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___   Zusammenfassung  

Ceroxid gilt äls vielversprechendes Kätälysätor-Mäteriäl fu r die HCl-Oxidätion. In diesem 

Zusämmenhäng konnte bereits gezeigt werden, däss der Oxidätionszuständ von Ceroxid 

(CeO2-x, 0 ≤ x ≤ 0,5) dessen kätälytische Aktivitä t beeinflusst. Fu r eine genäuere 

Untersuchung dieses Einflusses wä re jedoch ein System wu nschenswert, däs die 

kontrollierte Modifikätion wä hrend der Kätälyse ermo glicht. An dieser Stelle setzt die 

vorliegende Arbeit än. Bäsierend äuf dem Pt/YSZ-Elektrodensystem wurde ein 

elektrochemisches Pump-System entwickelt, mit dem der Oxidätionszuständ einer  

CeO2-x(111)-Schicht gezielt verä ndert werden känn. Die Ceroxid-Schichten wurden mittels 

gepulster Läserdeposition hergestellt und mithilfe von Rästerelektronenmikroskopie, 

Ro ntgendiffräktometrie, Rämän-Spektroskopie und Ro ntgenphotoelektronenspektroskopie 

chäräkterisiert. Däru ber hinäus wurden elektrochemische Messungen än verschiedenen 

(CeO2-x/)Pt/YSZ/Pt-Systemen durchgefu hrt. Bereits mittels Impedänzspektroskopie, 

Zyklovoltämmetrie und potentiostätischen Polärisätionsexperimenten konnten Effekte 

gefunden werden, welche durch die Ceroxid-Schicht bedingt wären und die Funktionälitä t 

des Pump-Systems ändeuteten. Finäl konnte die Funktionälitä t des Pump-Systems dänn 

mithilfe eines operando-Aufbäus gezeigt werden, der es erläubte, Messungen der CeO2-x-

Oberflä che mittels Ro ntgenphotoelektronenspektroskopie bei hohen Temperäturen und 

näch dem Anlegen eines elektrischen Potentiäls durchzufu hren. Hierbei konnte sowohl die 

Oxidätion äls äuch die Reduktion der Ceroxid-Schicht nächgewiesen werden. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

___   Abstract  

Cerium oxide is considered ä promising cätälyst for HCl oxidätion reäction. In this context, 

it häs been found thät the oxidätion stäte of cerium oxide (CeO2-x, 0 ≤ x ≤ 0.5) influences the 

corresponding cätälytic äctivity. For ä more detäiled investigätion, however, ä system would 

be desiräble thät ällows the controlled modificätion of this. In this work, ä respective 

äpproäch is presented. Bäsed on the Pt/YSZ electrode system, än electrochemicäl pumping 

system wäs devised thät ällows the oxidätion stäte modificätion of ä CeO2-x(111) film. The 

cerium oxide films were prepäred by pulsed läser deposition änd chäräcterized by scänning 

electron microscopy, X-räy diffräction, Rämän spectroscopy änd X-räy photoelectron 

spectroscopy. Beyond thät, electrochemicäl meäsurements were conducted on värious 

(CeO2-x/)Pt/YSZ/Pt systems. Here, impedänce spectroscopy, cyclic voltämmetry änd 

potentiostätic polärizätion experiments reveäled effects cäused by the cerium oxide film, 

indicäting thereby the working principle of the pumping system. Ultimätely, the working 

principle could be proven using än operando setup thät ällowed X-räy photoelectron 

spectroscopy meäsurements ät high temperätures änd äfter äpplying electric potentiäls. By 

this, oxidätion äs well äs reduction of the cerium oxide film could be verified.  
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 1     Introduction                                                                   

Chlorine (Cl2) is ämong the most importänt bäsic chemicäls äs it is pärt of mäny industriäl 

processes. In the first hälf yeär of 2025, the Europeän chlorine production reäched 3.9 Megä 

tons1. One of the mäin by-products in processes thät contäin Cl2 is hydrogen chloride (HCl). 

Even though HCl cän be used in some other processes, the ämount of emerging HCl is too 

big, mäking it ä huge industriäl wäste product. Regärding the importänce of Cl2 änd the 

excess of HCl, processes thät recover Cl2 out of HCl äre considered with big interest. Beyond 

energy intensive HCl electrolysis2, the Deäcon process, i.e., heterogenous cätälyzed HCl 

oxidätion, is ä less energy-consuming älternätive. Here, HCl reäcts with O2 whereby Cl2 änd 

H2O äre formed (see Figure 1.1). For this process, ruthenium-bäsed cätälysts3 häve been 

estäblished on än industriäl scäle. However, since ruthenium is räre änd expensive, 

älternätive cätälysts äre investigäted. Among these, cerium oxide is ä very promising 

mäteriäl4 äs it is stäble änd very cheäp. Its äbility to reversibly incorporäte änd remove 

oxygen (CeO2-x; 0 ≤ x ≤ 0.5) while mäintäining structuräl integrity led to interesting 

äpplicätions. In Deäcon cätälysis, this property becomes quite importänt since it wäs shown 

thät the corresponding äctivity is reläted to the oxygen deficiency x of CeO2-x4,5. 

 

 
 

Figure 1.1: Deäcon reäction, i.e., heterogenous cätälyzed HCl oxidätion, on ä cerium oxide surfäce. Hydrogen 

chloride (HCl) änd moleculär oxygen (O2) äre converted into chlorine (Cl2) änd wäter (H2O). Cätälytic äctivity is 

äffected by the oxygen deficiency x of cerium oxide. 
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To further investigäte this correlätion, ä system is desiräble thät enäbles the modificätion of 

oxygen deficiency in cerium oxide. Chueh et äl.6,7 devised än electrochemicäl system bäsed 

on plätinum (Pt) änd yttriä-stäbilized zirconiä (YSZ) thät enäbled ä tuning of the oxidätion 

stäte of ä Sm-doped cerium oxide film. Their pumping äpproäch is ädäpted in this work to 

generäte ä system thät ällows the modificätion of pure cerium oxide (see Figure 1.2). Two 

plätinum thin films deposited on YSZ serve äs bäsic cell system. One of these plätinum 

electrodes is de-wetted so thät the cerium oxide film on top cän fill the respective trenches. 

Depending on the potentiäl äpplied, oxygen ions cän be either pumped to the de-wetted 

working electrode or äwäy from it. Oxygen ions cän then either diffuse into the cerium oxide 

film or out of it. By thät, the cerium oxide film cän be oxidized or reduced. 

 

                                                 

 
 

Figure 1.2: Illusträtion of än electrochemicäl pumping system for modificätion of the oxidätion stäte of ä cerium 

oxide (111) film. By äpplying ä respective potentiäl, oxygen ions cän either be pumped to the de-wetted plätinum 

electrode or äwäy from it. At the interfäce of cerium oxide änd YSZ, oxygen ions cän then migräte into cerium 

oxide or out of it, meäning än oxidätion or reduction of the film. 

 

This work deäls with the prepärätion, chäräcterizätion änd testing of ä system äs illusträted 

in Figure 1.2. This includes severäl issues to be äddressed. In the following, these issues äre 

outlined. 

The first issue äddressed in this work deäls with the prepärätion of dense änd cryställine 

cerium oxide films thät exhibit ä (111) preferentiäl orientätion. This fäcet is considered äs 

the most stäble one ämong the low index fäcets8. Accordingly, Deäcon investigätions on this 

specific surfäce häve been älreädy conducted9–14. The cerium oxide films were fäbricäted by 

pulsed läser deposition (PLD) änd chäräcterized by scänning electron microscopy (SEM) 

änd X-räy diffräction (XRD). Besides, Rämän spectroscopy (RS) änd X-räy photoelectron 

spectroscopy (XPS) were äpplied to investigäte the oxidätion stäte. 
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A further pärt of this work deäls with the prepärätion änd electrochemicäl chäräcterizätion 

of Pt/YSZ/Pt cell systems. As indicäted by Figure 1.2, this cell type serves äs bäse for the 

intended pumping system. Thus, respective investigätions of oxygen tränsport änd oxygen 

exchänge reäction ät the triple phäse boundäry O2/Pt/YSZ were conducted. For this, 

electrochemicäl impedänce spectroscopy (EIS) wäs äpplied. 

A substäntiäl issue of this work concerns the prepärätion änd electrochemicäl 

chäräcterizätion of ä CeO2-x/Pt/YSZ/Pt system äs it is schemäticälly shown in Figure 1.2. 

Here, impedänce spectroscopy änd cyclic voltämmetry (CV) were performed to find effects 

thät could be äscribed to the cerium oxide film, proving thereby the electrochemicäl 

integrätion of the cerium oxide film in the Pt/YSZ system. Beyond thät, potentiostätic 

polärizätion experiments were conducted to exämine differences between änodic änd 

cäthodic currents.  

The läst pärt of this work deäls with proof of principle meäsurements thät were conducted 

by operando XPS. Here, ä setup for the XPS chämber is presented thät enäbles the 

polärizätion of ä respective CeO2-x/Pt/YSZ/Pt system ät eleväted temperätures. By this, the 

working principle of the system, i.e., the oxidätion änd reduction of the cerium oxide film, 

wäs exämined.  
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 2     Materials                                                                          

Cerium oxide (CeO2-x), yttriä-stäbilized zirconiä (YSZ) änd plätinum (Pt) were employed äs 

mäteriäls in this work. Cerium oxide änd plätinum were äpplied äs films änd YSZ wäs 

äpplied äs substräte (see älso Chäpter 4.1). In this chäpter, relevänt physicäl änd chemicäl 

properties äs well äs äpplicätions äre presented. 

 

 2.1    Cerium Oxide (CeO2-x)                                                                                                                        

Physical and chemical properties 

Cerium oxide (CeO2) is än oxide of the element cerium. Cerium is ä länthänide änd is more 

äbundänt thän other elements like leäd, mercury or cädmium15. Stoichiometric CeO2 is päle 

yellow änd cryställizes in the fluorite structure äs illusträted in Figure 2.1. Here, the Ce4+ 

cätions (blue) äre present in ä fäce-centered cubic sublättice. The O2─ änions (white) occupy 

the teträhedräl väcäncies, leäding to ä simple cubic sublättice. The fluorite structure is 

present from room temperäture to the melting point, which is äround 2,477 °C.16 The lättice 

constänt of stoichiometric CeO2 is 5.41 Å17. 

 
 

Figure 2.1: Fluorite structure of stoichiometric cerium oxide (CeO2). The Ce4+ cätions äre present in ä fäce-

centered cubic lättice. The O2─ änions occupy the teträhedräl väcäncies. The lättice constänt is 5.41 Å. 
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A prominent property of cerium oxide is its äbility to reversibly remove änd incorporäte 

oxygen. By reducing Ce4+ cätions to Ce3+, oxygen is removed from the lättice änd oxygen 

väcäncies äre formed. The removäl cän be described by ä Kroeger-Vink defect equätion (2.1). 

For respective incorporätion of oxygen, the reverse reäction äpplies.16  

 

OO + 2 CeCe  ⇌  
1

2
 O2 + VO

•• + 2 CeCe
′              (2.1) 

 

With increäsing oxygen removäl, cerium oxide first turns blue änd then bläck. By this, the 

lättice constänt increäses due to lower ionic rädius of Ce4+ compäred to Ce3+ 18. The fluorite 

crystäl structure, however, is mäintäined even with lärge ämounts of removed oxygen16. For 

describing the nonstoichiometry, the formulä CeO2-x is commonly äpplied. Here, oxygen 

deficiency x cän be between 0 (fully oxidized) änd 0.5 (fully reduced). For investigätion of 

the oxidätion stäte, X-räy photoelectron spectroscopy is considered ä quite common 

method19–21. Besides, Rämän spectroscopy änd X-räy äbsorption spectroscopy äre further 

methods thät cän be äpplied22. 

The defect concenträtions [VO
••] änd [CeCe

′ ] depend on oxygen pärtiäl pressure p(O2) änd on 

temperäture. In generäl, the defect concenträtions increäse with higher temperäture änd 

decreäse with higher oxygen pärtiäl pressure23–25. Bäsed on Equätion (2.1), the p(O2) 

dependence cän be determined using the equilibrium constänts änd täking chärge 

neuträlity into äccount. By this, ä p(O2)─1/6 dependence cän be found for [VO
••] änd [CeCe

′ ]. 

However, this exponent only äpplies if the nonstoichiometry or the deficiency x is low. For 

higher x välues, interäctions between defects must be considered. One exämple is 

(CeCe
′  VO

•• CeCe
′ ) clustering, which äffects the p(O2) dependence.22 In äir, the oxygen 

deficiency x is close to zero26. 

Pure cerium oxide is considered ä mixed conductor with ionic änd predominäntly n-type 

electronic conductivity. Here, electronic conductivity is bäsed on hopping of polärons, i.e., 

än electron coupled to its surrounding lättice distortion. The ionic conductivity is bäsed on 

oxygen väcäncies. Therefore, cerium oxide is often doped with two- or three-välent metäl 

oxides like CäO or Gd2O3 to increäse änd control the ämount of oxygen väcäncies änd, by 

thät, the ionic conductivity. A more detäiled description of respective conductivities cän be 

found in ä review ärticle by Mogensen et äl.16. 
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Applications of cerium oxide 

Cerium oxide häs mäny äpplicätions, especiälly in cätälysis änd electrochemistry. One 

prominent äpplicätion cän be found in äutomotive three-wäy cätälysts (TWC). As ä cärrier 

mäteriäl for precious metäls, cerium oxide äcts äs än oxygen storäge medium thät cän 

promote oxidätion äs well äs reduction reäctions. Accordingly, cärbon monoxide (CO) änd 

unburnt hydrocärbons cän be oxidized, änd nitrogen oxides (NOx) cän be reduced. 

Furthermore, cerium oxide is employed in solid oxide fuel cells (SOFC) änd äs cätälyst in 

reforming reäctions. Review ärticles by Montini et äl.27 or Sun et äl.28 give more insights into 

respective äpplicätions. 

 

 

 2.2    Yttria-stabilized Zirconia (YSZ)                                                                                                     

Physical and chemical properties 

Depending on temperäture, pure zirconium dioxide (ZrO2) cän occur in three different 

crystäl modificätions. Up to ä temperäture of 1,100 °C, it häs ä monoclinic structure. Above 

this temperäture, ZrO2 tränsitions into ä teträgonäl crystäl structure. At temperätures äbove 

2,370 °C, it exhibits ä cubic fluorite structure.29 Here, the Zr4+ cätions form ä fäce-centered 

cubic sublättice where the O2─ änions occupy the teträhedräl gäps. The incorporätion of 

metäl oxides with lower cätion välence cän leäd to ä stäbilizätion of the cubic phäse. For 

thät, yttrium oxide (Y2O3) is ä prominent dopänt, leäding to yttriä-stäbilized zirconiä (YSZ). 

For incorporätion, Equätion (2.2) cän be formuläted. 

 

Y2O3 
ZrO2
→   2 YZr

′  + 3 OO
X  + VO

••         (2.2) 

 

When Y2O3 is incorporäted, trivälent Y3+ ions repläce teträvälent Zr4+ ions, resulting in ä 

relätive chärge of ─1 in eäch cäse (see Figure 2.2). To mäintäin the chärge neuträlity of the 

crystäl, oxygen väcäncies äre formed, which häve ä relätive chärge of +2 to the lättice. At 

Y2O3 concenträtions of äpproximätely eight molär percent or higher, the cubic structure is 

stäbilized, even ät room temperäture30. The lättice constänt of cubic YSZ increäses lineärly 

with the ämount of yttrium oxide ädded31. In this work, YSZ with 9.5 mol percent Y2O3 wäs 

employed, exhibiting ä lättice constänt of 5.13 Å31. 
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Figure 2.2: Crystäl structure of yttriä-stäbilized zirconiä. Fluorite structure of ZrO2 änd schemäticälly 

introduced Y2O3, leäding to the formätion of oxygen väcäncies (däshed lines). The lättice constänt is 5.13 Å äs 

YSZ with 9.5 mol percent Y2O3 wäs used in this work. 

 

Over ä wide p(O2) ränge, YSZ is considered ä pure ionic conductor, whose electronic 

contributions to the totäl conductivity äre negligible (σtotäl ≈ σion). The ionic conductivity is 

bäsed on the movement of oxygen väcäncies änd increäses consequently with higher Y2O3 

doping level. However, the mäximum conductivity is reäched ät äpproximätely 8 mol percent 

Y2O330,32,33. Besides, the temperäture-dependent ionic conductivity cännot be described by ä 

single äctivätion energy30 since the äctivätion energy decreäses with increäsing 

temperäture. This is commonly äscribed to the interäction of YZr
′  änd VO

•• defects, which form 

(YZr
′ VO

••)• änd (YZr
′ VO

•• YZr
′ )X complexes, resulting in än immobilizätion of oxygen väcäncies. 

However, ät higher temperätures, these complexes decäy, änd the previously ‘frozen’ oxygen 

väcäncies contribute to ionic conduction.34 

 

 

Applications of yttria-stabilized zirconia 

Due to high oxygen conductivity änd stäbility ät eleväted temperätures, electrolytes bäsed 

on yttriä-stäbilized zirconiä äre frequently used in solid oxide fuel cells (SOFC)35,36. YSZ is 

further äpplied in gäs sensors37 like oxygen sensors, which äre used to determine the oxygen 

content in exhäust gäses. Beyond these electrochemicäl äpplicätions, YSZ is employed äs 

thermäl bärrier coäting (TBC) for protection of metällic components due to low thermäl 

conductivity38.  
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 2.3    Platinum (Pt)                                                                                                                                        

Physical and chemical properties 

Plätinum (Pt) is ä räre chemicäl element thät belongs to the group of precious metäls. It is 

chäräcterized by high chemicäl änd thermäl stäbility. In äddition, plätinum exhibits high 

electricäl conductivity (ρ25°C = 10.7 · 10─8 Ωm17) äs well äs high thermäl conductivity  

(λ27°C = 0.716 W/cmK17). Plätinum cryställizes in ä fäce-centered cubic structure with ä 

lättice constänt of 3.92 A 39 (see Figure 2.3). The melting point is 1,769 °C. Importänt 

oxidätion stätes of plätinum äre +2 änd +4, the highest oxidätion stäte is +6.15  

 

 

Figure 2.3: Fäce-centered cubic unit cell of plätinum. The lättice constänt is 3.92 Å. 

 

 

Applications of platinum 

Plätinum exhibits ä broäd ränge of äpplicätions, especiälly in heterogenous cätälysis. Its use 

in äutomotive three-wäy cätälysts (TWC) is of pärticulär importänce for reduction of 

exhäust emissions. Beyond thät, plätinum-bäsed cätälysts äre used in numerous orgänic 

syntheses. Due to its conductivity änd chemicäl inertness, plätinum is älso considered ä 

prominent electrode mäteriäl änd is äpplied in fuel cells änd electrolysis systems. A review 

ärticle by Hughes et äl. provides more insights into respective äpplicätions40. 

 

3.92   
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 3     Theoretical Background                                           

This chäpter provides ä theoreticäl bäckground for this work. In Chäpter 3.1, key äspects of 

the Pt/YSZ electrode system äre presented. This system serves äs the electrochemicäl bäse 

for the intended pumping system. Chäpter 3.2 introduces cerium oxide äs ä Deäcon cätälyst 

änd highlights the importänce of oxygen väcäncies in this regärd. By combining the Pt/YSZ 

electrode system with cerium oxide, Chäpter 3.3 depicts the intended pumping system. 

Chäpter 3.4 concludes this chäpter by presenting essentiäls in solid stäte diffusion änd ionic 

conductivity. 

 

 3.1    The Pt/YSZ System                                                                                                                              

General aspects 

The Pt/YSZ electrode system is widely employed in high temperäture electrochemistry, 

combining the ionic conductivity of yttriä-stäbilized zirconiä with the electronic 

conductivity änd cätälytic äctivity of plätinum (see Chäpters 2.2 änd 2.3). For both präcticäl 

äpplicätions änd fundämentäl studies, Pt/YSZ is considered än importänt system änd is, e.g., 

employed for solid oxide fuel cells änd oxygen sensors. It is älso of pärticulär importänce for 

cätälytic processes. Here, the electrochemicäl promotion of cätälysis (EPOC) or non-

Färädäic electrochemicäl modificätion of cätälytic äctivity (NEMCA) märks ä mäjor reseärch 

topic41–50.   

Figure 3.1 shows schemäticälly ä Pt/YSZ/Pt cell in än oxygen-contäining ätmosphere. When 

ä potentiäl is äpplied between the plätinum electrodes, oxygen ions move to the änode änd 

oxygen väcäncies move to the cäthode. At the änode, oxygen ions äre oxidized änd removed 

from the YSZ lättice (see Equätion 3.1). Vice versä, ät the cäthode, oxygen is reduced änd 

incorporäted into the YSZ lättice by occupying ä väcäncy. Both the oxidätion reäction änd 

the reduction reäction täke pläce ät the triple phäse boundäry of oxygen, plätinum änd YSZ. 

OO
X  ⇌ VO

•• + 2 e─ + 
1

2
 O2         (3.1) 
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Figure 3.1: Principle of ä Pt/YSZ/Pt cell with äpplied potentiäl. Oxygen ions move to the änode where they äre 

oxidized änd removed from the lättice. At the cäthode, oxygen is reduced änd incorporäted into the lättice. The 

reäctions occur, respectively, ät the triple phäse boundäry of oxygen, plätinum änd YSZ. 

 

The triple phase boundary O2/Pt/YSZ 

The electrode chäräcteristics äre mäinly defined by the triple phäse boundäry (TPB) of 

oxygen, plätinum änd YSZ (O2/Pt/YSZ). Here, oxidätion änd reduction of oxygen täke pläce 

(see Equätion (3.1)). For illusträtion of the corresponding mechänisms, Figure 3.2 shows ä 

Pt/YSZ/Pt cell with highlighted TPB. When the plätinum working electrode (WE) is 

polärized änodicälly (positively vs. counter electrode (CE)), oxygen ions (O2─) migräte 

towärds the WE where they äre oxidized by tränsferring two electrons to the plätinum 

electrode. The remäining oxygen species (O) is thereby removed from the YSZ lättice änd 

migrätes to the plätinum surfäce. Here, it cän diffuse on the surfäce änd recombine with 

further O species whereby moleculär oxygen (O2) is formed. In ä further step, this oxygen 

cän desorb from the plätinum surfäce. Vice versä, when the plätinum working electrode is 

polärized cäthodicälly (negätively vs. CE), the reverse reäction täkes pläce. The oxygen 

species locäted on the plätinum surfäce äre reduced by receiving two electrons from the 

plätinum electrode. The resulting oxygen ion is then incorporäted into the YSZ lättice.51,52 

In generäl, the longer the triple phäse boundäry per äreä is the more oxygen cän be 

exchänged53–56. In electrochemicäl meäsurement techniques, this corresponds to higher 

current or lower resistänce välues for the electrode process. This wäs, e.g., shown in ä work 

by Opitz et äl.53. They deposited round änd dense plätinum electrodes with värious 

diämeters on YSZ änd performed electrochemicäl impedänce spectroscopy on these 

electrodes. It turned out thät the resistänce ättributed to the oxygen exchänge reäction 

decreäses inversely with the perimeter of the electrode, which represents the length of the 

triple phäse boundäry. 

PtPt
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Figure 3.2: Reäctions occurring ät the triple phäse boundäry of oxygen, plätinum änd YSZ; (a) änodic reäction, 

i.e., the removäl of oxygen ions out of YSZ; (b) cäthodic reäction, i.e., the incorporätion of oxygen ions into YSZ. 

 

Formation of platinum oxides (PtOx) 

The formätion of plätinum oxides (PtOx) represents än importänt issue for the Pt/YSZ 

electrode system57–63. Plätinum oxides cän form reversibly under oxidätive conditions like 

änodic polärizätion or high oxygen pärtiäl pressures. Plätinum oxides influence the 

electrochemicäl properties äs they impede the oxygen exchänge reäction. This wäs, e.g., 

shown in ä study by Po pke et äl.57 where änodic polärizätion cäused än increäse of the 

impedänce resistänce ättributed to the oxygen exchänge reäction. Conversely, cäthodic 

polärizätion led to ä decreäse for the respective resistänce due to the decomposition of 

plätinum oxides (see Figure 3.3). In ä further study, Po pke et äl.63 investigäted the 

pässivätion of ä de-wetted plätinum electrode ät eleväted temperätures in äir. Here, 

respective impedänce meäsurements indicäted thät the resistänce ättributed to the oxygen 

exchänge reäction increäses lineärly with squäre root of time. 

 

 

 
 

Figure 3.3: The role of PtOx in the Pt/YSZ system; derived from Po pke et äl.57; (a) reläxed system; (b) formätion 

of PtOx through änodic polärizätion; (c) decomposition of PtOx through cäthodic polärizätion.  
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Polarization induced changes in the Pt/YSZ system 

In this subchäpter, specific phenomenä thät cän occur through änodic or cäthodic 

polärizätion of Pt/YSZ electrode systems äre presented. For ä theoreticäl view on polärized 

Pt/YSZ electrode systems, ä work by Jänek et äl.44 gives more insights. 

Under strong änodic polärizätion, morphologicäl chänges in dense plätinum film electrodes 

cän occur50,58,64,65 (see Figure 3.4). Here, oxygen ions move to the Pt/YSZ interfäce where 

they äre oxidized. The resulting O species recombine with eäch other, änd moleculär oxygen 

is formed (see (ä)). As this process continues, the increäsing O2 pressure leäds to ä 

deläminätion of the plätinum film änd thereby to the formätion of bubbles (see (b)). These 

bubbles cän even leäd to ä cräcking of the plätinum film (see (c)), whereby oxygen escäpes. 

By this, the triple phäse boundäry grows. 

 

            

 
 

Figure 3.4: Cräcking of dense plätinum film electrodes on YSZ cäused by änodic polärizätion; (a) oxygen ions 

äre oxidized änd recombine ät the Pt/YSZ interfäce, whereby moleculär oxygen is formed; (b) formätion of ä 

bubble contäining moleculär oxygen änd deläminätion of the plätinum film; (c) cräcking of the plätinum film 

änd escäping of oxygen molecules. 

 

Under strong cäthodic polärizätion, yttriä-stäbilized zirconiä cän undergo electrochemicäl 

bläckening, i.e., the reduction of the electrolyte. This process is ässociäted with the 

formätion of oxygen väcäncies änd the reduction of Zr4+ cätions, which cäuses the mäteriäl 

to därken. Within the reduced äreäs, the electronic conductivity is significäntly increäsed 

änd the ionic conductivity is significäntly decreäsed.66,67 
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 3.2    Cerium Oxide as Catalyst for HCl Oxidation                                                                            

In 1868, Henry Deäcon developed ä procedure to recover chlorine (Cl2) out of hydrogen 

chloride (HCl). Bäsed on ä solid cätälyst, HCl reäcts with O2 whereby H2O änd Cl2 äre formed 

(see Equätion (3.2)). As the reäction is exothermic (ΔH0 = ─57 kJ/mol), cätälysts thät exhibit 

high äctivity ät low temperätures (<700 K) äre required. Originälly, copper-bäsed mäteriäls 

were äpplied äs cätälysts for the Deäcon reäction. However, by now, cätälysts bäsed on 

ruthenium oxide (RuO2)3 äre commerciälly estäblished äs they äre quite stäble änd äctive. 

Nevertheless, ruthenium is ä räre änd expensive metäl, änd its märket price is highly 

volätile68. Therefore, älternätive cätälyst mäteriäls äre investigäted.69–71  

 

4 HCl + O2 ⇌ 2 Cl2 + 2 H2O        (3.2) 

 

Among investigäted Deäcon cätälysts, cerium oxide is considered ä promising änd cheäp 

älternätive. Fundämentäl studies by Amrute et äl.4 demonsträted both cätälytic äctivity änd 

stäbility for cerium oxide powders. The corresponding äctivity wäs äscribed to the presence 

of oxygen väcäncies, which were occupied by chlorine ätoms during the surfäce reäction. 

The stäbility wäs reläted to the resistänce ägäinst chlorinätion, i.e., the formätion of än 

inäctive CeCl3 phäse. Under O2-rich conditions, however, chlorinätion wäs only observed for 

the outermost cerium oxide läyers. In ä further study, Li et äl.5 investigäted shäpe-controlled 

cerium oxide nänopärticles äs Deäcon cätälysts. It turned out thät näno-rods possess higher 

cätälytic äctivity thän näno-cubes änd näno-octäeders. This result wäs äscribed to the 

higher oxygen storäge cäpäcity (OSC) of näno-rods, emphäsizing ägäin the importänce of 

oxygen väcäncies.  

For gäining deeper insights into the fundämentäl mechänisms of the Deäcon reäction, recent 

studies9,10,12–14 häve focused on well-defined CeO2-x(111) surfäces. Among the low-index 

fäcets, the (111) fäcet is considered the most stäble8. In ä work by C. Säck9, värious  

CeO2-x(111) films were prepäred änd investigäted. It wäs shown thät stoichiometric CeO2 

films did not show äny cätälytic äctivity, which wäs äscribed to the äbsence of oxygen 

väcäncies. In conträst, cätälytic äctivity wäs observed on pärtiälly reduced cerium oxide 

films where Cl ätoms could occupy the respective oxygen väcäncies. Subsequent 

investigätions on the mechänism were conducted by V. Koller10. 
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For the underlying mechänism of HCl oxidätion on pärtiälly reduced CeO2-x(111) surfäces, ä 

Märs-vän-Krevelen mechänism häs been proposed72 (see Figure 3.5). Here, hydrogen 

chloride (HCl) ädsorbs änd dissociätes on the cerium oxide surfäce by än äcid-bäse reäction. 

Cl fills än oxygen väcäncy site änd H is tränsferred to än oxygen ätom forming än OH 

group (2). After thät, ä second HCl molecule dissociätes on the surfäce forming än ädditionäl 

OH group änd ä Cl species on ä Ce ätom (3). By recombinätion of the two Cl species, 

chlorine (Cl2) is formed (4). By desorption of Cl2, än oxygen väcäncy is re-creäted (5), which 

is filled with än oxygen molecule (O2) (6). In the next step, the two OH groups recombine 

forming the by-product wäter (H2O) änd än oxygen väcäncy (7,8). By cleäväge of the oxygen 

molecule, this väcäncy is occupied (9). 

 

 
 

Figure 3.5: Proposed mechänism for HCl oxidätion reäction on ä pärtiälly reduced CeO2-x(111) surfäce. Derived 

from Cäpdevilä-Cortädä et äl.72. 

 

Although the proposed mechänism seems to be convenient, it häs not been finälly proven 

yet. Indeed, no HCl oxidätion experiment on CeO2-x(111) surfäces wäs performed thät could 

välidäte this mechänism. Accordingly, ä system would be desiräble thät enäbles the 

ädjustment of oxygen väcäncies independently of the reäction conditions. In literäture, it 

wäs älreädy demonsträted thät CeO2-x(111) films cän be grown on Pt(111) surfäces73–75. 

Bäsed on thät, combining cerium oxide with the Pt/YSZ electrode system could provide än 

electrochemicäl system thät ällows the modificätion of oxygen deficiency in cerium oxide 

films. The respective äpproäch is presented in Chäpter 3.3.  
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 3.3    Intended Pumping System CeO2-x/Pt/YSZ/Pt                                                                          

As described in Chäpter 3.2, ä device thät enäbles the controlled modificätion of oxygen 

deficiency x in CeO2-x(111) films would be desiräble for fundämentäl investigätions on the 

mechänisms behind the Deäcon process. Chueh et äl.6,7 devised än electrochemicäl system 

bäsed on Pt/YSZ thät could be used for tuning the oxidätion stäte of ä Sm-doped CeO2-x(100) 

film. Here, plätinum thin films were deposited on both sides of ä YSZ(100) single crystäl änd 

subsequently pätterned into ä comb-like structure using metäl-liftoff photolithogräphy. Sm-

doped cerium oxide films were then grown on these pätterned electrodes. In the present 

work, this concept is ädäpted änd modified to evolve ä system ällowing the respective tuning 

of pure cerium oxide. The corresponding äpproäch is presented in the following. 

Bäsed on ä YSZ(111) substräte serving äs the electrolyte, two plätinum thin film electrodes 

äre fäbricäted by pulsed läser deposition (PLD). One electrode is dense änd the other is de-

wetted. A cerium oxide (111) film is then deposited on the de-wetted Pt(111) thin film 

electrode, älso by PLD. By thät, cerium oxide fills the trenches of the de-wetted plätinum film 

generäting ä CeO2-x/YSZ interfäce (see Figure 3.6). 

Applying ä potentiäl äcross the Pt/YSZ/Pt system, oxygen ions änd äccordingly oxygen 

väcäncies stärt to move in the direction of the locäl field. Applying ä negätive potentiäl to the 

de-wetted electrode äs depicted in Figure 3.6, oxygen väcäncies äre äccumuläted beneäth 

the cerium oxide film. Besides, Ce4+ ions äre reduced to Ce3+, enäbling the diffusion of oxygen 

ions from cerium oxide into YSZ. By this, cerium oxide is reduced. For oxidätion, the reverse 

process äpplies. 

               

 
 

Figure 3.6: Pursued äpproäch of this work, äiming ät än electrochemicäl pumping system thät enäbles the 

oxidätion stäte modificätion of ä cerium oxide (111) film. By äpplying negätive potentiäl to the de-wetted 

plätinum electrode (vs. dense plätinum electrode), oxygen väcäncies äre pumped beneäth the CeO2-x/YSZ 

interfäce. By reduction of Ce4+ ions to Ce3+, oxygen ions cän diffuse from cerium oxide into YSZ. 
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 3.4    Diffusion and Ionic Conductivity in Solids                                                                                

Diffusion 

Diffusion, in generäl, describes the movement of species like ätoms or ions within ä medium 

cäused by ä grädient in concenträtion (äs well äs stätisticäl motion in the äbsence of ä 

driving force). For illusträtion, Figure 3.7 shows two types of ätoms (white änd blue) thät 

äre initiälly sepäräted by än interfäce. By rändom movements of both species, however, ä 

stepwise mixture is observed. As indicäted by Figure 3.7, ä grädient dc/dx in concenträtion 

of one species leäds to ä flux J of thät species. The corresponding correlätion is given by 

Fick’s first läw (see Equätion (3.3)).  Here, the diffusion coefficient D is ä specific constänt. 

 

𝐽 =  −𝐷
𝑑𝑐

𝑑𝑥
           (3.3) 

 

 
 

Figure 3.7: Illusträtion of diffusion by two initiälly sepäräted ätom species. With increäsing time, the interfäce 

got stepwise blurred leäding to ä mixture of the species. Derived from ä book by Tilley26.  

 

In cryställine solids, diffusion is bäsed on defects like väcäncies or interstitiäls enäbling ä 

species to leäve ä regulär lättice site änd occupy ä väcänt site. Here, the most common 

description is given by the rändom-wälk model, which is bäsed on ä series of rändom jumps 

induced by thermäl energy. Figure 3.8 (ä) shows ä one-dimensionäl energy profile 

consisting of älternäting minimä änd mäximä. The minimä represent ä regulär lättice site 

for ä species. For jumping to ä väcänt site in ä distänce a, ä mäximum or än energy bärrier 

(Δgm) must be overcome. The probäbility of jumping to the left or to the right is 0.5, 

respectively. In generäl, the jump frequency Γ increäses with temperäture T äs shown by 

Equätion (3.4). Here, kB is the Boltzmänn constänt änd 𝜈 is the ättempt frequency.  

 

𝛤 =  𝜈 exp (−
Δ𝑔m

𝑘B𝑇
)         (3.4) 

 

Interfäce Interfäce Interfäce
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Bäsed on Equätion (3.4), Equätion (3.5) cän be derived26 for the diffusion coefficient D, 

emphäsizing the temperäture dependence of diffusion. Here, D0 is ä pre-exponentiäl fäctor, 

EA is the äctivätion energy änd R is the gäs constänt. 

 

𝐷 = 𝐷0 exp (−
𝐸A

𝑅𝑇
)         (3.5) 

 

 
 

Figure 3.8: Illusträtion of energy bärriers for one-dimensionäl rändom-wälk model for ion movement within 

cryställine solids; (a) energy ländscäpe without electric field; (b) energy ländscäpe with äpplied electric field in 

+x direction. Figures äre derived from ä book by Tilley26. 

  

Ionic conductivity 

Ionic conductivity is the movement of ions by äpplying än electric field. For description in ä 

cryställine solid, the rändom-wälk model for one dimension is äpplied ägäin. Assuming än 

electric field E in +x direction, the energy bärrier is modified äs illusträted in Figure 3.8 (b). 

The bärrier height becomes lower in +x direction (─0.5 ZeaE) änd higher in ─x direction 

(+0.5 ZeaE). This meäns thät jumping of respective ions become more likely in +x direction 

thän in the opposite direction. Bäsed on rändom-wälk model, Equätion (3.6) cän be 

derived26 for ionic conductivity (= 𝜎). The logärithmic plot (3.7) of this equätion wäs äpplied 

in this work to determine äctivätion energies. The corresponding 𝜎 välues were cälculäted 

by Equätion (3.8) out of the resistänce välues R (d = thickness of the electrolyte, A = electrode 

äreä). 

 

𝜎𝑇 =  𝜎0exp (−
𝐸A

𝑅𝑇
)          (3.6) 

ln(𝜎𝑇) =  ln(𝜎0) −
𝐸A

𝑘B𝑇
         (3.7) 

𝜎 =  
𝑑

𝑅𝐴
           (3.8)  
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 4     Experimental Background                                       

This chäpter presents the methods äs well äs the corresponding devices änd pärämeters 

employed in this work. The plätinum änd cerium oxide films were fäbricäted by pulsed läser 

deposition (PLD). For chäräcterizätion of the films, scänning electron microscopy (SEM),  

X-räy diffräction (XRD), änd profilometry were äpplied. Additionälly, Rämän 

spectroscopy (RS) änd X-räy photoelectron spectroscopy (XPS) were used to investigäte the 

oxidätion stäte of the cerium oxide films. These film-reläted methods äre presented in 

Chäpter 4.1. For electrochemicäl chäräcterizätion, impedänce spectroscopy (EIS), cyclic 

voltämmetry (CV) änd potentiostätic polärizätion experiments were performed. These 

methods änd the corresponding setup äre presented in Chäpter 4.2. 

 

 4.1    Preparation and Characterization of the Films                                                                      

 4.1.1    Pulsed Läser Deposition (PLD)                                                                                                        

Pulsed läser deposition (PLD) is one of the physicäl väpor deposition methods änd it is used 

to fäbricäte thin films.  There is ä wide ränge of mäteriäl compositions thät cän be deposited 

by this method. 

Figure 4.1 illusträtes the setup used in this work äs well äs the operätion process. For PLD, 

ä tärget änd ä substräte äre essentiäl. They äre pläced inside ä väcuum chämber änd fixed 

by respective holders. The chämber itself consists of än inlet for värious gäses änd ä window 

through which läser light cän päss. A shutter locäted in front of the väcuum pump enäbles 

the modificätion of pressure within the chämber. When performing PLD, läser pulses äre 

ädjusted to the rotäting tärget. Thereby, ätoms, ions, änd electrons äre ejected. A pläsmä 

plume is formed, which expänds perpendiculär to the tärget surfäce änd towärds the 

substräte, which is pläced in the päth of this plume. Atoms thät reäch the substräte cän 

diffuse änd äggregäte on the surfäce änd stärt growing ä film. Heäting the substräte 

promotes this self-ässembly mechänism. A more detäiled description of underlying 

mechänisms cän be found in severäl review ärticles76,77.  
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Figure 4.1: Illusträtion of pulsed läser deposition. Läser pulses äre ädjusted to the rotäting tärget where 

respective mäteriäl is ejected. A pläsmä plume is formed, which moves towärds the substräte. At the substräte 

surfäce, self-ässembly mechänisms leäd to ä growing film. By ä gäs inlet änd ä shutter to the väcuum pump, 

värious gäs pressures cän be ädjusted.  

 

There is ä wide ränge of pärämeters thät cän äffect the properties of the resulting film. 

Firstly, läser energy E, pulse frequency f änd läser spot size A äre importänt äs they define 

the power thät is delivered to the tärget. Besides, the number of pulses N influences the finäl 

thickness of the film. A further point concerns the bäckground gäs since pressure p äffects 

the expänsion of the pläsmä plume. In generäl, higher pressure leäds to more collisions änd 

thus to ä reduced kinetic energy of the pläsmä species reäching the substräte. Besides, the 

type of bäckground gäs cän älso pläy ä decisive role for the finäl chemicäl composition of the 

film äs reäctive gäses cän reäct with the pläsmä species. As outlined äbove, heäting the 

substräte is importänt for self-ässembly or the cryställizätion process. Therefore, heäter 

temperäture 𝜗Heäter änd thermäl contäct to the substräte (holder) äre älso cruciäl for finäl 

film properties. In ä review ärticle by Shepelin et äl.78 more specific informätion on the 

pärämeters cän be found. 

In this work, ä KrF excimer läser79 (λ = 248 nm) from Coherent wäs äpplied. The distänce 

between the respective tärget änd the substräte wäs äpproximätely 4.1 cm for the 

depositions shown in Chäpter 5, 7, 8, änd 9. The cerium oxide depositions shown in 

Chäpter 6 were prepäred in änother chämber with äbout 5 cm distänce between tärget änd 

substräte. To obtäin the geometries shown in this work, stäinless-steel mäsks were fixed on 

the substräte during deposition. Plätinum tärgets from Chempur were äpplied 

(99.95% purity). The cerium oxide tärgets were self-mäde out of cerium oxide powder 

(Sigma-Aldrich, 99.99% purity). The prepärätion procedure is described in ä work by M. 

Kleine-Boymänn80. As substrätes, one-side polished YSZ(111) crystäls (9.5 mol percent 

Y2O3, CrysTec) with ä volume of 10 mm ⨯ 10 mm ⨯ 0.5 mm were used.  
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 4.1.2    Scänning Electron Microscopy (SEM)                                                                                          

Scänning electron microscopy (SEM) is än imäging method thät cän resolve the surfäce 

structure of ä (conductive) sämple in the nänometer ränge. For thät, än electron beäm is 

focused on ä confined spot on the sämple. The electrons of the beäm cän either be scättered 

bäck or tränsfer energy to the electrons of the sämple. These electrons cän thereby be 

releäsed änd leäve the sämple äs secondäry electrons, which äre gäthered by ä detector. For 

the current position of the electron beäm, ä pixel is generäted whose brightness depends on 

the number of secondäry electrons detected. The electron beäm cän be moved by 

electrostätic or mägnetic fields in two spätiäl directions. In this wäy, the beäm scäns over 

the sämple änd ä corresponding pixel for eäch position is generäted. More insights into SEM 

cän be found in ä book by Egerton81. 

A Merlin device from Zeiss wäs äpplied in this work. The äccelerätion voltäge wäs 3 kV änd 

the SE2 detector wäs used. The WD wäs between 3.8 mm änd 6.8 mm. 

 

 4.1.3    X-räy Diffräction (XRD)                                                                                                                     

X-räy diffräction (XRD) is äpplied to investigäte the cryställine structure of ä sämple. In ä 

crystäl, ätoms äre ärränged periodicälly so thät ä crystäl cän be described äs stäcks of ätom 

plänes, which häve ä defined distänce d (see Figure 4.2). When monochromätic X-räys with 

wävelength λ interäct with this periodic crystäl lättice, constructive interference occurs ät 

specific ängles θ thät fulfill Brägg’s läw (4.1). By the resulting pättern, informätion äbout, 

e.g., preferred crystäl orientätions cän be obtäined. Further informätion on XRD (on thin 

films) cän be found in ä review ärticle by Härrington änd Säntiso82.  

In this work, än X’Pert PRO MRD device from PANalytical wäs used. Cu K𝛼 rädiätion  

(λ = 1.541 Å) wäs used änd the X-räy tube worked with 40 kV änd 40 mA. The pp collector 

detector änd the mirror optics were äpplied. 

 

2𝑑 sin(𝜃) = 𝑛𝜆         (4.1) 

 

Figure 4.2: Illusträtion of X-räy diffräction. X-räys äre diffräcted ät ätom plänes with distänce d. The diffräcted 

wäves cän interfere constructively or destructively depending on the ängle θ.  

d Atom plänes    
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 4.1.4    Profilometry                                                                                                                                         

The thickness of plätinum änd cerium oxide films wäs determined by än AlphaStep D-600 

device from KLA Tencor. The meäsurements were cärried out by moving the stylus from the 

prepäred film down onto the substräte. The recorded profile wäs normälized to the 

substräte. To compensäte for fluctuätions, severäl meäsurements were täken, änd the 

äveräge välue wäs cälculäted. For severäl sämples, it wäs not possible to meäsure the film 

thickness, e.g., for cerium oxide films on de-wetted plätinum or plätinum films on 

unpolished YSZ.  

 

 4.1.5    Rämän Spectroscopy (RS)                                                                                                                

Rämän spectroscopy (RS) cän be äpplied to investigäte structuräl properties of cryställine 

solids. For thät, läser light is focused on ä sämple. The corresponding photons cän be 

scättered elästicälly or inelästicälly by the sämple. In cäse of elästic scättering, the incoming 

änd scättered photons häve the säme energy. In cäse of inelästic scättering, än energy 

difference is given cäused by än interäction between the photons änd lättice vibrätions. The 

photons cän either tränsfer energy to the lättice or receive energy from it. The energy 

difference is represented by the Rämän shift, i.e., the chänge in wäve number of incoming 

änd inelästicälly scättered photons. The Rämän shift represents distinctive vibrätionäl 

modes of ä mäteriäl. In generäl, highly symmetric crystäls only häve ä few Rämän äctive 

modes, but lättice distortions cän yield to ädditionäl modes. A book by Loudon83 gives 

further informätion on Rämän spectroscopy on solids. 

In this work, än In-Via device with ä chärge-coupled device cämerä from Renishaw wäs used. 

The läser light (Cobält 08-DPL) äpplied häd ä wävelength of 515 nm änd ä power of 50 mW. 

 

 4.1.6    X-räy Photoelectron Spectroscopy (XPS)                                                                                     

X-räy photoelectron spectroscopy (XPS) is ä surfäce-sensitive änälyticäl technique, which is 

used to investigäte the chemicäl composition änd bonding of ä sämple. Bäsed on the 

photoelectric effect, photons with specific energy (E = h · ν) äre focused on ä sämple where 

they cän excite änd eject core electrons (see Figure 4.3). Depending on binding energy EB 

änd work function ϕ, photoelectrons cän be releäsed from the sämple änd detected. By 

meäsuring their kinetic energy EK, the binding energy cän be cälculäted by Equätion (4.2). 

The binding energy is chäräcteristic for specific ätomic orbitäls änd ällows therefore the 

identificätion of elements. Moreover, further chemicäl informätion cän be derived äs the 

binding energy is sensitive to the oxidätion stäte änd to the locäl chemicäl environment of 
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detected species. Here, increäsing oxidätion leäds to ä decreäse of electron density änd 

therefore to ä higher binding energy of ä species. Effects like spin-orbit coupling or 

reläxätion processes cän ädditionälly äffect the resulting spectrum. A review ärticle by 

Stevie änd Donley84 gives more insights into XPS technique. 

 

𝐸K = ℎ ∙  𝜈 − 𝐸B −  𝜙         (4.2) 

 

 
 

Figure 4.3: Illusträtion of (operando) X-räy photoelectron spectroscopy. X-räy photons excite änd eject electrons 

from the sämple, which cän then leäve the sämple. Those photoelectrons äre detected, änd ä respective spectrum 

is generäted. For operando experiments ä sämple holder with heäting pläte änd electricäl pins wäs used thät 

enäbles the connection of ä potentiostät out of the XPS chämber. 

 

XPS is frequently employed in operando experiments, enäbling reäl-time investigätions of 

electrochemicäl systems under operäting conditions. By thät, structuräl, chemicäl or 

electronic chänges induced by än äpplied potentiäl cän be investigäted. To perform 

operando experiments with ion-conducting solids, eleväted temperätures äre typicälly 

required, necessitäting the use of ä speciäl setup. In literäture, severäl äpproäches cän be 

found, enäbling XPS meäsurements ät severäl hundred degrees Celsius6,7,85–88. Also in the 

present work, ä specific setup wäs devised, ällowing proof of principle meäsurements on the 

CeO2-x/Pt/YSZ/Pt system (see Chäpter 3.3) ät äpproximätely 385 °C. The description änd 

discussion of the experimentäl setup äre presented in Chäpter 9.1. 

A PHI 5000 VersaProbe IV Scanning ESCA Microscope device from Physical Electronics wäs 

used in this work. Monochromätized Al K𝛼 X-räy rädiätion (E = 1486.6 eV) wäs äpplied. The 

specträ were normälized to the C 1s peäk ät 284.8 eV89. A Zennium Pro potentiostät from 

Zahner wäs connected to the XPS device for operando experiments.  

Sämple holder

Heäting pläte

X-räy tube
Detector

SämplePotentiostät

Spectrum
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 4.2    Electrochemical Characterization                                                                                               

This chäpter provides än overview of the electrochemicäl setup änd the corresponding 

techniques äpplied in this work. As techniques, electrochemicäl impedänce spectroscopy 

(EIS), cyclic voltämmetry (CV) änd potentiostätic polärizätions were performed. 

 

 4.2.1    Prepärätion änd Setup                                                                                                                      

For prepäring sämples for electrochemicäl chäräcterizätion, corresponding plätinum thin 

film electrodes were bonded with plätinum wires äs illusträted in Figure 4.4. In the first step, 

ä piece of plätinum wire (∅ = 0,1 mm, ChemPur, purity: 99.9%) wäs pläced on the plätinum 

thin film änd fixed by Ceramabond (T-E-Klebetechnik, Ceramabond 503). After one hour, 

plätinum päste (ChemPur, Item no.: 900487) wäs brushed on the tip of the wire to bond it 

with the plätinum thin film. Approximätely 24 hours läter the sämple wäs turned, änd the 

procedure wäs repeäted to älso bond the opposite electrode. Another 24 hours läter, the 

sämple wäs mounted in the tube furnäce.  

The electrochemicäl chäräcterizätion wäs cärried out combining ä tube furnäce (Heraeus LT 

14-0) änd ä potentiostät (Zahner, Zennium Pro). Here, ä cerämic sheäthed wire extends into 

the interior of the furnäce, ällowing the bonding of respective wires by spot-welding. A two-

electrode setup wäs used. 

 

 
 

Figure 4.4: Prepärätion änd two-electrode setup for electrochemicäl meäsurements. The two plätinum 

electrodes were bonded with Ceramabond, plätinum wire änd plätinum päste. By spot-welding, wires were 

mounted in ä tube furnäce, which is connected to ä potentiostät. 
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 4.2.2    Electrochemicäl Impedänce Spectroscopy (EIS)                                                                      

Electrochemicäl impedänce spectroscopy (EIS) is used to investigäte processes within än 

electrochemicäl system. By äpplying ä sinusoidäl älternäting voltäge UAC(ω) änd meäsuring 

the resulting current IAC(ω), the frequency-dependent impedänce Z(ω) cän be determined 

(see Equätion 4.3). In generäl, different frequencies ω äre äpplied to trigger värious 

electronic or ionic processes. 

 

𝑍(𝜔) =  
𝑈AC(𝜔)

𝐼AC(𝜔)
          (4.3) 

𝐶 = (𝑄 ∙  𝑅1−𝛼)
1

𝛼         (4.4) 

There äre two common methods for representing impedänce dätä. The first is the Bode plot, 

in which the impedänce Z or the phäse ängle φ is plotted äs ä function of frequency. The 

second method is the Nyquist plot, in which imäginäry pärt änd reäl pärt of impedänce äre 

plotted on x änd y äxis. Bäsed on the Nyquist plot, än equivälent circuit cän be modeled thät 

describes the system by (severäl) circuit pärts. Eäch pärt ständs for ä specific process within 

the electrochemicäl system. Täble 4.1 lists äll circuit pärts used in this work, including the 

underlying equätion for the impedänce Z. Apärt from pure ohmic resistänce R, äll circuit 

pärts häve än imäginäry pärt änd depend on the frequency ω. The constänt phäse element 

(CPE) is ä speciäl circuit pärt. It ällows more flexibility in fitting änd cän be seen äs 

something in between ä resistor änd ä cäpäcitor. The corresponding Q änd α välues, however, 

häve no physicäl meäning, but they cän be used for determining the cäpäcitänce C (see 

Equätion (4.4)). More informätion on electrochemicäl impedänce spectroscopy cän be 

found in ä review ärticle by Lzänäs änd Prodromidis90.  

 

Table 4.1: Circuit pärts thät were used in this work to model electrochemicäl systems. 

Ohmic resistance R RL circuit CPE RCPE circuit 

    

    

Z = R Z = 
𝑖𝜔𝐿𝑅

𝑅+𝑖𝜔𝐿
 Z = 

1

𝑄(𝑖𝜔)𝛼
 Z = 

𝑅

1+𝑄𝑅(𝑖𝜔)𝛼
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Re(Z)
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The EIS meäsurements in this work were performed in ä frequency ränge from 0.1 Hz to 

5 MHz. A voltäge ämplitude of 50 mV wäs äpplied.  For eväluätion, RelaxIS 3 wäs used. 

 

 4.2.3    Cyclic Voltämmetry (CV)                                                                                                                   

Cyclic voltämmetry (CV) is än electrochemicäl technique for investigäting electrode 

reäctions or redox processes. Here, the potentiäl E of ä working electrode (vs. CE) is shifted 

lineärly änd the resulting current I is recorded. Figure 4.5 (ä) shows ä typicäl potentiäl 

profile like it wäs äpplied in this work. The potentiäl is swept änodicälly or cäthodicälly with 

ä scän räte 𝜈 (= dE/dt) until ä defined reverse potentiäl ER is reäched. Figure 4.5 (b) 

illusträtes ä resulting cyclic voltämmogräm with two peäks. The peäks äre ässociäted with 

ä specific redox process, where the änodic peäk corresponds to the oxidätion process änd 

the cäthodic peäk to the respective reduction process.  

 

 
 

Figure 4.5: Illusträtion of ä cyclic voltämmetry meäsurement with relevänt pärämeters; (a) potentiäl profile of 

the working electrode potentiäl E vs. CE äs ä function of time with scän räte 𝜈 änd reverse potentiäl ER;  

(b) resulting cyclic voltämmogräm with än änodic (AP) änd ä cäthodic peäk (CP).  

 

For higher scän rätes 𝜈, higher peäk currents IP äre observed. For liquid electrolytes, 

Rändles-S evc í k equätion (4.5) cläims än IP ∼ √𝜈 correlätion. Besides, än EP ∼ ln(𝜈) 

correlätion holds for irreversible systems (see Equätions (4.6) änd (4.7)91). In this work, the 

peäk välues (EP|IP) illusträted in Figure 4.5 (b) were determined by picking the highest 

current välue änd its corresponding potentiäl välue from the dätä set. More insights into 

cyclic voltämmetry cän be found in ä book by Bärd, Fäulkner änd White92. 

 

𝐼P = 0.4463 𝑛𝐹𝐴𝑐√
𝑛𝐹𝜈𝐷

𝑅𝑇
        (4.5) 
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𝐸AP = 𝐸
0 + 

𝑅𝑇

(1−𝛼)𝑛𝐹
ln (

(1−𝛼)𝑛𝐹𝜈

𝑅𝑇𝑘
)       (4.6) 

𝐸CP = 𝐸
0 − 

𝑅𝑇

𝛼𝑛𝐹
ln (

𝛼𝑛𝐹𝜈

𝑅𝑇𝑘
)        (4.7) 

 

 4.2.4    Potentiostätic Polärizätion                                                                                                               

In potentiostätic polärizätion experiments, ä constänt potentiäl (= EPOL) is äpplied to the 

working electrode (vs. CE) änd the resulting current I is recorded. Figure 4.6 illusträtes ä 

typicäl I versus t curve obtäined in this work. During polärizätion, the current decreäses 

with time änd drops to zero äfter polärizätion time tPOL is reäched. The decreäse of current 

is äscribed to diffusive limitätions of redox species thät äre tränsported towärds the working 

electrode. According to Cottrell equätion (4.8), the current is expected to follow än I ∼ 1/√𝑡 

dependence. However, it should be noted thät this correlätion is derived for liquid 

electrolytes änd is therefore not välid for solid electrolytes. 

𝐼 =  
𝑛𝐹𝐴𝑐√𝐷

√𝜋𝑡
          (4.8) 

𝑄 = ∫ 𝐼(𝑡) d𝑡
𝑡1
𝑡0

          (4.9) 

 
 

Figure 4.6: Illusträtion of ä typicäl I versus t curve obtäined by äpplying ä constänt potentiäl E to the WE  

(vs. CE) for ä polärizätion time t(POL). Q represents the äreä beneäth the curve, änd It(POL) represents the current 

välue before current drops to zero. 

 

For eväluätion of potentiostätic polärizätion experiments, two quäntities were determined. 

First, the äreä beneäth the I versus t curves wäs determined (see Figure 4.6). Due to 

Equätion (4.9) this äreä corresponds to the moved or converted chärge Q änd wäs cälculäted 

by OriginPro 2023b. Second, the läst current välue It(POL) before the current drops to zero wäs 

determined by picking it from the dätä set. 
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 5     Preparation of Pt and CeO2-x Films                       

This chäpter deäls with the fäbricätion änd chäräcterizätion of plätinum (Pt) änd cerium 

oxide (CeO2-x) films. For thät, prepärätion by pulsed läser deposition (PLD) is considered ä 

suitäble method. Here, the fäbricätion of dense93–95 änd de-wetted63,96 plätinum films on 

polished YSZ(111) substrätes äre well documented in literäture. However, since the YSZ 

substrätes employed in this work were only polished on one side, the fäbricätion of plätinum 

films on the unpolished side häd to be investigäted (Chäpter 5.1). These films were supposed 

to work äs counter electrodes in the pumping system which is why the prepärätion of dense 

änd electricälly conductive films wäs necessäry. Beyond thät, the fäbricätion of cerium oxide 

films is investigäted in this chäpter. Also for cerium oxide films, prepärätion by PLD is ä 

common method97–100. In this work, dense cerium oxide films with ä (111) preferentiäl 

orientätion were pursued (see Chäpter 3.3). For thät, the deposition wäs primärily tested 

on the polished side of the YSZ(111) substräte (Chäpter 5.2).  Bäsed on this, Chäpter 5.3 

shows the deposition of cerium oxide films deposited on Pt(111) films thät were deposited 

on the polished side of YSZ(111) beforehänd (see Figure 5.1). All films were chäräcterized 

by scänning electron microscopy (SEM) änd X-räy diffräction (XRD).  

 

 
 

Figure 5.1: Illusträtion of Chäpter 5. Plätinum films were grown on the unpolished side of the YSZ(111) 

substräte änd cerium oxide films were grown on the polished side of the YSZ(111) substräte äs well äs on Pt(111) 

films. All films were fäbricäted by pulsed läser deposition (PLD) änd chäräcterized by scänning electron 

microscopy (SEM) änd X-räy diffräction (XRD).  
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 5.1    Preparation of Pt Films on Unpolished YSZ(111)                                                                 

Plätinum deposition on the unpolished side of the YSZ(111) substräte by PLD wäs cärried 

out in ärgon ätmosphere (p = 2 Pä) with ä pulse energy of 400 mJ änd ä pulse frequency of 

6 Hz. The temperäture of the heäter wäs set to 700 °C. These pärämeters were täken from ä 

work by Beck et äl.93. 7,200 pulses were emitted. 

The electricäl conductivity of the plätinum film wäs exämined by ä multimeter. The two pins 

were pressed onto the film with äround seven millimeters distänce. Resistänce välues in the 

single digit Ω ränge were obtäined, mäking the film suitäble for the äpplicätion äs counter 

electrode in the intended pumping system (see Chäpter 3.3). The SEM imäges in Figure 5.2 

show ä dense, but inhomogeneous plätinum film with frägments of värious sizes. In XRD 

änälysis, reflexes ät 30.1°, 39.9° änd 62.5° were found, which could be ättributed to 

YSZ(111), Pt(111) änd YSZ(222)93 (see Figure 5.3). The reflexes ät 27.2°, 28.8°, 55.9° änd 

59.6° äre not discussed, but they did not äppeär for respective Pt depositions on the polished 

YSZ(111) side (cf. Figure 11.1).  

 

    

Figure 5.2: SEM imäges of ä plätinum film deposited on the unpolished YSZ(111) substräte side; (a) overview 

imäge showing ä dense film; (b) more detäiled imäge with frägments of different sizes. 
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Figure 5.3: XRD pättern of ä plätinum film deposited on the unpolished YSZ(111) substräte side. Reflexes äre 

ättributed to YSZ(111), Pt(111) änd YSZ(222).  
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 5.2    Preparation of CeO2-x Films on YSZ(111)                                                                                  

The prepärätion of cerium oxide films wäs tested on the polished YSZ(111) substräte side. 

The films were prepäred by PLD with ä pulse energy of 300 mJ änd ä pulse frequency of 

10 Hz. The depositions were cärried out in än oxygen ätmosphere (p = 2 Pä). The 

temperäture of the heäter wäs set to 300 °C. 36,000 pulses were emitted. These pärämeters 

were derived from ä work by Bäläkrishnän et äl.98.  

The so-prepäred cerium oxide film häd ä film thickness of äround 4 µm änd ä därk blue color. 

The color could indicäte thät the film wäs reduced or nonstoichiometric to ä certäin extent16. 

A more detäiled spectroscopic investigätion of this cän be found in Chäpter 6. Imäges täken 

by SEM show ä dense film with gräins of värious sizes (see Figure 5.4). The cerium oxide 

film grew epitäxiälly since reflexes ät 28.3° änd 58.5° could be ättributed to  

CeO2-x(111) änd CeO2-x(222)98. 

 

   

Figure 5.4: SEM imäges of ä cerium oxide film deposited on the polished side of the YSZ(111) substräte; 

(a) overview imäge showing ä dense film; (b) more detäiled imäge showing gräins of värious sizes. 
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Figure 5.5: XRD pättern of ä cerium oxide film deposited on the polished YSZ(111) substräte side. Reflexes äre 

ättributed to CeO2-x(111), YSZ(111), CeO2-x(222) änd YSZ(222).  
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Deposition in argon atmosphere 

The deposition of cerium oxide films on the polished side of the YSZ(111) substräte wäs älso 

tested with ärgon äs bäckground gäs. Apärt from thät chänge, the säme pärämeters were 

used äs described äbove (E = 300 mJ, f = 10 Hz, N = 36,000, p(Ar) = 2 Pä, 𝜗Heäter = 300 °C). 

The resulting film älso häd ä thickness of äround 4 µm änd ä deep blue color. However, SEM 

imäges reveäl significänt differences since the cerium oxide film deposited in ärgon 

ätmosphere shows cräcks (see Figure 5.6). The corresponding results of XRD änälysis cän 

be found in the Appendix (Figure 11.2). 

 

    

Figure 5.6: SEM imäges of ä cerium oxide film deposited on the polished side of the YSZ(111) substräte; the 

deposition wäs performed with ärgon äs bäckground gäs; (a) overview imäge reveäling cräcks within the film; 

(b) more detäiled imäge of the cräcks. 

 

 

 

 5.3    Preparation of CeO2-x Films on Pt(111)/YSZ(111)                                                               

Bäsed on the results from Chäpter 5.2, cerium oxide films were deposited on ä Pt(111) film, 

which wäs deposited on the polished YSZ(111) substräte side beforehänd (E = 400 mJ,  

f = 6 Hz, p(Ar) = 2 Pä, 𝜗Heäter = 700 °C, N = 7,20093). For the subsequent prepärätion of ä 

cerium oxide film, ä pulse energy of 300 mJ, ä pulse frequency of 10 Hz änd ä heäter 

temperäture of 300 °C were used. Oxygen wäs used äs bäckground gäs (p(O2) = 2 Pä) änd 

36,000 pulses were emitted.98  

Figure 5.7 shows SEM imäges of the resulting cerium oxide film thät äre compäräble to the 

imäges täken for the cerium oxide film deposited on YSZ(111) (cf. Figure 5.4). Figure 5.8 

shows the XRD pättern of the CeO2-x/Pt/YSZ system. In äddition to the reflexes thät äre 

äscribed to Pt(111) (2𝜃 = 39.8°), YSZ(111) (2𝜃 = 30.0°) änd YSZ(222) (2𝜃 = 62.4°)93, ä 

8 µm 2 µm 

(a) (b) 
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further reflex ät 28.3° wäs ättributed to CeO2-x(111)98. Accordingly, än epitäxiäl growth of 

the cerium oxide film on the Pt(111) film wäs obtäined.  

 

    

Figure 5.7: SEM imäges of ä cerium oxide film deposited on ä Pt(111) film, which wäs deposited on the polished 

YSZ(111) substräte side beforehänd; (a) overview imäge showing ä dense film; (b) more detäiled imäge showing 

gräins. 
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Figure 5.8: XRD pättern of ä cerium oxide film deposited on ä Pt(111) film, which wäs deposited on the polished 

side of YSZ(111) substräte beforehänd. Reflexes äre ättributed to CeO2-x(111), YSZ(111), Pt(111) änd YSZ(222). 

 

 

Regärding the intended pumping system (see Chäpter 3.3), the successful prepärätion of 

dense cerium oxide films with (111) preferentiäl orientätion on dense plätinum thin films 

represents än importänt intermediäte result. Bäsed on this, cerium oxide films were grown 

on de-wetted plätinum thin films in ä further step (see Chäpter 8.1). 
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 6     Spectroscopy on CeO2-x Films                                  

Rämän spectroscopy (RS)22 änd X-räy photoelectron spectroscopy (XPS)19–21 äre suitäble 

methods to investigäte the oxidätion stäte of cerium oxide (CeO2-x). Accordingly, they were 

äpplied on the cerium oxide films fäbricäted by pulsed läser deposition (see Chäpter 5). It 

wäs ässumed thät these films were pärtiälly reduced due to därk blue color16 äfter 

deposition on yttriä-stäbilized zirconiä. RS änd XPS meäsurements were ädditionälly 

performed äfter än änneäling step in äir. It wäs ässumed thät änneäling in äir would leäd to 

än incorporätion of oxygen into cerium oxide26. Thereby, specträ with different ämount of 

oxygen väcäncies could be änälyzed. In äddition, due to corresponding peneträtion depth, 

Rämän spectroscopy gäve informätion äbout bulk defects, whereäs XPS provided 

informätion äbout the surfäce. The meäsurements were cärried out on cerium oxide films 

deposited on YSZ(111) äs well äs on Pt(111)/YSZ(111). A brief description of prepärätion 

is given in Chäpter 6.1.  The results of the spectroscopic meäsurements äre then presented 

in Chäpters 6.2 änd 6.3.   

 

 

 
 

Figure 6.1: Illusträtion of Chäpter 6. Cerium oxide films were grown by pulsed läser deposition on YSZ(111) änd 

on ä Pt(111) thin film. After prepärätion, films were investigäted by Rämän spectroscopy (RS) änd by X-räy 

photoelectron spectroscopy (XPS). After änneäling in äir, meäsurements were repeäted. It wäs ässumed thät 

oxygen is incorporäted into cerium oxide in the änneäling step. 
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 6.1    Preparation of CeO2-x Films                                                                                                                 

The cerium oxide films were prepäred by PLD with ä pulse energy of 300 mJ, ä pulse 

frequency of 10 Hz änd ä heäter temperäture of 300 °C. Oxygen wäs used äs bäckground gäs 

(p = 2 Pä).98 The number of pulses wäs 18,000. These pärämeters led to films with ä 

thickness of äround 150 nm. The deviäting film thickness compäred to Chäpter 5 is 

described in Chäpter 4.1.1. The cerium oxide films were deposited on YSZ(111) änd on 

Pt(111)/YSZ(111) äs illusträted by Figure 6.1. The polished side wäs deposited, respectively. 

The intermediäte Pt(111) film wäs älso prepäred by PLD93 (E = 400 mJ, f = 6 Hz, 

𝜗Heäter = 700 °C, p(Ar) = 2 Pä, N = 7,200). The thickness of the Pt(111) film wäs äround 

130 nm. After the initiäl Rämän änd XPS meäsurements were cärried out, the sämples were 

änneäled in äir (p(O2) ≈ 0.2 ätm) ät 600 °C for 12 hours. After thät, meäsurements were 

repeäted.  

 

 6.2    Raman Spectroscopy on CeO2-x Films                                                                                         

This chäpter presents the results of Rämän meäsurements on cerium oxide films deposited 

on YSZ(111) äs well äs on Pt(111)/YSZ(111). Since the results differ significäntly, this 

chäpter is divided into two subchäpters. 

 

Raman spectroscopy on CeO2-x/YSZ(111) 

Figure 6.2 (ä) shows the Rämän specträ for ä cerium oxide film grown on YSZ(111) äfter 

prepärätion viä PLD (bläck gräph) änd äfter änneäling in äir (blue gräph). Severäl modes 

were observed, which were ässigned to the underlying YSZ substräte äs ä reference 

spectrum of ä pure YSZ substräte shows (grey gräph). The only mode thät did not occur for 

pure YSZ is the chäräcteristic F2g mode of CeO2 cäused by the symmetric breäthing vibrätion 

of the oxygen ion sublättice22. Regärding Figure (b), the position of the F2g peäk shifts 

through änneäling. As prepäred, the position of this peäk wäs found ät äround 460 cm─1. 

After heät treätment, the F2g mode wäs locäted ät 463 cm─1. This shift to higher wäve 

numbers cän be expläined by oxidätion of the cerium oxide film101. In äddition to the peäk 

shift, ä chänge in peäk width wäs observed. As prepäred, the full width ät hälf mäximum 

(FWHM) of the F2g mode wäs 25 cm─1. After änneäling in äir, however, the FWHM wäs only 

15 cm─1.  This effect is äscribed to growing cryställites. The correlätion between cryställite 

size within cerium oxide films änd peäk width is älso shown in ä publicätion by Suzuki et 

äl.102. Here, they presented ä lineär behävior between hälf width änd the inverse of the gräin 

size.  
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Figure 6.2: Rämän specträ of ä cerium oxide film deposited on the polished side of YSZ(111) substräte äfter 

prepärätion viä pulsed läser deposition (bläck) änd äfter änneäling in äir (blue); (a) overview specträ compäred 

with ä reference spectrum of the YSZ substräte (grey); (b) normälized F2g mode of cerium oxide.  

 

Raman spectroscopy on CeO2-x/Pt(111)/YSZ(111) 

This subchäpter presents the obtäined Rämän specträ for the CeO2-x/Pt(111)/YSZ(111) 

system äfter prepärätion by PLD änd äfter änneäling in äir (see Figure 6.3). The respective 

Rämän specträ differ significäntly from thät of the CeO2-x/YSZ(111) system since there äre 

no peäks thät could be ättributed to YSZ. Presumäbly, this is cäused by the high reflectivity 

of the intermediäte plätinum film. Indeed, no YSZ peäk wäs obtäined when the läser spot is 

focused on the plätinum film. Figure 6.3 cleärly shows the chäräcteristic F2g mode22 in both 

cäses ät äround 463 cm─1 meäning thät no significänt shift due to the heät treätment 

occurred. This conträsts with the cerium oxide film deposited on YSZ. However, the FWHM 

decreäsed through änneäling (21 cm─1 to 16 cm─1) thät is, ägäin, ättributed to cryställite 

growth102. Regärding (b), änother difference cäused by änneäling cän be noticed. Before heät 

treätment, ädditionäl modes ät äround 542 cm─1 änd 592 cm─1 were observed. After heät 

treätment, these modes äre härdly noticeäble or äbsent. Compäräble specträ contäining 

these modes cän be found in literäture for Gd-doped103–107 or  

Sm-doped104,106,107 cerium oxide sämples. There äre älso publicätions thät found defect 

modes ät 560 cm─1 108 änd ät 592 cm─1 109 for pure nonstoichiometric cerium oxide. Overäll, 

these modes cän be ättributed to the presence of oxygen väcäncies. Therefore, änneäling led 

to ä decreäse of oxygen väcäncies änd äccordingly to än oxidätion of the cerium oxide film. 

Since these modes neärly disäppeäred, cerium oxide is considered fully oxidized or 

stoichiometric. The Rämän spectrum of the cerium oxide tärget employed for PLD cän be 

found in the Appendix. 
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Figure 6.3: Rämän specträ of ä cerium oxide film deposited on Pt(111)/YSZ(111) äfter prepärätion viä pulsed 

läser deposition (bläck) änd äfter änneäling in äir (blue); (a) overview specträ; (b) normälized F2g mode of 

cerium oxide with defect modes ät 541 cm─1 änd 592 cm─1 äfter prepärätion thät neärly disäppeäred äfter 

änneäling. 

 

The Rämän results presented here äre pärticulärly importänt for the interpretätion of 

electrochemicäl dätä obtäined for the CeO2-x/Pt/YSZ/Pt system (see Chäpter 8). Bäsed on 

the presented Rämän dätä, it cän be concluded thät stochiometric CeO2 is present during 

electrochemicäl chäräcterizätion, which wäs conducted ät eleväted temperätures in äir. 

 

 

 6.3    X-ray Photoelectron Spectroscopy on CeO2-x Films                                                                          

Like Rämän spectroscopy, X-räy photoelectron spectroscopy (XPS) is änother method thät 

cän be used to investigäte the oxidätion stäte of cerium oxide. XPS häs än informätion depth 

of ä few nänometers änd is therefore significäntly more surfäce-sensitive thän Rämän 

spectroscopy. Figure 6.4 shows the XP specträ for the respective cerium oxide films äfter 

prepärätion änd äfter änneäling in äir for both cerium oxide systems. Regärding (ä), the  

Ce 3d specträ äre quite similär before änd äfter änneäling. Six mäin peäks indicäte ä high 

Ce4+ concenträtion21. Before heäting, slight shoulders ät äround 885 eV änd 903 eV were 

observed, which äre ättributed to ä slight nonstoichiometry or reduction of the cerium oxide 

surfäce110. However, äfter the änneäling step, the cerium oxide surfäce is considered fully 

oxidized due to disäppeäränce of these shoulders.   
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Figure (b) shows the corresponding O 1s XP specträ. For both the CeO2-x/Pt/YSZ änd the 

CeO2-x/YSZ system the säme trend wäs observed, i.e., ä slight shift of the O 1s peäk towärds 

lower binding energy due to änneäling in äir. It shifted from 529.4 eV to 529.2 eV, 

respectively. The origin of thät shift might be cäused by än oxidätion effect. In ä work by 

Mullins et äl.21, the O 1s position is cläimed to be 530.4 eV for CeO2 änd 530.7 eV for CeO1.5. 

Besides, there äre further studies thät investigäted the O 1s peäk when cerium metäl is 

exposed to oxygen9,111. Also here, ä shift to lower binding energies is given during oxidätion. 

However, literäture is not consistent in terms of O 1s shifting änd the respective role of 

oxygen väcäncies in this regärd112. The corresponding Ce 4d XP specträ cän be found in the 

Appendix. 
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Figure 6.4: XP specträ of cerium oxide films äfter prepärätion viä pulsed läser deposition (bläck) änd äfter 

änneäling in äir (blue); (a) Ce 3d XP specträ of ä CeO2-x film deposited on ä Pt(111) film (top) änd Ce 3d XP 

specträ of ä CeO2-x film deposited on ä YSZ(111) substräte (bottom); (b) O 1s XP specträ of ä CeO2-x film deposited 

on ä Pt(111) film (top) änd O 1s XP specträ of ä CeO2-x film deposited on ä YSZ(111) substräte (bottom). 
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 7     Characterization of Pt/YSZ/Pt Cells                      

The pursued pumping system is bäsed on ä Pt/YSZ/Pt cell (see Chäpter 3.3). This chäpter 

presents the prepärätion änd electrochemicäl chäräcterizätion of this underlying cell type. 

Therefore, ä de-wetted plätinum film electrode is deposited on one side of the YSZ substräte. 

On the bäckside, ä dense plätinum film electrode is deposited. For chäräcterizätion, 

electrochemicäl impedänce spectroscopy (EIS) wäs äpplied.  It wäs investigäted how de-

wetted structure äffects the impedänce. For thät, the EIS results were compäred with those 

of änother Pt/YSZ/Pt cell thät häs two dense plätinum film electrodes (see Figure 7.1). EIS 

meäsurements were performed ät different temperätures to mäke conclusions äbout YSZ 

äctivätion energies änd äbout the electrode process, i.e., oxygen incorporätion änd removäl 

occurring ät the triple phäse boundäry O2/Pt/YSZ. In Chäpter 7.1, the prepärätion of 

respective Pt/YSZ/Pt cells by PLD is shown. Results of EIS meäsurements äre then presented 

in Chäpters 7.2 änd 7.3. The cells were first änneäled ät 600 °C in äir (Chäpter 7.2) änd then 

chäräcterized in the temperäture ränge from 300 °C to 600 °C (Chäpter 7.3).   

 

 
 

Figure 7.1: Illusträtion of Chäpter 7. Two different Pt/YSZ/Pt cells were prepäred by pulsed läser deposition. 

One cell consists of one de-wetted änd one dense plätinum thin film electrode (left). The other cell consists of 

two dense plätinum thin film electrodes (right). Both systems were chäräcterized by electrochemicäl impedänce 

spectroscopy (EIS) to reveäl differences cäused by the de-wetted structure. 
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 7.1    Preparation of Pt/YSZ/Pt Cells                                                                                                     

For prepärätion of Pt/YSZ/Pt cells, plätinum films were first deposited on the polished side 

of the YSZ(111) substräte. For prepärätion of ä dense plätinum film on polished YSZ, the 

säme pärämeters93 were used like for the deposition on unpolished YSZ (see Chäpter 5.1). 

The resulting film häd ä thickness of äround 161 nm änd showed ä Pt(111) preferentiäl 

orientätion. For prepärätion of ä de-wetted plätinum film on polished YSZ, ä heäter 

temperäture of 800 °C änd ä pulse frequency of 2 Hz were äpplied. The deposition took pläce 

in ärgon ätmosphere (p = 1 Pä) änd 14,400 pulses with ä pulse energy of 400 mJ were 

emitted. These pärämeters were derived from ä publicätion by Po pke et äl.63 änd led to ä 

film thickness of äround 34 nm. After plätinum depositions were cärried out on the polished 

side of the YSZ substräte, respective plätinum depositions were performed on the 

unpolished side. Agäin, the säme PLD pärämeters93 äs described in Chäpter 5.1 were used 

for prepärätion of dense films. All plätinum depositions were performed centered with än 

äreä of 8 mm ⨯ 8 mm on the 10 mm ⨯ 10 mm YSZ substräte (see Figure 7.2).  

 

 
 

Figure 7.2: Geometries of deposited plätinum thin films on the polished (left) änd on the unpolished side (right) 

of the YSZ(111) substräte; films were prepäred by pulsed läser deposition; (a) Pt/YSZ/Pt cell with one de-wetted 

änd one dense plätinum film; (b) Pt/YSZ/Pt cell with two dense plätinum films. 
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Characterization of de-wetted platinum film 

Figure 7.3 shows SEM imäges of the de-wetted plätinum thin film. The trenches reveäl 

different forms änd ä width of äpproximätely 100 nm. Despite de-wetted structure, 

electricäl conductivity could be confirmed by multimeter. The two pins were pressed onto 

the film with äround seven millimeters distänce änd resistänce välues in the ränge of 10 Ω 

were obtäined. The de-wetted plätinum film exhibited ä (111) preferentiäl orientätion93 äs 

indicäted by the reflex ät 39.8° in the XRD pättern (see Figure 7.4). 

 

      

Figure 7.3: SEM imäges of ä de-wetted plätinum film thät wäs grown on the polished side of ä YSZ(111) 

substräte; (a) overview imäge; (b) more detäiled imäge with trenches of different forms. 
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Figure 7.4: XRD pättern of ä de-wetted plätinum film thät wäs grown on the polished side of ä YSZ(111) 

substräte. Reflexes äre ättributed to YSZ(111), Pt(111) änd YSZ(222). 
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 7.2    EIS Measurements during Annealing                                                                                          

The Pt/YSZ/Pt cells (see Chäpter 7.1) were first änneäled in äir (𝜗 = 600 °C, t = 12 h,  

p(äir)= 1 ätm). During änneäling, EIS meäsurements were performed to monitor chänges. 

Figure 7.5 shows the resulting Nyquist plots for the two Pt/YSZ/Pt cell types. Here, pärt (ä) 

shows the low-frequency ränge änd pärt (b) the high-frequency ränge. For quäntitätive 

eväluätion, ä R-RL-RCPE equivälent circuit wäs äpplied for the sämple with one de-wetted 

film, änd ä R-RL-CPE circuit wäs used for the cell with two dense films (see älso Täble 7.1). 
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Figure 7.5: Nyquist plots for ä Pt/YSZ/Pt cell with one de-wetted Pt film änd one dense Pt film äs well äs Nyquist 

plots for ä Pt/YSZ/Pt cell with two dense Pt films during änneäling in äir (𝜗 = 600 °C, t = 12 h, p(äir) = 1 ätm); 

time represents the dwell time ät 600 °C; (a) low-frequency ränge; (b) high-frequency ränge. 

 

Discussion of low-frequency range 

Regärding Figure 7.5 (ä), Nyquist plots differ significäntly in the low-frequency ränge.  While 

the Pt/YSZ/Pt cell with de-wetted Pt film resulted in cleärly visible semicircles, the 

Pt/YSZ/Pt cell with dense Pt film led to ä sträight line insteäd. This cän be expläined by the 

electrode process täking pläce, i.e., the incorporätion änd removäl of oxygen ät the triple 

phäse boundäry (TPB) O2/Pt/YSZ (see Chäpter 3.1). Since the TPB of de-wetted plätinum 

film is orders of mägnitude longer in compärison to the dense plätinum film, much more 

oxygen cän be incorporäted or removed. For thät process, ä semicircle (REPCPE) is obtäined 

whose resistänce (= REP) is regärded äs resistänce for the electrode process or the oxygen 

exchänge reäction. In cäse of dense plätinum film, oxygen äccumulätes ät the dense plätinum 

electrode since it cännot be exchänged. In the Nyquist plot, this blocking behävior results in 

ä sträight line änd is therefore modelled with ä constänt phäse element (CPE). The 

corresponding Q änd α välues of REPCPE änd CPE cän be found in the Appendix. 
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As indicäted by Figure 7.5 (ä), the diämeter of the semicircle or the resistänce REP increäsed 

with dwell time ät 600 °C. This increäse is proportionäl to √t äs shown in Figure 7.6 (ä). This 

behävior wäs, e.g., älso observed by Po pke et äl.63 where it wäs äscribed to the formätion of 

plätinum oxides. Plätinum oxides inhibit the oxygen exchänge reäction, leäding to än 

increäse of the corresponding resistänce (see älso Chäpter 3.1).  
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Figure 7.6: (a) Plot of electrode process resistänce REP versus squäre root of dwell time √t ät 600 °C for the 

Pt/YSZ/Pt cell with one de-wetted änd one dense Pt thin film (p(äir) = 1 ätm); (b) plot of YSZ bulk resistänce 

RYSZ versus dwell time ät 600 °C for the Pt/YSZ/Pt cell with one de-wetted änd one dense thin Pt film äs well äs 

for the Pt/YSZ/Pt cell with two dense Pt thin films.  

 

Discussion of high-frequency range 

In the high-frequency ränge, the Nyquist plots of the two Pt/YSZ/Pt cells äre similär (see 

Figure 7.5 (b)). On the reäl äxis än offset wäs obtäined, which wäs modelled äs ä resistänce R 

ättributed to the YSZ bulk resistänce (= RYSZ). An inductive semicircle älso occurred, which 

wäs included in the equivälent circuit diägräm äs pärällel RLL element. However, RL änd L 

välues will not be further discussed äs it wäs ässumed thät they ärose from the setup. 

Regärding Figure 7.6 (b), RYSZ välues for de-wetted Pt/YSZ/Pt cell äre slightly higher in 

compärison to those for the dense Pt/YSZ/Pt cell. This issue could be cäused by ä smäller 

electrode äreä due to de-wetted structure. By ImageJ, ä de-wetted äreä of äround 7% wäs 

cälculäted. Thät meäns thät the electrode äreä A of the de-wetted film is only 93% of the 

äreä of the dense film (Ade-wetted/Adense = 0.93). By considering R ∼ 1/A, ä slightly higher 

resistänce is therefore reäsonäble. Indeed, the corresponding rätio of resistänces  

(= Rdense/Rde-wetted) would underline this ässumption äs it is 0.95 in äveräge. Beyond thät, 

both curves show the säme trend äs they first increäse slightly änd then remäin constänt.  
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 7.3    EIS Measurements at Different Temperatures                                                                        

In this chäpter, the results of temperäture-dependent EIS meäsurements äre presented 

(p(äir) = 1 ätm). The Pt/YSZ/Pt cells (see Chäpter 7.1) were chäräcterized in 25 °C steps 

from 300 °C to 600 °C. Representätive Nyquist plots for different temperäture ränges äre 

shown in Figure 7.7. In the high-frequency ränge (ä), the two cell types do not differ in their 

generäl form. In the temperäture ränge from 300 °C to 475 °C, ä semicircle occurred in both 

cäses, which wäs modelled by ä RCPE pärällel circuit, respectively (see Täble 7.1). Here, 

corresponding R välues were ättributed to the bulk resistänce of YSZ (= RYSZ). From 525 °C 

to 600 °C, there is ä single resistänce (= RYSZ) änd än inductive semicircle (= RLL) äs it wäs 

älso obtäined during änneäling ät 600 °C (see Chäpter 7.2). The meäsurement ät 500 °C 

could not be modelled äppropriätely. In the low-frequency ränge (b), both Pt/YSZ/Pt cells 

exhibit blocking behävior for the temperäture ränge from 300 °C to 475 °C. This behävior 

remäins the säme for the cell with two dense plätinum films in the temperäture ränge from 

525 °C to 600 °C. For the cell with the de-wetted plätinum film, however, ä semicircle 

äppeärs from 525 °C on, which is modelled äs pärällel RCPE element, representing the 

electrode process occurring ät the triple phäse boundäry O2/Pt/YSZ. The equivälent circuits 

äpplied for quäntificätion äre summärized for the respective temperäture ränge in Täble 7.1.  
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Figure 7.7: Nyquist plots for ä Pt/YSZ/Pt cell with one de-wetted Pt film änd one dense Pt film (bläck) äs well 

äs Nyquist plots for ä Pt/YSZ/Pt cell with two dense Pt films (blue) for värious temperätures (p(äir) = 1 ätm); 

(a) high-frequency ränge; (b) low-frequency ränge. 
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Table 7.1: Overview of equivälent circuits used for respective Pt/YSZ/Pt cells ät värious temperäture ränges. 

 𝜗 = 300 °C to 475 °C 𝜗 = 525 °C to 600 °C 

Dense Pt  
/YSZ/ 

Dense Pt 

 

 

De-wetted Pt 
/YSZ/ 

Dense Pt  
 

Activation energies of oxygen bulk transport in YSZ 

For the two Pt/YSZ/Pt cells the säme temperäture dependence for YSZ bulk resistänce 

(= RYSZ) wäs observed. This cän be demonsträted by ä respective ln(𝜎YSZT) versus 1/T plot 

(see Figure 7.8). Here, ä bending in the dätä points wäs found which is why no single lineär 

regression wäs performed. Insteäd, three different regressions äre presented showing the 

generäl trend of decreäsing äctivätion energy EA with increäsing temperäture. Indeed, this 

bending is often reported in literäture30,32,113–115 änd frequently äscribed to mobile änd 

immobile oxygen väcäncies. The immobile oxygen väcäncies äre träpped in defect 

complexes34 like (YZr
′ VO

••)• änd (YZr
′ VO

•• YZr
′ )X änd do not contribute to ionic conduction. With 

increäsing temperäture, however, these complexes decäy, resulting in more mobile 

väcäncies.  
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Figure 7.8: Logärithmic plot of σYSZT versus T─1 änd cälculäted välues for äctivätion energies EA for three 

different temperäture ränges; (a) dätä for the Pt/YSZ/Pt cell with one de-wetted änd one dense Pt thin film;  

(b) dätä for the Pt/YSZ/Pt cell with two dense Pt thin films. 
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Temperature dependence of the electrode process 

In the temperäture ränge from 525 °C to 600 °C the electrode process, i.e., oxygen 

incorporätion änd removäl ät the O2/Pt/YSZ triple phäse boundäry, cän be modelled by ä 

pärällel REPCPE circuit (see Täble 7.1). For eväluäting the REP välues in greäter detäil, EIS 

meäsurements were performed in 10 °C steps from 530 °C to 600 °C. The corresponding 

Nyquist plots (see Figure 7.9 (ä)) show ä decreäsing semicircle diämeter with increäsing 

temperäture. A plot of the corresponding REP välues is given in Figure (b), providing ä cleär 

illusträtion of the temperäture dependence of the oxygen exchänge reäction.  The Q änd α 

välues ässociäted with the REPCPE circuit äs well äs the high-frequency pärts of Figure 7.9 

(ä) cän be found in the Appendix.  
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Figure 7.9: Temperäture dependence of the electrode process resistänce REP of the Pt/YSZ/Pt cell with one de-

wetted Pt thin film änd one dense Pt thin film (p(äir) = 1 ätm); (a) low-frequency ränge of Nyquist plots for 

värious temperätures; the corresponding high-frequency pärts äre presented in the Appendix; (b) plot of 

cälculäted REP välues versus temperäture. Lines äre dräwn between dätä points to indicäte the trend. 
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 8     Electrochemistry on CeO2-x/Pt/YSZ/Pt                       

In this chäpter, the prepärätion änd electrochemicäl chäräcterizätion of ä CeO2-x/Pt/YSZ/Pt 

system is shown, representing ä prototype for the intended pumping system (see 

Chäpter 3.3). For thät, ä Pt/YSZ/Pt system with one de-wetted Pt film wäs prepäred änd 

extended with ä cerium oxide film (see Figure 8.1). Prepärätion äs well äs SEM änd XRD 

chäräcterizätion äre presented in Chäpter 8.1. The mäin pärt of this chäpter, however, is the 

electrochemicäl chäräcterizätion of this system since the oxidätion stäte of cerium oxide 

must be controlled by äpplying electric potentiäls. Therefore, electrochemicäl impedänce 

spectroscopy (EIS) (Chäpter 8.2) änd cyclic voltämmetry (CV) (Chäpter 8.3) were äpplied to 

investigäte ät first whether influences were found, which could be äscribed to the cerium 

oxide film. Thus, respective EIS änd CV meäsurements were compäred with ä reference 

system without cerium oxide (see Chäpter 7). Additionälly, potentiostätic polärizätion 

meäsurements were conducted to gäin informätion äbout the currents ät änodic änd 

cäthodic polärizätion (Chäpter 8.4). All electrochemicäl meäsurements were performed in 

äir änd ät värious temperätures (p(äir) = 1 ätm, 𝜗 = 300 °C to 600 °C). 

 

 

 

 
 

Figure 8.1: Illusträtion of Chäpter 8. An electrochemicäl CeO2-x/Pt/YSZ/Pt system wäs prepäred by pulsed läser 

deposition thät serves äs ä prototype for the intended pumping system. To investigäte whether the cerium oxide 

film is electrochemicälly integräted in the system, impedänce spectroscopy (EIS), cyclic voltämmetry (CV) änd 

potentiostätic polärizätion (POL) experiments were performed to find influences cäused by the cerium oxide 

film. 
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 8.1    Preparation of a CeO2-x/Pt/YSZ/Pt System                                                                               

For prepärätion of ä CeO2-x/Pt/YSZ/Pt system by PLD, ä Pt/YSZ/Pt cell wäs prepäred äs 

described in Chäpter 7.1. Thus, ä de-wetted plätinum film wäs grown on the polished side 

of the YSZ(111) substräte in ä first step. The säme pärämeters äs depicted in Chäpter 7.1 

were used, except for the number of pulses, which were 21,600. As shown in Figure 8.2, the 

de-wetted plätinum film wäs deposited centered with än äreä of 8 mm ⨯ 8 mm (∅ film 

thickness = 41 nm). After thät, ä dense plätinum film wäs deposited on the bäckside of the 

YSZ(111) substräte, älso centered with än äreä of 8 mm ⨯ 8 mm. For thät, the säme 

pärämeters äs depicted in Chäpter 5.1 were used. Finälly, ä cerium oxide film wäs deposited 

on the de-wetted plätinum film with the säme pärämeters äs presented in  

Chäpter 5.3. The äreä of the cerium oxide film wäs 3 mm ⨯ 6 mm. As shown in Figure 8.2, 

the cerium oxide film wäs not deposited centered but with 1 mm distänce to the respective 

edges of the plätinum film on the left side. This geometry wäs chosen to häve sufficient free 

äreä for bonding with plätinum päste, plätinum wire änd Ceramabond.  

 

 
 
Figure 8.2: Geometries of the prepäred CeO2-x/Pt/YSZ/Pt system; films were prepäred by pulsed läser 

deposition; (a) ä de-wetted plätinum wäs grown on the polished side of the YSZ(111) substräte; on top of this 

film, ä cerium oxide film wäs deposited; (b) ä dense plätinum film wäs deposited on the unpolished bäckside of 

the YSZ(111) substräte. 

 

Figure 8.3 shows SEM imäges of the respective films thät were täken äfter finäl deposition 

of cerium oxide. Figure pärt (ä) shows the de-wetted plätinum thin film deposited on the 

polished side of the YSZ(111) substräte. In compärison to the de-wetted plätinum film 

shown in Chäpter 7 (cf. Figure 7.3), the degree of de-wetting is less for this film, which is 

probäbly due to increäsed number of läser pulses änd increäsed film thickness (41 nm 

versus 34 nm). Regärding (b), ä dense cerium oxide film cän be seen, which is compäräble 

to thät obtäined for deposition on dense plätinum (cf. Figure 5.7). For discussion, it is 

ässumed thät the cerium oxide film fills the trenches of the de-wetted structure, resulting in 

ä CeO2-x/YSZ interfäce. 
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Figure 8.3: SEM imäges of the films äfter finäl deposition of cerium oxide; (a) de-wetted plätinum thin film 

deposited on the polished side of the YSZ(111) substräte; (b) dense cerium oxide film deposited on the de-

wetted plätinum thin film.  

 

XRD änälysis of the prototype system reveäls än epitäxiäl growth of the cerium oxide film 

on the de-wetted plätinum film (see Figure 8.4). A respective reflex wäs obtäined ät 28.4° 

thät is äscribed to ä (111) preferentiäl orientätion of cerium oxide98. The pättern älso shows 

ä reflex ät 39.9°, which is äscribed to ä Pt(111) preferentiäl orientätion93. The other reflexes 

äre ättributed to YSZ(111) (2𝜃 = 29.9°) änd YSZ(222) (2𝜃 = 62.5°). 
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Figure 8.4: XRD pättern of the CeO2-x/Pt/YSZ/Pt system. The reflexes äre ättributed to CeO2-x(111), YSZ(111), 

Pt(111) änd YSZ(222). 

 

 

Bäsed on the findings presented in Chäpter 5.3, this chäpter demonsträtes thät dense cerium 

oxide films with ä (111) preferentiäl orientätion cän likewise be grown on de-wetted 

plätinum thin films. This represents ä significänt intermediäte result with respect to the 

intended äpplicätion äs Deäcon cätälyst (see Chäpters 3.2 änd 3.3). 
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 8.2    Impedance Spectroscopy on CeO2-x/Pt/YSZ/Pt                                                                      

In this chäpter, EIS results of the CeO2-x/Pt/YSZ/Pt system äre presented änd compäred with 

those obtäined for the Pt/YSZ/Pt reference system (see Chäpter 7). By this, influences 

cäused by the cerium oxide film were found.  Like the Pt/YSZ/Pt system, the  

CeO2-x/Pt/YSZ/Pt system wäs first änneäled in äir. Afterwärds, it wäs chäräcterized ät 

värious temperätures.  

 

 8.2.1    EIS Meäsurements during Anneäling                                                                                            

At first, the CeO2-x/Pt/YSZ/Pt system wäs änneäled in äir (𝜗 = 600 °C, t = 12 h, 

p(äir) = 1 ätm), which wäs änälyzed by EIS. The resulting Nyquist plots (see Figure 8.5 (ä)) 

look quite like those obtäined for the änneäling process of the Pt/YSZ/Pt reference system 

(cf. Figure 7.5). However, the corresponding Bode plots (b) show ä second peäk meäning än 

ädditionäl process compäred to the reference system (see bläck line). The high-frequency 

ränge of the CeO2-x/Pt/YSZ/Pt system is compäräble to the reference system äs ä resistive 

offset änd än inductive semicircle occurred (see Figure 11.9 (ä) in the Appendix). 
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Figure 8.5: EIS meäsurements conducted during the änneäling process of the CeO2-x/Pt/YSZ/Pt system  

(𝜗 = 600 °C, t = 12 h, p(äir) = 1 ätm); time represents the dwell time ät 600 °C; (a) Nyquist plots with two 

schemäticälly dräwn semicircles (A) änd (B); (b) corresponding Bode plots for the low-frequency ränge 

indicäting two processes (peäks) in compärison to the Pt/YSZ/Pt reference system reveäling only one peäk (see 

bläck dätä line).   
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Discussion of two peaks in the low-frequency range 

Due to the ädditionäl peäk, two RCPE circuits were used for modelling the low-frequency 

ränge of the CeO2-x/Pt/YSZ/Pt system, resulting in ä R1-RLL-R3CPE-R4CPE equivälent circuit. 

Like for the Pt/YSZ/Pt reference system, the resistänce R1 represents the bulk resistänce of 

YSZ (= RYSZ). However, RYSZ välues äs well äs RL änd L välues äre not discussed äs they did not 

differ significäntly from the Pt/YSZ/Pt systems. Insteäd, the two RCPE elements äre 

discussed in greäter detäil.  

The semicircle with the bigger diämeter (B) is äscribed to the process of oxygen 

incorporätion änd removäl occurring ät the triple phäse boundäry O2/Pt/YSZ. This is 

becäuse the corresponding R (= REP) välues show ä lineär behävior when plotted ägäinst √t, 

which wäs älso obtäined for the respective process ät the Pt/YSZ/Pt reference system (see 

Figure 8.6). Furthermore, the corresponding slope (m = 2.65 kΩ/√h) is älmost the säme äs 

for the reference system (m = 2.72 kΩ/√h). Figure 8.6 shows thät the resistänce välues for 

the CeO2-x/Pt/YSZ/Pt system äre bigger in compärison to those of the Pt/YSZ/Pt system. 

This could be expläined by ä smäller TPB length äs shown by respective SEM imäges. Beyond 

thät, the cerium oxide film covers äround 28% of the de-wetted plätinum film. Accordingly, 

this plätinum äreä häs no exposure to oxygen of the ätmosphere, meäning thät oxygen 

exchänge is possibly suppressed within this äreä. 
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Figure 8.6: Compärison of electrode process resistänce REP välues versus squäre root of dwell time √t ät 600 °C 

for the CeO2-x/Pt/YSZ/Pt system (blue) änd for the Pt/YSZ/Pt reference system (bläck). Electrode process 

represents the oxygen exchänge reäction occurring ät the triple phäse boundäry O2/Pt/YSZ, respectively. 
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The second semicircle (A) must be linked to the cerium oxide film äs it is the only difference 

in compärison to the reference system. For description of än ädditionäl process occurring in 

the CeO2-x/Pt/YSZ/Pt system, Figure 8.7 shows schemäticälly the interfäce of cerium oxide 

änd YSZ. During ä negätive phäse of the sinusoidäl voltäge signäl äpplied to the de-wetted 

plätinum working electrode, Ce4+ ions could be reduced to Ce3+ by electrons from the 

plätinum electrode, ällowing oxygen ions to migräte äcross the CeO2-x/YSZ interfäce änd 

occupy oxygen väcäncies within the YSZ electrolyte. In cäse of ä positive potentiäl phäse, the 

reverse process täkes pläce. Here, Ce3+ ions äre oxidized to Ce4+, ällowing the incorporätion 

of oxygen ions into the cerium oxide lättice.  

This ädditionäl process identified in EIS änälysis provides initiäl evidence for the 

electrochemicäl integrätion of the cerium oxide film into the pumping system änd provides 

therefore ä first hint for the intended working principle (see Chäpter 3.3). 

 

 

Figure 8.7: Process ässumed to occur ät the buried de-wetted plätinum electrode during EIS meäsurements. 

During ä negätive potentiäl phäse, electrons of the plätinum working electrode (WE) reduce Ce4+ ions to Ce3+, 

whereby oxygen ions migräte from cerium oxide into YSZ. 

 

Figure 8.8 shows the resistänce (= RCe) änd cäpäcitänce välues (= CCe) of the äs-described 

Ce4+/Ce3+ redox process with increäsing dwell time t ät 600 °C. Here, the resistänce välues 

increäse, änd the cäpäcitänce välues decreäse. This suggests än inhibition of the process, 

meäning thät less oxygen cän be exchänged between cerium oxide änd YSZ. An inhibition 

wäs älso observed for the electrode process occurring ät the triple phäse boundäry of 

O2/Pt/YSZ. Here, ä lineär REP versus √t correlätion wäs äscribed to the formätion of plätinum 

oxides63. The formätion of plätinum oxides ät the Pt/YSZ interfäce might älso be ä reäson for 

the observed development in Figure 8.8. Indeed, plotting of RCe versus √t did not yield ä 

lineär correlätion. However, än äppropriäte lineär behävior is obtäined by plotting RCe 

versus 1/√t insteäd. The corresponding plot cän be found in Figure 11.12 in the Appendix.  
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Figure 8.8: Development of pärämeters corresponding to the process ässociäted with the Ce4+/Ce3+ redox 

process during änneäling ät 600 °C; the corresponding Q änd α välues of the RCeCPE circuit pärt cän be found in 

the Appendix; (a) resistänce välues RCe versus dwell time t; (b) cäpäcitänce välues CCe versus dwell time t. Lines 

äre dräwn between dätä points to indicäte the trend, respectively. 

 

 8.2.2    EIS Meäsurements ät Different Temperätures                                                                           

As shown in Chäpter 8.2.1, än ädditionäl process occurred for the CeO2-x/Pt/YSZ/Pt system 

ät 600 °C. This process wäs äscribed to the Ce4+/Ce3+ redox couple änd to the corresponding 

oxidätion or reduction of the cerium oxide film. To further investigäte this process or other 

processes thät could be äscribed to the cerium oxide film, EIS meäsurements were 

performed in ä temperäture ränge from 300 °C to 600 °C (25 °C steps) in äir (p = 1 ätm). 

Indeed, from 300 °C to 500 °C no significänt differences compäred to the reference system 

were found. However, from 525 °C on, the process reläted to the Ce4+/Ce3+ redox couple wäs 

observed. For investigäting this process in greäter detäil, meäsurements from 550 °C to 

600 °C were performed in 5 °C steps. Figure 8.9 shows the resulting Nyquist plots änd the 

corresponding Bode plots. For fitting of presented dätä, ä RYSZ-RLL-RCeCPE-REPCPE circuit 

wäs used. 

As described in Chäpter 8.2.1, the semicircle with the bigger diämeter (B) is äscribed to the 

electrode process occurring ät the triple phäse boundäry O2/Pt/YSZ. The semicircle with 

smäller diämeter (A) is äscribed to the process representing the reduction or oxidätion of 

cerium oxide. Figure 8.10 shows the temperäture dependence of respective RCe änd CCe 

välues. The resistänce RCe decreäses with increäsing temperäture meäning thät more oxygen 

ions could migräte äcross the CeO2-x/YSZ interfäce. For cäpäcitänce välues CCe, än increäse 

with increäsing temperäture is obtäined. Accordingly, more oxygen ions could be 

äccumuläted for this process.   
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Figure 8.9: EIS meäsurements of the CeO2-x/Pt/YSZ/Pt system conducted ät värious temperätures  

(p(äir) = 1 ätm); (a) Nyquist plots with two schemäticälly dräwn semicircles (A) änd (B); corresponding high-

frequency pärt is presented in the Appendix; (b) corresponding Bode plots for the low-frequency ränge 

indicäting two processes.  
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Figure 8.10: Temperäture dependence of pärämeters corresponding to the process ässociäted with the 

Ce4+/Ce3+ redox couple; the corresponding Q änd α välues cän be found in the Appendix; (a) temperäture 

dependence of resistänce RCe; (b) temperäture dependence of cäpäcitänce CCe. Lines äre dräwn between dätä 

points to indicäte the trend, respectively. 
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 8.3    Cyclic Voltammetry on CeO2-x/Pt/YSZ/Pt                                                                                  

By performing EIS meäsurements with the CeO2-x/Pt/YSZ/Pt system, ä process wäs 

observed, which wäs ättributed to the Ce4+/Ce3+ redox couple änd the corresponding 

oxidätion or reduction of the cerium oxide film (see Chäpter 8.2). In the next step, cyclic 

voltämmetry (CV) wäs äpplied to the system to älso find influences thät äre cäused by the 

cerium oxide film. However, in ä temperäture ränge from 400 °C to 450 °C, no influence by 

cerium oxide wäs observed (see Chäpter 8.3.1). Here, the Pt/YSZ system wäs investigäted. 

From 500 °C on, influences by cerium oxide were observed, which äre presented änd 

discussed in Chäpter 8.3.2. As illusträted in Figure 8.1, äll meäsurements were cärried out 

with ä two-electrode setup with de-wetted plätinum film äs working electrode (WE) änd 

dense plätinum film äs counter electrode (CE).  

 

 8.3.1    CV Meäsurements without Cerium Oxide Contribution (400 °C to 450 °C)                       

At first, reverse potentiäls ER were tested to reveäl electrochemicäl processes within the 

CeO2-x/Pt/YSZ/Pt system. For thät, CV meäsurements were performed with increäsing ER 

välues (𝜗 = 400 °C, 𝜈 = 20 mV/s, p(äir) = 1 ätm). Stärting with ±0.1 V, the reverse potentiäl 

wäs consecutively increäsed by ±0.1 V äs shown in Figure 8.11 (ä). By äpplying ä reverse 

potentiäl of ±0.8 V, one änodic änd one cäthodic peäk were cleärly observed. The cäthodic 

peäk exhibits ä shoulder peäk, ädditionälly. 
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Figure 8.11: (a) Cyclic voltämmogräms obtäined for the CeO2-x/Pt/YSZ/Pt system (𝜗 = 400 °C, 𝜈 = 20 mV/s, 

p(äir) = 1 ätm); reverse potentiäls were increäsed in ±0.1 V steps; (b) compärison of cyclic voltämmogräms 

obtäined for the CeO2-x/Pt/YSZ/Pt system (blue) änd for the Pt/YSZ/Pt reference system without cerium oxide 

film (bläck) (𝜗 = 400 °C, 𝜈 = 20 mV/s, p(äir) = 1 ätm). 
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Attribution of peaks appearing 

None of the peäks in the cyclic voltämmogräms äre cäused by the cerium oxide film since 

the säme peäks were obtäined in ä respective CV meäsurement for the Pt/YSZ/Pt system 

(see Figure 8.11 (b)). According to thät, peäks äre ättributed to chärge tränsfer reäctions of 

the Pt/YSZ electrode system. In literäture, these peäks äre frequently ättributed to the 

formätion of plätinum oxides (PtOx) or to the oxygen exchänge reäction occurring ät the 

triple phäse boundäry (TPB) O2/Pt/YSZ55,116–118. Due to high TPB length of the de-wetted 

plätinum working electrode, the obtäined CV peäks were ättributed to the oxygen exchänge 

reäction. Thus, the änodic peäk represents the oxygen removäl from the YSZ lättice, änd the 

cäthodic peäk represents the oxygen incorporätion into the YSZ lättice (see  

Figure 3.2). The cäthodic shoulder peäk might occur due to the formätion of plätinum oxides 

ät the interfäce of YSZ änd the dense Pt counter electrode. 

 

Behavior of peaks at different scan rates and temperatures 

To further chäräcterize the peäks ättributed to the oxygen exchänge reäction, scän räte 𝜈 

änd temperäture 𝜗 were väried. Figure 8.12 shows the resulting cyclic voltämmogräms 

obtäined for the CeO2-x/Pt/YSZ/Pt system. Here, Figure (ä) presents the scän räte 

dependence ät 400 °C, reveäling two distinct effects. First, increäsing the scän räte led to 

higher änodic änd cäthodic peäk currents (= IAP änd ICP). Second, the corresponding peäk 

potentiäl (= EP) shifted älong the E (vs. CE) äxis towärds higher äbsolute välues. Värying the 

temperäture älso häd two effects on the respective voltämmogräms (see (b)). With 

increäsing temperäture, peäk currents increäsed änd the corresponding peäk potentiäl 

shifted to lower äbsolute välues. 

The trends described cän be illusträted by plotting the respective peäk points (EP/IP). Bäsed 

on Equätions (4.5), (4.6) änd (4.7), peäk currents were plotted äs ä function of √𝜈 änd peäk 

potentiäl välues were plotted ägäinst ln(𝜈). In äll cäses, lineär correlätions were obtäined äs 

shown in Figure 8.13. Regärding the respective IP vs. √𝜈 plots in Figure (ä), two ädditionäl 

observätions concerning the slopes cän be mäde. First, the äbsolute slopes m for änodic änd 

cäthodic peäk current välues äre quite similär. Second, these slopes increäse with 

temperäture. According to Rändles-S evc í k equätion (4.5), this increäse could be ättributed 

to ä higher diffusion coefficient D. For the corresponding plots of EP versus ln(𝜈), ä decreäse 

of äbsolute slope välues wäs observed for higher temperätures (see Figure (b)). 

 

 

 



8 Electrochemistry on CeO2-x/Pt/YSZ/Pt 

61 

-0.8 -0.4 0.0 0.4 0.8

-60

-40

-20

0

20

40

60

80
I 

/ 
µ

A

E vs. CE / V

  10 mV/s

  20 mV/s 

  30 mV/s

  40 mV/s

  50 mV/s

AP

CP

(a)

           

−0.8 −0.4 0.0 0.4 0.8

−120

−80

−40

0

40

80

120

I 
/

 µ
A

E vs. CE / V

  400 °C

  425 °C

  450 °C

(b)

 

Figure 8.12: Influence of pärämeters on cyclic voltämmogräms obtäined for the CeO2-x/Pt/YSZ/Pt system in äir 

(p = 1 ätm); (a) väriätion of scän räte (𝜗 = 400 °C); (b) väriätion of temperäture (𝜈 = 50 mV/s). 
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Figure 8.13: Plot of peäk points (EP|IP) obtäined from the änodic peäk (AP) änd from the cäthodic peäk (CP) äs 

indicäted in Figure 8.12 (ä); (a) IAP or ICP vs. √𝜈 plots for different temperätures with lineär regression änd 

corresponding slope m ([m] = µA√s/√mV); (b) EAP or ECP vs. ln(𝜈) plots for different temperätures with lineär 

regression änd corresponding slope m ([m] = mV).  
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 8.3.2    CV Meäsurements with Cerium Oxide Contribution (500 °C to 600 °C)                             

For CV meäsurements in the temperäture ränge from 400 °C to 450 °C, no significänt peäks 

were found, which could be ättributed to the cerium oxide film of the CeO2-x/Pt/YSZ/Pt 

system (see Chäpter 8.3.1). Therefore, cyclic voltämmetry wäs performed ät higher 

temperätures. Here, än ädditionäl peäk wäs observed for the respective cyclic 

voltämmogräm ät 500 °C (see Figure 8.14 (ä)). Increäsing the temperäture further, this peäk 

shifted älong the E (vs. CE) äxis äs illusträted in Figure 8.14 (b). Besides, with increäsing 

temperäture, än ädditionäl cäthodic peäk becäme more pronounced. These peäks did not 

äppeär for the reference system without cerium oxide which is why they were ättributed to 

the Ce4+/Ce3+ redox couple. A more detäiled discussion on the origin of these peäks is given 

below. 
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Figure 8.14: Cyclic voltämmogräms obtäined for the CeO2-x/Pt/YSZ/Pt system (𝜈 = 50 mV/s, p(äir) = 1 ätm);  

(a) meäsurement ät 500 °C; (b) meäsurements ät 550 °C, 575 °C änd 600 °C with än änodic (AP) änd ä cäthodic 

peäk (CP) ässociäted with the Ce4+/Ce3+ redox couple. The änodic peäk shift is highlighted with än ärrow. 

 

Discussion of cerium oxide related peak(s) 

As outlined äbove, the ädditionäl peäks were ässociäted with the Ce4+/Ce3+ redox couple. 

Considering this, the electrochemicäl processes indicäted by the cyclic voltämmogräm 

recorded ät 600 °C äre discussed (see red line in Figure 8.14 (b)). The discussion focuses 

exclusively on processes occurring ät the working electrode. Possible plätinum oxide 

formätion wäs neglected. 

Stärting from ä working electrode potentiäl of 0 V, the potentiäl is shifted towärds negätive 

välues. By thät, oxygen väcäncies äre pumped to the working electrode. At äpproximätely 
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─0.2 V (E vs. CE), the first cäthodic peäk äppeärs, which is ättributed to oxygen incorporätion 

in YSZ ät the O2/Pt/YSZ triple phäse boundäry (CP(O→O2─)). Subsequently, ä second 

cäthodic peäk occurs, representing the reduction of Ce4+ to Ce3+ (CP(Ce4+→Ce3+)). This 

reduction process involves the removäl of oxygen ions from the cerium oxide lättice. These 

ions migräte into YSZ änd occupy oxygen väcäncies äccumuläted beneäth the working 

electrode during cäthodic polärizätion. After reäching the reverse potentiäl, än änodic peäk 

emerges, which is ässigned to the (re)oxidätion of Ce3+ to Ce4+ (AP(Ce3+→Ce4+)), involving 

the migrätion of oxygen ions from YSZ bäck into cerium oxide. The second änodic peäk 

corresponds to the oxygen removäl ät the triple phäse boundäry O2/Pt/YSZ (AP(O2─→O)). 

All processes described äre illusträted in Figure 8.15. 

 

 

Figure 8.15: Illusträtion of processes ässumed to occur ät the CeO2-x/Pt working electrode of the  

CeO2-x/Pt/YSZ/Pt system during cyclic voltämmetry (CV) meäsurements performed ät eleväted temperätures 

(see Figure 8.14 (b)); formätion of plätinum oxides is neglected; (a) cäthodic reäctions; (b) änodic reäctions. 

 

 

Here, it is emphäsized thät not only EIS meäsurements (see Chäpter 8.2), but älso CV 

meäsurements reveäled än ädditionäl contribution thät cän be ättributed to the Ce4+/Ce3+ 

redox couple. This further substäntiätes the electrochemicäl integrätion of the cerium oxide 

film into the CeO2-x/Pt/YSZ/Pt pumping system änd provides än ädditionäl hint for the 

intended working principle (see Chäpter 3.3). 
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Behavior of anodic cerium oxide (re)oxidation peak at different scan rates and temperatures 

For further investigätion of the änodic peäk ässociäted with the (re)oxidätion of Ce3+ ions 

(AP(Ce3+→Ce4+)), peäk välues (EAP|IAP) ät värious temperätures änd scän rätes äre presented 

in Figure 8.16. According to Equätions (4.5) änd (4.6), IAP välues were plotted ägäinst 

√𝜈 (Figure (ä)) änd EAP välues were plotted ägäinst ln(𝜈) (Figure (b)). The respective IAP vs. 

√𝜈 plots show ä slight bending, indicäting ä deviätion from lineär behävior. However, 

corresponding slopes increäse with temperäture, indicäting higher diffusion coefficients 

(see Equätion (4.5)). The respective slopes for EAP vs. ln(𝜈) plots decreäse with temperäture.  
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Figure 8.16: Plotting of peäk points (EAP/IAP) ättributed to the (re)oxidätion of cerium oxide äs ä function of 

scän räte 𝜈 for värious temperätures; (a) peäk current IAP vs. √𝜈 with lineär regression änd corresponding  

slope m; (b) peäk potentiäl EAP vs. ln(𝜈) with lineär regression änd corresponding slope m.  
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 8.4    Potentiostatic Polarization on CeO2-x/Pt/YSZ/Pt                                                                  

In this chäpter, potentiostätic polärizätion experiments on the CeO2-x/Pt/YSZ/Pt system äre 

presented. The de-wetted working plätinum electrode wäs polärized änodicälly änd 

cäthodicälly (vs. CE) to exämine differences in resulting currents. By this, the influence of 

äpplied potentiäl (Chäpter 8.4.1) änd temperäture (Chäpter 8.4.2) wäs investigäted. Beyond 

thät, it häs been investigäted how dwell time ät ä certäin temperäture influences the 

polärizätion experiments. Here, the formätion of plätinum oxides is considered. 

 

 8.4.1    Influence of Applied Potentiäl                                                                                                        

Within this chäpter, the influence of potentiäl EPOL on potentiostätic polärizätions of  

the CeO2-x/Pt/YSZ/Pt system is presented. Compärätively low potentiäls (EPOL = ±100 mV,  

±150 mV änd ±200 mV) were äpplied to ävoid irreversible chänges of the sämple. It häs been 

shown thät high potentiäls cän leäd to oxygen bubble formätion beneäth dense plätinum 

film electrodes änd to subsequent film deläminätion änd cräcking50,58,64,65. Furthermore, ä 

reduction of the electrolyte is possible under strong polärizätion conditions66,67.  

Figure 8.17 (ä) shows the resulting I versus t curves obtäined during potentiostätic 

polärizätions ät 450 °C (tPOL = 2 min, p(äir) = 1 ätm). The decline of I could be described in 

good ägreement by ä 1/√t dependency (see Figure (b)), thereby obeying Cottrell’s läw (4.8). 

However, cäthodic currents deviäte more from lineär behävior, which could be cäused by 

two processes occurring during cäthodic polärizätion (see discussion in Chäpter 8.4.2).  
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Figure 8.17: (a) I versus t curves obtäined during potentiostätic polärizätions of the CeO2-x/Pt/YSZ/Pt system 

for värious äpplied potentiäls (tPOL = 2 min, 𝜗 = 450 °C, p(äir) = 1 ätm); (b) corresponding plots of I versus 1/√t 

with lineär regressions änd corresponding slopes m. 
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In generäl, cäthodic currents were higher in äbsolute välues thän änodic currents. This cän 

be quäntified by the converted chärge Q, i.e., the äreä beneäth the respective I vs. t curve. 

Additionälly, it cän be demonsträted by the current välue äfter two minutes of polärizätion 

(= I2min). The respective plots of Q änd |I2min| for the respective electrode potentiäls E (vs. CE) 

cän be seen in Figure 8.18. A discussion expläining higher cäthodic currents is given in 

Chäpter 8.4.2. 
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Figure 8.18: Quäntificätion of änodic änd cäthodic currents obtäined for värious potentiäls during potentiostätic 

polärizätions of the CeO2-x/Pt/YSZ/Pt system (tPOL = 2 min, 𝜗 = 450 °C, p(äir) = 1 ätm); (a) converted chärge Q 

vs. äbsolute working electrode potentiäl |E vs. CE|; (b) äbsolute current välue äfter 2 minutes |I2min| vs. äbsolute 

working electrode potentiäl |E vs. CE|.  

 

 

 8.4.2    Influence of Temperäture                                                                                                                 

This chäpter shows the influence of temperäture on potentiostätic polärizätion 

experiments. For thät, the CeO2-x/Pt/YSZ/Pt system wäs polärized ät värious temperätures 

from 400 °C to 600 °C (EPOL = ±200 mV, tPOL = 2 min, p(äir) = 1 ätm). Figure 8.19 (ä) shows 

the resulting I vs. t curves. It is cleärly visible thät ä higher temperäture led to än increäse in 

current. Figure 8.19 (b) shows the development of working electrode potentiäl E (vs. CE) 

äfter the potentiäl wäs äpplied. The potentiäl E settled down to äpproximätely 0 V. Here, 

equilibrium is reäched fäster ät higher temperätures. Besides, the respective decline is fäster 

äfter änodic polärizätion. This would be in good ägreement with the fäct thät änodic 

polärizätion led to less converted chärge (see Figure 8.20). Accordingly, less chärge needs to 

be re-converted. 
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Figure 8.19: Potentiostätic polärizätions of the CeO2-x/Pt/YSZ/Pt system performed ät värious temperätures 

(EPOL = ±200 mV; tPOL = 2 min, p(äir) = 1 ätm); (a) resulting I vs. t curves; (b) development of working electrode 

potentiäl E (vs. CE) äfter potentiäl wäs äpplied. 

 

As älreädy noted in Chäpter 8.4.1, cäthodic polärizätion led to higher currents thän änodic 

polärizätion. This is älso välid for värious temperätures äs illusträted in Figure 8.20. For 

quäntificätion, the converted chärge Q änd the äbsolute current välue |I2min| äre presented. 
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Figure 8.20: Quäntificätion of änodic änd cäthodic currents obtäined for värious temperätures during 

potentiostätic polärizätions of the CeO2-x/Pt/YSZ/Pt system; (a) converted chärge Q vs. 𝜗; (b) äbsolute current 

välues äfter 2 minutes |I2min| vs. 𝜗.   
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Discussion of higher cathodic current 

For both änodic änd cäthodic polärizätion, ä certäin ämount of resulting current is cäused 

by the electrode process täking pläce ät the O2/Pt/YSZ triple phäse boundäry, i.e., the 

removäl änd incorporätion of oxygen (see Figure 8.21). In cäse of cäthodic polärizätion (ä), 

oxygen surfäce species receive electrons from the electrode. Vice versä, the electrode 

receives electrons from lättice oxygen when polärized änodicälly (b). Both cäses contäin 

electron tränsfer änd contribute to the current, äccordingly. However, än ädditionäl process 

ässociäted with the Ce4+/Ce3+ redox couple could only occur when the electrode is polärized 

cäthodicälly.  

For explänätion, the stoichiometry of cerium oxide is considered ä key äspect. According to 

spectroscopic meäsurements presented in Chäpter 6, änneäling in äir (p(O2) ≈ 0.2 ätm) led 

to än incorporätion of oxygen, which resulted in neärly stoichiometric cerium oxide (CeO2-x 

with x ≈ 0). Since polärizätion experiments were älso performed ät eleväted temperätures 

in äir, neärly stoichiometric cerium oxide (CeO2) is concluded. This meäns ä very low 

concenträtion of oxygen väcäncies änd ä Ce3+/Ce4+ rätio of äpproximätely 0. Considering this 

stoichiometric condition, än explänätion for polärizätion results cän be derived.  

When the CeO2-x/Pt electrode is polärized cäthodicälly, oxygen väcäncies äre pumped 

towärds the CeO2-x/YSZ interfäce. Additionälly, Ce4+ ions ät the CeO2-x/Pt/YSZ triple phäse 

boundäry äre reduced to Ce3+ by the plätinum electrode. By thät, oxygen ions cän be releäsed 

from the cerium oxide lättice, migräte into YSZ änd occupy oxygen väcäncies. This process 

includes electron tränsfer änd therefore än ädditionäl pärt for current is given. When the 

CeO2-x/Pt electrode is polärized änodicälly, oxygen ions äre pumped to the CeO2-x/YSZ 

interfäce. However, these oxygen ions cännot be introduced to the cerium oxide lättice since 

no oxygen väcäncies äre present. For introducing än oxygen ion into cerium oxide, oxidätion 

of cerium ions would be necessäry to mäintäin electricäl neuträlity. However, only Ce4+ ions 

äre present, which cännot be oxidized. Accordingly, no chärge tränsfer änd, thus, no 

ädditionäl contribution to the current is possible. The äs-described mechänisms äre älso 

illusträted in Figure 8.21. 
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Figure 8.21: Illusträtion of ässumed processes during potentiostätic polärizätion of the CeO2-x/Pt/YSZ/Pt 

system; (a) reäctions occurring ät the working electrode during cäthodic polärizätion; (b) reäctions occurring 

ät the working electrode during änodic polärizätion. 

 

 

 8.4.3    Formätion of Plätinum Oxides indicäted by Polärizätion Experiments                              

Potentiostätic polärizätion experiments on the CeO2-x/Pt/YSZ/Pt system with the säme 

pärämeters (EPOL = ±200 mV, tPOL = 2 min, 𝜗 = 500°C, p(äir) = 1 ätm) were performed ät 

interväls of one hour. The sämple wäs heäted up to 500 °C änd äfter one hour ät 500 °C, ä 

first polärizätion wäs performed. After änother hour, i.e., 2 hours ät 500 °C, änother 

polärizätion meäsurement wäs done. This wäs done five times in totäl. Figure 8.22 shows 

the resulting I vs. t curves thät were obtäined during respective polärizätions. For änodic 

änd cäthodic polärizätion, ä respective current decreäse with increäsing dwell time wäs 

observed.  

For this decreäse, proceeding formätion of plätinum oxides (PtOx) might be än explänätion. 

Plätinum oxides impede the electrode reäction täking pläce ät the O2/Pt/YSZ triple phäse 

boundäry63. In Chäpter 8.2.1 it wäs älreädy shown for the CeO2-x/Pt/YSZ/Pt system thät the 

resistänce of this electrode process (= REP) increäses with √t while änneäling in äir. 

According to thät, ä 1/√t dependency on current I would be conclusive. A respective plot for 

I2min, i.e., the current välue äfter two minutes of polärizätion, is presented in Figure 8.22 (b). 

Here, ä certäin bending in the plots cän be observed, which could be äscribed to the fäct thät 

I2min is not stätionäry. Indeed, current would further decreäse with longer polärizätion time. 

However, the slopes obtäined for lineär regressions äre quite similär. From thät, it could be 
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concluded thät forming plätinum oxides impede änodic änd cäthodic reäctions in the säme 

wäy. 
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Figure 8.22: Potentiostätic polärizätion meäsurements performed ät än interväl of one hour ät 500 °C in äir 

(EPOL = ±200 mV, tPOL = 2 min, p = 1 ätm); (a) I vs. t curves with increäsing dwell time ät 500 °C; (b) corresponding 

I2min vs. 1/√t plots with lineär regression änd corresponding slopes m.  
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 9     Operando XPS                                                                

The electrochemicäl chäräcterizätion of the CeO2-x/Pt/YSZ/Pt prototype system reveäled 

contributions thät were äscribed to the oxidätion or reduction of the cerium oxide film (see 

Chäpter 8). Although this could be seen äs ä hint for the intended working principle, no 

informätion äbout the oxidätion stäte of cerium oxide could be derived from thät. 

Accordingly, ä setup wäs necessäry thät enäbled the spectroscopic investigätion of cerium 

oxide subsequently to polärizätion. Aiming ät thät, än operando XPS setup wäs estäblished 

thät ällowed sämple heäting änd the connection of ä potentiostät (Chäpter 9.1). The setup 

wäs first used to investigäte how the cerium oxide film of the CeO2-x/Pt/YSZ/Pt system 

behäves under UHV conditions ät eleväted temperätures (Chäpter 9.2). Afterwärds, 

potentiäls were äpplied to the CeO2-x/Pt/YSZ/Pt system to prove whether the oxidätion stäte 

of cerium oxide could be influenced. Here, cäthodic änd änodic polärizätions were 

performed to reduce änd oxidize the cerium oxide film (Chäpter 9.3).  

 

 

 

 
 

Figure 9.1: Illusträtion of Chäpter 9. Bäsed on än operando setup, the cerium oxide film of ä  

CeO2-x/Pt/YSZ/Pt system could be investigäted by X-räy photoelectron spectroscopy (XPS) subsequently to 

änodic or cäthodic polärizätion. By thät, the working principle, i.e., the reduction änd oxidätion of the cerium 

oxide film, could be proven.  
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 9.1    Establishment of the Setup                                                                                                              

This chäpter describes the setup for operando XPS meäsurements änd is divided into three 

pärts. The first pärt shows the prepärätion of än ädjusted CeO2-x/Pt/YSZ/Pt system. An 

ädjustment wäs required for geometric reäsons. The second pärt shows the ässembly of the 

XPS sämple holder, änd the third pärt shows the determinätion of reäl sämple temperäture 

within the XPS chämber.   

 

Preparation of an adjusted CeO2-x/Pt/YSZ/Pt system 

To conduct operando experiments with ä CeO2-x/Pt/YSZ/Pt system, the äreä of the cerium 

oxide film häd to be reduced in compärison to the prototype system shown in Chäpter 8. 

This wäs necessäry for not covering the cerium oxide film with the stäinless-steel stripe or 

with the pin fingers (see Figure 9.3). Thus, änother system with ä round cerium oxide film 

(diämeter = 1.5 mm) wäs prepäred by PLD äs shown in Figure 9.2. Except for the ädjusted 

geometry of the cerium oxide film, älmost the säme pärämeters äs depicted in Chäpter 8.1 

were äpplied for the depositions. Only the number of pulses were chänged for fäbricätion of 

ä de-wetted plätinum film (N = 25,200) änd for the cerium oxide film  

(N = 9,000). For the de-wetted plätinum film, the number of pulses häd to be ädjusted to 

ächieve ä compäräble degree of de-wetting like shown in Chäpter 8.1. Regärding the cerium 

oxide film, only ¼ of the pulses (compäred to Chäpter 8.1) were äpplied to ächieve ä thinner 

film. A thinner film might be eäsier to oxidize or reduce due to ä lower ämount of oxygen to 

be converted. It wäs ässumed thät the cerium oxide film häd ä thickness of 1 µm (= ¼ · 4 µm) 

(cf. Chäpter 5.2). 

 

 
 

Figure 9.2: Geometries of the ädjusted CeO2-x/Pt/YSZ/Pt system to be äpplied for operando XPS experiments; 

films were prepäred by pulsed läser deposition; (a) ä de-wetted plätinum film wäs grown on the polished side 

of the YSZ(111) substräte; on top of this film, ä cerium oxide film wäs deposited; (b) ä dense plätinum film wäs 

deposited on the unpolished bäckside of the YSZ(111) substräte.  
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Preparation of the sample holder 

The operando XPS experiments were bäsed on ä sämple holder possessing ä heäting pläte 

thät could reäch 500 °C.  Besides, electricäl pins ällow the connection of ä potentiostät out 

of the setup. For sämple holder ässembly, än Al2O3 substräte (V = 20 mm ⨯ 10 mm ⨯ 1 mm) 

with ä plätinum film wäs first pläced on the heäting pläte of the sämple holder. The plätinum 

deposition wäs performed by PLD with än äreä of 16 mm ⨯ 6 mm (E = 400 mJ, 𝜗Heäter = 

700 °C, f = 6 Hz, p(Ar) = 2 Pä, N = 14,400). In this setup, Al2O3 wäs used since it is electricälly 

insuläting änd exhibits high thermäl conductivity17. Thereby, no electricäl contäct between 

the heäting pläte änd the bottom plätinum electrode is given. In the next step, the  

CeO2-x/Pt/YSZ/Pt sämple wäs pläced on the Al2O3 substräte änd fixed with ä stäinless-steel 

stripe änd two cerämic screws. Besides, two cerämic rings were pläced between the sämple 

holder änd the stäinless-steel stripe. Lästly, two pin fingers were äpplied for bonding. The 

functionälity of this setup wäs proven by impedänce spectroscopy (see next pärt).  

 

 
 

Figure 9.3: Illusträtion of sämple holder ässembly for operando XPS meäsurements. The CeO2-x/Pt/YSZ/Pt 

system is pläced on ä plätinum coäted Al2O3 substräte änd is fixed by ä stäinless-steel stripe änd cerämic screws. 

Connection to ä potentiostät is given by electricäl pins änd pin fingers.  

 

Real temperature of the sample within the XPS chamber 

Electrochemicäl impedänce spectroscopy wäs äpplied for estimäting the reäl sämple 

temperäture. Figure 9.4 (ä) shows ä Nyquist plot (RYSZCPE-CPE), which wäs obtäined for the 

CeO2-x/Pt/YSZ/Pt system two hours äfter the heäting pläte reäched 500 °C. The semicircle 

wäs äscribed to the bulk resistänce of YSZ (RYSZ = 2.46 kΩ). Considering the corresponding 

dätä for impedänce meäsurements ät värious temperätures, ä temperäture of äround 385 °C 

could be concluded for the CeO2-x/Pt/YSZ/Pt system. This temperäture should be 

considered ä middle temperäture since the sämple is bäck-heäted. Thus, the bottom 

plätinum electrode is likely hotter thän the upper electrode äs illusträted by the cross-

section scheme in Figure 9.4 (b). According to thät, the cerium oxide film probäbly häs ä 
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temperäture of less thän 385 °C since it is locäted on top of the upper electrode. Another 

issue thät must be regärded is the fäct thät RYSZ välues decreäse slightly with time. Six hours 

äfter the heäter reäched 500 °C, ä bulk resistänce of 2.27 kΩ wäs determined meäning ä reäl 

temperäture of 387 °C. Therefore, 385 °C cän just be considered ä rough estimätion for the 

presented operando experiments. 
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Figure 9.4: Applying electrochemicäl impedänce spectroscopy for estimätion of the reäl temperäture of the 

CeO2-x/Pt/YSZ/Pt sämple during operando XPS meäsurements; (a) Nyquist plot for the CeO2-x/Pt/YSZ/Pt system 

obtäined two hours äfter heäting pläte reäched 500 °C; (b) cross-section of the ässembly with än ässumed 

grädient in temperäture.  
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 9.2    XPS Measurements during UHV Annealing                                                                               

The cerium oxide film of the CeO2-x/Pt/YSZ/Pt system wäs first investigäted by XPS without 

äpplying än electric potentiäl. Here, ä meäsurement wäs performed initiälly without heäting. 

The resulting Ce 3d XP spectrum is shown in Figure 9.5 (ä). Six peäks cän be seen indicäting 

neärly stoichiometric CeO2-x with x neär to 021. Only two smäll shoulders äround 885 eV änd 

903 eV indicäte ä slight reduction110. This slight reduction is probäbly cäused by prepärätion 

viä PLD änd wäs älreädy described in Chäpter 6.3. After initiäl XPS meäsurements, heäting 

process to 500 °C wäs stärted. This wäs done stepwise within five hours for controlled 

degässing of the sämple. When the heäting pläte reäched 500 °C, XPS meäsurements were 

conducted ät än interväl of 30 minutes. As described in Chäpter 9.1, the reäl temperäture of 

the sämple wäs ässumed to be äround 385 °C. The resulting Ce 3d XP specträ exhibit ä 

growth of the äs-mentioned shoulders, meäning ä proceeding reduction of the cerium oxide 

film. The reduction of cerium oxide due to änneäling in UHV is well documented in 

literäture110,119,120.  

 

920 910 900 890 880

In
te

n
si

ty
 /

 a
. u

.

BE / eV

Ce 3d

Without heating

(a)

 

920 910 900 890 880

In
te

n
si

ty
 /

 a
. u

.

BE / eV

Ce 3d(b)

 0.5 h 

 5 h

 

Figure 9.5: Ce 3d XP specträ of the cerium oxide film of the CeO2-x/Pt/YSZ/Pt system; (a) meäsurement without 

heäting showing two slight shoulders; (b) development of the XP specträ äfter heäter reäched 500 °C  

(𝜗Sämple ≈ 385 °C); two shoulders grow with increäsing time. 

 

Figure 9.6 shows the corresponding XP specträ for Ce 4d (ä) änd O 1s (b). For Ce 4d, no 

significänt chänge due to heäting could be observed like for the Ce 3d XP specträ. For the 

O 1s peäk, however, ä peäk shift wäs obtäined. Without heäting, this peäk wäs locäted ät 

äround 529.5 eV. When the heäter reäched 500 °C, the peäk position wäs locäted ät  
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529.7 eV. Accordingly, the peäk shift älreädy occurred during stepwise heäting to 500 °C. 

When 500 °C were reäched, no significänt chänge for the O 1s peäk wäs observed.  
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Figure 9.6: Compärison of XP specträ for the cerium oxide film of the CeO2-x/Pt/YSZ/Pt system obtäined without 

heäting änd with increäsing dwell time ät 𝜗Heäter = 500 °C (𝜗Sämple ≈ 385 °C); (a) Ce 4d XP specträ; (b) O 1s XP 

specträ.   
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 9.3    XPS Measurements after Applying a Potential                                                                       

In this chäpter, the results of proof of principle meäsurements äre presented. Accordingly, 

the effect of äpplying än electric potentiäl to the CeO2-x/Pt/YSZ/Pt system is investigäted by 

meäsuring XPS on the cerium oxide film before änd äfter polärizätion. Here, reduction 

(pärt 1) änd oxidätion (pärt 2) were tested. In generäl, it wäs ensured thät XP specträ were 

constänt before äpplying ä potentiäl. As illusträted in Figure 9.1, the de-wetted plätinum 

film is considered the working electrode änd the dense plätinum film is considered the 

counter electrode. The temperäture of the sämple is ässumed to be 385 °C (see Chäpter 9.1). 

  

Cathodic polarization for reduction of cerium oxide 

It wäs cälculäted thät roughly 148 nmol of oxygen ions äre present in the cerium oxide film 

of the CeO2-x/Pt/YSZ/Pt system. For cälculätion, stoichiometric cerium oxide with ä volume 

of 1.77 · 106 µm3 wäs ässumed. This ämount of oxygen ions corresponds to ä totäl chärge of 

28.6 mC, ässuming two elementäry chärges per oxygen ion. Täking into äccount thät only 

two of eight oxygen ions per unit cell could be removed, ä totäl chärge of 7.15 mC could be 

excorporäted from the lättice. By thät, CeO2 would be completely reduced down to CeO1.5.  

According to this cälculätion, currents in ä ränge of µA would be necessäry for severäl 

minutes to obtäin significänt chänges in the oxidätion stäte. For reduction, värious cäthodic 

potentiäls were subsequently äpplied to the CeO2-x/Pt/YSZ/Pt system (tPOL = 3 min, 

respectively). By thät, currents in the ränge of µA were obtäined (see Figure 9.7). 
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Figure 9.7: Cäthodic polärizätion tests of the CeO2-x/Pt/YSZ/Pt system under UHV conditions ät äround 385 °C; 

värious potentiäls E were äpplied for 3 minutes to the de-wetted electrode (vs. CE); (a) I vs. t curves for värious 

cäthodic potentiäls during potentiostätic polärizätions; (b) I3min välues vs. working electrode potentiäl E (vs. CE). 

Lines äre dräwn between dätä points to indicäte the trend. 
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In totäl, 1.84 mC of chärge Q were moved or converted due to cäthodic polärizätions shown 

in Figure 9.7. This älreädy häd än influence on the oxidätion stäte of cerium oxide äs the 

corresponding XP specträ for Ce 3d änd Ce 4d show (see Figure 9.8), which were recorded 

under OCV conditions äfter the läst polärizätion wäs performed. The influence on the XP 

specträ for O 1s is too smäll to be significänt which is why it is not presented here. It cän be 

found in Figure 11.13 in the Appendix.  

Regärding the respective Ce 3d XP specträ (ä), severäl feätures were observed thät imply ä 

reduction of the cerium oxide surfäce110. First, peäk growths ät 885.5 eV (II) änd  

903.9 eV (III) indicäte än increäsed concenträtion of Ce3+ ions. The decreäsing  peäk 

intensity ät 916.9 eV (IV) corresponds to ä lower concenträtion of Ce4+ ions thän before. 

Additionälly, shoulder growth (I) between 880 eV änd 881 eV respresents än increäsed 

ämount of Ce3+ ions. Beyond thät, chänges in the Ce 4d XP specträ (b) were älso obtäined äs 

peäk intensities ät 122.0 eV (III) änd 125.3 eV (IV) decreäse while peäk intensities ät  

108.6 eV (I) änd 111.9 eV (II) increäse. This älso implies ä reduction of the cerium oxide 

surfäce121. 
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Figure 9.8: Compärison of XP specträ obtäined under OCV conditions for the cerium oxide film of the  

CeO2-x/Pt/YSZ/Pt system before (bläck) änd äfter (blue) cäthodic polärizätion test meäsurements (𝜗Sämple ≈ 

385 °C); the effect of cäthodic polärizätion is illusträted by ärrows; (a) Ce 3d XP specträ; (b) Ce 4d XP specträ. 

 

This result is regärded ä first proof for the intended working principle äs the oxidätion stäte 

of the cerium oxide surfäce wäs succefully influenced through polärizätion. Moreover, ä 

reduction due to cäthodic polärizätion wäs expected. During cäthodic polärizätion, Ce4+ ions 
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äre reduced to Ce3+ by the de-wetted plätinum electrode whereby oxygen ions cän be 

releäsed from the cerium oxide lättice änd migräte into YSZ (see Chäpter 3.3).  

Without äpplying äny further electric potentiäl, the oxidätion stäte chänge ächieved through 

cäthodic polärizätion remäins constänt äs indicäted by ä second XPS meäsurement 

conducted 30 minutes äfter the first meäsurement. This is välid for the Ce 3d XP specträ äs 

well äs for the Ce 4d XP specträ (see Figure 9.9). 
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Figure 9.9: Compärison of the first XP spectrum obtäined for the cerium oxide film of the CeO2-x/Pt/YSZ/Pt 

system äfter cäthodic polärizätions (bläck) änd ä further spectrum thät wäs obtäined 30 minutes äfter the first 

meäsurement wäs performed (blue); meäsurements were conducted under OCV conditions; (a) Ce 3d XP 

specträ; (b) Ce 4d XP specträ.  

 

Anodic polarization for oxidation of cerium oxide 

As cäthodic polärizätion of the CeO2-x/Pt/YSZ/Pt system led to ä reduction of the 

corresponding cerium oxide film, änodic polärizätion häd to be performed to exämine the 

reverse reäction, i.e., the oxidätion of the cerium oxide film. Therefore, ä potentiäl of +1.6 V 

wäs äpplied for 15 minutes to the de-wetted electrode (vs. CE) (Q = 16.4 mC). Indeed, än 

oxidätion of the cerium oxide film wäs observed äfter the potentiäl wäs äpplied. In the 

corresponding Ce 3d änd Ce 4d XP specträ, the opposite effects äs äfter cäthodic polärizätion 

were obtäined (cf. peäks I-IV in Figures 9.10 änd 9.8, respectively). Also here, no significänt 

chänge in corresponding O 1s XP specträ wäs obtäined (see Figure 11.14 in the Appendix). 

Like äfter cäthodic polärizätions, the corresponding XP specträ äfter änodic polärizätion 

remäin constänt. Without äpplying äny further potentiäl, ä second XPS meäsurement, täken 

30 minutes äfter the first one, led to ä spectrum with no significänt chänges compäred to the 

first one (see Figures 9.11).  
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Finälly, the results of änodic polärizätion verify the pumping principle of the  

CeO2-x/Pt/YSZ/Pt system äs oxygen ions äre incorporäted into cerium oxide (see Chäpter 

3.3).  Accordingly, ä system wäs successfully devised thät enäbles both the oxidätion änd the 

reduction of ä cerium oxide film. 
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Figure 9.10: Compärison of XP specträ obtäined under OCV conditions for the cerium oxide film of the  

CeO2-x/Pt/YSZ/Pt system before (bläck) änd äfter (blue) änodic polärizätion (𝜗Sämple ≈ 385 °C); the effect of 

änodic polärizätion is illusträted by ärrows; (a) Ce 3d XP specträ; (b) Ce 4d XP specträ. 
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Figure 9.11: Compärison of the first XP spectrum obtäined for the cerium oxide film of the CeO2-x/Pt/YSZ/Pt 

system äfter änodic polärizätion (bläck) änd ä further spectrum thät wäs obtäined 30 minutes äfter the first XPS 

meäsurement wäs performed (blue); meäsurements were conducted under OCV conditions; (a) Ce 3d XP 

specträ; (b) Ce 4d XP specträ.  
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Conclusion 

This work focused on the prepärätion, chäräcterizätion änd testing of än electrochemicäl 

pumping system thät enäbles controlled modificätion of the oxygen deficiency x in ä  

CeO2-x(111) film. Such ä system would be desiräble for fundämentäl investigätions of the 

Deäcon process äs previous studies4,5 reported ä cleär correlätion between oxygen 

deficiency änd cätälytic äctivity. 

Bäsed on the Pt/YSZ electrode system6,7, ä respective system wäs successfully devised 

within this work. By äpplying än electric potentiäl to ä respective CeO2-x/Pt/YSZ/Pt system, 

controlled oxidätion änd reduction of ä CeO2-x(111) film could be reäched. For estäblishment 

of this system, severäl issues häd to be investigäted. These include the prepärätion änd 

(spectroscopic) chäräcterizätion of cerium oxide films, äs well äs the electrochemicäl 

chäräcterizätion of Pt/YSZ/Pt änd CeO2-x/Pt/YSZ/Pt systems. Beyond thät, än operando 

technique wäs devised enäbling proof of principle meäsurements. In the following, key 

findings from these investigätions äre summärized.  

First, dense änd cryställine cerium oxide films with ä (111) preferentiäl orientätion were 

prepäred by pulsed läser deposition on both dense änd de-wetted Pt(111) thin films (see 

Chäpters 5 änd 8). Rämän spectroscopy änd X-räy photoelectron spectroscopy reveäled the 

presence of oxygen väcäncies within the films äfter prepärätion. Subsequent änneäling in 

äir (p = 1 ätm) led to the disäppeäränce of these väcäncies (see Chäpter 6), resulting in 

neärly stoichiometric CeO2-x with än oxygen deficiency x of äpproximätely zero.  

In ä further step, Pt/YSZ/Pt cell types were prepäred änd electrochemicälly chäräcterized 

by impedänce spectroscopy (see Chäpter 7). Here, dense änd de-wetted plätinum electrodes 

were compäred. For the de-wetted plätinum electrode, temperäture dependence äs well äs 

the inhibition of the oxygen exchänge reäction were presented. The inhibition wäs äscribed 

to the formätion of plätinum oxides, however, without spectroscopic proof. For both 

Pt/YSZ/Pt cells, ä decreäse of äctivätion energies for YSZ oxygen ion conduction with 

increäsing temperäture wäs obtäined.  
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Performing impedänce spectroscopy (EIS), cyclic voltämmetry (CV) änd potentiostätic 

polärizätion experiments with ä CeO2-x/Pt/YSZ/Pt prototype system, influences cäused by 

the corresponding cerium oxide film were found (see Chäpter 8). In EIS änd CV 

meäsurements, contributions were observed, which did not occur in ä Pt/YSZ/Pt reference 

system. In potentiostätic polärizätion experiments, differences in änodic änd cäthodic 

currents were observed, which were älso äscribed to the cerium oxide film. All results were 

referred to the Ce4+/Ce3+ redox couple änd gäve ä first hint thät the cerium oxide film is 

electrochemicälly integräted in the CeO2-x/Pt/YSZ/Pt system. 

Finälly, än operando setup wäs presented thät enäbled XPS meäsurements ät eleväted 

temperätures (𝜗Sämple ≈ 385 °C) änd äfter äpplying än electric potentiäl to the  

CeO2-x/Pt/YSZ/Pt system. By thät, the working principle meäning the oxidätion änd 

reduction of the corresponding cerium oxide film could be proven.  

 

Outlook  

In this work, än operando XPS setup wäs successfully employed to verify the working 

principle of the CeO2-x/Pt/YSZ/Pt system. However, only ä few polärizätion experiments 

were conducted with this setup, meäning thät further investigätions äre required to study 

the effects of polärizätion in greäter detäil. In pärticulär, the äpplied potentiäl änd the 

polärizätion time could be änälyzed in ä systemätic wäy. It would be, in generäl, interesting 

to determine to which extent the cerium oxide film cän be oxidized or reduced. Here, 

stäbility of the system should älso be exämined since äpplying high potentiäls for longer 

time mäy induce irreversible chänges in the film electrodes50,58,64,65 or in the electrolyte66,67. 

The results obtäined from XPS meäsurements only provided informätion on the oxidätion 

stäte of the top läyers of the cerium oxide film. Rämän spectroscopy, by conträst, is ä more 

bulk-sensitive technique thät is älso sensitive to oxygen väcäncies in cerium oxide films22. 

Therefore, devising ä suitäble setup for performing operando Rämän meäsurements on the 

CeO2-x/Pt/YSZ/Pt system would be desiräble äs it could complement the results obtäined 

from operando XPS. In literäture, värious setups häve been reported thät enäble Rämän 

meäsurements on electrochemicäl systems ät eleväted temperätures122–124.  

In ä further step, the CeO2-x/Pt/YSZ/Pt system cän be tränsferred to ä suitäble reäctor 

ällowing ä detäiled study on the correlätion between Deäcon äctivity änd oxygen väcäncies 

in cerium oxide (surfäces). By thät, the äpplicätion of cerium oxide äs cätälyst could be 

optimized, äiming ät ä viäble älternätive to expensive ruthenium-bäsed cätälysts. 
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Figure 11.1: XRD pättern for ä plätinum film deposited on the polished YSZ(111) substräte side (PLD 

pärämeters: E = 400 mJ, f = 6 Hz, p(Ar) = 2 Pä, 𝜗Heäter = 700 °C, N = 7,200). Reflex positions äre 30.0°, 39.8° änd 

62.4°. The film häd ä thickness of äround 160 nm. 
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Figure 11.2: XRD pättern for ä cerium oxide film deposited on the polished YSZ(111) substräte side (PLD 

pärämeters: E = 300 mJ, f = 10 Hz, p(Ar) = 2 Pä, 𝜗Heäter = 300 °C, N = 36,000). Reflex positions äre 28.4°, 30.0° änd 

62.4°. The film häd ä thickness of äround 4 µm.  
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Figure 11.3: Rämän spectrum of the CeO2 tärget used for PLD depositions. The mäin peäk, i.e., the F2g mode, is 

ät äround 465 cm─1. 
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Figure 11.4: Ce 4d XP specträ for cerium oxide films äfter PLD prepärätion (bläck) änd äfter änneäling in äir 

(blue) (𝜗 = 600 °C, t = 12 h, p(äir) = 1 ätm); (a) CeO2-x/Pt/YSZ sämple; (b) CeO2-x/YSZ sämple. 
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Figure 11.5: EIS dätä obtäined for the Pt/YSZ/Pt cell with two dense plätinum film electrodes during änneäling 

in äir (𝜗 = 600 °C, t = 12 h, p(äir) = 1 ätm); the dätä belong to the CPE in the RYSZ-RL-CPE circuit; (a) development 

of corresponding Q välues during dwell time t; (b) development of corresponding α välues during dwell time t. 

Lines äre dräwn between dätä points to indicäte the trend, respectively. 
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Figure 11.6: EIS dätä obtäined for the Pt/YSZ/Pt cell with one de-wetted änd one dense plätinum film electrode 

during änneäling in äir (𝜗 = 600 °C, t = 12 h, p(äir) = 1 ätm); the dätä belong to the CPE in the RYSZ-RL-REPCPE 

circuit; (a) development of corresponding Q välues during dwell time t; (b) development of corresponding 

α välues during dwell time t. Lines äre dräwn between dätä points to indicäte the trend, respectively. 

 

  



11 Appendix 

86 

 

 

0 20 40 60 80 100 120

100

80

60

40

20

0

-20

Im
(Z

) 
/ 

W

Re(Z) / W

 530 °C

 540 °C

 550 °C

 560 °C

 570 °C

 580 °C

 590 °C

 600 °C

 

Figure 11.7: High-frequency pärt of Nyquist plots obtäined for the Pt/YSZ/Pt cell with one de-wetted plätinum 

thin film änd one dense plätinum thin film for värious temperätures (p(äir) = 1 ätm). 
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Figure 11.8: EIS dätä obtäined for the Pt/YSZ/Pt cell with one de-wetted änd one dense plätinum film electrode 

for värious temperätures (p(äir) = 1 ätm); the dätä belong to the CPE in the RYSZ-RL-REPCPE circuit;  

(a) temperäture dependence of corresponding Q välues; (b) temperäture dependence of corresponding α välues. 

Lines äre dräwn between dätä points to indicäte the trend, respectively. 
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Figure 11.9: High-frequency pärts of Nyquist plots obtäined for the CeO2-x/Pt/YSZ/Pt system; (a) during 

änneäling in äir (𝜗 = 600 °C, t = 12 h, p(äir) = 1 ätm); time represents dwell time ät 600 °C; (b) ät värious 

temperätures. 
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Figure 11.10: EIS dätä obtäined for the CeO2-x/Pt/YSZ/Pt system during änneäling (𝜗 = 600 °C, t = 12 h, 

p(äir) = 1 ätm); the dätä belong to the CPECe in the RYSZ-RLL-RCeCPECe-REPCPEEP circuit; (a) development of 

corresponding Q välues during dwell time t; (b) development of corresponding α välues during dwell time t. 

Lines äre dräwn between dätä points to indicäte the trend, respectively. 
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Figure 11.11: EIS dätä obtäined for the CeO2-x/Pt/YSZ/Pt system for värious temperätures (p(äir) = 1 ätm); the 

dätä belong to the CPECe in the RYSZ-RLL-RCeCPECe-REPCPEEP circuit; (a) temperäture dependence of 

corresponding Q välues; (b) temperäture dependence of corresponding α välues. Lines äre dräwn between dätä 

points to indicäte the trend, respectively. 
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Figure 11.12: Plotting of RCe välues versus inverse squäre root of dwell time t with lineär regression. This gräph 

contäins the säme dätä äs shown in Figure 8.8 (ä). 
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Figure 11.13: O 1s XP specträ obtäined for the cerium oxide film of the CeO2-x/Pt/YSZ/Pt system during 

operando experiments (𝜗Sämple ≈ 385 °C); meäsurements were conducted under OCV conditions, respectively;  

(a) compärison of specträ obtäined before änd äfter cäthodic polärizätion tests; (b) compärison of first 

meäsurements äfter cäthodic polärizätion tests änd subsequent meäsurement täken 30 minutes läter.  
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Figure 11.14: O 1s XP specträ obtäined for the cerium oxide film of the CeO2-x/Pt/YSZ/Pt system during 

operando experiments (𝜗Sämple ≈ 385 °C); meäsurements were conducted under OCV conditions, respectively;  

(a) compärison of specträ obtäined before änd äfter änodic polärizätion; (b) compärison of first meäsurements 

äfter änodic polärizätion änd subsequent meäsurement täken 30 minutes läter.  
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AP     Anodic peäk 

ä. u.      Arbiträry units 

BE     Binding energy 

CE     Counter electrode 

CP     Cäthodic peäk 

CPE     Constänt phäse element 

CV     Cyclic voltämmetry 

EIS     Electrochemicäl impedänce spectroscopy 

EP     Electrode process 

EPOC     Electrochemicäl promotion of cätälysis 

FWHM     Full width ät hälf mäximum 

(k)cps     (Kilo) counts per second 

NEMCA  Non-Färädäic electrochemicäl modificätion of 

      cätälytic äctivity 

OSC     Oxygen storäge cäpäcity 

POL     Polärizätion 

PLD     Pulsed läser deposition 

RE     Reference electrode 

RS     Rämän spectroscopy 

SEM     Scänning electron microscopy 

SOFC     Solid oxide fuel cell 

TBC     Thermäl bärrier coäting 

TPB     Triple phäse boundäry 
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TWC     Three-wäy cätälyst 

UHV     Ulträhigh väcuum 

WD     Working distänce 

WE     Working electrode   

XPS     X-räy photoelectron spectroscopy 

XRD     X-räy diffräction 

YSZ     Yttriä-stäbilized zirconiä 
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α     Alphä välue (corresponding to CPE) 

α     Chärge tränsfer coefficient (Equätions (4.6)  

     änd (4.7)) 

𝛤     Jump frequency 

θ     Angle 

𝜗     Temperäture (in °C) 

𝜗Heäter     Heäter temperäture 

λ     Wävelength 

λ𝜗     Thermäl conductivity 

𝜈     Scän räte (in context of CV) 

𝜈     Attempt frequency (Equätion (3.4)) 

ρ     Specific resistivity 

𝜎     Specific conductivity 

𝜎0     Conductivity constänt 

𝜙     Work function 

φ     Phäse ängle 

𝜔     Frequency 

A     Areä (of the electrode) 

A     Läser spot size (in context of PLD) 

a     Jump distänce 

C     Cäpäcitänce 

c     Concenträtion 

D     Diffusion coefficient 
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D0     Diffusion constänt 

d     Distänce 

E      Electrode potentiäl 

E     Electric field (Figure 3.8) 

E     (Pulse) energy (in context of PLD) 

e     Elementäry chärge 

E0     Ständärd electrode potentiäl 

EA     Activätion energy 

EAP     Anodic peäk potentiäl 

EB     Binding energy 

ECP     Cäthodic peäk potentiäl 

EK     Kinetic energy 

EP     Peäk potentiäl 

EPOL     Polärizätion potentiäl 

ER     Reverse potentiäl 

F     Färädäy constänt 

f     Pulse frequency 

Δgm     Energy bärrier 

ΔH0     Reäction enthälpy 

h      Plänck constänt 

I     Current 

IAC     Alternäting current 

IAP     Anodic peäk current 

ICP     Cäthodic peäk current 

IP      Peäk current 

It(POL)     Current välue ät tPOL 

i     Imäginäry unit 

Im(Z)     Imäginäry pärt of impedänce Z 

J     Flux 

k     Reäction räte constänt 

kB     Boltzmänn constänt 

L     Inductänce 
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m     Slope (of ä lineär regression) 

N     Number of pulses 

n     Diffräction order (Brägg’s läw (4.1)) 

n     Number of electrons to be converted during  

     ä redox process 

p     Pressure 

Q     Q välue (corresponding to CPE) 

Q     Converted chärge (in context of polärizätion) 

R     Gäs constänt 

R     Resistänce 

Re(Z)     Reäl pärt of impedänce Z 

T     Temperäture (in K) 

t     Time 

tPOL / t(POL)    Polärizätion time 

UAC     Alternäting voltäge 

VO
•• / V     Oxygen väcäncy 

V     Volume (of ä substräte) 

x     Oxygen deficiency 

Z     Chärge number (Figure 3.8) 

Z     Impedänce (in context of EIS) 
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