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ABSTRACT

An improved fundamental understanding of oxygen defect equilibria and transport kinetics in

oxides is essential for achieving enhanced performance and longevity in many oxide-based practical

applications. The ability to diagnose a material's behavior in a thin film structure under operating

conditions (in operando), ideally in situ, is therefore of importance.

In this dissertation, a novel experimental technique capable of simultaneously performing in situ

and in operando optical absorption and electrochemical impedance spectroscopy (EIS) measurements was

developed and utilized, for the first time, over a range of temperatures and controlled atmospheres. The

technique was applied to the PrxCe1 -02-, (PCO) model thin film system. PCO shows mixed ionic and

electronic conducting (MIEC) characteristics at relatively high pO2 regimes (e.g. air), which is beneficial

for solid oxide fuel cells (SOFCs) cathode performance. The Pr impurity levels in PCO allow for optical

transitions (2.0 - 3.3 eV), leading to the red coloration of oxidized samples. A change in the redox state

of Pr results in a color change and so serves as a means of investigating the Pr oxidation state and thereby

oxygen non-stoichiometry. Pr" concentrations, derived independently from optical and electrochemical

measurements, and their corresponding trends, were found to be self-consistent, confirming that the

oxygen reduction enthalpy in thin film 1OPCO is lower than that in the bulk. The derived extinction

coefficient, c,+ = 6.37 0.05 x 10-4 cm 2, can now be utilized to study defect equilibria of PCO or other

relevant oxide films by optical means alone. The oxygen surface exchange reaction kinetics, driven by

chemical and electrical driving forces, were investigated and correlated to each other, with the aid of the

thermodynamic factor. The impact of surface chemistry and metal current collector on the reaction

kinetics was discussed.

A specially designed cell structure enabled the extension of the oxygen diffusion pathway, allowing

for the monitoring of color front migration in PCO films. Such optical color front motion experiments

offer the opportunity for in situ, more rapid and reversible investigation of oxygen diffusion kinetics in

thin films and open new opportunities to study materials' spatially distinguishable properties.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

The world's strong dependence on fossil fuels for its energy needs has seriously impacted the

environment and quality of life. Combustion of coal, petroleum and natural gas is a major source of

pollutants that contributes to the greenhouse effect, acid rain and health problems. Furthermore, fossil

fuels are non-renewable, and therefore methods must be found which limit their use in the near future. As

a consequence, new technologies for producing, storing and using renewable and environment-friendly

energy sources are required.

Fuel cells are electrochemical devices that convert chemical energy directly into electrical energy

with higher efficiency and lower emissions than conventional energy systems [1]. Contrary to batteries,

fuel cells are not energy storage devices, but electrical generators by the electrochemical oxidation of the

fuel and electrochemical reduction of the oxidant. The energy conversion process continues as long as the

fuel and oxidant are provided to the system. There are a variety of fuel.cell technologies, distinguished by

materials utilized and their corresponding ion transport mechanisms, operating temperatures and fuels

availability (Figure 1). Fuel cells are also attractive for their modular and distributed nature, and quiet

operation [2]. The potential fuel cell applications ranges from battery replacement in small portable

electronic devices, main or auxiliary power units in transportation, residential combined heat and power

(CHP) units, to megawatt (MW) scale electrical power generation [3-7]. After the tragedy related to the

nuclear power plants in Japan, large-scale distributed application of fuel cells has attracted more interest

as an uninterrupted and safe power source for remote and stand-alone applications such as information

technology companies, hospitals and airports.
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Figure 1. Summary of the different types of fuel cells, including temperature of operation and material used.

Reprinted from a reference [5].

1.2 Solid oxide fuel cells (SOFCs)

1.2.1 Principles of operation and characteristics

Among the various types of fuel cells, solid oxide fuel cells (SOFCs) have received much attention

due to several distinct advantages. The use of an oxide electrolyte provides chemical, thermal and

mechanical stability compared to polymer based electrolytes and eliminates the corrosive and containment

problems associated with liquid electrolytes. As a consequence, in certain modes of operation, SOFCs

have demonstrated the longest lifetime among fuel cell systems. For example, a 100 kW SOFC cells

fabricated by Siemens-Westinghouse has successfully produced power for more than 20,000 h with

minimal degradation in performance [8]. Oxygen ion conduction in oxide electrolyte is thermally

activated, and its magnitudes only approach that of liquid electrolytes at high temperatures (>800 'C).

Therefore, the operation of SOFCs has, in the past, been limited to the high temperature range between

800 *C and 1000 'C, which has both advantages and disadvantages. In this temperature region, C-C bonds

break easily and thus some hydrocarbons can be directly utilized at the anode [9]. In this way, SOFCs

provide flexibility of fuel choice, allowing a variety of hydrocarbons fuels such as natural gas to be utilized.

Furthermore, high temperature operation ensures fast transport and electrochemical reaction kinetics, thus

minimizing the irreversible losses due to electrode kinetics and ohmic resistances. Therefore, high

temperature SOFCs generally provide the highest conversion efficiency compared to the other types of

fuel cells [10].
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Figure 2. Schematic diagram of a solid oxide fuel cell (SOFC) showing the oxygen ion conducting electrolyte,
the electrodes and electrode reactions, and the direction of electron and ion flow. Reprinted from a reference
[11].

The fundamental building block of SOFCs is an electrochemical cell, which consists of two

electrodes separated by an ionic conducting electrolyte (e.g. oxygen ion conductor). The first reported

fuel cell using a ceramic oxide electrolyte was developed by Baur and Preis in 1937 [12]. The operation

of SOFCs, including half-cell reactions, is summarized in Figure 2. A fuel such as hydrogen or

hydrocarbon (CmHn) gas is directed to the anode and an oxidant, typically oxygen, to the cathode. At the

cathode side, oxygen in the oxidant is reduced to the oxygen ion (02-), with electrons provided from the

interconnect, which is then incorporated into the electrolyte. The electrolyte serves as a barrier to gas

diffusion, but permits oxygen ions to migrate towards the anode side, preventing direct chemical

combustion. At the anode side, oxygen ions react with the fuel to form water and, if there are carbon-

containing fuels, carbon dioxide. During this oxidation reaction, electrons are released and travel through

the external load [2]. The driving force for the overall cell reaction (Equation (1)) is the chemical potential

difference of oxygen between two electrodes. This can be expressed by the Nernst equation using oxygen

partial pressures (Equation (2)).

1
H2 + -0 2 <-+ H2 0 (1)

2

RT P 0 2 (at cathode)

eq nF P0 2 (at anode)
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where Eeq is the equilibrium voltage (or Nernst voltage) at standard pressure (1 atm) at a specific operating

temperature, R is the gas constant, T is the temperature, n (=4) is the number of electrons transferred, F is

Faraday's constant (96,500 C/mol), and pO2 is the partial pressure of oxygen. Theoretically, Eeq is the

same as the open circuit voltage, Voc, which is the voltage when no current flows through the external

circuit.

In reality, Voc decreases by leakage mechanisms across the electrolyte, which originate from poor

sealing, cracks along the electrolyte, or partial electronic conduction. Also, the various polarization

mechanisms lead to the decrease of Voc, the magnitude of which is proportional to the amount of flowing

current. Therefore, the voltage output, Voperating, is equal to the ideal Nernst potential minus the total loss.

Voperating = VOC - VL - '?tot = OC - VL - (act + 1ofhm + fldiff) (3)

where VL is the loss in the voltage due to leaks across the electrolyte, qact is the activation overpotential

due to slow electrode reactions, qohm is the overpotential due to ohmic resistances in the cell, and qdiff is

the overpotential due to mass diffusion limitations [13].

A common way of displaying the performance of a fuel cell is by plotting the voltage and the output

power density (P=V - I) against the current density, as in Figure 3. At specific operation point, in general,

one of the polarization mechanisms becomes the dominant process. Typical performance curves like

Figure 3 can often be identified by concave up, linear, and concave down curvature of the activation,

ohmic, and concentration polarization dominant regions, respectively. The power output goes through a

roughly parabolic curve giving maximal power output (Pmax) at certain operation point because the voltage

decreases monotonically as the current increases.
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Figure 3. Schematic fuel cell polarization (voltage vs. current density) and power density curves. Reprinted
from a reference [2].

1.2.2 Technical challenges of SOFCs

Even though high operating temperatures offer several advantages as indicated above, they also

contribute to degradation problems related to accelerated reactions between adjacent cell components and

sealing difficulties. These drawbacks contribute to higher cost and reduced lifetimes of SOFC systems

[10]. As a consequence, significant efforts have been devoted to the development of intermediate

temperature (500 - 700 C) SOFCs (IT-SOFCs). The system cost can be significantly reduced by lowering

the operating temperature because less expensive materials in interconnects and heat exchangers can be

utilized. For instance, when the operating temperature is decreased to below 600 *C, low-cost metallic

materials such as ferritic stainless-steels can be utilized for the interconnect and construction materials.

This allows both the stack and balance-of-plant to be cheaper and more robust. In addition, lower

temperature operation affords more rapid start-up and shut-down and reduced corrosion rates of metallic

components. Lower operation temperatures also increase the durability of SOFC systems by reducing

performance degradation due to interdiffusion or reaction between individual components.

However, because transport processes in the electrolyte and the electrode kinetics are mostly

thermally activated, operation at lower temperature creates a number of materials problems that are

associated with the increase in the electrolyte resistance and in the electrode polarization. Both factors
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cause a reduction of the cell voltage and the output power. There are two main approaches to achieve

lower operation temperature, while still obtaining comparable performance to the higher temperature

operation. One is decreasing the thickness of the electrolyte so that the area specific resistance (ASR) of

the system can be reduced. For example, decreasing the conventional yttria stabilized zirconia (YSZ)

electrolyte thickness based on MEMS techniques has recently been applied towards accommodating very

thin-film electrolytes [14]. Another is developing new materials systems with enhanced characteristics at

lower temperature, in other words, finding alternative electrolyte materials with higher ionic conductivity

and electrode materials with minimized polarization resistance at lower operating temperatures. Cathode

materials, in particular, have been receiving a great deal of attention given that oxygen incorporation at

the cathode is often considered as the key factor limiting performance of IT-SOFCs [15].

1.2.3 The cathode in SOFCs

Cathode Reactions

The oxygen reduction reaction at the cathode can be written as follows: (see also Figure 2)

02 (g) + 4 e' + 2 V6 - 2 O (4)

where V is a doubly positive charged oxygen vacancy, e' is an electron and Ox represents an oxygen ion

in the cathode or electrolyte lattice. The overall reaction comprises a number of steps such as

chemisorption, dissociation, diffusion and incorporation into oxygen vacancies. In general, one may

distinguish three possible paths for the cathodic reaction, that is, the electrode surface path, the bulk path

and the electrolyte surface path (See Figure 4) [16]. Oxygen gas molecules adsorb on the surface of either

the electrode or the electrolyte and diffuse to a "three phase boundary" (TPB) where gas phase, electrode

and electrolyte are in contact. At this electrochemically active region, oxygen is incorporated as 02- ion

into oxygen vacancy site of the electrolyte lattice. If electrons could be provided by the electrolyte or

ionized oxygen species could diffuse along the electrolyte surface, the incorporation zone would be

broadened.
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Figure 4. Sketches of the three reaction paths of the oxygen reduction and incorporation reaction and some
possible rate-determining steps. Modification of the paths (e.g., adsorption of a molecular rather than an
atomic species or diffusion along the cathode/electrolyte interface) and a combination of electrode and
electrolyte surface paths (adsorption on cathode and surface diffusion onto the electrolyte surface) are also
possible. Reprinted from a reference [161.

The bulk pathway becomes possible only if the electrode material itself is an oxide ion conductor

in addition to supplying electrons. In this case of a mixed ionic and electronic conducting (MIEC)

electrode, oxygen incorporation is not restricted to the TPB zone, but the whole surface of the electrode

can be active to the reaction. The incorporated 0' ions then diffuse through the bulk of the electrode

material towards the interface between electrode and electrolyte, followed by ion transfer across this

interface. In other words, the generation and transport of oxygen ions are associated with the electrode

polarization. Therefore, in order to optimize the structure and the composition of electrodes for good

performance at lower operation temperature, the oxygen surface exchange rate (k) and the oxygen

chemical diffusion coefficient (Dchem) muSt be considered. The characteristic resistance, Rchem, describing

the chemical contributions to the cell impedance is introduced by the Adler/Lane/Steele (ALS) model as

shown in Equation (5) [17].

RT T
Rchem = J.2 (1 - e)a C2 Dcfem k (5)

where T, s, and a. are tortuosity, fractional porosity, and internal surface area/unit volume, respectively,

Co is the surface concentration of oxygen.
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Cathode Materials for IT-SOFCs

Reducing the operation temperature leads to significant challenges in materials selection, especially

for the cathode material, given the high activation energy (often > 1.5 eV) of the oxygen reduction reaction

[16]. The critical requirements for enhanced performance and long-term operation of the SOFC cathode

can be summarized as follows [10]:

(1) High electronic conductivity

(2) High oxygen ionic conductivity for MIEC materials

(3) High electrocatalytic activity for the oxygen reduction reaction

(4) Porosity to facilitate transport of the oxygen to the cathode/electrolyte interface

(5) Chemical compatibility with neighboring cell components (primarily the electrolyte)

(6) Chemical stability - no phase changes during operation

(7) Dimensional stability - thermal/chemical expansion coefficient (TEC/CEC) comparable to that

of the electrolyte and stable porosity

Noble metals or electronically conducting oxides can be utilized as cathode materials, because they

are chemically stable at the high SOFC operating temperature. However, noble metals such as platinum

are too expensive for practical application, while silver is too mobile at high temperatures. Therefore, a

great deal of effort has been directed towards developing transition-metal oxides as SOFC cathodes

materials. Materials investigated in detail during recent decades include La1.xSrxMnO 3 .6 (LSM),

La1.xSrxFeO3-6 (LSF), Lai-xSrxCoO 3-6 (LSC), La1.xSrxCo,_yFeyO3-6 (LSCF), Bai1 xSrxCoj1 yFeyO 3.6 (BSCF),

etc.

LSM shows high electronic conductivity (200 - 300 S/cm at 900 'C) and well-matched TEC with

that of YSZ [18]. While it exhibits high catalytic activity for oxygen reduction only at relatively high

temperatures (> 800 C), it suffers from the formation of undesired reaction products such as La2Zr2O 7

with YSZ at those high temperatures [19]. Furthermore, the very low ionic conductivity (10-7 S/cm at

900 'C) of LSM causes the oxygen reduction reaction to be restricted to the TPB region, leading to slow
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electrode kinetics. Therefore, many efforts have been focused on increasing the active TPB regions by

adopting porous electrodes or composite structures with materials exhibiting high ionic conductivities.

Instead of combining an electronic and ionic conductor, a single-phase MIEC material can be

considered as an alternative strategy towards the application to IT-SOFCs. As discussed above, MIEC

electrodes in SOFCs can utilize the entire electrode surface for the reduction of oxygen as opposed to only

the TPB region, thereby increasing the area of the active reaction sites and improving the kinetics at lower

temperatures than 700 'C. In this context, there have been many research efforts to develop MIEC cathode

materials by replacing Mn with other elements such as Co and Fe. LSF, LSC, and LSCF fall into this

group of materials. Introducing iron seems to provide promising electrocatalytic properties to LSF

electrodes, enhancing oxygen diffusion and surface exchange processes [20]. The LSC electrodes show

excellent electronic conductivity up to 1,600 S/cm at 800 'C [21]. However, these materials tend to react

with YSZ and their TECs do not match with that of YSZ. Therefore, ceria-based electrolytes must be used,

or buffer layers, such as ceria or (La,Sr)(Ga,Mg)0 3, between the electrode and the YSZ electrolyte are

needed [22]. In order to adjust the TEC and increase the chemical stability of LSC cathodes, LSCF is now

being highly investigated [23]. LSCF has a total conductivity of 230 S/cm at 900 'C, while the oxygen

ionic conductivity is about 0.2 S/cm [24]. However, increasing substitution of Fe for Co results in reduced

electronic conduction.

BSCF has recently received special attention as a SOFC cathode material [25]. Barium was initially

introduced into SrCo1 -Fe03-6 (SCF), a potential oxygen permeation membrane, to suppress the phase

transformation from cubic perovskite into the vacancy-ordered Brown-millerite phase at reduced

temperature and low oxygen partial pressure [26]. BSCF materials show excellent oxygen surface

exchange and diffusion properties. However, BSCF reacts with the widely used electrolytes such as YSZ

or GDC (GdxCex02-6). Also, it exhibits sensitivity to CO2 by forming carbonate surface layers as well as

a gradual phase transformation into an hexagonal perovskite phase between 850 and 900 'C [27,28].
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1.3 Oxygen nonstoichiometry and transport kinetics in oxide materials

After examining the required characteristics for SOFC cathode materials, as listed above, one

concludes that a fundamental understanding of both oxygen nonstoichiometry and transport kinetics is

essential when attempting to design and develop highly performing MIEC cathode materials. For example,

the ionic conductivity is dependent on both the charged oxygen defect concentration and migration

behavior, while electrons generated during oxygen defect generation by reduction contribute to enhanced

electronic conductivity. Furthermore, this same process leads to valency changes in the transition metal

or rare earth ions within the MIEC materials, and corresponding changes in lattice constant (chemical

expansion). This may lead to stresses sufficient to support crack initiation and/or delamination, impacting

the device's long term stability. Furthermore, under the operating conditions of these devices, i.e. elevated

temperatures and oxygen partial pressures ranging from highly oxidizing to highly reducing, device

properties and performance are inevitably impacted by these thermodynamic and kinetic properties. The

ability to diagnose a material's behavior under operating conditions (in operando), ideally in situ, is

therefore of importance.

The diffusion coefficient (D) and surface exchange coefficient (k) are parameters that quantify the

rate of the bulk and surface reactions, respectively. Both parameters can be understood based on the

relationship between the flux of the species (j) and the driving force that causes the flux. The driving force,

for example, is reflected in the chemical potential gradient of the diffusing species. The diffusion

coefficient (D) is defined as the proportionality constant between the diffusion flux and the negative

gradient in chemical activity or concentration in Fick's first law (Equation (6)). On the other hand, the

surface exchange coefficient (k) is defined as the constant of proportionality between the surface reaction

flux and the perturbation of the diffusing species' concentration (Equation (7)).

dCo (6)
jo = - -Do ac

jo = -ko(CO,atmosphere - CO,surf ace) (7)
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There are three fundamental experimental techniques for studying oxygen ion transport kinetics

depending on how the gas-solid reaction is driven [29]. As depicted in Figure 5 (a), the oxygen reduction

(left side) and oxidation (right side) reactions (Equation 4) are driven electrochemically by an applied

electrical potential gradient. This also accounts for ion motion within the solid electrolyte, while electrons

are supplied via an external circuit through the current collectors. An oxygen tracer experiment is depicted

in Figure 5 (b). Here, no chemical or electrical potential gradients exist, but rather one monitors the

incorporation reaction of oxygen gas molecules at the material's surface by the random exchange in

isotope composition with time. Lastly in Figure 5 (c), a chemical driving force is generated by making

step changes in the p0 2 in the gas phase leading to oxygen incorporation into the solid for increasing p0 2

or oxygen loss upon decreasing P0 2. For case (c) where oxygen stoichiometry changes are induced,

electrons must be simultaneously transported and so the effective diffusivity, known as the chemical

diffusivity, is impacted by both the diffusivity of ions and electronic charge carriers. These conceptually

different experiments yield three oxygen surface exchange and diffusion coefficients as listed in Table 1.

(a) (b) (c)
26^
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Figure 5. The three basic experiments for oxygen transport coefficients. Reprinted from a reference [30].

Table 1. Oxygen surface exchange and diffusion coefficients from different experiments.

Driving force Transport coefficients

Electrical experiment Electrical potential kelec Deiec

Tracer experiment Tracer chemical potential kracer Dracer

Chemical experiment Oxygen chemical potential khem Dchem
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1.4 Oxide thin films

Dense thin film electrodes as a model system

Porous structured electrodes are conventionally used in SOFCs, thereby providing easy diffusion

paths for gas molecules and maximized active surface area for the targeted reaction. However, due to the

complexity in morphology of the porous structure, a mechanistic understanding of the electrochemical

reaction and a quantitative investigation of the materials' intrinsic properties are difficult to be achieved.

Dense thin films, with geometrically well-defined, simple and reproducible structure, are therefore instead

being studied as model electrodes [31]. For example, the path of the oxygen reduction reaction (Figure 4)

could be examined by normalizing the electrode polarization resistance with respect to electrode geometry

such as surface area, film thickness, triple phase boundary length (TPBL) and surface roughness [32].

Furthermore, the thin film structure enables one to investigate more readily the correlation between

electrochemical reactivity and electrode microstructure given that compositional variations,

crystallographic orientation and grain size can be controlled in the film by varying deposition conditions

including background gas composition/pressure, kinetic energy of deposited particles and crystallographic

orientation/temperature of the substrate, etc. Thin film oxides are also becoming more practically relevant

given that many applications are tending towards the use of thinner structures, for example, in the fields

of g-SOFC [3,14,33,34], chemical sensors [35] and memristors [36].

Pulsed laser deposition (PLD)

Among various vacuum based physical vapor deposition (PVD) techniques used to fabricate thin

film structures, pulsed laser deposition (PLD) has been widely used to prepare high quality thin films of

many different materials, after achieving successful growth of chemically complex high Tc

superconducting films in the late 80's [37]. In this technique, a high power pulsed laser beam is utilized

to supply energy to target materials thereby inducing a vapor plume which is made to impinge on a nearby

substrate surface [38]. Rapid increases in target surface temperature (up to about 10' 'C) enables quite
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precise transfer of chemical composition from multi-component target materials onto nearby substrates

[39]. Furthermore, multilayers and/or films with compositional variations can be easily fabricated by the

PLD technique by changing target materials, upon which the laser beam strikes, with the aid of a

computer-controlled target holder while maintaining vacuum and gas conditions [40].

1.5 Characterization tools for oxygen nonstoichiometry and transport kinetics in thin films

1.5.1 Limitation of conventional techniques

Specific examples of experimental methods, utilized for investigating oxygen nonstoichiometry

and transport kinetics in oxide materials, include electrical conductivity, dilatometry, thermogravimetric

analysis (TGA), coulometric titration, X-ray diffraction (XRD) and oxygen isotope tracer measurements,

the latter using secondary ion mass spectrometry (SIMS). Deviations in oxygen stoichiometry can be

monitored by measuring changes in experimentally measurable properties such as conductivity, sample

dimensions, mass and lattice parameter, while reaction kinetics can be investigated by monitoring the time

dependent relaxation of these quantities between equilibrium states.

Each experimental technique has its own merits and specific advantages. However, many of these

exhibit limitations, especially when applied to thin film structures. For example, electrical conductivity

measurement data must be interpreted with a confirmed defect model. Additionally values for the

mobilities of the electronic and ionic charge carriers are needed to convert conductivity values to defect

concentrations, and even when these are known for bulk specimens, they may differ in thin films.

Furthermore, surface exchange kinetics derived from electrical conductivity relaxation (ECR)

measurements are likely to be affected by the catalytic activity of the metal current collector. While TGA

and coulometric titration directly measure changes in oxygen content (A6), upon oxidation or reduction,

a reference value 6rf at a well-defined thermodynamic state is needed in order to establish 3 (T, pO2).

Given limited sensitivity of TGA and dilatometry, these methods are generally inappropriate for

monitoring changes in mass and dimensions for thin film structures. Oxygen isotope tracer measurements
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allow the clear deconvolution of surface exchange and diffusion coefficients using quenched diffusion

profiles, however the measurement is time consuming, utilizes expensive instrumentation, is destructive

and cannot be performed in-situ.

1.5.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a widely applied technique for studying both the

electrical transport properties of bulk materials and the electrochemical reaction at interfaces [41].

Experimentally, a sinusoidal perturbation (e.g. v(t) = V - sint(wt)) with small amplitude V is applied to

the system, and the amplitude and phase of the corresponding response (e.g. i(t) = I - sint(wt + 6)) are

measured as a function of angular frequency, o. The most important merit of EIS is that the total

impedance of a material can be separated into a number of frequency dependent components. For example,

the electrical resistance and capacitance of a polycrystalline oxide can be deconvoluted into the

contributions from grains, grain boundaries, and electrodes. Each transport process can often be modeled

by parallel resistor-capacitor networks, represented as semicircles in the complex impedance plane (see

Figure 6) [42]. The diameter of each semicircle is a measure of the resistance (R) while the inverse of the

frequency in radians/sec at the peak of the semicircle gives the time constant, 'r = WO = RC. If time

constants associated with the different processes in a system differ by orders of magnitude, the semicircles

are not overlapped, as in Figure 6. However, overlapping semicircles are commonly obtained, so fitting

procedures are required for extracting the corresponding R and C values.
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Figure 6. Complex plane plot of typical impedance spectra for a solid with grain boundaries and either

blocking (dashed line) or partially (non) blocking electrodes. The electrical circuit analog is shown with

definitions of impedance for a resistor and a capacitor. Reprint from a reference [42].

1.5.3 Optical spectroscopy

Optical spectroscopic techniques using visible, ultraviolet and infrared light can provide

independent routes to the investigation of a large variety of physical and chemical process in solids, which

are sometimes not accessible by other conventional techniques [43,44]. Light absorptivity in the spectra

is correlated with the concentration of the species responsible for the absorption. In addition to

investigation of thermodynamic properties, kinetic processes also can be studied by monitoring changes

in spectral shape with time following a change in e.g. temperature or atmosphere. Optical characterization

techniques benefit from the ability to readily achieve in situ and contact-free measurements, and with high

spatial resolution, due to the local nature of the interaction of electromagnetic radiation with solid matter.

While optical absorption resulting from electronic transitions within rare earth and transition metal

oxides are widely studied [43,45-53], relatively few studies report its use to investigate defect

thermodynamics and redox kinetics. An example where this has been successfully done has been in the

study of oxygen surface incorporation and chemical diffusion kinetics in Fe doped SrTiO 3 single crystals

([Fe] = 0.03 to 0.29 mol%) in which Fe acted as a color indicator [54-60]. The introduction of Fe 4 ions

into SrTiO 3 creates two broad absorption bands centered at 2.2 and 2.9 eV in the visible. Time and spatial
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resolved optical absorption spectra were recorded as a function of temperature and pO2. The absorption

spectral data were correlated with the equilibrium concentration of Fe"* and finally oxygen vacancy and

Fe3
+ concentration. Other examples of similar studies for single crystals include Fe3

+, V4", Ce3
+ and Mn3 +

in YSZ [61,62], Mn 5 in YAlO3 [63] and Ni3* in SrTiO 3 [64].

a b C

U..........
color scale

Figure 7. In situ optical absorption images of oxygen incorporation in Fe-SrTiO3 single crystal through

diffusion-controlled (a), surface-reaction controlled (b), or (blocking) grain boundary controlled processes

(c). The time sequence is from top to bottom after a stepwise increase in the oxygen partial pressure. At t=O

and t=1, the profiles are in accord with the colors given at the very left and the very right side of the scale

which represents the increasing concentration of Fe"* ions. Reprint from a reference [59].

1.6 (PrCe)02zfluorite model cathode system (PCO)

1.6.1 Defect chemistry and transport model of PCO

In recent studies by Bishop et al., measurements of oxygen non-stoichiometry and electrical

conductivity performed on bulk PCO were reported, and on this basis, a defect equilibrium model was

developed [65,66]. Unlike fixed valent acceptor doped or undoped CeO 2, multivalent doping using Pr+/+

(Prj_,,Cex02.6 ; denoted 1 00x-PCO) leads to a pronounced mixed ionic electronic conductivity (MIEC) at

high oxygen partial pressure (pO2 air), a key property of many advanced SOFC cathode materials [67].

The ionic conductivity arises from the formation of oxide ion conducting oxygen vacancies (acceptor
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behavior), and, for high enough Pr concentration (>5 mol%), the electronic contribution exists due to

small polaron hopping of electrons between Pr cations. The key defect reactions describing the reduction

of PCO and the exchange of electrons between empty Pr4+ acceptor states and the conduction band, written

in Kr6ger-Vink notation, are given by.

Ox <-+ 2e' + V + 1/202 (g) (8)

Prce + e' *- PrCe (9)

where Prxe, Prce, e', Ox, and V" are tetravalent Pr and trivalent Pr on cerium sites, electrons in the ceria

conduction band, oxygen on an oxygen site, and an oxygen vacancy, the latter with net positive charge of

two. In the superscripts, x, prime and dot represent net charges of zero, -I and +1 respectively. Equations

(8) and (9) are written in a two-step process, whereby, electrons are generated upon reduction, followed

by their drop down into the lower Pr acceptor level. Therefore, considering the Pr contribution, the

reduction reaction in PCO can be rewritten as below and followed by the corresponding mass action

equation.

2PrCe + Ox +-+ 2Prce + VO + 1/20 2(9) (10)

[Prce]2[V 0 2pO/2  -HrPr

[PrXe]2[OI r,Prexp kT (11)

In the equilibrium equation, kpr is a pre-exponential term and Hr,Pr is the enthalpy for the reaction.

Previously, Hr,Pr in Pro.1Ceo.902-6 thin films was found to be lower than that in the bulk case [68]. The

oxygen nonstoichiometry 6 is defined by

6 = [V6]/[PrxCe 1 _x0 2] (12)

where [PrxCe1 _x0 2 ] is the concentration of PCO in #/cm3 . The condition for charge neutrality is given

by

[PrC5e] = 2[V0 ] (13)
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with the understanding that the concentrations of holes, reduced Ce, and oxygen interstitials are negligibly

small under the investigated conditions at PO2s in the vicinity of air, relevant for SOFC cathode operation.

Mass and site conservation reactions for PCO are given by

[PrCe] + [Pre] = [Prce]totai = x[PrxCex02-.] (14)

1.6.2 Cathodic activity of PCO thin film electrodes

The electrode polarization resistance of PCO dense thin film electrodes, deposited onto yttria-

stabilized zirconia (YSZ), was investigated by Chen et al [69]. Electrochemical impedance spectroscopy

(EIS) measurements with varying geometries showed that the electrode impedance was independent of

electrode thickness and inversely proportional to electrode area, which pointed to oxygen surface

exchange limited kinetics, rather than bulk diffusion limitations. The characteristic thickness (Lc = D/k)

is defined as the ratio of the oxygen self-diffusion coefficient (D) and the corresponding surface exchange

coefficient (k), and above this thickness, mass transport through the electrode becomes the dominant rate

limiting process relative to the surface exchange reaction [70]. The characteristic thickness (Lc) of PCO,

calculated by using the oxygen diffusion coefficient derived from an analysis of electrical conductivity

measurements and the electrical surface exchange coefficient, is -10' pm at 550 - 670 'C, which given

typical film thickness of 1 00s of nanometers, confirms surface exchange controlled kinetics. As shown in

Figure 8 (a), the electrode performance of PCO is comparable with that of several high performance

cathode materials and demonstrates the suitability of PCO as a potential cathode material. This becomes

especially interesting given PCO's natural compatibility with ceria-based solid electrolytes, given its

identical fluorite structure, excellent lattice match, and similar chemistry. In addition, the relatively large

measured values of the electrode capacitance (~102 Fcm-2 ), typical for chemical capacitances (see below),

are indicative of a high degree of nonstoichiometry, as reported for other thin film MIEC systems [32,71].
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Figure 8. (a) Temperature dependence of the electrical surface exchange coefficient (k', kedec in this thesis) of
PCO thin film electrodes compared with other dense thin-film MIEC electrodes fabricated by PLD: LSF
(Lao.sSro.4FeO3-8), LSFC (Lao.sSro.4Feo.8Coo.203-8), LSC (Lao.ASro.4CoO3-8) and STF (SrTio.sFeo.s03-A). (b) pO2
dependence of area specific resistance (Rpco) of 1OPCO at 670 "C. The p0

2 at which an apparent transition
in rate limiting mechanism occurs is indicated by the vertical dashed line. Reprinted from a reference [69].

1.6.3 Chemical capacitance (Cchem) and defect chemistry model of thin films

The chemical capacitance (Cchem) is related to the chemical storage capacity of a material under an

applied electrical potential. In the PCO system, this is reflected in the formation and annihilation of

electro-active species such as V6 and Pr'e [68,72,73]. Cchem is expressed as

8q2 Vfjjm ( [V0]\
Cchem kT'= 3 P02 ) kT aP02)

(15)

Then, the oxygen vacancy concentration in the film can be calculated at each PO2 by integrating

Equation (15) with respect to PO2 as

kT (
[Vd](p02) = I Chmdlp02 + [V0] (p02)8qzV ylmm

(16)

where p0s is a reference oxygen pressure at which [V6] is known. In the case of the PCO system, the

ability to extract reliable reference values for [V6] (p0 ) directly from measurements of Cchem has been

demonstrated by Chen et al [68]. This is possible when the mass balance and electroneutrality relations
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take on the approximations described in Equations (17) or (18) when either nearly all of the Pr ions are

oxidized to Pr" (i.e. high pO2) or when nearly all the Pr ions are reduced to Pr".

[Prce] - [Prce]total (17)

[Prce] = 2[V6] - [Prceltotal (18)

Under these circumstance, [V6] could be extracted directly from an experimental measurement of

Cchem, by using Equation (19) and (20) for the conditions described in Equation (17) and (18), respectively

[68].

Ccem = 4 (1f9)m 9)
3 kT

Cchem = TM ([Prceltotal - 2[V]) (20)

Values of 6, where the approximation given in Equation (17) and (18) is not valid, can be calculated

by using Equation (16) and utilizing [V6](p0) obtained by Equation (19) or (20). It is worth noting that

Equation (15) and thus Equation (16) are valid only for spatially uniform concentrations of defects. This

condition is satisfied for the PCO films studied here, since surface oxygen exchange, as opposed to

chemical diffusivity, limits oxygen transport in and out of the film, leading to rapid and uniform

redistribution of defects within the film [69].
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1.7 Objectives of the research

While it is recognized that the defect equilibria, electronic and ionic transport properties and surface

exchange parameters in oxides play key contributing roles in the performance of SOFC electrolytes and

electrodes, permeation membranes, solid state batteries, gas sensors, etc., there are strikingly few

materials where a complete picture of these properties exists. This is even more true when one considers

thin films for which substrate-film interactions, high-surface- or interface-to-volume ratios (e.g. grain

boundaries) are believed to modify the above properties. The key objectives of this study are to introduce

novel means for investigating defect equilibria, and key kinetic processes in thin oxide MIEC films in an

in-site fashion and correlate these findings with SOFC cathode performance. This is expected to have an

important impact on research in the field, since it will allow investigators to more effectively isolate and

examine the various factors contributing to electrode performance. Towards these ends, I focus on the

following in my thesis:

1. Investigate the optical absorptivity (i.e. color change) of PCO thin films, and correlate it with

defect chemical properties.

2. Investigate the defect equilibria of PCO thin films by simultaneous in situ optical absorption and

EIS measurements.

3. Determine the extinction coefficient of the Pr" color center and correlate it with oxygen

nonstoichiometry

4. Investigate surface exchange reaction kinetics of PCO thin films by simultaneous in situ optical

absorption and EIS measurements.

5. Investigate the correlation between surface chemistry, nature of current collector and consequent

electrochemical reactivity.

6. Demonstrate ability to study chemical diffusion in PCO thin films by color front motion.

7. Investigate means for correlating chemically and electrically derived surface exchange reactions.
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CHAPTER 2. EXPERIMENTS

2.1 Sample Preparation

2.1.] Powder synthesis; Pechini method

The Pechini-based sol-gel process was used in the preparation of PCO powders [74]. The following

starting materials were utilized: cerium (III) nitrate hexahydrate, 99.99% (Sigma Aldrich), praseodymium

(III) nitrate hydrate, 99.9% and ethylene glycol (Alfa Aesar) and citric acid anhydrous (Fisher Scientific)

to fabricate 1, 10, and 20 mol% PCO (IPCO, 1OPCO, and 20PCO, respectively). Aqueous solutions of

metal nitrates were mixed together by stirring, followed by addition of citric acid and ethylene glycol.

The resultant mixtures were heated to 80 ~ 100 'C until polyesterification resulted in a gel. After drying

in an oven at 110 'C, the as-obtained powder was prefired at 300 or 450 'C for 4 h in air, followed by

calcination at 700 'C for 3h.

2.1.2 Deposition of PCO thin films by PLD

Thin films of pure CeO 2, 1PCO, 1OPCO and 20PCO were prepared by means of pulsed laser

deposition (PLD) (Neocera Inc., Beltsville, ML). The dense oxide targets, used for deposition, were

prepared by uniaxially pressing -18 g of the above powders in a cylindrical stainless steel die of 1-3/16"

diameter at 23 MPa for 90 seconds. After pressing, the targets were sintered at -1450 0C under a N2

atmosphere. The relative density of sintered targets were 81 - 86 %. The single crystal substrates used in

this study were (0001) oriented sapphire, (001) oriented YSZ (8 mol% Y 20 3 stabilized zirconia) and (001)

oriented MgO, supplied by MTI Corporation (Richmond, CA). These substrates exhibited optical

transparency and only small changes in refractive index over the wavelength region of this study. After

reaching the base pressure (5 - 8.5 x 10-6 Torr) in the PLD chamber, the substrates were heated to 500 0C

or 700 'C. The actual substrate temperature was calibrated by attaching additional temporary

thermocouples on the sample surface. A Coherent (Santa Clara, CA) COMPex Pro 205 KrF eximer laser,

emitting at a wavelength of 248 nm, was used for ablating the target materials. The typical parameter
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configuration was 400 mJ/pulse and a 8 or 10 Hz laser repetition rate. In order to reveal clean and

stoichiometric surfaces, pre-ablation of the target material with 2000 to 3000 pulses was performed before

every deposition. The oxygen pressure was maintained at 10.0 mTorr during deposition, followed by post

deposition annealing at the deposition temperature in 6 - 7 Torr of oxygen pressure in the same PLD

chamber to facilitate complete oxidation of the films.

2.1.3 Deposition of MgO thin films by RF sputtering

For the experiment monitoring color front motion, an approximately 500 nm thick cover layer of

MgO was deposited by reactive RF magnetron sputtering (Kurt J. Lesker, Clairton, PA). Before deposition,

the substrate stage was heated to 350 OC for -1 hour under mechanical pumping in order to clean the stage.

After reaching the base pressure of < 5 x 10-6 Torr using a cryogenic pump (Cryotorr 8, CTI Cryogenics,

Chelmsford, MA), the substrate was heated to 300 0C by halogen lamps located behind the substrate. A

deposition pressure of 20 mTorr with Ar: 02= 90: 10 was maintained using mass flow controllers (1179A)

operated with a 647C process controller (MKS instruments, Wilmington, MA). An Advanced Energy

RFX-600 power supply (Fort Collins, CO) provided RF power of 100 W during 2 hours of deposition.

2.2 Physical characterization

2.2.1 X-ray diffraction

X-ray diffraction (XRD) measurements were performed on synthesized powders and deposited

films using a Panalytical Multipurpose Diffractometer (Westborough, MA), to obtain information on

crystal phase and preferential orientation. The diffractometer was used in a theta-two theta reflection

arrangement with monochromated Cu Ka (X = 1.541 A) X-ray radiation and an Open Eulerian Cradle

sample stage. Diffraction patterns were analyzed using the software package HighScore (Panalytical,

Westborough, MA) and compared with standards from the ICCD powder diffraction file.
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2.2.2 Atomic force microscopy

The surface roughness, morphology and grain size of PCO films were characterized by a Vecco

Metrology Nanoscope IV Scanned Probe Microscope Controller with a Dimension 3100 SPM (Santa

Barbara, CA). The z-axis limit of the microscope was sometimes reduced from 8 to I ptm in order to

improve the resolution of the surface micrographs. Micrographs were analyzed to determine the root mean

square (RMS) surface roughness and grain size using Vecco's Nanoscope software (version 5.12r3).

2.2.3 Optical transmission spectroscopy

Transmittance spectra of as-prepared and quenched undoped ceria and PCO films were recorded

with the aid of a Cary 500i UV-Vis-NIR Dual-Beam Spectrophotometer (Agilent, Santa Clara, CA). The

thin film stage was used with the blank stage as a reference. The transmittance of the films was

investigated over the wavelength range of 200 to 800 nm.

2.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed in order to estimate the

surface cation composition using a Perkin-Elmer PHI- 500 ESCA Spectrometer with monochromated Al

Ka (1486.65 eV) X-ray radiation under a base pressure of 10- Torr equipped with a charge neutralizer

system. All the XPS measurements were performed at 450 photoelectron takeoff angle configuration. The

probing depths for Ce 3d, Pr 3d, and Bi 4f were estimated to be 3, 3, and 6 nm, respectively. The

quantitative analysis of the Ce 3d, Pr 3d, and Bi 4f XPS spectra was performed using Multipack 9.0

software. Sputter etching was carried out by the EX05 Ar' ion gun. Sputter etching was carried out with

2 kV ion beam energy and 1 gA beam current on the area of 2 x 2 mm2 . A sputtering rate of around 1.7

nm/min was estimated based on the amount of sputtering time needed to completely remove a PCO layer

of known thickness.
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2.2.5 Auger electron spectroscopy

Auger electron spectroscopy (AES) (Physical Electronics Model 700 scanning nanoprobe) was

used to identify lateral heterogeneities in cation compositions at the film surfaces with high spatial

resolution. Electron beam settings of 20 keV and 10 nA were used for both SEM imaging and Auger

electron excitation. The Ce MNN, Pr MNN, and Bi NNN Auger emissions were measured for quantifying

the surface cation composition of 1 OPCO films. The sampling depths of these Auger electrons are -4.0

nm for both Ce MNN and Pr MNN and -2.5 nm for Bi NNN, estimated based on 3 times the inelastic

mean free path of photoelectrons. The smoothing and differentiation of the AES spectra collected were

carried out using the Savitsky-Golay algorithm. Quantification of the AES differential spectra is

performed using peak-to-peak intensities of the tight-scans of the noted emissions from the constituent

cations. We used the standard sensitivity factors (Physical Electronics Inc., 2011) for the chemical

quantification with AES, and the sensitivity factors for these emissions in the PCO films may vary from

the provided standards. Therefore, rather than the absolute values of the surface chemical content, the

qualitative trends should be taken into account regarding the AES results.

2.2.6 Wavelength dispersive X-ray spectroscopy

In order to investigate the Pr concentration in the PCO thin films, wavelength dispersive X-ray

spectroscopy (WDS) measurements were performed by using a JEOL-JXA-8200 Superprobe (JEOL,

Peabody, MA) with highly sensitive WDS analyzing crystals and detectors. The standards used for Ce, Pr

and 0 were CePO 4, PrPO 4 and Fe2O 3, respectively.

2.2.7 Scanning electron microscopy

The surfaces of PCO films were viewed by scanning electron microscopy (SEM) to investigate

cracks and other microstructural features. The microscope was a Helios Nanolab 600 Dual Beam Focused

Ion Beam Milling System (FIB) (FEI, Hillsboro, Oregon). Improved resolution was achieved by using
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magnetic immersion electron optics. In order to avoid charging effects, a carbon conductive coating (~5

nm) was applied to the film surfaces. Samples were attached to an aluminum stub by carbon tape.

2.3 Ex-situ optical absorption measurement

Undoped ceria and PCO thin films, investigated by ex situ transmittance measurements, were

deposited by the PLD technique onto (0001) oriented single crystal sapphire substrates (10 x 10 x 0.5

mm 3, both-sides polished; MTI Corporation, Richmond, CA). In order to investigate difference in

transmittance spectra of reduced and oxidized samples, they were heated in a quartz tube to 600 'C, in a

0.1% CO/CO2 gas mixture (pO2 ~ 0-" atm), for 8-10 hours. Rapid quenching to room temperature was

achieved by opening the upper half of the split furnace while maintaining a flow of reducing gas. The

quench rate was -27 'C/min from 600 'C to -100 0C.

2.4 Joint in-situ optical and EIS measurements

2.4.1 Measurement setup

A novel experimental arrangement was designed to enable the simultaneous in situ measurement

of both optical absorption and electrochemical impedance spectroscopy (EIS), as shown in Figure 9.

While one half of the thin film specimens supported on YSZ single crystal substrates were used for in situ

optical measurements, the other half were simultaneously utilized for EIS measurements with either

symmetric cells of PCO/YSZ/PCO or asymmetric cells of PCO/YSZ/Ag. Optical transmittance

measurements were performed by passing a monochromated beam of light (532 nm), or scanning a wide

range of wavelengths (420 nm - 560 nm), through the supported PCO films and YSZ substrate. The

substrates were held vertically in specially designed quartz tubes that were placed into a split furnace,

allowing the light beam to pass through the sample uninterrupted. A beam splitter reflected part of the

beam to a photodetector prior to passing through the sample, as illustrated in Figure 9, to remove

instantaneous and long-term variations in light source intensity. The probe beam was mechanically
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chopped and detected using photodetectors connected to lock-in amplifiers, thus isolating the transmitted

light from background radiation. The glass band-pass filters (FGB37, 335-610 nm or FGS900, 315-710

nm) were placed right before the photodetectors in order to minimize blackbody radiation transmitted

from the hot furnace.

PCO thin film on YSZ,
Symmetrical cell

Gas inlet from MFC
4,
Furnace

Path of light

1 1 Chopper
Light source + f
Monochromator U| N Photodetector

Photodetector 
PLock-in amplifier

Thermocouple

Gas outlet to P02 sensor

Pt wire

Porous Pt
current collector

Figure 9. Schematic diagram of the experimental setup for simultaneous in situ optical absorption and
electrochemical impedance spectroscopy (EIS) measurements. Reprinted from a reference [75].

2.4.2 Cell preparation

1 OPCO thin films, investigated by joint in-situ optical and EIS measurements, were deposited by

PLD onto (001) oriented single crystal YSZ (8 mol% Y 203 stabilized zirconia) substrates (10 x 5 x 0.5

mm 3 ; MTI Corporation, Richmond, CA), as listed in the Table 1. The transparent YSZ substrates, polished

both sides, were used in the optical transmittance measurements and also served as the electrolyte for EIS

measurements. All samples were grown with the same deposition conditions, in the same PLD chamber

(Chapter 2. Experiments), with the aim of achieving similar film thicknesses (determined by surface

profilometry, KLA-Tencor P-16+ stylus profiler) and microstructures. In order to simultaneously perform
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both optical and EIS measurements on a single sample, one half of the PCO coated wafer was covered

both sides by electrical current collectors while the other half was contact-metal free. An Ag counter

electrode was sometimes painted on the opposite side of the YSZ wafer to form an asymmetrical

PCO/YSZ/Ag electrochemical cell, by using Ag paste (SPI supplies, West Chester, PA). Alternatively,

symmetrical cells of the type PCO/YSZ/PCO were prepared and characterized. The samples were

mounted into a specially designed sample holder, which supports the sample in a vertical orientation and

enables contact with the Pt electrical leads and thermocouple (see Figure 9 and Figure 10 (b)).

For the impedance studies, a variety of current collectors were prepared (Table 1). For Samples I

(left in Figure 10 (a)), porous Pt thin layers (~200 nm) were deposited onto the surfaces of PCO films by

reactive sputtering [76]. PtO, was first deposited and subsequently annealed at 650 OC in air in order to

reduce Pt oxide to Pt. This reduction step results in uniform porous Pt structures which can serve as gas

permeable current collectors [76]. The reactive sputtered porous Pt was chosen due to its better adhesion

to the oxide film than metal contact coatings prepared with Pt or Au paste alone. This feature was

important given that the sample was held vertically and required connection with the Pt electrical wires

emanating from the sample holder. The Pt wires of the sample holder were directly attached to the porous

Pt layer of the sample and then held in place by the applications of Pt paste, which was annealed at 700

0C. However, several trials, including the annealing step for Pt paste at high temperatures, were required

to ensure good contact.

In order to avoid this problem for Sample II, after preparing the porous Pt layer as in Sample I,

additional Pt wires were anchored by use of ceramic paste (Heat resistance inorganic adhesive, Aron

Alpha, West Jefferson, OH) at the edge of the substrate (center in Figure 10 (a)). Then, Pt paste was

applied between the Pt wires and the porous Pt layer. Finally, Pt wires attached to the sample and one

from the sample holder were connected to each other. Three samples in Sample I were prepared at the

same time following all the same fabrication steps, including deposition of 1 OPCO film by PLD and

preparation of current collector and counter electrode. This was designed to minimize differences in

thermal treatment history and exposure to contamination. The individual samples were then used forjoint
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in-situ optical and EIS measurements at one of the three temperatures of measurement (550 'C, 600 0C

and 650 'C).

Because the Pt wire was well secured by ceramic paste for Sample III, only Pt paste was used for

the current collector, eliminating one annealing step for the reactive sputtered Pt layer. In addition, as

little ceramic paste was applied as possible (right in Figure 10 (a)). To examine the possible role of aging,

two samples in the Sample III series were prepared at the same time. One sample was annealed during 5

cycles of sequential pO2 step change at 600 'C while the other remained as-prepared as a reference.

(a)(b

igure 10. Photographs of (a) Sample I, Sample II and Sample III and (b) Sample I supported by the sample
older.

Table 2. Samples used in joint in-situ optical and EIS measurement.

Sample Cell PCO film Counter electrode Current collector Ceramic
set structure thickness for asymmetric cell for PCO electrode paste

Sample Symmetric 256 8 nm Not applicable Reactive sputtered Pt
I + Pt paste (700 0C annealed)

Sample Asymmetric/ 260 9 nm Ag paste Reactive sputtered Pt
II Symmetric + Pt paste (650 0C annealed)

Sample Symmetric 254 16 Not applicable Pt paste (700 'C annealed)
III nm

2.4.3 Measurement condition

The electrochemical impedance spectroscopy (EIS) measurements, covering the frequency range

from 5 - 20 mHz to 65 ~ 70 kHz with an AC amplitude of 20 ~ 30 mV and zero DC bias, were performed

using a combination of Solarton 1260 impedance analyzer and 1286 potentiostat/galvanostat or the

ModuLab system (Solartron Analytical) in conjunction with the FRA 1 MHz (2055A) Frequency

Response Analyzer module. Zview software (Scribner Associates) was used to fit the data and construct
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equivalent circuits to analyze the impedance data. The oxygen partial pressure within the quartz tube was

controlled by preparing Ar-02 (sometimes, N2 -02 ) and H2-H 20-Ar (sometimes, H2-H20-N2) gas mixtures

with the aid of mass flow controllers (MKS instruments, Wilmington, MA) and monitored by a YSZ

Nernst type oxygen sensor in an external furnace.

2.5 Color front motion measurement

2.5.1 Cell preparation

A specially designed cell structure, as shown in Figure 11, was designed in order to provide an

extended oxygen diffusion pathway. 1 OPCO thin films, investigated for color front motion measurements,

were deposited by PLD onto a (001) oriented single crystal MgO or a (0001) oriented single crystal A12 0 3

substrate (10 x 5 x 0.5 mm 3 , one-side polished; MTI Corporation, Richmond, CA). Then, a MgO

transparent oxygen diffusion barrier was deposited by RF sputtering onto the entire surface of the 1OPCO

film. To enable oxygen ingress into the PCO film, either the MgO cover layer and PCO film were scribed

with a razor blade (see Figure 11), or the MgO substrate was cleaved along a preferred crystallographic

direction to generate a clean and sharp edge.

PCO thin film

MgO or A120,

Figure 11. Schematic of a sample design for color front motion.

2.5.2 Measurement set-up

A custom-designed heater stick [77] was utilized for the experiment. As shown in Figure 12 (a),

the heater stick consists of screen-printed gold contacts and Au-Pt thermocouple at the top side and Pt-
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heater lines at the bottom side of an alumina substrate, respectively. The dielectric ink is screen-printed

as a shield layer. The sample with the structure of MgO/10PCO/substrate, described above (section 2.5.1),

was mounted on the shield layer with Ag paste in order to ensure good thermal contact. An additional S-

type thermocouple was placed on the sample surface with a point contact of Ag paste. The device's

temperature was controlled by a custom-designed temperature controller, achieving up to 600 *C with

maximum heating and cooling rates of ~20 'C/s in air. The temperature distribution was found to be

uniform with small variance (< 4 0C), measured by an infrared thermal camera. Its small size (510 mm x

6 mm x 0.6 mm) enabled the use of a small volume chamber, and therefore made it possible to achieve a

short working distance for the optical microscope as well as rapid changes in gas atmosphere. The former

is particularly difficult to achieve with typical commercial furnaces.

Optical micrographs were collected using a Dino-lite microscope (Premier2-AD-7013MTL) with

fixed exposure time and were saved as lossless, 8 bit-per-pixel, portable network graphics (PNG) files. In

order to correct for drift of the microscope with respect to the sample during the measurements, the images

were first registered using the image registration toolkit in Matlab (MATLAB and Statistics Toolbox

Release 2015, The MathWorks, Inc., Natick, MA) with the first image in the series acting as the target

coordinate system. In order to facilitate this process, the images are first converted from the RGB color

scale to grayscale with a 1:1:1 weighting of the RGB intensity values. This weighting could be further

optimized in the future to better extract the red tones contributed to the image by the Pr".

(a) Sample (PCO) Thermocouple (Au & Pt) (b) Microscope
Conductor tracks (Au)
Substrate (alumina) -
Heater (Pt)

/dyHeater stick
Shield layer hI h m..~

Figure 12. (a) Structure of the heater stick. Reprint from a reference [77] (b) Photo of the experimental setup
for investigating color-front motion.
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2.5.3 Measurement condition

Isothermal color front motion in 1 OPCO film was recorded upon rapid PO2 change between 1000

ppm H2/Ar and 100% 02. Optical microscope images were taken in a short time interval just before and

after PO2 changes to capture any sudden changes. Then images were taken every 20 or 30 minutes until a

new equilibrium condition was reached. The oxygen partial pressure within the quartz tube was controlled

by preparing N 2-02 and H2-Ar gas mixtures with the aid of mass flow controllers (MKS instruments,

Wilmington, MA) and monitored by a YSZ Nernst type oxygen sensor in an external furnace.
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CHAPTER 3. RESULTS

3.1 Physical/chemical characterization of PCO powder and thin films

3.1.1 PCO powders

The XRD spectra of PrxCe-x02-. (x=0.01, 0.1 and 0.2) powders synthesized in this study are shown

in Figure 13. The results indicate that the powders are single cubic fluorite phase.

I I I I
I I I I I I I I

30 40 50 60

20 (degrees)
70 80

Figure 13. XRD patterns of synthesized PrXCei-,02-8 (x=0.01, 0.1 and 0.2) powders in this study and reference

of undoped cubic ceria (PDF# 34-394).

3.1.2 PCO thin films

Figure 14 shows the XRD spectra of 1 OPCO thin films deposited on (a) YSZ (001), (b) A120 3 (0001)

and (c) MgO (001) single crystal substrates by pulsed laser deposition. The deposition temperature was

700 OC for YSZ and A1203 substrates and 500 0C for MgO substrates. Other deposition conditions were

identical. The results indicate that 1 OPCO films on YSZ and MgO substrates are polycrystalline fluorite

phase with highly (100) oriented texture, while 1 OPCO films on A120 3 substrates shows two preferential
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orientations of ( 111) and (100). There is no evidence of amorphous films, or diffraction peaks other than

the ones in the cubic fluorite phase.

From wavelength dispersive X-ray spectroscopy (WDS) measurements, the Pr concentration in

I OPCO thin films was found to be 9.7 0.3%, close to the nominal value of 10%.

IOPCOIYSZ (001)

YSZ (Ob1) substrate

(220) 'Cubic Ce02,
(311)

1(200) (2 22) (460) (311)(420)

30 40 50 60 70 80
20 (degrees)

IOPCO/MgO (001)

I i. A

(a)

0

I"
C

(111)( 
2 )(220)

1(200)

Cubic CeO 2 ,
(311)

1(222) (460)

C

C

IOPCOIAI 2O, (0001)

ii A

SA1 203 (0001) substrate

(110)
Cubic CeO,,

(311)

(222) (440) (311)(420)

I _ 1 i 1 , I

30 40 50 60
20 (degrees)

70 80

30 40 50 60 70 80

20 (degrees)

Figure 14. XRD patterns of Pro.1Ceo.902-6 (10PCO) thin films deposited on (a) a YSZ (001), (b) a A1203 (0001)
and (c) a MgO (001) single crystal substrates by pulsed laser deposition at 700 "C for YSZ and A1203
substrates and at 500 'C for MgO substrates. Reference XRD pattern of undoped cubic ceria (PDF# 34-394)
is also displayed for comparison.
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3.2 Ex-situ optical transmittance measurement results of PCO thin films

Figure 15 shows the transmittance spectra of as-prepared undoped ceria and PCO thin films with

different Pr doping concentrations covering the UV-visible range (300-800 nm). All films show a strong

drop in transmission below about 340 nm, consistent with the band gap of CeO 2. At longer wavelengths,

the pure ceria and I PCO thin films exhibit a sharp increase in transmission that saturates. On the other

hand, with increasing wavelength the I OPCO and 20PCO both show a gradual increase in transmission,

with 20PCO being shallower, ultimately reaching a saturated transmission above about 650 nm. The

oscillations in transmission are associated with light interference from film geometry. Film thicknesses of

240 nm, 300 nm, 280 nm and 280 nm for undoped ceria, 1PCO, and 1OPCO and 20PCO, respectively

were measured. The frequency of geometrically related oscillations in transmittance is clearly larger for

the thicker 1PCO as compared to ceria, confirming them to be thickness fringes [78].

E

I-

100-

80-

60-

40

20-

0

.0 3.5
i+++ i

3.0
Energy [eV]

2.5 2.0

300 400 500 600 700 800
Wavelength [nm]

Figure 15. Transmittance spectra of as-prepared (oxidized) undoped ceria and PCO thin films on a A1203
(0001) substrate.
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Figure 16 (a) and (b) show change in the transmittance spectra of 1 OPCO and 20PCO, respectively,

upon reducing treatment. Due to the low absorption of 1 PCO, I OPCO and 20PCO are examined for optical

transmission as a function of reducing and oxidizing heat treatments. Reduced films were prepared by

annealing the films at 600 0C in a 0.1% CO/CO2 gas mixture (pO2 ~ 1019 atm) for 8-10 hours, followed

by rapid quenching to room temperature. While the undoped ceria thin film showed no visual color change,

nor change in transmittance spectrum following reduction, both IOPCO and 20PCO thin films showed a

dramatic color change from red to transparent, consistent with suppressed absorption from 350 nm to 600

nm after reduction.

Energy [eV] (b Energy [eV]
4.0 3.5 3.0 2.5 2.0 ) 4.0 3.5 3.0 2.5 2.0100 - 100- -116116 0

Reduced

-80. Reduced
80-A 0 Z0 80

C/
60-- 60-

E E
40-- 40- -

C C
Oxidized

I- 20 Oxidized

0 10PCO 0 - 20PCO

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Figure 16. Transmittance spectra of as-prepared (oxidized) and reduced thin films with different Pr doping
concentration of (a) IOPCO and (b) 20PCO on a A1203 (0001) substrate.

3.3 Joint in-situ optical and EIS measurement results for PCO thin film

3.3.1 in-situ optical transmittance measurement results

Figure 17 to Figure 19 show the time dependent transmittance, following stepwise changes in PO2

for Sample I at 600 'C, Sample II at four different temperatures (550 OC to 700 C) and Sample III at 600

0C, respectively. Transmitted light intensity was recorded while the I OPCO thin films were reduced from

the initial 0.21 - atm PO2 and then oxidized again in a stepwise manner at given temperatures. For

Sample I and II, the I OPCO thin films were reduced at highly reducing condition (pO2 < 10-18) where all
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Pr ions become Pr3". The transmittance recorded at this condition was used for determining the optical

absorption coefficient of the sample, i.e. Pr"* color centers, discussed later.

Consistent with the ex-situ quenching experiment described in the previous chapter, 1 OPCO thin

films become more transparent when reduced, and more colored, or absorbing, when oxidized. As

illustrated in Figure 17 and Figure 19, the changes in transmittance upon pO2 change are reversible, given

sufficient time to equilibrate. Following rapid step changes in pO2, the film absorption varies with time

before reaching a new equilibrium state. From the transmitted light intensity at each equilibrium state, the

absorption coefficient for Pr* color centers can be determined as discussed later. In addition, the optical

relaxation upon pO2 step changes enables one to extract the oxygen surface exchange reaction constant

from these kinetics.

8.5 0
.0 Sample I ,.... -2

8.0 -- -- 2
-4

A7.5-
-6E

c 7.0- -8
-10

06.5- <- -12

-16 -

-18

-- 20
- - -- - -- -- -- ----- - - -22

2600 2C

0 50 100 150 200 250 300
Time [hour]

Figure 17. Plot of transmittance and log oxygen partial pressure versus time at 600 "C for Sample I. Redrawn
from a reference [75].
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Figure 18. Plot of transmittance and log oxygen partial pressure versus time at 550
(c) and 700 "C (d) for Sample 11.
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Figure 19. Plot of transmittance and log oxygen partial pressure versus time at 600 "C for the 5 th annealing
cycle of Sample III. Transmittance changes upon the same sequence of pO2 step changes during other cycles
showed similar behavior.
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Determination of chemical oxygen exchange coefficient, kche.

Figure 20 (a) shows the isothermal changes in transmitted light intensity for a 1 OPCO thin film

following a rapid step change in pO2. As the film is reduced, it becomes more transparent, which is

consistent with decreasing Pr* concentration, as discussed later. One observes that the equilibration time

for the change in optical transmittance is much longer than the time required for establishment of the new

PO2 value, thus confirming that the transient behavior in absorption is solely related to the controlling

reduction kinetics of the thin film specimen. Most of the transient data collected in this study showed

similar behavior.

In Chen et al.'s study, the surface exchange reaction was determined to be the rate determining step

in the reduction and oxidation kinetics of PCO thin films [69]. In addition, the characteristic thickness (Lc

= D/k, for definition, see section 1.6.2) of PCO, estimated to be -10' gm at 550 - 670 OC, is much thicker

than the PCO thin film thicknesses (< 500 nm) used in this study. Considering surface exchange controlled

kinetics, relaxations in the concentration of optical absorbing centers (Pr*) following a PO2 step change

can be modeled as follows [79].

-A 1- exp -- (21)
A! -A 0  (

where A,, Ao and A1 are absorbance due to Pr* at any given time (t), initial time, and final time,

respectively. Given that the transmitted light intensity decreases exponentially proportional to absorbance

of the light absorbing media, Equation (21) can be expressed as below.

ln(It) - ln(IO) (22)
ln(If) - ln(IO) (-XP I)

where I, Io and If are the transmitted light intensities at any given time (t), initial time, and final time,

respectively. After rearranging Equation (22) and plotting as a function of time, the time constant, z, can

be extracted.

In1-ln(It/lo) t (3ln 1- =--) (23)
ln(IgIo)
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Figure 20 (b) illustrates a plot of the above expression for the pO2 step change condition shown in

Figure 20 (a). The data are well fitted to a linear relationship, with slope equal to -l/t. The chemical

surface exchange coefficient, kche,, is obtained from the following relation [79].

kchem = - (24)
T

where / is the thickness of film.

(a) b
600 *C 600 *C

2.90.-...-......... -2.0 0- log(po2 ) -1.99 -+ -2.39
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02.80 { 26

.................................................... -2. -2-E -
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Figure 20. (a) Transmitted light intensity change upon the p02 step change from 0.01 atm to 0.004 atm at 600
"C and (b) method for extracting time constant T from relaxation data in (a). The slope is -1/ T.

Figure 21 to Figure 24 show the k,,,ee values for Sample I at 600 0C (Figure 21), for Sample II at

550 'C - 650 'C (Figure 22 and Figure 23) and for Sample III at 600 'C (Figure 24). For all samples, the

transmitted light intensity was recorded while the 1OPCO thin films were reduced from the initial high

PO2 and then oxidized again in a stepwise manner. As mentioned before, for the experiments dealing with

Sample II, three samples were prepared at the same time, with a different sample used at each temperature

to avoid any time-dependent change in reaction kinetics due to subsequent annealing at different

temperatures. Generally speaking, kche. shows a positive PO2 dependence; i.e. kchem increases with

increasing PO2. This can be expressed by a power law dependence with m as follows.

kchem = kchemP2 (25)
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For Sample I, kche shows a strong pO2 dependency with m = 0.66 0.06 during the reduction step

for PO2s above 10-3 atm. On the other hand, kchen obtained during re-oxidation shows a weaker pO2

dependency (m = 0.27 0.00) with smaller magnitudes than the ones obtained during the reduction steps,

but the data converge at lower pO2. For Sample II, as shown in Figure 22 and Figure 23 (a), during the

reduction step at 600 'C and 650 'C, kchem shows a weak pO2 dependency in the measured pO2 range, while

the initial strong pO2 dependency of kchem (m =0.49 0.11) at 550 IC becomes weak in the lower pO2

regime. On the contrary, during oxidation steps (Figure 23 (b)), khen, at 600 OC and 650 IC shows a stronger

pO2 dependency (m = -0.37) but ken, at 550 0C is only weakly dependent on p02. The values of khc,n

generally become larger at higher temperature (Figure 23). At each temperature, kche, during oxidation

steps are generally larger or comparable to ones obtained during reduction steps (Figure 22). For Sample

III (Figure 24), kchem during oxidation is about one order of magnitude larger than the one during reduction,

while their pO2 dependency is similar (m = 0.50 ~ 0.55).

-6 - 1 1 1
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E

0.66 0.06 *

0 .10.27 0.00
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-5 -4 -3 -2 -1 0

log(po 2 ) [atm]

Figure 21. Plot of kchem from optical relaxation versus p02 for Sample I at 600 1C. The 1OPCO film was
reduced and then oxidized. kchem values are plotted using the final p02 value for each relaxation step.
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Figure 22. Plot of kchem from optical relaxation versus PO2 for sample II at 550 'C (a), 600 OC (b) and 650 *C
(c). The 10PCO film was reduced and then oxidized. kchem values are plotted using the final pO2 value for each
relaxation step.
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Figure 23. Plot of kchem from optical relaxation versus pO2 for sample 11 (a) while the 1OPCO film was reduced
and (b) while it was re-oxidized at 550 'C, 600 'C and 650 'C. kchem values are plotted using the final pO2 value
for each relaxation step.
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Figure 24. Plot of kchem from optical relaxation versus p02 for sample III from 1st cycle of reduction-oxidation

at 600 0C. kchem values are plotted using the final p02 value for each relaxation step.

3.3.2 in-situ EIS results

Figure 25 (a) shows typical impedance spectra obtained for the symmetric cell,

lOPCO/YSZ/IOPCO (Sample I and III), at 600 'C in air. As shown in the inset, the spectra are represented

by a resistor in series with an R//Q circuit (R//Q: a resistor in parallel with a constant phase element [CPE]).

CPEs are used to take into account any inhomogeneities in the electrodes resulting in "depressed" arcs

not well represented by ideal capacitors [67]. An equivalent capacitance was derived from the CPE using

the treatment discussed in Reference [80]. The impedance of a constant phase element is given by

1
Z = Q(26)

Q (ji 0 )f

from which the capacitance is derived using the following equation.

C = Qcomajx = ( (27)

The equivalent circuit fits are observed to represent the data well. As discussed by Chen et al. [69],

R1 reflects the series YSZ ohmic contribution to the overall cell impedance and R2 is the electrode

resistance at the PCO/gas interface, limited by oxygen surface exchange kinetics. Lastly, CPE2 is the

chemical capacitance (Cchem) of the PCO film. Typical phase angles for the CPE impedance were 88.6

1.1 degrees and thus CPE2 demonstrates near ideal capacitance. Additionally, the relatively large Che,
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values (e.g. 3-35 mF/cm2 ) are indicative of chemical capacitance, as reported for other thin film MIEC

systems [32,68,71].

As shown in Figure 25 (b), the additional arc (R 3//CPE3) between the offset resistance and the large

semicircle at low frequencies appeared for the asymmetric cell, 10PCO/YSZ/Ag (Sample II). It shows a

PO2 dependent change and is characterized by an activation energy of 0.96 0.01 eV, which is close to

literature values (1.02 - 1.20 eV) of Ag/YSZ cell when atomic oxygen bulk diffusion through the solid

silver is considered as the rate-determining process [81]. In addition, when the symmetric cell with

Ag/YSZ/Ag structure was tested, one semicircle with similar shape appeared. It could therefore be

attributed to the Ag counter electrode/gas/YSZ electrolyte interface. It should be mentioned that the fitting

of the experimentally obtained impedance spectra with the modeled equivalent circuit became difficult

when semicircles from PCO and Ag counter electrodes in the complex plot were comparable in the size

and overlapped considerably at certain PO2s and temperatures (Figure 26). In some cases, better fitting

could be obtained by fitting the semicircles separately. For example, the semicircle from the Ag counter

electrode was first fitted with a resistor in series with an R//Q circuit (the circuit model in the inset of

Figure 25 (a)). Then, by fixing obtained values for the offset resistance and R and Q for the semicircle

from the Ag counter electrode, all the data were fitted with a resistor in series with two R//Q circuits (the

circuit model in the inset of Figure 26), in order to extract the R and Q values for the semicircle from PCO

electrode. The final fitting result, obtained by following this procedure, is compared with the experimental

data in Figure 26. In order to eliminate this kind of fitting difficulty, the use of a reference electrode is

recommended, thereby minimizing potential fitting errors.
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Figure 25. Typical impedance spectra in air at 600 *C from (a) symmetric
asymmetric cell PCO/YSZ/Ag, with variables defined in the text.
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Figure 26. Impedance spectra at 700 *C and log(p02) = -3.04 atm obtained from the asymmetric cell
PCO/YSZ/Ag, with variables defined in the text.

Chemical capacitance (Chem) of IOPCO thin film electrode

In Figure 27, the experimentally obtained Cch, values are plotted as a function of pO2. In Figure

27 (a), the filled and empty hexagons indicate Cchem values obtained from Sample I, while the sample was

being reduced and oxidized, respectively. The filled dots in Figure 27 (b) represent Cchem values obtained

from Sample 1I measured at 550 'C - 700 'C, while the empty dots in Figure 27 (c) indicate Cchem values

obtained from Sample III during 5 time cycles of pO2 step change at 600 OC. The solid curve represents
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the calculated values of Ce, based on Equation (15) using [VJ] values from the defect model with the

thermodynamic parameters from Chen et al.'s work [68]. Good agreement between values from the

present work and the predicted values is observed for all the Samples, showing that the volume specific

Cche values, thermodynamic quantities, do not vary between samples.
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Figure 27. Isothermal dependence of volume-specific Cchem on pO2 for Sample I at 600 "C (a), for Sample II
at 550 *C, 600 1C, 650 "C and 700 "C (b) and for Sample III at 600 *C (c). The -1/6 and 1/4 indicate the slopes
expected at low pO2 and high pO2 where Equation (17) and (18) are valid, respectively [68]. The red dotted
circles indicate capacitances used to derive absolute stoichiometry using Equation (19) and (20). Solid lines
represent modeled data from reference [68].

Following the approach discussed above and in Reference [68], oxygen non-stoichiometry values

(6) for the PCO thin films were extracted from experimentally obtained values for Chem by utilizing

Equation (15). The absolute stoichiometry was calculated by using Equation (19) for 550 'C to 650 'C
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and Equation (20) for 700 0C at PO2 where Equation (17) and (18) are valid, respectively (as indicated

with the red dotted circles in Figure 27). S was then used to calculate the Pr 4 ion concentration by

Equation (28) obtained by substitution of Equation (13) into Equation (14).

[Prxe] ~ [Prce]total - 2[V5] (28)

The filled and empty dots in Figure 28 show S and the Pr4* ion concentration extracted from Chen,

respectively, for Sample I (a) and Sample 11 (b). These results are compared with values calculated by

using a defect model (solid and dotted lines) [68]. The present data agree well with both the magnitude

and temperature/p02 dependence predicted by the defect model.
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Electrical oxygen exchange coefficient (keiec ) of OPCO thin film electrode

When the surface exchange reaction is the limiting process, the electrical surface exchange

coefficient, kelec, can be extracted from the measured electrode resistance as follows [29].

kT
kelec = 4e2RSCO (29)

where k, T, e, Rs and Co are Boltzmann constant, temperature, electron charge, area specific resistance

(ASR) and total concentration of lattice oxygen (5.036 x 1022 cm-3 used in this calculation), respectively.

Figure 29 (a) and (b) show the PO2 dependence of the electrode resistance measured for Sample I

and the corresponding keiec. The slope, m in the Equation (25), for log kelec vs log PO2 plot, is 1.01 0.06

at lower P0 2 (< 10-3 atm) and 0.29 0.03 at higher pO2 (>10-2 atm), pointing to a change in reaction

mechanism. Overall, there is an approximately a three orders of magnitude change in ASR over the PO2

range examined. This change in pO2 dependence agrees well with Chen et al.'s previous work [69], even

given differences in the current collector material; Pt for this work and Au for Chen et al.'s work. The

electrode resistance and corresponding kelec values at given PO2s at this temperature (600 C) changed

little during the reduction - oxidation cycle.

Figure 30 and Figure 31 show the P0 2 dependence of the electrode resistance and corresponding

keiec values for Sample II at 550 'C, 600 0C and 650 OC. Generally, keiec becomes higher when temperature

increases, indicating that the governing reaction kinetics are thermally activated. Interestingly, contrary

to Sample I, keiec of Sample II goes through maximum values at pO2=I- 2 - 10- atm, showing negative

pO2 dependence at higher pO2 (m= -0.64 - -0.94) and positive PO2 dependence at lower pO2 (m = 0.65

0.06). This negative PO2 dependence of kelec is also found for Sample III (m= -0.71 0.09) as shown at

Figure 32. The kelec maximum shifted to lower pO2 when temperature decreased from 650 OC to 550 0C.

In general, keiec at a given PO2 appears to be insensitive to whether obtained during a given reduction or

oxidation cycle at each of the temperatures.
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3.3.3 Time dependent change Of kehem and keiec

Time dependent changes in kenem and kelec were investigated with Sample III by using joint in situ

optical and EIS measurements. Maintaining the temperature at 600 OC, the sample was subjected to 5

reduction-oxidation cycles. One cycle consists of the reduction and the subsequent oxidation between

0.21 atm and 10- atm of p02. One step change in pO2 is -33% of the initial PO2 value. Figure 33 shows

the measured kchem from each cycle. For all cycles, kchem from the oxidation step is larger in magnitude

than the one from the reduction step. This might be explained by noting that oxygen incorporation into

the oxide lattice during oxidation is generally known to require less energy than oxygen vacancy

formation requiring the breaking of ionic bonds during the reduction reaction. As summarized in Figure

34 (a), kchem during reduction step increases from the 1st cycle to the 2 n cycle, then kchem for 3 rd cycle

becomes similar as the one for the Ist cycle. Eventually, kchem decrease slightly during the 4 th and 5 th cycles

by a factor of 3-4 times compared to the one with the largest magnitude ( 2 nd cycle). On the other hand,

kchem during oxidation step keeps decreasing in magnitude from the Ist to the 5 th cycle by about a factor of

5 (Figure 34 (b)). The power law dependence of kchem with PO2 shows similar positive values (m = 0.44 ~

0.61) for both reduction and oxidation steps (Figure 34). In the case of kelec, as shown in Figure 35 and

Figure 36, the decrease from values in the Ist cycle to ones in the 5 th cycle is a factor of 1.5 - 2.5, which

is a relatively smaller change than the ones observed for kchem, while all cycles of reduction-oxidation

show a negative PO2 dependence (m = -0.66 - -0.76) in the high PO2 regime while keiec reaches a maximum

at around 10-2.5 atm.
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3.4 Surface chemical and morphological properties of PCO thin films

3.4.1 XPS results

Impurities on the PCO surface

The chemical composition of an as-deposited I OPCO film and of Sample I, II and III, which were

annealed at 600 0C for joint in situ optical and EIS measurement, was investigated by means of XPS,

known to be extremely sensitive to the near-surface region (Table 3). No specific impurity (other than

carbon) was found on the as-deposited PCO film, with only peaks for carbon and oxygen obtained, as

normally present on samples exposed to the atmosphere (Figure 37). However, an appreciable amount of

Na and Si was found on the surface of Samples I and II which were used for joint in situ optical and EIS

measurement. Surprisingly, no peaks relating to Ce and Pr were found at the surface of Sample II, while

peaks for C and 0 were intense, indicating high concentration of carbonate related impurities at the surface

(Figure 37). The Nals peak is usually accompanied by strong Auger peak, Na KLL peak. In the XPS

spectra shown in Figure 37, it appears at -492 eV, given that its binding energy results from the kinetic

energy (990 eV [82]) and the work function of the instrument (-5 eV) subtracted from the excitation

energy (1487 eV). Contrary to Sample I and II, a considerable amount of Bi was found on the PCO film

surface of Sample III, while Na and Si impurities were not detected (Figure 38). The Bi (4f7 2) peak in

XPS spectra is found around 159 eV, very close to the position of the Bi peak in Bi oxide, 159.2 eV. For

metallic Bi, the peak position is significantly lower, 157 eV. Therefore, it can be concluded that Bi exists

in its oxide form.

In order to find out the origin of the impurities, XPS measurements were performed on the

pastes/inks used when preparing the sample for EIS measurements; platinum, silver and ceramic

pastes/inks. The impurities found are summarized in Table 4. A large amount of Na was found in the Ag

paste, while Bi and Na were found in the reactive Pt paste. In order to compare with the reactive Pt paste

used in this study, other types of Pt paste (nominally pure Pt paste) was also investigated. In the nominally
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pure Pt paste, Bi and Na were still found, but lower amounts compared to the reactive Pt paste. From the

ceramic paste, Si and Na were found.
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Figure 37. XPS spectra for annealed PCO film of Sample II at 600 IC for joint in situ optical and EIS
measurement.

Table 3. Chemical composition (cations) obtained from as-deposited l0PCO film, Sample I, II and III after
annealing for joint in situ optical and EIS measurements. The unit for atomic concentration is percentage.

Ce Pr Bi Na Si Ca Pr/(Pr+Ce)

As-deposited 73.0 27.0 - - - - 0.27

Sample I 21.5 8.8 2.1 15.0 52.6 - 0.29

Sample II - - - 51.0 34.0 15.0 -

Sample III 50.0 18.0 32.0 - - - 0.26
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Figure 38. Bi spectra for as-deposited and annealed PCO films of Sample III after 5 cycles of reduction-
oxidation at 600 "C.

Table 4. Chemical composition (cations) obtained from pastes used in this study for sample preparation. The
pure Pt paste was investigated for comparison. The unit for atomic concentration is percentage.

Ag Pt Si Na Bi

Ag paste 85.0 - - 15.0 -

Reactive Pt paste - 76.0 - 9.0 15.0

Ceramic paste - - 50.0 50.0

Pure Pt paste - 96.0 - 1.0 3.0
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Figure 39. Pt and Bi spectra at the Pt paste region for the annealed PCO film of Sample III after 5 cycles of
reduction-oxidation at 600 "C.
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Bi diffusion from Pt paste

The depth profile of the chemical composition (Figure 40 (a)), generated by sputtering the sample

surface, confirms that Bi exists at the surface. The atomic concentration of Bi reaches approximately 65 %

at the surface and drops to about zero after removal of approximately 0.9 nm of the surface layer. However,

the Bi concentration never reaches zero following further sputtering. At this moment, the origin of a very

small Bi trace even after sputtering is unclear. It might come from Bi surface migration from unsputtered

to sputtered regions during measurement, which sometimes happens for carbon. The Pt paste, which was

applied as a current collector for EIS measurements on half of the PCO surface, was revealed as the Bi

source. In addition to the fact that Pt paste contains Bi (Figure 39 and Table 4), the position dependent

chemical composition profile across the sample shows that the atomic concentration of Bi decreases from

60 % near the Pt paste region (-0.94 mm apart) to 20 % far from Pt paste region (-3.84 mm apart) (Figure

40 (b)).
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Figure 40. Compositional depth (a) and position (b) profile of the chemical composition obtained by XPS from

Sample III after annealed for 5 cycles of reduction-oxidation at 600 *C.

Chemically etched surface

The surfaces of Sample II and III were chemically etched with aqueous acid solutions. Only the

open surface used for the optical measurements was subjected to chemical etching. After being etched in

HCl solution (0.14 M) for 20 seconds, most of the Bi, Na and Ca was successfully removed (Table 5).
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Interestingly, for Sample II, the Pr, Ce and Bi peaks, not visible before, appeared, while Si still remained,

showing -89% of atomic concentration. After Sample II was etched in HF solution (1 : 9 = HF: DI water)

for 30 seconds, the Si peaks disappeared in the XPS spectra while small traces of F were observed. After

etching, the ratio of Pr to (Pr+Ce) was -0.15.

Table 5. Chemical composition (cations) obtained from Sample 11 and III after acid etching. The unit for
atomic concentration is percentage.

Etchant Ce Pr Bi Na Si Ca Pr/(Pr+Ce)

HCl 0.4 1.5 2.7 6.5 89.0 - 0.79
Sample II

HF 85.0 15.0 - - - - 0.15

Sample III HCI 80.3 19.7 < 0.5 - - - 0.20

Pr segregation on the PCO thin film surface

The chemical composition analysis by XPS revealed that the ratio of Pr to (Pr + Ce) is 0.26 ~ 0.32

at the film surface, considerably higher than the nominal value, 0.10, for the film. Interestingly, the as-

deposited film also shows Pr segregation near the surface. The depth profile of the ratio of Pr to (Pr + Ce)

showed that Pr-rich layer is approximately 10 nm thick.
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Figure 41. Depth dependent ratio of Pr to (Pr + Ce) obtained from Sample III after annealed for 5 cycles of
reduction-oxidation at 600 OC.
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3.4.2 AFM results

The surface morphological characteristics of the films were investigated by atomic force

microscopy (AFM). Areas of 1 x 1 gm2 and 5 x 5 pm 2 were scanned at several points of the sample to

insure that the images represent the film's properties well. A root-mean-square (RMS) surface roughness

was calculated after averaging several different measurements on the same film.

The 1OPCO thin film deposited at 700 0C onto a YSZ single crystal substrate, depicted in Figure

42, shows very flat and a highly smooth surface with a RMS surface roughness of 0.70 0.30 nm. The

grain sizes were estimated to fall within the range of 20 - 40 nm. As shown in Figure 42 (b) for a wider

area, the as-deposited film has a mainly particle-free surface. On the other hand, the surface of the 1 OPCO

thin film of Sample II (Figure 43), annealed during joint in situ optical and EIS measurement at 600 OC,

is covered with particles, and its RMS surface roughness increases to 4.13 1.38 nm. After being etched

in HF solution (1: 9 = HF : DI water) for 30 seconds, the RMS surface roughness (3.77 0.13 nm) of

Sample II is not altered much, while its morphology shows a distinct change (Figure 44).

Interestingly, the surface of Sample III shows a position dependent morphology as shown in Figure

45. At an area close to the Pt paste region, applied as current collector for EIS measurement, patch-like

features with approximately 200 nm width and 5 nm height appear, with a RMS surface roughness of 0.79

0.46 nm. On the other hand, at regions far from the Pt paste, smaller particles with smaller width (20 ~

50 nm) but larger height (10 ~ 20 nm) are observed, with the RMS surface roughness increasing to 2.08

1.31 nm. The middle region combines morphological characteristics of the two ends, with a RMS

surface roughness (1.66 0.97 nm) that also falls between the two end values.

77



(a) (b)

10 nm

0

Figure 42. Typical AFM micrograph of as-deposited IOPCO film surface deposited at 700 "C on a YSZ single
crystal substrate for scanned area of 1 x 1 pm2 (a) and 5 x 5 pm2 (b).
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Figure 43. Typical AFM micrograph of 10PCO film surface of Sample II after annealed during joint in situ
optical and EIS measurement at 600 "C for scanned area of I x I sIm2 (a) and 5 x 5 sm 2 (b).
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Figure 44. Typical AFM micrograph of HF etched IOPCO film surface of Sample II, which was used for joint
in situ optical and EIS measurement at 600 "C, for scanned area of I x I pm 2 (a) and 5 x 5 sm2 (b).
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Figure 45. AFM micrograph of 1OPCO film surface of Sample III after annealed during joint in situ optical
and EIS measurement at 600 "C for scanned area of I x 1 pm2 (a, c, e) and 5 x 5 pm2 (b, d, f). (a) and (b) are
close to Pt paste region, (c) and (d) are center of the opened PCO area, and (e) and (f) are far from Pt paste
region.

79



3.4.3 AES results

The chemical composition of particles found at the annealed film surface of Sample III was

investigated by Auger Electron Spectroscopy (AES), which is able to quantify atomic concentrations with

nm-scale spatial resolution. As indicated in Figure 46, the particle (position 1) and the particle-free surface

(position 2) were subject to the Auger spectrum scan. Because the PCO film was not conducting enough,

the focus drifted slightly during the AES measurement. As summarized in Table 6, the particle consists

mainly of Bi, while the particle-free surface still shows an appreciable concentration of Bi. Small perhaps

inadvertent traces of Pr and Ce picked up in the particle may result from beam drift.

Figure 46. The SEM image of the region for Auger spectrum scan. Position 1 and 2 indicate the particle and
the surface of 10 PCO thin film of Sample III after annealing for joint in situ optical and EIS measurement.

Table 6. Chemical composition obtained from the particle (point 1) and the surface (point 2) of 10 PCO thin
film of Sample III after annealing for joint in situ optical and EIS measurement. The unit for atomic
concentration is percentage.
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Point Ce Pr Bi

1 3.4 5.0 91.6

2 39.6 38.5 21.9



3.4.4 kchem after chemically etching the surface

In order to investigate the impact of surface impurities on the surface exchange reaction kinetics,

the optical transmittance relaxation of the Sample II, following etching in HF solution, was monitored

during reduction and re-oxidation at 600 1C. In order to be isolated from any contamination from the Pt

current collector and ceramic paste, the part of the substrate used for the optical measurement was

separated by cutting it from the part used for EIS measurement. As shown in Figure 47, ke,, increases by

1 or 2.5 orders of magnitude (depending on pO2) following removal of the impurity layer by etching.

Furthermore, a stronger PO2 dependency for kehe is recovered.

Sample I 1 *C
-5-- * / 0 while reduced / oxidized 600 C

..After HF etching
* / * while reduced I oxidized

0.73 0.04
0.84 +0.08

0 0.37 0.06 .
-8 *-

S I I I
-4 -3 -2 -1 0

log(pO 2) [atm]

Figure 47. kchem versus pO2 of Sample II at 600 0C during joint in situ optical and EIS measurement and
optical measurement after HF etching (1: 9 = HF : DI water) for 30 seconds.
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3.5 Color front motion in PCO thin films

3.5.1 Diffusion profile

In this series of experiments, an oxygen-blocking layer of MgO was deposited onto the PCO film

to limit oxygen ingress and exit into or out of the film to its edges or at a scratch through the film (see

section 2.5.1 for details). In this manner, it becomes possible to monitor the diffusion of oxygen along the

film plane by following, for example, the respective color front motion associated with the oxidation.

Figure 48 demonstrates the process of extracting oxygen chemical diffusion profiles from the collected

optical micrographs.

(a)

(b)

(c)

)x

Figure 48. Schematic representation of an optical micrograph in a region surrounding an exposed area of
sample, together with reference micrographs (a) used to isolate the intensity change due to changes in Pr
oxidation state (b) and subsequently extract diffusion profiles conforming to a 1 D diffusion model (c)

In order to establish reference equilibrium states in the two gases used, two micrographs were

identified to act as reference images, one representing the Pr oxidation state at equilibrium with the

conditions prior to the gas change (t = 0) and one to act as the fully equilibrated Pr oxidation state after

the gas change (t -> c), as shown in Figure 48 (a). A linear relationship between pixel intensity and Pr

oxidation state was assumed between these points, and each collected micrograph could be used to extract
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a diffusion profile at time (t) of its collection. The intensity of each pixel (I (x, t) in coordinate space, x,

and at time, t) in the image of interest is converted to a point on this linear relationship as follows:

I'(x, t) = I(xt) - 0 (30)
I00 - 10

where I0 is the intensity of the pixel in the initial reference image (t = 0) and I is the fully equilibrated

final intensity (t - oo). The resulting images can be represented as difference maps. In order to convert

the intensity of each pixel to a spatially resolved oxygen vacancy concentration map, C(x, t), the

corresponding concentration at equilibrium with each gas (and therefore present in each reference image)

must be known (CO and C.) and is then calculated as follows:

C(x, t) = I'(x, t) X (CO - CO) + CO (31)

In order to identify pertinent information such as the chemical diffusion coefficient (Dc hem) and

surface exchange coefficient (kchem), diffusion profiles away from the exposed edge are extracted. First

the concentration map is rotated such that the edge of the exposed sample region is aligned with one axis

and the data is subsequently averaged along that axis. This significantly reduces the noise in the data. The

edge of the exposed sample region is identified and set as x = 0 and the diffusion profile where x > 0 is

fitted to the one dimensional solution of the diffusion equation in a semi-infinite medium, as solved by

Crank [83]:

xkx kzt x t
C(x, t) = [ ] exp - + ) x erfc i . + k - (32)

2iD7 D D 2 D

The fitting is performed by a custom linear least squares regression script in Matlab with D and k as the

fitting parameters.

In some cases, a color front was found to form and grow radially from a point in the film thought

to be covered by the MgO blocking layer. These were attributed to the presence of pinholes in the MgO

film. In this case the diffusion profile was extracted by an identical method, save the averaging along one

axis and the 2-dimensional data sets were fit to a corresponding 2-dimensional solution of the diffusion

equation from a point source in a polar coordinate system, as follows [83]:
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A x2
C(x, t) = x exp (33)

4_ 4Dt)

The fitting was once again performed by a custom linear least squares regression script in Matlab

with the scaling factor (A), D and the origin of the coordinate system, and hence the location of the pinhole,

as fitting parameter. While the surface exchange coefficient, k, will control the scaling factor (A), the lack

of knowledge of the surface area exposed by the pinhole prevents extracting this parameter from the data.

1.0

0.0

0 200 400 600 800

Distance [pim]

Figure 49. Plot of normalized intensity vs. distance from the exposed edge (x=0) with time. The measurement
was done at 548 *C after changing gas atmosphere from 1000 ppm H2/Ar to 02.

Figure 49 shows the spatial and time resolved intensity change of color in a 1OPCO thin film,

obtained by following the method described above. The sample was annealed at 1000 ppm H2/Ar mixture

at 548 0C, so it showed no absorption or color due to negligible pr4 * concentration. After switching the

gas to 02 (oxidized condition), the exposed edge to the gas atmosphere at x=O began to show an increase

in color intensity due to an increase in [Pr4*] resulting from the oxygen surface exchange reaction. After

a sufficient time, the film was oxidized along the full sample length, mediated by oxygen diffusion. Figure

50 shows the spatial color intensity profiles in the treated 10OPCO thin film at given times at different

temperatures. The oxygen transport kinetic parameters, Dehem and kchem, were extracted by fitting these

profiles to the 1-D solution of the diffusion equation applied to a semi-infinite medium (Equation 32). As

shown in Figure 50, the color intensity profiles are well represented by the 1 -D diffusion profiles.
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Figure 50. Plot of normalized intensity vs. distance from the exposed edge (x=0) with time. The measurement
was done at 394 595 *C (a) - (e) after changing gas atmosphere from 1000 ppm H2/Ar to 02. The black solid
and the red dotted lines represent experimental data and fitting curves, respectively.
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3.5.2 Chemical diflusion and surface exchange coefficients

Figure 51 summarizes Dhete and kcihe,, values extracted, with the aid of Dr. Stuart N. Cook in our

group, from color front motion experiments in lOPCO thin films during an oxidation step (1000 ppm

H 2/Ar to 02). From these Arrhenius plots, the activation energies of the thermally activated processes

could be calculated. The activation energy for chemical diffusion was found to be 0.47 0.05 eV. This

value is close to that for small polaron hopping through Pr ions (E, = 0.56 0.04 eV in 1OPCO [65]) and

suggests that oxygen chemical diffusion in PCO film may be limited by minority electronic transport.

While the large PO2 step change imposed during the color front experiment was useful in obtaining a clear

and distinctive color contrast between the oxidized and reduced state, this wide oxygen activity jump

covered several defect regimes with different possible limiting transport mechanisms. Thus further

investigation, utilizing smaller oxygen activity jumps is required to confirm the above hypothesis. The

activation energy associated with the chemical surface exchange reaction was calculated to be 0.47 0.25

eV. If the kchem value obtained at lowest temperature (394 0C) is considered as an outlier, as it appears to

be, the activation energy resulting from fitting with remaining data points becomes 0.89 + 0.23 eV.

T [*C] (b T [*C]
700 650 600 550 500 450 400 700 650 600 550 600 450 400

S I I I I I I 1x104  I I I I I I

1x10
4  

-1

E E
E 2 ~~~~1x105  K .702e

K.=0 E4 = 0.47 0.25 eVI

1x1T E.= 0.47 +0.05 eV 0 '1'4

0 0 IE =0.89 0.23 eV

1x104  1 1x107 :1. : 1 :
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.0 1.1 1.2 1.3 1.4 1.5 1.6

1000/T [K'] 1 OOO/T [K-]

Figure 51. Arrhenius plots of (a) Dehem and (b) kehem obtained from color front motion experiments in 1OPCO
thin film during oxidation step (1000 ppm H2/Ar to 02).
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CHAPTER 4. DISCUSSION

4.1 Optical characteristics of PCO thin films

The broad absorption at 2.0 ~ 3.3 eV in the visible spectrum of PCO thin films results in a

red/orange coloration as shown at Figure 15 and Figure 16. This absorption characteristic of the PCO

system can be explained by considering Pr impurity band formation within the ceria optical band gap (-

3.5 eV [84]) and resultant optical transition [85]. As illustrated in the energy band diagram at the Figure

52 (a), in addition to the valence to conduction band transition at UV wavelengths, optically induced

transitions from the ceria valence band with O-2p character to the Pr level with Pr-4f character and from

the Pr level to the ceria conduction band, in principle, become possible. The position of the Pr impurity

level was derived earlier (from TGA and conductivity measurements) to lie 1.43 0.03 eV below the

bottom of the conduction band of ceria [42,65,86], while the thermal band gap of undoped ceria was

reported to be 2.1 ~ 3.2 eV [66,87,88]. This places the Pr impurity level 0.67 -1.77 eV above the upper

edge of the valence band. The smaller average energy for the thermal excitation compared to the optical

transition is consistent with expectations from the Franck-Condon principle that the vertical optical

excitation be greater than the thermal excitation characteristic of the relaxed state [44].

The probability of optical transitions tied to the Pr impurity band can be expected to be pO2

dependent. At sufficiently low PO2, Pr" is largely reduced to Pry, thereby localizing electrons in the Pr3 '

acceptor levels. Under these conditions, the impurity levels are fully occupied, with the transition from

valence band to Pr level suppressed (see at the Figure 52 (b)) and leading to the observed absorption

change from red to transparent (as shown by Figure 16) [85]. The transition from the Pr band to the ceria

conduction band, which should lie in the infra-red, is likely very weak, being anf-ftransition and therefore

optically forbidden [44].
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(a) High P0 2 (b) low P0 2

Ce-4f Conduction band Ce-4f Conduction band

-3.5 eV L-r-Mband I Pr-4f band
2.0

_ _._-3. 3 eV
O-2p Valence band O-2p Valence band

Figure 52. Energy band diagrams of a 1OPCO thin film when the sample is oxidized (a) and is reduced (b).
Reprinted from a reference [75].

In Figure 15, since these films underwent oxidation during the post-PLD anneal step, all PCO films

have a large fraction of Pr", consistent with Equation (10) and therefore a strong absorption of light due

to excitation of electrons from the ceria valence band into the empty Pr" levels. The valence band to Pr

band adsorption in I PCO thin films is difficult to deconvolute from its wavelength dependent transmission

spectra due its lower absorptivity and the superposition of oscillating thickness fringes. The strongest

absorption is obtained for the 20PCO films given the larger concentration of Pr. Undoped ceria remain

transparent under similar conditions, consistent with a lack of optically active impurities. As shown in

Figure 16, light absorption in the visible spectrum changes dramatically in IOPCO and 20 PCO films

when shifting from oxidized (red) to reduced (transparent) conditions. By cooling the films quickly

enough, the degrees of oxygen nonstoichiometry and thereby the absorptivity induced at elevated

temperatures can be frozen-in to room temperature. Along with the well understood defect equilibria,

these results confirm that optical absorption in PCO arises from carrier excitation from the valence band

into empty Pr levels (Pr") which become blocked once those levels are occupied following reduction.
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4.2 Investigation of defect chemical properties of PCO thin film

4.2.1 Determination of absorption coefficients (apr4+) associated with the Pr4 + color center

The transmission of light by an optical medium with absorption coefficient a is described by

IT= Ioexp(-aw) (34)

where IT and Io are transmitted and incident light intensity, respectively and w is the path length of the

propagating light beam (i.e. film thickness) [44].

Assuming no change in reflectivity within the pO2 and temperature range of interest, the transmitted

light intensity exiting the sample, 12, can be expressed as

12 = Ioexp(-asystemwsystem)exp(-ar4+ WpCO) (35)

where a is the absorption coefficient and w is the thickness for the corresponding material. In Equation

(35), asystem and Wsystem account for the absorption (or reflection) of all sources such as the quartz tube

and substrate other than Pr * centers. Based on the defect equilibrium model of the PCO system [65],

nearly all of the Pr ions are reduced to Pr at highly reducing conditions (pO2 < 10-16), in agreement with

the low saturated absorption values at low PO2 values. For example, as shown Figure 17, the oxygen

partial pressure was changed from ~10-23 atm to ~10-21 atm, but the transmission of PCO film didn't

change. Thus, the absorption by Pr* ions becomes negligible in that regime, leading to

I, = Ioexp(-asystemwsystem) (36)

where I, is the transmitted light intensity when apr4+ ~ 0. This allows one to obtain a value for A1. By

substituting Equation (36) into Equation (35), apr4+ is extracted as follows.

12 = Ilexp(-ar4+wpco) (37)

The Pr * ion absorption coefficients obtained in this manner are shown in Figure 53 as a function

of PO2. For Sample I as shown in Figure 53 (a), the sample was reduced and then oxidized in a stepwise

manner at 600 OC, with the obtained absorption coefficients showing corresponding reversible changes in

magnitude. Samples II were reduced from high pO2 at different temperatures (Figure 53 (b)). As PCO
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reduces with increasing temperature and decreasing pO2, correspondingly, the absorption coefficient

decrease from 550 0C to 700 0C and from ~I atm to -10- atm 02, respectively.

The absolute values of the absorption coefficient obtained from Samples I and II at the same

temperature (600 'C), shown in Figure 54, were found not to be identical, they appear to follow the same

PO2 dependence. More specifically, the magnitude of the absorption coefficient of Sample II was about

40 % larger than that of Sample I. The origin of the different values for the absorption coefficients is

discussed later (Section 4.2.4).

(a) 4.4- Nb 4.4-( . while reduced Sample I E Sample 11
.- 4.2.- while oxidized 600 *C .-- 4.2-

4.0 - 4.0 - - A

3.8- 4 3.8- - A
0 0

C 0
S3.6 c 3.6 A

1 .4" 4 N 600 C0 0
on W

3.2 3.2 A 650 *C

___0 700 *C
0 3.0 ' 3.0 1 1 i i
0 -4 -3 -2 -1 0 - -4 -3 -2 -1 0
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Figure 53. Plot of the pO2-dependent absorption coefficient for 10PCO for Sample I at 600 IC (a) and for
Sample II at 550 "C, 600 "C, 650 "C and 700 "C (b).
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Figure 54. Plot of the p02-dependent absorption coefficient for I0PCO for Sample I and Sample II at 600 "C.
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4.2.2 Determination of extinction coefficient (Epr4+) of the Pr4
+ color center

Simultaneous measurement of optical absorption and chemical capacitance allows one to derive

information about the oxygen nonstoichiometry 5 from both the chemical capacitance and the optical

absorption. Since the optical absorptivity depends on the concentration of Pr*, it can be tied to the value

of (5via Equation (28). On the other hand, (5 can be determined from the chemical capacitance by using

Equation (15) and (16) given that the absolute 6 value can be derived by Equation (19) and (20). In this

work, the absorption coefficient related to the Pr4" ions ( apr4+ ), obtained from in situ optical

measurements, was correlated with the concentration of Pr* ions ([Pr 4+]) derived from chemical

capacitance obtained at the same pO2 values. Following the Beer-Lambert law [44], it follows.

aPr4+ = FPr4+[Pr 4 +] (38)

where epr4+ is the molar extinction coefficient of Pr4+ ions.

1.6x104

rI Sample I
E 1.4x104 o 600*C

Sample I
3 1.2x104  * 550 *C

C 1.0x10 4 . * 600 *C
A 6500 C A

j 8.0x103  0 700 *C
0
0 6.0x103 Zr
0 4.0x10

0 2.0x10
3 _

.0 0.0

0.0 5.0x1 020 1.Ox1 021 1.5x1 021 2.0x102' 2.5x1021

Pr4* concentration [#/cm3]

Figure 55. Plot of experimentally obtained absorption coefficient of 1OPCO as a function of Pr 4 concentration
obtained experimentally from Cchem measurement for Sample I at 600 "C and for Sample II at 550 "C, 600 "C,
650 "C and 700 "C. Red solid and black dashed lines represent a linear fit with and without an imposed zero
y-axis intercept, respectively.
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The data in Figure 55 show the expected linear relationship between apr4+ and [Pr4+] for both

Samples I and II. For Sample I, the value Of Epr+, derived from the slope of ap,4+ vs [Pr 4 +] obtained at

600 0C, is 5.01 0.14 x 10-18 cm2 , while the intercept to the y-axis shows a small negative offset of

-474.5 223.5 cm-1, not far from the expected zero value. For Sample II, measured at four temperatures,

the value Of E,4+ and the y-axis intercept are 5.86 + 0.12 x 10-18 cm2 and 927.5 207.3 cm-', respectively,

whose values are close in magnitude to those obtained for Sample I. If the data for Sample II are fitted

under the assumption that the y-axis intercept is zero, the value of Ep,4+ obtained from the slope is then

6.37 0.05 x 10-18 cm2 . The linear fit under these circumstances is shown as a red solid line in Figure 55.

The discrepancy in Ep,4+ values between Sample I and II, even though they were obtained for the same

1OPCO film composition, results from differences in the measured absorption coefficients, as discussed

later (Section 4.2.4). It is noteworthy that the magnitude of Ep,4+ is close to the extinction coefficient for

Ce4+ (5.90 0.02 x 10-18 cm 2) which we calculated from the reported absorption coefficient at the direct

band gap energy of ceria thin films [89], indicating a similar character of transition from 02p to either Pr4f

or Ce4f.

Once a reliable value for the extinction coefficient is derived, the value of ep,4+ can open up future

opportunities for determining defect concentrations and nonstoichiometry in thin films such as PCO as

functions of temperature and pO2 from optical studies alone. This could be especially important at reduced

temperatures where meaningful CChen measurements may not be possible. In order to determine which

Ep,+ should be used among the values derived by linear fitting with and without a y-axis intercept, the

expected absorption coefficients are calculated by using Equation (38) with Pr4 * ion concentration from

the thin film defect model [68] and Ep,4+ values for each case. As shown in Figure 56, for both cases, the

expected absorption coefficients of Pr 4 are well matched with the experimentally obtained ones in the

high pO2 regime, which is reasonable because the two 8 ,r+ values are close to each other. However, in

the low PO2 regime, the use of the Epr4+ value (5.86 0.12 x 10-18 cm 2) together with the y-axis intercept

(927.5 207.3 cm') gives an over-estimation of the expected absorption coefficients, while the use of
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EPr 4+value (6.37 0.05 x 10-18 cm2) without a y-axis intercept shows reasonably good agreement. This

comes from the fact that absorption coefficient values at low PO2 are close to the y-axis intercept value.

Therefore, Epr4+ values derived without a y-axis intercept should be used when other PCO films are

investigated only by optical measurements. It is noteworthy that good agreement between experimentally

obtained absorption coefficients and estimated ones with Pr* concentration from the thin film defect

model validates our finding that thin films exhibit a somewhat different defect equilibria than their bulk

counterparts.

(a) 4.4- (b)4.4- - - - - - - -
Fitting with y-intercept Fitting without y-intercept
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Figure 56. Plot of the expected absorption coefficient values calculated by using Equation (38) with Pr"*
concentration obtained from thin film defect model [68] and the molar extinction coefficient values of Pr 41

ions derived from the linear fitting (a) with and (b) without y-intercept for Sample I1 in Figure 55. The

experimentally obtained absorption coefficients of Pr 4* for Sample I1 at 550 OC, 600 "C, 650 "C and 700 "C are
presented as dots.

4.2.3 Nonstoichiometry in PCO thin films

Changes in Pr"* concentration can be calculated from the measured absorption coefficient directly

by using a reference state, as in the following relationship.

[Pr 4+] 2 = apCO,2 [Pr 4+]1 (39)
aPCO,1

In equation (39) it is assumed that the extinction coefficient does not change with p02 at a given

temperature, as indicated by Figure 55. Experimentally obtained ar 4+values from the optical absorption
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measurement for Sample I were converted to Pr' concentrations using a reference value of [Pr 4+] chosen

at the highest PO2 from either the thin film defect model derived from EIS measurements [68] or the bulk

defect model derived from TGA measurements on bulk I OPCO [65]. As shown in Figure 57, the resulting

[Pr4+] values exhibit trends more consistent with the thin film model. This result confirms that thin films

exhibit different defect formation energies as compared to the bulk, in agreement with Chen et al. 's study

[68], and can conceivably be obtained without performing simultaneous optical and chemical capacitance

measurements, opening the door to complete determination of defect chemistry only by optical methods.

21.5

21.I-

Thin film model from Ref [68]
0 A Fitted to thin film model

------ Bulk model from Ref [65]
L, Fitted to bulk model
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Figure 57. Pr 4 concentration derived from aPr4+ by use of Equation (39) with the reference Pr 4

concentration (indicated by blue open circle) equated to either the thin film model from EIS measurement
[68] or bulk model from TGA measurement [65].

While chemical capacitance has proven to be a useful tool in quantifying the defect concentrations

in thin films of ceria based materials [68,90], conflicting results have been observed in other systems,

such as (La,Sr)CoO 3 (LSC). For example, some authors conclude, based on chemical capacitance

measurements performed on LSC films, that nonstoichiometry is greater in films than in bulk specimens,

while in other studies, the reverse is reported [73,91]. In this study, the optical absorption measurements

were able to confirm that trends in defect-induced absorption were indeed in excellent agreement with

chemical capacitance measurements performed on this ceria-based model system.
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4.2.4 Other factors needed to be considered

Effect of interference fringe on determination of absorption coefficients

Transmission through a sample comprised of the active thin film and transparent substrate is

characterized by an oscillating spectrum, called the interference fringe, which is created by reflection at

the interfaces. By analyzing the maximal and minimal transmittance values in the fringes and the

wavelength spacing between them with the envelope method, both the refractive index n(L) and thin film

thickness can be determined [78]. The transmission, T, for the sample with interference fringe can be

expressed by the following equations [78].

Ax
T = (40)

B - Cx + Dx2

A = 16s(n2 + k2 ) (40a)

B = [(n + 1) 2 + k 2][(n + 1)(n + s2 ) + k 2] (40b)

C = [(n2 - 1 + k2)(n 2 - s2 + k2) - 2k 2(s2 + 1)] -2cos0
(40c)

-k[2(n 2 - s 2 + k 2 ) + (s 2 + 1)(n2 - 1 + k 2 )] - 2sin0

D = [(n - 1)2 + k2][(n - 1)(n - s2) + k 2 ] (40d)

x = exp(-ad) (40e)

a = k (40f)

0 - (40g)

where n and k are the refractive index and the extinction coefficient, respectively, in the complex refractive

index of the thin film, s is the refractive index of the transparent substrate (k for the substrate assumed to

be zero in the visible range) and d is the thin film thickness. In Equation (40f), a is the absorption

coefficient.

The interference fringe was observed in the transmittance spectra for the undoped ceria and PCO

thin films on transparent substrates, as shown in Figure 15. The higher frequency of oscillation in a given
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wavelength range for the thicker I OPCO confirms this feature to be the interference fringe (Figure 58). In

order to avoid the contribution from the absorption of Prl ions, 1 OPCO samples with different thicknesses

were reduced under 0.1% CO/CO2 atmosphere at 600 C (pO2 Z 10-19 atm) for 8-10 hours and rapidly

quenched to room temperature.

Figure 59 (a) shows the modeled transmittance spectra of an undoped ceria thin film on sapphire

substrate with different thickness by using Equation (40). Because there is no reported refractive index

values of Pr doped ceria, n(X) of undoped ceria dense thin films, reported by Oh et al [92], was used, while

s(X) of the sapphire substrate was extracted by measuring transmittance. Only the 400 to 700 nm

wavelength range was modeled because the analytical expression for the transmittance spectra is more

applicable in the transparent regime. As shown Figure 59 (a), thicker film gives more frequent oscillations,

consistent with the experimentally measured spectra (Figure 58). The modeled spectra of undoped ceria

with 420 nm thickness is compared with one measured from I OPCO thin film with the same thickness in

Figure 59 (b). The frequency and the maximum position of the interference fringe show good agreement.

The difference in the actual transmittance value can be originated from the difference in materials'

refractive index, any inhomogeneity in film density/porosity, thickness and surface roughness.
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Figure 58. Transmittance spectra of reduced 1 OPCO thin films with different thickness on sapphire substrate.
The films were reduced in a 0.1% CO/CO2 atmosphere at 600 "C (pO2 ~IO-11 atm) for 8-10 hours, followed
by rapid quenching to room temperature.
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Figure 59. (a) Modeled transmittance spectra of undoped ceria thin films with different thickness on sapphire
substrate. (b) Comparison of experimentally obtained transmittance spectra of IOPCO thin film with modeled
one for undoped ceria thin film with the same thickness, 420 nm.

Figure 60 (a) shows transmittance spectra of Sample II recorded at different PO2 and at the same

temperature, 650 'C, during joint in situ optical and EIS measurements. Each spectrum was recorded after

the transmittance reached a new equilibrium state following a PO2 change. Spectra in the 420 nm - 560

nm range of wavelengths was selected considering the transparent window of the bandpass filter (FGB37,

335-610 nm). In the wavelengths of interest, the film is more absorbing (more [Pr"]) when oxidized. At
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a highly reduced condition (pO2 = ~10" atm), interference fringes are clearly observed. However, the

amplitude of oscillation decreases as pO2 increases and thus absorption by Pr" ions increases. Because

Pr" ions induce absorption in a broad range of wavelengths, any wavelength in this regime can, in

principle, be used to extract the absorption coefficient of Pr" ions. However, as shown in Figure 60 (b),

the absorption coefficient depends on wavelength. For example, the absorption coefficient calculated at

450 nm, where the oscillation reaches a maximum, is higher in magnitude (-28%) than ones at 532 nm,

even though the pO2 dependency of the absorption coefficient at the different wavelengths is identical.

This wavelength dependence of the absorption coefficients results in different values of extinction

coefficient as calculated from Equation (38).

(a) 8 (b)- 4.3
650 C E 650 *C

7-- log(pO2) 2
-- 20.92 4 A A

6- -3.84 .D A Ak
-3.42 A

_-- -3.03 CD A

-- 2.46 A 
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0.3-__- -1.03 S'3
--0.68 A

2 A 450 nm-- 0.03 Mu
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.23 .5 1 1420 440 460 480 500 520 540 560 -3 -2 0
Wavelength [nm] log(p0 2) [atm]

Figure 60. (a) PO2 dependent transmittance spectra of Sample II at 650 'C during joint in situ optical and EIS
measurement (b) Comparison of absorption coefficients calculated at different wavelength.

The difference in values of absorption coefficients and corresponding extinction coefficients for

Sample I and Sample II at the same temperature (Figure 54 and Figure 55, respectively) can be explained

by this wavelength dependence, originated from the oscillating spectra based on interference fringe. Even

though the same wavelength, 532 nm, was used for Sample I and II during in situ optical measurements,

the spectral shape of two samples can be different due to, for example, difference in thickness. Indeed,

the transmittance spectra of Samples I and II, reduced and quenched, show different oscillations as shown

in Figure 61 (a). The measured thickness difference between two samples ranges from 4 nm to 20 nm,
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considering the standard deviation of measured values. As shown in Figure 61 (b), even 5 nm difference

in thickness results in a considerable shift of the transmittance spectra.

Therefore, careful attention is required when applying the absorption and extinction coefficients

obtained from one sample in the analysis of another sample. The interference-free spectra, which can be

calculated from the interference fringe given that optical parameters such as n(X) and optical band gap

energy at temperature and PO2 of interest are fully known [78], may be used for direct comparison between

samples.
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Figure 61. (a) Transmittance spectra of Sample I and II used for joint in situ optical and EIS measurement.
The films were reduced at 1000 ppm H2/Ar atmosphere at 600 *C (pO2 ~ 10-23 atm) for 8 hours, followed by
rapid quenching to room temperature. (b) Modeled transmittance spectra of undoped ceria thin films grown
on sapphire substrates with different thickness.

Sample cracking due to chemical expansion

The PCO system exhibits oxygen non-stoichiometry induced chemical expansion (Ec) at elevated

temperatures and reducing environments. An understanding of this phenomenon is needed in order to be in

a position to enhance the mechanical integrity of SOFCs [93,94]. The chemical expansion of PCO system

results from the superposition of two contributions, namely lattice expansion due to the increase in radius

of Pr cations upon reduction (Pr4' to Pr") and lattice contraction due to relaxation around oxygen vacancies

[95]. Similar to the thermal coefficient of expansion, the chemical coefficient of expansion (ac) is defined

as follows.
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EC= = ac(6 - 6 ref) (41)
10

where Alc and 10 are isothermal change in the sample length upon pO2 change and the sample length at a

reference condition, respectively, and 6 and 6 ,ef is the non-stoichiometry of interest and at a reference

condition, respectively. For 1 OPCO, the value of ac was reported by Bishop et al. as 0.087 0.005, for the

conditions of 650 ~ 900 0C and 10-16 ~ 1 atm PO2 [94]. In the case of a thin film supported by a significantly

thicker substrate, assuming that the film is clamped to the substrate, the film is under in-plane stress and

expands out-of-plane upon a decrease in PO2. The isothermal in-plane stress change (Au) and corresponding

out-of-plane strain (EC,z) can be calculated using the following equations [96].

Au = -AEC E (42)
1 - V

EC,z = AEC( 1 +V 2vu0  (43)
G - V) E

where AEC is the change in strain, E is Young's modulus, v is Poisson's ratio (usually 0.33) and ao is the

stress in the film in the reference state. From in situ wafer curvature measurements on 1OPCO thin films

deposited on sapphire substrates, it was found that the change in in-plane stress from a reference condition

reached to -380 MPa upon reduction under 10- atm PO2 at 750 'C [96]. This in-plane stress induced by

chemical expansion can cause cracking in the films during deposition, as shown in Figure 62.

This chemical expansion induced in-plane stress can also impact the optical transmittance

measurements performed on PCO films. As discussed above, 1OPCO films were annealed at highly

reducing condition (pO2 < 10-16) in order to reach the condition that far majority of the Pr ions exist as Pr.

This reduction step occasionally caused cracking of the sample. As shown in Figure 63, initially crack-free

films were found to be severely cracked with sections of the film lost due to delamination following

annealing at 800 0C and 10-21 atm PO2. The value of transmittance measured in PO2 = 0.21 atm, before and

after this annealing step, increased by approximately 6.0 % (from 5.83 to 6.17 in arbitrary unit), indicating

that either more light was transmitted through the cracks or the light absorbing material was decreased.
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The increased transmitted light intensity due to cracks induced by chemical expansion can affect

the determination of the optical absorption coefficients. Figure 64 (a) shows absorption coefficients

obtained from a 1 OPCO thin film found to be cracked after completion of the experiment at 650 'C (Figure

64 (b)). The sample was reduced starting from high p 0 2 and finally annealed at 10-21 atm pO2 for joint in

situ optical and EIS measurement. The absorption coefficients were obtained from the recorded transmitted

light intensities by using the method discussed in the Section 4.2.1, and the expected values were calculated

from Equation (38) by choosing the value of Ep,4+ (6.45 x 10-18 cm 2 ), which makes the experimentally

obtained value at the highest PO2 to be matched with the expected value, and by using the Pr" ion

concentration from the thin film defect model [68]. As shown Figure 64 (a), the sample cracking introduces

an over-estimation of the absorption coefficients, especially for ones in the lower pO2 regime. Assuming

that the sample is cracked at the lowest PO2 (10-21 atm PO2 for this sample) so that the corresponding

transmitted light intensity, I,, in the Equation (37) is only affected by cracking, the absorption coefficients

can be re-calculated as shown Figure 64 (a). By decreasing only I, by approximately 11%, the absorption

coefficients decrease at all pO2 regimes and become consistent with the expected values (5.29 x 10-18 cm 2

of EPr4+ is used). On the other hand, the experimentally obtained volume-specific Chem values for the

cracked film agree well with non-cracked film from Sample II (Figure 65), which indicates, as expected,

that the cracking does not affect the thermodynamic properties of the film.
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Figure 62. The SEM image of a cracked 1OPCO film on YSZ substrate. The film was found to be cracked
after deposition.

Figure 63. An optical microscope image showing micro-cracking in the film after being annealed at below 10-
21 atm pO2 and 800 IC. Cracks at this magnification are difficult to see by eye. See Figure 62 for higher
magnification.
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Figure 64. (a) Plot of the p02-dependent absorption coefficient for the Pr 4 color center from the film with
and without crack. The solid lines are the expected absorption coefficients calculated from Equation (38). The
used extinction coefficients of Pr 4 ions are indicated in the text. (b) The optical microscope image of a crack
found in the film used for extracting absorption coefficients of the cracked film in (a). The sample went
through a reduction step under 10-21 atm pO2 at 650 0C.
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Figure 65. Isothermal dependence of volume-specific Cchem on pO2 for non-cracked IOPCO thin film (Sample
II) and cracked 1OPCO thin film at 650 "C.

4.3 Investigation of surface exchange kinetics of PCO thin film

4.3.1 Reaction mechanism of chemical oxygen surface exchange reaction

As discussed briefly in section 1.3, oxygen partial pressure changes act as the driving force for

oxygen incorporation during optical transmittance relaxation measurements. Electrons, to be transferred

to adsorbed oxygen species (Ox,ad), are supplied by the PCO electrode. Figure 66 (a) and (b) show

macroscopic reaction pathways for the oxygen reduction and oxidation reactions, respectively. Both

reactions consist of many elementary steps. For example, the oxygen reduction reaction includes oxygen

adsorption, dissociation, electron charge transfer and ion incorporation into the oxide lattice. One (or

several) of the elementary steps limits the overall reaction and is therefore called the rate determining step

(RDS).

(a) n (b) 0 1
S02,gas + 2e' + V6 -+ 00 0 -> 02,gas + 2e' + V6

S0 2,gas 0 2,gas

Oxad O x.ad

-0 e- 4--

A 
0

PCO V6 PCO V6

Electrolyte 0 - Electrolyte 0 02-

Figure 66. Macroscopic reaction pathways for (a) chemical oxygen reduction reaction (PCO is oxidized) and
(b) chemical oxygen oxidation reaction (PCO is reduced).
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In order to further clarify the reaction kinetics, the microscopic reaction pathways can be considered.

Figure 67 illustrates two plausible pathways for the oxygen reduction reaction with (a) neutral Oad atoms

and (b) superoxide and peroxide ad-ions [97]. The forward reaction for the case of (a) can be constructed

as follows:

0 2,gas 0 2,ad adsorption (44a)

0 2,ad - 2 0 ad dissociation (44b)

ebulk -4 esurface electronic conduction (44c)

Oad + eS -rf ace Oad charge transfer (44d)

Vulk * Vsurf ace ionic conduction (44e)

0 ad + V rface -' Osurface incorporation (44f)
suac+erf ace surface

o2-~ 02
Osurf ace + es-rf ace - surface charge transfer (44g)

0surface - Ojlk ionic conduction (44h)

After an 02 gas molecule adsorbs on the surface of the MIEC electrode, dissociation into Oad atoms

occurs first, and then the charge transfer reaction with electrons transported from the electrode bulk

follows. This charged adsorbed ion (Oad) is incorporated into an oxygen vacancy site on the electrode

surface. Full ionization of 0- to 02- can occur while or right after being incorporated. It is noteworthy

that dissociation of an adsorbed oxygen gas molecule into Oad atoms can be considered, even though it

requires very high energy (> 5 eV), because it can be driven by entropic driving forces [98,99]. In a similar

context, the reaction pathway, including the dissociative adsorption (1/2 0 2,gas -> Oad), was also

suggested [100]. In the case of (b), the formation of adsorbed superoxide ions ( 0 -,ad) and peroxide ions

(02ad), accompanied with electron transfer reactions, is followed by dissociation into Oad. Then, like the

case of (a), ion transfer of 0 ad into the oxide lattice and final ionization occurs.
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Figure 67. Possible microscopic reaction pathways for chemical oxygen reduction reaction via (a) neutral
atomic oxygen adsorbate (Oad) and (b) superoxide and peroxide adsorbed ions.

With an assumption that one reaction step among the reaction pathway is the RDS (in other words,

other reaction steps are fast and in quasi-equilibrium), the dependence of the reaction rate constant on the

activities of reactants and products in the overall reaction can be established by considering 1) the kinetic

rate equations for concentration contributions in forward and backward reactions of the RDS and 2) the

electronlion transfer reaction across electrical/thermal energy barriers [30,97-103]. Chueh et al calculated

the dependence of the oxygen exchange rate constant on the activities of species participating in the

oxygen reduction reaction such as oxygen gas molecules, oxygen vacancy and electronic defects (electron

and hole), classifying the situation with how many species are transferred before, during, or after the RDS

and how many such reaction needs to occur in the net reaction [103]. The dependence of the oxygen

exchange rate constant on the oxygen partial pressure for various situations is summarized in Table 7. The

results indicate that MIEC electrodes with m > /2 in a p' dependence of the exchange rate constant most

likely involve at least one oxygen diatomic molecule (either uncharged or charged) in the RDS whereas

those with m < % most likely involve oxygen atomic species (either uncharged or charged) in the RDS.

On the other hand, De Souza found the below empirical expression (Equation 45) for the isotope surface

exchange coefficients (kracer) of acceptor-doped perovskite (Lao.6 Sro.4Coo. 2Feo. 803-6 , SrTio. 9987Feo.ooO3-6 ,

CaZro.9lno.102.95 , Lao.9Sro1 Gao.8Mgo. 2 02.85) and fluorite oxides (Ceo.8Gdo.20 1 .9) [100].
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From this universal finding, charge transfer reactions with atomic oxygen species (Equation 44d) was

proposed as the RDS, which is consistent with the result of Chueh et al's calculation.

Table 7. The dependence of the oxygen exchange rate constant on the oxygen partial pressure for various
situations. It does not include indirect oxygen partial pressure dependence via oxygen vacancy or electronic
defect activities. Reprinted from a reference [103].

Type of oxygen intermediate in the RDS

02,,as adsorbed Atomic oxygen At least one diatomic oxygen

Before RDS pO 4 PO /2

During RDS PO 1/2 PO 1/

In this study, khen, showed different pO2 dependence between samples and also sometimes changed

during reduction-oxidation cycles in a given sample. This will be discussed later while considering the

correlation of reaction kinetics with surface chemistry change. Given that Sample III maintained a similar

pO2 dependence of kche, and its kehe, values did degraded little during 5 reduction-oxidation cycles (Figure

34), its value of m = 0.44 - 0.61 can be considered to best reflect the chemical oxygen surface exchange

reaction mechanism on PCO electrodes. First of all, the supply of electronic and ionic species (Equation

44c and 44e) is not likely to be the RDS, because electronic (by small polaron hopping) and ionic

conductivities of PCO show p02-/ 6 or weaker dependency on p0 2 under conditions of interest (1I 10- atm

PO2 and 550-700 C), as shown in Figure 68. And, as explained above, an m value of 1/2 or above strongly

indicates that molecular oxygen species are involved in the RDS. Therefore, adsorption and dissociation

(Equation 44a and 44b) can be considered as the RDS in the case of Figure 67 (a). For the case of Figure

67 (b), adsorption of oxygen molecules, formation and dissociation of adsorbed superoxide ions (0-,ad)

and peroxide ions (07-ad) can be considered.

However, it may be somewhat dangerous to conclude the rate determining step simply by

examining the PO2 dependence of khern, and applying it to the suggested models. Models, in the most of

the literature, were developed based on simple mass action rate expressions, which are only valid under a
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dilute solution approximation. It is questionable that 1 OPCO (10 mol% Pr doped ceria) can safely be

viewed as a dilute system. In addition, it was further assumed that the surface defect properties are the

same as the bulk ones in terms of their concentration and PO2 dependence. However, there are several

experimental observations and computational predictions that the absolute concentration and PO2

dependence of defects at the surface differ, often substantially, from those in the bulk [104-106]. In this

study, Pr is found to preferentially segregate to the film surface (section 3.4.1). Higher surface Pr

concentrations can be expected to lead to higher oxygen vacancy and electronic carrier concentrations at

the surface. Additional exchange experiments, following surface chemical etching, could be used to test

this hypothesis. However, temperatures would need to be sufficiently low to minimize further Pr

segregation [107].
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Figure 68. Conductivity of 1OPCO at 700 1C. Solid lines represent predicted contributions of oxygen vacancies
(cy--), Pr small polarons (tPrce) and electrons in the ceria conduction band (Ge) to the total conductivity

(dashed line). Open circles are experimentally obtained data. Error is smaller than the data points. Reprinted
from a reference [65].

4.3.2 Correlation between oxygen exchange kinetics and surface chemistry/morphology

Figure 69 compares the values of kche, derived for Sample 1, 11 and III upon reduction (a) and upon

oxidation (b). Even though all I OPCO thin films were deposited under the same conditions within the

same PLD chamber from the same PLD target (section 2.1.2 and 2.4.2), the electrochemical reaction

activity of the samples show large variations. Specifically, k,C,?e values of Sample III are larger than ones
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obtained for Sample 1l; 1-2 orders of magnitude for the reduction step and 1.5~2.5 orders of magnitude

for the oxidation step depending on PO2. In addition, Sample III shows a stronger pO2 dependence of khem

(m = 0.50 ~ 0.55) than Sample II (m = ~0.37) at high pO2 (;> 1 0-2 atm). Interestingly, in contrast to what

was found for kc/,,, values of kete, for Samples II and III are comparable and show similar pO2 dependences

to each other (although distinctly different from that for k,,che), as shown in Figure 70.
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Figure 69. Plot of kchem from optical relaxation versus p0 2 for Sample I, II and III at 600 "C obtained while
reduced (a) and oxidized (b). kchem values are plotted using the final pO2 value for each relaxation step. For
Sample III, values from 2 " cycle are plotted for the reduction step, while the ones from 14 cycle are plotted
for the oxidation step. The values for 1OPCO on sapphire substrate are from reference [108].
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Figure 70. Plot of keiec from EIS measurement versus p02 for Sample II and III at 600 "C obtained while
reduced (closed symbols) and oxidized (open symbols). For Sample III, values from I" cycle are plotted.
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This different reaction activity can be explained by changes in surface chemistry and morphology

during measurements. During joint in situ optical and EIS measurement, as shown in Figure 9, one half

of the sample remains open to monitor changes in transmittance, while the other half is covered with a

porous Pt layer for electrochemical measurement. This contact metal-free surface may be more

susceptible to outside contamination. Indeed, from XPS measurements (section 3.4.1), it was found that

the surfaces of the PCO thin films, used in the optical relaxation measurements, were contaminated by

impurities such as Bi, Na, Si and Ca. In addition, from secondary ion mass spectrometry (SIMS)

measurement, significant concentrations of Si, K, Na and Ca were observed to accumulate on the I OPCO

film surface following optical absorption measurements (Figure 71) [109]. This impurity contamination

can be the primary source for degradation and the huge variation in the surface exchange reaction activity

from one specimen to the next. The insensitivity of kee to outside surface impurities can be rationalized

if the reaction kinetics are governed by other process not sensitively related to PCO's surface

characteristics, as discussed later (section 4.3.3).

a A1203  b

PCO Film After optical absorption measurement

CeCe
Pr

2- Pr

C - K Ca4) CD Al Na

00
-J

Si

0 300 600 900 1200 1500 0 300 600 900 1200 1500 1800
Time /s Time / s

Figure 71. SIMS depth profiles for an as-deposited (a) and post-optical measurement PCO thin film (b). The
approximate positions of the film and sapphire substrate are indicated in 2a. Reprinted from a reference
[109].

As shown in Table 3, Sample III had only Bi as a contaminant on the surface. The origin of Bi was

found to be the Pt paste used as a current collector for EIS measurement (section 3.4.1 to 3.4.3). Sample
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I and II showed Bi contamination as well, though Bi on the Sample II surface was revealed by removing

other major impurities by HCl etching (Table 5). In addition to that, the Bi peak was found at the XPS

spectra for Pt paste (Figure 39 and Table 4), and the position dependent Bi composition profile across the

sample confirmed that Bi diffused from the Pt paste source (Figure 40 (b)). The different surface

morphology in the area near the Pt paste to a position far from the Pt paste is believed to be due to Bi

diffusion and subsequent agglomeration (Figure 45). From kehem results of Sample III, one finds that a Bi

rich surface layer and resultant Bi containing particles lead to a decrease in kehe, by a factor of 5 (Figure

34). Furthermore, the p0 2 dependence of khem, did not show noticeable change, meaning that the reaction

mechanism was maintained.

However, Sample I and II had Si, Na and Ca, in addition to Bi, as surface impurities, and these

caused considerable degradation in the reaction kinetics, as noted above. Not only did they induce a

significant decrease in khe, values, the reaction mechanism changed as well. Specifically, for Sample I,

the strong pO2 dependency of khem (m = 0.66 0.06) during the reduction step became weaker (m = 0.27

0.00) following re-oxidation, accompanied with decrease in magnitude (Figure 21). This transition also

appeared for Sample II at 550 'C; m = 0.49 0.11 for the reduction step to insensitive to pO2 for the re-

oxidation step (Figure 22 (a)), and it is believed to have originated from time-dependent surface

contamination during measurement. On the other hand, kche, at the reduction step for Sample II at 600 0C

and 650 0C is only weakly dependent on PO2, while kchem at the oxidation steps for these temperatures

showed weaker pO2 dependence (m = -0.37) compared to Sample III (m = 0.50 - 0.55) (Figure 22 (b) and

(c)). These weaker or insensitive PO2 dependences indicate that the oxygen species in the RDS changes

from diatomic to atomic oxygen species or the RDS becomes a charge transfer dominant process.

It is well known that Si, suspected to come from refractories or glass tubing, significantly decreases

oxygen ion grain boundary conductivity and as well blocks oxygen exchange at the surface [110]. CaO

surface coverage has also been shown to have a deleterious effect on surface oxygen exchange in yttria

stabilized zirconia, and has previously been observed on ceria based oxide surfaces [111,112]. The source

of Na is generally known to be from manual handling or due to contact with a dirty surface such as lab
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bench. Because Sample III did not show Si contamination (Table 3) and the observed impurity

concentration profile from SIMS measurement extended from the gas interface into the bulk (Figure 71),

gas transport from outside (e.g. furnace insulation composed of minerals often containing Si, K, Na, and

Ca) is more likely to be the source of contamination rather than bulk diffusion from the substrate. Trace

amounts of the contaminants can be introduced into the measuring chamber, and under high temperature

(and over many days), became volatile and deposited on the film surface. Quartz tubing, used as the

measuring chamber, can be considered as well. Because the main ingredients of the ceramic paste are

found, from its material safety data sheet (MSDS), to be A120 3, sodium silicate, Si0 2 and water, it can

also be considered as a potential source. But, this is less likely since Sample I showed Si contamination

without use of the ceramic paste while Sample III did not show it even with the ceramic paste used in the

assembly.

The negative impact of impurities (Si, Na and Ca) on the reaction kinetics was clearly confirmed

by reexamining specimens following surface etching. For example, khen of Sample II was enhanced by 1

~ 2.5 orders of magnitude depending on PO2 after HF etching (Table 5 and Figure 47). Figure 72 shows

that kchem of etched Sample II reaches close to or above values obtained for Sample III which are believed

to be close to ones expected for uncontaminated PCO surfaces. The PO2 dependence of khem recovered to

a power law of m = 0.73 ~ 0.84, which is even stronger than Sample III (m = 0.50 ~ 0.55). It is worthwhile

noting that the surface roughness changed little due to HF etching (from 4.13 1.38 nm to 3.77 0.13

nm, Figure 43 and Figure 44) so that enhancement in kchern cannot be due to an increase in surface area.
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Figure 72. Plot Of kchem from optical relaxation versus p02 for Sample 1, 1I and III at 600 "C obtained while
reduced (a) and oxidized (b). kchem for HF etched Sample 11 are added to Figure 69. kchem values are plotted
using the final P02 value for each relaxation step. For Sample 111, values from 14t cycle are plotted.

4.3.3 Electrochemical oxygen surface exchange reaction mechanisms

Contrary to strictly chemical ly-driven oxygen incorporation reactions, electrochemical reactions

include electrical potentials as a driving force, as monitored during EIS measurements. In this case,

electrons are supplied by the metal current collectors, even though electron transfer to the oxygen

adsorbates can actually occur at the electrode surface. Figure 73 illustrates the reaction pathways for the

electrochemical oxygen reduction reaction at a structure in which PCO is placed between the porous Pt

current collector and the electrolyte. Two possible pathways can be considered. As shown in Figure 73

(a), one pathway can involve oxygen incorporation across the PCO electrode - gas atmosphere interface,

assuming that Pt does not have any catalytic effect for charge transfer or provide preferential adsorption

sites. In this case, the Pt metal offers a means for imposing an electrical potential and to supply electrons

from the external circuit. Electrons are transported to the actual reaction site by electronic conduction

through PCO rather than through the Pt. On the other hand, in Figure 73 (b) it is assumed that electron

transfer to the oxygen adsorbates can be enhanced by the catalytic activity of Pt. Here oxygen

incorporation is largely constricted to the triple phase boundaries, where the gas, the Pt current collector

and PCO electrode meet together. In this case, adsorption and surface diffusion on Pt and PCO can
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compete with each other. Because PCO is a MIEC electrode and all of the surface area of PCO can be

active to the oxygen exchange reaction [69], the triple phase boundaries between the gas, PCO electrode

and the electrolyte are generally not considered as the preferred reaction site. On the other hand, the

electronic conductivity in PCO is much lower than that in the more well-known MIECs such as LSC or

LSF and so the triple phase boundary at the Pt/PCO/air interface may be playing a more important role

than initially expected.

(a) (b)
0 2,gas Oa 0 2,gas/ 0Ox,ad

Oxad Oxa

02- (ox) V6
V6 0PCO PCO

02-* 'k2-2(oX)

Electrolyte Electrolyte

Figure 73. Macroscopic reaction pathways involving (a) the boundary between PCO electrode and the gas
atmosphere and (b) the triple phase boundaries between the gas, the Pt current collector and PCO electrode.

As shown in Figure 31 and Figure 32, log (keie oc 1/ASR) vs. log (pO2) of Sample II and III go

through maxima at pO2 = 10- 1 0 atm, with a negative PO2 dependence in the high PO2 regime (m =

-0.64 ~ -0.94) and a positive PO2 dependence in the low PO2 regime (m= 0.39 ~ 0.65), while kchem for the

same samples did not exhibit maxima. A maximum in log (keec) - log (pO2) plot is not usually found for

other MIEC cathode materials. Generally, ke,,, shows a monotonic positive PO2 dependency at high pO2

regime [103]. On the other hand, in theoretical considerations by Fleig et al [97], they show that the

effective k (oc 1/ASR) can exhibit a maximum in log(k) - log(p02) if the surface coverage (0) of the

adsorbed oxygen species plays a key role in the overall reaction. Under these circumstances, ketec can be

expected to follow a Langmuir-type isotherm, i.e. 0 /(1 - 0)~ pOj as well.
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An alternative explanation is that the Pt current collector takes part in the reaction kinetics. (Figure

73 (b)). In fact, it is well known that the log (1/electrode resistance) vs. log (pO2) plot for Pt/YSZ and

Pt/doped ceria systems goes through a maximum, when surface diffusion of adsorbed oxygen species on

the Pt surface is the RDS [113-115]. As shown in Figure 74, the electrode conductivity shows a maximum

at higher temperatures (> 500 OC), which can be explained by the availability of adsorbed oxygen species

supplied by surface diffusion to the reaction sites (TPB region of gas, Pt and electrolyte), and its maximum

shifts toward lower PO2 when temperature decreases. In addition, the activation energy for the

conductance at the low PO2 side of the maximum is smaller than that of the high PO2 side. At lower

temperatures, the governing reaction switches to the dissociative adsorption of oxygen molecules on the

Pt surface. The flux of adsorbed oxygen species by surface diffusion,j, can be expressed by

j = -Ac6(1 - 6) xad (46)
OX

where A is a constant proportional to the mobility of adsorbed oxygen species, c is the surface

concentration of oxygen adsorption sites, 0 is the surface coverage and MOxad is the chemical potential of

adsorbed oxygen species on the surface, respectively. Assuming that the surface coverage (0) of adsorbed

oxygen species follows the Langmuir-type isotherm and their surface diffusion on the Pt surface is the

RDS, the following relationships between the electrode conductivity qE and pO2 can be derived for atomic

oxygen adsorbed species (aO = p2N , Equation 47(a)) and for diatomic oxygen adsorbed species (a0 2

P 0 2, Equation 47(b)), respectively [114].

0 a 0 - fp02

E E 0 2 (47a)

(a2 + p02)

u= 4aE (a 02 P 2 (47b)
0a2 + P02)

where a and a"0 are the activity of the adsorbed oxygen species at the optimal pO2 when 0 1/2 and U

reaches its maximum value, .
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Figure 74. pO2 and temperature changes of aE (electrode conductivity) for Pt/YSZ samples with various
preparation procedure (Details can be found in the reference [113]). Fitting curves for experimental data
(dots) for above 500 "C are derived from surface diffusion controlled kinetics (Equation 47(a) in this thesis),
while ones for lower temperatures are derived from oxygen dissociative adsorption controlled kinetics.
Reprinted from reference [113].
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Figure 75. Plot of 1/ASR from EIS measurement versus pO2 for (a) Sample III at 600 "C and (b) Sample II at
550 - 650 "C. Dotted and solid lines are fitting curves derived from surface diffusion controlled kinetics of
atomic and diatomic oxygen adsorbates (Equation 47), respectively.
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Figure 75 (a) shows log (I/ASR) vs. log (pO2) of Sample III derived from EIS measurements. The

experimental data show a better fit with the model derived with diatomic oxygen adsorbed species

(Equation 47(b)), characterized by a slope of 1, apart from the maximum, than the one with atomic

oxygen adsorbed species (Equation 47(a), slope = 1/2). Furthermore, (l/ASR) data from Sample II at

various temperatures fit well to Equation 47(b), and the temperature dependence of the pO2 at the

maximum and smaller activation energy at low pO2 side agree with the trend found in the literature (Figure

74). This is consistent with the hypothesis that surface diffusion of diatomic oxygen adsorbates to the

gas/Pt/PCO TPB region becomes the RDS in the Pt/PCO/YSZ system (Figure 76 (a)). On the other hand,

as proposed by Hertz in his Ph.D. thesis [116], the oxygen exchange reaction at the TPB region can also

be considered as the RDS. Similar to the diffusion process on the Pt surface, the exchange reaction at the

TPB involves the breaking of a Pt-O bond and following migration of the freed 0 to a neighboring vacant

site (Figure 76 (b) and Equation (48)), and its PO2 dependence would follow Langmuir-type 0 /(1 - 0)

isotherm as well. Given that the impedance spectra from Pt/PCO/YSZ cells in this study did not show a

linear feature with a 450 slope to the real axis, associated with a diffusion process [67], the latter

explanation would be more reasonable. In order to confirm which process is more dominant, electrode

resistance characteristics can be investigated by varying the surface area of the Pt current collector with

fixed TPB length.

Oxad (Pt, TPB) + V6 (PCO, TPB) * Vad (Pt, TPB) + Ox (PCO, TPB) (48)

Changes in the controlling reaction kinetics, as characterized by EIS vs optical relaxation

measurements, may explain why keiec is less sensitive to surface impurities than kehem. Because oxygen is

supplied by surface diffusion of adsorbates on the Pt current collector, the surface characteristics of the

PCO surface play more of a minor role as long as the TPB region is not substantially blocked by surface

impurities.
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Figure 76. Macroscopic reaction pathway when the Pt current collector takes part in the reaction. Possible
rate determining steps (RDS) are (a) the surface diffusion of oxygen adsorbates on Pt current collector to the
triple phase boundaries (TPB) between the gas, the Pt current collector and PCO electrode and (b) the oxygen
exchange reaction at the TPB region.

The activation energy for surface diffusion of diatomic oxygen adsorbates can be estimated by

plotting log (CE) vs. 1/T, because the temperature dependence of concentration term is not included for

aE at 0= /2. From the slope of the plot for Sample II in Figure 75 (b), the activation energy for diatomic

oxygen species diffusion is estimated to be 1.99 0.57 eV (Figure 77 (a)), in reasonable agreement with

reported values of 1.52 ~ 1.78 eV for atomic oxygen diffusion on Pt [113]. The Langmuir adsorption of

diatomic oxygen adsorbates (02,gas + Vad <-+ 0 2,ad(Pt)) and the equilibrium constant (K) of the reaction

can be expressed as below.

1/(1 - 6) = K - P0 2 (49)

K = KO exp (-Had kT) (50)

where Ko is a pre-exponential constant and Had is the adsorption enthalpy of diatomic oxygen adsorbates

on the Pt surface, respectively. Combining Equation 49 and 50, PO2 at 0 = 2 can be given by

p05 (at 6 = H ) = K-lexp(Had/kT) (51)

Therefore, from the slope of the log (p0*) vs. l/T, a value of 1.47 0.52 eV of Had can be derived (Figure

77 (b)). The reported values for the adsorption enthalpy of oxygen adsorbate on Pt are 1.95 ~ 2.30 eV

[113]. The activation energies of diffusion and adsorption can vary depending on characteristics of
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adsorption (chemi- or physi-sorption), adsorbates (molecular or dissociative / charged or uncharged) and

surface chemistry (nature of impurities and/or oxidation state of Pt, i.e. PtO, or Pt).

Interestingly, Sample I shows only a positive PO2 dependence of keie; m = 1.01 0.06 (< 10 atm

p0
2) and m = 0.29 0.03 (>10-2 atm pO2), even though a porous Pt current collector was used as for

Sample II and III (Figure 29 (b)). This might have originated from low adsorption coverage, implying that

0 did not reach a value of % even at high pO2. One could hypothesize that this could be due to heavier

surface contamination of Sample I (highest Si composition among samples in Table 3). Alternatively, the

difference may be related to the different annealing history of two specimens.

E 1.0x10 x1M
1.1.x110

E 1.99 0.57 eV
E =1.47 0.52 eV

5'1.0x101

5-COx 0.1

1.x1 0- 3

h10X10-2 0
0

1.0x10 3  1.0x104  I I
1.00 1.10 1.20 1.30 1.00 1.10 1.20 1.30

1000/T [K'] I 000/T [K-]

Figure 77. Temperature dependence of (a) I/ASRO, i.e. ao, and (b) pO* at 0= '/2 for Sample II from Figure
75 (b).

4.3.4 Comparison of kchem with kelec

The thermodynamic factor w derived by Weppner et al [117], for the case of a system dominated

by one electronic and one ionic species is given by

W = tea (52)w ' In ci.

where te , a i and ci. represent the electron transference number ( Ue/-totai ), activity and the

concentration of neutral i species (i*), respectively. Utilizing this thermodynamic factor, the oxygen
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surface exchange rate constants derived by chemical and electrical routes (kh,. and keiec, respectively) can

be correlated to each other, as long as the same reaction mechanism operates [29,30].

8 aa1 ldln(p02 )
kchem = te a In co keiec = te 2 d ln([Og]) keiec (53)

where [Ox] is molar oxygen concentration computed from a previously derived thin film defect equilibria

model [68]. Assuming that electronic conduction through the conduction band is negligible in the pO2

range of interest in this study (1 atm - 10- atm) [65], te can be calculated by considering only the

contributions of oxygen vacancies ((vT) and Pr small polarons (o-Prce) (Figure 78 (a)). In the calculation,

all defect concentration are derived from the thin film defect model [68], while parameters for mobilities

are obtained from an analysis of bulk transport properties of PCO [65].

8 550 C 10 PCO 550 0C 10 PCO
--- 600 *C 3.2 --- 600 0C

E 650 *C 0 3.0 - -- 650 *C

.. 2.8

2.6 -
C . -M 2.4

2.4
C, 0

0.2

0.0 1.8
-6 -5 -4 -3 -2 -1 0 1 -6 -5 -4 -3 -2 -1 0 1

log(pO 2) [atm] log(pO 2) [atm]

Figure 78. (a) The electron transference number derived from the PCO thin film defect model. (b)
thermodynamic factor, w, calculated based on parameters derived from the defect model.

Figure 79 to Figure 81 summarize all the surface exchange coefficients obtained in this study from

Sample I, II and III, respectively; khen, from optical relaxation, ke,,, from EIS measurement and estimated

kche, from k., and the thermodynamic factor w using Equation (53). In the case of kehem, values are plotted

based on the final PO2 values reached following each relaxation step. For all samples, we find that kche,

estimated from kerec and w, are a factor of ten to a hundred larger than kee extracted from the optical

relaxation measurements.

119



Three possible origins of this discrepancy between kchem and keec can be considered as follows. First

of all, khem measured from optical relaxation measurement were found often to be degraded from the

values obtained for "clean" materials. The presence of surface contamination on the exposed PCO surface

used in the optical transmission measurements, and their negative impact on the oxygen exchange reaction,

were discussed above. Second, the potential catalytic activity of the Pt current collector could be another

potential source for the larger kchem values derived from ASR measurements in addition to changes in the

RDS of the reaction kinetics. Lastly, the validity of the use of Equation (53) and of the derivation of the

thermodynamic factor in the equation is questionable. Equation (53) is derived under an assumption that

kche, and keec share the same reaction mechanism, i.e. the same RDS [118]. However, the different PO2

dependence of khe, and keiec in this study indicates that the oxygen exchange reaction is governed by

different elementary steps for these experiments. In addition, defect concentrations used to calculate the

thermodynamic factor, which were obtained from the defect model for the film bulk, may not represent

the surface characteristics of the thin films. The defect chemistry at the film surface can be different from

that characteristics of the film bulk. For example, as found from XPS measurement (Figure 41), Pr

concentrations near the film surface (0.26 ~ 0.32) were higher than that in the film bulk (-0.10). For a

comparison of the potential impact of different Pr concentration on the thermodynamic factor, calculations

of w for 20PCO based on the 20PCO bulk defect model [66] are shown in Figure 82 (a). A smaller w is

found in the high pO2 regime that would cause up to a 50% decrease in khem extracted from keec and w, as

illustrated in Figure 82 (b). Even though this modification is still smaller than the discrepancy between

derived kehem values, its impact goes in the right direction (by decreasing the discrepancy) and it may be

larger when higher Pr concentrations on the surface are considered.
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Figure 79. Plot of kchem from optical relaxation, kelec from EIS measurement and estimated kaem derived from
kelec (with aid of thermodynamic factor, w) versus p02 from Sample I. khem from optical relaxation is plotted
using the final p02 value for each relaxation step.
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Figure 80. Plot of kchem from optical relaxation, kie from EIS measurement and estimated kehem derived from
kelec (with aid of thermodynamic factor, w) versus pO2 from Sample II at 550 *C (a), 600 0C (b) and 650 0C (c).
kchem from optical relaxation is plotted using the final pO2 value for each relaxation step.
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Figure 82. (a) Thermodynamic factor (w) for IOPCO and 20PCO calculated based on parameters derived
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4.4 Investigation of oxygen chemical diffusion via color front motion

The reaction kinetics in thin film structures are generally limited by the surface exchange reaction

because of the short diffusion lengths in films coupled with quite high oxygen diffusivities. Indeed, as

discussed above (section 1.6.2), diffusion control should become relevant only above the critical length

(Lc = D/k); for PCO, ~10' m at 550 - 670 C. However, by limiting the exchange reaction to occur only

at a confined regions or edges and blocking oxygen exchange over most of the area of the film, the

diffusion kinetics can be studied by monitoring lateral color front motion along the length of the film from

the access point to some distance away from that point. With a special cell structure designed to extend

the oxygen diffusion pathway (Figure 11), this study demonstrates that oxygen chemical diffusion in

MIEC oxide thin film can be investigated with the aid of color absorbing centers which change their

absorptivity with a corresponding change in oxidation state as is the case for Pr in CeO 2. While the isotope

exchange experiment that uses SIMS to determine the tracer diffusion profile can be used for this purpose,

it requires costly instrumentation, is ex situ and destructive to the specimen. In contrast, optical color front

motion experiments can be done in situ, reversibly and more rapidly. Furthermore, additional variables

such as electrical potential and catalyst decoration can be easily and even locally accommodated.
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CHAPTER 5. CONCLUSION

5.1 Summary

This dissertation described research into methods for investigating the defect chemical

thermodynamics and surface exchange kinetics in oxide thin film structures. This was achieved by

developing a novel characterization apparatus, enabling joint in situ and in operando optical absorption

and electrochemical impedance spectroscopy (EIS) measurements and spatially resolved color front

motion studies. The characterization techniques and the information achieved in this research are essential

for the design of more efficient and stable electrodes, key components of solid oxide fuel cells (SOFCs)

[6,7], solid oxide electrolysis cells (SOECs) [119], water-splitting devices [120-122], and metal-air

batteries [123,124] given the central role played by the oxygen reduction reaction in all of these devices.

Dramatic changes in the optical absorptivity of PrxCeO 2-6 (PCO) thin films, resulting both from

variations in Pr concentration and oxidizing/reducing treatments, were observed and correlated to the

electronic structure and oxidation state of Pr within the material. The Pr impurity levels allow for sub-

band gap optical transitions (2.0 - 3.3 eV), leading to the red coloration of oxidized PCO. By exposing

PCO to reducing conditions, the optical transitions are suppressed due to the conversion of Pr4+ to Pr+

(i.e. filled impurity levels).

A novel investigation method for simultaneously performing in situ and in operando optical

absorption and EIS measurements was developed in this study and utilized,for the first time, at elevated

temperatures and controlled atmospheres, on metal oxide thin films (PCO) exhibiting variable oxygen

nonstoichiometry (6). Conventional characterization methods are often severely limited when applied to

thin films due to their inherent high aspect ratio and low mass. On the contrary, this novel arrangement

allows one to investigate the thermodynamics and reaction kinetics of oxide thin films, which often differ

from those of bulk materials, and could be influenced by other factors such as metal contacts, strain and

thermal history.
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The absorption coefficient of the Pr" color center, extracted from optical absorption measurements,

was found to exhibit an expected linear dependence on Pr" concentration, as correlated with 6 values

obtained independently by chemical capacitance measurements, within the experimental conditions of

this study (550 - 700 OC and 10' - I atm PO2). This allowed for the derivation of the extinction coefficient

for Pr4  (Cpr+= 6.37 0.05 x 1018 cm2 ), thereby opening up future opportunities for investigating defect

concentrations and nonstoichiometry in PCO and other appropriate thin films from optical studies alone.

This could be especially important at reduced temperatures where meaningful Cche measurements may

not be possible. In addition, Pr * concentrations estimated only from optical measurement were found to

be consistent with ones derived from chemical capacitance measurements, validating the thin film defect

model for 10PCO.

The non-contact optical relaxation measurement provides an important means for investigating the

surface exchange reaction kinetics of the "innate" surface of a material. Surface sensitive measurements

like XPS and AES revealed that the surfaces of the PCO thin films were susceptible to contamination with

elements such as Bi, Na, Si and Ca, introduced during sample preparation and high temperature

measurements and/or treatments. This change in surface chemistry was found to have significant impact

on reaction kinetics with changes in oxygen surface reaction constants (kher) of up to two order of

magnitude. Therefore, in order to keep the electrode surface active, an impurity tolerant electrode needs

to be designed, for example, by introducing additives capable of reacting and thereby neutralizing the

impurities [125]. Pr was also found to segregate to the surface of the PCO films, of potential benefit for

the surface exchange reaction, by creating a higher oxygen vacancy and electronic carrier concentration

at the surface.

The presence of the Pt current collector at the PCO surface was found to significantly alter the

oxygen surface exchange kinetics, in some cases showing an unexpected maximum in the log (keiec) - log

(pO2) dependence believed to be due to a Langmuir-type adsorption isotherm. Based on this observation,

surface diffusion of diatomic oxygen adsorbates to the gas/Pt/PCO triple phase boundary region was

proposed as the RDS. The activation energy for diatomic oxygen species diffusion was estimated to be
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2.07 0.57 eV, while the adsorption enthalpy was calculated to be 1.47 0.52 eV. This suggests that the

surface coverage and migration of oxygen adsorbates on metal contacts should be considered when

evaluating the reaction kinetics of MIEC electrodes by electrical and electrochemical measurements, and

ultimately designing the SOFC cell structure for better performance.

Given that the defect model for PCO thin films was validated by our Cche, and optical

measurements, the thermodynamic factor, w, could be calculated from the model. Because the oxygen

surface exchange rate constants, derived by chemical and electrical routes (kche, and keec, respectively),

were obtained for the same sample under the same environmental condition, they could be correlated to

each other, in princliple, with the aid of w, allowing a unique opportunity to test the validity of the use of

w. kchem measured by optical relaxation measurements was found to be smaller than kchem derived from an

analysis of kelec and w. The origin of this discrepancy in derived kcher values was proposed to be due to a

deterioration in kcher caused by impurity contaminated surface and potentially enhanced kelec due to

catalytic effects coming from the Pt contact. In addition, the validity of defect concentrations used for the

calculation of the thermodynamic factor need re-consideration given that the defect chemistry at the film

surface can deviate significantly from that of the film bulk. Therefore, comparison and/or conversion

between khem and kelec with the aid of w may not be valid in general.

Color front motion in surface passivated PCO films was used to investigate diffusion kinetics

within the plane of the films. This was enabled by a special cell structure designed to extend the oxygen

diffusion pathway and the use of a heater stick enabling the close approach of the microscope lens. Optical

color front motion experiments can be done in situ and faster than common alternative methods such as

SIMS following exposure to an 180 tracer. In addition, it allows one to have a spatially resolved map of a

material's properties.

In this dissertation, the in situ optical measurement technique was introduced as a versatile tool for

investigating the defect chemical (6) and the reaction kinetic properties (k, D) of oxide thin film structure,

information essential to predicting enhanced performance of oxide-based devices. Specifically optical

absorption associated with the Pr oxidation state in PCO model dense thin films was studied for this
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purpose. The use of this technique can be extended to other oxide thin films which have proper absorbing

centers for example, Fe4" in Sr(Ti,Fe)O 3-a. Furthermore, even if there is no color center, other oxide thin

films can be investigated by preparing a multilayer structure composed of the interested oxide as the top

layer and the PCO film at the bottom as a color indicator. In addition, the local nature of optical

measurement can provide the ability to investigate spatially resolved material's properties. Therefore, the

combination of high throughput combinatorial fabrication methods [122,126,127], with in situ optical

measurements can serve as a rapid screening technique, thereby realizing efficient development of highly

performing devices.
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5.2 Recommendations for future works

. There are a number of questions raised by this work. The followings are some of the more

promising avenues that are recommended for future study:

" Investigate optical band-gap energy change of PCO thin film as a function of temperature.

" Apply an electrical potential across the YSZ support to vary the oxidation state of the PCO thin

film and monitor change in its optical absorption.

* Investigate the chemical diffusion in PCO thin films; color front motion with electrical potential

and catalyst decoration.

* Investigate reaction kinetics of other materials by using optical changes of PCO thin films as an

indicator.
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