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I 

Abstract 

 
Solid oxide fuel cells (SOFCs) have been attracting great attention because they promise to provide 

clean, environmentally compatible power generation by directly converting chemical energy into 
electrical energy with high energy conversion efficiency and high fuel flexibility. One of the key 
challenges to commercialization of SOFCs is to lower their operating temperature. However, reducing 
the operating temperature decreases the conductivity of the electrolyte and the electrode kinetics 
resulting in large ohmic and polarization resistances. By using thin film electrolytes, the ohmic 
resistance can be reduced significantly. In this case, the overall cell performance is determined by the 
polarization losses of the electrochemical reactions at anodes and cathodes, and the key technical 
challenge is finding methods to minimize electrode polarization losses at lower operating 
temperatures. By using mixed ionic electronic conductors (MIECs), the polarization resistance of the 
electrode materials can be decreased. In this work, the electrical properties of Mn, Fe or Eu doped 
ceria were investigated for application as mixed ionic and electronic conducting solid oxide fuel cell 
electrodes. Additionally, the long-term durability of electrode performance is as important as initial 
performance, and impurities in the operating environment (e.g. in feed gases or in the cell materials) 
are well known to contribute to long-term degradation. Therefore, the long term durability of oxygen 
exchange rate of Pr-CeO2, a potential MIEC SOFC cathode, was investigated. 

This thesis is divided into seven chapters: 
Chapter 1 reviews the principles of SOFC operation and current status of materials. Defect 

equilibrium diagrams of pure and doped ceria are discussed. Techniques for studying defect equilibria 
and transport, the key challenges for SOFC materials, and approach in this thesis are introduced. 

Chapter 2 describes the experimental techniques used in this work, including sample preparation 
method and material characterization techniques (i.e. SEM, XRD, Raman spectroscopy, XPS, 
electrochemical measurement methods, thermogravimetric Analysis (TGA), and optical transmission 
relaxation (OTR) measurements). 

In Chapter 3, the electrical conductivity of 20 mol% Eu-doped ceria (Ce0.8Eu0.2O2-δ), measured by 
impedance spectroscopy, is reported. 20 mol% Eu-doped ceria showed similar conductivity behavior  
in reducing and oxidizing conditions as Gd-doped ceria, previously reported in the literature. No 
evidence for multivalency of Eu was observed in electrical conductivity measurements over the 
studied range. Either the electron mobility of Eu small polarons is too low or Eu is not displaying 
multivalency in the studied range. 

In Chapter 4, x mol% Mn-CeO2 and x mol% Fe-CeO2 (x=3-50) powders were synthesized and 
characterized by XRD and Raman. Raman spectroscopy and lattice parameter analysis revealed that 
the solubility limit of Mn or Fe in CeO2 is lower than 3 mol% for the present preparation conditions. 
The solubility of Mn was increased by co-doping La into Mn-CeO2. Based on assumptions from the 
change of lattice parameter, for 10 mol% Mn-CeO2, the Mn solubility was increased to 2.9 mol% 
with 10 mol% La dopant. Conductivity of 20 mol%-CeO2 was measured by impedance spectroscopy 
and showed a pure ceria like pO2 dependence at higher temperature and an acceptor doped ceria like 
one at lower temperature. Additionally, it agreement of reduction enthalpy derived from conductivity 
was found with undoped ceria. The activation energy calculated from an Arrhenius plot of 
conductivity is 1.1 eV. Comparing this activation energy with other acceptor doped compositions,  
the Mn solubility was estimated to be about 0.1~1 mol% in agreement with the low solubility 
observed by XRD and Raman results. 



 

II 

In Chapter 5, oxygen exchange kinetics of Pr-CeO2 (PCO), measured by optical transmission 
relaxation (OTR), are reported. A significant degradation in kinetics was found after aging at high 
temperature for tens of hours, and identified to arise from accumulation of a siliceous phase on the 
PCO film surface. Deposition of La oxide or Sm oxide on the aged film surface was found to fully 
recover oxygen exchange kinetics in aged films and a film intentionally coated with siliceous phase. 
Surface treatments with other oxides (Nb, Al, Ti, and Zn) were not found to recover oxygen exchange 
kinetics. La and Sm likely react with Si to form a porous silicate layer allowing gas transfer to the 
PCO surface, whereas other studied materials are unlikely to form silicates. La oxide was also 
deposited on aged SrTi0.65Fe0.35O3-δ, prone to degradation via Sr segregation (as opposed to siliceous 
phases), and no improvement was found, further indicating La reacts with Si and is not leading to a 
significant catalytic effect.  

Chapter 6 and 7 summarize the conclusions and suggested future topics to be investigated. 
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Chapter 1 Introduction 

1.1  Solid oxide fuel cell 

Fuel cells, devices which convert chemical energy to electrical energy with a higher efficiency than 
heat based power generators, are considered to be a promising technology. The solid oxide fuel cell 
(SOFC) is an all solid-state device that converts the chemical energy of gaseous fuels such as 
hydrogen and natural gas to electricity through electrochemical processes. SOFC, being an 
electrochemical device, has unique advantages over the traditional power generation technologies. 
The efficiency of SOFC is inherently high as it is not limited by the Carnot cycle of a heat engine. 
The greenhouse gas emissions per kilowatt-hour from an SOFC are therefore much lower than those 
emitted from conventional power plants. Due to the high operating temperature, SOFCs can be used 
in co-generation systems to produce hot water or steam and to couple with microturbines or gas 
turbines to produce electrical power, both of which enhance the system efficiency and the range of 
applications. The momentum of the intensive research and development of SOFC technology started 
in the middle seventies with the Westinghouse (later, Siemens-Westinghouse) tubular SOFC 
development program (1). Minh, over two decades ago in 1993, gave a comprehensive overview on 
the whole spectra of the SOFC technologies (2). Key advantages of SOFC technology are summarized 
in the following list. 

 
 Fuel flexibility 
 Use of non-precious metal catalysts 
 Coupling with high quality waste heat for cogeneration applications 
 Solid structure (electrolyte) prevents the electrolyte from being volatilized resulting in 

high reliability and durability 
 High efficiency and power density relative to other energy technologies 
 High operating temperature allows for direct internal processing of fuel without the use of 

reformer resulting in a less complicated system. Ability to combine with cogeneration 
schemes using the generated waste heat in which the efficiency could be increased from 
50-60% up to 90% 
 

The operating temperature for a conventional SOFC is 800~1000 °C, however this high 
temperature results in high cost, high degradation rates and long start-up and shut-down times. In 
order to achieve a long service life, as well as shorter start-up and shut-down time, the operating 
temperature should be decreased. SOFCs operating at around 700 °C are called intermediate 
temperature SOFCs (ITSOFCs), and at less than 600 °C are called low temperature SOFCs 
(LTSOFCs). The challenges for ITSOFCs and LTSOFCs are discussed at the end of this chapter. 

The schematic diagram of solid oxide fuel cell system is shown in Fig. 1.1. At the cathode, oxygen 
diffuses to the electrode surface, is then reduced into an oxide ion that moves to the anode through 
the solid electrolyte. Meanwhile, at the anode, hydrogen or hydrocarbon fuel reacts with the oxide 
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ions that cross over the electrolyte/anode interface. The products from this reaction are water and 
electrons. Water is driven out as exhaust gas whereas electrons are driven through the external circuit 
loop generating electricity. 

 

Figure 1-1 Schematic diagram of a solid oxide fuel cell 
 
The ideal fuel cell open circuit performance can be theoretically calculated using the following 

Nernst equation (3). 
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                                                      1-1 

where cOp ,2 and aOp ,2 refer to the oxygen partial pressures in the cathode air and anode fuel 

electrodes, respectively. This implies that the theoretical electromotive force is dependent on the 
difference between the oxygen partial pressures at the two electrodes and temperature. Actual cell 
performance is affected by losses from various electrochemical processes, as demonstrated by 
Equation 1-2 
 
V= E0−IR−ηcathode –ηanode                                                      1-2 
 
where E0 is the Nernst potential of the reactants, I is the current, R is the ohmic resistance and ηcathode 
and ηanode are the cathodic and anodic polarization losses.  
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Figure 1-2 Typical voltage versus current density curve for an SOFC (3). 
 

As shown in Figure 1-2 the voltage loss can be broken down into various resistances caused by 
activation polarization, ohmic polarization and concentration polarization. The characteristics of each 
polarization are described as follows: 

Activation polarization: dominates at low current density region. It is the voltage loss accounting 
for the activation required for charge transfer during reactions incurring at the electrodes. The 
dominant reaction rate is of cathodic reaction which is, at very low current densities, linearly 
proportional to the net current density. Activation polarization includes both the anodic and cathodic 
reactions and the reaction may dominate by the reaction rate or the electron/ion transfer. It is usually 
considered that the activation polarization on the cathode is much higher than the one on the anode. 
Because the cathode needs to dissociate the oxygen molecules to ad atoms and then oxygen ions and 
transport the oxygen ion, simultaneously. Activation polarization can be reduced by: (a) using 
material with higher catalytic activity, (b) Modifying the microstructure (increasing the triple phase 
boundary (TPB)), increasing the concentration of active sites, (c) increasing the concentration and 
pressure of reactant, and (d) increasing the temperature. Therefore, due to their lower operation 
temperature, activation polarization is one of the most important voltage losses for intermediate 
temperature SOFC (IT-SOFC). 

Ohmic polarization: accounts for the resistance to the motion of electrical charge which can be 
described by Ohm’s law. It is the product of current ( I ) and the sum of ohmic resistance as expressed 
in the following equation. 

)( cielohm RRRI                                              1-3 

where elR , iR  and cR  represents resistance of the electrodes, the solid electrolyte and the electrode-

electrolyte contact, respectively. Among them, electrolyte resistance typically dominates the ohmic 
resistance because ionic resistivity is much greater than the electronic resistivity of both electrodes. 
Consequently, the ohmic polarization can be decreased by reducing the thickness of the electrolyte or 
using an electrolyte with higher ionic conductivity. In addition, the ohmic resistance decreases with 
a rise in operating temperature. 

Concentration polarization: refers to the voltage loss accounting for the physical resistance to 
transport caused by diffusion of reactant species (e.g. O2 and H2) to and product species from the 
reaction sites. The concentration polarization from the cathode is much higher than that of the anode 
because the anode’s binary diffusivity is four to five times greater than that of the cathode and the 
typical partial pressure of hydrogen in the fuel is much larger than that of oxygen in the oxidant. A 
thick cathode may also increases the difficulty for oxygen transport and, therefore, give rise to 
concentration polarization. The concentration polarization is typically reduced by increasing the gas 
flow rate or optimizing the microstructure of the electrode. 

1.2  Materials for SOFCs 

1.2.1 Electrolyte materials 

Electrolyte materials must have the following characteristics. 



 

4 
 

 Stability: Electrolyte must have chemical, crystal and mechanical stability from room 
temperature to operating temperature and in both oxidizing and reducing atmospheres. 

 Ionic conductivity: Electrolyte must have sufficient ionic conductivity and negligible 
electronic conductivity 

 Compatibility with other materials: At both fabrication temperature and operating 
temperature, electrolyte should be compatible with other components of SOFC. 

 Thermal expansion coefficient (TEC) match to other components: Electrolyte should have 
a similar TEC with electrode materials to avoid cracking or distortion. 

 Gas tightness: Electrolyte should be dense enough that neither oxygen nor fuel gas cannot 
go through at any conditions. 

 Low cost 
 
The most widely used material for the electrolyte is zirconia (ZrO2) usually stabilized with yttrium 

and known as yttrium stabilized zirconia (YSZ). It almost completely matches all the characteristics 
that an electrolyte material needs. The only disadvantage of YSZ is its ionic conductivity dramatically 
decreases with decreasing temperature. Thus for IT and LT-SOFCs, performance is limited by large 
ohmic loss from YSZ. Scandia (Sc2O3) doped ZrO2 has a higher ionic conductivity than YSZ since 
the ionic radius of Sc3+ is closest to the radius of Zr4+ resulting in less lattice distortion and thus a 
smaller energy for oxygen migration. Fig 1-3 shows the ionic conductivity of YSZ and Sc stabilized 
zirconia (ScSZ) prepared by different methods. The disadvantage of ScSZ is its higher cost and long 
term phase instability. 

 
Figure 1-3 the ionic conductivity of YSZ and ScSZ at 1000 °C prepared by different methods (figure 
obtained from reference (4)) 
 

Acceptor doped ceria is also commonly considered as an SOFC electrolyte, and has the same 
fluorite structure as YSZ. Ceria has a much higher conductivity than YSZ due to its lower activation 
energy for oxide ion migration. Figure 1-4 shows the ionic conductivity of doped ceria at 1073 K 
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against the radius of dopant cation. The conductivity starts increasing with the increasing of dopant 
ionic radius and reach the highest point with Sm and decreasing with the larger ionic radius dopants. 
Kim proposed that the highest ionic conductivity would to be obtained in lattice with no strain which 
means that the dopant causes no change in lattice parameter compared to pure ceria. The radius of 
this dopant is called the critical radius. The critical radii, rc, for divalent and trivalent cations as 
dopants in ceria are calculated as 0.1106 and 0.1038 nm. Gd3+ and Sm3+ doped ceria has the highest 
ionic conductivity because they have the closest match to rc (5) 

 
Figure 1-4 Ionic conductivity of doped ceria at 1073 K against the radius of dopant cation (figure 

obtained from reference (6)) 
 

The amount of dopant also has effect on the conductivity of doped ceria. Fig. 1-5 shows the 
concentration dependence of conductivities for Sm doped ceria. The conductivity increases with 
dopant concentration up to 10% after which it goes through a broad maximum and decreases again 
above ca. 20%. This behavior occurs because increasing the dopant concentration increases the 
oxygen vacancy concentration, but at high concentrations, point defects begin to interact and oxygen 
vacancies have more difficulty moving. 
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Figure 1-5  Concentration dependence of ionic conductivity for (CeO2)1-x(SmO1.5)x at different  
temperatures. Dashed line (---) is (ZrO2)1-x(CaO)x, at 800 °C.(7) 
 

A key issue when considering doped ceria as an electrolyte material is that Ce will partially reduce 
from 4+ to 3+ in reducing atmosphere, particularly at high temperatures, resulting in electronic 
conductivity. Steele el al. considered that electronic conductivity of Ce0.9Gd0.1O1.95 can be ignored 
below 500 °C (8). Despite the instability in reducing conditions, doped ceria has an advantage for 
chemical stability relative to other materials, such as La1−xSrxFe1−yCoyO3 (LSCF), where YSZ is 
found to react. Therefore GDC is often used as the buffer layer between YSZ and cathode materials 
to prevent reaction. 

Another electrolyte material, Sr2+, Mg2+ doped LaGaO3 (LSGM) has higher conductivity than YSZ 
and GDC or SDC (9). However, the formation of a second phase such as LaSrGa3O7 or LaSrGaO4 is 
always observed (10). In order to obtain a single phase LSGM, great attention is required in its 
preparation. Additionally, there is chemical instability associated with Ga evaporation in reducing 
atmosphere. 

1.2.2 Cathode materials 

Several of the basic requirements that a cathode must satisfy are shown by the following list. 
 High electronic conductivity (preferably more than 100 S cm−1 under oxidizing atmosphere) 
 A matched thermal expansion coefficient (TEC) and chemical compatibility with the 

electrolyte and interconnect materials 
 Adequate porosity to allow gaseous oxygen to readily diffuse through the cathode to the 

cathode/electrolyte interface 
 Stability under an oxidizing atmosphere during fabrication and operation;  
 High catalytic activity for the oxygen reduction reaction (ORR) 
 Low cost 
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Figure 1-6 Oxygen reduction reaction strategies for cathode a) single-phase electronically 
conductive oxide such as LSM, and b) single-phase MIEC (e.g. LSCF). 

 
The cathode can be a pure electronic conductor, a mixed ionic and electronic conductor (MIEC), 

or a composite of either type with an ionic conductor (e.g. electrolyte). For the electronic conductor, 
a typical choice is (La,Sr)MnO3-δ (LSM) combined as a composite with YSZ. LSM material has high 
electronic conductivity, high catalytic activity, good chemical stability and a close TEC match with 
YSZ at high temperature (> 800 oC). However, the absence of oxygen vacancies in LSM restricts the 
reduction of oxygen to the three-phase boundary regions as shown in Figure 1-6a. At lower 
temperatures (< 750 oC), LSM does not have acceptable performance due to extreme degradation of 
its catalytic activity. 

 Figure 1-6b shows the oxygen reduction reaction strategy for an MIEC material. By having both 
ionic and electronic conductivity in the same phase, the reaction occurs over the whole surface of the 
cathode and the surface exchange rate increases. (La,Sr)CoO3-δ has been identified as possessing 
perhaps the best transport properties in terms of both ionic and electronic conductivity. However, this 
material has a high TEC. Substituting iron for cobalt can lower the TEC of LSC. La1−xSrxFe1−yCoyO3-

δ (LSCF) shows good electrical conductivity, a high oxygen surface exchange coefficient, and a good 
oxygen self-diffusion coefficient at intermediate temperature. LSCF is generally incompatible with 
YSZ electrolytes due to interfacial reactions. Therefore, as mentioned above, a Gd doped ceria (GDC) 
layer is used to prevent the interface reaction. The ionic conductivity of LSCF is not high enough, so 
a GDC/LSCF composite is usually used to reduce the polarization resistance. Also, high degradation 
rates in electrochemical performance for cells with LSCF cathodes have been observed and are due 
to diffusion of strontium out of LSCF. Sr-doped samarium cobaltite (Sm1−xSrxCoO3-δ, SSC) is another 
widely studied cathode material for IT-SOFCs. The electrical conductivity of this composition shows 
metallic-like behavior and reaches up to 103 Scm−1 in the temperature range of 800–1100 °C. Its 
relatively high thermal expansion coefficient (greater than 20×10−6K−1(11) compared to 11.8 for LSM 
and 10.8 for YSZ(12)) could produce stresses at the interface during thermal cycling. In addition, 
reactivity tests of SSC with YSZ show that SSC is only stable below 800 °C because SrZrO3 is formed 
at higher temperatures (13). The electrical conductivity and TEC of common perovskite cathode 
materials are shown in Table1-1 (14). 

As described later in this introduction, PrxCe1−xO2−δ (PCO) is a fluorite structured oxide with mixed 
ionic electronic conductivity (Figure 1-7) and high oxygen exchange coefficient in cathode conditions 
(15-17). Like LSC, its TEC is relatively high. 
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Table 1-1. Perovskite-type oxide materials: thermal expansion coefficient (TEC), electronic (σe), and 
ionic conductivities (σi) in air, reproduced from (14).  
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Figure 1-7 Log σ versus logPO2 for a series of compositions in the system PrxCe1-xO2-δ (x=0, 0.002, 
0.008, 0.1, 0.20) measured at 700 °C(17).  

1.2.1 Anode materials 

The following are a number of criteria to be considered when choosing an anode. 
 High electronic conductivity  
 Catalytic activity for fuel oxidation/combustion 
 High ionic conductivity 
 Stability on successive reducing and oxidizing (redox) cycles 
 Thermal stability 
 Chemical stability to contacting components 
 Matched thermal expansion coefficient (TEC) to contacting components 
 Low cost 

 

The composite anode, Ni/YSZ has high electronic conductivity, reasonable ionic conductivity and 
high catalytic activity for hydrogen oxidation. This material fulfils most of the requirements of the 
anode. However, it has problems such as carbon deposition when using hydrocarbon fuels, 
susceptibility to sulphur poisoning, long-term nickel agglomeration, and the Ni is not redox stable. 
Redox instability was found to occur upon anodic re-oxidation and was a result of the expansion of 
Ni to NiO, which produced stresses at the anode-electrolyte interface. (18) 

As an alternative, CeO2 based materials exhibit mixed ionic and electronic conductivity in a 
reducing atmosphere due to reduction of Ce4+ to Ce3+. The Ce4+/Ce3+redox couple has been shown to 
be catalytically active for CO and hydrocarbon oxidation (19). Additionally, GDC or SDC with Ni 
were found to have increased performance compared to Ni/YSZ when methane was used as a fuel 
(20). Wan et al. reported that with a La-doped ceria (LDC)/Ni anode with an LDC buffer layer 
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exhibited a power density as high as 1.4 W cm−2 at 800 ◦C in H2 (21). Pure and doped ceria have also 
been found to promote catalytic activity for hydrocarbon oxidation reactions without coking (22). 
Marina et al. (23) and Livermore et al. (24) have reported a high activity to methane oxidation without 
carbon deposition with a Ni/GDC cermet anode. Although with doped or undoped ceria, the carbon 
deposition can be reduced, Ni is still required to provide the electronic conductivity, and thus the 
composite still suffers from nickel agglomeration and redox instability. Gorte et al. reported that ceria 
based ceramic anodes with small amounts of metal additives such as Cu or Pd performs reliably for 
hydrocarbon fuels. Moreover, the ceria-based anodes with Cu exhibit a high tolerance to sulfur 
poisoning. (25) 
 

1.3 Defect equilibrium 

The Brouwer approximation, has been used to delineate regions in the isothermal plot of defect 
concentration versus pO2, resulting in the defect equilibrium diagram for undoped ceria and doped 
ceria, shown in Figures 1-7,8,9 and discussed below. 
 
Undoped ceria 

The reduction of undoped ceria when exposed to reducing atmospheres at elevated temperatures 
can be described by the following defect reaction. 

)(O2/12VO 2
/

OO ge                                                    1-4 

where 
oO , 

OV  and e  refer to oxygen on a normal lattice site, oxygen vacancies and electrons, 

respectively. Brackets, i.e. ][VO
  and n (= ][e ), refer to the concentrations of oxygen vacancies and 

electrons. The electroneutrality condition is expressed by  

  OVe 2][                                                                  1-5 

with the corresponding equilibrium constant (KR) defined by 

 
kT

H
KnK r

0
2

1

2
2

OR exppOV


                                               1-6 

where K0 is a pre-exponential factor (containing vibrational entropy), Hr is the reduction enthalpy for 
the reaction, and k is the Boltzmann constant. Equation1-6 is simplified by substitution with Equation 
1-5, yielding 

  3/11/6
2 2pO RKn                                                      1-7  

This pO2 dependence for the concentration of e  (from Equation 1-7) and 
OV  (from Equation 

1-5) is shown in Figure 1-8 
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Figure 1-8 Defect equilibrium diagram for undoped ceria. 
 

Fixed valent acceptor (i.e. Gd) doped ceria 
 
In the case of a fixed valent acceptor dopant (A) doped ceria, the doping reaction is written as 

     OOCe32 V3OdG2OGd                                               1-8 

In the ionic region of doped ceria (region I), the concentration of electronic charge carriers is 
negligible and the concentration of oxygen ion vacancies is fixed by the acceptor dopant 
concentration. 

    const.V2A OCe                                                          1-9 

This result can be substituted into Equation 1-6 as shown by the following equation. 
2/1

Ce

1/4
2 ]A[

2
pO 










  RK
n                                                          1-10 

From this equation, one observes the -1/4 power law for the dependence of e  concentration on 
oxygen partial pressure, shown in region I of Figure 1-9. At lower pO2 (region II of Figure 1-9), Ce4+ 

is reduced to Ce3+, reaction as Equation 1-4 is dominant, therefore, 
OV  and e  follow a 1/6

2pO

dependence  
 



 

12 
 

 
Figure 1-9 Defect equilibrium diagram for a fixed valent acceptor dopant (A) doped ceria  
 

Multivalent acceptor (i.e. Pr) doped ceria 
In the case of a multivalent acceptor (M) doped ceria, defect reactions and equilibrium equations are 
shown in Table 1-2. In the example, for sufficiently high pO2, most of the M takes on the +4 state, 

then const.]M[ Ce   Therefore, Equation 1-13 can be substituted into Equation 1-12 to yield 

    OCe VM2/1 ∝ 1/6
2pO  , which is shown in region I of Figure 1-10. In the intermediate pO2 region 

(region II of Figure 1-10), M atoms are nearly all reduced to trivalent, according to Equation 1-13, 

then     const.VM2/1 OCe   , similar to the case for fixed valent acceptor doped ceria in high pO2. 

By using Equation 1-12, one can predict ][M Ce
 ∝ 1/4

2pO , and by Equation 1-6, n ∝ -1/4
2pO . With 

further decreasing pO2, Ce4+ begins to be reduced, 
OV  and e  follow a 1/6

2pO dependence, as was 

shown in Figures 1-6 and 1-7.  
 

Table 1-2 Defect reactions and equilibrium equations for a multivalent acceptor dopant (M) doped 
ceria 

)(O2/1VM2O2M 2OCeOCe g 
 

1-11

]O[]M[

]V[]M[

O
2

Ce

21
O

2
Ce 2



 


/
O

R

P
K  

1-12

    OCe V2M  
1-13

  ]OCeM[]M[M 2x1xCeCe 
  x  

1-14
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Figure 1-10 Defect equilibrium diagram for a multivalent acceptor dopant (i.e. Pr) doped ceria 
 
Electrical Conductivity  
 

 
Figure 1-11 Conductivity for a multivalent acceptor dopant (i.e. Pr) doped ceria 
 
The total electrical conductivity is the sum of electronic conductivity (σe) and ionic conductivity 
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(σi), as shown below (assuming n-type electronic conduction). 

ietot                                               1-15 

where σe and σi are defined as 

]V[2 O
 ii q                                                    1-16  

nq ee                                                   1-17 

where q, μi, n, μe, are the elementary charge of an electron, oxygen vacancy mobility, concentration 
of electrons, and electronic mobility, respectively. The mobility of an oxygen vacancy and an electron 
are defined as: 

)
kT

H
(-exp Vm,,

T
Vo

i


                                                1-18 

)
kT

H
(-exp em,,

T
eo

e


                                                         1-19 

where Vo, , eo, , Vm,H , and em,H  are the mobility pre-exponential and enthalpy of migration for 

oxygen vacancies and electrons, respectively. Therefore, at the same temperature the mobility is 

constant and i  and e  follow the same pO2 dependence with 
OV  and e  shown in Figure 1-10 

and Figure 1-11. 
 In the high pO2 (region I of Figure 1-11), electrons on M3+ sites can hop to an adjacent M4+ site, 

and this electronic conductivity is expressed as 
CeM

 . With decreasing pO2 in region I, 
CeM

  

initially increases with increasing ]M[ Ce . With a further decrease in pO2, there is not enough M4+ for 

electrons to hop to, and conductivity begins to decrease. Following Equation 14, the maximum of 

CeM
  is expected when ]M[]M[ CeCe

 and is thus proportional to ]M][M[ CeCe
 . 

 

1.4 Techniques for study of defect equilibria and transport  

In the above section, we discussed the theory of defect equilibrium and transport of undoped and 
doped ceria. In this section we will briefly describe techniques for studying the defect equilibrium 
and transport: thermogravimetric analysis (TGA), electro-chemical impedance spectroscopy (EIS), 
and optical transmission relaxation (OTR). 
 

1.4.1 Thermogravimetric Analysis (TGA) 

TGA measures the amount of weight change of a material, either as a function of temperature or 
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pO2 or time. Almost any class of materials, inorganic materials, metals, polymers and plastics, 
ceramics, glasses, and composite materials can and have been analyzed by TGA. A 
thermogravimentric analyzer is normally composed of a microbalance, a furnace, a temperature 
programmer, a sample holder, an enclosure for establishing the required atmosphere, and a means of 
recording and displaying the data.  

TGA can be used for  
 Material characterization, to identify materials or to determine the purity of materials. 
 As a reactor to analyze the change in mass with oxidation (i.e. oxygen uptake), or other 

reactions with gases including decomposition reactions or change of water content. 
 Kinetic studies of weight loss or gain 

 
For doped ceria, the reaction for oxygen uptake or loss can be expressed by Equation 1-4 and 1-11. 

In this work, TGA has been used to measure the oxygen loss or gain as a function of temperature and 
pO2 to calculate the change in oxygen nonstoichiometry of Mn doped ceria. The same method has 
been used for GDC and PCO (16, 26). In order to determine the solubility of Mn in ceria, a phase 
diagram of Mn oxides was determined by TGA. 
 

1.4.2 Electrical impedance spectroscopy (EIS) 

 

A typical impedance spectrum for conductivity measurement is shown in Figure 1-12. Typically, 
the diameter of the arc is sample resistance, the imaginary part represents capacitive components and 
the real part represents resistance. Electrodes, at which charged species tend to equilibrate, are called 
non-blocking and those where there is no immediate equilibration of charged species are called 
blocking electrodes. For a non-blocking electrode, the initial potential will frequently be the 
equilibrium potential, i.e. the initial current will in this case be zero. Often a non or partially-blocking 
electrode will behave like a resistance R and capacitance C in parallel. This leads to a semicircle in 
the impedance plane. At the maximum of the semicircle, the angular frequency is designated as ωmax; 
then RC=1/ωmax. (27). In the case of electrodes with significantly different RC values, the arcs are 
clearly non overlapping as shown as Figure 1-12.  
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Figure 1-12 Typical impedance spectra for conductivity measurement. 

 
Figure 1-12 shows an ideal EIS spectra. Since it is a frequency based technique, EIS can be used to 
separate the grain, grain boundary and electrode resistance. Z, ω, C are the symbols for impedance, 
frequency and capacitance.  
 

EIS has been used to measure the conductivity of Eu-CeO2 and Mn-CeO2 in this work. 

1.4.1 Optical transmission relaxation (OTR) 

OTR can be used to measure the non-stoichiometry and oxygen exchange coefficient of samples, 
and the electrode electrochemical durability during long term measurements. The advantage of OTR 
is there is no need of other treatment or measurement (as in the case of tracer measurements) and no 
need for a current collector (as in area specific resistance measurements) allowing better control of 
surface morphology. 

However, a drawback this optical based technique is that it requires optically active defect centers 
For example, in PCO, the excitation of an electron from the valence band into a Pr4+ level leading to 
a reddish color which is decreased with increasing Pr3+ concentration. 

1.5 Challenges of SOFC and study in this thesis 

1.5.1 Challenges 

The main barriers to SOFC wide commercialization are high cell costs, long start-up and shut-
down cycle times, and low durability due in part to reaction between component materials and 
chemical/mechanical/thermal shocks. Lowering the operating temperature can suppress degradation 
of components and extend the range of acceptable materials and reduce the startup / shutdown time. 
However, reducing the operating temperature decreases the conductivity of the electrolyte and the 
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slowing of electrode kinetics, resulting in a large ohmic and polarization resistances. By using a thin 
film electrolyte, the ohmic resistance can be reduced significantly. Therefore, the overall cell 
performance is determined by the polarization losses of the electrochemical reactions at the anodes 
and cathodes, and the key technical challenge is how to minimize electrode polarization losses at 
lower operating temperatures. 

Furthermore, the long-term durability of electrode performance is as important as initial 
performance. Impurities in the operating environment (e.g. in feed gases or in the cell materials) are 
well known to contribute to long-term degradation in performance of SOFCs, therefore, in part, 
hindering widespread SOFC commercialization. For example, Si based phases (siliceous material) 
have been found to block the active sites to oxygen exchange at the gas/solid interface on yttria-
stabilized zirconia (YSZ),(28-30) Gd doped ceria (GDC),(31) (La,Sr)(Co,Fe)O3-δ (LSCF),(32-34) and 
(La,Sr)CoO3-δ (LSC)(35) electrode materials. In larger quantities, siliceous material can also cover 
the interface between electrode and electrolyte, thereby reducing the highly active triple phase 
boundary length between gas and NiO/YSZ(36-39) and LSM/YSZ(40-42) composite electrodes. Si 
is ubiquitous in ceramics processing and testing; for example, it can come from furnace refractories 
during high temperature sintering,(43) or even from the silicone grease used in the apparatus to 
establish input gas mixtures for fuel cell test assemblies.(28)  

1.5.2 Research approach in this thesis 

In order to lower the polarization resistance of the electrode, a favorable electronic and ionic 
conductivity as well as a high catalytic activity for oxygen reduction must be maintained. A strategy 
is to use mixed ionic electronic conductor (MIEC) materials. For typical electronic conducting 
electrode materials, the reaction can only occur at the triple-phase boundary (TPB) (i.e., gas–
electrolyte–electrode), requiring an extended porous composite electrode structure for gas, ion, and 
electron transport. With MIEC materials, the reaction sites extend from TPB to the two-phase 
boundary (gas–cathode surface) allowing oxygen exchange over the entire electrode surface. 
Additionally, MIEC materials can also lower the energy barrier of oxygen exchange reaction. 

Pure ceria is a fluorite structured oxide and exhibits MIEC in a reducing atmosphere due to 
reduction of Ce4+ to Ce3+ with simultaneous formation of oxygen vacancies(44). In addition, ceria is 
known as a good catalyst for the oxidation of hydrocarbons stemming from its ready oxygen exchange 
with the atmosphere associated with the reversible CeO2–Ce2O3 transition (45). Dopants can be 
introduced into ceria to control certain electrical properties, for example, the oxygen vacancy 
concentration, and consequent ionic conductivity, can be dramatically increased by substitution of 
Gd3+ or Sm3+ for Ce, thereby facilitating its use as an electrolyte in solid oxide fuel cells (SOFCs). 
Similarly, by doping with multivalent acceptor dopant (e.g. Mn3+), the oxygen vacancy concentration 
may be increased. Additionally, mixed-valence Mn in ceria may enhance the electronic conductivity 
due to reduction of Mn3+ to Mn2+ in low partial pressures of oxygen, thus acting as an additional 
redox couple besides Ce4+/Ce3+. Such MIEC behavior is known to improve cathode oxygen exchange 
kinetics in SOFCs (46).  

Previous reports have shown that Ce–Fe mixed oxides have high catalytic activity for the oxidation 
of CO or hydrocarbons (47-49). Lv et al. also found that Fe doped ceria is a promising candidate an 
SOFC anode operating on methane fuel (50). Ce–Mn mixed oxides have high catalytic activity for 
the oxidation of hydrocarbons or ethanol (51-53). Maupoey et al. reported that Eu3+ can be reduced 



 

18 
 

to Eu2+ in Sr2EuNb1-xTixO6 at pO2 as high as 10-10 atm (54). Fabbri et al. considered that the electronic 
conductivity observed in SrCe0.9Eu0.1O3 an d BaCe0.9Eu0.1O3 under oxidizing conditions is the result 
of the dopant redox couple Eu3+/Eu2+ (55).  

Therefore, Mn, Fe or Eu doped ceria are potential MIEC electrode materials. In this study, Mn, Fe 
and Eu-doped ceria were prepared, and the electrical properties were studied as a function of 
temperature and oxygen partial pressure using impedance spectroscopy. The solubility of Mn or Fe 
dopant in ceria was also investigated. 

For the long-term degradation due to siliceous impurities, past researchers have spent significant 
effort and cost to reduce siliceous impurities through clean processing (56, 57). Previously, others 
have found that La may getter Si impurities at grain boundaries of (GDC);(58) additionally, early 
studies have shown that La added to the surface of GDC improved its oxygen exchange rate by >10 
x which may arise from a possible cleaning effect.(59) In this work, optical transmission relaxation 
(OTR) is used in combination with deposition of second phase oxides using pulsed laser deposition 
(PLD) on the surface of PCO to systematically identify materials that will improve the redox kinetics 
of aged films (degraded by the presence of impurities). The present work builds substantially on this 
latter earlier finding by systematically identifying other oxide surface treatments that dramatically 
enhance redox kinetics after aging of PCO films and further aiding in establishing the mechanism for 
enhancement. Additionally, by simply integrating La into the PCO electrode in a solid solution, a 
more impurity-tolerant electrode amenable to industrial processing is demonstrated with positive 
initial results. 
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Chapter 2 Experimental  

2.1 Sample preparation 

2.1.1 Powders 

x mol% M-CeO2 (M= Mn, Fe, Eu, Pr) powders were synthesized by modified Pechini method. 
This method uses citric acid as a chelating agent to create a gel of intimately mixed cations, thus 
aiding in creating a homogeneous composition (1). The flow chart of the method is shown in Figure 
2-1. The metal nitrate, cerium nitrate, ethylene glycol, and citric acid were mixed into an aqueous 
solution and stirred. The molar ratio of metal cations: citric acid: ethylene glycol was 1: 2: 1, 
respectively. The mixture was heated to approximately 80 °C until a gel formed. After drying in an 
oven at 110 °C, the resulting powder was calcined at 650 °C for 5 hours to remove carbon and then 
calcined at 1200 °C for 3 hours. 

 

Figure 2-1 Flow chart for preparing M-CeO2 (M= Mn, Fe, Eu, Pr) by modified Pechini method (all 
heat treatments shown were performed in air.) 

 
The following starting materials were used: Eu(NO3)3・6H2O (99.9%), Mn(NO3)3・6H2O (99%) 

Fe(NO3)3・9H2O (99%), Ce(NO3)3・6H2O (98%), ethylene glycol (99.5%), citric acid (99.5%) 
(Kishida. Chemical Co. Ltd.), Pr(NO3)3・6H2O (99.9%) (Mitsuwa), (99.99%) Ce(NO3)3・6H2O 
(Sigma Aldrich). 

 To investigate the role of a reduction treatment on Mn or Fe solubility, some powders were also 
annealed in flowing H2 bubbled through room temperature water at 1100 °C. In a separate, control 
experiment, Mn3O4 (98%) (Kishida. Chemical Co. Ltd.) and CeO2 (99.9%) (Mitsuwa`s Pure 
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Chemicals) powders were mixed and milled by mortar and pestle with no heat treatment. 

2.1.1 Pellets 

The powders were made into pellets for electrical conductivity measurement and for use as targets 
for film deposition. First, powders were pressed uniaxially under dry conditions at 10 MPa, followed 
by isostatic pressing at 300 MPa. The resulting pellet was sintered at 1500 °C in air for 3 hours. The 
pellet for electrical conductivity measurement was cut to a bar. For SEM observation, the pellets were 
polished with SiC papers of decreasing roughness and diamond paste. 

2.1.2 Films 

PCO thin films were prepared by pulsed laser deposition (PLD) from the PCO targets. The films 
were deposited onto one side of two sides polished, oriented single crystal substrates: Al2O3 (0001), 
8 mol% Y2O3stabilized zirconia (YSZ) (110), MgO (001), SiO2 (X-cut) (10 × 10 × 0.5 mm3; Keri 
Optoelectronic Tech., Dalian, China). The PCO films were deposited by a PLD machine (Pascal STD-
PLD) with an excimer laser beam at a wavelength of 248 nm (COMPEX Pro 50F, Coherent). ~100 
mJ direct output energy was focused to a spot size <0.5 cm2 on a rotating target. The PCO films were 
deposited on substrates at 700 °C, 2 Pa O2 with a repetition rate of 5 Hz for 20 minutes. The distance 
between the target and substrate during PLD was 5 cm. For surface treatments, 200 laser shots of 
La2O3, Gd2O3, Sm2O3, TiO2; 300 shots of ZnO, Nb2O5; or 10 shots Al2O3 were deposited on the 
surface of as-prepared or aged PCO films. Targets were prepared from oxide powders: Gd2O3 
(99.99%) (Kishida. Chemical), La2O3 (99.5%), Sm2O3 (99.9%), Nb2O5 (99.9%), TiO2 (99.9%), Al2O3 
(99.7%), or ZnO (99%) (Wako). For the surface treatments, the deposition was performed at room 
temperature under 2 Pa O2 with a repetition rate of 5 Hz.  
 

2.2 Characterization 

X-ray diffraction (XRD) 

The obtained powders were characterized by X-ray diffraction (XRD) using Cu-Kα radiation 
(Rigaku RINT-UltimaⅢ, 40kV/40mA). For accurate lattice parameter determination, the powders 
were measured by the parallel beam method with a 2.5 degree incident Soller slit, 1 mm divergence 
slit and 0.114 degree parallel slit analyzer to avoid most of the systematic errors. Also, silicon powder 
(NIST-640c) was used as an external standard in separate measurements. Lattice parameters were 
determined from the (422), (333), (440), (531), and (620) reflections which were located in the 
angular region of 80 to 130 degrees 2θ, wherein the effects of axial divergence are minimal. Lattice 
parameters were refined for fluorite ceria using the XRD data after stripping Kα-2 and background 
radiation using Jade 7 (Materials Data Incorporated). 

For the film sample, X-ray diffraction (XRD; Rigaku Smartlab 9kw AMK Cu-Kα radiation) was 
performed using 2θ-ω coupled scans (Parallel beam/Parallel slit analyzer) (PB/PSA mode) with a 5 
degree incident Soller slit and 0.114 degree parallel slit analyzer for phase and texture identification. 
The step size was 0.01 degree and speed was 1 degree per minute. 
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Raman spectroscopy 

For Mn-CeO2 and Fe-CeO2, the secondary phases were also investigated by Raman spectroscopy 
using a 648 nm laser excitation source (HORIBA, HR-800). 
 
Scanning electron and transmission microscopy (SEM/TEM) 

In order to determine the secondary phases and grain size of the samples a scanning electron 
microscopy (SEM) (Hitachi S-5200) and Energy-dispersive X-ray spectroscopy (EDS) were used. 
The pellet sample was polished and thermally etched (1300 °C for 1 h) to observe the grain boundary 
clearly.  

For a La2O3-treated PCO film, a cross-section was lifted out by a focused ion beam system/ SEM 
(FEI, Quanta™ 3D DualBeam™), and studied with energy-dispersive X-ray spectroscopy (EDS) by 
a scanning transmission electron microscope (STEM, JEOL, JEM-ARM200F). 
 
X-ray Photoelectron Spectroscopy (XPS) 

The surface compositions of film samples were determined by X-ray Photoelectron Spectroscopy 
(XPS, ULVAC-PHI, PHI5000 Versaprobe). A monochromated aluminum X-ray source of 1486.6 eV 
was used at a power of 25.34 W. A pass energy of 58.7 eV was used for survey scans of 5 cycles. 
Binding energy values were calibrated by setting the energy of the adventitious C 1s peak at 284.8 
eV. The O 1s spectra of Si were fitted using Multipack software (Vlvac – Phi. Lnc.) 
 

2.3 Electrochemical measurement 

Impedance spectra were measured using an impedance analyzer (Novocontrol Technologies) from 
0.1 Hz to 40 MHz with 60 logarithmically spaced data points and analyzed using Zview2 equivalent 
circuit modeling software (Scribner Associates, Inc.). The sample bars were wound with Pt wires 
coated with Pt paste to make two electrodes. Oxygen partial pressure was controlled by various dry 
N2/O2, CO/CO2, and humidified N2/H2 gas mixtures with pO2 monitored using an in situ Nernst-type 
zirconia oxygen sensor. A schematic of the experimental setup is shown in Figure 2-2. 
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Figure 2-2 Schematic of the experimental setup for EIS 

2.4  Thermogravimetric Analysis (TGA) 

As shown in Figure 2-3, TGA was performed by suspending the samples from a microbalance 
(Excellence XP model, Mettler Toledo) within an alumina cup hanging from a Pt wire at elevated 
temperature (400 ~ 900 °C), in controlled atmospheres (N2/O2, CO/CO2, humidified N2/H2 mixture). 
Balance sensitivity is around 0.01 mg, with a total capacity of a few grams. Samples were analyzed 
in the form of powder or small pieces. A Nernst-type zirconia oxygen sensor was inserted to allow 
for in situ pO2 measurements. During a typical experiment, at constant temperature, pO2 was changed 
in steps following the mass reaching equilibrium. pO2 was typically first stepped down and then 
stepped back up to check reversibility. 

 
 

 
Figure 2-3 Schematic of the experimental setup for TGA 
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2.5  Optical transmission relaxation (OTR) measurement  

 

 
 
Figure 2-4 Schematic of the experimental setup for in situ optical transmission relaxation (OTR) 
measurements 
 

A schematic diagram of the experimental setup for the in situ optical transmission measurement is 
shown in Fig.1. A beam of monochromated light (532 nm) was passed through the substrate and film 
which was vertically held in a quartz tube in a modified furnace, allowing the light beam to pass 
through the sample uninterrupted. Part of the beam was reflected and measured before passing 
through the film to remove ambient effects. Oxygen partial pressure was controlled by the use of 
N2/O2 gas mixtures. Changes in pO2 were monitored with a residual gas analyzer recording the output 
gas of the setup(2, 3). 
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Chapter 3 Electrical property of Eu-CeO2 

3.1 Introduction 

 In this work, the potential for MIEC in Eu0.2Ce0.8O2-δ has been examined. Maupoey et al. reported 
that Eu3+ can be reduced to Eu2+ in Sr2EuNb1-xTixO6 at pO2 as high as 10-10 atm (1). Fabbri et al. 
considered that the electronic conductivity observed in SrCe0.9Eu0.1O3 and BaCe0.9Eu0.1O3 under 
oxidizing conditions is the result of the dopant redox couple Eu3+/Eu2+ (2). While the synthesis and 
structure of Eu-doped ceria (ECO) have been studied in relation to the use of ECO as a luminescent 
material and a SOFC electrolyte in oxidizing conditions (3) (4), the electrical properties of ECO in 
reducing atmospheres have not been studied. In the present work, 20 mol% Eu-doped ceria (20ECO) 
was prepared, and the electrical properties were studied as a function of temperature and oxygen 
partial pressure using impedance spectroscopy.  

As shown in section 1-3, for low pO2 ceria releases oxygen by the following reduction reaction. 

)(O2/12VO 2
/

OO ge                                                           3-1 

In the case of Eu-doped ceria, Eu is reported to be trivalent for typical processing in oxidizing 
conditions (5). For reduction of Eu3+ to Eu2+, the reduction reaction is written as 

)(O2/1VuE2Ou2E 2OOCe gCe                                             3-2 

As discussed in section 1-3 for electrical conductivity of multivalent acceptor doped ceria, for a 
mobility of electrons hopping on Eu cations (μEu) that is similar to that for Ce (μCe), an additional 
electronic conductivity (via small polaron hopping on Eu cations) will be observed in the intermediate 
pO2 region (e.g. 10-10 atm – 10-20 atm ) for a smaller enthalpy of reduction in Eq. 3-2 than that in Eq. 
3-1, and thus serve to indicate the presence of multivalent Eu (3). In contrast, if μEu >> μCe, evidence 
for multivalency of Eu would be observed even if reduction is easier via Eq. 3-1. Lastly, if μEu << μCe, 
electrical conductivity arising from multivalency of Eu may not be observable. 
 

 

3.2 Results and discussion 

 

The XRD pattern of Eu0.2Ce0.8O2-δ (20ECO) powder (Figure 3-1) confirms a single phase cubic 
fluorite structure. The lattice parameter is 5.429 ± 0.00014 Å, which is larger than that of pure ceria 
(5.411 Å) [JCPDS, 43-1002] and expected due to the larger ionic radius of Eu3+ (1.066 Å) as compared 
to Ce4+ (0.97 Å) (6). 

 Figure 3-2 shows the SEM micrograph of the surface of the 20ECO pellet with an average grain 
size about 1.6 ±0.2 μm estimated using the linear intercept method. 
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Figure 3-1 XRD pattern of Ce0.8Eu0.2O1.95-δ powder measured using Cu-Kα radiation. Indices for the 
cubic fluorite structure are indicated. 
 

 

Figure 3-2 Scanning electron micrograph of the surface of the 20ECO pellet 
 

 
Figure 3-3 Impedance spectra of 20ECO (sample 2) in air at 200 – 350 °C (points) with the result of 
equivalent circuit fitting to high and intermediate frequency data also shown (solid lines). To facilitate 
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viewing of all spectra, the data are normalized by the factor shown in the legend. 
 
 Impedance spectra, measured at 200 °C – 350 °C in air for sample 2, are shown in Figure 3-3. 

Three arcs are observed, at high, intermediate, and low frequency. The impedance spectra for high 
and intermediate frequency arcs were fitted using the equivalent circuit model, consisting of resistors 
(R) in parallel with constant phase elements (CPE) approximating capacitors, as shown by the inset 
in the figure. The capacitance was determined from the fitted CPE parameters of Q and n using the 
following definition. Values of n were 0.9, close to 1, indicating close to ideal capacitance. 

 
C ൌ ሺܴଵି௡ܳሻଵ/௡                 3-3 
 
 Since the measured samples were not fully dense, a correction for porosity was used to estimate 

the conductivity for a fully dense sample. The following equation was used to determine resistance 
of a fully dense sample from the measured resistance of the pore/ECO composite sample (7), 

 
ܴdense ൌ ܴcompositeሺ1 െ ݂ሻ௠೑                                             3-4 
 

where f is the volume fraction of pores (11%) with mf = 3/2 (8). The capacitance was corrected for 
porosity by assuming that the time constant of the impedance arc, RC, remained unchanged by the 
porosity correction, as performed in reference (7). The correction resulted in a 16% decrease of 
resistance and 19% increase of capacitance. In the following, values of capacitance, resistance, and 
conductivity are reported for a dense sample. 

 
τ ൌ ܴdenseܥdense ൌ ܴcompositeܥcomposite                                     3-5 
         
On the basis of the ratio of the capacitances, the high- and intermediate- frequency arcs in Fig. 3.3 

are attributed to grain and grain boundary processes, respectively, as is typically observed in similar 
impedance measurements on large-grained samples (9). After correcting for the “stray capacitance” 
in the system (derived by measuring capacitance of setup with a known RC circuit), the capacitances 
of the high and low frequency arc were found to be on the order of 10-11 and 10-8 F, respectively. The 
former is in agreement with the expected capacitance from the relative permittivity of bulk acceptor-
doped ceria (7-48 in this paper compared to ~55 in (7)) and the latter indicates the capacitance 
associated with the much thinner grain boundaries (10). Therefore, the high and intermediate 
frequency arcs in Fig. 3 are associated with grain and grain boundary conductivity, respectively. The 
low frequency arc, on the other hand, is most likely associated with electrode impedance expected 
for these two electrode measurements (11). The range in calculated values for grain permittivity may 
result from significant error associated with the estimate of stray capacitance. Therefore, a 
capacitance for a grain relative permittivity of 48 (the high end of the present results, and in best 
agreement with the literature) was used for the following calculations. The ratio of capacitance of 
grain and grain boundary can be expressed as: 

 
஼೒
஼೒್

ൌ
ఌ೒ௗ

ఌ೒್஽
                    3-6 

 
where D is the grain size, d is the grain boundary thickness, and εg and εgb are dielectric constant 
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of grain and grain boundary (12). Assuming that the dielectric constants in the grain and grain 
boundary are the same, the thickness of the grain boundary is found to be 1.4  0.2 nm which is 
similar with the results Souza et al. reported (~ 2 nm) (13). 

 With increasing temperature, the high frequency impedance decreases, with the corresponding 
time constant (RC) also decreasing. Thus, above ~350 °C, the high and intermediate frequency arcs 
are outside of the measurement frequency range capability of the instrument. However, the total 
sample resistance (sum of grain and grain boundary resistance) can be derived from the intercept of 
the high frequency part of the impedance spectra with the x-axis on the complex plane plot. For these 
higher temperature measurements, the reported conductivities are thus derived from the total sample 
resistance. The grain and total electrical conductivities, σ, were calculated using the following 
equation: 

 

௚ߪ ൌ
ଵ

ோ
ൈ ௟

஺
	                   3-7 

 
where l and A are the distance between the electrodes and the area of the electrodes, respectively. The 
grain boundary conductivity was then calculated from the following equation. 

 
ோ೒
ோ೒್

ൌ
ఙ೒್஽

ఙ೒ௗ
                 3-8 

 

 

Figure 3-4 Arrhenius plot of grain, grain boundary and total conductivity for 20ECO samples 1 and 
2, and compared with total conductivity of Sm0.2Ce0.8O1.9 (20SDC) and Gd0.1Ce0.9O1.95 (10GDC) (14, 
15). 

 
 An Arrhenius plot of the grain, grain boundary, and total conductivity of 20ECO is shown in 

Figure 3-4. There is good agreement between literature and the present values for total conductivity, 
confirming that ionic conductivity is predominant in this high pO2 region (14, 15). The temperature 
dependence of ionic conductivity is typically expressed by: 
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i exp                  3-9 

 
where o is a constant and Ea is the activation energy including migration and dissociation enthalpy 
of oxygen vacancies. The activation energy for the total conductivity, derived from the slope of the 
plot in Figure 3-4, is also reported in the figure. Ea, for the grain conductivity (sample 2) is larger 
than that found for Gd and Sm doped ceria (~0.7 eV) (13, 14), despite their similar ionic radius with 
Eu. However, it is well known that at lower temperatures, defect interactions may occur which 
increase the migration energy, and is likely the case here. In fact, at higher temperatures, Ea for the 
total conductivity is lower (0.8 ± 0.01 eV), in agreement with reduced defect interactions with 
increasing temperature (16). Lastly, the much lower conductivity observed for grain boundaries as 
compared to grains is expected due to the former’s typically ion-blocking nature (17). 

 
Figure 3-5 Temperature and pO2 dependence of total conductivity of 20ECO (sample 1) compared 
with literature data for Gd0.1Ce0.9O1.95 (10GDC) (14). 

 
 The total conductivity as a function of oxygen partial pressure is shown in Figure 3-5. As 

expected, the conductivity is almost constant with respect to changing pO2 in high pO2, consistent 
with ionic conductivity from fixed valence acceptor doping. With decreasing pO2 (i.e. < 9×10-16 atm, 
at 700 oC), conductivity increases. In this region, the electron concentration increases following one 
of the reduction reactions, Equation 3-1 or 3-2, with a consequent increase in electron conductivity 
due to their much greater mobility as compared to oxygen vacancies. Assuming oxygen vacancy 
concentration is largely constant (i.e., constant ionic conductivity) over the pO2 range in this work, 
the electronic conductivity can be obtained by subtracting the ionic contribution from the total 
conductivity (see Equation 3-10). The resulting oxygen partial pressure dependence of the electronic 
conductivity at 700 – 900 °C is shown in Figure 3-6 

Equations shown in Table 3-1 were defined in section 1-3 

Table 3-1 Definition of total conductivity tot , electronic conductivity e , electronic mobility e , 

concentration of electrons n, equilibrium constant KR 

ietot    
3-10
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  By substituting Equation 3-12, 13, 14 into Equation 3-11 and rearranging, the following 

dependence of electronic conductivity on pO2 is obtained:  
 

2
log)4/1(loglog Oe PC                3-15 

 
Taking the thermally activated nature of small polaron hopping (10), C is an isothermal constant 

defined by 
 














kT

H

kT

H

T

C
C rem

2
exp ,                3-16 

 
where C’ is a constant and Hm,e is the electron migration enthalpy. A -1/4 slope is clearly observed in 
Figure 3-6, consistent with Equation 3-15 and the corresponding discussion of Equation 3-12. From 
fitting the data in Figure 3-6 with a slope of -1/4, the intercept of the plot, C, is obtained as shown by 

the inset in Fig. 3.6. From Equation 3-16, the activation energy for C is equal to	െ
ு೘,೐

௞
െ ுೝ

ଶ௞
. Assuming 

that Hm,e of 20ECO is the same as for ceria (0.4 eV) (10), an enthalpy of reduction of 4.2 ± 0.16 eV is 
obtained, a value within error to that of 15SDC (4.18 eV) reported by Lai et al. (18) and similar to 
20GDC (4.0 eV) by Wang et al.(14). Additionally, the total conductivity dependence on pO2 and 
temperature for 20ECO in Figure 3-5 is similar to the behavior of Gd doped ceria. The lack of an 
additional electronic contribution to conductivity expected for the reduction reaction of Eu (Equation 
3-2), indicates that either the Eu electron hopping mobility is very low and/or Eu is not displaying 
significant multivalent behavior within the studied conditions of this work. 
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Figure 3-6 Electronic conductivity of 20ECO from 700 – 900 oC as a function of pO2 with -1/4 slopes, 

consistent with Equation 3-15, fit to the data. Inset reports the activation energy for intercept values 

(C) of the model fits. 
 

3.3 Conclusion 

20 mol% Eu-doped ceria (Ce0.8Eu0.2O2-δ) was prepared by a modified Pechini method. The 
electrical conductivity was studied by impedance spectroscopy at temperatures in the range 200 – 900 

oC and under controlled pO2. Impedance spectroscopy was used to separate grain and grain boundary 
conductivity below 350 oC. Eu-doped ceria showed a similar activation energy for electrical 
conductivity in reducing conditions to Sm- doped ceria reported in the literature. No evidence for 
multivalency of Eu was observed in electrical conductivity measurements over the studied range. 
Either the electron mobility of Eu small polarons is too low or Eu is not displaying multivalency in 
the studied range. 
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Chapter 4  Characterization of Mn-CeO2 and 

Fe-CeO2 

4.1 Introduction 

By doping ceria with transition metal ions (e.g. Fe3+, Mn3+), the oxygen vacancy concentration 
may be increased. Additionally, mixed-valence Fe or Mn in ceria may enhance the electronic 
conductivity due to reduction of Fe3+ to Fe2+ or Mn3+ to Mn2+ in low partial pressures of oxygen, thus 
acting as an additional redox couple besides Ce4+/Ce3+. Such MIEC behavior is known to improve 
cathode oxygen exchange kinetics in SOFCs (1) and previous reports have shown that Ce–Fe mixed 
oxides have high catalytic activity for the oxidation of CO or hydrocarbons (2-4). Lv et al. also found 
that Fe doped ceria is a promising candidate an SOFC anode operating on methane fuel (5). Shin 
reported by using Ce0.6Mn0.3Fe0.1O2 (CMF) and La0.6Sr0.4Fe0.9Mn0.1O3 as the anode, the power density 
was as high as 1Wcm-2 at 800 °C by flowing C3H8 or C4H10.(6) 

As shown in Figure 1-7 for Pr doped ceria, the increase of electronic conductivity is dependent on 
the concentration of Pr dopant. Since the properties and applications of Mn-CeO2 are expected to be 
heavily influenced by dopant concentration and corresponding defect chemistry, the solubility limit 
of Mn in CeO2 must be investigated. There are mixed reports of the Mn or Fe solubility limit, as 
investigated for different processing methods as shown in Table 2.1 and 2.2. Perez-Omil et al. (7), 
Machida et al. (8), Delimaris et al. (9) have reported a relatively high solubility limit of Mn and Li et 
al. (10), Singh et al. (11), Lv et al. (12) have reported a relatively high solubility limit of Fe in CeO2 
using a low calcination temperature. However, for its application as an SOFC anode material, phase 
stability at high temperature is very important, where typical SOFC fabrication temperatures exceed 
1000 °C.	In addition, for powders calcined at low temperature, XRD patterns are not highly reliable 
due to the low signal to noise ratio and with potential overlap of broad peaks with secondary phase 
peaks. Zhou et al. (13) and Jia et al. (14) fabricated samples by the Pechini method at 700 °C	and 
900 °C and found the solubility limit of Mn in CeO2 to be between 10% to 20%. Kang et al. reported 
the solubility limit to be between 5% and 10%, after a high calcination temperature (15). However, 
their work was limited to phase analysis by XRD, which may be limited in detecting small amounts 
of second phases. Zhang et al. (16) reported there is insignificant solubility of Fe in CeO2 for calcining 
at 1200 °C, and less than 1% for a 1500 °C calcination by the solid-state reaction method. Though 
the solid-state reaction method is widely used for the preparation of ceramic compounds, because of 
its low cost and simplicity, poor compositional homogeneity may occur leading to formation of 
secondary phases. The Pechini method, which uses citric acid as a chelating agent in combination 
with ethylene glycol, can preserve a highly homogeneous distribution of metal ions in calcined 
precursors as well as producing high purity material. For example, Shi et al. found that single phase 
La0.85Sr0.15Ga0.8Mg0.2O2.825 powder could be synthesized by the Pechini method, but not by the solid-
state reaction method (17). In the present work, the solubility limit of Mn or Fe in ceria was 
investigated using powders synthesized by the Pechini method, calcined at 1200 °C, and characterized 
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by XRD and Raman spectroscopy.  
 

Table 4.1  Solubility limit of Mn in CeO2 by various methods and calcination temperature 

Solubility limit Synthesis method Calcination temperature (Ԩ) Refs. 

<20% Pechini 700 (13) 

>15% Coprecipitation 500 (7) 

50-75% Coprecipitation 450 (8) 

5-10% Coprecipitation 1300 (15) 

>10% Pechini 900 (14) 

25% Urea-nitrate combustion 500 (9) 

 

Table 4.2  Solubility limit of Fe in CeO2 by various method and calcination temperature 

Solubility limit Synthesis method Calcination temperature (Ԩ) Refs. 

15% Hydrothermal 220 (10) 

33% Sonication 600 (3) 

>20% Citrate 600 (12) 

<30% Coprecipitation 600-900 (2) 

0 Solid-state reaction 1200 (16) 

<1% Solid-state reaction 1500 (16) 

 

4.2 Results and discussion 

4.2.1  XRD and Raman 

 

Figure 4-1 and Figure 4-2 show the XRD patterns for x mol% fraction of Mn and Fe to CeO2 (x=3-
50) powders prepared in this study. For x ≥ 10%, two phase mixtures of Mn3O4 /CeO2 and Fe2O3 
/CeO2 were clearly observed. Figure 4-3 shows the XRD pattern of x mol% of Mn3O4 mixed with 
CeO2 and very similar with the patterns of the powders prepared by the Pechini method. This indicates 
that the sensitivity limit of XRD is about 10 mol% Mn which also explain why Kang et al. observed 
the solubility of Mn in CeO2 to be 5-10% (15). In Figure 4-4 and Figure 4-5, the lattice parameter of 
CeO2 does not exhibit any dependence on Mn or Fe concentration within error, indicating low 
solubility of Mn or Fe in the measured range, as discussed below. 

The sensitivity of Raman spectroscopy to bond strength and crystal symmetry provides an 
additional tool for structural analysis. Cubic fluorite structure metal oxides have only a single allowed 
Raman mode equal to 465 cm-1 for CeO2 (18). In Figure 4-6, peaks at 313.1, 369.6, 654.8 cm-1 which 
belong to Mn3O4 were observed for all the Mn containing powders (19). Fe2O3, on the other hand, 
belongs to the D6

3d crystal space group with seven Raman modes (225, 247, 293, 299, 412, 498, and 
613 cm-1), a reflection of its much lower symmetry (20). In Figure 4-7, peaks of Fe2O3 at 
approximately 225, 247, 293, 412, and 613 cm-1 were observed for all the Fe containing powders. 
The expected peaks at 299 and 498 cm-1 were not clearly observed because of overlap with the much 
stronger 293 and 465 cm-1 peaks, respectively. 
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The above results clearly demonstrate that the solubility of Mn or Fe in CeO2 is less than the 
minimum studied Fe and Mn contents, 3 mol%, for the studied conditions as discussed below. Though 
the XRD data in Figure 4-1 and Figure 4-2 did not show a second phase for less than 10 mol% Mn or 
Fe, this low concentration of Mn or Fe appears to be below the detection limit for the instrument. Due 
to the difference in ionic radius between Mn3+ (0.645 Å) and Ce4+ (0.97 Å), the lattice parameters in 
Figure 4-4 and Figure 4-5 are expected to dramatically decrease upon Mn or Fe substitution for Ce 
(21). This is clearly not the case, indicating little to no solubility of Mn or Fe in CeO2 and the addition 
of Fe did not increase the solubility limit of Mn in CeO2. The existence of Mn3O4 and Fe2O3 second 
phase by Raman spectroscopy provides additional, clear confirmation of low Mn solubility in CeO2. 
A key point to mention here is that the use of a relatively long wavelength laser helped to avoid light 
absorption by the reddish Mn3O4 or Fe2O3, thereby maintaining a significant response. Lastly, the 
characteristic oxygen vacancy peak at approximately 570 cm-1 for CeO2 (18) was not observed here, 
indicating a very low oxygen vacancy concentration, expected for undoped ceria heat treated in air.  

 

 

Figure 4-1  XRD patterns of x mol% Mn-CeO2 (x=3-60) powder. Peaks for fluorite structured CeO2 
[PDF 00-034-0394 (RDB)] and hausmannite (Mn3O4) [PDF 01-089-4837 (RDB)] are indicated. 
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Figure 4-2  XRD patterns of x mol% Fe-CeO2 (x=3-50) powder. Peaks for fluorite structured CeO2 
[PDF 00-034-0394 (RDB)] and hematite structured Fe2O3 [PDF 01-084-0306 (RDB)] are indicated. 

 

Figure 4-3  XRD patterns of x mol% Mn3O4 and CeO2 (x=5-8) mixed powder (no calcination 
treatment). Peaks for fluorite structured CeO2 [PDF 00-034-0394 (RDB)] and hausmannite (Mn3O4) 
[PDF 01-089-4837 (RDB)] are indicated. 
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Figure 4-4.  Lattice parameter of Mn-CeO2 and Fe-Mn-CeO2 derived from XRD versus Mn 
concentration. The lattice parameter does not show any trend with Mn content, note the very small 
range of lattice parameter on the y-axis. Red square: reduced in 0.2% H2 at 800 °C, green triangle: 
10mol% Fe-30mol% Mn-CeO2 sample from Shin at Ishihara`s lab. 

 

 
Figure 4-5  Lattice parameter of CeO2 derived from XRD versus Fe concentration. Within 
experimental error, the lattice parameter does not show any dependence on Fe content. 
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Figure 4-6  Raman spectra of x mol% Mn-CeO2 (x=3-50). For all compositions containing Mn, a 
second phase peak corresponding to Mn3O4 is observed. Peaks corresponding to Mn3O4 are indicated 
by vertical lines at 313.1, 369.6, 654.8cm-1 as well as for ceria at 465 cm-1. 
 

 

 

Figure 4-7.  Raman spectra of x mol% Fe-CeO2 (x=3-50). For all compositions containing Fe, a 
second phase peak corresponding to Fe2O3 is observed. Peaks corresponding to Fe2O3 and CeO2 are 
indicated by 225, 247, 293, 412, and 613 cm-1 and 465 cm-1, respectively. 
 

A strong reason for the low solubility of Mn or Fe in CeO2 is that Mn3+ or Fe3+ is too small to 
substitute for Ce4+. Therefore, we considered a novel approach of increasing the Mn or Fe radius 
through reduction of Mn3+ to Mn2+ (radius = 0.96 Å) and Fe3+ to Fe2+ (radius = 0.92 Å), thereby 
providing a much closer match in Mn to Ce radii. 3 mol% and 10 mol% Mn-CeO2 and Fe-CeO2 

powders were annealed in flowing humidified H2 at 1100 °C after the calcination process at 650 °C 
in air. Mn3O4 was reduced to MnO, as shown in Figure 4-8, with Mn oxide still existing as a second 
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phase. The lattice parameter of 20 mol% Mn-CeO2, which reduced in 0.2% H2 at 800 °C, was 
calculated and shown in Figure 4-4. The change of lattice parameter is very small indicating that the 
solubility limit of Mn in CeO2 was not changed by the reduction. An interesting result was obtained, 
instead of forming Fe doped CeO2, a perovskite CeFeO3 phase was observed by XRD, as shown in 
Figure 4-9, and in agreement with (22, 23). Upon heat treatment at 1200 °C in air, the MnO and 
CeFeO3 phase converted back to the Mn3O4 and Fe2O3. The observed phase changes for the above 
temperature condition is thus sufficient to form additional phases, and therefore phase formation (i.e. 
single phase Mn doped ceria) is not expected to be limited by slow cation diffusion.  
 

 

 
Figure 4-8  XRD patterns for 3 mol% and 10 mol% Mn-CeO2 powders annealed in wet H2 at 1100°C. 
A second, MnO [PDF 99-000-2296], phase is clearly observed for 10 mol% Mn-CeO2 

 
Figure 4-9  XRD patterns for 3 mol% and 10 mol% Fe-CeO2 powders annealed in wet H2 at 1100 Ԩ. 
A second, CeFeO3 [PDF 00-022-0166 (RDB)], phase is clearly observed for both compositions. 

Kim (24) argues that the solubility limit of a solute depends on the elastic energy, which is 
introduced in the lattice due to differences in ionic radius. By co-doping with a larger dopant, La, the 
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difference between dopant and cerium may be reduced and thus increase the solubility of Mn. Figure 
4-10 shows that lattice parameters of .La-CeO2 (25) compare with 10 mol% Mn-La-doped CeO2.  

 
The lattice parameters of x mol% La-CeO2 were calculated according to Equation 4-1(26).  

9971.0]25.0)25.01()1([
3

4
243  

OVOCeLa
xrrxrxxra          4-1  

The radii of La3+, Ce4+, O2-, and oxygen vacancy in eight fold coordination are 1.16 Å, 0.97 Å, 
1.38 Å, and 1.164 Å, respectively (26). 

The lattice parameters of Mn-La co-doped CeO2 are obviously smaller than La-CeO2, indicating 
that some amount of the smaller Mn dopant is in solution. 

To calculate the concentration of Mn in the solution of x mol% La 10 mol% Mn CeO2, Equation 
4-1 was modified as: 

9971.0])(25.0))(25.01()1([
3

4
2433  

OVOCeMnLa
ryxryxryxyrxra    4-2 

The results are shown in Table 4-3. For 10 mol% Mn-CeO2, the solubility limit of Mn is increased 
by co-doping La and reaches an apparent maximum in solubility at 10 mol% La. 

On the other hand, Zr was also co-doped in Mn-CeO2. Zr is known to induce a contraction in the 
CeO2 lattice (27). The solubility limit of Mn in CeO2 is not increased by co-doping Zr given that the 
lattice parameter nearly did not change (Figure 4-11), indicating that for an increased solubility of the 
small Mn cation, a larger dopant in ceria is needed. 
 

 

Figure 4-10 Lattice paramter of xmol% La-10 mol% Mn-CeO2 and xmol% La-CeO2 (obtained from 
(25)) versus La concentration  
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Table 4-3 Estimated Mn solubility in CeO2 calculated from lattice parameter (Eq. 4-2) with 
different amount of co-doped La.  

La mol% Mn mol%
5 1.1 
10 2.9 
15 2.9 
20 2.6 

 

 

Figure 4-11 Lattice parameter of x mol% Zr-CeO2 and versus Zr concentration (28) (red square:10 
mol%Zr-10 mol% Mn-CeO2) 

4.2.2 SEM EDX 

 
 

Figure 4-12 SEM and EDX image of 20%Mn-CeO2 (upper figure: SEM, under figures: EDX, Ce: 
red, Mn: yellow) 
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Figure 4-12 shows SEM and EDX images of the as sintered 20%Mn-CeO2 pellet (i.e. cooled from 
high temperature in air). Clearly, two separate phases are observed and are assigned based on EDX 
results to CeO2 phase and Mn oxide phase as indicated in the figure.  
 

4.2.3 TGA 

 
20 mol% Mn-CeO2 was measured by TGA. Assuming Mn is all 3+ in air (consistent with the 

predicted phase diagram in Fig. 4-13) and the sample is a mixture of a mol of Ce1-xMnxO2-0.5x and b 
mol of MnO1.5, the total mass can be expressed by:   

 
msample = a((1-x) MCe+xMMn+(2-0.5x)MO)+b(MMn+1.5MO)                      4-3 
 
where MCe, MMn and MO are atomic weight of Ce, Mn and O. The cation ratio of Ce and Mn is 4:1, 

so: 
 

1

4)1(





bax

xa
                                                          4-4 

 
The mass change measured upon reduction of MnO1.5 from air to 0.2% H2 at 800 °C can be 

predicted. This mass loss is much greater than the reduction of ceria, according to reference (29), for 
a similar pO2 step, Δδ in pure CeO2-δ is about 0.002. The mass change for the phase change of Mn 
oxide, viz. from MnO1.5 to MnO, was separately confirmed without the presence of ceria as shown 
by Figure 4-13. Then mass loss can be expressed as: 

 
m loss from air to 0.2% H2 =0.5bMO.                                             4-5 
 
Combining Equation 4-3, 4-4 and 4-5, x (the fraction of Mn in solution) is calculated to be 0.074, 

0.071, and 0.08 for three 20 mol% Mn-CeO2 samples prepared independently. The above calculation 
assumes the Mn in solution of ceria is not changing valence. This result is clearly in contradiction to 
the above XRD and Raman measurements. 

Turning to the change in mass measured in very reducing conditions, using the δ at 800 °C and 
900 °C in 0.2% H2 as a reference point, Δδ of Ce1-xMnxO2-0.5x-δ is calculated and compared with 
undoped and Gd and Y doped CeO2 (interpolated from the literature) as shown for two temperatures 
in Figure 4-15 and Figure 4-16. The measured Δδ of Ce1-xMnxO2-0.5x-δ is very similar to the Y and Gd 
doped and undoped CeO2. First, the similar change in δ indicates that no more of the second phase 
MnO is changing valence significantly, consistent with the phase diagram. Additionally, the Mn that 
may be in solution with ceria may change valence in this region. Indeed, there is a slightly larger non-
stoichiometry in very reducing conditions for the Ce1-xMnxO2-0.5x-δ which may arise from reduced Mn, 
though at present, these results are inconclusive. 
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Figure 4-13 Phase diagram of Mn oxide 

 

 
Figure 4-14 Calculated phase diagram of the Mn-O system (obtained from (30)) 
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Figure 4-15 Δδ of Ce1-xMnxO2-0.5x-δ as a function of pO2 at 800 °C for Mn-CeO2, CeO2 (29), 10GDC 
(31), 10YDC (32)(reference point: 0.2%H2, logpO2=-15.9) 

 

Figure 4-16 Δδ of Ce1-xMnxO2-0.5x-δ as a function of pO2 at 900 °C for Mn-CeO2, CeO2 (29), 
(reference point: 0.2%H2, logpO2=-16.7) 
 

 

4.2.4  Conductivity 

By the same method for 20ECO, conductivity of 20 mol% Mn-CeO2 was measured as a function 
of pO2 and temperature, and the results are shown in Figure 4-18. The Impedance spectra of 20 mol% 
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Mn-CeO2 at 750 °C in air is shown in Figure 4-17, the high frequency arc was used to calculate the 
bulk conductivity discussed here. There is a slope change from high T to low T. At low temperature 
low pO2 region, the slope is expected to be close to -1/4 because the vacancy concentration, which is 
largely generated by acceptors (e.g. impurities or Mn dopant, assuming no change Mn valence), is 

constant. Therefore,     const.V2nM OCe    By substituting Equation 4-7, 8 into Equation 4-6, one 

can find Equation 4-9, the activation energy is equal to 
kT

H

kT

H
rem

2
,   Assuming that Hm,e of 20 

mol% Mn-CeO2 is the same as for ceria (0.4 eV) (33) a reduction enthalpy of 4.5 eV is obtained by 
fitting the lower three temperatures, which is almost the same with GDC (4.5 eV) (34). At high 
temperature, because the concentration of dopant is so small, that we can ignore this reaction, and the 

slope is close to -1/6 just like pure ceria,   OVn 2 , then one finds Equation 4-10, the activation 

energy is equal to 
kT

H

kT

H
rem

3
,  .  The reduction enthalpy from fitting the highest three 

temperatures, is 5.07 eV which is slightly higher than pure ceria (4.7 eV) (33). The Arrhenius plot of 
conductivity in air is shown in Figure 4-20.  

Turning to the high pO2 case (air) a change in slope of the Arrhenius plot in Figure 4-19 is 
observed from low T to high T. At high T, the conductivity is almost the same with undoped ceria 
data from literature. From the slope at low T, we can calculate the migration enthalpy for vacancy 
migration assuming the conductivity is dominated by oxygen vacancies whose concentration is fixed 
by acceptor dopant (e.g. Mn3+). The migration energy for vacancies is found to be about 1.1 eV. As 
shown in Figure 4-20, activation energy is higher for dopants with a large radius mismatch with ceria 
(as also discussed in the introduction). Therefore, the larger activation energy for vacancy migration 
in Mn-CeO2 found here is expected. Furthermore, using the activation energy as an indicator of 
dopant concentration in solution, examination of Figure 4-20 shows that the high activation energy 
corresponds to either a very small dopant concentration (e.g. less than 0.1% for Yb), or a very large 
dopant concentration in solution. Since, at high temperature, conductivity approached that of undoped 
ceria, we expect that the dopant in solution corresponds with the former case, i.e. a low solubility of 
Mn, in agreement with the above XRD and Raman studies. 
 

Table 4-4 Definition of electronic conductivity e , electronic mobility e , equilibrium constant KR 

(similar equations and their discussion can be found chapter 3) 
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Figure 4-17 Impedance spectra of 20 mol% Mn-CeO2 at 750 °C in air.  

 

 
Figure 4-18 Electrical conductivity of 20 mol% Mn-CeO2 as a function of pO2 

 



 

53 
 

 

Figure 4-19 Electrical conductivity of 20 mol% Mn-CeO2 as a function of temperature in air. 

 
Figure 4-20 Activation energy versus composition for the different dopants (obtained from (35)) 
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4.3 Conclusion 

x mol% Mn-CeO2 and x mol% Fe-CeO2 (x=3-50) powders were synthesized by the Pechini method. 
Raman spectroscopy and lattice parameter analysis revealed that the solubility limit of Mn or Fe in 
CeO2 is lower than 3 mol% for the present preparation conditions. The low solubility limit was 
rationalized in terms of the much smaller ionic radius of Mn or Fe versus Ce. As a consequence, an 
approach to increase the Mn or Fe radii size through an anneal in reducing conditions (humidified H2 
at 1100 °C) was attempted. In this case, the MnO and CeFeO3 phase was observed by XRD, thereby 
indicating difficulty in obtaining Mn or Fe doped CeO2 under reducing conditions, as well. In order 
to increase the solubility limit of Mn in CeO2, La or Zr was co-doped into Mn-CeO2. By calculating 
the change of lattice parameter, for 10 mol% Mn-CeO2, the Mn solubility was estimated to increase 
to 2.9 mol% with 10 mol% La dopant. Mass change in 20 mol%Mn-CeO2 powder as a function of 
pO2 and temperature was measured using TGA. Based on the mass change from air to 0.2% H2 
expected for reduction of Mn oxide, the concentration of Mn in the ceria solution was calculated to 
be ~7.5 mol% for the three samples prepared independently which is in contradiction to the above 
XRD and Raman measurements. Conductivity of 20 mol%-CeO2 was measured by impedance 
spectroscopy. 20 mol%Mn-CeO2 showed a pure ceria like pO2 dependence at higher temperature and 
a doped ceria like one at lower temperature. Additionally, the reduction enthalpy derived from 
conductivity agreed with that for pure or acceptor doped ceria. The activation energy calculated from 
Arrhenius plot of conductivity is 1.1 eV. From the activation energy data versus composition for the 
different dopants (Figure 4-20), the Mn solubility is estimated to be about 0.1~1mol%, in agreement 
with XRD and Raman results. The low solubility of Mn and Fe in ceria indicates that suggested 
improvements in SOFC performance with this material are not related to enhanced bulk MIEC 
behavior of doped ceria. Instead, further studies should examine the role of Mn and Fe on other factors, 
such as surface chemistry or catalytic activity. 
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Chapter 5 Oxygen exchange rate of Pr-CeO2 by 

OTR measurement 

5.1 Introduction 

As mentioned in the introduction, solid oxide fuel cells (SOFCs) convert a variety of energy sources 
(e.g., diesel, propane, natural gas, and biomass) to electricity with very high efficiencies.(1-3) 
Impurities in the operating environment (e.g. in feed gases or in the cell materials) are well known to 
contribute to long-term degradation in performance of SOFCs, therefore, in part, hindering 
widespread SOFC commercialization. For example, Si based phases (siliceous material) have been 
found to block the active sites to oxygen exchange at the gas/solid interface on yttria-stabilized 
zirconia (YSZ),(4-6) Gd doped ceria (GDC),(7) (La,Sr)(Co,Fe)O3-δ (LSCF),(8-10) and (La,Sr)CoO3-

δ (LSC)(11) electrode materials. In larger quantities, siliceous material can also cover the interface 
between electrode and electrolyte, thereby reducing the highly active triple phase boundary length 
between gas and NiO/YSZ(12-15) and LSM/YSZ(16-18) composite electrodes. Si is ubiquitous in 
ceramics processing and testing; for example, it can come from furnace refractories during high 
temperature sintering,(19) or even from the silicone grease used in the apparatus to establish input 
gas mixtures for fuel cell test assemblies.(4) While past researchers have spent significant effort and 
cost to reduce siliceous impurities through clean processing(20, 21), in this work, we take a more 
commercially viable approach to dealing with Si by developing Si impurity tolerant electrodes. 

 Due to the presence of simultaneous oxide ion and electron conduction, mixed ionic and 
electronic conductors (MIECs) exhibit oxygen exchange over their entire surface and are thus 
intensely studied, and used, as SOFC electrodes. PrxCe1-xO2-δ (PCO) is an MIEC which has an oxygen 
exchange coefficient similar to some of the top performing SOFC electrodes, e.g. LSC and LSCF at 
~600 °C in cathode conditions.(22) Additionally, ceria based materials have been shown to exhibit 
good catalytic activity for SOFC anode reactions and heterogeneous catalysis.(23, 24) Previously, our 
group developed a new, in situ optical transmission technique to study the oxygen content in PCO 
thin films via optically active defect centers.(25) Upon a step increase in oxygen partial pressure (pO2) 
at elevated temperatures (e.g. 600 - 900 oC), oxygen fills an oxygen vacancy and Pr3+ is consequently 
oxidized to Pr4+ as shown by Equation 1, written in the Kröger-Vink notation.(26, 27) 

  OCe2OCe OPr2O
2

1
VrP2                                  5-1  

where 
OV , 

OO , CerP  , and 
CePr  denote an oxygen vacancy, oxide ion, Pr3+, and Pr4+, respectively. 

Electrons can be excited from the valence band into the empty Pr4+ levels, resulting in a reddish 
coloration, and a consequent decrease in light transmission through the film with oxidation as more 
Pr4+ is formed.(25) By following the change in optical transmission with time upon a step change in 
pO2, i.e. optical transmission relaxation (OTR), the oxygen exchange kinetics can be evaluated. Since 
OTR is an in situ technique that probes oxygen exchange on the bare surface of materials, it has 
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advantages over the more common, ex situ isotopic exchange technique, as well as the area specific 
resistance (ASR) measurement technique that typically requires surface contact with metallic, and 
potentially catalytic and partially surface blocking, current collecting electrodes.(22, 28-31). 
Previously we showed the presence of a large buildup of impurities (e.g., Si) on the surface of PCO 
films, which was correlated to reduced oxygen exchange kinetics using the OTR technique.(32, 33) 
In the present work, OTR is used in combination with deposition of second phase oxides, using pulsed 
laser deposition (PLD), on the surface of PCO to systematically identify materials that will improve 
the redox kinetics of aged films (degraded by the presence of impurities). Previously, others have 
found that La may getter Si impurities at grain boundaries of (GDC);(34) additionally, early studies 
have shown that La added to the surface of GDC improved its oxygen exchange rate by >10 x which 
may arise from a possible cleaning effect.(35) The present work builds substantially on this latter 
earlier finding by systematically identifying other oxide surface treatments that dramatically enhance 
redox kinetics after aging of PCO films and further aiding in establishing the mechanism for 
enhancement. Additionally, by simply integrating La into the PCO electrode in a solid solution, a 
more impurity-tolerant electrode amenable to industrial processing is demonstrated with positive 
initial results. 

5.2 Results and Discussion 

5.2.1 XRD and film morphology of PCO 

All films exhibited peaks consistent with the fluorite phase of PCO, with highly (111) oriented 
texture on Al2O3 (0001), MgO (100) and SiO2 (110) substrates and (110) on YSZ (110) substrates 
(Figure 5-1). The film thicknesses, as determined from SEM (Figure 5-2, Figure 5-7), ranged from 
about 200 to 330 nm. Since the film thickness is much less than the ratio of diffusivity to surface 
exchange rate coefficient (e.g. D/k  3.56 × 103 μm at 670 °C), the redox process is limited by surface 
oxygen exchange (and not bulk diffusion), as previously described.(22) 

 

 
Figure 5-1 XRD patterns of PCO films on Al2O3, YSZ, SiO2 and MgO substrates.  
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Figure 5-2 SEM image of the cross-section of a PCO film on Al2O3 substrate. The film is ~215 nm 
thick. 

 

5.2.2 OTR measurements of fresh and aged PCO thin films 

 The OTR profiles following a step change in oxygen partial pressure (pO2) from 4% O2 to 21% 
O2 at 600 °C for fresh and aged (114 hours aging at 600 oC) films are shown in Figure 5-3. The 
decrease in transmitted intensity corresponds to an increase in the concentration of optically absorbing 
Pr4+ centers (25) and therefore an increase in oxygen content (Equation 5-1) as described in the 
introduction. It is noted that upon exposure to the opposite step change in pO2, this behavior is nearly 
completely reproducible. Clearly, aging decreases the rate of oxidation dramatically in these films. 
From the following equation (previously shown to describe the rate of oxygen exchange during OTR 
of PCO thin films),(36) time constants () were extracted for quantitative comparison of the data. 













t

II

II

f

t exp1
lnln

lnln

0

0                  5-2 

where It , I0 , and If are the transmitted light intensity at a given time (t), initial time, and final time, 
respectively. The natural log of intensity is used due to the logarithmic dependence of light absorption 
on Pr4+ concentration.(25) In a semi-log plot of the OTR data following the above equation, a straight 
line is observed from which the slope yields τ as shown elsewhere.(36, 37) It is noted here that the 
chemical surface exchange coefficient (kchem), describing the rate of oxygen uptake or release across 
the gas/solid phase interface, is given by kchem = L/, where L is the film thickness. Since  changes 
by orders of magnitude during aging, but the film thickness varies by less than 50% between different 
films, the error associated with differences in L is ignored and discussion is limited to interpreting 
changes in . Unless otherwise indicated,  is reported for an oxygen partial pressure change from 4% 
O2 to 21% O2 at 600 °C. For a thickness of 250 nm, the  ≈ 30 seconds for the fresh PCO film in 
Figure 5-3 corresponds to a kchem ~ 8 × 10-7 cms-1. After aging for 114 hours,  ≈ 1200 seconds, over 
40 times greater. 
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Figure 5-3 OTR curve for a PCO film measured at 600 oC following a pO2 step from 4% O2 to 21% 
O2. The solid lines represent fits of Equation 2 to the data. The inset, a magnification of the data, 
also shows the rapid change of pO2 as compared to relaxation times. 
 

 
Figure 5-4 Method for extracting time constant from relaxation data in Figure 5-3. 
 

 
 After aging the PCO film for 60 hours, a significant amount of Si was identified at the film 

surface using XPS as shown in Figure 5-5, which is consistent with our prior finding of accumulation 
of K, Na, Si, and Ca impurities at the surface of another aged PCO film measured by secondary ion 
mass spectrometry.(32) As described in the introduction, the presence of Si in these oxidizing 
atmospheres indicates the existence of a siliceous phase, which is likely blocking active oxygen 
exchange sites on PCO. To further confirm the impact of siliceous impurities on oxygen exchange 
kinetics, Si was intentionally deposited using PLD from a Si target on a fresh PCO surface, followed 
by OTR measurements in oxidizing conditions and confirmed by XPS as also shown in Figure 5-5. 
With intentionally deposited siliceous phase,  increased by >370 times, from 30 seconds (fresh film) 
to ~11,200 seconds, clearly demonstrating the negative impact of siliceous phase. 
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Figure 5-5 XPS spectra of PCO films showing the presence of Si in aged and Si treated films. 
 
 In order to identify the source of impurities, systematic studies varying the potential sources of 

impurities were undertaken. Three potential sources for impurities were considered: (1) gas transport 
from the measurement chamber, (2) gas transport or bulk diffusion from the substrate, and (3) bulk 
diffusion from the interior of the PCO film. Films deposited on four different substrates and with two 
different PCO targets of varying precursor purity were examined for sources (2) and (3), respectively. 
In Figure 5-6 all of these films show significant degradation of oxygen exchange kinetics with no 
obvious dependence on sources (2) or (3). Additionally, Si was not observed on the surface of a PCO 
film that was aged in the PLD chamber under vacuum (1x10-5 Pa) at 700 °C for 40 hours immediately 
after deposition (see Figure 5-5), further indicating that Si impurities were not introduced to a 
significant extent during deposition. These results indicate that Si impurities likely originate from the 
experimental setup, (1), during OTR measurements. In fact, a trend of decreasing degradation rate 
with the order at which different films were measured (also shown in Figure 5-6) indicates that 
impurities may have been present in the reactor tube from the start of the first measurements, and 
over time become depleted, unless more are unintentionally introduced later (e.g. as furnace 
insulation particles). It is worth mentioning that though impurity source (1) seems to dominate 
degradation, sources (2) and (3) may still contain many impurities that could influence degradation 
in a cleaner testing environment. 
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Figure 5-6 Plot of  versus aging time for PCO films deposited identically on different substrates or 
using different targets. No clear trend in degradation rate (increase in  with time) is observed with 
target or substrate choice. Numbers indicate the order at which the measurements were taken. 

5.2.3 Dramatic recovery of oxygen exchange kinetics with La oxide deposition on aged 

PCO films 

As discussed in the introduction and results above, 1) impurities play a key role in degradation of 
SOFC electrodes and should be dealt with in a commercially viable manner, and 2) La oxide has 
previously been suggested to interact with impurities at interfaces to improve ion transport.(34, 35) 
We now turn to demonstrating a second phase treatment with La that assists in overcoming impurity 
induced degradation. La oxide was deposited by PLD at room temperature on an aged PCO thin film 
and, as shown in Figure 5-3, the oxidation kinetics fully recovered to the initial, “fresh” PCO film 
performance. Even on the film with intentionally deposited Si (not shown),  was reduced from over 
11,200 s to 13 s, nearly 3 orders of magnitude improvement. In fact, the measured oxidation times 
begin to approach the limit of time taken to change pO2 in the test setup (see Figure 5-3 inset), and 
therefore may be even faster than reported here. 

After deposition, the La oxide layer is about 5 nm thick as shown by the cross-sectional TEM 
image in Figure 5-7a. Dark grey areas in the La oxide layer suggest porosity for gas diffusion to the 
PCO film. During initial measurements, a critical amount of La oxide (~100 laser shots in the PLD, 
as compared to 2 and 10) was necessary to achieve the recovered kinetics. In several circumstances, 
La oxide treated PCO films were found to age again during OTR measurements, and further 
depositions of La oxide recovered kinetics. Figure 5-7b shows the cross section of an aged film treated 
with La oxide then aged again and treated with La oxide multiple times and finally aged to very poor 
redox kinetics. A ~20 nm La oxide layer and a particle on the surface (particles were observed in 
many locations on the film with, e.g., an optical microscope after multiple treatments/aging) are 
observed. Si was detected as the major impurity in the La oxide layer and the surface particle by EDS, 
as shown by Table 5-1. The critical amount of La oxide required to facilitate recovered kinetics and 
the accumulation of Si in the La-containing areas both indicate that Si and La are interacting. From 
Table 5-1, the existence of Pr and Ce in region 2 likely arises from partial EDS measurement of the 
PCO film in addition to the La oxide film. It is worth mentioning that the ratio of Pr to Ce in this 
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region is approximately equal to what is expected for the intended Pr0.1Ce0.9O2-δ composition. The 
presence of Na and Al on the film surface (Table 5-1) is also not surprising, as furnace insulation 
often contains these elements as well as Si and providing further evidence that impurities are largely 
introduced during the OTR measurement. 

 

 
 
Figure 5-7 STEM image of (a) an aged PCO film treated with La oxide and measured once by OTR 
with no further aging and (b) an aged PCO film repeatedly aged and treated with La oxide, and 
ultimately aged to very poor redox kinetics. 

 
 

Table 5-1 EDS element analysis of areas 1 and 2 shown in Figure 5-7b 
 

Element Na K Al K Si K La L Ce L Pr L 

Area 1 atomic % 0.5±0.018 1.9±0.016 6.1±0.016 90.9±0.009 0.6±0.012 0 

Area 2 atomic % 0.6±0.02 2±0.019 14.8±0.019 67.6±0.014 13.3±0.015 1.7±0.014 

 
 To study the possibility of a reaction between La and Si oxides, the O 1s energy level, which is 

sensitive to bonding environment, of an aged PCO film treated with La oxide and aged again was 
examined with XPS, as shown by Figure 5-8. The backgrounds of the spectra were subtracted using 
Shirley’s method, and for illustrative purposes, the spectra were fitted using a nonlinear least squares 
method with two or three Gaussian-Lorentzian shaped peaks of equal full width half maximum. For 
the fresh PCO film (Figure 5-8a), two peaks are observed, which have previously been assigned to 
oxygen bound to Ce (IV) and Ce(III) at low and high binding energies, respectively.(38, 39) After 



 

65 
 

aging (Figure 5-8b), a third peak appears, intermediate between the first two. As shown by Figure 
5-5, after aging, Si was found on the PCO film surface, and therefore this peak is likely from oxygen 
bound to Si and Ce (Si-O-Ce), as previously identified for ceria by others.(40-42) The high energy 
peak also shifts slightly and the intensity ratio between it and the low energy peak changes, indicating 
that the high energy peak may represent oxygen bound to Si as suggested previously.(40-42) This 
behavior is more clearly observed in the intentionally Si treated sample (Figure 5-8c), where the high 
energy peak becomes much larger and the low energy peak (Ce(IV)-O) decreases as the PCO film is 
covered by siliceous phase. After the La oxide treatment (Figure 5-8d), the intermediate peak is now 
by far the largest of all three peaks, and, for previous studies on the interface between La and Si 
oxides, has been assigned to oxygen bound to both La and Si (La-O-Si), with the high energy peak 
previously assigned to La-O-H.(43-45) In the present case, this result indicates that there is a 
significant reaction between the Si and La, possibly forming a lanthanum silicate compound. Though 
the temperature for reaction here is low (600 oC), the short diffusion lengths of the thin film layers of 
Si and La oxides likely facilitate reaction with La oxide. Indeed, previous researchers have also 
observed the formation of a La-silicate layer formed between La oxide and Si at temperatures of 200 
- 400 oC.(43, 44)  

 

 
Figure 5-8 O 1s XPS spectra of (a) a fresh PCO film (b) an aged PCO film (c) an Si treated PCO film 
(d) a La oxide-treated aged PCO film. A peak corresponding to La-O-Si bonding indicates a reaction 
between La and Si. Blue lines show the original spectra, black lines show Gaussian-Lorentzian peaks 
and red lines represent the summation of peaks. 
 

Figure 5-9 shows the time constant of fresh PCO film and La oxide or Sm oxide treated PCO film 
at 300~600 oC . There is a clear temperature dependence of τ for the as prepared PCO film indicating 
oxygen exchange is faster at higher temperature. At lower temperature, oxygen exchange kinetics of 
the fresh PCO film is much slower than the one of treated films. The temperature dependence of τ for 
the as prepared PCO film could not be observed clearly due to the system limit. The interval of two 
measurements can only be set as short as 4 seconds, so data points are not enough to derive a precise 
result when the surface exchange finished in a very short time (e.g. 20 seconds). Even though, a 
significant improvement of surface oxygen exchange kinetics for the La2O3 treated films can be 
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observed at lower temperature (e.g. a factor of 50 at 450 oC ). It indicates that Sm2O3 and La2O3 has 
a good catalytic effect on the surface of the PCO film.  
 
 

 
Figure 5-9 Plot of time constant versus different temperatures for as prepared and La2O3, Sm2O3 
treated PCO films. 

5.2.4 Long term measurement of La oxide treated PCO film 

As shown in Figure 5-10, the degradation rate of the oxygen exchange kinetics is much slower than 
the original films. Except the one on YSZ substrate, it seems there are no further degradation after 60 
hours aging.  

Figure 5-11 shows the degradation rate for as-prepared PCO film treated with La oxide is much 
faster than the aged one.  
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Figure 5-10 Plot of time constant versus aging time for aged films treated with La2O3 on sapphire, 
YSZ, MgO and quartz substrates 
 
 

 
Figure 5-11 Plot of time constant versus aging time for as prepared and aged films treated with La2O3 

5.2.5 Improved electrode performance with other oxide treatments  

 In order to further validate the La-Si reaction mechanism as well as explore the potential for other 
oxides to improve oxygen exchange, PCO films were also treated with other oxides. As shown in 
Figure 5-12, Sm was the only other material tested that led to an improvement in redox kinetics of an 
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aged PCO film. Like La, Sm may also form a silicate, as has previously been observed after annealing 
a Sm2O3 film on a Si substrate at 800 oC.(46) On the other hand, both Nb and Al oxides, in addition 
to Si, degrade redox kinetics of a fresh PCO film and, along with Ti and Zn oxides, do not aid in 
recovering redox kinetics after aging.  

 Interestingly, the La oxide treatment can recover the oxygen exchange kinetics of PCO treated 
with all the examined oxides, except Zn. Indeed, others have found the formation of a La-Ti oxide 
after calcining La2O3-TiO2 at 500 oC (47) and La-Al oxide after reaction of an ALD film at 450 oC.(48) 
Under the present conditions, La oxide may not react sufficiently with Zn.  

 Finally, to test whether the La treatment universally improves oxygen exchange kinetics (e.g., by 
a catalytic mechanism), La oxide was also deposited on an aged SrTi0.65Fe0.35O3-δ thin film cathode, 
where Sr segregation to the film surface is known to degrade redox kinetics.(49, 50) In this case, OTR 
probes the time dependent change in oxidation state of Fe during redox.(51) No recovery of redox 
kinetics was observed in the aged STF film, further confirming that rather than act as a catalyst, La 
is primarily interacting with Si impurities. 

 The mechanism of improved redox kinetics with La treatment (and Sm) is therefore believed to 
originate in their reaction with a dense siliceous phase to form another, porous phase, for example 
through a volumetric phase change accompanied by cracking, that allows gas to penetrate to the PCO 
film below. With further aging, the impurity film densifies, but can be “re-charged” by further addition 
of La. In an attempt to demonstrate the utility of this finding in a more amenable processing route for 
industry, La was added to the PCO target as the solid solution La0.1Pr0.1Ce0.8O1.95- (LPCO). Initial 
studies found that the aging rate of this composition was suppressed over that of PCO measured at 
similar times and under similar conditions by OTR. In one case, aging of redox kinetics was not found 
over several days for LPCO, though further work is needed to repeatedly verify these findings. 

 
 

 
Figure 5-12 Redox kinetics on PCO films with different PLD oxide treatments (Fast kinetics: τ < 30 
s, very slow kinetics: τ > 1000 s). “Aged” denotes deposition of the oxide on a PCO film aged to very 
slow kinetics. 
 
 

Figure 5-13 shows Sm2O3, Gd2O3 and Pt can also recover τ of an aged PCO film to less than 5 
seconds. However, Sm2O3 and Gd2O3 treated ones were degraded again at an even faster rate than an 
original PCO film. It is possible that La2O3 has an ability to getter the impurities and prevent them 
from diffusing, but Sm2O3 and Gd2O3 cannot. On the other hand, Pt treated film shows a very fast 
oxygen exchange kinetics and seems no degradation after ~100 hours aging. Apparently, Pt could not 
react with any element at 600 oC, so the improvement may be due to the good catalytic effect of Pt. 
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Figure 5-13 Plot of time constant versus aging time for aged films treated with Sm2O3, Gd2O3, La2O3 
and Pt. 
 

For the Al2O3 treated PCO film, the first τ is ~70 seconds which is about 10 times higher than the 
one of a PCO film, and the degradation rate is apparently higher than an original PCO film. It indicates 
that Al2O3 can block the active sites of oxygen exchange and also diffuse on the surface to accelerate 
the degradation rate. This film was removed from the sample chamber and 200 shots of La2O3 were 
deposited on the film surface. τ was recovered to less than 10 seconds and increased with time in a 
slower rate than the Al2O3 treated one. It also agrees with the fact that La2O3 can not only have a 
catalytic effect, but also somehow getters impurities and prevents their diffusion. 

300 shots of Nb2O5 were deposited on an as-prepared and an aged PCO film, resulting in no 
improvement of the optical relaxation rate. An aged PCO were also treated with Nb2O5, the oxygen 
exchange rate was too slow to measure. This film was also treated with La2O3, and τ was also 
recovered to less than 10 seconds and increased with time at a slower rate. TiO2 treatment shows a 
similar result as Nb2O5, τ was changed to 29850 seconds (8.29 hours) after TiO2 treatment and La2O3 
treatment, τ recovered to 75 seconds. 
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Figure 5-14 Plot of time constant versus aging time for treated PCO films: triangle: 10 shots of Al2O3 
on an as prepared PCO film, circle: 200 shots of La2O3 on the Al2O3 treated and aged PCO film, 
square: 300 shots of Nb2O5 on an aged PCO film and La2O3 treated.  
 

5.2.6 Incorporation of La into PCO film 

 PCO targets with La (PLCO) or Sm (PSCO) in solid solution, confirmed by XRD (not shown) 
with PCO were fabricated. As shown in Figure 5-15, in one PLCO case, τ did not increase over the 
course of the measurement, indicating the potential for La to continuously keep the PCO surface clean. 
However, additional measurements on PLCO and PSCO showed a degradation in τ over time which 
may be the result of different impurity levels in the different testing environments. Further work is 
needed to confirm the advantage of long term resistance to τ degradation with La and Sm PCO solid 
solutions.  
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Figure 5-15 Plot of  versus aging time for Pr0.1Sm0.1Ce0.8O1.95-δ and Pr0.1La0.1Ce0.8O1.95-δ.  
 

5.3 Conclusion 

 A > 40 times increase in the time constant for oxygen exchange kinetics during ~5 days of aging 
was found in PCO thin films using the oxygen transmission relaxation method (OTR). The 
degradation in kinetics was identified to arise from accumulation of a siliceous phase on the PCO 
film surface. From a systematic examination of impurity sources, Si is likely introduced primarily 
during the OTR measurement (e.g. from the quartz tube or furnace insulation) rather than through 
target purity, processing, or substrate (though these other sources may still have impurities present). 
Deposition of La oxide or Sm oxide on the aged film surface was found to fully recover oxygen 
exchange kinetics in aged films and a film intentionally coated with siliceous phase. Surface 
treatments with other oxides (Nb, Al, Ti, and Zn) were not found to recover oxygen exchange kinetics. 
La and Sm likely react with Si to form a porous silicate layer allowing gas transfer to the PCO surface, 
whereas other studied materials are unlikely to form silicates. La oxide was also deposited on aged 
SrTi0.65Fe0.35O3-, prone to degradation via Sr segregation (as opposed to siliceous phases), and no 
improvement was found, further indicating La reacts with Si and is not leading to a significant 
catalytic effect. Finally, La was added to PCO in solid solution, and initial measurements found 
suppressed aging of redox kinetics. 
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Chapter 6  Conclusions 

In this thesis, multivalent elements (Eu, Mn, Fe, Pr) doped ceria were investigated to develop new 
MIEC electrode materials for IT or LT-SOFCs.  

For Eu-CeO2, the microstructure and conductivity of grain and grain boundary of 20 mol% Eu-
doped ceria (Ce0.8Eu0.2O2-δ) were determined. The conductivity results demonstrate that over the 
studied pO2 range Eu has a similar effect on electrical properties as Gd or Sm acceptor dopants in 
ceria, namely, that Eu shows no evidence for multivalent behavior, rather it appears to be a fixed 
valent dopant in the fluorite structured ceria, in contrast to prior studies finding multivalency of Eu 
in perovskite oxides under similar conditions. Based on bulk properties, Eu-CeO2 is not expected to 
be a better MIEC electrode material for IT-SOFCs, than, for example, Gd-CeO2, though the role of 
Eu on oxygen surface exchange rate has not been explored yet. 

For Mn or Fe-CeO2, Raman spectroscopy and lattice parameter analysis revealed that the solubility 
limit of Mn or Fe in CeO2 is lower than 3 mol% for the present preparation conditions and it was not 
increased by annealing in reducing conditions (humidified H2 at 1100 °C). Electrical Conductivity of 
20mol%Mn-CeO2 was measured and it is similar with pure ceria. Activation energy calculated from 
Arrhenius plot of conductivity at lower temperature is 1.1 eV. According the activation energy data 
versus composition for the different dopants, the Mn solubility can be estimated to be about 0.1~1mol% 
which also in agreement with XRD and Raman results. Since the solubility of Mn or Fe is low, the 
reason of for good performance of Mn-Fe-CeO2 as an anode may be related to high catalytic activity. 

On the other hand, by co-doping La, the solubility of Mn was increased and it reaches maximum 
of 2.9 mol% by doping 10 mol% La into 10 mol% Mn-CeO2. La, Mn-CeO2 is thus potential MIEC 
electrode material and need further investigation. 

For Pr-CeO2, which has been reported has good MIEC property and oxygen exchange rate as a 
cathode material, the durability of oxygen exchange rate is measured by using the opitcal transmission 
relaxation method (OTR). A significant degradation in kinetics was found during the aging and 
identified to arise from accumulation of a siliceous phase on the PCO film surface. Deposition of La 
oxide or Sm oxide on the aged film surface was found to fully recover oxygen exchange kinetics in 
aged films and a film intentionally coated with siliceous phase. Surface treatments with other oxides 
(Nb, Al, Ti, and Zn) were not found to recover oxygen exchange kinetics. For (La, Pr)-CeO2, due to 
the significant difference in results of three independent measurements, further work is needed to find 
out the function of La in solution. Long term durability of La treated and La doped PCO film is still 
need further investigation.  
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Chapter 7 Future plan 

 

For Mn-CeO2, TGA results showed a higher solubility limit of Mn than XRD and Raman and 
conductivity measurements. A TGA measurement on a mixture of CeO2 and Mn oxide needs to be 
perform to confirm the accuracy of measurement on Mn-CeO2. Since Mn solubility in CeO2 was 
increased by La doping, (Mn, La)-CeO2 has the possibility to be an MIEC material, thus it is worth 
further electrical conductivity investigations. 

For OTR measurement of PCO, we found, in some cases reduced long term aging for 
La0.1Pr0.1Ce0.8O1.95- (LPCO), and the possible catalyst mechanism of La treatment on oxygen 
exchange kinetics has not been quantified. For the future work, first Si impurity affect need to be 
quantified by calculating the Si content in air or flow the gas through water or put certain amount of 
impurity in the reaction chamber. Then, long term measurement of La treated aged PCO film and 
LPCO need to be confirmed for reproducibility. 

This surface treatment analysis may also be extended to cathode materials. For example, Cr 
poisoning in electrodes is a significant problem for SOFCS. One can determine the Cr affect on 
oxygen exchange rate of PCO, and deposit, for example, La oxide to find out if it can recover oxygen 
exchange rate from the Cr poison. Furthermore, we can measure OTR on other materials (i.e. LSCF) 
and determine the oxygen exchange coefficient on cathode materials.  
 

.  
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