289(3) 0 289(3) 0 289(3) 4.18(3)b

O3 48i 0.012(3) 1/2 0 248(3) 0 248(3) 4.18(3)b

x = 0.23, space group = Fm3̅m
Bi/Lu 24e 0.126/0.041(1) 0.047(1) 0 0 1.59(2)
O1 8c 0.360(3) 1/4 1/4 1/4 2.60(3)c

O2 32f 0.079(3) 0 315(3) 0 315(3) 0 315(3) 2.60(3)c

O3 48i 0.009(2) 1/2 0 394(3) 0 394(3) 2.60(3)c

x = 0.25, space group = Fm3̅m
Bi/Lu 24e 0.125/0.041(1) 0.047(1) 0 0 1.60(2)
O1 8c 0.347(3) 1/4 1/4 1/4 2.90(3)d

O2 32f 0.084(3) 0 329(2) 0 329(2) 0 329(2) 2.90(3)d

O3 48i 0.007(2) 1/2 0 389(3) 0 389(3) 2.90(3)d

a,b,c,dIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table S4.10: Average Bi/M−O bond distances of the (Bi1-xMx)2O3 -phases obtained from X-
ray powder data Rietveld refinements.

<Bi/M–O(1)> /pm
x Y Gd Tb Dy Ho Er Tm Yb Lu

0.13 -- 241.1(1) 240.7(1) 240.4(1) -- -- -- -- --
0.15 -- 240.9(1) 240.5(1) 240.2(1) 239.9(1) -- -- -- --
0.18 239.7(1) 240.8(1) 240.2(1) 239.9(1) 239.6(1) -- -- -- --
0.20 239.6(1) 240.6(1) 240.1(1) 239.6(1) 239.3(1) 238.9(1) 238.7(1) -- --
0.23 239.1(1) 240.4(1) 239.7(1) 239.3(1) -- 238.5(1) 238.3(1) 238.1(1) 238.0(1)
0.25 238.8(1) 240.2(1) 239.7(1) 239.1(1) 238.7(1) 238.4(1) 237.9(1) 238.0(1) 237.6(1)

<Bi/M–O(2)> /pm
0.13 -- 234.6(1) 236.1(1) 235.4(1) -- -- -- -- --
0.15 -- 230.1(1) 235.9(1) 236.1(1) 226.4(1) -- -- -- --
0.18 244.8(1) 236.4(1) 235.3(1) 234.8(1) 234.6(1) -- -- -- --
0.20 227.9(1) 236.4(1) 235.1(1) 234.6(1) 234.3(1) 234.4(1) 235.1(1) -- --
0.23 234.2(1) 235.6(1) 234.6(1) 234.3(1) -- 233.6(1) 241.7(1) 235.1(1) 233.6(1)
0.25 234.5(1) 235.3(1) 234.6(1) 234.1(1) 233.7(1) 233.7(1) 235.8(1) 233.5(1) 234.6(1)

<Bi/M–O(3)> /pm
0.13 -- 197.3(1) 244.3(1) 217.4(1) -- -- -- -- --
0.15 -- 197.0(1) 238.1(1) 239.5(1) 242.3(1) -- -- -- --
0.18 237.3(1) 197.0(1) 196.5(1) 196.2(1) 238.4(1) -- -- -- --
0.20 218.4(1) 196.8(1) 200.4(1) 196.0(1) 236.4(1) 254.0(1) 198.6(1) -- --
0.23 251.1(1) 216.2(1) 261.4(1) 236.6(1) -- 214.7(1) 195.1(1) 271.2(1) 250.4(1)
0.25 198.3(1) 196.6(1) 196.1(1) 260.1(1) 213.5(1) 211.6(1) 254.1(1) 211.8(1) 249.4(1)



Table S4.11: Bandgap energies calculated from UV/Vis diffuse reflectance spectroscopic data 
of (Bi1-xMx)2O3 for M = Tb, Dy, and Y using the RATD methods.

Tb

DASF fitting Tauc fitting
Type

x Eg Fg Ed- Ed Ei

0.05 2.55(2) 0.44(2) 2.05(2) 2.55(3) 2.05(3) Direct
0.08 2.53(2) 0.61(2) 2.06(2) 2.60(3) 2.12(3) Direct
0.10 2.68(2) 0.45(2) 2.34(2) 2.67(3) 2.16(3) Direct
0.13 2.65(2) 0.42(2) 2.32(2) 2.70(3) 2.08(3) Direct
0.15 2.72(2) 0.40(5) 2.46(9) 2.75(3) 2.17(3) Direct
0.20 2.72(2) 0.35(2) 2.45(2) 2.70(3) 2.13(3) Direct
0.25 2.75(2) 0.33(2) 2.46(2) 2.69(3) 2.13(3) Direct

Dy
0.10 2.56(2) 0.51(2) 2.22(2) 2.65(3) 2.24(3) Direct
0.13 2.68(2) 0.42(2) 2.25(2) 2.73(3) 2.22(3) Direct
0.15 2.69(2) 0.44(2) 2.23(2) 2.75(3) 2.21(3) Direct
0.20 2.72(2) 0.39(2) 2.20(2) 2.74(3) 2.22(3) Direct
0.25 2.75(2) 0.34(2) 2.20(2) 2.74(3) 2.13(3) Direct

Y
0.05 2.43(2) 0.51(2) 1.98(2) 2.52(3) 2.08(3) Direct
0.10 2.57(2) 0.53(2) 2.23(2) 2.65(3) 2.19(3) Direct
0.13 2.64(2) 0.42(2) 2.31(2) 2.67(3) 2.18(3) Direct
0.15 2.70(2) 0.48(2) 2.33(2) 2.74(3) 2.14(3) Direct
0.18 2.74(2) 0.40(2) 2.34(2) 2.75(3) 2.16(3) Direct
0.20 2.78(2) 0.43(2) 2.34(2) 2.79(3) 2.16(3) Direct
0.23 2.74(2) 0.44(2) 2.34(2) 2.71(3) 2.14(3) Direct
0.25 2.80(2) 0.44(2) 2.34(2) 2.78(3) 2.14(3) Direct

Eg, Ed- and Fg refer to bandgap energy, anionic defect transition, and band flatness in 
eV, respectively, obtained from the fitting of the DASF plots. The Ed and Ei, 
respectively represent direct and indirect transition in eV determined from the Tauc 
plots.



Table S4.12: Bandgap energies calculated from UV/Vis diffuse reflectance spectroscopic data 
of (Bi1-xMx)2O3 for M = Tm, Yb, and Lu using the RATD methods.

Tm

DASF fitting Tauc fitting
Type

x Eg Fg Ed- Ed Ei

0.18 2.69(2) 0.57(2) 2.27(2) 2.70(3) 2.16(3) Direct
0.20 2.70(2) 0.58(2) 2.27(2) 2.72(3) 2.16(3) Direct
0.23 2.73(2) 0.57(2) 2.27(2) 2.72(3) 2.15(3) Direct
0.25 2.72(2) 0.62(2) 2.27(2) 2.73(3) 2.17(3) Direct

Yb
0.05 2.39(2) 0.53(2) 2.05(2) 2.50(3) 2.10(3) Direct
0.10 2.46(2) 0.66(2) 2.00(2) 2.67(3) 2.14(3) Direct
0.13 2.62(2) 0.49(2) 2.26(3) 2.68(3) 2.11(3) Direct
0.15 2.67(2) 0.48(2) 2.24(2) 2.71(3) 2.13(3) Direct
0.20 2.67(2) 0.59(5) 2.25(2) 2.76(3) 2.11(3) Direct
0.23 2.72(2) 0.49(2) 2.23(2) 2.71(3) 2.09(3) Direct
0.25 2.73(4) 0.59(5) 2.22(2) 2.77(3) 2.11(3) Direct

Lu
0.20 2.69(2) 0.51(2) 2.17(2) 2.73(3) 2.15(3) Direct
0.23 2.70(2) 0.64(2) 2.20(2) 2.74(3) 2.15(3) Direct
0.25 2.71(2) 0.62(2) 2.21(2) 2.72(3) 2.16(3) Direct

Eg, Ed- and Fg refer to bandgap energy, anionic defect transition, and band flatness in 
eV, respectively, obtained from the fitting of the DASF plots. The Ed and Ei, 
respectively represent direct and indirect transition in eV determined from the Tauc 
plots.



Table S4.13: Bandgap energies calculated from UV/Vis diffuse reflectance spectroscopic data 
of (Bi1-xMx)2O3 for M = Ho and Er using the Tauc fitting.

x
Ho Er

Ed Ei Ed Ei

0.13 2.70(3) 2.27(3) 2.67(3) 2.10(3)
0.15 2.75(3) 2.27(3) 2.69(3) 2.10(3)
0.18 2.75(3) 2.26(3) -- --
0.20 2.75(3) 2.26(3) 2.68(3) 2.13(3)
0.25 2.75(3) 2.24(3) 2.61(3) 2.10(3)

The Ed and Ei, respectively represent direct and indirect transition in eV determined from 
the Tauc plots.



Chapter 5

Impact of Mn+ charge and size on -phases formation: structural and 
spectroscopic investigations with M = Cr and Ta

Abstract

The -phase of Bi2O3 is stabilized at ambient condition by substituting Bi3+ with small size 

cations, specifically Cr3+ and Ta5+, following the formula (Bi1-xMn+
x)2O3+(n-3)x. The substitution 

produces two distinct series: one with Cr and the other with Ta. The Cr-series is studied at 

compositions x = 0.15, 0.20, 0.25, 0.27, and 0.30, whereas the Ta-series is examined at x = 0.05, 

0.10, 0.15, 0.20, 0.25, 0.27, and 0.30. During synthesis at 1273 K, the Cr3+ cation is oxidized 

to Cr6+, resulting in a mixed oxidation state. The portion of Cr3+ and Cr6+ are identified by X-

ray photoelectron spectroscopy. The solid solution of Cr-series is identified as -phase within 

the compositional range of x = 0.15 to 0.30 by X-ray powder diffraction technique. The three-

dimensional incommensurate structural modulation reflects the complexity of this high 

symmetric phase. The lattice parameters of Cr-series remain unchanged throughout the entire 

compositional range of x = 0.15 to 0.30. The Ta-series exhibits both - and -phase at low x-

values, while a pure -phase is identified at the x = 0.25 solid solution. The lattice parameter 

decreases with increasing substitution level. All phases are verified by the X-ray powder 

diffraction and Raman spectroscopy. A strong Raman shift at 314(2) cm-1 serves as an indicator 

of the -phase, while the disappearance of this Raman band in a mixed solid solution indicates 

the formation of pure -phase. The bandgap energy of pure -phase is investigated using 

UV/Vis diffuse reflectance spectroscopy, revealing bandgaps of 2.27(2) eV and 2.93(2) eV at 

the x = 0.25 composition for Cr- and Ta-series, respectively. Anionic and cationic defect 

absorption bands are identified in Cr-series, with an irreversible trend across the composition 



x-value. Only an anionic absorption band is found in the Ta-series, and the presence of this 

band in both series indicates oxygen vacancies in the -phase.

Keywords: Bismuth oxide, delta phase, oxygen vacancy, oxidation state, and bandgap.

1. Introduction

The structural phase transition from low-symmetric to high-symmetric phase is a notable 

feature for accommodating defects within the overall structure. This attribute of bismuth oxide 

phases highlights their potential as semiconductor [1], solid electrolyte [2, 3], and ferroelectric 

material [4]. Internal phase transition in bismuth oxide is examined through their occurrence at 

various temperatures [5-7] and the substitution of Bi3+ with other Mn+ cation [1, 8, 9]. The 

choice of phase is influenced by the cationic size, as discussed in chapter 6. Comparable-sized 

cations with different charges (Mn+) affect the degree of phase stabilization. Transition metals 

Cr3+ and Ta5+ are suitable candidates due to their nearly identical cationic sizes within six-fold 

coordination [10]. Understanding phase formation at different temperatures and structural 

modification by substitution Bi3+ with other Mn+ cation (M = Cr, Ta) is essential. For example, 

Bi6Cr2O15 is a thermochromic material where Cr3+ ion is oxidized to Cr6+ during synthesis at 

923 K in an open condition [11]. The compound crystallizes in space group Ccc2 (no. 37) with 

the lattice parameters a = 1230.18(2) pm, b = 1987.49(2) pm, and c = 588.16(1) pm [11]. The 

isolated CrO4
2- tetrahedron is connected within Bi(2)/Bi(3)−O−Cr framework. The Bi(1)−O 

bond lengths in the first coordination sphere range from 213 pm to 234 pm, while 

Bi(1)/Bi(2)−O bond lengths range from 209 pm to 221 pm, and short 163 - 168 pm bonds are 

found in CrO4
2- tetrahedron [11]. Bi14CrO24, which crystallizes in space group I4/m (no. 87), 

has a deep red color and is synthesized at 1023 K in open condition [12]. Its lattice parameters 



are a = 868.4(1) pm and c = 1723.8(1) pm. The CrO4
2- tetrahedron is weakly connected via the 

Bi(2)−O−Cr linkage, with Bi(2)−O(6,7) bonds measuring 282.14 pm and 288.08 pm [12]. 

Bi(1)−O bond lengths range from 235.12 pm to 273.07 pm, while Bi(3)−O bonds range from 

208.57 pm to 274.96 pm [12]. A series of Bi1-xCrxO1.5+1.5x with average fluorite-type (-Bi2O3) 

structure in space group Fm3̅m (no. 225) is synthesized at 1223 K followed by direct quenching 

in water [13]. Compositions x = 0.05, 0.10, and 0.15 show three-dimensional incommensurate 

modulation, with satellite reflections described by atomic modulation functions and periodic 

nodal surfaces [13]. Lattice parameters are a = 558.67(3) pm, 559.05(2) pm, and 560.25(3) pm 

for x = 0.05, 0.10, and 0.15, respectively [13]. Bi3+ and Cr6+ share the same Wyckoff position, 

and CrO4
2- tetrahedron in sixfold coordination is confirmed by infrared spectroscopy. Further 

investigation of the Bi1-xCrxO1.5+1.5x series at higher substitution levels remains open, with Cr3+ 

oxidation to Cr6+ occurring between 923 K and 1223 K. Low-level substitution of Bi3+ by Ta5+ 

in (Bi3+
1-xTa5+

x)2O3+2x solid solution that crystallize in space group P42/nmc (no. 137) as -

phase, with an example at 8% substitution showing lattice parameters a = 770.69(6) pm and 

c = 567.35(5) pm [9]. The -phase appears at x = 0.20 composition in (Bi3+
1-xTa5+

x)2O3+2x [14, 

15] but is not further confirmed by spectroscopy. In the -phase, atoms exhibit irregular shifts 

from their ideal positions, with identical ions showing different coordination [16, 17]. This 

behavior, known as anti-glass disorder [9], is reflected in the high atomic displacement 

parameter. In this investigation, the general formula (Bi3+
1-xMn+

x)2O3+(n-3)x is used for the 

successive substitution of Bi3+ by Mn+ (M = Cr and Ta). This study focuses on the appearance 

of -phase, considering the effects of cationic charge and size.



2. Experimental 
2.1. Synthesis

All samples are prepared by mixing stoichiometric amounts of Bi2O3 and metal oxide (Cr2O3 

or Ta2O5) in an agate mortar and placed in a platinum or corundum crucible. The Cr-series is 

heated at 1273 K for 2 minutes, quenched in an icy water bath, and dried at 373 K for 24 h. 

The Ta-series solid solution is heated at 923 K for 24 h, air-quenched, ground, then reheated at 

1073 K for 24 h and quenched to room temperature.

2.2. Microscopy

Scanning electron microscopy (SEM) is performed using a JMS-6510 (JEOL) with a X-Flash 

410-M detector (Bruker) for energy dispersive X-ray spectroscopy (EDX) analysis. Samples 

are placed on conducting carbon tabs, gold-sputtered for 20 s with a JFC-1200 coater (JEOL), 

and then inserted into the SEM chamber.

2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements have been performed on a Specs 

GmbH customized spectrometer, equipped with a Phoibos 150 hemispherical electron analyzer 

and a 1D-DLD Detector. Monochromatized Al radiation (E = 1486.6 eV) operated at 15 kV 

and 200 W has been used for excitation, and the pressure in the analysis chamber was about 

10-10 mbar. An electron flood gun has been used to compensate for charging. All spectra have 

been referenced to the C1s peak at a value of 284.5 eV. The spectrometer was operated in 

Medium Area Mode. The survey spectrum has been collected at a pass energy of 50 eV, and 

the high-resolution spectra were measured at 20 eV.



2.4. X-ray diffraction

X-ray powder diffraction (XRPD) pattern are recorded on a Bruker D8 Discover powder 

diffractometer using Bragg-Brentano geometry with CuKα1,2 (λkα1 = 154.05929(5) pm, 

λkα2 = 154.4414(2) pm) radiation. The measurements are taken at ambient condition with a step 

size of 0.0167° and a total data collection time of 75 s/step. The fundamental parameter 

approach, where the fundamental parameters are fitted against a LaB6 standard material, is 

applied for the Rietveld refinement using ‘DiffracPlusTopas 6’ software (Bruker AXS GmbH, 

Karlsruhe, Germany). The starting lattice parameters and atomic coordinates are taken from 

the crystal structure of - and -phase [3, 9] (ICSD Coll. Code 83640 and 60198, Z = 2). During 

Rietveld refinements, the background, sample displacement, atomic coordinates, and 

occupancy parameters are optimized. In all cases, the isotropic displacement parameters 

between Bi3+ and Mn+, and between the oxygen atoms (O1, O2, O3) are constrained. During 

the Rietveld refinements, bismuth has found on 24e Wyckoff positions, and partially share the 

same site with Mn+ cation. Successive refinement trials reveal mixed occupancy of Bi3+ and 

Mn+. The average crystallite size (ACS) and microstrain (MS) are calculated from the observed 

all X-ray reflections, using the fundamental approach, where ACS and MS are defined as 

LVol(IB) and 0 by the TOPAS software [18].

2.5. Raman spectroscopy

Raman spectra are recorded on a LabRam ARAMIS (Horiba JobinYvon, New Yersey) confocal 

Raman microscope with an excitation energy of 784 nm and 532 nm laser for Cr- and Ta-series, 

respectively. Where suitable laser (transparent region) is identified by the UV/Vis diffuse 

reflectance spectrum. A 50× objective, a moving grating of 1800 grooves/mm and a 

thermodynamically cooled CCD detector (Synapse, 1024×256 pixels) provide the spectral 



width of about 1 cm-1 for 784 nm laser and 3 cm-1 for the 532 nm laser. The spectral positions 

are calibrated against the Raman mode of silicon at 520.7 cm-1 before the measurement.

2.6. UV/Vis diffuse reflectance spectroscopy

UV/Vis diffuse reflectance spectra are recorded at room temperature on a Shimadzu UV-2600 

(Shimadzu, Kyoto, Japan) spectrometer. Data are collected in the range between 190 nm to 

850 nm with a step size of 1 nm. BaSO4 powder is used as the reference standard for baseline 

correction. The bandgap energies and the types of transition are determined using the RATD 

method described elsewhere [19].

3. Results and Discussion

Crystal structure

Micrometer-sized particles are observed in the SEM image (Fig. 5.1), appearing as a solidified 

mass without distinct shapes. The calculated ACS and MS for the δ-phase in the Cr- and Ta-

Figure 5.1: Scanning electron micrograph and EDX spectrum of Bi, Cr, and O for x = 0.15 
composition in (Bi3+

1-xCrn+
x)2O3+(n-3)x.



Figure 5.2: X-ray photoelectron spectra and peak fitting of Bi 4f and Cr 2p for x = 0.15 
composition in (Bi3+

1-xCrn+
x)2O3+(n-3)x.

series of (Bi3+
1-xMn+

x)2O3+(n-3)x are 55.85 ± 4.75 nm and 0.031 ± 0.008, respectively (Tab. S5.1, 

supplementary information). EDX analysis shows an atomic composition of 83% Bi and 17% 

Cr for x = 0.15, matching the nominal composition. XPS spectra for the x = 0.15 compound are 

 displayed in figures 5.2 and S5.1. The Bi 4f spectrum shows peaks at 158.27(1) eV (4f7/2) and 

163.58(1) eV (4f5/2) with a spin-orbital separation of 5.3(1) eV (Fig. 5.2a), indicating Bi³⁺ 

cations [20]. Two components with their 4f7/2 branch at 159.12(1) eV and 158.27(1) eV 

correspond to Bi–O–Bi and Bi–O–Cr bonds, respectively [21]. The Cr 2p spectrum reveals Cr⁶⁺ 

and Cr³⁺ oxidation states (Fig. 5.2b), with Cr⁶⁺ as the dominant species. Peaks at 578.74(1) eV 

and 576.38(1) eV confirm the presence of Cr⁶⁺ 2p3/2 and Cr³⁺ 2p3/2, respectively [22].

The XRPD patterns for Cr- and Ta-series of (Bi3+
1-xMn+

x)2O3+(n-3)x are presented in figure 5.3. 

XRPD data Rietveld refinements confirm phase purity in the Cr-series for x = 0.15 to 0.30, 

although extra reflections are observed between 2 angle of 7° and 40° (Fig. 5.3a). This 

incommensurate three-dimensional modulation is reported elsewhere for x = 0.05, 0.10, and 

0.15 [13]. Similar observations are noted in the Mo- and W-series, discussed in chapter 6. 

Figure 5.4 shows representative Rietveld refinement plots for x = 0.15 and 0.30, and the crystal 



Figure 5.3: X-ray powder diffraction data of Cr-series (left) and Ta-series (right) at different 
x-value in (Bi3+

1-xMn+
x)2O3+(n-3)x.

structure parameters are listed in table 5.1. XPS analysis identifies both Cr6+ and Cr3+ oxidation 

states in x = 0.15 composition, leading to independent occupancy parameter refinement during 

XRPD data Rietveld refinement for compositions x = 0.15 to 0.30. The chemical formula for 

each solid solution is provided in table 5.1. XRPD data Rietveld refinements of Ta-series 

indicate that the -phase is pure only at x = 0.25 (Fig. 5.5). Mixed phases of - and -phase are 

observed between x = 0.05 and 0.20 (Fig. 5.3b, S5.2). Beyond x = 0.25, low symmetric triclinic 

structure [23] with space group P1̅ (no. 2) coexist with the -phase (Fig. 5.3b, S5.3). The 

crystal structure parameters are detailed in table 5.2.

The lattice parameter (a) of the (Bi3+
1-xCrn+

x)2O3+(n-3)x series ranges from 559.82(2) pm to 

560.18(3) pm (Tab. 5.1), consistent with previous reports in literature [13]. The complex 

incommensurate structural modulation may explain the unusual trends in a. At x = 0.15, the 

comparison of a (560.03(2) pm for Cr-series and 547.37(2) pm for Ta-series) highlights the 

structural complexity of the Cr-series. Despite Ta5+ having a larger cationic size than Cr6+ and 

Cr3+ [10], the Ta-series exhibits smaller a compared to the Cr-series. The Ta-series shows a 

linear decrease in a for the δ-phase (Fig. 5.6a), with values of 551.83(3) pm at x = 0.05 and 



Figure 5.4: X-ray powder diffraction data Rietveld plot of x = 0.15 (left) and 0.30 (right) 
compositional value in (Bi3+

1-xCrn+
x)2O3+(n-3)x.

Figure 5.5: X-ray powder diffraction data Rietveld plot of x = 0.25 in (Bi3+
1-xTa5+

x)2O3+2x.

545.79(2) pm at x = 0.25. A similar trend is observed in the low-symmetry -phase (Fig.S5.4) 

between x = 0.05 and 0.20, where -phase appears as an impurity. These changes in lattice 

parameters indicate structural modifications due to Bi3+ substitution, with a noticeable 

saturation for -phase observed between x = 0.27 and 0.30 (Fig.5.6a). The formation of pure 

-phase at x = 0.25 and the onset of impurities starting at x = 0.27 suggest that the -phase of 

Ta-series reaches its maximum Bi3+ substitution at x = 0.25. The bond topology in Bi/MOx pol-



Table 5.1: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.15 - 0.30 in (Bi3+

1-xCrn+
x)2O3+(n-3)x.

x = 0.15, space group = Fm3̅m, a = 560.03(2) pm, (Bi3+
1.70Cr3+

0.015Cr6+
0.285)O3.428

Atom Site Occupancy x y z B /10-4 pm2

Bi/Cr 24e 0.142/0.025(1) 0.063(2) 0 0 1.71(3)
O1 8c 0.310(3) 1/4 1/4 1/4 3.40(3)a

O2 32f 0.092(3) 0 302(3) 0 302(3) 0 302(3) 3.40(3)a

O3 48i 0.030(3) 1/2 0 300(3) 0 300(3) 3.40(3)a

x = 0.20, space group = Fm3̅m, a = 560.09(2) pm, (Bi3+
1.60Cr3+

0.020Cr6+
0.380)O3.570

Bi/Cr 24e 0.133/0.033(1) 0.064(2) 0 0 1.69(3)
O1 8c 0.356(3) 1/4 1/4 1/4 4.50(3)b

O2 32f 0.080(3) 0 346(3) 0 346(3) 0 346(3) 4.50(3)b

O3 48i 0.036(3) 1/2 0 268(3) 0 268(3)) 4.50(3)b

x = 0.25, space group = Fm3̅m, a = 560.16(2) pm, (Bi3+
1.50Cr3+

0.025Cr6+
0.475)O3.713

Bi/Cr 24e 0.125/0.041(1) 0.064(2) 0 0 1.76(3)
O1 8c 0.410(3) 1/4 1/4 1/4 3.44(3)c

O2 32f 0.670(3) 0 313(2) 0 313(2) 0 313(2) 3.44(3)c

O3 48i 0.042(3) 1/2 0 333(3) 0 333(3) 3.44(3)c

x = 0.27, space group = Fm3̅m, a = 559.82(2) pm, (Bi3+
1.46Cr3+

0.027Cr6+
0.513)O3.770

Bi/Cr 24e 0.122/0.045(1) 0.064(1) 0 0 1.75(3)
O1 8c 0.364(3) 1/4 1/4 1/4 3.70(3)d

O2 32f 0.077(3) 0 337(2) 0 337(2) 0 337(2) 3.70(3)d

O3 48i 0.045(3) 1/2 0 281(3) 0 281(3) 3.70(3)d

x = 0.30, space group = Fm3̅m, a = 560.18(2) pm, (Bi3+
1.40Cr3+

0.030Cr6+
0.570)O3.855

Bi/Cr 24e 0.117/0.050(1) 0.064(1) 0 0 1.73(3)
O1 8c 0.375(3) 1/4 1/4 1/4 4.00(3)e

O2 32f 0.075(3) 0 348(3) 0 348(3) 0 348(3) 4.00(3)e

O3 48i 0.048(3) 1/2 0 299(3) 0 299(3) 4.00(3)e

a,b,c,d,eIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Table 5.2: X-ray powder diffraction data Rietveld refined structural parameter for 
x = 0.05 - 0.30 in (Bi3+

1-xTa5+
x)2O3+2x.

x = 0.05, space group = P42/nmc, a = 773.72(2) pm, c = 561.59(2) pm, -phase (%) = 83.4(3)
Atom Site Occupancy x y z B /10-4 pm2

Bi/Ta 8g 0.475/0.025(1) 0 0.252(3) 0.236(2) 1.77(3)
O1 8f 0.459(2)

(2)(2)

0.365(3) 0.365(3) 0 3.50(3)a

O2 4d 0.522(2) 0 1/2 0.452(4) 3.50(3)a

O3 2a 0.220(2)

((3)

0 0 0 3.50(3)a

x = 0.05, space group = Fm3̅m, a = 551.83(3) pm, -phase (%) = 16.6(3)
Bi/Ta 24e 0.158/0.008(1) 0.035(2) 0 0 1.22(3)
O1 8c 0.308(3) 1/4 1/4 1/4 1.26(3)b

O2 32f 0.082(3) 0 262(3) 0 262(3) 0 262(3) 1.26(3)b

O3 48i 0.023(3) 1/2 0 390(3) 0 390(3) 1.26(3)b

x = 0.20, space group = Fm3̅m, a = 547.31(2) pm, -phase (%) = 72.8(3)
Bi/Ta 24e 0.133/0.033(1) 0.028(1) 0 0 1.16(2)
O1 8c 0.311(3) 1/4 1/4 1/4 3.50(3)c

O2 32f 0.093(3) 0 301(2) 0 301(2) 0 301(2) 3.50(3)c

O3 48i 0.027(3) 1/2 0 315(3) 0 315(3) 3.50(3)c

x = 0.25, space group = Fm3̅m, a = 545.79(2) pm, -phase (%) = 100.0(1)
Bi/Ta 24e 0.125/0.042(1) 0.026(2) 0 0 1.17(2)
O1 8c 0.321(2) 1/4 1/4 1/4 4.30(3)d

O2 32f 0.089(3) 0 304(3) 0 304(3) 0 304(3) 4.30(3)d

O3 48i 0.033(2) 1/2 0 288(3) 0 288(3) 4.30(3)d

x = 0.27, space group = Fm3̅m, a = 545.37(2) pm, -phase (%) = 88.6(1)
Bi/Ta 24e 0.122/0.045(1) 0.033(1) 0 0 1.15(2)
O1 8c 0.431(2) 1/4 1/4 1/4 4.30(3)e

O2 32f 0.065(3) 0 296(3) 0 296(3) 0 296(3) 4.30(3)e

O3 48i 0.032(3) 1/2 0 270(3) 0 270(3) 4.30(3)e

x = 0.30, space group = Fm3̅m, a = 545.36(2) pm, -phase (%) = 62.2(2)
Bi/Ta 24e 0.117/0.050(1) 0.032(1) 0 0 1.16(2)
O1 8c 0.399(3) 1/4 1/4 1/4 4.80(3)f

O2 32f 0.068(3) 0 276(3) 0 276(3) 0 276(3) 4.80(3)f

O3 48i 0.037(3) 1/2 0 300(3) 0 300(3) 4.80(3)f

a,b,c,d,e,fIsotropic displacement parameter (B) of O1, O2, and O3 with the same letter are linearly constraint to each other.



Figure 5.6: Evolution of metric parameter (up) and average <Bi/Ta–O(1)> bond distances 
(down) in metal oxide polyhedra of (Bi3+

1-xTa5+
x)2O3+2x with varying compositional x value for 

the -phase.

yhedra is quite diverge, with O(1) occupying the ideal anionic lattice position of the δ-phase, 

defined by a CaF2-type high-symmetry structure [3]. The displacement of oxygen position 

along <111> direction from O(1) creates O(2) position, while O(3) serves as an interstitial site 

between O(1) and O(2) [3, 17]. Details of the δ-phase are discussed in chapter 4. The bond 

lengths of Bi/M−O are provided in table 5.3 for M = Cr and Ta. For the compositions of (Bi3+
1-

xCrn+
x)2O3+(n-3)x at x = 0.15 to 0.30, the Bi/Cr−O(1) bond length is stable at 244.24 ± 0.07 pm, 

reflecting a similar trend in the lattice parameter. The Bi/Cr−O(2) and Bi/Cr−O(3) bond lengths 

vary from 234.72 ± 4.27 pm and 214.54 ±5.76 pm (Tab. 5.3), respectively. The shorter 

Bi/Cr−O(3) bond length likely indicates the tetrahedral coordination of Cr6+ cation. The -pha-



Table 5.3: Average Bi/M−O bond distances of the (Bi3+
1-xMn+

x)2O3+(n-3)x -phases obtained 
from X-ray powder data Rietveld refinements.

<Bi/M–O(1)> /pm
x Cr Ta

0.05 -- 239.46(1)
0.10 -- 238.90(1)
0.15 244.19(2) 238.07(1)
0.20 244.31(2) 237.32(1)
0.25 244.30(2) 236.63(1)
0.27 244.17(2) 236.62(1)
0.30 244.33(2) 236.59(1)

<Bi/M–O(2)> /pm
0.05 -- 239.64(1)
0.10 -- 229.38(1)
0.15 238.41(3) 233.53(2)
0.20 230.89(3) 240.87(2)
0.25 238.99(3) 240.56(2)
0.27 230.44(3) 239.38(2)
0.30 230.96(3) 237.50(2)

<Bi/M–O(3)> /pm
0.05 -- 252.68(2)
0.10 -- 251.10(1)
0.15 216.44(3) 250.39(2)
0.20 208.78(3) 213.92(2)
0.25 220.31(3) 195.57(2)
0.27 215.57(3) 194.02(2)
0.30 216.49(3) 193.37(2)

se’s parent structure contains defects from the lone electron pair of Bi3+, which is balanced by 

25% vacant anionic sites [5], allowing for the prevalent tetrahedral coordination of Cr6+ within 

the Bi/MOx polyhedral geometry [9, 16, 17]. The bond length of Bi/Ta−O(1) decreases with 

increasing substitution from x = 0.05 to 0.25 in the (Bi3+
1-xTa5+

x)2O3+2x series, as illustrated in 

figure 5.6b. At x = 0.05 and 0.25, the Bi/Ta–O(1) bond lengths are 239.46(1) pm and 

236.63(1) pm (Tab. 5.3), respectively, with a saturation observed between x = 0.25 and 0.30. 

The Bi/Ta–O(2) and Bi/Ta–O(3) bond lengths vary from 235.13 ± 5.74 pm and 



245.09 ± 7.59 pm, respectively. While the Bi/M–O(2) bond lengths (for M = Cr and Ta) are 

comparable, the Bi/Ta–O(3) bond length is greater than that of Bi/Cr–O(3), suggesting a larger 

coordination polyhedron around the Ta5+ cation.

Spectroscopy

Raman spectroscopy provides structural information by probing internal and external modes 

of a crystal [24, 25]. External modes, appearing in the low-frequency region, correspond to the 

translation and vibration of molecular units within the lattice. Internal modes, found in the high-

frequency region, represent the normal vibrations of the molecular units. Figure 5.7 shows the 

Raman spectra for the Cr- and Ta-series. XRPD identifies each composition (x = 0.15 - 0.30) 

of (Bi3+
1-xCrn+

x)2O3+(n-3)x as -phase, with the Raman spectra revealing structural complexity. 

The convoluted Raman bands (Fig. 5.7a) show peak maxima at 103(1) cm-1, 131(1) cm-1, 

332(1) cm-1, 361(1) cm-1, 569(1) cm-1, and 828(1) cm-1 wavenumber. The low-frequency bands 

at 103(1) cm-1 and 131(1) cm-1 correspond to bismuth and oxygen lattice vibrations [25-27]. 

The 332(1) cm-1 and 361(1) cm-1 bands are attributed to the asymmetric stretching of Cr3+Ox 

Figure 5.7: Raman spectra of (Bi3+
1-xMn+

x)2O3+(n-3)x, where M = Cr (left) and Ta (right), with 
respect to compositional x-value.



polyhedra [28, 29], while the 569(1) cm-1 band indicates symmetric stretching vibration of 

Bi−O bond [25-27]. The Raman shift at 828(1) cm-1 corresponds to the stretching vibration of 

Cr6+O4 tetrahedra, suggesting slight distortion in the δ-phase. For comparison, CrO4 in K2Cr2O7 

(solid state) exhibits a perfect tetrahedron with a stretching band at 874(2) cm-1, but a red shift 

to 848(2) cm-1 occurs in aqueous solution due to tetrahedral distortion [30]. Similarly, the 

Raman shift at 828(1) cm-1 implies Cr6+O4 in a distorted tetrahedral environment. Both - and 

-phase are identified in Ta-series at x = 0.05, with XRPD analysis indicating 83.4% of -phase 

(Tab. 5.2). The Raman spectrum of x = 0.05 also confirms the -phase in (Bi3+
1-xTa5+

x)2O3+2x 

(Fig. 5.7b), showing characteristic Raman bands at 92(2) cm-1, 125(2) cm-1, 314(2) cm-1, and 

465(2) cm-1, with weaker peak at 534(2) cm-1 and 641(2) cm-1 [31, 32]. At x = 0.25, pure -

phase is identified by XRPD analysis, with the -phase content increasing as x-value rises from 

0.05 (Tab. 5.2). The 314(2) cm-1 Raman band steadily weakens with increasing x-value, 

reflecting the disappearance of the β-phase and highlighting phase separation between β- and 

δ-phases, discussed in chapter 4. At x = 0.25, pure -phase exhibits intense Raman bands 

below 200 cm-1 wavenumber, characteristic of external modes [33], which are sharper than 

internal modes (Fig. 5.7b). Weak peaks at 320(2) cm-1 and 550(2) cm-1 correspond to Bi–O 

stretching [33], with the red-shifted 550(2) cm-1 Raman band indicating structural distortion in 

the BiOx polyhedra.

The UV/Vis diffuse reflectance spectrum of (Bi3+
1-xCrn+

x)2O3+(n-3)x at x = 0.15 composition is 

shown in figure 5.8, while spectra for x = 0.20 - 30 are in figure S5.5 – S5.6. For (Bi3+
1-

xTa5+
x)2O3+2x, the pure -phase at x = 0.25 is displayed in figure S5.7. The electronic bandgap 

Eg is determined using Tauc’s [34] and DASF methods [35], alongside RATD analysis [19] for 

bandgap energy and transition type, with results summarized in table 5.4. For x = 0.15 

composition in Cr-series, DASF yields Eg = 2.21(2) eV, close to direct transition bandgap ener-



Figure 5.8: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi3+

1-xCrn+
x)2O3+(n-3)x at x = 0.15 composition.

Figure 5.9: Determined Eg (diamond, bandgap), Ed+ (square, cationic defect), and Ed- (circle, 
anionic defect) transition energies for the (Bi3+

1-xCrn+
x)2O3+(n-3)x solid solution.



Table 5.4: Bandgap energies calculated from UV/Vis diffuse reflectance spectroscopic data of 
(Bi3+

1-xMn+
x)2O3+(n-3)x using the RATD methods [19], where M = Cr and Ta. Respective value 

for x = 0 is taken from the given literature.

M
DASF fitting Tauc fitting

Type
x Eg/eV Fg/eV Ed+/eV Ed-/eV Ed/eV Ei/eV

Cr

0 -- -- -- -- -- 2.50 [39] Indirect
0 -- -- -- -- 3.55 [40] -- Direct

0.15 2.21(2) 0.29(7) 2.45(7) 2.00(5) 2.25(3) 2.06(3) Direct
0.20 2.25(2) 0.30(4) 2.55(5) 1.87(5) 2.29(3) 2.09(3) Direct
0.25 2.27(2) 0.18(8) 2.43(5) 1.87(5) 2.29(3) 2.11(3) Direct
0.27 2.25(2) 0.25(5) 2.43(5) 1.88(5) 2.29(3) 2.10(3) Direct
0.30 2.29(2) 0.06(5) 2.44(6) 1.83(5) 2.28(3) 2.15(3) Direct

Ta 0.25 2.93(2) 0.38(2) -- 1.95(2) 2.99(3) 2.55(6) Direct
Eg, Ed+, Ed-, and Fg refer to bandgap energy, cationic defect transition, anionic defect 
transition, and band flatness, respectively, obtained from the fitting of the DASF plots. Ed 
and Ei, respectively, represent direct and indirect transition energies determined from the 
Tauc plots.

gy Ed = 2.25(3) eV from Tauc's method, whereas the indirect bandgap Ei = 2.06(3) eV deviates 

(Fig. 5.8D). All solid solutions indicate a direct transition Eg (Tab. 5.4). In addition to Eg, 

defect bands Ed- (anionic defect) and Ed+ (cationic defect) are identified 

(Fig. 5.8D, S5.5D – S5.7D). As x-value increases, Eg rises, while Ed- decreases (Fig. 5.9). Ed+ 

approaches Eg, and Ed- moves further away, highlighting structural modification (Fig. 5.9) [6]. 

For (Bi3+
1-xTa5+

x)2O3+2x at x = 0.25, the direct bandgap Eg is 2.93(2) eV, with only Ed- defect at 

1.95(2) eV (Fig S5.7). Low-energy Ed- defect in both Cr- and Ta-series correspond to oxygen 

vacancies in the δ-phase [1, 6, 15].

4. Conclusions

The study explores the substitution of Bi3+ cation with Cr3+ and Ta5+ in solid solution 

represented by the formula (Bi3+
1-xMn+

x)2O3+(n-3)x. Two series, the Cr-series and Ta-series, are 



synthesized with compositions ranging from x = 0.15 to 0.30 for Cr and x = 0.05 to 0.30 for Ta. 

During synthesis at 1273 K, Cr3+ cation oxidizes to Cr6+, resulting in mixed oxidation states 

confirmed by X-ray photoelectron spectroscopy. Structural analysis indicates that all Cr-series 

compositions exhibit -phase, while the Ta-series displays -phase only at x = 0.25. The Ta-

series shows a linear trend in lattice parameters with increasing x-value, whereas the Cr-series 

maintains a larger, unchanged lattice parameter, suggesting incommensurate structure 

formation. Raman spectroscopy further confirms tetrahedral coordination for Cr6+ and 

highlights structural distortions. Both series feature low direct bandgaps, with oxygen 

vacancies contributing to anionic defect band, influencing their electronic properties.
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Supplementary Information

Impact of Mn+ charge and size on -phases formation: structural and 
spectroscopic investigations with M = Cr and Ta

Figure S5.1: XPS survey spectra for x = 0.15 composition in (Bi3+
1-xCrn+

x)2O3+(n-3)x and peak 
fitting of O 1s.



Figure S5.2: X-ray powder diffraction data Rietveld pattern for x = 0.05 in (Bi3+
1-xTa5+

x)2O3+2x.

Figure S5.3: X-ray powder diffraction data Rietveld pattern for x = 0.30 in (Bi3+
1-xTa5+

x)2O3+2x.

Figure S5.4: Evolution of metric parameter of (Bi3+
1-xTa5+

x)2O3+2x in changing the 
compositional x value for -phase.



Figure S5.5: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi3+

1-xCrn+
x)2O3+(n-3)x for x = 0.20 - 0.27.



Figure S5.6: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi3+

1-xCrn+
x)2O3+(n-3)x for x = 0.30.

Figure S5.7: UV/Vis RATD plot containing reflectance spectrum (R), calculated absorbance 
spectrum (A), bandgap energies (Eg) determined using the DASF method (D) and Tauc analysis 
(T) for direct (Ed) and indirect (Ei) transitions in (Bi3+

1-xTa5+
x)2O3+2x for x = 0.25.



Table S5.1: Average crystallite size and microstrain of the (Bi1-xMn+
x)2O3+(n-3)x -phases 

obtained from X-ray powder data Rietveld refinements.

Cr Ta
x Lvol(IB) /nm  /% Lvol(IB) /nm  /%

0.05 - - 26.7(4) 0.277(3)
0.10 - - 79.0(4) 0.375(4)
0.15 60.6(4) 0.031(2) 103.2(4) 0.023(4)
0.20 58.2(4) 0.034(2) 144.0(4) 0.032(1)
0.25 54.4(4) 0.029(2) 63.9(2) 0.018(2)
0.27 51.6(4) 0.007(4) 40.6(3) 0.048(3)
0.30 51.1(4) 0.042(2) 38.9(3) 0.038(2)



Chapter 6

Synthesis of -phase (Bi1-xMn+x)2O3+(n-3)x: exploring suitable foreign cation for 
Bi3+ substitution

The size of foreign cationic (Mn⁺) species is a critical factor in the formation of the δ-phase. 

The choice of Mn⁺ and various synthesis methods provide significant opportunities for δ-phase 

synthesis. This discussion is divided into three sections based on the types of Mn⁺ cations: 

metals and metalloids, rare earth metals, and transition metals. Each section will cover specific 

synthesis routes for Mn⁺ and their temperature profiles. For clarity, we will use the general 

formula (Bi1-xMn+
x)2O3+(n-3)x, where 'n' accounts for the additional oxygen needed for overall 

charge balancing in the presence of the Mn⁺ cation.

Metals and metalloids

Al3+, Ga3+, and Ge4+

Polycrystalline samples with compositions ranging from x = 0.05 to 0.80 are prepared via solid-

state synthesis. Metal oxides (M = Al, Ga, Ge) and Bi203 are mixed in an agate mortar, placed 

in a corundum crucible, and heated at 1073 K for 24 h, followed by air quenching. The resulting 

powders are ground and analyzed by X-ray powder diffraction (XRPD), as shown in figures 

6.1 - 6.3. For x = 0.20, 0.40, and 0.60, the samples exhibit mixed phases, with the major phase 

being orthorhombic (Pbam, no. 55) [1] and the minor phase cubic sillenite (-phase, I23, 

no. 197) [2, 3]. A small amount of -phase (P21/c, no. 14) is identified for x = 0.05 in the Ge4+-

series. At x = 0.80, the structure crystallizes fully into the orthorhombic crystal system (Pbam, 

no. 55) [1]. Low x values favor the formation of the -phase [1, 3], while increasing x promotes 

the orthorhombic structure.



Figure 6.1: X-ray powder diffraction data of x = 0.40, 0.60, and 0.80 for (Bi1-xAlx)2O3.

Figure 6.2: X-ray powder diffraction data of x = 0.20, 0.40, 0.60, and 0.80 for (Bi1-xGax)2O3.

Figure 6.3: X-ray powder diffraction data of x = 0.05, 0.10, 0.15, and 0.20 for (Bi1-xGex)2O3+x.



Sn4+

Samples of (Bi1-xSnx)2O3+x with x = 0.05, 0.10, 0.15, 0.20, and 0.25 are prepared using solid-

state synthesis. SnO2 and Bi203 are mixed in a agate mortar, placed in a corundum crucible, and 

heated in two stages: first at 923 K for 24 h, followed by intermediate grinding, then at 1073 K 

for another 24 h. The samples are quenched in an ice-water bath immediately after heating. 

XRPD analysis (Fig. 6.4) reveals that all compositions (x = 0.05 - 0.25) crystallize into the 

low-symmetry -phase.

Figure 6.4: X-ray powder diffraction data of x = 0.05 - 0.25 for (Bi1-xSnx)2O3+x.

Sb3+

An orange polycrystalline sample of x = 0.17 for (Bi1-xSbx)2O3 is synthesis by solid state 

method. Sb2O3 and Bi203 are mixed in an agate mortar, placed in a corundum crucible, and 

heated in three stages: 923 K and 983 K for 24 h each, with intermediate air quenching and 

grinding, followed by 1213 K for 24 h and air quenching. XRPD analysis (Fig. 6.5) shows that 

the sample crystallizes into the -phase at all stages, with a small amount of -phase (P42/nmc, 

no. 137) appearing after the final heating.



Figure 6.5: X-ray powder diffraction data of x = 0.17 for (Bi1-xSbx)2O3 at three different stages 
of synthesis.

Te4+

Polycrystalline samples of (Bi1-xTex)2O3+x with x = 0.05 to 0.25 (in 0.05 intervals) are 

synthesized via solid-state method. TeO2 and Bi203 are mixed in an agate mortar, placed in a 

corundum crucible, and heated at 983 K for 18 h. The final products are ground and analyzed 

by XRPD (Fig. 6.6). Previous studies report -phase (Fm3̅m, no. 225) at x = 0.75 [4]. Here, 

x = 0.05 to 0.25 is chosen to investigate initial structural modifications using a slower heating 

Figure 6.6: X-ray powder diffraction data of x = 0.05 - 0.25 for (Bi1-xTex)2O3+x.



rate due to the lower melting point of TeO2 compared to Bi203. Compositions x = 0.05 to 0.15 

show mixed phases, with -phase as the major component [5] and a minor orthorhombic phase 

[6]. Pure orthorhombic structure appears at x = 0.20, while - and orthorhombic phases are 

both present at x = 0.25.

Rare earth metals

La3+, Ce3+, and Eu3+

La- and Eu-series samples are prepared via solid-state synthesis, while the Ce-series is 

synthesized using the glycerin method. All samples are finally heated at 1073 K for 24 h. 

XRPD analysis, shown in figures 6.7 - 6.9, is used to study the powder samples. In the La-

series, changes in the XRPD patterns (Fig. 6.7) indicate structural modifications with 

increasing x-value.

Figure 6.7: X-ray powder diffraction data of x = 0.05 - 0.80 for (Bi1-xLax)2O3.



Figure 6.8: X-ray powder diffraction data of x = 0.05, 0.15, 0.20, and 0.25 for (Bi1-xCex)2O3.

Figure 6.9: X-ray powder diffraction data of x = 0.30 - 0.80 for (Bi1-xEux)2O3.

At x = 0.20 and 0.25, solid solutions crystallize into rhombohedral structure (R3̅m, no. 166) 

[7]. However, as x increases, the rhombohedral structure transitions to a hexagonal structure 

(P63/m, no. 176) [8]. In the Ce-series (Fig. 6.8), the -phase is present across all compositions, 

along with Bi2O2CO3, which suggests incomplete burning of residual products from the 

glycerin method. The Eu-series, studied for x = 0.30 to 0.80 (Fig. 6.9), shows mixed phases 

with additional reflections at 7.27° and 14.58° (2) for x = 0.30 to 0.50. The -phase becomes 



the dominant phase for x = 0.40 to 0.50, coexisting with the rhombohedral structure (R3̅m, 

no. 166). At x = 0.70 and 0.80, solid solutions adopt the Eu2O3-type cubic structure (Ia3̅, 

no. 206).

Transition metals

Sc3+

Polycrystalline samples of (Bi1-xScx)2O3 are synthesized via solid-state method. Sc2O3 and 

Bi203 are mixed in an agate mortar, placed in a corundum crucible, and heated at 1073 K for 

24 h, followed by air quenching. The powder samples (x = 0.05 - 0.90) are analyzed by XRPD, 

as shown in figure 6.10. Compositions from x = 0.05 to 0.60 crystallize into the -phase, while 

-phase and Sc2O3-type structure are detected at x = 0.80 and 0.90. The -phase reaches 

saturation at x = 0.80, with increasing x further promoting Sc2O3 as impurity.

Figure 6.10: X-ray powder diffraction data of x = 0.05 - 0.90 for (Bi1-xScx)2O3.



Ti4+

(Bi1-xTix)2O3+x samples with x = 0.20, 0.60, and 0.80 are synthesized via solid-state method. 

TiO2 and Bi203 are mixed in an agate mortar, placed in a corundum crucible, and heated at 

1073 K for 18 h, followed by air quenching. XRPD analysis (Fig. 6.11) reveals that the samples 

crystallize into three distinct single phases: the -phase at x = 0.20, an orthorhombic Bi4Ti3O12-

type (B2cb) at x = 0.60 [9], and a monoclinic Bi2Ti4O11-type (C2/c) at x = 0.80 [10].

Figure 6.11: X-ray powder diffraction data of x = 0.20, 0 60, and 0.80 for (Bi1-xTix)2O3+x.

Zr4+

Polycrystalline samples of (Bi1-xZrx)2O3+x with x = 0.14 and 0.20 are synthesized via solid-state 

method. ZrO2 and Bi203 are mixed in an agate mortar, placed in a corundum crucible, and 

heated in two stages: first at 923 K, then at 1073 K for 24 h, with intermediate air quenching 

and grinding. XRPD analysis (Fig. 6.12) shows that the x = 0.14 sample crystallizes into mixed 

phases, with -phase as the major component and a small amount of -phase. The x = 0.20 

sample forms -phase with minor -phase impurities.



Figure 6.12: X-ray powder diffraction data of x = 0.14 and 0.20 for (Bi1-xZrx)2O3+x.

Mo6+ and W6+

Two series of compounds, (Bi1-xMox)2O3+3x and (Bi1-xWx)2O3+3x, are synthesized via solid-state 

method. MoO3 or WO3 and Bi203 are mixed in an agate mortar, placed in a corundum crucible, 

and heated in two stages: first at 923 K for 24 h, followed by 1073 K for eight days, with 

intermediate air quenching and grinding.

Figure 6.13: X-ray powder diffraction data of x = 0.05 - 0.25 for (Bi1-xMox)2O3+3x.



The powder samples are analyzed by XRPD (Fig. 6.13-6.14). In Mo-series (Fig. 6.13), 

compositions from x = 0.10 to 0.25 crystallize as single phases. At x = 0.05, two phases are 

present: a major -phase and a minor tetragonal structure (I4/m, no. 87). The x = 0.10 sample 

also forms a single tetragonal phase (I4/m, no. 87). Compositions x = 0.15 and 0.20 crystallize 

into -phase with extra reflections at low 2-angle (Fig. 6.13). The x = 0.25 sample adopts an 

orthorhombic structure (Pccn, no. 56). In W-series (Fig. 6.14), the x = 0.10 sample also 

exhibits a tetragonal phase (I4/m, no. 87). At x = 0.15, mixed phases appear, including a 

tetragonal structure (I41/a, no. 88), which becomes a pure phase at higher x-value. Extra 

reflections at low 2-angle are observed (Fig. 6.14), indicative of an incommensurate structure, 

as discussed in chapter 5.

Figure 6.14: X-ray powder diffraction data of x = 0.10, 0.15, and 0.20 for (Bi1-xWx)2O3+3x.

The studied Mn+ foreign cations can be categorized into three groups based on cation size and 

the resulting phase formation, following the formula (Bi1-xMn+
x)2O3+(n-3)x. Te4+ and Eu3+, with 

ionic sizes similar to Bi3+ [11], favor -phase formation at specific compositions (Fig. 6.6, 6.8). 

Cations with ionic sizes smaller than 90 pm typically stabilize the -type structure at low 



compositions (x ≤ 0.10). The -type structure, closely related to the -phase, often coexists 

with it.
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Outlook

In this dissertation, several structures of bismuth oxide, including - (sillenite), -, -, and -

phases, are reported and investigated. The incorporation of In3+ cations in the sillenite structure 

of Bi12(Bi3+
4/5-3xIn3+

5x□1/5-2x)O19.2+3x is primarily confined to the Bi-cation vacancy in the 

tetrahedral site. Despite reports suggesting a maximum indium incorporation of x = 0.10, 

structural and spectroscopic analysis in this study shows that indium substitution above 

x = 0.08 leads to partial replacement in the octahedral site. The study reveals how subtle 

changes in indium concentration impact the crystal chemical properties of sillenite-type Bi2O3. 

The stereochemical activity of the lone electron pair of Bi3+ cations appears to induce 

distortions in the polyhedral sites, as indicated by the Wang-Liebau eccentricity parameter and 

complemented by bond valence sums and Raman shift analysis. The variation in optical 

bandgap with respect to In3+ content in the sillenites reflects the substitution behavior, which 

aids in understanding the optoelectronic properties. In the case of the metastable -Bi2O3 phase, 

substitution of Bi3+ with rare-earth (RE) cations stabilizes the phase at ambient conditions. The 

extent of substitution depends on the size of the RE-cation, causing a gradual transformation 

of the solid solution from low- to high-symmetry phases, along with oxygen position 

redistribution. Phase purity is confirmed through X-ray powder diffraction and Raman 

spectroscopy, with distinct Bi–O vibrations in the - and -phases identifying the phase 

boundary for compositional x-values. The calculated electronic transition using the DASF 

approach indicates oxygen vacancies, and the bandgap stabilizes at 2.75(4) eV for all nine 

investigated series. The low bandgap and oxygen disorder make these solid solutions promising 

for photocatalysis and solid-state electrolysis. Furthermore, the study examines Bi3+ 

substitution with Cr3+ and Ta5+ in solid solutions, (Bi3+
1-xMn+

x)2O3+(n-3)x, synthesized with 

varying x-values for Cr (0.15 to 0.30) and Ta (0.05 to 0.30). The Cr-series, synthesized at 



1273 K, shows Cr3+ oxidation to Cr6+, confirmed by X-ray photoelectron spectroscopy, with 

all compositions exhibiting the -phase. In contrast, the Ta-series only reaches the -phase at 

x = 0.25, with lattice parameters showing linear trends for Ta but maintaining a larger, 

unchanged parameter for Cr, suggesting incommensurate structure formation. Raman 

spectroscopy reveals tetrahedral coordination for Cr6+ and structural distortions, while both 

series exhibit low direct bandgaps, influenced by oxygen vacancies contributing to anionic 

defect bands, shaping their electronic properties.



Appendix

Figure A1: Abstract figure for the published manuscript titled as “Indium containing sillenite 

semiconductor: Synthesis, structural, spectroscopic and thermogravimetric analysis’’, Journal 

of the American Ceramic Society 106(10) (2023) 6268-6278. DOI: 10.1111/jace.19231.
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