m GDANSK UNIVERSITY
OF TECHNOLOGY

The author of the doctoral dissertation: Jagoda Ewa Budnik
Scientific discipline: Materials engineering

DOCTORAL DISSERTATION

Title of doctoral dissertation: Structure, defect chemistry, and charge transport in mixed ionic-
electronic conducting perovskites based on Ba(Ce,Zr,Y)Os-5 and Sr(Fe,C0)O3-5

Title of doctoral dissertation (in Polish): Struktura, chemia defektéw i transport fadunku w perowskitach
wykazujgcych mieszane przewodnictwo jonowo-elektronowe opartych na Ba(Ce,Zr,Y)Os-s i Sr(Fe,Co)Os-s

Supervisor

signature
Prof. Ph.D., D.Sc., Eng. Maria Gazda
Auxiliary supervisor

signature

Ph.D., Eng. Tadeusz Miruszewski

Gdansk, year 2026






m GDANSK UNIVERSITY
OF TECHNOLOGY
STATEMENT

The author of the doctoral dissertation: Jagoda Ewa Budnik

I, the undersigned, declare that | am aware that in accordance with the provisions of Art. 27 (1) and
(2) of the Act of “th February 1994 on Copyright and Related Rights (Journal of Laws of 2021, item
1062), the university may use my doctoral dissertation entitled:

Structure, defect chemistry, and charge transport in mixed ionic-electronic conducting perovskites
based on Ba(Ce,Zr,Y)Os-5 and Sr(Fe,C0)Os-5

for scientific or didactic purposes.!

Gdansk, 20.02.2026 s
signature of the PhD student

Aware of criminal liability for violations of the Act of 4" February 1994 on Copyright and Related
Rights and disciplinary actions set out in the Law on Higher Education and Science(Journal of Laws
2021, item 478), as well as civil liability, | declare, that the submitted doctoral dissertation is my own
work.

| declare, that the submitted doctoral dissertation is my own work performed under and in
cooperation with the supervision of Prof. Ph.D., D.Sc., Eng. Maria Gazda and the auxiliary
supervision of Ph.D., Eng. Tadeusz Miruszewski.

This submitted doctoral dissertation has never before been the basis of an official procedure
associated with the awarding of a PhD degree.

All the information contained in the above thesis which is derived from written and electronic sources
is documented in a list of relevant literature in accordance with Art. 34 of the Copyright and Related
Rights Act.

| confirm that this doctoral dissertation is identical to the attached electronic version.

Gdansk, 20.02.2026 s
signature of the PhD student

I, the undersigned, agree to include an electronic version of the above doctoral dissertation in the
open, institutional, digital repository of Gdansk University of Technology.

Gdansk, 20.02.2026 s
signature of the PhD student

T Art 27. 1. Educational institutions and entities referred to in art. 7 sec. 1 points 1, 2 and 4-8 of the Act of 20 July 2018 - Law
on Higher Education and Science, may use the disseminated works in the original and in translation for the purposes of
illustrating the content provided for didactic purposes or in order to conduct research activities, and to reproduce for this
purpose disseminated minor works or fragments of larger works.

2. If the works are made available to the public in such a way that everyone can have access to them at the place and time
selected by them, as referred to in para. 1, is allowed only for a limited group of people learning, teaching or conducting
research, identified by the entities listed in paragraph 1.






m GDANSK UNIVERSITY
OF TECHNOLOGY
DESCRIPTION OF DOCTORAL DISSERTATION

The Author of the doctoral dissertation: Jagoda Ewa Budnik

Title of doctoral dissertation: Structure, defect chemistry, and charge transport in mixed ionic-
electronic conducting perovskites based on Ba(Ce,Zr,Y)Os3-5 and Sr(Fe,C0)O3-5

Title of doctoral dissertation in Polish: Struktura, chemia defektéw i transport fadunku
w perowskitach wykazujgcych mieszane przewodnictwo jonowo-elektronowe opartych na Ba(Ce,Zr,Y)Os-5
i Sr(Fe,C0)O3-5

Language of doctoral dissertation: English
Supervisor: Prof. Ph.D., D.Sc., Eng. Maria Gazda
Auxiliary supervisor: Ph.D., Eng. Tadeusz Miruszewski

Date of doctoral defense:

Keywords of doctoral dissertation in Polish: perowskity, uwodnienie, chemia defektéw, dyfuzja
w ciele stalym, wymiana powierzchniowa, tlenki trojprzewodzgce

Keywords of doctoral dissertation in English: perovskites, water uptake, defect chemistry,
diffusion in solids, surface exchange, triple-conducting oxides

Summary of doctoral dissertation in Polish:

Celem niniejszej pracy bylo zbadanie zaleznosci miedzy sktadem chemicznym, strukturg
krystaliczng a transportem tadunku w perowskitowych tlenkach wykazujgcych mieszane
przewodnictwo jonowo-elektronowe. Analizowano dwie grupy materiatéw: BaCeo,6Zr0,2Y0,2-xMxO3-5
(BCZYM, M = Tb, Pr, Fe), wykazujgce wysokg przewodno$¢ protonowg i jonéw tlenu;
oraz SrFe1-xCoxOs3-5 (SFC) charakteryzujgce sie dominujgcg przewodnoscig elektronowg. Synteza
w fazie stalej umozliwita uzyskanie materiatdbw o wysokiej symetrii, a dodatek NiO zapewnit
jednofazowos¢ i wysokg gestos¢ probek. W BCZYM, podstawienie Tb zwiekszylo catkowitg
przewodnos$¢ elektryczng oraz ruchliwosé protonéw i wakansow tlenowych, Pr rowniez podwyzszato
ruchliwoéci nosnikéw jonowych, natomiast podstawienie Fe prowadzito do obnizenia przewodnosci
i ruchliwosci no$nikow. W SFC kobalt stabilizowat wakanse tlenowe, przy zachowywaniu wysokiej
symetrii struktury materiatéw, a przewodnictwo elektryczne zalezato gtéwnie od ruchliwosci dziur
elektronowych. Obecnos¢ pary wodnej zwiekszata przewodnictwo jonowe i protonowe w BCZYM
oraz modyfikowata wtasciwosci transportowe i wymiane powierzchniowg tlenu w SFC, co podkresla
istotng role defektow protonowych w mechanizmach transportu zachodzgcych w mieszanych
przewodnikach jonowo-elektronowych.

Summary of doctoral dissertation in English:

The aim of this dissertation was to investigate the relationships between chemical composition,
crystal structure, and charge transport in perovskite oxides exhibiting mixed ionic-electronic
conductivity. Two groups of materials were studied: BaCeo.6Zro.2Y0.2-xMxO3-5 (BCZYM, M = Tb, Pr,
Fe), exhibiting high proton and oxygen-ionic conductivity, and SrFei-xCoxO3-5 (SFC),
with predominantly electronic conductivity. Solid-state synthesis enabled obtaining materials of high
symmetry, while the addition of NiO sintering aid ensured phase purity and densification of samples.
In BCZYM, Tb substitution enhanced total electrical conductivity and mobilities of protons
and oxygen vacancies, Pr also improved mobilities of both ionic carriers, whereas the substitution
of Fe decreased the conductivity and carrier mobility. In SFC, Co stabilised oxygen vacancies while
preserving high structural symmetry. The electrical conductivity of SFC materials was mainly
governed by electron-hole mobility. Water vapour increased oxygen-ionic and introduced proton
conductivity in BCZYM. It also influenced transport of electronic and ionic charge carriers,
as well as oxygen surface exchange in SFC, highlighting the significant role of proton defects
in transport mechanisms in mixed ionic-electronic conductors.






Acknowledgments

The completion of this dissertation would not have been possible without the contributions
of many people, who shared their knowledge with me, inspired me, and provided support
in my daily work.

First of all,  would like to express my deepest gratitude to my supervisor,

Prof. Ph.D., Eng. Maria Gazda, for her academic guidance and unwavering commitment

to ensuring the high quality of both my own work and our joint projects. Her scientific expertise,
as well as her remarkable attention to linguistic precision, have been an invaluable resource
from which I have tried to learn as much as possible during several years

of our close collaboration.

I am also grateful to my auxiliary supervisor, Ph.D., Eng. Tadeusz Miruszewski,

for his openness to new ideas and numerous discussions that often went beyond the main focus
of our research. His insights and boundless imagination have repeatedly broadened

my horizons.

I'would like to thank the entire Protons in Solids group and my colleagues

from the Institute of Nanotechnology and Materials Engineering, with whom I had
the pleasure of working - for sharing their extensive experience and for the collaboration
in contributing to the advancement of our scientific field.

Special thanks go to M.Sc. Eng. Joanna Pospiech, M.Sc. Eng. Daria Balcerzak,

and M.Sc. Eng. Arkadiusz Dawczak for creating a welcoming and cheerful atmosphere
in our “coop’, so lively that sometimes it was almost impossible to focus on work.

I am grateful to Ph.D., Eng. Piotr Okoczuk for drawing me out of the everyday whirlwind with
scientific - and other - discussions that often extended far beyond my usual areas of interest.

I'would also like to thank Ph.D., Eng. Mikotaj Chlipata and Ph.D., Eng. Daniel Jaworski
for assisting me in the decision to start my PhD and for supporting me during the initial stages
of this journey.

I owe special thanks to my family: Mom and Dad - for their unwavering certainty in the success
of the challenge I undertook; grandma Ela and Emila - for reminding me that life

beyond work exists; grandpa Michat and aunt Marysia - for cheering me on at every step

of my academic path; and aunt Kinia - for discovering in me the spark of a scientist

when I was young and for nurturing the scientific curiosity she undoubtedly helped ignite.

I am also grateful to my brother Mateusz, as well as Wiktor, Agata, and Kacper

- for believing in my abilities, even when I myself began to doubt them.

This journey would not have been possible without my friend, M.Sc. Eng. Dominika
Krzyszczyk, who over the course of my PhD ensured I did not get lost in the chaos of work
and helped me maintain perspective - both regarding my responsibilities and myself.
Equally invaluable during this time were my oldest friends: Wiktoria Ossowska,

B.Eng. Izabela Balewska, M.Sc. Eng. Jakub Jeziorski, and M.Sc. Thomas Asensi.

Finally,  would like to thank Ph.D., Eng. Robert Koziol and express my special gratitude
for being my rock and for standing by me through all the highs and lows I have experienced
over the past years. Your support and optimism have been a source of stability and strength

in moments when I needed them most.






Podziekowania

Realizacja niniejszej pracy doktorskiej nie bytaby mozliwa bez udziatu wielu osob, ktére dzielity
sie ze mnq swojq wiedzq, inspirowaty mnie i towarzyszyty mi w codziennej pracy.

W pierwszej kolejnosci chciatabym podziekowaé mojej promotor, prof. dr. inz. Marii GaZdzie,
za wsparcie merytoryczne oraz petne zaangazowanie w zapewnianiu wysokiej jakosci moich
oraz naszych wspdlnych prac. Jej autorytet naukowy, ale réwniez niezwykta dbatos¢ o precyzje
Jjezykowgq, stanowity nieoceniong wartosé, z ktorej staratam sie czerpac jak najwiecej

w trakcie kilku lat naszej bliskiej wspdtpracy.

Za otwartos¢ na nowe pomysty oraz liczne, czesto wykraczajqgce poza pierwotnie obrany nurt
tematyczny, dyskusje dziekuje mojemu promotorowi pomocniczemu, dr. inz. Tadeuszowi
Miruszewskiemu, ktéry wielokrotnie poszerzat moje horyzonty, dzielqc sie swojq wiedzq

i inspirujgc nieskrepowanq wyobrazniq.

Dziekuje catemu zaktadowi Protons in Solids oraz kolegom z Instytutu Nanotechnologii

i Inzynierii Materiatowej, z ktérymi miatam przyjemnos¢ wspétpracowac - za dzielenie sie
swoim bogatym doswiadczeniem oraz owocnq wspéiprace przy tworzeniu nowych wktadéw
w rozwdj naszej dyscypliny naukowej.

Za wprowadzanie zdrowej atmosfery i tak dobrego humoru w naszym ,kurniku’, Ze az czasem
trudno byto skupic sie na pracy, pragne podziekowa¢ mgr. inZ. Joannie Pospiech,

mgr. inz. Darii Balcerzak i mgr. inz. Arkadiuszowi Dawczakowi.

Dziekuje réwniez dr. inz. Piotrowi Okoczukowi za wyciqgganie mnie z wiru codziennosci
naukowymi - i nie tylko - dyskusjami poszerzajqcymi moje dotychczasowe obszary
zainteresowarn.

Za pomoc w podjeciu decyzji o rozpoczeciu doktoratu oraz za wsparcie na poczqtku tej drogi
chciatabym podziekowac dr. inz. Mikotajowi Chlipale i dr. inz. Danielowi Jaworskiemu.

Chciatabym réwniez podziekowa¢ mojej rodzinie: Mamie i Tacie - za niestabngcq pewnos¢
powodzenia podjetego przeze mnie wyzwania, babci Eli i Emili - za przypominanie mi, Ze Zycie
poza pracq istnieje, dziadkowi Michatowi i cioci Marysi - za kibicowanie mi na kazdym kroku

mojej akademickiej drogi, oraz cioci Kini - za odkrycie we mnie w mtodosci iskierki scistowca
i pielegnowanie naukowego ptomienia, ktéry niewgtpliwe pomogta rozpalié.

Dziekuje réwniez mojemu bratu Mateuszowi, oraz Wiktorowi, Agacie i Kacprowi - za wiare
w moje mozliwosci, nawet kiedy ja zaczynatam w nie wqtpic.

Przezycie tej przygody nie bytoby mozliwe bez mojej przyjaciétki, mgr. inz. Dominiki
Krzyszczyk, ktéra przez ostatnie lata nie pozwalata mi sie zagubi¢ w chaosie pracy

oraz pomagata mi zachowac¢ zdrowy dystans — zaréwno do obowiqzkéw, jak i do samej siebie.
Nieocenieni w tym czasie byli réwniez moi najstarsi przyjaciele: Wiktoria Ossowska,

inz. Izabela Balewska, mgr inz. Jakub Jeziorski oraz M.Sc. Thomas Asensi.

Na koniec chciatabym podziekowa¢ dr. inz. Robertowi Koziotowi i wyrazi¢ szczegdlng
wdziecznos¢ za bycie mojq opokq oraz towarzyszenie mi we wszystkich wzlotach i upadkach,
ktérych doswiadczatam w ciggu ostatnich lat. Twoje wsparcie i optymizm byty dla mnie
zrédtem stabilnosci i sity w chwilach, gdy najbardziej ich potrzebowatam.






This research was supported by the National Science Centre of Poland under grant
no. 2021/41/N/ST5/03437. X-ray absorption spectroscopy measurements were performed
at the National Synchrotron Radiation Centre SOLARIS, supported by the Ministry of Science
and Higher Education of Poland under contract no. 1/SOL/2021/2.






List of publications

Articles forming the basis of this dissertation:

1. Budnik, J.; Mielewczyk-Gryn, A.; Gazda, M.; Miruszewski, T. Water Uptake Kinetics and
Electrical Transport in BaCeosZro2Y01Mo.103-5s (M = Tb, Pr, Fe) Protonic Conductors. J.
Mater. Chem. A Mater. 2023, 11 (25), 13389-13398.
https://doi.org/10.1039/D2TA07236].

2. Budnik, ].; Mielewczyk-Gryn, A.; Gazda, M.; Miruszewski, T. Influence of Iron Content on
Water Uptake and Charge Transport in BaCeosZro2Yo.2-xFex03-5 Triple-Conducting Oxides.
J. Mater. Chem. A Mater. 2024, 12 (24), 14569-14582.
https://doi.org/10.1039/D3TA06917F.

3. Budnik, ].; Gazda, M.; Maximenko, A.; Mielewczyk-Gryn, A.; PoSpiech, J.; Wachowski, S.;
Witkowska, A.; Miruszewski, T. Sr(Fe,C0)03-s Mixed Conductors: How Cobalt Drives
Oxygen Vacancy Formation. Chemistry of Materials 2025, 37 (21), 8822-8834.
https://doi.org/10.1021 /acs.chemmater.5c01904.

4. Budnik, ].; Gazda, M.; Miruszewski, T. Electrical and Thermoelectric Transport
of SrFei_Cox03-s Mixed-Conducting Perovskites. Solid State Sci. 2026, 173, 108174.
https://doi.org/10.1016/j.solidstatesciences.2025.108174.

Other publications:

1. Czudec, M. M.; Jaworski, D.; Budnik, J.; Mielewczyk-Gryn, A.; Subramani, T.; Gazda, M.;
Navrotsky, A.; Miruszewski, T. Thermoelectric and Electrical Properties of Triple-
Conducting Multicomponent Oxides Based on Substituted Barium Cerate-Zirconate. Dalton

Transactions 2024, 54 (5), 1994-2004. https://doi.org/10.1039/d4dt01992;j.

2. Kuc, K,; Czudec, M.; Jaworski, D.; Budnik, J.; Mielewczyk-Gryn, A.; Gazda, M.; Miruszewski,
T. Thermoelectric and Electrical Transport Properties of Mixed-Conducting
Multicomponent Oxides Based on Ba(Zr,Ce)0s3-s. Journal of Physics and Chemistry of Solids
2025, 197. https://doi.org/10.1016/j.jpcs.2024.112416.







Table of contents

N 13 0 = ot OO I
Y8 LTy 1L (=T [11
List of acronyms and SYMDOIS.......unissssss s s s s sssssss s \'
1. Introduction and MOTIVALION ......ccereereereenet e seee et see s ssssesses s ssss st s st sessees 1
1.1.  Main objectives and theSES ... ———————————— 4

2. Theoretical DACKZIOUNG. ...ttt seesse bbb s 7
2.1, PerovsKite MAteTials .. ereeseernesssesssesssesessessssessessssssessessssesssesssssssssesssssssssssesssssssesssenes 7
2.2.  Defect chemistry of crystalling SOlidS ... 9
2.3, Diffusion in i0NiC SOLIAS ..cieuiereeieseieessersess e ssesse s sssssse s ssesss s sessssessssses 17
2.3.1. Mechanisms Of diffuSION ... e 17
2.3.2. Mechanisms of proton diffuSionN...... e 19

2.3.3. The dependence of diffusion on temperature and oxygen partial pressure

20

2.34. Chemical diffUSION.....cco e se e s essssss s s sasesees 22

2.4. lonic and mixed ionic-electronic CONAUCHIVILY .....cvueureereeueeneeereensereeseeeesseeseseeseeesees 23
2.4.1. Triple-conducting OXIAES.....ceeeereereesserseeseersessessseesssesssessessse s sssesssessssssssesas 29

3. SeleCted MALETIALS ..eueuceeceereeeretee et e et eesse s s b s b s 35
3.1. Barium Cerate ZIrCONALES ... memesenreresses s ses s ss s ssssessssssssessessessessessssssssssans 35
3.1.1. BaCe03-5 aNd BAZI03-5 wureerreerreereermeesseesseessesseessesssessesssesssesssesssssssssssssssssssssssssessees 35
3.1.2. Ba(C€,Z5,Y) 035 cuuuueruueereesssesssssessssesssssssssessssssssssssssssssssesssssssssssssssssssesssssssssssssssssssssssssas 36
3.1.3. BaCe0.6Z10.2Y0.2-xMxO3-5 wererreereereerreenserseessersessesssessesssessessesssessssssssssessesssssssssesssesssesaseas 37

3.2, Strontium ferrite CODAITITES ...ttt eese e seesse s s seras 38
3.2.1. STFE03_5 ANA STCO035.wuueerreeseererereerssermseessessses s sssssssesssssssessssssssssessssssssassssesssssns 38
3.2.2. STFE 140 0K035 ceurrerrerrernernseessessseesssesssessessss bbbt sss bbbttt 40

4. Research MethodologY ...ttt sses e essssss s b s sesas s seees 43
4.1. Fabrication of SAMPIES ... s s s s ssess 43
4.1.1. Solid-state reactive SINTEIING ... erereeuerneceseesseseesee et seessessesssesseessssssssssssesans 43

4.1.2. Coprecipitation Method ... ——————— 46



4.2. Material characterisation tEChNIQUES......ccoumimeninren s 47

4.2.1. X-TAY QI TACTION coeveeeeee ettt sesse s s s s s 47
4.2.2. X-ray abSOrption SPECLIOSCOPY .vmmmrmmrmimissssssssssssss s sssssssssssssssssssssssssns 49
4.2.3. Density MEASUTEIMENTS ...vovereresrrrsessresesssesessssssssssssssesssesssssessssssssssssssssssssssssssssssssssanes 53
4.3.  Defect ChemiStry analySiS. ... eeermsreeseeseessereeeseessessessss e seesssssssssesseesss s sssesns 53
4.3.1. (e (o2 ua Tty (ol w1 =1 (o) o SPTONTH T PPN 53
4.3.2. TherMOGIaVIMELTY ...c.ccreeeeseeeresseessesseesseeesessessessesssesses et ssss s s s s s neens 55
4.4. Electrical properties measuremMents ... s 57
4.4.1. DC 4-wire electrical MEasSUreMENTS ......ccccveeuncinreeseseeeeseeseesseessessessssssssssssseans 58
4.4.2. Electrochemical impedance SPeCtrOSCOPY .mmmsmmsenesmemesssssssssssssssesns 59
4.4.3. Electrical conductivity relaxXation...... s 62
4.5.  ThermoelectriC MEASUIEIMENTS. ..o eieseerreeseerseesserses et seesssssesssesssssss s s sssessssssees 64
5. ReSULLS aNd diSCUSSION. ccceureueemeerseeresreesseesnessesss e essssesseesss s et sessssesssssssesssssssssssees 67
5.1. Properties of BaCeo.6Zro.2Y02-xMx03-5 MAterials ....ccoueriunreereennernsreesesseesesseesseeseeenss 67
5.1.1. Structural characteriSatioN ... e ssess s essseesssssanes 67
5.1.2. IDTSS <Tot ol aT=) 101 1] 0 7200 70
5.1.3. Electrical PrOPerties .. ssssssssssssssssssssssssssssssas 77
5.1.4. DiffUSION STUAIES couieeeeeeeeereirete e cessee e esses s sessesssss e s ess s s 83
5.1.4.1.  Water diffuSION .ttt eese e sessesseessse st sssesss s sssssssssssanes 83
5.1.4.2.  OXYZEN AiffUSION ctuuirirrerreeeeessersees s sees s sss s sssessses s essssssssssas 90
5.1.4.3. Comparative analysis of the investigated materials .........cccccoreerrereeneereenneenn. 95
5.1.5. Mobility of i0nic Charge Carriers.... e ssessesssessens 96
5.2.  Properties of SrFe1-4C0x03-5 MaterialS......oeinecreinnerne e seieesseesseeseessesssesssenes 101
5.2.1. Oxygen nonstoichiometry and B-cations oxidation state...........ccueeereeen. 101
5.2.2. Structural and electronic ProPerties....... o eneessesemssesseessesssessessseseenns 104
5.2.3. Electrical tranSport ProPerties. ..o mererneesseesseeseesesesssesssessessessssssssssssns 118
5.24. INFIUENCE Of WALET «.cuveeet e eseeeeerese s e ses e sssss s st sessnens 125
COMCIUSIONS woeuriereuscereeteeeeessessseeseesse s seessee s ses s b s s EE s R R s s R A s R et snE e e 130

IR =) o= O <O 133



LASE Of FIGUIES courereee et reeessesseessseesse s s st st esse s ss bR s e st R 159

] o) = o (=TT 166
2N 0] 013 06 1 OO PP 168
6.1.  BCZYM BIOUD oooeeieeree s e sssess e s sesssessesssesssessessssssessssssessses sessssssssssss s smssssssssesssessees 168
6.1.1. Additional details of Rietveld refinement.........couenminiesenenernnesneer e 168
6.1.2. Additional thermogravimetric measurements.........coerneeseeseesseeeseenns 170
6.1.3. XANES SPECEITA ooeurereerereereres st sessses e e ssesssssss s s s ssss s esssssssessssssssesssssssaes 172
6.1.4. Cation electronegativity evValuation .......eeeeeeeeeesseessesseessessesssessseeseeens 174
6.1.5. Impedance data aNAlYSiS ... sessessse s ssesssssssans 175
6.1.6. Additional ECR data and details about the fitting procedure.......ccc.cce...... 176
6.1.7. The derivation of the maximum proton mobility formula .......ccccueeriun. 182
6.1.8. Temperature dependence of oxygen nonstoichiometry........ccooecoreerreunnn. 183

6.2, SFC BIOUDP correeeeeeesresseese e sessessss e s sessse s es s s s s s sss s s s s s sessss s 184
6.2.1. The samples obtained Without NiO......coineeereenneeneesee s 184

6.2.2. The derivation of the centroid and integration area of pre-edge peaks

184
6.2.3. The first derivatives of XANES spectra at iron and cobalt K-edges......... 185
6.2.4. EXAFS QNAlYSIS cuuirieuiueerreinireesessessessesssssssssssssessss s ssssss s st s ssssssssssasans 186

6.2.5. XANES spectra - L3z edges of iron and cobalt.........oeeeneneesnsenneeenes 187






Abstract

In this work, the relationships between chemical composition, crystal structure,
and electrical transport properties in two distinct perovskite systems: BaCeosZro2Yo0.2-xMx03-5
compounds with mixed-valence metal substituents (BCZYM, where M = Tb, Pr, Fe)
and the SrFeiCox03-5 series (SFC, where x = 0, 0.2, 0.4, 0.6, 0.8); were investigated.
The BCZYM materials demonstrate significant oxygen-ionic conductivity with high
concentrations of mobile oxygen vacancies, enabling the incorporation of a substantial
number of protons in humidified atmospheres. Proton defects contribute considerably
to the total electrical conductivity. The SFC materials exhibit mixed ionic-electronic conducting
behaviour with a predominant concentration of electronic charge carriers. In both material
groups, the electronic transport in air is characterised by a p-type conduction mechanism.

Solid-state reactive synthesis enabled the fabrication of perovskite materials exhibiting
high symmetry across all compositions. The addition of nickel oxide was confirmed to be
crucial for achieving phase purity and densification of samples.

The defect chemistry analysis via iodometric titration and thermogravimetric analysis
revealed that oxygen-vacancy concentrations systematically decreased with iron content
in BaCeo.6Zro2Yo.2-xFex03-5 compositions. BaCeo.sZro2Y0.1Tbo103-5 exhibited the highest vacancy
concentration within the BaCeosZro2Y01Mo.103-5 group. Proton incorporation in BCZYM
materials at 300 °C proceeded predominantly via hydration reaction, with proton
concentrations strongly depending on the oxygen nonstoichiometry. The dependencies
of proton uptake efficiency on average cation electronegativity and A-B site electronegativity
differences were confirmed.

Electrical transport measurements established thermally activated conduction
behaviour across all compositions. Water vapour enhanced total electrical conductivity
in all BCZYM samples through proton incorporation, with terbium substitution leading
to the highest total electrical conductivity and the lowest activation energies for conduction
in dry and wet air.

Electrical conductivity relaxation experiments revealed both single-fold and two-fold
stoichiometry relaxation kinetics during hydration/dehydration processes in BCZYM
materials. Hydration kinetics proceeded more rapidly with reduced activation energies
compared to dehydration. In the case of oxidation/reduction processes, water vapour
influenced oxygen incorporation and reduced the associated activation energies. In the case
of reduction, these effects were composition-dependent.

The evaluation of ionic carriers’ mobilities demonstrated that iron incorporation

systematically reduced oxygen-vacancy mobility in BCZYM, while the lanthanide substitutions



enhanced it. BaCeosZro2Y01Tbo.103-5 and BaCeosZro2Y0.1Pro.103-5s achieved the highest proton
mobilities, exceeding the mobility in the BaCeosZro.2Y0203-5 reference composition.

In the case of the SFC group, X-ray absorption spectroscopy studies revealed distinct
oxidation state behaviours with varying cobalt content, with iron maintaining relatively stable
3.2+ oxidation state and cobalt exhibiting oxidation state of 2.9-3.0+. Cobalt acted as an oxygen
vacancy stabilising centre, controlling the covalency of the transition metal-oxygen bond.
Iron coordination environments varied between octahedral and lower-coordination
geometries.

The SFC series also demonstrated p-type conduction via small-polaron hopping,
achieving maximum conductivity of 177 S/cm for SrFesC00403-5 at approximately 500 °C.
Thermoelectric measurements confirmed that the variations in electron-hole mobility, rather
than carrier concentration changes, primarily governed the observed conductivity trends.

The influence of water on transport properties of SrFeqC00403-5 was also investigated.
The presence of water vapour led to reduced chemical surface exchange coefficients for both
oxidation and reduction processes, limiting the surface reactions involving oxygen. Conversely,
chemical diffusion coefficients for oxidation increased in wet conditions, indicating enhanced
bulk oxygen transport. The total electrical conductivity measured in wet air remained lower
across the entire temperature range, which was attributed primarily to a decreased mobility
of electron holes. Below 650 °C, electron-hole concentrations were slightly higher in wet air.
The reduced electron-hole mobilities in water vapour suggest possible structural distortions
due to proton defect presence, which may also contribute to the observed enhanced chemical
diffusion of oxygen in the bulk material.

The research presented in this dissertation was supported by the National Science
Centre Poland under the PRELUDIUM project entitled “Influence of crystal structure
on thermodynamics of proton transport in perovskite materials” (grant number

2021/41/N/ST5,/03437).
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Streszczenie

W niniejszej rozprawie zbadano zaleznosci pomiedzy sktadem chemicznym, strukturg
krystaliczng i wilasciwo$ciami transportu elektrycznego w dwoéch grupach materiatéw
perowskitowych: zwigzkach BaCegeZro2Yo,2-xMx03-5 z podstawnikami metali o zmiennej
wartosciowosci (BCZYM, gdzie M = Tb, Pr, Fe) oraz serii SrFe1_«Cox03-5 (SFC, gdzie x = 0; 0,2;
0,4; 0,6; 0,8). Materialy BCZYM charakteryzujg sie mieszanym przewodnictwem jonowo-
elektronowym, przy znacznym udziale przewodnictwa jonéw tlenu dzieki wysokiej
koncentracji wakanséw tlenowych. Posiadajg one zdolno$¢ tworzenia defektéw protonowych
w atmosferach mokrych, przy czym protony wnosza istotny wkiad do catkowitej
przewodnosci elektrycznej BCZYM. Materiaty SFC réwniez wykazuja mieszane
przewodnictwo jonowo-elektronowe, przy czym koncentracja nosnikéw elektronowych jest
w nich dominujaca.

Synteza w stanie statym umozliwita otrzymanie materiatéw perowskitowych o wysokiej
symetrii dla wszystkich sktadéw, a dodatek NiO okazat sie istotny dla uzyskania czystosci
fazowej oraz zageszczenia préobek.

Analiza chemii defektow wykazata systematyczny spadek koncentracji wakansow
tlenowych wraz ze wzrostem zawartoSci Zelaza w  BaCegeZro2Yo2-<Fex03-s.
Najwyzsza koncentracje wakanséw w grupie BaCeosZro2Y01Mo103-5 zaobserwowano
dla BaCeg6Zro2Y0,1Tbo,103-5. Wprowadzenie protonéw w 300 °C przebiegato gléwnie poprzez
reakcje uwodnienia i silnie zalezato od niestechiometrii tlenowej w zwigzkach BCZYM.
Zaobserwowano réwniez zaleznos¢ wydajnosci uwodnienia od $redniej elektroujemnosci
kation6éw i réznic elektroujemnosci pomiedzy kationami w pozycjach A i B sieci krystaliczne;.

Badania wtasciwosci elektrycznych wykazaly aktywowany termicznie charakter
przewodnictwa elektrycznego. Obecnos¢ pary wodnej zwiekszata catkowita przewodnosé
elektryczng we wszystkich prébkach BCZYM, co wigzato sie z wprowadzeniem protonéw
do struktury. Materiat podstawiany terbem wykazywat najwyzsza catkowita przewodnos¢
elektryczng i najnizsze energie aktywacji w suchym i wilgotnym powietrzu sposréd
wszystkich badanych materiatéw BCZYM.

Badania metoda relaksacji przewodnictwa elektrycznego potwierdzity wystepowanie
zaro6wno jedno-, jak i dwustopniowej kinetyki relaksacji stechiometrii podczas proceséw
uwodnienia i odwodnienia, przy czym uwodnienie zachodzito szybciej i przy nizszych
energiach aktywacji. Obecno$¢ pary wodnej wpltywala réwniez na procesy
utleniania/redukcji, utatwiajac wprowadzenie tlenu i obnizajac energie aktywacji dla dyfuzji

i wymiany powierzchniowej. Dla redukcji, efekty te byty zalezne od sktadu.
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Analiza ruchliwosci nosnikéw jonowych wykazatla, Ze Fe obnizato ruchliwos$¢ wakanséw
tlenowych w BCZYM, podczas gdy podstawienia lantanowcéw ja podwyzszaty. Sktady
BaCeo,6Z1r02Y0,1Tbo103-s oraz BaCeoeZro2Yo1Pro103-5 odznaczaly sie rowniez najwyzsza
ruchliwoscig protonéw, przewyzszajac ruchliwo$sé protonéw w materiale referencyjnym
BaCeo,6Z10,2Y0,203-s5.

W przypadku grupy SFC, badania absorpcji promieniowania rentgenowskiego ujawnity
rézne zachowania stopni utlenienia: zelazo utrzymywato stabilny stopien utlenienia ok. 3.2+,
natomiast kobalt przyjmowat wartosci 2.9-3.0+, petnigc role centrum stabilizujgcego wakanse
tlenowe i wptywajac na kowalencyjnos¢ wigzan miedzy metalem przejSciowym a tlenem.
Lokalna struktura woko6t Fe zmieniata sie pomiedzy geometrig oktaedryczng i nizszymi
koordynacjami, a udzial wieloscianéw o obnizZonej koordynacji rést wraz z zawartoscia Co
i lokalizowat sie gtéwnie przy powierzchni materiatow.

Seria SFC rowniez wykazywata przewodnictwo typu p poprzez mechanizm hoppingu
matych polaronéw, osiggajgc maksymalng przewodnosé¢ 177 S/cm dla SrFesC00403-5
w ok. 500 °C. Pomiary termoelektryczne potwierdzity, ze obserwowane trendy przewodnictwa
wynikaja gléwnie ze zmian ruchliwosci dziur elektronowych, a nie zmian koncentracji
nosnikow.

Zbadano réwniez wptyw wody na wilasciwosci transportowe SrFeosC00403-s.
Obecno$¢ pary wodnej prowadzita do obnizenia wspoétczynnikow wymiany powierzchniowej
tlenu zaréwno dla procesow utleniania, jak i redukcji, ograniczajac kinetyke reakcji
powierzchniowych. Jednocze$nie wspdiczynniki dyfuzji chemicznej dla utleniania wzrosty
w mokrej atmosferze, co wskazuje na poprawe transportu tlenu w objetoSci materiatu.
Catkowita przewodnos$¢ elektryczna w atmosferze wilgotnej byla jednak nizsza w catym
zakresie badanych temperatur, gtéwnie z powodu zmniejszonej ruchliwosci dziur
elektronowych. Ponizej 650 °C koncentracja dziur elektronowych byta nieco wyzsza,
co sugeruje, Ze obecno$¢ protondéw mogta powodowaé lokalne deformacje strukturalne,
wspomagajace dyfuzje tlenu w objetosci.

Badania prezentowane w niniejszej pracy zostaly sfinansowane przez Narodowe
Centrum Nauki w ramach projektu PRELUDIUM pt. ,Wptyw struktury krystalicznej
na termodynamike transportu protonowego w materiatach perowskitowych” (nr grantu

2021/41/N/ST5,/03437).
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1. Introduction and motivation

In recent decades, awareness concerning the detrimental impact of human activities
on the environment, primarily through the release of greenhouse gases, has increased.
Furthermore, the rising global energy demand contributes to the depletion of fossil fuel
supplies, underscoring the pressing need for alternative energy production solutions.
Therefore, advancing sustainable and efficient energy technologies has emerged
as a fundamental priority. Renewable energy sources, including wind, hydro, and solar power,
offer a viable solution because they generate no greenhouse gas emissions or other pollutants.
Nonetheless, their relatively low efficiency and high costs remain a substantial challenge.
A potential alternative is the use of electrochemical devices, such as fuel cells, for energy
production.

Various types of fuel cells exist, primarily categorised by their operating temperature
and the specific kind of electrolyte employed. The schematic overview of the types of fuel cells
with the corresponding operation temperatures is presented in Figure 1.1. Solid oxide fuel
cell (SOFC) is one of the fuel cell types closest to commercialisation and/or already
commercialised. Additionally, electrochemical devices such as solid oxide electrolysis cells
(SOECs) enable the opposite process — converting electrical energy into chemical energy,
which can also serve as a reliable method for energy storage. Nonetheless, the technologies
discussed may present long-term stability issues, primarily related to the high temperatures

required for the efficient operation of such devices.

DAFC PEMFC AFC | PAFC PCFC } MCFC ’ SOFC
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Figure 1.1. Schematic overview of the types of fuel cells with the corresponding typical operation temperatures:
direct alcohol fuel cell (DAFC), proton exchange membrane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric
acid fuel cell (PAFC), protonic ceramic fuel cell (PCFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell
(SOFC) with oxygen-ion conducting electrolytes. The illustration was prepared based on information provided
by Samsudin et al. and Zhang et al.1.2

A potential successor to the solid oxide electrochemical cell technology may involve
electrochemical cells based on a proton-conducting electrolyte. Proton ceramic fuel cells
(PCFCs) and proton ceramic electrolysis cells (PCECs) can operate efficiently at intermediate
temperatures, eliminating the problems associated with long-term stability and degradation
related to SOFCs/SOECs functioning at very high temperatures. They also present a set

of advantages over these technologies, including the ability of PCFCs to directly use as fuel

not only hydrogen but also hydrocarbons.



PCFCs closely correspond to SOFCs regarding the operating principles and main
components of the device. The primary difference between the two lies in the electrolyte,
which conducts protons in the case of PCFCs, whereas SOFCs employ oxygen-ionic conductors.
This distinction results in lower operating temperatures of PCFCs compared to standard
SOFCs, owing to the lower activation energies associated with proton conductivity compared
to oxide-ionic conductivity.3 Furthermore, in PCFCs, the main product of fuel cell operation,
water, is generated on the cathode (positrode) side, as opposed to SOFCs, where the production
of water occurs on the anode (negatrode), leading to the dilution of fuel in the latter.
This results in enhanced fuel utilisation in PCFCs, a higher Nernst potential and improved
performance in comparison to SOFCs.# A schematic representation of protonic
and conventional solid oxide fuel cells fed with hydrogen, as well as their electrolyser

counterparts, is shown in Figure 1.2.
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Figure 1.2. A schematic representation of different types of electrochemical cells with solid oxide electrolyte:
conventional solid oxide fuel (a) and solid oxide electrolysis cell (b) with oxygen-ion conducting electrolytes,
protonic ceramic fuel cell (c) and protonic ceramic electrolysis cell (d). The arrows signify the flow of gases
and ionic species in various components of the cells. The electrochemical reactions on each electrode are shown
on their top.



Another advantage of PCFCs is their higher tolerance to H:S, CO, SO, and CO,, allowing
for the direct use of hydrocarbons without the need for prior fuel reforming. This results
in considerably reduced emissions when compared to traditional methods utilising these
fuels.5 Consequently, since PCFCs can operate efficiently without the necessity of being
hydrogen-fed, it allows them to avoid the challenges associated with hydrogen storage
and transportation. In conclusion, compared to conventional solid oxide electrochemical cells,
their protonic counterparts may offer several benefits, including longer device lifespans,
reduced degradation, and decreased costs.6” Moreover, the electrolysis in PCEC produces dry
hydrogen since the incoming water is supplied on the positrode side of the device. In contrast,
the hydrogen produced via SOECs requires additional drying afterwards.

The primary challenge in advancing fuel cell technology lies in the design and fabrication
of appropriate materials for the elements of the device, particularly positrodes. The positrodes
for fuel cells with solid oxide as an electrolyte need to fulfil several requirements, including
high electronic conductivity, thermal expansion coefficient (TEC) that aligns with the TEC
of the electrolyte, and a high specific surface area with active sites available for fast oxygen
exchange reaction, facilitating an efficient oxygen reduction reaction (ORR). Moreover,
because the water is produced on the positrode side of PCFCs, it must remain stable
in high partial pressures of water (py,o). Furthermore, the activity of the positrode can be
improved by expanding the active area beyond the triple-phase boundary (TPB) region.
One of the most promising groups of materials for this application is triple-conducting oxides
(TCOs). TCOs are a class of ceramics that can conduct three types of mobile charge carriers:
oxygen ions, electrons or electron holes, and protons. It may be a composite material, created
by integrating a conventional mixed ionic-electronic conductor (MIEC) with a proton-
conducting oxide, thereby expanding the cathode active area by introducing new TPBs
at the interfaces of these phases.8 An alternative approach involves employing a single-phase
TCO that facilitates the conduction of the three mobile charge carriers within one material.
However, due to the complex nature of the diffusion and electrical transport mechanisms
associated with the conductivity of three types of charge carriers occurring in TCOs,
a comprehensive description of these phenomena is essential. Nevertheless, the employment
of TCO as a positrode material enables the active surface area to expand into the entire surface
of the positrode, which leads to a tremendous enhancement of the electrocatalytic activity.?
The schematic illustration of the transport paths of chemical species travelling
to the electrochemically active sites in three types of materials employed as a positrode
in PCFC is shown in Figure 1.3.

The properties of mixed proton conductors are complex and depend on several

interconnected factors. The design of positrode materials frequently involves a compromise



between electronic and proton conductivity, which, when combined with other required

properties such as chemical stability, catalytic activity, and mechanical compatibility

with the electrolyte, makes it difficult.10
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Figure 1.3. Schematic illustration of the chemical species moving to the electrochemically active sites in three
different types of positrode materials in contact with an electrolyte (orange bar) in PCFC: electronic conductor (a),
mixed oxygen-ionic - electronic conductor (b), and triple-conducting oxide (c). The dotted arrows signify
the species moving within the positrode material.

Taking into account the potential advantages of mixed ionic-electronic conductors
and triple-conducting oxides in protonic and solid oxide cells, among other electrochemical
devices, a detailed understanding of the fundamental processes governing their transport
properties is essential. The performance of positrode materials is determined not only
by their electrical conductivity but also by the interplay between crystal structure, defect
chemistry, and the mobility of different charge carriers under operating conditions.
In particular, the water vapour and the resulting presence of proton defects can significantly
modify both bulk transport and surface exchange processes. Therefore, systematic studies
of relationships between composition, structure and transport properties in mixed-
conducting perovskite oxides are vital to provide a reliable basis for the selection of materials

for applications in energy conversion and other electrochemical processes.
1.1. Main objectives and theses

The aim of this work is to advance understanding of charge transport in mixed-
conducting perovskites, with particular focus on the roles of chemical composition, structural
properties, and defect chemistry. This work contributes to extensive research on mixed ionic-
electronic conducting materials, including triple-conducting oxides, by providing detailed
insights into the mechanisms governing ionic and electronic transport. The findings presented
in this dissertation are expected to support the development and assessment of new

perovskite materials for electrochemical applications.



The materials studied in this work are mixed ionic-electronic conductors belonging
to the perovskite family, with the following compositions:

1) BaCeo.6Zro2Yo2-xMx03-5 compounds substituted with mixed-valence metals
(BCZYM, where M = Tb, Pr, Fe), which possess a high concentration of mobile
oxygen vacancies, enabling a significant oxygen-ionic conductivity.

2) SrFei1_Co0x03-5 series (SFC), which exhibit mixed ionic-electronic conductivity

with a predominance of electronic charge carriers.
The research presented in this work was based on the following scientific theses:

.  The type and amount of substituents control defect concentrations
and transport properties in the following ways:
a. mixed-valence metal substituents (Fe, Tb, or Pr) may improve partial
electronic conductivity in BCZYM,
b. Co stabilises oxygen vacancies in SrFe;_Cox03-s without reducing
the symmetry of the crystal structure.
II.  The addition of NiO as a sintering aid can simplify the solid-state synthesis
and densification of single-phase materials.
[II.  Proton defects affect the transport of other charge carriers in mixed-conducting

oxides.
To verify the theses listed above, the following tasks were carried out:

I.  Synthesis of single-phase BCZYM and SFC groups of materials.
[I.  Characterisation of the crystal structure, including long-range order and local
distortions, using X-ray diffraction and X-ray absorption spectroscopy.

[II.  Evaluation of the average oxidation states of transition-metal cations
and their coordination environments using X-ray absorption spectroscopy.

IV.  Determination of the concentration of mobile charge carriers, using iodometric
titration, X-ray absorption spectroscopy, thermogravimetric analysis,
and thermoelectric measurements.

V.  Investigation of the electrical properties of BCZYM materials:
a. Influence of water vapour on the total electrical conductivity,
b. Partial electronic, oxygen-ionic, and protonic electrical conductivity,
c. Mobilities of oxygen vacancies and protons.
VI.  Investigation of the electrical properties of SFC materials:
a. Influence of NiO sintering aid,

b. Concentration and mobility of electron holes,
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c. Influence of water vapour on the transport properties.
VII.  Analysis of the oxygen and proton transport kinetics with the electrical
conductivity relaxation method.
VIII.  Analysis of the results in relation to the composition, defect chemistry

and structural features of materials.

This dissertation is organised into five main chapters, as well as conclusions, literature,
appendix, and lists of acronyms, symbols, figures and tables. The introduction, including
the motivation, objectives and theses of the dissertation, is presented in Chapter 1.
Chapter 2 provides the theoretical background, covering the fundamental aspects
of perovskite materials, defect chemistry, diffusion mechanisms, oxygen-ionic and mixed ionic-
electronic transport, and the concept of triple-conducting oxides. Chapter 3 introduces
the two groups of materials investigated in this work: BaCeoZro2Y02-xMx03-s (M = Tb, Pr,
Fe) and SrFei_Cox03-s. Their structural characteristics, defect chemistry and transport
features are summarised to clarify the context for the experimental studies.
Chapter 4 describes the research methodology, including the sample fabrication methods
(solid-state synthesis and coprecipitation) and the characterisation techniques used: X-ray
diffraction, X-ray absorption spectroscopy, thermogravimetry, iodometric titration, DC and AC
electrical measurements, electrical conductivity relaxation and thermoelectric measurements.
The obtained results are presented in Chapter 5, which is divided into two sections
corresponding to the two material groups. Each section discusses the structural properties,
defect chemistry, transport behaviour, and diffusion processes occurring in the studied
materials. The results are summarised in Conclusions. The final part of the dissertation
contains the lists of literature sources, figures, tables and an extensive appendix

with supplementary results and details regarding the experimental methodology.



2. Theoretical background

2.1. Perovskite materials

Perovskites can be characterised by the general chemical formula ABXs, where A and B
are cations, while X is an anion. They are a broad class of materials exhibiting diverse
properties, owing to their ability to contain different cations and anions on the A, B, and X
sublattices. This translates into a wide variety of applications, such as catalysis!?,
electrochemical energy storage and production, photovoltaics, supercapacitors!?, magnetic
devices, and piezoelectrics!3. Some of the most attention-grabbing applications of perovskites
include electrodes for SOFCs and PCFCs, exhibiting high oxygen reduction activity and proton
conductivity;1415 ferroelectric memories, employing ferroelectricity and antiferromagnetism
for data storage;'¢ and perovskite solar cells (PSCs), exhibiting a high efficiency of light
harvesting, owing to the tunability of the optical band gaps of the utilised perovskite

materials.17.18

Rl AP V.
ute 'l " ety ~
FHE-?‘EG JFT_HE 'l;:: rr-'l-_:'ui Fi't:ra H.-I‘E:H Enhrl:;’ﬂrﬂ’:lir Ea- Brag Kr

Eﬂ Ba Ej lynﬂm“rﬂvﬂmﬂrl‘irl?jrﬁ.ﬂmﬁﬁh P‘h‘rﬂl ‘ Po At Rn
Fr Ra Ac Rl Db 5 Bh Hs Mt DODs Rg Cn Nh Fl Mc Ly Ts Og

Eﬁﬁhmﬂgﬂrﬁlmﬁu“mﬂ T‘?‘E‘y‘mﬂ 'F:r Fm r“n"'h
Bl

"
'

‘ L‘!‘rl"-.l:p‘FP}:‘r.ﬁ;‘n‘ om Bk & Es Fm Md Ho Lr
Figure 2.1. An overview of possible cations in A (blue), B (green), and X (red) sublattices of the perovskite structure

for the elements of the periodic table. The illustration was prepared based on the works on Gibin et al.19, Bhalla et
al.20, Aissa et al.?1, and Tao et al.17

The elements reported to be able to occupy particular sublattices in the ABX3 structure
are shown in Figure 2.1. Depending on the elements and the external conditions
such as temperature, pressure and partial pressure of oxygen, perovskite materials have

different crystal structures, ranging from simple cubic (shown in Figure 2.2) to structures
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of lower symmetry. The chemical composition and the crystal structure influence
the properties and stability of the material. Owing to an enormous number of possible
combinations of A, B, and X elements, as well as the modifications of the crystal structure, it is
possible to achieve a wide range of carefully tailored features, such as mechanical, electrical,

optical, and thermal properties, suitable for a chosen application.
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Figure 2.2. A unit cell of cubic perovskite (Pm3m space group). The illustration was prepared using Vesta
software.22

In the ideal cubic perovskite unit cell (Figure 2.2) with a Pm3m space group, the large
A cation resides in a 12-fold coordination (cuboctahedral) site, while the smaller B-site cation
occupies BX¢ octahedra, with each octahedron sharing corners with six identical neighbouring
octahedra. The perovskite structure may be predicted according to the value
of the Goldschmidt tolerance factor,23 which can be calculated as:

Ty + 1y

- V2(rp + 1) &

te

where 1,4, 15, and ry are the average radii of the A, B, and X ions, respectively. If t is close to 1
(0.9 < t; < 1), the structure will assume cubic symmetry. The cubic structure might also be
seen at lower t values, such as 0.75 < t; < 1.0. If the tolerance factor deviates from unity,
some octahedra tilting or deformation can be expected. For small t; values, the symmetry
is reduced to orthorhombic, rhombohedral, tetragonal, monoclinic, and triclinic,
while for t; > 1, the structure can be hexagonal.24 The rotation of octahedra can result in a tilt
pattern corresponding to an orthorhombic symmetry in which the A cations possess lower
coordination than in the ideal cubic structure. This may lead to a decrease in the mobility
of ionic carriers. Furthermore, Jahn-Teller distortions can deform the BXs octahedra
by elongating and compressing them in perpendicular axes, resulting in orthorhombic
or tetragonal crystal structures. However, such distortions generally require the presence

of Jahn-Teller active ions, such as Mn or Cu.252¢ Another factor that can influence the symmetry
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of the perovskite unit cell is oxygen deficiency. In the case of a significant deviation
from the ideal oxygen stoichiometry, vacancy ordering can occur, leading to the formation
of new crystal structures with lower symmetry, such as brownmillerites, described
by the formula A;B;0s. Brownmillerites can be imagined as structures composed of two
alternating perovskite layers of tetrahedral and octahedral symmetry. Oxides exhibiting
such structures can be beneficial in terms of ionic conductivity, e.g. for the application
in electrochemical devices such as fuel cells operating at intermediate temperatures.27.28

Aside from the most prevalent ABX3 perovskite materials, other, more complex
perovskite structures, such as double- and layered perovskites, can also be obtained.
The double perovskite structure is characterised by the B sites occupied by two distinct cations
(denoted as B and B’) in an ordered, alternated way. This doubles the unit cell, which can be
described with the chemical formula A;BB’Xs. This particular arrangement of B cations
determines their transport and magnetic properties, such as antiferromagnetism.2?
Despite the concerns over their stability, double perovskites can find many applications,
e.g. in photovoltaics, reaching high power conversion efficiencies without containing lead
in their composition.303! Furthermore, these materials exhibit potential in electrochemical
applications, serving as catalysts for the oxygen evolution reaction.32

On the other hand, layered perovskites consist of parallel, ordered layers of atoms
separated by spacer motifs. They can be divided into three families: Ruddlesden-Popper
phases, Dion-Jacobson phases, and Aurivillius phases. The layered structures facilitate
anisotropic conductivity and can improve ionic transport, which is beneficial for solid oxide
fuel cells and photocatalytic water splitting.33 Nonetheless, this study will focus on oxides
exhibiting the ABX; perovskite structure, meaning the mentioned complex structures

will not be explored further.
2.2. Defect chemistry of crystalline solids

The properties of solids, particularly their stability, electrical, mechanical, and thermal
properties, are influenced by the defects in their structure. Defects in crystalline materials
can be categorised by their dimensionality into point defects (0D), line defects (1D),
plane defects (2D), and volume defects (3D). Each defect and its concentration can affect
material characteristics.

In ionic solids, especially ionic conductors, point defects determine the transport
properties of the material, influencing the concentration and mobility of the ionic charge
carriers. There are several types of point defects possible to occur in crystalline solids.
To describe the defects and the reactions of defect formation, the Kréger-Vink (K-V) notation

can be employed. K-V notation specifies the standard adopted in the field of defect chemistry,



describing the charge of the defect and its position in comparison to the neutral charge
and the position of the considered species in an ideal crystal. An example of a defect presented

in a Kroger-Vink notation can be written as:
A, (2.2)

where B is the charge of the defect, calculated in relation to the charge of the position C
it occupies, and A is the type of a chemical species (or its lack) it represents. A can be an atom
of the host material or an atom not initially present in the host material (a dopant
or a substituent), a vacancy, an electron or an electron hole. It can also represent an atom
or ion in an interstitial position. In K-V notation, the charge of the defect is calculated
as the difference between the charge of the species occupying the considered lattice site
and the charge of this site in the ideal crystal. Therefore, if the defect possesses a charge higher
than the original atom, the charge is presented as a dot or dots (e). If the charge of a defect
is lower, the symbol of the negative charge (') is used. If the charges are equal, the “X” sign
is used.

There are multiple variations of the point defect that can be present in ionic crystals,
such as vacancies, interstitial atoms, dopants/substituents, Frenkel (and anti-Frenkel) defects,
Schottky (and anti-Schottky) defects, proton defects, and localised electronic defects.
Depending on the composition of the material, its symmetry, and external conditions
such as temperature and partial pressure of oxygen or water, different defects can dominate.
The summary of structural point defects in an ionic solid with an example reaction
of formation and an impact of its presence on the crystal is presented in Table 2.1.
The illustration of each defect in a crystal lattice is shown in Figure 2.3. A vacancy represents
a vacant position in the crystal lattice site, which causes a lattice deformation in its proximity
and reduces the density of the crystal. An interstitial atom is an atom of the host material
or some foreign atom occupying a position between the lattice sites of an ideal crystal
Its presence also leads to some lattice distortion; however, it increases the density
of the crystal. A substituent is a foreign atom (not present in an ideal host material) occupying
a site or interstitial position. Depending on their size and charge, they can deform the crystal
lattice differently. Moreover, if the ionic radius and charge of this atom are similar to those
of an atom of the host material occupying this position, a solid solution can be formed.
However, if the charge of the substituent differs from that associated with the site it occupies,
its presence can lead to an emergence of additional electronic or other point defects.
If the substituent is of lower valency, it can be considered an acceptor, while if its valency

is higher, a donor. An acceptor in oxide can introduce oxygen vacancies (v;") and electron holes
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(h*), whereas a donor can introduce electrons (e’) or lead to the formation of metal vacancies

(vm)-

A Frenkel defect is formed when a cation leaves its lattice site and localises

in an interstitial position. As a result, a pair of defects emerges: cation vacancy (vy) and a cation

in an interstitial position (M;*). This defect type dominates in materials in which the cations

are much smaller than the anions. The opposite situation, in which an anion leaves its site

and occupies an interstitial position, is called an anti-Frenkel defect.

Table 2.1. Structural point defects in a hypothetical MO oxide, with their corresponding example reaction

of formation, reduced equilibrium constant, and the impact they have on the crystal.

Type . . Equilibrium .
yp Reaction of formation q Impact on the material
of defect constant
e decrease in density
oxygen
(oxygen) of = %02 + vy + 2e’ Klog = [v[)‘]npoZ% e increase in ionic
vacancy .
conductivity
interstitial "
%02 =0; + 2k K, = [ol.”]pzpoz‘% e increase in density

(oxygen) ion

substituent
(donor)

Frenkel
defect

anti-Frenkel
defect

Schottky
defect

anti-
Schottky
defect

proton

Mh203 =
2Mhj, + 20§ + 2¢' +20,

M+ v =M + vy Ke = [M;"][vy]

A vl = A7 + vy Kir = [A]1[v’]

M + AX

KI: vll voo
=M5+A§+U;|;,+U;; S [M][A]

Mi; + Af = M + A Kas = [A7][M;"]

HZO(g) + 0())( + U(.). K(I)H
— 20H;,
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e decrease in density
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e influence on mechanical

properties3?
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conductivity
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Figure 2.3. Illustration of point defects occurring in ionic crystals: cation and anion vacancies (a), a foreign atom
in an interstitial position (b), Frenkel defect (c), anti-Frenkel defect (d), Schottky defect, anti-Schottky defect (f),
cation substituent bigger (g) and smaller (h) than the host atom in a lattice position, and proton defects (i). The red
atom signifies an anion, and the dark blue atom signifies a cation. Arrows indicate the direction of atom movement.

A Schottky defect is created when both cation and anion leave their lattice sites
and settle on the surface of the material, which results in the formation of a defect pair
consisting of a cation vacancy (vy;) and an anion vacancy (v;*). In the case of the compounds
of stoichiometries other than MO, a Schottky defect is not a pair of cation and anion vacancies
but consists of a different number of vacancies. It is prevalent in close-packed crystals made
of cations and anions of similar ionic radii. An anti-Schottky defect represents an opposite

scenario, in which cation and anion leave their sites and move to the interstitial positions

(creating M;* and A}, respectively).
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A proton defect represents a hydrogen atom covalently bonded with an oxygen atom
in a crystal lattice. In the case of inorganic oxides, hydrogen is not a constituent of a compound.
The presence of proton defects inside the material requires exposing the oxide to a humidified
atmosphere. The water can react with the material, which incorporates protons through
hydration or hydrogenation reactions. The proton defects will be discussed in detail
in the subsequent chapters.

The material properties dependent on the intrinsic point defects are determined
by their concentration, which is governed by thermodynamics. The equilibrium state

corresponds to a minimum of Gibbs free energy of the system, which can be defined as:
AG = AHgystem — TASgystems (2.3)

where AG represents a change in the Gibbs free energy of the system, AH,ys¢em is a change
in enthalpy, T is a temperature, and ASgys;em is a change in entropy in the system resulting
from the formation of considered defects. The defect concentration at a certain temperature
and pressure corresponds to the equilibrium conditions. Entropy can be divided into
vibrational and configurational entropy, which corresponds to the formation of new defects.

Hence, a more detailed representation of AG can be written as:
AG = ng(AH — TASyipr) — TAScongigs (2.4)

where AH and AS,,;;, is the enthalpy and vibrational entropy associated with the formation
of one defect, respectively, AS.,r;4 is the configurational entropy, and n, is the number
of defects created. The change in vibrational entropy can be defined as the difference
between the frequency of vibration of atoms in the proximity of the created defect (v')

and the vibration frequency of the same atoms in an ideal crystal (v). It can be written as:
ASyipr = Xackg In(v/v"), (2.5)

where X;; denotes the number of the affected atoms around the defect and kj is the Boltzmann
constant. Depending on the defect type, the influence of the vibrational entropy can be
different, since the change in the vibration frequency caused by the defect can be either
positive (e.g. for interstitial atoms) or negative (e.g. for vacancies). The configurational entropy

can be expressed using the formula:
ASconfig = kg lnW, (2.6)

where W represents a probability that can be defined through the number of combinations
in which a number n, of defects can occupy the N + ng sites, where N is the number of lattice

sites in a crystal. The thermodynamic probability W can be written as:
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(2.7)

Since the numbers of lattice sites and defects are very large in real crystals, Stirling’s

approximation can be employed to simplify equations (2.6) and (2.7):

N+7’ld N+nd>

ASeonsig = ks (N In +ngln (2.8)

Ng

which shows the scaling of configurational entropy with the crystal size (N). However, AS; .54
is not proportional to the number of defects ng.

The curves representing the dependence of enthalpy and both entropies
and the resulting Gibbs free energy on the defect concentration are shown in Figure 2.4.
The creation of new defects increases the total enthalpy of the system, but at the same time,
the entropy part of the equation (2.3) decreases, since the formation of defects increases
the entropy of the system. The equilibrium will be reached when the sum of both contributions
reaches a minimum. Therefore, the defect formation will take place in the material
spontaneously until the number of defects reaches the equilibrium n.,, associated
with the minimum of Gibbs free energy AG,,;, for given conditions. The defects will always

be present in any crystal above 0 K.
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Figure 2.4. The enthalpy of formation, configurational and vibrational entropy, and Gibbs free energy, as a function
of number of defects ng. AGp;, and ng, signify the values of Gibbs free energy and number of defects corresponding
to the thermodynamic equilibrium.
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In order to determine the equilibrium concentration of a defect, one needs to find
a minimum to equation (2.4). By setting its derivative with respect to n; equal to zero,

the equilibrium number of defects n,, for given conditions can be established:
Neq = N - exp(—AH /kgT) - exp(ASyipr), (2.9)

hence, the number of intrinsic defects at a certain temperature depends on the enthalpy
and vibrational entropy associated with the formation of those defects.

The concentration of extrinsic point defects in a crystal, which form as a result
of introducing substituents or changing the stoichiometry, can be described similarly
to species in a solution, where the concentration is determined by the activities of each

chemical species taking part in the reaction of the defect formation. For a reaction written as:
aA+ bB S cC +dD, (2.10)

where A and B are the reagents, C and D are the products of the reaction, while a, b, ¢, and d
are the chemical reaction coefficients, controlling the concentrations of species in equilibrium;
the change in Gibbs free energy associated with that reaction can be expressed
using the chemical potential of each species taking part in the reaction - as a difference

between the contributions related to products and reactants:

AG = Ancpc + Anppp — (Angpa + Angug), (2.11)

where uy, Up, Ue, and pp represent the chemical potentials corresponding to 4, B, C, and D,
respectively, while Any, Ang, An., and Anj, signify the change in the number of each species
in the system. The chemical potential of a species depends on a temperature and can be written

in terms of its activity as:
wi=uw +kgTlna, (2.12)

where yf is the chemical potential of species i at standard conditions, a; is an activity
of this species. Therefore, the change of the Gibbs free energy can be expressed as:
agag
AG = AG® + kgT In <—b> (2.13)
B

a
Aa

where AGY signifies the change of Gibbs free energy in standard conditions. Owing to the low
number of defects in comparison to the total number of atoms constituting the crystal,
the activities of species in most materials can be approximated by using a molar fraction
for each species i. In an equilibrium state, when the change of Gibbs free energy is equal to 0,

the formula describing AG? can be simplified to:

AG® = —kgT InK, (2.14)
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where K is called an equilibrium constant. Since Gibbs free energy can be defined
through enthalpy and entropy, the equilibrium constant can be expressed in terms of standard

enthalpy and standard (vibrational) entropy as:

- < AH°> <A53ibr> < AH°> (2.15)
= exp|\———=)=exp|\—|-exp| ———= | .
kgT kg kgT

K is constant at a given temperature and pressure, hence one can also use reduced equilibrium
constants, which omit the other constant parameters. The equations of reduced equilibrium
constants corresponding to the example equations of point defect formation reactions
for various point defects are presented in Table 2.1.

Aside from the point defects, there are also defects of higher dimensionality. The line
(1D) defects represent dislocations, including edge dislocations, screw dislocations,
and a combination of the two. Dislocations alter the order of neighbouring crystallographic
planes, resulting in the contraction/expansion of the crystal lattice in its proximity.
Since their ability to move through the material facilitates plastic deformation, the presence
of dislocations directly influences the mechanical properties of the material, including ductility
and mechanical strength.

Another class of defects in crystalline materials is plane (2D) defects, e.g., surfaces, phase
interfaces, grain boundaries, and stacking faults. A phase boundary represents an interface
between two distinct crystalline phases. They can be coherent when the atoms
of the neighbouring phases are correlated and bonded, noncoherent when there is no bonding
between the atoms of different phases, or semi-coherent when only some of the atoms
are bonded. Another type of plane defect is a grain boundary, representing an interface
between two crystallites/grains of a varied crystallographic orientation. Grain boundaries
can significantly influence the diffusion and electrical properties of the polycrystalline
material. The diffusion of species along a 1D or 2D defect occurs more rapidly
than the diffusion across the crystal lattice; hence, the plane (and line) defects create easy
diffusion paths in the ceramic.

A volume defect is another category of defect in a crystalline solid. They can include
pores, which are small regions inside the material without any atoms, or inclusions,
representing regions made of foreign phases inside the host crystal.

Aside from structural defects, electronic defects in a crystal can also exist, including
electrons and electron holes. They can be localised on a specific atom or delocalised.
The localised electronic defects are created when the metal in the crystal changes its oxidation
state. Such electronic defects can propagate through the material through hopping between
localised states. On the other hand, a delocalised electronic defect is not bound to any atom

but propagates occupying the states in the conduction band or the valence band (for electrons
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and holes, respectively). This results in a higher mobility associated with these charge carriers.

A formation of intrinsic electronic defects can be written as:
0=e'+nh, (2.16)
with the corresponding reduced equilibrium constant:
K/ = [e'][Rr"]. (2.17)

The concentration of mobile electrons depends on the temperature, since the excitation
requires thermal energy. It also depends on the ionisation energy AH;, which, in the case

of intrinsic generation, is defined by the energy band gap E; of the material:

[e']=[h"] = (Ki’)% ~exp (%:;f) = exp (2_;;‘97,). (2.18)

Localised and delocalised electronic defects are responsible for the electronic conductivity.
2.3. Diffusion in ionic solids

Since ionic conductivity depends on the mobility of mobile ions, which are determined
by their diffusion coefficient, the transport properties of ionic solids are strictly related
to the diffusion phenomena. Furthermore, the diffusion in solids facilitates the chemical
reactions and microstructural changes. Diffusion in polycrystalline solids occurs as a lattice
diffusion through point defects such as vacancies or interstitial ions. It can also proceed
through the dislocations, grain boundaries, or any surfaces, which constitute fast diffusion
paths. This type of diffusion typically occurs more rapidly than lattice diffusion.
The effectiveness and contributions of various types of diffusion are primarily determined

by temperature and the microstructure of the material.
2.3.1. Mechanisms of diffusion

The lattice diffusion occurs through the movement of point defects. There are a few
mechanisms of such diffusion: vacancy, interstitial, and interstitialcy mechanisms, and some
more complex ones, such as crowdion and ring mechanisms. The diffusion of defect clusters
is also observed in oxides with high nonstoichiometry. The illustrations depicting the lattice-
diffusion mechanisms for the movement of individual point defects are shown in Figure 2.5.

The vacancy mechanism involves an atom at a lattice site moving into the vacancy next
to it, filling it and leaving the empty site behind. It can also be perceived as a movement
of vacancies in the opposite direction. The interstitial mechanism involves an atom moving
from one interstitial site to another nearby. It leads to a significant lattice distortion,
which makes it probable only in the case of a smaller atom diffusing between the larger atoms

occupying the crystal lattice. For instance, such a scenario can be observed in metals,
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when atoms of light elements (e.g., hydrogen, carbon, nitrogen) diffuse through the lattice.
It can also occur in some oxides, especially those exhibiting fluorite, brownmillerite
and perovsKkite crystal structures. The interstitialcy mechanism also involves the movement
of an atom in an interstitial position. The interstitial atom pushes one of the nearest atoms
occupying the lattice site, causing it to move into another interstitial position, while the first
atom takes its place in the lattice site. The direction of the movement of the second atom
into a new interstitial position can be the same as the jump causing the push (collinear)
or different (noncollinear). The crowdion mechanism of diffusion is also a type of interstitialcy
mechanism, in which the additional atom is put inside a line of other atoms, causing a crowded
packing of atoms displaced from their equilibrium positions in this region. The movement
of such a defect occurs along the line. This form of diffusion can take place in elemental solids.
Another mechanism of diffusion is ring diffusion, in which a group of atoms forms a circle
(“ring”) and rotates within it by exchanging positions. It does not require any defects to be
included in such a movement. Ring diffusion can occur in metals; however, it is less prevalent

than vacancy or interstitial mechanisms.
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Figure 2.5. Illustrations depicting various mechanisms of diffusion in crystalline solids: vacancy (a), interstitialcy
(b), interstitial (c), ring (d), and crowdion (e) mechanisms.
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2.3.2. Mechanisms of proton diffusion

The diffusion of protons may proceed in a solid according to one of two mechanisms:
the vehicular or Grotthuss mechanism. An illustration of both mechanisms is shown
in Figure 2.6. The vehicular mechanism involves the movement of a proton bound to oxygen,
moving together as a pair through the lattice. Therefore, it consists of the movement
of an oxygen ion - via vacancy or interstitial mechanism; however, the activation energy
of such diffusion is lower than the one corresponding to the diffusion of the oxygen ion itself.
This stems from the fact that the radius of the hydroxide ion is smaller than the oxygen ion
(100 pm vs 140 pm). This type of proton diffusion mechanism can be observed,

e.g. in hydrochloric acid or Nafion.4041
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Figure 2.6. Schematic illustration of proton transport via vehicular (a) and Grotthuss (b) mechanisms.

A different scenario can be found in metal oxides, including perovskites, in which
the Grotthuss mechanism is responsible for the proton movement through the material. In this
case, a proton is also bound to oxygen, yet proton transport occurs via hopping between
adjacent oxygen ions.*2 Such a mechanism can be divided into two steps: rotation of the proton
around the oxygen ion (preparing for the jump), which sets the direction according
to the smallest distance to the next oxygen ion, and the jump itself. The activation energy
of the rotation is considerably smaller compared to the one related to the jump (< 0.1 eV
vs 0.1 — 0.5 eV) and the reorientation step is faster than the transfer between the oxygen

atoms (Trorarion~107"% S VS Tjymp~10711 s).4344 Therefore, the jump can be considered

a limiting step for the efficiency of the process. The dynamics of the proton transport depends
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on the distances between the neighbouring sites available for hopping and their number.
The simulated paths for proton movement between the oxygen atoms within one octahedron
and between the octahedra of the cubic perovskite are presented in Figure 2.7. Since protons
jump between oxygen ions in the same or nearby BOs octahedra, the proton mobility is affected
by the 0-0 distance. Furthermore, in the case of predominantly ionic mixed conductors,

perovskites closest to the ideal cubic structure generally exhibit the highest proton mobility.*5
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Figure 2.7. Graphical illustration of numerical results of the proton transfer simulations between the oxygen ions
within the same octahedron (a) and between the adjacent octahedra (b). The red pattern signifies the trace
of the proton movement around and between the oxygen ions. The intra-octahedron transfer (a) involves

a distortion of the octahedron, while the inter-octahedra transfer requires octahedra tilting to facilitate the effective
transfer.46

2.3.3. The dependence of diffusion on temperature and oxygen

partial pressure

The oxygen diffusion in oxides, particularly oxygen-deficient ones, most often occurs
via the vacancy mechanism. In this mechanism, the oxygen ion can make a successful jump
only if the neighbouring site is not occupied. The number of successful jumps per unit of time

(I') can be written as:
I'=NywZ, (2.19)

where N; represent the oxygen vacancy molar fraction, and Z is the number of adjacent sites
that the oxygen atom can occupy. Vacancy molar fraction [v;] at temperature T can be

expressed as:

Ny = [vy] = exp (ﬁ> - exp (—

AH,,
e ) (2.20)

xkgT

where Axﬂ and Axﬁ are the enthalpy and entropy changes related to the defect (vacancy)

formation. The x parameter depends on the reaction of the defect formation. This equation
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shows that with increasing temperature the concentration of vacancies increases, leading
to increased I'. Moreover, in the case of oxygen vacancies in an oxide, the concentration
of defects depends on the oxygen partial pressure in the atmosphere surrounding the material.
Additionally, if the oxide can undergo hydration, the vacancy concentration will also depend
on the partial pressure of water, since some oxygen vacancies can take part in the reaction
with water, facilitating the process of proton incorporation into the material.

The jumping of an atom between the sites involves overcoming the energy barrier
related to the lattice distortion, which corresponds to the energy required for the appropriate
displacement of neighbouring atoms. The height of the energy barrier AH,, determines

the attempt frequency w:

ASp, AH,,
o =vew(32)-exn (-7 7)

where AH,, and AS,, are the migration enthalpy and entropy. At the same time, v represents

(2.21)

the vibration frequency (typically considered to be equivalent to Debye frequency).

As can be seen, the diffusion coefficient is strongly dependent on temperature.
However, there are terms that are non- or weakly temperature dependent, particularly those
related to entropy, crystal structure (including interatomic distances and symmetry),
and the Debye frequency. Therefore, the diffusion coefficient can be written as:

D =Dy, -exp (— kS_T)’ (2.22)

where Dy, is the preexponential factor, independent of temperature, and Q is the total activation
energy. Q consists of the enthalpy of formation of the defect involved in diffusion (energy
required to create one oxygen vacancy in the case of the oxygen diffusion via vacancy
mechanism in metal oxides) and the enthalpy of mobility (energy needed to overcome
the potential barrier during the jump between the equilibrium positions). In the case
of the oxygen diffusion in metal oxides with oxygen deficiency at low partial pressures
of oxygen, the concentration of vacancies can be expressed using an equation implementing

the equilibrium constant:

o 1 1/3 ~-1/6 1 1/3 AS]]" AHV" _1/6
[v5] = (3ks) " po=(5) " exp Sk: - exp —BkB;’, po,”", (2.23)

where AH,» and AS,,» denote the enthalpy and entropy related to the formation of an oxygen

vacancy and K. is the equilibrium constant corresponding to the vacancy formation

reaction.#” This indicates that the diffusion coefficient for such transport of oxygen ions
decreases with increasing oxygen partial pressure. In this case, the preexponential factor D

can be written as:
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ASyss

+AS,,

Dy = aadv - exp—=>————, (2.24)
kg
and the activation energy can be expressed as:
AHyp
Q =—3"+ Ay, (2.25)

If the concentration of oxygen vacancies is defined by the concentration of an acceptor
substituent [A4,,'], there are no terms related to the formation of the vacancies in (2.25),
since in this case their concentration does not depend on the temperature nor oxygen partial

pressure:

AS. AH
D = aadv-[Ay'] - exp (—m) - exp (— m), (2.26)
kg KpT

which means that the diffusion in such a scenario is limited only by the mobility of the oxygen
vacancies.

In the case of interstitial diffusion of solute, such as protons in oxides, moving
via the Grotthuss mechanism, the diffusion coefficient does not depend on the concentration
of the moving species (for the solute conditions). Therefore, the activation energy for such

diffusion corresponds solely to the activation energy of mobility:

AHm). (2.27)

D = Do-exp(— kpT

2.3.4. Chemical diffusion

The diffusion coefficients described in chapter 2.3.3 can be considered “self-diffusion”
coefficients, which signifies that the diffusion phenomena concerned the independent
transport of individual species within the crystal. Such movement can be chaotic (random
diffusion) or induced by the potential gradient and can be directly related to the mobility
of the diffusing species u; using the Nernst-Einstein relation:

U;
D; =—

= —kpT,
7o ks (2.28)

where D; denotes the self-diffusion coefficient of species i, while Z;e represents its charge.
The direct measurement of D; is difficult and requires the distinction between the diffusion
response of various atoms moving in the system. A more convenient approach might be
to employ the chemical diffusion coefficients, which describe the cumulative effect
of ambipolar diffusion. The ambipolar diffusion assumes the correlated movement of species

in the presence of a potential gradient, e.g. during the oxygen ion transport in mixed ionic-
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electronic conductors. The chemical diffusion coefficient D.p.,,, can be related to the self-

diffusion coefficient via relation:
Dehem =7V " Dy, (2.29)
where y denotes the Wagner thermodynamic factor, which can be expressed as:

_1dlnag
_Zi alTlCi-

Y (2.30)

where a; denotes the activity of species i, while c¢; represents its concentration.
If the considered species is an oxygen ion in a mixed ionic-electronic conducting perovskite,
Z; assumes the value of 2. The thermodynamic factor depends on both temperature
and oxygen partial pressure.

The diffusion phenomena can be investigated using the transient methods of diffusion
measurements, such as electrical conductivity relaxation (ECR). In this method, the process
occurring at the surface of the material is described as a flow of particles from regions of higher
to lower concentration within the sample. The ECR method enables the determination of two
parameters: the chemical diffusion coefficient D.p.,;, and chemical surface exchange

coefficient kj.m. These parameters can be related by the equation:

e (%) = ke (%) a1
chem \dx bulk_ chem \dt interface. (2:31)

In the case of oxidation/reduction experiments, the k.., parameter provides information
about the material’s ability to incorporate and release the oxygen ions, which is determined
by the oxygen-vacancy concentration on the surface of the material, constituting the active
absorption centres. k.p.;,; allows for assessment of the material in terms of its ability
to efficiently undergo oxygen reactions on the surface, which is crucial for its application

as an electrode in electrochemical devices.
2.4. Ionic and mixed ionic-electronic conductivity

The electrical current density (j;) transported by species i can be expressed using
the Ohm law as:

ji = Zie-ui-ci 'E, (232)

where E represents the electrical field, Z;e denotes the charge of species i, while u; and c; their
mobility and concentration, respectively. By grouping the species-related coefficients
of the equation above, a new parameter describing the partial conductivity associated

with species i can be introduced:

o; = Zie Uit G (233)
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The total electrical conductivity of the material able to conduct more than one type of charged
species, such as mixed ionic-electronic conductors, can be expressed as a sum of the partial
conductivities for each mobile carrier i:
Ototal = Z 0i. (2.34)
l

The contribution of the conductivity of species i, expressed as a transference number of i,
is defined as the ratio of the conductivity related to those species to the total conductivity:

0;

t, = . 2.35
' Ototal ( )

Therefore, the sum of the transference numbers of all the species contributing to the electrical
conductivity is equal to 1. The total electrical conductivity can also be described as a sum

of the electronic and ionic conductivities:
Ototal = Oel t Oionic- (2-36)

Electronic conductivity is related to the transport of electrons and electron holes, while ionic
conductivity describes the movement of ionic species such as cations, anions, and protons.
The relative contribution of electronic and ionic conductivities to the total conductivity
may depend on temperature, partial pressure of oxygen, and partial pressure of water,
in the case of proton conductors. Due to a much higher mobility of electronic charge carriers
compared to ionic species, even if the concentration of ionic carriers is much higher
than that of electrons/electron holes, the oxide can still be a predominantly electronic
conductor. However, the transport of ions in ceramic materials often constitutes a significant
or at least nonnegligible contribution to the total conductivity of those materials.

In ionic and mixed conductors, diffusion and electrical conduction are interrelated.
The movement of charged ionic species can be driven both by a concentration gradient
and the electrical potential gradient, leading to a directional diffusion of those species.

Figure 2.8 illustrates the diffusion of an atom in a one-dimensional lattice in two
scenarios: without (a) and with (b) an electrical potential gradient. In the latter scenario,
the height of the energy barrier between the adjacent sites is lower in one direction and higher
in the other, resulting in a disproportion of the probability of the atom movement in those
directions. The net flux density of carriers in one direction is related to the difference
in the jump frequencies in two directions.

Since the mobility of ionic species and their diffusion coefficient are related (eq. (2.28)),
the ionic conductivity is strictly dependent on the diffusion properties for the considered ionic

carrier and can be expressed as:

24



o; = (Z;e)%c; D
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Figure 2.8. An illustration of an atom residing in a site in a 1D crystal lattice and the energy barriers between
the adjacent sites. Scenario (a) represents a situation where there is no electrical field present and the energy
barrier AH,, is the same in both directions. Scenario (b) represents a situation with an electrical field applied
and the energy barriers altered, leading to a varying probability of the atom jumping in two directions. Distance s
denotes the distance between the adjacent sites for the considered atom.
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The electronic conductivity of most oxides is thermally activated. The energy band gap
determines the concentration of electronic carriers excited at a specific temperature
via an intrinsic excitation mechanism while the energy levels introduced by point defects
and their concentration determine the extrinsically excited carriers. Due to the partially ionic
nature of bonds in oxides, electrons and holes can be considered localised on the crystal lattice
sites. Such quasiparticles of electronic defects coupled with the lattice deformation can be
described as a polaron, which will be described in more detail later in this chapter.

For an intrinsic semiconductor, the electronic conductivity can be expressed as:

Op1 = 0o + 0, = (U, + up)/NcNy - exp(— Eg/ZkBT), (2.38)

where o, and oy, are the conductivity of electrons and electron holes, respectively, u, and up-
are their mobilities, while N and Ny, are the density of states on the conduction and valence
bands, respectively, and E; is the energy gap. The band energy diagram for the doped
semiconducting material is presented in Figure 2.9. For the example of an acceptor
substituent, at a temperature at which the acceptor level is almost full but the interband
excitation may be neglected, the concentration of the electron holes p is equivalent

to the concentration of the acceptor itself (N4):
p = Ny. (2.39)
At lower temperatures, the concentration of electron holes can be expressed as:
p = JNyN, - exp(— Eion/2kpT), (2.40)

where Ej,, is the ionisation energy, equivalent to the energy difference between the acceptor
level and the top of the valence band.

Most oxides at elevated temperatures are electronic conductors and their conductivity
increases with increasing temperature due to the increased concentration of electronic
carriers. Nevertheless, their total conductivity is significantly lower than that of a metal.
However, some transition metal oxides exhibit a similar “metal-like” behaviour
of the conductivity decreasing with increasing temperature, which generally can be associated
with the reduction of the mobility of electronic charge carriers.

The mobility of electronic charge carriers depends on the interaction between electrons
and the crystal lattice. In nonpolar (covalent) solids, the itinerant electron model can be
applied. The mobility of electronic carriers is limited by the scattering on structural defects
and thermal vibrations of the ions in crystal lattice. The scattering associated with defects
dominates at low temperatures, while the electron-phonon scattering prevails at elevated

temperatures.
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energy

Figure 2.9. Schematic representation of a semiconductor band energy diagram with additional energy levels
introduced by a donor and an acceptor.

In the case of ionic solids, such as oxides, electrons polarise the crystal lattice around
them, locally distorting the structure and leading to the formation of a polaron.
If the interaction between the carrier and the lattice is weak, which takes place in strongly
ionic compounds with a large energy gap, it can be considered a large polaron. In materials
with stronger interactions between the lattice and electrons/holes, the carriers are more

localised, leading to a smaller size associated with those quasiparticles (smaller than a unit
cell). Atlow temperatures (T < TTD, where Tp is the Debye temperature), small polaron tunnels
between the positions in a narrow band, and its mobility is defined by the phonon scattering,
which leads to its decrease with increasing temperature. At high temperatures (T > TTD), small
polarons are localised and trapped on specific atoms.48 In such a scenario, electronic carriers

move via a thermally activated hopping mechanism, analogous to the diffusion of ionic charged

carriers. Therefore, their mobility can be described through the Nernst-Einstein relation as:

e

E
Usmall polaron = kB_TD = const.T™* - exp (— kB_mT)' (2.41)

where E,, denotes the activation energy of hopping, equivalent to the migration enthalpy
for this carrier. The exponential temperature dependence enables the distinguishing
of this mechanism from the others. Analogous to the diffusion transport of ions, the mobility
of small polarons depends on the crystal structure of the system and the local geometry around

the ions, which determine the distances between the atoms and the energy of migration E,,,.

27



The conductivity of materials exhibiting the ionic and/or small-polaron conductance can be
expressed using the Arrhenius relation as:

E
o=0yT ™" exp (— ﬁ), (2.42)
B

where E, denotes the activation energy for conduction, consisting of the energy of migration
and the energy required for the excitation of the electronic carrier or the formation of a defect.
0, is very weakly dependent on temperature and, in MIEC oxides, it is defined by the crystal
structure of the material, its defect chemistry, and the oxygen nonstoichiometry.

MIEC materials can be divided into categories based on the relative contributions
of ionic and electronic charge carrier concentrations. Materials with a predominant
concentration of electronic charge carriers, such as calcium-substituted chromate lanthanide,
exhibit high electronic conductivity; hence, they can be applied in SOFCs as interconnectors.*?
The mixed conductors can also exhibit comparable concentrations of electrons/holes
and mobile ionic carriers. In the case of this group, the transference numbers for electronic
and ionic carriers can be comparable or differ by one order of magnitude, which requires
the mobilities of those species to be similar. Such properties are shown by ceria in oxygen
partial pressures below 10719 atm., at which the formation of appropriate amounts of oxygen
vacancies and electrons enables the condition n = 2[v};] to be met.5° The third group of MIEC
materials exhibits a much higher concentration of mobile ionic carriers than electronic defects,
which is generally found in highly ordered structures. This is typically associated
with predominantly ionic conductivity (t;,nic = 1), which makes these materials perfect
candidates for electrolytes for application in fuel cells with solid oxide electrolyte.

The characteristics of a material and its association with one of the aforementioned
groups depend on the conditions, such as temperature and the partial pressures of oxygen
and, in the case of a material undergoing water uptake, the partial pressure of water. Each MIEC
material exhibits distinct regions of differing properties depending on the atmosphere.
The schematic representation of a p,, dependence of carrier concentration (Brouwer plot)
for a simple MIEC of a wide energy gap is shown in Figure 2.10. The concentrations of ionic
charge carriers in an oxide depend on its defect chemistry. Therefore, they are influenced
by the presence of ionised point defects and homovalent impurities/substituents, as well as
the oxygen nonstoichiometry of the compound. The predominant types of defects depend
on the atmosphere. Additionally, doping the material with a heterovalent substituent can

change the dominant types of point defects in each p,, region and influence the concentrations

of charge carriers.
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Figure 2.10. The Brouwer plot of MIEC of a wide band gap, showing p,, dependencies of the concentration
of oxygen vacancies, oxygen in interstitial positions, electrons, and electron holes. The p,, range was divided
into three regions, depending on the type of disorder they exhibit (predominant defects present): n-type mixed
in the lowest py,, stoichiometric (here ionic) in the intermediate p,, range, and p-type mixed in the highest py,.
The fractions included signify the exponent for the dependence of concentration on py,.

2.4.1. Triple-conducting oxides

Aside from the most common mixed ionic-electronic conducting oxides with mobile
oxygen vacancies and electrons or electron holes, there can be distinguished a group of MIEC
materials exhibiting an additional type of ionic conductivity - proton conductivity. In triple-
conducting oxides (TCOs) three types of mobile charge carriers are present: electrons
or electron holes, oxygen vacancies, and protons. A traditional MIEC or an oxygen-ion
conducting oxide can become a triple-conducting material via exposure to a humid
atmosphere. The TCO material may be either a single-phase material or a composite.
They demonstrate considerable potential for diverse electrochemical applications,
such as electrode materials in protonic ceramic fuel cells (PCFCs)5152, electrolysers (PCECs)53,
and membrane reactorss4. Therefore, TCOs present a significant opportunity for developing
cutting-edge electrochemical devices, paving the way for progress in energy conversion
and storage technologies.

Since protons are not native to the lattices of ceramic oxides, proton conduction
in those materials requires the incorporation of protons into a structure in the form

of positively charged hydroxide defects. There are two possible processes of proton
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incorporation into oxide materials: (1) hydration reaction, which is a dissociative absorption

of water by the acid-base reaction:
vy + 05 + H,0 = 20H,", (2.43)

and (2) hydrogenation reaction, which is a combination of reduction and hydration reactions:

1
205 + 2h* + H,0 = 20H," + 502. (2.44)

The first mechanism prevails in materials with a high oxygen-vacancy concentration
(2[vy’]1>[h°]). If proton defect formation occurs via the hydration reaction, two protons are

incorporated into the material with the consumption of one vacancy. Because proton mobility
is generally higher than that of oxygen vacancies, this scenario typically leads to enhanced total
electrical conductivity in a humid atmosphere. The schematic representation of proton
incorporation via hydration is shown in Figure 2.11. The hydrogenation mechanism of proton
incorporation dominates in materials with a high electron-hole concentration (2[v;’]<[h"]).
Two protons are incorporated into the material at the cost of two electron holes. This reaction

decreases the total electrical conductivity in a wet atmosphere.
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Figure 2.11. Schematic illustration of the proton incorporation into an oxide via the hydration reaction.

The efficiency of the hydration reaction is determined by the standard hydration
enthalpy AHpy4,, which is influenced by the electronegativity of the cations.
The electronegativity of the A and B cations defines the ionicity/covalency of the A-0 and B-0
bonds, which also affect the defect chemistry in ABOs; materials. AHp, 4, decreases
with the decrease in the electronegativity difference between the A and B cations (see
Figure 2.12), leading to a higher concentration of protons incorporated via this reaction.
Furthermore, the lower average electronegativity of the A and B cations may decrease electron
transfer from oxygen, resulting in increased oxygen ion basicity. This may lead to increased

proton concentration, simultaneously diminishing the mobility of electron holes.55-57
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The dependence of Gibbs free energy of hydration on the average

is presented in Figure 2.13.
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Figure 2.12. Hydration enthalpy as a function of the electronegativity difference between A and B cations in ABO3
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Figure 2.13. Gibbs free energy of hydration at 700 K as a function of the average electronegativity of A and B cations

in ABO3 perovskite materials.>¢
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The feasibility of proton uptake can also be influenced by structural distortions
and the electronic structure of the oxide. For several perovskite oxides with redox-active
transition metals (TM), the buckling of the B-0-B bonds has been linked to charge
delocalisation and the degree of covalency of the B-0O bonds.585% The relationship between
the composition, structural distortions, and electronic structure in (Ba,St,La)(Fe,Zn,Y)O0s-s
perovskite materials has been investigated by Raimondi et al. They reported the collective
influence of those material features on proton uptake and highlighted the influence of oxygen
states on the covalency of Fe-0 bonds, for which the charge transfer to transition-metal cations
influenced the basicity of oxide ions. Lower covalency of Fe-O bonds correlated
with the increase in oxygen ion basicity, which led to the highest proton concentration
in the materials exhibiting the most significant structural distortions.6® Additionally, Raimondi
et al. investigated the connection between the buckling of Fe-0-B bonds and the Fe 3d - O 2p
orbital overlap, establishing its positive influence on the proton uptake abilities
of (Ba,La)(Fe,Zn,Y)03-5 perovskites.c! Therefore, despite decreasing the ionic conductivity
of an oxide, lowering the crystal structure symmetry may have non-obvious consequences
in the case of mixed protonic conductors with predominant electronic conductivity.62
However, the effect of this local distortion on the water uptake may be positive only if the long-

range ordering of the crystal preserves a high symmetry (see Figure 2.14).

BFMg10Cai0
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Figure 2.14. Proton uptake at 250 °C in py,o = 16.7 mbar for perovskite-based oxides of different crystal structure.
BLSF, h-BF, 0-BF h-BFMg10Ca10, and BFMg10Cal0 represent cubic BaogsLaoosFeOs-s, hexagonal BaFeOs-s,
orthorhombic BaFeOs-s, hexagonal BaFeosMgo.1Cao.103-5, and cubic BaFeo.sMgo.1Ca0.103-5, respectively. The values
shown underneath each material label indicate the molar concentration of protons (in relation to 1 mol
of the compound).3

Proton transport in ceramics can be studied using relaxation methods, such as ECR,
which enable the indirect investigation of the proton mobility by analysing the diffusion
of water through a material. In oxygen-ionic conductors with a small electronic conductivity,

the diffusion of protons is limited by the slower diffusion of oxygen. Such a process

can be described by a single chemical diffusion coefficient, which includes the contributions
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of the diffusion of one oxygen ion and two protons. Conversely, in materials with more
than two mobile charge carriers the mechanisms related to water diffusion and its kinetics
may be more complex.64 In triple-conducting oxides, the electroneutrality condition must be
satisfied within an ensemble of three carriers: protons, oxygen vacancies, and electrons
or holes (in low or high p,,, respectively). Two possible stoichiometry relaxation mechanisms
that can occur during the water-uptake process in a triple-conducting oxide are illustrated
in Figure 2.15. In the so-called single-fold relaxation (Figure 2.15a), the concentration
of electron holes is low and oxygen vacancies, as the slowest mobile species, limit the overall
water diffusion rate. In this case, diffusion occurs in the same way as in the materials with only
two mobile charge carriers, in which the concentrations of charged point defects are directly
coupled to one another by the electroneutrality condition. Therefore, one chemical diffusion
coefficient can be determined due to the coupling between proton and oxygen vacancy.
Two-fold relaxation (Figure 2.15b) occurs if the concentration of mobile electron holes
is sufficiently high. In this case, the electroneutrality condition is satisfied by the changes
in the concentration of electronic charge carriers, so fast protons can respond to the gradient
of the chemical potential of water, the driving force of proton diffusion, independently
of slower oxygen vacancies.t* Consequently, independent diffusion of protons and oxygen

vacancies is possible, which allows the determination of two distinct diffusion coefficients.65

(b)

the ~ 0 e = 1

Figure 2.15. Schematic illustration of the flow of protons and oxygen vacancies during the water uptake via single-
fold (a) and two-fold (b) stoichiometry relaxation. The specific relaxation process occurring during the proton
uptake in a material depends on the transference number of electron holes tj-.

The properties of a ceramic, such as the concentration of the mobile species and its
catalytic capabilities, can be controlled via the design of material composition. When the B-site
cation of the perovskite oxide is substituted with the appropriate type and amount
of substituent, the ORR and proton conductivity might be enhanced. Acceptor substituent
at the B-site promote hydration by introducing oxygen vacancies and stabilising protons

in the structure, thanks to their basicity (low electronegativity). Additionally, if the substituent
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has a relatively large ionic radius, the unit cell volume can be expanded, which may increase
the mobility of oxygen vacancies. Moreover, the substitution with a mixed-valence metal might
enhance the electronic conductivity as well as the capability for redox reactions.6667

The properties of a perfect MIEC for the application as a positrode material in PCFC
would be high electronic conductivity to transfer the electrons needed for the oxidation
reaction efficiently, and sufficient ionic conductivity, including oxygen-ionic and proton
conductivity. A material exhibiting such properties could enable electrochemical reactions
on the whole surface of an electrode, leading to its optimal utilisation (see Figure 1.3).
However, the defects participating in these transport processes rarely exist in a substantial
amount at the same time, since the conditions facilitating their formation do not typically
overlap. The partial pressure dependencies of the concentrations of oxygen vacancies, protons,
and electron holes in an acceptor-doped oxide are shown in Figure 2.16. The highest

concentration of protons does not occur in conditions where the concentration of electron

holes is significant.
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Figure 2.16. The concentrations of oxygen vacancies, protons, and electron holes as a function of oxygen and water
partial pressures in an acceptor-doped oxide.64
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3. Selected materials

The materials studied in this work belong to the ABO3_s perovskite family, where A
is a 2+ cation, and B assumes an oxidation state between 3+ and 4+. They can be divided

into two main groups:

o BaCeosZro2Yo2-xMx03-5 (BCZYM) compounds with yttrium substituted
with mixed-valence elements
These materials exhibit a high concentration of oxygen vacancies
while maintaining predominant electronic partial conductivity. Their ionic
conductivity is high. Thus, these materials can also undergo water uptake
in the presence of water vapour, making them TCOs.

e SrFe;_xCox03-5 series of compounds (SFC)

This group exhibits high partial electronic conductivity (t.; = 1).

3.1. Barium cerate zirconates

3.1.1. BaCe03-5 and BaZr03-s

Owing to their high proton conductivity and chemical stability, perovskite oxides
based on barium, cerium, and zirconium are the most prevalent state-of-the-art
proton-conducting oxides.5 Furthermore, they consist of earth-abundant elements, decreasing
the fabrication costs of such materials. Both, barium cerate (BCO) and barium zirconate (BZO)
are well-established ionic conductors, exhibiting significant protonic conductivity in water
vapour. Alkaline-earth element — barium - occupies the A site of the ABO; lattice, and smaller
ions of cerium or zirconium (for BCO and BZO, respectively) reside in the B sublattice.

BaCeO;3 exhibits an orthorhombic crystal structure (Pmcn) at room temperature
and transforms into Imma orthorhombic, rhombohedral (R3c), and finally into the cubic
structure (Pm3m) with increasing temperature.586% It can incorporate a high number
of protons into the structure; however, such feasibility for the reaction with water causes
its low thermochemical stability in humidified conditions, which leads to the formation

of separate phases of cerium oxide and barium hydroxide:?°
BaCeO3 + H,0 = Ba(OH), + CeO,. (3.1)

Moreover, compounds based on this material are not stable in H,S and CO;7, which can be
present in biogas fuels used for fuel cell feeding, leading to the decomposition of BCO.72
On the other hand, BaZrOs is characterised by higher chemical stability in atmospheres

containing those species. However, it possesses a lower ability of proton incorporation
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and exhibits high grain-boundary resistance, resulting in a significant drop in the electrical
conductivity. Furthermore, obtaining a high density BZO ceramic requires high sintering
temperatures. BZO possesses a cubic crystal structure (Pm3m).s8

To enhance the structural stability of BCO, cerium can be substituted with more acidic
ions, such as titanium?3 or niobium74 However, such modifications lead to a decrease
in the ionic conductivity of the material.”> An alternative approach might be the substitution
of cerium with zirconium, resulting in the formation of BaCe03-BaZr0Os3 solid solution (BCZ0),
which leads to an improvement in materials stability, at the same time reducing the ionic
conductivity to a lesser degree.”? Barium cerates, zirconates, and their solid solutions

are the basis for the commonly used electrolyte materials for proton ceramic cells.
3.1.2. Ba(Ce,Zr,Y)03-5

Owing to a small deviation from the ideal cubic structure and a large volume of the unit
cell, advantageous for oxygen vacancy and proton mobility, as well as for proton formation
through hydration, ABO3 perovskites exhibit exceptionally high proton conductivities.*445
Moreover, partial substitution of B-cations with acceptor elements results in increased
oxygen-vacancy concentration, which may improve the proton conductivity in perovskite
oxides. In addition to increasing the concentration of oxygen vacancies required
for the hydration reaction (equation (2.43)), thus improving water uptake, acceptor
substituents can enhance the mobility of protons in the structure.*> Oversized B-substituents
(such as Y3+ or Zn?*) can also further increase the proton uptake.0

The introduction of acceptor substituents is widely used in the case of barium
cerates,’6-80 zirconates,81-8¢ and their solid solutions,8>-89 in which the substitution
with yttrium and ytterbium is a frequent practice in the design of efficient proton-conducting
materials. The acceptor-doped barium cerate-zirconate solid solutions are mixed oxygen ionic-
protonic conductors, commonly applied as an electrolyte for PCFCs.87.9091 The introduction
of oxygen vacancies into such systems via the yttrium substitution proceeds according

to the reactions:

2Cec,” + 00" + Y,05 - 2Y:,' +vp°" + 2Ce0,, (3.2)
and

27215.% + 00" + Y,05 - 2Yy," + v, + 2210, (3.3)

for the substitution of cerium and zirconium, respectively.
To obtain a material with appropriate ionic transport properties, water uptake
capabilities and a high degree of chemical stability, the proportions of cerate and zirconate

and the amount of acceptor must be selected. In this work, the base compound
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for the synthesised materials was BaCeg¢Zro2Y0203-5s (BCZY622). Since Ba(Ce,Y)0s-5 exhibits
higher proton conductivity than Ba(ZrY)Osz-s (see Figure 3.1), a composition
with a predominance of cerium while maintaining sufficient structural and chemical stability

provided by zirconium was chosen.
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Figure 3.1. Proton conductivity as a function of temperature for various materials, including the substituted barium
cerate (Y:BaCeO3) and zirconate (Y:BaZrO3) with 10 mol.% of yttrium in the B-site.92

3.1.3. BaCeo.6Zro0.2Y0.2-xMx03-5

To further enhance the transport properties of BCZY materials, mixed-valence cations,
such as praseodymium?9394, cobalt,596 or ruthenium,®’ can be substituted in place of cerium,
zirconium, or yttrium, leading to an increase in their electronic conductivity. Since such
materials possess three types of mobile charge carriers: oxygen vacancies, protons,
as well as electrons or electron holes, they can be considered triple-conducting.
Therefore, Ba(Ce,Zr,Y,M)03-s5, where M is a mixed-valence metal, can be considered as one
of the representative groups in the TCO family and regarded as potential materials
for the application in positrodes in PCFCs and PCECs.

In this study, yttrium in BaCegsZro2Y0203-5s was substituted by several mixed-valence
metals. The materials were investigated with respect to structural properties, defect chemistry,

diffusion and surface exchange features, and electrical conductivity. The chosen substituents
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were terbium, praseodymium, and iron, incorporated into 10 mol.% of the B-site.
To further examine the influence of iron on the BCZY properties, two additional compositions
with 2 and 5 mol.% of iron in the B-site were synthesised and studied. Solid solutions of wide
and narrow band gap barium-based perovskite oxides (such as barium zirconate and barium
ferrite, respectively)9899 have been previously studied in terms of an application as positrode
materials for PCFC materials.100.101

Since only a limited number of studies in the literature have documented the impact
of a water vapour-rich atmosphere on the surface exchange of oxygen,102103 the selected
material group were also analysed in terms of the influence of water vapour on the oxygen
diffusion and oxygen surface exchange characteristics. The literature provides different
and sometimes conflicting conclusions about the possible effect of the protons' presence
on the oxidation and reduction Kinetics. This is particularly important as electrochemical
devices generally function in a humid environment. Additionally, in the case of TCOs, proton
defects influence their electrochemical characteristics. The existing understanding
of this influence is insufficient, highlighting the need for further in-depth investigation.
Therefore, the research results presented in this dissertation and the conclusions drawn

may shed new light on this complex topic.

3.2. Strontium ferrite cobaltites

3.2.1. SrFe03-5 and SrCo03-5

Strontium ferrite (SFO) is a perovskite material in which oxygen nonstoichiometry
greatly influences structural and electrical properties. SrFeO3;_s (0 < § < 0.5) exhibits mixed
ionic-electronic conductivity, due to the different oxidation states of iron ions (Fe3+ and Fe%+),
which makes it a good material for the application as an electrode in SOFCs, sensors,
and oxygen membranes.1%4 If § = 0, SFO is a simple cubic perovskite (Pm3m), in which eight
FeQ¢ octahedra are located in the unit cell corners and strontium occupies a central position
(see Figure 3.2a). With increasing oxygen nonstoichiometry, oxygen vacancies can exhibit
a long-range ordering, leading to a decrease in the symmetry of the system.105106 The possible
crystal structures observed for SFO materials of various oxygen nonstoichiometries are shown
in Figure 3.2.105106 The symmetry of the system can also vary with temperature
(see Figure 3.3).

Depending on the atmosphere, SrFeOs;_s may exhibit p-type or n-type conductivity.
In oxidising atmospheres (py, > 1075 atm.), the hole conductivity dominates, while in strongly
reducing atmospheres (py, < 10~'> atm.), the electron conductivity prevails.107.108
All experiments in this work were conducted in air. Thus, the electron-hole transport

was assumed to be the primary contributor to the overall conductivity. In oxidising conditions
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(when the oxygen nonstoichiometry § # 0), the hole conduction occurs by an exchange
of holes between the Fe** and Fe3+ iron ions via a small-polaron hopping mechanism.109.110
In general, the concentration of electron holes in SFO is influenced by oxygen

nonstoichiometry, therefore affecting its electrical conductivity.104

(a) & = 0 (cubic - 221) (b) & = 0.125 (tetragonal - 139)

Figure 3.2. Unit cells of SrnFenOsn-1 exhibiting vacancy long-range-ordering, where n=co (a), n=8 (b), n=4 (c),
and n=2 (d), which correspond to oxygen nonstoichiometry equal to 0, 0.125, 0.25, and 0.5, respectively. The crystal
systems with appropriate space group numbers for each unit cell are placed in the brackets. The blue, green,
and red spheres represent strontium, iron, and oxygen, respectively.
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Figure 3.3. Phase diagram of strontium ferrite, exhibiting various crystal structures, dependent on the temperature
and oxygen nonstoichiometry.105

The transport of oxygen ions in SFO occurs through the vacancy mechanism,
wherein oxygen ions migrate to neighbouring vacancies through a hopping process. The ionic
conductivity is related to the diffusion rate of oxygen ions, which is affected by the crystal
symmetry and the concentration of oxygen vacancies. The ionic conductivity of SFO reaches
0.143 S/cm at 800 °C.111

Strontium cobaltite SrCo0s-s perovskite (SCO) shows high ionic-electronic conductivity,
following the same conduction mechanisms as SFO. What is more, the electrical conductivity
and surface exchange kinetics of SCO exceed those of SFO. It also displays exceptionally high
mobility of oxygen ions and high catalytic efficiency.112113 A drawback of strontium cobaltite
is a structural transition at 900 °C. Above 900 °C, the crystal structure of SCO is cubic,
while below it transforms into lower symmetry structures (2H-type hexagonal
perovskite!14-116 or brownmillerite). Since the high symmetry of a perovskite unit cell
promotes high mobility of oxygen vacancies and an optimal overlap between 3d orbitals
of transition metal and 2p orbitals of oxygen, it provides both, high oxygen-ionic and electronic
conductivity.110.117 Therefore, the total electrical conductivity of SCO below the transition
temperature is much lower.118-120 Stabilisation of the cubic perovskite structure at low

temperatures may be achieved by substituting cobalt with iron.121

3.2.2. SrFe1-xCo0x03-5

The solid solution of strontium ferrite and cobaltite — SrFe;-xC0x03-5 (SFC) - might offer
a combination of the advantages of SFO and SCO, while reducing their limitations.
SFC materials provide the good structural stability of SFO and the rapid surface exchange

of oxygen with excellent mixed conductivity of SCO. The crystal structure of SrFe;_xC0x03-5
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(x < 0.8) was reported to be cubic at room temperature, which provides favourable
conditions for oxygen transport.119 This might be crucial in terms of applications for these
materials since, according to the Wagner formula, both electronic and ionic conductivities
determine oxygen permeation flux through the perovskite mixed conductors.119122
The conduction mechanism of electron holes in SFC at lower temperatures is a thermally
activated p-type small-polaron hopping, so the electron-hole conductivity increases
with increasing temperature. After reaching the maximum, the electrical conductivity
decreases with increasing temperature. The cobalt content in SFC materials has a significant
impact on electrical properties. With increasing cobalt content, the electrical conductivity
and oxygen-vacancy concentration were reported to increase, whereas structural stability
at low temperatures - to decrease.123 At 800 °C, the ionic conductivity ranges from = 0.1 S/cm
to = 1.2 S/cm for SrFeOs_s and SrFeos7C00.3303-5 respectively.124125 Taking into the account
the total electrical conductivity (~ 1072 S/cm), the transference number of oxygen ions in SFC
materials varies from 1073 to 1072, depending on the cobalt content.126 Moreover, Teraoka et
al. investigated the oxygen permeation rate through SrFe(2C00803-5 ceramic membranes,
which was two orders of magnitude higher compared to YSZ.127

Other perovskites containing iron and cobalt have also been widely investigated
for their magnetic properties, in which local disorder at the B-site and spin-lattice interactions
have been found to influence lattice parameters and magnetic behaviour. In disordered double
perovskites, the anomalies in lattice expansion and phonon modes related to the presence
of magnetoelastic coupling and spin-phonon interactions have been reported.128-130
The theoretical work on NdSrCoFeO¢ system by Silva et al. further suggested that mixed-
valence states of B cations and the disorder on the B-site may create competing magnetic
exchange pathways and frustration, influencing the distribution of oxygen vacancies
and the local electronic environment.13! Furthermore, the investigations of related perovskites
show that local ordering or clustering of oxygen vacancies can modify the symmetry
of transition-metal sites and alter the electronic structure.132133 Although these effects
are the most pronounced at low temperatures, associated with magnetic ordering or spin-state
transitions, they point to a possible interplay between the distribution of oxygen vacancies,
local structural disorder, and electronic properties of Co-/Fe-containing perovskites.
Even without the long-range magnetic order, these interactions may affect the mobility
and formation of oxygen vacancies.

Although SFC materials possess promising properties for application in various
electrochemical devices, the oxygen diffusion and surface-exchange characteristics
of this system need further investigation. Moreover, there are no reports on the influence

of water vapour on the oxygen diffusion behaviour and electrical transport in those materials.
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A comprehensive analysis of the long-range and local structure, as well as an investigation
of defect chemistry, electrical, and thermoelectric properties, may provide a new
understanding of the SFC system and SFC-related materials. The material series chosen

for this purpose was SrFe;-xCox03-5, where x = 0, 0.2, 0.4, 0.6, 0.8.
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4. Research methodology

4.1. Fabrication of samples

4.1.1. Solid-state reactive sintering

The solid-state reactive synthesis (SSRS) method is widely used for fabricating ceramic
materials. It is valued for its high efficiency, simplicity, reproducibility, and cost-effectiveness.
It facilitates the formation of thermodynamically stable products by promoting chemical
reactions between solid-state reactants at temperatures below the melting point of all
components.13* The SSRS method enables simultaneous phase formation, grain growth,
and densification.

A key factor affecting the efficiency of the synthesis is the distance between reactant
grains and their size, as they determine the diffusion of atoms between phases. To address this,
the reactants are ground into a fine powder and pressed into pellets prior to the synthesis.
Additionally, the process can be optimised by using additives that lower the synthesis
temperature and enhance both the reaction efficiency and sintering.

Another critical parameter influencing the efficiency of SSRS is the temperature
at which the synthesis is conducted, as it governs the rate of diffusion within the sample.
According to the Tammann rule, the temperature should exceed 2/3 of the melting
temperature of at least one of the reagents. This condition promotes the dominance of volume
diffusion over surface diffusion at grain boundaries, which is prevalent at lower
temperatures.135 Lattice diffusion plays a crucial role in enabling the reaction to occur
throughout the sample volume.

In this study, two material groups, BaCeosZro2Y02-xMx03-s (M = Fe, Pr, Tb; x = 0.02, 0.05,
0.1) and SrFe;1xCox03-5 (x = 0, 0.2, 0.4, 0.6, 0.8), were synthesised using the SSRS method.
The synthesis steps are illustrated in Figure 4.1. For the BCZYM material group,
the stoichiometric amounts of BaCOs3 (Sigma Aldrich, 99.9%), CeO2 (Chempur, 99.99% (REO)),
ZrO; (Alfa Aesar, 99%), Y.03 (Alfa Aesar, 99.99%(REO)), Fe:03 (Alfa Aesar, 99.9%), PrsO11
(Chempur, 99.9% (REO)), and Tb407 (Alfa Aesar 99.9% (REO)) were mixed by manual grinding
in an agate mortar, followed by ball-milling with zirconia balls (with ball-to-powder mass ratio
3:1) for 12 cycles at 450 rpm. The milling process was conducted in zirconia bowls filled
with isopropyl alcohol. Each milling cycle included 50 minutes of milling and a 10-minute
pause, allowing the mixture to cool before the next cycle. After the milling, the suspension
was dried and gently ground in a mortar. The resulting fine powder mixture was then calcined
in synthetic air for 24 hours at 950 °C, with a heating and cooling rate of 5 °C/min,

to decompose the barium carbonate reactant. The powder was subsequently mixed
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with 1 wt% NiO (abcr, 99% (metal basis)), ball-milled again for 12 cycles, and uniaxially
pressed into pellets using a hydraulic press at 250 MPa. The powders were formed into pellets
of two shapes: either 12 mm-diameter cylinders for electrochemical impedance spectroscopy
(EIS) measurements or cuboids (18 X 10 mm?) for electrical conductivity relaxation (ECR)
measurements. NiO was used as a sintering aid to ensure high density of BCZYM samples,
which is critical for diffusion experiments.8291 [t was chosen as it is the most effective sintering
aid, compared to other additives such as LiF, Al;03;, and SnO,, improving densification
and lowering the sintering temperature of BCZY samples.136 The addition of small amounts
of NiO can lead to the formation of BaY2NiOs phase with a low melting point, which, in its liquid
form, can facilitate both sintering and grain growth. Furthermore, BaY,NiOs decomposes
at temperatures above 1200 °C, resulting in increased oxygen and cation vacancies
concentrations, further enhancing sintering kinetics.137 The last step involved sintering

the pellets at 1300 °C for 10 hours, with a heating and cooling rate of 3 °C/min.

Figure 4.1. Schematic representation of the solid-state reaction route wused for the synthesis
of the BaCeo0.6Zro.2Y0.2-xMx03-s (M = Fe, Pr, Tb) and SrFe1-xCox03-s samples.

To ensure a better clarity for the reader, in the chapter “Results and discussion”,
the BaCeosZro2Yo2-xMx03-5 compounds are referred using shorter labels. The labels

(summarised in Table 4.1) indicate the additional substituent and its amount used.

Table 4.1. The labels used for each perovskite oxide of BaCeo.cZro.2Yo.2-xMx03-s family investigated in this work.

Complete chemical formula Label
BaCeo.6Zro2Y0.203-5 BCZY622
BaCeo.6Z10.2Y01Tho.103-5 BCZYTb10
BaCeo6Zro2Y0.1Pro.103-s BCZYPr10
BaCeosZro2Yo.1Feo.103-5 BCZYFe10
BaCeo.sZro2Yo0.15F€0.0503-5 BCZYFe5
BaCeo.sZro2Y0.18F€0.0203-5 BCZYFe2
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For the SrFei_C0x03-5 (x = 0, 0.2, 0.4, 0.6, 0.8) materials, SSRS was also employed, using
SrCO3 (Chempur, 99.0%), Fe;03 (Alfa Aesar, 99.9%), and Co304 (Chempur, 99.97%) as initial
reagents. The synthesis route analogous to that used for the BCZYM group was employed
(see Figure 4.1). The first ball-milling process was conducted for 24 cycles at 600 rpm.
Calcination was carried out under the same conditions as those for the BCZYM group.
After the second ball-milling, the powder was mixed with 1 wt% poly(vinyl butyral-co-vinyl
alcohol-co-vinyl-acetate) (PVB) and 1 wt% NiO, and manually ground in isopropyl alcohol. PVB
served as a binder, enhancing powder densification during pressing. The dried powder
was then pressed into pellets and sintered for 24 hours at 1200 °C for x € (0,0.6)
or at 1050 °C for x = 0.8. Lower sintering temperature for SrFe(,C00803-5 was chosen
because of a high content of cobalt oxide, due to its low melting point. To avoid brittleness
and cracking of the sintered samples, the pressure used for the formation of pellets
was relatively low — 100 MPa. To further reduce the risk of cracking of samples, the 2°/min
cooling rate was applied to relax the stresses inside the sample. The relative density
of the obtained SFC samples exceeded 92%. The parameters used in the synthesis steps

for both material groups are summarised in Table 4.2.

Table 4.2. Summary of the parameters used during the preparation and synthesis process of samples.

BaCeo.6Zro0.2Y0.2-xMx03-5 SrFe1-xCox03-5

M = Fe M =Pr M=Tb
o ~ < ©
Substituent g9 S S
N B - — > e’ >< >< e’
O' =) o o (e}
I M 1] 1] 1]
o X < <
1st milling 450 rpm, 12 h 600 rpm, 24 h

Calcination 24 h at 950 °C in synthetic air flow (heating/cooling 5 °/min)

2nd milling 450 rpm, 12 h 600 rpm, 24 h

Additives NiO NiO and PVB

Pressing 250 MPa 100 MPa

Sintering 10hat1300°C (E:a};iitggz?/?r:icn, (}leal;iitggof/orr:ii,

(heating/cooling 3 °/min)
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4.1.2. Coprecipitation method

The coprecipitation method is a widely employed wet chemistry technique
for synthesising mixed oxides, where the precipitation of soluble components results
in the formation of water-insoluble product. Typically, aqueous salt solutions are used
and a crystalline phase is formed through the coprecipitation reaction. This synthesis process
involves several stages, including nucleation, particle growth, and agglomeration, which can
occur simultaneously. The rate at which each stage proceeds, influencing the particle size
and distribution, is governed by several factors, such as temperature, pH of the solution,
stirring rate, and the rate at which the initial reactant solutions are combined.

The BaCeo¢Zro2Y0203-5 (BCZY622) reference sample was synthesised using
the coprecipitation method. Ammonium carbonate ((NH3).CO3) was dissolved in water,
and the resulting solution was heated to 60 °C while being stirred magnetically. Stoichiometric
amounts of Ba(NO3)2, Ce(NO3)3, Y(NO3)3, and ZrO(NO3). were separately dissolved in water
to form individual nitrate solutions, each with a concentration of 1 mol/dm3. The nitrate
solution was then gradually added to the ammonium carbonate solution until a volume ratio
of 1:5 was achieved. The solid product was filtered, dried for 24 hours at 80 °C, ground
in a mortar, and calcined at 1000 °C for 3 hours. The resulting powder was then ground again
with the addition of 1 wt% PVB and 1 wt% NiO, followed by uniaxial pressing
at 300 MPa. Finally, the pellets were sintered at 1450 °C for 4 hours. The synthesis steps are
illustrated in Figure 4.2.

Adding

Filtering and drying

Liraumding in o martar nitrate sodutions
thie solid produoct : e
tos [ MH=]=C 0% solution

Lirotnding Pressing into a pedlel

Kl

Figure 4.2. Schematic representation of the coprecipitation route used to synthesise the BaCeo.6Zr0.2Y0.203-s
sample.
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4.2.Material characterisation techniques
4.2.1. X-ray diffraction

X-ray diffraction (XRD) is an experimental technique employed to investigate
the structural properties of crystalline materials. This method relies on the diffraction
and subsequent interference of electromagnetic waves scattered by atoms on parallel crystal

planes. Waves reflected at the appropriate angle interfere constructively following Bragg's law:
nld = 2dsiné, (4.1)

where A denotes the wavelength of the incident radiation, n is the diffraction order,
d is the interplanar distance, and 6 is the angle of incidence. Figure 4.3 presents the schematic
representation of Bragg's law. The diffraction pattern, which contains information
on the angles and intensities of the collected reflections, provides an indirect “image”
of the electron density within the crystal. This allows the determination of various structural
parameters such as unit cell dimensions, atomic site occupancies, preferred orientation,
and strain. Additionally, XRD enables the analysis of the phase composition of the crystalline

sample.

d

Figure 4.3. Schematic depiction of Bragg's law on the lattice planes.

In this study, the crystal structure and phase composition of the polycrystalline samples
were examined using a Phillips X'Pert Pro diffractometer, operating in atmospheric air at room
temperature. The diffractometer operates in Bragg-Brentano geometry, which utilises
the sample fixed in the horizontal position and the radiation source and detector moving
by —6 and 6, respectively. From the angles of incident radiation that yielded amplification,
one can determine the interplanar distances within the examined material, according

to equation (4.1). Measurements were performed using CukK,, radiation (1 = 1.541 A) under
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40 kV and 30 mA settings of the tube and a PIXcellD detector. The obtained XRD patterns
were analysed and refined using HighScore Plus XRD analysis software, employing the Rietveld
refinement technique.138

The Rietveld refinement method is an analysis technique used to interpret diffraction
patterns. The refinement enables the extraction of detailed structural information based
on the nonlinear least squares method, where the mathematical model is fitted iteratively
to the experimental data by minimising the weighted sum of squared differences between

the observed and calculated intensities (y; ,ps and y; cq;c, respectively):13°
2 2
X = Wi (yi,obs - yi,calc) ’ (4.2)
i

where w; is the weighting factor and i denotes that the intensity corresponds to 26;. The y; cq;¢
intensity is calculated based on the contributions from the fitted structural parameters,
as well as the microstructural factors and effects related to the instrument used
in the experiment. The refinement is an iterative process that begins with the optimisation
of fundamental parameters, such as background, unit cell parameters, scale factors, as well as
peak shape and width (parameters of the profile function), and subsequently includes
more intricate factors like thermal parameters and site occupancies. After each parameter
modification, the diffraction pattern is recalculated, and the deviations from the experimental
data are reevaluated.

To assess the quality of the refinement, several metrics can be employed: profile residual
R, (agreement between observed and calculated patterns), weighted profile residual R,
(agreement between observed and calculated patterns scaled by intensity weights w),
expected residual Ry, (bestachievable fit for the analysed dataset), and goodness of fit (GOF);

which can be expressed with equations (4.3)-(4.6):140

_ Zi|yi,obs - yi,calc|

P Ziyi,obs
2
R2 _ Zi Wi (yi,obs - yi,calc) (4 4)
wp 2 :
2w (yi,obs)
Neir — Prip
2 =S TE (4.5)
i wi(Viobs)
2
R
GOF = ( W”) ) (4.6)
Rexp
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where Nf;; represents the number of data points used for the fitting, while Py;; is the number
of fitted parameters used for the calculation of the model pattern.

The unit cell parameters derived from the Rietveld refinement were subsequently used
to calculate the theoretical densities of the respective materials. The refinement employed

the pseudo-Voigt function as a profile function to model the shape of the diffraction reflexes.
4.2.2. X-ray absorption spectroscopy

X-ray Absorption Spectroscopy (XAS) is an experimental technique enabling
the investigation of the electronic structure of the analysed atom present in the sample
and the local structure around it. The method facilitates the element-specific X-ray radiation
absorption behaviour of an atom when the photon energy exceeds the binding energy
of its core-level electrons. Depending on the chemical state of the atom and the local geometry
around it, the probability of absorbing radiation of a specific energy varies, giving rise
to a characteristic modulation in the absorption spectrum referred to as the X-ray absorption
fine structure (XAFS). A comprehensive analysis of these spectra can reveal information
about the electronic and atomic structure of the investigated material, such as coordination
chemistry, oxidation state, and coordination number of the chosen atom, as well as
the interatomic distances between the absorber and its closest neighbours
and the presence of structural disorder.

The sample absorbs the X-ray radiation used in the XAS experiments
through the photoelectric effect, in which the core-level electron absorbs a photon
and transitions to a higher energy level. If the incident photon's energy exceeds the core
electron's binding energy, it will be absorbed, and excess energy will be transferred
to the photoelectron in the form of its kinetic energy. Consequently, the probability
of absorption depends on the energy of the incident photons and the characteristic energy
above which absorption rapidly increases (called the absorption edge), a value characteristic
of each element due to the unique energy levels of its core electrons. The absorption behaviour
of the material can be described by the absorption coefficient y and it is influenced
by the density of the sample p, the energy of the X-ray photon E,, as well as the parameters

related purely to absorbing atoms: atomic mass M,; and atomic number Z,;:14!

PZat4

—_— (4.7)
MatEph3

IJ_%

The probability of absorption can also be defined through a relationship between
the intensity of the incident X-ray beam I, and the resulting intensity of the transmitted

radiation I; leaving the material. Such a relationship is described by the Beer-Lambert Law:142
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I, = Ipe H*, (4.8)

where x; is the thickness of the sample.

The XAS experiment involves measuring the absorption coefficient of the material
as a function of energy. The XAFS spectrum collected at the K-edge of an atom (1s electron
excitation) can be divided into two regions: X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS), as illustrated in Figure 4.4.
XANES provides insights into the formal oxidation state and coordination environment
of the absorbing atom, distinguishing, for instance, between tetrahedral and octahedral
geometries. By comparing the absorption edge energy E, to those of reference compounds
containing ions of the same element in known oxidation states, the formal oxidation state
of the absorber can be determined. On the other hand, EXAFS provides detailed structural
information, such as interatomic distances, coordination numbers, and the identity
of neighbouring atoms. The measured absorption coefficient of the material can be described

as a function of energy as:

H(E) = uo(E) - [1 + x(ED], (4.9)
where p, represents the absorption coefficient of an isolated atom, while y(E) is the EXAFS
function describing the oscillations of the photoelectron interacting with neighbouring atoms.
The EXAFS function can be extracted from the XAFS data using the equation:

_ () — 1y (B)

A TN

(4.10)

where Ap, denotes the step change in the absorption at the energy corresponding
to the energy edge E,. These oscillations are typically represented as a function

of photoelectron wavenumber k, defined as:

/Zme(E — Ey)
k= TO (4.11)

where m, is the mass of an electron. Since the EXAFS oscillations arise from the interaction
of the photoelectron emitted from the absorbing atom with the surrounding atoms,
the coordination shells of the nearest neighbours are responsible for the occurrence
of different frequencies in the y(k) function. The influence of the scattering atoms

on the EXAFS spectrum can be described by equation:

, i) 205 aca?
1(k) = 52 2 N L B0 sin (2KR; +8(00)), (4.12)
i ]
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where S, is an amplitude reduction factor, 1,, is the mean free path of the photoelectron, while

the other parameters are related to the neighbouring scattering atom j: N; is the coordination
number, R;is the distance between the absorber and the scatterer, sz is the mean square radial

displacement, while f; is the scattering amplitude and §; is the phase shift, representing

the scattering properties of the atom j.141
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Figure 4.4. Normalised XAS spectrum of Co304 (recorded at the K-edge of cobalt) with XANES and EXAFS regions

outlined, with characteristic features of the spectrum marked. The green diagram illustrates the constructive
interference of the photoelectron wave, whereas the red diagram depicts its destructive interference. In these
representations, “A” and “S” denote the absorbing and scattering atoms, respectively.

Therefore, EXAFS equation (4.12) allows one to determine the number of neighbouring
atoms (coordination number) and the distances to those atoms. The EXAFS data can be
transformed from the momentum space into the real space using the Fourier transform (FT),
producing an intensity distribution as a function of distances from the atom. The resulting
FT-EXAFS plots, which contain contributions from the scattering paths of the photoelectron,
can then be fitted using FEFF software with appropriate modelling, enabling the extraction
of information about the local structure around the absorbing atom.

In this work, the XAS measurements were conducted in the SOLARIS National
Synchrotron Radiation Centre. Spectra at the K-edges of iron (7.112 keV) and cobalt
(7.709 keV), as well as the L-edges of barium (5.247 keV), cerium (5.723 keV), terbium
(7.514 keV), and praseodymium (5.964 keV), were acquired at the ASTRA beamline.

Prior to the experiment, each sample, in fine powder form, was mixed with cellulose.
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The powder mixture was then uniaxially pressed into cylindrical pellets, mounted on a plastic
holder with a window, and secured with Kapton tape. An illustration depicting the prepared
sample setup is shown in Figure 4.5. All spectroscopic data collected at the ASTRA beamline
were obtained at ambient temperature and pressure in a transmission mode. To ensure a good
statistical quality of the acquired spectra, each measurement was repeated 2-3 times,
and after an initial evaluation, the spectra were merged into one. Additionally, the spectra were
checked and refined regarding errors related to glitches in the source radiation. The data
collected at the ASTRA beamline were analysed using Athena software, belonging
to the Demeter collection of analytical software.143 The Fe and Co K-edge spectra were further

analysed in the EXAFS range.

L B e

pellet —
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Kapton tape
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Figure 4.5. Sample prepared for the XAS measurement using the ASTRA beamline in the SOLARIS National
Synchrotron Radiation Centre.

The spectra collected at the K-edge of oxygen (532 eV), as well as the L-edges of iron
(721 eV) and cobalt (779 eV), were measured at the PIRX beamline of the SOLARIS Centre
under high-vacuum conditions. For these measurements, the powdered samples were applied
onto the carbon tape mounted on a holder. The illustration of such a setup ready for insertion
into the measurement chamber is presented in Figure 4.6. The measurements were conducted
using the total electron yield (TEY) and fluorescence (FY) detection modes. The spectra

collected at the PIRX beamline were normalised and analysed using the PyMca software.144

powder samples

carbon tape

sample holder

Figure 4.6. Samples prepared for the XAS measurement using the PIRX beamline in the SOLARIS National
Synchrotron Radiation Centre.
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4.2.3. Density measurements

The density of the samples was determined via the Archimedes method.
Using the laboratory scale with the dedicated equipment for this hydrostatic method,
with the use of kerosene as the reference liquid of known density (pxerosene = 0.8271 g/cm3),
it was possible to determine the absolute density of an analysed sample according

to the equation:

mq
Pabs = - Pkerosene (4.13)

mwet—air - mwet—kerosene

where mg,, is the mass of the dry sample in air, while m,,¢;_gir and My et —kerosene represent
the mass of the sample soaked in kerosene in air and submerged in the liquid, respectively.
The relative density p,.; of the sample was determined as the ratio of the obtained

absolute density p,,s and the theoretical density pipeor:

Pabs

Prel = -100%. (4.14)

Ptheor

The theoretical density was determined using the unit cell parameters obtained

through Rietveld refinement of XRD data:

M
£ (4.15)

Ptheor =
Vcell

where M,; represents the total mass of atoms in the unit cell, while V,,;; denotes the unit cell

volume calculated based on the refined parameters obtained from XRD studies.
4.3. Defect chemistry analysis
4.3.1. Iodometric titration

lodometric titration is a well-established analytical technique for determining
the concentration of oxidising species in a solution. It enables the identification
of the oxidation states of various elements, particularly those in transition-metal compounds.
In the context of perovskite materials, this method allows the determination of the oxidation
states of mixed-valence ions constituting the compound.

In this work, the oxidation states of the B-site cations of ABOs;-s perovskite oxides
were determined by iodometric titration. The procedure involved dissolving a small amount
of powdered sample (15 — 20 mg) and approximately 0.2 g of potassium iodide in 15 — 20 ml
of 2M hydrochloric acid in a flask previously flushed with nitrogen for 30 minutes to create
an inert atmosphere. A magnetic stirrer stirred the solution to enhance the dissolution process

of oxides.
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The B-site cations in the investigated perovskite materials can exist in oxidation states
of 4+,3+, and 2+ (e.g., Fe and Co) or 4+ and 3+ (e.g., lanthanides such as Ce, Th, and Pr).
In the former case, the B cations released from the sample are reduced by iodide from their 4+

and 3+ states to the 2+ state, as described by reactions:

2B3 4+ 317 - 2B + 13, (4.16)

B** 431~ - Bt + 13, (4-17)
whereas in the latter case, the reduction follows:
2B + 317 - 2B3t + I3 (4.18)

Once the solid sample was fully dissolved, the liberated iodine was titrated with 0.01M

Na;S203. During this step, iodine reacts with thiosulfate ions according to the reaction:
25,03%7 + I3 - 5,04* + 31, (4.19)

Thiosulfate was added to the solution using a microburet until the solution was decolourised
entirely. Near the end of the titration, a starch indicator (1 wt% aqueous solution)
was introduced to enhance the visibility of the colour change. Since atmospheric oxygen
can oxidise thiosulfate, influencing the result, the entire process was conducted under
a protective nitrogen atmosphere.

The amount of iodine ions produced in reactions (4.16)-(4.18) depends solely
on the amount of B ions present in the solution in the oxidised form. By knowing the mass
of the sample with a defined composition, along with the concentration and volume of sodium
thiosulfate used in the titration, it is possible to calculate the mean oxidation state of the B-site
cation in the ABOs_s oxide. However, if the analysed compound contains multiple mixed-
valence ions at the B-site, the iodometric titration does not give information about
the oxidation state of each cation occupying this site. Nonetheless, with the appropriate
assumptions and constraints, this technique can be employed to evaluate the oxygen
nonstoichiometry 6.

For the BaCeo6Zro2Y02-xMx03-s group, the following assumptions were made: the Ba, Zr,
and Y cations were considered to exist in fixed 2+, 4+, and 3+ oxidation states,
respectively, while Ce (assumed to be 100% in the 4+ state prior to the titration) and M could
undergo reduction. Based on these assumptions, the oxygen nonstoichiometry

of BaCeo.sZro2Yo2-xFex03-s was calculated using the following equation:

m
C -V —0.6—
X Na,S,0 Na,S,0
Spezypex = 0.1 — = 2 22 M_1), (4.20)

2 m
i
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where Cygq,s,0,and Vyg, s, 0, represent the concentration and volume of the sodium thiosulfate
solution used for the titration, while m and M are the mass of the dissolved sample
and the molar mass of the compound, respectively.

Similar assumptions were applied for BaCeo.sZro2Y01Mo.103-5, where M = Tb and Pr.
However, the analysis differed because of the different reduction pathways for terbium
and praseodymium ions (as described by equation (4.18)). The oxygen nonstoichiometry

of BaCeoZro2Y0.1Tbo103-5 and BaCeoZro2Yo.1Pro103-s was determined as:

m
CNasto3 'VNaLsto3 - O'6M

m
0'1M

8BCZYTb/PT = 01 - 005 (421)

In the SrFei_«Cox03-s material group, the B-site cations undergo reduction according

to reactions (4.16) and (4.17). Since both cations follow the same redox reactions, the mean

oxidation state of the B cation can be expressed as:

C 2%
OSB — 2 + Na25203m Na25203. (4.22)

M

The oxygen nonstoichiometry for these materials was determined as:

CNa25203 ' VNa25203
m .
217

Ospc =1 = (4.23)

The uncertainties of the calculated parameters were estimated using the total-
differential method, incorporating the individual uncertainties of all the measured values

(summarised in Table 4.3).

Table 4.3. The individual uncertainties used for the calculation of the oxygen nonstoichiometry and mean oxidation

states.
Uncertainty
Concentration of Na,S,03 0.005 mol/dm3
Volume of Na;S,03 0.05 ml
Mass of the sample 0.002 g

4.3.2. Thermogravimetry

Thermogravimetric (TG) analysis is a method used to investigate phenomena associated
with mass changes, such as vaporisation, absorption/desorption, thermal decomposition,
and solid-gas reactions. In this technique, the mass variations of the sample are measured
as a function of time or temperature in a controlled atmosphere. The resulting

thermogravimetric curve provides insight into the processes accompanied by mass changes.
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In this study, solid-gas reactions occurring in the BaCeosZro2Yo2-xMx03-5 samples,
specifically hydration and thermal reduction, were examined. To investigate the processes
of water incorporation and oxygen release, thermogravimetric experiments were conducted
using the Netzsch STA 449 Jupiter and Netzsch TG 401 Tarsus systems for water uptake
and thermal reduction analyses, respectively. The diagram of the former device is shown
in Figure 4.7. For the hydration experiment, the powder samples were initially annealed
at800 °Cfor 5 hours in dry air (py,o ~ 1075 atm.) to remove water and surface carbon dioxide.
After this step, the samples were cooled to 300 °C and maintained at this temperature
for 2 hours. Subsequently, the gas flow was switched from dry air (pg,o ~ 107°atm.)
to humidified air (py,o ~ 0.023atm.) for approximately 2 hours. Afterwards, the gas

was returned to dry air for an additional hour.

o
= L o
7 ™ g
=y I . I T
P oY F oY

Figure 4.7. Diagram of the parts and functionalities of the Simultaneous Thermal Analyzer - STA 449 F1 Jupiter®.145

The difference in mass recorded in dry and wet atmospheres was used to estimate
the relative mass change (%). Assuming hydration was the only process occurring
during the measurement, the recorded mass change could be interpreted as the mass of water
incorporated into the material. This value was then used to calculate the proton defect
concentration according to the following equation:

2dm-M

OHp] = —,
[OHg) = 3

(4.24)

where M is the molar mass of the compound with the stoichiometric composition,

My, is the molar mass of water, while m and Am represent the mass and mass change

of the analysed powder, respectively.
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To assess the temperature evolution of oxygen nonstoichiometry in the analysed
materials, the powder samples were heated up from room temperature to 800 °C
and subsequently cooled down (with 2 °/min rates) in isobaric conditions. The recorded
change of mass, attributed to the thermal reduction of samples, enabled the determination

of oxygen nonstoichiometry changes according to equation:

Am-M
A =1—" (4.25)
EMOZ m

where Mg, is the molar mass of molecular oxygen. If the initial value of oxygen
nonstoichiometry at room temperature is known (e.g. determined via iodometric titration),
it is possible to assess the § parameter at each analysed temperature. The A§ values

were determined from the data recorded during the cooling stage.
4.4. Electrical properties measurements

The temperature dependence of total conductivity and electrical conductivity relaxation
(ECR) measurements were conducted on dense samples of the synthesised materials. The total
electrical conductivity in dry and humidified air was assessed using electrochemical
impedance spectroscopy (EIS) for the BCZYM group and the DC 4-wire (DC-4W) method
for the SFC group. Additionally, the ECR method was employed to examine the kinetics

of hydration/dehydration and oxidation/reduction.
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Figure 4.8. Schematic representation of the electrical properties measurement unit using the DC source
and voltmeter.

The experimental setup used for the electrical studies is shown in Figure 4.8.

The illustration presents an example of the system configured for the measurements
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using the DC-4W method. For EIS measurements, the DC source and the voltmeter in the setup

were replaced by a potentiostat/galvanostat.
4.4.1. DC 4-wire electrical measurements

The total electrical conductivity of the SrFei—Cox03-s materials was measured
using the DC-4W method. In this approach, two pairs of parallel electrodes are applied
to the surface of the sample. The two outer electrodes at the opposite edges of the sample
function as current electrodes, imposing a specific electrical current through the sample,
while the two inner electrodes act as voltage electrodes. By knowing the dimensions
of the sample, the current I, flowing through it, and the distance between the voltage

electrodes L, the conductivity of the sample can be calculated according to the equation:

IDC Ldist
o=—" , (4.26)
|4 Sarea

where V is the measured voltage and S, is the cross-sectional area of the sample. Using four
probes instead of two effectively eliminates the contribution from resistance of wires
and contacts from the obtained results.

The samples were prepared as rectangular prisms. Four parallel platinum electrodes
were applied using a platinum paste, after which platinum wires were attached
to the electrodes. The wires were securely tied around the sample to ensure stability during
handling and placement in the measurement cell and to prevent the detachment
of the electrodes from the surface of the sample. The samples were subsequently sintered
at 930 °C for 3 hours. The illustration depicting the sample with applied electrodes is shown
in Figure 4.9.

current electrodes

voltage electrodes

Pt wire

Pt paste

Figure 4.9. Sample with applied electrodes, prepared for the electrical measurement using the DC-4W method.

The measurements were performed under dry synthetic air conditions (py, = 0.2 atm.

and py,o ~107° atm.) in the 300 —800°C temperature range. At each temperature,

58



the samples were stabilised for a minimum of one hour, although in the intermediate
temperature range (450 — 650 °C), the stabilisation time was extended to 4 — 6 hours.
To assess the effect of water vapour on the electrical properties of the SFC materials, the total
electrical conductivity of SrFesC00403-5 was also measured in wet synthetic air conditions
(po, = 0.2 atm. and py,o = 2.3 X 1072 atm.) within the same temperature range. A Keithley
2401 was used as a high-precision DC source, while a Keysight 34970A functioned

as a voltmeter with integrated data acquisition.

4.4.2. Electrochemical impedance spectroscopy

The electrical properties of solids with total electrical conductivity below ~ 1072 S/cm
can be characterised by measuring the impedance of the material. Electrochemical impedance
spectroscopy (EIS) is particularly well-suited for analysing materials with ionic conductivity,
since in DC measurements ions are blocked by most electrodes. A key advantage of this method
lies in its ability to distinguish and characterise various electrochemical processes occurring
within the material under the influence of an electric field. EIS enables the determination
of both real and imaginary components of the impedance as a function of frequency.

The EIS method entails applying an alternating voltage U of variable frequency

to the sample:
U = U, sin(wt), (4.27)

where U, denotes the amplitude of the voltage signal, w is the frequency of the signal,
and t is time. The response is recorded as a phase-shifted current [ in relation to the excitation

signal:
I = Iy sin(wt + @), (4.28)

where [, represents the amplitude of the current response, while ¢ is the phase shift.
The measurement enables the determination of the impedance of the sample according

to the equation:

U sin(wt
s U (wt)

I O sin(wt + @)’ (4.29)

A schematic representation of the two sinusoidal signals with a phase difference between them
is shown in Figure 4.10, with examples of the influence of different electrical elements

on the recorded signal.146
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Figure 4.10. The sinusoidal signals of voltage and current presenting three different scenarios with a low amplitude
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alternating voltage applied to a resistor (R), a capacitor (C), and an inductor (L).

The impedance data is typically represented as Nyquist plots consisting of a series
of semicircles, which can be modelled using equivalent electrical circuits, with each semicircle
corresponding to distinct electrochemical processes governed by unique electrical
parameters. The equivalent circuits can be constructed using electrical elements, such as
resistors, inductors, and capacitors, denoted in the diagrams as R, L, and C, respectively.
In solids, electrochemical processes characterised by capacitive behaviour, such as the ionic
conductivity of grains, lead to a distortion of the observed semicircles. The permittivity
of solids depends on the frequency of the alternating electric field. To accurately represent
these processes, a constant phase element (CPE) can be introduced, of which the imaginary

part of the impedance can be expressed as:

1

CPE = —Q(iw)aCPE’ (4.30)

where @ represents the admittance of the CPE, while a.pr is a parameter reflecting
the deviation of CPE from the ideal capacitor behaviour.14” The influence of the a.pr value

on the shape of the semicircle is shown in Figure 4.11.
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Figure 4.11. The Nyquist plot presenting two semicircles of different a;pr parameter value. Z" and Z' represent
the imaginary and real parts of the impedance, respectively.

Electrochemical and physical processes in materials, such as charge transfer, adsorption,
dissociation, diffusion, and conduction, are associated with specific characteristic time
constants. However, when these time constants are similar, accurately attributing the observed
phenomena to particular processes can be challenging or even impossible.

The fitting of each semicircle enables obtaining a set of parameters describing its shape.
Based on their value, one can evaluate the capacitance corresponding to each semicircle

according to the equation:

= Ql/aCPER(ﬁ_l)_ (4.31)

Csemicircle

This parameter characterises the type of electrochemical process occurring in samples,
enabling categorisation based on capacitance. The ranges of Csemicircie COrresponding

to different types of processes taking place in solids are summarised in Table 4.4.148

Table 4.4. Possible interpretations of different capacitance values.148

Capacitance (F) Process/Phenomenon responsible

10712 conductivity of the grains

1071t - 1078 conductivity of the grain boundaries

1072 —-1077 processes related to the surface charge layer

1077 —107° processes occurring on the sample-electrode interface
107* electrochemical reactions

After the fitting of the impedance data and the evaluation of the obtained fitting

parameters, the conductivity of the material can be determined using the formula:

1 Xt

5= (4.32)

) —I
Rtot Selectrode
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where x; is the thickness of the sample (distance between the electrodes), S¢jectrode iS the area
of the parallel platinum electrodes, and R;,; represents the total resistance of the material,
calculated as the sum of resistances corresponding to the processes related only
to the material itself (classified based on the capacitance obtained for each semicircle).

In this study, the electrical properties of the BCZYM material group were analysed
using EIS within the temperature range of 300 — 800 °C under both dry (py,o ~ 107° atm.)
and wet (py,o = 2.3 X 1072 atm.) synthetic air conditions (po, = 0.2 atm.). Impedance
measurements were performed using a Gamry Reference 600+ device across a frequency
range of 10 Hz to 3 MHz in potentiostatic mode. The samples, prepared as flat cylindrical
pellets, were coated with platinum electrodes applied to both flat faces and sintered at 930 °C
for 3 hours. The wires on opposite sides of the pellet were positioned at right angles to each
other in order to reduce the risk of a short circuit. The illustration depicting the sample

with applied electrodes is shown in Figure 4.12.

Pt wires

) f

Pt paste

Figure 4.12. Sample with applied electrodes, prepared for the electrical measurement using the 2-point EIS.
4.4.3. Electrical conductivity relaxation

Understanding various electrochemical phenomena in mixed-conducting materials
often requires a detailed analysis of oxygen or water surface exchange rates. For instance,
the long-term degradation of intermediate-temperature solid oxide fuel cell (IT-SOFC) cathode
materials has been previously investigated in relation to the kinetics of the oxygen reduction
reaction (ORR).149150 However, the rate of oxygen surface exchange in mixed conductors
in the presence of water vapour remains poorly understood.

The electrical conductivity relaxation (ECR) method is a technique used to derive surface
exchange coefficients and diffusivities of species such as water, protons, or oxygen.
This method involves monitoring the change in material conductivity following an abrupt
change in the partial pressure of oxygen or water at a constant temperature. The incorporation

and release of oxygen or water changes the concentrations of charge carriers within
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the material, resulting from establishing a new equilibrium. The electrical conductivity
of the material, therefore, changes. The rate at which these changes occur depends
on the chemical diffusion coefficient and the chemical surface exchange coefficient
of the incorporated species. The relationship between the concentration and the conductivity
of the material in constant external conditions can be expressed through the equation:

c(t) —c(0)  a(t) —a(0)
c() —c(0)  a() —a(0) (4.33)

where ¢(0), c(t), and c(o) represent the initial, time-dependent, and equilibrium
concentrations of the considered species, respectively. Similarly, a(0), a(t), and ¢(o) denote
the initial, time-dependent, and equilibrium electrical conductivities of the material.

The surface exchange and bulk diffusion fluxes at equilibrium follow the equation:

d
- Dchem% = Kkcnem[c(0) — c(B)], (4.34)

x=ta

where a is the relevant dimension of the sample. Solving this partial differential equation
yields a fitting function, which depends on the geometry of the sample. For this study, a 3D bar
sample model was used, described by equation (4.35), using solutions of Fick's second law

with appropriate boundary conditions:151
a(t) —o(0) _
(@)= a(0) .
(21& exp (_ aranczhemt) 2L§, exp <_ M) 212 exp (— Vpc—hemt>]

L i i i . ) ) 22 (4.35)
az(a? + 1%+ L,) B2(BZ + 1% +1L,) vi(y2 + 12 +1L,) ’

where L,, Ly, and L, are the Biot numbers defined as:

kchem kchem kchem
Ly=x- L, =y L, =2z - ——, (4.36)
x Dchem Y Dchem “ Dchem

with x, y, and z representing half the sample's length, width, and thickness, respectively.

The terms ., B, and y,, are the positive roots of the equations:

amtan (ap) = Ly, fptan (B,) = Ly, yptan (yp) = L,. (4.37)

In this study, the L, parameter (subsequently referred to as L) was utilised to identify
the slower, limiting process during the relaxation measurements.152 If L fell below 0.03,
the limiting process was surface exchange; conversely, if it exceeded 30, the limiting process
was bulk diffusion. In both cases, it would be possible to determine only one coefficient,
corresponding to the limiting process. If the L value was between 0.03 and 30, both coefficients

could be established.
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The ECR method was applied to analyse the BCZYM and SFC materials. For these
diffusion studies, platinum reversible electrodes were arranged in a four-probe configuration
(Figure 4.9). The conductivity evolution of the samples was measured using a ProboStat™
measurement system (NorECs, Norway) integrated with a current source and a voltmeter.

The time-dependent conductivity changes after altering the oxygen or water partial
pressures were used to study oxygen and water diffusion, respectively. For the BCZYM
materials, oxygen diffusion was investigated by switching the oxygen partial pressure
between po, = 0.1 atm. and po, = 1073 atm. under both dry and wet gas mixtures
at 500 — 800 °C. Water diffusion studies were conducted in synthetic air over a temperature
range of 450 — 800 °C, with the water partial pressure toggled between py,o ~ 1075 atm.
and py,o = 0.023 atm. For SrFeosC00403-5, oxygen diffusion was studied by alternating
the oxygen partial pressure between p,, = 0.1 atm. and p,, = 1 atm. under both dry and wet
conditions.

The results of the ECR measurements on BaCeo.¢Zro2Yo.2-xFex03-5 and SrFesC00403-5
samples were analysed using the NETL SOFC ECR Analysis software, developed by the National
Energy Technology Laboratory (NETL), U.S. Department of Energy (DOE)!53, while the ECR
data collected for BaCepsZro2Y01Tbo.103-5 was analysed using ECRTOOLS MATLAB toolbox,
developed by Francesco Ciucci.l>! These tools enabled the determination of Dgpem
and/or k.pem for oxygen, hydrogen, or water by fitting experimental data to the proposed

models using the nonlinear least squares method.
4.5. Thermoelectric measurements

The Seebeck effect is the phenomenon in which a thermovoltage is generated
in the presence of a temperature gradient in the material. The Seebeck coefficient (S) is one
of the measures of the thermoelectric properties of a material described by the formula:

AV

S=—.
AT

(4.38)

where AV is the thermovoltage, and AT is the temperature difference between the electrodes
measuring the thermovoltage.

Thermoelectric measurements can be of great use in the investigation of the transport
properties and defect chemistry of mixed ionic-electronic conductors. In the case of oxides
with a hopping conduction mechanism, the Seebeck coefficient can be expressed

using the Heikes formula: 154155

kg 1—-c S7
§=x—Inp +-1), (4.39)
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where c signifies the concentration of the predominant electronic carriers, Sy represents
the vibrational entropy, and £ indicates a degeneracy factor that accounts for the local spin-
orbit degeneracies of ions in various oxidation states.!’¢ To simplify equation (4.39),
the S factor may be approximated as 1, which is valid for the materials examined in this study
at temperatures above 300 °C.157 Further simplification of (4.39) was made by Hombo et al,,
who assumed that the vibrational entropy term in the Seebeck coefficient of SFO was
negligible.158 The sign of the Seebeck coefficient depends on the sign of the majority charge
carrier facilitating the entropy transport. Since the materials investigated in this work exhibit
predominantly p-type electronic conductivity, the S parameter is expected to take positive

values and can be expressed as:

Ky 1-—
s==2 (ln p), (4.40)
e\ p

where p is the concentration of electron holes. Therefore, based on the Seebeck coefficient
of the material, the carrier concentration in that material can be estimated. The contribution
of vibrational entropy to thermoelectric properties has not been sufficiently addressed
in the literature. Since the majority of reports focus on the electronic and configurational
terms, the lattice-related effects contributing to the Seebeck coefficient are generally
considered minor. Recent reports on perovskite oxides with mobile ionic defects indicate
that the vibrational entropy can affect the thermoelectric transport in such materials,
particularly at higher temperatures. For example, Tsvetkov et al. reported that
in BaZrooY0103-s vibrational entropy significantly influences the thermoelectric transport
of protons and oxygen ions, while its effect on the thermoelectric transport of electron holes
is minor.!159 In materials exhibiting a small-polaron hopping mechanism of conduction,
the vibrational entropy term in equation (4.39) typically contributes less than 10 pV/K
to the Seebeck coefficient, as was previously reported for vanadium-based spinels¢o,
manganese oxides!¢l, and ferrite-cobaltite perovskites62.

In this work, the Seebeck coefficient measurements were conducted using a Linseis
LSR-4 system, with a schematic representation of the experimental setup provided
in Figure 4.13. The samples were prepared as rectangular prisms, with four porous platinum
electrodes.

A pair of electrodes was placed on the top and bottom surfaces of the sample to serve
as thermal contacts, facilitating the introduction of a temperature gradient. The remaining two
electrodes, positioned near the middle of the sample, were used as sense electrodes
to measure the temperature difference and the thermovoltage between them.
These measurements enabled the calculation of the Seebeck coefficient S using the following

equation:
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AV V-V,

S = = )
,-T. To—-T

(4.41)

where T; and T, represent the temperatures, while V; and V, indicate the electric potential

at the respective sense electrode positions.

sample

gas inlet

Figure 4.13. Schematic illustration of the central part of the Linseis LSR-4 setup used for the Seebeck coefficient
measurements.

The distance between the electrodes was 6 mm or 4 mm. Data was collected during
the cooling phase, ensuring temperature stabilisation at each measurement point. A cooling
rate of 15 °C/min was applied between successive temperature points. The measurements
were carried out in synthetic air (po, = 0.2 atm.), under dry (pm,o~ 1075 atm.)
and humidified atmospheres (py,o = 0.023 atm.). To eliminate the effect of the offset voltage
on the obtained results, the voltage was measured at least 4 times at every temperature, each
time using a different temperature gradient. The values of the Seebeck coefficient were
calculated as the slope of the linear voltage dependence on the temperature difference

between the two middle electrodes (T; and T5).
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5. Results and discussion

5.1. Properties of BaCeo.6Zro.2Yo.2-xMx03-5s materials

5.1.1. Structural characterisation

Figure 5.1 shows the XRD patterns of BaCeo.sZro2Yo2-xFex03-s (x = 0, 0.02, 0.05, 0.1)
and BaCeo6Zro2Y0.1Mo.103-5 (M = Tb, Pr). The reference sample BCZY622 exhibits the widest
reflections, which is related to the wet-chemistry method of synthesis used for this material,
producing smaller crystallites than the ones obtained by the SSRS method. All studied samples
consisted of the main phase of perovskite oxide and a trace amount of other phase,
giving rise to additional reflections (marked with a star sign), which most likely originated

from the nickel oxide added during the second synthesis step.

* . HID
10% Th A A 3
W0%Pr A | A A"

2 [10%

2 [oure | T

=

r

L=
5% Fe f d . ,'I-_ x
2% Fe I JlL a2

S : :

BCIYEZZ - =

T T T T v T L

20 3 40 L] =]
20 {deq.)

Figure 5.1. X-ray diffraction patterns of BaCeo.cZro2Y01Mo10s-s (M = Tb, Pr) and BaCeosZro2Yo.2-xFexO3-s
(x=0,0.02,0.05, 0.1) collected at room temperature.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from J]. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeo.sZro2Yo2-xFex0s-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry.163164
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To appropriately establish the best-suited unit cell model for the Rietveld refinement,
the XRD patterns of selected BCZYM have been refined using perovskite unit cells of three
different symmetries: Pm3m (cubic), R3¢ (trigonal), and Pmma (orthorhombic). The XRD
diffraction patterns with the calculated and differential curves for BaCeosZro2Yo2-xFexO3-s (x =
0.02,0.05, 0.1) and BaCeg6Zro2Y01Mo.103-5 (M = Tb, Pr) are included in the Appendix (Figures
A1land A2, respectively). The lowest R,,,, attained for the cubic structure of BCZYFe2 indicates
that it is the best model for this material, while for the BaCeosZ102Y01M0.103-5 (M = Tb, Pr)
materials the lowest R,,, was obtained for the orthorhombic unit cell as the model structure.
For BCZYFe5 and BCZYFe10, the quality of refinement metrics did not yield the best possible
model determination. In the literature, similar materials, such as Fe-doped BCZY, Pr-doped
BCY, and Pr-doped BCZY, have been reported as noncubic at room temperature.165-167
The diverse symmetries observed in the BCZY-related perovskites could arise from tilting
of the (Ce,Zr,Y)Os octahedra, which are difficult to detect by XRD. Moreover, the structural
distortions, that may arise from the incorporation of the transition-metal substituent
into the BCZY host material could be localised and undetectable by XRD analysis.
Thus, the precise determination of the crystal symmetry for this group of materials might
not be achievable using this method. Therefore, the symmetry of the materials investigated
in this study will be regarded as pseudocubic.

The pseudocubic unit cell parameters obtained via Rietveld refinement of the collected
patterns, along with the calculated Goldschmidt tolerance factors for each material,
are summarised in Table 5.1. A tolerance factor is close to 1 for all investigated materials.
The pseudocubic unit cell parameters for BaCeosZro2Y01Mo103-s (wWhere M = Tb, Pr, Fe)
increase in the following order: Fe < Tb < Pr, consistent with the increasing radius of these
cations.168 Furthermore, the size of the unit cell increases as the iron content decreases
in the BaCegsZro2Yo2-xFex03-s series, which stems from the larger ionic radius of yttrium
compared to that of iron.168 BCZY622 exhibits the largest unit cell parameter of 4.3522(1) 4,169
which agrees with the fact that the yttrium ion is present in a 3+ oxidation state, while ions
of terbium, praseodymium and iron are expected to exist in an intermediate oxidation state
between 3+ and 4+ (as confirmed by the XAS evaluation, see Figure A5 in the Appendix),
which can be associated with a lower ionic radius for the same coordination number.

The relative density of the studied samples is shown in Table 5.1. All obtained samples
exhibit densities above 90%. This indicates that the nickel oxide used during the second step
of synthesis leads to an effective densification of the samples. BCZYTb10 exhibits the highest
relative density - 99.9%, while BCZYFelO exhibits the lowest - 90.2%. Moreover,

the decreased iron content positively influenced the densification of samples, with BCZYFe2

68



reaching 99.1% of theoretical density. This points to the detrimental effect of iron

on the sintering properties of BCZYM materials.

Table 5.1. Goldschmidt tolerance factors, pseudocubic unit cell parameters with the respective GOF parameters
and relative density determined for the samples of BaCeo.6Zro.2Y0.1M0.103-5 (M = Tb, Pr) and BaCeo.6Zro.2Yo.2-xFexO3-s
(x=0,0.02,0.05,0.1).

t a=b=c(A) GOF Relative density (%)
BCZYTb10 163 0.954 4.3470(2) 1.97 99.9
BCZYPr10 163 0.950 4.3487(2) 3.31 94.5
BCZYFe10 163 0.963 4.3205(2) 2.33 90.2
BCZYFe5 164 0.955 4.3307(2) 1.63 98.6
BCZYFe2 164 0.951 4.3515(1) 1.84 99.1
BCZY622 169 0.948 4.3522(1) 1.94 97.5

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeosZro2Yo2-xFex0s-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164

To further investigate the effect of nickel oxide on the BCZYM samples,
the representative of this group exhibiting the highest density, BCZYTb10, was synthesised
without NiO. The XRD patterns of BCZYTb10 synthesised with and without the sintering aid
are shown in Figure 5.2. The former sample was not single-phase. Therefore, nickel oxide can
function not only as a sintering agent but may also lead to the formation of the single-phase
cubic perovskite materials using only a two-step SSRS route. This effect may be related
to the formation of a BaY;NiOs phase during the second step of synthesis, which can promote
grain growth and, after its decomposition, increase the concentrations of cation and oxygen
vacancies, leading to the enhanced diffusion properties for those ions.137 Since a comparison
of the density of samples should involve only samples containing the same phase, the sample
obtained without NiO was not subjected to the density evaluation.

To sum up, all synthesised BCZYM materials formed perovskite structures. The unit cell
parameters reflected the ionic radii of the incorporated substituents. The relative density
exceeded 90% for all samples, indicating effective sintering. The addition of nickel oxide
was found to be crucial for phase purity, suggesting its dual role as a sintering aid and promoter

of single-phase formation in BCZYM ceramics.
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Figure 5.2. X-ray diffraction patterns of BaCeo.cZro.2Y0.1Tbo.103-5 samples with 1 wt% of NiO163 and no NiO added

during the second step of synthesis.

5.1.2. Defect chemistry

To investigate the defect chemistry in the BCZYM material group, the concentrations
of oxygen vacancies and proton defects have been evaluated. The concentration of oxygen
vacancies has been determined by iodometric titration, yielding oxygen nonstoichiometry
values for all analysed materials at room temperature. It was assumed that the concentration
of oxygen atoms in the interstitial positions is negligible compared to the concentration
of oxygen vacancies. Therefore, the oxygen nonstoichiometry has been interpreted directly
as the concentration of oxygen vacancies. The obtained values of oxygen nonstoichiometry (§)
are shown in Table 5.2.

Table 5.2. Oxygen nonstoichiometry, proton concentration in air at 300 °C, as well as the average electronegativity

of B and A cations and their difference, determined for and BaCeo.sZro2Yo.2-xFexO3-s (x = 0, 0.02, 0.05, 0.1)
and BaCeo.6Zro.2Y0.1Mo0.103-5s (M = Tb, Pr).

(molfmol) (m[(?l7121)1]01) 2[?:,?']] +100% @ Xb = Xa
BCZY622 169 0.103(2) 0.095 47% 1321 0468
BCZYFe2 16+ 0.104(3) 0.054 26% 1323 0472
BCZYTb10 163 0.028 15% 1326 0.479
BCZYFeS5 164 0.086(4) 0.017 10% 1326 0479
BCZYPr10 163 0.073(2) 0.010 7% 1330  0.487
BCZYFe10 163164 0.066(5) 0.007 6% 1332 0.489

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeosZro2Yo2-xFex0s-s triple-conducting oxides’, . Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164



The § parameter assumes the highest and similar values for the materials
with the lowest amount of transition-metal substituent - BCZY622 and BCZYFe2. The value
above 0.1 mol/mol indicates either a small amount of Ce3* present (consistent with the XAS
results, see Figure A7 in the Appendix) or, in the case of BCZYFe2, that the average oxidation
state of the iron ion might assume a value lower than 3+ (XAS studies indicate that all iron-
containing BCZYM materials possess Fe in oxidation state = 3+, see Figure A6
in the Appendix). In the BaCeosZro2Y01Mo103-s and BaCeosZro2Yo2-xFexO3-5 series,
two tendencies have been observed. The oxygen nonstoichiometry of BCZYM depends
on the M element and decreases in the following order: Tb > Pr > Fe. The second tendency
is that the values of the § parameter increase with the lowering of the amount of iron
in the BaCeo.sZro2Yo2-xFex03-s series. The unit cell parameter and oxygen nonstoichiometry

as a function of iron content in BaCeo.6Zro2Yo.2-xFex03-s materials are presented in Figure 5.3.
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Figure 5.3. The pseudocubic unit cell parameter and the oxygen nonstoichiometry, determined via iodometric

titration as a function of iron content in BaCeo.sZro.2Yo.2-xFex03-5 (x = 0, 0.02, 0.05, 0.1). The dashed line serves
as a visual aid.

Adapted from J. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge
transport in BaCeosZrozYoz-xFexOs3-s triple-conducting oxides’, ]. Mater. Chem. A, 2024, 12, 14569-14582, with permission
from the Royal Society of Chemistry.16+

The concentrations of proton defects in BCZYM samples at 300 °C were determined
using thermogravimetric analysis. The mass changes recorded before and after the switches
of atmospheres between dry and wet air and in the opposite direction are shown
in Figure 5.4. Across all investigated samples, a visible mass increase was observed following

the introduction of water vapour, signifying that all materials undergo water uptake at 300 °C.
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The additional TG measurements at 450 °C and 600 °C are included in the Appendix

in Figure A3.
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Figure 5.4. Time evolution of the mass change of BaCeosZro2YoiMo103-s (M = Tb, Pr, Fe) (a),
and BaCeo.6Zro.2Yo.2-xFex0s3-s (x = 0.02, 0.05, 0.1) (b), recorded at 300 °C before and after switching the atmosphere
from dry to wet and from wet to dry air. In both plots, the data for BCZY622 is shown as a reference.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeo.sZro2Yo2-xFex0s-s triple-conducting oxides’; . Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164

Among the BaCesZro2Y01Mo103-5 materials, the changes in relative masses were
approximately 0.08%, 0.03%, and 0.02%, for the samples substituted with Tb, Pr, and Fe,
respectively. The BaCeosZro2Yo01Mo103-5s samples assumed a considerably lower hydration
level than the reference sample BCZY622, of which the mass increased by almost 0.3%.
Since the samples substituted with metal of varying valence can have an increased electron-
hole concentrations in air compared to BCZY622 (exhibiting only hydration), the water uptake
in the BCZYM materials could also proceed via hydrogenation. To identify the predominant
water-uptake process in the studied materials in air, additional thermogravimetric
measurements were conducted in a nitrogen atmosphere. The water uptake TG measurements
conducted in nitrogen at 300 °C are included in the Appendix (Figure A4). The concentration
of electron holes in the nitrogen atmosphere (low p,,) can be considered negligible.
Consequently, the hydration process is responsible for the water uptake in such conditions.
As the concentration of oxygen vacancies increases at lower oxygen partial pressures,

the hydration levels for the investigated materials increased compared to those in air.
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However, the mass relaxation curves remained similar. It can be assumed that the mechanism
of the water-uptake process occurring in BaCeo.¢Zro2Y0.1Mo.103-5 materials remains the same
in both atmospheres; hence, the protons are most likely incorporated into the materials
through the hydration reaction. Since the predominant water-uptake process established
for BCZYFe10 was hydration, the samples with lower iron content, BCZYFe5 and BCZYFe2,
are assumed to undergo hydration. Furthermore, based on the mass relaxation curves
presented in Figure 5.4b, the materials with lower Fe content are more prone to hydration,
which is related to the higher concentration of oxygen vacancies in those materials
in comparison to BCZYFe10.

Equation (4.24) was employed to calculate the concentration of protons. The obtained
values are included in Table 5.2. The material with no additional substituent, BCZY622, shows
the highest proton concentration - 0.095 mol/mol. Among the BaCe¢.6Zro2Y01Mo.103-s samples,
the concentration of protons shows a similar trend to that of the oxygen vacancies
concentration - Tb > Pr > Fe. The same trend was observed in the -case
of BaCeosZro2Yo2-xFex03-s materials, with decreasing values of proton concentrations as iron
content increased. The concentration of proton defects as a function of the oxygen
nonstoichiometry is shown in Figure 5.5. It can be seen that the proton concentration
gradually increases with increasing oxygen-vacancy concentration, indicating a direct

relationship between the two. This is expected for materials undergoing the hydration

reaction.
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Figure 5.5. The proton concentration at 300 °C as a function of initial oxygen nonstoichiometry
in BaCeo.6Zro.2Yo.2-xMxO3-5. The dashed line serves as a visual aid for the observed tendency.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from J]. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeosZrozYoz2-xFex03-s triple-conducting oxides’, . Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164
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To further investigate the influence of the type and amount of substituent on the water
uptake properties of BCZYM materials, the proton concentration and the percentage amount
of vacancies filled by proton defects were analysed. Both parameters, as a function of average
cation electronegativity and the difference between the B and A cations' electronegativities,
are shown in Figure 5.6. The details behind the determination of the obtained parameters are
included in the Appendix (chapter “Cation electronegativity evaluation”). The increased
iron content may lead to a partial delocalisation of electron holes on iron ions towards adjacent
oxygen ions, diminishing the basicity of the oxygen. This leads to reduced proton-uptake
efficiency, attributed to the higher electronegativity of iron, which decreases proton

concentration.56
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Figure 5.6. The proton concentration and the level of filling the oxygen vacancies by the proton defects
in BaCeo.6Zro.2Y0.2-xMx03-s as a function of the mean electronegativity of A and B cations (a) and their difference (b).

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeo.sZro2Yo2-xFex0s-s triple-conducting oxides’; . Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164
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According to the literature reports, the lower average A and B electronegativityss
and their difference*s lead to the higher water uptake. Figure 5.6 presents that the data
obtained in this work show a similar behaviour. There is a slight deviation from the monotonic
changes shown by the samples containing 10 mol.% of Tb and 5 mol.% of Fe. Nonetheless,
in both cases, the data follows the tendency of decreasing proton concentration with higher
values of average cation electronegativity and their difference. The same observation applies
to the level of vacancy filling by proton defects.

To analyse the kinetics of water uptake in the BCZYM materials, the time derivatives
of mass changes were calculated. The relative mass change and its derivative for each
investigated material are presented in Figure 5.7. The mass increase recorded following
the switch from dry to humidified air occurs in two distinct stages across all samples.
In the first stage, the mass increases rapidly, most likely due to the proton uptake.
Subsequently, the time derivative flattens and remains stable, but does not diminish
completely, indicating a slow, continuous change. The slower second step may originate
from an additional process occurring in the materials, competing with hydration.
Such behaviour was also recorded in other MIEC oxides, e.g. Sr(Ti, Fe)Os-s and double
perovskite cobaltites, which, after the proton incorporation process, underwent oxidation
during the second step of mass relaxation.170-172

In the case of BaCeosZro2Yo2-xFexOs-s (x = 0, 0.02, 0.05, 0.1) series, the rate
of mass increase diminishes progressively with increasing iron content, while
in the BaCeo.6Zro2Y01Mo.103-5 (M = Tb, Pr, Fe) group, the rate of water uptake shows a trend:
Tb > Pr > Fe. For all the investigated samples, the transition from wet to dry air differs
from the mass increase observed during the prior atmosphere switch. The mass is not restored
to its initial pre-hydration level, indicating that a part of the introduced protons remains
in the crystal structure after a one-hour dwell in dry air. Furthermore, the dehydration
proceeds with a slower rate of mass change, indicating slower kinetics for proton release.
Those results align with the high stability of proton defects in the ceramic materials at low
temperatures, owing to the negative enthalpy of hydration that defines proton conductors.>

In summary, the defect chemistry of BCZYM materials was studied based on iodometric
titration and thermogravimetric analysis. The oxygen-vacancy concentrations decreased
with increasing Fe content in BaCeosZro2Yo2-xFexOs-s (x = 0, 0.02, 0.05, 0.1) series,
while in the case of the BaCeo¢Zro2Y01Mo.103-s (M = Tb, Pr, Fe) group, BCZYTb10 possessed
the highest vacancy concentration. The proton concentrations at 300 °C increased
with increasing oxygen nonstoichiometry values, confirming hydration as the dominant
mechanism of proton incorporation in all studied materials. The concentration of protons

and the percentage of oxygen vacancies filled by protons correlated with the average cation
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electronegativity and the A-B site electronegativity difference. Water-uptake kinetics followed
a two-stage process, with an initial fast hydration followed by a slower mass change, possibly
related to oxidation. Thus, proton concentration and water uptake rate decreased
increasing Fe BaCeosZro2Yo2-xFex0s3-s,

of the BaCeo6Zro2Y01Mo.103-5s (M = Tb, Pr, Fe) materials, it followed the trend Tb > Pr > Fe.

with content in while in the case

Dehydration proceeded more slowly than hydration.
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Figure 5.7. The relative mass change and its time derivative recorded during water uptake and release at 300 °C
for BaCeo.6Zro2Y0.203-51¢9 (a), BaCeo.6Zro.2Yo.18Fe0.0203-s (b), BaCeo.6Zro.2Y0.1Tbo.103-5 (c), BaCeo.sZro.2Yo.15Feo.0s03-5
(d), BaCeo.6Zro.2Yo0.1Pro.103-5 (e), and BaCeo.cZro2Yo1Feo103-s (f). The light-blue background signifies the humid
atmosphere.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeosZrozYo1Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeo.sZro2Yo2-xFex03-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164
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5.1.3. Electrical properties

The electrical conductivity of BaCeosZro2Yo2-xMx03-s materials was measured
using electrochemical impedance spectroscopy over a temperature range of 300 — 800 °C
in dry and humidified synthetic air. The temperature dependence of the total electrical

conductivity of all investigated samples is presented in Figure 5.8.
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Figure 5.8. Total conductivity as a function of the inverse temperature in BaCeo.sZro.2Y0.1Mo.103-s (M = Tb, Pr, Fe)
series (a) and BaCeo.6Zro.2Yo.2-xFexOs3-s (x = 0.02, 0.05, 0.1) series (b), studied in dry and wet air. In both figures,
the data for the reference sample BaCeo.6Zro.2Y0.203-5 (BCZY622)169 have been included.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport

in BaCeosZro2Yo2-xFex0s-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164
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All samples show higher total conductivity in wet (py,p ~ 2.3 X 107% atm.) compared
to dry (pp,o0 ~ 107> atm.) atmosphere, with the difference becoming more pronounced
at lower temperatures. This behaviour further confirms that hydration is the predominant
proton-uptake mechanism, particularly below 750 °C where proton concentrations increase
due to the exothermic nature of the hydration reaction. Since protons generally exhibit higher
mobility than oxygen vacancies, their introduction increases total electrical conductivity
at lower temperatures.173

In the BaCeo6Zr02Y01Mo.103-5 (M = Tb, Pr, Fe) group (Figure 5.8a), the largest increase
in the electrical conductivity upon hydration was recorded for the sample substituted
with terbium. Moreover, the terbium substitution results in the highest total electrical
conductivity at both dry and wet conditions. At 400 °C in wet atmosphere, BCZYTb10 reaches
2.4 X 1073 S/cm compared to 1.4 X 1073 S/cm for the reference BCZY622. The Pr-substituted
sample shows total electrical conductivity values intermediate between those obtained
for BCZYTb10 and BCZYFe10. BCZYFe1l0 exhibits the lowest total electrical conductivity
among all BCZYM materials. BCZYPr10 shows a moderate increase in total conductivity in wet
air, smaller than that observed for BCZYTb10 but still noticeable, suggesting that the water
uptake takes place also in this material but to a lower extent, which agrees with the lower
proton concentration determined for BCZYPr10 via TG.

In the BaCeosZro2Yo2-xFex03-s (x = 0.02, 0.05, 0.1) series (Figure 5.8b), a decrease
in the total electrical conductivity with increasing iron content was observed. BCZYFe2
and BCZYFe5 display a significant increase in the total electrical conductivity in humid
conditions, indicating a proton incorporation. In contrast, the BCZYFe10 sample exhibits only
slight differences between dry and wet air. This trend correlates with thermogravimetric
analysis and iodometric titration results, which showed decreased oxygen-vacancy and proton
concentrations with increasing Fe content (see Table 5.2).

All materials exhibit a thermally activated conduction mechanism. The linear fitting
of the Arrhenius plot enabled the determination of activation energies for the conduction
process, collected in Table 5.3. BCZYTb10 shows the lowest activation energies among
the studied materials - (0.54 + 0.01) eV in dry and (0.42 4+ 0.01) eV in wet air. It also exhibits
the highest difference between the activation energies associated with the conduction process
in dry and wet conditions among the BaCeo.6Zro.2Y0.1Mo.103-5s samples. Furthermore, in the case
of BCZYTb10, the conductivity difference between wet and dry conditions at 300 °C surpasses
the conductivity increase recorded for BCZY622 (3.9 x 10™* S/cm vs 3.0 X 10™* S/cm
for BCZYTb10 and BCZY622, respectively). These results indicate significant proton transport
in a wet atmosphere and support the thermogravimetric evidence of substantial water uptake

in this sample. Considering that the proton concentration in BCZY622 was significantly higher
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than that in BCZYTb10 (Table 5.2), this indicates an enhancing effect of terbium
on the mobility of proton defects (further discussed in chapter 5.1.5). Moreover, the activation
energies in dry air for BCZY622 (below 500 °C) is (0.69 + 0.02) eV, while for BCZYTb10 it is
significantly lower. In contrast, BCZYFe10 demonstrates minimal differences between dry
and wet conditions, with E, values remaining relatively high (= 0.63 eV), suggesting
a negligible contribution of proton defects to the total electrical conductivity.
The Pr-substituted sample shows the highest activation energy in dry air among
the BaCeosZro2Y01Mo103-5s samples — (0.68 + 0.02) eV, while in the wet atmosphere below
500 °C, the activation energy is reduced and reaches (0.56 + 0.02) eV.

Table 5.3. Activation energies for electrical conduction in dry and wet air of BaCeo.6Zro.2Y0.1Mo0.103-5 (M = Tb, Pr)
and BaCeo6Zro.2Yo.2-xFex03-5 (x = 0, 0.02, 0.05, 0.1).

Activation energy (eV)
Dry air Wet air

300 —500°C 500 — 800 °C 300 — 500 °C 500 — 800 °C

BCZYTb10 163 0.54+0.01 0.42 +0.01
BCZYPr10 0.68 + 0.02 0.56 £ 0.02 0.64 +0.01
BCZYFe10 164 0.64 £+ 0.02 0.63 + 0.02
BCZYFe5 164 0.68 +0.01 0.53+0.01
BCZYFe2 164 0.72 £ 0.02 0.46 + 0.01
BCZY622 169 0.69 +0.02 0.54 £ 0.01 0.50 £ 0.02 0.43 +0.02

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCey.6Zro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, and from J. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeo.sZro2Yo2-xFex0s-s triple-conducting oxides’, . Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164

The BaCeosZro2Yo2-xFex0s3-5 series also exhibits a thermally activated mechanism
of conduction in the whole temperature range. Materials with lower iron content (BCZYFe2
and BCZYFe5) show higher electrical conductivities in wet compared to dry air. The electrical
conductivity difference at 300 °C between wet and dry conditions is 2.2 X 10™* S/cm
for BCZYFe2 and 5.9 X 107> S/cm for BCZYFe5. The activation energies in dry air increase
with decreasing iron content: (0.64 + 0.02) eV, (0.68+ 0.01) eV, and (0.72 4+ 0.02) eV
for BCZYFe10, BCZYFe5, and BCZYFeZ2, respectively. In wet conditions, the activation energies
for BCZYFe2 and BCZYFe5 decrease to (0.46 + 0.01) eV and (0.53 + 0.01) eV, indicating

significant proton conductivity contribution. Since, in the case of BCZYFel0, the activation
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energy remains unchanged upon hydration, this confirms that proton transport is suppressed
at high iron concentrations, possibly due to the relatively low concentration of oxygen
vacancies, necessary for proton defect formation through the hydration reaction. However,
the concentration of protons in BCZYFe10, equal to 0.007 mol/mol at 300 °C, is comparable
to the value observed for the material substituted with Pr, which exhibits a significant increase
in conductivity in a wet atmosphere. Therefore, other factors might be responsible
for the negligible electrical conductivity increase in wet air in the case of BCZYFel0,
such as proton trapping. This effect was also observed in acceptor-doped barium zirconates
by Oikawa et al.!7* Another explanation for such behaviour might be the hydrogenation
reaction being partly responsible for the introduction of protons into BCZYFe10, which lowers
the concentration of electron holes and, in consequence, leads to a decrease in total
conductivity of the material. The simultaneous occurrence of hydration and hydrogenation
reactions in a specific proportion could result in a negligible electrical conductivity change
after water uptake.

In conclusion, the BaCegsZro2Yo2-xFex03-s compounds exhibit a clear composition-
dependent shift in the total electrical conductivity. Lower iron content allows for more
effective hydration and proton conduction, as indicated by the reduced activation energies
under wet conditions. As the iron concentration increases, the defect structure becomes less
favourable for proton incorporation, leading to diminished water uptake and higher activation
energies for conduction.17s

Figure 5.9 presents the total electrical conductivity of the investigated materials
as a function of oxygen partial pressure at 800 °C and 600 °C for BaCeosZro2Y01Mo.103-5
(M = Tb, Pr, Fe) and BaCeosZro2Yo2-xFex03-s (x = 0.02, 0.05, 0.1) series. The differences
in pp,- dependence between 800 °C and 600 °C are consistent with the thermally activated
charge transport behaviour observed in Figure 5.8.

All BCZYM materials exhibit mixed ionic-electronic behaviour with predominantly
p-type electronic conduction under oxidising conditions. At low p,, (< 1072 atm.), the total
electrical conductivity is dominated by oxygen-ionic transport (o), independent of oxygen
partial pressure. At higher oxygen partial pressures (> 1073 atm.), p-type electronic
conductivity (o) becomes dominant in the total electrical conductivity (0y ), following

the relationship:
1
Ototal = 0o + O = 0 + no * Dy, (5.1)

where ap, is a fitting parameter related to the partial electron-hole conductivity.176
The electronic and oxygen-ionic partial conductivities were determined using equation (5.1)

applied to the experimental data of o(py,).
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Figure 5.9. Oxygen partial pressure dependence of total electrical conductivity of BaCeo.sZro.2Yo0.1Mo.103-5
(M = Tb, Pr, Fe) at 800 °C and 600 °C (a and c, respectively); and BaCeo.6Zro.2Yo.2-xFexO3-s (x = 0, 0.02, 0.05, 0.1)
at 800 °C and 600 °C (b and d, respectively). The data corresponding to BaCeo.6Zro.2Y0.203-5 (BCZY622)164169 sample
was included in all plots as a reference. All measurements were conducted in dry atmospheres.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeosZro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from ]. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeosZro2Yo2-xFex0s-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164

Among the BaCeo¢Zro2Y0.1Mo.103-5 (M = Tb, Pr, Fe) compounds, BCZYTb10 and BCZY622
demonstrate comparable total electrical conductivity values across the studied p,, range.
Their total conductivities are also the highest, followed by BCZYPr10 and BCZYFel0,
consistent with the trends observed in Figure 5.8. The electronic contribution to total
conductivity increases with temperature due to higher electron-hole concentrations.
Table 5.4 shows the transference numbers of electron holes (t,-) for all the studied materials
in air. The values of t;- indicate that the electronic conduction predominates in BCZYM
materials. However, since oxygen-ionic conductivity remains significant even in oxidising

conditions, the oxygen-vacancy concentrations must be relatively high, considering that their

mobility is significantly lower than that of the electronic charge carriers.s>
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Table 5.4. Total conductivity of BaCeo.sZro.2Y0.1Mo.103-5 (M = Tb, Pr) and BaCeo.sZro.2Yo.2-xFexO3-s (x = 0, 0.02, 0.05,
0.1) determined in air at 800 °C and 600 °C with the corresponding ionic and electronic partial conductivities
(related to conductance of oxygen ions and electron holes, respectively), as well as the resulting transference
number of electron holes.

T(C) ot (S/cm) 0 (S/cm) oy (S/cm) th

800 3.7 % 1072 1.3x 1072 2.3x1072 0.64
BCZYTb10 163

600 8.9 x 1073 3.2x1073 55x 1073 0.63

800 2.0 x 1072 ~86x%x1073 ~12%x107% =~ 0.60
BCZYPr10 163

600 42 %1073 ~23x%x1073 ~18%x107° =~043

800 6.6 x 1073 ~21x%x1073 45x%x1073 0.67
BCZYFe1(0 164

600 9.8x107* ~23x107* 7.1x107* 0.72

800 1.2x 1072 ~42x%x1073 8.1x1073 0.63
BCZYFe5 164

600 23x1073 ~85x%x107* 1.4 %1073 0.60

800 2.0 x 1072 6.7 x 1073 1.3x 1072 0.64
BCZYFe2 164

600 45x%x1073 1.4 %1073 3.0x 1073 0.66

800 29 x1072 9.2x 1073 2.0 x 1072 0.69
BCZY622 169

600 7.0x 1073 29x1073 41x%x1073 0.58

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.sZro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from ]. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeo.sZro2Yo2-xFex0s-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry. 163164

For the BaCeoe¢Zro2Yo2-x<Fex0s-5 series, the total electrical conductivity decreases
with increasing Fe content at 600 °C and 800 °C. Moreover, both ionic and electronic partial
conductivities decrease with higher iron content (Table 5.4). This behaviour reflects
a reduced concentration of oxygen vacancies and/or the associated changes in charge carrier
mobility, reduced due to unit cell contraction.1¢8 BCZYFe2 exhibits the conductivity values
closest to those of the reference BCZY622 sample, while BCZYFe10 demonstrates the lowest
conductivity across the studied p,, range. The decrease in electronic partial conductivity
of BaCeosZro2Yo2-xFex03-s materials with higher iron content is consistent with the results

reported by Tarutina et al.175 This trend suggests that the iron reduces the electronic transport,
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which may result from the electron hole trapping on iron ions!?’7 or the defect clustering
effects17s.

The transference numbers of holes in the iron-substituted materials range from 0.60
to 0.72 at 600 °C and 800 °C. The transference numbers of holes corresponding to BCZYTb10
assume similar values, while in the case of BCZYPr10, the t;- values are lower than those
for other BCZYM materials. BCZY622 exhibits similar t;- compared to BCZYTb10 and iron-
containing materials. The transition-metal cation in the Ce/Zr/Y sublattice was expected
to increase the electronic conductivity in the substituted samples by increasing the electron-
hole concentration. However, apart from BCZYTb10, no increase in electronic conductivity
was observed. On the other hand, all materials (except BCZYTb10) exhibited diminished ionic
partial conductivity values in comparison to BCZY622. This likely stems from the lower
concentration of oxygen vacancies, which is reduced by the incorporation of transition-metal
cations with a higher average oxidation state than the host yttrium. The material substituted
with terbium exhibits the highest electronic and oxygen-ionic partial conductivities,
surpassing the BCZY622 reference. This suggests an enhanced mobility of oxygen vacancies
in this material.

Overall, the substitution of Tb, Pr, or Fe into BCZY impacted the defect chemistry
and the transport properties. All materials exhibited thermally activated conduction. The total
electrical conductivity of all samples increased in wet conditions, which was attributed
to proton incorporation via hydration. The highest conductivities in dry and wet air
and the lowest activation energies were observed for the terbium-substituted sample.
The total, ionic, and electronic conductivities decreased with increasing Fe content.
Mixed ionic-electronic conduction with p-type electronic transport under oxidising conditions
was confirmed for all BCZYM materials. Among the studied compositions, only Tb substitution

enhanced oxygen-ionic and electronic transport.

5.1.4. Diffusion studies
5.1.4.1. Water diffusion

The diffusion of water in MIEC materials strongly depends on the contribution of mobile
electron holes to the total electrical conductivity. The water incorporation and release that
occur during hydration and dehydration, respectively, can exhibit either single- or two-fold
behaviour.’ The single-fold relaxation, observed in materials with low t;., corresponds
to an ambipolar diffusion of hydrogen and oxygen. With higher t;., the presence of mobile
electron holes allows for an independent diffusion of hydrogen and oxygen species, resulting

in a two-fold relaxation process.180 In the presence of water vapour in the atmosphere,
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the water molecules first react with the surface of the material before incorporating

into the bulk of the sample. The surface reaction begins with the dissociation of water:
H20 4 ZH[adS] + O[Gds]' (52)

Subsequently, the adsorbed hydrogen and oxygen atoms participate in two reactions
at different rates. The first, faster, process results in the formation of a proton defect

at the expense of an electron hole:

This reaction results in a decrease in the total electrical conductivity due to the reduced
concentration of electronic charge carriers, which have much higher mobility than ionic
species, such as oxygen vacancies or protons.18! In the second reaction, the adsorbed oxygen

fills an oxygen vacancy, generating two electron holes:
O(ads) + ‘17(.). 4 Og + Zh., [54’)

which leads to an increase in the total conductivity. Consequently, the curve recorded during
the ECR experiment reflects the superposition of these two processes.

In this chapter, the water-uptake Kkinetics of BaCeosZro2Y01Tbo.103-5
and BaCeo.6Zro2Y02-xFex03-5 (x=0.02, 0.05, 0.1) perovskite oxides were analysed using the ECR
method. Since changes in water partial pressure do not significantly affect the oxygen partial
pressure, the observed changes in the electrical conductivity of the studied materials
were attributed to the water incorporation. Therefore, the determined surface exchange
coefficients describe the steps of water adsorption, dissociation, and the incorporation
of oxygen ions and protons into the structure of materials, as described by equations
(5.2)-(5.4).

During water uptake, protons are incorporated into the structure, which leads
to the relaxation curve ending in a plateau, associated with the sample reaching a new
equilibrium. Typical relaxation profiles for hydration and dehydration of BCZYTb10
are presented in Figure 5.10a. In the case of this material, both processes proceed with two-
fold, nonmonotonic kinetics, which is in agreement with the high values of t;- determined
for this material (see Table 5.4). The electrical conductivity response depends on the direction
of pu,o change: following a switch from wet to dry air, the conductivity does not return
to its initial value before hydration. This is consistent with the TG water-uptake experiment
(see Figure 5.4), where some of the proton defects did not leave the material after

the atmosphere switched to dry air.
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Figure 5.10. ECR curves recorded during the hydration and dehydration processes in BaCeo.sZro.2Y0.1Tbo.103-s
at 500 °C (a) and the temperature dependence of chemical surface exchange coefficients obtained for the hydrogen
and oxygen during hydration (dry — wet) and dehydration (wet — dry) in BaCeo.6Zro2Y0.1Tbo.103-5 (b).

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCeosZrozYo1Mo103-s (M = Tb, Pr, Fe) protonic conductors’, J. Mater. Chem. A, 2023, 11, 13389-13398, with permission
from the Royal Society of Chemistry.163

The temperature dependence of the chemical surface exchange coefficients for hydrogen
and oxygen during hydration and dehydration in BCZYTb10 is shown in Figure 5.10b.
In the case of the kgpem corresponding to hydrogen, it ranges from 1.2x 107*
to 4.9 X 10™ cm/s during hydration and from 4.0 X 10™° to 2.4 X 10™* cm/s during
dehydration between 450 °C and 700 °C. The k.p.n, values observed for oxygen are lower,
ranging from 1.0 x 10° to 6.6 X 10™° cm/s during hydration and from 7.9 x 107°
to 2.5 %X 107® cm/s during dehydration. The rate of hydrogen surface reaction is higher
than that of oxygen for hydration and dehydration. Moreover, the surface exchange coefficients
corresponding to both species are higher in hydration than in dehydration, indicating that
water adsorption is kinetically more favourable than desorption. The activation energies
of surface exchange associated with hydration and dehydration of BCZYTb10 are shown
in Table 5.5. In the case of hydrogen, the activation energies of surface exchange
are (0.39+40.03) eV and (0.50 + 0.05) eV for hydration and dehydration, respectively.
The values obtained in this study are comparable to those reported for other protonic
conductors.”79.103.182 For oxygen ions, there is a more pronounced difference in the activation
energies corresponding to hydration and dehydration (0.44 eV and 0.26 eV, respectively),
indicating that proton defects also affect the process of oxygen chemisorption.

In the case of BaCeosZro2Yo2-xFex03-5 (x = 0.02, 0.05, 0.1) materials, the collected ECR
data enabled the determination of not only the surface exchange coefficients, but also

the diffusion coefficients associated with hydration and dehydration processes.
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Representative ECR curves with the fitting data for all BCZYFe materials are included

in the Appendix (Figure A9).

Table 5.5. Activation energies of surface exchange and diffusion related to hydration and dehydration,
with a distinction between the processes related to the movement of protons and oxygen separately, in the case
of the two-fold diffusion, or together, in the case of single-fold diffusion, for BaCeo.6Zro2Y0.1Tbo.103-5
and BaCeo.6Zro.2Yo.2-xFexO3-s (x = 0.02, 0.05, 0.1). The temperatures correspond to the ranges at which the activation
energies have been determined.

Activation energy (eV)

Hydration Dehydration T (°C)
Hydrogen Oxygen Hydrogen Oxygen
0.39+0.05 0.44 £+ 0.05 0.50+0.05 0.26+0.05
BCZYTb163 (450-750°C)  (450-750°C)  (450-800°C) (450-700 °C) -
e
BCZYFel01¢ & 0.50£0.11 1.03 +£0.13 500-800
Q
3
BCZYFe5164 %’ 0.20 £ 0.04 - 350-800
G
5
« 0.34 £+ 0.04 0.60 + 0.05 1.00£0.13 1.14+0.10 550-850
BCZYFe2164
0.24 +0.02 - 350-500
BCZYFe10164 1.87 £ 0.05 — 500-750
5
BCZYFe516¢ 3 0.13 + 0.04 0.29 + 0.03 300-800
?‘Q:
BCZYFe2164 - 1.27 £0.07 - 0.60 +0.05 550-850

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.sZro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from ]. Budnik, A.
Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeosZro2Yoz2-xFex03-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society
of Chemistry.163.164

The conductivity relaxation during water uptake observed for the iron-substituted
samples varies depending on the composition and temperature. Figure 5.11 presents
the typical ECR curves recorded for BCZYFe2 during hydration and dehydration at 500 °C
and at 800 °C. In the case of BCZYFe2, the water uptake in the 550 — 850 °C temperature range
exhibits a two-fold, nonmonotonic behaviour, enabling the separate estimation of surface
exchange and diffusion coefficients for hydrogen and oxygen (see Figure 5.12a and b).
On the other hand, below 550 °C, the hydration and dehydration proceed with a single-fold

relaxation, implying ambipolar diffusion of protons and oxygen vacancies, likely due

to reduced electron-hole mobility at lower temperatures. In contrast, BCZYFe5 and BCZYFe10
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exhibit single-fold hydration across the analysed temperature range. The occurrence of two-
fold hydration in BCZYFe2 is consistent with its higher electronic partial conductivity,
though the t;- values determined for this material are not substantially higher in comparison
to other iron-substituted materials. This suggests that not only the transference number
but also the concentration of electron holes influence the nature of the hydration process.
As a result, the direct comparison of water-uptake Kkinetics across the BaCeo¢Zro2Yo2-xFex03-s

series is not straightforward.
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Figure 5.11. ECR curves collected during the hydration and dehydration processes in BaCeo.sZro.2Yo.18Fe0.0203-s
at 500 °C (a) and 800 °C (b). Below 550 °C, the hydration in BCZYFe2 occurs via ambipolar diffusion of protons
and oxygen vacancies, whereas above this temperature, the process involves decoupled diffusion of protons
and oxygen vacancies facilitated by mobile electron holes.

Adapted from J. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Influence of iron content on water uptake and charge
transport in BaCeosZrozYoz-xFexOs-s triple-conducting oxides’, ]. Mater. Chem. A, 2024, 12, 14569-14582, with permission
from the Royal Society of Chemistry. 164

The activation energies of surface exchange and diffusion related to hydration
and dehydration of the analysed materials are collected in Table 5.5. The activation energies
of surface exchange vary with material composition and atmospheric conditions. In all
materials, the activation energies for hydration are lower than for dehydration, indicating that
proton incorporation is more favourable than its release under the studied conditions. It aligns
with the conclusions drawn from the TG data. In the case of BCZYFe2 in the 550 — 850 °C
range, the activation energies of surface exchange of oxygen are (0.60+ 0.05) eV
and (1.14 + 0.10) eV for hydration and dehydration, respectively, while for the hydrogen
- (0.344+0.04) eV and (1.00+ 0.13) eV for hydration and dehydration, respectively.
This shows that the oxygen-related processes require more energy than proton-related ones,
and that dehydration is energetically more demanding than hydration, suggesting that protons
incorporated during the hydration are not easily released from the analysed materials even

at elevated temperatures.
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Figure 5.12. Temperature dependence of chemical surface exchange coefficients of hydrogen and oxygen or water
in BaCeo.6Zro.2Yo.18Fe0.0203-5 (a), BaCeo.sZro2YoisFeo.0503-5 (c), and BaCeosZro2Yo1Fe0103-s (e); as well as
the temperature dependence of chemical diffusion of oxygen or water in BaCeo.sZro2Yo.18Fe0.0203-5 (b),
BaCeo.6Zro.2Yo.15Fe00503-s (d), and BaCeosZro2Yo1Feo103-s5 (f); recorded during hydration (dry — wet)

and/or dehydration (wet — dry).

Reproduced from J. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Influence of iron content on water uptake and charge
transport in BaCeosZrozYoz-xFexOs3-s triple-conducting oxides’, ]. Mater. Chem. A, 2024, 12, 14569-14582, with permission

from the Royal Society of Chemistry. 164
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The temperature dependencies of the chemical surface exchange coefficient
and the diffusion coefficient related to water, or hydrogen and oxygen separately, determined
for the BaCeosZro2Yo2-xFex03-s series are presented in Figure 5.12. At 350 — 500 °C, the water
surface exchange coefficients of BCZYFe2 are similar to those for oxygen exchange at higher
temperatures. This indicates that the slower processes related to oxygen-ion transport limit
the water-uptake kinetics. The activation energy for water surface exchange during hydration
is similar to that for hydrogen and much lower than that for oxygen at higher temperatures,
which may be attributed to the “drag effect” of proton defects affecting the oxygen-vacancy
mobility, as described by Hancke et al.” For BCZYFe5, the activation energy for water surface
exchange during hydration is (0.20 £+ 0.02) eV, which is significantly lower than the values
obtained for BCZYFe10 ((0.50 £ 0.11) eV for hydration and (1.03 + 0.13) eV for dehydration).
Furthermore, the water incorporation in BCZYFe10 decreases the total electrical conductivity,
possibly due to the lower mobility of protons compared to that of oxygen vacancies
or the reduction in electronic conductivity. This may indicate that hydrogenation contributes
to water uptake in addition to hydration in BCZYFe10. The observed decrease in conductivity
may also be associated with oxidation enthalpy changes induced by the introduction
of protons, potentially leading to a reduction in the wet atmosphere.172

Figure 5.12b, d, and f present the temperature dependencies of the chemical diffusion
coefficient of oxygen in BCZYFe2, and the chemical diffusion coefficient of water in BCZYFe5
and BCZYFel0O during water uptake and release. At elevated temperatures, the chemical
diffusion coefficient of water reaches the highest values for BCZYFe10, which is consistent
with its highest activation energy (1.87 4+ 0.05) eV. In contrast, BCZYFe5 exhibits
surprisingly low activation energies for water diffusion - (0.13 £ 0.04) eV for hydration
and (0.29 £ 0.03) eV for dehydration. This remains unexplained since the sample is dense,
so it cannot be caused by the gas diffusion through the pores. In the case of BCZYFe5,
the chemical diffusion coefficients for hydration are higher than those for dehydration,
with the difference becoming negligible at the highest temperatures. For BCZYFe2, the oxygen
diffusion during hydration has a much higher activation energy ((1.27 £+ 0.07) eV) than during
dehydration ((0.60 + 0.05) eV). As a consequence, at lower temperatures, dehydration
proceeds faster, while at higher temperatures, hydration becomes dominant. These differences
highlight the asymmetric nature of water uptake and release in the studied materials.
Oxygen diffusion in BCZYFe2 proceeds faster during dehydration, which may be related
to the enhanced mobility of oxygen ions owing to the drag effect of protons, present in high
concentration in the hydrated material.

To sum up, this chapter presented the hydration and dehydration studies
of BaCeo6Zro2Y01Tbo103-s and BaCeosZro2Yo2-<Fex03-s (x = 0.02, 0.05, 0.1) materials,
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investigated using the ECR method. Single-fold and two-fold stoichiometry relaxation
behaviours during hydration/dehydration were observed. BCZYFe2 showed a two-fold
kinetics in the high-temperature regime, which changed into a single-fold process
below 550 °C. Hydration generally proceeded faster and required lower activation energy
than dehydration. Iron in the BaCeo¢Zro2Yo2-xFexO3-s materials influenced both the mechanism
and kinetics of water transport. In BCZYFelO hydration decreased the total electrical

conductivity, likely due to reduced electronic charge carrier concentration.
5.1.4.2. Oxygen diffusion

Oxygen diffusion in solids is driven by the gradient in the chemical potential of oxygen.
The process of molecular oxygen incorporation into the oxide lattice involves several stages,
including chemisorption, reduction, electron transfer, oxygen species dissociation,
and the eventual incorporation of an oxygen ion into the crystal lattice.183 At the initial stage,
molecular oxygen (0, (g4)) is chemisorbed at an unoccupied surface site, forming 0 (44s):
02(9) = O2(qas)- (5.5)

The adsorbed molecule diffuses on the surface and is reduced through a two-step mechanism:

1) O2(ads) = " + 0345y, (5.6)

2) 03 (adsy = 1 + 03Caas)- (5.7)

Here, 03,4 signifies an adsorbed superoxide species, while 05(_3‘,5) represents a peroxide

species. The first reduction step is faster, while the electron transfer between the superoxide
and peroxide species is relatively slow, thereby acting as a rate-limiting process.109.184.185

Afterwards, the peroxide dissociates into single-ionised oxygen atoms:
022(_ads) - 20(_ads)' (5-8)
and the oxygen ion is incorporated into the crystal lattice:
vy + O(qas) = h* + 05, (5.9)
where O} represents an oxygen atom residing at an oxygen lattice site. The complete oxidation
reaction can be expressed via a summarised reaction as:

1
Ué. + EOZ(Q) - 2h" + Og (510)

The migration of the introduced oxygen ions follows the oxygen concentration gradient,
thereby determining the diffusion relaxation profile. The resulting curve exhibits a monotonic

character for oxidation and reduction.186187
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The oxidation and reduction kinetics of BaCeo6Zr0.2Y0.1Tbo.103-5
and BaCeg6Zro2Y02-x<Fex03-s (x = 0.02, 0.1) were analysed using ECR technique by monitoring
the electrical conductivity response of the material to variations in oxygen partial pressure
between py, = 0.1 atm. and py, = 107> atm. under dry and humidified conditions.
It was possible to determine the chemical diffusion coefficients for oxidation/reduction
for both iron-substituted materials, the chemical diffusion coefficients for the reference
material, and the chemical surface exchange coefficients for all analysed materials.
For BCZY622 reference material, the chemical diffusion coefficient of oxygen in dry and wet
conditions was determined using the modified Hebb-Wagner method. Those measurements
were performed by our research group.169

Figure 5.13 demonstrate the typical relaxation curves recorded for BCZYTb10 at 650 °C
in dry and wet conditions. The single-fold nature of oxidation and reduction processes
irrespective of water vapour presence in the atmosphere was observed. These electrical
conductivity changes correspond to the ambipolar diffusion of oxygen vacancies and electron
holes, which was also observed for BaZrygY0203-5s by Kim et al.188 As can be seen in Figure
5.13, the oxidation and reduction of BCZYTb10 in dry and wet atmospheres follow different
kinetics, indicating distinct surface exchange mechanisms in the presence of proton defects.
The temperature dependence of the chemical surface exchange coefficient for both processes
in BCZYTb10 is presented in Figure 5.14, with the corresponding activation energies listed
in Table 5.6. The values of the surface exchange coefficients determined for BCZYTb10 range
between 2 X 107> and 2 x 1073 cm/s in the 550 — 700 °C temperature range. Furthermore, the
presence of water vapour leads to a decrease in activation energies, with the most pronounced

effect observed for reduction - (1.63 + 0.10) eVindry and (1.13 £ 0.06) eV in wet conditions.
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Figure 5.13. ECR curves recorded for BaCeo.sZro.2Y0.1Tbo.103-s during oxidation and reduction in dry (a) and wet
(b) atmospheres at 650 °C.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Water uptake kinetics and electrical transport
in BaCeosZro2Yo1Mo103-s (M = Tb, Pr, Fe) protonic conductors’, |. Mater. Chem. A, 2023, 11, 13389-13398, with permission

from the Royal Society of Chemistry.163
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Figure 5.14. Temperature dependence of chemical surface exchange coefficients of oxygen corresponding
to the oxidation and reduction processes in dry and wet conditions determined for BaCeo.6Zro.2Y0.1Tbo.103-s.

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCeosZrozYo1Mo103-s (M = Tb, Pr, Fe) protonic conductors’, . Mater. Chem. A, 2023, 11, 13389-13398, with permission

from the Royal Society of Chemistry.163

Table 5.6. Activation energies of surface exchange and diffusion related to oxidation and reduction
for BaCeo.6Zro2Y0.1Tbo.103-5, BaCeo.sZro.2Yo2-xFex03-s (x = 0.02, 0.1), and BaCeo.sZro.2Y0.203-5. The temperatures
included correspond to the ranges at which the activation energies have been determined.

Activation energy (eV)

Dry

Wet

BCZYTb!163

BCZYFe10164

BCZYFe2164

Surface exchange

Oxidation

Reduction

Oxidation

Reduction

Oxidation

Reduction

1.13 4 0.06 (500-700 °C)
1.63 + 0.10 (500-700 °C)
1.36 + 0.31 (700-800 °C)
1.05 + 0.02 (700-800 °C)
0.50 + 0.07 (600-800 °C)

0.49 £ 0.13 (700-800 °C)

0.98 + 0.11 (500-800 °C)
1.13 4 0.18 (550-700 °C)

0.99 + 0.12 (650-800 °C)

0.47 £ 0.20 (600-800 °C)

0.63 £ 0.07 (600-800 °C)

BCZYFe10164

BCZYFe2164

BCZY 622169

Diffusion

Oxidation

Reduction

Oxidation

Reduction

1.12 4 0.17 (650-800 °C)

1.29 4 0.17 (650-800 °C)

0.45 £ 0.06 (600-800 °C)

1.23 4 0.16 (700-850 °C)

1.84 + 0.27 (650-800 °C)
0.71 + 0.02 (650-800 °C)
0.79 + 0.19 (650-800 °C)
0.59 + 0.04 (600-800 °C)

0.92 + 0.11 (700-850 °C)

Adapted from ]. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport

in BaCeo.sZro2Y01Mo103-s (M = Tb, Pr, Fe) protonic conductors’, ]. Mater. Chem. A, 2023, 11, 13389-13398, and from ]. Budnik, A.

Mielewczyk-Gryn, M. Gazda and T Miruszewski, “Influence of iron content on water uptake and charge transport
in BaCeosZrozYoz2-xFex03-s triple-conducting oxides’, |. Mater. Chem. A, 2024, 12, 14569-14582, with permission from the Royal Society

of Chemistry. 163164
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The influence of water vapour on the oxygen incorporation and release processes in dry
and humidified atmospheres was also investigated in BCZYFe2, BCZYFe10, and BCZY622.
Representative ECR curves for oxidation and reduction with fitting data for both BCZYFe
materials are included in the Appendix (Figure A10). The temperature dependencies
of oxygen surface exchange and diffusion coefficients under dry and wet conditions
determined for BCZYFe materials are presented in Figure 5.15, while the temperature
dependencies of diffusion coefficients for BCZY622 are shown in Figure 5.16. The activation
energies for surface exchange and diffusion related to oxidation/reduction are shown

in Table 5.6.
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Figure 5.15. Temperature dependence of chemical surface exchange coefficients of oxygen
in BaCeo.6Zro.2Yo.18Fe0.0203-5 (a) and BaCeo.sZro.2Yo.1Feo.103-5 (b); as well as the temperature dependence of chemical
diffusion of oxygen in BaCeosZro.2Yo.18Fe0.0203-5 (c) and BaCeosZro2Yo.1Feo0103-s (d); recorded during oxidation
and reduction in dry and wet atmospheres.

Reproduced from J. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Influence of iron content on water uptake and charge
transport in BaCeosZrozYoz-xFexOs3-s triple-conducting oxides’, ]. Mater. Chem. A, 2024, 12, 14569-14582, with permission
from the Royal Society of Chemistry.164

Under dry conditions, BCZYFe2 shows minimal differences between chemical surface

exchange coefficients corresponding to oxidation and reduction, whereas BCZYFel0
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demonstrates slightly enhanced oxidation kinetics compared to reduction. Water vapour
significantly increases surface exchange coefficients for oxidation in both compositions,
indicating a significant impact on oxygen incorporation kinetics. Conversely, BCZYFe2 exhibits
decreased surface exchange for reduction under humid conditions. These effects are similar

to the influence of water vapour on the oxidation/reduction kinetics observed in BCZYTb.
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Figure 5.16. Temperature dependence of the chemical diffusion coefficient of oxygen in BaCeosZro2Yo203-5
recorded using the modified Hebb-Wagner method in dry and wet atmospheres.

For BCZYFe2, the activation energies of chemical diffusion and surface exchange
are relatively low and weakly depend on the presence of water vapour or p,, switch direction.
For BCZYFel0 under dry conditions, the diffusion activation energies for oxidation
and reduction are comparable within experimental uncertainty. In humid conditions,
the activation energy of reduction for BCZYFel0 is significantly lower ((0.71 4 0.02) eV)
compared to oxidation ((1.84 + 0.27) eV). Furthermore, the energies obtained for oxygen
diffusion of BCZYFelO exhibit distinct values under different atmospheric conditions:
(1.124+0.17) eV and (1.84 £ 0.27) eV for dry and humid oxidation, respectively. The values
for dry and wet reduction are (1.29+0.17) eV and (0.71+ 0.02) eV, respectively.
The differences between activation energies in dry and wet atmospheres for both processes
confirm the facilitating role of water vapour in the oxygen kinetics of BCZYFe10. The activation
energies for both diffusion and surface exchange are significantly higher for BCZYFel0
compared to BCZYFe2, irrespective of the direction of the oxygen partial pressure change.
Furthermore, the values of diffusion and surface exchange coefficients obtained for BCZYFe2
are significantly higher, which is consistent with the higher oxygen-ionic conductivity
of this material than that of BCZYFe10 (see Table 5.4). Moreover, the D, values obtained

in wet conditions for BCZY622 are lower than those corresponding to the oxidation
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of BCZYFe2. Further discussion of the oxygen-vacancy transport, involving the mobility,
will be performed in chapter 5.1.5.

All studied materials show higher k_j.,, values for oxidation in the presence of water
vapour. Furthermore, all materials for which the determination of the chemical oxygen
diffusion coefficient was possible (BCZYFe2, BCZYFe10, and BCZY622) exhibit higher D jom
under wet conditions in the case of oxidation. The differences associated with the reduction
(determined for the iron-substituted materials) are less pronounced. For BCZYFelO,
the diffusion coefficients corresponding to reduction in wet atmospheres approach the values
related to dry conditions at elevated temperatures.

The observed impact of water vapour on the oxygen kinetics may originate
from the presence of proton defects residing near the surface of the materials. This effect might
be related to the positive charge accumulated on the surface of oxides, associated with surface-
segregated protons, which was demonstrated via first-principles calculations conducted
for yttrium-doped barium cerate by Polfus et al.!8% The charge accumulation and defect
segregation can substantially affect defect chemistry in the near-surface regions of a material.
The enhanced oxidation kinetics and deteriorated reduction kinetics observed in this work
suggest that the rates of surface reactions are predominantly controlled by the defect
mobilities rather than their concentrations alone, indicating that the oxygen-vacancy mobility
may be affected by the near-surface proton defects.

This chapter summarised the oxygen transport properties of BaCeo.sZro2Y0.1Tbo103-s,
BaCeo.6Zro2Yo2-xFex03-s (x = 0.02, 0.1), and BaCeosZro2Y0.203-5. The oxidation and reduction
kinetics were analysed under dry and wet atmospheres, allowing for the determination
of chemical diffusion and/or surface exchange coefficients. The presence of water vapour
generally enhanced oxygen incorporation and decreased the activation energies associated
with this process, while its effect on reduction was more complex and material-dependent.
The observed trends suggested that water vapour affects the surface defect chemistry, likely

due to the accumulation of proton defects, while also influencing the oxygen-vacancy mobility.
5.1.4.3. Comparative analysis of the investigated materials

The diffusion of water and oxygen in BCZYTb10, BCZYFe2, BCZYFe5, BCZYFel0,
and BCZY622 is governed by similar fundamental principles. Still, the substitution of iron
introduced significant modifications to the water uptake and release kinetics compared
to the kinetics observed for the terbium-substituted material. In BCZYTb10, hydration
and dehydration proceed with two-fold, nonmonotonic Kinetics in the studied temperature
range, reflecting a substantial contribution of electron-hole conductivity. In BCZYFe2, a similar

two-fold behaviour is observed only at higher temperatures, while at lower temperatures
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and in more heavily substituted samples (BCZYFe5 and BCZYFe10), the behaviour becomes
single-fold, indicating a transition to ambipolar diffusion as electron-hole conductivity
decreases. This is consistent with partial electronic conductivity being the highest for BCZYFe2
among the Fe-substituted samples and the highest electronic conductivity of BCZYTb10
in comparison to all BCZYM materials studied in this work (see Table 5.4). The activation
energies for surface exchange and diffusion processes were generally lower during hydration
than during dehydration, indicating that the incorporation of protons is kinetically more
favourable than their release.

In the case of the oxygen-related processes, BCZYTb10 demonstrated intermediate
activation energies for chemical surface exchange, with values of (1.13 + 0.06) eV for dry
oxidation, and (1.63 %+ 0.10) eV for dry reduction, as shown in Table 5.6. The iron-containing
materials exhibited different behaviour patterns, with BCZYFe2 showing significantly
lower activation energies for surface exchange ((0.50+ 0.07) eV for dry oxidation
and (0.49 £ 0.13) eV for dry reduction) compared to both BCZYTb10 and BCZYFelO.
The higher iron content in BCZYFe10 resulted in elevated activation energies for both, surface
exchange and diffusion in comparison with the values obtained for BCZYFe2. The surface
exchange and diffusion coefficients were considerably higher in the case of BCZYFe2,
which agrees with the determined oxygen-ionic conductivity values (Table 5.4), decreasing
with increasing iron content in the material.

The ECR data indicate that among the Fe-substituted materials, BCZYFe2 showed
enhanced oxygen kinetics in wet conditions, even though the oxygen-ionic conductivity
of BCZY622 displayed higher values (Table 5.4). This might be due to different values of
oxygen-vacancy concentration in the analysed materials. Another reason for these conflicting
results might be due to deriving conclusions on the ionic transport based of D, data, which
is not equivalent to the self-diffusion coefficients, directly related to the mobilities of the
species. The next chapter aims to estimate the mobilities of oxygen vacancies based on the

diffusion and partial conductivity data.
5.1.5. Mobility of ionic charge carriers

Given that the Wagner thermodynamic factor y for the analysed material is known,
the chemical diffusion coefficient of oxygen can be applied for the calculation of the mobility
of oxygen ions. No reports of the thermodynamic enhancement factor y for the BCZY family
were found in the literature. However, another MIEC oxide of a perovskite structure has been
studied by Wang et al, and the enhancement factor reported in their work was = 100
at 800°C.19%0 This value was employed to estimate the self-diffusion coefficient

of oxygen ions for the materials studied in this dissertation using equation (2.29). The self-
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diffusion parameters of oxygen ions (Dy) and oxygen vacancies (D,,) can be related

via equation:

3-6

Dvo = 5 Do,

(5.11)

where § is the concentration of oxygen vacancies. The obtained oxygen vacancy diffusion
parameters were then applied with formula (2.28), which enabled the -calculation

of the estimated mobility of oxygen vacancies (u,s qirr). Table 5.7 presents the mobility

values estimated based on the oxygen diffusion data of BCZY622, BCZYFe2 and BCZYFe10.

Table 5.7. The oxygen-vacancy concentration at 600 °C and 800 °C, the mobility of oxygen vacancies evaluated
based on the electrical conductivity data (uyys,) and estimated from diffusion coefficient (uvb-,diff)
for BaCeo.6Zro.2Yo.2-xFex03-5 (x =0, 0.02, 0.05, 0.1) and BaCeo.6Zro.2Y0.1Mo.103-5 (Tb, Pr).

Mobility (cm?/V - s)
[vo] (em™)

Uvg,00 Uy dif f
600 °C 800 °C 600 °C 800 °C 600 °C 800 °C
BCZY622 2.08 x 102! 225x10%1 43x107¢ 13x1075 — 8.9 x 1076
BCZYFe2 1.73x10%! 1.83x1021 25x10™® 1.1x1075 1.8x107® 42x107°
BCZYFe5 1.34x10%! 142x1021 20x10"® 92x107° - -
BCZYFe10 1.00 x 102 1.13x 102! 71x1077 58x107° - 5.1x 1076
BCZYTb10 1.44x 102 1.49x10?' 69x107% 2.7x107° - -
BCZYPr10 1.05x10%' 1.17x 102! 68x107® 23x1075 - -

The self-diffusion coefficients for oxygen ions at 800 °C, determined for BCZY622,
BCZYFe2, and BCZYFel0 via equation (2.29), are 2.7 X 1078 cm?/V-s, 1.0 X 1078 cm?/V's,
and 9.3x107% cm?/V's, respectively. The oxygen vacancy self-diffusion Dy, are
41x1077 cm?/s, 1.9 x 1077 cm?/V-s, and 2.4 X 1077 cm?/V-s for BCZY622, BCZYFe2,
and BCZYFe10, respectively. These values are comparable to the results obtained by Li et al.
for 800 °C via molecular dynamics simulations for the barium zirconate substituted
with 15 mol% of Y, where D, and D,, assumed values 1.2 X 1078 cm?/V:s
and 4.7 X 10~7 cm?/V:s, respectively.1! This confirms that the thermodynamic factor utilised
in this work for the calculation of Dy and D,,, was a reasonable assumption for the BCZYM

material group.
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The mobility of a carrier can also be assessed based on the electrical conductivity data
if the partial conductivity of the carrier and its concentration are known. The electrical
conductivity measured as a function of oxygen partial pressure provided the information
about the partial conductivities of electron holes and oxygen ions at 600 °C and 800 °C for all
BCZYM materials (Table 5.4). The mobilities of oxygen vacancies established based
on the partial conductivity data (uyy 4,) were calculated using the values of oxygen-vacancy
concentration determined via thermogravimetry. The temperature dependence of oxygen
nonstoichiometry for all analysed materials is shown in Figure A11 in the Appendix.
Table 5.7 presents the mobility values evaluated from electrical conductivity measurement
for all studied BCZYM materials. The oxygen-vacancy mobilities, estimated based
on the oxygen diffusion data, adopt similar or slightly lower values to those determined
from the partial oxygen-ionic conductivity data. The differences between the mobilities
calculated by both methods are lower than an order of magnitude.

The uyy 5, assume the highest values for BCZYTb10 with 6.9 x 107% cm?/V-s at 600 °C
and 2.7 X 1073 cm?/V-s at 800 °C. Moreover, the mobilities in both materials substituted
with lanthanides (BCZYTb10 and BCZYPr10) surpass that in BCZY622. On the contrary,
the substitution with iron leads to a decline in wu,y ;,, where mobility values decrease
with higher iron content, which indicates that not only lower concentrations, but also lower
mobilities of oxygen vacancies are responsible for the significant decrease in oxygen-ionic
and total electrical conductivity of BaCeo¢Zro2Yo2-xFex03-s materials.

The upper limit of the proton mobility can be assessed using established values
of electrical transport parameters and the proton concentration at 300 °C. The total electrical

conductivity can be written as a sum of two partial conductivities:

Odry = Ondry + 00,dry» (5.12)

where 0y 4, and ogg4r, denote the partial conductivity of electron holes and oxygen

ions/vacancies in dry conditions, respectively. The total conductivity in wet air can be

expressed as:
Owet = Onwet T Oo,wet T Oom, (5.13)

where oy, ¢ and op.r represent the partial conductivity of electron holes and oxygen
ions/vacancies in wet conditions, respectively, while o,y is the partial conductivity
corresponding to protons. The difference between the total conductivity in wet and dry air

can be expressed with the following equation:

Ao = Oyet — Oary- (5.14)
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The influence of water partial pressure on the partial conductivity of electron holes
was assumed to be negligible. After transformations, presented in more detail in the Appendix
(chapter “The derivation of the maximum proton mobility formula”), and assuming
the invariance of oxygen-vacancy mobility in dry and wet conditions, it may be described

by equation:
Ac = e[OH)](uony — tvy)- (5.15)
Therefore, equation (5.15) allows for the determination of the proton mobility ugy; as:

Ao
uOH(-) = 6[0—1‘15] + uv(-)-.

(5.16)

The mobility of oxygen vacancies u, 5, at 600 °C can also be used as a higher limit at lower
temperatures (U max), such as 300 °C, at which the proton defect concentrations have been
established using TG. Therefore, the upper limit of proton mobility at 300 °C can be expressed

as:

Ao
UoH},max = e[O—H(.)] + Upy max: (5.17)

Using the obtained value of proton mobility, it is also possible to calculate the upper limit

for the partial conductivity associated with protons at 300 °C, by using the basic formula:
OoHmax = e[OHé]uOHé,max- (5.18)

The obtained values of upyy max and opp,max are shown in Table 5.8.

Table 5.8. The proton concentration ([0H;]) at 300 °C, as well as the upper limit of proton mobility (wongymax)
and the upper limit of proton conductivity (6pgmax) determined for the same temperature
for BaCeo.6Zro.2Yo.2-xFex03-s (x =0, 0.02, 0.05, 0.1) and BaCeo.6Zro.2Y0.1Mo.103-5 (Tb, Pr).

[0Hp] (em™)

uOHb,max (CmZ/V ' S] O0Hmax (S/Cm)

BCZY622 1.25 x 10%! 6.0 x 107 1.1x1073
BCZYFe2 1.26 x 10%! 4.6 x107° 49 x107*
BCZYFe5 1.06 x 10%! 3.8x107° 1.3x107*
BCZYFe10 8.18 x 102° 9.1x 1077 1.3x107°
BCZYTb10 1.14 x 10%! 1.4 x 107> 7.7 x107*
BCZYPr10 8.63 x 102° 1.0 x 107° 2.0x107*
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It should be noted that the assumption of unchanging oxygen-vacancy mobility in dry
and wet atmospheres, given the higher chemical diffusion coefficients of oxygen in wet
atmospheres observed in all studied samples, is crude. It may lead to overstating of upyy max
and ooy max-

Although the upper limit of partial proton conductivity of the reference material
BCZY622 assumes the highest value 1.1 x 1073 S/cm, the BCZYTb10 material exhibits
the highest mobility of protons among all studied materials (1.4 X 107> cm?2/V-s),
with BCZYPr10 also surpassing uppy max 0f BCZY622 (1.0 X 107> ¢cm2/V-s and 6.0 X 10~

cm?/V:s, respectively). The proton mobilities of BCZYFe2, BCZYFe5, and BCZYFe10 decrease
with increasing iron content, pointing to the detrimental effect of iron substitution in BCZY622
on the mobilities of both ionic charge carriers — oxygen vacancies and protons. On the other
hand, the substitution with terbium and praseodymium leads to the enhancement in the ionic
carriers’ mobilities compared to the unsubstituted material. These results are consistent
with the conclusions stated in chapter 5.1.3, based on total electrical conductivity
measurements in dry and wet air.

In summary, the mobilities of oxygen vacancies in BCZYM were estimated using two
complementary approaches: diffusion data and electrical conductivity measurements
combined with iodometric titration. The results were comparable, validating the assumed
enhancement thermodynamic factor of around 100. The substitution with iron resulted
in a systematic decrease, while the introduction of Tb and Pr led to an increase in oxygen-
vacancy mobility. The mobility of protons was estimated from proton concentrations and total
conductivity in both dry and wet conditions. The highest proton mobilities were observed
for BCZYTb10 and BCZYPr10, surpassing that of the reference BCZY622. A progressive
decrease in proton mobility was observed with increasing iron content. These trends
correspond to those obtained for oxygen-vacancy mobility, indicating a general impact
of the employed substituents on the transport of both ionic charge carriers.
Although the BCZY622 reference sample exhibited the highest partial proton conductivity,
the results demonstrate the major role of lanthanide substitution in enhancing the transport

of both oxygen vacancies and protons.
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5.2. Properties of SrFe1-xCox03-5 materials

5.2.1. Oxygen nonstoichiometry and B-cations oxidation state

When the oxidation state of the A-site cation of an ABOs_s oxide can be considered
constant (+2), the oxygen nonstoichiometry can be related to the mean oxidation state
of B-site cations (0Sg) via relationship:

_4-0S;

o 2

(5.19)

In this work, the oxygen nonstoichiometry in SrFe;«Cox03-s (x = 0, 0.2, 0.4, 0.6, 0.8) series
was determined using iodometric titration and X-ray absorption spectroscopy at room
temperature. The obtained values of § were assumed to be equivalent to the concentration
of oxygen vacancies in the materials.

Table 5.9 presents the oxygen nonstoichiometry values (6;;¢-) and the average oxidation
state of B cations (0Sg_;it») established via iodometric titration for all SFC materials.
With increasing cobalt content, the oxygen nonstoichiometry in SrFe;«Cox03-s increases,
which correlates with gradually decreasing values of 0Sg. A similar tendency in Sr(Fe,C0)03-s,
where the oxygen nonstoichiometry increased with higher substitution level of cobalt,
was also reported by Kokhanovskii et al.192 However, the § values they obtained were notably
lower (approximately 0.32 for the sample with 80 mol.% of Co on the B-site) in comparison

to the values obtained in this work.

Table 5.9. The iron and cobalt oxidation states determined by the XAS method via the absorption edge analysis
at K-edges of Fe and Co, as well as the average oxidation state of the B cation and oxygen nonstoichiometry values
determined using XAS and iodometric titration for SrFe1-xCox03-s (x = 0, 0.2, 0.4, 0.6, 0.8).

0Sg 4 (mol/mol)
Sample OS¢, 0S.,
XAS titration XAS titration
SrFeOs-s5 3.20 £ 0.09 — 3.20+0.10 3.36+0.05 0.40+0.05 0.32+0.03

SrFeo.8C00.203-s 3.21+0.09 294 +0.10 3.16+0.10 3.29+0.05 0.42+0.05 0.36+0.03

SrFeo.6C00403-s 3.22+0.09 3.00+0.10 3.14+0.10 3.20+0.05 0.43£0.05 0.404+0.02

SrFe0.4C00603-s 3.21+0.09 3.03+0.10 3.10+0.10 3.10+0.04 0.45+0.05 0.45+0.02

SrFeo.2C00803-5s 3.21+0.09 3.04+0.10 3.08+0.10 3.00+0.04 047+0.05 0.50+0.02

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)03-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3

101



Figure 5.17 presents the XANES spectra recorded for the SrFe1_C0x03-5 series at the Fe
and Co K-edges with their second derivatives. The first derivative spectra for both absorption
edges are shown in the Appendix (Figure A14). The energy associated with the absorption
edge (E,) for an ion of a particular element is linearly dependent on its oxidation state.
Therefore, the oxidation states of transition-metal (TM) cations were established by utilising
reference data for materials containing iron and cobalt with well-defined oxidation states
(Fe, FeO, Fe;03 and Co, Co0, Co304, for the determination of the oxidation states of iron
and cobalt respectively). The edge position in each spectrum was identified as the energy
corresponding to half of the normalised edge-step intensity. Since the XAS data is acquired
separately for each analysed element, this method enables the independent determination
of average oxidation state associated with iron and cobalt, allowing for a more precise analysis
of the influence of each TM ion in the investigated material series. Subsequently, to compare
the results obtained using iodometric titration and those based on the XAS data, the values
of 0Sg_x4s were calculated for all studied materials. The average B-cation oxidation state
can be calculated as a weighted average using the molar content of each element.

Therefore, for the SrFe;_«Cox03-s compounds, 0Sg can be written as:
0Sg =x+0S8c, + (1 —x) - OSg,, (5.20)

where 0S., and OSp, represent the average oxidation states of cobalt and iron ions,
respectively. By applying equation (5.19) to the determined values of OSg_x 45, the oxygen
nonstoichiometry (8x45) was calculated.

Table 5.9 presents the average oxidation states of iron and cobalt, the average oxidation
state of the B cation, and the oxygen nonstoichiometry derived from the XAS data.
0Sg. were found to be approximately 3.2(1), with no correlation with cobalt content,
while 0S,, varies between 2.9(1) and 3.0(1). Since the oxidation states of iron and cobalt
remain relatively stable across all investigated compositions, 0Sg_x,s gradually decreases
with increasing cobalt content, which corresponds to higher oxygen nonstoichiometry values.
This trend is consistent with the iodometric titration results. The formal oxidation states used
to calculate &;;4, reflect the overall charge balance and stoichiometry of a material. Conversely,
the effective oxidation state of the B cation (determined from the XAS data) includes
also additional influences from the local environment of the absorber, which depend
on the covalency of the B-0 bonds and charge-transfer effects. These effects are determined
by the crystal structure and the electronegativities of the ions that constitute the oxide.
In particular, the ability of cations to donate electrons to oxygen, determined by bond

covalency, significantly affects the measured effective oxidation states.
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Figure 5.17. The XANES spectra and the second derivatives of the spectra corresponding to the iron K-edge
(a, ¢, €) and to the cobalt K-edge (b, d, f), respectively, collected for SrFei1-xCox0O3-s5. The insets include close-ups
of a pre-edge, white line, and half-height regions. The markers on the second derivative plots indicate the electron
transitions that take place in a specific energy region.

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)03-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3

The values of oxygen nonstoichiometry obtained by both methods are consistent for all
SFC samples except SrFeOs.s, where Jy,s exceeds &, slightly beyond experimental
uncertainty. Considering that the bond between the transition metal and oxygen exhibits
a partially covalent character, the observed differences between the oxygen nonstoichiometry
determined by iodometric titration and by XAS might arise from charge-transfer effects,
which influence the charge distribution and, in consequence, the energy levels associated
with the transition metal. The charge transfer leads to a shifted E, of the K-edge of absorbing
TM. As a result, the oxidation state of the transition metals appears to be lower than the formal

oxidation state associated with the stoichiometry of the material. This “effective oxidation
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state” leads to the overestimation of oxygen nonstoichiometry (dy45)- Such a scenario was also
reported by Raimondi et al., who observed that charge-transfer effects shift the absorption
edge of iron in reduced strontium ferrite.60

The observed increase in oxygen nonstoichiometry with higher cobalt content can be
explained by differences in the electronic properties of Fe and Co cations. Iron and cobalt differ
in their tendency to adopt higher oxidation states because of their different ionization
potentials. Removing the fourth electron requires more energy for iron than for cobalt
(54.8 eV and 51.3 eV, respectively), making Fe#+ relatively more stable than Co%+.194
Consequently, cobalt preferentially remains in a lower, while iron adopts a higher formal
oxidation state. Charge compensation in the lattice occurs through the formation of oxygen
vacancies, hence, the difference in the electronic configuration stability between the TM ions
contributes to the higher oxygen nonstoichiometry observed in SrFei_«Cox03-s
with increasing x.

Oxygen nonstoichiometry in SrFe;Co0x03-s can vary with temperature, which can
directly affect the transport properties of the material. As the temperature increases, thermal
reduction facilitates the formation of oxygen vacancies, increasing §. This effect is typical
of p-type perovskite conductors, and for materials containing Fe, Co, or Ti in the B-site
it becomes particularly noticeable at temperatures above 200 — 300 °C.170.172195 Consequently,
both the concentration of charge carriers and their mobility may change with temperature
due to variations in lattice oxygen content. This will be further discussed in chapter 5.2.3.

In summary, the oxygen nonstoichiometry and the average oxidation state of transition-
metal cations in the SrFe;xCox03-5 series were determined using two methods: iodometric
titration and XAS. Increased cobalt content resulted in a monotonic increase in oxygen
nonstoichiometry and a decrease in the average B-site cation oxidation state. The XAS analysis
showed iron in a relatively stable = 3.2 and cobalt in 2.9 — 3.0 oxidation state. The oxygen
nonstoichiometry calculated based on XAS data were consistent with iodometric titration
results, except for SrFeOs_s, where dy4s slightly exceeded J;;;,. This difference was attributed
to the charge-transfer effects and the partial covalency of the TM-0 bonds, which influence

the apparent oxidation states derived from XAS.
5.2.2. Structural and electronic properties

The XRD diffraction patterns of the SrFe1_C0x03-s samples are presented in Figure 5.18.
All diffractograms were analysed through Rietveld refinement, with a cubic perovskite
structure (Pm3m) assumed for each composition. The obtained lattice parameters are shown
in Table 5.10. The diffractograms correspond to cubic perovskite phases, with minor

additional peaks, denoted by asterisks in Figure 5.18.
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Figure 5.18. The XRD patterns collected at room temperature for SrFe1-xCoxO3-s samples under atmospheric air.
The crystallographic planes corresponding to the cubic perovskite phase related to the visible reflections
are labelled. The star signs indicate the minor reflections originating either from the small amounts of NiO
or from the additional reflections related to the lowering of the crystal symmetry of the main SFC phase.

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)03-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3

The secondary reflections most likely arise from nickel oxide, which was used
as a sintering aid during the second synthesis stage. Alternatively, they may result
from the symmetry reduction to lower symmetry structures, such as tetragonal
or orthorhombic, since previous studies on strontium ferrite-cobaltites have indicated
that some octahedral tilting may be possible in such systems.196-198 Nevertheless, if any
symmetry-lowering occurs, it likely involves minor distortions, given the low intensity
of the additional peaks and the simple profile of the reflections observed at high 26 angles.
Therefore, to ensure the precision of the terminology used, the crystal structure of the SFC
materials studied in this work is characterised as pseudocubic.192

Table 5.10 presents the crystal lattice parameters determined for the SrFe;-xCox03-5

(x=0,0.2,0.4, 0.6,0.8). The values obtained in this work exceed those reported in the literature
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(included in Table 5.10 for comparison).123199 This observation is consistent with relatively
high oxygen nonstoichiometry parameters found in this work, since in the referenced
literature reports the oxygen nonstoichiometry was considered negligible. Furthermore,
the crystal lattice parameters increase with higher x in SrFe;_C0x03-s. As it will be shown
below, the K-edge spectra of oxygen indicate that both Fe and Co ions adopt high-spin
configurations in the bulk of SFC materials. Using the high-spin ionic radii for sixfold
coordination from Shannon’s databasel¢® together with the obtained oxidation states
(approximately 3.0 for Co and 3.2 for Fe, see Table 5.9), the average ionic radius of cobalt
is slightly smaller than that of iron - 0.61 A vs 0.63 A (the value for cobalt was taken directly
as the high-spin radius of Co3* (0.61 A), while the value for iron was calculated as weighted
average of the high-spin radii of Fe3+ (0.645 A) and Fe# (0.585 A)). The increase in unit-cell
dimensions with higher Co content is likely driven by multiple factors, including local
structural distortions and changes in oxygen nonstoichiometry. Higher concentrations
of oxygen vacancies have been previously linked to lattice expansion.200.201 Additionally, since
cations with lower coordination numbers generally have smaller radii, 68 the reduction
of the coordination geometry from the ideal octahedron can be related to a modified

environment of the cation, further affecting the lattice parameters.

Table 5.10. The pseudocubic unit cell parameters with the corresponding Goodness of Fit (GOF) determined
for SrFe1-xCox03-5 (x = 0, 0.2, 0.4, 0.6, 0.8), as well as the parameters obtained by other researchers for the same
compounds.

a=b=c(l) a=B=y(") GOF
3.8708 (1) 1.08
SrFe0s_s
3.856199 -
SrFe.8C00.203-5 3.8740 (1) 1.28
3.8751(1) 1.53
SrFeo_5C00,403—5 90
3.866(2)123 -
3.8773(1) 1.47
SrFe.4C00.603-5
3.865(2)123 -
3.8778(1) 2.69
SrFeo_zC00,303—5
3.861(1)123 -

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)03-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3
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The XANES spectra collected at the K-edges of iron and cobalt (Figure 5.17) were
further analysed in order to examine the local environment around the TM ions of the SFC
materials. The spectra of all materials recorded at both absorption edges display the following
characteristic features: pre-edge shoulders (features 1 and 2) and post-edge peak (feature 3).
The pre-edge peaks, evident at both edges, originate from the quadrupole transitions
between the 1s orbital of TM and 3d orbitals of TM mixed with oxygen 2p orbitals of oxygen
(feature 1) and from the dipolar transitions resulting from the p —d orbital mixing
of the transition metal (feature 2).199 The features of the pre-edge region exhibit high
sensitivity to the TMO¢ octahedra deformation, with the pre-peak intensity increasing
when the centrosymmetry of the octahedron is reduced.2°2 However, the features observed
in the pre-edge region are also affected by 3d - 4p hybridisation, the spin state of the transition
metal and its coordination environment. For this reason, the interpretation presented in this
work should be regarded as preliminary, while its verification would require complex
multiplet or crystal-field simulations.

Feature 2 arises from dipole transitions from the 1s level to 4p states hybridised with 2p
oxygen states, with the subsequent ligand-to-metal charge transfer shakedown process
(LMCT). With a decreasing number of available TM 4p - O 2p states, the intensity of this feature
diminishes. Therefore, the characteristics of feature 2 are influenced by the transition metal
coordination number and, consequently, depend on its oxidation state.203 Feature 3 (white
line) is associated with the main electron transition occurring during the K-edge absorption
- the dipole-allowed transition from 1s core level to the 4p states of TM. Its probability
depends on the 4p partial density of states (PDOS) of the transition metal. In perovskites,
the intensity of this feature reflects the hybridisation degree between the transition metal 4p
orbital and the 2p orbital of oxygen. With a higher covalency of the TM-0 bond, the 4p orbital
occupancy increases and reduces the 1s — 4p transition probability. Therefore, with higher
TM-0 covalency, the intensity of the white line generally decreases.204

In the case of the SFC spectra collected at the K-edge of cobalt, the pre-edge peak 1,
associated with electron transitions between the 1s core level and 3d state of TM, shifts slightly
toward lower energies with higher cobalt content. There is a noticeable difference in the width
of the pre-peak between SrFesC00203-5 (in which cobalt is in the lowest oxidation state,
see Table 5.9) and other compositions with higher cobalt content. Raimondi et al. reported
a contrasting result, where the oxidised strontium ferrite showed broader pre-edge features,
while the reduced material displayed a sharp pre-edge peak in the K-edge spectra of iron.s°
The observed peak broadening may originate from a deviation from a fully symmetrical local
geometry around cobalt ions. Nonetheless, there are no substantial changes in the pre-peak

shape nor its intensity in the case of SrFe1-«Cox03-s samples with x € (0.4, 0.8), suggesting
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that further cobalt addition into the B-site probably does not influence its position
within the octahedron nor its local symmetry.

No significant differences in feature 2 in the K-edge spectra of both TM were observed
between the SFC samples. However, there are visible variations in the feature 3 characteristics
in the spectra of both TM K-edges. In the case of the Co K-edge spectra, the white line intensity
is noticeably higher for the SrFe¢sC00203-s composition. Moreover, with increasing cobalt
content, the intensity of this feature decreases. The opposite behaviour can be observed
in the case of the K-edge spectra of iron, where the intensity of the white line decreases
with higher cobalt content. This indicates that the Fe-0 bond covalency decreases, while Co-0
bonds become more covalent with increasing x in SrFe;xC0x03-s. The TM-0 bond covalency
can be enhanced by increased concentration of oxygen vacancies or shorter interatomic
distances between TM and oxygen.205 According to the EXAFS results, provided and discussed
in the Appendix (Figure A15), the lengths of the transition metal-oxygen bond display
no substantial changes; hence, the variations in the intensity of feature 3 most likely
correspond to differing oxygen-vacancy concentrations located around the TM. This indicates
that oxygen vacancies tend to localise around cobalt ions, suggesting that cobalt serves
as a stabilising centre for vacancies and influences the PDOS of the TM ions and the TM-0
covalency in SFC materials.

Apart from the features 1-3 observed in all collected spectra, an additional feature *
in the Fe K-edge spectra was identified at ~ 7118 eV. This feature may be associated with Fe
ions in a lower-coordination environment.203 The ideal octahedral geometry can be disrupted
by oxygen vacancies, giving rise to sites with lower coordination around TM ions. If a single
oxygen is missing, the octahedron transforms into a square-pyramidal configuration,
whereas the absence of two oxygens can create a tetrahedral one. While the formation
of tetrahedral sites is less probable, both scenarios decrease the number of oxygen ligands
around the transition metal. The changes in local coordination around iron ions can locally
alter the electronic structure and lead to subtle variations in the pre-edge region observed
in the Fe K-edge spectra.

Feature * is only visible for SrFeOs;-s and SrFe¢sC00203-5, which possess the lowest
oxygen nonstoichiometry among the SFC series. This observation suggests that only when
the amount of cobalt is low, the oxygen vacancies localise in the vicinity of Fe cations
in numbers high enough to reduce their coordination number. This is consistent with the lower
cobalt oxidation states observed for all investigated materials and the conclusion drawn
from the white-line analysis, that oxygen vacancies preferentially localise around Co ions.
Since feature * is not present in the Co K-edge spectra, the cobalt coordination polyhedra

do not seem to be reduced to a tetrahedral geometry.

108



The shape and intensity of the pre-edge peaks can be further discussed via the analysis
of their centroid, which can provide additional information about the coordination number
and oxidation state of the absorbing atom. The integrated areas of the pre-edge peaks present
in the K-edge spectra of iron plotted against their centroid positions are shown in Figure 5.19.
The details behind the conducted analysis are provided in the Appendix (chapter 6.2.2).
The average oxidation state and coordination geometry of the B cations were analysed
by comparing the data obtained for the investigated samples with the standard data for iron
ions in defined oxidation states and coordination geometries. In the studied SFC materials,
the centroid positions exceeded those typical of Fe3*. This confirms that the iron oxidation

state in the SFC series exceeds +3, as established by the absorption-edge analysis (Table 5.9).
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Figure 5.19. The integrated area of the pre-peaks observed in the K-edge spectra of iron for SrFei-xCoxO3-s
as a function of their centroid positions. The data corresponding to the standards of known valency
and coordination are marked as grey hexagons.2% The reference points obtained from FeO ([¢lFe2+) and Fe203
(l61Fe3+) spectra are also included. The coordination number is indicated by numbers in square brackets, where [4]
denotes tetrahedral and [6] octahedral geometry.

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)03-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3

The integrated areas of the pre-peaks observed in the spectra of SFC are between those
associated with perfectly tetrahedral and octahedral geometry, suggesting that
the coordination of Fe in the studied materials represents a mixture of coordinations between
4 and 6. This is consistent with relatively high values of oxygen nonstoichiometry in these
materials. Furthermore, the highest integrated areas are observed for the pre-peaks
of the materials with the lowest cobalt content: SrFeOs-s and SrFepsCo00.203-5. This suggests
that the contribution of lower-coordinated iron in these materials is greater in comparison

to SFC materials with higher cobalt content, which is consistent with the presence of feature *
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in the spectra associated with lower coordination of iron observed for SrFeOs-s
and SrFegC00203-5. With higher x in SrFe1_xC0x03-5, the coordination number of iron increases,
despite the increase in oxygen-vacancy concentration. Therefore, oxygen vacancies do not
occupy the positions in the vicinity of Fe, which further supports that the vacancies
preferentially localise around cobalt.

To gain further insight into the local environment of TM ions, the EXAFS signals
corresponding to the Fe and Co K-edge spectra were examined (see chapter 6.2.4). The data
confirm the mixed local geometry around TM cations. As indicated by the pre-edge region
analysis, the coordination geometry of Fe ions in SFC varies between octahedral
and tetrahedral.

In order to investigate the electronic properties of the SrFe;-«Cox03-s series (x = 0.2, 0.4,
0.6, 0.8), the oxygen K-edge XANES spectra were collected and analysed. Since the spectra
recorded at O K-edge reflect the electronic structure and density of states of TM, they can be
very valuable for studying transition-metal oxides. Figure 5.20 shows the O K-edge spectra
recorded for SFC materials in total electron yield (TEY) and fluorescence yield (FY) detection
modes. Since TEY probes only a few nanometres from the surface of the sample, while FY
detection reaches tens to hundreds of nanometres, the combination of both detection modes
provides both the surface-sensitive and bulk information about the studied material.207
However, the fluorescence spectra may be influenced by self-absorption, occurring when
the emitted photons are reabsorbed within the sample, and saturation. This can alter the shape
and intensity of the spectral features, and should be considered when comparing surface
and bulk electronic properties.

The pre-edge features observed in the O K-edge spectra originate from electron
transitions from the oxygen 1s orbital to the unoccupied hybridised O 2p — TM 3d orbitals.
Consequently, the local coordination environment and spin state of the transition metal,
as well as the degree of centrosymmetry (for the octahedral coordination), significantly affect
the shape, position and intensity of the features observed in this part of the spectrum.
The utilisation of both TEY and FY detection modes enabled the comparison of the surface
and bulk electronic properties of the studied materials.

The XANES spectra of the oxygen K-edge, acquired in TEY mode for the SFC series,
are presented in Figure 5.20a. A distinct maximum between 532 and 534 eV (feature E)
originates from the surface-adsorbed species, such as oxygen species or carbon-based
impurities.208209 The intensity of this feature increases with cobalt content, suggesting
enhanced surface adsorption. In contrast, feature E does not appear in the FY spectra
(Figure 5.20c), which is consistent with the fact that fluorescence mode probes mostly

the bulk of the material.
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Figure 5.20. The XANES spectra corresponding to the K-edge of oxygen collected via TEY (a-b) and FY (c-d)
detection modes for SrFe1-xCox03-5. The observed peaks were assigned with letters A-1. The close-ups of the pre-
edge for spectra recorded via both detection modes are shown in plots (b) and (d).
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In the spectra recorded using both detection modes, there is a broad maximum
above 535 eV, which comprises two distinct regions: one feature centred around = 536 eV
(feature F) and another set of features above 539 eV (features G-I). Feature F corresponds
to the unoccupied O 2p states hybridised with Sr 4d orbitals, while peaks G-I can be attributed
to 2p orbitals of oxygen hybridised with the 4sp states of TM.210-212 Feature G can be associated
with the hybridisation of 4sp states of TM with the O 2p states of 0% species adsorbed
on the surface of the material.211 Features H and I can be assigned to the orbitals formed
by the hybridisation of TM 4sp with O 2p states of monoxidic species.212 As shown in the TEY
spectra of SFC in Figure 5.20a, the relative intensity of the strontium-related feature F
diminishes with increasing cobalt content. Although the origin of this change is unclear,
it may be linked to a variation in the degree of hybridisation between the orbitals of O and Sr,
potentially arising from structural or symmetry-related differences between the SFC

compounds. Since no similar changes are present in the FY spectra (Figure 5.20c), this effect
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can be solely ascribed to the surface of the material. Except for a slight increase in the intensity
of feature I observed in the TEY spectra of SrFe(4C00603-5 and SrFe¢2C00503-5 samples,
no substantial differences between features H and I, associated with TM 4sp hybridisation,
are evident across the studied materials in either TEY or FY spectra.

The most prominent differences between the O K-edge spectra of the investigated
materials occur below 532 eV - in the pre-edge peak region (features A-C). Figure 5.20b
and d show the close-ups of this part of the spectra collected in TEY and FY modes, respectively.
The pre-edge region of O K-edge spectra may also reflect the electrical properties
of the material, as its characteristics depend on the 3d states of TM. In perovskite-type oxides,
the octahedral crystal field splits the 3d orbitals of transition metal into separate t;; and eg
levels. The 1.5 — 2 eV energy separation between features A and B observed in the SFC spectra
corresponds well with the orbital splitting values reported by Abbate et al.
for Sr(Fe,C0)03-5.133 The shape of the pre-edge peak is governed by the relative population
of empty t;; and eg states and by the magnitude of the crystal-field splitting. When the relative
number of empty states on a specific 3d level is higher, the probability of electrons
transitioning to that level is greater, which results in higher absorption. The occupation
of the ez and ty; states indicates the spin state of a transition-metal ion in an octahedral
environment. Therefore, the intensity ratio of features A and B can serve as a qualitative
indicator of the spin state of a B-site cation. It should be emphasised, that additional factors,
such as the degree of TM-0 covalency, local symmetry distortions, and the different probing
depths of TEY and FY detection, may also influence the characteristics of these features.

In this work, the TEY and FY spectra were evaluated by comparing the observed trends
with those reported for reference oxides of established spin states (Szpunar et al.213;
Padilla-Pantoja2!4; Toulemonde et al.2!5; Sun and Zhou?!6), following the methodology
commonly applied in earlier studies.195213 This comparative approach enabled evaluation
of TM spin states in both the near-surface region and the bulk of the SFC materials.

As shown in Figure 5.20b, feature B displays greater intensity than feature A,
which might indicate that, on the surface of the material, TM ions possess a higher density
of unoccupied electronic states at eg levels in comparison to tz,. Figure 5.21 illustrates
how the occupation of the 3d states influences the spin state of cobalt and iron in the 3+
oxidation state. It can be seen that in this case, the expected ratios of unoccupied states at tzg
and e levels would be 2:3 and 1:3 for iron and cobalt in the intermediate spin state.
Therefore, the observed difference between the A and B features suggests that the TMs are not
in a high-spin (HS) state, which would typically yield a more intense peak A. Since the intensity
difference between features A and B is not very pronounced, Fe and Co are likely not

in the low-spin (LS) state, but rather exhibit a mixed or intermediate spin (IS) configuration.
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This is consistent with the results reported for iron by Kawakami et al.217 The difference
between the intensities of features A and B increases with increasing cobalt content,
which suggests that the number of unoccupied states at the higher energy level is also

increasing.
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Figure 5.21. Diagram demonstrating possible occupations of 3d orbitals of Fe3+ and Co3+* ions in different spin states
by valence electrons. Unoccupied states are indicated by empty frames.

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryri, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)Os-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%

The FY spectra (Figure 5.20d), which represent the volume information,
show the opposite trend, with feature A exhibiting higher intensity than feature B, which may
indicate a predominance of HS transition-metal cations in the volume of the material
This is in agreement with prior results of Bocquet et al. and Raimondi et al., who reported iron
in the HS state in strontium ferrite.6%117 The SrFei_Cox03-s series was also investigated
by Okazoe et al., who assumed that iron and cobalt were in HS and IS configurations,
respectively, although they considered the oxidation state of both ions to be 4+.19

In the TEY spectra, the positions of features A and B, as well as the distance between
them, change depending on the cobalt content in the SFC materials. In the case of ABO3-s
oxides, the energy positions of the pre-edge peaks are determined by the ionic radius of cation
A and the covalency of the B-O bond, governed by the valency of the B-site cation
and the degree of overlap between B 3d and O 2p orbitals.218 In the case of the SFC spectra
collected in this work, a higher Co content in SFC materials leads to a larger energy difference
between features A and B. This stems from the crystal field splitting dependence on TM cation
type and its oxidation state, which can be described by the spectrochemical series of metals,
according to which, Co3+ causes greater splitting than Fe3+.219 [n contrast, the fluorescence

spectra show only minor differences in the pre-edge region across the SFC series, with only
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a slight shift of feature A toward lower energies with increasing Co content. This is consistent
with the feature A shift observed in the TEY spectra.

Feature D, visible in Figure 5.20a and c, represents another absorption peak originating
from the electron transitions to O 2p — TM 3d hybridised orbitals.220 The presence of three
distinct spectral features (A, B, and D), associated with the octahedral coordination
of transition-metal ions, suggests that the TMOs octahedra are not ideal but distorted,
further splitting the 3d states. Although no clear trend is observed in the intensity of feature D
with varying cobalt content in SFC materials, all features related to octahedral coordination
appear more pronounced in the FY mode. This suggests that the octahedral geometry is more
likely in the bulk of the material compared to its surface which can be reduced, leading
to alower coordination of TM ions.

Feature C is associated with transition-metal ions in lower-coordination geometries,
such as square-pyramidal?!? or tetrahedral?20. For the SrFepsC00203-s and SrFe¢C00403-5
samples, the intensity of this feature in both TEY and FY spectra is comparable, which implies
that the lower-coordination geometries are present not only at the surface but also in the bulk
of these oxides. This is consistent with the relatively low oxidation states of the transition-
metal cations (Table 5.9) observed in this study. In contrast, for the materials containing
higher cobalt contents (SrFeo4C00603-5s and SrFe¢2C00503-5), the diminished feature C in FY
mode suggests that the reduced coordination geometry around the TM ions is not prevalent
in the bulk of the material. This aligns with the findings from the second derivative analysis
of the iron K-edge spectra (Figure 5.17).

In order to qualitatively evaluate the oxidation states of TM ions on the surface
and in the bulk and explore the spin states of iron and cobalt ions separately, the X-ray
absorption spectra for the SFC series were collected using TEY and FY detection modes at L3
edges of Fe and Co. The TEY XANES spectra covering both L3, edges for both TM ions are
included in the Appendix (Figure A17). Figure 5.22 presents the close-ups of the Lz edge,
which results from the electron excitation from the 2ps3/, core level of TM. In the case of iron
TEY spectra, the differences in the Lz shape between the analysed samples are not evident.
In contrast, for the cobalt TEY spectra, there is a slight chemical shift of the L3 maximum,
where it appears at progressively higher energies as the cobalt content increases.
This behaviour may reflect a subtle increase in the cobalt oxidation state with higher x
in the near-surface regions of SrFei_«Co0x03-s, consistent with data collected in Table 5.9.
A similar shift of the Co L; edge with increasing cobalt oxidation state was reported by Guan
et al.218 Moreover, with increasing cobalt content in the SFC samples, the relative intensity
of the shoulder at = 778.5 eV in the Co TEY spectra diminishes in comparison to the main

maximum, which might suggest an increasing deviation from ideal cubic symmetry.22!
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Figure 5.22. The XANES spectra corresponding to the L3 edges of iron (a, ¢) and cobalt (b, d) collected via TEY
and FY detection modes for SrFe1-xCox03-s.

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)0s-5s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3

The local maxima observed in the Fe Lz TEY spectra correspond well to those of Fe;03,
indicating that Fe** is the dominant oxidation state also on the surface of the studied materials.
The local maxima of the Co L3 edge in the TEY and FY spectra can be attributed to contributions
from Co2+ and Co3+, identified based on the spectra of reference compounds (CoO and Co203).
The higher intensity of Co3*-related features indicate that, even on the surface, it is
the predominant valence of Co. Additionally, the feature at approximately 777.2 eV shows
higher intensity in samples with lower cobalt content, which is in agreement with the lower
average oxidation state of cobalt obtained for these compositions (Table 5.9).

There is a visible chemical shift of the main maximum between the iron ions
on the surface and in the volume (TEY and FY spectra, respectively) of the SFC materials,
confirming a lower average oxidation state of iron on the reduced surface. In the volume,
the presence of Fe** is indicated by the broadening of the main maximum on the higher energy
side. Similar broadening is also observed in the FY spectra of cobalt. Moreover, the features

related to Co?+ are weaker for the volume data. This indicates a lower concentration of Co?+
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ions and a higher concentration of Co** ions in comparison to the surface regions. It should be
noted that the effects of saturation and self-absorption can alter both the apparent intensities
and shapes of features recorded in FY spectra.

Additional information can be obtained by analysing the branching ratio (BR), defined
as the ratio of the intensity of peak Lz to the sum of the intensities of peaks Lz and Lo,
corresponding to electron transitions from the TM core levels 2p3,2 and 2p1/2, respectively.
This multiplet structure arises from spin-orbit coupling between the core-level and valence
electrons, making the BR sensitive to the occupancy of d orbitals (valence) and the spin state
of the transition metal.222 The branching ratios calculated for L3 of Fe and Co as a function
of cobalt content in SFC materials are shown in Figure 5.23. The branching ratio values
obtained from the volume data (FY) are lower than for the surface (TEY), especially in the case
of Fe. This may be related to the reduced oxidation state of ions on the surface, as confirmed
by the Lz-edge spectra analysis with a chemical shift of the main maximum between TEY

and FY spectra.
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Figure 5.23. The L3 branching ratios for iron (a, c¢) and cobalt (b, d) as a function of cobalt content (x)
in SrFe1-xCox03-s calculated based on TEY and FY data.

Reproduced with permission from Jagoda Budnik, Maria Gazda, Alexey Maximenko, Aleksandra Mielewczyk-Gryn, Joanna Pospiech,
Sebastian Wachowski, Agnieszka Witkowska, and Tadeusz Miruszewski, “Sr(Fe,Co)03-s Mixed Conductors: How Cobalt Drives Oxygen
Vacancy Formation’, Chemistry of Materials 2025, 37 (21), 8822-8834. Copyright 2025 American Chemical Society.1%3
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The BR is sensitive to multiple factors, including the degree of TM-0 covalency, the local
coordination environment, as well as the oxidation and spin states of TM. Since
the coordination number of iron did not show significant changes as a function of cobalt
content (Figure 5.19) and the EXAFS analysis did not show significant variations in the Fe-0
distances (see Figure A15 in the Appendix), the covalency of the Fe-O can be expected
to remain similar between different SFC compositions. Moreover, the oxidation state of iron
for all SFC materials is essentially constant. Therefore, the variations of BR in this case can be
attributed to the spin state changes. A higher BR for iron suggests enhanced spin-orbit
coupling and a transition towards a higher spin state with increasing cobalt content.
In the case of cobalt, the oxidation state slightly decreases in materials with higher cobalt
content, which can be partially responsible for the observed decrease of BR, as reported
by Shafeie et al.222 However, the differences they observed in BR values were very modest,
even with large changes in the formal oxidation state of cobalt. In our case, the oxidation state
of cobalt showed only minor increases across the studied SFC materials, so the substantial
decrease in the BR parameter may be attributed to a shift towards a lower spin state
in materials with higher cobalt content. These findings align with the change in the intensities
of pre-edge features A and B, observed in the TEY O K-edge spectra.

The relative intensities and shapes of features Lz and L; recorded in FY mode can be
distorted due to self-saturation effects. Therefore, an additional uncertainty in the BR values,
determined based on the FY data, is introduced. Even when this limitation is taken
into account, the compositional trends remain clear - increasing Co content in SFC results
in higher BR for iron and lower BR for cobalt. This behaviour is observed in both TEY and FY
measurements, indicating that the evolution of electronic structure with composition
is reflected similarly in the near-surface and bulk regions of the materials.

In summary, the structural and electronic properties of the SrFe;«Cox03-5 materials
were found to be influenced by the cobalt content. Single-phase pseudocubic perovskite
materials were obtained across the entire SFC series. The unit cell parameters were higher
than reported in the literature and increased with cobalt content, consistent
with the determined lower oxidation states of the transition-metal cations. Iron coordination
varied between octahedral and tetrahedral. Cobalt was established as a stabilising centre
for oxygen vacancies, governing the covalency of TM-0 bonds of both transition metals.
TM cations exhibited intermediate or mixed spin states near the surface, while in the bulk,
they were in a high-spin state. Lower-coordination geometries were observed for iron
in the volume of materials with low cobalt content, but they were predominantly located
in the surface region of the materials with higher cobalt content. A dominant Fe3+ oxidation

state and a mixed Co?*/Co3* oxidation state were confirmed in the near-surface region of all
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SFC materials, with cobalt showing a gradual shift toward a higher oxidation state
with increasing cobalt content. The spin states of the TM located near the surface varied
with material composition: the iron spin state increased, whereas the cobalt spin state

decreased with higher cobalt content.
5.2.3. Electrical transport properties

Figure 5.24 presents the total electrical conductivity of SrFei_.CoxO3-s samples
as a function of temperature in dry air. In this atmosphere, that is in oxidising conditions,
all compositions demonstrate p-type conduction by a small-polaron hopping
mechanism.123157.22322¢ The conductivity varies depending on the chemical composition.
SrFe03-s shows substantially lower conductivity in comparison to the materials containing
cobalt. The maximum electrical conductivity recorded for SrFeQ3-s does not exceed 100 S/cm.
Conversely, SrFesC00403-5 exhibits the highest total conductivity value, reaching 177 S/cm
at approximately 500 °C. This value remains significantly lower than = 275 S/cm at the same
temperature that was reported by Wang et al.119.123 In contrast to their work, which showed
a monotonic increase in conductivity with increasing cobalt content, the results presented

in this study exhibit a nonmonotonic relationship.
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Figure 5.24. Total electrical conductivity as a function of temperature for SrFe1-xCox03-s (x = 0, 0.4, 0.6, 0.8) in dry
air.

Reproduced from Jagoda Budnik, Maria Gazda, Tadeusz Miruszewski, “Electrical and thermoelectric transport of SrFei-xCox03-5
mixed-conducting perovskites’, Solid State Sciences, 2026, 173, 108174. Copyright © 2026 Elsevier.225
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All investigated compositions display a qualitatively similar temperature dependence
of total electrical conductivity. At lower temperatures, conductivity increases with increasing
temperature due to thermally activated small-polaron hopping of electron holes. Above
a specific temperature, further heating results in a decrease in electrical conductivity. Since
the charge neutrality is maintained mainly via compensation of oxygen vacancies by electron
holes (ionic compensation), the observed conductivity decrease is likely the result of thermal
reduction, which lowers the electron-hole concentration in accordance with the reaction:

1
2R+ 0% = vy + 5 02 (5.21)

Moreover, thermal reduction may induce a phase transition to a lower-symmetry
structure.197.226  This transition may therefore influence the spatial distribution
of the electronic density around the ions, significantly affecting the conduction of electronic
charge carriers. When small-polaron conduction dominates, the temperature dependence

of electrical conductivity can be described by an Arrhenius-type relation, given in the equation:

—E,
0T =o0yexp (—a), (5.22)
T

where o denotes the total electrical conductivity, g, the pre-exponential factor, and E,
the activation energy for conduction. The E, values derived from this model are shown
in Table 5.11. The activation energy values decrease with increasing cobalt content
in SrFe1-xCox03-5. Tai et al. also found a similar trend in E, with increasing Co content
in the related LagsSrosFe1-xCox03-s system (x € (0, 0.8)).227 The same tendency was observed
for the SFC material group by Wang et al.123, yet the E, values presented in their work

were lower.

Table 5.11. Activation energies for conduction (E,) and mobility (E,,), as well as the temperatures corresponding
to the maximum of conductivity T4, for SrFe1-xCox03-s (x = 0, 0.4, 0.6, 0.8). The activation energies for conduction
have been obtained using two methods: from the Arrhenius equation applied to the low-temperature conductivity
data and based on Ty,

E, (eV)
Tmax (°C) from Arrhenius f Em (eV)
equation (5.22) rom ks Tmax
SrFeOs3-5 600 0.16 £ 0.01 0.075 0.161 £ 0.004
SrFe(.6C00.403-5 500 0.14 £ 0.01 0.066 0.147 £ 0.002
SrFe.4C00.603-5 500 0.10 £ 0.01 0.064 0.104 £ 0.003
SrFeo.2C00.803-5 350 — 0.054 -

Adapted from Jagoda Budnik, Maria Gazda, Tadeusz Miruszewski, “Electrical and thermoelectric transport of SrFei-xCox03-s mixed-
conducting perovskites’, Solid State Sciences, 2026, 173, 108174. Copyright © 2026 Elsevier.?2>
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The observed lower total electrical conductivity and higher activation energy
for conduction compared to previous literature reports!19123 might be caused by a few reasons,
with the usage of NiO as a sintering aid and a high oxygen nonstoichiometry being the most
likely ones. The presence of NiO in the samples could have altered the resulting microstructure
by segregating at grain boundaries, thereby affecting grain-boundary conductivity
and, ultimately, the total conductivity of the ceramic samples. What is more, nickel can partially

replace the B cations in the lattice:

Sr(Fe,C0)04_
2NiO 80Nl 0 +05 + 20, (5.23)

Therefore, nickel substitution of the B-cation can increase oxygen-vacancy concentration,
resulting in improved grain sintering and oxygen-ionic conductivity. Such observations
were made for Ba(Zr,Ce)0s, in which nickel was partially incorporated into the crystal lattice
as an acceptor dopant, forming a phase with reduced electronic but increased ionic
conductivity.228-230 Furthermore, Kharton et al. observed that adding Al,03 to SrFeOs-based
electronic conductors improved densification but decreased oxygen permeability.126
Previous studies on ferrite and cobaltite materials have shown how introducing nickel affects

81235 Most of these reports concern materials

their physicochemical properties.
in the Sr-Fe-Co-0 family containing relatively large amounts of nickel, typically above 7 mol.%,
which is considerably higher than those applied in this work. For instance, Makhloufi et al.
investigated SrCo;-NixO3 ceramics with nickel contents reaching 40 mol.%.*® Their results
demonstrated that such a high amount of Ni can still be incorporated into the cobalt sublattice,
leading to the formation of a single-phase solid solution. They also observed that such
a substitution led to an increased total electrical conductivity. In the case of materials studied
in this dissertation, the decreased electrical conductivity may stem from the lower electrical
conductivity of nickel oxide (~ 1072 S/cm at 800 °C).233 This value is more than three orders
of magnitude lower than the total conductivity of the investigated SFC materials.
Therefore, even small amounts of NiO aggregated at grain boundaries can reduce the overall
electrical conductivity of the sample. Another reason for a low total electrical conductivity
observed in this work may be a relatively high oxygen nonstoichiometry determined at room
temperature (see Table 5.9). This suggests that even at the lowest temperatures, SFC oxides
are reduced in comparison to the literature cases, which may lead to a decreased concentration
of electron holes. Alternatively, the observed low conductivity may be attributed to diminished
local symmetry around the transition-metal ions, which weakens the overlap between
the transition metal 3d and oxygen Zp orbitals. However, no significant octahedra deformation,
nor the reduction of the crystal symmetry, have been observed based on the XAS and XRD

structural investigation. Therefore, the addition of 1 wt% NiO as well as a high oxygen
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nonstoichiometry were most likely responsible for the electrical conductivity values being
approximately 40% lower than those reported in the literature for NiO-free samples.123

In the systems, in which the conductivity is described by the Arrhenius relationship
with a temperature-dependent pre-exponential factor (e.g. eq. (5.22)), two distinct
temperature regions can be distinguished. When kgzT < E, (low-temperature region),
the exponential term in equation (5.22) dominates the temperature dependence of electrical

conductivity, while when kgT > E, (high-temperature region), the temperature dependence

is predominantly governed by the pre-exponential term % Provided no structural transitions,

the temperature corresponding to maximum conductivity, T;,,,, can be estimated via

equation:227.237
E, = kgTmax (5.24)

where Ty, is the temperature at which conductivity peaks. The estimated T,,,, and the E,
values obtained from equation (5.22) (Arrhenius fitting) and equation (5.24)
(Tynax approximation) are included in Table 5.11. As the cobalt content in SrFe;_«C0x03-s (X =
0, 0.4, 0.6, 0.8) increases, T,,,, decreases. For the Co-rich sample (x = 0.8), the measured
conductivity profile indicates that the expected maximum should lie at lower temperatures,
around 350 °C. As a result, the conductivity curve for this composition does not exhibit a well-
defined maximum in the recorded temperature range. The T, values obtained in this work
are similar to those reported by Wang et al.!?}

Both sets of E, values decline with increased cobalt content, but those derived
from Arrhenius fitting are nearly twice as high, suggesting that either g, E,, or both
are temperature-dependent. This might be due to structural distortions caused
by the reduction of the materials at elevated temperatures, which could lead to a decreased
crystal symmetry and lower electrical conductivity.237 Such behaviour has also been reported
for SrFe03-5 by Hombo et al.110

In order to further analyse the concentration and mobility of electron holes
in the investigated materials, the Seebeck coefficient measurements have been conducted.
Figure 5.25, Figure 5.26, and Figure 5.27 show the temperature dependencies of the Seebeck
coefficient, the electronic carrier concentration, and the mobility of electron holes,
respectively. The electron-hole concentration (p) was estimated using equation (4.40).

The mobility of electron holes (u-) was calculated using equation:
Ups = —, (5.25)

where e denotes the elementary charge. In oxidising atmospheres, the total conductivity

of the SFC materials is primarily electronic, as the oxygen-ionic conductivity is at least two
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orders of magnitude lower and can be considered negligible.124125238-240 Hence, the total
conductivity effectively reflects the partial conductivity corresponding to electron holes
with good approximation and the mobility values, calculated from equation (5.25), represent
the transport of electronic charge carriers.

As can be seen in Figure 5.25, the Seebeck coefficient increases with temperature,
displaying a plateau at the lowest temperatures. This behaviour is consistent with earlier
reports on both undoped and cobalt-substituted SrFe03-5.157.241 Moreover, increasing cobalt
content leads to a gradual decrease in the Seebeck coefficient. The values of this parameter

for strontium ferrate correspond well to the values obtained for the same material by Hombo

et al.110
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Figure 5.25. The Seebeck coefficient of SrFe1-xCox03-s (x = 0, 0.4, 0.6, 0.8) as a function of temperature, measured
in dry air.

Adapted from Jagoda Budnik, Maria Gazda, Tadeusz Miruszewski, “Electrical and thermoelectric transport of SrFe;Cox03-s mixed-
conducting perovskites”, Solid State Sciences, 2026, 173, 108174. Copyright © 2026 Elsevier.?25

Figure 5.26 presents the electron-hole concentration as a function of temperature.
To reflect the possible influence of vibrational entropy on the Seebeck coefficient (eq. (4.39)),
error bars were introduced to all data points. Their lower limit corresponds to the value
obtained directly from the simplified Heikes formula without the vibrational contribution
(eq. (4.40)). The upper limit includes the additional term of about 10 uV/K, following
the estimate proposed by Goodenough.!®® In this way, the range of values shown in the figure

incorporates the potential effect of vibrational entropy in the examined materials.

122



10

SrFe Co O
P - ¥ 1
i s 0 O w=l
| 9 | & o =04
=8 L S O O x=08
=] =
. o ox=08
me1p” 4 & o 4 9 &
c
Im o 11 0 7 i 0
o
L] & !
“y
— 2 4 0 &
e y -
@ i - 00 e &
o o o i
& Sl
o L
o
B0 5
Bx10™ 1 b
#Ax 0™ O
00 02 04 06 o8
xin SaFa Co O,
- PR — . —— e e ey
300 400 =00 B0 F0d0 g0

T(C)
Figure 5.26. The electron-hole concentration as a function of temperature for SrFe1-xCox03-s (x = 0, 0.4, 0.6, 0.8).
The electron-hole concentration at 300 °C as a function of cobalt content is shown in the inset.

Adapted from Jagoda Budnik, Maria Gazda, Tadeusz Miruszewski, “Electrical and thermoelectric transport of SrFei-xCox03-s mixed-
conducting perovskites’, Solid State Sciences, 2026, 173, 108174. Copyright © 2026 Elsevier.25

For all compositions, p is relatively constant below approximately 400 °C and begins
to decrease above this temperature, due to the thermal reduction and oxygen-vacancy
concentration increase. This process leads to a lower electron-hole concentration,
contributing to the electrical conductivity decrease observed in Figure 5.24, which was also
observed in the literature reports.ll0 The obtained concentrations of holes are lower
than those reported for SrFeOs;_s by Hombo et al.110 However, the oxygen nonstoichiometry
determined in their work was significantly lower than the values obtained in this study.
This further suggests that the lower electrical conductivity in comparison to literature reports
may originate from the materials being initially reduced at room temperature, with additional
reduction likely occurring at higher temperatures. The inset in Figure 5.26 reveals a linear
correlation between the electron-hole concentration and cobalt content in SrFe;—«C0x03-5
at 300 °C. However, the increase in p does not directly correspond to conductivity trends
in Figure 5.24. This indicates that the charge-carrier mobility might be the dominant factor
governing the observed conductivity maxima in SrFe;-«Cox03-5 (x = 0, 0.4, 0.6, 0.8).

Based on the electrical conductivity data and electron-hole concentration derived
from the thermoelectric data, the impact of cobalt content in the SrFe;_Cox03-s series

on the mobility of electron holes was assessed (Figure 5.27). The calculated electron-hole
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mobilities fall in the range of 1072 to 10~ cm?/V-s, which is in agreement with the mobility

data reported for cobaltite-ferrite perovskites exhibiting small-polaron conduction.!!!:162
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Figure 5.27. The mobility of electron holes as a function of inverted temperature for SrFei-xCoxOs-s
(x=0,0.4,0.6,0.8).

Adapted from Jagoda Budnik, Maria Gazda, Tadeusz Miruszewski, “Electrical and thermoelectric transport of SrFei-xCox03-s mixed-
conducting perovskites’, Solid State Sciences, 2026, 173, 108174. Copyright © 2026 Elsevier.22*

The electron-hole mobility maxima agree with the temperatures of maximum
conductivity for each composition, suggesting that the drop of electrical conductivity above
Tmax is caused primarily by the reduced mobility of electronic charge carriers rather
than decreased carrier concentration. The lowered mobility of electronic charge carriers may
result from diminished TM 3d - O 2p orbital overlap caused by reduction-induced structural
changes.

The small-polaron mobility, above half the Debye temperature, can be expressed as:242

_Em
upT =ugexp (W)’ (5.26)
B

where E,, represents the activation energy of the carrier mobility and u, is a pre-exponential
factor.*8 Table 5.11 includes the values of E,,, derived from the data in the temperature ranges
associated with the thermally activated conduction of electron holes. The values of E,,
decrease with rising cobalt content and closely match the E, values, suggesting that E, mainly
reflects the energy for carrier migration rather than their formation. This interpretation

is consistent with the observed temperature-dependent decrease in electron-hole
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concentration, indicating that the thermally induced excitation of holes is negligible compared
to the effect of thermal reduction.

The mobility data for oxygen ions are rarely available. Nonetheless, the Nernst-Einstein
relation can be employed along with the oxygen self-diffusion coefficient (= 107® cm?/V-s
at 800 °C)** to calculate the mobility of oxygen ions. The resulting oxygen-ion mobility
is approximately 10~> cm2/V-s. This value is around three orders of magnitude lower than
the mobility of small polarons. Consequently, the contribution of oxygen ions to the total
electrical conductivity can be considered negligible and the total electrical conductivity
reflects primarily the behaviour of electronic carriers.

In summary, all SrFe;1-xCox03-s (x = 0, 0.4, 0.6, 0.8) materials exhibited p-type conduction
via a small-polaron hopping mechanism. The highest conductivity was recorded
for SrFeo6C00403-5, while SrFe03_s showed significantly lower conductivity values. At elevated
temperatures, the total electrical conductivity decreased due to the thermal reduction.
The activation energies for conduction decreased with increasing cobalt content.
Seebeck coefficient measurements provided information about the electron-hole
concentration, confirming that the observed conductivity trends were primarily governed
by the changes in carrier mobility. The use of NiO as a sintering aid, as well as the high oxygen
nonstoichiometry observed in the studied samples, likely contributed to the lower

conductivity values relative to literature data.
5.2.4. Influence of water

The transport properties of mixed ionic-electronic conductors depend
on the surrounding atmosphere. However, the influence of water vapour on the MIEC oxides
that do not exhibit water uptake (or the effect is negligible) has not been thoroughly
investigated. In this work, the influence of water vapour on the transport properties
of SrFeo¢C00403-5 as a representative of the SrFe;Cox03-5 (x = 0, 0.2, 0.4, 0.6, 0.8)
series was studied. The electrical and thermoelectric measurements, as well as
the oxidation/reduction experiments using the ECR method, were conducted in dry and wet
conditions.

Figure 5.28 presents the temperature dependencies of chemical surface exchange
and chemical diffusion coefficients of oxygen determined for the oxidation and reduction
of SrFeoC00403-5 in dry and wet conditions. The chemical surface exchange coefficients
for oxidation are higher than for reduction, regardless of the presence of water vapour.
However, the values of k.., in humidified atmospheres are lower than those obtained in dry
gases. This shows the detrimental effect of water vapour on the rates of oxygen-related

reactions occurring at the material surface. The lower values of k.jep, during the oxidation
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step in wet conditions may be related to a lower number of available adsorption sites.
The adsorbed water on the surface of the material prevents the adsorption
and the dissociation of oxygen molecules, restricting incorporation of oxygen ions into
the crystal lattice. Similarly, during the reduction step in wet atmospheres, the adsorbed water
molecules hinder the surface exchange process, limiting the release of oxygen
from the material to the surrounding low-p,,environment. On the other hand, the chemical
diffusion coefficients determined for the oxidation step are higher in wet than in dry
conditions. This suggests that water enhances the oxygen-ionic transport in the material.
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Figure 5.28. The parameters obtained from the ECR data collected for the oxidation and reduction
of SrFeo.6C00403-5 in dry and wet conditions: chemical surface exchange coefficients (a) and chemical diffusion

coefficients (b).
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The activation energies of surface exchange and diffusion of oxygen are presented
in Table 5.12. The activation energies for both processes during the oxidation decreased
in wet conditions. This effect is the most pronounced in the case of the surface exchange
recorded during oxidation, where it changes form (1.17 + 0.10) eV to (0.51 + 0.07) eV in dry

and wet conditions, respectively.

Table 5.12. The activation energies of surface exchange and diffusion of oxygen corresponding to oxidation
and reduction of SrFeo.6C00.403-5 in dry and wet conditions.

Activation energy (eV)

Dry Wet

Oxidation ~ 1.17 + 0.10 (550 — 800 °C) 0.51 + 0.07 (650 — 800 °C)
Surface exchange
Reduction  1.12 + 0.03 (550 — 800 °C) 1.00 + 0.19 (650 — 800 °C)

Diffusion Oxidation  1.25+ 0.15 (550 —800°C) ~ 1.00 + 0.18 (600 — 700 °C)

The temperature dependencies of the Seebeck coefficient and total electrical
conductivity of SrFe¢C00403-5 measured in dry and wet air are presented in Figure 5.29a
and b. The temperature dependencies of the Seebeck coefficient follow the same trend for dry
and wet air, but below 650 °C the values of S in wet air start to be lower than that in dry air.
The difference between them increases with decreasing temperature.

The total electrical conductivity in wet air exhibits a similar tendency to that observed
in dry air. In both cases, electrical conductivity increases in the low-temperature region,
indicating a thermally activated small-polaron hopping mechanism. Above a certain
temperature, the conductivity gradually decreases with further temperature increase.
Regardless of similar temperature dependencies, the values observed in dry and wet air differ.
The conductivity of SrFe¢C00403-5 recorded in wet air is lower than that in the dry air
in the whole temperature range. The maximum electrical conductivity in dry and wet air
are 168 S/cm and 120 S/cm, respectively. The most significant differences are observed
at the lowest temperatures, specifically below the temperature corresponding
to the conductivity maximum (7Tj,,,), with differences becoming systematically lower
as the temperature increases.

Figure 5.29c shows the temperature dependence of electron-hole concentrations
in SrFe(6C00.403-5 in dry and wet air. Below 650 °C the concentrations in wet air are higher,
while above that temperature, they are slightly lower. The observed increase
in the concentration of electron holes in the wet atmosphere could be associated

with oxidation, due to the water vapour influencing the oxidation enthalpy
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of the material.172244 [t could be also responsible for the enhanced oxygen diffusion

in humidified atmospheres, observed in the ECR data (see Figure 5.28b).
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Figure 5.29. The temperature dependencies of the Seebeck coefficient (a), total electrical conductivity (b),
electron-hole concentration (c), and mobility of electron holes (d) of SrFeo.6C00.403-5 in dry and wet air.

Figure 5.29d presents the temperature dependence of electron-hole mobility
in SrFepsC00403-5 in dry and wet air, which follows a similar trend to that observed for total
conductivity. The values of electron-hole mobilities increase with increasing temperature
in the low-temperature region, signifying the thermally activated conduction mechanism
of electronic charge carriers, and decline after reaching T,,,,. The mobility values in a wet
atmosphere fall below those determined for a dry atmosphere, with the difference between
them being the most pronounced below T,,,,. These results support the previously proposed
hypothesis that the decrease in the electron-hole mobilities is predominantly responsible
for the reduction of electrical conductivity of SrFeosC00403-5 in the presence of water vapour.

The change in the mobilities of electron holes caused by the presence of proton defects may
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suggest some reduction in the crystal symmetry, weakening the TM 3d - O 2p orbitals overlap.
The deformation of the unit cell due to the presence of protons was also reported by Hoedl et
al. for BaFeO3_5.245> These structural changes could also be responsible for the observed
enhancement of the chemical diffusion of oxygen. This would be consistent
with the observation made for the BCZYM material group, where the highest mobilities of ionic
charge carriers were observed in the materials exhibiting an orthorhombic crystal structure.
In summary, the influence of water vapour on the transport properties of SrFe6C00.403-5
was investigated. The chemical surface exchange coefficients for both oxidation and reduction
decreased in the wet conditions, suggesting a limiting effect of water vapour on the surface
reactions involving oxygen. In contrast, the chemical diffusion coefficients for oxidation
increased in wet conditions, indicating enhanced oxygen transport in the bulk of the material.
The total electrical conductivity in wet air was lower than that in dry air across the entire
temperature range. This was primarily attributed to a decrease in electron-hole mobility.
The reduced values of electron-hole mobilities in water vapour suggest a possible distortion
of the crystal structure due to the presence of proton defects. These structural changes may

also be responsible for the increased chemical diffusion coefficient of oxygen.
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Conclusions

This dissertation presents studies of defect chemistry, structure, and charge-transport
properties of two groups of mixed-conducting perovskite oxides, BaCeosZro2Yo.2-xMx03-5
(BCZYM) and SrFe;-xCox03-s (SFC). The aim of this study was to understand how chemical
composition, water uptake, and local structural changes influence the mobility
and concentration of charge carriers. This work enabled a direct evaluation of the formulated
theses and provided an interpretation of how oxygen vacancies, proton defects, and electronic
carriers interact within these materials.

Firstly, the possibility of improving transport properties of BCZYM by substituting
yttrium with mixed-valence elements, i.e. terbium, praseodymium and iron, was explored.
The results demonstrated that such enhancement can be achieved, but it is strongly dependent
on the specific substituent, which can affect both electronic and ionic transport.
The substitution of terbium led to the highest total electrical conductivity, reaching
2.4 x 1073 S/cm at 400 °C, and the lowest activation energies for conduction in wet air. It also
increased the partial electronic conductivity in comparison to the reference material BCZY622.
Terbium also increased proton mobility to 1.4 X 10™° cm?/V-s at 300 °C and oxygen-vacancy
mobility to 6.9 x 107® cm?/V-s at 600°C, surpassing the mobility values obtained
for BCZY622. Praseodymium substitution moderately improved the mobilities of oxygen
vacancies and protons relative to BCZY622, while significantly reducing water uptake.
Iron substitution decreased the mobility of both ionic carriers and limited water uptake.
Both Pr and Fe substitution decreased the partial electronic conductivity. Therefore, only
the substitution of Tb increased electronic partial conductivity, while also enhancing
oxygen-vacancy and proton mobility, supporting the idea that mixed-valence cations
can facilitate transport properties even beyond electronic charge carriers. The proton
concentration in BCZYM materials correlated directly with the oxygen-vacancy concentration,
confirming that proton incorporation occurs via hydration reaction. It also depended
on the electronegativities of the cations. Concluding, all of these observations highlight
the importance of the proper choice of substituent, rather than its mixed-valency alone,
for achieving desired electrical properties.

The second group of materials, SrFe;_xCox03-5, was investigated to analyse whether
cobalt substitution stabilises oxygen vacancies while preserving the high symmetry
of the crystal lattice. The pseudocubic lattice parameters of SFC ranged from 3.871A
for SrFe0s-s to 3.878 A for SrFe;,C00503-5 reflecting the influence of cobalt on lattice
expansion. The results confirmed that Co increase the concentration of oxygen vacancies

and also served as a stabilising centre for these species. The transport behaviour of electron
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holes in SFC was found to be controlled mainly by changes in mobility rather than by carrier
concentration. SrFe6C00403-5 exhibited the highest electrical conductivity in dry air across
the studied SFC compositions, reaching a maximum of 177 S/cm at 500 °C.

The role of proton defects in bulk and surface ionic transport in both material groups
was investigated. In BaCeosZro2Y02-xMx0O3-5, hydration had a pronounced effect: proton
incorporation not only enabled proton conduction but also enhanced oxygen transport
by reducing the activation energies for oxygen surface exchange and increasing the oxygen
diffusion coefficients during oxidation. This demonstrated that interactions between protons
and oxygen vacancies can significantly influence the mobility of oxygen vacancies
and the overall oxidation kinetics in mixed ionic-electronic conductors. Moreover, although
SrFeo6C00403-5 incorporates only small amounts of protons, water vapour still affected
the transport behaviour in this material, lowering the mobility of electron holes and modifying
surface oxygen exchange rates. For instance, the activation energy for chemical surface
exchange during oxidation decreased from 1.17eV in dry to 0.51eV in wet conditions.
In conclusion, across both material groups, water vapour played a significant role in transport
properties. In BaCeosZro2Y02-xMx03-5, the presence of proton defects enhanced oxygen
diffusion. In SFC, even small amounts of protons influenced electron-hole mobility and oxygen
diffusion, indicating that protons can impact electrical transport properties beyond protonic
conduction. Concluding, proton defects play a broader role than commonly assumed, affecting
not only protonic but also oxygen-ionic and electronic transport.

The results presented in this dissertation also confirmed the effectiveness of NiO
as a sintering aid. Nickel oxide enabled the obtaining of dense, phase-pure ceramics in only
two steps of solid-state synthesis. In SFC, the presence of NiO was likely responsible
for a significant decrease in electrical conductivity, indicating that the addition of sintering aid
interfered with the transport process of SFC materials. However, despite relatively high oxygen
nonstoichiometry levels, it did not prevent the formation of high-symmetry perovskite phases.

The results presented in this dissertation confirm the formulated theses pointing
to the correlations between composition, proton uptake, and charge transport in both BCZYM
and SFC materials: mixed-valence substitutions in BaCeo.6Zro2Y02-xMx03-s improve electronic
and ionic transport when chosen appropriately; cobalt stabilises oxygen vacancies
in SrFeixCox03-s without reducing lattice symmetry; NiO facilitates synthesis of dense,
single-phase materials; and proton defects influence the transport of other charge carriers.
Moreover, the mobility of charge carriers, rather than their absolute concentration, is often
the decisive factor governing electrical conductivity in these materials. The findings obtained
in this work contribute to the deeper understanding of mixed ionic-electronic perovskite

oxides.
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In summary, this work explored the charge-transport mechanisms in perovskite
ceramics by investigating how specific substituents and water vapour influence

the concentration and mobilities of oxygen vacancies, proton defects, and electronic carriers.

This dissertation was based on the research supported by the National Science Centre

Poland under grant number 2021/41/N/ST5/03437.
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Appendix

6.1. BCZYM group

6.1.1. Additional details of Rietveld refinement

To ascertain whether alternative space group structures more accurately represent
the symmetry of the BaCeosZro2Yo2-xFex03-s compounds, the crystal data of lower symmetry
perovskite structures (orthorhombic and trigonal) were employed for the Rietveld refinement
of the diffractograms. The structural parameters and the refinement quality indices obtained
with the cubic (Pm3m), orthorhombic (Imma), and trigonal (R3c) crystal data are shown
in Tables A1 and A2, for BaCeosZro2Yo2-xFex03-5 (x = 0.02, 0.05 0.1)
and BaCeo6Zro2Y01Mo103-s (M = Tb, Pr), respectively. The XRD patterns, along
with the associated fitting and differential curves, are presented in Figures A1 and A2.

In the case of the BaCeo.¢Zro2Yo2-xFex03-s (x = 0.02, 0.05, 0.1) series, the orthorhombic
and trigonal patterns should contain low-intensity reflections, which could be hidden
in the background. For BaCeosZro2Y0.1Tbo.103-s and BaCeosZro2Y0.1Pro103-5 the best fitting
was obtained using the orthorhombic unit cell. To compare unit cell parameters of these oxides

to those with cubic structures, they were recalculated according to abc = af,seudocubic

and named as “pseudocubic” in the text.

Table Al. The structural parameters of cubic, orthorhombic, and trigonal BaCeo.6Zro.2Yo.2-xFexO3-s (x = 0.02, 0.05,
0.1) unit cells obtained using Rietveld refinement, the profile function used, and the refinement quality indices
(expected residual, profile residual, weighted profile residual, and goodness of fit).

BCZYFe2 BCZYFe5 BCZYFel0
. Ortho- . . Ortho- . . Ortho- .
Cubic rhombic Trigonal Cubic rhombic Trigonal Cubic rhombic Trigonal
a
6.1493(4) 6.1158(2) 6.0980(4)
(A)
6.1471(2) 6.1200(2) 6.1026(2)
E 4.3515(1) 8.6849(6) 4.3307(1) 8.6508(3) 4.3205(2) 8.6321(7)
@
E A
= c(A) 6.1743(3) 15.1259(7) 6.1437(2) 15.0348(5) 6.1294(3) 15.0101(7)
5
a(’)
90 90 90
B(® 90 90 90 90 90 90
v () 120 120 120
Profile .
function Pseudo Voigt
$ Rexp 4.26 4.26 4.25 5.55 5.54 5.54 12.82 12.82 12.82
Q
=2
E Rp 4.03 4.18 4.10 4.44 4.29 4.38 13.85 15.53 16.28
=
5]
E pr 5.85 6.20 6.15 6.56 6.32 6.55 18.38 20.00 20.40
5
< GOF 1.89 2.12 2.09 1.40 1.30 1.39 2.06 2.44 2.53




Table A2. The structural parameters of cubic, orthorhombic, and trigonal BaCeo.6Zro.2Y0.1Mo.103-5 (M = Tb, Pr) unit
cells obtained using Rietveld refinement, the profile function used, and the refinement quality indices (expected
residual, profile residual, weighted profile residual, and goodness of fit).

BCZYTb BCZYPr
Cubic Ortho-rhombic Trigonal Cubic Ortho-rhombic Trigonal
a(A) 6.1425(2) 6.1434(1)
6.1463(4) 6.1439(1)
b (A) 4.3470(1) 8.6663(2) 4.3487(1) 8.6801(2)
@ c(h) 6.1698(2) 15.045(2) 6.1700(1) 15.1043(3)
S
= a(?)
90 90
B 90 90 90 90
vy (©) 120 120
Profile function Pseudo Voigt
4] Rexp 1.06 1.06 1.06 1.05 1.05 1.05
Q
P
£ Rp 1.00 0.87 0.98 1.19 0.97 117
=
(]
§ pr 1.48 1.21 1.42 191 1.43 1.95
—
&b
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Figure A1. Diffractograms with fitting and differential curves for BaCeosZro2Yo.18Fe0.0203-s (BCZYFe2),
BaCeo.6Zro.2Yo.15Fe00503-s (BCZYFe5), and BaCeo.sZro2Yo1Feo103-s (BCZYFel0), refined with the crystal data
corresponding to cubic, orthorhombic and trigonal unit cells.
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Figure A2. Diffractograms with fitting and differential curves for BaCeo.sZro2Y01Tbo103-s (BCZYTb10)
and BaCeo.6Zro.2Y0.1Pro103-s (BCZYPr10), refined with the crystal data corresponding to cubic, orthorhombic
and trigonal unit cells.

6.1.2. Additional thermogravimetric measurements

Figure A3 shows the relative mass change of BaCeg¢Zro.2Yo.2-xFex03-5 (x = 0.02, 0.05, 0.1)
samples collected at 300 °C, 450 °C, and 600 °C during the atmosphere switches: from dry

to wet and from wet to dry air.
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Figure A3. The relative change of mass collected for BaCeo.sZro.2Yo.2-xFexO3-s (x = 0.02, 0.05, 0.1) following
an isothermal switch from dry to wet and from wet to dry air at 300 °C, 450 °C, and 600 °C.

The hydration analysis via thermogravimetry was additionally conducted in nitrogen

at 300 °C, in order to investigate if the nature of the water-uptake process changes

from hydration (in pure nitrogen) to hydrogenation or some mixed process in higher oxygen

partial pressures (synthetic air). The comparison of the thermograms obtained in N and air

at 300 °C is shown in Figure A4.
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Figure A4. The relative change of mass following an isothermal switch at 300 °C between dry and wet nitrogen
or air obtained for BaCeo.6Zro.2Y0.1Mo0.103-s (M = Tb, Pr, Fe) and BaCeo0.6Zr0.2Y0.203-s.

Reproduced from J. Budnik, A. Mielewczyk-Gryn, M. Gazda and T. Miruszewski, “Water uptake kinetics and electrical transport
in BaCeo.sZro2Y01M0103-s (M = Th, Pr, Fe) protonic conductors”, |. Mater. Chem. A, 2023, 11, 13389-13398.
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6.1.3. XANES spectra

The XANES spectra of hydrated and dried samples of BCZYTb10 and BCZYPr10 recorded
at the Lz-edge of terbium and praseodymium are presented in Figure A5. The spectra of Th407
and Pre011 were included as references. The differences between dried and hydrated samples
are not apparent in the spectra of both materials. However, based on change in the spectral
features in comparison to reference data, the average oxidation states of Tb in both BCZYTb10
samples most likely exceed those present in the reference oxide Tbs07 (which corresponds
to Th35+). The shape of the Pr Ls-edge is close to the one observed in Prs0Oi1, indicating
an average oxidation state of praseodymium in BCZYPr10 samples close to the reference
(3.67+), but the main maximum is located at higher energy, which suggest that the oxidation

state of praseodymium is slightly higher.
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Figure A5. The XANES spectra recorded in transmission mode for dried and hydrated samples of BCZYTb10
at the L3-edge of terbium (a) and BCZYPr10 at the L3 edge of praseodymium (b).

Figure A6 shows the XANES spectra recorded in fluorescence mode for dried
and hydrated BCZYFe2, BCZYFe5, and BCZYFe10 at the K-edge of iron. The spectra of iron
in varying oxidation states (metallic foil and oxides measured in transmission mode)
were added as references. The dashed lines indicate the absorption edges for each reference,
corresponding to iron in oxidation states 0, 2+, and 3+, respectively. The precise determination
of the average oxidation state of iron in the studied BCZYM materials was not feasible due
to the low quality of the collected spectra, caused by the low iron content in the studied
compounds. Nevertheless, the position of absorption edges corresponding to BCZYFeZ2,
BCZYFe5, and BCZYFe10 is very close to the Fe;03 edge, indicating that the average oxidation
state of iron in those compounds is close to 3+. The hydration of samples does not affect
the shape of the spectra, nor the position of Eo, which suggests that the introduction of protons

do not change the local environment around Fe ions substantially.
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Figure A6. The XANES spectra of dried and hydrated samples of BCZYFe2, BCZYFe5, and BCZYFe1l0 recorded
at the K-edge of iron in fluorescence mode, as well as the spectra for reference compounds measured
in transmission mode. The dashed lines indicate the position of the absorption edge for each reference.

Figure A7 presents the XANES spectra recorded in transmission mode for dried
and hydrated samples of BaCeo.6Zro.2Y0.2-xMx03-5s at the Lz-edge of cerium. The spectrum of CeO-
has been included in every plot as a reference. CeO; powder was subjected to thermal
treatment in an oxygen atmosphere prior to the measurement, in order to ensure high
oxidation state of cerium (= 100% of 4+). The shape of the BCZYM spectra differ
from the reference Ce0O;, which indicates different electronic structure and coordination
geometry around cerium ion in the perovskites. The shape of the spectrum is similar to that
of Ce0;, but the additional feature C at = 5724 eV suggests some Ce3* in BCZYM materials.
Nevertheless, cerium assumes an average oxidation state close to 4+. The biggest difference
between dried and hydrated samples was observed for BCZYFe2 and BCZYFe5, which might
be connected to a significant proton concentration detected in those samples (see Table 5.2).
The spectra of iron did not change significantly between dried and hydrated states.
This suggests that protons might preferentially localise on oxygen atoms around other B-site
ions, e.g. cerium, which might be observed as a change in the characteristics of the spectra
measured at Ce Lz-edge. There is no significant change in the spectra of BCZYFe10, BCZYPr10,
and BCZYTb10. This may be caused by either a low proton concentration (BCZYFe10)
or by preferential localisation of protons around praseodymium and terbium (BCZYPr10,
and BCZYTb10). To support this hypothesis, it should be noted that the spectra at Tb and Pr
Ls;-edges (Figures A5a, b) show a visible difference between dried and hydrated sample,
which indicate that protons might preferentially localise on oxygen atoms surrounding

terbium and praseodymium.
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Figure A7. The XANES spectra recorded in transmission mode for dried and hydrated samples
of BaCeo.6Zro.2Yo.2-xMx03-s at the Ls-edge of cerium: (a) all dried BCZYM compositions, (b) BaCeo.sZro.2Yo.18Fe0.0203-s,
(c) BaCeo.6Zro.2Yo.15Fe0.0503-5, (d) BaCeo.6Zro.2Yo.1Fe0.103-5, () BaCeo.sZro.2Y0.1Tbo.103-5, (f) BaCeo.6Zro.2Y0.1Pro.103-s.
The letters in (a) mark the positions corresponding to electron transitions occurring at those energies.

6.1.4.

Cation electronegativity evaluation

The electronegativities of A and B cations within BaCeo6Zro2Yo2-xMx03-5 (M = Fe, Tb, Pr)

materials were calculated based on the values provided by Li et al.246, which take into account

the valence state and coordination number of each ion. The electronegativity of B has been
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established as a weighted average of the electronegativities corresponding to Ce, Zr; Y, and M

with the application of their molar content in each compound:

Xg= 06-xce +0.2 - x7-+(02—=x)-xy +x"xu (6.1)

To properly estimate the electronegativity of M cations, which generally possess a variable
valence, the oxidation state of M cation (0S,,) in each BCZYM material has been estimated
based on the values of oxygen nonstoichiometry 6 obtained using the iodometric titration:

0.2—26+ 3x

OSy =
M X

(6.2)

The oxidation state of cerium, in view of the Ce L-edge spectra of the BCZYM compounds
(see Figure A7), was assumed to be 100% 4+. The electronegativity of iron was assumed
to be equal to the value corresponding to Fe3+, based on the XAS analysis of the K-edge spectra

of iron (Figure A6).

6.1.5. Impedance data analysis

Figure A8 presents Nyquist plots obtained for BaCeosZro2Yo2-xFex03-5 (x = 0.02, 0.05,
0.1) samples, along with the fitted curves and corresponding equivalent circuits. Each plot

represents measurements performed in dry and wet air atmospheres at 300 °C and 800 °C.
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Figure A8. Nyquist plots obtained for BaCeo.6Zro.2Yo.18Fe0.0203-5 (BCZYFe2), BaCeo.cZro.2Yo.15Fe0.05s03-5 (BCZYFe5),
and BaCeo.sZro.2Yo.1Fe0103-s (BCZYFe10), with the curves fitted using the equivalent circuits shown in each plot.
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6.1.6. Additional ECR data and details about the fitting procedure

The dimensions of BCZYFe samples examined during hydration/dehydration
and oxidation/reduction via the ECR method, along with the values of the L parameter
and the coefficients obtained by fitting for each procedure and temperature, are provided
in Tables A2 and A3. An evaluation of electrical conductivity response was conducted utilising
the nonlinear least squares method. The fitting ranges for k.pe;,;, and D pem were set
to 107 —10"* cm/s and 1078 — 10~* cm?/s, respectively. Figure A9 and A10 present
ECR data with fitted
in BaCeo6Zro2Yo2-xFex03-s (x = 0.02, 0.05, 0.1). The analysis of two-fold relaxation of water

the representative curves for hydration and oxidation

involved dividing the data into regions dominated by H and O, which were then fitted

independently, as illustrated in Figure A9a.
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Figure A9. The representative ECR data with the fitted curves obtained for hydration of BaCeo.cZro.2Yo.18Fe0.0203-5

(a-b), BaCeo.6Zro.2Yo.15Fe0.0s03-5 (c-d), and BaCeo.6Zro.2Yo.1Fe0.103-s (e-f).
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Figure A10. The representative ECR data with the fitted curves obtained for oxidation of BaCeo.Zro.2Yo.18Fe0.0203-5
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Table A3. The dimensions of samples examined during hydration and dehydration using the ECR method, along
with the values of L parameter and the coefficients established through fitting for each process and temperature.

Material Dimensions Process T (°C) L Determined
of sample
H 2.3 X105 k
850
0 0.34 D and k
H 1.7 X 105 k
800
0 0.45 D and k
H 1.4 x 10-5 k
750
0 0.86 D and k
H 1.7 X 105 k
700
o 0] 1.4 D and k
.S
%’ H 1.1 X 105 k
g S, 650
g
n 0 1.8 D and k
™~
—
~ X H 2.7 X105 k
o 2 600
E = 0 2.3 Dand k
< [ee)
/m
X H 1.9 x 105 k
g 550
o 0 4.6 D and k
<
i
500 - 1.9 x 10-5 k
S
450 < 1.4 X 104 k
2
350 & 1.0 D and k
H 1.4 x 10 k
850
0 2.8 D and k
=
o
= H 2.4 x 105 k
< 800
= 0 1.2 D and k
A
H 2.0 X105 k
750
0 1.4 D and k

178



H 2.5 x 105 k
700
0 1.9 D and k
H 99 x 105 k
650
0 0.8 D and k
H 3.0 X105 k
600
0 0.32 D and k
H 1.9 x 105 k
550
0 0.32 D and k
800 5.1 D and k
750 5.2 D and k
650 7.4 x 107 D
600 3.8 D and k
(o)
-g 550 7.7 D and k
(0]
et
=4 500 3.0 D and k
2
= 450 3.3 D and k
E 400 3.8 D and k
N
x 350 = 2.0 D and k
1 g 3
E 0 300 %n 1.2 x 107 D
2 e £
>E< 800 v 11.4 D and k
E: 750 22.2 D and k
N
—
650 7.6 X 106 D
g 600 8.4 x 106 D
=
S 500 65 D
>
T
A 450 80 D
400 80 D and k
350 2.3 X105 D
300 4,1 x 105 D
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800 2.4 x105 k

750 6.8 X 102 Dand k
(o)
.g 700 9.7 X 10-2 D and k
g o
= S 600 2.3 D and k
" ac)
D~
~ 550 2.5 D and k
X
(=]
3 § 500 8.3 D and k
! n
o S 800 0.42 k
;M X
g 750 12 D and k
£ =
I~ ©
w = 700 1.9 x 105 k
— [
=
= 600 3.1 x 10 k
()]
550 9.4 x 105 k
500 4.0 x 104 k

Table A4. The dimensions of samples examined during oxidation/reduction using the ECR method, along
with the L parameter values and the coefficients established through fitting for each process and temperature.

Material Dimensions of sample Process T (°C) L Determined
800 1.5x10° k
- 750 3.5x10% k
£ S
i ks 700 1.5 x 105 k
= S
. X 650 8.1x10¢ k
2 : > ;
< = a 600 2.3x10 k
2 o
>E< 800 12 Dand k
g S
o = 750 9.3 D and k
) =
— °
Q 700 12 D and k
~
600 1.1 x10¢ D

180



800 1.8 Dandk
(e}
S 750 0.27 k
w
o
g 700 4.2 Dand k
- 650 2.5 Dandk
]
=
800 2.7 Dand k
o
-8 750 3.3 Dand k
&)
=
b5 700 3.5 D and k
2%
600 2.6 Dand k
800 15 D and k
(o]
A=) 750 10 D and k
ke
E 700 16 Dand k
o 650 38 D
a
800 4.2 Dandk
o
£ S 750 6.2 D and k
g S
3 3 700 78 D and k
X ~
= g 650 1.0 x 103 D
& E . X
> o
3] I~ 800 45 Dand k
[aa] X
g o
£ .g 750 8.3 Dand k
N S
i E 700 9.3 D and k
- 650 22 Dandk
9]
=
800 1.1 %105 D
(e}
g 750 3.1 x 105 D
(&}
=
b5 700 8.3 x 106 D
@2
650 6.8 Dand k
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6.1.7. The derivation of the maximum proton mobility formula

The upper limit of proton mobility can be evaluated using the electrical conductivity
values and the proton concentrations at 300 °C. The sum of two partial conductivities

represents the total electrical conductivity in dry atmospheres:
Odry = Ondry T Oo,dry (6.3)

where oy, 4, and g g, are the partial conductivity of electron holes and oxygen ions in dry

conditions, respectively. The total electrical conductivity in humid air can be described as:

Owet = Onwet T Oo,wet T Oon (6.4)

where oy, et and gg et represent the partial conductivity of electron holes and oxygen ions
in wet conditions, respectively, while o,y is the partial conductivity of protons. The difference

between the total conductivity in wet and dry air equals:
Ao = Owet — Ogry- (6.5)
Assuming a constant oxygen-ion mobility in both dry and humid atmospheres, we obtain:
Ao = Opwet + Go,wet + Oon — Onary — 90,ary- (6.6)

Assuming that opwer ® Opary, 6 = [V5 ]300°c and Uy wer = Uy ary = Uyy, the difference

between the total conductivity in wet and dry air may be expressed as:

Ao = 0g,wet + Oon — Tp,ary = (6.7)
= 2e[05 hyerthsg et — 26105 laryttvg,ary+elOHp on = (68
= 2¢(8 — 20y, — 2681, +e[OHp U, = (69)
[0H}] (6.10)
= e[OH}Juon; — 2e — W
Therefore:
Ao = e[OHé](uOHé — Upy), (6.11)
which allows the determination of the proton mobility ugy; as:
Ao
Uony = e[OH3] + Uy (6.12)

Since the mobility of oxygen vacancies u,y 4, is known only at 600 °C, it will be used as upper
limit (uyy max) also at lower temperatures. Consequently, the upper threshold of proton

mobility at 300 °C can be defined as:
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Ao

UoHl,max = e[O—H(’)] + Upg max- (6.13)
6.1.8. Temperature dependence of oxygen nonstoichiometry

Figure A11 shows the temperature dependence of oxygen nonstoichiometry
for BaCeo.6Zro.2Y0.2-xMx03-5. The values correspond to the change in relation to the values obtain
atroom temperature via iodometric titration and were obtained using TG during cooling (with

cooling rate 2 °/min).
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Figure A11. Temperature dependence of oxygen nonstoichiometry change (relative to the values obtain at room
temperature) for BaCeo.6Zro0.2Y0.2-xMx03-s.
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6.2. SFC group

6.2.1. The samples obtained without NiO

The XRD diffraction patterns of Sr(Fe,Co)s-s samples obtained using the multiple-step
SSRS synthesis without the usage of NiO are shown in Figure A12. The samples
of SrFe;_«Co0x03-5, where x < 0.8, were single-phase and exhibited a cubic crystal structure,
while for the two samples with higher cobalt content (x = 0.9 and 1), a single-phase

composition was not achieved.

sco0, | EA . N
ErF!“_Il::n"ﬂl:I #I .-'-..-. A= =
SrFe, Co, O y & " =
ﬂ Srfe, ,Co, O, : = o
= |SrFe, Co, O
= i A M
E EI'FE'HDEIM_Q: N ,I. J' i
E srl:u:\-l[:uqlu} & l
SrFe,,Co,,0, E " i N
Mt} O ik ~
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ah, e
SrFe0, 1 l
e = I“ =t - I - —
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Figure A12. The XRD patterns collected at room temperature for SrFe1-xCox03-5 (x = 0, 0.2, 0.4, 0.6, 0.8) samples,
synthesised without any sintering aid.

6.2.2. The derivation of the centroid and integration area of pre-

edge peaks

The pre-edge peak curve was fitted to the spectrum with the pre-peak shape isolated
from the stronger signals arising from more intense electron transitions (treated here
as a background and removed). The centroid position and the area under the resulting curve
were subsequently examined. The integration limits were set at the points where the pre-edge

peak intensity diminished, as illustrated in Figure A13.
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Figure A13. The pre-edge peak extraction and centroid determination performed for the iron K-edge spectrum
of SrFeo.2C00.803-s.

6.2.3. The first derivatives of XANES spectra at iron and cobalt
K-edges
Figure A14 presents the first derivatives of XANES spectra collected for SrFe;«C0x03-s

(x=0,0.2,0.4, 0.6, 0.8) at the K-edges of iron and cobalt. The electron transitions occurring

in the marked energy regions are labelled on the plots.
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Figure A14. The first derivatives of the SrFe1-xCox03-5 (x = 0, 0.2, 0.4, 0.6, 0.8) XANES absorption spectra recorded
at the K-edge of iron (a) and cobalt (b), respectively. The markers represent the electron transitions taking place

in the specified energy regions.
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6.2.4. EXAFS analysis

The K-edge spectra of Fe and Co were analysed in the EXAFS range to investigate
the local structure of the transition-metal cations in more detail. Figure A15 shows the Fourier
transforms (FT) of EXAFS signals at the K-edges of Fe and Co for SrFe;_«Cox03-s. The shown FT
curves were shifted, in accordance with the applied phase correction. The labels of the main
maxima correspond to the coordination shells responsible for their occurrence. The first
maximum corresponds to the bonds between the central (absorbing transition metal) atom
and the neighbouring oxygen atoms, the second is associated with the bond with strontium
atoms, whereas the third maximum is related to the next closest transition metal (Fe or Co),

located in the adjacent unit cells.

(a) (b)

Fi K-pgs
% 4

S
FTE gh - Co K-pdis

FT{k™ s
Fo-C
e

if J
" . | ] \ ] Al
et L'\J L-{-’«}F =-m=""ll '*::Jlr \\ V=

= e SR = L oA S E - E —

1 2 1 4 5 a 1 ] i

Figure A15. The Fourier transforms of EXAFS of SrFe1-xCox03-5 (x = 0, 0.2, 0.4, 0.6, 0.8) samples recorded at the K-
edge of iron (a) and cobalt (b).

In comparison to the Fe-0 bond length observed in samples with a higher concentration
of Co, the distance between iron and oxygen in SrFeOs;_s and SrFeogC00203-s is reduced.
This aligns with the pre-edge feature * associated with lower coordination around
the Fe ion, observed in the XANES spectra of these materials. This feature can be related
to a lower ionic radius for this coordination compared to the octahedral one.l¢8 Moreover,
the first maximum is shifted towards higher values of R, and the intensity for this coordination
shell shows a slight increase with the rising amount of cobalt in the materials. This aligns
with the findings from the pre-peak centroid analysis, suggesting a moderate rise
in coordination number as the Co amount increases. The observed trend of elongating TM-0
bond lengths is evident in the case of cobalt, with the first maximum shifted towards greater
R values. Nonetheless, the Co-0 bond lengths, as shown by the position of the first maximum
in Figure A15b, are notably shorter than those recorded for Fe-0, despite the average
oxidation states of Co being lower than those of iron across all examined materials.

The reduced Co-0 bond length may be attributed, in part, to the smaller ionic radius of Co3+.
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Even in a high-spin state, Co3+ exhibits a radius that is less than that of Fe3+ (0.61 A compared
t0 0.645 A, for HS 161Co3+ and HS [6]Fe3, respectively).168 Additionally, there could be alternative
explanations for the reduction in the ionic radius, including a decrease in the spin state
or a lower average cation coordination.2l® The lower spin state of cobalt corresponds
to a reduced ionic radius of 0.545 A compared to 0.61 A for 61Co3+ in the high-spin state.168

The third maximum primarily results from multiple scattering (TM-0-TM path).
The proximity of the TM-0O-TM angle to 180° results in a more distinct maximum associated
with the third coordination shell in the Fourier transforms of EXAFS. This can be explained
by the “lens effect” of the atom in the middle (oxygen), whose increased forward-scattering
amplitude amplifies the obtained signal.247.248 Moreover, Haas et al. noted that the first
maximum increasingly dominated the second and third maxima as the unit cell symmetry
of Lai—xSryFeOs3-s lowered from cubic to rhombohedral, and orthorhombic, accompanied
by an increase in the octahedra distortion.199

Figure A16 illustrates the ratios between the intensity corresponding to the first
and second main peaks. There is a trend of increasing intensity of the first main maximum
in comparison to the second maximum with increasing cobalt content, which can be observed
for the K-edge of both Fe and Co. Nonetheless, no similar tendency was observed regarding
the third maximum, which is also ascribed to the multiple scattering paths of linear TM-0-TM
configurations within the perovskite structure. Consequently, it remains unclear whether

the BOs undergo rotation or if the transition metal displaces within the octahedron.
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Figure A16. The ratio between the intensities of the maxima associated with the first and second coordination
shells of the central atom in the Fourier transform of EXAFS (see Figure A15).

6.2.5. XANES spectra - L3,z edges of iron and cobalt

The XANES spectra of all investigated SFC materials recorded at both edges are

presented in Figure A17. The first maximum (L3) results from the excitation of the 2p;3/, core
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electrons of the absorbing transition metal. The second maximum (L;) is associated
with the excitation of the 2p;/, core electrons. The variations in the shape of the Fe L3, spectra
among the examined materials are not evident. The energy corresponding to the Co L

maximum progressively shifts to higher energies with increasing Co content.
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Figure A17. The XANES spectra recorded in TEY detection mode for SrFe;-xCox03-s (x = 0, 0.2, 0.4, 0.6, 0.8) at L32
edges of iron (a) and cobalt (b).
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