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Abstract 

The degradation of harmful organic pollutants with the help of semiconductors is 

regarded as one of the crucial solutions for waste water treatment. The main 

disadvantage of extensively used photocatalysts such as SnO2, ZnO, and TiO2 is their 

activity under UV illumination due to their wide band gap (~ 3.2 eV). Therefore they 

can only absorb 5 – 7 % of the solar spectrum. In order to overcome this barrier, 

processes for the selective influencing the optical band gap were developed: 'band gap 

engineering'.  

This dissertation is an exhaustive attempt for synthesis and characterization of new 

anion-doped semiconductors using hydrogen fluoride and ammonia as doping suppliers. 

The amorphous oxygen precursors were synthesized using a modified polymerisable 

complex method (Pechini route) and a standard wet-chemical precipitation. The 

experimental parameters were optimized and tuned for all materials to obtain pure 

phases. Additionally a new and clean synthesis variant for fluorine incorporation was 

developed. All products of this dissertation have been described using different 

characterization methods to clarify the structural (Rietveld refinement), chemical 

(nitrogen/oxygen content), and physical properties (spectral absorption range, density 

determination). Cooperation partners also carried out quantum chemical calculations 

(Prof. Dr. Bredow of the Universität Bonn) and measured photoelectrochemical 

efficiency (Prof. Dr. Michael Wark of the Carl von Ossietzky Universität Oldenburg 

and Prof. Dr. Anna Fischer of the Albert-Ludwigs-Universität Freiburg). 

This thesis is divided into two parts: the tetragonal tungsten bronzes of the 

Ba3-xLaxTa5O14-xN1+x type and O/F substitution in monoclinic scheelite-type bismuth 

vanadate. 

Light yellow Ba3Ta5O14N and yellow LaBa2Ta5O13N2 were successfully synthesized as 

phase-pure materials crystallizing isostructurally to the well-known mixed-valence 

Ba3TaV
4TaIVO15. The electronic structure of both materials, Ba3Ta5O14N and 

LaBa2Ta5O13N2, were studied theoretically with the range-separated hybrid method 

HSE06. The most stable structure was obtained when lanthanum was placed on 2a and 

nitrogen on 4h sites confirming Pauling’s second rule. By incorporating nitrogen, the 
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measured optical band gap decreases from ∼3.8 eV for the pure oxide via 2.74 eV for 

Ba3Ta5O14N to 2.63 eV for LaBa2Ta5O13N2, giving rise to an absorption band well in 

the visible-light region. Calculated fundamental band gaps confirm the experimental 

trend. The atom-projected density of states has large contributions from N2p orbitals 

close to the valence band edge. These are responsible for the observed band gap 

reduction. Photocatalytic hydrogen formation was investigated, revealing significantly 

higher activity for LaBa2Ta5O13N2 compared to Ba3Ta5O14N under UV-light. 

Fluorine-containing bismuth vanadate powder was synthesized using a new, clean, and 

simple solid-vapor reaction. Incorporation of fluorine mainly leads to the formation of 

cation vacancies. Electrodes were fabricated from the pre-synthesized powder samples 

by electrophoretic deposition onto fluorine-doped tin oxide coated glass slides and 

subsequent calcination. The photoelectrochemical performance concerning the water 

oxidation reaction was investigated and compared to pristine BiVO4, revealing strongly 

enhanced photoelectrochemical behavior for the fluorine-containing bismuth vanadate. 
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Zusammenfassung 

Der Abbau von schädlichen organischen Schadstoffen mit Hilfe von Halbleitern gilt als 

eine der entscheidenden Lösungen für die Abwasserbehandlung. Der Hauptnachteil weit 

verbreiteter Photokatalysatoren wie SnO2, ZnO und TiO2 ist, dass sie aufgrund ihrer 

breiten optischen Bandlücke (~ 3,2 eV) nur unter UV-Licht aktiv sind und daher nur  

5 – 7 % des Sonnenspektrums absorbieren können. Um diese Hürde zu überwinden, 

wurden Methoden entwickelt, um die optische Bandlücke selektiv zu beeinflussen, 

sogenanntes „Band Gap Engineering“.  

Diese Dissertation befasst sich mit der Synthese und Charakterisierung neuer 

Anion-dotierter Halbleiter unter Verwendung von Fluorwasserstoff und Ammoniak als 

Dotierungslieferanten. Die amorphen Sauerstoff-Präkursoren wurden über eine 

modifizierte Polymerkomplexmethode (Pechini-Methode) und eine übliche nass- 

chemische Ausfällung synthetisiert. Die experimentellen Parameter wurden optimiert 

und auf alle Materialien abgestimmt, um einphasige Produkte zu erhalten. Es wurde 

außerdem eine neue und saubere Synthesevariante für die Fluorierung entwickelt. Alle 

Produkte dieser Dissertation wurden mittels verschiedener Charakterisierungsmethoden 

untersucht, um die strukturellen (Rietveld Verfeinerung), chemischen 

(Sauerstoff/Stickstoff-Gehalt) und physikalischen (spektrale Absorptionsbereich, 

Dichtebestimmung) Eigenschaften  zu bestimmen. Außerdem wurden von 

Kooperationspartnern quantenchemische Rechnungen getätigt (Prof. Dr. Thomas 

Bredow von der Universität Bonn) und auch die photoelektrochemische Effizienz 

gemessen (Prof. Dr. Michael Wark von der Carl von Ossietzky Universität Oldenburg 

und Prof. Dr. Anna Fischer von der Albert-Ludwigs-Universität Freiburg). 

Diese Arbeit gliedert sich in zwei Teile: Die tetragonalen Wolframbronzen vom Typ 

Ba3-xLaxTa5O14-xN1+x und O/F-Substitution in monoklinen Bismutvanadat vom 

Scheelit-Typ. 

Hellgelbes Ba3Ta5O14N und gelbes LaBa2Ta5O13N2 wurden erfolgreich phasenrein 

synthetisiert, die isostrukturell zu dem literaturbekannten, gemischtvalenten 

Ba3TaV
4TaIVO15 kristallisieren. Die elektronische Struktur beider Materialien, 

Ba3Ta5O14N und LaBa2Ta5O13N2, wurde mit dem  Hybridverfahren HSE06 untersucht. 
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Die stabilste Struktur wurde erhalten, wenn Lanthan auf 2a und Stickstoff auf 4h 

Wyckoffpositionen gesetzt wurden, was gleichzeitig im Einklang mit Paulings zweiter 

Regel steht. Durch Einlagerung von Stickstoff sinkt die gemessene optische Bandlücke 

von ∼ 3,8 eV für das reine Oxid über 2,74 eV für Ba3Ta5O14N auf 2,63 eV für 

LaBa2Ta5O13N2, was zu einer Absorption im Bereich des sichtbaren Lichts führt. Die 

berechneten Bandlücken bestätigen den experimentellen Trend. Die atom-projizierte 

Dichte von Zuständen hat große Beiträge von N2p-Orbitalen nahe der Valenzbandkante, 

diese sind für die beobachtete Bandlückenverringerung verantwortlich. Außerdem 

wurde die photokatalytische Wasserstoffbildung untersucht, welche eine deutlich 

höhere Aktivität für LaBa2Ta5O13N2 im Vergleich zu Ba3Ta5O14N im UV-Bereich zeigt. 

Fluorhaltiges Bismutvanadatpulver wurde unter Verwendung einer neuartigen, sauberen 

und einfachen Festkörper-Gas-Reaktion synthetisiert. Der Einbau von Fluor führte 

hauptsächlich zur Bildung von Kationenleerstellen. Elektroden wurden aus den 

vorsynthetisierten Pulverproben durch elektrophoretische Abscheidung auf mit Fluor 

dotierte zinnoxidbeschichtete Glasplättchen und anschließender Kalzinierung 

hergestellt. Die photoelektrochemische Aktivität bezüglich der 

Wasseroxidationsreaktion wurde untersucht und mit der des reinen/ unfluorierten 

Bismutvanadats verglichen. Die fluorhaltige Phase zeigte eine stark verbesserte 

photoelektrochemische Aktivität. 
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Preface 

The here-presented dissertation is written in a cumulative way. The overall research 

question of the doctoral project is presented by a comprehensive introductory chapter 

including theoretical background and methodology, describing the used scientific 

methods (Part I –Introduction). This introduction completes with a corresponding 

bibliography. The results (Part II – Results and Discussion) of the work are based on 

following, already published journal articles. 

 
1. B. Anke, T. Bredow, J. Soldat, M. Wark, M. Lerch;  Synthesis, crystal struc-

ture, and photocatalytical properties of Ba3Ta5O14N, J. Solid State Chem., 
2016, 233, 282–288. 
 

2. B. Anke, T. Bredow, M. Pilarski, M. Wark, M. Lerch;  From Ba3Ta5O14N to La 
Ba2Ta5O13N2: Decreasing the Optical Band Gap of a Photocatalysts, J. Solid 
State Chem., 2017, 246, 75–80. 

 

 

3. B. Anke, M. Rohloff, M.G. Willinger, W. Hetaba, A. Fischer, M. Lerch; Im-
proved photoelectrochemical performance of bismuth vanadate by partial 
O/F-substitution; Solid State Sci., 2017, 63, 1–8. 
 

 

To have a consistent layout and good readability the formatting is kept identical for the 

entire work. Thus, the display format of the papers incorporated in the thesis is not like 

the published versions. Each publication has an independent introductory section; 

consequently some information might be repeated within the work. Every publication 

concludes with its related list of references. The subsequent section (Chapter 7 – 

Conclusion and Outlook) collects the major results and relevant information discussed 

in the individual publications and closes with a short outlook to possible prospective 

experiments in the research area. The thesis was accomplished in the period from March 

2014 to January 2017 under the supervision of Prof. Dr. Martin Lerch at the Institut für 

Chemie at the Technische Universität Berlin.  
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Part I. 

I. Introduction 

 



 

1. Motivation 

The CO2 content in the earth’s atmosphere has reached its highest average level of over 

400 ppm, as compared to 310 ppm at the beginning of the 1950s (Figure 1.1).[1,2] This 

value is believed to be responsible for the increase of climate change and for other 

environmental issues (for example: the decrease of snow and ice deposits, the rise in sea 

level or the rise in acid rain). The tremendous increment of CO2 as a consequence of our 

dependence on fossil fuels (i.e. coal, oil, and natural gases) demands for a strategy to 

reduce the need for energy from these resources. Therefore, reducing the energy 

demand from fossil fuels and promoting the use of renewable energy resources could 

potentially slow down the increase of CO2 in the atmosphere. In other words, there is an 

urgent need to develop a clean, alternative, and renewable energy resource to replace 

current fossil energy resources. 

 

Figure 1.1: For the first time, the atmospheric CO2 concentration at Mauna Loa stayed above the 
symbolic milestone of 400 ppm for the full year in 2016, including September’s seasonal low. Source: 
UC San Diego (https://scripps.ucsd.edu/programs/keelingcurve/). 

Besides wind power, biomass, geothermal, and hydropower, solar energy is a promising 

candidate for renewable energy. The power of annual incident solar radiation on the 

earth’s surface is approximately 120.000 terawatts of electromagnetic radiation, a 

quantity that far exceeds the total need for energy consumption.[3] The most developed 
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technology is the transformation of photons from the sun into electricity by solar cells. 

The electrical energy gained by those cells, however, has to be stored for use during the 

night. For the direct conversion of sunlight into energy the use of chemical fuels is a 

promising method to overcome this problem. Solar water splitting into hydrogen and 

oxygen using semiconducting materials is of particular interest to the scientific 

community as it is a carbon-free process, resulting in zero net emission of CO2. 

Materials used for water splitting need to be earth-abundant and highly stable in a wide 

range of ph. Furthermore, a suitable band gap to efficiently use solar energy and low 

costs in fabrication, easy maintenance, and operation are required. 

The first photoelectrochemical (PEC) water splitting device was developed by Fujishma 

and Honda in 1972 using semiconducting TiO2 photo electrodes.[4] Nowadays the 

highest efficiency in a solar to-fuel device has reached over 12 % using GaAs 

photoelectrochemical/ photovoltaic cells[5,6] or perovskite photovoltaics[7] to produce 

solar hydrogen. However, such highly efficient techniques are based upon rare materials 

(Ga) or toxic chemicals (lead in perovskite) with poor stability. 

From this time forward, the search for semiconductors with improved properties has 

been a challenging task for research. There are three very different approaches to this 

topic:  

• Production of new compounds but with the abovementioned properties (i.e. 

favorable, non-toxic, and abundant on the earth) 

• Improvement of the catalyst properties by restructuring the material surface (i.e., 

nanostructured surfaces, construction of heterojunctions) 

• Optimization of existing catalysts by means of targeted changes in the chemical-

physical properties (i.e. doping and substitution of the cat- and anions) 

Especially the doping and substitution in a semiconductor material has been given the 

attention recently to change its electronic structure. Molybdenum and tungsten were 

found to be suitable cationic dopants increasing the photocatalytic water splitting 

performance due to enhancement of the amount of free charge carriers within the 

material.[8–14] Besides cationic doping, also anion substitution, especially with nitrogen 

or fluorine, seems to lead to a decrease of the optical band gap resulting in an increase 
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of photocatalytic performance.[15,16]  However, such materials have not been studied in 

detail so far. 
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2. Theoretical Background 

2.1.  Optical band gap engineering 

The band gap is an energy range in a solid where no electron states can exist. In graphs 

of the electronic band structure of solids, the band gap generally refers to the energy 

difference (in electron volts) between the top of the valence band (HOMO) and the 

bottom of the conduction band (LUMO) in insulators and semiconductors.  

The width of the band gap is determined by the extent of overlap of the valence orbitals, 

and by the difference between the electronegativities of the cations and anions involved. 

Van Vechten et al.[17] established a concept derived from these factors (that is, valence-

orbital overlap and electronegativity difference) that allows a design of band gaps in 

semiconductors, this concept is nowadays called “band gap engineering”. The optical 

band gap of a material can be controlled or altered by adjusting the composition of 

certain semiconductor alloys, such as in Ca(1-x)LaxTaO(2-x)N(1+x).[18] Jansen et al. 

reported that the variation of x between 0 and 1 enables a fine-tuning of colors through 

the desired range, from yellow through orange to deep red. In their theoretical work 

from 2016, Modak and Gosh show the effect of the incorporation of nitrogen, fluorine, 

and other halides into pure KTaO3.[19] The incorporation of nitrogen lowers the optical 

band gap drastically by increasing the valence band (see Figure 2.1). 

   

Figure 2.1: Band edge alignment of undoped and N-doped KTaO3. 
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2.2.  Tetragonal tungsten bronze structure 

The tetragonal tungsten bronze (TTB) structure was described in 1949 by Magneli[20] 

for K0.57WO3 (K2.85W5O15). In 1953, ferroelectric properties of PbNb2O6 

(Pb2.5Nb5O15)[21] were demonstrated. In 1967, non-linear optics properties were studied 

on TTB crystals in IBM and Bell Telephone Laboratories.[22] Since 1970, dielectric 

studies were carried out simultaneously in the USA, the USSR, Japan, Great Britain, 

and France. This shows the incredibly large span of this structure. The crystal structure 

is described in more detail below. 

In the TTB structure (Figure 2.2) with a general formula A2BC2M5X15 are 4 cation sites: 

from largest to smallest are a large tricapped trigonal prism (A), a slightly distorted 

cuboctahedron (B), a small tricapped trigonal prism (C), and small and highly charged 

cations are in the octahedral M sites.[23]  Occupation of sites A, B, and C is primarily a 

function of the number of cations and their size. The smallest site (C) is typically 

occupied only by very small cations such as lithium. Table 2.1 gives a short overview of 

the localization of various ions in the different crystallographic sites. 

Table 2.1: Localization of various ions in the different crystallographic sites.[24] 

Site C.N. Ions 
A 15 K+, Rb+,Cs+, Tl+ 

Ca2+, Sr2+, Ba2+, Pb2+ 

B 12 Na+, K+, Ag+,  
Ca2+, Sr2+, Ba2+,Cd+, Eu2+ Pb2+ 
Ln3+,Bi3+, Ce4+, Th3+, U4+ 

C 9 Li+, Na+, Mg2+, Ni2+, Cu2+… 
M 6 Mg2+, V2+/3+/5+, Fe2+/3+, Co2+ 

Ti4+, Zr4+, Sn4+, Nb4+/5+, Ta5+, W5+/6+, M6+ 

X  F-, O2-, N3- 
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Figure 2.2: Schematic projection of the TTB crystalline network (A2BC2M5X15) along the c axis (A, B, 
and C correspond to cationic sites with 15, 12, and 9 coordination numbers, respectively). 

The chemical stability is high when big cations (Ba2+, Sr2+) occupy the A site, small, 

and low charged ions (Li+) are on the C-site and small but highly charged cations 

(Ta5+,Nb5+) are on the M-site. The various types of stoichiometry depend on the 

existence of vacancies (□) in either one or another site, as shown by the examples 

below:  

• all sites are fully occupied: K3Li2Nb5O15
[25]

 (A2BC2M5X15) 

• half of the C-site is empty: K3NiNb5O15
[26] (A2BC□M5X15) 

• C-site is empty: Ba3Ta5O14N[27] (A2BM5X15) 

• B and C-sites are empty: BaBiNb5O15
[28] (A2□□2M5X15) 

All conceivable solid solutions can also be obtained between each kind of non-

stoichiometric compositions e.g. K5-xLixTa5-yNbyO15.[29] The possibility to change the 

material composition as desired makes it interesting for research. Many different fields 

of application have been tested, from ferroelectricity to multiferroics[30] or the 

photocatalytic properties[27,31] of these materials. 
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2.3.  Bismuth vanadate 

In nature BiVO4 is available as the mineral pucherite with an orthorhombic crystal 

structure.[32] However, BiVO4 prepared in the laboratory does not assume the pucherite 

structure but crystallizes either in a scheelite- or a zircon-type structure.[33,34] The 

scheelite structure can crystallize in the monoclinic crystal system (I2/b 

a = 5.1787(5) Å, b = 5.1042(5) Å, c = 11.6953(11) Å, γ = 90.260(2) °)[35] or the 

tetragonal crystal system (I41/a, a = b = 5.147 Å, c = 11.721 Å) while the zircon-type 

structure is tetragonal (I41/a; a = b = 7.303 Å and c = 6.584 Å).[36]  

In both scheelite-type structures, each vanadium ion is tetrahedrally coordinated by four 

oxygen ions and each bismuth ion is surrounded by eight oxygen ions from eight 

different VO4 tetrahedral units (Figure 2.3). Each O atom in this structure is coordinated 

to one V center and two Bi centers. The difference between the tetragonal and 

monoclinic scheelite structure is the following: the polyhedra around V and Bi ions are 

more significantly distorted in the monoclinic structure, which removes the four-fold 

symmetry necessary for a tetragonal symmetry. For example, in tetragonal scheelite all 

four V–O bond lengths are equal, but in a monoclinic scheelite structure two different 

V–O bond lengths exist (1.631(7) Å and 1.689(8) Å). In the same way, while only two 

nearly similar Bi–O distances exist in the tetragonal scheelite structure (2.453 Å and 

2.499 Å), the Bi-O distances in the monoclinic scheelite structure differ significantly 

(2.408(8) Å, 2.425(8) Å, 2.538(7) Å and 2.672(7) Å).[35] 

 

Figure 2.3: V-O4 tetrahedra and Bi-O8 polyhedra in monoclinic scheelite BiVO4 with the determined bond 
lengths (Å). 
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It should be mentioned that the space group I2/b, which was originally reported for the 

monoclinic scheelite structure of BiVO4, is a non-standard setting.[37] It can be 

transformed to C2/c, which is used in some new studies of BiVO4. After this 

transformation, the new cell parameters are a′ = 7.254 Å, b′ = 11.6987 Å, c′ = 5.0999 Å, 

and β′ = 134.367°. The choice of the body-centered monoclinic cell, I2/b, has the 

advantage of easily showing its structural relationship to the tetragonal scheelite 

structure using an identical unit cell choice and crystallographic axes.[38]  

In the zircon-type structure, vanadium is still surrounded by four oxygen atoms and 

bismuth is coordinated by eight oxygen atoms. However, each bismuth ion is only 

surrounded by six VO4 units because two VO4 units provide two oxygen atoms to 

bismuth. All oxygen atoms are connected to two bismuth centers and one vanadium 

center. 

A synthesis at room temperature, for example a precipitation, results in a zircon-type 

structure. A phase transition from tetragonal zircon to monoclinic scheelite was found to 

be irreversible at 670–770 K (Figure 2.4).[33] Among scheelite structures, the tetragonal 

phase is a high temperature phase and the phase transition between monoclinic scheelite 

BiVO4 and tetragonal scheelite BiVO4 is reversible at 537 K. The critical temperature of 

this transition was determined by a landau fit (Figure 2.5).  

 

Figure 2.4: Phase transition in BiVO4. 
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Figure 2.5: Temperature dependence of a normalized order parameter for BiVO4. 

The photocatalytic activity of BiVO4 depends to its crystal structures. Kudo et al. 

reported that BiVO4 with a monoclinic scheelite structure showed the highest 

photocatalytic activity for water oxidation to O2 with Ag+ ions as the electron 

scavengers.[33] The enhanced photoactivity of scheelite-type over zircon-type BiVO4 

appears to be mainly due to the enhanced photon absorption of the scheelite phase 

because the band gap energies for scheelite- and zircon-type BiVO4 are 2.4 eV and 

2.9 eV, respectively.[39] The schematic band structures of tetragonal zircon-type BiVO4 

and monoclinic scheelite BiVO4 proposed by Kudo et al. are shown in Figure 2.6.[39]  

Among scheelite-type BiVO4 phases, Tokunaga et al. reported that a sample having a 

monoclinic scheelite structure shows much higher activity for the photocatalytic water 

oxidation than a sample having a tetragonal scheelite structure.[33] The band gap 

energies of the tetragonal and monoclinic scheelite BiVO4 are comparable and the 

observed difference in photocatalytic activity was attributed to the more severe 

distortion of the metal polyhedra present in the monoclinic scheelite BiVO4.[33] As 

discussed earlier, the surroundings of bismuth in the monoclinic scheelite structure is 

more distorted than in the tetragonal scheelite structure. Tokunaga et al. stated that this 

javascript:popupOBO('MOP:0000568','C2CS35260E')
javascript:popupOBO('CHEBI:30212','C2CS35260E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=30212')
javascript:popupOBO('MOP:0000568','C2CS35260E')
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distortion pronounces the local polarization, which favorably affects the electron–hole 

separation and, therefore, the photocatalytic properties.  

 

Figure 2.6: Schematic band structures of tetragonal zircon-type BiVO4 and monoclinic scheelite BiVO4 
proposed by Kudo et al..[39] 

 

Doped BiVO4 systems 

Doping, the intentional introduction of impurity atoms into a material, is a fundamental 

method for regulating the properties of a bulk semiconductor. Even a very small amount 

of impurities can change the electrical and optical properties extremely. Depending on 

the particular kind of the dopant, changes in the optical band gap energy or band edge 

positions can be expected.[40] However, the effect of doping may not always be 

favorable because it can impede charge transport by providing scattering centers and 

enhance electron–hole recombination. Therefore, identifying suitable dopants and their 

concentrations is important to increase the overall performance of the material. In order 

to identify effective dopants for BiVO4, Ye et al. performed rapid screening of BiVO4 

photocatalysts doped with a variety of metals (Ti, W, Ir, Cu, Sr, Zn, Fe, B, Nb, Co, Rb, 

Ru, Ga, Ag, Pb, and Sn) using a scanning electrochemical microscopy technique.[41] The 

photocatalyst arrays were prepared by a computer-controlled sprayer that dispenses 

varying ratios of bismuth, vanadium, and dopant-containing solutions (with a 

concentration of 5–10 at%) on each spot, which were annealed at 500 °C in air to 

produce the photocatalysts. The photoelectrochemical performances of these arrays 

were evaluated and showed that only samples doped with tungsten led to a remarkable 

enhancement in photocurrent. Sn, Co, Pd, Rh, Ru, Ag, Ga, Sr, and Ir caused a negative 

effect, while the rest showed no noticeable effect.  
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Luo et al. prepared BiVO4 electrodes doped with various metal ions (W, Mo, Ti, La, Fe, 

Ta, Zr, Si, Sr, Zn, and Ag) by a modified metal-organic decomposition method and 

observed that only Mo6+ or W6+ doping enhanced the photocurrent.[42] Especially, 

molybdenum-doped BiVO4 samples prepared from a 3 at% molybdenum solution 

showed the best increase in photocurrent. The observed enhancement was attributed to a 

possible increase in the hole diffusion length and the enhanced conductivity. A Raman 

study validated that Mo6+ ions were located at the V5+ sites. The increase in carrier 

density by Mo-doping was confirmed by the slope change in the Mott–Schottky plots 

but the change in the flat band potential was insignificant. The performance of 

Mo-doped BiVO4 was further improved by surface electrochemical pretreatment, in 

order to remove Mo-rich accumulations (for example MoOx) on the surface which could 

act as recombination centers.[43]  

A non-metal element, P, was also incorporated into BiVO4 by the urea-precipitation 

method where PO4
3- anions were added as a phosphor precursor to substitute a small 

fraction of VO4
3− ions in the precursor solution.[40] Samples of Bi(VO4)1−x(PO4)x with 

x = 0.019, 0.006, and 0.002 were produced. The incorporation of phosphor into the host 

structure causes shifts of the XRD reflections to smaller 2θ values, indicating an 

increase in cell volume. Even a negligible increase in the band gap energy was observed 

in the UV-vis absorption spectra. When the BiVO4 and Bi(VO4)1−x(PO4)x powder 

samples were prepared as electrodes using electrophoretic deposition, 

Bi(VO4)0.998(PO4)0.002 showed the best performance by generating a significantly higher 

photocurrent than the pristine BiVO4 electrode. DFT calculations by the same authors 

confirmed that the reduced charge transfer resistance could be the result of phosphor 

doping which increases the charge carrier density.  

In this work a simple route to phase-pure fluorine-modified BiVO4 is reported. 

Incorporation of fluorine into BiVO4 generates cation vacancies leading to the 

formation of Bi0.94V0.94O3.54F0.46. Investigations of the photoelectrochemical behavior 

show that F-incorporation significantly improves the performance of BiVO4 

photoanodes for photo(electro-)catalytic water oxidation.  

  

javascript:popupOBO('CHEBI:35406','C2CS35260E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=35406')
javascript:popupOBO('CMO:0001330','C2CS35260E')
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2.4.  The Rietveld analysis 

The Rietveld analysis or Rietveld refinement is a mathematical technique, devised by 

Hugo Rietveld, for the analysis and evaluation of powder diffraction data.[44–47] Using a 

theoretical line profile with the similar structure as the measured sample, which serves 

as a reference, a theoretical powder diffraction diagram is created and iteratively 

compared to the measured data. The comparison is based on the least square method. 

The Rietveld analysis consists of two segments, i) the profile and ii) structure fitting 

combined with the background adjustment. Certain functions are available for the 

reflection shape fitting, a linear combination of a Gauß and Lorentz function is 

commonly used, the Pseudo-Voigt function. The Gauß part is describing the sample 

specific influences on the form of the reflection and the Lorentz part the effects 

resulting from the measurement setup.[44] Simultaneously, it is possible to determine 

changes of the unit cell parameters, such as lattice parameters, atomic position, thermal 

displacement or occupation. The Rietveld analysis makes it also possible to determine 

the composition of multi-phased materials due to the use of integral intensities. 

Important for the profile functions are the integral intensities of the k reflection Ik, the 

reflex position 2θk and the full width at half maximum H (FWHM).  

The FWHM is described through the parameters U, V, and W as such 

    𝐻𝐻 = (𝑈𝑈𝑈𝑈𝑈𝑈𝑛𝑛2θ + 𝑉𝑉𝑈𝑈𝑈𝑈𝑛𝑛θ + 𝑊𝑊)
1
2          (1) 

 During the refinement, the parameters U, V, and W are used to fit the profile. The 

quality of a Rietveld refinement is evaluated according to the agreement of the observed 

values yi(obs) with the calculated values yi(calc), and is given by residual values 

(R-values). The value Rwp (weighted R-value) indicates the mean deviation of the 

calculated data to the observed diffraction pattern and is minimized during the 

refinement. 

    𝑅𝑅𝑤𝑤𝑤𝑤 = �
∑𝑤𝑤𝑖𝑖(𝑦𝑦𝑖𝑖(𝑜𝑜𝑜𝑜𝑜𝑜)−𝑦𝑦𝑖𝑖(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐))²

∑𝑤𝑤𝑖𝑖(𝑦𝑦𝑖𝑖(𝑜𝑜𝑜𝑜𝑜𝑜))²
           (2) 

wi - weighting factor at point I         

yi(obs) - measured intensity at point i       

yi(calc) - calculated intensity at point i 

https://en.wikipedia.org/wiki/Hugo_Rietveld
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Ideally this value is zero, which can never be achieved due to the signal to noise ratio, 

thus the Rexp value is calculated, indicating the best possible value and the accuracy of 

the measurement.  

    𝑅𝑅𝑒𝑒𝑒𝑒𝑤𝑤 = �
𝑁𝑁−𝑃𝑃+𝐶𝐶

∑𝑤𝑤𝑖𝑖(𝑦𝑦𝑖𝑖(𝑜𝑜𝑜𝑜𝑜𝑜))²
            (3) 

N - Number of measured points                 

P - Number of parameters                  

C - Number of parameter linkings 

In contrast, the value RBragg is calculated from the intensities of the n reflections that are 

present in the pattern. 

                                            𝑅𝑅𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵𝐵𝐵 =  �
∑ |𝐼𝐼𝑛𝑛(𝑜𝑜𝑜𝑜𝑜𝑜)−𝐼𝐼𝑛𝑛(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)|

∑ 𝐼𝐼𝑛𝑛(𝑜𝑜𝑜𝑜𝑜𝑜)                                              (4) 

In(obs) - measured integral intensity of the n reflection 

In(calc) - calculated integral intensity of the n reflection 

The goodness of fit S is formed by the ratio of the two former R-values Rwp and Rexp. In 

the ideal case S should approach a value of 1. 

     𝑆𝑆 =  𝑅𝑅𝑤𝑤𝑤𝑤
𝑅𝑅𝑒𝑒𝑒𝑒𝑤𝑤

            (5) 

In this work the program package Fullprof Suite [46] was used for the Rietveld analysis. 
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3. Methodology 

3.1.  Preparation 

The precursors used for this work were produced in two different ways, by a modified 

polymerizable complex method (Pechini route) and a standard wet-chemical 

precipitation. 

3.1.1. Pechini 

The new compounds were synthesized using the modified Pechini route (Figure 

3.1).[48,49] For this, a Ba-Ta (3:5) and a La-Ba-Ta (1:2:5) precursor had to be prepared 

first. For these precursors, a lanthanum, barium, and a tantalum citrate solution were 

prepared. For the tantalum citrate solution, 25 g of TaCl5 were added to a three-necked 

flask in the Ar-Glovebox. Thereafter, TaCl5 was dissolved under Schlenk conditions 

with a citric acid solution dissolved in ethanol. For the lanthanum citrate solution, 

lanthanum chloride powder (Sigma Aldrich, 99.9 %) was dissolved in an ethanol/water 

mixture containing citric acid 

(Sigma Aldrich 99.5 %). The 

latter was used in a molar excess 

of 12 times the LaCl3. Barium 

chloride (Sigma Aldrich, 99.9 %) 

was dissolved in ethanol, 

containing citric acid, to prepare 

the citrate solution. The cation 

concentration of the respective 

citrate solutions was determined 

gravimetrically. For the sol-gel 

process, the citrate solutions were 

added to a beaker in the desired 

stoichiometric ratio. In the next 

step, ethylene glycol (n (EG) = 

17n (cations)) was added to this 
Figure 3.1: Flow chart for preparing amorphous powder 
precursors by the Pechini method. 
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solution. The mixture was then gradually heated to 200 °C under ambient conditions 

until a gel was formed. In the last step, the resin-like mass was transferred from the 

beaker to a corundum crucible and placed in a chamber furnace for 16 hours at a 

temperature of 400 °C. The resulting precursor was colorless and amorphous. 

For the nitration of the precursor, the ammonolysis step was carried out with an 

ammonia-oxygen mixture. Numerous tests using different variations of temperature, 

holding time, gas mixing ratio, and calcination temperature were performed. The 

temperature was varied between 700 °C and 900 °C. Additionally, holding times 

between 1 h and 48 h as well as heating rates between 200 K/h and 600 K/h were 

carried out. The ammonia and oxygen gas volume flows (5 L/h – 15 L/h NH3, 0.01 L/h 

– 0.3 L/h O2) were also changed. Ultimately, the conditions listed in Table 3.1 with the 

highest phase purity led to the new compounds crystallizing in the tetragonal tungsten 

bronze type. 

Table 3.1: Synthesis conditions for the new compounds Ba3Ta5O14N and LaBa2Ta5O13N2. 

Compound T [°C] Holding Time [h] Heat rate [K/h] NH3 [L/h] O2 [L/h] 

Ba3Ta5O14N 850 24 400 10 0.03 

LaBa2Ta5O13N2 875 20 400 10 0.03 

3.1.2. Wet-chemical precipitation  

Pristine bismuth vanadate was synthesized in an aqueous medium at room temperature 

under ambient pressure. Bi2O3 and NaVO3 were dissolved in concentrated nitric acid 

and mixed in a molar ratio 1:2. After stirring this solution for 4 hours, sodium hydroxide 

was added until the pH value reached basic conditions (pH = 12). The solution was 

stirred again for 4 hours. The resultant yellow precipitation was filtered and then 

washed with distilled water several times to remove impurities and residual materials, 

and dried at 60 °C for 12 hours. After that, the bright yellow powder was treated in the 

fluorination furnace. 
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3.2.  Furnaces 

Two different types of ovens were used for the syntheses of the samples, for the oxide 

nitrides an ammonolysis furnace with direct gasification was selected and for the O/F 

substitution in the BiVO4-samples a fluorination apparatus with an inner corundum tube 

was used. 

The ammonolysis furnace  

For the preparation of the tantalum oxide nitride-based compounds occurring in this 

work, a tube furnace SR-A 60-300 / 12 type from Gero (Neuhausen) was used. The 

Gero tube furnace (Figure 3.2 center) is equipped with a reaction tube made of 

amorphous silicon dioxide. This has a length of 500 mm and a diameter of 55 mm. 

However, ammonia decomposes upon heating into its elements nitrogen and hydrogen; 

especially in the case of long reaction tubes ammonia is dissociated before the sample is 

reached. Therefore, the pipes used herein have a so-called rapid gas supply. An 

additional tube with a considerably smaller diameter is integrated into the reaction tube, 

which serves to treat the sample directly with the reaction gas (Figure 3.2 right). The 

temperature control takes place via a Ni-Cr / Ni thermocouple, the maximum working 

temperature is 1150 °C. The synthesis parameters such as temperature, heating rate, and 

holding time are controlled by an external temperature controller. The adjustment of the 

reaction gases and the flow rates are carried out via upstream mass flow controllers 

(Figure 3.2 left) of the DeltaSmart MassFlow / SLA5850 type from Brooks Instrument 

(Pennsylvania). The tube furnace of the company Gero is hinged. The sample can be 

cooled more quickly by opening the oven after the heating program has been completed. 

As a result of this influence on the cooling rate, an undesired connection can be 

prevented during cooling. 
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Figure 3.2: left: gas flow controller for NH3, O2 and N2; mid: tube furnace from Gero Typ SR-A 60-300/12;  
right: reaction space under the rapid gas supply. 
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The fluorination furnace  

Fluorine-containing samples were prepared by a solid-vapor reaction using an indirect 

gas flow apparatus (see Figure 3.3). Loose powder of the sample was loaded in a small 

corundum boat, which in turn was placed inside a larger corundum boat containing 

varying amounts of polyvinylidene fluoride (PVDF). This arrangement advantageously 

prevents contact between the reagents in either solid or liquid form. It is very important 

to prevent the photocatalysts from any carbon pollution in order to achieve good results; 

the final product is without any of the several contaminations. The nested boats were 

then placed inside a corundum tube with one closed end and then placed in a horizontal 

tube furnace with a low nitrogen gas flow of ~5 L/h. With this configuration an 

overpressure could be avoided. The temperature was set to 380 °C for 24 hours. 

Thermogravimetric and mass spectroscopy studies revealed that the PVDF 

decomposition only emits HF under inert gas.  

 

Figure 3.3: Sketch of fluorination apparatus. The inner corundum boat contains the sample to be fluori-
nated and the outer boat is filled with PVDF. 
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3.3.  X-ray diffraction 

In solid state chemistry diffraction methods are among the most important analytical 

characterization techniques.[50,51] They are employed for structure determination in 

crystalline materials and can be used to identify structural properties such as phase 

composition, lattice parameters, grain size, or preferred orientation. The technique is 

based on the diffraction of X-rays at the atoms of the crystal. The crystal lattice consists 

of parallel planes with distance d that are identified by Miller indices (h, k, l). Because 

of the interatomic distances in the order of magnitude of ∼10-10 m, especially X-rays are 

suitable for scattering experiments. The fundamental principle is based on the 

interaction between X-ray photons and the electron shell, respectively. The theoretical 

principle of the diffraction is described by Bragg’s law (Equation 6)[52]: 

     𝑛𝑛𝑛𝑛 = 2𝑑𝑑ℎ𝑘𝑘𝑐𝑐 ∗ sinθ    (6)

  

λ - wavelength of incident beam  

d - distance between the lattice planes (hkl) 

θ - diffraction angle  

n - describes the order of diffraction and is always an integer 

The equation describes the interaction of the incident beam (i.e. 1.54 Å for Cu Kα1) with 

the sample and defines the general condition for constructive interference. It is assumed 

that the crystal consists of layers, on which the radiation is reflected, and constructive 

interference occurs when the path length difference is an integer number of the 

wavelength. The diffracted waves of different lattice planes cause a certain diffraction 

pattern, which contains information about the atomic arrangement in the crystalline 

material.  

As mentioned above, X-rays are scattered at the electrons of the shell, the scattering 

power of an atom is described by the atomic form factor fi, which depends linearly on 

the number of electrons in the atom. Hence, it is easy to distinguish between elements 

with a large difference in electron number. Furthermore, the atomic form factor is a 
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function of the wavelength and the diffraction angle, resulting in decreasing intensities 

with increasing angles. A disadvantage in X-ray diffraction is that the distinction 

between elements with similar atomic number, such as nitrogen and oxygen is not 

possible, neutron scattering is used in these cases. 

The X-ray powder diffraction experiments were conducted with the X’Pert Pro system 

from PANalytical (PANalytical B.V, Almelo, Netherlands). It consists of a θ/θ setup in 

Bragg-Brentano geometry.[52,53] The X-ray source consists of copper. The 

Bremsstrahlung and the radiation below the Kα wavelength are filtered through a 

Ni-filter. The setup uses no monochromatic light, which results in the presence of 

Cu Kα1 and Cu Kα2 radiation (with a ratio of 2 to 1). An automatic divergence aperture 

is used to keep the irradiated sample area constant with varying angles. This must be 

taken to account for the following Rietveld analysis. As a detector, a 

Si(Li)-semiconducting detector was used. The supplied software X`Pert Highscore Plus 

v.2.2.1 was used for a first quick evaluation of the measurement through the Inorganic 

Structure Database (ICSD, FIZ Karlsruhe, Germany and US Department of Commerce, 

USA). 

  



Methodology 23 
 

3.4.  Hot gas extraction 

The elemental analysis for the determination of the nitrogen and oxygen content of a 

substance is carried out by hot gas extraction (LECO TC-300/EF-300). For this purpose 

3 to 4 mg of the sample are heated in the helium stream at 2700 °C for 50 seconds. Thus 

elementary nitrogen and oxygen are released from the sample. The oxygen from the 

sample reacts with the graphite to form carbon monoxide, which is then catalytically 

converted to carbon dioxide by copper oxide. The amount of CO2 is detected by 

absorption spectroscopy in an infrared measuring cell, whereby ultimately the oxygen 

content can be determined.[54] The nitrogen content is determined in a thermal 

conductivity measuring cell. The helium–nitrogen–gas mixture has a lower thermal 

conductivity than pure helium, an integrated “Wheatstone bridge” measures the 

electrical resistance in the cell, and the change of the electrical resistance is proportional 

to the nitrogen content.[54] For calibration, ZrO2, and steel (LECO calibration sample, N: 

5000 ppm) were used as standard materials. The accuracy is ~ 2 % of the N/O content.  
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3.5.  UV-Vis spectroscopy 

Diffuse reflectance spectra were collected with a Jasco V670 spectrometer. Absorbance 

spectra in the wavelength range from 200 nm to 1000 nm were calculated from the 

measured diffuse reflectance with the Kubelka-Munk function (Equation 7). 

                                                      (𝑅𝑅) = (1−𝑅𝑅)²
2𝑅𝑅

= 𝜀𝜀c 1
𝑜𝑜
                                                    (7) 

where R is the reflectance, ε is the absorption coefficient, c the concentration of 

absorbing species, and s the scattering coefficient.  The optical band gap was 

determined using the modified Tauc equation, [𝐹𝐹(𝑅𝑅)ℎ𝜈𝜈]
1
𝑛𝑛 = 𝐴𝐴�ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵�,with F(R) the 

Kubelka-Munk function, hν the photon energy, Eg the optical band gap, and A a 

proportionality constant. The value of the exponent n denotes the nature of the transition 

(2= indirect; ½= direct). 

With the phenomenological Kubelka-Munk theory,[55] it is possible to establish a 

relationship between scattered and absorbed light. However, it applies only to low-

absorbing and optically infinitely thick samples. The non-absorbing material was 

magnesium oxide (ABCR, 99.95%) added to all samples in a 1: 1 ratio. 

3.6.  Gas pycnometry 

Experimental density values of the samples were measured using a Quantachrome 

helium multipycnometer, where the pressure change of helium in a calibrated volume is 

measured to calculate the sample volume. Helium penetrates into smallest pores and 

crevices and permits to approach the real volume of the sample. 
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3.7.  Photocatalysis  

Photocatalytic hydrogen generation 

Photocatalytic hydrogen generation was measured in the working group of Michael 

Wark using a home-made air-free closed gas system and a double-walled inner 

irradiation-type quartz reactor. As a light source, a 700 W Hg mid-pressure immersion 

lamp (Peschl UV-Consulting, set to a power of 500 W) was used for irradiation and 

cooled with a double-walled quartz mantle using a thermostat (LAUDA). Gas evolution 

was detected online using a multi-channel analyzer (Emerson) equipped with a detector 

for the determination of the concentration of hydrogen (thermal conductivity detector), 

oxygen (paramagnetism), and carbon dioxide (IR). Argon was used as carrier gas, the 

continuous gas flow was controlled by a Brockhorst mass flow controller. The gas flow 

was set to 50 NmL/min (normal flow throughput: gas flow at ambient temperature and 

pressure per minute).  

All reactions were performed at 13 °C. 300 mg of photocatalyst is suspended in 550 mL 

water and 50 mL methanol (aqueous methanol photo reforming). For a homogeneous 

suspension a subsequent pre-treatment in the ultrasonication bath for 10 minutes at 

30 °C was performed. Before any photocatalytic reaction was initiated, the whole 

system including the photocatalyst was flushed with argon at 100 NmL/min for 30 

minutes to remove any trace of air. In previous measurements Rh was obtained as the 

most effective co-catalyst for barium tantalates with an optimum loading of only 

0.0125 wt.-%. Rh[56] nanoparticles were deposited onto the photocatalyst materials via 

reductive photo deposition with a specific amount of Na3RhCl6 (99.999%, Aldrich) 

precursor solution using the setup described below. For measurements under visible 

light an aqueous 2 M NaNO2 solution was used as filter. 

Photocatalytic oxygen generation 

Electrochemical measurements were carried out in the working group of Anna Fischer. 

A home-built 3-electrode-setup consisting of the working electrode (Photoanode), a Pt-

wire counter electrode, and a reversible hydrogen reference electrode (RHE) provided 

by Gaskatel were used for the electrochemical measurement. The potential of the 

working electrode with respect to the reference electrode was controlled by a 

potentiostat (Biologic SP‑150). The Photoanode was illuminated by a 150 W Xe-lamp 

(Lumatec Superlite equipped with UV cut-off filter, illuminating spectral range = 400-
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700 nm), mounted at a reproducible and constant distant of 5 cm from the photoanode 

surface. The light intensity at the electrode surface was adjusted to 100 mW/cm² using a  

Si-diode light meter (Extech). J-V-measurements were conducted in 0.1 M potassium 

phosphate buffer at pH 7.3 using a scan rate of 20 mV/s.  

Electrode preparation 

Electrode preparations were accomplished in the working group of Anna Fischer. A 

photo-assisted electrodeposition method based on the procedure reported by Durrant et 

al. was used to deposit a cobalt phosphate-based water oxidation catalyst (CoPi) onto 

the working-electrode surface.[57] The working electrode was immersed in 0.1 M 

potassium phosphate buffer at pH 7.3 containing 0.5 mM cobalt nitrate and a constant 

potential of 1.2 V vs. RHE was applied under illumination. To ensure a comparable 

amount of deposited CoPi for all samples, the deposition was stopped after a charge of 

130 mC was flown. 
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4.1.  Abstract  

Light yellow Ba3TaV
5O14N was successfully synthesized as phase-pure material 

crystallizing isostructurally to well-known mixed-valence Ba3TaV
4TaIVO15. The 

electronic structure of Ba3Ta5O14N was studied theoretically with a hybrid Hartree–

Fock-DFT method. The most stable structure was obtained when nitrogen atoms were 

placed at 4h sites having fourfold coordination. By incorporating nitrogen, the band gap 

decreases from ∼3.8 eV commonly known for barium tantalum(V) oxides to 2.8 eV for 

the oxide nitride, giving rise to an absorption band well in the visible-light region. 

Ba3Ta5O14N was also tested for photocatalytic hydrogen formation.  

4.2.  Introduction 

Taking a look on ternary barium tantalum oxides reported in literature, a variety of 

phases with different compositions is reported: BaTa2O6,[1] Ba2Ta5O32,[2] 

Ba5Ta4O15,[3] and Ba4Ta2O9[4] have been already described. It is worth mentioning that 

also two mixed-valent compounds, Ba1.88Ta15O32[5] and Ba3Ta5O15,[6] are known. 

Interestingly, remarkable photocatalytic activity (water splitting, H2-evolution) is 

observed for Ba3TaV
4TaIVO15-containing composites.[7] Ba3Ta5O15 exhibits the well-

known tetragonal tungsten bronze structure (space group P4/mbm[6]) and can be 

described as vertex-sharing framework of TaO6-octahedra forming huge sites where 

larger metal cations are located.  

Photocatalytic activity under visible light (420 nm < λ < 800 nm) requires optical band 

gaps of Eg < 2.9 eV. Barium tantalum oxides typically have values above 3.5 eV. A 

common strategy to narrow the optical band gap in oxides is the partial substitution of 

oxygen by aliovalent anions. In 2001, Asahi et al. predicted a reduction of the band gap 

of titania maintaining the conduction band (CB) minimum level and shifting the valence 

band (VB) maximum to a position with more negative potential.[8] Their studies 

initiated a lot of efforts in investigating anion substitution in photocatalysts using a 

number of ‘dopant elements’ such as B[9–11], C[12–16], F[17–21], N[22–26], P[12], or 

S[27–30] to narrow optical band gaps to the visible-light region for various 

semiconductor materials. Among these, nitrogen has been reported to be the most 



Publication 1 35 
 

effective dopant so far. Also several visible light-driven semiconductors containing 

photocatalysts including  tantalum oxide nitrides are known to perform photocatalytic 

water splitting.[31–33] In the present contribution, we report on synthesis, crystal 

structure incl. N/O distribution, optical properties, and photocatalytic activity of the new 

compound Ba3TaV
5O14N formally derived from Ba3TaV

4TaIVO15 by substituting one 

oxygen by nitrogen combined with an oxidation of TaIV to TaV. It should be mentioned 

that first attempts preparing such an oxide nitride phase have been carried out by 

Assabaa-Boultif [34] but never been published in a regular journal.  

4.3.  Experimental Section 

4.3.1. Synthesis  

An amorphous ternary Ba-Ta-O phase was synthesized via the sol-gel based Pechini 

route.[35] Citrate complexes of tantalum and barium were prepared. For the barium 

citrate solution barium chloride powder (Sigma Aldrich, 99.9 %) was dissolved in an 

ethanol/water mixture containing citric acid (Sigma Aldrich 99.5 %). Citric acid was 

used in a molar excess of 12 times the BaCl2. Tantalum citrate solution was prepared 

using tantalum(V) chloride powder (Sigma Aldrich, 99.999 %) by dissolving it in 

ethanol containing citric acid as well. Both solutions were mixed in a molar ratio of 3:5 

with ethylene glycol and polymerized at 200 °C in a batch furnace. After calcination at 

400 °C, an amorphous oxide was obtained. This precursor was treated with a mixture of 

NH3 and O2 at 850 °C for 24 h in a tube furnace with flow rates of 10 L · h–1 and 

0.03 L · h–1 for ammonia and oxygen, respectively. 

4.3.2. Chemical and structural characterization 

The products were characterized by X-ray powder diffraction using a PANalytical 

X'Pert PRO diffractometer (Bragg-Brentano geometry, Cu-Kα radiation). All structural 

refinements were performed with the program FullProf Suite Version 2009, by applying 

a pseudo-Voigt function for the microstructural analysis.[36] Nitrogen and oxygen 

contents were determined by hot gas extraction method (LECO TC-300/EF-300), for 

calibration ZrO2 and steel (LECO calibration sample, N: 5000 ppm) were used as 

standard materials. The accuracy is ~ 2 % of the presented N/O content. X-ray 
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fluorescence spectrometry (XRF) was performed using a PANalytical Axios 

spectrometer with an Rh-tube. 

4.3.3. UV-vis spectroscopy 

UV-Vis diffuse reflectance spectra were measured using a Perkin Elmer Lambda 650 

UV-Vis spectrometer equipped with a Praying-Mantis mirror construction. The 

obtained spectra were converted by the Kubelka-Munk function F(R) into absorption 

spectra, using MgO nanopowder as a white standard. Optical band gaps (Eg) were 

obtained via the Tauc plot method [30,37–41] using the calculation α = A(hν - Eg)n/hν, 

where α is the absorption coefficient, A is a constant, hν is the energy of light, and n = 2 

is valid for materials with indirect band gap transition, respectively. Assuming the 

absorption coefficient α being proportional to the Kubelka-Munk function F(R), Eg can 

be obtained from the plot of [F(R)hν]1/n versus hν, by extrapolation of the linear part 

near the onset of the absorption edge to intersect the energy axis. 

4.3.4. Quantum-chemical methods 

The effect of O/N distribution on the stability and electronic structure of Ba3Ta5O14N 

was calculated from first principles employing hybrid density functional theory (DFT) 

methods implemented in the crystalline-orbital program CRYSTAL14.[42] Similar to 

our previous studies on TaON[43] the method PW1PW[44] was employed for the 

structure optimizations. For the structure optimizations standard basis sets (std) from the 

CRYSTAL homepage were used.[45] For the calculation of the electronic structure we 

employed the recently developed hybrid method HSE06 with screened exchange[46] 

which was demonstrated to provide improved band gaps of oxides. Since also the 

atomic basis set affects the band positions, we switched from standard to extended basis 

sets of triple-zeta valence plus polarization (tzvp) quality. For O and N, we employed 

the pob basis sets,[47] and for Ta and Ba Stuttgart/Dresden effective core potentials 

plus modified triple-zeta basis sets[48,49] where diffuse functions were removed. 
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4.3.5. Photocatalysis 

Photocatalytic hydrogen generation was measured in a home-made air-free closed gas 

system using a double-walled inner irradiation-type quartz reactor. As a light source, a 

700 W Hg mid-pressure immersion lamp (Peschl UV-Consulting, set to a power of 

500 W) was used for irradiation and cooled with a double-walled quartz mantle using a 

thermostat (LAUDA). Gas evolution was detected online using a multi-channel analyzer 

(Emerson) equipped with a detector for the determination of the concentration of 

hydrogen (thermal conductivity detector), oxygen (paramagnetism) and carbon dioxide 

(IR). Argon was used as carrier gas, the continuous gas flow was controlled by a 

Brockhorst mass flow controller. The gas flow was set to 50 NmL/min (normal flow 

throughput: gas flow at ambient temperature and pressure per minute).  

All reactions were performed at 13 °C. 300 mg of photocatalyst is suspended in 550 mL 

water and 50 mL methanol (aqueous methanol photoreforming). For a homogeneous 

suspension a subsequent pre-treatment in the ultrasonication bath for 10 minutes at 

30 °C was performed. Before any photocatalytic reaction was initiated, the whole 

system including the photocatalyst was flushed with argon at 100 NmL/min for 30 

minutes to remove any trace of air. In previous measurements Rh was obtained as the 

most effective co-catalyst for barium tantalates with an optimum loading of only 

0.0125 wt.-%. Rh [7,50] nanoparticles were deposited onto the photocatalyst materials 

via reductive photodeposition with a specific amount of Na3RhCl6 (99.999%, Aldrich) 

precursor solution using the setup described below. For measurements under visible 

light an aqueous 2 M NaNO2 solution was used as filter. 

4.4.  Results and discussion 

4.4.1. Chemical analysis and crystal structure 

We successfully synthesized light yellow Ba3Ta5O14N as phase-pure material: XRF 

analysis proved the Ba/Ta content of 26 wt% Ba and 58 wt% Ta (expected: 26.5 wt% 

Ba, 58.1 wt% Ta). Quantitative chemical analysis by hot gas extraction delivered the 

following values: 15.0 wt% O, 0.9 wt% N (expected: 14.4 wt% O, 0.9 wt% N). 
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Figure 4.1: X-ray powder diffraction pattern of Ba3Ta5O14N with the results of the Rietveld refinement. 

The structural refinement of Ba3Ta5O14N was started from the coordinates reported for 

Ba3Ta5O15.[6]  Figure 4.1 depicts the X-ray powder diffractogram of the new phase 

Ba3Ta5O14N with the results of the Rietveld refinement. Further structural parameters 

are listed in Table 4.1 with a comparison to Ba3Ta5O15. Atomic coordinates and 

isotropic Debye-Waller factors are presented in Table 4.2. For comparison, we also 

prepared Ba3Ta5O15, following the work of Feger and Ziebarth.[6] The refined structural 

parameters are in good agreement. Finally, we decided to use the parameters from 

literature for discussion because of the higher quality of the single crystal data. 

Table 4.1: Refined structural parameters of Ba3Ta5O14N in comparison to Ba3Ta5O15 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

Composition Ba3Ta5O14N Ba3Ta5O15[6] 

Measure powder diffraction single crystal 
Crystal system 
 Space group 

tetragonal 
P4/mbm 

Formular units Z= 2 

Lattice parameters a = 12.6461(9) Å 
c = 3.9667(5) Å 

a = 12.590(1) Å 
c = 3.967(2) Å 

Unit cell volume V = 634.38(9) Å3 V = 628.8(4) Å3 
Calc. density 8.1387 g/cm³ 8.2214 g/cm³ 
Rwp 0.0175  
RBragg 0.0288  
Rexp 0.0076  
S 2.3  
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Table 4.2: Atomic positional parameters and isotropic Debye-Waller factors for Ba3Ta5O14N. 

 Wyckoff x y z Biso 

Ba(1) 2a 0 0 0 2.1(2) 
Ba(2) 4g 0.1720(4) 0.6719(4) 0 2.7(2) 
Ta(1) 2c 0 ½ ½ 1.9(2) 
Ta(2) 8j 0.0755(3) 0.2141(3) ½ 1.84(14) 
O/N(1) 2d 0 ½ 0 1 
O/N(2) 4h 0.281(3) 0.781(3) ½ 1 
O/N(3) 8i 0.069(4) 0.209(3) 0 1 
O/N(4) 8j 0.491(2) 0.157(4) ½ 1 
O/N(5) 8j 0.136(3) 0.071(4) ½ 1 
 
 

Ba3Ta5O14N crystallizes in the tetragonal tungsten bronze-type structure in space group 

P4/mbm; the unit cell dimensions are a = 12.6461 (9) Å, c = 3.9667 (5) Å.  Figure 4.2 

shows a schematic representation of the unit cell. All tantalum atoms are octahedrally 

coordinated by oxygen and/or nitrogen. These octahedra share all corners with 

neighboring octahedra resulting in 3-, 4- and 5-fold cavities in a ratio of 2:1:2 (see 

Figure 4.2). Only the 4- and 5-fold cavities offer the huge Ba-cations sufficient space. 

Details about the determined bond lengths are given in Figure 4.3. Ba(1) in the 4-fold 

cavities is cubeoctahedrally coordinated by twelve anions, Ba(2) in the 5-fold cavities 

is, in the most simple view (see Fig. 4.3), surrounded by six anions forming a trigonal 

prisma. It should be mentioned that there is an anion O/N1 3.08 Å away from Ba(2), 

leading to a monocapped trigonal prisma if respected. Eight additional anions are 

located between 3.3 and 3.4 Å around Ba(2) which are not discussed here. For a detailed 

presentation of this detail see the work of Feger and Ziebarth.[6]      
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Figure 4.2: Unit cell of Ba3Ta5O14N and polyhedral representation of the crystal structure. Ta(O/N)6 
octahedra are drawn in green; Ba atoms are represented by black balls. 
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One of the two crystallographically independent Ta(O/N)6 polyhedra (Ta(2)) is more 

distorted, with Ta-O/N distances varying from 1.941 Å to 2.108 Å, compared to 1.983 

Å and 1.999 Å for Ta(1) (Figure 4.4). The average bond lengths are 1.995 Å for Ta1-

(O/N) and 1.996 Å for Ta2-(O/N) being increased by about 0.017 Å (Ta1-(O/N)) and 

0.009 Å (Ta2-(O/N)) compared to pure oxide Ba3Ta5O15.[6] 

In comparison to Ba3Ta5O15 the oxide nitride Ba3Ta5O14N exhibits a slightly larger cell 

volume. This could be due to the 8 pm larger radius of nitrogen (4-fold coordination) 

compared to oxygen (difference between Ta5+ and Ta4+ (C.N. = 6) = 4 pm[51] ). It 

should be mentioned that only the bond lengths in the a-b-plane increase significantly 

(Table 4.3, Figure 4.4), which is also reflected in an increase of the lattice parameter a 

(c remains constant). Consequently, it can be assumed that the nitrogen atoms are 

mainly located in the a-b-plane (on O/N2, O/N4, and O/N5 positions). This fits well 

with Pauling’s 2nd rule predicting nitrogen on anion positions with high coordination 

numbers: O/N1 = 2, O/N2 = 4, O/N3 = 3, O/N4 = 4, O/N5 = 4, as it has also been 

generally described in the work by Fuertes.[52]  

  

Figure 4.3: Ba-O/N polyhedra in Ba3Ta5O14N with the determined bond lengths (Å).  
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Table 4.3: Determined Ba/Ta-O/N bond lengths in Ba3Ta5O14N and Ba3Ta5O15. 

bonds Ba3Ta5O14N 
bond lengths /Å 

Ba3Ta5O15 
bond lengths /Å[6] 

difference / Å 

Ta1- O/N1 1.9834(2) 1.9835 – 0.0001 
Ta1- O/N4 1.998(7) 1.9733 + 0.025 
Ta2- O/N3 1.9856(5) 1.9841 + 0.0015 
Ta2- O/N2 1.997(9) 1.9857 + 0.011 
Ta2- O/N4 1.940(9) 1.9271 + 0.013 
Ta2- O/N5 1.955(12) 2.0120 – 0.057   
Ta2- O/N5 2.108(9) 2.0319 + 0.076 
Ba1-O/N5 2.782(8) 2.8045 – 0.023 
Ba1-O/N3 2.792(9) 2.8260 – 0.034   
Ba2-O/N2 2.788(6) 2.8031 – 0.015 
Ba2-O/N4 2.866(5) 2.8730 – 0.007   
 

 

Figure 4.4: Ta(O/N)6 octahedra in Ba3Ta5O14N with the determined bond lengths(Å). 

4.4.2. Optical properties  

The yellow colored material Ba3Ta5O14N was measured in diffuse reflectance geometry 

which is converted into Tauc plots in order to estimate the optical band gap. Although 

the exact band gap of Ba3Ta5O15 is not known yet, all pristine barium tantalum(V) 

oxides offer wide band gaps in a range between 3.8 – 4.7 eV [50] which allow only light 

absorption in the UV region. For Ba3Ta5O14N Figure 4.5 indicates a successful decrease 

in the band gap to about 2.8 eV. Thus, the electronic structure could be specifically 

modified and allows now in principle a partial absorption of the visible light in the solar 
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spectrum, increasing the amount of useable solar light energy from about 4 % (for only 

UV light absorption) to about 10 %. 

 

 

Figure 4.5: Tauc plot of Ba3Ta5O14N based on diffuse reflectance geometry. 

4.4.3. Quantum-chemical calculations 

As a preliminary step for the theoretical investigation of the electronic structure of 

Ba3Ta5O14N structure optimizations were performed with the PW1PW hybrid method. 

In these optimizations the lattice parameters were kept fixed at the experimental values 

determined in this study (see Table 4.1) and the positions of all atoms were relaxed. 

Five O/N configurations were considered where two nitrogen atoms were placed at sites 

O/N(1) to O/N(5) in the primitive cell, see Table 4.2. All other sites are occupied with 

oxygen. In case of Wyckoff positions 4h, 8i and 8j several arrangements of the two N 

atoms are possible. In this first step of the determination of N-site stability only one 

configuration was arbitrarily selected for each case. The relative stabilities shown in 

Table 4.4 are in line with the above considerations based on Pauling’s 2nd rule. The 

most stable N site is O/N(2) with a four-fold coordination. The two-fold coordinated 

O/N(1) site is less stable. The energy differences between the five Wyckoff sites, 0.52-

2.10 eV, are so large that under thermodynamic control only the 4h site should be 

occupied with nitrogen. For this site two other distributions of 2 N over 4 sites were 

considered, denoted as (2b) and (2c). Energetically they do not differ significantly (by 

less than 0.05 eV). Since zero point energy and vibrational contributions to the enthalpy 

were neglected, it is not possible to distinguish between structures (2), (2b) and (2c). 
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Table 4.4: Relative stability (eV) of different O/N configurations of Ba3Ta5O14N; two nitrogen atoms are 
placed at particular lattice sites, and all other sites are occupied by oxygen. Comparison of two hybrid 
DFT functionals and basis sets, see text. 

N on lattice site PW1PW/std HSE06/tzvp 
O/N(1) 2.10 2.10 
O/N(2) 0.00 0.00 
(2b) 0.00 0.01 
(2c) 0.05 0.05 
O/N(3) 1.51 1.51 
O/N(4) 0.70 0.71 
O/N(5) 0.52 0.53 

 

The optimized N-Ta and N-Ba distances are presented in Table 4.5. They are quite 

similar to the averaged values for O/N, see Table 4.3. After optimization, the 

configuration where N occupies two O/N(3) sites changes the coordination number 

from three to four (with a slightly larger N-Ba distance of 2.90 Å compare to the other 

configurations). In the most stable configuration the nitrogen coordination is rather 

symmetric with two identical N-Ta and N-Ba distances of 1.92 Å and 2.80 Å, 

respectively. Configurations with N on sites (3), (4), and (5) are less stable than with N 

on (2) because they also contain a relatively small N-O distance (in the range 2.6-2.7 Å) 

which leads to repulsive interactions. Trivalent nitrogen is unstable on the two-

coordinated site in (1) as discussed above. 

Table 4.5: Optimized nearest-neighbor distances around the N atoms (Å) obtained for five configurations. 
Results obtained with PW1PW/std. 

N on lattice site Distances to Ta Distances to Ba 
O/N(1) 1.98, 1.98 >3 
O/N(2) 1.92, 1.92 2.80, 2.80 
O/N(3) 2.00, 2.00 2.77, 2.90 
O/N(4) 1.84, 2.01 2.82, 2.82 
O/N(5) 1.94, 1.97 2.82, 2.82 

In order to check the method and basis set dependence of the calculated electronic 

structure we compared the PW1PW/std results with the screened-exchange hybrid 

method HSE06, combined with extended pob basis sets. The HSE06/pob band structure 

calculations were performed for the structures optimized with PW1PW/std. It has to be 

mentioned that the relative stabilities of the O/N configurations obtained with the two 

theoretical approaches almost perfectly agree, see Table 4.4. The calculated direct and 

indirect band gaps are presented in Table 4.6. 
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Table 4.6: Calculated electronic band gaps of the considered O/N configurations (eV). Comparison of 
PW1PW/std and HSE06/tzvp. 

N site PW1PW/std HSE06/tzvp 
 Direct Indirect Direct Indirect 
O/N(1) 1.68 1.61 1.47 1.39 
O/N(2) 4.37 3.51 4.07 3.17 
(2a) 4.39 3.53 4.07 3.17 
(2b) 4.38 3.32 4.06 2.98 
O/N(3) 2.24 2.20 1.92 1.51 
O/N(4) 3.60 2.96 3.31 2.62 
O/N(5) 3.71 3.10 3.34 2.74 

 

Irrespective of the O/N distribution Ba3Ta5O14N has an indirect electronic band gap, 

which might also be the reason for the quite pronounced absorption onset in Figure 4.5. 

In the most stable configurations with N on the 4h site the difference between direct and 

indirect transition is rather pronounced, ~0.9 eV. Also the effect of the N position in the 

lattice on the calculated gap is large. The least stable configuration has the smallest 

band gap, 1.39 eV, and the most stable structures have the largest gaps, 2.98-3.17 eV. In 

general the band gaps obtained with the HSE06/tzvp method are smaller (by 0.2-0.4 eV) 

than those obtained with PW1PW/std. Since they are closer to the experimental values, 

only the HSE06 results will be discussed here. However, it should be kept in mind that 

due to excitonic effects optical gaps are generally smaller than electronic gaps. A 

quantitative determination of optical excitation energies would require much more 

sophisticated methods such as Green function techniques combined with Bethe-Salpeter 

equation (for a recent application see [53]). Unfortunately the present system is too 

large to be treated at this level with the present computer resources. Therefore it is not 

surprising that the calculated indirect band gaps for the most stable structures (2), (2b), 

(2c) are 0.2-0.4 eV larger than the measured optical gap of 2.8 eV (vide supra). 

Nevertheless the error is in the typical range for hybrid DFT methods. The calculated 

band gaps allow for a clear distinction between the possible O/N distributions, 

independent from the energy calculations. The reason for the significantly reduced band 

gap for structure (1) is shown in Figure 4.6. 
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The lone pairs of the two-fold coordinated nitrogen (structure (1), left side of Figure 

4.6) form broad bands between -1.4 eV and -3.1 eV. This leads to the extremely small 

band gap. If nitrogen is four-fold coordinated (structure (2), right side of Figure 4.6) the 

sp3 hybrid orbitals are lowered in energy due to bonding with Ta and Ba atoms. 

Consequently their bands are down shifted towards the oxygen valence band. The 

highest bands have contributions from both N 2sp and O 2sp orbitals. They are therefore 

less localized on nitrogen atoms than the highest bands in other oxide nitrides, e.g. 

Ta3O6N which is expected to lead to a slower recombination of electron-hole pairs after 

photo-excitation. For comparison we also calculated the undoped oxide Ba3Ta5O15 with 

the same computational approach as described above. The lattice parameters and atom 

positions were taken from ref. [6]. We performed two sets of band structure 

calculations, with fixed atomic positions and after full relaxation where only the lattice 

parameters were kept to their measured values. No significant changes of the band 

positions were observed. As expected for a system containing partially reduced Ta ions, 

Ba3Ta5O15 has a metallic character due to occupied Ta 5d orbitals at the Fermi energy 

which is located at the bottom of the CB. This is in accordance with the observed blue-

black color. However, the fundamental band gap between the O 2p dominated VB and 

the CB is 3.92 eV, similar as reported above for stoichiometric oxides. 

  

 
Figure 4.6: Projected density of states for configurations (1), left, and (2), right. For clarity the zero point of 
energy was shifted to the bottom of the conduction band. (VBM: valence band maximum) 
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4.4.4. Photocatalysis 

The resulted optimized material Ba3Ta5O14N has been used in photocatalytic test 

reactions for hydrogen formation. 300 mg of catalyst is suspended in 600 mL aqueous 

solution containing 50 mL methanol for aqueous photoreforming. The suspension was 

irradiated with a 500 W mid-pressure Hg lamp in an irradiation type reactor connected 

to a home-made closed gas system. Figure 4.7 shows the hydrogen evolution rates of 

Ba3Ta5O14N before and after reductive in situ photodepostion of 0.0125 wt.-% Rh 

which was determined in prior studies as an optimal co-catalyst loading for barium 

tantalate materials.[50] The hydrogen generation already in absence of any co-catalyst 

clearly points out that the nitrided form of Ba3Ta5O15 exhibits active surface sites for H2 

generation. After deposition of the very small amount of Rh nanoparticles the evolution 

rate increases up to 115 μmol/h of H2. Rh acts as a typical co-catalyst withdrawing 

electrons from the photocatalyst for efficient charge carrier separation and has the 

function of an active center for proton reduction and hydrogen generation. Thus, the 

total H2 production could be improved and resulted in an about 20 % higher H2 

evolution rate. Compared to other photocatalytic systems, e.g. [33], the effect of the co-

catalyst is relatively low confirming that the hydrogen evolution sites on Ba3Ta5O14N 

are already quite active. High activity without co-catalyst was also observed for 

nanocomposites of barium tantalates.[49]  

Since in photocatalytic studies with other oxide nitrides, e.g. [31-33], different 

equipment and procedures were used and thus parameters, such as reactor design, 

irradiation source, quantity and kind of co-catalyst, all playing important roles for 

photocatalytic activities are different, it is to our opinion not helpful to attempt non-

realistic comparisons of H2 evolution rates.  

In test reactions regarding hydrogen generation under simulated visible light in the 

presence of 2 M NaNO2 solution as an optical filter no significant activity could be 

observed with the prepared Ba3Ta5O14N. Since the photocatalytic tests are performed 

with an immersion lamp only fluid filters can be used. NaNO2 completely blocks light 

with energies > 3.05 eV, thus the effective absorption window for Ba3Ta5O14N to 

induce photocatalytic activity is low. Therefore, barium tantalum oxide nitrides with 

stronger band gap shifts will be required. However, because also with UV light, the H2 

formation rate with Ba3Ta5O14N photocatalyst is lower than with Ba5Ta4O15 or 
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Ba3Ta5O15 containing nanocomposites [7], also the presence of defects in the lattice 

acting as unwanted recombination centers cannot be ruled out. Deeper investigations to 

decrease the probability of increased recombination of electron-hole pairs and to 

enhance the photocatalytic activity are still ongoing. Nevertheless the present results 

provide a proficient basis for a route to photoactive materials active under visible light.  

 

 

Figure 4.7: Photocatalytic hydrogen evolution rates of Ba3Ta5O14N before and after reductive in situ pho-
todeposition of 0.0125 wt.-% Rh. 

 

4.5.  Conclusion 

We were successful in synthesizing light yellow Ba3Ta5O14N (tantalum(V) only) with 

an optical band gap of ∼2.8 eV as pure-phase material by an ammonolysis reaction. The 

oxide nitride crystallizes isostructurally to the known mixed-valence oxide 

Ba3Ta4
VTaIVO15. Quantum chemical calculations at hybrid DFT level provide band gaps 

of 2.98-3.17 eV, close to the measured value. The effect of N/O distribution on the 

optical properties was calculated to be very pronounced. First measurements of the 

photocatalytical activity exhibited significant but not outstanding performance. In a next 

step, a further narrowing of the band gap using co-doping concepts seems to be 

promising. Keep in mind that an increase of the nitrogen content should result in a 

decrease of the band gap. One strategy may be the co-substitution Ba2+/O2- → La3+/N3-: 

Ba3Ta5O15 → Ba3Ta5O14N → LaBa2Ta5O13N2 → La2BaTa5O12N3 → La3Ta5O11N4. 
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5.1.  Abstract 

Yellow LaBa2Ta5O13N2 was successfully synthesized as phase-pure material 

crystallizing isostructurally to previously reported Ba3Ta5O14N and mixed-valence 

Ba3TaV
4TaIVO15. The electronic structure of LaBa2Ta5O13N2 was studied theoretically 

with the range-separated hybrid method HSE06. The most stable structure was obtained 

when lanthanum was placed on 2a and nitrogen on 4h sites confirming Pauling’s second 

rule. By incorporating nitrogen, the measured band gap decreases from ∼3.8 eV for the 

oxide via 2.74 eV for Ba3Ta5O14N to 2.63 eV for the new oxide nitride, giving rise to an 

absorption band well in the visible-light region. Calculated fundamental band gaps 

confirm the experimental trend. The atom-projected density of states has large 

contributions from N2p orbitals close to the valence band edge. These are responsible 

for the observed band gap reduction. Photocatalytic hydrogen formation was 

investigated and compared with that of Ba3Ta5O14N revealing significantly higher 

activity for LaBa2Ta5O13N2. 

5.2.  Introduction 

Reductive photocatalytic splitting of water using sunlight has received a lot of attention 

because of its potential to convert solar energy into chemical energy. So far, most 

investigations have focused on transition metal oxide-based photocatalysts containing 

zirconium, titanium, niobium, or tantalum.[1–3] These materials show relatively good 

photocatalytic activity under UV-light and sufficient chemical stability. Unfortunately, 

the band gap energies of these oxides are too large to allow the efficient absorption of 

visible light. Even though non-oxide photocatalysts such as Ta3N5 or CdSe have smaller 

optical band gaps that match the spectral distribution of the sunlight, the biggest 

disadvantage of these materials is their instability under irradiation.[4,5] Respecting all 

these aspects, the development of stable photocatalysts with high activity under visible 

light (λ > 400 nm) is a very challenging and important subject of research for the 

efficient utilization of solar energy. 

 

In contrast to the oxide semiconductors, transition metal oxide nitrides such as ß-TaON, 

BaTaO2N, and LaTaON2,[6–9] exhibit narrower band gaps due to a mixing of N 2p 
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states with O 2p states.[10] Although these oxide nitrides have attracted great interest in 

the water splitting community, the number of nitrogen-containing photocatalysts with 

significant activity is limited. Consequently, the search of new compounds seems to be 

worth the efforts.  Derived from the well-known mixed-valent oxide Ba3TaV
4TaIVO15, 

we recently reported an oxide nitride catalyst (Ba3TaV
5O14N) exhibiting an optical band 

gap of 2.74 eV. For a further narrowing of the band gap the amount of nitrogen has to 

be increased. As all tantalum in Ba3TaV
5O14N is in the highest possible formal oxidation 

state, combined cation/anion substitution has to be taken into account. In the following, 

the results of our attempts in carrying out Ba2+/O2- → La3+/N3- co-substitution, leading 

to LaBa2TaV
5O13N2, are presented.     

5.3.  Experimental Section 

5.3.1. Synthesis 

An amorphous quaternary La-Ba-Ta-O phase was synthesized via a sol-gel based 

Pechini route.[11] Citrate complexes of tantalum, lanthanum, and barium were 

prepared. For the lanthanum citrate solution, lanthanum chloride powder (Sigma 

Aldrich, 99.9 %) was dissolved in an ethanol/water mixture containing citric acid 

(Sigma Aldrich 99.5 %). The latter was used in a molar excess of 12 times the LaCl3. 

Barium and tantalum citrate solutions were prepared using barium chloride (Sigma 

Aldrich, 99.9 %) and tantalum(V) chloride powder (Sigma Aldrich, 99.999 %) by 

dissolving them in ethanol containing citric acid as well. All solutions were mixed in a 

molar ratio of 1:2:5 with ethylene glycol and polymerized at 200 °C in a batch furnace. 

After calcination at 400 °C an amorphous oxide was obtained. This precursor was 

treated with a mixture of NH3 and O2 at 875 °C for 24 h in a tube furnace with flow 

rates of 10 L·h–1 and 0.03 L·h–1 for ammonia and oxygen, respectively. After that 

treatment the sample was cooled down rapidly to ambient temperature (~ 30 min). 

5.3.2. Chemical and structural characterization 

The products were characterized by X-ray powder diffraction using a PANalytical 

X'Pert PRO diffractometer (Bragg-Brentano geometry, Cu-Kα radiation). All structural 

refinements were performed with the program FullProf Suite Version 2009 by applying 
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a pseudo-Voigt function.[12] Nitrogen and oxygen contents were determined using the 

hot gas extraction method (LECO TC-300/EF-300). For calibration, ZrO2 and steel 

(LECO calibration sample, N: 5000 ppm) were used as standard materials. The accuracy 

is ~ 2 % for the presented N/O content. X-ray fluorescence spectrometry (XRF) was 

performed using a PANalytical Axios spectrometer with an Rh-tube. 

5.3.3. UV-vis spectroscopy 

Diffuse reflectance spectra were collected with a Jasco V670 spectrometer using MgO 

as white standard. Absorbance spectra were calculated from the measured diffuse 

reflectance with the Kubelka-Munk function. The optical band gap was determined 

using the Derivation of absorption spectrum fitting (DASF) method of Souiri et al., 

which is described in detail elsewhere. [13–16] The final equations for this method are: 

ln �𝐴𝐴(𝜆𝜆)
𝜆𝜆
� = ln(𝐷𝐷) + 𝑚𝑚ln (1

𝜆𝜆
− 1

𝜆𝜆𝑏𝑏𝑏𝑏
)  (1) 

and 
𝑑𝑑{ln[𝐴𝐴(𝜆𝜆) 𝜆𝜆⁄ ]}

𝑑𝑑(1 𝜆𝜆⁄ )
= 𝑚𝑚

(1𝜆𝜆 − 1
𝜆𝜆𝑏𝑏𝑏𝑏

)
 (2) 

A(λ) is the absorbance calculated from the Kubelka-Munk function, the value of m 

denotes the nature (direct, indirect, forbidden) of the transition, D is a proportional 

constant, and λbg the wavelength corresponding to the band gap energy. 

5.3.4. Quantum-chemical methods 

The electronic structure of Ba3Ta5O15, Ba3Ta5O14N, and LaBa2Ta5O13N2 was calculated 

with the crystalline-orbital program CRYSTAL14 [17] applying the range-separated 

hybrid method HSE06.[18] This approach was found to provide best agreement 

between theory and experiment for the band gap of Ba3Ta5O14N in a previous study.[19] 

The present calculations differ from those of Ref. [19] by slight variations in the atomic 

basis sets. The following basis sets were used: O and N were described with slightly 

modified pob-TZVP all-electron basis sets;[20] for the heavy elements (Ba, La, and Ta) 

effective core potentials and valence basis sets of the Stuttgart-Dresden group were 

employed.[21–23] The most diffuse shells had to be removed in order to obtain 

numerically stable results in the self-consistent field procedure. The dependence of the 

calculated band gaps from computational accuracy parameters was checked, and 
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converged Monkhorst-Pack grids (8×8×8) and integral truncation thresholds 

(7,7,7,14,42) were used. The lattice parameters of the three compounds were taken from 

this work, from Ref. [19], and from Ref. [24].  

5.3.5. Photocatalysis 

Photocatalytic hydrogen evolution tests were performed in a self-made semi-batch 

reactor with a total reactor volume of 600 mL. The photoreactor system, consisting of a 

double-walled inner lamp cooling part made out of fused silica and a double-walled 

reactor reservoir made of borosilicate glass, being connected to each other, was cooled 

by a cryostat (LAUDA) to a temperature of 10 °C. A 700 W Hg mid-pressure 

immersion lamp (UV-Consulting Peschl®; TQ 718), set to a power of 500 W, was 

utilized as irradiation source. Evolved gases were analyzed online with a multi 

component detection unit (XStream Emerson Process Management). Concentrations of 

produced hydrogen, oxygen, and carbon dioxide were determined via thermal 

conductivity, magnetic measurements, and infrared spectroscopy, respectively. A 

constant argon carrier gas flow of 50 NmL/min was adjusted by a mass flow controller 

(Bronkhorst) for a steady transport of produced gases from the photoreactor to the 

detection unit.[19]  

300 mg of LaBa2Ta5O13N2 were suspended in a reaction solution containing 550 mL 

water and 50 mL methanol. Prior, LaBa2Ta5O13N2 was pretreated in the ultrasonic bath 

for 10 min at 30 °C in order to obtain complete dispersion of the photocatalyst material 

in the reaction solution. The photoreactor system was purged by an argon stream of 100 

NmL/min for 30 min to remove all atmospheric contaminations from the tubings as well 

as from the photoreactor itself. A Rh co-catalyst loading of 0.0125 wt%, found as being 

optimum in previous studies with comparable photocatalysts [19,25,26] was in-situ 

deposited on the LaBa2Ta5O13N2 surface via reductive photodeposition by injecting a 

specific amount of a 1 mM precursor solution containing Na3RhCl6 (99.999 %, Aldrich) 

into the photocatalyst suspension. In order to simulate visible light irradiation a lamp 

cooling device consisting of borosilicate glass, which cuts off UV light emission from 

the used irradiation source, was used. In all experiments the suspension temperature was 

held at 13 °C. 
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5.4.  Results and discussion 

5.4.1. Chemical analysis and crystal structure 

We successfully synthesized light yellow LaBa2Ta5O13N2 as phase-pure material: XRF 

analysis proved the La/Ba/Ta content of 11 wt% La, 21 wt% Ba, and 68 wt% Ta 

(expected: 10.5 wt% La, 20.8 wt% Ba, 68.6 wt% Ta). The nitrogen content of 

LaBa2Ta5O13N2 was determined by the hot gas extraction method (exp.: 1.8 wt%; theo.: 

1.8 wt%). 

The X-ray powder diagram with the results of the Rietveld refinement is depicted in 

Figure 5.1. The refined structural parameters of LaBa2Ta5O13N2 are presented in Tables 

5.1 and 5.2, also in comparison to Ba3Ta5O14N and Ba3Ta5O15. The unit cell with the 

connectivity of the coordination polyhedra is depicted in Figure 5.2. Further details of 

the crystal structure investigation may be obtained from the Fachinformationszentrum 

Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on quoting the depository 

number CSD-431895. 

 

 

Figure 5.1: X-ray powder diffraction pattern of LaBa2Ta5O13N2 with the results of the Rietveld refine-
ment. 
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Table 5.1: Refined structural parameters of LaBa2Ta5O13N2 in comparison to Ba3Ta5O14N and Ba3Ta5O15. 

Composition LaBa2Ta5O13N2 
Ba3Ta5O14N 
[11] Ba3Ta5O15 [24] 

Measure powder diffraction single crystal 
Crystal system 
Space group 

tetragonal 
P4/mbm 

Formular units Z= 2 

Lattice parameters 
a =  
12.5852(5) Å 
c = 3.9412(2) Å 

a = 12.6461(9) 
Å 
c = 3.9667(5) Å 

a = 12.590(1) Å 
c = 3.967(2) Å 

c/a ratio 3.193 3.188 3.174 

Unit cell volume V = 624.24(4) 
Å3 

V = 634.38(9) 
Å3 V = 628.8(4) Å3 

Calc. density 8.269  g/cm³ 8.139 g/cm³ 8.2214 g/cm³ 
Rwp 0.0137 0.0175 

 RBragg 0.0235 0.0288 
Rexp 0.009 0.0076 
S 1.6 2.3 
 

 

Figure 5.2: Unit cell of LaBa2Ta5O13N2 with the connectivity of Ta(O/N)6 polyhedra. 

Table 5.2: Refined atomic parameters for LaBa2Ta5O13N2. 

Atom Wyckoff x y z 
Ba/La1 2a 0 0 0 
Ba/La2 4g 0.17138(8) 0.67138(8) 0 
Ta1 2c 0 ½ ½ 
Ta2 8j 0.07528(6) 0.21281(6) ½ 
O/N1 2d 0 ½ 0 
O/N2 4h 0.2785(6) 0.7786(6) ½ 
O/N3 8i 0.0722(7) 0.2014(6) 0 
O/N4 8j 0.3482(9) 0.0043(5) ½ 
O/N5 8j 0.1319(7) 0.0660(9) ½ 
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In comparison to our previously published work on Ba3Ta5O14N,[19] the cell volume 

decreased about 2 % to a value of 624.2 Å3. This may be explained by higher attractive 

electrostatic forces of La3+ and due to its 25 pm smaller radius compared to Ba2+ (C.N.= 

12).[27] It should be mentioned that the c/a ratios of LaBa2Ta5O13N2, Ba3Ta5O14N, and 

Ba3Ta5O15 decrease with increasing nitrogen content. This effect has been discussed in 

detail in our previous contribution on Ba3Ta5O14N and can be attributed to the special 

distribution of the nitrogen ions.[19] 

Taking into consideration the ionic radii of the cations it is evident that Ba and La 

occupy Wyckoff positions 2a and 4g, see Table 5.2. As they cannot be distinguished by 

conventional X-ray methods the refinement was carried out with a statistical 

distribution. However, in respect to Pauings 2nd rule [28] a short look at the 

coordination numbers of the atoms on cation positions 2a and 4g may be helpful. Using 

the concept of the effective coordination number (ECoN [29]) the following values can 

be calculated: 2a: 12.00, 4g: 9.28. Consequently, it can be assumed that lanthanum 

should prefer the 2a position. It should be mentioned that, as expected, a refinement 

with La completely on 2a and Ba solely on 4g did not lead to a significant decrease of 

the R-values. The same problem arises for O/N which is discussed in detail in our 

contribution on Ba3Ta5O14N.[19] In addition, quantum-chemical calculations on the 

La/Ba and O/N distribution in LaBa2Ta5O13N2 are presented below. 

5.4.2. Optical properties  

Yellow-colored LaBa2Ta5O13N2 and light yellow Ba3Ta5O14N were measured in diffuse 

reflectance geometry. The results are plotted using the DASF method in order to 

estimate the optical band gap. As described in the experimental part, the discontinuity at 

1/λ is 1/λbg (see Figure 5.3) which can be directly converted to the band gap Ebg with the 

help of Eq. 3: 

𝐸𝐸𝑜𝑜𝐵𝐵𝐷𝐷𝐴𝐴𝐷𝐷𝐷𝐷 = 1239.83/𝑛𝑛𝑜𝑜𝐵𝐵. (3) 

The resulting band gap of LaBa2Ta5O13N2 is 2.63 eV. Although the exact value for 

Ba3Ta5O15 is not known yet, all pristine barium tantalum oxides offer wide band gaps in 

a range between 3.8 – 4.7 eV [25] allowing only light absorption in the UV region. For 

the corresponding oxide nitrides Ba3Ta5O14N and LaBa2Ta5O13N2 the optical band gap 
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is reduced to 2.74 eV and 2.63 eV, respectively. Such a narrowing is the expected 

behavior for increasing the nitrogen content in oxide-based materials. [10]  

 

Figure 5.3: Plot of d{ln(A/λ)}/d(1/λ) versus (1/λ) for Ba3Ta5O14N (black) and LaBa2Ta5O13N2 (red). 

5.4.3. Quantum-chemical calculations 

In the previous study on Ba3Ta5O14N [19] a strong dependence of the calculated 

fundamental band gap from the O/N distribution was found. The values ranged from 

1.4 eV to 3.2 eV, with a monotonous decrease with decreasing stability. The most stable 

configuration (denoted as O/N(2)) contained both nitrogen atoms on 4h sites. All other 

distributions were less stable by more than 0.5 eV. It is therefore not likely that these 

will play an important role under ambient conditions unless they are kinetically 

stabilized during preparation. For this reason the computational study of 

LaBa2Ta5O13N2 focused on the O/N configuration where all 4h sites are occupied by N 

atoms. Test calculations with selected other O/N configurations confirmed that these 

have a much higher energy, with an energy difference comparable to Ba3Ta5O14N. Also 

the Ba/La distribution was studied with HSE06. The theoretical results confirmed 

Pauling’s second rule (vide supra). The configuration with both La atoms occupying the 

2a site is by 1.3 eV more stable that a 2a/4g distribution. Therefore only the most stable 

anion and cation configuration were considered for band gap calculations. The 

optimized atom positions are given in Table 5.3. The deviations from the measured 

coordinates are not larger than 0.007, which could be considered as a reasonable 

agreement. However, while the calculated M-O distances agree with the measured 
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values within 0.05 Å, the Ta-N and Ba-N distances change from 2.02 Å to 1.93 Å and 

from 2.74 Å to 2.79 Å, respectively, during optimization. This change of the geometry 

leads to a significant increase of the calculated fundamental band gap from 2.64 eV to 

3.16 eV (Table 5.4).  

Table 5.3: Calculated atomic parameters of the LaBa2Ta5O13N2 phase and deviations from measured val-
ues in parentheses (c.f. Table 2). CRYSTAL-HSE06 results. 

Atom Wyckoff x y z 
La 2a 0 0 0 
Ba 4g 0.1670(-0.0044) 0.6670(-0.0044) 0 
Ta1 2c 0 ½ ½ 
Ta2 8j 0.0822(+0.0069) 0.2148(0.0020) ½ 
O1 2d 0 ½ 0 
N2 4h 0.2782(-0.0004) 0.7782(-0.0004) ½ 
O3 8i 0.0651(-0.0071) 0.1988(-0.0026) 0 
O4 8j 0.3433(-0.0049) 0.0087(+0.0049) ½ 
O5 8j 0.1301(-0.0018) 0.0672(+0.0012) ½ 
 

Table 5.4: Calculated fundamental direct (d) and indirect (id) band gaps (eV) for Ba3Ta5O15, Ba3Ta5O14N, 
and LaBa2Ta5O13N2. Only the results for the most stable La/Ba and O/N distributions are shown. CRYS-
TAL-HSE06 results. 

Compound id d 
Ba3Ta5O15 3.74 5.23 
Ba3Ta5O14N 3.18 4.08 
LaBa2Ta5O13N2 3.16 

(2.64)* 
3.99 
(3.52)* 

*atom positions taken from the XRD measurements of the present study 
 

The calculation of optical gaps for solids can nowadays be achieved e.g. by the GW-

BSE approach (see e.g. Ref. [30]). These methods are, however, computationally 

heavily demanding and could not be applied for the present systems. Instead we used a 

range-separated hybrid density functional to calculate the band structure of the solids. In 

our previous study [19] this method gave the best agreement with the measured optical 

gap for Ba3Ta5O14N. Yet the calculated fundamental gaps overestimate the optical band 

gap since excitonic effects are not included. In the present case the overestimation is 

quite large, 0.4-0.5 eV. The with HSE06 calculated fundamental band gaps of the 

compounds Ba3Ta5O15, Ba3Ta5O14N, and LaBa2Ta5O13N2 are 3.74 eV, 3.18 eV, and 

3.16 eV, respectively (Table 5.4). The latter value is reduced to 2.64 eV if the 

experimental atom positions from Table 5.2 are taken which is in striking agreement 

with the measured value of 2.63 eV. This raises the question if the overestimation is not 
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rather due to errors in the calculated structure than to neglected excitonic effects. Thus it 

may be recommendable to use experimental structure parameters wherever possible. 

But it has to be noted that such an approach was not possible for Ba3Ta5O14N, where the 

partial occupation of 4h sites with N and O led to a lowering of the symmetry. For this 

system the optimization of atom positions in the quantum-chemical model calculation is 

better justified because the XRD measurement gives an average position for O and N. 

The calculated band gaps in any case confirm the trends of the UV/vis spectra that 

nitrogen incorporation leads to a decrease of the band gap. The effect can be seen in the 

calculated atom-projected densities of states (Figure 5.4). The N2p orbitals have large 

contributions near the valence band maximum (VBM). Given the small N:O ratios of 

1:14 and 2:13 in Ba3Ta5O14N and LaBa2Ta5O13N2, the relative N2p contribution at the 

VBM is much larger than the O2p contribution. The lower part of the conduction band 

is dominated by Ta5d orbitals, irrespective of the composition. 

 

 

Figure 5.4: Atom-projected density of states for Ba3Ta5O15 (left), Ba3Ta5O14N (center), and 
LaBa2Ta5O13N2 (right) as obtained with CRYSTAL-HSE06. The binding energy is given relative to the 
valence band maximum (VBM). 

5.4.4. Photocatalysis 

In absence of any co-catalyst LaBa2Ta5O13N2 provided a significantly higher H2 

evolution rate of 572 µmol/h compared to the prior tested Ba3Ta5O14N (98 µmol/h)[19] 

in photocatalytic methanol reforming, as shown in Figure 5.5. This proves that the 

material acts as an active photocatalyst and that the presence of more N enhances the 

activity. For co-catalyst deposition reductive in situ photodeposition of 0.0125 wt% of 
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Rh was executed on the LaBa2Ta5O13N2 surface. However, this photodeposition of Rh 

particles only led to a slight increase in the H2 rate of approximately 654 µmol/h. A 

corresponding small effect of the photocatalyst surface modification on the 

photocatalytic performance was also observed in case of Ba3Ta5O14N.[19] This similar 

behavior of both photocatalysts leads to the assumption that the incorporation of La and 

the involved enhanced nitrogen incorporation do not lead to significant changes in the 

chemistry of their surface states. The present surface states, e.g. oxygen vacancies, 

determine the amount of reaction sites as well as the adsorption properties of the 

photocatalyst material. Rhodium nanoparticles are typically deposited at sites on the 

tantalate surface at which electrons are exposed and also hydrogen is formed. Typically, 

the rhodium attracts the electrons and thus enhances the charge carrier separation 

suppressing partly the unwanted electron-hole recombination in the 

photocatalyst.[25,26]  However, for Ba3Ta5O14N as well as LaBa2Ta5O13N2 this charge 

separation seems not to be very attractive possibly because a high Schottky barrier is 

formed.  

The activity increase of LaBa2Ta5O13N2 compared to Ba3Ta5O14N originates from 

changed bulk properties manifested in a decreased band gap and improved light 

absorption ability. Nevertheless, the improved photocatalytic activity of LaBa2Ta5O13N2 

could only be observed under UV light irradiation. Activity investigations under 

simulated visible light conditions, realized by use of a lamp cooling device consisting of 

borosilicate glass and absorbing the UV emitted by the lamp, were not successful. The 

reduced band gap of LaBa2Ta5O13N2 compared to Ba3Ta5O14N should favor the visible 

light activity, but on the other hand the progressed nitrogen incorporation might 

increase the amount of crystal defects acting as trap states and increasing the 

recombination probability of electrons and holes. The bulk and surface recombination 

rates are so high that almost no electrons reach surface sites at which they can react with 

the water and methanol molecules.  
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Figure 5.5: Photocatalytic H2 evolution rates of Ba3Ta5O14N and LaBa2Ta5O13N2 before and after in-situ 
photodeposition of 0.0125 wt% of Rh in H2O/CH3OH solution under Hg-lamp irradiation. 

5.5.  Conclusion 

We were successfully synthesized a new oxide nitride with the composition 

LaBa2Ta5O13N2 as pure phase material exhibiting an optical band gap of 2.63 eV. 

Quantum chemical calculations provide a band gap of 2.64 eV, close to the measured 

value. This shows that N2p orbitals which are located close to the valence band 

maximum are responsible for the reduction of the band gap. The new phase showed a 

significantly higher H2 evolution rate compared to prior tested Ba3Ta5O14N. In the light 

of these results, further attempts in decreasing the optical band gap by additional co-

substitution (LaBa2Ta5O13N2 → La2BaTa5O12N3 → La3Ta5O11N4) seem to be worth the 

efforts even if the challenge of preparing a phase-pure material increases with 

increasing nitrogen content.  
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6.1.  Abstract  

Fluorine-containing bismuth vanadate (F:BiVO4) powder was synthesized using a new, 

clean, and simple solid-vapor reaction. Incorporation of fluorine mainly leads to the 

formation of cation vacancies. Electrodes were fabricated from the pre-synthesized 

powder samples by electrophoretic deposition onto fluorine-doped tin oxide coated 

glass slides and subsequent calcination. The photoelectrochemical performance 

concerning the water oxidation reaction was investigated and compared to pristine 

BiVO4 revealing strongly enhanced photoelectrochemical behaviour for the F-

containing BiVO4. 

6.2.  Introduction 

In the past years a lot of attention was paid to the semiconductor bismuth vanadate 

BiVO4, because of its outstanding catalytic properties. Since Kudo et al.[1] discovered 

BiVO4 to be a photoactive material it is not only used as brilliant, non-toxic yellow 

pigment[2,3] but also as catalyst for the photodegradation of organic pollutants.[4-7] 

Today, most attention is paid to the use of BiVO4 as photoanode material for water 

splitting under visible-light irradiation.[8] 

There are many parameters influencing the photoelectrochemical performance of 

semiconductors with respect to water splitting.[9] For instance, the crystal structure of a 

semiconductor material like BiVO4 is a very important factor to be considered. At 

ambient pressure BiVO4 exhibits three important polymorphs crystallizing either in the 

scheelite-type structure (monoclinic, tetragonal) or in the tetragonal zirkon-type 

structure. Among these three polymorphs, the monoclinic phase shows the highest 

photoelectrochemical performance for water oxidation: a result which is ascribed to the 

smaller band gap of the monoclinic phase (2.4 eV) compared to the one of tetragonal 

zircon-type structure (3.1 eV).[10] 

Another way to influence the photoelectrochemical behaviour of a semiconductor is to 

change its electronic structure by, for example, partial cation substitution. Molybdenum 

and tungsten were found to be suitable cationic dopants improving the 

photoelectrochemical properties due to enhancement of the amount of free charge 

carriers within the BiVO4 material.[11-17] Besides cationic doping, also anion 
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substitution, especially with fluorine, seems to lead to a decrease of the optical band gap 

resulting in an increase of photoelectrochemical performance.[4,18]  However such 

materials have not been studied in detail so far.  

One possible route to fluorine incorporation into oxides involves polyvinylidene 

fluoride (PVDF) as fluoride source and was reported by Slater.[19] Following Slaters 

method, the reactants must be mixed, which in terms of photo(electro-)catalytic 

performance might represent a big disadvantage because of potential carbon 

contamination of the final product. With this in mind, we developed a new process for 

the synthesis of F-containing BiVO4 (F:BiVO4) based on a solid-vapor reaction with 

separated reactants at ambient pressure and in inert gas atmosphere. Using 

electrophoretic deposition and taking advantage of the low-temperature sintering of 

BiVO4, the as-synthesized powders could be processed to F:BiVO4 photoanodes, with 

highly improved PEC performance when compared to their pristine counterparts (vide 

infra). 

6.3.  Experimental Section 

6.3.1. Synthesis  

BiVO4 was synthesized in an aqueous medium at room temperature under ambient 

pressure. 7.29 g Bi2O3 (99.9 % Aldrich) and 3.81 g NaVO3 (98 % AlfaAesar) were 

dissolved in concentrated HNO3. After mixing these solutions, NaOH was added until 

the pH value reached basic conditions (pH = 12). The solution was stirred for 4 h. The 

resultant yellow precipitate was washed with distilled water several times to remove 

impurities and unreacted precursor materials, filtered, and dried at 60 °C for 12 h.  

F-containing BiVO4 was prepared by a solid-vapor reaction using an indirect gas flow 

apparatus (see Figure 6.1). Loose powder of pure BiVO4 was loaded in a small 

corundum boat, which in turn was placed inside a larger corundum boat containing 

varying amounts of PVDF. This arrangement advantageously prevents contact between 

the reagents in either solid or liquid form. The nested boats were then placed inside a 

corundum tube with one closed end and then placed in a horizontal tube furnace with a 

low nitrogen gas flow of 5 l/h. The temperature was set to 380 °C for 24 hours and after 
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a final heating step in air at 450 °C for 30 minutes an orange powder was obtained. 

Thermogravimetric and mass spectroscopy studies revealed that the PVDF 

decomposition only emits HF under inert gas. Before electrode preparation the pristine 

BiVO4 was also tempered at 450 °C to imitate the final heating step of F-containing 

BiVO4.  

 

 

Figure 6.1: Sketch of fluorination apparatus. The inner corundum boat contains the sample to be fluori-
nated and the outer boat is filled with PVDF. 

6.3.2. Chemical and structural characterization 

The products were characterized by X-ray powder diffraction using a PANalytical 

X'Pert PRO diffractometer (Bragg-Brentano geometry, Cu-Kα radiation). All structural 

refinements were performed with the program FullProf Suite Version 2009 by applying 

a pseudo-Voigt function.[20] The oxygen content was determined by hot gas extraction 

method (LECO TC-300/EF-300). For calibration, ZrO2 was used as standard material. 

The accuracy is ~ 2 % of the presented O content. For ICP-OES investigations, 5 mg 

BiVO4 powder was dissolved in 10 ml water containing 3.5 vol% HCl. Measurements 

were carried out using a Varian ICP-OES 715 ES with radial plasma torch. For SEM 

investigations of fabricated electrodes, a Hitachi SU8030 operated at an acceleration 

voltage of 10 kV was used.  Experimental density values of the samples were measured 

using a Quantachrome helium multipycnometer, where the pressure change of helium in 

a calibrated volume is measured to calculate the sample volume. Helium penetrates into 

smallest pores and crevices and permits to approach the real volume of the sample. 

Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) analysis 

were performed using a FEI Talos F200X equipped with a SuperX EDX system, 

incorporating four Bruker silicon drift detectors (SDD).  
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6.3.3. UV–vis spectroscopy 

Diffuse reflectance spectra were collected with a Jasco V670 spectrometer using MgO 

as white standard. Absorbance spectra were calculated from the measured diffuse 

reflectance with the Kubelka-Munk function: (𝑅𝑅) = (1−𝑅𝑅)²
2𝑅𝑅

= 𝜀𝜀c 1
𝑜𝑜
 , 

where R is the reflectance, ε is the absorption coefficient, c the concentration of 

absorbing species, and s the scattering coefficient.  The optical band gap was 

determined using the modified Tauc equation, [𝐹𝐹(𝑅𝑅)ℎ𝜈𝜈]
1
𝑛𝑛 = 𝐴𝐴�ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵�,with F(R) the 

Kubelka-Munk function, hν the photon energy, Eg the optical band gap, and A a 

proportionality constant.[21,22] The value of the exponent n denotes the nature of the 

transition. A direct allowed transition is present in BiVO4: n = ½.[23,24] 

6.3.4. Electrode Fabrication 

An electrophoretic deposition method (EPD) based on a procedure Domen et al. 

reported was used to fabricate electrodes for photoelectrochemical investigations.[25] In 

a first step, the pristine as well as the F-containing powder was treated for 15 min in a 

mixer mill (Retsch GmbH MM301) to provide a comparable particle size distribution 

(verified by SEM-investigations). 80 mg of the respective BiVO4 powder was dispersed 

in 50 ml iodine-containing acetone (2 mg I2/ml acetone) by extended ultrasonification 

(27 kHz) at room temperature. Two fluorine-doped tin oxide coated glass slides (FTO) 

were immersed parallel in the dispersion with 1.0 cm of distance. Particles were 

deposited by application of a potential of 10 V for 5 min. This procedure was repeated 

twice in total. After electrophoretic deposition, the as-prepared electrodes were calcined 

at 450 °C for 30 min under air. Additionally, electrodes were also calcined at 550 °C for 

30 min under air to improve PEC performance by enhanced sintering of the electrode 

particles (see SI). 

In order to ensure that the fluorine content of the material did not change during the 

described procedures, hot gas extraction measurements were carried out after the 

milling step, as well as after the heat treatment steps at 450 °C and 550 °C for 30 

minutes, respectively. The determined oxygen contents are the same (18.2 wt%) for all 

samples; a result which is a clear indication for the good thermal stability of the 

fluorine-containing material. 
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6.3.5.  Electrochemical Investigations 

Photoelectrochemical (PEC) measurements were carried out in a 3-electrode-setup 

consisting of the BiVO4- working electrode, a Pt-wire counter electrode, and a 

reversible hydrogen reference electrode. The potential of the working electrode was 

controlled by a potentiostat (Biologic SP‑150). Electrodes were illuminated by a 

150 W Xe-lamp at a spectral range of 400-700 nm. The light intensity at the electrode 

surface was adjusted to 100 mW/cm² using a Si-diode light meter. If not stated 

otherwise, backside illumination (i.e. illumination via the FTO-coated glass side of the 

BiVO4 photoanode) was used. 

A photo-assisted electrodeposition method based on the procedure reported by Durrant 

et al. was used to deposit a cobalt phosphate based water oxidation catalyst (CoPi) onto 

the F:BiVO4 electrode surface.[26] The working electrode was immersed in 0.1 M 

potassium phosphate buffer at pH 7.3 containing 0.5 mM cobalt nitrate and a constant 

potential of 1.2 V vs. RHE was applied under illumination. To ensure a comparable 

amount of deposited CoPi for all samples, the deposition was stopped after a charge of 

130 mC was flown. 

All j-V-measurements were conducted in a 0.1 M potassium phosphate (KPi) buffer at 

pH 7.3 using a scan rate of 20 mV/s. For chronoamperometric measurements of the 

photocurrent transients a potential of 1.23 V vs. RHE was applied and blue light 

(440 nm) at an intensity of 1 mW/cm² was used. Staircase potentio-electrochemical 

impedance spectroscopy (PEIS, Mott-Schottky Analysis) was carried out in 0.5 M KPi 

buffer at pH 7.3 scanning from anodic to cathodic potentials and using a sinusoidal 

modulation of 10 mV at frequencies of 500 Hz and 1 kHz.[27] An area of 0.5 cm² of 

each electrode was used for measurements. 

6.4.  Results and discussion 

6.4.1. Chemical analysis and crystal structure 

We successfully synthesized orange-colored F:BiVO4 as phase-pure material. ICP-OES 

analysis showed a Bi:V ratio of 0.999:1. Quantitative chemical analysis by hot gas 

extraction was used to measure the amount of oxygen. In the case of pristine BiVO4 the 
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experimental value of 19.7 wt% is identical with the theoretical one. As an expected 

result of fluorine incorporation, a slightly lower value (18.2 wt%) was obtained for 

F:BiVO4. 

Figure 6.2 (left) depicts a bright-field transmission electron microscopy (TEM) 

overview image of the fluorine-containing sample while on the right side a high-

resolution TEM (HRTEM) image can be seen. From the right micrograph, the 

crystalline structure of the particles is evident. Fast-Fourier-transformation (FFT) of this 

region shows the spatial frequencies due to the lattice fringes, which can be assigned to 

the monoclinic BiVO4 structure.  

  

 

Figure 6.2: Bright field TEM image of F:BiVO4 (left) and high resolution TEM image of one of the parti-
cles (right). The inlay shows the corresponding FFT. Spots due to the (020) and (20-1) lattice planes or 
the [102] oriented particle are labelled. 
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Figure 6.3: High angle annular dark field image of F:BiVO4 (left). EDX maps of F(yellow), Bi (green) 
and V(red) (right from top to bottom). 

Figure 6.3 presents a high angle annular dark field (HAADF) overview image with the 

corresponding EDX maps of F (yellow), Bi (green) and V (red), revealing a 

homogeneous distribution of these elements in the material. The oxygen content could 

not be abstracted by EDX. Due to the limited energy resolution of the EDX detector (~ 

126 eV) the oxygen K (around 530 eV) and vanadium L (around 518 eV) ionization 

edges overlap to a single peak and cannot be distinguished. The vanadium content was 

quantified using the vanadium K-edge. Elemental quantification by EDX performed in 

the SEM and TEM at different magnifications confirmed a homogeneous distribution of 

fluorine in the material. According to the quantification, the samples contain equal 

amounts of Bi and V. 

The structural refinements of BiVO4 and F:BiVO4 were started from the coordinates 

reported for the clinobisvanite structure of monoclinic BiVO4 (space group I2/b (No. 

15), JCPDS 14-0688).[28] The results clearly demonstrate that fluorine incorporation 
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does not change the structure type. Further details of the crystal structure 

investigation(s) may be obtained from the Fachinformationszentrum Karlsruhe, D-

76344 Eggenstein-Leopoldshafen (Germany), on quoting the depository number CSD-

431572. Figure 6.4 depicts the X-ray powder diffraction patterns of pristine (left) and F 

containing (right) BiVO4 along with the results of the Rietveld refinements. Final 

structural parameters are listed in Table 6.1.   

Table 6.1: Refined structural parameters of BiVO4 in comparison to F:BiVO4. 

Composition BiVO4 F:BiVO4 

Crystal system 
Space group 

monoclinic 
I2/b (No. 15) 

Formular units Z = 4 

Lattice parameters 

a = 5.1787(5) Å 
b = 5.1042(5) Å 
c = 11.6953(11) Å 
γ = 90.260(2) ° 

a = 5.1863(4) Å 
b = 5.1003(4) Å 
c = 11.6998(8) Å 
γ = 90.3082(12) ° 

Unit cell volume V = 309.16(5) Å3 V = 309.47(5) Å3 

Calc. density 6.962 g/cm³ 
See discussion of the 
defect models below 

Rwp 0.0300 0.0358 
RBragg 0.0301 0.0421 
Rexp 0.0101 0.0097 
S 2.97 3.69 
 

  

 

Figure 6.4: X-ray powder diffraction patterns of BiVO4 (left) and F:BiVO4 (right) with the results of the 
Rietveld refinements. Inset: Unit cell of F:BiVO4 and polyhedral representation of the crystal structure. 
Bi(O,F)8 polyhedra are drawn in yellow, V(O,F)4 tetraheda are shown in blue.  
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Table 6.2: Structural parameters for BiVO4 and F:BiVO4. 

 
 
 
 
 
 
 
 
 

The Debye-Waller factors were not refined and set identically for both phases. Whereas 

the z parameters for both materials are comparable, it should be noted that x and y show 

small but significant deviations. The resulting bond lengths for BiVO4 and F:BiVO4 are 

given in the SI. The values can be described as more or less identical with no systematic 

trend. The refined site occupation factors are most interesting. For pristine bismuth 

vanadate a small but significant underoccupation for bismuth and an overoccupation for 

vanadium are observed. In contrast, severe underoccupations for both cations were the 

result of the refinement of the F-containing material. This gives us a clear hint to the 

correct defect model for fluorine incorporation into BiVO4, which will be discussed 

below. In addition, it should be stated that, unfortunately, the elements oxygen and 

fluorine cannot be distinguished using X-ray or even neutron diffraction methods. 

Because both anion positions are coordinated by three cations, Paulings second rule 

cannot be used to predict a preferred position for fluorine, as it has also been generally 

described in the work by Fuertes.[29] 

For a deeper understanding of the fluorine-containing material a closer look at possible 

mechanisms of fluorine incorporation is helpful. In principle, there are three different 

sensible defect models according to which fluorine incorporation can take place: a) 

formation of cation vacancies; b) fluorine on interstitial sites, and c) partial reduction of 

vanadium. For the following explanations we use the notation of Kröger and Vink.[30] 

a) Formation of cation (vanadium and bismuth) vacancies is described by 

BiBix + VVx + 8OO
x + 8HF = VBi′′′ + VV′′′′′ + 8FO• + BiVO4 (sf) + 4H2O.  

Taking into consideration the experimentally determined oxygen content of 18.2 wt%, a 

chemical formula of Bi0.94V0.94O3.54F0.46 can be calculated. The corresponding 

BiVO4 Wyckoff x y z Biso occ. 
Bi 4e 0 ¼ 0.63277(10) 0.9 0.480(2) 
V 4e 0 ¼ 0.1297(4) 0.6 0.507(2) 
O1 8f 0.1349(18) 0.4906(15) 0.2061(8) 1.2 1 
O2 8f 0.2680(13) 0.3729(18) 0.4477(8) 1.2 1 
F:BiVO4 Wyckoff x y z Biso occ. 
Bi 4e 0 ¼ 0.63283(10) 0.9 0.465(3) 
V 4e 0 ¼ 0.1302(4) 0.6 0.461(3) 
O1 8f 0.1444(18) 0.4969(14) 0.2082(8) 1.2 1 
O2 8f 0.2733(51) 0.3765(18) 0.4438(7) 1.2 1 
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theoretical density (taken the volume from the Rietveld refinement) would account for 

6.66 g/cm3.  

b) Fluorine incorporation on interstitial sites is described by   

OO
x + 2HF = FO• + Fi′ + H2O,  

leading to a chemical formula of BiVO3.75F0.50 and a theoretical density of 7.07 g/cm3. 

c) Partial reduction of vanadium from formal valence state V to IV can be described 

using the following equation:  

2VVx + 2OO
x + 2HF = 2VV′ + 2FO• + H2O + 1

2O2,  

resulting in a chemical formula of BiVV
0,30VIV

0,70O3,70F0,30 and a theoretical density of 

6.97 g/cm3. 

In order to identify the correct defect model following considerations need to be 

discussed: 

- The strong underoccupation of the cation positions, as determined from the Rietveld 

refinement, clearly points to the presence of cation vacancies (model a). In addition, the 

calculated chemical composition of Bi0.94V0.94O3.54F0.46 is in good agreement with the 

composition coming from the refined site occupation factors (Bi0.93V0.92(O,F)4). 

- The experimentally determined density of 6.68(2) g/cm3 also clearly points to the 

presence of cation vacancies (expected value 6.66 g/cm3, note that for the other models 

the density is larger compared to that of fluorine-free BiVO4 with a value of 6.96 

g/cm3). 

- The occupation of anion interstitials by fluorine (model b, BiV(O,F)4.25) seems to be 

not very reasonable from a crystal chemistry point of view. Such a large amount of 

interstitial ions should strongly decrease the stability of the crystal structure.    

- Due to the fact that the samples are very beam sensitive, estimations of the oxidation 

state on the basis of electron energy-loss spectrometry were not possible. Nevertheless, 

taking into account the refined cation occupation factors, the measured density, and the 
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observed orange color (the color of such a large amount of reduced vanadium – see 

calculated chemical formula – is expected to be black), model c, the reduction of 

vanadium, can be ruled out.  

Taking into consideration the previous results, there are strong indications for the 

presence of cation vacancies as majority defect in fluorine-containing bismuth vanadate. 

From now on, we mean Bi0.94V0.94O3.54F0.46 when discussing F:BiVO4.  

6.4.2. Optical properties  

Optical absorbance of a semiconductor plays an important role for the 

photoelectrochemical behavior.[31] Orange-colored F:BiVO4 and yellow-colored 

BiVO4 were measured in diffuse reflectance geometry. The results were converted to 

Tauc plots in order to estimate the optical band gap by extrapolating tangents to the x-

axis as shown in Figure 6.5. For F:BiVO4 the optical band gap is reduced to 2.38 eV in 

comparison to the measured pristine BiVO4 with a band gap of 2.45 eV. This band gap 

reduction, also found in the contributions of Jiang et al.[4] and Li et al.,[18] is 

beneficial in terms of light absorption (shift of the absorption edge from 500 to 520 nm 

upon fluorine incorporation). 

 

Figure 6.5: Tauc plot for BiVO4 and F:BiVO4 based on diffuse reflectance spectrometry. 
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Figure 6.6: Illustration of electrode fabrication process: SEM top-view and cross-sectional images of a) 
as-prepared electrodes, b) calcined electrodes (450°C under air), c) calcined electrodes with deposited 
CoPi co-catalyst layer, d) Picture of an F:BiVO4 electrode and j-V-curves: as-prepared F:BiVO4,  cal-
cined F:BiVO4  and F:BiVO4 with a deposited CoPi layer (0.1 M KPi buffer, pH 7.3, 20 mV/s). 

6.4.3.  Electrochemical investigations 

To investigate the photoelectrochemical properties, photoanodes were fabricated out of 

the pre-synthesized powders by electrophoretic deposition on FTO-coated glass slides. 

To achieve a good interparticle percolation within the deposited F:BiVO4 films, a 

calcination step at higher temperature was performed after deposition. The respective 

electrode fabrication steps were thereby followed by scanning electron microscopy (top-

view and cross-section) (Figure 6.6, see SI for SEM data of the respective samples 

calcined at 550 °C). As-prepared electrodes consist of a loosely packed particle layer of 

~5 µm thickness which homogeneously spreads over the entire FTO substrate as shown 

in Figure 6.6a. Calcination under air (at 450 °C and 550 °C) causes sintering of the 

deposited particles to a more dense layer of F:BiVO4 (Figure 6.6b), creating a 

continuously connected particle network. As shown in Figure 6.6c after co-catalyst 

deposition the sintered particles are covered by a thin layer of CoPi (see SI for 
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corresponding EDX spectra). Sintering of the particles improves ohmic contact within 

the film and is therefore beneficial for the overall electric conductivity and 

photoelectrochemical behavior, respectively. As shown in Figure 6.6d the photocurrent 

for the as-prepared F:BiVO4 electrode is rather low (ca. 0.05 mA/cm2 at 1.23 V vs. 

RHE) but can significantly be enhanced (x 6) by calcination of the electrode at 450 °C 

for 30 minutes (0.3 mA/cm2 at 1.23 V vs. RHE). Increasing the calcination temperature 

to 550 °C further improved the PEC performance, leading to a further increase (x 2) of 

the photocurrents at 1.23 V vs RHE (0.6 mA/cm2). Additional deposition of a layer of 

CoPi on the respective photoanodes improves in both cases (450 °C and 550 °C) the 

PEC performance by improving the water oxidation kinetics, reaching photocurrents as 

high as 0.64 mA/cm² and 1.23 mA/cm² at 1.23 V vs. RHE for the 450 °C and 550 °C 

treated electrodes respectively.   

The effect of fluorine doping on the performance of BiVO4 concerning 

photoelectrochemical water oxidation was investigated by comparing the performance 

of F:BiVO4 with pristine BiVO4 photoanodes prepared under the same conditions and 

with comparable amounts of deposited powder (3.5 mg per electrode).  

Figure 6.7a and b display the j-V-curves of both BiVO4 and F:BiVO4 electrodes 

calcined at 450 °C and 550 °C prior and after CoPi deposition. In all cases, a significant 

increase in photocurrent is observed for the F-containing electrodes; effect which most 

probably relates to the improved light-absorption of the system (see UV-Vis data, vide 

supra). Note: In all cases the water oxidation photocurrents are low compared to the 

highest reported photocurrent values for BiVO4 photoanodes (about 4 mA/cm² at 1.23 V 

vs RHE)[32-34] but are fully in line with photocurrents achieved for EPD-processed 

BiVO4-electrodes (about 0.6 mA/cm²).[35,36] 

In order to understand the improvement of the photoelectrochemical performance, 

photocurrent transient measurements (Figure 6.7c and d) were carried out for both 

materials and both calcination temperatures. When the light was switched on, the 

pristine BiVO4 electrode (450 °C) showed a photocurrent overshoot followed by a fast 

decrease of the photocurrent. In contrast, the photocurrent decay observed for F:BiVO4 

was far less pronounced; indication for a decreased recombination rate within the F-

modified system. The main limiting factor for BiVO4 as anode material for water 

splitting was elucidated in previous reports to be its poor bulk electronic 
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conductivity.[37] Despite possible negative effects on charge carrier mobility and 

diffusion length, doping allows in general increasing the charge carrier density and 

therefore allows enhancement of the overall photoresponse. Consistently, F-containing 

BiVO4 showed a by far less pronounced decrease of photocurrent after the light was 

switched on (i.e. a slower recombination of light-induced charge carrier) leading to a 

better photoresponse and higher photocurrents of the F-modified system. 

To further clarify the origin of improved photoelectrochemical performance of F:BiVO4 

Mott-Schottky-type potentio-electrochemical impedance spectroscopy measurements 

for both materials were performed. This method relies on measuring the capacitance of 

the space charge region CSC at the semiconductor electrolyte interface. According to the 

Mott-Schottky equation the flat band potential EFB and the carrier concentration N can 

be calculated by the linear region of the plot of 1/CSC
2 versus applied potential E as 

indicated in the following equation: 

1
𝐶𝐶𝑆𝑆𝑆𝑆
2 = 2

𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴2𝑒𝑒𝑁𝑁
�𝐸𝐸 − 𝐸𝐸𝐷𝐷𝐵𝐵 −

𝑘𝑘𝑏𝑏𝑇𝑇
𝑒𝑒
�. 

εr  thereby stands for the relative permittivity of the semiconductor, ε0 the permittivity in 

vacuum, A the surface area of the electrode, e the charge of an electron, kb the 

Boltzmann constant and T the temperature. 
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Figure 6.7: Electrochemical investigations of BiVO4 and F:BiVO4 electrodes calcined at 450 °C and 
550 °C: a and b) j-V-curves, c and d) phototransient measurements, light on/off at E = 1.23 V and e and f) 
Mott-Schottky-Plots of BiVO4 and F:BiVO4 at 1 kHz. 

Due to the particulate morphology of the electrodes, it was uncertain whether Mott-

Schottky analysis would provide convincing results. However as illustrated in Figure 

6.7e and f the obtained values for EFB are in line with previously published EFB values 

for BiVO4.[7,12,34,38] For the pristine BiVO4 flatband potentials of  0.06 V vs. RHE 

for the 450 °C sample and of 0.03 V vs. RHE for the 550 °C sample were obtained. The 

EFB of F:BiVO4 was determined to be slightly more negative at -0.03 V vs. RHE for 

electrodes calcined at 450 °C and at -0.06 V  for the 550 °C sample. Our results show a 

negative shift of the flat band potential of about 0.1 V for F:BiVO4 for both calcination 

temperatures. Furthermore, a comparison of the slopes of the linear ranges of the Mott-
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Schottky plots reveals a much smaller slope for F:BiVO4 and hence - taken the surface 

area of the electrode as constant into account, as a result of comparable particle sizes, 

identical amount of deposited powder and same electrolyte exposed electrode area of 

0.5 cm² (see SI) - a higher carrier concentration. As such, these findings are in good 

agreement with our results on the light-induced water oxidation properties of pristine 

and F-containing BiVO4. 

6.5.  Conclusion 

In here a simple route to phase pure fluorine modified BiVO4 is reported (F:BiVO4). 

Incorporation of fluorine into BiVO4 results in the formation of cation vacancies leading 

to the formation of Bi0.94V0.94O3.54F0.46. Investigations of the photoelectrochemical 

behavior show that F-incorporation significantly improves the performance of BiVO4 

photoanodes for PEC water oxidation. Mott-Schottky analysis and photocurrent 

transient measurements further indicate a favorable displacement of the flat-band 

potential and an increase of charge carrier density as well as a substantial suppression of 

charge-carrier recombination in the fluorine modified system, respectively: 

improvements, which results in higher PEC performance. As such, fluorine 

incorporation into BiVO4 turns out to be an effective way to optimize its performance 

for PEC water oxidation and might be in general a promising strategy to further tune the 

photo(electro-)catalytic activity of other oxide based photoactive materials. 
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7. Conclusion and Outlook 

7.1.  Conclusion 

The main objective of this study was to show the feasibility of performing targeted 

changes in the anion lattice without changing the crystal structure. On the one hand, 

special emphasis has been examined for the oxygen nitrogen substitution, followed by 

co-substitution (Papers 1 and 2). A further important point was the oxygen fluorine 

substitution in the photocatalyst bismuth vanadate, which is known from the literature 

(Paper 3). 

In order to investigate both aspects of the project precisely, first of all, the development 

of pure phase materials were the key issue. In the preparation of all the compounds 

presented, the anion substitution by solid-vapor reaction was the medium of choice in 

order to convert the precursor oxides to the corresponding oxide nitrides and oxide 

fluorides. 

For the accurate determination of the crystal structure, the products were characterized 

by X-ray powder diffraction and refined according to the Rietveld method. The exact 

composition of the compounds was determined by hot gas extraction and X-ray 

fluorescence analysis. The optical band gaps of the compounds were determined on the 

basis of UV/Vis reflection spectra. Information on the band gap energies of the 

synthesized compounds was obtained via the Tauc deposition method or the DASF 

method. Finally, the oxygen/hydrogen evolution reaction was used to check the 

photocatalytic activity. 

In the following, the essential results on the investigated compounds are summarized. 

For this, as well as in the work, it is divided to tetragonal tungsten bronze structures and 

bismuth vanadate.  

 

 

 

http://dict.leo.org/german-english/feasibility
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7.1.1.  Ba3-xLaxTa5O14-xN1+x 

This work shows the successful syntheses of light yellow – yellow powders with the 

general composition Ba3-xLaxTa5O14-xN1+x (x= 0; 1) which crystallize isostructurally to 

the literature-known mixed-valence oxide Ba3Ta4
VTaIVO15. Quantum-chemical 

calculations at hybrid DFT level were made and exhibited band gaps close to the 

measured value. The effect of N/O distribution on the optical properties was calculated 

to be very pronounced. Comparing Ba3Ta5O14N to LaBa2Ta5O13N2, it was shown that 

the increase in the nitrogen content not only leads to a decrease of the optical band gap 

but also to significantly higher H2 evolution rate. 

7.1.2.  F:BiVO4 

In this work also a simple, new, and promising route to phase-pure fluorine-modified 

BiVO4 is reported and discussed (F:BiVO4). The exact chemical composition was 

determined by combining ICP-OES, Rietveld refinements, and the investigation of the 

defect structure, leading to the presence of cation vacancies. Fluorine incorporation not 

only reduced the optical band gap (according to the DASF method) but also the 

performance of bismuth vanadate photoanodes for PEC water oxidation is significantly 

enhanced. Photocurrent transient measurements and Mott-Schottky analysis further 

demonstrated a favorable displacement of the flat-band potential and an increase of 

charge carrier density as well as a substantial suppression of charge-carrier 

recombination in the fluorine modified system, respectively: improvements, which 

result in higher PEC performances.  
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7.2.  Outlook 

In the light of these results, there are two main points that should be considered in the 

near future. On the one hand further attempts in decreasing the optical band gap by 

additional co-substitution (LaBa2Ta5O13N2 → La2BaTa5O12N3 → La3Ta5O11N4) seem to 

be worth the efforts even if the challenge of preparing a phase-pure material increases 

with increasing nitrogen content.  

On the other hand, fluorine incorporation into BiVO4 turns out to be an effective way to 

optimize its performance for PEC water oxidation and might be in general a promising 

strategy to further tune the photo(electro-)catalytic activity of other oxide-based 

photoactive materials, for example, cation-doped BiVO4 systems (e.g. molybdenum) or 

even oxide nitrides such as TaON. 

Despite these new findings, which have been systematically gained in this thesis, the 

goal of a rational design of materials remains a major challenge. Exploratory research is 

therefore of indispensable need in terms of the complex relationships in the system of 

photocatalytic water splitting. This will strengthen future efforts in the field of 

preparative solid state chemistry and will lead to a continuous further development of 

synthetic and characterization methods. In addition, the close interdisciplinary 

cooperation between solid state chemistry, surface chemistry, and catalysis, as has 

already been demonstrated in the present study, will increasingly improve the 

achievement of important advances in the field of photocatalytic water splitting. 
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Appendices 

A Additional information, Supplementary material 

A.1.   Abbreviations 

DASF  derivation of absorption spectrum fitting 

DFT  density functional theory 

EDX  energy dispersive X-ray analysis 

EG  ethylene glycol 

FWHM full width at half maximum 

HAADF high angle annular dark field 

ICP-OES inductively coupled plasma optical emission spectrometry 

PEC  photoelectrochemical 

PVDF  polyvinylidene fluoride 

SEM  scanning electron microscope 

TEM   transmission electron microscopy  

TTB  tetragonal tungsten bronze 

XRD  X-ray diffraction  

XRF  X-ray fluorescence spectrometry 

A.2.   Chemicals 

Sum Formula Purity Producer 
LaCl3 99.9 % Sigma Aldrich 

C6H8O7 (citric acid) 99.5 % Sigma Aldrich 

TaCl5 99.9999 % Sigma Aldrich 

BaCl2 99.9 % Sigma Aldrich 

Bi2O3  99.9 % Sigma Aldrich 

NaVO3 98 % AlfaAesar 

C2H5OH (ethanol) 99.99 % AlfaAesar 

C2H6O2 (EG) 99 % AlfaAesar 

NH3 99.98 % Air Liquide 

O2 99.998 % Air Liquide 

-(C2H2F2)n- (PVDF) 99 % Apollo Scientific 
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