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ABSTRACT

Triple ionic-electronic conducting oxides (TIECs) conduct electrons alongside at least two ionic species
and are of interest for use in intermediate temperature (30&{600%0) electrochemical devices. Transport
properties of these materials are dependent on defect concentrationashich can be moderated by cation
substitution and by operating conditions. Thus, e ective improve ment and development of these materials
for targeted device applications necessitates comprehensive undg¢anding of how these variables a ect
materials properties. In pursuit of this understanding, new tools were developed and applied to a
promising TIEC material system.

To begin, a review of TIEC materials is presented to summarize cuent understanding of defect
formation and conduction mechanisms in single-phase TIECs. To build orthis understanding,
combinatorial materials synthesis and characterization methods were tilized and advanced. An instrument
was developed for spatially resolved measurements of thin- Im impednce at temperatures up to 300C
under dry or humidi ed gas (air or nitrogen). The probe arm was uniquely designed to direct localized gas
ow toward the sample point being measured, enabling benchtop operabn and allowing time-dependent
measurement of impedance as the sample equilibrates to the gas ow. Ehstage and probe assembly were
also employed for collection of current-voltage curves to determindC conductivity. Custom data
processing procedures, including loading and visualization routies, were developed within a combinatorial
data analysis software package. Lastly, the instrument was applied to a stdy of electronic properties of
combinatorial thin Im libraries of Ba(Co,Fe,Zr,Y)O 3 (BCFZY), a materials system that is being explored
for electrocatalytic applications in ceramic fuel cells and electrofzers. The libraries were deposited by
pulsed laser deposition. Device performance, as represented by pdkation resistance of half fuel cells
comprising BCFZY thin Ims atop an electrolyte layer, was evaluated as a function of temperature and gas
atmosphere. The dependence of polarization resistance on chemical coogition, temperature, and

hydration is reported.



TABLE OF CONTENTS

ABSTRACT . . . e iii

LIST OF FIGURES . . . . . . e e e e e e s e viii

LIST OF TABLES . . . . . . e e e e e e X

LIST OF SYMBOLS . . . . . . e e Xi

LIST OF ABBREVIATIONS . . . . . . e e e e e e Xi

ACKNOWLEDGMENTS . . . . o e e e e e e e e e Xii

DEDICATION . . . e e Xiii

CHAPTER 1 INTRODUCTION . . . . . . e e e e e e e e e e e e e 1
CHAPTER 2 TRIPLE IONIC-ELECTRONIC CONDUCTING OXIDES FOR

NEXT-GENERATION ELECTROCHEMICAL DEVICES . . . . ... ... ... .... 3

2.1 ADSIract . . . . . . 3

2.2 IntroduCtion . . . . . . . 3

2.3 TIEC applications . . . . . . . . e 5

2.4 Electronic properties of TIECS . . . . . . . . . . . e 9

2.4.1 Charge generation and transport . . . . . . . . . ... e e 9

2.4.2 Surface reaCtions . . . . . . . . e 11

25 TIEC AISCOVEIY . . . . . o o e e e 12

2.5.1 Crystal structure . . . . . . . . . e e e e 12

2.5.2 lon electronegativity . . . . . . .. e 13

2.5.3 Other considerations . . . . . . . . . . .. 14

2.6 Chemicaldesign of TIECS . . . . . . . . . 14

2.6.1 B-site substitution . . . . . .. L 15

2.6.2 A-site substitution . . . . .. L 15

2.6.3 Anion substitution . . . . .. 16

2.7 Research directions . . . . . . . . . . . . 17



2.8

2.7.1 Deconvolute charge-carrier contributions . . . . . . .. .. ... ... .. ... ..., 18

2.7.2 Improve chemical stability . . . . . . . . ... 22
2.7.3 Enable ORR/OER below 4000 . . . . . . . . . o o i i 22
2.7.4 Discover and design n-Type TIECS . . . . . . . . . . i it i 22
Summary and outlook . . . . .. L L e e 24

CHAPTER 3 INSTRUMENT FOR SPATIALLY RESOLVED, TEMPERATURE-DEPENDENT

3.1

3.2

3.3

3.4

3.5

3.6

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY OF THIN FILMS UNDER

LOCALLY CONTROLLED ATMOSPHERE . . . . . . . . . . . .. ... ... .. ..., 25
ADSEract . . . . . 25
Introduction . . . . . . . . 25
Design of the instrument . . . . . . . . . . e 27
3.3.1 Design OVEIVIEW . . . . . . o i e e e e e e 27
3.3.2 Electrical probing of thesample. . . . . . . . . .. .. .. ... . 29
3.3.3 Temperature and gas ow control . . . . . . . .. .. 30
3.3.4 Datacollection . . . . . . . . . . 31
3.35 Dataanalysis . . . . . . . 32
Experimental methods . . . . . . . . .. 33
3.4.1 Preparation of thin-Im sample libraries . . . . . . . .. ... ... ... ... ..., 33
3.4.2 Characterization of thin- Im structure and composition . . . . . ... ... ... .... 34
3.4.3 Electrical measurements and equivalent circuit model tting. . . . .. .. .. ... ... 35
Demonstrating instrument capability . . . . . . . ... Lo 36
3.5.1 Measurement repeatability and accuracy . . . . . . . ... 36
3.5.2 Gas-dependentresults . . . . . . . ... e e 39
3.5.3 Mapping property variation on a compositionally graded library . . . .. ... ... .. 40
3.5.4 Experimental throughput . . . . . . . . .. . 40
SUMMAIY . . . o e e e e e e e e 41

CHAPTER 4 COMBINATORIAL SCREENING OF TRIPLE IONIC-ELECTRONIC

CONDUCTING, TRANSITION-METAL SUBSTITUTED BARIUM ZIRCONATE
ELECTRODES . . . . . . . e 43



4.1 ADSIraCt . . . . . . 43
4.2 IntroducCtion . . . . . . . L e 43
4.3 Methods . . . . . . . 45
4.4 Thin Imsynthesis . . . . . . . . . 45
4.5 Thin Im characterization . . . . . . . . . . . e 47
45.1 Structure and composition . . . . . . . .. e e e a7

4.6 Electrical characterization . . . . . . . . ... 47
4.7 Results and diSCUSSION . . . . . . . . . e e e e 48
4.7.1 PLD deposition parameters . . . . . . . ... e e e 48

4.7.2 Structure and composition. . . . . .. e 49

4.7.3 DCresults . . . . . . e 49

4.7.4 Polarization resistance . . . . . . .. 50

4.8 ConcCluSIONS . . . . . . o 51
CHAPTER 5 EPILOGUE . . . . . . . e e ....52
5.1 SUMMAIY . . . . 52
5.2 CONCIUSIONS . . . . . . 52
5.3 FRutureresearch directions . . . . . . . . . . . e e 53
5.4 Additional research contributions . . . . . ... L Lo 53
REFERENCES . . . . . . e 54

APPENDIX A SUPPLEMENTAL INFORMATION FOR INSTRUMENT FOR SPATIALLY

Al

A2

A3

A4

A5

A.6

RESOLVED, TEMPERATURE-DEPENDENT ELECTROCHEMICAL
IMPEDANCE SPECTROSCOPY OF THIN FILMS UNDER LOCALLY

CONTROLLED ATMOSPHERE . . . . . . . . . e 70
Synthesis by pulsed laser deposition . . . . . .. .. .. .. ... .. 70
Statistical analysis . . . . . . . . e 70
Temperature calibration . . . . . . . . . . . e 72
Humidity calibration . . . . . . . . . . . e e 72
Alignment e eCtS . . . . . . L e 73
ITO resistanCce . . . . . . . . . e e 73

Vi



APPENDIX B SUPPLEMENTAL INFORMATION FOR COMBINATORIAL SCREENING OF
TRIPLE IONIC-ELECTRONIC CONDUCTING, TRANSITION-METAL

SUBSTITUTED BARIUM ZIRCONATE ELECTRODES . . ... .. ... ...
B.1 Target synthesis . . . . . . . . . . . . e e
B.2 X-ray diraction spectraofthin Ims. . . .. ... ... ... ... ... ... ....
B.3 Substrate comparison . . . ... L
B.4 Equivalent circuit model results . . . . . . . .. ... .. ... .
B.5 Electrolyte impedance . . . . . . . . . ..

B.6 Validity of polarization resistance t method . . . ... ... ... ... ........

APPENDIX C COPYRIGHT PERMISSIONS . . . . . . . . ... . .

Vii



Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 2.7
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure A.1

Figure A.2

LIST OF FIGURES

Typical structure of TIEC materials. . . . . . . . . . . ... ... ... ... . ...... 4
TIECs as protonic ceramic fuel cell positrodes. . . . . . . . ... ... .. ... ... .. 6
E ect of p,, on charge carrier concentration. . . . . . . ... ... ... 8
Transport in TIECS. . . . . . . . o e e e e e 10
Factors that inuence TIEC performance. . . . . . . .. .. .. .. ... ... ....... 19

Composition e ects on electronic conductivity, oxygen nonstoichiometry, and proton

UPtake. . . . e e e e 20
Conceptual band diagram of an n-type TIEC. . . . . . . . . . . . . ... . ... 23
Instrument and sample layout. . . . . . . ... 28
Calibration curves for temperature and humidity. . . . . . ... ... ... ... ...... 30
Work ow for the user and for the LabVIEW-controlled, automated pr ocess. . ... ... 32
Representative composition and structure data. . . . .. ... ... ... ... ....... 34
Impedance spectra and equivalent circuit model. . . . . . ... . L 36
Spatial maps of Ry, among various sets of measurements of the BZY20 thin Im. . . . . 37

Conductivity comparison between the BZY20 Im measured in this study to materials
with similar chemical compositions from the literature. . . . . . . ... .. ... .. .. .. 38

Resistance of BZY20 samples measured under dry and humid gase. . . . . . . ... .. 39

Temperature-dependent polarization resistance (R results from a compositionally
graded BCFZY thin Im. . . . . . . . . . . . . e .. 40

Polarization resistance across the compositional spread of a Ba(X,Co,Fe)O; thin Im. . 41

Pulsed laser deposition for synthesis of combinatorial librdes. . . . . ... ... ... .. 45
E ect of deposition variables on thin Im XRD patterns . . . . .. ... ... ... .... 48
Results of structural and microstructural analysis. . . . . .. .. ... ... ... ... .. 49
Results of DC and AC electronic measurements under dry antdumid conditions. . . . . . 50
Schematic of the interior of the combinatorial pulsed depositon chamber. . . . . . . . .. 70
KStestresults. . . . . . . o e 71

viii



Figure A.3

Figure A.4

Figure A.5
Figure A.6

Figure A.7

Figure B.1

Figure B.2

Figure B.3
Figure B.4

Figure B.5

Surface temperature over time at heater setpoints betwee 100%o. and 500%o. . . . . . . . . 72

Di erence over time between the measured temperatureat the sample surface and the

mean measured temperature. . . . . ... L e e 73
Relative humidity over time for three di erent ow rate s of humidied N,. . . . . ... .. 73
Nyquist plot from a single contact measured with variation in x and z coordinates. . . . . 74

DC resistance of ITO compared to resistances of samples meaed by impedance

SPECIIOSCOPY. . . v v o v e e e e e e e e 74
XRD patterns of all libraries presented in this study. . . . ... ... ... ......... 75
Di raction patterns of BCFZY Ims on SiO , and on ITO compared to the di raction

pattern of an ITO substrate. . . . . . . . . . . . . .. . .. . .. .. 76
Equivalent circuit model ts of impedance spectra. . . .. .. ... ... ... ... ... 77
Electrolyte resistance, as determined by the equivalet circuit model t. . . . . ... ... 78
Comparison of polarization resistance values obtained through derent methods. . . . . . 78



Table 2.1

Table 4.1

Table A.1

LIST OF TABLES

Common characterization techniques for mixed-conductingades . . . . .. .. ... ...

Unique sample types for each characterization method. . . . . ... ... ... ......

KS test results from samples in di erent orientations and under di erent environmental
CONditiONS. . . . . . .



LIST OF SYMBOLS

Diraction angle . . . . . . . . . . e e e e 2
Frequency . . . . . . !
Polarization resistance . . . . . . . . . L e Rp

Constant phase element . . . . . . . . . L CPE
Distribution of relaxation times . . . . . . . . . . . . . e DRT
Equivalent circuit model . . . . . . . e ECM
Full width at half maximum . . . . . . . . . e FWHM
Mixed ionic-electronic conducting oxide . . . . . . . . . . . . MIEC
Oxygen evolution reaction . . . . . . . . . . . L e OER
Oxygen reduction reaction . . . . . . . . . . . .. e e e e ORR
Protonic ceramic fuel cell . . . . . . . . PCFC
Scanning electron MICrOSCOPY . . . . . .« v i i e e e e e e e SEM
Solid oxide fuel cell . . . . . . . . . SOFC
Triple ionic-electronic conducting oxide . . . . . . . . . . TIEC
Triple phase boundary . . . . . . . L e TPB
X-ray diraction . . . . . . e e e e e e XRD
X-ray UOIESCENCE . . . . . . ot ittt e e e e e e e e XRF

Xi



ACKNOWLEDGMENTS

Large tasks are never accomplished alone and my mentors, colleagues, frisn@nd family have made an
overwhelming number of both large and small contributions that have caried me through my graduate
school experience. | would like to thank my advisor, Dr. Ryan O'Hayre for bringing me on to this project
and keeping an eye out for opportunities for me. | would like to thank my ®-advisor, Dr. Andriy
Zakutayev, for entertaining my curiosity and for providing encouragement when | needed it most.

Special thanks to Dr. Kevin Talley for his exible assistance with many odds and ends, to Jake Huang
for copious conversations about impedance spectroscopy, and to my many otheolleagues at NREL and
Mines who have provided inspiration and assistance over the last seral years. Many thanks to my friends
and family for their support and encouragement. And to my heavy bag...thark you for being so solid and
for not breaking my knuckles. Last, but not least, | want to express my appreciation to my daughter,
Kelbri. Her enthusiasm, understanding, and cheerleading are unmatted, and | cannot imagine how |

would have accomplished this without her.

Xii



For Kelbri Kohl

xiii



CHAPTER 1
INTRODUCTION

Materials research is making use of increasingly complex materials in der to meet the stringent
demands of modern technological advancements. Materials that possess arpvskite, or ABO3, structure
are of particular interest due to exibility in A-site, B-site, and even anion substitution. These materials
can display complex behavior that is moderated by their chemical corposition. Perovskite-structured
materials have been studied for a variety of applications, from dieletrics to superconductors, including
piezoelectrics, magnets, and catalysts. In particular, their ionicand electronic transport properties are well
suited to application as electrolytes and electrodes in solid oxidduel cells (SOFCs).

An e ort to reduce operating temperature of SOFCs has led to the devebpment of protonic ceramic
fuel cells (PCFCs), a sub-category of SOFCs that utilizes proton-coducting electrolytes, rather than more
traditional oxygen-conducting electrolytes. Operating temperature can be reduced because of lower
migration energy for protons compared to oxide ions. Not only do these eleotlytes facilitate lower
operating temperatures, but they eliminate dilution of the fuel stream by waste, since water is produced on
the air electrode side, rather than on the fuel electrode side.

In PCFCs, several reaction and transport steps occur at the cathode (aielectrode), including reduction
of gaseous oxygen at the surface, transport of protons from the electrolytegnd formation of water (a
reaction involving protons, oxygen, and electrons).[1] Consequent|ythe cathode must possess diverse
transport and catalytic properties, including high proton conductivi ty, high surface exchange for the
oxygen reduction reaction, and considerable electronic conduction. faditional cathodes for solid oxide fuel
cells are mixed oxide ion and electronic conductors. With the trandion to proton-conducting electrolytes,
proton conduction in the cathode is also desirable. In this case, oxilion transport is less critical, but high
oxygen reduction reaction activity is required. These two properies are typically governed by the same
materials characteristics.

Several previous approaches to PCFC cathode design have improved fi@mance by in ltrating oxides
with catalysts or carefully architecting composite structures by combining proton conductors and mixed
ionic and electronic conductors.[2{5] While these approaches have achied some success, they limit the
location of the cathode reaction to the triple phase boundary (the pointor interface at which the three
reaction species can come together) limiting power density. Anotheapproach that has achieved very high
performance in PCFCs involves single phase, triple ionic-electrdn conducting oxides (TIECs), which

transport all three species simultaneously, eliminating relianceon triple phase boundaries.[6{8]



BaZrg.1Y:1C00:4Fe0:403  (BCFZY1144) is one perovskite that has demonstrated triple conduction.
Consequently, the BCFZY materials system was chosen here for a detad study of transport properties as
determined by B-site substitution. While transport in this and ot her complex oxides has been investigated,
conclusions from a particular study are typically isolated to a very limited compositional space. As the
number of species included in these materials increases, the nbe@r of possible combinations greatly
increases as well. Thus, to keep up with the breadth of possible eteental combinations, scientists are
developing sophisticated tools for rapidly screening compositionstilizing high-throughput experimental
methods. High-throughput synthesis typically employs combinatorial physical vapor deposition, which
produces thin Ims with spatially varying chemical composition. High -throughput characterization
methods allow rapid screening of structure and properties. In thé way, large composition spreads can be
synthesized and characterized in a matter of weeks or months, signiantly reducing the time scale of
materials exploration compared to serial methods. Additionally, machire learning techniques can be
applied to both computational and experimental data to process very lage data sets, analyze relevant
variables, and predict properties of compositions that have not yet bee investigated.

In an e ort to advance the development of TIEC materials, the work presented here pursues the

following goals:

1. Aggregate and consolidate current understanding of mixed conduction inxides to form a complete

picture of current understanding of these materials, especially aspplied to TIECs.

2. Develop a combinatorial approach to cathode characterization to expedé the route to materials

optimization.

3. Explore the BCFZY materials family to test these methods and idernify promising compositions for

high PCFC cathode performance.

The following chapters describe the progress made toward each of thegoals. Chapter 2 is a review on
the current body of research on transport in mixed conducting oxids. Chapter 3 describes development of
a spatially resolved method for characterizing performance of combinatrial thin Im electrodes. Chapter 4

details the results of this characterization on BCFZY thin Ims. Chap ter 5 summarizes the work.



CHAPTER 2
TRIPLE IONIC-ELECTRONIC CONDUCTING OXIDES FOR NEXT-GENERATION
ELECTROCHEMICAL DEVICES

Reprinted with permission from Nature Materials.*

Meagan Papac?? Vladan Stevanovt,”:® Andriy Zakutayev, "8 and Ryan O'Hayre”
2.1 Abstract

Triple ionic-electronic conductors (TIECS) are materials that can simultaneously transport electronic
species alongside two ionic species. The recent emergence of TIE@svides intriguing opportunities to
maximize performance in a variety of electrochemical devices, imeding fuel cells, membrane reactors, and
electrolysis cells. However, the potential application of these nagmt materials is limited by lack of
fundamental knowledge of their transport properties and electrocataytic activity. The goal of this review
is to summarize and analyze the current understanding of TIEC transprt and electrochemistry in
single-phase materials, including defect formation and conduction mehanisms. We particularly focus on
the discovery criteria (e.g., crystal structure and ion electroregativity), design principles (e.g., cation and
anion substitution chemistry), and operating conditions (e.g., atmosghere) of materials that enable
deliberate tuning of the conductivity of each charge carrier. Lastly, we identify important areas for further
advances, including higher chemical stability, lower operating tenperatures, and discovery of n-type TIEC

materials.
2.2 Introduction

Mixed ionic-electronic conductors (MIECs) simultaneously accommalate both ionic and electronic
conduction and are used in a variety of applications, including fuel cls, electrolyzers, and electrochemical
membrane reactors.[9{11] Most MIECs are perovskite (or perovskite-ke) materials based on the ABQ
formula unit (Figure 2.1), with Ba, La, Sr, or Gd on the A-site and one or more transition metals on the
B-site. Although MIECs of other structures have been investigated,the facile rotation of corner-sharing
oxygen octahedra exhibited by the perovskite structure enable superior ionic transport.[11]

This review discusses the science and potential applications of ple ionic-electronic conductors
(TIECs), an emerging class of materials that are related to MIECs, but @n simultaneously transport more

than one ionic species. Note that we speci cally focus on this phenomem in single-phase materials, while

1Reprinted from Nat. Mat., 20(3), 301-313.
2Department of Metallurgical and Materials Engineering, Co  lorado School of Mines
3Materials, Chemical, and Computational Science directora te, National Renewable Energy Laboratory



other strategies to achieve multi-species conduction may employ aiti-phase materials or composites.[12]
This unique feature can dramatically increase performance and diveify functionality of electrochemical
energy conversion and gas separation devices and precludes reliance oipler phase boundaries, which are
required for operation of these devices if they comprise single-caer conductors.[6, 13, 14] These
applications require that TIECs sustain su cient electronic condu ctivity as electrodes or electrocatalysts
under high current while enabling signi cant electrochemical functionality by multi-species ionic
conduction. lonic conductivity typically includes only protons (H *) and oxygen ions (02{).[15, 16] We
point out, however, that the development of TIECs that transport alter native or additional ionic species,
such as L', Na*, or OH!, is a tantalizing prospect for future research.

Due to the typically higher mobility of electrons versus ions, TIECs are dominantly electronic
conductors and can be classi ed as either n-type or p-type, dependimon whether the majority carriers are
electrons or holes. Although we use semiconductor nomenclature in thigeview for simplicity (i.e.,
n-type/p-type, electrons/holes), it is important to note that most TI ECs are based on
transition-metal-substituted wide-bandgap oxides; electronic onduction generally occurs via a
small-polaron hopping mechanism and shows temperature-activated beivior. Furthermore, all TIECs
encountered in the current literature are p-type, acceptor-dopedoxides. In n-type conductors, oxygen
vacancies are lled at the expense of electronic charge carriers. Thushe development of an n-type TIEC
that could operate under oxidizing conditions would represent a sighcant scienti ¢ breakthrough.

Strategies for accomplishing this will be discussed later in this eview.

A-site B-site

Figure 2.1 Typical structure of TIEC materials. Idealized perovskite structure, demonstrating the A-site
(pink) and the B-site (green), which is surrounded by an oxygen (bue) octahedron. The 200, or B-O,
planes are indicated in grey. The relevance of these planes to chargeatisport is further illustrated in
Figure 2.4



2.3 TIEC applications

TIECs may be applied to any device in which multi-species condution is bene cial. However, they
have primarily been developed as air electrodes for electrocheadl cells (Figure 2.2a) and designed to
operate in oxidizing conditions. Under fuel cell operation, the TIEC catalyzes the oxygen reduction
reaction (ORR) and serves as the cathode. Under electrolysis operatigrihe same electrode catalyzes the
oxygen evolution reaction (OER) and serves as the anode. To avoid confign, we refer to this electrode as
a 'positrode’ because it is the positive electrode in both devicenodes.[17] Similarly, 'negatrode’ describes
the negative electrode.

Three primary categories of solid oxide electrochemical cells are deed by the ionic species transported
through the electrolyte. The electrolyte may be primarily an oxygernion conductor (such as in a solid oxide
fuel cell (SOFC)), a proton conductor (such as in a protonic ceramic fel cell (PCFC)), or a mixed
oxygen-ion and proton conductor. The electrode materials must faciliate required reactions and transport.
For example, holes, protons, and oxygen must be brought together for the ettrochemical reaction at a
PCFC positrode, making a TIEC positrode a logical choice.[18] This reation does not directly necessitate
oxygen-ion transport, but it does require high ORR activity, which often accompanies oxygen-ion
transport.[19] Furthermore, the additional bulk and surface transport pathways enabled by oxygen-ion
conduction may increase the positrode reaction rate. Experiments éive shown that when applied as PCFC
positrodes, TIECs enable high performance and operation at temperature as low as 35%., which is
unprecedented for ceramic fuel cells.[6, 13, 16] The advantage of the trapsrt pathways provided by an
H*/0?/h* TIEC is illustrated in Figure 2.2b.

TIECs may also bene t the performance of other types of solid oxide edctrochemical cells. For
example, triple-conducting BaCay 4Fe 42r91Y 0103 (BCFZY10) increased the intermediate-temperature
performance of an SOFC compared to BgsSry 5sC0op gFey 2,03 , one of the highest-performing
mixed-conducting SOFC positrodes.[20] Although the proton conductivty o ered by a TIEC may be
extraneous in this application, it nevertheless yields high perfomance through mobile oxygen-vacancy
defects and high ORR activity. Additionally, the potential application of BCFZY10 as a
mixed-ion-conducting electrolyte was demonstrated by creating a i junction with ZnO, which suppressed
the electronic conductivity and enhanced proton and oxygen-vacancy @nsport.[21] The oxygen reduction
and hydrogen oxidation reaction activities in the resulting cell were also enhanced by this approach.

TIECs have also demonstrated high catalytic activity and stability for the OER compared to
state-of-the-art catalysts in electrolyzers[14, 22] and reversible fel cell/electrolyzer devices.[23] The OER

and ORR may include proton-coupled processes that bene t from high poton uptake in a TIEC
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Figure 2.2 TIECs as protonic ceramic fuel cell positrodes. a) Schematiof a protonic ceramic fuel cell.
Inset: Reactants and products on each side of the 3-layer device. Hydgen is oxidized at the negatrode,
and the resultant protons are conducted through the electrolyte to thepositrode, where they react with
oxygen (which has been reduced by the positrode) to form water. By unning this process in reverse, such
a device may also function as an electrolysis cell. b) Bulk and surfactransport pathways and PCFC
positrode reaction sites in a single particle of (from left to right) a pure electronic conductor, an H /h *
MIEC, an O%/h* MIEC, and an H* /0 #/h* TIEC. Reaction sites are represented by the presence of
H,0. Electronic conductivity is shown as p-type, although n-type may be possible.

The

positrode.[24, 25] Additionally, the mixed B-site occupancy in thesematerials enables e cient charge
transfer and O, desorption.

Perhaps most intriguingly, the coupled transport of protons, oxygen ions and holes in TIEC materials
o0 ers opportunities to direct the electrochemical extraction or insertion of active chemical species within a
membrane reactor.[26] For example, TIECs could be applied in this waya aid the formation of ethylene
from methane, conversion of natural gas to syngas, or electrochemical refoing of syngas to
hydrogen.[27, 28] Depending on the gas-phase partial pressures across a TiEhembrane, coupling among
the three mobile defects enables the separation of oxygen, hydrogen, steam, and it can enable unusual
phenomena such as uphill di usion.[29] Uphill di usion forces any one ofthese species to be transported
against its concentration gradient, which is a feature that could be usail for certain gas-separation or
sensor applications.[30] The simultaneous conduction of two ionic spexs, in addition to electrons or holes,

is key to the potential use of TIECs in these innovative applications



Box 1 | Defect formation

The ideal perovskite (or perovskite-like) structure comprises cations and anions that are
charge-balanced at full site occupancy. However, like many electréemically active oxides, TIEC materials
are doped with aliovalent or multi-valent cations on the A- or B-sites, which induces the formation of
additional defects for charge balance. Acceptor dopants on the B-site, for@mple, can be charge-balanced
by p-type electronic defects (I, Equation 2.1) or oxygen vacancies (\, Equation 2.2) as follows, in

Kmger-Vink notation:[31]

1
Acc,03+2Bg + 50, ! 2Accd +2h* +2BO, (2.1)

Acc,03+2Bg +O3 ! 2Acch +V & +2BO,: (2.2)

Here, Acc represents the acceptor dopant and B represents the host Bts species. Similar equations can
be applied to acceptor doping on the A-site.
Alternatively, n-type electronic defects (¢ can be generated in response to donor (Don) doping

(Equation 2.3):

1
Don,Os +2Bg ! 2Dong +2e%+ 2BO, + E02: (2.3)

However, to our knowledge, n-type behavior in an MIEC under oxidizng conditions has only been
reported once.[32] Therefore, only p-type electronic defects wilbe further considered in this section.

In addition to doping, the operating environment experienced by the oxide can signi cantly a ect the
defect concentrations (Figure 2.3) and the resultant transport properies. When an oxygen-de cient
material is operated in a dry, oxidizing environment, the oxygen va@ncies can be lled by atmospheric
oxygen, according to the following reaction:

%oz+vg Oo +2h*: (2.4)

Thus, for p-type MIECs operated in this environment, the electronic defect concentration will increase with
po, and the oxygen-vacancy concentration will simultaneously decrease.

In humid gas environments, the mechanism of proton uptake is also in uaced by the p,,. In humid,
oxidizing environments, a material may take on protons (OH,) by a redox reaction, termed hydrogenation

(Equation 2.5), which is independent of oxygen vacancies:[34]
H,O+205+2h* 20HG + %Oz: (2.5)

In this case, the proton carrier concentration increases withpy,0, enhancing proton conductivity, whereas

electronic charge carrier concentration decreases.
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Figure 2.3 E ect of p,, on charge carrier concentration. Calculated concentrations of each charge agr
across a range ofy,, for a general mixed conductor using an ideal dilute model and constanpy,o. With
increasing po,, the proton concentration decreases alongside a decrease in oxygen-vacgrconcentration,
while the hole concentration increases in accordance with Equation 2.4. Aapted from ref. [33]

If, instead, the material is operated in humid, reducing conditions then proton uptake occurs by an

acid-base reaction, known as hydration (Equation 2.6):[34]
H,0+0o+Vy  20Hg: (2.6)

In this regime, the proton concentration again increases withpy,o, Whereas the oxygen-vacancy
concentration decreases. Equations 2.4-2.6 are not independent becausmgy two of them can be combined
to recover the third.

The boundary between the oxidizing and reducing regimes occursnder conditions at which the defect
concentrations are balanced according to 2[3]=[h *].[34] Thus, we can see that the balance of all defects in
acceptor-doped TIECs is moderated by bothpy,o and p,, and is governed by the following defect

equilibrium:
[Accd]=[h"]+2[VE]+[OH Y] (2.7)

The equilibrium constant (determined by standard enthalpy and entropy changes) for a given oxygen
partial pressure at known oxygen-vacancy concentration can be used toedermine the equilibrium hole

concentration as follows:

[Oollh" .
po,2[VS T

In the hydration regime, the equilibrium constant and oxygen-vacancyconcentration may be used to

Kox = (2.8)

determine the equilibrium proton concentration at a given water partial pressure (Equation 2.9). In the

hydrogenation regime, the proton concentration at given partial pressureof water and oxygen can be



determined when the hole concentration is known (Equation 2.10).

[OHYJ?
K = - - 29
Y p,olOolIVE] 29)
Ky, = P02 [OHOF _ Kuw (2.10)

Pr.o[OoPIN' ~ Kox
Note that anion dopants (Ani) also a ect defect concentrations. Anion dopants are typically positively
charged compared to oxygen and are compensated by annihilation of oxygen-vacy defects (Equation

2.11), creation of cation vacancies (Equation 2.12), or a combination of both.[35]

. . . 1
Ani,+O3+Vy  2Aniy + 502 (2.11)
AAni, AX+2AnisH+VL+A0, (2.12)

This compensation decreases the number of sites available for oxygerahsport or hydration. The e ects of

these dopants on materials properties are further discussed in thesstion below on anion substitution.
2.4 Electronic properties of TIECs

To discover and design new TIECs, we must rst understand the priciples that govern charge
generation and transport as well as surface reactions. These processes de a ected by chemistry,

structure, and operating conditions, as detailed below.
2.4.1 Charge generation and transport

Broadly, ionic conduction is enabled by basic, acceptor-doped oxidesitih high symmetry and large free
volume.[36] Proton conduction requires oxide chemistries that themodynamically favor proton uptake.
Protons locate near oxygen sites and are transferred through vibrational ad rotational motion via a
Grotthuss-type mechanism (Figure 2.4a).[36] Mobile oxygen ions are trarfserred through vacancy
di usion.[37, 38] Oxygen transport is governed by bulk di usion, surface exchange, and grain-boundary
transport, with bulk di usion and surface exchange dominating in perovskite structures.[39]

Electronic charge carriers are transferred through the B-site to oxgen-site (B-O) bond network
between aliovalent transition-metal sites and oxygen ligands.[40{42] Altlough there are exceptions
(predominantly in materials containing a high concentration of Co or operated at high
temperatures),[43, 44] a small-polaron hopping mechanism is generally aspted.[45{47] For hopping to
result in conduction, the concentration of multi-valent transition m etals (TMs) must be above the bond
percolation threshold; this is calculated to lie between 15% and 29%,[48] eange supported by
experiment.[49] Below the percolation threshold, electronic condctivity decreases sharply and the

scattered TM sites become low-energy traps.[46] However, above thespcolation threshold, these TM



dopants provide a low-energy conduction pathway.[45] Consequentlythe percolation threshold is observed
as a sharp increase in conductivity across a composition range known as thegitical region (Figure 2.4b).
The composition at which the critical region occurs may be decreasedybordering, clustering, preferential

site occupation, or increasing temperature.[49, 50]
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Figure 2.4 Transport in TIECs. a) Transport pathways in the B-O plane for protons (H"), electron holes
(h*), and oxygen ions (G*). B-site transition metals are represented by the large, green sphres and
oxygen is represented by the small, blue spheres. b) Electroniconductivity in BaZr 1, Fe,O3 as a
function of acceptor doping concentration on the B-site, showing a shar increase through the critical
region around the percolation threshold. Reproduced from ref. 33 with prmission from Elsevier. c)
Conductivity of holes, protons, and oxygen vacancies in BggsK15ZrO3;  at 550%. (striped) and 700%o
(solid) under O, and N, atmospheres. The conductivity of the dominant carrier is emphasizedy a black
frame. Data from ref. [51]

While carrier concentrations are a ected by composition, they also degnd on temperature and
atmosphere. At high temperature, the lattice dehydrates, the protonconcentration decreases, and
conductivity may be dominated by hole or oxygen-ion conductivity.[52] Under oxidizing conditions, oxygen
lls the vacancies, which reduces oxygen transport and proton uptake ad increases hole concentration. At
low temperatures, the total conductivity may be signi cantly lowe r under oxidizing conditions than under
reducing conditions if it is dominated by p-type small polarons, which have low mobility at low
temperature. Additional information on the interplay among these defects and external parameters can be
found in Box 1.

The e ects of such relationships are readily observable in materials hjected to various conditions. For
example, protons are the dominant carrier in Bg gsK 15ZrOg; in a pure oxygen atmosphere at
temperatures up to 6004, whereas holes become dominant at higher temperatures (Figure 2.4c). Ia
nitrogen atmosphere, protons are the dominant carrier at all temperatures due to the much higher
concentration of protons over p-type electronic charge carriers undethese conditions.[51] In
BaCey g(x ZrcY 0.103( , pure proton conduction is observed in a hydrogen atmosphere, whereasder

oxidizing environments, electronic charge carriers are producednd the material demonstrates (p-type)
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triple conduction.[53] Thus, to e ectively control materials proper ties, one must consider chemistry and

structure as well as external parameters, such as temperature and gas atsphere.
2.4.2 Surface reactions

Low ORR activity has been identi ed as the limiting variable in electrochemical cell performance,
especially at low temperatures, which makes the development of matils with considerable
low-temperature ORR activity the primary research objective in this eld.[20, 54, 55] Although noble
metal catalysts are often used to enhance surface ORR activity, catalytally active mixed-conducting
oxides have the advantage of lower cost, and they can o er high activity forboth the ORR and OER,
which makes them desirable electrodes for reversible electrioemical devices.[56] These surface reactions
can be a ected by oxygen-vacancy concentration, surface chemistry, ahthe gas environment. The oxygen
surface-exchange reaction occurs in several steps, including adption of oxygen onto the surface, charge
transfer, oxygen dissociation, and transfer of the surface oxygen inta vacant site in the bulk.[33] Of these,
the last step is the only one that requires an oxygen vacancy.[57] Water fonation and dissociation
reactions that take place at the positrode can also occur independentlof oxygen vacancies.[33] However, it
is generally understood that oxygen vacancies bene t these surfaceactions, although the role of these
defects has not been clearly identi ed. It has been proposed that elter the oxygen vacancies serve as
surface reaction sites[15, 58, 59] or that the increase in the Fermi level sgciated with vacancy formation
increases the rate of the charge-transfer step.[39]

Surface structure also a ects ORR activity: some lattice planes hae higher activity than others.[56]
Therefore, surface activity (for both ORR and OER) can bene t from maxi mizing speci ¢ surface area of
the most active surfaces by nanostructuring.[56]

For many electrochemical applications, it is essential to considerhe e ects of water on the surface
reactions. The presence of water may enable high ORR activity, as dematrated in some electrolyte
materials.[60, 61] Upon introduction of water, the surface reaction rate rapily increases. However, it then
gradually decreases, which is likely because adsorbed water molecsili@hibit further oxygen adsorption.[60]
The proton conduction provided by a TIEC could address this problem ly transporting protons away from
the adsorption site, promoting the desorption of water back into the gas plase and leaving the surface open
for additional oxygen adsorption.

Despite the potential bene ts of water on surface activity, high water partial pressure can lead to rapid
material degradation, prompting morphology changes, including changes inwsface chemistry. For
example, water may catalyze the decomposition of complex oxides to basides.[62] Material degradation

in humid environments is both more intense and faster as temperaturas lowered from 10086 to 700%o,
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indicating that it may be a particular problem for protonic ceramic electrochemical cells, which are

designed to operate in an intermediate temperature range.[62, 63]
2.5 TIEC discovery

The basic principles required to achieve high electronic conduétity accompanied by both proton and
oxygen-ion conduction are relatively straightforward, yet there havebeen few disclosures of
triple-conducting materials until very recently. One reason for this discrepancy is that when the electronic
conductivity carries 99% or more of the total current, it is di cult to i dentify ionic conduction using
traditional electrical characterization techniques, such as electnchemical impedance spectroscopy,
conductivity relaxation, or electromotive force measurements. For ths reason, it is likely that there are
many excellent TIEC materials hiding in plain sight because their cominating electronic conductivity
obscures their ionic conduction. Thus, to discover new TIECs, an nderstanding is required of the chemical
and structural features that enable triple conduction. From the extensive research available on
proton-conducting materials and MIECs, we can establish provisional giding principles for TIEC discovery.

The main variables that control conductivity can be related to crystal structure (including ordering in
the cation or anion sublattices), ion electronegativity, and other consicrations (such as electronic structure
and microstructure), as detailed below. Many of these factors have cdradictory e ects on electronic
conductivity and ionic conductivity (Figure 2.5a), making TIEC disco very an intriguing and complex

challenge.
2.5.1 Crystal structure

For a single perovskite, high symmetry (i.e., cubic) is generallybene cial to the mobility of all three
charge carriers. Highly symmetric structures exhibit isotropic transport and can also display a propensity
toward greater atomic orbital overlap, which increases the extent of tte electronic states in the solid and
the dispersion of the electronic bands. Together, these features deease small-polaron localization and
binding energy.[47] Near-cubic symmetry and large free volume increasoxygen mobility by increasing the
critical radius, thereby decreasing the degree of lattice distorton required for vacancy di usion.[47, 64, 65]
The A- and B-sites are commonly occupied by more than one cation, necessiing slight deviation from
cubic symmetry to avoid local lattice strain.[64] However, as a struture deviates further from cubic
symmetry, the O-O bond distances may increase, inhibiting protonmobility by increasing the hop distance.
Additionally, this distortion creates a number of inequivalent oxygen sites with di erent enthalpies of
hydration due to varying bond distances and local environments, whib decreases both the proton

saturation limit and mobility. Variation between adjacent oxygen sites results in isolated low-energy sites,
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which may become proton and/or oxygen-vacancy traps, inhibiting the nobility of these ions.[66{68] Thus,
for pure mobility considerations, a highly symmetric lattice is preferred.

A-site ordering in perovskites that contain more than one A-site speaks has a bene cial e ect on
oxygen transport and hydration, as demonstrated by GdBaMn,Og .[77] Ordered LaBaCgOg; also has a
higher oxygen-vacancy concentration than the corresponding disordetephase, leading to similar or better
performance than state-of-the-art PCFC positrodes.[78] This resultis con rmed by molecular dynamics
simulations of GdBaCo,0g¢; , which show that, although di usion in the ordered structure is highly
anisotropic, the di usivity is much higher than in the disordered structure (Figure 2.5b).[69]

In contrast to bene cial A-site ordering, B-site ordering reduces ymmetry and proton conductivity.[67]
Additionally, oxygen-vacancy ordering is detrimental for hydration of p erovskites and reduces ionic
conductivity.[79{81] Therefore, to maximize conductivity of each type, a material should ideally have

ordered A-site occupancy with disorder on the B-site and anion sublattes.
2.5.2 lon electronegativity

Electronegativity of both the cations and anions in uences metal-oxygen(M-O) bond energy and
oxygen-site basicity, which can signi cantly a ect charge transport. Increased cation electronegativity and
introduction of a second, more electronegative anion (such as uorine)lower the M-O bond energy.[82, 83]
Decreasing M-O bond energy can enhance oxygen-ion transport and ORR autty by decreasing the
intrinsic vacancy-defect formation energy and enhancing oxygen-ion wbility and may even improve
surface-exchange kinetics:[83, 84] if the bond energy is too low, theD, adsorption is limited, whereas if it
is too high, then the surface M-O bond is too stable and inhibits futher catalysis.[85] Charge
delocalization from vacant oxygen sites, facilitated by strong hybridzation between the O 2p and metal 3d
states, increases with increasing cation electronegativity and alsorpmotes both oxygen-vacancy formation
and electronic conductivity.[86] Lastly, activation energies of both proton and oxygen-ion migration
decrease with decreasing M-O bond energy.[87, 88] Thus, lowering K-bond energy by increasing average
cation or anion electronegativity may enhance transport of all three carries.

Conversely, low cation electronegativity facilitates proton uptake by increasing the oxygen-site basicity.
As ionic character of the M-O bond increases, the electron density at th oxygen site increases, leading to
higher basicity and increased proton uptake.[34] Low average electronegatty of A- and B-site cations
results in a large negative enthalpy of hydration (Figure 2.5c), while ctarge delocalization, enabled by
higher average cation electronegativity, may result in detrimental proton-hole interactions and lower overall
proton conductivity.[79] Thus, cation electronegativity in a TIEC can s imultaneously enhance and deter

di erent aspects of the overall conductivity through opposing e ects on the mobility and concentration of
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each charge carrier.
2.5.3 Other considerations

Other factors that a ect TIEC performance include electronic structure, microstructure, and gas
environment. Electronic structure has been proposed as a de ningdctor for catalytic activity for the ORR
and OER. Considerations include the energy of the O p-band center andgeorbital occupancy of surface
transition metals (Figure 2.5d).[24] Although suggested provisionary prirtiples correlate electronic
structure to properties, the studies are predominantly computational. More investigation is required,
including further experimental studies to corroborate results.

Microstructure is in uential on TIEC performance because of the e ects of surface-area-to-volume ratio
on macroscopic electrochemical performance. For example, the ratesliting steps in PCFC positrodes are
typically dissociative adsorption of oxygen, bulk proton di usion, and surface oxygen-ion di usion.[1, 89]
All of these can be promoted by maximizing surface area, which maximizesatalytically active area (for
the ORR/OER) and minimizes the bulk ionic di usion distance.

Oxygen partial pressure determines the proton-uptake mechanism, tich can be either hydration or
hydrogenation (Egs. (3)-(4)). For example, proton conduction in Bg, gsK 15ZrO5; dominates in a
pure-oxygen atmosphere below 60%, at which temperature conduction becomes dominated by holes. In a
nitrogen atmosphere, proton conduction dominates at all temperatures.[51Bimultaneously increasing
water pressure and decreasing oxygen pressure also causes a shdtrf hole-dominated to
proton-dominated conductivity. Alternatively, the dominant charge car rier can be controlled by
temperature. As temperature increases, oxygen-ion conductivity &an overtake proton conductivity as the

material dehydrates and the thermal energy becomes su cient to activate oxygen migration.
2.6 Chemical design of TIECs

From a materials design perspective, the perovskite or perovskd-like structures of most TIEC
materials a ord great exibility for both A- and B-site substitution, as w ell as anion substitution. The
substituted elements can enhance phase stability,[90, 91] conductiy,[92, 93] or proton uptake.[79, 90]
They can also alter the coe cient of thermal expansion[94, 95] and introdwce oxygen vacancies or
electronic defects into the lattice.[90, 92] Below, we discuss sghtution at each site in more detail. We use
the words “substitution' and “doping' interchangeably, which is cusomary in the eld of TIECs. However,
we note that the word “doping' has a narrower meaning in the context of semconductors, referring only to

small concentrations of conductivity-promoting substitutions.[96]
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2.6.1 B-site substitution

The B-site is commonly substituted with acceptor dopants, which mg increase proton uptake by
increasing oxygen-site basicity (i.e., electron density) duea lower dopant electronegativity relative to the
B-site host. If the dopants are multi-valent transition metals, mobil e electronic defects may be introduced;
the concentration of dopant cations in the higher oxidation state is the piimary contributor to the
electronic defect concentration.[97] The e ects of B-site doping arédllustrated in two select examples below.

The SrFe; 5« Co,O3 materials system demonstrates the e ect of B-site TM concentrationson
electronic conductivity. Although both B-site species are multi-valent TMs, electronic conductivity
increases with the Co:Fe ratio (Figure 2.6a).[98] This is a result of sibonger metal 3d and O 2p hybridization
in Co-O versus Fe-O bonds, which is accompanied by increased chargelaealization and mobility.

Recent studies have shown that Zn, which had been previously irestigated mainly as a sintering
aid,[52] increases proton uptake when included as a B-site dopant in sekal TIEC materials systems, such
as (Ba,Sr,La)FeOy; .[79] This increase is due to the increased oxygen-vacancy concentiat that charge
balances the Zn substitution for higher-valence cations, as well as thimwer electronegativity of Zn
compared to the B-site host. The local lattice distortion in responseto Zn doping may also increase
oxygen-site basicity. Of the materials analyzed, Bg. g5La4 o5Feg gZng 20, 4 achieved the highest proton
concentration: 10% (as determined by thermogravimetric analysis at 25%. on a sample quenched from
700%0 in po, 100 ppm before exposure to humidi ed nitrogen). This concentration isgreater than the
proton concentration expected from the increase in charge-balancing ggen defects, indicating additional
contributions from one or more of the other above-mentioned factors. Notablythe Ba-rich compositions all
exhibited higher proton concentrations than those with mixed Ba and Sroccupancy on the A-site, which
can be attributed to the comparatively lower electronegativity of Ba and the corresponding increase of

oxygen-site basicity, as discussed further below.
2.6.2 A-site substitution

The main role of the A-site in perovskite TIECs is to maintain a large unit-cell volume and inhibit
structural distortion, particularly during proton transfer. For exam ple, doping with large, acceptor cations
on the A-site has been shown computationally to bene t ionic conductionin Sr,Fe; sM0og 503
(SFMO0).[99] Substituting a small amount of Ba onto the Sr site lowered the migration energy barrier. This
was attributed to the increased lattice constant. Doping with the same concentration of K, which is an
even larger ion, had an even greater bene t: oxygen octahedral rotation is ot necessary for proton transfer
in the K-doped material, whereas it is required for the undoped and Badoped materials. Additionally, the

K-doped SFMO had signi cantly lower oxygen-vacancy formation energie than the other variants due to
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favorable charge compensation between the holes formed upon'Ksubstitution for Sr?* and the electrons
associated with oxygen-vacancy formation.

Doping with K also signi cantly bene ted calculated hydration energy in Bag sy K Sry5C0pgFeg 203 -
The superior performance of the K-doped material was con rmed experirantally in a protonic ceramic fuel
cell, in which the K-doped positrode increased the peak power desity by more than 50% when operated
under similar conditions at 60(%0.[100] These results indicate that appropriate A-site doping can increas
hydration, proton mobility, and oxygen-vacancy concentration, resulting in enhanced device performance

A study of four di erent Ba(Gd,La,Pr)(Co,Fe) ,0q double perovskites demonstrated the e ects of
A-site substitution on oxygen non-stoichiometry and site basicity (Figure 2.6b). The oxygen concentrations
of the Pr-containing compositions were closest to stoichiometric. Tdully charge-balance the oxygen site, a
portion of the cation sites must take a 4+ valence. Of the A-site speciestudied, this is possible only for
Pr. Thus, the Pr-containing composition had the lowest concentration of oxygen vacancies. The two
compositions with A-site Gd had similar oxygen non-stoichiometry regardess of the presence of La;
however, the La-containing compound showed considerable proton uptakevhereas the proton uptake of
the La-free compound was negligible (Figure 2.6c). Substitution of La ( = 1.1) on the Gd ( = 1.2) site
decreases A-site electronegativity, which increases oxygen-sit@sicity and proton uptake.[67, 70] Although
the electronegativity of Pr (= 1.13) is similar to that of La, the low oxygen vacancy concentration of the
Pr-containing compositions inhibits hydration, according to equation (6). The larger radius of La
compared to both Gd and Pr may further enhance the oxygen-site basity by decreasing local lattice
distortion.[79] These results demonstrate the crucial roles of both oxgen-site basicity and oxygen
non-stoichiometry in facilitating proton uptake

De ciency on the A-site can introduce oxygen vacancies, increasingoth proton uptake and oxygen-ion
conductivity,[101] and can increase stability against carbonate formation inBa-based perovskites.[102]
However, this de ciency also reduces electronic charge carrier ceentration.[102] Additionally, if the A-site
de ciency is compensated by the B-site species, both the oxygewacancy concentration and the degree of

hydration will decrease.[103]
2.6.3 Anion substitution

Substitution on the anion site has recently gained interest as an alterative doping strategy to the more
common cation doping. Anion dopants are also mobile in perovskites, thus lmadening the scope of TIECs.
However, the high mobility of certain anionic dopants may make them di c ult to retain at high
temperatures.[93] Partial substitution of oxygen with anions of lower \alence and higher electronegativity

(such as F or CI) bene ts both oxygen-ion and proton mobility by decreasing the oxygen-site electron
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density. This decreases the bond energy between oxygen and the adgt cations and increases oxygen
exchange kinetics and mobility.[83] In response, O-H bond distance @reases, decreasing the proton hop
distance and easing proton transfer.[104] lonic mobility is further ingeased by repulsion between the

di erent species on the anion sublattice.[81, 105] Finally, when the aron defect is charge compensated by
both oxygen and A-site vacancies, the oxygen mobility is greater than whe the defect is compensated by
oxygen vacancies alone.[93]

In contrast, anionic dopants can decrease electronic conductivity and &lcharge-carrier concentrations.
As concentration of the lower valence anion increases, oxygen conducify initially increases, as a result of
increased mobility, then decreases as the e ect of the decreased \@awy concentration takes over (equation
(11)).[88] A similar dependence is observed for ORR catalytic activity{83] In materials that require a
change in oxygen coordination to facilitate ionic conduction, doping with uorine decreases proton
concentration. For example, the InO4 tetrahedra of the brownmillerite structure of BaInOs; transform to
octahedra as oxygen vacancies are lled during hydration. These trarfermations facilitate nearly complete
hydration.[106] Doping with uorine decreases the degree of hydration byinhibiting the change in
coordination.[81, 105] However, if the symmetry of a material is not a ectedby hydration, then a doped
sample can achieve the same degree of hydration as an undoped sample.[105]

In most materials studied so far, anion doping either increases the sgmetry of the structure or has no
measurable e ect.[83, 88, 91] However, of particular interest are the e ets of uorine on symmetry in
BalnOsgy, Fy (an MIEC with perovskite structure) and La ;M0,04( s« Fx (an oxygen conductor with
non-perovskite structure).[80, 81] At high temperature, each of thes materials transitions to a cubic phase,
which is accompanied by an increase in conductivity. In both cases, dapg with uorine decreases the
transition temperature, which increases total conductivity at lower temperatures in the doped material,
compared to the undoped oxide. Thus, anion doping can have positive @cts on ionic mobility and

symmetry, but can negatively a ect charge carrier concentrations.
2.7 Research directions

The discussion above highlights the complex e ects of various chema factors on TIEC design. Many
studies of TIEC materials have focused on understanding the propeies of a particular composition or on
property variation within a composition range, but the fundamental science of underlying
composition-performance relationships is not yet fully understood89] Recently, a number of computational
studies have sought to establish these fundamental principleg8p, 99, 107, 108] however, additional
experimentation is needed to complement these theoretical ndigs. To reliably explain trends, such

experimental studies must be highly systematic to ensure that poperty variation among samples is
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determined solely by compositional variation and is not due to uncontroled factors such as synthesis
method, microstructural variation, or di erences in instrumentat ion or technique.

Broad compositional investigations are enormous tasks if approached with sid synthesis and
characterization methods. Additionally, synthesis and characterizaton of large compositional spaces
present signi cant challenges for data analysis. One solution currery being pursued by the authors
applies combinatorial experimentation in conjunction with machine learning. We have synthesized and
characterized more than one thousand unique, potential TIEC compositios by combinatorial pulsed laser
deposition of thin Ims and combinatorial characterization methods. The data will be fed into a machine
learning model to promote understanding of the chemical characteriscs that determine transport
properties. Additional research areas that will facilitate rapid development and application of these
materials include developing characterization methods to e ectively deconvolute contributions of individual
charge carriers to conductivity, improving chemical stability of T IEC-based positrodes, and extending the

relevant temperature for ORR/OER below 400%o.
2.7.1 Deconvolute charge-carrier contributions

One major challenge to the fundamental understanding of TIECs | and, t herefore, to new TIEC
material development | is the lack of e cient characterization techni ques that e ectively separate charge
carriers. Several methods have been applied to MIEC membrane4&(9] Some methods isolate one carrier,
whereas others can separate two; however, the addition of a third carriefurther complicates
disentanglement. In Table 2.1, we discuss the bene ts and challengesf characterization methods
commonly used for mixed conductors.

Currently, the most common approaches either combine various charactération methods or use a
single method under a variety of limiting conditions that enable one @rrier to dominate conduction. By
comparing the resultant data, the carriers are separated analytically. er example, impedance spectroscopy
is employed to measure the total conductivity of the isolated material and electronic conductivity is
determined by a direct-current measurement (when electronicconduction dominates transport); the results
are then compared to the impedance of a device with a TIEC membrane igr and blocking electrodes on
either side. A similar approach can be taken using the electromotivedrce method.[110] Such approaches
require multiple steps and may still be unable to isolate proton condictivity. Alternatively, detailed
chemical thermodynamic transport models that include all three charge carriers can be constructed and
used to t published conductivity data;[111] however, even thesemodels generally cannot produce a unique
solution for the individual transport of each of the three carriers. Conequently, new approaches are

required.
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are isotropic. Republished with permission of the Royal Society of Gemistry, from ref. [69]; permission
conveyed through Copyright Clearance Center, Inc. c) Hydration enthalfy increases with an increasing
average of A- and B-site Rochow-Allred cation electronegativities, as stwn here for various perovskites.
The most favorable (large, negative) enthalpy corresponds to the lowesaverage electronegativity. Dashed
line serves only as a guide for the eye. Data from ref. [67] and refs. [8, 70{75]) Dependence of ORR
catalytic activity (de ned by the overpotential compared to a refer ence hydrogen electrode (RHE)) on
average g orbital occupancy of the B-site transition metal, indicating an ideal occupancy close to 1.
Republished with permission of Royal Society of Chemistry from ré& [76]; permission conveyed through
Copyright Clearance Center, Inc.
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Figure 2.6 Composition e ects on electronic conductivity, oxygen nonstoichiometry, and proton uptake. a)
Conductivity increases with Co:Fe ratio due to increasing metal 3d am O 2p hybridization in

SrFe; 5« Co,O,. Adapted from ref. [98] with permission from Elsevier. b) Temperature-dependent oxygen
non-stoichiometry for various Ba(Gd,La,Pr)(Co,Fe),0¢ compounds. Adapted from ref. [70] with
permission from Elsevier. ¢) Mass change in 2.5-g powder samples of coagitions from part b across a
transition from dry to humid atmosphere over time. The La-containing composition shows observable mass
increase upon exposure to humid atmosphere, indicating greater protonptake than in the La-free
compositions, which show negligible mass gain. Adapted from ref. [70] witlpermission from Elsevier.
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Table 2.1 Common characterization techniques for mixed-conducting oxles

Technique Extracted Variables Challenges Solutions
Electrochemical lonic and electronic conductivities; Time constants of physically distinct processes Higher-resolution analysis by
impedance bulk and surface resistances; chemical may be too similar to reliably separate using distribution of relaxation times

spectroscopy[112, 113]

di usion coe cients; electronic
charge-carrier concentration; mobility
and activation energies for electron
and ion migration; reduction entropy
and enthalpy[19, 112]

equivalent circuit models, which are not unique

solutions[114] Individual carrier resistances can
only be extracted if both single-carrier and
mixed-conducting regimes are accessible[112]

distinguishes between processes with

similar time constants without
pre-existing models[114, 115]

Conductivity relaxation
by four-point
probe[116{118]

Chemical di usion coe cient; surface
exchange coe cients[116, 119]

Accurate results depend on nearly
instantaneous reactor ush[120] Requires denseg
samples to minimize microstructural e ects on

results[121] May not distinguish between
reaction steps or between charge carriers[122]
Thermodynamic factor is required to calculate
oxygen di usion coe cient from chemical
di usion coe cient[123{125]

Su cient gas ow rate avoids changes
in oxygen activity due to uptake and

release of oxygen from sample[126]
Flush time correction[120]

Mass relaxation by
thermogravimetric
analysis[16, 124]

Mass-action constants; hydration
enthalpy and entropy; defect
concentrations; chemical di usion
coe cients; thermodynamic
factor[8, 125, 127, 128]

Yields only changes in (rather than absolute
values of) oxygen non-stoichiometry[109, 129]
May be time consuming, depending on required
range of measurement temperatures and gas
atmospheres and on length of equilibration
time[130] Requires dense samples[8]

titration, can establish initial oxygen

A chemical method, such as X-ray
photoelectron spectroscopy or

non-stoichiometry[109]

Electromotive
force[131]

Transport number for each charge
carrier[131]

Multinary compounds with more than one
mobile species show path- and
time-dependence of open-circuit voltage[132]

Careful control of gas partial pressures

on each side of the material
[110, 133, 134]

Tracer exchange and
depth pro ling with
secondary-ion mass
spectrometry[58, 123,
135{137]

Tracer di usion coe cient; activation
energy of di usion; surface exchange
coe cient[138]

Costly and time consuming[119, 139] Requires
very dense samples[138, 139] Cannot
distinguish between surface reaction steps[140]

Steady-state isotope-exchange method

deconvolutes reaction steps[140]
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2.7.2 Improve chemical stability

Although compounds containing Ba or Sr on the A-site typically exhibit t he highest conductivity, their
stability is often compromised by undesirable reactions between th A-site cation and process gases,
inhibiting long-term performance.[58, 141] Stability can be improved ty doping, but further development is
needed to ensure reliability. In addition, materials doped with B-site cobalt consistently demonstrate high
electronic conductivity and ORR activity,[15] but exhibit notorious ly low chemical stability and
detrimentally high thermal expansion. Alternative multi-valent TM s that enable equivalent or superior
performance must be identi ed.

Chemical stability can also be enhanced by optimizing the tolerancedctor. Perovskite stability is
generally considered to be tied to the tolerance factor (t), which mg range as low as 0.85 and as high as
1.04 for the perovskite structure, with the cubic case de ned as t =1.30.[37, 87] Calculated formation
energies con rm that the perovskite structure becomes more favorale with increasing t up to 1.[142] A
tolerance factor in this range does not ensure stability,[143] but dopingvith combinations of cations that

bring the tolerance factor closer to 1 can improve chemical stability144]
2.7.3 Enable ORR/OER below 400 %o

Operation of a TIEC has been demonstrated at temperatures as low as 3%, but most materials
studied so far have inadequate catalytic activity and conductivity for practical application at such
temperatures.[6] Reducing electrochemical device operating teperatures will reduce cost, increase market
viability, and make portable and transport applications possible.[15] Thelimiting factor during
low-temperature operation is typically oxygen catalysis. Consequetty, this goal may be achieved by
incorporating results from recent advances in low-temperature oxde ORR/OER catalysis for alkaline fuel
cells and electrolyzers. Such studies have broadly focused onmalnating or signi cantly reducing
precious-metal usage by creating intricate, stable structures thatmaximize surface area or speci ¢ catalytic
activity and by inhibiting coarsening to maintain high surface area.[145]Additionally, these studies have
found that catalytic activity may be anisotropic and can, therefore, be maximized by orienting materials

such that surfaces comprise lattice planes with the highest catalytt activity.[56]
2.7.4 Discover and design n-Type TIECs

Another important future challenge for designing TIEC materials is the development of an n-type
TIEC. Extrinsic donors may generate n-type carriers in either pure electronic conductors or aln*
MIECs.[32, 42, 146] However, even donor doping does not ensure n-type eti®nic conductivity because

donor dopants can instead be compensated by cation vacancies.[147] Consedligra more fundamental
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approach is required.

In solids, the charge state of a hydrogen interstitial depends on the Feni energy of the host
material.[148] Hydrogen interstitials can act as bare protons (H) if there are empty states available at or
above the Fermi energy and if the energy of these states is lower tharhé s-atomic orbital of the hydrogen
atom. If, on the other hand, there are lled electronic states at higher energy than the hydrogen atomic
orbitals, then charge will transfer from the host material to the hydrogen interstitial, e ectively making it

* oras H ions, depending on the Fermi

an H{ ion. This behavior of hydrogen interstitials | acting as H
energy of the host | is known as “amphoteric doping' and has been thoroughly nvestigated because of its
technological importance in the semiconductor industry.[149]

The H*/H ! hydrogen transition level has been shown to lie about 4.4 eV below vacum across many
classes of materials.[148] Thus, an n-type proton-conducting materialsystem would require a conduction
band more than 4.4 eV below vacuum so that interstitial hydrogen behave as a bare proton and the
material's Fermi energy can be raised (by appropriate doping) close to th conduction band, rendering the
material n-type (Figure 2.7). Intrinsic energy-band alignment of various functional oxides has been

investigated experimentally[141] and computationally,[150] and it can be used for n-type TIEC material

selection.

Conduction Band >4.4 eV

Figure 2.7 Conceptual band diagram of an n-type TIEC. The material should hae an electron a nity
greater than 4.4 eV so that the H /H { transition level lies within the conduction band.

Although there are no rigorous physical restrictions on where the condution and valence bands of
materials lie, the p-type electronic conductivity of presently known TIECs indicates that their
valence-band maxima lie less than 4.4 eV below vacuum. As a result, éhbare protons coexist with

electron holes, and the conductivity is usually accomplished throughhole (rather than electron) doping.
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However, in principle, triple conduction can be realized with eletrons as the primary carriers if the design
principle is ful lled of having the conduction-band minimum low er than 4.4 eV relative to vacuum. Such
behavior may be challenging to achieve, particularly among traditional perovskite-derived oxides.
Combining a rst-principles approach[151] with the recently successful automation of defect and doping
calculations[152] could assist in the search for such materials systemsrass large chemical spaces and,

more broadly, in the rational design of interstitial defect behavior.[153]
2.8 Summary and outlook

Most known TIEC materials are mixed proton, oxygen-ion, and hole conducbrs that have been
developed primarily as fuel cell positrodes. To date, the highest grformance for this application has been
observed for Ba-based materials with high multi-valent transition-metal doping and inclusion of Zn.
However, many other applications can be envisioned for these versatilmaterials, including reversible
devices, p-n heterojunctions, and membrane reactors.

Due to their predominantly perovskite-like structures, TIEC s readily accommodate both cation and
anion substitution. The defect concentrations and resultant properties of these materials are determined by
occupancy ratios and by the atmosphere to which they are exposed. Deafemobility can be in uenced by
both composition and structural features, such as symmetry and cation ordring. Thus, the overall
conductivity of each carrier type can be manipulated by a combination of @mpaosition, structure, and
operating conditions. Additionally, appropriate manipulation of the condu ction-band energy minimum may
open new opportunities for designing n-type, rather than p-type, TIECs.

As this review illustrates, TIEC materials o er the prospect for both improved performance in existing
devices and development of novel devices | but there are still chalenges to overcome. First, development
of more e cient and direct characterization methods for studying the se materials will improve our
fundamental understanding of their transport behavior, allowing ddiberate manipulation of properties to
suit targeted applications. Next, extending the operable temperatue range will further broaden TIEC
applications. Finally, improving chemical stability of these complex materials, which often operate in harsh

conditions, is a prerequisite to broad industrial acceptance.
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CHAPTER 3
INSTRUMENT FOR SPATIALLY RESOLVED, TEMPERATURE-DEPENDENT
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY OF THIN FILMS UNDER LOCALLY
CONTROLLED ATMOSPHERE

Meagan C. Papac?® Kevin R. Talley,” Ryan O'Hayre,® and Andriy Zakutayev 86
3.1 Abstract

We demonstrate an instrument for spatially resolved measurements (@pping) of electrochemical
impedance under various temperatures and gas environments. Automated easurements are controlled by
a custom LabVIEW program, which manages probe motion, sample motion, temperatte ramps, and
potentiostat functions. Sample and probe positioning are provided by tepper motors. Dry or hydrated
atmospheres (air or nitrogen) are available. The con gurable heater reachetemperatures up to 50060
although temperature at the sample surface is moderated by gas ow rate. Te local gas environment is
controlled by directing ow toward the sample via a glass enclosure hat surrounds the gold wire probe.
Software and hardware selection and design are discussed. Reproduitty and accuracy are quanti ed on
a Ba(Zr,Y)O 5 proton-conducting electrolyte thin Im synthesized by pulsed laser deposition. The
mapping feature of the instrument is demonstrated on a compositionallygraded array of
electrocatalytically active Ba(Co,Fe,Zr,Y)O 3 thin Im microelectrodes. The resulting data indicate that
this method pro ciently maps property trends in these materials, thus demonstrating the reliability and

usefulness of this method for investigating electrochemically dtve thin Ims.
3.2 Introduction

Electrochemical impedance spectroscopy is a common tool for measugrirequency-dependent electronic
responses in materials. It has been applied to various classes of matas, including mixed ionic-electronic
conductors,[112] superconductors,[154] dielectrics,[155] ferroeleict,[156] and solar cells.[157] Impedance is
measured either in potentiostatic mode, in which an alternating voltage is applied and the resulting current
is measured, or galvanostatic mode, in which an alternating current isnduced and the required potential is
measured. Such measurements yield the amplitude and phase o set tveeen the signal and the response.

Di erent reaction or di usion processes typically have di erent time constants, which are observed as

separable features in plots of frequency-dependent impedance. Csequently, the technique can be used to
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distinguish between various processes related to surfaces, imfaces, and the bulk based on variation in
their time constants.[158] By measuring under various temperatures ogas environments, additional
information can be obtained. Temperature-dependent results allowthe calculation of activation energies.
Measurements under various gas atmospheres provide insight into prapties such as ionic conductivity or
catalytic activity and assist in identifying the dominant electroni ¢ carrier (electrons or holes), as these
variables are all a ected by defect concentrations in the material and, tus, by gas partial pressures.[159]
A growing interest in high-throughput experimentation has created demand for spatially resolved,
automated characterization tools.[160{162] Combinatorial samples (known as li@ries') are typically thin
Ims deposited by physical vapor deposition methods, such as sputteng or pulsed laser deposition (PLD).
By these methods, many unique material specimens can be deposited a single library in a short period of
time. Gradients in chemical composition or in synthesis conditions geerate gradients in sample properties.
One major goal of high-throughput experimentation is to quickly screena library to identify trends in
these properties and locate compositional or experimental parameter sgges that warrant more thorough
investigation. Ideal characterization tools must be spatially resolvel and automated, with minimal input
from the user. Such experimental methods inform and expedite thenaterials discovery process.
Automated impedance spectroscopy has been used to measure fuel-caibctrode materials in the form
of thin Ims that have been fashioned into microelectrodes.[163{168] Baeath the electrode Im is an
electrolyte layer to form a half fuel cell. An anode or cathode layer $ sometimes added on the opposite side
of the electrolyte to make a full or symmetric fuel cell, respectvely. The bottommost layer of the stack is
an electronically conducting counter electrode. Microelectro@s are synthesized in a multi-step process,
including thin Im deposition followed by photolithography and ion-be am etching.[163{168] The
microelectrodes are typically 20 to 500um in diameter, although those 100um and larger are most
consistently measurable, due to the uncertainty in alignment of theprobe with smaller microelectrodes in
existing measurement instruments.[165] Due to the small diametex of both the electrodes and the probe
tip, a microscope is required to align the probe with the sample. Addiionally, for instruments that have
environmental gas control, the sample and probe must be completely ena$ed within a vacuum chamber.
Here, we describe an approach to spatially resolved electrochemicahpedance measurements, or
impedance mapping, that combines features of previous approaches, incling spatial resolution,
automation, and temperature control, in a modular design that can be recongured to suit researchers'
needs. Notably, local control of the gas environment is achieved via an eased probe design. The
instrument is demonstrated on a family of materials of interest for protonic ceramic fuel cells,
Ba(Co,Fe,Zr,Y)O; (BCFZY), which includes a widely studied proton conductor, BaZrygY ¢,03 (BZY20),

and a known triple ionic-electronic conductor, Ba(Cay 4Fep4Zrg1Y0.1)O3 (BCFZY4411). The high, stable
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proton conductivity of BZY20 makes it a good candidate for proving accuray and repeatability of
measurement and analysis methods. Triple-conducting BCFZY4411 fadtates mixed transport of
electrons, protons, and oxygen ions and has high activity for the oxygen iuction reaction.[6] These
transport properties are moderated by composition, temperature, and gagnvironment. Thus, a
compositionally graded BCFZY thin Im was selected to demonstrate the instrument's mapping capability.
Temperature-dependent ionic conductivity values for BZY20 extracted by this instrument are consistent
with those obtained from previous studies of this proton conductor. Impedance measurements of
compositionally graded BCFZY thin Ims demonstrate the instrument' s ability to map a range in
electrochemical properties at di erent temperatures and gas envionments. The instrument presented here
provides facile screening of ionic conductivity and electrocataltic activity as a function of spatially graded
variables alongside measurement temperature and gas environment, theloy demonstrating the utility of

this measurement method for combinatorial experimentation.

3.3 Design of the instrument

3.3.1 Design overview

The primary requirements for the instrument are that 1) it must rel iably and steadily heat the sample,
2) it must provide an equilibrated gas environment under which to mesure the sample, and 3) it must
enable electrical contact with the sample. The three primary componats for controlling temperature,
establishing gas ow, and electrically probing the samples are showim Figure 3.1.

Sample temperature is controlled by a heated stage, which consists ofvb heater cartridges embedded
in a stainless-steel block (Figure 3.1a). A thermocouple positionedlirectly between the two heater
cartridges provides feedback to the temperature controller. A blek of thermal insulation works in
conjunction with an underlying water-cooled stage to minimize heat bss and avoid thermal damage to any
mechanical parts. A stainless-steel clamp holds the sample in place dmprovides electrical contact with the
outer edge of the conductive substrate. It is electrically isolated fom the base plate of the hot stage by
alumina stando s. Electrical contact with the sample is provided by a gold wire probe tip. A glass tube
surrounds the probe tip and directs gas toward the sample during measement. Additional details of
electrical and gas components of the instrument are discussed in Sémt 3.3.2 and Section 3.3.3 and
illustrated in Figure 3.1b and Figure 3.1c, respectively.

One advantage of this instrument, over others with a similar purpose,is its simple and con gurable
design. This design allows the user to easily change the probe tip, thgas ow area, or the sample
dimensions by replacing or modifying any of the custom-built parts. A second advantage is local gas

control, which can improve reliability of benchtop measurements (Apendix A, Figure A.2) and facilitate

27



metal contacts
patterned oxide h °
BZY20 (half cell only) ——_o
ITO

glass substrate —=g'

Figure 3.1 Instrument and sample layout. a) Design of the hot stage featurig 1) heater cartridges in 2) a
stainless steel heater block, 3) a thermocouple to monitor temperafre, 4) insulation to minimize heat loss,
5) a cooled x-y stage, and 6) alumina stando s isolating 7) the top clamp, whib makes electrical contact
to the counter electrode. Current is carried from the top clamp by 8) an eye connector in electrical contact
with the corner of the clamp. Gas ows into 9) a glass cylinder through 10) analumina tube. A second
alumina tube carries the 11) gold probe wire into the cylinder. b) lllustration of a thin Im sample stack,
showing the metal contacts deposited on patterned electrodes atop #1BZY20 electrolyte layer with ITO
exposed around the perimeter for electrical contact with the top clamp For the electrolyte samples, the
cathode layer is omitted. A glass substrate supports the device. clrlow of either air or N, passes through
the probe tip, which moves in the z-direction. The gas may be humided prior to owing through the
probe.

screening of materials kinetics. In this design, only the portion of he sample that is immediately under the
probe is directly subjected to the gas environment at any given time.Thus, a microelectrode could, for
example, be measured under dry gas and then repeatedly under humid gas a function of time to observe
how quickly, and at which frequencies, the impedance changes upornxgosure to the humid environment.
Localized gas ow immediately changes the gas environment for the contact &@ing measured and ensures
that this could be repeated for contacts across the library because thegre not all simultaneously
equilibrating to the change. Conversely, localized gas ow could beeen as a disadvantage because a dwell
is required at each sample point for gas equilibration. This increaseshe measurement time for each point
at a set gas environment compared to an enclosed measurement instrunterAdditionally, the maximum
achievable relative humidity of the gas environment in the current design is limited, since the gas lines and
probe operate close to room temperature. As the relative humidity appoaches 100%, water droplets may
form along the gas line and drip onto the sample. A hydrophobic gas line is sl to discourage droplet

formation.
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3.3.2 Electrical probing of the sample

Here, we use an out-of-plane measurement con guration (Figure 3.1b) to deonstrate functionality of
this instrument. This con guration enables a two-electrode measuement because the large area of the
counter electrode results in negligible impedance compared to thadf the sample electrodes.[163, 169] For a
two-electrode measurement, the working and working sense leads acembined as the working electrode.
The counter and reference leads are combined as the counter elect®dAn out-of-plane con guration may
be preferred for measuring thin Ims deposited by PLD, which typically produces Ims with vertically
aligned columnar grains.[170] When a Im is very thin (< 100 nm), pinholes in the Im may lead to short
circuiting between the probe and counter electrode. However, wén pinholes are avoided, measurement
down the length of the columnar grains yields an impedance response thas more similar to the bulk than
the response measured in a cross-grain con guration.[171]

Gold wire (0.455 mm diameter, Surepure Chemetals, USA) is chosen to atically probe the sample
because of its ability to avoid oxidation under a wide range of gas environmnts and because it is not
catalytically active.[172] The gold electrical probe tip is surrounded ly a custom glass cylinder (Precision
Glass Blowing, USA) that has an open bottom for gas egress (Figure 3.1c) and a closéab to direct gas
ow toward the sample. The glass cylinder has two vertically alignedholes in the side, each tted with an
alumina tube. Gas ow is directed through the upper tube, while the lower tube carries the gold wire. A
u-bend in the end of the gold wire acts as the electrical probe tip. An edier design employed the blunt-cut
end of a wire as the probe tip; however, it was di cult to execute repeatable contact between the probe
and the sample with this design. Additionally, the edges of the tip scatched the samples and compromised
the Ims during measurement. The u-bend tip addresses these &ies and has been successfully employed in
other contact-sensitive measurement applications.[173] The oppositend of the gold wire is connected to a
coaxial cable that connects it to both the working and working sense eldmde leads. A stainless-steel
clamp contacts the perimeter of the continuous counter electrode fer and holds the sample in place. The
lead from the sample counter electrode is connected to both the couat and reference electrode leads from
the potentiostat. Impedance is measured by an Interface 1000 potentiostaGamry, USA) that is run in
potentiostatic mode. This instrument has 1 pV applied voltage accuracy, 12.5uV resolution, and 5 pA
measured current accuracy.

In addition to the out-of-plane measurement geometry described herewhere voltage is applied
perpendicular to the sample surface, the voltage can, in principlebe applied parallel to the sample surface
resulting in an in-plane measurement geometry. For in-plane measureents, the voltage is applied across

the width of the grains, measuring a series of bulk and grain boundary impdances. The typically high
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impedance of grain boundaries results in higher measured impedance this con guration.[171]

Additionally, high interfacial conduction at the Im-substrate inter face can provide a parallel conduction
pathway, complicating results. However, since the in-plane con guation measures across grain boundaries,
it can be useful for studying both bulk and grain boundary contributions to the impedance, provided the
stray capacitance is managed by minimizing the distance between algdodes.[174] To enable such in-plane
measurement in the future, the instrument presented here can & modi ed by inserting a second gold wire

through a second, electrically isolated hole in the alumina tube.
3.3.3 Temperature and gas ow control

Sample temperature is moderated by two 120-Watt cartridge heaters (MI®&IMI, USA) embedded in a
stainless-steel block (Figure 3.1a). The heaters are controlled by aetmperature controller (Cole-Parmer,
USA), which receives feedback from a K-type thermocouple installé between the two cartridge heaters.
The heater block sits atop heat insulating plates (MISUMI, USA) to mini mize heat loss through the
bottom of the block and to prevent the cooled x-y stage from overheating.The insulating layer is 10 mm
thick with thermal conductance equal to 1.1 10 # % Temperature calibration experiments indicated that
the sample surface is cooler than the heater setpoint due to heat digmtion by the glass substrate
(Figure 3.2a) and that the surface temperature stabilizes after a few mmutes (Appendix A, Figure A.3).
Consequently, the sample is equilibrated for 4 minutes after eachemperature ramp to ensure constant

sample temperature before electrical measurements begin.
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Figure 3.2 Calibration curves for temperature and humidity showing a) the di erence between setpoint
temperature and surface temperature at various gas ow rates. The di eence increases with increasing gas
ow rate and deviates from the setpoint under all ow rates. b) Relativ e humidity increases with increasing
temperature and with decreasing ow rate.

Gas ows down an alumina tube and through the glass cylinder that surrourds the probe tip, directing
the gas ow toward the sample (Figure 3.1c). The inner diameter of the cyinder is 4 mm and its lower
edge rests 1mm above the sample when the probe tip is in contact with # sample. This enables consistent

gas ow without inhibiting user visibility during alignment. Gas ow decreases the surface temperature
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(Figure 3.2a). Thus, an additional dwell at each contact is implemented formeasurements taken under gas
ow in order to equilibrate both the surface temperature and the gas atmosphere. The instrument has
access to both air and N and they can be supplied dry or humidi ed. During a dry measuremen, gas

ows directly down the gas line, through the probe, and over the sampé. For measurements under

humidi ed atmosphere, the dry gas upstream of the sample is directedhrough an Erlenmeyer ask that
contains deionized water and rests on a hot plate. Humidity can be moderad by varying the hot plate
setpoint and the gas ow rate (Figure 3.2b). The e ects of these two varialles on the relative humidity of
the gas leaving the probe have been calibrated so that the relative huidity of the measurement
environment is known. A sudden change in either of these variablesatises a gradual change in relative
humidity of the gas in the line (Appendix A, Figure A.5). Consequently, the humidi ed gas is allowed to

ow for 30 minutes before measurement under newly adjusted settigs in order to stabilize humidity.
3.3.4 Data collection

Aside from gas ow, which is adjusted manually by the user, all critical functions of this instrument are
controlled by a custom LabVIEW program that interfaces with the temperatu re controller, the x-y stage,
the z-axis probe actuator, and the potentiostat to coordinate measuremetnof each sample point at all
temperatures (Figure 3.3). During setup, the user selects a con gration le containing X,y coordinates for
each measurement position and then de nes three reference coordites on the sample. The
three-dimensional, relative coordinates of all sample points are caldated by combining the coordinates in
the le with the plane de ned by the reference coordinates. The fquence of setup and measurement steps
is outlined in Figure 3.3. The user procedure for mapping a library ircludes 1) loading the sample and
securing the sample clamp, ensuring that the clamp is in contact wih the counter electrode; 2) de ning
measurement coordinates, a data export path, a list of measurement taperatures, dwell times, and a
frequency range; and 3) aligning the sample positions with the probe sdhiat the software can de ne the
complete coordinate grid.

The procedure followed by the software includes 1) ramping to a s@int and dwelling at that
temperature for a user-de ned period of time; 2) moving the x-y stage and z-axis probe actuator to the
appropriate coordinates and establishing contact between the sample ahthe probe; 3) dwelling in this
position for a user-de ned period of time to equilibrate the gas envionment; and 4) applying potential and
measuring current response across a range of frequencies to acquireanplete impedance spectrum at that
point. Once a spectrum has been collected, the data is exported tohe user-de ned le path. When data

collection is complete, the heater is cooled to room temperature.
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3.3.5 Data analysis

The raw impedance data is output from LabVIEW in a format that can be t with equivalent circuit
models (ECM) in EChem Analyst (Gamry, USA). This commercially available software can t a batch of
hundreds of spectra automatically. The user selects the spectra ahthe ECM to be used and can set
minimum and maximum values for each equivalent circuit element. The software uses the indicated ECM
and the boundaries to t each spectrum sequentially, generating a corprehensive table of t parameters for
all spectra. This table can be copied and exported for further data analyis and plotting.

Data management procedures speci ¢ to impedance data variables and d formats were developed for
data processing within the framework of COMBIgor (available for download from
www.combigor.com).[175] These procedures include loading and sortingf raw data and ECM t data,
calibrating measured temperature data, and calculating t data from t p arameters for the purpose of
plotting raw and t data simultaneously. Nyquist or Bode plots can be generated for all contacts in a
library at all measurement temperatures, either with or without the ECM ts, and saved in a location
selected by the user. COMBIgor functions can also be used to direlst compare and plot impedance data
against other variables, such as those related to structure or compositian

Additional developments could enhance t quality and automation capability by supplementing or
replacing ECM tting with a method that utilizes the distribut ion of relaxation times (DRT).[176] The
DRT could be analyzed to determine the number and type of circuit eements with which to t the
spectrum and would replace the current approach that applies a singleyser-selected model to all points.
This enhancement would be especially useful if the number of obsezd processes changes across a

compositional range or with temperature.
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3.4 Experimental methods

3.4.1 Preparation of thin- Im sample libraries

The instrument was tested on one- and two-layer thin- Im libraries. The rst layer is a nominally 2 pm
thick Im of proton-conducting BaZr 45Y 5,03 (BZY20). A single-layer BZY20 Im was chosen for
demonstrating repeatability and accuracy of the tool because the propéies of this Im are expected to
exhibit minimal spatial variation. For the two-layer samples, the BZY20 layer is topped with a
compositionally graded layer of Ba(Cqyyy, FexZryY;)O3 (BCFZY), which is a known triple
ionic-electronic conducting cathode material for proton-conductingfuel cells.[20] Data from the two-layer
BZY20/BCFZY stack demonstrates the automated spatial mapping features of the instrument. Combined,
these two layers were tested as a half fuel cell, in which the congpatively low electronic conductivity of
the BZY?20 layer ensures that the various reaction and di usion processs taking place in the BCFZY
cathode layer are not masked by a DC electronic short.

As shown in Figure 3.1b these one-layer and two-layer stacks are deposit on commercially available,
ITO-coated glass substrates (150 to 200 nm ITO thickness, Delta Technolgies, USA), which act as the
counter electrodes. The BZY20 electrolyte was blanket-coated on ITOFor half-cell samples, the BCFZY
cathode Im was deposited through a shadow mask, creating a patterned aay of circular electrodes with
1.75 mm diameter. Shadow masking is a viable method here because thetiee area of this TIEC material
is electrochemically active and, thus, a perfectly well-de nal electrode edge is not critical. Finally, circular
metal contacts of 1 mm diameter were applied to the thin- Im samples o reduce interfacial impedance
between the sample and the probe tip, leaving the outer edge (1.6210 2 cm?) of the BCFZY Im exposed
to the gas atmosphere. A 10 nm Ti adhesion layer followed by 50 nm of Au wereeposited through a
shadow mask by electron-beam metallization (FC-2000, Temescal, USA). Befermeasurement, the samples
were annealed in air for 4 hours at 50%. to equilibrate the oxygen stoichiometry. This approach to
materials synthesis and electrode formation supersedes additionalapterning and etching steps that are
often reported in literature for similar measurements.[163{168]

The BZY20 and BCFZY Ims were deposited in a combinatorial PLD chamber. This technique uses a
248 nm KrF laser to ablate ceramic targets, creating a plume of the target corposition that deposits onto
the substrate. The laser energy was set to 300 mJ with a pulse rate of 20 HZ he base pressure was below
0.001 10 2 Torr and total deposition pressures were moderated by continuous oxyge ow.

For the BZY20 sample, the substrate was continuously rotated during depsition to achieve nominally
uniform composition and thickness. The substrate heater was set to 80& and the total pressure was

50 10 3 Torr. As many as six targets can be loaded onto a rotating carousel (Appendix A, fgure A.1)
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that brings the targets into the path of the laser. Rotation of the substrate to di erent angles during
ablation of di erent targets achieves x-y compaosition gradients across thesurface of the substrate. This
technique was employed for the BCFZY cathode Im so that each circlar electrode has a unique

composition (Figure 3.4a). For this sample, the heater was set to 70% and the total pressure was 1 10 3

Torr.
3.4.2 Characterization of thin- Im structure and composition

Composition, thickness and structure were characterized by x-rayuorescence (XRF) and x-ray
di raction (XRD). The number of layers in the Im stacks described above, combined with the similarity in
composition between the electrolyte and electrode layers and oviapping di raction peaks observed among
all layers make composition and structural mapping of the electrode ms by each method quite di cult.
To address this challenge, reference samples for structural and cmécal characterization of these Ims were

deposited on fused quartz (GM Quartz, USA) using identical synthess parameters.
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Figure 3.4 Representative composition and structure data. a) Percent ocupation of each B-site species
shown for 44 points on the combinatorial thin Im library. Each pie chart r epresents the distribution of
B-site species at that location. b) Thickness map of the BCFZY Im. ¢) XRD patterns from a BZY20
reference (ICSD no. 187802) compared to representative BZY20 and BCFZY sangs from this study. c¢)
Fractional area of 110 peak compared to total area of all peaks in the measured angulrange (19 2
52°) across the composition space of the BCFZY library. Fractional area is higbst for compositions with
high concentrations of the larger ions (Zr and Y) and lowest for compositions \ith high concentrations of a
single, smaller transition metal (Fe or Co).

Composition and thickness were measured by XRF (XDV-SDD, Fischer Telnology Inc., USA). XRF

composition data for the BCFZY Im is shown in Figure 3.4a. The thickness of this Im ranged between
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235-494 nm (Figure 3.4b).

Materials structure was examined by XRD (D8 Discover, Bruker). All sample points measured on each
library showed a single-phase perovskite structure within theresolution of the laboratory XRD
(Figure 3.4c). The fractional intensity of the highest intensity di raction peak (the 110 peak) for all points
of the BCFZY Im is shown in Figure 3.4d. In each of these instruments a grid of 44 distinct points was
measured, rather than the higher resolution 144-point grid that is mapped onthe impedance instrument.
The 44-point data was interpolated using a second-degree, two-dimergial polynomial plane t to provide

unique composition data for each of the 144 electrodes on the thin- Im brary.
3.4.3 Electrical measurements and equivalent circuit model ttin g

As mentioned above, the BCFZY electrode Ims under study demonstate p-type electronic conduction
alongside proton and oxygen ion conduction and have high catalytic activity r the oxygen reduction
reaction[6] Equivalent circuit models for such triple-conducting cathode materials typically include a series
circuit consisting of a resistor and either two or more parallel-conneted sets of a resistor (R) and a
constant phase element (CPE).[16, 177{181] The equivalent circuit model sed here is shown in
Figure 3.5a. The parallel R and CPE at high frequency represent the BZY20 blk. Thus, the ionic
resistance (R,,) is represented by R (Figure 3.5b). The lower frequency elements represent the elgode
reactions, including oxygen reduction, ion incorporation, and transpot within the bulk of each layer and at
the interfaces between them.[54, 182] The low frequency impedance tife BZY20 sample (Figure 3.5d) is
dominated by the BZY20 surface and the metal-oxide interface, rather han by the BZY20-ITO interface.
This is con rmed by the decreased low-frequency impedance in th half-cell samples (Figure 3.5e-g)
compared to the BZY20 samples, since both of these contain similar BZY20-ID interfaces. The Tiis a
blocking electrode to the high proton conduction of the BZY20, while the addition of the BCFZY layer
provides reversible proton transfer at the BZY/BCFZY interface, reversible electronic conductivity at the
interface with the metal contact, and higher ORR activity at the Im su rface, decreasing the impedance of
each of these processes.

In the BZY20 samples, the lowest frequency feature of the spectrunhas a very large impedance, due to
the blocking nature of the metal electrodes, and only a portion of thisfeature was captured by the
measured frequency range. Consequently, the resistance variablalculated for purposes of reliability
studies (Reyte ) is the sum of R, and R3, which includes the semicircle represented in Figure 3.5¢, wig the
low frequency, high impedance tail (Figure 3.5d) was excluded.

For the half-cell library, the polarization resistance (Rp,) is the primary variable of interest because it

provides a measure of electrocatalytic activity: a lower R value corresponds to higher activity. R, is
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Figure 3.5 Impedance spectra t by a) an equivalent circuit model that includes parallel combinations of
resistors and constant phase elements connected in series. Theraknts in the dashed rectangle comprise
the model for the BZY20 Im. b) The high-frequency portion of the Nyqui st plots from an ITO substrate,
the BZY20 Im, and the half-cell stack (BCFZY) show that the BZY20 contri bution is visible in the half
cell and that ITO is responsible for the ohmic o set (Ry). ¢) The t of the mid-range frequency semicircle
was included in the determination of repeatability, but d) the low frequency feature was excluded because
it is not fully captured within the measured frequency range. e-g) $ectra from the compositionally graded
libraries were t using additional circuit elements (R , and CPE,), to account for impedance contributions

related to the addition of the BCFZY layer.

calculated as the sum of all resistances except for the ohmic resistadcR,.

3.5 Demonstrating instrument capability

3.5.1 Measurement repeatability and accuracy

In order to ensure that data collected by this instrument is reliable, we established that the data is

reproducible and that it can be reasonably compared to data from the liteature. For these experiments,

the BZY20 thin Im sample was used.

First, the e ects of probe alignment were investigated. It was detemined that slight variation in x- or

y- coordinates or in z-height has a negligible e ect on the results for ontacts of this size (Appendix A,

Figure A.6). Other factors that may a ect measurement repeatability at a particular contact include

measurement order, heater block temperature uniformity, thermalcontact between sample and heater
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block, location of contact with respect to the counter electrode lad, and electrical contact between the
sample and the clamp and probe. These were investigated by comparingitial spectra to data collected 1)

after a complete measurement cycle and 2) after rotating and reloading th sample.

|
T

E BN
T T

T

Figure 3.6 Spatial maps of R, among various sets of measurements of the BZY20 thin Im. The sets
correspond to data collected (from left to right) within a single run, upon immediate repetition, and upon
180 rotation. Color is determined by average resistance. Marker size is wrersely related to standard
deviation divided by the resistance value. Higher standard deviation $ represented by a smaller marker
size, with the value ranging from 0.02% (largest marker) to 27.5% (smallest rrker) of the resistance value.

The BZY20 library was measured under 1,400 sccm dry air across a frequencginge from 1 MHz to 0.1
Hz. A grid of 16 contacts was probed; each contact was measured ve times in imediate succession at
heater setpoints of 40@o, 450%0, and 50%.. After cooling to room temperature, the measurement was
repeated again at 50&.. The library was then rotated 180° and mapped once more to investigate e ects of
the spatial location of a contact with respect to the heater block and dstance from the back-contact lead.
Comparison of Ry results for each contact among these rounds of measurements comparing tiacs of
immediate repetition and 18C rotation are shown in Figure 3.6. Average resistance values ranged between
1.4 10° to 5.8 1C° Ohms. The repeated measurements were in reasonable agreement witach other.
Mean standard deviations for a single run, immediate repetition, and 180@rotation were 8.74 10°,

2.63 10°, and 4.78 10° Ohms, respectively, corresponding to +/- 0.69, 9.01, and 14.8% of the average
resistance for each data set.

The calculated values of Ry, are dependent not only on variation in raw spectra, but also on the
goodness of t of the equivalent circuit model and excludes a portionof the impedance spectrum.
Consequently, statistical analysis was also performed on pairs of raw ggtra taken from the same BZY20
point at the same temperature using a Kolmogorov-Smirnov (KS) two-samfe test. This is a
non-parametric test that determines the probability (p) that two di stributions are from the same
population. Results indicated that the di erences between the spectra were not statistically signi cant.
Results of this test are consistent with the error analysis of the tted R, data. Agreement among

spectra from repeated measurements on the library without removalrom the instrument is quite high
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(average p = 0.86), while agreement is lower upon 180sample rotation (average p = 0.54). However, in all

cases, spectra from the same contact at di erent locations on the stage ammore consistent than spectra

taken from di erent contacts on the same physical location on the stage. This, the results of both the

Reyie COmparison and the KS analysis verify the repeatable nature of these measements and suggest that

the variation in measured impedance is dominated by variations in the magrial and not by the

measurement instrument. This instills con dence in observed tends among contacts measured on a single

library and from di erent libraries.
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Figure 3.7 Conductivity comparison between the BZY20 Im measured in this study to materials with
similar chemical compositions from the literature. Conductivity fr om the present work is higher than other
thin Ims, likely due to use of the through-plane measurement con guration. Film conductivity is lower
than values from bulk samples, except for values from Ba-de cient matgals, which demonstrated lower
conductivity than stoichiometric compositions.

Not only is data from the instrument repeatable, but the extracted ionic conductivity is also consistent
with literature values[67, 172, 183] for materials of similar composition. Figue 3.7 shows data from the
present work compared to data from thin Ims of BZY20 and BZY15 measured inplane under humidi ed
nitrogen (pu20=0.03 atm) and humidi ed argon (100%RH at 25%., py2o 0.03 atm), respectively. The
considerably thicker BZY20 Im (6 pm) displays higher conductivity than the thinner BZY15 Im. This
e ect is likely attributable to di erences in microstructure an d in grain boundary density since grain
boundary conductivity is lower than that of the grain interior.[67, 172] The conductivity of each of the thin
Ims is lower than the highest values reported for bulk materials.[172]However, the conductivity of our
Ims is quite similar to that of Ba-de cient bulk material. Thus, th e lower conductivity of our Ims
compared to the highest performing bulk materials may be due to a comimation of barium de ciency and
microstructural di erences, while the through- Im measurement con guration utilized by our instrument
results in higher measured conductivity compared to thin Ims from the literature that were measured
using an in-plane con guration. Overall, data from the present work falls reasonably within the range

de ned by previously reported data.
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3.5.2 Gas-dependent results

Measurements of the BZY20 samples under lab ambient and under owing gashowed that controlling
the gas atmosphere during measurement improves repeatability. Measements under dry air ow achieved
much more consistent results than those without gas ow (Appendix A, Figure A.2). Since more than 24
hours passed between repeated measurements, changes in the ambiemvironment could have led to
changes in the local gas atmosphere over time, while continuous gas ow suares a consistent and stable

local gas environment across all measurements.

Figure 3.8 Resistance of BZY20 samples measured under dry and humid gasdésach set of same-color bars
represents repeated measurements on an individual contact (labelel-4), ordered chronologically from left
to right. The sample was subjected to a 20-second dwell under dry air oa 100-second dwell under

humidi ed nitrogen before each measurement.

These results show that directing gas ow toward the BZY20 sample in he immediate location of the
probe enables gas-dependent property investigations. This is con rred by a large change in Ry observed
under humidi ed nitrogen compared to dry air. However, the 20-second davell time used for measurements
under dry air proved insu cient for local equilibration under hum idi ed nitrogen. In fact, the impedance
of the BZY20 sample did not reach equilibrium under humidi ed nitrogen even after ve measurements
taken with 100s dwells in between (Figure 3.8); R decreased with each repeated measurement on the
same contact. While this is an important result for the study of this material, equilibration time will vary
based on the kinetics of the thin Im material and must be establishedfor each individual case. In the
future, the LabVIEW program and the probe could be upgraded to monitor either the relative humidity or
the impedance as a function of time, and to initiate the automated measuement when the chosen variable

has stabilized within a given tolerance.
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3.5.3 Mapping property variation on a compositionally graded library

To map property variation on the two-layer BZY20/BCFZY library, a grid of 144 con tacts was
measured at heater setpoints between 40& and 500%. (corresponding to sample surface temperatures
ranging from 238{303%40) under 1,400 sccm dry air across a frequency range from 1 MHz to 0.1 Hz. As
discussed previously, the R for the half cell samples is calculated as the sum of all non-ohmic resitces
from the equivalent circuit model for each point on the sample library R, ranges across more than an
order of magnitude as a function of composition and varies by more than two orde of magnitude as a
function of both composition and temperature (Figure 3.9). The observed émperature-activated decrease
in R, is expected since both ionic conductivity and electrocatalytic acivity increase with temperature.

These results demonstrate that electronic properties can be sucssfully mapped across graded samples.

y (mm)
-o:h
(swyo) Y

x (mm) X (mm) x (mm)

Figure 3.9 Temperature-dependent polarization resistance (R results from a compositionally graded
BCFZY thin Im measured under dry air showing decreasing R, with increasing temperature. Outliers,
shown in white and de ned by deviation in R, of more than an order of magnitude from an immediately
adjacent contact, have been removed for clarity.

3.5.4 Experimental throughput

The BCFZY sample represented in Figure 3.10 (including both the etctrolyte and patterned cathode
layers) was synthesized in a single day, with another half day redgued for metallization and annealing.
Electrical mapping of this 144-point library takes 10 to 20 hours at each temgrature. This time frame can
be extended or reduced depending on the number of contacts measurettie frequency range selected, and
the equilibration times used. The single thin- Im library repre sented in Figure 3.10 captured B-site cation
compositional variations ranging between 8{74 at% Co, 16{81 at% Fe, 12{57 at% Zr, and 0{17 at% YThe
trend in materials properties with composition is consistent with the understanding from the
literature.[184] However, a full analysis of composition-property relatonships would require additional

characterization of the materials and interfaces. Such e ects will beaddressed in a future publication.
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Figure 3.10 Polarization resistance measured at 30& under 1,400 sccm dry air across the compositional
spread of a Ba(Zr,Y,Co,Fe)0; thin Im. Position on the ternary is determined by percent occupancy of the
majority B-site cations. Marker size represents yttrium concentation. Green markers represent bulk
compositions from the ten studies found in literature.

In contrast, the time to synthesize a single bulk electrode compadson by the sol-gel method (a common
synthesis method) and to fabricate a half cell takes approximately 5days. Device characterization can be
completed in 0.5 to 1 day. Thus, synthesizing and testing 144 compasons in bulk would take nearly 2
years, while this single library of 144 unique compositions can be syntsized and measured within a few
days.

The rapid pace of synthesis and characterization available by combinatodl methods also facilitates
investigation at much higher compositional resolution compared to data obtaned by serial experimental
methods. The di erence is obvious in Figure 3.10, where the green magks compare the low coverage of
this compositional space in the literature from ten di erent studie s[25, 47, 49, 84, 185{190] to the density
of data points collected in the present study. Oftentimes, one compsition is found to have preferred
properties and much e ort is put into optimizing that composition by, for example, microstructural
engineering, at the expense of further compositional optimization. Comimatorial characterization tools,
such as the present example, both enable compositional optimization in eeasonable time frame and
provide a route to collecting a complete data set that can inform a furdamental understanding of

composition-property relationships, thereby enabling informed maerials discovery avenues.
3.6 Summary

An instrument for spatially resolved measurements of temperature-épendent electrochemical
impedance under locally controlled gas environments was developed anged to characterize both uniform
BZY20 and compositionally graded BCFZY thin Im libraries. lonic conduct ivity measured on the BZY20

proton conductor is consistent with experimental results from simlar thin Ims in the literature, verifying
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the accuracy of this method. The spatially resolved character of the istrument is demonstrated by
mapping the temperature-dependent impedance of a compositionally g@ded BCFZY thin Im. In this
instrument, the heater can reach a setpoint of 50&%. with the demonstrated sample surface temperature
reaching 37%60 with no gas ow and 300%. under a 1,400 sccm dry air ow. The gas ow is directed locally
to each sample point during measurement and, as a result, long dwelimes may be required for the sample
to reach equilibrium with the gas environment. However, this automated method still provides data in a
signi cantly shorter time frame than traditional, serial experiment al methods. In addition, this instrument
is readily con gurable and employs a simpler design than other state-othe art measurement instruments

with similar capabilities.
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CHAPTER 4
COMBINATORIAL SCREENING OF TRIPLE IONIC-ELECTRONIC CONDUCTING,
TRANSITION-METAL SUBSTITUTED BARIUM ZIRCONATE ELECTRODES

Meagan C. Papac!'8 Andriy Zakutayev, ”*® and Ryan O'Hayre &°
4.1 Abstract

Transport properties of triple ionic-electronic conducting oxides (TIECs) depend on chemical
composition as well as environmental conditions, such as temperature angas environment. A family of
TIEC perovskites, Ba(Zr,Y,Co,Fe)Og , was studied by combinatorial methods to observe changes in
electronic properties at elevated temperatures in both humidi ed N, and dry air. Appropriate deposition
parameters are established for synthesizing thin Im samples by plsed laser deposition across a wide range
in chemical composition. The electrochemical performance of thesénin Ims is evaluated by polarization
resistance as determined by electrochemical impedance spectoapy. We demonstrate that the lowest
polarization resistance under dry conditions is achieved in Co-rich ampositions. Under humid conditions,
low polarization resistance is achieved both in compositions with lesthan 25% B-site occupancy by Fe and
in Y-rich compaositions in which the B-site occupancy by multi-valent transition metals is near 40%. These

conclusions provide an empirical map of oxygen electrode performande this family of materials.
4.2 Introduction

Triple ionic-electronic conducting oxides (TIECs) have recettly gained interest for their unique ability
to simultaneously transport electrons and two ionic species. Withn this class of materials,
Ba(Cog4Fep4Zro1Y01)05 (BCFZY4411) stands out for demonstrating high catalytic activity for the
oxygen reduction reaction (ORR), for achieving high performance wheremployed as a cathode in protonic
ceramic fuel cells (PCFCs),[6] and for its ability to perform as an ano@& when a PCFC is operated in
reverse as an electrolysis cell.[23] Although the properties and perforance of BCFZY4411 have been the
subject of several studies,[10, 20, 116, 191, 192] understanding the propegief similar materials across a
broad range in chemical composition will enable tuning and optimization of tansport properties in similar
materials by altering the cation composition.

Prior studies of two-species mixed ionic-electronic conductors (MECs) provide a baseline

understanding of conduction mechanisms in these triple-conductig materials.[184] For example, in
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materials that contain a su cient concentration of multi-valent transi tion metals (TMs), electronic
conduction is achieved through a small-polaron hopping mechanism and chge is transferred through the
TM-O-TM bond network.[40{42] Protons are transferred among oxygen sites bya Grotthuss-type
mechanism,[36] while oxygen ions are transported by a vacancy-di usionmechanism.[37, 38] Each of these
mechanisms can be enhanced or inhibited by manipulating the cation coposition.

Most known MIECs are perovskite (ABO3) or perovskite-like structures that readily accommodate A-
and/or B-site cation substitution. Substituting a cation to enhance t ransport of one carrier may inhibit
transport of another carrier. For example, substitution with Co can bene t both electronic conductivity
and oxygen vacancy formation.[98, 193] Cobalt has a low binding energy with O andan, consequently,
facilitate oxygen vacancy formation and di usion and enhance surface exdnge kinetics of oxygen.
However, cobalt may inhibit proton uptake due to the higher covalencyof Co-O (versus Fe-O) bonds,
which decreases the oxygen site basicity.[185] Conversely, Fe stibgtion on the B-site of BaZrO ; decreases
proton migration energy, enhancing proton transport.[25] In Ba-based oxids with Co or Fe on the B-site,
Y stabilizes the cubic structure in concentrations as small as 8 at% Bsite occupancy and increases the unit
cell volume. Both of these structural factors can increase the electmic and ionic mobility.[47, 84] However,
the high binding energy of Y-O, while structurally stabilizing, can reduce oxygen ion mobility. The
presence of Y can also lower the oxidation state of Fe, which decreast® electron-hole concentration.[47]
Lastly, since electronic conductivity in transition-metal doped oxides occurs via small polaron hopping,
B-site yttrium disturbs the path of electron holes, which follow the B-O-B pathway.[45, 46] Due to these
various, and often con icting, e ects of each element on transport, a compehensive studies with high
compositional resolution are required to better understand how changgin cation concentrations a ect
transport properties in the Ba(Co,Fe,Zr,Y)O 3, (BCFZY) materials system. Unfortunately, conducting
such studies via serial methods would be prohibitively time consming. We, instead, apply combinatorial
methods to screen this composition space.

Combinatorial methods have previously been applied to measuremertf thin- Im electrode and
electrolyte materials.[163{167] Patterned microelectrodes are synttszed atop an electrolyte layer that has
been deposited on a conductive counter electrode.[163] We use a dianicon guration here. We perform a
study of electronic properties as a function of B-site cation concenttions in these complex oxides. We
show that substituting Co on the B-site enhances necessary reactns and transport while signi cant
substitution with Fe has little bene t and can even be detrimental to the performance of these materials.
In dry conditions, Co reduces polarization resistance due to charge &msfer. In humid conditions, Co
reduces polarization resistance by promoting oxygen vacancy formation.nl the presence of a signi cant Co

concentration, substitution with Y also decreases polarization resiance. This e ect is attributed to the
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larger unit cell, more symmetric structure, and higher oxygen sitebasicity enabled by this cation.
4.3 Methods

For this study, we employ combinatorial experimental methods to examine a broad compositional
range. First, we establish parameters for synthesizing BCFZY thin Ims across the required range. Next,
we explore the electronic properties of the BCFZY materials systento uncover composition-property

relationships.
4.4  Thin Im synthesis

We synthesized thin Ims ranging in thickness from 450 to 600 nm by comimatorial pulsed laser
deposition (combi-PLD). Substrates are pre-heated in the vacuum chatmer for 30 minutes by a radiative
heater. The combi-PLD system has a rotational carousel on which as many asxstargets can be loaded
simultaneously. These targets are sequentially brought into the pathof a 248-nm KrF excimer laser
(Figure 4.1(a)) and are ablated at a distance of 7.5 cm from the substrate. Thesystem is equipped with a
rotational substrate holder that centers speci c locations of the subgrate over the targets during ablation.
By depositing di erent target compositions at di erent substrate lo cations, compositional gradients
spanning a range of 6 to 60 at% B-site occupation for any single element are ldeved across a 2" 2"
substrate Figure 4.1(b). These compositionally graded samples are knowas libraries. The entire BCFZY
composition range examined in this study is represented in Figure 4.%j. Further information regarding

target synthesis can be found in Appendix B, Section B.1.
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High Zr/Y

BaZrygY,,0;., /
’ Co
— :
BaZry 1Feg 403 BaZry;C0y40;.5 Fe
(a) PLD chamber con guration (b) Cation ratios across a library (c) Range of B-site cations from all

libraries in this study

Figure 4.1 Pulsed laser deposition for synthesis of combinatorial libraes. a) The laser ablates a target,
creating a plume that is deposited on the inverted substrate. Rotaton of the target carousel and of the
substrate throughout a deposition results in composition gradients in he Im. b) Cation ratios can be
spatially mapped across a library. Ratios are extrapolated from 44-point XRF mays to all 144 points
characterized by DC and AC electrical measurements. c) 3D repres¢ation of entire composition space
covered in this study. The basal plane cation apexes represent fuccupation of the B-site by that species.
The yttrium axis has been elongated for clarity such that the apex represents 20% B-site occupancy.
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Pulsed laser deposition gives access to a wide range in synthesis pamters such as substrate
temperature, gas partial pressure, laser energy, and laser pulse fregncy. These parameters were explored
in order to establish which combination most consistently producedcrystalline Ims across a broad
compositional range. To determine the e ects of substrate temperatue, the substrate was loaded onto a
purpose-built substrate holder that applied a temperature gradient across the substrate during deposition.
Pressure e ects were investigated by depositing Ims at 1, 5, 10, 50, and 106nT. Laser pulse frequencies
between 5 and 40 Hz were tested as well as 200 mJ and 300mJ laser energies. Témults of these
experiments are discussed in Section 4.7.1.

Compositionally graded BCFZY thin Ims were deposited as part of three distinct Im stacks, each for
a di erent method of characterization Table 4.1. Sample type 1 comprise continuous Im libraries
deposited directly on bare, fused silica substrates (Si§). These libraries served as reference samples for
structure and chemical composition measurements and avoided the efeental and di raction peak overlap
that arises with additional layers. Sample type 2 comprises continuos Im libraries deposited on
ITO-coated glass substrates (ITO, Delta Technologies, USA). Currentvoltage curves were collected from
these libraries. Sample type 3 comprised two PLD-deposited laysratop an ITO-coated glass substrate, to
form a library of electrochemical half cells. A compositionally uniform, continuous BaZr, gY o203
(BZY20) layer serves as the electrolyte and is topped with a compositioally graded BCFZY electrode
library. In these samples, the BCFZY layer was deposited through alsadow mask to produce a 12x12
point array of spatially separated and compositionally unique 1.75 mm diameg¢r microelectrodes. These
samples were characterized by electrochemical impedance spextcopy. The proton-conducting and
electron-blocking BZY20 layer was included to ensure that the ioni conductivity of the BCFZY layer was
not obscured by the electronic conductivity, which may be much grater than the ionic conductivity. To
improve electrical contact between the sample and the probe duringelectrical measurements, sample types
2 and 3 were topped with 12x12 point arrays of metal contacts. These 1 mm diagter circular contacts
employed a 50 nm adhesion layer of Ti topped with a 100 nm layer of Au and wer deposited through a

shadow mask in a Temescal FC-2000 Electron Beam Evaporation System.

Table 4.1 Unique sample types for each characterization method.

Type | Substrate | Electrolyte | Cathode Electrical contacts Characterization method/s
1 Sio, None BCFzY None XRD, XRF
2 ITO None BCFzZY | 50 nm Ti +100 nm Au DC conductivity
3 ITO BZY BCFZY | 50 nm Ti +100 nm Au Impedance spectroscopy
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4.5 Thin Im characterization

4.5.1 Structure and composition

Thin Im structure and composition were analyzed on a 4x11 point grid via x-ray di raction (XRD)
and x-ray uorescence (XRF), respectively. X-ray di raction patte rns were collected by a 2D detector in a
Bragg-Brentano con guration in a Bruker D8 Discover di ractometer wit h Cu K radiation. The
di raction angle ranged from 19° to 52° with a step size of 0.08. Peaks were indexed according to cubic
barium zirconate. Cubic lattice constants were calculated by the pogion of the most intense di raction
peak, the (110) peak. Energy dispersive x-ray uorescence was measdrdy a Fischerscopé X-Ray
XDV ® -SDD to determine Im thickness and composition. A spectrum collected from a blank, fused quartz
substrate provided a base spectrum for this analysis. Data from XRD, X, and other characterization

methods were processed by custom routines within the COMBIgor stfvare package.[175]
4.6 Electrical characterization

Electrical characterization was performed by a lab-built instrument that is described in detail
elsewhere.[194] Measurements were taken at elevated temperatureg placing the sample on a hot stage
and employing automated data collection routines to measure the libraies in a through- Im con guration.
A custom-built probe directed localized gas ow toward the sample duing measurement. After each
temperature ramp, the sample was equilibrated for 4 mins to achieve @onsistent surface temperature. An
additional dwell was employed after the probe moved to each contact in ater to equilibrate the local gas
environment. The samples were measured under dry air, after a 20-seied dwell per contact, and under
humidied N , (pn,0 = 0.028 atm), after a 100-second dwell per contact.

Direct-current (DC) current-voltage curves were collected fromthe type 2 sample libraries by a
Keithley DC voltmeter for voltages between -1 and 1 V in increments of0.01 V. Resistance was calculated
from linear ts of these curves between 0 and 0.5 V. Conductivity was catulated by combining these
resistances with the Im thicknesses from each point, as determiad by XRF, and the assumption that all
metal contacts have equal, negligible resistance. A full voltage sweepas recorded at hot-stage set points
ranging from 2060 to 500%o in increments of 10060 under both dry air and humidied N ».

Electrochemical impedance was measured on the half-cell samplesa(sple type 3) by an Interface 1000
potentiostat (Gamry, USA) that was run in potentiostatic mode. Impedance spectra were collected at
hot-stage set points from 3500 to 500%o0 in 50%o intervals under both dry air and humidied N ,. For
screening purposes, polarization resistance was approximated as then-frequency intercept of the modulus

of the impedance as determined by a linear t of ve data points at the low-frequency end of the spectrum.
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4.7 Results and discussion

4.7.1 PLD deposition parameters

Deposition parameters were evaluated by the crystallinity of the reslting Ims and by the time required
to produce Ims of the desired thickness. A Im with the smallest FWHM of the most intense di raction
peak, the (110) peak, was considered to be the most crystalline. Firstms of various compositions were
synthesized at 50 mT at various substrate temperatures. It was found tlat Im crystallinity decreased at
lower temperatures (Figure 4.2(a)). Thus, 7006 was chosen as the heater setpoint temperature for the
BCFZY Ims. In these Ims, samples with highest Fe concentrations consistently demonstrated the lowest
crystallinity. Consequently, Ims deposited from a single BaZr, ;Fe, 9O3; target were chosen to analyze the
e ects of deposition pressures between 1 and 100 mT. Of the presswwetudied, 1 mT produced the most
crystalline Ims (Figure 4.2(b)). This pressure was, therefore, sibsequently used to synthesize single-target
Ims of the other end-member composition targets (which represent he end members of the accessible
composition space) as well as a single Im containing more equal concentriins of all B-site dopants. XRD
analysis of these Ims con rmed that the 1 mT deposition pressure praduced crystalline Ims across the
entire composition space of interest. Next, laser parameters were iestigated. While 5 Hz and 40 Hz
produced less crystalline Ims, both 10 Hz and 20 Hz produced more cryalline Ims (Figure 4.2(c)).
Likewise, both 200 mJ and 300 mJ laser energies produced Ims with sinrak FWHM. Laser energy of 300
mJ and pulse frequency of 20 Hz were chosen due to their ability to prduce crystalline Ims at higher
rates than the other values studied for these parameters. Although highedeposition rates can result in

rough Im surfaces and low quality interfaces, this did not become a corern under these conditions.

[0 N A i

(a) Temperature (b) Total pressure (c) Laser pulse rate

Figure 4.2 E ect of deposition variables on thin Im XRD patterns. a) Laser p ulse frequency has a
negligible e ect. Peak intensity increases with b) increasing tenperature and c) decreasing total pressure.
Peaks in part ¢) are referenced according to cubic perovskite latte planes.
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4.7.2 Structure and composition

Crystalline Ims were synthesized across the entire composition ange under study (see Appendix B,
Figure B.1). Each Im displayed a cubic perovskite structure; no secondary phases were observed in
as-deposited Ims within the resolution of the laboratory-scale di ractometer. The position of the XRD
peaks shifted to higher 2 with decreasing B-site ionic radius (Figure 4.3). This trend indicates that
substitution of smaller cations (Fe and Co) for larger cations (Zr and Y) on the B-site has a measurable
e ect on the lattice parameter. Combined with the single-phase XRD patterns, the synchronous change of
the lattice constant with the average B-site cation radius indicates hat the cations form a solid solution.
Chemical composition across each library varied as expected based on thergpositions of the targets that
were ablated during deposition of each library. SEM images show a consgnt, columnar microstructure in
the BZY electrolyte layer (Figure 4.3(c)). These images show neitkr obvious variation in surface

roughness nor delamination after electrical measurements.

Fe
o
100% 420§ $
14 j? %\ 4.18 (:3
g 75 418 o 3 #
© 90 6‘/ 414 g. 8
> "
s L 4 \so 42 Z2 s
4.0 Avany 10 = S
< #AR N\ ’ £ ]
S /1 AAAa, ‘: $ 25 > !
. AAA an ey S
% RN
© A ! . . —L
Z © (\‘? 41? N @“\B C %" %! $" $! #' # "
r ™~ 0 &(()*+,-./0.123/456
(a) Lattice constant changes (b) Diraction peaks of four (c) SEM cross-section image of Im
predictably with cation chemically distinct sample points layers and interfaces
concentration compared to the BZY20 reference

Figure 4.3 Results of structural and microstructural analysis. a) Seleted di raction patterns that
correspond to 4 points marked on the ternary plot in part b. The bottom patt ern shows the peak positions
of BZY20. BCFZY Ims exhibit the same peaks as the cubic perovskite stucture of BZY20, with peak
shifts occurring alongside changes in B-site cation ratios. b) Cubicdttice constant across the composition
range covered by the three libraries. Lattice constant increases wiit increasing average B-site cation size.
¢) SEM micrographs show the columnar microstructure of BZY20, and the inerfaces between each layer
after impedance measurements.

4.7.3 DC results

DC conductivity increased with the concentration of multi-valent t ransition metals (TM) up to 80 at%
B-site occupancy (Figure 4.4(a)). At concentrations of these cations tlat exceeded 80 at%, conductivity
decreased. Conductivity also increased at high concentrations of Zr and. DC conductivity increased with

increasing temperature, which is consistent with a small polaron hoping mechanism.
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While the electronic conductivity is expected to increase withincreasing TM concentrations, conduction
by small polaron hopping requires a percolative conduction pathway. As e TM concentration increases
far beyond the Zr concentration, the majority of TM sites, Fe in partic ular, may assume a higher oxidation
state for charge balance. Since this mechanism relies on both 3+ and 4+ cati@ a high concentration of
cations in the 4+ oxidation state may inhibit electronic conductivit y beyond an upper limit of TM
concentration. High TM concentrations may also induce formation of oxygen &acancies, which disrupt the

B-O-B conduction path.
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Figure 4.4 Results of DC and AC electronic measurements under dry anlumid conditions. a) DC
conductivity under dry air at (top) 303 %0 and (bottom) 238%. demonstrates increased conductivity with
increased temperature. This supports the assumption of a small polarorconduction mechanism. b)
Polarization resistance of all libraries measured at 30%8.. Under dry air (top), R , decreases with increasing
Co concentration. Under humid N, R, is also low when Zr and Y concentrations are high and the B-site
occupancy of Co is near 20 at%. c¢) Nyquist plots of impedance from three Bt points measured under
(top) dry and (bottom) humid conditions at 303 %.. Under dry conditions, the mid-range frequency
impedance dominates and decreases with increasing cobalt concentrati. Under humid conditions, the
low-frequency impedance is very high and decreases with increagi Zr and Y concentrations.

4.7.4 Polarization resistance

Here, polarization resistance is de ned as the sum of all non-ohmic redences from the impedance
spectrum. This value can be approximated by the modulus at the lowfrequency extreme (as frequency
goes to 0 Hz) minus the ohmic resistance. The ohmic resistance is deed as the modulus at the
high-frequency extreme, where the imaginary part of the impedance ges to zero. Thus, we can observe the
trend in R, by tting the values of the modulus at the lowest measured frequerties and extrapolating to

I =0 Hz. Ohmic resistance is ignored because it varies negligibly and baase the magnitude of the ohmic
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resistance is very small compared to R Under dry conditions, R, decreases with increasing Co
concentration (Figure 4.4(b)). The medium-frequency resistance generally associated with charge transfer)
is high for the Zr- and Y-rich compositions, and lower with increasing oncentrations of Co (Figure 4.4(c)).
Cobalt is more readily oxidized and reduced than Fe, enabling faciletwarge transfer and leading to low R,
when the concentration of Co is high. Under humid N, the low-frequency resistance is very high

(Figure 4.4(c)). In this case, R, is lowest for compositions that have either high concentrations of Zr andy
or high concentrations of Co when the B-site occupancy of Fe is less thak5 at%. Low-frequency processes
are generally di usion processes that may be aided by the larger unit ells and higher symmetry of the
compositions with higher concentrations of larger cations. Additionally, Co and Fe may inhibit ion

di usion when they cause lattice distortion, which can increase migation energies and create low-energy
trapping sites. However, the increased electronegativity of Co oweFe results in lower metal-oxygen bond
energy, promoting oxygen vacancy formation which could enable higher pran uptake. This could lead to

lower R, in Co-rich, versus Fe-rich, compositions in humid conditions.
4.8 Conclusions

Thin Ims spanning a broad range of chemical compositions were syntheged by pulsed laser
deposition. The polarization resistance and DC conductivity of the eletrodes were mapped at elevated
temperatures under humidi ed N, and dry air. The impedance spectra show that low-frequency proceses
dominate under humid conditions while medium-frequency proceses dominate in dry conditions.
Polarization resistance is lower in Co-rich compaositions in both condiibns, but is also lower in Y-rich
compositions in the humid condition, suggesting a proton-controlled inpedance contribution at low
frequencies. DC conductivity increases with increasing tempmature, con rming the assumption of a
temperature-activated, small polaron hopping conduction mechanism. Tends with composition show that
multi-valent transition metals may enhance conductivity, but that beyond an upper concentration limit,
DC conductivity will decrease. This is likely due to an increasirg average oxidation state of these cations,

which limits conduction pathways.
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CHAPTER 5
EPILOGUE

5.1 Summary

Triple ionic-electronic conducting oxides form a burgeoning mateials class that has potential
application for many high-performance electrochemical devices. Hower, more thorough understanding of
the e ects of cation substitution in these materials is needed in orer to e ectively engineer them.
Automated electrochemical impedance spectroscopy, combined withoenbinatorial synthesis methods,
allows screening of these materials to identify promising chema compositions. The work presented here
demonstrates a method for rapidly investigating the electronic progerties of materials with mixed-species
transport. The known TIEC, BaCo g 4Fep42rg1Y 0103 , has been the subject of many investigations, but
our method shows that further optimization may be possible via altered cation substitution, demonstrating

the necessity and value of this approach.
5.2 Conclusions

This body of work provides a pathway for designing and investigating mvel TIEC materials,
particularly for protonic ceramic fuel cell cathodes. The properties of these materials are the result of
defect concentrations that are determined by cation occupancy ratiosand by the atmosphere in which the
materials operate. Defect mobility can be in uenced by both compositon and structural features, such as
symmetry and cation ordering. Thus, the overall conductivity of each arrier type can be manipulated by a
combination of composition, structure, and operating conditions. Exterding the operable temperature
range to even lower temperatures and enabling controlled anion transpomwill further expand TIEC
application. However, chemical stability is often lacking in the highest performing compositions and must
be overcome to enable widespread use of these materials.

We have shown that single-phase thin Ims can be deposited across a bad range of B-site cation
compositions in the Ba(Co,Fe,Zr,Y)O; materials family via pulsed laser deposition, regardless of disparate
ionic radii of the cation species. lonic conductivity of a well-known proton conductor, BZY20, showed that
the automated impedance mapping method provides reasonable resistaa values and that locally directed
gas ow provides more stable measurement than ambient laboratory atmosphe. Measurements of
impedance under controlled gas environments indicate decreased aadi performance under a humid,
reducing environment versus a dry, oxidizing environment. Boh uptake of protons and lack of oxygen

reactant have a negative e ect on the oxygen reduction reaction (ORR) h the humid environment. This
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observation supports the conjecture that the ORR limits cathode peformance, and explains why
compositions containing cobalt, which provides high ORR activity, are often present in high-performing
devices. Additionally, the results from this set of chemical compodgions indicate that Fe, the second
multi-valent transition metal included in this study, does not be ne t performance, as evaluated by low
polarization resistance (R,). In fact, Fe-rich compositions have higher R, than both Y-rich and Co-rich
variants. This may be due to lower ORR activity because of fewer oxgen vacancies and a less symmetric
structure than the Y-rich compositions and less facile redox behawr of Fe compared to Co. Lastly,
impedance spectra show that impedance under humid, reducing calitions is dominated by low-frequency

processes, while impedance under dry, oxidizing conditions idominated by mid-range frequency processes.
5.3 Future research directions

Although R, provides a useful metric for screening cathode performance, ftiver analysis will develop a
more fundamental understanding of transport in these materials. To buld on the present work, the

following research directions are suggested:

1. Improve impedance data tting by using distribution of relaxation times to resolve overlapping
processes and to quantify changes in these processes with compmsit temperature, and gas partial

pressures.

2. Investigate stability across the composition space and include thisariable as a consideration when

identifying optimal chemical compositions.

3. Characterize oxidation states of transition metals and incorporate theminto composition-property

analysis.

4. Compare devices containing previous and optimized chemical compo#gins to investigate the ability

of this combinatorial method to improve performance at the device leel.
5.4 Additional research contributions

In addition to the manuscripts included in this dissertation, contributions were made toward
publications on a combinatorial data analysis software package,[175] a roadmap forg@tonic oxide
electrodes,[195] a study on defect formation energies in perovskitxides,[196] and a Bayesian method for

distribution of relaxation times analysis.[176]
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APPENDIX A
SUPPLEMENTAL INFORMATION FOR INSTRUMENT FOR SPATIALLY RESOLVED,
TEMPERATURE-DEPENDENT ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY OF THIN
FILMS UNDER LOCALLY CONTROLLED ATMOSPHERE

Meagan Papac, Kevin Talley, Ryan O'Hayre, and Andriy Zakutayev
A.1 Synthesis by pulsed laser deposition

Thin Ims of BZY and BCFZY were deposited in a combinatorial pulsed | aser deposition chamber
(Figure A.1) that can ablate any of six loaded targets with a 248 nm KrF laser. Thelaser energy was set
to 300 mJ with a pulse rate of 20 Hz. The heater setpoint for BZY was 80%., with a base pressure below
1 10 © Torr. The total pressure was brought up to 0.05 Torr by owing oxygen. For t he cathode Ims,

the heater was set to 708, with a base pressure below 1 10 © torr and the total pressure brought to 1

-—

2
\

mT by owing oxygen.

Figure A.1 Schematic of the interior of the combinatorial pulsed depositon chamber including the 1)
substrate suspended above six 2) targets of di erent chemical compasins that are ablated by the laser,
forming 3) a plume of material that is deposited onto the substrate.

A.2 Statistical analysis

A Kolmogorov-Smirnov (KS) two-sample test was employed for statisti@al analysis. Table A.1 shows
the results of KS tests comparing a spectrum from each contact to 1) a gxtrum from the same contact
measured at the same position on the heater (Osame contact), 2) a spectrum from the same contact
measured at a position rotated 180 around the center of the heater block (180 same contact), or 3) a

spectrum from a di erent contact measured at the same position on the hater (0° di erent contact). The

70



Table A.1 KS test results from samples in di erent orientations and under di erent environmental
conditions.

Orientation Parameter (average value)| No ow | Dry air

0° p 0.744 0.861

same contact D . 0.061 0.043

% above critical 25 0

p 0.215 0.536

sam;SCCZntact D — 0.139 0.077
% above critical 56 2.5

0° p - 0.229

di erent contact D - 0.123

% above critical - 38.75

parameters from this t are p, the probability that the two spectra cam e from the same distribution, and
D, the normalized maximum di erence between the two spectra. Thecritical value is determined by the
size of the data set and the signi cance level, . Here, we apply =0.05. Perfect repeatability would be
indicated by a p value of 1 and D equal to 0. The two spectra can be consided to be from the same
distribution if the D value is below the critical value. For repeated measurements on all contacts in the
same position (\0° same contact”) under dry air, the average p value was 0.861 and the average D vau
was 0.043 with a critical value of 0.144. When the sample was rotated (\180same contact"), the average p
value for the spectrum of each contact compared to the spectrum taken onhe same contact in the rotated
position was 0.536 and the D value was 0.077. The D value was still well below theritical value in most
cases and much lower than D for the spectrum of each contact compared to ¢hspectrum originating from
a di erent contact on the same physical location on the heater block (\O° di erent contact"). Additional
results showed that the measurements with dry air ow were more r@eatable than the measurements with

no gas ow (Figure A.2).

Figure A.2 KS test results show that R, data values from ts of BZY20 impedance spectra taken under
dry air are more repeatable than those taken under laboratory ambient condions.
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A.3 Temperature calibration

The temperature calibration was performed by measuring the surface oan ITO-coated substrate at
temperatures between 10%. and 500%%o in 50%. increments (Figure A.3). A thermocouple was placed on a
cured dot of silver paint, which was added to the surface of the subsate to increase thermal contact
between the thermocouple and the surface. The probe was placed on tlsame silver dot as close to the

thermocouple as possible, provided the spatial restriction impos# by the glass bell. Calibration showed

a) No flow b) 1,400 sccm dry air
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Figure A.3 Surface temperature over time at heater setpoints betwen 1006 and 500%. under a) no gas
ow and b) 1,400 sccm of dry air. Time at O minutes represents the time hat the heater setpoint was
increased by 5G%o.

that the temperature at the surface is always lower than the heater stpoint and that owing gas reduces
the surface temperature even further. Temperature calibration masurements also revealed the time
required to reach consistent surface temperature. For each recordeemperature at each setpoint, the
measured temperature can be compared to the mean temperature inclive of the current and all successive
measured temperatures. After a 5@&o. increase in the heater setpoint, the surface temperature stabilied to
within 4 %o of the mean within 4 minutes for temperature between 30&%. and 5000 under both atmospheric

air and 1,400 sccm dry air ow (Figure A.4), suggesting that this equilibration time is not sensitive to gas

ow at this ow rate.

A.4 Humidity calibration

Relative humidity was measured by connecting the open end of the glagsrobe enclosure to a handheld
hygrometer. The hot plate was set to 406 and the ow rate was varied between 1,400 sccm and 2,400
sccm. The relative humidity was recorded frequently for the rst 30 mins and then was measured once

more after 24 hours of ow at these conditions. While the humidity appeared to have stabilized after 30
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Figure A.4 Di erence over time between the measured temperatureat the sample surface and the mean
measured temperature inclusive of the immediate and all succesgvneasurements. For all temperature
setpoints and gas environments, the temperature is within 3.%. of the mean within 4 minutes after the
temperature was raised by 5@o.

minutes, continued measurement indicated an additional change in hurdlity after 24 hours (Figure A.5).

However, this change was within 2.2% of the value measured after less th&20 minutes.

Figure A.5 Relative humidity over time for three di erent ow rate s of humidied N, at a hot plate
temperature of 406. After 20 minutes, humidity appeared to have stabilized. However,after 24 hours
(1440 mins), it had reached a di erent, steady value.

A.5 Alignment e ects

The e ect of a contact being measured o -center or with slightly less or more probe-to-contact pressure,
were investigated by repeated measurements with slight variation inthe x and z directions. The results are

shown in Figure A.6. The e ects of this variation were negligible.
A.6 ITO resistance

An ITO substrate was annealed in the deposition chamber at 80%. at a total pressure of 1 mT
achieved by oxygen gas ow after evacuation of the chamber. An array of 144 contas was patterned using

the same procedure that was used for the oxide Ims. The current-eltage behavior was mapped across the
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Figure A.6 Nyquist plot from a single contact measured with variation in x and z coordinates in the
positive (+) and negative (-) directions with respect to the aligned position.

substrate under 1,400 sccm ow of both dry air and humidi ed N,. The results from all sample points are
represented in Figure A.7(a). These resistance values are similar tthe ohmic resistance values obtained
from equivalent circuit model ts of the BZY20 impedance spectra andare much less than ionic resistance
values retrieved from the same t (Figure A.7(b)). This indicates th at the ITO resistance contributes to
the ohmic resistance from the impedance spectra and does not intexfe with the measurement of the

electrolyte resistance.

Figure A.7 DC resistance of ITO compared to resistances of samples measd by impedance spectroscopy.
a) DC resistance of an ITO substrate patterned with a 144-point array of Ti/Au electrodes and measured
under dry air and humidi ed N ,. Values at 30360 overlap for both conditions. b) DC resistance of ITO
substrate compared to ohmic resistance (Bhmic) and BZY20 ionic resistance (Ron) from equivalent

circuit model t of impedance spectra measured at 23%. and 30@%0 under dry air.
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APPENDIX B
SUPPLEMENTAL INFORMATION FOR COMBINATORIAL SCREENING OF TRIPLE
IONIC-ELECTRONIC CONDUCTING, TRANSITION-METAL SUBSTITUTED BARIUM ZIRCO NATE
ELECTRODES

Meagan C. Papac, Ryan O'Hayre, and Andriy Zakutayev
B.1 Target synthesis

Targets of the following compositions were synthesized for PLD: BaZjgY o 3Fe9103; , BaZrg1Fep9Os
BaZrg1C0 903 , BaZrggCoy 103 , BaZrygY,035; , and BaZrg 1Yo ,C0og3Fep 503 . First, ceramic
powders were synthesized using a sol-gel method, describednmore detail elsewhere.[187] The powder was
ground with 10% PVA binder and pressed into 32 mm diameter pellets. Tkese pellets were sintered at

1050-1150C for 10-15 hours, depending on composition.
B.2 X-ray diraction spectra of thin Ims

Thin- Im structure was investigated by x-ray di raction spectra from each point of a 4x11 grid across

the library. Peak positions from all measured points indicate a cubic grovskite structure.

Figure B.1 XRD patterns of all libraries presented in this study. Each displays the peaks associated with a
cubic perovskite structure and no additional peaks.

B.3 Substrate comparison

The most intense peak of the ITO overlaps substantially with the mostintense peak of BCFZY making
it di cult to achieve structural analysis of the Ims on ITO(Figure B .2). Instead, di raction patterns of
BCFZY on SiO, substrates were analyzed. However, the peaks are visible on both sulmes and give no

indication of structural changes in response to the change in substrate
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Figure B.2 Diraction patterns of BCFZY Ims on SiO , and on ITO compared to the di raction pattern of
an ITO substrate.

B.4 Equivalent circuit model results

Equivalent circuit models (ECM) can illuminate the impedance of di erent processes that possess
distinguishable time constants. The circuit used here is shownn Figure B.3 and comprises a resistor in
series with four parallel sets of resistors (R) and constant phase eleents (CPE) and is similar to circuits
commonly used to analyze MIEC impedance spectra.[23,24] The rst resier (RO) represents the ohmic
resistance of the system. The rst R-CPE combination element (R, and CPE;,) represents the electrolyte
layer and its interface with the ITO substrate. The remaining R-CPE combination elements represent the
charge transfer resistance (R) and the di usion resistances (R; and R,) associated with the BCFZY

electrode and/or the BCFZY/electrolyte.
B.5 Electrolyte impedance

Although the ECM method does not t the low-frequency portion of the i mpedance spectra well,
particularly under the humid gas condition, it does t the high-freq uency portion more accurately, making
it possible to extract the electrolyte resistance from these ts (Figure B.4). Electrolyte resistance is higher
under dry air than under humid N ,, as expected from this proton conductor, and has similar values across

all three libraries for a given gas condition.
B.6 Validity of polarization resistance t method

Although polarization resistance is typically calculated as the sum of restances from equivalent circuit
models (ECM). The method of extrapolating the modulus as frequeng goes to 0 Hz yields more consistent
results across all sample points, while ECM tting yields more outliers. The ECM method is unable to
consistently t all spectra across a given library with the same modé. Additionally, the shape of the low

frequency impedance element is not always fully captured withinthe measured frequency range, leading to
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Figure B.3 Equivalent circuit model ts of impedance spectra. Nyquist plots show that the circuit elements
are readily distinguishable in some spectra and not in others.

unreasonably high low-frequency resistance values for some spectréo verify the validity of this
approximation, we compared the results obtained by this method to poarization resistance obtained as the
sum of resistances from the equivalent circuit model t (when the model t well) and to results obtained
from the distribution of relaxation times. It is shown that this meth od yield values that are very similar to
these other methods, although the di erent methods yield more sinilar results under dry (Figure B.5(a))

versus humid (Figure B.5(b)) gas atmosphere.
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Figure B.4 Electrolyte resistance, as determined by the equivalet circuit model t. The resistance is
higher under dry air compared to humid N,, due to increased bulk proton conductivity of BZY20 under
humid conditions.
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Figure B.5 Comparison of polarization resistance values obtained through dérent methods. R, t by
extrapolating the modulus to 0 Hz yields similar values and identicaltrends when compared to R, values
from other methods, and has fewer outliers.

78



APPENDIX C
COPYRIGHT PERMISSIONS

Permissions for the reuse of content in this dissertation that has bee submitted and/or previously

published are included in the accompanying supplemental le.
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