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Abstract

This dissertation is dedicated to studies and development of the functional oxygen
electrodes for Solid Oxide Cells (SOCs) based on perovskite-type materials, in which
expensive and toxic cobalt was either partially or fully replaced by the copper element.
The feasibility of such doping is analyzed especially concerning the intermediate
temperature range of application, 600-800 <C, in the so called IT-SOCs.

The thesis comprises three main parts, with the initial three chapters discussing the
energy resources and the previous energy transitions, role of the electricity in the current
society, and emergence of hydrogen as a new energy carrier, respectively. This is
followed by the chapter 4, in which fuel cells are presented, with a special emphasis on
the SOCs and oxygen electrodes used in their construction. Finally, copper is introduced
as a candidate dopant element in perovskite-type oxides. The presented overview in these
Introduction chapters 1-4 clearly shows that there is an enormous demand for the green
energy, which will further grow in the future. The IT-SOCs technology, which can
provide reversible and effective energy conversion between (surplus) electricity and
hydrogen, can be regarded as one of the most promising, clean energy options. It is
expected to play a key role in the ongoing energy transition toward the renewable energy
resources, and should help to achieve the Net Zero Emissions goal. However, addressing
the current drawbacks of the IT-SOCs is of a great importance, and it appears that
different problems associated with the oxygen electrode materials constitute the main
hinderances for such cells, preventing them from being highly-efficient, stable, and
manufactured at cheaper costs. It can be stated that one of the fundamental issues, which
must be resolved, is to tackle the high reliance on cobalt element in the current oxygen
electrode materials. Copper, as a common and cheaper chemical element, can be possibly
used as the alternative to replace cobalt to a different extent, since it features suitable
characteristics, and may yield doped materials with comparable electrocatalytic
performance (chapter 5).

Based on the presented considerations, the main idea and initial motivation related to
the implemented studies are stated in the chapter 6, with the specific aim to develop new
types of the complex perovskite-type oxides, having either limited Co content, or Co-free
alternatives, which possess suitable set of the physicochemical properties, and exhibit
satisfactory electrocatalytic features, so that they can be applied to prepare oxygen
electrodes for IT-SOCs. Three different groups of candidate oxygen electrode materials
were selected, including Co-free Lay sBai5Cu307+5, Cu-doped GdBagsSro.sC02-xCuxOs-s,
as well as Lao.6Sro.4Nio.1sMno.1sFeo.15CuxCo00.55x03-5 with the multicomponent occupancy
at the B-site.

The related information about synthesis methods (including sol-gel, solid-state, and
electrospinning routes) and characterization techniques are presented in the Experimental
methods section (chapter 7). Details are included about the conducted X-ray diffraction
experiments at room temperature and high temperatures, microstructural studies, oxygen
nonstoichiometry evaluation, thermogravimetric analysis, Raman spectroscopy
measurements, as well as Density Functional Theory calculations, electrical conductivity
measurements, and chemical compatibility tests. Also, comprehensive data are provided
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concerning manufacturing of symmetrical and full cells with oxygen electrodes based on
the selected Cu-containing materials. The chapter is further supplemented with
methodologies concerning evaluation of the electrocatalytic performance, including
electrode polarization resistance determination, as well as advanced analysis by the
Distribution of Relaxation Times method.

The obtained experimental data are discussed in the Results and discussion section
comprising chapters 8-10, with physicochemical properties of the three studied systems,
and chapters 11 and 12, presenting the electrochemical data for the manufactured cells,
respectively. Firstly, LaisBai1sCuzO7+5 oxide is characterized in details (chapter 8). The
material can be prepared by the common sol-gel and solid-state synthesis methods at
temperatures below 1000 <C in air. It demonstrates an interesting, triple perovskite-type
structure, with particular La/Ba and oxygen sublattice occupancies. It also exhibits good
thermal stability up to 900 <C, which is sufficient for the operation of IT-SOCs.
LaisBaisCusO7:5 shows suitable chemical compatibility with the commonly used
Lao.sSro2GansMgo2035 (LSGM) electrolyte material, indicating the feasibility of
manufacturing the electrode layers. This is further confirmed by the sufficient total
electrical conductivity, and moderate thermal expansion coefficient, as compared to the
Co-based perovskite materials. The electrode layer sintering temperature is low, and can
be further optimized (800 <C). The performed characterization of the electrochemical
properties of the LaisBaisCuzO7:5 0xygen electrode on the LSGM electrolyte indicate
polarization resistance value as low as 0.019 Q cm? at 750 <C. The results of a full cell
show that a peak power density over 530 mW cm can be obtained at 800 <C, but notably,
at lower temperatures, over 160 mwW cm2 and 250 mW cm2 can be achieved, respectively
at 600 T and 650 <C. The electrode shows also good performance in the electrolysis
mode. Overall, the results confirm that it is feasible to develop the totally Co-free oxygen
electrode material that can maintain excellent electrocatalytic performance at the
intermediate temperatures.

In the second studied system (chapter 9), GdBao 5Sro.5C02.xCuxOs-+5 Series of oxides is
subsequently proposed. The materials exhibit the double perovskite-type structure, and
can be prepared by the sol-gel route. However, higher Cu content makes the synthesis
problematic, and as confirmed by the X-ray diffraction results, the phase-pure samples
can be synthesized when the x is equal to or lower than 1.15. At the same time, since
decreasing of the cobalt content is of importance, the final selected compositions are in
the range of 1 < x < 1.15. As documented by the characterization of physicochemical
properties, GdBao.5Sro5C02-xCuxOs+5 0xides maintain the tetragonal symmetry from room
temperature up to 1000 <C in air. Importantly, their thermal expansion coefficients are
still under 2040° K at elevated temperatures, which is remarkable for such Co-
containing oxides. They also demonstrate adequate values of the total electrical
conductivity and good chemical compactivity with LSGM and Ceo.9Gdo.102-5 (GDC)
electrolyte materials. In the electrochemical properties characterizations, the composition
with a relatively high copper content, GdBao.5Sro5C00.9Cu1.10s+5, turns out to yield the
lowest polarization resistance value of 0.017 Q cm? at 850 <T, which proves effectiveness
of the undertaken strategy of cobalt substitution with copper. Moreover, with the adopted
Distribution of Relaxation Times analysis, the rate-limiting step of operation of the
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GdBao.5Sro5C009Cu1.10s5+5 electrode is identified as the reduction of the previously
adsorbed and dissociated oxygen. This enabled also to study the influences of the current
collector and electrolyte on the performance. Finally, the right direction to improve such
type of electrode materials in the future could be unveiled. Interestingly, the
electrocatalytic properties of the GdBagsSrosC009Cu1.10s+5 0xygen electrode can be
enhanced by application of the electrospinning method for preparation of the nanofiber
materials. After the proper sintering, the special morphology can facilitate the oxygen
reduction reaction. Also, GdBao.5Sro5C00.9Cu1.10s+5 and its higher Co content counterpart,
GdBaosSrosCoCuOs+; electrodes demonstrate exceptional output performance in the full
cells, with the peak power density output exceeding 1200 mW cm at 850 <TC, as well as
good performance in the reversible mode. This proves that the functional oxygen
electrodes may be obtained based on the double perovskite materials with the decreased
Co content.

Finally, considering the interesting features of the emerging high-entropy oxides, not
only modification of Cu/Co ratio, but introduction of multiple 3d metal elements, such as
Ni, Mn, and Fe, can be also taken into account. Single perovskite-type oxides with the
multicomponent occupancy at the B-site, Lao.sSro.4Nio.1sMno.15Feo.15CuxC00.55:x03-5, are
proposed, with the structural results suggesting that the pure-phase samples can be
obtained in the range of 0.05 < x < 0.2. This also ensures limiting the Co content. The
oxide samples demonstrate R-3c rhombohedral symmetry, which is maintained up to
900 <Tin air. The whole series demonstrates very high total electrical conductivity values
over 200 S cm™. Along with the good chemical stability with LSGM and GDC,
Lao.6Sro.4Nio.1sMno.15Feo.15CuxC00.55-xO3-5 layers can be manufactured on both commonly
used electrolyte materials. Although, in the electrochemical tests the
Lao.6Sro.4Nio.15sMno.15Fe0.15CU0.20C00.3503-5 electrode performed worse than the material
with the highest Co content, with the application of the electrospinning method, the
polarization resistance values of such electrode can be largely improved, decreasing to
eg. 0014 Q ccm? at 850 <. Last but not least, the
Lao.6Sro.4Nio.15sMno.15F€eg.15CU0.20C00.3503-5-based full cell allows reaching a peak power
density of over 1100 mW cm at 850 <C, and also shows promising performance in the
electrolysis mode. Overall, this indicates feasibility of the new concept of developing the
multicomponent oxide electrodes.

Throughout the whole conducted studies, both, traditional and novel approaches have
been considered and applied to enhance the properties of the oxygen electrodes based on
the Cu-containing complex perovskites, making the performed characterizations more
interesting and comprehensive. The main outcome of this study, as presented in the
chapter 13, can be summarized that the development of the functional oxygen electrodes
for IT-SOCs can be effectively realized with the usage of novel, proposed and optimized
materials, in which Co can be either partially or fully replaced by the copper element.
This indicates a bright future for the similar, Cu-based materials concerning usage in the
IT-SOCs technology.
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Streszczenie

Tytul rozprawy w jezyku polskim: ,Funkcjonalne elektrody tlenowe dla
statotlenkowych ogniw Solid Oxide Cells bazujgce na zawierajgcych Cu tlenkach typu
perowskitu”

Niniejsza rozprawa poswiecona jest badaniom i rozwojowi funkcjonalnych elektrod
tlenowych dla ogniw statotlenkowych typu SOC (ang. Solid Oxide Cells) opartych na
materiatach typu perowskitu, w ktorych drogi i toksyczny kobalt zostat czgsciowo lub
catkowicie zastgpiony poprzez miedz. Mozliwos¢ takiego domieszkowania analizowana
jest szczegdnie w odniesieniu do zastosowania w zakresie temperatur posrednich, 600-
800 T, w tzw. ogniwach IT-SOC (ang. Intermediate Temperature SOC).

Praca sktada si¢ z trzech gléwnych cze¢sci, przy czym w pierwszych trzech rozdziatach
omoOwiono zasoby energetyczne i poprzednie transformacje energetyczne, role energii
elektrycznej we wspdlczesnym spoleczenstwie oraz pojawienie si¢ wodoru jako nowego
no$nika energii. Nastgpnie, w rozdziale 4, przedstawiono ogniwa paliwowe, ze
szczegblnym uwzglednieniem ogniw SOC i elektrod tlenowych stosowanych w ich
konstrukcji. Na koniec wprowadzono miedz jako potencjalng domieszke w tlenkach typu
perowskitu. Przeglad przedstawiony we Wprowadzeniu w rozdzialach 1-4 wyraznie
pokazuje, ze istnieje ogromne zapotrzebowanie na zielong energie, ktore dalej bedzie
rosto w przysztosci. Technologia IT-SOC, ktéra moze zapewni¢ odwracalne i efektywne
przeksztatcanie energii migdzy (nadmiarowg) energig elektryczng a wodorem, moze by¢
uwazana za jedng z najbardziej obiecujacych opcji zielonej energetyki. Oczekuje sig¢, ze
odegra ona kluczowa role w trwajacej transformacji energetycznej w kierunku
odnawialnych zrodet energii i powinna pomoc w osiggnigciu celu zerowej emisji netto
(ang. Net Zero Emission). Jednakze, zajgcie si¢ obecnymi wadami ogniw IT-SOC jest
niezwykle wazne, a r6zne problemy zwigzane z materiatami elektrod tlenowych wydaja
si¢ glownymi przeszkodami dla takich ogniw, uniemozliwiajgc im osiggnigcie Wysokiej
efektywnosci, stabilnosci oraz nizszych kosztow produkcji. Mozna stwierdzi¢, ze jednym
z fundamentalnych problemoéw, ktéry nalezy rozwiazaé, jest zbyt duze wykorzystanie
kobaltu w obecnych elektrodach tlenowych. Miedz, jako powszechny i tanszy pierwiastek
chemiczny, moze by¢ potencjalnie uzyta do zastgpienia w rdéznym stopniu kobaltu,
poniewaz posiada odpowiednie wilasciwosci 1 moze prowadzi¢ do wytworzenia
materiatow domieszkowanych o porownywalnych parametrach elektrokatalitycznych
(rozdziat 5).

Na podstawie przedstawionych rozwazan, gidéwna idea 1 poczatkowa motywacja
zwigzana z przeprowadzonymi badaniami zostata zawarta w rozdziale 6, z konkretnym
celem opracowania nowych typow zlozonych tlenkéw perowskitowych, o ograniczonej
lub catkowicie wyeliminowanej zawartosci Co, ktore posiadaja odpowiedni zestaw
wlasciwosci fizykochemicznych i wykazuja zadowalajace cechy elektrokatalityczne, aby
mogly by¢ zastosowane do przygotowania elektrod tlenowych dla ogniw IT-SOC.
Wybrano trzy rézne grupy potencjalnych materiatlow na elektrody tlenowe, w tym wolny
od Co LaisBaisCusO7:5, domieszkowane miedzig GdBaosSros5C02.xCuxOs+5, a takze
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Lao,6Sr0,4Nio,15Mno,15F€0,15CUxC00,55-xO03-5 z wielosktadnikowym obsadzeniem w podsieci
B.

Informacje dotyczace metod syntezy (w tym metody zol-zel, metody w stanie statym
i techniki elektroprzedzenia) oraz technik charakterystyki przedstawiono w sekcji Metody
eksperymentalne (rozdziat 7). Zawarto szczegodty dotyczace przeprowadzonych badan
dyfrakcji rentgenowskiej w temperaturze pokojowej i temperaturach wysokich,
pomiarow  mikrostrukturalnych, okreslenia niestechiometrii tlenowej, analizy
termograwimetrycznej, pomiarGwv spektroskopii Ramana, obliczen metoda funkcjonatu
gestosci DFT (ang. Density Functional Theory), pomiaréw przewodnosci elektryczne;j
oraz testow kompatybilnosci chemicznej. Ponadto, przedstawiono obszerne dane
dotyczace produkcji symetrycznych i pelnych ogniw z elektrodami tlenowymi opartymi
o0 wybrane materialy zawierajagce Cu. Rozdzial ten zostal rowniez uzupetniony o opis
sposobu oceny wydajnosci elektrokatalitycznej, w tym, odno$nie okreslenia oporu
polaryzacyjnego elektrod wraz z zaawansowang analiza metoda dystrybucji czasow
relaksacji (ang. Distribution of Relaxation Times).

Uzyskane dane eksperymentalne omawiono w sekcji Wyniki i dyskusja, obejmujacej
rozdziaty 8-10 z wilasciwosciami fizykochemicznymi trzech badanych uktadoéw, oraz
rozdziaty 11 i 12, ktore prezentuja dane elektrochemiczne dla wytworzonych ogniw. Po
pierwsze, szczegdbtowo scharakteryzowano tlenek LaisBaisCusOr:s (rozdzial 8).
Material ten mozna przygotowa¢ metodami syntezy zol-zel i w stanie stalym w
temperaturach ponizej 1000 °C w powietrzu. Wykazuje on interesujacg strukture typu
perowskitu potrgnego, ze specyficznym obsadzeniem podsieci La/Ba oraz tlenu. Cechuje
sie rowniez dobrg stabilnoscig termiczng do 900 °C, co jest wystarczajace dla pracy ogniw
IT-SOC. LaisBaisCusO7:s wykazuje odpowiednia kompatybilno$¢ chemiczng z
powszechnie stosowanym materiatem elektrolitowym LaggSro,2Gao,gMgo,203-5 (LSGM),
co wskazuje na mozliwos$¢ otrzymania warstw elektrodowych. Potwierdzajg to takze
zadowalajace wartosci calkowitego przewodnictwa elektrycznego i1 umiarkowany
wspotczynnik rozszerzalnos$ci cieplnej, w poréwnaniu z materiatami perowskitowymi na
bazie Co. Temperatura spiekania warstw elektrodowych jest niska i moze by¢ dalej
optymalizowana (800 °C). Charakterystyka wiasciwosci elektrochemicznych elektrody
tlenowej LaisBaisCusO7:5 na elektrolicie LSGM wskazuje na niskie wartosci oporu
polaryzacji, np. 0,019 Q cm? w 750 °C. Wyniki testow dla tzw. ogniwa pelnego pokazuja,
ze mozna uzyskaé szczytowa gestos¢ mocy powyzej 530 mW cm? w 800 °C, ale, co takze
istotne, przy nizszych temperaturach mozna uzyskaé ponad 160 mW cm oraz 250 mW
cm? odpowiednio w 600 °C i 650 °C. Elektroda wykazuje rowniez dobrg wydajnosé w
trybie elektrolizy. Ogolnie rzecz bioragc, wyniki potwierdzaja, ze mozliwe jest
opracowanie niezawierajgcego kobaltu materiatu elektrody tlenowej, ktéory moze
zapewni¢ doskonata wydajno$¢ elektrokatalityczng w temperaturach posrednich.

W drugim badanym systemie (rozdzial 9) zaproponowano seri¢ tlenkow
GdBao,5Sr05C02.xCuxOs+5. Materiaty te wykazujg strukture krystaliczng podwojnego
perowskitu 1 mozna je przygotowa¢ metoda zol-zel. Jednak wyzsza zawartos¢ Cu
powoduje problemy z syntezg, 1 jak potwierdzajg wyniki dyfrakcji rentgenowskiej, probki
czyste fazowo mozna otrzyma¢, gdy x jest rOwne lub mniejsze niz 1,15. Jednoczesnie,
poniewaz zmniejszenie zawartosci kobaltu jest istotne, ostatecznie wybrane sktady
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mieszcza si¢ w zakresie 1 < x < 1,15. Jak wykazano w charakterystyce wilasciwosci
fizykochemicznych, tlenki GdBag 5SrosC02xCuxOs+s zachowujg symetri¢ tetragonalng w
powietrzu od temperatury pokojowej do 1000 °C. Co istotne, ich wspdlczynniki
rozszerzalnosci cieplnej sa ponizej 20-10° K1 w wysokich temperaturach, co jest warte
podkreslenia dla tego typu tlenkow zawierajacych Co. Wykazuja one rdwniez
odpowiednie warto$ci catkowitej przewodnosci elektrycznej oraz dobrg kompatybilnos$¢
chemiczng z materiatami elektrolitowymi LSGM i Ceo9Gdo1025 (GDC). W
charakterystyce witasciwosci elektrochemicznych, sktad o stosunkowo wysokiej
zawarto$ci miedzi, GdBaosSrosC00,9CuU1,105+5, cechuje si¢ najnizsza warto$cig oporu
polaryzacji, wynoszacg 0,017 Q cm? w 850 °C, co potwierdza skuteczno$¢ podjetej
strategii zastgpienia kobaltu miedzig. Ponadto, przy zastosowaniu analizy rozktadu
czasAv relaksacji (ang. Distribution of Relaxation Times), zidentyfikowano etap
ograniczajacy szybko$¢ dziatania elektrody GdBaosSrosC009Cu1,10s5+5 jako redukcje
wczesniej zaadsorbowanego 1 zdysocjowanego tlenu. Umozliwilo to réwniez badanie
wptywu kolektora pradowego i elektrolitu na wydajnos¢. W efekcie, mozna byto pokazaé
wilasciwy kierunek poprawy dla tego typu materiatlow elektrodowych w przysztosci. Co
ciekawe, wlasciwosci elektrokatalityczne elektrody tlenowej GdBao5Sro5C009CuU1,105+5
mozna ulepszy¢ poprzez zastosowanie metody elektroprzedzenia do przygotowania
materiatlu w formie nano-wioknistej. Po odpowiednim spiekaniu, unikalna morfologia
moze utatwi¢ reakcje redukcji tlenu. Ponadto, elektroda GdBao5Sro5C009CuU1,105+5 Oraz
jej odpowiednik o wyzszej zawartosci Co, GdBaosSrosCoCuOs+s, wykazuja wyjatkowa
wydajno$¢ w ogniwach pelnych, z maksymalng gesto$cig mocy przekraczajacg 1200 mW
cm? w 850 °C, a takze dobrg wydajnos¢ w trybie odwracalnym. To dowodzi, ze
funkcjonalne elektrody tlenowe moga by¢ uzyskane na bazie perowskitdéw podwdjnych
o zmniejszonej zawartosci Co.

Bioragc pod uwage interesujace cechy nowo wytwarzanych tlenkow o wysokiej
entropii, mozna uwzgledni¢ nie tylko modyfikacje stosunku Cu/Co, ale takze
wprowadzenie wielu pierwiastk&v metali 3d, takich jak Ni, Mn i Fe. Zaproponowano
tlenki typu perowskitu pojedynczego z wielosktadnikowym obsadzeniem w podsieci B,
Lao,6Sro4Nio,15Mno 15Fe0 15CUxC00555-x03-5, przy czym wyniki strukturalne sugeruja, ze
probki czyste fazowo mozna uzyska¢ w zakresie 0,05 < x < 0,2. Zapewnia to rowniez
ograniczenie zawarto$ci Co. Probki rozwazanych tlenkéw wykazuja romboedryczng
symetri¢ R-3C, ktora jest zachowana do 900 °C w powietrzu. Cata seria cechuje si¢ bardzo
wysokimi wartosciami catkowitej przewodnos$ci elektrycznej, powyzej 200 S cm™.
Biorgc pod uwage dobrg stabilnos¢ chemiczng z LSGM 1 GDC, warstwy
Lao,6Sro,4Nio,15Mno,15Feg 15CUxC00,55-x03-5 moga by¢ wytwarzane na obu powszechnie
uzywanych materiatach elektrolitowych. Chociaz w testach elektrochemicznych
elektroda LaoeSro4Nio15sMno,15Fe015CU0,20C00,3503.5 dziatata gorzej niz material o
najwyzszej zawartosci Co, to zastosowanie metody elektroprzgdzenia moze znaczaco
poprawié¢ warto$ci oporu polaryzacji takiej elektrody, zmniejszajac je np. do 0,014 Q cm?
w 850 °C. Co wigcej, pelne ogniwo oparte na Lao eSro4Nio15Mno 15F€0,15CU0,20C00,3503-5
pozwala osiggna¢ maksymalng gesto$¢ mocy powyzej 1100 mW cm2 w 850 °C i
wykazuje réwniez obiecujacg wydajnos¢ w trybie elektrolizy. Ogolnie rzecz biorac,
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potwierdza to zasadno$¢ uzycia nowej koncepcji rozwoju wielosktadnikowych elektrod
tlenowych.

W trakcie przeprowadzonych badan zastosowano zarowno tradycyjne, jak i
nowoczesne podejscia w celu poprawy wilasciwosci elektrod tlenowych opartych na
ztozonych perowskitach zawierajacych Cu, co sprawia, ze wykonane pomiary sg bardziej
interesujace 1 wszechstronne. Giowne wyniki uzyskane w ramach niniejszej pracy,
przedstawione w rozdziale 13, mozna podsumowac stwierdzeniem, ze rozwoj
funkcjonalnych elektrod tlenowych dla ogniw IT-SOC mozna skutecznie prowadzi¢
dzigki zastosowaniu nowych, zaproponowanych i zoptymalizowanych materiatow, w
ktoérych Co moze by¢ czesciowo lub catkowicie zastapiony przez miedz. Wskazuje to na
obiecujaca przyszto$¢ dla podobnych materialdow opartych na Cu, w kontekscie ich
zastosowania w technologii IT-SOC.
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Introduction






1. Energy resources and transitions - historical perspective

Unquestionably, availability of different energy resources is crucial in terms of
development of human society. Nowadays people rely almost entirely on electricity in
their daily life, which is used for lighting, cooking, house heating and cooling, electronic
device charging, internet access, as well as for transport in trains and electric cars.
Gaseous and liquid fuels are crucial as well, and are used for heating, for fueling of
combustion engines, as well as are indispensable in various industrial processes and in
manufacturing of commercial goods. It is very hard to imagine living nowadays without
electricity, air conditioning, elevators, airplanes, etc. Those basic examples concern
contemporary society, however, similar observations can be made analyzing historical
data. In fact, a successful practical implementation of a new energy resource has been
always connected with a major breakthrough regarding technological advancement.

When tracing back to 200 years ago, energy resources had already played a vital role
in the running of human society. Obviously, the difference is that humans at that time
used different resources. As presented in Fig. 1-1 [1], before roughly 1850, the woodfuel
was at the dominant position of the global energy consumption. As the first industrial
revolution took place in U.K., coal gradually replaced wood, and accounted for the
biggest share as the power source. This can be regarded as the first energy transition. It is
worth noticing that while usage of coal started as early as at the beginning of the 18"
century, it took over 150 years for dominance of this new energy resource [2]. In the next
revolutionary change, the global energy supply was taken over by oil around the
beginning of the 20" century. This coal-to-oil transition could be largely attributed to the
invention and commercialization of an internal combustion engine, which boosted growth
of the automobile industry in Europe and USA [3]. Later on, issues related to the climate
change and global warming have risen over the past decades, mainly because of coal- and
oil-related human activities, including transportation and industrial production. Due to
the increasing industrialization in the world, a significant rise of demand for coal and oil
consumption could be seen, resulting in the vast volume emissions of greenhouse and
harmful gases, including CO2, SOx, and NOx [4-7]. Hence, in order to alleviate the
climate changes and achieve the sustainable development goal, natural gas has also drawn
great attention globally. As a cleaner energy resource, combustion of natural gas emits
less carbon dioxide and sulfur dioxide, making it the perspective new choice in the human
energy consumption portfolio. It can be stated that emergence of the natural gas was the
third important energy transition. Interestingly, almost at the same time in history, clean
energy options (e.g. renewables and nuclear) have appeared, and gradually become more
and more widespread.
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Fig. 1-1. Global energy consumption and energy transitions in years 1800-2010 [1].

As it can be demonstrated, plenty of different energy sources have been exploited in
the human history, and some of them are already replaced by others, which stems from
reserve levels, and also, available exploitation technology. Nevertheless, choice of a
particular energy resource is interesting in itself, and always was important to human’s
life.

Fire, with which people are very familiar for a long time, is a process that transfers
chemical energy from matter (fuel and oxidizer) into physical energy, like light and heat.
Obviously, chemical products of the combustion are also generated. Primitive people who
had lived more than 200 000 years ago were able to harness fire [8]. In ancient times,
when people had limited or even no knowledge of science, they could only drill wood to
make fire [9]. However, they still could keep warm, have light, cook hunted meat, and
even protect themselves from beast attacks [8]. Back then, fire became useful in pottery
making [10], which greatly enhanced the food storage technology. Also, human beings
couldn’t proceed with metal smelting without fire, which facilitated establishing
civilization and human society [11]. From what is mentioned above, it can be easily
concluded that wood was actually the most important fuel resource to humankind
throughout most of the history. It should be also mentioned that regarding availability,
people living at those times had rather easy access to forests or other wild environments,
and had little difficulty in chopping wood and transporting it to their residence or to a
place where they needed it.

Meanwhile, as a fundamental life necessity to humans, water has always played quite
an important role in the energy utilization development. When dating back to classical
antiquity, people in the Middle East and Asia have started applying gravity irrigation in
the early agricultural production, which was relying on the energy of water [12]. As it can
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be seen in Fig. 1-2, a water wheel is an essential device that exploits the potential energy
of water, transforming it into mechanical energy that is further useful in various
applications, including grain milling (watermill), paper milling and hammer forging [13].
Hence, even before the first industrial revolution, after which people could get power
from steam engines, water power has been always regarded highly, and utilized for quite
a long time. It could be also proven that rivers or even steams were quite crucial when
people managed to build a village, town or city, no matter what was the initial intention
behind it, agricultural production or industrial manufacturing, as in case of e.g. Rhine,
Thames or Seine river. Currently, pumped hydro energy storage is still the most dominant
one concerning global storage power capacity [14].

) W -

Fig. 1-2. A water wheel design from 19" century. Based on [12].

When it comes to the point of people of ancient times exploiting the natural powers,
wind cannot be ignored. Wind phenomenon is actually derived from an inhomogeneous
heating of the Earth by the Sun [15], which further arouses pressure differences between
land and land and/or land and ocean. Then, the airflow starts at different speeds and
intensity. Similarly to water, human beings have noticed the available resource, and
thought about how to utilize it and make it serve their life and work better. An exact
instance of such usage would undoubtedly be a ship. Long before a steamship was
invented, ancient Egyptians started sailing on Nile river, which relied on boats with
installed sails [16]. Later, the sailboat greatly facilitated the “Great Geographical
Discoveries” period of the 15" century [17]. Apart from that, wind power was also
adopted in food production in the Middle Ages [18]. Later, the application of wind power
has been broadened to lumber sawing, oil extraction, and mine ventilation. Interestingly,
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there is still a great number of windmills working in the world (i.e. in USA and
Netherlands) [19]. As one of crucial renewable energy resources, it can be stated that
wind power has its renaissance, with wind farms, including offshore ones, becoming more
and more common sights in many places [20].

Coal has been and still is regarded as the one of the most important energy sources in
the world. Studies proved that the first use of coal took place in China, ca. 1000 B.C. [21].
It seems that Chinese were able to smelt iron ore, which was prior to its similar use in
Europe by 1500 years or so [22]. In Europe, the first usage of coal may be traced in Greece
and ltaly, and it was for metal-related processing purposes, like forging and casting.
Nevertheless, initially coal did not get much attention in terms of energy exploitation,
likely due to the availability of wood, which at that time still contributed as the prime
energy source for humankind. Thus, for quite a long period of time coal has served only
as a minor energy choice in Europe. With the time progressing, several reasons have
greatly boosted usage of coal: 1. Improved water and sea transportation, accompanied by
shipbuilding industry and voyage development, which decreased transport costs of coal;
2. Increasing scarcity of wood, which had been heavily relied on by humans for the
purposes of construction and energy use; 3. Growing energy demands, resulted from
advancements in metallurgical industry and expanding population, e.g. in Europe; 4.
Abundant coal reserves found in Europe and Asia. Eventually, coal became the heart of
the Industrial Revolution [21,23]. Until now it has been continuously used around the
world, still making major contribution to the power generation and heating, which are
essential for human society. It cannot be neglected, however, that overall the history of
coal usage has aroused a series of major, negative issues, mainly related to the increasing
air and water pollution [24].

As widely-perceived in the world, oil is currently playing an extremely prominent role
in the industrial societies. Interestingly, when dating back to the ancient times, oil was
applied as asphalt in buildings, roads, ships, and even was used for medical treatment in
the Middle East [25]. Oil did not get much attention until the mid-19" century, when
cheaper illuminating fuel was needed in Europe and USA. In 1859 (Pennsylvania, USA),
oil was successfully extracted from the underground by a drilling prototype machine. That
time can be regarded as the beginning of the modern oil industry, following by the flourish
of oil refining and transportation. For example, as early as 1856, the first oil refinery was
built by famous Polish inventor Ignacy Lukasiewicz.

Ever since the internal combustion engine was invented in Europe in the late 19"
century, three-wheel or four-wheel cars were assembled and tried in seeking for a more
efficient and comfortable way of transportation. Those cares were fueled by gasoline or
diesel engines. Later, owing to the massive commercialization and spreading of the
automobile industry in USA, a car has become affordable for a typical household, which
largely boosted oil demand in the world [26]. Moreover, during the First and Second
World War, as novel types of trucks, tanks, battleships, and even planes were designed
and introduced, oil started being regarded as a strategic factor in the battlefield. This is
mainly because of relatively easy transportation and high thermal efficiency, which
further highlighted its importance in the global energy market. In postwar times and
virtually until now, due to the vast development of various industries and different
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technologies, including aviation, automobile, construction, heating, and so on, oil has
taken the prime place in the energy resources mix since 1960s [25]. Despite the oil-shock
of 1970s, it has been playing important role in the global energy market and daily life of
humans, and what cannot be completely ignored, it produces lower greenhouse emissions,
as compared to coal [27].

In the 21% century, or even a little earlier, it started to be widely perceived that
economic growth is not the only concern for human society. This is because of the
increasing environmental issues, resulted from the long history (200 years) of fossil fuels
consumption, mainly, coal and then, oil. Given that a substantial development still seems
to be quite a crucial and urgent target for humankind, and considering the whole world
needs, natural gas, as the cleaner burning fossil fuel (compared to coal and oil), has drawn
much attention. Its usage has grown dramatically in the global energy market [28,29].
Basically, there is no fixed composition of natural gas, but it consists mostly of methane,
with much lower content of other hydrocarbons, like ethane, propane, etc. Minor amounts
of nitrogen, carbon dioxide, and other gases are also present [29,30]. Nowadays, natural
gas is mainly adopted in heating, industrial manufacturing, and power generation [29].
Thus, it plays an important role in the current energy market in the world.

Overall, it can be summarized that the great achievements made by human beings in
terms of industry and technology are usually connected with different energy resources
and their consumption, and are often accompanied by the energy transition. Development
does not mean that the environmental concerns can be ignored or put aside, as they have
been brought about by humankind as well. Maintaining a good balance between a series
of factors, including economic efficiency, reserve of resources, and environmental
protection, is the main driving force and incentive for humans to keep optimizing the
energy solutions from the start to the end. However, it would be ignorant not to notice
that different countries have different policies in that matter, and not only scientific
reasons are considered. A good example for it is nuclear power, about which often
contradictory policies can be found throughout the world.






2. Electricity and its production

In the modern society, electricity is one of the most important and useful energy forms
that people are well aware of, and deal with practically every day, which can be easily
understood by the household bills paid monthly, which consist of mainly water, gas and
electricity. Apart from the massive scale of electrical energy demand in various industries,
it is inevitably necessary to care about electricity supply in both households and working
places. The power supply for the households, from which the illumination system,
domestic appliances including television, air conditioning, washing machine, electrical
and microwave ovens etc., could work on, as well as for the commercial places, involving
elevators, internet servers, ventilation systems, street illumination and so on, are
indispensably important to maintain normal functioning in society. This can also be
proven from a common sense which people feel anxious and helpless when the outage
suddenly takes place, particularly when an important online business meeting is underway
or massive transactions are being processed in a stock exchange. As shown in Fig. 2-1a,
the global electricity consumption reached 22848 TWh in 2019, with the industry,
commercial and public services, as well as residential components sharing majority of the
usage [31]. Nevertheless, the electricity consumption had grown more obviously in 2010-
2019 in transportation domain than in sectors of industry, commercial and public services
(Fig. 2-1b).
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Fig. 2-1. a) World electricity final consumption, and b) compound annual growth of the
global electricity consumption by sectors in years of 1974-2019. Based on [31].
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This increase can be accounted by the growing number of electrical vehicles in the
world, especially in Europe during that period of time, which is surely making a great
contribution to mitigating greenhouse gas emissions, as compared to traditional
transportation tools powered by fossil fuels. It can be easily expected that the electricity
demand worldwide would experience an obvious rise in the foreseeable future as
electricity plays a unique role in searching for green and sustainable development for the
human society.

Although people have been getting used to electricity for long, it was quite mysterious
and frightful for human living in ancient times, in which thunder and lightning were the
initial impression among humankind. Powerful, since it destroyed woods, broke rocks
and even killed life, and fascinating when it lighted up the sky were another perspectives
that motivated people to search and get better understanding on this unknown natural
power.

It seems that the earliest endeavors towards electricity in human history could be dated
back to 600 B.C., Thales of Miletus, a Greek scientist, obtained the very initial
observation of attraction phenomena of rubbed amber when it was close to light objects
(e.g. feathers, as can be seen in Fig. 2-2). Afterwards, Theophrastus in 300 B.C., also
noticed the similar attraction phenomenon for the material currently known as tourmaline
[32,33]. Nevertheless, at that very early stage in history, people had very limited
knowledge in explaining and understanding this fantastic phenomenon scientifically.
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Fig. 2-2. Schematic diagram of electricity experiment with amber and cloth [32].

Quite a long time after that, William Gilbert, a physician, published his work De
Magnete in 1600, summarizing the attraction would take place in rubbed objects, like
amber, diamond and sapphire, as well as the repulsion that occurred in the same poles of
two lodestones. It is worth noting that Gilbert coined the term “electrics” from ancient
Greek language [32—35]. Afterward, Stephen Gray in 1729, found the difference of ability
of the electric conduction varied when the respective materials were different [34,35].
Another work that couldn’t be ignored was done by Charles Francois Du Fay. Du Fay
used “vitreous” and “resinous” to define two “electricities” that could be generated by
two group of substances including glass, rock-crystal, precious stones, etc., and amber,
copal, silk and paper, etc., respectively. This finding would be regarded as difference of
“positive” and “negative” signs of electricity. Still, there was another famous discovery
by Pieter van Musschenbroek, called “Leyden phial”, in which electricity could be
accumulated. Afterward, William Watson improved the phial as “Leyden jar” that could
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be the prototype of a capacitor today, which marked the cornerstone that scientists could
store the electricity from decaying in the air [32-35].

In 1752, American scientist, Benjamin Franklin, carried out the famous “kite”
experiment, in which he used a kite connected by wet hemp as a string and a key hung at
the end of the string so that he could collect the lightning from the cloud. He concluded
that lightening was derived from electricity in clouds (Fig. 2-3). Additionally, Franklin
drew conclusion based on his rubbing experiment that rubbing couldn’t generate
electricity but just transferred electricity from one object to another. It is worth noting
that Franklin regarded the electricity as an “elastic fluid” that could penetrate objects [32—
35]. Compared to electricity present in nature, “animal electricity” also drew a great
attention from scientists. In 18" century, Italian scientist, Luigi Eliseo Galvani observed
a response of a frog’s leg when he applied electricity to the muscle on its leg. Thus,
Galvani thought that there was a form of electricity existing in animal that could be called
“animal electricity” [32—34]. Afterward, another outstanding Italian physicist, Alessandro
Volta made a further experiment based on Galvani’s “frog’s leg”, in which he tried to use
two types of metals separated by wetted pasteboard to generate current flow. He also
found that increasing the number of units in the configuration would improve the potential
between the top and down sides. Later, a higher efficiency could be obtained when the
pasteboards were infiltrated in salt water or acid (Fig. 2-4). This prominent alternatively
arranged configuration was called “Volta pile”, which was capable to generate a
continuous current flow, could be considered as the earliest battery [32—-34,36]. The unit
“volt” is consequently named after Alessandro Volta.

Fig. 2-3. Franklin’s kite experiment, identifying the lightning and electricity [37].
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Fig. 2-4. A simplified schematic diagram of Volta’s configuration [36].

Interestingly, scientists found that electricity seemed to have impact on other domain
that was magnetism in particular, which shaped the important discipline of
electromagnetism. A Danish scientist, Hans Christian @rsted, identified an impact of the
electric current on a magnetic needle in his lecture in 1820, which he called “conflict of
electricity” [38]. Later, Andre-Marie Ampere stated that “two conductors carrying
currents in the same direction attract each other”, and he also coined the term
“electrodynamics” [32,34,39]. The unit of current “ampere” was named after him. The
profound correlation between electricity and magnetism was identified and proven by the
English scientist, Michael Faraday. In 1831, he prepared a ring made of bar-iron, wound
in two parts with helices (copper wire), called helix A and B. The helix B was connected
with a galvanometer while the helix A was connected to a battery. The galvanometer was
instantly affected when the current was turned on upon helix A. But soon the effect was
gone, even though the circuit of helix A was still connected. The needle of galvanometer
responded immediately when he broke the circuit on helix A. That was the first time
Faraday found the phenomenon of “induction of electric current from magnetism”.
Similarly, Faraday recorded this phenomenon in anther experiment, in which he set a
hollow helix wound by copper wire. Again the needle of galvanometer deflected when a
cylindrical magnet was suddenly pushed in or withdrawn from the helix [40]. Thus,
Faraday indicated that the varying magnetism could induce electric current in a circuit.
That effect was called “electromagnetic induction”. In fact, this discovery would become
incredibly crucial in the humans’ life in terms of power generation, electricity
transportation and so on. Notably, James Clerk Maxwell, an outstanding English scientist,
summarized and explained Faraday’s electromagnetic induction in a mathematical way
of Maxwell’s equations, making a great contribution to the development of
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electromagnetic domain. Maxwell also pointed out that light is actually a form of
electromagnetic wave [41].

It is not surprising that an enormous application range could be expected ascribed to
the great development in both, electromagnetism and electricity. In 1830s, current pulse
could be transferred via wire by means of electromagnetic technology, that was a
telegraph. It meant that a signal or information could be transmitted instantaneously in a
long distance. Samuel Finley Breese Morse and his colleague designed a combination of
short and long pulses of the current, which could represent the designated English letters
or numbers, so called Morse code. Later in 1844, Morse sent the first telegraph message
successfully from Washington to Baltimore [32,42,43]. After that, Thomas Alva Edison
patented his carbon-filament lamp, which could potentially bring affordable illumination
option for every household in the late 19" century [44]. Since the electricity began being
popular in the world, particularly in the industry and people’s daily life (e.g. lighting), a
problem appeared regarding effective electric power transmission covering big area, due
to the low and unchanged (constant) voltage level of a generation station, as well as the
huge resistance along the conduction wires. Thus, an urgent demand for an effective
electricity transmission system was not surprising in terms of the larger scale of electricity
application. Later on, Nikola Tesla, patented his famous system of alternating current
motors (Fig. 2-5) and transformers, which presented a feasibility of a high-voltage
transmission of electricity. That were critical parts of alternating current supply system
that have been widely applied in different places. For example, based on Tesla’s patterns,
the generators of a polyphase system were installed in Niagara Falls, USA, successfully
delivering electricity to Buffalo in 1896 [45]. It is well-known that Tesla’s idea is still
widely adopted around the world, facilitating the power plants to transmit electricity to
the places where it is needed.

Fig. 2-5. One of the Tesla’s original induction motors [45].
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As can be derived from the aforementioned brief history of electricity and related
scientific and technical progress, the role electricity has been playing is increasingly
important for humankind, and it will remain so in the foreseeable future. Therefore, it is
worth describing the mainstream energy resources, which are currently used to produce
the electricity.

2.1. Coal

Even though the recent energy transition to renewable energy resources is actually
taking place, in the domain of electricity generation in the world, coal is still
predominantly accounting for the biggest share in the world [46]. This may be attributed
to the reliable and durable coal-fueled power generation technology, as well as the quite
abundant coal reserves around the world, effectively lowering the capital costs of this
energy source [47]. As it is shown in Fig. 2-6, more than 10000 TWh of electricity (over
one-third of the total electricity generation) were produced by coal, apparently
outnumbering gas that contributed around 6400 TWh in 2022. Typically, a coal-fueled
power plant is a basic facility that converts energy from coal to electricity. The general
schematic procedures are illustrated in Fig. 2-7a. Firstly, coal is pulverized before fed in
the boiler. Then, water is heated up and turned into steam by the thermal energy from the
combustion of coal. Secondly, the high-temperature and high-pressure steam would go to
a turbine, which blades are rotated by the steam. Finally, the mechanic energy will be
transferred to a generator (Fig. 2-7b), so that the electricity is produced and sent to a
transformer, and then further to the transmission lines [47]. The steam at outlet of the
turbine is condensed and fed to a boiler for circulating afterward. In general, this type of
power plant could yield an efficiency of around 30-40%. Typically, the capacity of a coal
power plant ranges in 100-4000 MWe.. Additionally, higher efficiency could be reached
when improvements like integrated gasification combined cycle or fluidized bed are
adopted [47,48] or when the waste heat is recycled and reused in other aspects. More
details about the combined heat and power (CHP) generation are presented in the
subchapter of 2.8.
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Fig. 2-6. Global electricity production by source. Based on [46]. Note that data for coal,
gas, and oil are presented only from 1985, and for wind and bioenergy from 2000.
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Fig. 2-7. Schematic diagrams of a) a coal-fueled power plant, and b) a typical AC
generator with 408 MV A apparent power, produced by GE [49,50].

2.2.  Natural gas

As drawn in Fig. 2-6, natural gas (Gas) has been taking the second place in the
contribution towards global electricity generation since 2000. There are handful of
reasons accounting for that. Firstly, natural gas emits substantially less greenhouse gases
than either oil or coal during combustion, alleviating (at least partially) air pollution issues.
This is also shown in Fig. 2-8 regarding the total greenhouse gases emissions [51,52].
Secondly, other than liquefied natural gas (LNG) shipped by sea, pipeline systems
particularly facilitate the gas transportation in the continents so that lower the application
cost. From the major natural gas producing areas (e.g. North America, Russia, the Middle
East), natural gas was exported to the adjacent areas or countries via pipelines (Fig. 2-9).
For instance, Russia and Norway supplied 112.9 and 167 billion cubic meters to Europe
in 2021, respectively [53]. Additionally, LNG could alleviate the difference of natural gas
reserves between the demand and supply as well. Thirdly, gas-fired power plant could
start and stop quickly, consequently making it suitable to meet the demands related to the
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fluctuating electricity usage or support the intermittent wind and solar power [54].
However, due to other reasons, the natural gas supply to Europe has recently changed,
which may more or less influence the electricity production in the near future.

When it comes to power generation, the fundamental components of a gas-fired power
plant are similar to that of a coal-fueled power plant. A gas turbine is the key equipment
in gas-fired power plant, which typically consists of: 1. compressor (of which the role is
to compress air and send it to the combustion chamber), 2. combustion chamber (mixing
of fuel and compressed air, and then igniting the mixture, which produces high-
temperature and high-pressure steam later supplied to the turbine) and 3. turbine (its
blades are spun by the steam from the combustion chamber, and in turn, it drives the
compressor and rotate the generator to generate electricity). The overall conversion
efficiency (single cycle) can reach around 35%. Meanwhile, higher efficiency could be
reached when a heat recovery steam generator (HRSG) is adopted, which reuses the
exhaust gas from the turbine and heats water in a boiler into steam, so that rotates another
steam turbine to generate electricity (so called combined cycle) [55].
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Fig. 2-8. Total greenhouse gas emissions from fuel combustion per product. Based on
[51].
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Fig. 2-9. The major trade movements of natural gas via pipeline or LNG. Based on [53].
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23. Oill

Even though oil is one of the most important fossil fuels on Earth, nevertheless, it
cannot compete in the market share in power generation with either coal or gas as, as it is
shown in Fig. 2-6. Reasons could be mainly ascribed to the relatively higher price than
other fossil fuels, as well as the price fluctuation. Moreover, generation of undesirable
residues during combustion and rather outdated generation technology for oil-fired power
plants caused this situation. Eventually, combustion of oil is associated with high
emissions of greenhouse gases. Those reasons jointly result in a situation that this option
can only be considered when peak electricity demand must be met or as backup power
supply in office buildings or residential areas (e.g. a diesel generator) [56].

2.4.  Hydropower

Holding the third place in world’s electricity generation, hydropower contributed
more than 4000 TWh in 2016, then reached 4288 TWh in 2022 (Fig. 2-6), marked as the
highest among the renewables.

Water has been always considered as the crucial power source, as mentioned in the
previous chapter. Later, when it stated to join the modern development for human beings,
the term of “hydroelectricity” weighed substantially. The concept is, to exploit the
mechanical energy from high-altitude or flowing water to generate electricity [57].
Hydroelectricity has been long known as its features of low-carbon, clean and renewable.
Additionally, what should not be underestimated are its flexibility and large storage
capacities, as well as for combining wind power and photovoltaic (PV) electricity systems.
Since wind and PV systems are prone to be strongly influenced by local weather, in order
to maintain stable electrical output, and attributing to quick start-up time, fast ramp rate
and flexible storage capability, hydropower plants could efficiently compensate the
power gap in the undesirable meteorological condition where deployed with large scale
wind or PV systems [58].

There are currently developed few types of hydropower: 1. based on a run of river,
generating electricity from the river flow; 2. reservoir hydropower plant with a dam,
which is the most common form of hydroelectricity; 3. pumped-storage plants, pumping
and storing water in low electricity demand time and release it at high electricity demands.

The run of river is based on a diversion that leads water from the mainstream of a
river through a special canal to the turbine and generator. The energy in water flow comes
from the declined river bed elevation.

The typical working principle of reservoir plant can be summarized as follow: water
stored at a relatively high altitude is released via a penstock, then spins the turbine that in
turn rotates the generator to produce electricity (Fig. 2-10). Taking advantage of its
massive storage capability, reservoir power plant could store big amount of water in wet
season and use water in drought period, consequently enabling this technology to play an
unique role in flood control, water supply and irrigation [57]. Interestingly, over 20000
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MW, capacity is installed at the Three Gorges Dam, with DC and AC lines transmitting
the produced electricity.

The pumped-storage plants can be regarded as a useful energy storage technology
besides electricity generation. Energy can be stored by means of pumping water to the
higher elevation. This can be done during the off-peak time of electricity consumption,
enabling to effectively use surplus electricity generated by other technologies. Releasing
of the stored water can rotate the turbine and then generate electricity during the peak
hours of consumption, so that balancing demands of fluctuation of the grid is feasible
[59]. Notably, it is the most commonly applied grid energy storage, accounting for over
90% worldwide.

There are still at least half of the potential hydropower resources remaining
unexploited. Aiming to achieve the Net Zero Emission goal, recognition of importance,
robust support of policy and sufficient financial investments should be made effectively
to support development of this technology [58].

Transmission
2ol

Fig. 2-10. A schematic diagram of a typical reservoir power plant [59].

2.5.  Nuclear power

Nuclear energy held the second biggest share among non-fossil fuels in global
electricity generation, which accounted for 2632 TWh in 2022. Acting as a vigorous
option in supporting the energy transition towards cleaner and sustainable future globally,
nuclear power has been thought highly of, due to its advantage of almost no emission of
greenhouse gases, which in turn would largely alleviate the electricity reliance on the
fossil fuels (but this approach actually varies in different countries).

Nuclear energy is originally derived from the atomic energy during fission or fusion
reactions. Setting uranium-235 atom as an example (Fig. 2-11), which is a widely-adopted
fuel in nuclear power plants, nucleus of this atom is triggered by a neutron, then it splits
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into two smaller nuclei and some additional neutrons that continuously hit nuclei of other
uranium-235 atoms, which would eventually repeat increasingly. That is the so called
“nuclear chain reaction”. Consequently, massive amounts of heat and radiation are
released during the fission reaction [60]. When it comes to the nuclear fusion, it is worth
noting that bigger amount of energy would be released (fourfold of that of the nuclear
fission) when nuclei of deuterium and tritium atoms collide and form a heavier nucleus.
Since such a reaction requires extremely high temperature (on the order of 100 million <C)
and high pressures to keep the fusion reaction lasting long enough till the net power is
generated, enormous and very complex studies and experiments are currently underway
to develop eligible materials and technological solutions. Making nuclear fusion
practically feasible would indeed realize the ideal and virtually unlimited form of the
available energy source (and consequently electricity) [61].

Nuclear Fission
@ ®

/'
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—-® ’:Ef; — reaction
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P

Incident Fissile Splitting Fission Incident Other
neutron nucleus of nucleus product neutrons fissile nuclei © Proton
@ Neutron

Fig. 2-11. A schematic diagram of the nuclear fission process [60].

Typically, nuclear electricity is generated in a nuclear fission power plant that is
fueled by a reactor, which consists of fuel rods of enriched uranium-235. In the reactor,
fuel rods are immersed in water as their cooling agent, which is heated up by the reactor
into steam to drive the blades of the turbine that further spin a generator to produce
electricity. After that, used steam is cooled down and fed to the reactor in a circulation,
as demonstrated in Fig. 2-12. In general, the longevity of uranium-235 fuel rods varies in
3-5 years range, after which they have to be recycled or disposed of according to a
rigorous procedures, as it also applied to other nuclear waste [60].

Interestingly, apart from electricity, nuclear power plants are able to supply heat and
produce hydrogen in the electrolysis process. Since clean hydrogen is desired as an energy
carrier in many domains, like the application in fuel cells, synergy of nuclear and
hydrogen technologies appears as an interesting, but still not fully-utilized option. Aiming
at enlarging the contribution of nuclear energy, some issues should be considered and
implemented carefully, like strengthening financial support for new reactors, enacting
and improving safety regulations and radioactive waste management, as well as restoring
public confidence, particularly after the nuclear accidents [62].
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Fig. 2-12. A simplified schematic diagram of a nuclear power plant [63].

2.6.  Wind energy

Although still falling behind the nuclear power, wind power is definitely considered
as one of the most promising renewables. Electricity produced by wind has grown 5 times
since 2010 (data calculated based on [46]), reaching 2098 TWh in 2022. Similar to
hydropower, wind power derive from the motion energy of a fluid (wind). While wind
has been exploited in ocean voyage and grain milling in ancient times, it is contemporarily
be considered as very useful in power generation to human beings.

Fig. 2-13. A picture of a typical land-based wind turbines, a) with traditional horizontal-
shaft, and b) a smaller size of perpendicular shaft [64].
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A wind turbine is the key equipment to turn the energy of wind into electricity, and
comprises of giant rotor blades (usually three) and a generator (Fig. 2-13a). When wind
flows towards those blades, air pressure difference is generated on both sides of the blades,
which propels them to spin. Then the generator is rotated so the electricity is produced.
Another type of the wind turbine can be also found, which feature a perpendicular rotation
shaft (Fig. 2-13b), contrasting with abovementioned one, which is horizontal. Such
turbines are much smaller, and easily installed close to residence communities or
buildings, contributing to the localized electricity demand [64]. Typically, a wind farm is
favorably located in windy places as onshore wind farm, like the seaside in Netherlands
or the U.K. Meanwhile, it can also been installed as offshore wind farm, of which a single
turbine can reach a power value of 8 MWe.

2.7.  Solar power

Solar power deriving from sunshine has been regarded as the clean energy resource
for quite a long history. People living in ancient society were already able to use sunshine
to dehydrate grain or meat in order to extend storage period of food, as well as used it for
heating water. Speaking of solar power in terms of power generation, PV technology
should be paid attention to, which is based on a photovoltaic cell, made of semiconductor
materials (e.g. silicon-based). The cell can absorb photons and then create charge carriers
that migrate to current collector of cell and generate current in a circuit (Fig. 2-14).
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Fig. 2-14. A schematic of the principle of operation of a photovoltaic cell [65].
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Such relatively small cells can be connected collectively into a module that can further
be combined with other modules, and form an array having a large area. Interestingly,
since PV power system generates direct current (DC), which can be converted into
alternating current (AC) when inverter is applied, so that electricity produced could be
fed to the grid [65]. Obviously, PV systems are preferably suitable to where great amount
of sunshine is available, for instance, the Middle East or California, USA. Since its
modular installation, a small PV system can also be deployed to rooftop of buildings or
houses in urban area. In 2022, electricity produced by solar power reached 1310 TWh,
which could be still improved drastically in a bright prospect. Nevertheless, in somewhere
in the world (e.g. Poland), related issues about connecting to the grid should be firstly
addressed in order to efficiently utilize such a clean energy source.

2.8.  Combined heat and power (CHP) generation

Energy efficiency is concerned as one of the main issues when electricity is generated
from a power plant that uses generator and turbine primarily driven by hot steam. CHP is
a type of technology that allows efficient electricity production, which is enabled by
recovering waste heat from a traditional power plant. A significant increase of the energy
efficiency can be expected in this case. A typical configuration of the CHP can be seen
in Fig. 2-15, in which an additional heat recovery system is used to provide space
heating/cooling, and hot water. Unlike the traditional power plant, CHP unit acts more
like a distributed power generator that could be deployed at buildings near the end-users
[66]. Such smaller installation may have even 75% of total efficiency [67]. Interestingly,
in order to apply such solution more easily and conveniently, a packaged micro-CHP has
been introduced that uses a reciprocating engine, microturbine, or fuel cell as the main

energy converter (Fig. 2-16).
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Fig. 2-15. A typical configuration of the CHP generation [66]
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Fig. 2-16. A schematic diagram of a packaged CHP [66]
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3. Hydrogen and its role in the energy transition

Speaking of available clean energy solutions needed to achieve the goal of Net Zero
Emissions (NZE), hydrogen appears as one of the most promising candidates, so the
hydrogen-related new technologies should not be ignored. However, to have a broader
perspective, some important facts must be mentioned. First, there is a clear trend observed
that the global consumption of hydrogen has increased continuously over the last several
years, reaching 95 Mt in 2022, with the forecasted level of about 150 Mt in 2030 (Fig. 3-
1) [68]. However, as natural resources of Ho are rather quite limited (although interesting
possibilities are recently considered [69]). hydrogen needs to be produced. As such, H»
should be rather considered as the energy carrier, which through its specific
physicochemical properties may be widely utilized, enabling decarbonization of various
industrial sectors [70]. Obviously, it is of importance to relate to the basic properties of
hydrogen, so the benefits and shortcomings of its application could be more explicitly
stated.

80 100%
60 75%
40 l l 50%
20 ® | 5y
0 O o 9! 9! 0%
2019 2020 2021 2022 2030
NZE
o0 Ammonia @ Methanol m Steel @ Other @ Share of low emissions
(right axis)

Fig. 3-1. World hydrogen use by sector in 2020-2030 [68]. Note that NZE referred to
goal of Net Zero Emissions. And the “New” mainly includes reducing agent
in 100%-hydrogen direct reduced iron (DRI), transport and production of hydrogen-
based fuels.
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3.1.  Physicochemical properties of hydrogen

Hydrogen gas is comprised of diatomic molecules, Hz, which consists of the lightest
existing element. Three main isotopes of hydrogen are known, stable protium (}H), with
the abundance of over 99.98%, stable deuterium (D or 2H), and unstable tritium (T or
IH). It is the most abundant element in the Universe, but on Earth it mostly exists in
heterogenous molecules, such as in water or hydrocarbons. Its amount in Earth’s crust is
relatively low, 0.14 wt.% [71]. Since its boiling point is extremely low, ca. -253 T,
hydrogen is gaseous under normal atmospheric conditions. As gas, pure hydrogen appears
as odorless, colorless and tasteless. At room temperature (20 <C) and under normal
pressure (1 atm), 1 kg of H, takes up the space of 11.9 m?, which constitutes almost 7%
density of air in the same conditions [72].

As a carbon-free fuel, theoretically, only water and heat would be generated after
hydrogen combustion in pure oxygen (Eq. 3-1), which is much favored by the mentioned
NZE goal in the world. Also, water molecules can be split back relatively easily, making
the (chemical) energy storage with utilization of H> possible. However, when hydrogen
is ignited in air, different NOx could also be the byproducts [73].

Hy(9) + 1/, 02(g) > H,0()), A;Hg, = —285.8 k] mol~" (EQ. 3-1)

It is worth noting that hydrogen possesses the highest energy content by weight (119.9
kJ g'1) among commonly used fuels (as compared in Tab. 3-1). Meanwhile, caution is
indispensable as hydrogen gas is flammable in a quite wide range of concentrations (4-
75 vol.%), and explosive (15-59 vol.%) when mixed with air [72]. This indicates that
careful designs and processing activities must be carried out during the hydrogen
production, transportation, storage, and utilization to avoid any leakage or other
dangerous situations.

Tab. 3-1. Comparison of heating values between various fuels [72].

Higher heating value? Lower heating value?
Fuel (at 25 € and 1 atm) (at 25 € and 1 atm)
[kyg’] [k g
Hydrogen 141.86 119.93
Methane 55.53 50.02
Propane 50.36 45.6
Gasoline 47.5 44.5
Diesel 44.8 42.5
Methanol 19.96 18.05

®Higher and lower heating values differ by the “heat of vaporization”.
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3.2.  Production of hydrogen

As mentioned above, unlike the well-known fossil fuels, hydrogen is not a primary
energy source. This implies that, similarly as for the electricity, hydrogen fuel must be
produced by means of other energy sources. It acts as energy carrier that is respectively
stored and consumed, depending on the needs [73,74]. Thus, it is very necessary to
browse the currently available methods of the hydrogen production.

Steam reforming of natural gas and gasification of coal

Currently, global hydrogen production still predominantly relies on fossil fuels, as can
been seen in Fig. 3-2. Reforming of the natural gas, without any coupled carbon capture,
utilization and storage (CCUS) technology, accounted for the biggest share in the H»
production globally in 2022, reaching 62%. This is followed by coal processing (21%),
while hydrogen as the by-product (16% share) was mainly produced in refineries, and
petrochemical industry [68]. The mentioned CCUS stands for various, but effective
carbon dioxide processing technologies, which enable to capture the CO, gas emitted
(typically) at the fossil fuel consumption site or factory, which is then either reused in
other application or stored underground. Obviously, such method enables reducing
massive CO; emissions into atmosphere [68,75,76]. When natural gas reforming is
coupled with CCUS, the exhausted CO> can be collected and stored, abating the carbon
footprint drastically. However, in 2022 it took up only 0.6% of the industrial H>
production.
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Note: CCUS= carbon capture, utilisation and storage.

Fig. 3-2. World hydrogen production by technology in 2020-2022 [68].

Hydrogen produced from natural gas can be referred to the steam reforming (SR) of
methane. This corresponds basically to mixing of methane with steam at high
temperatures, on the order of 800 <C, to allow them reacting. The process is conducted
on a dedicated catalyst, while also, an external heat sources is needed. Ideally, it enables
producing hydrogen and carbon monoxide, however, the actual process involves other
possible reactions, and has to be precisely controlled. The overall SR reaction is illustrated
in Eq. 3-2, while chemical reactions are shown in the following Egs. 3-3 (water-gas-shift
reaction increasing the conversion efficiency), 3-4 (methane decomposition), 3-5 (steam-
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on-coke reaction), and 3-6 (Boudouard reaction) [73,74,77-80]. Other methods of natural
gas reforming (e.g. partial oxidation, autothermal, dry reforming, etc.) can be also used,
but SR enables getting the desired high H2/CO ratio (ca. 3:1).

CH, + H,0 - CO + 3H, (Eq. 3-2)
CO + H,0 - CO, + H, (Eq. 3-3)
CH, - C + 2H, (Eq. 3-4)

C + H,0 - CO + H, (Eq. 3-5)
2C0 - C + CO, (Eq. 3-6)

Another fossil fuel, coal, can be chosen as the starting source in Hz production. This
technology is realized by the coal gasification process, in which coal is reacted with
air/oxygen and steam at elevated temperatures, generating syngas (containing carbon
monoxide and hydrogen), as presented in Eq. 3-7:

3C + 0, + H,0 - 3C0 + H, (Eq. 3-7)

In a similar manner as in SR process, the produced syngas can be treated with steam,
yielding more hydrogen [73]. To increase the overall energy efficiency, such gasification
could be integrated with a coal-fired power plant or fuel cell-based system. In this case,
it would be called the integrated gasification combined-cycle system (IGCC) or integrated
gasification fuel cell (IGFC) system [48,73].

Apart from coal, biomass could be used to produce hydrogen by gasification as well.
Known as one of the renewable energy resources, biomass is usually formed by plant-
based materials that could convert solar power into carbon-related organics by
photosynthesis. It constitutes crop wastes, microalgae, forest residues, waste paper, and
so on. Hence, it is very desirable that hydrogen could be produced by the gasification
process based on biomass usage, but presence of tar by-product hinders development of
this technology [73,74,77]. Notably, biomass can be also converted into biofuels, heat,
and electricity in order to reuse its stored energy [81].

In general, it can be summarized that fossil fuels have made a great contribution in H>
production, due to the easy access of the energy feedstock, and more reliable technology.
Nevertheless, in the long run, attention should be paid to consider producing hydrogen in
a more environmental-friendly way, since the aforementioned fossil fuel-based methods
generate large amounts of carbon dioxide. In order to achieve the goal of NZE,
renewables should be taken seriously into account.

Water electrolysis
Water, which comprises hydrogen and oxygen elements, is an obvious and very
promising source to be adopted as the raw material in hydrogen production. Electrolysis
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process allows splitting water molecule into oxygen and hydrogen, when external
electricity is supplied to drive the reaction. The overall reaction in this case can be
illustrated as in Eq. 3-8:

H,0 - H, + 1/, 0, (Eq.3-8)

It is evident that no carbon dioxide would be generated and released during the
electrolysis process, and water resources are relatively plentiful and easily accessible on
Earth. While it can be definitely regarded as the future method with respect to obtaining
hydrogen, it just contributed to 0.1% of the global H> production in 2022 (Fig. 3-2). An
obvious reason for it is related to the costs of electricity. Another issue stems from the
fact that electricity itself may come from different sources, and only usage of the
renewables ensures that the total emissions are not increased [79,82,83].

The apparatus where the electrolysis reaction takes place is called an electrolyzer. It
mainly consists of an anode, cathode, and electrolyte (an example is depicted in Fig. 3-
3). There are three main types of electrolyzers, an alkaline electrolyzer, a polymer
electrolyte membrane electrolyzer, and a solid oxide electrolyzer, differing in their design,
and temperature of operation.

Alkaline electrolyzers account for ca. 60% of the deployed capacity in electrolysis for
the hydrogen production in the world [68]. When water is catalytically split, as enforced
by the current flow, oxygen and hydrogen are generated at the anode and cathode,
respectively. The reactions at the anodic side (Eqg. 3-9) and cathodic side (Eq. 3-10) are
as follow:

20H™ > H,0 + 1/, 0, + 2e™ (Eq. 3-9)
2H,0 + 2e~ - H, + 20H" (Eq. 3-10)

The hydroxide anions obviously work as ionic charge carriers in the whole reaction,
which are provided by the alkaline solution (ca. 30 wt.%) of potassium or sodium
hydroxide. During operation, they are conducted in the electrolyte from the cathode to
anode. Moreover, solid alkaline exchange membrane is also developed and applied [75].
For the catalysts, nickel- or iron-based materials modified with Pt (at the cathode), and
Ni- or Cu-based catalysts modified with selected metal oxides, are economically adopted.
Alkaline electrolyzers can work at temperatures below 100 <C, which is relatively cost-
friendly regarding commercialization. The general efficiency can reach 60-80% [84],
giving as low as ca. 50 kWh of electricity needed for production of 1 kg of H2. They can
also operate for a prolonged time, without any special maintenance needs [83].

Polymer electrolyte membrane (PEM) electrolyzer is another type of the device,
which already contributed to about 30% of the Hz production in the electrolysis process
[68]. Unlike in the alkaline electrolyzers, ionic transport in PEM cells is realized by
hydrogen cations (in fact, HsO"), migrating from the anode to cathode through a polymer
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membrane. Still, oxygen would be released from the anode (Eg. 3-11), while hydrogen is
generated at the cathode (Eq. 3-12).

Hy0 - 1/50, + 2H* + 2¢ (Eq. 3-11)
2H* + 2e~ - H, (Eq. 3-12)

The internal, good separation of gasses, as well as possibility of production of the
pressurized Hz> makes this technology as the especially appealing [83]. Similarly, PEMs
work in 70-90 <C range, and may have an efficiency of even 80%. Nonetheless, noble
metals are necessarily adopted as catalysts, e.g. platinum black for the cathode and
iridium for the anode. This raises the costs of manufacturing, as well as on maintenance
in the long-term operation [84,85].

4H* + 4e > 2H, 2H,0 - 0, + 4H*
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Fig. 3-3. A schematic diagram of the polymer electrolyte membrane electrolyzer [85].
Notice that pure H> gas is generated at the cathode during operation.

The third type, Solid Oxide Electrolyzer Cells (SOECs) differs significantly from the
other two designs. The notable difference is related not only to all-solid construction
(including solid oxide electrolyte), but also much higher operation temperature (on the
order of 500-800 <C). This is rather an emerging, but promisingly-popular technology in
water electrolysis, since it brings a possibility of reversible operation, i.e. in the fuel cell
and electrolysis mode. Such devices are dubbed Solid Oxide Cells (SOCs). Other benefits
can be also obtained, as for example, the ability for the co-electrolysis of H20 and CO-
[86], and decreased electrical energy demand at high temperatures (Fig. 3-4). In 2022,
only less than 1% of the installed capacity for H> production by electrolysis was based of
SOECs [68]. Since topic of this thesis is closely related to development of oxygen
electrodes for SOCs, a separate (next) chapter is prepared, gathering comprehensive
information in this matter.
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Fig. 3-4. Energy demand as a function of temperature regarding water and steam
electrolysis process [87].

In general, water electrolysis indicates a different way of H, production in relation to
the strictly chemical processes. Since the electrical energy input is necessary to trigger
the electrolytic reactions, this technology should be preferably coupled with power
generation sites. Also, as discussed in chapter 2, fossil fuels (mostly coal and natural gas)
still predominantly contribute to the power generation in the world. Consequently, a
simple increase in the installed electrolysis capacity would be rather contradictory to the
goal of NZE, due to the increased emissions of greenhouse gases. Based on that it can be
stated that renewables and nuclear power resources seem much more suited to be
connected with water electrolysis. For example, wind power and photovoltaic technology
could be supplemented by the water electrolysis technology (with the coupled H> storage)
to mitigate their intermittent features caused by the changing weather conditions. In this
case, the produced hydrogen would indeed work as the energy carrier that stores the
excess of the generated electricity, which later can be released via CHP or fuel cell-based
means. Also, the excess of the produced H> could be used for different applications, e.g.
production of green ammonia or methanol. As for nuclear power, the generated steam and
electricity are ideal ingredients for the water electrolysis. It is quite prospective to
combine nuclear and water electrolysis technologies in order to yield multiple useful
products, and enhance the energy efficiency [73,74,84,85].
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Solar power-based alternative methods of H> production

When focusing on longer-term perspectives, solar power, which is very crucial to
humankind, may be also considered as a good direct source of energy for the H»
production. Apart from a photovoltaic cell (Fig. 2-14) that can convert solar energy into
electricity, and then energize the water electrolysis, there are different means that enable
producing hydrogen directly.

Photoelectrochemical water splitting in a photoelectrolytic cell is one of the methods
that enables absorbing sunlight energy and directly converting water into hydrogen and
oxygen via semiconductor components. As show in Fig. 3-5, when light is directed to a
semiconducting anode (n-type), it can absorb the photon energy. Both, electrons and holes
can be generated, if the absorbed energy is greater than the anode material’s band gap
energy. Then, water molecules are oxidized into oxygen at such photoelectrode, while the
concurrently generated H* ions are reduced to the gaseous hydrogen at a metal cathode
by the electrons transported via an external circuit [88,89]. Considering the whole water
splitting process, different issues should be take into account, which include choosing
proper photoelectrode materials that are cost-effective, and could give rise to
electron/hole pairs under sufficiently-low overpotential, the recombination of generated
electrons and holes should be minimized, and so on [89]. It is no doubt that this direct
solar-hydrogen energy conversion technology is carbon-free, and constitutes a very
promising method for H, production in the future. A large scale commercialization could
be realized when the applied photoelectrodes can exhibit high sunlight absorption
efficiency, as well as sufficient catalytic activity and good stability [88,89].

Fig. 3-5. A schematic diagram of a photoelectrochemical water splitting
(photoelectrolytic) cell [89].

Photobiological hydrogen production is another noteworthy approach. Obviously,
natural photosynthesis is widely-known with respect to generating organic matter. What

iIs worth paying attention is that photosynthesis could be also used for hydrogen
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production, which can be mainly realized by two different methods, water biophotolysis,
and photofermentative hydrogen production. There are two classes of microorganisms
that can be adopted in hydrogen generation, green microalgae and cyanobacteria. Green
microalgae produce reduced ferredoxin from the photosynthesis reaction, which could
reduce hydrogen cations in water to hydrogen molecules. The process is catalyzed by
hydrogenase enzyme. Cyanobacteria, interestingly, are able to carry out hydrogen
production and nitrogen fixation at the same time, with the help of hydrogenase and
nitrogenase enzymes, respectively. Photosynthetic bacteria (e.g. purple non-sulphur
bacteria) are able to break down organic matter, generating hydrogen as by-product when
sunlight undoubtedly work as the energy input. That is so-called photofermentative
hydrogen production. Overall, it is quite evident that solar power may play a different
role in photobiological hydrogen production if different microorganisms are involved in
the processes. However, remarkable enhancements in terms of efficiency and yield
production should be realized before this technology could be commercialized. So far, it
is still at an early stage of research [90].

Summarizing this section, a rather non-technical, but commonly used notation of
“hydrogen colors” should be introduced, which not only allows for distinguishing
different Hz production routes, but emphasizes on the related carbon emissions (Fig. 3-6).

THE HYDROGEN COLOR WHEEL IS EXPAND

An electrolytic production process similar to green Typically refers to hydrogm made
but powered by nuclear energy electrolytically with solar energy

Made by electrolysis using electricity from
renewable sources to split water into

One main pathway for global decarbonization. hydrogen and oxygen without emitting CO,

it combines gray hydrogen production with CO,
capture technology to minimize emissions
Hydrogen Naturally occurring hydrogen fourul
d in underground deposits
Splits methane from natural gas into hydrogen and S
solid “carbon black”, a critical raw material for 7 Produced by fermenting microbes found in
industry. No CO, emissions occur depleted oil wells. The process relies on
€O, capture for carbon neutrality

Derived from natural gas and the maost common Traditional process for making hydrogen,
production method today. It generates fewer which uses either black or brown coal (lignite).
emissions than black and brown methods It releases high amounts of COV

MOVE THE WORLD FORW>»RD MITSUBISHI
HEAVY
INDUSTRIES
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Fig. 3-6. The hydrogen color wheel [91].

3.3.  Hydrogen storage

As it is a highly combustible and explosive fuel, great caution should be exercised to
properly store hydrogen after its production. According to one of the classification
schemes, mainly two types of hydrogen storage, stationary and on-board, should be
considered. Speaking of the first one, a larger site can be occupied, and the physical
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conditions of the storage (e.g. temperature and pressure) can be tuned in a wider range.
Consequently, it is relatively less challenging than the on-board H: storage [73,74]. As it
can be seen in Tab. 3-2, hydrogen demonstrate the lowest energy density (by volume)
among other fuels/chemicals at the same conditions. Thus, in order to store H; efficiently
and safely when it comes in limited spaces, a specially designed method should be
considered. Meanwhile, it should be mentioned that such storage does not bring about
much problem with the weight.

Storing hydrogen in the liquid state seems as quite favorable, because other liquid
fuels, like gasoline and diesel, have been widely-applied in transportation. This is rather
convenient in e.g. a refilling scenario, and also, liquid hydrogen possesses higher energy
density than even highly-compressed H> gas. Nevertheless, what should be kept in mind
is that H2 boiling point is as low as at -253 <C under 1 bar, creating substantial problems
related to safety. A respective container or a vessel should have special insulation
characteristics, and low-temperature resistance. Furthermore, the evaporation of liquid
hydrogen cannot be neglected, contributing to the short storage time and additional safety
issues [73,74,92-94].

Tab. 3-2. Comparison of energy density between fuels, calculated using lower heating
values. Based on data from [72]

Fuel Ene[lr\% dme_g]sny Conditions
10.05 1atm; 15 C
Hydrogen 1825 206 bar; 15 C
4500 689 bar; 15 T
8491 liquid
32.56 1atm; 15 C
Methane 6860.30 206 bar; 15 <C
20920.40 liquid
Propane 86.67 1 atr_n; 1_5 <
23488.80 liquid
Gasoline 31150 liquid
Diesel 31435.80 liquid
Methanol 15800.1 liquid

Compressing hydrogen is another way for its storage. A remarkable difference can be
still made with regard to the energy density (in Tab. 3-2) at the same temperature, when
Ho is stored in the compressed state. For instance, 182 times higher energy density can be
achieved at the pressure of 206 bar (15 <C), as compared to that at 1 atm conditions.
Further increasing pressure, to the range of 600-1000 bar, can result in a much higher
energy density, but advanced materials should be applied to manufacture a suitable
cylinder too, e.g. composites based on carbon fibers [73,74]. Nevertheless, compressed
hydrogen still cannot reach the same volumetric energy density as gasoline or diesel fuels,
which causes problems with its adoption in portable applications. On the other hand, if
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e.g. salt caverns or similar underground geological structures are available, storage of H»
can be realized at the elevated pressures (ca. 20 MPa), with some promising results
already documented [95,96].

Alternatively, physisorption and chemisorption are also considered as prospective
hydrogen storage methods, and while the former one is about adsorbing hydrogen
molecules on the surface of different (solid) materials, the latter one refers to chemical
absorption of hydrogen [74,97]. Speaking of physisorption, carbonaceous materials are
one of the most promising candidates. For example, activated carbon that features a high
surface area and suitable porosity could deliver a storage capacity of 5 wt.%, but at very
low temperatures [98]. Zeolite-like carbon may show even a higher capacity of 6.9 wt.%
[99], while nickel-impregnated carbon nanotubes demonstrate a considerable capacity of
0.87 wt.% at room temperature, but at high pressures [100].

When it comes to chemisorption, metal hydrides are the well-known candidates.
Unlike the compression and liquefication, metal hydrides are able to absorb hydrogen at
moderate temperature and pressure conditions. In this case, hydrogen molecules would
be disassociated into atoms, then incorporated into the metal lattice, forming respective
metal hydrides. The process is illustrated by Eq. 3-13, in which M represents a metal
element (or an alloy) [101].

M +%/,H, & MH, (Eq.3-13)

Basically, the successful candidates should meet the requirements of high H» storage
capacity, moderate temperatures in both, H, absorption and release processes, as well as
ability for reversible cycling in prolonged operation. Still, in order to minimize the weight
burden in e.g. transport applications, light (metal) elements or alloys are in favor, like Li,
Mg, B, and Al. Among hydrides, NaAlH4 has been regarded as one the most promising
candidates for practical application, since it is known to reversibly store hydrogen,
reaching a capacity of up to 4.5 wt.%, when it is modified, e.g. by nanocrystalline TiO>
embedded in carbon (TiO.@C-doped NaAlH4) [102]. The achievable H. storage capacity
values for selected materials are summarized in Tab. 3-3. Obviously, in-depth studies are
still needed that should be dedicated to further adjustments of the absorption/release
temperature, improvements in reversibility, as well as kinetics of the reactions [101].

Alternatively to solids, H> can be also stored (and transported) with the use of liquids,
and in fact, ammonia appears as an obvious choice, due to the developed infrastructure
(ammonia is produced commercially by the Haber-Bosch process from hydrogen and
nitrogen). However, liquid ammonia is toxic, and the released hydrogen is somewhat
contaminated by traces of ammonia [103]. Last but not least, liquid organic hydrogen
carriers (LOHC) can be also regarded as a promising H> storage/transportation method.
Among candidate chemicals, N-ethylcarbazole appears as particularly suitable, as a
catalytic dehydrogenation process of dodecahydro-N-ethylcarbazole can be effectively
conducted, and the liquid carrier can be recycled. Theoretically, LOHC systems could be
implemented based on the current infrastructure constructed for fossil fuels. Such storage
has also other advantages, including high energy density, it is efficient and safe [104].
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Tab. 3-3. Comparison of hydrogen storage capacity in different type of materials.

Hydrogen storage
Materials capacity Conditions Reference
[wt.%]

Activated carbon 5 20 bar; -196 <C [98]
Zeolite-like carbon 6.9 20 bar; -196 <C [99]
Nickel-impregnated 0.87 100 bar; 25 T [100]
carbon nanotubes

TiO2@C-doped NaAIH4 4.5 100 bar; 50 € [102]

70 bar; 130-

N-ethylcarbazole (LOHC) 5.8 160 € [104]

3.4. Contemporary and future hydrogen applications

In order to create a prosperous future of the hydrogen economy, it is necessary to
discuss contemporary situation in hydrogen usage on the commercial scale. In 2022, the
biggest share of the global H> usage was as ascribed to industry, followed by refining at
the second place (Fig. 3-1). In the industry, as depicted in Fig. 3-7, the ammonia
production took up the largest share of the hydrogen consumption (60%), while methanol
accounted for 30%. It was followed by the steel industry for making direct reduced iron

(10%).

80 100%
60 75%
40 50%
20 @1 259
0 o’ O 9! 0%
2019 2020 2021 2022 2030
NZE
O Ammonia @Methanol @ Steel O Other ® Share of low emissions
(right axis)

Fig. 3-7. Hydrogen consumption in industry by sector [68]
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Although all other applications do not contribute considerably, it can be expected that
e.g. hydrogen can be admixed to the gaseous fuel used in the abovementioned CHP units.
Later, pure Hz can be used as well, so the renewable hydrogen can serve as fuel to provide
both, electricity and heat at the same time. This should be very beneficial in enhancement
of the energy efficiency, when deployed in domestic communities or office buildings. As
already briefly mentioned, one of the most prospective applications of hydrogen is for
fueling the fuel cells. This is undoubtedly an energy conversion technology featuring high
efficiency and clean low emissions (more information about it constitutes the main part
of the next chapter). Advantages are also apparent when various fuel cell-based vehicles
(cars, trucks, trains, etc.) are fueled with hydrogen, however, hydrogen storage, as well
as lack of fueling stations, still bring about serious challenges to the practical, massive
commercialization of such solutions. It should be mentioned here that traditional internal
combustion engines can also be fueled by hydrogen, after limited modifications
[73,83,105,106].

Finally, looking for the possible future growth of the hydrogen economy, with the
novel technologies realized, it is reasonable to envision a large scale application of (low
emission or clean) hydrogen for the benefits of human society. Such hydrogen can be
used to couple and decarbonize various industrial sectors (Fig. 3-8).
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Fig. 3-8. Sector coupling with the usage of clean hydrogen originating from electrolysis
(e-Hy). It is considered crucial to decarbonization of different industrial sectors [107].
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4. Introduction of fuel cells, with an emphasis on Solid Oxide cells

and oxygen electrode materials

Fuel cells are electrochemical devices capable of converting chemical energy of fuel
and oxidizer directly into electrical energy and heat. Typically, hydrogen is used as the
fuel, but in some types of the cells, also carbon monoxide or even (reformed) methane
can be utilized. They are known for their remarkable efficiency, which can be linked with
a lack of intermediate energy conversion steps. Also, some of the designs allow for
reversible operation, i.e. electricity can be used to split water into hydrogen and oxygen,
and the cell works as the electrolyzer [108,109].

Fundamental working principle of a typical fuel cell would be as follow: fuel is
catalytically oxidized on an anode, while oxygen (pure or coming from air) is catalytically
reduced at a cathode. Formation of the reaction product may take place at either of the
electrodes, depending on the type of charge carriers transferred via an electrolyte. To
balance the reaction, released electrons are transported via an external circuit. A
schematic diagram of fuel cells with O%- and H*-conducting electrolytes is shown in Figs.
4-1a and b. The typical reaction formulas are described in the equations presented in the
graphs as well (setting hydrogen as the fuel).

a b)
Air electrode r-—---= o=~ . Fuel electrode 20 - + Fuel electrode
N EA/HZ+0?'—»H20+2e- 4
¥ ' ' H,—2H*+2e-
Air = — ‘)Hfo - H,
— Yo Y 4
OH,0 //
‘ 3 — P =
I lp OH,0 . .
‘ , — Do 8
@H0 <
A Jo
1/20,+2e-—0% / —> OHo /
02 conducting electrolyte H* conducting electrolyte

Fig. 4-1. A schematic diagram of a fuel cell with the electrolyte conducting by a)
oxygen anions, b) hydrogen cations [110].

Accompanying the great research that has been conducted in previous and also recent
years toward development of the hydrogen economy, fuel cells and their application have
been considered as the main mean of bringing Ho utilization to daily life of humankind.
It is no doubt that fuel cells technology is one of the most popular approaches, in which
the advantages of hydrogen can be utilized. However, trials in history were indispensable
in this process. It was not until William Grove, who invented the prototype of a fuel cell
in 1839, that gases, such as ethylene and carbon monoxide, were selected as a fuel to
generate electricity. The design was later called a gaseous voltaic cell [111]. An array of
attempts have been done by followers, including Mond and Langer, who applied porous
structure of an electrode and platinum black as a catalyst. Also, trials by Bacon, who
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intended to implement ordinary materials, like nickel as electrodes, as well as hydrogen
and pure oxygen as fuel and oxidant, respectively, were of importance [111,112]. Those
enhancements greatly helped bringing fuel cells to the point, with which people are
familiar at present. Many years of development resulted in numerous designs. Nowadays,
there are several types of technologically-developed fuel cells (Fig. 4-2), and some of
them have been successfully utilized in terms of power generation [113].

=

Low temperature polymer LT-PEMFC  H, H+ _-— O, ~75°C

slectrolyte membrane fuel cell B H0
Direct methanol fuel cell DMFC CHE%H ,_—ﬁ H* —>: HOZO ~75°C
Alkaline fuel cell AFC W 4_'—{ OH ——o, ~90°C
4—
High temperature polymer + 02 T
slectrolyte membrane fuel cell HT-PEMFC H . 160°C
Phosphoric acid fuel cell PAFC H, —ﬁ H* —*: chzo ~180°C
4— 0, - a
Molten carbonate fuel cell MCFC 5. co, ,_'—{ CO3 T —co, 650°C
Protonic ceramic fuel cell PCFC H, —»{ H+ —>: ,_? 5 500-750°C
Solid oxide fuel cell SOFC H,0 ,_—( 0% |‘— 0, 500-1000°C
fuel I L
anode cathode air
electrolyte

Fig. 4-2. Main types of fuel cell. Notice the used abbreviations, ionic charge carrier in
the electrolyte, as well as arrows pointing direction of the electrochemical processes,
with reactants and products marked as well [113].

Some of the fuel cell designs have proven to be particularly useful, with larger-scale
stacks developed as well (up to MW, scale), and high efficiency obtained (even 60%).
The provided Tab. 4-1 summarizes data on five main fuel cell types, with an emphasis on
the applications, advantages, as well as challenges [114]. More details are also given in
the text below for selected types of the cells. An observation can be also made that in
different literature references the reported values of the efficiency, working temperature,
stack power, and other characteristics may vary somewhat, which stems from the constant
development process, as well as some differences in the definition of the actual
parameters.
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Tab. 4-1. Selected data on main five types of fuel cells, with the emphasis on the stack
size, efficiency, applications, as well as advantages and disadvantages [114].

Polymer .
Fuel Cell  Electrolyte Alkaline ggﬁipmm 21;1:;.:13 e Solid Oxide
Type Membrane (AFC) (PAFC) (MCEC) (SOFCQ)
(PEMEFC) :
Fuel H, H, H, Hy/CO/reformate  CO. H;
Oxadizer Oy, air O,. air O,, air C0,.0;. air O, air
Common Hydrated Mobilized or  Immobilized Immobilized Perovskites
Electrolyte Polymeric Ton Immobilized  Liquid Liquid (Ceramics)
Exchange Potassium Phosphorie Molten
Membranes Hydroxidein  Aecidin SiC  Carbonate in
asbestos LiAlO;
matrix
Operating 40-80°C 65-220°C 205 °C 650 °C 600 -1000 °C
Temperature
Typical 1KW-250kW 10-100kW 400W 300kW-3MW 1IkW-2MW
Stack Size
Efficiency 60% 60% 40% 50-60% 50-60%
(Transportation)
35%
(Stationary)
Applications  -Backup power  -Military Distributed -Electric utility -Auxiliary power
-Portable power  -Space generation -Distributed -Electric utility
-Distributed generation -Distributed
generation generation
-Transportation
-Specialty
vehicle
Advantages  -Solid -Cathode -High -High efficiency  -High efficiency
electrolyte reaction temperature -Fuel flexibility  -Fuel flexability
reduce faster in enable -Can use variety  -Can use variety
corrosion & alkaline -Increase of catalyst of catalyst
electrolyte electrolyte, tolerance to -Suitable for -Solid electrolyte
management leads to high  full impurities CHP -Suitable for
problems performance CHP&CHHP
-Low -Low cost -Hybrid/'GT
temperature component cycle
-Quick start-up
Challenges -Expensive Electrolyte -Pt catalyst -High High
catalyst management -Long start temperature temperature
-Sensitive to up time corrosion and corrosion and
fuel impurities breakdown of breakdown of

cell components
-Long start up
time

-Low power

density

cell components

Polymer Electrolyte Membrane Fuel Cells

PEMFCs are also referred as Proton Exchange Membrane Fuel Cells, emphasizing on
the ionic charge carrier in the electrolyte. In a PEMFC, a perfluorinated sulfonated
polymer membrane is usually adopted as the electrolyte that transports protons from the
anode to the cathode. Typical reactions occurring at these electrodes are shown in Egs. 4-
1 and 4-2, respectively:
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H, » 2H* + 2e~ (Eq. 4-1)
17,0, + 2H* + 2¢= > H,0 (Eq. 4-2)

Apart from the membrane, platinum or its alloys are necessary to be used, acting as
catalysts. This creates problems, as such materials are easily poisoned by carbon
monoxide, if for example, the used hydrogen is produced by fuel reforming. Another issue
is related to an increase in the manufacturing costs. It is worth noting that most PEMFCs
work at low temperatures, e.g. under 100 <C, which also means a short start-up time and
limited degradation of components. PEMFCs can reach a high electrical efficiency of 40-
60%. At present, a particular usage of PEMFCs should be mentioned, as they can be
installed in transportation vehicles, so called fuel cell vehicles (e.g. Toyota Mirai) [115—
118].

Alkaline Fuel Cells

AFCs feature in their construction alkaline electrolytes, typically, potassium
hydroxide solutions, which is favorable to the oxygen reduction reaction (ORR).
Reactions on both electrodes are shown as Eq. 4-3 (anode) and 4-4 (cathode).

H, + 20H™ - 2H,0 + 2e~ (Eq. 4-3)
17,0, + H,0 + 2~ > 20H~ (Eq. 4-4)

Nonetheless, the mentioned KOH solution can be easily affected by carbon dioxide,
which suggests using carbon-free reactants on both, the anode and cathode. This is
because hydroxyl ions, which act as the charge carriers, react with carbon dioxide,
generating carbonates. While the operating temperature range is broader (Tab. 4-1), AFCs
can also work in a low temperature range of 23-90 <C, which makes them suitable for
transportation or even space applications. Additionally, since nickel is usually chosen as
the catalyst for AFCs, this lowers the costs [112,115]. It should be also mentioned that
basically, an electrical efficiency of 60% could be reached by the AFC [116].

Phosphoric Acid Fuel Cells

With the liquid phosphoric acid adopted as the electrolyte, hydrogen ions work as
charge carriers in PAFCs, migrating to the cathode and reacting with oxygen ions to form
water molecules. Due to the higher operating temperature of PAFCs (150-200 <C), the
generated water on the cathode can be used for heating applications. Reactions on the
anode and cathode are illustrated in Eq. 4-5 and 4-6, respectively:

H, » 2H* + 2e~ (Eq. 4-5)

17,0, + 2H* + 2¢™ > H,0 (Eq. 4-6)
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Although PAFCs are not subjected to the negative influence of carbon dioxide like AFCs,
disadvantages of this design are also noticeable, which are mainly related to the applied
platinum catalyst, and relatively lower electrical efficiency (around 37-42%). However,
a much higher efficiency could be obtained, even as high as 85%, when the PAFC is used
in the CHP system [115-117]. After all, PAFCs are regarded as one of the most mature
fuel cell technologies, and were commercialized quite early [118].

Molten Carbonate Fuel Cells

MCFCs are classified as high temperature fuel cells, since they generally operate at
relatively high temperatures, on the order of 600-700 <C, in which molten lithium and
sodium carbonates act as the electrolyte. Owing to the high operating temperature,
MCFCs have fuel flexibility, so for example, natural gas and biogas can be fed as fuel.
The hydrocarbons can be internally reformed on the anode, yielding hydrogen and carbon
monoxide. Carbonate ions, a specific feature of MCFCs, combine with hydrogen forming
water and carbon dioxide, while oxygen reacts with carbon dioxide to generate carbonate
ions. The respective reactions on the anode (Eqgs. 4-7 and 4-8) and cathode (Eg. 4-9) are
provided as follow:

H, + CO%~ = H,0 + CO, + 2e~ (Eq. 4-7)
CO + CO%™ - 2C0, + 2e~ (Eq. 4-8)
1/, 0, + €O, + 2¢~ - CO% (Eq. 4-9)

The mentioned high temperature of the operation is desirable, as the use of noble metals
as catalysts is not needed, and the cells can reach high efficiency when applied with a
CHP. Nevertheless, the relatively poor longevity has been a major concern, since
components corrosion and degradation occur at such temperatures relatively fast
[112,115,117].

4.1.  Solid Oxide (Fuel) Cells

Solid Oxide (Fuel) Cells (SOFCs) feature all solid state configuration, which is
beneficial, as there is no need to immobilize a molten electrolyte. Initially, the devices
have been develop with the aim to work in the fuel cell mode. However, since the reversed
mode of operation became of broader interest for the hydrogen production (see previous
chapter), the high temperature Solid Oxide Electrolyzer Cells (SOECs), as well as Solid
Oxide Cells (SOCs) names started to be used. While designs of the SOECs are essentially
the same as that of the SOFCs, the mode of operation is of course changed. In the literature,
shortened name also became popular, and SOCs are considered as the devices capable for
the FC and EC operation. To further emphasize on this possibility, a word “reversible” is
also added before the SOC, with the rSOCs abbreviation used as well [119,120]. It should
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be also stated that in order to avoid confusion, “oxygen electrode” and “fuel electrode”
names should be used in this case.

SOFCs, or more broader, SOCs are among the most widely used fuel cell technologies
in the world, and their further development (in terms of materials, designs, integration
into energy grid, etc.) is quite an active research topic in the academia. The mentioned
main feature of SOCs is related to the transportation of either oxygen ions or protons
through the dense, solid electrolyte at elevated temperatures. It occurs effectively at 600-
1000 <C for the oxygen-conducting electrolytes, while at ca. 500-700 <C for the proton-
conducting electrolytes. In the latter case, the Protonic Ceramic Fuel Cells (PCFCs) name
is also used, and of importance, such devices can also work as Protonic Ceramic
Electrolyzer Cells (PCECs) [121].

In the case of a standard SOFC (oxygen ions as charge carriers), oxidation and
reduction reactions occurring on the anode and cathode can be described with Egs. 4-10
and 4-11, respectively:

H, + 0%~ - H,0 + 2e~ (Eq. 4-10)
17,0, +2e7 - 0% (Eq. 4-11)

Similar to MCFCs, also operating at high temperatures, SOFCs show good fuel flexibility,
which means that both, natural gas and gaseous fuel made from coal can be fed to the cell
[117]. In the case of carbon monoxide, the anodic reaction can be written as presented in
Eq. 4-12:

CO + 02~ > €O, + 2¢~ (Eq. 4-12)

High temperature operation also brings about downsides, including slow start-up and
cool-down, thermomechanical compatibility issues between components, and decreased
longevity due to corrosion and degradation [112,117]. Consequently, such drawbacks
potentially hinder SOCs from being applied for portable purposes, e.g. in vehicles. On
the other hand, high operating temperature opens other application scenarios, including
distributed power generation, auxiliary power option for community, and also CHP usage,
since the waste heat from (larger) SOCs can be reused in power generation as well,
increasing efficiency up to 60-80% [115,117].

As mentioned, most of the cells can work reversibly as SOECs, producing hydrogen.
In this case, surplus electricity (as the power source) and steam (as the feedstock) are
required. Nevertheless, the installed capacity of SOECs was far more less, as compared
to alkaline electrolyzers (data from 2022) [68]. When steam is fed to cathode, water
molecule is reduced into hydrogen and oxygen anion that later is transported through solid
electrolyte to the anode and oxidized into oxygen. Related reactions on the oxygen
electrode and the fuel electrode are demonstrated in Eq. 4-13 and 4-14, respectively [84]:

0%~ > 1/,0, + 2¢7 (Eq. 4-13)
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H,0 + 2e” - H, + 0%~ (Eq. 4-14)

Despite low adoption in the market, such devices are still regarded as very promising
and flexible energy conversion units. Again, the possibility for reversing the mode of
operation in SOCs should be mentioned, but importantly, carbon dioxide can be also
electrolyzed (reversed Eq. 4-12), which is regarded as another important advantage of
SOCs [122,123]. Overall, it can be stated that SOCs enable linking electricity, hydrogen,
and also, carbon dioxide utilization, and thus are facilitating prosperity of the hydrogen
economy, as well may (partially) help with the CO»-related environmental issues.

Considering enlarging the application of SOCs, an evident trend can be observed
throughout the research domain, which specifically aims at lowering the operating
temperature to the intermediate-temperature (600-800 <C, so called IT-SOCs) or even
low-temperature range (400-500 <C, LT-SOCs) [112,117,118]. Advantages are obvious
behind it, which would not only broaden the range of candidate materials for components,
particularly for sealants and interconnect materials, but should enable alleviating the
aforementioned drawbacks [112,124]. However, the main concern should lie in keeping
a good balance between the general performance and operating temperature. In order to
achieve this goal, it is quite necessary to have better understanding of the applied
materials for SOCs components, primarily including the fuel electrode, electrolyte and
oxygen electrode. This is crucial to make the direction of studying and developing novel
materials more accurate and efficient.

Fuel electrodes for SOCs

As it is the reaction site where fuel oxidation takes place, the sufficient catalytic
activity is the one of the key characteristics that SOFC anode candidates are supposed to
possess. Apart from that, other requirements should be taken into account as well,
including high electrical conductivity, thermomechanical compatibility, chemical
stability, and also, proper porosity for a good contact with the gas atmosphere [125,126].
Given that fuel electrode works in reducing atmospheres, metals would be favorably
chosen, like Pt, Co, Ni, and so on. However, platinum is too expansive, and also, usage
of metals directly on the oxide electrolyte is problematic, due to different thermal
expansion. Importantly, this would also strongly limit the length of the Triple Phase
Boundary (TPB), at which the electrochemical reaction takes place. Consequently, in
order to extend the TPB, at present, the most widely employed fuel electrodes are made
of the cermet-based materials [124-126]. Nickel combined with the yttria-stabilized
zirconia (Ni-YSZ, typically 8YSZ or 3YSZ) is the most popular cermet that has been
broadly applied in either commercial cells or for the laboratory use. Relatively low cost
and adequate catalytic activity make nickel a good option. YSZ is also an important
electrolyte material in SOCs (see below), featuring sufficient oxygen ion conductivity
and excellent chemical stability. Furthermore, porous skeleton of YSZ decorated with Ni
particles provides close thermal expansion behavior to that of the dense YSZ electrolyte.
During operation, nickel oxide particles (used to for preparation of the cermet) will be
reduced to metallic particles, dispersed in the YSZ skeleton, creating desirable number of
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reaction sites (long TPB), as well as desired porosity (ca. 30 vol.%) for the effective
contact with the gas atmosphere [125,127].

Similar approach, i.e. formation of a cermet with electrolyte material can be done for
other candidates. Also used as the common electrolyte, gadolinium-doped ceria (GDC,
typically with 10 or 20 at% of Gd) can be employed as a skeleton of the SOFC anode,
due to its high oxygen ion conductivity at intermediate temperatures (ca. 0.01 S cm™ at
500 T for Ceo.9Gdo.102-5) [125], consequently making Ni-GDC as another popular anode
for SOCs [125,126,128].

Nevertheless, nickel is susceptible to unfavorable processes, e.g. sulfur poisoning and
carbon deposition, since it facilitates decomposition of hydrocarbons, if they are fed as
the fuel [124-126,128]. Copper, on the other hand, is considered as promising to replace
nickel, because of its contribution of pure and very high electronic conductivity, enhanced
tolerance for sulfur poisoning, as well as inactivity toward carbon deposition.
Consequently, Cu-ceria and Cu-YSZ fuel electrode materials are of interest [124-126].
Similarly, both, cobalt and ruthenium have been also considered as replacements for
nickel, but their high cost is the main obstacle for possible application [127,128].

Another type of the SOFC anodes should be also mentioned, which comprises
perovskite-type oxides. Given that many of such oxides can relatively easily release or
accept oxygen into their lattice, as well as that numerous perovskites exhibit mixed ionic-
electronic conductivity with a relatively high oxygen ion component, they appear as an
attractive alternative. In this case, the presence of the second phase (e.g. YSZ) is not
needed. Moreover, compositional flexibility of perovskites and ability to accept dopants
at different crystal sites enable, for example, substitution with elements that may easily
change their charge state (e.g. Ti, Ni, Co, Mn and Fe). In this case, desirable level of
electronic conductivity can be also expected [125]. However, because of the reducing
conditions and high temperature of operation, higher concentration of easily-reducible
elements is problematic, as the material may decompose.

Lanthanum-doped strontium titanate (LaxSr1xTiO3) is one of the typical perovskite
oxides that possess high electrical conductivity and similar thermal expansion coefficient
to that of YSZ in reducing conditions [129]. Additionally, cobalt can also be (partially)
substituted at the Ti sites, enhancing the ionic and electronic conductivity [130]. Apart
from lanthanum, yttrium can be also selected as a dopant element for strontium at an
optimized content, which can strongly promote the electrical conductivity [131].
Lanthanum chromite (LaCrOz) is considered as a potential SOFC anode candidate as well,
with a number of works devoted to enhancing its catalytic activity toward different fuels.
The works show possibilities of Ca or Sr doping at the La sites, and Ni, Fe, Mn or Co
doping at the Cr sites [132,133].

At the same time, oxides with a double perovskite structure have also been studied as
fuel electrode candidates. For example, Sr-MgMoOs.; was proven as a prospective anode
candidate, due to a series of advantages, including mixed ionic-electronic conductivity
and tolerance towards sulfur poisoning [134]. Additionally, related chemical substitution
has been also studied in order to improve different properties of the material, and e.g. Co-,
Al- and Fe-doping are known to enhance its electrical conductivity [135-137]. Finally,
more complex approaches for development of the catalytically-active materials are also
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reported, for example, concerning exsolution of the metallic particles from the perovskite
backbone [138].

Electrolytes for SOCs

As mentioned above, the capability of using the solid electrolyte exhibiting ionic
conduction makes SOCs distinct from other fuel/electrolyzer cell types. It is worth noting
that oxygen ions migration in an electrolyte is a thermally activated process, resulting in
a strong temperature dependence [124]. Hence, many efforts have been devoted to
developing suitable electrolyte materials, especially for IT-SOCs. All electrolyte
candidates should meet critical requirements, involving high ionic conductivity, as well
as very low electronic conductivity, excellent chemical stability in reducing and oxidizing
conditions, chemical and thermomechanical compatibility with other components,
sufficient density (gas tightness). It is also beneficial if the material is low cost and
environmentally benign [124,139,140]. The most widely-known and commercialized
electrolytes are certainly the zirconia-based materials.

Pure zirconium oxide, ZrO, demonstrates the cubic fluorite structure, but at high
temperatures, and its electrical conductivity is very low. In order to stabilize its structure
down to low temperatures and induce presence of ionic conductivity, a proper doping and
subsequent introduction of the oxygen vacancies is necessary [124,139]. Different
elements can be considered as dopants at the Zr-site, which however must exhibit fixed
and lower valence than Zr**. In case of Y3* doping, the following defect formation
equation can be written:

ZTOZ
Y,0; — 2Y,,. + 30% + V;* (Eq. 4-15)

8 mol% of yttrium oxide used to stabilize zirconia gives so called 8YSZ material
(Zro.8aY0.1602.5), which is one of the most popular zirconia-based electrolytes. The
properly adjusted dopant content of yttria can fully stabilize the cubic structure, as well
as permits obtaining high oxygen ion conductivity at high temperatures [124,139]. Apart
from yttria, scandium oxide is also considered as a promising dopant in stabilizing
zirconium oxide (abbreviated as ScSZ), which is due to a fact that it can yield higher ionic
conductivity, as compared to YSZ. lonic conductivity dependence on temperature for
such electrolytes is illustrated in Fig. 4-3. However, doping with scandia brings about
negative issues, e.g. decreased long-term stability, and increased costs [124,139,140].
As commonly used electrolyte, YSZ has been implemented in either electrolyte-
supported cells working at high temperatures or since it forms Ni-YSZ cermet, it can be
applied successfully in anode-supported cells. In this case, thinner electrolyte layer
enables operation at lower temperatures (see Fig. 4-3 for the compared areas specific
resistances for 100 pm and 10 pm thin electrolyte layers). Nevertheless, traditional
zirconia-based materials might not be an ideal option for IT-SOCs, since either too low
oxygen ion conductivity and/or aging issues over the long-term operation [141,142].
Another crucial group of electrolytes comprises ceria-based materials. Similarly as
discussed above, Ce** has to be partially substituted by other metal elements having lower
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and not changeable valence state, like gadolinium and samarium. If so, oxygen vacancies
are favorably created. As it is also shown in Fig. 4-3, the typical ceria oxide doped with
10 mol% of gadolinium (abbreviated as 10GCO or also as GDC) demonstrates higher
ionic conductivity, especially at the temperature range of 500-800 <C, if compared to
different zirconia-based electrolytes (except 10ScSZ). Inevitably, disadvantages can be
still found in this type of electrolytes. The Ce*" will undergo partial reduction in low
oxygen partial pressures at high temperatures (from the fuel electrode side), which results
in an emergence of the electronic conductivity and consequently reduces the open circuit
voltage (OCV) [124,140-142]. On the other hand, such a disadvantage can be reverted as
an advantage, when GDC is combined with nickel oxide (abovementioned Ni-GDC),
equipping the fuel electrode with ionic and electronic conductivity.
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Fig. 4-3. Comparison of oxygen ion conductivity between common electrolytes [142].
Numbers prefixing the ScSZ or YSZ represent the x mol% of the dopant content,
10GCO refers to Cep.9Gdo.102-5 and LSGM8282 represents Lao.sSro.2Gag.sMgo.203-s.

When it comes to perovskite-type materials, LaGaOs-based oxides are known and are
widely used as the solid electrolytes as well, particularly when La- and Ga-site are doped
with Sr and Mg, respectively (LSGM). Studies suggested that the optimal doping
composition should be Lao.sSro.2GaossMgo.1703-s [139], which is very close to the often
used, also in this work, composition (Lao.sSro.2Gao.sMgo.203-5). As compared in Fig. 4-3,
LSGM8282 shows higher oxygen ion conductivity than GDC and zirconia-based
candidates at the temperature range of 600-800 <C, implying that it can be suitable for
application in IT-SOCs. Additionally, very low electronic conductivity component can
be confirmed in LSGM, making it distinct from GDC [124,139]. Nonetheless, undesirable
issues of such electrolytes are also worth paying attention to. First would be the lanthanum
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element migration, which results in formation of LaSrGazO; that blocks oxygen ion
conductivity [143]. Second is ascribed to the reaction between LSGM and nickel oxide at
high temperatures, forming LaNiOs phase, which is not conducting oxygen anions
[139,144]. This is certainly an obstacle, when the nickel-containing ceria-based fuel
electrode (e.g. Ni-GDC) is applied. Therefore, for example, Lag.4Ceo602-5 (LDC) must be
applied as a buffer layer between the LSGM electrolyte and Ni-GDC electrode. It can
effectively prevent the abovementioned issues, due to the similar lanthanum
concentration in both, LSGM and LDC, as well as the fact that no reaction between NiO
and LDC occurs [139,144]. Summarizing this section it should be also mentioned that
unfortunately there are significant problems with making anode-supported designs, which
are based on LSGM electrolytes.

Apart from optimizing oxygen ion conductivity in solid electrolytes, protonic
conduction appears as another direction for development of the effective electrolytes for
fuel cells. Setting Y-doped BaZrOs-based (BZY) electrolytes as an example, an excellent
bulk proton conductivity must be mentioned, as compared to the ionic conductivity of the
abovementioned oxygen ion conductors, which also appears at the lower temperature
range (e.g. below 700 <C). This is very favorable to the design of a particular type of IT-
SOCs, named as PCFCs (Fig. 4.2) [145].

Oxygen electrodes for SOCs

An oxygen electrode plays a paramount role in the oxygen reduction reaction (ORR),
as it was already aforementioned. Specifically, the functional oxygen electrode should be
able to conduct (participate in) the following steps of the reaction: oxygen diffusion in
the gaseous phase through the porous structure of the electrode, oxygen adsorption on the
electrode’s surface, dissociation of oxygen molecules, catalytical reduction of the
adsorbed oxygen atoms with electrons collected from an external circuit, transportation
of the oxygen anions to the electrolyte, either at the TPB and/or through the bulk of the
electrode (Fig. 4-4) [124,140,146].
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Fig. 4-4. A schematic diagram of the oxygen electrode reaction routes. Route 1
represents situation if the electrode material is a pure electronic conductor. The TPB as
the main reaction site is marked with a red circle. Route 2 means that the material shows
also ionic conductivity, so oxygen can be incorporated to the bulk of the electrode.
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Consequently, an array of requirements has been necessarily summarized over the
past decades of studies of the candidate oxygen electrode materials, which involves:
sufficiently-high electrical conductivity (on the order of 100 S cm™) with oxygen ionic
conductivity, possibility of manufacturing porous sinters, mild thermal expansion
(comparable to that of the solid electrolytes) with a limited chemical expansion effect,
good chemical stability, chemical and thermomechanical compatibility with other
components, and obviously, sufficiently-high catalytic activity toward the ORR. Also,
low costs in manufacturing and limited usage of toxin elements are also positive features
[140,146]. It should be mentioned that if the oxygen electrode should work in the
reversible SOC, sufficiently-high catalytic activity toward the oxygen evolution reaction
(OER), as well as stability in atmospheres with high oxygen partial pressure are also of
importance [147].

Basically, the main step of the electrochemical reaction on the oxygen electrode
would take place at the triple phase boundary, which provides the junction of the gas
phase, electronic electronically conducting phase, and oxygen ionic conducting phase
[118,124,128,140,146]. However, as it was previously mentioned, introduction of the
high performing IT-SOCs would create a bright future for further adoption of the
technology, as the lowered operating temperature broadens choice of the materials and
increases the application scenarios. Nonetheless, at lower temperatures a much higher
overpotential (as compared to the behavior of the fuel electrode) would make the oxygen
electrode the strongly hindering element in the operation. This is due to much lower ORR
kinetics in the intermediate temperature range [124,140,146]. Thus, it is imperative to
focus on the development of new oxygen electrode materials that can carry out ORR
efficiently at the reduced temperatures. An obvious direction is an introduction of the
mixed conductors, as in this case the bulk diffusion of the reduced oxygen anions is
possible (route 2 in Fig. 4-4), which speeds up the reaction [148].

4.2.  Perovskite oxides for SOCs oxygen electrodes

By far, the most well-known and also commercially-applied material for the oxygen
electrode is the strontium doped LaMnOz-based oxide (LSM). The material shows single
perovskite structure (formulated generally as ABO3), in which larger La cations occupy
the A-site, and are twelve-coordinated with oxygen anions. Smaller Mn ions are present
at the B-site, and six-coordinated with oxygen anions, forming corner-sharing network of
octahedra, as can be seen in Fig. 4-5. Oxygen nonstoichiometry can be neglected in LSM.

Fig. 4-5. A unit cell of a single (cubic) perovskite structure with ABO3 formula.
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Bearing in mind that majority of the actual perovskite-type materials do not crystallize
in the perfect cubic (Pm — 3m) symmetry, the famous factor called Goldschmidt
tolerance factor (t) has been widely used to characterize the extent of the structural
deviation. Its calculation method is illustrated in Eq. 4-16, in which r,, 15 and ry
respectively represent the ionic radii (in the proper coordination) of the A- and B-site
elements, as well oxygen [146,149,150].

_ (ratrp) )
- e (eq 416

Worth mentioning is that while values of t close to 1 usually indicate favorable structural
conditions for the perovskite structure formation, and for larger discrepancy from the
unity, usually stronger distortions are present. it is not possible to predict the actual
symmetry based on the value of the parameter itself [151].

In the mentioned LSM, introduction of strontium plays an important role regarding
electronic transport properties. Increasing strontium doping content (even up to 50 mol%)
should improve the electrical conductivity, since it increases concentration of the
electronic holes, as depicted in Eq. 4-17 [146,150,152]:

LaMn03
SrO —— Sr' 4 + Mny,,, + 0F (Eq. 4-17)

Creation of holes, which can be associated with Mn** cations, results in the possible
electron hopping between manganese cations. Also, since MOs octahedra are sharing
corners, the hopping takes place with the participation of oxygen, which can be written
as -Mn®*-0-Mn**- — -Mn**-O-Mn**-, representing double exchange (Zener mechanism)
[153]. It is also of importance to realize that interaction of 3d metal and oxygen in the
octahedra generates a complex set of energy levels, as presented in Fig. 4-6. The most
important states for the perovskites are the (antibonding) t,, and e, states, filling of

which has determinative role on the electronic transport [154].

2p

Fig. 4-6. Energy levels of the 3d metal MOg octahedron [154].
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Talking back about the LSM, however, an attention should be paid to its poor oxygen
ion conductivity, which restricts the ORR to take place only at the TPB, as highlighted
by the red circle in Fig. 4-4 [146,152]. On the other hand, given that LSM shows good
chemical compatibility with YSZ electrolyte when the strontium doping content is lower
than 30 mol%, it is feasible to introduce Y SZ as the ionic conductor to prepare LSM/YSZ
composite oxygen electrodes [124,140,146,150,152]. For instance, an anode-supported
full cell with LSM/YSZ used as the oxygen electrode reached a maximum power density
of 1.8 W cm at 800 <T [155]. Nonetheless, aiming at developing effective and efficient
oxygen electrodes for IT-SOCs, and considering the poor performance of LSM at reduced
temperatures, materials possessing mixed ionic and electronic conduction (MIEC), which
allow extending the oxygen reduction to the whole surface of the electrode, as drawn in
black-dash line in Fig. 4-4, would be highly-favorable [124,146,149,152].

Owing to the better ionic and electronic conduction, as compared with LSM, cobalt-
based perovskite materials are typical MIECs applied in IT-SOC oxygen electrodes [146].
For example, Sr-doped LaCoOs.s shows high electrical conductivity and good oxygen
(bulk) diffusivity, as well as good catalytic activity toward O dissociation, which
together contribute to the excellent electrocatalytic activity. This in consequence results
in very low electrode polarization resistance (R,) values [156,157].

The intrinsic MIEC behavior of La1xSrxCo03.5 (LSC) comes from a difference in how
the doping with strontium influences properties of LSC. The difference can be presented
in the following Eqg. 4-18:

LaCoO3

Sr0 —— St 1o+ (1 —n)Col, +n/2V5" +n/20, T (Eq. 4-18)

In other words, not all cobalt is oxidized, and the charge balance partially comes from an
emergence of the oxygen vacancies. Obviously, depending on the doping level,
temperature and the oxygen partial pressure, the respective amounts of the ionic and
electronic defects vary. The formed oxygen vacancies are crucial for the ionic conduction,
in which the jumping oxygen has to cross a saddle point, as depicted in Fig. 4-7 [158].

Fig. 4-7. The middle point for the oxygen jump in the ABOs.s perovskite structure, 7,
stands for the critical radius. Based on [158].
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Nevertheless, ascribed to the spin states transition of Co (from tzﬁge_g to tg*gej),
relatively weak Co-O bonds, and chemical expansion due to the oxygen release at high
temperatures, the observed very high thermal expansion coefficient (TEC) is the
undeniable downside of such materials. It can exceed 20-10° K™%, about twice if compared
to LSGM or GDC (10-12-10° K1). Replacing La by other lanthanides, like Pr, Nd, Sm
and Gd may partially alleviate this issue, due to the decreased concentration of the oxygen
vacancies, as well as the limited reduction of Co*" [146,159-161]. It is also possible to
prepare composite electrodes based on LSC. For example, the R, of La4SrosC00s-s-
Ceo.9Gdo.102-5 made with a weight ratio of 3:2 reached a very low value of 0.052 Q cm?
at 600 <T, enabling to achieve a peak power density of 1.34 W c¢cm for a SOFC at the
same temperature [162].

Another effective method to alleviate the downsides of Co-based perovskite materials
is doping with other transition metals at the Co-site, which corresponds to lowering of the
Co content. If done properly, it also enables maintaining reasonable electrochemical
properties at the same time. Lao.Sro.4C00.2Fe0 8035 (LSCF6428) electrode could reach a
low R, value of 0.103 Q cm? at 750 <T, and a peak power density of 572 mW cm™ at
700 <C of the SOFC was reached [163]. This type of material also features the high
electrical conductivity and fast oxygen exchange and diffusion ability on its surface and
bulk, respectively [146,149,160]. Additionally, with lower Sr-substitution, LSCF exhibit
acloser TEC to solid electrolytes, which is due to the lower oxygen vacancy concentration
and its changes with temperature. Although LSCF oxides demonstrate good chemical
compatibility with ceria-based electrolytes, they cannot be applied directly on YSZ,
because of the interfacial reaction [140,146]. Furthermore, replacing La with Ba can also
yield excellent performance, and BaixSrxCoiyFeyOss (BSCF) are considered as
outstanding oxygen electrode materials. For instance, a very low value of R, (0.055-
0.071 Q cm? at 600 <T) was obtained with Bao.sSrosC0o.sFeo20s-5 (BSCF5582) electrode
[164]. Besides that, the B-site substitution with transition metal elements like Ni, Mn, and
Cu is also regarded as an effective solution toward addressing the problems of Co-
containing perovskites, and their introduction causes an emergence of interesting
physicochemical properties, and even possibly, results in better electrochemical
properties than for the unmodified composition [146,160].

Apart from single perovskites, layered perovskite materials are also well-known as
candidates for oxygen electrodes for IT-SOCs. Among them, oxides with KzNiFs-type
structure are an interesting group of materials. As the representative material, LazNiOas+s
(LNO) has been intensively studied, due to its high oxygen diffusivity that, unlike LSCF,
results from presence of the interstitial oxygen. The diffusivity is characterized as being
higher than that of LSCF (Lao.6Sro4Coo.2Feos0s-s), but lower than observed for LSC
(Lao.3Sro.7C003-5) [165]. Furthermore, it features the mild thermal expansion behavior
that is close to either YSZ and GDC, making it a good candidate for usage in IT-SOCs
[146,160].

Meanwhile, double perovskite oxides, formulated as LnBaB2Os.5, in which Ln
usually refers to different lanthanides or yttrium, and B means the transition metal
elements, have been a hot topic over the past decades. LnBaB20Os+s compounds (less
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commonly written as LnBaB20e.5) have a distinct feature of alternating arrangement of
LnOs and BaO layers along the c-axis, as shown in Fig. 4-8, which is favored by the radii
difference between Ln®* and Ba?* cations. In this case the oxygen vacancies are
preferentially located in LnOs layers [166]. This layered structure, in consequence,
generates fast oxygen anions diffusion channels, enabling such materials to exhibit very
good, but anisotropic oxygen conduction capability [167].

Fig. 4-8. A unit cell of a double perovskite structure of GdBaCo20s. Please notice
that the Gd-related layer is completely empty (6 = 0) in this model.

In this group of materials, LnBaCo0,0s+5 are undoubtedly the most widely-studied
candidates. Kim et al. conducted work showing that the power density of (identically-
constructed) LSGM-supported full cells decreased with the decreasing radii from La%* to
Gd®*, when LnBaCo0,0s+; were evaluated as oxygen electrode materials [168]. Also,
partial substitution with Sr at the Ba-site improves the power density of a single cell, due
to the possible enhanced oxygen transport ability [169]. Apart from very good oxygen
transport ability, LnBaCo020s.+s also demonstrate excellent electronic component of the
conductivity, with values above 100 S cm™ up to 900 <T in air. This can be ascribed to
the effective small polaron hopping mechanism based on the good overlapping in the -
Co-0O-Co- conduction chains, making LnBaCo020ss excellent MIEC materials [168-171].

As mentioned above, cobalt-based perovskite materials, also LnBaC020s.5, with full
occupancy of the B-site by Co, suffer from the negative issues like high TEC values,
unwanted cobalt diffusion, and all environmental and cost-related issues associated with
using of Co element [172-174]. A clear trend can be seen with respect to the development
of novel oxygen electrode material, which is aimed at partial or even complete
replacement Co with other transition metal elements, but at the same time, maintaining
comparable electrochemical properties. Yang et al. explored the possibility of using
material with only manganese at the B-sites, and obtained a low value of R,, of only 0.066
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Q cm? at 900 <T [175]. Also, mixed Co/Mn-containing samples yielded a desirable
catalytic activity, with R, of 0.081 Q cm? at 900 <TC [176]. At the same time, Choi et al.
studied the Fe as a candidate substitution element at the Co-site, and obtained R,, = 0.056
Q cm? at 600 °C for the PrBaosSrosCo1sFeosOs+s oxygen electrode material [167].
Similarly, favorable results could be also gained from Ni-doped perovskites, for which
the R,, value was found as 0.056 Q cm? at 700 <TC if PrBaCo16Nio.4Os+5 was used [177].

In the meantime, a new concept of high entropy oxides (HEO) has been introduced.
If applied to perovskite-type materials, the multicomponent occupancy is typically
present at either the A- or B-site, generating a high configuration entropy. This may
correspondingly give rise to enhancements with regard to the electrochemical or various
physicochemical properties. For example, Dagbrowa et al. explored the possibility of using
LaixSrx(Co,Cr,Fe,Mn,Ni)Os.s and (La,Pr,Nd,Sm,Gd)BaCo020s+5 as oxygen electrodes,
and obtained desirable cell performance [178,179]. Single perovskite-type oxides, as for
instance non-equimolar Sr(Fe,TigCo,Mn;)Os-s with medium configurational entropy, was
also studied, and was proved to show improved structural stability by the suppressed
strontium segregation [180]. It seems that this emerging field, and the new materials
obtained via introducing multiple elements into the crystal structure, shall be very
promising, and it is a useful way to tune the original oxides, and equip them with
enhanced or even new features [181]. In a summary to this section, the related information
of selected SOCs has been gathered, and can be found in Tab. 4-2.

Tab. 4-2. Comparison of common materials applied in SOCs or related reversible mode.

Polarization
Oxygen Fuel Power resistance
electrode Electrolyte electrode density (symmetrical Reference
cell)
LSM/YSZ Ni/YSZ
1.8 W cm;
(50:50 YSZ (anode- 8800 2:“ : ; [155]
wt.%) supported)
LSCIGDC NIVGDC 14 54w em2, | 0.052 @ om?
(30:20 GDC (anode- 600 T 600 € [162]
wt.%) supported)
0.57 Wcm?; | 0.103 Q cm?;
LSCF GDC - 200 € 250 € [163]
Ni/GDC
19 W em?;
LNO GDC (anode- | 12 W e : [182]
650 T
supported)
LSGM .
LBCO | (electrolyte | NiigDc | &2 Wem™ - [168]
800 T
-supported)
LSGM 0.92 A cm™
Baoel L
acog an_4 (electrolyte nggro'z 1.4V, - [183]
3 -supported) : 800 €
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5. Copper as the B-site element in perovskite-type oxides

As discussed in the previous chapter, seeking for promising substitution at the B-site
has been reckoned as an effective approach to address negative issues associated with the
presence of cobalt in the candidate oxygen electrode materials for SOCs. Among the
obvious choice dopants, other 3d elements are of interest, but until now researchers have
rather concentrated on Fe, Mn or Ni, while (surprisingly) substitution with copper has not
been studied in this aspect in details. However, it seems that due to its special properties,
copper, as one of first row transition metal elements, should be taken into such
considerations thoroughly. Pure copper appears as red-orange-like metal, with excellent
ductility and malleability. Importantly, copper features a very high electrical conductivity
at room temperature, ~6.010° S cm™, and a melting point of 1084.62 <C. There are
abundant Cu reserves around the world, and the element is rather environmentally benign,
as well as not so expensive. Based on those properties, copper is widely applied in
different industrial branches, also in the power generation industry (e.g. electric wires)
[184,185].

Regarding copper-based oxides, especially those with complex chemical composition
and structural features, interest in the research and development was highly strengthen by
the discovery of a new class of high-temperature superconductors from the La-Ba-Cu-O
system by J.G. Bednorz and K.A. MUler in 1986 [186]. Extensive research activities have
been carried out to fully understand the phenomenon of the superconductivity, which
apart from the important basic science results, yielded development of new materials,
such as YBa2Cu3zO7-5 or Laz-xSrxCuOszs [187-189].

In oxides, Cu is commonly present as Cu*, Cu?* and Cu®", which corresponds to the
3d%°, 3d®, and 3d® electronic configuration, respectively. Copper cations can be present in
different crystal coordination, which is depicted in Fig. 5-1 on an example of A2BO4xs3
series (i.e. perovskite-related oxides having AO and ABOs-like structural elements) [190].
In the meantime, it is also of importance to describe how different crystal coordination
affects the electronic states of copper cations. This is critical considering possible
behavior of Cu-containing oxygen electrode materials for SOCs. As shown in Fig. 5-2, if
Cu?* (3d° would be located in the perfect octahedra, the tyq states are fully occupied,
while three electrons are present in the eq levels (t2o°eq%). This results in the net spin S =
Y. This explains a very common Jahn-Teller effect present in many case (i.e. for the six-
fold coordinated Cu?*), causing elongation of the z-axis (tetragonal distortion, in-plane
compression). In the discussed case the x2-y? orbital is occupied by a single electron.
However, if Cu®* (3d®) would be present in such coordination, tzs°es? configuration may
be present, if the splitting of the energy levels between the z? and x?-y? orbitals is
sufficiently large. Nevertheless, due to large ionization energy needed, it is not acommon
charge state of copper, but if mixed states are present, x2-y? electron can be mobile [191].
Another stable configuration for Cu®* (3d®) is in the z-axis tetragonal pyramid (five-fold).
Reducing copper in this situation would be rather difficult, without increasing the
coordination number. Similar situation is for the square-planar (four-fold) case [191].
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Fig. 5-1. Presence of Cu cations in octahedral, square-planar, and pyramid crystal
coordination. Structural models represent the a) T-, b) T’-, and c) T*-type structures of
Cu-based A2B0O,.;5. Based on [190].
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Fig. 5-2. Electronic states (occupation of orbitals) of selected copper cations present in
different structural coordination at the ground state [191]. Note that 3d® and 3d®
represent Cu?* and Cu®*, respectively.
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As it was also mentioned previously, electrocatalytic activity is undeniably
recognized as one of the most important properties for SOC oxygen electrode materials.
As for the perovskite-type oxides, which feature BOs octahedra-based structure, their
interaction with gaseous oxygen (e.g. under the oxygen-releasing process) involves
formation of structural units with a lower coordination number, especially at the surface.
The discussed BOs pyramid-like structure is important, as this can be an active site for
the oxygen reduction, in particular, at high temperatures [192]. Electronic states
occupancy for the selected other 3d elements present in the BOs pyramids is shown
schematically in Fig. 5-3a. As also presented in Fig. 5-2, through the orbitals overlapping
and interactions, the 2p atomic levels of oxygen and 3d levels of the transition metal
elements are hybridized, in the same way as for CuOs. However, since different total
number of electrons is available, the respective fillings of the eg and tog States differ. Again,
presence of mixed states of the 3d metals may complicate the picture significantly.

It is worth noting that the aqueous ORR activities desirably reach the peak value when
the electronic occupation of the (top energy) eq levels is close to 1, e.g. for Mn®*, Co®",
and Ni%*. It is also known that a similar trend is present for the OER, with the maximum

at about 1.2 [193].
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Fig. 5-3. a) Electronic occupation of common transition metal elements in the case of
BOs coordination. Please notice formal +3 charge state. b) Comparison of related
agueous ORR activities among the discussed elements. Based on [193]. Note that colors
of yellow, orange, blue-green, green and white represent Cr, Mn, Co, Fe and Ni,
respectively. Pink represents mixed sites.

Regarding Cu-based oxides, the available data on the electrocatalytic activity at low
or high temperatures are very limited. This is because the electronic configuration (eq
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filling) for those materials seems as not optimal. Considering for example Cu3* present
in the square pyramid (txs°eq?), already two electrons occupy the ey levels, so the
electronic charge transfer during the adsorption, dissociation, and reduction of the oxygen
molecules seems as no easy to be described. But it may be speculated that with the
electron transfer from another (neighboring) Cu?* site, this may happen, as x2-y? electrons
may be mobile and jump between the (octahedral) sites. In other words, oxidation of Cu
has to happen at the different than the adsorption site.

For only Cu-based perovskite oxides, rhombohedral LaCuOs.5 appears as the parent
and most interesting example. If close to oxygen stoichiometry (6 = 0), it is characterized
as an excellent electronic conductor, which can reach a conductivity magnitude of above
10° S cm at room temperature. It also features other special physicochemical properties,
like Pauli-like magnetic susceptibility and metallic properties down to 77 K [194].
Meanwhile, rigorous synthesis conditions are required in order to obtain stoichiometric
LaCuOs, for example, it can be synthesized at 1400 <T under a very high oxygen pressure
of 5 GPa [195]. Less oxidizing conditions result in a significant decrease of the oxygen
content, which strongly affects the properties. Such materials exhibit reduced
conductivity and oxygen vacancy ordered structures [196,197]. Also, the stoichiometric
material can decompose into La,CuO4 and CuO [198].

It is reasonable to set LaCuOs as an anchor, but chemical modifications must be
explored, so derivative perovskite-type candidates can be obtained based on it. For
example, in order to keep total Cu occupancy at the B-sites, doping with +2 elements can
be done at the A-site at the same time, which would make the synthesis much easier.
When a ternary system of LaCuOs-SrCuOx-BaCuOy is considered, as depicted in Fig. 5-
4, it is quite explicit that both, Sr and Ba are favorable dopant elements at the La-site.
Accordingly, samples including Lao75Sro25CuQOs5,  Lao7sSro.1sBaoiCuOss  and
LaosBao2CuOs5 could be successfully synthesized via either sol-gel or solid-state
synthesis methods. Since the materials exhibit various types of cation- and oxygen
vacancy-ordering, their composition is often written in a more complex way, to reflect
the structural features. Respectively, the notation can be also presented as LazSrCusO12-s,
LasBao.6Sro.4CusO12-5, and LasBaCusO1s.5, respectively. Since copper in such oxides is
present in different CuOx coordination, it implies that complex, but potentially favorable
electrocatalytic and mixed ionic-electronic transport properties may be present. As it has
been shown in previously work through a series of characterizations, all of those oxides
exhibit excellent electrical conductivity (above 300 S cm™ up to 800 <T), as well as show
remarkable catalytic activity toward the ORR, LaogBao2CuOs.s in particular. The
electrode based on the latter material enabled reaching a peak power density value of 1.05
W cm2at 900 T in a LSGM-supported button-type SOFC [199]. Interestingly, in another
work focused on doping with Sr at the La-sites, a peak power density of 0.65 W cm at
800 < could be also obtained, with the Lao.75Sro.2sCuO25-5 used as the oxygen electrode
material [200].

Considering the above, it seems as a very promising direction to explore more
possibilities according to the discussed ternary system. For example, as marked in red in
Fig. 5-4, LaosBagsCuOs.s composition, in which more Ba was used to stabilize the
structure, should be possible to synthesize easily, and can be expected to possess similar
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or even better physicochemical and electrochemical properties, as compared to
LaosBao2CuOs;. This is due to the complex, and partially oxygen vacancy disordered
structure, which was detected in this case [201,202].

Also, the B-site doping can be interesting, if for example other transition metal
elements can be introduced, as e.g. with 50 mol.% of Ni doped at the Cu-sites. The
resulting LaNiosCuo503-5 oxide was found to possess a suitable set of physicochemical
properties, enabling to reach a peak power density of 0.87 W cm at 900 <TC, if applied in
a lab-scale SOFC [203]. Additionally, the TEC and performance of the single cell having
more standard LSCF electrode (Lao.6Sro.4Coo.2Feo.803-5) can be improved by Cu-doping
as well [204].

When it comes to double perovskite structure, copper can also play an important role
in improving the thermal expansion behavior, while maintaining excellent electrocatalytic
activity. For example, encouraging data were published for GdBaCozsFe23Cuz/30s+5
oxygen electrode [205]. Overall, it can be therefore stated that considering the
enhancements in the economic aspects, environmentally-friendly nature, and encouraging
electrochemical data already reported, copper should be undoubtedly thought highly of
in order to develop novel oxygen electrode materials for IT-SOCs.
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Fig. 5-4. A diagram of LaCuOz-SrCuOx-BaCuOx ternary system. Selected, already
obtained samples materials are highlighted. Also, visualizations of two different unit
cells are provided. Based on [199]. Note that a large part of the diagram is not explored
yet, with the expected wide ranges of concentrations, for which it is not possible to
synthesize phase-pure samples.
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6. Aim of the work and initial hypotheses

Considering the abovementioned elaboration of the up-to-date issues concerning the
development of oxygen electrode materials for SOCs, it is reasonable to understand the
demand for novel compounds, and necessity for their systematic studies, especially
regarding the intermediate temperature range of the application. Perovskite-type oxides
are certainly the most promising option to start with, but the widely-used cobalt in such
candidate oxygen electrode materials can be identified as a double-edged sword, with
strong downsides involving its toxic nature, environmental pollution, questionable
policies regarding its extraction, high costs of manufacturing, as well as unresolved
problems of the chemical expansion effect in the Co-rich perovskite oxides. Thus, the
basic intention of this work is to develop new types of the complex oxides, with limited
Co content, as well as completely Co-free alternatives, which possess suitable set of the
physicochemical characteristics, as well as exhibit good electrocatalytic properties,
making them excellent candidates for manufacturing of the oxygen electrodes for IT-
SOCs. Importantly, the previous works have shown that copper can be a very prospective
element, which can be successfully doped at the B-site of the basic ABOz3-s structure,
partially replacing or fully substituting cobalt. However, depending on the dedicated
application, the exact combinations of the substitutions at the A- and B-sites still remain
unknown.

6.1.  Objectives of this thesis

The main scientific aim of this thesis comprises selecting the proper substitution
schemes of Cu-doped and Cu-based complex perovskite-type oxides, and systematic
studying of their physicochemical and electrochemical properties, which shall enable
developing the new generation of oxygen electrodes for IT-SOCs. Specifically, this aim
can be regarded as having both, strictly scientific and practical respects. Regarding the
scientific studies, the objectives and targets can be stated as follow:

e In the La-Ba-Cu-O system, the LaisBa1.sCusOzrzs triple perovskite (denoted also as
LaosBansCuOs5) can be identified as the candidate Co-free oxygen electrode
material. Systematic studies of this compound, having partially disordered A-site, as
well as exhibiting specific oxygen vacancy-related features, are proposed to confirm
it, focusing on the crystal structure, morphology, chemical stability, and transport
properties, with the supplementary Density Functional Theory (DFT) computations.
The research involves optimization of the synthesis methods, determination of the
lattice structure and unit cell parameters at room temperature and high temperatures
by X-ray diffraction techniques with Rietveld refinements, evaluation of the surface
properties by Raman spectroscopy, microscopy studies of the material’s morphology
and microstructure, determination of the oxygen content by iodometric titration, and
evaluation of its changes at elevated temperatures in varied atmospheres by
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thermogravimetric studies, measurements of the thermal expansion behavior,
electrical conductivity, as well as chemical compatibility with common solid
electrolyte materials.

e GdBapsSrosC02.xCuxOs+s (x > 1) system of double perovskite materials appears as
especially interesting, as the proper chemical composition at the A-site allows
maintaining the layered structure, and at the same time, Cu-doping can be
successfully done, replacing at least half of the cobalt at the B-site. Such compounds
are expected to possess suitable characteristics as the candidate oxygen electrode
materials, and systematic evaluation of their properties is proposed. Similarly as in
the first system, the research shall involve optimization of the preparation method,
evaluation of the structural features, morphology, chemical stability, and electrical
properties, with the additional DFT calculations. Also, modification of the micro-
morphology of the selected electrode material is proposed, which can be successfully
conducted by the electrospinning technique.

e  With the emergence of the so called “high entropy approach”, studies of the possible
synergistic effects appearing in the multicomponent perovskite-type oxides are of
interest concerning development of the oxygen electrode materials. Consequently,
the compositionally-complex Lao.sSro.4Nio.15Mno.15F€0.15CUxC00.55-x03-5 (X = 0.05-0.2)
perovskite-type oxides can be proposed, in which Cu-doping can be realized, limiting
the Co content as well. In a similar manner as above, the planned research involves
optimization of the synthesis conditions, evaluation of the crystal structure,
microstructure, determination of the chemical stability, and transport properties. Also
in this case, the morphology of the selected oxide can be performed by the
electrospinning technique.

e Studies of the rate determining steps of the reactions occurring on the oxygen
electrode are of crucial importance to have a deeper insight into the electrocatalytic
activity of the novel candidate compounds. For this, application of the Distribution
of Relaxation Times (DRT) analysis is proposed for the most perspective oxygen
electrodes manufactured using the developed GdBagsSros5C009CuU1.10s+5 and
Lao.6Sro0.4Nio.15sMng 15F€0.15CU0.2C00.3503-5 perovskites. This, in turn, shall enable
proposing further possible modifications.

Considering the practical aspect of the studies, the related targets can be formulated as
follow:

e Development of the appropriate manufacturing methodology for the oxygen
electrode layers based on the aforementioned materials is necessary. This is crucial
in order to prepare and properly test the symmetrical cells to evaluate the electrode
polarization resistance.
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e Development of the suitable manufacturing methodology for making laboratory-
scale full cells with the obtained materials used as the oxygen electrodes is essential
to be able to test the actual performance in the fuel cell and electrolysis modes of
operation.

e Comparing the feasibility and performance difference between the electrodes
prepared by materials from the electrospinning and sol-gel methods should not only
concentrate on the power density outputs and other electrochemical characteristics,
but has to also involve studies of the micro-morphology and elemental distribution
at the oxygen electrodes after measurements. This requires proper preparation of the
samples for the microscopy studies. Assessing longer-term performance is also of
importance regarding applicability of the developed electrodes.

6.2.  Related literature-based hypotheses

The presented in the previous subchapter objectives are proposed according to the
following main hypotheses, which are concluded via thorough literature reviewing:

o Despite relatively limited data, substitution of cobalt by copper is feasible in selected
perovskite-type oxides, and can be used in the materials development to effectively
tackle the problems associated with high cobalt content. The level of the substitution
with Cu can be effectively optimized.

e Complete replacement of Co with copper is also possible in selected oxide systems,
yielding materials with unique properties. Nevertheless, it can be expected that fully-
and partially-substituted candidate oxygen electrode materials can be more suitable
for application in different working conditions.

e Designing of materials with high configuration entropy has been already proved as
the novel direction of the oxygen electrodes development. Some of those compounds
have demonstrated enhanced properties to some extent, with possibility of achieving
synergistic effects beyond the rule-of-mixtures.

e DRT method can be effectively used in identifying the rate determining steps of
electrochemical reactions occurring on the oxygen electrodes of the SOC cells. This
can be also used to provide guidelines for further optimization of the electrode layer
design.

e Electrospinning technology can be applied as the novel synthesis method for
preparation of the oxygen electrode materials, since it may enable obtaining special
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micro-morphology of the electrode layers. Consequently, this can bring about
improved electrochemical properties.
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Experimental methods
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7. Methodology

At the beginning of this section it is necessary to proclaim that if not stated otherwise,
all the research activities, data analyses, and interpretation of results reported in this work
were carried out by the doctoral student. Some of the work was also done in cooperation
with other researchers, and in this case, it is mentioned specifically.

As explained in the previous chapter, critical analysis of the literature data enabled
formulating objectives of this work, which concern the proposed three groups of the Cu-
containing perovskite-type oxides, as listed below:

1. LaisBa15Cu3Oras
2. GdBao5Sr05C02-xCuxOs+5 (X > 1)
3. Lao.6Sro.4Nio.1sMno.1sFeo 15CuxC0o.55-x03-5 (X = 0.05-0.2)

In order to obtain the chosen oxides, proper synthesis method were considered and
applied. It is expected that a different preparation route may have significant impact on
quality of the samples, and may to some degree influence the physicochemical and
electrochemical properties.

7.1.  Synthesis methods

Most of the samples were synthesized via a sol-gel method with an auto-combustion
step, which ensures good mixing of the relevant elements, and usually yields fine ceramic
oxide powders [206]. Some of the samples have been also prepared by using a standard
solid-state method (a facile method, but suitable rather only for obtaining a reference
material, due to a larger grain size) and electrospinning technique (which enables
substantial variation of the material’s morphology, as described below).

The sol-gel (SG) route

The adopted sol-gel method, having a final auto-combustion step, is regarded as a
liquid approach to the synthesis, because its basic step involves dissolving all the
chemical ingredients to form a desired liquid solution. If a proper complexing agent is
also added, this step ensures atomic-level homogeneity of the elements. As such, it is
typically used method for preparation of perovskite-type oxides (and many other
compounds) [207].

In atypical process, firstly, a diluted nitric acid solution is prepared by adding a proper
volume of concentrated nitric acid into distilled water. Then, needed chemicals are added
stoichiometrically. In this work, the following chemicals were used (all with a purity of
99.9% or 99+%, or having an analytic grade):

e  For the preparation of La;sBaisCusO7:s: lanthanum oxide (La2Os, pre-annealed at
1000 <C in air to decompose formed La(OH)s3), barium nitrate (Ba(NO3)2), copper(ll)
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nitrate trihydrate (Cu(NO3)2 3H20), citric acid, added in a molar ratio of 1.5:1 to the
total amount of the added metal cations, and ethylenediaminetetraacetic acid (EDTA),
added at a ratio of 1:1 with regard to the amount of Ba?".

e For the preparation of GdBaosSrosC02xCuxOs+s sSystem: gadolinium nitrate
hexahydrate (Gd(NO3)z 6H20), Ba(NOs)2, strontium nitrite Sr(NOs)2, copper(ll)
oxide (CuO), cobalt(l1) nitrate hexahydrate (Co(NO3)2 6H20), citric acid, added in a
molar ratio of 1.5:1 to the total amount of the added metal cations, and EDTA, added
at a ratio of 1:1 with regard to the total amount of Ba?* and Sr?*.

e  For the preparation of Lao.eSro.4Nio.15sMno.15Fe0.15CuxC00.55-x03-5 System: La.Os3 (pre-
annealed at 1000 <C in air), Sr(NOgz)2, nickel(ll) acetate tetrahydrate
(Ni(OCOCH?3)2 4H20), manganese(ll) acetate tetrahydrate ((CHzCOO).Mn 4H0),
iron(l11) nitrate nonahydrate (Fe(NOz)3 9H20), CuO, Co(NOs3). 6H-0, citric acid,
added in a molar ratio of 2:1 to the total amount of the already added metal cations,
and EDTA, added at a ratio of 1:1 with regard to the amount of Sr?",

Continuous stirring is needed to assure that the added chemicals are dissolved
completely, after which a transparent solution can be obtained. Then, the pH value of the
solution ought to be adjusted to 7-8 by adding the ammonia solution. After that, the
respective solution should be heated to 80-90 <C for water evaporation, with a clear
transition from a solution to a sol, then finally to a gel, observed. Subsequently, the dried
gel is ignited, when the temperature is increased to 200-300 <C (the mentioned self-
combustion process, fueled by the excessive ammonium nitrate), after which dark ash is
produced. The obtained ash is then ground thoroughly in an agate mortar.

A following heat treatment (400 <C) and calcination in air are necessary for removal
of carbonaceous residues and pre-sintering of the obtained ash precursor. Since
LaisBa1sCusO7:5 material was the first studied composition, trials in order to set the
proper conditions of the calcination and the final heat treatment have been performed.
The main aim was to optimize the conditions with respect to the formation of
homogeneous, fine powders. The basic results in this matter could be also applied to other
two systems. After the calcination step, crystal structure of the obtained sample was
qualitatively checked (see subchapter 7.3.1). Analysis of such result (i.e. determination
of the phase composition) allowed modifying the heat treatment temperature. Also,
bearing in mind feasibility, all the annealing steps were performed in air. Finally, to
mitigate grain growth phenomenon, the final conditions were selected with the lowest
temperature and short time enabling synthesis of (practically) phase-pure samples.
Related details of regarding the conditions are summarized and presented in Tab. 7-1,
with the selected parameters shown in bold font.

In order to carry out further characterizations, pure as-synthesized samples were
selected, and depending on the performed studies, were or were not subjected to an
additional treatment (as described in the following sections). For a simplified notation,
the following abbreviations were used, as provided in Tab. 7-2.
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Tab. 7-1. The applied synthesis conditions (the sol-gel method) for the studied samples.
Blue color reflects pure materials, which were selected for further studies. The bold data
in the last three columns represent the optimized, most suitable preparation conditions.

Initial heat | Calcination | Final heat
Composition treatment | [<C, hours] | treatment
[T, hours] [T, hours]
400, 2 900, 6 900, 6
400, 2 900, 6 950, 12
400, 2 800, 6 975, 6
LaisBaisCusO7+s 200, 2 - 975.6
400, 2 900, 6 975, 12
400, 2 900, 6 1000, 12
GdBap 5SrosCoCuOsqs 400, 2 800, 6 1000, 6
GdBag5Sr0.5C00.95CU1.0505+5 400, 2 800, 6 1000, 6
GdBao5Sro.5C00.9CU1.105+5 400, 2 800, 6 1000, 6
GdBao5Sro.5C00.85CU1.1505+5 400, 2 800, 6 1000, 6
GdBao5Sro5C008CU1.2054+5 400, 2 800, 6 1000, 6
GdBao5Sro5C00.7CU1.30s54+5 400, 2 800, 6 1000, 6
GdBao5Sro5C006CU1.4054+5 400, 2 800, 6 1000, 6
400, 2 800, 6 1000, 6
GdBa0sSTosC004CULsOs+3 400, 2 800,6 | 1000, 10
GdBao5Sro5C001CU1.90s5+5 400, 2 800, 6 1000, 6
GdBap 5SrosCu20s+5 400, 2 800, 6 1000, 6
400, 4 800, 2 850, 6
Lao.6Sro0.4Nio.15Mno.15F€0.15CU0.30C00.2503-5 400, 4 800, 2 900, 6
400, 4 800, 2 1000, 6
Lao.eSro.4Nio.15sMno.15Feg.15CuU0.20C00.3503-5 400, 4 800, 2 900, 6
Lao.6Sro0.4Nio.15Mng.15F€0.15CU0.15C00.4003-5 400, 4 800, 2 900, 6
Lao.6Sro.4Nio.15sMno.15F€0.15CU0.10C00.4503-5 400, 4 800, 2 900, 6
Lao.6Sr0.4Nio.15Mno.15F€0.15CU0.05C00.5003-5 400, 4 800, 2 900, 6
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Tab. 7-2. Selected pure samples (as marked in blue color in Tab 7-1), with the related
abbreviation used in this thesis.

Composition Abbreviation
LaisBa1sCu3O7ss LBCu
GdBao5SrosCoCuOs+s GBSCC1010
GdBao5Sr05C00.95CU1.0505+5 GBSCC095105
GdBao5Sro5C00.9CuU1.105+5 GBSCC0911
GdBao.5Sr0.5C00.85CU1.1505+5 GBSCC085115
Lao.6Sr0.4Nio.15Mno.15F€0.15CU0.20C00.3503-5 LSNMFCC2035
Lao.6Sr0.4Nio.15Mno.15F€0.15CU0.15C00.4003-5 LSNMFCC1540
Lao.6Sro0.4Nio.15Mno.15F€0.15CU0.10C00.4503-5 LSNMFCC1045
Lao.6Sr0.4Nio.15Mno.15F€0.15CU0.0sC00.5003-5 LSNMFCCO0550

Additionally, the SG method was also used to synthesize the Ceoslao.sO2-5 (LDC)
oxide, which is a typical buffer layer material used to minimize reactivity between the
oxygen electrode and solid electrolyte [208]. The needed chemicals were LayOs,
Ce(NOs3)s 6H-0, and citric acid (added in a molar ratio of 1.5:1 to the total amount of the
added metal cations). The performed basic steps were similar to those mentioned above,
and the initial heat treatment, calcination, and the final annealing were respectively
400 <C for 2 h, 800 <T for 6 h, and 1000 <T for 4 h in air.

The solid-state (SS) method

The SS method was used to obtain a reference LaisBa1.sCuzO7+5 sample. It was done
in cooperation with Dr. Anna Niemczyk from the Institute of Power Engineering -
National Research Institute, Warsaw, Poland. The procedure involved firstly mixing of
CuO and pre-annealed La,O3 oxides with barium carbonate (BaCOz3), and milling in a
high-energy ball mill. Wet milling conditions were applied, with a small amount of
propanol added to the mixture. The obtained mixture was then subsequently dried at 90 <C,
and ground to obtain homogeneous precursor. The prepared powder was then pressed
uniaxially into pellets, with the applied pressure of about 100 MPa. For the heat-treatment,
the pressed pellets were sintered at 880 <C for 8 h in air. In this case, a phase-pure sample
could be also obtained.

The electrospinning (ES) method

The ES method, a relatively novel synthesis technique for the oxygen electrode
materials, was applied to obtain morphologically modified GBSCC0911, as well as
LSNMFCC2035 and LSNMFCCO0550 precursor samples. Notably, the initial selection of
the conditions for electrospinning was conducted within cooperation with Dr. Jie Luo
from the Foshan University, Foshan, China.

Electrospinning can be used to generate interesting and desirable morphology types
of a sample, like nanofibers or nanotubes, being significantly different in comparison to
those obtained from the SG method [209]. Basically, before the electrospinning step, a
respective solution should be prepared, which is usually based on dimethylformamide
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(DMF). Then, the required chemicals are added stoichiometrically into the DMF solution.
For the mentioned samples, details about the used chemicals can be seen as follow
(purities of those chemicals are the same as those used in the SG method):

e  Gd(NO3)3 6H20, Ba(NO3)2, Sr(NO3)2, Co(NO3)2 6H20, and Cu(NO3z)2 3H20 for the
preparation of the GBSCCO0911 precursor.

e Lanthanum nitrate hexahydrate (La(NO3)s 6H20), Sr(NOs3)2, Ni(OCOCH?3). 4H-0,
(CH3COO0)2Mn 4H20, Fe(NO3)3 9H20, Co(NOs3)2 6H20, and Cu(NO3)2 3H20 for
the preparation of LSNMFCC2035 and LSNMFCCO0550 precursors.

After all the added chemicals are completely dissolved in DMF, the weighed amount
of polyvinylpyrrolidone (PVP) is added subsequently. Alternatively, PVP can be also
dissolved in DMF beforehand, as it was done in the case of the GBSCC0911 precursor
preparation. It is worth noting that the respective PVP concentrations for the GBSCC0911,
and LSNMFCC2035 or LSNMFCCO0550 synthesis procedures were different. For the
former one it was selected as 10 wt.%, while for the latter two it was 12.5 wt.%. Also, the
weight ratios of all added chemicals, PVP, and DMF were different, which was selected
according to the initial trials. Respectively, the ratios were 2:1:9 for GBSCC0911, and
1:1:7 for LSNMFCC2035 and LSNMFCCO0550.

The prepared solution can be electrospun in the electrospinning device, as depicted in
Fig. 7-1. Apart for setting a properly chosen high voltage, numerous other conditions
must be adjusted to ensure formation of the elongated fibers [210].

Environment Variables E

4 Humidity

Temperature ----------- Solution Variables

Concentration @ Molecular Weight

Conductivity Solvent Volatility

@ Viscosity @ Molecular Structure

Electrospinning Variables

@ Distance
Voltage

@ Flow Rate
@ Collector

Fig. 7-1. A schematic diagram of the electrospinning technique and relevant variables
[210]
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In the used Doxa Microfluids Professional equipment, the respective obtained
solution was transferred into a syringe, which was installed on a top of a collector, in a
distance of about 15 cm. The as-prepared solution was then injected automatically from
the syringe, as droplets, toward the collector, by a screw propeller. The flow rate was set
in 5-20 ml min* range, and then, a high voltage (10-20 kV) was applied between the
syringe and collector, in order to electrify and elongate droplets into slender fibers. The
parameters were adjusted according to the real status of the injection and the fibers
formation (controlled by installed inside a chamber a digital camera). Also, a piece of
baking paper was spread on the collector, to facilitate collection of the fibers.

When the respective solution was electrospun completely, the fibers clustered as thin,
soft and near-transparent membrane-like products that were later peeled and scratched off
the paper. To ensure that a proper micro-morphology was formed, microstructure of the
precursors was checked by Scanning Electron Microscopy (SEM), as presented in an
exemplary Fig. 7-2.

Fig. 7-2. An example of the obtained morphology of GBSCC0911 precursor nanofibers
after electrospinning, as observed by SEM.

Obviously, the electrospun precursors require high-temperature sintering, which is
needed in order to remove the organic components, as well as to ensure that the synthesis
between the inorganic compounds properly takes place. Also, optimizing of the heat
treatment must be conducted to obtain phase-pure samples and maintain the desired
morphology at the same time. After the conducted initial experiments, the related
conditions could be established, as summarized in Tab. 7-3.
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Tab. 7-3. The applied sintering conditions for the electrospun samples. The bold data in
the last column represent the optimized, most suitable preparation conditions.

Composition with the abbreviation Sintering [C, hours]

900, 2

GBSCC0911 ES 1000, 6

750, 6

800, 6

LSNMFCCO0550 ES 850 6

900, 6

LSNMFCC2035 ES 900, 6

As a final comment in this section, it is necessary to remark on the established
experimental errors regarding cationic stoichiometry of the discussed samples. In this
aspect, considering the purity of used chemicals, accuracy of a balance (0.0001 g), and
other experimental errors involved with the discussed synthesis procedures, it can be
estimated that the actual chemical content of metal elements differs less than 0.01 from
the one reported in the provided formulas for all of the as-synthesized materials. However,
this is of course not related to the phase purity of the materials.

7.2.  Calculations of the entropy metric for the multicomponent samples

Since there are multiple transition metal elements co-occupying the B-site in the
considered LSNMFCC system, it is of interest and importance to characterize the relevant
configurational entropy values. In the simplest approach, only the B-site elements can be
taken into account, and the relevant entropy can be calculated using the following
equation [180]:

S — Ry, X8 In(XP) (Eq. 7-1)

where X7 refers to the fraction of the element i distributed in the B sublattice. However,
the more proper way of implementing such calculations involves the total number of
atoms and sublattices in the formula unit. Thus, the related equations can be demonstrated
as Eq. 7-2 and 7-3 [211]:

config _ —RYs¥;iaSx7 In(x{)
Sq1. = S aS (Eq. 7-2)

Sconflg

EM = 2o x |, (Eq. 7-3)

In these equations, please note that a° represents the number of sites in the S sublattice,
while X;* refers to the fraction of the element i distributed in the S sublattice, L means the
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number of sublattices of the particular corresponding structure, and R denotes the ideal
gas constant. EM stands for the entropy metric. Hence, calculations of the related S/,

SE™ and EM can be summarized in Tab. 7-4.

Tab. 7-4. Entropy values of the LSNMFCC compositions.

Composition SEM IR SEMY /R EM
LSNMFCC2035 1.543 0.414 1.242
LSNMFCC1540 1.505 0.406 1.219
LSNMFCC1045 1.443 0.394 1.182
LSNMFCCO0550 1.350 0.375 1.126

Importantly, since R-3c structure has one position for the A-site cations, one position
for the B-site cations, as well as one structural position, in which the oxygen anions are
present, from the structural point of view, all the equations can be used [212].
Nevertheless, taking the obtained values into account, it can be easily concluded that all
the compositions in LSNMFCC system should be rather regarded as medium entropy
configurations, since EM values are in the 1-1.5 range [211]. However, when only the B-
site is counted, that sublattice possesses high configurational entropy in LSNMFCC2035
and LSNMFCC1540 compositions [180].

7.3.  Samples characterization

7.3.1. X-ray diffraction

With preparation of new, complex samples, it is of a great importance to get a
comprehensive understanding of the structural features, including symmetry, unit cell
parameters, and other structural details. X-ray diffraction (XRD) method is regarded as
one of the most important techniques for the initial characterization of the samples. In this
work, the studies were conducted on Panalytical Empyrean diffractometer equipped with
Cu Ka radiation and PIXcel3D detector. A standard measurement at room temperature
(RT) took around 51 minutes, with data gathered in a typical range of 10-110 deg for a
powdered sample. In the meantime, high temperature XRD (HT-XRD) could be also
realized with a specialized module, Anton Paar HTK 1200N oven-chamber installed on
the mentioned diffractometer. In the equipment the measurements can be conducted in a
temperature range from RT up to 1000 <C, with an interval of 100 <C. Depending on a
particular sample, the highest temperature was decreased in some cases. Data were
typically registered in two consecutive heating and cooling runs.

A diffractogram is generated as the result of the XRD experiment. In order to identify
the phase composition of the measured sample, a qualitative analysis was conducted in
HighScore Plus software with the linked PDF-4+ (ICDD) database of crystal structures
and experimental results. This allowed to proceed with the basic identification of the
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present phases, as well as identify candidate symmetry and space groups for the
quantitative structural analyses by Rietveld method.

Rietveld refinements of structural data

Getting deeper understanding of the XRD results requires analysis of the data, with
Rietveld method usually utilized, which is based on a least squares approach. The height,
width, and position of XRD reflections are refined, and based on it, many aspects of the
material’s structure can be revealed [213].

Typically, the accuracy of a refinement is revealed via the value of X2, which can be
calculated by Eq. 7-4:

X?=——

Nobs—Nyar

(Eq. 7-4)

M = prMp (Eq. 7-5)
M, = 2w(l, — Ic)z (Eq. 7-6)

Note that N, stands for the total observations in the histogram, while N,, represents
the variables of the least squares refinement. And the M can be determined by Eq. 7-5
and Eq. 7-6, in which the f,, refers to a weighting factor when a series of histograms are
involved, and w means the separate weights, while I, and I, represent the intensity of the
normalized profile, and calculated intensity with background and scale factors included,
respectively. Last but not least, there is another parameter R,,,,, which can be calculated

by Eq. 7-7:

Practically, in order to obtain an acceptable refinement result, R,,,, should be as low
as it can possibly be, but it is worth noting that the actual values of R,,,, for a typical XRD
experiment and a well-refined single-phase material data are in a range of 2-5%.

The used in this work software is GSAS Il, which allows for full implementation of
the Rietveld analysis [214]. There is an array of parameters, which should be released or
constrained, related to the accurate final refinement. The first is the background, for which
the applied function is “chebyschev-1" with a number of coefficient equal to 10. Then,
the “sample displacement” should be considered as well, which reflects a proper
placement of a given sample in the diffractometer. After setting the desired space group
and occupancy of all crystal positions by the given atoms, the unit cell parameters can be
refined, for the given peak-fitting function, in which various factors are included, such as
broadening induced by strain and size. The relative atomic positions in the unit cell can
also be taken into account in the refinement, depending on a particular site symmetry.
Also, when it comes to the atomic level, it is of great importance that the thermal vibration
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U;s, factors are refined, but in this case, constraints are usually applied for the specific
atomic position. This happens if two different elements occupy the same crystal site (e.g.
La and Ba in the LBCu material). In the meantime, all oxygen anions also can have the
same U, parameters constrained for all crystal positions, with site occupancy reflecting
the actual stoichiometry.

When a good quality refinement is completed, a final graph can be prepared, as
presented in Fig. 7-3. LBCu oxide is taken an example in this case. As it can be seen
clearly, the original data and refinement curve are mostly overlapped, while positions of
peaks matches those of the allowed reflections Also, the respective intensity of the peaks
if reflected very well.

For the refined parameters of the unit cell, a typical magnitude of the measuring error
is on the order of 105-10* A, as can be derived from the diffractometer setup and accuracy.
For the errors aroused from the fittings in GSAS 11 software itself, they are usually less
than 10° A,

La, sBa, sCu;07,5

P4/mmm
measured data
refinement
—— difference curve
I allowed reflections

intensity [a.u.]

I Ill 11 IIIIIIIII TEEEI R e i v u

I H Tl '| 1 1 1 ]

‘IO 20 30 40 50 60 70 80 90 100110
20 [deg]

Fig. 7-3. A typical graph showing results of the Rietveld refinement of the XRD data.

If the structural studies are conducted as a function of temperature, HT-XRD can be
considered as an effective characterization technique, which can provide more detailed
information regarding possible presence of phase transitions, but also thermal expansion
data can be obtained. Importantly, structural data from high temperatures reflect the actual
situation of the operating conditions of SOCs.

In the case of refinements of the HT-XRD data, the derived unit cell parameters a, b,
and c, as well as V (the unit cell volume) can be used to calculate the thermal expansion
coefficient (TEC) for a given sample. The general dependence is based on Eq. 7-8:

TEC = 22 (Eq. 7-8)
L AT
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Where | means the original dimension, calculated by the cube root of V at room
temperature, and Al represents the change of a given dimension upon the change of
temperature AT. With the plot of Al/l as a function of temperature, the TEC can be
derived by slope of the linearly fitted line. Notably, TEC can be calculated along any
given crystal axis, which is useful to detect anisotropic behavior. Regarding error values
for TEC determination, they were taken as from the linear fitting errors. Their magnitude
is on the order of 108 K1,

Additionally, in order to have a comparison of the thermal behavior of the studies
materials, TEC values for some of the samples were also measured by the dilatometry
method, with Linseis L75 Platinum Series dilatometer utilized. The studies required usage
of dense sintered specimens. The process of their preparation is discussed below, in the
subchapter devoted to electrical conductivity measurements. Similarly as for the HT-
XRD, the error of the TEC estimation from dilatometry was taken as that resulting from
the linear fitting process.

7.3.2. Oxygen stoichiometry determination

lodometry

Determination of the oxygen nonstoichiometry is crucial in understanding the crystal
structure of the materials, and it is a basis for discussing physicochemical properties of
the as-synthesized samples. For evaluation of the oxygen content in materials at RT, the
iodometric titration was carried out, which is based on the following reaction equations,
as presented in works [215,216].

Cu3* + 31~ - Cul + I, (Eq. 7-9)
Cu?* + 21~ > Cul + 1, (Eq. 7-10)

In these reactions, the exemplary Cu cations are reduced in the two- and one-electron
process, and Iz is released. For other 3d metals (Mn, Fe, Co, and Ni), reduction from +3
or +4 charge state to +2 was considered, in a similar manner. The considered studies were
realized in cooperation with Dr. Anna Stepien from AGH University of Krakow.

To ensure proper preparation of a sample for the iodometric titration, it was pre-
annealed at 800 <T in air with a heating/cooling rate of 2 < min in order to remove the
adsorbed carbon dioxide and water. After dissolution in HCI solution having excess Kl
added, the iodine anions reduce the 3d metal cations, and the I. is released. Its amount
can be determined by reacting with sodium thiosulfate solution (NaS20s3, 0.01 mol/dmd),
in which the produced iodine will be reduced into iodide ions (Eq. 7-11). this occurs with
an evident change of a color of the solution.

25,03 + 1, > S,02~ + 21~ (Eq. 7-11)
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To be specific, in the conducted experiments both, the sample and potassium iodide
(K1) are dissolved in hydrochloric acid (HCI) solution with a concentration of 6 mol L.
The weight of the sample and KI are typically about 0.1 g and 1 g, respectively.
Importantly, the dissolution is done in the atmosphere fed with argon (flow rate: 60 mL
mint). The titration starts when the dissolution of the sample and Kl is completed, then
the sodium thiosulfate solution is added slowly by EM40-BNC Mettler Toledo titrator
equipped with a Pt electrode. Notably, while the Pt electrode can detect a potential change
in the solution, in this work, the ending point of the titration was adopted as the point of
color change in the solution.

Eventually, the average charge state of the 3d metal elements, and the, the oxygen
content in a particular sample can be calculated by stoichiometry-based calculations of
the used volume of the NaS.Oz solution. In general, three measurements were conducted,
and an average of their results was taken to minimize the experimental error, which was
evaluated as not exceeding 30.01.

Thermogravimetric analysis (TG)

Majority of oxides, especially those used for preparation of the oxygen electrodes for
IT-SOCs are known to release oxygen from their structure at high temperatures, which is
associated with generation of the oxygen vacancies. Specifically, with an increase of
temperature, the weight of a sample will decrease, due to the released oxygen. Thus, by
recording the change of the weight as a function of temperature, and taking into account
the initial oxygen content evaluated by the iodometric titration, changes of the absolute
oxygen content can be derived precisely.

In the conducted thermogravimetric measurements, a given powdered sample with
the weight of 60-80 mg was mounted on a platinum pan that is later transferred into the
measurement chamber of TA Q5000 IR thermobalance. A program of the whole
measurement can be customized, and in the typical settings a target temperature of 800 C
with a heating/cooling rate of 2 < min was selected for one measuring cycle. All the
samples were measured at least in two such cycles in order to remove the experimental
errors related to the presence of adsorbed species, as well as to standardize the thermal
history of all the oxides (i.e. ensure the same heating/cooling rate). Moreover, for the
selected materials the measurements could be carried out in different atmospheres, e.g.
synthetic air, argon (5N), pure oxygen, and 5 vol.% hydrogen in argon. Gas flow was 100
mL cm3,

Due to the very high accuracy and precision of the used thermobalance, the errors in
TG measurements are accounted as lower than #0.01%.

7.3.3. Raman spectroscopy

As a supplementary measurement in this work, Raman spectroscopy is also an
interesting method to observe surface-related properties of materials [217], but can be
also useful in determination of the oxygen vacancies presence in oxides [218]. Similarly
as to TG experiments, in order to obtain an equilibrated state of the oxygen content in the
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considered samples, it was necessary to apply pre-annealing at 800 <C with a
heating/cooling rate of 2 T min* beforehand. Then, a powdered specimen was mounted
on the Thermo Scientific DXR3 Raman microscope, in which the 532 nm laser beam and
10 X lens were selected. The measurements were done in cooperation with Prof. Wojciech
Zajac from AGH University of Krakow.

7.3.4. Density Functional Theory (DFT) calculations

Theoretical calculations are of importance to simulate structure data, including unit
cell parameters, total crystal energy, and the oxygen vacancy formation, so that deeper
insight into the structural features can be gained [219]. The conducted numerical
experiments were carried out in cooperation with Dr. Piotr Winiarz from AGH University
of Krakow.

To implement a DFT calculation, the VASP 6 package (Vienna Ab Initio Simulation
Package) was adopted. Initially, a handful of supercells of 2 <2 =1 was built for the
formula of GdBai1ySryCo2xCuxOs+s, representing a double perovskite structure for the
wide range of chemical compositions, as represented by x values equal to 0, 0.5 and 1,
and y values of 0, 1, and 2, respectively. Importantly, a range of 6 (0, 0.25, 0.5, 0.75, and
1) was set in order to simulate the varying oxygen non-stoichiometry. Subsequently, the
calculations of the energy of the oxygen vacancy formation, could be done as denoted by
Eq. 7-12:

1
Eoxvac. = Efinal = (Einitial — EAEOZ) (Eq. 7-12)

where Ef;nq; represents the total energy of the formula with the oxygen vacancy formed,
Einitiar Stands for the formula at the beginning (before vacancy formation), AE,, means
the energy of an oxygen molecule [220].

Also, DFT method was utilized to calculate possible arrangement of the oxygen
vacancies in LaisBa15CuzO75, which was done by comparing the refined crystal energy
for different possible configurations, and selected values of 6.

7.3.5. Electrical conductivity measurements

The performed electrical conductivity tests were conducted on dense samples having
the shape of a cuboid. The measurements were conducted in cooperation with Dr. Marek
Zajusz and Dr. Kacper Cichy from AGH University of Krakow.

To obtain a sample in the mentioned shape, a given amount of the precursor powder
was mixed with poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) in a weight
ratio of 99:1, and with added propanol as the solvent for PVB. After ground thoroughly,
the obtained mixed powder is dried at about 80 <T in air. Then, a matrix with a diameter
of 13 mm can be used to press a pellet with a uniaxial pressure of ca. 100 MPa. After that,
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the specimen is sintered at the required temperature (the same or 50-100 <C higher than
the respective final heat treatment temperature given in Tab. 7-1), which is required in
order to reach a high relative density. When the pellet is sintered, it is then polished into
a cuboid (or different) shape by sandpaper. Such samples (after checking their structure)
were used in the dilatometry experiments, and in the electrical conductivity studies. For
the latter measurements, two terminals were applied on the opposite sides of the sinter
with a Pt paste (ESL ElectroScience or FuelCellMaterials), and later were sintered at the
required temperature to prepare current collectors.

The applied method of the total electrical conductivity evaluation was a pseudo-4-
probe direct current (DC) technique. The related equipment is Keysight 34465A
multimeter and Keysight 33210A function/arbitrary waveform generator. Alternatively,
Keithley 2000 (Tektronix) multimeter was also utilized. The measured temperature range
was typically from RT to either 850 <T or 900 <C. Dimensions of the sinters were taken
into account to establish the specific conductivity values. The relative error of the total
conductivity measurements was estimated as not exceeding 5%, based on accuracy of the
equipment and determination of size of the samples.

7.3.6. Chemical compatibility tests

The compatibility tests with commonly-used electrolyte materials were investigated,
as they are necessary in order to evaluate applicability of the considered samples for
preparation of the cells. The adopted electrolyte materials are LDC (synthesized by the
sol-gel method, only for LBCu oxygen electrode material), CeosGdo202-5 (GDC20,
FuelCellMaterials, for LBCu and GBSCC system), LaogSro2GaosMgo.203.5 (LSGM,
FuelCellMaterials) and Ceo9Gdo.102-s (GDC, Cerpotech). In the studies, all the
considered electrolyte materials were preliminary heated up to high temperatures
(1450 <C for LSGM and GDC20, 1450 <C or 1350 <C for GDC, 1400 <C for LDC). In
the next step, the powdered electrolyte materials were then respectively mixed with the
oxygen electrode material samples (also powders) at a 1:1 wt. ratio, which was followed
by pressing in a matrix to form pellets. Then annealing tests at high temperatures were
performed, with the relevant scheme summarized in Tab. 7-5. When the respective test
was done, a pellet comprising mixture of both materials was crushed and ground
thoroughly, and later XRD measurements were conducted to evaluate possible presence
of additional phases or significant shift of peaks positions.
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Tab. 7-5. Compatibility tests in air of the as-synthesized samples and electrolyte materials.
Studied materials

Electrolyte LBCu GBSCC LSNMFCC
900 T for2h
LSGM 800 T for 1001 950 T for2h 850 Tfor2h
HT-XRD up to 975 T*
GDC - 900 T for2h 900 T for2h
GDC20 800 <TC for 100 h - -
LDC 800 <TC for 100 h - -

*Additional experiments were conducted by HT-XRD.

It is also worth noting that for the GBSCC system, two compositions were measured
with GDC GBSCC0911 and GBSCC1010. The black-bolded data in Tab. 7-5 indicate
good compatibility test outcome, which was adopted in the subsequent cell manufacturing.

7.3.7. Scanning electron microscopy (SEM) studies

It is of great importance to conduct observations of morphology and homogeneity of
the as-synthesized powder samples, as well as to study the cross-section of the constructed
and measured cells to observe possible reactivity at the interfaces, porosity of the
electrodes, adhesion of the electrode layers, etc. The conducted studies in this matter
involved SEM experiments. A part of the studies was realized in cooperation with Dr.
Juliusz Dagbrowa, Dr. Agnieszka Brzoza-Kos and Dr. Marta Gajewska from AGH
University of Krakow.

The microscopic observations were mainly conducted on ThermoFisher Scientific
Phenom XL Desktop SEM or JEOL JSM-7100F field emission scanning electron
microscope. Observations were done with using the backscatter and secondary electrons.
At the same time, the energy-dispersive X-ray spectroscopy (EDS) was also utilized to
analyze distribution of selected elements in the samples. For such experiments, the
gathering time of the elemental maps was selected as long enough to gather suitable data.

7.3.8. Transmission electron microscopy (TEM) studies

At a higher magnification, TEM allows observing samples at the nano-level. For
example, the crystal lattice of the LSNMFCC system can be clearly seen. The performed
TEM observations were done in cooperation with Dr. Marta Gajewska from AGH
University of Krakow. The applied equipment was FEI Tecnai TF20 X-TWIN (FEG)
microscope, working with an accelerating voltage of 200 kV. The preparation of samples
for TEM observations was done via depositing powders on the carbon-coated copper
TEM grids.
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7.4.  Preparation and characterization of electrochemical properties of cells

7.4.1. Manufacturing of symmetrical cell

All prepared button-type symmetrical cells studied in this work were based on the
electrolyte-support, so it was of importance to obtain proper, dense electrolyte pellets. In
order to do so, the LSGM or GDC powder was blended with PVB in a weight ratio of
99:1, with propanol added as the solvent. After the mixture was homogeneously ground,
it was dried at 80 <C to remove the residual propanol. Certain amount of the dried mixture
was transferred to a 13 mm matrix, and pressed uniaxially under a pressure of ca. 100
MPa, resulting in formation of a disk-shaped specimen with a thickness of around 0.65
mm. After that the disk specimens for LSGM were sintered at 1450 <C for 8 h in air, while
for GDC, the temperature was 1350 <C and the time was 6 h (if GBSCC oxygen electrode
ware used) or 1450 <T with sintering for 8 h (for LSNMFCC), respectively. When the
disk sintering was done, sandpaper was used in order to decrease the thickness of the
dense electrolyte pellets to ca. 300 um for both, LSGM and GDC.

In the second main step, making the electrode slurry is also important, since screen-
printing method is adopted to apply a given electrode layer on the electrolyte pellet. The
weighed ingredients, involving the selected electrode material powder, pore former
(starch) and organic binder (terpineol-based 311237 ink, FuelCellMaterials), were mixed
homogeneously with a weight ratio of 20:1:10. Then, the obtained electrode slurry was
applied on both sides of the electrolyte pellet (2 layers at each side) by the screen-printing
method. It is worth noting that separate drying was necessary after each layer was printed.
After that, the cell was transferred to a furnace, and sintered at different temperatures for
2 h. The accordingly used sintering temperatures are gathered in Tab. 7-6. It is worth
noting that the actual working area for the electrode layers was ca. 0.28 cm?. After the
sintering of the layers, a given current collector was also applied on top of the electrode
layers, in a mesh-like pattern. The adopted current collectors are Ag and Au (both from
FuelCellMaterials), as well as Pt (ESL ElectroScience). The related applied schemes of
sintering of the current collectors are also summarized in Tab. 7-6.
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Tab. 7-6. Applied schemes for sintering of the electrode layers and current collectors in
the studied symmetrical cells, also applied for manufacturing of full cells.

Sintering
Sintering temperature of temperature of the
Electrode the electrodes [T], 2 h Current collector current collector
time [T], (time of
sintering)
750
800
LBCu 350 Ag 700 (0.5 h)
900
Ag 700 (0.5 h)
GBSCC 900 (LSGM and GDC) Pt 815 (15 min)
850 (LSGM)
LSNMF A 750 (1 h
SNMFCC 900 (GDC) . S0 (1h)

7.4.2. Manufacturing of electrolyte- and anode-supported full cells

In the case of electrolyte-supported full cells, the selected electrolyte is LSGM
(thickness of 200 um) or GDC (thickness of 300 um), depending on different
circumstances (e.g. chemical stability). Further reduction of thickness (from 300 um to
200 um) of the LSGM electrolyte pellets could be realized by using the polishing machine
(Struers Labopol-30 with MD-Piano 220 diamond polishing plate), with the micrometer
gauge used as the measuring apparatus.

For the anodes in the full cells, Ni-GDC composite was prepared by mixing nickel
oxide (NiO) with GDC (for GBSCC and LSNMFCC) or GDC20 (for LBCu) at a weight
ratio of 3:2. Before applying the anode layer, it is of importance to apply a LDC buffer
layer on the LSGM electrolyte in advance, in order to prevent elemental mixing, as
discussed in chapter 4. The applied method was still screen-printing, similar to that of the
electrode layer making in symmetrical cells. The LDC slurry was prepared by mixing the
LDC powder and organic binder at a weight ratio of 1:1, and then deposited on the LSGM
electrolyte. The sintering was done at 1400 <C for 2 h in air. After the LDC buffer layers
are sintered, the Ni-GDC anode slurry could be prepared by mixing NiO-GDC powder,
pore former, and organic binder at a weight ratio of 20:1:10. Then, the anode slurry was
applied onto the LDC buffer layer by screen-printing (two layers), which was followed
by sintering at 1350 <C for 2 h. After the anode part is already applied, the oxygen
electrode layer can be prepared on the other side of the LSGM electrolyte pellet. The used
method was exactly the same, as described in the chapter related to manufacturing of the
symmetrical cells. Also, the same sintering schemes were used. Finally, identical
procedures for current collectors were followed as well (Tab. 7-6).

Additionally, for comparison of performance of GBSCC0911 and GBSCC0911 ES
oxygen electrode materials, GDC was also selected as the electrolyte support. In this case,
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the LDC buffer layer is not needed, so the anode layer could be deposited onto the GDC
pellet directly. This is also true for the oxygen electrode layer prepared on another side
of the GDC pellet. The related procedures of the preparation are the same as what it is
mentioned above.

Another type of a full cell was also studied, which exhibits the anode-supported
design with the Ni-YSZ anode and a thin, dense layer of the YSZ electrolyte [221].
Notably, the anode supports were supplied from Dr. Anna Niemczyk from Institute of
Power Engineering - National Research Institute, Poland. Still, before applying an oxygen
electrode layer on the anode-supported full cell, the GDC buffer layer should be also
prepared. The procedure of making GDC slurry was the same as for the LDC layer, but
the sintering scheme was 1425 <C for 2 h in air. After that, the oxygen electrode layer
could be applied onto the GDC buffer, and was sintered in the same way as in the
symmetrical cells.

7.4.3. Measurements of electrochemical properties of cells

It should be emphasized that all measurements of the constructed cells (both,
symmetrical and full cells) were realized by using the ProboStat™ device from NORECS,
Norway.

For measurements of symmetrical cells, Electrochemical Impedance Spectroscopy
(EIS) is considered as the main approach to analyze the electrochemical properties. Firstly,
the symmetrical cell is mounted onto the support tube, with electrodes connected by two
Pt wires at each side. Each Pt wire is connected by two electrical cables, of which the
resistance will not have impact on the final results. Hence, this can be regarded as a typical
pseudo-4-probe setup. Those two electrical wires are connected to the measuring
equipment, which in the studies were Solartron 1260 frequency response analyzer and
Solartron 1287 electrochemical interface. Secondly, the cell is heated up to a given
temperature range (600-800 <TC or 600-850 <C) for the measurements, with a synthetic air
flow fed in a rate of 20 mL min™,

Notably, the applied perturbation amplitude was 25 mV, with the EIS data recorded
in a frequency range of 0.1-10° Hz. In order to interpret the data and gain detailed
information, the obtained EIS spectra were fitted with a typical equivalent circuit as
Lina — Rowm — (RQ)yr — (RQ)yr — (RQ)r , Where the L;,q, derives from the
transmission line effects in the electrical wires, and R,;,, means the total ohmic
resistance of the whole cell, while those (RQ) components simulate the electrochemical
processes taking place at high (HF), middle (MF) and low (LF) frequencies (resistance
and constant phase element, respectively) [222,223]. The number of the (RQ) parts was
not always set as three, and two of them were also applied in some cases (depending on
the actual EIS data). ZPlot and ZView (Scribner Associates) software was used in EIS
data collecting and fitting, respectively.

The final electrode polarization resistance, R,,, was evaluated as the sum of all the

fitted partial resistances in the (RQ) elements. Also, it was recalculated according to the
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working area of both electrodes in symmetrical cells (i.e. was divided by two and
multiplied by the electrode’s surface). As for studies of the full cells, after the whole cell
is successfully prepared (either electrolyte-supported or anode-supported), it is necessary
to seal the cell between two ceramic cylinders with the same diameter as the support tube
of ProboStat™ device. The Ceramabond (AREMCO) was used as the high temperature
sealing paste to glue the elements forming a gas-tight connection. It was followed by
sintering at ca. 90 <C and 260 <TC for 2 h at each step. Later, the formed unit is mounted
on the support tube, and sealed in the same procedure.

Similarly, the full cell is heated up to a temperature range of 600-850 <C (in some
cases, up to 900 <C) for measuring. At the oxygen electrode side, the synthetic air flow
of 20 mL min? is fed, while the humidified hydrogen gas (3 vol.% H.0) of 40-60 mL
min’! flow is fed to the fuel electrode side. In the studies, the open circuit voltage (OCV)
of the full cell was monitored to ensure gas-tightness. Also the voltage-current density
curves were recorded by CorreWare (Scribner Associates) software in both, the fuel cell
mode and electrolysis mode (measured typically in 600-750 <C range). The later
calculations of the output power density were carried out in CView (Scribner Associates),
with the final values recalculated according to the working area of the oxygen electrode.

It should be also stated that EIS studies were conducted for the full cells, with the
same parameters, as described above for the symmetrical cells. Measurements are done
after the fuel electrode was reduced.

7.4.4. Distribution of Relaxation Times (DRT) analysis

Interestingly, apart from the simulation by the equivalent circuit in ZView, DRT is
another effective option, which enables extracting details from the measured EIS data.
The mathematical background of the method is well-established [224]. In Eq. 13 a
relationships is shown between the impedance spectrum Z(w) and the DRT y(7)
parameter:

Z(@) = Ronm + Zpor(@) = Ronm + [ L2 dx (Eq. 7-13)

1+jwt

The practical implementation of the DRT method is available for the Matlab software,
as an openly available DRTtools code [225]. Briefly, in the DRT approach, EIS spectra
are recalculated into the area of separate peaks, presented as a function of relaxation times
(frequency). Exemplary data for such recalculation can be seen in Fig. 7-4. It is widely-
accepted that those separated peaks represent different reaction steps on an electrode, so
therefore, DRT enables a more explicit insight into the EIS results. Further details about
the actual implementation of the method are provided in the following chapters presenting
the obtained results.
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Fig. 7-4. a) Exemplary EIS data presented in a Nyquist plot, with b) resulting graph
from the applied DRT analysis method. Please notice that for simplicity of
interpretation, some peaks are fitted in a simplified manner.
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8. Physicochemical properties of LaisBaisCuzO7zs

As presented in Tab. 7-1, different annealing conditions were considered to optimize
preparation procedure of LaisBaisCusOr:s (SG method). In all cases, after the XRD
measurements were conducted and the initial identification of the phase composition was
performed, the Rietveld refinements were also subsequently carried out in order to
characterize structural features. As it is shown in Fig. 8-1a, the optimized LBCu sample
(annealed finally at 975 <T in air) fits very well the selected P4/mmm space group, with
all peaks being properly refined. This indicates that the tetragonal symmetry of this
material is indeed well selected. Such results are also in accordance with previously
published work [226]. At the same time, visualization of the structure is presented in Fig.
8-1b. Due to the complex structural features, 2 %<2 x1 supercell model is created, with
P1 symmetry, in which occupancy of the respective sites is better visible. Apart from the
central La-related layer, there are also two mixed La/Ba layers, in which around 25% of
the available sites are occupied by La, yielding a final ratio of La to Ba as 1:1. The model
can also explicitly demonstrate that there are two types of Cu, which are named as Cu(1)
in the octahedra, and Cu(2) in the pyramid, respectively. However, more precise studies
show that only around 65% of the oxygen sites in the Cu(1)Ox planes are occupied [202].
Also, a small amount of oxygen anions (several %) is also present in the lanthanum layers,
while for simplicity it is not shown in the structural model. Overall, the structure can be
identified as the triple perovskite, with the layered structural features along the c-axis
[227].

In order to make a comparison, structure of LBCu synthesized by the SS method was
also analyzed in details, and the refined parameters are summarized in Tab. 8-1. In general,
the obtained unit cell parameters from the two synthesis methods are very similar. A little
difference the parameter c is likely a result from somewhat different oxygen content.

a) b)

La; sBa; sCu307,5
P4/mmm
measured data
refinement
—— difference curve

I allowed reflections

intensity [a.u.]

| i I}I [ R R R AR A IR RRL AL IR RN |
g ' + +

20 40 60 80 100
20 [deg]

Fig. 8-1. a) The Rietveld refinement results of the obtained LBCu synthesized by the
SG method (final annealing at 975 <C), and b) the created superstructure P1 model (2 >
2 x1) in which 6 was assumed as equal to 1. Based on [227].
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Tab. 8-1. Summarized data of refined XRD results of LBCu synthesized via SS and SG

methods [227].

LBCu Unit cell Unit cell Unit cell .

. Rwp Normalized
synethsized | parameter a | parameter c volume V (%] o/3a
by: [Al [Al [A’]

SS 3.9129(1) 11.6921(3) 179.01(2) 3.77 0.996
SG 3.9112(1) | 11.7162(5) | 179.23(1) 5.49 0.999

Furthermore, in order to have a clearer insight into the crystal structure of LBCu, DFT
method was implemented to search for low energy configurations. Beginning with the P1
superstructural model (Fig. 8-1b) with the La; sBai1sCusOsg formula, many possibilities of
the optimized supercells having also lower oxygen content can be considered and
calculated (Fig. 8-2). The calculated values of the related unit cell parameters and the
total DFT energy (of the unit cell) are presented in Tab. 8-2. It is interesting to note that
although the case of La;sBai1sCusO7;5 1 (6 = 0.5) yields a lowest energy of -83.61 eV, the
most suitable and probable structure for LBCu can be approximated by the proposed
Lai.sBa15CusO7.25 11 model, in which two close Cu(1)Os pyramids are not linked by the
apical oxygen. The reason of this selection can be explained by the experimental oxygen
content 7.23(3), as determined by the iodometric titration at RT. Also, for 6 = 0.25 the
model Il gives lower total energy, as compared to the model I (no other simple oxygen
arrangements are possible in the Cu(1)-O plane). Notably, when compared with the
Rietveld refinement results (Tab. 8-1), the DFT calculated unit cell parameters for the
discussed models match the expected values quite well.

Tab. 8-2. Summary of the DFT optimized unit cell parameters and values of the total
energy, Eprr. Based on [227].

Composition alAl |b[A] |c[A] o B y Eorr
[deg] | [deg] |[deg] |[eV]
LaisBaisCusOrs | 3.9282 | 3.8750 | 11.6548 | 90.00 |90.11 |90.00 |-83.61
LaisBa15CusO7s I 3.9009 | 3.8933 | 11.6867 | 90.00 | 90.00 |90.00 |-83.48
LaisBaisCuzO7s Il | 3.9170 | 3.8977 | 11.6224 | 90.00 | 90.00 |90.00 |-83.37
LaisBa15CusO7.25 | 3.9238 | 3.8689 | 11.6607 | 90.00 | 89.94 |90.00 |-82.22
LaisBaisCuszO725 11 | 3.9010 | 3.8832 | 11.6963 | 90.00 | 89.94 | 90.00 |-82.36
Lai1.5Ba15CusOr7 | 3.9337 |3.8495 | 11.6742 | 90.00 |89.99 |90.00 |-80.93
LaisBa1sCusOr Il 3.9078 | 3.9078 | 11.6276 |89.70 |89.70 |89.79 |-80.81

To confirm homogeneity of the prepared sample, SEM observations were conducted.
As can be seen in Fig. 8-3, the SG method allowed to obtain fine LBCu powder (ground
pellet), in which La, Ba, and Cu elements are homogeneously distributed. The visible
grains having several up to tens of micrometer in size, comprise small, agglomerated
primary particles. Such micromorphology seems as suitable for preparation of the
electrode slurry, and further, electrode layers.
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Fig. 8-2. View along c-axis on the Cu(1)-O plane with different assumed arrangements
of copper and oxygen atoms. This corresponds to the various total oxygen content in the
LBCu structure (data visualized for larger, 4 x4 supercells) [227].
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Fig. 8-3. Morphology of the LBCu SG powder together with EDS elemental maps.

In order to characterize the thermal stability of the LBCu material, HT-XRD was
conducted and the obtained data were studied in details. As can be seen in Fig. 8-4, the
oxide maintains the stable P4/mmm tetragonal structure up to 900 <C in air, without any
impurities detected or phase transitions observed in the whole measurement range.
Apparently, the peak positions of the recorded XRD patterns shift to the lower angle area
during the heating process, and then move back to the higher angle area on cooling. This
is the expected phenomenon, which can be explained by change of the unit cell volume
caused by thermal expansion, however, it can also (partially) originate from the oxygen
release and the associated chemical expansion in high temperature range. Nevertheless,
the observed good thermal stability indicates that the Co-free LBCu material can meet
one of the basic requirements as the oxygen electrode in SOCs [228,229].

La, sBa; sCu;30;.5
P4/mmm
=
3,
Py
‘»
c A 25°C
% _= = =
- i E g 900 °C
I e o % Tt e o e e A—
J i = |
i e — e e 25 °C
20 30 40 50 60 70 80
20 [deq]

Fig. 8-4. HT-XRD data of LBCu measured in air on heating up to 900 <C and during
cooling down to RT [227].

To dig more details from the HT-XRD data, Rietveld refinements can be also
conducted upon each of the recorded XRD patterns. With respect to the change of unit
cell parameters, both a and ¢ can be plotted showing their dependence on temperature
(Fig. 8-5). A clear linear increase can be seen in the a parameter, with only a little bend
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at 400 <C. At the same time, parameter ¢ shows a more obvious rise after the inflection at
400 <C. This can be ascribed to the mentioned oxygen release and the chemical expansion
effect [230]. Accordingly, the more pronounced change along the c-axis seems also as a
good proof that at elevated temepratures no oxygen is left in the all-lanthanum layers. It
can be also stated that the observed anisotropic behavior is expected for the layered-type
of the crystal structure.

<398
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£ 397 -0 a parameter cooling v
€306l c/3 parameter heating . o
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391} g.-g

£

56 390 1 . 1 : 1 . 1 . 1 .
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Fig. 8-5. Temperature dependence of the unit cell parameters a and c in the processes of
heating and cooling. Notice normalized (i.e. divided by 3) values of the ¢ parameter
[227].

Apart from the a and ¢ parameters, the (linearized) TEC can be derived when the plot
of cube root of the relative changes of unit cell volume V with the temperature dependence
is drawn, as it is shown in Figs. 8-6a and b. In the graphs, the slope of the curve can
represent the TEC of the material. It is obvious that during heating and cooling the TEC
values are highly comparable. Specifically, the TEC at the low temperature range (RT-
400 <T) is about 13.2-13.3410° K, while at higher temperatures (400-900 <C) is
somewhat higher, 18.8 10° K. The values are comparable to other Cu-based oxides
[199]. Compared to cobalt-based or cobalt-containing oxides, LBCu shows a big
advantage of the mild expansion behavior [231-233]. Additionally, similar value of the
average TEC was obtained as equal to 15.540° K, up to 900 <C, in the dilatometry
measurements. The discrepancy in the values is not surprising, because of different
arrangement of the experiment, in which a polycrystalline sinter is tested.

The presented above results suggest that a good thermal match between LBCu and
common electrolyte materials, e.g. LSGM and GDC, can be expected, and it should help
alleviating the degradation caused by a mismatch in the thermomechanical properties.
This may help also with the improved long-term operation [161].

-05 -



QD
=

O
~

0.016 0.016

LT La, sBa; sCu307,5 LT La sBa,; sCu307.5

e o heatin 77 o coolin

$ 0012} . ‘ B o012t ¢ )

= TEC,5.400 - = 13.3(3)-10% K o TEC5.400-c = 13.2(3)-10° K

2 2

5 0.008 I 5 0.008
@ o

> J >

o 0.004 o 0.004

2 =

E — -6 -1 TU‘ = -6 -1
o= TEC 100000 - = 18.8(2)-10°% K = TEC o = 18.8(1)10° K
L 0.000 o 400-800 °C @ 0.000 400-900 °C (1)

0 200 400 600 800 1000 0 200 400 600 800 1000
temperature [°C] temperature [°C]

Fig. 8-6. Temperature dependence of the linearized changes of the unit cell volume for
LBCu (SG). Data presented on a) heating, and b) cooling.

The characterization of the oxygen content in LBCu is realized via the iodometric
titration, from which a value of around 7.23(3) at RT could be established (as mentioned
above in the DFT section). From this result, an average oxidation state of copper can be
determined as +2.32. Interestingly, when compared to other transition metal elements-
based perovskite compositions, e.g. Fe- and Mn-based single perovskite-type oxides,
LBCu demonstrate an apparently lower oxygen content, if its formulated in the simplified
notation of a single perovskite: LaosBaosCuO2.41 [234,235]. This fact, about the higher
oxygen deficiency in LBCu, could potentially facilitate oxygen mobility in the lattice.
However, since different oxygen sites are occupied in different manner, the actual
improvement cannot be easily predicted.

After that, the thermogravimetric measurements were also carried out in order to
obtain more details of the oxygen content change with temperature, also, in different
atmospheres (pure oxygen, air, 1 vol.% O in Ar, Ar, and 5 vol.% H> in Ar), as it is shown
in Fig. 8-7a. In the most reducing conditions of 5 vol.% H in Ar, LBCu decomposes into
metallic copper, barium oxide, and lanthanum oxide (as confirmed by the XRD studies).
In neutral or oxidizing atmospheres the material exhibits a stable behavior, and a
continuous oxygen releasing process is visible above ca. 300 <C. Specifically, the
equilibrated oxygen content increases to 7.25, when LBCu is cooled in pure Oz, and
decreases to 7.16, if cooled in 1 vol.% Oz in Ar. This (equilibrated) oxygen content
difference between pure Oz and 1 vol.% Oz in Ar atmospheres is less pronounced than
the oxygen loss in air between RT and 800 <C, which is around 0.33. In fact, the value is
comparable to some of Co-containing perovskite materials [236-238], but higher than the
changes recorded for LasBaCusO13:+5 [199]. Meanwhile, it is necessary to mention that
the starting point of the oxygen loss is increased with the decreased oxygen partial
pressure (pO>), e.g. from around 300 <T in pure O to about 335 T in 1 vol.% O in Ar,
and even reaches around 500 <C in Ar. From Fig. 8-7b, it can be easily concluded that the
oxygen content decreases more apparently with the increased temperature at the same
pO:2 environment, as well as that with the decreased pO- at the same temperature. Overall,
the behavior can be compared to that of similar Co-based perovskites [239]. However, it
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seems that the average charge state of Cu cations may be below +2 at the highest
temperature and low pOs..

Also, as presented in Fig. 8-7c, the slope of curves in the calculated logarithm of
relative oxygen vacancies concentration vs. log(pO.) coordinates can be seen. A rather
weak dependence on pO. implies that no simple model of the defect formation can be
proposed (in agreement with the complex crystal structure), but possibly, some oxygen
vacancy disordering may take place, resulting in the enhanced ionic conductivity.
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Fig. 8-7. a) Temperature dependence of the oxygen content in LBCu in varied
atmospheres (data measured on heating, notice that the initial value at RT is
equilibrated), b) the oxygen content as a function of the oxygen partial pressure pO; at
elevated temperatures, and c) the relative oxygen vacancies concentration as a function
of pO> at elevated temperatures presented in log-log graph [227].

In addition, Raman spectra were also measured for LBCu samples annealed in air and
argon. As it can be seen in Fig. 8-8, there are three peaks identified in the range of 200-
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600 cm™ for both samples, which are similar to those reported for YBa,CuzOq-s [240].
These three peaks can be attributed to three characteristic modes of vibration, 02+/03-,
02+/03+ and O4. More precisely, the modes of O2+/03- and O2+/O3+ can be attributed
to the movement of oxygen alongside the c-axis in the Cu-O sheets, while the O4 mode
may relate to the apical oxygen present in the pyramids. There is no obvious shift of the
peaks after treatment in Ar (more oxygen vacancies), but changes of the intensity of two
main peaks are apparent. On one side, it confirms that the structure maintains its stability,
but on the other, that the different oxygen content may (to some degree) affect the Raman
spectra.

Intensity [a.u.]

100 150 200
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o

Raman shift [cm™]
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200 400 600 800 1000 1200 1400
Raman shift [cm™]
Fig. 8-8. Raman spectroscopy data for LBCu samples annealed in air and in Ar [227].

When it comes to the electrical conductivity measurements (Fig. 8-9a), the it can be
noted that values for samples originating from two preparation methods share similar
starting and ending points, around 57 S cm™ at RT, and 14 S cm™ at 900 <C, respectively.
However, the SG sample reaches a maximum value of 75 S cm™, while the SS sample
reaches only 68 S cm™ at around 300 <C. Such difference may stem from the difference
of the microstructure and porosity of samples, which has impact on the rate of the oxygen
releasing. For example, fine powder, which can be obtained via the SG method results in
a higher relative density during the sample’s pressing and sintering. Overall it means that
in the measuring conditions at a particular temperature both samples may exhibit
somewhat different oxygen content, which affects the recorded values. Nevertheless, the
effect is small.

It is also interesting in Fig. 8-9b that an activated-like conductivity behavior can be
seen in the lower temperature range, nonetheless, it is not linear in the graph. Taking into
account that oxygen starts being released above 300 <C in air (Fig. 8-7a), this phenomena
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can be ascribed to the change of the mobility of charge carriers (as opposed to variation
of their concentration) [241]. In the temperature rage above 300 <C, the conductivity falls
dramatically, which is the consequence of the reduced concentration of the electronic
holes (related to Cu®*), as well as the broken conduction chains of -Cu-O-Cu- due to the
increased content of the oxygen vacancies. Similar behavior has been found in many
mixed ionic-electronic conducting perovskite-type oxides [150,242]. However, it is still
worth mentioning that the total conductivity values are above 10 S cm™, which should be
sufficient in practical application of IT-SOCs.

Concerning the ionic component of the conductivity, with the intrinsic partial disorder
of the oxygen sublattice, along with the appearing additional oxygen vacancies in the
relatively low temperature range (e.g. above 300 <C), the mobility of such ionic defects
can be assumed as high at higher temperatures. This is expected to help achieving the
desirable catalytic activity level [243].
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Fig. 8-9. Temperature dependence of the a) total electrical conductivity in air, and
b) with data presented in Arrhenius-type coordinates of LBCu synthesized by two
methods. Based on [227].

The chemical compatibility is actually very crucial when long-term operation of SOCs
is prioritized. As already mentioned, the initially considered and selected electrolyte
materials are LSGM, LDC and GDC20 [244-246]. When the LSGM is mixed with LBCu
and annealed at 900 <C for 2 h, no additional reflections could be detected in the XRD
patterns (Fig. 8-10a), but the two sets of peaks representing crystal lattice of both
materials are highly-overlapped and almost undistinguishable. This could either mean
strong reactivity or oppositely, may be explained by the very similar unit cell parameters
and symmetries, yielding a single-phase like diffractogram. To get a deeper insight of this
phenomenon, further XRD measurements were carried out at high temperatures. As it is
shown in Fig. 8-10b, emergence of secondary phases can be seen at 975 <C, and this phase
still exists after cooling down to RT. However, the XRD patterns of the LBCu/LSGM
mixture still appear as a single-phase like material at lower temperatures. When the
angular range is magnified to 30-34 deg (Fig. 8-10c), the main peak appears rather as
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resulting from highly-overlapped two reflections. Also, the one corresponding to LBCu
shifts faster with temperature, from the right shoulder of the overlapped main peak to the
left shoulder, analyzing data from RT to 900 <C. This can be interpreted as resulting from
a fact that the TEC of LBCu is higher than that of LSGM. Overall, it can be therefore
stated that these two materials are chemically compatible up to 900 <C. Also, the data
possibly indicate favorable conditions of the interface formation between the phases,
which may help with preparation of the electrode layers.

Besides, further evaluation of the chemical stability of LBCu with LSGM are
implemented in order to confirm the long-term mutual compatibility at 800 <C for 100 h
(Fig. 8-10a). The obtained satisfactory data are comparable to those reported previously
for LasBaCusOi3+5 [199]. Nevertheless, when it comes to compatibility with LDC and
GDC20 (Figs. 8-10d and e, respectively), secondary phases the appearing, which
indicates that there is indeed reactivity going on between LBCu and these two electrolyte
materials, making them unsuitable in the long run. Notably, the long-term thermal
stability experiment for LBCu in highly-oxidizing atmosphere (pure oxygen) was also
conducted (Fig. 8-10f), which shows no additional reflections emerging and no changes
of other structural features after 100 h annealing at 800 <C. All the abovementioned facts
suggest that LBCu possesses good chemical compatibility with LSGM, and sufficient
stability in either air or oxygen atmosphere. While the electrode sintering temperature
should be limited to 900 <C, stable long-term operation can be expected.

As a summary to this chapter, it can be stated that all the acquired data on the
physicochemical properties of LaisBaisCusOz.s indicate that the proposed and
developed oxide can be a promising oxygen electrode candidate material for IT-SOCs
based on LSGM electrolyte, fulfilling typically considered requirements.
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Fig. 8-10. Results of structural studies for the annealed in different conditions mixtures
of LBCu and selected solid electrolytes. a) XRD data for LBCu-LSGM, b) HT-XRD
data for LBCu-LSGM, c¢) magnified range of HT-XRD data for LBCu-LSGM, d) XRD
data for LBCu-LDC, e) XRD data for LBCu-GDC20, and f) XRD data for LBCu
annealed in pure oxygen.
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9. Physicochemical properties of GdBaosSrosC02xCuxOsq+s

Regarding the second considered system of the candidate oxygen electrode materials,
i.e. GdBaosSrosCo2xCuxOs+s Series, similar measurements, needed to determine
physicochemical properties of the materials relevant concerning the application, were
conducted. In this work, x values equal to or greater than 1 were considered, as one of the
aims is to minimize usage of the toxic and expensive cobalt, however, reference materials
with higher cobalt content were also studied in some cases.

Data on the initial crystal structure characterization of the as-synthesized
GdBao5Sro5C02-xCuxOs+s (x > 1), carried out via the XRD studies at RT, are gathered in
Fig. 9-1. As can be seen in Figs. 9-1a and b, for the selected four compositions in 1 <x <
1.15 doping range, the A-site ordered, layered structure named as the double perovskite-
type one, can be positively identified. The respective symmetry is tetragonal P4/mmm,
which is the aristotype structure for such ordered perovskites [151]. Besides, the same
symmetry can be also confirmed in the other obtained samples when x ranges up to 1.6.
However, the secondary phase that is possibly related to the orthorhombic triple
perovskite structure emerges if x is in the range of 1.2-1.6. Further increasing the copper
doping results in high amount of impurities, which effect is clearly visible in Fig. 9-1c.
Thus, it is worth noting that compositions, which are practically phase-pure, can be
obtained in the x range of 1-1.15 (a tiny amount of the contamination detected in
GBSCC085115 can be neglected [247]. The observed behavior may be due to the
decreased oxygen content with the increased copper substitution (Tab. 9-1), which
suggests that the higher copper doping amount may exceed the limit of the solid solution
formation. Importantly, single-phase materials are more interesting for evaluation of their
physicochemical properties, as in this case it is possible to relate the measured
characteristics to the chemical composition and structure.

Tab. 9-1. The evaluated oxygen content in the GBSCC samples at RT. Data from the
iodometric titration. The error values do not exceed #).01 [248]. GBSCC1505 oxide is
given as a reference.

composition oxygen content (5+9)
GBSCC1505 5.59
GBSCC1010 5.64
GBSCC095105 5.61
GBSCC0911 5.52
GBSCC085115 5.49
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Fig. 9-1. XRD data for a) GBSCC1010 and GBSCC0911, and b) GBSCC095105 and
GBSCC085115 samples recorded at RT, together with the respective Rietveld
refinements. ¢) XRD data measured for other GBSCC samples (x = 1.2-2) at RT. Based

on [248].

When focusing on the refined values of the unit cell parameters a and c, their
dependencies on the copper doping amount is surprisingly weak (Fig. 9-2a, Tab. 9-2).
The changes are less pronounced than for the case of doping with other transition metal
elements, e.g. Fe [249,250], Mn [251] or Ni [252]. At the same time, when the ionic radii
at the B-site are taken into account, 0.61 A and 0.53 A for Co®* and Co**, respectively
(both at the high spin state in 6-fold coordination), as well as 0.73 A and 0.54 A for Cu?*
and Cu®*, respectively (both in 6-fold coordination) [253], alongside the oxygen content
(Tab. 9-1), it can be understood that the couple of Co%*/Co** is partially replaced by
Cu?*/Cu®.
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Fig. 9-2. a) Unit cell parameters dependence on the copper doping level in
GdBag sSro5C02xCuxOs+s series. b) Raman spectroscopy data for the selected GBSCC
materials. Simplified models of possible different oxygen arrangements in the a-b plane
associated with Gd, with maintaining 6 = 0.5. Only (Co, Cu)Os and (Co, Cu)Os
polyhedra are shown: ¢) only octahedra-pyramids connections are present in the cell,
d) all, pyramids-pyramids, octahedra-octahedra, and mixed connectivities are possible.
Based on [248].

Tab. 9-2. The refined structural parameters of the selected GBSCC materials [248].

Composition Unit cell Unit cell Unitcell | O (0.5,0,2) | Rwp [%]
parameter a | parameter ¢ | volume V z value
[Al [Al [A°]
GBSCC1505 3.8566(1) | 7.5637(1) | 112.50(1) 0.210 1.9
GBSCC1010 3.8625(1) | 7.5809(1) | 113.10(1) 0.209 2.3
GBSCC095105 | 3.8629(1) | 7.5812(2) | 113.13(1) 0.208 2.6
GBSCC0911 3.8633(1) | 7.5799(2) | 113.13(1) 0.218 2.5
3.8640(1) | 7.5784(2) | 113.15(1) 0.215 2.7
GBSCCO85115 3.8654(1)! | 7.5757(2)' | 113.19(1)' | 0.217* 2.8

1 GBSCC085115 is sintered twice at the same condition.

The Raman spectroscopy can also unveil more details related to the crystal structure
of GBSCC. As shown in Fig. 9-2b, there are 4 peaks identified among the selected
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compositions. The main and most obvious peak that appears at 625 cm™ may be
understood as the bond stretching movement of the oxygen that is linking the octahedra
and pyramids in the a-b plane, as discussed previously in the literature report [254]. The
signal at 480 cm™ seems to related to the oxygen linking only pyramids. As presented in
Figs. 9-2c and d, this can be visualized in a form of two simplified models, in which the
oxygen vacancies are arranged in a different way. Likely, the assumed structural
modification toward the Fig. 9-2d model, as can be inferred by the emergence of the 480
cm signal with the increasing Cu content, is the reason why the parameter ¢ shows an
nonlinear tendency in the considered range of doping (Fig. 9-2a). Additional Raman
signal can be also identified, the peak at 345 cm™ is likely related to the vibration of
Cu/Co. The signal marked at 198 cm™ remains unclear.

The SEM observations were also done in order to show micro-morphology and
homogeneity of the obtained samples, as presented in Figs. 9-3a-d for the considered
samples. It is quite clear that all the samples synthesized by the SG method demonstrate
good homogeneity in terms of cations distribution, without undesirable segregation
observed. Taking the particle size into account, these as-synthesized powers are suitable
for making electrode layers for the electrochemical characterization (micrometer size
grains comprising agglomerated smaller particles).

Sr

Sr Co Cu
Fig. 9-3. Morphology of the a) GBSCC1010, b) GBSCC095105, ¢) GBSCC0911, and

d) GBSCC085115 powders, together with respective EDS elemental maps.
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Regarding thermal stability at high temperatures, as it was already discussed in the
previous chapter, HT-XRD technique can provide valuable information. As can be seen
in Figs. 9-4a-d, all the samples exhibit stable behavior and maintain tetragonal symmetry
up to 1000 <T in air (data measured with an interval of 100 <C). Also, the results obtained
on cooling show perfect repeatability down to RT. No secondary phases were observed
in any of the measured diffractograms, implying the GBSCC system (1 < x < 1.15)
possesses the adequate thermal stability and fulfills the basic requirements regarding the
manufacturing of the electrodes and cell operation.
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5 Lo M2s°c 3 a 0
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© . — ] S, =x N—1
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Fig. 9-4. HT-XRD data recorded for a) GBSCC1010, b) GBSCC095105,
c) GBSCC0911, and d) GBSCC085115 materials in air on heating and cooling. Based
on [247] and [248].

All the obtained diffractograms were analyzed by the Rietveld method, which enabled
deriving changes of the unit cell parameters as a function of temperature (Figs. 9-5a-d).
Both parameters of a and ¢ exhibit monotonous and linear-like rising with the increase of
temperature in all samples. Although the slopes of either a or c¢ are not inflecting
considerably at higher temperatures, this effect is visible in all the samples. It can be
interpreted as originating from the physical (thermal) and chemical expansion [255,256].
It is also clear that these inclined curves of a or ¢ show similar increase in all four samples,
indicating that the TEC values are similar for the considered materials.
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Fig. 9-5. Derived from Rietveld refinements unit cell parameters dependence on
temperature for a) GBSCC1010, b) GBSCC095105, ¢c) GBSCC0911 and d)
GBSCC085115 samples. Data on heating and cooling based on [247] and [248]. Notice
normalized values for the ¢ parameter for easier comparison with the a parameter.

In Figs. 9-6a-h, the calculated TEC values, separately on heating and cooling are
presented for all samples, as derived from the HT-XRD data. As expected, TEC values
in both, the low temperature range (RT-300 <C) and the high temperature range (300-
1000 <C) are quite comparable among the samples, specifically, showing values of around
14 410° K and 17-18 10° K1, respectively. It can be stated that the differences on
heating and cooling are negligible. When compared to other Co-based double perovskite-
type oxides [250,257], and in the GBSCC system itself, a conclusion can be drawn that
copper doping indeed improves the thermal expansion behavior (lowers TEC values,
especially ah higher temperatures). This is favorable in cell manufacturing and operation.
The behavior is linked with changes of the oxygen content with temperature in the studied
perovskites, as shown below.
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Fig. 9-6. Calculated TEC values of a) and b) GBSCC1010, c¢) and d) GBSCC095105, e)
and f) GBSCCO0911, and g) and h) GBSCC085115 samples.
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As previously briefly discussed and shown in Tab. 9-1, the equilibrated oxygen
content at RT in the series varies with the Cu substitution level. Those results were carried
out by the iodometric titration. Measured data indicated a decreasing tendency for the
oxygen content with higher copper amount in the materials, if X is in the range of 1-1.15.
The information about the oxygen content is crucial, as it enables related discussion of
the average oxidation state of Co/Cu present at the B-site. As discussed previously, the
average oxidation state of Co (in perovskite type oxides) is more likely to be between +3
and +4, while +2 is preferable in the case of Cu, but +3 state is also possible [189,258].
For example, taken into account the oxygen content in GBSCC1010, the average
oxidation state of Co/Cu can be calculated as +3.14, implying therefore presence of the
mixed states of Co®”4* and Cu?**. Obviously, the mixed charge states should allow
maintaining the electroneutrality in the material. When it comes to GBSCC0911, a lower
oxidation state is obtained, +3.02, while it is even under +3 in the case of GBSCC085115
(at RT). The possible conclusion therefore is that the average oxidation state of Co is
higher than +3.5, while lower than +2.5 for Cu in the studied GBSCC system.
Interestingly (and not fully explained at this stage), a lower oxygen content is obtained in
the GBSCC1505 sample, as compared to other high Co-content perovskite counterparts
[169].
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Fig. 9-7. Recalculated from the TG data temperature dependences of the oxygen content
in a) air, b) pure oxygen, c¢) 1 vol.% O in Ar, and d) 5 vol.% H> in Ar (decomposition)
for the considered GBSCC system. Based on [248].

-110 -



Because of the importance from a point of view of the application, and aiming at the
better understanding of the properties, the oxygen content variation with temperature was
also measured by usage of the thermogravimetric analysis. The studies were carried out
for the considered for samples in different atmospheres. Data presented in Fig. 9-7a is
prepared taking the initial oxygen content (at RT) from results obtained by the iodometric
titration. As can be clearly seen, all samples show oxygen release process (additional
oxygen vacancies generation), with an interesting tendency that the onset of the oxygen
release starts (in most of the cases) at lower temperatures in materials with higher copper
doping. Similarly as in air, the oxygen release process can be also observed in both, pure
oxygen and 1 vol.% O in Ar (Figs. 9-7b and c). As for the decomposition occurring in 5
vol.% Hz in Ar, the final products can be detected as mixtures of metallic and oxide phases.
The obtained average oxygen content being equal to ca. 3 at 600 <C reflects well the
expected value coming from the decomposition process.

Based on the thermogravimetric analyses along with the iodometric titration
measurements, it is also interesting to implement the DFT calculations that can simulate
the as-built GdBa1ySryCo2-xCuxOs s models (Fig. 9-8), and refer them to the experimental
results.

¢ [ @ ‘ (. ® ,L
Y ‘ a b

® '.00\,‘ ST T
Y+

Fig. 9-8. A representative supercell of GdBaosSrosCoCuOss, created by doubling of the
P4/mmm unit cell along the x- and y-axis. The exact formula in the supercell is
GdsBazSr2Co2Cu2022. A way of substitution of cobalt (green) by copper (brown) is also
presented. Notice vacant sites location, simulating the oxygen vacancies.

As it can be seen in Figs. 9-9a-d, the 2D contour graphs show the related calculated
results in terms of unit cell parameters and volume a, ¢, V and the total VASP energy,
respectively. It is worth mentioning that the x-axis and y-axis in those figures are referred
to the strontium and copper doping content, respectively. Colors of red and blue represent
the highest and lowest values of a given parameter, correspondingly. In order to proceed
the whole calculations in a simpler way, it is reasonable to assume that all the considered
GdBai-ySryCo2xCuxOs5 maintain the same crystal structure and symmetry. As for the
parameter a, it is found to increase with the higher copper and barium contents, which
can be understood by the difference of ionic radii [253].
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Fig. 9-9. DFT-derived unit cell parameters or volume: a) a, b) ¢ and ¢) V as a function
of Srand Cu content in GdBa1.ySryC02xCuxOs 5, d) calculated total VASP energy (eV
for the unit cell), and e) calculated energy difference between GdBao5Sro5C02-xCuxOs+5
and materials with different oxygen content, with the energy of the released oxygen
taken into account. The minimum represents the most stable configuration. Please note
that the same structural model was used for all calculations, despite the fact that Cu-rich
compositions could not be obtained as phase-pure. Based on [248].
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The calculated value of a equal to 3.853 A for GdBaosSrosCoCuOss is in good
accordance with that obtained from the experimental data, 3.8625(1) A for GBSCC1010
(Tab. 9-2). Speaking of the parameter c, another low value zone can be seen in the middle
copper content area, apart from the expected one in right-side bottom (originating from
the ionic radii differences). Also, the obtained value ¢ for GdBaosSrosCoCuOs s, 7.644 A,
is higher than the experimental one, equal to 7.5809(1) A. This might be due to the
simplified model, which was adopted, especially regarding non-random placement of the
oxygen vacancies. Nevertheless, the volume of the unit cell (Fig. 9-9¢) shows the similar
tendency as that in the experimental data (Tab. 9-2). Importantly, the used DFT method
was proven to be quite successful in simulating the actual GBSCC system, when
compared to other literature works (Tab. 9-3).

Tab. 9-3. The comparison of structural data for different GBSCC compositions derived
from DFT calculations and experiments.

Material Calculated Experimental Reference
a[A] c[A] a[A] c[A]
376(1) | 7.58(1) | 38534 | 75318 [259]
GdBaCo,0s5 38363 | 7.6497 this work
GdBaCo020s5 3.838 7.676 3.88 7.542 [260]
3.875(2) | 7.587(8) [261]
GdBaCoCuOs 38830 | 7.5034 this work
GdBao.6Sr0.4C020s.79 3.856 7.546 [169]
GdBao.4Sr0.6C020s.63 3.840 7.549 [169]
GdBaCoCuOs 643 3.894 7.604 [262]
GdBap5SrosCoCuOs 662 3.866 7.576
GdBaosSrosCoCUOs 64 3.8625(1) | 7.5809(1) | this work

As depicted in Fig. 9-9d, the most stable formula (with the lowest energy) should
occur from compositions with the high cobalt and strontium content. But this can be
somewhat modified by the oxygen content. When it comes to the VASP energy for the
unit cell, a lower energy is favored since it means the structure is more stable [263]. Thus,
as it is shown in Fig. 9-9e, the composition of GdBaosSrosC0.0s+5 is less favorable
particularly when there is a very high amount of oxygen vacancies in it. As for other two,
GdBagsSrosCu20s+5 (although cannot be synthesized) and GdBaosSrosCoCuOsss, their
most favorable structure seem to be with low oxygen content of 5 and 5.25, respectively.
This low oxygen content is generally in a good accordance with the trend observed in
Tab. 9-1.

Additionally, DFT also allows evaluating the density of states (DOS). For instance,
in the models of GdBao 5Sro.sCoCuOs5and GdBao sSrosCoCuOs 75 (less oxygen vacancies)
the contributions to the DOS near the Fermi lever (Er) were found to be mainly attributed
to the 3d-states of cobalt and copper, and partially, to the 2p-states of oxygen. Considering
there is no energy gap near the Er, the thermally activated behavior in the electrical
conductivity (as shown below) can possibility be related to the hopping energy barrier.
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Speaking of the total electrical conductivity (c), on one hand, it is quite apparent that
a significant rise occurs in all the selected compositions, when they are heated up to
850 T, as can be observed from the measured data presented in Fig. 9-10a. On the other
hand, the values of conductivity decrease with the increasing copper content at the same
temperature. This can be linked with the decreasing oxygen content from GBSCC1010
to GBSCC085115, which has a great impact on the charge transfer process of “-O-Cu-
O-"and “-O-Co-O-" [258].
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Fig. 9-10. a) Total electrical conductivity for the GBSCC system in air as a function of
temperature, and b) conductivity in Arrhenius coordinates [248].

Fig. 9-11. SEM micrographs of a) surface, and b) cross-section of the GBSCC0911
pellet sintered at 1100 <T in air (i.e. the same conditions as the sample used in the
electrical conductivity measurements) [248].
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When focused on Fig. 9-10b, these plots exhibit straight lines in both, low and high
temperature ranges, so that the respective activation energy (Ea) values can be derived.
The behavior indicates the thermally-activated process in the conduction mechanism. It
is not clear why the activation energy decreases at higher temperatures, but one
explanation is that it is a combined effect from the emergence of the attritional amount of
the oxygen vacancies. Meanwhile, increasing Ea values can be noticed for samples with
the higher Cu content, denoting that the cobalt element can facilitate the total conduction
process. Similar phenomenon is discussed in other works as well [264,265].

The relative density of the measured samples is on the order of 90% or a little below
(Figs. 9-11a and b), implying the specific conductivity values can be somewhat higher
when the correction factor corresponding to the porosity influence (1.2-1.3) is taken into
consideration [266]. Nevertheless, even without a correction, the conductivity among all
the compositions is above 10 S cm™ in the 600-800 <T range, suggesting the adequate
transport properties of GBSCC materials considering application in IT-SOCs.

Similarly as discussed in the previous chapter for LBCu, it is of a great importance to
assess the chemical compatibility of the GBSCC system with the selected electrolyte
materials, LSGM and GDC, since possibility of cells manufacturing will highly rely on
the mutual compatibility of oxygen electrode and electrolyte materials [244,245].

As results are demonstrated in Figs. 9-12a-d and Fig. 9-13, materials from the GBSCC
system are chemically compatible with LSGM, as no impurities or secondary phases
could be identified in the XRD patterns after annealing at 950 <C for 2 h in air.
Furthermore, the GBSCC1010 and GBSCC0911 compositions also exhibit good
combability with GDC after annealing at 900 <C for 2 h. Consequently, this fact supports
that both, LSGM and GDC can be applied as the solid electrolyte or buffer layer material
for not only in the symmetrical cell, but also in the full cell configuration.

As a summary to this chapter, it can be stated that all the results concerning
physicochemical properties of GdBaosSrosCo2xCuxOs+s indicate that the proposed
materials with limited Co content, especially in the x = 1-1.15 range are promising
candidates for manufacturing the oxygen electrodes for IT-SOCs, fulfilling demanded
requirements.
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Fig. 9-12. Results of the XRD studies for the annealed mixtures of GBSCC1010 or
GBSCCO0911 with the selected solid electrolytes. a) Data for GBSCC1010 with LSGM,
and b) with GDC. c) Data for GBSCC0911 with LSGM, and d) with GDC.
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10. Physicochemical properties of

Lao.6Sro.4Nio.15Mno.15Fe0.15CuxC00.55-xO3-5

Recent interest in the multicomponent and/or high entropy oxides can be related to
the fact that behavior outside of a simple rule of mixtures can be expected, if many (five
or more) elements in an equimolar or close to such ratio are present in one sublattice, for
example, in the oxide. In other words, such materials may have different behavior that
the one expected on a basis of properties of the traditional (simple) compounds [267—
269]. It should be however emphasized that only a small number of high entropy materials
are entropy-stabilized, and the definition itself is still discussed. As presented in Tab. 7-
4, the considered Lao.eSro.4Nio.15Mno.15F€0.15CUxC00.55-x03-5, With five elements at the B-
site, exhibit entropy metric EM suggesting the medium entropy configuration [211]. The
idea behind selection of the compositions was to use LSCF6428, a typical oxygen
electrode material, and introduce multicomponent occupancy with a fixed equimolar
Ni:Mn:Fe dopant ratio 1:1:1 between these three elements, as well as with introduction
of varying Co to Cu ratio, with the aim to see how Cu affects the properties replacing Co.
In consequence, the above formula was proposed, and the staring material was selected
as Lao.6Sro.4Nio.1sMno.15F€0.15CuU0.0sC00.5003-5. At the same time, introduction of more than
0.2 moles of Cu proved to be difficult, yielding precipitation of the secondary phases.
Consequently, the x range was limited to 0.05-0.2 range, for which four samples could be
obtained (Tab. 7-1).

In a similar manner as discussed in previous two chapters, crystal structure of the
samples from the LSNMFCC system should be identified, and the XRD results of such
analyses, together with the Rietveld refinement data, are shown in Figs. 10-1a and b. All
the samples, including LSNMFCC2035, LSNMFCC1540, LSNMFCC1045, and
LSNMFCCO0550 are pure-phase after synthesis in air, with the identified R-3c symmetry
for all of them. Additionally, the model of a unit cell with R-3c crystal structure is also
built (Fig. 10-1c), which allows to better understand the actual atomic arrangement of
cations and oxygen anions in the considered samples. Both cationic sublattices show
random distribution of, respectively, Ni/Mn/Fe/Cu/Co cations in the octahedra, and La/Sr
cations between them, in the 12-fold coordinated sites.

The detailed values of the refined unit cell parameters are summarized in Tab. 10-1.
It is of interest that the a parameter varies only very slightly among the samples, while
there is a clear increasing trend in the parameter ¢ with the increasing copper doping
content (Figs. 10-2a and b). This also results in the increasing values of the unit cell
volume V for higher Cu content. The reason behind it seems to be the same, as discussed
in the previous chapter for the GBSCC series (Co**/Co* is partially replaced by
Cu?*/Cu®"). Notably, the Rwp values for the four XRD data analyses are lower than 3%,
indicating a relatively high refinement accuracy. Other data presented in Tab. 10-1 are
discussed below.

-117 -



a) b)
LSNMFCCO0550 data LSNMFCC1045 data
refinement — refinement
— difference curve —— difference curve
'; l 1 ,allowed R-3c positions '; 1 allowed R-3c positions
I S 1 A l A 2 e . L l l A a A
IEI 1 [ I ] LI B I | L ormerm e i IEI [ [ LI 1 I [ O N |
=2 > '
2 LSNMFCC2035 g LSNMFCC1540
o e
£ £
Il 1 l o l A A A A A l _ l A A A
I ! h} on 1 LI 1 T I | I I ] : n LI | I I | Tt 1
20 40 60 80 100 20 40 60 80 100
26 [deg] 20 [deg]
c)
c
aj—» b
@ Lassr
@ Co/Cu/Fe/Mn/Ni
@02

Fig. 10-1. XRD data for a) LSNMFCC0550 and LSNMFCC2035, and b)
LSNMFCC1045 and LSNMFCC1540 samples recorded at RT together with respective
Rietveld refinements. ¢) Created model of a unit cell for the rhombohedral R-3c space

group.

Tab. 10-1. The refined structural parameters of the selected LSNMFCC materials.

L. Size pr
Composition a[A] c[A] V [A3] ml | 6] TEC! TEC? 3-8
LSNMFCCO550 | 5.4441(2) | 13.2719(4) | 340.65(2) | 57 | 2.4 | 151(3) | 20.6(6) | 2.87(1)
LSNMFCC1045 | 5.4444(2) | 13.2813(4) | 340.93(2) | 63 | 2.7 | 14.8(3) | 20.6(6) | 2.88(1)
LSNMFCC1540 | 5.4439(1) | 13.2930(3) | 341.17(1) | 79 | 2.7 | 146(3) | 20.6(6) | 2.87(1)
LSNMFCC2035 | 5.4430(1) | 13.3027(3) | 341.31(1) | 80 | 2.8 | 146(3) | 205(6) | 2.86(1)

!Note that TEC data are in the range of 25-400 °C in heating process.
“Note that TEC data are in the range of 400-900 °C in heating process.
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Fig. 10-2. Unit cell parameters: a) a and b) ¢ depend on the copper doping level in
Lao.6Sro.4Nio.1sMno.15Fe0.15CuxC0o.55-xO3-5 Series.

At the same time, as can be stated from the SEM observations (Figs. 10-3a and b, Figs.
10-4a and b), all LSNMFCC samples exhibit good homogeneity regarding distribution of
all metal elements, as well as the grains of the respective powders contain agglomerated
primary particles. Notably, if compared with data for the LBCu and GBSCC obtained by
the SG route, a similar morphology can be noticed. This is of importance, as preparation
and characterization of the electrodes with similar microstructure features is crucial in
terms of comparison of the performance between different materials.

To have a deeper insight into the atomic-scale properties of the considered oxides,
also TEM/EDS observations were made, to ensure that there are no precipitated phases
nor inhomogeneities at the nanoscale. Results of these studies are presented in Figs. 10-
5a-c and Figs. 10-6a-c, respectively for the LSNMFCC2035 and LSNMFCC0550
samples. The experiments proved equal distribution of all the cations at the nanoscale as
well, further confirming that the obtained materials exhibit excellent structural and
microstructural properties. This result is especially noteworthy, as in previous literature
data on the multicomponent perovskite oxides some inhomogeneities could be observed
[178]. Also, the observed crystallite size in the TEM images generally matches that
obtained from the Williamson-Hall analysis implemented in GSAS Il software and
presented in Tab. 10-1. Finally, selection of the rhombohedral R-3c space group could be
confirmed (Figs. 10-5b and 10-6b), as the visible lattice fringes could be indexed correctly
in this case.
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Fig. 10-3. Morphology of the a) LSNMFCC2035, and b) LSNMFCC1540, together with
respective EDS elemental maps.
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Fig. 10-4. Morphology of the a) LSNMFCC1045, and b) LSNMFCCO0550, together with
respective EDS elemental maps.
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R-3c
zone axis [100]

Fig. 10-5. The TEM/EDS observations of the LSNMFCC2035 sample. a) Bright-field
TEM image with the corresponding Selected Area Electron Diffraction (SAED) pattern,
b) high-resolution (HR) TEM image with the fast Fourier transform (FTT) indexed as
the rhombohedral R-3c phase, and c¢) scanning TEM (STEM) image with the
corresponding EDS maps showing the uniform distribution of elements.
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Fig. 10-6. The TEM/EDS observations of the LSNMFCCO0550 sample. a) Bright-field
TEM image with the corresponding Selected Area Electron Diffraction (SAED) pattern,
b) high-resolution (HR) TEM image with the fast Fourier transform (FTT) indexed as
the rhombohedral R-3c phase, and c¢) scanning TEM (STEM) image with the
corresponding EDS maps showing the uniform distribution of elements.
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Aiming at characterizing behavior at high temperatures, and consequently to establish
thermal stability, the HT-XRD experiments were conducted for the four samples in a
temperature range of RT-900 <T in air. As depicted in Figs. 10-7a-d, the as-synthesized
LSNMFCC show a good thermal stability during the heating and cooling processes,
maintaining the rhombohedral symmetry throughout the whole measurement range. No
secondary phases nor phase transitions taking place were detected. Thus, it is easily
concluded that the considered LSNMFCC oxides can meet the requirements of the
thermal stability in both, electrode layer sintering and cell operating conditions.
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Fig. 10-7. HT-XRD data recorded for a) LSNMFCC2035, b) LSNMFCC1540, ¢)
LSNMFCC1045 and d) LSNMFCCO0550 materials in air on heating and cooling.

Similarly as for previous studied systems, more details could be also obtained from
the HT-XRD measurements, as it is presented in Figs. 10-8a and b. The derived unit cell
parameters a and ¢ show a monotonous and almost linear increasing trend with the
increasing temperature for all the samples. An inflection at ca. 400 <C more pronounced
for the a parameter, but it is relatively small. Meanwhile, it is worth noting that the data
for this parameter are highly overlapped, implying a quite similar expansion route along
this axis. It is also in a good accordance with almost unchanged values for the a parameter
in the whole series at RT (Tab. 10-1). Even though the parameter ¢ can be distinguished
at RT between the samples (Tab. 10-1 and Fig. 10-8b), the growing behavior is somewhat
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different, with smaller slope for materials with larger Cu content. This results in that the
data seem to be merged together in the high temperature range. Interestingly, this also

indicates that the unit cell volume of all materials at the highest temperatures will be very
similar.
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Fig. 10-8. Derived from Rietveld refinements unit cell parameters dependence on
temperature for the selected LSNMFCC samples for a) the unit cell parameter a, b) the
C parameter.

Moreover, the TEC data are also accessible through the conducted HT-XRD
measurements and Rietveld analyses. As depicted in Fig. 10-9a-h, TEC values obtained
on heating and cooling are very analogous to each other, and it is true for all studied
samples. Concerning application as electrode layers in the cells, the materials would show
a stable expansion behavior in the start-up and cool-down processes. Also, relatively
moderate TEC values were obtained for all samples, even at the higher temperature range
(400-900 <C). While somewhat higher than for the GBSCC series, the results appear as
acceptable, and can be still regarded as better than those for Co-based oxides [250,257].
In the case of LSNMFCCO0550, the material with the highest Co content, the values are
15.1 10° Kt and 20.6 10 K™, respectively below and above 400 <. However, a small
improvement can be seen for samples with higher Cu content in the lower temperature
range (Tab. 10-1), denoting the decreased thermal expansion induced by the copper
doping. Surprisingly, at higher temperatures TEC remains almost the same for all
materials, as opposite to the GBSCC series.
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Fig. 10-9. Calculated TEC values of a) and b) LSNMFCC2035, c) and d)
LSNMFCC1540, e) and f) LSNMFCC1045, and g) and h) LSNMFCC0550 samples.

- 126 -



The discussed above behavior at high temperatures seems to be linked with the
oxygen content and its changes with temperatures, as it is known for many perovskite-
type oxides. Considering this, iodometric titration experiments were performed, which
enabled determining the average oxidation state of the B-site elements, and therefore,
values of 6 at RT for all materials. As summarized in Tab. 10-1, the selected LSNMFCC
oxides exhibit almost the same oxygen content at RT, indicating very similar oxygen
vacancy concentration. This result is surprising, because of differences in doping with Cu
and Co, as proved in the GBSCC series. Possibly this is one of the effects, which stems
from the high value of the configurational entropy present in the materials.

To fully assess the oxygen content-related properties of the LSNMFCC series,
thermogravimetric measurements were carried out in air (Fig. 10-10a). A visible feature
of all the recorded curves is that the samples undergo a continuous and smooth oxygen
release process up to 800 <C, without any sudden and significant bend occurring. This
confirms that there are no phase transitions taking place during the measurements at high
temperatures. Furthermore, while data for LSNMFCC2035 start with the lowest oxygen
content out of selected compositions at RT, the material shows the largest change of the
values, and therefore the highest oxygen vacancies concentration at 800 <C. This implies
that the material should be bestowed with a good ionic conductivity at elevated
temperatures.
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Fig. 10-10. a) Recalculated from the TG data temperature dependences of the oxygen
content in LSNMFCC series in air. b) Raman spectroscopy data for the selected
LSNMFCC materials.

In addition, it is of interest to implement the Raman spectroscopy measurements,
since it may offer information in terms of bonding in the perovskite-type oxides. As it is
depicted in Fig. 10-10b, there are two peaks clearly visible, located at ca. 515 cm™ and
645 cm™ (630 cm™ for the case of LSNMFCCO0550). These two peaks are normally
observed in the LSCF materials, e.g. LSCF6428, in which are described as being related
to the characteristic modes in the R-3c structure [270,271]. Meanwhile, similar peaks are
also detected in other high-entropy perovskite-type oxides [178].
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It is important also to characterize the total electrical conductivity of the LSNMFCC
samples, and the results are shown in Figs. 10-11a and b. Interestingly, all of the materials
demonstrate very high, favorable values of the conductivity in air, which are all above
200 S cm in the temperature range of RT-850 <C. Particularly, LSNMFCC2035 exhibits
the highest conductivity among the series, reaching over 750 S cm™ at around 500 <T,
which is followed by data for LSNMFCC1540 with a lower copper content. In the latter
case the values still exceed 600 S cm™ at the similar temperature. These results denote
two important things, first, the selected multicomponent compositions are suitable to
achieve high total conductivity, despite relatively low Co content. Second, the copper
doping is beneficial for improving the electrical conduction. Both effects are likely related
to the presence of the B-site cations in different charge states, facilitating the electron
exchange process. Two more unusual effects are visible. The activation energy that can
be calculated in the low temperature range of RT-400 <T is the highest in the case of
LSNMFCC2035 material exhibiting the best transport properties (Fig. 10-11b). Also, the
supplementary data on the Seebeck coefficient values (Fig. 10-11c) indicate a negative
sign of this coefficient, which is rather unusual, as most of the related perovskites are p-
type conductors [272,273].

temperature [°C
a) b) 1200800 400 P [ ]
1000 — .
§ sool 280 & e SSaa
%) T = o
ot -l. o g =Y
2 600} - - £ 5
> " e O
3] - " n 24+
3 . — E =
g g > LSNMFCC2035 0.04(1) eV
S = LSbMECELeR ° > LSNMFCO1540 0.03(1) oV
e L LSNMFCC1540 G
= 200 20l LSNMFCC1045 0.02(1) eV
3 LANMESA 1010 LSNMFCC0550 0.02(1) eV
S +  LSNMFCC0550 ‘
0 200 400 600 800 10 15 20 25 30 35
temperature [°C] 1000/T [K]
c)
20l = LSNMFCC2035
LSNMFCC1540
LSNMFCC1045
10} LSNMFCC0550

—_
o
T

n
o

Seebeck coefficient [uV K]

200 400 600 800
temperature [°C]

o

Fig. 10-11. a) Total electrical conductivity for the LSNMFCC series in air as a function
of temperature, (b) conductivity in Arrhenius coordinates, and c) temperature
dependence of the Seebeck coefficient.
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In general, the derived values of the activation energy among selected samples are
quite low, which indicates that the conduction mechanism in the crystal lattice is easy,
with a large degree of delocalization of the electrons. More studies are needed to confirm
if the observed behavior can be explained by the small polaron behavior, or rather, another
mechanism is involved. Nevertheless, similarly as the properties regarding the oxygen
content, also the transport properties in the series are not standard, and seem to be affected
by the multicomponent occupancy at the B-site.

Chemical compatibility of LSNMFCC with the discussed before LSGM and GDC
electrolyte materials was also checked, as it is crucial because any reaction between the
electrode layer and electrolyte will have a negative impact on the performance of the cell.
After initial trials regarding selection of the proper temperature, the compatibility tests
were conducted for 2 h at either 850 <C or 900 <C, and the results are demonstrated in
Figs. 10-12a-h. Favorably, the whole LSNMFCC series exhibit the good chemical
compatibility with LSGM (up to 850 <C) and GDC (up to 900 <C) electrolyte materials.
No impurities or secondary phases could be detected after annealing in air at the
abovementioned temperatures. Therefore, the results adequately prove that both, LSGM
and GDC can be applied as electrolyte materials or buffer layers in the construction of
the cells.

Summarizing this chapter, it can be written that the proposed multicomponent oxides,
Lao.6Sro.4Nig.15Mng 15F€0.15CUxC00.55-x03-5 (0.05 < x < 0.20) possess physicochemical
properties, which are suitable in terms of the possible application as oxygen electrodes
for IT-SOCs. Also, the increased configurational entropy likely influences (in a beneficial
way) their behavior regarding oxygen content changes at elevated temperatures, related
thermal expansion, as well as total electrical conductivity.
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11. Electrochemical properties of the developed oxygen electrodes in
IT-SOCs

Comprehensive studies of the fundamental physicochemical properties, results of
which are reported in chapters 8, 9, and 10, allowed gaining insight into relationships
between the chemical composition, structure, oxygen content, thermomechanical
characteristics, transport properties, and chemical reactivity with selected solid
electrolyte materials. This enabled proposing materials from the three studied groups for
manufacturing of the oxygen electrodes, and further evaluation in the cells. Obviously,
systematic electrochemical studies are indispensable in characterizing the electrocatalytic
activity and output performance. Both, symmetrical and full cells (laboratory-scale,
button-type) were prepared and tested, as documented and discussed below. The
following three subchapters reflect the three studied perovskite-type systems.

11.1. La1sBa1sCusOsrss as the oxygen electrode material

It is worth noting that one of the advantages related to application of Cu-based
materials as oxygen electrodes in IT-SOCs is the related to the relatively low sintering
temperature of such materials, especially if compared to Mn- or Co-based perovskite
oxides [274,275]. Thus, this benefit can also be applied in manufacturing of the electrodes,
allowing obtaining electrode layers at relatively low temperatures, and at the same time,
showing good adhesion to the electrolyte and desirable porosity in their bulk. Taking this
into account, several attempts have been undertaken to establish the most proper layer
sintering temperature for the selected LBCu material. As can be seen in Figs. 11-1a and
b, electrodes sintered in 750-900 <C range exhibit significantly different properties, with
large difference in their polarization resistance R,, (data from symmetrical cells tested in
air).

As depicted in Fig. 11-1a, there are evidently two arcs visible for all the LBCu oxygen
electrodes, but their relative size (at all temperatures) differs considerably depending on
the sintering temperature of the electrode layers. The arc visible in the high frequency
part (close to zero in the x-axis) can be ascribed to reactions taking place at electrode-
electrolyte interface, while the one in low frequencies (close to the tail of curve on the
right side) can be attributed to reactions happening at the surface of the electrode
[222,223]. The optimal LBCu electrode is obtained when it is sintered at 800 <C, as can
be clearly seen from data presented in Figs. 11-1a and b. Specifically, the R, reaches as
low as 0.019 Q cm? and 0.041 Q cm? at 750 <T and 700 <T, respectively. Furthermore,
such values can be regarded as quite exceptional, when compared to other Cu-based
electrode materials (Tab. 11-1). Also, results are much lower than the widely-accepted
resistance value threshold of 0.15 Q cm? for SOC oxygen electrodes [276]. Notably, this
R, limit can be even met at ca. 625 C, as the calculated value at 650 <C yields 0.090 Q
cm?. The origins of the exceptional catalytic activity most likely stem from the favorable
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set of the physicochemical properties, especially, the complex, partially disordered
oxygen sublattice, which may facilitate the oxygen migration. This is expected to help
with the relatively fast oxygen release/intake at lower temperatures. When it comes to the
activation energy, much higher value of 1.82 eV was calculated for the electrode sintered
at 900 <C, the electrodes sintered at lower temperatures exhibit lower activation energy,
ranging in 1.26-1.37 eV range (as calculated at 600-700 <C). The differences likely are
related to the changed morphology and porosity, as well as the possible reactivity and/or
modified adhesion at the interface with the electrolyte.
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Fig. 11-1. a) Typical Nyquist plots recorded at 750 <C for the LBCu electrodes sintered
at different temperatures, together with respective fits, and b) related electrode
polarization resistance R, presented in Arrhenius-type coordinates in the whole studied
temperature range (600-800 <C). Data concern cells prepared on LSGM electrolyte with

the Ag current collector [227].

Tab. 11-1. Comparison of the electrode polarization resistance values for different Cu-
based and Cu-containing perovskite-type and related materials.

Chemical composition R, [Qcm?] Reference
LaisBa1sCusOr4s 0.041 (700 <C) This work
LaisBaisCusOr 0.019 (750 <C) This work
SrFeo.7Cu0303-5 0.107 (700 <) [277]
NdBaCu20s-5 3.18 (700 <C) [278]
NdBao.5SrosCu20s+5 0.20 (700 <T) [278]
La2Cu0.8C00.204 0.51 (700 <T) [279]
Sro.7Y03CuOz+s 0.054 (750 <C) [280]
Lao.8Sro2Mno.sCuo.203-5 4.3 (750 <) [281]
Lao.7Sro3CuO25 0.25 (800 <€) [274]
SrFeo.7Cuo.2Wo0.103-5 0.102 (800 <€) [282]
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It can be stated that such low R,, values obtained for the optimized LBCu electrode
indicate that as a Co-free material, LBCu can reach desirable electrocatalytic activity if
compared to the Co-based electrode materials [146]. Still based on the obtained data,
more important details can be uncovered via the DRT analysis.
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Fig. 11-2. Results of DRT analyses presented as a function of log(t) for symmetrical
cells with LBCu electrodes sintered at different temperatures, compared at a) 600 <C,
and b) 750 <C. c¢) The detailed analysis (with fitting of the respective peaks) of data
analyzed at 600 <C for the LBCu electrode sintered at 800 <C.

Figs. 11-2a-c present results of the DRT analyses. It is an obvious characteristic that
the biggest in terms of its area (as well as highest) peak can be easily identified in all
electrodes at both temperatures, 600 <C and 750 <C. This biggest peak can be attributed
to the mentioned previously large arc at the lower frequency zone. As compared at 600 T
(Fig. 11-2a), the respective maxima are at around 10, 100, 400 and 800 Hz for the
electrodes sintered at 900, 850, 750 and 800 <C, respectively. Furthermore, when
compared at 750 <C (Fig. 11-2b), an evident shift toward higher frequencies can be
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detected in all electrodes. Specifically, the main peaks are now at 400, 2000, 10000 and
11000 Hz, keeping the previous order regarding the electrodes. Data for the electrode
sintered at the highest temperature indicate problems with the gas diffusion and
adsorption of the oxygen molecules at the surface, which likely results from the not
sufficient porosity. The results are improved if the sintering temperature was decreased
to 850 <C, however, the best performance was reached for the electrode manufactured at
800 <T. As presented in Fig. 11-2c, the peaks for frequencies below 100 Hz (t > 102 s)
are negligible, and the rate limiting step appears as related to the reduction of the
previously adsorbed and dissociated oxygen [283-286].

It is also of interest to characterize if the obtained low R,, values can remain stable for
a prolonged time. For the durability tests, the best performing LBCu electrode was
selected (sintered at 800 <C), and the measured data are shown in Fig. 11-3. Temperature
of the tests was designated on a basis that the mentioned threshold of 0.15 Q cm? was
already matched at 625 <C. On one hand, it can be stated that throughout the span of 120
h measurement time, the R, behaves relatively stable, yielding a final value of 0.090 Q
cm?. It is even slightly lower than the beginning one (0.093 Q cm?). On the other hand,
despite some minor fluctuations, there are neither sudden jumps nor obvious increasing
or dropping of R, in the whole measurement. This result indicates that LBCu electrode
sintered at 800 T exhibits a good long-term stability of the performance.

0.15

o LBCu electrode sintered at 800 °C
measurements at 650 °C

000 i 1 i 1 " 1 " 1 " 1 i 1
0 20 40 60 80 100 120

time [h]

Fig. 11-3. Polarization resistance R,, of the LBCu electrode sintered at 800 <C as a
function of time. Measurements conducted in air during 120 h experiment [227].

Moreover, the SEM micrographs were recorded, showing the micromorphology of
the cross-section of the symmetrical cell after long-term measurements (Fig. 11-4). It is
clearly visible that the LBCu electrode layer has a thickness of around 30 um, and
maintains a good porosity after the 120 h measurements, as well as the good adhesion
with the LSGM electrolyte (contributing to the low R,, values). When focusing on the
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EDS maps, all elements related exclusively to LBCu, i.e. Ba and Cu are distributed
homogeneously on the electrode’s part, while Sr, Ga, and Mg are located in the LSGM
part. La, which is present in both materials, can be observed at both parts. Importantly,
no regions having enrichment in a given element could be observed. Therefore, without
any elemental segregation detected, it can be concluded that no interfacial reaction
between the LBCu electrode and LSGM electrolyte took place after the measurements
This is in good accordance with the results of the chemical compatibility measurements

(Figs. 8-10a and b).
La Ba
Sr

Fig. 11-4. Elemental maps gathered in SEM/EDS experiments for the cross-section of
the interface of the LBCu oxygen electrode sintered at 800 T with the LSGM
electrolyte, after testing for 120 h in the symmetrical cell configuration [227].

As excellent electrocatalytic activity of the optimized LBCu electrode was confirmed
in the symmetrical cell configuration, as well as it was shown to possess suitable long-
term stability, it is of interest to apply and test such electrode on the LSGM electrolyte-
supported full cell. Since LDC buffer has to be used on the fuel electrode side, the
configuration of the tested cell was Ni-GDC|LDC|LSGM|LBCu, representing the fuel
electrode, buffer layer, electrolyte, and oxygen electrode, respectively. The obtained
results of tests in the SOFC mode can be seen in Fig. 11-5a. Relatively high power density
outputs can be seen, as calculated from the current density-voltage (I-V) curves at each
tested temperature. For example, the cell reaches over 160 mW cm and 250 mW cm at
600 <T and 650 <C, respectively, denoting a good performance in the lower temperature
range. Even with the applied thin LSGM electrolyte, all the I-V curves are mostly straight,
indicating very limited or negligible effect from the activation polarization part on the
total polarization resistance. In general, the obtained output performance is excellent,
when compared with data for other Cu-based electrodes, e.g. NdBao.s5SrosCu20s:s,
PrBaosSrosCu20s+5, LasBaCusOi3:5, and LaNipsCuos03.5 at lower temperatures
[199,203,287]. Although the performance is lower than for the high Co-content
LaCoo.4Nio.4Cug 2035 [288], the optimized LBCu can be still regarded as very promising
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electrode. As mentioned, there is also a noticeable improvement over the previously
published data for LasBaCusOi3+5 oxygen electrode tested in a similar configuration,
which allows to say that the intrinsic properties of LaisBa1sCusO7=s triple perovskite
contribute considerably to the enhancement.

Additionally, performance in the reversed mode of the cell (as an electrolyzer) was
also characterized for the selected temperature of 800 <C (Fig. 11-5b). Based on the data
it can be concluded that LBCu shows also good electrocatalytic activity towards the
oxygen evolution reaction (OER), reaching a current density of over 370 mA cm?2 at 1.5
V. Meanwhile, the measured Nyquist plots of the full cell are presented in Fig. 11-5c. The
recalculated area specific ohmic resistances are less than 1 Q cm?and 0.6 Q cm? at 600 T
and 650 <C, respectively, which contribute effectively to the desirable performance level
in the fuel cell mode (Fig. 11-5a). When it comes to the polarization part, two arcs are
explicitly visible in the range of 600-750 <C, with the high frequency one obviously
diminished at 800 <C.
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Fig. 11-5. a) Current density-voltage (I-V) curves and the related power density output
of the Ni-GDC|LDC|LSGMI|LBCu full cell measured in the 600-800 <C range, b) the
respective 1-V curve of the same cell working in the electrolysis mode at 800 <C. c) EIS
data of the measured single cell as a function of temperature with respective fits [227].
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11.2. GdBaosSrosCo2xCuxOs+s as the oxygen electrode materials

The selected GdBao.5SrosC02xCuxOs+5 oxides also benefit from the possible lowered
sintering temperature for electrode layers, as they contain a relatively high content of Cu.
After a series of initial trials, 900 <C was selected as the most suitable temperature, which
is higher than that for the best LBCu electrode, but still relatively low. Initially, the
electrochemical tests were done in the same configuration, as described in the previous
chapter, i.e. with the LSGM electrolyte and Ag current collector in symmetrical cells.
However, suitable chemical stability toward the GDC electrolyte enabled more
comprehensive research with that electrolyte used as well.
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Fig. 11-6. EIS data with the respective fits for the symmetrical cells with GBSCC0911
electrodes: (a) LSGM-based with Ag, (b) LSGM-based with Pt, (¢) GDC-based with
Ag, and (d) GDC-based with Pt. Data recorded in the 600-850 <C temperature range

[248].
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However, relatively big differences in performance brought questions about nature of the
observed changes, as well as possible role of the current collector as well, so additional
studies with the Pt current collector were also performed. All the discussed results are
depicted in Figs. 11-6a-d, Figs. 11-7a-d, an Figs. 11-8a and b.

As presented in Fig. 11-6a, arcs in the Nyquist plot show a clear temperature
dependence. The GBSCC0911 electrode (on the LSGM electrolyte and with Ag current
collector) reaches the lowest polarization resistance at 850 <C, with the R,, value of only
0.017 Q cm?. It is apparently better than for the GBSCC1010 electrode in the same
conditions, for which the value is 0.026 Q cm? (Fig. 11-7a). This comparison denotes an
enhancement of the electrocatalytic activity owed to the higher copper doping content.
The same conclusion can be also made at other temperatures (600-800 <C). Nevertheless,
this enhancement does not act linearly with the copper content, and for instance, the R,
values of the GBSCC085115 electrode are somewhat higher than those recorded for the
GBSCC0911 and GBSCC095105 electrodes on LSGM (Fig. 11-9a). This may stem from
the fact that the GBSCCO085115 material is at the limit of formation of the solid state
solution, above which non negligible amount of the secondary phases appears.

In general, the obtained R,, resistances are comparable or even better than those for
the state-of-the-art Co-based double-perovskite counterparts [257,289,290]. However,
when the Pt current collector is applied, the relatively worse performance can be observed,
especially at lower temperatures, while the differences are less obvious at higher
temperatures (Fig. 11-6b, Fig. 11-7b). This effect can be clearly revealed on Arrhenius
plots prepared for the GBSCC0911 and GBSCC1010 oxygen electrodes (Figs. 11-9b and
c). Notably, the activation energy values of electrodes with the Pt current collector are
higher by ca. 0.2 eV, comparing to the electrodes with Ag. This may due to the fact that
Ag can possibly contribute to the electrocatalytic activity [291].

The comprehensive research indicates that when the applied electrolyte is changed to
GDC, the obtained R,, values are obviously higher than those on LSGM (Fig. 11-6c, Fig.
11-7¢). This phenomenon also occurs when Pt is adopted as the current collector (Fig.
11-6d, Fig. 11-7d). However, the calculated values of the activation energy are lower than
for the electrodes prepared on LSGM (Figs. 11-9b and c). Similarly, an increase of the
activation energy (by ca. 0.17-0.18 eV) also takes place on the GDC electrolyte when the
Ag is replaced with Pt for both, GBSCC0911 and GBSCC1010 electrodes. Other trends
can also be observed, including slightly lower activation energy for GBSCC0911 than for
GBSCC1010 obtained on LSGM, which is reversed for the GDC electrolyte, no matter
what current collector is applied. A guestion may be raised, what is the actual reason for
such complicated behavior. In order to reply to this query and to have a comprehensive
understanding of the ORR taking place on the considered electrodes, the symmetrical
cells with the best performing GBSCC0911 electrode and the different electrolyte and
current collector configurations were studied in more details, with the collected in air EIS
data analyzed by the DRT method (Figs. 11-10a-d, Figs. 11-11a-d). Also (the most stable)
cell with the GDC solid electrolyte and Pt current collector was tested as a function of the
changing oxygen partial pressure, with the selected DRT analysis data presented in Figs.
11-12a-d, as well as comprehensive evaluation shown in Figs. 11-13a-c.
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Ag, and (d) GDC-based with Pt. Data recorded in the 600-850 <C temperature range
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Fig. 11-8. EIS data with respective fits for the symmetrical cells with a) GBSCC085115
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respectively. Based on [247].
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Fig. 11-9. Electrode polarization resistance R,, presented in Arrhenius-type coordinates

for: a) all considered GBSCC electrodes on the LSGM electrolyte with the Ag current
collector, b) GBSCCO0911, and c) GBSCC1010 on the LSGM/GDC electrolyte with the
Ag/Pt current collector, respectively [248]
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Fig. 11-11. Results of the DRT analysis as a function of t for different symmetrical cells
with GBSCCO0911 electrodes. Data recorded at 850 <C for a) LSGM electrolyte and Ag
current collector, b) LSGM and Pt, ¢) GDC and Ag, and d) GDC and Pt [248].

- 142 -



frequency [Hz]

1 410’ 10° 10° 10* 10° 10° 10" 10° 107" 1072 4107 10° 10° 10* 10° 10> 10" 10° 107" 107
‘ peak 1 GBSCC0911 on GDC " | GBSCC0911 on GDC peak 1
_12F pea:: g /"“@Pt current collector 1.2 Ptcurrent collector peak g
S peal % 600 ° = 9.8% < 600 °C pO, = 76.2% peak
€10l peak 4 $ { TGP =RA% €10} BV ) peak 4
O peak 5 3/ 1 o peak 5
Cl o8l  peaks b4 b Cost peak 6
o > experimental / % —~ ~, o experimental data
O 06}t data $ b Q06 £3 fitting
= fitting $ b . P Y
< 3 c I fl Y
£ 04 s £ 04 ™
£ r % Sool 1 k!
=02 i/ % =02 i 3
0.0 =B - S 00} = % _ Q\MW
-6 -4 -2 0 2 -6 -4 -2 0
log(t) [s] log(t) [s]
c) d)
frequency [Hz] frequency [Hz]
10 10° 10° 10* 10° 10> 10" 10° 107" 102 107 10® 10° 10* 10° 102 10" 10° 107" 1072
T e o™ — g L i T ™ T T ™ T ™ T
850 °C GBSCC0911 peak 1 GBSCC0911 on GDC peak 1
- 0.04 PO, = 9.4% # OF GDC pealk2 — 0.04 Pt current collector peak 2
& 43 Pt peak 3 & 850 °C pO, = 76.9% peak 3
e { ‘current collector__ peak 4 e peak 4
o 0.03+ ¢ peak 4.1 © 0.03 &
4 A SL peak 5
(@] *ﬁ P b peakg (@] / Q%f { peak 6
= b ° peak == z o experimental data
o002 /¢ \ o experimental o 0.02¢ | 1 ﬂtti‘:.g
Z i | 4 & data T , 14
c I/ % : fitting < WJ ®
=001} | i» s, ] =001} ‘
N | b ¢ [ * 4
> gt - > J \
000} = - — 0.00+
1 1 1 1 1 1 1 1
-6 -4 -2 0 2 -6 -4 -2 0
log(t) [s] log(7) [s]

b)

frequency [Hz]
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of 1, measured for the symmetrical cell with GBSCC0911 electrodes on the GDC
electrolyte and with Pt current collector: a) and b) data recorded at 600 <C, as well as c)
and d) at 850 <C for different pO., respectively [248].
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Fig. 11-13. Measured EIS spectra for the symmetrical cell (GBSCC0911 on GDC with
Pt) as a function of pO; at a) 600, and b) 850 <C. The lines represent standard fits with
the equivalent circuit. c) Dependence of the derived partial resistances as a function of
pO: in log-log coordinates. Note the included slope values m, fitted for data registered

at 600 and 850 T [248].

The visible in all the presented DRT graphs numerous peaks correspond to different
steps of the electrode reaction, however, depending on the used electrolyte, current
collector, and temperature, the peaks may shift, diminish, or appear as merged with their
adjacent peaks. This indicates that all these factors indeed have an effect on the
electrochemical reactions taking place at the oxygen electrode. Considering theoretical
knowledge of the ORR, it is of importance to introduce the characteristic indicator m,
value of which represents different steps of the total reaction. It is known that the
following steps are of importance: adsorption of oxygen molecules (maq = 1), dissociation
of oxygen molecules (mgis = 0.5), two-step reduction of oxygen (Mred1 = 0.375 and Mreq2
= 0.125), incorporation of the reduced oxygen into lattice (minc = 0), and migration of
oxygen anions through the electrode/electrolyte interface (mmig = 0) [284-286]. In order
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to determine which peak correspond to which step, it is necessary to conduct the EIS/DRT
experiments as a function of pO.. Considering time needed for such studies and their
complexity, only the best performing GBSCCQ0911 electrode was selected, together with
the GDC electrolyte and Pt current collector, as this configuration ensured the most stable
performance (as explained in the next section).

In Figs. 11-13a and b, the EIS curves are presented in Nyquist plots for, as recorded
at 600 C and 850 <T. It is evident that the arcs become larger with the decreasing pO-
(from around 76% to 9%). Although there are main 6 peaks identified in such varied pO>
measurements (Figs. 11-12a-d), some of the peaks can be combined together and
eventually interpreted as four prime electrochemical processes. As depicted in Fig. 11-
13c, the peak 1 can be analyzed separately since it acts quite independently to the varied
pO2, so my at 600 T = 0.02(1), and my at 850 °C = —0.06(3). Alongside with its highest
frequency (10° Hz), it can be consequently related to the process of charge transfer
through the interface of electrode/electrolyte. As for peak 2 (m2 at 600 T = 0.07(6), m»
at 850 € = 0.03(4)), it demonstrates the similar independency in relation to the pO., and
since it occurs at relatively lower frequencies (< 10° Hz), thus, it can be regarded as the
incorporation of reduced oxygen into the electrode lattice. Then, there are two peaks, peak
3 (also 3.1, if present) and 4 (also 4.1), appearing at the frequency range of 103-10° Hz
and changing considerably in different pO2 (ms4 at 600 T = 0.22(3), m34 at 850 T =
0.30(2)). Since the combination of these two peaks can be more reasonably interpreted
than their separate state, they are, together, assigned to the reduction process of oxygen,
with the value of combined ms 4 close to 0.25. Additionally, these two peaks jointly show
up as the dominant area in all DRT graphs, indicating that the oxygen reduction is actually
the rate-limiting step in the ORR on the GBSCC0911 electrode. Speaking of the
remaining peaks, peak 5 and 6 (also 6.1) can be integrally considered as well, which allow
to observe a strong dependence on the pO2 values (msg at 600 T = 0.65(5) and ms¢ at
850 € = 0.93(8)). Therefore, their origin can be regarded as the oxygen molecules
dissociation at lower temperature (ms close to 0.5), while the oxygen adsorption at higher
temperature (ms 6 close to 1). In general, such behavior of the GBSCC0911 electrode and
related interpretation, presented in the author’s paper [248], follows closely previously
published data for other, highly-efficient oxygen electrode materials [292,293].

As for the comparison with respect to the other electrolyte and current collector types,
the calculated partial polarization resistances are summarized in Tab. 11-2. There is an
array of conclusions that can be drawn as well. Firstly, as it can be visibly derived, the
charge transfer process favors the interface of GBSCC0911 with LSGM (data at 850 <C
are actually close to 0). When GDC is adopted as the electrolyte, the polarization
resistance at the interface does not contribute obviously to the total R,, at 600 <C, while it
indeed has bigger impact at 850 <C, although still not the dominant one. This difference
in charge transfer may be explained as due to the similar perovskite-type related crystal
structures of both, GBSCC0911 and LSGM. Secondly, the LSGM-supported cells also
show an advantage in terms of the incorporation of the reduced oxygen into the lattice.
Thirdly, another difference is about the current collector used, and it is obvious that the
oxygen reduction can be improved by Ag, with which the cells show much lower R; 4 at
both temperatures. This fact again proves the catalytic effect aroused by Ag [291]. As it
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is shown in the graphs, R;, undoubtedly takes up the biggest proportion in the total
polarization resistance R,,, denoting that the oxygen reduction is indeed the rate-limiting
step in the ORR. Last but not least, when focusing on Rs¢, silver also seems to be

beneficial to the adsorption and dissociation of oxygen, which is more evident at lower
temperature [248].

Tab. 11-2. Comparison of components of the total polarization resistance of symmetrical
cells with GBSCCO0911 electrodes and different electrolytes and current collectors. Data
were recorded in air or close to air oxygen partial pressure at two different temperatures
[248]

600 € 850 €

Cell Ry R2 R34 Rs6 R1 R2 R34 Rs6

[Qcm?] | [Qcem?] | [Qem?] | [Qem?] | [Q em?] | [Q ecm?] | [Q cm?] | [Q cm?]
LSGM | 0.002 0.005 0.805 0.012 - 0.002 0.011 0.005
Ag
LSGM - - 3.010 0.126 - 0.001 0.027 0.008
Pt
GDC 0.064 0.091 0.849 0.049 0.006 0.010 0.017 0.007
Ag
GDC 0.066 0.087 1.584 0.903 0.008 0.015 0.042 0.016
Pt
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Fig. 11-14. Relative increase with time of the polarization resistance of different cells
(on LSGM or GDC electrolyte) with selected GBSCC electrodes and Ag or Pt current
collectors [248].

Aiming at evaluation of the long-term stability of the obtained oxygen electrodes and
symmetrical cells, changes of the EIS spectra, and therefore in R,, values, were registered
for 120 h in experiments performed at 700 <C. The related results are shown combined in
Fig. 11-14 in a form of relative changes. Importantly, both electrodes, GBSCC0911 and
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GBSCC1010 manufactured on the LSGM with Ag used as the current collector
demonstrate an increasing trend of R, with time. The electrode with lower Cu content
shows a higher relative increase of the values, over 225% after 80 h of tests. The reason
of this unstable performance can be identified in the SEM results (Figs. 11-15a and b,
Figs. 11-16a and b), presented below. As can be seen in Figs. 11-15b, the segregation of
the Sr element is clearly detected at the interface between the GBSCC1010 electrode and
LSGM electrolyte. Interestingly, such segregation seems to be confined by a higher
copper doping content in the GBSCC0911 electrode, although it can be still somehow
identified (Fig. 11-16a). Nevertheless, the improvement observed for GBSCCO0911 in
terms of the R, increase with time is not satisfactory. At the same time, it is necessary to
note that when Ag is replaced with Pt, a stable performance can be obtained on LSGM
(represented by green ball points in Fig. 11-14) after 80 h of operation.

a)

Sr Co

Fig. 11-15. Morphology (cross-section) of the measured oxygen electrode/electrolyte
interface together with the corresponding elemental maps obtained by EDS, a)
GBSCCO0911 after EIS tests in the symmetrical cell (LSGM electrolyte), b) GBSCC1010
after long-term stability measurements in the symmetrical cell (LSGM electrolyte).
Notice strontium segregation at the interface [248].
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Fig. 11-16 . Morphology (cross-section) of the measured oxygen electrode/electrolyte
interface together with the corresponding elemental maps obtained by EDS, a)
GBSCCO0911 after long-term stability measurements in the symmetrical cell (LSGM
electrolyte). Sr segregation is suppressed, b) GBSCC0911 after long-term stability
measurements in the symmetrical cell (GDC electrolyte). No Sr segregation occurred
[248]

While data for the GDC-based cell with Ag still show the increasing trend (pentagons), it
IS not as pronounced as for the LSGM-based cells, however, no stabilization can be seen.
Furthermore, lowering operation temperature can also bring about a much lower relative
increase of R, (pink stars, ca. 10% increase at the end), but the increasing trend is still
visible during whole time of the measurements. Such results indicate that the Ag current
collector is not suitable for the long-term operation with GBSCC electrodes, although it
can result in the excellent electrochemical performance in the short-term operation (Figs.
11-9b and c). On the other hand, Applying GDC as the electrolyte can prevent Sr
segregation at the interface (Fig. 11-16b), and yield a stable performance with Pt used as
the current collector (blue squares in Fig. 11-14). Such cell shows a relative increase of
R, by only 0.04 % h™ in the last 40 hours of operation. This value can be regarded as
very promising for the laboratory-scale cells, and similar results are also provided in other
work [294].
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In all the micro-morphology tests of the electrodes after measurements, as observed
by SEM, a good adhesion of the electrode layers to both electrolytes is maintained. This
can be related to the relatively well-matched thermal expansion of the materials. Despite
some Sr segregation for GBSCC1010, it did not cause delamination or cracks formation.
In addition, the desirable porosity of all the tested electrode layers can be seen, enabling
sufficient gas diffusion and adsorption of oxygen on surface of the electrodes. Overall, it
can be stated that favorable morphological feature are not limiting the GBSCC electrodes,
but rather, are contributing to the very good electrochemical performance.
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Fig. 11-17. a) Current density-voltage (I-V) curves and the related power density output
of the Ni-GDC|LDC|LSGM|GBSCC0911 full cell measured in the 600-800 <T range, b)
the respective I-V curve of the same cell working in the electrolysis mode. c) EIS data
of the measured single cell as a function of temperature with respective fits [248].

Importantly, applying the developed oxygen electrodes in a full cell is also of interest
to evaluate the output power density dependence on temperature, as well as working
ability in the reversed mode. While the best performance could be expected for the
GBSCCO0911, for better comparison, the GBSCC1010 is also selected and applied.
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Fig. 11-18. a) Current density-voltage (I-V) curves and the related power density output
of the Ni-GDC|LDC|LSGM|GBSCC1010 full cell measured in the 600-800 <C range, b)
the respective I-V curve of the same cell working in the electrolysis mode. c) EIS data
of the measured single cell as a function of temperature with respective fits [248].

As shown in Fig. 11-17a, the I-V curves demonstrate an expected, increasing
maximum specific current density and power with the increasing temperature.
Specifically, for the Ni-GDC|LDC|LSGM|GBSCC0911 full cell a peak of output power
exceeding 1500 mW cm could be measured at 900 <TC, followed by around 1240 mW
cm? at 850 <C. Similarly high values were measured for the Ni-
GDC|LDC|LSGM|GBSCC1010 full cell (Fig. 11-18a). Such surprisingly high output
power densities suggest that both, GBSCC0911 and GBSCC 1010 can potentially work
in a practical fuel cell, while the GBSCCO0911 electrode with lower Co-content appears
as more competitive, as compared to those high Co-containing materials [262,295,296].
Notably, when the cell works at 700 <C or below, GBSCC0911-based full cell shows an
improved power density. In general, the obtained performance is obviously better than
that for LnBaC020s-+5 (Ln = Pr, Nd and Gd) [250,297]. It is also interesting to compare
the performance at 600 <C and 650 <C with the LBCu-based full cell (Fig. 11-5a). While
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both GBSCC electrodes perform somewhat better at 650 <C, at the lower temperature still
the cell with LBCu oxygen electrode showed higher power output.

Concerning work as an electrolyzer, the Ni-GDC|LDC|LSGM|GBSCC0911 cell
reaches a current density of 0.44 A cm with the voltage of 1.3 V at 750 <T (Fig. 11-17b).
The other electrode also performs in a similar manner (Fig. 11-18b), suggesting that
GBSCC oxygen electrodes can also be applied in the SOEC mode. As far as the
polarization resistance of the full cells is concerned, the EIS curves in Fig. 11-17c and
Fig. 11-18c indicate low values of both, polarization resistance and ohmic component-
related parts, which effectively help to achieve the exceptional output performance in the
fuel cell mode (Fig. 11-17aand Fig. 11-18a). To be specific, there are three arcs identified
in measured temperature ranges, of which the arc at high frequencies gradually merges
with the one at middle frequencies at lower temperature.

Additionally, the GBSCC085115 material was also applied as the oxygen electrode
in an anode-supported full cell, with Ni-YSZ used as the fuel electrode and YSZ as
electrolyte, as well as GDC buffer included. As can be seen in Fig. 11-19a, the cell could
reach a peak output power density of over 725 mW cm at 850 <, and 575 mW cm™ at
800 <T. It is also noteworthy that in the electrolysis mode the cell delivered a current
density of around 0.33 A cm with the voltage of 1.5 V at 800 <C, implying the promising
application of GBSCC085115 material for the reversed mode of operation.
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Fig. 11-19. a) Power density output of the Ni-YSZ|YSZ|GDC|GBSCC085115 full cell
measured in the 600-800 <C range, b) the respective I-V curve of the same cell working
in the fuel cell and electrolysis modes [247].
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11.3. LaosSro4Nio.15sMno.1s5Feo15CuxCoo55xO3-5 as the oxygen electrode materials

Results presented in this chapter regarding development of the oxygen electrodes
from the proposed Lao.sSro.4Nio.1sMno.15F€0.15CuxC0055xO3-5 System follow the general
idea presented in two previous subchapters. However, the initial experiment for the cells
manufactured on the GDC electrolyte were conducted during the international internship,
which was realized at the Catalonia Institute for Energy Research IREC, Barcelona, Spain.
Since the screen-printing equipment at the Laboratory of Nanoionics and Fuel Cells led
by Prof. Albert Taranc is different than the one used at the Department of Hydrogen
Energy, Faculty of Energy and Fuels, there are some differences in the initial results,
which can be ascribed to the electrodes’ morphology.
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Fig. 11-20. Typical Nyquist plots for the LSNMFCC electrodes (GDC electrolyte)
compared at a) 600 <C, and b) 850 <T with their respective fits. c) Related electrode
polarization resistance R, presented in Arrhenius-type coordinates. Notice the included
activation energy values.
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As the feature of Cu-containing oxides, LSNMFCC-based electrodes can be also
sintered at relatively low temperatures (850 <€ on LSGM and 900 <€ on GDC), which is
certainly advantageous in manufacturing of button-type symmetrical and full cells for the
electrochemical characterizations. The results of initial measurements based on the GDC
electrolyte for four selected electrodes are shown in Figs. 11-20a and b. It can be easily
concluded that higher cobalt content in the oxides can yield lower R, values, e.g.
LSNMFCC0550 can meet the requirement of 0.15 Q cm? at around 665 <C, while
LSNMFCC2035 meets it at 730 <C (Fig. 11-20c). This fact indicates that Co indeed plays
a dominant role in determining the electrocatalytic activity in the LSNMFCC series of
electrode materials.
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Fig. 11-21. Typical Nyquist plots for the LSNMFCC0550 and LSNMFCC2035
electrodes compared at a) 600 <C, and b) 850 <T with their respective fits. Data for
cells based on the LSGM or GDC electrolyte. ¢) Related electrode polarization
resistance R, presented in Arrhenius-type coordinates.
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Given that both, GDC and LSGM are compatible with LSNMFCC series (Figs. 10-
12a-h), further characterizations based on the two electrolytes are also implemented in an
improved approach in cell manufacturing process (the final procedure was done in the
same manner like for the previously discussed systems). Notably, since the observed trend
was the same as in the initial measurements, just LSNMFCCO0550 and LSNMFCC2035
electrodes were selected for the more detailed studies, which represent the best and the
worst electrocatalytic activity, respectively related to the highest and lowest Co-content.

As presented in Fig. 11-21, there are several observations worth paying attention to.
Firstly, the improved approach in the cell manufacturing indeed made a positive
difference on the R, values of both cells. To be specific, in Fig. 11-21c, the cell with
LSNMFCC0550 on GDC meets the 0.15 Q cm? at 650 <C, yielding a value of R,, as low
as 0.015 Q cm? at 850 <T, while cell with LSNMFCC2035 meets the mentioned threshold
at around 680 <C, reaching the R,, value as low as 0.018 Q cm? at 850 < based on the
GDC as well. Secondly, in both cases, for LSNMFCC0550 and LSNMFCC2035, the cells
based on GDC can yield lower R,, in comparison to those based on the LSGM electrolyte.
It is unexpectedly different to the results presented for the GBSCC system. Specifically,
LSNMFCC0550 on LSGM reaches 0.65 Q cm? at 600 <T, as compared to 0.41  cm? on
GDC at the same temperature. This comparison can be also found for LSNMFCC2035,
with 1.73 Q cm? and 0.84 Q cm? on LSGM and GDC, respectively. Thirdly, no matter
the type of the electrolyte applied, the R, values of LSNMFCCO0550 are always lower
than those of LSNMFCC2035, which is in good accordance with the initial cells’
measurements and confirms the role of the cobalt element.

In order to have an insight into the reasons of such the improvement in comparison to
the initial symmetrical cells, the DRT analysis was again adopted to unveil the details
regarding of the electrochemical steps of the ORR. The results are shown in Fig. 11-22,
with visible peaks in the respective log(t) ranges. According to the conclusions from the
GBSCC system, those characteristic peaks can be assigned to different electrochemical
steps of the ORR. Consequently, the respective peaks were analyzed in a similar manner
for the LSNMFCC system.

The peak 1 in both Figs. 11-22a and b, shows an evident improvement when cells are
optimized, implying that the charge transfer at the electrode/electrolyte interface is
effectively improved. Also, some enhancements, although not as big as for peak 1, can
be seen also for peak 2, which corresponds to the enhancement in the reduced oxygen
incorporation into the crystal lattice. The peak 4 of the optimized cells is apparently
smaller than that of the initial cells, indicating a boosted process of the oxygen reduction
on the electrode. Last but not least, although not so significant as for other peaks, some
enhancements related to the oxygen adsorption and dissociation can be also seen. Overall,
the improved approach of the cell manufacturing can effectively enhance and optimize
the performance.

It is noteworthy that although the LSNMFCCO0550 demonstrates the best
electrochemical performance among the LSNMFCC series, eventually, the material with
the highest Cu content (lowest Co amount), LSNMFCC2035, appears as more interesting,
as it possesses the highest configurational entropy (Tab. 7-4). In this aspect, some trials
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have been performed to improve its properties further, as documented in the next chapter

devoted to the application of the electrospinning method.
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Fig. 11-22. Comparison based on results of the DRT analyses as a function of log(t) for
the initial and optimized symmetrical cells based on the GDC electrolytes, as compared
at 600 <C, with the a) LSNMFCCO0550, and b) LSNMFCC2035 oxygen electrode,
respectively.
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Fig. 11-23. Polarization resistance R,, changes for LSNMFCC2035 and

LSNMFCCO0550 electrodes manufactured on LSGM or GDC as a function of time.
Measurements conducted in air during 120 h experiments. Note the calculated change
rates in the last 60 h.

It is of importance to assess the stability of the cells in a long-term operation, and such
studies were performed at 700 <C. As gathered in Fig. 11-23, cells with LSNMFCC2035
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and LSNMFCCO0550 electrodes, all demonstrate an excellent long-term stability of the
performance up to 120 h. To be specific, the visible relative increase for the cells based
on the GDC electrolyte is calculated as lower than 0.1% h* with either LSNMFCC2035
or LSNMFCCO0550 electrode (last 60 h of operation). Interestingly, the R, values were
even found as almost not changing or even decreasing with time in the case of all tested
cells on the LSGM electrolyte, including the electrode manufactured with the electrospun
LSNMFCC2035 material (discussed in the next chapter). In order to get understanding of
the very stable or even decreasing behavior of R,,, the DRT analysis is again adopted. As
visible in Fig. 11-24a, when GDC is used as the electrolyte, despite a slightly smaller
peak 4 after the 120 h tests, all other peaks undergo a rising change, which is particularly
visible for peaks 3, 5, 6 and 7. This indicates that the processes of oxygen adsorption and
dissociation become a little bit sluggish with time, with a slight change in the charge
transfer at the interface of the electrode with electrolyte also visible. When it comes to
the cell manufactured on LSGM (Fig. 11-24b), the biggest change is visible on peak 3,
denoting an improved oxygen reduction process after 120 h. Some small enhancements
can be also detected on peaks 5 and 6, implying a better oxygen adsorption process.
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Fig. 11-24. Comparison based on results of the DRT analysis as a function of log(t) for
cells with LSNMFCC2035 oxygen electrode based on a) GDC, and b) LSGM,
compared at the beginning and after 120 h long-term measurements at 700 <C.

Considering morphology of the electrodes after the tests, as visible in Figs. 11-25a
and b, LSNMFCC2035 electrodes maintain a good adhesion with either GDC or LSGM
after the 120 h measurements, as well as show a desired porosity in the electrode layer.
Moreover, in the respective EDS maps, there is no segregation visible in the elemental
distribution across or on the electrode/electrolyte interface, indicating a good chemical
stability of LSNMFCC2035 material used as the oxygen electrode. Small bright spots in
the Cu maps can be noticed, however, it seems that this level of precipitation can be
neglected. Also, in Figs. 11-26a and b, a detailed elemental analysis is realized on the
selected spots (colorful circles) to elaborate more on the LSGM electrolyte. The actual
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measured elemental ratios are in good accordance with the expected ones, while no
significant signal from other elements could be detected. These results confirm the good
chemical stability of LSGM as well.

Fig. 11-25. Morphology (cross-section) of the measured cells with LSNMFCC2035
used as the oxygen electrode, together with the corresponding elemental maps obtained
by EDS. a) Data for cells on GDC, and b) LSGM.

D) spot from sol-gel __La__|Sr__lGa _[Mg_[O

27.0 7.4 18.9 441 42.6
o 287 75 202 39 39.7
289 7.5 204 39 39.3
average atomic content [%] 28.2 7.5 19.8 4.0 40.5
measured ratio 3.8:1 5.0:1
expected ratio 4:1 4:1

Fig. 11-26. Elemental analysis of selected spots for LSNMFCC2035 on LSGM. a) The
marked spots selected as the analysis points, and b) the summary of the analysis results.
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Fig. 11-27. a) Current density-voltage curves and power density output, and b)
performance in the electrolysis mode for the Ni-GDC|LDC|LSGM|LSNMFCC2035 full
cell. ¢) EIS data measured under open circuit conditions. d) SEM micrograph the of
cross-section of the measured full cell.

Finally, the output power density, which is of importance to assess the actual
properties of the LSNMFCC2035 oxygen electrode material could be also measured as a
function of temperature in the LSGM-based cell. As it is shown in Fig. 11-273, the I-V
curves show an expected, increasing trend of the current density with the increasing
temperature, yielding a peak power density of 1125 mW cm2 and 910 mW cm at 850 T
and 800 <TC, respectively in the fuel cell mode. When it comes to the electrolysis mode
(Fig. 11-27b), LSNMFCC2035 also performs satisfactorily, yielding a current density of
0.44 A cm2 with the voltage of 1.3 V at 750 <C. The results confirm that the developed
multicomponent oxygen electrode can work efficiently in both, fuel cell and electrolysis
modes. The EIS curves presented in Fig. 11-27c show the low ohmic resistance values of
the measured full cell, as well as the low polarization resistances. This is true at each
temperature. There are three arcs identified up to 800 <C, with the high frequency arc at
850 <T merging with the one at middle frequency. Additionally, as visible in Fig. 11-27d,
the LSNMFCC2035 electrode layer maintains the good adhesion with the LSGM
electrolyte and shows desired porosity as well after tests. This is in good accordance with

- 158 -



results presented for the symmetrical cell (Fig. 11-25b). Overall the results are among the
best published for the multicomponent or high-entropy perovskite electrodes
[178,298,299].

While remarkable power density output could be measured for the constructed full
cell with Ni-GDC|LDC|LSGM|LSNMFCC2035 configuration, indicating that the
developed LSNMFCC2035 material is suitable for making functional oxygen electrodes,
a question remains if the properties can be still improved, e.g. to the level of R, values
characteristic for the LSNMFCCO0550 electrode (Fig. 11-21c). This issue is discussed in
the next chapter.
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12.  Improvement of selected oxygen electrodes by electrospinning

As it was mentioned previously in the chapter 7, electrospinning is an interesting
synthesis method that may help obtaining samples with a special fiber-like morphology,
which can be expected to make a noticeable impact on the electrochemical properties
[209,300]. Consequently, several trials have been conducted to modify morphology of
the considered oxygen electrode materials by this method. For the relevant experiments,
GBSCC0911, as well as LSNMFCC0550 and LSNMFCC2035 perovskites were selected.

12.1. Electrospun GBSCCO0911 applied as the oxygen electrode material

As the most important characterization, XRD results are presented in Fig. 12-1 for the
GBSCCO0911 ES sintered at 1000 <T for 6 h. It is evident that the electrospun material
maintains the same tetragonal P4/mmm symmetry as the GBSCC0911 synthesized via the
SG method. Regardless of some minor peaks visible in the range of 35-40 deg, there are
no obvious differences identified between both GBSCC0911 samples.

GBSCC0911 synthesized by:
electrospinning
sol-gel

R IR .

10 20 30 40 50 60 70 80 90 100110
20 [deq]

intensity [a.u.]

Fig. 12-1. Comparison of the XRD results for GBSCC0911 synthesized by SG and ES
(after sintering) methods.

When the phase identification could be positively realized, it is obviously of a great
interest to have observation on the micro-morphology upon the obtained GBSCC0911
ES. Expectedly, it should exhibit the characteristic features of this synthesis method. As
presented in Fig. 12-2a, immediately after the electrospinning, the material exhibits the
nanofiber-like morphology. The diameter of the fibers is in the 200-500 nm range. All
nanofibers demonstrate relatively straight shape and smooth surface. As shown in Fig.
12-2b, the nanofibers became coarsened and curved after the sintering at the high
temperature (optimized at 1000 < for 6 h), but still, the fiber-like morphology is
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maintained, with the diameter of individual units growing to ca. 400-600 nm range, but
at the same time, very porous, interconnected structure formed. It is worth noting that the
observed porosity seems as more suitable for application, being more uniform and open,
with well-joined particles visible in the micrograph. It can be stated that such morphology
is better in comparison to the one presented in Fig. 9-3c for the GBSCC0911 sample from
the SG method.
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Fig. 12-2. a) SEM micrograph of the obtained GBSCC0911 ES sample before sintering,
and b) the same sample after sintering at 1000 <C for 6 h in air.

Importantly, since the obtained structure is the same, but morphology prevents most
of the other experimental methods to be conducted (i.e. studies of the electrical
conductivity), the ES sample was directly used in manufacturing of the electrode layers.
However, it should be stated that preparation of the electrode slurry involves grinding,
which may influence morphology of the final electrode sinter. Also, since the good
chemical compatibility of GBSCC0911 SG with the GDC electrolyte was confirmed, the
obtained GBSCC0911 ES was applied as the oxygen electrode in symmetrical cell with
GDC and the Pt current collector (the most stable configuration). As shown in Fig. 12-3a,
the R, values of the GBSCCO0911 ES electrode are obviously smaller than those of the
standard GBSCCO0911 one at 850 T, indicating the improved electrocatalytic activity,
induced likely by the altered morphology. There are two arcs visible in both EIS data,
with the small arc at the low frequency part ascribed to the oxygen adsorption and
dissociation processes, and the bigger arc at high frequency, mainly regarded as the
oxygen reduction process. Since very minor differences can be distinguished on the small
arcs, in fact the main enhancement took place on the high frequency arc, suggesting the
improved oxygen reduction on the GBSCC0911 ES electrode. However, data at lower
temperatures are not so favorable, with only very minor or no improvement at all
registered (Fig. 12-3b). This is in fact surprising, and has no simple explanation.
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Fig. 12-3. Comparison of a) EIS curves of symmetrical cells with GBSCC0911 SG and
GBSCCO0911 ES electrodes, data compared at 850 <C, and b) the related electrode
polarization resistance R, presented in Arrhenius-type coordinates.

After the symmetrical cell measurements, the SEM observations of the cross-section
of the cell proved that the ES electrode layer maintains a good adhesion with the GDC
electrolyte (Fig. 12-4). Moreover, although there are elemental precipitations of Cu and
Ce, they are rather minor, and may possibly stem from the process of sample’s preparation
for SEM observations. Apart from that, there are no other elemental segregations at the

interface of electrode/electrolyte taking place, implying a rather stable behavior of the
prepared GBSCC0911 ES material.

Gd Ba Sr Co
Ce

Fig. 12-4. Morphology (cross-section) of the measured GBSCCQ0911 ES oxygen
electrode on the GDC electrolyte, together with the corresponding elemental maps
obtained by EDS.

Similarly as in previous studies, it is necessary to characterize the output power, which
can be delivered by the full cell with GBSCC0911 ES used as the oxygen electrode. With
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the GDC applied as the electrolyte support, and Pt used as the current collector, the full
cell with GBSCC0911 ES reaches a peak power density of 381 mW cm2 and 143 mW
cm2at 850 T and 700 <T, respectively. Interestingly, the power density of GBSCC0911
ES is slight lower than that of the similar cell with GBSCC0911 SG electrode at 850 C
(426 mW cm™), but is higher at 700 <T (118 mW cm?). The relevant data are gathered in
Figs. 12-5a and 12-6a. Such a difference can be illustrated in the polarization resistance
changes. As depicted clearly in Figs. 12-7a and b, the polarization resistances of
GBSCC0911 ES-based full cell are smaller at both temperatures than those of the standard
cell, which is in accordance with the results of the symmetrical cell. Nonetheless, the two
considered full cells exhibit similar ohmic resistances at 700 <C, which overall yield a
better performance of the cell with the GBSCCO0911 ES electrode. At the same time, the
ohmic resistance is apparently higher for the cell with standard GBSCCO0911 at 850 <C,
resulting in a lower power output density.
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Fig. 12-5. a) Current density-voltage (I-V) curves and power density output, and b)
performance in the electrolysis mode for the Ni-GDC|GDC|GBSCC0911 ES full cell. c)
EIS data measured under open circuit voltage conditions.
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Fig. 12-6. a) Current density-voltage (I-V) curves and power density output, and b)
performance in the electrolysis mode for the Ni-GDC|GDC|GBSCC0911 SG full cell. c)
EIS data measured under open circuit voltage conditions.
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Fig. 12-7. Comparison of the EIS data from full cells with GBSCC0911 ES and SG
oxygen electrodes at a) 700 <C, and b) 850 <C. Fits are also shown.
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There are three arcs detected in the EIS data for the full cells (Fig. 12-5c and Fig. 12-
6¢). Moreover, both cells show quite a good performance in the electrolysis mode,
reaching near 1.89 A cm? and 2.77 A cm? with the voltage of 1.4 V at 750 <,
respectively (Fig. 12-5b and Fig. 12-6b).

Summarizing this subchapter, it can be stated the ES method enables achieving better
performance is some cases, but there are still unresolved issues, likely related to the
worsened properties of the electrode/electrolyte interface, which hinder full utilization of
this method to improve characteristics of the GBSCC electrodes.

12.2. Electrospun LSNMFCCO0550 and LSNMFCC2035 applied as the oxygen

electrode materials

In order to study the possible enhancement that the electrospinning method may have
on the LSNMFCC electrode materials, the ES synthesis method was adopted in
preparation of LSNMFCC0550 and LSNMFCC2035 oxides. it is worth noting that the
intention of synthesis and SEM observations of LSNMFCCO0550 is only for a better
reference for LSNMFCC2035. As shown in Fig. 12-8a and b, both samples prepared by
this route and sintered at 900 <C for 6 h in air could be successfully synthesized. Notably,
the XRD patterns show that ES samples exhibit the same R-3c symmetry as SG samples,
without and impurity or secondary phase detected. Also, the respective peaks overlap
closely, so it can be stated that the unit cell parameters are very similar for samples
obtained from both methods.
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Fig. 12-8. Comparison of the XRD patterns of the samples synthesized via SG and ES
methods for a) LNMFCCO0550, and b) LSNMFCC2035 perovskite oxides.

When focusing on the micro-morphology of the ES samples, as can be seen in Figs.

12-9a and b, both, LSNMFCCO0550 ES and LSNMFCC2035 ES exhibit desirable nano-
fiber structure before sintering, with a diameter on the order of 200-500 nm for
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LSNMFCCO0550 ES, and slightly bigger fibers for LSNMFCC2035 ES. After high
temperature sintering (Figs. 12-9c, d, e and f), those nanofibers are partially maintained,
with the agglomeration being also observed. Summarizing, samples with the same crystal
phase and interesting micro-morphology can be obtained via the ES method in the
LSNMFCC series.
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Fig. 12-9. SEM micrographs of the obtained LSNMFCCO0550 ES and LSNMFCC2035
ES samples, a) and b) before sintering, ¢) and d) after sintering at 900 <C for 6 h in air
as observed at low resolution, and e) and f) after sintering, with higher resolution,
respectively.
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When it comes to the characterization of the electrochemical properties, as discussed
in the previous chapter, only LSNMFCC2035 composition was selected, due to its lowest
Co-content and the highest configurational entropy among the LSNMFCC series.
Another reason was to conduct trials in order to evaluate possible options to enhance its
electrocatalytic activity. The considered LSNMFCC2035 ES electrodes were applied on
the GDC and LSGM electrolytes. As presented in Figs. 12-10a and b, the LSNMFCC2035
ES exhibits the similar behavior as observed for the standard LSNMFCC2035, for which
the R,, values on GDC are smaller than those obtained on the LSGM electrolyte. Also,
analyzing Fig. 12-10c, it is clear that the LSNMFCC2035 ES electrode demonstrates
excellent electrocatalytic activity, yielding R, values of 0.014 Q cm? and 0.024 Q cm? at
850 T on GDC and LSGM, respectively. This is even better than for the standard
LSNMFCCO0550 electrode on the GDC electrolyte at the same temperature (Fig. 11-21).
The obtained results denote that electrospinning method can improve the performance of
the low Co-content LSNMFCC2035 material to achieve values as good as those observed
for the SG-synthesized LSNMFCCO0550.
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Fig. 12-10. EIS data comparison of the symmetrical cells with LSNMFCC2035 ES
oxygen electrode on LSGM or GDC at a) 600 <C, and b) 850 <C. c¢) The related
electrode polarization resistance R,, presented in Arrhenius-type coordinates.
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The improvement made by the ES method can be shown more clearly via the DRT
analysis of the EIS data. As shown in Fig. 12-11a, at the lower temperature, the biggest
improvement is in peak 4, which is related to the reduction of oxygen in the ORR. This
means that the ES method mainly enhances the rate-limiting step, with some minor
improvements for the charge transfer through the electrode-electrolyte interface, and the
oxygen adsorption and dissociation processes. When it is at the higher temperature (Fig.
12-11b), the major enhancement takes place at the high frequencies, including peaks 1, 2,
3, and 4, while some minor improvements can be also seen in peak 5. This indicates the
boosted charge transfer at the interface, but also the improved incorporation of the
reduced oxygen into the lattice, as well as the enhanced reduction of oxygen at 850 <C.
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Fig. 12-11. Results of the DRT analysis as a function of log(t) for symmetrical cells
with LSNMFCC2035 electrodes synthesized via SG or ES methods, compared at a)
600 <C, and b) 850 <C.

frequency [Hz]

107 10° 10° 10* 10° 107 10" 10° 107" 1072

025} 1h 3 | SNMFCC2035
— fit electrospun
€020} 120h measured for 120 h
o fit at 700 °C
Soisl on LSGM
=)
010}
£
©005f
> , 2 h
0.00}
-6 -4 -2 0 2
log(t) [s]

Fig. 12-12. Comparison based on results of DRT analysis as a function of log(t) for
cells with LSNMFCC2035 ES used as the oxygen electrode and based on the LSGM
electrolyte. Data compared at the beginning and at the end of the 120 h long-term
measurements at 700 <C.
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c) (8) l spot from electrospun_[La__|Sr__[Ga _[Mg O ]
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(o] 307 74 211 34 37.7
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average atomic content [%] 30.4 7.2 213 35 37.5
measured ratio 4.2:1 6.1:1
expected ratio 4:1 4:1

Fig. 12-13. Morphology (cross-section) of the measured cells with the LSNMFCC2035
ES used as the oxygen electrode, together with the corresponding elemental maps
obtained by EDS for a) the cell manufactured on the LSGM electrolyte after 120 h

measurements at 700 <C, and b) the GDC electrolyte after short-term measurements. c)

The elemental analysis of selected spots for LSNMFCC2035 ES on LSGM after the
long-term measurements, the marked spots selected as the analyzed points, and d) the
summary of the analysis results.

Also, as presented in Fig. 11-23, LSNMFCC2035 ES demonstrates very good

performance stability in the long-term measurements on LSGM, which yields a relative
change of -0.023% h'* in the last 60 hours of the measurements. Similarly to the cell with
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standard LSNMFCC2035 electrode, the decreased R, values can be ascribed to the
boosted process of the oxygen reduction (Fig. 12-12). Moreover, as can be seen in Fig.
12-13a, the LSNMFCC2035 ES electrode maintains the good adhesion with the LSGM
electrolyte, and the porosity of the layer is kept well after the long-term measurements.
There is a slight segregation of Cu at the interface, but it can be neglected. Similar results
can be also seen on GDC (Fig. 12-13b) after the short-term measurements. Additionally,
in Figs. 12-13c and d, the elemental analysis of the selected spots is shown, indicating
that the LSGM electrolyte still maintains the good chemical stability as well, without
significant elemental segregation detected.
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Fig. 12-14. a) Current density-voltage (I-V) curves and the power density output, as
well as b) the related EIS data measured under open circuit conditions of the Ni-YSZ-
supported full cell with the LSNMFCC2035 ES applied as the oxygen electrode. c)
SEM micrograph of the cross-section of the full cell after the measurements.

In the full cell measurements, LSNMFCC2035 ES enables to achieve a good power
density output in an anode-supported Y SZ-based full cell. Specifically, the full cell could
reach a peak power density of 209 mW cm2 at 650 <C, demonstrating quite a good
performance in the low temperature range (Fig. 12-14a). As seen in Fig. 12-14b, the
measured full cell shows also the low ohmic resistance, as well as the small polarization
resistance in the measured temperature range. Finally, the SEM micrographs show that
the LSNMFCC2035 ES can keep a good adhesion with the GDC buffer layer in the anode-
supported full cell (Fig. 12-14c).
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Last but not least, a general summary can be presented, showing the best materials
developed in this work. The related R,, data as a function of temperature are presented in
Fig. 12-15. As it is explicitly shown, the optimized LBCu electrode, sintered at 800 T,
demonstrates the lowest R,, values on the LSGM electrolyte in the lower temperature
range (600-750 <C). This is followed by the LSNMFCC2035 ES electrode on the GDC
electrolyte, and the GBSCC0911 electrode on LSGM. The obtained results suggest that
for manufacturing of IT-SOCs working in the low temperature range, LBCu is a more
suitable choice, which meets the 0.15 Q cm? threshold at around 625 <C. However,
considering the practical application, more detailed long-term stability studies are needed.
For the other two electrodes, the LSNMFCC2035 ES and GBSCC0911 reach the limit at
650 T and ca. 684 <C, respectively. Considering lower overall Co content and better
stability, for the higher temperature range, LSNMFCC2035 ES electrode seems as the
better option.

TPCI

850 800 750 700 650 600
—=— GBSCC0911 on LSGM '
—e— LSNMFCC2035 ES on GD
4 LBCu on LSGM

0.0

0.15 Q cm?

logR, [Q cm?]
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J " E, (6o0-8s0°c) = 1.31(4) eV
- 600.750 ) = 1.36(4) eV
£q =1.35(1) eV

0 1 1 1 1 _ rE— 1 1
0.88 0.92 0.96 1.00 1.04 1.08 1.12 1.16
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Fig. 12-15. Comparison of the obtained electrodes, with the lowest polarization
resistance R,, in each system, as presented in Arrhenius-type coordinates.
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13. Conclusions

The conducted in this thesis studies of the Cu-based and doped with copper
perovskite-type oxides, in particular, Lai sBa1sCusO7-5, GdBao5Sro.5C02xCuxOs-+5 (X = 1-
1.15), and Lao.6Sro.4Nio.1sMno.15F€0.15CUxC00.55xO3-5 (X = 0.05-0.2) successfully proved
the feasibility of using the copper element as a replacement for Co for the development
of functional oxygen electrodes for Solid Oxide Cells. Also, it is documented that the
electrospinning technique is a useful method for obtaining oxygen electrodes with
enhanced characteristics. Below, there are presented the main conclusions arising from
those studies.

LaisBai1sCusOr+s

e The phase-pure Cu-based perovskite-type, LaisBa1sCuzO75, can be successfully
synthesized by either the sol-gel or solid-state method in air. Powder produced by
the sol-gel route is fine and homogeneous. The as-synthesized LBCu material
demonstrates P4/mmm tetragonal symmetry at room temperature, with an interesting
triple perovskite structure. In the unit cell, there are present partially mixed La/Ba
layers and La layers (along the c-axis), as well as the oxygen sublattice shows
complex features with different occupancies at the respective structural sites. This
creates varying crystal coordination for Cu cations.

e The obtained LBCu keeps the oxygen content equal to 7.23 at RT. The oxygen
release process starts at ca. 300 <C in air, and proceeds continuously and smoothly.
A final difference by 0.33 was observed at 800 <C, while in different atmospheres
the respective changes are only somewhat different. Still, the average oxidation state
of copper is maintained above +2 in air up to 800 <C, yielding favorable electronic
transport properties. The measured total electrical conductivity is above 10 S cm™ in
the temperature range of interest, fulfilling the basic requirement for the oxygen
electrode material. The good thermal stability of LBCu can be proven by HT-XRD
studies, which can also provide the TEC values of 13.2 10 K™ (up to 400 <C) and
18.8 10° K* (400-900 <T). Such moderate values are obviously lower than those
reported for various Co-based materials.

e LBCu is chemically compatible with the LSGM electrolyte up to 900 <C, while
reactivity was detected when it is mixed and annealed with LDC and GDC20
electrolyte materials. The somewhat limited stability influences possibility of
manufacturing the electrode layers, but the annealing temperature can be optimized.
If properly prepared, the LBCu layers (sintering at 800 <C) exhibit excellent
electrocatalytic activity, yielding low R, values of 0.019 Q cm? and 0.041 Q cm?,
respectively at 750 °C and 700 °C. This indicates that the requirement of 0.15 Q cm?
can be met as low as at ca. 625 <C. Results of the conducted DRT analysis show that
the rate-limiting step for the LBCu can be associated with the reduction of oxygen,
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previously adsorbed and dissociated. The manufactured, optimized electrode also
exhibits the stable performance in a symmetrical cell, keeping the polarization
resistance value below 0.1 Q cm? at 650 <C for 120 h.

e Asthe oxygen electrode in a LSGM-based full cell, LBCu electrode enables reaching
a power density output of over 160 mW cm and 250 mW cm, respectively at
600 T and 650 <T. In the electrolysis mode, a current density of 0.37 A cm could
be obtained with the voltage of 1.5 V at 800 <TC. The recorded parameters indicate
very good performance as the fully Co-free oxygen electrode for IT-SOCs. Also, the
results in the lowered temperature range indicate an improvement over previously
published data.

GdBaosSrosC02xCuxOs+s (1 £ x < 1.15)

e The A-site layered GdBaosSrosCo2xCuxOs+s double perovskite oxides can be
prepared by the sol-gel synthesis method, particularly for the Co/Cu ratio close to 1.
Materials in the as-synthesized GBSCC series (1 < x < 1.15) are pure, and exhibit
stable P4/mmm tetragonal symmetry up to 1000 <C in air. A desired micro-
morphology with fine, homogenous powder can be obtained. However, for higher
Cu content, the presence of secondary phases hinders the synthesis process. The unit
cell parameters in the series were found to vary rather slightly.

e The oxygen content at RT for the considered materials remains in the 5.49-5.64 range,
indicating formation of the oxygen vacancies in the Gd-related structural layers. It
decreases for the samples with higher copper content. Similarly as for LBCu, oxygen
is released from the oxides above 250-300 <C, and the process starts at lower
temperatures for materials with higher Cu doping. The average oxidation state of
copper and cobalt remains in the vicinity of +3, suggesting presence of mixed charge
states, which facilitates electronic transport. The total electrical conductivity remains
above 10 S cm? in the IT-SOCs operating temperature range of 600-800 <.
Regarding thermal expansion, moderate TEC values can be measured, showing about
14 40° K (RT to 300 <T) and 17 10 K* (300-1000 <T), with a noticeable decrease
for samples with higher x values. Consequently, the chemical expansion effect seems
to be quite limited.

e GBSCC materials were found to exhibit good chemical stability with both, LSGM
and GDC up to 950 <€ and 900 <TC, respectively. This allowed proceeding with the
systematic studies of the nature of the electrochemical reaction occurring at the
GBSCC oxygen electrodes manufactured on these two electrolytes, as well as
demonstrating role of the used current collector. The studies were conducted on the
best performing GBSCCQ0911 electrode, having the relatively high copper content
equal to 1.1. The optimized oxygen electrode (LSGM electrolyte, Ag current
collector) exhibits one of the best reported electrocatalytic activity, yielding Ry,
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values as low as 0.017 Q cm? and 0.029 Q cm? at 850 <T and 800 <T, respectively.
The conducted DRT analyses allowed identifying all steps of the electrochemical
processes, which enabled stating that the rate-limiting step of the ORR is the
reduction of (previously adsorbed and dissociated) oxygen. The same reason also
happened in electrodes manufactured on the GDC electrolyte and those, in which Pt
current collector was utilized, but there is a performance decrease observed for such
electrodes. A stable performance of the GBSCCO0911 electrode can be obtained on
either LSGM or GDC electrolytes, but with Pt current collector, as documented by
the 120 h experiment conducted at 700 <C. Unfortunately, Ag current collector is not
suitable for the long-term operation.

e The electrospinning method can be successfully applied to preparation of the
GBSCCO0911 precursor, based on which the optimized GBSCC0911 ES electrode
can be obtained. Such oxygen electrode was found exhibit lower R, at higher
temperatures (700-850 <C) in comparison to the standard one (made with the sol-gel
method-based material).

e While both, GBSCC1010 and GBSCCO0911 electrodes demonstrate superior
performance in the LSGM-based full cells, e.g. above 1500 mW cm and 1200 mW
cm at 900 T and 850 <T, respectively, the GBSCC0911 material is recommended,
due to the decreased Co content. The GBSCC0911-based cell could work also in the
electrolysis mode as well, reaching e.g. 0.44 A cm current density with 1.3 V
voltage at 750 <C. Also, the GBSCCO0911 ES electrode enabled to obtain desirable
power density output of 381 mW cm at 850 <T in a GDC-supported full cell.

Lao.6Sr0.4Nio.15Mno.15Fe0.15CuxC00.55-x03-5 (X = 0.05-0.2)

e  Multicomponent LSNMFCC perovskite-type oxides can be successfully synthesized
by the sol-gel method, yielding fine, homogeneous powders. Nevertheless, Co cannot
be completely replaced by Cu in the studied series. All the as-synthesized samples
exhibit rhombohedral R-3c symmetry, which is maintained in air up to 900 <C.
Regarding the unit cell parameters, higher Cu content influences the ¢ parameter
more obviously, and the unit cell volume increases with higher x value.

e  Surprisingly, the oxygen contents in the studied LSNMFCC oxides shows almost no
relation with the chemical composition, with the equilibrated values of 2.86-2.88 at
room temperature. Again, the observed oxygen contents dependence on temperature
is rather mild. TEC values of the LSNMFCC series are also relatively moderate,
about 15 10 K1 (up to 400 <T) and 20.5 10 K* (400-900 <T), while there is a sight
increasing trend with the increasing Co content in the low temperature range. Of
importance, LSNMFCC series demonstrates excellent total electrical conductivity,
above 200 S cm™ in the measured temperature range, while the (unusual) negative
sign of Seebeck coefficient suggest the electrons are the main charge carriers.
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Both, GDC and LSGM materials can be applied as the electrolyte working with the
LSNMFCC oxygen electrodes, since the good chemical compatibilities can be
confirmed with GDC (up to 900 <€) and LSGM (850 <C). Although the
LSNMFCCO0550 electrode (with the highest Co content) shows the superior
electrocatalytic activity, which reaches the R,, value of 0.015 Q cm? at 850 T, lower
than that of LSNMFCC2035 electrode (0.018 © cm?) on GDC electrolyte at the same
temperature. Both considered electrodes have good performance stability in the long-
term operation on either LSGM or GDC.

The LSNMFCC0550 and LSNMFCC2035 samples can be also obtained via the
electrospinning, forming the desired elongated nanofibers. Interestingly, the
LSNMFCC2035 ES oxygen electrode shows large improvement of the properties,
yielding the enhanced R,, performance of 0.014 Q cm? at 850 T on GDC. The DRT
analysis unveiled that the enhancement caused by the electrospinning is mainly
related the boosted reduction process, but other steps of the ORR are also improved.

The LSGM-supported full cell with the LSNMFCC2035 electrode reaches a peak
power density over 1100 mW cm at 850 <C, also a current density of 0.44 A cm™
at the voltage of 1.3 V at 750 <C can be obtained in the electrolysis mode, indicating
the feasibility of preparation of the functional multicomponent oxygen electrodes for
IT-SOCs.

Comparison of three systems

Based on the obtained electrochemical properties, the direct comparison of the
considered, outstanding oxygen electrode materials can be done, with a selection for
application at different operation temperatures. It is evident that LBCu is the most
suitable candidate at low temperature range (600-750 <C), while the GBSCC0911
and LSNMFCC2035 ES electrodes are applicable at higher temperatures (750-
850 ). Considering the decreased Co content, the latter one of those two seems as
the better choice.

13.1. Perspectives

The feasibility of Cu-based perovskite materials applied as oxygen electrodes in IT-

SOCs is comprehensively proved and confirmed. Therefore, in order to make bigger
progress along this direction, other complex perovskite-type oxides with either double or
triple crystal structure characteristics, multicomponent occupancy at different sites, as
well as with disordered oxygen vacancies can be further proposed and studied. This can
give rise to more interesting and possibly surprising properties in the physicochemical
and/or electrochemical part.
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