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Zusammenfassung 

Poröse Materialien sind aufgrund ihres großen Oberflächen-Volumen-Verhältnisses 

und ihrer Korngrößen im Nanometerbereich ein ideales Modellsystem, um den Einfluss 

von Oberflächen- und Grenzflächeneffekten auf die elektrischen und protonischen 

Transporteigenschaften zu untersuchen. Die Defektchemie nanostrukturierter 

Oxidkeramiken mit einer hohen Grenzflächendichte ist nicht mit der entsprechender 

Volumenmaterialien vergleichbar, da die Bildung einer Raumladungszone (Space 

charge layers - SCLs) an den Grenzflächen zu Änderungen der lokalen Defektchemie 

führt und somit die elektrischen Transporteigenschaften beeinflusst. Ziel dieser 

Dissertation ist es, ein besseres Verständnis des Einflusses der (Oberflächen-) 

Defektchemie von (meso-)porösen Oxiden auf die elektrischen und protonischen 

Transporteigenschaften zu erlangen. Als Modellsysteme wurden Yttriumoxid-

stabilisiertes Zirconiumdioxid (YSZ) sowie CeO2- und TiO2-beschichtetes YSZ 

verwendet. 

Die poröse YSZ-Dünnschichten mit einer hohen spezifischen Oberfläche wurden auf 

zwei unterschiedlichen Wegen hergestellt. Mit Hilfe gepulster Laserdeposition wurden 

poröse Oxid-Dünnschichten mit einer unregelmäßigen Porenstruktur abgeschieden, 

während mit Hilfe des EISA-Verfahrens (EISA: evaporation-induced self-assembly, 

deutsch: evaporationsinduzierte Selbstorganisation) mesoporöse Oxide mit einer 

regelmäßigen Porenstruktur präpariert wurden. Zur Herstellung der beschichteten 

Systeme wurde die Oberfläche mittels Atomlagenabscheidung gleichmäßig mit 

unterschiedlich dicken CeO2 oder TiO2-Beschichtungen unterschiedlicher Dicken 

Oxidmaterialien modifiziert, um Kompositmaterialien mit definierten strukturellen und 

elektrischen Eigenschaften herzustellen. Die Dünnschichten wurden mittels 

verschiedener analytischer Verfahren strukturell charakterisiert. Die elektrochemische 

Charakterisierung erfolgte bei unterschiedlichen Temperaturen, 

Sauerstoffpartialdrücken und relativer Luftfeuchtigkeit mittels elektrochemischer 

Impedanzspektroskopie.  

Die Doktorarbeit ist in drei Teile gegliedert. In Kapitel 1 wurden die 

Transportmechanismen der Ladungsträger in Metalloxiden detailliert beschrieben. 

Darüber hinaus gibt dieses Kapitel einen Überblick über die Defektchemie der in dieser 

Arbeit untersuchten Metalloxide sowie die Beschreibung von Raumladungsschichten an 

Grenzflächen. Das zweite Kapitel fasst die wissenschaftlichen Ergebnisse dieser 

Dissertation zusammen, die in drei Forschungsartikeln veröffentlicht wurden. Hierzu 

wurden die Transporteigenschaften poröser YSZ-Dünnschichten untersucht, welche 

mittels PLD hergestellt wurden. Die Schichten zeigen in trockener Atmosphäre eine 
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konstante Sauerstoffionen-Leitfähigkeit. In steigender Luftfeuchtigkeit tritt ebenfalls eine 

protonische Leitfähigkeit auf, da Wassermoleküle an der Oberfläche adsorbieren. Durch 

eine dünne Beschichtung mit amorphem TiO2 wird die Adsorption der Wassermoleküle 

erschwert, wodurch die protonische Leitfähigkeit unterdrückt wird. Eine Erhöhung der 

Schichtdicke führt zu einer Kristallisation der TiO2-Beschichtung, was die Adsorption der 

Wassermoleküle erleichtert und somit wieder zu einer Erhöhung der protonischen 

Oberflächenleitfähigkeit führt. Impedanzmessungen der elektrischen Eigenschaften 

mesoporöser YSZ-Dünnschichten zeigen, dass eine Variation der Porengröße nahezu 

keinerlei Einfluss auf die ionische Leitfähigkeit der Dünnfilme hat. Eine Beschichtung mit 

einer dünnen CeO2-Schicht ermöglicht es, gemischtleitende Kompositmaterialien 

herzustellen, wobei die CeO2-Beschichtung insbesondere bei tieferen Temperaturen 

eine dominante elektronische Leitfähigkeit zeigt. Zusätzlich zeigen die Untersuchungen, 

dass die elektronische Teilleitfähigkeit mit zunehmender CeO2-Schichtdicke abnimmt. 

Insgesamt zeigen die gewonnenen Ergebnisse den großen Einfluss einer 

Oberflächenbeschichtung auf die Transporteigenschaften der untersuchten 

Kompositmaterialien und weisen Möglichkeiten auf, die elektrochemischen 

Eigenschaften der Komposite für elektrochemische Anwendungen durch eine 

Optimierung der Beschichtung anzupassen. Eine Zusammenfassung der Ergebnisse, 

abschließende Bemerkungen zu den zukünftigen wissenschaftlichen 

Herausforderungen und Vorschläge für weitere Arbeiten schließen die Dissertation ab.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstract 

Porous materials are an ideal model system to study the influence of the surface on 

the electrical and protonic transport properties due to their large surface-to-volume ratio 

and their grains in the nanometer size range. The defect chemistry of nanostructured 

oxide ceramics with a high density of interfaces, such as grain boundaries and free 

surfaces, is not comparable with that of the respective bulk materials. This is due to 

space charge layers (SCLs) at the interfaces, which cause changes to the local defect 

chemistry, and thus affect the electrical transport properties. The objective of this 

dissertation was to get a better understanding of the impact of the (surface) defect 

chemistry on the electrical and protonic transport properties of (meso-)porous zirconia-

based oxide materials, in particular of yttria-stabilized zirconia (YSZ) and CeO2- and 

TiO2-coated YSZ.  

Accordingly, porous thin films of YSZ with a high surface area were prepared using 

two different routes. Pulsed laser deposition (PLD) has been used to produce porous 

oxide thin films with a random pore structure, while an evaporation-induced self-

assembly (EISA) process has been used to deposit mesoporous oxides with a regular 

pore arrangement. The pores were uniformly coated by means of atomic layer deposition 

(ALD) with varying thicknesses of oxide materials, such as CeO2 and TiO2, to prepare 

composite materials with tailored structural and electrical properties. The thin films were 

structurally characterized by several analytical techniques, and electrochemical 

characterization was done by electrochemical impedance spectroscopy (EIS) 

measurements varying temperature, oxygen partial pressure or relative humidity.  

The thesis is divided into three parts. In chapter 1, a detailed description of the 

transport mechanisms of the charge carriers in metal oxides is presented. In addition, 

this chapter gives an overview about the defect chemistry of the metal oxides 

investigated in this work as well as the description of space charge layers at interfaces. 

The second chapter summarizes the scientific results of this doctoral thesis, which have 

been published in three research articles.  

The transport properties of porous PLD-derived YSZ thin films were investigated 

using EIS. Under dry conditions, the pristine YSZ thin film exhibits only dominant oxygen 

ion conductivity. However, a significant increase in total conductivity with increasing 

relative humidity is observed. Here, the additional protonic contribution arises from the 

adsorption of water molecules at the material surface. While an amorphous titania 

coating layer results in a decrease of the protonic conductivity compared to pristine YSZ, 

the crystalline TiO2 layer increases the protonic conductivity contribution again. The 

crystallinity of the titania layer can be adjusted by varying the thickness, which 
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significantly influences the transport properties of the composites. EIS measurements of 

mesoporous sol–gel-derived YSZ thin films reveal no effect of pore size on the total 

electrical conductivity. The composites with thin ceria coatings exhibit mixed 

ionic/electronic conductivity, but a dominant electronic contribution at low temperatures. 

In addition, investigations show that the electronic contribution significantly decreases 

with increasing CeO2 layer thickness. Surface engineering enables to modify certain 

structural and electrochemical properties by active oxide layer coating, which tailors the 

transport mechanisms (electronic, ionic and protonic conductivity) in the nanostructured 

composites. A short summary of the results, final comments on the prospective scientific 

challenges, and suggestions for further work conclude the thesis.  
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1. Introduction 
 

Solid-state ion conductors play an important role in electrochemical devices in the 

field of modern energy technology, particularly for catalysis and energy storage and 

conversion.1–4 For example, yttria-stabilized zirconia (YSZ) is a very important 

component for solid oxide fuel cells (SOFCs), as it combines a high oxygen ion 

conductivity at elevated temperatures with excellent chemical and mechanical   

stability.5–10 Using cubic YSZ as electrolyte material, SOFCs operate at high 

temperatures around 650 °C to 1000 °C,11 which involves some disadvantages, including 

high costs, faster loss of overall performance and degradation of the system. In 

particular, the high operation temperature leads to structural changes (cubic to tetragonal 

phase), which are accompanied by a reduction of the ionic conductivity.10 Consequently, 

it is desirable to reduce the operation temperatures for SOFC applications. Therefore, it 

is necessary to develop electrolyte materials that possess enhanced oxygen ion 

conductivity at low temperatures. One major aspect is that the ionic conductivitiy of YSZ 

can be altered by tailoring the dopant concentration, which in turn affects the 

concentration and mobility of the mobile oxygen vacancies. The maximum conductivity 

value has been obtained between 8 and 9 mol % Y2O3.  

 Besides the composition control, nanostructuring is a promising approach to alter the 

defect chemistry of oxide materials. Thus, nanostructured materials open fresh 

perspectives and research areas on fuel cell technology, providing a promising strategy 

to overcome the above mentioned disadvantages of SOFCs associated with the reduced 

operation temperatures. Nanostructuring primarily increases the density of interfaces 

and the specific surface area, which simultaneously affects the structural and physico-

chemical properties of ionic and mixed-conducting materials. Related studies have 

shown a great potential of ionic conductors based on nanocrystalline structures.12–14 In 

several scientific works, an enhancement of the ionic conductivity by several orders of 

magnitude has been demonstrated for YSZ thin films, achieved either by nanostructuring 

or by decreasing the film thickness.15–22 On the other hand, there are also reports of the 

contrary observations, where the ionic conductivity of nanostructured thin films 

decreases.23,24 The variation of the conductivity is attributed to space charge effects in 

the vicinity of the grain boundaries, misfit dislocations and/or strain effects at the interface 

between thin film and substrate.25,26 In addition, there are reports that nanostructured 

materials can exhibit a visible change in the conduction mechanism with decreasing 

grain size, i.e., from ionic to mixed ionic-electronic conduction.27,28 However, the 

advantages of nanocrystalline YSZ is still controversially discussed in the literature.  
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Electrochemical properties of oxide ceramics can be tailored by developing a porous 

structure, thus a high surface-to-volume ratio. One of the most characteristic features of 

porous materials is the high accessibility of their internal pore structure to the surrounding 

atmosphere. Previous studies using porous materials have indicated an excellent 

electrochemical performance and functionality, attributed to the higher density of 

electrochemically active surface sites compared to their bulk counterparts.29–33 The 

surface area exhibits a different defect chemistry than the bulk due to several effects, 

including the presence of a space charge layer, surface reconstruction and       

charges.34–37 For instance, oxygen kinetics are determined by the surface chemistry. 

Literature results indicate enhanced oxygen exchange kinetics in ceria- and zirconia-

based oxides for SOFC applications by different surface modification strategies, e.g., the 

deposition of thin coatings and incorporation of aliovalent impurities.36,38–44  

Since the last decade, atomic layer deposition (ALD) plays a fundamental role in the 

improvement of SOFC properties.45–50 ALD can be used to deposit conformal and 

uniform coatings on complex structures, like mesoporous thin films. Different materials, 

such as TiO2, CeO2 and Al2O3, can be deposited with a precise control of the layer 

thickness. During the process, the substrate is exposed to chemical precursors. A 

coating can alter and modify the ionic/electronic conductivity as well as the surface 

oxygen exchange kinetics, having a great influence on the transport mechanisms and 

charge transfer reactions in SOFCs, as summarized by Shin et al.46 In addition, the 

interfacial electrode-electrolyte reactions can be tailored by layers with defined 

composition and thickness. Another important application of the ALD process is the 

deposition of protective films to improve the chemical and mechanical stability of the 

device. As reported for example by Dubraja et al., Al2O3-ALD improved the thermal 

stability of mesoporous Rh2O3 thin films significantly.51 Several thin film composites, such 

as CeO2/ZrO2,52 have been investigated and analyzed, but further research is still 

required in this field to continue the development of novel two-phase nanocomposites 

with promising properties for electrochemical applications. Therefore, detailed studies of 

the structural and physicochemical properties of these films are required to gain a deeper 

insight into the nanoionics and surface effects.  

In this thesis, the impact of the surface area and of surface modifications by ALD on 

the electrical and protonic transport properties as well as the defect chemistry of     

(meso-)porous oxide nanomaterials have been investigated. Studies on the defect 

chemistry were performed as a function of temperature (25 to 700 °C), oxygen partial 

pressure (10-5 to 10-0.6 bar) or relative humidity using electrochemical impedance 

spectroscopy (EIS). To realize desired oxygen partial pressure values, gas mixtures of 

Ar/O2 were used.  
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 Thin films of non-ordered porous 9.5 mol% YSZ with grains in the range of                     

15 – 20 nm were deposited via pulsed laser deposition (PLD) on (0001)-oriented single-

crystalline sapphire substrates. The pore surface of the YSZ films was uniformly coated 

by ALD with a titania layer of either 6 or 18 nm thickness. The thickness of the coating 

affects the crystallinity. While the thinner titania layer was amorphous, the thicker layer 

showed the anatase phase. The total conductivity of these thin films was investigated 

under dry and ambient atmosphere, revealing significant differences between pristine 

and TiO2-coated YSZ. The non-coated YSZ showed an increase in conductivity with 

increasing humidity. While the protonic contribution was significantly suppressed in YSZ 

coated by a TiO2 layer of 6 nm thickness, the protonic conductivity increased again in  

18 nm thin titania-coated YSZ. This was attributed to filling of reduced-size pores with 

water. Overall, these results indicated that proton transport largely depends on the 

surface properties and the pore structure. 

Secondly, highly ordered mesoporous 8 mol% YSZ thin films with different pore sizes 

(15 – 40 nm) were produced by solution-phase coassembly of salt precursors with 

different polymer structure-directing agents using an evaporation-induced self-assembly 

(EISA) process. The pore walls of the thin films were uniformly coated via ALD with 

varying thicknesses (3 and 7 nm) of ceria to functionalize the material surface. In this 

way, the pore size was adjusted in a controlled way. Similar to the TiO2 coating, the 

thickness of the ceria coating affects the crystallinity and composition of the material. 

Only the thickness of the ceria surface layer affected the electrical transport properties, 

whereas the porosity showed no effect at all. ALD-derived two-phase nanocomposites 

with a 3 nm coating exhibited mixed ionic/electronic conductivity, those with a 7 nm 

coating only showed ionic conductivity. Accordingly, the electrical transport properties of 

these material systems can be tailored by varying the coating thickness.  

Furthermore, in the invited perspective article, the state-of-the-art in the synthesis of 

mesoporous metal oxides, their structural and physicochemical properties, and their 

potential as electrode materials for electrochemical applications were addressed. Here, 

the advantages and disadvantages of the structural properties regarding the 

electrochemical device performance are discussed in detail.  
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2. Theoretical Background  
 

In this chapter, the fundamental and relevant concepts for the interpretation of the 

results obtained in this doctoral thesis are introduced. This includes a brief theoretical 

introduction of the transport properties and the defect chemistry of solid oxides. 

 

2.1. Electrical Transport in Solids 

 

The total electrical conductivity 𝜎total of a material is defined as the sum of the partial 

conductivities of charged carriers of type 𝑖, such as electrons and ions:53 

𝜎total = ∑ 𝜎𝑖  . 

                                                                                                                                  (1.1) 

The partial conductivity 𝜎𝑖 depends on the concentration per unit volume 𝑐𝑖, the charge 

𝑞𝑖 and mobility μ𝑖 of the moving carriers:  

𝜎𝑖 =  𝑐𝑖𝑞𝑖μ𝑖 . 

                                       (1.2) 

2.1.1. Ionic Conductivity 

 

     A fundamental requirement for the oxygen ion conductivity is the presence of defects 

in the crystal lattice of the oxide material. In an ionic crystal lattice mainly three types of 

defects can be formed, intrinsic Frenkel and Schottky defects, and extrinsic defects, as 

described in chapter (2.3.). Depending on the crystal structure, oxygen vacancies or 

interstitials are considered to be the most common point-defects. Generally, in fluorite-

type oxides, the migration of oxygen vacancies gives rise to the ionic conductivity.  

By applying an external electric field 𝐸𝜐, the transport of oxygen ions occurs by hopping 

via available oxygen vacancy sites, i.e., oxygen ions move from one oxygen vacancy to 

another. During the jump to adjacent lattice sites, a defined energy barrier must be 

surmounted (Fig. 1). This energy barrier is the Gibbs free energy of migration ∆𝐺m. The 

net velocity 𝜐 of ion migration is given by: 

𝜐 =
𝑣𝛾𝑍𝑒𝑎²𝐸𝜐 

𝑘B𝑇
exp (−

∆𝐺𝑚 

𝑘𝐵𝑇
) . 

                                                  (1.3) 

with the Boltzmann constant 𝑘B, the temperature 𝑇, the attempt frequency 𝑣 for a jump, 

the geometrical factor 𝛾 depending on the crystal structure, the distance between the 
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adjacent lattice sites 𝑎 and the nominal charge on the ions 𝑍𝑒. Furthermore, the mobility 

𝜇i is defined as being the ratio of velocity and electric field strength: 

𝜇i  =
𝑣𝛾𝑍𝑒𝑎²

𝑘B𝑇
exp (−

∆𝐺𝑚 

𝑘𝐵𝑇
) . 

                                                            (1.4) 

By combining equations (1.2) and (1.4), the temperature dependence of 𝜎𝑖 is given by: 

𝜎𝑖  =
𝛾𝑐𝑣𝑍𝑒²𝑎²

𝑘B𝑇
exp (−

∆𝐺m 

𝑘B𝑇
) . 

                                                   (1.5) 

The Gibbs free energy of migration can be separated into the enthalpy ∆𝐻m and the 

entropy ∆𝑆m of migration:  

∆𝐺m = ∆𝐻m − 𝑇∆𝑆m, 

                                                   (1.6) 

leading to the following equation for the conductivity:  

𝜎𝑖  =
𝛾𝑐𝑣𝑍𝑒²𝑎²

𝑘B𝑇
exp (−

∆𝐻m 

𝑘B𝑇
) exp (

∆𝑆m 

𝑘B
) =

𝜎0

𝑇
exp (−

∆𝐻m  

𝑘B𝑇
) . 

                                                                                                   (1.7) 

Here, the pre-exponential factor includes the entropy term of migration, the lattice 

constant and the attempt frequency.  

 

Fig. 1: Schematic representation of the potential barrier for the migration of an ionic 

charge carrier in the presence of an applied electric field. Reproduced from Tilley et al. 

with permission.53 

 

The conductivity of a pure oxygen ion conductor (𝜎total = 𝜎ionic), such as YSZ, depends 

strongly on temperature. The ionic conductivity increases with increasing temperature 

due to the thermally activated mobility of the free charge carriers for a fixed charge carrier 



Theoretical Background 

7 
 

concentration. For example, bulk YSZ is consistently reported to have a conductivity of 

around 1 S/cm at 800 °C.54 

 

2.1.2. Electronic Conductivity 

 

Most metal oxide materials, such as CeO2 and TiO2, are mixed conductors, whereas only 

few are classified as pure ionic conductors. Electrons, electron holes, anions and cations 

can serve as charge carriers in mixed conductors. Thus, the contribution of electronic 

and ionic components to the total conductivity is given by:   

𝜎total = 𝜎ionic + 𝜎electronic . 

                                               (2.1) 

The ionic transport process is described in the previous section (2.1.1.). In several metal 

oxides, e.g., transition metal oxides, the electronic transport occurs by a hopping 

mechanism instead of a band conduction mechanism.55–58 The presence of 

crystallographic defects in the material breaks the regular periodicity of the electronic 

charge density. This structural disorder leads to the formation of localized electronic 

states in the band gap, close to the band edges.59,60 This results in a smearing out of the 

band gap. However, localized electronic states can also be formed in highly crystalline 

oxide materials. This phenomenon is described as a modification of the band structure 

induced by polaron (quasiparticle) formation. A polaron is formed by the Coulomb 

interaction between charge carriers (i.e., electrons or holes) and phonons. When ions 

are attracted (repelled) to charge carriers with an opposite (same) electric charge, a 

polarization (distortion) of the structure is generated, following the charge carrier when it 

moves through the crystal lattice. Furthermore, polarons are classified as large or small 

depending on the size and strength of the phonon cloud. Whereas small polarons are 

governed by short-range electron-phonon interactions, large polarons are formed by 

long-range interactions. In metal oxides, the electronic conductivity 𝜎𝑒 can be described 

by a charge carrier jumping through the material between the localized states. In order 

to move, the charge charrier has to overcome the energy barrier during the hopping 

between two adjacent sites. This electrical transport mechanism is thermally activated. 

In such materials, the mobility of the charge carriers  𝜇  increases with increasing 

temperature, in contrast to the classical band theory:53 

𝜇 ∝
1

𝑇
exp (−

∆𝐻m,elec 

𝑘B𝑇
) . 

                                               (2.2) 
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Here, ∆𝐻m,elec  is the migration enthalpy of the electronic defects. The transport 

mechanism of polaron hopping is similar to that of the ionic conductivity:53 

𝜎𝑒  = (1 − 𝜑) (
𝑐𝑣𝑒2𝑎2

𝑘B𝑇
) exp (−

∆𝐻m,elec 

𝑘B𝑇
) exp (

∆𝑆m,elec 

𝑘B
) . 

                                                                                         (2.3) 

The geometrical factor in equation (1.5) is replaced by the term (1 − 𝜑). The parameter 

𝜑 represents the fraction of total sites that mobile charges occupy, which varies with the 

degree of nonstoichiometry. A high degree of nonstoichiometry leads to an increase in 

the mobile charge carrier concentration 𝑐 . ∆𝑆m denotes the migration entropy of the 

electronic defects. The electronic conductivity is exponentially correlated with the 

temperature.61 

The formation of small polarons has been already observed in several metal oxides, like 

ceria and titania, which both exhibit a large band gap with an energy higher than 3 eV.62 

Polarons originate from intrinsic defects, such as oxygen vacancies or metal interstitials. 

The polaron formation is attributed to a change of the transition metal oxidation state, for 

example, in ceria from Ce4+ to Ce3+. Particularly in oxide materials, the charge transfer 

and the electron-phonon coupling occur more easily in the vicinity of the surface than in 

the bulk due to the different defect chemistry and structure.  

 

2.1.3. Protonic Conductivity 

 

In the last years, nanostructured oxides gained much attention as proton conducting 

materials in several electrochemical devices, such as humidity sensors63–65 and proton 

exchange membranes,66–68 at ambient conditions, where protons were found to be the 

dominant charge carriers. Nanostructured oxides, such as YSZ,69–73 CeO2
74–76 and 

TiO2
72,77–79, can exhibit notably high protonic conduction at temperatures below 150 °C, 

as demonstrated in several studies.  

The protonic conductivity arises from the adsorption of water molecules at the material 

surface and/or its grain boundaries. However, the type, concentration and migration 

mechanism of protonic charge carriers, as well as the process of the adsorption of 

different water layers on the surface, are determined by the physicochemical properties 

of the material’s surface. Depending on temperature and relative humidity, chemisorbed 

and/or physisorbed water layers are formed, as schematically shown in Fig. 2.80,81 

Generally at high temperatures (𝑇 > 450 °C)82 and/or low relative humidity, chemisorbed 

layers are present, which are mostly forming covalent bonds to the substrate material in 
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the form of hydroxyl groups. Typical values of the adsorption enthalpy range between 1 

and 2 eV.83,84 In addition to the dissociative adsorption, water molecules can molecularly 

adsorb onto the surface. Common adsorption sites are metal ions and surface defects. 

For instance, when a metal oxide material with surface defects, such as oxygen 

vacancies VO
˙˙, is exposed to a humid atmosphere, the water molecule H2O(g) fills the 

vacancy according to the defect reaction shown in the Kroeger–Vink notation:85,86 

H2O(g) + VO
˙˙ + OO

x ↔ 2(OHO
˙ ), 

                                                                                                                 (3.1) 

where hydroxide ions are formed. At lower temperatures, additional physisorbed water 

layers are formed, whose number increases with increasing relative humidity. Compared 

to chemisorbed water molecules, physisorbed molecules exhibit a lower adsorption 

enthalpy on the order of 0.2 eV to 1 eV.83,84 

 

Fig. 2: Schematic illustration of the structure of adsorbed water layers on a titania 

surface. The influence of a surface acceptor A and a donor D on the water dissociation 

is shown. Reproduced from Stub et al. with permission.81 

 

The transport of protons occurs in two different ways, either by Grotthuss or vehicle 

mechanisms, depending on the structure of the adsorbed water layers.73,87,88 In the 

chemisorbed water layers, the protons typically propagate by a hopping mechanism 

(Grotthuss mechanism) between the different oxygen atoms of the adsorbed water 

molecules, where the activation energy varies between 0.1 and 0.4 eV. In physisorbed 

water layers, the transport of hydroxide ions (vehicle mechanism) is preferred, which has 

a higher activation energy typically in the range between 0.4 and 1 eV.83,88,89  
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2.2. Defect Chemistry at Interfaces (Space Charge Region) 
 

The presence of a high density of interfaces, such as grain boundaries or free 

surfaces, can significantly affect the electrochemical transport properties in metal oxides. 

At interfaces, the concentration and mobility of the charge carriers are changed due to 

the formation of a space charge region. Thus, the defect chemistry at interfaces differs 

significantly from that of the bulk material. The first description of space charge regions 

of ionic solids was discussed by Kliewer and extended to metal oxides by Maier.90–92 

Generally, the concentration of each defect 𝑖 is related to its electrochemical potential 𝜇̃𝑖, 

which comprises the chemical potential 𝜇𝑖
0 and the electrical potential Φ(𝑥): 

𝜇̃𝑖 = 𝜇𝑖
0 + 𝑍𝑖𝐹Φ(𝑥), 

                                                                                                                                   (4.1) 

with 𝑍𝑖  being the effective charge of the defect 𝑖  and 𝐹  the Faraday constant. At an 

interface, the local symmetry of the crystal structure is distorted, i.e., the chemical 

potential of the interface (𝑥 = 0) deviates from that of the bulk (𝑥 = ∞). In order to 

maintain electroneutrality, i.e., a constant electrochemical potential, charged mobile 

species in the vicinity of the interface redistribute and vary their local concentration, 

resulting in the formation of a space charge layer. The concentration profile 𝑐𝑖(𝑥) for each 

mobile defect at the distance 𝑥 from the interface is given by: 

𝑐𝑖(𝑥) = 𝑐𝑖,∞ exp (−
𝑍𝑖𝑒 ∙ ∆Φ(𝑥)

𝑘𝑇
) , 

                                                                                                       (4.2) 

where 𝑐𝑖,∞ refers to the defect concentration of 𝑖 in the bulk. ∆Φ(𝑥) = Φ(𝑥) − Φ∞ is the 

electrostatic potential at the distance 𝑥  from the interface relative to the bulk 

potential Φ∞. The potential profile can be determined by solving the Poisson-Boltzmann 

differential equation (one-dimensional form): 

 
𝜕²Φ

𝜕𝑥²
= −

𝑒

𝜀0𝜀𝑟
∑ 𝑍𝑖𝑐𝑖,∞

𝑖

exp (−
𝑍𝑖𝑒 ∙ ∆Φ(𝑥)

𝑘𝑇
) . 

                                                                                             (4.3) 

Equation (4.3) and, thus the description of the charge carrier spatial distribution at the 

interface can be solved for two prominent cases, the Gouy-Chapman case and the Mott-

Schottky case. In the Gouy-Chapman case, two defects of opposite sign are assumed 

to be mobile, while in the other case one of the defects is immobile. The two different 

situations are described in more detail in the first publication of this thesis. 
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Numerous studies have investigated the properties of the space charge layer of ionic 

and mixed ionic-electronic conductors.93–100 By decreasing the grain size to the 

nanometer level, the concentration of oxygen ions in ceria- and zirconia-based oxides is 

reduced and those of the electrons increases in the space charge region. The reason is 

that in fluorite-based materials, the grain boundaries typically exhibit a positively charged 

core. The change in carrier concentration in the vicinity of the interface affects the local 

defect chemistry and thus the corresponding electrical conductivity. The transport 

properties in polycrystalline ceria- and zirconia-based materials can be obviously 

controlled by micro- and nanostructuring. An overview of the correlation between grain 

boundary, grain size and space charge region in metal oxides can also be found in the 

first publication of this thesis.  

 

2.3. Defect Chemistry of Solid Metal Oxides  

 

2.3.1. Defect Chemistry of Yttria-stabilized Zirconia (YSZ) 

 

Cubic yttria-stabilized zirconia is one of the most common ceramic materials, as it is 

well suited as solid-state electrolyte for SOFCs due to its comparably high ionic 

conductivity and chemical stability over wide temperature and oxygen partial pressure 

ranges.1,101,102 The incorporation of yttria (Y2O3) in pure zirconia (ZrO2) generates double 

positively charged oxygen vacancies VO
˙˙. Here, yttrium ions (Y3+) replace the zirconium 

sites YZr
′  with a relative charge of -1 and oxygen vacancies are formed to maintain charge 

neutrality. This can be described in Kroeger-Vink notation by the defect reaction:103,104 

Y2O3 → 2YZr
′ +  VO

˙˙ + 3OO
x . 

                                                                                                     (5.1) 

OO
x  indicates the lattice oxygen ions on regular oxygen sites with a neutral charge. Yttria 

does not only provide oxygen vacancies, which increase the ionic conductivity. It also 

stabilizes the cubic phase of zirconia, which is thermodynamically stable only at high 

temperatures. The cubic fluorite-type YSZ exhibits the highest ionic conductivity. 

Generally, zirconia as a polymorphic material exists in three different phases: cubic, 

tetragonal and monoclinic.105 However, the ion conductivity depends on the oxygen 

vacancy concentration [VO
˙˙] on the anionic sublattice, which is determined by the yttrium 

ion concentration [YZr
′ ]: 

[VO
˙˙] = 0.5[YZr

′ ]. 

                                                                                            (5.2) 
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Several studies found an optimal doping concentration of Y2O3 to obtain the highest 

oxygen ion conductivity of about 8 and 9 mol % Y2O3.106–110 A higher doping 

concentration leads to a drastic reduction of the ionic conductivity due to the decrease 

in mobility. At low temperatures or high doping concentration, the formation of two 

different defect clusters are involved.111–113 Oxygen vacancies and yttria form a complex 

with a positive effective charge: 

YZr
′ + VO

˙˙ ↔ (YZr
′ VO

˙˙)˙. 

                                                                                                      (5.3) 

An even higher doping concentration results in the formation of clusters, which are 

electrostatically neutral. These defects can be described as: 

2YZr
′ + VO

˙˙ ↔ (YZr
′ VO

˙˙YZr
′ )x. 

                                                                                                                                   (5.4) 

Furthermore, oxygen ions move from a regular oxygen lattice site OO
x  to an interstitial 

position Oi
′′ in the lattice, creating simultaneously oxygen vacancies (Frenkel-type anion 

disorder): 

OO
x + Vi

x ↔ VO
˙˙ + Oi

′′, 

                                                                                                                                   (5.5) 

with the corresponding equilibrium constant of the mass action law: 

𝐾F = [VO
˙˙][Oi

′′]. 

                                                             (5.6) 

The oxygen interstitial Oi
′′ has a double negative charge relative to the lattice. Depending 

on the oxygen partial pressure 𝑝O2
, YSZ can exhibit a dominant ionic, electronic or mixed 

conduction. The correlation between different charge carrier concentrations and the 𝑝O2
 

is represented in so-called Brouwer diagrams, where the logarithm of the defect 

concentration log[def] is plotted versus the logarithmic value of the oxygen partial 

pressure. As seen in Fig. 3, several defect regimes for YSZ can be constructed, 

illustrating the case of the stoichiometric region (intrinsic ionic conduction), along with an 

oxygen excess (p-type) and oxygen deficient (n-type) region by a variation of  𝑝O2
. 

However, YSZ offers a dominant ionic conductivity over a wide range of oxygen partial 

pressures and temperatures due to the doping with Y2O3, whereas dominant p-type or 

n-type conduction is not observed under real (experimental) conditions.  

Using the Kroeger-Vink notation, the defect reaction of oxygen release under reducing 

atmosphere is given by: 
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OO
x ↔ VO

˙˙ + 2e′ + 0.5 O2(g), 

                                                                                                         (5.7) 

which forms oxygen vacancies in the lattice and excess electrons e′ in the conduction 

band. The respective mass action law 𝐾Red for reaction (5.7) is given by: 

𝐾Red = [VO
˙˙][e′]²𝑝O2

1/2. 

                                                                                                   (5.8) 

Similarly, the incorporation of oxygen under oxidizing atmosphere can be described by 

the following reaction and equilibrium constant 𝐾Ox:     

0.5 O2(g) + VO
˙˙ ↔ OO

x + 2h˙, 

                                                                                                                                   (5.9) 

𝐾Ox = [VO
˙˙]

−1
[h˙]2𝑝O2

−1/2. 

                                                                                       (5.10) 

Here, hVB
˙  denotes a defect electron in the valence band. The dopant concentration [YZr

′ ] 

is constant for the whole 𝑝O2 
range. 

 

(Near-)stoichiometric region: 

In the vicinity of the stoichiometric point, the concentration of oxygen vacancies is 

intrinsically large due to doping and remains constant over a broad range of oxygen 

partial pressures ([VO
˙˙] ≈ const.). Here, the total conductivity is equal to the oxygen ion 

conductivity (i.e.  𝜎total  ≈ 𝜎ion ). Cation diffusion of  YZr
′  can be neglected, and the 

influence of electrons e′and holes hVB
˙  on the total conductivity is negligible due to the 

large band gap, leading to a low electron concentration, i.e. [e′] ≪ [VO
˙˙].  Here, the 

electron-hole disorder can be written as: 

nill ↔ e′ + h˙. 

                                                                                                       (5.11) 

According to equation (5.11), the equilibrium constant 𝐾𝑒 is given by: 

𝐾𝑒 = [e′][h˙] , 

                                                                                    (5.12) 

where [e′] and [h˙] are the concentration of electrons and holes in the conduction and 

valence band, respectively. The charge neutrality condition can be described by: 
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 YZr
′ + 2Oi

′′ + e′ ↔ 2VO
˙˙ + h˙. 

                                                                                                                                 (5.13) 

Combining the law of mass action in equation (5.9) with the assumption [VO
˙˙] ≈ const. 

results in the 𝑝O2
-dependence of the electron concentration in YSZ:  

[e′] ∝ 𝑝O2
−1/4. 

                                                                             (5.14) 

Similarly, the dependence of the hole concentration on the oxygen partial pressure can 

be described as: 

[h˙] ∝ 𝑝O2
+1/4. 

                                                        (5.15) 

 

Reducing conditions: 

By decreasing the oxygen partial pressure, the oxygen vacancy concentration increases 

in YSZ due to the release of oxygen. Here, the double positive charge of an oxygen 

vacancy is compensated by two additional electrons. If the concentration of electrons 

reaches the oxygen vacancy concentration, the Brouwer approximation for the n-type 

region holds: 

2[VO
˙˙] = [e′]. 

                                                                                                                                 (5.16) 

The dependence of certain defect species on the oxygen partial pressure can be 

determined on the basis of equations (5.7), (5.8), (5.11), (5.12) and (5.16): 

[VO
˙˙] ∝ 𝑝O2

−1/6, [Oi
′′] ∝ 𝑝O2

+1/6 

                                                                                                 (5.17) 

and 

[e′] ∝ 𝑝O2
−1/6, [h˙] ∝ 𝑝O2

+1/6. 

                                                                                                 (5.18) 

Under reducing conditions, the defect concentration changes with a characteristic slope 

of ± 1/6 in the Brouwer diagram.   
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Oxidizing conditions: 

With a reasonably high partial pressure of oxygen, the hole concentration approaches 

the dopant concentration: 

[YZr
′ ] = [h˙]. 

                                                                                                                                 (5.19) 

In this region, the number of electrons and holes can be assumed to be constant 

(Brouwer approximation). The dependence of the oxygen vacancy and interstitial 

concentration on the oxygen partial pressure is calculated using equations (5.9), (5.10) 

and (5.19), respectively:  

[VO
˙˙] ∝ 𝑝O2

−1/2, [Oi
′′] ∝ 𝑝O2

+1/2. 

                                                                    (5.20) 

Thus, the logarithmus of the  oxygen vacancy concentration decreases with a slope of   

-1/2 with increasing log(𝑝O2
), while those of interstitials increases with a characteristic 

slope of +1/2. 

 

Strongly oxidizing conditions: 

At an even higher oxygen partial pressure, the incorporation of oxygen increases the 

concentration of oxygen interstitials and holes. In this regime, the double negative charge 

of an oxygen interstitial is compensated by two additional holes. The corresponding 

Brouwer approximation is formulated as: 

2[Oi
′′] = [h˙]. 

                                                                                                                                 (5.21) 

The dependence of certain defect species on the oxygen partial pressure can be 

calculated on the basis of equations (5.9), (5.10), (5.11), (5.12) and (5.21): 

[VO
˙˙] ∝ 𝑝O2

−1/6, [Oi
′′] ∝ 𝑝O2

+1/6 

                                                                   (5.22) 

and 

[e′] ∝ 𝑝O2
−1/6, [h˙] ∝ 𝑝O2

+1/6. 

                                                         (5.23) 

In this region, the number of oxygen interstitials exceeds those of yttria. The 

corresponding Brouwer diagram is shown in Fig. 3.  
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Fig. 3: Brouwer diagram for yttria-stabilized zirconia (YSZ). Reproduced from ref. 114. 

 

2.3.2. Defect Chemistry of Cerium (IV) oxide (CeO2) 

 

In fluorite-type oxides, such as ceria (CeO2), Schottky disorder is energetically 

unfavorable. The intrinsic defect formation in stoichiometric ceria is based on the 

formation of oxygen vacancies VO
˙˙ and oxygen interstitials Oi

′′, which is represented by 

means of Kroeger-Vink notation (here: Frenkel-type anion disorder): 

OO
x + Vi

x ↔ VO
˙˙ + Oi

′′, 

                                                                                               (6.1) 

with the respective law of mass action: 

𝐾𝐹 = [VO
˙˙][Oi

′′] . 

                                                             (6.2) 

Intrinsic defects are mainly formed due to the increase in entropy at elevated 

temperatures.115 Electron-hole disorder is intrinsically low because of the large band gap 

between the O-2p and Ce-5d orbital states (𝐸gap = 4 – 6 eV).116–118 In addition, the redox 

activity is a well-known characteristic of the cubic fluorite-type ceria, as cerium easily 

changes the oxidation state between Ce3+ (4f1 orbital) and Ce4+ (4f0 orbital). The defect 

equilibria Ce3+/Ce4+ can be adjusted by varying the temperature and oxygen partial 

pressure. During the reduction of ceria, oxygen can be easily removed from the crystal 

lattice. Thus, oxygen vacancies VO
˙˙ and excess electrons e′ are formed under reducing 

conditions: 
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OO
x ↔ VO

˙˙ + 2e′ + 0.5 O2(g). 

                                                                                                                                   (6.3) 

Note that non-stoichiometric ceria (CeO2-δ) is a typical mixed ionic and electronic 

conductor (MIEC), where oxygen vacancies are responsible for the ionic conductivity, 

while electrons propagate through the lattice by small polaron hopping between Ce3+ and 

Ce4+:53,56 

2CeCe
x + 2e′ ↔ 2CeCe

′ , 

                                                                                                                          (6.4) 

where Ce3+ and Ce4+ are denoted as CeCe
′  and CeCe

x , respectively. Combining equations 

(6.3) and (6.4), the reduction reaction can be written as: 

2CeCe
x + OO

x ↔ 2CeCe
′ + VO

˙˙ + 0.5 O2(g), 

                                                                                                                                   (6.5) 

with the respective equilibrium constant: 

𝐾Red = [CeCe
′ ]²[VO

˙˙] 𝑝O2
1/2. 

                                                                            (6.6) 

Under oxidizing conditions, the oxygen incorporation into the material generates oxygen 

interstitials and holes: 

0.5 O2(g) + VO
˙˙ ↔  Oi

′′ + 2hVB
˙  , 

                                                                                                                                   (6.7) 

𝐾Ox = [ Oi
′′][h˙]2𝑝O2

−1/2. 

                                                                                         (6.8) 

Combining the reaction of the extrinsic defect formation of ceria (6.5) with the intrinsic 

defect formation reactions, the Brouwer diagram of ceria can be constructed when 

maintaining charge neutrality conditions. The Brouwer diagram with the corresponding 

approximations depending on the oxygen partial pressure range is shown in Fig. 4.  
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Fig. 4: Brouwer diagram for ceria (CeO2). 

 

2.3.3. Defect Chemistry of Titanium (IV) oxide (TiO2) 

 

     Anatase titania (TiO2) is a wide-bandgap semiconductor with an energy of around   

3.2 eV.119,120 TiO2 tends to be an intrinsic n-type material at elevated temperatures, as 

generated oxygen vacancies are compensated by electrons. Electrons exhibit a 

considerably high mobility in the conduction band, while localized holes show an 

extremely low mobility, due to the strong electronegativity of the O-2p orbitals. The defect 

equations for the redox reaction and formation of an electron-hole pair are: 

OO
x ↔ VO

˙˙ + 2e′ + 0.5 O2(g) , 

                                                                                                  (7.1) 

nill ↔ e′ + h˙, 

                                                                                              (7.2) 

with the equilibrium constants: 

𝐾VO
˙˙ = [VO

˙˙][e′]²𝑝O2

1/2
, 

                                                                               (7.3) 

𝐾𝑒 = [e′][h˙]. 

                                               (7.4)                 

For anatase, it is still under debate whether Schottky or cation Frenkel disorder is 

energetically favored.121–128 In case of Schottky disorder, doubly ionized oxygen 



Theoretical Background 

19 
 

vacancies VO
˙˙ and titanium vacancies  VTi

′′′′ with a charge of -4 relative to the lattice are 

present. Meanwhile, electrically neutral TiO2 molecules leave the lattice sites and are 

placed at the surface of the material: 

TiTi
x + 2OO

x ↔  VTi
′′′′ + 2VO

˙˙ + TiO2 (surf) . 

                                                                                                                                   (7.5) 

In this case, the equilibrium constant 𝐾S is: 

𝐾S = [ VTi
′′′′][VO

˙˙]
2

. 

                                                  (7.6) 

Assuming that Frenkel disorder is dominant, a Ti4+ ion changes its position from an 

occupied lattice site TiTi
x  to a vacant interstitial site Vi

x according to: 

TiTi
x +  Vi

x ↔  Tii
˙˙˙˙ +  VTi

′′′′. 

                                                                                                 (7.7) 

 Tii
˙˙˙˙denotes Ti4+ on an interstitial site with a relative charge of +4. The corresponding 

mass action law is given by: 

𝐾F = [VTi
˙˙˙˙][ VTi

′′′′]. 

                                                 (7.8) 

As for YSZ and CeO2, the defect concentration of titania is associated with its 

nonstoichiometry. Changing the oxygen partial pressure of the surrounding atmosphere, 

the defect concentration can be tailored. Nowotny et al. illustrated the concentration of 

specific defects as a function of the oxygen partial pressure.125,128–130 In addition to the 

above mentioned defect formations, the following defect equilibria need to be considered 

for titania:  

TiTi
x + 2OO

x ↔  Tii
˙˙˙ + 3e′ + O2(g), 

                                                                                     (7.9)   

TiTi
x + 2OO

x ↔  Tii
˙˙˙˙ + 4e′ + O2(g), 

                                                                                  (7.10)   

O2(g) ↔  VTi
′′′′ + OO

x + 4h˙. 

                                                                                                                                 (7.11) 

Under extremely reducing conditions, trivalent titanium interstitials  Tii
˙˙˙ become the most 

dominant defects. The formation of  Tii
˙˙˙ is described in equation (7.9) and its equilibrium 

constant is expressed as follows: 
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 𝐾Tii
˙˙˙ = [ Tii

˙˙˙][e′]3𝑝O2
. 

                                                                                                                                 (7.12) 

Here, titanium interstitials are compensated by electrons:               

3[ Tii
˙˙˙] = [e′]. 

                                                                                                                       (7.13)  

In the strongly reduced regime, the predominant defects are oxygen vacancies VO
˙˙, which 

are compensated by electrons. The formation of oxygen vacancies is described by 

equation (7.1) with the equilibrium constant (7.3). Thus, the corresponding Brouwer 

approximation for this regime is: 

[e′] = 2[VO
˙˙]. 

                                                                                           (7.14) 

At slightly higher oxygen partial pressure (reducing conditions), oxygen vacancies and 

titanium vacancies are the predominant defect species. The defect disorder (7.5) in this 

regime is governed by the charge compensation:  

2[ VTi
′′′′] = [VO

˙˙]. 

                                                                                                (7.15) 

With further increase of the  𝑝O2
, oxidation leads to the formation of p-type titania 

(oxidizing conditions). During the oxidation, titanium vacancies are formed. The reaction 

is described by the equilibrium (7.11) with the corresponding equilibrium 

constant 𝐾 VTi
′′′′ :                                                       

𝐾 VTi
′′′′ = [ VTi

′′′′][h˙]4𝑝O2
−1. 

                                                       (7.16) 

Only holes predominate as the majority charge carrier and compensate the titanium 

vacancies: 

4[ VTi
′′′′] = [h˙]. 

                                                                                    (7.17) 

Assuming the defect reaction of each oxygen partial pressure regime and the 

corresponding Brouwer approximation for the electroneutrality condition, a schematic 

representation of the ionic and electronic charge carriers in the above regimes is shown 

in Fig. 5. 
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Fig. 5: Brouwer diagram for titania (TiO2), according to the Schottky disorder. Variation 

of the concentration of each defect as a function of the oxygen partial pressure. 

Reproduced from Nowotny et al. with permission.128  

 

2.4. Sample Preparation 

 

2.4.1. Pulsed Laser Deposition (PLD) 

 

   Pulsed laser deposition (PLD), a physical vapor deposition (PVD) technique introduced 

by Smith and Turner in 1965,131 is a versatile method for the deposition of thin films of a 

wide spectrum of materials.132–136 In a typical PLD process, a pulsed laser beam is 

focused by a set of optical components onto the surface of a solid target to be deposited, 

leading to ablation and evaporation of the material inside the deposition chamber. The 

evaporated target material expands in a plasma plume consisting of target species, such 

as atoms, electrons and ions. After that, the vapor condenses on the substrate, which is 

mounted opposite to the target. During the deposition process, the substrate can be 

heated to a certain temperature. The process can be carried out in a ultra-high vacuum 

(UHV) or in the atmosphere of different background gasses, for example, oxygen, 

nitrogen or argon. In addition, several experimental parameters (laser energy, pulse 

duration, substrate temperature, substrate-target distance, background gas pressure 

and type) affect the expansion dynamics of the plasma and thus have direct influences 

on the thin film growth and its properties. The possibility to adjust these parameters 
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allows to influence the crystallinity, morphology, thickness and stoichiometry of the 

deposited thin film. Fig. 6 shows a schematic diagram of a typical PLD system.  

 

Fig. 6: Scheme of the PLD chamber equipped with a laser, a rotatable target holder 

stage, a substrate heater and various pressure gauges. An excimer laser, such as 

krypton fluoride or argon fluoride, is the most commonly used energy source in PLD 

systems.  

 

PLD is a well-known technique also for the deposition of metal oxides. In 1969, the first 

growth of oxide films, BaTiO3 and SrTiO3, was achieved by PLD.137 In the course of time, 

this technique has been used extensively in the preparation of numerous complex 

oxides.138 An important aspect is that structural properties of metal oxides, such as 

composition and morphology, can be controlled by tailoring the oxygen background 

pressure and the substrate temperature during deposition.138 In this context, an oxygen 

background is commonly needed to implement stoichiometric transfer of the desired 

material from the target to the substrate. Secondly, it is possible to prepare thin film 

structures ranging from dense to highly porous ones by variation of the oxygen pressure. 

At low oxygen pressures, thin films with compact and dense morphologies are typically 

deposited. For example, the preparation of dense PLD-prepared YSZ thin films is 

attained at low oxygen pressures during the deposition, whereas the formation of porous 

YSZ with a high specific surface area is facilitated at high pressures, as reported in 

several studies.82,138–141 The substrate temperature is mainly responsible for the 

nucleation density of the film.139,142,143 High temperatures enhance the nucleation, 

thereby improving the crystallization and producing strongly ordered and larger grains. 
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Moreover, PLD-deposited thin films usually require post-annealing treatments to obtain 

high-quality films.  

 

2.4.2. Evaporation-induced Self-assembly (EISA) 

 

   The EISA process is well-suited to synthesize ordered mesoporous thin films with a 

high specific surface area and nanoscale features.30,144–149 This process has been 

developed by Ogawa and Brinker for the preparation of mesostructured silica thin 

films.150,151 In recent years, various mesostructured materials have been prepared by 

combining sol-gel chemistry with surfactants and/or polymer structure-directing agents. 

The EISA process is illustrated in Fig. 7. In general, it is based on the combination of sol-

gel chemistry and self-assembly of amphiphilic molecules. The approach combines the 

advantages of both soft- and hard-templating chemistries. Typically, a planar substrate 

is sprayed, dip-coated or spin-coated with a solution of a structure-directing agent (e.g., 

block copolymer), inorganic precursor(s), and an organic solvent (e.g., alcohol). During 

the evaporation of the solvent, the self-assembly drives the generation of supramolecular 

micelles and leads to the formation of a hybrid mesophase with short- or long-range 

periodicity. This step is followed by a heating process to remove the polymer template 

and to enable crystallization of the pore wall structure and control of grain size, leading 

to the formation of ordered mesoporous materials with nanocrystalline walls. The final 

mesostructure of the thin film can be carefully controlled by several intrinsic and extrinsic 

processing parameters. The EISA process is a simple, efficient, and rapid method for 

the preparation of uniform and robust thin films. Due to the high variability of EISA 

parameters compared to other sol-gel approaches, this process has been routinely used 

to produce a large number of mesoporous films in recent years. Particularly, metal oxide 

thin films, such as Fe2O3, TiO2 and WO3, with an ordered pore network of 10 to 20 nm 

pores and crystalline walls have been synthesized.152–157 These thin films are used in 

diverse applications, such as optics, catalysis, separation, photovoltaics, low dielectric 

layers and sensors, to name a few. 
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Fig. 7: Schematic illustration of different steps involved in the evaporation-induced self-

assembly (EISA) process.   

 

2.4.3. Atomic Layer Deposition (ALD) 

 

   ALD is a thin film deposition method, which provides conformal and uniform coatings 

on complex surfaces. ALD is a special type of chemical vapor deposition (CVD) 

introduced by Suntola and Antson in 1977.158–161 Over the past decades, surface 

modification via ALD has gained attention as a promising route to improve structural and 

electrical properties of dense and porous materials. For instance, coatings lead to 

functionalization and protection of surfaces. This technique is based on sequential, self-

limiting gas-solid surface reactions, leading to controlled layer-by-layer growth down to 

the atomic level of the desired material (Frank-Van der Merwe growth). ALD is a cycle 

process, consisting of sequential pulsing of at least two reactive precursor gases that  

chemisorb on the whole substrate surface. This step is followed by intermediate purging 

or evacuation steps in order to remove unreacted gaseous precursor and thus to avoid 

gas phase reactions. As shown in Fig. 8, the precursors are pulsed alternately and 

separated by purge periods. In this way, it is possible to deposit a variety of materials, 

such as oxides, nitrides, sulfides and pure elements. 

Ideally, a monolayer of the respective material is formed during each ALD cycle. 

However, in practice, the layer growth per cycle is significantly influenced by the steric 

hindrance of the gaseous precursor molecules as well as the interaction between 

precursor and substrate surface. The desired coating thickness can be achieved by 

repeating the process sequence including all reaction and purging steps, i.e., by the 

number of ALD cycles. An illustration of the process is provided in Fig. 8. Here, the 

growth rate is mainly influenced by three parameters, the substrate temperature, the 
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vapor pressure of precursor(s), and the purge/pulse duration. Depending on the material, 

the ALD process occurs at temperatures between room temperature and ~500 °C.  

 

Fig. 8: Schematic representation of a typical ALD cycle. Typically, the duration of one 

cycle is between one and several seconds. 
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3. Results and Discussion 
 

3.1. Publication I: Ordered Mesoporous Metal Oxides for Electrochemical 

Applications: Correlation between Structure, Electrical Properties and 

Device Performance 
 

The first publication of this doctoral thesis addresses the state-of-the-art in the 

synthesis of mesoporous metal oxides, their structural and physicochemical properties 

and their potential for electrochemical applications in batteries, for (photo-) 

electrocatalysis or as gas sensor. In this invited Perspective article, we discuss the 

advantages and disadvantages of the unique structural properties of ordered 

mesoporous oxides, such as the regular pore structure and the resulting high surface 

area, regarding their performance for different electrochemical device applications. 

To gain a fundamental understanding of the physicochemical properties of 

mesoporous metal oxides, the defect chemistry at interfaces and the impact of the 

resulting space charge region on the partial electronic and ionic conductivity are 

discussed. Here, Gouy-Chapman and Mott-Schottky models are introduced as the most 

promising cases for the description of the charge carrier distribution at the interface. In 

addition, the publication discusses the role of humidity on the protonic surface 

conductivity. In particular, the general aspects of the protonic transport mechanisms are 

discussed. Finally, we highlight the benefits of surface modification via ALD, which tailors 

the functionality of mesoporous materials and provides new design principles for the 

development of high performance devices in the field of modern energy technology.   

The perspective article was written by me and edited by all co-authors. Reprinted with 

permission from Physical Chemistry Chemical Physics. Copyright (2021) Royal Society 

of Chemistry. This article is part of the PCCP Perspectives and 2021 PCCP HOT Articles.  

Erdogan Celik, Yanjiao Ma, Torsten Brezesinski and Matthias T. Elm, Ordered 

Mesoporous Metal Oxides for Electrochemical Applications: Correlation between 

Structure, Electrical Properties and Device Performance, Phys. Chem. Chem. Phys., 

2021, 23, 10706-10735.  

 

  



Results and Discussion 

27 
 



Results and Discussion 

28 
 



Results and Discussion 

29 
 

 

 



Results and Discussion 

30 
 

 



Results and Discussion 

31 
 

 



Results and Discussion 

32 
 



Results and Discussion 

33 
 

 



Results and Discussion 

34 
 



Results and Discussion 

35 
 

 



Results and Discussion 

36 
 

 



Results and Discussion 

37 
 

 



Results and Discussion 

38 
 

 



Results and Discussion 

39 
 

 



Results and Discussion 

40 
 



Results and Discussion 

41 
 

 



Results and Discussion 

42 
 

 



Results and Discussion 

43 
 

 



Results and Discussion 

44 
 

 



Results and Discussion 

45 
 

 



Results and Discussion 

46 
 

 



Results and Discussion 

47 
 



Results and Discussion 

48 
 

 



Results and Discussion 

49 
 

 



Results and Discussion 

50 
 

 



Results and Discussion 

51 
 

 



Results and Discussion 

52 
 

 



Results and Discussion 

53 
 

 



Results and Discussion 

54 
 



Results and Discussion 

55 
 

 



Results and Discussion 

56 
 

 



Results and Discussion 

57 
 

 

 

 

 



Results and Discussion 

58 
 

3.2. Publication II: Tailoring the Protonic Conductivity of Porous Yttria-

stabilized Zirconia Thin Films by Surface Modification 
 

In order to elucidate the influence of the surface properties on the electrical and 

protonic transport in metal oxides, porous YSZ thin films were prepared by PLD. The 

surface was coated with thin TiO2 layers of different thickness using ALD. 

Electrochemical impedance spectroscopy (EIS) measurements of the pristine and TiO2-

coated YSZ were performed as a function of temperature, humidity or oxygen partial 

pressure. Several structural analysis methods, like SEM, TEM, GI-XRD and Raman 

spectroscopy were performed to support the detailed examination of the prepared TiO2-

YSZ composites.  

Structural characterization reveals that the crystallinity of the titania layer can be 

adjusted by varying the thickness, which significantly affects the transport properties of 

the thin films as well as the oxygen partial pressure dependence of the ionic and 

electronic contributions in the composite material. EIS measurements under dry 

conditions as a function of temperature and oxygen partial pressure show that the total 

conductivity of porous YSZ increases by coating the surface with amorphous and 

crystalline titania layers of only a few nanometer thickness. The results reveal two 

transport regimes caused by additional transport pathways in the coating. Additionally, 

impedance measurements were performed under varying relative humidity. For the 

composite with a 6 nm thin amorphous TiO2 layer, the protonic contribution is suppressed 

compared to the pristine YSZ thin film, whereas for the composite with a 18 nm thin 

crystalline TiO2 layer, the protonic conductivity contribution increases again, caused by 

the different hydrophilic properties of the surfaces and the pore size. The underlying 

transport mechanisms are analyzed and discussed in the publication. This work 

highlights that transport properties can be tailored precisely by modifying the surface 

properties using ALD.  

The experiments were designed and conducted by me with assistance from Rajendra 

S. Negi and Michele Bastianello. TEM measurements of the thin films were performed 

by Andrey Mazilkin. The porosity values were determined by Dominic Boll. The 

publication was written by me and edited by Torsten Brezesinski and Matthias T. Elm. 

Reprinted with permission from Physical Chemistry Chemical Physics. Copyright (2020) 

Royal Society of Chemistry. 

Erdogan Celik, Rajendra S. Negi, Michele Bastianello, Dominic Boll, Andrey Mazilkin, 

Torsten Brezesinski and Matthias T. Elm, Tailoring the protonic conductivity of porous 



Results and Discussion 

59 
 

yttria-stabilized zirconia thin films by surface modification, Phys. Chem. Chem. Phys., 

2020, 22, 11519-11528.   
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3.3. Publication III: Design of Ordered Mesoporous CeO2–YSZ 

Nanocomposite Thin Films with Mixed Ionic/Electronic Conductivity 

via Surface Engineering 
 

In the third publication of my thesis, the impact of cerium oxide (CeO2) coatings on 

the transport properties of polymer-templated nanocrystalline YSZ thin films with a well-

defined mesoporous morphology and different pore sizes (17, 24 and 40 nm) is 

presented. The temperature and p(O2)-dependence of the electronic and ionic 

conductivity are investigated using EIS. Structural characterization using different 

analysis methods (SEM, TEM, EDX, XRD, Raman spectroscopy, ToF-SIMS and XPS) 

confirm the successful ALD coating of the complex surface of the mesoporous YSZ thin 

films.   

The thickness of the ceria layer strongly affects the total conductivity of the CeO2/YSZ 

composites. Impedance measurements show that the total conductivity significantly 

increases with increasing ceria layer thickness, which is accompanied by changes of the 

Ce3+/ Ce4+ ratio as well as the activation energy of the transport process. Here, the Ce3+ 

concentration decreases with increasing layer thickness. The composites with a 7 nm 

thin ceria coating (190 ALD cycles) exhibit only dominant oxygen ion conductivity in the 

measured p(O2)-range. In contrast, the composites with a 3 nm thin ceria coating show 

a dominant electronic contribution, especially at low temperatures, arising from small 

polaron hopping due to a higher Ce3+ concentration. In addition, the electrochemical 

transport measurements reveal no dependence of the total conductivity on the pore size 

of the composites.  

The experiments were designed and conducted by me with assistance from Pascal 

Cop and Rajendra S. Negi. TEM measurements of the thin films were performed by 

Andrey Mazilkin. Mesoporous YSZ samples were manufactured by Yanjiao Ma. The 

publication was written by me and edited by Torsten Brezesinski and Matthias T. Elm. 

Reprinted with permission from ACS Nano. Copyright (2022) American Chemical 

Society. 

Erdogan Celik, Pascal Cop, Rajendra S. Negi, Andrey Mazilkin, Yanjiao Ma, Philip 

Klement, Jörg Schörmann, Sangam Chatterjee, Torsten Brezesinski and Matthias T. 

Elm, Design of Ordered Mesoporous CeO2–YSZ Nanocomposite Thin Films with Mixed 

Ionic/Electronic Conductivity via Surface Engineering, ACS Nano, 2022, 16, 3182-3193.  
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4. Conclusions and Outlook 
 

The influence of the surface area on the electronic and ionic transport properties of 

nanocrystalline zirconia-based oxide materials with ordered and non-ordered (meso-) 

pores was elucidated in the framework of this doctoral thesis. Zirconia-based oxide 

materials, such as yttria-stabilized zirconia (YSZ) and CeO2- and TiO2-coated YSZ, are 

promising materials for electrochemical applications, for example, in catalysis, energy 

storage and gas sensing. The (meso-)porous oxides with a high specific surface area 

exhibit different defect chemical and transport properties compared to their bulk 

counterparts. These differences directly arise from their structure and morphology. Apart 

from the synthesis via EISA and PLD as well as the structural characterization by several 

techniques, this work comprises the electrochemical characterization via EIS of the 

different materials employed. Here, the total conductivity values are determined as a 

function of temperature, oxygen activity, and relative humidity.  

Mesoporous 8YSZ thin films with nanocrystalline walls were synthesized by sol-gel 

dip-coating. While the samples with 17 and 24 nm pores have an ordered cubic pore 

network, the sample with the largest pores of 40 nm shows a non-ordered structure. The 

electrochemical investigations of sol–gel-derived YSZ thin films reveal no effect of pore 

size on the total electrical conductivity, i.e. the samples with different pore sizes but with 

a comparable wall thickness exhibits comparable conductivity values.  

One major aspect of this thesis was the modification of the surface properties of 

(meso-)porous YSZ using ALD. ALD allows the design of novel thin-film composites with 

tailored physicochemical properties. It has a great influence on the electrical properties 

of the composite material due to changes in morphology and microstructure of the 

coating with varying thickness, affecting directly the space charge region at the interface 

between the two different phases. Structural characterization confirmed conformal and 

uniform TiO2- and CeO2-coatings on the inner surface of (meso-)porous YSZ thin films.  

In this thesis, it is shown that the thickness of CeO2 coating on mesoporous YSZ thin 

films affects the total conductivity of the composite material. The reason is that the 

Ce3+/Ce4+ ratio depends on the coating thickness, which is directly related to changes in 

the total conductivity. The concentration of Ce3+ decreases with increasing ceria 

thickness at the surface. A high concentration of Ce3+ ions results in a dominant 

electronic conductivity, caused by small polaron hopping of electrons between Ce3+ and 

Ce4+ lattice sites. The CeO2/YSZ nanocomposites with a 3 nm ceria coating show mixed 

ionic/electronic conductivity. Those with a 7 nm thin ceria coating only exhibit ionic 

conductivity due to a reduced concentration of Ce3+ in the coating layer. 
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The characterization of ALD-derived TiO2 coatings on porous PLD-derived 9.5YSZ 

thin films reveals an amorphous-to-crystalline phase transition when increasing the 

coating thickness from 6 to 18 nm. Characterization using EIS confirms that the 

crystallinity significantly influences the total electrical and protonic conductivity of the 

composites. Under dry atmosphere, the results demonstrate that the modification of the 

surface by the deposition of a titania layer gives rise to an additional electronic transport 

pathway in the composite material. In addition, the surface protonic conductivity is 

determined by the thickness of the titania layer. While an amorphous titania coating layer 

results in a decrease of the protonic conductivity compared to pristine YSZ, the 

crystalline TiO2 layer increases the protonic conductivity contribution again. Thus, the 

surface can be designed to optimize water adsorption on the surface for enhanced 

protonic conductivity, which can be beneficial to the performance of electrochemical 

devices, such as proton exchange membranes or water sensors.  

The results emphasize that the transport properties and defect chemistry are directly 

related to the surface properties of the material. Here, the thickness and crystallinity of 

the surface coating play a decisive role. Therefore, surface engineering of (meso-)porous 

thin films via ALD allows the development of nanocomposites, with tailored 

electrochemical properties. 

The findings of this doctoral thesis contribute to a better understanding of the influence 

of the surface on the defect chemical properties and conduction mechanisms in 

nanostructured metal oxides. They reveal that surface engineering is a promising 

approach for the design of composites with tailored properties for electrochemical device 

applications. However, there are still several aspects, which need to be considered in 

the future. In case of mesoporous YSZ, the influence of the pore wall thickness (fixed 

pore size) on the transport properties needs to be characterized. In addition, the ideal 

pore size (fixed pore wall thickness) for achieving the highest electrical conductivity may 

be of interest. Future investigations may also include the evaluation of the effect of 

surface area on the wettability properties and the protonic transport mechanisms. Finally, 

the influence of other coating materials, such as Al2O3, on the protonic transport 

properties of composite materials should be investigated. 
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