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Summary

This thesis concerns determination of oxygen storage-related properties, as well as
other basic physicochemical characteristics in a group of candidate oxygen storage
materials (OSM), having perovskite-type crystal structure. Series of cation-ordered Mn-
based oxides with a general formula of BaLnMn;Os.5 (Ln: Pr, Nd, Sm, Gd, Dy, Er and Y),
Ln-site substituted BaY|4L.nsMn,0s.:5 (Ln: Pr, Sm, Gd), and doubly doped materials
belonging to Bag oSty ;Y1 xLnyMn;0s.5 group, and additionally, selected Co- and Fe-
containing oxides were characterized in terms of their crystal structure in oxidized and
reduced state, structural evolution on temperature and oxygen content. Thorough studies
concerning their oxygen storage properties, with oxidation (in air) and reduction (in
5 vol.% H, in Ar) characteristics recorded as a function of temperature, kinetics of the
oxidation/reduction determined from the isothermal studies, as well as reversible oxygen
storage capacity (OSC), constitute a main part of the experimental work. Complementary
research on microstructure and morphology, oxidation state of the manganese cations, as
well as electrical conductivity and Seebeck coefficient dependence on temperature was
also conducted for selected samples. An attempt to elucidate correlation between the
chemical composition of the considered oxides and their physiochemical properties
influencing oxygen storage performance have been conducted. The performed studies in
this thesis allowed to select the best candidate materials, having high and reversible OSC,
which surpass the currently commercialized compounds.

The main part of the thesis contains 11 chapters, with the initial chapter 1 presenting
an introduction to currently, commercially used oxygen production and storage methods
(cryogenic liquefaction, pressure and temperature driven adsorption, usage of membranes,
oxygen tanks). Chapter 2 contains introduction to oxygen storage materials, description of
the mechanism of incorporation and release of the oxygen into/from the oxides, with
following information about four particular OSM systems. Selected applications of the
oxygen storage materials (three-way catalytic converters, chemical looping processes,
flameless combustion of hydrocarbons) are discussed in chapter 3.

Due to the fact that the considered in this thesis compounds exhibit perovskite-type
crystal structure, either with or without cation ordering, the next chapter 4 shows a detailed
information about structural properties of the parent ABOs-type, as well as cation-ordered

(AA’B,06, A;BB’Og) perovskites, and A;B,Os-type brownmillerites. Additional data
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concerning oxygen nonstoichiometry, transport and magnetic properties of such oxides are
also given.

Preparation methods of the materials and experimental techniques used for
characterization of the synthesized compounds are described in chapter 5. The following
techniques were utilized: X-ray diffraction (XRD) and neutron diffraction methods with
Rietveld analysis of the data, performed at room temperature and at elevated temperatures,
thermogravimetric (TG) analysis conducted as a function of temperature, with isothermal
studies executed with a change of atmosphere between synthetic air and 5 vol.% H; in Ar,
microstructural studies using scanning electron microscope (SEM), with additional
measurements of the specific surface areca by BET technique, X-ray photoelectron
spectroscopy (XPS) studies, as well as electrical conductivity and Seebeck coefficient
measurements. Parameters used for evaluation of OS properties were also described.

Research results obtained by author of this thesis are gathered in chapters 6-10. In
chapter 6, an effect of introduction of different lanthanides into Ln site in BaLnMn,Os,5
(Ln: Pr, Nd, Sm, Gd, Dy and Y) on the physicochemical properties of the materials was
evaluated. Detailed information about crystal structure of the oxidized BaLnMn,O¢ (6 = 1)
and reduced BaLnMn,0s (8 = 0) is shown, indicating linear relationship between the unit
cell volume and ionic radii of Ln in both, BaLnMn,0Os and BaLnMn,0Os. Conducted
structural measurements as a function of temperature, allowed to observe in situ
transformations ongoing during the oxidation process of the initially reduced material.
Precise neutron diffraction measurements conducted in Helmholtz Zentrum Berlin in
atmosphere of 5 vol.% H; in Ar allowed for in sifu observation of the reduction process
and determination of the mechanism of the oxygen release. Furthermore, possibility of
reduction under low vacuum environment (~ 100 Pa) at elevated temperatures of the
oxidized samples was also researched. The performed XPS studies indicated presence of
manganese cations having different oxidation states and modification of chemical
environment of the elements, between the reduced and oxidized samples. Analysis of the
microstructure of the obtained BaLnMn,Os,s powders was performed, in order to have
fully-characterized samples for the thermogravimetric studies.

Comprehensive characterization of all compounds was conducted in terms of their
oxygen storage-related properties by means of the TG method. In all of the cases, close
to theoretical value of the OSC was recorded during isothermal experiments performed
at 500 °C with the atmosphere change between synthetic air and 5 vol.% H» in Ar gas

mixture, corresponding to the change between almost fully oxidized BaLnMn,0Og¢ and fully
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reduced BaLnMn,0Os. The recorded reversible capacities correlate well with a molar mass
of the compounds, being the highest for BaYMn,Os.5 (3.71 wt.%) and the lowest for
BaDyMn;0s.5 (3.16 wt.%). It was documented that for all of the materials the reduction
process occurs much slower (on the order of several minutes) than the oxidation (seconds),
and therefore limits the oxygen storage performance. This phenomena originates from the
exothermic nature of the oxidation process. The recorded temperature dependence of the
reduction time was interpreted on a basis of oxygen diffusion in a bulk, and as such,
allowed to calculate the activation energy of the ionic transport. It was also found that
materials with larger grains show deteriorated kinetics of the reduction process, due to the
enlarged diffusion length in the bulk of the crystal. Furthermore, the relationship between
Ln cation present in BaLnMn,0Os.,s and the characteristic temperature of the oxidation
process was shown. It should be emphasized that the recorded oxygen storage performance
of majority of the considered BaLnMn,Os.5 surpasses that of the commercial materials.

Chapter 7 of this thesis presents comprehensive characterization of the
physicochemical properties of novel BaErMn,Os.5 system (BaErMn,Os and BaErMn,Og).
The published by author paper concerning both of these oxides is the first literature report
on the A-site cation-ordered BaLnMn,0Os.s with the smallest introduced Er’" lanthanide
cations. The presented characterization of the structural properties, oxygen storage
performance, as well as data concerning dependence of the electrical conductivity and
Seebeck coefficient on temperature allowed to significantly broaden knowledge about the
BaLLnMn;0Os.s system. The smallest change of unit cell volume between the reduced and
oxidized Er-containing material was documented. Also, it was found that BaErMn,Og
shows much higher electrical conductivity than BaErMn,0Os, which can be associated with
delocalized Mn’*/Mn*" and localized Mn>"/Mn’" states, respectively.

An attempt to optimize oxygen storage performance in the compounds was
conducted by a partial substitution of yttrium by different Ln in BaY;4LnMn,Os:5 (Ln:
Pr, Sm, Gd; x = 0.25, 0.5 and 0.75), as presented in chapter 8. Apart from the structural
characterization, which revealed expected changes of the crystal symmetry, unit cell
parameters and volume, with the increasing substitution amount in the series,
investigations of the oxygen storage properties showed complex behavior, only partially
correlated with the chemical composition. Among studied compounds, the best
performance was registered for BaY 75Pry25sMn,0Os.5 sample, for which the reduction time
at 500 °C during the 2™ cycle was only about 3.4 min, and improved to 2.6 min on the 50"

cycle. Furthermore, no changes of the microstructure on cycling of this oxide were
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measured, indicating excellent stability. Systematic studies of doubly substituted
Ba;. Sty Y «LnMnOs.5 (Ln: Pr, Sm and Gd) materials were also performed, and the
obtained results are gathered in chapter 9. A relatively narrow range of possible
substitution of Ba’" by Sr’" cations was found, greatly limiting the anticipated
improvement of the reversible OSC. Nevertheless, satisfactory oxygen storage
performance was documented for Bag ¢Sty ;Y 755mg2sMnyOs.5 oxide and an increase of
the measured OSC for Bag ¢Srp; YMn,0Os.5 material.

Possibility of a major improvement of OSC was explored in studies of properties of
Fe- and Co-containing oxides, as presented in chapter 10. The selected materials with
a general formula of: Lag ¢Sr94Co0¢ gFep 205, Lag 5Sry 5Co¢.5Fep503.,
Smy 5S19 5sCoo sFe O35, LagsBagsCopsFepsOss, as well as SmgsBagsCogsFepsOs5 in
reduced and oxidized forms were characterized in terms of their crystal structure. In the
case of Smy sBagsCogsFeys0s3.5 sample, layered type of ordering of Sm>" and Ba®" cations
was detected, similar to the one present in the studied Mn-containing oxides. Transition
upon oxidation from brownmillerite-type to perovskite-type phase was detected by in situ
XRD experiments for initially reduced Lag ¢Sty 4CoosFep203.5, Lag sSrysCogsFepsO35 and
Smy sSrg5CopsFepsOs5. The highest OSC (exceeding 4 wt.%) was measured for
Lag 6Sr94Cop sFep 2035, while the fastest reduction speed at 500 °C (~ 2.3 min) was found
for LagsSrgsCogsFegsOs.5. The materials were also found to exhibit lower activation
energy of the ionic transport. The compounds, however, were shown to suffer from
insufficient stability in reducing conditions, especially at higher (> 500 °C) temperatures,
limiting their possible application.

Conclusions based on the presented studies and given discussion are listed in
chapter 11, with recommendations about future research on OSMs also included.
In addition, the thesis contains four appendixes. The first one (A) is devoted to a highly-
precise structural identification of selected BaLnMn,0Os.s, which was performed by
analysis of synchrotron data gathered at Argonne’s Laboratory Advanced Photon Source
(USA). Second appendix B contain additional information of neutron diffraction
measurement setup and parameters of the structural refinements of the gathered data.
Appendix C presents information about submitted patent proposal concerning
improvement of OSMs by a high-energy milling process. Additional, selected results of
flameless oxidation of methane with BaYMn,Og used as the catalyst and oxygen carrier are

included in Appendix D.
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Tytul pracy w jezyku polskim

Materialy o strukturze perowskitu do magazynowania tlenu

Streszczenie

Niniejsza praca dotyczy okreslenia wilasciwosci zwigzanych z magazynowaniem
tlenu, jak rowniez innych podstawowych witasciwosci fizykochemicznych dla grupy
zwigzkow o strukturze typu perowskitu, bedacych potencjalnymi materiatami do
magazynowania tlenu (ang. oxygen storage materials, OSM). Seria tlenkéw na bazie Mn,
z obecnym uporzadkowaniem kationowym, o ogélnym wzorze BaLnMn,0Os;;5 (Ln: Pr, Nd,
Sm, Gd, Dy, Er i Y), materialéw czeSciowo podstawianych w podsieci Ln o sktadzie
BaY | LnyMn;Os;5 (Ln: Pr, Sm, Gd) oraz zwigzkdw podwdjnie domieszkowanych
nalezacych do grupy BagoSro;Y1xLniMnyOs.5, a takze wybranych tlenkow zawierajacych
Co 1 Fe zostala scharakteryzowana pod wzgledem struktury krystalicznej w stanie
utlenionym oraz zredukowanym, a takze zmian strukturalnych zachodzacych ze zmiang
temperatury, jak rowniez zawartosci tlenu. Szczegétowe badania dotyczace wiasciwosci
magazynowania tlenu, z charakterystyka procesow utleniania (w powietrzu) i redukcji
(w 5 %obj. H, w Ar), mierzong w funkcji temperatury, kinetyka izotermicznego
utleniania/redukcji, a takze odwracalng pojemno$ciag magazynowania tlenu (ang. oxygen
storage capacity, OSC) stanowig glowna czgs¢ danych eksperymentalnych. Dla
wybranych probek przeprowadzono komplementarne badania mikrostruktury i morfologii
przygotowanych materiatow, stopnia utlenienia kation6w manganu, jak rowniez pomiary
zaleznosci przewodnictwa elektrycznego 1 wspolczynnika Seebecka od temperatury.
Podjeta zostata proba wyjasnienia korelacji pomigdzy sktadem chemicznym rozwazanych
tlenkow, a ich wlasciwosciami fizykochemicznymi, wptywajacymi na parametry zwigzane
z magazynowaniem tlenu. Przeprowadzone w pracy badania pozwolity na wytonienie
najlepszych materiatow, ktore charakteryzujg si¢ wysoka, odwracalng pojemnoscig OSC,
ktora przekracza warto$ci podawane dla obecnie stosowanych materiatow komercyjnych.

Gloéwna cze$¢ pracy stanowi 11 rozdzialow, wsrdd ktdorych we wprowadzajacym
rozdziale 1 zawarto informacje dotyczace komercyjnie wykorzystywanych metod
produkcji 1 magazynowania tlenu (skraplanie kriogeniczne, adsorpcja zmiennocisnieniowa
1 zmiennotemperaturowa, zastosowanie membran, zbiorniki na tlen). Rozdziatl 2 zawiera

wprowadzenie do materiatdw magazynujacych tlen, opis mechanizmu wbudowywania
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i uwalniania tlenu do/z materialow tlenkowych oraz informacje na temat czterech
systemow OSM. Wybrane zastosowania materialow shuzacych do magazynowania tlenu
(trojfunkcyjne konwertery katalityczne, procesy z pe¢tla chemiczng, bezptomieniowe
spalanie we¢glowodorow) zostaty opisane w rozdziale 3.

Ze wzgledu na fakt, ze rozwazane w niniejszej pracy zwigzki wykazuja strukturg
krystaliczng typu perowskitu z obecnym uporzadkowaniem kationdw lub z jego brakiem,
w kolejnym rozdziale 4 przedstawiono szczegétowe dane dotyczace wihasciwosci
strukturalnych  zwigzkow  podstawowych typu ABOs;, a takze perowskitow
z uporzadkowaniem kationow (AA’B,0O¢, A;BB’Og) oraz materiatéw typu brownmillerytu
A;B>0s. Podano réwniez uzupelniajace informacje dotyczace niestechiometrii tlenowej,
wlasciwosci transportowych 1 magnetycznych tych tlenkow.

Sposoby otrzymywania materiatdw oraz techniki eksperymentalne uzyte do
scharakteryzowania zsyntetyzowanych zwigzkéw opisane sa w rozdziale 5. Do badan
wykorzystano: dyfrakcje promieni rentgenowskich (XRD) z analizg danych przy uzyciu
metody Rietvelda, pomiary wykonano w temperaturze pokojowej oraz w temperaturach
podwyzszonych, analize termograwimetryczng (TG) przeprowadzong w funkcji
temperatury, wraz z izotermicznymi badaniami przy zmianie atmosfery pomig¢dzy
powietrzem syntetycznym a mieszaning 5 %obj. Hy w Ar, analiz¢ mikrostrukturalng
z uzyciem skaningowego mikroskopu elektronowego (SEM). Dodatkowo opisano
wykonane badania powierzchni wtasciwej metoda BET, spektroskopie fotoelektronow
(XPS), a takze sposob pomiaru przewodnictwa elektrycznego 1 wspotczynnika Seebecka.
Opisano rowniez parametry uzyte do oceny materialow pod kontem magazynowania tlenu.

Wyniki badan uzyskane przez autorke niniejszej pracy zebrane sa w rozdzialach
6-10. W rozdziale 6, okreslono wptyw wprowadzenia wybranych lantanowcow w pozycje
Ln w strukturze BaLnMn;Os;s (Ln: Pr, Nd, Sm, Gd, Dy i Y) na wlasciwosci
fizykochemiczne materiatow. Przedstawiono szczegdtowe informacje na temat struktury
krystalicznej utlenionych BaLnMn,Og (6 = 1) oraz zredukowanych BaLnMn,0s (6 = 0),
ktore wskazuja na liniowa zalezno$¢ pomiedzy wielko$cia komorki elementarnej
1 promieniem jonowym Ln dla obu serii, BaLnMn,Os oraz BaLnMn,0Os. Przeprowadzone
w funkcji temperatury pomiary strukturalne in situ pozwolity zaobserwowac przemiany
zachodzace w procesie utleniania zredukowanego uprzednio materiatu. Dodatkowe
precyzyjne badania dyfrakcji neutrondw w o$rodku Helmholtz Zentrum Berlin wykonane
w atmosferze redukcyjnej 5 %obj. H, w Ar pozwolity na obserwacje in situ procesu

redukcji oraz okre$lenie mechanizmu oddawania. Ponadto, zbadano mozliwos$¢ reduke;ji
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utlenionych zwigzkéow w warunkach niskiej préozni (~ 100 Pa) w podwyzszonej
temperaturze. Przeprowadzone badania XPS wskazaty na obecno$¢ kationow manganu na
roznym stopniu utlenienia oraz zmian¢ otoczenia chemicznego pierwiastkow pomiedzy
sktadami zredukowanymi oraz utlenionymi. Analiz¢ mikrostruktury otrzymanych
proszkéw BaLLnMn,0Os.5 przeprowadzono w celu uzyskania petnej charakterystyki probek
do badan termograwimetrycznych.

Przeprowadzono wszechstronng charakterystyke wszystkich rozwazanych zwigzkow
w aspekcie ich wlasciwosci zwigzanych z magazynowaniem tlenu stosujac metode TG. We
wszystkich przypadkach, podczas pomiarow w 500 °C przy zmianie atmosfery pomigdzy
syntetycznym powietrzem a mieszaning 5 %obj. H, w Ar odnotowano wartosci OSC
bliskie teoretycznym, odpowiadajacym zmianie pomiedzy praktycznie catkowicie
utlenionym BaLnMn,Og oraz catkowicie zredukowanym BaLnMn,0s. Zmierzone wartosci
OSC dobrze koreluja z masg molowa zwigzkéw. Dla BaYMn,Os,5 sa one najwyzsze
(3,71 %wag.), natomiast dla BaDyMn,0Os.,s najnizsze (3,16 %wag.). Udokumentowano, ze
dla wszystkich badanych materiatow proces redukcji przebiega znacznie wolniej (rzedu
kilku minut), w poréwnaniu do procesu utleniania (sekundy), a zatem ogranicza
efektywno$¢ magazynowania tlenu. Zjawisko to moze by¢ tlumaczone egzotermiczng
naturg procesu utleniania. Zmierzong zalezno$¢ czasu redukcji probek od temperatury
zinterpretowano w powiazaniu z dyfuzja tlenu wewnatrz ziaren, co umozliwito obliczenie
energii aktywacji transportu jonowego. Stwierdzono rowniez, ze materialy o wigkszych
ziarnach wykazuja pogorszenie kinetyki procesu redukcji z powodu zwigkszonej drogi
dyfuzji objetosciowej. Wykazano zaleznos¢ pomiedzy rodzajem kationu Ln podstawionym
w BalLnMn,Os.s, a charakterystyczng temperaturg procesu utleniania. Nalezy podkreslic,
ze dla wigkszosci rozpatrywanych tlenkow BalnMn,0Os:s zmierzone wiasciwosci
zwigzane z magazynowaniem tlenu okazaty si¢ by¢ lepsze w poréwnaniu do danych dla
materiatow komercyjnych.

W rozdziale 7 niniejsze] pracy przedstawiono szczegdtowa charakterystyke
wlasciwosci  fizykochemicznych  nowego  ukladu  BaErMn;Os.s  (BaErMn,Os
i BaErMn,0O¢). Opublikowana przez autorke praca dotyczaca obu tych tlenkow jest
pierwszy doniesieniem w literaturze na temat BaLnMn,Os:5, w ktorym wystepuje
uporzadkowanie kationdéw w podsieci A, z najmniejszym do tej pory wprowadzonym
lantanowcem Er'*. W rozdziale tym przedstawiono charakterystyke whasciwosci
strukturalnych, wlasciwos$ci zwigzane z magazynowaniem tlenu, jak rowniez dane

dotyczace zaleznosci przewodnictwa elektrycznego oraz wspotczynnika Seebecka od
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temperatury, ktore pozwolity na znaczne poszerzenie wiedzy odno$nie BaLnMn;,Os5. Dla
rozwazanego zwiazku zawierajacego Er udokumentowano najmniejszg zmiang objgtosci
komorki elementarnej pomiedzy sktadem zredukowanym 1 utlenionym. Ponadto
stwierdzono, ze BaErMn,0¢ wykazuje znacznie wyzsze przewodnictwo elektryczne niz
BaErMn,Os, co mozna powiazaé z, odpowiednio, zdelokalizowaniem stanéw Mn®"/Mn**
oraz zlokalizowaniem stanéw Mn>"/Mn*".

Proba optymalizacji wlasciwosci zwigzanych z magazynowaniem tlenu zostata
przeprowadzona poprzez czesciowe zastgpienie itru innym kationem Ln w serii zwigzkéw
BaY xLnyMn,0s,5 (Ln: Pr, Sm, Gd; x = 0,25; 0,5 i 0,75), tak jak przedstawiono
w rozdziale 8. Oprocz charakterystyki strukturalnej, ktora potwierdzita oczekiwane zmiany
symetrii, parametrow oraz objetosci komorki elementarnej materiatow wraz ze wzrostem
podstawienia, badania wlasciwosci zwigzanych z magazynowaniem tlenu wykazaty
ztozono$¢ zachowan i tylko czesciowa korelacje ze sktadem chemicznym. Wsrod
badanych tlenkow najlepsze wlasciwosci zostaly zarejestrowane dla skladu
BaY) 75P102sMny0s.5, dla ktorego czas redukeji w 500 °C podczas drugiego cyklu wynosit
jedynie 3,4 min 1 ulegl skréceniu do 2,6 min dla pi¢édziesigtego cyklu. Ponadto, nie
zaobserwowano zmian mikrostruktury po cyklowaniu, co wskazuje na bardzo dobra
stabilno$¢ tego materiatu. Wykonano roéwniez systematyczne badania podwdjnie
podstawianych materiatow Ba;_,SryY | <LnyMn;Os:5 (Ln: Pr, Sm 1 Gd), a uzyskane wyniki
tych pomiarow zebrane sa w rozdziale 9. Wykazany zostal stosunkowo waski zakres
tworzenia roztworéw statych poprzez podstawienie Ba®" przez kationy Sr*", co znaczaco
ogranicza ewentualng, spodziewang poprawe odwracalnej pojemnosci OSC. Niemniej
jednak, zadowalajace wyniki w aspekcie magazynowania tlenu uzyskano dla sktadu
Bay 9Sr0,1Y0.755m0 2sMn,0s,5 oraz zwigkszong OSC dla materiatu Bag oSt 1 YMnyOs.s.

Mozliwo$ci znaczacej poprawy pojemnosci OSC zostatly zbadane w testach
wlasciwosci materiatow zawierajacych zelazo i kobalt, jak przedstawiono w rozdziale 10.
Wybrane tlenki Lag¢Sro4CogsFep20s5, LagsSrosCoosFepsOss, SmgsSrysCopsFepsOs.s,
LagsBag sCogsFep 5035, a takze SmygsBagsCogsFepsOs.5 zostaty scharakteryzowane pod
katem ich struktury krystalicznej, zar6wno w formie zredukowanej, jak i utlenione;j.
W przypadku zwigzku SmgsBagsCoosFepsOs.s wykazano warstwowy rodzaj
uporzadkowania kationéow Sm’" i Ba®", analogiczny do tego obecnego w badanych
tlenkach zawierajacych Mn. Eksperymenty in situ XRD pozwolily zaobserwowaé zmiang
struktury krystalicznej od struktury typu brownmillerytu do struktury perowskitu podczas

utleniania poczatkowo zredukowanych Lag ¢Sty 4Cog sFeo 2035, Lag sSrgsCog sFep sOs.5 oraz
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Smy 5Stp 5C0op sFep s03.5. Najwyzsza pojemnos¢ OSC (powyzej 4 %wag.) zmierzono dla
sktadu Lag¢Sro4CopsFep 2035, natomiast najwieksza szybkos$¢ redukcji w temperaturze
500 °C (~ 2,3 min) stwierdzono dla materiatu o sktadzie Lag sSrysCogsFes03.5. Materiaty
z tej grupy wykazuja réwniez nizszg energi¢ aktywacji transportu jonowego. Wykazano
rownoczes$nie, ze zwigzki te posiadaja niewystarczajaca stabilnos¢ w warunkach
redukujacych, w szczegdlnosci w wyzszych temperaturach (> 500 °C), co ogranicza
mozliwo$¢ ich zastosowania.

Whnioski wynikajace z przeprowadzonych badan oraz zaprezentowanej dyskusji
wypunktowane zostaty w rozdziale 11, razem z zaleceniami dotyczacymi ewentualnych
dalszych badan nad wtasciwosciami materiatdéw OSM.

Niniejsza praca zawiera ponadto cztery zalaczniki. Pierwszy z nich (A) poswigcony
jest wysoce precyzyjnej identyfikacji strukturalnej wybranych BalLnMn,Os.5, ktora
wykonano na podstawie analizy danych synchrotronowych zebranych przy uzyciu
Advanced Photon Source znajdujacego si¢ w Argonne Laboratory (USA). Drugi zatgcznik
B zawiera dodatkowe informacje odno$nie aparatury pomiarowej dyfrakcji neutronéw oraz
parametry dopasowan strukturalnych zebranych danych. Zatacznik C przedstawia
informacje na temat ztozonego wniosku patentowego dotyczacego poprawy wilasciwosci
materiatow OSM w procesie mielenia wysokoenergetycznego. Dodatkowo, wybrane
wyniki dotyczace bezptomieniowego utleniania metanu przy wykorzystaniu BaYMn,Og

jako katalizatora 1 no$nika tlenu znajduja si¢ w zatgczniku D.
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Aim of the work

Oxygen is nowadays one of the most widely used industrial gas. The global market
of gases, including O,, is continuously growing, due to population and industrialization
increase. Oxygen is essential for many technologies, such as: production of steel and non-
ferrous metals, chemicals, petrochemicals, glass, ceramics, paper, but also it is used in
healthcare and medicine. As such, relatively high costs of transportation and storage of the
oxygen became a significant challenge. Regarding this, one of the possible solutions can be
related to a small-scale oxygen generation in the place of use. Nevertheless, novel, cheaper
and more effective ways of the oxygen production, storage and transportation has to be
developed [1]. Demand for the oxygen on a large, industrial scale is fulfilled by plants
using cryogenic methods. This is regarded nowadays as a mature technology [2]. On
smaller scales, where purity of the obtained gas is not a main issue, so called Pressure
Swing Adsorption (PSA) and related methods are considered to be suitable production
routes [3, 4].

Interestingly, it seems possible to fundamentally modify PSA-type methods through
usage of so called Oxygen Storage Materials (OSM) at elevated temperatures. This is due
to the unique property of OSMs related to reduction and oxidation of the material, i.e.
removal or incorporation of the oxygen from/into its crystal structure [5-7]. It is expected
that a high-purity oxygen gas can be produced using OSMs, however, it seems also
achievable to remove virtually all of the oxygen from a particular gas mixture, producing
O,-free gas.

Currently, the mentioned Oxygen Storage Materials are used commercially in Three-
Way Catalysts (TWC) installed in exhaust system of nearly all vehicles powered with
a petrol engine. In this application they act as additional, support catalyst, which is
responsible for maintaining the suitable partial pressure of the oxygen (pO,). This stems
from the nature of three main chemical reactions occurring in the considered catalytic

converters, i.e. [8]:

° oxidation of carbon monoxide,
o oxidation of unburned hydrocarbons,

. reduction of nitrogen oxides.
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The reactions are catalyzed (on the main catalyst made of precious metals) in an efficient
manner only if pO, in the flue gases remain on a certain level, close to the stoichiometric
one.

In 2010 Motohashi et al. [5] published impressive data concerning oxygen storage
related-properties of BaYMn;0s-BaYMn,0g¢ system, which seems to be the first candidate
for the novel OSMs. The reported results indicate fast kinetics of reduction and oxidation
reactions, as well as practical oxygen storage capacity (OSC) exceeding 3.7 wt.% at
500 °C, during gas change between air and 5 vol.% H, in Ar mixture, greatly exceeding
that of the currently used OSMs. The published work attracted great interest of scientists,
as the improved materials may be also used in many developing technologies and
industrial processes, which require precise control of the oxygen partial pressure, including

5, 9-12]:

o separation of the components of air in respect to the oxygen,

o flameless combustion of hydrocarbons and other anaerobic oxidation processes,
o so called Clean Coal technologies relying on oxy-fuel, chemical looping, etc.,

o production of synthesis gas,

. high-temperature technologies that require high purity oxygen,

. photolysis of water,

. Solid Oxide Fuel Cell (SOFC) technology.

The proposed by Motohashi et al. system with reduced BaYMn,0Os and oxidized
BaYMn,0O¢ materials belong to a wider group of cation-ordered perovskite-type oxides,
which chemical composition can be written as BaLnMn,0s,s (Ln: selected lanthanides)
[5, 13, 14]. These compounds exhibit a specific layered-type ordering of Ba®" and Ln’*
cations, and show unique transport and magnetic properties, which can be mainly
associated with electronic states of manganese cations [15, 16]. However, until now, apart
from the mentioned Y-containing oxides, other materials were not studied in terms of their
oxygen storage-related properties. Also, no systematic data are available concerning
possibility of formation of solid solutions by chemical substitution in barium or lanthanide
sublattices.

Scientific aim of this work is to develop an effective synthesis route, obtain and
study physicochemical properties, as well as optimize novel perovskite-based oxygen

storage materials, which exhibit high oxygen storage capacity, fast reduction and oxidation
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reactions kinetics, as well as show high reversibility of the processes. The precise

objectives of this thesis can be described as follows:

a)

Development of preparation method of single phase BaLnMn;,Os,5 (Ln: Pr, Nd, Sm,
Gd, Dy and Y) oxides with layered Ba-Ln cation ordering. Exploration of possibility
of formation of solid solutions in Ln-site and Ba-site substituted materials with
a general formula of Ba;.,SryY;.LnMn;Os.5. Trials regarding introduction of
smaller than Y* cations (e.g. Er’") into the Ln-site. Elaboration of role of ionic radii
of the cations in formation of the Ba-Ln ordered structure (see Fig. 1 below).
Systematic characterization of the synthesized materials in terms of their crystal
structure at room at high temperatures, powder morphology, oxygen stoichiometry
and its influence on the structural properties, as well as oxidation state of the
elements.

Elaboration of a model of the reduction process of BaLnMn;0Os.s materials.
Throughout characterization of the oxygen storage-related properties of the
compounds, such as reversible oxygen storage capacity at elevated temperatures,
kinetics of the reduction (oxygen removal) and oxidation (oxygen incorporation)
processes, determination of the characteristic temperatures of these processes.
Elucidation of the relationship between chemical composition, crystal structure and
oxygen storage behavior in the considered group of oxides.

Optimization of the materials in terms of the chemical composition, as well as
modification of the preparation method, in order to obtain compounds with the
improved properties, suitable for commercial application.

Studies regarding next generation OSMs exhibiting OSC exceeding 4 wt.% (focused
on selected group of Co- and Fe-containing perovskite-type oxides).

Preliminary research concerning possibility of application and catalytic activity of

the OSMs in a process of flameless oxidation of methane.

OO0 .()
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1.126 A 1.109 A 1.079 A  1.053A 1.027A 1.019A 1.004 A

> €
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Fig. 1. a) lonic radii of La®" cations in 8-fold coordination (lines given in comparison to Y*"), b) ionic radii of
Ba?" and Sr** cations in 12-fold coordination [17].
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1. Oxygen production and storage methods

Worldwide industrial gases market, according to Transparency Market Research
(TMR) [1], was approximated at USD 38.0 billion in the year 2011, and is predicted to
show a compounded annual growth rate (CAGR) of 6.3% by 2018, to the value of USD
58.4 billion. In 2011 hydrogen gas had the biggest market share, and was foreseen to be the
fastest growing segment, at an estimated CAGR of 6% from 2012 to 2018. For
comparison, for nitrogen the demand is estimated to reach USD 6.2 billion worldwide in
the same year. Steady increase in the oxygen production and consumption is also observed,
and the market is expected to expand up to USD 6.1 billion by 2018, mainly due to an
increase of demand from developing countries. For industrial production processes of steel
and non-ferrous metals, chemicals, petrochemicals, glass, ceramics, paper, as well as in
healthcare and medicine sector, oxygen is essential.

The largest consumer of the oxygen is steel industry. It requires large amounts of this
gas, on the order of 580 000 tones daily (tpd), using about 50% of the globally produced
amount of O,. Such big demand is satisfied by commercial companies (e.g. Air Liquide,
Linde Group, Praxair Inc. and Air Products and Chemicals Inc.) under long-term contracts
[18]. Production of steel can be proceeded in a more efficient way by implementation of
enhanced technologies (such as direct coal injection or direct reduction furnaces), where
oxygen is used to enrich the air, which in consequence leads to an increase of combustion
temperature. Over the years, the demand for oxygen in steel production increased, from
about 15 m® O, per ton of steel in 1970s up to approximately 100 m*> O, per ton of steel,
for some of the production processes nowadays.

Large, but diffused market for the oxygen is healthcare and medical sector. The O,
gas 1s used for treatment of such respiratory diseases as chronic asthma, cystic fibrosis,
chronic obstructive pulmonary disease. Also, it is used for helping patients with heart
failure-related conditions, but also during a medical emergency. Oxygen therapy is often
used not only in the hospitals, but also during the first aid action and in the course of
transportation of the patients. Some veterinary clinics are equipped with the oxygen
generation stations too. Rise of demand for the oxygen gas is also predicted in this branch
of industry, which is caused by development of the health care, aging of population,

unhealthy lifestyle, as well as by the increasing air pollution [1, 19, 20].
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Important consumer of the oxygen is chemical industry, which is related mainly to
manufacturing of refined products like petrochemicals, agrochemicals, pharmaceuticals
and polymers. For instance, Gasworld [18] reports on a significant increase in the oxygen
demand, which occurred over the past decade in Saudi Arabia, where the petrochemical
sector is consuming now about 8,000 tpd of the oxygen.

At the moment the need for the oxygen at the large scale is mainly carried out by
usage of cryogenic methods, as described in chapter 1.1 below. These methods require
a complex system of production and maintenance, specific conditions of pressure and
temperature, which make them energy-consuming and costly. Another applicable on the
industrial scale method, based on separation of O, from air, is Pressure Swing Adsorption
(PSA). It is based on a difference in chemical affinity of the air components in relation to
the adsorbents. PSA systems are characterized by near-ambient operating temperature, and
therefore are cheaper in operation. Also, their design is less complicated, comparing to the
cryogenic systems. Further description of this and similar methods is given in chapter 1.2.
The two mentioned technologies are nowadays considered as mature. Another proposed
oxygen production method relies on application of polymeric membranes (mature
technology) or ceramic ones (still in material development and testing stage), as described
in more details in chapter 1.3. Comparison of the presented technologies of the oxygen
production can be found in chapter 1.4, while information about systems used for the

oxygen storage is included in chapter 1.5.

1.1. Cryogenic liquefaction processes

Polish scientists from Jagiellonian University in Krakow, Z. Wroblewski and
K. Olszewski were the first who successfully liquefied the main constituents of air in 1883.
Considering industrial application, the cryogenic liquefaction process utilizing Joule-
Thompson (J-T) effect, i.e. temperature change of a gas (or a liquid) during its forced flow
through a valve (or porous plug) under isenthalpic conditions [21], was firstly carried out
in 1895, and then further developed by dr. Carl von Linde [22]. The basis of the method
relies on a difference in condensing temperature of the gases being components of the air
(Tab. 1.1). In order to carry out a gas (or gas mixture) liquefaction process, it is necessary

to obtain temperature below the respective condensation temperature at the corresponding
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pressure. For air, according to Linde group, the operating conditions are 7 = -140.7 °C
(132.5 K) and puir = 37.7 bar. It is worth noting that on a temperature versus pressure
diagram, a condensation line and a boiling point line delineate differ and create a boiling

point range in between [22].

Tab. 1.1. Composition of dry air and the respective boiling points under normal pressure. Based on [22].

composition of dry air vol.% boiling point [°C]

N, nitrogen 78.08 -195.8

0, oxygen 20.95 -183.0

Ar argon 0.93 -185.9
CO, carbon dioxide 3.8:107

He helium 5.0-107 -268.9

Ne neon 1.8:10° -246.1

Kr krypton 1.1-10* -153.2

Xe xenon 0.9-10” -108.0

The simple Linde-Hampson (L-H) cycle for gas liquefaction, with schematics of the
main components of the plant, as well as thermodynamic cycle data, is depicted in Fig. 1.1.
More advanced cycles can be also considered, like pre-cooled or dual-pressure L-H.
Alternatively, Claude cycle can be also used for gas liquefaction, with more complicated
variations like low-pressure Kapitza or high-pressure Heylandt cycles for air liquefaction.

In another variant, Collins liquefier was developed to liquefy helium [23, 24].

makeup compressor

as R
& S heat exchanger
(2) (3)
Joule —
P
Thomson ®
=
/Y\alve -§
1\\4/‘ QQJ.‘
=
L
o St
liqud | @
reservoir £
liquid =
mg

entropy s

Fig. 1.1. Schematics of Linde-Hampson cycle. The numbers and symbols correspond on the left and right
diagrams, respectively. W - work requirement, Q - heat flow, 712 - mass flow rate. Based on [23].
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In 1902 C. von Linde designed a separation plant for the oxygen production using
a single column cryogenic rectification system. Further enhancements resulted in
production of the oxygen and pure nitrogen simultaneously, which was achieved in
a double-column rectification system.

Operation of typical, currently used system for cryogenic air separation, which
allows for a production of liquid oxygen, liquid nitrogen and liquid argon, can be described

in the six following steps [25-27]:

o Compression of air
Ambient air is compressed at a pressure of about 6 bar. At this preliminary step dust
particles are removed by a mechanical air filter.

o Cooling and purification of air
At this stage processed air is water-cooled in a direct contact cooler. Dissolvable
impurities are removed from the air together with CO,, water vapor and
hydrocarbons, using periodically loaded/regenerated molecular sieve-type adsorbers.
For cooling, dry waste nitrogen gas, obtained in further steps of the process, is used.

. Low-temperature heat exchange
The treated air is cooled down, to nearly liquefaction temperature, by countercurrent
dry waste nitrogen flow.

o Cold production and internal product compression
Side stream of the process air is further compressed by an air booster compressor. At
the same time boosted air stream expands in a turbine, and the side stream of the
boosted air expands and liquefies in a liquid separator. Oxygen and nitrogen
products, in high-pressure heat exchangers, are evaporated and warmed up to the
ambient temperature.

o Cryogenic rectification of air
At this step pre-separation takes place in the pressure column. Oxygen-rich liquid
gathers in the column sump, and pure N, at top of the column. Pure nitrogen is
liquefied in the condenser/re-boiler using boiling oxygen. In the low-pressure
column, the oxygen-enriched liquid if further executed, leading to the production of

clean oxygen in the sump of the column, and nitrogen waste gas at the top.
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. Cryogenic rectification of argon
Argon-enriched gas is transformed to crude argon for further separation, and finally
gets to pure argon column, for the last step of purification. Liquid oxygen from the

crude argon column is pumped back to the low-pressure column.

1.2. Pressure-driven adsorption processes

Alternative methods used at the present time for the oxygen production on an
industrial scale rely on separation of air components via pressure- and/or temperature-
driven adsorption processes. Among them, Pressure Swing Adsorption (PSA) and Vacuum
Swing Adsorption (VSA) methods should be mentioned. The pioneers of PSA invention
were Finlayson and Sharp, who in 1932 obtained the first patent [28]. The technology,
however, was developed further and introduced commercially in the 1960s. There are
numerous variations of the technology available, but in general principle, the methods are
based on a separation of a mixture of gases, using different chemical affinity of the
adsorbing molecular sieves, in relation to the constituents of the gas mixture, depending
also on the thermodynamic conditions (total pressure, partial pressure, temperature) [29-
33]. The main advantage of the adsorption-type methods is a possibility to carry out the
process at the temperature close to the ambient one, and therefore, there is no thermal
energy exchange, as well as time and energy consuming cooling is not required. Pressure-
driven adsorption and desorption processes are cyclical in nature, and consequently,
a sequence of steps (adsorption, purge, equalization, evacuation, and re-pressurization) is
mainly used, in which gas purification occurs successively in a number of connected
vessels containing adsorbent material. Eventually (after time on the order of hours),
a steady state is reached, and the composition profiles remain relatively constant at a given
step, providing for example 88-94% pure oxygen as a product. PSA is often combined with
the Temperature Swing Adsorption (TSA) method, for the best efficiency [26].

In general, PSA technology is mainly used for production of nitrogen or hydrogen,
but also can be used to obtain oxygen-enriched gas. The conventional PSA schematics is
depicted in Fig. 1.2. The purification steps of the commercial technique with two vessels

containing the adsorbent can be described as follows:
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. The feedstock of mixed gases is (cyclically) pumped at an elevated pressure through
the system with two cylinders that contain beads of adsorbent material.

. The impurities in the feedstock gas are adsorbed onto surface of the adsorbent beads,
leaving demanded, purified gas in the vessel. This step is the fastest one, and takes
approximately 10 s. The purified gas is redirected through the system back to the
other cylinder, for another cycle of purification.

o Release of the impurities from the adsorbent material can be done by reduction of
a pressure in the cylinder. A small amount of product, purified gas, is used to rinse

the waste gas out of the vessel and prepare it for another purification cycle.

high purity gass low pressure purge
production adsorbent adsorbent regeneration

step step

contaminated feed gas

Fig. 1.2. Working principle of a conventional PSA, based on [34].

Nowadays, Pressure Swing Adsorption technique is often modified into VSA process
that also commonly operates at near-ambient temperatures. The dissimilarity of this
method, comparing to PSA, is in the adsorbents that adsorb the target gas at near ambient
pressure, but for the regeneration of the material, the vacuum conditions are used [35].

Due to the nature of the adsorption processes, the adsorbents are required to possess
specific properties, such as: developed porous surface and high capacity (amount of
adsorbate taken by the material per unit of mass or volume) preferably at low pressures,
selectivity and fast kinetics of the respective gas adsorption, stability in working
conditions, and last, but not least, should be easily regenerated, and their production costs

should be low. Rarely single adsorbent can fulfill all of these requirements. Generally, the
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adsorbents can be divided in two groups: inorganic materials, such as aluminas, silicas,
zeolites and organic materials, such as carbons, polymers and biomass-related [36, 37].

Currently, the most commonly used adsorbents in pressure-driven adsorption
processes are zeolites with a general formula of ABO,xH,O, where A: Na, K, Li, Ca, Ba
or Sr, and B: Si and Al in proportion in a range of 5:1 to 1:1. Naturally occurring zeolites
do not exhibit sufficient selectivity for the separation of the oxygen from air, however,
with synthetic zeolites it became possible to produce purified oxygen. Material having
Najz[(AlO;)12(S102)12]-27H,0  composition shows the best performance concerning
nitrogen uptake, and is used for the oxygen purification. Number of zeolites have been
already used for air separation, natural gas upgrading, refined gas separation, but also for
air pre-purification, gas drying and Ar/O, enrichment. More details, with additional
examples concerning adsorbents and special zeolites can be found in the literature [38, 39
and references therein].

Nowadays many companies offer easy-to-operate and safe PSA-based systems. Such
smaller-scale oxygen production units (e.g. PSA Oxygen Gas Plant [40]) are demanded in

various industries, including production of the oxygen for the medical usage.

1.3. Usage of membranes for the oxygen production

Commonly available solution for production of the oxygen-enriched air relies on
usage of polymer membranes, which purify demanded gas from nitrogen. For this process
the driving force is a partial pressure difference between two sides of the membrane [41]. It
is also worth mentioning that in the water electrolysis process, usually used for hydrogen
production and based on polymer electrolyte membrane (PEM) such as Nafion®, oxygen is
also produced [42]. The interested reader can find more information about application of
polymer membranes for example in works [43, 44].

Recently there is a growing interest in usage of alternative, ceramic-type membranes.
So called technology of ionic transport membranes (ITM), also known as dense ceramic
membranes is considered a very promising alternative for the oxygen production, even
though a research effort is still focused on development of new materials. Considered

materials (usually a dense ceramic sinters) that effectively conduct oxygen anions belong
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to groups of: perovskite-type oxides (ABOs3), fluorites (AO,), brownmillerite-type oxides
(A2B,05), Ruddlesden-Popper series (Ay+1BnOsni1) or similar compounds [3, 45-47].

High oxygen ion conductivity is always necessary for the membrane to work, and
with a lack of the electronic component of the conductivity, diffusion of the oxygen is
driven by an applied voltage (Fig. 1.3a). An additional electronic conductivity of the
membrane material results in simplification of the engineering design that reduces the
operating and input costs. In this case, the driving force for the diffusion process is related
to a difference of the oxygen partial pressure between both sides of the membrane (Fig.
1.3b). Considering needed high, mixed ionic-electronic conductivity, perovskite-type

oxides are among the most attractive compounds for the application [3].

a) b | membrane
o*
5 2- 22 o HE S > L
0, +4e — 20 20— 0, +4e Po, Po,
-
H L
Po, > Do,

Fig. 1.3. Ceramic oxygen-conducting membranes: a) pure O> conductor, b) mixed ionic-electronic conductor
(MIEC-type membrane). Based on [3].

According to da Costa et al. [3] in terms of membrane operation, five steps can be

distinguished:

o Feed side gas transport
The molecules of oxygen are transported from the gas phase to the membrane surface
by gas diffusion.

. Dissociation (surface reaction) on interface I (feed side)
The oxygen molecules are adsorbed on the membrane surface, and then disassociate,
due to a catalytic activity of the ceramic material. This step is controlled by the

kinetics of the surface dissociation.
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. lonic transport (bulk diffusion)
The oxygen ions diffuse through the crystal lattice of the material, which is driven by
a partial pressure gradient of oxygen across the membrane. Electrons are transported
in the opposite direction (either in the outer electric circuit or through the membrane,
see Fig. 1.3) to maintain electrical neutrality of the membrane. Effectiveness of this
step depends on the thickness of the membrane and is associated with bulk diffusion.

. Association (surface reaction) on interface Il (permeate side)
The oxygen ions recombine into oxygen molecules and desorb from the membrane
surface. The process is controlled by the kinetics of the surface association reaction.

o Permeate side gas transport

The oxygen molecules are transported to the permeate stream by gas diffusion.

Among major issues still being resolved in this technology, except for a choice of the
membrane material itself, problems with fabrication of desired geometry of the ceramic
sinters are essential. Also, while thickness of the membrane is of great importance, and can
be reduced to enhance bulk diffusion, below so called critical length, speed of the surface
exchange reaction becomes a limiting factor for the operation [47] and the mechanical

stability might be insufficient.

1.4. Comparison of the oxygen production methods

Comparison of selected, main types of the oxygen production methods is collected in
Tab. 1.2. Choice of the applied technology depends on the required purity of the oxygen,
demand on the gas, costs of the initial capital required and energy consumption during the
production process, and also on suitability for joint installations. For the commercial, high-
scale systems, the purest O, gas can be obtained via cryogenic method, and due to this, the
waste nitrogen stream is of a usable quality as well [48]. Pressure-driven adsorption
methods are suitable when lower volume and lower purity of the produced oxygen is
sufficient. Currently commercial systems operating on the polymeric membranes are used
mainly to enrich the gas up to 40 vol.% of O,. However, it is possible to obtain high-purity

gas, especially with membranes used for electrolysis of water [44]. At the present time
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technology of ceramic ITMs is still being developed, but new installations will be soon

operating, with much higher oxygen production capability, on the order of 100 O, tpd [3].

Tab.1.2. Comparison of available oxygen production methods. Based on [3].

technology cryogenic air pressure swing polymeric ceramic ITMs
separation adsorption membranes®
current status mature mature mature demonstration
0, purity (vol.%) [48] 99+ 95 40-100° 100
(remaining impurities) (Ar) (Ar) (N,, CO,, H,0)
O, flow rate in largest > 3000 [49] <350 [50] < 20 for oxygen 5
installations (O, tpd) enriched combustion
applications
installed capital costin ~ 310-500° 150-200 95-160 260-295
oxy-fuel or IGCC plant  [50, 51] for standalone for a 30 vol.% O, [51, 53]
(USD per kWe)° PSA system stream [53]
producing
<150 O, tpd [52]
energy consumption in  245-670° ~450-700 [54] 260 for 40 vol.% O,  100-655°
oxy-fuel or IGCC plant  [51, 53] stream [55] [51, 53]
(kWh per 1 ton of O,) 190-240 for hybrid
membrane/cryogenic
system [52]

“Typical usage. "For the electrolyser. “Value in US dollars (2008) per electrical power installed in kW. ‘Wide
range in these values reflects the differing O, flow rates required and energy integration opportunities
available for oxy-fuel and IGCC applications. “The largest value includes heating value of natural gas for
generating required operating temperatures for ITM system, whereas the smallest value represents only the
electrical energy input.

1.5. Oxygen storage systems

Storage of oxygen is implemented mainly in a form of oxygen tanks, where oxygen
is either cooled down and kept in a liquid form in special cryogenic tanks or stored in
a gaseous form in high-pressure tanks. High pressure tanks are used for smaller volume of
the oxygen needed, and are produced by many companies. Materials used for the cylinder
construction vary, starting from aluminum through steel to carbon composite materials. In
a typical, steel gas cylinder with a water volume of 20-50 dm?’, the oxygen pressure is
equal to 150-200 atm. Tanks to store on the small scale liquefied gases, including oxygen,

are vacuum-jacketed Dewar flasks. This type of container is not pressurized. The liquefied
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gas is prevented from escaping and isolated from the atmospheric moisture by a loose-
fitting dust cap located at a neck of a tubes. Commonly, 5- to 200-liter Dewar flasks are
available [56]. On the larger scale oxygen is usually stored in special cryogenic liquid
cylinders (Fig. 1.4). When the gas is required, vaporizer is used to deliver oxygen in
gaseous state, however, for some technical processes, e.g. food freezing, liquefied oxygen
is used. According to Air Products [56, 57], typical installation for the oxygen storage
contains a tank, a vaporizer, and controls, as depicted in a schematic figure below (Fig.
1.5). Usually systems are personalized, depending on user’s requirements and needs to

supply gas with desired parameters, such as pressure, purity level, flow rate.

economizer vapor line
top fill line
lifting lug

vapor space

inner tank, 9% nickel steel,

o= aluminum or stainless steel

—— liquid product

| ___ outer tank, carbon steel

. insulation evacuated to a
high vacuum

liquid tank

Fig. 1.4. Cutaway of a typical tank for storage of liquefied gas [57].
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Fig. 1.5. A typical liquid storage system used for argon, nitrogen and oxygen [56].
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As described above, storage of gases is commonly done in gaseous form in high-
pressure cylinders or liquefied form in special tanks or Dewar-type containers. However,
gas storage in solids, especially the hydrogen storage realized in a form of absorption or
adsorption in various hydrides, carbon-based materials and zeolites, is worth mentioning
[58].

Interestingly, with a development of OSMs, storage of the oxygen in oxides can be
also conducted. Comparison of typical gas cylinder with solid oxide storage systems is

presented in Tab. 1.3.

Tab. 1.3. Comparison of oxygen storage systems.

storage system stored  volume (water  mass of the 0SC special
oxygen capacity) system with [wt. %] requirements
kgl [dm3 ] oxygen
typical gas cylinder 7 40 70 ~10 storage preésure: 150
atm, spatial tank,
BaYanos-BaYMn206 7 35 915 37 special system to
system release the oxygen,

Typical gas cylinder with a water capacity of 40 dm’ allows for a storage of
approximately 7 kg of the oxygen at a pressure of about 150 atm, and weighs 70 kg (mass
of the cylinder plus the mass of the stored oxygen) [59]. This corresponds to the OSC
equal to about 10 wt.%. For comparison, BaYMn,0s-BaYMn,0¢ system possesses
reversible OSC exceeding 3.7 wt.% at 500 °C [5]. Nevertheless, considering the density of
the oxidized BaYMn,Og (~ 6.2 g-cm'3), the total volume, in which the same amount of the
oxygen can be stored a volume of less than 35 dm’ of the OSM. While the total weight
would be much higher than the corresponding gas cylinder (exceeding ~ 215 kg), the
storage would not need any special container or expensive maintenance of a low
temperature conditions. However, a special system would be necessary to release the
stored oxygen (allowing for an increase of the temperature up to about 500 °C with a
precisely controlled pO, at the same time). It seems that future development of OSMs

(with much higher OSC) may bring practical possibility of storing oxygen in this way.
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2. Oxygen storage in solids

Investigations of the oxygen incorporation reaction mechanism into oxides gained
recently a lot of interest, mainly because of two reasons. First, from a scientific point of
view, it is a fundamental case of chemical reaction between gaseous and solid state, and
therefore of interest for both, theoreticians and practical scientists. By controlling of the
oxygen content either via chemical or electrochemical oxidation it was possible to obtain
materials with unique physicochemical properties. For instance, by electrochemical
oxidation of SrCoOs;;s at room temperature in KOH solution, which proceeds via
topotactic-type route (so called oxygen intercalation), stoichiometric and cubic SrCoOs
oxide was produced [60-62]. Second, with a rapid development and application of
electrochemical devices such as gas sensors and solid oxide fuel cells, which operation
relies on the reaction of the electrode material with oxygen, understanding of the electrode
process allows to design novel compounds, exhibiting enhanced properties. This results in
an improved performance of the device, but also may help to solve crucial issues of
degradation of materials, and therefore is of a high technological relevance [63, 64].
Currently, there are many elaborated models describing the mechanism of oxygen
introduction into the structure of perovskite oxide, although in the literature there is no
homogenous theory developed, but rather, the case studies of selected oxides are given.

Considering the main topic of this thesis, in the following chapters oxygen storage
materials are discussed in details. Chapter 2.1 shows general introduction to the topic. As
discussion of the mechanism of the oxygen incorporation into oxides requires knowledge
also about surface reactions and catalytic activity, the following chapter 2.2 is focused on
a description of basic catalytic properties of the materials. Reported in the literature
description of reaction of the oxygen with perovskite-type oxides is given in chapter 2.3. In
the last part of this section, four different systems of the oxygen storage materials are

presented.
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2.1. Oxygen storage materials - introduction

Many oxides exhibit intrinsic oxygen nonstoichiometry, which may change
significantly, depending on the temperature and the oxygen partial pressure in
a surrounding atmosphere. This is, however, not enough for a particular material to be
considered as the oxygen storage material. The crucial issue in this case is related to
a possibility of reversible changes of the oxygen content. The ideal oxygen storage

material should exhibit the following properties [65]:

o large, highly-reversible oxygen storage capacity (OSC),

o fast speed of incorporation and release of the oxygen,

o chemical and thermal stability in the working conditions,
. low operating temperature (depending on the application),
o low cost of manufacturing and operation,

. environmental friendly.

In general, two major types of the OSM can be distinguished, depending on the
nature of the reduction/oxidation process. In the simplest case, systems of various metals
and their simple oxides (e.g. Cu-Cu,O-CuO, see chapter 3.4) can be used to store the
oxygen. While the OSC is very high in such materials, the reaction with O, is accompanied
by complete change of the crystal structure between the phases, and therefore, problems
related to reversibility and long-term usage appear. Alternatively, in complex oxides, only
part of the oxygen can be reversibly removed/introduced, and while the OSC in this case in
much smaller, the reversibility can be very high. The changing oxygen content can be
directly related to the oxygen nonstoichiometry level, however, the changes are beyond the
simple, point defect-type range and interpretation.

So far numerous oxides have been investigated in terms of the OSM criteria listed
above. Exemplary materials and their basic properties are given in Tab. 2.1. More details
regarding selected oxygen storage systems are gathered in chapter 2.4.

Unit commonly used for comparison of oxygen capacity between materials is given
as pmol of O stored in 1 g of the reduced material (Tab. 2.1). Another, more comfortable in
usage unit, is a weight percent of stored oxygen in the oxidize material in relation to the

reduced one. For example, BaYMn,0s-BaYMn,0O¢ system can store ~ 2400 umol O- g'l,
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which is equivalent to 3.85 wt.% of the stored oxygen. Concerning author’s results, in the

thesis the second unit (wt.%) will be used.

Tab. 2.1. Comparison of oxygen storage materials, based on [65].
compound type of structure 0OSC 0OSC temperature and atmosphere for

[Wt.%] [pmol O-g”] oxygen uptake/release processes

CeZr, 0, ; fluorite 2.78 ~ 1700 oxidation in oxygen atmosphere and

[66] reversible reduction in 20 vol.% H, at
500 °C

YBaCo,O.; hexagonal 4.32 ~ 2700 oxidation at 200-400 °C and reduction at

[67] 400-425 °C both in O,

Dy;.Y,MnO;,; hexagonal 1.97 ~ 1200 oxidation under high pressure oxygen at

[68] 500 °C and reduction in H, at 400 °C

Ca,AIMnOs,; brownmillerite 3.04 ~ 1900 reversible oxygen intake/release at

[69] 500-700 °C in O,

LuFe,04.5 layered structure of 2.28 ~ 1400 oxidation at 200-500 °C under an

[70] alternating [LuO,] oxygen pressure of ~ 0.2-107 atm and

and [Fe,04] layers reduction in H, from 500 °C

BaYMn,Os, 5 double perovskite 3.84 ~ 2400 oxidation at 200-390 °C in O, and

[5, 71] reduction at 200-490 °C under 5 vol.%
H,in Ar

2.2. Surface reactions and catalytic processes

In heterogeneous system of gaseous and solid phases, surface reactions are of great
importance, with adsorption of the gas species on the material being a key factor for the
reactivity, including also catalytic processes. This is also of a great importance for the
oxygen storage materials.

Depending on the forces acting between adsorbent and adsorbate, physical (van der
Waals forces) and chemical (chemical bonds) adsorption can be distinguished. The whole
process is complex and there are many physical models describing it. One of the simplest
theory of adsorption at a constant temperature has been proposed by Langmuir, and is

based on the following conditions [72]:
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. surface of the adsorbent contains a fixed number of places (seats) for the adsorbed
molecules, called active centers,

. one place can be occupied only by one molecule (it is possible to produce only
a mono-molecular layer),

. heat of adsorption is constant, regardless of a degree of surface coverage,

. dynamic equilibrium is established between adsorption and desorption processes.

The Langmuir theory refers to the ideal case where the adsorption takes place on the
energetically homogeneous surface, and there are no interactions between the adsorbate
molecules. In this theory, with an increase of pressure, isotherm of the adsorption reaches
a certain value. This theoretical model is a foundation for other, more complex models. For
example in 1931, Brauner, Emmet and Teller developed a multi-molecular adsorption
theory, named after the authors as BET. In their model, with an increase of pressure, the
isotherm increases to infinity, which results from assumed formation of infinite-layer
structure [72]. Practical accuracy of this theory is limited to certain values of pressure,
when dependence of rate coverage on pressure is linear. BET theory is widely used for

determination of the specific surface area of the materials (e.g. powders).

Models of reactions on catalytically-active surfaces

Adsorption processes are closely related to the catalytic activity of the materials. In
heterogeneous catalysis, investigations in the matter of adsorption and desorption of gas
molecules at the catalytically-active surfaces and their interaction with surface molecules

of the solid, has led to a number of proposed mechanisms of reactions occurring on the

surface. The most frequently used models are presented schematically in Fig. 2.1 [73].

Fig. 2.1. a) Langmuir-Hinshelwood mechanism, b) Eley-Rideal mechanism, c) Mars-van Krevelen
mechanism [73].
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Part (a) in Fig. 2.1 shows the Langmuir-Hinshelwood mechanism, according to
which both reactants are adsorbed on the surface “1” and “2”, prior to the occurrence of the
reaction. Catalysis itself proceeds via the collision of atoms of adsorbed molecules on the
catalytic material, and the reaction product is desorbed from the surface “3”. The reactivity
in this type of mechanism is the highest when stoichiometric amounts of reagents are
adsorbed on the surface of the catalyst. Even distribution of the reactants throughout the
surface is also of importance. Majority of the catalytic reactions take place according to
this mechanism, for example, oxidation of CO to CO, on platinum catalyst (occurring for
example in the main catalyst in three-way catalytic converters used in exhaust system of
petrol engine cars) [72].

When the catalytic reaction takes place according to Eley-Rideal mechanism, part
(b) in Fig. 2.1, only one of the substrates is adsorbed on the surface “1”, and the second
one reacts directly from the gas phase, resulting in a desorption of the reaction product “2”.
The reaction rate in this case is proportional to the pressure of reactant in the gas phase and
the surface coverage by the adsorbing substrate. Exemplary reaction taking place according
to the Eley-Rideal mechanism is hydrogenation of CO, during synthesis of formate on the
copper catalyst. In such reaction hydrogen is adsorbed on the Cu substrate [72, 73].

In Mars-van Krevelen mechanism, part (c) in Fig. 2.1, surface of the catalyst takes an
active part in the reaction, involving formation of chemical bonds between it and one of the
substrates with creation of a thin layer “la”. The second reactant interacts with atoms
chemically bonded on the surface directly from the gas phase “1b”. After desorption of the
reaction product, formation of vacancies takes place. Then, the vacancies interact with
another particles of the reagent to start another cycle of the catalysis process. For example,
according to this model some of the oxidation reactions are catalyzed, such as the
oxidation of propene to propenal on bismuth molybdate [72].

In general, efficiency of heterogeneous catalytic process is mainly related to the
amount of active centers on the catalyst, on which the adsorption process occurs
preferentially. In many processes, precious metals (e.g. platinum) are used as catalytic
materials, and therefore, usually the catalyst is constructed as a thin layer covering the
porous surface of a substrate made from much cheaper carrier material (e.g. Al,O3). This is
to obtain the best possible surface-to-volume ratio, while minimizing catalyst
manufacturing costs [72].

Taking into account the oxygen storage-related properties of the studied perovskite-

type BaLnMn,Os.,5 oxides, their catalytic activity might be expected in reactions involving
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oxygen. For instance, as reported by Motohashi et al. [5], towards flameless methane

combustion. This issue is discussed in more details below in chapter 3.2.

2.3. Mechanism of oxygen incorporation into perovskite-type oxides

As mentioned above, there is no single theory developed, which can explain all
issues related to incorporation of the oxygen into oxides, but rather particular cases are
studied in more details.

The authors of work [60] analyzed results of depth-resolved O-K and Co-L near edge
XANES spectroscopy for series of SrCoOs;; oxides with high and different oxygen
nonstoichiometry (0.18 < § < 0.5). The obtained results and their analysis indicated that
surface of the particles of materials is highly-defected, which allows for a rapid diffusion
of the oxygen. However, there is a big difference in the Co-O coordination type between
the surface region and bulk of the grains. The chemical reaction of incorporation of the

oxygen into SrCoQs_5 can be described with the following steps [60]:

o Oxygen incorporation starts from surface absorption of O, molecule, which is
filling an oxygen vacancy position next to the tetrahedrally coordinated cobalt.
The molecule is also reduced to O, superoxide species.

o The incorporated O3 is gradually reduced and split into O*~ intermediate species.
At the same time the neighboring Co-O coordination polyhedron is changing from
tetrahedron to a square-pyramid.

o In the bulk, the 0*~ is re-oxidized to 0*~ (0 < z < x), with a notable 02, ligand

hole character.

The authors noticed very small chemical shifts of Co-L,3 edge upon oxygenation,
and concluded that the described processes mostly involve electron transfers between the
oxygen atoms, which do not have the formal oxidation state of -2. Generally, the whole
described process of incorporation of the oxygen into SrCoOs.5 oxide can be compared
with intercalation of lithium into electrode materials used in lithium ion batteries. It
proceeds as a topotactic (meaning that the basic framework crystal structure is maintained

throughout whole process) redox-type reaction (with changes of the oxidation state of the
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oxygen and cobalt), and therefore it can be named as oxygen intercalation [60]. One
additional result from work [60] should be cited. The authors noticed lower diffusion
coefficient of the oxygen in the bulk, comparing to the surface-related steps of the oxygen
intercalation. This has profound influence on the oxygen-storage-related properties, due to
a possible, limiting condition for the kinetics of the oxygen insertion and removal
into/from material’s structure. Generally, while the described above mechanism was
discussed for SrCoOs;;, it seems that it might be also used to analyze behavior of
perovskite-type oxygen storage materials.

In literature there are comprehensive data available regarding oxygen
nonstoichiometry 6 [74-76], as well kinetics of the oxygen transport [77-80] in various
Mn-, Fe- and Co-containing perovskite-type oxides. However, due to their possible
application as cathode materials in Solid Oxide Fuel Cells, usually data are presented
concerning operating conditions of SOFCs (e.g. T = 800 °C, air). Apart from experimental
results, also density functional theory (DFT) studies are shown, and for example,
Mastrikov et al. [81] demonstrated that (Coj.yFe,)-O chemical bonding is strongly
influenced by covalence effects in Ba;.,SrCo.yFe O35, with effective charges of cobalt
and iron cations being smaller than their formal oxidation state +4. This result is in
agreement with work [60], indicating higher than -2 state of the oxygen in SrCoO;_s. The
authors concluded that formation of the oxygen vacancies causes transfer of the electronic
density to the nearest Fe and Co cations and reduction of their oxidation state, as expected.
Also, it was found that the nearest Co cations receive larger electron density fraction,
comparing to the nearest Fe cations, but unexpectedly, the increase of the averaged atomic
charge is greater for Fe than for Co cations [81]. The authors also noticed that the oxygen
vacancy formation energy in Ba;SriCoi.,Fe O35 materials is much smaller than for
isostructural LaMnOj; and SrTiO; oxides, and from practical point of view, it means orders
of magnitude increase in vacancy concentration at elevated temperatures, which is
desirable for fast oxygen transport in various energy-related applications [81].

In other theoretical works, pathways for oxygen incorporation into La; (SryMnOs_5
perovskites were studied by DFT-based technique (Fig. 2.2 and 2.3) [82, 83]. The authors
concluded that the most favorable oxygen incorporation pathway is on the MnO, [001]
termination of the material. This is partially due to a much lower concentration of the
oxygen vacancies on the LaO termination of La;SrxMnOs.5. The rate-determining step
can be related to a meeting between adsorbed O~ and the oxygen vacancy on the surface,

which corresponds to a thermally activated diffusion of the vacancy along the surface. It
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can be therefore stated that a high surface vacancy concentration and a high mobility are
beneficial for a high reaction rate. At lower pO, a change in the rate-determining step can
be ascribed to the actual dissociation of molecular oxygen.

The authors of cited works [82, 83] noticed complex nature of the oxygen
incorporation into La; SryMnQs_s, during which surface transport steps, as well as actual

dissociation reactions can become limiting.
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Fig. 2.2. Three possible scenarios of oxygen incorporation into La;,SryMnO;; a) O, adsorption and
dissociation without vacancy, b) O, adsorption without vacancy but dissociation with the oxygen vacancy V;
assistance, and c¢) O, adsorption directly into vacancy [83].
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Fig. 2.3. Total energy (black) and Gibbs free energy (blue) profiles of the most probable oxygen
incorporation mechanism into La;,Sr,MnO;_;. Possible rate determining steps are marked in red [82, 83].
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According to Merkle and Maier [84], reaction of oxygen intake into Fe-doped
SrTiOs5 sinters exhibiting mixed ionic-electronic conduction can be divided into three
following steps: 1) surface reaction including chemical kinetics at the surface and transport
through the subsurface layer, 2) bulk transport, 3) transport across (or along) internal
boundaries. General model showing such transport processes is displayed in Fig. 2.4.
Depending on the slowest (determining) processes, four sub-models can be also presented,
taking into account bulk diffusion coefficient D%, the surface reaction k% and the grain

boundary Egb constants (for simplicity assumed to be isotropic along and across the

boundaries) [84, 85].

0, P 0y +2h -V €>0y+2h V"
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Fe Ti Fe Ti

surface reaction chemical diffusion  transfer across
grain boundary

: = : : =5
jo = —k® « 8cg | surr jo= —D? - Veo Jo= —Kgn 8¢ ‘gb

Fig. 2.4. General model of the transport process in Fe-doped SrTiOj; that includes basic equations describing
surface reaction, chemical diffusion and transfer across grain boundary. Based on [84, 85].

As presented in Fig. 2.5, in the first case (a) the surface reaction is fast, and there is
no fast diffusion path nor blocking observed on the grain boundary. In the second situation
(b) the surface reaction is slow, but the diffusion inside the grain is fast. In the next
considered case (c) the surface reaction occurs fast, and the grain boundary provides fast
diffusion path. In the last possibility (d) the reaction on the surface is fast but grain

boundary is a limiting factor [84, 85].
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Fig. 2.5. Schematics of oxygen incorporation into a four grain crystal sample of the thickness [ (shade of blue
refers to the increasing oxygen concentration, dark line refers to the surface of the material). Figure based on
[84, 85].

Oxygen release at high temperatures (and/or low pO;) causes significant changes in
thermal expansion and is also influencing mixed ionic-conductivity of the material. These
two parameter are of crucial importance from the viewpoint of application of particular
oxide in SOFC or ceramic membrane technologies [85, 86]. It should be also emphasized
that many oxidation catalysts possess good mixed conducting properties, and the
contribution of lattice oxygen is of great important on the catalytic activity, as well as
selectivity of the material [84]. Therefore, high catalytic activity of various OSMs is both,
expected and confirmed.

Changes of the oxygen content influence also electrical properties of the materials,
and for example, the mentioned SrTiOs3;5 can transform from n-type to p-type electronic
conductor with pO, change from 10 to 10 bar at 800 °C, corresponding to changes of
the oxygen content of about 10 ppm [84]. Magnetoresistance of this compound was also
shown to be dependent on the oxygen content [87]. Obviously, changes of 6 may also
influence crystal structure of the compound. More discussion about this issue is presented
in chapter 4, where brownmillerite-type crystal structure was presented and compared with

the perovskite-type one.
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2.4. Oxygen storage materials systems

As presented in Tab. 2.1, various oxygen storage materials are investigated
nowadays. Selected system are described below: commonly used ceria-zirconia or ceria-
lanthana oxides, sulfur-based system of a particularly high OSC, Y xLnyMnOs;.; operating
with a constant oxygen partial pressure but due a temperature swing, as well as the
mentioned BaYMn,0Os5-BaYMn,Og system, which is a reference for most of studied in this

work OSMs.

2.4.1.Ceria-based oxygen storage materials

At the present moment Ce;.xZryO,.5 and Ce;4La,O,5 oxides are commercialized as
oxygen storage materials. The systems are commonly referred in the literature as CZ and
CL, respectively [66, 88]. In both cases, an ability of cerium for a reversible change of the
oxidation state between Ce*” and Ce’" in the fluorite structure, which may take place
depending on the temperature and the oxygen partial pressure, is utilized. For example,
Ce5Z1)50,.5 material possesses theoretical oxygen storage capacity of 0.5 mol of O, per
mol of the compound, which corresponds to 2.78 wt.% change in relation to the reduced
material. In a general case of Ce; xZrO,.5 redox-type reaction related to the oxygen storage

can be written as (1):
CettyZry0, & Ceyty Cel*Zry0,_y/, + y/40;, (1)

For commercialization on a large scale in three-way catalytic converters (see chapter
3.1) an improvement of the properties of CZ and CL was needed, and so called second and
third generation OSMs (especially prepared solid solutions, as well as materials doped with
Al,O3) were introduced. However, technology of these materials seems to reach its limits.
Undoubtedly, the advantage of ceria-based systems stems for their high catalytic activity
for conversion of CO, NOy and CHy, which is directly related to the high oxygen storage
capacity [66, 88].
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2.4.2.Ln;0,S-Ln,0,S04 systems

Recently, Machida et al. [89, 90] introduced novel oxygen storage materials,
lanthanide oxysulfates, with a general formula of Ln,O,SO4 (Ln: La, Pr, Nd and Sm),
which work using ability of sulfur to change its oxidation state. Systems operate according

to the reaction (2):

Ln,0,56+0, & Ln,0,52~ + 20, )

Theoretical oxygen storage capacity in this case is particularly high, 2 mol O, per
mol of the compound (18.50 wt.%). However, disadvantages of this system can be related
to a higher operating temperature (> 600 °C) and problems with sulfur evaporation [91].
Among the series of proposed materials, sample containing praseodymium possesses the
lowest operating temperature, which can be related to an ability of praseodymium to
change its oxidation state (i.e. Pr/Pr*"). Also, praseodymium present the surface plays
a role of mediator for the sulfur redox reaction. Some additional work regarding
microstructural and chemical modifications were also conducted, but reversibility of this
system still remains insufficient. Despite this fact, patent application was granted on
Ln,0,SO4 materials, supported by noble metals as oxygen storage and release materials

and exhaust gas purifying catalysts [92].

2.4.3.Ln;YMnO3.; systems

Some oxygen storage materials, as for example among others Dy;xYMnOjs.;
manganites of a hexagonal structure, do not require change of oxygen partial pressure for
operation (change of oxygen content), but rather change of the temperature [93, 94].
Relatively narrow range of a temperature swing between 200-400 °C depending on the
composition allows to reversibly store up to even 1233 pmol O-g” (~ 2 wt.%) as in the
case of Dyp7Y03MnOss compound. This property makes the materials handy for
application in production of purified gases using temperature swing absorption techniques.
Introduction of other Ln cations in Dy; Yy sublattice allows for modification of the
operation temperature and also results in changes of the oxygen storage capacity as

presented in Fig. 2.6.
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It is worth mentioning that described materials incorporate oxygen into interstitial
positions (in contrary to single perovskites LnMO;s (M: Fe, Mn, Co, and Cu or double
perovskites BaLnMn,Os.5), which is possible due to low formation energy of such defects
at relatively low temperature. The stability of the oxidized phase increases with an increase

of the ionic radii of Ln cation in LnMnOs.5 group of oxides [92].
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Fig. 2.6. Comparison of the temperatures of reduction (solid circles) and oxidation (open circles), the
temperature sweep interval AT = T..q — Toxi» and the amount of stored oxygen per gram of material, AO,,
for several oxygen storage systems [93].

2.4.4.BaYMn;05-BaYMn,0O system

In 2010 Motohashi et al. reported high reversible oxygen storage capacity in the
BaYMn,05-BaYMn,O¢ system, suggesting its possible practical usage [5]. Ability for
reversible storage of the oxygen in BaYMn,Os,;5 originates from possible changes of the
oxidation state of manganese cations present in the perovskite-type structure. Oxygen

storage-related reaction can be written in this case as (3):

BaYMn3*Mn**0, & BaYMn?*Mn3*0s + 1/20, (3)
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As can be seen, in the oxidized compound formally, Mn’* and Mn*" cations are
present, which are reduced to Mn?" and Mn®" in BaYMn,Os. The change between the fully
oxidized and the completely reduced material is accompanied by a release of 0.5 mol of
O,, which corresponds to the theoretical weight change of 3.85 wt.% of the oxidized
material in relation to the reduced one. Complete oxidation of BaYMn,0Os occurs below
400 °C during annealing in air or oxygen, whereas reduction of BaYMn,0Og takes place
below 500 °C in the atmosphere of 5 vol.% H; in Ar or at 550-600 °C in pure nitrogen [7].
These conditions correspond perfectly with the ones present in the mentioned three-way
catalytic converters, and therefore the system seems attractive for application. What is
more, sharpness of the oxidation and reduction processes is greater for this materials than
for the other systems described above [71].

For a crystallographic point of view, during reduction of BaYMn,Og the oxygen is
preferably removed from the positions in the Y-related layer, changing coordination of the
manganese cations. However, for large changes in the oxygen stoichiometry, the classical,
point defect-related notation of the processes is not adequate, as such big changes of the
oxygen content cause shifts of atoms and structural distortions, despite that the structural

framework is preserved. More detailed description of these issues is given in chapter 4.5.
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3. Application of oxygen storage materials

Oxygen storage materials, due to their ability to reversibly store oxygen in the
structure and catalytic activity already found implementation in several commercial
technologies. Most widespread application of OSMs is in the three-way catalytic
converters, which constitute a part of the exhaust system of vehicles equipped with the
petrol engine. This usage of OSMs is described in chapter 3.1. Another use is related to
chemical looping combustion processes (chapter 3.2), with new results published about
flameless methane combustion utilizing BaYMn,Og as a catalyst, as presented in chapter
3.3. While many more possible applications might be considered (see Aim of the work
section and references [5, 9-12]), one particular, also concerning Clean Coal technology
and focused on improved Integrated Gasification Fuel Cell system, is described in more

details in chapter 3.4.

3.1. Three-way catalytic converters for automotive industry

Importance of application of an effectively working three-way catalytic converter
(TWC) can be emphasized by giving the estimated number of vehicles on operation that in
recent past exceed 1 billion [95]. Even though some of the vehicles operate on diesel
engines or are equipped with alternative power systems (hybrid or electric cars),
conversion of dangerous and toxic gases (CO, CHx and NOy) is of importance, and the
current solutions need to be improved in terms of efficiency and price. Initially, the
converters were developed as two-way catalysts, allowing only for conversion of CO and
CHy. Later, a more advanced ones were constructed, which enabled to convert NOy gases
as well. These converters, dubbed as three-way catalysts, allow for the following reactions

to take place:

. oxidation of carbon monoxide (4):

2C0 + 0, — 2C0, (4)
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. combustion of unburned carbohydrates (5):

3x+1 )
CXH2X+2 + [ 2 ]02 s XCOZ + (X + 1)H20
. reduction of nitrogen oxides (6):
2NOy — x0, + N, (6)

A typical construction of TWC is presented in Fig. 3.1. The main part of the device is
a honeycomb-structured monolith made of ceramic or metal (aluminum oxide is most
commonly used). The honeycomb structure results in a significant increase of the reaction
area to volume ratio, and therefore provides maximally possible contact with the flowing
exhaust gas. The monolith is a support for the embedded noble metals (the main catalyst),
as well as oxygen storage material (which acts as an auxiliary catalyst) [96-98]. The most
commonly used precious metal is platinum, because of its very good catalytic properties
towards both, oxidation and reduction reactions. Other precious metals like palladium (as
the reduction catalyst) and rhodium (as the oxidation catalyst) are also used, depending on

a specific technical solution.
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Fig. 3.1. Three-way catalytic converter, based on [99].
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Nowadays, computerized closed-loop feedback injection system, equipped with at
least one oxygen sensor (lambda probe) is used in commercial vehicles, with additional
sensor commonly mounted for supplementary control. This system is responsible for
controlling of the appropriate amount of injected fuel and supplied air. However, under
rich conditions (excess of fuel), occurring in the case of rapid acceleration of the vehicle,
not enough oxygen is available in the exhaust gases for the oxidation reactions (conversion
of CO and CHy) on the main catalyst. At this point the needed oxygen is released from the
oxygen storage material, which therefore can be described as the auxiliary catalyst, helping
to maintain the appropriate oxygen partial pressure. Oxygen storage capacity of OSM is
thus one of the main indicators of quality of such catalyst, as larger capacity would allow
for a longer operation time. Under lean conditions (excess of air), depleted OSM will
absorb oxygen back, decreasing pO,, and so will help to catalyze decomposition of NOj.
Consequently, it can be stated that the main role of the OSM in three-way catalytic
converter is to help maintaining the appropriate oxygen partial pressure in the exhaust gas,
which is crucial in terms of efficiency of the conversion rates on the main catalyst.

As presented in Fig. 3.2, in order to obtain simultaneously high conversion efficiency
of carbon monoxide, unburned hydrocarbons and nitrogen oxides in the TWC, the ratio of
air to fuel supplied to the engine must be kept within a narrow range. Typical gasoline

engines operate at the air to fuel ratio A oscillating between 0.997 and 1.003 [100].
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Fig. 3.2. Effect of the air to fuel ratio A on the operation of a catalyst converter, based on [101].
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Air to fuel ratio depends also on other factors, such as speed and way of driving or
outside temperature, which depends on location, season and weather. Moreover, vulnerable
point is a start of the vehicle, as well as the first few minutes of its operation, which
generate higher emissions (so called cold start emissions) [102].

Detailed oxygen storage modeling in three-way catalytic converters can be found in
works [103-105]. Nevertheless, faster kinetics, moderated reaction temperatures and higher
gravimetric oxygen storage capacity seem to be important factors for the effectively
working OSM. New materials, apart from the commercialized CZ and CL, such as
perovskite-type oxides with a general formula of ABOs (A: La, Sm, Gd, etc.; B: Cr, Mn,
Fe, Co, Ni, etc.) are of interest for this application [106]. This is also due to the fact that
such perovskites exhibit good oxidation catalytic activity for flameless combustions of
hydrocarbons, as well as can be improved by addition of a noble metals like Pt, Pd, or Rh
at the B-site. It was proven, however, that noble metal tend to exsolute from the perovskite
structure, and this process is not fully reversible. Nevertheless, tests of these materials

applied in real-scale TWCs are now planned [106].

3.2. Chemical looping combustion

Novel combustion technology called chemical looping combustion (CLC) was
developed, which relies on a principle of burning a fuel without mixing it with the
molecular air, but rather with using so called oxygen carrier. This oxygen carrier is in fact
also the oxygen storage material. The CLC method involves cyclic reduction and oxidation
of OSM (e.g. simple Mn, Fe or Ni oxides) to provide oxygen needed for the combustion.
Initially, the oxygen carrier is reduced in the reactor, and the oxidation of a fuel takes

place, according to the summary reaction (7) [107]:

(2n + m)Me, Oy, + CHypm = (2n + m)Me,Oy_; + nCO, + mH,0 (7)

Then, the reduced OSM needs to be re-oxidized, however, this process takes place outside of

the main fuel reactor, in so called air reactor. The oxidation reaction can be written as (8):

2Me,0y_; + 0, — 2Me, 0, (8)
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In this technical solution produced stream of CO,-containing exhaust is already
suitable for sequestration or other utilization. The advantage of the CLC combustion, in
comparison with the traditional one, is related to the lower emission of harmful CO and
NOx. In order to maintain high effectiveness of the process, noble metals such as platinum,
palladium, rhodium or iridium (embedded and immobilized on Al,O3) are used [106]. The
needed OSM materials, suitable for CLC, are required to have high reversible oxygen storage
capacity, but also must be very stable in working conditions (i.e. high temperature, reducing
atmosphere). Among materials proposed for this application are also perovskites-type ABO;
(A: La, Sr; B: Mn, Fe, Co) oxides. These compounds exhibit interesting redox properties
connected with the oxygen nonstoichiometry and can release oxygen according to the

following reaction (9):
1 )
ABO(z-s)ar < ABO(3-s)rr + 5 (6rr — 6AR)O2

Where AR and FR refer to air and fuel reactors, respectively [107-109].

Recently Q. Song et al. [109] demonstrated applicability of Cu-based OSM in such
application. The authors proposed sintering method based on calcination of Cu-Al layered
double hydroxides as precursors to obtain these novel OSMs. The synthesized composites,
which operation mechanism is based on reversible phase changes between CuO, Cu,O and
Cu work effectively at temperatures in 800-1000 °C range, delivering very high OSC on
the order of 12 wt.%. Usage of such the OSM is also attractive due to possible elimination
of otherwise needed noble metals, which could results in decreased costs of the CLC
system. A schematic representation of the proposed OSM for the chemical looping

combustion is given in Fig. 3.3.
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(u()m() f \ Cu/ALO,

Fuel CO,+ H,0
Fig. 3.3. A schematic representation of CuO/Al,O; composite OSM and the corresponding chemical looping
redox cycle, based on [109].
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3.3. Flameless methane combustion with BaYMn,0s.; catalyst

Interestingly, the mentioned BaYMn,0s-BaYMn,0¢ OSM system was also shown to
possess good catalytic properties in CLC-related flameless methane combustion process.
The obtained conversion diagram of CH4 (Fig. 3.4), published by Motohashi et al. [5],

indicates that the conversion process with a help of BaYMn,Os.5 occurs already at 450 °C.
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< 60} —#—Ch, ]
'3 blankO
o —0—0;

2 40+ —e—CH,
o
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Fig. 3.4. Conversion of methane with a help of BaYMn,Os,;s as a function of temperature [5].

Numerous other perovskite-type compounds, such as La;SryCoO; (x = 0, 0.2 and
0.4) or other oxides with Fe and Ni cations present at the B-site in ABOs, were shown to
exhibit catalytic activity, and therefore can be applied in methane combustion processes
[110]. Also, it was documented that formation of structural defects and level of the oxygen
nonstoichiometry are both connected with catalytic activity of the perovskite-type oxides.
Properties of the materials can be tailored by an appropriate substitution of the trivalent
cation in the A-sublattice with a bivalent one, which causes change of the oxidation state of
B-site cations. Such modification in the Co-containing perovskites leads also to
a formation of the oxygen vacancies.

It should be also stated that methane conversion rate depends on the partial pressure
of the CHg, but only at low temperatures. At high temperature range, where the conversion

is close to 100%, the combustion depends only on the amount of the supplied oxygen
[111].

Chapter 3. Application of oxygen storage materials 35



3.4. Integrated Gasification Fuel Cell system with OSM-based unit

Production of electrical power using integrated Coal Gasification Fuel Cell (IGFC)
power plants that use Solid Oxide Fuel Cell (SOFC) technology gain on popularity because
of high efficiency, even up to 60% [112]. Regardless actual applied solution (e.g.
conventional or catalytic coal gasification) Air Separation Unit (ASU) is an inherent
element. The via cryogenic method obtained oxidant [113] is mainly utilized in the coal
gasifier (Fig. 3.5), however it can be also used in the sulfur recovery process and in the

anode gas oxy-combustor [112].
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Fig. 3.5. Schema of a design of integrated gasification fuel cell system, with air separation unit, based on
[114].

It seems that OSMs can be applied for integrated technologies that demand oxygen
production and storage units as for example, in the mentioned Integrated Gasification Fuel
Cell solution that can be equipped with the OSM-based oxygen storage unit that should
help to increase the overall efficiency. This is of a crucial importance, as about a quarter of
the total energy produced in the IGFC system is consumed in the syngas production section
(gasifier).

A novel concept of the IGFC system equipped with the mentioned oxygen storage
and also hydrogen storage units was proposed within the joined JSPS-PAN project
between Poland and Japan, entitled “Development of IGFC System with Oxygen and
Hydrogen Storage Units”. The author of the thesis participated in the project [115].
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4. Physicochemical properties of perovskite-type oxides

BaLnMn,Os.s as well as considered in this thesis Co- and Fe-containing oxygen
storage materials crystallize in a structure that can be derivative from the one of cubic
ABO; perovskite. Understanding of the crystal structure-related properties allows for
further discussion regarding oxygen nonstoichiometry and transport properties of the
compounds. Consequently, chapter 4.1 presents a detailed description of the cubic and
distorted perovskite-type structures, with the following chapter 4.2 focused on possible
cation or anion nonstoichiometry in ABO;-type oxides. Transport properties of such
materials are discussed in chapter 4.3. In the next three chapters 4.4-4.6, physicochemical
properties of A- and B-sublattice cation-ordered, perovskite-type oxides are discussed,
with additional information given about perovskite-related brownmillerite structure. The

last chapter 4.7 presents current knowledge about properties of BaLnMn,Os.5 oxides.

4.1. Crystal structure of perovskite-type oxides

Ideal perovskite-type structure

Formally, the “perovskite” designation is reserved for CaTiO3 mineral, discovered by
Gustav Rose and named after another mineralogist Lev Perovski. Soon it has been found
that other compounds possess the same cubic structure and ABXj stoichiometry. These
materials are referred as having perovskite-type structure (or simply as perovskites),
although CaTiOs; was later determined to exhibit orthorhombic symmetry [116]. From the
crystallographic point of view, ideal perovskite structure is cubic with Pm-3m space group
(group no. 221 in Hermann-Mauguin notation). In ABX; formula, A typically represents
a large metal cation, usually belonging to lanthanide or alkaline earth metal groups. B-site
cations are significantly smaller, and typically 3d metal cations are located in this position,
however, commonly other cations can be also present, like cerium or niobium. Most
typical X-site ion is the oxygen anion, but sulfide or halide anions can also occupy this site.
Combination of the oxidation state of ions in ABO; is often A3+, B** and OZ', however,
various different options are also possible (e.g. oMo®"0;, Li'Nb>"O5 or Ba*'Ti*'Os;

0: unfilled position) [117]. Multiple substitution in both cationic sublattices and in
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different proportion is possible and of scientific interest, since it allows to stabilize metal
cations in B sublattice in unusual oxidation state such as Cu’ - Bi*" or Ir’".

Fig. 4.1 shows visualization of the crystal structure of the ideal perovskite unit cell.
In this structure X-site anions together with A cations form a face centered cubic (fcc)
arrangement, in which % of the formed octahedral voids is occupied by B-site cations. The
A-site cations are surrounded by twelve anions in 12-fold (cubo-octahedral) coordination,
while B cations are surrounded by six anions in octahedral coordination (BX4 octahedra).
Regarding X anions, their coordination sphere is created by four A cations and two
B cations [118]. Alternatively, the structure can be described as created by corner-sharing

BX octahedra, in which A cations are placed in all voids having 12-fold coordination.

@)

Fig. 4.1. Visualization of structure of ideal, cubic perovskite. A-site can be described with Wyckoff notation
as 1a (0,0,0), B-site as 1b (!%,'%,%2) and X-site as 3c (0,%2,%2). Radii of ions not to scale.

Since only a few oxides from the ABXj group crystallize in perfectly regular
structure, in 1927 Goldschmidt introduced a structural tolerance parameter t (tolerance
factor) that allows for a geometric determination of a degree of deformation of the
structure from the ideal, cubic one. With approximation of the ionic radii, the following

equation (10) can be derived for the tolerance parameter tg:

__MatTx (10)
> V2(rg + ry)

where: rp, rg and ry are respectively the Shannon’s ionic radii [17] of the A and B cations,
as well as the X anion. In the case of two or more different ions present in one sublattice,

the respective average ionic radius should be used.

Chapter 4. Physicochemical properties of perovskite-type oxides 38



It was noticed that there is a certain correlation between the parameter tg and the
crystal symmetry, as presented in Tab. 4.1, i.e. in most cases, the closer the tg value to
unity, the higher the crystal symmetry. However, calculation of the tolerance factor for
a selected chemical composition of ABX;-type oxide does not allow to predict the actual

space group, in which the material would crystallize [118].

Tab. 4.1. Dependence of the crystal structure type and the Goldschmidt’s tolerance factor tg [117, 119].

tolerance factor symmetry

ts <0.85 ilmenite-type structure (not perovskite)
0.85<tg<0.90 orthorhombic

0.90<tg<1 rhombohedral

tg=1 cubic

1 <tg<1.06 hexagonal (not perovskite)

The presented above relationship should be only treated as an approximation, since
various other factors, such as nonstoichiometry in A or X lattice, degree of covalent
bonding, metal-metal interactions, as well as Jahn-Teller effect (JTE) affect the actual
structure. From this point of view it seems more adequate to use real distances between the
atoms for calculation of the tolerance factor, which can be obtained from precise structural

measurements [120, 121].

Distorted perovskite-type structures

Considering the above, it is not surprising that the actual ABX3 materials rarely
adopt the ideal perovskite structure. More often they crystallize in a distorted structure,
which arises from breaking of at least one of the possible symmetry elements present in the
Pm-3m space group. This effect is mainly due to rotation or tilt of BXs octahedra,
displacement of B-site cation from the center of the octahedron, distortion of the octahedra
e.g. due to the JTE or increase of the covalence bonding of A-X and/or B-X [118].

Rotation or tilt of BX, octahedron is caused by mismatch, i.e. too large or too small
size of the A cation with respect to the requirements for 12-fold coordination. To adapt,
octahedron tilts, and therefore lowers the energy mode for the crystal. The rotation is
manifested by a change in A-X bond lengths, which cease to be equal. Consequently,
lowering of the symmetry occurs, and decrease of the coordination number of the A cation

may also happen. In 1972, Glazer [122] proposed a notation, by which the octahedron tilt
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is given as a rotation about each of the orthogonal Cartesian axes, and the rotation is
specified as “a”, “b” and “c” symbols. Moreover, superscript are used to describe direction
of the rotation, whether it is in the same direction (so called in-phase tilt) or contrary (anti-
phase tilt) in relation to the previous layer. Two basic types of octahedra tilts are visualized

in Fig. 4.2.

Fig. 4.2. Two main types of octahedral tilt: a) a’a’c™ and b) a®a®c™, seen along z-axis. Based on [123].

In the case of the tilt system a®a®c™* (Fig. 4.2a), generating P4/mbm space group (no.
127), octahedra are tilted only along the z-axis, and the tilt is in-phase. Lack of inclination
along the x and y directions is given in double a° notation. The anti-phase arrangement
(Fig. 4.2b) is described as a%a®c™, generating I4/mcm space group (no. 221). The
octahedra tilt in this case is also along the z-axis only, but the following layer (in relation to
one selected) is titled in the opposite direction. This is noted by ¢~ symbol. In the notation
repeating of the symbol indicates the same angle of rotation relative to the x-, y- or z-axis,
while the superscript 0 indicates a lack of rotation. Consequently, the regular structure of
the ideal perovskite with no distortions present can be assigned with a®a®a® notation.

Initially, Glazer described 23 possible different combinations of the tilts. This
number was eventually reduced by Howard and Stokes down to 15 [124]. Fig. 4.3a.
presents the theoretical relationship between the space groups in ABX3 perovskites, with
possible phase transitions associated to a particular tilt system change. These transitions
may occur due to change of the pressure, partial pressure of the oxidizer, temperature, as
well as chemical composition. However, in literature there is no consensus, and somewhat

different diagram for selected space groups was proposed by Thomas [125] (Fig. 4.3b).
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Fig. 4.3. a) Classification of space groups and possible phase transitions between perovskite-type structures,
as discussed in work [124]. b) Different diagram presented in work [125]. Solid lines indicate second order
phase transition, while dashed lines specify first order phase transformations. Based on [124, 125].

4.2. Nonstoichiometric perovskites

Characteristic feature of perovskite family of compounds is a nonstoichiometry
accompanied by presence of cation and anion vacancies. Materials that exhibit such
nonstoichiometry form a significant part of the perovskite-type oxides in general. As
mentioned before, various perovskites with different chemical composition and charge
state of the ions can be formed, and for example, presence of the cation vacancies in the
A-sublattice is realized in a group of A;x0:BX3, where 0 < x < 1. In the case of Na,WOs3
(x < 0.75) and similar materials the compounds are called bronzes, while for instance for

Tho2sNbO; (x > 0.75) usually A-site-deficient perovskite term is used [117, 118, 126].
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A novel class of Li-conducting Lay;4Li3xTiO; (0 < x < 1/6) electrolytes was recently
studied, in which Li" transport is realized via A-site vacancies [127].

Nonstoichiometry in the anion sublattice is very common for ABO;_; perovskite-type
oxides. It can occur either when B-site cation is a transition metal able to exist in two
valence states (with similar ionic radii) or when A or/and B is partially replaced by another
cation, in order to change total oxidation state of A + B. Values of 6 can be quite high, and
for example for SrCoOs_5 it can exceed 0.7 [128]. Additionally, depending on the chemical
composition, oxygen partial pressure and temperature, value of the equilibrium constant
for the oxygen vacancies creation, and ability for reduction/oxidation of the transition
metal cations, the deviation from the stoichiometric composition will vary. Important fact
should be mentioned that due to the close packing-type arrangement of ions, in the case of
ABOj; oxides with perovskite-type structure, the existence of excessive, interstitial oxygen
is hardly possible [129]. As it is common in various other oxides, oxygen nonstoichiometry
in the materials can change their structure and also modify their transport and catalytic
activity, therefore, precise determination of oxygen content is of high importance for

proper characterization of the studied compounds.

4.3. Transport properties of perovskite-type oxides

Understanding of transport properties of perovskite-type oxides is directly related to
their crystal structure and chemical composition. Typically, A-site cations do not
participate in formation of the band structure near the Fermi level (Er), and considering
electrical conductivity, double exchange mechanism via oxygen anions (B-O-B) is
responsible for the electron transfer [130, 131]. Electronic structure of these materials in
the vicinity of Er can be approximated by ligand field theory, based on which an electronic
diagram for BOg cluster can be derived (Fig. 4.4) [132].

Electrical conductivity of perovskites is strongly related to the chemical composition,
which affects structural distortions, average oxidation state of B-site cations, and therefore
may or may not lead to presence of mixed valence of 3d metals and/or oxygen
nonstoichiometry. In two main approaches, properties of the material can be modified by
so called bandwidth control, which is based on selection of the appropriate size of A-site

cation (or mixture of cations), in order to obtain materials with tg = 1. Because one-
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electron bandwidth in an approximation of strong ligand field theory is proportional to the
cosine of angle between two octahedra (Fig. 4.5), a metallic properties can be expected, as

for instance in LnNiOj series with larger Ln®" cations [133].
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Fig. 4.4. Electronic diagram of BOg cluster. Based on [132].
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Fig. 4.5. Visualization of angle between octahedra, corresponding to B-O-B angle in: a) cubic Pm-3m, and b)
distorted, orthorhombic Pnma ABOj; perovskite, radii of ions not to scale.

In another approach, called filling control, A-site cation is usually partially replaced
by another one having +2 oxidation state (e.g. Sr** or Ba>"), which causes an appearance of
mixed valence states of B cations. The typical example is La;«Sr,MnO; with different

amount of Mn®" and Mn"" cations present, depending on the substitution level [123]. Such
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substitution, however, may also cause presence of the oxygen vacancies, which at elevated
temperatures become mobile, giving rise to the ionic component of the electrical
conductivity. If fact, most of La;Sr,CoiyFe O35 oxides exhibit mixed ionic-electronic
conductivity [134, 135].

According to authors of works [136, 137], efficient ionic transport via vacancy-type
mechanism in nonstoichiometric perovskite-type oxides depends on several factors, among
which the most important are: high concentration of vacancies, comparable energy level
for all positions in the oxygen sublattice, low melting point associated with a relatively low
bond strength, and free paths for diffusion of the oxygen anions. More detailed structural

criteria for good ionic conductivity of such materials can be given [138, 139]:

° stress-free lattice,

o Goldschmidt’s tolerance factor tg close to unity,
o low mean value of metal-oxygen bonding energy,
o large critical radius r,

o large free volume V.

Transfer of oxygen anion from its position to another, empty one requires certain
amount of energy. A critical stage in a single jump is a mid-point between the two

A cations and one B cation, as illustrated in Fig. 4.6.

Fig. 4.6. Geometry of the midpoint position of O* ion in the ABOs; structure, radii of ions not to scale.
Based on [140].

The illustrated critical radius r. depends on the unit cell parameter a, of a pseudo-
regular perovskite structure and on the ionic radii of A and B cations rp and rg, and the

dependence is given by the equation (11) [140]:

Chapter 4. Physicochemical properties of perovskite-type oxides 44



_ ao(0.75a¢ - V2rg) + rj -r3 (11
2(ra - 1) +V2ag

C

As stated in work [129], since r. usually do not exceed 0.105 nm [141], it is smaller
than oxygen ionic radii (0.136 nm in 3-fold coordination), and therefore, in the ionic
transport thermal vibrations play a significant role. The amplitude of these vibrations for
A and B cations will be inversely proportional to their weight, and consequently it can be
expected that presence of lighter elements in these positions should favor ionic
conductivity. In addition, increase of r. can be achieved by increasing rg radius and/or
reducing r, [142]. Another important structural parameter associated with ionic
conductivity is free volume Vi [139], which is calculated by subtracting volume occupied
by all ions from the unit cell volume. It can be expected that an increase of V¢ should cause
an increase of the ionic conductivity. Unfortunately, since the above parameters are

related, optimization of one results in deterioration of the other.

Brouwer diagram of Ln; .A,BO3.s

Electrical conductivity of perovskite-type oxides is linked to their oxygen
nonstoichiometry and both these parameters depend on oxygen partial pressure. Their
mutual relationship can be presented in one graph, so called Brouwer diagram. Such
exemplary graph for Ln; ABOs.:s (Ln: lanthanide, A: alkaline earth metal) oxides is
presented in Fig. 4.7. According to commonly used in literature convention “+8” symbol
does not indicate real excessive oxygen, but represents existence of vacancies in the A and
B sublattices. The general condition of electroneutrality, which includes formation of the
oxygen vacancies (V') and vacancies in both cationic sublattices (Vi,, V5 ) can be

presented as (12) [123]:

3[Vin]|+ 3[Vs | + [ALa] + [Bs] = 2[V5] + [Bz] (12)

In general, this condition can be simplified to five different cases, corresponding to five

regions in Fig. 4.7. The simplified electronegativity conditions are given below (13-17):
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I 3[Vin]+ 3[Vs] = [Bs] (13)

11 [ALa] = [B3] (14)
I [AL.] = 2[V5'1+ [Bi] (15)
v [AL] = 2[V5"] (16)
\Y% [Bs| = 2[V5'] (17)
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Fig. 4.7. Brouwer diagram for Ln; ,ABO;.s. Based on [143].

For the highest oxygen partial pressure (range I in Fig. 4.7) general condition
simplifys, and amount of created electronic holes is proportional to the total concentration
of the cationic vacancies. In the second range no oxygen nonstoichiometry is present
(6 = 0), and behavior of the material depends on the B cation oxidation state, which is
determined by level of doping (x in Ln;Ay). For lower pO, compensation of charge is
maintained partially by change of the oxidation state of B cation and partially by formation
of the oxygen vacancies. For even lower oxygen partial pressure (region IV), additional
charge caused by doping is compensated only by the oxygen vacancies. Further lowering

of the oxygen pressure leads to a progressive reduction of material, while formation of the
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oxygen vacancies is accompanied by trapping of electrons on the B cations. Analyzing
Fig. 4.7, a change of the dominant charge carriers from holes to electrons while lowering

the p0, is evident (from region III through IV to V).

Jahn-Teller effect in perovskite-type oxides

Jahn-Teller effect originates from a fact that electron configurations with uneven
occupancy of degenerated orbitals are not stable, and therefore in some (e.g. octahedral
BOg) complexes lowering of the energy and stabilization is obtained by a crystal distortion.
As written by Mitchell [118] the first order JTE can be observed for compounds containing
transition metals with uneven number of d-electrons in the e orbitals. The first order Jahn-
Teller effect operates to lift degeneracy of the e, orbitals, which causes distortion of the
regular octahedron. Usually, two modes (Q, and Qs3) of the octahedral complex are
considered, with the dominant Q3 one causing formation of two longer bonds (elongation)
along z-axis (tetrahedral distortion), while in the other one (Q;) two shorter and two longer
bonds appear on the opposite sites of the middle plane of the octahedron (orthorhombic
distortion) [144]. High spin Mn’'Og octahedra, as well as various complexes of Cu”"
exhibit JTE. More complicated second order JTE is also known. It is worth mentioning that
Jahn-Teller effect may appear independently from octahedron tilting or together with it,

causing further lowering of the symmetry in perovskites [118].

Physical properties and application of selected perovskite-type oxides

Perovskite-type oxides exhibit different electrical properties, from insulating through
semiconducting to metallic. For example, if B-site cations possess no d-electrons, like in
ATiO; (A: Ca, Sr or Ba) and also in LaBOs (B: Al, Ga), the materials exhibit insulating
properties, having resistivity p at RT on the order of 10'* Q-cm. On the other hand,
LaCrOs;, LaMnO3, LaRhO; or CaRuOj; perovskites exhibit semiconducting properties with
prt Vvalues in 10'-10° Q-cm range. Furthermore, CaVO;, StMoO;3, SrRuO; and LaBO;
(B: Ni, Cu or Ru) show electrical conductivity typical for metals, with pgp in 10°-10°
Q-cm range. For some of the oxides the main electric carriers are electrons (SrMoOs3),
while for others electronic holes (LaCuOs) [117]. Currently various perovskites find their
application as ceramic, refractory or electronic materials. Selected compounds with their

properties and applications are gathered in Tab. 4.2.
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Tab. 4.2. Lists of properties and applications of selected perovskite-type oxides. Based on [116, 117].

property application exemplary compounds
conducting properties
insulator ceramic insulators LaTaOs;, CaTiOs, LaAlOs
semiconductor LaVOs;, LaMnO;, LaNi;;,Mo;,,05

RI'O3, NaXWO3, CaMOO3, LaNiO3,
metal

Na,;4Cus4RuO;

La,,Sr,Co;,Fe 055
MIEC SOFC cathod R

cathodes Ba,_Sr,Co,Fe O35

superconductor superconductors BaPb, Bi,03, Ba, (K BiO;

dielectric material

ionic conductor

proton conductor

magnetic properties

magnetic/ferromagnetic

ferroelectric/piezoelectric

antiferromagnetic

paramagnetic

other properties

catalytic activity

optical properties

sensitivity for atmosphere
composition

optical activity

catalytic
activity/conductivity

multilayer capacitor,

dielectric resonator, thin film resistor

solid electrolyte

SOFC electrolyte, hydrogen sensor

magnetic bubble memory,
ferromagnets

piezoelectric transducer, PTC
thermistor, electrostrictive actuator

catalyst, e.g. catalyst for CO oxidation

and NO, reduction

electro-optical modulator, laser host,

switch, second harmonic generator
gas sensors for NO,/SO,

photo-anodes for solar energy
conversion

oxygen electrodes/membranes

BaTiO3, BaZrO;

La,Sr,Ga; Mg O35

BaCeO;, SrCeO3, SrZrO;,
La,  Sr,MnOs._5

GdFeO;, LaMnO;, LnFeOs, StRuO;3,
BiMnO3

BaTiO3, PbZI'] _yTiyO3,
Pngl _beyO3

CaRuQO3;, LaFeO;, BiFeO;

UTiO;, LaHoO;

LaFeOs3, LaCe;.,Co,03, La; \Pb,MnO;

Lal_beerl_yTiyO3, YA103, LleO3,
KNbO3, LaInO3, LaAlO3

BaSn03

SrTiO;, BaTiO;, YFeO;, LuRhO;

La;.«SryCoO; LaNiOs, LaFe;.,Co,0s,
LaMn,;_,Co,05;
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4.4. Physicochemical properties of ordered perovskite-type oxides

In various perovskite-type materials with more complicated chemical formula,
presence of a specific arrangement of cations is often observed. In so called double
perovskites, which chemical formula can be generally specified as A,B,X¢, two different
cations are present in A or/and B sublattice in a 1:1 ratio, corresponding to AA’B,Xe,
A;BB’Xs or AA’BB’Xg notation. While both, A and A’ cations occupy structural A-site,
and B and B’ cations occupy structural B-site, they may be organized in a specific manner,

as shown in Fig. 4.8 [118, 145].

rock salt g columnar Q layered k
QSk Qg& < EE

Fig. 4.8. Ordering schema in 1:1 cation-ordered perovskite-type materials. Based on [145].

As demonstrated in work [145], three basic types of arrangement of cations in the
unit cell can be distinguished: the most symmetrical one is called rock salt structure, since
the arrangement of A and A’ or B and B’ cations corresponds to the placement of anions
and cations in crystal structure of NaCl. This ordering is also referred to 0D (zero-
dimensional) because B’X¢ octahedra (or A’X, polyhedra) are separated from each other
through BX¢ octahedra (AX;, polyhedra), and vice versa. This arrangement was found to
be typical for majority of 1:1 B-site ordered A,BB’X¢-type perovskites. Second type of

arrangement is the columnar ordering, corresponding to 1D structure, because it represents

Chapter 4. Physicochemical properties of perovskite-type oxides 49



the connection of B’X¢ octahedra (or A’X;, polyhedra) in one dimension. Consequently,
layered-type of arrangement allows B’ X octahedra (or A X, polyhedra) to connect in two
dimensions, and therefore it is called 2D (layered) ordering. Another notation specifies the
plane containing the same atoms and determines the arrangement of the type of rock salt,
columnar and layered, as respectively: (111), (110) and (001) [145].

Assuming that one of the cations (A’ or B’) is of higher charge than the other one
present in the same sublattice (A or B), electrostatic interactions can be considered
important for determination of the type of the adopted structure. From this point of view,
the most preferred ordering is the rock salt one, since it provides a maximum distance
between the cations having higher oxidation state. Column ordering, in which each B’ (A”)
cation has four B (A) and two B’ (A’) neighbors is the next preferred arrangement.
Layered-type ordering is the least likely to be adopted, as in this arrangement B’ (A’)
cation is surrounded by four B’ (A’) and two B (A) neighbors [145]. It should be noted that
in general, ordering in the A-sublattice occurs less common than in the B-sublattice, and
number of materials adopting this structure is rather small [118], however, the considered
in this work BaLnMn,Os.5 oxides are A-site cation-ordered.

Explanation why B-site ordering is more common can be related to a fact that
difference of the oxidation state of cations occupying B-sublattice can be as high as 6, as
for Sr,LiReOg, while for A-sublattice normally it does not exceed two. However, this does
not explain why A-site ordered materials typically exhibit layered ordering, while for the
B-site ordered materials the preferred arrangement is of a rock salt-type. The explanation
of this phenomenon can be given as follows [118]: for a single ABX3 perovskite each
anion is surrounded by two cations from B-sublattice and four from A-sublattice, and when
B cations adopt rock salt-type structure, all positions of anions remain chemically and
crystallographically equivalent with each anion surrounded by one B cation and one B’
cation. This enables the anion to move in a direction of the smaller of B-site cations, in
order to optimize length of the chemical bond. In contrast, layered-type of arrangement in
B-sublattice creates three chemically different crystallographic environments. One sixth of
anions is in the layers, where they are surrounded by two B’ cations having higher
oxidation state, the next one sixth of the anions is surrounded by cations of
a lower oxidation state. The remaining two thirds of the anions are coordinated with one B’
and one B cation, as in the rock salt-type system. This arrangement, however, does not
comply with the fifth Pauling principle, that, if possible, the same ions should have the

same chemical environment [118].
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Similar reasoning can be carried out for perovskites characterized by A-sublattice
arrangement: rock salt-type system provides the same environment for all anions, but the
occupied positions are centrally-symmetric, and therefore, there is no possibility to change
the bond lengths of A’-X or A-X, to accommodate the difference in size of A’ and
A cations. The columnar arrangement creates three different environments for anions, as it
was in the case for the B-sublattice. The most common type of ordering for AA’B,Xg
materials is the layered arrangement, as the structure is stabilized by difference in ionic
radii of A and A’ cations (see chapter 4.4.1), as well as by characteristic for these materials
anionic (e.g. oxygen) vacancies [118].

In addition, AA’BB’X¢ materials exhibit a mixed arrangement: layered for the
A-sublattice and rock salt in the B-sublattice. Also, there are known examples of materials
in which ratio of A and A’ (B and B ') cations differ from perfect 1:1, and yet they exhibit
the ordered structure [118, 145].

It is worth mentioning that simple ABOs-type perovskites having different cations
present at the A- or/and B-site (e.g. ApsA’0sBOs;, ABysB’0s0O3) can be treated as
completely disordered end members of a series starting from perfectly ordered double
perovskites and comprising also materials exhibiting partial order. This fact is worth
emphasizing, since in some of the cases, depending on the preparation method, it is
possible to obtain compound with the same chemical composition, which does or does not
possess cation ordering. Quantitative analysis of the ordering effect was established by
Sleight [146] in a form of degree of order parameter S = 2x — 1, where x is defined as
a fraction of cations present at their proper site (e.g. A’ cations at the A’-site). In two
extreme cases, when x = 1 than S = 1 and the structure is fully ordered, while for
x = 0.5 the order parameter S = 0, and the structure is fully disordered.

From crystallographic point of view presence of cation ordering in AA’B,X¢ or
A;BB’X¢ always results in a decrease of the crystal symmetry, in relation to the aristotype
Pm-3m one of ideal perovskite. Furthermore, reduction of the symmetry is also observed as

resulting from presence of various structural distortions.

4.4.1.Perovskites with layered-type of A-site ordering

Apart from the mentioned in previous chapter layered AA’B,X¢ materials having 1:1

ratio of A and A’ cations, also compounds with 1:2 (AA’,B309, with famous, oxygen

nonstoichiometric YBa,Cu3;O; superconductor) and 1:3 proportion (AA’;B4O;;) are
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known. The 1:1 layered ordering of A-site cations creates three different environments for
the anions. As can be seen in Fig. 4.9, the first position X(1) is coordinated by four
A (bigger) cations and two B-site cations. On the other hand, X(3) position is surrounded
by four A’ (smaller) cations and two B cations, while X(2) site is coordinated by two
A and two A’ cations arranged in cis configuration, as well as by two B-site cations. Since
the X anions are in different chemical surrounding, in order to relieve the bonding

instability, additional effects may appear, with three possibilities mentioned in work [145]:

o presence of simultaneous, layered ordering of anion vacancies in the A’-related layer
(X(3) position), as in AA’B,X¢.5 perovskites,

o presence of layered ordering of A-site cation vacancies coupled with second order
JTE distortions of cations on the B-site,

o presence of rock salt-type ordering of B and B’ cations coupled with second order

JTE distortions, as in AA’BB’X¢ perovskites.

X(1)

A
a L» b
X(3) A
X(2) -~
A

Fig. 4.9. P4/mmm aristotype unit cell for AA’B,X, perovskites with A-site layered ordering of cations. Three
different X positions can be distinguished in the structure. Radii of ions not to scale.

The structure presented in Fig. 4.9 is the aristotype one for AA’B,Xs compounds
having A-site layered arrangement of cation, which corresponds to tetragonal P4/mmm (no.
123) space group. The unit cell in this case is created by a doubling of the simple
perovskite lattice constant a, along c-axis, which is often noted as la, X lap, X 2ap, or
simply as 1 X 1 X 2 [147]. It can be also stated that since the ionic radius ratio of the

oxidant (usually oxygen) and metal present in 12-fold coordination in ABXj; perovskites is
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approximately equal to one, similarly, the average ionic radius of A and A’ cations in
AA’B,X¢ should be equal to the radius of the oxidant as well, despite that one of the
cations is substantially larger than the other one.

With advanced mathematical and crystallographic considerations it was possible to
derive relationship between possible lower symmetry structures, which are related to the

basic P4/mmm one [147]. Graph showing this relationship is given in Fig. 4.10.

atatcl atb%c? a%alct alalc a b%c? a—ac?
PAlmmm Pmmm PAlmbm PA/nbm Cmmm Pmma
2x2x2 1%2%2 VIxIx2 VIxVIx2 2X2%2 VIx2xy?2

atb™c¢c~ a~h™c” a~b~ct
P2,/m P-1 Pm
2x2x2 VZx2x42 VZx2xv2

Fig. 4.10. Schematic drawing showing different possible structures generated by the layered-type of ordering
of cations in the A-site, which is followed by the corner-linked tilting of BX octahedra in AA’B,Xg
perovskites. The approximate cell dimensions in comparison to the cell edge a,, of the Pm-3m aristotype
structure are included in the diagram. Glazer notation is used for the octahedra tilts. Solid lines indicate
second order phase transition, while dashed lines specify first order phase transformations. Figure based on
[147].

4.4.2.Perovskites with rock salt-type of B-site ordering

Double perovskites exhibiting ordering of cations in the B-sublattice constitute
a majority of the ordered perovskites group in general. While the most common ratio of the
B and B’ cations is 1:1 (A;BB’Og) or 1:2 (A3sBB,’Oy), there are also known examples of
materials having 1:3 ratio (A4sBB3’Oy;) [118].

Ordering mechanism of cations in such double perovskites is complex and depends
on many factors. Degree of order S depends not only on the size, charge and polarization

properties of the ions, but also on a method of synthesis of the material (sintering
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temperature and time, p0O,). An example for such behavior is found for Ba,NiMoOg
compound with rock salt-type ordering of Ni*" and Mo®" cations. It is generally accepted
that the higher temperature of the synthesis (but within certain limit), the higher the degree
of order. Materials in which both B-site cations are transition metals exhibit usually no or
a low degree of order, however this is not a general rule. When one of the B cations is
a non-transition element, tendency for ordering was found to increase significantly [118].
Interestingly, charge-ordering effects of the same type of cation present in the B-sublattice
can also give rise to formation of the rock salt ordering, as documented in Mn-containing
BaL.nMn,Os.;s (see chapter 4.7).

Double perovskites with the perfect rock salt-type arrangement in B-sublattice
possess regular structure with Fm-3m (no. 225) space group, the same as for the materials
characterized by the rock salt order of cations in the A-sublattice [148]. This structure can
be considered as created by doubling of the simple perovskite unit cell in all directions, and
can be written as 2a, X 2a, X 2ap [114, 143, 144]. Similarly as for the A-site layered
AA’B,Xg, using mathematical and crystallographic reasoning it was possible to derive
relationship between the aristotype Fm-3m structure and possible distorted structures. For

the respective diagram see work [148].

4.4.3. Anion vacancy-ordered brownmillerite-type structure

Apart from ordering effects of cations in perovskite-type oxides, presence of
a specific arrangement in the X-sublattice is also possible in nonstoichiometric perovskite-
type materials. It can be considered that brownmillerite-type structure (Fig. 4.11)
represents such type of ordering.

Originally the designation “brownmillerite” concerned a mineral with Ca,(ALFe),Os
formula. Its discovery is somewhat unclear, but the mineral was named after Lorrin
Thomas Brownmiller. Soon, other oxides were determined to exhibit similar crystal
structure [118]. General chemical formula of these materials can be written as A;B,Os
(ABO,s), and the basic structure possesses orthorhombic unit cell. Corner-sharing BOg
octahedra and BO4 (B’0O4) tetrahedra create alternating layers along c-axis (Fig. 4.11).
Presence of ordering of the oxygen vacancies along [101] direction is a characteristic
feature of this structure. In general, vacancy ordering in such type of compounds causes
lowering of the oxygen conductivity despite comparably large number of oxygen-vacant

sites [149-151]. Good example of this effect was documented for Ba,In,Os, for which in
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the oxygen vacancy-ordered phase (below ~ 900 °C) ionic conductivity is much lower,
comparing to the high temperature disordered phase [152]. Brownmillerite-type phase has
been also observed in properly reduced La;.«SriFe;.,Co,O35 and La-rich La;SryMnOs3.5

materials [151].

Fig. 4.11. Orthorhombic structure of brownmillerite with oxygen vacancy ordering present along [101]
direction. Radii of ions not to scale.

4.5. Oxygen nonstoichiometry in A-site layered AA’B,0Os,;

As described in chapter 4.4.1, in AA’B,Xs materials exhibiting A-site layered
ordering, presence of anion vacancies, which appear in the A’-related layer is often
observed, as it allows to minimize bonding instability caused by the layered ordering
[145]. In many such oxides the oxygen nonstoichiometry 6 level can be very high, on the
order of 1. Likely because of that in the literature there is a convention of describing
chemical composition of these materials with AA’B,Xs reduced material taken as the
basis, which corresponds to AA’B,Xs.s notation, rather than AA’B,X_5 one. In this thesis
the commonly used naming scheme was also applied.

For AA’B;,0s5 oxides (6 = 0), in A’-related layer (Fig. 4.9) there is no oxygen present,
which changes coordination environment of the B-site cations from octahedral to square-
pyramidal one, and at the same time A’ coordination number is reduced from 12 to 8.

Considering typical BaLnB,0Os (B: Mn, Fe, Co) materials, the described above behavior
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results in presence of BaO;, and LnOg polyhedra. However, it seems that there is
a fundamental difference in the overall behavior of these compounds with changing
oxygen content. In the case of Mn-containing BaLnMn;,0Os,;5 three distinct phases appear:
BaLLnMn,0s, BaLnMn,0Os 5 and BaLnMn,0Og, as depicted in Fig. 4.12 for the exemplary
BaYMn,0Os.5 [7]. As can be seen in Fig. 4.12, BaYMn,Os s possesses specific oxygen
vacancy ordering. In this structure the coordination number of yttrium is 10, and Y**
cations are surrounded by four MnOg octahedra (contributing 6 oxygens) and four MnOs
square-pyramids (contributing 4 oxygens). On the other hand, for Co-containing
BaLnCo,0s.5 oxides, solid solution-like compositions with various values of & are known
[153], while the oxygen vacancy ordering may take place if & = 0.5 [154]. Regarding
BalnFe,;0Os;5 materials, there are no clear data available in the literature concerning

formation of similar oxygen vacancy-ordered BaL.nFe,Os s phases.

MnQOs

MnOs

Ba

BaYMn, Os ¢ BaYan Os5 BaYMn2 O,

Fig. 4.12. Schematic illustration of the crystal structure of three compounds: BaYMn,0s, BaYMn,0s 5 and
BaYMn,0q. Figure from [7].

Interestingly, it was found that the amount of incorporated oxygen & depends on the
size of the rare earth cation in BaLnFe,Os,5. Oxides containing smaller Ln** ions, such as
Y, Ho**, and Tb*", can accept only very small amounts of additional oxygen into their
structure, while for larger lanthanides, such as Sm’* and Nd3+, the value of ¢ can be as high
as 0.65 and 0.79, respectively. For even larger La’" cation & reaches 1, but the layered
cation ordering disappears [118].

In general, due to possible partial substitution of different 3d cations in the B-site
(e.g. [155]), there is no general description available in the literature, which would give

global overview concerning nonstoichiometry in substituted BaLnMn,Os 5.
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4.6. Transport properties of selected A-site layered AA’B,0s,5

Due to a very wide range of chemical compositions of AA’B,0Os.5 oxides, transport
properties of these materials may differ considerably. However, it is obvious that oxygen
nonstoichiometry will have crucial influence, because of the corresponding changes of the
average oxidation state of the B-site cations. Detailed discussion about this matter is
beyond scope of this thesis. Nevertheless, transport properties of Co-containing materials
should be mentioned, as these oxides may exhibit very high mixed-ionic electronic
conductivity, making them attractive for application, for instance as cathode materials in
Solid Oxide Fuel Cells [153, 155]. Exemplary data of electrical conductivity dependence
on temperature for BaLnCo,0s.5 (Ln: La, Pr, Nd and Sm) oxides with corresponding

results about temperature variation of the oxygen content in air are shown in Fig. 4.13a
and b.
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Fig. 4.13. a) Temperature dependence of the total conductivity and b) changes of the oxygen content and the
oxidation state of cobalt in BaLnCo0,0s.,5 (Ln: La, Pr, Nd, Sm) with temperature in air. Figures from [153].

It can be noticed that at lower temperatures total conductivity of BaLnCo0,0s;; differs
significantly between the compounds, however, it correlates with the initial oxygen
nonstoichiometry and radius of Ln®" cation. The highest conductivity was measured for
almost stoichiometric BaLaCo0,0s, with the biggest La’" present. Interestingly, all
materials exhibit metallic type of electrical conductivity (i.e. conductivity decreases with
an increase of the temperature) above about 150 °C. Nevertheless, very high values of
o, considerably exceeding 100 S-cm™ are characteristic for all discussed BaLnCo,0s.; at

high temperatures [153].
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In another work Fe-containing GdBa, sSrysCo; sFeysOs:5 was found to exhibit total
conductivity of about 500 S-cm™ at 800 °C with separated ionic component of 0.04 S-cm™
at the same temperature [155].

More discussion about electrical and magnetic properties of manganese-containing

BalLnMn,0s.5 oxides is given in the chapter below.

4.7. Electrical and magnetic properties of BaLnMn,0Os.,; oxides

Magnetic (e.g. magnetoresistance-related) properties are characteristic for the certain
manganese oxides, particularly for rare earth manganates having perovskite-type structure,
which attracted attention of many scientists [15, 156-158]. Among various compounds,
Mn-containing oxidized BaLnMn,O¢ (Ln: La-Ho and Y) group of compounds is well-
studied with electronic phase diagram available. Results of investigations of these
materials, having the described in previous chapters layered type of cation ordering in the
A-sublattice, was published in works [15, 158, 159]. As presented in Fig. 4.14, depending

on the ionic radius of Ln®" the compounds can be classified into three groups:

e For small cations (Ho>", Y*", Dy’" and Tb>"), BaLnMn, Oy oxides exhibit three phase
transitions that occurs with lowering of the temperature: structural change from
paramagnetic metal (PM) triclinic phase to different metallic-type PM’ phase with
monoclinic symmetry, which is followed by another transition into charge order
insulator (noted as COI (CE) phase), and one more transformation into CE-type
antiferromagnetic phase with charge order also present. Temperature of charge order
transition increases with a decrease of the Ln>" ionic radius, and for BaYMn,Og
equals to Tco = 200 °C, which is one the highest among manganese oxides (however,
see chapter 7).

e  Materials with cations of the intermediate ionic radii (Gd**, Eu®", Sm®") exhibit no
structural transition (in the paramagnetic metallic phase). The transition from PM to
COI (CE) phases occurs in lower temperature range, comparing to first group of
materials. However, transformation from CE-type charge/orbital-order insulator
phase to antiferromagnetic (AFI) CE-type charge/orbital-order insulator occurs at

slightly higher temperatures, depending on the substituted cation.
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. For compounds having large cations such as Nd**, Pr’” and La’", ferromagnetic
transition occurs in the vicinity of room temperature. Unlike for BaLaMn,Og, in the
case of BaNdMn,0¢ and BaPrMn,0¢ materials, an additional phase transition from

FM to A-type antiferromagnetic metal is present.
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Fig. 4.14. Generalized phase diagram for BaLnMn,O4 oxides. FM: ferromagnetic metal, AFM (A): A-type
antiferromagnetic metal, COI (CE): CE-type charge/orbital-ordered insulator, AFI (CE): antiferromagnetic
CE-type charge/orbital-ordered insulator, PM: paramagnetic metal phase. Tco: temperature of charge order
transition, T¢: Curie temperature, T;: phase transition temperature, Ty: Néel temperature. Figure adapted from
[158].

Unfortunately, no similar (like shown in Fig. 4.14) electronic phase diagram is
available for reduced BaLnMn,Os. However, half-integer oxidation states (i.e. Mn2+/Mn3+)
also contribute to a formation of charge ordering, and consequently, charge and orbital
ordering in a form of rock salt arrangement of cations is stabilized even above room
temperature [ 145, 160, 161].

What is of important scientific matter, materials with similar composition to
BalLnMn,Og can be also obtained without cation ordering present, however, in these oxides
larger Ba®" cations are usually substituted by smaller Sr** or Ca®" ions. Actually, most of
the early studies concerning electrical and magnetic properties of disordered manganates
focused on A,Ln;,MnOj3 oxides, in which Ln*" and A*" cations are randomly distributed.
Phase diagram of the exemplary Ay sLngsMnQOs is depicted in Fig. 4.15. According to Ueda
et al. [158], near tg = 1 the ferromagnetic metal (FM) phase dominates, while in the lower
tg region (< 0.975), the CE-type charge/orbital-ordered insulator phase exists. In the

middle region, where tg ~ 0.975, the competition between the ferromagnetic (generated by
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double exchange) and antiferromagnetic (generated by charge and orbital order)
interactions results in various phenomena including transition from the ferromagnetic

metal to antiferromagnetic charge/orbital-ordered insulator [158].
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Fig. 4.15. Phase diagram for AjsLn,sMnQOj;. Designation have the same meaning as in Fig. 4.14. Figure
adapted from [158].

Apart from the mentioned above SryLn;MnOj; and CaxLn; (MnQOs, also there are
available data regarding Ba-containing disordered BasLn; ,MnOs;. Such results allow for
direct comparison between the ordered and disordered materials of the same composition,

as shown in Fig. 4.16 [159].
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Fig. 4.16. Electronic phase diagram for selected A-site ordered BaLnMn,Oq (full symbols) and disordered
Baj sLng sMnO; (open symbols). Inset shows electrical resistivity measured without and with magnetic field
of 7 T. Tgo: temperature of charge order transition, T¢: Curie temperature. Ty the spin-glass (SG) phase
transition obtained from dynamical scaling. Figure from work [159].
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5. Methodology

In this chapter reasoning behind selection of the materials for studies, synthesis
methods of their preparation, as well data regarding experimental techniques, used for

characterization of the physicochemical properties of the considered compounds, are given.

5.1. Selection of chemical composition of the materials

As described in previous chapters, in year 2010 Motohashi et al. [5] published paper
showing remarkable oxygen storage properties of the BaYMn,0s-BaYMn,Og system. As
mentioned, both, the oxidized (O¢) and the reduced (Os) compounds belong to a larger
group of BaLnMn,0s-BaLnMn,0¢, which were shown in the literature to exists for Ln: La,
Pr, Nd, Sm, Eu, Gd, Tb, Dy and Ho [158, 162-165]. Until now, however, their oxygen
storage-related properties were not studied in details. It should be also noticed that Ho>"
cations are only slightly smaller than Y" [17]. Because of a large difference of ionic radii
between Ba®" and Ln*"(Y>"), it can be expected that introduction of smaller cations at Ln
site may be highly hindered.

Considering the above, for the studies, apart from the reference BaYMn,Os.5, also
materials with Ln: Pr, Nd, Sm, Gd and Dy were selected (results are presented in chapter
6). In addition, a possibility of formation of BaErMn,Os.;, with even smaller Er*" cations
was explored, and as documented below (chapter 7), the experiments yielded positive
results. Because all Ln®" cations are heavier than Y>, a decrease of the OSC is expected
for BaLnMn;,0s,;5. Taking this into account, for selected lanthanides (Pr, Sm and Gd)
formation of partially substituted compounds was investigated, with assumed chemical
composition BaY|4LnyMn,0s;5 (chapter 8). Furthermore, possibility of replacement of
Ba”" by lighter Sr*” in such compounds was also studied (chapter 9). Due to the expected,
large oxygen stoichiometry changes in Co- and Fe-containing perovskite-type oxides [166,
167], which may exceed 4 wt.%, a selected group of such materials was also studied
concerning their oxygen storage properties (chapter 10).

In Tab. 5.1, data regarding chemical composition of all of the successfully

synthesized and investigated materials are gathered.
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Tab. 5.1. Chemical composition of the synthesized and studied materials.

BaLnMn,0s.; BaY,Ln,Mn,0s,5 BajoSry ;Y ,Ln,Mn,0s,;5 Fe- and Co- containing
materials

BaPrMn,Os.; BaY ) 75Pr2sMnyOs.;5 Bag 9Sr0.1Y0.75Pr02sMnyOs.5 Lag ¢Sr9.4Cog sFe0 2035
BaY/ sProsMnyOs.5 Lag 5Sro.5Cog.5Fep 50325
BaY 25Pr7sMnyOs.;5 Smy 5Srg 5C0g.5Fe) 5035

BaNdMn,0s.; LaysBaysCogsFey 5O

BaSmMn,0s.5 BaY/.75Smg ,sMny0s.5 Bay 9Sr0.1Y0.755mg 2sMn,05.5 Smy sBay sC0o.sFeq 5055
BaY sSmg sMnyOs.5 Bayg 9S10.1Y0.5Smg sMnyOs..5

BaY ,55mg 7sMn, 055 Bay 98191 Y25Smg 75MnyOs..5
Bay ¢Sty :SmMn; 055
BaGdMn,0s5 BaY/.75Gdy2sMnyOs.;5 Bay9S10.1Y0.75Gd0 2sMn,05.5

BaYsGdy sMnyOs,5

BaY(,5Gdo 7sMny0s..5
BaDyMn,0Os.5
BaYMn,Os.5 Bag¢Srg 1 YMn,Os,5
BaErMn,0Os.5

5.2. Preparation method of the studied oxides

It is known that so called soft chemistry methods usually yield materials (oxides)
having more homogenous distribution of the elements [168]. Consequently, such methods
are suitable for preparation of compounds with complicated chemical formula. Also, in
majority of cases, a lower final sintering temperature can be used in order to obtain single
phase samples, comparing to the simple, high temperature solid-state synthesis route.

For preparation of the considered in this work Mn-containing oxides, a modified sol-
gel method was utilized. Respective metal nitrates, with 99.9% purity were dissolved in
stoichiometric proportions in a small amount of deionized water. To form cation
complexes in the solution, certain amount of ammonia salt of ethylenediaminetetraacetic
acid (EDTA) was added. The prepared mixtures were slowly heated in quartz evaporators
in air, with an increase of temperature up to about 400 °C (200 °C in the case of
BaErMn,0s.5). The heating process resulted in an evaporation of water, a sol-gel
transition, a decomposition of excessive ammonium nitrate and combustion of the residual
carbon, originating from EDTA complexes. The obtained xerogel-type precursors were

ground and pressed into pellets (~ 1 mm thickness) with a pressure of 100 MPa.
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Such prepared pellets were annealed at high temperatures in reducing conditions.
Depending on the chemical composition of the material, the final sintering step was
appropriately chosen. For most of the materials (BaLnMn;Os.5 Ln: Pr, Nd, Sm, Gd and Y,
all BaYxLngMn,0Os:5 and BagoSro ;Y xLnMnyOs.5, see Tab. 5.1) temperature of
1100 °C with 100 cm® min™ gas flow of 1 vol.% of H, in Ar mixture and 8 h annealing
time conditions were found to be optimal. In the case of BaDyMn,Os.s sample, the
annealing was repeated three times, with the final one conducted at 1000 °C. Details of the
sintering process, which was developed for BaErMn,Os.5 oxide are given in chapter 7. For
preparation of the powdered samples, which were needed for X-ray diffraction,
microstructural and thermogravimetric studies, after the sintering, the pellets were
thoroughly ground and the powders were sieved on 100 pum sieve.

As described above, the considered materials were synthesized in the reducing
conditions. This is due to a fact that direct synthesis (e.g. in air) of the oxidized
BaLnMn,Og is either very difficult or even impossible for many Ln cations. While an
explanation of this effect needs additional studies, it can be supported by two effects:
strong tendency of formation of BaMnO; and LnMnO3 while the synthesis is performed in
the oxidizing atmospheres, as confirmed by XRD analysis of materials obtained in such
experiments, and crystallographic reason related to a fact that relatively small Ln’" cations
seem to be too small for 12-fold coordination, in which they are present in the oxidized
BaLnMn,Os. However, in the reduced BaLnMn,Os material, the coordination of Ln** is
decreased to 8, due to the preferential removal of oxygen from Ln-related layer, and
therefore, the synthesis can be conducted successfully. Nevertheless, the oxidized
BalLnMn,0O¢ can be easily obtained at relatively low temperatures by oxidation process
performed in air (or oxygen) [158].

Regarding the listed Co- and Fe-containing perovskite-type oxides (Tab. 5.1) the
sintering was conducted in air at 1200 °C for 24 h. Then, the pellets were slowly cooled to
the room temperature.

In order to elucidate influence of the grain size on the oxygen storage-related
properties, BaYMn,0s.5 and BaNdMn,Os.s5 oxides were prepared also by solid-state
reaction method, which yielded samples with significantly larger grains. The materials
were studied in collaboration with Prof. Bogdan Dabrowski from Northern Illinois
University, DeKalb, USA. For the synthesis, the respective oxides and carbonates were
used. The synthesis was performed in high-purity Ar flow at 1400 °C for 12 h. Materials
obtained using this method are tagged in this work as II (e.g. BaYMn;Os.5 II).
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5.3. Structural characterization and Rietveld analysis

Structural identification of collected data was done using ICDD PDF4+ database. For
Rietveld analysis, GSAS/EXPGUI set of software was used [169, 170].
To evaluate how accurate the refinement is, number of parameters can be calculated. The
most commonly used in the literature are x2called also a “goodness of fit” and is defined in

the manual for GSAS [169] as (18):

=0 (18)
Nobs - Nvar

where N, is the total number of observations in all histograms and Ny, is the number of

variables in the least squares refinement, M is a minimization function defined as (19, 20):

M=f,¥M,, (19)
Mp =Xw(, — Ic)z (20)

where f;, is a weighting factor in the case of multi histogram refinement, w stands for
weights, [, means normalized profile intensity and I is a calculated intensity, taking into
account among others background and scale factors (see more in [169]).

Additionally, the quality of the refinement can be indicated by residuals, where the most

commonly used is weight profile R-factor, defined as (21):

M 21
Ryp = ; p/ZWI(Z) 2D

In general, the closer to unity x* value is and the smaller the Ryp value, the better the
refinement, however even x? = 1 does not guarantee that the applied model is fully correct
[169]. Calculated error values of the refined structural parameters are included in the
presented tables. Considering accuracy of the used equipment, the absolute error values of

the calculated unit cell parameters can be established as lower than 0.001 A.
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5.3.1. X-ray diffraction

Structural studies of the synthesized oxides were carried out in 10-110 deg range
with CuK, radiation, using Panalytical Empyrean diffractometer or Rigaku Ultima IV
diffractometer equipped with a monochromator. Initial data were collected on the as
prepared materials for evaluation of the phase composition and selection of single phase
materials for further studies. Results of the structural analyses presented in the following
chapters concern fully reduced (6 = 0) or fully oxidized (6 = 1) samples, unless stated
otherwise. For such studies, the initial materials were reduced at 500 °C in 5 vol.% H; in
Ar or oxidized in air at the same temperature.

For high-temperature measurements, Anton Paar HTK 1200N oven-chamber was
installed on Panalytical Empyrean diffractometer. Measurements were performed in air,
and for selected samples in Ar and in a low vacuum (~ 100 Pa). Temperature range,
heating rate, angular range and time of data collection for these measurements are given in
the description of the respective figures. Data recorded during high-temperature studies
enabled to evaluate thermal expansion coefficient of the samples. Linear TEC values were
estimated using isotropic expansion approximation that assumes 1/3 of the volumetric
thermal expansion coefficient. The refined values of the unit cell volume changes as
a function of temperature were taken for such calculations. Because the studied perovskite-
type oxides vary in terms of the crystal structure, having different space groups, in order to
make direct comparison between the samples, both, unit cell volume and cell parameters
were normalized (i.e. appropriately divided) to the simple, cubic perovskite structure. More
details of the procedure are given in the respective figures and tables.

For the perovskite-type materials Goldschmidt’s tolerance factor tg can be calculated
on a basis of Goldschmidt’s equation (see chapter 4, equation (10)) [118]. In this work the
arithmetic average of the respective ionic radii (for the appropriate coordination number)
was taken, if one of the sublattices was occupied by more than one cation type.

Tolerance factor was also calculated using experimental data of crystallographic

analysis according to the equation (22):

_ <A/A-0>, (22)
VZ<B-0>,

e

where <A/A’-0>, and <B-O>, are the mean interatomic distances in the polyhedra with

the corresponding coordination number n and m for the A- and B-site respectively [171].
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5.3.2.Neutron diffraction

Diffraction of the neutrons is considered as non-destructive investigation technique,
which allows to study an atomic and molecular structure of a material [172]. As it is shown
in chapter 6.2, it is possible to study the oxidation process of selected BaLnMn;Os.5 by
in situ structural experiments using laboratory-scale XRD diffractometer, as well as record
changes of the crystal structure of the materials upon heating in vacuum conditions (~ 100
Pa). However, it is not possible to conduct in situ reduction experiments, analogous to the
ones performed during TG studies (see chapter 5.4), i.e. in 5 vol.% H; in Ar atmosphere,
due to technical limitations of the Anton Paar XRD oven-chamber. Also, it is know that
sensitivity of XRD technique for relatively light oxygen is small. On the contrary,
structural features related to oxygen can be easily observed in neutron diffraction studies
[173-175] since the scattering cross-section for oxygen is on the same order as for other

constituents, as presented in Tab. 5.2.

Tab. 5.2. Neutron cross section for absorption and scattering for the selected elements [176].

element scattering cross section absorption cross section
o 4.232 0.00028
Mn 2.15 13.30

Ba 3.38 1.10

Pr 2.66 11.50

Nd 16.6 50.5(1.2)
Sm 39(3) 5922(56)
Gd 180(2) 49700(125)
Dy 90.3 994(13)

Y 7.7 1.28

Er 8.7 159(4)

Considering the above and taking into account absorption cross section,
praseodymium, neodymium and yttrium containing samples were selected and a proposal
entitled “In-situ reduction of BaLnMn;Ogs (Ln: Y, Nd, Pr) perovskites” have been submitted
to Helmholtz Zentrum Berlin (HZB), in order to perform high-quality neutron diffraction
experiments on fine-resolution angle-dispersive powder diffractometer E9 (FIREPOD)
[177]. For detailed description of the measurement setup, please see appendix B.

For the measurements, high-quality powdered samples of about 5 g mass with

precisely established oxygen content 6 = 6.0 were used. Neutron beam is more penetrating
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than X-rays that is why grater amount of sample is required in comparison with XRD
technique, which is available for samples even as small as ~ 30 mg (e.g. after TG
measurements). In the considered experiment, the powder was placed near a bottom of
a quartz tube. Long scans at ambient conditions before and after high-temperature
measurements were conducted to establish precise structural parameters. The in situ studies
of the reduction process were performed at the temperatures starting from 200 °C up to
500 °C (every 100°C) with 12 consecutive measurements at every temperature, unless
described otherwise in the result section. Constant flow of 20 ml-min™ of 5 vol.% H, in Ar
gas was maintained by an embedded in the material quartz tube. The single scan,
performed in the angular range of 5-140 deg, took approximately 30-35 min. Neutron wave
length A = 1.7982(1) A from Ge(511) was used during the measurements.

The obtained data were refined using Rietveld refinement technique using
GSAS/EXPGUI set of software [166, 167]. The background was fitted graphically using
Shifted Chebyshev polynomials (28 terms). To facilitate comparison, obtained structural
parameters presented in the graphical form were normalized to a single, cubic perovskite-
type structure, while in the tables the exact values are presented, with the refined errors

given.

5.4. Thermogravimetric studies

Oxygen storage-related properties including reduction/oxidation runs as a function of
temperature or at constant temperature were determined using thermogravimetric (TG)
method. Experiments were conducted on TA Q5000IR apparatus using platinum pans or
on TGD-9600 Advance Riko Inc. using Al,O; crucibles. The measurements were done on
previously powdered samples, as described in chapter 5.2. Atmosphere of 5 vol.% H; in Ar
was used for the reduction, while the oxidation process was studied in the synthetic air
flow. For all studies, gas flow of 100 cm’-min™ and heating rate of 5 °-min™ were set up as
the experimental conditions. In TA Q5000IR equipment, a protection gas flow (He) of
10 cm® min” was set on the balance. For every measurement, comparable amount of the
respective powder (c.a. 50 mg) was placed on the holder, and evenly spread to ensure fast
gas change in the vicinity of the sample. Additionally, influence of the weight change in

the experiments was studied, showing virtually the same results for 30 mg and 70 mg
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amounts of the selected BaGdMn,Os,5 sample. The error of weight measurements on both
thermobalances is small enough to be neglected.

Standard temperature of isothermal reduction/oxidation runs was selected at 500 °C
[5], however, further studies in a temperature range of 400-600 °C were also conducted for
the chosen samples. These studies allowed to estimate activation energy E, of the oxygen
transport. Details about method of calculation of E, are given below in chapter 5.5.

Calculation of the reversible oxygen storage capacity (OSC) during non-isothermal
runs was corrected for buoyancy effect, which was established on a basis of runs
performed without material (empty holder) in the same conditions (i.e. gas flow,
temperature range).

Determination of the oxygen content, OSC and the rate of oxygen incorporation and
release is undoubtedly affected by TG measurement errors. The important buoyancy effect
during change of the atmosphere, which, for example is causing a slight increase of the
mass with a change from air to 5 vol.% H; in Ar gas flow is depicted in Fig. 5.1. As can be
seen, the effect was measured to be smaller than 0.01 wt.%, and as such, not influencing

significantly the OSC values. Nevertheless, the given results are corrected for the

buoyancy effect.
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Fig. 5.1. Buoyancy effect correlated to the gas change from synthetic air to 5 vol.% H, in Ar, visible during
the initial stage of the reduction process. Exemplary data are shown for BaPrMn,Og sample.

Another important effect, which was measured during the isothermal oxidation and
reduction process can be related to the emitted and absorbed heat associated with the
respective intake and release of the oxygen form the material. In the case of BaYMn;Os.s,
such effect was calculated to be about -200 kJ-mol™ for the oxidation [178]. As can be seen
in Fig. 5.2, during the longer (minutes) reduction process, the TG device is able to

maintain the desired temperature precisely. However, during the much faster (seconds)
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oxidation process, the temperature variation exceeds £3 °. Since all studied materials are
expected to exhibit similar enthalpy of oxidation, comparable temperature instability is
likely to occur. While the overall changes appear to be not significant, such amount of heat
released during oxidation may cause local overeating of the material, which actually can be

associated with much faster kinetics of the oxidation, comparing to the reduction [165].
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Fig. 5.2. Temperature recorded by TG sensor during oxidation and reduction at 500 °C of BaPrMn,Os.s;.
1 - starting point on reduction, 2 - starting point on oxidation.

5.5. Estimation of the activation energy of the oxygen transport

In the conducted TG experiments it was possible to measure time needed for the
oxidation or, which is of a greater importance from a point of view of practical application,
reduction time (in 5 vol.% H; in Ar) of the samples at various temperatures (400-600 °C).
As these processes can be associated with insertion and removal of the oxygen from the
bulk of the grains (through surface), comparison of the time needed for a certain change of
mass of the sample at different temperatures should allow for an evaluation of oxygen
transport-related parameters (theoretical approach). Using the approximation below, it can
be assumed that the activation energy of the bulk diffusion of the oxygen can be evaluated.

Process of the oxygen transport can be divided into bulk diffusion and surface
exchange part, and consequently, determination of the diffusion coefficient D and surface
exchange constant k would be of interest. However, as changes of the oxygen content in
the presented studies are close to one mole per mole of compound, the recorded weight
change characteristics cannot be used as “relaxation profiles” for fitting of D and k. Also,

the mechanism of the oxygen release has two-phase nature (see chapter 6.2.2 and appendix
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B for more information), and as such, there is no way to conduct experiment in a way that
the data could be analyzed like it is done in standard relaxation-type studies with small
changes of the oxygen content.

The recorded time needed for the reduction presented in Arrhenius coordinates for
ionic conduction (i.e. in log(T/t) versus 1/T coordinates, t — time, T — temperature)
shows activated character (linear behavior), which allows to calculate E, for the respective
material. To parameterize the process, change of 95% of total weight change and time
needed to attain this value at respective temperature was chosen as characteristic, and such
data will be presented further in this work (chapters 8.3.3, 9.5 and 10.6). However, for
early considerations based on BaY;,GdiMn,Os.s series of oxides, E, was calculated
assuming change of weight as 3 wt.% = 1875 umolO-g”, 2 wt.% = 1250 umolO-g”,
1 wt.% = 625 umolO-g™”, and also 99% , 95% and 90% of change of the total weight
change, and such results are gathered in Tabs. 5.3-5.8. Please notice that there are no
results presented for BaYMn;0s.5 at 400 °C, due to a very slow rate of the reduction

Pprocess.

Tab. 5.3. Time needed for 3 wt.% change of weight of BaY,GdMn,0s.;s, during reduction at respective
temperatures together with activation energy of the process.

chemical time of reduction [min] at respective temperature E, [eV]
composition 3 wt.% =1875 umolO-g‘1
400 °C 450 °C 500 °C 550 °C 600 °C
BaGdMn,0Os.;5 49.70 13.15 5.88 3.47 2.18 0.85
BaY,5Gdg 75sMn,0s.5 33.08 12.25 6.48 3.65 2.48 0.72
BaY(5GdysMn,Os.5 44.67 18.92 8.40 3.87 2.28 0.83
BaY75Gdy2sMnyOs.5 34.37 10.55 5.12 2.92 2.00 0.78
BaYMn,Os.5 21.75 7.10 3.82 2.53 0.85

Tab. 5.4. Time needed for 2 wt.% change of weight of BaY.,GdMn,Os.;, during reduction at respective
temperatures together with activation energy of the process.

chemical time of reduction [min] at respective temperature E, [eV]
composition 2 wt.% = 1250 pmolO-g’
400 °C 450 °C 500 °C 550 °C 600 °C
BaGdMn;,0s.;5 13.28 4.13 2.33 1.68 1.22 0.65
BaY,5Gdy.7sMn,Os.5 10.25 4.87 3.27 2.13 1.57 0.53
BaYsGdysMn,0s5 13.28 6.36 3.70 2.11 1.42 0.63
BaY75Gdg2sMn,0s.5 10.72 4.67 2.68 1.80 1.33 0.59
BaYMn,Os;5 6.40 3.12 2.05 1.56 0.58
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Tab. 5.5. Time needed for 1 wt.% change of weight of BaY,Gd,Mn,0s.;5, during reduction at respective
temperatures together with activation energy of the process.

chemical time of reduction [min] at respective temperature E, [eV]
composition 1 wt.% = 625 pmolO-g”
400 °C 450 °C 500 °C 550 °C 600 °C
BaGdMn,Os.5 4.82 L.77 1.13 0.92 0.70 0.53
BaY/,5Gdg.7sMn, 055 4.33 2.42 1.78 1.20 0.92 0.45
BaY(sGdysMn,Os.5 4.70 2.65 1.83 1.67 0.86 0.46
BaY/75Gdg 2sMn,0s.5 3.98 2.02 1.48 1.03 0.80 0.46
BaYMn,Os;5 2.36 1.67 1.22 0.98 0.39

Tab. 5.6. Time needed for 99% change of total weight change of BaY; ,Gd,Mn,0s.;s, during reduction at
respective temperatures together with activation energy of the process.

chemical time of reduction [min] at respective temperature E, [eV]
composition 99% change of total weight change
400 °C 450 °C 500 °C 550 °C 600 °C
BaGdMn;,Os.;5 60.50 22.86 9.30 5.25 3.18 0.82
BaY(,:Gdy7;sMn,Os.5  46.43 27.20 10.58 6.03 5.38 0.66
BaYsGdysMn,0s5 72.25 42.42 19.45 6.15 3.30 0.88
BaY(75Gd»sMn,Os,5  55.80 24.08 9.68 5.15 3.40 0.79
BaYMn,0s.;5 51.50 16.20 10.98 8.20 0.72

Tab. 5.7. Time needed for 95% change of total weight change of BaY, Gd,Mn,0Os,;, during reduction at
respective temperatures together with activation energy of the process.

chemical time of reduction [min] at respective temperature E, [eV]
composition 95% change of total weight change
400 °C 450 °C 500 °C 550°C 600 °C
BaGdMn,0s.5 46.08 14.43 6.38 3.80 2.30 0.82
BaY,5Gdg7sMn,0s.5  35.11 15.75 7.65 4.30 2.82 0.71
BaYsGdysMn,Os.; 54.25 28.28 13.08 4.98 2.60 0.85
BaY/75Gdg 2sMn,0s.5 42.8 15.70 6.78 3.70 2.38 0.80
BaYMn,Os.; 33.93 10.14 5.45 3.56 0.88

Tab. 5.8. Time needed for 90% change of total weight change of BaY, ,Gd,Mn,0Os.;, during reduction at
respective temperatures together with activation energy of the process.

chemical time of reduction [min] at respective temperature E, [eV]
composition 90% change of total weight change
400 °C 450 °C 500 °C 550°C 600 °C
BaGdMn;,0s.;5 35.42 10.80 5.23 3.16 2.03 0.78
BaY,Gdy7sMn,Os,5  27.38 12.06 6.43 3.68 2.53 0.67
BaY sGdysMn,0s5 41.47 20.25 9.42 4.13 2.36 0.81
BaY75GdgsMn,0s,5  33.33 12.00 5.68 3.16 2.13 0.77
BaYMn,Os;5 25.01 8.12 4.45 2.90 0.85

Data presented in the above tables suggest that E, increases (almost linearly) with the

increasing value of weight change taken as the end point of the time measurement. It seems
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therefore that the mechanism of the oxygen release changes as the process proceeds, which
was expected taking into account two-phased nature of the process. Furthermore, the

samples can be compared between each other using values of E, because:

o Assumed different weight changes for the calculation of E, of the samples
corresponds to the release of (in each case) a very similar amount of the oxygen from
all studied samples per volume (alike density) and per weight (alike molar mass).

o As microstructure of the powders is very similar with comparable grain size
distribution and BET specific surface, the average diffusion distance for the oxygen
to be released from grains will be comparable, and also total surface, through which

the oxygen will be released will be very similar (see chapter 6.3).

However, more assumptions can be also made and justified taking into account the

following information:

o For most of the perovskite-type oxides the available literature data suggest that the
surface exchange coefficient k is at least 2-3 orders of magnitude higher than the
diffusion coefficient D (calculated from tracer methods or relaxation studies) [123].
See also discussion in chapter 2.3, and referenced work [60].

o For powder morphology, (see chapter 6.3) the oxygen release process is highly
unlikely to be limited by the surface exchange reaction only. Therefore, it is rather
the bulk diffusion in the grains, which is a limiting factor.

o It is also known that k often does not show clearly defined temperature dependence,
from which E, can be calculated. On the contrary, D often shows activated character
on temperature, with values below 1 eV being observed [123].

° Structural modification during oxygen release from BaYMn,Og¢ through BaYMn;Os s
to BaYMn,Os (or reverse, oxygen uptake [7]) occurs with preservation of the

structural framework (see chapter 6.2.2).

Considering above, the calculated E, (for times representing most of the actual weight
change) can be correlated with changes of the oxygen transport in the materials as

a function of temperature, and since surface exchange reaction and structural changes can
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be neglected as not limiting, the E, values can be associated to the diffusion process of the
oxygen in bulk of the grains, but likely, in the final step of the oxygen release process.
Since in the powdered sample the grains of different size and shape are present, no
simple model can be used to evaluate behavior of the oxygen release, however, because
statistically the samples are similar, averaged values can be considered. It is well known
that mean square displacement of diffusing species is proportional to the diffusion

coefficient and time as (23):
<x>2 ~Dt (23)
If conditions of the transport (as documented above) are similar, release of the oxygen

from the material would directly correspond to the same mean square displacement (of the

oxygen in all grains). And consequently (24):

W)
-

<X >2 ~DT1tT1 = DTZtTZ d =12 = Tl, where T1 < T2

11 (24)

Dri 2
Therefore, temperature dependence of diffusion coefficient in Arrhenius coordinates
(activation energy of D) would be the same like activation energy of reduction time. Also,
considering ionic conductivity of the oxygen, and taking into account Einstein equation, it
can be written that oxygen mobility p is proportional to the (average or effective) diffusion

coefficient at the particular temperature (25):

=— - Dr~pu->—~—

D kT Hy T (25)
u W L

Electrical conductivity is known to depend on charge, concentration and mobility of the

charge carriers according to the equation (26):
o = Cpq (26)

With constant value of q and the same value of C, it can be stated that the activation energy
of the ionic conductivity of the mobile oxygen at the final stages of the oxygen release

process would be the same as the activation energy of the reduction time. Of course, since
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it corresponds to almost all of the oxygen being released from the material, and it was
shown that there is no single D value characterizing whole process, the above diffusion
coefficient can be treated as effective one. But, anyway, the calculated activation energy on
the order of 0.7-0.8 eV can be related to the activation energy of the oxygen mobility.
While this is only a very rough approximation, it seems reasonable, with values being
typical for the oxygen diffusion in oxides. Please notice that the actual values of

D are not provided, but only the activation energy.

5.6. Microstructural studies

Studies of powder microstructure of the synthesized samples were conducted on FEI
Nova NanoSEM 200 scanning electron microscope equipped with a low vacuum detector
and EDX detector (EDAX), used for evaluation of the chemical composition. Typically,
1000-10000 magnification was used for observation of the powders. Average particle size
was evaluated by computer-supported statistical analysis of the micrographs. EDX
spectroscopy was used to confirm element content of the studied materials. It should be
noticed that some amount of carbon was also detected on the surface of the samples, likely
originating from the preparation method. However, it can be also related to the adsorbed on
surface of the grains CO,.

Additional studies of the specific surface area of the considered selected powders
were conducted by N, adsorption method using Gemini V Micromeritics apparatus.
Typically, about 1 g of the powdered material was used in the experiments. Data were
analyzed assuming Brunauer-Emmett-Teller (BET) isotherm. Error associated with BET

experiments was evaluated not to exceed 0.03 m-g™.

5.7. XPS measurements

X-ray photoelectron spectroscopy (XPS) system, Kratos AXIS-ULTRA, was used
for investigation of the selected oxides in reduced and oxidized form. The used X-ray
source was AlKa (hv = 1486.6 eV) with monochromator. The results were analyzed using
Igor Pro 6.37 software with background fitted cubically and peaks fitted using Gauss

function.
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5.8. Electrical conductivity and Seebeck coefficient measurements

Additional studies of electrical conductivity and thermoelectric power (Seebeck
coefficient) were measured for selected samples using a four-probe system (with direct
current applied). The system is a custom-made equipment, developed at the Department of
Hydrogen Energy, Faculty of Energy and Fuels, AGH University of Science and
Technology, which allows for simultaneous measurements of both of these properties. For
the measurements, sinter of the considered oxide was cut in a rectangular shape. The
studies were carried out in 5 vol.% H; in Ar or in synthetic air atmosphere. The sample
holder in the equipment consists of four electrodes arranged in a short distance from each
other (~ 3 mm) and being in electrical contact with the surface of the sample. The two
outer electrodes (made from gold) act as current collectors. The inner electrodes (made
from platinum wire wrapped several times around the sample) act as voltage electrodes. In
order to calculate electrical conductivity, the measured voltage drop was divided by the
value of the electrical current, and corrected concerning size of the studied sample. During
Seebeck coefficient measurements, temperature gradient on the both ends of the sample, of
about 2-5 °C, was enforced.

The relative error of electrical conductivity evaluation, which takes into account
errors related to accuracy of used gauges, sample’s porosity (Bruggeman’s effective
medium approximation was applied, with a suitable porosity-related correction [179]) and
dimensions and distances between electrodes is estimated to be on the order of 10%, which
can be translated to a possible shift of electrical conductivity of about +0.1 (in the
Arrhenius coordinates). The maximum error value of the activation energy of the electrical
conductivity is estimated to be smaller than 0.01 eV. Concerning Seebeck coefficient

measurements, the error is estimated to be below < 5 pV-K.

5.9. Calculation of parameters for evaluation of the oxygen storage

properties

As described in chapter 2.1, usefulness of the potential storage material can be

evaluated taking into account the following factors: reversible oxygen storage capacity
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(OSC), speed of incorporation and release of the oxygen, characteristic temperatures of this
processes and cyclability.
Theoretical oxygen storage capacity of materials was calculated as a difference in

molar mass between oxidized (m,yy) and reduced material (myeq) and divided by the mass

of the material in reduced state according to the equation (27):

0SC = Moyy — Myed (27)
Mred

The theoretical value of OSC was calculated assuming maximal change of oxygen
content as 1 mol of oxygen per 1 mol of compound in the case of double perovskites
(change between Ba,.,Sr,Y..\LnMn,Os <> Ba;_,Sr,Y.«LnMn,0Os accompanied by change
of oxidation state of the manganese) and 0.5 mol of O for brownmillerite-type materials
containing 0.5 mol of Co (e.g. SmysSrosCo¢sFeysOs <> SmygsSrysCopsFepsO,s). For
Lag 6Sr94Cop sFep 2035, theoretical value of o is equal to 0.6, due to a higher amount of
cobalt, which can change its oxidation state during reduction/oxidation process in +4 to +2
range. Measured OSC was calculated on the same principio as the theoretical one, using
weight change during isothermal TG measurements at 500 °C while change of the
atmosphere between air and 5 vol.% H, in Ar. Another parameter calculated out of this test
1s a time needed particular (e.g. 99%) of a total weight change, which allows for
comparison of the kinetics of oxygen incorporation and release processes.

Characteristic temperatures of oxidation and reduction processes were determined
based on non-isothermal TG measurements (from RT to 500 °C in atmosphere of air or

5 vol.% H; in Ar respectively) by reading off an extremum on derivative curve.
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6. Properties of BaLnMn,0Os.; (Ln: Pr, Nd, Sm, Gd, Dy and Y)
oxides

As mentioned in chapter 4, available literature data, including the works of the author
suggest that Mn-based perovskite-type cation-ordered oxides (e.g. BaYMn,Os,5 or related)
should be considered as one of the most promising oxygen storage materials. Although,
presented data concerning crystal structure and oxygen storage-related properties of these
compounds were until now highly limited. In this chapter, results of the characterization of
basic properties of BaLnMn,0Os,s (Ln: Pr, Nd, Sm, Gd, Dy and Y) oxides are gathered.
While Y-containing material exhibits the highest theoretical capacity in the series, due to
its lowest molar mass, motivation behind the presented work was to study possibility of
enhancement of other properties, important from the view point of oxygen storage
technology, which seem to be related to the choice of Ln cation. Most important presented

below data were published in the cited work [180] by the author.

6.1. Crystal structure of BaLnMn,0s and BaLLnMn,Og oxides at room
temperature

Initial XRD structural measurements were performed on the as prepared
BaLLnMn;0Os.s samples, showing formation of the desired structure and no or minimal
amount of secondary phases. Following this, precise structural characterization was carried
out on practically fully oxidized (in air at 500 °C, 8 = 1) and reduced (in 5 vol.% H; in Ar
at 500 °C, 6 = 0) materials [5]. According to the literature, presence of (001) peak in the
vicinity of 11.5 deg for both, reduced and oxidized compounds indicates formation of the
A-site cation-ordered phase (layered-type of Ba-Ln arrangement, see chapter 4.4.1) [15].
Exemplary XRD data together with Rietveld refinement for BaLnMn,0s and BaLnMn,O¢
(Ln: Pr, Sm, Gd and Dy) oxides are shown respectively in Figs. 6.1a-d. As can be seen,
intensity of the mentioned (001) peak is rather small, especially for materials with larger
Ln’" cations, suggesting possible partial mixing between Ln’" and Ba®". However, as no
significant improvement of the refinements with assumption of such mixing could be
obtained, reliable estimation of a degree of the mixing was not possible, despite good
quality data. This is mainly due to a comparable atomic mass of Ln and Ba cations. For

more details about this issue see Appendix A, presenting precise, synchrotron data.
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Because BaNdMn,0s,s and BaYMn,Os,5 were synthesized also by the solid state,
high-temperature reaction (see Experimental section), a comparison of the influence of the
preparation method on the structural properties can be done. As visible in Figs. 6.2a-d,
while no major differences could be observed between the materials obtained by both
routes (the same space group allowed to refine the data successfully), data presented in
Tab. 6.1 indicate somewhat different unit cell parameters and volume. The mentioned
Tab. 6.1 shows the obtained structural parameters and also information about accuracy of
the refinement of reduced and oxidized BaLnMn,0Os.5 compounds. It is worth mentioning
that the calculated theoretical tolerance factor is linearly dependent on the ionic radii of Ln,
while the one calculated from X-ray diffraction data shows no such correlation. However,

values for the oxidized materials are higher.
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Fig. 6.1. Diffractograms with Rietveld analysis for: a) BaPrMn,0s.5, b) BaSmMn,0s.;5, ¢) BaGdMn,0s,; and
d) BaDyMn,0s.; samples in oxidized and reduced form recorded at room temperature. In the case of Dy-
containing material, having small amount of secondary phases, intensity of some of the peaks could not be
refined correctly. Notice that color of symbols of allowed reflections is related to the space group.
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Fig. 6.2. Selected angular range of recorded diffractograms with Rietveld analysis for: a) BaNdMn,Os and
BaNdMn,Os 11, b) BaYMn,05 and BaNdMn,Os 11, ¢) BaNdMn,O4 and BaNdMn,0Oy II and d) BaYMn,Oq
and BaYMn,Oq II samples at room temperature, refined assuming P-1 triclinic space group for the oxidized
materials and P4/nmm structure for the reduced ones. BaNdMn,Os II contains ~ 15 wt.% of BaNdMn,Os s

with Icma symmetry.

case of BaPrMn,Og, crystal structure of the compound can be refined at room temperature

using aristotype P4/mmm symmetry. This basic structure represents simple doubling of the
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Considering the oxidized materials and starting from the biggest Pr’" cation, in the

perovskite-type cell along c-axis (i.e. 1ap X 1la, X 2ap), with only single crystallographic

position for all manganese cations. Considering that the average oxidation state of the Mn

cations in the oxidized BaLnMn,Og is +3.5, it likely indicates no charge-ordering effects

taking place.
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Tab. 6.1. Structural parameters of reduced and oxidized BaLnMn,Os,; materials at room temperature. Data
gathered from author’s publications [6, 165, 180-182].

chemical space a[A] c[A] V[A7] relative X* | Rwp tg te
composition group b [A] Y [deg] increase [%]

o [deg] of V after

B [deg] reduction®

[7%0]

BaPrMn,05 P4/nmm | 5.6263(1) | 7.7565(1) | 245.53(1) 3.99 2.8 | 3.4 | 0985 | 0.963
BaPrMn,0¢ P4/mmm | 3.9004(1) | 7.7480(1) | 117.87(1) 6.3 | 5.7 | 0.990 | 1.000
BaNdMn,Os | P4/nmm | 5.6160(1) | 7.7422(1) | 244.18(1) 3.66 32 | 3.6 | 0982 | 0.965
BaNdMn,0O¢ P-1 5.5177(1) | 7.7282(1) | 235.24(1) 57 | 49 | 0986 | 0.998

5.5167(1) | 90.10(1)

90.00(3)

90.00(2)
BaNdMn,Os | P4/mmm | 5.6142(1) | 7.7374(1) | 243.88(1) 3.70 24 | 33 | 0982 | 0.963
n°
BaNdMn,O P-1 5.5139(1) | 7.7247(1) | 234.85(1) 2.3 | 3.1 | 0986 | 0.995
I 5.5137(1) | 90.16(1)

90.00(1)

90.00(1)
BaSmMn,Os | P4/nmm | 5.5963(1) | 7.7105(1) | 241.48(1) 3.01 1.2 | 43 | 0976 | 0.960
BaSmMn,O¢ | P4/nmm | 5.5430(1) | 7.6227(1) | 234.21(1) 1.3 | 5.0 | 0.979 | 0.998
BaGdMn,Os | P4/mmm | 5.5808(1) | 7.6876(1) | 239.43(1) 2.59 3.0 | 3.1 | 0972 | 0.955
BaGdMn,0O¢ | P4/nmm | 5.5352(1) | 7.6121(1) | 233.23(1) 24 | 2.7 | 0974 | 0.996
BaDyMn,Os | P4/nmm | 5.5663(1) | 7.6658(1) | 237.18(1) 1.94 157 | 6.5 | 0.967 | 0.963
BaDyMn,O P-1 5.5293(1) | 7.6103(2) | 232.57(1) 11.6 | 59 | 0.970 | 0.995

5.5269(2) | 89.95(1)

90.00(1)

90.29(1)
BaYMn,05 P4/nmm | 5.5496(1) | 7.6548(1) | 235.75(1) 1.54 1.6 | 4.5 | 0.966 | 0.954
BaYMn,O4 P-1 5.5253(1) | 7.6105(1) | 232.11(1) 1.4 | 45 | 0969 | 0.991

5.5198(1) | 89.96(1)

90.01(1)

90.30(1)
BaYMn,Os 11 | P4/nmm | 5.5509(1) | 7.6560(1) | 235.90(1) 1.57 42 | 3.6 | 0.966 | 0.956
BaYMn,O4 1T P-1 5.5265(1) | 7.6103(1) | 232.19(1) 2.9 | 3.1 | 0969 | 0.994

5.5207(1) | 89.94(1)

90.00(1)

90.29(1)
BaErMn,Os° | P4/nmm | 5.5424(1) | 7.6422(1) | 234.76(1) 1.31 84 | 49 | 0.963 | 0.956
BaErMn,0° P-1 5.5206(1) | 7.6100(1) | 231.68(1) 6.1 | 4.6 | 0.966 | 0.975

5.5147(1) | 89.92(1)

90.01(1)

90.29(1)

*Calculated using unit cell volume normalized to P4/nmm structure. bDespite 220 min reduction at 500 °C in
5 vol.% H, in Ar, the sample contained ~ 15 wt.% of BaNdMn,Os 5 phase with Icma symmetry. ‘See chapter
7 for more detailed discussion.
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In the case of BaNdMn,Og obtained from both synthesis methods, an evident split of
(200) peak in the vicinity of 46.5 deg was recorded at the room temperature, indicating
a decrease of the symmetry. This distortion, however, completely disappears while heating
up to 100 °C (see chapter 6.2, Fig. 6.5a) [183]. Because in the reported electronic phase
diagrams [157-159], there is an indication of a phase transition occurring near RT, it is
possible that the distortion originates from the magnetic effects (see chapter 4.7). For this
compound the structural refinement was conducted assuming P-1 space group.

For the oxidized (Og) samples with smaller Ln®" cations (Sm®", Gd*"), good quality
refinements of the structural data were obtained assuming tetragonal P4/nmm space group
representing \/Eap X \/iap X 2ap superstructure. As suggested in the literature [158], in
this arrangement manganese cations present at B-site form a rock salt-like charge order,
where Mn®" and Mn*" states occupy different crystallographic positions [145, 184].

Furthermore, in the case of samples with even smaller Dy’" and Y*" cations, the
actual symmetry seems to be lowered to either monoclinic P121 or triclinic P-1 space
group [7, 184, 185]. Considering the published results, the measured structural data for the
considered compounds were refined using triclinic symmetry. For discussion about
synthesized BaErMn,Og see the following chapter 7.

All reduced BaLnMn,0Os oxides could be refined successfully assuming P4/nmm
symmetry, with charge order of Mn*" and Mn®* cations present, forming the mentioned
rock salt-type arrangement. While no electronic phase diagram is available for all
considered BaLnMn,Os, presence of two, clearly defined positions of the manganese
cations in the crystal structure likely indicates that the materials should possess notably
lower electrical conductivity than the oxidized ones. This effect is further discussed in
chapter 7.

As can be seen in Tab. 6.1 and in Fig. 6.3, for both series, BaLnMn,0s and
BaLnMn,Qy there is a linear dependence (R? > 0.99) observed between unit cell volume
and ionic radius of Ln’". In order to compare materials having different structural space
groups, the data were normalized, i.e. appropriately divided, to obtain cubic-like
la, X 1la, X 1a, unit cell volume. Also, since the ionic radius of smaller Ln*" is
untypically small for 12-fold coordination, data are presented for 8-fold coordination. All
reduced materials possess larger unit cell than respective oxidized ones, which can be
related to the increase of average Mn-O bond length, which originates from a decreased

average oxidation state of manganese cations, but also from generally weaker bonding, as

Chapter 6. Properties of BaLnMn,0Os.5 (Ln: Pr, Nd, Sm, Gd, Dy and Y) oxides 81



less oxygen anions are present in the structure of BaLnMn,Os. Interestingly, slope of these
two dependences is different, and unit cell of oxides with smaller Ln®" cations does not
expand so much upon reduction (Fig. 6.3). This behavior seems to be associated with a fact

that cubo-octahedral void is not fully filled when occupied by smaller Ln®" cations.
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Fig. 6.3. Unit cell volume of BaLnMn,0O5 and BaLnMn,Og as a function of Ln** ionic radius.

Small change of the unit cell volume upon reduction and oxidation seems to be
important factor, considering oxygen storage-related application, during which the material
is subjected to numerous cycles of the oxygen release and intake. While the smallest
variation was observed for BaErMn,0Os.5 oxide (see chapter 7), the extrapolated lines in
Fig. 6.3 suggest that if it was possible to obtain compounds with introduced even smaller
lanthanides (e.g. Yb*") or In*", such change should be indeed very small. Unfortunately, all

attempts to synthesis BaYbMn,Os.5 were so far unsuccessful (see also [157]).

6.2. In situ structural measurements

Structural measurements in sifu were conducted in both oxidizing and reducing
atmospheres, corresponding with the one used during TG-studies of oxygen storage
properties, and also in vacuum conditions. That allowed for the description of the possible

mechanism of the reduction process of BaLnMn,0Os.s (Ln: lanthanides and Y') oxides.
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6.2.1. Changes of the crystal structure during oxidation process

It was reported that oxidation of BaYMn,Os occurs rapidly in air above 250 °C, and
the process is fast, taking seconds [5]. Precise XRD measurements while such oxidation
process is ongoing are problematic, due to fast reaction rate. However, it was possible to
conduct in situ structural studies during heating in air of BaNdMn,Os II sample. This
material was obtained by solid state reaction at high temperatures, which resulted in
formation of significantly larger grains (compare Fig. 6.12a-d and Fig. 6.13a-d).
Consequently, as the oxygen diffusion path is much longer in such grains, the oxygen
incorporation process is slow enough to be observed in precise (one hour per scan, 10-100
deg range) XRD studies. Exemplary diffractograms at RT, 500 °C and 800 °C, recorded
during these measurements for BaNdMn,0Os II are shown in Fig. 6.4a. For comparison,

similar data are shown for the oxidized BaNdMn,O¢ 11 material.
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Fig. 6.4. a) Exemplary XRD diffractograms recorded at 25 °C, 500 °C and 800 °C for a) BaNdMn,Os II and
b) BaNdMn,O 11 during heating in air.

In Fig. 6.5a and b, the measured data are presented in a different manner, focused on
temperature evolution of the main peaks, which are present in a vicinity of 32 deg.
Calculated unit cell parameters and volume change with increasing temperature are given,
which allowed also to estimate the thermal expansion coefficient (TEC) of the studied
samples. It is evident that the oxidation process, which in this particular case occurs in
175-200 °C range, causes a decrease of the unit cell parameters and volume of the material,
and change of the space group from P4/nmm to P4/mmm. Prior and after the oxidation only

the thermal expansion-related shift of the peaks towards lower angles can be noticed.
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Interestingly, TEC of the reduced material is lower, comparing to the oxidized one, which
is most likely due to larger average Mn-O bond length. One additional information was
deduced from the conducted experiments, as mentioned above, the structural triclinic (P-1)

distortion present at RT (Tab. 6.1), disappears completely at 100 °C.
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Fig. 6.5. Structural evolution of a) reduced BaNdMn,Os II and b) BaNdMn,Og II sample during heating in
air. Intensity data shown for selected angular range (main peaks). Corresponding temperature dependence of
normalized unit cell parameters and volume, as well as calculated thermal expansion coefficients data are
given.
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It is also worth mentioning that during the structural transformation occurring with
oxidation, the registered peak intensities are much lower, comparing to the ones observed
before and after oxidation. This may be explained taking into account that during the
oxidation process the structural coherence length is considerably shortened, but after the
process the structure is rebuilt.

Similar behavior upon oxidation process can be expected for all other BaLnMn,Os
samples, although, materials obtained by the soft chemistry method were found to oxidize
too fast to be able to precisely observe the intermediate steps related to the structural

changes during regular XRD scans.

6.2.2.Changes of the crystal structure during reduction process in 5 vol.% H; in Ar

and mechanism of oxygen release from BaLnMn,0Os oxides

Evolution of the crystal structure of BaLnMn,Og (Ln: Nd, Pr, Y) during reduction in
atmosphere of 5 vol.% H, in Ar at elevated temperatures was a subject of investigations
during neutron diffraction measurements in Helmholz Zentrum Berlin. Figs. 6.6-6.8
represent ongoing changes visible in the selected angular range of 90-110 deg, together
with evolution of the structural parameters, weight ratio of present phases, as well as
graphical representation of the observed different crystal structures for Pr-, Nd- and Y-
containing materials at temperature of: a) 300 °C and b) 400 °C, respectively. For
additional neutron diffraction results gathered at other temperatures, see Appendix B. The
given parameters were normalized to simple perovskite cell (a, c/2, V/2 in the case of
P4/mmm structure, and a/2, b/2, c/4 and V/16 in the case of Icma space group). Please
notice that the reduced and oxidized materials exhibit the same P4/mmm structure, buy
varying in the oxygen content.

At temperature of 300 °C oxidized BaPrMn,0¢ sample, refined as having P4/mmm
structure, begins to slowly release the stored oxygen and the Icma phase with oxygen
content equal to 5.5 (6 = 0.5) starts to gradually appear (time data in Figs. 6.6-6.8 represent
total time since beginning of the heating process at room temperature). Consequently, the
material becomes two-phased system, with a phase wt. ratio shifting towards Icma
structure, as can be seen in the consecutive measurements. After approximately 5 h, first
step of reduction is completed, and sample became Icma single phase with BaPrMn;0Os s
composition. After an increase of temperature up to 400 °C initial test showed presence of

only partially reduced (& = 0.5) phase. Analogously, as during the first step of reduction,
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throughout the second step, the completely reduced phase (BaPrMn,0Os refined as having
P4/mmm space group) starts to gradually appear, and after approximately 4 hours the
sample became fully reduced. While comparing first and second step of reduction,
especially taking into account the phase wt. ratio, it can be seen, that the first one occurs

only slightly slower, despite 100 °C lower temperature.
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Fig. 6.6. Str;tural evolution of oxidized BaPrMn,04 sample during heating in 5vol.%H, in Ar in a) 300° C
and b) 400 °C. Intensity data shown for selected angular range. Corresponding temperature dependence of
normalized unit cell parameters and volume data together with the unit cells for oxidized (P4/mmm)
BaPrMn,O; partially reduced (Icma) BaPrMn,Os s and fully reduced (P4/mmm) BaPrMn,0s are given.

Please note, that for the P4/mmm structures graphs represents 2x2x2 supercell and
unit cell in the case of Icma space group.

In the case of BaNdMn;0O¢, reduction process proceed very similarly to
praseodymium reach sample, however, reduced P4/mmm BaNdMn,Os phase appear
already during the first scan in 400 °C. What is more, oxygen is completely removed after

shorter time than for the BaPrMn,0Os.s.
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For yttrium-rich sample, first step of reduction revealed some differences to the
previously presented result for Pr- and Nd-containing samples. Already the first
measurement at 300 °C revealed presence of over 75 wt.% of partially reduced
BaYMn,Os s phase, and in the 4™ scan (Fig. 6.8a) there 1s already no sign of the oxidized
P4/mmm phase. This behavior indicates both, lower temperature of reduction and faster
kinetics of the first part of the reduction process for yttrium-containing material in the
conditions of the experiment (isothermal studies, temperature step 100 °C, significantly
bigger amount of the used sample than for TG tests; see also chapter 6.4). The second step
of the reduction process, however, seems to occur similarly to the previously presented

results, but with a small amount of P4/mmm phase appearing already during the first scan
in 400 °C (Fig. 6.8b).
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It has to be mentioned that the relatively large refinement error of the unit cell
volume of Icma space group, especially when the quantity of the phase is low, somewhat
disturbs interpretation of the results. Nevertheless, significantly higher values of
normalized V for the reduced BalLnMn,Os materials, comparing to the oxidized
BaLLnMn,0O¢ samples, is clear, and the results of AV are comparable to the ones presented
in Tab. 6.1 and Fig. 6.3, for respective compounds.

All investigated samples showed step-like character of the reduction process, with
presence of the phase with intermediate oxygen content, BaLnMn,Os s, refined as having
Icma space group. It seems that the second part of the oxygen release process (from
BaLnMn,0s s to BaLnMn,Os) requires higher temperature than the first step, and it occurs
slower. This is in agreement with the results obtained during the TG-measurements (see
chapter 6.4), for the materials that exhibit visible inflection at about half of their oxygen

storage capacity. While at 500 °C the inflection may not be visible on the TG curves for all
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materials, it can be stated that tendency of formation of BaLnMn,Oss oxygen vacancy-
ordered phase is detrimental, considering oxygen storage properties. This statement is in
accordance with results presented in Appendix C, where initially distorted materials
showed faster kinetics of reduction and lower tendency for BaLnMn;,0s s phase formation.
Particularly, after high-energy mechanical milling, the initially present inflection on the
TG characteristics ceased to be visible.

Even though the above discussion and reasoning was conducted on a basis of
results gathered for praseodymium-, neodymium- and yttrium-containing materials, since
the mentioned cations are of both, large (Pr and Nd) and small (Y), it seems that the
general description of the mechanism of the oxygen release from BaLnMn,Os can be

extended to the other materials from this series of oxides.

6.2.3.Changes of the crystal structure during reduction process in vacuum

Due to technical limitations it is not possible to use reducing atmosphere (e.g. H,-
containing) in Anton Paar HTK 1200N oven-chamber, which was used for some of the
high temperature studies in this work. However, this device allows for in situ studies on
heating under hydrogen free atmospheres, including vacuum. It is also known that the
reduction process is much slower (taking minutes), even under relatively strong reducing
atmosphere of 5 vol.% H; in Ar and at elevated temperature of e.g. 500 °C [5], comparing
to the oxidation (taking seconds). Considering this, samples for the experiment were
selected from those obtained using the soft chemistry method.

Structural data obtained during reduction of BaLnMn,O¢ on heating under ~ 100 Pa
vacuum are shown in Fig. 6.9a. The corresponding, calculated unit cell parameters and
volume changes on temperature, together with TEC data are presented in Fig. 6.9b.
Interestingly, for Pr-containing material significant structural changes were observed
already at 300 °C, at which presence of a mixture of two phases could be deduced from the
recorded data. Apart from the initial P4/mmm phase, additional peaks, which could be
indexed using Icma symmetry could be seen. At 400 °C the recorded diffractogram was
successfully refined using single phase Icma structure, which was previously reported for
the oxygen vacancy-ordered BaYMn,Os s [174]. This indicates a loss of 0.5 mol of oxygen
from the sample. At 600 °C the material transforms to another P4/mmm structure (with no
Mn®"/Mn’" charge ordering), which can be expected for the reduced (5 = 0) compound at

elevated temperatures. Furthermore, the recorded unit cell volume at this temperature
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corresponds very well with the expected value for the completely reduced BaPrMn;,Os.
The behavior is essentially the same, like observed during neutron diffraction experiments

discussed in previous chapter.
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Fig. 6.9. a) Structural evolution of the oxidized BaPrMn,04 material during heating in vacuum of ~ 100 Pa
(data shown for selected angular range), and b) temperature dependence of the normalized unit cell
parameters and volume, together with calculated thermal expansion coefficients.

The observed structural transformations under heating in vacuum for the other
studied BaLnMn,O¢ (Ln: Nd, Gd and Y) oxides are shown in Figs. 6.10 and 6.11 below.
Unfortunately, the results obtained for other than BaPrMn,Os compounds are different,
with generally much smaller changes of the oxygen content on heating. For example, for
Nd-containing material the oxygen loss was estimated as only ~ 0.15 at 800 °C. On the
other hand, for Gd- and Y-containing perovskites a formation of the Os s-type phase and
release of 0.5 mol of oxygen up to 800 °C was documented, comparable to published data
in work [71]. It is not evident why such different behavior was observed for the considered
samples.

Gathered results of the discussed experiments, containing specific temperatures, at
which structural transformations and associated oxygen release occur, together with the

space groups used for XRD data refinements are presented in Tab. 6.2.
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Tab. 6.2. Structural modification of selected BaLnMn,Og at high temperatures under vacuum (~ 100 Pa).

chemical temperature space group unit cell volume oxygen release
composition [°C] under vacuum [A’]
BaPrMn,Os. 5 300 50 wt.% P4/mmm (Og) 119.88(1) ~0.25
50 wt.% Icma (Os s) 975.75(11)
400 Icma (Os5) 979.00(6) ~0.5
600 P4/mmm (Os) 125.62(2) ~1
800 P4/mmm (Os) 127.18(1) ~1
BaNdMn,0s.; 800 P4/mmm (Og) 122.01(1) ~0.15
BaGdMn,0s.5 300 35 wt.% P4/mmm (Og) 118.28(5) ~0.3
65 wt.% Icma (Os s) 959.90(26)
700 Icma (Oss) 972.15(26) ~0.5
800 Icma (Oss) 975.92(25) ~0.5
BaYMn,0s.; 600 P4/mmm (Og) 118.57(2) ~0
700 Icma (Oss5) 961.98(14) ~0.5
800 Icma (Oss5) 964.66(14) ~0.5
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Summarizing this part one may notice irregular behavior of the reduction process in
respect to the chemical composition in the studied series of oxides, which is not following
Ln’" radius or (for instance) its electronegativity. The mechanism of oxygen release from
the material might be somehow different than when the reducing atmospheres are being
used. This may rise from the fact, that for the hydrogen containing atmospheres reaction of
water formation (recombination of O and H) can occurs on the surface of the material,
between molecular oxygen and hydrogen in gaseous form or adsorbed on the surface,
while for oxygen release in vacuum condition such reaction would not occur and the
limiting factor for oxygen release would be oxygen partial pressure.

Nevertheless, possibility of “pumping out” oxygen from BaLnMn,0O¢ at moderate
temperatures in atmospheres without hydrogen, may be of interest from a point of view of
possible application, for instance, for separation of oxygen from air. This issue, however,

requires further studies.

6.3. Microstructure of BaLnMn,Os.; powders

Exemplary results of microstructural SEM studies are presented in Figs. 6.12 and
6.13 for the reduced and the oxidized BaNdMn,Os;5 and BaYMn,Os.5 obtained by two
synthesis routes.

A clear difference of powder morphology between materials obtained by solid state
and soft chemistry methods can be observed. However, there are no visible differences
between morphology of the same materials in reduced and oxidized forms.

Complementary EXD analyses of chemical composition of the samples were also
performed. These studies confirmed the assumed chemical composition, within accuracy of
the method. However, presence of carbon was also detected, likely from adsorbed CO, or

being a residue from the synthesis route.
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b) BaYMn206

It should be pointed out that for materials synthesized by the soft chemistry route the
secondary particles appear as porous agglomerates. Such morphology, apart a decrease of
the specific surface area of the sample, also helps with an exchange of gasses, and
therefore should be beneficial in terms of kinetics of reduction and oxidation processes.
For comparison, in the case of compounds obtained by the solid state method, the
secondary particles are in a form of well-sintered (non-porous) aggregates. This in turn
allowed to prolong the oxidation process, so it was visible during in situ structural
experiments (chapter 6.2).

Results of statistical analysis of the recorded micrographs for BaYMn,Os oxide
obtained by the mentioned methods are shown in Figs. 6.14a and b. As expected,
significantly smaller mean size of the particles (~ 4 pum) was found for the material from

the soft chemistry route, while for the other material it was estimated as ~ 6.7 um.
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Additional measurements of the specific surface area of the materials were
performed using BET-based technique. For the studied BalLnMn,Os.s perovskites
synthesized by the soft chemistry method it was found to be in 1.0-2.5 m*g"' range.

6.4. Oxygen storage properties

Results of the most important, from a point of view of this thesis, studies of the
oxygen storage-related properties of BaLnMn,Os.5 oxides are reported in this chapter. The
reduction process was conducted in 5 vol.% H, in Ar, while the oxidation was done in
synthetic air. For more details concerning methodology of the studies, see chapter 5.4.

Thermogravimetric data of temperature dependence of weight of the samples
recorded during heating up to 500 °C in the mentioned 5 vol.% H, in Ar atmosphere
(reduction of O¢ phase) or in air (oxidation of Os phase) are depicted in Figs. 6.15a-f.
Before these studies, the materials were initially cycled five times isothermally at 500 °C.
As can be seen, all samples behave similarly on reduction and oxidation to the reference
BaYMn,0Os,s material, for which such characteristics were given previously by Motohashi
et al. in work [5].

Comparing all figures one may notice difference of the onset of oxidation and
reduction processes. To qualitatively analyze this effect, a characteristic temperature of
reduction (or oxidation) parameter was introduced. It was calculated as a temperature of
the extremum on the derivative of the mass weight curve. Estimated temperatures are
included in the figures and in Tab. 6.3.

Analyzing the presented above data, a general trend can be noticed that significantly
lower temperatures are needed for the oxygen incorporation than for reduction, with the
characteristic temperatures being in 210-350 °C and 370-485 °C ranges, respectively.
However, there is no evident dependence of value of the characteristic temperature of
reduction on the ionic radius of Ln’". Among the studied oxides, only in the case of
BaYMn,0¢ sample, the reduction process was not fully completed before reaching 500 °C.
However, the heating rate in this experiment was five times faster than the one reported by
Motohashi et al. [5].

Interestingly, for oxides having bigger cation introduced in the Ln-sublattice (i.e.

Pr3+, Nd**" and Sm3+), an inflection on the reduction curves can be noticed, which can be
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related to a formation of the oxygen vacancy-ordered BaLnMn,Os s-type phase. It is also

worth noting that for BaPrMn,Og¢ oxide a slight decrease of the weight occurs in the low

temperature range (30-250 °C), and only for this material it was possible to remove one

mol of oxygen during heating in vacuum (Fig. 6.6a).
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Difference in behavior of Y-containing material on non-isothermal reduction during
TG and neutron diffraction experiments is unclear. Possibly it stems from a fact that about
two times smaller amount of BaYMn,0¢ powder was used, comparing to other used
samples during neutron diffraction studies, while gas flow was the same, which allowed
for the reduction to occur faster and at lower temperatures.

In the case of oxidation process, there is an obvious dependence between the
characteristic temperature and radius of Ln*". Compounds having bigger Ln’" oxidize at
significantly lower temperatures. This result is important considering possible application.

Results concerning time needed for the reduction and oxidation of the respective
materials at 500 °C are given in Figs. 6.16a-d. Data are shown for the 2" and 5™ process.
As can be seen, reduction of the materials occurs much slower than the oxidation, and
therefore it is the limiting process of the oxygen storage-related cycling (following
reduction and oxidation processes). This phenomenon can be easily understood taking into
account that the oxidation process is exothermic (AH =~ -220 kJ-mol™ for oxidation of
BaYMn,0Os [178]), which can cause local over-heating of the material, speeding up the
diffusion of the oxygen in the bulk. It can be stated that reduction on 5" cycle is faster than
the one on 2" cycle, which can be explained due to activation of the surface of the
materials, from which possible contaminations (e.g. adsorbed CO5) are removed.

Summary data of the isothermal studies at 500 °C, concerning the measured oxygen
storage-related properties of BaLnMn,0Os.5 oxides with theoretical and measured OSC,
characteristic temperatures, as well as reduction and oxidation times are gathered in Tab.
6.3. It can be noticed that the observed oxygen storage capacity is close to the theoretical
one, indicating changes of the oxygen nonstoichiometry & > 0.96. Obviously, OSC
decrease with the increasing molar mass of the Ln’" element, and is the lowest for
BaDyMn,0s.5, however, this is still above the OSC of commercial CZ materials (chapter
2.4.1). While the oxidation time was found to be very similar, in 18-24 s range, time of the
reduction was the fastest for Gd-containing material (< 5 min) and the slowest for
BaSmMn,0O¢ (~ 14 min).

Interestingly, the improved characteristics of the BaGdMn,0s-BaGdMn,O¢ system
cannot be ascribed to the microstructure-related effect, as the morphology of the powder

was the same like for other studied samples, with BET specific surface area of 1.4 mz-g'l.
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Tab. 6.3. Oxygen storage properties of the considered BaLnMn,0Os.; materials. Some results presented also
in works [6, 180-182].

chemical theoretical | measured | characteristic | characteristic time of time of
composition capacity capacity | temperature | temperature reduction oxidation
[wt.%] (5" cycle | of oxidation | ofreduction | (99% of total (99% of total
at 500 °C) [°C] [°C] mass change, mass change,
[wt.%] 5™ cycle) 5™ cycle)
[min] [s]
BaPrMn,0s.5 3.42 3.34 210 380, 485 11.0 21
BaNdMn,0s,; 3.39 3.33 210 370, 460 10.3 18
BaSmMn,0s.5 3.35 3.32 250 395,470 13.8 18
BaGdMn,0s.;5 3.30 3.32 275 370 4.5 18
BaDyMn,0Os.5 3.27 3.16 330 455 11.2 21
BaYMn,0s.5 3.85 3.71 350 460 10.9 24

Comparison of measured oxygen storage capacity, calculated as an average of the

mass changes on non-isothermal processes (Figs. 6.15a-f), isothermal studies at 500 °C

(Figs. 6.16a-d), and theoretical OSC data is given in Fig. 6.17.
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Fig. 6.17. Theoretical and measured OSC values for all studied BaLnMn,Os.5 (Ln: Pr, Nd, Sm, Gd, Dy and
Y) oxides.

Analyzing data in Fig. 6.17 it can be stated that incorporation of smaller than
theoretical amount of oxygen for most of the materials, measured during isothermal and
non-isothermal cycles, can be explained by two effects. Traces of impurities present in the
materials may not participate in the oxygen storage-related processes, but also, if the
equilibrium is not reached in the measurement time (e.g. in the considered cases 30 min on
isothermal reduction), the recorded changes will not reflect the possible maximum ones.
However, reduction processes taking longer than 30 min are rather not interesting from
a point of view of application.

Interesting behavior was registered for BaGdMn,0s,s and BaSmMn,0Os.5 oxides.
These two compounds exhibit higher than theoretical OSC measured during non-
1sothermal reduction/oxidation runs (BaGdMn;,0Os;;5 also during isothermal measurements).
Change of & exceeding 1 mol per mol of the material likely indicates formation of
additional oxygen vacancies in the Ba-related sublattice on reduction.

As shown in Figs. 6.16a and c, some decrease of the reduction time was observed
for all materials on cycling. More details about this effect are presented in Figs. 6.18a and
b, where comparison of time needed for 95% and 99% of the total change of weight of the
considered material to occur is given as a function of cycle number. A significant drop
between values on the first and second cycle can be noticed, which are followed by
a steady decrease of the characteristics for all compounds. As already mentioned, this is
most probably due to activation of the surface of the powders. For the 5™ reduction of
BaGdMn;0¢ oxide, the rate of the oxygen release, as defined in work [186], reached very

high value of 1.6 wt.%-min"', very interesting from the point of view of application.

Chapter 6. Properties of BaLnMn,0Os.5 (Ln: Pr, Nd, Sm, Gd, Dy and Y) oxides 99



a) b)
21 21
reduction in 5% H, in Ar, reduction in 5% H, in Ar,
95% of mass change in BaLnMn O, Ln: 99% of mass change in BaLnMn_O,, Ln:
18r Pr -4 Nd-—¢ Sm A Gd e Dy m—Y 18 o Pr -4 Nd—¢—Sm-—4—Gd —0— Dy —o—Y
[ o
15+ 15 =y
e, L B T —— 6 =
AN - 4 _ . o <
€ 12F o c 12+ T .
é ) N '0—7——7_,’_7 —— é | —— == ,_;:_T:g
[0} L _ _—e o] L
- A ———y E®
— e [ et L
. A
6+ 6 A— A A _A
A, a L
—A—— A A
3F 3L
0 1 1 1 1 1 0 1 | 1 1 1
1 2 3 4 5 1 2 3 4 5

cycle number cycle number
Fig. 6.18. Isothermal reduction in 5 vol.% H, in Ar at 500 °C of BaLnMn,Og (Ln: Pr, Nd, Sm, Gd, Dy and Y)
depending on the cycle number with presented time of the reduction for a) 95% of the total mass changes and
b) 99% of the mass changes.

As documented above, the reduction process of BaLnMn;,Og is much slower, limiting
performance of the material on cycling, and therefore optimization of the reduction speed
seems the most important challenge considering OSMs from the studied group. First
important factor affecting the properties is of course the chemical composition, but also
grain size and powders morphology are expected to play an important role in the speed of
the considered process [186]. An influence of the sintering method on reduction process
was evaluated for BaNdMn;,0s;5 and BaYMn;,Os.5 obtained by the described two synthesis
methods (see chapter 5.2, and Figs. 6.12 and 6.13). The results concerning reduction time
are presented in Fig. 6.19. It is clear, that the reduction of materials obtained by the solid

state reaction and having larger grains (marked as II) is significantly slower.
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Fig. 6.19. Comparison of 1* reduction at 500 °C in 5 vol.% H, in Ar of BaNdMn,Os,5 and BaYMn,Os, 5
materials obtained by two different synthesis procedures.
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6.5. Results of XPS studies

As X-ray photoelectron spectroscopy (XPS) technique allows to measure changes of
the chemical surrounding and oxidation state of the elements, such studies are of interest
for the considered BaYMn,0Os.5 oxides, since the removed oxygen (preferably from the Y-
related sublattice [7]) leaves the vacancy and 2 electrons which are trapped on Mn cations

(28, 29):
08 > V5 +2e + 1/2 0, (28)
Baf, + Y& + 2Mn{, + 6085 — Baf, + Y§ + 2Mny, + 505 + V5" + 1/20, (29)
Overall, the manganese changes its oxidation state from average +3.5 down to +2.5
(30). In both reduced and oxidized species, considering the oxidation state, there are two

different manganese cations (Mn(;y and Mn,)) present (31). The possible change of the

oxidation state of manganese according to [187], can be described as follows:

BaYMn35*0, — BaYMn3°*0s + 1/20, (30)
)
Mn?f')Mn‘(*;) - Mn%f')Mn?;) (31)

This can be supported by a rather low electrical conductivity of the reduced material at
room temperature (o ~ 10 S-cm™, see chapter 7.5), while for the oxidized material it is
increased over 3 orders of magnitude. However, Mn’" present in both oxidized and
reduced materials (and of course in partially oxidized BaYMn3* Os ¢ phase) is known from
its tendency for disproportion into Mn*" and Mn*", so some deviation may occur. More
information can be also found in [158].

Recorded spectra for selected four materials (Ln: Pr, Sm, Gd, Y), in reduced and
oxidized state, are depicted in Figs. 6.20a-d. Selected regions of the spectra, corresponding
to the vicinity of oxygen 1s- and manganese 2p-related peaks are shown in Figs. 6.21a and
b respectively. Changes of O 1s spectra seem to be complex, most likely due to possible

influence of present on the surface CO, and H>O molecules or other contaminations.
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Nevertheless, multi-peak refinement was conducted for the data from 526-540 eV range

(repeated scan of higher resolution) and the results are presented in Fig. 6.22a-h.
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Fig. 6.20. XPS spectra for a) BaPrMn,Os and BaPrMn,O4, c¢) BaGdMn,Os and BaGdMn,Og,

d) BaYMn,0s and BaYMn,0Og.
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General tendency of shift of the energy towards lower energies can be observed
comparing all reduced and oxidized materials. What is more, in the case of all investigated
compounds, beside Sm-containing sample, materials in the oxidized form show additional
4 component in relation to the reduced materials 3-component spectra. The exact values
of the refinement of O 1s spectra for considered oxides are gathered in Tab. 6.4. It can be
seen that for the reduced compounds, binding energy of the refined ‘peak 0’ increases with
the decrease of the size of the Ln ionic radii, and the full width at half maximum (FWHM)

decreases.

Tab. 6.4. Results of the refinements of O 1s photoelectron spectra for considered reduced BaLnMn,Os and
oxidized BaLnMn,0O¢ materials.

peak number for refinement location [eV] ‘ FWHM location [eV] | FWHM
of O 1s spectra BaPrMn,0Os BaPrMn,Oq

0 529.01(2) 1.29(6) 528.87(2) 1.21(7)

1 530.17(11) 2.73(14) 530.46(8) 2.61(22)

2 533.00(5) 3.48(9) 532.12(7) 1.64(24)

3 533.40(15) 2.65(17)
BaSmMn,Os BaSmMn, O

0 529.32(1) 1.41(7) 528.99(1) 1.32(3)

1 530.99(18) 2.96(60) 530.52(7) 2.82(13)

2 532.40(126) 4.55(95) 532.82(25) 3.50(25)
BaGdMn,Os BaGdMn,0O

0 530.02(5) 2.68(15) 529.13(4) 1.57(7)

1 532.87(6) 1.90(10) 530.51(5) 1.40(9)

2 534.36(8) 1.77(9) 533.01(1) 3.12(3)

3 534.43(2) 0.96(6)
BaYMn,Os BaYMn,Og¢

0 530.85(14) 3.58(34) 529.10(5) 1.42(10)

1 532.78(1) 1.38(5) 531.29(15) 2.81(61)

2 533.98(6) 2.33(7) 532.65(2) 1.20(10)

3 533.92(4) 2.13(5)

Exact interpretation of the measured XPS spectra is hindered due to very alike values
of the binding energy for certain compounds (see Tab. 6.5 and 6.6), and for some of the
cases, significant error of the fitting.

In the case of Mn 2p-related peaks, no clear tendency can be distinguished, which
can be correlated with presence of Mn4+, Mn>" or Mn>" states (MnO,, Mn,0O3 Mn304 and
MnO references [188]). What is more, as it is depicted in Fig. 6.23, possible binding
energies for different compounds containing manganese having different oxidation state
impose, making interpretation challenging. For Mn 3p spectra, good refinement can be

obtained assuming just one peak approximation, and the tendency, beside Sm-containing
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sample shows shift of the peaks towards higher energies for the oxidized samples in

relation to the reduced analogues. The precise refinement data are gathered in Tab. 6.7 for

Mn 2p and Tab. 6.8 for Mn 3p spectra.

It seems that difficulties of interpretation of the obtained XPS results can be directly

related to the surface-only sensitivity of this technique, with penetration depth on the order

of 10 nm. The depth profile measurement would be recommended to determine the

chemical environment of manganese on the surface where it might be influenced by

surface defects and possible contaminations.

Tab. 6.5. Binding energy for oxygen-containing 590 ‘ T 1227 _
materials [189]. A Mn 3
i — 589— @ Mn,0, 1226
chemical formula binding energy [eV] B Mn,0, ‘aE‘;
BaO 530.20 S e 1225 §
MnO 529.90 587 1224 9
Mn,05 529.90 586 —
Mn,0; 530.00 3 A E
% 585 1222
MnO, 530.00 ]
S 584 — ¥
.
o = 583
Tab. 6.6. Binding energy for manganese-
containing materials [189]. 582
chemical formula binding energy [eV] 581
MnO 653.40
580
Mn203 653.40
579
Mn,0; 653.70 644 642 640 638
binding energy (eV)
MnO, 653.80 Fig. 6.23. Wagner plot for manganese-containing
MnO, 653.90 materials [189].

Tab. 6.7. Results of the refinement of Mn 2p photoelectron spectra for considered reduced BaLnMn,0s and

oxidized BaLnMn,0¢ materials.

peak number for refinement location [eV] | FWHM location [eV] | FWHM
of Mn 2p spectra BaPrMn,0s BaPrMn,0q

0 642.29(3) 4.21(11) 642.52(3) 4.45(11)

1 653.79(6) 3.24(19) 653.92(6) 3.10(18)
BaSmMn,Os BaSmMn, O

0 642.88(4) 5.35(15) 642.26(2) 3.9509)

1 654.30(7) 3.61(24) 653.68(5) 2.98(15)
BaGdMn,0s BaGdMn,Oq

0 642.28(5) 4.76(20) 642.65(3) 4.39(13)

1 653.55(13) 2.75(40) 654.03(7) 3.56(23)
BaYMn,O5 BaYMn,Oq

0 642.79(8) 4.92(33) 642.70(3) 4.27(13)

1 654.43(20) 3.41(63) 654.15(8) 3.30(25)
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Tab. 6.8. Results of the refinement of Mn 3p photoelectron spectra for considered reduced BaLnMn,Os and

oxidized BaLnMn,0O, materials.

peak number for refinement location [eV] | FWHM location [eV] | FWHM
of Mn 3p spectra BaPrMn,0Os BaPrMn,0q
0 46.604) | 4.04(10) 49.704) | 3.04(20)
BaSmMn, 05 BaSmMn,Oq
0 503134) | 6.62(94) 49.12(14) | 3.84(43)
BaGdMn,0s BaGdMn,0O¢
0 49.496) | 3.91(15) 49904) | 42712
BaYMn,Os BaYMn,Oq
0 49.85(12) | 4.08(35) 50.00(6) | 4.49(17)
Chapter 6 summary

As documented above, it was possible to successfully synthesize A-site cation ordered
BalnMn;Os.s (Ln: Pr, Nd, Sm, Gd, Dy and Y) materials and characterize their structural
properties in the reduced and the oxidized forms. In situ XRD measurements at high
temperatures allowed to observe ongoing oxidation process for the exemplary BaNdMn;Os
1l sample. The high temperature neutron diffraction studies under hydrogen-containing
atmosphere allowed to elaborate model of the reduction process of BaLnMn;Os.;s oxides.
The reduction proceeds initially with formation of two-phase BaLnMn;Os-BaLnMn;Os s
system, and then two-phase BaLnMn;Os s-BaLnMn,Os mixture, with only relative wt. ratio
of respective phases changing during the process. Also, reduction process was investigated
on selected BaLnMn;,O¢ (Ln: Pr, Sm, Gd, Y) oxides during measurements under vacuum
conditions (~ 100 Pa). These studies revealed capability of BaPrMn;0Og to release I mol of
oxygen per mol of the compound when heated up to 600 °C, which seems to be very
interesting from the viewpoint of application. Systematic, thermogravimetric studies were
conducted for all considered samples, which showed reversible change of o0 between
reduced BalnMn,0Os and oxidized BalnMn;Os occurring at moderated temperatures
during change of the atmosphere between air and 5 vol.% H; in Ar. These studies
confirmed excellent oxygen storage-related properties of BaLnMn;Os.s. It can be also
concluded that both, chemical composition and morphology of the powders are of
importance and influence oxygen storage in the studied materials. Also, it seems that

surface of the materials differs considerably from the bulk, and is likely highly defected.
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7. Properties of BaErMn,0s,; oxides

This chapter is devoted to characterization of properties of BaErMn,0Os and
BaErMn,0¢ compounds, were successfully synthesized by the author of the thesis. Until
now, family of cation-ordered BaLnMn,Os.5 oxides was known for Ln: La-Ho lanthanides
and Y. The Er’” cation is the smallest one successfully introduced and forming layered
type of Ba-Er arrangement. Majority of the presented here structural properties at room
temperature and at high temperatures recorded during in situ XRD studies, microstructural
studies, oxygen storage-related properties, as well as data regarding electrical conductivity

and Seebeck coefficient were reported in work [165].

7.1. Crystal structure of BaErMn,0s and BaErMn,0¢ oxides at room
temperature

For successful synthesis of BaErMn,Os,5 the described in chapter 5.2 sol-gel method
was used with the same initial steps, however, the main synthesis step was performed at
1200 °C for 8 h in 5N Ar atmosphere with a flow of gas of about 100 cm’-min™'. Room
temperature XRD measurements, performed after such synthesis indicated formation of the
A-site ordered phase for BaErMn,Os;5. Nevertheless, the material was contaminated by
some amount of impurities. In further step, after heating up to 500 °C with a rate of
5 °-min”', the series of oxidation and reduction cycles (in 5 vol.% H, in Ar), followed by
a fast cooling to room temperature in air resulted in significant reduction of intensity of the
unidentified XRD reflections. The estimated purity of such the obtained BaErMn,Os was
found to exceed 95%. The oxidation to BaErMn,0O¢ phase was conducted on heating in air
up to 500 °C of the reduced material. It should be mentioned that all other attempts to
synthesize BaErMn,Os.5 (at different temperatures and/or in different oxygen partial
pressures) were unsuccessful.

XRD data for the reduced BaErMn,0s and the oxidized BaErMn,;Og¢ compounds,
together with Rietveld refinements considering two possible space groups for both

materials, are shown in Figs. 7.1a and b.
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Fig. 7.1. Diffraction data with Rietveld analysis for a) BaErMn,0O5s b) BaErMn,O4 samples recorded at room
temperature. Notice two different space groups selected for the refinements.

Structural parameters obtained by Rietveld analysis for BaErMn,0s and BaErMn,O¢
are gathered in Tab. 7.1. The registered diffractogram for reduced BaErMn,0s oxide can
be successfully refined using either higher symmetry tetragonal P4/mmm space group or
lower symmetrical P4/nmm space group, which was reported to give a good refinement for
the reference BaYMn,0Os oxide [5, 161]. Refinement statistics for these two cases vary
insignificantly. However, considering possibility of a long-range charge ordering in Mn-
sublattice it is worth mentioning that in the case of P4/mmm space group, there is only
a single available position for Mn cations refined as (1/2, 1/2, 0.266), while for P4/nmm
symmetry there are two sites available for manganese cations, refined as (1/4, 1/4, 0.277)
and (1/4, 1/4, -0.251), which can be, using reference data for BaYMn,0Os [187], ascribed to
presence of Mn®~ and Mn”" respectively. Because of a relatively low electrical conductivity
of the studied material at room temperature (see chapter 7.5), implying rather presence of
localized charges, selection of lower-symmetry P4/nmm space group seems to more
accurate to describe crystal structure of BaErMn;0O:s.

Ordering in barium-erbium sublattice seems well-preserved, since there was no
improvement of the refinement statistics with an assumption of a partial mixing of Ba*"
and Er’" cations. As stated before, some impurities were detected in the obtained material.
The main secondary phase (amount not exceeding 3 wt.%) was identified as Ba3Er4Oo.

In the case of the oxidized BaErMn,O¢ material, lower symmetry implementation for
the refinement seems to be justified, taking into account a slight, but evident splitting of
most of the recorded peaks. Similarly to BaErMn,0Os oxide, two different space groups,

monoclinic P121 and triclinic P-1, were selected for Rietveld analysis, and both allowed to
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obtain good fits with comparable refinement statistics. In the literature there is no
definitive agreement about choice of the space group for the reference BaYMn,O¢ oxide,
having only slightly larger Y** cations [7, 184, 185]. The material was reported to be
monoclinic, but precise neutron diffraction studies suggested presence of triclinic P-1
symmetry [184]. This is also supported by author’s results presented in Tab. 6.1. Due to
the mentioned similarity of the ionic radii of Y*" and Er’, as well as expected
(extrapolated from electronic phase diagram, Fig. 4.14) charge-ordered character of
interaction between manganese cations, it seems that choice of the lower-symmetry P-1
space group is reasonable. Nevertheless, the triclinic distortion is rather small, with only 3
angle differing significantly from 90 deg (Tab. 7.1). Similarly as in the case of the reduced
sample, in the oxidized BaErMn,Og¢ layered Ba-Er ordering is present, and also, there are

small amounts of secondary phases present, with <3 wt.% of Ba;Er4O,.

Tab. 7.1. Structural parameters of BaErMn,05 and BaErMn,Og oxides [165].

chemical composition | BaErMn,Os BaErMn,Og¢
phase composition > 95 wt.% of main phase > 95 wt.% of main phase
< 5 wt.% of secondary phases < 5 wt.% of secondary phases
identified Ba;Er;O9 < 3 wt.% identified Ba;EryOq < 3 wt.%
space group P4/nmm P4/mmm P-1 P121
a[A] 5.5424(1) 3.9191(1) 5.5206(1) 5.5204(1)
a [deg] 90.01(1)
b[A] 5.5147(1) 5.5148(1)
B [deg] 90.29(1) 90.29(1)
c[A] 7.6422(1) 7.6422(1) 7.6100(1)
vy [deg] 89.92(1) 7.6099(1)
vV [AY] 234.76(1) 117.38(1) 231.68(1) 231.67(1)
Ry [70] 4.93 4.97 4.63 4.61
x 8.38 8.52 6.10 6.10

Worth mentioning is a decrease of the unit cell volume of BaErMn,04 comparing to
the BaErMn,0s, which is smallest among all BaLnMn;,Os,5 (Fig. 6.3). As it was described
in chapter 6.1, for this effect combination of the following factors is responsible:
a decrease of average radius of manganese cations after oxidation, correlated to an increase
of average oxidation state from +2.5 to +3.5; a decrease of ionic radius with a decrease of
coordination number and weaker bonding, due to a lack of oxygen in erbium layer.

Normalizing unit cell parameter to ap, c/a ratio for BaErMn,Os is equal to 0.9750,

while for BaErMn,0O¢ material c/a equals 0.9745 and c/b = 0.9758, proving rather uniform

shrinkage/elongation of the material upon oxidation/reduction.
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7.2. In situ structural measurements

Diffractograms recorded during heating in air of BaErMn,0Os sample (regular one
hour scans measured every 25 °C up to 500 °C), as well as on cooling down to room
temperature are gathered in Fig. 7.2a. For a clear presentation, selected angular range was
chosen, and the described results for characteristic temperatures are marked in color.
Temperature dependence of normalized unit cell parameters and volume, together with
calculated thermal expansion coefficient are depicted in Fig. 7.2b. For the refinements,
P4/nmm space group was chosen for the reduced material during heating up to 300 °C,
while the oxidized compound was refined with P4/mmm space group, starting from 325 °C
up to 500 °C. Description of structural changes occurring upon heating and cooling of the

sample is given below.
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Fig. 7.2. a) XRD data for BaErMn,0s recorded during heating up to 500 °C in air and cooling down to RT,
b) respective temperature dependence of the normalized unit cell parameters and volume, together with
calculated thermal expansion coefficient. Data in Fig. 7.2a published also in [165].

Starting from room temperature (Fig. 7.2a, marked in light blue) up to 275 °C there
are no structural changes occurring in the material, except for shifting of the peaks towards
lower angles, which can be associated with thermal expansion. At 300 °C, which is marked

in blue, a small satellite peak (~ 32.8 deg) appears on the right side of the main (112)
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reflection, and already at 325 °C significant increase of the intensity of mentioned peak
occurs. At the same temperatures (200) reflection (~ 32.2 deg), which is located on the left
side of the main peak is vanishing. Because in similar temperature range, as shown in
section below in chapter 7.4, oxidation of BaErMn,0Os takes place, the observed structural
changes might be attributed to formation of the oxidized BaErMn,0Os. However, there is no
evidence of formation of partially oxidized phase (i.e. BaErMn,Os s), which was observed
for the Y-containing compound [7]. In 300-325 °C range the structural data were refined
with two phases: the initial Os-type one, and the oxidized O¢ phase, having P4/mmm
symmetry and significantly smaller normalized unit cell volume. During further increase of
temperature, it seems that tetragonal structure of the oxidized material relaxes towards
cubic symmetry, as can be seen for the diffractogram recorded at 500 °C (purple color),
which seems cubic-like.

On cooling of the material down to 375 °C structural distortion starts to re-appear,
corresponding well to the changes occurring during heating. However, below this
temperature, an additional left side shoulder of the main peak (~ 32.4 deg) appears, and at
225 °C (pink color) an ongoing phase transition is clearly visible. While above this
temperature it was not possible to unambiguously determine the structural distortion,
below 200 °C and down to room temperature the ordered BaErMn,Og phase can be

characterized by triclinic symmetry with P-1 space group (light pink color).

7.3. Microstructure of BaErMn,0Os.5 powders

SEM micrographs for the oxidized and the reduced BaErMn,Os:s powders are
presented in Figs. 7.3a and b. As can be seen, oxidation and reduction processes have no
visible effect on the microstructure, which is practically identical for BaErMn,Os and
BaErMn,Og. Majority of the visible particles possess size on the order of few micrometers.
For these materials crystallite size was also determined from XRD data using Scherrer’s
equation, and was found to be of about 100-135 nm. This is much smaller, comparing to
the particle size visible on SEM micrographs, and indicates that the grains are actually

composed of many aggregated crystallites.
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a) BaErMn,Os b) BaErMn,Og4

Fig. 7.3. SEM micrographs for: a) BaErMn,0s and b) BaErMn,O.

7.4. Oxygen storage properties

Results of TG measurements of weight dependence on temperature recorded during
non-isothermal studies of oxidation of BaErMn,0O5 and reduction of BaErMn,Og materials
are depicted in Fig. 7.4a. Comparing with BaLnMn,Os.5 series (Figs. 6.12a-f), material
containing erbium exhibits the highest characteristic temperature of oxidation (including
Y-containing sample), fitting well with a tendency of increasing of this temperature with
decrease of the ionic radii of the lanthanides. Interestingly, the characteristic temperature
of reduction (355 °C) is lower than the oxidation one, and is the lowest in the studied series
of BaLnMn;,Os-s.

In Fig. 7.4b kinetics of 1% 2™ and 5™ isothermal reduction of BaErMn,Og in 5 vol.%
H; in Ar atmosphere, together with oxidation of BaErMn,Os performed in air at 500 °C,
are presented. Similarly to other studied compounds, oxidation process takes only seconds,
while the reduction is much longer, taking up to 10 minutes. As can be seen, a significant
increase of reduction speed was recorded between 1% and 2nd cycle, while the consecutive
reductions were only slightly faster. What is of importance, during reduction/oxidation
cycles OSC of the compound was preserved.

Important parameters regarding oxygen storage-related properties, such as theoretical
and measured reversible oxygen storage capacity, as well as determined temperatures and

time needed for oxidation and reduction of the material are presented in Tab. 7.2.
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Fig. 7.4. a) Non-isothermal oxidation and reduction cycle and b) Isothermal reduction in 5 vol.% H, in Ar
and oxidation in synthetic air at 500 °C of BaErMn,Os.;s. Data published in [165].

Tab. 7.2. Oxygen storage properties of BaErMn,Os.5. Some data from [165].

theoretical change of weight in relation to BaErMn,0s5 [wt.%] 3.24
average change of weight on oxidation/reduction cycles [wt.%] 3.10
average change of weight on non-isothermal oxidation/reduction [wt.%] 3.17
characteristic temperature of reduction [°C] 355
temperature of oxidation [°C] 365
time of reduction (99% of total mass change, 5 reduction) [min] 10
time of reduction (95% of total mass change, 5 reduction) [min] 6.5
time of oxidation (99% of total mass change, 5™ oxidation) [s] 90
time of oxidation (95% of total mass change, 5™ oxidation) [s] 20

7.5. Electrical conductivity and Seebeck coefficient of BaErMn,Os.;

For electrical conductivity studies, four-probe DC method was implemented. The
sample was of a cuboid shape. Initial measurements of reduced BaErMn,0Os material were
conducted in 5 vol.% H; in Ar atmosphere in temperature range between RT and 600 °C,
with heating and cooling rate equal to ~ 1.5 °-min”'. Measurements upon oxidation were
conducted similarly, but in synthetic air atmosphere and up to 800 °C. Additional studies
of changes of the behavior for the reduced BaErMn,0Os while the material was heated in air
were also performed. Measurements of Seebeck coefficient were carried out at the same

time. Results of the studies are gathered in Figs. 7.5a and b.
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Fig. 7.5. a) Electrical conductivity and b) Seebeck coefficient of BaErMn,0Os,; as a function of temperature
in different atmospheres. Data published in [165].

Value of the electrical conductivity o for the reduced material at room temperature is
on the order of 10* S-cm™. With an increase of temperature (in 50-500 °C range) material
exhibits activated character of the conductivity with an activation energy E, = 0.30(1) eV.
From Seebeck coefficient studies it can be seen that the reduced material exhibits positive
value of a in whole temperature range, indicating electronic holes as main charge carriers.
This i1s unexpected, considering Brouwer diagram presented in Fig. 4.7. Therefore, it seems
that in the case of 1:1 mixed Mn>/Mn’" states, mobility of the charge carriers plays
a decisive role concerning sign of the Seebeck coefficient, i.e. holes are dominant. These
holes might be associated with electronic configuration of manganese cations on +3
oxidation state.

During measurement of ¢ and a upon heating of BaErMn,Os in air, a substantial
increase of the electrical conductivity was observed at temperatures above 200 °C.
Corresponding change of sign of Seebeck coefficient was also registered above 250 °C.
Both effects indicate the ongoing oxidation of the material.

The oxidized BaErMn,Og¢ sample possesses significantly higher electrical
conductivity in comparison with the reduced BaErMn,0Os, and at room temperature o
equals almost to 0.2 S-em™. In vicinity of 225 °C, a further increase of values of o can be
observed, and this effect can be related to the phase transition from charge/orbital-ordered
state to paramagnetic metal PM phase. When analyzing the phase diagram for BaLnMn;,Ogq
[157, 158], the measured temperature of transition corresponds well with the expected
value, and is the highest (~ 225 °C) in the considered series of materials. This result is

consistent with the phase transition recorded during high temperature in situ XRD
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measurements (Fig. 7.2). The highest conductivity value was obtained for BaErMn,Oq
material in the vicinity of 500 °C and is almost equal to 40 S-cm™. In the case of oxidized
material, in the whole temperature range negative sign of Seebeck coefficient was
measured, indicating electrons as the main charge carrier. What is more, below 250 °C,
absolute values of a increase with a decreasing temperature, but during further heating

Seebeck coefficient is almost independent on temperature.

Chapter 7 summary

Using soft chemistry-type method it was possible for the first time to successfully
synthesize cation-ordered BaErMn,Os.s material, and after further reduction and
oxidation cycles, BaErMn;0Os and BaErMn,0s compounds with purity exciding 95% were
obtained. The materials were characterized in terms of their crystal structure at room
temperature, with refined P4/nmm space group for the reduced, and P-1 space group for
the oxidized compound. High temperature in situ XRD studies revealed complex behavior
during heating of BaErMn;Os from RT up to 500 °C, with the oxidation process of the
material occurring at around 300 °C, and a phase transition in the vicinity of 225 °C
visible on cooling for BaErMn,0s. Oxygen storage-related properties of BaErMn;Os-
BaErMn;04 system were investigated, and were shown to be similar to other studied
BalLnMn;Os.s. Electrical conductivity of the reduced BaErMn;Os is relatively low and
shows activated character on temperature. On the other hand, the oxidized BaErMn ;O
exhibits much higher conductivity with a phase transition in the vicinity of 225 °C. Seebeck
coefficient is positive for BaErMn;Os and negative for BaErMn;0Oy indicating substantial

changes in the electronic structure of materials caused by changes of the oxygen content.
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8. Properties of BaY,Ln,Mn,0s.5 (Ln: Pr, Sm, Gd) oxides

While substitution of Y** by Ln’" cations in BaLnMn,Os.;, as proven in previous
chapters 6 and 7, causes a decrease of the measured oxygen storage capacity, it was also
shown that it may help with improving other important factors, like for instance speed of
reduction (e.g. as documented for BaGdMn;0s.s5, Tab. 6.3). Consequently, partially
substituted samples with general formula of BaY; \LnsMn,0Os.5 (0 <x < 1) seem of interest
regarding their oxygen storage-related properties. Also, until now no literature data were
available concerning structural properties of reduced or oxidized BaY | xLnyMn,Os;5.

In this chapter results of investigations of three oxide systems: BaY  PriMn,Os.s,
BaY | xSmMn,0s.5 and BaY;GdxMn,0s,5 are shown. Similarly to previous studies,
crystal structure and oxygen storage properties of these materials are reported in details.
The main objective was a search for the optimized chemical composition, which would
deliver high OSC and fast reduction rate. Considering choice of the introduced lanthanides,
one bigger Pr’" and two intermediate Sm®" and Gd®" cations were selected, as differing

considerably from yttrium.

8.1. Partial substitution of Pr into BaY ,Pr,Mn,0s,; (0 <x <1) system

Introduction of much bigger Pr’" into Y>© sublattice of BaY . Pr,Mn,Os.5 1S
interesting from a point of view of crystal structure, as well as oxygen storage-related
properties. As documented in chapter 6, BaPrMn,Og can release oxygen at elevated
temperatures in ~ 100 Pa vacuum conditions (Tab. 6.2) and possesses one of the lowest
characteristic temperatures of oxidation (Tab. 6.3), while the Y-containing material
possesses the highest OSC. Also, the reduction process for BaYMn,Og is single step-like
(Fig. 6.16), while for BaPrMn,0O¢ it has evident two steps, with formation of the
intermediate Oss phase. Properties of BaY | PryMn,0Os.5 for x = 0.25, 0.5 and 0.75 are
given below.

Part of the results presented in the following subchapters was previously published

by author of this thesis in work [181].
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8.1.1. Crystal structure of BaY.,PryMn,;0;5 and BaY . PryMn,0O¢ oxides at room
temperature

Structural data measured for both, the reduced BaY ., PryMn,0Os and the oxidized
BaY | xPryMn,O¢ samples, together with the Rietveld refinement are presented in Figs.

8.1a-d, while the refined structural parameters are gathered in Tab. 8.1.
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Fig. 8.1. Diffractograms with Rietveld analysis for: a) BaY(,sPro;sMnyOs.5, b) BaY(sPrysMnyOss,s,
¢) BaY 75sPry,sMn,0s.5 samples in oxidized and reduced states at room temperature, and d) normalized unit
cell volume of BaY | (Pr,Mn,05 and BaY .\Pr,Mn,0O¢ as a function of average Y Pr, ionic radius. Copper
holder reflections are visible in several scans.

All of the synthesized samples were identified as single phase, with no significant
amount of secondary phases present. For structural analyses of the reduced materials
tetragonal P4/nmm space group was applied, giving good quality refinements. For oxidized
materials, different space groups were chosen, based on the available literature data [7, 15,

157, 158, 185, 190, 191].
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Tab. 8.1. Structural parameters of reduced and oxidized BaY ;_,Pr,Mn,0s.5 oxides [181].

chemical space a[A] c[A] VA% relative x2 Ruwp tg
composition group b[A] y [deg] increase [%]

o [deg] of V after

B [deg] reduction

[%]

BaY,sPro7sMn,Os | P4/nmm | 5.6107(2) | 7.7374(3) | 243.58(2) 3.41 7.05 5.2 | 0.980
BaY,sPro7sMnyOg | P4/nmm | 5.5441(1) | 7.6545(1) | 235.28(1) 6.92 5.7 | 0985
BaYsPrgsMn,Os | P4/nmm | 5.5931(1) | 7.7142(1) | 241.32(1) 2.88 3.43 34 | 0975
BaYsProsMn,Os | P4/nmm | 5.5421(1) | 7.6304(1) | 234.37(1) 8.51 52 | 0.980
BaY 75P1o2sMnyOs | P4/nmm | 5.5708(1) | 7.6825(1) | 238.42(1) 2.08 5.04 3.5 | 0.970
BaY75Pro2sMn,O¢ | P-1 5.5337(1) | 7.6263(1) | 233.45(1) 5.85 40 | 0975

5.5317(1) | 89.90(1)

90.01(1)

90.22(1)

Contrary to BaPrMn,Og, for which the refinement was conducted assuming
tetragonal P4/mmm symmetry (Tab. 6.4), for BaY,sPrg7sMnyOg and BaYy sProsMn,Og
compounds good refinements were obtained assuming the same P4/nmm space group as in
the case of the reduced material. This suggests that apart from the changing oxygen
content, there is no structural transformation present upon oxidation. However, at high
temperatures, above the expected transition to paramagnetic metal phase (Fig. 4.14) the
expected symmetry is P4/mmm. At room temperature, with the increase of yttrium content
up to 0.75 for BaY75Pro2sMn,O¢ material, there is an evident split of main XRD
reflections, suggesting decrease of the crystal’s symmetry. Similar behavior was observed
and discussed for BaYMn,Og (chapter 6.1). Good refinements of the structural data were
obtained assuming either monoclinic P121 [190] or triclinic P-1 [184] space group.
However, choice of the triclinic symmetry is more probable, as suggested by better
refinement statistics (Ry,, = 4.0%, while for the monoclinic it was considerably higher,
4.5%), but also due to structural characteristics presented for BaYMn,Og using precise
neutron diffraction studies [184]. It should be mentioned that no improvement of
refinement statistics was obtained assuming partial mixing between the Ba’" and Y>* or
Pr’" cations, suggesting that the layered-type of cation ordering is well-preserved in whole
series.

In addition to the discussed space group selection and refined structural parameters
(Tab. 8.1), the relative increase of unit cell volume after reduction of the compounds was
calculated. Graphical representation of a dependence of unit cell volume as a function of
the average radius of Y 4Pry (taken for 8-fold coordination, as previously explained in

chapter 6.1) is depicted in Fig. 8.1d. As can be seen, for both series, BaY.xPryMn,0s and
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BaY  «PryMn,O¢ the dependence is linear, suggesting formation of solid solution, and
resembles the one obtained for BaLnMn,0Os.5 (Fig. 6.3).

Calculations of the normalized ratio of ¢/(v2a) (as well as ¢/(V2b) in the case of P-
1 space group) give very similar values for all considered compounds, on order of 0.974-
0.976. The only exception is BaPrMn,Og, for which c/(2a) was estimated to be 0.993.
While initially it could be assumed as originating from a partial mixing of Ba*" and Pr’"
cations, it was not supported by Rietveld refinements. Another, more probable explanation
is that the effect originates from magnetic properties of BaPrMn,O¢, for which
transformation near RT from a low-temperature A-type antiferromagnetic phase into

ferromagnetic phase is associated with a major increase of the normalized c/a ratio [191].
8.1.2. Oxygen storage properties

Similarly as described in chapter 6, oxygen storage-related properties of the
synthesized BaY PryMn;0s,s were measured. Weight changes recorded upon oxidation
of the reduced BaY «\PryMn,0s materials, while heating in air up to 500 °C, are presented
in Fig. 8.2a. Dependence of the characteristic temperature of oxidation on the
praseodymium content is depicted in Fig. 8.2b. As visible in the graph, there is no linear
dependence in the series, with all Pr-containing materials oxidizing at much lower
temperatures. In addition, only for BaYMn,Os oxide the onset of the oxidation process is
above 150 °C, while for compounds having the intermediate compositions it occurs at

lower temperatures.
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Fig. 8.2. a) Non-isothermal oxidation of BaY_Pr,Mn,0s materials in air, b) the characteristic temperature of
the oxidation process as a function of Pr’* content.
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Isothermal reduction and oxidation curves for the investigated BaYxPryMn;Os.s
materials are shown in Figs. 8.3a and b. Data were collected in 500 °C during rapid change
of the atmosphere from air to 5 vol.% H, in Ar and then back to air, on 5" reduction/
oxidation cycle. Concerning the reduction rate at 500 °C one may notice different behavior
of Pr-rich materials (x = 1 and 0.75), with visible two stages of the process, comparing to
the rest of the samples, for which the reduction curves show no inflection in the middle
part. This is in good agreement with results presented in Fig. 6.16, suggesting that during
such reduction of BaLnMn,O¢ with larger Ln’" cations (or mixture of cations), there is

a stronger tendency for the Os s-type phase to appear.
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Fig. 8.3. TG data of isothermal a) reduction in 5 vol.% H; in Ar, and b) oxidation in synthetic air at 500 °C of
BaY, Pr,Mn,0s.; materials.

Interestingly, the fastest reduction speed was recorded for BaY 75Prp2sMnyOg
compound, for which during fifth reduction process 99% of total weight changes occurred
in 3.7 minutes. This is one of the best results obtained so far in the literature, significantly
better than the reported in Tab. 6.3 result for BaGdMn;,Og. This result may be understood
on a basis of a general behavior visible during reduction of BaLnMn,0Os (Figs. 6.12 and
6.13). The materials, for which the reduction curve shows inflection reduce much slower,
with the second part of the curve limiting the performance. It is related to the mentioned
formation of the oxygen vacancy-ordered BaLnMn,0Os s phase, for which (like in the case
of the mentioned previously Ba,In,Os brownmillerite [152]), ordered vacancies hinder
oxygen transport in the bulk. The considered BaY 75Prp2sMn,O¢ shows single step-like
reduction, but also, due to presence of heavier Pr’" cations, the reduction process may be

facilitated (Fig. 6.16).
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The most important factors from the viewpoint of application of OSMs, including the
measured oxygen storage capacity (taken as average of values recorded on reduction and
oxidation), characteristic temperature of oxidation and also time of isothermal reduction
and oxidation at 500 °C (for 99 % of total weight changes), are gathered in Tab. 8.2. The
practical values of oxygen storage capacity in BaY; PryMn,0s.s series exhibit the same
dependence as the theoretical OSC, i.e., decrease with an increasing amount of the
substituted praseodymium. For all of the studied materials, the measured mass change on

reduction and oxidation cycles corresponds to 6 changes on the order of 0.95.

Tab. 8.2. Oxygen storage properties of the considered BaY ,Pr,Mn,0s,s materials. Some results presented
also in work [181].

chemical composition | theoretical measured characteristic | time of reduction | time of oxidation
capacity capacity temperature (99% of total (99% of total
[wt.%] (5™ cycle of oxidation mass change, mass change,
at 500 °C) [°C] 5™ cycle) 5™ cycle)

[wt.%] [min] [s]
BaY,5Prg75sMnyOs.5 3.52 3.35 265 15.2 26
BaY sPro sMnyOs.5 3.62 3.44 260 8.9 24
BaY 75Prg2sMn,0s,5 3.73 3.54 255 3.7 25

8.1.3. Cycling performance of BaY.75Pr25sMn;0s.;5

BaY.75Prp25sMn,0s,5 material, showing the best results in terms of reduction speed
and also good reversible OSC, exceeding 3.54 wt.% was selected for further evaluation
during consecutive 50 reduction/oxidation cycles. As can be seen in Fig. 8.4, the
compound shows excellent cycling stability.

During performance test, calculated changes of the oxygen content remain practically
the same in all 50 cycles, indicating high reversibility of the reduction/oxidation processes.
After the initial cycles, rate of reduction decreases down to ~ 2.9 min for 99% of total
weight changes in the 10" cycle (2.5-2.6 min calculating for 95% of the total changes), and
remains unchanged in the following 40 cycles. Comparing the presented data for
BaY 75P1925Mn,0s.5 with results obtained for the optimized BaYMn,Os.5 (synthesized at
900 °C to obtain high specific surface material) [186], the oxygen release rate defined as

slope at 50% of the weight change is nearly identical, and equals to 1.5 wt.% min™'.
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Fig. 8.4. Reversibility of weight changes of BaY 75Prg,sMn,0s.5 during 50 reduction/oxidation cycles [181].

Similarly to the microstructure of BaLnMn,Os.s (Ln: Y, Nd) materials presented in
chapter 6.3, the considered BaY75Pro2sMn,Og powder, obtained using soft chemistry
method, exhibits porous-like structure of agglomerates, as depicted in Fig. 8.5a. After the
mentioned 50 cycles, comparing to the initial material, no substantial changes of
morphology of the powder could be observed, further supporting good stability and

reversibility of the oxygen intake and release processes.
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Fig. 8.5. SEM micrographs for: a) initial BaY;5Prg,sMn,O4 sample, and b) BaY75PrgsMn,O¢ material
after 50 cycles of reduction and oxidation processes.
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8.2. Partial substitution of Sm into BaY,Sm,Mn,0s.; (0 <x <1) system

Possibility of formation of BaY | ,SmMn,0s5 (0 < x < 1) oxides was also studied,
concerning crystal structure of the materials and their oxygen storage-related properties.
While rather small changes of the crystal structure can be expected in such series, due to
more comparable ionic radii of Y*" and Sm3+, also, relative increase of the unit cell volume
after reduction of these materials should be smaller. In addition, change of the doping level
should result in decrease of the characteristic temperature of oxidation, as well as modify
character of the reduction curve.

Part of the results presented below was previously published by author of this thesis
in work [182].

8.2.1. Crystal structure of BaY.,SmMn,05 and BaY.,Sm;Mn;0s oxides at room
temperature

Structural data obtained for BaYxSmMn,0Os and BaY;.SmMn,0O¢ oxides together
with Rietveld refinements are presented in Figs. 8.6a-d. Structural parameters of the
materials are gathered in Tab. 8.3. All of the samples were identified as single phase, with
no significant amount of impurities, and expected formation of layered Ba-Y;«Smy cation
ordering. For structural analysis of all reduced samples tetragonal P4/nmm space group
was selected, which resulted in good quality refinements. For the oxidized samples,
depending on the composition, either P4/nmm or triclinic P-1 space groups were chosen.

As expected from smaller radius of Sm®", comparing to Pr'", in the series of
oxidized BaYxSmyMn,0¢ the triclinic structural distortion is present in a wider range of
chemical compositions, i.e. for x < 0.5 (Tab. 8.3). However, degree of this distortion is
very small for BaY(,sSmysMn,0¢, for which worsen refinement statistics were obtained
assuming tetragonal P4/nmm space group (Ryp = 5.1% for tetragonal space group and
4.5% for triclinic space group). Similarly like in the case of BaY;SmyMn;0Os:s no
improvement of the Rietveld refinements was observed assuming mixing of A-site cations,

which suggests that layered-type of arrangement of Ba-Y;_«Smy cations is maintained.
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In addition to the structural data, relative increase of unit cell volume after reduction

was calculated for all studied materials. Graphical representation of this parameter as

a function of average radius of Y;xSmy (taken for 8-fold coordination as previously) is

depicted in Fig. 8.6d. The observed behavior is expected, with almost linearly decreasing

change of the unit cell volume upon reduction/oxidation, which is due to much weaker

dependence of V on the average Y;.xSmy ionic radius (i.e. chemical composition) in the

reduced materials. The explanation for this effect was already discussed in chapter 6.1 (see

for comparison Fig. 6.3 and 8.1d).
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Tab. 8.3. Structural parameters of reduced and oxidized BaY;.,Sm,Mn,0s.5 oxides [182].

chemical space a[A] c[A] VA% relative x? Ruwp tg
composition group b [A] y [deg] increase of [%]

o [deg] V after

B [deg] reduction

(%]

BaY,5Smg7sMn,Os | P4/nmm | 5.5885(1) | 7.7014(1) | 240.53(1) 2.68 1.34 | 43 | 0974
BaY,5Smg7sMn,O4 | P4/nmm | 5.5388(1) | 7.6162(1) | 233.65(1) 1.26 | 44 | 0977
BaYsSmysMn,Os | PA/nmm | 5.5776(1) | 7.6884(1) | 239.18(1) 2.50 1.75 | 44 | 0971
BaY(sSmysMn,Os | P-1 5.5333(1) | 7.6158(1) | 233.21(1) 134 | 45 | 0974

5.5341(1) | 89.97(1)

89.80(1)

90.01(1)
BaY75Smg2sMn,Os | P4/nmm | 5.5670(1) | 7.6727(1) | 237.79(1) 2.09 232 | 55 | 0.968
BaY75Smg,sMn, Oy | P-1 5.5312(1) | 7.6145(1) | 232.82(1) 134 | 44 | 0972

5.5280(1) | 89.97(1)

90.00(1)

90.27(1)

8.2.2. Oxygen storage properties

Results concerning weight change recorded upon oxidation of BaY;SmyMn,Os

materials while heating in air up to 500 °C are presented in Fig. 8.7a. Dependence of the

characteristic temperature of oxidation on the chemical composition in the series is shown

in Fig. 8.7b. For the studied materials there is a linear dependence visible, with materials

having higher amounts of introduced Sm’" cations oxidizing at significantly lower

® BaY SmMnO_,

temperatures.
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Fig. 8.7. a) Non-isothermal oxidation of BaY.,Sm,Mn,0s materials in air, b) the characteristic temperature
of the oxidation process as a function of Sm®* content.
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Reduction and oxidation runs of investigated BaY;SmyMn;0s,s materials are
shown in Figs. 8.8a and b. Similarly like in other conducted studies, data were collected at
500 °C during rapid change of atmosphere from oxidizing (air) to reducing (5 vol.% H, in
Ar), and then back to oxidizing conditions. Results presented concern 5" reduction/
oxidation cycle. As can be observed in Fig. 8.8a, an inflection of the reduction curve,
visible for the parent BaSmMn,0O¢ oxide, is hardly visible for BaY,sSmg7sMn,Og, and
completely disappears for samples with x < 0.5. This confirms behavior recorded for
BaSmMn,0g (Fig. 6.16) and Pr-containing materials (Fig. 8.3).

In the studied series, the fastest reduction was registered for BaYsSmgsMn,Og,
however, the reduction time is only slightly shorter, comparing to other samples (Tab. 8.4).
When comparing reduction and oxidation processes, like in the case of all previously
reported data, the oxidation is much faster, which can be connected to the exothermic

character of this reaction.
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Fig. 8.8. TG data of isothermal a) reduction in 5 vol.% H; in Ar, and b) oxidation in synthetic air at 500 °C of
BaY,,Sm,Mn,0s,5 materials.

The measured OSC, values of the characteristic temperature of oxidation, as well as
reduction and oxidation times are gathered in Tab. 8.4. As expected, the measured oxygen
storage capacity in BaY;SmyMn,0Os.s series exhibits the same dependence as the
theoretical one: OSC decreases with the increasing amount of the introduced samarium,
which results from an increase of the molar mass of the compounds. The recorded changes

of the oxygen nonstoichiometry in partially substituted compounds are exceeding 0.99.
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Tab. 8.4. Oxygen storage properties of the considered BaY.,Sm,Mn,0Os,; materials. Some results presented

also in work [182].

chemical composition | theoretical measured characteristic | time of reduction | time of oxidation
capacity capacity temperature (99% of total (99% of total
[wt.%] (5" cycle of oxidation mass change, mass change,
at 500 °C) [°C] 5™ cycle) 5™ cycle)

[wt.%] [min] [s]
BaY(,5Smg7sMn,Os.5 3.46 343 285 10.1 24
BaYsSmgsMn,0s.5 3.58 3.56 295 9.9 20
BaY 75Smg2sMnyOs.5 3.71 3.68 325 11.6 21

8.3. Partial substitution of Gd into BaY, ,Gd,Mn,0s,; (0 <x <1) system

The fastest reduction speed recorded for BaGdMn,0O¢ (among all the studied
BalLnMn,0¢, Tab. 6.3) leads to a supposition that some improvement of the oxygen
storage-related properties may be obtained in a series of substituted BaY; 1GdxMn,Os5.
Furthermore, comparing to BaLnMn,Os,5, presence of gadolinium lowers not only the
characteristic temperature of oxidation, but also the temperature of reduction process (Tab.
6.3). In this chapter, results of structural studies together with characterization of oxygen
storage performance are included for the considered Gd-containing materials.

Part of the results presented below was previously published by author of this thesis

in work [6].

8.3.1. Crystal structure of BaY,GdxMn;0s and BaY; (Gd,Mn,0O¢ oxides at room
temperature

Structural data obtained for both, the reduced BaY . GdMn,Os and the oxidized
BaYxGdxMn,0¢ materials, together with Rietveld refinements, are presented in Figs.
8.9a-d, while the obtained structural parameters are gathered in Tab. 8.5. All of the
samples were identified as single phase, with no significant amount of secondary phases.
For structural analyses of all the reduced samples tetragonal P4/nmm space group was
applied, yielding good refinement statistics (Ryp < 4.9%). Following the observed trend
about the oxidized and substituted BaY.xLnsMn,O¢ (Ln: Pr, Sm) compounds, in the case
of Gd-containing samples, the triclinic distortion is present in even wider chemical
composition range, including also BaY,5Gdy7sMn,O¢. For this compound, however, the
distortion is rather minimal. While the magnitude of the distortion is not high, it is visible

in a form of splitting of several peaks, including presence of a left shoulder of the most
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intensive peak (~ 32 deg). Like in the case of previously described two systems, layered-

type of arrangement of smaller Y .«Gdy and much bigger Ba*" cations is well-preserved.
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Fig. 8.9. Diffractograms with Rietveld analysis for: a) BaY,5Gdy7sMnyOs.5, b) BaYsGdysMn,Os.s,
¢) BaY75Gdg,sMn,0s.5 samples in oxidized and reduced states at room temperature, and d) unit cell volume
of BaY, GdMn,0s and BaY,,Gd,Mn,Oy as a function of average Y,Gd, ionic radius.

In addition to the structural data, relative increase of V after reduction was also

calculated, as shown in Fig. 8.9d. Also in the case of this series of materials, a linear

dependence of the normalized volume as a function of average radius of Y Gdy (taken for

8-fold coordination) was observed, with higher slope visible for the reduced materials.
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Tab. 8.5. Structural parameters of reduced and oxidized BaY, ,Gd,Mn,0s.5 oxides [6].

chemical
composition

space
group

a[A]
b [A]
o [deg]
B [deg]

c[A]
Y [deg]

V[A’]

relative
increase of
V after
reduction
[%0]

2

X

[%]

BaY ,5Gdy 7sMn,05

P4/nmm

5.5746(1)

7.6789(1)

238.63(1)

BaY,5Gdy 7sMn,04

P-1

5.5313(1)
5.5314(1)
90.01(1)
90.24(1)

7.6130(6)
89.96(1)

232.86(1)

2.45

8.26

4.6

0.970

5.20

3.7

0.973

BaY5GdysMn,05

Pad/nmm

5.5642(1)

7.6711(1)

237.50(1)

BaY/5GdysMn,0¢

P-1

5.5290(1)
5.5273(1)
90.01(1)
90.29(1)

7.6142(1)
89.97(1)

232.69(1)

2.03

3.63

3.1

0.969

4.09

33

0.971

BaY/ 75Gdy2sMn,05

P4/nmm

5.5577(1)

7.6632(2)

236.70(2)

BaY75Gdo2sMn,04

P-1

5.5271(5)
5.5240(5)
90.00(2)
90.30(1)

7.6130(6)
89.95(1)

232.43(4)

1.80

4.06

4.9

0.967

7.16

5.9

0.970

8.3.2. Oxygen storage properties

Oxygen storage related-properties of BaY | xGdxMn,Os.5 are shown in Figs. 8.10 and

8.11. As can be seen, dependence of the characteristic temperature of oxidation is not

following exactly level of chemical substitution, but materials with higher Gd content

oxidize at significantly lower temperatures, with onset of the process occurring above

150 °C.
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Fig. 8.10. a) Non-isothermal oxidation of BaY,Gd,Mn,0s materials in air, b) the characteristic temperature
of the oxidation process as a function of Gd** content.
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The recorded at 500 °C isothermal reduction curves (Fig. 8.11a) show single step-

type process for all materials, with very similar behavior visible for all samples with

gadolinium content x < 0.75. Like it was observed previously, the reduction process is

much faster than the oxidation for all the considered materials.
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Fig. 8.11. TG data of isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at 500 °C
of BaY.,Gd,Mn,0s.; materials.

The most important factors from the viewpoint of application of oxygen storage

materials, including theoretical oxygen storage capacity, the actual, measured capacity

(taken as average values on reduction and oxidation at one cycle), the characteristic

temperature of oxidation and also time of isothermal reduction and oxidation at 500 °C are

gathered in Tab. 8.6. The measured OSC in BaY;GdxMn,0s,s series exhibit the same

dependence as the theoretical one, it decreases with the increasing level of substituted

gadolinium. For all of the studied materials, the measured mass change on reduction and

oxidation cycles corresponds to & changes exceeding 0.97.

Tab. 8.6. Oxygen storage properties of the considered BaY, ,Gd,Mn,0s.5 materials. Some results presented

also in work [6].

chemical composition theoretical measured characteristic time of time of
capacity capacity temperature reduction oxidation
[wt.%] (5th cycle of oxidation | (99% of total (99% of total
at 500 °C) [°C] mass change, mass change,
[wt.%] 5" cycle) 5" cycle)
[min] [s]
BaY,5Gdy 7sMn,0s.5 3.43 3.40 305 9.5 26
BaYsGdysMn,0s.5 3.55 3.45 295 10.7 25
BaY75Gdg2sMn, 05,5 3.69 3.64 345 9.8 20
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8.3.3. Ionic transport in BaY1xGdxMn205+5

As documented in the Methodology section (chapter 5.5), using reduction time
dependence on the temperature presented in Arrhenius-type coordinates, it is possible to
evaluate the activation energy of the oxygen transport. In order to do so, isothermal
reduction process for all of the considered BaYi-xGdxMn20s+s materials were studied in
400-600 °C temperature range. Results of the measurements are shown in Figs. 8.12a

and b.
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Fig. 8.12. a) Reduction time of the samples as a function of temperature in 400-600 °C temperature range,
with b) data presented in Arrhenius-type coordinates.

The reduction time data are also given in Tab. 8.7, with the calculated value of the
activation energy. The obtained values are generally similar, being in 0.71-0.88 eV range.
The obtained values may be related to the energy barrier of migration of the oxygen ions in
the bulk. For more details about estimation of E, using different assumptions, please see

Methodology section.

Tab. 8.7. Time of reduction of the considered BaY.,Gd,Mn,0s.; materials.

time of reduction [min] at respective temperature calculated for
chemical composition 95% change of total weight change E, [eV]
400 °C 450 °C 500 °C 550 °C 600 °C
BaGdMn,0s,; 46.1 14.4 6.4 3.8 2.3 0.82
BaY,5Gdy7sMn,0s.5 35.1 15.2 7.7 43 2.8 0.71
BaY;GdysMn,0s.5 543 28.3 13.1 5.0 2.6 0.85
BaY75Gdy2sMn,0s.5 42.8 15.7 6.8 3.7 24 0.80
BaYMn,Os.;5 86.5" 33.9 10.2 5.5 3.6 0.88

"Measurement was stopped due to prolonged time. The value given represents ~ 80% level of reduction.
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Corresponding to the reduction time, the recorded oxygen storage capacity values for
all studied compounds are gathered in Tab. 8.8. It should be pointed out that the measured
OSC exceeds 3.2 wt.% in all of the cases, even at a very low temperature of 400 °C.
Analyzing the results, a clear tendency of an increase of OSC with the increase of
temperature is visible. What is more, in some of the cases measured OSC exceeds the
theoretical value. This effect was already explained, as resulting from additional reduction

of the material, with final oxygen content lower than 5.

Tab. 8.8. Oxygen storage capacity for BaY | ,Gd,Mn,0s,; samples at various temperatures.

measured OSC at respective temperatures [wt.%] calculated for theoretical
chemical composition 95% change of total weight change OSC

400 °C 450 °C 500 °C 550 °C 600 °C [wt.%]
BaGdMn,0s,; 3.22 3.31 333 3.34 3.33 3.30
BaY25Gdg 7sMn,Os.5 3.30 3.43 3.44 3.46 3.48 3.42
BaY(sGdysMnyOs.s 3.39 3.50 3.54 3.54 3.53 3.55
BaY75Gdg2sMnyOs.5 3.42 3.58 3.60 3.62 3.63 3.69
BaYMn,Os;,; 3.56 3.61 3.67 3.72 3.85

Chapter 8 summary

The presented results of structural measurements for series of the reduced and the
oxidized BaY; ,Ln.Mn;Os.s (Ln: Pr, Sm and Gd, 0 < x < 1) showed formation of solid
solutions in whole chemical composition range, as well as presence of the expected
layered-type cation ordering of Ba-Y;.Ln,. All the reduced materials exhibit tetragonal
symmetry with P4/nmm space group at room temperature, which suggest presence of rock
salt-type ordering of M’ and Mn®* cations. For the corresponding oxidized compounds
structural distortion was found to depend on the amount of introduced Pr’", Sm>" or Gd**
cations, with the widest range of triclinic distortion observed for BaY;.Gd.Mn;Os oxides
(x < 0.75) for the smallest (among studied materials) Gd°" cations present. A significant
increase of the unit cell volume upon reduction was measured for all the compounds,
matching well the behavior observed for BaLnMn;Os.5. Much smaller changes of the unit
cell volume as a function of the chemical composition, recorded for the oxidized samples,
are also in accordance to the data obtained for BaLnMn,Os Oxygen storage-related
properties of the substituted BaY; Ln.Mn;Os.5 were found to depend on the chemical
composition. It should be emphasized that because of the similar microstructure of all

materials obtained by soft chemistry method, it was possible to elucidate the influence of
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the chemical composition on the performance of materials directly. The best reduction
characteristics were observed for materials having single step-like reduction curve. This
can be interpreted as due to a decreased tendency of formation of the anion-ordered
structure of BaY ) .Ln.Mn;Oss, in which oxygen movement in the bulk may be hindered.
While the reversible oxygen storage capacity decreases for samples with yttrium
substituted by heavier cations, these materials starts to oxidize at lower temperatures, and
some of them exhibit improved reduction behavior. Among the studied materials, oxide
with BaYy 75Pro2sMn;Os.5 composition was found to be the best performing, as the time
needed for 99% of its weight change on reduction in 5 vol.% H, in Ar at 500 °C decreased
from the initial 3.7 min down to about 2.9 min in the 50" reduction/oxidation cycle. Also,
excellent stability and reversibility during these 50 cycles was observed. In addition,
measurements of the reduction time dependence on temperature allowed to calculate the

activation energy of the oxygen transport, which was found to be in 0.71-0.88 eV range.
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9. Properties of BayoSrjYLn,Mn,05.5 (Ln: Pr, Sm, Gd)
oxides

Motivation for a work, which results are gathered in this chapter, was a search for
Mn-containing OSM materials, based on the cation-ordered BaLnMn;0Os.s and exhibiting
improved OSC. As presented in the previous three chapters, the practical, reversible
oxygen storage capacity reflects the value of the theoretical one. Consequently,
introduction of lighter Sr*" at Ba>" position seems of interest, as it should allow to obtain
materials with higher OSC. However, until now there are no reports concerning possibility
of such substitution.

Part of the results presented in the following chapters was previously published by
author of this thesis in works [192, 193].

9.1. Crystal structure of BayoSrj;YLn,Mn,0s and
BajoSrj;Y1Ln,Mn,0¢ oxides at room temperature

Initially, introduction of Sr** cations at barium site was checked for various
BalLnMn,0s,s and BaY,4LniMn,Os;5 oxides. Even with modifications of the synthesis
conditions, it was yielding rather discouraging results, as the materials could not be
obtained as single phase ones, with significant amount of secondary phases present. The
same problems were faced with trials concerning Ca*" cations. The obtained structural
results (not shown here) indicated that the maximum level of substitution of Ba®" by Sr*'is
on the order of 10%, while for calcium is practically negligible.

After the initial trials, BagoSry; YMn,0s545, Bag oSrg 1SmMn,0s45, as well as materials
having both substitutions, i.e. Bag oSt ;Y 075P1025sMny0s45, BagoSto.1Y0755mg25Mny0s45,
BagoSrp 1Yo sSmg sMnyOs45 and BagoSrg 1Yo 75Gdo2sMnyOs.5 were selected for further
studies, due to relatively small amount of secondary phases present. Similarly as in
previous chapters, the materials after reduction and oxidation processes were investigated
in terms of their crystal structure using XRD method (Figs. 9.1a-f). Relative increase of
unit cell volume V after reduction was also calculated, as shown in Fig. 9.2. The obtained

data were refined using Rietveld analysis, which results are gathered in Tab. 9.1.
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Fig. 9.1. Diffractograms with Rietveld analysis for: a) BagoSrg;SmMn,0s.5, b) BagoSry ;Yo sSmysMnyOs.s
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f) BagoSry; YMn,Os,;5, samples in oxidized and reduced state at room temperature.
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Fig. 9.2. Unit cell volume of Baj¢Sry ;Y <xLnMn,Os and BagoSrg;YLnMn,04 oxides as a function of
average ionic radius of Y Lnj.

Relatively good refinements were obtained assuming tetragonal P4/nmm space group
for all of the reduced compounds, as could be expected analyzing results for other studied
materials. However, presence of unreacted Y,0O3 was also detected in some of the samples
(reduced and oxidized), as indicated in Tab. 9.1. For the oxidized materials triclinic P-1
space group was selected and refined with the only exception for Bago¢Sro;SmMn,Og
oxide, for which no distortion was detected, and the structure could be refined with higher-
symmetry P4/nmm space group. This is expected trend, concerning data for
BaY | SmyMn,0s.s series (Tabs. 6.1 and 8.3). In all of the considered in this chapter
perovskites the layered-type cation ordering in the A-sublattice is maintained.

It should be stated that taking into account presence of the secondary phase (Y»03),
which may hinder oxygen storage-related performance, possibility of introduction of only
a small amount of strontium to the materials does not open big chances for improvement of
the materials. The contamination is expected to lower OSC of Bag ¢Sty 1Y | xLnyMn;Os.5.

In addition, it was found that while the same effect of a substantial increase of the
unit cell volume occurs on reduction (Fig. 9.2), the observed dependence deviates
somewhat from the very linear behavior found for other studied Mn-containing materials.
Nevertheless, also in this case the dependence of V as a function of average ionic radius of

Y .xLny is more pronounced for the reduced materials, comparing to the oxidized ones.
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Tab. 9.1. Structural parameters of reduced and oxidized Ba, ¢Sty ;Y ..Ln,Mn,0s.5 oxides with Sr substitution
in Ba sublattice. Data presented in [192, 193].

chemical composition space a[A] c[A] VAT relative X* | Rap | ts
group b [A] Y [deg] increase [%]
a [deg] of V after
B [deg] reduction
Bay 4Srg ;SmMn,05 PA/nmm | 5.5889(1) | 7.7062(1) | 240.71(1) 3.08 224 | 290 | 0.973
Bag ySry ;SmMn, 06 P4/nmm | 5.5356(1) | 7.6205(1) | 233.52(1) 2.70 | 3.10 | 0.976
Bay 4Sr91 Y 5Smy sMn,O; PA/nmm | 5.5702(1) | 7.6823(1) | 238.36(1) 2.49 3.89 | 3.59 | 0.981
Bag 9Srg1Y5Smg sMn,Og P-1 5.5260(1) | 7.6136(1) | 232.57(1) 4.18 | 3.71 | 0.971
5.5279(1) | 90.04(1)
90.00(1)
90.21(1)

Bao‘gerA1Y0A75Pr0A25Mn205 P4/nmm 5.5735(1) 7.6901(1) 23889(1) 3.09 7.52 4.80 0.968
~ 10 wt.% of Y203

B2y oSty 1 Y 0.75PTo2sMm,04 P11 | 5.5290(1) | 7.6157(1) | 231.74(1) 529 | 3.77 | 0.972
~ 10 wt.% of Y,0, 5.5285(1) | 90.12(1)

90.01(1)

90.18(1)

BagsSto YorsSmoosMm,05 | Palnmm | 5.5566(1) | 7.6729(1) | 236.91(1) | 1.85 | 3.40 | 323 | 0.965
~ 7 wt.% of Y203

BagsSo1 Y 0.75SMg 2sM;04 P11 | 5.5235(1) | 7.6253(1) | 232.61(1) 2.86 | 3.28 | 0.969
~7 wt.% of Y,O, 5.5229(1) | 89.97(1)

90.29(1)

90.13(1)

Bag oSt Yo15Gdo2sMn,05 | Pnmm | 5.5530(1) | 7.6689(1) | 23647(1) | 2.04 | 2.53 | 2.89 | 0.964
~ 4 wt.% of Y203

B2y 4STo 1 Yo.75GdgsMm,0; P-1 | 5.5167(1) | 7.6157(1) | 231.74(1) 1.80 | 2.35 | 0.967
~ 4 wt.% of Y,0, 5.5158(1) | 90.12(1)
89.98(1)
90.31(1)
Bay oSt YMn,0; Pd/nmm | 5.5486(1) | 7.6577(1) | 235.76(1) | 1.88 | 4.13 | 3.56 | 0.963
5.5486(1)
BaysSto, YMn,0q P-1 | 5.5141(1) | 7.6127(1) | 231.39(1) 3.47 | 3.26 | 0.966
5.5123(1) | 90.12(1)
89.98(1)
90.31(1)

9.2. Microstructure of BajoSry;Y;Ln,Mn,0s.5 powders

As could be expected from the structural results, presence of the secondary Y,0s;
phase was confirmed during SEM observations. Exemplary micrographs recorded for the
reduced and the oxidized Bag oSty ;Y0 75P1925Mn,0s45 are shown in Figs. 9.3a and b. The
secondary phase was confirmed by EDX studies, and is visible in a form of additional

precipitates, which are attached to the grains of the main phase.
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a) Bag 9St(,1Y ¢ 75Pr925Mn,O5 b) Bag¢St1Y ¢.75Pro 25sMn,Og

VD mag det |spot| HFW |

7.0mm 10000 x LVD 40 |129.8 ym

Fig. 9.3. SEM micrographs for a) the reduced and b) the oxidized Bag ¢Sty ;Y 75P1g25Mn,Os.5.

9.3. Oxygen storage properties

Behavior of the oxidized materials during reduction in 5 vol.% H; in Ar, as well as
the reduced materials in air atmosphere while the temperature was increased up to 500 °C
was investigated similarly like for other considered in this work OSMs, and the results are
depicted in Figs. 9.3a and b. In terms of the reduction process, Bag 9Srp 1 SmMn,Og exhibits
characteristic inflection of the curve, approximately in the middle of the reached capacity,
similar to the one observed for sample without strontium substitution (Fig. 6.16c). Curve
recorded for BagoSry;YosSmysMn,Os is also inflected, but surprisingly, the slope
increases in the second part of reduction. This is unexpected behavior, which origin is
unknown. In addition, this is the only compound in the studied series, which is fully
reduced before reaching 500 °C.

Oxidation process, however, for all studied compounds starts at different
temperature, and based on the performance, two groups of materials can be selected. In the
first one that includes BagoSrg;SmMn,Os+5, BagoSrg1Yo75GdgrsMn,Os5 as well as
Bay oSty YMn, 05,5, the oxidation occurs in one sharp step. In the second group, at higher
temperatures (above the main weight increase) further oxidation takes place.
Unfortunately, there is clear dependence observed regarding temperatures of oxidation or

reduction on the chemical substitution or average ionic radius of Y xLny.
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Fig. 9.4. Non-isothermal a) reduction and b) oxidation of Ba; ¢Sty Y xLnMn,0s.5. Data from [192, 193].

Isothermal studies of reduction and oxidation speed were conducted at 500 °C, and

results of the experiments are presented in Figs. 9.5a and b, respectively. All of the

considered materials exhibit fast speed of oxidation, but rather low speed of reduction,

lower than the reference BaYMn;0s.s oxide. The only exception is material with

Bay 9Sro1Y0755mg 2sMny0s.5 composition, for which the initial part of the reduction curve

is very steep, and while some inflection is visible in the second part, a decrease of the

reduction speed in this range is not so high. As OSC of this material is also relatively high,

it was selected for more throughout evaluation concerning the cycling performance, as

presented in chapter below. Systematic comparison of the measured oxygen storage

properties is given in Tab. 9.2.
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Fig. 9.5. Isothermal a) reduction in 5 vol.% H, in Ar and b) oxidation in synthetic air at 500 °C of the
evaluated Baj ¢St ;Y <Ln,Mn,0s.5 materials. Despite longer total time for the samples, oxidation data shown
in selected range, to keep it consistent with previous figures. Some data from [192, 193].
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Tab. 9.2. Oxygen storage properties of the considered Baj ¢Sty 1Y .xLn,Mn,Os.5 materials.

chemical composition theoretical | measured | characteristic characteristic time of time of
OSC OSC temperature of | temperature of | reduction oxidation
[wt.%] (5" cycle | oxidation [°C] | reduction [°C] (99% of (99% of
at 500 °C) total mass total mass
[wt.%] change, 5 | change, 5"
cycle) cycle)
[min] [s]
Bay ¢Sr;SmMn, 055 3.39 3.43 245 400, 485 17.5 42
Bag 9Srg1Y(5Smp sMnyOs.5 3.62 5.62 310 440 24.1 250
Bag 9Sro 1Y .75Pro2sMn,0s.5 3.77 3.23 330 465 17.8 320
Bag 9Srg1Y.75Smg ,sMny0s.5 3.75 3.72 290, 460 345, 485 6.4 83
Bay ¢S10,1Y0.75Gd0 2sMn,05,5 3.74 3.72 310 420 23.7 43
Bag 9Srg; YMn,05.5 3.89 3.78 375 450 22.9 38

It can be stated that while some improvement of the OSC was attained (e.g. for

Bag ¢Sty YMn,0Os.5), unfortunately, introduction of Sr*" cations worsens the oxygen

storage-related properties of the materials.

9.4. Cycling performance of Ba)oSryY¢755m5Mn,05.;

Reduction/oxidation performance tests of 20 consecutive cycles were conducted for
Bay 9Sr).1Y0.75Smp25Mn,0s, as presented in Fig. 9.6a. The studies revealed that stability of
the material in working conditions is good, and after some decreas of the measured OSC in
the first few cycles, the material stabilizes in terms of the oxygen storage capacity. It is
worth to emphasize that the speed of reduction increases during consecutive cycles. In this
particular case, between first and twentieth cycle, the reduction is accelerated by about two
minutes. Interestingly, the effect mainly arises from diminishing inflection in the second

part of the reduction curve (Fig. 9.6b).

Chapter 9. Properties of Bag oSty ;Y xLnyMn,0s,5 (Ln: Pr, Sm, Gd) oxides 140



a)
104
— 20 reduction/oxidation cycles for BaMSrD_‘Yo_TsSmOManOs‘ﬂ
,ﬁ A A A A ~
Anaaaannmaandannn
103
& 1027 3.54 % OSC
=
k=2l
o
2 101b
100} \\h!}uthktk {
i 1 1 1 1 1
0 50 100 150 200 250
time [min]

b)

104

103

7

2™ reduction 20" reduction

Py 1

20 246 248 250 252

time [min]

18
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9.5. Ionic transport in selected BayoSry;Y;Ln,Mn,0s,;

In a similar way as presented in chapter 8.3.3, for further investigations,

measurements of the reduction kinetics were conducted in 400-600 °C temperature range.

The results are presented directly in Fig. 9.7a, and in Arrhenius-type coordinates in Fig.

9.7b. Systematic data with the calculated activation energy of the ionic transport are given

in Tab. 9.3.
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Fig. 9.7. Reduction time of the samples as a function of temperature in 400-600 °C temperature range, with
b) data presented in Arrhenius-type coordinates.

Chapter 9. Properties of Bag oSty ;Y xLnyMn,0s,5 (Ln: Pr, Sm, Gd) oxides

141



Tab. 9.3. Time of reduction of the considered Ba, ¢St ;LnMn,Os,s.

time of reduction [min] at respective temperature calculated for
chemical composition 95% change of total weight change E, [eV]
400 °C 450 °C 500 °C 550 °C 600 °C
Bag Sty :SmMn,O5.45 70.0 31.5 12.1 5.4 33 0.73
Bag 9Srg,1Y0.75P102sMny05.5 67.2 18.6 7.6 39 2.6 0.76
Bag¢Srg 1 Yq75Smg ,sMn, 05,5 429 12.4 43 2.0 1.4 0.82
BayoSry1Y075Gdg 2sMnyOs.5 92.3 37.2 12.8 6.0 3.6 0.78

As can be seen in Tab. 9.3, the calculated activation energy is similar (0.73-0.82 eV),
comparing to the values obtained for BaY; \GdxMn,Os,; series (Tab. 8.7).

Nevertheless, with an increase of the temperature, the measured oxygen storage
capacity was found to also increase (Tab. 9.4), and in some of the cases even above the
theoretical limit. However, it this case a possible explanation is that the effect originates
also from a partial decomposition of the material, and not only from the excessive
reduction (below oxygen content equal 5). Such assumption is supported by a general
weight change decrease visible on the TG curves in the following cycles, not reaching the

initial values.

Tab. 9.4. Oxygen storage capacity for considered Bag ¢St ;LnMn,Os,; at various temperatures.

measured capacity [wt.%] at respective temperatures .
. . . theoretical
chemical composition calculated for 95% change of total weight change 0SC [w.%]
400 °C 450 °C 500 °C 550 °C 600 °C
Bay ¢Srp 1 SmMn, 05,5 3.25 3.36 3.38 3.39 3.47 3.39
Bag 9Srg 1Y .75P102sMn,05.5 3.18 3.26 3.31 3.37 3.41 3.77
Bay¢Srg.1Y(.75Smg 2sMn,Os.5 3.70 3.75 3.75 3.80 3.83 3.75
Bay¢S191Y0.75Gdg 2sMnyOs.5 3.05 3.57 3.60 3.62 3.62 3.74
Chapter 9 summary

It was found that the synthesis process in the case of many samples with strontium
introduced at the Ba®" site is very difficult, mainly due to a narrow range of formation of
solid solutions, on the order on 0.1 mol per mol of the compound. The materials are mainly
contaminated by presence of Y,O3; secondary phase. However, it was possible to synthesize
single phase cation-ordered Bay ¢Sry.;Yo.sSmy sMn,Os.5. When considering oxygen storage-
related properties, strontium substituted materials exhibit no clear dependence of any of
the parameters on the chemical composition, and while some improvement of the OSC may
be achieved, the reduction kinetics of the samples are rather slow. Nevertheless, relatively

good performance was observed for Bay ¢Sro.1Y9.758mg 2sMn;Os+s compound.
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10. Properties of Co- and Fe-containing perovskite-type oxides

The described results for series of manganese-containing materials (chapters 6-9)
showed possibility of enhancement of the oxygen storage-related properties of
BaLLnMn,Os.5-type of compounds, but mainly in terms of the reduction speed and
characteristic temperature of oxidation or reduction. At the same time, the attempted trials
concerning improvement of the oxygen storage capacity were not successful, and the OSC
was found to be restricted by the theoretical capacity of BaYMn,Os.5 oxide (3.85 wt.%), as
substitution of lighter strontium in Ba-sublattice is problematic. Motivation of the
presented in this chapter work was to investigate properties of the alternative group of
oxides, which may allow to cross 4 wt.% barrier of the practical, reversible OSC. Part of
the results presented below, concerning properties of selected Co- and Fe-containing

perovskites was previously published by author of this thesis in work [194].

10.1. Crystal structure of reduced and oxidized Co- and Fe-containing
perovskite-type oxides at room temperature

Selected, synthesized materials with LagSr4CogsFep 2035, LagsSrysCogsFepsOs5.s,
Smy 5S195C00 sFep 5035, LagsBagsCopsFepsOss and SmgsBagsCopsFepsOss chemical
composition after oxidation and reduction were analyzed in terms of their crystal structure
using Rietveld method. The recorded diffractograms with the refinements for the oxidized
and the reduced materials are presented in Figs. 10.l1a-e. The obtained during fitting
structural parameters are gathered in Tab. 10.1.

In the case of the oxidized Lag¢Sro4CoosFep203 and Lag sSrgsCopsFepsO3, using
literature data from neutron diffraction studies [195], monoclinic /12/c1 space group was
chosen for the refinement. As it was expected, unit cell volume, when normalized to the
simple perovskite one (divided by 8 in this case) is very similar for both compounds. When
reduced in 5 vol.% H; in Ar at 500 °C, both materials transform into brownmillerite-type
phase (Fig. 4.11), which is highly unstable even at room temperature in the air atmosphere,
and the materials start to slowly oxidize, resulting in a formation of two phase mixture of

reduced brownmillerite-type and oxidized perovskite-type phases.
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Fig. 10.1. Diffractograms with Rietveld analysis for a) Laj¢Srg4CoggFep2055, b) LagsSrgsCogsFeysOss,
C) Sm0‘5Sr0‘5C00,5FeO‘503_5, d) Lao_5BaO'5C00_5F€0'503_5 and e) Smo_5Ba0'5C00_5Feo'5O3_5 samples in oxidized and
reduced forms recorded at room temperature. Angular range with holder-related peaks was excluded for

some of the materials.
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Tab. 10.1. Structural parameters of reduced and oxidized Fe- and Co-containing perovskite-type oxides. Data

from [194].
chemical composition space a[A] c[A] normalized | Ry, X2 relative
group b [A] V [A%] [%] increase of
B [deg] V after
reduction
[%%]
. 5.6157(2 8.0
Lao‘GSr0‘4C00,gFe0‘202‘42 Icmm 160644((5)) 54491(1) 6145(1)d 1.73 2.08
5.4158(1)
Lao_ésr0_4C00_gFeo_203a I112/c1 5.43 82(1) 76815(1) 5656(1) 2.21 3.59
90.30(1)
c 5.6225(1 7.5
La()vsSI'()V5C00'5F€0V502V53 Iemm 15906(5(4)-) 55048(1) 6178(1)d 6.70 0.83
5.4393(1)
Lay 5Srg sCop sFeq 505" 12/cl 5.4523(1) 7.7084(1) 57.15(1) 1.95 | 2.81
90.25(1)
c 5.6293(2 6.9
Smyg 5Sry5Cog sFey 50,53 Icmm 15.582(5(7)) 5.4648(2) 59.92(1)¢ 1.59 | 1.44
a 5.3948(1
Smy 5Sry sCog sFep 505 Pbnm 5'4254;; 7.6275(1) 55.81(1) 3.00 |5.99
Lay sBag sCogsFeg 5O s5° 14/mem 5.6163(1) 7.9384(2) 62.60(1) 273 | 2.77 4.9
Lay sBag sCog sFep 505 14/mem 5.5238(1) 7.8086(1) 59.56(1) 3.54 | 6.28
Smy sBag sCogsFegsOy54° | P4/mmm | 3.9489(1) | 7.6035(2) 59.28(1) 4.58 | 6.43 1.3
Smy sBagsCogsFegsOs84" | P4/mmm | 3.9069(2) | 7.6627(5) 58.48(1) 8.04 | 7.38

“Oxygen stoichiometry data from [196]. "Small amount (~ 8 wt.%) of thombohedral R-3¢ phase was detected.
“Data calculated from TG measurements. ‘Unit cell volume was divided by 8.

In the case of SmgsSrosCopsFepsOss compound, reduced material exhibits
brownmillerite-type Icmm structure and transforms into orthorhombic Pbnm upon
oxidation, resulting in a change of the unit cell volume of 6.9%. Regarding
Lag sBagsCogsFepsOs.s composition, it can be well refined assuming tetragonal 14/mcm
space group for both, reduced and oxidized compounds, indicating no phase transition
upon oxidation, while the unit cell volume changes about 4.9%. No phase transition upon
oxidation is also likely in the case of Smy sBag sCogsFeo 5035, due to presence of the same
space group (P4/mmm) for reduced and oxidized compounds. Interestingly, structure of
this material exhibits the same layered-type of Ba®" and Sm’" cation ordering, as it was
observed in the studied BaLnMn,0Oss (chapters 6-9). Large difference ionic radii of
samarium and barium seems to be the main factor responsible for such the ordering. At the
same time there is not structural or charge ordering in the Co-Fe sublattice, and the
materials possesses aristotype P4/mmm symmetry. To keep it consistent within this chapter,

although AA’B,0Os.5 notation is more appropriate for this compound, notation typical for
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the disordered perovskite-type materials is used. It is worth mentioning, that the oxygen
change, calculated using data from thermogravimetric experiments, is quite low for this
material, being equal to 0.3 (or 0.6 per double perovskite formula unit). On the other hand
it can be much higher, and for example for Lag¢Sro4CogsFep 2055 can exceed 0.55 (or 1.1
per double perovskite formula unit, see Tab. 10.1). This behavior is different comparing to
the studied manganese-containing oxides, and may originate from difference of the
intrinsic properties of manganese, iron and cobalt elements, which prefer different
oxidation states, while present in the oxides. For example, presence of high amounts of
Co*" and Fe*" cations is not very common in most of the perovskite-type oxides, and even
if so, very high oxygen partial pressure or electrochemical intercalation of the oxygen into
the materials are required for all Co and Fe to adopt +4 oxidation state [195]. On the other
hand, Mn*" oxidation state is well known and is often observed.

It seems that crystal structure of the considered materials also plays an important role
regarding oxygen storage capacity, with the ordered structure hindering the incorporation
of the oxygen up to the fully oxidized state. At the same time, the disordered structure of
other studied in this chapter perovskites, which allows for statistical formation of the
oxygen vacancies, seems more suitable for Fe- and Co-containing perovskites from the

point of view of the oxygen storage.

10.2. In situ structural measurements

High temperature XRD studies, due to the fact, that oxidation process occurs very
fast in elevated temperatures, were conducted as very fast scans, of only about 1 minute
long and consequently, the angular range was limited down to 20-60 deg. Figs. 10.2-10.5
presents in part “a” structural evolution of the reduced compounds during oxidation in air
and in part “b” behavior of the oxidized sample during heating in air. Data are shown for
selected angular range (31.5-33.5 deg).

While heating of the reduced Lag ¢Srp4CogsFep20,.47 in air, firstly only a slight shift
of the main reflection into lower angles occurs, and it can be associated with thermal
expansion only. In the temperature range of 100 °C up to ~ 200 °C, position of the peak

remains almost the same. The average thermal expansion of the material is very low, with

TEC352000°c = 3.8-10° K'l, which may be connected with a partial oxidation of the
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brownmillerite phase already ongoing. With further increase of the temperature, oxidation
takes place and is visible on the Fig. 10.2a as a disappearance of the brownmillerite-related
peak, and at the same time, as an appearance of the reflection associated with the
perovskite-type phase. In the vicinity of the transition temperature intensity of visible
peaks is low, showing that the ongoing oxidation affects crystal structure of the material,
lowering structural coherence length. In this region, for the XRD data refinements presence
of two phases (reduced /cma and oxidized /12/c1 phase) was assumed. In the temperature
range of 230-275 °C additional oxidation of the perovskite phase likely takes place. Data
of the temperature behavior of the oxidized Lag¢Sro4CogsFeo,0s is presented in Fig.
10.2b, showing only a slight shift of the main reflection towards lower angles, which is
associated with thermal expansion of the material. If results for both of the cases are
compared at the temperature of 300 °C, it can be noticed that the diffractograms are almost
the same, which indicates that the starting Lag ¢Sty 4Cog gFe 20,4, material is fully oxidized

at this temperature, and the actual oxygen content in the material is equal to 3.
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Fig. 10.2. Structural evolution and temperature dependence of normalized unit cell parameters and volume,
together with calculated thermal expansion coefficients for a) reduced Lag Sty 4Cog sFey20,.4; and b) oxidized
Lag 6Sry4Cog sFep 2,053 sample during heating in air. Data shown for selected angular range.

Similar behavior was observed for the reduced Lag sSrosCoosFeo 50253 (Fig. 10.3a).
At low temperatures no changes apart from thermal expansion are recorded, then, a partial
oxidation takes place, and in the intermediate region, with low intensity of the peaks,
brownmillerite-perovskite transformation occurs. Finally, strong shift of the main peak of

the perovskite-type phase in temperature range of 125-190 °C takes place, which can be
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linked to the oxidation of the perovskite phase. At higher temperatures only thermal
expansion-related shift of the peaks towards lower angles is visible. Temperature
dependence of the normalized unit cell parameters and volume (also in the two-phase
range), together with calculated thermal expansion coefficient are also presented in Fig.
10.3a.

Equivalent data for the oxidized LajsSrysCogsFepsO3 are presented in Fig. 10.3b,
and the obtained results are the same like for the described above Lag ¢St 4CogsFeq203

oxide. What is more, thermal expansion coefficients of oxidized Laj sSrysCogsFepsO; and

Lag ¢Sry4Cop sFep 03 materials are alike.
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Fig. 10.3. Structural evolution and temperature dependence of normalized unit cell parameters and volume,

together with calculated thermal expansion coefficients for a) reduced La 5Srq 5Coy sFeq 50,53 and b) oxidized
Lag 5Sry sCo sFeq 505 sample during heating in air. Data shown for selected angular range.

In the case of Smy sSrysCogsFepsO;.5 (Figs. 10.4a and b) the observed changes are of
the same nature as described above for Lag 5Srg5CogsFep 5055 and Lag¢Srg4CogsFeg203.5
oxides, and at 300 °C the sample can be considered as fully oxidized.

For barium-containing material (Figs. 10.5a and b), Lag sBagsCog sFeysOs.s, there is
no evidence of a phase transition occurring upon oxidation, and the space group remains
the same (/4/mcm). Above 190 °C main peak shifts towards higher angles, and at the same
time its intensity decreases in a region where the oxidation takes place, indicating shorter

structural coherence length.
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Another Ba-containing material, SmgsBagsCogsFeysOzs4, also does not exhibit
phase transition upon oxidation, with cation-ordered structure and P4/mmm space group in
the reduced and the oxidized material. This compound oxidizes above 230 °C (Fig. 10.6a).
Its unit cell volume changes are much smaller than for the other considered oxides, and
position of the main peak changes only slightly while oxidation process proceeds.

However, the c/a ratio, is changing significantly upon oxidation (Tab. 10.1).
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The presented and discussed above unique high-temperature in situ studies allowed

to directly observe structural changes that occurs during oxidation of the reduced Co- and

Fe- containing perovskite-type materials.

10.3. Microstructure of powders

Exemplary SEM micrographs for LagsSrysCogsFeg 505 are presented in Fig. 10.7.

This is typical microstructure of the studied in this series oxides. The grains are much

rougher and bigger, comparing to the ones shown for BaLnMn,Os.; (e.g. Figs. 6.9a and b).

Fig. 10.7. SEM micrographs for La, sSrysCoq sFeg sOs.
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10.4. Oxygen storage properties

Results of non-isothermal measurements of a weight change for all considered
samples, conducted in 5 vol.% H, in Ar for reduction process and in air for oxidation
process during increase of the temperature up to 500 °C, are presented in Figs. 10.8a-e.

In the case of LageSro4CoosFep20240, LagsSrgsCogsFeqsOrs53 as well as
Smy 5S1g5C0og sFep 50,53 materials that exhibit brownmillerite-type structure, oxidation
process occurs in three stages. Initially, sudden increase of the oxygen content, in very low
temperatures, below 60 °C, 45 °C and 90 °C, respectively, occurs, which can be associated
with phase transition into the perovskite-type phase. Irregular behavior of the temperature
(pointed with small arrows on Figs. 10.8a-c) originates from heat generated during the
oxidation, influencing the TG apparatus that was not able to maintain required 5 °-min”
heating speed. Afterwards, a slower increase of weight of the samples was recorded and is
likely related to the oxidation of the perovskite-type phase, however, described curves
show some inflection in this region. At the highest considered temperatures, a decrease of
weight of the samples was registered, and is mostly visible for Smg sSrysCogsFe 5035
compound. In the case of LagsBagsCopsFepsO,s55s and SmgsBagsCogsFepsO,.s4 oxidation
process occurs in a less rapid way. Again, after reaching the maximum, increase of the
temperature up to 500 °C results in a slight decrease of the weight of the samples.

When comparing data obtained during XRD studies with thermogravimetric tests, an
obvious discrepancy of the recorded temperatures of the ongoing processes is visible. This,
however, can be easily explained by different experimental conditions. Particularly, during
TG measurements, constant flow of gas of 100 cm’-min™' was provided near the sample of
a small mass (~50 mg), supplying needed oxygen for the oxidation. During XRD studies,
about 2-3 times bigger amount of the material, being compacted on a holder, was used,
with no gas flow through the oven-chamber. In addition, because the oxidation process of
the brownmillerite phase is highly exothermic, the onset temperature of the oxidation was
found to be dependent on the amount of sample used for the measurements, as well as on
the way of distribution of the powder on the holder.

Behavior registered on the TG reduction process is quite similar for all of the
samples, with a rather smooth curves of the weight decrease, except for

Lag ¢Sro.4Cog gFeo»0s5.5, for which there is evident inflection visible.
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Fig. 10.8. Non-isothermal oxidation and reduction cycles recorded for a) LaggSrg4CogsFeo2055, b)
Lay 5Sr9.5C0q 5Feq 50325, ¢) Smy sStg.5C005sFe0503.5, d) Lag sBag sCop sFeg sO3.5, and €) Smg sBag sCog sFepsO3.s.

Isothermal measurements of reduction and oxidation of the considered Fe- and Co-

containing materials are presented in Figs. 10.9a and b, respectively. It is clearly visible

that the reduction process is significantly slower than the oxidation, which is in similarity

with results obtained for BaY;,LnMn,Os:s and BagoSry;Y1xLnMn,Os.5 materials
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presented in chapters 6-9 of this work. This phenomenon can be also explained as due to
an exothermic nature of the oxidation [5]. The slowest reduction rate was registered for the
material with the highest measured OSC, LagSr4CoosFep20s.5, and the fastest one for

Lag sBag sCog sFesOs.5, for which 95% of the weigh decrease occurs after 2.6 min.
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Fig. 10.9. TG data of isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at 500 °C
of LageSr94CoosFe205.5, LagsSrosCogsFensOs.5, SmygsSrosCopsFegsOss  LagsBagsCopsFeosOss and
Smy sBay 5Cog sFeq 5035 materials.

Oxygen storage-related properties including theoretical OSC, which was calculated
based on the oxygen content changes between reduced and oxidized materials with
changes of 6 = 0.5 (and 0.6 for La ¢Srp4Co¢sFep 2035, assuming presence of cobalt on +2
and iron on +3 oxidation states in the reduced compound), measured OSC, characteristic
temperature of oxidation, and also time of reduction and oxidation of the samples during

isothermal measurements at 500 °C, are gathered in Tab. 10.2.

Tab. 10.2. Oxygen storage properties of the considered materials. Some results presented also in work [194].

chemical composition theoretical | measured | characteristic | characteristic | time of time of
capacity capacity | temperature | temperature | reduction | oxidation
[wt.%] | (53™cycle | ofoxidation | ofreduction | (99% of | (99% of
at 500 [°C] [°C] total mass | total mass
°C) change, change,
[wt.%] 5" cycle) | 5™ cycle)
[min] [s]
Lag 6Sr.4Co¢.sFep203.5 4.27 4.30 60°, 190 310, 420 14.6 24
Lag sSrgsCogsFep 5055 3.80 3.60 40°, 110 330, 365 52 18
Smy Sty sCog sFey 5055 3.57 3.36 85% 140 300 53 32
Lag sBagsCogsFeysOs.s 3.29 2.95 85 335 3.6 26
Smy sBag 5Cog sFey 5035 3.21 1.85 230 380 3.8 56
*Temperature of sudden weight increase, however, not to the full capacity.
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10.5. Cycling performance of LagsSr;sCoysFey 5035

When comparing all considered in this chapter materials, and previously presented
data in terms of OSC and reduction speed for Mn-containing materials,
Lag sSrpsCopsFeo 5035 oxide can be selected as the most promising one. Performance of
this material recorded during first 20 consecutive cycles at 500 °C is shown in Fig. 10.10.
Unfortunately, a slight decrease of the reduction speed and also in oxygen storage capacity
was observed, indicating limited stability of the material at this temperature. For
comparison, manganese-containing oxides exhibit perfect stability in the same working
conditions as shown (Fig. 8.4). For further clarification, after performance tests, structure
of the oxidized LagsSrosCopsFeosO; was tested, showing preservation of the initial
monoclinic 712/c1 structure (with only slightly different unit cell parameters), but with
presence of a small amount (~ 8 wt.%) contamination of perovskite-type rhombohedral
R-3c phase. This indicates possible ongoing modification of the chemical composition of

the main phase during reduction and oxidation cycles.

04— 20 reduction/oxidation cycles for La, Sr, Co, Fe 0O,
T=500°C
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Fig. 10.10. Reversibility of weight changes of La, 5Sry sCog sFeq s05.5 during 20 reduction/oxidation cycles at
500 °C [194].

10.6. Ionic transport in Co- and Fe-containing perovskite-type oxides

Additional isothermal measurements of reduction speed were conducted in the

temperature range of 400-600 °C, and the results are depicted in Fig. 10.11a, as well as
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presented in the Arrhenius-type coordinate system in Fig. 10.11b. As expected, with the

increase of the temperature, time required for the reduction to proceed in 95% decreases in

an exponential manner. Different behavior at highest temperatures was recorded for

Lag ¢Sr94Co 3Fe0 2035, and it may be explained as associated to a partial decomposition of

the material, which already takes place in the vicinity of 500 °C.
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Fig. 10.11. a) Reduction time of the samples as a function of temperature in 400-600 °C temperature range,
with b) data presented in Arrhenius-type coordinates. Some data from [194].

It must be stated that at lower temperatures the full available capacity was not

reached in every case, due to slow reduction kinetics. The highest reversible OSC was

registered for most of the materials at 500 °C. Unfortunately, at higher temperatures

(550 °C and 600 °C) the measured capacity decreases, which may be associated with an

increasing deviation from the oxygen stoichiometry in the oxidized phases in air [196].

Time required for 95% of a weight change for considered materials depending on the

temperature is presented in Tab. 10.3, together with the calculated activation energy of the

process. Associated, measured and theoretical OSC data are gathered in Tab. 10.4.

Tab. 10.3. Time of reduction of the considered materials. Some data from [194].

time of reduction [min] at respective temperature calculated for
chemical composition 95% change of total weight change E, [eV]
400 °C 450 °C 500 °C 550 °C 600 °C
Lay ¢S194Co0 sFep1205.5 11.7 6.7 5.1 4.0 - 0.28
Lay 5Sro5Co sFep50;.5 7.9 3.7 23 1.9 1.6 0.33
Smy 5S19.5C0g sFe) 5055 15.5 7.2 4.5 29 2.1 0.44
Lay sBag sCog sFeg 5O 14.8 6.1 3.2 22 2.0 0.45
Smy sBay sCog sFe 5055 16.2 5.9 29 1.9 1.5 0.54
Chapter 10. Properties of Co- and Fe-containing perovskite-type oxides 155




Tab. 10.4. Oxygen storage capacity of the studied perovskite-type oxides. Some data from [194].

measured OSC at respective temperatures [wt.%] .
. . . theoretical
chemical composition calculated for 95% change of total weight change 0SC [wt.%]
400 °C 450 °C 500 °C 550 °C 600 °C
Lag ¢Sr94Co sFe) 2055 3.99 4.08 4.20° 4.32° - 4.27
Lay 5Sry5Cog sFeq 5055 3.45 3.46 3.61 3.41 3.38 3.80
Smy 5S1g.5C0g sFe) 5055 3.39 3.33 3.37 3.14 3.02 3.57
Lay sBag sCogsFe 5055 3.02 2.96 2.97 2.81 2.74 3.29
Smy sBag 5Cog sFeq 5055 1.92 1.88 1.89 1.74 1.69 3.21

*Starts to decompose.

Unfortunately, as documented, upon reduction at temperatures around and higher
than 500 °C, Lag¢Srp4CogsFe203.5 with the highest OSC begins to decompose, which is
visible as an increase of the measured capacity and increase of time needed for reduction in
the following cycles. However, the recorded OSC for this material, even at 450 °C, is equal
to 4.08%, and is significantly higher than the theoretical OSC for BaYMn;Os.5 (3.85
wt.%). What is more, activation energy calculated for BaYMn,Os:5 as to 0.88 eV is

significantly higher than in the case of all compounds discussed in this chapter.

Chapter 10 summary

Crystal structure and oxygen storage-related properties of selected Fe- and Co-
containing perovskite-type materials were evaluated. It was found that the reduced
Lay6Sro4CogsFep 20242, LapsSrosCopsFepsOzs; and SmysSrgsCopsFepsOss3 possess
brownmillerite-type structure, which upon oxidation transforms into perovskite-type
structure. In the case of LaysBaysCogsFeys0,ss and SmysBaysCopsFepsO;s4 there is no
phase transition occurring during oxidation process. Interestingly, Smy.sBaysCoysFepsO3.s
sample exhibits the same, layered-type order of Sm-Ba cations, like the one present in the
studied Mn-containing materials. Investigation of the oxygen storage-related properties
revealed that the reduction process is significantly slower than the oxidation one. For
Lay 6Sr9.4CopsFey 035, the measured, reversible oxygen storage capacity can exceed
4 wt.% already at 450 °C. Unfortunately, this material starts to decompose at 500 °C and
above. Promising results were registered for LasSrysCogsFe)s0s3.s compound, that is
characterized by a very fast reduction speed, with 3.43 wt.% capacity delivered in 2.3 min
at 500 °C. But also, due to stability issues on reduction, a worsening of the properties on
cycling was observed. It seems that the main disadvantage of the considered materials
originates from their insufficient stability in reducing atmospheres, and also lack of

stability of a reduced compounds in the air atmosphere, even in ambient conditions.
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11. Conclusions and recommendations

The performed systematic studies of novel oxygen storage materials having
perovskite-based structure were presented in chapters 6-10 of this thesis. On the basis of
the collected experimental results and provided discussion, the following conclusions can

be drawn:

. Soft chemistry sol-gel method can be successfully used for preparation of single
phase BaLnMn;0s.5 (Ln: Pr, Nd, Sm, Gd, Dy, Er and Y) and BaY; x\LnsMn,0Os (Ln:
Pr, Sm and Gr) materials, as well as relatively pure Bag oSty 1Y 75Lng25Mn,Os5 (Ln:
Pr, Sm and Gd) oxides. The method is also suitable for synthesis of Fe- and Co-
containing perovskites having LageSr94CoosFep20s35, LagsSrosCogsFeysOss,

Sm().sSI’().5CO().5FG()_503_5, Lao.sBao_5C00.5Feo_503_5 and Sm0_5B30_5C00,5F60_503_5 formula.

o Formation of A-site layered-type cation-ordered structure was confirmed by Rietveld
refinements of XRD data for the reduced and the oxidized BaLnMn;0s.s (Ln: Pr,
Nd, Sm, Gd, Dy and Y) compounds. Possibility of formation of solid solution was
proven for substituted samples with Pr’*, Sm*" and Gd®" cations introduced into
Y-sublattice in the materials with general formula of BaY;4LnyMn,Os (Ln: Pr, Sm
and Gr). Double substitution in Y- and Ba-sublattice at the same time, studied for
BayoSt0.1Y0.75Lng2sMnyOs.5 (Ln: Pr, Sm and Gd) samples, was also proven to be
successful, however, some amount (not exceeding 10 wt.%) of the secondary Y,03
was detected. Substitution of bigger amount of strontium into Ba-sublattice was
found to be impossible, showing rather narrow range of formation of such solid
solutions. This greatly limits possibility of enhancement of the oxygen storage
capacity of Mn-containing BaLnMn,Os,;5-type oxides by synthesis of materials with

lower molar mass.

. Structural refinements performed at the room temperature for the reduced
Mn-containing materials indicated that their crystal structure can be successfully
refined assuming tetragonal symmetry with P4/nmm space group. In this space group
there are two crystallographic positions for manganese cations, which strongly

suggests presence of charge ordering of Mn®" and Mn®", confirming literature data.
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More complicated behavior was found for the oxidized compounds. In the case of the
samples with substitution in the Y-sublattice, lowering of the symmetry from
aristotype P4/mmm (for BaPrMn,Og, rp3+ = 1.126 A) through P4/nmm (from
BaY .25Pr0.7sMn20g, Tayerage = 1.099 A, down to BaGdMn, O, rggs+ = 1.053 A, with

border case for BaY(sSmgsMnyOs, Iayerage = 1.049 A, which can be well-refined

using tetragonal or triclinic symmetry) down to P-1 symmetry (from

BaY75Pro2sMnOs, Tayerage = 1.046 A, to BaYMnyOg, rys+ = 1.019 A and

BaErMn,Os.5 rgps+= 1.004 A) was observed with decreasing average Y.xLny ionic
radius. The dependence is presented in Fig. 11.1. The oxidized materials with
strontium substitution in Ba-sublattice exhibit analogous dependence, but shifted,
due to influence of smaller Sr** cations.

Considering studied Fe- and Co-containing perovskites, existence of brownmillerite-
type phase was confirmed for the reduced LagSro4CogrFe)s0; .40,
Lag sSry5CogsFepsO253 and SmgsSrgsCogsFepsO,53 oxides (Iemm space group).
Upon oxidation these materials transform to perovskite-type phase, 712/cl for the
first two compounds and Pbnm for the Sm-containing oxide. On the contrary,
LagsBagsCogsFeysOss and A-site cation-ordered SmygsBagsCogsFepsO3-s possess
the same crystal structure in reduced and oxidized forms (/4/mcm and P4/mmm,

respectively).

. New perovskite type materials, BaErMn,Os and BaErMn,0¢, having the smallest
lanthanide cation substituted into Y-sublattice, were successfully obtained for the
first time, with sol-gel method yielding > 95 wt.% purity of the considered
compounds. Also, layered-type of A-site cation arrangement was found to be
maintained in both, reduced and oxidized samples, with the P4/nmm and P-1 space

groups, respectively.

o A large decrease of the unit cell volume of all studied oxides was found to occur
during oxidation of the reduced compounds, with much bigger changes recorded
during oxidation of the brownmillerite-type materials (changes up to 8% for
Lag ¢Sr9.4Co02Fe030,.42), comparing to Mn-containing cation-ordered oxides (up to
4% for BaPrMn,0s). The smallest change of V of all investigated in this work

materials was recorded for BaErMn,0Os, and is equal to 1.3%. Unit cell volume was
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found to be linearly dependent on the average radius of A’ cations for both, the

reduced and the oxidized compounds.

Ln: |[Er Y Dy Gd Sm Nd Pr
245
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Fig. 11.1. Dependence of the unit cell volume on average ionic radius of Y, Ln, together with
assigned space groups used for the refinement for both, reduced and oxidized BaY_Ln,Mn,Os.;.

. Precise in situ high temperature XRD measurements (1 h scans) allowed to directly
observe the ongoing structural changes during oxidation in air and reduction under
low vacuum of selected BaLnMn,0s.s materials. Existence of the vacancy-ordered
BaLLnMn,0Os s Icma phase was registered for Pr-, Gd- and Y- containing samples.
BaPrMn,0O¢ material was found to release 1 mol of oxygen when heated up to 600 °C

under ~ 100 Pa vacuum. It seems to be interesting from the viewpoint of application.

o High temperature in sifu neutron diffraction measurements conducted in 5 vol.% H,
in Ar revealed presence of step-like character of the reduction process, with initial
two-phase system of BaLnMn,0Og and BaLnMn,Os s (Ln: Pr, Nd, Y), in which phase
proportion was changing towards partially reduced (6 = 0.5) oxide with time, during
isothermal measurements at 300 °C (100% of Icma BaLnMn,0Os s phase after ~ 6 h at
300 °C). The parameters of the oxidized phase are only slightly changing during this
transformation, supporting two-phase-type behavior. In the second step, with
a further increase of the temperature up to 400 °C, analogous mixture of two phases,
BalLnMn,;Oss and fully reduced BaLnMn,Os was registered with weight ratio

shifting towards reduced P4/mmm phase with time. In all of the cases, fully reduced
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materials were obtained after ~ 3 hours at 400 °C. Model of the ongoing structural
changes, related to the oxygen release from materials during such reduction process,

is depicted in Fig. 11.2.

BalL.nMn,O, BaL.nMn,0O; 4

BaLnMn,0; BaLnMn,Os b a
Fig. 11.2. Model of the structural changes of BaLnMn,0s,; materials during ongoing reduction
process. Radii of ions not to scale.

The conducted in situ XRD studies revealed complex behavior during oxidation of
BaErMn;,0s occurring at around 300 °C and cooling to the room temperature, There
is no evidence of formation of the partially oxidized BaErMn,;Oss during this
process. The oxidized BaErMn,0Og shows a structural phase transition at about
225 °C, corresponding well with changes of the electrical conductivity.

Rapid in situ high temperature XRD studies (1 min per scan) performed for Co- and
Fe- containing materials studied in this work, which were conducted on heating

every 5 °C, allowed to observe ongoing structural changes related to the oxidation.

. Microstructure of the obtained in sol-gel method materials was found to be alike for
reduced and oxidized compounds, with porous-like structure and majority of grains
being few-micrometer in size. As crystallite size determined from Scherrer’s
equation is much smaller, this indicates that all grains consists of many crystallites.
Specific surface area was determined to be in 1.0-2.5 m’>-g"' range for all
Mn-containing samples. In the case of materials obtained from solid state reaction

method, the grains were found to be significantly bigger and well-crystallized.
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o Systematic investigations of the oxygen storage-related properties revealed
practically complete and reversible changes between reduced BalLnMn,Os and
oxidized BaLnMn,0O¢ (Ln: Pr, Nd, Sm, Gd, Dy, Er and Y, change of & = 1), which
occur at moderate temperatures (300-500 °C) during changes of the oxygen partial
pressure (air, 5 vol.% H; in Ar). For all the materials, the theoretical and measured
reversible OSC was proven to be dependent on the substituted Ln’" cation, and
decrease with an increase of its mass. However, in all of the cases OSC exceeds
3 wt.%, with the highest values recorded for the reference BaYMn,0Os.5 oxide, equal
to 3.71 wt.% out of theoretical 3.85 wt.%, and for Bag¢Sry1YMn,Os+5 material,
3.73 wt.% from the theoretical one equal 3.89 wt.%). Analogously, both theoretical
and measured OSC of partially substituted BaY;,L.n,Mn;0s.5 (Ln: Pr, Gd, Sm)
samples was found to decrease with an increase of Ln content, however, all the
materials show almost theoretical change of & between the reduced and the oxidized
state, as well as high OSC, above 3.35 wt.%.

Among Fe- and Co- containing oxides, Lag¢Sro4CogsFe20s.5 possesses the highest
OSC among all studied in this work compounds, exceeding 4 wt.% (out of theoretical
4.27 wt.%), however, the material decomposes at 500 °C and above, and therefore its
practical application seems to be limited, also due to slower kinetics at lower

temperatures. Graphical summary of the results described above can be found in at
Fig. 11.3.

i
o

3.0

measured OSC [wt.%)]
w
a

AV [%]
Fig. 11.3. Dependence of the measured oxygen storage capacity on change of the unit cell volume
during oxidation for Mn- and Fe-, Co-containing groups of materials.
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. Characteristic temperature of the oxidation process was found to be strongly
dependent on size of substituted cations in Y-sublattice, and in the case of singly
substituted materials, the lowest value of 210 °C was recorded for BaPrMn,Os oxide.
This trend is graphically presented in Fig. 11.4. Doubly substituted materials,

however, do not fully follow this dependence
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Fig. 11.4. Dependence of the characteristic temperature of oxidation on average ionic radius of
Y .xLn, for BaY, ,LnMn,0s,5 and Bag ¢Sty ;Y Ln,Mn,Os.5.

In the case of materials that exhibit brownmillerite-type structure, oxidation process
occurs in three stages with a first sudden increase of the oxygen content, at rather
low temperatures (45-90 °C), associated with a phase transition into perovskite-type
structure, followed by the oxidation of the perovskite-type phase, and then at the
highest temperatures by a decrease of the oxygen content. The brownmillerite phase
was found not to be fully stable in ambient conditions. In addition, because the
oxidation process is highly exothermic, the onset temperature of the oxidation was
discovered to be dependent on the amount of material used for the measurements,

and also on the way of distribution of the powder on the holder.

. Isothermal studies concerning oxygen storage-related properties of the reduction and
the oxidation processes revealed that in the case of all studied compounds reduction

is endothermic and occurs much slower than the oxidation, which is exothermic. The
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reduction is therefore the limiting process in terms of cycling performance. Also, for
all studied materials, an improvement of the reduction speed was noticed in the

consecutive cycles, with the greatest progress between the first and the second cycle.

. Synthesis method, resulting in different morphology of the obtained samples was
proven to have a great impact on the reduction speed. The applied modified soft
chemistry method seems to be appropriate for synthesis of the OSMs, yielding
powders with porous-like morphology of the secondary particles, which exhibit
faster reduction rate, comparing to the materials with the same chemical

composition, but obtained using solid state reaction method.

. Among studied double perovskite materials, BaY 75Pry25sMn,0s.5 oxides was found
to be the best performing, and showed excellent stability and reversibility in the
measured 50 reduction/oxidation cycles with the reduction time needed for 99% of
a weight change on the order of 2.9 min, which is a great enhancement in comparison
with ~ 10.9 min, registered for the reference BaYMn,Os.5 material obtained by the
same method.

For Lay 5SrysCogsFey 5035 oxide, a very fast reduction kinetics were measured (with
3.43 wt.% capacity delivered in 2.3 minutes at 500 °C), however, for this material
the reduction speed decreases with the following cycles. It seems that the main
reason for this behavior comes from insufficient stability in reducing atmospheres.
Considering this, despite higher OSC in relation to the studied BaLnMn,Os,;s-type
materials, application of Fe- and Co-containing perovskites as OSMs seems to be

limited to lower temperatures (< 500 °C).

. A systematic investigation performed for all BaLnMn,Os.; allowed to conclude that
both chemical composition and powder morphology are determining the kinetics of
the reduction process. From the practical point of view, the limiting part of the
reduction process may be associated with presence of the two-step-like reduction
curve (presence of inflection in the middle of the available capacity), with the second
part being significantly slower. Considering crystal structure, this effect arises from
formation of the oxygen vacancy ordered BaLnMn,Oss-type phase, which was
observed for materials with bigger Ln®" (or average Y,Lny) radius. The described

relationship is depicted in Fig.11.5 below.
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Fig. 11.5. Dependence of the time needed for 95% of total weight change (recorded for 5™ cycle) on
average ionic radius of Y Lny for BaY ,Ln,Mn,Os,s;.

o In addition, a method that allows for investigation of activation energy of the ionic
transport in the oxygen storage materials was elaborated and used. In the proposed
calculations, the obtained value of the activation energy can be related with the
oxygen diffusion in the bulk of the studied materials in the last part of the reduction
process. Among studied materials similar values were recorded for Mn-containing
samples (0.71-0.88 eV), while for Co- and Fe-containing materials significantly
lower values of E, were measured (0.28-0.45 eV). Comparison of the activation
energy values for considered groups of materials, as a function of the unit cell
volume change on reduction, is depicted in Fig. 11.6. The observed behavior may be
attributed to the crystal structure of the materials, but also to the different nature and

strength of tendency of formation of the oxygen vacancy-ordered phases.

. Interpretation of the recorded XPS spectra was hindered, however, it seems that
surface of the synthesized compounds differ considerably from the bulk, with

presence of significant amount of defects.
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Fig. 11.6. Dependence of activation energy of the reduction process on the change of unit cell volume
upon reduction/oxidation for considered BaY .,Ln,Mn,0s.s and Bay ¢Sty ;Y ;.<LnMn,0s.5 and Fe- and
Co- containing materials.

o Concerning the Er-containing sample, the reduced BaErMn,Os shows activated
character of the electrical conductivity dependence on temperature, with
E, = 0.30(1) eV in 50-500 °C range, and with o value at RT on the order of
10 S-cm™. The oxidized BaErMn, 04 possesses much higher electrical conductivity,
almost 0.2 S-cm™ at room temperature, and 40 S-cm™ near 500 °C. At about 225 °C
structural and (likely) magnetic phase transitions occur for this material, which can
be associated with about tenfold increase of the electrical conductivity. Temperature
of this transition is the highest among the ones recorded for BaLnMn,0Os.s group of
oxides. Sign of Seebeck coefficient is positive for BaErMn,0Os and negative for
BaErMn,0Og, indicating substantial changes in electronic structure, as caused by

changing oxygen content.

o As a recommendation for the further studies of OSMs it can be stated that the
presented in this work results show possibility of further improvements of the
oxygen storage-related properties of BaLnMn,Os.5-type materials, but the research
should be rather focused on modification of morphology of the powders, than
optimization of the chemical composition. More details with initial results of such

improvement of the materials are given in Appendix C.
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Appendix A

Structural studies of selected BaLnMn,0s.; using synchrotron radiation

As mentioned in the results and discussion section of this work, in literature there is
no general agreement regarding selection of the space group suitable for refinement of
BalLnMn;0Os.5, especially the oxidized materials with smaller Ln>" cation introduced [Al-
A6]. While good quality XRD data were collected using Panalytical Empyrean
diffractometer (see chapter 6.1), and allowed to refine the structural parameters, in addition
to the presented results, selected compound were also studied using precise, high-energy,
high-resolution synchrotron X-ray powder technique available at 11-BM station at
Argonne’s Advanced Photon Source (Argonne National Laboratory, Illinois, USA).

The recorded data together with Rietveld refinement for BalLnMn,Os and
BaL.nMn,0¢ (Ln: Sm, Gd and Y) oxides are presented in Figs. Ala-f. The presented results
of refinements (Tab. Al) are essentially the same comparing to the standard XRD data
(Tab. 6.1). This strongly indicates that in both cases selection of the appropriate crystal
structure and space group was correct, as well as that the refined unit cell parameters,
volume and other structural factors are properly evaluated. Nevertheless, the precise
synchrotron data allowed to notice several additional effects. Despite preferential
orientation-related correction included, intensity of (200) reflection could not be refined
very well for all samples. Also, some of the peaks showed noticeable asymmetry and
broadening. This can be correlated with presence of the internal strain originating from the
synthesis technique, 1.e. reduction and oxidation at 500 °C. In other words, crystal lattice of
the materials likely did not fully relax after accommodation or removal of 1 mole of the
oxygen. No significant amount of the secondary phases was detected, with BaMnO; and
YMnO; minor impurities visible for the Y-containing materials. Also, no improvement of
the refinements was achieved assuming partial mixing between Ba and Ln cations,
indicating that the layered arrangement of the cations is well-maintained. Interestingly, in
the case of BaGdMn,O4 material, an additional peak was observed in the vicinity of 1.5
deg (not seen in other materials), which could be successfully refined assuming additional
doubling of the unit cell along c-axis (4a;, in this direction). As can be seen in Fig. Ald
inset, the Le Bail-type refinement indicated possibility of presence of such the structure,
however, it was not possible to establish partial coordinates of all the atoms in such a large

unit cell.
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Fig. Al. X-ray synchrotron data with Rietveld refinement for studied a) BaSmMn,0s, b) BaSmMn,O,
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Tab. Al. Structural parameters of the considered BaLnMn,0Os.;5 at the room temperature.

composition space a[A] c[A] V [A%] Mn(1)* | Mn(2)° o1y oQ)y o3’ x>
group b[A] B [deg] x x x x x
y y y y y
zZ z z A A
BaSmMn,0s | P4/nmm | 5.5929(1) | 7.7127(1) | 241.25(1) | 025 0.25 0.489(1) 0.25 11.97
0.25 0.25 0.489(1) 0.25
0271 | -0.254(1) | 0.311(1) | 0.013(1)
BaSmMn,0, | P4/nmm | 5.5405(1) | 7.6300(1) | 234.22(1) | 025 0.25 0.515 0.25 025 13.96
0.25 0.25 0.515 0.25 0.25
0.259(1) | -0.249(1) | 0274 | 0.013(1) | 0.483(1)
BaGdMn,Os | P4/nmm | 5.5797(1) | 7.6862(1) | 239.30(1) | 025 0.25 0.509(1) 0.25 4.01
0.25 0.25 0.509(1) 0.25
0.254(1) | -0.272(1) | 0.313(1) | -0.007(1)
BaGdMn,O, | P4/nmm | 5.5346(1) | 7.6110(1) | 233.14(1) | 025 0.25 0.514(1) 0.25 0.25 6.68
0.25 0.25 0.514(1) 0.25 0.25
0.248(1) | -0.260(1) | 0.279(1) | 0.005(1) | 0.489(2)
BaYMn,Os | P4/nmm | 5.5489(1) | 7.6588(1) | 235.82(1) | 025 0.25 0.505(1) 0.25 927
0.25 0.25 0.505(1) 0.25
0.276(1) | -0.254(1) | 0.318(1) | 0.000(1)
BaYMn,04 P-1 5.5230(1) | 7.6125(1) | 231.99(1) | 0.256(1) | 0.256(1) ¢ ¢ ¢ 9.44
5.5181(1) | 90.30(1)" 0.257(1) | 0.246(1)
0.258(1) | -0.259(1)

“The remaining a and y angles are ~ 90 deg. "Fractional coordinates in the unit cell. “Due to lower symmetry,
fractional coordinates of the oxygens are not given.
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Appendix B

Structural studies of selected Bal.LnMn,0s.; using neutron diffraction

Free neutrons are produced in either fission or spallation processes. Free neutrons
obtained in a nuclear reactor are extracted from a moderator block, and directed to
experimental instruments. Monochromator and filters are used to separate neutrons of
a desired wavelength from thermal spectrum. The low-energy neutrons are then scattered
on individual nuclei and atomic structures. Because value of scattering length of the
neutron-nucleus system is specific and varies not only on elements, but also isotopes,
neutron diffraction allows for structural investigation of the materials [A7].

The E9 apparatus was chosen out of all instruments (Fig. B1) available in Helmholz
Zentrum Berlin, due to its low-length wavelength, which enables inspection of a broad
d-range. The schematic diagram of the E9 instrument is presented in Fig. B2. The

experiment was allocated for 7 days of a beam time.

V15

* - instrument under construction

Fig. B1. Neutron instruments and reactor Barr II in HZB. Instruments provided with thermal neutrons (E)
and instruments provided with cold neutrons (V) [AS].
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. secondary collimator
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:» secondary beam-schutter

;» monitor counter

64 collimators and detectors » optional PG-filter

Fig. B2. Schema of E9 instrument in HZB. Based on [AS].

Neutron diffraction measurements were conducted on oxidized samples, isothermally
as a 12 consecutive scans (unless technical problems occurred) at every temperature,
starting from 200 °C up to 500 °C every 100 °C in atmosphere of 5 vol.% H, in Ar.
Gathered data together with refined structural parameters and graphical interpretation of
the crystal structures are presented in Figs. B3-B5 for praseodymium-, neodymium- and
yttrium-containing samples, respectively.

At temperature of 200 °C similar behavior was observed for all three investigated
samples, with the structure remaining unchanged with the time, and no indication of
significant oxygen release. For scans recorded at this temperature, in all of the cases
Rietveld refinement was conducted assuming P4/mmm space group, with single
manganese position available. The structural parameters of every following refinement
together with refinement accuracy parameters are presented in Tabs. B1, B6 and Bll
respectively in the order of the size of substituted Ln cation.

With an increase of the temperature up to 300 °C recorded structural changes
indicate the oxygen release proceeds initially with formation of two-phase BalLnMn;Og-
BaLnMn;0Os 5 system, and then with the further increase of temperature up to 400 °C two-

phase BaLnMn,0s s-BaLnMn,0s mixture, with only relative wt. ratio of respective phases
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changing during the process (and leading to the final BaLnMn,Os material). For the
detailed description of the process please see Chapter 6.2.2 at the main section of the
thesis. Structural parameters calculated for the individual consecutive measurements
recorded at 300 °C together with phase composition and refinement accuracy parameters
are gathered in Tabs. B2, B7 and B12 respectively and analogously for the results from
400 °C in Tabs. B4, B9 and B14. Additionally, for the last measurement from 300 °C,
which in the case of every sample showed 100% of Icma partially reduced BaLnMn;Os 5
phase, atomic coordinates and isotropic thermal parameters were calculated and are
presented in Tabs. B3, B8 and B13 respectively. Those particular refinements were used to
create of the graphical representation of Icma structures presented on the Figs. B3-BS5.
Further increase of temperature, up to 500 °C revealed presence of only the reduced
(Os) P4/mmm phase, which was registered for all studied compounds. The precise

refinement parameters are presented in Tabs. B5, B10 and B15.
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Fig. B3. Structural evolution of oxidized BaPrMn,0O4 sample during heating in 5 vol.% H, in Ar. Intensity
data shown for selected angular range (main peaks). Corresponding temperature dependence of normalized
unit cell parameters and volume data, together with the unit cells for oxidized (P4/mmm) BaPrMn,Og,
partially reduced (Icma) BaPrMn,0Os s, and fully reduced (P4/mmm) BaPrMn,Os are given.
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Tab. B1. Structural parameters of BaPrMn,0O¢ materials at 200 °C at constant 5 vol.% H, in Ar flow.

BaPrMn,O¢ (P4/mmm) 200 °C

a[A] c[A] VA X2 Rwp [%]
1 3.9091(1) 7.7676(5) 118.70(1) 1.513 9.11
2 3.9095(1) 7.7660(5) 118.70(1) 1213 8.16
3 3.9095(1) 7.7656(5) 118.69(1) 1.227 821
4 3.9096(1) 7.7659(5) 118.70(1) 1.176 8.01
5 3.9101(1) 7.7667(5) 118.75(1) 1.090 7.73
6 3.9096(1) 7.7653(5) 118.69(1) 1.189 8.08
7 3.9098(1) 7.7644(5) 118.69(1) 1.133 7.87
8 3.9100(1) 7.7655(5) 118.72(1) 1.141 7.91
9 3.9104(1) 7.7651(5) 118.74(1) 1.141 7.90
10| 3.910202) 7.7638(6) 118.71(1) 1.207 8.14
11 3.9091(1) 7.7676(5) 118.70(1) 1.513 9.11
12 3.9095(1) 7.7660(5) 118.70(1) 1213 8.16

Tab. B2. Structural parameters of BaPrMn,0Os. 5 materials at 300 °C at constant 5 vol.% H, in Ar flow.

BaPrMn,0s.5 (BaPrMn,O4 P4/mmm + BaPrMn,Os s Icma) at 300 °C

a c \Y P4/mmm a b c \Y% X2 Rup

[A] [A] [A%] [%] [A] [A] [A] [A’] [%]

1 | 3.92031) | 7.7706(5) | 119.42(1) 100 1237 | 824
2 | 392310) | 7.7664(6) | 119.53(1) 945 8.1759(50) | 7.7034(22) | 15.5024(41) | 976.38(71) | 1.300 | 839
3 3.9247(2) 7.7628(6) 119.57(1) 86.6 8.1619(44) | 7.6850(36) | 15.5620(96) | 976.11(92) | 1.477 | 891
4 3.9253(2) 7.7601(7) 119.56(2) 71.6 8.1892(22) | 7.6902(20) | 15.4531(55) | 973.18(50) | 1.258 | 8.23
5 | 3.92522) | 7.7596(8) | 119.55(2) 67.0 8.1891(18) | 7.6875(16) | 15.436045) | 971.75(41) | 1.323 | 8.44
6 | 3.9256(2) | 7.7616(10) | 119.61(2) 515 8.1899(13) | 7.6890(12) | 15.4470(34) | 972.73331) | 1.318 | 8.43
7 | 3.92603) | 7.7590(12) | 119.653) 353 8.1911(11) | 7.6917(10) | 15.448927) | 973.34(25) | 1.184 | 7.98
8 | 3.9255(4) | 7.7603(16) | 119.58(3) 293 8.1936(8) | 7.6912(7) | 15.4467(20) | 973.43(18) | 1.064 | 7.56
9 3.9265(7) | 7.7550(29) 119.56(6) 18.0 8.1923(8) 7.6894(8) 15.4488(21) | 973.18(19) | 1.251 | 8.20
10 | 3.9258(11) | 7.7599(50) | 119.59(10) 6.4 8.1949(8) | 7.6907(7) | 15.4478(18) | 973.59(17) | 1.295 | 833
11 0 8.1971(7) | 7.6933(6) | 15.4441(16) | 973.95(16) | 1.162 | 7.95
12 0 8.1997(7) | 7.6935(7) | 15.4530(17) | 974.84(16) | 1.175 | 7.99

Tab. B3. Atomic coordinates and isotropic thermal parameters calculated for BaPrMn,0ss (Icma space

group) for 12" consecutive neutron measurement at 300 °C.

BaPrMn,0s s at 300°C Icma space group

X y z Uiso
Bal 0.244(7) 0 0.253(4) 0.030(34)
Prl 0.266(4) 0 0.001(8) 0.060(53)
Mnl 0 0.25 0.118(1) 0.020(21)
Mn2 0 25 0.374(1) 0.020(21)
(@) 0.232(1) 0.244(5) 0.103(1) 0.044(10)
02 0 0.25 0.250(2) 0.044(10)
03 -0.006(9) 0 0.098(1) 0.044(10)
04 -0.006(8) 0 0.385(1) 0.044(10)
05 0 0.25 0.5 0.044(10)
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Tab. B4. Structural parameters of BaPrMn,0s.; materials at 400 °C at constant 5 vol.% H, in Ar flow.

BaPrMn,0s.; (BaPrMn,Os s Icma + BaPrMn,Os P4/mmm) at 400 °C

a c \% P4/mmm a b c \'%4 x? Rup

[A] [A] [A°] [%] [A] [A] [A] [A%] [%]
1 0.0 8.2047(9) 7.6979(8) 15.4673(20) | 976.89(19) | 1.365 | 8.59
2 | 3.9918(5) | 7.7988(18) | 124.27(4) 29.7 8.2062(9) 7.6998(8) 15.4696(22) | 977.45(20) | 1.133 | 7.82
3 | 3.9925(3) | 7.8094(10) | 124.48(2) 47.7 8.2080(12) | 7.6994(10) 15.4786(28) | 978.19(26) | 1.044 | 7.52
4 | 3.9917(3) | 7.8092(9) | 124.43(2) 47.5 8.2084(17) | 7.6982(15) 15.4772(38) | 978.00(36) | 1.207 | 8.09
5 13.99192) | 7.8112(7) | 124.48(2) 48.8 8.2063(26) | 7.7026(20) 15.4884(59) | 979.02(54) | 1.108 | 7.75
6 | 3.9933(2) | 7.8148(7) | 124.62(2) 58.0 8.2052(34) | 7.7005(33) 15.5257(67) | 980.98(72) | 1.239 | 8.2
7 1 3.9926(2) | 7.8137(6) | 124.56(2) 70.0 8.1964(66) | 7.7028(63) | 15.4558(109) | 975.81(132) | 1.131 | 7.83
8 | 3.9931(2) | 7.8146(6) | 124.60(1) 86.4 8.1885(107) | 7.6677(122) | 15.4694(177) | 971.28(227) | 1.101 | 7.73
9 | 3.9933(2) | 7.8158(6) | 124.64(1) 100 1.096 | 7.78
10 | 3.9932(2) | 7.8165(6) | 124.64(1) 100 1.163 | 8.03
11 | 3.9932(2) | 7.8154(5) | 124.62(1) 100 1.070 | 7.69
12 | 3.9926(2) | 7.8156(6) | 124.59(1) 100 1.226 | 8.22

Tab. BS. Structural parameters of BaPrMn,0Os materials at 500 °C at constant 5 vol.% H, in Ar flow.

BaPrMn,0s (P4/mmm) 500 °C

a[A] c[A] V[A’] X Ryp [%0]
1 3.9977(2) 7.8304(6) 125.14(1) 1.194 8.12
2 3.9973(2) 7.8304(6) 125.12(1) 1.175 8.07
3 3.9973(2) 7.8296(6) 125.11(1) 1.208 8.17
4 3.9975(2) 7.8308(6) 125.14(1) 1.298 8.48
5 3.9975(2) 7.8312(6) 125.15(1) 1.105 781
6 3.9973(2) 7.8322(6) 125.15(1) 1.099 7.79
7 3.9974(2) 7.8306(6) 125.13(1) 1.074 771
8 3.9973(2) 7.8306(6) 125.12(1) 1.097 7.79
9 3.9978(2) 7.8300(6) 125.14(1) 1.166 8.03
10 3.9977(2) 7.8298(6) 125.13(1) 1.170 8.04
11 3.9977(2) 7.8315(6) 125.16(1) 1.188 8.11
12 3.9973(2) 7.8310(6) 125.13(1) 1.322 8.54
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normalized unit cell parameters [A] 20 [deq]
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Fig. B4. Structural evolution of oxidized BaNdMn,0O¢ sample during heating in 5 vol.% H, in Ar. Intensity
data shown for selected angular range (main peaks). Corresponding temperature dependence of normalized
unit cell parameters and volume data, together with the unit cells for oxidized (P4/mmm) BaNdMn,Og,
partially reduced (Icma) BaNdMn,Os s, and fully reduced (P4/mmm) BaNdMn,Os are given.
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Tab. B6. Structural parameters of BaNdMn,O4 materials at 200 °C at constant 5 vol.% H; in Ar flow.

BaNdMn,0Oq4 (P4/mmm) 200 °C

a[A] c[A] VIA’] X Rup [%0]
1 3.9029(1) 7.7491(1) 118.04(1) 1.798 9.59
2 3.9027(1) 7.7490(5) 118.03(1) 1.425 8.50
3 3.9034(1) 7.7480(5) 118.06(1) 1.260 7.97
4 3.9034(1) 7.7491(5) 118.07(1) 1.376 8.32
5 3.9034(1) 7.7479(5) 118.05(1) 1.341 8.23
6 3.9041(1) 7.7494(5) 118.12(1) 1.368 831
7 3.9041(1) 7.7478(5) 118.09(1) 1.357 8.26
8 3.9040(1) 7.7477(5) 118.09(1) 1.393 8.37
9 3.9047(1) 7.7480(5) 118.13(1) 1273 8.01
10| 3.9046(1) 7.7468(5) 118.11(1) 1.452 8.55
11 3.9046(1) 7.7467(5) 118.11(1) 1.449 8.54
12 3.9053(1) 7.7472(5) 118.15(1) 1.266 7.98

Tab. B7. Structural parameters of BaNdMn,0Os.; materials at 300 °C at constant 5 vol.% H, in Ar flow.

BaNdMn,0s.; (BaNdMn,O¢ P4/mmm + BaNdMn,Os 5 Icma) at 300 °C

a c \ PA/mmm a b c \% X Ryp

[A] [A] [A’] [%%] [A] [A] [A] [A%] [%%]

1| 3.9147(1) | 3.8779(5) | 118.86(1) 100 1328 | 8.18
2 | 39167(1) | 3.8759(5) | 118.92(1) 84.9 8.1853(95) | 7.7062(84) | 15.3702(179) | 969.51(190) | 1.375 | 8.24
3| 3.9182(1) | 3.8749(6) | 118.97(1) 78.1 8.1743(20) | 7.6734(17) | 15.4148(100) | 966.89(89) | 1.399 | 8.32
4 | 39174(2) | 3.8739(7) | 118.90(1) 72.0 8.1772(28) | 7.6727(26) | 15.4083(68) | 966.73(62) | 1.436 | 8.41
5| 3.91752) | 3.8727(8) | 118.87(2) 62.7 8.1710(16) | 7.6697(15) | 15.4092(41) | 965.69(36) | 1.190 | 7.65
6 | 3.9169(2) | 3.8714(10) | 118.79(2) 583 8.1737(16) | 7.6675(15) | 15.4089(40) | 965.70(36) | 1.462 | 8.54
7 | 3.9171(3) | 3.8709(12) | 118.79(3) 47.0 8.1737(12) | 7.6698(11) | 15.4082(29) | 965.94(26) | 1.406 | 8.33
8 | 3.9186(3) | 3.8700(14) | 118.85(3) 35.4 8.1746(10) | 7.6699(10) | 15.4132(25) | 966.38(23) | 1.324 | 8.07
9 | 3.9192(6) | 3.8680(24) | 118.83(5) 25.4 8.1776(8) | 7.6698(8) | 15.411924) | 966.64(18) | 1.287 | 7.96
10 | 3.9186(10) | 3.8684(43) | 118.80(9) 13.6 8.1795(7) | 7.6703(6) | 15.4086(17) | 966.73(16) | 1.172 | 7.58
11 0 8.1820(8) | 7.6721(7) | 154136018 | 967.55(17) | 1.567 | 8.78
12 0 8.1815(7) | 7.6728(6) | 15.4122(17) | 967.50(15) | 1399 | 8.31

Tab. B8. Atomic coordinates and isotropic thermal parameters calculated for BaNdMn,Os s (Icma space

group) for 9™ consecutive neutron measurement at 300 °C.

BaNdMn,0s 5 at 300°C Icma space group

x y 4 Uiso
Bal 0.252(19) 0 0.250(3) 0.020(34)
Y1 0.260(3) 0 0.000(3) 0.035(27)
Mnl 0.25 0 0.119(2) 0.021(26)
Mn2 0 0.25 0.377(2) 0.021(26)
(@) 0.230(2) 0.250(5) 0.107(7) 0.035(10)
02 0 0.25 0.249(2) 0.035(10)
03 0.000(4) 0 0.096(1) 0.035(10)
04 -0.002(2) 0 0.384(1) 0.035(10)
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Tab. B9. Structural parameters of BaNdMn,Os.; materials at 400 °C at constant 5 vol.% H, in Ar flow.

BaNdMn205+5 (BaNdMn205‘5 Icma + BaNdMn205 P4/mmm) at 400 °C

a C

[A] [A]

\Y P4/mmm
(A" [%]

a b
[A] [A]

C

[A]

\Y X2 Rup
[AY] [%]

1| 3.9828(7) | 7.7845(32) | 123.49(7) | 24.7 8.1936(9) | 7.6795(7) | 15.4384(21) | 971.23(19) | 1.668 | 9.10
2 | 3.9836(3) | 7.7905(13) | 123.633) | 45.7 8.1939(12) | 7.6798(11) | 15.4422(31) | 971.74(28) | 1.286 | 7.95
3| 3.98252) | 7.79208) | 123.58(2) 65.9 8.1939(22) | 7.6841(19) | 15.4466(56) | 972.56(47) | 1314 | 8.03
4 | 3.9824(2) | 7.7940(6) | 123.61(1) 76.8 8.1899(27) | 7.6861(24) | 15.4238(67) | 970.91(59) | 1216 | 7.50
5 | 3.98302) | 7.7955(6) | 123.67(1) 85.4 8.1791(95) | 7.6902(83) | 15.4575(178) | 972.26(190) | 1.578 | 8.82
6 | 3.9835(1) | 7.7946(5) | 123.69(1) |  100.0 1210 | 7.65
7 | 3.9840(1) | 7.7956(5) | 123.74(1) | 100.0 1324 | 8.15
8 | 3.9833(2) | 7.7948(6) | 123.68(1) | 100.0 1.504 | 8.68
9 | 3.98372) | 7.7962(5) | 123.73(1) | 100.0 1431 | 847

Tab. B10. Structural parameters of BaNdMn,0Os materials at 500 °C at constant 5 vol.% H, in Ar flow.

BaNdMn,0s (P4/mmm) 500 °C

a[A] c[A] VAT X Rwp [%0]
1 3.9881(2) 7.8097(3) 124.21(1) 1.289 8.06
2 3.9880(2) 7.8097(6) 124.21(1) 1.375 8.33
3 3.9878(1) 7.8102(5) 124.20(1) 1177 771
4 3.9871(2) 7.8101(6) 124.16(1) 1.325 8.17
5 3.9879(2) 7.8100(5) 124.21(1) 1.356 8.26
6 3.9878(1) 7.8098(5) 124.20(1) 1.205 7.79
7 3.9886(1) 7.8101(5) 124.25(1) 1.389 8.37
8 3.9880(2) 7.8104(6) 124.22(1) 1.353 8.24
9 3.9883(2) 7.8106(6) 124.24(1) 1.442 8.54
10 3.9883(1) 7.8103(5) 124.24(1) 1.196 7.76
11 3.9880(1) 7.8100(5) 124.21(1) 1.269 7.98
12 3.9881(2) 7.8096(6) 124.21(1) 1.383 8.33
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normalized unit cell parameters [A] 20 [deg]
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Fig. B5. Structural evolution of oxidized BaYMn,0O4 sample during heating in 5 vol.% H, in Ar. Intensity
data shown for selected angular range (main peaks). Corresponding temperature dependence of normalized
unit cell parameters and volume data, together with the unit cells for oxidized (P4/mmm) BaYMn,Og,
partially reduced (Icma) BaYMn,Os s, and fully reduced (P4/mmm) BaY Mn,Os are given.
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Tab. B11. Structural parameters of BaYMn,O4 materials at 200 °C at constant 5 vol.% H; in Ar flow.

BaYMn,O¢ (P4/mmm) 200 °C

a[A] c[A] VIAY] X? Rup [%0]
1 3.9044(2) 7.6425(9) 116.51(2) 1.531 9.20
2 3.9047(2) 7.6436(9) 116.54(2) 1.384 8.73
3 3.9053(2) 7.6450(9) 116.60(2) 1.394 8.76
4 3.9049(3) 7.6450(11) 116.58(2) 1.431 8.86
5 3.9047(2) 7.6446(9) 116.56(2) 1.486 9.03
6 3.9052(2) 7.6457(9) 116.60(2) 1.481 9.02
7 3.9052(2) 7.6450(10) 116.59(2) 1.593 9.35
8 3.9050(2) 7.6455(9) 116.59(2) 1.496 9.07
9 3.9039(2) 7.6433(9) 116.49(2) 1.548 9.23
10 3.9050(2) 7.6446(10) 116.57(2) 1.455 8.94
11 3.9056(2) 7.6467(9) 116.64(2) 1.285 8.39
12 3.9050(2) 7.6454(9) 116.59(2) 1.513 9.11

Tab. B12. Structural parameters of BaYMn,0Os.; materials at 300 °C at constant 5 vol.% H, in Ar flow.

BaYMn,0s.5 (BaYMn,04 P4/mmm + BaYMn,Os s Icma) at 300 °C

a c \ PA/mmm a b c v X Rup

[A] [A] [A’] [%%] [A] [A] [A] [A%] [%%]

1 | 3.9240(6) | 7.6792(29) | 118.24(6) 224 7.8910(13) | 7.7175(11) | 15.4430(26) | 940.46(26) | 1.323 | 8.45
2 | 3.9282(7) | 7.6562(29) | 118.14(6) 18.9 7.9203(18) | 7.7138(14) | 15.4410(33) | 943.38(33) | 1473 | 8.93
3 | 3.9314(8) | 7.6381(32) | 118.05(7) 15.0 7.9536(20) | 7.7001(18) | 15.4345(39) | 945.26(37) | 1452 | 8.85
4 8.0037(17) | 7.6594(14) | 15.4249(32) | 945.59(32) | 1.795 | 9.87
5 8.0130(14) | 7.6505(13) | 15.4157(29) | 945.03(29) | 1.658 | 9.49
6 8.0101(16) | 7.6461(14) | 15.4099(32) | 943.80(29) | 1.511 | 9.06
7 8.0157(17) | 7.6434(15) | 15.4106(34) | 944.17(31) | 1464 | 8.90
8 8.0157(15) | 7.6458(13) | 15.3902(30) | 943.22(28) | 1473 | 891
9 8.0216(17) | 7.6400(15) | 15.3787(34) | 942.48(31) | 1.598 | 9.34
10 8.0212(15) | 7.6343(14) | 15.3663(30) | 940.98(29) | 1.448 | 8.83
11 8.0282(16) | 7.6430(13) | 15.3811(31) | 943.78(29) | 1.298 | 8.39
12 8.0464(20) | 7.6306(17) | 15.3745(40) | 943.97(34) | 1258 | 823

Tab. B13. Atomic coordinates and isotropic thermal parameters calculated for BaYMn,Oss (Icma space
group) for 12" consecutive neutron measurement at 300 °C.

X y z Uiso

Bal 0.283(3) 0 0.231(1) 0.00414(4)
Y1 0.255(4) 0 0.004 (2) 0.06273(5)
Mnl 0 0.25 0.120(2) 0.01299(4)
Mn2 0 0.25 0.375(3) 0.01299(4)
(@) 0.232(3) 0.260(4) 0.102(1) 0.05093(20)
02 0 0.25 0.259(3) 0.05093(20)
03 0.028(5) 0 0.107(2) 0.05093(20)
04 0.006(6) 0 0.397(2) 0.05093(20)
05 0 0.25 0.5 0.05093(20)
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Tab. B14. Structural parameters of BaYMn,Os,5 materials at 400 °C at constant 5 vol.% H, in Ar flow.

BaYMn,0s.5 (BaYMn,Os 5 Icma + BaYMn,O5 P4/mmm) at 400 °C

a c \Y PA/mmm a b c \Y X2 Rup
[A] [A] [A%] [%] [A] [A] [A] [A’] [%0]
1 | 3.9433(12) | 7.7128(44) | 119.93(10) 11.9 8.1598(13) | 7.5843(10) | 15.3486(26) | 949.87(25) | 1.284 | 8.31
2 | 3.9378(10) | 7.7207(39) | 119.72(9) 21.7 8.1656(14) | 7.5814(11) | 15.3588(28) | 950.81(28) | 1.155 | 7.89
3| 3.93906) | 7.7147(23) | 119.70(5) 36.5 8.1693(16) | 7.5784(13) | 15.3535(33) | 950.54(30) | 1.114 | 7.72
4 | 3.9382(4) | 7.7192(17) | 119.72(4) 513 8.1668(19) | 7.5765(15) | 15.3557(17) | 950.14(38) | 1.177 | 7.96
5 | 3.94093) | 7.7203(11) | 119.90(2) 62.3 8.1699(24) | 7.5830(17) | 15.3663(48) | 951.98(43) | 1.106 | 7.72
6 | 3.9409(3) | 7.7200(10) | 119.90(2) 79.1 8.1840(44) | 7.5855(31) | 15.3540(73) | 953.18(78) | 1.244 | 8.19
7 | 3.94143) | 7.7191(10) | 119.92(2) 100 1350 | 8.60
8 | 3.94112) | 7.72139) | 119.93(2) 100 1234 | 821
9 | 3.94093) | 7.723009) | 119.94(2) 100 1.294 | 8.40
10 | 3.9404(2) | 7.72038) | 119.87(2) 100 1.199 | 8.10
11 | 3.9406(2) | 7.7218(8) | 119.91(2) 100 1303 | 8.46
12 | 394110 | 7.7218(8) | 119.942) 100 1353 | 8.62
Tab. B15. Structural parameters of BaYMn,0s materials at 500 °C at constant 5 vol.% H, in Ar flow.
BaYMn,Os (P4/mmm) 500 °C
a[A] c[A] VIAT] X2 Ryp [%]
1 3.9446(2) 7.7386(7) 120.41(2) 1.174 8.05
2 3.9457(2) 7.7381(8) 120.47(2) 1.178 8.08
3 3.9453(2) 7.7381(7) 120.45(2) 1.226 8.24
4 3.9451(2) 7.7404(7) 120.47(2) 1.258 8.35
5 3.9447(2) 7.7394(7) 120.43(2) 1.175 8.08
6 3.9443(2) 7.7373(7) 120.37(2) 1.253 8.33
7 3.9451(2) 7.7369(7) 120.42(2) 1.298 8.52
8 3.9452(2) 7.7377(7) 120.44(2) 1.199 8.20
9 3.9455(2) 7.7395(7) 120.48(2) 1.208 8.20
10 3.9455(2) 7.7396(7) 120.48(2) 1.183 8.12
11 3.9453(2) 7.7415(7) 120.50(2) 1.141 7.96
12 3.9459(2) 7.7395(7) 120.51(2) 1.183 8.13
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Appendix C

Method of manufacturing of highly-efficient oxygen storage materials

Subject of this appendix is a patent application resulting from Polish-Japanese
cooperation. The application is entitled “Method of manufacturing of highly-efficient
oxygen storage materials” and arose from collaboration of the authors: Konrad Swierczek
(contribution 30%), Alicja Klimkowicz (contribution 25%), Akito Takasaki (contribution
25%), Kun Zheng (contribution 10%), Tetsuya Yamazaki (contribution 10%). The
application is registered in Polish Patent Office under WIPO ST 10/C: PL414043 and the
European Patent Office application number EP15186419.6.

The invention concerns oxygen storage materials with a double-perovskite type
structure and a general formula BaY; xLnMn,0s.s (Ln: Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu and Y) and method of treatment resulting in an increase of oxygen
storage capacity of the material and faster oxygen release speed. In order to evaluate
enhancement of the proposed solution thermogravimetric (TG) studies were performed
concerning the oxidation and the reduction properties, as well as X-ray diffraction studies
of two exemplary materials: BaPrMn,Os.5 and BaSmMn,Os5.

In general, double perovskite-type oxides may be synthesized using different suitable
sintering routes, e.g. soft chemistry method or solid state reaction method, as it was
described in chapter 5 of this thesis. After sintering pellets were thoroughly ground and
sieved through 100um sieve. Then in the case of Pr-containing material the high energy
milling process was carried out in a planetary ball mill, with the rotary speed of 500 rpm in
air for 15 min, with the milling chamber interior made of ZrO,, maintaining the weight
ratio of balls to material of 100:1. The Sm-containing sample was milled for 15 min in the
rotary vibrating ball mill, in ZrO, chamber and with the 875 cpm (cycles per minute)
speed, in air and at room temperature. After milling the samples were heated up to 500 °C
in thermogravimetric (TG) apparatus with the heating rate of 10°/min and subjected to the
activation process involving five consecutive, isothermal oxidation/reduction cycles, in the
rapidly changing gas atmosphere between 5 vol.% of H, in Ar (during the reduction) and
synthetic air (during the oxidation).

For a purpose of comparison, some data already presented in chapter 6 of non-milled

BaPrMn;0s;5 and BaSmMn,0s,5 samples were repeated.
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As prepared samples were investigated in terms of their crystal structure using
X-ray powder diffraction (XRD), and the obtained diffraction patterns are shown in
Fig. Cla and b for the reduced BaPrMn,0s and BaSmMn,0Os materials respectively, before
and after milling. As observed by the broadening and overlapping of the X-ray reflexes, an
ongoing process of cation mixing between Ba and Pr sites occur (merge of the main X-ray
reflections in vicinity of 32 deg). Also, for both milled sample presence of small amount of

710, was detected.

a) b)

BaPrMn,O,
after 15min MM

BaSmMn,O,
after 15min MM
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Fig. C1. Diffractograms with Rietveld analyses for a) BaPrMn,0s and b) BaSmMn,05 materials in initial
state and after high energy milling for 15 min.

When comparing the structural a and c parameters for samples after milling
presented in Tab. C1 to the ones of non-milled samples (Tab. 6.1), lowering of a/c ratio
was observed, indicating partial transformation from tetragonal structure (a # c, ordered
material) to cubic one (a = c, disordered structure). Size of the crystallite calculated out
of the Scherrer equation shows expected significant decreases of the size of grains after

milling process.

Tab. C1. Structural parameters of reduced and oxidized samples after high energy mechanical milling (MM)
treatment for 15 min and crystallite size calculated for samples before and after milling.

chemical space a c \Y X* | Ryp | dbefore d after
composition |  group [A] [A] [A%] [%] | MM[A] | MMIA]
BaPrMn,Os | P4nmm | 5.6197(1) | 7.7806(3) | 245.722) | 2.165 | 3.29 | 105 18
BaPrMn,O, | P4/mmm | 3.9071(1) | 7.74803) | 118.28(1) | 2.768 | 3.65 99 19
BaSmMn,Os | P4mmm | 5.6008(8) | 7.8296(20) | 245.61(9) | 1.920 | 3.10 | 144 21
BaSmMn,0, | P4nmm | 554253) | 7.7466(7) | 237.97G3) | 1919 | 3.14 | 137 21
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Fig. C2 shows the non-isothermal reduction process recorded under the atmosphere
of 5 vol.% H; in Ar, as a function of temperature starting from TR up to 500 °C. Although
a slight decrease of the OSC can be observed for the material after milling, reduction curve
smoothened significantly. Nonetheless, on the derivative curve two minimums are still
observed. The characteristic temperature of the reduction process was lowered by milling

from 380/485 °C down to 340/410 °C.

104
103 T
= 102 |
.E) | non-isothermal reduction of
T activated BaPrMn, O, material N,
2 101}F B .
in 5 vol.% H, in Ar
initial, non-milled sample
—-—-15 min milling :
0}~ T
1 i 1 i 1 i 1 n
100 200 300 400 500

temperature [°C]

Fig. C2. TG curves corresponding to the oxygen release from BaPrMn,0O4 samples taken in 5 vol.% of H,
atmosphere for initial material and after high energy milling, during heating from the RT to 500 °C.

For the oxidized materials (initial and after milling treatment) the isothermal
reduction was performed under the atmosphere of 5 vol.% H, in Ar, and analogous
oxidation process was registered in air atmosphere at a temperature of 500 °C. The results
are presented in Fig. C3a and b for BaPrMn;0s.5, and C3c and d for BaSmMn;Os.s,
respectively. The measured OSC decreases for the milled for 15 min BaPrMn,Os;s sample,
and equals to 2.9 wt.%, however, on the contrary, for BaSmMn,0Os.5 sample subjected for
15 min milling OSC increases, and equals 3.6 wt.%. It is worth mentioning that these
values exceed OSC of the commercial OSM materials from ceria-zirconia (CeO,-ZrO;)
ceria-lanthana (CeO,-Ln,03) systems. Furthermore, as can be seen both, the reduction and
oxidation processes occur significantly faster for the milled samples, as comparing with the
non-milled ones. The reduction process can be compared by using either direct time
needed for 95% of the total weight change or by comparison of reduction rate parameter
r defined by Motohashi [A9] as a speed of a weight change calculated for 50% of the total
capacity. In the case of milled samples, r parameter increases considerably, and while for

BaSmMn,0s.5 equals to 0.5 for the initial sample, for the sample milled for 15 min it
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reaches 4.4. Furthermore, smoothing of the reduction curve is clearly visible for materials

after milling treatment, and the reduction process exhibits single-step character, with no

inflection in vicinity of the half of total weight change.
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Fig. C3. Isothermal reduction in 5 vol.% H2 in Ar of a) BaPrMn,0O4 and ¢) BaSmMn,0q. Isothermal
oxidation of b) BaPrMn,Os and d) BaSmMn,Os in synthetic air at 500 °C.

Oxygen storage-related parameters calculated on the basis of the performed TG

analyses are gathered in Tab. C2.
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Tab. C2. Oxygen storage properties of considered BaPrMn,0Os.5 and BaSmMn,0Os.; materials before and
after MM.

chemical milling | oxygen storage characteristic time of reduction rate
composition time | capacity (OSC) | temperature of reduction reduction at parameter r
at 500 °C (linear approximation in | 500 °C (95% of | [wt.% min™]
[wt.%] / the range of the largest a total weight
[umol O-g'] change) [°C] change) [min]
BaPrMn,0s.;5 0 3.3/2050 310 83 1.0
BaPrMn,0s.;5 15 2.9/1800 240 34 29
BaSmMn,0s;,; 0 3.3/2050 330 8.7 0.5
BaSmMn,0s;,; 15 3.6/2250 220 2.7 4.4

The obtained data show that the process of high energy milling of perovskite-type
oxygen storage materials of the general BaLnMn,Os,; formula provides improvement of
the oxidation/reduction properties of these materials, in particular, decrease in reduction
temperature and shortening of the reduction time as well as increase of the reduction rate
parameter, thereby extending the temperature range of reversible oxygen
absorption/release. The high energy milling process, conducted in air for 15 min, provides
partial mixing in the Ba-Ln sublattice in BaLnMn;,Os.5 and allows for activation of the
surface of the perovskite-based material that improve the reversible oxygen

absorption/release properties of this group of oxides.
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Appendix D

Flameless oxidation of methane with BaYMn,0¢ used as catalyst and
oxygen carrier

BaYMn,0O¢ oxide was shown in literature [A10] to possess substantial catalytic
activity towards methane combustion. In order to further evaluate this property, a custom-
made setup for studies of catalytic-related properties was constructed at the Department of
Hydrogen Energy, Faculty of Energy and Fuels, AGH University of Science and
Technology. The construction and presented studies were performed in collaboration with
M.Sc. Tomasz Rzgsa.

Schematic representation of the constructed apparatus is presented in Fig. D1. The
main part of the setup is a micro-reactor, built using quartz U-tube and containing active
material embedded in quartz powder. Type and amount of gas supplied to the system can
be adjusted using mass flow controllers, and in the case of gas mixture usage, respective
gases are mixed in the mixer. Small amount of the exhaust gas is directed to a quadruple

mass spectrometer (Pfeiffer Vacuum Thermostar GSD 301) to analyze its composition.

>< Ar/air
b\

mass flow
SRS gas controllers
SE)p .
i mixer
CH,
| | CO
] i S ; NOX
N )
gas exhaust ; \\gas supply
mass spectrometer L_:—,_::::j; sample
p embedded in
furnace quartz powder

Fig. D1. Schematics of a custom-made setup for studies of methane combustion in oxygen-free conditions.

For the conducted preliminary studies, BaYMn,0O¢ material was mixed with quartz
powder (0.25 g BaYMn,O¢ with 2.68 g of silica rough powder), and placed into the quartz
U-tube. The measurements were performed at three temperatures: 500 °C, 550 °C and
600 °C (autocatalysis of CHj initiates at ~ 700 °C [A10]). During heating to

a predetermined temperature, the sample remained in an inert atmosphere (pure argon) for
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a long time (few hours) in order to stabilize and purify the gas system from traces of
contaminations. Then, the mixture of 10 vol.% CH4 in Ar was directed into the micro-
reactor with a flow of about 50 cm’ min™. After closing the methane mixture flow, the
system was flushed with argon for remove the residual CH4. During the described above
steps, simultaneous recording of the composition of the exhaust gases was carried out on
the quadruple mass spectrometer using Quadstar software. Results gathered during the
experiment (i.e. ionic current values, which can be associated with CHs and CO,
molecules) are presented in Fig. D2. As can be seen, with switching of the gas from Ar to
10 vol.% CH4 in Ar a corresponding increase of signals associated with methane and
carbon dioxide occurs. It is worth mentioning that after Ar purge and another switching to
CHjy-containing atmosphere, the respective maxima of ionic current are much higher,
which is likely due to the ongoing reduction of the active material, which when reduced,
becomes catalytically inactive. It can be stated that the combustion of CHy4 in oxygen-free
conditions most likely proceeds according to Mars-van Krevelen mechanism (Fig. 2.1).
Furthermore, taking maxima of the second cycle as reference point, it can be stated
that difference between the second maximum and the first one divided by the second
maximum represents the minimum percentage of the CH4, which at that point underwent
the conversion according to the reaction above. This value can be estimated as about 14%
at 550 °C and 32% at 600 °C. Please notice, however, that the presented calculations are
rather of qualitative character, since based on preliminary data. Also, similarly like
discussed in work [A10], no optimization of the material was done (e.g. increase of
a specific surface area), so, citing: “the catalytic activity could be drastically enhanced as
the surface area of the BaYMn,Os.s product is accordingly increased”.
Assuming total conversion of the methane, the respective chemical reaction can be

written as (A1):

4BaYMn,0¢ + CH, - 4BaYMn,05 + CO, + 2H,0 (A1)

It should be also stated that while with the ongoing reduction of the active BaYMn,Og the
catalytic activity of the material will diminish, using unique property of BaYMn;,Os to
fully re-oxidize, the catalytic activity of the material can be restored. What is more, the
reported flameless conversion of CH4 with BaYMn,O¢ used as the oxygen carrier and
catalyst and extends results published by Motohashi [A10] for a case of a lack of oxygen in

the gas atmosphere.
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The discussed above studies concern conversion of methane, however, the

constructed setup allows also for studies of catalytic activity of the materials in relation to
NOx or CO gases.

25 T=500°C —— CH,----- CO,
- T=5650°C ---- CH,— - CO,
20 | T=600 °C ssoneseee CH,+=4: €0,
—_— Al 10% Ar 10% CH, in Ar Ar
<é CH,
—15
——
o
:
-
010
L
c
e,
)
0

1.0 1.5 2.0 2.5
time [h]

Fig. D2. Mass spectrometer signals data recorded in the anaerobic methane combustion experiment.
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Figure and table captions

Fig. 1. a) Ionic radii of La®* cations in 8-fold coordination (lines given in comparison to Y*"), b) ionic

radii of Ba®" and Sr** cations in 12-fold coordination [17].

Fig. 1.1. Schematics of Linde-Hampson cycle. The numbers and symbols correspond on the left and
right diagrams, respectively. W - work requirement, QR - heat flow, m - mass flow rate. Based on

[23].

Fig. 1.2. Working principle of a conventional PSA, based on [34].

Fig. 1.3. Ceramic oxygen-conducting membranes: a) pure O> conductor, b) mixed ionic-electronic

conductor (MIEC-type membrane) [3].

Fig. 1.4. Cutaway of a typical tank for storage of liquefied gas [57].

Fig. 1.5. A typical liquid storage system used for argon, nitrogen and oxygen [56].

Fig. 2.1. a) Langmuir-Hinshelwood mechanism, b) Eley-Rideal mechanism, ¢) Mars-van Krevelen

mechanism [73].

Fig. 2.2. Three possible scenarios of oxygen incorporation into La; ,Sr,MnOs;_; a) O, adsorption and
dissociation without vacancy, b) O, adsorption without vacancy but dissociation with the oxygen

vacancy Vj; assistance, and c) O, adsorption directly into vacancy [83].

Fig. 2.3. Total energy (black) and Gibbs free energy (blue) profiles of the most probable oxygen
incorporation mechanism into La; ,Sr;MnQ;_;. Possible rate determining steps are marked in red [82,

83].

Fig. 2.4. General model of the transport process in Fe-doped SrTiO; that includes basic equations

describing surface reaction, chemical diffusion and transfer across grain boundary. Based on [84, 85].

Fig. 2.5. Schematics of oxygen incorporation into a four grain crystal sample of the thickness 1 (shade
of blue refers to the increasing oxygen concentration, dark line refers to the surface of the material).

Figure based on [84, 85].

Fig. 2.6 Comparison of the temperatures of reduction (solid circles) and oxidation (open circles), the
temperature sweep interval AT = T.oq — Tyxi, and the amount of stored oxygen per gram of material,

AQ,, for several oxygen storage systems [93].

Fig. 3.1. Three-way catalytic converter, based on [99].

Fig. 3.2. Effect of the air to fuel ratio A on the operation of a catalyst converter, based on [101].
Fig. 3.3. A schematic representation of CuO/Al,O3; composite OSM and the corresponding chemical
looping redox cycle [109].

Fig. 3.4. Conversion of methane with a help of BaYMn,0s.; as a function of temperature [5].
Fig. 3.5. Schema of a design of integrated gasification fuel cell system, with air separation unit, based

on [114].

Fig. 4.1. Visualization of structure of ideal, cubic perovskite. A-site can be described with Wyckoff
notation as 1a (0,0,0), B-site as 1b (Y4,'2,%2) and X-site as 3¢ (0,'2,'2). Radii of ions not to scale.
Fig. 4.2. Two main types of octahedral tilt: a) a®a®c* and b) a%a’c™, seen along z-axis. Based on

[123].
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Fig. 4.3. a) Classification of space groups and possible phase transitions between perovskite-type
structures, as discussed in work [124]. b) Different diagram presented in work [125]. Solid lines
indicate second order phase transition, while dashed lines specify first order phase transformations.

Based on [124, 125].

Fig. 4.4. Electronic diagram of BOg cluster. Based on [132].

Fig. 4.5. Visualization of angle between octahedra, corresponding to B-O-B angle in: a) cubic Pm-3m,

and b) distorted, orthorhombic Pnma ABO; perovskite, radii of ions not to scale.

Fig. 4.6. Geometry of the midpoint position of O* ion in the ABO, structure, radii of ions not to

scale. Based on [140].

Fig. 4.7. Brouwer diagram for Ln, ,A;BO;.;. Based on [143].

Fig. 4.8. Ordering schema in 1:1 cation-ordered perovskite-type materials. Based on [145].

Fig. 4.9. PA/mmm aristotype unit cell for AA’B,Xs perovskites with A-site layered ordering of
cations. Three different X positions can be distinguished in the structure. Radii of ions not to scale.
Fig. 4.10. Schematic drawing showing different possible structures generated by the layered-type of
ordering of cations in the A-site, which is followed by the corner-linked tilting of BX; octahedra in
AA’B,Xs perovskites. The approximate cell dimensions in comparison to the cell edge aj, of the
Pm-3m aristotype structure are included in the diagram. Glazer notation is used for the octahedra tilts.
Solid lines indicate second order phase transition, while dashed lines specify first order phase

transformations. Figure based on [147].

Fig. 4.11. Orthorhombic structure of brownmillerite with oxygen vacancy ordering present along

[101] direction. Radii of ions not to scale.

Fig. 4.12. Schematic illustration of the crystal structure of three compounds: BaYMn,0s, BaYMn,Os 5
and BaYMn,0q. Figure from [7].

Fig. 4.13. a) Temperature dependence of the total conductivity and b) changes of the oxygen content
and the oxidation state of cobalt in BaLnCo0,0s,5 (Ln: La, Pr, Nd, Sm) with temperature in air. Figures

from [153].

Fig. 4.14. Generalized phase diagram for BaLnMn,O¢ oxides. FM: ferromagnetic metal, AFM (A):
A-type antiferromagnetic metal, COI (CE): CE-type charge/orbital-ordered insulator, AFI (CE):
antiferromagnetic CE-type charge/orbital-ordered insulator, PM: paramagnetic metal phase. Tco:
temperature of charge order transition, T¢: Curie temperature, T,: phase transition temperature, Ty:

Neéel temperature. Figure adapted from [158].

Fig. 4.15. Phase diagram for AgsLnysMnO;. Designation have the same meaning as in Fig. 4.14.
Figure adapted from [158].

Fig. 4.16. Electronic phase diagram for selected A-site ordered BaLnMn,O4 (full symbols) and
disordered BagsLngsMnO; (open symbols). Inset shows electrical resistivity measured without and
with magnetic field of 7 T. T¢o: temperature of charge order transition, T¢: Curie temperature. Tg the
spin-glass (SG) phase transition obtained from dynamical scaling. Figure from work [159].

Fig. 5.1. Buoyancy effect correlated to the gas change from synthetic air to 5 vol.% H, in Ar, visible

during the initial stage of the reduction process. Exemplary data are shown for BaPrMn,04 sample.
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Fig. 5.2. Temperature recorded by TG sensor during oxidation and reduction at 500 °C of

BaPrMn,Os;,;. 1 - starting point on reduction, 2 - starting point on oxidation.

Fig. 6.1. Diffractograms with Rietveld analysis for: a) BaPrMn,Os.5, b) BaSmMn,Os.s,
¢) BaGdMn,0s.5 and d) BaDyMn,0Os,; samples in oxidized and reduced form recorded at room
temperature. In the case of Dy-containing material, having small amount of secondary phases,
intensity of some of the peaks could not be refined correctly. Notice that color of symbols of allowed

reflections is related to the space group.

Fig. 6.2. Selected angular range of recorded diffractograms with Rietveld analysis for: a) BaNdMn,Os
and BaNdMn,Os II, b) BaYMn,0s and BaNdMn,Os II, ¢) BaNdMn,O¢ and BaNdMn,O¢ II and
d) BaYMn,0O4 and BaYMn,Oq II samples at room temperature, refined assuming P-1 triclinic space
group for the oxidized materials and P4/nmm structure for the reduced ones. BaNdMn,Os II contains

~ 15 wt.% of BaNdMn,0Os s with Icma symmetry.

Fig. 6.3. Unit cell volume of BaLnMn,05 and BaLnMn,Og as a function of Ln*" ionic radius.
Fig. 6.4. a) Exemplary XRD diffractograms recorded at 25 °C, 500 °C and 800 °C for a) BaNdMn,0s
IT and b) BaNdMn,O II during heating in air.

Fig. 6.5. Structural evolution of a) reduced BaNdMn,Os II and b) BaNdMn,O¢ Il sample during
heating in air. Intensity data shown for selected angular range (main peaks). Corresponding
temperature dependence of normalized unit cell parameters and volume, as well as calculated thermal

expansion coefficients data are given.

Fig. 6.6. Structural evolution of oxidized BaPrMn,0O4 sample during heating in 5vol.%H, in Ar in
a) 300° C and b) 400 °C. Intensity data shown for selected angular range (main peaks). Corresponding
temperature dependence of normalized unit cell parameters and volume data together with the unit
cells for oxidized (P4/mmm) BaPrMn,0q partially reduced (Icma) BaPrMn,Oss and fully reduced
(P4/mmm) BaPrMn,0Os are given.

Fig. 6.7. Structural evolution of oxidized BaNdMn,0O4 sample during heating in 5vol.%H, in Ar in
a) 300° C and b) 400 °C. Intensity data shown for selected angular range (main peaks). Corresponding
temperature dependence of normalized unit cell parameters and volume data together with the unit
cells for oxidized (P4/mmm) BaNdMn,Oq partially reduced (/cma) BaNdMn,Os s and fully reduced
(P4/mmm) BaNdMn,Os are given.

Fig. 6.8. Structural evolution of oxidized BaYMn,0O4 sample during heating in 5vol.%H, in Ar in
a) 300° C and b) 400 °C. Intensity data shown for selected angular range (main peaks). Corresponding
temperature dependence of normalized unit cell parameters and volume data together with the unit
cells for oxidized (P4/mmm) BaYMn,O¢ partially reduced (Icma) BaYMn,Oss and fully reduced
(P4/mmm) BaYMn,Os are given.

Fig. 6.9. a) Structural evolution of the oxidized BaPrMn,0¢ material during heating in vacuum of
~ 100 Pa (data shown for selected angular range), and b) temperature dependence of the normalized
unit cell parameters and volume, together with calculated thermal expansion coefficients.

Fig. 6.10. a) Structural evolution of the oxidized BaNdMn,0¢ material during heating in vacuum of
~ 100 Pa (data shown for selected angular range), and b) temperature dependence of the normalized

unit cell parameters and volume, together with calculated thermal expansion coefficients.
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Fig. 6.11. Structural evolution of the oxidized a) BaGdMn,0¢ and b) BaYMn,0O4 materials during

heating in vacuum of ~ 100 Pa (data shown for selected angular range).

Fig. 6.12. SEM micrographs for: a) BaYMn,Os, b) BaYMn,Og, ¢) BaYMn,Os II and d) BaYMn,O4 II.

Fig. 6.13. SEM micrographs for: a) BaNdMn,0Os, b) BaNdMn,0O4 c¢) BaNdMn,Os II and
d) BaNdMn206 IL
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94

Fig. 6.14. Grain size distribution estimated for BaYMn,O5 powder obtained via a) soft chemistry and

b) solid state reaction methods.

Fig. 6.15. TG data of reduction (in 5 vol.% H, in Ar) and oxidation (in air) processes for:
a) BaPrMn,0Os,5, b) BaNdMn,0s.5, ¢) BaSmMn,0s.5, d) BaGdMn,0s,;5, €) BaDyMn,0Os.s and
f) BaYMn205+5.

94

96

Fig. 6.16. Isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at 500 °C of
BaLnMn,Og¢ (Ln: Pr, Nd, Sm, Gd, Dy and Y).

98

Fig. 6.17. Theoretical and measured OSC values for all studied BaLnMn,0Os.5 (Ln: Pr, Nd, Sm, Gd,
Dy and Y) oxides.

99

Fig. 6.18. Isothermal reduction in 5 vol.% H, in Ar at 500 °C of BaLnMn,O¢ (Ln: Pr, Nd, Sm, Gd, Dy
and Y) depending on the cycle number with presented time of the reduction for a) 95% of the total

mass changes and b) 99% of the mass changes.

Fig. 6.19. Comparison of 1* reduction at 500 °C in 5 vol.% H, in Ar of BaNdMn,0Os.; and

BaYMn,0s,; materials obtained by two different synthesis procedures.

Fig. 6.20. XPS spectra for a) BaPrMn,Os; and BaPrMn,0¢, ¢) BaGdMn,0s and BaGdMn,Og,
d) BaYMn,05 and BaYMn,Og.

Fig. 6.21. XPS spectra for BaLnMn,Os and BaLnMn,O4, Ln: Pr, Sm, Gd, Y, a) O Is and
b) Mn 2p.

Fig. 6.22. XPS analysis, O 1s spectra with refinement for a) BaPrMn,Os, b) BaPrMn,Og,

¢) BaSmMn,0s, d) BaSmMn,Og, ) BaGdMn,0s, f) BaGdMn,0¢, g) BaYMn,0s and h) BaYMn,Oq.

Fig. 6.23. Wagner plot for manganese-containing materials [189].

Fig. 7.1. Diffraction data with Rietveld analysis for a) BaErMn,05 b) BaErMn,0O¢ samples recorded at

room temperature. Notice two different space groups selected for the refinements.

Fig. 7.2. a) XRD data for BaErMn,O5 recorded during heating up to 500 °C in air and cooling down to
RT, b) respective temperature dependence of the normalized unit cell parameters and volume, together
with calculated thermal expansion coefficient. Data in Fig. 7.2a published also in [165].

Fig. 7.3. SEM micrographs for: a) BaErMn,0O5 and b) BaErMn,Og.

Fig. 7.4. a) Non-isothermal oxidation and reduction cycle and b) Isothermal reduction in 5 vol.% H, in

Ar and oxidation in synthetic air at 500 °C of BaErMn,0Os.5. Data published in [165].

Fig. 7.5. a) Electrical conductivity and b) Seebeck coefficient of BaErMn,0s.5 as a function of

temperature in different atmospheres. Data published in [165].

Fig. 8.1. Diffractograms with Rietveld analysis for: a) BaY,sPry7sMn,0s.5, b) BaYq sPrgsMn,Os.s,
¢) BaY;sPrg,sMny,Os.5 samples in oxidized and reduced states at room temperature, and
d) normalized unit cell volume of BaY ,Pr,Mn,0Os; and BaY; ,Pr,Mn,0O4 as a function of average

Y «Pry ionic radius. Copper holder reflections are visible in several scans.
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Fig. 8.2. a) Non-isothermal oxidation of BaY,Pr;Mn,0Os materials in air, b) the characteristic

temperature of the oxidation process as a function of Pr** content.

Fig. 8.3. TG data of isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at
500 °C of BaY . Pr,Mn,0s, s materials.

Fig. 8.4. Reversibility of weight changes of BaY ) 75Prj,sMn,0s. 5 during 50 reduction/oxidation cycles
[181].

Fig. 8.5. SEM micrographs for: a) initial BaY5Pry,5sMn,O¢ sample, and b) BaY 75Prg,5Mn,Og

material after 50 cycles of reduction and oxidation processes.

Fig. 8.6. Diffractograms with Rietveld analysis for: a) BaY(,5Smg75sMn,Os.5, b) BaYsSmg sMnyOs.g,
¢) BaY75Sm;,sMn, 05,5 samples in oxidized and reduced states at room temperature, and d) unit cell
volume of BaY_,Sm,Mn,0s and BaY | ,Sm,Mn,0¢ as a function of average Y. Smy ionic radius.

Fig. 8.7. a) Non-isothermal oxidation of BaY,,Sm,Mn,Os materials in air, b) the characteristic

3

temperature of the oxidation process as a function of Sm’" content.

Fig. 8.8. TG data of isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at

500 °C of BaY,,SmMn,0s,; materials.

Fig. 8.9. Diffractograms with Rietveld analysis for: a) BaY,sGdy75sMn,0s.5, b) BaYsGdg sMnyOs.g,

¢) BaY75Gdj,sMn,0s.5 samples in oxidized and reduced states at room temperature, and d) unit cell

volume of BaY,Gd,Mn,0s and BaY, Gd;Mn,Oq as a function of average Y ,Gdy ionic radius.

Fig. 8.10. a) Non-isothermal oxidation of BaY,,Gd,Mn,Os materials in air, b) the characteristic

temperature of the oxidation process as a function of Gd** content.

Fig. 8.11. TG data of isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at

500 °C of BaY . Gd,Mn,0s,5 materials.

Fig. 8.12. a) Reduction time of the samples as a function of temperature in 400-600 °C temperature

range, with b) data presented in Arrhenius-type coordinates.

Fig. 9.1. Diffractograms with  Rietveld analysis for: a)  BagoSry;SmMn,yOs.s,
b)  BageSryYosSmesMnyOs.s  ¢)  BageSroYo75Pro2sMnyOsis,  d)  BageSro Y o.755mg25MnyOs.s,
e) BajoSrg1Y75GdgrsMn,Os.5 and ) Bag ¢St YMn,Os.5, samples in oxidized and reduced state at

room temperature.

Fig. 9.2. Unit cell volume of Bay¢Srq;Y;.<LnMn,O5 and Bag ¢Sty ;Y Ln,Mn,Oq4 oxides as a function

of average ionic radius of Y Ln,.

Fig. 9.3. SEM micrographs for a) the reduced and b) the oxidized Bag ¢Sty 1Y 75P1925Mny05.5.
Fig. 9.4. Non-isothermal a) reduction and b) oxidation of Bay¢Srg ;Y Ln,Mn,0s.5. Data from [192,
193].

Fig. 9.5. Isothermal a) reduction in 5 vol.% H, in Ar and b) oxidation in synthetic air at 500 °C of the
evaluated Bag ¢Sty ;Y .xLn,Mn,0s.5 materials. Despite longer total time for the samples, oxidation data
shown in selected range, to keep it consistent with previous figures. Some data from [192, 193].

Fig. 9.6. a) Reversibility of weight changes of Bag ¢Sty ;Y 755mg505.5 during 20 reduction/oxidation
cycles, b) data for 2" and 20" reduction. Published in [192].

Fig. 9.7. Reduction time of the samples as a function of temperature in 400-600 °C temperature range,

with b) data presented in Arrhenius-type coordinates.
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Fig. 10.1. Diffractograms with  Rietveld analysis for a) LageSrg4CogsFey,0s,
b)  LaysSrysCogsFeg 5055, €)  Smy;sSrysCogsFepsOs5,  d)  LagsBagsCogsFegsOss  and
e) SmysBagsCogsFeysO;s samples in oxidized and reduced forms recorded at room temperature.

Angular range with holder-related peaks was excluded for some of the materials.

Fig. 10.2. Structural evolution and temperature dependence of normalized unit cell parameters and
volume, together with calculated thermal expansion coefficients for a) reduced Lag ¢Sty 4Co0¢gFeq 20,4,
and b) oxidized La,¢Sry4CogsFey,03; sample during heating in air. Data shown for selected angular

range.

Fig. 10.3. Structural evolution and temperature dependence of normalized unit cell parameters and
volume, together with calculated thermal expansion coefficients for a) reduced Lag sSrysCogsFeq 50 53
and b) oxidized La, sSrysCogsFeysO; sample during heating in air. Data shown for selected angular

range.

Fig. 10.4. Structural evolution and temperature dependence of normalized unit cell parameters and
volume, together with calculated thermal expansion coefficients for a) reduced
Smy 5Sry5CogsFey 50,53 and b) oxidized SmysSrysCogsFeysO; sample during heating in air. Data

shown for selected angular range.

Fig. 10.5. Structural evolution and temperature dependence of normalized unit cell parameters and
volume, together with calculated thermal expansion coefficients for a) reduced
LajsBagsCogsFepsOy55 and b) oxidized LagsBaysCogsFegsO; sample during heating in air. Data

shown for selected angular range.

Fig. 10.6. Structural evolution and temperature dependence of normalized unit cell parameters and
volume, together with calculated thermal expansion coefficients for a) reduced
Smy sBag sCogsFeq 50,54 and b) oxidized SmysBaysCogsFeysO; sample during heating in air. Data

shown for selected angular range.

Fig. 10.7. SEM micrographs (mag.1000 and 10000) for Lag 5SSty sCog sFeq 505

Fig. 10.8. Non-isothermal oxidation and reduction cycles recorded for a) Lag¢Srg4CogsFe 2055,
b) Lay 55r5C0¢.5F€.503.5, 9) Smy 551.5C0¢.5F€0.503.5, d) Lay sBag.sCogsFeo 5035, and

€) Smy sBay sCoq sFegsO03s.

Fig. 10.9. TG data of isothermal a) reduction in 5 vol.% H, in Ar, and b) oxidation in synthetic air at
500 °C of Lag ¢Sr.4Cog sFe0 2035, Lay 581 5Cog.5Fep 5055, Smy 5S195C00sFe0 5055

LaO.5Ba0A5C00,5Fe0A5O3_5, and Sm0A5B30'5C00A5F60'5O3_5 materials.

Fig. 10.10. Reversibility of weight changes of La, sSrysCogsFeqs05.5 during 20 reduction/oxidation
cycles at 500 °C.

Fig. 10.11. a) Reduction time of the samples as a function of temperature in 400-600 °C temperature

range, with b) data presented in Arrhenius-type coordinates.

Fig. 11.1. Dependence of the unit cell volume on average ionic radius of Y Ln, together with
assigned space groups used for the refinement for both, reduced and oxidized BaY; ,Ln,Mn,Os,s.
Fig. 11.2. Model of the structural changes of BaLnMn,Os,; materials during ongoing reduction

process. Radii of ions not to scale.
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Fig. 11.3. Dependence of the measured oxygen storage capacity on change of the unit cell volume

during oxidation for Mn- and Fe-, Co-containing groups of materials.

Fig. 11.4. Dependence of the characteristic temperature of oxidation on average ionic radius of

Y,.«Ln, for BaY,,Ln,Mn,0Os,5 and Bag ¢Sty Y «LnMn,Os,5.

Fig. 11.5. Dependence of the time needed for 95% of total weight change (recorded for 5™ cycle) on

average ionic radius of Y. Ln, for BaY ,Ln,Mn,0Os,s;.

Fig. 11.6. Dependence of activation energy of the reduction process on the change of unit cell volume
upon reduction/oxidation for considered BaY;,Ln,Mn,0s.5 and Bag ¢Sty ;Y LnMn,0s.5 and Fe- and

Co- containing materials.

Fig. Al. X-ray synchrotron data with Rietveld refinement for studied a) BaSmMn,Os,
b) BaSmMn, 0O, ¢) BaGdMn,0s, d) BaGdMn, 04, ¢) BaYMn,05 and f) BaYMn,Os.

Fig. B1. Neutron instruments and reactor Barr II in HZB. Instruments provided with thermal neutrons

(E) and instruments provided with cold neutrons (V) 177].

Fig. B2. Schema of E9 instrument in HZB. Based on [177].

Fig. B3. Structural evolution of oxidized BaPrMn,O4 sample during heating in 5 vol.% H, in Ar.
Intensity data shown for selected angular range (main peaks). Corresponding temperature dependence
of normalized unit cell parameters and volume data, together with the unit cells for oxidized
(P4/mmm) BaPrMn,Og, partially reduced (Icma) BaPrMn,Oss, and fully reduced (P4/mmm)
BaPrMn,Os are given.

Fig. B4. Structural evolution of oxidized BaNdMn,0O¢ sample during heating in 5 vol.% H, in Ar.
Intensity data shown for selected angular range (main peaks). Corresponding temperature dependence
of normalized unit cell parameters and volume data, together with the unit cells for oxidized
(P4/mmm) BaNdMn,Og, partially reduced (lcma) BaNdMn,0Oss, and fully reduced (P4/mmm)
BaNdMn,Os are given

Fig. BS5. Structural evolution of oxidized BaYMn,O4 sample during heating in 5 vol.% H, in Ar.
Intensity data shown for selected angular range (main peaks). Corresponding temperature dependence
of normalized unit cell parameters and volume data, together with the unit cells for oxidized
(P4/mmm) BaYMn,Oq, partially reduced (Icma) BaYMn,Oss, and fully reduced (P4/mmm)
BaYMn,Os are given.

Fig. C1. Diffractograms with Rietveld analyses for a)BaPrMn,0s and b) BaSmMn,0s materials in

initial state and after high energy milling for 15 min.

Fig. C2. TG curves corresponding to the oxygen release from BaPrMn,04 samples taken in 5 vol.%
of H, atmosphere for initial material and after high energy milling, during heating from the RT to

500 °C.

Fig. C3. Isothermal reduction in 5 vol.% H, in Ar of a) BaPrMn,0Oq4 and ¢) BaSmMn,Oyg. Isothermal
oxidation of b) BaPrMn,Os and d) BaSmMn,Os in synthetic air at 500 °C.

Fig. D1. Schematics of a custom-made setup for studies of methane combustion in oxygen-free

conditions.

Fig. D2. Mass spectrometer signals data recorded in the anaerobic methane combustion experiment.
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