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Abstract 

The development of semiconductors with extended lifetime that split water photo-

catalytically under visible-light irradiation is a path to efficient conversion of solar 

energy. The aim of this work is the production of zinc-gallium-oxynitride nanopar-

ticles (Ga1-xZnx)(N1-xOx) with a high potential for improved photocatalytic activity. 

Chemical Vapor Synthesis (CVS) is used in this thesis to generate nanoparticles 

of high purity with well-defined composition, structure, size distribution and high 

surface area. β-Ga2O3 is used for optimization of the CVS process to obtain quanti-

tative structure-property correlations. As demonstrated, a temperature of 1200°C 

and pressure of 300 mbar are found to be optimal. Pure phase and highly crystalline 

β-Ga2O3 with crystallite size of about 20 nm and specific surface area of 62 m2/g is 

generated from inexpensive solid gallium acetylacetonate precursor. With optimal 

loading of Rh/Cr2O3 co-catalysts this sample is regarded as photocatalytically the 

most active for overall water splitting under UV light compared to all samples syn-

thesized in this work. In addition, the high reproducibility of the sample is con-

firmed applying the same CVS parameters. CVS β-Ga2O3 demonstrates a better sta-

bility for long time irradiation under UV light compared to commercial Ga2O3. X-

ray absorption (XANES and EXAFS) data indicate that β-Ga2O3 nanoparticles do 

not undergo significant local structural changes during overall water splitting ex-

periments.  

Light absorption and charge carrier generation can be optimized by size effects 

and doping and charge carrier separation by low defect density (high crystallinity) 

and band alignment through microstructural variations. β-Ga2O3 is doped with Mn, 

Rh and Fe to investigate the change in electronic structure and corresponding pho-

tocatalytic activity. Doping with 0.26 % of Mn shows the highest photocatalytic 

activity among doped samples at optimal co-catalyst loading, but still lower than 

for pure β-Ga2O3. Higher dopant concentrations above 1 % generate higher defect 

densities in the material, which has a negative effect on photocatalytic activity. 
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By combining Zn and Ga precursors and varying their delivery sequences a mixture 

of ZnO and β-Ga2O3 (using two reactors), as well as the complex spinel phase 

ZnGa2O4 (using one reactor) are generated. During the nitridation process nitrogen 

is incorporated into the crystal structure, while oxygen and zinc are eliminated to 

form (Ga1-xZnx)(N1-xOx). It is possible to tune atomic composition and band edge 

positions by varying nitridation times from 0.17 h to 10 h at a temperature of 850°C. 

The Zn volatilization rate during thermal nitridation starting from spinel ZnGa2O4 

is lower compared to ZnO-Ga2O3 mixture. ZnGa2O4 and ZnO-Ga2O3 are nitrided 

for 5 h at 850°C, which are the optimal nitridation conditions, and Zn/(Zn+Ga) ra-

tios of 0.15 and 0.03, respectively, are observed. Hence, oxynitrides made from 

ZnGa2O4 show about four times higher photocatalytic activity than oxynitride from 

ZnO-Ga2O3. However, all nitrided samples show lower activities in UV region com-

pared to pure β-Ga2O3, which is also due to increased defect density and higher 

recombination probability.  

Microwave assisted plasma nitridation of ZnGa2O4 is developed and employed 

with the aim to decrease the nitridation temperature and increase the Zn/(Zn+Ga) 

ratio. NH3 and N2 are decomposed in a microwave plasma reactor. The wurtzite 

phase, typical for oxynitrides, is observed already at 550°C. When NH3 is decom-

posed by microwave plasma a very aggressive reduction atmosphere (concentration 

of H2 increases) is created leading to an even faster loss of Zn. This is avoided by 

using N2 as reaction gas and the Zn/(Zn+Ga) ratio changes very little at lower nitri-

dation temperatures. However, the disadvantage of this method is a strong charging 

of the powder and its loss during the process. Therefore, the powder must be pel-

leted, which causes co-sintering of the particles during nitridation. After regenera-

tion of powder from pellets the specific surface area is strongly decreased and pho-

tocatalytic activity drops.  

To generate GaN nanoparticles directly via CVS at lower pressures (e.g. 20 

mbar) triethylgallium, as an alternative oxygen-free liquid precursor compared to 

solid gallium acetylacetonate, is used. This precursor reacts violently in ambient air 

or in contact with water, and they are very difficult to handle. Therefore, we de-

signed and constructed a novel, complex and unique precursor delivery unit named 
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‘inert gas box’. GaN nanoparticles with crystallite size below 3 nm and the high 

specific surface area of 160 m2/g are generated.  

In this work final nanoparticle characteristics and their photocatalytic activities 

are correlated and supported by comprehensive structural and spectroscopic char-

acterization. 





Zusammenfassung 

Die Entwicklung von Halbleitern mit verlängerter Lebensdauer, die Wasser unter 

Bestrahlung mit sichtbarem Licht photokatalytisch spalten, ist ein Weg zur 

effizienten Umwandlung von Sonnenenergie. Ziel dieser Arbeit ist die Herstellung 

von Zink-Gallium-Oxynitrid-Nanopartikeln (Ga1-xZnx)(N1-xOx) mit einem hohen 

Potenzial für eine verbesserte photokatalytische Aktivität.  

Chemische Gasphasensynthese (CVS) wird in dieser Arbeit verwendet, um 

Nanopartikel von hoher Reinheit mit gut definierter Zusammensetzung, Struktur, 

Größenverteilung und hoher Oberfläche zu erzeugen. β-Ga2O3 wird zur 

Optimierung des CVS-Prozesses verwendet, um quantitative Struktur-

Eigenschafts-Korrelationen zu erhalten. Wie gezeigt, erweisen sich eine 

Temperatur von 1200°C und ein Druck von 300 mbar als optimal. Reinphasiges 

und hochkristallines β-Ga2O3 mit einer Kristallitgröße von etwa 20 nm und einer 

spezifischen Oberfläche von 62 m2/g wird aus einem kostengünstigen festen 

Galliumacetylacetonat-Precursor erzeugt. Bei optimaler Beladung mit Rh/Cr2O3 

Co-Katalysatoren gilt diese Probe im Vergleich zu allen in dieser Arbeit 

synthetisierten Proben als die photokatalytisch aktivste für die Gesamt-

wasserspaltung unter UV-Licht. Darüber hinaus wird die hohe Reproduzierbarkeit 

der Probe bei Verwendung der gleichen CVS-Parameter bestätigt. CVS β-Ga2O3 

zeigt eine bessere Stabilität bei Langzeitbestrahlung unter UV-Licht im Vergleich 

zu kommerziellen Ga2O3. Röntgenabsorptionsdaten (XANES und EXAFS) zeigen, 

dass die β-Ga2O3 Nanopartikel während der Wasserspaltungsexperimente keine 

signifikanten lokalen Strukturveränderungen erfahren.  

Lichtabsorption und Ladungsträgergenerierung können durch Größeneffekte 

und Dotierung und Ladungsträgertrennung durch geringe Defektdichte (hohe 

Kristallinität) und Bandausrichtung durch mikrostrukturelle Variationen optimiert 

werden. β-Ga2O3 wird mit Mn, Rh und Fe dotiert, um die Veränderung der 

elektronischen Struktur und die entsprechende photokatalytische Aktivität zu 

untersuchen. Die Dotierung  mit  0.26 % Mn  zeigt  die  höchste  photokatalytische
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Aktivität unter den dotierten Proben bei optimaler Co-Katalysatorbeladung, aber 

immer noch niedriger als bei reinem β-Ga2O3. Höhere Dotierstoffkonzentrationen 

über 1 % verursachen höhere Defektdichten im Material. Dies wirkt sich negativ 

auf die photokatalytische Aktivität aus.  

Durch die Kombination von Zn- und Ga-Precursoren und die Variation Ihrer 

Zufuhrsequenz wird eine Mischung aus ZnO und β-Ga2O3 (unter Verwendung von 

zwei Reaktoren), sowie die komplexe Spinellphase ZnGa2O4 (unter Verwendung 

eines Reaktors) erzeugt. Während des Nitridierungsprozess wird Stickstoff in der 

Kristallstruktur der synthetisierten CVS Oxide eingebaut und Sauerstoff und Zink 

eliminiert, um (Ga1-xZnx)(N1-xOx) zu bilden. Durch Variation von Nitri-

dierungszeiten von 0.17 h bis 10 h bei einer Temperatur von 850°C ist es möglich, 

die atomare Zusammensetzung und die Bandkantenpositionen einzustellen. Die 

Zn-Verdampfungsrate während der thermischen Nitridierung ist im Vergleich zur 

ZnO-Ga2O3 Mischung ausgehend vom Spinell ZnGa2O4, deutlich geringer. 

ZnGa2O4 und ZnO-Ga2O3 werden für 5 h bei 850°C nitridiert. Dies sind die 

optimalen Nitridierungsbedingungen und es werden Zn/(Zn+Ga) Verhältnisse von 

0.15 bzw. 0.03 beobachtet. Dabei zeigt das Oxynitrid aus ZnGa2O4 eine etwa 

viermal höhere photokatalytische Aktivität als das Oxynitrid aus ZnO-Ga2O3. 

Allerdings zeigen alle nitridierten Proben geringere Aktivitäten im Vergleich zu 

reinem β-Ga2O3 im UV Bereich was auch auf eine erhöhte Defektdichte und 

höhere Rekombinationswahrscheinlichkeit zurückgeführt werden kann.  

Die mikrowellenunterstützte Plasmanitridierung von ZnGa2O4 wird mit dem 

Ziel eingesetzt, die Nitridierungstemperatur zu senken und das Zn/(Zn+Ga) 

Verhältnis zu erhöhen. NH3 und N2 werden durch den Mikrowellenplasmareaktor 

zersetzt und die für Oxynitride typische Wurtzitphase wird bereits bei 550°C 

beobachtet. Bei der Zersetzung von NH3 mittels Mikrowellenplasma entsteht eine 

sehr aggressive Reduktionsatmosphere (Konzentration von H2 steigt an), die zu 

einem noch schnelleren Verlust von Zn führt. Dies wird durch die Verwendung von 

N2 als Reaktionsgas vermieden und das Zn/(Zn+Ga) Verhältnis ändert sich bei 

niedrigeren Nitridierungstemperaturen nur wenig. Der Nachteil dieser Methode ist 

jedoch eine starke Aufladung des Pulvers und dessen Verlust während des 
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Prozesses. Daher muss das Pulver pelletiert werden, was zu einer Versinterung der 

Partikel während der Nitridierung führt. Nach der Regeneration des Pulvers aus den 

Pellets nimmt die spezifische Oberfläche stark ab und die photokatalytische 

Aktivität sinkt entsprechend.  

Um GaN Nanopartikel direkt über CVS bei niedrigeren Drücken (z.B. 20 mbar) 

zu erzeugen, wird Triethylgallium, als alternativer sauerstofffreier flüssiger 

Precursor im Vergleich zu festem Galliumacetylacetonat, verwendet. Dieser 

Precursor reagiert an der Luft oder in Kontakt mit Wasser heftig und ist sehr 

schwierig zu handhaben. Deshalb wurde eine neuartige, komplexe und einzigartige 

Precursor-Zufuhreinheit, die sogenannte Inertgasbox entwickelt. Es werden GaN 

Nanopartikel mit einer Kristallitätgröße unter 3 nm und einer sehr hohen 

spezifischen Oberfläche von 160 m2/g erzeugt.  

Die Korrelation zwischen den endgültigen Eigenschaften der Nanopartikel und 

ihren photokatalytischen Aktivitäten, unterstützt durch eine umfassende strukturelle 

und spektroskopische Charakterisierung, wird in dieser Arbeit dargestellt.  
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2      1.1 Energy Problem and Importance of Solar to Hydrogen Conversion 

1.1 Energy Problem and Importance of Solar to Hydrogen 
Conversion 

 
The world changes rapidly and there is a growing concern regarding our environ-

ment and its pollution. Until the end of the 18th century firewood was the main en-

ergy source when coal took over that role due to industrial revolution. In the 20th 

century the fossil fuels – coal, crude oil and natural gas were dominant and still they 

cover about 80 % of the world energy consumption [Quaschning 2019]. Since the 

1850s more than 145 billion tons of crude oil alone were extracted from the Earth’s 

crust. Hazardous effluents are released from fossil fuels to the groundwater and air 

causing pollution and greenhouse effect [Hoffmann 1995, Arakawa 2001 and Ess-

wein and Nocera 2007]. The International Energy Agency (IEA) estimated that the 

crude oil and the natural gas will run out in 50 years. The world’s population should 

reach 9.6 billion by 2050 [Tripathi et al. 2019]. Not only due to the growth of pop-

ulation, but also due to increased living standards human mankind faces an ever 

increased need for energy. Nuclear power would not be a long-term solution, since 

the uranium sources are limited and need to be enriched, but also the mining process 

has a huge negative impact on the environment [Quaschning 2016]. The potential 

of hydropower, geothermal, biomass and wind energy sources are not sufficient to 

meet the requirements of the future challenges. The largest source of the renewable 

energy is sunlight and a power of 120000 terawatts (TW) is constantly delivered to 

the Earth, which is about 4000 times the entire global projected energy demand by 

2050 of about 30 TW [Lewis et al. 2005]. To meet the future challenges a break-

through in chemistry and material science is necessary, as well as development of 

the new technologies.  

The first research on light-driven water splitting emerged by Honda and Fuji-

shima [1972] demonstrating a photoelectrochemical (PEC) cell consisting of a Pt 

cathode and TiO2 single crystal anode. Nowadays, electrolysis of water with photo-

voltaics is currently the best developed technology with an efficiency up to 46 % 

[Leijtens et al. 2016]. A simpler and cost-effective method to convert water into 

hydrogen and oxygen on a large scale is photocatalytic water splitting using a slurry 
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reactor [Pinaud et al. 2013]. Basically, there are two approaches for water splitting: 

(I) – to combine two photocatalyst materials with use of electron transfer mediators 

(sacrificial reagents) which is the so called Z-scheme and (II) – single particulate 

photocatalyst to perform overall water splitting in one step. In the Z-scheme meth-

anol is used for example as an electron donor to facilitate the water reduction by 

conduction band electrons, while silver-nitrate is used for example as an electron 

acceptor to promote water oxidation by valence band holes. This inadequacy to 

evolve both hydrogen and oxygen is the disadvantage of Z-scheme compared to 

one-step excitation photocatalytic overall water splitting (POWS) systems. To com-

pete with fossil fuels and meet the targeted H2 price of 2-4 $ per kilogram set by US 

Department of Energy it is necessary that 10 % of incoming solar energy is used to 

convert water to hydrogen [Hisatomi and Domen 2019]. Unfortunately, current so-

lar to hydrogen (STH) efficiency is about 1 % on the laboratory scale [Wang et al. 

2019]. This work is focused on the development of such a single photoabsorber 

system. 

1.2 State of the Art  

 
There are numerous metal-oxide semiconductors investigated since 1980, such as: 

TiO2, ZnO, WO3, SrTiO3, Fe2O3, Ta2O5 etc. [Fabian et al. 2015, Zhang et al. 2018]. 

These materials have wide band gap energies and are unable to harvest energy from 

solar irradiation and only UV light can be used for hydrogen production. Many of 

them are incapable of driving the one-step POWS reaction, but perform only a half 

reaction. Others suffer from poor carrier mobility and short hole diffusion length 

leading to lower oxygen evolution, as reported for α-Fe2O3 [Townsend et al. 2011, 

Osterloh et al. 2013]. Besides the exploitation of new photocatalyst materials their 

activation with co-catalyst is very important with surface/interface engineering as 

fundamental strategy (co-catalyst loading, surface modification and morphology 

control and surface phase junctions) to obtain high performance [Wang et al. 2019]. 

An enhanced overall water splitting activity was reported for NiO-loaded Ga2O3 
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and ascribed to an improved charge carrier separation at α-β junctions in the mixed 

phase α/β-Ga2O3 material [Wang et al. 2012]. However, Sakata et al. [2014] re-

ported a diverse correlation between water splitting activity and phase composition 

of different α- and β-Ga2O3 materials when loaded with NiO or Cr2O3/Rh as co-

catalysts. This is due to different abilities of the α- and β-Ga2O3 phase and co-cata-

lysts for the back reaction inhibition. Although Ga2O3 has a wide band gap of 4.8-

4.95 eV, which requires UV light for water splitting, it is a highly suitable model 

material to study POWS activity as a function of material properties, such as: phase 

composition, particle size, degree of crystallinity and surface area. Therefore, this 

work starts with β-Ga2O3 as a basic semiconductor model for further material de-

velopment, but it can be used to develop and optimize new co-catalyst systems as 

well. Previously, many metals and metal-oxides have been reported as co-catalyst 

to improve the water splitting activity. Some co-catalyst used for H2 evolution are: 

Pt, Ru, Ni, Au and for O2 evolution: RuOx, IrOx and CuOx [Grätzel et al. 1981, Kudo 

et al. 2009, Navarro Yerga et al. 2009, Abe et al. 2010, Yang et al. 2013, Foo et al. 

2013, Sakata et al. 2014 and Takata et al. 2015]. When combined, both H2-evolution 

and O2-evolution co-catalysts can significantly improve the activity of the photo-

catalyst, like co-loaded Rh/Cr2O3 co-catalysts, found to be ideal for Ga2O3 [Busser 

et al. 2012]. Domen and co-workers [Maeda et al. 2006, 2007, 2008, 2010 and Sa-

kamoto et al. 2009] have described a Rh/Cr2O3 core/shell co-catalyst. The Cr2O3 

shell is assumed to be permeable to H2 and protons, but not for O2, therefore, inhib-

iting their back reaction to water. Busser et al. [2014] assumed that Cr2O3 acts as an 

oxygen evolution site rather than suppressing the back reaction, which was later 

confirmed by Soldat et al. [2016]. With respect to noble metal-free co-catalysts as 

an alternative to the rare and expensive rhodium, a ternary CuOz/CrOy/MoOx co-

catalyst system on commercial β-Ga2O3 was developed by Busser et al. [2014]. Do-

pants may improve the absorption properties, but may also act as recombination 

centers. β-Ga2O3 doped with 1-3 at.% of Zn exhibits a seven times higher photo-

catalytic activity than pure β-Ga2O3 for hydrogen evolution [Sakata et al. 2011]. 

Doping with Zn2+ can also result in the formation of ZnGa2O4 – β-Ga2O3 hetero-

junctions on the surface [Wang et al. 2013]. p-type acceptor levels above the valence 
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band are formed, which improves the mobility of holes. Substituting a large fraction 

of Ga3+ by Zn2+ ions during homogenous precipitation (HP) method leads to the 

formation of spinel ZnGa2O4 species and decreased photocatalytic activity [Shimura 

and Yoshida 2012]. On the other hand, doping with heavy elements, such as Pb2+, 

leads to a fast decay of the photogenerated electrons and Pb2+ ions act as recombi-

nation centers decreasing the photocatalytic activity. A photocatalyst can also be 

doped on the anionic sites, with oxygen being partially replaced by nitrogen to form 

oxynitrides and control the band structure. 

(Zn1+xGe)(N2Ox) [Lee et al. 2007] and (Ga1−xZnx)(N1−xOx) [Maeda et al. 2005] 

are found to be such oxynitrides capable to harvest sunlight and perform overall 

water splitting. In 2005 a suspension of wurtzite (Ga1−xZnx)(N1−xOx) (x = 0.14 ; EBG 

= 2.7 eV) solid solution particles were loaded with RuO2 co-catalysts and evolved 

stoichiometric H2:O2 = 2:1 under visible light. A year later, Maeda et al. [2006] 

replaced the RuO2 co-catalyst with Rh2-yCryO3 and enhanced the activity by three 

times. In 2008, using (Ga0.82Zn0.18)(N0.82O0.18) particles with loadings of 2.5 wt.% 

Rh and 2 wt.% Cr based co-catalyst and a post-calcination step at 550°C the activity 

was even doubled by Maeda et al. [2008] and H2 evolution activity under visible 

light was 3090 μmol h-1 gcat
-1. It was demonstrated by Ohno et al. [2012] that the 

POWS rate of these materials was stable for three months, while after six months 

the initial activity dropped by 50 %. Thermodynamically, monoclinic β-Ga2O3 and 

hexagonal α-GaN are the only stable binary phases in the Ga-O and Ga-N systems 

at ambient pressure and the nitride is less stable than the oxide. GaN can be obtained 

from Ga2O3 by ammonolysis with NH3 between 500°C and 1000°C following a 

nucleation and growth model with exclusively Ga2O3 and GaN. These are also the 

only species in the growth of Ga2O3 layers during the oxidation of GaN. Therefore, 

different microstructures are formed for the same nominal Ga-O-N composition. 

Gallium oxynitrides can be obtained as solid solutions of Ga2O3 in GaN with wurtz-

ite structure and as a spinel type Ga3O3N (γ-galons) at high pressures [Martin et al. 

2009]. There are only a few reports on gallium oxynitrides that are intermediate 

compounds of the pseudo-binary system Ga2O3 – GaN. The nitrogen solubility in 



6      1.2 State of the Art 

β-Ga2O3 is below 2-3 at. % as detected by X-ray and neutron diffraction experi-

ments, which is in strong contrast to the solubility of oxygen in the anion sublattice 

of GaN, which can reach values even up to 30 at. % [Roehrens et al. 2010]. Other 

scientific groups studied (Ga1−xZnx)(N1−xOx) using different synthesis techniques, 

as reviewed by Adeli and Taghipour [2013]. Boppana et al. [2010] synthesized gal-

lium zinc oxynitride with a band gap of 2.5 eV – 2.7 eV by nitridation of spinel zinc 

gallate produced by sol-gel synthesis. Hu and Teng [2010] reported on wurtzite-

type gallium oxynitride with band gaps between 2.2 eV and 2.8 eV formed by nitri-

dation of gallium hydroxide using NH3 at temperatures between 550°C and 900°C. 

Hydrogen and oxygen were produced under visible light using sacrificial agents: 

methanol and silver nitrate solutions. Kim et al. [2011] and Zeng et al. [2013] used 

metallic Ga, Ga2O3 and metal-organic gallium(III)acetylacetonate as precursors to 

obtain GaN. At temperatures between 950°C and 1000°C NH3 was flowing over the 

precursor powder in a quartz tube from 3 h to 40 h. Dharmagunawardhane et al. 

[2014] obtained a nanocrystalline gallium oxynitride with an indirect band gap of 

2.5 eV and a direct band gap energy of 3.69 eV in the same material by ammonolysis 

of gallium nitrate hydrate. H2 evolution occurred even without co-catalyst. Chen et 

al. [2009] monitored the formation of (Ga1−xZnx)(N1−xOx) by in-situ time resolved 

X-ray diffraction during solid state reaction from mixtures of ZnO-Ga2O3 or spinel 

ZnGa2O4. It was revealed that ZnGa2O4 spinel is an intermediate in the formation of 

(Ga1-xZnx)(N1-xOx) from oxides and imposes a limit on the zinc content in gallium 

zinc oxynitrides. Combined with the results of density functional theory (DFT) it is 

found that the zinc content has a big impact on the band gap energy. Systematic 

insights into the structural and catalytic properties are needed to develop desired 

(Ga1-xZnx)(N1-xOx) photocatalysts with an atomic zinc content higher than ⅓ and 

enhanced water splitting activity. This requires the development of new methods, 

such as rational gas-phase synthesis and post-treatment of highly crystalline doped 

semiconductors. Not including this work there are no other studies about generation 

of (Ga1-xZnx)(N1-xOx) from the gas-phase.  
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1.3 Purpose of the Research  

A short overview of the synthesis routes is presented to describe the advantage of 

the gas-phase method used in this work (Fig. 1.1). There are two approaches for the 

synthesis of the nanoparticles in general: (I) – top-down, which is based on commi-

nution of larger building blocks and (II) – bottom up strategy, which is based on the 

formation of clusters and nanoparticles from atomic and molecular species. Mostly, 

(Ga1−xZnx)(N1−xOx) or solid solutions of GaN-ZnO are synthesized from commer-

cial micropowders Ga2O3 and ZnO using solid state reaction and nitridation in NH3 

flow (V̇ = 100 – 500 sccm, T = 850°C and t = 5 – 20 h) [Maeda et al. 2005], which 

is a top-down approach. The bottom-up strategy is advantageous because it is easier 

to control the desired material properties. 

Using different microsized powders as precursors additional mixing and milling 

processes are necessary for a few hours to obtain smaller particle size and intimate 

contact between Ga2O3 and ZnO. Spinel ZnGa2O4 is formed during the calcination 

 

 
Fig. 1.1: Graphical illustration of the synthesis routes of (Ga1−xZnx)(N1−xOx) and ad-

vantage of the CVS method 
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process by interdiffusion of the constituent cations, which is influencing the growth 

behavior of the particles. However, powders synthesized from the gas-phase method 

used in this work are already nanoscaled and no milling is needed. ZnO and Ga2O3 

particles may be mixed directly in the gas phase achieving intimate contacts in just 

a few milliseconds while maintaining the high specific surface areas. There are two 

ways to obtain (Ga1−xZnx)(N1−xOx). One path is to use the synthesized CVS oxide 

powders as precursors and nitride them in a sequential step. However, thermal ni-

tridation leads to particle growth and loss of Zn due to decomposition of the NH3 

on N2 and H2, which reduces ZnO species and volatile metallic zinc leaves the sys-

tem. The second option is to use appropriate liquid metalorganic precursors (alkyls) 

to synthesize desired (Ga1−xZnx)(N1−xOx) directly in the gas phase without any ad-

ditional post-thermal treatments with a precise control of the phase composition. 

Both ways are bottom-up strategies and considered to be advantageous compared 

to the conventional solid-state route. 

The generation of (Ga1−xZnx)(N1−xOx) with a direct band gap of around 2.6 eV 

(which has suitable band edge positions to straddle the reduction and oxidation po-

tential of water) is the goal of this work. Chemical composition is just one of many 

factors to be aware of when aimed to produce a catalytically active material. It is 

also important to understand the elementary processes of POWS (Fig. 1.2) to design 

photocatalitically active materials. Step 1 – the semiconductor absorbs the visible 

light photons with energies larger than the band gap energy and electrons are excited 

from the occupied valence band to the unoccupied conduction band. Excited elec-

trons leave holes in the valence band and in this initial step electron-hole pairs are 

generated. Step 2 – electrons and holes are diffusing independently to the surface of 

the particles. This process is called charge separation. Step 3 – hydrogen is formed 

by reduction of water by electrons and oxygen by oxidizing water by holes on the 

surface of the particles [Phivilay et al. 2013]. The hydrogen evolution is accepted 

to be the rate determining-step [Maeda et al. 2008] and adding a noble metal, such 

as Rh, generates additional hydrogen evolution sites [Maeda et al. 2006 and Kudo 

and Miseki 2009]. Step 1 requires a material with an appropriate band structure, as 

previously described. After charge separation in step 2 it is important that recombi- 
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Fig. 1.2: Elementary processes of the overall water splitting: generation and transfer of 

charge carriers in the bulk of the semiconductor (Steps 1-2) and the redox chemical reac-

tions on the surface of the particles (Step 3). Reproduced from [Maeda et al. 2007] 

 
nation between electrons and holes does not occur during their transport to the par-

ticle surface. POWS is an uphill reaction with an increase in free Gibbs energy (Fig. 

1.2) and redox reactions are:                                                            
 

                                                          + -
22H + 2e H→                                                  (1.1) 

                                                     + +
2 2H O + 4h  4H +O→                                         (1.2) 

 
A good carrier mobility will be possible if the nanoparticles are highly crystalline 

(density of the defects is low). The time for which charge carriers reach the surface 

can be shortened if the particles get smaller (nanoscaled). In step 3, for the surface 

chemical reaction a large surface to volume ratio, as well as a high density of the 

active sites is very important. However, with increase of the specific surface area 

the surface energy increases and one of the main difficulties is instability of the 

nanoparticles, now more prone to aggregation. Those demands can be met by ex-

ploiting the advantages of the Chemical Vapor Synthesis (CVS) method to synthe-

size nanocrystalline β-Ga2O3, intimate mixtures of β-Ga2O3 – ZnO, ZnGa2O4 or 
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GaN. By adjusting the CVS process parameters, such as: temperature, system pres-

sure and precursor evaporation rate it is possible to improve particle characteristics, 

such as: particle size, crystallinity and specific surface area. However, optimization 

of the existing synthesis process is not always sufficient enough to substantially 

change the material properties. Development of new technologies or modification 

of existing processes is often necessary followed by use of different precursors. One 

example is the improvement of nitridation techniques to obtain oxynitrides from 

CVS synthesized Ga and Zn based oxides with a better control of phase composi-

tion. Another example is the combination of the CVS method with the use of 

metalorganic gallium precursor in order to reduce particle size and chemical purity 

of GaN phase (not possible with the previously used acetylacetonate precursor). 

Safe handling of metalorganic precursor completely under inert atmosphere, as well 

its delivery to the reactor requires the design of new precursor evaporation unit, 

which is technically the most demanding challenge of this thesis. Finally, the quality 

of synthesized nanoparticles is evaluated from the perspective of microcrystal-, lo-

cal- and electronic-structure, as well from the morphology and surface properties. 

Throughout this work POWS results (observed in step 3) of the CVS synthesized 

samples are only shown for internal comparison. Since the tests on CVS samples 

are always performed under the same conditions using the same equipment the con-

cept of the apparent quantum yield (AQY) is here not considered. AQY is important 

when comparing photocatalytic activities of the materials illuminated using differ-

ent setups.



2 Theoretical Background 
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2.1 Photocatalysts for Overall Water Splitting 

 
The basic principles of the POWS are explained in the introduction and it is im-

portant to understand how to tune the band structure and obtain material appropriate 

for POWS under visible light. Semiconducting photocatalysts can be classified into 

two categories based on different electronic configurations of the metal cations: d0 

(Ti4+, Zr4+, Ta5+, Nb5+, W6+ and Mo6+) with no d-electrons in the outmost orbitals 

and d10 (Ga3+, In3+, Ge4+, Sn4+, Sb5+) with fully occupied outmost d-orbitals. Metal 

cations form the conduction band (CB) of the semiconductor, while anions form the 

valence band (VB). Therefore, the bottom of the CB of semiconductors with d0 

transition metals consist of empty d-orbitals. On the contrary, the bottom of CB of 

semiconductors with d10 transition metals consists of d- and hybridized sp-orbitals 

resulting in increased electron mobility. The semiconductor must straddle the re-

duction and oxidation potential of water, which are 0 and +1.23 eV versus the nor-

mal hydrogen potential (NHE) at pH = 0 (Figure 2.1A). In other words, the band 

gap of the materials must be greater than 1.23 eV [Fang et al. 2018]. Why are metal-

oxides not active under visible light then? Actually, the position of the band edges 

is the determining factor. For metal-oxides the bottom of the conduction band is 

located at a potential slightly more negative than 0, while the top of the valence 

band is more positive than 3 eV [Scaife 1980]. To develop a material with appro-

priate band structure for harvesting the energy of the sunlight doping of the wide 

band gap metal oxides is one solution. Atomic sites in the host material, in this work 

β-Ga2O3 made by CVS, is replaced by doping. With addition of dopants, such as 

cationic Zn2+ and anionic N3-, the valence band maximum (VBM) will be shifted 

up. For the hydrogen evolution the conduction band minimum (CBM) must be more 

negative than 0 eV vs NHE and sometimes doping with a certain metal cation could 

lead to a shift of the CBM to positive values. In this case hydrogen evolution reac-

tion would not be possible (see Fig. 2.1B) and CBM should remain unchanged. A 

partial or full substitution of O2- with N3- is possible due to their similar ionic radius 

of 1.46 Å and 1.41 Å, respectively [Takata et al. 2016 and Wang et al. 2017]. These 
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Fig. 2.1: Energy scheme of overall water splitting on a photocatalyst. A – undoped 

metal-oxide photocatalyst and B – doped metal-oxide with i.e. Zn2+ and N3- to form the  

oxynitrides. Changed and adjusted from [Takata et al. 2015] 

 
interactions between Zn 3d, N 2p and O 2p orbitals and tuning of the band structure 

are explained in chapter 4.3 with corresponding examples. However, substitution of 

the O2- with N3- can lead to the generation of the oxygen vacancies as undesirable 

effect. The same may occur when Ga3+ is substituted by Zn2+ and furthermore these 

impurity levels often provide discrete energy level in the forbidden band rather than 

an energy band. This can lower the efficiency of the charge generation process or 

obstruct their migration in the bulk or at the surface [Maeda et al. 2016]. In Fig. 2.1 

the presented band gap is an electronic band gap and it can differ from the optical 

band gap, depending also from the measurement method. An electronic band gap is 

the energy difference between CBM and VBM or more precise between the highest 

occupied and the lowest unoccupied electron state at absolute zero temperature. If 

the positions of the bands are measured by an electron spectroscopy (e.g. tunneling 

spectroscopy) an extra electron is injected during the process and it needs to over-

come the Coloumb repulsion caused by all other electrons in the material. On the 

other hand, to observe the optical band gap (as described in chapter 3.4.4) the ab-

sorption coefficient as a function of the wavelength is measured and the charge state 

of the material remains unchanged. In other words, a photon has just enough energy 

to create the electron-hole exciton, but not enough energy to separate them, while 
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the number of electrons before and after the excitation remains the same. If the sem-

iconductor has a direct band gap than the electronic and the optical band gaps are 

equal. On the contrary, if the semiconductor has an indirect band gap the electronic 

band gap is slightly larger than the optical band gap. In general, for the metal oxides 

or oxynitrides this difference is not so significant as it is for the organic semicon-

ductors (e.g. OLEDs).  

After irradiation with UV or visible light the photogenerated electron-hole pair 

can either recombine or take part in redox reactions. The recombination process 

becomes very fast and takes a few nanoseconds and most of the electron-hole pairs 

recombine with dissipation of heat. On the other hand, their migration to the surface 

is a slow process that usually takes a few hundreds of nanoseconds or even milli-

seconds [Cossi et al. 2002 and Wang and Liu 2009]. If the photocatalyst is na-

noscaled the path to the surface is shorter and, therefore, the probability is higher 

that charge carrier will reach the surface. The smaller the particles are the higher 

their specific surface area is, which represents the largest defect of the material. 

Linsebigler et al. [1995] and Hoffmann et al. [1995] reported that if the diameter of 

the nanoparticles is less than 10 nm due to quantum confinement effect the optical 

and electronic properties of semiconductor changes to that of quantum dots. As a 

result, the band gap increases and band edge positions are shifted to yield larger 

redox potentials, which affects the photocatalytic activity of the material. An in-

crease in the effective band gap for ZnO nanoparticles is demonstrated when parti-

cle diameter decreases from 8 nm to 4 nm (Fig. 2.2). If the charge carrier transfer is 

the rate-limiting step, the quantum size effect and very small nanoparticles may in-

crease the photoefficiency of the system. Additionally, the density of the surface 

defects due to a large surface area controls the photoreactivity. Essential steps for 

the successful POWS reaction are therefore: efficient separation of the photogener-

ated charges, rapid transfer of the electron-hole pairs to the surface without prior 

recombination or trapping by defects and the surface catalytic reaction between ad-

sorbed species and photoexcited charge carriers. These steps are affected by many 

factors, such as: crystal structure of the material, particle size, crystallinity, surface  
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Fig. 2.2: Quantum size effect on bandgap of ZnO semiconductor. Reproduced and ad-

justed from [Linsebigler et al. 1995] 

 
morphology and area, surface structure, type of the co-catalyst, various adsorption 

capacities for oxygenated species and acid-base behavior. 

2.2 Gallium Based Oxide, Nitride and Oxynitride Materials 

β-Ga2O3 is a metal-oxide with d10 electronic configuration and a band gap of 4.8 eV 

– 4.9 eV able to absorb UV light with a wavelength below 280 nm [Maeda et al. 

2011]. It exists in several polymorphs, such as: α, β, γ, σ and ε. α-Ga2O3 is a low 

temperature phase usually obtained by decomposing precipitated and aged Ga(OH)3 

over 500°C and occurs in the corundum α-Al2O3 crystal structure. Thermodynami-

cally, the most stable phase is β-Ga2O3 obtained above 600°C and via CVS method 

the only phase obtained with high purity (melting point Tm = 1725°C). β-Ga2O3 has 

a monoclinic crystal structure (Fig. 2.3A). The O2- ions are packed in a distorted 

cubic closest arrangement, while the Ga3+ ions occupy tetrahedral and octahedral 

lattice sites (Fig. 2.3B-C) with Ga-O bond lengths of 1.83 Ȧ and 2.00 Ȧ, respec-

tively [Geller et al. 1960]. The lattice parameters of the bulk β-Ga2O3 reported by 

Kohn et al. [1957] are a = 12.23 ± 0.02 Ȧ, b = 3.04 ± 0.01 Ȧ, c = 5.80 ± 0.01 Ȧ and 

α = γ = 90° and β = 103.7 ± 0.3°. When the particles are nanoscaled there are small 

differences in length of the lattice parameters for Ga2O3 compared to bulk, as well 

for all other materials made from the gas phase. GaN is a III/V semiconductor with 

a band gap of 3.4 eV, and appear as well as ZnO (II/VI semiconductor group) with  



16      2.2 Gallium Based Oxide, Nitride and Oxynitride Materials 

 
Fig. 2.3: A –  β-Ga2O3 with monoclinic crystal structure, B – Ga(I) in tetrahedral sites 

and C – Ga(II) in octahedral sites (presented by using visualization software VESTA) 

 
a band gap of 3.2 – 3.3 eV in the wurtzite crystal structure (Fig. 2.4) with closely 

matched lattice parameters (GaN: a = 3.186 Ȧ, b = 5.186 Ȧ [Levinshtein et al. 2001] 

and ZnO: a = 3.249 Ȧ, b = 5.207 Ȧ [Klingshirn 2010] with α = β = 90° and γ = 

120°). Without changing the wurtzite structure GaN and ZnO are interchangeable 

by isomorphic substitution in a solid solution of GaN:ZnO, what is actually 

(Ga1−xZnx)(N1−xOx) [Adeli and Taghipour 2013]. GaN appears as a yellow powder, 

while ZnO is pure white. Both materials can be directly synthesized via CVS, but  

 

 
Fig. 2.4: A –  Hexagonal crystal structure in general (CorelDRAW X8 software used for 

schematic presentation) and unit cells (wurtzite phase) of B – GaN and C – ZnO (presented 

by using visualization software VESTA) 
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GaN can be also a product of nitridation of CVS β-Ga2O3 (see chapter 4.3). Another 

material which can be synthesized directly from the gas phase and used as CVS 

precursor material for obtaining (Ga1−xZnx)(N1−xOx) is the spinel zinc gallate, 

ZnGa2O4. It is a wide-band gap semiconductor with a band gap energy of approxi-

mately 5 eV and with a cubic spinel structure with lattice parameters a = b = c = 

8.335 Ȧ, and α = β = γ = 90° (Fig. 2.5). Ga3+ ions occupy the octahedral sites with 

Ga-O bond length of 1.90 Ȧ, while Zn2+ occupy tetrahedral sites with bond length 

Zn-O of 2.03 Ȧ. Chen et al. [2009] explained in detail the effects of different starting 

materials, such as mixture of ZnO-Ga2O3 and ZnGa2O4 on the final properties of 

(Ga1−xZnx)(N1−xOx). During the nitridation the spinel is converted to wurtzite (the 

solid solution GaN/ZnO). Zn ions are initially in tetrahedral positions and remain 

there without the need of reconfiguration. The Zn-O bond in ZnGa2O4 is shorter 

than the Zn-O in ZnO and needs to get elongated. In contrast, Ga3+ ions are rear-

ranged from tetrahedral to octahedral sites and at least two Ga-O bonds are broken, 

while oxygen is removed and substituted by nitrogen during nitridation. Comparing 

the bond enthalpies of Zn-O (1.65 eV) and Ga-O (3.66 eV) it is clear that breaking 

the Ga-O bond is a rate limiting step of the phase transition into the wurtzite struc-

ture [Linde 1993]. The elongation of the Zn-O bond during the phase transition 

leads to more facile breaking and, therefore, the depletion of metallic Zn from the 

structure. Since the Zn2+ ions are incorporated into the crystal structure of the spinel  

 

 
Fig. 2.5: Zinc gallate (ZnGa2O4) with a cubic spinel structure and Zn:Ga ratio of 1:2 

(presented by using visualization software VESTA)  
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ZnGa2O4 it is expected that the Zn will abandon the structure slower than in physical 

mixture of ZnO-Ga2O3 where ZnO is free and easier to reduce. The ratio Zn:Ga in 

the spinel ZnGa2O4 is 1:2 structure and the maximum Zn/(Zn+Ga) ratio is 0.33. If 

Ga2O3 and ZnO react and form ZnGa2O4 during the synthesis this ratio can always 

be maximally 0.33 regardless how much ZnO was present in the beginning. Surplus 

amount of Zn species (when Zn:Ga > 1:2) will form ZnO, while the rest of Zn will 

react with Ga and O to form spinel ZnGa2O4 structure. This addition of the surplus 

ZnO is found to promote the crystallization of the oxynitride and controls the Zn 

content [Sun et al. 2007]. Because of the interaction of the Zn 3d with O 2p and N 

2p orbitals, causing a so called p-d repulsion, the VBM is shifted and the band gap 

is narrowed improving the photocatalytic activity [Maeda et al. 2005]. With de-

crease of the Zn content this shift will not be so pronounced and the activity de-

creases (Fig. 2.6). It is possible to increase the Zn content using mixtures of ZnO-

Ga2O3, but since the ZnGa2O4 intermediate is formed the final Zn/(Zn+Ga) ratio 

will always be limited. Jensen et al. [2008] predicted that a Zn/(Zn+Ga) ratio of 0.5 

will lead to smallest band gap energy and the highest activity using density func-

tional theory (DFT). Some higher values can be reached at the disadvantage of the 

crystallinity of the materials, but their activity will not be improved. 

 

 
Fig. 2.6: Higher Zn/(Zn+Ga) content narrows the band gap energy of the oxynitride 

shifting the wavelength to higher values (as an orientation for the ratio of 0.13 is Eg = 2.58 

eV) (b-d) compared to pure GaN (a) and ZnO (e) active only in deep UV region around 

400 nm. Reproduced from [Domen et al. 2005] 
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2.3 Chemical Vapor Synthesis (CVS) 

Chemical Vapor Synthesis (CVS) is basically a modified Chemical Vapor Deposi-

tion (CVD) method used to synthesize nanoparticles from the gas phase instead of 

films [Winterer 2002]. The gas phase reactions depend on process parameters (pres-

sure, temperature, flow conditions, substrate, reactor type and length, composition 

of the gas phase etc.). Breiland and Ho [1993] observed ‘snowing’ in the reactor 

during CVD, which means the formation of ultrafine nanoparticles as byproducts 

contaminating the films. In CVS processes the mean free path length λ in the reactor 

is small compared to the reactor diameter dr. The ratio is presented by the dimen-

sionless Knudsen number and CVS operates always in the continuum flow regime 

(Kn < 1). In Figure 2.5A the deposition rate Jdep (film growth rate) as a function of 

temperature, which is just one of the adjustable process parameters, is shown, as 

well the transition from CVD to CVS regime. Three regions can be observed. (I) – 

at lower temperatures, higher concentration of evaporated precursor matter is trans-

ported to the substrate surface. The film growth rate (heterogeneous nucleation) is 

kinetically controlled following an Arrhenius law: 
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RT
= ⋅ −                                         (2.1) 

 
limiting the surface reaction. (II) – when increasing temperature, the synthesis re-

action speed increases and reaches a plateau. In this area the reaction speed is so 

high that a concentration boundary layer is formed at the substrate surface. The 

deposition rate is then determined by the diffusion of the reaction species through 

the boundary layer: 
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where: D – diffusion coefficient of the species, nr – gas concentration of the reactive 

component and δj – thickness of the boundary layer. (III) – if the temperature in-

creases further, the deposition rate decreases due to generation of supersaturated va-  
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Fig. 2.5: Influence of the temperature (A) and precursor partial pressure (B) on the film 

growth rate in CVD and moment when in reactor is starting ‘to snow’ and nanoparticles are 

formed by CVS. Adapted from [Kodas and Hampden-Smith 1994] 

 
por and in this moment the ‘snowing’ in the reactor starts. When the precursor par-

tial pressure ppr is high enough the formation of the nanoparticles is then initiated 

by homogeneous nucleation (Fig. 2.5B). This typical CVD curves are described by 

Kodas and Hampden Smith [1994]. Process parameters can be adjusted to switch 

from CVD to CVS from heterogeneous to homogeneous nucleation. CVS is favored 

at high temperatures, high partial pressures of monomers at a low vapor pressure of 

the bulk solids, long residence times in the reaction zone (long reactors or low gas 

flows). The residence time τres is calculated from the ratio of the volume of the CVS 

reactor Vreactor to the volume flow dV/dt through the reaction zone: 

 

                                                     
/
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V
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τ =                                                          (2.3) 

 
Disadvantages of the CVS method are the agglomeration of the collected particles, 

complex synthesis setups and high-energy consumption. Despite aforementioned 

drawbacks CVS can produce nanoparticles of very high purity, narrow particle size 

distribution, high crystallinity and large surface to volume ratio, which correspond 

to the requirements of the POWS.  
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2.3.1 Fundamentals of Gas to Particle Conversion  

For homogeneous nucleation to occur it is necessary to generate a state of a super-

saturated vapor consisting of atomic or molecular species with partial pressures 

higher than the corresponding equilibrium vapor pressure. The supersaturated vapor 

can be either formed by chemical reaction, such as irreversible decomposition of 

the precursor (in CVS) or by physical processes, like rapid cooling when the vapor 

pressure of the species is decreased. The first step in CVS is the decomposition of 

the precursor and conversion into monomers. The monomers move in Brownian 

motion, collide and stick to each other to build clusters. In collision with other mon-

omers clusters can grow and the concentration of the monomers decreases (reduc-

tion of supersaturation) followed by decrease in free energy of clusters. Thermody-

namically, this state is unstable until spherical nuclei with a critical radius r* is 

reached and a new surface is created with tendency to reduce surface tension. Until 

the critical radius is not reached the cluster can separate into monomers back. Be-

yond the critical radius, which is an irreversible process, the primary particles are 

formed and they can only grow further on. Particle growth can proceed in two ways: 

by condensation and by coagulation [Hinds 1999]. If the concentration of the parti-

cles is low the collision probability between particles also decreases and the growth  

 

 
Fig. 2.6: Schematic representation of the physicochemical processes during CVS by gas 

to particle conversion – generation of Ga2O3 from Ga(acac)3 
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mechanism proceeds by monomers condensing onto existing particles [Kodas and 

Hampden-Smith 1999]. These basic physicochemical processes of the particle gen-

eration in the gas phase are presented in Figure 2.6 and formation of Ga2O3 nano-

particles from Ga(III)acetylacetonate precursor is used as an example. 
 

Precursor decomposition  
In this work different nanoparticles are synthesized, as previously described. Solid 

precursors such as: Ga-, Mn-, Rh- and Fe-acetylacetonates and Zn-tetramethyl-hep-

tanodionate are used either for synthesis of nanoparticles or for doping. The com-

bustion / pyrolysis of solid precursors in presence of oxygen generate the desired 

metal oxides, as well as water and carbon-dioxide as byproducts. Because of the 

presence of oxygen in the structure of the solid precursors they are generally not 

applicable for synthesis of nitrides. Therefore, liquid Ga metal-alkyls are used for 

synthesis of gallium nitride. Due to the variety of the precursors employed in this 

work the thermal decomposition of the main precursors is presented in Chapter 4 - 

Results. Simplified, the kinetics of the thermal decomposition can be described as 

irreversible pseudo first order reaction: 
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where: Npr – number density of the precursor molecules, k – reaction constant 

[Okuyama et al. 1990] and can be calculated as: 

 

                                                  0 exp( )A

B

E
k k

k T
= −                                             (2.5) 

 
where: k0 – pre-exponential factor, EA – the activation energy, kB – Boltzmann con-

stant and T – process temperature. 

 

Coagulation 
The primary nanoparticles generated by precursor decomposition move in the gas 

phase by Brownian motion and coagulate forming agglomerates, thus increasing 
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their size [Hinds 1999]. While the number of agglomerates increases the total num-

ber of the primary particles decreases due to collision and coagulation. The number 

density of the agglomerates Na depends on the collision frequency β: 
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β= −                                           (2.6) 

 
Considering monodisperse particles [Fuchs 1965] the collision frequency β and the 

rate of change in the agglomerate number density due to Brownian coagulation 

mechanism [Pratsinis 1988, Seinfeld and Pandis 1998] is given as: 
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where: Dp – particle diffusion coefficient, dc – collision diameter of the agglomerate, 

cp – average particle velocity, g – transition parameter from free molecular (Kn >> 

1) to continuum regime (Kn << 1), where Kn is the particle Knudsen number. The 

particle diffusion coefficient Dp is directly proportional to temperature T and indi-

rectly to gas viscosity ηg and particle collision diameter dc. If the particle diameter 

is significantly smaller than mean free path of the gas (dp << λgas) than the transition 

parameter is much larger than collision diameter (g >> dc). The collision diameter 

dc of an agglomerate is described by: 
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where: dp – primary particle diameter, Vag – volume of the agglomerate, Aag – sur-

face area of agglomerate and Dfr – fractal dimension of the agglomerate. [Winterer 

2002] describes that the collision and agglomerate diameters are identical if the 

fractal dimension Df = 3. The coagulation time tc represents the time for which the 

number density of particles is reduced by half and can be estimated as: 
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If the volume of agglomerate Vag is compared to the volume of the primary particle 

Vp the number of the primary particles Zpp contained in an agglomerate can be esti-

mated as the degree of agglomeration: 
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Coalescence 
Coalescence is the process in which two or more particles merge forming sintering 

necks during their contact producing new bigger particles. Due to the tendency of 

agglomerates to reduce their surface energy they coalesce decreasing the surface 

area. The characteristic coalescence time tsinter is limited by grain boundary diffusion 

process [Winterer 2018] and can be expressed as: 
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where: dp – primary particle diameter, kB – Boltzmann constant, T – process tem-

perature in the gas phase, σ – sintering constant, ω – width of the grain boundary 

interface, Ω – volume of diffusion species, γ – surface free enthalpy, Dgb – grain 

boundary diffusion coefficient, D0 – pre-exponential factor, Egb – activation en-

thalpy of diffusion. Friedlander [2000] explained the influence of sintering and col-

lision rate (coagulation) on the formation of the final particles and nature and 

strength of the bond between them (Fig. 2.7). Particles will be rapidly sintered / 

coalesced if the sintering time is much shorter than the collision time and spherical 

new bigger particles are formed. When the rates approach each other two types of 

than the sintering rate the particles will be sintered only partially and form hard 

agglomerates. On the other hand, if the sintering speed increases and it is much 

faster than the collision rate the sintering necks are formed between the particles 

and hard coalescence to obtain non-agglomerated particles. 
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Fig. 2.7: Influence of collision rate (coagulation) and sintering rate on formation of soft and 

hard agglomerates or single new bigger particles. Reproduced from [Friedlander 2000] 

 

Particle collection by thermophoresis 
Formed particles are separated from the gas phase in the particle collector based on 

the thermophoretic effect. The thermal force and particle motion are always in di-

rection to the colder surfaces (decreased temperature). Mobile particles in the gas 

phase respond to the temperature gradient between the hot gas stream and the cold 

stainless steel walls of the collector and stick to the walls. The deposition mecha-

nism of the particles on the walls of the collector is well documented by Schilling 

et al. [2014]. Where in the collector the particles will be deposited depends on their 

velocity Vtp, which is dependent on thermophoretic force Ftp and this one is propor-

tional to particle size dp and temperature gradient ∇T [Hinds 1999]: 
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where: p – gas pressure, λ – mean free path, T – absolute temperature of the particle, 

ηg – viscosity of the gas and ρg – density of the gas. Schilling [2014] simulated the 

process of particle deposition on the walls of the collector with variation of the pro-

cess parameters. One of the disadvantages of this type of the collector is the drop in 
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collection efficiency within a time by increasing the layer thickness of deposited 

particles on the wall acting as thermal insulation. Moreover, the particles are ex-

posed to ambient air when opening the collector, which has a negative influence on 

the GaN nanoparticles as they easily oxidize, particularly if they have a high surface 

area.



3 Experimental methodologies 
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3.1 Modular Design of CVS Setup and Unit Operations 

     
Fig. 3.1: Schematic presentation of the CVS system in general 

 

In general, the experimental CVS setup is divided into four segments: a gas supply 

with a precursor delivery unit, a reactor, a thermophoretic particle collector and a 

pressure control unit (Figure 3.1). This system is modular enabling the addition or 

modification of improved or new parts. 

Gas supply and precursor delivery unit: Gas flows are regulated by thermal 

mass flow controllers connected to a central microprocessor unit (Multi Gas Con-

troller 647C, MKS). Helium (Air Liquide, Alfagaz 1, 99.9999 %) is used as a carrier 

gas through the precursor delivery zone being saturated with precursor vapors de-

livering them to the reactor. Helium has a high thermal conductivity and it is, there-

fore, advantageous over nitrogen to use as an inert carrier gas. As a reaction gas 

either oxygen (Air Liquide, Purity 5.1, 99.9991 %) or ammonia (Air Liquide, 99.999 

%) are used for the synthesis of oxides or nitrides, respectively.  

Depending on the precursor state – solid or liquid, the evaporation method differs 

and precursors are delivered to the reaction zone in gas state. The flow rate of carrier 

and reaction gases differ (600 / 1700 sccm and 50 / 1200 sccm, respectively). Solid 

precursors are placed into a boat made of MACOR (a machineable glass-ceramic) 

and thermally evaporated using heating mantles positioned around the alumina tube. 

Unlike sublimation process where solids transform directly to gas these solid pre-

cursors melt forming an intermediate liquid phase. The main solid precursors used 
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in this work are gallium(III)acetylacetonate (Ga(acac)3; Tm = 196ºC; M = 367.05 

g/mol) and bis(2,2,6,6-Tetramethyl-3,5-heptanedionato)zinc (Zn(TMHD)2; Tm = 

134ºC; M = 431.92 g/mol). Koponen et al. [2016] reported about selection criteria 

for volatile solid precursors. It is advantageous to use liquid precursors in a more 

efficient process to minimize precursor waste and reduce processing time at con-

stant vapor pressure. In other words, the surface area from which the liquid precur-

sor is depleted is constant and continually refreshed and, therefore, the evaporation 

kinetics do not change. This is not the case for the solid precursors, where evapora-

tion depends on particle size, which may vary from batch to batch and manufacturer. 

The vapor pressure of solid and liquid precursors can be estimated using Antoine 

equation: 
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where: a and b – Antoine parameters specific for each substance, T – temperature 

in K and ppr  – partial pressure of the precursor (when equal with the system pressure 

the evaporation is uncontrolled).  

Liquid precursors used in this work are triethylgallium (TEG; M = 156.9 g/mol) 

and diethylzinc (DEZ; M = 123.5 g/mol) from the group of metal-alkyls. These very 

reactive substances are placed inside a stainless steel bubbler kept at a constant tem-

perature (-5ºC) using an oil bath. Helium gas (50 sccm) is passed through the bub-

bler to get it saturated with a vapor of the liquid precursor. Metal-alkyls are danger-

ous during handling and to use them we developed a novel system for precursor 

delivery to do so. Due to its complexity and importance not only for this, but also 

for future work, this unit is presented in chapter 3.1.1 in more details.  

Tube furnace as reaction zone: The reaction in the gas phase takes place inside 

an alumina tube with an inner diameter of 18 mm placed inside a resistance tube 

furnace. In this work a resistance furnace with a total heated length of 900 mm (STF 

Carbolite, Tmax = 1650°C) is used for synthesis of Ga2O3, ZnGa2O4 and GaN. For 

the mixture of the ZnO-Ga2O3 nanoparticles a second resistance furnace is added in 

line with a total heated length of 400 mm (Carbolite MTF12/38/400w Tmax = 

1200°C). If the Zn and Ga source are added before the first reactor they will mix 
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immediately in the reaction zone and form spinel ZnGa2O4. If the Ga2O3 nanoparti-

cles are already formed in the first reactor and Zn source is added between the first 

and the second reactor the Ga2O3 and ZnO nanoparticles will be physically mixed 

or form core-shell structures. Those variations of the modular CVS system are sche-

matically shown in Figure 3.2. 

Particle collector: the synthesized nanoparticles are separated from the gas phase 

in a thermophoretic collector. It has a meander-shape to increase the total powder 

collection efficiency. Temperature gradient is established by quartz lamps posi-

tioned in the channels (T ≈ 500°C), while the stainless steel walls are cooled by 

water (T ≈ 20°C). Particles move towards the colder surface. They are deposited on 

the walls and after opening the collector they can be collected being exposed to the 

ambient atmosphere at the same time. The main drawback of this type of the col-

lector is reaction of air with nanoparticles, which leads to oxidation of the nitride 

nanoparticles. Air humidity is adsorbed on the surface of the nanoparticles as well.   

 

 
Fig. 3.2: Variation of the precursor delivery unit / reaction zone for generation of  

nanoparticles with different chemical composition 
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It has to be added, that during the synthesis there is a danger of cyanide formation 

as the side-product in reaction of ammonic acid with metalorganic precursors. To 

minimize this risk, the system is evacuated and refilled with nitrogen five times. A 

person who carries out experiments is obligated to wear a special protective mask 

with corresponding filter and sensor is used to detect possible presence of cyanides.  

Pressure control unit: Low pressure (20 mbar for liquid and up to 300 mbar for 

solid precursor) is maintained by using a pumping system (dry screw pump, Busch 

Cobra NC600A, 570 m3 h-1, ultimate pressure < 0.01 mbar). In order to monitor and 

to keep the system pressure constant a capacitive absolute pressure gauge (MKS 

Baratron 1000) and a butterfly valve are used. In order to have a successful reaction 

the precursor molecules A and reaction gas molecules B should have high enough 

energy (activation energy) when they collide. In general, the number of the colli-

sions ZAB is given by the collision theory in the gas phase: 
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where: N/V – Number density of the species, σAB – reaction cross section of the 

molecular species that collide, kb – Boltzmann’s constant, T – temperature, m – mass 

of the reactants. The average distance travelled by a gas species before the collision 

occurs is called mean free path λ. The choice of the pump and, therefore, vacuum 

range that can be achieved (coarse: 300-1 mbar, fine: 1-10-3 mbar, high: 10-3-10-7 

mbar, ultra-high: 10-7-10-12 mbar) influences strongly the mean free path: 
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The average velocity c̅ is directly proportional to temperature and inversely propor-

tional to system pressure. In this work low vacuum is maintained and the gas flow 

through the alumina tube with the length lRT and inner diameter dRT (18 mm) is lam-

inar. The relation between the mean pressure value ⟨p⟩, suction power qpV, conduct-

ance LVP of the vacuum pump and pressure difference Δp is given as following: 
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where: η – viscosity of the gas. If the mean free path of the gas species is longer 

than the diameter of the reaction tube (when high vacuum is maintained) there will 

be no collisions and no particles. Chapter 4.1.2.1 shows in more details how strongly 

the system pressure influences the synthesis process.  

3.1.1 Bubbler Box for Handling Metal-Alkyls 

Metal-alkyls, such as TEG and DEZ are highly pyrophoric materials. Exposing 

them accidentally to air in case of a spillage an immediate reaction with oxygen will 

occur, which leads to ignition and fire. Even worse, in direct contact with water very 

loud and violent reaction / explosion occurs releasing highly flammable gases. With 

complete combustion, the fire generates water vapor, carbon dioxide and metal ox-

ide in the form of white smoke. On the other hand, the products of incomplete com-

bustion may be carbon monoxide, some hydrocarbons (alkanes / alkenes) and other 

hazardous gases. Failure to follow proper handling procedure can lead to serious 

injuries, death and significant damage to facilities. Therefore, these materials should 

be handled under inert atmospheres that rigorously exclude the presence of the ox-

ygen / moisture. They are delivered in portable tanks (containers) and it is necessary 

to work inside a glove box to transfer the metal-alkyls to the stainless steel bubblers 

suitable for work in the CVS system. Caution is necessary with contaminated sy-

ringes, cannulas, glassware, wipes, spatulas, gloves etc. All equipment needs to be 

decontaminated outside the glove box and there is a risk of ignition and inhalation 

of the hazardous gases or severe burns if in direct contact with skin or eyes. A stand-

ard commercial glove box is used only for storage of such materials or bubbler re-

filling. To minimize the risk, an alternative strategy is to have the stainless steel 

bubblers refilled by Dockweiler Chemicals (Germany). Additionally, a unique inert 

gas box, called bubbler box, is designed and constructed. From the aspect of safety 

this is a very important innovation not only to store the metal-alkyls, but to function 

as precursor delivery unit. To the best of our knowledge there is no similar system 
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developed and it would be also very useful for other processes like chemical vapor 

deposition or atomic layer deposition.  

Bubblers with TEG and DEZ are equipped with an K-type thermocouple to meas-

ure the temperature inside the liquid during the synthesis providing accurate real-

time information. Additionally, an ultrasonic point level system (Sensaras, 

PLS9600 Series) is mounted in the ½” VCR port and designed to detect the level of 

the liquid inside the bubbler using multiple sensing points. It is not dependent on 

color, viscosity, dielectric properties or density of the liquid. If the bubbler is empty 

it is sent for refilling and regular technical service. After delivery the bubbler is 

placed inside the bubbler box (Fig. 3.3). Specially designed walls of the box have a 

thickness of 18 mm with a layered structure (metal-foam-metal). Between the alu-

minum metal plates titanium-based foam is designed to absorb the impact of an 

explosion. The body itself has dimensions 850/700/700 mm. It is equipped with a 

window on one side made from 20 mm thick polycarbonate glass with pneumatic 

sealing and quick release fasteners for easy opening to access the inner space of the 

box. The butyl gloves are mounted in case of emergency to handle the bubbler dur-  

           

     
Fig. 3.3: Constructed bubbler box in cooperation with SylaTech GmbH, Germany (left) 

and designed model of the bubbler box using Pro Engineering Creo Parameters (right)  
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ing the synthesis, but also to initiate the start / end of the process. DIN ISO KF 40 

and KF 50 adapters are mounted on the walls of the chamber and corresponding 

feedthroughs are installed to connect the bubblers / equipment inside the box with 

instruments outside of it. The maximum leak rate of the box is 0.05 Vol.% / h (ISO 

10648-2). In order to maintain an inert atmosphere (N2) in the box (O2 < 1 ppm and 

H2O < 1 ppm) a flushing and gas purification system with a capacity of O2 > 35 L 

and H2O > 1400 g is used. Once the copper catalyst is oxidized to copper-oxide the 

system needs to be regenerated using a gas mixture (95 % N2 and 5 % H2) to reduce 

the catalyst to copper. An electrochemical oxygen sensor with a response time less 

than 5 s with range 100 – 1000 ppm (OxyTrans) and a moisture sensor with range 

0 – 3000 ppm monitor the purity status of the atmosphere in the box. The pressure 

in the box is atmospheric with a standard deviation of ±10 mbar. For safety, there 

is a special rupture disc which is broken if the pressure rises above 1100 mbar. The 

box is operated using a controller with a touch screen control unit. Any leakage in 

the connections between the bubbler and the CVS system must be avoided.  

The precursor delivery process from the newly constructed bubbler box is sche-

matically presented in Figure 3.4. Two manual diaphragm high pressure valves (SS-

DSTW4-BL, Swagelok) are mounted on the bubbler inlet and outlet lines (1). It is 

required to manually open the valves when starting the synthesis for which the 

gloves in the bubbler box are used. To exclude the possible risk by handling the 

manual valves from the close distance three additional high pressure diaphragm 

pneumatic valves (3LSS4C-FV, Ham-Let): outlet (7), bypass (8) and inlet (9) are 

installed. Each pneumatic actuator is N.C type (normally closed) and nitrogen with 

a pressure of 3 bar is delivered to actuators pressurizing the membrane and opening 

the valve. For separate nitrogen supply each actuator is connected to the correspond-

ing port in the multiple pneumatic control valve island, which is connected to the 

main nitrogen supply line outside the box via feedthrough with VCR high-purity 

connections. Each port of the island is connected via an electric feedthrough with a 

valve control process unit, specially designed for this process to open and close the  



3.1 Modular Design of CVS Setup and Unit Operations      35 

 
Fig. 3.4: The schematic presentation of the CVS process using specially designed bub-

bler box as a precursor delivery unit, where: 1 – manually operated valves; 2 – pressure re-

ducer; 3,4 – in-line moisture and oxygen sensors; 5 – proportional valve; 6 – capacitance 

Baratron manometer; 7-11 – pneumatically operated valves; 12 – butterfly valve 

 

valves from outside. The bubbler is always delivered under inert atmosphere (usu-

ally argon) at atmospheric pressure. Due to big pressure difference between bubbler 

(atmospheric) and CVS system (vacuum) the precursor liquid would be extracted 

very fast if the valve would be opened abruptly, thus representing a real danger. 

Therefore, two additional pneumatic valves (DP6L-FR4-CA, FITOK) are installed 

and work on the same principle like previously described valves. Position (11) is 

the valve to the CVS reaction zone and it is opened only when the synthesis is about 

to start, otherwise remains closed. Valve (10) is for the bypass line to evacuate the 

bubbler slowly to the synthesis pressure using the proportional valve (5). The pres-

sure is monitored by a capacitance manometer Baratron pressure gauge. Addition-
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ally, a second absolute pressure gauge is placed before the particle collector to mon-

itor the pressure during the synthesis in the reaction line (6). It is strictly forbidden 

to open the inlet (9), bypass (8) and outlet (7) valves at the same time – vacuum line 

would be in direct contact with the precursor liquid via inlet tube and due to suction 

of the liquid the reaction will be uncontrolled and could lead to an explosion. The 

function of the bypass valve (8) is exactly to prevent this risk during the synthesis 

when closed and to be able to purge the whole line when opened (if the manual 

valves are closed). It is advisable to evacuate and refill the bubbler with He at least 

three times to avoid any contamination. The flow of He is controlled by mass flow 

controllers (GE50A, MKS) with a possible flow rate of maximum 200 sccm. The 

physical limitation of the flow rate excludes any potential software error which may 

occur and over pressurize the bubbler if higher flow of the gas would be possible. 

The supply line of He is connected to in-line ZrO2 oxygen sensor (XZR400A2, 

Michell Instruments) and moisture sensor (Pura Online Hygrometer, Michell In-

struments). Since the maximum operating pressure for sensors is 1.5 bar the pres-

sure in the He supply line (initially 200 bar) is decreased using a pressure reducer 

(2) not to damage the instruments. The oxygen sensor (4) has a very fast response 

time with a high precision below 0.1 ppm of O2 (during synthesis the lowest detect-

able limit was 0.09 ppm) for a He flow of 3 L/h. The moisture sensor (3) measures 

the dew point in a temperature range from -40°C to -120°C and consists of a pol-

ished metal mirror that is cooled at constant pressure until moisture starts to con-

dense on it (dew point). At lower temperatures the moisture amount present in the 

gas decreases. For precursor delivery the He flow through the bubbler is set to 50 

sccm and TEG is kept on the constant temperature of 0°C. The bubbler is placed 

inside an oil bath in the box to regulate the temperature. Between the walls of the 

bubbler and the oil bath a spiral heat exchanger is placed and connected via feed-

through with VCR connections to special isolated hoses which withstand tempera-

ture of -50°C connected to an oil bath with circulation function (LAUDA ECO RE 

1050 SN, temperature range from -50°C to 150°C). As a heat transfer medium a 

polydimethylsiloxane oil (FRAGOLTHERM X-40, temperature range from -60°C to 

220°C) is used. 
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3.2 Nitridation Setup 

For nitridation of the synthesized powders two different setups are used. In the first 

thermal nitridation of the powder is carried out in a hot wall reactor at atmospheric 

pressure using 300 sccm of NH3 as nitrogen source. The influence of the nitridation 

time (from 10 min to 10 h) and temperature (from 450°C to 850°C) on particle 

characteristics is investigated and described in detail in chapter 4. The second type 

of setup is a combined microwave plasma reactor (MWR) with a hot wall reactor 

(Fig. 3.5).  

The MWR is used to generate reactive nitrogen (radical) species from NH3 and 

N2 at low temperatures. In order to generate a microwave plasma 300 sccm of Ar 

(Air Liquide 4.8) is introduced together with the reaction gas, experimentally found 

to be the right mixture with adapted gas density to initiate its ionization and for-

mation of the radicals. In the MWR a microwave power of 750 W is used. The 

plasma glow is pink in color. In the MWR a quartz glass tube with an inner diameter 

of 18 mm is used and found to give better results compared to an alumina tube. The 

MWR is positioned very close to the hot wall reactor to decrease the recombination 

of the formed radicals and to keep the ion flux high. The pressure used in this pro-

cess is 50 mbar, while under atmospheric pressure the density of the gases is too 

high and the MWR process is very unstable and impossible to control. A similar 

setup was used in the work of Ali et al. [2009] for the synthesis of the nanoparticles. 

 

       
Fig. 3.5: Schematic representation of the nitridation setup (left) using combined micro-

wave plasma reactor and hot wall reactor (T = 850°C, p = 50 mbar, t = 5 h) and afterglow in 

the MWR of the ionized gas mixture Ar-NH3/N2 (right) 
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3.3 Setup for Photocatalytic Overall Water Splitting 

All photodeposition and overall water splitting experiments are performed by 

G.W.Busser, J.Menze and P.Weide [Ruhr-University Bochum, Laboratory of Indus-

trial Chemistry].  

 

Co-catalyst photodeposition / overall water splitting experiments are carried out in 

a specially designed three-phase reactor (Fig. 3.6) with continuous on-line detection 

of the generated gases. Nanoparticles synthesized by CVS are ultrasonicated in 50 

mL of deionized H2O for 10 min to break the soft agglomerates and then suspended 

in aqueous solution with addition of about 8 vol. % of methanol (total volume of 

550 ml). Methanol is used as a sacrificial agent for the oxidation reaction. 

The reactor housing is made of quartz and as an irradiation source a lamp is po-

sitioned in the middle surrounded by liquid containing catalyst nanoparticles. De-

pending on the desired light wavelength two types of lamps can be used: mercury 

lamp [Peschl, Hg immersion lamp TQ, power adjustable from 0 to 700 W, typical 

power applied: 500 W; λ = 250 – 600 nm) or a Xe lamp (Peschl, Xe immersion lamp  

 

               
Fig. 3.6: Schematic representation (left) and laboratory setup (right) for the co-catalyst 

photodeposition / photocatalytic overall water splitting experiments connected with sensors 

for on-line detection of the H2, O2 and CO2 gases. Photos are printed and used with permis-

sion of G.W.Busser 
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TX, 150 W, λ = 400 – 800 nm). The suspension is stirred using a magnetic stirrer 

and degassed by flushing 96 sccm of N2 to remove residual gases. The lamp is 

switched on immediately to investigate the aqueous methanol reforming activity of 

the pure CVS nanoparticles. Co-catalyst: 0.1 wt.% CrxOy and 0.1 – 0.6 wt.% Rh are 

added from metal salt solutions K2CrO4 and Na3RhCl6, respectively. The methanol 

solution is filtrated and the filter cake washed with distilled water to remove the 

metal salts residuals and at the end dried overnight.  

The overall water splitting experiments are performed stepwise and the evolved 

gas mixture is analyzed by a three-channel analyzer. A thermal conduction detector 

is used to detect H2, a paramagnetic detector for O2 and an infrared detector for CO2. 

The setup and additional details are presented by Busser et al. [2012].  

3.4 Characterization Techniques 

3.4.1 X-ray Diffraction (XRD) 

The spacing d between lattice planes in a crystal structure have the same order of 

magnitude (1 – 100 Å) as the wavelength of the X-rays and therefore XRD is used 

to generate diffraction patterns. XRD is a characterization technique used to deter-

mine crystal structure, microstructure and phase composition of a material. X-rays 

are generated by an X-ray tube where electrons are accelerated from a cathode (usu-

ally from tungsten) to an anode. Depending on the anode material (copper, silver, 

molybdenum etc.) X-rays have a characteristic wavelength λ. Accelerated electrons 

which have enough energy can eject an electron from the inner shell of the anode 

material leaving a hole. Holes are filled by other electrons from outer shells together 

with the emission of an X-ray photon. Only 1 % of the total energy can be converted 

into X-rays. CuKα radiation with a wavelength λ = 1.540556 Å is produced at 40 

kV and 40 mA in X-ray diffractometer (PANalytical X’Pert PRO) and Kβ radiation 

is filtered using a Ni-filter. The incident beam irradiates the sample and constructive 

interference occurs when the Bragg law [Bragg and Bragg 1913] is satisfied: 
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2 sinn dλ θ= ⋅                                                                                                                             (3.5) 

  
where: n –  integer; λ – wavelength of incident photons; θ – the angle between the 

incident X-ray and the scatter plane and d – spacing between the planes in the crystal 

structure. X-rays are diffracted as a result of their scattering from lattice points in 

the crystal structure and detected by linear position sensitive X’Celerator detector.  

Powder samples are analyzed on a zero-background holder (Si single crystal that 

is rotated during measurement) with a step size of 0.0167°, a scan speed of 0.006 

°/s and a time per step of 347.35 s. Scanning is performed usually in a range of 10° 

< 2θ < 120° and repeated 10 times before the averaged scan (diffractogram) is ana-

lyzed using Rietveld refinement [Rietveld 1969] with the MAUD software [Lut-

teroti, 2010]. Information about phase composition, crystal structure (position of the 

atoms, lattice parameters, occupation numbers etc.), as well as microstructure (crys-

tallite size, anisotropy, microstrain, defect probability etc.) are obtained. The 

method uses a non-linear least square algorithm to minimize the difference between 

experimental and calculated diffraction pattern and the residual function is pre-

sented as: 
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where: wi – weighting factor equaling 1/𝐼𝐼𝑖𝑖

𝑒𝑒𝑒𝑒𝑒𝑒, 𝐼𝐼𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 – observed intensity at the ith step 

and 𝐼𝐼𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 – calculated intensity at the ith step. The diffractogram is calculated by the 

classical intensity equation: 
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where: 𝐼𝐼𝑖𝑖

𝑏𝑏𝑏𝑏𝑏𝑏  – the background intensity at the ith step, s – scale factor, K – h,k,l 

Miller indices of a Bragg reflection, LK – factor containing Lorentz, polarization and 

multiplicity factor, FK – structure factor for the Kth Bragg reflection, PK – preferred 

orientation function, AK – absorption factor and ϕ – reflection profile function. A 
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diffraction pattern of the standard reference NIST LaB6 material is fitted to deter-

mine the instrumental resolution function using identical parameters as for the CVS 

samples. Instrumental parameters are fixed in MAUD to exclude the instrumental 

broadening and only parameters for crystal structure and microstructure are fitted. 

Analyses are carried out in Bragg-Brentano geometry using zero background holder 

(ZBH) with and without powder to remove the background from the sample signal. 

The degree of crystallinity Г is estimated from the ratio of the coherent scattered 

intensity to total scattered intensity from the diffraction pattern and is given as: 
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where: Icoh – intensity of the coherent scattering, Iincoh – intensity of the incoherent 

scattering and θ – scattering angle. This degree of crystallinity is a relative measure 

and it is calculated in the same way for each sample to provide consistent infor-

mation about the trend as a function of synthesis parameters. A combination of Popa 

approach [Popa 1998] and the Warren model [Warren 1990] implemented in the 

MAUD code are applied for size and microstrain anisotropy broadening and planar 

defect probability, such as intrinsic and twin faults.  

3.4.2 X-ray Absorption Spectroscopy (XANES and EXAFS) 

The main characteristics of X-ray absorption spectroscopy (XAS) is its element se-

lectivity and the sensitivity to the local structure. Experimental data are collected at 

synchrotron radiation facilities. XAS measures the absorption coefficient μ(E) as a 

function of photon energy E. In transmission mode incoming Io and transmitted I 

intensity of the X-rays are recorded [Koningsberger et al. 2000]. According to the 

Beer-Lambert law these are connected by: 

                                                                                                                              
                                                                                                                             (3.9) ( )E d
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Fig. 3.7: A – Principle of XAS and formation of the photoelectron and B – interference 

between the outgoing and backscattered waves (S – scatterer and A – absorber). Repro-

duced and adjusted from [Koningsberger et al. 2000] 

 
where d is the sample thickness. μ(E) is a decreasing function except for sudden 

jumps, so called absorption edges, which occur at characteristic values of the photon 

energy. When a photon has sufficient energy the photon excites a core electron from 

an atom above the Fermi energy and the photoelectron is created (Fig. 3.7A). Quan-

tum numbers n = 1, 2 and 3 describe the shell to which the core electron belongs 

and edges are labeled as K, L or M.  

As can be seen in Figure 3.8 the X-ray absorption spectrum (XAS) can be divided 

into three regions: pre-edge and X-ray fine absorption (XAFS), which can be further 

divided on X-ray Absorption Near Edge Structure (XANES) – 50 eV above/around 

the absorption edge and Extended X-ray Absorption Fine Structure (EXAFS) – over 

several hundred eV after XANES. XANES is associated with the excitation process 

of bound and quasi-bound states and sensitive to the oxidation state (valence) and 

coordination symmetry of the absorbing atom [Iwasawa et al. 2017]. EXAFS refers 

to the oscillatory behavior of the absorption coefficient above an absorption edge. 

The photoelectron can be considered as a spherical wave which propagates away 

from the absorbing atom and eventually interferes with the electrons of neighboring  

atoms. Part of this wave is backscattered toward the origin and therefore the inter- 
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Fig. 3.8: Pre-edge, XANES (multiple scattering) and EXAFS (single scattering) regions 

in XAS spectrum. Adapted from [Cheng et al. 2013] with use of experimental data recorded 

for CVS Ga2O3 for graphical illustration 

 

ference phenomena between the outgoing wave and backscattered wavelets occurs 

(Fig. 3.7B). This interference gives rise to modulation of the absorption probability. 

EXAFS oscillations may approximately be expressed as a sum of the sinusoidal 

functions of many shells on the basis of the single scattering theory, usually used as 

a fitting function [Koningsberger et al. 1988]: 
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with: k – photoelectron wave vector, 𝑆𝑆02 – reduction factor by multiple scattering 

factor, ri – distance between absorbing and scattering atoms, N – coordination num-

ber, F – backscattering amplitude function, ϕ – phase shift function, λ(k) – mean 

free path of the photoelectron and σ – Debye-Waller factor. The wave vector of the 

photoelectron k is given by equation 3.11 where: me – mass of the electron, E – 

incident beam energy, E0 – absorption edge energy and ħ – reduced Plank constant.  
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The measured intensity is first converted to μ(E), then normalized to the incident 

beam intensity I0 and reduced to χ(k). Normalized μ(E) is suitable for XANES anal-

ysis, while EXAFS demands the background-subtracted χ(k).  

In order to determine the local structure of the CVS and commercial powders 

experiments were performed using beamline 12.BM.B  with energy range 7.5 – 28 

keV at the Advanced Photon Source (APS) in Argonne National Laboratory, Chi-

cago, USA. Samples are prepared by mixing the Ga2O3 samples with starch powder 

(9.37 mg : 73.49 mg) and uniaxial pressed for 5 min at pressure of 30 kN to form a 

pellet with diameter of 13 mm covered with kapton tape. Transmission and fluores-

cence spectra are obtained at ambient temperature. The XAFS data is analyzed us-

ing the program xafsX [Winterer 1997]. The extracted EXAFS data are analyzed by 

Reverse Monte Carlo (RMC) method using the rmcxas program [Winterer 2000]. 

Number of Ga atoms, lattice constants and crystallite sizes from Rietveld refinement 

are used to obtain initial atom configurations. The visualization software VESTA is 

used for graphical display of the atomic configurations [Momma and Izumi 2011]. 

Theoretical amplitude and phase functions for RMC analysis are obtained using 

FEFF 9.6.4 simulations [Rehr et al. 2010].  

3.4.3 Low-Temperature Nitrogen Adsorption 

Low-temperature nitrogen adsorption is a method used for determination of: spe-

cific surface area, pore volume and pore size distribution of powders. The principle 

of the method is based on physisorption. The method is based on the measurement 

of gas needed to cover the surface of the sample in a molecular monolayer. It is 

assumed that molecules continue to physisorb in layers indefinitely, which is an 

extended Langmuir (monolayer) model. The powder sample, typically between 20 

mg and 50 mg, is placed in the glass cell (12 mm diameter) and cooled at the tem-

perature of liquid N2 (-195.15°C). At low relative pressure p/po first the micropores 

are filled when N2 is adsorbed. When the relative pressure is in range 0.05 – 0.35 

this linear region is called a BET (Brunauer-Emmett-Teller). It is used to determine 

the specific surface area [Lowell 2012] and in BET theory is considered that sample 
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surface is completely covered with a molecular monolayer of adsorbed N2 with vol-

ume Vm. BET equation is given as: 
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where: P – equilibrium experimental pressure, P0 – vapor pressure of the adsorption 

gas (N2) at TlN2 = (-195.15°C), V – volume of the gas adsorbed, Vm – volume of the 

gas adsorbed when the surface is covered by a monolayer of the adsorbate, C – 

constant related to enthalpy of adsorption, Ssp – specific surface area, AN2 and MN2 – 

cross section area (16.2 Å2) and molar mass of N2 molecules and msample – mass of 

the powder used for analysis. It is possible to determine the average particle diam-

eter with the assumption that all the particles are spherical and consist of a single 

phase. If the density of the powder is known (for β-Ga2O3 is 5.88 g/cm3) using a 

measured Ssp the particle diameter dBET is calculated as: 
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The degree of hard agglomeration Nagg represents the number of the primary parti-

cles in an agglomerate. It can be estimated from the ratio of the average particle 

volume from BET and the crystallite size from XRD: 
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A Quantachrome Autosorb 1C instrument is used to obtain the data. Prior to analysis 

the samples are degassed under vacuum at 120°C for at least 24 h to remove the 

moisture or easy volatile residual organics from the powder.  
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3.4.4 Ultraviolet-Visible (UV/Vis) Diffuse Reflectance Spectroscopy 

UV/Vis diffuse reflectance spectroscopy is a method to determine the band gap and 

absorption coefficients of powder samples in the visible and UV regime for wave-

lengths between 800 – 400 nm (λvis) and 400 – 100 nm (λUV). Two hemispherical 

mirrors collect the diffuse reflected light from the horizontally placed solid powder 

sample and direct it to the detector. Scattering and absorption behavior of the meas-

ured sample can be described by the Kubelka-Munk F(R∞) [Kubelka and Munk 

1931] equation: 
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where: K – absorption coefficient, Skm – scattering coefficient and R∞ – reflection of 

the sample layer with infinite thickness. The absorption coefficient α is correlated 

to the band gap energy Eg which is derived from F(R∞) by plotting [F(R∞)]1/n against 

photon energy hν known as Tauc-plot [Tauc 1968]. The value of the exponent n can 

be 2 or ½ for the direct or indirect band gap, respectively, denoting the nature of the 

transition. For gallium oxide samples a direct band gap transition is observed, while 

for mixed Zn-Ga oxide variations both direct and indirect band gap is observed for 

determination of the band gap by Tauc-plot. 

DRUV/Vis spectra are measured using a Perkin Elmer Lambda 650 spectrometer 

equipped with a Harrick Praying Mantis diffuse reflectance accessory. The sample 

is irradiated by light with a wavelength in the range from 800 nm to 200 nm at a 

resolution of 1 nm and an integration time of 0.4 s. BaSO4 is used as a 100 % internal 

reflectance standard, while the samples (25 mg) are diluted in 500 mg of BaSO4 and 

measured.  

3.4.5 Photoluminescence (PL) Spectroscopy 

PL spectroscopy is a technique for investigation of optical and electronic properties 

of semiconductors, as well impurities and defects present in the material. If the in-

cident photons have a larger energy than the band gap energy electrons are excited 
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from the valence to the conduction band and electron-hole pairs are created. After 

excitation the electrons return to the ground state. They can re-emit photons or un-

dergo different internal transitions [Aoki 2012]. PL spectra are recorded using a 

FL3-22 PPD HORIBA-spectrometer with a laser excitation source of a power of 1 

mW, slit width of 150 μm and integration times from 0.2 s to 5 s. In general, samples 

are measured in the range 260 – 802 nm and some samples with broader spectra 

also up to 866 nm or 916 nm. The measurements were carried out by Johanna Meier 

(AG Bacher).  

3.4.6 Dynamic Light Scattering (DLS) and Zeta-Potential 

Dynamic light scattering (DLS) is used to determine the hydrodynamic diameter dh 

of colloidal particles. A monochromatic laser beam is passed through a colloidal 

dispersion, light is scattered from the particles in all directions and detected by an 

analyzer. Due to the Brownian molecular motion of the particles there are time-

dependent fluctuations of the scattered light intensity, which are detected by a pho-

tomultiplier and evaluated by a correlator. The Stokes-Einstein equation provides 

the relationship between the diffusion coefficient D and the hydrodynamic diameter 

of the particles dh [Berne and Pecora 2000]: 

 

                                                    
3

B

h

k T
D

dπ η

⋅
=

⋅ ⋅
                                             (3.17) 

 
with: kB – Boltzmann constant, T – temperature and η – viscosity. Particle size dis-

tribution and the hydrodynamic diameter is measured using a Zetasizer Nano ZS 

(Malvern) with a He-Ne laser with a wavelength of 633 nm. A colloidal dispersion 

with 1 mg of powder and 10 ml of an appropriate solvent is prepared. An amount 

of 1 ml is filled into a cuvette and measured at room temperature. 

The zeta potential ζ of dispersion is measured as a function of pH to provide 

information about surface charge of the particles. By applying an electric field, 

charged particles move towards the electrode with opposite polarity. The diffuse 

layer can be sheared off, while the so called Stern layer remains strongly bound to 
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the surface of the particles [Clogston and Patri 2011]. The zeta potential is the po-

tential present at this ‘slipping plane’ boundary. The electrophoretic mobility µE of 

the particles is determined from the electrophoretic dynamic light scattering. The 

zeta potential is an indicator of the dispersion stability and can be calculated using 

the Henry equation: 
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where: ηzp – absolute zero-shear viscosity of the medium, ε – dielectric constant, 

f(kα) – Henry function and kα – measure of the ratio of the particle radius to the 

Debye length. The colloidal dispersions of nanoparticles with a zeta potential be-

tween -10 mV and +10 mV are considered as stable, while those exceeding values 

of -30 mV and +30 mV are highly anionic and cationic, respectively. Colloidal sta-

bility is important for POWS experiments. 

3.4.7 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is an analytical method for identification of organic compounds in the mate-

rial. Chemical bonds between different elements absorb the infrared light in the fin-

gerprint region with wavelength in region 1500 – 500 cm-1 causing oscillations and 

rotations in molecules. IR radiation is absorbed only if there is a change in the dipole 

moment within the molecule. The measurements were performed with an FTIR 

spectrometer IFS66v/S (Bruker) of the solid powders. The scattered radiation is 

composed of the radiation reflected from the surface and of the absorbed radiation, 

which is brought back to the surface by internal scattering processes. The signals 

arriving at the detector are decomposed into a sum of sine functions with different 

frequencies and amplitudes by the Fourier transformation. Diffuse reflectance in-

frared Fourier transform (DRIFT) spectroscopy is a convenient sampling technique 

used on samples without prior preparation. The IR irradiation interacts with the na-

noparticles and it is reflected from their surface, causing the light to diffuse or scat-

ter, as it moves throughout the sample. Measurements are carried out by Dr. Günther 



3.4 Characterization Techniques      49 

Prinz (AG Lorke) to investigate the presence of organic residuals on Ga2O3 particle 

surfaces with variation of the process temperature.  

3.4.8 Thermogravimetry (TG) / Differential Thermal Analysis (DTA) 

Combined TG/DTA is a thermal analysis technique used to observe the thermal 

properties of samples. Upon heating of solid powder TG measures mass change 

during the temperature-time controlled process in a defined atmosphere. The mass 

change occurs due to moisture evaporation, decomposition or oxidation of the sam-

ple. DTA shows changes in the samples, either endothermic or exothermic, relative 

to an inert reference material, again as a function of the temperature-time profile. 

The DTA curve provides information on the type of the phase transformation, such 

as melting or sublimation of the sample. This allows the investigation of the thermal 

stability and decomposition kinetics of the solid precursors used in this work. 

A commercial TGA/DTA (Bähr STA 503) was used to perform the experiments 

up to maximum temperature of 520°C in a mixture of nitrogen and air. Samples of 

12 mg are used along with 58 mg of Al2O3 as a reference material. Analysis were 

carried out by Andreas Görnt (AG Atakan).  

3.4.9 Scanning Electron Microscopy (SEM) 

SEM is an imaging method that uses a fine beam of focused electrons to probe the 

surface of a sample. The electron gun emits a current of high energy electrons to the 

sample. The beam is focused using electromagnetic lenses and interacts with the 

surface from which is scattered to obtain information. In general, due to the inter-

actions of electrons with the sample surface the backscattered, secondary, Auger, 

elastically and inelastically scattered electrons are created, as well X-rays and other 

photons (Fig. 3.9). Backscattered electrons provide information about atomic num-

ber differences, while secondary electrons give information about surface topogra-

phy. On the other hand, energy dispersive spectroscopy (EDS) in SEM uses X-rays 

generated after excitation of core electrons. The energy of the X-rays is character-
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istic for every element in the periodic table. That is why EDS is used for the ele-

mental analysis. Not only the qualitative information of the element type, but also 

the quantitative one can be obtained. The accuracy of EDS depends on many factors, 

such as: overlapping of the X-ray emission peaks and their energies, nature of the 

sample and its thickness etc. [Goldstein 2012]. However, EDS is found to be very 

useful for providing consistent information about the trend as a function of synthe-

sis/process parameters. 

A high vacuum scanning electron microscope (JEOL-JSM-7500F) with cold 

field emitter for high resolution is used. Besides recording of the secondary elec-

trons with the SEI detector, images were also recorded in transmission mode using 

the TED detector. The instrument has a magnification range of 25x – 1.000.000x 

and a maximum resolution of 1.0 nm at an acceleration voltage of 30 kV. For scan-

ning transmission electron mode (STEM) with the TED detector the applied voltage 

is 30 kV. For EDS the samples are prepared on the carbon tape on the aluminum 

sample holder, while for STEM 1 mg of the powder is dispersed in 10 ml of meth-

anol (semiconducting grade) and ultrasonicated for 15 min and drop casted on a 

carbon film on 300 mesh TEM copper grids.  

 

 
Fig. 3.9: Different electrons-matter interactions when the focused electron beam from 

the electron gun probes the sample 
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3.4.10 High Resolution Transmission Electron Microscopy (HRTEM) 

HRTEM is an analytical technique used to study very thin specimens in a 2D plane 

(usually with thickness of few nanometers), which is different compared to SEM 

where sample surfaces are investigated. It has a much higher resolution than SEM 

and electrons are transmitted through a specimen (Fig. 3.9) to produce high-resolu-

tion images. It can structurally characterize samples at an atomic level making it 

very useful for characterization of nanoparticles. The working principle is similar 

to SEM, it has a TEM gun to produce electron current towards a sample in the vac-

uum, as well the lenses and apertures to control the beam. Electrons penetrate the 

sample causing partial scattering. After a series of lenses an intermediate image is 

generated, which is magnified by further objective lenses (more than 50 million 

times possible). The image can be displayed directly on a fluorescent screen or on 

the computer screen by using a charge-coupled device of a so called CCD camera. 

Bright field is displayed when using the unscattered intensity and it switches to dark 

field when suppressed [Reimer 1989]. Complementary to EDS, which is used in 

SEM / TEM, Electron Energy Loss Spectroscopy (EELS) can only be realized in a 

HRTEM system in STEM mode. It enables the investigation of the composition of 

the samples and their electronic properties. The sample is exposed to a beam with a 

known narrow range of kinetic energies. Some of the electrons are inelastically. By 

measuring the energy loss using an electron spectrometer it is possible to obtain 

information similar to the previously described XAFS technique. However, EELS 

works the best with relatively low atomic numbers where excitation edges tend to 

be sharp. In this work EELS technique was used to determine the presence of the 

impurities in the sample, that could inhibit photocatalytic activity. 

(TITAN Themis microscope), a transmission electron microscope, is used in this 

work and samples are usually prepared identically to the STEM integrated in SEM 

with prior plasma cleaning to remove organic residuals. For some samples special 

high quality TEM grids of amorphous Si or Si3N4, which sustain temperature even 

up to 1000°C, are used. For example, grids with thicknesses of 15 – 20 μm can 

survive the nitridation process where particles are transformed from oxides to ni-

trides. TEM windows are marked to find the same spot with identical nanoparticles 
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before and after nitridation, but since the particles are highly charged due to low 

conduction of the grid itself it was impossible to capture such images. All the meas-

urements are carried out by Dr. Spark (Siyuan) Zhang (Max-Planck Institut für Eis-

senforschung, Düsseldorf).  



4 Results and Discussion 
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4.1 Optimization of the CVS Process using Gallium Oxide 
as Model Material 

 
Very high process temperatures are required in CVS to completely decompose the 

low evaporable solid precursors in the reactor and generate nanoparticles with high 

degree of crystallinity. Optimization of the CVS process is based on systematic ex-

periments to generate Ga2O3 from gallium(III)acetylacetonate. Change of the pro-

cess parameters, in particular the pressure, causes a change in the yield of Ga2O3 

nanoparticles. The desired production rate and yield of CVS generated nanoparti-

cles at the end of the synthesis is determined by the amount of the powder required 

for the photocatalytic overall water splitting experiments (optimally 600 mg). There 

are several limiting factors, which are presented in this section. First and foremost, 

the quality of the synthesized powder must meet the qualitative criteria for photo-

catalysis. Once optimized, CVS is used to develop more complex material struc-

tures, starting from the doped oxides (Zn, Mn and Rh doped β-Ga2O3) over nitrides 

(GaN) to the final desired structure of Zn-Ga oxynitride (Ga1-xZnx)(N1-xOx), as de-

scribed in chapters 4.2 to 4.4.  

4.1.1 Volatility and Decomposition of Ga(III)acetylacetonate 

Precursor evaporation rate and mass flow are influenced by the temperature in the 

precursor delivery zone, carrier gas flow and the total system pressure. To ensure 

an efficient CVS process an appropriate selection of precursor material is necessary. 

This selection is based on different factors, such as: precursor cost, amount of the 

precursor used per experiment, yields of synthesized powder, precursor volatility 

data etc. Alternatives to acetylacetonates, such as chlorides, are avoided because of 

generation of HCl, which is a corrosive gas and can damage the equipment. Figure 

4.1 depicts the simultaneous DTA/TG curves obtained for Ga(acac)3 from ambient 

temperature up to 517°C in the nitrogen atmosphere. In the first 60 min with heating 

rate of 2.72 °C/min up to 163°C small changes are observed due to evaporation of  
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Fig. 4.1: Simultaneous DTA/TG curve of Ga(acac)3 in nitrogen atmosphere 

 
water and other volatile impurities. The endothermic peak at 195.5°C is followed 

by a sudden decrease of the sample mass by 35 % due to the simultaneous melting, 

evaporation and decomposition of Ga(acac)3. Two minor endothermic peaks corre-

late to loss of 47.2 % and 90.2 % in the range 195 – 270 °C and they are interpreted 

as degradation of intermediates. Al-Khamis et al. [2010] describes in detail the ther-

mal behavior of Ga(acac)3 to form solid Ga2O3 through multiple decomposition 

steps in a temperature range between 150°C and 310°C. The overall chemical reac-

tion is presented as: 

 
           15 21 6 2 2 3 2 2(s) (g) (s) (g) (g)

2GaC H O + 36O  Ga O + 30CO + 21H O→           (4.1) 

 
The typical amount of precursor used per experiment is 5 g. Assuming that all of 

the evaporated Ga(acac)3 is converted into Ga2O3, the theoretical amount that could 

be synthesized is 1.28 g, calculated from stoichiometry of the balanced chemical 

reaction (4.1). The acquired yield varies with change of the process parameters. The 

amount of powder collected also depends on the thermophoretic particle collector 

efficiency. Too high temperature in the evaporation zone can easily lead to precur-

sor pyrolysis. The equilibrium vapor pressure of Ga(acac)3 as a function of the tem-

perature in the evaporation zone is presented in Fig. 4.2.  
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Fig. 4.2: Vapor pressure curve as the function of the temperature for Ga(acac)3 

4.1.2 Particle Properties as a Function of the Process Parameters 

Parts of this section are published in: Sasa Lukic, Jasper Menze, Philipp Weide, 

Wilma G. Busser, Martin Muhler and Markus Winterer. Decoupling the Effects of 

High Crystallinity and Surface Area on the Photocatalytic Overall Water Splitting 

over β-Ga2O3 Nanoparticles by Chemical Vapor Synthesis. ChemSusChem, Volume 

10: 4190-4197, 2017. DOI: 10.1002/cssc/201701309. 

4.1.2.1 Influence of Pressure in CVS Reactor 

Subsequent synthesis of Ga2O3 from solid precursor are carried at pressures between 

20 – 300 mbar at a constant temperature of 1200°C in this work. The pressure does 

not only influence the evaporation rate and the precursor partial pressure, but also 

the residence time. With increase of pressure the residence time is prolonged and 

particles have more time to grow in the reactor (primary particles coagulate / coa-

lesce). As presented in Fig. 4.3a larger crystallites with lower microstrain (measure 

of the point defects density) are synthesized at higher pressures. The intensity of the 

diffraction peaks increases and they become sharper and narrower with more visible 

characteristic peaks for β-Ga2O3 above 100 mbar (Fig. 4.3A). This is accompanied 

by an increase of the degree of crystallinity (absence of defects) from 10 to 78 % 

with parallel decrease of surface area from 108 to 62 m2/g of the synthesized Ga2O3  
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Fig. 4.3: Influence of the pressure variation in CVS system (const. T = 1200°C) on:  

A – X-ray diffractograms of the synthesized Ga2O3 nanoparticles and B – Reaction yield 

 

 
Fig. 4.4: A – Microstrain and crystallite size and B – Degree of crystallinity and surface 

area as a function of the system pressure. (B-splines are intended as a guide to the eye) 

 
(Fig. 4.4). In addition, samples synthesized at low pressures have slightly greyish 

color indicating probably not complete decomposition of the precursor and the pres-

ence of the organic residues in the collected powder. In this work at pressures below 

40 mbar the total residence time in the reactor is either too short for a decomposition 
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of the precursor or primary particles do not collide and coagulate. In high vacuum 

the mean free path of the Ga2O3 monomers increases significantly. If the mean free 

path is higher than diameter of the reaction tube the frequency of the collisions re-

duces significantly or no reaction occurs. However, it is also not possible to collect 

very small particles in the present thermophoretic collector. As a measure of the 

synthesis and collector efficiency the reaction yield is presented in Fig. 4.3B. It rep-

resents amount of the powder collected at the end of the synthesis compared to the-

oretical maximum amount that could be synthesized. It changes from only 4.5 % at 

40 mbar, which is not sufficient for powder characterization (as visible in Fig. 4.4B) 

to 66 % at 300 mbar. It is obvious, that the system pressure is a major limiting factor 

and also strongly influences the particle characteristics. In general, solid Ga(acac)3 

precursor is less flexible when changing CVS process parameters compared to liq-

uid (TEG for example) and, therefore, it is more challenging to obtain particles with 

desired properties. 

4.1.2.2 Influence of Temperature in CVS Reactor 

A second series of experiments is prepared at constant pressure of 300 mbar at tem-

peratures from 1000°C to 1500°C. The time-temperature profile controls the pow-

der characteristics, such as: particle size distribution, degree of crystallinity and de-

gree of hard agglomeration on their way through the reactor. If the temperature is 

high enough solid-state diffusion is activated and particles may coalesce. After for-

mation of the primary particles or agglomerates new monomers reach their surface 

and are incorporated into the structure. Further increase of the temperature enhances 

sintering kinetics, which leads to formation of larger primary particles. This is ob-

served in Fig. 4.6 where crystallites grow from 9 nm to 31 nm with parallel increase 

of the crystallinity from 31 % to 85 %, while microstrain decreases. The specific 

surface area is closely correlated to crystal growth and sintering (hard agglomerates 

are formed) and decreases from 120 m2/g to 41 m2/g within the temperature range 

from 1000 – 1500 °C. An increase of the specific surface has positive impact on the 

photocatalytic activity of the samples. However, as crystallinity Г decreases, defect  
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Fig. 4.5:  Influence of the temperature variation (const. p=300 mbar) on: A – X-ray diffrac-

tograms (normalized) of the synthesized Ga2O3 and B – Reaction yield 

 

 
Fig. 4.6: A – Microstrain and crystallite size and B – Degree of crystallinity and surface 

area as a function of temperature in CVS (B-splines are intended as a guide to the eye) 

 
density increases and electron-hole pair recombination becomes more probable. It 

should be mentioned that the surface is the largest defect of the nanocrystalline par-

ticles. Based on the experimental results, the optimum synthesis temperature is 

found to be for the sample produced at 1200°C (Fig. 4.6), characterized by both a 
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high degree of crystallinity and a high surface area, as it shows the highest photo-

catalytic activity (chapter 4.1.2.3). 

Table 4.1. CVS process parameters optimization and particle characteristics 

# T p MS Γ SSA dXRD dBET Nagg LP [a ; b ; c] 
‡ °C mbar % % m2/g nm nm - Å 
1 1200 20 * * * < 5 * * * 
2 1200 40 2.10(2) 10 / 5    (0.7) / / 12.426 ; 2.995 ; 5.781 
3 1200 100 0.95(9) 45 108 7.5 (0.8) 8.6 1.5 12.276 ; 3.023 ; 5.815 
4 1200 150 0.16(7) 48 92 12  (0.9) 10 0.6 12.219 ; 3.018 ; 5.781 
5 1200 300 0.02(1) 78 62 22  (1.1) 15 0.3 12.258 ; 3.039 ; 5.816 
6 1000 300 0.06(1) 31 120 9    (0.6) 7.8 0.7 12.359 ; 3.041 ; 5.856 
7 1100 300 0.02(0) 71 62 17  (0.8) 15 0.7 12.267 ; 3.040 ; 5.826 
8 1300 300 0.02(0) 80 45 25  (1.1) 21 0.6 12.285 ; 3.049 ; 5.832 
9 1400 300 0.02(0) 84 45 30  (1.3) 21 0.3 12.230 ; 3.040 ; 5.800 

10 1500 300 0.01(0) 85 41 31  (1.4) 23 0.4 12.257 ; 3.043 ; 5.818 
11 1200 300 0.02(3) 73 62 23  (1.2) 15 0.3 12.255 ; 3.039 ; 5.815 

 Bulk literature values for β-Ga2O3 by Geller [1960] 12.232 ; 3.041 ; 5.801 
#  sample number 
‡  units 
T  reaction temperature 
p  total system pressure 
MS            microstrain 
Γ  degree of crystallinity 

SSA  Specific surface area  
dXRD  crystallite size from XRD 
dBET  particle size calculated from   
                     BET 
Nagg  degree of agglomeration 
*  no particles collected 

  

Varying the temperature rather than total system pressure, a better control over the 

process is established with greater chance to ’tailor’ the desired material properties. 

In addition, the reaction yield change (from 38 % to 66 %) observed in Fig. 4.5B by 

varying temperature is not as drastic as obtained with pressure variation. All the X-

ray diffractograms in this work, as presented in Fig. 4.3A previously and 4.5B here, 

are normalized to the individual maximum intensity for graphical clarity. Therefore, 

an overview of the CVS process parameters and detailed particle characteristics data 

for process optimization is given in Table 4.1. 

The degree of agglomeration or number of primary particles per agglomerate N 

is estimated from XRD and BET, as presented in Table 4.1 and it ranges from 0.3 

to 1.5. Agglomerates consist of primary particles and agglomeration values should 

be higher than 1. BET measures the surface of the solid particles assuming that all 

particles are spherical and dense. We use an equivalent diameter to the diameter of 

a sphere and the error in the estimation of degree of agglomeration is due to fact 
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that our particles are not typically spherical, which is shown later in this work. The 

nitrogen adsorption-desorption isotherm for all tested CVS samples is of type IV 

with a hysteresis loop H2 according to IUPAC classification. This is common for 

mesoporous particles with micropores (2 – 50 nm). XRD measures crystallite (do-

main) size and BET average particle size. 

The spectral data in Fig. 4.7 are derived from the Kubelka-Munk function 

[F(R∞)hν]2 calculated from the reflectance spectra R vs. hv plot. It reveals small 

differences between the band gap energies of the Ga2O3 samples obtained for tem-

peratures between 1000°C and 1500°C. Direct band gap energies are found to be 

within a range between 4.85 eV and 4.9 eV, which is in good agreement with values 

reported for bulk β-Ga2O3 by [Li 2012].  

Samples are also compared using FTIR (fingerprint region at wavelengths of 

4000 – 400 cm-1) to identify the functional groups. No significant difference be-

tween samples is observed (Fig. 4.8). The peaks around 3500 cm-1, 2970 cm-1 and 

1400 cm-1 can be assigned to stretching and bending of hydroxyl O-H group and to 

bending vibration of H-O-H. Nanostructures with high surface areas are easily ad-

sorbing water and hydroxylated groups and Girija [2013] reported increase in their 

number with increase of pH. The band around 2340 cm-1 is due to absorption of 

atmospheric CO2. The peak at 1630 cm-1 represents C-H group bending and it is 

probably related to some organic compounds from incompletely decomposed pre-  
 

   
Fig. 4.7: A – Energy of direct band gaps determined by Tauc plots and B – Absorbance 

spectra (Kubelka-Munk function) of samples obtained in range 1000 – 1500 °C  
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Fig. 4.8: FTIR spectra and identification of functional groups comparing samples 5 – 10 

synthesized in the temperature range 1000 – 1500 ºC via CVS 

 

 
Fig. 4.9 XRD pattern of the Ga2O3 sample 5 made by CVS and fitted by Rietveld refine-

ment using MAUD. Compared with Ga2O3 (ICSD #34243) as initial studying parameters 

 

cursor, especially for the samples synthesized at lower temperatures. The region 

around 700 cm-1 is linked to Ga-O bending, but it is difficult to explain whether the 

band arises due to vibration of Ga-O bonds at octahedral GaO6 or tetrahedral GaO4 

sites. Rietveld refinement showed that all samples consist of pure β-Ga2O3 with 
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monoclinic structure. A typical refinement is shown in Fig. 4.9 and experimental 

data fits very well with computed data. 

4.1.2.3 Aqueous Methanol Reforming and Overall Water Splitting 

Measurements of the photocatalytic activity of the CVS samples are performed by 

P.Weide and G.W.Busser (Ruhr University in Bochum), as part of the project sup-

ported by Mercator Research Center Ruhr (MERCUR). 

 
Methanol can be used as sacrificial agent to improve hydrogen evolution reaction 

(HER) and acts as a good hole scavenger. Holes in the valence band will oxidize 

methanol to CO2 instead of oxidizing water to O2 and the half reaction of H2 pro-

duction is favored. The nanoparticles prepared by CVS at different temperatures 

(1000 – 1500 °C) are suspended in an aqueous solution of methanol and values of 

their H2 and CO2 production rates are compared (Fig. 4.10). The evolved H2 is a 

direct relative measure for the number of H2 evolution sites. CVS samples are mod-

ified by stepwise sequential reductive photodeposition of the binary co-catalyst Rh 

(0.1 wt.%) / Cr2O3 (0.09 wt.%) by aqueous methanol reforming (4.2 – 4.5): 

 
                   3+ - 0Rh + 3e   Rh→                               (4.2) 

                               2- + -
4 2 3 22CrO + 10H + 6e   Cr O + 5H O→                              (4.3) 

                                    + -
22H + 2e  H→                  (4.4)                             

                 + +
3 2 2CH OH + H O + 6h CO + 6H→                           (4.5) 

 
After the 500 W Hg lamp is switched on H2 evolution is immediately detected. Even 

without addition of co-catalysts pure Ga2O3 nanoparticles possess catalytically ac-

tive sites for HER. Meanwhile, the observation of CO2 is temporally delayed due to 

a higher solubility in water or adsorption of other methanol oxidation products on 

the surface of Ga2O3 nanoparticles. Slow evolution rate of CO2 is also explained by 

its formation from methanol, which is first oxidized to intermediates, like formates 

or carbon-monoxide. CO is further easily oxidized to CO2. Both intermediates can  



64      4.1 Optimization of the CVS Process using Gallium Oxide as Model Material 

 
Fig. 4.10: A – H2 evolution and B – CO2 evolution during reductive photodeposition of the 

Rh/Cr2O3 for samples 5-10  I : light on, no co-catalyst added;  II : light on, addition of 

K2CrO4 (0.09 wt.% of Cr2O3), 45 min and III: light on, addition of Na3RhCl6·3H2O (0.1 

wt.% of Rh), 120 min 

 

react with evolved H2 to generate CH4 as well, which is an undesired reaction. After 

addition of Cr2O3 methanol reforming activity does not increase in the first step. 

Interestingly, for the samples synthesized at 1100°C, 1300°C and 1500°C the activ-

ity even shows a slight decrease. It is very likely that the deposition of Cr2O3 blocks 

the active sites on the surface of the particles for HER. However, addition of Rh 

leads to higher methanol reforming activities and the highest value is observed for 

the sample obtained at 1000°C. As example, in the three photodeposition steps, H2 

evolution rate for pure β-Ga2O3 is 15.3 mmol h-1, while after addition of Cr2O3 and  
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Fig. 4.11: H2 evolution after co-catalyst addition by aqueous methanol reforming as a func-

tion of the specific surface area for samples 5 – 10 (solid line is intended as a guide to the 

eye) 

 
Rh amounts observed are 14.6 mmol h-1 and 25.6 mmol h-1, respectively. This sub-

sequent gradual decrease as a function of time on stream by methanol reforming 

activity corroborate the previous results by [Busser et al. 2012 and 2015]. Methanol 

reforming activity decreases for samples obtained at higher temperatures in CVS. 

This is correlated to the specific surface area (see Fig. 4.11), which may affect the 

number of HER sites or increase the adsorption capacity of methanol. It supports 

previous research in this area by [Grewe and Tüysüz 2015] which highlights the 

increase of the methanol reforming activity with increasing of the specific surface 

area. 

After methanol reforming experiments the Rh/Cr2O3/Ga2O3 powders are washed, 

filtrated and freeze-dried to remove methanol to be able to perform overall water 

splitting (OWS) measurements. As anticipated, methanol cannot be completely re-

moved and adsorbed methanol residuals cause significant detection of CO2 in μmol 

h-1 for all catalysts (in the first 60 min), as visible in Fig. 4.12. However, plotting it 

together with POWS results measured in mmol h-1 methanol evolution values are of 

minor contribution. From the data in Fig. 4.13 it is apparent that sample 5 (synthe-

sized at 1200°C and 300 mbar) exhibit the highest photocatalytic activity for overall 

water splitting. Initial evolution rates are 4.9 mmol h-1 and 2.10 mmol h-1, while 

after 5 h it decreases to 2.06 mmol h-1 and 0.86 mmol h-1 for H2 and O2, respectively.  
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Fig. 4.12: Initial increase of CO2 evolution rate due to methanol residuals by POWS for 

CVS samples obtained at different temperatures on the µmol scale (1000 – 1500 °C) 

 

 
Fig. 4.13: H2 and O2 evolution as a function of the time on stream (initial values and after 5 

h) for CVS Ga2O3 samples obtained at different temperatures (1000 – 1500 °C). To esti-

mate photocatalytic activities per 1 gram of catalyst the results should be multiplied by fac-

tor of 6.7 (150 mg of powder is used for POWS) – given in Chapter 8 

 

It is obvious that stoichiometric ratio of H2:O2 production rate is slightly higher and 

differs from expected 2:1. As already mentioned, possible reason is the incomplete 

removal of methanol, which inhibits the production of O2. Another important find-

ing is a decrease of the O2 evolution in the first 2 h, which could be caused by 
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photocorrosion of the catalyst. There are, however, other possible explanations. Co-

catalyst particles may be weakly attached to the surface of the Ga2O3 particles and 

may be easily washed away, especially during stirring of the dispersion. Stationary 

evolution is achieved between 2 and 5 h and no further decrease in the activity is 

detected. Comparing POWS results with those from methanol reforming it is no-

ticed that the main requirement for high methanol reforming activity is high specific 

surface area. On the other hand, for POWS both the degree of crystallinity and a 

high specific surface area determine the photocatalytic activity. Sample 5 obtained 

at 1200°C and 300 mbar by CVS has a high degree of crystallinity at a sufficiently 

high specific surface area. Maeda and Domen [2016] claimed that photocatalytic 

activity of conventional metal oxide photocatalysts for overall water splitting is 

known to depend strongly on the crystallinity and particle size of the material, as 

determined by the preparation conditions. These properties allow efficient charge 

carrier separation, which results in a high number of HER and OER active sites, 

which is also supported by [Kudo et al. 2009] and [Hisatomi et al. 2015]. 

4.1.2.4 Possibility of the Sample Reproduction 

This section of the study sought to determine the reproducibility of the sample 5 

with the prior highest photocatalytic activity among the CVS samples, as changes 

in the CVS process parameters can cause significant structural change of the sam-

ple. The results given previously in Table 1 indicate that samples 5 and 11, synthe-

sized at the same conditions of 1200ºC and 300 mbar, have almost identical particle 

characteristics with the same composition and electronic structure. Crystallite sizes 

are 22 nm and 23 nm, as well they have the same specific surface area of 62 m2/g, 

but a small change is observed in decrease of the degree of crystallinity from 78 % 

to 73 %. As shown in Fig. 4.14 with addition of 0.1 wt.% Cr2O3 and 0.1 wt.% Rh 

co-catalyst the photocatalytic activity of the sample 11 decreases to 1.042 mmol h-

1 for H2 and 0.462 mmol h-1 for O2 after 5 h compared to sample 5 (2.06 mmol h-1 

and 0.86 mmol h-1). From the point of view of the structural characterization both 

samples show good reproducibility. The lower activity could be attributed to some  
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Fig. 4.14: Comparison of POWS activity of the CVS samples 5 and 11 synthesized at ex-

actly the same conditions with addition of 0.1 wt.% of Rh and Cr2O3 after 5 h 

 
change during water splitting or the interaction Ga2O3-Rh/Cr2O3 differs and de-

mands further investigation. Electron energy loss spectroscopy (EELS) is per-

formed and found that O K- and Ga L-edges of both samples are identical within 

the experimental error. EDS/SEM analysis has shown a small presence of copper or 

as EDS software indicates a message ‘Copper fluorescence through gallium’. Pres-

ence of copper could arise during synthesis or even from the precursor using differ-

ent batches (not specified by chemical purity of precursor composition or either 

obtained after EDS analysis). Its origin remains unclear even with prior help of the 

technical support from BRUKER suggesting it is probably a software error. How-

ever, as observed in Fig. 4.15 the Cu L-edge is below the detection limit and Cu is 

not identified in any of the samples analyzed by EELS. Carbon on the surface of the 

particles can inhibit the photocatalytic activity by blocking the active sites. 

 
Fig. 4.15: EELS analysis of the samples 5 and 11 synthesized by CVS at exactly the same 

conditions (1200°C and 300 mbar) showing no difference 
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4.1.3 Comparison of CVS and Commercial β-Ga2O3 Powders 

A considerable amount of literature has been published on Ga2O3. A systematic lit-

erature review on conducted studies is provided by Chen et al. [2017]. Most of the 

data presented are related to microscaled (commercially available) powders. Com-

mercial Ga2O3 (Chempur) powder and Ga2O3 synthesized by CVS at 1200°C and 

300 mbar (sample 5) are compared. In Fig. 4.16 it can be seen that in the initial state 

the commercial powder exhibits higher HER and OER activities than CVS sample, 

while the activity decreases within the time. On the other hand, the activity of the 

CVS sample increases significantly during the first 3 h and then becomes constant 

demonstrating a better stability for long time irradiation under UV light.  

As a measure of the surface charge the zeta potential is measured as a function 

of pH. In this work, overall water splitting experiments are carried out in three-

phase reactor, where Ga2O3 samples are dispersed in the water. Most metal oxides 

are amphoteric in aqueous media, while the zeta potential is positive in the acidic 

region and negative in the alkaline region. The isoelectric point (IEP) for the CVS 

sample is at pH of 7.5 (Fig. 4.17) and consistent with results reported by [Kosmulski 

2009]. In the pH range 2 – 4.5 the zeta potential values are around +40 mV and the 

particle surface is positively charged, while at high pH values 9 – 12 negatively 

charged. The IEP of commercial Ga2O3 is found to be at pH of 3.2 and surface 

charging of the Ga2O3 dispersion is mostly negative in a wide range of pH with zeta  

 

 
Fig. 4.16: Comparison of POWS activity for sample 5 made by CVS and Chempur com-

mercial powder as a function of time 
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Fig. 4.17: Zeta potential as a function of pH for Ga2O3 made by CVS (blue) and commer-

cial Chempur (green). Error bars are smaller than the points 

 

potential values to -40 mV. At the isoelectric point dispersions are typically the least 

stable, particles agglomerate and sediment. Poor electrostatic stabilization is ex-

pected for CVS samples due to their dispersion in water (pH typically around 7) 

during POWS experiments rather than for the commercial powder. This is prevented 

by stirring of the dispersion during POWS experiments.  

HRTEM images in Fig. 4.18 show remarkable differences between CVS and 

commercial samples in the morphology. Nanoparticles made by CVS have more or 

less equiaxed shape and the commercial powder consists of particles with rod like 

structure with about six times smaller specific surface area.  

DLS measurements show two different hydrodynamic diameters (Fig. 4.19). The 

average hydrodynamic diameter of the commercial Ga2O3 rod-like particles is about 

4.7 μm. As can be seen on TEM micrographs single rods are around 5 μm in length 

and whether they agglomerate or simply rotate during diffusion their hydrodynamic 

diameter doesn’t differ too much. The hydrodynamic diameter is much higher for 

the commercial sample than for the CVS nanoparticles (average size of 70 nm for 

samples 5 – 10). However, nanoparticles usually agglomerate easier due to the Van 

der Waals forces. Single particle size of the CVS powders (see Table 4.1) are 3 to 

4 times smaller compared to the average hydrodynamic diameter, which indicates 

their tendency to agglomerate and sediment in aqueous dispersion, evident by the 

IEP.  
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Fig. 4.18: TEM micrographs of commercial Ga2O3 nanorods (microsized) and granular 

CVS Ga2O3 particles (nanosized) with high crystallinity  

 
In heterogeneous catalysis the surface to volume ratio is important. Nanoparticles 

possess a large fraction of the surface atoms per unit volume, which depends on the 

particle diameter. In Fig. 4.20 the particle is modeled as a cube. When the volume 

of the cube is broken into smaller cubes the specific surface area increases, as well 

the total surface energy. Surface atoms, with fewer surrounding neighboring atoms, 

are under-coordinated and have a higher energy compared to atoms in the bulk due 

to free dangling bonds. For POWS catalytically reactive atoms are located at the 

surface of the particle.  

 

 
 

 

Fig. 4.19: Hydrodynamic diameter measured by DLS of agglomerated: A – rod-like parti-

cles and B – CVS nanoparticles when dispersed in the water 
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Fig. 4.20: A – Surface and bulk atoms fraction as a function of the particle size and B – de-

crease of the surface atoms fraction of the CVS samples with increase of the crystallinity 

 
For CVS samples a crystallinity increases from 0.31 to 0.85 and it is linearly corre-

lated to the fraction of surface atoms calculated from the primary particle size (Fig. 

4.20B). Therefore, very small particles may not always be favorable (i.e. < 3 nm), 

because the surface itself represents the largest and dominant defect. In addition, 

due to quantum size effect electrons are confined and VBM and CBM are shifted 

resulting in a larger band gap [Fendler 2008]. Sample 5 (at 1200ºC and 300 mbar) 

with the highest POWS production rate and crystallite size of 22 nm has 2.7 % of 

total number of atoms located on the surface, while for the commercial rod-like 

particles this number is significantly smaller.  

4.1.3.1 Investigation of the Local Structure (XANES / EXAFS) 

XRD provides only information averaged over the entire volume of the sample 

about the periodic, long-range order part of the structure. Local structure is meas-

ured by element selective X-ray spectroscopy (XAS). It provides information about 
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oxidation state and coordination environment of metal atoms to investigate differ-

ences between commercial and CVS Ga2O3. Here, XAS is used to investigate both 

samples before and after the POWS experiments, without addition of co-catalysts. 

XAS deals with measurements of the absorption coefficient μ as the function of the 

photon energy. Measurements, as well as the data analysis in this work was per-

formed by Markus Winterer. In Fig. 4.21, the XANES spectra reveal two peaks at 

10375 eV and 10379 eV contributed to tetrahedral Ga(1) and octahedral Ga(2), as 

previously described by Nishi et al. [1998]. Slightly higher intensities are observed 

for CVS Ga2O3 sample compared to commercial. Between 10370 eV and 10385 eV, 

the difference in spectra of the samples before and after POWS becomes more pro-

nounced (Fig. 4.22). A possible explanation is due to different particle morphology 

and surface charging. CVS nanoparticles are small with higher fraction of the sur-

face atoms (higher surface energies) and also more hydroxylated (contain -OH 

groups) when dispersed in the water. Still, this differences are very small. 

Results of FEFF simulations of XANES spectra, which uses ab initio multiple 

scattering calculations, are displayed in Fig. 4.23. Functions of Ga(1) and Ga(2) in 

tetrahedral and octahedral positions in monoclinic β-Ga2O3 (light and dark green 

line, respectively) are shifted and differ in their maximal intensities. Red line shows 

 

      
Fig. 4.21: Overview of XANES spectra of the CVS and commercial Ga2O3 with character-

istic peaks for Ga K-Edge before and after POWS without co-catalysts (left) and unit cell of 

the monoclinic β-Ga2O3 presented using visualization software VESTA (right) 
  



74      4.1 Optimization of the CVS Process using Gallium Oxide as Model Material 

   
Fig. 4.22: XANES spectra in the energy range 10370 eV to 10385 eV indicating very small 

differences before and after POWS for A – CVS and B – commercial Ga2O3 

 
the XANES spectra of monoclinic β-Ga2O3 and a ratio of 1:1 for Ga(1):Ga(2) in β-

Ga2O3, as previously reported by Akatsuka [2016] and confirmed by Rietveld re-

finement of X-ray diffractogram in this work, as displayed in Fig. 4.23. Blue lines 

indicate Ga(OH)3 and GaOOH in XANES spectra, which might be present at the 

surface of the particles, as supported by FTIR results. 

EXAFS refers to the oscillatory behavior of the absorption coefficient above the 

X-ray absorption edge. Frequency of this isolated signal is directly proportional to 

the bond distances between the absorber atom and its neighbors. No significant dif-

ference in the local structure between CVS and commercial Ga2O3 before and after 

POWS is observed in the Fourier transformation of the EXAFS data (Fig. 4.24). 

 

 
Fig. 4.23: Theoretical XANES obtained by FEFF simulations 
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Fig. 4.24: Overview of the EXAFS data of the CVS (sample 5) and commercial Chempur 

Ga2O3 before and after POWS 

 
For RMC analysis the theoretical phase and amplitude functions are obtained by 

FEFF. RMCXAS code reduces the 3D arrangement of atoms in a model to a pPDF, 

which is then optimized by varying bond distances in generated atomic configura-

tions to best reproduce the measured EXAFS data. From computation of the com-

plete unfiltered EXAFS signal from the partial radial distribution function in k-space 

atomic configuration of Ga2O3 can be generated using RMCXAS software (Fig. 

4.25), as well as the Fourier transformed data in r-space. Atoms are moved away 

 
Fig. 4.25: RMC analysis of the Ga K-edge spectra of the A –  dxrd = 25 nm Ga2O3 nanopar-

ticles (sample 5) using perfect, infinite monoclinic crystal and B – phase corrected Fourier 

transformation of the spectra in r-space 
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Fig. 4.26: Ga2O3 model with monoclinic structure after RMC optimization. Oxygen atoms 

are shown in red and gallium atoms in green.  

 
from their initial, crystallographic positions until RMC data fits the experimental 

EXAFS data to obtain actual atomic configuration in the nanocrystals (Fig. 4.26). 

Partial pair distribution functions (pPDF) provide information of Ga-Ga and Ga-

O bond distances, coordination number and mean squared displacement (Fig. 4.27). 

pPDF shows no significant difference before and after POWS experiments. CVS 

Ga2O3 nanoparticles do not undergo local structural changes and stay unchanged 

during POWS experiments.  

 

 
Fig. 4.27: pPDF obtained from the RMC analysis reveals Ga-Ga and Ga-O bonds of Ga2O3 

before and after POWS experiments 
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4.2 Structure and Properties of Doped Gallium Oxide 

 
Undoped β-Ga2O3 is a wide band gap semiconductor with an absorption edge of 

253 nm (4.9 eV) and, therefore, active only when irradiated with UV light, λ < 300 

nm [Yanagida et al. 2004, Sakata et al. 2008, Yuliati et al. 2008, Shimura et al. 

2010]. Applying an external voltage will help to reach enough potential energy for 

electron-hole transfer to make wide band gap semiconductors active under visible 

light in the photoelectrochemical systems [Arai et al. 2016 and Zhou et al. 2017]. 

However, working with simple photocatalysts for POWS demands a different ap-

proach. The absorption edge shifts to λ > 300 nm when β-Ga2O3 is doped with ap-

propriate dopants, while band gap decreases theoretically promoting photocatalytic 

activity. Karakitsou et al. [1993], Ishihara [1999] and Kato [2003] proposed that n-

type metal oxides when doped with metal ions of low oxidation number the oxygen 

vacancies introduced into the crystal lattice change n-type semiconductor to p-type. 

Li et al. [2012], Zhang et al. [2012] and Tang et al. [2016] reported that the addition 

of divalent cations like Zn2+ does not change the basic electronic structure of Ga2O3, 

but generates an empty energy level above the maximum of the valence band, which 

is enough to form p-type semiconductors. Sakata et al. [2008] and [2011] reported 

on the improvement of photocatalytic activity by a factor more than 10 by improv-

ing migration of photoexcited electrons in the conduction band when adding Zn2+. 

Hou et al. [2007] investigated the incorporation of trivalent Rh3+ cations in β-Ga2O3, 

which causes shift of the absorption edge to 370 nm (3.4 eV). Undoped β-Ga2O3 

exhibits a valence band formed by the O 2p orbitals and conduction band of empty 

4s and 4p orbitals of Ga. Kikkawa et al. [2018] found that trivalent Rh species sub-

stitute not tetrahedral, but octahedral Ga sites in the crystal structure. The radius of 

tetrahedral Ga cation with 4 oxygen coordination environment is 0.47 Å and octa-

hedral Ga cation of 6 oxygen coordination environment is 0.62 Å [Geller 1960], 

while Rh3+ ionic radius is 0.67 Å [Shannon et al. 1976]. Rh d orbitals are located in 

the conduction band. Sun et al. [2019] doped Ga2O3 with Mn2+ ions (0.7 Å). Due to 

coupling of Mn 3d with O 2p orbitals the impurity states in the forbidden zone Eg 
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decrease the band gap energy to 4.14 eV. The doped impurity causes that neighbor-

ing Ga atom leaves the lattice site generating vacancies, which represent an acceptor 

level in the band gap, while oxygen vacancies behave as deep donor levels [Sun et 

al. 2019].  

Depending on the type of the dopant and its ionic radius when incorporated into 

the crystal structure of β-Ga2O3, Bragg reflections in a X-ray diffractogram may be 

shifted, as well their intensities changed. If the ionic radius of the dopant is larger 

than Ga3+ ion, as described here, the lattice parameters a, b and c will expand caus-

ing an increase in the volume of the unit cell followed by increase of the interplanar 

distance d. Based on Bragg’s law the position of the diffracted intensities (peaks) 

will thus be shifted to smaller values. The electronic density of the dopant is differ-

ent from Ga, which causes a change in the peak intensity. The degree of these 

changes, as well the phase purity depends on the concentration of the dopant. For 

example, the formation of Fex
3+Oy clusters when Ga2O3 is doped with 5% of Fe 

inhibits the photocatalytic activity, as reported by Toloman et al. [2015].  

Excess amount of Rh remains on the surface of the Ga2O3 particles and act as co-

catalyst, as used in this work, which could enhance the activity [Nishi et al. 1998]. 

Sufficient Zn on the surface of the Ga2O3 particles diffuses into the structure form-

ing spinel zinc-gallate ZnGa2O4 with band gap around 5 eV at unfavorable band 

edge positions resulting in low activity [Shimura et al. 2012]. In this case, doping 

of the Ga2O3 samples with Zn is carried out by homogenous precipitation (HP) 

method.  

In this work β-Ga2O3 is doped during synthesis in the gas phase with Mn, Rh, Fe 

and Zn dopants with the goal to directly and uniformly implement dopant ions in 

the crystal structure. The synthesis is performed at the same conditions as for sample 

5 (pure undoped β-Ga2O3 nanoparticles). Results of POWS activities, expressed in 

mmol h-1 per gram of catalyst, are compared. 
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4.2.1 Mn-doped β-Ga2O3 

β-Ga2O3 is synthesized and doped with Mn using Mn(acac)2 precursor with different 

Mn concentrations between 0.26 % and 7.30 % (as observed from EDS of the final 

powder comparing atomic concentrations of Ga and Mn).  

Fig. 4.28A shows the X-ray diffraction (XRD) patterns of the CVS prepared 

(MnxGa2-x)O3 semiconducting nanoparticles. The diffraction intensities derived 

from monoclinic β-Ga2O3 are still observed in the diffractograms of Mn-doped β-

Ga2O3 (space group C2/m). For further detailed analysis, Bragg positions between 

2Ɵ = 34.5° – 36.5° are shown in Fig. 4.28B for (111) plane of β-Ga2O3. It is assumed 

that Mn has an oxidation number of 2 with characteristic pink pale color, which is 

the most stable oxidation state, just as CVS synthesized Mn doped Ga2O3 powders. 

The peak shift to the lower angle is due to the lattice expansion caused by substitu-

tion of Ga3+ with Mn2+ and their different ion radius, especially at higher concen-

trations (see Table 4.2). According to [Hayashi et al. 2012] and first-principles cal-

culations Mn ions prefer the tetrahedral sites, while cation vacancies prefer 

octahedral sites and these preferences are energetically favorable. Clearly, higher 

dopant concentration causes a higher number of gallium vacancies (defects) and 

indicates a degradation of crystallinity for Ga2O3 nanoparticles. The overall inten-

sity of the XRD peaks decreases with increase of dopant concentration, which is 

also found by Popa et al. [2015] for Cr-doped Ga2O3. Correspondingly, the crystal-

lite size changes from 22 nm for undoped β-Ga2O3 to 17 nm for β-Ga2O3 doped with 

7.3 % of Mn. Oxygen vacancies induce deep donor levels, while gallium vacancies 

induce acceptor levels in the band gap. This impurity states decrease the energy of 

the band gap and the absorbance spectra as a function of wavelength for doped sam-

ples differ slightly (Fig. 4.28C). With increasing Mn concentration the band gap is 

shifted from 270 nm to 290 nm. In Fig 4.28D the band gap energy, derived from 

Tauc plots, is typically 4.9 eV for undoped pure β-Ga2O3 phase and changes from 

4.82 eV to 4.75 eV with higher dopant concentration. Although a small decrease of 

the band gap energy is observed with increasing Mn concentration the expected 

energy of 4.14 eV, as previously reported, is not reached.  
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Fig. 4.28: A – X-ray diffraction patterns of the synthesized Mn doped β-Ga2O3 in the gas 

phase, B – Diffraction intensities between 34.5 – 36.5° showing a shift to lower angles with 

increasing amount of Mn (direction shown by arrow), C – Reflectance spectra of Mn doped 

β-Ga2O3 samples and D – Band gap energy of the samples determined by Tauc plots. The 

color of the samples changes from pure white to pink with increasing Mn concentration) 
 
Table 4.2. Microstructural data of the Mn-doped β-Ga2O3 

C[Mn2+] 
(%) Color 

dXRD 
(nm) 

Cell parameters MS Cell vol. 
(Å3) a (Å) b (Å) c (Å ) β(°) (%) 

0 
 

22  (1.1) 12.258 3.039 5.816 103.7 0.02(1) 210.5 
0.26 

 

20  (0.7) 12.279 3.046 5.832 103.7 0.02(3) 211.9 
1.38 

 

19  (1.2) 12.293 3.049 5.840 103.8 0.02(5) 212.6 
1.60 

 

19  (0.7) 12.295 3.048 5.843 103.8 0.02(4) 212.6 
7.30 

 

17  (0.8) 12.303 3.050 5.851 103.7 0.03(3) 213.3 
Bulk literature values for β-Ga2O3 by Geller [1960]       a = 12.232 ; b = 3.041 ; c = 5.801  

C[Mn2+] dopant concentration  MS           microstrain 
dxrd crystallite size   Cell vol.  cell volume = a • b • c • sinβ 
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The POWS results obtained for Mn doped Ga2O3 samples are summarized in Fig. 

4.29. The H2/O2 production rates are presented as a function of Rh co-catalyst con-

centration from 0 to 0.3 wt.%, while the concentration of the Cr2O3 is constant at 

0.1 wt.% for all samples. Previously, in chapters 4.1.2.4 and 4.1.3 pure undoped 

Ga2O3 made by CVS and commercial Ga2O3 are compared and co-catalyst loadings 

were constant with 0.1 wt.% of both Cr2O3 and Rh, which is optimal for those sam-

ples. The results of doped samples are given in mmol h-1 per gram of catalyst. The 

results of the pure undoped Ga2O3 are given previously per 150 mg of powder (2.06 

mmol h-1 and 0.86 mmol h-1 for H2 and O2). To compare those results with results 

of doped samples the production rates for pure undoped Ga2O3 are recalculated per 

gram of catalyst (13.7 mmol h-1 gcat
-1 and 5.7 mmol h-1 gcat

-1 for H2 and O2). There-

fore, the photocatalytic activities of Mn doped Ga2O3 samples are lower than for the 

pure undoped Ga2O3. Due to high expenses, as for example Rh precursor, not al-

ways the same quantity of the powder via CVS could be produced for POWS test-

ing, therefore, the activities are recalculated. The optimal co-catalyst loading per 

system is also important. For Mn-doped Ga2O3 an optimal loading of 0.2 wt.% of 

Rh and 0.1 wt.% of Cr2O3 is deposited. The activity of all doped samples in this 

thesis is expressed per gram of the catalyst and values obtained at optimal loading 

conditions are relevant and compared. 

 

 
Fig. 4.29: POWS of the undoped and Mn-doped β-Ga2O3 samples as a function of Rh co-

catalyst concentration in wt.% (concentration of the Cr2O3 co-catalyst is 0.1 wt.% = const.) 
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Addition of 0.2 wt.% of Rh co-catalyst to the sample doped with the smallest 

amount of 0.26 % of Mn shows the highest activity from all doped samples, but it 

is not higher compared to pure Ga2O3 with optimal loading. Higher dopant concen-

trations cause higher probability of defects in the material. This explains that with 

higher dopant concentration activity decreases and for samples doped with 1.6 % 

and 7.3 % it reaches zero regardless of amount of Rh co-catalyst. In addition, as will 

be shown by other doped systems, pure undoped Ga2O3 has in general the highest 

activity due to lowest defect density. For Rh co-catalyst concentration higher than 

0.2 wt.% the activity level drops.  

The results of the methanol reforming are shown in Figure 4.30 and again un-

doped β-Ga2O3 is the most active material with 105 mmol gcat
-1

 h-1 and 3.5 mmol 

gcat
-1

 h-1 of H2 and CO2, respectively. Samples doped with 1.6 % and 7.3 % of Mn 

show almost no activity at all. The methanol reforming activity strongly depends on 

the interaction of methanol molecule with the surface of the Ga2O3 nanoparticles, 

which is determined by the local surface chemical environment. Analyses of differ-

ent types of methanol – gallium oxide adsorption interactions emerged during the 

study of Branda et al. [2006] involving DFT calculations, also experimentally sup-

ported by Pt:Ga2O3 – methanol systems. The calculations showed that methanol can 

react in three different ways with the surface of the Ga2O3 particles labeled as: non-

dissociative and dissociative adsorption and oxidative decomposition. In general, 

 

 
Fig. 4.30: Methanol reforming activity of the undoped and Mn-doped β-Ga2O3 samples, 

where c(Cr2O3) = 0.1 wt.% and c(Rh) = 0.3 wt.% 
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the study has found that if the surface of β-Ga2O3 contains no oxygen vacancies and 

defects it is very reactive. When methanol is adsorbed, a total oxidative decompo-

sition occurs leading to the formation of intermediates and finally H2 and CO2. It is 

also expected that by doping with Mn the concentration of defects increases, there-

fore, lowering the decomposition efficiency of methanol on the surface. Also, as 

previously stated, a surplus amount of dopants on the surface can block active sites. 

4.2.2 Rh- and Fe-doped β-Ga2O3 

β-Ga2O3 is doped with 1% and 5% of Rh and 5 % of Fe in this work using Rh(acac)3 

and Fe(acac)3 precursors, respectively. The XRD patterns are presented in Fig. 

4.31A-B and the position of the diffraction peak assigned to the (512) lattice plane 

of β-Ga2O3 in the range 2Ɵ = 64° – 66° shifted to lower angles with increased 

amount of Rh, analogous to Mn-doped β-Ga2O3. Data observed from Rietveld re-

finement of the XRD patterns are presented in Table 4.3. The crystallite size of 

doped Ga2O3 is similar to undoped Ga2O3 and is in the range of 19 – 22 nm. The 

highest intensity of the most dominant reflection assigned to (002) for all samples 

is very similar. The lattice parameter expansion of Ga2O3 doped with 5% of Fe is 

slightly less than in case of doping with 5 % of Rh, as can be seen from Fig. 4.31. 

The radius of Rh3+ (0.67Å) is slightly larger than Fe3+ (0.64 Å) and Rh3+ is substi-

tuting octahedral Ga3+ ion (0.62Å) in the monoclinic structure. With increasing the 

Rh and Fe amount the band gap energy decreases (Fig. 4.31D) from 4.9 eV for the 

undoped sample to around 4.7 eV with 5 % of dopant. The intensity of the absorp-

tion edges becomes stronger with increasing dopant concentration, which originates 

from the new energy levels formed, as described before. 

Concentration of the dopants in % presented in the Tables 4.2 and 4.3 are deter-

mined values when amounts of dopant and Ga (measured in at. % by EDS) are 

compared. Different areas of each sample with general chemical formula given as 

(DopantxGa1-x)2O3 are scanned at least six times for one hour to minimize the error.  
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Fig. 4.31: A – X-ray diffraction patterns of the synthesized Fe- and Rh-doped β-Ga2O3 by 

CVS, B – Diffraction intensities between 64° – 66° showing a shift to a lower angle with 

increasing amount of dopants (direction shown by arrow), C – Reflectance spectra of un-

doped and doped Ga2O3 and D – Band gap energy of the samples determined by Tauc plots 

 

Table 4.3. Structural data for the Rh- and Fe-doped β-Ga2O3 samples 

Cdopant 
(%) Color 

dXRD 
(nm) 

Cell parameters MS Cell vol. 
(Å3) a (Å) b (Å) c (Å ) β(°) (%) 

0 
 

22  (1.1) 12.258 3.039 5.816 103.7 0.02(1) 210.5 
1 (Rh) 

 

21  (0.2) 12.268 3.045 5.817 103.7 0.02(5) 211.1 
5 (Rh) 

 

19  (0.7) 12.284 3.051 5.821 103.8 0.02(7) 211.9 
5 (Fe) 

 

20  (0.4) 12.263 3.041 5.816 103.8 0.01(5) 210.6 
Bulk literature values for β-Ga2O3 by Geller [1960]       a = 12.232 ; b = 3.041 ; c = 5.801  

Cdopant dopant concentration  MS           microstrain 
dxrd crystallite size   Cell vol.  cell volume = a • b • c • sinβ 
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The activity for POWS, as well as for methanol reforming of pure Ga2O3 is again 

higher than for the doped samples, clearly evident in Figures 4.32 and 4.33. Tolo-

man et al. [2015] in his study showed that doping with more than 3 % of Fe leads 

to the formation of a secondary α-Fe2O3 phase or as aforementioned Fe3+
xOy oligo-

meric clusters, which when attached to the surface block active sites. This could be 

an explanation why the overall water splitting and methanol reforming activity is 

equal to zero for this sample. On the other hand, for 5 % Rh-doped Ga2O3 photo-

catalytic activity is detected. Without Rh co-catalyst and 0.1 wt.% of Cr2O3 loaded, 

only H2 production of 0.461 mmol h-1 gcat
-1 is detected. With addition of 0.1 wt.% 

of Rh both H2 and O2 production rate of 0.241 mmol h-1 gcat
-1 and 0.085 mmol h-1 

gcat
-1, respectively, is detected. Still, those values are rather low. For additional Rh 

of 0.2 wt.% no catalytic activity is observed. Excess amount of Rh on the surface 

represents active sites for H2 formation explaining the dominant non-stoichiometric 

production rate of H2 compared to O2. Yet, if the concentration is too high the ac-

tivity decreases and Rh species represent recombination centers for photogenerated 

electrons and holes.  

The conclusion drawn from the observed experiments is that incorporation of 

dopants into the crystal structure of CVS β-Ga2O3 does not improve the photocata-  
 

 
Fig. 4.32: POWS of the undoped and Rh and Fe-doped β-Ga2O3 samples as a function of 

Rh co-catalyst concentration in wt.%, where c(Cr2O3) = 0.1 wt.% remains constant 
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Fig. 4.33: Methanol reforming activity of the undoped and Rh and Fe-doped β-Ga2O3 sam-

ples, where c(Cr2O3) = 0.1 wt.% and c(Rh) = 0.3 wt.% 

 

lytic activity when compared with activity of the starting oxide material. Therefore, 

such samples are not further investigated. 

4.2.3 Synthesis of (ZnxGa1-x)2O3 from Mixture of Two Solid Precursors  

An intermediate step to obtain Zn-Ga oxynitride materials is the formation of oxide 

materials in the gas phase by evaporating combined Ga and Zn solid precursors. 

They are mixed and evaporated thermally with different starting weight ratios of 

90:10, 80:20 and 70:30 %. 5g of Ga(acac)3 precursor is evaporated together with 

0.5, 1 and 1.5 g of Zn(TMHD)2 in three separate syntheses. Process parameters are 

the same as for pure Ga2O3, but the evaporation temperature is set to 150°C instead 

of 190°C. From all acetylacetonate precursors used for doping in this work, 

Zn(acac)2 has the lowest melting point (Tm = 125°C) and that is why Zn(TMHD)2 

is used instead (Tm = 150°C), which is closer to thermodynamic properties of 

Ga(acac)3 (Tm = 196°C). Slower evaporation of the Ga(acac)3 at Tevap = 150°C de-

creases the concentration of the monomers in the reaction zone and reduces further 

primary particle growth. As shown in Table 4.4 the observed crystallite sizes are 

between 11 nm and 14 nm and differ from 20 nm for pure Ga2O3, as previously 

reported. Correspondingly, the specific surface area is 20 – 30 m2/g higher.  
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Table 4.4. Phase composition as a function of starting amount of Zn(TMHD)2 mixed with 

Ga(acac)3 in the precursor delivery zone in the CVS system 

Ga(acac)3 : 
Zn(TMHD)2 

Zn:Ga 
Initial 

Zn:Ga 
EDS 

SSA 
Phase composition  dXRD 

Ga2O3 ZnGa2O4 ZnO Ga2O3 ZnGa2O4 ZnO 
wt.% ratio ratio m2/g wt.% nm 
90:10 9 3.9 81 100 / / 11 / / 
80:20 18 9.6 70 59 41 / 13 14 / 
70:10 27 14.6 89 49 46 5 13 11 10 

SSA  specific surface area    dXRD  crystallite size 

 

 
Fig. 4.34: Rietveld refinement of the XRD patterns of the (ZnxGa1-x)2O3 samples synthe-

sized from the starting mixtures of Ga(acac)3 and Zn(TMHD)2 with different weight ratios 

 
The real values of the amount of Zn and Ga present in the sample are obtained from 

the EDS. At this high percentage of Zn, the material cannot be considered as doped, 

but as solid solution of ZnO and Ga2O3. With increasing Zn content, the formation 

of the spinel ZnGa2O4 and wurtzite ZnO as additional phases are observed. 

(Zn0.03Ga1.97)2O3 sample (addition of 3% of Zn2+ with ionic radius of 0.74 Å) is the 

only sample that could be considered as doped and XRD pattern shows only mon-

oclinic β-Ga2O3 phase. For this sample the shift of the Bragg reflections to lower 
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angles is insignificant, as well the change of unit cell volume, but also the band gap 

energy is typical as for pure Ga2O3 of 4.9 eV. Shimura et al. [2012] reported that the 

addition of 0.5 – 3 % of Zn2+ ions do not influence the crystallite size, specific sur-

face area and the UV-Vis spectra. Those samples are made by homogenous precip-

itation (HP) method and also showed improved activity. However, doping of Ga2O3 

with a metal like Zn2+ which has a smaller oxidation number than Ga3+ means the 

introduction of the oxygen vacancies in the crystal structure. The n-type semicon-

ductor can gradually become a p-type. Below the conduction band at the donor level 

the original trap sites for the photoexcited electrons would decrease. Correspond-

ingly, above the valence band the additional trap sites for photogenerated holes in-

crease (Fig 4.35). According to Shimura et al. [2012] with substitutional Zn-doping 

and the formation of the additional trap sites the entire photocatalytic reaction rate 

is increased. In their work this is explained by a slight increase in thermal activation 

energy required for the smooth migration of holes. The migration of both electrons 

and holes is improved by the presence of an optimum amount of the dopant. How-

ever, when the concentration of Zn dopants is higher than 3 % an additional spinel 

ZnGa2O4 phase is formed decreasing the thermal activation energy and thus the mi-

gration of charge carriers. The formation of ZnGa2O4 in the bulk may generate re-

combination sites for the photogenerated electrons and holes at the boundary. As 

well, with doping structural strain in the crystal structure of Ga2O3 occurs and these 

morphological changes lower the photocatalytic reaction rate. However, in CVS the 

doping can be performed beyond thermodynamical limits [Winterer 2002].  

 

 
Fig. 4.35: Effect of the Zn doping on the migration of the photogenerated carriers: A – the 

photoexcited electrons in CB cannot smoothly migrate without Zn doping B – smooth mi-

gration of both electrons and holes when optimum amount of Zn dopant is present. Ad-

justed and reprinted from [Shimura et al. 2012] 
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Fig. 4.36: 3 % Zn-doped Ga2O3 (150 mg) shows low POWS activity on μmol h-1 scale 

compared to pure Ga2O3 (H2 = 2.06 mmol h-1 and O2 = 0.86 mmol h-1 for 150 mg) 

 

Considering that during the CVS process the Zn precursor sublimes faster than Ga 

precursor it is expected that Zn is not completely incorporated into the crystal struc-

ture of Ga2O3 or not uniformly distributed in the powder. With much shorter reac-

tion times during CVS process Zn could be located on the surface of the particles 

or forming small ZnO nanoparticles which are in contact with surface of Zn-doped 

Ga2O3 blocking active sites. Unlike in the previous case, the Zn species will not 

diffuse into particles to form the spinel phase. Therefore, CVS 3% Zn-doped Ga2O3 

shows low photocatalytic activity on the μmol h-1 gcat
-1 scale (Fig. 4.36), which is 

about two orders of magnitude lower than for pure Ga2O3 previously reported. H2 

and O2 production rate of 150 μmol h-1 gcat
-1 and 30 μmol h-1 gcat

-1, respectively, get 

constant after 1 h. Obviously, using solid precursors it is hard to control the process 

and get the desired end phase composition and specially to dope materials in the 

same way as with Mn, Rh and Fe ions.  

4.3 Structure and Properties of Ga-Zn-Oxynitride 

 
Nitridation can be considered as a process of partial or full substitution of oxygen 

atoms by nitrogen atoms in metal oxides like Ga2O3 and ZnO to form the desired 
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(Ga1-xZnx)(N1-xOx) material. The valence band maximum (VBM) in metal oxides 

consist of O 2p orbitals and, therefore, by doping with N atoms the new VBM of 

oxynitrides will consist of hybridized N 2p and O 2p orbitals. Since N 2p orbitals 

have a higher energy than O 2p orbitals it is expected that the VBM of the oxynitride 

is higher than the VBM of the metal oxide without affecting the conduction band 

minimum (CBM) [Wei and Zunger 1988]. By shifting the band edge positions, the 

band gap energy decreases potentially to values lower than 3 eV. Additionally, 

when Zn is incorporated into the crystal structure the electrons from Zn 3d orbitals 

and N 2p orbitals cause so called p-d repulsion in the upper part of the valence band 

[Maeda and Yashima 2005]. Therefore, the VBM will shift even higher decreasing 

the band gap energy to 2.4 – 2.8 eV [Maeda and Domen 2016]. In Figure 4.37 the 

electronic structures of the oxide materials before and after conversion into nitride 

and oxynitride phases are schematically presented.  

For obtaining oxynitrides it is necessary to synthesize starting materials, such as 

mixture of Ga2O3 and ZnO or spinel structure ZnGa2O4. In this chapter the synthesis 

progress of such oxides by CVS is explained, as well the conventional and novel 

method of plasma nitridation process is described. 

 

 
Fig. 4.37: Band edge positions and band gap energies of starting oxide materials like mix-

ture of ZnO-Ga2O3 and ZnGa2O4 before and GaN and (Ga1-xZnx)(N1-xOx) after nitridation. 

Compiled from data of [Maeda and Domen 2016] 

 



4.3 Structure and Properties of Ga-Zn-Oxynitride      91 

4.3.1 Route I: Synthesis of β-Ga2O3 and ZnO Mixture in the Gas Phase 

Parts of this section are published in: Sasa Lukic, Gerdina Wilhelmina Busser, Si-

yuan Zhang, Jasper Menze, Martin Muhler, Christina Scheu and Markus Winterer. 

Nanocrystalline Ga-Zn Oxynitride Materials: Minimized Defect Density for Im-

proved Photocatalytic activity? Z. Phys. Chem., 2019, 234, 1133-1153. 

doi:10.1515/zpch-2019-1432.  

 
(Ga1-xZnx)(N1-xOx) or for simplification a solid solution of GaN and ZnO is formed 

during the nitridation process. ZnO incorporation into a GaN matrix takes place 

when the Ga-O bond is broken and converted to Ga-N. Therefore, the solid solution 

is not only formed on the solid-solid boundary between ZnO-GaN [Maeda et al. 

2009]. These prior studies have noted the importance of particle sizes, especially if 

ZnO is much larger than Ga2O3, which leads to poor contact between particles and 

ZnO is not incorporated into the Ga-oxynitride matrix during nitridation. Therefore, 

a grinding/milling process of commercially available ZnO and Ga2O3 powders 

throughout few hours is one of the key factors for successfully obtaining a desired 

final material. Diffusion of Zn has an important role and depends on prior particle 

distribution homogeneity.  

During synthesis of Ga2O3 and ZnO nanoparticles in the gas phase the intimate 

contact between particles is achieved. Photocatalytically active Ga2O3 nanoparticles 

are made by standard recipe from Ga(acac)3 [Lukic et al. 2017] in a first reactor at 

1200°C and 300 mbar. Using solid Zn precursor, as discussed in the previous chap-

ter, narrows the process window making it impossible to control the end phase com-

position. On the other hand, crystallite sizes obtained for both ZnO and Ga2O3 are 

very similar and reaction takes place in only one reactor. In these series of experi-

ments, as alternative a liquid diethylzinc (DEZ) precursor is added before the sec-

ond reactor. The aim is to mix the nanoparticles homogeneously already in the gas 

stream in just few milliseconds, which is advantageous compared to commercial 

powders. Since the evaporation kinetics of Ga(acac)3 and DEZ precursors com-

pletely differs, two separate evaporation zones are used. It is necessary to optimize 
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Fig. 4.38: Thermophoretic collector with 5 channels. A – reaction tube, B – mixed particles 

in the gas stream inside collector visible through glass CF port, C – particles deposited on 

the cold walls after synthesis, D/E – collector and enlarged first channel with particles being 

scraped of the wall, F – top of the collector with quartz lamps, G – collected fluffy powder 

 
the process to enable good distribution of the particles. The schematic representa-

tion of the thermophoretic collector, as well as the flow process of gas stream with 
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particles and their collection is shown in Figure 4.38. DEZ starts to decompose al-

ready at room temperature (at applied pressure). Thus, formation of ZnO and their 

particle size is influenced by changing the temperature of the second wall reactor 

from low values such as: 300°C, 400°C and 500°C up to high value of 1000°C. At 

low temperatures a carbon layer surrounds the Ga2O3 particles due to partially de-

composed DEZ decreasing the crystallinity of the collected powder. In Figure 4.39 

the ratio of Zn/(Zn+Ga) obtained from EDS and from the phase composition ac-

cording to Rietveld refinement of XRD data are compared. Here, XRD provides 

information only about the crystalline part of the materials, more specifically atomic 

fractions – in other words amount of Ga in crystalline monoclinic Ga2O3 or Zn in 

wurtzite ZnO. EDS, on other hand, gives information about the total amount of Zn 

or Ga in the sample regardless of crystallinity. The EDS and XRD values, as ex-

pected, differ much at lower temperatures due to incomplete precursor decomposi-

tion. At 1000°C the crystallinity of mixed semiconducting nanoparticles improves 

significantly (minimum defect density) and results are in very good agreement. 

Therefore, the focus is on Ga2O3-ZnO mixture synthesized at T1 = 1200°C (first hot 

wall reactor) and T2 = 1000°C (second hot wall reactor). 
 

         

Fig. 4.39: Zn/(Zn+Ga) ratios obtained from EDS and computed from phase fractions ex-

tracted from Rietveld refinement of XRD data (left) and TEM images of the highly crystal-

line Ga2O3-ZnO nanoparticles (right) 
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Fig. 4.40: Rietveld refinement of XRD data of a Ga2O3-ZnO mixture (51:49 wt%) com-

pared to typical X-ray diffraction patterns of nanoscaled Ga2O3 and ZnO at the same CVS 

conditions 

 

The XRD pattern in Figure 4.40 of the Ga2O3-ZnO mixture of nanoparticles is the 

combination of corresponding XRD patterns of pure monoclinic Ga2O3 and wurtzite 

ZnO, made previously by CVS at the same conditions. Very similar crystallite size 

of 16 nm and 18 nm and with weight ratio of 1:1 for Ga2O3 and ZnO, respectively, 

suggest that the process is well under control with narrow particle size distribution. 

Knowing the experimental yield of Ga2O3 it is possible to adjust the evaporation 

rate of DEZ for ZnO production, which will correspond to 450 mg/h of Ga2O3 usu-

ally made at standard conditions via CVS. At a pressure of 300 mbar a temperature 

of the bubbler of 15°C and a flow of helium of 50 sccm, DEZ will evaporate con-

tinuously with a rate of 1.58·10-6 mol/s. The evaporation is much slower than at 20 

mbar (usually used for liquid precursors in the CVS system). At these conditions 

the amount of the produced ZnO powder is about 450 mg/h. 

Diffuse reflectance spectra presented in Figure 4.41 shows two different absorp-

tion edges and Tauc plots display typical direct band gaps (DBG) of 3.3 eV for ZnO 

and 4.8 eV for Ga2O3. Good elemental distribution of Ga and Zn in the mixed na-

noparticles is displayed in Figure 4.42. Increasing the flow of helium to 75 sccm 

and 100 sccm through the bubbler caused higher concentration of DEZ in the carrier 

gas. This led to higher amount of Zn in the final powder with ratios Zn/(Zn+Ga) of 

0.6 and 0.8, respectively.  
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Fig. 4.41: UV/Vis absorbance spectra and direct Tauc plot of Ga2O3-ZnO mixture with typ-

ical band gap energies of 4.8 eV and 3.3 eV, respectively.  

 

 
Fig. 4.42: High-angle annular dark field (HAADF) – STEM micrograph and the EDS ele-

mental maps of Ga and Zn of Ga2O3-ZnO mixed nanoparticles   

4.3.1.1 Nitridation of Ga2O3-ZnO Particles 

The biggest challenge of the nitridation process is to control and reduce Zn volati-

lization. A ratio of Zn/(Zn+Ga) = 0.5 after the nitridation process could lead to very 

efficient water splitting under visible light according to DFT calculations [Jensen et 

al. 2008], but is experimentally still not accomplished using commercial powders. 

However, increasing flow of carrier gas and, therefore, concentration of Zn mono-

mers in the reaction zone leads also to poor crystallinity of the ZnO nanoparticles. 

Optimal conditions are used to reach maximal Zn/(Zn+Ga) ratio of 0.49 in the start-

ing mixture still preserving the desirable characteristics nanoparticles, which are 
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nitrided by varying nitridation time from 0.17 h to 10 h at 850°C. The effects of 

nitridation time on the microstructure and chemical composition of oxynitride na-

noparticles are investigated in detail in this chapter. Since NH3 decomposes at tem-

perature above 850°C this is the optimal temperature and commonly used for the 

nitridation of Ga-Zn oxynitride material since discovery by [Maeda et al. 2005 and 

2006]. In their work they obtained the highest activity for sample nitrided for 15 h 

with x = 0.12. For Ga2O3-ZnO CVS powders much shorter nitridation times can be 

used. Nanoscaled particles can have improved crystallinity and shorter diffusion 

distances for photoexcited carriers transported to the surface [Kay et al. 2006 and 

Osterloh et al. 2012]. As a common issue, during nitridation ZnO is reduced by H2 

(a byproduct of the NH3 decomposition) and Zn becomes highly volatile. The rapid 

decrease of the Zn content from Zn/(Zn+Ga) = 0.29 after 0.25 h to 0.03 after 10 h 

of nitridation is presented in Figure 4.43. Additionally, Zn loss can be also directly 

observed as deposit on the inner wall of the nitridation tube in form of metallic Zn 

or ZnO after exposing the setup to ambient air, supported by XRD data (Fig. 4.44). 

Decrease of the Zn content causes a lower electron occupation in the upper valence 

band and shifts the VBM downward. Based on the onsets of diffuse reflectance 

spectra the band gap energy increases from 2.4 eV to 2.6 eV, which is substantially 

smaller than the band gap energies of GaN (3.4 eV) and ZnO (3.3 eV). 

 

 
Fig. 4.43: Ratio of Zn/(Zn+Ga) is decreasing from 0.29 to 0.03 with increasing nitridation 

time, while band gap energy increases due to Zn evaporation  
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Fig. 4.44: XRD data confirms the presence of metallic Zn and ZnO deposited on the wall 

after nitridation (example shown for sample nitrided for 5h) 

 
The band gap of a semiconductor is either direct (DBG) or indirect (IBG). Diffuse 

reflectance can be converted to absorbance using Kubelka-Munk equation: A=(1-

R∞)2/2R∞ where: R∞ = Rsample / Rreference and diffuse reflectance spectra are observed 

with BaSO4 as reference material. Tauc plots are used to determine the optical band 

gap of semiconductors [Tauc et al. 1958 and Stenzel et al. 2005]. A Tauc plot is 

displayed as a function of (ɑhν)1/r, where hν – photon energy, ɑ – absorption coef-

ficient of the material and r – exponent which denotes the nature of the transition 

[Davis et al. 1970]. If r is: ½ – direct transition and if 2 – indirect transition. Figure 

4.45 displays that all oxynitride samples have indirect band gaps. 

 

 
Fig. 4.45: A – Reflectance spectra presented by Kubelka-Munk equation and B –Tauc plot 

functions with exponent ½ indicating indirect band gap of all nitride samples from 2.4 eV 

to 2.65 eV with decrease of Zn/(Zn+Ga) from 0.29 to 0.03 
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IBGs lower the probability of light absorbance compared to semiconductors with 

DBG. This can be explained by energy states of CBM and VBM, which are charac-

terized by a specific crystal momentum (k-vector). If k-vectors are identical, the 

momentum of electrons and holes is the same and the band gap is direct. Electrons 

can be directly excited when nanoparticles are irradiated with UV or visible light. 

On the other hand, if the vectors differ, those electrons must pass through an inter-

mediate state and transfer the momentum to the crystal lattice. This demands ab-

sorption or emission of a phonon with momentum equal to difference of momen-

tums between holes and electrons. This difference is schematically presented in 

Figure 4.46. Maeda et al. [2010] demonstrated that nitridation for less than 5 h did 

not lead to the formation of single wurtzite phase of GaN-ZnO solid solution. Par-

ticles were irregularly shaped when nitridation process took less than 15 h, while 

samples nitrided for even 30 h suffered from very low surface area. In addition, due 

to simultaneous diffusion of the Ga3+ and Zn2+ ions in the starting oxide mixture 

(commercially available) atomic composition strongly deviated even for the same 

particle. Using a mixture of CVS Ga2O3-ZnO and nitriding from 0.17 h to 10 h the 

crystalline GaN wurtzite phase is observed already after 0.25 h. Exposing to a re-

ductive atmosphere the nitrided samples are not a physical mixture of GaN and 

ZnO, but a solid solution of these materials.  

 

 
Fig. 4.46: Excitation and transition of an electron in semiconductors with direct and indi-

rect band gap. Adapted and adjusted from [Valavanis 2009] 
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Fig. 4.47: A – overview of the X-ray diffractograms of the samples starting from the 

Ga2O3-ZnO mixture as a function of the nitridation time. Compared with Ga2O3 (ICSD 

#34243), ZnO (ICSD #26170) and GaN (ICSD #54698) as initial studying parameters and 

B – enlarged diffracted intensities in range 30º – 38º 

 

In Figure 4.47 X-ray diffraction patterns are normalized to the individual maximum 

intensity for graphical clarity. GaN and ZnO as the main constituents of the solid 

solution have both wurtzite crystal structure and very similar lattice parameters. 

Diffraction intensities with positions (100), (002) and (101) shift to higher angles 
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upon loss of Zn. Suhulz et al. [1977] and Garcia-Martinez et al. [1997] reported that 

due to the small difference in c-axis lengths between GaN and ZnO the diffracted 

intensity with position (002) did not undergo a shift. However, for CVS nanoparti-

cles this shift is visible and a- and c-axis length decreases almost linearly with de-

creasing Zn concentration. After a very short nitridation time of 0.17 h (10 min) the 

wurtzite phase is not observed, neither a monoclinic Ga2O3 phase. Excess amount 

of ZnO (68 wt.%), GaN (5.6 wt.%) and an intermediate ZnGa2O4 phase (26.4 wt.%) 

are observed. The spinel ZnGa2O4 converts to the desired (Ga1-xZnx)(N1-xOx). 

Therefore, the Zn content in the oxynitride made by this synthetic route is limited 

by the spinel intermediate composition to a maximum Ga/(Ga+Zn) = 0.33 and the 

rate of Zn volatilization [Chen et al. 2009]. The detailed change of the phase com-

position as a function of time is presented in Figure 4.48. At 0.25 h and longer ni-

tridation times a shift of the Bragg reflection in the region 2Ɵ = 30° – 38° is ob-

served due to an increase of GaN and a decrease of ZnO content, as previously 

described by Domen et al. [2005]. The energy necessary to break the Zn-O bond is 

lower (1.65 eV) than for the Ga-O bond (3.66 eV) which explains the loss of Zn 

during nitridation with GaN being the dominant constituent after 10 h with a very 

low ratio of Zn/(Zn+Ga) = 0.03. 

 

 
Fig. 4.48: Change of the phase composition with nitridation time from starting Ga2O3-ZnO 

mixture (58.6 : 41.4 wt.%)  
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Table 4.5. Compiled data of nitrided CVS samples as a function of nitridation time 

t CS MS Г SSA IF TF LP [a ; b ; c] 
h nm % / m2/g % % Å 

0 16.2 ± 0.8 
17.9 ± 2.8 

0.21 ± 0.066 

0.68 ± 0.086 0.46 65.6 / 
4.6 ± 0.40 

/ 
4.3 ± 0.73 

12.248; 3.037; 5.808 
3.252; - ; 5.212 

0.25 9.4 ± 0.1 0.28 ± 0.021 0.51 46.2 2.36 ± 0.10 2.48 ± 0.11 3.211; - ; 5.214 
0.5 9.4 ± 0.9 0.26 ± 0.014 0.53 42.6 2.45 ± 0.10 2.56 ± 0.12 3.211; - ; 5.217 
1 10.6 ± 0.9 0.21 ± 0.027 0.55 33.3 2.36 ± 0.10 2.48 ± 0.11 3.206; - ; 5.212 
3 15.6 ± 0.4 0.06 ± 0.002 0.57 32.9 0.40 ± 0.01 0.71 ± 0.05 3.206; - ; 5.202 
5 18.9 ± 0.2 0.03 ± 0.003 0.64 17.8 0.42 ± 0.04 0.84 ± 0.07 3.197; - ; 5.197 

10 30.4 ± 0.7 0.01 ± 0.002 0.70 14.7 0.36 ± 0.02 0.41 ± 0.03 3.194; - ; 5.193 
  t  nitridation time 
CS  crystallite size 
MS            microstrain 
 Г  degree of crystallinity 
SSA specific surface area 
IF  intrinsic (stacking) fault probability 

TF  Twin fault probability  
LP  lattice parameters  
Red  β-Ga2O3 phase 
Green  ZnO phase 
Black  (Ga1-xZnx)(N1-xOx) 

 

Crystal structure and microstructure is analyzed using Rietveld refinement of XRD 

patterns (Table 4.5) to better understand the relation between particle characteristics 

and their photocatalytic behavior information about phase composition. Local var-

iations of lattice constants are due to defects in the crystal structure [Leineweber 

2011]. Using a combination of Popa model for size and strain, as well Warren theory 

for planar defects for hexagonal closed pack (HGP) crystal structure the probability 

of intrinsic and twin faults is obtained [Popa 1998 and Warren 1990]. Defects may  
 

 
Fig. 4.49: XRD pattern of the sample nitrided for 5 h fitted by Rietveld refinement using 

MAUD. Compared with GaN (ICSD #54698) and ZnO (ICSD #26170) references as initial 

studying parameters 
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act as traps for charge carriers leading to recombination of electrons and holes, thus 

deteriorating charge carrier transport to the surface and lowering photocatalytic ac-

tivity. A typical Rietveld refinement for sample nitrided for 5 h, which shows the 

highest photocatalytic activity, is shown in Figure 4.49.  

In Figure 4.50A with increasing nitridation time microstrain decreases, which is 

associated with formation of (Ga1-xZnx)(N1-xOx). The crystallite size increases from 

about 9 to 30 nm followed by decrease in specific surface area from 46 m2/g to 14.7 

m2/g, which are still larger compared to those obtained using solid-state reaction in 

previous studies with less than 10 m2/g [Sun et al. 2007, Maeda and Hisatomi 2009]. 

As well with increasing nitridation time the probability of intrinsic (stacking) and 

twin faults is decreasing indicating lower defect densities. Contrary to expectations, 

higher nitridation temperature than 850°C would not lead to higher crystallization, 

but induce formation of Zn defects in the material [Maeda et al. 2005]. In Figure 

4.50D lattice parameters a and c of the nitrided samples are between values of 

wurtzite ZnO and GaN crystal structure (space group P63mc). With longer nitrida-

tion time these values approach values for GaN, although it must be mentioned that 

the remaining deviation from the bulk values could be also due to the nanoscaled 

nature of the particles [Diehm et al. 2012].  

A decrease in specific surface area significantly reduces the number of the reac-

tion sites, thus lowering photocatalytic activity [Kudo et al. 1988 and Ikeda et al. 

1998]. Many other factors can also affect the PL activity, like surface structure and 

surface morphology, as well the type and amount of the co-catalysts. Considering 

the crystallinity, all the indicators show a decrease of the defect density, which 

should lower the recombination rate and improve the photocatalytic activity. How-

ever, visible light absorption originates from Zn and O impurities [Hirai et al. 2007]. 

Hence, the nitrided samples may be active only under UV light compared to parent 

oxide mixtures. Beside planar defects (intrinsic and twin faults), as determined from 

the XRD data using Rietveld refinement, linear defects (dislocations) and point de-

fects are also present in the crystal structure enhancing the recombination probabil-

ity. Substituting Ga3+ with Zn2+, regarding their ionic radii, an extension of the lat- 
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Fig. 4.50: Influence of nitridation time on: A – crystallite size and specific surface area. B –  

Microstrain and degree of crystallinity, C – Intrinsic (stack) and twin fault probabilities and 

D – Cell length a and c with ZnO and GaN bulk values (B-splines are intended as a guide to 

the eye) 

 
tice parameters is observed and the oxygen vacancies are formed due to different 

oxidation numbers of Ga3+ and Zn2+. Group of vacancies could form clusters, as 

well the impurities and form a different phase. The distribution of the crystal struc-

ture constituents also depends on the precursor purity. 

In Figure 4.51 PL spectra are presented for pure β-Ga2O3, the starting CVS mix-

ture Ga2O3-ZnO and the (Ga1-xZnx)(N1-xOx) sample nitrided for 5 h. As noted by 

Binet [1998], Shimamura [2008], Ho [2010] and Vasyltsiv [2019] the PL spectrum 

of Ga2O3 can be divided into three elementary bands with the maximum near UV 

(380 nm – 390 nm), blue (440 nm – 450 nm) and green (530 nm – 540 nm) spectral 

region. Onuma et al. [2018] found that the UV band luminescence is not dependent 

on impurities in the material, but refers to the recombination of free electrons and 

self-trapped holes, which cannot be seen in Figure 4.51. However, no significant 

evidence of luminescence in the UV region (100 – 400 nm) for CVS β-Ga2O3 is 

detected, what might be one of the reasons for higher activity of the oxide compared 
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Fig. 4.51: Photoluminescence spectra (STP – 1 atm and 25°C) of CVS samples: Ga2O3 

(blue), Ga2O3-ZnO (black) and (Ga1-xZnx)(N1-xOx) nitrided for 5 h (red) 

 
to nitrided samples when irradiated with UV light. The band at 400 nm (blue emis-

sion) stems probably from the recombination of an electron – a donor formed by an 

oxygen vacancy (Vo) and a hole – acceptor formed by a gallium vacancy (VGa) [Qian 

et al. 2008]. High intensity luminescence with maximum at 526 nm (green emis-

sion) could be attributed to some defects due to impurities in the material, as previ-

ously found by [Wang 2017, Gupta 2014 and Hu 2017]. Mixed CVS Ga2O3-ZnO 

powder exhibit two emission bands and one at 375 nm in the UV region, typical for 

ZnO, originates from recombination of free excitons. The other peak at 530 nm is 

attributed to single ionized oxygen vacancy [Yang et al. 2002 and Prabhakar et al. 

2012] or the photogenerated hole interacts with an electron from occupying oxygen 

vacancy and causing radiative recombination [Vanheusden et al. 1996]. This peak 

is overlapping with a peak from previously described green emission for Ga2O3, but 

with a lower overall intensity. The weaker this luminescence is, the slower is the 

rate of electron-hole recombination. This is also observed for the nitrided sample 

(Ga1-xZnx)(N1-xOx). The solid solution of ZnO and GaN has an emission band at 375 

nm in the UV region, the same as for the parent oxide mixture, which could be 

attributed to both phases coming from electron-hole recombination. On the other 

hand, the red emission with a peak at 700 nm refers to oxygen vacancies (Vo) due 

to substitution with nitrogen when the sample is exposed to NH3 during nitridation. 
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As previously found by Lorenz et al. [2013] the yellow emission is frequently seen 

in GaN. The red shift corroborates an increase of defect density followed by heavy 

doping, where Ga is substituted by Zn and O by N during nitridation. In the work 

of Zeng et al. [2006] on doping GaN with Mg a strong correlation is shown between 

the vacancy concentration and the intensity of the red luminescence with a band at 

1.8 eV (690 nm). Recently, Ouhbi and Aschauer [2019] reported a self-healing ef-

fect of anionic vacancies for TaON. They found an energetic preference for oxygen 

and nitrogen vacancies preferring surface sites where they are ‘healed’ by *O and 

*OH adsorbates under OER conditions. 

Atomic high resolution STEM images of the wurtzite crystal structure of oxyni-

tride sample (Ga1-xZnx)(N1-xOx) analyzed in the Figure 4.52 shows high crystallinity 

from core to the surface of the particles in general. Stacking faults are visible along 

the [11-20] axis validating the data from Rietveld refinement of XRD pattern for 

the sample nitrided for 5 h.  

 

 
Fig. 4.52: a – STEM images of (Ga1-xZnx)(N1-xOx) nitrided for 5 h, b/e – atomic resolution 

micrographs along [11-23] and [11-20] axis with c/f – their Fast Fourier Transformation 

(FFT) and e – stacking faults (layer C) labelled in the hexagonal ABȦḂ layer order along 

the (0002) plane 
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4.3.1.2 Photocatalytic Activity of the Ga2O3-ZnO Starting Mixture and 
in situ Photo-deposition of Rh/Cr2O3 Co-catalysts 

As a reference material 150 mg of CVS prepared Ga2O3-ZnO mixture is dispersed 

into 500 mL of water and loaded with Rh- and Cr- containing co-catalysts by step-

wise in-situ photodeposition. The optimum loading of 0.1 wt.% Cr2O3 and 0.1 wt.% 

Rh for commercial and CVS Ga2O3, as well as the order of addition (first Cr2O3, 

then Rh) were determined previously by Busser et al. [2012]. Without adding the 

sacrificial agent (MeOH) first a small amount of 0.45 mL of a solution containing 

K2CrO4 is added (leads to 0.1 wt.% Cr2O3) and flushed with nitrogen for 1 h. After 

a degassing step, the mercury lamp, which emits light with wavelengths in range 

250 – 600 nm is switched on and sensors for H2, O2 and CO2 monitor and measure 

their initial evolution rate. The corresponding results are presented in Figure 4.53. 

In the first hour just a small amount of CO2 is observed due to oxidation of carbo-

naceous residues. Cr2O3 serves as an oxidation catalyst [Soldat et al. 2016]. Adding 

0.6 mL of Na3RhCl6·3H2O solution (leads to 0.1 wt.% Rh) is performed so many 

times until the production rate of evolved gases reaches saturation and does not ch- 

 

 
Fig. 4.53: POWS and methanol reforming of CVS prepared Ga2O3-ZnO mixture.  N : light 

on, addition of K2CrO4 (0.1 wt.% Cr2O3);  I – VI : light on, addition of Na3RhCl6·3H2O 

(0.1 – 0.6 wt.% of Rh, respectively) and  M : light on, addition MeOH (methanol reforming 

for enhanced H2 production). The data is obtained for 150 mg of catalyst in real time  
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ange significantly anymore. Every time the Rh-containing solution is added air is 

introduced as well and the system needs to be flushed with nitrogen. Consequently, 

sharp peaks for oxygen evolution are visible in the graph. O2 evolution starts when 

the concentration of CO2 decreases sufficiently. On the other hand, Rh is a powerful 

H2 evolution co-catalyst. As shown for pure Ga2O3 the optimal loading is 0.1 wt.% 

Rh, for doped samples 0.2 wt.% Rh, while in the case of mixed Ga2O3-ZnO this 

value reaches 0.6 wt.% Rh. This is probably due to the presence of ZnO on the 

surface of the particles. Compared to POWS reaction methanol reforming is a rela-

tively facile reaction and methanol is used as a hole scavenger. At the end 20 mL of 

MeOH is added and during 30 min of irradiation by lamp the H2 evolution increases 

significantly above 4 mmol h-1, while the OER rate drops to zero followed by a 

slight increase of CO2 concentration, as expected. 

4.3.1.3 Photocatalytic Activity of the (Ga1-xZnx)(N1-xOx) and in situ 
Photo-deposition of Rh/Cr2O3 Co-catalysts 

The POWS results of the starting oxide mixture and the nitrided samples are com-

pared in Figure 4.54. POWS is a thermodynamic uphill and relatively slow reaction, 

which competes with high recombination rates in defect rich materials. Neither 

short nor very long nitridation times lead to highest activity, but optimal conditions. 

A high specific surface area is indeed necessary for the adsorption and photocata-

lytic degradation of organic compounds, but it decreases significantly with longer 

nitridation times. In contrast, Kudo and Miseki [2009] point out that the critical 

factor for POWS is the defect concentration. A high degree of crystallinity is, there-

fore, more beneficial than a high specific surface area and according to Maeda et al. 

[2008] the H2 evolution depends on the structural properties of material and repre-

sents the rate determining factor. The optimum nitridation time is 5 h and the sample 

is regarded as one of the most promising for photocatalytic applications with little 

microstrain and low defect density (Figure 4.50). The Zn content is considerably 

lower as in the starting material, but there is still a significant amount (x = 0.06) and 

reasonably high specific surface area (17 m2/g). The band gap of 2.55 eV suggest 

that (Ga1-xZnx)(N1-xOx) should be more active than its parent oxide mixture of Ga2O3 
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Fig. 4.54: Comparison of POWS activity of Ga-Zn-oxynitrides with parent Ga2O3-ZnO 

starting mixture. All results are recalculated per gram of catalyst and optimal loading for 

nitrided samples is considered (0.1 wt.% Cr2O3 and 0.3 wt.% Rh)  

 
and ZnO. However, photocatalysis favors semiconductors with DBG and for those 

with IBG the efficiency decreases and this is the most likely the explanation for the 

lower activity of these oxynitrides. The material shows no activity when a light 

source with visible light (Xe lamp) was applied. 

The problems regarding lower and diverse photocatalytic activities measured for 

(Ga1-xZnx)(N1-xOx) under visible light irradiation is also reported in the work by 

Zhang et al. [2014]. It is demonstrated that large differences in activity are the result 

of small differences in the surface composition of the particles, especially when 

working with solid precursors. Therefore, creating an active material is a very sen-

sitive process. The other possible reason for low activity could be the contact be-

tween semiconductor and co-catalyst, as well the oxidation state of Rh particles. 

Smaller Rh particles are easier attached to the surface (Figure 4.55) on already small 

nanoparticles and harder to be washed away during POWS experiments. In chapter 

4.2 an excess amount of Rh metal during doping of Ga2O3 could oxidize easily when 

the reactor is opened to add solution and the co-catalyst efficiency decreases.  

The optimal co-catalyst loading for (Ga1-xZnx)(N1-xOx) prepared by nitridation of 

physical mixture of Ga2O3-ZnO, previously obtained by performing high tempera- 
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Fig. 4.55: The stability of the co-catalyst attached on the surface of semiconducting nano-

particles is size-dependent. The co-catalyst particles with higher specific surface area 

should oxidize stronger. Graphical illustration is created using CorelDRAW X8 

 
ture solid-state synthesis by Maeda et al. [2005], is determined to 0.1 wt.% Cr2O3 

and 0.3 wt.% Rh [Sakamoto et al. 2009 and Busser et al. 2012]. For oxynitrides 

prepared by a CVS Rh-solution is added to the system already containing 0.1 wt.% 

Cr2O3. The optimum loading is 0.3 wt.% Rh (Figure 4.56), which is in a good agree-

ment with previous results and further addition does not lead to a significant in-

crease in H2/O2 evolution.  

 

 
Fig. 4.56: POWS and methanol reforming of (GaxZn1-x)(N1-xOx) nitrided for 5 h.  N : light 

on, addition of K2CrO4 (0.1 wt.% Cr2O3);  I – III : light on, addition of Na3RhCl6·3H2O 

(0.1-0.3 wt.% of Rh, respectively) and  M : light on, addition MeOH (methanol reforming 

for enhanced H2 production). The data is obtained for 150 mg of catalyst in real time 
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Hyper mapping performed using EDS displays the local element distribution in 

CVS powder modified with co-catalysts to monitor their homogeneity (Figure 

4.57). Optimal loading of 0.3 wt.% corresponds to nominal ratio of Rh/(Ga+Zn) of 

0.27. After noise reduction of the EDS spectrum imaging by multivariate analysis 

[Zhang et al. 2018], only the Rh-L peak is visible. The Cr-K peak is not observed 

due to very low concentration (three times less than concentration of Rh in the sam-

ple) which is below the EDS detection limit. The presence of Cu stems from the 

TEM grid. Table 4.6 lists the average Rh/(Ga+Zn) ratios for three different EDS 

mapping performed on different single particles, which are 3-4 times higher than 

the nominal ratio. This is explained by the variation of the local concentration. Rh 

is a much heavier element than Ga and Zn and based on the atomic number contrast 

it should stand out in the HAADF-STEM image. Rh particles are small and observ- 

ed as subnanometer bright features, which could be attributed to atomic clusters. Rh 

is not fixed, but moving fast on the surface of the CVS nanoparticles, which is 

clearly visible while doing the analysis. This explains why Rh is observed uniformly 

 

 
Fig. 4.57: Elemental distribution and homogeneity in (GaxZn1-x)(N1-xOx) nitrided for 5 h by 

EDS/TEM after the in situ photodeposition of the binary Cr2O3/Rh co-catalysts and POWS 

experiment is performed 
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in the elemental map. Unfortunately, due to technical limitations and their fast 

movement ‘catching’ this Rh features on the TEM images is not possible. It can be 

stated that the co-catalyst is present in a fairly dispersed condition.  

As part of future work, a synthesis of semiconducting nanoparticles together with 

co-catalysts via CVS may be considered. Few disadvantages occur regarding this 

methodology when the synthesis is carried out. In the first step Ga2O3-ZnO nano-

particles are made and left uncollected in the thermophoretic collector. In the second 

step the process parameters are changed (p = 20 mbar), so that the reaction time is 

shorter and smaller Cr2O3 nanoparticles of about 2 – 3 nm are synthesized. Green 

chromia nanoparticles are attached to the surface of the Ga2O3-ZnO layers on the 

walls of the collector followed by an uneven distribution (Fig. 4.58). Obviously, the 

main drawback of this method is that the semiconducting nanoparticles are not ni-

trided. This is necessary to achieve directly in the CVS, which would consequently 

lead to interaction of Ga-Zn species with Cr and form undesired crystal structures. 

At the same time, Cr2O3 can be also nitrided and form CrN for example. A new 

approach and technical improvements are necessary to be able to make such a com-

plex structures in the gas phase. This is especially important for nanosized metal Rh 

nanoparticles, which will be oxidized instantly after opening the particle collector 

compared to in situ photodeposition. 

 

 
Fig. 4.58: Non-uniform distribution of Cr2O3 co-catalyst nanoparticles on the layers of 

CVS Ga2O3-ZnO synthesized powder 
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4.3.2 Route II: Synthesis of ZnGa2O4 in the Gas Phase 

As an alternative material zinc gallate ZnGa2O4 is prepared by CVS and nitrided in 

second step. With Eg about 4.9 eV – 5 eV only photons with wavelengths shorter 

than 250 nm can be absorbed indicating an inefficient photoelectrochemical con-

version. However, Chen et al. [2009] reported that ZnGa2O4 is the key intermediate 

in the solid-state reaction for formation of oxynitrides with a Zn/(Zn+Ga) ratio lim-

ited to 0.33. Since Zn and Ga are part of a very stable oxide spinel phase (ZnGa2O4) 

Zn loss during the nitridation is not as pronounced as in the case of separated oxides 

(Ga2O3-ZnO). The elemental distribution depends on diffusion rates of Ga and Zn 

atoms as a function of temperature. One of the main drawbacks using commercial 

powders is the formation of large particles up to 3 microns and with a wide distri-

bution in size and shape, as shown by Adeli et al. [2016]. They reported those syn-

thesis techniques as inefficient due to long nitridation times afterwards limited by 

use of ammonia. In this chapter ZnGa2O4 is synthesized directly via CVS at 300 

mbar and 1200ºC in the same reactor. Ga(acac)3 is combined with different organic 

Zn precursors, such as solid: Zn(acac)2, Zn(OAc)2 and Zn(TMHD)2, but the best 

results are achieved with liquid DEZ added at the beginning of the reaction zone, as 

well as the Ga source. In this way it is possible to directly compare CVS Ga2O3-

ZnO with ZnGa2O4. With an evaporation rate of 6.1·10-7 mol/s, when the bubbler 

for DEZ is set to 0ºC and system pressure of 300 mbar, the desirable ratio of Ga:Zn 

= 2:1 in the material is reached. Synthesis is repeated four times and EDX confirms 

this ratio by comparing atomic percentages of Zn and Ga. For each synthesized 

powder at least three elemental mappings are observed and average values are cal-

culated (Figure 4.59). The presence of aluminum is due to the sample holder. Pure 

cubic spinel ZnGa2O4 phase (wt.% = 100) is confirmed by Rietveld refinement of 

each XRD pattern (Figure 4.60) of synthesized sample. Crystallite size is 25.6(4) 

nm with low microstrain of 0.012(8) % and with a typical cubic crystal structure - 

space group Fd-3mS (227), where the lattice parameter is a = 8.337(1) Å. The spe-

cific surface area is 40 m2/g and a theoretical density 6.06 g/cm3. For non-porous 

material and spherical particles, the obtained particle size calculated from BET is 

around 24.5 nm. Figure 4.61 shows typical adsorption/desorption isotherm of 
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ZnGa2O4 nanoparticles. According to IUPAC classification sorption isotherm is of 

type II and typically obtained for non-porous adsorbent (powder) and an unre-

stricted monolayer-multilayer adsorption occurs described by Lowell et al. [2004]. 

The non-existence of a hysteresis loop on adsorption-desorption isotherm, which is 

in general related to pore size distribution, indicates narrow particle size distribution 

with regular shape. 

 

 
Fig. 4.59: Elemental mappings for ZnGa2O4 indicate desirable ratio of Ga:Zn = 2:1 

achieved during the synthesis 

 

  
Fig. 4.60: XRD pattern of the ZnGa2O4 made by CVS (1200ºC and 300 mbar) fitted by 

Rietveld refinement using MAUD. Compared with ZnGa2O4 (ICSD #9394) reference as in-

itial study model. Unit cell is presented using visualization software VESTA 



114      4.3 Structure and Properties of Ga-Zn-Oxynitride 

 
Fig. 4.61: Adsorption-desorption isotherm of type II (IUPAC) of CVS ZnGa2O4 (1200 ºC, 

300 mbar) suggesting non-porous particles with a narrow particle size distribution 

 

 
Fig. 4.62: Agglomerated ZnGa2O4 nanoparticles observed in STEM mode (JEOL-SEM 

7500F) 
 
As part of the sample preparation on a TEM grid, particles are previously dispersed 

into semiconductor grade methanol and tend to form soft agglomerates visible in 

Figure 4.62, which is easy to break using ultrasonic bath. Beside nanosized particles 

only a few spots indicate the presence of bigger nanospheres, which occasionally 

grow to microsize larger than 100 nm. To explain this features and their morphology 

STEM/EDS on HRTEM is used. In Figure 4.63A those visible-through ‘bubble-

like’ spheres are hollow spheres based on the Kirkendall effect and EDS shows it is 

clearly ZnO. In general, DEZ decomposes already at 36ºC in oxygen-free environ-

ment before it reaches the reaction zone and mixes with Ga species and oxygen. The 

surface of the metallic Zn particles is oxidized and Zn/ZnO - core/shell particles are 
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formed. The self-diffusion coefficient of Zn2+ ions is higher than for O2- ions in the 

ZnO shell [Raidongia et al. 2008] and this unbalanced diffusion flux causes the for-

mation of vacancies. These vacancies migrate and merge into larger voids located 

at the interface core/shell, as previously explained by Mel et al. [2015] and sche-

matically presented in Figure 4.64. If the core is completely consumed particles 

become fully hollow or just partially, as presented in the Figure 4.63B for ZnO. The 

thickness of the ZnO shell depends on the ratio of Zn outer diffusion rate to the 

opposite flow rate of vacancies, which is a function of the reaction zone length and 

process parameters. On standard parameters the thickness of the ZnO shell is about 

7 to 10 nm (Fig. 4.64E). Previously, Schilling et al. [2013] made small hollow nan-

ospheres with average diameter of 50-100 nm via CVS. However, the scope of this 

work is not the synthesis of hollow nanospheres. During the nitridation process by 

 

 

 

 
Fig. 4.63: EDS analysis using HRTEM A – hollow ZnO nanospheres from 30 – 150 nm,  

B – partially consumed Zn metallic core due to Kirkendall effect (not fully hollow ZnO par-

ticles), C – solid Ga2O3 spheres with sizes from 100 – 200 nm 
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using ammonia either solid ZnO particles or these hollow spheres of ZnO will be 

reduced to metallic Zn and finally evaporate. This particular morphology is inter-

esting from the point of view of nanoparticle synthesis, but not for POWS. In Figure 

4.63C solid Ga2O3 particles are formed. Excess amount of Zn and Ga form separate 

Ga2O3 and ZnO in minority due to fluctuation in evaporation of precursors. No 

Ga2O3 hollow spheres are obtained, while self-diffusion coefficient for Ga3+ is much 

lower compared to Zn2+ ions. 

ZnGa2O4 crystallizes in a face centered cubic (fcc) crystal structure and the par-

ticles have spherical to slightly ellipsoidal shape, the same as previously shown for 

other samples made by CVS. High nanoparticle crystallinity reveals the absence of  

 

 
Fig. 4.64: Schematic drawing of Kirkendall effect for CVS nanoparticles. A – metallic zinc 

formed by pyrolysis of DEZ, B – Zn particle oxidizes on the surface, diffusion rate of Zn2+ 

is faster than that for O2- across the ZnO shell and formation of voids, C – partially con-

sumed metallic Zn core and formation of larger voids and cracks in the shell, D/E – Hollow 

ZnO with shell thickness of about 7 – 10 nm. Adjusted from [Schilling et al. 2013] 

 

 
Fig. 4.65: TEM and HRTEM images of highly crystalline ZnGa2O4 nanoparticles with  

corresponding FFT pattern. Insets are the lattice distance measurements of (220) plane 
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1/2D structural defects validating the low microstrain information extracted by 

Rietveld refinement with lattice parameters a = 8.337 Å typical for spinel ZnGa2O4. 

With an optimal loading of co-catalyst (0.1 wt.% CrOx and 0.5 wt.% Rh) ZnGa2O4 

exhibit fairly good photocatalytic activity of 2.32 mmol gcat
-1 h-1 of H2 and 0.95 

mmol gcat
-1 h-1 of O2. The electronic structure of the spinel is in general unfavorable 

for photocatalytic activity. However, the presence of the hollow spheres and larger 

solid particles, such as Ga2O3, may have some significant impact on photocatalytic 

activity of these materials, which needs to be further investigated.  

4.3.2.1 Thermal Nitridation of ZnGa2O4 Particles using NH3 

Complete conversion to (Ga1-xZnx)(N1-xOx) when using bulk starting materials 

needs a nitridation temperature of 850ºC, while for nanoparticles it could be lower 

than 750ºC and even 650ºC if ZnO is added to starting ZnGa2O4, as suggested by 

[Lee et al. 2016]. The decomposition rate of NH3 is faster at higher temperatures. 

Therefore, higher concentration of nitrogen-contained species are released into re-

action and transformation into wurtzite type oxynitride can take place in order of 

minutes [Adeli and Taghipour 2016]. Diffusion of nitrogen occurs more rapidly 

over surface and along grain boundaries than through the interior of the crystallites 

[Fisher et al. 1951]. Using ZnGa2O4, made by solid-state reaction between ZnO and 

Ga2O3, nitridation at high temperatures leads to the formation of bigger particles. 

During POWS the crystallites embedded in the center of the clusters are not exposed 

to the incident photons and the photogenerated charges are trapped in the grain 

boundaries. Nanoparticles should be used to overcome this problem. Tongying et 

al. [2017] nitrided a mixture of nanoscaled ZnO-ZnGa2O4 (max. ratio of Ga : Zn = 

1.1 : 1) for 10 h in a temperature range from 650ºC to 900ºC and reported significant 

Zn loss, again due to free ZnO in the mixture.  

Pure CVS spinel ZnGa2O4 is nitrided for 5 h in order to compare it with oxyni-

trides previously made by nitridation of CVS ZnO-Ga2O3 mixture. The conven-

tional way of nitridation using thermal decomposition of NH3 is used in a tempera-

ture range from 450ºC to 850ºC for 5 h and the XRD results are presented in Figure 
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4.66. At 450ºC the structure remains almost unchanged and O is not substituted with 

N, while the Zn/(Zn+Ga) ratio is still 0.33, which is similar compared to the initial 

value of 0.35. Neither the specific surface area decreases nor the crystallite size 

increases significantly. The same is observed for the sample at 550ºC. Incomplete 

phase transformation from spinel ZnGa2O4 to wurtzite (Ga1-xZnx)(N1-xOx) occurs 

above 650ºC. Full phase transformation occurs at temperature of 750ºC and above. 

At the standard temperature of 850ºC crystallite size is 30 nm, which is slightly 

increased compared to the initial 25 nm for the spinel structure. The specific surface 

area decreases from 40 m2/g to 16 m2/g and it is very similar with 18 m2/g for ox-

ynitride made from Ga2O3-ZnO at the same conditions. In addition, it is not a sur-

prise that the Zn content is reduced, but with a ratio of Zn/(Zn+Ga) of 0.15 the Zn 

content is not significantly lower than for ZnGa2O4 used as a starting material com-

pared to the sample nitrided from mixture of Ga2O3-ZnO with ratio of only 0.03. 

The ratio of N/(N+O) is 0.32 obtained by EDS and the chemical formula of oxyni-

tride for this sample can be presented as (Ga0.85Zn0.15)(N0.32O0.68). The advantage of 

this oxynitride is even more pronounced when considered that the band gap is direct 

with an energy of 2.75 eV. 

 

 
Fig. 4.66: Thermal nitridation under NH3 for 5 h shows full phase transformation from spi-

nel to wurtzite phase from 750ºC 
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Fig. 4.67: Influence of nitridation temperature (t = 5 h) on Zn/(Zn+Ga) and O/(O+N) ratios 

obtained by EDS 

 

 
Fig. 4.68: A – Reflectance spectra presented by Kubelka-Munk equation and B – Tauc plot 

functions indicating direct band gap which decreases from 4.7 eV to 2.75 eV with increas-

ing the nitridation temperature from 450ºC to 850ºC 

 
Since the photocatalytic activity of the samples is compared in UV region this area 

is of great importance in the PL spectra. In Figure 4.69 for samples nitrided at low 

temperatures (450 – 650 ºC) peak at 375 nm is attributed to the recombination of 

the free excitons, which is not observed for the starting ZnGa2O4. Two low emission 

peaks at 420 and 440 nm appear when the spinel ZnGa2O4 is nitrided at low tem-

peratures of 450ºC and 550ºC. Liu [2009] and Wani [2017] found that this emission 

may be due to self-activation center of Ga-O octahedral group, where transfer of 
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charge occurs between neighboring Ga3+ ions. The high intensity of the green emis-

sion around 526 nm is due to defects in the crystal structure and the intensity in-

creases with higher concentration of the defects. At 550ºC the intensity of the emis-

sion peak is slightly higher confirming higher Zn loss (increase of vacancy type 

defects) during the nitridation compared to 450ºC. The sample nitrided at 650ºC 

contains spinel ZnGa2O4 and (Ga1-xZnx)(N1-xOx) and shows green and yellow lumi-

nescence, which is, as reported by Neugebauer et al. [1996], attributed to Ga vacan-

cies (VGa) or could be due to other defects during substitution of O with N and Ga 

with Zn. The most interesting sample is obtained at 850ºC – it does not exhibit lu-

minescence in the UV region and shows the highest photocatalytic activity not only 

comparing these samples, but among all the nitrided samples in this work. The red 

luminescence with maximum at 700 nm is observed for sample at 750ºC, but not 

for the sample at 850ºC. Again, when compared with oxynitride made at the same 

conditions, but from mixture of Ga2O3-ZnO this sample has significantly lower de-

fect density. At wavelengths of 405 nm and 810 nm the originate from laser. 

The elemental distribution observed by EDS shows a dominant presence of Ga 

on the surface of the particles, where Zn evaporates easier than inside of the particles 

(Fig. 4.70). Therefore, the trapped zinc is the reason of the higher Zn/(Zn+Ga) ratio 

when using spinel phase as the starting material. HRTEM shows highly crystalline 

 

   
Fig. 4.69: Photoluminescence spectra (STP – 1 atm and 25°C) of CVS samples: ZnGa2O4 

and (Ga1-xZnx)(N1-xOx) nitrided for 5 h in temperature range from 450ºC to 850ºC 
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Fig. 4.70: A/B – EDS analysis of (Ga0.85Zn0.15)(N0.32O0.68) with Zn deficiency on the sur-

face compared to inner of the particles and C – HRTEM images showing highly crystalline 

particles and corresponding FFT pattern 

 
material with no visible disorder of the atoms in the crystal structure. This is in good 

agreement with the PL results confirming very low defect density. Also the surface 

terminations of the particles look very crystalline and Fourier transformation pattern 

confirms the wurtzite phase typical for the oxynitrides. 

With a photocatalytic activity of 4.4 mmol gcat
-1 h-1 for H2 and 3.4 mmol gcat

-1 h-1 

for O2 it is a first time that nitrided sample (t = 5 h; T = 850ºC) exhibit higher activity 

than the parent oxide, which is here ZnGa2O4. The comparison with other samples 

is presented in the Figure 4.71. Having two nitrided samples with almost the same 

specific surface areas it is clear that the determining factor for the high activity is 

the Zn content and the defect density. With 6.78 mmol gcat
-1 h-1 for H2 and 0.62 

mmol gcat
-1 h-1 for CO2 this sample is even better for methanol reforming than the 

sample nitrided at the same conditions, but from Ga2O3-ZnO with only 1.76 mmol  
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Fig. 4.71: Comparison of POWS activity of Ga-Zn-oxynitrides (nitrided for 5 h at 850 ºC) 

with parent Ga2O3-ZnO mixture and ZnGa2O4 as starting materials. All results are recalcu-

lated per gram of catalyst and optimal loading for nitrided samples is considered (0.1 wt.% 

Cr2O3 and 0.3 wt.% Rh) 

 
gcat

-1 h-1 for H2 and 0.09 mmol gcat
-1 h-1 for CO2, which is about four time less. All 

the parameters by now show superiority of the nitrided sample made from the 

ZnGa2O4 as starting material. 

4.3.2.2 Microwave Assisted Plasma Nitridation of ZnGa2O4 using NH3 
or N2 as Reactive Gases 

One of the future challenges is to produce samples with higher Zn content by chang-

ing the conventional method of nitridation. In this chapter the reactive gases are 

decomposed previously by a microwave plasma and their influence on the final 

samples is investigated. In thermal nitridation with NH3 the nitride coatings are of-

ten formed on the surface of the particles which limits the further diffusion of N into 

the particles affecting the nitridation times, which takes several hours. Microwaves 

provide a reactive plasma which reacts with the surface of the sample making it 

rougher. The diffusion rate of N species into the sample is dependent on the surface 

area of the sample, the gas flux through the quartz tube and length of the microwave 

plasma reactor. Aguirre et al. [2010] used NH3 as reaction gas to obtain strontium-

titanate oxynitrides and reported the formation of nitrogen rich islands in the near 
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surface area of the sample when nitrided with low NH3 flux less than 100 sccm. 

With higher fluxes oxygen is removed faster from the surface and N species diffuse 

into the bulk of the material, followed by a higher concentration of stacking faults. 

Houmes and Loye [1996] used an H2/N2 plasma to disrupt Al-O bonds of the Al2O3 

material to produce AlN. It is much easier to decompose the NH3 gas than N2 where 

the chemical bond is very strong and by conventional thermal technique it demands 

high temperatures above 1727ºC at atmospheric pressure. Recently, a pure N2-

plasma was employed by Sung et al. [2017] to obtain non-agglomerated AlN pow-

ders from Al particles in temperature range from 700ºC to 800ºC. The common 

challenge is to reduce the nitridation temperature and time. The disadvantage of 

applying NH3 is the highly reducing atmosphere due to H2 generated as a byproduct 

during gas decomposition, which is already known as a strong reduction agent for 

ZnO/ZnGa2O4 to metallic Zn. Applying pure N2 is clearly advantageous and the 

formation of active nitrogen species of the afterglow is controlled by variation of 

the system pressure, the flow rate and applied power of the reactor. Various excited 

states of N2, N2
+ and atomic N species are generated in N2 plasma [Sakakura et al. 

2019]. ZnGa2O4 sample is nitrided using assisted microwave plasma process with 

the same nitridation time of 5 h as for conventional (thermal) nitridation method. 

The temperature is varied from 450ºC to 850ºC analogous to the previous chapter 

when the same material was nitrided only thermally without employing the micro-

wave plasma for comparison. Still, using nanoparticles with a size of 25 nm the 

process is very challenging due to a couple of reasons. First, the microwave plasma 

reactor used in this work is very unstable at atmospheric pressure and demands vac-

uum conditions (50 mbar). It also demands certain flow of the gases, like mixture 

of NH3 or N2 with Ar (150 sccm both), which is also reported by Dias et al. [2016]. 

One of the main drawback is the use of the small ZnGa2O4 nanoparticles with a size 

of 25 nm placed in a MACOR boat inside a quartz tube. Setting the pressure to 50 

mbar must be performed very carefully with a slow decreasing rate to avoid that the 

nanoparticles fly away into the pump. One of the main problems is a generation of 

the highly charged nanoparticles in the plasma afterglow, which then simply fly 

away. Positioning the plasma reactor is also one of the crucial points and if it is 
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placed too far from the hot wall reactor the decomposed gas species will recombine 

forming N2 molecules again. The solution is provided in the form of pellets made 

by dry pressing of ZnGa2O4 nanoparticles, which is a different approach than for 

the powders nitrided only thermally (Fig. 4.72). 

 

 
Fig. 4.72: ZnGa2O4 powder nitrided only thermally and ZnGa2O4 pellet nitrided thermally 

with assisted microwave plasma reactor. Both samples are nitrided for 5 h and color 

changes from pure white into pure yellow.  

 

 

 
Fig. 4.73: GIXRD with different fixed incident angles (omega) from 0.25 to 5.0 for A – 

spinel ZnGa2O4 and B – (Ga1-xZnx)(N1-xOx) nitrided thermally with microwave assisted 

plasma at 850ºC for 5 h to investigate the penetration depth of reactive nitrogen species 

showing very good homogeneity of the nitridation process using pellets 
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As presented in Figure 4.73A-B grazing incident XRD is performed to analyze the 

penetration depth of the nitrogen species into the pellet for the sample nitrided at 

850ºC either with NH3 or N2. This is the representative sample for comparison to 

other samples in this work. By changing the fixed source described by the omega 

angle Ω from 0.25 to 5.0 the X-rays are penetrating deeper into the pellet, while the 

detector is moveable in range of 2θ = 15º – 80º. The ZnGa2O4 pellet is in general 

exposed to reactive gas (NH3 or N2), previously decomposed by microwave plasma 

reactor and all the examined layers show wurtzite structure typical for the oxyni-

tride. This discovered method is clearly suitable for nitridation of the pellets. This  

 

  

 
Fig. 4.74: Uniform elemental distribution in the cross-section of the nitrided pellet with 

thickness of 650 μm, where Ga and N presence is more dominant than Zn and O 
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fact is underlined by line and point scan in EDS (points 1-8) from the cross-section 

of the pellet (Fig. 4.74), which show very little local deviations in the chemical 

composition. 
 

 
Fig. 4.75: Contents of Zn/(Zn+Ga) and O/(O+N) on different temperatures after nitridation 

of ZnGa2O4 powder and pellets thermally with NH3 (circles) and with assisted microwave 

plasma using NH3 (triangles) and N2 (stars). (B-splines are intended as a guide to the eye) 

 
Fig. 4.76: ZnGa2O4 powder nitrided thermally (NH3) and pellets nitrided thermally with as-

sisted microwave plasma – MWP (NH3/N2) cause significant differences in crystal struc-

tures. MWP shows advantage over conventional thermal nitridation with early formation of 

wurtzite structure typical for oxynitrides on lower temperatures, as displayed in X-ray  

diffractograms 
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Nitridation with N2 and NH3 is essentially the same, except that the amount of Zn 

is further decreased when NH3 is used due to strong reductive atmosphere formed 

by its pre-decomposition. Ratios of Zn(Zn+Ga) and O/(O+N) are presented in Fig. 

4.75 and in Table 4.7. This study systematically provides the data for the new tech-

nological solutions. The key research question in this chapter was whether the mi-

crowave assisted plasma process is better than the conventional thermal method. 

Thermal nitridation is not efficient on lower temperatures and the desired wurtzite 

structure is not obtained (Fig. 4.76). In general, a temperature of 450ºC is too low 

for any of the shown processes, but in case of nitridation with assistance of MWP 

using NH3 the XRD pattern shows early transformation from spinel to the wurtzite 

phase. However, a major problem with this kind of nitridation is the generation of 

a very aggressive atmosphere when NH3 is decomposed by MWP. The higher con-

centration of H2 leads to even faster loss of Zn species. Comparing samples nitrided 

thermally and with MWP (NH3) at standard temperature of 850ºC the Zn/(Zn+Ga) 

ratios are 0.15 and 0.02, respectively. The samples are not nitrided at 650ºC and 

750ºC using MWP, since the targeted temperatures were lower temperatures in or-

der to observe any advantages of the process, as well at 850ºC for comparison with  

 
Table 4.7. Phase transformation of the spinel structure as a function of nitridation method  

NM T Zn/(Zn+Ga) O/(O+N) CF CS Color 
/ ºC / / / / / 

Initial 0 0.35 1.00 ZnGa2O4 Spinel  
Ther. 450 0.33 0.94 (Ga0.51Zn0.49)(N0.06O0.94) Spinel  
Ther. 550 0.32 0.85 (Ga0.53Zn0.47)(N0.15O0.82) Spinel  
Ther. 650 0.29 0.57 (Ga0.59Zn0.41)(N0.25O0.75) Transition  
Ther. 750 0.19 0.38 (Ga0.77Zn0.23)(N0.39O0.61) Wurtzite  
Ther. 850 0.15 0.33 (Ga0.82Zn0.18)(N0.51O0.49) Wurtzite  
NH3 450 0.30 0.92 (Ga0.57Zn0.43)(N0.09O0.91) Transition  
NH3 550 0.28 0.90 (Ga0.61Zn0.39)(N0.11O0.89) Wurtzite  
NH3 850 0.02 0.31 (Ga0.98Zn0.02)(N0.55O0.45) Wurtzite  
N2 450 0.33 0.95 (Ga0.51Zn0.49)(N0.05O0.95) Transition  
N2 550 0.32 0.86 (Ga0.53Zn0.47)(N0.16O0.84) Wurtzite  
N2 850 0.20 0.39 (Ga0.65Zn0.25)(N0.64O0.36) Wurtzite  

NM         nitridation method                  CF      chemical formula   
 T           temperature                            CS       crystal structure type 
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other samples. With increasing temperature, the final color of the powder changes 

into pure yellow. Depending on the atmosphere created in the process low temper-

ature samples are yellow greyish with more pronounced grey color when the con-

centration of H2 is increased. Finally, nitridation with MWP using N2 shows the 

formation of the wurtzite phase already at 550ºC. At 850ºC the Zn/(Zn+Ga) ratio is 

high with value of 0.20. One problem of this methodology is pelleting the powder, 

which causes co-sintering of the particles during the process. For POWS experi-

ments pellets have to be grinded for longer time to regenerate a powder. When the 

particles are co-sintered sintering necks are formed and it is very hard to break those 

hard agglomerates, thus minimizing the surface area of the particles where the co-

catalyst can later be attached. As a part of the future work it is necessary to improve 

the nitridaton process using MWP, so that the charging of the powder is avoided or 

to make it more stable at atmospheric pressure. 

From Figure 4.77 it can be concluded that MWP (NH3/N2) samples produced at 

550ºC and standard 850ºC have similar band gap energies of about 2.8 eV like the 

oxynitride nitrided just thermally at 750ºC or 850ºC (see Fig. 4.68). Common for 

all these samples is that they are nitrided from the same CVS ZnGa2O4 powder for 

5 h and that the wurtzite phase is formed. Still, minor differences are observed, but 

the key aspect is that direct band gap energies are observed, unlike for the samples 

 

 
Fig. 4.77: A – Absorbance spectra presented by Kubelka-Munk equation and B – Tauc plot 

functions indicating direct band gap of 2.8 – 2.9 eV for samples nitrided with MWP  

using N2 and NH3 as reaction gases 
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nitrided from mixture of Ga2O3-ZnO (see Fig. 4.45). As presented in Figure 4.78 

POWS testing is carried out to compare the activities of the samples. The activity 

of thermally nitrided ZnGa2O4 is still higher than for samples when MWP is used. 

This may be explained by the fact that the particles are co-sintered and hard ag-

glomerates are formed during nitridation of pellets, therefore, showing lower activ-

ities. Comparing MWP samples internally the low temperature of 550ºC is advan-

tegous over 850ºC whether the NH3 or N2 is used, but only when the pellets are 

nitrided. At higher temperatures the sintering effect is more pronounced and thus 

unfavorable. On the other hand, if the powder could be nitrided directly using MWP 

it is possible that due to very high crystallinity of the powder, as well the high Zn 

content these samples would show much higher activities. Using NH3 the phase 

transformation to wurtzite structure during nitridation is faster than for N2 and suit-

able at lower nitridation temperatures. As a general conclusion, all observed results 

using NH3 are higher compared to samples nitrided from mixture of Ga2O3-ZnO. 

This confirms the benefits of using spinel ZnGa2O4 as a starting material. 

 

 
Fig. 4.78: Comparison of POWS activity of Ga-Zn-oxynitrides made from ZnGa2O4 using 

thermal or microwave plasma assisted nitridation with NH3 or N2. All results are recalcu-

lated per gram of catalyst and optimal loading for nitrided samples is considered (0.1 wt.% 

Cr2O3 and 0.3 wt.% Rh)  
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4.4 Direct Nitridation in CVS 

 
As previously seen, each synthesis route has its advantages and drawbacks. Due to 

a narrow process window for the solid precursor route and further nitridation steps 

certain material properties are improved at the disadvantage of others. The possibil-

ity of the modular construction of CVS system enables use of numerous precursor 

materials. The decomposition kinetics of these precursors (reactants), their reaction 

enthalpies (contribute to the heat balance) and delivery method, among other fac-

tors, influence the time-temperature profile of the process [Winterer 2002]. With 

variation of precursor material, the composition, properties and yield of the final 

powders can be changed. The evaporation of TEG is investigated previously by 

Baev and Sokolovskii [1994] with Antoine parameters a = 8.08 and b = 2162 K. 

Standard pressure for liquid precursors used in CVS is 20 mbar and below a bubbler 

temperature of 40ºC the process is stable (Fig. 4.79). If compared to evaporation of 

solid precursors (i.e. Ga(acac)3) it is obvious that the process window of TEG is 

much larger and low pressures can be used. Therefore, it is much easier to adjust 

the parameters and target the desired powder properties.  

TEG with a chemical formula C6H15Ga does not contain oxygen and it is suitable 

for production of GaN directly via CVS. Analogously, [Ognjanovic 2019] used tri-

ethylaluminium (TEAL) to generate AlN nanoparticles via CVS. TEG is thermally  

 

 
Fig. 4.79: Vapor pressure curve as the function of the temperature for TEG 
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decomposed forming Ga atoms and C2H4 and C2H5 as byproducts. GaN is chosen 

as a model to test the newly designed precursor delivery module – the inert gas box, 

as previously described in chapter 3.1.1. This chapter describes the proof of princi-

ple that GaN nanoparticles are directly synthesized via CVS. The synthesis of more 

complex structures like oxynitrides directly via CVS is possible, but technically 

more challenging and demands further modification of the CVS system.  

GaN has a band gap about 3.4 eV with inadequate band edge positions and, there-

fore, photocatalytically not active. Two additional GaN powder were synthesized 

from Ga(acac)3: first one in one step directly via CVS and second one in two steps 

starting from CVS Ga2O3 (Sample 5) and nitrided thermally for 5 h at 850ºC. These 

powders are compared to GaN powder made from TEG. All samples are scanned 

ten times in XRD at the same conditions as described in chapter 3.4.1 and averaged 

scans (diffractograms) are presented in Fig. 4.80. XRD patterns are not normalized, 

so that the differences in intensities are clearly visible. The Ga2O3 sample obtained 

 

 
Fig. 4.80: Diffraction pattern reflections differ in intensity among the GaN powders ob-

tained using different synthesis routes. GaN sample made directly via CVS from liquid 

TEG (green), GaN from solid Ga(acac)3 made directly via CVS using NH3 (blue) and ni-

trided CVS Ga2O3 (sample 5) in the second step for 5 h and at 850ºC (red). Compared sepa-

rately with GaN (ICSD #54698) reference as initial studying parameters (data from 

Rietveld refinement is presented in Table 4.8) 
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Table 4.8. Phase transformation of the spinel structure as a function of nitridation method 
P CS MS SSA IF TF LP [a ; b ; c] 
/ nm % m2/g % % Å 

Ga(acac)3 33 ± 1.3 0.21 ± 0.005 20 0.43 ± 0.03 1.10 ± 0.08 3.201; - ; 5.201 
Ga(acac)3 8.3 ± 1.0 0.78 ± 0.098 102 1.70 ± 0.26 2.48 ± 0.11 3.195; - ; 5.205 

TEG 2.8 ± 0.6 0.26 ± 0.014 160 0.94 ± 0.05 1.90 ± 0.11 3.191; - ; 5.190 
 P  Precursor type 
CS  crystallite size 
MS  microstrain 
SSA specific surface area 
ΙF  intrinsic (stacking) fault probability 

IF  Twin fault probability 
LP  lattice parameters  
Red  GaN from Ga(acac)3 
                      *nitrided Ga2O3(CVS)* 
Blue  GaNCVS from Ga(acac)3 
Green  GaNCVS from TEG 

 

from CVS and additionally nitrided in the second step to GaN has the highest inten-

sity and biggest crystallite size of 33 nm with corresponding specific surface area 

of 20 m2/g. Since the particles are exposed to a temperature of 850ºC for 5 h they 

grow being partially sintered with a decrease of the surface area, which is a draw-

back of this method. For GaN made directly via CVS from solid Ga(acac)3 at stand-

ard conditions at 300 mbar and 1200ºC the crystallite size is much lower – around 

9 nm and specific surface area is 102 m2/g. The color of the powder is greyish and 

as described before this precursor is not suitable for making GaN because it contains 

a lot of oxygen species released during its decomposition. However, it could be used 

for synthesis of oxynitrides, but difficult to control the composition and O:N ratio.  

 

 
Fig. 4.81: GaN particles smaller than 5 nm detected in STEM (left) with EDX analysis con-

firming existence of GaN powder with typical yellow color as visible in the collector (right) 
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Hence, as ideal solution liquid TEG is used and GaN synthesized at 20 mbar and 

1200ºC providing yellow powder and indicating successful test of the constructed 

inert gas box. As shown in chapter 4.1.2.1 synthesis at such a low pressure from 

solid Ga(acac)3 is not possible. The crystallite size of GaN from TEG is around 3 

nm with specific surface area of 160 m2/g. The small particle size of the GaN pow-

der made from TEG is confirmed by STEM (Fig. 4.81) even though it is very hard 

to obtain better image quality due to resolution limit of 1 nm at an acceleration 

voltage of 30 kV of the instrument. 
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5 Summary and Conclusions 

 

Zinc-gallium oxynitride from CVS has the potential to be active for photocatalytic 

overall water splitting under visible light. This material system has little hazardous 

potential, and it is sufficiently stable in aqueous media, but has challenging material 

optimization problems. The physicochemical properties of nanoparticles and their 

application potential depend fundamentally on the particle characteristics such as: 

particle size and distribution, morphology, microstructure, local and crystal struc-

ture. CVS is used to tailor the properties of the nanoparticles and improve their 

photocatalytic activity. 

The first part of this thesis is related to the optimization of the synthesis process 

by adjusting process parameters, such as: pressure, temperature and precursor par-

tial pressure by synthesizing phase pure β-Ga2O3 from solid Ga(acac)3 precursor. 

Pressures lower than 300 mbar reduce the residence times in the reaction zone sig-

nificantly, which is related to a decrease in particle size due to insufficient time for 

particle growth. Below 50 mbar no powder could be collected via thermophoresis 

or no reaction occurs at all. Varying the temperature from 1000°C to 1500°C at a 

constant pressure of 300 mbar the crystallinity of the materials improves, while the 

surface area of the particle decreases with particle growth. By loading Rh/Cr2O3 co-

catalysts all samples evolve H2 and O2 in the stoichiometric ratio of 2:1. The POWS 

activity is the highest for the optimum ratio of crystallinity and surface area ob-

served for the β-Ga2O3 sample produced at 1200°C and 300 mbar via CVS.  

Nanoscaled CVS β-Ga2O3 particles have almost spherical shape compared to the 

rod-like particles of microscaled commercial Ga2O3 powder (Chempur). Investiga-

tion of the local structure by (XANES/EXAFS) before and after the POWS experi-

ments shows no significant structural changes indicating very good stability. The 

POWS activity of CVS Ga2O3 is increasing during the first 5 h compared to a de-

creasing activity for the commercial Ga2O3 sample (Chempur).  

In this work β-Ga2O3 is doped with Mn, Rh and Fe. In CVS, it is possible to vary 

the microstructure and control the doping level even beyond the thermodynamic 

limit. The best progress is achieved by doping with 0.26 % of Mn2+ and it is the 
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second most active sample in this thesis after pure undoped Ga2O3. An increasing 

concentration of dopants increases the defect density and, therefore, lowers the pho-

tocatalytic activity.  

Combining Zn(TMHD)2 and Ga(acac)3 it is challenging and hard to control the 

phase composition of the final powder and, therefore, liquid DEZ is used in combi-

nation with solid Ga(acac)3 to overcome this problem. Mixtures of ZnO-Ga2O3 and 

ZnGa2O4 are generated in CVS and used as precursors to obtain the desired 

(Ga1−xZnx)(N1−xOx) by either thermal nitridation or in combination with microwave 

plasma reactor. The most active samples are nitrided for 5 h at 850°C. Oxynitrides 

from starting ZnGa2O4 show higher POWS activity than oxynitrides from ZnO-

Ga2O3 due to better control of Zn volatilization during nitridation process. Applying 

microwave plasma reactor to pre-decompose NH3 and N2 reaction gases enables 

low temperature transformation from spinel ZnGa2O4 to wurtzite phase already at 

550°C. However, pelleting the powder causes co-sintering of the particles, which 

leads to a decrease in specific surface area when the powder is regenerated by mill-

ing of pellets. Using N2 as reaction gas this method has a great potential to prevent 

Zn loss during the nitridation and control the phase composition, which finally in-

fluences the band gap structure.  

So far no POWS activity in the visible region has been observed due to increased 

defect density during the nitridation of the starting CVS powders, which leads to 

higher recombination of electrons and holes during POWS. 

To generate GaN nanoparticles directly in CVS using NH3 as reaction gas the 

liquid TEG is employed and delivered to the reactor using a specially constructed 

inert gas box. Very small nanoparticles with crystallite size below 3 nm and specific 

surface area of 160 m2/g are generated at a temperature of 1200°C and pressure of 

20 mbar. Therefore, the liquid precursor is advantageous compared to the solid pre-

cursor, and provides an opportunity to significantly change the process parameters 

and still obtain the desired material properties.  
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6 Research Recommendations 

 

This thesis shows that CVS can be optimized and controlled to produce oxide, ni-

tride and oxynitride nanoparticles of high quality for use in photocatalytic overall 

water splitting. Nevertheless, the knowledge obtained during this research can be 

utilized to further improve the CVS and nitridation processes. Some ideas and re-

search recommendations are enlisted below. 

By doping of β-Ga2O3 predominantly with Zn the crystallographic structure pa-

rameters and local structure around the dopant can be investigated by XAFS and 

solid-state NMR, as previously done by Djenadic et al. [2010] for ZnO doped with 

Co. This technique can be supported also by HRTEM/EDS/EELS spectroscopy for 

investigation of particle morphology, composition and distribution of elements. It 

can be also applied to Zn-Ga oxynitrides for a deeper understanding of influence of 

different nitridation techniques on the microstructure of the formed wurtzite phase. 

Maeda et al. [2006] investigated (Ga1-xZnx)(N1-xOx) by XAFS before and after pho-

tocatalytic reactions for different pH values of solutions to determine the degree of 

oxidation of Ga species on the surface as a result of the photooxidation by holes 

and/or by hydrolysis, but as well to determine the valence state of Cr and Rh co-

catalysts. In this work only pure β-Ga2O3 without addition of co-catalyst is analyzed 

by XAFS to observe difference before and after POWS reaction by simple irradia-

tion with UV light source in aqueous media. 

Zn volatilization can also be suppressed by applying moisture-assisted nitridation 

process, as previously reported by Wang et al. [2016] and Jansen et al. [2018]. How-

ever, the degree of crystallinity is lower than for conventional nitridation technique 

at high temperatures. Therefore, the optimization of the microwave plasma assisted 

nitridation (presented in this work) and overcoming the technical limitations of us-

ing pressed pellets instead of powder could have a great potential. This can be 

achieved either by improving the stability of the plasma at atmospheric pressure or 

physically preventing charged particles to fly away. Nanoparticles can be trapped 
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on a membrane, which is permeable to gas molecules. Such a membrane is distin-

guished by high thermal, chemical and mechanical stability and could be imple-

mented in the reaction tube for nitridation.  

GaN nanoparticles are unstable in the ambient atmosphere and as reported by 

Ognjanovic [2019] for CVS AlN nanoparticles, when exposed to air they degrade 

very quickly to an amorphous oxide. Ali et al. [2012] in chemical vapor functional-

ization covered the surface of the nanoparticles with a capping agent to hinder the 

oxidation. Capping agents would be further decomposed during the nitridation pro-

cess. In addition, a thermophoretic collector for continuous nanoparticle collection 

under inert conditions described by Ognjanovic [2019] should be used. 

The newly constructed precursor delivery unit (inert gas box) offers plenty of 

opportunities for synthesis of the complex structures. Using more than two precur-

sors, such as: TEAL, DEZ and TEG by varying the precursor delivery sequences 

core-shell ZnO-Al2O3 nanoparticles can be produced and mixed with Ga2O3. The 

Al2O3 shell thickness can be adjusted by precise control of the process parameters 

which hinders the volatilization of the Zn species during the nitridation. 

Zn3N2 and GaN can be obtained as starting CVS materials for post-calcination 

treatment in oxidative atmosphere at lower temperatures to produce oxynitrides. 

Cubic Zn3N2 is stable only up to 600°C, which is not sufficient for decomposition 

of NH3 and therefore microwave plasma must be used, as well different reaction 

zones for synthesis of Zn3N2 and GaN with their direct mixing in the gas phase 

before the particle collector. 
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Table A8.1.  Properties of bulk materials 

Property Ga2O3 GaN ZnO  

Molar mass (g/mol) 187.4 83.73 81.4 

 
Density (g/cm3) 5.88 6.1 5.6 

Melting point (°C) 1900 >1600 1975 

Band gap (eV) 4.8-4.9 3.4 3.3 
Lide David R, (2003), "CrC Handbook of Chemistry and Physics: A Ready-Reference Book of 

Chemical and Physical Data": CRC press. ISBN: 0-8493-0485-7 

Table A8.2.  Properties of precursors 

Property Value  

Molecular formula GaC15H21O6 

Ga(acac)3 

Molar mass (g/mol) 367.05 

Density (g/cm3) at 20°C 1.42 

Melting point (°C) 196-198 

Boiling point (°C) 140 (10 mm Hg) 

Molecular formula C22H40O4Zn 

Zn(TMHD)2 

Molar mass (g/mol) 431.92 

Density (g/cm3) at 20°C N/A 

Melting point (°C) 132-134 

Boiling point (°C) 250 

Molecular formula C15H21MnO6 

Mn(acac)3 

Molar mass (g/mol) 352.3 

Density (g/cm3) at 20°C N/A 

Melting point (°C) 159-161 

Boiling point (°C) decomposes 

Molecular formula C15H21O6Rh 

Rh(acac)3 
Molar mass (g/mol) 400.23 

Density (g/cm3) at 20°C N/A 

Melting point (°C) 263-264 

Boiling point (°C) decomposes 

Molecular formula C15H21FeO6  
Molar mass (g/mol) 353.17  
Density (g/cm3) at 20°C N/A Fe(acac)3 
Melting point (°C) 180-182  
Boiling point (°C) decomposes  
Molecular formula (C2H5)3Ga 

Triethylgallium (TEG) 
Molar mass (g/mol) 156.9 

Density (g/cm3) at 20°C 1.067 

Melting point (°C) -82.3 

Boiling point (°C) 143 
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Molecular formula (C2H5)2Zn  

 

Diethylzinc (DEZ) 

 

Molar mass (g/mol) 123.5 

Density (g/cm3) at 20°C 1.2 

Melting point (°C) -28 

Boiling point (°C) 117 
Lide David R, (2003), "CrC Handbook of Chemistry and Physics: A Ready-Reference Book of 
Chemical and Physical Data": CRC press. ISBN: 0-8493-0485-7 

Table A8.3. Overview of the CVS synthesis parameters for the most important samples di-

rectly synthesized via CVS and used in this work. Nitridation conditions are not included. 

# Material T p O2 NH3 He R# 

‡  °C mbar sccm sccm sccm  

1 Ga2O3 1200 20 1700 / 600 1 

2 Ga2O3 1200 40 1700 / 600 1 

3 Ga2O3 1200 100 1700 / 600 1 

4 Ga2O3 1200 150 1700 / 600 1 

5 Ga2O3 1200 300 1700 / 600 1 

6 Ga2O3 1000 300 1700 / 600 1 

7 Ga2O3 1100 300 1700 / 600 1 

8 Ga2O3 1300 300 1700 / 600 1 

9 Ga2O3 1400 300 1700 / 600 1 

10 Ga2O3 1500 300 1700 / 600 1 

11 Ga2O3 1200 300 1700 / 600 1 

12 0.26 % Mn-doped Ga2O3 1200 300 1700 / 600 1 

13 1.38 % Mn-doped Ga2O3 1200 300 1700 / 600 1 

14 1.60 % Mn-doped Ga2O3 1200 300 1700 / 600 1 

15 7.30 % Mn-doped Ga2O3 1200 300 1700 / 600 1 

16 1.00 % Rh-doped Ga2O3 1200 300 1700 / 600 1 

17 5.00 % Rh-doped Ga2O3 1200 300 1700 / 600 1 

18 5.00 % Fe-doped Ga2O3 1200 300 1700 / 600 1 

19 ZnO-Ga2O3 300 + 1200 300 1700 / 600 2 

20 ZnO-Ga2O3 400 + 1200 300 1700 / 600 2 

21 ZnO-Ga2O3 500 + 1200 300 1700 / 600 2 

22 ZnO-Ga2O3 1000 + 1200 300 1700 / 600 2 

23 ZnGa2O4 1200 300 1700 / 600 1 

 24 GaN 1200 20  1200 50 1 

#  sample number 

‡  units 

T  reaction temperature 

p  total system pressure 

 

O2  flow of oxygen  

NH3  flow of ammonia 

He  flow of helium   

R#                 number of reaction zones 
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Table A8.4. Overview of the photocatalytic activities of the pure Ga2O3, doped Ga2O3, mix-

ture of ZnO/Ga2O3 and their parent nitrides and as well ZnGa2O4 and its parent nitrides. All 

oxides given in this table are synthesized at 1200 °C and 300 mbar. All the nitrided samples 

compared in this table are nitrided for 5 h at 850 °C. All the activities are not in the initial 

state, but after the evolution rate production is stabilized. IMPORTANT: The results are cal-

culated per gram of the catalyst to be able to compare them, because different amounts of the 

powder are used for POWS experiments.   

† Sample name H2 (mmol h-1 

gcat
-1) 

O2 (mmol h-1 

gcat
-1) 

5 Ga2O3 13.7 5.7 

11 Reproduced Ga2O3 6.94 3.1 

22 Ga2O3-ZnO 1.53 0.74 

22  Nitrided Ga2O3-ZnO 1.10 0.51 

12 0.26 % Mn-doped Ga2O3 8.16 4.1 

13 1.38 % Mn-doped Ga2O3 1.24 0.60 

14 1.60 % Mn-doped Ga2O3 0 0 

15 7.30 % Mn-doped Ga2O3 0 0 

16 1.00 % Rh-doped Ga2O3 0.62 0.25 

17 5.00 % Rh-doped Ga2O3 0 0 

18 5.00 % Fe-doped Ga2O3 0 0 

23 ZnGa2O4 2.32 0.95 

23  Nitrided ZnGa2O4 (TN) 4.36 2.34 

23  Nitrided ZnGa2O4 (TN + MWP – NH3) 1.25 0.67 

23  Nitrided ZnGa2O4 (TN + MWP – N2) 0.55 0.24 

     † - Number of sample linked to the Table 8.3 
 

Table A8.5.  Sample labels in the lab book related to sample numbers used in this thesis 

(information important for reproducibility of the samples via CVS) 

† § † §   

1 SL31 13 SL153   

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

SL50 

SL52 

SL54 

SL58 

SL73 

SL72 

SL70 

SL71 

SL74 

SL75 

SL151 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

SL152 

SL154 

SL156 

SL155 

SL134 

SL122 

SL121 

SL119 

SL120 

SL157 

SL161 

  

     † - Sample number used in this thesis 

     § - Sample labels associated to the lab book 
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