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ABSTRACT
DEVELOPMENT AND USE OF ANEW CURVATURE RELAXATION TECHNIQUE TO

MEASURE THE IN SITU OXYGEN SURFACE EXCHANGE COEFFICIENTS AND STRESS
OF LANTHANUM STRONTIUM FERRITE FILMS

By

Qing Yang

Solid oxide fuel cells (SOFCs) provide fuel flexibility and the highest efficiency of any
chemical-to-electrical energy conversion technology. Unfortunately, slow oxygen transport,
especially that caused by low surface exchange kinetics at the cathode, limits overall SOFC
performance. In the common SOFC material LagsSro4FeOs.5 (LSF64) efforts to engineer and
understand oxygen surface exchange have been complicated by the 5 orders of magnitude
chemical surface exchange coefficient (k) discrepancy reported in the literature. To help remedy
this discrepancy, a new bilayer curvature relaxation technique utilizing the mechano-chemical
coupling of LSF64 was developed in this work. This technique provides reliable, in-situ,
electrode-free, simultaneous measurement of film stress and k as a function of temperature and
oxygen partial pressure. This is demonstrated here by measuring LSF64 films prepared via
sputter deposition, pulsed laser deposition, and colloidal spray deposition. The similarities and
differences between these films are systematically investigated across multiple thermal cycles,
and correlated to the microstructure, stress state and sample preparation/testing history. Further,
the k of LSF64 films was measured here below 500°C for the first time, and distinct lattice-

dominated and grain-boundary-dominated chemical stress responses were identified.
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KEY TO SYMBOLS AND ABBREVIATIONS

a particle radius

A area fraction corresponding to a distinct oxygen surface exchange pathway
a, coefficient of chemical expansion
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1. Motivation and Project Overview

1.1. Energy Challenges

The demand for energy is essential for humanity, and it continues to rise as
industrialization and population growth increase [1]. Fossil fuels, such as coal, petroleum and
natural gas, are non-renewable energy sources that provide power for manufacturing,
transportation, and other aspects of modern society [1, 2]. Traditional energy production
technologies (such as internal combustion engines) have low efficiencies and inherent
environmental drawbacks (such as pollution and climate change). Therefore, advanced energy
conversion devices are needed to improve energy efficiency and minimize negative

environmental impacts.

1.2 Fuel Cells

1.2.1 Applications

Fuel cells are energy conversion devices that directly convert chemical energy into
electricity, and are recognized as a superior energy conversion technology to internal combustion
engines and coal-fired power plants because of their higher efficiency and lower environmental
impacts [3]. They find applications in portable devices (such as auxiliary power units), stationary
power generation (such as power plants and uninterruptible power supplies) and transportation
(such as fuel cell electric vehicles). The past five years have seen a steady growth of both

shipments and megawatts of fuel cell systems, as shown in Figure 1.1.
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Figure 1.1 Fuel cell market growth from 2009 to 2013. [4]

1.2.2 Types of Fuel Cells

Based on the nature of the electrolyte, fuel cells can generally be categorized into proton
exchange membrane fuel cells (PEMFCs), direct methanol fuel cells (DMFCs), alkaline fuel
cells (AFCs), phosphoric-acid fuel cells (PAFCs), molten-carbonate fuel cells (MCFCs) and
solid-oxide fuel cells (SOFCs). A comparison of the mobile ions, operating temperatures,
electrode reactions, efficiencies and practical problems between these fuel cell types is
summarized in Table 1. Among these devices, SOFCs have the highest efficiencies (45% to 65%

for stand-alone applications and 70-90% for combined heat and powder (CHP) applications [5,



6]) and fuel flexibility. As it remains challenging to produce and store hydrogen in a sustainable
and cost-effective way [7, 8], SOFCs can serve as a bridge from the current hydrocarbon-based
economy to a hydrogen or biofuel based economy (using hydrocarbons fuels derived from fossil
fuels, biomass and solid waste) while using existing infrastructure (such as the natural gas

distribution grid) [9].



Table 1 Selected features of different types of fuel cells. [10-13]
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1.2.3. SOFC Overview

1.2.3.1 Components and Operating Principles

Fuel Flow /

Interconnect

Flow

= Anode

Figure 1.2 Planar (left) and tubular (right) design of SOFCs and their components.

Figure 1.2 schematically shows the two common SOFC cell designs. The planar design is
easier for stacking flat plates, while the tubular design is easier for sealing. The four essential
components ofa single SOFC are the cathode, electrolyte, anode and interconnect. During SOFC
operation, oxygen molecules (1) react with electrons and incorporate into the material structure
as oxygen ions at the cathode, (2) migrate through the cathode, electrolyte and anode, and (3)
combine with fuel to produce water and/or carbon dioxide at the anode, while releasing electrons
that go through the external circuit and reduce more oxygen molecules. The cathodic and anodic

half reactions are spatially separated and can be written using Kroger-Vink notation as [14]:

2y + Vo +28' > O] 1)

Cathode: %o

Anode: H,/CO/Hydrocarbons , +0J — H,0/CO,  +V" +2e’ )
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The oxygen ion conducting capability of the solid electrolyte allows for direct fuel flexibility in
SOFC, compared to some of the other fuel cells (eg. PEMFCs, AFCs) that require hydrogen as

an exclusive fuel source, or the use of external reformers.

1.2.3.2 Materials and Requirements of SOFC Components

1.2.3.2.1 Cathode

The SOFC cathode is required to have a high electronic conductivity, a high oxygen
surface exchange coefficient, and a high activity for oxygen reduction. Traditionally, an SOFC
cathode is composed of a porous layer of electronic conductor (EC), such as Pt or Lanthanum
Strontium Manganese oxide (LSM), on a dense, ionic conducting (IC) electrolyte, such as
yttrium stabilized zirconia (YSZ) [10, 15]. Alternatively, a two-phase, porous EC-IC composite
on a dense IC electrolyte can be used to provide better ionic conductivity [3, 15]. In either
scenario, the oxygen reduction reaction (ORR) takes place at the triple-phase-boundary (TPB),
where the gas, EC and IC phases meet. The resulting oxygen ions are then transported through
the IC phase to the electrolyte.

In order to increase the surface area over which the ORR reaction can occur, mixed ionic
electronic conductors (MIECs) have been introduced to replace EC-IC cathodes [15]. The
capability of conducting both electrons and ions in a single material allows the oxygen to be
transported through the bulk of the cathode particles, thus extending the reaction sites over a
much larger surface compared to the triple phase boundary width. Numerous studies have been
conducted in the past two decades to develop MIEC oxides that considerably improve SOFC
performance [16-20]. By optimizing dopants and/or doping levels in perovskite-type oxides such
as Ln;.xSrkFe1yCoyO35 (Where Ln=La, Sm, Nd, etc.) [21], SmosSro5C00; (SSC) [22] and

Bag 5Sr0.5C00.8F€p203-5 (BSCF) [23], lower interfacial resistance and overpotential in the cathode
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can be achieved. These MIECs can be used in single-phase porous cathodes, micron-sized
MIEC-IC composites, or infiltrated nano-composite cathodes [24]. Thin film MIEC
microelectrodes with well-defined geometries have also been made to elucidate oxygen

reduction kinetics [25, 26].

1.2.3.2.2 Anode
Ni-YSZ cermets are commonly used as SOFC anodes as they provide high electronic and

ionic conductivity, as well as chemical/thermal compatibility with YSZ electrolytes. For the
same reason as SOFC cathodes, however, the catalytic anode reactions are limited to TPB
regions in SOFC anode cermets.

Recent studies have investigated oxide based MIEC materials such as La;-xSrxCri.yMyO3-5
(LSCrM, where M is a transition metal such as V, Cr, Fe, Mn, Co, Ni, Cu, etc), as replacements
for Ni-based anodes [27-32]. These materials have excellent redox stability and catalytic activity
toward methane reforming. They also have good electrical conductivity and mechanical stability

in reducing atmospheres, which are all required for SOFC anodes.

1.2.3.2.3 Electrolyte

The primary requirement for SOFC electrolytes is sufficiently high ionic conductivity
and minimal electronic conductivity. Considering a target value of the area specific resistance
(ASR) of 0.15 Qcm?, and the practical lower limit of electrolyte thickness of ~15 pm by
traditional colloidal fabrication techniques, the ionic conductivity must be greater than 0.01
Scm ™ [3], as shown in Figure 1.3. This requires an operating temperature >700°C for traditional
YSZ electrolytes. In order to reduce the operating temperatures to ~500°C (a temperature

desirable to minimize degradation and allow the use of cheaper metallic interconnect

components), other electrolytes, such as gadolinium doped ceria (GDC) and lanthanum strontium
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gallium Magnesium (LSGM), have been introduced and extensively studied [33-38]. In addition
to their high conductivity at intermediate/low temperatures, the thermal expansion coefficients of
GDC and LSGM are chemically compatible with other SOFC components, such as stainless steel
interconnects [3] and perovskite electrodes [33]. As shown in Figure 1.3, the ionic conductivity
can generally be regarded as a figure of merit for material selection, as it largely dictates the
minimum SOFC operating temperature based on practical requirements of fabrication and
operation. However, other factors such as phase stability under operating conditions and
chemical compatibility with other SOFC components must also be taken into consideration.
Bi,V0.9Cup 10535, for example, is unstable under reduced atmosphere at the anode side despite its
high conductivity [3].

Temperature (°C)
I8()'07'90 690 5|00 4(|)0

|
I_ Stainless steel  Bipolar
s Cr-F (Y,05), Inconel - Al,O, plate

La (Ca) CrO4 material

150 um
15 um
0.5 um
0.15 um

0.8 1.0 1.2 1.4 1.6 1.8 2.0
1,000/T (K1)

Figure 1.3 lonic conductivity of common SOFC electrolyte materials. Practical application
requires area specific resistance (ASR) values < 0.15 Qcm?®. Therefore, a minimum target
conductivity value of 0.01 Scm™ is necessary so inexpensive colloidal fabrication techniques
producing dense electrolyte films 15 pm thick can be used. This helps dictate the necessary
SOFC operating temperature. This figure was reproduced from Ref. [3].
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1.2.3.2.4 Interconnect

Interconnect materials have to be electronically conductive and also serve as sealants to
spatially separate the fuel and air chambers. For reasons similar to those mentioned above, they
also need to be chemically stable during SOFC operating conditions, as well as
chemically/thermo-mechanically compatible with other SOFC components. Sub-600°C operating
temperatures would allow the use of alloys, such as stainless steel, that are cheaper and easier to
machine [10]. This, coupled with the reduced staring times and improved thermodynamic

efficiencies are driving the development of low temperature (i.e. <600°C) SOFCs.

1.3 Technological Progress of SOFCs

The first operating SOFC was developed in 1937 by Bauer and Preis [39]. Since then,
SOFC research and development activities have made significant progress in terms of lowering
SOFC operating temperatures from 1000°C to the intermediate temperature (IT) (650°C to
800°C) range, and even down to the low temperature (LT) (<600°C) regime, while maintaining a
desirable power density of >1W/cm? [3, 9, 40, 41]. SOFC lifetimes have also been extended to
more than 5 years [42, 43]. These major advances are largely attributed to the development of
new materials, the advancement of fabrication techniques, and the optimization of electrode

microstructures [9, 41, 42, 44-46].

1.4 Current Challenges at the SOFC Cathode

Despite the encouraging improvements made during the past two decades, many
technological challenges still remain in SOFCs. These challenges usually involve competing
situations: (1) high operating temperatures enhance the oxygen surface exchange and diffusion
Kinetics but increases the long-term degradation of SOFC components, and (2) low operating
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temperatures improve the long-term stability but aggravates electrode polarization losses. One of
the key issues that has driven research but remains poorly understood is the reaction kinetics of
oxygen reduction at the cathode. This can be demonstrated by scattered, sometimes conflicting
experimental results on nominally identical bulk and thin film samples made with different
fabrication techniques [47-50]. Contradictory observations on the effect of lattice strain on the

oxygen surface exchange kinetics of MIEC oxides also exists in the literature [51, 52].
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Figure 1.4 Voltage drop of a typical SOFC operated at 100 mA/cm? and various temperatures
[53].

As depicted in Figure 1.4, among the three main components of SOFCs, the cathode is
the most resistive part of the cell. The overpotential losses due to oxygen transport at the cathode
are significant, especially when the operating temperature is lowered in order to reduce cost and
maintain long-term mechanical/chemical integrity.

In general, oxygen transport can generally be considered as a combination of the
following elementary steps: (1) oxygen gas diffusion, (2) oxygen surface exchange at the gas-

solid interface, (3) oxygen ion diffusion through the MIEC cathode, and (4) oxygen
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incorporation across the cathode/electrolyte interface. Multiple models [54, 55] show that for

traditional SOFC cathodes, oxygen surface exchange is the most resistive process.

1.5 Hypothesis and Aim of this Work

Due to its important role in determining SOFC cathode performance, oxygen surface
exchange has attracted great attention in the literature in terms of its fundamental mechanisms,
how to measure it, and how to improve it. However, there are great discrepancies/contradictions
in the literature, and debate exists on the oxygen surface exchange rates of even the most
common MIEC materials. In LageSro4FeOs.5 (LSF64), for instance, chemical oxygen surface
exchange coefficient (kchem) discrepancies of up to 5 orders of magnitude are common at
identical temperature and oxygen partial pressure conditions [47, 50]. Similar discrepancies have
been observed for other MIEC materials such as reduced cerium oxide [56-59], lanthanum

strontium cobaltite [60-62] and lanthanum strontium cobalt iron oxide [63-66].

In fact, many of the literature studies, despite investigating materials of interest with the
same chemical compositions, prepare and measure the samples using different techniques. These
various techniques can introduce large variations in microstructure, stress states, electrode
impacts, etc. These complicating effects are hypothesized to contribute to the large surface
exchange discrepancies seen in the literature. The objective of the work presented in this
thesis is to evaluate the hypothesis that (1) reliable surface exchange measurements of
MIEC films can be obtained via a curvature relaxation technique (kR) based on the
mechano-chemical coupling of these materials, and (2) that factors such as preparation

technique and/or microstructure affect surface exchange.
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Of the following chapters, Chapter 2 reviews the mechano-chemical coupling in SOFC
materials and the traditional oxygen surface exchange coefficient measurement techniques.
Chapter 3 provides the theoretical development of the curvature relaxation (kR) technique and
summarizes the experimental methods used throughout this work. Chapter 4 reports the
mechano-chemical behavior of bulk LaggSro4FeOs.s (LSF64), an archetypal MIEC material.
Chapters 5, 6 and 7 use the kR technique to experimentally investigate the surface exchange
coefficients and stress of LSF64 films fabricated by sputtering, pulsed laser deposition, and
colloidal spray deposition, respectively. Finally, Chapter 8 provides a summary of the important

conclusions that can be drawn from this work.
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2 Literature Review

2.1 Mechano-Chemical Coupling in Solid Oxide Fuel Cell
Materials

In order to better understand how oxygen surface exchange in MIEC materials can be
investigated using the curvature relaxation technique developed in this work, a general
background summary on mechano-chemical coupling in electroceramics is provided in this

chapter.

2.1.1 Strain in Electro-ceramic Devices
The functional ceramics used in energy, automotive and chemical applications are usually
nonstoichiometric, ionically or electronically conductive, and capable of exchanging electrons or

ions with the enviroment. These unique features allow them to: a) catalyze the removal of NO_,

CO and unreacted hydrocarbons from combustion gas streams [67], b) sense oxygen partial

pressures for fuel-efficient engine operation [68], c) catalyze the dissociation of H,0 or CO, for

alternative fuel production [69, 70], e) separate oxygen for gas purification applications [71], and

f) serve as catalytically-active SOFC electrode materials [27], among other uses.

During fabrication and operation, many electronic/ionic devices undergo undesirable
stress development, which is oftentimes induced by mechanical, thermal or electrochemical
effects (or combinations thereof). In Li ion batteries, for example, the charge-discharge
operations rely on the lithiation and delithiation of the electrodes. This repeated compositional
change result in repeated volume changes that may cause large stress development and
irreversible structural changes/failure [72]. In SOFCs, different components are usually

manufactured under particular temperature/pressure conditions and subsequently used at others.
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This can leave inherent stress caused by the constrained sintering of individual components or
the thermal expansion mismatch between neighboring components. Due to the relatively high
operating temperature and the varying oxygen partial pressure across an SOFC device, rapid

start-up and cool-down can also cause SOFC mechanical failure [73-75].

2.1.2 Chemical Expansion in MIEC Materials
Due to the presence of multivalent cations and accomodating crystal structures, many
MIEC materials canalter their bulk oxygen vacancy concentration (c, ) by changing their cation

oxidation state. In bulk lanthanum strontium iron oxide (LSF), for example, these changes can

be summarized via the defect reaction:
. y 1 . .
2Fe. +0; > EOZ(Q)+Vo +2Fe;, 3)

at temperatures below 625°C and oxygen partial pressures (p0,’s) ranging from 1 to ~1x10™’
atm [76]. In addition to altering cation and anion defect concentrations, these internal redox
reactions can affect overall lattice strain. For instance, in lanthanum strontium ferrite [49, 77],
cerium oxide [78-80], lanthanum strontium cobaltite [81, 82], lanthanum strontium chromate
[83], lanthanum manganate [84], lanthanum strontium cobalt iron oxide [82, 85], barium
strontium cobalt iron oxide [86], strontium iron titantate [87], and other MIEC materials, the
operation of reactions such as Equation (3) results in lattice expansion as the oxygen

nonstoichiometry (8) increases. This mechano-chemical coupling can be summarized as a

chemically induced strain (¢, ) given as:

=a Ad 4)

—|=
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where | is sample length, T is the temperature, and «_, is defined as the chemical expansion

coefficient. § is related to the oxygen vacancy concentration via:

c,=6N,_/V, (5)
where N, is Avogadro’s number and V_ is the molar volume. As shown in Table 2, many MIEC

oxides exhibit positive «_ values, meaning that increases in & result in overall expansion of the

lattice.

Table 2 Chemical expansion coefficients of common MIEC materials

Material Measured Temperature (°C) a,
CeoGd;,0, 45 5 700-900 0.14 [88, 89] T
CeO, 800 0.10 [80, 89]
La, St FeO, 650-875 0.017-0.047 [90]
La,,Sr,,Co,,Fe,,0, , 700-900 0.031 [91, 92]
L8, ,SRCe0,, 600-900 0.023-0.024 [91, 93]
02<x<0.8
SrFe, ,Ti O, 23 0.03 [94]
0.25<x<0.7
Ba,,Sr,.Co,,Fe,,0, 600-900 0.026-0.016 [95]
L8, SKCro,., 1000 0.024 [96]
0.16 <x<0.3
LaMnO, 600-1000 0.024 [84]
1 For 0 <6 <0.05. Although nonlinear above 0.05, «_ is linear for A5 <0.01 [88]

As is shown by the many studies listed in Table 2, the chemical expansion provides
additional strain compared to pure thermal expansion and can lead to challenging stress
development across the device. Understanding this combined ‘thermo-chemical” effect is

therefore critical in material selection and system design.

36



2.1.3 Utilizing Mechano-chemical Coupling
Notwithstanding the challenges resulting from chemical expansion, it is also possible to
take advantage of mechano-chemical coupling to improve material properties and device

performance through strain engineering.

Previous experimental and computational studies have suggested that stress can affect the
ionic defect concentrations [97-99], oxygen ion diffusion [100], carrier mobility [101-103], free-
surface dopant/impurity buildup [104-106], catalytic activity [107], and oxygen surface exchange
Kinetics [100, 101, 106, 108-110] of electrochemically active ceramics. As detailed in Section
2.3.6, many of these properties can be positively impacted with intentionally induced tensile

strain.

While bulk or micro-scale materials can sustain limited stress and therefore are more
susceptible for degradation and failure, nano-scale thin films can withstand stress levels on the
order of several GPa [111]. One of the main objectives of this work is the utilization of mechano-
chemical coupling and the development of the curvature relaxation technique to measure MIEC

films fabricated by various techniques, as detailed in Chapters 5-7.

2.2 Oxygen Surface Exchange and its Measurement

As mentioned in Chapter 1, high oxygen surface exchange kinetics is the key to the
activity of nano-composite and thin film MIEC cathodes, and therefore the overall performance
and commercial viability of low temperature SOFCs. This section provides a literature review on
the definitions, derivations and traditional measurement techniques of oxygen surface exchange

coefficients.
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2.2.1 The Characteristic Thickness

In comparison to traditional EC cathode materials, MIEC cathodes are advantageous in
that oxygen ion diffusion through the bulk is significantly enhanced. On the other hand, in MIEC
materials, oxygen surface exchange, which also contributes to the overall oxygen transport in the
cathode, can become rate limiting. It is therefore important to distinguish between these two
processes and identify the conditions where they control the oxygen transport kinetics. The
characteristic thickness, L., indicates the dimension where a sample is under mixed control (i.e.
both bulk and surface). A given sample with thickness |, is essentially limited by surface
exchange when I/L;<100 and limited by bulk diffusion when I/L;>100 [112]. The characteristic
thickness can be expressed as the ratio of oxygen diffusivity over the surface exchange

coefficient [112]:

L =

C

(6)

D
k

2.2.2 The Different Types of Oxygen Surface Exchange Coefficients

2.2.2.1 Chemical Exchange Coefficient

When the environmental pO; changes by a small amount, ApO2, a corresponding oxygen
chemical potential change Apo, and a net flux of oxygen, j,, occur at the surface, These two

parameters are related by:

Au Au
jo:2j02:2jeox 02:4-0 >
RT (7)

ex
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where j, is the net flux of oxygen molecules, j;, is the exchange current density, A, is the

chemical potential change of an oxygen molecule at the surface. Given the thermodynamic factor

derived by Weppner et al. [113] as:

1 ou
Wo = ®
RT dlnc,
j, canbe rewrittenas:
. djow
lo = —OACO 9)

where Ac, is the oxygen concentration change across the surface. Assuming first order Kinetics,

the rate constant of the surface reaction, Kchem, is then given by:

' 4
kchem = JO = JEXWO (10)
Ac, Co
Or alternatively,
(j, \RT
|(chem = LJ_O WO (11)
Apg Co

where the constant (j, /Au,)is termed as the surface permeability, A, [114]. This expression

defines the rate constant for the ambipolar diffusion of oxygen (i.e. the combined diffusion of
oxygen vacancies and electrons) through an MIEC material, in the absence of an external

electrical circuit.
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2.2.2.2 Tracer Exchange Coefficient

If a sample is at chemical but not isotopic equilibrium (i.e. j, =0), tracer surface
exchange occurs. The rate constant in this situation is termed as the tracer surface exchange

coefficient (k) and is defined as:

— (12)

Unlike k___which depends on the ambipolar diffusion of both electrons and oxygen vacancies,

chem

k" is only dependent on the diffusion of oxygen vacancy species, since there is no change in the

electronic concentration within the material.

2.2.2.3 Electrically Determined Surface Exchange
Ifa sample is under a small, steady-state applied electrical field and only ionic current is

allowed through the sample, an electrically determined surface exchange coefficient defined as:

KT = Al (13)

Like k during a k® measurement, changes in the electronic concentration are occurring.

chem *
However, since these concentration gradients are not generated by or relieved by electron
movement within the material (these small electron concentration gradients are extremely
imposed), the resulting oxygen flux is not dependent on electron diffusion through the material.

Although relationships exist between the three types of k’s [66], their different definitions
imply the different situations they are applied to, their magnitudes (even for the same sample)
can be very different , and usually different techniques are used to measure them, as detailed in
the following section.

40



2.2.3 Literature Oxygen Surface Exchange Coefficient Measurement
Techniques

As summarized in Table 3, there are a number of measurement techniques used for
determining the various surface exchange coefficients discussed in Section 2.2.1. Due to various
instrumental and/or mechanistic restrictions, some of the techniques have a limited temperature
range, some require electrodes to be deposited on the sample (which can complicate accurate k
measurements, especially in low-conductivity films), some are ex-situ techniques that may not
reflect sample behavior under operating conditions, and some need voluminous samples so that
resolvable signals can be obtained. An ideal film k measurement technique would be electrode-
free, in-situ and suitable for both thin film and thick film analysis across a large temperature
window for as many materials as possible. As discussed in Section 3.1, the curvature relaxation

technique developed in this work is such a technique.
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Table 3 Methods for determining surface exchange coefficients and a comparison of their advantages/disadvantages.

Method Oxygen lonic Tracer Depth Conductivity IS:)SthJ n;al Electrical Gravimetric ~ Optical Strain Curvature
Permeation Conductivity  Profiling Relaxation Exchaﬁge Titration Relaxation Relaxation Relaxation Relaxation
partial ionic denth gas lorVofa
surface  |conductivity| Co 6P electrical | composition |cell coupled | weight optical lattice | |attice strain
dominated using profile of a |conductivity| arounda |10 a sample |change of a| properties of | strain of a ofa sample
Measures | through- | blocking sample | of 3 sample | sample  |equilibrating| sample a sample sample ilib tp
the: sample |electrodes or| €auilibrating |equilibrating| equilibrating to equilibratin | equilibrating |equilibratin [€4U!'10rating
surface | impedance | tochangesin | "5 h0, |to changes in| electrically | g0 pO, to pO, gto pO, 10 pO;
resistivity [spectroscopy] ©O21S010P€ | changes | O,isotope |imposed c, | changes | changes | changes changes
to obtain Rg|  ratios ratios changes
Reference| [115] [116] [117] [118] [119] [120] [121] [122] [123] | This Work
Type ofk Kchem k* k* Kchem k* Kchem Kchem Kchem Kchem Kchem
Electrode-
Electde-free . Electrode-
. o . Suitable for| free, Electrode- Electrode-
Suitable for | Suitable for Suitable for Electrode- insitu  |Suitable for| free, suitable Tree, free, suitable
Pros in situ insitu  |Electrode-free{ in situ f P P - |suitable for .
. ; . ree analysis |in situ thick| for in situ - forin situ
analysis analysis analysis 0 . . in situ .
below SOOOC below 500°C film ) analys IS analys is analys|s
analysis
Requires .
Glass seals High vacuum Voluminous | electrode. |Voluminou Rc?(llijéfls Cannot
. 9 . samples are | Glass seals | s samples P Only |separate the
prevent | Requires | prevents | Requires |\ "o ioqio | prevent fare required|. . 96T | hrones the | behavior of
Cons higher electrode in situ electrode noticeabl higher to influenced by lattice different
temperature measurements y 9 . a change in irieren
experiments alter gas |temperature notlceaply defect response | local parts
composition |experiments (alter weightl . -2 of the film

Symbol Key: k?, k™ and keem = electrically determined, tracer determined, and chemically determined k, respectively. Rs= oxygen exchange
surface resistance, R= ideal gas constant, T= temperature in Kelvin, F= Faraday’s Constant, I= current, and V= voltage.
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2.2.3.1 Oxygen Permeation

Oxygen permeation experiments can be used to measure the diffusion and surface
exchange coefficients of a dense ceramic membrane. During the experiment, the membrane is
typically sealed in a chamber and exposed to different pO,’s on each side of the sample. The
oxygen flux, j, , can then be calculated from the gas flow rates, the membrane area, and the
oxygen leakage. When the membrane is much thinner than L, such that the surface reactions

dominate over bulk diffusion and therefore become rate limiting, the surface kinetics is related to

the oxygen flux by [115]:

2 RT (14)

int

where Aug

Is the oxygen chemical potential difference at the interface calculated from the

difference in pO,. The surface exchange coefficient is then determined using the relationship

[124]:

4 J:x 4] , RT
I(chem = == - int (15)

c C,Au

o 0=+o,

where c, is the oxygen ion concentration estimated from the stoichiometry of the oxide membrane.

2.2.3.2 lonic Conductivity

Partial ionic conductivity can be measured by using blocking electrodes or impedance
spectroscopy [125] to measure the ionic area-specific surface resistance, Rs. As seen in Steele

[126] and Nicholas et al. [127], assuming the exchange current density is uniform across the
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sample, the product of Rs and the ionic conductivity, o, , can be related to the characteristic

thickness:
Ro,=L.=D/k (16)
Employing the Nernst-Einstein Equation (2.6), it follows that:

RT

K= ———
2
4F *Ryc,

(17)

where k¢ is the electrically determined surface exchange coefficient defined in Equation (13),

and c, is the oxygen ion concentration estimated from the stoichiometry of the oxide membrane.

Using Equation (17), one can therefore measure k° in an ionic conductivity experiment by

measuring Rsand c, from the impedance arc width and height, respectively.

2.2.3.3 Isotope Exchange Depth Profiling

The Isotope Exchange Depth Profile (IEDP) method can be used to determine both the
oxygen tracer surface exchange coefficient (k*) and the oxygen tracer diffusion coefficient (D*)
[117]. In this technique, a dense specimen is pre-annealed in an atmosphere with normal oxygen
isotopic abundance. 180/*°0 isotope exchange experiments are then carried out in an atmosphere
with enriched '80,. After sample quenching, the 'O concentration profile is analyzed by
Secondary lon Mass Spectroscopy (SIMS). k* and D* can be extracted from least-square fit of

the concentration data to a solution of Fick’s Second Law [117]:
c(x,t) - ¢, (

X
g(x,t) = ——— =erfc|
Cg_cbg \2 D*t

' [ x V1
|| exp(hx + h*D"t)erfc| +hyDt | (18)
) t \24/Dt )J



where g(x,t) is the normalized *0 concentration, c(x,t) is the instantaneous **0 concentration,
¢,, is the natural background concentration of *°0, ¢, is the **0 concentration of the intentionally

enriched atmosphere applied, t is time and h= k*/D*.

2.2.3.4 Electrical Conductivity Relaxation

The Electrical Conductivity Relaxation (ECR) method measures the electrical
conductivity changes of dense samples subjected to step changes in pO,. Both the oxygen
chemical surface exchange coefficient (Kcnem) and the oxygen tracer diffusion coefficient (Dchem)
can be determined by fitting the conductivity profile to the Fick’s Second Law solution for a
planar sheet under non-steady-state surface evaporation conditions [128]. Assuming the oxygen
ion mobility is constant during the experiment (therefore allowing the oxygen concentration and

the measured conductivity to be linearly correlated) [129],

o()-o, C(t)-C, =1—i 2L% exp(-482D,,, t/1%)

oc,-o0, C,-C, vt BEBI+ L+ L)

chem

(19)

g(t) =

where g(t) is the normalized conductivity change, o(t) and c(t) are the instantaneous
conductivity and oxygen concentration, respectively. The subscripts 0 and <« denote initial and

final properties, respectively. | is the sample thickness, s, is a root of the following equation:

Ik
B, tan g = _chem _ I_ (20)
2L

chem c

A mathematical derivation of the above solution is detailed in Appendix A. When I << L_, the

oxygen transport is controlled by the surface, and Equation (19) can be reduced to:
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o(t)-o, B C(t)-C,

o, -0, C,-C,

g(t) =

=1—Zn: A, exp[—tlﬁj (21)

where each individual oxygen surface exchange coefficient k, corresponds to a distinct oxygen

surface exchange pathway [130-132].

2.2.3.5 In situ Isothermal Isotope Exchange

The Isothermal Isotope Exchange (lIIE) technique integrates the principles of IEDP and
ECR, and provides an in situ method to measure surface exchange kinetics of powders and bulk
samples [63]. It takes a similar approach to ECR, but instead measures the relaxation of oxygen
concentration in the gas stream following an abrupt change in pO; (it is therefore an indirect

measurement of oxygen concentration in the sample). The fitting equation then takes the form:

c(t) -c, > 6L%exp(-BDt/a’)

t) = —1- 22
o0 c, — ¢, Z BB+ L(L-1)] @)
p.cotp +L-1=0 (23)

k'a a
L= - 24
D L (24)

where a is the radius of the particle modeled as a sphere. When using this technique to measure

k™, nanoparticles are generally used to ensure that a<<L_and oxygen surface exchange

dominates.

2.2.3.6 Electrical Titration

In electrical titration measurements, a solid-state electrochemical cell is coupled to the

sealed atmosphere surrounding a sample. In response to a small potential step in the
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electrochemical cell, an alteration in the atmospheric pO; is created, which, in turn, induces a
corresponding oxygen vacancy concentration and therefore a current relaxation in the sample
[120, 133, 134]. The surface exchange coefficient is then obtained by fitting a solution to Fick’s
Second Law:

* 8L°Dexp(-4p.Dt/1%)

I(t) =
® QZl 1’[B2 +L* + L]

(25)

where Q is the total charge passed as t approaches infinity, | is the sample thickness, g, is a root

of the following equation:

B, tan g =1L (26)
where L is defined by:
L = II(chem — I_ (27)
2D 2L

2.2.3.7 Thermogravimetric Relaxation

Thermo-Gravimetric Relaxation (TGR) measures the weight change of a sample in
response to a step pO, change [121]. Since the oxygen is the only species exchanging with the
atmosphere, and the oxygen content of the sample is linearly related to the sample weight, the
time constant for this process can then be calculated for the determination of Kehem and Dehem

using Equations (19)-(20) where the conductivity is replaced by the sample weight.

2.2.3.8 Optical Absorption Relaxation

The optical absorption relaxation technique is based on the fact that oxygen concentration

changes in some MIEC materials are directly correlated with the changes of cation oxidation
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state (such as Fe**/Fe®"), and that certain cations have absorption bands corresponding to visible
light [135]. During these experiments, a monochromatic light passes through the sample sealed
in a controlled atmosphere. As a stepwise oxygen partial pressure change is applied, the change
of the absorption coefficient is recorded by a spectrometer (typically a CCD camera). The time
constant for this process can then be calculated for the determination of Kchem and Dchem USING

Equations (19)-(21) where the conductivity is replaced by the absorption coefficient.

2.2.3.9 Strain Relaxation by X-ray Diffraction

Recently, a time-resolved X-ray Diffraction (XRD) technique has been developed to
measure surface exchange kinetics of epitaxial thin films subjected to pO» changes [123]. This
methodology is based on the chemical expansion of these materials accompanied with the
variation of transition metal ion oxidation state that result in changes in the lattice parameter.
Assuming linear chemical expansion (i.e. the lattice strain is linearly proportional to the oxygen
defect concentration, c), the time constant for this process can then be calculated for the
determination of Kchem and Dchem Using Equations (19)-(21) where the conductivity is replaced by

the film lattice parameter.

2.3 The Factors Governing Oxygen Surface Exchange

With the development of new materials and optimized microstructures, researchers have
measured the surface exchange coefficients of a variety of MIEC materials, using the technigues
listed in Section 2.2.3. Many studies have systematically investigated factors (such as material
composition, surface structure, crystal orientation, mechanical strain, etc.) that govern the
oxygen surface exchange kinetics. However, due to varying fabrication and characterizing

techniques adopted among different research groups, it is often difficult to perform direct
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comparison among different data sets and draw clear conclusions. Therefore, great ambiguity
still remains in terms of the k’s of many SOFC materials. A brief review and some examples of

the various proposed factors affecting surface exchange are given below.

2.3.1 Material Composition (Dopants and Doping Level)

The perovskite crystal structure ABOs3.s is known for its phase stability when large A-site
and/or B-site substitutional cations are present and a significant amount of oxygen vacancies are
generated. This enables a wide range of dopants and doping levels to be selected to tailor the

oxygen nonstoichiometry, and subsequently the surface exchange kinetics.

As an archetypal family of A-site doped perovskite-type materials, LaySr;.xBOs.5 have
been extensively studied (B=Mn, Fe, Ti, Ga, etc.) [47, 136-138]. In order to maintain charge
neutrality, the substitution of La®*" by divalent cation Sr** is generally accompanied by the

generation of oxygen vacancies or electron holes, as described by the following defect reactions:

SrO — Sr, +0; + L v (28)

2
B, +SrO — Sr, +0O; +B; (29)

and LaxSr;xBO3.; materials are therefore generally p-type semiconductors. In general, a higher
vacancy concentration corresponds to faster oxygen diffusion and surface exchange in that more
vacancy sites facilitate the absorption and transport of oxygen ions [117]. In addition, a higher
electronic conductivity is usually correlated with faster oxygen surface exchange in that more
electronic carriers facilitate surface reactions that involves charge transfer in oxygen

molecules/ions [15]. This is demonstrated by literature studies [139, 140] in which an increase of

49



the Sr content is associated with an increased oxygen surface exchange coefficient and/or

decreased oxygen surface exchange activation energy.

B-site doped perovskites, such as LaySrixMn.yCoyO3, have also been systematically
studied [117]. Similar trends are observed in that increasing Co site fraction increases the surface
exchange coefficient. This can be understood by the fact that an oversized Co cation actually
increases the opening between A and B cations where oxygen ions pass through (i.e. lowers the
saddle point energy [141]). This can explain the slow oxygen surface exchange and diffusion of

Mn-rich perovskites and the fact that LaxSr1-xMnQOs3.5 is essentially an electronic conductor.

The composition BagsSrosCopgFen203.5 has also attracted great attention and was
suggested as a high-performance cathode due to its low ASR of 0.055-0.071 Qcm’ at 600 C
[23]. The measured surface exchange coefficients of BSCF films are 1-3 orders of magnitude
larger than contemporary, much studied lanthanum strontium cobaltites [142]. These desirable
properties are attributed to mixed occupation of Ba and Sr on the A-site that provides unusually
large oxygen nonstoichiometry (8) that can exceed 0.5 without destabilizing the perovskite phase

[23, 143-145].

2.3.2 Oxygen Partial Pressure

The pO, dependence of the surface exchange coefficient has been studied for a variety of
perovskite materials, such as Laj_xSrxFeOs.; and La;.xSrkCo0s.s using electrical conductivity
relaxation [47, 146, 147]. It has been reported that a power law exists between Kchem and pO2
(Kerem ~[pO2]", where n is between 0.65 and 0.85 for La;-xSryFeOs3-5 [47]) across the temperature
range of 600-950<C, indicating that Kchem decreases with decreasing pO». Since one would expect

that lower pO2 corresponds to higher oxygen vacancy concentration that would increase k, as
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seen in Equation (3), it is suggested that electronic species dominate the surface exchange rate in

that electron transfer at the oxide surface can be the rare-limiting step [148], especially at low

pO,.

2.3.3 Surface and Interface Structure

A great number of studies have demonstrated that the cathode surface structure plays a
key role in oxygen surface exchange. For instance, Imanishi and co-workers [149] used pulsed
laser ablation techniques to epitaxially to grow LSM and LSC thin films on single crystal YSZ
substrates with different crystal orientations and found that the impedance spectroscopy-
measured surface resistance of the films for the (111) surface was less than the (110) surface,
which was less than the (100) surface. Yan et al. [150] also measured the surface exchange rates
of LSM film with these orientations, but on SrTiOs substrates. Varying k values (1x10°® to
6.5x10° cm/s) and activation energies 0.8 to 1.2 eV were found. Tsuchiya et al. studied the
different surface exchange coefficients of textured ((111) and (110)) and polycrystalline ceria
films grown by molecular beam synthesis and electron beam evaporation, respectively. The
polycrystalline film showed five times larger k values than the textured films, but had very
similar activation energy. This indicates that both films had similar rate limiting steps and the
different surface exchange kinetics was attributed to (1) limited oxygen adsorption site at ((111)
and (110) planes, and (2) the accumulation of oxygen vacancies at grain boundaries of

polycrystalline films.

2.34 Grain Size
As shown in ion conductors such as doped zirconia and ceria [151-155], grain size can
also dramatically alter mass and charge transport properties. This is explained by a space charge

effect in which significant accumulation of electron carriers and depletion of the oxygen
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vacancies occur near the grain boundary. One can therefore engineer the conductivity by
changing the grain size, as the width of the space charge layer is on the order of a few
nanometers, which is comparable to the nanostructured grains. Sase et al. studied the effect of
grain size on the surface resistance of La;-xSrxCoOs.s thin films and observed ~5 times
performance enhancement for the nanosized film (30-50 nm grain size) compared to sub-

micron-sized film (300-500 nm grain size) [156].

2.3.5 Electronic structure

The impact of the electronic structure on surface exchange kinetics has been extensively
studied. The d-band model has been successful in describing the metal catalysts surface
reactivity, but is not a good descriptor for oxide catalysts [157, 158]. The oxygen 2p band center
energy [159] and carrier density of minority electronic species in the conduction band [160]
have recently been proposed to describe the surface catalytic activity of oxides, but neither have
been found to be universally applicable [161]. In (La,Sr)CoO3 and (La,Sr)MnQOg thin films at
high temperature, higher density of states is observed in tensile strained films compared to

compressive strained films, indicating easier charge transfer at surfaces under tension.

2.3.6 Strain

Both theoretical and experimental studies have shown that stress can affect electronic and
jonic properties. In fact, strain engineering has been a common practice in the semiconductor
industry, where tensile strained (up to 1GPa [162]) silicon [163] and indium gallium arsenide
[164] for Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) and Very Large Scale
Integrated (VLSI) computer logic chips have achieved threefold or fourfold electronic

conductivity. These enhancements can generally be understood by strain-induced electronic
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band-wrapping, Jahn-Teller distortion band splitting, and/or inter-band carrier redistribution

[162].

In addition, strain has been proposed to significantly impact the ionic defect
concentrations [97-99], electronic structure [165], oxygen ion diffusion [100], carrier mobilities
[101-103], free-surface dopant/impurity buildup [104-106], catalytic activity [107], and oxygen
surface exchange kinetics [100, 101, 106, 108-110] of electrochemically active ceramics. When
thin film geometries are adopted, stresses can easily be induced from film-substrate lattice
mismatch [52, 100, 166], and stress level in the order of several GPa can be maintained [111]. It
is generally understood that tensile strain promotes greater oxygen vacancy concentration,
mobility and oxygen surface coverage [166]. That said, excessive tensile strain is reported to
cause negative effects in that oxygen ion mobility is inhibited due to cation-oxygen bonding
[166]. It may also be possible to improve surface exchange properties by controlling the amount

of stress-induced cation surface segregation.

2.3.7 Dislocations

In addition to strain effects, misfit dislocations in ionic thin films, which act as a stress
relaxation mechanism, have also been suggested to impact the ion conduction kinetics [51].
Sillassen et al. [167] attributed the 1000 times enhancement of conductivity to the fast
conduction along epitaxial YSZ|MgO interfaces compared to bulk conductivity, especially at
temperatures below 350°C, which suggested the positive effects of misfit dislocations. Li et al.,
[168] however, observed a 5 times greater conductivity of YSZ|Gd,Zr,O; films compared to
YSZ|Ceria films. The YSZ|Gd,Zr,07 films had less lattice mismatch strain and were controlled

so that they were dislocation free, as opposed to the YSZ|Ceria films. Further investigation on
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the mechanisms of stress relaxation through dislocation formation is needed to understand the

experimental inconsistencies and optimize strain enhanced transport properties.
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3 Experimental Methods

3.1 The Bilayer Curvature Relaxation Technique

3.1.1 Theoretical Background

For a mechano-chemically active film constrained by an invariant, mechano-chemically
inactive substrate, changes in film oxygen vacancy concentration result in film stress and film
strain that alter the bilayer curvature [169, 170]. Films with thicknesses less than ~1/1000™ of
the thickness of an elastically deforming substrate [171] and less than 1/100'" of the
characteristic thickness (L¢) [112], maintain uniform through-thickness stress and oxygen
vacancy concentrations; even as the films equilibrate with their surroundings. Therefore, the
temporal changes to oxygen vacancy concentration of a sufficiently thin film are solely
controlled by k, and similar to Equation (21) for ECR experiments, k can be extracted from the
curvature response of a bilayer equilibrating to small step changes in pO, using the solution for
oxygen transport into/out of a surface-controlled (Equation (21)):

c-cC 5-0, "

tk. )
_ 0o _ _ T 30
g(t) c ¢ s s =1- ZAexpL hJ (30)

where hs denotes the film thickness.

The difference between the curvature relaxation (kR) and the electrical conductivity
relaxation (ECR) techniques is that the latter uses electrical conductivity changes to measure AS§,
while the former uses film stress changes. Specifically, for a film thickness to substrate thickness

ratio < ~1/1000, the film stress (A) is related to the bilayer curvature (k) via Stoney’s Equation:
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where E, is the substrate Young’s modulus, h, is the substrate thickness, and v, is the

substrate Poisson’s ratio [171]. To determine the relationship between x and &§ for a linear elastic

bilayer, Hooke’s Law and Equation (4) can be combined with Equation (31) to yield:

[ ERi@-v,) ]
AS = | |Ax (32)
LGacprfhf(l—vs)

where p,, v, , and E, are the film relative density, the film Poisson’s ratio, and the film
Young’s modulus, respectively. Assuming the product in parentheses remains constant and non-
zero during a small step change in atmospheric p0O,, Equation (30) can be rewritten using

Equation (32) as:

tk )

:1—Zn: A, exp(——'J (33

K, —K, ol h,

K —K,

Equation (33) indicates that the kR method can reliably be used to measure k as long as
h, is known, the film and substrate both deform elastically, the substrate is compositionally
invariant to pO, changes, oxygen vacancy concentration changes are the only stress relaxation
mechanism in the film, and the film chemical expansion coefficient and elastic properties are
roughly constant over each pO, step [172-175]. As shown in Equation (33), quantitative
knowledge of the film’s elastic properties and/or chemical expansion coefficient is not required
to measure k in kR experiments. That said, as shown in Equation (32), a large film chemical

expansion coefficient, a large film Young’s Modulus, and a small film Poisson ratio are desirable
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because they result in large, easily-resolvable, pO, -induced equilibrium bilayer curvature
changes.

For porous films, the effective film thickness can be expressed as the ratio of volume
fraction of pores to the specific pore surface area of the film, and a fitting equation equivalent to

Equation (33) can be used [176]:

K —K,

=1-> A expl - —

|
- |
g(t) . _x. 2 v J

(34)

[N

where v, is the volume fraction porosity, S, is the specific pore surface area, and the other

symbols have their previously defined meanings, to extract £’s by fitting the ECR response of

porous films with average particles sizes << L¢ [177].

3.1.2 Experimental Setup

1.SE
YSZ
|
|
Gas Qutlet Gas Inlet
-~ -
Laser Emitter
% CCD Camera
45° Mirror

Figure 3.1 Curvature relaxation measurement apparatus schematic.
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Figure 3.1 schematically shows the experimental setup for the bilayer xR technique. The
multi-beam optical stress sensor (MOSS) measures the bilayer curvature based on the change of
spacing between neighboring laser spots, as well as geometric parameters of the system through

the following relationship [178]:

=

where ¢ is the angle of reflection, Lo is the distance between the bilayer and the CCD camera, d
and d, are the instantaneous and initial average inter-spot spacing, respectively. A snapshot of
the multibeam laser array is shown in Figure 3.2. Values for d, and the ratio in the first set of
parentheses were obtained by taking MOSS measurements on flat and k=0.1 m* calibration

mirrors placed in the sample location prior to kR experiments.

Figure 3.2 A 3%3 array of laser spots detected by the MOSS CCD camera

The multi-beam feature in MOSS analysis is beneficial in that sample vibrations have
little effect on the accuracy of curvature measurements, as the inter-spot spacing remains

unchanged due to the entire array of spots moving together during vibrations. Individual beam
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positions are determined by the kSA MOS software package (k-Space Associates, Inc.) using a
Gaussian peak profile fitting of the spot intensity. It is therefore important to have circular spots
and a symmetric intensity profile, the maximum of which is at the center.

800 | 1 | L | L | L | L |
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Figure 3.3 Temperature calibration of the furnace controller between 200°C and 700°C using
actual sample chamber temperature measurements.

To observe in-situ curvature relaxations at controlled temperature and atmosphere, the
bilayer samples were placed on a platform inside a sealed quartz reactor in a vertically mounted
tube furnace. The outer cover of this quartz reactor contained a three meter long spiral of 1/4”
quartz tubing (1.2 meters of which was in the furnace hot zone) used to preheat the incoming
gas. The furnace controller temperature was calibrated by placing a thermocouple located within
the sample chamber, as shown in Figure 3.3. On average, the deviation between the two
temperature readings was 15°C, which is the offset value used throughout the kR experiments in
this work. A Swagelok® four-way valve (not shown) was used to switch the gas flow of
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different pO2’s. Anoxidizing to reducing oxygen partial pressure ratio of 10 (a standard pO, step
size used in ECR experiments [179, 180]) was utilized in this work. Previous studies on
lanthanum strontium cobaltite have shown that the assumption of linear exchange Kinetics
implicit in Equations (30) and (33) is valid for oxidizing to reducing oxygen partial pressure

ratios less than 20 [147].

3.1.3 Flush Time Considerations
The reactor volume was determined to be ~10 mL through the flush-time dominated xR
experiments detailed in Chapter 5. Specifically, for a continuously stirred reactor, a

characteristic time () needed to flush a reactor with volume (v, ) has the following relationship

[181]:

VT
r, = (36)

v,tot " r

where @ is the gas flow rate, T, is the temperature of the reactor and T, is the room

temperature. By analyzing the apparent activation energy of a kR-measured k values on an
Arrhenius plot and comparing that to the apparent activation energy of Equation (36), one can
determine the reactor flush time. As detailed in Chapter 5 on sputtered LSF|YSZ, the flush time
dominated kR experiments had an activation energy of 0.07 eV at temperatures from 625-725°C
with a gas flow rate of 100 sccm. A ~10 mL sample chamber volume (a reactor size commonly
used in ECR experiments) [181, 182] was then determined using Equation (36).

As show in [181], only 1.83% of the original gas volume in the reactor is left after a time

lapse of 4 =, . Therefore, the total duration of each curvature relaxation experiment was at least 5

times the largest fitted time constant (z,):
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7, =k /h, (37)
for that particular relaxation. k values were then determined by performing a least-squares

regression fit of Equation (33) to normalized curvature relaxation data using the Origin ©

computer program.

3.1.4 Film Stress Measurement

As shown by the Stoney’s Equation, Equation (31), in addition to measuring k, the kR
technique also simultaneously measures the film stress as a function of temperature and oxygen
partial pressure (pO2), without requiring electronic current collecting layers or knowledge of the
elastic properties of the MIEC film [183]. This provides important measurements of chemical

expansion and how it is correlated with external effects like temperature, pO, and stress.

For dense thick films that are thicker than 1/1000" of the substrate, stresses can be

rigorously extracted from bilayer curvature measurements using a modified version of Stoney’s

Equation [178]:
A(zZ)=M (e, +&,— K1) (38)
where
-1
h’m_ ([ hy) h, M h? M h®M, him?]
gmzKS SL1+—fJ L1+4—f f+6—f2 f+4—;—f+—z1 ;J (39)
6h M, hg hy Mg hZ My hi My hi M
-1
hyM, ([ M N h, M, h:M, hM, hiM?]
£y =—&, — I+ ——||1+4— +6— +4— +—— (40)
hS MS hS MS hSMS hS MS hS MS hSMS

z is the distance from the substrate midplane, M, is the film biaxial modulus defined as

E,/(1-v,), Mgis the substrate biaxial modulus defined as E, / (1-v,), and the other variables
have their previously defined meanings [178, 184].
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With some algebraic manipulation, Equations (38)-(40) can be rewritten as:

[a M,h, ( hM,) 6h, M, |

A(2) = As| 2 14—y (42)
b bMh, hiM h Mg |
where
( h,M, h:M, hM, hiM)
a=|1+4——+6— At —— (42)
hy Mg  hM, hiM, h!mMm;
[ h)
b=|1+— (43)
hS

As expected, film to substrate thickness ratios < 1:1000 cause Equation (41) to collapse to

Equation (31), and the thinner the film the less z-variation in the film stress.

Although Equations (41)-(43) were used to estimate the film stresses in this work,
calculations made using Equations (41)-(43) indicate that dense and porous LSF64 films even
several microns thick are well described by Equation (31) when deposited on commercially
available 200 pm thick single crystal YSZ substrates. For instance, stress predictions made using
Equations (41)-(43), literature 500°C LSF64 [172] elastic property data in air, and YSZ [185]

elastic property data in air indicate that dense, 5 um thick LSF64 films on 200 um thick YSZ
single crystal wafers have film stresses that range from 97.4% of 4. at the film-air interface, to
97.7% of 4. atthe film-substrate interface.

3.1.5 Substrate Selection

One side polished single crystal substrates were used for this work because they have

high reflectivity on one side and prevent secondary reflections on the other.
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25.4 mm diameter, circular substrates were chosen in this work to avoid edge effects that
may complicate the stress distribution in the bilayer and the curvature measurements [178, 186].
As discussed in Freund and Suresh [178], these edge effects only become significant when film
thickness to width ratios are >50. For reference, a 5 um filmon a 25.4 mm diameter wafer has a
film thickness to width ratio of 0.0002. In addition, the 25.4 mm diameter is large enough so that
the approximately 6 mm by 6 mm MOSS laser array shown in Figure 3.2 is smaller than the
sample, but the sample is small enough to fit into a quartz sample reactor with minimal chamber
volume.

To prevent complications during curvature relaxation measurements, the substrates were
chosen to be chemically insensitive to the gas composition, chemically compatible with the film,
have high yield stress to ensure a purely elastic response, have known elastic properties, and

maintain phase stability in the temperature measurement range.

3.1.6 Error Analysis

In order to analyze the measurement error of the surface exchange coefficients, standard

error propagation rules were utilized [187]:

(A (X, X5, X000 K)) :ZL—} (Axi)2 (44)

where x, ’s are independent variables, K is a constant, and A quantities represent absolute errors.

Therefore, based on Equations (33) and (34) for surface exchange coefficients and

Equation (44), the relative error ofk’s can be estimated to be:

Ak 2 Ahf 2
- = \/(A fitting) + ( ) (45)
k h,
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and

AK AV, AS
28 oy (22 (2O 46
” \/(Af.mng) +(V )+ ( S ) (46)

\ \

for dense and porous films, respectively. A is the error for the exponential fitting obtained

fitting

from Origin ©. Given the maximum errors of fitting (6.4%), film thickness (1.2%), porosity

(5%) and surface area (5%), the k errors in this work are estimated to be less than 10%.

Similarly, based on the Stoney’s Equation (31) and assuming the elastic properties are

constants without error, the relative error of the film stress measurement can be estimated by:

%=\/<A7K)2+(Ah25)2+(%)2 (47)

As shown by Stoney’s Equation (31), a smaller substrate thickness results in greater
bilayer sample curvature changes, and hence improves the signal resolution. Even though the
manufacturer specified radius of curvature resolution is 15 km, the practical error in the
curvature measurements is approximately 5x10° m? (a« ) due to environmental vibration and
gas convection. A commercially available 200-um-thick YSZ substrate with 250-nm-thick film

results in a stress resolution that can be as small as 0.38 MPa.

3.1.7 Summary

In summary, the kR technique is one of the few experimental methods to allow in-situ k
measurements on both MIEC thin films and thick films, as shown in Table 3. Further, this
technique has the benefit of being an electrode-free method that avoids the necessity of
interdigitated electrodes for low conductivity films measurements that may: (1) cause
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complicated stress distributions in an underlying MIEC film, (2) cause preferential oxygen
incorporation at the MIEC-electrode-air triple phase boundary, resulting in a k measurement that
reflects the properties of the triple-phase-boundary and not the MIEC surface, and/or (3)

chemically react with the underlying MIEC film.

3.2 Sample Preparation

3.2.1 Powder Processing

LSF64 powder was synthesized using the glycine-nitrate process (GNP) [188].
Stoichiometric metal nitrates (>99% pure, Alfa Aesar) were dissolved in Milli-Q deionized water
and mixed with glycine powder (>99% pure) ina 1:1 ratio. The solution was then transferred to a
stainless steel vessel and placed on a hot plate pre-heated to 350°C to transform it on to an ash-
like powder after combustion. The powder was calcined in an alumina crucible (AD-998,

Coorstek) at 1000°C for 1 hour at 5°C/min heating and cooling rates.

3.2.2 Sputtering Target Preparation

A 76 mm diameter LSF64 sputtering target was prepared by hot pressing GNP-prepared
LSF64 powder at 60 MPa in a nitrogen atmosphere using a graphite die. The hot pressing
temperature was ramped to 300°C at 20°C/min, held there for 30 minutes, ramped to 600°C at
20°C/min, ramped to 1200°C at 10°C/min, held there for 120 minutes, and finally ramped to
room temperature at a nominal cooling rate of 10°C/min in a graphite die. The as-pressed target
was polished down to 600 grit SiC sandpaper to reduce surface roughness and remove surface

contamination.
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3.2.3 Sputter Deposition

In preparation for LSF64 thin film deposition, YSZ substrates were mounted in a high
vacuum (1 x 10 Pa, total base pressure) sputtering chamber using double-sided tape on the
underside of the substrates. LSF64 was subsequently DC plasma-sputtered onto the polished side
of these substrates using an Ar background pressure of 210 Pa, and a deposition rate of 1.2-3
nm/min at room temperature. The deposition thickness was controlled using a quartz crystal
thickness monitor with a tooling factor previously calibrated with a scanning electron

microscope LSF64 film thickness analysis on previously deposited samples.

3.2.4 Pulsed Laser Deposition (PLD)

As a common physical vapor deposition technique, pulsed laser deposition provides an
effective way to fabricate epitaxial films by laser pulsing the target material [189]. In this work,
PLD LSF64 thin films on 13 mol% YSZ substrates were prepared by Dr. William Chueh and his
research group at Stanford University. The substrates were pre-annealed at 1100°C for 1 hour.
The PLD film deposition temperature was 700°C and the oxygen partial pressure was set at 5
mTorr. The estimated deposition rate was 0.002 nm/pulse. PLD thin films were also deposited on

the polished side of the substrates.

3.2.5 Colloidal Spray Deposition

Porous LSF64 thick films were manufactured using spray deposition followed by
sintering. First, colloidal suspension was produced by ball milling 6.5 g of LSF64 powder, 0.3 g
of dibutyl phthalate (DBT) dispersant, 52.5 g of 3 mm YTZ® tetragonal yttria stabilized zirconia
milling media (Tosoh USA), and ~18 mL of isopropanol (IPA) in a 60 mL polyethylene bottle at
70 rpm for 24 hours. After ball milling, the suspension was diluted with additional IPA to a 1

weight percent solids loading, 1/6 of which was spray deposited using an airbrush (lwata-Medea)
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onto the rough side of one-side-polished, 200-um-thick, single crystal, (100)-oriented
(Y203)0.13(ZrO2)og7 (YSZ) substrates (University Wafer) preheated to 100°C. The roughness of
the unpolished side of the YSZ substrates was approximately 0.5 um. To produce bonding
between the film and the substrate, the porous film was sintered at 1050°C for 1 hour inside the

MOSS apparatus prior to KR experiments.

3.3 Dilatometry

To prepare dense LSF64 samples for bulk dilatometry, a rectangular bar of 2.5 mm x 2.5
mm x 7.65 mm was cut from a hot pressed pellet (fabrication method detailed in Section 3.2.2)
using a diamond saw. It was then loaded into a Netzsch DIL 402 C dilatometer along the
longitudinal axis, followed by flushing with 50 sccm of air (pO2=0.21), air-N, mixtures with
pO,= 0.021 and 0.0005, or research-grade pure N, (pO,<5x107°). New, >95% dense alumina
spacers were placed adjacent to both ends of the sample to prevent dilatometer contamination.
Linear dilatometry experiments were performed from room temperature to 1050°C at a heating
rate of 1°C/min, during a 10 minute hold at 1050°C, and during cooling down to room
temperature at a nominal rate of 1°C/min.

To prepare porous LSF64 samples for bulk dilatometry, calcined LSF64 powder was
uniaxiallly cold pressed in a 1.27 mm diameter stainless steel die. The resulting 9.25 mm-long
cylindrical pellet had an initial relative density of 30%, and was then loaded into the dilatometer,

followed by 1050°C sintering for 1 hour, with heating and cooling rates both 5°C/min.
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3.4 Structural, Morphological and Compositional
Characterization

3.4.1 X-ray Diffraction

Phase purity and structural analysis was conducted on the LSF64 powder, bare YSZ
wafer and the bilayer samples using an x-ray diffractometer (Bruker Davinci) operated at 30 kV
and 15 mA with a copper filament and a Ni filter for 20°<20<80° with a step size of 0.005° and

and a 0.1 sec/step dwell time.

3.4.2 Focused lon Beam-Scanning Electron Miscroscopy (FIB-SEM)

Microstructural information was obtained using a scanning electron microscope (SEM,
Zeiss Auriga) at 20 kV and 50 pA. For bilayer samples, prior to SEM analysis, ~1.5 nm of Pt
was sputtered onto fracture surfaces to prevent electrical charging, and vertically mounted onto a
SEM sample holder.

In order to characterize the microstructural parameters Vv and Sy of the porous films, a
post-k-tested bilayer sample was fractured, epoxy impregnated (EpoThin™, Buehler) and
polished down to a 1 pm finish using SiC sandpaper and diamond lapping films (Allied High
Tech). A Zeiss Auriga Focused lon Beam-Scanning Electron Microscope (FIB-SEM) with an x-
y spatial resolution of 1 nm was used to image a series of 2D microstructural cross-sections. The
z spacing between adjacent x-y FIB-SEM slices was 25 nm. FIB polishing was conducted using
a final milling probe current of 600 pA. SEM micrographs were taken using a 30 kV electron
excitation voltage and a 4.2 mm working distance. The 2D serial SEM images were first aligned
and cropped using the open source program IMOD [190], and then segmented into binary images
using the Mimics® software program (Materialise). Mimics® was then used to 1) create a 3D

reconstruction from the 2D images and to 2) extract the Vy and Sy values need to extract k using
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Equation (34). For all the samples, the 25 nm z resolution was less than 1/15th of the particle

size, ensuring 3D reconstruction Vy, and Sy errors less than 5% [191].

3.4.3 X-ray Photoelectron Spectroscopy (XPS)

As a highly sensitive tool suitable for investigating solid-state surfaces, X-ray
photoelectron spectroscopy (XPS) is a commonly used quantitative technique to probe the
elemental composition at the surface by measuring the kinetic energy of escaped electrons from
the top 2 to 5 atomic layers of the material optically excited by soft X-rays [192]. In this work, a
Perkin Elmer Phi 5400 ESCA system with a magnesium Ka X-ray source was used for XPS
experiments. Samples were analyzed at pressures between 10 and 10® Torr with a pass energy
of 29.35 eV and a take-off angle of 45 The areal spot size was roughly 250 pn?. Atomic
concentrations were determined using previously determined sensitivity factors. All peaks were

referenced to the signature C1s peak for adventitious carbon at 284.6 eV.
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4. Dilatometry Measurements on Bulk LSF64

4.1 Introduction

Before measuring the oxygen surface exchange and stress of mechano-chemically
coupled films using the curvature relaxation technique, a better understanding of the chemical
expansion of bulk material with the same composition is desirable. This chapter investigates the
linear dilatometric behavior of Lag ¢Sro4FeOs.; (LSF64) between room temperature and 1000°C
under various oxygen partial pressures. The results are fit to a thermo-chemical model, and used

to extract both the thermal and chemical expansion coefficients.

4.2 Experimental

A25mmx 2.5 mm x 7.65 mmrectangular dilatometry sample was prepared by cutting
a sample from a hot pressed, GNP-processed LSF64 puck, as detailed in Sections 3.2.1 and 3.2.2.
The sample density prior to dilatometry was determined to be 95% using mass and dimension

measure ments.

Dilatometry measurements were performed following the procedures detailed in Section
3.3. Between individual measurements with different pO,, a single dilatometry experiment was
conducted in air under identical heating/cooling schedules. This was done to ensure the same

starting level of initial LSF sample oxygen nonstoichiometry in each experiment.
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4.3 Results and Discussion
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Figure 4.1 X-ray diffraction scans of calcined LSF64 powder. Peak indexing was performed
using LSF64 PDF # 01-082-1961.

Figure 4.1 shows the X-ray diffraction spectrum of the LSF64 powder after calcination.
All peaks indexed belong to PDF # 01-082-1961 for LSF64, indicating phase purity. The near

cubic crytal structure of rhombohedral LSF64 [193] causes many of the rhombohedral XRD

peaks to overlap.
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Figure 4.2 Bulk, dense LSF64 sample dilatometry under pO,=0.21 (black), pO,=0.021 (blue),
p0O,=0.0005 (orange) and N, (red). The dashed line represents the fitted linear thermal
expansion.

Figure 4.2 shows the one-dimensional dilatometry data of the bulk LSF64 sample under
various oxygen partial pressures. It is clearly seen that for all the dilatometry curves, strain
becomes non-linear at elevated temperatures, indicating the presence of chemical expansion as
oxygen vacancies become prevalent. For the experiment under pO,=0.21, the onset temperature
of chemical expansion (where the deviation from pure thermal expansion occurs) is ~525°C. The
oxygen partial pressure in the testing atmosphere also impacts the chemical expansion (which is
related to the distance from the extrapolation of the thermal expansion curve), which at first
increases and then decreases as the pO, decreases. It also demonstrates that the thermal
expansion coefficient of LSF64 is essentially independent of the pO, used in the film stress

estimations in the following chapters.
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Using the data in Figure 4.2, the thermal expansion coefficient (a,) and the chemical
expansion coefficient (a.) of bulk LSF64 under pO,=0.21 and pO,=0.021 were fit using a
thermo-chemical model proposed in the literature [82, 85] for mechano-chemically coupled

materials:

0 00
(5, o
oT  Joo oT J o

where e, is the thermo-chemical expansion directly measured from dilatometry. Based on the

linear regime of the dilatometry curves in Figure 4.2 and a chemical expansion onset

temperature of 525°C, a, was determined to be 12.4 ppm/K by analyzing both expansion data
sets from 100°C to 500°C. The temperature dependence of (g) was estimated by analyzing the

oxygen nonstoichiometry data from Mosleh et al. [50] and Equation (48). The first derivative of
the thermo-chemical expansion data between 500°C and 1000°C was then fitted to Equation (48)
and a. was determined to be 0.0101 and 0.00867 for pO,=0.21 and pO,=0.021, respectively.
These a, and a, are comparable to literature reports on similar LSF systems, such as
Lag 6Sro4Fe0s.5 at 500-900°C (a, =11.052 ppm/K, a, =0.01994) [194] and Laog3Sro7FeOss

(a; =12.98 ppnVK at 25-500°C, o, =0.017-0.047 at 650-900°C) [195].
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Figure 4.3 Bulk, porous LSF64 sample dilatometry in air (pO,=0.21). The dashed line denotes
the temperature schedule and the solid line denotes the measured linear strain.

Unlike the previous figure which analyzed the behavior of dense LSF64 samples, Figure
4.3 shows the sintering behavior of a porous LSF64 bulk sample prepared in a manner described
in Section 3.3. As indicated by the strain curve, the porous samples initially exhibited linear
thermal expansion, and sintering did not start until around 850°C. This behavior is in agreement
with the LSF sintering onset temperatures reported in the literature [196]. The fastest sintering
rates were observed during the 1050°C hold, and linear thermal contraction occurred below
800°C during cooling. This suggests that porous films sintered at 1050°C and subsequently kR-

tested at and below 700°C should remain microstructurally stable during kR measurements.

4.4 Conclusions

Thermo-chemical expansion of bulk LSF64 samples were measured using dilatometry
under various oxygen partial pressures ranging from air to N, for the first time. The chemical
expansion onset temperature decreases with decreasing pO,. The thermo-chemical analysis

verifies that LSF64 is a mechano-chemical coupler, and determines the thermo-chemcial
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expansion coefficient for bulk LSF-64 (a,=12.4 ppm/K, a is 0.0101 and 0.00867 for pO,=0.21
and p0,=0.021, respectively). As it relates to the discussions in the following chapters, chemical
expansion is not expected to occur in bulk LSF64 samples until 525°C in air. These results help

inform the curvature relaxation experiments on LSF64 thin films under controlled temperature

and oxygen partial pressure.
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5. Oxygen  Surface Exchange and  Stress
Measurements on Sputtered LSF64 Dense Thin
Films

5.1 Introduction

In this chapter, the curvature relaxation technique was used to simultaneously measure
reliable surface exchange and stress of sputtered Lag gSro4FeOs.s (LSF64) thin films. LSF64 was
chosen for these experiments because:

(1) It has high oxygen ion ionic conductivity and oxygen exchange coefficient, which makes it
important as a solid oxide fuel cell cathode material [197-199].

(2) As a common oxygen exchange material, its chemical expansion coefficient («. = 0.01994)
[200] suggests large strains with small pO, changes, making it suitable for curvature
relaxation measurements.

(3) It has a single-phase rhombohedral crystal structure over the 25-800°C and 1x107** < p0O, <1
atm range [193, 200, 201], avoiding phase transformations due to temperature and oxygen
partial pressure variations during the curvature relaxation experiments.

(4) Its Young’s modulus and Poisson’s ratio are known as a function of temperature and pO,

over the 25-900°C and 1x10~* < pO, <1x10~* atm range [172], allowing literature-based

thermo-chemical strain measurements to be converted in to film stress measure ments.
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5.2 Experimental
5.2.1 Sample Preparation

LSF64 powder synthesis and sputtering target fabrication techniques were detailed in
Sections 3.2.1 and 3.2.2.

For the experiments in this chapter, 25.4 mm diameter, 200 um thick, single crystal, 100-
oriented (Y203)00s(ZrO2)0.92 (8YSZ) wafers were used as substrates for thin film LSF deposition.
The smoothness of the polished deposition surface of the YSZ substrate (the root mean square
polished side roughness was 1 nm according to manufacturer specifications) ensured desirable
film uniformity and allowed high quality beam reflection during the kR experiments. Single
crystal YSZ was chosen as a substrate material because:

@ It is chemically compatible with LSF. LSF-YSZ cation intermixing and/or interphase

formation only occurs above 1000°C in air [202].

(2) It has a high yield stress (>400 MPa below 800°C in air) [174], which ensured the
elasticity of the substrate during the bilayer curvature experiments.
(3) It has a fixed oxygen stoichiometry and a known elastic modulus in the 25-800°C and

1x107*° < pO, <1 atmrange [175].

Prior to thin film deposition, the 8YSZ substrates were annealed at 1100°C for 1 hour to
relieve residual stress within the substrates. To ensure adequate residual stress relaxation within
the substrates during the annealed process, previously annealed bare 8YSZ wafers were tested
from 25-800°C and showed no curvature changes with heating.

Experimental conditions for LSF64 thin film deposition are detailed in Section 3.2.3. For

the experiments reported here, three simultaneously-prepared sputtered samples (SP-A, SP-B and
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SP-C) with 250 nm thick LSF64 films were prepared by the Richard Lunt research group at

Michigan State University.

5.2.2 Curvature Relaxation (kR) Measurements

Prior to kR experiments, LSF64|YSZ samples were annealed in the MOSS setup at 600°C
for 1 hour to crystallize the as-deposited, amorphous LSF64. xR experiments were then
conducted at various temperatures by switching the atmosphere between pure air (Zero grade,
Airgas, pO,=0.21) and a gas mixture (pO,=0.021) composed of pure air and pure nitrogen
(99.9995% Research grade, Airgas) by abruptly turning a four-way valve. The duration of each
relaxation experiment was more than five times the time constants fitted at a given temperature,
ensuring the sufficient equilibration of the film to a new pO; (as explained in den Otter et al.
[181]) and a good fit for transient kinetic analysis. The normalized LSF64|YSZ bilayer curvature
vs. time was then plotted and least square fitted to Equation (33), using the Origin computer
program, to extract surface exchange coefficients. Equilibrium stresses of all samples were
measured using Stoney’s equation (31) and averaging the equilibrium curvature values at each
temperature, pO, and thermal segment, and plugging into. Ofthe 3 samples from the same batch,
SP-A was «kR-tested for only one thermal segment, while SP-B and SP-C were kR-tested for a

total of 7 thermal segments.

5.2.3 Structural and Compositional Characterization

After in-situ testing, microstructural information was obtained on the fracture surface of
each bilayer sample using a scanning electron microscope. Crystal structure characterization was
also conducted on the top surface of the bilayer samples before and after MOSS tests, using an
X-ray diffractometer. The experimental conditions used for both techniques are detailed in

Section 3.4.
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5.3 Results and Discussion

()
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QSlTY

100 nm

Figure 5.1 (a) Macroscale morphology of YSZ substrates with (left) and without (right) a LSF64
film. (b) cross section and (c) 45° view of the fracture surface morphology of the LSF64|YSZ
bilayer after kR testing.
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As shown in Figure 5.1 (a), the LSF64 films studied here had a brown color and were

translucent, while the bare 25.4 mm diameter YSZ substrates were colorless and transparent.

Figure 5.1 (b) and (c) show the microstructure of the LSF64|YSZ cross section, indicating a

uniform, crack-free film thickness of 250 +3 nm.
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Figure 5.2 X-ray diffraction scans of YSZ substrates (a) without any coating, (b) with as-
sputtered with LSF64 film, (c) with a 4-day MOSS tested LSF64 film [203] and (d) with a 60-day
MOSS tested LSF64 film (this study). Peak indexing was obtained from PDF # 01-082-1961 for
LSF64, 01-070-4436 for cubic YSZ (c-YSZ) and 01-070-4431 for tetragonal YSZ (t-YSZ).

As shown in Figure 5.2, the sputtered LSF64 films were initially amorphous, and became

phase pure after crystallization at 600°C. All the indexed peak intensities were consistent with
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the major peaks in LSF64 Powder Diffraction File (PDF) # 01-082-1961, indicating that the films
were polycrystalline and without preferred orientation. While the x-ray diffraction profiles of the
YSZ substrates before and after a short-term xR test were consistent with the (100)-oriented
single crystal specification, the long-term tested sample showed a cubic-to-tetragonal phase
transformation (known to occur for 8 mol% YSZ [204]) after long times at elevated temperature,
indicated by YSZ peak splitting in Figure 5.2(d). No other peaks other than those belonging to
LSF and YSZ were observed, indicating that the film and the YSZ substrate had good chemical
compatibility. Additional tests on 13 mol% YSZ substrates (not shown) gave identical k results

as those reported here, but did not show a cubic-to-tetragonal phase transformation.
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Figure 5.3 Representative multiple curvature relaxation cycles between pO,=0.21 (air) and

p0,=0.021 (N,-air) at 525°C and 475°C. The difference in equilibrium curvature levels between
the two temperatures stems from the film-substrate thermal expansion mismatch [193, 205].
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Figure 5.3 shows multiple kR cycles upon switching between pO,=0.21 and pO,=0.021.
Reproducible relaxation kinetics and equilibrium curvature levels were observed for multiple
isothermal relaxations. This indicates that the LSF64 oxygen nonstoichiometry changes were
reversible as the atmosphere pO, changed, and that no significant film cracking or delamination
occurred. The different equilibrium curvatures at different temperature were as expected from
the thermal expansion mismatch between the LSF64 (~14 ppm/K [193]) and the YSZ (9.4-

9.5ppm/K [205]). Also shown is the clear temperature dependence of the relaxation time.
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Figure 5.4 Normalized curvature relaxation data (dots) of the LSF64 film SP-C on reduction at
525°C (left) and on oxidation at 375°C (right). The top line is the combined fit to the data, while
the lower lines show the separate contributions of each relaxation rate.

Figure 5.4 shows representative normalized curvature spectra at 525°C on reduction and
375°C on oxidation. Surprisingly, at all tested temperatures, (i.e. between 350°C and 600°C, the
kR spectra were well fit to two surface exchange coefficients (ki and k) using Equation (33),

indicating the presence of two distinct oxygen incorporation pathways.
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Figure 5.5 The kR data of 525°C on reduction plotted on a semi-log plot to inllustrate that two
relaxation times, 71 and 1, are present.

Figure 5.5 demonstrates the two distinct time constants in a semi-logarithm plot of the
kR data at 525°C on reduction. Similar two-fold relaxation behavior of electrical conductivity
has been reported on MIEC single crystals [131] and epitaxial MIEC thin films [132, 206]. In
these literature reports, this dual-time-constant behavior was attributed to either (a) surface
regions with different crystallographic orientations [131], or (b) surfaces with different

contributions from the bulk and grain boundaries [207].

For the reasons that will be discussed later in Chapter 7, the two distinct surface
exchange coefficients, ki and k,, were attributed to bulk grains and grain boundaries,

respectively, as shown in Figure 5.6.
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Figure 5.6 Schematic of the surface exchange process in the sputtered thin film. k, and kz, can be
attributed to buk grains and grain boundaries, respectively.
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Figure 5.7 A; values of the sputtered LSF64 thin film SP-C as a function of temperature across
all seven thermal segments. Each value is averaged from its corresponding oxidation and
reduction relaxation processes.
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Figure 5.7 shows the A; values of sample SP-C fitted to Equation (33), indicating that the
ratio between the two exchange rates changes with temperature. The faster surface exchange
process (assigned to the exposed bulk grain surface) dominates at higher temperature, while the
slower surface exchange process (assigned to the exposed grain boundaries) makes greater

contribution as the temperature is reduced.
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Figure 5.8 Arrhenius plots of both k; and ky in LSF64 thin film sample SP-B under oxidation and
reduction conditions. Segment numbers follow the chronological order of the experiment.
Segments 1, 3, 5 and 7 were measurements as the sample was cooling down, while segments 2, 4
and 6 were measurements as the sample was heating up.

Figure 5.8 shows the Arrhenius behavior of the kR-measured k’s under multiple thermal
cycles. The sequentially numbered thermal segments represent the first time the electrochemical

properties of LSF have been analyzed as a function of thermal cycling. Given the 1.2% error of
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the film thickness estimated from the standard deviation of SEM measurements at 5 different
locations and the <6.4% error of the fitting procedure of the normalized curvature data according
to Origin ©, the estimated error bars of all data points based on the error analysis method in

Section 3.1.6 are smaller than the size of the symbols.

As shown in Figure 5.8, degradations of up to a factor of 8 in the oxygen surface
coefficient were observed with multiple thermal segments. The activation energies of both k; and
ko measured in this study, ~1.1 +=0.3 eV, were reproducible across multiple thermal segments,
and are close to the 1.3 eV of bulk LSF64 sample measured by ten Elshof et al. [47]. Although
there is considerable spread in some of the data, it seems that after an initial break-in period
during the first thermal segment (a common occurrence for MIEC materials [198]), subsequent

thermal cycling between 425 and 525°C only produced minor changes in k.

86



Temperature ("C) Temperature ('C)
i A A S e 0 A R

{ = Oxidizing k, W Segl Reducing &, W Segl
P ¢ ® Seg2 u ® Seg?
10 3 ' A Seg3 ™ A Seg3 E
1 » | V Seed t V¥ seed F
S & S5 > & S5
| > s Seg 6 * % Seg6
1074 4 P Seg7 > * P Se27 |
] >
] G JER > . .
@ 10 > k > F
E ]06 3 E
2] Oxidizing k, | W Se! Reducingk, W sl
] eg. ucl 2
e . ng 2 ® Sez? ng Ky ® Sex2
. 9 A Scg3 [ A Seg3
1074 = V¥ Segd g = ¥ Segd L
E 3 & ses $ & Sees
> » § Seg 6 > s | Seg6
] > X . P Seg7 * ! I P Seg7
s >
10 E > : » 1 * N
: ¢ g > *
] > > » .
]0-9 T T T T T T T T T T T T T T T T
1.2 1.3 14 l1.5 16 1.2 13 1.4 11.5 1.6
1000/T(K") 1000/T (K)

Figure 5.9 Arrhenius plot of both k1 and k, of LSF64 thin film sample SP-C under oxidation and
reduction conditions.

Similar measurements were conducted on sample SP-C and similar magnitude oxygen
surface exchange coefficients were observed, as shown in Figure 5.9. Further, like sample SP-B,
k did not degrade with multiple thermal cycling when cycled between 525 and 425°C, but did
experience k degradation when cycled below 425°C and heated back up to elevated temperature.
This indicates some irreversible changes occurred in the film are possibly associated with
inelastic deformation at higher stress states. This idea is discussed in detail in the stress
measurements of Figure 5.13. The similar behavior between both samples indicates the

reproducibility of measurements on samples prepared simultaneously.
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Figure 5.10 xR-determined k; values of sputtered LSF64 thin film samples SP-A, SP-B and SP-C
as a function of inverse temperature across multiple thermal cycles. k values are averaged from
oxidation and reduction k'’s.
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Figure 5.11 xR-determined k- values of sputtered LSF64 thin film samples SP-A, SP-B and SP-C
as a function of inverse temperature across multiple thermal cycles. k values are averaged from
oxidation and reduction k'’s.

Figure 5.10 and Figure 5.11 summarize the surface exchange coefficient measurements
of three sputtered samples from the same batch. Compared to the 5 orders of magnitude k

variation observed for LSF64 in the literature, the k’s obtained here agree well with each other.
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Figure 5.12 LSF64 xR-determined k1 values compared with those in the literature [47-50]. Open
symbols denote literature values.

Figure 5.12 shows how the ki values (lattice surface exchange coefficients) of sputtered
LSF64 thin films obtained here via kR compared to those available in the literature. The
activation energy of the sputtered thin films ranges from 1.2 eV to 1.4 eV. These values are close
to the 1.3 eV activation energy observed for bulk LSF64 by ten Elshofetal. [47]. These ~1.3 eV
activation energies, which were very different than the apparent 0.07 eV expected for an
atmospheric flushing process [181], indicate that reactor volume flushing limitations were not
present in these kR experiments. The sputtered films tested here exhibited k; values that were
consistent with low-temperature extrapolations of bulk LSF64 k values [47, 49], and inconsistent
with literature pulsed laser deposited LSF64 films [48, 208]. The close k agreement between the

sputtered films and bulk samples may be because the non-epitaxial, polycrystalline sputtered

90



films tested here without electrodes more closely resembled the structure of the bulk LSF64
samples [49, 208] than the epitaxial PLD thin films [48, 208] previously measured via ECR in
the literature. For example, these literature films may have had a different surface structure or
stress state because of the electrodes used to measure them, their epitaxial nature, and/or a

different stress/strain history.
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Figure 5.13 Average equilibrium stress levels of the LSF64 film as a function of pO, and
temperature. The dashed lines represent thermal expansion mismatch induced stress, based on
coefficient of thermal expansion (CTE) and elastic constants of YSZ and LSF64 available in the
literature [193, 205].

Figure 5.13 shows the equilibrium stress of samples SP-A, SP-B and SP-C as a function
of temperature compared to the stress expected from the coefficient of thermal expansion (CTE)
mismatch between LSF64 [193] and YSZ [194]. The observed chemical stress induced by pO
changes is in agreement with the chemical expansion effect, where reducing pO, causes

expansion of the LSF film, thus inducing less tensile stress in the film. Given the ~1.2% error of
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the film thickness and the ~1% error of the substrate thickness estimated from the standard
deviation of SEM measurements at 5 different locations, and the <0.1% standard error of the
equilibrium curvature measurement across the temperature range, the estimated error bars of all
data points based on the error analysis method in Section 3.1.6 are smaller than the size of the

symbols.

General agreement is observed compared to the CTE mismatch predictions, except for
deviations below 425°C. This indicates that the bilayer started to deform inelastically, as the thin
film stress became larger than ~200 MPa. This behavior is consistent with the 100 MPa vyield
stress measured in bulk LSF64 [209]. This may have been caused by (a) Sr segregation to the
surface of LSF64, (b) ferroelastic domain switching occurring at higher level of stress (which has
been observed in LSF64 [210, 211], (c) dislocation formation as a stress relaxation mechanism,
or a combination of multiple effects. This may also explain why reproducible k’s were observed
in samples that were cycled between 600°C and 425°C, but were not obtained in samples colled

down below 425°C and then retested at elevated temperatures.
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Figure 5.14 Chemical stress of sputtered LSF64 films induced by pO, changes between 0.21 and
0.021 as a function of temperature.

Figure 5.14 shows the chemical stress induced by switching between p0O,=0.21 and
p0O,=0.021 across the temperature measurement range, which decreases with decreasing
temperature. Similar to the film stress measurement, the chemical stresses of samples SP-A, SP-
B and SP-C are generally consistent with each other. In contrast to dilatometry measurements in
Chapter 4 and literature thermo-chemical studies [49, 193] on bulk samples indicating that
mechano-chemical coupling in LSF64 only occurs above 525°C, non-zero chemical stresses were
observed as low as 350°C in the sputtered films measured here. As will be discussed further in
Chapter 7, this is likely due to grain boundaries and grain interiors displaying different chemical

expansion behavior.
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Figure 5.15 X-ray photoelectron spectroscopy (XPS) measurements on the sputtered LSF64 thin
film SP-A after kR testing.

Table 4 Atomic fractions of cation species at the surface of sputtered thin film SP-A

La Sr Fe Y La:Sr:Fe ratio

Atomic Nominal -- -- -- -- 06:04:1

Fraction | LSF64|8YSZ (SP-A) . .
(%) after R test 2.66 3.30 2.24 0.11 1.19:1.47:1

Figure 5.15 and Table 4 show the XPS measurements on the sputtered thin film SP-A,
which was kR-tested for only 1 thermal segment. La and Sr surface enrichment were observed
after the kR-test. A small amount of Y impurities were also detected. Although XPS
measurements on SP-B and SP-C were not performed, cation segregation of sputtered LSF64
thin films may be one of the reasons for the degradation in surface exchange kinetics with
multiple thermal cycling, as discussed in Section 2.3.6. Future XPS measurements on samples

analyzed before and after xR are needed.
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5.4 Conclusions

Here, for the first time, in situ stress and oxygen surface exchange coefficients were
simultaneously measured on an MIEC thin film using the curvature relaxation technigque. In
addition, mechano-chemical coupling of LSF64 was observed below 525°C for the first time.
Sub-525°C k values were reported for this material for the first time, and were consistent with
low temperature extrapolations of bulk LSF64 sample behavior reported in the literature. A slight
degradation in the measured surface exchange coefficients was observed over multiple thermal
cycles for all samples from different batches, and was attributed to inelastic deformation in the
film possibly caused by Sr segregation, ferroelastic domain switching, and/or dislocation
formation. This significant amount of chemical stress observed at low temperatures in the
sputtered films was in contrast to chemical expansion behavior of bulk LSF64, and was
attributed to the small grain size of the sputtered LSF64. This small grain size also allowed the
k’s for oxygen exchange directly into the lattice and the grain boundaries to be observed. As
demonstrated here, the xR technique provides insights towards understanding the surface
exchange mechanisms and their relation to internal and external stress, as well as opportunities to

characterize a range of mechano-chemically coupled ion-exchange materials.
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6. Oxygen  Surface Exchange and  Stress
Measurements on Pulsed Laser Deposited LSF64
Dense Thin Films

6.1 Introduction

In this Chapter, the kR technique was used to simultaneously measure the in situ stress
and k of pulsed laser deposited (PLD) thin films LSF64 on 13mol% YSZ substrates. The results
demonstrate the applicability of the kR method on thin films produced via various deposition
techniques, and provide a deeper insight into how different processing histories and/or stress

states that alter oxygen surface exchange kinetics.

6.2 Experimental

6.2.1 Sample Fabrication

Two types of PLD LSF64 thin films were prepared by Dr. William Chueh and his
research group at Stanford University. The first type was deposited directly on (100) oriented
13mol% YSZ (LSF64|YSZ), and the second type was deposited on a (100) oriented 13mol%
YSZ substrate coated with a 5-nm layer of scandium doped ceria (LSF64|SDC|YSZ) to prevent
cation diffusion from the YSZ substrate to the surface of the LSF film. All YSZ substrates were
pre-annealed at 1100°C for 1 hour. The annealing procedures of the YSZ substrates were
identical to those listed in Chapter 6, the PLD film deposition temperature was 700°C and the
oxygen partial pressure was set at 5 mTorr. The estimated deposition rate was 0.002 nm/pulse.
Even though the stress evolution behavior of the annealed bare 13 mol% YSZ wafers were not

tested, because a 1-hour hold at 1100°C was enough to remove the residual stress in the 8 mol%
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YSZ wafers of Chapter 5, the same annealing schedule was assumed to have a similar effect on

the 13 mol% YSZ wafers.

6.2.2 Curvature Relaxation Measurements

Details about the experimental setup of the curvature relaxation (xR) technique can be
found in Section 3.1. Prior to kR experiments, the LSF64|YSZ samples were heated to 800°C at a
rate of 5°C/min, and the first thermal segment was conducted during cool-down. The bilayer
samples were subjected to abrupt switching between air (Airgas, pO,=0.21) and 2.1% 0,-97.9%
N> mixture (Airgas, pO,=0.021) controlled by a four-way valve. Relaxation experiments under
both 100 and 500 sccm flow rate were also conducted to determine if there were reactor flush
time limitations. The normalized curvature data processing was done in the same manner as the

sputtered films.

6.2.3 Structural and Compositional Characterization
SEM, XRD and XPS experiments adopted the same conditions as those for the sputtered

films, as shown in Section 5.2.3.
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6.3 Results and Discussion
6.3.1 LSF64|YSZ

Figure 6.1 Fracture surface morphology of the PLD LSF64|YSZ bilayer after kR testing.

Figure 6.1 shows the microstructure of a LSF64|YSZ cross section, indicating a uniform

film thickness of 135 3 nm, and a columnar grain structure.
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Figure 6.2 X-ray diffraction scans of the PLD LSF64|YSZ before and after 4R testing. Peak
indexing was performed using LSF64 PDF # 01-082-1961 for LSF64 and cubic YSZ PDF# 01-

070-4436.

As shown in Figure 6.2, the PLD thin film LSF64 exhibits epitaxial features with (110)
(104) as the main orientation. From the indexed d-spacings of LSF64 (110) (2.7636 ,& )and YSZ

(200) (2.5689 ,& ), & ~7.5% mismatch between the film and the substrate was estimated. Small
peaks corresponding to (024) of LSF64 were also observed, indicating formation of limited
polycrystals. No impurity phase peaks were observed. The grain size was estimated to be ~52 nm

using the William-Hall method [212].
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Figure 6.3 Multiple curvature relaxation cycles of the LSF64|YSZ sample at 700°C and 750°C

between pO,=0.21 and pO,=0.021. The difference in equilibrium curvature levels between the
two temperatures is a result of the film-substrate thermal expansion mismatch.

Figure 6.3 shows multiple kR cycles upon switching between pO,=0.21 and pO,=0.021
at 700°C and 750°C. Reproducible relaxation kinetics and equilibrium curvature levels were
observed for multiple isothermal relaxations. This indicates that oxygen nonstoichiometry
changes in the PLD LSF64|YSZ thin film were reversible as the atmosphere pO, was changed,
and that no significant film cracking or delamination occurred. Similar to the sputtered thin
films, the different equilibrium curvatures at different temperature were as expected from the
thermal expansion mismatch between the LSF64 and the YSZ. In contrast to the sputtered films
described in Chapter 5, only one relaxation time constant was observed at all temperatures, as
demonstrated in Figure 6.4, indicating that only one surface exchange process dominated during
the xR experiments. Given the larger grain size of the PLD films (52 nm) compared to those of

the sputtered films (43 nm), this k was assigned to oxygen incorporation directly into the grain
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interior lattice (i.e. not into the grain boundaries). Identical Ln[1-g(t)] analysis at all other tested

temperatures yielded similar results.
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Figure 6.4 Representative xR data of 700°C on reduction shown in Figure 6.3 replotted on a
semi-log plot, and showing only one time constant. xR data of other temperatures showed similar
single time constant behavior.

101



Temperature ("C)

800 750 700 650 600 550 500
10-5 L : 1 . | ) | ] 1 ] -
o) ® 100 sccm E
] ® 500sccm -
10° 3 .
2 L
- L
@ 7
g 10 5 g 3
< ] ] -
o2 ® 3 C
8 "
107 3 n 3
] | | C
[ ] N
u L
10° T T T T T T T T T ] T
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35

1000/T (K ™)

Figure 6.5 xR-measured surface exchange coefficients of LSF64|YSZ as a function of
temperature and flow rate.

As shown in Figure 6.5, the kR-determined surface exchange coefficients were relatively

insensitive to the flow rate, indicating that reactor flush time was not an issue at temperatures as

high as 750°C. This is also demonstrated by the measured time constants (10 to 5500 s between

500°C and 800°C at 100 sccm, and 5 to 800 s between 625°C and 800°C at 500 sccm), which are

5 times smaller than their respective reactor flush times of 1.7-2.3 s and 0.3-0.4 s estimated from

the reactor volume calculations and Equation (36).
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Figure 6.6 xR-measured k values of LSF64|YSZ across multiple thermal segments at a flow rate
of 100 sccm.

Figure 6.6 shows the kR-measured oxygen surface exchange coefficients as a function of
inverse temperature with multiple thermal cycling between 800°C and 500°C. Hysteresis of the
measured k values was observed across multiple thermal segments, where k values of the two
cooling segments (kR1 and kR3) were similar but 0.5-1 order of magnitude larger than the
heating segment (kR2). Although further study is needed, this phenomenon may be related to
changes of electronic structure, cation segregation, and/or dislocation density in the film, all of
which can impact the ionic transport kinetics, as discussed in Section 2.3 [51, 165, 166, 168, 213,
214]. In-situ investigations on the compositional and structure changes at the film surface are

also needed to provide better understanding of this behavior.

103



Temperature (OC)

IOIOO 990 S(I)O 7(|)0 690 5(|)0 490
-1
10 ; * O LSF64|YSZ_kR1 (PLD Thin Film)
: © LSF64]YSZ kR2 (PLD Thin Film)
1074 * A LSF64]YSZ kR3 (PLD Thin Film)
3 . «m *  Sogaard et al. Bulk
107 ; * o B ten Elshofet al. Bulk
E * % Sogaard et al. PLD Thin Film
s *u O  Mosleh et al. PLD Thin Film
10 E u ®  SP-B (Sputtered Thin Film)
2 .
1 °
- ] u
=" 10° “0la, 4 8
3 A |
3 8 [m] e A [
27 E -
107 3 Co
§ fe) (0] o o E m]
s ] o &0
107 3 o O % a
E 0 o0
10” T T T T T T T T T T T T T 1
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
-1
1000/T (K™

Figure 6.7 kR-determined k values of LSF64|YSZ compared with those in the literature [47-50]
and the sputtered thin films in this work.

Figure 6.7 shows how the k values of the PLD LSF64|YSZ thin films obtained via xR
compared to those available in the literature, as well as a representative dataset of the sputtered
thin films from Chapter 5. The PLD k values are almost 2 orders of magnitude lower than those
of the sputtered thin films, and 2 orders of magnitude lower than low temperature extrapolations
of the literature bulk samples. However, the PLD k’s measured via the kR technique are similar
in magnitude to the PLD thin film measurements from the literature. Due to the hysteresis
behavior, the activation energy of the PLD thin film k’s is not constant across the entire
temperature range (1.2 eV, 1.0 eV and 1.6 eV for kR1, kR2 and kR3, respectively), but generally
shows similar values below 700°C compared to sputtered thin films and bulk samples in the

literature. Still, these activation energies are much smaller than the incredibly large 4.7 eV
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activation energy reported for PLD thin films in the literature. Effects such as film stress state

and substrate identity are possible reasons for this discrepancy, but further study is needed to

understand these differences.
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Figure 6.8 Average equilibrium stress levels of the PLD LSF64 thin film as a function of pO,
and temperature. The dashed lines represent thermal expansion mismatch induced stress, based
on coefficient of thermal expansion (CTE) and elastic constants of YSZ and LSF64 available in
the literature [193, 194]. 700°C was chosen as the stress-free state in line with the film
deposition temperature.

Figure 6.8 shows the equilibrium stress of the PLD thin film as a function of temperature
compared to the stress expected from the coefficient of thermal expansion (CTE) mismatch
between LSF64 [193] and YSZ [215]. 700°C was chosen as the stress-free state because this was
the deposition temperature of the film. General agreement is observed between the measured and
the CTE mismatch predicted stresses. The stress level at 800°C and pO, =0.021 approached

nearly 180 MPa in compressive nature, in contrast to a tensile stress of ~220 MPa at 475°C. The
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slight drift of the stress state towards the compressive direction was observed from kR1 to kR3,
which may be caused by one or more of the effects (changes of electronic structure, cation

segregation, and/or dislocation density in the film) discussed previously.
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Figure 6.9 Chemical stress of the PLD thin film LSF64|YSZ induced by pO, changes between
0.21 and 0.021 as a function of temperature.

Figure 6.9 shows the chemical stress of the PLD LSF64 thin film induced by switching
between p0O,=0.21 and p0,=0.021 across all three thermal segments. Consistent with the
behavior of large-grained LSF shown in Chapter 5 and in the literature [49, 193], a nearly linear
relationship between the chemical stress and the temperature is observed above 525°C. The sub-
525°C chemical stresses are smaller than those of the sputtered films, consistent with (1) the
interpretation that the sub-525°C chemical stress is controlled by grain boundary expansion, and

(2) the larger grain size of the PLD films (~52 nm) compared to those of the sputtered films (43
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nm). For unknown reasons, a slight reduction of chemical stress was also shown for the third

thermal segment (kR3) compared to kR1 and kR2.
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Figure 6.10 X-ray photoelectron spectroscopy (XPS) measurements of a PLD LSF64|YSZ
sample.

Table 5 XPS measurement on the PLD LSF64|YSZ thin film after kR testing.

La Sr Fe Y La:Sr:Fe ratio
Atomic
Fraction 0.78 7.46 2.61 1.06 0.30:2.86:1
(%)

Figure 6.10 and Table 5 show the XPS measurement on the PLD LSF64|YSZ sample.
Significant Sr enrichment and La depletion were measured at the surface, a commonly observed
phenomenon in the literature [213, 216, 217]. In addition, a significant amount of Y was also

found at the surface, indicating cation diffusion from the YSZ substrate. Compared to the
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La:Sr:Fe ratio of 1.19:1.47:1 observed for the sputtered thin film SP-A, a greater amount of Sr

surface segregation was observed in the PLD film.

6.3.2 LSF64/SDC|YSZ

Bare YSZ

YSZ (200)
YSZ (400)

Arbitrary Indensity

LSF (110) (104)
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Figure 6.11 X-ray diffraction scans of the PLD LSF64|SDC|YSZ before and after 4R test. Peak
indexing was obtained from PDF # 01-082-1961 for LSF64 and 01-070-4436 for YSZ.

As shown in Figure 6.11, PLD thin film LSF64|SDC|YSZ exhibits epitaxial features
similar to LSF64|YSZ, with (110) (104) as the main orientations. Small peaks corresponding to
the (024) orientation of LSF64 were also observed. No impurity phase peaks were observed.

Williamson-Hall grain size estimation was not available for this sample due to the LSF-YSZ
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peak convolution, but the grain size of this film should be similar to 52 nm determined for the

LSF64|YSZ sample given the similar XRD line broadening.

-0.028 ; , . , : : .
-0.029 - 700°C -
-0.030 730€ -
-0.031 -

-0.032 W B

-0.033 =

-0.034 A L

Curvature (1/m)

-0.035 ~

-0.036 —

_0-037 T I T [ T l T
0 500 1000 1500 2000
Time (s)
Figure 6.12 Multiple curvature relaxation cycles of the LSF64|SDC|YSZ sample at 700°C and

750°C between p0O,=0.21 and p0,=0.021. The difference in equilibrium curvature levels
between the two temperatures is a result of the film-substrate thermal expansion mismatch.

Similar to the LSF64|YSZ sample, the multiple kR cycles of the LSF64|SDC|YSZ thin
film shown in Figure 6.12 indicate reproducible relaxation kinetics and equilibrium curvature
levels for multiple isothermal relaxations. This indicates that oxygen nonstoichiometry changes
in the PLD LSF64|YSZ thin film were reversible as the atmosphere pO, was changed, and that
no significant film cracking or delamination occurred. In contrast to the sputtered films described
in Chapter 5, but similar to the LSF64|YSZ sample, only one relaxation time constant was

observed at all temperatures, as demonstrated in Figure 6.13, indicating that only one surface
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exchange process dominated during the kR experiments. Identical Ln[1-g(t)] analysis at all other

tested temperatures yielded similar results.

24 1 U L

Ln[(1-g(®)]

0 20 40 60 80 100 120
Time (s)

Figure 6.13 Representative xR data of 700°C on reduction shown in Figure 6.14 replotted on a
semi-log plot, and showing only one time constant. xR data of other temperatures showed similar
single time constant behavior.
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Figure 6.14 xR-measured k values of LSF64|SDC|YSZ across multiple thermal segments at a
flow rate of 100 sccm.

Figure 6.14 shows the xR-measured k’s of LSF|SDC|YSZ as a function of inverse
temperature. Comparing to LSF|YSZ, reduced hysteresis behavior of the measured k values was

observed in the LSF|SDC|YSZ sample across multiple thermal segments.
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Figure 6.15 xR-determined k values of PLD LSF64 thin films compared with those in the
literature [47-50] and the sputtered thin films in this work.

Figure 6.15 shows the comparison between the k values of the two PLD LSF64 thin films
obtained via kR and those available in the literature, as well as a representative dataset of the
sputtered thin films in this study. The magnitude of k’s was similar between LSF64|YSZ and
LSF64|SDC|YSZ, and also close to the PLD thin film measurements from the literature. The
activation energy of LSF64|SDC|YSZ k’s below 700°C was 1.1 eV, 1.0 eV and 1.4 eV for kR1,
kR2 and kR3, respectively and similar to those of LSF64|YSZ. However, the LSF|SDC|YSZ
sample showed slightly less hysteresis during the second thermal segment (kR2). Possible

reasons for this behavior are found in the XPS results presented later in this section.
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Figure 6.16 Average equilibrium stress levels of the PLD thin film LSF64|SDC|YSZ as a
function of pO, and temperature. The dashed lines represent thermal expansion mismatch
induced stress, based on coefficient of thermal expansion (CTE) and elastic constants of YSZ and
LSF64 available in the literature [193, 215]. 700°C was chosen as the stress-free state in line
with the film deposition temperature.

Figure 6.16 shows the equilibrium stress of the PLD thin film LSF64|SDC|YSZ as a
function of temperature compared to the stress expected from the coefficient of thermal
expansion (CTE) mismatch between LSF64 and YSZ. For lack of an absolute reference, 700°C
was chosen as the stress-free state because this was the deposition temperature of the film.
General agreement is observed compared to the CTE mismatch predictions, as well as the

LSF64|YSZ sample.
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Figure 6.17 Chemical stress of the PLD thin film LSF64|SDC|YSZ induced by pO, changes
between 0.21 and 0.021 as a function of temperature.

Figure 6.17 shows the chemical stress of the PLD thin film LSF64|SDC|YSZ induced by
switching between p0,=0.21 and p0,=0.021 across all three thermal segments. Non-zero
chemical stress levels were again observed for all temperatures, and the magnitude of these

stresses resemble those measured for the LSF|YSZ sample.
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Figure 6.18 X-ray photoelectron spectroscopy (XPS) measurements of a PLD LSF64|SDC|YSZ
sample.

Table 6 Comparison of XPS measurements on the PLD LSF64|YSZ and LSF64|SDC|YSZ thin
films and the sputtered LSF64|8YSZ film after kR testing.

La Sr Fe Y La:Sr:Fe ratio

LSF64[8YSZ (SP-A)

after kR test 266 | 3.30 224 | 0.11 119:147:1

Atomic
Fraction ﬁLSF64|YS.Z 0.78 | 7.46 261 | 1.06 0.30:2.86: 1
(%) after kR testing
LSF64|SDC|YSZ

0.60 | 5.12 2.10 | 0.92 0.29:244:1

after kR testing

Figure 6.18 and Table 6 show the XPS measurement on the PLD LSF64|SDC|YSZ
sample, and compare the atomic fractions of cations between LSF64|SDC|YSZ and LSF|YSZ as
well as the sputtered thin film LSF|YSZ. Significant Sr segregation was also observed at the

surface of LSF|SDC|YSZ. The similarities and differences of surface composition between the
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two PLD films indicate that the hysteresis behavior observed in k measurements may be caused
by Sr and/or Y surface segregation. Additional work is needed to understand the underlying

causes for the hysteresis behavior observed in PLD LSF64 thin films

6.4 Conclusions

Stress and oxygen surface exchange coefficients were simultaneously measured on
pulsed laser deposited LSF64 thin films using the curvature relaxation technique developed in
this work. The stress and oxygen surface exchange coefficients of PLD LSF64 thin films were
measured with thermal cycling first time. The magnitude of the PLD k values were consistent
with literature reported PLD thin films with the same composition, but are 2 orders of magnitude
lower than the sputtered thin films measured in this work as well as literature bulk LSF64 sample
low temperature extrapolations. This indicates that the 5-order of magnitude k discrepancies in
the literature is not caused by the electrodes used previously measure the k’s of LSF64 PLD
films. A hysteresis behavior in k values was observed for the first time in both PLD thin films
LSF|YSZ and LSF|SDC|YSZ upon thermal cycling, and may be caused by cation segregation to
the surface of the film. Although the measured film stress levels were similar to sputtered films
in magnitude, ferroelastic domain switching due to film yielding was not present, as indicated by
the linear temperature dependence of the film stress. This is consistent with the single (110)

dominated orientation of the films.

These kR experiments demonstrate how microstructure and processing techniques may
affect the stress and surface exchange kinetics of MIEC thin films with the same chemical
composition, and provide additional insights towards understanding the relationship between

surface exchange mechanisms and the microstructure.
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7. Oxygen  Surface Exchange and  Stress
Measurements on Spray Deposited LSF64 Porous
Thick Films

7.1 Introduction

In this chapter, stress and k were simultaneously measured on porous MIEC thick films
for the first time. Specifically, the kR technique was used on LSF64|13YSZ bilayers to gain a
deeper understanding of the k variations resulting from LSF64 films with different processing

histories, morphologies, and stress states.

7.2 Experimental

7.2.1 Sample Fabrication

LSF64 powder synthesis and porous film fabrication procedures were detailed in Sections
3.2.1and 3.2.5. 13YSZ substrates were chosen to avoid the cubic-to-tetragonal transformation of
the substrate (which is known to occur in yttria doping levels below 8%) [204] that could

complicate the curvature and film stress measurement.

7.2.2 Porous Pellet Dilatometry

In order to understand the densification behavior of the porous LSF film and ensure that
no sintering occurred during kR experiments, a porous, 12.7 mm diameter cylindrical pellet was
prepared by uniaxiallly cold pressing the calcined LSF64 powder at 13 MPa in a stainless steel
die. The resulting 9.25 mm-long pellet was then loaded into the dilatometer, followed by the
same sintering schedule as the porous film (1050°C for 1 hour, with heating and cooling rates

both 5°C/min), under 50 sccm continuously flowing air.
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7.2.3 Curvature Relaxation Measurements

Immediately after sintering at 1050°C for 1 hour inside the MOSS apparatus, the bilayers
were cooled down to 700°C in air followed by kR experiments between air (Airgas, pO,=0.21)
and of 2.1% 02-97.9% N, mixture (Airgas, pO,=0.021) controlled by a four-way valve.
Relaxation experiments under both a 100 sccm and a 500 sccm flow rate were conducted to
identify the temperature range where reactor flush time limitations were present. At temperatures
between 700°C and 400°C, the 10 mL chamber reactor volume determined from Chapter 5
corresponded to a flush time ranging from 1.8 seconds to 2.7 seconds for 100 standard cubic
centimeters/ minute (sccm) and from 0.37 seconds to 0.53 seconds for 500 sccm flow rate [181].
Based on the need for a relaxation time larger than 5 times the reactor volume flush time in order
to correctly extract oxygen surface exchange coefficients [181], these reactor flush times allowed
accurate k measurements to be obtained in those situations where the relaxation time constants
were larger than 11 seconds and 2 seconds for the 100 sccm and 500 sccm flow rates,

respectively.

For the porous thick films studied here, k was extracted from kR data using the measured
film porosity, the film surface area, and Equation (34). Thickness-averaged film stresses were
obtained using the modified version of Stoney’s Equation for arbitrary film thickness shown in

Equations (38)-(40).

7.2.4 Structural and Morphological Characterization
SEM and XRD analysis before and after kR experiments utilized the same conditions as
those for the sputtered films, described in Section 5.2.3. Grain size was estimated using the line

intercept method on micrographs of the film surface after xR testing. FIB-SEM 3D
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reconstructions were performed using the procedures detailed in Section 3.4.2 to obtain

microstructure parameters (Vv and Sy) of the porous films.

7.3 Results and Discussion

The sintering behavior ofa porous LSF bulk sample (as shown in Figure 4.3) undergoing
similar thermal conditions as the porous thick film indicated that no sintering occurred during

porous film kR measurements between 250-700°C.

4.7 um

Figure 7.1 (a) Picture of the top surface of a kR-tested LSF64 porous thick film on a 25.4 mm
diameter YSZ substrate, (b) SEM image of the top surface of a LSF film, and (c) a FIB-SEM 3D
reconstruction. The film thickness is 5 jum and aligned in the upward direction.

Figure 7.1 shows the morphology and microstructure of a kR-tested LSF64 film on the
rough side of a 25.4 mm diameter, one side polished 13YSZ substrate. The porous film was

crack-free, uniform in thickness, and had well-necked particles. The size of these particles were
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well below the reported characteristic thickness of LSF64, which is >100 pm below 800°C [47,
49]. With rapid gas transport through the pores, this ensured that surface exchange dominated
oxygen transport in the film (i.e. transport of oxygen through the bulk of the particles was
significantly quicker than that across the gas/particle interface) in the temperature range of this
study, and therefore the use of Equation (30) was legitimate to extract k [218]. From the FIB-
SEM 3D reconstruction of the porous film, it was determined that Vv = 50.7% and Sy = 0.024
nm*. Reconstruction of halves and quarters of the volume showed consistent Vi and Sy values
within the margin of error (i.e. <5%), indicating that the volume in Figure 7.1 (c) is
microstructurally representative. The particle size of the porous film after xR testing was

determined to be 400 + 10 nm using the line intercept method on Figure 7.1 (b).
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Figure 7.2 X-ray diffraction of (a) the LSF64 powder after calcination at 1000°C for 1h, (b) a
LSF64|YSZ bilayer before xR testing and (c) a LSF64|YSZ bilayer after xR testing. XRD peak
indexing was performed using LSF64 PDF # 01-082-1961 and YSZ PDF # 01-077-2114.

Figure 7.2 shows X-ray diffraction data for a) the GNP-produced LSF64 powder after
calcination, b) the as-deposited LSF64 thick film atop a YSZ substrate, and c) a kR-tested LSF64
thick film atop a YSZ substrate. Peak indexing indicated that both the LSF64 powder and the
LSF64 films were polycrystalline and consistent with all major peaks listed in LSF64 PDF # 01-
082-1961. The (200) and (400) planes of the YSZ substrate were observed in kR-tested thick

film, but were not present in the as-deposited film. This is assumed to be caused by the reduced
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film thickness after sintering and xR testing. The observed YSZ peaks are consistent with the

(100) orientation of the single crystal substrate.
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Figure 7.3 Multiple curvature relaxation cycles between pO,=0.21 and pO,=0.021, at 375°C
(top) and 325°C (bottom).

Figure 7.3 shows the curvature relaxation of a LSF64|YSZ bilayer subject to multiple
pO, cycles between 0.21 and 0.021 atm. It is readily seen that the curvature relaxation is faster at
375°C than 325°C due to the fact that oxygen surface exchange is a thermally activated process.
The difference in equilibrium curvatures between two different temperatures is caused by the
thermal expansion mismatch between LSF64 (~14 ppm/K) [193] and YSZ (9.4-9.5 ppnVK)
[205]. The equilibrium curvature levels remain consistent across multiple pO, cycles, as is the
case for all other temperatures analyzed, indicating that the oxygen nonstoichiometry changes
were reversible and no other stress altering events like film cracking or delamination occurred to
a significant extent. In contrast to the sputtered films described in Chapter 5, but similar to the
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PLD films described in Chapter 6, only one relaxation time constant was observed. This is
demonstrated in Figure 7.4, which shows that only one surface exchange rate was recorded
during the kR experiment. Identical analysis at all tested temperatures (i.e. between 250°C to

700°C) yielded similar results.
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Figure 7.4 Representative xR data of 325°C on reduction shown in Figure 7.3 replotted on a
semi-log plot, and showing only one time constant. xR data of other temperatures showed similar
single time constant behavior.
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Figure 7.5 k measurements (a) under 500 sccm flow rate across multiple thermal segments kR1-
kR5 and (b) under different flow rates at kR3. Errors of k’s are smaller than the symbols. The
numbers are in chronological order of experiments, where 1, 3 and 5 are measurements during
sample cooling, 2 and 4 are during sample heating. Open and solid symbols denote k
measurements with and without flush time limitations, respectively. As indicated by the grayed
out region, reliable k measurements could not be obtained above 3750C due to reactor flush time
limitations.

Figure 7.5 shows that k measurements across multiple thermal cycles were generally
reproducible. This suggests that phase transitions [193], ferroelastic domain switching [209],

irreversible cation surface segregation [219], and other unaccounted for possible stress relaxation
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processes did not occur with thermal cycling between 250-700°C, and therefore had no
significant effect on k.

Further, as indicated by the identical k values for a 100 and 500 sccm flow rate below
325°C and a single, 500 sccm k slope below 375°C, flush time limitations are not present below
375°C when a 500 sccm gas flow is used. Above 375°C, the measured k’s exhibit an activation
energy of 0.16 eV and 0.18 eV for 100 sccm and 500 sccm flow rates, respectively, which is
close to the theoretical 0.07 eV estimated from the reactor flush time limitation [181]. This
indicates a reactor flush time dominated regime for temperatures >375°C. At lower temperatures
where the flush time is much shorter than the time constants of the relaxations, reliable k

measurements were obtained.
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Figure 7.6 Surface exchange coefficients (averaged over the oxidation and reduction k’s) of the

porous thick film LSF64 under 500 sccm for kR3 compared to other literature measurements
[47, 49, 50, 220], as well as the sputtered and PLD thin films measured in this work. Only ki
values are shown.
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Figure 7.6 shows the Arrhenius behavior of the k’s measured by the kR technique in
comparison with other literature measurements on bulk and thin film LSF64 using various
techniques. As shown in Figure 7.6 and reported in Yang and Nicholas [221], at temperatures
<375°C, the porous thick film k’s exhibit an activation energy of 1.3 €V, consistent with the 1.3
eV activation energy reported by ten Elshof et al. on bulk LSF64, and the 1.1~1.4 eV activation
energies reported by Yang et al. [220] and in Chapter 5 on sputtered thin film LSF64. This
similarity may be because the polycrystalline, non-epitaxial nature of the porous thick film

structurally resembles the bulk and sputtered LSF64 samples.
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Figure 7.7 Estimated LSF64 thickness averaged film stress. Curvature/stress level of the bilayer
prior to sintering (at room temperature) was chosen as reference of stress-free state.

Figure 7.7 shows thickness-averaged film stress measurements, 4(z), extracted from

equilibrium curvature levels based on Equation (41). These thickness-averaged film stresses do
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not account for local stress variations caused by microstructure induced stress concentration
through film particle necks. The elastic modulus of the porous film is estimated based on an
exponential relationship with respect to the porosity, as seen in various studies on perovskite and

fluorite materials [222-225]:

E = E, exp(-b.P) (49)

where P is the volume fraction porosity, Ep is the elastic modulus at P=0 and bg is a material
dependent constant. For the LSF64 porous film studied here, Eo values of dense samples are
obtained from Kimura et al, [226] and bg is estimated to be 3.6 from that of

Lag 6Sro4C0o2Fens0s-5 [222].

According to Equations (38)-(40), the thickness variation in z resulted in stress variation
across the thickness of the film of less than 0.1 MPa between the LSF64|YSZ interface and the
film top surface (not shown in plots here). This small effect introduces variations of stress
measurements smaller than the symbol size. Linear stress levels are generally observed at
temperatures between 725°C and 600°C, which is consistent with the relative linearity of the
thermal expansion mismatch between LSF64 and YSZ. At temperatures below 600°C, the stress
levels start to bend over and eventually become more compressive (less tensile) with decreasing
temperature. This unexpected variation of the stress may be due to the small residual stress in the
YSZ substrate that becomes noticeable in the porous thick films because these films are at much
smaller stress states than the sputtered or PLD LSF64 films. The unusual low temperature stress-
temperature behavior of theses films, which varied from sample to sample, suggests that the
1100°C, 1-hour pre-deposition annealing cycle was not sufficient to relieve all the residual stress
in the YSZ substrates. Future studies will investigate films deposited on higher temperature

annealed YSZ wafers.

127



= 250 L
£ 250 =
% 200 E - 8 —
§ ] = 2 L
= = o PLD Thin Film
wn 1504 - 8 -
E 1 ///’ " - ° ’/// L
= 100 4 = - O e L
. . O
e i Sputtered Thin Film - ® L
%ﬁ 50 - e (o] ° L
i =]
g 1 e -
Y 1 gesancncucscncfeondfc B
§ /f o] L
%‘ -50 - ° L
= Porous Thick Film o i
=-100 - o I
4 . L
= o
E_ISO_ -
"]
=7

1 - T "~ 1 1 1 1 "~ T "~ T " 1 T "1
250 300 350 400 450 500 550 600 650 700 750 800

Temperature ("C)

Figure 7.8 Thickness average film stress of the LSF64 porous thick films compared to
representative film stresses as found in the sputtered and PLD thin films measured in this work.

As shown in Figure 7.8, appreciably smaller stresses in the porous thick film are
observed, in comparison to the relatively large stress levels observed in sputtered and PLD films.
The stress levels observed of these LSF64 thick films dictates that they are well within the elastic
regime (i.e. much below the 100 MPa yield stress reported for LSF64 [209]) upon changes
temperature and pO, applied in this work. This may explain the reproducible surface exchange
coefficients measured across multiple thermal cycles for porous thick films, while the sputtered

and PLD thin films show degradation/hysteresis behaviors though multiple thermal cycles.
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Figure 7.9 Chemical stress of spray deposited porous thick films LSF64 between pO,=0.21 and
p0,=0.021 as a function of temperature.

The porous thick film chemical stresses shown in Figure 7.9 are calculated from the
different stress levels at pO,=0.21 and pO,=0.021 for each temperature, and show significant increase
starting at 525°C, indicating significant increase of the oxygen nonstoichiometry above 525°C. At
temperatures below 525°C, the chemical stress shows a slight decrease with decreasing
temperature, but still remains small and non-zero at the lowest measurement temperature of

250°C.
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Figure 7.10 Replot of the Figure 7.9 data on an Arrhenius scale, illustrating two regimes with
different activation energies. The dashed lines are linear fits to the data.

The chemical stress Arrhenius plot in Figure 7.10 displays a pronounced kink at 525°C.
Curiously, this chemical expansion kink happens at the same temperature as the onset of
chemical expansion in the large grained bulk samples of Figure 4.2. This suggests that LSF64
exhibits a distinct lattice-dominated chemical stress response above 525°C and a distinct grain-
boundary-dominated chemical stress response below 525°C. Although more data is needed, a
525°C chemical stress kink is consistent with the sputtered LSF64 chemical stress measurements

of Figure 5.14 and the PLD LSF64 chemical stress measurements of Figure 6.9 and Figure 6.17.
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Given the definition of chemically induced strain in Equation (4) as well as Hooke’s
Law, the change in film stress is linearly proportionally to the change in oxygen
nonstoichiometry:

AL, =M ,a,AS (50)

The application of Equation (50) and the assumption of temperature-independent M, and «,
values allows the activation energies for oxygen vacancy formation (AGs) to be extracted from
the chemical stress activation energies shown in Figure 7.10. The assumption of temperature-
independent M, values is a good one, since LSF64 M . values only change gradually by ~15%
between 275 and 700°C [172] and can therefore not account for the exponential changes shown
in Figure 7.10. The assumption of temperature-independent «_ values is a good assumption
above 500°C, as indicated by large grained chemical expansion and nonstoichiometry data
extracted from Kuhn et al. [200]. The assumption of temperature-independent «_ values below
500°C is more suspect, since no «, data at these temperatures exist in the literature (i.e. no
chemical expansion and nonstoichiometry experiments have been performed on small grain sized
LSF64 samples). However, assuming that «_ remains constant from 275-500°C (i.e. assuming
that only & differences produce chemical stress differences, as has been assumed in studies on
ceria [170] and anatase [227]) results in a grain boundary AGs = 0.07 eV and a lattice AGs = 0.5

eV. These AGs values show it is much easier to form oxygen vacancies at the LSF64 grain

boundaries than inside the LSF64 lattice.
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Figure 7.11 Summary of the chemical stress found in sputtered thin film SP-A, PLD thin film
LSF|YSZ and the porous thick film PT-A measured at 500°C and 600°C as a function of inverse

grain size (G.S.)

Figure 7.11 shows the correlation between film grain size and measured chemical stress
at 500°C and 600°C for 3 different samples prepared by all three techniques in this work.
Samples SP-B and SP-C, which were fabricated simultaneously with SP-A, were assumed to
have the same grain size and chemical stresses as SP-A. As seen in the figures showing the
temperature dependence of chemical stress throughout this dissertation, 525°C is the common
temperature below which chemical stress starts to level off, but maintains a non-zero level.
Further, this low temperature chemical stress increases as the grain size of the film decreases.
This phenomenon is consistent with large compositional stress contribution from the grain
boundaries in the nano-crystalline ceria films reported by Sheldon et al. [207]. At higher

temperatures, chemical stress is largely induced by changes of oxygen vacancy concentration in
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bulk grains. As the temperature is reduced, grain boundary induced chemical stress starts to take
over the contribution from the bulk, and eventually dominates the entire chemical stress at low
temperature. As the grain size dictates the ratio between grain boundary and grains, samples with

smaller grain sizes are capable of causing more chemical stress at low temperature.
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Figure 7.12 Summary of the k; values found in sputtered thin film SP-A, PLD thin film LSF|YSZ
and the porous thick film PT-A measured at 450°C and 500°C as a function of inverse grain size
(G.S).

Figure 7.12 summarizes the surface exchange coefficients of films fabricated by all three
techniques as a function of their respective inverse grain size. Although the measured k; values
span up to 4 orders of magnitude among these films, no apparent dependence on grain size is
observed, suggesting that factors other than grain size (such as differences in surface orientation,
surface chemistry, etc.) control the oxygen surface exchange coefficients of the samples tested

here. Additional experiments to understand this behavior are needed.
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Figure 7.13 Possible surface exchange pathways. The dotted box represents the grain boundary
region that induces the sub-525°C chemical stresses observed in this work.

Interestingly, although the oxygen nonstoichiometry in bulk grains becomes minimal at
below 525°C, the lattice oxygen surface exchange coefficient (ky) is still measurable in all the
films tested here. This can be understood by considering that even though the lattice no longer
changes its oxygen vacancy concentration below 525°C, the faster k; across the lattice surface,
and the large surface area fraction of the lattice surface compared to the grain boundaries (at least
for large grained samples) provides the dominant path for oxygen surface exchange, even as the
grain boundaries alone alter their oxygen vacancy concentration at low temperature. Since the
grain size is much smaller than the characteristic thickness, bulk diffusion through the lattice to
the grain boundary is not rate-limiting. Interestingly, in the smallest grain size samples tested
here, two exchange coefficients were observed. In these small grain sized samples, the large
areal fraction of both the grain boundaries and the bulk may be the reason two oxygen
incorporation processes, corresponding to oxygen incorporation at the exposed grain surfaces

and the exposed grain boundaries, are observed.
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7.4 Conclusions

The curvature relaxation technique was used to measure the oxygen chemical surface
exchange coefficients and stresses of porous thick film LaggSrosFeOs.s. For the first time,
chemical expansion and measurable k values were obtained as low as 275°C, and are consistent
with bulk LSF64 extrapolations below 400°C. The activation energy of the porous thick film is
comparable to that of bulk and sputtered thin film LSF64 samples reported in the literature and in
this work, but is very different than PLD thin films. Reproducible k values were obtained across
multiple thermal segments, which were attributed to the noticeably small stress levels in these
porous thick films. Similar to sputtered and PLD thin films, non-zero chemical stress were
observed throughout the temperature range, and displayed a temperature-induced transition from
grain boundary dominated chemical expansion to lattice dominated chemical expansion. This is
the first time such a chemical stress transition has been observed. The low temperature chemical
stresses measured in various films in this work were found to increase with decreasing grain size,
suggesting that grain boundaries have enhanced oxygen vacancy concentration gradient. The
grain size dependence of chemical stress observed in kR-measured films suggests that large

grained SOFC electrodes may help the mechanical redox stability of SOFC materials.
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8.

Dissertation Summary

The aim of this dissertation was to demonstrate that a nowvel curvature relaxation

technique could be utilized to 1) measure the in situ stress and oxygen surface exchange of

MIEC films, and 2) provide insights on the factors such as processing techniques, microstructure,

grain size, sample history and/or stress that presumably affect the surface exchange behavior.

Below is a list of the conclusions from this dissertation:

@)

(@)

)

The curvature relaxation technique developed in this work provides reliable,
simultaneous, in situ measurement of the oxygen surface exchange coefficient and stress

states of mechano-chemically active films.

Thermo-chemical expansion of bulk LSF64 samples were measured using dilatometry
under various oxygen partial pressures ranging from air to N, for the first time. The
chemical expansion onset temperature decreases with decreasing pO,, and chemical
expansion in bulk LSF64 only becomes active above 525°C in air. The bulk LSF64 25-
1000°C thermal expansion coefficient is 12.4 ppm/K, while the 525-1000°C chemical
expansion coefficient in air (pO,=0.21) and 10% N2-diluted air (pO,=0.021) are 0.0101

and 0.00867, respectively.

The surface exchange coefficients of LSF64 vary among films prepared by different
techniques. Thin films prepared by sputter deposition and porous thick films prepared by
colloidal spray deposition have similar oxygen surface exchange coefficient magnitudes
and activation energies. Further, these k’s are similar to those expected from low
temperature extrapolations of bulk LSF64 reported in literature. In contrast, the PLD

LSF64 thin films measured here have k’s that are much less than the bulk, sputtered, or
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(4)

®)

(6)

()

spray deposited films. Thin films prepared here by PLD have similar magnitude of
surface exchange coefficients compared to PLD LSF64 films reported in literature. This
behavior suggests that the 5-order of magnitude discrepancy reported in the literature is
not related to artifacts such as the presence of electrodes or testing geometries, but rather

due to other effects such as microstructure or surface chemistry.

The thickness-average film stress of sputtered and PLD thin films generally agree with
the stress predictions of thermal expansion mismatch between LSF64 and YSZ, and can
exceed 200 MPa below 400°C. However, the porous thick films tested here exhibited

stress levels below 10 MPa throughout the 250°C to 725°C measurement range.

Degradation of surface exchange coefficients across multiple thermal cycles was
observed in both sputtered and PLD thin films, while reproducible k measurements were
obtained for the porous thick films. This degradation behavior could be caused by events
such as ferroelastic domain switching, dislocation formation and/or cation segregation

under stresses greater than ~200 MPa.

The observed correlation between the low temperature chemical stress and the film grain
size suggests that enhanced grain boundary effects are responsible for the larger low

temperature (i.e. <525°C) chemical stress observed in films with smaller grains.

While lattice dominated chemical expansion was observed above 525°C in all LSF64
films and large grained bulk samples, mechano-chemical coupling in LSF64 films was
measured below 525°C (and as low as 250°C) for the first time using the xR technique.

This sub-525°C response is attributed to grain boundary dominated chemical expansion.
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The transition between these two distinct regimes has been observed for the first time,
and the associated lattice and grain boundary oxygen vacancy formation energies have

been measured to be 0.5 eV and 0.07 eV, respectively.
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APPENDIX
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APPENDIX

Derivation of Surface Exchange Coefficient Fitting Equations used
in Relaxation Experiments

In this appendix, the oxygen transport across the cathode membrane is modeled as a
surface evaporation/uptaking process of moisture of a solid-state planar sheet, as seen in Crank

[128].

Consider a planar sheet with a thickness of I and in-plane dimensions much larger than 1.

The sheet is initially equilibrated with the atmosphere in terms of the oxygen chemical potential,
and has an initial oxygen concentration, C,. When a new oxygen atmosphere surrounding the
sheet is introduced stepwise, the oxygen concentration of sheet undergoes a relaxation and
eventually reaches a new equilibrium, C_. The mass transport inout of the sheet corresponds to
a nonsteady state diffusion process, which can be described by the Fick’s second law assuming

constant diffusion coefficient, D __ :

chem

oC(x,t) d°C(x,1)

chem

ot ox?

(51)

C(x,t) Is the instantaneous oxygen concentration at position X in the sheet, where the origin is

defined at the central plane. The initial condition is given as:

C(x,0)=C, (52)

The first boundary condition concerns the uniform oxygen concentration in the bulk of the sheet:

140



=0 (53)

The second boundary condition concerns the outer surface of the sheet, where first order kinetics
of the surface reaction is assumed:

oC (x,t)
oX

-D

chem x:illzz kchem (C(X’t)_cm) (54)

The solution to the diffusion equation can then be written as [128]:

M * 2L% exp(—48’D

t t/1%)
—t 1=
M Z BB+ LM+1L)

©

chem

(55)

n

where ﬂdenotes the normalized amount of oxygen ions diffused at time t, g is a root of the
M

©

following equation

p.tan g =1L (56)
where L is a unitless variable defined by
Ik |
L = chem _ _ = 57
2D 2L ®7)

When | >> L_, i.e. the diffusion distance is large such that the bulk diffusion is much slower than

the surface reaction, Equation (A.5) reduces to:

t zl_i 8 : Zexp{_ (2n+1)|27r Dchemt} (58)

When | << L_, i.e. the diffusion distance is small such that the bulk diffusion is much faster than

the surface reaction, Equation (55) reduces to:
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LU exp [— Konen J (59)
M |

Since the number of sites occupied by oxygen ions is proportional to the oxygen concentration

[228], a normalized quantity, g(t), canbe defined as:

c()-cC M > 2L%exp(-482D,, t/1°%)
g(t) = > = : :1_2 2, p2 2
C,-C, M et B (B, +L +1L)

©

chem

(60)

As the oxygen concentration is linearly correlated to a variety of measurable quantities, such as

electrical conductivity, weight, strain and optical properties, the solutions above are widely used

in relaxation techniques measuring oxygen transport.
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