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Abstract  iii 

Abstract 

The characteristics of nanoparticle-based devices are subject to the materials’ 

properties. These depend on structure, morphology, particle-size distribution, degree of 

aggregation of the nanoparticles (particle-particle interfaces), on the one hand, and on 

stoichiometry, type and concentration of intrinsic (ion vacancies and interstitial atoms) and 

extrinsic (impurities) defects, on the other. The latter characteristics are directly related to the 

experimental conditions during the synthesis and, furthermore, to the experimental conditions 

during processing of the nanoparticles. In order to fully realize the range of potential device 

applications based on nanoparticles, it is crucial to understand the surface electronic 

properties of the materials. In particular, the influence of particle-particle interfaces as well as 

surface-adsorbed species, originating from the surrounding atmosphere, is of high interest. 

This study aimed at the vapor phase synthesis of model metal oxide nanoparticles in terms of 

particle-size distribution, crystal structure and morphology as well as the in depth 

physic-chemical characterization. Furthermore, the experimental emphasis was put on a) the 

characterization and quantification of charge-separation properties within isolated TiO2, ZrO2, 

and SnO2 nanoparticle ensembles along with the investigation of the impact of unintentional 

doping of TiO2 nanoparticle by nitrogen containing impurities, on the yield of separated 

charges, b) the generation and characterization of particle-particle interfaces between pure 

nanoparticle systems as well as in TiO2/ZrO2 and TiO2/SnO2 nanoparticle mixtures, and c) the 

impact of synthesis and processing parameters on structural and electronic properties of In2O3 

nanoparticles. 

a) There is a continuous and fervent search for cheap and non-toxic materials that 

display superior activity with respect to the surface chemical utilization of photogenerated 

charges. Within this study, the spectroscopic properties of TiO2, ZrO2 and, SnO2 

nanoparticles, grown by metal organic chemical vapor phase synthesis (MO-CVS), and of 

nitrogen-doped TiO2 nanoparticles, derived by hydrothermal synthesis, were compared. 

Prior to the UV-excitation experiments, the structure and morphology as well as the 

spectroscopic properties of the partially de-hydroxylated nanoparticles were carefully 

explored in high vacuum and controlled O2 atmospheres using UV/Vis diffuse reflectance, 

Fourier transform infrared (FT-IR) spectroscopy and electron paramagnetic resonance (EPR) 

spectroscopy. Under controlled experimental conditions in terms of temperature, pressure as 

well as energy and flux of photons, the activation of molecular O2 at the surface of 
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UV-excited nanoparticles provided a quantitative measure for the comparison of 

nanomaterials that are different in terms of composition, particle size, and structure and, last 

but not least, in their concentration of intrinsic and extrinsic defects.  

By taking into account the differences in the optical band gaps and the spectral irradiance of 

the UV-excitation source, the measured concentrations of photoadsorbed oxygen on ZrO2 

nanoparticles showed a dramatic enhancement in the charge-separation yield compared to the 

TiO2 nanoparticle powder that – due to its smaller optical band gap – utilizes a significantly 

higher number of UV photons. For nitrogen-doped TiO2 nanostructures with very low 

nitrogen concentrations ((4 ± 1)∙10
−3

 at.%), it was found that although there are 4.3 times 

more solar photons available in the visible range of solar light, this surplus did not 

compensate for the loss of photogenerated charges because of dopant induced charge carrier 

recombination. 

b) The exploration of interfacial phenomena in aggregated nanoparticle ensembles and 

the identification of related synergistic effects are vital to the development of functional 

particle systems. Corresponding insights are of particular importance for applications that 

focus on the conversion of photon energy to chemical processes and/or electric energy.
[1,2]

  

For the generation of pure and mixed particle networks containing a high number of 

particle-particle interfaces, water-mediated aggregation of oxide nanoparticles and subsequent 

dehydration under high vacuum conditions were employed. In the course of the underlying 

material transformation, different types of particle interfaces between TiO2-TiO2, ZrO2-ZrO2, 

TiO2-ZrO2, and TiO2-SnO2 were intentionally introduced. The effect of aggregation and 

interface formation on the yield of photogenerated and trapped charges was explored 

quantitatively. While interfaces between identical oxides substantially decreased the number 

of trapped charges, TiO2-ZrO2 and TiO2-SnO2 heterointerfaces actually gave rise to a 

beneficial effect. The enhanced charge-separation yield measured for mixed nanoparticle 

networks resulted from an effective interfacial charge transfer across nanometer-sized 

interfaces between the different nanoparticles. 

c) It is necessary to develop nanoparticles with narrow property distributions which 

can act as model particle systems to achieve a deeper insight into performance determining 

parameters of In2O3 nanoparticle-based devices and applications.  

This part of the work relates parameters during synthesis and processing of indium oxide 

(In2O3) nanoparticle systems to nature and abundance of defects with material-determining 
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properties. For this purpose, In2O3 nanoparticles were synthesized via metal organic chemical 

vapor synthesis.
 
The influence of the systematic variation of synthesis and post-synthesis 

treatment parameters on particle size, morphology, and electronic properties were analyzed 

via X-ray diffraction, N2-sorption, transmission electron microscopy, and FT-IR spectroscopy.  

Optimized synthesis and processing parameters led to well defined stoichiometric, 

monocrystalline bixbyte-type In2O3 nanoparticles. Furthermore, it was shown, that the 

presence of physisorbed water during the processing caused a change in the powder 

morphology and aggregation state which also affected the optical absorption properties of the 

nanoparticles. In addition, it was demonstrated that it is possible to investigate 

property-determining parameters like surface-adsorbed O2 molecules at cryogenic 

temperatures (T = 90 K–T = 140 K) which are relevant for the electronic performance of the 

particle ensemble at elevated temperatures (T > 293 K), e.g. in sensor applications. 
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Kurzfassung 

Die Funktionalitäten nanopartikelbasierter Bauteile werden maßgeblich von den 

Materialeigenschaften der Nanopartikeln beeinflusst. Diese stehen wiederum in direktem 

Zusammenhang mit der Morphologie, der Partikelgröße bzw. Partikelgrößenverteilung, dem 

Aggregationsgrad (Partikel-Partikel Grenzflächen) und der Kristallstruktur. Zusätzlich 

bestimmen auch Stöchiometrie, Art und Anzahl der intrinsischen (Ionenfehlstellen und 

interstitielle Atome) und extrinsischen (Verunreinigungen) Defekte die optischen und 

elektronischen Eigenschaften. Parameter wie Temperatur und chemische Umgebung spielen 

sowohl während der Synthese als auch während der Weiterverarbeitung der Nanopartikeln 

eine große Rolle in Bezug auf die zuvor genannten Einflussgrößen. Erst das Verständnis der 

oberflächenelektronischen Eigenschaften von Nanopartikeln lässt eine Abschätzung der 

möglichen Anwendungsgebiete für nanopartikelbasierte Bauteile zu. Im Besonderen sind die 

Auswirkungen von Partikel-Partikel-Grenzflächen als auch von an der Partikeloberfläche 

adsorbierten Molekülen auf die optischen und elektronischen Eigenschaften von großem 

Interesse.  

Das Ziel dieser Arbeit bestand in der Synthese von Metalloxidnanopartikeln mit engen 

Eigenschaftsverteilungen in Bezug auf Partikelgrößenverteilung, Kristallstruktur und 

Morphologie sowie deren detaillierte physikochemischen Charakterisierung. Des Weiteren 

wurden folgende experimentelle Schwerpunkte behandelt: a) Die Quantifizierung der 

Ladungstrennungseigenschaften von isolierten TiO2-, ZrO2- und SnO2-Nanopartikeln sowie 

von durch stickstoffhaltige Verunreinigungen unbeabsichtigt dotierten TiO2-Nanopartikeln, b) 

Die Herstellung und Charakterisierung von reinen und gemischten Nanopartikelnetzwerken 

der Metalloxide TiO2, ZrO2 und SnO2 mit einer hohen Anzahl an 

Partikel-Partikel-Grenzflächen, c) Der Einfluss der gezielten Variation von Synthese- und 

Verarbeitungsparametern auf die strukturellen und elektrischen Eigenschaften von 

In2O3-Nanopartikeln. 

a) Fortwährend wird nach preiswerten und ungiftigen Materialien für die Verwendung 

in Photokatalysatoren oder in Solarzellen gesucht. Hierfür wurden in dieser Arbeit die 

Ladungstrennungseigenschaften von TiO2-, ZrO2-, SnO2- und stickstoffdotierten 

TiO2-Nanopartikelpulvern gegenübergestellt.  

Vor den Untersuchungen der Ladungstrennungseigenschaften wurden die, über die 

metallorganisch-chemische Gasphasensynthese hergestellten Nanopartikeln, sowohl 
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bezüglich ihrer Morphologie, Kristallstruktur und Größe als auch bezüglich deren 

spektroskopischen Eigenschaften eingehend untersucht. Im Anschluss wurden die 

Pulverproben in definierter Vakuum- beziehungsweise Sauerstoffatmosphäre bei bekanntem 

Photonenfluss bestrahlt und die generierten Ladungsträger mittels Elektronenspinresonanz 

(ESR) Spektroskopie in situ quantifiziert.  

Unter Berücksichtigung der unterschiedlichen optischen Absorptionseigenschaften und damit 

der unterschiedlichen Anzahl an verwertbaren Photonen zeigten die Vergleiche der 

unterschiedlichen Metalloxide eine höhere Ausbeute an getrennten Ladungen auf den 

ZrO2-Nanopartikeln. Die stickstoffdotierten TiO2-Nanopartikeln wiesen trotz des sehr 

geringen Stickstoffgehalts ((4 ± 1)∙10
−3

 at.%) eine zusätzlich Absorptionsbande im sichtbaren 

Wellenlängenbereich auf. Im Vergleich zu den undotierten TiO2-Nanopartikeln zeigte sich 

jedoch deutlich, dass trotz der erhöhten Anzahl an absorbierten Photonen keine gesteigerte 

Ausbeute an getrennten Ladungen erzielt werden konnte. Dieser Effekt wurde auf eine 

erhöhte Rekombinationsrate der Ladungsträger, an den durch die Dotierung eingeführten 

Defekten, zurückgeführt.  

b) Das Verständnis von Partikel-Partikel Grenzflächen in Nanopartikelnetzwerken und 

deren Auswirkungen auf die Materialeigenschaften ist ausschlaggebend für die Nutzung von 

funktionellen Grenzflächen in den Bereichen der Photokatalyse und der Photovoltaik.  

Hierfür sollte eine hohe Anzahl an Partikel-Partikel Grenzflächen zwischen gleichartigen aber 

auch verschiedenartigen Metalloxidnanopartikeln eingeführt und deren Einfluss auf die 

Material- sowie Ladungstrennungseigenschaften untersucht werden. Mittels eines Hydrations-

Dehydrations-Zyklus und einer nachfolgenden thermischen Behandlung im Hochvakuum 

wurden Grenzflächen zwischen TiO2/TiO2-, ZrO2/ZrO2-, TiO2/ZrO2- und 

TiO2/SnO2-Nanopartikeln hergestellt. 

Der Vergleich der Ausbeute an getrennten Ladungen an den unterschiedlichen Netzwerken 

zeigte, dass Grenzflächen zwischen gleichartigen Nanopartikeln zu einer Verringerung an 

getrennten Ladungen führen, wohingegen Grenzflächen zwischen TiO2/ZrO2- und 

TiO2/SnO2-Nanopartikeln eine Steigerung der Ausbeute bewirkten. Die Steigerung der 

Ausbeute konnte Anhand des interpartikulären Ladungstransfers über die Partikel-Partikel 

Grenzfläche erklärt werden. 

c) Um einen Einblick in die eigenschaftsbestimmenden Parameter während der 

Synthese und Weiterverarbeitung von In2O3-Nanopartikeln zu bekommen, ist es nötig 
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Modellpartikel mit engen Eigenschaftsverteilungen herzustellen. Hierfür wurde im Rahmen 

dieser Arbeit ein Reaktor entwickelt mit dessen Hilfe In2O3-Nanopartikeln über die Methode 

der metallorganisch-chemischen Gasphasensynthese hergestellt werden konnten. Die 

Auswirkung der systematischen Variation von Synthese- und Weiterverarbeitungsparametern 

auf die Material- und spektroskopischen Eigenschaften wurde mittels Röntgendiffraktion, 

Stickstoffsorption, Transmissionselektronenmikroskopie, Infrarotspektroskopie und 

ESR-Spektroskopie untersucht.  

Durch die Optimierung der Synthese- und Nachbehandlungsparameter war es möglich 

monokristalline In2O3-Nanopartikeln herzustellen. Des Weiteren wurde gezeigt, dass an der 

Partikeloberfläche physisorbiertes Wasser, während der Nachbehandlung bei erhöhter 

Temperatur, zu Veränderungen in der Pulvermorphologie und in den optischen 

Absorptionseigenschaften führt.  

Mittels der Kombination aus Infrarot- und ESR-Spektroskopie konnte die Wechselwirkung 

von Sauerstoffmolekülen aus der Gasphase mir Leitungsbandelektronen an der Oberfläche 

reduzierter In2O3-Nanopartikeln nachgewiesen werden.  
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1 Introduction 

1.1 Light-Induced Charge Separation 

Transition metal oxide photocatalysts are corrosion resistant semiconductors in which 

photoexcited charge carriers diffuse to the surface to initiate chemical reactions in adsorbed 

molecules. An efficient material minimizes recombination of photoexcited electron-hole pairs 

and maximizes electron and hole transfer to the adsorbate for consecutive surface reactions. In 

general, the photocatalytic activity of a given particle system depends on multiple factors. For 

a reliable assessment of their photoactivity, relative contributions from bulk and the interface 

of the particle system have to be sorted out and their impact to the overall performance 

requires a careful evaluation.
[3–6]

 Thus, substantial advances in the knowledge-based 

development of more efficient materials rely on comprehensive characterization work that 

addresses the fundamental processes contributing to the overall photochemical reaction and 

focuses on their mutual interplay to identify rate- and performance-determining factors. 

A major limitation of any photocatalytic process originates from charge carrier recombination 

and efforts have been made to identify and eliminate the responsible defects. An important 

approach to counteract charge carrier recombination in photocatalytic particle systems is 

based on the coupling of different semiconductor components.
[3]

 The successful operation of 

corresponding heterointerfaces requires desirable matching of electronic band structures 

between the respective semiconductor components.
[3,7–11]

 

Large interface area between the photocatalyst and the reactant molecules is another 

fundamental requirement for photocatalyst development. For this purpose porous materials, 

which exhibit high specific surface areas and host a large number of adsorption sites, are 

employed. Nanocrystalline particle networks can improve electronic conductivity as 

compared to amorphous materials.
[3]

 As a result of particle network formation, solid-solid 

interfaces between particles maintain network stability and – at the same time – allow for 

interfacial charge transfer and, consequently, improved photocatalytic activity.
[3,12]

 In general, 

solid-solid interfaces between different materials can provide opportunities to synergistically 

combine their unique properties upon generation of new materials' properties.
[13,14]

 Great 

advances have been made in the understanding and exploitation of anisotropic growth of one 

component on top of another type of seed particle in colloidal solution.
[15,16]

 Corresponding 

heterostructures have been shown to be promising for photocatalysis,
[17]

 solar energy 
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conversion,
[18] 

and electro-chemical devices.
[19]

 While a variety of experimental approaches 

leading to the coupling of two semiconductors have been considered for colloidal systems, 

there are very few reports about the charge-separation properties of dry particle systems that 

feature corresponding types of solid-solid interfaces. Aerosol synthesis approaches, such as 

flame spray pyrolysis
[20,21] 

have been used for the generation of functional solid-solid 

interfaces as well. However, as a consequence of the growing complexity of the related 

nanoarchitectures, it has become increasingly demanding to identify the materials specific 

factors that affect the branching ratio of competing multistep processes and, finally, determine 

the overall photocatalytic performance of the respective material. Characterization work, 

which is directed towards the rational optimization of photoelectronic materials’ properties, 

lags behind the continuously growing number of published synthesis protocols and empirical 

materials’ engineering approaches. 
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1.2 Nanoparticles Surrounded by Changing Chemical Environments and 

Ambient Air 

The understanding of a clean and pure particle powder has different meanings, 

depending on the community using them. In most cases a solid is defined by its composition, 

crystal structure, mean particle size, particle shape and many more. The purity is defined by 

the amount of contaminations and impurities determined via a variety of different analytic 

methods. 

According to the size and, therefore, to the high surface to bulk ratio of nanoparticles new 

factors have to be considered which could influence the material properties. Size induced 

defects and changes in the crystal structure as well as electronic defects, are very common. 

For large ZrO2 particles it is known that the stable crystal structure is the monoclinic phase. 

Whereas for nanoparticles smaller than a critical diameter of dk ≈ 10 nm the tetragonal phase 

is the most stable one.
[22]

  

Due to the high surface to bulk ratio of nanoparticles surface-adsorbed species also affect 

particle properties like crystallinity
[23,24]

 and the surface electronic properties.
[25]

 In many 

cases, these species are intentionally added to nanoparticles for example for the stabilization 

of nanoparticles dispersed in a liquid phase. So, there is the possibility for introducing surface 

contaminations due to the synthesis procedure. These impurities can result in significant 

changes of the optical and charge-separation properties. But also dry nanoparticle powders are 

subject to surface-adsorbed species. Particles handled in ambient air are exposed to water and 

volatile organic compounds (VOC). A simplified estimation of the number of molecules 

adsorbed from the surrounding gas atmosphere to the particle surface can be made regarding 

to the number of molecules hitting the particle surface Zw / m
−2

∙s
−1

 and the sticking coefficient 

s0. As described in Herz-Knudsen equation (Equation 1.2.1) the higher the partial pressure of 

a certain molecule the higher the number of molecules hitting the particle surface. 

   
 

             ⁄        Equation 1.2.1 

With p pressure, k Boltzmann constant, m absolute mass of the molecule and T temperature. 
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       Equation 1.2.2 

With Nstick number of molecules that stick to the surface, Ninc number of molecules attempting 

to stick to the surface (Ninc = Zw) and θ surface coverage. 

The sticking coefficient describes the ratio between molecules sticking to the surface and 

those hitting the surface. If all incident molecules stick to the surface the sticking coefficient 

approaches s0 = 1. 

At a common lab environment of T = 293 K, a relative humidity of 60 %rH, and an 

atmospheric pressure of p = 1.013 bar the amount of water dissolved in air can by assessed via 

the Mollier-h-x-diagram and is approximately 8.5 g∙m
−3

. Using the ideal gas law, the partial 

pressure of water in air can be estimated and inserted into Equation 1.2.1. At the given 

temperature, the calculated number of incident water molecules is 

ZW = Ninc = 1.3∙10
24

 m
−2

∙s
−1

. Assuming a sticking coefficient of s0 = 1, a nanoparticle with a 

diameter of dpart = 13 nm (Apart = 530 nm
2
), and a required space of a physisorbed water 

molecule of AH2O
[26]

 = 0.06 nm
2
 the whole particle surface will be covered by water within 

≈ 1.3∙10
−5

 seconds (≈ 13 μs). At the same environmental conditions and a VOC concentration 

of c = 0.2 mg∙m
−3

 (recommended indoor concentration
[27]

), the time to cover the surface of a 

13 nm nanoparticle is in the order of ≈ 20 seconds. 

Therefore, nanoparticles handled in ambient air are completely covered by a thin water layer 

and a significant amount of organic molecules. The water layer induces an adhesion force 

between the nanoparticles, which plays a major role in operations like fluidization
[28]

, 

agglomeration and coating
[29]

. These processes are utilized in a wide range of technical fields, 

including the production of pharmaceutical powders,
[29]

 paints,
[30]

 and solar cells
[31]

.  

Figure 1.2.1 illustrates the different species which can affect the particle properties as well as 

the processing steps leading to a final device. Besides changes in the crystal structure and 

electronic defects, further components which influence the particle properties are 

contaminations stemming from the synthesis procedure. These can be located on the surface 

as well as in the bulk of the particle. In addition, handling the particles at ambient air leads to 

adsorption of organic species (VOC) and water to the surface. The adsorption of water leads 

in the first step to the hydroxylation of the particle surface. Further adsorption leads to several 

monolayers of water forming the before discussed water film. 
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Figure 1.2.1: Schematic drawing of a particle and its impurities/surface-adsorbed species 

after synthesis and contact to ambient air. 

In addition to the unknown impact of surface-adsorbed species, the approach to the 

analysis is in most cases difficult. Even the analysis of surface-adsorbed water is barely 

possible with simple methods. In general, infrared (IR) spectroscopy is sensitive to hydroxyl 

groups and water. But the spectrum shown in Figure 1.2.2 a) measured in attenuated total 

reflection (ATR) mode at ambient air conditions, which is a common measurement technique 

for powder samples, no signals of hydroxyls and water in the range from 2800 cm
−1

–

3600 cm
−1

 are observable, although the particles were stored under humid conditions. The 

measurement of the same powder sample but pressed on a tungsten grid, installed in an ultra-

high vacuum (UHV) chamber, and measured in transmission mode led to spectrum b). It is 

obvious to see that isolated and bridged hydroxyl groups as well as physisorbed water can be 

detected. Furthermore, the desorption of water as a function of the annealing temperature 

under high vacuum conditions with subsequent oxygen treatment, can be followed by the help 

of this measurement setup
[32]

. 
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Figure 1.2.2: Comparison of infrared spectra of In2O3 nanoparticles measured in attenuated 

total reflection (ATR) mode at ambient air conditions a) and in transmission mode under 

ultra-high vacuum (UHV) conditions b). Spectrum b) was acquired after installing the sample 

within the UHV chamber after pumping for 24 hours. Before acquiring spectra c) and d), the 

sample was treated under high vacuum conditions at T = 473 K and T = 673 K, respectively. 

Spectra b)–d) were acquired at p < 10
−7

 mbar and T = 293 K. 

Therefore, it is vital to elaborate proper measurement techniques, on the one hand, but also to 

establish model particle systems with narrow property distributions like the particle-size 

distribution which allows for accurate analysis of the influence of impurities and adsorbed 

species, on the other. 

To investigate effects of surface-adsorbed species on the material properties it is mandatory to 

guarantee defined atmospheres during processing and analysis of the nanoparticles. Annealing 

the particles at elevated temperatures in air, which is a common method to eliminate carbon 

residues like organic dispersing agents from the particle surface
[33]

, will not affect the 

hydroxylation and the water layer on the particles since water will re-adsorb to the particle 

surface during the cooling of the particles in air (Figure 1.2.3 a)). This can be prevented if the 

particles are kept in dedicated sample cells, which are connected to high vacuum systems 

during the processing of the particles and for the in situ analysis at different spectrometers. 
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Only these prerequisites guaranty a defined and reproducible particle surface and, therefore, 

distinct initial conditions for precise studies (Figure 1.2.3 b)).  

 
Figure 1.2.3: Annealing of particles in air a) compared to annealing in defied oxygen 

atmosphere and high vacuum conditions b). 
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As described before water induced adhesion forces within powders play a major role in 

relevant industrial operations. The attractive force between the particles caused by the water 

film can be described as follows. Between two spheres with the radius r a force F evolves due 

to the surface tension γsl along the solid-liquid interface and the contact angle θ. The force F 

is, furthermore, influenced by the capillary pressure caused by the curvature rz of the liquid 

bridge. According to Cahn and Heady
[34]

, the attractive force can be described by Equation 

1.2.3. The single parameters are also illustrated in Figure 1.2.4. 

         (         
  

 
)       Equation 1.2.3 

 
Figure 1.2.4: Schematic showing a liquid bridge between two spherical particles and the 

resulting attractive force as a function of the water amount. 

If the volume of water is decreased for example by desorption of water at elevated 

temperatures, the attractive force between the observed particles increases due to the 

reduction of the values for rz and, consequently, θ. As a result the single particles come very 

close to each other. At the distance of several nanometers and for smaller particles with 

characteristic sizes in the order of ≈ 10 nm, more subtle effects beyond continuum theories, 

such as the molecular structure of adsorbate layers or the distribution of terminal groups on 

the particles’ surfaces are likely to influence and even dominate the adhesion behavior.
[35,36]

 

The investigation of such effects is nontrivial and calls for a combination of accurate 

measurements with atomistic simulations, which were performed by Salameh and 

coworkers
[37]

. The results show that, according to the structural arrangement of water 

molecules in surface proximity, the maximum adhesion force is 2–3 times higher than the one 

resulting from the formation of a capillary water neck between the particles.  
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These strong adhesion forces bring the particles in a very close contact, where they can form 

solid-solid interfaces via condensation reactions of the hydroxylated surfaces upon further 

annealing-induced water desorption, consequently, ending up as an aggregated nanoparticle 

network.
[38]

  

This behavior is a significant problem especially for liquid-based particle synthesis methods 

because the particles can form huge aggregates upon drying and annealing in humid 

conditions like ambient air. These aggregates can cause severe problems during further 

processing of the particles, for example by inkjet printing of thin layers. However, by the 

knowledge of the parameters influencing the solid-solid interface formation the effect of the 

liquid induced aggregation can be utilized for engineering functional interfaces between 

nanoparticles forming porous and functional nanoparticle networks (Figure 1.2.5).
[39]

 

 
Figure 1.2.5: Schematic showing the principle of hydration-dehydration induced particle 

aggregation and solid-solid interface formation. 

The characteristics of metal oxides based devices are subject to the materials’ 

properties. These depend on structure, morphology, particle-size distribution, degree of 

aggregation of the nanoparticles, on the one hand, and on stoichiometry, type and 

concentration of intrinsic (ion vacancies and interstitial atoms) and extrinsic (impurities) point 

defects, on the other.
[40]

 The latter characteristics are directly related to the experimental 

conditions during the synthesis of the nanoparticles and, furthermore, to the experimental 

conditions during processing of the desired devices. In order to fully realize the range of 

potential device applications, where the surface to bulk ratio is high, it is crucial to understand 

the surface electronic properties of the material. In particular the knowledge about the 

influence of particle-particle interfaces as well as surface-adsorbed species, on the electronic 

and spectroscopic properties of nanoparticle-based systems is of high interest. 
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1.3 Scope and Structure 

The here presented work focuses on the synthesis of model oxide nanoparticle systems 

and the systematic investigation of the influence of particle-particle interfaces and 

environmental conditions on the material and spectroscopic properties. Besides the synthesis 

of the different metal oxide nanoparticles presented, namely TiO2, ZrO2, SnO2, and In2O3, this 

work is divided into three main parts.  

The first part deals with light-induced charge separation in metal oxide nanoparticles 

(Chapter 4). The main effort is to correlate the absolute number of charge carriers trapped per 

nanoparticle to the number of photons adsorbed by the different metal oxides (TiO2, ZrO2). 

Furthermore, the influence of nitrogen doping on the charge-separation properties of TiO2 

nanoparticles is discussed. 

The consequence of particle-particle interfaces within nanoparticles ensembles on the material 

and spectroscopic properties is addressed in the second part (Chapter 5). Especially the 

controlled introduction of interfaces between different metal oxide nanoparticles and the 

consequence on the charge-separation properties and, additionally, the charge transfer via the 

hetero-interface is investigated in detail.  

Part three of this thesis addresses the change of the material properties of In2O3 nanoparticles 

as defined by particle size, crystal structure, morphology, as well as electronic and 

spectroscopic properties as a function of synthesis and processing parameters (Chapter 6). 

Particularly, the atmosphere and temperature during annealing and the influence of oxygen on 

the surface electronic properties will be discussed in detail. 

Material’s characterization in terms of particle size, crystal structure, morphology, 

specific surface area, and pore size distribution is carried out by the help of transmission 

electron microscopy (TEM), scanning electron microscopy (SEM) in combination with 

energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction (XRD), and nitrogen sorption. 

The main spectroscopic techniques applied in this work to characterize surface electronic and 

spectroscopic properties of nanoparticle ensembles are electron paramagnetic resonance 

(EPR) spectroscopy and Fourier transform infrared (FT-IR) spectroscopy.  
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2 Spectroscopic Techniques 

2.1 Electron Paramagnetic Resonance (EPR) Spectroscopy 

2.1.1 Principles 

Electron paramagnetic resonance (EPR) spectroscopy
[41,42]

 is an experimental technique 

for the detection and characterization of chemical systems bearing unpaired electrons, i.e. 

paramagnetic systems. These include free radicals, transition metal ions and paramagnetic 

point defects trapped in solid matrices. Therefore, EPR spectroscopy is an exceptionally 

useful technique for the investigation of charge-separation processes on metal oxides. Early 

work on the use of EPR on metal oxide powders has been reported in recent reviews.
[5,6]

 On 

de-hydroxylated TiO2 it allows one not only to monitor and quantify localised trapped hole 

centers (O
−
) and electrons (Ti

3+
), also species adsorbed after charge transfer to gas-phase 

molecule such as superoxide anions O2
−
 as cation sensitive surface probes can be detected. 

Most molecular spectroscopic techniques investigate the interaction of the electric field 

component of the respective electromagnetic radiation with some electric dipole moment in 

the molecules. Different to them, EPR spectroscopy is based on the interaction of the 

magnetic component of the radiation with magnetic dipoles of paramagnetic centers, namely 

the magnetic moment of unpaired electrons. The respective magnetic moment μS results from 

the intrinsic angular momentum of an electron, the so-called electron spin S (vectors are 

denoted by bold letters in the following). The magnetic moment is collinear and antiparallel to 

the spin and is given by:  

                  Equation 2.1.1 

with: ge free electron g-value (ge = 2.0023) 

µB Bohr magneton = 9.27·10
−24

J∙T
−1

 = e∙h∙(4π∙me)
−1

 and  

S intrinsic angular momentum. 

Due to Heisenberg´s uncertainty principle only the square of the intrinsic angular 

momentum (S
2
) and one component in a given direction (e.g. SZ) can be measured with 

certainty. The magnitude S
2
 is given by [S·(S+1)]

1/2
·ħ, where S is the primary spin quantum 

number. The allowed values of S along any selected direction are restricted to the secondary 
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spin quantum numbers MS, which range in unit increments from −S to +S, giving 2S+1 

possible components along an arbitrary direction. 

 
Figure 2.1.1: Linear dependence between applied magnetic field and energy level splitting of 

the spin eigenstates of the unpaired electron. 

The spin quantum numbers of an electron are S = 1/2 and MS = 1/2, respectively. In the 

absence of a magnetic field the spin vectors S (and the corresponding magnetic moments) of 

an assembly of paramagnetic electrons are randomly aligned. However, when a magnetic field 

B is applied along the z-axis, two possible orientations of the electron spin S are allowed. 

These are associated with values SZ = +1/2·ħ ( or α state, MS = +1/2) and SZ = −1/2·ħ ( or 

β state, MS = −1/2). The two permitted orientations of the spins are associated with different 

energies: 

                      Equation 2.1.2 

This energy splitting is called the electronic Zeeman effect. The higher energy level is 

occupied by spin states with the magnetic moment aligned opposite to the direction of the 

magnetic field ( or  state), whereas spin states with magnetic moments parallel to the 

magnetic field occupy the lower energy levels ( or  state). The energy difference between 

these two states is then given by: 

                      Equation 2.1.3 

The two states are degenerate in zero field and their separation increases linearly with the 

magnetic field B (Figure 2.1.1). 
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At thermal equilibrium and in the presence of an external field, the spin population is 

determined by the Boltzmann distribution: 

  

  
  

   
  ⁄         Equation 2.1.4 

with: nα/β spin population for MS = +1/2 and MS = −1/2, respectively, 

 ΔE energy difference between  and  state / J,  

 k Boltzmann constant (k = 1.38·10
−23 

J∙K
−1

) and  

 T absolute temperature / K. 

At T = 77 K, in a field of about 3000 G, the ratio nα/nβ accounts only for 0.995. 

In an EPR experiment the transition of an electron between the two states is investigated by 

the resonance absorption of electromagnetic radiation of appropriate energy hν. To observe 

the spin transition the following resonance condition must be fulfilled: 

                         Equation 2.1.5 

In a so-called “field sweep” EPR experiment the frequency is kept constant and the magnetic 

field is varied. The intensity of the transition at a given resonance magnetic field depends on 

the population difference nβ − nα, which is proportional to the reciprocal value of the absolute 

temperature (Curie law).  

However, in most cases the observed system does not contain “free” electrons and the g-value 

differs from the free spin value ge. The reason for this deviation is an additional contribution 

of the orbital angular momentum L to the spin S, which is caused by spin-orbit coupling with 

the surrounding of the spin center. As a consequence, the magnetic moment of an unpaired 

electron in a real chemical system is not, in general, exactly antiparallel to the effective spin. 

Furthermore, the scalar ge-value has to be replaced by a symmetrical (3x3) matrix (or a 

second rank tensor) due to an anisotropic interaction of the orbital angular momentum with 

the external field (orbital Zeeman interaction). Therefore, the resonance condition may be 

written as: 

                 Equation 2.1.6 

The matrix g is characteristic for the respective spin center under investigation. The tensorial 

nature of g causes a dependence of the resonant field on the orientation of the crystal axes in 

the magnetic field. For a single crystal with only one type of paramagnetic centers of identical 
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symmetry, the g matrix may be built up by EPR spectrum acquisition for various orientations 

of the crystal axes with respect to the magnetic field. The respective principal values (gxx, gyy, 

gzz) may then be obtained by diagonalisation of the matrix. This operation is equivalent to the 

rotation of the axes of the paramagnetic center in order to coincide with the laboratory axes 

defined by the magnetic field (Figure 2.1.2). 

 
Figure 2.1.2: Simulated EPR spectra of a paramagnetic center in a single crystal for different 

orientations of the crystal in the magnetic field. The directions of the radical axes and of the 

crystal axes are arbitrarily assumed to be the same. 

The local symmetry of a spin center is reflected in the nature of the respective g matrix. The 

system displayed in Figure 2.1.2 shows axial symmetry. The principal values of the g matrix 

are gzz = g and gxx = gyy = g and may be derived from the resonant fields Bz and Bx = By, 

respectively. The orientation in Figure 2.1.2 b) is called “parallel”, those in c) and d) are 

called “perpendicular”. For every other orientation of the spin center with respect to the 

magnetic field the g-values lie in between g and g (Figure 2.1.2 a). For a spin center of cubic 

symmetry the principal g-values are equal (gxx = gyy = gzz), in the case of rhombic symmetry 

they have distinct values. 
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2.1.2 Hyperfine Interaction 

When a nucleus of non-zero nuclear spin is in close vicinity to the paramagnetic 

electron center, a splitting of the respective signal in the EPR spectrum can be observed. This 

splitting is due to the hyperfine interaction between the magnetic moment of the unpaired 

electron and the magnetic moment associated with the nuclear spin. Different types of 

electron spin – nuclear spin interactions have to be considered depending on whether the 

distribution of the respective electron is spherical or non-spherical. Unpaired s electrons give 

rise to an isotropic hyperfine coupling due to their finite probability at the nucleus (Fermi 

contact interaction). For paramagnetic electrons in p, d or f orbitals, on the other hand, no 

Fermi contact occurs due to the nodes of the corresponding wave functions at the nucleus. In 

this case the hyperfine interaction is a consequence of the non-spherical symmetry of the 

orbitals and can be described in terms of the classical dipolar interaction between magnetic 

moments. The dipol-dipol interaction is anisotropic – it depends on the orientation of the 

orbital with respect to the applied magnetic field. 

 
Figure 2.1.3: Electron Zeeman levels for an electron spin S = 1/2 with hyperfine coupling to 

a nuclear spin with I = 1/2 and the resulting EPR transitions a) at constant magnetic field, b) 

as a function of magnetic field, and c) the resulting absorption spectra. 

  



2  Spectroscopic Techniques  16 

In the simplest case of an electron magnetic moment of S = 1/2 and a nuclear magnetic 

moment of I = 1/2, each of the electron Zeeman levels is split into two (according to the 

multiplicity determined by 2I+1). If a magnetic field is applied, the allowed EPR transitions 

between the split energy levels are given by the selection rules (Figure 2.1.3): 

ΔMS =  1 and ΔMI = 0. 

MS and MI are the magnetic quantum numbers of the electron and the nucleus, respectively. 

As a consequence of the hyperfine interaction the transition is split into a doublet 

(Figure 2.1.3 b). The resonance magnetic fields are given by 

         
 
         

        Equation 2.1.7 

and a0 = A0/ge∙ΔB is called the hyperfine coupling constant (in magnetic field units).  
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2.1.3 Powder Spectra 

A polycrystalline sample is constituted by a large number of single crystals, which are 

randomly oriented with respect to the external magnetic field. As a consequence, the 

respective powder spectrum represents the superposition of a large number of single crystal 

spectra corresponding to all possible crystal orientations. The signal is spread over a resonant 

field range which is determined by the values of the principal g components. It’s shape is 

strongly influenced by the local symmetry of the spin center (Figure 2.1.4). 

 
Figure 2.1.4: Computer simulation of a powder pattern with axial symmetry of the spin 

center: a) absorption spectrum, b) first derivative of the absorption spectrum, and with 

rhombic symmetry: c) absorption spectrum, d) first derivative of the absorption spectrum. 

2.1.4 Principle of Measurement 

During the measurement of an EPR spectrum the microwave frequency is kept constant 

while the magnetic field is varied (field sweep method). Absorption will occur when the 

magnetic field adjusts the two spin states so that their energy difference matches the energy of 

the radiation according to Equation 2.1.5. 

The basic components of the spectrometer are the microwave source (klystron or Gunn diode) 

supplying electromagnetic radiation at a constant frequency, the microwave guide system, the 

resonator, the electromagnet capable of providing a homogenous field, which is controlled by 

a field probe, the amplifier, and the detector diode (Figure 2.1.5). The microwave is directed 

via the wave guide to the resonator where the sample is inserted from the top. At the 

beginning of the measurement the phase and power of the microwave are optimized to realize 

a standing wave inside the resonator. If the resonance conditions are fulfilled the microwave 
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is absorbed. Consequently, the standing wave collapses and the microwave is reflected out of 

the resonator to the detector.  

 
Figure 2.1.5: Schematic of the main components of an EPR spectrometer. 

Superimposed on the main magnetic field, an oscillating field is obtained by applying an 

alternating current (typically 100 kHz) to a set of coils (modulation coils) located at the 

resonator walls. This modulating field converts the resonance to an alternating signal, which 

can be separated from random noise, using a phase sensitive detection system. This method of 

detection guarantees a very high sensitivity and leads to an output whose amplitude is 

proportional to the slope of the absorption signal, so that the resulting signal appears as the 

first derivative curve. 
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2.1.5 Quality (Q) Factor 

Cavities are characterized by their quality or Q-factor, which indicates how efficiently 

the resonator stores microwave energy. The Q-factor is defined as the ratio of microwave 

energy stored Eres and energy dissipated Edis (Equation 2.1.8).  

  
    

    
         Equation 2.1.8 

The Q-factor can be measured by expressing Q in another way where νres is the resonant 

frequency of the resonator and Δν is the width at half height of the resonance (Equation 

2.1.9). 

  
    

  
         Equation 2.1.9 

Energy can be lost to the side walls of the resonator because the microwaves generate 

electrical currents in the side walls of the resonator, which in turn generates heat, and by the 

change of the resonator geometry due to the sample installation. Furthermore, the Q-factor 

will be degraded by non-resonant absorption of the microwaves via the electric field. This 

occurs especially when humidity and water are present within the resonator or if the measured 

samples carry a high concentration of conduction band electrons.
[43,44]

 

As a consequence, the sensitivity of the spectrometer is in direct correlation with the Q-factor 

and the measured signal intensity can be described as: 

               Equation 2.1.10 

with PMW microwave power / W. 

2.1.6 Oxygen as a Surface Probe 

Using oxygen molecules from the gas phase in conjunction with EPR spectroscopy the 

following properties of have to be taken into account:  

 The O2 molecule is a bi-radical and, therefore, paramagnetic. As a consequence, 

the gas phase oxygen can interact with paramagnetic species at the surface of the 

sample via the spin-exchange interaction leading to significant broadening of the 

signal line width, depending on the oxygen partial pressure in the system. As a 

result the signal cannot be distinguished from the background signal anymore at 
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a critical O2 pressure in the range of p(O2) ≈ 100 mbar. However, due to this fact 

it is possible to differentiate between EPR signals stemming from the bulk and 

from the surface of the investigated sample. 

 Another application of O2 molecules in EPR spectroscopy is that oxygen can be 

used as an electron scavenger. As shown in Figure 2.1.6 O2 molecules from the 

gas phase hitting the surface and can form a physisorbed complex at the surface 

a). If they do not directly desorb b) they can also interact with electrons c) or 

holes at the sample surface forming for example an O2
−
 radical stabilized at the 

surface d). 

 
Figure 2.1.6: Schematic of the formation of O2

−
 species at the surface of a reduced metal 

oxide surface. 

2.1.7 Quantification of Spins 

In order to quantify the absolute number of separated charges, photogenerated electrons 

were titrated on the basis of the electron transfer reaction from TiO2 nanoparticles to 

molecular oxygen (Equations 2.1.11 and 2.1.12).
[45]

  

                     
       Equation 2.1.11 

        
                  

      Equation 2.1.12 

The change of the O2 pressure within the known volume of the EPR sample cell (Figure 2.1.7, 

left ordinate) during photoadsorption was related to the measured O2
−
 EPR signal intensities 

(Figure 2.1.7, right ordinate). The photoadsorption experiments were performed at a light 

irradiance of Pirr = 100 mW∙cm
−2

 and a temperature of T = 298 K. The experiments were 

performed at room temperature because of two reasons: First, condensation effects of 

molecular oxygen are excluded and second, isothermal conditions for the whole system 
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comprising powder sample and the defined volume of the gas cell, is guaranteed. The EPR 

measurements, however, were again performed at T = 140 K. Pressure measurements were 

performed using a MKS Baratron 390HA-00100 pressure gauge in the range between 

p = 10
−4

 mbar to p = 1 mbar with an accuracy of 0.08%. The volume of the cell plus the whole 

system Vcell = 46.8 cm
3
 was determined using the ideal gas equation with reference to a 

known volume. An O2 pressure of 0.5000 mbar was applied and a pressure decrease 

Δp = 0.0016 mbar was observed after 300 s of UV exposure. The amount of adsorbed oxygen 

was then determined using the ideal gas equation. The number of illuminated particles was 

estimated considering spherical particles with a diameter of 13 nm. In order to quantify the 

concentration of trapped charges per particle, the number of adsorbed O2 molecules was 

rationed to the number of irradiated samples particles.  

 
Figure 2.1.7: Photoadsorption of O2 on TiO2 nanoparticles: Correlation of pressure change in 

the EPR cell and O2
−
 EPR signal intensity as a function of UV-exposure time at T = 298 K 

and p(O2) = 0.5 mbar. 
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3 Experimental 

3.1 Sample Preparation 

Metal organic chemical vapor synthesis (MO-CVS) at reduced pressures is particularly 

well suited for the production of crystalline metal oxide nanoparticles of small size and 

narrow size distribution. Due to the absence of solvents or surface active species and the 

operation at reduced pressures MO-CVS is a particular clean approach and the resulting 

particles and, consequently, particle surface properties remain essentially unmodified. 

However, incomplete precursor decomposition and transferring MO-CVS grown particles 

from the closed reactor system into spectroscopy cells, contact with ambient air occurs 

leading to surface contamination. To remove organic residues, surface-adsorbed species, and 

to guarantee the stoichiometric composition of the oxide, the obtained powder samples were 

processed according to a post-synthesis treatment at elevated temperatures in defined gas 

atmospheres before the experiments aiming at the exploration of surface/interface properties. 

3.1.1 TiO2  

3.1.1.1 Particle Synthesis 

TiO2 nanoparticles were prepared by metal organic chemical vapor synthesis based on 

the decomposition of titanium (IV) isopropoxide (Aldrich, 99.999% trace metals basis) at 

T = 1073 K in a flow reactor system (Figure 3.1.1) under reduced pressure (p ≈ 10 mbar). The 

liquid precursor was evaporated at T = 418 K (r = 1.5 K·min
−1

) in the preheating zone and 

transported to the tube furnace by argon (V̇O2 = 0.8 L·min
−1

). The decomposition and reaction 

of the precursor molecule with oxygen took place in the furnace (T = 1073 K) where metal 

oxide particles were formed. Finally the particles were collected in a stainless steel net. Due to 

the short residence time of the particles in the hot zone of the furnace (≈ 2.5 ms) substantial 

coarsening and aggregation was prevented. The system pressure (p ≈ 10 mbar) as well as the 

gas flow (V̇Reactor ≈ 0.8 L·min
−1

) was adapted from related synthesis procedures in already 

existing MO-CVS reactor systems.
[46]
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Figure 3.1.1: Schematic of the flow reactor system for metal oxide nanoparticle synthesis. 

3.1.1.2 Post-Synthesis Treatment 

To remove organic residues originating from the precursor material and to guarantee the 

stoichiometric composition of the oxide, the obtained powder samples were processed 

according to a post-synthesis treatment at elevated temperatures in defined gas atmospheres. 

As a first step the nanoparticle powders were carefully evacuated (p < 10
−5

 mbar) at room 

temperature for approximately one hour. Subsequently the powders were heated to T = 673 K 

(r = 1 K·min
−1

) and finally to T = 873 K (r = 10 K·min
−1

) at p < 10
−5

 mbar to remove volatile 

species and to partially de-hydroxylate the particle surface. After a dwell time of 15 minutes 

at T = 873 K, p(O2) = 40 mbar was added for another 15 minutes to oxidize remaining carbon 

species at the surface and to re-oxidize the surface of the In2O3 nanoparticles. This pumping 

and oxidizing step was repeated twice. The samples were finally cooled in the presence of 

p(O2) = 40 mbar to room temperature. (Cooling time ≈ 30 min). 

3.1.2 ZrO2  

3.1.2.1 Particle Synthesis 

ZrO2 nanoparticles were prepared by metal organic chemical vapor synthesis based on 

the decomposition of zirconium (IV) propoxide (Aldrich, 70% solution in 1-propanol) at 

T = 1073 K in a flow reactor system (Figure 3.1.1) under reduced pressure (p ≈ 10 mbar). The 

liquid precursor was evaporated at T = 523 K (r = 1 K·min
−1

) in the preheating zone and 
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transported to the tube furnace by argon (V̇O2 = 0.8 L·min
−1

). The decomposition and reaction 

of the precursor molecule with oxygen took place in the furnace (T = 1073 K) where metal 

oxide particles were formed. Finally the particles were collected in a stainless steel net. Due to 

the short residence time of the particles in the hot zone of the furnace (≈ 2.5 ms) substantial 

coarsening and aggregation was prevented. The system pressure (p ≈ 10 mbar) as well as the 

gas flow (V̇Reactor ≈ 0.8 L·min
−1

) was adapted from related synthesis procedures in already 

existing MO-CVS reactor systems.
[46]

 

3.1.2.2 Post-Synthesis Treatment 

To remove organic residues originating from the precursor material and to guarantee the 

stoichiometric composition of the oxide, the obtained powder samples were processed 

according to a post-synthesis treatment at elevated temperatures in defined gas atmospheres. 

As a first step the nanoparticle powders were carefully evacuated (p < 10
−5

 mbar) at room 

temperature for approximately one hour. Subsequently the powders were heated to T = 673 K 

(r = 1 K·min
−1

) and finally to T = 873 K (r = 10 K·min
−1

) at p < 10
−5

 mbar to remove volatile 

species and to partially de-hydroxylate the particle surface. After a dwell time of 15 minutes 

at T = 873 K, p(O2) = 40 mbar was added for another 15 minutes to oxidize remaining carbon 

species at the surface and to re-oxidize the surface of the In2O3 nanoparticles. This pumping 

and oxidizing step was repeated twice. The samples were finally cooled in the presence of 

p(O2) = 40 mbar to room temperature. (Cooling time ≈ 30 min). 

3.1.3 SnO2  

3.1.3.1 Particle Synthesis 

SnO2 nanoparticles were prepared by metal organic chemical vapor synthesis based on 

the decomposition of tetra-n-butyltin (Aldrich, technical grade, > 93%) at T = 1073 K in a 

flow reactor system (Figure 3.1.1) under reduced pressure (p ≈ 10 mbar). The liquid precursor 

was evaporated at T = 352 K (r = 1.5 K·min
−1

) in the preheating zone and transported to the 

tube furnace by oxygen (V̇O2 = 0.8 L·min
−1

). The decomposition and reaction of the precursor 

molecule with oxygen took place in the furnace (T = 1073 K) where metal oxide particles 

were formed. Finally the particles were collected in a stainless steel net. Due to the short 
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residence time of the particles in the hot zone of the furnace (≈ 2.5 ms) substantial coarsening 

and aggregation was prevented. The system pressure (p ≈ 10 mbar) as well as the gas flow 

(V̇Reactor ≈ 0.8 L·min
−1

) was adapted from related synthesis procedures in already existing 

MO-CVS reactor systems.
[46]

 

3.1.3.2 Post-Synthesis Treatment 

To remove organic residues originating from the precursor material and to guarantee the 

stoichiometric composition of the oxide, the obtained powder samples were processed 

according to a post-synthesis treatment at elevated temperatures in defined gas atmospheres. 

As a first step the nanoparticle powders were carefully evacuated (p < 10
−5

 mbar) at room 

temperature for approximately one hour. According to the high reducibility and, therefore, the 

tendency for SnO2 to become n-type doped at high temperature and low oxygen partial 

pressure it is not possible to heat the powders to high temperatures in high vacuum without 

generating significant sub-stoichiometry at the particle surface. Furthermore, a high oxygen 

pressure is mandatory to avoid the thermal reduction of SnO and the disproportionation 

reaction of Sn2O3 to metallic tin above T = 433 K. SnO and Sn2O3 are possible side products 

during the synthesis. Consequently, oxygen was added (p(O2) = 1000 mbar) before the 

stepwise heating of the sample up to T = 473 K (r = 2 K·min
−1

), T = 673 K (r = 2 K·min
−1

) 

and T = 873 K (r = 5 K·min
−1

). After 15 minutes at each of these temperatures the sample was 

cooled to room temperature, evacuated to p < 10
−5

 mbar to remove oxidation products like 

CO2 and water, and fresh oxygen was added before the next temperature step. 

3.1.4 In2O3 

3.1.4.1 Particle Synthesis 

In2O3 nanoparticles were prepared by the controlled combustion of the precursor indium 

(III) acetylacetonate (≥ 99.99% trace metals basis Sigma-Aldrich) in a flow reactor system 

(Figure 3.1.2) under reduced pressure (p ≈ 10 mbar). The solid precursor was sublimated at 

T = 463 K (r = 5 K·min
−1

) in the preheating zone and transported to the tube furnace by argon 

as carrier gas (V̇Ar = 0.1 L·min
−1

) where it got in contact with the oxidizing agent 

(V̇O2 = 0.5 L·min
−1

), a mixture of O2/O3. According to the operating instructions of the lab 
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ozonizer (Labor Sander Type 330.5) the O3 concentration is in the range of 60 vol.%. The 

decomposition and reaction of the precursor molecule with the oxidizing agent took place in 

the furnace (T = 673 K) where metal oxide particles were formed. Finally the particles were 

collected in a stainless steel net. Due to the short residence time of the particles in the hot 

zone of the furnace (≈ 2.5 ms) substantial coarsening and aggregation was prevented. The 

system pressure (p ≈ 10 mbar) as well as the overall gas flow (V̇Reactor ≈ 0.6 L·min
−1

) was 

adapted from related synthesis procedures in already existing MO-CVS reactor systems.
[46]

  

 
Figure 3.1.2: Photograph and schematic of the flow reactor system for In2O3 nanoparticle 

synthesis. 

3.1.4.2 Post-Synthesis Treatment 

To remove organic residues originating from the precursor material and to guarantee the 

stoichiometric composition of the oxide, the obtained powder samples were processed at 

elevated temperatures in defined gas atmospheres. As a first step of the post-synthesis 

treatment the nanoparticle powders were carefully evacuated at room temperature. After 

reaching pressures p < 10
−5

 mbar the powder is heated to T = 373 K for 15 minutes with a 
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temperature rate of r = 1 K·min
−1

. According to the high reducibility and, therefore, to the 

susceptibility of In2O3 to n-type doping
[47]

 it is not possible to heat the powders to higher 

temperatures in high vacuum without generating significant sub-stoichiometry at the particle 

surface. Therefore, further annealing steps are carried out at p = 650 mbar oxygen.  

In presence of oxygen the powder was heated stepwise to T = 473 K (r = 2.5 K·min
−1

), 

T = 673 K (r = 5 K·min
−1

) and T = 873 K (r = 5 K·min
−1

). After 15 minutes at each of these 

temperatures the sample was cooled to room temperature (cooling time ≈ 30 min), evacuated 

to p < 10
−5

 mbar to remove oxidation products like CO2 and water, and fresh oxygen was 

added before heating to the next temperature. 
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3.2 Generation of Charge Carriers 

3.2.1 Thermal Reduction 

To investigate the impact of processing and atmosphere on the spectroscopic 

properties of charge carriers sufficient n-type doping of the nanoparticles and, therefore, a 

sufficient concentration of conduction band electrons has to be achieved. Therefore, the 

particles were treated at elevated temperatures and at low oxygen partial pressures before 

spectroscopic measurements in situ. At this conditions lattice oxygen (O
2−

) is removed via 

formation of oxygen vacancies and, consequently, conduction band electrons.
[47]

 

(Equation 3.2.1 + 3.2.2). 

    
                    
→                      

 

 
       Equation 3.2.1 

    
                   
→                 

        
 

 
       Equation 3.2.2 

Due to the different material properties of the metal oxide nanoparticles used within this study 

it is not possible to mention an overall procedure in terms of temperature and oxygen partial 

pressure for all the materials at this point. The specific treatments are mentioned in the 

individual chapters declared as “reductive treatment”. 

3.2.2 Light-Induced Charge Separation 

The second method to generate conduction band electrons is light-induced charge 

separation (Equation 3.2.3). Once produced, the charge carriers can be trapped, either in 

shallow traps or in deep traps, but they can also recombine, radiatively or non-radiatively, 

dissipating the input energy as heat. Charge carriers can react with electron donors or 

acceptors adsorbed on the surface of the particles.  

             
           Equation 3.2.3 

UV irradiation was performed using a 300 W Xe lamp (Oriel) light source. The light beam 

was passed through a water filter to exclude IR contributions from the excitation spectrum. 

The spectral irradiance of the light source in conjunction was determined with a multichannel 

spectrometer capable of simultaneously measuring multiple wavelengths (USB 2000, Ocean 

Optics Inc.) in conjunction with a bolometer (International Light). The light power was held 
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constant at Pirr = 0.9 mW·cm
−2

 for the energy range 3.2 eV < E < 6.2 eV throughout all 

experiments. During light exposure, the samples were held at a temperatures between 

T = 90 K and T = 140 K in order to keep UV-induced heating effects constant. Differences 

from this procedure are noted separately within the individual chapters. 
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3.3 Fourier transform infrared (FT-IR) spectroscopy 

For IR spectra measured in transmission mode, a high vacuum cell developed by J.T. 

Yates Jr. and coworkers
[32,48]

 (Figure 3.3.1) was used and for this purpose aligned in the 

optical path of the IR beam of a Bruker Tensor 27 spectrometer system. The resolution was 

3 cm
−1

, and 200 interferogram scans between 6000 cm
−1

 and 950 cm
−1

 were averaged to 

guarantee a reasonable signal-to-noise ratio. The ADC counts were in the range of 3000 to 

10000, depending on the sample treatment. Using a hydraulic press, nanoparticle powder 

pellets (d = 7 mm) were produced by uniaxial compression of typically ≈ 5 mg of sample 

powder with 100 MPa into a tungsten grid, which subsequently was mounted in the high 

vacuum cell. The upper position on the grid was kept empty and was used for the background 

absorbance measurements in the same experiment. A type-K thermocouple was spot-welded 

to the top- center region of the grid. The grid was held by nickel heating and cooling supports 

in the center of the UHV cell. The temperature of the grid was set within the range of 

T = 90 K and T = 1000 K by electrical ohmic heating or cooling with liquid nitrogen. The cell 

was connected to a stainless steel ultrahigh vacuum system to guarantee a base pressure of 

p ≈ 1∙10
−8

 mbar.  

 
Figure 3.3.1: Schematic of the in-situ cell for measurements in defined atmospheres.

[32]
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3.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 

3.4.1 Measurement Conditions 

For electron paramagnetic resonance (EPR) spectroscopy, typically 10–20 mg of 

powder sample was contained within a Suprasil quartz glass tube connected to a high vacuum 

pumping system. This allows for thermal sample activation and UV irradiation in situ at 

pressures less than p < 10
−6

 mbar. X-band EPR measurements were performed on a Bruker 

EMX 10/12 spectrometer using a Bruker ER 4102ST standard rectangular resonator in the 

TE102 mode and on a Bruker EMX Micro spectrometer using a Bruker ER 4119 HS resonator. 

Measurements at T = 77 K were carried out in a Dewar filled with liquid nitrogen. For 

measurements in the temperature range between T = 90 K and T = 293 K an ER 4131 VT 

variable temperature accessory was used. EPR computer simulations were done using the SIM 

14S program.
[49]

 The g-values were determined on the basis of a DPPH standard.  

An aperture in the EPR resonator allowed studying the paramagnetic species during and 

after UV/Vis exposure. UV light reflections at the inner surface of the resonator facilitate a 

more uniform light exposure of the cylindrical sample tube from all directions. 

 
Figure 3.4.1: Experimental set-up for simultaneous UV exposure and EPR measurement at 

T = 77 K.
[50]

 



3  Experimental  32 

3.4.2 Determination of Illuminated Powder Volumes (EPR) 

Determination of the photon absorption rate in powders is mandatory in Chapter 4. The 

radiant energy entering the powder is generally less than that impinging on the system. This 

difference arises from the small particles which cause scattering and absorption. The 

following assumptions were made: (1) scattering is multiple but independent, and (2) 

scattering is elastic, which means that after scattering, only changes in the direction of light 

propagation occur; Under these conditions, a ray may lose intensity due to (i) absorption and 

(ii) out-scattering and may gain energy by (iii) internal emission and (iv) inscattering (coming 

from multiple scattered rays in other points inside powder volume). Since undoped TiO2 and 

ZrO2 exhibit only weak photoluminescence, internal emission (iii) is neglected in the present 

case. 

Typically 10–20 mg of powder sample was used for EPR experiments corresponding to 

approximate numbers of 10
16

 particles. The EPR Suprasil quartz glass cells (Hennlich GmbH 

& Co KG, A-4780 Schärding), which are connected to a high vacuum pumping rack, are 

cylinders with 5 ± 0.4 and 3 ± 0.4 mm as outer and inner diameters respectively. The filling 

height was 10 mm leading to a total sample volume of about 60 mm
3
 (Table 3.4.1). An 

aperture in the EPR resonator allows one to study the paramagnetic species during and after 

UV exposure. UV light reflections at the gold plated inner surface of the resonator facilitate a 

more uniform light exposure of the cylindrical sample tube from all directions. 

To ensure that scattering and changed light penetration depths inside the different types 

of powders (isolated TiO2 and ZrO2 particles, as well as particle networks derived therefrom) 

do not bias the ratio of the O2
−
 concentration yields measured, the following set of control 

experiments was performed: For every type of sample the illuminated powder fraction was 

determined by rationing the number of radicals Ni generated at a fixed sample position to the 

maximum number of radicals produced inside the total powder volume Nt. For the 

determination of Nt the sample was rotated and also shaking of the powder sample during UV 

exposure was performed. Without breaking the vacuum or changing the oxygen atmosphere, 

both procedures were performed to ensure that all nanoparticles contained in the EPR tube 

were efficiently exposed to UV light. On this basis the illuminated powder fraction coefficient 

(IPF) was calculated. According to these results it was found that the respective values are 

equal for all types of samples (Table 3.4.1). 



3  Experimental  33 

Table 3.4.1: Typical experimental parameters during UV excitation of metal oxide 

nanoparticle powders 

 
TiO2 

isolated 

ZrO2 

isolated 

TiO2 

nanoparticle 

network 

ZrO2 

nanoparticle 

network 

TiO2-ZrO2 

nanoparticle 

network 

Cell volume / mm
3
 61.6 61.6 61.6 61.6 61.6 

Particle volume ∙ cell 

volume
−1

 
0.04 0.02 0.23 0.25 0.18 

Illuminated powder 

fraction (IPF) coefficient 
0.5 0.5 0.5 0.5 0.5 

 

On the basis of these control experiments differences in the scattering properties were 

excluded to affect the experimental outcome described along Chapter 4. 
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4 Light-Induced Charge Separation in Metal Oxides 

4.1 When Fewer Photons do More: A Comperative O2 Photoadsorption 

Study on Vapor-Deposited TiO2 and ZrO2 Nanoparticle Ensembles 

4.1.1 Abstract 

The charge-separation properties of TiO2 and ZrO2 nanoparticle powders, which were 

produced by metal organic chemical vapor phase synthesis, were compared by means of O2 

photoadsorption. Prior to the UV-excitation experiments, we carefully explored the structure 

and morphology as well as the spectroscopic properties of the de-hydroxylated nanoparticles 

in controlled gas atmospheres using UV/Vis diffuse reflectance, Fourier transform infrared 

(FT-IR) spectroscopy and electron paramagnetic resonance (EPR) spectroscopy. On the basis 

of these informations, we utilized the photogeneration of surface-adsorbed O2
−
 radicals and 

their detection by EPR spectroscopy to quantify the concentration of separated charges
 
and to 

relate these figures to the number of oxide particles that were exposed to known numbers of 

UV photons with defined energies. The results presented in this study reveal that upon band 

gap excitation, ZrO2 nanoparticles are by two orders of magnitude more efficient in oxygen-

assisted charge separation than TiO2. The dramatically diminished charge-separation yield in 

TiO2 is attributed to the existence of deep trap states, which persistently stabilize 

paramagnetic holes and at the same time act as recombination centers. Their absence in ZrO2 

nanoparticles gives rise to a comparable performance in terms of photoadsorbed O2 and 

essentially compensate for the significantly wider optical band gap in relation to TiO2.
[51]

 

4.1.2 Introduction 

There is a continuous and fervent search for cheap and non-toxic materials that display 

superior activity with respect to the surface chemical utilization of photogenerated charges. 

Substantial efforts have been devoted to the synthesis of TiO2 based materials mainly due to 

their great technological potential for photovoltaic and photocatalytic applications.
[6,8,52–54]

 

Many of these – spanning waste water treatments, self-cleaning surfaces to water splitting 

photoelectrodes – share the fact that the overall performance results from a combination of 

effects that start with photoexcitation of the bulk and end with interfacial charge transfer and 
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chemical activation of molecules at the particle surface. In an attempt to understand, and 

hence maximize the photocatalytic activity of particulate TiO2, the influential properties of the 

bulk and the surface have been investigated.
[6,52,55]

 Moreover, recent efforts to synthesize 

ordered composite materials employing nanostructured TiO2 and sensitizing inorganic 

additives such as short band gap semiconductors have been made in order to design next-

generation energy devices.
[1]

 On the other hand, composite structures utilizing metal oxide 

components with a significantly larger band gap than TiO2 have been invented as well.
[56]

 In 

fact, there exist a number of independent and interesting reports on the enhanced activity of 

coupled ZrO2-TiO2 photocatalysts.
[57–59]

 The reasons for the higher rates observed for the 

photodegradation of organic molecules are not perfectly understood at present but phenomena 

such as Zr-induced stabilization of the TiO2 anatase phase
[57]

 or diminished photocatalyst 

deactivation
[1,60]

 have been observed in this context and were related to trends in 

photocatalytic performance. That polycrystalline zirconia displays high activity in surface 

photochemical reactions was recognized very early by Serpone and coworkers.
[61,62]

 Their 

mechanistic studies revealed the significant activity of powdered ZrO2 in the photoinduced 

adsorption of gases. In particular, oxygen chemistry and photochemistry on low surface area 

powder consisting of monoclinic crystallites were characterized by quantitative 

photoadsorption experiments in combination with temperature programmed desorption 

studies.
[51,63]

 

With regard to photocatalytic activity the relative performance of a particular oxide 

material was found to actually depend on the test experiment used.
[64]

 This reflects the 

complex interplay of the above mentioned mechanistic steps and also their critical 

dependence on the material properties. Consequently, advances in the development of more 

efficient composite materials
[12,13,65–67]

 rely on comprehensive characterization work that 

addresses the fundamental processes which occur in the single components of the composite 

system and contribute to the overall photochemical reaction. Substantial advances require a 

close connection between materials’ synthesis, the incisive characterization of the materials’ 

properties and physicochemical in-depth experiments aiming at key figures that quantitatively 

describe the various steps of the overall process.
[51]

 

Therefore, this study seeks to compare the spectroscopic properties of TiO2 and ZrO2 

nanoparticle powders, which both were grown by vapor phase synthesis.
[46]

 After oxidative 

treatment and annealing-induced surface de-hydroxylation we carefully explored the structure 

and morphology, the surface coverage with remaining hydroxyls, as well as the optical and 
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paramagnetic properties of the resulting ZrO2 and TiO2 nanoparticles. Our chosen measure of 

photoactivity has been the photogeneration of paramagnetic surface O2
−
 radicals, which on the 

basis of electron paramagnetic resonance spectroscopy measurements, have been successfully 

used to probe adsorption sites on oxide particle surfaces,
[68–71]

 to quantify the number of 

trapped charges on TiO2
[45]

 or to monitor photochemical reactivity of doped TiO2 structures in 

the range of visible light
[72]

. Critical to photocatalysis, scavenging of photogenerated electrons 

by O2 allows for the accumulation of reactive hole centers and enhances the efficiency of the 

overall reaction.
[71,73]

 Under controlled experimental conditions in terms of temperature, 

pressure as well as energy and flux of photons the activation of molecular O2 at the surface of 

UV-excited nanoparticles provides a quantitative base for the comparison of nanomaterials 

that are different in terms of composition, particle size and structure and last but not least in 

their concentration of intrinsic and extrinsic defects.
[51,74]

 

4.1.3 Experimental 

TiO2 and ZrO2 nanoparticles were prepared by metal organic chemical vapor synthesis 

(MO-CVS) based on the decomposition of either titanium (IV) isopropoxide or zirconium 

(IV) propoxide vapor at T = 1070 K in a flow reactor system. The details of this technique are 

given elsewhere.
[46]

 For purification, the obtained powder samples were subjected to thermal 

treatment under high vacuum conditions. First, the powder sample was heated to T = 870 K 

using a rate of r ≤ 5 K·min
–1

. Subsequent oxidation with O2 at this temperature followed by 

cooling in O2 atmosphere was successfully applied to remove organic remnants originating 

from the precursor material, on the one hand, and to guarantee the stoichiometric composition 

of the oxide, on the other.
[51]

 

Transmission electron microscopic (TEM) images were obtained using a TECNAI F20 

analytical microscope equipped with a S-Twin objective lens and a field emission source 

operating at 200 kV. Images were recorded with a Gatan 794 Multiscan CCD camera.
[51]

 

X-Ray diffraction (XRD) patterns were collected on a PANalytical X’Pert PRO 

diffractometer using Cu-Kα radiation. The zirconia (tetragonal and monoclinic) crystalline 

phases were quantified by the Rietveld method, and the crystallite sizes were derived on the 

basis of the Scherrer equation with assumption of spherically shaped crystallites (program 

TOPAS R 2.1, Bruker AXS, Karlsruhe 2003).
[51]
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The nitrogen sorption isotherms were obtained at T = 77 K using an adsorption 

porosimeter (Micromeritics ASAP 2020). Prior to analysis, samples were outgassed for 

6 hours in the degas unit of the adsorption apparatus at T = 473 K under vacuum. The BET 

surface area was evaluated using adsorption data in the relative pressure range  

p/p0 = 0.05–0.2.
[51]

 

UV/Vis Diffuse reflectance measurements were carried out at room temperature using 

quartz glass cells that guarantees vacuum conditions better than p < 10
–5

 mbar. The UV/Vis 

diffuse reflectance spectra were acquired in the presence of p(O2) = 10 mbar using a Perkin 

Elmer Lambda 15 spectrophotometer, equipped with an integrating sphere, and then 

converted to absorption spectra via the Kubelka-Munk transform procedure. The spectral 

irradiance of the UV light source (300 W Xe lamp, 6258 ORIEL instruments) in conjunction 

with a waterfilter was determined with a multichannel spectrometer capable of simultaneously 

measuring multiple wavelengths (USB 2000, Ocean Optics Inc.). The absolute light power 

was measured with a bolometer (International Light).
[51]

  

For EPR measurements, the powder sample was contained within a Suprasil quartz 

glass tube connected to an appropriate high vacuum pumping system. This allows for thermal 

sample activation and UV irradiation in situ at pressures less than p < 10
−6

 mbar. X-band EPR 

measurements were performed on a Bruker EMX 10/12 spectrometer using a Bruker ER 

4102ST standard rectangular resonator in the TE102 mode. The g-values were determined on 

the basis of a DPPH standard.
[51]

 

Determination of the photon absorption rate in powders remains in many cases an open 

question. The radiant energy entering the powder is generally less than that impinging on the 

system. This difference arises from the small particles which cause scattering and absorption. 

For the experiments presented in this paper the EPR Suprasil quartz glass cells (Hennlich 

GmbH & Co KG, A-4780 Schärding), which are connected to a high vacuum pumping rack, 

are cylinders with 5 ± 0.4 and 3 ± 0.4 mm as outer and inner diameters respectively. Control 

experiments, such as cell rotation during UV exposure and shaking of the powder sample – 

without breaking the vacuum or changing the oxygen atmosphere – were carried out to ensure 

that all nanoparticles contained in the EPR cell were efficiently exposed to UV light.
[51]

  

The FT-IR experiments were performed in a sample cell that allows thermal sample 

activation at high vacuum conditions with a base pressure below p ≤ 5·10
–6

 mbar. Samples, in 

the form of hand-pressed, self-supporting pellets were measured in the IR transmission mode 
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with a Bruker Vertex 80v spectrometer system. A total of 200 scans were accumulated for one 

spectrum to obtain a reasonable signal-to-noise ratio with a spectral resolution of 3 cm
−1

.
[51]

 

4.1.4 Results and Discussion 

After properly selected thermal post treatment (T ≤ 870 K) of the gas phase prepared 

TiO2 and ZrO2 nanoparticle powders in vacuum (p < 10
−5

 mbar) and subsequently in oxygen, 

the obtained materials can be characterized as particle ensembles with uniform particle 

properties in terms of size and morphology (Figure 4.1.1). Annealing-induced particle 

coarsening, aggregation and thus particle-particle interface formation
[13,38]

 can be excluded for 

both types of samples. In agreement with previous studies, the measured specific surface areas 

for TiO2 (average particle size d = 13 nm) and ZrO2 (d = 7 nm) correspond to 

SBET = 130 m
2
·g

−1
 and SBET = 160 m

2
·g

−1
, respectively.

[51]
 

 
Figure 4.1.1: Transmission electron micrographs and particle-size distributions of ZrO2 

(upper panel) and TiO2 nanoparticles (lower panel). Both materials were grown by MO-CVS 

and subjected to repeated cycles of vacuum annealing and oxidation in O2 atmosphere 

thereafter. On the basis of this procedure, powders of carbon free and stoichiometric metal 

oxide particles were obtained.
[51]
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Figure 4.1.2: XRD patterns (Cu-Kα) of TiO2 and ZrO2 nanoparticles obtained by the 

MO-CVS approach and subjected to vacuum annealing and controlled calcination at 

T = 870 K, thereafter.
[51]

 

The XRD patterns related to the nanoparticle samples are shown in Figure 4.1.2. The 

very strong reflection in the TiO2 diffraction pattern at 2θ = 25.3 ° is indicative for the anatase 

modification. A feature of minor intensity at 2θ = 27.5 ° (r) points to a small fraction 

(< 5 wt.%) of rutile. For the pure ZrO2 sample the typical diffraction peaks corresponding to 

the monoclinic (11−1), tetragonal (111), and monoclinic (111) planes can be observed at 

2θ = 28.3 ° (m), 30.1 ° (m), and 31.4 ° (t) indicating the coexistence of tetragonal (t) and 

monoclinic (m) phases. The Rietveld quantification gave a 60:40 (per weight) ratio of the 

tetragonal and the monoclinic phase, respectively. Associated crystallite sizes derived using 

the Scherrer equation (Table 4.1.1) are consistent with the average particle-size values 

determined by TEM.
[51]
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Table 4.1.1: Crystallite sizes, particle numbers contained in powder volumes typically 

sampled with spectroscopy, and dispersion of vapor-deposited metal oxide nanoparticle 

powders. (ZrO2: t = tetragonal, m = monoclinic)
[51]

 

 Average 

crystallite 

size after 

production / 

nm 

Average 

crystallite 

size after 

annealing / 

nm 

Number of 

particles in 

10 mg 

powder 

samples 

Average 

number of 

atoms / 

particle
−1

 

Average 

number 

of 

surface 

atoms/ 

particle
−1

 

Dispersion 

TiO2 9 12 2.3·10
15

 107000 11000 ≈ 10% 

ZrO2 t = 4 / m = 5 t = 5 / m = 5 1.0·10
16

 t = 16100 

m = 15300 

3100 

3000 

 

≈ 19% 

 

After degassing the nanoparticle powders at T = 870 K for t ≥ 60 min the IR spectra of 

TiO2 (Figure 4.1.3 a)) and ZrO2 (Figure 4.1.3 b)) point to the existence of isolated hydroxyl 

groups having sufficient thermal stability to remain attached to the oxide nanoparticle 

surfaces. Above 3600 cm
−1

 Ti-OH modes due to isolated surface hydroxyls on anatase 

nanoparticles can be observed.
[75–77]

 On ZrO2, two clearly separated stretching bands around 

3670 cm
−1

 and 3770 cm
−1

 are attributed to isolated hydroxyls associated with monoclinic and 

tetragonal surface structures, respectively.
[46]

 We monitored the IR properties of the powder 

samples at p < 10
−5

 mbar over more than 4 h – under experimental conditions, which apply to 

the photoexcitation experiments described below – and did not reveal any spectral changes.
[51] 
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Figure 4.1.3: FT-IR spectra of isolated OH groups on a) MO-CVS TiO2 and b) ZrO2 after 

degassing the purified material at T = 870 K.
[51]

 

 
Figure 4.1.4: UV/Vis absorption spectra of TiO2 and ZrO2 nanoparticle powders. The 

respective Kubelka Munk functions (left ordinate) were derived from Diffuse Reflectance 

data and normalized to the same maximum absorption value at hν = 6 eV. This was done in 

accordance with the later on justified assumption that the optical absorption coefficients are 

comparable in their respective supra band gap energy ranges. The measured spectral 

dependence of the photonfluence related to the used UV source (300 W Xe lamp, 

6258 ORIEL instruments) is also included in this plot (right ordinate) in order to indicate the 

substantial difference in the number of photons with sufficient energy to be absorbed by the 

ZrO2 (light gray area) or the TiO2 nanoparticle powder (grey area).
[51]
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Figure 4.1.4 shows Kubelka-Munk functions derived from experimentally obtained 

UV/Vis diffuse reflectance spectra. The curves related to TiO2 and ZrO2 nanoparticle powders 

reveal UV absorption thresholds at hν = 3.2 eV and hν = 5.2 eV, respectively.  

On this basis we estimated the number of photons absorbed by the respective sample and 

accounted for the differences in the fundamental absorption threshold as well as for the 

spectral dependence of the irradiance of a 300 W Xe lamp (Figure 4.1.4, right ordinate), 

which was later on used for the O2 photoadsorption experiments. The respective numbers of 

photons with supra band gap energy – i.e the number of incident photons times the relative 

absorption calculated from the normalized UV/Vis diffuse reflectance data – correspond to 

1.6·10
15

 photons·cm
−2

·s
−1

 (with hν > 3.2 eV) and 4.0·10
12

 photons·cm
−2

·s
−1

 (with 

hν > 5.2 eV) for TiO2 and ZrO2 nanoparticles, respectively. Consequently, by a factor of 

about 400 more photons have sufficient energy to induce interband transitions TiO2 in 

comparison to ZrO2. UV/Vis diffuse reflectance measurements in vacuum (p < 10
−5

 mbar) as 

well as in the presence of O2 did not reveal any adsorption induced change in the absorption 

properties, neither in the region above nor in that below the optical band gap.
[51]

 

 
Figure 4.1.5: Electron paramagnetic resonance spectra of a) TiO2 nanoparticles and b) ZrO2 

nanoparticles after 60 minutes of UV exposure at T = 140 K and in the presence of molecular 

O2. The spectra were acquired at the same temperature but after pumping to p < 10
−5

 mbar.
[51]

 

Using electron paramagnetic resonance spectroscopy we performed UV-excitation 

experiments in order to quantitatively measure paramagnetic species, such as trapped hole 

centers (O
−
 radicals), trapped electron centers on TiO2 (Ti

3+
)
[78–80]

 , on ZrO2 (Zr
3+

) or 
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paramagnetic color centers, which were postulated by different groups.
[62,63]

 For TiO2, 

corresponding studies were already reported by our group.
[45,81] 

For comparison with results 

obtained on ZrO2, we plotted a typical EPR spectrum related to TiO2 after t = 60 min of 

UV exposure in O2 atmosphere and subsequent pumping to p < 10
−5

 mbar (Figure 4.1.5 a)). 

During UV exposure, the samples were held at a temperature of T = 140 K in order to keep 

UV-induced heating effects constant and at the same time to prevent O2 condensation within 

the sample cell.
[81]

 Spectrum simulation based analysis of the EPR signal observed for TiO2 

points to the presence of essentially two paramagnetic centers: (i) O2
−
 radicals, which result 

from efficient transfer of photogenerated electrons to adsorbed O2 and (ii) O
−
 radicals 

representing trapped hole centers (Table 4.1.2). Their concentrations reveal a 1:1 ratio 

between the two species.
[51]

 

On ZrO2 nanoparticle powders we performed EPR measurements before and after UV 

exposure in vacuum (p < 10
−6

 mbar). As a result of these measurements which were typically 

carried out on an ensemble of 10
16

 nanoparticles – at T = 77 K as well as at T = 140 K – we 

did not detect any type of paramagnetic defect. However, UV excitation in O2 atmosphere and 

at T = 140 K produced a significant number of O2
−
 radicals (Figure 4.1.5 b)). The slightly 

broadened linewidth of the signal – particularly in the range of gzz-values – in comparison to 

that of O2
−
 radicals measured on TiO2, is attributed to a more heterogeneous distribution of 

O2
−
 adsorption sites on ZrO2. Furthermore, the absence of related O

−
 radicals on ZrO2 

nanoparticles can in principle be due to a number of reasons, such as short relaxation times, 

orbital angular momentum quenching effects or the lack of defects that serve as deep hole 

trapping sites in ZrO2 nanoparticles.
[51]

 

Table 4.1.2: EPR parameters of oxygen radicals measured on TiO2 and ZrO2 particle surfaces 

with EPR spectroscopy after sample exposure to UV light in O2 atmosphere (Figure 4.1.5).
[51]

 

 gzz gyy gxx References 

O2
−
 (TiO2) 2.0248 2.0096 2.0033 

[45]
 

O2
−
 (TiO2) 2.0184 2.0096 2.0033 

[45]
 

O
−
 (TiO2) g = 2.0121 g = 2.0046  

[45]
 

O2
−
 (ZrO2) 2.0314 2.0098 2.0025 this study 
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Figure 4.1.6: Yield of O2

−
 anions photoadsorbed on the surfaces of TiO2 a) and ZrO2 b) 

nanoparticles as a function of UV-exposure time. The light power in the energy range 

3.2 ≤ hν ≤ 6.5 eV corresponds to Pirr = 0.9 mW·cm
−2

 or a flux of 10
15

 photons cm
−2

·s
−1

. The 

experiments were carried out at T = 140 K and in the presence of p(O2) = 7 mbar. Before 

every EPR spectrum acquisition step, O2 gas was eliminated from the system by pumping 

down to p < 10
−5

 mbar.
[51]

 

O2 photoadsorption in combination with EPR spectroscopy is particularly useful for 

determining the surface concentration of photogenerated electrons. As outlined 

elsewhere
[45,54]

 , the underlying quantification procedure enables one to determine the yield of 

O2
−
 ions per particle as a function of (i) UV-exposure time (Figure 4.1.6, uncorrected for the 

number of photons with supra band gap energy) and (ii) as a function of the actual number of 

photons absorbed by the respective oxide (Figure 4.1.7). Figure 4.1.7 clearly demonstrates 

that – despite the considerably smaller fraction of impinging photons with energies equal to, 

or greater than the corresponding optical band gap (Figure 4.1.4) – ZrO2 nanoparticles are 

very efficient in separating photogenerated charges. After UV exposure for t = 240 min the 

respective number of O2
−
 ions per ZrO2 nanoparticle is approximately 10 (Figure 4.1.6 b)). 

While the values measured on TiO2 particles start levelling at exposure times of t ≥ 60 min
[45]

 

those related to ZrO2 continuously rise and do not show any saturation behaviour within an 

investigated UV-exposure time of 11 hours in total. (The respective value measured after such 

an exposure time corresponds to 25 O2
−
 per particle). In order to exclude potential light power 

dependent effects, such as the photon induced charge carrier recombination in TiO2, we varied 

the light power of our UV source for a better comparison and corrected for the different 

absorption thresholds of the oxides. The resulting plot in Figure 4.1.7 shows the 

charge-separation yield, i.e. the number of O2
−
 ions per particle, as a function of the actual 
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number of photons absorbed and demonstrates the dramatically enhanced yield of 

photogenerated O2
−
 ions on ZrO2 particles as compared to TiO2. For example, to generate 

10 O2
−
 radicals per TiO2 particle, i.e. the maximum yield of photogenerated charges achieved, 

one needs by a factor of 2·10
2
 more photons with supra band gap energy than for ZrO2. It is 

interesting to note at this point that quantum yields reported for O2 photoadsorption on low 

surface area ZrO2 and TiO2 powders differed by a factor of 10 and correspond to 5·10
−2

 and 

6·10
−3

, respectively.
[51,82,83]

 

 
Figure 4.1.7: Concentration of photoadsorbed oxygen, i.e. number O2

−
 per particle as a 

function of absorbed photons with energies hν ≥ EBG on a) TiO2; EBG = 3.2 eV and b) ZrO2; 

EBG = 5.2 eV.
[51]

 

With respect to ZrO2 nanoparticles the above presented results demonstrate a dramatic 

enhancement in O2 assisted charge separation as compared to TiO2 nanoparticles. The origin 

of this remarkable effect can in principle revolve around the different fundamental steps that 

contribute to the overall photoadsorption process.
[51]

 

4.1.4.1 Optical Absorption Properties of Nanoparticulate ZrO2 and TiO2 Systems 

Different light absorption mechanisms may operate in case of the two nanoparticle 

powders. Elaboration on this point requires optical absorption data on the oxide materials with 

comparable microstructure, dispersion and – consequently – scattering properties. In fact, De 

Loach and Aita have reported the synthesis and physicochemical characterization of metal 

oxide films containing grains with sizes and structures which are comparable to those of the 
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particles investigated in this study.
[84,85]

 The near-ultraviolet fundamental optical absorption 

edges of pure and mixed ZrO2 and TiO2 systems were investigated with transmission-

reflection spectrophotometry in order to determine the spectral dependence of the respective 

optical absorption coefficients α(E) as a function of photon energy.
[86,87]

 The optical 

absorption coefficients related to TiO2 anatase films were found to rise from α = 2·10
4
 to 

α = 1·10
5
 cm

−1
 in the range 3.2 eV ≤ hν ≤ 4.2 eV and reach a value of α = 5·10

5
 cm

−1
 at 

hν = 6.2 eV.
[86] 

Those related to tetragonal ZrO2 films were found to be in the range of 

α ≥ 10
5
 at energies hν ≥ 5.6 eV and reach a value of α = 5·10

5
 cm

−1
 at a photon energy of 

hν = 6.2 eV. An independent study dealing with the optical properties of sol-gel derived 

films
[88]

 has reported comparable values despite the differences in film synthesis and 

concomitantly film morphology. Due to the fact that the optical absorption coefficients in the 

respective supra band gap energy ranges of ZrO2 and TiO2 nano-particulate systems are of the 

same order of magnitude, we rule out that different absorption mechanisms explain the 

observed dramatic difference in the charge-separation yield (Figure 4.1.7).
[51]

 

4.1.4.2 Hydroxylation 

Based on the FT-IR spectroscopic evidence that during extended storage of the 

nanoparticle powders under high vacuum conditions (p < 10
−5

 mbar) the spectral region below 

3600 cm
−1

 remains exempt from any significant absorption that may originate from hydrogen-

bonded (associated) Me-OH groups or other types of adsorbates (Figure 4.1.3), we can 

effectively exclude substantial water adsorption in the course of extended photoexcitation 

experiments. Moreover, a recent study which addressed the UV-induced hydrophilicity on 

titania surfaces carefully explored at cryogenic temperatures the effect of UV irradiation on 

adsorbed H2O as well as on Ti-OH surface groups.
[77]

 The experimental parameters applied in 

that study are comparable to those of the EPR experiments described along with 

Figures 4.1.5–4.1.7. No significant changes were observed in the course of the related 

experiments, which indicated that the surface coverage and bonding of hydroxyls is not 

affected by UV-induced O2
−
 formation. Vice versa, we have not obtained any evidence so far 

that at surface hydroxyls show an effect on the concentration of photogenerated O2
−
 ions at 

T = 140 K either.
[51]
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4.1.4.3 Particle Sizes and Surface-to-Volume Ratios 

Inherent to variations in the experimental conditions during TiO2 or ZrO2 nanoparticle 

formation – different types of metal organic precursors were used and variations in crystal 

structure and surface energy are expected to critically affect particle nucleation and growth – 

their crystallite sizes are different and correspond to d = 13 nm for TiO2 and to d = 5 nm for 

ZrO2 (Table 4.1.1). (Please note, that the volume of one TiO2 particle corresponds to that of 

seven ZrO2 particles together.) Thus, the surface-to-volume ratio (dispersion in Table 4.1.1) as 

well as the effect of volume confinement is much more pronounced in the case of ZrO2. Since 

these factors are expected to directly enhance charge carrier recombination in the surface or in 

the bulk, respectively, we conclude that both loss processes are not that critical with respect to 

O2 photoadsorption on ZrO2 nanoparticle ensembles. The situation is different for TiO2 

nanoparticle powders
[45,81]

 where the maximum concentration of separated charges is 

effectively limited by recombination.
[45,89]

 If gasphase oxygen is present, a fraction of 

electrons become removed from the dynamic equilibrium between generation and 

recombination of charge carriers and – due to their localisation at adsorbate species, i.e. 

O2
−
 ions – become screened from the other charge carriers. Under these conditions, the 

maximum concentration of trapped charges corresponds to 10 electron-hole pairs per particle 

(Figures 4.1.6 a) and 4.1.7 a)), a number which is determined by charge carrier recombination 

coupled with the UV-induced adsorption/desorption equilibrium.
[45,90]

 Different to ZrO2, on 

TiO2 nanoparticles trapped hole centers can be detected as EPR active O
−
 radicals with typical 

concentrations of 2·10
15

 spins inside the EPR resonator containing about the same number of 

particles. Point defects, which persistently transform into O
−
 radicals, were found to be 

located in the particle surface. They are attributed to trap states, which – with respect to their 

position in the band gap – are deep enough to produce EPR signals. The intensities of these 

signals remain constant on a time scale of hours at cryogenic temperatures.
[51,81]
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Figure 4.1.8: Simplified energy level diagrams which illustrate UV light-induced transitions 

in TiO2 and ZrO2 nanoparticles and emphasize the presence of deep trap states in TiO2. These 

defects are proposed to also act as charge carrier recombination centers that limit the 

maximum yield of photoadsorbed oxygen.
[51]

 

A typical O2 photoadsorption experiment on a ZrO2 powder involves 10
16

 particles and gives 

rise to 4 O2
−
 ions per particle corresponding to a total number of 4·10

16
 spins after one hour of 

UV exposure (Figure 4.1.6) in oxygen. The corresponding concentration of hole centers 

escapes detection at temperatures T ≥ 77 K. Another experiment carried out under vacuum 

conditions does not produce a significant number of paramagnetic O
−
 species either. On the 

basis of typical sensitivity values for conventional X-band spectrometer systems we conclude 

that the sampled ZrO2 powder volume contains less than 10
13

 deep traps that stabilize hole 

centers and give rise to O
−
 radicals. Assuming similar EPR properties for O

−
 radicals in TiO2 

and ZrO2 nanoparticles (e.g. relaxation time, local symmetry of the spin center), these 

observations suggest that hole centers occupy in ZrO2 trap states that are significantly lower 

in comparison to TiO2 (Figure 4.1.8).
[51]

 

Our results, on the other hand, reveal a decreased recombination rate for ZrO2 nanoparticles 

and concomitantly an enhanced charge-separation yield (Figure 4.1.7). 
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This leads us to the conclusion that the enhanced recombination observed in TiO2 

nanoparticles is due to deep trap states, which apart from persistent hole trapping also mediate 

charge carrier recombination. As a fascinating result, despite the much larger optical band 

gap, the significantly decreased electron-hole recombination in ZrO2 particles gives rise to 

comparable concentrations of photoadsorbed oxygen. This counterintuitive effect is relevant 

to the development of more efficient photocatalytic system and is of special relevance to the 

many comparisons of the photoactivity of different metal oxide systems.
[51]

 

The efficiency of photocatalytic reactions, including water splitting for H2 production 

and the decomposition of contaminants for environmental purification, strongly depends on 

efficient optical absorption by the photocatalyst, efficient generation of charge carriers and 

their efficient chemical use in the course of interfacial charge transfer.
[91]

 With respect to TiO2 

based materials, electron-hole recombination is the major limitation to achieving high 

quantum yields for photocatalytic reactions. The presented results clearly underline the 

necessity to characterize and annihilate charge recombination centers on photoactive 

materials. In addition, it motivates the development of synthetic approaches to generate 

composite materials
[92]

 that utilize synergistic effects between TiO2 and ZrO2 particle 

systems.
[51]

 

4.1.5 Conclusions 

TiO2 and ZrO2 nanoparticle powders were produced by metal organic chemical vapor 

deposition and then processed by vacuum annealing followed by oxygen treatment at elevated 

temperatures in order to obtain carbon free and stoichiometric nanoparticles. Optical 

absorption properties and O2 photoadsorption were investigated using UV/Vis diffuse 

reflectance and electron paramagnetic resonance spectroscopy in controlled gas atmospheres, 

respectively. By taking into account the differences in the optical band gaps, the spectral 

irradiance of the UV-excitation source and the measured concentrations of photoadsorbed 

oxygen we have realized for ZrO2 a dramatic enhancement in the charge-separation yield as 

compared to the TiO2 nanoparticle powder that – due to its smaller optical band gap – utilizes 

a significantly higher number of UV photons.
[51]
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4.2 Superoxide Anions on SnO2 Nanoparticle Surfaces 

4.2.1 Introduction 

Tin dioxide (SnO2) is one of the prototype materials in commercial gas sensing 

applications. As a consequence, the chemistry of SnO2 has attracted considerable theoretical 

and experimental interest.  

Several model studies and reviews have been devoted to its gas sensing
[93]

 and surface 

properties.
[25]

 On SnO2, as well as on other n-type semiconducting metal oxides, oxygen 

adsorption causes a decrease in the conductivity. The key is to understand the electronic 

response of SnO2 in the presence of background oxygen. However, the mechanism by which 

the interplay between O2 and SnO2 takes place, as well as the nature and origin of surface 

oxygen species on SnO2, are, still, very poorly understood.  

For further improvement of the sensitivity and detection limits careful studies of the surface 

reactions are required. Moreover, the effects of particle-size reduction on their fundamental 

gas detection mechanisms are, still, unclear. Surface-sensitive techniques for precise 

characterization are, therefore, of critical importance in the development of gas sensing 

technology.  

The aim of this work was to synthesize model SnO2 nanoparticle with narrow ensemble 

property distributions in terms of particle size, shape, and crystallinity. After detailed 

characterization of the particle properties via X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and Fourier transform infrared (FT-IR) spectroscopy the interaction of 

gas phase oxygen with conduction band electrons at the particle surface was investigates by 

electron paramagnetic resonance (EPR) spectroscopy in defined gas atmospheres.  

4.2.2 Experimental 

4.2.2.1 Particle Synthesis 

SnO2 nanoparticles were prepared by metal organic chemical vapor synthesis 

(MO-CVS) based on the decomposition of tetra-n-butyltin (Aldrich, technical grade, > 93%) 

at T = 1073 K in a flow reactor system (Figure 4.2.1) under reduced pressure (p ≈ 10 mbar). 
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The liquid precursor was evaporated at T = 352 K (r = 1.5 K·min
−1

) in the preheating zone 

and transported to the tube furnace by oxygen (V̇O2 = 0.8 L·min
−1

). The decomposition and 

reaction of the precursor molecule with oxygen took place in the furnace (T = 1073 K) where 

metal oxide nanoparticles were formed. Finally the particles were collected in a stainless steel 

net. Due to the short residence time of the particles in the hot zone of the furnace (≈ 2.5 ms) 

substantial coarsening and aggregation was prevented. The system pressure (p ≈ 10 mbar) as 

well as the gas flow (V̇Reactor ≈ 0.8 L·min
−1

) was adapted from related synthesis procedures in 

already existing MO-CVS reactor systems.
[46]

 

 
Figure 4.2.1 Schematic of the flow reactor system for SnO2 nanoparticle synthesis. 

4.2.2.2 Post-Synthesis Treatment 

To remove organic residues originating from the precursor material and to guarantee the 

stoichiometric composition of the oxide, the obtained powder samples were processed 

according to a post-synthesis treatment at elevated temperatures in defined gas atmospheres. 

As a first step the nanoparticle powders were carefully evacuated (p < 10
−5

 mbar) at room 

temperature for approximately one hour. According to the high reducibility and, 

consequently, the tendency for SnO2 to become n-type doped at high temperature and low 

oxygen partial pressure it is not possible to heat the powders to high temperatures in high 

vacuum without generating significant sub-stoichiometry at the particle surface. Furthermore, 

SnO and Sn2O3 are possible side products during the synthesis. To avoid the thermal 

reduction of SnO and the disproportionation reaction of Sn2O3 to metallic tin above T = 433 K 

a high oxygen pressure is mandatory. Therefore, oxygen was added (p(O2) = 1000 mbar) 

before the stepwise heating of the sample up to T = 473 K (r = 2 K·min
−1

), T = 673 K 
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(r = 2 K·min
−1

) and T = 873 K (r = 5 K·min
−1

). After 15 minutes at each of these temperatures 

the sample was cooled to room temperature, evacuated to p < 10
−5

 mbar to remove oxidation 

products like CO2 and water, and fresh oxygen was added before the next temperature step. 

4.2.2.3 Characterization 

Transmission electron microscopy images were obtained using a TECNAI F20 

analytical microscope equipped with a S-Twin objective lens and a field emission source 

operating at 200 kV. Images were recorded with a Gatan 794 Multiscan CCD camera.  

X-Ray diffraction patterns were collected on a PANalytical X’Pert PRO diffractometer 

using Cu-Kα radiation. The crystalline phases were quantified by the Rietveld method and the 

crystallite sizes were derived on the basis of the Scherrer equation with assumption of 

spherically shaped crystallites (program TOPAS R 2.1, Bruker AXS, Karlsruhe 2003). 

The nitrogen sorption isotherms were obtained at T = 77 K using an adsorption 

porosimeter (Micromeritics ASAP 2020). Prior to analysis, samples were outgassed for 

6 hours in the degas unit of the adsorption apparatus at T = 473 K under vacuum. The BET 

surface area was evaluated using adsorption data in the relative pressure range  

p/p0 = 0.05–0.2. 

The FT-IR experiments were performed in a sample cell that allowed thermal sample 

activation at high vacuum conditions at a base pressure below p < 5·10
–6

 mbar. Samples, in 

the form of hand-pressed, self-supporting pellets were measured in the IR transmission mode 

with a Bruker Vertex 80v spectrometer system. A total of 200 scans were accumulated for one 

spectrum to obtain a reasonable signal-to-noise ratio with a spectral resolution of 3 cm
−1

. 

For EPR measurements, the powder sample was contained within a Suprasil quartz 

glass tube connected to an appropriate high vacuum pumping system. This allowed for 

thermal sample activation and UV irradiation in situ. A 300 W Xe lamp (Oriel) was used as 

UV source. The light beam was passed through a water filter to exclude IR contributions from 

the excitation spectrum. Light power was measured with a bolometer (International Light) and 

was held constant at Pirr = 0.9 mW·cm
−2

 for the energy range 3.2 eV < E < 6.2 eV throughout 

all experiments. During UV exposure, the samples were held at a temperature of T = 140 K in 

order to keep UV-induced heating effects constant. X-band EPR measurements were 

performed on a Bruker EMX 10/12 spectrometer using a Bruker ER 4102ST standard 
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rectangular resonator in the TE102 mode. The g-values were determined on the basis of a 

DPPH standard. EPR computer simulations were done using the SIM 14S program.
[49]

 The 

g-values were determined on the basis of a DPPH standard. 

4.2.3 Results and Discussion 

4.2.3.1 Particle Characterization 

After properly selected post-synthesis treatment of the gas phase prepared SnO2 

powders the obtained nanoparticles were characterized in terms of size, morphology and 

crystal structure. In Figure 4.2.2 TEM images and the particle-size distribution are shown.  

 
Figure 4.2.2: Transmission electron micrographs a) + b) and particle-size distribution c) of 

SnO2 nanoparticles after the post-synthesis treatment.  

The nanoparticles are spherical in shape and appear to be loosely agglomerated. At higher 

magnification lattice fringes as an evidence for crystalline particles are visible. The 

particle-size distribution (Figure 4.2.2 c)) determined by measuring approximately 

200 nanoparticles recorded by TEM shows a very narrow distribution with a mean particle 

size of dTEM = 10 ± 1 nm.  
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Figure 4.2.3: XRD patterns of a) as-prepared and b) post treated MO-CVS grown SnO2 

nanoparticles. The gray dotted lines indicate the main reflexes of the tetragonal SnO2 

structure. 

The XRD patterns shown in Figure 4.2.3 reveal that the as-prepared as well as the 

processed particle samples consist of tetragonal SnO2 crystallites. Associated crystallite sizes 

determined by analyzing the line broadening of diffraction lines by using the Scherrer 

equation are dcryst = 3 ± 1 nm for the as-prepared and dcryst = 6 ± 1 nm for the processed 

nanoparticles. The difference in the crystallite size is a consequence of the post-synthesis 

treatment at high temperature, which also led besides the purification of the particles to an 

increase in crystallite size. The influence of elevated temperatures on the size and structure of 

the processed SnO2 nanoparticles will be discussed in the following. 

The processed particles are stored in small plastic containers in ambient conditions and, 

therefore, are contaminated by surface-adsorbed species like volatile organic compounds, 

physisorbed water, and hydroxyl groups (Introduction 1.2). 
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Figure 4.2.4: FT-IR spectra of processed SnO2 nanoparticles after exposure to air. The 

samples were treated at p < 10
−5

 mbar and a) T = 293 K, b) T = 673 K, and c) T = 873 K. 

Before cooling the samples, 20 mbar of O2 was added to reoxidize the particle surface. All 

spectra were acquired at T = 293 K and p < 10
−5

 mbar. 

The spectrum in Figure 4.2.4 a) clearly shows absorptions in the range of 3600 cm
−1

–

3700 cm
−1

, which is indicative of isolated hydroxyl groups adsorbed on metal oxide surfaces, 

and in the range of 2800 cm
−1

–3600 cm
−1

 where bridged hydroxyl groups as well as liquid 

water
[94]

 absorb infrared radiation. This is a clear evidence for physisorbed water on the 

surface of In2O3 nanoparticles.  

In order to investigate the interaction of oxygen with the clean surface of In2O3 nanoparticles 

it is necessary to remove the physisorbed water from the surface to exclude possible 

influences of the water layer. As seen in spectrum Figure 4.2.4 b) + c) the high vaccum 

treatment at T = 673 K and T = 873 K led to desorption of water and hydroxyl groups, 

resulting in clean particle surfaces beside a small amount of isolated hydroxyl groups.  

In addition to the post-synthesis treatment at high temperatures and the cleaning of the 

particle surface in situ prior to spectroscopic studies, the particles may be treated at high 

temperatures prior to investigation of specific spectroscopic properties for example a thermal 

reduction at low oxygen partial pressures. Every annealing of the particles can cause a change 

in size and crystal structure. Therefore, it is very important to investigate the influence of the 

temperature and annealing time on the model metal oxide nanoparticles.  
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Figure 4.2.5: Thermal stability of MO-CVS grown SnO2 nanoparticles in terms of particle 

size and crystallite size. The samples were treated at T = 873 K and p(O2) = 1000 mbar for 

0.5 h, 2 h, 5 h, and 10 h. 

In Figure 4.2.5 the crystallite size dcryst and the particle size dBET determined via nitrogen 

sorption of the processed SnO2 nanoparticles are plotted as a function of annealing time at 

T = 873 K. With annealing time there is a continuous increase in size and, therefore, a 

decrease in the specific surface area observable. As a consequence of this investigation it is 

necessary to change the sample after treating at T = 873 K for two to four hours. This is a 

sufficient precondition to do repeated spectroscopic experiments on the same particle powder 

system without significant alteration in size or crystal structure. 

In addition it is observable that the particle size after the post-synthesis treatment (0.5 h 

annealing) determined via nitrogen sorption dBET = 9 ± 1 nm is in good agreement with the 

value determined by TEM dTEM = 10 ± 1 nm. In contrast to that the crystallite size was 

determined to be dcryst = 6 ± 1 nm. The discrepancy between the particle size and crystallite 

size can be described according to three different considerations. (i) The comparison of 

spherical particle volumes shows that the particle volume calculated on the basis of dTEM is by 

a factor of ≈ 5 larger than the particle volume calculated on the basis of dcryst. In other words 

this implies that one particle with a diameter of 10 nm could be made of 5 particles with a 

diameter of 6 nm. Therefore, the discrepancy between dcryst and dTEM could be explained by 

the formation of polycrystalline particles where one SnO2 nanoparticle could be formed out of 

5 smaller SnO2 crystallites. (ii) Not only small sized crystallites cause broadening of 

diffraction lines
[95]

 also the microstructure as stress, strain, and point defects within the 

crystallites can cause line broadening
[96]

. Within this study it was not feasible to determine the 
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individual influences on the line broadening but annealing of nanoparticles can cause a 

depletion of defects in the microstructure and should lead to a significant reduction of the line 

broadening. According to the influence of the annealing time at T = 873 K, which led only to 

a little decrease in the broadening of the diffraction lines, a significant influence of defects or 

stress/strain can be neglected (iii) A crystal coated by a thick amorphous layer in total forms a 

particle being much larger than the crystalline part in the center. In such a case, the size of the 

crystallite, as determined by XRD, and that of the whole particle, as determined by TEM, are 

different.
[97]

 According to the results within this study this would mean that only one fifth of 

the particle volume is crystalline. This assumption could not be confirmed by TEM where no 

amorphous outer rim was observed. But one has always to keep in mind that transmission 

electron microscopy is a very local technique and, therefore, a statistic overview of the sample 

is barely possible. 

4.2.3.2 EPR Spectroscopy 

In the following the interaction of gas phase oxygen with conduction band electrons at the 

surface of SnO2 nanoparticles will be discussed. The generation of electrons was achieved via 

two different methods.  

 One method is the reduction of the particles by treating the particles at elevated 

temperatures and low oxygen partial pressures. At this conditions lattice oxygen (O
2−

) is 

removed by the formation of oxygen vacancies and consequently conduction band electrons 

(Equation 4.2.2). 

     
                    
→                      

 

 
       Equation 4.2.1 

    
                   
→                 

        
 

 
       Equation 4.2.2 

 The second method to generate conduction band electrons is light-induced charge 

separation (Equation 4.2.3). Once produced, the charge carriers can be trapped, either in 

shallow traps or in deep traps, but they can also recombine, radiatively or non-radiatively, 

dissipating the input energy as heat. Charge carriers can react with electron donors or 

acceptors adsorbed on the surface of the particles. 

             
           Equation 4.2.3 
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According to Equation 4.2.3 the following EPR active species are possible. 

   
                     Equation 4.2.4 

   
          

        Equation 4.2.5 

                   Equation 4.2.6 

a) Generation of Charge Carriers via Thermal Reduction and their Interaction with Gas 

Phase Oxygen 

After installation of the Suprasil quartz glass tube containing the SnO2 nanoparticles to 

the high vacuum equipment, the samples were subjected to an oxidative treatment at 

T = 873 K and p(O2) = 20 mbar. For EPR investigations the samples were cooled to 

T = 140 K at high vacuum conditions (p < 10
−6

 mbar) and finally measured with a microwave 

power of PMW = 0.2 mW. Selected measurements were repeated at T = 77 K and T = 90 K. In 

principle, lowering the sample temperature in EPR spectroscopy, results in an increase of 

signal intensity and in the narrowing of the signal line width, which causes a better resolution 

of the observed signal. As there is no significant difference between the EPR spectra 

measured at T = 77 K, T = 90 K, and T = 140 K following low temperature measurements 

were obtained at T = 140 K to lower the consumption of liquid nitrogen during the 

measurements and, therefore, to guarantee sufficient measuring time. 

For the measurement of the reduced samples, they were treated at T = 473 K, T = 673 K, and 

T = 873 K (r = 5 K·min
−1

) at p < 10
−6

 mbar for 30 minutes. In Figure 4.2.6 EPR spectra of 

thermally reduced SnO2 nanoparticles before (left panel) and after oxygen addition (right 

panel) are compared. The left panel shows that with higher temperature and, therefore, with 

higher degree of reduction a signal at g = 2.0027 evolves. According to the saturation 

behavior of the signal, carbon contaminations can be ruled out as a reason for the signal. In 

literature comparable isotropic features with g-values slightly above the free spin value 

(g = 2.0023) on reduced TiO2 anatase nanoparticles are assigned to paramagnetic electron 

centers.
[38]

 Even at lower temperatures (T = 77 K) no paramagnetic Sn
3+

 species were 

observed. 

After the measurements of the reduced samples p(O2) = 10 mbar was added to the samples at 

T = 140 K. After 15 minutes exposure time the samples were pumped to p < 10
−6 

mbar to 

remove remaining oxygen from the gas phase. The EPR spectra of the samples after the 

oxygen treatment at T = 140 K are shown in Figure 4.2.6 right panel. In comparison to 
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spectrum a) where no EPR signals are observable the spectrum b) and c) show clearly new 

paramagnetic features caused by the oxygen treatment, which were also previously reported in 

literature
[98,99]

. Furthermore, it is observable that the higher the degree of reduction the higher 

the intensity of the signal after the oxygen treatment. 

 
Figure 4.2.6: Comparison of EPR spectra of thermally reduced SnO2 nanoparticles before 

(left panel) and after oxygen exposure (right panel). The nanoparticles were reduced at 

T = 473 K a), T = 673 K b), and T = 873 K c). All spectra were measured at T = 140 K, 

p < 10
−6

 mbar, and PMW = 0.2 mW. 

For the simulation of the single components of the signal shown in Figure 4.2.6 right panel b) 

and c) an additional experiment was necessary to achieve a smaller degree of reduction. 

Therefore, one sample was treated at T = 873 K (r = 5 K·min
−1

) at p < 10
−6

 mbar for 

10 minutes. The resulting EPR spectrum after the oxygen treatment is shown in 

Figure 4.2.7 a). 
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Figure 4.2.7: Comparison of measured and simulated EPR spectra of reduced SnO2 

nanoparticles after oxygen exposure at T = 140 K. With a) experimental spectrum, b) 

simulated spectrum of O2
−
 (I) + (II), c) simulated spectrum of O2

−
 (I), and d) simulated 

spectrum of O2
−
 (II). The experimental spectrum a) was measured at T = 140 K, 

p < 10
−6

 mbar and PMW = 0.2 mW. 

The simulation of the experimental spectrum by the combination of two types of superoxide 

anions (O2
−
) is consistent with the formation of paramagnetic oxygen species as shown in in 

Equation 4.2.5. These species adsorb on Sn
4+

 sites at the surface of the SnO2 nanoparticles by 

an electron transfer to oxygen from the gas phase. The individual g-values of the single 

features are listed in Table 4.2.1. 
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b) Light-Induced Generation of Charge Carriers and their Interaction with Gas Phase 

Oxygen 

In comparison to the thermal reduction the light-induced charge separation generates 

charge carriers without causing surface defects like in case of thermal reduction oxygen 

vacancies, which also can influence the interaction of gas phase oxygen with the nanoparticle 

surface.  

Two sets of experiments were carried out. In the first set the samples were irradiated for 

120 minutes at high vacuum conditions (p < 10
−6

 mbar) and at low temperatures T = 140 K. 

Subsequent to the measurement after irradiation, p(O2) = 10 mbar oxygen was added for 

15 minutes and removed before the final measurement.  

The samples of the second set of experiments were irradiated for 120 minutes directly in the 

presence of p(O2) = 10 mbar oxygen, evacuated and measured.  

The results of the irradiation at high vacuum conditions are shown in Figure 4.2.8. After the 

irradiation, a very weak signal is observable in spectrum b) which could be assigned to 

O
−
 species (Equation 4.2.6). After the oxygen treatment additional paramagnetic features can 

be observed at g ≈ 2.024, 2.009, and 2.003, which again point to the formation of superoxide 

anions on the nanoparticle surface. The explanation of the single paramagnetic features will 

be given in connection with Figure 4.2.10. 
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Figure 4.2.8: EPR spectra of SnO2 nanoparticles before a) and after b) 120 minutes 

irradiation at T = 140 K and p < 10
−6

 mbar. Spectrum c) was acquired after oxygen exposure 

of the pre irradiated particles. All spectra were measured at T = 140 K, p < 10
−6

 mbar and 

PMW = 0.2 mW.  

Whereas the irradiation at high vacuum conditions led to very weak signals, the 

irradiation in presence of p(O2) = 10 mbar oxygen caused high signal intensities 

(Figure 4.2.9 b). 

 
Figure 4.2.9: EPR spectra of SnO2 nanoparticles before a) and after b) 120 minutes 

irradiation at T = 140 K and p(O2) = 10 mbar oxygen. All spectra were measured at 

T = 140 K, p < 10
−6

 mbar, and PMW = 0.2 mW. 
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The deconvolution of the signal measured after irradiation in presence of oxygen is presented 

in Figure 4.2.10. According to the simulation of the single compounds, it is obvious that the 

measured signal is a superimposition of two different types of superoxide anions (O2
−
 (I) + 

(II)) and an O
−
 species with a ratio of 50% O2

−
 (I), 20% O2

−
 (II), and 30% O

−
.  

 
Figure 4.2.10: Comparison of measured and simulated EPR spectra after 120 minutes 

irradiation at T = 140 K and p(O2) = 10 mbar oxygen. With a) experimental spectrum, b) 

simulated spectrum of O2
−
 (I) + (II) and O

−
, c) simulated spectrum of O2

−
 (I), d) simulated 

spectrum of O2
−
 (II), and e) simulated spectrum of O2

−
. The experimental spectrum a) was 

measured at T = 140 K, p < 10
−6

 mbar, and PMW = 0.2 mW. 
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A summary of the g-values of all signals observed on the post treated SnO2 

nanoparticles is shown in Table 4.2.1. 

Table 4.2.1: Summary of g-values of paramagnetic centers observed on SnO2 nanoparticles. 

 gzz gyy gxx 

O2
−
 (I) 2.0243 2.0090 2.0032 

O2
−
 (II) 2.0234 2.0083 2.0023 

O
−
 

e
−
 center 

2.0110 

giso = 2.0272 

2.0061 2.0021 

 

c) Quantitative Comparison 

As mentioned earlier the integral signal intensity after irradiation in presence of oxygen 

was by far higher compared to the irradiation at high vacuum conditions. On the basis of the 

spectrum simulation and consequently by the knowledge of the quantitative signal 

composition it is now possible to calculate the integral signal intensity of O2
−
 species 

stabilized on the particle surface for both sets of experiments. In addition to the irradiation 

experiments at high vacuum conditions and in presence of oxygen at low temperature a third 

set of experiments in presence of oxygen at room temperature T = 293 K was carried out. 

The comparison of integral signal intensities of superoxide anions after the different 

experiments is shown in Figure 4.2.11. The irradiation at high vacuum conditions and the 

subsequent oxygen exposure led to very small signal intensity. This points to a very high 

recombination rate of the photo-induces charge carriers even at cryogenic temperatures. It is 

obvious to see that the irradiation in presence of oxygen led to a significant higher amount of 

superoxide anions and, therefore, to a high amount of trapped electrons per gram SnO2 

nanoparticles. The number of trapped electrons was increased by a factor of ≈ 34. This 

behavior was already observed for other metal oxides like TiO2 and ZrO2. In case of TiO2 

anatase nanoparticles the number of trapped charges is enhanced by a factor of ten.
[45]

  

After the irradiation in presence of oxygen at room temperature the amount of trapped 

electrons is about a factor of ≈ 5 lower compared to the low temperature experiment but, still, 

significantly higher than under high vacuum and low temperature. 
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Figure 4.2.11: Quantitative comparison of the integral intensity of superoxide anions 

stabilized on SnO2 nanoparticles. From left to right: after irradiation at high vacuum 

conditions and T = 140 K, at p(O2) = 10 mbar oxygen and T = 140 K, and at p(O2) = 10 mbar 

oxygen and T = 293 K. 

The EPR experiments showed that there are spectroscopic evidences for the interaction 

of electrons and O2 molecules from the gas phase. The deconvolution of the single features of 

the complex EPR signal enabled the quantitative analysis of the superoxide anions and 

consequently of the trapped electrons. Therefore, spectra were analyzed which were aquired 

at cryogenic temperatures but further irradiation experiments at room temperature confirmed, 

that the results obtain at cryogenic temperatures are even valid at elevated temperatures.  

4.2.4 Conclusions 

Within this chapter it was shown, that it is possible to synthesize model SnO2 

nanoparticles via metal organic chemical vapor synthesis with well-defined ensemble 

properties in terms of size, shape, and crystal structure.  

The combination of TEM, XRD, and nitrogen sorption measurements pointed to the 

formation of polycrystalline particles after the synthesis and after the post-synthesis treatment, 

respectively. It is very likely that five crystallites with a size of approximately 6 ± 1 nm form 

one particle with an average diameter of 10 ± 1 nm. 

 The EPR experiments revealed that there are spectroscopic evidences for the 

interaction of conduction-band electrons and O2 molecules from the gas phase. This is not 

affected by the different ways how the conduction band electrons were generated.  
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The deconvolution of the single features of the complex EPR signal enabled the quantitative 

analysis of the superoxide anions and consequently of the trapped electrons. Therefore, 

spectra were analyzed, which were acquired at cryogenic temperatures but further irradiation 

experiments at room temperature confirmed, that the results obtain at cryogenic temperatures 

are even valid at elevated temperatures.  

Consequently, it is reasonable that the adsorption of O2 molecules from the gas phase and the 

persistent trapping of electrons at the surface of SnO2 nanoparticles, described in 

Equation 4.2.5, leads to the lowered conductivity of the active layer of SnO2 based sensors 

operating at room temperature. 
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4.3 Solar Light and Dopant-Induced Recombination Effects: Photoactive 

Nitrogen in TiO2 as a Case Study 

4.3.1 Abstract 

The spectral response of newly synthesized and doped TiO2 nanostructures, which are 

designed for the operation under solar light, is key to their potential performance as 

photocatalyst materials. In the case of nitrogen-doped TiO2 particles, the presence of the 

photoactive defect can be verified via characteristic spectroscopic fingerprints, such as (1) an 

optical absorption band above λ > 400 nm, (2) paramagnetic defect states related to 

substitutional and interstitial nitrogen (N) atoms, and (3) a photoluminescence emission 

feature that can be induced by band gap excitation. We report these spectroscopic fingerprints 

for hydrothermally derived and nitrogen-doped TiO2 powder samples. On the basis of defined 

annealing procedures, we also found a way to eliminate the photoactive nitrogen defects and 

performed light-induced charge-separation experiments on samples before and after dopant 

elimination in O2 atmosphere. The concentrations of adsorbed O2
−
 ions, which stand for 

scavenged photogenerated electrons, were determined by electron paramagnetic resonance 

(EPR) spectroscopy. On the basis of these data we calculated the number of photons, which 

(a) were additionally utilized because of the beneficial effect of photoactive nitrogen and 

(b) were lost because of the dopant-induced recombination of UV light-generated charge 

carriers. As a major result, we found for the doped materials that both effects actually 

compensate each other. With regard to the synthesis and characterization of doped TiO2 

systems, these findings underline the importance to include dopant-induced charge-carrier 

recombination effects in the evaluation of the photocatalyst’s spectral response in order to 

reach a fair evaluation of its properties.
[100]

 

4.3.2 Introduction 

Large-scale technological applications in photocatalysis and photoelectrochemistry 

require materials which absorb a substantial fraction of solar light.
[101,102]

 The major limitation 

of titanium dioxide TiO2 in this context rests on its wide band gap, which allows for capturing 

only less than 3% of the solar irradiance at the earth’s surface. This limitation has prompted 

enormous research efforts to develop chemically modified TiO2 particle powders and films to 
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become active under visible light (λ > 400 nm). Various strategies have been pursued 

including doping with single metal ions or nonmetallic elements such as nitrogen.
[6,103–108]

 

A large number of papers on nitrogen-doped TiO2 systems
[52,108–110]

 have continuously been 

published over the past 10 years mostly focusing on different synthetic routes. Visible light 

active nitrogen-doped TiO2 powders and films have been obtained via a variety of 

approaches. Typically, sol-gel synthesis,
[72,107,111,112]

 chemical functionalization of the bare 

oxide with N containing compounds,
[113,114]

 nitrogen plasma,
[115]

 or oxidation treatment of 

titanium nitride
[116,117]

 has been employed. Physical methods like ion implantation,
[113]

 

magnetron sputtering,
[118]

 and vapor deposition
[119]

 have turned out to be also successful in 

this context. The different procedures lead to materials that contain nitrogen of which the 

chemical nature and abundance is usually uncontrollable and difficult to assess.
[100,116,120]

 

By means of ab-initio calculation, Di Valentin and coworkers have reached a thorough 

understanding of the localized energy states originating from N-dopants inside the TiO2 

lattice.
[121]

 These states are associated with two different nitrogen bulk species, namely, 

N-atoms (Ns), which substitute O lattice ions, and interstitial N-atoms (Ni), where N binds to 

O
2−

 anions in the TiO2 lattice. Experimentally, it was reported by Livraghi and coworkers that 

when irradiation with visible light promotes electrons from these states to the conduction 

band, the concentration of paramagnetic N
•
 species is raised and adsorbed superoxide O2

−
 

species are generated, which clearly proves their direct involvement in the photo-induced 

electron transfer to adsorbates.
[72]

 The holes, emerging upon charge separation, remain 

localized on the N
•
 centers and potentially serve as recombination centers limiting 

photoactivity. Actually, there have been reports indicating that nitrogen-doping of TiO2 

samples gives rise to photoluminescence
[122–127]

 and, thus, to the recombination of 

photogenerated charge carriers.
[128–130]

 As an important observation in this context, Fujishima 

and coworkers found that calcination of nitrogen-doped TiO2 samples above T = 773 K 

depletes the sample’s absorption in the range of visible light and at the same time also 

depletes its photocatalytic activity.
[128]

 It was concluded that in addition to the observed 

improved photocatalytic activities under solar light irradiation the localized band gap states 

associated with nitrogen doping also mediate charge-carrier recombination.
[100]

 

There is a huge amount of literature on the synthesis of nitrogen-doped TiO2 

nanostructures in conjunction with reports on the related materials’ properties, which also 

include measured photoactivities for particular test reactions. However, to the best of our 

knowledge, there exists no study that evaluates the effect of dopant-induced recombination in 
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such a way that the gain of photoactivity due to the absorption of additional photons of the 

visible light spectrum is weighed against the potential recombination loss in the range of UV 

photons. In this study, we investigated the photoactivity of hydrothermally derived TiO2 

nanostructures with and without photoactive nitrogen designated as TiO2:N and TiO2, 

respectively.
[100]

  

To explore the impact of photoactive nitrogen on charge-separation properties of the 

TiO2 nanoparticles, the photogeneration of adsorbed O2
−
 ions and their detection by electron 

paramagnetic resonance spectroscopy was utilized. This approach allows for quantification of 

persistently separated charges as a function of the number of impinging photons with 

sufficient energy.
[45,51,74]

 It was found that dopant-induced recombination effects can actually 

be of the same order of magnitude as the additional charge-separation events that result from 

the gain of usable photons in the range of visible light.
[100]

  

4.3.3 Experimental 

TiO2 anatase was prepared by hydrothermal synthesis using aqueous TiOCl2 and NH3 as 

reactants according to the previously reported procedure (Supporting Information).
[65]

 During 

this procedure, the excess of NH4Cl, which results from the reaction between the Cl
−
 anions 

of the Ti precursor and ammonia, is removed from the particle surfaces by washing the 

powder materials with water several times. The nitrogen-doped sample was obtained after 

vacuum annealing in conjunction with subsequent oxidation treatment at T = 873 K. During 

this process, nitrogen remnants at a level of less than 0.5 atom percent (at.%) penetrate into 

the TiO2 bulk and transform into photoactive nitrogen species that give rise to the 

characteristic spectroscopic features described below. Samples which do not contain 

photoactive nitrogen were derived from the TiO2:N precursor in two different ways:  

(1) By calcination of the TiO2:N samples in oxygen atmosphere at T = 873 K for 

extended annealing times (t ≥ 120 min). As will be demonstrated along with Figure 4.3.1, 

such a procedure eliminates all spectroscopic manifestations of photoactive nitrogen.  

(2) By additional treatments of the ammonia containing powder with aqueous sulfuric 

acid solutions and subsequently with neutral water. The efficacy of this approach is attributed 

to the fact that ammonium sulfate has a significantly higher solubility in water than the 

corresponding chloride. Consequently, the depletion of surface-adsorbed nitrogen species by 
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washing is enhanced to a point where the respective powder sample does not exhibit any of 

the below described N specific spectroscopic features after calcination.
[100]

  

In conjunction with transmission electron microscopy (TEM) measurements 

(Supporting Information), we also tried to detect nitrogen on the basis of its characteristic 

K-edge at 401 eV
[131]

 using energy-filtering transmission electron microscopy (EFTEM). We 

failed to detect significant signal intensity in the respective energy region for any type of 

sample investigated. On the basis of typical detection limits of EFTEM,
[132]

 we expect that the 

concentration of total nitrogen is below 0.5 at.%. The UV/Vis diffuse reflectance spectra were 

acquired using a Perkin-Elmer Lambda 15 spectrophotometer equipped with an integrating 

sphere and then were converted to absorption spectra via the Kubelka-Munk transform 

procedure. A pulsed Xe discharge lamp served as excitation light source in a Perkin-Elmer 

LS 50B system for photoluminescence measurements. Measurements were carried out at 

T = 77 K using a commercially available low-temperature luminescence accessory where the 

sample cell was held by a high-purity copper rod that was immersed in liquid nitrogen. For 

EPR measurements, the powder sample was contained within a Suprasil quartz glass tube 

connected to an appropriate high vacuum pumping system. This allows for thermal sample 

activation and UV irradiation in situ at pressures less than p < 10
−5

 mbar. A 300 W Xe lamp 

(6258 ORIEL instruments) was used as the UV source. Its spectral irradiance in conjunction 

with a waterfilter was determined with a multichannel spectrometer capable of simultaneously 

measuring multiple wavelengths (USB 2000, Ocean Optics Inc.). The absolute light power 

was measured with a bolometer (International Light). During UV exposure, the samples were 

held at a temperature of T = 140 K to keep UV-induced heating effects constant
[81]

 and at the 

same time to prevent O2 condensation within the sample cell. The EPR spectra were recorded 

with a Bruker EMX 10/12 spectrometer system in the X-band mode using a Bruker 

ER 4102ST standard rectangular resonator in the TE102 mode. EPR computer simulations 

were performed using the SIM 14S program.
[49]

 The g-values were determined by means of a 

DPPH standard. The technique adopted for the quantitative evaluation of the paramagnetic 

species is based on volumetric O2 photoadsorption experiments. The exact procedure is 

described in reference
[45]

. The microwave powers were set to sufficiently low values to avoid 

saturation effects.
[100]
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4.3.4 Results and Discussion 

In agreement with reports about the successful admixture of photoactive nitrogen to the 

bulk of TiO2 nanostructures,
[6,52,72,104–106,111]

 we observed by means of UV/Vis diffuse 

reflectance spectroscopy an absorption band in the associated sub-band gap region 

(400 ≤ λ ≤ 600 nm) for the hydrothermally grown TiO2:N nanoparticles (Figure 4.3.1 a)). 

Prolonged thermal annealing at T = 873 K and in O2 atmosphere (20 mbar) significantly 

decreases the intensity of this feature, which becomes perfectly extinguished after 180 min of 

annealing. On the TiO2:N nanoparticles sample, X-Band EPR spectroscopy proves the 

existence of the photoactive nitrogen species, that is, N
•
 defects, in the absence of any other 

type of paramagnetic defect.
[72,108,116]

 The associated EPR signal (Figure 4.3.1 b)) is 

characterized by an orthorhombic spin system of which the g tensor principal values are 

extremely close to one other (g1 = 2.005, g2 = 2.004, g3 = 2.003). The hyperfine structure 

related to the 
14

N nucleus (nuclear spin = 1, multiplicity = 3) is associated with a triplet of 

lines with A3 = 32.2 G and two minor triplets with A1 = 2.3 G and A2 = 4.4 G centered on g1 

and g2, respectively, not resolved in the plotted spectrum. These EPR parameters are perfectly 

consistent with those reported by Livraghi and coworkers.
[72,116]

 Again, extended oxygen 

treatment at T = 873 K annihilates this spectroscopic fingerprint. The question whether 

nitrogen replacement by oxygen or the annihilation of adjacent oxygen vacancies, which were 

suggested to be a critical prerequirement for the photoactivity of the dopant,
[72,116]

 gives rise to 

the observed signal extinction remains open at this point.
[100]
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Figure 4.3.1: Spectroscopic fingerprints related to photoactive nitrogen in TiO2:N particle 

powders and their elimination by annealing in oxygen atmosphere. First row: N addition to 

TiO2 gives rise to optical absorptions in the sub-band gap region (λ > 400 nm, a)) to the 

presence of paramagnetic N
•
 defects b) and to a photoluminescence emission band induced by 

excitation with hν = 4.4 eV light c). Second row: sample annealing for t = 120 min in the 

presence of O2 leads to a substantial depletion of the optical absorption feature a) as well as to 

the complete annihilation of the EPR b) and photoluminescence (PL) emission signals c). All 

spectroscopic data were acquired on identical sets of samples. (The photoluminescence 

feature indicated by asterisks corresponds to an artifact that arises from scattering effects.)
[100]

 

Photoluminescence effects have been reported for nitrogen-doped TiO2 by others in the 

past.
[122]

 Although a clear correspondence between the dopant concentration and the 

PL emission, corresponding to a decreased probability for the separation of photogenerated 

charges, has not been established up to now, we attribute the photoemission effect 

(Figure 4.3.1 c)) to the N-dopant induced radiative deactivation of photoexcited states. The 

respective deactivation branch is detrimental to the chemical exploitation of photogenerated 

charges. In fact, N-dopants at concentrations of several atomic percent are expected to give 

rise to discrete midgap states in which the mobility of related hole centers is significantly 

lower than those in the valence band.
[6]

 As a result, the paramagnetic N
•
 state, that is, the 

trapped and localized hole state, exhibits a higher probability to recombine with 

photogenerated electrons from the conduction band as compared to valence band holes.
[6,128]

 

In summary, the three types of spectroscopic fingerprints reported along with Figure 4.3.1, 

which are a) the additional optical absorption band below λ = 400 nm, b) the paramagnetic 
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signal related to the N
•
 state, and c) the photoluminescence emission feature around 2.4 eV, 

are indicative of the presence of photoactive nitrogen. Alternative to their elimination by 

controlled sample calcination at T = 873 K and above,
[133,134]

 these features can also be 

annihilated by washing of the hydrothermally derived nanostructures with aqueous sulfuric 

acid solution and subsequently with pure water prior to annealing. To explore the effect of 

photoactive nitrogen on the chargeseparation efficiency of the nanoparticle powder, we 

utilized the photogeneration of adsorbed O2
−
 ions and their detection by electron 

paramagnetic resonance spectroscopy.
[51,65,74]

 The spectra related to TiO2:N nanoparticles 

after 20 min of UV/Vis exposure in O2 (Figure 4.3.2 a)) show the signature of O2
−
 ions and 

also reveal an increase of the N
•
 related paramagnetic resonance signal by a factor of 3.5. For 

comparison, we also plotted the EPR spectrum measured on a TiO2 sample without 

photoactive nitrogen (Figure 4.3.2 b)) showing a signal that is perfectly consistent with that of 

adsorbed O2
−
 ions. Using spectrum simulation, we isolated the signal components related to 

superoxide anions and paramagnetic N
•
 defects and determined the spin concentrations by 

double integration of the respective signals. Quantification of the number of persistently 

separated charges was carried out using a procedure that had previously been developed in 

our lab.
[45]

 The obtained numbers were related to the number of illuminated particles. For this 

purpose, we assumed that both types of samples, the TiO2:N as well as the TiO2 particle 

ensemble, exhibit essentially similar properties in terms of an average particle size 

(d ≈ 15 nm), morphology, and structure of the particles as well as surface area and porosity. 

Experimental support for these assumptions is presented in the Supporting Information.
[100]

  

  



4  Light-Induced Charge Separation in Metal Oxides 74 

 

 
Figure 4.3.2: Paramagnetic species measured after 20 min of UV/Vis excitation of a) TiO2:N 

and b) TiO2 nanoparticle powders in O2 atmosphere (p(O2) = 7 mbar) and at T = 140 K. After 

pumping the sample cell to p(O2) < 10
−5

 mbar, the spectra were acquired using a microwave 

power attenuation of PMW = 30 dB.
[100]

 

The O2
−
 ion concentrations were taken as a measure for the charge-separation yield and were 

related to the number of oxide particles (Table 4.3.1) having an average particle size of 15 nm 

(see Supporting Information). In the same way, we calculated the concentration of nitrogen 

related spins, which was (4 ± 1)∙10
−3

 at.%. In other words, on the average, every particle 

contains approximately 10 photoactive nitrogen defects.
[100]
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Table 4.3.1: Concentration of O2
−
 ions after exposure of TiO2 nanoparticle samples with or 

without photoactive nitrogen to UV/Vis light for 20 minutes. The conversion of 

spins∙particle
−1

 to spins∙g
−1

 is described in the Supporting Information. The respective photon 

fluences are specified in Table 4.3.2. The indicated errors originate from standard deviations 

related to three experiments that were carried out for every type of sample as well as from 

uncertainties in the spectroscopic quantification of O2
−
 ions

[45]
 and light power 

measurements.
[100]

 

 
O2

−
 concentration /  

spins∙particle
−1

 

O2
−
 concentration /  

spins∙g
−1

 

TiO2:N 5 ± 0.5 (4.1 ± 0.4)∙10
17

 

TiO2 11 ± 0.5 (8.8 ± 0.4)∙10
17

 

 

 
Figure 4.3.3: UV/Vis absorption spectra of TiO2 and TiO2:N nanoparticle powders a) in 

comparison to the spectral irradiance curves of the UV lab source (300 W Xe lamp, 6258 

ORIEL instruments) and the sun b). The respective Kubelka-Munk functions were derived 

from diffuse reflectance data and were normalized to the same maximum absorption value at 

hν = 4 eV b). This was done in accordance with the assumption that the optical absorption 

coefficients are comparable in their respective supra-band gap energy ranges. The band in 

Figure 4.3.3 a) corresponds to the difference spectrum A(TiO2:N)−A(TiO2). The measured 

spectral dependence of the photon fluence related to the UV source is included in b) and is 

compared to the irradiance curve of the solar spectrum (ASTM G173-03 AM 1.5).
[100]

 

To relate the concentration of photogenerated and separated charges (Table 4.3.1) to the 

materials’ performance under solar light irradiation, we compared the optical absorption data 

of TiO2 and TiO2:N (Figure 4.3.3 a)) with the spectral irradiance curves of the UV light 

source used in the lab (i.e., a 300 W Xe lamp) and that of the sun (Figure 4.3.3 b)). As a 

matter of fact, undoped TiO2 makes use only of photons in the energy range between 3.2 eV 
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and 6.2 eV (region I), while TiO2:N absorbs photons in the energy range between 2.5 eV and 

6.2 eV, that is, region II. Integration of the spectral irradiance curves of Figure 4.3.3 b) 

provides the number of relevant photons in the respective energy ranges (Table 4.3.2).
[100]

  

Table 4.3.2: Comparison of the spectral photon fluence rates of the UV lab source and sun. 

The respective values correspond to the energy ranges 6.2 eV ≤ hν ≤ 3.2 eV (region I) and 

6.2 eV ≤ hν ≤ 2.5 eV (region II).
[100]

 

 
Region I 

photons∙m
−2

∙s
−1

 

Region II 

photons∙m
−2

∙s
−1

 

Region II−I 

photons∙m
−2

∙s
−1

 

UV lab source (1.8 ± 0.1)∙10
19

 (8.9 ± 0.3)∙10
19

 (7.1 ± 0.2)∙10
19

 

Sun (1.2 ± 0.1)∙10
20

 (4.9 ± 0.2)∙10
20

 (3.7 ± 0.1)∙10
20

 

 

From Tables 4.3.1 and 4.3.2, we determined the number of separated charges per absorbed 

photon (Table 4.3.3). For the TiO2:N powder, we also accounted for the nitrogen induced 

absorption feature that extends down to 2.4 eV (e.g., 100% absorption for both types of 

samples at hν = 3.5 eV, 40% or 0% for TiO2:N and TiO2 at hν = 2.8 eV, respectively).
[100]

 

Table 4.3.3: Concentration of photogenerated and separated electrons related to the number 

of photons absorbed by TiO2 samples with or without photoactive nitrogen, on the one hand, 

and emitted by the UV lab source or the sun, on the other.
[100]

 

 
UV lab source 

spins∙g
−1

 

 

spins∙photon
−1

 

Sun 

spins∙g
−1

 

TiO2 (8.8 ± 0.4)∙10
17

 (2.4 ± 0.3)∙10
−7

 (5.8 ± 0.8)∙10
18

 

TiO2:N (4.1 ± 0.4)∙10
17

 (1.7 ± 0.2)∙10
−8

 (8.1 ± 1.2)∙10
17

 

 

The addition of photoactive nitrogen allows for the utilization of photons with energies 

less than 3.2 eV (Figure 4.3.1 a)). However, by using the UV light source in our lab for 

photoexcitation, we found that the number of trapped charges in TiO2:N is smaller than that of 

the undoped material (Table 4.3.1). On the other hand, the solar spectrum provides more 

photons with energies hν < 4.25 eV than the UV lamp (see crossing in Figure 4.3.3 b)). On the 

basis of the absorption curve in Figure 4.3.3 a) and the calculated surplus of relevant photons 

with energies below 3.2 eV (region II−region I, Table 4.3.2), we estimated the number of 

trapped charges that would result from solar light excitation. As a result, we found that the 
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respective yield for the undoped samples is by a factor of 7 higher than for the TiO2:N 

samples (third column in Table 4.3.3). In other words, although there are 4.3 times more solar 

photons available in the beneficial doping region, this surplus does not compensate for the 

loss of trapped charges that results from dopant-induced charge-carrier recombination. In 

addition to this result, charge-separation yields for hypothetical TiO2 samples, which display 

optical absorption thresholds down to 1.8 eV, were estimated (Figure 4.3.4). For the present 

material system investigated, one needs a sample of which the optical response is extended to 

1.8 eV (i.e., to a wavelength of λ = 690 nm, see column III in the inset of Figure 4.3.4) in 

order to compensate for nitrogen-induced recombination effects under solar irradiation.
[100] 

 
Figure 4.3.4: Spectral photon fluence (right ordinate) of the sun in comparison to the optical 

absorption curve of TiO2:N (I) and two doped and hypothetical TiO2 samples with absorption 

thresholds of hν = 2.3 eV (II) and hν = 1.8 eV (III).
[100]

 

With regard to the present study, the surface concentration of O2
−
 species was taken as a 

measure of the charge-separation yield and corresponds to the number of scavenged 

photoelectrons. In this way, photogenerated holes, which ultimately drive surface 

photooxidation processes, would experience longer lifetimes because of their diminished 

recombination rate with electrons. However, if the consumption of photogenerated holes at 

the surface of the TiO2 particles would occur at a much faster rate than the 

electron-scavenging process, the outcome of this study may be irrelevant for photooxidation 

reactions and different test assays need to be employed.
[135]

 Nevertheless, the here presented 

evaluation clearly demonstrates that a fair assessment of the benefit of doped TiO2-based 

systems also needs to address the recombination effects and the activity of UV photons in the 
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solar spectrum irrespective of the test assay employed, for example, photodegradation of a 

dye or photooxidation of small organic molecules.
[64,100,136,137]

 

The exploitation of cooperative effects by different dopants has been proposed as a 

valuable approach to overcome charge carrier recombination induced by single doping in 

titania. Several efforts have been devoted to the investigation of metal-metal,
[138]

 

metal-nonmetal,
[139,140]

 and nonmetal-nonmetal
[141–145]

 co-doping. Another way to counteract 

single dopant induced recombination is based on the use of heterojunctions
[102]

 between 

different particle types in combination with or without the introduction of beneficial 

dopants.
[13,20,146]

 Heterostructures between TiO2 and narrow band gap semiconductors, which 

can utilize more photons of the visible part of the solar spectrum, on the one hand, or 

materials with a higher charge-separation efficiency,
[10,51]

 on the other, represent another 

promising alternative to single dopant doping.
[8,10,100]

 

4.3.5 Conclusions 

Photoactive nitrogen as an extrinsic bulk defect in TiO2 not only gives rise to additional 

material absorption and, thus, to the photocatalyst’s performance in the range of visible light, 

but it can also enhance the recombination of photogenerated charge carriers upon emission of 

photoluminescence light. Using electron paramagnetic resonance in conjunction with O2 

photoadsorption experiments, we determined the recombination loss and related the obtained 

numbers to the potential gain of absorbed solar photons from the visible light range. For 

hydrothermally derived TiO2:N nanostructures with very low nitrogen concentrations 

((4 ± 1)∙10
−3

 at.%), we found that although there are 4.3 times more solar photons available in 

the visible range of solar light, this surplus does not compensate for the loss of 

photogenerated charges because of dopant-induced charge carrier recombination. Thus, for a 

balanced assessment of the beneficial efficiency of photoactive dopants, one must also include 

the activity of UV photons in the solar spectrum. Moreover, knowledge about the kinetic 

constants related to the transfer of photogenerated charge carriers from or to the respective 

defect levels as well as about related residence times is critical to the development of solar 

light driven nanostructures.
[100]
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4.3.6 Supporting Information 

4.3.6.1 Synthesis of Hydrothermally Derived TiO2:N and TiO2 Samples 

Hydrothermal synthesis of TiO2 was performed by reacting aqueous solutions of TiOCl2 

and NH3 in a teflon lined autoclave. The autoclave was heated at 2.67 K∙min
−1

 to T = 360 K 

and then at 0.75 K∙min
−1

 up to T = 490 K. The suspension was then aged for 2 hours, then 

recovered from the autoclave and concentrated by natural decantation. If not otherwise 

specified, the obtained anatase powder was recovered by filtration, washed with water and 

acetone and finally dried under vacuum at room temperature. 

4.3.6.2 Structural and Morphological Characterization 

For the X-ray diffraction (XRD) experiments we employed a powder diffractometer 

(type XRD 3000 TT, Seifert) using monochromatic Cu-K radiation. From the respective 

XRD patterns we determined the crystalline phase and the average crystallite domain sizes. 

XRD patterns (Figure S4.3.1) demonstrate that TiO2 powders annealed at T = 873 K adopt the 

anatase phase and there is no observable structural difference between TiO2:N and TiO2. 

Crystallite domain sizes as estimated by means of the Scherrer equation from the broadening 

of the XRD (101) anatase peak, are reported in Table S4.3.1. 

 
Figure S4.3.1: XRD patterns of a) TiO2:N and b) TiO2 samples after thermal annealing at 

T = 870 K.  
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Table S4.3.1: Crystallite domain size, specific surface area and pore volume of TiO2:N and 

TiO2 nanoparticle samples. 

 
Anatase Mean 

Crystal size / nm 

Specific Surface Area 

SBET / m
2
∙g

−1
 

BJH Pore 

Volume / cm
3
∙g

−1
 

TiO2:N 15 ± 1 79 0.208 

TiO2 16 ± 1 80 0.239 

 

Typical TEM micrographs of bare and nitrogen-doped TiO2 nanoparticles are reported 

in Figure S4.3.2. Transmission electron microscopy was performed by using a 200 kV field 

emission gun microscope (Philipps Tecnai F20). The powders were suspended in ethanol, and 

a 5 L drop of this suspension was deposited on a holey carbon film supported on a 3 mm 

copper grid for TEM investigation. No internal pores or amorphous surface layers were 

observed. 

 
Figure S4.3.2: TEM micrographs of TiO2:N (a, c) and TiO2 (b, d). 
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4.3.6.3 Specific Surface Area and Porosity 

Nitrogen physisorption analyses were performed on TiO2:N and TiO2 samples. Both 

types of samples exhibit mesoporosity with a type IV Brunauer isotherm and a monomodal 

pore size distribution in the range 10 – 15 nm (as demonstrated for TiO2:N in Figure S4.3.3). 

According to the t-plot, no micropores were detected in both series. Values of the specific 

surface areas (SBET) and BJH pore volumes are reported in Table S4.3.1. 

 
Figure S4.3.3: Left panel: Adsorption/desorption isotherm at liquid nitrogen for TiO2:N. The 

curves correspond to a type IV isotherm with capillary condensation in the mesopores. Right 

panel: Pore size distribution. 
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5 Functional Interfaces in Metal Oxides 

5.1 Functional Interfaces in Pure and Blended Oxide Nanoparticle 

Networks: Recombination versus Separation of Photogenerated 

Charges 

5.1.1 Abstract 

Solvent-mediated particle aggregation was employed to produce nanoparticle networks 

containing a high abundance of functional interfaces. Using electron paramagnetic resonance 

spectroscopy (EPR), we experimentally observed that the intentional attachment of 

vapor-grown ZrO2 nanoparticles to TiO2 particle surfaces yields networks of intermixed 

nanoparticles with substantially improved charge-separation properties. The superior 

performance holds also in comparison to homogeneous ZrO2 and TiO2 nanoparticle networks 

that exhibit a higher charge recombination loss in comparison to powders of unconnected 

nanoparticles.
[10]

 

5.1.2 Introduction 

The exploration of interfacial phenomena in agglomerated nanoparticle ensembles and 

the identification of related synergistic effects are vital to the development of functional 

particle systems. Corresponding insights are of particular importance for applications that 

focus on the conversion of photon energy to chemical processes and/or electric energy.
[1,2]

 

Semiconducting quantum dots of narrow band gap transfer electrons to wide band gap 

semiconductors such as TiO2 and SnO2 under visible light excitation and, therefore, represent 

promising and tunable photosensitizers.
[8]

 On the other hand, it has been shown that insulating 

metal oxide overlayers on TiO2 nanoparticles significantly improve the conversion efficiency 

of dye-sensitized solar cells due to retardation of interfacial charge carrier 

recombination.
[56,147,148]

 As another example for the successful use of inorganic composites in 

photochemistry, TiSi2 particles that are covered with thin TiO2 and SiO2 deposits are active in 

the tandem oxidation of water to form oxygen and hydrogen under solar radiation.
[9,10]

  

In polycrystalline TiO2-based photocatalysts, solid-solid interfaces represent key structural 

features that enhance charge separation and, consequently, photocatalytic 
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efficiencies.
[13,149,150]

 However, as photogenerated electrons accumulate within the particle, 

the probability for scattering and recombination of subsequently injected carriers at interfaces 

or grain boundaries increases. This causes the fraction of carriers harvested to decrease and 

explains why solar to energy conversion efficiencies of related cells decrease with increasing 

excitation intensity.
[151]

 On the basis of these bidirectional functionalities, the control over 

nature and concentration of solid-solid interfaces, enhancing or limiting light energy 

conversion efficiencies, represents a major challenge in the physics and chemistry of 

nanomaterials.
[10,74,152]

 

5.1.3 Experimental 

5.1.3.1 Particle Synthesis 

TiO2 and ZrO2 nanoparticles were prepared by the metal organic chemical vapor 

synthesis technique (MO-CVS) based on the decomposition of either titanium (IV) 

isopropoxide or zirconium (IV) propoxide vapor at T = 1070 K in a flow reactor system. 

Details of this technique and subsequent powder processing are given elsewhere.
[51]

 

For the formation of homogenous and mesoporous TiO2 or ZrO2 networks 

approximately 1 g of isolated particles were immersed in 100 ml of liquid water 

(σ < 0.1 μS∙cm
−1

). The obtained particle suspensions were subjected to ultrasonic bath 

treatment for 30 minutes. Subsequent vacuum treatment and adsorbate removal at T = 870 K, 

p < 10
−5

 mbar and additional O2 treatment at T = 870 K and p(O2) = 20 mbar transformed the 

powder into a mesoporous particle network.
[38]

 

For the preparation of heterogeneous networks, containing ZrO2 and TiO2 nanoparticles 

with a 4:1 particle ratio, the nanoparticles were mixed in the desired ratio directly after the 

MO
−
CVS preparation. After the purification step the mixture was processed in the same way 

as the pure powder samples in order to transform the mixed nanoparticles into a 

heterogeneous network via the water treatment as described above.
[10]
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5.1.3.2 Characterization  

The nitrogen sorption isotherms were obtained at T = 77 K using an adsorption 

porosimeter (Micromeritics ASAP 2020). Samples were outgassed for 6 h in the degas unit of 

the adsorption apparatus at T = 473 K under vacuum prior to analysis. The BET surface area 

SBET was evaluated using adsorption data in a relative pressure range p/p0 = 0.05–0.2. The 

total pore volume was estimated from the amount adsorbed at a relative pressure p/p0 of about 

0.99. The pore size distribution was calculated on the basis of adsorption branch using the 

BJH model, applying the Harkins-Jura multilayer thickness equation.
[10]

 

X-Ray diffraction (XRD) patterns were collected on a PANalytical X’Pert PRO 

diffractometer using Cu-Kα radiation. The zirconia (tetragonal and monoclinic) crystalline 

phases were quantified by the Rietveld method, and the crystallite sizes were derived on the 

basis of the Scherrer equation with assumption of spherically shaped crystallites (program 

TOPAS R 2.1, Bruker AXS, Karlsruhe 2003).
[10]

  

For EPR measurements, the de-hydroxylated powder samples were contained within 

Suprasil quartz glass tubes connected to an appropriate high-vacuum pumping system. This 

allows for thermal sample activation and UV irradiation in situ at pressures less than 

p < 10
−5

 mbar. X-band EPR measurements were performed on a Bruker EMX 10/12 

spectrometer using a Bruker ER 4102ST standard rectangular resonator in the TE102 mode. 

The g-values were determined on the basis of a DPPH standard.
[10]

 

5.1.4 Results and Discussion 

Only recently, we experimentally observed a by two orders of magnitude enhanced 

charge-separation yield for photoexcited ZrO2 nanoparticles in relation to TiO2 anatase 

nanoparticles prepared and processed in the same way.
[51]

 Aiming at synergistic effects 

between TiO2 and ZrO2 particle systems, we advantageously used solvent-mediated particle 

aggregation to produce pure and blended nanoparticle networks. After immersion of the 

vapor-deposited metal oxide nanoparticles in liquid water, the obtained particle suspensions 

were subjected to ultrasonic bath treatment. Subsequent drying and vacuum 

annealing-induced de-hydroxylation of the particle surfaces (p < 10
−5

 mbar) transformed the 

originally “fluffy” powder into monolithic solid pieces. (Further details are given in 

Supporting Information 5.1.6) Despite their significantly reduced volumes as compared to 
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those of the original powders, the specific surface areas remained essentially the same.
[38]

 

Subsequent oxidation with O2 at T = 870 K, followed by cooling in an O2 atmosphere, 

guaranteed the stoichiometric composition of the oxide. Structural characterization of the 

resulting materials was carried out using transmission electron microscopy (Figure 5.1.1 a)), 

X-ray diffraction (Figure S5.1.1, Supporting Information), and N2 sorption measurements 

(Figure 5.1.1 b) and Figure S5.1.2, Supporting Information).
[10]

  

As a result, we found that the primary particle properties size, structure, and morphology have 

been retained.
[51]

 In addition, we conclude from our transmission electron microscopy (TEM) 

data in conjunction with the pore size distribution plots (Figure 5.1.1 b)) that solvent mediated 

particle agglomeration leads to a substantial and, in principle, adjustable shrinkage of the 

average distances between the individual grains.
[10]

  

 
Figure 5.1.1: Transmission electron microscopy images a) and pore size distributions b) 

related to a heterogeneous ZrO2-TiO2 nanoparticle network. The network is composed of 

ZrO2 and TiO2 nanoparticles at a ratio of 4:1 in terms of particle number. TEM images were 

obtained using a TECNAI F20 analytical microscope equipped with a S-Twin objective lens 

and a field emission source operating at 200 kV. Images were recorded with a Gatan Orius 

SC600 CCD camera.
[10]

 

Changes in the adsorption-desorption hysteresis (Figure S5.1.2, Supporting Information)
[38]

 

clearly demonstrate the transformation of an agglomerate of loose nanoparticles into 

mesoporous networks of interconnected particles with well-defined pore size distributions 

(Figure 5.1.1 b)). For the homogeneous nanoparticle networks, the respective maxima at 

15 nm (ZrO2) and 30 nm (TiO2) result from the particle-size distributions of the ZrO2 and 
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TiO2 nanoparticle ensembles used.
[51]

 For the preparation of heterogeneous networks 

containing ZrO2 and TiO2 nanoparticles with a 4:1 ratio in particle numbers, the nanoparticles 

were mixed in the desired ratio directly after preparation by metal organic chemical vapor 

synthesis. The mixture was processed in the same way as the pure powder samples in order to 

transform the mixed nanoparticles into a heterogeneous network.
[10]

  

The transmission electron micrographs in Figure 5.1.1 a) illustrate a typical 

microstructural situation related to a heterogeneous network of ZrO2 and TiO2 nanoparticles. 

Lattice fringe imaging was used to distinguish between the two different compounds. The 

presence of smaller particles (ZrO2 with dav = 7 nm)
[51]

 attached to larger ones (TiO2 with 

dav = 13 nm) (Figure 5.1.1 a)) has been observed in many regions of the specimens sampled 

with TEM. The associated pore size distributions determined from N2 sorption measurements 

(Figure 5.1.1 b)) were exempt from relative maxima in the range below 20 nm, which is 

indicative of sufficient intermixing between both kinds of nanoparticles. In fact, pore size 

distribution plots related to experiments where nanoparticle powders were dispersed and 

intermixed in an incomplete way show bimodal pore size distributions with maxima 

consistent with those of the homogeneous nanoparticle networks. In other words, the level of 

ZrO2 nanoparticle clustering and concomitantly the formation of ZrO2-specific pores with 

diameters of 15 nm were effectively suppressed by the dilution of ZrO2 nanoparticles within 

the TiO2 particle matrix. Consequently, judicious choice of nanoparticle sizes and mixing 

ratio between different kinds of nanoparticle ensembles allows targeted distribution of pore 

sizes
[153]

 as well as adjustable concentrations of particle-particle interfaces that potentially 

carry chemical and photochemical functions.
[10]

  

Networks of nanoparticles are associated with high concentrations of solid-solid 

interfaces, which potentially lead to synergistic effects in photochemical reactions. Their 

identification and reliable characterization rely on quantitative approaches, which are 

extremely demanding for non-colloidal and powdered nanomaterials. One has to account for 

the state of the nanoparticles (size, structure, composition, surface properties, degree of 

agglomeration, etc.), as well as for the uniformity of the respective particle properties. In 

addition, light scattering effects and the penetration depth of light inside of the powder require 

careful attention (Supporting Information). Last but not least, the fluence and energy of the 

photons related to the excitation source need to be determined and adjusted to values on the 

basis of which thermal effects can be excluded.
[81,154]

 To explore the effect of solid-solid 

interfaces on the spectroscopic properties of homogeneous and heterogeneous ensembles of 
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adsorbate free nanoparticles, we utilized the photogeneration of adsorbed O2
−
 ions and their 

detection by electron paramagnetic resonance spectroscopy. Essentially, two kinds of 

information can be obtained from such studies; first, the amount of persistently separated 

charges can be quantified and related to the number of oxide particles exposed to UV light as 

a function of the number of impinging photons having a supraband gap energy,
[45]

. Control 

experiments, such as cell rotation during UV exposure and shaking of the powder sample, 

without breaking the vacuum or changing the oxygen atmosphere, were carried out to ensure 

that all nanoparticles contained in the EPR cell were efficiently exposed to UV light. Second, 

the location of scavenged electrons in the form of O2
−
 can be probed with respect to the 

adsorption site and thus the type of oxide particle surface.
[68–70]

 For both objectives, adsorbed 

superoxide anions are particularly useful paramagnetic surface probes (Figure 5.1.2 a)). In 

comparison with results obtained on a TiO2 nanoparticle network (top trace of 

Figure 5.1.2 a)), we also plotted an EPR spectrum related to ZrO2 after 240 min of UV 

exposure in an O2 atmosphere and after subsequent pumping to p < 10
−5

 mbar (bottom trace 

of Figure 5.1.2 a)). The slightly broadened line width of the ZrO2 related signal, particularly 

in the range of gzz-values, in comparison to that of O2
−
 radicals measured on TiO2 is attributed 

to a more heterogeneous distribution of O2
−
 adsorption sites on ZrO2 (see also Table S5.1.2, 

Supporting Information).
[10]
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Figure 5.1.2: a) Electron paramagnetic resonance spectra of adsorbed O2

−
 ions isolated on a 

homogeneous TiO2 nanoparticle network (top trace), a homogeneous ZrO2 nanoparticle 

network (bottom trace) as well as on a heterogeneous TiO2-ZrO2 nanoparticle network 

(middle trace). The surface radicals were measured after t = 240 minutes of UV exposure at 

T = 140 K and in the presence of molecular oxygen (p(O2) = 7 mbar). The light power in the 

energy range 3.2 ≤ hν ≤ 6.5 eV corresponds to Pirr = 0.9 mW cm
−2

 or a flux of 

10
15

 photons∙cm
−2

∙s
−1

. The spectra were acquired at the same temperature but after pumping 

to p < 10
−5

 mbar. For a better comparison, the overall intensities in a) were normalized with 

respect to each other. Values for the g-parameters are given in the supporting information 

section (Table S5.1.2). b) Yield of O2
−
 anions photoadsorbed on the surfaces of the different 

nanoparticle samples after UV exposure under the above described conditions.
[10]

 

In the EPR spectra shown, the orthorhombic symmetry of the O2
−
 radical is reflected by 

three principal values of the g matrix. The low-field component gzz depends sensitively on the 

nature and coordination state of the surface cation that stabilizes the paramagnetic center.
[68,69]

 

It is, therefore, possible to unambiguously ascribe particular spectroscopic fingerprints of 

O2
−
 species either to TiO2 or ZrO2 particle surfaces. While the EPR signatures related to the 

homogeneous particle networks point to the presence of O2
−
 ions adsorbed at one or more 

types of surface sites on TiO2 or ZrO2 particles (Table S5.1.2, Supporting Information), the 
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heterogeneous ZrO2-TiO2 nanoparticle network (Figure 5.1.2 a)) exclusively produces 

TiO2-specific O2
−
 species and O

−
 species with a 1:1 ratio. As reported previously, 

UV excitation of isolated ZrO2 nanoparticles does not generate trapped hole centers in the 

form of paramagnetic O
−
 radicals. We, therefore, ascribe the O

−
 resonance in the middle trace 

of Figure 5.1.2 a) to TiO2 particle surfaces.
 [51]

 Reference experiments carried out on 

intermixed but unconnected TiO2/ZrO2 nanoparticles, where no water-mediated particle 

aggregation step was applied, revealed a superimposition of TiO2- and ZrO2-related 

contributions (Figure S5.1.4, Supporting Information). On the basis of a favorable alignment 

of valence and conduction bands,
[17,155,156]

 we, therefore, conclude for the heterogeneous 

particle network that electrons and holes, which both are photogenerated in ZrO2, are drained 

to TiO2. There, the electrons become scavenged by O2 upon O2
−
 formation. In addition, we 

found that the concentration of respective radicals exceeds those measured on homogeneous 

TiO2 and ZrO2 systems, either in the form of unconnected particles or as attached entities 

comprising the mesoporous solid (Figures 5.1.2 b)). In comparison to powders of isolated 

particles, homogeneous nanoparticle networks show a significantly reduced capacity to keep 

photogenerated charges separated. The observed increase in charge-separation yield on 

ZrO2-TiO2 nanoparticle blends is solely tracked via the concentration of O2
−
 ions adsorbed on 

TiO2 nanoparticle surfaces. This actually rules out that differences in the adsorption properties 

between ZrO2 and TiO2 particle surfaces toward O2 determine the observed enhancement 

effect. Since the intrinsic particle properties including the chemical composition of the 

interface have not been affected by the particle aggregation process, we relate this 

recombination loss to the presence of solid-solid interfaces that facilitate the annihilation of 

photogenerated charges in homogeneous nanoparticle networks. This finding has an important 

implication for the evaluation of the photoelectronic properties related to 

wetchemistry-derived oxide nanostructures, solvent removal and additional procedures aiming 

at bare and adsorbate free particle surfaces are inevitably associated with the emergence of 

solid-solid interfaces, which have an undesired but so far unnoticed effect with respect to the 

separation of photogenerated charges.
[10]

  

The superior charge-separation yield discovered for the heterogeneous particle network 

after 240 min of UV exposure (Figure 5.1.2 b)) also applies for the entire period 

0 ≤ t ≤ 240 min of UV-exposure time, as shown in Figure 5.1.3.
[10]
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Figure 5.1.3: Yields of photogenerated superoxide anions (O2

−
) adsorbed on the surface of 

TiO2 particles comprising homogeneous or – diluted with ZrO2 nanoparticles – heterogeneous 

nanoparticle networks as a function of UV-exposure time. The light power in the energy range 

3.2 ≤ h ≤ 6.5 eV corresponds to Pirr = 0.9 mW·cm
−2

 or an average flux of 

10
15

 photons∙cm
−2

∙s
−1

. The UV-excitation experiments were carried out at T = 140 K and in 

the presence of p(O2) = 7 mbar. Before every EPR spectrum acquisition step, gaseous O2 was 

eliminated from the system by pumping down to p < 10
−5

 mbar.
[10]

 

The upper concentration limit of separated charges observed for the pure TiO2 

nanoparticle system corresponds to 10 electron-hole pairs per particle (Figure 5.1.3) and is 

determined by a balance between O2 photoadsorption, on the one hand, and the recombination 

of valence band holes with conduction band electrons (i) as well as with surface-adsorbed 

superoxide anions (ii), on the other.
[45]

 On the heterogeneous nanoparticle networks, however, 

the measured O2
−
 concentrations exceed this TiO2-specific limit after 60 min of UV exposure 

(Phase A in Figure 5.1.3), continuously grow with time (Phase B in Figure 5.1.3), and do not 

reach a saturation limit within the first 8 h of UV exposure (not shown). In order to explain 

these remarkable effects, we assume that the probability for the scavenging process of 

electrons, which were photogenerated in ZrO2, transmitted through the ZrO2-TiO2 interface, 

and stabilized at TiO2 particle surfaces by O2, is significantly larger than the probability 

related to their recombination with hole centers, which originate from the attached ZrO2 

nanoparticles as well. These holes more likely become trapped at TiO2-related surface sites. 

Upon the formation of O
−
 radicals (Figure 5.1.2 a)), they do not participate in the 

neutralization of surface-adsorbed O2
−
 species. (see also Figure S5.1.5, Supporting 

Information)
[10]
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5.1.5 Conclusions 

The efficiency of heterogeneous photochemical reactions, including water splitting for 

H2 production and the decomposition of contaminants for environmental purification, strongly 

depends on the generation of charge carriers and their efficient chemical use in the course of 

interfacial charge transfer. With respect to TiO2-based materials, electron-hole recombination 

is the major limitation to achieving high quantum yields for photocatalytic reactions. The 

results presented here clearly underline the necessity to characterize and annihilate charge 

recombination centers on photoactive materials.
[74,152]

 On the other hand, physical contacts 

between different oxide nanoparticles such as ZrO2-TiO2 heterojunctions can provide a means 

for enhancing the separation yield of photogenerated charges and prompts the development of 

composites that utilize synergistic effects between different metal oxide particle 

systems.
[10,157]

  

In summary, for the generation of pure and mixed particle networks, we employed 

water-mediated aggregation of oxide nanoparticles and subsequent dehydration procedures 

under highvacuum conditions. In the course of the underlying material transformation, we 

intentionally introduced different types of particle interfaces, that is, TiO2-TiO2, ZrO2-ZrO2, 

and TiO2-ZrO2, and quantitatively explored the effect of aggregation and interface formation 

on the yield of photogenerated and trapped charges. While interfaces between identical oxides 

substantially decrease the number of trapped charges, TiO2-ZrO2 heterojunctions actually give 

rise to a beneficial effect. The enhanced charge-separation yield measured for mixed 

nanoparticle networks benefits from an effective interfacial charge transfer across 

nanometer-sized TiO2-ZrO2 interfaces and is attributed to the diminished charge carrier 

recombination in ZrO2.
[51]

 In the future, similar particle intermixing and aggregation cycles 

may be applied to other material pairs. The adjustment of the composition and concentration 

of particle-particle interfaces determines the branching ratio between the charge-separation 

yield and the charge carrier recombination. Therefore, these characteristic figures can be used 

to tune the photochemical activity of mesoporous composite structures. The more adept 

researchers are at controlling this class of defects through chemical and thermal engineering 

of nanomaterials, the greater the potential will be for developing new particle-based 

nanotechnologies.
[10]
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5.1.6 Supporting Information 

5.1.6.1 XRD Patterns 

 
Figure S5.1.1: XRD patterns (Cu-Kα) of ZrO2 nanoparticles a), a homogeneous ZrO2 

nanoparticle network b), mixed ZrO2 and TiO2 nanoparticles with a 4:1 ratio c) and a 

heterogeneous network of ZrO2 and TiO2 nanoparticles with a 4:1 ratio d). Measured after 

vacuum annealing and controlled calcination at T = 870 K.
[10]

 

5.1.6.2 Nitrogen Sorption 

 
Figure S5.1.2: N2-sorption isotherms of isolated ZrO2 nanoparticles (left panel) and of a 

homogeneous ZrO2 nanoparticle (right panel) network measured at T = 77 K.
[10]
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5.1.6.3 Diffuse Reflectance Spectra of Homogeneous Nanoparticle Networks & Irradiance 

of the UV-Excitation Source 

 
Figure S5.1.3: UV/Vis diffuse reflectance spectra of homogeneous TiO2 and ZrO2 

nanoparticle networks. The plotted Kubelka Munk functions (left ordinate) were derived from 

Diffuse Reflectance data and normalized to the same maximum absorption value at hν = 6 eV. 

This was done in accordance with data from De Loach and Aita
[84,85]

 who found that the 

optical absorption coefficients of comparable nanocrystalline films are essentially equal in the 

respective supra band gap energy ranges of the two oxides. The measured spectral 

dependence of the photon fluence related to the used UV source (300 W Xe lamp, 

6258 ORIEL instruments) is also included in this plot (right ordinate) in order to indicate the 

substantial difference in the number of photons with sufficient energy to be absorbed by the 

TiO2 nanoparticle network (green plus blue area) or by the ZrO2 nanoparticle network (blue 

area).
[10]

 

The UV/Vis diffuse reflectance measurements were carried out at room temperature 

using quartz glass cells that guarantee vacuum conditions better than p < 10
−5

 mbar. The 

spectra were acquired in the presence of p(O2) = 10 mbar using a Perkin Elmer Lambda 15 

spectrophotometer, equipped with an integrating sphere. The spectral irradiance of the UV 

light source in conjunction with a waterfilter was determined with a multichannel 

spectrometer capable of simultaneously measuring multiple wavelengths (USB 2000, Ocean 

Optics Inc.). The absolute light power was measured with a bolometer (International 

Light).
[10]
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5.1.6.4 Determination of Illuminated Powder Volumes 

Determination of the photon absorption rate in powders is mandatory in the present 

case. The radiant energy entering the powder is generally less than that impinging on the 

system. This difference arises from the small particles, which cause scattering and absorption. 

We made the following assumptions: (1) scattering is multiple but independent, and 

(2) scattering is elastic, which means that after scattering, only changes in the direction of 

light propagation occur; Under these conditions, a ray may lose intensity due to (i) absorption 

and (ii) out-scattering and may gain energy by (iii) internal emission and (iv) inscattering 

(coming from multiple scattered rays in other points inside powder volume). Since undoped 

TiO2 and ZrO2 exhibit only weak photoluminescence, internal emission (iii) is neglected in 

the present case.
[10]

 

Typically 10–20 mg of powder sample was used for EPR experiments corresponding to 

approximate numbers of 10
16

 particles. The EPR Suprasil quartz glass cells (Hennlich GmbH 

& Co KG, A-4780 Schärding), which are connected to a high vacuum pumping rack, are 

cylinders with 5 ± 0.4 and 3 ± 0.4 mm as outer and inner diameters respectively. The filling 

height was 10 mm leading to a total sample volume of about 60 mm
3
 (Table S5.1.1). An 

aperture in the EPR resonator allowed study the paramagnetic species during and after UV 

exposure. UV light reflections at the gold plated inner surface of the resonator facilitate a 

more uniform light exposure of the cylindrical sample tube from all directions.
[10]

 

To ensure that scattering and changed light penetration depths inside the different types 

of powders (isolated TiO2 and ZrO2 particles, as well as particle networks derived therefrom) 

do not bias the ratio of the O2
−
 concentration yields measured (Figure 5.1.3), we performed 

the following set of control experiments: For every type of sample we determined the 

illuminated powder fraction by rationing the number of radicals Ni generated at a fixed 

sample position to the maximum number of radicals produced inside the total powder volume 

Nt. For the determination of Nt we rotated the sample and also performed shaking of the 

powder sample during UV exposure. Without breaking the vacuum or changing the oxygen 

atmosphere, both procedures were performed to ensure that all nanoparticles contained in the 

EPR tube were efficiently exposed to UV light. On this basis we calculated the illuminated 

powder fraction coefficient (IPF) according to and found that the respective values are equal 

for all types of samples (Table S5.1.1).
[10]
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Table S5.1.1: Typical experimental parameters during UV excitation of metal oxide 

nanoparticle powders.
[10]

 

 
TiO2 

isolated 

ZrO2 

isolated 

TiO2 

nanoparticle 

network 

ZrO2 

nanoparticle 

network 

TiO2-ZrO2 

nanoparticle 

network 

Cell volume / mm
3
 61.6 61.6 61.6 61.6 61.6 

Particle volume / cell 

volume 

0.04 0.02 0.23 0.25 0.18 

Illuminated powder fraction 

coefficient 

0.5 0.5 0.5 0.5 0.5 

 

On the basis of these control experiments we exclude that differences in the scattering 

properties affect the experimental outcome described along with Figure 5.1.3.
[10]
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5.1.6.5 EPR Spectra and Charge-Separation Yield on Isolated Particle Mixtures  

 
Figure S5.1.4: a) Electron paramagnetic resonance spectra of a mixed powder sample, 

containing ZrO2 and TiO2 nanoparticles with a 4:1 ratio, after tUV = 60 min, tUV = 240 min and 

tUV = 480 min UV exposure at T = 140 K carried out in the presence of molecular oxygen. 

The spectra were acquired at the same temperature but after pumping to p < 10
−5

 mbar. After 

tUV = 60 min (bottom trace) the spectrum shows a typical EPR signature related to 

O2
−
 adsorbed on TiO2 nanoparticles. Further UV exposure leads to additional features in the 

EPR spectra, which are associated with O2
−
 adsorbed on ZrO2 nanoparticle surfaces. 

Therefore, the signature of the spectrum after tUV = 120 min (medium trace) and 

tUV = 240 min (top trace) is explained by superimposed EPR signals of O2
−
 adsorbed on TiO2 

and ZrO2 nanoparticles. b) Quantification of separated charges plotted as number of O2
−
 per 

particle against the UV-exposure time. The dark columns represent the O2
−
 adsorbed on a 

TiO2 nanoparticle whereas the bright columns represent O2
−
 adsorbed on a ZrO2 

nanoparticle.
[10]
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Table S5.1.2: g-parameters of trapped hole centers and superoxide anions measured on ZrO2 

and TiO2 nanoparticle powders.
[10]

 

 gzz gyy gxx 

O2
−
 (TiO2) 

homogeneous network 

2.0182 2.0096 2.0033 

O2
−
 (TiO2) 

heterogeneous network 

2.0185 2.0096 2.0033 

O
−
 (TiO2)  g = 2.0121 gII = 2.0046  

O2
−
 (ZrO2) 2.0322 2.0097 2.0027 

O
−
 (ZrO2) g = 2.0127 gII = 2.0046  

 

5.1.6.6 Charge-Separation Yield and Recombination 

 
Figure S5.1.5: Schematic presentation emphasizing various charge transfer and charge 

recombination steps occurring during the overall process of photogeneration of O2
−
 ions.

[10]
 

Another important finding relates to the upper concentration limit of separated charges 

observed for the pure TiO2 nanoparticle systems. In O2 atmosphere, a fraction of photoexcited 

electrons is removed from the dynamic equilibrium between generation and recombination of 

charge carriers (I). Due to their localisation at adsorbate species in form of O2
−
 ions they 

I 
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become screened from the other charge carriers. Under corresponding conditions, the 

concentration limit of trapped charges amounts to 10 electron-hole pairs per particle, a 

number, which is determined a balance between O2 photoadsorption, on the one hand, and the 

recombination of valence band holes with conduction band electrons (I) or the recombination 

of valence band holes with surface-adsorbed superoxide anions (II), on the other. On the 

heterogeneous nanoparticle networks, however, the measured O2
−
 concentrations exceed this 

TiO2-specific limit after 60 minutes of UV exposure (Phase A), continuously grow with time 

(Phase B) and do not reach a saturation limit within the first 4 hours of UV exposure (not 

shown). In order to explain this remarkable trend, we speculate that the probability QIII for the 

scavenging of the electrons, which were photogenerated in ZrO2 and stabilized by O2 at TiO2 

particle surfaces, is significantly larger than the probability QV associated with electron 

annihilation with hole centers that also originate from the attached ZrO2 nanoparticles. The 

latter species become more likely trapped at TiO2 related sites, forming O
−
 radicals 

(Figure 5.1.2 a)) and, therefore, do not actively participate in the neutralization of surface 

adsorbed O2
− 

species.
[10]
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5.2 Particle Networks from Powder Mixtures: Generation of TiO2-SnO2 

Heterojunctions via Surface Charge induced Heteroaggregation  

5.2.1 Abstract 

We explored the impact of interfacial property changes on aggregation behavior and 

photoinduced charge separation in mixed metal oxide nanoparticle ensembles. TiO2 and SnO2 

nanoparticles were synthesized by metal organic chemical vapor synthesis and subsequently 

transformed into aqueous colloidal dispersions using formic acid for adjustment of the 

particles’ surface charge. Surface charge induced heteroaggregation was found to yield 

blended nanoparticle systems of exceptionally high mixing quality and – after vacuum 

annealing – to extremely high concentrations of heterojunctions between TiO2 and SnO2 

nanoparticles with de-hydroxylated surfaces. For tracking charge transfer processes across 

heterojunctions the photogeneration of trapped charge carriers was measured with electron 

paramagnetic resonance (EPR) spectroscopy. On blended nanoparticles systems with high 

concentrations of SnO2-TiO2 heterojunctions we observed an enhanced cross section for 

interparticular charge separation, which results from an effective interfacial charge transfer 

across the interfaces and gives rise to substantially increased concentrations of photogenerated 

electrons and hole centers. The here presented insights are key to the rational design of 

particle-based heterojunctions and mesoporous nanoparticle networks and help to engineer 

composite nanomaterials for photocatalysis and solar energy conversion.
[39]

 

5.2.2 Introduction 

An efficient photocatalyst minimizes recombination of photoexcited electron–hole pairs 

and maximizes electron and hole transfer to the adsorbate upon consecutive surface reactions. 

In general, the photocatalytic activity of a given particle system depends on multiple factors. 

For a reliable photoactivity assessment, relative contributions from the particles’ bulk and 

interfaces have to be sorted out and their impact to the overall performance requires a careful 

evaluation.
[3–6]

 Thus, substantial advances in the knowledge-based development of more 

efficient materials rely on comprehensive characterization work that addresses the 

fundamental processes and focuses on their mutual interplay to identify rate- and 
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performance-determining factors. A major limitation of any photocatalytic process originates 

from charge carrier recombination. Efforts have been made to identify and eliminate the 

responsible defects. An important approach to counteract charge carrier recombination in 

photocatalytic particle systems is based on the coupling of different semiconductor 

components with desirable matching of their electronic band structures.
[1,3,7,9,11,16,39,158,159]

 

In case of composite nanoparticle systems, synergistic properties and those that are 

enhanced with respect to the individual components can only emerge if the particles are 

mixed intimately enough.
[160]

 For that reason, researchers have explored efficient and cost 

effective methods for combining different metal oxide nanoparticles. Chemical ways could 

offer great control in this respect.
[161,162]

 While a variety of experimental approaches leading 

to the coupling of two semiconductors have been successfully employed for particles, which 

were grown in colloidal solutions
[163,164]

 there are very few reports about the 

charge-separation properties of dry particle systems that feature corresponding types of 

interfaces. With this study we present a simple as well as versatile approach that involves 

surface charging of multiple particle systems inside the same dispersion medium to achieve 

blended nanoparticle systems of superior mixing quality and, thus, a maximum concentration 

of functional interfaces between different particle types.
[39]
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Figure 5.2.1: Schematic showing the principle of hydration-dehydration induced particle 

aggregation and solid-solid interface formation a). Adjustment of opposite surface charges on 

multiple particle types is expected to favor preferential attraction between different particles 

and yields good mixing qualities b).
[39]

 

We have shown in previous work that water-mediated aggregation of oxide 

nanoparticles and subsequent dehydration procedures under high vacuum conditions are 

effective in the generation of solid-solid interfaces.
[38,165]

 The mechanistic steps of the 

underlying material transformation process are as follows (Figure 5.2.1): in aqueous 

dispersion mutual attraction and agglomeration of metal oxide nanoparticles takes place. 

Upon vacuum treatment dehydration/de-hydroxylation processes (evaporation of liquid phase) 

in conjunction with particle condensation led to the formation of chemical interparticle metal 

oxygen bonds. Annealing-induced aggregation of particles during thermal treatment results in 

interconnected particles but – according to N2 sorption measurements – does not reduce the 

specific surface area in comparison to the unprocessed nanoparticle powders.
[39]
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Figure 5.2.2: Schematic energy diagram showing the positions of conduction and valence 

band edges of TiO2 and SnO2. Expected vectorial charge transfer directions are indicated for 

electrons (top arrow) and holes (bottom arrow).
[39]

 

For the exploration of surface charge induced heteroaggregation we chose the 

TiO2-SnO2 system. Both materials are central to photocatalysis, solar water splitting and dye 

sensitized solar cells. As a result of composite formation upon generation of heterointerfaces 

light-induced charge separation and vectorial charge transfer (Figure 5.2.2) was found to be 

facilitated in composites.
[166]

 The conduction band position of SnO2 is lower than that of TiO2 

and such that it is incapable of reducing oxygen molecules to form superoxide anions. The 

band offsets between TiO2 and SnO2 will promote charge separation across the interfaces. 

Using electron paramagnetic resonance spectroscopy we address the vectorial transfer of 

separated charges to generate paramagnetic O
−
 radicals as well as paramagnetic Ti

3+ 
sites. 

Another reason for selecting this system has been the exclusion of Sn-Ti-O compound 

formation. For SnO2-TiO2 core-shell nanostructures it was found that the phase boundary 

between the two oxides remains abrupt up to T = 1200 K without substantial chemical 

transformations in this region.
[167]

 Thus, heteroaggregated SnO2-TiO2 nanoparticle networks 

represent an ideal model system to explore the potential of surface charge induced 

heteroaggregation with regard to the generation of heterojunctions that enhance the separation 

of photogenerated charges.
[39]
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5.2.3 Experimental 

5.2.3.1 Particle Synthesis  

TiO2 and SnO2 nanoparticles were prepared by metal organic chemical vapor synthesis 

(MO-CVS) based on the decomposition of either titanium (IV) isopropoxide (Aldrich, 

99.999% trace metals basis) or tetra-n-butyltin (Aldrich, technical grade, > 93%) vapor at 

T = 1073 K in a flow reactor system. The details of this technique are given elsewhere.
[46]

 For 

purification, the obtained powder samples were subjected to thermal treatment under high 

vacuum conditions. First, the powder sample was heated to T = 870 K using a rate of 

r ≤ 5 K∙min
−1

. Subsequent oxidation with O2 at this temperature followed by cooling in O2 

atmosphere was successfully applied to remove organic remnants originating from the 

precursor material, on the one hand, and to guarantee the stoichiometric composition of the 

oxide on the other.
[39]

 

For the preparation of mixed ensembles of TiO2 and SnO2 nanoparticles, 250 mg of the 

powder samples were dispersed in 100 mL of c = 10
−6

 mol∙L
−1

 formic acid solution for 

30 min under ultrasonication (Hielscher Sonifier 200S) and simultaneous agitation by a 

magnetic stirrer. Cooling with an ice-water mixture was applied to avoid unwanted sample 

heating. Centrifugation and subsequent drying in vacuum at room temperature resulted in the 

formation of monolithic pieces, which were transferred to a quartz glass cell and annealed to 

T = 873 K at p < 10
−5

 mbar prior to spectroscopic investigations. Prior to liquid exposure 

TiO2-SnO2 nanoparticles were mixed in the desired 1:1 ratio.
[39]

 

5.2.3.2 Characterization  

Zeta potentials and agglomerate size distributions of suspensions of 

2.5 g nanoparticles∙L
−1

 formic acid solution were derived from dynamic light scattering 

measurements on a Malvern ZetaSizer Nano ZS. Nitrogen sorption isotherms were obtained at 

T = 77 K using nitrogen adsorption/desorption (Quantachrome NOVA 4000e). Samples were 

degassed for 2 h in the degas unit of the adsorption apparatus at T = 473 K under vacuum 

prior to analysis. The BET surface area SBET was evaluated using adsorption data in a relative 
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pressure range p/p0 = 0.05–0.2.
[168]

 The pore size distribution was calculated by applying the 

BJH model using the desorption branch of the isotherm.
[39,169]

 

Scanning electron microscopy (SEM) measurements were performed on a Zeiss Gemini 

Ultra 55 microscope operating at 20 kV equipped with an EDX (energy dispersive X-ray 

emission) detector. To characterize the mixing quality inside the nanoparticle networks
 
we 

used EDX to track compositional homogeneity changes in the range of few hundreds of 

nanometers. The local resolution of chemical information for EDX analysis is limited to the 

penetration depth and scattering of the primary electrons and, therefore, to the volume where 

characteristic X-rays are emitted of the sample. With acceleration voltages of 20 kV the 

sampled volume in EDX studies are in the order of few µm
3
 for bulk TiO2 or SnO2 samples. 

Consequently, the determination of absolute Ti and Sn concentrations via EDX at the 

nanometer scale is not feasible. Nevertheless, by scanning the aggregate with a line scan, the 

change in the ratio between Ti and Sn can be tracked with a very high spatial resolution of 

approximately 100 nm.
[39,170]

 

For EPR measurements, the powder sample was contained within a Suprasil quartz 

glass tube connected to an appropriate high vacuum pumping system with a base pressure 

p < 10
−6

 mbar. This allows for thermal sample activation and UV irradiation in situ. A 300 W 

Xe lamp (Oriel) was used as UV source. The light beam was passed through a water filter to 

exclude IR contributions from the excitation spectrum. Light power was measured with a 

bolometer (International Light). It was held constant at Pirr = 0.9 mW·cm
−2

 for the energy 

range 3.2 eV < E < 6.2 eV throughout all experiments. During UV exposure, the samples 

were held at a temperature between T = 90 K and T = 140 K in order to keep UV-induced 

heating effects constant. X-band EPR measurements were performed on a Bruker EMX Micro 

spectrometer using a Bruker ER 4119 HS resonator. For measurements in the temperature 

range between T = 90 K and T = 140 K an ER 4131 VT variable-temperature accessory was 

used. EPR computer simulations were done using the SIM 14S program.
[49]

 The g-values were 

determined on the basis of a DPPH standard.
[39]
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5.2.4 Results and Discussion 

The procedure of particle aggregation as outlined by Figure 5.2.1 aims at the conversion 

of aerosol metal oxide nanoparticle powders – of high purity and well characterized particle 

surface properties
[45,51]

 – into binary metal oxide nanoparticle networks of high mixing quality 

and, therefore, with high concentrations of solid-solid heterointerfaces (Figure 5.2.1 b)).
[10,165]

 

Prior to the process aggregation between particles must be avoided in the starting mixture in 

order to achieve nanoparticle networks of different and perfectly intermixed metal oxides. 

Dynamic light scattering experiments on dispersions of vapor phase grown TiO2 nanoparticles 

with an average particle size of 13 nm as determined by transmission electron microscopy 

(TEM)
[45]

 clearly demonstrate that metal oxide nanoparticles, which were grown by 

MO-CVS, can be efficiently de-agglomerated by ultrasonic treatment in aqueous dispersion 

(Figure 5.2.3). As a consequence of ultrasonification the agglomerate size distribution 

maximum shifts from 100 nm (Figure 5.2.3 a)) to 20 nm (Figure 5.2.3 b)). After 

discontinuation of ultrasonic treatment particles re-agglomerate and the agglomerate size 

distribution maximum shifts to approximately 40 nm (Figure 5.2.3 c)).
[39]

 

 
Figure 5.2.3: Size distribution profiles determined by dynamic light scattering experiments 

on dispersions of vapor phase grown TiO2 nanoparticles with an average particle size of 

13 nm in c = 10
−6

 mol∙L
−1

 formic acid. Ultrasonic treatment breaks up particle agglomerates 

and leads to the shift of the agglomerate size distribution maximum from a) 100 nm to b) 

approximately 20 nm. After 15 min of re-agglomeration, which occurs after discontinuation 

of ultrasonic treatment, the maximum increases to approximately 40 nm c).
[39]
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Zeta potential measurements reveal that both oxides carry a negative surface charge in 

neutral aqueous dispersion (Figure 5.2.4). As a result of particle aggregation, TiO2 and SnO2 

form a non-uniform network, which preferentially hosts TiO2-TiO2 and SnO2-SnO2 interfaces. 

Self-assembly of oppositely charged particles in colloidal dispersion and, in consequence, the 

generation of desired TiO2-SnO2 heterointerfaces is achievable via control of the surface 

charge.
[171–173]

 In comparison to inorganic acids, which potentially contaminate the particle 

surface with ions like Cl
−
, carboxylic acids are eligible candidates for surface charge 

adjustment since they can be efficiently eliminated from the particle network via oxidation at 

elevated temperatures. The zeta potential dependence of TiO2 and SnO2 nanoparticles on the 

formic acid concentration (Figure 5.2.4) prompted us to choose a formic acid concentration of 

c = 10
−6

 mol∙L
−1

 (indicated by gray arrow) where the zeta potential of TiO2 and SnO2 particles 

is +24 mV and −9 mV, respectively.
[39]

 

 
Figure 5.2.4: Zeta potentials of TiO2 and SnO2 nanoparticle samples in aqueous dispersion as 

a function of formic acid concentration. The shaded areas indicate the uncertainty of 

measurement. Prior to zeta potential measurements, all metal oxide samples were subjected to 

vacuum annealing and subsequent oxidation treatment at elevated temperatures to eliminate 

unintended effects, which could originate from surface impurities.
[39]

 

Surface charge adjustment for dispersed particles in combination with control over the 

pH shows a complex functional dependence on the carboxylic acid concentration in solution. 

This is due to the carboxylate adsorption equilibrium at the metal oxide particle surfaces, 

which in turn, are subject to particle concentration in the dispersion and on the concentration 
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of the acid and, concomitantly, on the pH.
[174,175]

 (For further details please see supporting 

information, Figure S5.2.1)
[39]

 

Dehydration and de-hydroxylation as well as oxygen treatment of the obtained particle 

networks at elevated temperatures were applied in order to eliminate organic surface groups 

that previously led to surface charging and heteroaggregation.
[171,176]

 X-ray diffraction, 

transmission electron microscopy and N2 sorption measurements were carried out to identify 

potential process-induced structural changes that may result from hydration and annealing 

procedures. All methods unambiguously reveal that primary particle properties size, structure, 

and morphology have been retained. (Supporting information, Figure S5.2.2)
[39]

 

Changes in the adsorption desorption hysteresis of nitrogen sorption experiments (left panel 

of Figure 5.2.5) clearly demonstrate that loose nanoparticles transform into a mesoporous 

network
[38]

, which are made up from interconnected particles and show a distinct pore size 

distributions (right panel of Figure 5.2.5 b)).
[39]

 

 
Figure 5.2.5: Sorption isotherms (left) and BJH pore size distributions (right) of SnO2–TiO2 

nanoparticle ensembles before a) and after formation of heterointerfaces b) in aqueous formic 

acid dispersion. The sorption isotherms and pore size distributions are shifted on the ordinate 

scale for 300 cm
3
·g

−1
 and 3 cm

3
·g

−1
·nm

−1
, respectively, for clarity.

[39]
 

We employed scanning electron microscopy (SEM) to characterize the composition and 

mixing quality inside the nanoparticle networks and used EDX to track compositional 

homogeneity changes in the range of few hundreds of nanometers.
[170]

 A typical EDX line 

scan on nanoparticle networks obtained from surface charge induced heteroaggregation in 
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aqueous formic acid solution (c = 10
−6

 mol∙L
−1

) is shown in Figure 5.2.6 a) and reveals that 

the ratio of the two elements should remain constant across the scanned distance (gray line). 

The mixing quality and thus the concentration of SnO2-TiO2 heterojunctions is expected to be 

significantly higher than in the water processed networks. Here, deviations of the desired Ti to 

Sn ratio point to a non-uniform distribution of the two elements (gray line in Figure 5.2.6 b)) 

and, therefore, to low mixing quality of the network.
[39]

 

 
Figure 5.2.6: Characteristic EDX line scans of TiO2-SnO2 networks obtained by 

heteroaggregation in a) aqueous formic acid solution (c = 10
−6

 mol·L
−1

) and b) water. 

Scanned paths are shown in the SEM inserts. The black and red lines show the distribution of 

Ti and Sn within the scanned distance. The gray line indicates the deviation of the desired 

Ti/Sn ratio.
[39]

 

The here presented procedure provides a very good measure of the local mixing quality 

within the nanoparticle networks. To obtain statistical meaningful information throughout 

different nanoparticle network samples we evaluated the deviation of the desired ratio of 

Ti/Sn for approximately 600 sample spots (Figure 5.2.7). Deviations of 0% indicate that the 

chosen value of one TiO2 particle per SnO2 particle has been achieved. It can be shown that 

the nanoparticle network that originates from processing in pure water displays a very broad 

distribution of Ti/Sn deviation, while the network which was prepared in aqueous formic acid 

exhibits excellent mixing quality, i.e. relatively small deviations from desired Ti/Sn ratio.
[39]
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Figure 5.2.7: Statistical analysis of the mixing quality throughout the powder samples. 

Deviations of the desired Ti/Sn ratios within line scans of several microns across the particle 

networks are plotted in the diagram. The samples were prepared in c = 10
−6

 mol·L
−1

 aqueous 

formic acid solution (HCOOH / High mixing quality) and water (H2O / Low mixing 

quality).
[39]

 

A good mixing quality of SnO2 and TiO2 nanoparticle mixtures represents a necessary 

requirement for a high concentration of heterojunctions inside the resulting particle network. 

To verify that these solid-solid interfaces are truly suitable for interfacial charge transfer we 

spectroscopically probed the photoelectronic materials’ properties. For this purpose we 

utilized electron paramagnetic resonance to track the photogeneration of surface trapped hole 

centers O
−
, unpaired electrons in shallow trap states Ti

3+
 or adsorbed O2

−
 ions (Supporting 

Information).
[45]

 As demonstrated by previous studies this technique provides site specific 

information about charge trapping sites.
[5,177–180]

 Band gap and conduction band edge energies 

determine the pathway of electrons or holes from one oxide to the other (Figure 5.2.2). The 

relative positions of the conduction band minima favor electron transfer from TiO2 to SnO2. 

On the other hand, the valence band positions of the two oxides are such that photogenerated 

hole centers become accumulated on TiO2 nanoparticles.
[39]
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Figure 5.2.8: EPR spectra of metal oxide samples after 30 min UV/Vis light exposure 

(Pirr = 0.9 mW·cm
−2

 for the energy range 3.2 eV < E < 6.2 eV). a) Simulated EPR spectrum of 

O
−
 and Ti

3+
 centers on TiO2 nanoparticles, b) experimental EPR spectrum of O

−
 and Ti

3+
 

centers on TiO2 nanoparticles, c) EPR spectrum of the sample with low mixing quality, and d) 

EPR spectrum of the sample with high mixing quality. All spectra were acquired at T = 90 K 

and p < 10
−6

 mbar using a microwave power of PMW = 6.32 mW.
[39]

 

In Figure 5.2.8 a) a simulated EPR spectrum of O
−
 and Ti

3+
 centers is shown in comparison to 

an experimental spectrum b), which was acquired on de-hydroxylated TiO2 nanoparticles after 

30 min of UV/Vis exposure under high vacuum conditions. The separation of photoexcited 

states (Equation 5.2.1) is followed by persistent trapping of electrons and holes upon 

formation of Ti
3+

 and O
−
 centers, respectively (Equations 5.2.2 and 5.2.3). 

             
      

       Equation 5.2.1 

   
                                Equation 5.2.2 

   
                         Equation 5.2.3 

The corresponding EPR spectrum of SnO2 nanoparticles shows no significant signals after 

irradiation and is, therefore, not presented here.
[39]

 

After irradiation of a nanoparticle network of low mixing quality the corresponding 

EPR spectrum reveals the presence of O
−
 and Ti

3+
 stabilized on TiO2 nanoparticles 



5  Functional Interfaces in Metal Oxides  111 

 

(Figure 5.2.8 c)). However, the network prepared from surface charge induced 

heteroaggregation in aqueous formic acid solution shows a strong signal for O
−
 stabilized on 

TiO2 nanoparticles but no Ti
3+

 centers (Figure 5.2.8 d)). Their absence points to an efficient 

interfacial electron transfer from TiO2 particles to SnO2 particles (Figure 5.2.2) upon 

formation of EPR silent states. For corroboration of this assumption we exposed the samples 

after UV exposure to molecular oxygen (p = 10 mbar). In case of TiO2 nanoparticles 

photogenerated electrons transfer to O2 and form paramagnetic superoxide anions O2
−
 

(Equations 5.2.4 and 5.2.5), which remain stabilized on the particle surface and give rise to 

characteristic EPR signal signatures (Table 5.2.1, Figure 5.2.9 a)).
[39]

 

                  
       Equation 5.2.4 

   
          

        Equation 5.2.5 

 
Figure 5.2.9: EPR spectra of pre-irradiated metal oxide samples after oxygen exposure 

(p(O2) = 10 mbar). EPR spectrum a) of O
−
 and O2

−
 species stabilized on MO-CVS TiO2 

nanoparticles, b) of the sample with low mixing quality, and c) of the sample with high 

mixing quality. The spectra were acquired at T = 90 K and p < 10
−6

 mbar using a microwave 

power of PMW = 0.2 mW. For better comparison they were normalized and, therefore, do not 

carry any quantitative information.
[39]

 

The redox potential of O2/O2
−
 (Figure 5.2.2 gray dotted line, E = −4.22 eV

[179]
) is 

slightly above the conduction band minimum of SnO2 (ECB = −4.5 eV
[156]

), which inhibits the 
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transfer of SnO2 related conduction band electrons to molecular oxygen and, thus, the 

formation of surface-adsorbed O2
−
 ions.

[181]
 Figure 5.2.9 shows EPR spectra of the pre-

irradiated metal oxide samples after 15 min oxygen exposure at T = 90 K and subsequent 

pumping to p < 10
−6

 mbar. In case of TiO2 nanoparticles a) a superimposition of O
−
 and 

O2
−
 signal components is observed. The EPR parameters are given in Table 5.2.1.

[39]
 

Table 5.2.1: EPR parameters of radicals observed on TiO2 and SnO2 nanoparticle surfaces as 

a result of charge trapping.
[39]

 

 Ti
3+

 [I] Ti
3+

 [II] O
−
 (TiO2) O2

−
 (TiO2) O2

−
 (SnO2) 

g1 1.9660 1.9904 2.0126 2.0183 2.0235 

g2 1.9510 1.9600 2.0045 2.0094 2.0088 

g3 --- --- --- 2.0033 2.0029 

 

Additional EPR resonances are observed on the network of low mixing quality b) and 

attributed to O2
−
 radicals, which are stabilized on SnO2 surfaces (Table 5.2.1).

[98,181]
 For the 

network of high mixing quality no O2
−
 stabilized on TiO2 are observed in the EPR spectrum 

c). From the absence of O2
−
 ions we infer that all photogenerated electrons are drained into 

SnO2 (Figure 5.2.2). This is different from TiO2 where photogenerated electrons – irrespective 

of whether they localize in shallow trap states (Ti
3+

) or whether they remain in the conduction 

band
[77]

 – readily transfer to molecular oxygen.
[39]

 

For particle systems which were only in contact with pure water and dehydrated 

thereafter there are no corresponding interfacial charge transfer effects. Obviously, related 

networks contain too many regions where TiO2 or SnO2 particles are aggregated in such a 

way that interfaces between identical metal oxide particles types prevail. Corresponding 

solid-solid interfaces were found to actually enhance the recombination of photogenerated 

charge carriers.
[10]

 The quantitative analysis of persistently trapped photogenerated charges on 

the three different powder samples shows no concentration increase of stabilized hole centers 

(O
− 

radicals) for the water prepared network with low mixing quality in comparison to the 

pure MO-CVS TiO2 nanoparticles (Figure 5.2.10). However, a strong enhancement of the 

concentration of O
− 

radicals was observed for the sample of high mixing quality.
[39]
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Figure 5.2.10: Quantitative assessment of trapped photogenerated charges on TiO2 

nanoparticles. The metal oxide samples were irradiated for 15 min (Pirr = 0.9 mW·cm
−2

 for the 

energy range 3.2 eV < E < 6.2 eV) at T = 90 K and p < 10
−6

 mbar.
[39]

 

The quantitative analysis of the yield of photogenerated charges clearly shows, that the 

adjustment of surface charge during particle network formation allows for the achievement of 

high mixing qualities and enables the realization of a high concentration of heterojunctions, 

which are vital for the separation of photogenerated electrons and holes. The here presented 

results clearly underline the necessity to characterize and annihilate charge recombination on 

photoactive materials.
[39]

  

Surface charge directed aggregation of different types of particles and the subsequent 

introduction of functional interfaces is a cheap and versatile particle engineering approach to 

generate high concentrations of heterojunctions inside particle based devices for 

photochemical application and energy production.
[39]

 

5.2.5 Conclusions 

We intentionally introduced functional particle interfaces between two types of metal 

oxide nanoparticles and quantitatively determined the yield of photogenerated and trapped 

charges.
[10]

 To yield blended nanoparticle systems hosting high concentrations of 

heterointerfaces it is vital to prepare nanoparticles, which subsequently can be easily 

de-agglomerated in colloidal dispersion and to control the process of interface formation via 

surface charge induced heteroaggregation. As shown in this study MO-CVS grown particles 
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can be simply dispersed by use of ultrasonic treatment to the single particle level. Controlled 

interface formation was achieved via heteroaggregation, i.e. via the self-assembly of 

oppositely charged particles in colloidal dispersion using formic acid for the adjustment of 

surface charge. In comparison to mixed particle systems prepared in pure water the via 

surface charge directed aggregation prepared mixed particle systems show a substantially 

increased yield for photogenerated hole centers. The extremely high concentration of 

SnO2-TiO2 heterojunctions actually gives rise to an enhanced cross section for the separation 

of photogenerated charges, which results from an effective interfacial charge transfer across 

the particle-particle interfaces.
[39]

 

5.2.6 Supporting Information 

5.2.6.1 Adsorption of Carboxylic Acid 

 
Figure S5.2.1: pH value of different formic acid solutions in water before and after addition 

of 250 mg·L
−1

 metal oxide nanoparticles. Above a pH = 4, adsorption of formic acid on TiO2 

and SnO2 nanoparticles induces an increase in pH in the respective formic acid solutions.
[39]

 

The adsorption of formic acid on metal oxide nanoparticle surfaces strongly affects the 

effective pH in aqueous solution. The enhanced complexity in comparison to inorganic acids 

arises from the fact that carboxylate adsorption causes (i) a pH increase in solution 

(Figure S5.2.1) and (ii) a shift of the respective zeta potential curve towards lower pH 

values.
[175]

 These shifts become apparent for pH values above 4 (Figure S5.2.1).
[39]
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5.2.6.2 XRD Pattern 

X-ray diffraction (XRD) measurements were performed on a Bruker AXS D8 Advance 

diffractometer using Cu-Kα radiation (λ = 154 pm). The crystalline phases were quantified by 

the Rietveld method and the crystallite sizes were derived on the basis of the Scherrer 

equation with assumption of spherically shaped crystallites (software TOPAS 4.1, Bruker 

AXS, Karlsruhe 2008).
[39]

  

The particle dispersions in water contain a 1:1 mixture of anatase TiO2 a) and rutile SnO2 

particles b). The related XRD patterns are shown in Figure S5.2.2 and can be characterized as 

superposition of the TiO2 and SnO2 specific reflexes. No new crystallographic phase is 

formed. The same situation applies for a dispersion that is acidified with formic acid 

c = 10
−6

 mol∙L
−1

 d). The results of the Rietveld refinement for the water treated, mixed 

samples show a phase composition and crystallite size of 48 ± 1 wt.% TiO2, 

dcryst. = 12.0 ± 1.0 nm and 52 ± 1 wt.% SnO2, dcryst. = 5.6 ± 0.5 nm. In summary, the XRD 

results confirm that the primary particle properties size and structure have been retained.
[39]

 

 
Figure S5.2.2: XRD patterns (Cu-Kα) of a) MO-CVS TiO2 nanoparticles, b) MO-CVS SnO2 

nanoparticles, and networks of intermixed TiO2 and SnO2 nanoparticles with a 1:1 particle 

ratio without c) and with control of surface charge d). All XRD measurements were 

performed on samples after vacuum annealing and calcination at T = 870 K.
[39]
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5.2.6.3 Quantitative EPR measurements 

The spin concentrations were obtained by double integration of EPR signals related to 

Ti
3+ 

species and O2
−
 radical anions, which were measured at T = 90 K using a microwave 

power of PMW = 0.20 mW (O
−
 and O2

−
 radicals) and PMW = 6.32 mW (Ti

3+
 radicals). At this 

values both types of paramagnetic species are not saturated and differences in signal 

intensities due to differences in the relaxation time can be ruled out.
[39]

  

O2
−
 ions’ as well as O

−
 and Ti

3+
 signals can be reliably approximated with spectrum 

simulation and allows for a more precise double integration of the measured EPR signals. On 

the basis of a quantitative O2 photoadsorption study, which is described by Berger and 

coworkers
[45]

 the obtained integral intensity values were translated into concentrations of 

superoxide anions per particle. For this purpose photogenerated electrons were titrated on the 

basis of the electron transfer reaction from the nanoparticles to molecular oxygen (Equation 

5.2.5). The change of the O2 pressure within the known volume of the EPR sample cell during 

photoadsorption was related to the measured O2
−
 EPR signal intensities. The photoadsorption 

experiments were performed at typical light irradiances of Pirr = 100 mW·cm
−2

 and at room 

temperature for the following reasons: Firstly, condensation effects of molecular oxygen are 

excluded, and secondly, isothermal conditions for the whole system comprising powder 

sample and the defined volume of the gas cell is guaranteed. The EPR measurements, 

however, were performed at T = 140 K and after evacuation. The amount of adsorbed oxygen 

was then determined using the ideal gas equation. A direct correlation between pressure 

decrease and O2
− 

signal intensity increase can be measured under such conditions and a 1:1 

ratio of O
−
 radicals (scavenged holes) and O2

− 
ions (scavenged electrons) is typically 

obtained. The 1:1 relationship in such experiments rules out the presence of diamagnetic 

oxygen species. The number of illuminated particles was estimated considering spherical 

particles with a diameter of 13 nm. To quantify the concentration of trapped charges per 

particle, the number of adsorbed O2 molecules per particle was considered. Further details 

about the quantification procedure – that is more reliable and accurate than using quantitative 

standards with different types of spin centers and, thus, with different relaxation properties – 

are given in reference
[45]

.
[39]
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6 Synthesis and Processing of In2O3 Nanoparticles: The 

Influence of Treatment Parameters on the Electronic and 

Spectroscopic Properties 

Indium oxide, In2O3, has drawn increased attention from researchers over recent years. 

In form of thin film In2O3 exhibits good electrical conductivity and high transmittance in the 

visible and near infrared region. Therefore, they are used as transparent conductive electrodes 

in electronic devices of various types, like solar cells
[182]

 and photovoltaic devices.
[183]

 

Furthermore, In2O3 is used in the fields of heterogeneous catalysis
[184]

 and gas sensing
[185]

. 

Various methods for preparing In2O3 thin films and powders such as electron-beam 

deposition
[182]

, metalor ganic chemical vapor deposition
[186]

, dc-magnetron sputtering
[187]

, 

vacuum evaporation
[183]

 and the sol-gel method
[188]

 have been reported. Despite its 

technological importance, surprisingly there exists only few information about the 

fundamental surface properties of pure In2O3.
[189,190]

 

The crystalline form of In2O3 exists in two phases, the cubic (bixbyite type) phase and 

the high pressure rhombohedral (corundum type) phase. For most reported research activities 

in the past In2O3 in cubic phase was utilized. Recent works reported a value of 2.93 ± 0.12 eV 

for the direct band gap of bixbyite In2O3.
[191]

 Furthermore, In2O3 is a n-type semiconductor. 

The n-type conduction arises from intrinsic donor effects, which are related to the pronounced 

non-stoichiometry observed under reducing conditions like thermal treatment at decreased 

oxygen partial pressure or in hydrogen atmosphere.
[192]

 Until now, In2O3 has been regarded as 

a very good conductor with a high charge carrier concentration even without extrinsic 

dopants. Very recent work
[189]

 indicates that surface effects might be mainly responsible for 

the high conductivity of In2O3. This finding implies that oxides which are nonconductive as 

bulk materials can, nevertheless, become highly conductive when provided as high surface 

area materials such as thin films. Especially In2O3 nanoparticle-based thin films prepared by 

printing technologies could serve as active layers in electronic and optoelectronic devices 

because of the high specific surface area as well as the high surface to bulk ratio compared to 

thin films. In order to fully realize the range of potential device applications based on 

nanoparticles, where the surface to bulk ratio is much higher than in conventional 

applications, it is crucial to understand the surface electronic properties of the materials. In 

particular the influence of particle-particle interfaces as well as surface-adsorbed species, 

originating from the surrounding atmosphere, is of high interest. In addition to detailed 
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investigations of the surface electronic properties of cubic In2O3 single crystals at ultra-high 

vacuum conditions it is necessary to develop nanoparticles with narrow property distributions, 

which can act as model particle systems to achieve a deeper insight into performance 

determining parameters of particle based devices and applications. These parameters are 

directly related to the experimental conditions during the synthesis of the nanoparticles and, 

furthermore, to the experimental conditions during processing of the devices. 

The aim of this work was to relate treatment parameters during synthesis and processing 

of indium oxide (In2O3) nanoparticle systems to nature and abundance of defects with 

material-determining properties. For this purpose, In2O3 nanoparticles were prepared via 

metal organic chemical vapor synthesis (MO-CVS).
[10]

 The influence of the systematic 

variation of synthesis and post-synthesis treatment parameters on the particle size, 

morphology, and spectroscopic properties was analyzed via X-ray diffraction (XRD), 

transmission electron microscopy (TEM), Fourier transform infrared (FT-IR) spectroscopy, 

and electron paramagnetic resonance (EPR) spectroscopy.  

  



6  Synthesis and Processing of In2O3 Nanoparticles 119 

 

6.1 Synthesis and Characterization of In2O3 Nanoparticles 

In order to obtain In2O3 nanoparticles with narrow size distributions, which later on will 

serve as model systems for spectroscopic studies, a new MO-CVS reactor system was set up. 

Critical synthesis parameters were tested and evaluated to finally achieve the desired kind of 

metal oxide nanoparticles in terms of particle size, structure and spectroscopic properties. 

Furthermore, a post-synthesis treatment in terms of temperature and gas atmosphere was 

developed to eliminate organic residues stemming from incomplete precursor decomposition 

and to guarantee stoichiometric In2O3 nanoparticles at the same time.  

6.1.1 Experimental 

6.1.1.1 Particle Synthesis 

In2O3 nanoparticles were prepared by the controlled combustion of the precursor indium 

(III) acetylacetonate (≥ 99.99% trace metals basis Sigma-Aldrich) in a flow reactor system 

(Figure 6.1.1) under reduced pressure (p ≈ 10 mbar). The solid precursor was sublimated at 

T = 463 K (r = 5 K·min
−1

) in the preheating zone and transported to the tube furnace by argon 

as carrier gas (V̇Ar = 0.1 L·min
−1

) where it got in contact with the oxidizing agent 

(V̇O2 = 0.5 L·min
−1

), a mixture of O2/O3. According to the operating instructions of the lab 

ozonizer (Labor Sander Type 330.5) the O3 concentration is in the range of 60 vol.%. The 

decomposition and reaction of the precursor molecule with the oxidizing agent took place in 

the furnace (T = 673 K) where metal oxide particles were formed. Finally the particles were 

collected in a stainless steel net. Due to the short residence time of the particles in the hot 

zone of the furnace (≈ 2.5 ms) substantial coarsening and aggregation was prevented. The 

system pressure (p ≈ 10 mbar) as well as the overall gas flow (V̇Reactor ≈ 0.6 L·min
−1

) was 

adapted from related synthesis procedures in already existing MO-CVS reactor systems.
[46]
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Figure 6.1.1: Photograph and schematic of the flow reactor system for In2O3 nanoparticle 

synthesis. 

6.1.1.2 Post-Synthesis Treatment 

To remove organic residues originating from the precursor material and to guarantee the 

stoichiometric composition of the oxide, the obtained powder samples were processed at 

elevated temperatures in defined gas atmospheres. As a first step of the post-synthesis 

treatment the nanoparticle powders were carefully evacuated at room temperature. After 

reaching pressures p < 10
−5

 mbar the powder is heated to T = 373 K for 15 minutes with a 

temperature rate of r = 1 K·min
−1

. According to the high reducibility and, therefore, to the 

susceptibility of In2O3 to n-type doping
[47]

 it is not possible to heat the powders to higher 

temperatures in high vacuum without generating significant sub-stoichiometry at the particle 

surface. Therefore, further annealing steps are carried out at p = 650 mbar oxygen.  

In presence of oxygen the powder was heated stepwise to T = 473 K (r = 2.5 K·min
−1

), 

T = 673 K (r = 5 K·min
−1

), and T = 873 K (r = 5 K·min
−1

). After 15 minutes at each of these 

temperatures the sample was cooled to room temperature (cooling time ≈ 30 min), 
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evacuated to p < 10
−5

 mbar to remove oxidation products like CO2 and water, and fresh 

oxygen was added before heating to the next temperature.  

In the following the samples annealed according to the post-synthesis treatment procedure 

will be called “processed particles”. 

The influence of distinct variations of the post-synthesis treatment on the particle size, crystal 

structure, and spectroscopic properties are discussed in Section 6.1.2.3 Results and 

Discussion. 

6.1.1.3 Characterization 

Agglomerate-size distributions of suspensions of 2.5 g oxide nanoparticles·L
−1

 in water 

were derived from dynamic light scattering (DLS) measurements on a Malvern ZetaSizer 

Nano ZS. 

Nitrogen sorption isotherms were obtained at T = 77 K using nitrogen 

adsorption/desorption on a Quantachrome NOVA 4000e instrument. Samples were degassed 

for 2 h in the degas unit of the adsorption apparatus at T = 473 K under vacuum prior to 

analysis. The BET surface area SBET was evaluated using adsorption data in a relative pressure 

range p/p0 = 0.05–0.2.
[168]

 

The transmission electron microscopy (TEM) investigations were performed on a 

Phillips CM300 UT operated at 300 kV. For microscopic measurements, small amounts of the 

metal oxide powders were cast on a carbon grid for investigation. 

X-ray diffraction (XRD) measurements were acquired on a Bruker AXS D8 Advance 

diffractometer using Cu-Kα radiation (λ = 154 pm). The crystalline phases were quantified by 

the Rietveld method and the crystallite sizes were derived on the basis of the Scherrer 

equation with assumption of spherically shaped crystallites (Software TOPAS 4.1, Bruker 

AXS, Karlsruhe 2008). 

Infrared (IR) spectra measured in attenuated total reflectance (ATR) were obtained at 

room temperature and in air using a Jasco FT-IR-4100 spectrometer. For IR spectra measured 

in transmission mode, a high vacuum cell developed by J.T. Yates Jr. and coworkers
[32,48]

 was 

used and for this purpose aligned in the optical path of the IR beam of a Bruker Tensor 27 

spectrometer system. The resolution was 3 cm
−1

, and 200 interferogram scans between 



6  Synthesis and Processing of In2O3 Nanoparticles 122 

 

950 cm
−1

 and 6000 cm
−1

 were averaged to guarantee a reasonable signal-to-noise ratio. 

The ADC counts were in the range of 3000 to 10000, depending on the sample treatment. 

Using a hydraulic press, In2O3 nanoparticle powder pellets were produced by uniaxial 

compression of typically 5 mg of sample powder with 100 MPa into a tungsten grid, which 

subsequently was mounted in the high vacuum cell. The influence of the pressing procedure 

on the material properties will be discussed in Section 6.2.2.2 a) 

6.1.2 Results and Discussion 

6.1.2.1 Characterization of Particle Properties 

In order to investigate the shape, size and crystallinity of the as-prepared and processed 

particles, transmission electron microscopy was performed. The as-prepared particles seem to 

be roundish in shape and uniform in particle size (Figure 6.1.2 a)). At higher magnifications 

(Figure 6.1.2b)) it can be clearly seen, that the particles are strongly agglomerated. Therefore, 

a reliable determination of the particle size is impossible. Moreover, the presence of lattice 

fringes points to a formation of crystalline In2O3 nanoparticles directly during the synthesis. 

 
Figure 6.1.2: TEM images of In2O3 nanoparticles direct after metal organic chemical vapor 

synthesis.  

In comparison to the as-prepared particles the according to the post-synthesis treatment 

processed particles seem to be larger and more defined in shape. On the basis of observable 
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lattice fringes we can conclude that the resulting nanoparticles are monocrystalline, as seen in 

Figure 6.1.3 b). 

 
Figure 6.1.3: TEM images of In2O3 nanoparticles after post-synthesis treatment. 

To achieve an insight in the crystal structure of the nanoparticle samples XRD 

measurements were performed. The as-prepared particles show no reflexes in the XRD 

pattern (Figure 6.1.4 a)) and, therefore, seem to be amorphous. This observation is 

contradictory to the evidence from TEM images (Figure 6.1.2 b)) where lattice fringes and, 

therefore, crystalline areas can be identified. Three different reasons for the discrepancy 

between conclusions from TEM and XRD were considered. (i) One explanation for the lack 

of distinct XRD reflections is the broadening of XRD reflexes by small crystalline volumes. 

The smaller the crystallite size gets the broader the resulting reflex will be. If the crystallite 

size gets too small the reflex cannot be distinguished from the background signal anymore.
[97]

 

The particle size, determined by nitrogen sorption, is dpart = 4 ± 1 nm assuming a round 

particle shape. (ii) A second explanation could arise from the fact that crystallization of small 

amorphous domains of the as-prepared particles can be induced by the electron beam of the 

transmission electron microscope. (iii) One has always to keep in mind that transmission 

electron microscopy is a very local technique and, therefore, a statistic overview of the sample 

is barely possible.  

According to the XRD pattern shown in Figure 6.1.4 b) it is obvious, that the post-synthesis 

treatment leads to an increase in crystallite size and, therefore, to measurable XRD reflexes, 

which correspond to the cubic bixbyte In2O3 structure. With the help of Scherrer equation
[95]

 a 
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crystallite size of dcryst = 15 ± 2 nm has been determined, which is in good agreement with the 

particle size of dpart = 17 ± 2 nm determined by nitrogen sorption experiments. 

 
Figure 6.1.4: XRD patterns of In2O3 nanoparticles after synthesis a) and after the 

post-synthesis treatment b). The main reflexes are indicated by the Miller-Indices (hkl) of 

cubic bixbyte In2O3 structure. 

The dispersability of nanoparticles is one of the main prerequisites in particle based 

applications. Therefore, the as-prepared and the processed particles were analyzed on the 

basis of dynamic light scattering (DLS) to determine the agglomerate size of the powders. 

Furthermore, the possibility to de-agglomerate the particles with ultrasonic treatment was 

explored. The experiments of vapor phase grown In2O3 nanoparticles, with a particle size of 

4 ± 1 nm as determined by BET, clearly demonstrate that metal oxide nanoparticles can 

efficiently be de-agglomerated in aqueous dispersion by ultrasonic treatment (Figure 6.1.5 a)). 

As a consequence of ultrasonification, the agglomerate size distribution maximum shifted 

from ≈ 22 nm (black curve) to ≈ 10 nm (red curve). 

  



6  Synthesis and Processing of In2O3 Nanoparticles 125 

 

 
Figure 6.1.5: Agglomerate size distributions of In2O3 nanoparticles a) after MO-CVS 

synthesis and b) after post-synthesis treatment (black curves). The red curves describe the 

agglomerate size distribution after 15 min ultrasonic treatment.  

The processed nanoparticles with a particle size of dpart = 17 ± 2 nm as determined by BET, 

can also easily be de-agglomerated by ultrasonic treatment. The agglomerate size distribution 

maximum (Figure 6.1.5 b)) shifted from ≈ 50 nm (black curve) to ≈ 24 nm (red curve). As a 

major conclusion from these experiments, aggregation of particles and, therefore, the 

formation of solid-solid interfaces during synthesis or post-synthesis treatment at elevated 

temperatures can be neglected.  

6.1.2.2 Thermal Stability 

It is necessary to explore the thermal stability of the nanoparticles because the 

as-prepared nanoparticles have to be processed at elevated temperatures and defined gas 

atmospheres to eliminate organic residues and to guarantee a stoichiometric oxide particle. 

Details are given in the experimental section 6.1.1.2 Post-Synthesis Treatment. Moreover, the 

processed particles are stored in small plastic containers in ambient conditions and, therefore, 

have to be annealed before spectroscopic investigations at elevated temperatures to eliminate 

surface-adsorbed species like volatile organic compounds, physisorbed water, and hydroxyl 

groups (Introduction 1.2). Additionally, the particles may be treated at high temperatures prior 

to investigation of specific spectroscopic properties for example a thermal reduction at low 

oxygen partial pressures. In principle every annealing step can cause a change in particle size 

and crystal structure. Therefore, it is very important to investigate the influence of the 

temperature and time of annealing on the model metal oxide nanoparticles. Within this study 

two different annealing temperatures, T = 675 K and T = 875 K, were used.  
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Figure 6.1.6: XRD patterns a) and crystallite sizes b) of processed In2O3 nanoparticles as a 

function of annealing time at T = 673 K and p(O2) = 1067 mbar.  

In Figure 6.1.6 a) the XRD patterns of In2O3 nanoparticles are plotted as a function of 

annealing time at T = 673 K. The annealing-induced change of crystallite size, determined by 

using the Scherrer equation, is plotted in Figure 6.1.6 b). During the first two hours of 

annealing a small and almost insignificant increase in crystallite size from dcryst = 15 ± 2 nm 

to dcryst = 16 ± 2 nm was observable. During annealing in the range from two to ten hours the 

crystallite size remained constant at dcryst = 16 ± 2 nm.  

 
Figure 6.1.7: XRD patterns a) and crystallite sizes b) of processed In2O3 nanoparticles as a 

function of annealing time at T = 873 K and p(O2) = 1067 mbar. 

In the case of T = 873 K as chosen annealing temperature the crystallite size increased from 

dcryst = 15 ± 2 nm to dcryst = 24 ± 2 nm (Figure 6.1.7 b)). Similar to the annealing experiments 

at T = 673 K the particles did not show a significant crystallite growth between two and ten 

hours at T = 873 K. It is obvious that the higher annealing temperature led to larger 

crystallites. However, within the time interval between two and ten hours the particles can be 

treated at these temperatures for several times. This is a sufficient precondition to do repeated 

spectroscopic experiments on the same particle powder system without alteration in size or 

crystal structure. 
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6.1.2.3 Variation of Post-Synthesis Treatment Parameters 

As mentioned earlier, nanoparticles prepared by metal organic chemical vapor synthesis 

are subject to contamination by reaction products of incomplete precursor combustion. The IR 

spectrum measured in ATR mode in Figure 6.1.8 a) shows remaining carbon species adsorbed 

at the particle surface. The main bands are assigned to ν(C=O) (1590 cm
−1

) and 

δ(CH3) (1350 cm
−1

–1450 cm
−1

). These functional groups are the main building blocks of the 

molecule acetylaceton as one very likely side-product during the combustion. 

 
Figure 6.1.8: ATR FT-IR spectra of In2O3 nanoparticles a) after MO-CVS synthesis and b) 

after post-synthesis treatment.  

The post-synthesis treatment of the In2O3 nanoparticles described in 6.1.1.2 Post-Synthesis 

Treatment led on the one hand to a defined increase in crystallite size and, therefore, to 

distinct and measurable XRD reflexes (Figure 6.1.4), which confirm the formation of cubic 

In2O3 nanoparticles. On the other hand, the spectrum in Figure 6.1.8 b) additionally shows 

that remaining organic contaminations were removed from the particle surface. 

For the establishment of model particle systems with uniform properties like narrow size 

distribution and crystal structure, it is a necessary requirement to know about the influence of 

the process parameters temperature and gas atmosphere on particle size and crystallinity. For 

example as shown in Figure 6.1.6 and Figure 6.1.7, the final temperature of the post-synthesis 

treatment determines crystallite sizes due to the dependence of crystallite growth on annealing 

time. In the following two different post-synthesis treatment procedures are discussed to 
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demonstrate how critical the choice of process parameter and the applied order affects the 

integral particle ensemble properties like for example the degree of aggregation. 

 
Figure 6.1.9: Temperature profiles (left ordinate scale) and oxygen pressures (right ordinate 

scale) of post-synthesis treatment procedure I a) and procedure II b) as a function of time.  

The details of post-synthesis treatment procedure I and II are presented in Figure 6.1.9. The 

main difference between these two procedures is at the beginning of the treatment of the 

as-prepared MO-CVS particles. In case of procedure I the first annealing step up to T = 373 K 

is carried out in high vacuum conditions, which is different to procedure II where the first 

annealing step up to T = 473 K is carried out at p(O2) = 650 mbar. The first annealing step of 

procedure I under high vacuum leads to the removal of volatile surface-adsorbed compounds 

like water and volatile organic carbons, which desorb at temperatures in the range of 

T = 373 K. The desorbing species are immediately removed during annealing via the dynamic 

vacuum provided by an oil diffusion pump (S = 800 L∙s
−1

) and, therefore, cannot interact with 

the particle surface at elevated temperatures anymore. Such conditions do not apply for 

procedure II. Here a certain amount of water and volatile organic compounds remains in the 

gas phase and can interact with the particle surface during annealing. Under these conditions a 

physisorbed thin film of water and consequently resulting capillary forces between single 

particles can promote the formation of particle-particle interfaces upon further annealing.
[38]

 

Further details are given in Introduction 1.2. In the course of both procedures remaining 

organic compounds are finally oxidized to CO2 at T = 873 K, which is subsequently removed 

by evacuation at room temperature.  

Independent from the different post-synthesis treatment procedures applied, the XRD patterns 

of the resulting powder samples show the characteristic reflexes of cubic In2O3 

(Figure 6.1.10). Furthermore, the analysis of the crystallite size reveals that there is no 

significant difference between the particles resulting from procedure I (Figure 6.1.10 a)), 

dcryst = 16 ± 2 nm and procedure II (Figure 6.1.10 b)), dcryst = 18 ± 2 nm.  
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Figure 6.1.10: XRD patterns of In2O3 nanoparticles a) after procedure I and b) after 

procedure II. Crystallite sizes determined by the Scherrer equation are presented as inserts. 

However, In2O3 nanoparticle powders subjected to procedure I have a white-bright yellow 

color (Figure 6.1.11 a)) in contrast to the powders subjected to procedure II. These powders 

are orange in color (Figure 6.1.11 c)). According to the fact, that both powder samples 

originate from the same mixture of MO-CVS grown particles and that they finally were 

exposed to identical annealing temperatures and oxygen pressures, differences in the impurity 

level (e.g. metals and carbon) as a reason for the difference in color can be ruled out. With the 

help of scanning electron microscopy (SEM) images of the powder morphology at the 

nanoscale were acquired. Comparison of the SEM image of the powder sample treated with 

procedure I (Figure 6.1.11 b)) and the SEM image of the powder sample treated with 

procedure II (Figure 6.1.11 d)) points to a significant difference in the powder morphology. 

While the powder in Figure 6.1.11 b) appears to be loosely packed and porous the powder in 

Figure 6.1.11 d) looks densely packed and aggregated.  
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Figure 6.1.11: Photographs and SEM images of In2O3 powder samples processed by two 

different post-synthesis treatment procedures. The resulting samples after procedure I are 

shown in a) + b) and after procedure II in c) + d).  

As discussed earlier the only difference between procedure I and II is that the partial pressure 

of H2O in the sample system is substantially higher since physisorbed water is not fully 

removed from the particles during procedure II. As a consequence of the presence of water 

during procedure II the particles are subject to strong attractive particle interactions 

(Introduction 1.2). During evaporation of physisorbed water at elevated temperatures the 

particles get in close contact. Furthermore, the particles remain hydroxylated/hydrated and, 

therefore, a condensation reaction between the particles is facilitated, which leads to the 

formation of particle-particle interfaces. The same effect is shown in literature, where water 

treatment and subsequent calcination of MO-CVS grown metal oxide nanoparticles leads to a 

formation of mesoporous particle networks.
[10,38]

. Relevant studies reveal that the water 

induced interface formation leads to a redshift of the absorption threshold of TiO2 

ΔE ≈ 0.2 eV
[193]

 and ZrO2 ΔE ≈ 0.1 eV
[194]

 nanoparticle powders. Due to the small amount of 

material in the present study it was not possible to obtain reliable UV/Vis data of the two 

In2O3 powder samples.  

For single-crystalline cubic In2O3 a band gap of 2.93 ± 0.15 eV was determined.
[191]

 

Therefore, the spectral region of the visible spectrum that corresponds to the violet color is 
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absorbed by the particles. As a result In2O3 powders appear in yellow, which is the 

complementary color of the absorbed light. A redshift of the absorption threshold of about 

ΔE ≈ 0.2 eV, as observed on water treated TiO2 nanoparticles
[193]

, would result in the 

additional absorption of blue light of the visible spectrum and the color of the powder would 

change from yellow to orange as illustrated in Figure 6.1.12. 

 
Figure 6.1.12: Illustration, which explains the observed change in the visible powder color as 

a function to the absorbed light supported by the chromatic circle. The energy values are 

adapted from 
[195]

. 

With the help of this careful consideration the difference in color of the here described 

powders may be explained by the formation of particle-particle interfaces and a resulting 

redshift of the nanoparticle powders treated with process II. The underlying physical 

explanation for this aggregation related red shift, which is observed for TiO2, ZrO2, and In2O3 

nanoparticle ensembles is, still, missing and subject to future studies.  
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6.1.3 Conclusions 

Within this chapter it was shown, that it is possible to synthesize model In2O3 

nanoparticles via the metal organic chemical vapor synthesis (MO-CVS) method, which are 

well defined in terms of particle size, morphology, and crystal structure. XRD measurements 

of the as-prepared nanoparticles pointed to the formation of amorphous nanoparticles. This 

was confuted by transmission electron microscopy where lattice fringes, as a proof for 

crystalline nanoparticles, could be detected. DLS measurements in aqueous dispersions 

revealed that the powder samples consist of loosely agglomerated nanoparticles, which can be 

easily de-agglomerated by the use of ultrasonic treatment. The influence of post-synthesis 

treatment parameters like annealing temperature and atmosphere on particle properties has 

been discussed. The optimized post-synthesis treatment led to well defined stoichiometric, 

monocrystalline bixbyte In2O3 nanoparticles. Furthermore, it was shown, that the presence of 

physisorbed water during the post treatment caused a change in the powder morphology and 

aggregation state, which also affected the optical absorption properties of the nanoparticles. 
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6.2 The Influence of Oxygen (O2) on the Spectroscopic Properties of 

Reduced In2O3 Nanoparticles 

As already addressed in the introduction to Chapter 6, Lany and coworkers 

demonstrated, on the basis of surface calculations and thickness-dependent Hall 

measurements, that surface defects dominate the conductivity of In2O3 thin films rather than 

bulk defects. In2O3 bulk oxygen vacancies are deep donors, which do not cause significant 

conductivity under ambient conditions and, therefore, bulk defect models are incapable to 

account for the high carrier densities that are observed in technologically important undoped 

epitaxial or polycrystalline In2O3 thin films.
[196]

 In fact, surface oxygen vacancies create donor 

states, which lie very close below the conduction band minimum. These electrons can easily 

be excited into the conduction band already at room temperature, thereby causing 

conductivity.
[189]

 

This finding implies that oxides, which are nonconductive as bulk materials, can become 

highly conductive as thin film. Especially In2O3 nanoparticle-based thin films prepared by 

printing technologies could serve as active layers in electronic and optoelectronic devices 

because of the high specific surface area as well as high surface to bulk ratio compared to 

dense thin films. In order to fully realize the range of potential device applications based on 

nanoparticles, where the surface to bulk ratio is much higher than in conventional 

applications, it is crucial to understand the surface electronic properties of the materials. In 

particular the knowledge about the influence of surface-adsorbed species, in terms of the 

surrounding atmosphere, on the electronic and spectroscopic properties of nanoparticle-based 

systems is of high interest. 

Preliminary spectroscopic investigations by members of the working group of Prof. 

Diwald indicated that oxygen as one of the main air components has a tremendous influence 

on the electronic and spectroscopic properties of reduced In2O3 nanoparticles.
[197]

  

Within Section 6.2 the interaction of oxygen with the surface of thermally reduced In2O3 

nanoparticles (Section 6.1) and, therefore, the influence of oxygen on the spectroscopic 

properties is discussed in detail. The main objective was to characterize conduction band 

electrons, paramagnetic defects, and radicals, which can be associated with central device 

properties like electronic conductivity by Fourier transform infrared (FT-IR) spectroscopy and 

electron paramagnetic resonance (EPR) spectroscopy. 
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6.2.1 Experimental 

 The synthesis and characterization of the here investigated In2O3 nanoparticles was 

described in Section 6.1. In the following the treatments of the particles before the 

spectroscopic investigations are described. 

6.2.1.1 Sample Treatment 

 a) Oxidative Treatment 

Due to contact of the post treated powders with air during sample installation to the 

appropriate high vacuum cell for spectroscopic investigations (FT-IR, EPR) surface-adsorbed 

species like volatile organic compounds (VOC), adsorbed water, and hydroxyl groups have to 

be removed. Therefore, the powder samples were subjected to an oxidative treatment at 

elevated temperatures. First the samples were evacuated at room temperature to p < 10
−6

 mbar 

for at least twelve hours. In addition the samples were heated to T = 673 K with a temperature 

rate of r = 10 K·min
−1

 at a pressure of p < 10
−6

 mbar. A dwell time of 30 min at T = 673 K 

and p < 10
−6

 mbar was chosen to remove volatile species and to partially de-hydroxylate the 

particle surface. After that, p(O2) = 200 mbar of oxygen were added for 30 min to oxidize 

remaining carbon species at the surface and to re-oxidize the surface of the In2O3 

nanoparticles. The pressure of p(O2) = 200 mbar was chosen to provide an oxygen 

concentration comparable to air but without contaminations like water and VOCs. The high 

vacuum as well as the oxygen treatment at T = 673 K was repeated for two times to remove 

possible reaction products like CO2 and to guarantee stoichiometric nanoparticles. To avoid a 

thermal reduction of the particle surface the samples were cooled in oxygen atmosphere 

(p(O2) = 200 mbar) to T = 323 K. After evacuation to p < 10
−6

 mbar at this temperature the 

samples were finally cooled to the desired temperature for spectroscopic measurements 

(Cooling time ≈ 30 min). 
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 b) Reductive Treatment 

 In order to achieve n-type doping of the pure In2O3 nanoparticles by lattice oxygen 

depletion of the particle surface
[47]

 the samples were subjected to a thermal treatment at 

reduced oxygen partial pressures before spectroscopic investigations in situ. Therefore, the 

powder samples were heated to T = 473 K in case of FT-IR spectroscopy and to T = 923 K in 

case of EPR spectroscopy at a pressure of p < 10
−6

 mbar using a rate of r = 10 K·min
−1

. At 

these conditions the samples were treated for one hour and cooled to room temperature 

subsequently.  

The significant difference in the reduction temperatures are explained on the basis of the 

following considerations:  

 As described in the Section 6.1.1.3 the powder sample have to be pressed on a 

tungsten grid for FT-IR experiments whereas for EPR measurements (Section 6.2.1.2 

and 3.3) the nanoparticles are contained in a Suprasil quartz glass tube as a loose 

powder. Potential pressure induced changes of the material properties are discussed in 

6.2.2.1 a) Annealing-Induced Non-stoichiometry and its Dependence on the 

Abundance of Solid-Solid Interfaces.  

 Due to the spin-orbit coupling and the low spin lattice relaxation time of conduction 

band electrons in In2O3 in comparison to the lighter elements (Li, Be, Na,…) a higher 

concentration of conduction band electrons is required to track them by EPR.
[44]

 This 

requires significantly higher reduction temperatures as compared to FT-IR 

spectroscopy, which is more sensitive to conduction band electrons. 

Since the particle powders employed for both types of spectroscopic studies were annealed 

and processed at T = 873 K prior to vacuum annealing at the spectrometer systems systematic 

X-ray diffraction (XRD) and EPR experiments ruled out that there are no qualitative 

differences in particle size, crystal phase, and signature of the EPR signals comparing 

nanoparticles treated at T = 473 K and T = 923 K. Further details concerning the 

comparability of FT-IR and EPR experiments are given in Section 6.1.2.2 Thermal Stability 

and Section 6.2.2.1 a) Annealing-Induced Non-stoichiometry and its Dependence on the 

Abundance of Solid-Solid Interfaces. 
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6.2.1.2 Characterization 

For IR spectra measured in transmission mode, a high vacuum cell developed by J.T. 

Yates Jr. and coworkers
[32,48]

 was used and for this purpose aligned in the optical path of the 

IR beam of a Bruker Tensor 27 spectrometer system. The resolution was 3 cm
−1

, and 

200 interferogram scans between 950 cm
−1

 and 6000 cm
−1

 were averaged to guarantee a 

reasonable signal-to-noise ratio. The ADC counts were in the range of 3000 to 10000, 

depending on the sample treatment. Using a hydraulic press, In2O3 nanoparticle powder 

pellets were produced by uniaxial compression of typically 5 mg of sample powder with 

100 MPa into a tungsten grid, which subsequently was mounted in the high vacuum cell. 

For EPR measurements, the powder sample was contained within a Suprasil quartz 

glass tube connected to an appropriate high vacuum pumping system with a base pressure 

p < 10
−6

 mbar. This allows for thermal sample activation in situ. X-band EPR measurements 

were performed on a Bruker EMX Micro spectrometer using a Bruker ER 4119 HS resonator. 

For measurements in the temperature range between T = 90 K and T = 293 K an ER 4131 VT 

variable-temperature accessory was used. EPR computer simulations were done using the 

SIM 14S program.
[49]

 The g-values were determined on the basis of a DPPH standard. 

6.2.2 Results and Discussion 

To investigate the influence of oxygen on the spectroscopic properties sufficient 

n-type doping of the In2O3 nanoparticles and, therefore, a sufficient concentration of 

conduction band electrons has to be achieved. Therefore, the particles were treated at elevated 

temperatures and at low oxygen partial pressures as described in the Section 6.2.1.1 b) before 

spectroscopic measurements in situ. At this conditions lattice oxygen (O
2−

) is removed via 

formation of oxygen vacancies and, consequently, conduction band electrons.
[47]

 (Equation 

6.2.1 + 6.2.2).  

      
                    
→                       

 

 
       Equation 6.2.1 

    
                   
→                 

        
 

 
       Equation 6.2.2 
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According to Lany and coworkers the surface oxygen vacancy creates a doubly occupied 

state, which lies very close below the conduction band minimum. These electrons can easily 

be excited into the conduction band at room temperature, thereby causing conductivity.
[189]

  

6.2.2.1 FT-IR Spectroscopy 

 During mounting of the In2O3 sample into the high vacuum cell the particles get in 

contact with the surrounding atmosphere. Therefore, the particle surface is expected to be 

covered by multilayers of physisorbed water. The spectrum in Figure 6.2.1 a) clearly shows 

absorptions in the range of 3600 cm
−1

 and 3700 cm
−1

, which is indicative for isolated 

hydroxyl groups adsorbed on metal oxide surfaces, and in the range of 2800 cm
−1

–3600 cm
−1

 

where bridged hydroxyl groups as well as liquid water
[94]

 absorb infrared radiation. This is a 

clear evidence for physisorbed water on the surface of the In2O3 nanoparticles. In order to 

investigate the interaction of oxygen with the clean surface of In2O3 nanoparticles to exclude 

possible influences of the water layer it is necessary to remove the physisorbed water from the 

surface. As seen in spectrum Figure 6.2.1 b) the oxidative treatment leads to particle surfaces, 

which are exempt from IR-active adsorbates beside a small amount of isolated hydroxyl 

groups. In addition absorptions in the range of 1600 cm
−1

 to 1300 cm
−1

 are visible. These 

bands are attributed to surface-adsorbed CO2 and, therefore, to carbonate species
[198]

 and 

evolve during cooling of the sample in oxygen atmosphere. In the course of these experiments 

it was found that due to the pressure gauge (cold cathode) used a small amount of oxygen 

reacts with carbon contaminations at the filament to produce CO2, which is then adsorbed on 

the particle surface.  
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Figure 6.2.1: FT-IR spectra of In2O3 nanoparticles a) after mounting into the high vacuum 

cell and b) after oxidative treatment. The oxidative treatment is described in the Experimental 

Section 6.2.1.1. All spectra were measured in transmission mode at T = 293 K and 

p < 10
−6

 mbar.  

Nevertheless, the state of the sample after the oxidative treatment at T = 673 K is the starting 

point of the following experiments (Figure 6.2.2 a)). As described by Equation 6.2.1 and 6.2.2 

the n-type doping and consequently the conduction band electrons are generated by the 

reductive treatment.  

FT-IR spectroscopy is a very useful technique to monitor the presence of conduction 

band electrons. The Drude theory for electrons in metals describes the relationship between 

the absorption coefficient αf of electromagnetic radiation, the wavelength λ of electromagnetic 

radiation and the number of free electrons N in the system (Equation 6.2.3).
[199]

 

    
       

               
 
[200]

       Equation 6.2.3 

With: m
*
 effective electron mass, n refractive index, c speed of light, and τ relaxation time. 

Furthermore, the resonance frequency of free electrons depends on the number of free 

electrons N and is typically in the energy range of infrared (IR) radiation. In the following the 

infrared absorption spectra of oxidized and reduced In2O3 nanoparticles as well as the 

influence of oxygen on the IR absorbing properties are discussed. 
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To simplify the correlation between absorption coefficient αf and the number of conduction 

band electrons N Equation 6.2.4 can be used 

                 Equation 6.2.4 

with A(λ) absorbance at a certain wavelength and N number of conduction band electrons in 

the system. 

 
Figure 6.2.2: FT-IR spectra of In2O3 nanoparticles a) after oxidative treatment and b) after 

reductive treatment at T = 473 K. The oxidative as well as the reductive treatment is described 

in Section 6.2.1.1. All spectra were measured in transmission mode at T = 293 K and 

p < 10
−6

 mbar. 

On the basis of Equation 6.2.4 and the fact that the sample was kept at very defined conditions 

in the high vacuum chamber (p < 10
−6

 mbar) the increased background absorption in the 

spectrum Figure 6.2.2 b) observed after the reductive treatment can directly be related to the 

increased concentration of conduction band electrons.  

Addition of 10 mbar oxygen to the reduced In2O3 nanoparticles at room temperature leads to a 

decrease of the respective absorbance signal (Figure 6.2.3 left side). Corresponding changes 

were studied systematically as a function of pressure and exposure time. The change in 

absorbance was measured every two minutes and finally tracked by monitoring the 

absorbance values at 2000 cm
−1

. 
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Figure 6.2.3: (left side) FT-IR spectra of reduced In2O3 nanoparticles in presence of 

p(O2) = 10 mbar as a function of time. (right side) FT-IR spectra of reduced In2O3 

nanoparticles after oxygen addition and subsequent evacuation at p < 10
−6

 mbar, as a function 

of time. 

Subsequent to the oxygen exposure the high vacuum chamber was evacuated and after a 

pressure below p < 10
−6

 mbar was reached FT-IR spectra were acquired (Figure 6.2.3, right 

panel). With time of pumping the absorbance at 2000 cm
−1

 was found to continuously 

increase. These experiments indicate a significant interaction of oxygen with the electrons 

inside the reduced In2O3 nanoparticles, which seems to be reversible at room temperature. To 

determine the effect of oxygen at different pressures systematic experiments with alternating 

cycles of O2 addition (p(O2) = 10 mbar, and p(O2) = 100 mbar) and application of dynamic 

vacuum (p < 10
−6

 mbar) were applied. A detailed overview of the applied cycles is given in 

Figure 6.2.4. 

 
Figure 6.2.4: Overview, which represents the sequence of cycles of addition and removal of 

oxygen that were applied to the reduced In2O3 nanoparticles and resulting changes in 

absorbance at 2000 cm
−1

 as a function of time. All measurements were performed at room 

temperature T = 293 K. 

In general it can be observed that the oxygen addition decreases the absorbance at 2000 cm
−1

 

whereas the removal of oxygen leads to an increase in absorbance. Within the time interval 
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from 0 min to 80 min a steady decrease in the absorbance signal was detected, which was not 

completely restored by pumping the vacuum chamber down to p < 10
−6

 mbar. This points to 

an irreversible depletion of conduction band electrons and will be discussed in 

Section 6.2.2.2 c). From 80 min to 160 min the cyclic addition and removal of 

p(O2) = 100 mbar oxygen led to a reversible absorbance signal response. Finally, in the time 

interval between 160 min and 220 min it was possible to show that the absorbance signal was 

also sensitive to changes in the oxygen concentration.  

In Figure 6.2.5 (left panel) a detailed plot of the reversible section between 80 min and 160 

min of the experiment time is presented. As reported for sensor applications, which are 

typically operated at elevated temperatures
[201]

, the absorbance signal responds in a reversible 

way to the presence of oxygen. In the present case these effects occur already at T = 293 K. In 

addition the extent of IR absorbance is a function of the applied oxygen pressure. In Figure 

6.2.5 (right panel) the dependence of the absorbance signal is shown after alternating steps of 

p < 10
−6

 mbar, p(O2) = 10 mbar, p(O2) = 100 mbar, and finally p < 10
−6

 mbar. It is obvious to 

see, that especially after addition of oxygen the absorbance signal reacts instantaneously on 

the different oxygen pressures applied. 

 
Figure 6.2.5: FT-IR absorbance signal (black diamonds) at 2000 cm

−1
 as a function of 

oxygen pressure in the system (red curve). The diagram on the left side shows the reversible 

change in absorbance at p(O2) = 100 mbar or high vacuum p < 10
−6

 mbar. The diagram on the 

right side shows the sensitivity of the absorbance signal to variations in the oxygen partial 

pressure. All data points were acquired at T = 298 K. 
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The oxygen sensing mechanism for semiconducting metal oxide materials at low 

operating temperatures T < 373 K is governed by surface effects.
[185]

 The most probable 

mechanism is the physisorption or chemisorption of oxygen in molecular form according to 

the relations: 

                        Equation 6.2.5 

                
        Equation 6.2.6 

In both cases the conductivity of an active layer within the sensor decreases due to the 

formation of an electron depleted region at the surface caused by the adsorption of O2 in 

molecular form. The here presented spectroscopic results are consistent with this mechanism. 

This study shows that the high concentration of conduction band electrons of the reduced 

In2O3 nanoparticles, which is besides the mobility of charge carriers one of the prerequisites 

for high conductivity of a desired device, is in correlation with the broad absorption measured 

with FT-IR spectroscopy. Therefore, the change in the IR absorption is attributed to electronic 

property changes of the here presented In2O3 nanoparticles.  

Due to the measuring principle of FT-IR spectroscopy and the here applied measurement 

setup it is not feasible to detect surface-adsorbed oxygen species. Consequently, it is not 

possible to draw more detail conclusions concerning the adsorption complex between the 

O2 molecules and the conduction band electrons on the basis of infrared absorption 

measurements.  

One way to investigate this adsorption complex in detail is by the help of electron 

paramagnetic resonance. This spectroscopic method is capable to detect paramagnetic species 

like in this case the possible formed paramagnetic superoxide anion O2
−

(ads) (Equation 6.2.6) 

adsorbed on the In2O3 surface. Therefore, the following section will focus on the 

characterization of the oxidized and reduced In2O3 nanoparticles and their interaction with 

oxygen from the gas phase. 
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6.2.2.2 EPR Spectroscopy 

In the following the interaction of oxygen as a main component of air with reduced 

In2O3 nanoparticles will be discussed on the basis of EPR spectroscopic investigations in 

defined gas atmospheres. As introduced in the Chapter 2, EPR spectroscopy is capable to 

detect paramagnetic species like conduction band electrons, electrons trapped in defects, or 

surface-adsorbed paramagnetic species like superoxide anions (O2
−
).

[45]
 The main objective 

was explore the influence of O2 molecules from the gas phase on the paramagnetic properties 

of reduced In2O3 nanoparticles. 

After installation of the Suprasil quartz glass tube containing the In2O3 nanoparticles to 

the high vacuum equipment the samples were subjected to the oxidative treatment (Section 

6.2.1.1 a). For EPR investigations the samples were cooled to T = 140 K at high vacuum 

conditions (p < 10
−6

 mbar) and finally measured with a microwave power of PMW = 20 mW. 

Selected measurements were repeated at temperature of T = 90 K. In principle lowering the 

sample temperature results in an increase in signal intensity and in the narrowing of the signal 

line width, which causes a better resolution of the observed signal. As there is no significant 

difference between the EPR spectra measured at T = 90 K and T = 140 K following low 

temperature measurements were obtained at T = 140 K to lower the consumption of liquid 

nitrogen during the measurements and, therefore, to guarantee sufficient measuring time.  

In Figure 6.2.6 a) the EPR spectrum of the empty resonator and the oxidized sample b) is 

shown. The spectrum of the oxidized In2O3 nanoparticles (Figure 6.2.6 b)) shows a signal at 

g = 4.34, which can be assigned to paramagnetic Fe
3+

 species. This signal neither was affected 

by the oxidative or reductive treatment nor by adsorption of oxygen at low temperatures. The 

latter is a direct proof that this signal originates from the bulk of the particle. (Further 

explanation of the quenching of signals originating from the particle surface by O2 molecules 

from the gas phase is given in Chapter 2. At higher magnetic fields there is no significant 

difference between the spectrum of the empty resonator and the oxidized nanoparticles 

observable (Figure 6.2.6 a) and b)). Subsequent to the measurements of the oxidized samples 

the reductive treatment (Section 6.2.2.1 b)) was applied. To identify the appropriate reduction 

temperature the sample was treated at different temperatures beginning from T = 723 K up to 

T = 923 K. The resulting EPR spectra are shown in Figure 6.2.6 c)–e). Having a look at the 

Q-factor (Q33dB), which indicates how efficiently the resonator stores microwave energy 

(Section 2.1.5), it can be seen, that the increase of the reduction temperature leads to a 
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decrease of the Q-factor from Q33dB = 9400 to Q33dB = 3300. This dielectric loss of microwave 

radiation is explained by the interaction of the electric field component of the microwave with 

conduction band electrons generated by the reductive treatment.
[202]

 The higher the reduction 

temperature the higher the amount of conduction band electrons and, therefore, the lower the 

Q-factor. Furthermore, a low Q-factor indicates a low sensitivity of the spectrometer. This can 

be observed on the basis of the signal at g = 4.34. The concentration of the underlying 

paramagnetic species remains constant but the signal intensity gradually decreases with 

increasing reduction temperature till it is not distinguishable from the background noise 

anymore.  

 
Figure 6.2.6: EPR spectra of oxidized and reduced In2O3 nanoparticles. a) Empty resonator, 

b) In2O3 nanoparticles after oxidative treatment, c) after reductive treatment at T = 723 K, 

d) at T = 773 K, e) at T = 823 K, f) T = 873 K, and g) at T = 923 K. All spectra were acquired 

at T = 140 K and p < 10
−6

 mbar. 

Beside the change in the Q-factor the formation of a signal at g = 1.89 is observable. The line 

shape of the signal is isotropic and its line width is approximately 60 Gauss. With increasing 

reduction of the sample (c → d → e → f → g) the intensity of this signal increases. According 

to the g-value the signal can be assigned to conduction band electrons.
[44]

  

In comparison to the FT-IR experiments where significant non-stoichiometry and electronic 

reduction of the sample is observed above T ≈ 373 K, significant reduction of the EPR 

samples sets in at temperatures above T ≈ 773 K. The origin of this difference in the 

reducibility of the materials is discussed in the following. 
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a) Annealing-Induced Non-stoichiometry and its Dependence on 

Solid-Solid Interfaces 

The difference between the In2O3 particles used for the two types of spectroscopic 

experiments is the way how the powder samples were mounted at the high vacuum systems, 

which are attached to the different spectrometers. Whereas the nanoparticles are contained in 

a Suprasil quartz glass tube for EPR measurements as a loose powder the particles have to be 

pressed onto a tungsten grid for the FT-IR measurements.  

As shown in literature pressing of nanoparticles can lead to substantial changes of material 

properties.
[165,203]

 For MO-CVS grown TiO2 nanoparticles it was found that solid-solid 

interface formation between nanoparticles led to facilitated lattice oxygen depletion as 

compared to free particle surfaces during vacuum annealing.
[204]

 To check whether the 

assumption of facilitated oxygen depletion due pressure induced particle-particle interface 

formation is also valid for In2O3 nanoparticles a compressed sample was prepared for EPR 

measurements. A comparison of the Q-factors of the isolated and pressed samples after the 

reductive treatment at a given temperature is plotted in Figure 6.2.7.  

 
Figure 6.2.7: Q-factor Q33dB as a function of oxidative and reductive sample treatment of 

isolated (black bars) and pressed (red bars) In2O3 nanoparticles.  

It is obvious that the decrease of the Q33dB value and, therefore, the presence of conduction 

band electrons sets in at significantly lower temperatures for the pressed particles (red bars) as 

compared to the loose packed particles (black bars). Already at T = 473 K a significant 

decrease in the Q33dB value of the sample with compressed particles can be observed, which is 

in good agreement with the reduction temperature used for the FT-IR experiments. For the 
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isolated particles this effect is not apparent till approximately T = 673 K. Comparison of 

EPR spectra of the loose particles and the pressed particles reveal that there is no qualitative 

difference of the observed signals at g = 1.89 and g = 2.03. According to these results the 

pressure induced formation of particle-particle interfaces and resulting facilitated oxygen 

depletion
[204]

 during vacuum annealing is taken as explanation for the difference in the onset 

temperature for reductive treatments of FT-IR and EPR samples.  

In the following EPR experiments were carried out on the isolated particles to exclude 

additional influences of particle-particle interfaces on the structural and spectroscopic 

properties of the In2O3 nanoparticles. Furthermore, a reduction temperature of T = 923 K was 

chosen to investigate the interaction of oxygen and the particle surface and conduction band 

electrons respectively. 

b) O2 Adsorption on Reduced In2O3 Nanoparticles 

Addition of 0.1 mbar oxygen to the reduced In2O3 nanoparticles (Figure 6.2.8 a)) led 

to the formation of a signal at g = 2.03 (Figure 6.2.8 b)) and to an increase of the Q-factor 

from Q33dB = 3300 to Q33dB = 5200.  

 
Figure 6.2.8: EPR spectra of reduced In2O3 nanoparticles, before and after O2 exposure, 

measured at T = 140 K and PMW = 20mW. After a) reductive treatment at T = 923 K measured 

at p < 10
−6

 mbar, b) addition of 0.1 mbar oxygen measured at p(O2) = 0.1 mbar, c) pumping to 

a base of pressure p < 10
−6

 mbar, and d) 10 min at T = 293 K at high vacuum measured at 

p < 10
−6

 mbar.  



6  Synthesis and Processing of In2O3 Nanoparticles 147 

 

The formation of the signal at g = 2.03 is explained by the interaction of conduction band 

electrons with oxygen impinging on the surface. Via a formation of an adsorption complex 

between conduction band electrons and O2 from the gas phase the electrons get trapped close 

to the surface. Therefore, the concentration of electrons in the conduction band is decreased, 

which leads to the increase of the Q-factor.  

The very broad line width of approximately 190 Gauss points to a very high mobility of the 

adsorption complex, which leads to a strong signal broadening.
[205]

 Due to this signal 

broadening more precise conclusions about the adsorption complex, for example the existence 

of O2
−
 species, are not feasible.  

Subsequent evacuation of the sample at T = 140 K led to a decrease in intensity of the signal 

at g = 2.03 (Figure 6.2.8 c)) whereas further warming of the sample up to T = 293 K for 

10 min led to a complete removal of this signal (Figure 6.2.8 d)). It can be assumed that the 

evacuation at T = 140 K led to partial desorption O2 molecules from the surface. Finally at 

T = 298 K all adsorption complexes were disintegrated and all O2 molecules were removed 

from the surface. This can be followed by complete removal of the signal at g = 2.03 and by 

the decrease of the Q-factor from Q33dB = 5200 to finally Q33dB = 4200 after warming up to 

T = 293 K. The decrease of the Q-factor is caused by the electrons, which were trapped by the 

O2 molecules at the surface and transfer back to the conduction band after disintegration of 

the adsorption complex and desorption of oxygen. These results in addition to the very broad 

line width of the signal indicate a week interaction of the O2 molecules and the conduction 

band electrons.  

To check a possible correlation between oxygen pressure and the response of the 

spectroscopic properties, as observed in the FT-IR experiments via the change in 

IR absorbance as a function of the O2 pressure, experiments were performed at different 

oxygen pressures in the range of p(O2) = 1 mbar to p(O2) = 200 mbar. Before every individual 

oxygen addition, the sample was oxidized and reduced according to the procedures described 

in Section 6.2.1.1 Sample Treatment. To avoid quenching of the signal by O2 molecules from 

the gas phase the here compared signal intensities at g = 2.03 were extracted from spectra 

measured after evacuation of the samples at T = 140 K like the spectrum in Figure 6.2.8 c).  
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Figure 6.2.9: Intensity of the signal at g = 2.03 after evacuation as a function of the oxygen 

pressure that was applied for 10 min prior to the measurement. Before the measurement the 

samples were evacuated at p < 10
−6

 mbar for 10 min. The signal intensities were extracted 

from EPR spectra measured at T = 140 K, p < 10
−6

 mbar and PMW = 20 mW. 

On the basis of the data plotted in Figure 6.2.9 it is apparent that the higher the oxygen 

concentration is before evacuation the higher the signal intensity at g = 2.03 is. Therefore, 

there is a functional dependence between the amount of oxygen added to the reduced In2O3 

nanoparticles and the adsorption complex forming between the O2 molecules and the 

conduction band electrons.  

c) Reversible versus Irreversible O2 Adsorption 

As discussed along with Figure 6.2.8 warming up to room temperature led to a 

complete elimination of the signal at g = 2.03. However, the signal at g = 1.89 is still present 

indicating the presence of conduction band electrons.
[44]

 Further addition of oxygen leads to 

the restoration of the signal at g = 2.03, which can additionally be removed at T = 293 K at 

high vacuum. This process is reversible and always reveals the signal g = 1.89 after 

evacuation at room temperature shown in Figure 6.2.8 d). Comparison of spectrum a) and 

spectrum d) (Figure 6.2.8) reveals that the signal intensity is higher before the first oxygen 

treatment. The intensity of the signal at g = 1.89 after multiple addition and removal of 

oxygen and subsequent annealing at T = 293 K at high vacuum conditions, is shown in 

Figure 6.2.10.  
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Figure 6.2.10: Intensity of the signal at g = 1.89 after multiple steps of oxygen exposure and 

warming up to T = 293 K under high vacuum. The signal intensities were extracted from EPR 

spectra measured at T = 140 K, p < 10
−6

 mbar and PMW = 20 mW. 

Directly after the reductive treatment the signal intensity at g = 1.89 and, therefore, the 

concentration of conduction band electrons is at its maximum. After the first oxygen 

treatment the signal intensity decreased approximately about 50%. Repetition of this 

adsorption step led to no further significant change in signal intensity. Therefore, there must 

be an irreversible adsorption/reaction step that involves oxygen and particular surface 

elements of the reduced In2O3 nanoparticles, which reduces the concentration of conduction 

band electrons.  
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In the following two possible mechanisms for an irreversible O2 adsorption will be discussed. 

 One possible explanation for an irreversible reaction is the reoxidation of highly 

reactive oxygen vacancies at the surface of the particles at room temperature, which 

can be described by Equation 6.2.7.  

  
       

   
 

 
               Equation 6.2.7 

The reaction of oxygen from the gas phase with the oxygen vacancies at the surface 

leads to a decrease of electrons, which were located in the conduction band and, 

therefore, to a decrease in intensity the g = 1.89 signal.  

 As described by Penner and coworkers on highly reduced In2O3 samples the formation 

of metallic indium can be observed.
[184]

 The conduction band electrons of small 

metallic indium islands could also contribute to the g = 1.89 signal. According to 

results of Schmid and coworkers there exists a very high reactivity between gas phase 

oxygen and In
0
 at the surface of reduced In2O3 single crystals already at room 

temperature
[190]

 If the here applied reductive treatment (Section 6.2.1.1 b)) leads to the 

formation of In
0
 at the nanoparticle surface one would expect that the addition of 

oxygen leads to the reoxidation of the In
0
 and consequently to the elimination of the 

corresponding conduction band electrons (Equation 6.2.8). 

       
 

 
                Equation 6.2.8 

Both reactions would result in a decrease of the conduction band electron concentration and 

would explain the irreversible loss in signal intensity shown in Figure 6.2.10.  

6.2.3 Conclusions 

 With the help of FT-IR and EPR spectroscopy the influence of oxygen atmosphere on 

the spectroscopic properties of reduced In2O3 nanoparticles was investigated. Especially the 

interaction of conduction band electrons and oxygen molecules from the gas phase was of 

interest.  

On the basis of the FT-IR spectroscopic results it was possible to show that the broad 

background absorption caused by conduction band electrons
[199]

 was affected by oxygen 

molecules within a temperature range of T = 90 K and T = 298 K. Addition of oxygen to the 
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reduced nanoparticles led to a decrease in IR absorption whereas subsequent removal of 

oxygen is followed by an increase of the IR absorption. Furthermore, the absorption signal 

was found to be sensitive to the applied oxygen concentration. The higher the oxygen pressure 

the lower the resulting absorption value.  

Besides the presence of conduction band electrons on the reduced In2O3 nanoparticles it was 

observed by EPR spectroscopy that the addition of oxygen led to an adsorption complex 

between oxygen molecules and conduction band electrons at the particle surface at a value of 

g = 2.03. The intensity of this signal was also sensitive to the concentration of oxygen applied 

to the nanoparticles.  

 
Figure 6.2.11: The influence of oxygen ad- and desorption on reduced In2O3 nanoparticles 

measured by FT-IR (upper panel) and EPR spectroscopy (lower panel).  

By bringing together both spectroscopic techniques as shown in Figure 6.2.11 it is apparent 

that the addition of oxygen from the gas phase to reduced In2O3 nanoparticles caused a 

decrease of conduction band electrons by formation of an adsorption complex between 
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oxygen molecules and conduction band electrons at the particle surface. Furthermore, it was 

possible to demonstrate that is feasible to investigate property determining parameters at 

cryogenic temperatures (T = 90 K–T = 140 K), which are relevant for the electronic 

performance of the particle ensemble at elevated temperatures (T > 293 K) like in sensor 

applications.  

These results addressing the influence of surface-adsorbed species on the surface electronic 

properties of reducible nanoparticle systems are vital to fully realize the range of potential 

device applications for the use as contacts, sensors and in nanoscale materials, where the 

surface to bulk ratio is much higher than in conventional films. 
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7 Summary 

On the basis of the metal organic chemical vapor synthesis (MO-CVS) method it was 

possible to synthesize model TiO2, ZrO2, SnO2, and In2O3 nanoparticles, which were well 

defined in terms of particle-size distribution, morphology, and crystal structure. 

Solvent-mediated surface charge induced heteroaggregation was applied to yield blended 

nanoparticle systems of high mixing quality and – after vacuum annealing – to high 

concentrations of heterojunctions between the different nanoparticles. Defined atmospheres 

during synthesis, processing, and analysis of the nanoparticle systems were mandatory for the 

detailed investigation of the consequence of synthesis and processing parameters as well as 

the impact of the surrounding atmosphere on the material’s properties in terms of size, 

morphology, crystal structure, and surface electronic properties. 

The optical absorption properties of carbon free and stoichiometric TiO2 and ZrO2 

nanoparticles and the light-induced charge-separation properties were investigated under high 

vacuum as well as in controlled oxygen atmospheres using UV/Vis diffuse reflectance 

spectroscopy and electron paramagnetic resonance (EPR) spectroscopy. By taking into 

account the differences in the optical band gaps, the spectral irradiance of the UV-excitation 

source and the measured concentrations of separated charges, a dramatic enhancement in the 

charge-separation yield was found for ZrO2 nanoparticles as compared to the TiO2 

nanoparticles, which – due to the smaller optical band gap – utilize a significantly higher 

number of UV photons. The enhanced recombination observed in TiO2 nanoparticles is 

explained by deep trap states, which apart from persistent hole trapping, also mediate charge 

carrier recombination. As a fascinating result, despite the much larger optical band gap, the 

significantly decreased electron-hole recombination in ZrO2 particles gives rise to comparable 

concentrations of photoadsorbed oxygen. 

EPR experiments on SnO2 nanoparticles revealed that there are spectroscopic evidences for 

the interaction of charge carriers and O2 molecules from the gas phase, which is not affected 

whether the charge carriers are generated by thermal reduction or by light-induced charge 

separation. The deconvolution of the complex EPR signal enabled the quantitative analysis of 

superoxide anions and consequently of trapped electrons. Therefore, EPR spectra were 

analyzed, which were acquired at cryogenic temperatures but further UV/Vis irradiation 

experiments at room temperature confirmed that the results obtained at cryogenic 

temperatures are even valid at elevated temperatures. 
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For hydrothermally derived TiO2:N nanostructures with very low nitrogen content 

((4 ± 1)∙10
−3

 at.%), the optical absorption properties as well as the concentration of adsorbed 

O2
−
 ions, which stand for scavenged photogenerated electrons, were determined by UV/Vis 

diffuse reflectance and electron paramagnetic resonance spectroscopy, respectively. On the 

basis of these data, we calculated the number of photons, which (a) were additionally utilized 

because of the beneficial effect of photoactive nitrogen and (b) were lost because of the 

dopant-induced recombination of UV light-generated charge carriers. As a major result, we 

found for the nitrogen-doped material that although there are 4.3 times more solar photons 

available in the visible range of solar light, this surplus does not compensate for the loss of 

photogenerated charges because of dopant induced charge carrier recombination. 

Functional particle-particle interfaces were intentionally introduced between different 

types of metal oxide nanoparticles (TiO2-ZrO2, TiO2-SnO2) and the yield of photogenerated 

and trapped charge carriers was determined quantitatively.  

To yield blended nanoparticle systems with high concentrations of heterointerfaces, it was 

vital to prepare nanoparticles, which (i) subsequently can be easily de-agglomerated in 

colloidal dispersion and (ii) to control the process of interface formation. As shown by 

dynamic light scattering (DLS) measurements, MO-CVS grown particles were simply 

dispersed by the use of ultrasonic treatment to the single particle level. Controlled interface 

formation was achieved via heteroaggregation, i.e. via the self-assembly of oppositely 

charged particles in colloidal dispersion using formic acid for the adjustment of surface 

charge. Scanning electron microscopy (SEM) in conjunction with energy-dispersive X-ray 

(EDX) spectroscopy was employed to characterize the composition and mixing quality inside 

the nanoparticle networks in the range of few hundreds of nanometers.  

While interfaces between identical oxides substantially decreased the number of trapped 

charges, TiO2-ZrO2 and TiO2-SnO2 heterojunctions actually gave rise to a beneficial effect. 

The high concentration of heterojunctions actually led to an enhanced cross section for the 

separation of photogenerated charges, which resulted from an effective interfacial charge 

transfer across the particle-particle interfaces. 

The aim of the final part of this work was to relate parameters during synthesis and 

processing of indium oxide (In2O3) nanoparticle systems to nature and abundance of defects 

with material-determining properties. For this purpose, In2O3 nanoparticles were prepared via 

metal organic chemical vapor synthesis. The influence of the systematic variation of synthesis 
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and post-synthesis treatment parameters on the particle size, morphology, and spectroscopic 

properties was analyzed via X-ray diffraction (XRD), transmission electron microscopy 

(TEM), FT-IR-spectroscopy, and electron paramagnetic resonance spectroscopy. XRD 

measurements of the as-prepared nanoparticles pointed to the formation of amorphous 

nanoparticles. This was confuted by transmission electron microscopy (TEM) where lattice 

fringes, as a proof for crystalline nanoparticles, could be detected. DLS measurements in 

aqueous dispersions revealed that the powder samples consist of loosely agglomerated 

nanoparticles, which can be easily de-agglomerated by the use of ultrasonic treatment. 

Optimized processing parameters led to well defined stoichiometric, monocrystalline bixbyte 

In2O3 nanoparticles. It was shown, that the presence of physisorbed water during the 

processing led to a change in the powder morphology and aggregation state, which also 

affected the optical absorption properties of the nanoparticles. 

Furthermore, the interaction of oxygen with the surface of thermally reduced In2O3 

nanoparticles and, therefore, the influence of oxygen on the spectroscopic properties was 

investigated in detail. The main objective was to characterize conduction band electrons, 

paramagnetic defects, and radicals, which can be associated with central device properties like 

electronic conductivity by FT-IR and EPR spectroscopy. By the complimentary use of both 

spectroscopic techniques, it was possible to show that the addition of oxygen from the gas 

phase to reduced In2O3 nanoparticles caused a decrease of conduction band electrons by the 

formation of an adsorption complex between oxygen molecules and conduction band 

electrons at the particle surface. In addition, it was demonstrated that it is feasible to 

investigate property determining parameters at cryogenic temperatures (T = 90 K–T = 140 K), 

which are relevant for the electronic performance of the particle ensemble at elevated 

temperatures (T > 293 K) like in sensor applications. 

The here presented results clearly demonstrate the importance of the detailed 

characterization of synthesis and processing parameters, which affect the material properties. 

Unintended effects like contaminations during particle synthesis as well as water adsorption at 

the nanoparticle surface at ambient air conditions can lead to tremendous changes in the 

optical as well as in the charge-separation properties. 

The conclusions concerning light-induced charge-separation properties in metal oxide 

nanoparticles clearly underline the necessity to characterize and annihilate charge 

recombination centers on photoactive materials. With regard to the synthesis and 

characterization of doped TiO2 systems, the presented findings underline the importance to 
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include dopant-induced charge carrier recombination effects in the evaluation of the 

photocatalyst’s spectral response in order to reach a fair evaluation of its properties.  

Results addressing the influence of surface-adsorbed species on the structural as well as on 

surface electronic properties of reducible nanoparticle systems are vital to fully realize the 

range of potential applications of nanoparticle-based devices. Surface charge directed 

aggregation of different types of particles and the subsequent introduction of functional 

interfaces is a cheap and versatile particle engineering approach to generate high 

concentrations of heterojunctions inside particle based devices for photochemical application 

and energy production.  
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