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2. W przypadku publicznego udostepniania utworéw w taki sposéb, aby kazdy mogt mie¢ do nich dostep w miejscu i czasie przez
siebie wybranym korzystanie, o ktérym mowa w ust. 1, jest dozwolone wytgcznie dla ograniczonego kregu oséb uczacych sie,
nauczajgcych lub prowadzgcych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust. 1.

2


http://mostwiedzy.pl

A\ MOST

ROZPRAWA DOKTORSKA

Nanokrystaliczne warstwy ceramiczne
otrzymywane metodg pirolizy aerozolowej
w tlenkowych ogniwach paliwowych

mgr inz. Bartosz Kamecki

Promotor: dr hab. inz. Sebasitan Molin

Promotor pomocniczy: dr hab. inz. Jakub Karczewski

~Praca wykonana przy wsparciu grantu Fundacji

na rzecz Nauki Polskiej — POIR.04.04.00-00-
42E9/17-00"

.Praca wykonana przy wsparciu grantéw

Narodowego Centrum Nauki — DEC- ‘ g E E (TJ FE; S;:'f E
2016/23/N/ST8/01249; DEC- AN NAUK]
2017/25/B/ST8/02275”


http://mostwiedzy.pl

A\ MOST

WYKAZ OZNACZEN | SKROTOW:

AFL — Active Functinal Layer (pol. aktywna warstwa funkcjonalna)

AFM — Atomic Force Microscopy (pol. mikroskopia sit atomowych),

ALD - Atomic Layer Deposition (pol. osadzaie warstw atomowych),

ALS — model Adler-Lane-Stelle,

APU - Auxillary Power Unit (pol. pomocnicze jednostki zasilajgce),

ASP — Aerosol spray pyrolysis (pol. piroliza aerozolowa),

ASRpol — Area Surface Resistivity (pol. rezystancja polaryzacyjna)

BSE — Back scattered electrons (pol. elektrony wsteczne rozporszone),

Co— powierzchniowe stezenie tlenu

CCL — Current Collecting Layer (pol. warstwa kolektora pragdowego)

CGO - Ce0.8Gd0.202-5,

CPE — Constant Phase Element,

CPGO10 - Ceo.8Gdo.1Pro.102-5,

CPO - Ceo.sPro.202-3,

CVD - Chemical Vapour Deposition (pol. chemiczne osadzanie z fazy gazowej),
d — $rednia wielkos¢ krystalitow,

D* - wspotczynnik dyfuzji tlenu,

DRT - Distribution of Relaxation Times (pol. dystrybucja czaséw relaksaciji),

e - elektrony,

E, — potencjat standardowy,

EDX/EDS - Energy Dispersive X-ray Spectroscopy (pol. spektroskopia rentgenowska z dyspersja
energii),

EIS - Electrochemical Impedance Spectroscopy (pol. elektrochemiczna spektroskopia
impedancyjna,

ELD - Electrolytic Deposition (pol. osadzanie elektrolityczne),

Enemst — potencjat Nernsta,

EPD - Electrophoretic Deposition (pol. osadzanie elektroforetyczne),

ESD - Electrostatic spray deposition (pol. osadzane elektrostatyczne),

F — stata Faradaya,

FTIR — spektroskopia Fourierowska w podczerwieni,

FWHM (B) — Full Width at half Maximum (pol. poszerzenie refleksu dyfrakcyjnego w potowie
maksimum intensywnosci),

J— gestos¢ pradu,

K — wspotczynnik ksztatfu krystalitow,

k — wspétczynnik wymiany powierzchniowej,

LPNO — Laz-xPr«NiOa4-s,

LSC — Lao6Sr0.4C003-5

LSCF — Lao.sSro.4Coo.2Fe0.803-5,
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LSGM - La1xSrxGa1-yMgyOs,
LSM - La1-xSrxMnO3.s,
MCO — MnCo020a4,

MIEC — Mixed lonic-Electronic Conductor (pol. przewodnik o mieszanym przewodnictwie jonowo-

elektonowym),

n — liczba elektronéw,

Ni-YSZ — kompozyt elektrody paliwowej czastek niklu i materiatu elektrolitowego YSZ,
OZ - aniony tlenowe,

OCV - Open Circuit Potential (pol. napiecie obwodu otwartego),

ORR - Oxygen Reduction Reaction (pol. reakcja redukcji tlenu),

OZE - odnawialne zrédta energii,

PBC — PrBaCo20s-s,

PrOx — PrsO11,

PVD - Physical Vapour Deposition (pol. fizyczne osadzanie z fazy gazowej),

Py« - znormalizowane cisnienie parcjalne zwigzku X,

R — uniwersalna stata gazowa,

Ronmic — Rezystancja Omowa

RT — Room Temperature (pol. temperatura pokojowa 25°C),

ScSZ - tlenek cyrkonu stabilizowany tlenkiem skandu (11 mol% Sc203 w ZrO2),
SE — Secondary electrons (pol. elektrony wtérne),

SEM - Scanning Electron Microscopy (pol. skaningowy mikroskop elektronowy),
SFM — SrFeo0.9sM00.103-3,

SOFC - Solid Oxide Fuel Cells (pol. tlenkowe ogniwa paliwowe),

SP — screen-printng (pol. sitodruk),

SSC — Smo.5Sr0.5C00s3-5,

TEC — Thermal Expansion Coefficient (pol. wspotczynnik rozszerzalnosci termicznej),
TPB — Thriple Phase Bouduary (pol. granica trzech faz),

XRD - X-ray diffraction (pol. dyfrakcja rentgenowska),

YSZ - tlenek cyrkonu stabilizowany tlenkiem itru (8 mol% Y203 w ZrOz)

Zw — element Warburga,

as — wspotczynnik przeniesienia tadunku na anodzie,

ac — wspotczynnik przeniesienia tadunku na katodzie,

€ — porowatos¢,

n — nadpotencjat aktywacyjny,

0 — kat Braga dla refleksu dyfrakcyjnego,

A — dtugosc¢ fali promieniowania X,

p — rezystywnosé,

o — przewodnosc,

T — kretose,
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STRESZCZENIE

Niniejsza rozprawa doktorska dotyczy badahn materialtdw wytwarzanych w postaci
cienkich, nanokrystalicznych warstw ceramicznych metodg pirolizy aerozolowej dla zastosowan
w tlenkowych ogniwach paliwowych (SOFC). Badane sg trzy mozliwe obszary zastosowan
wytwarzanych warstw tj. osadzanie powitok ochronnych na stalowych interkonektorach
dostarczajgcych gazy do elektrody tlenowej, wytwarzanie bariery ochronnej zapobiegajgcej
dyfuzji jonéw pomiedzy elektrodg tlenowa, a elektrolitem oraz modyfikacja interfejsu katoda -
elektrolit poprzez wprowadzenie funkcjonalnej warstwy katodowej na interfejsie. Zakres
przeprowadzonych prac eksperymentalnych obejmuje wytwarzanie materialtdw w postaci
cienkich warstw metodg pirolizy aerozolowej, badania strukturalne metodg dyfrakcji
rentgenowskiej, analize mikrostruktury, morfologii i skladu chemicznego metodami
mikroskopowymi, pomiary przewodno$ci elektrycznej i wlasciwosci elektrochemicznych, a takze
badania pojedynczych ogniw paliwowych z zastosowaniem opracowanych warstw. Pierwsza
czes¢ rozprawy przedstawia podstawy funkcjonowania i dotychczasowy stan wiedzy na temat
ogniw paliwowych. Kolejna czes¢ pracy zawiera opis i przeglad literatury na temat metody
wytwarzania warstw - pirolizy aerozolowej oraz metody eksperymentalne wykorzystywane do ich
pomiaru. Gléwng czes$¢ pracy przedstawiajgcg przeprowadzone badania i ich analize stanowi
zbioér szesciu publikacji opublikowanych w czasopismach: Journal of the European Ceramic
Society (IF 6.364, 140 pkt MNiSW 2021), ECS Transactions, Journal of Electronic Materials (IF
2.047, 40 pkt MNiSW 2021), Advanced Materials Interfaces (IF 6.389, 100 pkt MNiSW 2021),
oraz ACS Applied Materials and Interfaces (IF 10.383, 200 pkt MNiSW 2021). Kohcowa czes¢

rozprawy podsumowuje wykonane badania oraz ptyngce z nich wnioski.

Stowa Kluczowe: piroliza aerololowa, ceramiczne warstwy nanokrystaliczne, tlenkowe ogniwa

paliwowe,

Dziedzina nauki i techniki (OECD): Inzynieria Materiatowa, Powtoki i Warstwy
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ABSTRACT

This doctoral dissertation focuses on researching materials produced in form of thin,
nanocrystalline ceramic layers using aerosol spray pyrolysis for applications in solid oxide fuel
cells (SOFCs). Three potential areas of application for the fabricated layers are investigated,
namely the deposition of protective coatings on steel interconnectors delivering gases to the
oxygen electrode, the deposition of a protective barrier preventing ion diffusion between the
oxygen electrode and the electrolyte, and the modification of the cathode-electrolyte interface
through the introduction of a functional cathode layer at the interface. The scope of the conducted
experimental work includes the fabrication of materials in the form of thin layers using aerosol
spray pyrolysis, structural investigations using X-ray diffraction, microstructure, morphology and
chemical composition analysis using microscopy methods, electrical conductivity measurements,
electrochemical properties characterization, as well as the examination of single fuel cells with
the developed layers. The first part of the dissertation presents the fundamentals of the operation
and the current state of knowledge regarding to solid oxide fuel cells. The subsequent section
provides a description and a literature review of the layer fabrication method - aerosol spray
pyrolysis- and the experimental methods employed for their characterization. The main part of the
work, presenting the conducted research and its analysis, consists of a collection of six
publications published in journals such as the Journal of the European Ceramic Society (IF 6.364,
140 points according to the Polish Ministry of Science and Higher Education's 2021 list), ECS
Transactions, Journal of Electronic Materials (IF 2.047, 40 points according to the Polish Ministry
of Science and Higher Education's 2021 list), Advanced Materials Interfaces (IF 6.389, 100 points
according to the Polish Ministry of Science and Higher Education's 2021 list), and ACS Applied
Materials and Interfaces (IF 10.383, 200 points according to the Polish Ministry of Science and
Higher Education's 2021 list). The final part of the dissertation summarizes the conducted

research and the derived conclusions.

Keywords: spray pyrolysis, nanocrystalline ceramic layers, solid oxide fuel cells,

Fields and disciplines of science (OECD): Materials Engineering, Coatings and Layers
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1. WSTEP

Globalna transformacja energetyczna zmierza w Kkierunku ograniczenia zuzycia
konwencjonalnych, nieodnawialnych zrédet energii w postaci wegla, ropy naftowej czy gazu
ziemnego, réwnoczesnie zwiekszajgc udziat odnawialnych zrédet energii (OZE) w ogdlnym
bilansie energetycznym swiatowych gospodarek. Do zrédet energii odnawialnej uznawanych za
przyjazne dla srodowiska mozemy zaliczy¢ energie geotermalna, wiatrowg czy stoneczng, gdyz
podczas produkcji energii elektrycznej z tych zrédet nie emitujg one do atmosfery szkodliwych
substancji i gazéw cieplarnianych przyczyniajacych sie do zwiekszania temperatury naszej
planety, a ich zasoby sg niemal nieograniczone[1]. Troska o planete sprawia, ze miedzynarodowe
wysitki obraty plany ograniczenia emisji dwutlenku wegla do roku 2050 r.[2]. Na przestrzeni
ostatniej dekady wyraznie wida¢ obrany kierunek i wysitki na rzecz osiggniecia wyznaczonego
celu. Niemniej jednak realizacja transformacji energetycznej w kierunku ograniczenia emis;ji
dwutlenku wegla wymaga poszukiwania, badan i rozwoju nowych technologii, ktére mogtyby
zastgpi¢ obecnie wykorzystywane zrodta energii i sprosta¢ narastajgcemu zapotrzebowaniu na

energie w kolejnych dekadach czy stuleciach[3].

Energia elektryczna produkowana z wodoru jest obiecujgcym zasobem dla
zrébwnowazonego rozwoju spoteczenstwa i ma istotny potencjat przyspieszania procesu
zwiekszania skali czystej energii ze wzgledu na brak lub znikomg emisje CO2 podczas jej
produkcji [4,5]. Do grupy urzadzen wytwarzajgcych energie z wodoru nalezg ogniwa paliwowe
wsrod ktérych zainteresowanie srodowiska naukowego przyciggaja Tlenkowe Ogniwa Paliwowe
typu SOFC (ang. SOFC - Solid Oxide Fuel Cells) z uwagi na wysoka wydajno$¢ konwersji energii
(60-85%), brak emisji zanieczyszczen do atmosfery oraz mozliwos¢ ponownego wykorzystania
wyemitowanej energii cieplnej powstatej w wyniku pracy urzadzenia. Tlenkowe ogniwa paliwowe
sg stale rozwijane i znajdujg szereg zastosowan np. w urzgdzeniach mobilnych, jako pomocnicze
jednostki zasilajgce APU (ang. APU - Auxillary Power Unit), rezerwowe uklady zasilajgce,
systemy kogeneracyjne czy niewielkie elektrownie [6,7]. Wysoka wydajnos¢ ogniw wynika
gtéwnie z wysokich temperatur (800°C - 1000°C) pracy urzadzeh i zastosowania wysoce
aktywnych katalitycznie materiatébw elektrodowych oraz elektrolitu o wysokim przewodnictwie
jonowym. Taki zakres temperatur pracy pozwala obnizyé rezystancje ogniwa poprzez
zwiekszenie mobilnosci nosnikow fadunkéw co bezposrednio przektada sie na poprawe
wihasciwosci elektro-katalitycznych. Niestety, wysokie temperatury pracy niosg ze sobg réwniez
negatywne skutki jak np. dtugi czas rozruchu urzadzen, szybka degradacja elektrod, korozja
wysokotemperaturowa wraz z parowaniem zwigzkéw chromu ze stalowych interkonektorow,
dyfuzja kationébw miedzy sgsiadujagcymi warstwami czy delaminacja elementéw ogniwa
wynikajgca z nieidealnego dopasowania wspétczynnikdw rozszerzalnosci termicznej elementéw

tworzacych ogniwo.

Szereg probleméw jest mozliwy do rozwigzania poprzez obnizenie temperatury pracy

ogniw do zakresu $rednich temperatur tj. 400-700 °C co pozwala zastosowac¢ tansze materiaty
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do produkcji stoséw ogniw (np. tansze stale nierdzewne), oraz spowolni¢ procesy degradac;ji.
Ponadto praca ogniwa w obnizonych temperaturach otwiera droge do modyfikacji klasycznych
materiatéw i zastosowania nanomateriatdéw, ktére pozwalajg utrzymac¢ wysokg wydajnosé ogniw
w nizszych temperaturach pracy[8,9]. Jednakze obnizenie temperatury pracy ogniw bedzie
prowadzi¢ do wzrostu strat omowych wynikajgcych z aktywowanego termicznie transportu jonéw

w elektrolicie.

Straty wydajnosci ogniwa wynikajgce z nizszych temperatur pracy mozna
zrekompensowaé poprzez ograniczenie grubosci poszczegdlnych warstw tworzgcych ogniwo, w
szczegoblnosci elektrolitu. Ponadto mozliwe jest kontrolowanie mikrostruktury cienkich warstw co
umozliwia precyzyjne dostrojenie przewodnictwa materiatu poprzez wptywanie na geometrie
ziaren, porowatoscig, rozmiarem krystalitow oraz morfologig powierzchni i gruboscig warstwy.
Niemniej jednak klasyczne metody wytwarzania warstw ogniw tj. odlewanie folii (ang. tape-
casting), sitodruk (ang. screen-printing), napylanie zawiesiny proszku ceramicznego (ang.
slurry/aerosol deposition) majg pewne ograniczenia natury fizycznej, ktére nie pozwalajg na
precyzyjng kontrole mikrostruktury w skali nanometrycznej. W tym celu do produkcji ogniw
paliwowych wykorzystuje sie duzo bardziej zaawansowane techniki nanoszenia warstw tj.
fizyczne oraz chemiczne osadzanie z fazy gazowej (ang. PVD — Physical Vapour Deposition,
CVD — Chemical Vapour Deposition) czy osadzanie warstw atomowych (ang. ALD - Atomic Layer
Deposition). Wymienione procesy nanoszenia warstw charakteryzujg sie wysokg precyzjg i
jakoscig otrzymywanych warstw jednakze sg metodami wymagajgcymi duzego wkitadu
finansowego ze wzgledu na wykorzystywane prekursory materiatdw, koszt aparatury,
koniecznos¢ utrzymywania warunkéw ultra wysokiej prézni w trakcie procesu nanoszenia,
dlatego z punktu widzenia zastosowan na skale przemystowg okazujg sie czesto nieoptacalne
[10]. Koniecznos¢ optymalizacji procesu produkcji przy jednoczesnym utrzymaniu wysokiej
wydajnosci ogniw SOFC powoduje, ze duzym zainteresowaniem cieszg sie tansze i rownie
precyzyjne metody osadzania cienkich i nanostrukturyzowanych warstw tj. metoda nanoszenia
wirowego (ang. spin-coating), metoda zanurzeniowa (ang. dip-coating), osadzanie
elektroforetyczne (ang. EPD - electrophoretic deposition), osadzanie elektrolityczne (ang. ELD —
Electrolytic deposition), a takze chemiczne metody oparte o osadzanie prekursorow

metaloorganicznych, w tym metoda pirolizy aerozolowej (ang. ASP — Aerosol spray pyrolysis).

W niniejszej rozprawie badano mozliwosci wykorzystania metody pirolizy aerozolowej do
wytwarzania cienkich warstw funkcjonalnych o strukturze nanokrystalicznej stosowanych w
tlenkowych ogniwach paliwowych typu SOFC. Zastosowanie metody pirolizy aerozolowej
pozwolito zredukowac¢ temperature obrobki cieplej ogniw w trakcie ich produkcji, a takze obnizyé
temperature pracy do zakresu s$redniotemperaturowego. Korzysci ptyngce z zastosowania
warstw wytwarzanych metodg pirolizy aerozolowej to m.in. spowolnienie procesow
degradacyjnych, ochrona sasiadujgcych warstw ogniwa przed dyfuzja miedzyfazowg oraz
poprawa wydajnosci elektrochemicznej elektrody tlenowej poprzez wprowadzenie modyfikacji

nanostrukturalnych w obrebie interfejsu elektroda tlenowa- elektrolit.
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1.1. Cel Pracy

Prace badawcze nad warstwami wytwarzanymi metodg pirolizy aerozolowej w
Laboratorium Materiatéw Funkcjonalnych Politechniki Gdanskiej byty prowadzone, w kolejnosci
chronologicznej, przez dr hab. inz Sebastiana Molina[11] (praca obroniona w 2011 roku) i
kontynuowane przez dr inz. Dagmare Grudzien[12] (z domu Szymczewskg, praca obroniona w
2018 roku). Wykonane badania dotyczyly gtéwnie wytwarzania i charakteryzacji materiatow
elektrolitowych dla tlenkowych ogniw paliwowych jak np. tlenek cyrkonu stabilizowany tlenkiem
itru czy domieszkowany gadolinem tlenek ceru, a w pdzniejszym czasie te badania zostaty
rozszerzone o powtoki ochronne dla stalowych interkonektoréw na bazie domieszkowanego
spinelu kobaltowo-manganowego czy tlenku ceru. W pracach tych zaprezentowano mozliwosci
metody, natomiast ze wzgledu na mnogos¢ mozliwych parametréow procesu naktadania i roznych

materiatéw, wiele ciekawych kwestii pozostato otwartych.

Na podstawie wczesniejszych doswiadczen jako gféwny cel pracy wyznaczono
zbadanie mozliwosci dalszego poprawienia wilasciwosci funkcjonalnych warstw oraz
ogniw poprzez zastosowanie metody pirolizy aerozolowej oraz zbadanie ich stabilnosci
dfugoterminowej. Dodatkowo, w celu zrozumienia mechanizméw poprawy wydajnosci, celem
pracy byto zbadanie i okreslenie podstawowych parametréw strukturalnych, elektrycznych i

elektrochemicznych w charakterystycznych warunkach pracy dla wytworzonych materiatow.

Kontynuacja prac prowadzonych w grupie LMF PG rozpoczeta sie od odtworzenia oraz
dopracowania procesu technologicznego metody pirolizy aerozolowej i przygotowania warstw
spinelu MnCo204 o réznych grubosciach (2-10 ym) na podtozach stalowych interkonektoréw.
Wyniki prac zostaty przedstawione w publikacji [BK1] przedstawionej w rozdziale 4. Pozwolito to
zdoby¢é niezbedng wiedze i doswiadczenie oraz opracowaé procedury technologiczne
umozliwiajgce przygotowanie warstw o kontrolowanej mikrostrukturze oraz przeniesienie metody

na inne grupy materiatow.

W szczegdlno$ci, badania materiatéw wytwarzanych metodg pirolizy aerozolowej byty

prowadzone pod katem nastepujacych zastosowanh:

. powtoki ochronne dla stalowych interkonektorow dostarczajgcych gazy do ogniwa
i zbierajgcych prad z elektrod;
. bariery dyfuzyjne zapobiegajgce migracji kationdw miedzy katoda i elektrolitem;

. warstwa funkcjonalna elektrody tlenowe;.

Prace badawcze miaty na celu opracowaé procedure wytwarzania materiatdw jednoczesnie
opisujgc ich podstawowe wiasciwosci strukturalne i elektryczne w szerokim zakresie temperatur
(400°C - 1100°C) oraz wiasciwosci funkcjonalne po wprowadzeniu ich do struktury ogniwa
paliwowego w celu weryfikacji potencjalnych korzy$ci z ich zastosowania. Dodatkowo
przeprowadzone zostaty badania dtugoterminowe majgce na celu okre$lenie szybkosci i przyczyn

degradacji materiatow wytwarzanych metodg pirolizy aerozolowe;.
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1.2. Hipotezy Pracy

Po analizie dotychczasowych osiggnie¢ grupy LMF PG i przegladu literaturowego
obecnego stanu wiedzy stwierdzono, ze w literaturze brakuje informacji poréwnujgcych
wydajnos¢ elektrochemiczng ogniw z barierg CGO wytwarzang metodg pirolizy aerozolowej z
ogniwami, w ktérych zastosowano klasyczne, wysokotemperaturowe metody osadzania warstw
barierowych jak np. sitodruk czy napylanie zawiesiny proszku ceramicznego. Takze wiasciwosci
dtugoterminowe warstw przygotowanych metoda pirolizy aerozolowej nie zostaty do tej pory
wystarczajgco udokumentowane. W zwigzku z powyzszym podjeto prébe znalezienia odpowiedzi

na nastepujaca teze:

1. Zastosowanie metody pirolizy aerozolowej umozliwia przygotowanie warstw
barierowych na bazie domieszkowanego tlenku ceru dla tlenkowych ogniw
paliwowych, ktéorych wlasciwosci funkcjonalne (gestos¢ materialu, gestos¢ mocy,
rezystancja polaryzacyjna) przewyzszajg wlasciwosci warstw otrzymywanych

tradycyjnymi metodami (sitodruk, napylanie zawiesiny proszku ceramicznego).

Badania udowadniajgce powyzszg teze zostaly poparte dwiema publikacjami w

czasopismach naukowych: [BK2] i [BK3], przedstawionymi w rozdziale 4.

Podjecie prac badawczych nad modyfikacjg interfejsu elektrody tlenowej i elektrolitu
poprzez zastosowanie warstwy barierowej CGO otworzyto droge do kolejnych badan nad
wprowadzeniem aktywnej warstwy katodowej na interfejsie elektrody tlenowej z elektrolitem.
Analiza dotychczasowego stanu wiedzy wskazywata na potencjalne korzysci z zastosowania
nanokrystalicznych elektrod tlenowych, czy modyfikacji mikrostruktury katody ogniwa SOFC w
poblizu elektrolitu. Jednakze doniesienia literaturowe ograniczaty sie do jedynie kilku materiatow,
nie przedstawialy badan dtugoterminowych i nie badaty zmian mechanizméw reakc;ji
elektrochemicznej spowodowanej modyfikacjg interfejsu. W 2zwigzku z powyzszym,

zaproponowano nastepujgcg hipoteze:

2. Mozliwa jest dlugoterminowa poprawa wydajnosci elektrochemicznej (gestos¢ mocy,
rezystancja polaryzacyjna, szybkosé¢ degradacji) tlenkowych ogniw paliwowych
poprzez wprowadzenie aktywnej warstwy elektrody tlenowej wytwarzanej metoda
pirolizy aerozolowej, ktérej mikrostrukture i wilasciwosci funkcjonalne mozna

kontrolowac¢ poprzez odpowiednig obrobke termiczna.

Badania udowadniajgce powyzszg teze zostaty poparte trzema publikacjami [BK4], [BK5]

i [BK6] w czasopismach naukowych, przedstawionymi w rozdziale 4.
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1.3. Zadania Badawcze

W ramach przygotowania pracy doktorskiej, celem znalezienia odpowiedzi na postawione

hipotezy, zrealizowano nastepujace zadania badawcze:

1.

Opracowanie i optymalizacja warunkéw osadzania warstw spinelu manganowo
kobaltowego, tlenku ceru domieszkowanego gadolinem oraz kobaltytu lantanowo
strontowego poprzez kontrole parametréw procesu nanoszenia powtok metodg pirolizy
aerozolowej tj. sktad i stezenie molowe prekursora, temperatura podtoza, dystans miedzy
dyszg napylajgcg, a podtozem, predkosc¢ i czas przeptywu prekursora.

Ewaluacja witasciwosci strukturalnych i elektrycznych materiatow eksponowanych w
szerokim zakresie temperatur dla réznych czaséw wygrzewania, poprzez wykonanie
badan struktury krystalograficznej, obrazowanie morfologii powierzchni i mikrostruktury
warstw oraz okreslenie podstawowych parametrow elektrycznych.

Ocena wtasciwosci strukturalnych i elektrycznych czterech materiatdw katodowych
wytwarzanych metodg pirolizy aerozolowej mogacych znalezé zastosowanie jako
aktywna warstwa katodowa w tlenowych ogniwach paliwowych

Zastosowanie opracowanych materiatbw w $redniotemperaturowych ogniwach
paliwowych zbudowanych na wspierajgcej elektrodzie paliwowej i badanie wptywu
wprowadzonych modyfikacji na wtasciwosci elektrochemiczne przygotowanych ogniw.
Analiza i opracowanie wynikow badan  strukturalnych, elektrycznych i
elektrochemicznych poprzez wyjasnienie zaobserwowanych réznic i opis wptywu

modyfikacji na wiasciwosci funkcjonalne materiatow.
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2. CZESC TEORETYCZNA

W tym rozdziale przedstawiony zostat rys historyczny najwazniejszych odkry¢ w
dziedzinie technologii ogniw paliwowych, a nastepnie zostaty przedstawione podstawy
teoretyczne funkcjonowania technologii tlenkowych ogniw paliwowych. W kolejnych
podrozdziatach podsumowano obecny stany wiedzy w zakresie wykorzystywanych materiatow i

wprowadzanych modyfikacji mikrostrukturalnych.
2.1. Tlenkowe Ogniwa Paliwowe SOFC

Poczatki technologii ogniw paliwowych siegajg lat 40 XIXw. kiedy to William Robert Grove
po raz pierwszy eksperymentalnie zaobserwowat napiecie w ogniwie stezeniowym nazywanym
przez niego ogniwem gazowym, w ktorym potaczyt wodér z tlenem w obecnosci platyny [13].
Jednakze dopiero pod koniec XIXw. Walther Nernst dokonat niezwyktego osiggniecia, ktére
uznaje sie dzi$ za poczatki tlenkowych ogniw paliwowych. Mowa tu o odkryciu pierwszego
materiatu ceramicznego o wysokim przewodnictwie jonowym — tlenku cyrkonu domieszkowanego
tlenkiem itru, ktére dato poczatek erze badan tej grupy materiatow [14]. Co ciekawe, kompozycja
materialu opracowana przez Nernsta do dzi§ jest z powodzeniem stosowana w ogniwach
tlenkowych. Po odkryciu Nernsta mineto sto lat intensywnych badan zanim Hermann von
Helmholtz wyjasnit zwigzek energii chemicznej paliwa z napieciem generowanym w ogniwie
paliwowym w 1882r. Od tego momentu uswiadomiono sobie, ze ogniwa paliwowe mogg
produkowac energie elektryczng z duzo wiekszg wydajnoscig niz powszechnie stosowane silniki
parowe dlatego kolejne stulecie bylo erg rozkwitu technologii ogniw SOFC. Byt to czas

intensywnych badan i rozwoju technologii w celu jej komercjalizacji [15].

Znaczgcym osiggnieciem w rozwoju tlenkowych ogniw paliwowych byto wykorzystanie
technologii osadzania z fazy gazowej do wytworzenia idealnie gestego elektrolitu tlenku cyrkonu
na porowatym podtozu o geometrii rury (rozwigzanie f-my Siemens Westinghouse). Otrzymane
w ten sposéb ogniwa o budowie rurowej otworzyty sciezke eksploracji r6znego rodzaju nowych
konstrukcji ogniw i rozwéj geometrii planarnej. Od tego czasu wiekszos¢ dostepnych na rynku
ogniw ma planarng konfiguracje ze wzgledu na tatwiejszy proces produkcji, generowang wysokg
gestos¢é mocy w przeliczeniu na objeto$¢ ogniwa, a przede wszystkim fatwos¢ uktadania ogniw w
stosy co pozwala osigga¢ wyzsze napiecie lub pragd w zaleznosci od zastosowanego potgczenia
szeregowego lub réwnolegtego pojedynczych ptytek ogniw. Ogniwa o architekturze planarnej
mozna podzieli¢ na cztery rodzaje w zaleznosci, ktéry z komponentéw ogniwa stanowi wsparcie
mechaniczne catej konstrukcji. W zalezno$ci od zastosowan, ogniwa mogg by¢ budowane na
elemencie nosnym tj. elektrolicie, elektrodzie tlenowej — katodzie, elektrodzie paliwowej —anodzie

lub tez na interkonektorze [16].
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Rysunek 1. Schematyczny rysunek budowy i idei funkcjonowania ogniwa SOFC.

Na rysunku 1 przedstawiony zostat schematyczny rysunek przedstawiajgcy idee
funkcjonowania tlenkowych ogniw paliwowych z zaznaczonymi miejscami zachodzenia reakcji
chemicznych. Tlenkowe ogniwo paliwowe w ogdélnosci sktada sie najczesciej z czterech
komponentow, ktérymi sg, gesta warstwa elektrolitu oddzielajgcg dwie porowate elektrody —
anode i katode, do ktorych przytgczone sg interkonektory dostarczajgce gazy robocze do elektrod
i zbierajgce z nich prad elektryczny. W teorii reakcja elektrochemiczna zachodzgca w ogniwie
rozpoczyna sie od dostarczenia tlenu na powierzchnie katody, gdzie zachodzi reakcja redukc;ji
tlenu przy udziale elektronéw i generacja anionéw tlenowych O2%. Powstate jony tlenowe
dyfundujg poprzez elektrolit zdolny do przewodzenia jonéw w kierunku anody i na granicy styku
trzech faz (ang. TPB - thriple phase bouduary) anoda-elektrolit-faza gazowa taczg sie z
dostarczanymi do elektrody paliwowej czgsteczkami wodoru (Hz2) tworzac czgsteczke wody,
generujac elektrony. Obie reakcje, redukgji tlenu i utleniania paliwa w tlenkowym ogniwie
paliwowym mozna opisa¢ rownaniami (2.1) i (2.2) przy czym zachodzg one na osobnych

elektrodach i konczg sie transportem nosnikéw fadunkéw po oddzielnych Sciezkach[17].

1 _ -
> 0a(g) + 267 - 02 (2.1)
02_ + HZ(g) - HZO(g) + 2e” (2.2)
1
7 02(9) 1 Ha(g) = H20(y) (2.3)
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Zatem reakcja elektrochemiczna i produkcja energii elektrycznej bedzie zachodzi¢ tak
dlugo jak gazy beda dostarczane na odpowiednie elektrody obcigzanego ogniwa, a jedynym
produktem ubocznym tej reakciji jest para wodna oraz ciepto pochodzgce z reakcji egzotermicznej
(réwnanie 2.3). W przypadku tlenkowych ogniw paliwowych koniecznym warunkiem do zaj$cia
reakcji z wysokg wydajnoscig jest wysoka temperatura pracy urzgdzenia (750-1000°C), ktéra
zwieksza ruchliwos¢ i/lub ilos¢ nosnikéw tadunkéw i obniza rezystancje. Im wyzsza temperatura
pracy ogniwa tym osiggi sg wyzsze, niemniej jednak wysokie temperatury pracy niosg ze sobg
pewne konsekwencje i prowadzg do nieodwracalnych proceséw degradacyjnych majgcych wptyw
na parametry ogniwa w diugim okresie jego uzytkowania. Wysitki spoteczno$ci naukowej
odpowiedzialnej za rozwdj technologii tlenkowych ogniw paliwowych od poczatku XXlw. skupiajg
sie gtébwnie na obnizeniu temperatury pracy urzgdzen, spowolnieniu procesow degradacji i
zastosowaniu bardziej wydajnych i tanszych materiatdéw niz klasyczne materiaty stosowane od
lat[1].

Technologia tlenkowych ogniw paliwowych na przestrzeni ostatnich 150 lat zostata
bardzo dobrze poznana, zbadana i rozwinieta. Nie mniej jednak potrzeba jeszcze czasu, aby
obecnie realizowane projekty pionierskich instalacji ogniw paliwowych zostaty na tyle dobrze
unormowane aby ta technologia mogta wyprze¢ konwencjonalne metody generowania energii
elektrycznej. Biorgc pod uwage wysitki miedzynarodowej spofecznosci w celu ograniczenia
gazoéw cieplarnianych, perspektywa komercjalizacji i industrializacji technologii tlenkowych ogniw

paliwowych nie wydaje sie tak odlegta.
2.1.1. Podstawy fizyczne funkcjonowania ogniw

Teoretyczne napiecie generowane przez ogniwo paliwowe okresla potencjat Nernsta
(Enemst), ktory jest funkcjg wtasciwosci fizycznych i sktadu chemicznego gazéw dostarczanych do
elektrod. Mozna go wyznaczy¢ wychodzgc z rownania Nernsta opisujgcego prace jakg nalezy
wykonaé by przetransportowaé tadunek elektryczny od jednego potencjatu elektrycznego do
drugiego w wyniku zajscia reakcji chemicznej, ostateczna postaé tego réwnania (2.3) to suma

potencjatu standardowego E; i wyrazenia opisujgcego aktywnos¢ w okreslonych warunkach[18]:

o, RT PHzPé/ ’
Enernst = E° + ln (T;) (2.3)
gdzie R —uniwersalna stata gazowa, T — temperatura, F — stata Faradaya, a P to znormalizowane
ci$nienie parcjalne zwigzku x. Potencjat standardowy ogniwa, jest obliczany jako r6znica miedzy
potencjatami rownowagi dwéch reakcji redukcji i utleniania w warunkach standardowych i wynosi
on 1,23 V. Potencjat Nernsta opisuje sytuacje idealng, w rzeczywistosci natomiast, gdy z ogniwa
pobierany jest prgd uktad zmienia swodj stan rownowagi ze wzgledu na pojawienie sie
nadpotencjatéw, co prowadzi do zmniejszenia potencjatu pomiedzy elektrodami. Przyczyng tego
stanu rzeczy sg straty wynikajgce z ograniczen fizycznych uktadu, a doktadniej rzecz biorgc w

pracujagcym ogniwie mamy do czynienia ze stratami aktywacyjnymi, stratami omowymi,
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ograniczeniami dyfuzyjnymi oraz wadami materiatowymi. Rysunek 2 przedstawia wykres
charakterystyki prgdowo-napieciowej charakterystyczny dla ogniw SOFC, z zaznaczonymi

regionami wystepowania wymienionych strat.

Rysunek 2. Charakterystyka prgdowo-napieciowa ogniwa SOFC obrazujgca spadek

wydajnosci ogniwa w zaleznosci od rodzaju strat wystepujgcych podczas pracy.

Poczatkowy spadek napiecia ogniwa, dla niskich wartosci gestosci pradu wynika ze strat
aktywacyjnych zachodzacych w obu elektrodach, zarébwno w katodzie jak i anodzie, a zwigzany
jest z procesem przeniesienia fadunku. Straty aktywacyjne mozna inaczej okresli¢ jako energia,
ktéra jest potrzebna, aby pokonac bariere energetyczng by reakcja elektrochemiczna mogta zajs¢
z odpowiednig szybkoscig. Dodatkowym czynnikiem warunkujgcym szybkos¢ reakcji jest
temperatura pracy ogniwa. Wraz ze wzrostem temperatury kinetyka reakcji roénie co przektada
sie na obnizenie polaryzacji aktywacyjnej. Rownanie Butlera Volmera (2.4) okre$la ilosciowo

wpltyw proceséw przenoszenia fadunku na kazdej elektrodzie na catkowitg gestosé pradu:
. . agnFn ac-nFn
J=Jo [exp( aRT ) a ( CRT )] 24

gdzie n jest liczbg elektronéw zaangazowanych w reakcje na kazdej z elektrod, a a, i ac sg

wspotczynnikami przeniesienia fadunku na anodzie i katodzie, a nadpotencjat aktywacyjny n jest
réznicg potencjatdow rzeczywistego i rGwnowagowego odpowiednio dla kazdej z elektrod. Wartos¢
tego nadpotencjatu wzrasta dla kazdej elektrod wraz z prgdem powodujgc obnizenie catkowitego

potencjatu ogniwa[19].

Straty omowe wystepujg w catym zakresie prgdowym pracujgcego ogniwa i rosng
proporcjonalnie wraz ze wzrostem gestosci prgdu. Wynikajg wprost z prawa Ohma i powstajg na
wskutek przeptywajgcego pradu przez ogniwo. W przeciwiehstwie do materiatéw elektrodowych,

ktére zazwyczaj sg dobrymi przewodnikami elektronowymi o niskich wartosciach rezystancji, to
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elektrolit pozbawiony przewodnictwa elektronowego determinuje wielko$¢ tego rodzaju strat. Nie
oznacza to, ze elektrolit jest jedynym zrédtem strat omowych, ale ma dominujgcy udziat. Ponadto
nalezy wzig¢ pod uwage przewodnosc¢ pozostatych komponentéw ogniwa i potgczen miedzy nimi

a takze geometrie ogniwa i stosu oraz sciezki perkolacji w porowatych elektrodach.

Dla wysokich gestosci pradu dominujgcy udziat majg straty wynikajgce z ograniczen
dyfuzyjnych. Reakcja elektrochemiczna zachodzi na styku fazy gazowej, elektrolitu i elektrody
zazwyczaj z najwiekszg intensywnoscig w poblizu interfejsu elektroda-elektrolit, co oznacza, ze
gaz dostarczany do odpowiedniej elektrody najpierw musi pokonacC catg objetos¢ porowatej
elektrody. Dla wysokich gestosci pragdu, gdy reakcja w poblizu interfejsu zachodzi z wysokg

wydajnoscig ten rodzaj strat ogranicza wydajnos¢ ogniwa i staje sie dominujgcy.

Ostatni rodzaj strat nie jest wprost widoczny na wykresie, ale wynika z defektow
mogacych pojawi¢ sie w ogniwie. W ftrakcie procesu produkcji czy nieodpowiedniego
dopasowania wspoétczynnikdw rozszerzalno$ci termicznej materiatdbw moze dojs¢ do spekan i
delaminacji elektrolitu, z drugiej strony niewystarczajgco wysoka temperatura spiekania elektrolitu
moze sprawic, ze bedzie on porowaty przez co bedzie przepuszczat gazy dostarczane do elektrod
na druga strone. To oznacza, ze lokalnie bedzie dochodzi¢ do spalania gazéw i ograniczenia ich
ilosci w poblizu interfejsu co bedzie mie¢ niekorzystny wptyw na prace ogniwa i w konsekwencji
obnizy jego wydajnosé, a przy dtugoterminowej pracy ogniwa przyczyni sie do degradacji
nieprawidtowo dziatajgcego ogniwa i zwiekszania skali przeciekéw. Drugg przyczyng strat
wynikajgcych bezposrednio z zastosowanych materialtdbw moze by¢ prad elektronowy ptynacy
przez elektrolit jezeli nie jest on idealnym przewodnikiem jonowym pozbawionym przewodnictwa
elektronowego. W obu przypadkach straty materiatowe sg odpowiedzialne za réznice pomiedzy
teoretyczng wartoscig potencjatu standardowego 1.23V i mierzong wartoscig napiecia obwodu

otwartego (ang. OCV — Open Circuit Potential).
2.2. Materiaty dla ogniw SOFC

Z uwagi na wysokie temperatury pracy tlenkowych ogniw paliwowych, materiaty musza
spetnia¢ szereg kryteridw, dzieki ktéorym zapewnione bedzie bezproblemowe dziatanie uktadu.
Kazdy z komponentow ogniwa tj. elektrolit, anoda, katoda czy interkonektor petni zupetnie inng
funkcje w pracujgcym urzadzeniu. Dla przyktadu, typowa dla tlenkowych ogniw warstwa
elektrolitu powinna by¢ gesta i nieprzepuszczalna dla gazéw dostarczanych do elektrod, ponadto
powinna charakteryzowac sie wysokg przewodnoscig jonowa, ale nie elektronowg. Elektrody -
paliwowa oraz tlenowa (anoda i katoda) to komponenty wysoce aktywne elektrochemicznie, ktére
w duzej mierze determinujg finalng wydajnos¢ ogniwa. W przeciwienstwie do warstwy elektrolitu
obie elektrody powinny by¢ porowate, o wysokim przewodnictwie elektronowym lub mieszanym
przewodnictwie jonowo-elektronowym (ang. MIEC — Mixed lonic-Electronic Conductor) o bardzo
dobrze rozwinietej powierzchni, dla dobrej penetracji dostarczanych gazéw i zwiekszenia miejsc
aktywnych dla zachodzenia reakcji elektrochemicznych opisywanych réwnaniami (2.1) i (2.2).

Interkonektory umozliwiajg uktadanie ogniw w stosy i powinny by¢ odporne na dziatanie wysokich
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temperatur oraz atmosfery dostarczanego gazu. Dodatkowo charakteryzujg sie wysokim
przewodnictwem elektronowym z uwagi na dodatkowg funkcje kolektora prgdowego zbierajgcego
prad z poszczegdlnych ogniw w stosie. Finalnie, wszystkie te elementy powinny by¢ ze sobg
kompatybilne pod katem dopasowania wspoétczynnika rozszerzalnosci termicznej (ang. TEC —
thermal expansion coefficient), aby unikng¢ naprezen pojawiajgcych sie w uktadzie podczas
rozgrzewania go do docelowych temperatur pracy. Nalezy réwniez zwréci¢ uwage na mozliwe
niepozgdane reakcje chemiczne pomiedzy sgsiadujgcymi komponentami co w konsekwencji
moze prowadzi¢ do powstania niepozgdanych warstw izolujgcych na interfejsach obnizajgcych
finalng wydajnos¢ ogniwa. Dlatego wiele wyzwan zwigzanych z trwatoscig ogniw dotyczy
interakcji sgsiadujgcych materiatéw lub wytrzymatosci interfejséw miedzy nimi podczas proceséw

produkcji czy ekspozycji w warunkach pracy[20,21].

Prowadzone badania skupiajg sie gtéwnie na zwigkszaniu wydajnosci uktadu poprzez
zwiekszanie parametréw gestosci pragdu i mocy. Nie mniej jednak wazna jest rowniez ocena
wytrzymatosci materiatéw pracujgcych w charakterystycznych warunkach pracy przez dtugi czas.
Takie podejscie do badan pozwala ocenic¢ stopien degradacji materiatdw w czasie i oceni¢ jego
wplyw na finalng wydajno$¢ uktadu i identyfikacje mozliwych niepozadanych reakcji pomiedzy
materiatami[22]. Na wydajno$¢ i mozliwg degradacje majg rowniez istotny wptyw metody i techniki
wytwarzania materiatow. Jak opisano wyzej, pojedyncze ogniwo to najczesciej planarny uktad
poszczegolnych komponentdéw, ktére czesto wymagajg réznych parametrow produkcji .
temperatura, czas wygrzewania, atmosfera itp. oraz réznych metod nanoszenia m. in. reakcja w
fazie statej, odlewanie tasm, sitodruk, osadzanie z fazy gazowej, napylanie magnetronowe czy
inne metody wchodzgce w skifad szeroko pojetych metod osadzania warstw. Wszystkie te
czynniki sktadajg sie na finalne wtasciwosci uktadu i sg przedmiotem wielu badan w celu
optymalizacji parametréw syntezy i minimalizacji niekorzystnych zmian moggcych pojawic sie w

procesie produkcyjnym.

Dla tlenkowych ogniw paliwowych za punkt wyjscia w celu dalszych modyfikacji mozna
uzna¢ uktad sktadajacy sie z elektrolitu tlenku cyrkonu domieszkowanego tlenkiem itru (YSZ),
anody kompozytowej materiatu elektrolitowego i czastek niklu (Ni-YSZ) oraz katody
perowskitowej La1-xSrxMnOs (LSM) lub La1-xSrxCoo.2FeosOs (LSCF). Ogniwa tej konfiguracji to
jedne z pierwszych i najbardziej poznanych ogniw prezentujgcych bardzo dobrg stabilnos$¢ dla
diugich czaséw pracy pod obcigzeniem w warunkach laboratoryjnych. Nie mniej jednak
postepujgce prace badawcze nad tym uktadem wskazywaty na szereg ograniczeh i koniecznos¢
modyfikacji tego uktadu w celu minimalizacji proceséw degradacji pojawiajgcych sie w
ogniwie[23]. W dalszej czesci pracy skupiono sie na przegladzie literatury poszczegdinych grup
materiatow wykorzystywanych w tlenkowych ogniwach paliwowych z uwzglednieniem ograniczen
wystepujagcych w zakresie ich zastosowania i metod najczesciej wykorzystywanych do ich
produkcji. Ponadto opisano najczesciej wystepujgce formy degradacji obserwowane w ogniwach
SOFC.
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2.2.1. Elektrolit

Elektrolit w ogniwach SOFC spetnia role separatora gazéw w komorach anody oraz
katody, dzieki ktéremu nastepuje rozseparowanie droég transportu jonéw oraz elektrondw.
Powinien mie¢ forme ciata statego i naleze¢ do grupy nieorganicznych zwigzkéw chemicznych
zbudowanych z tlenu i innych pierwiastkbw chemicznych. Dodatkowo, powinien byé
nieprzepuszczalny dla gazéw, oraz stabilny zaréowno w $rodowisku utleniajgcym jak i
redukujgcym ze wzgledu na staty kontakt z gazami dostarczanymi do katody oraz anody. Wysokie
przewodnictwo jonow tlenu w temperaturach pracy bedzie determinowaé¢ wydajnos¢ ogniwa, a
jakiekolwiek wystepowanie przewodnictwa elektronowego w warstwie elektrolitowej powodowaé

bedzie zwieranie elektrod, co w konsekwencji bedzie obniza¢ catkowitg wydajno$¢ ogniwa.

Rysunek 3. Wykres Arrheniusa catkowitej przewodnosci elektrycznej w powietrzu dla wybranych
materiatéw elektrolitowych stosowanych w ogniwach SOFC[24]. Materiaty naniesione na wykres:
Ero.4Bi1.603 (ESB); Dyo0.08Wo0.04Bio.ssO1.56 (DWSB); Gdo.1Ce0.9001.95 (GDC); Smo.o7sNdo.075Ce0.8502
(SNDC); Yo.16Zr08401.92 (YSZ); LaosSro2GaosMgo20s (LSGM); Lao.sSro.2GaonsMgo.115C00.08503
(LSGMC); BaCeo0.92Y0.080s (BCY); Dyo.08Gdo.04BiossO1.5 (8D4GSB); Dyo.1Wo.05Bi0.8501.575
(10D5WSB); Ero2BiosO15 (20ESB); Bi2Vo.9Cuo.10s535 (BICUVOX); Sro.85K0.15G€02.925 (SKG);
Sro.55Na0.45Si02.775 (SNS).

Najpopularniejszymi materiatami, ze wzgledu na swoje wlasciwosci sg m.in:
stabilizowany tlenek cyrkonu, domieszkowany tlenek ceru lub tlenek bizmutu czy domieszkowany
perowskit na bazie lantanu i galu La1xSrxGaiyMgyOs (LSGM). Oczywiscie mozna spotkac rézne
kompozycje czy domieszki wyzej wymienionych materiatéw, a takze inne materiaty elektrolitowe

uwzglednione na rysunku 3, jednak te wymienione wyzej sg obecnie najczesciej stosowane i
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najlepiej zbadane, a dodatkowo sg kompatybilne z popularnymi materiatami elektrodowymi,
bedacymi na wysokim stopniu zaawansowania technologicznego. Na rysunku 3 przedstawiony
zostat wykres Arrheniusa przedstawiajgcy wartosci przewodnictwa wybranych materiatéw
elektrolitowych w funkcji temperatury dla zakresu ponizej 700°C. Jak mozna zauwazy¢ wartosci
przewodnictwa wyraznie roznig sie w zaleznosci od materiatu czy uzytej domieszki. Dla
wszystkich materiatéw przewodnictwo maleje wraz ze spadkiem temperatury dlatego obnizenie
temperatury pracy ogniwa, pozwalajgce ograniczy¢ procesy degradacyjne, bedzie powodowato
obnizenie mobilnosci nosnikéw tadunkdéw i wzrost rezystancji omowej elektrolitu. Istotnym
zabiegiem w celu utrzymania pozadanej wydajnosci w obnizonych temperaturach moze byé
ograniczenie grubosci elektrolitu, lub zastosowanie innego materiatu elektrolitowego o wyzszym
przewodnictwie jonowym i dopasowanym wspoétczynniku rozszerzalnosci termicznej (TEC) do

pozostatych elementéw ogniwa.

Najpopularniejszym materiatem elektrolitowym ze wzgledu na swoje wiasciwosci jest
domieszkowany tlenek cyrkonu o strukturze fluorytu. Materiat ten jest domieszkowany innym
pierwiastkiem (najczesciej Y lub Sc) ze wzgledu na koniecznos¢ stabilizacji regularnej struktury
krystalograficznej juz od temperatury pokojowej[25]. Pozwala to wyeliminowa¢ potencjalne
przejscia fazowe w trakcie nagrzewania ogniwa moggce powodowa¢ nagte zmiany
wspotczynnika rozszerzalnosci termicznej. Ponadto, wprowadzenie domieszki do uktadu
powoduje pojawienie sie defektow sieci krystalograficznej w postaci wakanséw tlenowych. Zatem
przewodnos$¢ jonowg domieszkowanego tlenku cyrkonu determinuje wystepowanie wakanséw
tlenowych zdolnych do przewodzenia anionéw tlenowych OZ, ktére sg wprowadzane do struktury
materiatu poprzez domieszkowanie go wiekszymi kationami na nizszym stanie walencyjnym (M*2
lub M*3) niz jony Zr**. Skand, ktérego promien jonowy jest zblizony do Zr** osigga optymalny
poziom domieszkowania na poziomie 11%. ScSZ wykazuje najwyzszg przewodnos$¢ jondw
tlenkowych 5.3 - 102 S-cm-' w temperaturze 700°C, ktéra jest dwukrotnie wyzsza od YSZ[26,27].
Wyzsza przewodnosé jonowa ScSZ wynika z mniejszego niedopasowania miedzy promieniami
jonowymi Sc3* i Zr** w pordwnaniu z Zr** i Y3*, co prowadzi do mniejszej energii asocjacji i

zwieksza to ruchliwos$é, a tym samym przewodno$¢[28].

Innym mozliwym do zastosowania materiatem elektrolitowym dla zastosowan w
ogniwach SOFC jest domieszkowany tlenek ceru[29]. Podobnie jak tlenek cyrkonu krystalizuje
on w strukturze fluorytu i tak samo jak w przypadku ZrO2 przewodnos¢ jonowg determinujg
wakanse tlenowe wprowadzane do struktury materialu poprzez zastepowanie
czterowartosciowych kationéw ceru Ce** przez trzywartosciowe domieszki metali ziem rzadkich
jak np. Gd3*, Sm3* czy La3*[30]. Przewodno$¢ domieszkowanego tlenku ceru zalezy od promienia
jonowego domieszki, gtdwnie ze wzgledu na zaleznos¢ energii aktywacji zaréowno od wielkosci,
jak i stezenia kationu tréjwartosciowego. Dlatego materiaty o najnizszej energii aktywac;ji

przewodzenia wykazg jedng z najwyzszych przewodnosci w niskich temperaturach[31].
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Ze wzgledu na wysokg przewodnos¢ jonowg, domieszkowana ceria znajduje
zastosowanie w ogniwach $rednio- i niskotemperaturowych. Dodatek gadolinu w wysokosci 10%
pozwala osiggng¢ przewodnos¢ jonowg na poziomie 5.9 - 102 S-cm-! w temperaturze 500°C[27].
Z drugiej strony jednym z ograniczen stosowania domieszkowanego tlenku ceru moze okazac
sie jego czesciowa redukcja i pojawienie sie przewodnictwa elektronowego w wysokich
temperaturach i niskich stezeniach parcjalnych tlenu. Co z kolei bedzie powodowato przeptyw
pradu przez warstwe elektrolitu i w konsekwencji obnizenie warto$ci napiecia obwodu otwartego
ogniwa. Kolejnym z ograniczen stosowania materiatow elektrolitowych na bazie ZrO2 moze
okaza¢ sie jego interakcja z materialem elektrody tlenowej. Obecnie stosowane katody
perowskitowe zawierajg kationy La2* i Sr?* ktére podczas spiekania w wysokich temperaturach,
w trakcie produkcji ogniw, dyfundujg w kierunku interfejsu elektroda-elektrolit i reagujac z jonami
Zr** powodujg powstanie warstw La2ZrO7 lub SrZrOs o niskim przewodnictwie jonowym,
ograniczajgcych wydajnos¢ ogniwa[32]. W zwigzku z powyzszym obecnie stosuje sie modyfikacje
wprowadzajgce cienkg warstwe barierowg domieszkowanego tlenku ceru na interfejs elektroda
perowskitowa — elektrolit YSZ celem ograniczenia dyfuzji kationéw i formowaniu sie warstw o
niskim przewodnictwie jonowym[33,34]. Taki zabieg poza oczywistym zapobieganiem w/w reakcji
pozwala dodatkowo poprawi¢ wydajnosc¢ elektrody tlenowej dzieki zwiekszonemu przewodnictwu
jonowemu materiatéw na bazie tlenku ceru co w konsekwencji przektada sie na lepszg kinetyke

reakcji redukc;ji tlenu.
2.2.2. Elektroda Paliwowa — Anoda

Kolejnym kluczowym elementem ogniwa paliwowego jest elektroda paliwowa. Na
powierzchni anody zachodzi reakcja elektrochemiczna opisana rownaniem 2.2, ktéra przedstawia
reakcje utleniania paliwa dostarczanego do elektrody. Aby doszto do reakcji musi by¢ zapewniona
odpowiednia mikrostruktura elektrody bowiem reakcja zachodzi na granicy styku trzech faz tj.
materiat anodowy — elektrolit — faza gazowa. Jest to kluczowa czes¢ anody i wymaga
odpowiedniego przygotowania, aby zapewni¢ dostatecznie duzg liczbe miejsc granicy trzech faz,
by reakcja mogta zachodzi¢ z duzg wydajnoscig jednoczesnie w wielu miejscach zapewniajgc
dlugg zywotnos¢ ogniwa. Poza odpowiednig porowatoscig i kompozycjg elektrody paliwowej,
wazne jest réwniez zapewnienie odpowiednich parametrow elektrycznych dla prawidtowej
perkolacji tj. utworzenie dostatecznej ilosci sciezek przewodnictwa elektronowego i jonowego.
Wymagania jakie powinna spetnia¢ anoda dla zastosowan w ogniwach SOFC sg

nastepujgce[35,36]:

e Przewodnictwo elektronowe >100 S-cm-!

e Przewodnos¢ jonowa > 10 mS-cm!

e Rezystancja elektrody <0.15 Q-cm2

e Odpowiednia porowatos¢ elektrody w celu zapewnienia optymalnej
przepuszczalnosci gazu w celu dostarczenia paliwa i usuwaniu produktéw reakc;ji.

e Stabilno$¢ termiczna w temperaturach pracy ogniwa przez dtugi czas
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e Stabilno$¢ chemiczna podczas pracy w srodowisku redukujgcym, a takze brak
niepozadanych reakcji chemicznych z sgsiadujgcymi komponentami ogniwa takimi
jak elektrolit i interkonektor w trakcie wysokotemperaturowego spiekania ogniw i
pracy w dtugim okresie czasu.

e Dopasowany wspéiczynnik rozszerzalnosci termicznej do pozostatych
komponentéw i zmian termicznych zwigzanych z nagrzewaniem ogniwa do

temperatury pracy.

Materiatem, ktory spetnia wszystkie te kryteria i od lat jest wykorzystywany do produkgciji
ogniw, jest cermet niklowy czyli kompozyt niklu i tlenku cyrkonu stabilizowanego tlenkiem itru (Ni-
YSZ). Ekspozycja cermetu w wysokiej temperaturze w wodorze, czyli typowych warunkach pracy
anody, powoduje redukcje tlenku niklu do metalicznego niklu zmniejszajac rozmiar ziaren i
wprowadzajgc dodatkowg porowato$¢ anody. Obecnos$¢ niklu pozwala uzyskaé bardzo dobre
wiasciwosci katalityczne elektrody co z kolei umozliwia prace z innymi rodzajami paliw opartych
o0 weglowodory jak np. metan, biogaz, gaz syntezowy itp. Warto jednak podkresli¢, ze paliwa
oparte o weglowodory zawierajgce wegiel w swoim sktadzie, bedg prowadzi¢ do osadzania sie
wegla w anodzie co w konsekwencji prowadzi¢ bedzie do aglomeracji i zatykania poréw
utrudniajgc przeptyw paliwa i obnizajgc finalng wydajno$¢ ogniwa. Ponadto obecnos¢ innych
zanieczyszczeh w sieci jak np. wystepowanie siarkowodoru réwniez bedzie sprzyja¢ degradacji

ogniwa poprzez osadzanie sie siarki[37].

Uzycie cermetu niklowego do produkcji anody wydaje sie najbardziej korzystne ze
wzgledéw ekonomicznych, ale nie jest pozbawione wad. Poza wzgledami zwigzanymi z
zatruwaniem anody siarkg lub odkfadaniem sie wegla, obserwowana jest rowniez tendencja niklu
do aglomeracji co prowadzi do przerwania sciezek perkolacji i degradacje ogniwa podczas pracy
dtugoterminowej. Dotychczas uwazano, ze to elektroda tlenowa jest komponentem
ograniczajgcym wydajnos$¢ ogniwa jednakze pojawiajg sie raporty zwracajgce uwage na to, ze
elektroda paliwowa réwniez wymaga optymalizacji i poszukiwania nowych materiatow celem
zastgpienia klasycznego Ni-YSZ[38,39]. Materiatami pretendujgcymi do zastgpienia klasycznego
Ni-YSZ sg np. cermet na bazie miedzi i tlenku ceru[40]. W tym kompozycje miedz petni role
przewodnika pradu i nie bierze udziatu w reakcji elektrokatalitycznej, natomiast tlenek ceru jest
materiatem aktywnym katalitycznie. Z uwagi na nizszg temperature topnienia miedzi niz niklu

kompozyt cerowo miedziowy znajduje zastosowanie w ogniwach sredniotemperaturowych.

Inne grupy materiatéw stanowigce alternatywe dla Ni-YSZ to materiaty o mieszanym
przewodnictwie jonowo-elektronowym jak np. perowskity, pyrochlory czy spinele[41]. Sposréd
materiatow perowskitowych to tytaniany[42] i chromiany[43] stanowg grupe materiatéw
najczesciej badanych pod kagtem zastosowan w ogniwach paliwowych z uwagi na bardzo dobrg
stabilnos¢ chemiczng w atmosferze redukujgcej. Nie mniej jednak perowskity mimo dobrej
stabilnosci i wysokiej przewodnosci elektrycznej czesto prezentujg stabg wydajnosc

elektrokatalityczng w reakcji utleniania paliwa[21]. W celu poprawy wtasciwosci katalitycznych
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ostatnimi czasy stosuje sie zabiegi wprowadzania nanoczgstek aktywnych katalitycznie na
powierzchnie elektrod perowskitowych poprzez nasgczanie porowatej elektrody[44,45] lub w
reakcji in-situ polegajgcej na wprowadzeniu deficytu pierwiastka w jednej z podsieci perowskitu
co sprawia, ze pierwiastek, ktéry pozostaje w nadmiarze, podczas redukcji, dyfunduje na

powierzchnie ziaren materiatu tworzgc nanometryczne czgstki na catej powierzchni elektrody[46].
2.2.3. Elektroda Tlenowa — Katoda

Katoda w tlenkowych ogniwach paliwowych jest odpowiedzialna za redukcje gazowego
tlenu do jondéw tlenowych co opisuje reakcja 2.1. Dobra elektroda tlenowa musi spetnia¢ pewne
wymagania, aby wspiera¢ efektywne dziatanie ogniwa paliwowego. Do najczesciej wymienianych

wymagan stawianym katodom mozemy zaliczy¢ m. in.:

e Wysokie przewodnictwo elektronowe >100 S:cm-! w atmosferze powietrza.

¢ Dopasowanie wspoiczynnika rozszerzalnosci termicznej (TEC) do pozostatych
komponentéw ogniwa.

e Odpowiednia porowatos¢, aby umozliwi¢ tatwg dyfuzje gazowego tlenu przez
katode do granicy interfejsu katoda/elektrolit

e Stabilnos¢ chemiczna w atmosferze utleniajgcej podczas wytwarzania i pracy w
podwyzszonych temperaturach.

¢ Wysoka wydajnos¢ katalityczna dla reakcji redukcji tlenu (ORR)

e Niski koszt materiatow

Gtéwnym zadaniem elektrody tlenowej bedzie zatem zapewnienie dostatecznej ilosci
miejsc aktywnych katalitycznie dla reakcji redukcji tlenu, dlatego odpowiednia mikrostruktura i
dobdr odpowiednich materiatéw bedzie kluczowe. Reakcja redukcji tlenu jest mechanizmem
determinujgcym wydajnos¢ elektrody i obejmuje szereg proceséw zachodzacych na powierzchni
i w objetosci katody. W$rdd proceséw zachodzgcych podczas ORR mozemy wyodrebnic takie
procesy jak: dyfuzja gazu, wymiana powierzchniowa (adsorpcja tlenu, dysocjacja i przenoszenie
tadunku), dyfuzja jondéw i przenoszenie tadunku na powierzchni interfejséw elektrolit/elektroda.
Sposréd wymienionych procesow gtownymi etapami ograniczajacymi ORR sg dyfuzja jondw i

wymiana tlenu na powierzchni elektrody[47,48].

Rysunek 4. Mozliwe $ciezki reakcji redukgji tlenu okreslajgce szybkos¢ reakcji. Na

podstawie[47].
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Reakcja katodowa tj. reakcja redukc;ji tlenu moze zachodzié po trzech réznych $ciezkach

tak jak zaprezentowano na rysunku 4 i mozna je opisaé nastepujgco:

1. Na powierzchni katody — gazowy tlen w zostaje zaadsorbowany na powierzchni
elektrody (czesciowa jonizacja) i dyfunduje po powierzchni ziaren katody w kierunku
granicy trzech faz, gdzie zachodzi catkowita jonizacja i przeniesienie jonéw O% do
elektrolitu.

2. Przez objetos$¢ katody - gazowy tlenu zostaje zaadsorbowany na powierzchni katody
gdzie ulega dysocjacji i jonizacji, a nastepnie inkorporacji do katody. Odbywa sie
transport jonéw tlenkowych przez elektrode i przeniesienie jonu do elektrolitu.

3. Na powierzchni elektrolitu — gazowy tlen jest adsorbowany na powierzchni elektrolitu
w bliskiej odlegtosci od elektrody gdzie dochodzi do jonizacji i bezposredniego

przeniesienia jondw O% do elektrolitu.

W zaleznos$ci od okolicznosci reakcja katodowa moze zachodzi¢ po wszystkich trzech
Sciezkach jednocze$nie, ale Sciezka po ktorej reakcja bedzie zachodzita z najwigkszg szybkoscig
determinowac bedzie catkowitg wydajnosc elektrody. Dodatkowo poszczegdine sciezki reakcji
mogg wzajemnie na siebie oddziatywac i wspétzaleze¢ od siebie np. szybkosc¢ inkorporaciji tlenu
do katody bedzie zaleze¢ od powierzchniowego stezenia zaadsorbowanego tlenu w zwigzku z

czym dyfuzja powierzchniowa bedzie miata na nig istotny wplyw[47].

Rysunek 5. Rézne strategie modyfikacji mirostrukturalnych katody w ogniwach SOFC w celu
poprawy ich wydajnosci. (a) staby przewodnik jonowy z ograniczong TPB na granicy faz
elektroda/elektrolit, (b) elektroda kompozytowa, (c) katoda o miesanym przewodnictwie jonowo
elektronowym z rozszerzonym TPB na cato$ci powierzchni, (d) warstwa aktywna wprowadzona
pomiedzy elektrode a elektrolit, (e) elektroda z aktywnymi nanoczgstkami na powierzchni, (f)
elektroda nasgczana w porowatg warstwe szkieletu elektrolitu, (g) elektroda nanokrystaliczna

(h) elektroda nanokompozytowa.[49]

Na finalng rezystancje polaryzacyjng elektrody istotny wptyw bedg miaty czynniki
wptywajgce na odpowiednig reakcje czy szybkos¢ transportu odpowiednich no$nikéw fadunkow

w materiale. Niezaleznie od rozwazanego materialu szybko$¢ reakcji bedg determinowaty
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parametry takie jak ciSnienie parcjalne tlenu, nadpotencjat czy temperatura. W zaleznosci od
uzytego materiatu o jego wiasciwosciach decydowaé bedzie jego struktura krystalograficzna,
sktad, stopien domieszkowania, zanieczyszczenia, liczba i mikrostruktura granicy ziaren i
interfejsow itp. W konteks$cie wlasciwosci geometrycznych istotng role bedzie miata liczba miejsc
aktywnych katalitycznie jak dlugo$¢ granicy trzech faz, powierzchnia elektrody i interfejséw,
grubosé¢ i porowatos¢ elektrody, rozmiary ziaren i rozmieszczenie poszczegdlnych frakciji.
Rysunek 5 przedstawia rézne strategie modyfikacji mikrostruktury elektrody tlenowej najczesciej

spotykanych w tlenkowych ogniwach paliwowych.

Jak wskazano na poczatku rozdziatu katoda perowskitowa La1-xSrsMnOs (LSM)[50] jest
materiatem szeroko stosowanym w ogniwach SOFC z uwagi na dobre wia$ciwo$ci podczas pracy
w wysokim zakresie temperatur >700°C. Charakteryzuje sie ona wysokim przewodnictwem
elektronowym, wysokg wydajnoscig elektrochemiczng dla reakcji redukcji tlenu, stabilnoscig
termiczng podczas pracy w wysokich temperaturach i jest kompatybilna z popularnymi
materiatami elektrolitowymi jak YSZ czy CGO. Dodatkowo LSM prezentuje doskonatg stabilnos¢
podczas pracy diugoterminowej. Nie mniej jednak reakcja elektrochemiczna w przypadku LSM
zachodzi na styku trzech faz: fazy gazowej — elektrody — elektrolitu, dlatego wydajnos¢ elektrody
tlenowej bedzie determinowana poprzez ilos¢ takich miejsc (rys. 5a i 5g). Z uwagi na dos¢ niskg
przewodnosc¢ jonowg LSM, w celu zwigkszenia centrow aktywnych elektro-katalityczne stosuje
sie kompozyt tego perowskitu z materiatem elektrolitowym, co pozwala rozszerzy¢ granice trzech
faz na catg objetos¢ elektrody zwiekszajgc tym samym wydajnosc elektrody o rzedy wielkosci
(Rys. 5b i 5h) [51]. Z drugiej strony jezeli stosunek obu faz jest nieodpowiedni moze dojs¢ do
przerwania Sciezek przewodnictwa ktorejkolwiek z faz przez co do reakcji nie dojdzie i czesé
elektrody moze pozostaé nieaktywna. Sposréd wielu czynnikdw biorgcych udziat w reakcji
redukcji tlenu mikrostruktura i kompozycja wyraznie wptywajg na wielkos¢ i rozmieszczenie

granicy trzech faz[52].

Innym podejSciem do opracowania doskonatego materiatu katodowego jest
zaprojektowanie elektrody jednofazowej o mieszanym przewodnictwie jonowo-elektronowym
(Rys 5¢)[53] umozliwiajgcym przeptyw zaréwno jonéw tlenowych jak i elektronéw w materiale
katody. Materiatem wykazujgcym takie witasciwosci jest perowskit La1-xSrxCo1.yFeyOs (LSCF),
gdzie reakcja redukcji tlenu moze zachodzi¢ zaréwno na powierzchni elektrody jak réwniez w jej
objetosci[54]. Kobaltany charakteryzuje wysokie przewodnictwo jonowo-elektronowe i wyjatkowa
aktywnos¢ elektrochemiczna w zakresie redukcji tlenu. Z drugiej strony wspétczynnik
rozszerzalnosci termicznej jest wyraznie wyzszy od popularnych materiatéw elektrolitowych, a
dodatkowo w temperaturach powyzej 700°C dochodzi do reakcji z elektrolitem YSZ i powstania
fazy izolujgcej na interfejsie elektroda-elektrolit. Jedng z mozliwosci dopasowania rozszerzalnosci
termicznej jest odpowiedni poziom domieszkowania zelazem w podsieci B perowskitu lub
odpowiedni kompozyt z materiatem elektrolitowym. W celu zapobiegania niekorzystnej reakcji
elektrolitu z katodg konieczne jest wprowadzenie warstwy barierowej na bazie tlenku ceru.

Kobaltyty znajdg zatem =zastosowanie w $redniotemperaturowych ogniwach paliwowych
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pracujgcych w zakresie 500-700°C, gdzie kinetyka reakcji redukcji tlenu stanowi ograniczenie

0golnej wydajnosci ogniwa i wymagane jest zastosowanie katody o wysokiej wydajnosci[21].

Rysunek 6. Schemat procesu infiltracji: a)szkielet elektrody; b) proces wnikania kropli roztworu
do elektrody; Dwie mozliwe morfologie nasgczanej elektrody po obrébce termicznej to: c)

osadzanie w postaci nanoczgstek i d) powlekanie cienkg warstwg[55].

Bardziej zaawansowang metodg modyfikaciji mikrostruktury z uwagi na znaczacy wzrost
wydajnosci elektrody jest wprowadzenie nanoczastek lub cienkiej warstwy materiatu aktywnego
katalitycznie na powierzchnie elektrody lub szkieletu elektrolitu (rys 5e i 5f)[55,56]. Wprowadzenie
materiatow aktywnych katalitycznie na powierzchnie elektrody tlenowej odbywa sie w procesie
nasgczania porowatego szkieletu schematycznie przedstawionego na rysunku 6. Na poczatku
nalezy przygotowac porowaty szkielet elektrody, wypiekajac materiat w wysokich temperaturach,
aby zapewni¢ bardzo dobry kontakt z elektrolitem i stabilno§¢ mechaniczng. Szkielet do
nasgczania moze wystepowaé w postaci porowatej warstwy materiatu elektrolitowego, warstwy
elektrody tlenowej o ograniczonym przewodnictwie jonowym lub elektronowym, a niekiedy
kompozytu obu tych materiatéw. Kolejnym krokiem jest przygotowanie roztworu prekursora.
Najczesciej jest to ciekly roztwor lub zol, zawierajgcy stechiometryczne ilosci prekursoréw soli
metali, zwigzkéw powierzchniowo czynnych oraz $rodkéw kompleksujgcych. Naniesienie
roztworu najczesciej odbywa sie w procesie zanurzania elektrody lub odpowiednia ilo$¢ roztworu
jest nakrapiana na powierzchnie elektrody. Pdzniejsza obrébka termiczna, po odparowaniu
rozpuszczalnika, pozwala otrzymac¢ dwie rézne morfologie nasgczanego materiatu m.in.
nanoczgstki rozsiane po powierzchni materiatu lub ciggta i cienkg warstwe jak zostato to
schematycznie przedstawiono na rysunku 6 ¢ i d oraz na przyktadzie witasnych prac
przedstawionym na rysunku 7 a i b. Materiaty wprowadzone w procesie nasgczania moga byé
wypalane w temperaturach znacznie nizszych niz temperatura potrzebna do spiekania szkieletu.
Ponadto, roztwér prekursora mozna zaprojektowac tak, aby umozliwiat on kontrole morfologii

katalizatora, ktéra w istotny sposéb wptywa na dziatanie elektrody.
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Rysunek 7. Zdjecia SEM przekroju poprzecznego szkieletu YSZ nasgczanego CGO i
wygrzewanego w temperaturze 500°C/2h, a nastepnie nasgczanego LSC i wygrzewanego w
temperaturze 600°C/2h. Zdjecie A wykonane w poblizu interfejsu z elektrolitem, zdjecie B w

poblizu powierzchni katody

Ostatnim rodzajem modyfikacji, przedstawionym na rysunku 5d, jest warstwa aktywna
wprowadzona pomiedzy elektrode, a elektrolit[57]. Zgodnie z modelem teoretycznym dla
materiatbw o mieszanym przewodnictwie jonowo-elektronowym, reakcja elektrochemiczna
redukcji tlenu zachodzi z najwiekszg intensywnoscig w poblizu interfejsu katoda-elektrolit i wraz
ze wzrostem grubosci elektrody intensywnos¢ reakcji spada. Moze sie tak zdarzy¢, ze dla pewnej
grubosci elektrody w poblizu interfejsu z kolektorem prgdowym, elektroda tlenowa petni jedynie
role przewodnika elektronéw, z uwagi na ograniczenia dyfuzyjne jonéw tlenu od strony elektrolitu
i duzg intensywnos¢ reakcji ORR przy elektrolicie[58]. W przypadku materialébw o niskiej
wydajnosci ORR oraz w sytuacji gdy elektroda tlenowa ma niewystarczajgcg grubos¢ mozna
odpowiednio zmodyfikowac interfejs elektroda-elektrolit poprzez wprowadzenie cienkiej,
nanokrystalicznej i nanoporowatej warstwy materiatu wysoce aktywnego elektrokatalitycznie jak
np. LSC. Taki zabieg pozwoli poprawi¢ wydajnos¢ elektrody poprzez rozwinigcie powierzchni
aktywnej katalitycznie w poblizu interfejsu, gdzie intensywno$¢ reakcji redukcji tlenu jest
najwieksza. Poprawa wydajnosci elektrody tlenowej wigze sie z poprawg parametréw
elektrycznych elektrody, a dokfadniej rzecz biorgc z obnizeniem rezystancji polaryzacyjnej czy
omowej. Model Adler-Lane-Steele (ALS)[59] pozwala przewidywa¢ kompozycje i strukture
elektrody w celu optymalizacji rezystancji polaryzacyjnej w zakresie srednich temperatur pracy.
Dysponujgc  wartosciami  wspotczynnika dyfuzji tlenu  D*  wspodtczynnika wymiany
powierzchniowej k oraz odpowiednimi parametrami strukturalnymi dla wybranego materiatu

mozna obliczy¢ wkiad heterogenicznej reakcji chemicznej (Rchem) za pomocg modelu ALS

RT T
R L [ — 26
chem ™ Spz [(1-£)ac2D*k (2.6)

Gdzie 1, € i a to odpowiednio kretos¢, porowatos¢ i powierzchnia wewnetrzna, a Co to

zgodnie z réwnaniem 2.6:

powierzchniowe stezenie tlenu.
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2.2.4. Interkonektory gazowe

Pojedyncze ogniwo paliwowe generuje stosunkowo niewielkie napiecia i moce. Celem
zwiekszenia wydajnosci pojedyncze ogniwa tgczy sie w stosy ogniw, aby finalna wydajnosé
urzadzenia byta zoptymalizowana pod katem docelowego zastosowania. Interkonektor gazowy
jest zatem kluczowym elementem konstrukcyjnym pozwalajgcym potaczy¢ ogniwa w stos. Poza
oczywistym zadaniem jakim jest dostarczenie gazéw roboczych do odpowiednich elektrod jego
zadaniem jest réwniez zapewnienie kontaktu elektrycznego pomiedzy sgsiadujgcymi ogniwami,
a takze peftni on role bariery zapobiegajgcej mieszanie sie gazow i chroni materiat elektrody
powietrznej przed redukujgcym srodowiskiem paliwa po stronie elektrody paliwowej i w rownym
stopniu zapobiega kontaktowi materiatu elektrody paliwowej z atmosferg utleniajgcg po stronie
elektrody utleniajgcej[60].

Sposrod wszystkich komponentéw ogniwa to interkonektorom gazowym stawiane sg

najbardziej rygorystyczne wymagania m.in.:

e Materiat interkonektora powinien przewodzi¢ jedynie elektrony i wykazywaé
wysokie przewodnictwo elektryczne rzedu > 1 S-cm-'.

e Interkonektor powinien mie¢ odpowiednig stabilnos¢ chemiczng pod wzgledem
zmian wymiaréw, czy mikrostruktury w temperaturze pracy zaréwno w
atmosferach redukujgcych, jak i utleniajgcych.

e Brak przepuszczalnosci dla tlenu i wodoru, w celu minimalizacji bezposredniego
ryzyka potaczenia paliwa i utleniacza w trakcie pracy ogniwa.

e Wspdtczynnik rozszerzalnosci termicznej powinien by¢é dopasowany do
pozostatych komponentéw ogniwa tj. elektrody i elektrolitu, w catym zakresie
grzania od temperatury pokojowej do temperatury pracy i nie wykazywa¢ zmian ze
wzgledu na réznice cisnienia parcjalnego tlenu.

e Materiat interkonektora nie powinien reagowa¢ chemicznie z pozostatymi
elementami ogniwa i nie powinien emitowa¢ zwigzkéw lotnych mogacych miec
wpltyw na zatruwanie pozostatych komponentéw.

e Przewodnictwo cieplne interkonektora powinno byé wyzsze niz 5 Wm-'K-*

e Odpornosé¢, na utlenianie, zasiarczanie, czy zaweglanie

e Materiat interkonektora, powinien by¢ tatwy w przetwarzaniu ze wzgledu na

niekiedy dos¢ ztozone ksztalty i geometrie kanatéw paliwowych.

Materiaty ceramiczne o strukturze perowskitu sg obecnie najczesciej spotykanymi
materiatami wykorzystywanymi w wysokotemperaturowych ogniwach SOFC. LaCrOs spetnia
wiekszos¢ z tych kryteriow jednakze jego przewodnosc¢ elektryczna i wspoétczynnik TEC nieco
odbiegajg od stawianych wymagan. Celem poprawy tych parametréw stosuje sie rézne domieszki

czesciowo podstawiajgc pierwiastki takie jak wapn czy stront w miejsce lantanu lub magnez,
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determinowac finalne wtasciwosci materiatu, dobér odpowiedniej kompozycji odbywac sie bedzie

w oparciu o docelowe zastosowanie i materiaty pozostatych komponentow.

Inng interesujaca grupg materiatow, spetniajacg wiekszos¢ przedstawionych wymagan sg
stale ferrytyczne. Poza doskonatymi wiasciwosciami, elektrycznymi, mikrostrukturalnymi i
termicznymi materiaty stalowe sg tatwe w obrdbce i tanie. Z drugiej strony najwiekszg z wad tych
materiatow jest korozja w temperaturach pracy ogniwa w atmosferze powietrza i wilgotnego
wodoru. Korozja wysokotemperaturowa stali najczesciej prowadzi do tworzenia sie warstw Cr203
i innych materiatéw, w zaleznosci od skfadu stali, jak np. (Mn,Cr)304. Z powierzchni stali sg
réwniez emitowane lotne zwigzki chromu czy molibdenu. Wzrost grubosci warstwy tlenku chromu
i parowanie chromu jest najczestszg przyczyng degradacji ogniw podczas pracy dtugoterminowej
ze wzgledu na wzrost grubosci warstwy tlenku o niskim przewodnictwie elektronowym
powodujgcg wzrost rezystancji omowej stosu ogniw i reakcje z materiatem katodowymi

zawierajgcymi stront prowadzg do powstawania fazy SrCrO3[61].

Popularng metodg ograniczenia korozji wysokotemperaturowej stali ferrytycznych jest
pokrycie powierzchni stali cienkg warstwg ochronng zapobiegajgcg lub w znacznym stopniu
ograniczajgcg szybkosc¢ korozji. Wazne jest, aby warstwa ochronna uzupetniata wymagania
stawiane interkonektorom gazowym tak aby mozliwa byta jak najskuteczniejsza ochrona ogniwa
i bezproblemowa praca przez dtugi czas. Najpopularniejsze materiaty na powtoki ochronne dla
stalowych interkonektoréw to gtéwnie perowskity wykorzystywane jako materiaty katodowe czy
materiaty na interkonektory znane z ogniw SOFC, ale bardzo czesto mozna spotkac
domieszkowane spinele na bazie manganu i kobaltu, a takze domieszkowane tlenki ceru dla
ochrony stali po stronie elektrody paliwowej[62]. Zastosowanie warstwy o niewielkiej grubosci do
5 ym pozwala skutecznie zablokowac¢ parowanie chromu, ograniczy¢ wzrost warstwy tlenku

chromu, a takze wyraznie poprawa rezystancje kontaktowg interfejsu katoda - interkonektor[63].

Spinel manganowo-kobaltowy (MCO) charakteryzuje sie dobrym przewodnictwem
elektrycznym w warunkach pracy ogniwa, niskim przewodnictwem jonowym, a co za tym idzie
niskim oporem powierzchniowym (ASR) oraz dobrze dostosowanym TEC do stali i innych
elementdéw stosu[64]. MCO jest bardzo skuteczny w blokowaniu dyfuzji chromu do elektrody
tlenowe;j i ogranicza powstawanie produktow korozji na powierzchni stali[65-67]. MCO stosowany
jako warstwa ochronna wystepuje gtéwnie w trzech réznych stechiometriach: Mn2CoOas, MNnC0204
i Mn15C01504[68-71]. W temperaturze pokojowej spinnele o stechiometrii kationowej 2:1 i 1:2
wykazujg odpowiednio strukture tetragonalng i szescienng, podczas gdy ta ostatnia wykazuje
dwufazowg mieszanine obu struktur. Niemniej jednak kompozyt Mn1.5C01.504 0sigga najwyzszg
przewodnos¢ elektryczng ~ 61 S-cm-' w temperaturze 800°C, a wartosci TEC w zakresie RT-
800°C wynoszg okoto 11.4x10-6 K- dla prébek masowych, co jest zblizone do wartosci TEC stali

Crofer22APU wykorzystywanej do produkcji interkonoktorow[72].
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3. WYTWARZANIE WARSTW METODA PIROLIZY AEROZOLOWEJ | ICH
POMIARY.

3.1. Piroliza aerozolowa w literaturze naukowej

Pierwsza praca badawcza opisujgca wykorzystanie metody pirolizy aerozolowej do
wytwarzania materiatdw na potrzeby ogniw paliwowych zostata opublikowana w 1990 roku przez
grupe badaczy pod kierownictwem profesora Arai[73]. Opisano w niej potencjat metody do
wytwarzania warstw elektrolitu YSZ domieszkowanego wapniem. W badaniach co prawda
przedstawiono proces i parametry wytwarzania, ale takze przedstawiono wyniki ogniwa
paliwowego pracujgcego na tlenowej elektrodzie wspierajgcej LSM. W pracy wskazano jednak
na koniecznos¢ dalszych optymalizacji metody celem osiggniecia gestej warstwy elektrolitu
wolnej od defektéw w postaci spekan i pojawiajgcej sie porowatosci warstwy. Dopiero w 1999
roku podobne prace zostaty zapoczgtkowane w grupie badaczy pod kierownictwem profesora
Gaucklera[74], ktéra przez kolejne lata publikowata szereg prac skupiajgc sie na procesie
wytwarzania oraz aspektach technicznych samej metody pirolizy aerozolowej, gtéwnie do
wytwarzania cienkich warstw elektrolitow YSZ[10,75,76] i CGO[77-79] ale rowniez materiatow
katodowych jak np. LSCF[80-82].

Rysunek 8. Zdjecia SEM nanokrystalicznej warstwy SEM wytwarzanej metodg pirolizy
aerozolowej na podtozu szafirowym i wygrzewanej w temperaturze 1100°C. Zdjecia Ai B

przedstawiajg obraz powierzchni, zdjecia C i D przekroje porzeczne dla réznych przyblizen[78].

W swoich pracach badacze grupy Gaucklera wielokrotnie wskazujg istotng role
parametréw osadzania w procesie optymalizacji wtasciwosci mikrostrukturalnych warstw. Ich
prace opierajg sie gtownie o metode pirolizy, w ktorej ciekty prekursor jest rozpylany przy uzyciu
dyszy i sprezonego powietrza, jednakze w pracach tej grupy mozna réwniez znalez¢ atomizer
elektrostatyczny[83] (ang. ESD - Electrostatic spray deposition), a nawet metode opartg o
spalanie rozpylonego aerozolu prekursora (ang. Flame Spray Deposition)[84]. Metoda

wytwarzania aerozolu prekursora bedzie determinowac rozmiar kropli, rozktad wielkosci szybko$¢
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oraz obszar stozka napylania. Wsréd opisywanych parametréw technologicznych szczegdlng
uwage zwracajg na temperature podtoza w procesie osadzania, ktéra ma najwiekszy wptyw na
finalne wiasciwosci materiatu takie jak, chropowato$é, spekania czy krystalicznos¢ i wielkos¢
ziaren[83,85]. Ponadto w prowadzonych badaniach grupa analizowata rowniez skfad prekursora
uzywanego w procesie pirolizy i parametry obréobki termicznej po procesie nanoszenia warstw na
finalne wlasciwosci mikrostrukturalne wytwarzanych materiatéw elektrolitowych[86]. Na rysunku
8 przedstawione zostaty zdjecia SEM tej grupy przedstawiajgce przyktadowe obrazy powierzchni
i przekroju poprzecznego odpowiednio zoptymalizowanej warstwy CGO osadzanej na podtozu
szafirowym metodg pirolizy aerozolowej i wygrzewanej po procesie nanoszenia w temperaturze
1100°C. Jak mozna zauwazyé, uzyskany przez nich materiat jest gesty, nanoziarnisty i wolny od

defektow.

Rysunek 9. Schematyczne diagramy réznych projektow architektonicznych elektrody LPNO: a)
pojedyncza warstwa wytwarzana metodg sitodruku (SP-screen printing), b) pojedyncza warstwa
osadzana metodg elektrostatycznej pirolizy aerozolowej (ESD), ¢) podwdjna warstwa elektrody
LPNO - warstwa funkcjonalna (ang. AFL — Active Functional Layer) osadzona metoda pirolizy
pokryta warstwg kontaktowa (ang. CCL — Current Collecting Layer) naniesiona metodg
sitodruku, d) potrdjna warstwa elektrody, architektura ze schematu c) z dodatkowg porowatg
warstwg CGO pomiedzy elektrolitem a warstwg funkcjonalng katody nanoszong metodag

sitodruku przed osadzaniem warstwy funkcjonalnej i kontaktowej[87].

Kolejng grupg intensywnie wykorzystujgcg technike pirolizy aerozolowej jest grupa pod
kierownictwem profesor Djurado[88]. W swoich badaniach grupa ta wykorzystuje metode
elektrostatycznego osadzania natryskowego (ESD) i metode napylania aerozolowego gtéwnie do
modyfikacji mikrostruktury materiatéw katodowych, jednakze poczatkowe prace tej grupy skupiaty
sie gtownie na cienkich warstwach YSZ i procesie optymalizacji procesu osadzania i obrébki
termicznej materiatu ' YSZ[89,90]. Rozwdj grupy i zdobywanie doswiadczenia w wyniku
prowadzonych przez nig prac badawczych na przestrzeni ostatnich dwoch dekad pozwolit
dokonac¢ znaczgcych postepdw nad rozwinieciem mikrostruktury elektrody tlenowej w ogniwach
SOFC poprzez jej miniaturyzacje. W swoich pracach prowadzg badania nad materiatami
katodowymi na bazie LazNiO4[91], La2xPrxNiO4[92], Pre011[93] czy Lao.eSro.4Coo.2Fe0.803[94]i ich
kompozytéw. Rysunek 9 prezentuje schematy wprowadzanych modyfikacji elektrody tlenowej z
wykorzystaniem techniki pirolizy aerozolowej proponowane przez tg grupe w jednej z
opublikowanych prac. W prowadzonych badaniach zwracajg uwage, ze tego typu modyfikacje
odgrywajg istotng role w poprawie witasciwosci elektrody tlenowej. Poprzez kontrolowanie
mikrostruktury i sktadu elektrody mozliwe jest uzyskanie duzych powierzchni interfejsu i duzej
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liczby miejsc aktywnych dla reakcji redukcji tlenu i rozwiniecie interfejsu elektroda/elektrolit w celu

zwiekszenia transferu nosnikéw tadunkéw[95].

Rysunek 10. A) Zdecie SEM przekroju poprzecznego elektrody wielowarstwowej LSCF/CGO.
B) rekonstrukcja 3D fragmentu elektrody[96].

Wykorzystanie metody pirolizy aerozolowej do produkcji i modyfikacji elektrod tlenowych
jest réwniez raportowane przez grupe pod kierownictwem profesora Davida Marrero-Lépeza. W
swoich pracach prezentujg rézne podejscia do modyfikacji elektrody tlenowej metodg pirolizy
aerozolowej do ktérych mozna zaliczy¢ np. modyfikacje interfejsu elektrody poprzez
zastosowanie warstwy aktywnej Ceo.sGdo.202-5 (CGO), Ceo.sPro.202-5 (CPO), lub SrFeo.sM00.103-5
(SFM) miedzy warstwg elektrolitu CGO i elektrody SFM:CGO[97], wielowarstwowe kompozytowe
elektrody naprzemiennych warstw LSCF i CGO[96] przedstawione na rysunku 10,
nanokrystaliczne elektrody LSM[98] i kompozyty elektrody LSM-CGOI[99], czy nawet prowadzac
nowatorskie nasgczanie porowatych szkieletéw elektrod metoda pirolizy aerozolowej materiatami
takimi jak CGO[100] lub PrBaCo20s5+1 (PBC)[101]. Wynikiem wszystkich prowadzonych przez
nich badan jest wyrazny wzrost wydajnosci elektrokatalitycznej elektrod tlenowych dzieki
miniaturyzacji mikrostruktury i zastosowaniu nanomateriatéw. Dodatkowo wskazujg oni na wiele
zalet i szeroki zakres mozliwosci produkcji nanokrystalicznych elektrod metoda pirolizy

aerozolowej.

Badania nad nanokrystalicznymi  warstwami funkcjonalnymi dla ogniw SOFC
wytwarzanymi metodg pirolizy aerozolowej sg rowniez prowadzone przez innych naukowcéw jak
np. praca Sung Soo Shin i innych opisujgca prace nad warstwami LSC i kompozytem z tlenkiem
ceru[102]. Jak wskazujg autorzy funkcjonalnos¢ takiej warstwy pozwala ograniczy¢ rozrost ziaren
na interfejsie jednoczesnie poprawiajgc liczbe granicy trzech faz co bezposrednio przekfada sie
na wzrost wydajnosci modyfikowanego ogniwa o okolo 18% wzgledem ogniwa
niemodyfikowanego. Inna praca badaczy opublikowana pod kierownictwem profesora
Virkara[103] przedstawia wyniki prac nad nanokatodami LSM i CGO wytwarzanymi metodg
pirolizy aerozolowej z wykorzystaniem ultradzwiekowego atomizera do rozpylania prekursora. W

ich pracy materialy zostaly szczegdtowo scharakteryzowane strukturalnie oraz zostaty
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przeprowadzone badania elektrochemiczne symetrycznych elektrod oraz ogniwa paliwowego na
anodzie wspierajgcej. Wyniki eksperymentu jednoznacznie wskazujg wyrazne obnizenie
rezystancji polaryzacyjnej nanokatody do wartosci ~0.23 Q-cm?2 w temperaturze 700°C wzgledem
~2 Q-cm? dla elektrody referencyjnej wytwarzanej klasyczng metodg w fazie statej. Ponadto
ogniwo z naniesiong nanokatodg pozwolito na wzrost wartosci gestosci mocy z ~0.11W-cm-2 dla
materiatu wytwarzanego tradycyjng technikg, do wartosci ~0.51 W-cm-2 dla nanokatody co daje
niemalze pieciokrotng poprawe wydajnosci poprzez zastosowanie katody wytwarzanej metodg

pirolizy aerozolowe;j.

Wytwarzanie warstw metodg pirolizy aerozolowej znalazto réwniez zastosowanie przy
produkcji materiatéw elektrody paliwowej (anody) w ogniwach SOFC. Jednakze ilos¢ prac
badawczych na temat materiatbw anodowych nie jest tak duza jak w przypadku materiatow
elektrolitowych YSZ i CGO oraz materiatbw katodowych i sposobdéw ich modyfikaciji.
Opublikowane badania przedstawiajg gtownie wyniki prac optymalizacji mikrostruktury i
kompozycji warstw uwzgledniajgc podstawowe badania elektrochemiczne elektrod. Do
najczestszych propozycji modyfikacji klasycznego cermetu na bazie tlenku niklu i materiatu
elektrolitowego w tlenkowych ogniwach paliwowych mozna zaliczy¢ takie kompozyty jak NiO—
Smo.2Ce0.801.9[104,105] czy NiO—Ceo.9Gdo.101.95[106—108].

Na koniec przegladu literatury warto wspomnie¢ o grupie pod kierownictwem profesora
Jasinskiego[57], ktéra od wielu lat prowadzi badania nad nanokrystalicznymi warstwami
wytwarzanymi m.in. metodg pirolizy dla zastosowan w ogniwach SOFC. Opublikowane prace
badawcze przedstawiajg gtdéwnie wykorzystanie metody do produkcji warstw bariery ochronnej
CGOI[109,110], funkcjonalnych warstw katodowych[111,112], ktére m.in. zostaty przedstawione
w dotgczonych publikacjach, ale rowniez prowadzone sg badania nad powtokami ochronnymi dla
stalowych interkonektorow na  bazie = domieszkowanego  spinelu = manganowo-
kobaltowego[113,114].

Jak wida¢ istnieje zaledwie kilka grup badawczych, kitdre aktywnie wykorzystujg metode
pirolizy aerozolowej, gtéwnie do badan nad materiatami elektrolitu i elektrod, poszerzajgc
mozliwosci jej zastosowania poprzez opracowywanie nowych koncepcji procedury nanoszenia i
obrébki termicznej, a takze metodologii procesu pozwalajgcej na precyzyjng kontrole
mikrostruktury wytwarzanych materiatéw. Zastosowanie metod osadzania natryskowego niesie
ze sobg szereg korzysci, jak np. mozliwos¢ miniaturyzacji rozmiaréw geometrycznych ziaren i
krystalitow wzgledem klasycznych metod wytwarzania, co bezposrednio przektada sie na wzrost

wydajnosci elektrochemicznej dzieki zwiekszeniu powierzchni aktywnej materiatow.
3.2. Opis metody

Piroliza aerozolowa jest technikg osadzania cienkich warstw na dowolnych podtozach
niekiedy o nieregularnych ksztatltach. Polega ona na rozpylaniu roztworu prekursora

zawierajgcego substraty materiatu nad rozgrzanym podtozem, gdzie pod wptywem wysokiej
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temperatury dochodzi do reakcji pirolizy prekursora w wyniku czego powstaje cienka warstwa
pozadanego materiatu. Piroliza aerozolowa czesto pozwala na osadzanie cienkich warstw
materiatéw, ktére sg trudne do osadzania innymi metodami. Moze by¢ stosowana do nanoszenia
warstw szerokiej gamy materiatow jak np. pétprzewodniki, ceramiki czy metale, ktére znajdg
zastosowanie przy produkcji ogniw stonecznych, katalizatoréw, czujnikdw, a takze
cienkowarstwowych urzgdzen eklektycznych jak np. tranzystory oraz do produkcji katalizatorow i

warstw funkcjonalnych stosowanych w ogniwach paliwowych[85].

Rysunek 11. Schemat uktadu do nanoszenia cienkich warstw metodg pirolizy aerozolowej[115].

Proces nanoszenia sktada sie z kilku etapoéw i odbywa sie wewnatrz wentylowanej
komory przedstawionej na rysunku 11. Na poczatku, roztwér prekursora jest podawany z
okreslong szybkos$cig do urzadzenia rozpylajgcego tj. aerografu, dyszy rozpylajgcej bgdz gtowicy
ultradzwiekowej gdzie ciekly roztwor prekursora jest rozpylany do postaci drobnych kropli i
kierowany w kierunku podtoza wraz ze strumieniem gazu nosnego. Nastepnie powstaty aerozol
roztworu prekursora uderza w rozgrzane podtoze gdzie rozpuszczalnik odparowywuje
pozostawiajgc cienkg warstwe statego materiatu. Odpowiednia temperatura podtoza prowadzi do
pirolizy osadzonego materiatu powodujgc rozkfad prekursora i utworzenie warstwy docelowego

materiatu.

Rysunek 12. Zdjecia SEM powierzchni warstwy LSC wygrzewanej po procesie nanoszenia w

temperaturze po wygrzaniu w A) 800°C i B) 900°C przez 2h
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Niekiedy konieczne jest przeprowadzenie dodatkowego etapu wygrzewania naniesionej
warstwy celem wykrystalizowania materiatu lub zmniejszenia naprezeh miedzy warstwg a
podtozem. Na rysunku 12 przedstawiono przyktad warstwy LSC wygrzewanej w 800°C i 900°C
przez 2h prezentujgc wptyw temperatury na powstanie defektow warstwy. Warto wspomnie¢, ze
optymalizacja parametréw osadzania jest kluczowym krokiem w procesie pirolizy aerozolowej,
majacym na celu uzyskanie cienkich warstw o pozadanych wfasciwosciach dla urzgdzenia do
ktérego bedzie przeznaczona. Do kluczowych parametrow majgcych wptyw na finalne parametry

warstwy mozna zaliczy¢:

o Szybko$¢ rozpylania — odnosi sie do szybkosci z jakg roztwér prekursora jest
rozpylany i kierowany w strone podtoza. Bedzie miat istotny wptyw na grubos¢ i
morfologie tworzacej sie warstwy. Mozna nim sterowaC poprzez ustawienie
odpowiedniego przeptywu prekursora podawanego przez pompe strzykawkowg lub
perystaltyczng do dyszy rozpylajgcej oraz cisnieniem i szybkoscig przeptywu gazu
nosnego. Wplywa rowniez na wielko$¢ kropel i jednorodnos$c¢ cienkiej warstwy. Na
rysunku 13 przedstawiono zdjecia SEM prezentujgce wptyw szybkosci przeptywu i

ilosci prekursora na jednorodnos¢ osadzanej warstwy.

Rysunek 13. Zdjecia SEM powierzchni warstw MCO osadzanych metodg pirolizy
aerozolowej z szybkoscig przeptywu prekursora A) 5mi/h, B) 10ml/h C) i D) 2,5ml/h.
Warstwy na zdjeciach A i B o grubosci 1um byty osadzane na podtozu szafirowym,
warstwy C i D o grubosciach 2 ym i 8um osadzane na podtozach stalowych Crofer

22APU.
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Temperatura podfoza — to temperatura materiatu na ktérym osadza sie warstwe i
jednoczesnie temperatura w ktérej dochodzi do dekompozyciji i wypalenia prekursora.
Whptywa na szybko$¢ odparowywania roztworu prekursora, a takze ma wptyw na
strukture krystaliczng tworzacej sie warstwy. Kontrolowana przy uzyciu termopary
umieszczonej na powierzchni ptyty grzewczej.

o Odlegtos¢ miedzy dyszg i podtozem — ma wptyw na wielkos$¢ kropel i jednorodnosé
cienkiej warstwy, ale takze determinuje obszar napylania jezeli dysza nie porusza sie
na ruchomym ramieniu. Moze wpltywaé na temperature podtoza z uwagi na zimny
strumien gazu nosnego skierowany bezposrednio w kierunku substratu.

o Cisnienie gazu nosnego oraz czestotliwo$c¢ pracy dyszy ultradzwiekowej — parametry
majgce bezposredni wptyw na parametry aerozolu definiujgce rozmiar wytwarzanych
kropli co przektada sie na morfologie warstwy.

e Rodzaj gazu nosnego — atmosfera, w ktérej osadzona jest cienka warstwa, moze
réwniez wptywaé na wlasciwosci otrzymanej folii. Na przyktad osadzanie w atmosferze
bogatej w tlen moze skutkowa¢ powstaniem warstwy o wyzszej zawartosci tlenu.

e Skfad i rodzaj prekursora — parametr decydujacy o finalnej kompozycji materiatu

jednoczesnie majgcy wptyw na pozostate parametry z uwagi na rézng lepkos¢ cieczy

rozpuszczalnika, temperature parowania, rodzaj uzytych soli czy stezenie molowe

roztworu.

Jak mozna zauwazy¢ z pozoru prosta metoda wytwarzania warstw wymaga jednak kontroli
duzej ilosci parametréw, ktére wzajemnie na siebie oddziatywajg, a finalnie majg wpltyw na
wilasciwosdci wytwarzanego materiatu. Sposréd wszystkich  wymienionych parametréw
najistotniejszg role odgrywaé bedzie sktad i rodzaj prekursora. W przypadku materiatéw
ceramicznych prekursorami mogg by¢ roztwory metaloorganiczne lub azotany metali, a w

przypadku metali roztwory metaloorganiczne lub sole metali.

W konteks$cie ogniw paliwowych SOFC prekursorami stosowanymi do pirolizy
aerozolowej sg zazwyczaj prekursory metaloorganiczne takie jak octany metali, azotany metali,
karboksylany metali, alkoholany metali lub zwigzki metaloorganiczne. Te prekursory sg
rozpuszczane w rozpuszczalnikach alkoholowych jak etanol lub izopropanol lub w wodzie i
rozpuszczalnikach polimerowych na bazie glikolu[74]. Warto tez wspomnie¢, ze wybdr roztworu
prekursora moze mie¢ réwniez wptyw na wiasciwosci wytwarzanej cienkiej warstwy np. uzycie
wyzszego stezenia roztworu bedzie skutkowa¢ grubszg warstwa, podczas gdy uzycie roztworu o
nizszym stezeniu pozwoli uzyskac¢ ciehszg warstwe przy zachowaniu takich samych pozostatych
parametréw. Wybor roztworu prekursora moze réwniez wplywaé na strukture krystaliczng
otrzymanej cienkiej warstwy[86]. Nalezy réwniez zauwazy¢, ze roztwor prekursora powinien byé
stabilny, tatwy w obstudze, a prekursor nie powinien ulega¢ rozktadowi przed dotarciem do
podtoza.
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Chcgc podsumowac metode pirolizy aerozolowej do jej najwiekszych zalet mozemy

zaliczyé m. in. :

Warstwy wysokiej jakosci, o dobrze kontrolowanym sktadzie, grubosci i
mikrostrukturze z uwagi na mozliwos$¢ kontroli wielkosci i sktadu kropli aerozolu co
pozwala na doktadniejsze i bardziej spdjne osadzanie warstwy.

Niski koszt w poréwnaniu z innymi technikami osadzania cienkich warstw takimi jak
chemiczne osadzanie z fazy gazowej (CVD) czy fizyczne osadzanie z fazy gazowej
(PVD), poniewaz jest metodg bezprézniowg niewymagajacg drogiego osprzetu do
utrzymania s$rodowiska prézni podczas procesu i moze byé prowadzona pod
cisnieniem atmosferycznym.

tatwa skalowalnosé¢ procesu w celu osadzania warstw na duzych obszarach dzieki
czemu nadaje sie do zastosowan komercyjnych w przemysle.

Elastycznos¢ z uwagi na mozliwos¢ wytwarzania warstw réznych materiatéw jak
metale, ceramiki czy potprzewodniki. Dodatkowo mozliwe jest osadzanie warstw
kompozytowych, wieloskfadnikowych i o ztozonych kompozycjach.

Z tatwoscig pozwala kontrolowaé szereg fizycznych parametrow warstwy, a
odpowiednia obrdbka cieplna po osadzaniu pozwala dopasowaé morfologie warstwy
pod konkretny rodzaj zastosowania.

Niska temperatura otrzymywania warstw krystalicznych <400°C w poréwnaniu do
klasycznych metod syntez materiatéw ~1000°C

Pozwala otrzymywa¢ warstwy od kilkudziesieciu nm do kilkunastu pm o

nanometrycznych rozmiarach krystalitow.

Z drugiej strony jak kazda metoda pomimo wielu zalet moze réwniez powodowac pewne wady

w wytwarzanych materiatach sposrdd ktoérych do najczestszych mozna zaliczy¢:

Defekty mikrostrukturalne — warstwa moze zawiera¢ defekty mikrostrukturalne, takie
jak pory, puste przestrzenie lub pekniecia. Moze to byé spowodowane
nierdwnomiernym chtodzeniem warstwy lub obecno$cig zanieczyszczen w roztworze.
Otwory — mate dziury lub puste przestrzenie w warstwie, ktére mogg byc¢
spowodowane niepetng kondensacjg kropelek aerozolu lub przez pecherzyki
uwiezione w roztworze czy warstwie podczas procesu osadzania.

Niejednorodnos¢ — grubos$¢ i sktad warstwy mogg réznic sie w zaleznosci od podfoza,
co skutkuje niejednorodnoscig powtoki. Moze to by¢é spowodowane zmianami w
procesie napylania, temperaturg podtoza lub szybkoscig przeptywu roztworu
prekursora

Interakcja warstwy z podtozem: powtoka moze nie przylega¢ odpowiednio do podtoza,
co prowadzi do delaminacji, pekania lub stabego kontaktu elektrycznego. Moze to by¢
spowodowane niedopasowaniem wspofczynnikow rozszerzalnosci cieplnej miedzy
folig a podtozem lub ztym przygotowaniem powierzchni podtoza. Z drugiej strony,
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materiat podtoza moze reagowa¢ chemicznie z roztworem prekursora w
podwyzszonej temperaturze na co nalezy zwréci¢ uwage przy przygotowywaniu
procesu.

e Zanieczyszczenia — warstwa moze zawiera¢ zanieczyszczenia takie jak pozostatosci
rozpuszczalnika, ciata obce, zanieczyszczenia obecne np. w substratach, ktére mogg

negatywnie wptyna¢ na dziatanie warstwy.

Pomimo wskazanych wad, piroliza aerozolowa moze stuzy¢ do wytwarzania wysokiej
jakosci cienkich warstw o dobrze kontrolowanym skfadzie, grubosci i mikrostrukturze, co czyni jg
szeroko stosowang technikg w réznych dziedzinach. Optymalizujgc parametry procesu, takie jak
stezenie roztworu, szybkosé przeptywu, temperatura podtoza i szybko$¢ chtodzenia, mozna

zminimalizowacé defekty i poprawié jakos¢ warstwy.
3.3. Pomiary strukturalne
3.3.1. Struktura krystaliczna materiatow

Dyfrakcja rentgenowska (XRD - ang. X-ray diffraction) to nieniszczaca technika
analityczna szeroko stosowana do badania struktury krystalograficznej materiatéw, wielkosci
krystalitow i odksztatcen sieci krystalicznej szerokiej gamy materiatdéw wystepujacej w fazie statej
m. in ceramik, metali. Metoda pomiaru opiera sie¢ na pomiarze wzoru dyfrakcji promieni
rentgenowskich powstajgcych na wskutek interakcji promieniowania X z elektronami atoméw
tworzgcych komorke elementarng analizowanego materiatu. Pomiary XRD sg zwykle
wykonywane przy uzyciu zrodta promieniowania rentgenowskiego, takiego jak zrédto Cu Ka, oraz
detektora, takiego jak licznik scyntylacyjny lub detektor pozycyjny. Probke umieszcza sie na
Sciezce promieni rentgenowskich i mierzy sie wzér dyfrakcyjny jako funkcje kata padania promieni
rentgenowskich. Przetworzenie zarejestrowanych danych przy wykorzystaniu prawa Bragga
pozwala wyznaczy¢ mape gestosci elektronowej w komoérce elementarnej badanego materiatu,
ktéra dzieki odpowiedniej analizie umozliwia ustalenie potozenia, odlegtosci, katéow i rodzajow

wigzan miedzy atomami obecnymi w sieci krystaliczne;j.

Wynik pomiaru najcze$ciej jest przedstawiany w postaci wykresu intensywnosci
promieniowania ugietego w funkcji kata ugiecia (poziom zliczen [cps] vs. kat ugiecia [20]).
Zarejestrowany pomiar jest analizowany przy uzyciu oprogramowania, ktére poréwnuje
zmierzony obraz dyfrakcyjny z bazg danych znanych struktur krystalicznych. Znajagc sktad
chemiczny i prawdopodobng strukture krystalograficzng zmierzone widma mozna réwniez
podda¢ doktadniejszej analizie wykorzystujgc metody analizy LeBail’a lub Rietvelda. Obie metody
pozwalajg wyznaczy¢ podstawowe parametry komorki elementarnej jak wymiary geometryczne
komorki elementarne, grupa przestrzenna struktury krystalograficznej, odksztatcenia sieci
krystalicznej czy rozmiary krystalitow. W przypadku analizy Rietvelda na podstawie intensywnosci
poszczegolnych reflekséw dyfrakcyjnych mozliwe jest réwniez okreslenie konkretnej pozycji

krystalograficznej atomow tworzacych komoérke elementarng. Dodatkowo pomiar poszerzenia

39


http://mostwiedzy.pl

A\ MOST

reflekséw dyfrakcyjnych w przypadku materiatdw o nanokrystalicznej strukturze pozwala
wyznaczy¢ wielkosé krystalitow postugujac sie wzorem Scherrera[116], ktdrego postac jest

nastepujgca:

KA
BcosO

(3.1)

Gdzie, d jest srednig wielkoscig krystalitdw, ktéra moze byé mniejsza lub réwna wielkosci
czgstek lub ziaren, K jest bezwymiarowym wspodtczynnikiem ksztattu krystalitow i jego typowa
wartos¢ to 0.9, ale moze sie ona zmienia¢ w zaleznosci od rzeczywistego ksztattu krystalitu, A to
dlugos¢ fali promieniowania X, B okresla poszerzenie refleksu dyfrakcyjnego zmierzone w
potowie maksimum intensywnosci (FWHM — ang. Full Width at Half Maximum) natomiast 6

okresla kat Braga dla analizowanego refleksu.

W dziedzinie ogniw paliwowych XRD jest wykorzystywane do badania wiasciwosci
elektrod, elektrolitu i innych sktadnikéw ogniwa paliwowego. Analizie poddawana jest czystos¢
wytwarzanych materiatow, sklad fazowy, badanie po pracy dtugoterminowej pod katem
identyfikacji produktow degradacji komponentéw, a takze charakterystyka materiatlu w szerokim
zakresie temperatur celem zaobserwowania przemian fazowych mogacych wystepowaé w

badanym materiale.

W badaniach przedstawionych w niniejszej rozprawie pomiary dyfrakcyjne wykonano
wykorzystujgc dyfraktometry Philips X'Pert Pro z dedykowang przystawkg do pomiaréow
wysokotemperaturowych oraz Bruker D2 Phaser XE-T znajdujgce sie w Centrum Nanotechnologii
A Politechniki Gdanskie;j.

3.3.2. Analiza mikrostruktury i powierzchni materiatéw

Skaningowa mikroskopia elektronowa (SEM — ang. Scanning Electron Microscopy) to
technika stosowana do badania mikrostruktury i cech powierzchni szerokiej gamy materiatow.
SEM wykorzystuje skupiong wigzke wysokoenergetycznych elektronéw emitowanych z dziata
elektronowego do skanowania powierzchni prébki i generowania obrazu powierzchni. Elektrony
wigzki oddziatujg z atomami prébki, powodujgc emisje elektronéw wtérnych (SE), wstecznie
rozporoszonych (BSE) i promieniowania rentgenowskiego, ktére docierajgc do odpowiedniego
detektora tworzg obraz powierzchni o wysokiej rozdzielczosci. SEM to technika, ktérg mozna
wykorzysta¢ do badania szerokiej gamy materiatow, w tym metali, ceramiki, polimerow i
potprzewodnikow, a nawet probek biologicznych. Jest szczegdlnie przydatny w analizie
tlenkowych ogniw paliwowych do badan mikrostruktury i powierzchni materiatéw, jak np. wielkos¢
i ksztalt czgstek, morfologia ziaren, porowato$¢, granice miedzyziarnowe, rozktad faz czy
obecno$¢ defektéw. SEM mozna réwniez wykorzystaé do pomiaru sktadu chemicznego prébek
dzieki rentgenowskiej spektroskopii z dyspersjg energii (EDX — ang. Energy Dispersive X-ray

spectroscopy).
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Jedng z gtéwnych zalet SEM jest to, Ze moze dostarczaé obrazy powierzchni prébki w wysokiej
rozdzielczosci oraz gtebig ostrosci nieosiggalng przez mikroskopy optyczne. Pozwala to na
bardzo szczegdtowe badanie mikrostruktury i cech powierzchni probki na poziomie nanometréw.
Kolejng zaletg SEM jest to, ze jest to technika nieniszczaca, co oznacza, ze prébka nie musi byé
niszczona ani w zaden sposéb modyfikowana w celu wykonania pomiaréw pod warunkiem ze
jest materialtem zdolnym do przewodnictwa elektronéw, w przeciwnym razie konieczna jest

odpowiednia preparatyka polegajgca na naniesieniu przewodzgcej warstwy ztota lub wegla.

W pracy wykorzystywano mikroskopie SEM w celu analizy defektéw powierzchniowych
wytwarzanych warstw, jak i rowniez do oceny zmian mikrostruktury materiatéw po obrdbce
termicznej w szerokim zakresie temperatur. Analiza sktadu chemicznego napylonych materiatéw
pozwolita kontrolowaé stechiometrie przygotowywanych probek i skiad prekursoréw
polimerowych przygotowywanych do napylania. Badania byty wykonywane wysokorozdzielczym
mikroskopem elektronowym FEI Quanta FEG 250 wyposazonym w detektor promieniowania
rentgenowskiego EDAX Genesis APEX 2i do analizy sktady chemicznego. Pomiary
przeprowadzono w pracowni mikroskopowej Centrum Nanotechnologi A Poliechniki Gdanskiej.
Do wstepnych analiz wynikdw przeprowadzanych eksperymentéow i kalibracji parametrow
napylania jak rowniez sktadu prekursora wykorzystywano desktopowy mikroskop Thermo Fischer
Phenom XL wyposazony w detektor EDS zlokalizowany w Laboratorium Materiatow

Funkcjonalnych Politechniki Gdanskie;j.

Mikroskopia sit atomowych (AFM — ang. Atomic Force Microscopy) to technika stosowana
do badania wiasciwosci powierzchni materiatéw w skali nnanometrycznej. AFM wykorzystuje
sonde zakonczong igtg o promieniu kilku nanometréw najczesciej kilku pojedynczych atoméw.
Igta umieszczona jest blisko powierzchni prébki i skanuje jej powierzchnie dotykajgc probki (tryb
kontaktowy) lub moze znajdowaé sie w statej odlegtosci od prébki (tryb bezkontaktowy)
wykorzystujgc sity van der Walsa. Oddziatywanie sondy z powierzchnig prébki jest mierzone za
pomocg czujnika laserowego, dostarczajgc informacji o wiasciwosciach powierzchni prébki.
Informacje te sa wykorzystywane do tworzenia mapy wiasciwosci powierzchni prébki, w tym
topografii powierzchni, chropowatosci i wiasciwosci mechanicznych. W dziedzinie ogniw
paliwowych ze statym tlenkiem, AFM mozna wykorzysta¢ do badania mikrostruktury i wtasciwosci
powierzchniowych elektrod, elektrolitu i innych sktadnikéw ogniwa paliwowego. Informacje te
mozna wykorzystaé do zrozumienia wiasciwosdci materiatéw i ich zachowania w réznych

warunkach.

W badaniach uwzglednionych w rozprawie doktorskiej wykorzystano mirkoskop AFM
Nanosurf EasyScan |l pracujgcy w trybie kontaktowym jak i bezkontaktowym. Pomiary bylty

wykonywane w laboratorium mikroskopii w Centrum Nanotechnologii A Politechniki Gdanskie;.
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3.4. Pomiary elektryczne
3.4.1. Pomiar przewodnosci elektrycznej cienkich warstw

Metoda Van der Pauw jest czteropunktowg statoprgdowg metodg pomiaru oporu
wiasciwego, stosowang do badan materiatdw o nieregularnych ksztattach, ktoérych grubosc¢ jest
znaczgco nizsza niz usrednione wymiary dtugosci i szerokosci probki, a elektrody pomiarowe
majag powierzchnie o rzad wielkosci mniejszg niz powierzchnia samej probki i sg rozmieszczone
na krawedzi w czterech narozach prébki. W metodzie Van der Pauw przez probke przeptywa prad
w jednym Kkierunku, a napiecie jest mierzone w poprzek prébki w kierunku prostopadtym.
Nastepnie kontakty prgdowe i napieciowe obraca sie o 90 stopni i powtarza sie pomiar. Mierzagc
rezystancje w czterech réznych orientacjach, metoda Van der Pauw moze doktadnie okresli¢
rezystywnos¢ materiatu. Metoda jest szczegdlnie przydatna w przypadku cienkich warstw, gdzie

inne techniki pomiarowe moga nie by¢ tak doktadne.

Rysunek 14. Prébka LSC na podtozu szafirowym przygotowana do pomiaru wiasciwosci

elektrycznych metodg Van der Pauw.

Na rysunku 14 przedstawiona zostata probka przygotowania do badan metodg Van der
Pauw. Cztery elektrody platynowe zostaly przyczepione za pomocg pasty srebrnej do narozy
symetrycznej probki cienkiej warstwy LSC naniesionej na nieprzewodzgce podtoze z Al20s. Dla
pomiaréw wartosci przewodnosci elektrycznej o przedstawionych w tej pracy pomiar rezystanciji
wykonywano osmiokrotnie. W pierwszej kolejnosci polaryzowano prébke niewielkim pradem
miedzy dwiema sagsiadujgcymi elektrodami od punktu 1 do 2 mierzgc spadek napiecia miedzy
przeciwlegtg parg elektrod (3 i 4). W celu zmniejszenia wptywu zjawisk termoelektrycznych
odwracano polaryzacje pradu od 2 do 1 i ponownie mierzono spadek napiecia na elektrodach
przeciwlegtych tj. 3 i 4. Pomiary wykonywano analogicznie dla wszystkich czterech par
sgsiadujgcych elektrod kazdorazowo zmieniajgc orientacje elektrod pomiarowych o 90°. Wartosci
rezystancji mierzone w poprzek i wzdtuz prébki pozwolity wyznaczy¢ srednie wartosci R1 i Rz,

ktére pozwalajg wyznaczy¢ wartosé rezystywnosci materiatu p.
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Pomiary w niniejszej pracy byty wykonywane przy uzyciu zrédta pradowego Keithley 2400
i ptytki prototypowej arduino uno =z przekaznikami ze specjalnie przygotowanym
oprogramowaniem rejstrujgcym wartosci spadkow napie¢ umozliwiajgcym automatyczng zmiane
polaryzacji i orientacji elektrod. Badania wykonywane byly w Laboratorium Materiatow

Funkcjonalnych Politechniki Gdanskie;j.
3.4.2. Elektrochemiczna Spektroskopia Impedancyjna (EIS)

Elektrochemiczna spektroskopia impedancyjna (EIS — ang. Electrochemical Impedance
Spectroscopy) to technika badania wiasciwosci elektrycznych systeméw elektrochemicznych,
takich jak np. baterie, ogniwa paliwowe, czujniki itp. EIS opiera sie na pomiarze impedanciji ukfadu

elektrochemicznego w funkcji czestotliwosci.

Impedancja jest miarg oporu w ukladach polaryzowanych pradem przemiennym
przedstawiang w postaci liczby zespolonej uwzgledniajgcej udziat rezystoréw (R), cewek
indukcyjnych (L) i kondensatorow (C). Pomiary EIS sg zwykle wykonywane przy uzyciu
sinusoidalnego napiecia lub prgdu o matej amplitudzie (<30mA) przyktadanego do urzgdzenia, a
wynikajgca z tego ziozona impedancja jest mierzona za pomocg analizatora odpowiedzi
czestotliwosciowej (ang. Frequency Response Analyzer). Impedancja jest reprezentowana przez
liczbe zespolong, ktéra ma zaréwno sktadowg rzeczywistg, jak i urojong. Elementem
rzeczywistym jest rezystancja ukfadu, a elementem urojonym jest reaktancja. W trakcie
wykonywania pomiaru oczekuje sie obserwacji réznic sygnatu wejsciowego i wyjsciowego z
uwagi na zdolnos¢ elementéw RLC do ograniczania przeptywu elektronéw miedzy obwodami
prgdu przemiennego. W zwigzku z tym wartos¢ wynikowej odpowiedzi pradowej okreslona za
pomoca EIS bedzie odbiega¢ od potencjalu wejsciowego w zaleznosci od tego jak probka
oddziatuje z przytozonym napieciem. Zalezne od czasu reakcje zmian fazy i amplitudy moga
ujawni¢ w jaki sposoéb elektrony oddziatywajg z powierzchnig elektrody, a takze informacje o
nosnikach tadunku. Pomiary EIS sg zwykle wykonywane w szerokim zakresie czestotliwosci, od
wysokich do niskich czestotliwosci. Mierzgc impedancje systemu w tym szerokim zakresie
czestotliwosci (np 3 MHz — 0.1 Hz), uzyskujemy informacje o wlasciwosciach elektrycznych

systemu w réznych skalach czasowych.

Elektrochemiczna spektroskopia impedancyjna jest szeroko stosowana w badaniach
ogniw paliwowych SOFC i moze dostarczy¢ informacji o kinetyce i termodynamice reakcji
elektrochemicznych, masowym transporcie jonéw i elektronéw oraz wiasciwosciach elektrod i
elektrolitu. EIS jest réwniez przydatna do charakteryzowania jakosci interfejsow miedzy
elektrodami, a elektrolitem oraz do badania degradacji elektrod i elektrolitu w czasie dostarczajgc
informacji o zmianach wifasciwosci ogniwa SOFC w miare jego degradacji, ktére mozna
wykorzysta¢ do zrozumienia mechanizméw degradacji i opracowania strategii poprawy
wydajnosci i zywotnosci. Warto zaznaczyé, ze EIS jest technikg in situ, ktérg mozna wykorzystac
do badania systeméw w warunkach pracy, co czyni jg uzytecznym narzedziem do
charakteryzowania i optymalizacji systemow elektrochemicznych. Jest to wazny aspekt,
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poniewaz ogniwa SOFC sg zwykle eksploatowane w wysokich temperaturach i pod wysokim

cisnieniem, co moze utrudnia¢ badanie ich wtasciwosci przy uzyciu innych technik.

Wyniki pomiaréw impedancyjnych zazwyczaj przedstawia sie w postaci wykresu Bodego
przedstawiajgcego czes¢ urojong impedancji w funkcji czestotliwosci, ale czesciej przedstawia
sie je w postaci wykresu Nyquista Z”(Z’), gdzie Z’=Re(Z), a Z’=-Im(Z) (Rysunek 15). Jak mozna
zauwazy¢ na wykresie Nyqiusta, zarejstrowane widmo impedancyjne sktada sie z naktadajgcych
sie na siebie pétokregow, z ktorych kazdy odpowiada innemu procesowi elektrochemicznemu
zarejestrowanemu dla réznych czestotliwosci. Odpowiednie dopasowanie uktfadu zastepczego
pozwala scharakteryzowa¢ kazdy z proceséw umozliwiajgc doktadng analize zachodzgcych
reakcji. W uktadzie zastepczym rezystory reprezentowac bedg opdér materiatu taki jak opor
elektrolitu na transport jonéw lub tez opdr elektrody na transport elektronéw. Rezystory sg rowniez
uzywane do przedstawienia oporu procesu przenoszenia tadunku na powierzchni elektrody.
Kondensatory i cewki indukcyjne sg powigzane odpowiednio z obszarami polaryzacji tadunku
przestrzennego, takimi jak podwojna warstwa elektrochemiczna oraz procesy adsorpcji i
desorpcji na elektrodzie. Poniewaz mamy do czynienia z rzeczywistymi uktadami, ktére
niekoniecznie idealnie pokrywajg sie z procesami zachodzgcymi w czasie i przestrzeni, czesto
stosuje sie wyspecjalizowane elementy obwodéw. Nalezg do nich m. in. Constant Phase Element
(CPE) czy element Warburga (Zw). CPE jest elementem modelujgcym zachowanie sie warstwy
podwdjnej, czyli niedoskonatego kondensatora, a element Warburga stuzy do reprezentowania

impedanc;ji proceséw dyfuzji.

Rysunek 15. Wyniki widma impedancyjnego wraz z dopasowaniem ukfadu zastepczego
przedstawione w formie wykresu Nyqista dla elektrody LSCF modyfikowanej 400 nm warstwg
LSC pomiedzy elektrolitem i elektrodg zmierzong w temperaturze 550°C i ci$nieniu parcjalnym

tlenu 1.5% 02[117].

Poprawna dekonwolucia widm impedancyjnych i dopasowanie odpowiedniego uktadu

zastepczego jest kluczowe w interpretaciji wynikéw EIS. Bardziej ztozone systemy i naktadanie
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sie proceséw w podobnych przedziatach czasowych moze utrudni¢ analize. W tym kontekscie
pomocna moze okaza¢ sie metoda analizy widm impedancyjnych analzia dystrybucji czaséw
relaksacji (DRT — ang. Distribution of Relaxation Times)[118]. Analiza DRT stuzy do badania
wlasciwosci transportowych elektrolitu i elektrod w ogniwach SOFC. W przypadku elektrolitu
analize DRT mozna wykorzysta¢ do badania przewodnictwa jonowego i zrozumienia, w jaki
sposodb czasy relaksacji réznych defektow w elektrolicie wptywajg na ogdlng przewodnosé
materiatu. W przypadku elektrod analize DRT mozna wykorzystaé do badania przewodnictwa
elektrycznego i zrozumienia, w jaki sposéb czasy relaksacji r6znych defektéw w elektrodach
wplywajg na ogolng przewodnos¢ materiatu. Pomiary na potrzeby analizy sg zwykle
przeprowadzane poprzez pomiar impedancji materiatu w funkcji temperatury i cisnienia
parcjalnego tlenu, a nastepnie dopasowywane sg dane do modelu teoretycznego w celu
wyodrebnienia rozktadu czasoéw relaksacji. Przyktad dekonwolucji widm impedancyjnych
zmierzonych dla réznych stezen tlenu w atmosferze pomiarowej przedstawiono na rysunku 16.
Ten sposob analizy pozwala wyodrebni¢ procesy zachodzace dla réznych czestotliwosci
wskazujgc jednoczesnie jak zmieniaja sie one w funkcji stezenia parcjalnego tlenu. W ogélnosci
procesy zachodzgce dla czestotliwosci powyzej 10* Hz to procesy zwigzane z przeniesieniem
tadunku. Zakres srednich czestotliwosci pomiedzy 10" a 10* Hz to procesy zalezne od ci$nienia
parcjalnego tlenu zwigzane z kinetykg reakcji zachodzgcych na powierzchni elektrody jak
adsorpcja gazowego tlenu, dysocjacja i przeniesienie jondéw tlenowych. Z kolei zakres
najnizszych czestotliwosci ponizej 10" Hz bedzie silnie zalezat od ci$nienia parcjalnego tlenu gdyz
odpowiada za procesy dyfuzji gazu wewngtrz porowatej elektrody, a wiec w duzej mierze

mikrostruktura elektrody bedzie bezposrednio wptywac na ten proces.

Rysunek 16. Wyniki pomiaréow impedancyjnych przedstawione w postaci wykresu Nyquista i
odpowiadajgce im wyniki po wykonaniu analizy DRT. Pomiar przedstawia wptyw zmiany
cisnienia parcjalnego tlenu w zakresie od 10% do 20% O2 dla prébki elektrody LSCF z

modyfikowanym interfejsem LSC.
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4. WYKAZ PUBLIKACJI WCHODZACYCH W SKLAD ROZPRAWY
DOKTORSKIEJ.

W rozdziale przedstawiono publikacje naukowe wchodzgce w sktad rozprawy doktorskie;j.
Kazdy z dotagczonych artykutdéw poprzedzony jest streszczeniem pracy w jezyku polskim
zawierajgcym uzasadnienie podjecia danego problemu badawczego oraz krétkim opisem
otrzymanych rezultatdw. Nastepnie zatgczono oryginalng wersje artykutu opublikowanego w
czasopismie oraz opis przedstawiajgcy samodzielny wktad autora rozprawy w powstanie

publikaciji.
Publikacje wchodzace w sktad rozprawy:

[BK1] B. Kamecki, J. Karczewski, T. Miruszewski, G. Jasinski, D. Szymczewska, P. Jasinski,
S. Molin

Low temperature deposition of dense MnCo,04 protective coatings for steel interconnects of
solid oxide cells.

Journal of the European Ceramic Society 38, (2018), 4576—4579

[BK2] B. Kamecki, J. Karczewski, P.Jasinski, S. Molin

Evaluation of praseodymium and gadolinium doped ceria as a possible barrier layer material for
solid oxide cells.

ECS Transactions, 91(1), (2019), 1165-1172

[BK3] S. Molin, J. Karczewski, B. Kamecki, A. Mrozinski, S.-F. Wang, P. Jasinski

Processing of Ceo.sGdo.202.5 barrier layers for solid oxide cells: The effect of preparation method
and thickness on the interdiffusion and electrochemical performance.

Journal of the European Ceramic Society 40, (2020), 5626—5633

[BK4] B. Kamecki, J. Karczewski, H. Abdoli, M. Chen, G. Jasiniski, P. Jasinski, S. Molin
Deposition and Electrical and Structural Properties of Lao.6Sro.«CoOs Thin Films for Application
in High-Temperature Electrochemical Cells.

Journal of Electronic Materials 48(9), (2019), 5428-5441

[BK5] B. Kamecki, J. Karczewski, P. Jasinski, S. Molin

Improvement of oxygen electrode performance of intermediate temperature solid oxide cells by
spray pyrolysis deposited active layers.

Advanced Materials Interfaces 8, (2021), 2002227

[BK6] B. Kamecki, G. Cempura, P. Jasinski, S-F. Wang, S. Molin

Tuning electrochemical performance by microstructural optimization of nanocrystalline
functional oxygen electrode layer for Solid Oxide Cells.

ACS Applied Materials and Interfaces 14, (2022), 57449-57459
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4.1. Low temperature deposition of dense MnCo:04 protective coatings for steel

interconnects of solid oxide cells.

W tej pracy powltoki na bazie spinelu manganowo kobaltowego MnCo0204 (MCO) zostaty
osadzone na stalowych podtozach (Crofer 22APU) za pomocg metody pirolizy aerozolowe;.
Przeprowadzone badania pozwolity zoptymalizowa¢ proces osadzania i ustalicé parametry
napylania oraz skfad prekursora polimerowego do wytwarzania warstw metodg pirolizy
aerozolowej. W eksperymencie udato sie wytworzyé nanokrystaliczne i jednorodne warstwy
powtok ochronnych MCO w temperaturze 390°C z mozliwos$cig kontrolowania ich grubosci (2-5-
10um). Powtoki ochronne po osadzeniu zostaty scharakteryzowane pod katem zmian wiasciwosci
mikrostrukturalnych i elektrycznych do charakterystycznych temperatur pracy ogniw SOFC t;.
800°C. Przeprowadzone badania potwierdzajg mozliwos$¢ otrzymania jednofazowej struktury
spinelu regularnego, po naniesieniu powtoki w temperaturze 390°C i nie wymagajg dodatkowych
procesow termicznych. Dodatkowo otrzymany materiat spetniat wymagania stawiane powtokom
ochronnym dla stalowych interkonektoréw tj. charakteryzowat sie wysokg gestosciag i brakiem
wystepowania porowatosci materiatu, bardzo dobrg adhezjg warstwy do stalowego podioza,
wysokim przewodnictwem elektronowym, powierzchnia materiatu byta ciggla i nie
zaobserwowano defektow w postaci spekan czy pustych niepokrytych przestrzeni stali, a takze
nie zaobserwowano formowania stabo przewodzacych tlenkéw na interfejsie miedzy powlokg a

interkonektorem.

Udowodniono, ze piroliza aerozolowa jest prostg i tania metodg osadzania warstw
ochronnych,a podczas osadzania uzyskuje sie krystaliczne, fazowo czyste powtoki. Dalsza
obrébka cieplna w przypadku spineli MCO nie jest konieczna. Przewodnos¢ elektryczna warstw
jest taka sama jak dla prébek objetosciowych spinelu. Uzyskuje sie geste mikrostruktury powtok
zaréwno na podiozach stalowych jak i szafirowych. Powloki dobrze przylegajg do podtoza i sg
wolne od peknie¢. Chociaz ochronny charakter powtoki nadal wymaga przeprowadzenia
dedykowanych badan korozyjnych to piroliza aerozolowa wydaje sie bardzo atrakcyjng i
obiecujgcg metodg wytwarzania powtok ochronnych na podiozach stalowych w niskich
temperaturach, pokonujgcg ograniczenia wielu innych metod stosowanych do produkgciji tej klasy

materiatow.

Glownym osiggnieciem przeprowadzonych badan byto otrzymanie warstw ochronnych
w obnizonych temperaturach, tj. znaczgco nizszej niz temperatura wytwarzania spinelu MCO

konwencjonalnymi metodami syntezy (zazwyczaj powyzej 900°C).

Opublikowane badania pozwolity nawigza¢ miedzynarodowg wspétprace dzieki ktérej
warstwy MCO dodatkowo domieszkowane cerem (5 mol%) byty eksponowane przez 3000h w
charakterystycznych warunkach pracy, a nastepnie zostaty scharakteryzowane i poréwnane z
tozsamymi warstwami wytwarzanymi innymi metodami przez rézne grupy badawcze z catego
Swiata. Wyniki zostaty opublikowane w pracy zbiorowej opublikowanej przez Mareddy Jayanth

Reddy w czasopismie Journal of Power Sources[119].
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ARTICLE INFO ABSTRACT

Keywords: In this work manganese cobalt spinel (MnCo,0,) coatings were deposited on steel substrates by spray pyrolysis

Ceramics at 390 °C. This is at much lower temperatures than previously reported (typically in excess of 900 °C). It was

Deposition possible to produce coatings with well controlled thickness (2-5-10 um). The as-deposited coatings were eval-

Electrical properties uated for their microstructural changes and electrical conductivity up to 800 °C. Results confirm the formation of

Corrosion a single phase spinel with high density and electrical conductivity. Based on the obtained results, it might be
concluded that spray pyrolysis is a very promising method to develop protective coatings for steel substrates at
low temperatures overcoming limitations of many other methods.

Introduction form amorphous or crystalline deposits. After buildup of many droplets

State of the art protective ceramic coatings for the steel inter-
connects of Solid Oxide Cells are based on the Mn3 ,Co,O4 spinel [1-3].
This material offers high electrical conductivity, good thermal expan-
sion coefficient match to typical stack components and good protection
against Cr evaporation and poisoning of the oxygen electrodes. Though
the material is used for many years, development of cost efficient and
simple fabrication routes is still of scientific interest. For protection
against chromium evaporation, the coatings should form a dense
structure, thus many research works focused on sintering and densifi-
cation of the coatings. Typically, the coating is at first deposited as a
powder and then it is subsequently heat treated. Two-step sintering
seems to be the most common method [4]. Firstly the spinel is reduced
to metallic Co and MnO, and then it is reoxidized in air. This procedure
offers high density, but requires long processing and the reduction step,
complicating the manufacture of coated interconnects. Other methods
for low temperature sintering of MnCo,0,4 and other similar spinels are
researched [5,6].

Spray pyrolysis is a solution based deposition method, that offers
the possibility to produce ceramic layers at relatively low temperatures
[7-10]. In the spray pyrolysis process, liquid precursor containing
metal cations is delivered to the spraying nozzle, where it is air ato-
mized to form fine droplets. Subsequently these are transported with
the gas stream towards the heated sample surface. Droplets spread on
the heated surface, solvent evaporates and the nitrates decompose to
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a continuous layer/coating is formed. There are several parameters that
need to be controlled in order to obtain high quality layers: gas pressure
and flow rate, liquid flow rate, distance between the nozzle and the hot
plate, temperature of the sample surface.

Process can be considered cost effective as it directly uses metal
nitrates and deposits them without prior powder formation [11] and
the equipment is relatively simple and inexpensive. It can be also used
to fabricate complex powders [12-14]. In comparison to typical
methods used for preparation of spinel coatings (electrophoretic de-
position, screen printing, slurry spraying etc), dense coatings can pos-
sibly be deposited at much lower temperature, with easier processing
and much higher density without the need for high temperature sin-
tering [15,16].

Previously, our group has produced and analyzed thin MnCo,04
layers on sapphire substrates. It was shown that spray pyrolysis offers
facile fabrication of doped materials with tailored electrical con-
ductivity and thermal expansion coefficient [17].

As was previously reported, spray pyrolysis can typically be used for
thin functional layers preparation. In the case of yttria stabilized zir-
conia (YSZ) and cerium gadolinium oxide (CGO), it was shown that a
thickness limit for a single deposition exists. Only ~500nm can be
deposited in a single process. If thicker layers are desired, sequential
deposition with intermediate heat treatment is required. In this work
we were able to deposit up to 10 um thick coatings in a single deposi-
tion process, which can be considered an important step towards a
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Fig. 1. A-C) SEM images of the “as-deposited” samples with 2/5/10 um spinel coatings after 800 °C and D-F) AFM images of a 2 pm spinel coating on steel after

different heat treatment steps: D) as-deposited (390 °C), B) 600 °C, C) 800 °C.

Fig. 2. A) XRD patterns of 2 um spinel coating on steel in the as-deposited and heat treated condition. B) Close-up view of the main 311 peak, C) average crystallite

size as a function of temperature.

practical use of the method.

The importance of the present work is connected to the low tem-
perature (390 °C) fabrication of dense spinel coatings on steel substrates
by spray pyrolysis. Deposited coatings at this temperature form a de-
sired spinel phase with high density and high electrical conductivity.

Experimental

Thin and dense MnCo,0, protective layers were deposited on the
Crofer 22 APU steel substrate by a spray pyrolysis method. Steel sam-
ples were laser cut from a 0.3 mm thick sheet forming a 25.4 mm dia-
meter discs. Subsequently, they were cleaned in acetone and used for
the deposition. The liquid precursor was prepared from Mn
(NO3)24H,0 (Panreac, 98% purity) and Co(NO3)>6H,0O (Chempur,
99% purity) dissolved in solution made of 90 vol% tetraethylene glycol
(Sigma-Aldrich, 99% purity), and 10vol% ethanol (POCH, 99.8%

4577

purity). The total concentration of cations in precursor was fixed at
0.2mol/L. A molar ratio of Mn:Co = 1:2 was chosen to obtain the
MnCo,04 composition.

Liquid precursor solution was made in two steps. At first, nitrate
salts were dissolved in distilled water at the room temperature using the
magnetic stirrer, and then small amounts of glycol were added into the
solution gradually to form clear precipitate free solution. Steel samples
were placed onto the heating plate and heated together with the plate
to the temperature of 390 °C. When the surface of substrates reached
the programmed temperature the precursor flow on turned on and
sprayed using the Paasche VL airbrush placed 600 mm above the hot
plate heated to the temperature of 390 °C. The gun nozzle was set to the
flow rate of 7.5ml/h with the air pressure of 2 bars. 100, 200 and
400ml of the precursor solutions were used to obtain the ~2pum,
~5um and ~10pm layer thicknesses, respectively (after initial in-
ternal calibration). Samples were examined after the deposition and
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Fig. 3. Electrical conductivity of the MnCo,0, thin film (~1.5um) on a sapphire substrate. A) time/temperature dependence and B) Arrhenius plot.

Fig. 4. Cross-section SEM images of MnCo,04 coatings on steel. Coatings were deposited at 390 °C and annealed at 800 °C.

after sintering for 2h in air at 600 °C and 800 °C.

Microstructure of the prepared materials have been studied by X-ray
diffraction technique (XRD) using the Philips X'Pert Pro MPD with
CuKy A = 0.15406 nm. The average crystallite size was determined
using the Scherrer formula, using constant K = 0.9.

The morphology of the obtained samples was observed by a
Scanning Electron Microscopy (SEM) using the FEI Quanta FEG 250
microscope. The SEM images were collected using an ETD detector for
secondary electrons at an acceleration voltage of 10 kV(surface)/20 kV
(cross-sections). Atomic Force Microscopy (AFM) using the Nanosurf
EasyScan 2 device in the contact mode was performed to determine the
effect of the sintering temperature on grain dimensions. Additional
reference sample deposited on a sapphire substrate was prepared for the
electrical conductivity measurements using the van der Pauw method.
Measurements were carried out in air. Sample was heated to 800 °C,
held isothermally for 10 h and then cooled in steps of 100 °C down to
200 °C. For the measurement, 100 mV DC excitation signal was used
and the current was measured by Keithley 2400.

Results and discussion

Surface SEM and AFM images of coated Crofer 22 APU steel are
shown in Fig. 1A-C. The samples were deposited using 100 ml, 200 ml
and 400 ml of the precursor solution which should yield coatings with a
thickness of 2 pum, 5 ym and 10 pm respectively. In the Fig. 1A, substrate
roughness is still visible, a bit less in Fig. 1B. Surface on the sample with
the 10 pm coating seems very different. Coating formed some repeating
structure with “valleys” and “hills” with a characteristic size (~dia-
meter) of ~50 um. Sample surfaces were covered completely and uni-
formly. No surface defects were detected (cracks, delamination, voids)
on any samples. AFM images (area of 2.5 x 2.5um?, Fig. 1D-F) were
taken for the sample with the 2 pm coating after different heat treat-
ment steps (as-produced, 600 °C, 800 °C). For the 800 °C a noticeable
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grain growth occurred. This is also evidenced by the surface roughness
parameter. RMS roughness (S,) is measured to be 1.0 nm, 1.6 nm and
8.4nm for the as-produced, 600 °C and 800 °C processed sample, re-
spectively.

Phase composition of the spinel coatings was analyzed by X-ray
diffractometry. Steel with a 2 um coating was analyzed in the as-pro-
duced state (390 °C) and after annealing at 600 °C, 700 °C and 800 °C for
2 h. For the thinnest sample it should be possible to notice the substrate
peaks and possible oxides peaks (formed due to oxidation). Results are
presented in Fig. 2. Already for the as-deposited coating the expected
MnCo-0, spinel phase structure is recognized. Besides the two peaks
from the steel substrate, no other peaks are detected what indicates that
the obtained coatings are single-phase. For the heat treated samples,
diffraction peaks become narrower indicating crystallite size increase.
The average crystallite sizes determined by Scherrer formula are
(14 = 2) nm, (25 * 6) nm, (48 *= 9) nm and (102 = 14) nm for
temperatures 390, 600, 700 and 800 °C, respectively, as shown in
Fig. 2C. Moreover, peaks shift towards lower 20 values is observed,
indicating a slight unit cell size increase.

Result of the electrical conductivity measurement of the deposited
layer measured by the van der Pauw method is shown in Fig. 3. In this
case the MnCo,0,4 was deposited on a polished sapphire substrate.
Measurement of the in-plane conductivity of the MnCo,0O, layer de-
posited on the steel, would be impossible due to conductivity of the
substrate. After reaching 800 °C (maximum processing temperature),
the sample was held isothermally for 10 h to evaluate possible changes
and stability. During this period, electrical conductivity has visibly
decreased (from ~70 S cm ™! to ~60 S cm™!). The decrease is not
influenced by the electrical current, as it also continued upon a failure
of the power supply. The obtained conductivity of ~60 S cm™" is a
typical value reported for these materials in the bulk and coatings form.
For the layers deposited by spray pyrolysis, upon their exposure to
higher temperatures, grain growth occurs which can influence the
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electrical conductivity [18]. After isothermal hold the sample was
cooled in 100 °C steps down to 200 °C. The plot of electrical con-
ductivity vs. the inverse of temperature is shown in Fig. 3B. For the
electrical conductivity plots, between 800 °C-600 °C and 600 °C-200 °C
activation energies of 048 eV and 0.36 eV are obtained after fitting with
the Arrhenius equation. These data are well in line with results reported
by other groups [19]. Electrical conductivity of the thin films seems to
be consistent with the values obtained for the bulk ceramics, i.e. no
large size effects are noticeable.

Spray pyrolysis offers deposition of coatings with a scalable thick-
ness in the range between 1 um and 20 um. Cross-sections of the coat-
ings developed in this work are presented in Fig. 4A-C. Coatings, as
seen previously from the surface images, are dense and defect free. For
the thickest coating with surface waviness, the observed thickness is
between 8-15um. No cracks or major defects were found throughout
the sample. Chemical composition by EDS is shown in Fig. 4D. The Co/
Mn ratio is constant (~2) throughout the coating and close to the de-
sired one. No diffusion of Cr to the coating has been noticed after the
initial processing with a maximum temperature of 800 °C. In compar-
ison to other reports, the obtained microstructure is much denser than
typically obtained for higher sintering temperatures and/or dual-at-
mosphere (redox) sintering [4,20-22].

Conclusions

This study has shown a potential to deposit MnCo,04 ceramic
coatings on stainless steel at 390 °C, i.e. at much lower temperature
than typically used. No high temperature treatment is necessary to
produce thick and well adherent coatings. The formation of poorly
electrically conductive phases at the interfaces is not taking place. This
is a clear advantage in comparison to the standard coating sintering
conditions, where typically two high temperature treatments are re-
quired (one for reduction and one for re-oxidation) and an initial oxide
layer forms.

Spray pyrolysis is a simple and cheap deposition method.
Crystalline, phase pure coatings are obtained during the deposition. No
further heat treatment is necessary. Electrical conductivity of the layers
is the same as for bulk spinel samples. Dense microstructures of the
coatings, both on steel and sapphire substrates, are obtained. Coatings
are well adhered and crack-free. Though the protective character of the
coating still needs to be demonstrated in a dedicated corrosion study,
spray pyrolysis seems very attractive for deposition of protective in-
terconnect coatings for Solid Oxide Cell stacks.
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4.2. Evaluation of praseodymium and gadolinium doped ceria as a possible

barrier layer material for solid oxide cells.

Kolejna praca jest publikacjg wydang w czasopismie ECS Transaction w ramach
materiatow konferencyjnych z XVI Miedzynarodowego Sympozjum na temat Tlenkowych Ogniw
Paliwowych ktére odbyto sie we wrzesniu roku 2019 w Kyoto, w Japonii. Autor rozprawy na tej
konferencji przedstawit wyniki w formie prezentacji ustnej. Przygotowana publikacja byta
natomiast formg abstraktu sprawozdawczego z wstepnych badan nad domieszkowanymi
warstwami barierowymi tlenku ceru (prazeodymem i/lub gadolinem) w celu uzycia jej jako
warstwa zapobiegajgca dyfuzji jondw Zr i Sr i tworzeniu sie warstwy izolujgcej na interfejsie

elektroda tlenowa — elektrolit w tlenkowych ogniwach paliwowych.

W niniejszej pracy przygotowano warstwy na bazie tlenku ceru CeO2 domieszkowanego
tlenkiem prazeodymu i gadolinu wytwarzane niskotemperaturowg metodg pirolizy aerozolowe;j.
W badaniu wytworzono nastepujgce kompozycje warstw: CeosGdo2025 (CGO),
Ce0.8Gdo.1Pro.102-5 (CPGO10) oraz Ceo.sPro2025 (CPO). Warstwy zostaty osadzone na podtozach
szafirowych oraz spieczonych tasmach YSZ, w celu ewaluacji ich wtasciwosci elektrycznych,
mikrostrukturalnych i ochronnych. Przeprowadzono analize strukturalng wykorzystujgc metode
dyfrakcji rentgenowskiej (XRD) metode skaningowej mikroskopi elektonowej (SEM) oraz analize
spektroskopii rentgenowskiej z dyspersjg energii (EDS). Otrzymane wyniki dla kazdej z
kompozycji potwierdzity wystepowanie materiatu jednofazowego o strukturze fluorytu i rozmiarze
krystalitow miedzy 25-35 nm w zaleznosci od rodzaju domieszki. Analiza powierzchni potwierdzita
wystepowanie materiatu nanokrystalicznego o gestej mikrostrukturze, ale réwniez wskazata na
wystepowanie spekan na powierzchni warstw z dodatkiem prazeodymu. Catkowite
przewodnictwo elektryczne w funkcji domieszki Gd lub Pr wyznaczono za pomocg pomiaréw
pradu statego metodg Van der Pauw w atmosferze powietrza w szerokim zakresie temperatur do
900°C. Dodatek prazeodymu zamiast gadolinu miat wptyw na zwiekszenie catkowitego
przewodnictwa elektrycznego poprzez zwiekszenie przewodnictwa elektronéw co w pracujgcym
ogniwie moze przyczyni¢ sie do zwiekszenia wspétczynnika wymiany powierzchniowej tlenu na

interfejsie elektrody tlenowe;j i elektrolitu.

Analiza interfejsu elektrody tlenowej potwierdzita ochronny charakter bariery niezaleznie
od stosowanej domieszki. Chociaz ochronny charakter barier dyfuzyjnych i potencjalny wzrost
wydajnosci elektrochemicznej wynikajgcy z ich zastosowania wymaga szczegétowych badan w
pracujgcym ogniwie, to piroliza aerozolowa wydaje sie by¢ bardzo atrakcyjna do osadzania

gestych warstw barierowych i funkcjonalnych w tlenkowych ogniwach paliwowych.

Gléwnym osiggnieciem przeprowadzonych badan byto opracowanie technologii i
wytworzenie po raz pierwszy warstw tlenku ceru domieszkowanego prazeodymem metodg
pirolizy aerozolowej oraz charakteryzacja materiatu pod katem mozliwosci zastosowania warstwy

jako bariera ochronna w ogniwach SOFC.
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Evaluation of Praseodymium and Gadolinium Doped Ceria Asa Possible Barrier
Layer Material for Solid Oxide Cells
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In this work, nanocrystalline layers based on the Pr, Gd co-doped
CeO2 were investigated. For the preparation of thin layers, low-
temperature spray pyrolysis technique was used. Different
stoichiometries of the layers were produced for comparison on
polished sapphire substrates. The microstructure of the prepared thin
layerswas studied by scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS) and X-ray diffractometry
(XRD). The total electrical conductivity as a function of Gd or Pr
dopant were determined by DC electrical measurements using the
Van der Pauw method in air atmosphere. The oxygen electrode
interface analysis confirm protective character of the diffusion
barrier layer based on doped CeO-.

Introduction

Solid Oxide Fuel Cells (SOFCs) attract the attention of the research community due
to their high conversion efficiency and low emissions of pollutants compared to heat
engines'?. High conversion efficiency requires high operating temperatures (800°C-
1000°C) that causes several issues such as degradation of common used Ni-based fuel
electrodes, thermal expansion mismatch between the individual layers of the cell or
forming insulating secondary phases like SrZrOz and LapZr>0O7 between efficient cathode
materials e.g. LaoeSro4Coo2FensOzs (LSCF) and yttria-stabilized zirconia electrolyte
(YSZ)*4. In order to avoid the negative effects of cell operating at high temperatures,
researchers are looking for a novel, more efficient materials working in the intermediate
temperature range (500-700°C)*®. One solution to lowering operating temperature range
isto use athinner electrolyte layer to reduce electrolyte resistance and/or introduce athin
diffusion barrier layer of gadolinium doped ceria (CGO) to prevent the reaction between
YSZ and LSCF’. As well, doped ceria might be used as a functional layer to increase
oxygen surface exchange rate of SOFC cathodes operated a intermediate temperature
range provided that the electronic conductivity of CGO will be increased to a value close
to that of the ionic conductivity. Doping CGO with multivalent active elements like
Pr3*/Pr** cations is a feasible strategy to enhance the electronic conductivity of ceria and
lower the electrode polarization in oxygen-containing atmospheres®®.

Thick and dense ceramic electrolyte layers can be deposited using cheap and easy
spray pyrolysis technique. The method has been successfully applied to deposit dense and
nanocrystalline electrolyte films used in electrochemical devices'®. Typical spray pyrolysis
device consists of a spraying nozzle, heating plate with atemperature controller and vented
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chamber, which have been schematically presented in Figure 1. The liquid precursor based
on nitrate and polymer solution is used for the deposition process. Properties of the
deposited films strongly depend on the processing parameters. Formation of the oxide
layers occur directly on the substrate surface where decomposition of the precursor salt
take place and homogeneous layers form with good adhering interfaces on the substrates!*.
This work evaluates the structural and electrical properties of Gd or/and Pr doped ceria
layers deposited using the spray pyrolysis technique.

Figure 1. Scheme of spraying by spray pyrolysis.

Experimental

Thin films of Gd and/or Pr doped CeO: as deposited on c-plane (0001) single
crystal of Al>Os (sapphire) substrates (AdvalueTech, USA) using spray pyrolysis process.
Square, polished substrates with dimensions of 10 x 10 x 0.5 mm® were ultrasonically
cleaned in acetone and ethanol prior to use. Polymer precursor solutions used in the
deposition process were made in a few steps. At firgt, nitrate salts of Ce(NQOz)3-6H20
(Sigma-Aldrich, 99% purity), Gd(NOs)3-:6H-O (Sigma-Aldrich, 99,9% purity) and
Pr(NO3)3-xH20O (Alfa Aesar, 99,9% purity), were dissolved at room temperature in
deionized water, separately. The concentration of metal cations in each solution was
determined by thermogravimetric analysis. In the next step, the appropriate amounts of
cation solutions were dosed and mixed using the magnetic stirrer. For example, a molar
ratio of Ce:Gd = 0.8:0.2 was chosen to obtain the CepsGdo.2O1.95 composition. Finally, the
polymer precursor solutions were prepared from 10 vol% of mixed agueous nitrate
solutions and 90 vol% of tetragthylene glycol (Sigma-Aldrich, 99% purity). The total
concentration of cationsin the precursor wasfixed at 0.1 mol/L. Inthiswork, the following
precursor solutions were prepared: CepsGdo.201.05 (CGO) CensPro.1Gdo.101.95(CPGO) and
Ceo,spro,zol,gs(CPO) .

As mentioned above, the spray pyrolysis technique was utilized for layers
deposition. Outline of used equipment is presented in Figure 1. Sapphire and sintered tape
casting foil of 8%Y SZ were used as substrates. Substrates were placed onto the heating
plate and heated together with the plate to the temperature of 390°C. Polymer precursor
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was sprayed by Paasche VL airbrush placed 500 mm above the hot plate. The gun nozzle
was set to the flow rate of 2.5ml/h operated with the air pressure of 2 bars. The precursor
solution was fed to the airbrush using a syringe pump (Ascor AP14, Poland). After initial
calibration, it was decided to deposit layers twice using an additional annealing step
between the deposition processes to avoid layer cracks caused by thermal stresses. Layers
after deposition were annealed at 900°C/2h in the air with heating and cooling rate of
5°C/min. Finally, 15ml of the precursor solutions were used to obtain ~500 pum layer
thicknesses. X-ray diffraction technique (XRD) using the Bruker D2 PHASER XE-T with
CuKoa radiation was performed for phase identification and determination of the crystallite
size calculated by the Scherrer formulat?. The morphology of the obtained samples was
observed by a Scanning Electron Microscopy (SEM) using the FEI Quanta FEG 250
microscope. For the elemental analysis, the Energy Dispersive X-ray Spectroscopy (EDS)
was performed by EDAX Genesis APEX 2i with ApolloX SDD spectrometer. Sample
deposited on a sapphire substrate was used for the electrical conductivity measurements
using the van der Pauw method. Gold contacts were sputtered in sample corners for
electrical contacting of platinum wires using silver paste. Samples were heated up to 800°C,
and held isothermally for 30 minutes at each temperature. The temperature was lowered in
steps by 50 °C (15 min ramp) down to 600 °C. For the measurement electrode multiplexer
and a Keithley 2400 SourceMeter was used.

Results and discussion

The crystal structure and orientation of (Pr,Gd)-CeO. thin coatings were
investigated by X-ray diffraction. XRD patterns of layers annealed at 900°C/2h were
compared and presented in Figure 2. In all cases, typical reflections of the cubic fluorite
crystal structure characteristic for cerium oxide are identified.

Figure 2. XRD patterns of CepsGdo.201.95, Cen.gPro1Gdo.201.95 and CepgPro201.95 COatings
on sapphire substrate measured at RT after annealing layers at 900°C for 2h.
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The cubic phase (space group Fm-3m) can be indexed according to ICSD record
no.72155 for undoped cerium oxide. Peak height ratio strongly corresponds to the
mentioned | CSD record that means no preferred orientation of layer growth. Two narrow
peaks at 37.5° and 41.7° responds to the sapphire substrate. A wider peak at 43,6° is reflex
from the Fe-Cr sample holder used for thin layer characterization. Special holder allow to
avoid displacement of XRD pattern.

TABLE |. Lattice Congtant.

Sample Lattice Parameter [A] Crystallite size [nm]
CensGdo201.05 5,4079 35
CensPro1Gdo 20195 5,4072 25
CesPro201.05 5,4063 29

Structure calculations summarized in Table | revealed an inconsiderable decrease
of lattice parameter with increasing the Pr dopant concentration. No significant shift of the
(111) reflection was observed which was also reported by Cheng et.al.® and suggests the
addition of the dopant have not any significant effect on the lattice parameter. The
crystallite size was calculated according to the Scherrer formulal? using Scherrer constant
K = 0.9 for spherical grains. Instrumental FWHM broadening was eliminated from total
FWHM by the Warren and Biscoe equation previously used by Gauckler group®™ to
determine crystallite sizes in CGO produced by spray pyrolysis. Instrumental FWHM was
determined by measuring a stress-free c-plane sapphire single crystal. The calculated
crystallite size of CGO, CPGO, and CPO confirmed nanocrystalline microstructure of
prepared layers and strongly corresponds with Rupp experiment?2,

Figure 3. Thetotal electrical conductivity values presented as a function of measurement
temperature for CepsGdo.201.95, Cen.gPro.1Gdo.201.95, and Cep gPro2O1.9s5thin layers.
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The total electrical conductivities as a function of measured temperature are
presented in Figure 3. Reference CGO disc pellet was measured to compare bulk sample
conductivity with thin nanocrystalline layers. As can be seen, the total conductivity values
of produced CGO layer are lower than that for bulk CGO. Probably, it is due to adifferent
preparation method and samples microstructure. The nanocrystalline microstructure of
layers induces large grain boundaries which might negatively influence on the observed
conductivity values. Nonetheless, the addition of Pr dopant instead of Gd slightly enhanced
the total conductivity values of thin films deposited on a sapphire substrate. The electrical
conductivity values at 700°C for CGO, CPGO and CPO samples were 0.0116 S-cm™,
0.0113 S-cm™ and 0.021 S-cm™, respectively. Evidently, it is due to increase p-type
electronic conductivity values at high oxygen partial pressures as has been proved by
Cheng et a.® Tuller group'* confirmed that the p-type electronic conductivity at high
oxygen partial pressures strongly increases with increasing Pr concentration in cerium
oxide. Calculated activation energies are also included in the insert of Figure 3. It isworth
to point out that the activation energy values of layers are higher than those for a bulk
sample or other groups experiments 16, Energy activation values can be related to ion
mobility. Grain-boundary diffusion is much more likely to be the major contributor than
bulk diffusion, especially in thin nanocrystalline layers.

A Ceo0sGdo201.95 CeosPro1GdoiO19s CeosPro201ss

Figure 4. SEM surface images of A) CeysGdo20105, B) CepgPro1Gdo20195 and C)
CengPro20O1.95 on sapphire substrate after electrical measurements.

Scanning Electron Microscopy images were performed after the electrical
characterization of prepared layers on a sapphire substrate. Surfaces of doped CeO:
samples are presented in Figure 4. Well sintered and dense films without visible surface
porosity are observed for all samples. Unfortunately, both of the two Pr-doped samples had
visible cracks. In the case of partial substitution of gadolinium (Fig 4B), only few cracks
were detected, whereas for sample with fully substituted praseodymium (Fig4C) cracks
were clearly visible over most of the sample surface. Due to a large thermal expansion
coefficient mismatch between the sapphire substrate and Pr-doped ceramic layer some
cracking and delamination is also possible, though no large and rapid changes in the
electrical conductivity plots were noticed.

TABLE Il. Chemical composition of the layers determined by EDS analysis of surfaces (at.% =+ 1).

Element CensGdo20195 CeosProi1Gdo 20195 CeosPro20195
Ce 80.2 82.4 82.3
Gd 19.8 9.5 -
Pr - 8.1 17.7
(Pr+Gd)/Ce 0.25 0.21 0.22
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Chemical composition of the coating determined from the EDS analysisisgivenin
Tablell. Experimental results are in good agreement with the nominal cation stoichiometry,
especially for CGO layers where cerium to gadolinium ratio is exactly the same as
theoretical expectations (expected value is 0.25). Although, slight deficiency of Pr atom
content is observed. The difference noticed in Pr doped sample might be due to
inappropriate cation content in the used Pr-nitrate salt source.

CeosGdo2010s

(S

CeosPro201ss

Figure 5. SEM cross-section images of CepsGdo2010s, CensPro1Gdo20195 and
CepgPro201.95 on'Y SZ substrate.

Finally, layer interactions with an oxygen electrode (LSCF) were investigated.
Pieces of pre-sintered thin Y SZ tape casting foil were also placed on the hot-plate during
deposition layers on a sapphire substrate. Cross-sections of prepared samples are presented
in Figure 5. The thickness of prepared layers was estimated to 300-500 nm depending on
the used polymer precursor solution. Pr-doped layers were thicker than CGO probably due
to the lower cation concentration of the precursor solution resulting from inappropriate Pr-
cation content. The layer of LSCF oxygen electrode was brush painted on the prepared
substrates and Y SZ film was used as areference. Structures were annealed at 1000°C for
10h to drive reaction between electrode and electrolyte layer. EDS elements maps of
oxygen electrode interface are presented in Figure 6. The most remarkable difference with
respect to the samples with a diffusion barrier is presence Sr-rich region on the electrode-
electrolyte interface. The EDS mapping reveals that this region is Sr-rich due to the Sr-
diffusion and the consequent formation of SrZrOs. Moreover, Sr-segregation on the
electrode-electrolyte interface leads to the decomposition of LSCF cathode and formation
other less conducting secondary phasesi.e. LaCoOs. In thiswork the presence of diffusion
barrier preventsreaction on the interface however, parasitic phase formation occursalesser
extent. The thicker layer of the diffusion barrier should effectively impede the strontium
diffusion even at higher sintering temperature’. On the other hand, spray pyrolysis allows
to obtain dense layers at relatively low temperatures (<500°C) therefore HT-thermal
treatment is not obligatory if cathode preparation can be carried out at low temperatures.
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LSCF/CGO/YSZ

not detected

not detected

Figure 6. EDS elements maps of oxygen electrode interface without and with CGO or CPO
layer after heat treatment at 1000°C for 10h.

Conclusions

Gd and/or Pr doped CeO- thin layers were produced by spray pyrolysis technique
to prevent Sr diffusion at oxygen electrode interface and increase oxygen surface exchange
rate of SOFC cathodes. Spray pyrolysis allows obtaining thin and dense layers at much
lower temperatures (<500°C) than typically used for CGO synthesis from powders. The
deposition parameters and heat treatment procedures have a strong influence on the desired
layers microstructure. The thin layers deposited during this experiment has minimized
interface reaction allows to avoid SrZrOz formation. Furthermore, the addition of
praseodymium instead of gadolinium has an influence on increasing the total electrical
conductivity by increasing electron conductivity. Though the protective character of the
diffusion barriers still needsto be demonstrated in a detailed study, spray pyrolysis seems
to be very attractive for the deposition of dense functional layers for Intermediate
Temperature Solid Oxide Cells.
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4.3. Processing of Ceo.sGdo.202.5 barrier layers for solid oxide cells: The effect of
preparation method and thickness on the interdiffusion and electrochemical

performance.

Wyniki przedstawione w podrozdziale 4.2 w pracy [BK2] udowodnity, ze mozliwe jest
wytworzenie gestej i nanokrystalicznej warstwy barierowej na bazie domieszkowanego tlenku
ceru technikg pirolizy aerozolowej. Praca przedstawiona w niniejszym podrozdziale jest
rozszerzeniem prac na bariere CGO i przedstawia badania poréwnujgce wydajnos¢ tlenkowych
ogniw paliwowych z zastosowaniem warstwy barierowej wytworzonej trzema réznymi metodami
tj. metodami stosowanymi komercyjnie jak sitodruk lub odlewanie tasm oraz metodami
rozwijanymi przez autora tej rozprawy czyli metodg napylania zawiesiny proszku ceramicznego

oraz pirolizy aerozolowej.

W pracy zbadano efektywnos$¢ blokowania dyfuzji jonéw pomiedzy elektrodg tlenowag
zawierajgcg jony Sr, a elektrolitem YSZ zawierajgcym jony Zr i jej wplyw na wydajnosé
elektrochemiczng w trybie pracy ogniwa paliwowego i elektrolizera. W tym celu do badan
przygotowano ogniwa paliwowe wsparte na elektrodzie paliwowej z barierg dyfuzyjng na bazie
tlenku ceru domieszkowanego gadolinem. Przy wykorzystaniu metody pirolizy aerozolowe;j
wytworzono ogniwa o réznej grubosci warstw CGO (300, 700 i 1500 nm) pomiedzy elektrolitem
YSZ, a elektrodg tlenowg LSCF. Dodatkowo w badaniu przygotowano ogniwa z warstwg CGO
wytworzong metodg nanoszenia proszku ceramicznego z zawiesiny (ang. wet powder spraying).
Ogniwo bez warstwy barierowej na interfejsie oraz komercyjnie dostepne ogniwo z warstwg CGO

wytworzong przez producenta wykorzystano jako probe referencyjng w eksperymencie.

Na podstawie przeprowadzonych pomiaréw elektrochemicznych zaobserwowano, Zze
ogniwo bez bariery dyfuzyjnej miato bardzo wysokg rezystancje polaryzacyjng przektadajaca sie
na bardzo niskg gesto$¢ mocy ~8 mW-cm? w temperaturze pracy 800°C. Tak niskie wartosci
wydajnosci sg bezposrednio zwigzane z tworzeniem sie warstwy SrZrO3 o niskim przewodnictwie
jonowym na interfejsie elektroda tlenowa - elektrolit w sytuacji braku bariery dyfuzyjnej.
Wprowadzenie bariery CGO wytworzonej metodg napylania zawiesiny proszku ceramicznego
znaczgco poprawito wyniki wydajnosci elektrochemicznej. Gestosci mocy dla ogniw
komercyjnych jak i tych z barierg wytwarzang metodg napylania z zawiesiny w temperaturze
750°C osiggaty wartosci na poziomie ~800mW-cm-2. W przypadku ogniw z CGO wytworzonym z
zawiesiny proszku zaobserwowano pojawianie sie warstwy SrZrOs co najprawdopodobniej jest
zwigzane z wysokotemperaturowym (> 1000°C) wygrzewaniem podczas spiekania elektrody
tlenowej. Ogniwa z barierg CGO wytwarzang metodg niskotemperaturowej pirolizy aerozolowe;j
skutecznie zapobiegaty interdyfuzji jondw na interfejsie, a takze pozwolity osiggna¢ wyzsza
wydajnos¢ niz w przypadku pozostatych testowanych ogniw. W ogdlnosci najlepszg wydajnos¢
elektrochemiczng i tym samym najwyzszg gesto$¢ mocy na poziomie ~1 W-cm2w temperaturze

pracy ogniwa 750°C osiggneto ogniwo z barierg o grubosci 700 nm. Sposrdéd wszystkich
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analizowanych prébek to ogniwo prezentowato najnizsze wartosci rezystancji omowej na

poziomie 95 mQ-cm? oraz wartosci rezystancji polaryzacyjnej odpowiednio 114 mQ-cm?2.

Na podstawie otrzymanych wynikdw mozna stwierdzic¢, ze gtéwng zaletg wykorzystania
warstw barierowych CGO wytworzonych metodg pirolizy aerozolowej jest ich niska wartos¢
rezystancji omowej skutkujgca wzrostem wydajnosci testowanego ogniwa. W celu analizy
wydajnosci ogniwa z warstwg o grubosci 700 nm przeprowadzono kompleksowg analize z
uwzglednieniem pracy ogniwa w trybie elektrolizera i pomiaréw starzeniowych w trybie pracy
ogniwa paliwowego pracujgcego pod obcigzeniem. Ogniwo pracujgce w trybie elektrolizera
osiagneto wysokie gestosci pradu przekraczajace 1.7 A-cm przy napieciu 1.29V i kompozycji
gazéw paliwowych 90% H20 i 10% H2 w temperaturze 750°C. Testy degradacji byty
kontynuowane w trybie pracy ogniwa paliwowego w przeptywie nawilzanego wodoru. Podczas
500h testu zaobserwowano wyrazny spadek wydajnosci ogniwa z uwagi na spadek gestosci
mocy z poczatkowych 1000 mW-cm=2 do wartosci ~600 mW-cm2 . Analiza mikrostrukturalna
ogniwa po testach degradacji wskazata degradacje anody na granicach trzech faz interfejsu
Ni/YSZ i nie byta zwigzana z degradacjag bariery CGO. Nie zaobserwowano réwniez interdyfuz;ji
jonéw na interfejsie elektrody tlenowej, co potwierdza skuteczno$¢ wytworzonej bariery. Dlatego
warstwy barierowe wytwarzane metodg pirolizy aerozolowej sg bardzo obiecujgce w
zastosowaniach ogniw paliwowych oferujac wysokg wydajnos$¢, wyzszg niz typowe warstwy
barierowe wytwarzanie klasycznymi metodami z proszkéw ceramicznych. Dodatkowo obnizenie
temperatury spiekania warstwy do temperatury spiekania elektrody paliwowej bedgcej ostatnim
etapem przygotowywania ogniwa umozliwia unikniecie niekorzystnej reakcji miedzyfazowej
pomiedzy CGO a YSZ powyzej 1200°C.

Gléwnym osiggnieciem przeprowadzonych badan byto obnizenie temperatury
wytwarzania warstwy barierowej CGO oraz uzyskanie gestej mikrostruktury warstwy w
temperaturze 900°C dzieki zastosowaniu metody pirolizy aerozolowej. Ponadto potwierdzono
ochronny charakter bariery i wykazano znaczacg poprawe wydajnosci ogniw SOFC dzieki
zastosowaniu warstwy wytwarzanej metodg pirolizy aerozolowej na komercyjnych ogniwach
SOFC.
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Ce.8Gdp 2019 (CGO) barrier layers are required to mitigate the chemical reactions between Sr-containing
oxygen electrode materials and Zr-based oxygen ion conductors in high-temperature solid oxide cells. Barrier
layers produced by different methods were studied in this work. As a reference, a cell with no barrier layer was
measured. The application of the powder-processed barrier layers, considerably increases the performance. For
further comparison, thin and dense CGO layers were produced by a low-temperature spray pyrolysis process.
Three different thicknesses were evaluated: ~300 nm, ~700 nm and ~1500 nm. The best performance was

found for the ~700 nm thick CGO barrier layer. It showed low ohmic and polarisation resistances. The low
thickness and high density of the CGO barrier layer were found to be the important factors. The cells with the
~700 nm CGO barrier layers were also evaluated for their electrolysis performance as well as fuel cell durability.

1. Introduction

Solid oxide cells (SOCs) are efficient energy conversion devices,
which can play an important role in the energy sector. One of the im-
portant improvements over the years has been the utilisation of high-
performing oxygen electrode materials, i.e. (La,Sr)(Co,Fe)O; or
(La,Sr)CoO3. These mixed ionic-electronic conductors opened the pos-
sibility to lower the working temperature of the cells below 800 °C
[1,2]. One of the disadvantages of using these materials is their high
reactivity with the yttria stabilised zirconia (YSZ) electrolyte, and the
formation of poorly conducting La,Zr,0, and SrZrO; at the electrode-
electrolyte interface [3-5]. As a solution to this important problem, an
additional diffusion barrier layer between the YSZ and the oxygen
electrode can be introduced [6-8]. Doped ceria have found use as the
barrier material — it is not reactive with the most popular oxygen
electrode materials at typical electrode sintering temperatures (< 1200
°C) [9]. Doped cerias are also good ionic conductors [10-12]. One of
the issues when using ceria-based materials is their potential reactivity
with YSZ at temperatures exceeding 1200 °C, so sintering at these high
temperatures should be avoided. For this reason, different fabrication
methods were evaluated, including high temperature powder-based

* Corresponding author.
E-mail address: sebastian.molin@pg.edu.pl (S. Molin).

https://doi.org/10.1016/j.jeurceramsoc.2020.06.006

methods [4,13,14] and physical/chemical deposition methods
[7,15-171, in which the preparation temperature can be greatly re-
duced.

High quality CGO barrier layers are crucial for low-temperature
high-performance cells. As shown by Zhang-Steenwinkel et al. [18], in a
typical porous anode-supported YSZ electrolyte cell, the optimisation of
the CGO barrier layer together with a state-of-the-art LSC-based elec-
trode led to the cells having an impressive power density exceeding 1 W
em ™2 at 600 °C. The dense barrier layer produced via Physical Vapour
Deposition (PVD) performed much better than the standard, powder-
processed high-temperature co-fired barrier layer. Often, the addition
of a CGO barrier layer even a few-nm thick prevents the negative re-
actions, especially for cells operated at reduced temperatures (< 600
°C) [19,20]. The specific thickness and microstructure that results in the
optimised performance of the CGO barrier layers have not yet been
rigorously determined.

Spray pyrolysis is a low-temperature ceramic deposition process,
used in many areas of materials deposition, including solar cells, cata-
lysis and fuel cells [21-26]. For solid oxide cells, the advantage is that
the layers can be prepared at reduced temperature (< 900 °C) [27,28]
and the microstructure can be controlled by heat-treatment [29,30].
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The reduction of the fabrication temperature of the CGO barrier layer
can be beneficial in lowering the cost of cells, which is an important
factor in their broader use. Ceria-based materials have already been
produced by spray-pyrolysis, resulting in good performance [5,31-34].
Even though CGO layers produced by spray-pyrolysis were already
presented, their long term stability remains an open question.

In this work, we evaluated the electrochemical performance and
microstructural features of anode-supported cells with CGO barrier
layers with different thicknesses (~300 nm, ~700 nm and ~ 1500 nm)
prepared by spray pyrolysis. In addition, we measured a cell without
the barrier layer and with a high-temperature powder-processed CGO
coating. In the end, we have also tested the cell for ~500 h and ana-
lysed the cell post-mortem. We show the benefit of using dense, readily
processed barrier layers on cell performance, caused by lowering of the
ohmic resistance, which is substantially higher for the powder pro-
cessed barrier layers.

2. Experimental

Commercial anode-supported cells were purchased from
FuelCellMaterials (ASC2.5 type, USA). They consist of Ni-YSZ/YSZ/
GDC/LSC electrodes, optimised to work at < 800 °C. Diameter of a cell
was 25 mm, with an oxygen electrode area of 1.23 cm?. Due to their
commercial origin, no preparation details for the CGO barrier layer are
available.

Anode-supported half-cells (with no CGO-layers) produced by
National Taipei University of Technology (TaipeiTech, Taipei, Taiwan)
were used for the deposition of barrier layers. The cells were prepared
by tape-casting/screen printing processes. The cells consist of a Ni-YSZ
support, Ni-YSZ active electrode and 8 —10 um thick YSZ electrolyte.
More details about the cells microstructure can be find in [35]. Prior to
deposition of the CGO barrier layers, the cells were thoroughly cleaned
with acetone and ethanol.

A powder-processed CGO barrier layer was produced by wet-
powder spraying of a slurry containing a commercial CGO powder (DC-
20 K, DKKK, Japan) in a mixture of toluene and ethanol. A small
amount of Co-nitrate (~3 mol.% in respect to CGO) was added to act as
a sintering aid. The CoCGO was sprayed on the YSZ electrolyte with a
Paasche VLS airbrush. Mass change was measured to control the layer
thickness. After deposition, the CoCGO was sintered in air at 1250 °C
for 2 h.

Spray pyrolysis processed CGO barrier layers were prepared from
liquid solutions containing dissolved Ce- and Gd-nitrates (Sigma-
Aldrich, 99.9 % purity). The total concentration of metal cations was
0.2 M. The solution was based on a mixture of tetraethylene glycol and
ethanol (99.7 %). Spraying was carried out using a Paasche VLS ato-
miser. The distance of the nozzle to the substrate was 60 cm, the liquid
flow rate was 1 mL/h, and the air pressure set to 2 bar. The hot-plate
temperature was 390 °C. The substrates for the deposition were half-
cells as well as sapphire (AdValueTech, USA) and YSZ-tape, used for
quality control and microstructural evaluation. For the deposition of
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the ~300 nm, ~700 nm and ~ 1500 nm thick CGO layers, 5/10/20 mL
of the precursor were used. The CGO layers on the half-cells were sin-
tered at 900 °C, and further used for oxygen electrode deposition.

Based on the prepared half-cell, the oxygen electrode was deposited.
A commercial LagSrg 4C0g2Feqg03.86 (LSCF) paste (Electro-Science
Laboratories 4421A, USA) was used. The paste was painted on the
samples using a brush, controlling the weight gain (corresponding to
the thickness 30 pm). After drying, the LSCF was sintered at 1050 °C for
2 h in air with an intermediate dwell step at 600 °C for 1 h to remove
the binder. The sintering temperature was selected based on previous
initial measurements of symmetrical cells, for which the best result (the
lowest polarisation resistance) was obtained.

The electrochemical characterisation of the cells was based on a
custom-built system. The cells (25 mm in diameter) were attached to an
alumina tube (25 mm outer diameter, 2 mm wall thickness). The hy-
drogen electrode was facing the tube. Gold paste was painted on the flat
part of the tube edge to electrically connect the hydrogen electrode. The
outer edges of the cells were further glued/sealed using a ceramic ad-
hesive (Aremco 552, USA). The oxygen electrode of the cell was painted
with Au strips, to which Au wires were attached for electrical con-
tacting. The cell was placed in a tube furnace with PID temperature
control. The wires were connected to a Solartron 1260/1287 system for
impedance and current-voltage characterisation. After heating to 750 °C
(800 °C for the cell with no CGO barrier layer), the reduction of the cell
occurred in dry H; until a stable OCV value was obtained. The gas inlet
line included a small furnace just outside of the main tube furnace, in
which a quartz reactor was placed to react O, with H, to deliver a
controlled amount of steam. The temperature of the reactor was
maintained at 750 °C, the flows of H, and O, were controlled by mass
flow meters (Brooks, USA). Ambient air was delivered from the other
side with a diaphragm pump (500 mL min~!). The system allowed
gases to be produced from dry H, (as delivered from the hydrogen
generator) up to 90 % H,0 — 10 % H,. To characterise the cells, the
impedance spectra were measured at OCV. The impedance data was
analysed using the distribution of relaxation times (DRT) method. A
freely available DRTTools Matlab script developed by prof. Ciucci was
used [36-38]. For cell performance, current-voltage characteristics
were measured. The aging of the cell was performed in galvanostatic
mode at current densities of 100 mA cm?, 250 mA cm™ and 500 mA
em>,

The microstructure of the cells was evaluated using a ThermoFisher
Phenom-XL scanning electron microscope (SEM) with an integrated
energy dispersive x-ray spectroscopy (EDS) analyser. The SEM imaging
was performed at 10 kV acceleration voltage with a backscatter elec-
tron (BSE) detector. The EDS analyses were performed using 15 kV
acceleration voltage and the ZAF algorithm for quantification. For
preparation of polished cross-sections, samples were embedded in
epoxy (EpoFix, Denmark), ground and polished down to a 1 pm finish
(using a Stuers Tegramin-20 system, Denmark). Before imaging, the
epoxy surfaces were sputtered with carbon (Quorum, UK).

The used cell-designations with a short description of the important

Table 1
Specification of tested solid oxide cells.
Cell name: CGO barrier layer: CGO thickness: Notes/remarks:
noCGO No barrier layer — —2 cells tested;
FCM Commercial cell with CGO barrier layer pm, porous - purchased from FuelCellMaterials, no sintering details available;
- Lag 6Sr0.4C003.5 (LSC) oxygen electrode;
—2 cells tested;
TT-wpsCGO Aerosol sprayed CGO barrier layer 3—10 pm, porous - in-house developed cell (TaipeiTech)
- cobalt used as a sintering aid, sintered at 1250 °C;
— 2 cells tested;
~300 nm Spray pyrolysis ~300 nm — 2 cells tested;
~700 nm Spray pyrolysis, ~700 nm —4 cells tested;
~1500 nm Spray pyrolysis ~1500 nm — 3 cells tested;
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Fig. 1. Microstructure of the CGO layers: A) optical image of the cells with different barrier layers, B) wet-powder spray CGO barrier layer on YSZ electrolyte, C) CGO
barrier layer on YSZ electrolyte on a commercial cell (from FuelCellMaterials), D) spray-pyrolysis processed CGO on a YSZ substrate.

features are summarised in Table 1. To ensure reproducibility, several
cells of each type were measured. Very good reproducibility was ob-
tained, typically the values (current-voltage, impedance) were
within = 10 %.

3. Results and discussion
3.1. Initial microstructural characterisation

The CGO barrier layers were prepared by spray pyrolysis of liquid
precursors and by wet powder spraying of a slurry. For comparison, a
commercial state-of-the-art ASC from FuelCellMaterials (USA) was also
tested.

Fig. 1 presents images of the different layers produced in this work.
The optical picture (Fig. 1 A) shows the different finishes (gloss) of the
surfaces. CGO prepared by spray pyrolysis is very glossy. The wet-
powder-sprayed CGO layer is the most matte, and the commercial cell
has an intermediate appearance.

Fig. 1 B shows the polished cross section of the wet-powder-sprayed
CGO coating on the YSZ electrolyte. It was deposited on an already pre-
sintered NiO-YSZ/YSZ half-cell. Due to constrained sintering, the layer
cannot shrink and densify. The layer is thus porous (40-50 % porosity)
and ~5 pm thick. Fig. 1 C presents a cross-section of the commercial
cell with the CGO on top of the dense YSZ layer. The CGO coating is
denser than the one shown in Fig. 1 B. The preparation details are not
known. These two powder-processed CGO coatings resemble the typical
powder-processed barrier layers reported in the literature. These coat-
ings are used as the reference ones in this work.

Fig. 1 D shows the fracture cross-section microstructure of the CGO
layer produced by spray-pyrolysis on a ~150 um thick YSZ substrate.
The layer structure seems dense and has a thickness of ~1 um. The
fracture cross section image shows good adherence and density of the
layer. As presented in the images, the microstructures of CGO prepared
by wet powder spray and spray pyrolysis are thus vastly different. Even
though the spray-pyrolysis produced CGO has been sintered at 900 °C, it
has a visibly denser microstructure than the powder processed CGO
layers produced at > 1200 °C.

3.2. Electrochemical and post-mortem analysis
The influence of the different barrier layers on cell performance has

been assessed through electrochemical characterisation. For reference,
cells without barrier layers were also measured. The results are
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presented in Supplementary materials (Figure S1). As expected, the lack
of a barrier layer results in very high polarisation resistance. The ohmic
resistance of the cell without the CGO barrier layer has been un-
expectedly low, but it might be partly due to higher testing temperature
(800 °Q).

3.3. Powder-processed CGO barrier layers

In this part, we evaluate two types of cells with powder-processed
CGO barrier layers. The first type is a commercially available hydrogen
electrode supported cell with a CGO barrier layer and an LSC oxygen
electrode (FCM cell). The second type is a hydrogen electrode sup-
ported cell produced by TaipeiTech with CGO produced in-house via
wet powder spray and with an LSCF oxygen electrode (TT-wpsCGO
cell).

The electrochemical performance of the cells is presented in Fig. 2
A. The two cells show very similar performance. The maximum power
density reaches ~800 mW cm 2, two orders of magnitude higher than
in the case of the cells with no barrier layer (which were tested at 800
°C), presented in Figure S1. The current-voltage measurements are
supplemented by impedance measurements, carried out at OCV. The
spectra are presented in Fig. 2 B. The ohmic resistance of the TT-
wpsCGO cell is lower than the ohmic resistance of the commercial FCM
cell. Generally, the values of 0.15—0.20 Q cm? are obtained at 750 °C.
Recalculated for the electrolyte thickness of 10 pm (including both the
CGO and YSZ), the resulting specific conductivity value is ~5—10 mS
cm™, which is slightly below the conductivity of pure YSZ (~20 mS cm’
1) and CGO (~60 mS cm™). The ohmic resistance also includes, how-
ever, contributions from the non-ideal contacts, the porosity of both
electrolytes, etc. Adversely, the polarisation resistance of the TT-
wpsCGO cell is higher. The sum of the ohmic and polarisation re-
sistances is the same for the two cells, resulting in the same perfor-
mance. Based on the DRT analysis (the inset of Fig. 2 B), the individual
processes on both cells differ: the high (P1~1000 Hz) and medium
(P2~ 20 Hz) frequency process alters their relative intensities. The low
frequency process (P3~0.1 Hz) remains similar for the two cells.

Based on the available literature, the process between 1000-10,000
Hz can possibly be ascribed to the Ni/YSZ triple phase boundary, while
the processes at 100-1000 Hz to the oxygen electrode. The process at
100-10 Hz can be related to gas diffusion, while the processes at fre-
quencies < 10 Hz to gas conversion [39-41]. For a relatively small cell
size, gas conversion has a small effect [42]. This is however only a
generalised, simplistic view of the complex electrodes in a full fuel cell.
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Fig. 2. Electrochemical performance of the cells with powder processed CGO layers: A) current-voltage and power density characteristics, B) impedance spectro-
scopy, C and D) SEM cross-section analysis of FCM commercial and TT-wpsCGO cell, respectively, E and F) EDS elemental line scan analyses of FCM commercial and

TT-wpsCGO cell, respectively.

An equivalent circuit consisting of as many as six frequency-dependent
processes is used to determine cell spectra in the literature [40,42].

In the DRT spectra presented in the inset in Fig. 2 B, the predicted
contribution from the oxygen electrode (characteristic frequency be-
tween 100-1000 Hz) is not distinguishable. One reason is that it has a
very small magnitude. Indeed, based on CGO-based symmetrical elec-
trode measurements of the porous LSCF electrode, low polarisation
resistances (< 20 mQ c¢m?) at 750 °C can be achieved [43]. Though the
measurements from the symmetrical cells are not directly applicable for
fuel cell performance determination, they indicate very high perfor-
mance of the LSCF electrode. The contribution of the oxygen electrode
to the total polarisation of the fuel cell can be thus summarised as very
small [44].

The microstructures of the commercial and in-house developed cells
are presented in Fig. 2 C-D. The commercial cell has a ~5 pm thick
CGO layer with porosity ~30 %. The in-house developed cell shows a
more porous and slightly thicker CGO layer. Line-scans across the CGO/
YSZ interfaces are shown in Fig. 2 E-F. There is only a very small, but
nonetheless noticeable increase of the Sr signal at the CGO/YSZ inter-
face. As has been reported, it most probably comes from the sintering
step, where the layers are exposed to high temperatures. Kiebach et al.
has shown that a SrZrO; layer forms upon sintering of a LSCF/CGO
electrode (sintered at 1250 °C), and does not progress further during a
1600 h cell test at 0.5 A cm ™2 [4].

The application of a porous CGO barrier layer, achievable by rela-
tively simple powder-processing routes, results in a two-fold order of
magnitude increase in power density in comparison to a cell without
the barrier layer. Even though the layer can be quite porous, it is still
effective at blocking the formation of the SrZrO; phase.

3.4. CGO barrier layers produced by spray-pyrolysis

Spray-pyrolysis was used to deposit CGO barrier layers and compare
their properties with the powder-processed ones. The main advantage
of the spray-pyrolysis process is that it is possible to fabricate ceramic
layers at reduced temperatures, e.g. at ~400 °C. For screening pur-
poses, samples with three different thicknesses of the barrier layer were
produced. Different thicknesses were achieved by spraying different
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amounts of the precursor-solution onto the samples. Cells with thick-
nesses of ~300 nm, ~700 nm, and ~1500 nm were produced and
studied. The thicknesses used for the description of the samples are
average CGO thicknesses, as determined from several SEM images.
Generally, the thickness has some variation (max *+ 20 %) caused
mainly by the surface irregularities. On very flat surfaces (e.g. single
crystals), spray-pyrolysis produces very flat and uniform layers. On
surfaces with some irregularities, deposits tend to be thicker at convex
surfaces (in the “valleys”). As the YSZ electrolyte has some irregularities
in thickness (in the range of = 10 %), it is also visible in the CGO
thickness variability.

The effect of the CGO thickness on the electrochemical performance
is presented in Fig. 3 A. The lowest performance among the cells is
shown, expectedly, by the cell with the ~300 nm thick CGO, which has
a maximum power density of ~700 mW cm ~ 2. The best performance is
achieved by the cell with the ~700 nm thick ceria layer. In this case,
the maximum power density reaches ~1 W cm ™ 2. For the cell with the
thickest CGO barrier layer (~1500 nm), an intermediate value of the
power density is achieved. The results were confirmed based on mea-
surements of several cells. Specifically, the ~1500 nm CGO barrier
layer resulted in lowered performance.

The results of the impedance analysis of the three cells, measured at
OCV, are presented in Fig. 3 B. The cell with the thinnest CGO layer
shows the highest ohmic resistance (~0.14 Q cm?) and the largest
polarisation resistance (~0.15 Q cm?). The two cells with thicker CGO
layers have a quite low series resistance (90-100 mQ cm?), which
would correspond to the specific conductivity of ~11 mS ecm™ .
Slightly lower ohmic resistance has been obtained for the 700 nm cells,
which resulted in higher performance under a current load. This is a
visible improvement over the samples with the powder-processed CGO
barrier layer. As evidenced in Fig. 1, the spray-pyrolysis produced
layers have a dense microstructure and are quite thin. Both of these
features contribute towards the lower ohmic resistance.

The polarisation resistance of the cells with ~700 nm and ~1500
nm thick CGO barrier layers is quite similar, i.e. 0.12 Q cm?® at OCV.
The electrode performance at OCV is thus the same for both cells. The
resulting performance is better for the cell with the ~700 nm CGO
layer. The comparison of the individual contributions to the spectra
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Fig. 3. Electrochemical performance of CGO barrier layers prepared by spray pyrolysis: A) current-voltage and power density characteristics, B) impedance spectra of

cells, C) DRT analysis of spectra shown in B).

presented in Fig. 3 B shows different behaviour, especially for the low
frequency process.

The overall resistance of the cells (measured in 50 % steam/50 % H,
at OCV), including the series and polarisation contributions, is ~0.2
Qcm? for the cells with the ~700 nm, and ~1500 nm thick CGO, and
~0.3 Q cm? for the cell with the ~300 nm CGO.

Even though the performance of the cells with 700 nm and 1500 nm
CGO layers is quite similar at OCV, they differ under the current load.
The cell with ~1500 nm CGO layer shows larger activation polarisation
than the cell with ~700 nm thick CGO, which results in different
performance at higher current densities. To take that into account, in
addition to performance parameters determined by impedance spec-
troscopy at OCV, ASR has been also calculated based on the current-
voltage plot (Fig. 3 A). The slope of the curves has been determined in
the voltage range 800 mV - 700 mV and is included in Table 2 as the
“Tangent ASR” values.

The parameters of the cells based on the impedance and current-
voltage measurements are summarised in Table 2.

The higher performance of the cells with 700 nm thick CGO layers
in comparison to the cells with 1500 nm thick CGO layer is noteworthy.
The tangent ASR values obtained for these two cells are considerably
different. We hypothesize, that one of the possible reasons can be a
large number of (resistive) grain boundaries in the spray-pyrolysis
produced layers, resulting in their low total conductivity [32] (but in
general still better than for the thick and highly porous powder pro-
cessed layers). So the positive effect of the barrier layer is visible when
the negative interdiffusion is blocked, but a further increase of the
barrier layer thickness does not result in performance improvements.

The microstructures and respective elemental line-scans of the three
cells are presented in Fig. 4. Even though the resolution of EDS is ty-
pically within = 0.5 pum, it can be used to qualitatively analyse the
reactivity of the fabricated barrier layers, as also confirmed in the lit-
erature [4]. The different thicknesses of the CGO barrier layers are
confirmed in the EDS line-scans as broader and more intense profiles of
Ce. For the cell with a ~300 nm CGO, a sort of delamination/disin-
tegration of the CGO can be noticed. A small part of the barrier layer
separated at the bottom almost as a continuous layer. It is probably
caused by some reaction between the YSZ and Sr-containing oxygen
electrode. The Sr signal extends further than the La signal in the line-

Table 2
Parameters of the cells with different barrier layers.

scan, confirming the reaction. In the case of the ~700 nm thick CGO,
the ceria separates the YSZ from the LSCF more clearly, which is even
more clear for the thicker layer. For the ~700 nm CGO layer, the Sr
profile also extends into the barrier layer. For the two thicker CGO
barrier layers (~300 nm and ~700 nm), no signs of reaction were
detected (seen as possible discolouration in the SEM images).

Based on the results presented in Figs. 2,3,4, and the data sum-
marised in Table 2, we conclude that the improvement in cell perfor-
mance comes from the decreased ohmic resistance of the cell, achieved
by application of a relatively thin and dense CGO barrier layer by spray

pyrolysis.
3.5. Durability of the cells with the implemented barrier layer

Based on the analyses presented above, the cell with the ~700 nm
thick CGO was selected for further studies. The current-voltage char-
acteristics of the cell in electrolysis cell (EC) and fuel cell (FC) modes
are presented in Fig. 5. The characterisation was performed in gases
containing different amounts of steam and hydrogen, from dry H, to 90
vol.% H20+ 10 % H,.

The cell shows reversible behaviour (no change of slope when
switching between FC/EC modes), showing high performance in elec-
trolysis mode. In an atmosphere containing 50 % steam with 50 % Ho,
the current obtained at thermoneutral voltage is -1.25 A cm™2 In a
higher steam content atmosphere with 90 % steam, the current at Vy,
exceeds -1.75 A cm ™ 2. For cells operating at 750 °C, these are very good
results. For comparison, a state-of-the-art cell with an infiltrated hy-
drogen electrode has shown a current density of -1 A at 1.15 V in 90/10
H,0/H, at 800 °C (70 % steam conversion), whereas our cells show a
slightly higher performance even at 750 °C (but at much lower con-
version, < 10 %). The fuel cell performance is also good; a maximum
power density of ~1 W cm ™2 can be achieved. The cell loses power
only slightly when operated in 50:50 steam:H, gas in comparison to
pure hydrogen.

The impedance spectra measured at OCV as a function of the steam
content are presented in Fig. 5 C, and the respective DRT plots are
presented in Fig. 5 D. The pH,O has an effect on the higher frequency
and lower frequency processes, which might indicate that these pro-
cesses are related to the hydrogen electrode (as the gas on the oxygen

Cell name: Description Ohmic resistance: Polarisation resistance: Total ASR at OCV: Tangent ASR: Maximum power density:
mQ cm? mQ cm? mQ cm? mQ cm? mW cm ™2

Cell-0 No barrier layer (800 °C) 82 17,300 17,382 ~39,100 8

Cell-1 Commercial cell 184 305 489 325 800

Cell-2 Powder-processed CGO 173 136 309 325 800

Cell-3 ~300 nm CGO 140 154 294 324 730

Cell-4 ~700 nm CGO 95 114 209 235 990

Cell-5 ~1500 nm CGO 100 106 206 306 810
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Fig. 4. Microstructure and elemental line-scans of the cells with CGO prepared by spray pyrolysis: A and B) with 300 nm CGO; C and D) with ~700 nm CGO; E and F)

with ~1500 nm CGO.

side was not changed). P1 has been ascribed to the Ni/YSZ-tpb reaction,
whereas the P2 and P3 can be possibly ascribed to gas conversion. In-
terestingly, P1 intensity decreases monotonically with the pH,O in-
crease. For P2 and P3, the increase of pH,O from 0% to 50 % also
results in decreasing intensity of the peaks, which increases again for a
steam rich atmosphere.

The cell was tested for durability in fuel cell working mode. After

the initial testing, the cell was operated at current densities of 100 mA
cm ™2, 250 mA cm ™2, and 500 mA cm~? for 10 h, 90 h, and ~420 h,
reaching ~520 h in total. The voltage development of the cell during
operation is presented in Fig. 6 A. The initial power density reached a
value of ~1050 mW cm ™2 after some initial increase in the first few
hours. After ~520 h, the power density is lowered to ~600 mW cm ~2
as shown in Fig. 6 B. The cell degraded quite considerably during the

Fig. 5. Electrochemical performance of cell with ~700 nm CGO layer prepared by spray pyrolysis: A) power density characteristics, B) current-voltage char-

acteristics, C) impedance spectra, D) DRT analysis of spectra shown in C).
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Fig. 6. Results of longer term performance test: A) cell potential / power density vs. time and current load, B) current voltage and power density characteristics, C)
impedance spectra and DRT analysis, D) microstructure of the aged cell and hydrogen electrode active regions: E) before and F) after aging.

first 300 h, but then the degradation rate lowered and flattened for the
last ~100 h. Comparing the impedance plots shown in Fig. 6 C, changes
in the ohmic resistance and electrode polarisation can be seen. The
ohmic resistance increases from ~100 mQ cm? to 122 mQ cm?, which
constitutes a 30 % relative increase. The inset of Fig. 6 C shows DRT
plots of the impedance spectra. As seen in the spectra, a large increase
of the higher frequency electrode polarisation process (P1) occurred.
The resistance of this process almost tripled. The lower frequency
contributions (P2 and P3) have very similar values before and after
aging.

The P1 process, being connected to Ni/YSZ-tpb, drives the de-
gradation of the fuel cell. The degradation is caused by nickel segre-
gation, coarsening etc, and is a typical degradation process observed for
nickel-YSZ electrodes [44,45].

Microstructural analysis of the cell after aging confirmed changes in
hydrogen electrode microstructure and no visible change in the CGO
barrier layer microstructure (Fig. 6 D and Figure S2). Comparing the
electrochemically active region of the hydrogen electrode (close to the
interface with the YSZ electrolyte) between the cell before aging
(Fig. 6E) and after aging (Fig. 6F), nickel agglomeration can be ob-
served. In the initial state, some nickel particles could be found directly
at the interface with YSZ, but after aging, the number of these particles
seems to be visibly lower.

4. Conclusions

In this work, several types of CGO barrier layers were evaluated for
their effectiveness in blocking the interdiffusion between an Sr-con-
taining oxygen electrode and a YSZ electrolyte. A cell with no barrier
layer showed high electrode polarisation resulting in very low power
density. Powder-processed CGO layers, with thicknesses in the range
5—10 pum, on both a commercial and in-house developed cell showed
good performance, however they show a small diffusion of Sr to the
YSZ, which probably occurred during the high temperature sintering of
the layers (> 1000 °C). Alternative, low-temperature processed barrier
layers were produced by the spray-pyrolysis process. These layers
showed high efficiency in blocking the interdiffusion. The thinnest
evaluated barrier layer, ~300 nm thick, resulted in performance only
slightly inferior to the powder processed layers. The thicker layers, with
thicknesses of ~700 nm and 1500 nm, resulted in improved perfor-
mance. The overall best performance was found for the ~700 nm thick
CGO barrier layer. It showed low ohmic resistance, low electrode
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polarisation and resulted in a power density ~1 W ecm™2 at 750 °C.
Based on the results, the main advantage of using spray-pyrolysis bar-
rier layers is their low ohmic resistance, resulting directly in increased
cell performance. Detailed studies of the in-house developed cell (at
TaipeiTech) with the ~700 nm CGO barrier layer were performed,
including tests in fuel cell and electrolysis modes. The cell showed high
current densities in electrolysis mode. At a thermoneutral voltage of
1.29 V, the current density exceeded 1.7 A cm ™2 at 750 °C (in 90 % H,0
+10 % Hy). The durability of the cell was studied in fuel cell mode. The
500 -h-long test showed degradation, decreasing the power output from
the initial 1000 mW cm ™2 to ~600 mW cm ~ 2. This is likely caused by
Ni/YSZ-tpb degradation, not directly related to the barrier layers.
Therefore, the spray-pyrolysis developed barrier layers are very pro-
mising candidates for high performance cells, offering performances
higher than those achieved for typical, powder-processed barrier layers.
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Results
Cell with no barrier layer

First, we report the results of a test of a cell without a barrier layer (noCGO cell). In this case, the LSCF oxygen
electrode was deposited directly on the YSZ electrolyte in a hydrogen electrode supported cell (produced by
TaipeiTech) and sintered at 1050 °C for 2 hours. The current-voltage / power density measurement results of
the cell are presented in Figure S1 A. The power exhibits very low maximum power density: only ~8 mW cm-
2, The impedance spectra of the cell at OCV (open circuit voltage) is presented in Figure S1 B. Interestingly,
the series (ohmic) resistance of the cell is rather low, ~0.1 Q cm2. On the other hand, the polarisation
resistance of the cell is very high, almost 18 Q cm?. The scanning electron microscopy image (Figure S1 C)
shows the interface between the YSZ and the LSCF electrode. There is no large reaction layer formed between
the layers, that would be clearly visible. Chemical analysis, based on energy dispersive spectroscopy, shows
accumulation of Sr at the interface, visible both in the elemental map (Figure S1 D) and in the line-profile
(Figure S1 E). The width of the reaction layer is ~1 um based on the line-scan.

The result indicates, that the lack of a barrier layer results in very poor performance of the noCGO cell. The
achieved power density is ~2 orders of magnitude smaller than what is reported for YSZ-based cells with a
LSCF electrode and a barrier layer under similar conditions [38].

Figure S1. Electrochemical performance and microstructure of LSCF oxygen electrode on YSZ electrolyte —
without the barrier layer: A) current-voltage and power density characteristics, B) impedance spectra, C)
SEM cross-section image, D) compound EDS elemental map, E) line scan analysis across the LSCF-YSZ
interface.
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Larger images of the cell with 700 nm thick CGO barrier layer prepared by spray-pyrolysis are presented in
Figure S2. The barrier layer remained continuous with no visible microstructural changes. The hydrogen
electrode shows change in nickel morphology.

.“ 3 u‘

f .. 1&‘}‘3;.". =

Figure S2. Microstructure of the cell with 700 nm thick CGO barrier layer before (A, B) and after 500 hours
long durability test.
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4.4. Deposition and Electrical and Structural Properties of Lay.cSro.«CoOs Thin

Films for Application in High-Temperature Electrochemical Cells.

Kolejna praca opublikowana w czasopismie Journal of Electronic Materials jest
wprowadzeniem do badan nad warstwami aktywnymi elektrody tlenowej. W tej publikaciji
wykorzystano metode pirolizy aerozolowej do wytworzenia cienkich (<1um) warstw wysoce
aktywnego elektrokatalitycznie materiatu elektrodowego LaoeSro4CoOs (LSC) na podiozu
szafirowym. Przygotowany materiat w formie cienkiej warstwy zostat scharakteryzowany pod
katem jego wiasciwosci elektrycznych, strukturalnych i funkcjonalnych w zakresie temperatur od
400°C do 1100°C. Dodatkowo przeprowadzono analize mikroskopowg warstw napylanych z
wykorzystaniem réznych ilosci prekursora polimerowego w celu okreslenia optymalnej ilosci w

celu uzyskania jednorodnej i ciggtej warstwy materiatu.

Przygotowane warstwy LSC po napyleniu w temperaturze 400°C byly poczatkowo
amorficzne i zawieraly pozostato$ci prekursora polimerowego na co wskazaty badania
spektroskopig fourierowska (FTIR). Ekspozycja warstw w temperaturze 600°C spowodowata
usuniecie pozostato$ci zwigzkéw organicznych i zapoczatkowata krystalizacje materiatu w
szesciennej strukturze perowskitu o pozgdanej zawartosci kationéw. Dalszy wzrost temperatury
wygrzewania do ~900°C spowodowat dalszg krystalizacje materiatu powodujac rozrost ziaren
tworzgcych warstwe. Pomiary przewodnos$ci elektrycznej warstw eksponowanych w réznych
temperaturach wskazat maksimum przewodnosci elektrycznej w temperaturze 800°C osiggajgc
warto$¢ 1300 S-cm? Wygrzewanie warstw w wyzszych temperaturach powodowato dyfuzje jonow
strontu w kierunku podtoza szafirowego i spadek wartosci przewodnosci. W Przypadku warstw
wygrzewanych w temperaturze 1000°C praktycznie catos¢ strontu przedyfundowata do
alundowego podioza. Analiza diagramu fazowego pokazata, ze SrO i AlO15 utworzyly kilka
stabilnych termodynamicznie faz w catym zakresie skladu i temperatury. W badaniach
wykorzystano réwniez model analityczny rozktadu naprezen do przewidywania, na jakie
naprezenia narazony bytby materiat dwuwarstwowy podczas schtadzania z temperatury

wyzarzania do temperatury pokojowe;.

Uzyskane wyniki pokazuja, ze piroliza aerozolowa jest prostym, ale wydajnym procesem,
ktéry mozna wykorzysta¢ do osadzania ztozonych materiatéw o strukturze perowskitu w niskich
temperaturach co umozliwia badanie wtasciwosci materiatéw w funkcji temperatur obrébki w
szerokim zakresie. Wysoka przewodnos$¢ elektronowa i wysokiej jakosci mikrostruktura warstw
LSC, ktérg mozna regulowac za pomocg odpowiedniej procedury obrobki cieplnej, sprawiaja, ze
nadajg sie one do zastosowan urzgdzeniach elektrochemicznych stosowanych w zintegrowanych

modutach energetycznych, w tym elektrodach czy kontaktach elektrycznych.

Gléwnym osiagnieciem przeprowadzonych badan bylo opracowanie metodologii
wytwarzania warstw funkcjonalnych LSC metodg pirolizy aerozolowej z mozliwoscig
kontrolowania mikrostruktury warstwy jednoczesnie wptywajac na parametry elekiryczne

wytwarzanych materiatow.
77
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M¢6j udziat w przygotowaniu publikacji polegat na przygotowaniu prekursora
polimerowego i optymalizacji parametrow nanoszenia warstw w celu otrzymania warstw LSC
wolnych od wad i defektéw. Przygotowatem prébki do badan na podtozu szafirowym, ktére
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wartosci przewodnosci elektrycznej w szerokim zakresie temperatur, wykonatem pomiary AFM
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manuskryptu w czesci eksperymentalnej obejmujgcej wyniki wyzej wymienionych pomiaréw oraz

bratem udziat w korekcji manuskryptu i przygotowaniu odpowiedzi w trakcie recenzji.
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Deposition and Electrical and Structural Properties
of Lag gSrg 4C0o005 Thin Films for Application in High-
Temperature Electrochemical Cells
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Low-temperature deposition of electroceramic thin films allows the construc-
tion of new devices and their integration with existing large-scale fabrication
methods. Developing a suitable low-cost deposition method is important to
further advance the development of microdevices. In this work, we deposited a
1-um-thick Lag gSrg 4Co03_s (LSC) perovskite with high electrical conductiv-
ity on sapphire substrates at 400°C and analyzed its electrical, morphological
and structural properties as a function of temperature in the range of 400—
1100°C. The results show that spray pyrolysis can be used to deposit high-
quality reproducible layers with the desired chemical and phase composition.
Upon heating to around 600°C, the residual C—O and C=0 species are re-
moved, and the deposited layers crystallize and become conducting. The
dependence of electrical conductivity versus processing temperature has a
complex character—the maximum conductivity is found for layers processed
at 800°C. An analytical model of stress distribution was used to predict stress
to which the bi-layer material would be exposed to while being cooled down
from the annealing temperature to room temperature. The high electronic
conductivity and high-quality microstructure of the LSC layers, which can be
adjusted with the appropriate heat treatment procedure, make them suit-
able for applications in electrochemical devices applied in integrated energy
modules, including electrodes or contacts.

Key words: Thin film, spray pyrolysis, mixed electronic ionic conductor,
electrical conductivity

INTRODUCTION

Mixed electronic-ionic conductors (MIEC) materi-
als are the basic building blocks for many important
devices: sensors, micro-mechanical systems, fuel

(Received February 25, 2019; accepted June 11, 2019;
published online June 27, 2019)

5428

cells and others.™ Their integration into working
devices depends on the availability of proper fabri-
cation techniques. For applications in microelec-
tromechanical systems (MEMS), active layers
should be prepared at low temperatures to avoid
the degradation of the other components, which can
happen when sintering at high temperatures.®™®
Spray pyrolysis is a versatile deposition method
that is already used in the electronics industry,
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Application in High-Temperature Electrochemical Cells

especially in the fabrication of gas sensors (direct
integration with CMOS processes) and solar
cells.”!” Unlike in the case of tyPical fabrication
methods such as screen printing,'! layers can be
formed at temperatures that do not exceed
400°C.'?71* Spray pyrolysis has been also studied
as a possible method for the deposition of elec-
trolytes and electrodes for miniaturized solid oxide
fuel cells (SOFCs).'5!® These fuel cells offer high
energy conversion efficiency, and in some a}l)glica-
tions they can compete with Li-ion batteries.'®1%2°

The performance of SOFCs at low temperatures is
often described as being limited by a sluggish
oxygen reduction reaction.?’~?®> New materials are
therefore being sought and improved fabrication
methods (for example allowing nanocrystalline
materials) are being developed.

Most oxygen electrode materials belong to the
perovskite family.?*?® The perovskite structure is
described by a general formula ABO3, where A and
B are cations with a total charge of + 6. The larger A
cation (e.g. La, Sr) with lower valence is coordinated
to 12 oxygens, whereas the smaller B-site cation
(e.g. Fe, Co, Ti) is coordinated to six oxygen atoms.
In the case of charge deficiency (cation total
charge < + 6), the difference is compensated by
the formation of oxygen vacancies, and mixed ionic
electronic conductors can thus be formed. Because
there are many possibilities for selecting A and B
cations, the multitude of perovskite materials can
be studied.

Lanthanum-strontium cobaltite (Laj.,SryCoOs;.
s—LSC) perovskite is one of the most interesting
oxygen electrode materials for use in solid oxide
cells.? 2% Tts electronic structure with high elec-
tronic and ionic conductivities make it a very good
oxygen reduction/oxidation catalyst for application
in fuel cells and electrolytic cells.?**® One of its
drawbacks is its high thermal expansion coefficient
(TEC), which prevents its application at high tem-
peratures due to thermal stresses arising between
the components. The TEC of LSC has been reported
to be ~ 20.5 x 1076 K~! in the temperature range
of RT-800°C.?' For comparison, TEC for the yttria-
stabilized zirconia electrolyte is ~ 10.8 x 10 5 K*
32 and for c-plane sapphire it is ~ 7.7 x 107 K~ 1.
There is thus a very significant TEC difference
between the materials.

The drive towards lowering the operating tem-
perature of SOFCs has increased the intensity of
research on LSC-based materials, their properties
and applications in both fuel cells and electrolgftic
cells. In a study by Zhang-Steenwinkel et al.,”® a
state-of-the-art LSC oxygen electrode was used in
an anode-supported cell with optimized diffusion
barrier layers. This cell achieved a power density of
1 W em 2 at 600°C, which can be considered an
important milestone, since the cell employed an
yttria-stabilized zirconia electrolyte, which is typi-
cally used at > 700°C. Other important applica-
tions of LSC include nanoelectrodes prepared via

the impregnation of porous backbones/scaffolds
using precursor solutions.>*3® High-performance
electrodes are produced by means of repetitive
impregnation with intermediate heating. Since a
relatively low heat treatment temperature (500-—
700°C) can be maintained, small grains of the
infiltrated phase are formed, enhancing the effec-
tive length of triple phase boundaries available for
the oxygen reduction reaction. Another approach to
the fabrication of high-performance electrodes is the
incorporation of a dense interfacial layer between
the electrolyte and the porous electrode. This leads
to very high performance of protonic and oxygen
conducting cells®**? and seems to be a very promis-
ing approach with great potential. Developing a
suitable deposition method that would provide
microstructural and chemical control of the pro-
duced films is essential for making further improve-
ments and obtaining more efficient electrochemical
devices.

This work presents the fabrication of LSC thin
layers on sapphire single crystals via low-tempera-
ture spray pyrolysis (~ 400°C). These layers can
find applications in electrocatalysis as well as
modern gas sensors, electronic conductors, memris-
tors and fuel cells, which can be used as part of
integrated energy modules. Deposition is followed
by electrical characterization and post-mortem eval-
uation of structural and morphological features.

EXPERIMENTAL
Deposition of Films

The (LaggSrg4)Co03.5(LSC64) layers were pre-
pared by spray pyrolysis on sapphire single crystal
substrates (c-splane cut, dimensions
10 x 10 x 0.5 mm®, single side polished, Adval-
ueTech, USA). Prior to use substrates they were
cleaned in acetone in an ultrasonic bath. Spray
pyrolysis was performed using a commercial air-
brush (Paasche VLS, USA) operated with com-
pressed air (2 bars). The spraying distance to the
hotplate was ~ 50 cm. In this setup the sprayed
area was ca. 10 cm in diameter. The hot plate was
heated to 390°C (controlled by a thermocouple
mounted below the sample). The precursor solution
was fed to the airbrush using a syringe pump (Ascor
AP14, Poland). A dosing rate of 2.5 mL min~! was
used after prior optimization of the deposition
parameters. The solutions were prepared by mixing
liquid solutions of metal salts with the pre-deter-
mined cation content (by thermogravimetric analy-
sis). Lanthanum, strontium and cobalt nitrate
(POCH, Poland) solutions were used. Precursor
solution was composed of 9:1 volume ratio of
tetraethyleneglycol (4EG) and water (including the
dissolved cations).

For the analysis of the thickness of the layer in
the function of the sprayed precursor quantity,
samples were prepared from 0.5 mL, 1 mL, 2 mL,
and 10 mL solutions. For each type two samples
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were prepared. For the subsequent characteriza-
tion, samples were prepared using 10 mL of solu-
tions. Ten samples were prepared for the detailed
characterization. Two samples were used for the
electrical conductivity study, whereas the remain-
ing ones were used to prepare a set of samples with
different thermal processing history. Samples were
heat treated at 500°C, 600°C, 700°C, 800°C, 900°C,
1000°C and 1100°C for 2 h (heating rate: 3 K/min,
cooling with furnace) for further analysis.

Electrical Conductivity

The direct current electrical characterization of
the thin layers was conducted using the van der
Pauw method. Square 10 x 10 x 0.5 mm sample
was contacted at the corners by Pt wires attached by
silver paste. Wires were connected to an automated
measurement system: electrode multiplexer and a
Keithley 2400 SourceMeter. The multiplexer
changes the electrodes as required by the van der
Pauw technique. System also checks for any possi-
ble thermovoltage occurrence by switching current
directions. The constant current working mode was
used with a current value of 0.1-1 mA depending on
the resistance value. The measurement was per-
formed in sequential temperature ramps. After each
longer dwell (10 h), starting from 600°C, the tem-
perature was lowered in steps by 50°C (15 min
ramp) and held for 30 min at each temperature.
After reaching 300°C the temperature was
increased to reach 50°C before the previous maxi-
mum temperature.

Microstructural Characterization

The microstructure of the samples was analyzed
by x-ray diffraction (XRD) using a Bruker D2
Phaser diffractometer with Lynxeye XE-T detector
with CuK,; radiation (A = 0.15406 nm). The Fourier
transform infrared radiation (FT-IR) spectra were
recorded using the attenuated total reflection (ATR)
mode on a Perkin Elmer Frontier spectrophotome-
ter with resolution of 2 cm ™! in the range of 4000—
900 cm'. Samples were studied directly after the
deposition and samples annealed at 500°C and
600°C. The morphology of the obtained samples
was investigated by scanning electron microscopy
(FEI Quanta FEG 250) with an ET (Everhart—
Thornley) secondary electron detector at an accel-
eration voltage of 20 kV. For elemental analysis, the
energy dispersive x-ray spectroscopy (EDS) was
performed by EDAX Genesis APEX 2i with ApolloX
SDD spectrometer. Atomic force microscopy (AFM)
was performed using a Nanosurf Easy Scan 2
working in the contact mode.

Phase Diagram Calculation

A phase diagram of AlO;5-SrO was calculated
using FACTSAGE Thermochemical Software and
Databases.*’
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Bi-Axial Stress Calculation

The calculations were based on works by
Hsueh**? for an n-layered structure with compos-
ite material properties derived by averaging the
material properties of each layer, weighted by layer
thickness. Hsueh’s model allows the layers to have
individual thermo-elastic material properties. This
formulation was chosen because it provides an exact
solution for the stress in the substrate and coating
layers from a set of closed form equations. In this
calculation the free bottom surface of the sapphire
substrate is located at z = 0 and the free top surface
of LSC is located at z = hy + hy (thickness of the
substrate + thickness of the layer). When the bi-
layer is cooled down from the annealing tempera-
ture to room temperature, it experiences an uncon-
strained differential shrinkage due to the cooling
temperature range (AT), such that thermal strains,
o;AT and asAT (x—thermal expansion coefficient),
exist in the sapphire substrate and LSC layer,
respectively. Uniform tensile/compressive residual
stresses are evolved in the individual layers for
displacement compatibility, such that the strain in
the bi-layer is a constant, ¢, and the net force on the
system remains zero. Bending of the hybrid struc-
ture in consequence occurs induced by asymmetric
stresses in the system.

By decomposing the total strain in the bi-layer
material into a uniform and a bending component,
the in-plane biaxial stress distributions in the
sapphire substrate and LSC coating, ¢; and oo,
are:*?

o1 = Ej(¢ — 01 AT) for sapphire layer (1)

o9 = Ej(e — a9AT) for LSC layer (2)

where ¢—strain, E¥ = E/(1 — v) is the biaxial mod-
ulus, E and v are Young’s modulus and Poisson’s
ratio, respectively. Both ¢; in the substrate and o,
in the above equations are functions of film
thickness.

RESULTS AND DISCUSSION
Fabrication of Layers

Spray pyrolysis is a droplet deposition-based
method. The film is built through a sequential
deposition of droplets splashing on a heated surface.
In order to cover the entire surface, air atomized
droplets must randomly cover the whole area. It is
interesting to study the thickness limits for this
method, where the full coverage of the substrate
will occur and uniform film build-up will start.

Figure 1 presents SEM images of sapphire sur-
faces with different amounts of precursor sprayed.
For 0.5 mL (spraying time 12 min), roughly 88% of
the surface is covered by the deposits (bright areas
correspond to the insulating sapphire sub-
strate—contrast used to calculate image coverage
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Fig. 1. SEM images of layers (surfaces) prepared with different amounts of precursors: 0.5 mL (a, e), 1 mL (b, f), 2 mL (c, g), 10 mL (d) and

20 mL (h).

percentages), whereas for 1 mL precursor > 98% of
the surface is covered (spraying 24 min), but still,
some small bright spots remain. When 2 mL of the
solution is sprayed (spraying time 48 min), only a
few small uncoated spots are noticed. For larger
volumes (e.g. 10 mL, 20 mL) surface coverage is full
with no substrate visible. From SEM analysis of the
cross-sections (not shown here), the thickness for
the 0.5 mL sample is ~ 50-100 nm, for the 1 mL it
is 100 nm and for 2 mL the thickness is ~ 200 nm.
Thicknesses of 1-2 um are achieved for 10/20 mL of
the spraying solution, so a linear scaling of the
thickness versus the precursor amount seems to
occur, as expected for a physical deposition process.
Through the years there has been discussion
about the possible nature of the spray pyrolysis
process—whether it is a physical vapor deposition
(droplet) or chemical vapor deposition process.
Based on the droplet pattern, clearly visible on the
surface, at least the droplet delivery to the surface
and its splashing can be considered a physical
process. How exactly the splashed precursor trans-
forms to the amorphous, crystalline-amorphous or
crystalline deposit is not clear, nor is the aim of this
work to resolve this. Potentially a local CVD process
can be possible due to vaporization of the precursor.
As has been presented, a proper deposition temper-
ature to solvent boiling temperature ratio plays an
important role. If the temperature is too high there
will be no continuous film formation, and if the
temperature is too low there will be too thick deposit
that will shrink and form severely cracked layer.
In our study, the ratio of the solvent boiling
temperature (328°C) to the deposition temperature
(390°C) is 0.89 (in absolute temperatures), which
agrees well with the range given by Beckel et al.*3
In order to ensure full surface coverage and
uniform coating for electrical characterization,

samples with 10 mL precursor were prepared. This
amount  should result in layers with
thicknesses ~ 1 um.

ELECTRICAL CONDUCTIVITY STUDY

In order to determine the effect of heat treat-
ments on the electrical properties of the prepared
thin films, electrical conductivity study following a
step-like behavior was carried out. During the first
heating to 600°C, the sample increases its conduc-
tivity by several orders of magnitude. Previous
studies revealed that up to 550°C, the sample has
very a high resistance (not measurable in our
setup). Above 550°C crystallization occurs, and the
sample starts to conduct electrically to a measurable
extent. This is visible in the first 5h of the
measurement. The electrical conductivity seems to
reach maximum values after exposure to 800°C.
After the temperature cycles, layer was cooled down
to near room temperature (50°C). The electrical
conductivity of LSC remained very high
(~ 600 S cm™ 1) even at room temperature (Fig. 2).

The longer (10 h) isothermal holds are plotted
together in Fig. 3a and b. Monotonic increase of the
electrical conductivity over the holding time is
observed at temperatures from 600°C to 800°C.
For temperatures 700°C, 750°C, and 800°C the
extent of increase is quite similar. Above 800°C a
decrease of electrical conductivity is observed. At
900°C the conductivity deteriorates much faster
than at 850°C.

Using the data measured during cooling after
each dwell, temperature dependence of electrical
conductivity was plotted, as shown in Fig. 4a and b.
The film processed at only 600°C exhibits a maxi-
mum of conductivity (~ 450°C). Higher processing
temperatures lead to a monotonic increase in total
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Fig. 2. Plot of the electrical conductivity values measured continuously in the programmed time—temperature sequence.

Fig. 3. Electrical conductivity of layers measured during the isothermal holds at different temperatures. Lower temperatures are presented
separately (a) for clarity from higher temperatures (b).

Fig. 4. Electrical conductivity values presented as a function of measurement temperature (a) and as a function of maximum processing
temperature (b).

electronic conductivity and to metallic type behavior heat treatment at 800°C. In contrast to many other
of conductivity as a function of temperature. The perovskites, electrical conductivity of LSC decreases
maximum electrical conductivity is reached after with the increase of the temperature (metallic-like


http://mostwiedzy.pl

A\ MOST

Deposition and Electrical and Structural Properties of Lag ¢Srg4CoO3 Thin Films for 5433

Application in High-Temperature Electrochemical Cells

behavior). This type of behavior has been described
to be due to a decrease of the electron hole (charge
carrier) concentration with an increasing tempera-
ture®® and is characteristic for Sr content of 0.4, for
materials with lower Sr content LSC shows a
thermally activated electrical conductivity.**

The complex electrical conductivity dependence
on the processing temperature might be caused by
several competing processes. One mechanism might
be based on the different contributions of grains and
grain boundaries, as their relative fraction changes.
At lower temperatures the grains are smaller, thus
the relative fraction of the grain boundaries is
higher. At higher temperatures, the grains are
larger and the fraction of grain boundaries is lower.
At higher temperature also formation of porosity
due to grain growth might negatively influence the
conductivity. Because of a large thermal expansion
coefficient mismatch between the substrate and
ceramic layer some cracking and delamination is
also possible, though no large and rapid changes in
the electrical conductivity plots were noticed.
Mechanical issues are discussed in later parts.
Another possibility that can cause changes in
material properties is the possible surface segrega-
tion of Sr,* although that would be more visible in
electrochemical measurements than in electrical
conductivity measurements. In the case of thin
films, where the Sr amount is limited, surface
segregation might potentially change the inner
composition. An interesting observation of surface
recrystallization has been made by Tripkovié et al.*®
During work at intermediate temperatures, the
surface exchange coefficient can decrease consider-
ably. By annealing at higher temperatures the
surface might come back to its initial properties.
This recrystallization influenced only the electro-
chemical measurements, but is nonetheless an
important and underestimated phenomenon.
Finally, as discussed later in the manuscript, there
is a chemical reaction between the LSC and sap-
phire, where the chemical composition change con-
siderably, especially at temperatures > 900°C.

For comparison with other materials, Mosleh
et al. have studied electrical conductivity of
Lag ¢Srg 4FeOs films on MgO substrates as a func-
tion of thickness.*” The layers were produced by
pulsed laser deposition. The total apparent conduc-
tivity of the layer was found to increase with
increasing film thickness, approaching asymptoti-
cally the bulk values. It was noted that the thickness
dependence of conductivity is caused by possible re-
crystallization and change of shape during heat
treatment. In a series of studies of PLD deposited
La,Sr; xCoyFe;.,Osand Lag g5519.1sMnO3 layers by

Ploriczak et al.,*®*° the deposition parameters and

heat treatment procedures played a key role on
layers microstructure—porosity could be controlled
by changing the atmosphere and temperature pro-
files. All these studies show a complex interplay

between the chemical composition, phase and ther-
mal history of the layers on their electrical and
electrochemical response.

The effect of heat-treatment exposures on the
isothermal electrical conductivity values is also
presented in Fig. 4b. Electrical conductivity values
at three different temperatures (measured at 400°C,
500°C, 600°C) are reported for differently exposed
samples (values from the end of isothermal holds
are used). Clearly a maximum is reached for the
layers processed at 800°C. The difference in electri-
cal conductivity between the layer processed at
600°C and 800°C is double the value (~ 600 S cm ™!
at 600 C versus ~ 1300 S cm ™! at 800°C). Exposure
at 900°C results in lowered electrical conductiv-
ity—decreases to the level previously obtained for
the layer held at 650°C.

The maximum level of electrical conductivity
measured in this work (1300 S em™)) is in good
agreement with the reported values.?’ Ullmann
et al. have reported electronic conductivity of
1500 S ecm ™! and ionic conductivity as high as
0.22 S cm ! at 800°C. Conductivity of bulk LSC64
in the form of sintered pellets was studied by Samat
et al.’° They studied the effect of sintering on
electrical conductivity. Pellets sintered at 1200°C
showed conductivity of 1500 S cm~! at 500°C and
presented a metallic-type conductivity. The values
obtained in this work for layers annealed at 800°C
are thus comparable to the values reported for bulk
materials.

In order to describe the effect of different heat-
treatments, microstructure of layers were analyzed
after each processing step.

MICROSTRUCTURE OF SAMPLES

Sample surfaces were analyzed by SEM and AFM
after different temperature exposures to determine
the effects of temperature on grain growth, porosity
formation etc. SEM images are presented in Fig. 5.
Below 800°C the grains are very small and hard to
differentiate clearly. At 800°C grains become clearly
visible and grow with further temperature increase.
At 1100°C a new phase can be observed, with large
crystallites having an octahedral shape.

The surface of the layers after processing at
temperatures < 700°C seems to develop some sur-
face “porosity”. Large randomly distributed
pores/cavities (diameter ~ 100 nm) are visible on
the as-deposited sample and 600°C processed sam-
ple. At 700°C, the pore structure becomes uniform,
cavities are distributed with similar spacing. At
800°C well crystallized grain structure with some
surface porosity is found. The surface porosity
seems to decrease for temperatures > 800°C due
to sintering of the layers.

In comparison to work by, where LSC layers
were deposited by PLD on YSZ and had many
cracks after thermal treatment, no cracks were
observed in our samples, even though a larger TEC
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Fig. 5. SEM surface images of LSC layers on sapphire after different heat treatments: as-deposited (a), after: 500°C (b), 600°C (c), 700°C (d),

800°C (&), 900°C (f), 1000°C (g), 1100°C (h).

Table I. Chemical composition of the layers determined by EDS analysis of surfaces (at.%)

Composition/temperature: a-d* 500°C 600°C 700°C 800°C 900°C 1000°C 1100°C
La 27.9 28.8 26.8 27.4 26.9 28.2 26.8 30.2
Sr 20 19.9 18.2 18.7 17.5 17.4 11.5 5.8
Co 45.9 47.3 43.9 454 43.9 46 42.9 27

Al 6.1 3.9 11.1 8.5 11.6 8.4 18.7 36.9
La/Sr 1.40 1.45 1.47 1.47 1.54 1.62 2.33 5.21
(La + Sr)/Co 1.04 1.03 1.03 1.01 1.01 0.99 0.89 1.33
Al/(La + Sr + Co) 0.065 0.041 0.125 0.093 0.131 0.092 0.230 0.586

*a—d as-deposited.

mismatch is present in our work (YSZ versus
sapphire). Discussion about the thermal stresses
generated due to TEC mismatch follow later in the
text.

Chemical composition of the layers has been
carried out with EDS on small magnification images
(250x, scan area 500 x 500 ym?). La, Co, Sr and Al
cations were used in the calculations of the relative
cation ratios. The measured values are presented in
Table 1.

For temperatures lower than 900°C the measured
lanthanum to strontium ratios are close to the
desired ones (expected value = 1.5). Similarly, the A
site to B site cations ratios are good (expected
value = 1.0). In all measurements there is a clear
signal from Al, coming from the sapphire substrate.
For higher temperatures, starting from 900°C,
strontium signal becomes less intense, suggesting
its diffusion into the substrate. For 1000°C and
1100°C the signal from alumina has increased
considerably, hinting towards possible interdiffu-
sion of the layer with the substrate. As described in

the literature, the LSC shows a tendency for Sr
segregation by itself, which hinders its high elec-
trochemical activity.*>®? Further analyses were
performed by analysis of cross-sections, as pre-
sented in later parts.

In order to analyze grain sizes in more detail,
AFM analyses of surfaces were carried out and are
presented in Fig. 6. Similarly to data obtained by
SEM analysis, nice grain structure is observed for
sample processed at < 800°C. Grain size can be
estimated to be 100-200 nm at 800°C. Increasing
the temperature to 900°C does not lead to a visible
grain growth. Exposure to 1000 C and 1100°C
causes grain growth. Based on the AFM images,
surface roughness parameter (S,) and a real surface
area to geometrical area ratio were calculated,
values are given in Table 2.

Surface roughness increases monotonically with
the increase of temperature. After deposition the
films are smooth (R, ~ 1.6 nm) and due to crystal-
lization and grain formation and growth the rough-
ness increases. Because of surface development, the
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Table II. Surface roughness and area parameters

a-d 500°C 600°C 700°C  800°C 900°C 1000°C 1100°C
R, (S,) [nm] 1.64 2.43 3.47 4.29 5.36 11.29 17.69 19.27
Surface area ratio (real/geometrical) 1.003 1.017 1.015 1.035 1.033 1.170 1.061 1.040

Fig. 6. AFM surface images of LSC layers on sapphire after different heat treatments: as-deposited (a), after: 500°C (b), 600°C (c), 700°C (d),

800°C (e), 900°C (f), 1000°C (g), 1100°C (h).

real surface area increases. The largest increase is
found for the sample after 900°C; the real area
is ~ 17% higher than the geometrical area of the
substrate. Surface roughness and increase of the
real area have important consequences in electro-
catalysis, sensors and other applications, where
interaction of the surface with the surrounding gas
is important.

Studies of the development of the surface
microstructures by SEM and AFM were comple-
mented by x-ray diffractometry (XRD) and Fourier
transform infrared radiation spectroscopy (FTIR).

XRD spectra measured after different heat treat-
ments are presented in Fig. 7. Because of the small
thickness of the ceramic film (~ 1 um), the most
intense peak in all spectra comes from the sapphire
substrate (006 peak, 20 ~ 42.5). For the sample
processed at 900°C, the 003 peak from the sapphire
is noticeable more than for the other samples,
probably due to small misorientation of this partic-
ular substrate.

The spectra after the deposition and annealing at
500°C does not show peaks from the expected LSC

perovskite phase. After annealing at 600°C, peaks
from the perovskite become visible. In this work the
rhombohedral structure is ascribed to the per-
ovskite phase (according to #89-5719 card). Possibly
also the cubic phase can be used for planes indexing
(#89-5717). The precise determination of the phase
is beyond the scope of the publication. Throughout
the literature both phases have been used for
description of the LSC materials. According to the
LSC phase diagram presented by Petrov et al.**
LSC64 should have a rhombohedral structure at
room temperature, that upon heating to higher
temperature should transform into the cubic phase.
Figure 7b presents the main peaks of the per-
ovskite. The position of the peak corresponds well
to the predicted 110 and 104 orientations. The
splitting of the main peak into the two peaks is
however not distinguishable.

The intensity of the perovskite phase increases
with respect to the sapphire peaks intensity, with
temperature increase. Also the peaks become nar-
rower, suggesting crystallite size increase. Unit cell
sizes were calculated assuming a pseudo-cubic
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Fig. 7. XRD spectra of LSC layers on sapphire after different heat treatments: whole range (a) and selected smaller ranges (b, ¢) with main LSC
or reaction peaks. The bottom ticks represent positions of peaks of the rhombohedral phase according to ICDD card #89-5719.

Fig. 8. FTIR spectra of coatings on sapphire after different heat
treatments as-deposited, 500°C and °600 C.

structure from the position of the assumed 110
peak. For 600°C, the unit cell size was 3.933 A, then
for the increased temperatures the cell size becomes
smaller (~ 3.981 A at 700°C, 800°C, 900°C, ~ 3.975 A
at 1000°C and 3.951 A at 1100°C). Comparing with
literature data, Kubicek et al.4f’ reported a pseudo-
cubic cell parameter of 3.835 A for PLD processed
layers on YSZ, so smaller than the one reported here.
Based on the spectra, it seems that secondary phases
form after exposures to 800°C and higher. This is
possibly the SrzAl,Og phase (ICDD-JCPDS card #24-
1187 or some other Sr-Al oxide: e.g. Sr3Al3;0Os5q, card
#2-964), as described by peak position (peaks at
20 = 31.405° and 42.98°). Though the peak at 42.98°
disappears for sample processed at 1100°C, maybe
due to preferential orientation during reaction with
monocrystalline sapphire. When more severe reaction
occurs at 1100°C, as evidenced by more intense
Sr-Al-O peaks, clear 110 peak shift occurs towards
lower cell parameter. Additionally, a new peak
41.2° forming at 1100°C might belong to the LaAlO3
phase (card #31-22).

In addition to XRD, FTIR analysis of samples was
also performed. FTIR allows to see whether the
sample contains carbon—oxygen species by detecting
their bonds vibrations. Measured spectra are shown
in Fig. 8. For the as-deposited sample, strong
signals from the C-O bonds are detected. They
become smaller after exposure to 500°C and com-
pletely vanish after processing at 600°C (the same
spectra were obtained for higher processing tem-
peratures). Additionally, annealing at 500°C shows
new a C = O band, which confirms the degradation
process of polymeric precursor.

By XRD it was shown that the layer crystallizes
at 600°C, and from FTIR analysis it can be con-
cluded that at the same temperature the carbona-
ceous species are removed from the sample. After
deposition, the layer contains some leftover C-O
and C=0 bonds from the solvents used, and pro-
cessing at 600°C is required to remove them.

Sample microstructures were also analyzed on
their polished cross sections. SEM images are
presented in Fig. 9. For the as-deposited and
500°C processed layers the adherence of the layer
to the sapphire substrate has been weak—a delam-
ination/detachment has been observed. That might
be due to epoxy shrinkage during curing—the layers
had poor bonding to the substrate and has been
pulled off. For the crystallized samples no delami-
nation occurred. Samples processed below 1000°C
show similar microstructure with no easily distin-
guishable grains. At 1000°C and 1100°C larger
grains can be observed. New phase formation was
detected by XRD at 800°C, but it is not visible by
SEM. After processing at 1100°C a reaction between
the sapphire and LSC has been observed.

In order to determine the extent of reaction
between the sapphire substrate and the LSC layer,
EDS analyses of the sample cross sections after
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Fig. 9. SEM images of polished cross-sections of LSC films after different heat-treatments as-deposited (a), after: 500°C (b), 600°C (c), 700°C
(d), 800°C (e), 900°C (f), 1000°C (g), 1100°C (h) with higher magnification image of the 800°C processed sample (i).

Fig. 10. EDS linescans of layers after heat treatment at 1000°C (a) 900°C (b), 1000°C (c) and 1100°C (d). The insets show the scanning line

position across the interface.

exposures at 800°C, 900°C, 1000°C and 1100°C were
performed. Results of linescan analysis of Al, Sr, La
and Co are shown in Fig. 10a, b, ¢ and d. For the
LSC layer annealed at 800°C, a nice narrow profile
of the La, Sr and Co cations distribution is visible.
There seems to be no interaction with the substrate.
For the layer annealed at 900°C, a clear change in
Sr distribution is observed. The Sr signal is found in

the sapphire substrate. Profiles of La and Co are
still contained in the original layer. Even more
severe diffusion of Sr is visible for samples after
annealing above 900°C. After 1000°C Sr is still
present in the LSC layer, but also gives a noticeable
signal inside the sapphire substrate. After process-
ing at 1100°C, Sr signal from the LSC layer is not
visible, the Sr profile lies inside the sapphire
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substrate. Clearly, Sr reacted with sapphire by
diffusing into the substrate. To a large extent also
Co has reacted with the substrate. It is also possible,
that the Al diffused into the initial LSC coating. The
profile of the Al signal shows some possible diffu-
sion. Depletion of Sr in the LSC layer leads to the
observed unit cell size change (decrease of size) as
observed by XRD; however, it does not cause phase
change of the LSC material. According to XRD, after
even after 1100°C, the LSC still remained as a
regular perovskite phase even though most of Sr
diffused into the sapphire. In general, it seems that
LSC is very active towards a reaction with sapphire,
and processing at temperatures exceeding 800°C
leads to strong interdiffusion. It might be connected
to the reported electrical conductivity maximum,
which is found for the sample processed at 800°C
and for higher processing temperature it decreases,
as presented in Fig. 4. For conductivity data mea-
sured during the isothermal holds presented in
Fig. 3, gradual decrease of conductivity is observed
for annealing at 850°C and higher. This is probably
directly connected to the interdiffusion of elements
between the LLSC layer and the substrates.

In order to describe the observed reactivity of the
LSC with sapphire more thoroughly, a phase dia-
gram of the SrO-AlO, 5 system was calculated and is
presented in Fig. 11. Six complex compounds exist
in the studied system: Al;5SrO9, Al;SrO;, low
temperature Al,SrO,4, high temperature AlySrOy,
AlySr30g, and Al;Srs5066. Alumina can easily react
with SrO forming different thermodynamically
stable compounds depending on the composition.

As determined with the XRD analysis, the com-
pound Al,Sr3Og can form during heating to high
temperatures.

MECHANICAL PROPERTIES OF LSC
ON SAPPHIRE: ANALYTICAL MODEL

The LSC thin film was deposited on sapphire
substrates at 400°C and then annealed at 500-
1100°C to stabilize the microstructure and desired
properties. Because of a large TEC mismatch,
the annealing and subsequent cooling procedure
introduces thermal stresses and bending in
the bi-layer structure. In the present study,
AT = Tannealing — Troom , Which is used to calculate
the biaxial thermal stresses in the examined mate-
rials. The elastic properties of the constituent layers
used for calculations are listed in Table 3. Shown in
Fig. 12a is the stress profile within the sapphire
layer after cooling from 800°C to room temperature.
A gradual reduction from tensile (in the bottom free
surface of the sapphire layer) to compressive stress
(close to the interface) was observed. In the coating
layer (Fig. 12b), however, a very high constant
tensile stress was obtained through its thickness.
In practice, though, no delamination and/or crack-
ing was observed in the coating layer. Figure 12¢
shows the evolved stress within the coating layer
after cooling from different annealing temperature.
It was seen that the lower annealing temperature
is, the lower residual stress is obtained after cooling
the sample.

It is worthy to note that in the presence of the
temperature dependence of thermal expansion, E-

Fig. 11. SrO-AlO, 5 phase diagram.
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Table III. Thickness and elastic properties of the materials used for calculations

Material/properties E [GPa]
Sapphire 426
('l to c-plane)

LSC 135

thickness [ym] TEC [K™1]
0.31 500 7.7 x 1078
0.3 1 20.5 x 1078

Fig. 12. Calculated stresses developed in the substrate and LSC layer after cooling down from 800°C to room temperature in the sapphire
substrate (a), in the LSC layer (b), dependency of maximum stress evolved in LSC layer on the annealing temperature (c).

modulus and Poisson’s ratio, the thermal strain
should be obtained by replacing an integral of the «,
E or v with respect to the temperature. For this
study we used the average o« within the temperature
range, as well as the average E* and v. For LSC
material, it has been shown that Young’s modulus
varies from ~ 135 GPa at room temperature to
130 GPa at 1000°C'®® which is not significant.
Moreover, our calculations, not shown here, showed
that the evolved stress is significantly dependent on
layer thickness and TEC mismatch of layer and less
dependent to difference of Young’s modulus and
Poisson’s ratio. Hence, even if Young’s modulus of
any layer changes with temperature it doesn’t
highly influence the stress level within layers.

A very high stress calculated in this work for the
LSC layers does not result in visible cracking or
delamination of the thin films. Previously, for a
similarly deposited MnCo; gCug 40,4 layer on sap-
phire we have observed cracking due to increased
TEC after Cu doping,®® but the absolute value was
still much lower than for the LSC, which is typically
regarded as a material with a high TEC (at least
among the SOFC materials). One possible explana-
tion for lack of cracking might be that due to
interdiffusion between the sapphire and the LSC
layer a very strong interface is formed and the
properties of the thin layer are modified due to
interdiffusion. Future studies will elaborate more
on the potential effects of the substrate-layer
interactions.

The obtained results can be compared to previous
reported research. Several groups have worked with
deposition and analysis of LSC thin films with the

purpose to utilize them as electrodes in micro-
SOFCs. For example, LSC64 thin films were
deposited by a very similar spray pyrolysis process
by Pecho et al.’® The authors focused on possible
phase composition of the deposited layer, as they
have found (by FIB-SEM and TEM) additional
strontium phases (either SrO, Sr(OH); or SrCO3)
in the LSC layer. No electrical conductivity data nor
x-ray diffractograms were reported for the films,
just its electrochemical performance. Though the
deposition process was similar as it utilized gas
atomization of liquid precursors into droplets, it
utilized a slightly different liquid precursor. Depo-
sition was based on diethyleneglycolmonobutyl
ether and PEG600 forming the liquid phase,
whereas in our study other solvents and no binder
were used. Microstructure obtained in our work
seems a bit more compact. In another study, LSC64
layers were deposited by a flame spray pyrolysis
process on sapphire substrates and on CGO by
Karageorgakis et al.’® Layers had a thickness
of ~ 450 nm, their structural evolution as a func-
tion of time and temperature was studied, but no
electrical  conductivity = measurements  were
reported. Deposited layers were amorphous after
the deposition and showed crystalline structure
after processing at 600°C. Heat treatment in the
temperature range 700-900°C induced visible grain
growth and porosity decrease, which in turn led to
lowered electrochemical performance. Layers seem
to be more porous and rough than the one studied in
our work. In other work, Garbayo et al.®” studied
porous LSC64 films deposited by PLD on YSZ and
Si-based substrates. The layers had thickness of
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350 nm and crystallized in the temperature range of
500-550°C. A maximum electrical conductivity of
ca. 300 S cm ! was found for the layers after
processing at 700°C.

Based on these reports, our results shows compa-
rable microstructure, but higher electrical conduc-
tivity and utilizes a simpler deposition method.
Spray pyrolysis seems to be a convenient method for
fabrication of thin films with controlled microstruc-
ture based on thermal processing.

CONCLUSIONS

In this paper, spray pyrolysis was used to deposit
1 ym thick LSC layers on sapphire substrates.

High-quality layers were obtained at ~ 400°C. The
deposited layers were initially amorphous. As deter-
mined via XRD, they crystallized after exposure at
600°C, which was also associated with the removal
of solvent carbon—oxygen residues, as shown by
infrared spectroscopy. Structural and compositional
analysis revealed the formation of the cubic per-
ovskite phase with the desired cation content. The
electrical conductivity of layers exhibited a complex
temperature exposure behavior, with a maximum
value of ~ 1300 S cm ! achieved after exposure at
800°C. Above 900°C, the diffusion of Sr from the
LSC layer into the sapphire was detected. For the
film processed at 1100°C, almost all Sr diffused into
the sapphire. The phase diagram showed that SrO
and AlO;5 formed several thermodynamically
stable phases over the whole composition and
temperature range.

An analytical model of stress distribution was
used to predict the stress occurring in the bi-layer
material when cooling it down from the annealing
temperature to room temperature. While the max-
imum principal stresses predicted by the analytical
model were found to change slightly in the sapphire
substrate, a very high constant tensile stress was
predicted within the coating layer, dependent on
annealing temperature. Interestingly, the layers did
not show any visible cracking or spallation.

The obtained results show that spray pyrolysis is
a simple yet efficient process that can be used to
deposit complex materials at low temperatures.
This makes it possible to study the properties of
materials as a function of treatment temperatures
from a broad range.
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4.5. Improvement of oxygen electrode performance of intermediate temperature

solid oxide cells by spray pyrolysis deposited active layers.

W tej pracy wykorzystano metode pirolizy aerozolowej do wytworzenia
nanokrystalicznych i nanoporowatych warstw aktywnych na interfejsie elektroda tlenowa —
elektrolit w tlenkowych ogniwach paliwowych. Opracowano procedure wytwarzania czterech
materiatdbw o mieszanym przewodnictwie jonowo-elektronowym tj. Smo.5SrosC003-5 (SSC),
LaosSro4Co0Os-5 (LSC), LaosSro4Coo2FeosOs-s (LSCF), oraz PrsO11 (PrOx). Wytypowane
materiaty zostaly osadzone w postaci ~500 nm warstw na elektrolicie CGO, a nastepnie
nadrukowano na nich porowatg elektrode LSCF. Materiaty do badan przygotowane byty w formie
pastylek symetrycznych w celu przeprowadzenia systematycznych badan metodg impedanc;ji
spektroskopowej (EIS). W badaniu przeanalizowano wptyw obrébki termicznej na wartosci

rezystancji polaryzacyjnej w zakresie temperatur 400°C - 700°C.

Wyniki przeprowadzonego eksperymentu pokazaty, ze wprowadzenie nanokrystalicznej
i nanoporowatej warstwy pomiedzy elektrodg tlenowg i elektrolitem wspomaga reakcje redukciji
tlenu poprzez rozwiniecie powierzchni aktywnej na interfejsie oraz poprawia kontakt elektryczny
miedzy nimi. Uzyskane wyniki wzgledem prébki niemodyfikowanej pozwolity obnizy¢ rezystancje
polaryzacyjng czterokrotnie dla materiatdw LSCF, LSC i SSC natomiast w przypadku PrOx
rezystancja zostata obnizona dwukrotnie. Wartosci rezystancji polaryzacyjnej uzyskane dla
probek eksponowanych w temperaturze 600°C wyniosty 245, 137, 119 oraz 107 mQ-cm?
odpowiednio dla PrOx, LSCF, LSC i SSC. Wydajnos¢ elektrochemiczna ogniwa zbudowanego na
anodzie z modyfikowang elektrodg warstwg LSC potwierdzita wysokg wydajnos¢ i niskie wartosci
rezystancji ogniwa. Maksymalna gestos¢ mocy dla ogniwa modyfikowanego wyniosta 1215
mW-cm2 w temperaturze pracy 600°C i dodatkowo ogniwo pozostawato stabilne podczas pracy
pod obcigzeniem pradem o gestosci 1 A-cm=? przy napieciu 0.75V. Wzgledem ogniwa

niemodyfikowanego osiggnieto poprawe gestosci mocy o ~60%.

Na podstawie uzyskanych wynikbw mozna stwierdzi¢, ze giéwng zaletg stosowania
pirolizy aerozolowej jest uniwersalnos¢ metody osadzania oraz mozliwos¢ wytwarzania wysokiej
jakosci warstw z réznych materiatéw o doskonatej przyczepnosci elektrody do elektrolitu. Kolejng
zaletg stosowania metody jest niska temperatura spiekania oraz unikniecie problemu peknie¢ lub
rozwarstwien warstw oraz wzajemnej dyfuzji pierwiastkdw wystepujgcej podczas spiekania w
wysokiej temperaturze. Wprowadzenie modyfikacji opartej na o nanokrystaliczny interfejs miedzy
elektrodg a elektrolitem jest bardzo obiecujagcg modyfikacjg dla wysokowydajnych katod
pracujgcych w srednim zakresie temperatur, oferujgcych nizsze rezystancje polaryzacyjne niz te

osiggane dla konwencjonalnych elektrod LSCF.

Gléwnym osiaggnieciem przeprowadzonych badan byta poprawa wydajnosci
elektrochemicznej elektrody tlenowej w ogniwach SOFC dzieki modyfikacji mikrostruktury
interfesju elektroda — elektrolit poprzez zastosowanie warstwy funkcjonalnej wytwarzanej metodg

pirolizy aerozolowe;j.
93
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Improvement of Oxygen Electrode Performance of
Intermediate Temperature Solid Oxide Cells by Spray

Pyrolysis Deposited Active Layers

Bartosz Kamecki,* Jakub Karczewski, Piotr Jasifiski, and Sebastian Molin

Intermediate temperature solid oxide fuel cells oxygen electrodes are modi-
fied by active interfacial layers. Spray pyrolysis is used to produce thin

(=500 nm) layers of mixed ionic and electronic conductors: Sm sSry sCoO;_s
(SSC), Lag ¢St04C00;_s (LSC), Lag ¢Sto.4Coo Fes05_s (LSCF), and PrsOr;
(PrO,) on the electrode—electrolyte interface. The influence of the annealing
temperature on the electrode polarization (area specific resistance—ASR,)
is investigated by impedance spectroscopy of symmetrical electrodes in

the temperature range of 400-700 °C. The results show that the introduc-
tion of nanocrystalline interlayers promotes an oxygen reduction reaction by
extending the active surface area and improved contact between the elec-
trode and the electrolyte. Introducing LSCF, LSC, or SSC interlayer reduces
ASR,,| by a factor of 4 and PrO, by a factor of 2 against the reference, powder
processed LSCF electrode. At 600 °C, the obtained ASR, values for PrO,,
LSCF, LSC, and SSC interlayer are 245, 137, 119, and 107 mQ cm?, which can
be considered very low in comparison to standard powder processed oxygen
electrodes. Anode supported single cell with developed LSC/LSCF electrode
reveals =1.2 W cm™2 power output at 600 °C and maintains stable cell voltage

materials or modifications of current state-
of-the-art materials are sought to maintain
high performance at intermediate and low
(<500 °C) temperatures.[**]

The current state of the art materials
is mixed ionic and electronic conduc-
tors (MIEC) that have increased triple
phase boundaries (extending active sites
of the electrode surfacel”) and allow for
high performance of electrodes. Specifi-
cally, perovskite-based materials such as
Smg sStosCo0;  (SSC),M  Lagy¢Sry4CoOs
(LSC),IM and Lay 6510.4C0 2Fe0 803
(LSCF)1ZI as well as rock-salt structure
PrsOy; (PrO,)® are good candidates for
oxygen electrode materials with high elec-
tronic conductivity and high oxygen ionic
conductivity. Typical powder processed
electrodes have particle sizes in the range
of =um, which limits the available triple
phase boundaries. The enhancement of

of 0.75 V under 1 A cm~2 during 60 h of the test.

1. Introduction

Decreasing operating temperature of solid oxide fuel cells
(SOFCs) is limited by the performance of oxygen electrodes,
due to high activation energy and lower oxygen reduction
reaction kinetics.l! For high-performance SOFCs, the indi-
vidual electrode polarization contribution should be below
=150 mQ cm? at the temperatures considered, which is chal-
lenging at temperatures <700 °C .[**] Therefore, novel efficient
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the electrochemical performance of the
oxygen electrodes can be achieved by
increasing the triple-phase boundary, for
example by nanoparticle decoration-infiltration! or deposi-
tion of catalytically active interlayers on the electrode—electrolyte
interface.l5-18l
The approach by interfacial modification has been already
followed by several groups. Hildenbrand et al.'®?% investigate
the influence of dense interlayer at the electrolyte and electrode
interface produced by pulsed layer deposition technique. Both
studies focus on the electrochemical performance of La,NiO,
(LNO) or LagSr4Cog,FeggO;3 porous electrode improved by
inserting a thin and dense interlayer of the investigated elec-
trode material. The main conclusions of this research were to
improve the adherence of the cathode to the electrolyte and sig-
nificantly decrease the ohmic as well as polarization resistances
of the cathodes. For LSCF electrode polarization resistance
decreases from 670 to 210 mQ cm? at 600 °C by interface modi-
fication. Improvement of electrode polarization (given by its
area specific resistance - ASR,)) of LNO electrode was achieved
by 35% compared to the sample without interfacial modifica-
tion; however, the electronic conductivity of LNO at inter-
mediate temperatures is too low and resulting in additional
resistance to the apparent electrolyte resistance. Modification
of the oxygen electrode interface was also developed in our
research group. Chrzan et al.?'?2 investigate different perov-
skite layers such as Laj¢Sr4Cog,Fe 503, LaNijFey403 (LNF),

(1of 1) © 2021 Wiley-VCH GmbH
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and SrTij¢sFe 3503 produced by spin-coating method. Molin
et al.?%l work with LNF produced by spray pyrolysis. In both
cases, materials were investigated at high temperatures in the
range of 700-800 °C and revealed improvement of electrode
performance compared to oxygen electrodes without interlayer.
Peters et al.? used metalorganic deposition (MOD) fabricated
nanoscale Lay 5Sr;5CoO;_4 thin (=300 nm) film on the electro-
lyte—electrode interface. The interlayer was produced by dip
coating on the electrolyte (either yttria-stabilized zirconia—YSZ
or gadolinium doped ceria—CGO coated YSZ) and contacted
by powder processed, 30 um thick screen printed LSCF elec-
trode. The obtained results showed low area-specific resistances
at 600 °C—146 mQ cm? for LSC/YSZ and 130 mQ cm? for
LSC/CGO/YSZ interface, respectively.

Improvement of internal resistances of oxygen electrodes
can be also achieved by reducing crystallite dimensions from
micro- to nanoscale as well as suitable microstructure modi-
fication. The MOD method was refined by Hayd et al., !
and, in subsequent studies for symmetrical LSC electrodes,
the best performance was =20 mQ cm? however, large vari-
ations for individual samples were reported for such low
ASRpo (20-150 mQ cm?). Another possible fabrication pro-
cess for nanoscale electrodes is based on spray pyrolysis.
LagSr94Co0;_4 and LagSry4Coq,Fen30; were produced by
spray pyrolysis technique by the group of prof. Gauckler. The
best ASR,; value at 600 °C in the air was 0.46 Q cm? for 1 um
thick LSC film on CGO substratel®! and =2 Q cm? for 600 nm
thick LSCF on CGO substrate.l”] Other researchers have also
used different modifications of spray pyrolysis technique, which
seems to result in highly active oxygen electrodes due to small
particle size and the potential to tailor nano/microporosity. Dos
Santos-Gémez et al.?%l used chemical spray pyrolysis to obtain
Lag gS1r,Mn03-0 - Cey9Gdg 10195 (LSM-CGO) nanostructured
cathodes consisted of nanometric particles of =15 nm of diam-
eter. The extended triple-phase boundary at the oxygen electrode
reveals low polarization resistance of 46 mQ c¢m? at 700 °C. In
comparison to conventional LSM—CGO cathode, their nano-
composite electrode generates almost two times higher power
output of 1.4 W cm™ in an anode supported fuel cell based on
NiO-YSZ anode operated at 800 °C. Another group of prof.
Djurado works with the electrostatic spray deposition (ESD)
technique. Recent works of Celikbilek et al.”?%] present the
influence of sintering conditions on the microstructure, crys-
talline phases, and electrode performances of ESD deposited
oxygen electrode materials. In their works, prepared LSCF-
CGO composite cathodes have a different type of morphology
depending on deposition conditions. As noticed in their works
post-treatment of deposited layers plays a crucial role in the per-
formance of coral or columnar microstructure electrodes.

Microstructure features (architecture, particle size, porosity,
and thickness) of the electrode are critical parameters with an
impact on the performance of the entire cell. Studies of elec-
trode materials with similar microstructures can result in an
increased understanding of the electrodes and their limiting
factors. In this research, we deposited thin (=500 nm) nanocrys-
talline interlayers between the LSCF electrode and CGO elec-
trolyte using a spray pyrolysis technique.l?l The purpose of this
research was to investigate the effect of the interface modifica-
tion and the influence of material selection (SSC, LSC, LSCF,

Adv. Mater. Interfaces 2021, 8, 2002227

2002227 (2 of 11)

INTERFACES

www.advmatinterfaces.de

and PrO,) and annealing temperature on the performance of
the oxygen electrode in the intermediate temperature range.
The novelty of this research is the combination of microstruc-
ture modification by reduction of the catalyst particle size at the
electrolyte interface as well as the examination of the novel elec-
trode materials in the proposed configuration. The study deter-
mines whether the spray pyrolysis method is suitable for the
deposition of functional layers for intermediate temperature
solid oxide fuel cell application.

2. Results and Discussion

2.1. Microstructural Characterization
2.1.1. Crystal Structure Analysis

Oxygen electrode functional layers were produced using the spray
pyrolysis technique described in detail in the Experimental Section
and our recent works.?%3! For microstructural characterization,
layers were deposited on an amorphous SiO, substrate (a-SiO,).
The amorphous substrate was chosen for crystallographic meas-
urements since no background peaks are present in the spectra.
Figure 1 presents the recorded X-ray diffraction (XRD) patterns
of layers evaluated after annealing at different temperatures (as-
deposited, 600 and 700 °C). Figure 1B shows XRD patterns of
layers after the deposition process at 390 °C. For all as-deposited
layers, the peaks corresponding to the desired crystalline phase of
the investigated materials were not detected. The crystallization
of the layers occurred after the annealing of materials at higher
temperatures, as presented in Figure 1A. The exception was the
SSC layer which was amorphous after annealing at 600 °C, except
SrCO; traces observed in the XRD pattern. Further increasing of
annealing temperature to 700 °C revealed peaks in characteristic
position for SSC perovskite material.

The determined space groups, calculated lattice constant
parameters, fit quality indicators (goodness of fit (GoF)) and
crystallite sizes are collected in Table 1. For all samples, the
LeBail fitting achieved good convergence, GoF between 1.0 and
1.1. For the PrO, layer annealed at 600 °C, the positions of the
peaks were according to fluorite cubic structure (Fm-3m).3?
In the case of PrO, the lattice constant is 5.467 A, which is
not changed after annealing layer at 700 °C. The crystallite
dimensions determined for (200) peak position by using the
Scherrer equation were =20 nm for 600 °C and =50 nm for
700 °C, respectively. The calculated lattice constant and crys-
tallite sizes are in good agreement with the literature report
of Sharma et al., where a hierarchical nanostructured PrsOy;
electrode was obtained by ESD.*2l Moreover, the enhancement
of the peak intensity at 26 = 32.7° and 20 = 68.6° revealed a
preferred growth orientation along the (200) and (400) plane.
A similar effect of a preferred growth of the layers prepared by
spray pyrolysis was observed by dos Santos-Gémez et al. in the
Fm-3m structure CGO films obtained from acetates and chlo-
rides salts used to the precursor solution preparation.’]

In the case of LSC and LSCF layers, crystalline cubic perov-
skite structure (Pm-3m) was observed after annealing of the
layers at 600 °C. SSC annealed at 600 °C remained amorphous
and required increased annealing temperature to initiate
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Figure 1. A) XRD patterns of functional layers deposited on a-SiO, substrate and annealed at 600 and 700 °C, measured at room temperature (RT).
B) XRD patterns of the as-deposited layers at 390 °C. Close-up view of the main peaks (110) and (200) of Pm-3m and Fm-3m space group C) annealed

at 600 °C and D) annealed at 700 °C.

crystallization. For SSC and LSC(F), some authors reported
orthorhombic or rhombohedral distortion of the perovskite
structure at room temperature.’*3°l In our work, the peak
separation suggesting crystal structure deformation was not
observed. Moreover, single-phase materials were obtained at
relatively low annealing temperatures in contrast to a solution—
combustion synthesis of SSC and LSC nanopowders prepared
by Bansal.*®l In his research, single-phase perovskites were
accomplished only after the heat treatment of LSC and SSC
powders at 1000 and 1200 °C, respectively.

Close-up view of the main peaks presented in Figure 1C,D
shows differences between the peak positions and their shape.
Annealing at 700 °C decreased the breadth of the peak but did
not change their positions. The lattice parameters calculated for
SSC, LSC, and LSCF were 3.79, 3.83, and 3.88 A, respectively.
The LSC a parameter is in agreement with a recent literature
report on bulk samples of La,St;_,CoO; 4.} The slightly higher

Table 1. XRD analysis results.

lattice parameter of LSCF is a result of higher ionic radius!*®! of
Fe*" (r; = 0.585 A) substituting Co*" (r; = 0.53 A) as well lower
lattice parameter of SSC than LSC is caused by smaller Sm**
(r; =1.24 A) cation against La*>" (r; = 1.36 A). The crystallite sizes
were calculated for the (110) diffraction peak of the perovskite
structure. Calculated crystallite sizes for LSC and LSCF pro-
cessed at 600 °C are 9 and 18 nm, respectively. After 700 °C, the
crystallite sizes are 27, 23, and 28 nm for SSC, LSC, and LSCF,
respectively. Among the prepared materials, LSC has the smallest
crystallite dimensions, but the whole produced series of layers
are well nanocrystalline at the evaluated temperature range.

2.1.2. Morphology and Composition of Layers

The original compositions of produced layers were examined
using scanning electron microscopy with an energy dispersive

Sample Processing conditions [°C] Space group Lattice parameter a [A] GoF Crystallite size [A]
LSC 600 Pm-3m 3.8271 1.01 9
700 Pm-3m 3.8312 1.05 23
LSCF 600 Pm-3m 3.8828 1.02 18
700 Pm-3m 3.8801 1.04 28
SsC 600 No crystalline phase
700 Pm-3m 3.7909 1.05 27
Pro, 600 Fm-3m 5.4682 1.05 20
700 Fm-3m 5.4666 1.07 49
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Table 2. EDS analysis results of prepared materials.

Sample EDS analysis [+ 3%)] Calculated composition
Smorla Sr Co Fe

ssc 24 25 51 - (SMo0.49570.51)0.99C003

LSC 27 22 51 - (Lag.55Sr0.45)0.99C003

LSCF 29 21 10 40 Lag 53Srg.4,C0g.2Fen 303

PrO, Only praseodymium is detected PrO,

spectroscopy detector (SEM/EDS).
compared in Table 2.

The nominal composition of produced electrode inter-
layers was chosen to obtain Laj¢Sry4CoO3;, SmysSrgsCoOs,
Lag ¢S194Cog,Feg0;3, and PrgOy; stoichiometries. Agglomera-
tion or other elements were not detected in the produces layers.
All elements were homogeneously distributed over the whole
layer surface. The chemical composition of the produced layers
is in good agreement (within an EDS experimental error) with
the desired composition of layers. Only slight nonstoichiom-
etry, within the measurement uncertainty, in the A-sublattice of
the perovskite structure for SSC and LSC was observed. This
small nonstoichiometry introduces Sr vacancies and should
promote the electronic conductivity of the materials and do not
change the crystal structure from cubic to tetragonal. Overall,
the obtained results confirm the universality of the spray
pyrolysis method and the possibility of producing high-quality
layers of various materials depending on the proper precursor
composition.

Figure 2 presents the SEM surface images of LSC and PrO,,
layers annealed at 600 and 700 °C and the atomic force micros-
copy (AFM) images of LSC and PrO, layers annealed at 700 °C.
All perovskite layers present very similar surface morphology;

EDS analysis results are

INTERFACES

www.advmatinterfaces.de

therefore, only the LSC surface as a representative for the
whole series is shown. In all cases, layers prepared by spray
pyrolysis are characterized by small, sub-micrometer grains.
These results are in good agreement with other group reports
working with the spray pyrolysis deposition technique.[17:3%4]
The difference in layer morphology is visible for the PrO, layer
processed at 600 and 700 °C. The PrO,, layer annealed at 600 °C
was homogeneous, dense, with no visible porosity on its sur-
face. Increasing the annealing temperature to 700 °C revealed
sharp-edged crystals on the surface of PrO,. For the considered
temperature range, the difference in grain size of the perovskite
layers depending on the annealing temperature is unnoticeable
on SEM images. After annealing at 700 °C, all layers showed
similar grain sizes. For the perovskite-based materials, the
average grain size was 64 (£17) nm and for PrO, it was slightly
higher 78 (£21) nm. In previous researchP! of La,¢Sry,Co0;
layers deposited on the sapphire substrate, we studied the influ-
ence of annealing temperature on the microstructure of layers
in the temperature range of 390-1100 °C. The morphology of
layers annealed at 600 and 700 °C was very similar. Clear grain
coarsening was observed after increasing annealing tempera-
ture above 700 °C.

Nevertheless, a pronounced difference can be seen in the
porosity of the perovskite layers and the PrO, layer. At the
PrO, surface, porosity was not observed, whereas, for the SSC,
LSC, and LSCF layer, homogeneously distributed nanometric
pores between grain boundaries were evident. Moreover, reg-
ularly sharp-edged crystals can be seen on the surface of the
PrO, layer while in the other layers they were not observed.
The comparison of the obtained microstructures suggests that
the perovskite layers have a higher active surface area of the
triple-phase boundary at the electrolyte interface. In contrast,
PrO, is denser and should have a better electronic connection
between the grains. However, the final electrode performance

Figure 2. SEM and AFM layer surface images of A—C) LSC and D—F) PrO, after annealing at 600 and 700 °C.
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Figure 3. A) Scheme of microstructure modification, B) cross-section SEM image of the electrolyte-electrode interface, and C) electrical connection

of prepared symmetrical sample.

will depend on the catalytic performance of the materials being
compared.

2.1.3. Microstructure of Symmetrical Samples

In Figure 3, a schematic presentation of the microstructure
modification of the oxygen electrode is presented. Symmetrical
cells prepared in this way were used for electrochemical inves-
tigations described in detail in Section 2.2. As was mentioned
before, the functional nanocrystalline layer was deposited on
an electrolyte and covered by a porous LSCF electrode. SEM
image in Figure 3B is a cross-section of a fractured sample
after electrical measurement. The thickness of the layer varies
between 400 and 600 nm. It is typical for layers deposited using
a spray pyrolysis technique. In this method, the film is built
through the deposition of randomly spreading droplets on
a heated substrate surface. A continuous layer is formed by
coating the entire surface with sequential droplet deposition.
The method results in some variation of the layer thickness,
thus, some small observed differences of the coating, as vis-
ible in Figure 4. SEM micrographs show the microstructure of
the electrode—electrolyte interface. In all cases, the interlayers
were nanocrystalline. For all layers, six to nine grains were

distinguishable across the layer thickness. The perovskite-based
interlayers were porous and their microstructure was similar.
As it was visible at the PrO, surface, the layer on the cross-sec-
tion image is dense with slightly higher grain dimensions than
perovskite interlayers.

Introducing the interlayer at the interface improves the con-
nection of the LSCF electrode and CGO electrolyte. Nanoscaled
microstructure at the electrode—electrolyte interface increases
the inner surface area available for oxygen surface-exchange
reaction, resulting in reduced resistance of the electrode. The
interface extends the available surface area for the oxygen
exchange at the MIEC surface and enhances the diffusion of
oxygen ions through the interlayer to interlayer/electrolyte
interface as well as the incorporation of ions into the electrolyte.

For mechanical reasons, it is important to accurately match
the thermal expansion coefficients (TEC) of the electrolyte/
electrode materials. It would seem that significant differ-
ences of LSC or SSC TEC (20.5 x 10° K)B3*# to CGO elec-
trolyte (12.5 x 10°° K™ will cause delamination and cracking
of the layers. Nevertheless, the layer adheres perfectly to the
entire covered surface and the mismatch of thermal expansion
coefficients for such thin layers is negligible. However, slight
delamination was observed for the PrO, layer, which occurred
throughout the cross-section to a greater or lesser extent.

Figure 4. SEM fracture images of the electrolyte-electrode interfaces (observed after the symmetrical electrode test with a maximum exposure tem-

perature of 700 °C).
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Although the average TEC value for Pr¢O;; oxide in a tempera-
ture range of 30—470 °C equals 12.0 x 107 K™4*] which makes
it the closest value to the TEC value of the electrolyte, further
significant change in the TEC slope over 480 °C to values of
26.0 X 107% K™! makes the layer delaminate.

2.2. Electrochemical Characterization
2.2.1. Electrochemical Impedance Spectroscopy

For the electrochemical characterization, symmetrical sam-
ples schematically presented in Figure 3 were used. Measure-
ments were carried out in a synthetic air atmosphere according
to a temperature profile in Figure 5A. An additional reference
sample without an interlayer on the interface was produced to
verify the performance of modified electrodes. The reference
sample was sintered at 1050 °C for 2 h as recommended by the
paste supplier and our previous experiments.

In Figure 5, we compare all produced samples exposed to
different annealing temperatures to determine optimal pro-
cessing conditions and their influence on the performance
of electrodes. Arrhenius type plots show a linear dependence
of ASR,, and are increasing with decreasing temperature. A
single slope implies that the same reaction mechanism controls
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the overall electrode behavior in the studied temperature range.
Materials with interlayer at the electrode—electrolyte interface,
regardless of the annealing temperature, showed an improve-
ment in the performance of the electrode compared to the ref-
erence LSCF electrode of 0.5 Q cm? at 600 °C. The obtained
ASR,, values at 600 °C equal 245, 137, 119, and 159 mQ cm? for
PrO,, LSCF, LSC, and SSC interlayers, respectively. Symmet-
rical electrodes of PrO,, LSCF, and LSC interlayers processed
at the maximum exposure temperature of 600 °C revealed the
lowest ASR,, values in the examined annealing temperature
range. The obtained value for the symmetrical sample with LSC
interlayer is compared with the experimental results of Prof.
Gauckler group.l””! Using the same deposition method as well
similar experimental setup, the obtained result of polarization
resistance was significantly improved and was lower by a factor
of 4 in comparison to 1 um LSC produced by spray pyrolysis.
The electrode architecture differed from the current electrode
microstructure, schematically represented in Figure 3. The pre-
sented ASR,; values were convergent to the results of the prof.
Ivers-Tiffe group examining the impact of the thin nanocrystal-
line LSC interlayer on the interface between porous electrode
and electrolyte.?!l The group utilized an MOD route for the fab-
rication of the nanocrystalline structure of the functional layer,
LSCF as a porous electrode, and the same electrode design as
well examined temperature range showed very similar results

Figure 5. ASR, of the symmetrical electrodes. A) Schematic representation of the measurement temperature profile. Arrhenius plot for all samples
after different heat treatment—-maximum exposing temperature: B) 600 °C, C) 650 °C, and D) 700 °C.
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independent of the used electrolyte material and interlayer dep-
osition method. This makes use of a cheap and simple spray
pyrolysis method attractive for the production of functional
layers.

The activation energies of electrodes with perovskite-based
interlayer are lower than those for the reference sample. Beckel
et al.l”) indicated an increase in the area-specific resistance
and activation energy of the LSCF electrode after proceeding
at high temperatures. This phenomenon is associated with a
coarser microstructure and a decrease in available surface area
and the triple-phase boundary at the electrolyte interface. How-
ever, the activation energy of electrodes with perovskite layers at
the interface decreases with increasing annealing temperature,
which may be related to the improvement of the layer adhe-
sion at the electrolyte interface and a better pathway of oxygen
ions incorporating into the electrolyte. Furthermore, a slight
increase of ASR, with increasing annealing temperature is
correlated with the coarsening of nanocrystalline interlayer and
limits the available area for oxygen exchange at the MIEC sur-
face. An inverse relationship was observed for the PrO, layer on
the interface. The activation energy increases as the annealing
temperature increases, most likely due to the delamination of
the oxide layer on the interface due to a mismatch in the TEC
coefficient and the grain coarsening.

Nevertheless, attention should be paid to the performance
of the electrode with an SSC layer on the interface. XRD pat-
terns presented in Figure 2A shows an amorphous character
of this layer with Sr(CO); traces after annealing at 600 °C. The
electrochemical performance revealed insensibly higher ASR
than for LSC and LSCF interlayer at the interface and better
performance than PrO, and reference sample. Increasing of
maximum annealing temperature increased the ASR,, of
LSC, LSCF, and PrO, interlayers as presented in Figure 6A.
However, for the SSC interlayer, the increase of annealing
temperature to 650 °C reduces the ASR, value at 600 °C to
107 mQ cm?. The explanation for performance improvement
is the crystallization of SSC into the perovskite structure over

INTERFACES

www.advmatinterfaces.de

600 °C which is confirmed by the XRD measurement. In
contrast to other investigated materials that proceed at 600 °C,
amorphous SSC presents excellent performance. There are no
literature reports for amorphous SSC but some groups investi-
gated amorphous electrodes of LSC prepared via pulsed layer
deposition and revealed an increase of the oxygen diffusion
coefficient of the amorphous film against the crystalline mate-
rials.' Januschewsky et al. stated that the decrease in the film
crystallinity is accompanied by a strong increase in the elec-
trochemical oxygen exchange rate.*” The above statement and
results obtained for SSC indicate that the crystalline phase of
the produced layers is not the dominant factor that determines
the electrochemical efficiency; however, proper cation selection
has a significant role in the final performance. Most likely, the
crucial factor for the final electrochemical performance is not
only the crystallinity of the material but above all its microstruc-
ture and the entire electrode architecture.

Figure 6B presents the Nyquist plot of electrochemical
impedance measurement of samples processed at optimal con-
ditions. The illustrated data have been reduced by the value of
the series resistance of the electrolyte. The presented arcs cor-
respond to ASR, of all polarization losses. This includes the
losses associated with the oxygen exchange process and avail-
able active surface area of the cathode, describes as ASRem-
A separate arc in the impedance data at low frequencies is
attributed to gas-phase polarization (ASR,,). The ASRy,, con-
tribution is so small that it is almost invisible on the presented
enlargement. It seems that gas diffusion processes are not
dominating electrode processes at investigated temperature.

The Bode plot revealed different frequency regimes of the
main peaks of compared materials. It indicates different time
constant and capacitance of described polarization processes.
LSC and LSCF peak shape was almost the same and had a max-
imum at 500 Hz and capacitance in the range 10->-10-3 F. For
the SSC interlayer, a peak was shifted toward lower frequencies
to 130 Hz with quite higher capacitance (5 x 10~ F) compared
to other perovskites at the interface. PrO, interlayer has a

Figure 6. A) ASR,, measured at 600 °C in the air as a function of maximum annealing temperature, B) Nyquist plot, and C) Bode plot of impedance

data measured at 600 °C in air.
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Table 3. ASR, values measured at 600, 550, and 500 °C for samples
processed at optimal conditions.

Sample  Processing conditions ASRpo) [ cm?]

600 °C 550°C 500 °C
LSCF ref. 1050 °C/2 h 0.507 2.01 9.54
PrOx 600 °C/2 h 0.245 0.833 1.65
LSCF 600 °C/2 h 0.137 0.506 2.7
LSC 600 °C/2 h 0.119 0.405 1.59
SSC 650°C/2 h 0.107 0.318 112

maximum at a frequency of 10 Hz and capacitance of 5 x 102 F,
while for the reference sample maximum was obtained at
50 Hz and was one order of magnitude higher capacitance
than PrO,. The obtained values are assigned to the dissocia-
tive adsorption of O, followed by electrochemical reduction
and transfer of oxygen species to the electrode—electrolyte
interface.*! However, the differences in peak positions and
their intensities, as well as calculated capacitances, suggest dif-
ferent processes are dominating factors in evaluated electrodes.
For, LSC, SSC, and LSCF interlayer at the interface calculated
capacitances are associated to the process of charge transfer at
the electrode/electrolyte interface, whereas PrO,, and reference
electrode present capacitances in the range corresponding to
processes such as adsorption of gaseous oxygen O,, dissocia-
tion of O,, and charge transfer-diffusion (0%7).3%

Introduced modification revealed the difference of electrode
performance between investigated materials due to material
selection and electrode microstructure. The reference porous
LSCF electrode, with smaller triple phase boundary (IPB), is
limited by dissociative adsorption and electrochemical reduction
of oxygen. The introduction of nanoporous thin perovskite layer
allowed to extend TPB close to the electrolyte interface to suppress
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adsorption limitation. Extending the available surface area for the
oxygen exchange at the MIEC leads to shift of the limiting reac-
tion to the charge transfer at the electrode/electrolyte interface.
For the PrO, interlayer, the microstructure is relatively dense. The
limiting process at lower frequencies might be due to adsorption
or diffusion limitation, but is not conclusively established.

Table 3 summarizes the ASR,, values of examined samples
at optimal processing conditions. Improvement of the electro-
chemical activity of oxygen electrodes by interface modifica-
tion is pronounced. The best performance and the lowest ASR
values were obtained for the SSC interlayer at the electrode—
electrolyte interface. Nevertheless, SSC presents the best per-
formance after annealing at 650 °C. For a maximum annealing
temperature of 600 °C, the LSC layer achieved the best perfor-
mance among the investigated materials. As well as LSC, the
LSCF interlayer presents excellent electrochemical properties.
In summary, the microstructure modification with MIEC per-
ovskite-based materials is an excellent route to improvements
of oxygen reduction reaction at the interface between electrode
and electrolyte.

2.2.2. Intermediate Temperature Solid Oxide Fuel Cells Test

To determine the influence of the developed interface modifica-
tion on the electrochemical performance, a reference cell was
compared with the LSC modified cell. LSC material was chosen
due to the lowest ASR, value at 600 °C. The electrochemical
characterization of the prepared cells is summarized in Figure 7.
The cells were tested in an open flange setup at 600 °C under
a continuous flow of synthetic air from the cathode side and
dry H, delivered to the anode side. Cell images before and after
measurement as well SEM images of cell cross-section are pre-
sented in Figure 7E,F, respectively. Change of the anode substrate
color from green to gray same as the EDS results confirmed the

Figure 7. A) |-V characteristic of anode supported cells measured at 600 °C, B) Bode plot and C) Nyquist plot of impedance data measured at OCV
at 600 °C, D) cell stability test under 1 A cm™2 current load, E) prepared cell before and after measurement, and F) cross-section of the cell with LSC

interlayer after measurement.
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complete reduction of nickel oxide to metallic nickel. The thick-
ness of the produced electrolyte layer was =8 um and revealed
a dense microstructure. The deposited functional layer of LSC
had =500 nm of thickness. In Figure 7A current-voltage charac-
teristics for both cells reference and with developed cathode are
plotted. The obtained open circuit voltage (OCV) was 0.88 V for
LSC modified and 0.82 V for reference cell at 600 °C. The obtained
OCV value varies from the theoretical value of 1.138 V due to the
electronic conductivity of doped-ceria materials induced by the
reduction of Ce*" to Ce** in the reducing atmosphere.”! The
final power output of the cell with the modified oxygen elec-
trode significantly increases from 740 to 1215 mW cm™2. This
value is comparable with the investigations of prof. Chan!*!
group where the cell with the same architecture and electro-
lyte thickness was analyzed with novel BagsSr,sCoggFey,03 s
(BSCF) cathode. In their research, the power output achieved
1329 mW cm™2 at 600 °C, for anode supported solid oxide fuel
cell based on Ni-CGO20 anode and CGO20 electrolyte of 10 um
thickness. Another group of prof. Chen™) investigate nanostruc-
tured cathode of SSC material on Ni-CGO anode support. Their
cell revealed a maximum cell power density of 1130 mW cm™
at 600 °C for a single cell. As can be noticed our cell presents
comparable performance to the novel and nanostructured oxygen
electrodes recently reported in the literature.

Electrochemical impedance spectroscopy data were plotted
using Bode and Nyquist's charts presented in Figure 7B,C. The
maximum peak intensity on the Bode plot corresponds with
the impedance measurement of the LSCF ref. and LSC modi-
fied symmetrical cells presented in Figure 6C. The obtained
polarization and series resistances were 40 and 80 mQ cm? for
the cell with LSC/LSCF cathode, respectively. Reference cell
revealed 102 and 214 mQ cm? polarization and series resist-
ances, respectively. The excellent electrochemical performance
of the single cell can be mainly attributed to improve both serial
and polarization resistance by developing an electrocatalytically
active layer and improving the contact between the oxygen elec-
trode and the electrolyte. After the electrochemical characteri-
zation, a stability test of the modified cell was performed. The
performance was evaluated by monitoring cell voltage output
under a constant current load of 1 A cm™2. The cell voltage as a
function of exposition time is presented in Figure 7D. For the
first two hours of the test cell voltage increased by 0.02 V and
remained constant at 0.75 V for the following 58 h. During an
evaluated time of stability test, a degradation of the cell was
not observed. Moreover, the [-V characteristics as well as the
impedance spectra did not change after the test. Cell main-
tained good stability under the high current density of 1 A cm™2
over 60 h. Postmortem SEM analysis (Figure 7F) showed no
microstructural changes of the interfacial layer, confirming its
stability.

3. Conclusions

The modification of the electrode—electrolyte interface was
investigated by introducing thin (=500 nm) and nanocrystalline
MIEC interlayer and evaluated for their influence on the elec-
trochemical performance of electrode in air. For comparison
to commercial LSCF oxygen electrode LSC, SSC, LSCF, and
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PrO, nanocrystalline layers were examined. The unmodified
state of the art LSCF presents quite high resistances at inter-
mediate temperature range. The microstructure modification
based on introducing an interlayer between a porous electrode
and dense electrolyte results in significant improvement of the
area-specific resistance. The nanocrystalline interface layers
were produced by low-temperature spray pyrolysis technique
and proceed to estimate optimal processing conditions for the
best electrochemical performance. Introducing LSCF, LSC, or
SSC interlayer reduces ASR by a factor of 4 and PrO, by a
factor of 2 against the reference LSCF electrode. The obtained
ASR,, values for PrO,, LSCF, LSC, and SSC interlayer are 245,
137, 119, and 107 mQ cm?, respectively. Introducing a nanocrys-
talline interlayer at the interface promotes an oxygen reduc-
tion reaction by extending the active surface area and improves
contact between electrode and electrolyte. The electrochemical
characterization of the cell with modified electrode interface
by LSC interlayer confirms the great performance and low
internal resistance. The obtained maximum power output was
1215 mW cm™2 at 600 °C. Moreover, cell Voltage remained con-
stant at 0.75 V during 60 h of a test under a high current load
of 1A cm™.

Based on the results, the main advantage of using spray
pyrolysis is the universality of the deposition method and the
possibility of producing high-quality layers of various mate-
rials with excellent adhesion of the electrode to the electro-
lyte. Another benefit of using the spray pyrolysis deposition
method is low sintering temperature also avoids the problem
of cracks or delamination of layers and interdiffusion of ele-
ments occurred during high-temperature sintering. Therefore,
the nanocrystalline interface between electrode and electrolyte
is a very promising modification for high-performance cath-
odes working at intermediate temperature range, offering lower
polarization resistances than those achieved for conventional
LSCF electrodes.

4. Experimental Section

Functional Layers Preparation: The LaggSrg4CoO3 4(LSC), SmqsSrqsC
003 4(SSC), LaggSro4Cog2Feq 03 4(LSCF), and PrgOy(PrO,) layers were
prepared by spray pyrolysis. The liquid precursors were prepared from 10
vol% of aqueous nitrate solutions of selected nitrates, La(NO3);:6H,0
(Alfa  Aesar, 99% purity), Sr(NOs), (Alfa Aesar, 99% purity),
Co(NO;3),-6H,O (Chempur, 98%), Fe(NOs);-9H,O0 (Chempur, 98%),
Sm(NO;)3-6H,0 (Sigma-Aldrich, 99,9% purity), and Pr(NO;);-6H,0
(Alfa Aesar, 99,9% purity) mixed with 90 vol% tetraethylene glycol (Sigma-
Aldrich, 99% purity). The total concentration of cations in the precursor
was fixed at 0.2 mol L. The spraying nozzle was placed 50 cm above the
hot plate heated to the temperature of 390 °C. Polymer precursor flow
rate was set to 2.5 mL h™" with air pressure 2 bars. For microstructural
characterization, 10 mL of precursor solution was deposited on
amorphous SiO, substrates (both sides polished, 10 X 10 x 0.2 mm3,
Continental Trade). Symmetrical samples schematically presented in
Figure 3 were prepared on polished Cey3Gdy,0, 4 (GDC-20K, DAIICHI
KIGENSO KAGAKU KOGYO CO., LTD. Japan) pellets. At first, 5 mL of
polymer precursor was deposited on both sides of the CGO20 pellet,
then 30 um of LSCF (Electro-Science Laboratories Europe) electrode was
screen printed on top of the deposited layer. Symmetrical samples before
electrical characterization were annealed at 600 °C for 2 h. Additionally,
a reference symmetrical sample without interlayer at the interface was
prepared and sintered at 1050 °C for 2 h.
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Fuel Cells Preparation: NiO-CGO anode support was prepared using
a 60:40 vol% mixture of NiO ().T.Baker) and CGO20 (GDC-20K, DKKK
Japan), respectively. Raw powders were ball milled with isopropyl alcohol
using a planetary mill for 15 h. Next, the composite powder was mixed
in an agate mortar with pore formers to introduce anode porosity. A
mixture of equal volume ratio of poly(methyl methacrylate-co-ethylene
glycol dimethacrylate) (Sigma-Aldrich, 8 pum) and Graphite Flakes
(Sigma-Aldrich) was used as pore former and mixed with composite
anode powder in the volume ratio of 60:40, respectively. The prepared
powder was pelletized into 32 mm disc pellets and annealed at 800 °C
for 2 h to burn organic residuals and remove pore formers. The
electrolyte layer was deposited using slurry deposition onto presintered
anode substrates. Suspension used in the deposition process contains
EtOH: H,0 mixed in 9:1 vol% ratio with 5 wt% of CGO20 powder. 15 mL
of the prepared slurry was sprayed onto a preheated anode substrate
to =80 °C using an airbrush (VL paschee). Subsequently, substrates
with deposited electrolyte layer were sintered at 1450 °C for 6 h and
then polished to obtain the desired support thickness as well to remove
the nickel-depleted layer appearing after high-temperature sintering. To
characterize the impact of the LSC interlayer, two types of cells were
prepared. The first one was with reference LSCF electrode sintered at
1050 °C for 2 h and the second one with LSC interlayer and LSCF porous
electrode sintered at 600 °C. Both electrodes have a surface of 1 cm?

Microstructural Characterization: The microstructure of the samples
was analyzed by XRD using a Bruker D2 Phaser diffractometer with
Lynxeye XE-T detector with CuK|, radiation (4= 0.15 406 nm). Samples
on a-SiO, were measured at room temperature after deposition and
after 2 h annealing at 600 and 700 °C. LeBail refinement was used to
calculate the lattice parameter of the produced layers. GoF parameter
was determined to describe fit quality. The morphology of samples after
annealing at 700 °C was investigated by scanning electron microscopy
(FEI Quanta FEG 250) with an Everhart-Thornley secondary electron
detector at an acceleration voltage of 20 kV. For elemental analysis,
the energy-dispersive X-ray spectroscopy (EDS) was performed by
EDAX Genesis APEX 2i with the ApolloX SDD spectrometer. AFM
was performed using a Nanosurf Easy Scan 2, working in the contact
mode.

Electrochemical ~ Characterization:  Electrochemical impedance
spectroscopy was performed on a symmetrical cell setup using
Novocontrol Alpha-A with an excitation amplitude of 25 mV in a
frequency range of 1 MHz-0.1 Hz. Figure 3C presents an experimental
cell with a mounted sample. The measurements were performed in
atmospheric air according to the temperature profile presented in
Figure 5A. Symmetrical samples were exposed to different annealing
temperatures to determine the influence of post-treatment on the
electrochemical properties. Three cycles were performed; each
subsequent cycle was higher by 50 °C than the previous one in the
range of 600-700 °C. Samples were examined during cooling down
in temperature steps of 50 °C. The ASR,, was obtained from the
impedance spectra by the intercept of the spectra with the real axis
divided by a factor of two and by multiplying the cathode polarization
resistance by the cathode area to account for electrodes on both
sides.

Fuel Cell Characterization: The electrochemical characterization of the
cell was based on open flanges test setup by Fiaxell. The prepared cell
was electrically connected by nickel mesh from the anode side and by
Au mesh from the cathode side. For better current collection thin LSC
(Fiaxell ink paste) layer was brush painted onto the oxygen electrode.
Alumina felt was used as a sealant to separate delivered gases. The cell
was placed in a Kittec furnace with a Process IDentifier temperature
controller. The wires were connected to a Solartron 1260/1287 frequency
analyzer for impedance and current-voltage characterization. The cell
was heated to 600 °C and isothermally held. Anode was reduced in dry
H, used as a fuel supplied from the anode side and also Synthetic Air
was delivered to the cathode as an oxidant. The flows of H, and SynAir
were controlled by mass flow controllers (Brooks, USA). To characterize
the cell, the impedance spectra were measured at OCV. For cell
performance, current-voltage characteristics were measured.
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4.6. Tuning electrochemical performance by microstructural optimization of

nanocrystalline functional oxygen electrode layer for Solid Oxide Cells.

Ostatnia publikacja wchodzgca w sktad rozprawy doktorskiej rozszerza zakres prac nad
aktywng warstwg LSC, badang w [BK5] i jednoczesnie zamyka cykl badan nad poprawg
wydajnosci elektrody tlenowej. W tej pracy przedstawiono badania zmodyfikowanej elektrody
LSCF poprzez wprowadzenie nanokrystalicznej i nanoporowatej warstwy LSC na interfejsie
pomiedzy elektrodg, a elektrolitem CGO wytworzonej metodg niskotemperaturowej pirolizy
aerozolowej. Przeprowadzane badania skupiajg sie gtéwnie na ocenie wiasciwosci
funkcjonalnych zmodyfikowanej elektrody tlenowej poprzez wykorzystanie analizy DRT na
zarejestrowanych widmach impedancyjnych zmierzonych metodg elektrochemicznej impedanc;ji
spektroskopowej. W badaniu poddano analizie wydajnos$¢ elektrochemiczng elektrody poprzez
wplyw nastepujgcych parametrow: grubosé warstwy LSC (50-800 nm), temperatura wygrzewania
elektrody (600-900°C), cisnienie parcjalne tlenu oraz temperatura pracy elektrody. Dodatkowo
wykonano testy dtugoterminowe zaréwno samej elektrody jak i ogniwa paliwowego ze
zmodyfikowang elektrodg w typowych warunkach pracy sredniotemperaturowych tlenkowych

ogniw paliwowych.

Zastosowanie analizy DRT pozwolito wskazaé procesy ograniczajgce wydajnosc
elektrochemiczng elektrody. Gtéwnymi procesami majgcymi wptyw na dziatanie elektrody byty
adsorpcja i dysocjacja tlenu oraz przeniesienie tadunku jonow OZ. Wprowadzenie nanoporowatej
i nanokrystalicznej warstwy o dobrze rozwinietej powierzchni aktywnej przyspieszyto kinetyke
powierzchniowej wymiany tlenu i dyfuzje jondw tlenu, zmniejszajac rezystancje poszczegdélnych
procesow. Rezystancja polaryzacyjna referencyjnego LSCF zostata obnizona o jeden rzad
wielkosci z 0,77 do 0,076 Q-cm? w temperaturze 600°C poprzez osadzanie warstwy LSC o
grubosci 400 nm pomiedzy elektrolitem i elekirodg. Opracowana elektroda testowana w
konfiguracji ogniwa paliwowego zbudowanego na elektrodzie paliwowej wykazata wyzszg
wydajnos¢ ogniwa o 20% w poréwnaniu do ogniwa z elektrodg referencyjng. Maksymalna
gesto$¢ mocy w temperaturze 700 °C osiggneta odpowiednio 675 i 820 mW-cm-2 dla ogniwa
referencyjnego i ogniwa z warstwg LSC. Testy starzeniowe kontynuowano w temperaturze 700°C

obcigzajgc ogniwo prgdem o gestosci od 250 mA-cm? do 1 A-cm?2.

Podsumowujac, udato sie wytworzy¢ elektrode o silnie rozwinietej powierzchni aktywnej
na interfejsie elektroda tlenowa - elektrolit, co obnizyto wartosci rezystancji polaryzacyjnej i
przyczynito sie do wzrostu wydajnosci elektrochemicznej ogniwa. Nanokrystaliczna i
nanoporowata warstwa LSC wytworzona metodg pirolizy aerozolowej byta odpowiedzialna za
zwiekszenie wydajnosci ogniwa. Gtéwny cel pracy, jakim bylo obnizenie temperatury pracy

ogniwa przy zachowaniu wysokiej sprawnosci elektrochemicznej, zostat osiggniety.

Gléwnym osiagnieciem przeprowadzonych badan bylo szczegdtowe wykazanie
wplywu modyfikacji interfejsu nanokrystaliczng warstwg wytwarzang metodg pirolizy aerozolowej

na wiasciwosci elektrochemiczne elektrody tlenowej w ogniwach SOFC.
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Tytul oryginalny: Tuning electrochemical performance by microstructural optimization of

nanocrystalline functional oxygen electrode layer for Solid Oxide Cells.

Tytut w jezyku polskim: Dostrajanie wydajnosci elektrochemicznej poprzez optymalizacje
mikrostruktury nanokrystalicznej funkcjonalnej warstwy elektrody tlenowej dla ogniw paliwowych

ze statym tlenkiem.
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ABSTRACT: Further development of solid oxide fuel cell (SOFC)

oxygen electrodes can be achieved through improvements in oxygen

electrode design by microstructure miniaturization alongside nanomateri-

al implementation. In this work, improved electrochemical performance of

an La ¢Sty 4Cog,Fe 3054 (LSCF) cathode was achieved by the controlled

modification of the La;¢Sry,CoO54 (LSC) nanocrystalline interlayer

introduced between a porous oxygen electrode and dense electrolyte. The

evaluation was carried out for various LSC layer thicknesses, annealing

temperatures, oxygen partial pressures, and temperatures as well as

subjected to long-term stability tests and evaluated in typical operating

conditions in an intermediate temperature SOFC. Electrochemical

impedance spectroscopy and a distribution of relaxation times analysis

were performed to reveal the rate-limiting electrochemical processes that limit the overall electrode performance. The main
processes with an impact on the electrode performance were the adsorption of gaseous oxygen O,, dissociation of O,, and charge
transfer-diffusion (O*7). The introduction of a nanoporous and nanocrystalline interlayer with extended electrochemically active
surface area accelerates the oxygen surface exchange kinetics and oxygen ion diffusions, reducing polarization resistances. The
polarization resistance of the reference LSCF was lowered by one order of magnitude from 0.77 to 0.076 Q-cm” at 600 °C by the
deposition of a 400 nm LSC interlayer at the interface. The developed electrode tested in the anode-supported fuel cell configuration
showed a higher cell performance by 20% compared to the cell with the reference electrode. The maximum power density at 700 °C
reaches 675 and 820 mW-cm ™ for the reference cell and the cell with the LSC interlayer, respectively. Aging tests at 700 °C under a
high load of 1 A:cm® were performed.

[l Metrics & More | @ Supporting Information

KEYWORDS: oxygen electrode interlayer, electrode—electrolyte interface, solid oxide fuel cells, spray pyrolysis, nanocrystalline layer,
distribution of relaxation times, electrochemical impedance spectroscopy

1. INTRODUCTION

Hydrogen energy is a promising renewable resource for the
sustainable development of society and has significant potential

their performance at lower temperatures.é_8 Progress in
developing and understanding fuel and oxygen electrode

materials at lower temperatures is needed. Special attention

to accelerate the scale-up of clean and renewable energy."”
Solid oxide cells (SOCs) are one of the technologies
considered as clean and highly eflicient in comparison to the
current energy conversion and storage systems and can easily
cooperate with renewable energy sources to produce hydro-
gen-based liquid fuels.” Besides the benefits from the use of
SOCs, there are some technical issues to be solved. SOC
systems require high operating temperatures of 800—1000 °C,
which accelerates degradation processes, contributes to poor
thermomechanical stability, and makes the use of nanomateri-
als impossible in that high-temperature range.”> One of the
main problems alongside reducing the operating temperatures
is increasing the internal resistances of the electrolytes and
electrodes. While it is possible to reduce the thickness of the
electrolyte to reduce the ohmic resistance, the electrode
materials require more sophisticated modifications to improve

© 2022 American Chemical Society

WACS Publications

has been placed on oxygen electrodes, which often limit the
overall performance of cells.” However, some groups report
that the overall performance of SOFC may be limited by both
the cathode as well as the anode.'”""

Throughout the years, primarily electron-conducting electro-
des such as La;_,Sr,MnO;_g (LSM) have been replaced by
mixed ionic-electronic conductors such as
Lag ¢S154C0g,Feq305_q4 (LSCF) or LaggSry,CoO; (LSC).
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LSC is a very catalytically active material and is reported as a
good material for infiltration and modification of the mixed
conducting LSCF. Further improvement of the electrode
microstructure has been achieved by the fabrication of
nanocomposite cathodes, graded cathodes, infiltrated cathodes,
and cathodes with an active functional layer."”~'* All these
modifications are linked with the application of nanoparticles
or nanometric grains, which lead to a well-developed
microstructure and yield a higher TPB density, lower
polarization resistance, and improved redox stability."®
However, LSC has reported a very high thermal expansion
coefficient for dense bulk samples (i.e, ~23 x 107° K™1).'
The TEC values of commonly used electrolyte materials for
SOFC applications, such as yttria-stabilized zirconia (i.e.,
~10.5 X 107 K™') or gadolinium-doped ceria (i.e, ~12.5 X
107 K™'), differ substantially from those of the LSCF
electrode (ie., ~14.8 X 107° K™!)'" as well as the LSC
electrode. A large difference in reported thermal expansion
coeflicients may have an adverse effect on both thermal stress
and lattice strain between the cathode and the electrolyte and
can lead to delamination of the interface during thermal
cycling. On the other hand, the reported TEC value of LSC
mainly refers to dense bulk materials, not porous thin films.
The value of the thermal expansion coefficient shows thickness
dependence and is laterally constrained and expands along the
thickness direction only due to the solid substrate.'®

This work evaluates the effects of the addition of a highly
active interface interlayer of LSC between a porous LSCF
electrode and Cey3Gdy,0,, electrolyte. Figure 1 shows a

Figure 1. Schematic model of proposed modification with highlighted
characteristic reaction occurring in the electrode.

schematic representation of the model electrode interfaces
with the occurring electrochemical reactions. LSCF is a mixed
ionic electronic conducting material so the electrochemical
reaction not only takes place at the electrode—electrolyte—gas
interface but can also take place on the surface of the grains of
the electrode material. The introduction of a thin <1 um
nanocrystalline MIEC layer between the macroporous
electrode and electrolyte extends the electrochemically active
surface area and reduces the individual resistances of rate-
limiting reactions. Thus, performance improvement seems to
be possible through the application of the nanoporous and
nanocrystalline LSC electrode material at the electrode—
electrolyte interface, but a detailed analysis of the impact of a
modification on the final properties of the electrode is
necessary.

2. MATERIALS AND METHODS

For the electrochemical investigations, symmetrical samples of the
developed electrode were prepared on dense Ce,3Gdy,0,_4 (GDC-
20 K, Daiichi Kigenso Kagaku Kogyo Japan) pellets sintered at 1450
°C for S h and polished on both sides. An interlayer of
electrochemically active LSC was prepared to utilize the spray
pyrolysis technique on both sides of the pellets. Detailed character-
ization of the crystal structure and microstructural properties of this
layer was previously investigated and described elsewhere.'”*° To
investigate the influence of the interlayer thickness on the electro-
chemical performance, different amounts of LSC precursor (0.5, 1, 2,
4, and 8 mL) were sprayed onto pellets to obtain interlayer
thicknesses of 50, 100, 200, 400, and 800 nm. The liquid precursors
were prepared from 10 vol % aqueous nitrate solutions of selected
nitrates, La(NO;);-6H,0 (Alfa Aesar, 99% purity), Sr(NO;), (Alfa
Aesar, 99% purity), Co(NO;),-6H,0 (Chempur, 98%), mixed with
90 vol % tetraethylene glycol (Sigma-Aldrich, 99% purity). The total
concentration of cations in the precursor was fixed at 0.2 mol L™\
The substrate temperature was 390 °C, and the polymer precursor
flow rate was set to 2.5 mL/h. After the deposition process, approx. 30
um of porous LageSry,Cog,Feqs05_y (ESL Europe) was screen-
printed on top of the deposited layer and annealed at 600 °C for 2 h
before the electrochemical measurements. Additional reference
symmetrical samples without the interlayer at the interface were
prepared and sintered at 600 or 1050 °C for 2 h. For the fuel cell tests,
anode-supported half-cells were used for oxygen electrode deposition.
The half-cells were produced by the National Taipei University of
Technology (TaipeiTech, Taipei, Taiwan) by tape-casting/screen
printing processes. The cells consist of a Ni—YSZ support, Ni—YSZ
active electrode, and 8—10 um-thick YSZ electrolyte. More details
about the cell microstructure and CGO barrier layer deposition can
be found here.”">> Two types of cells were prepared: a reference cell
and a cell with a 400 nm LSC layer on the interface between the
electrolyte and the LSCF electrode.

The microstructure of the samples was analyzed by X-ray
diffraction (XRD) using a Bruker D2 Phaser diffractometer with a
Lynxeye XE-T detector with Cu Ka radiation (4 = 0.15406 nm) at
room temperature. The morphology of the samples was investigated
by scanning electron microscopy (FEI Quanta FEG 250) with an ET
(Everhart—Thornley) secondary electron detector at an acceleration
voltage of 20 kV. TEM investigations were performed in high
resolution on a Titan Cubed G2 60-300 (FEI) Probe Cs corrected
(S)TEM equipped with a ChemiSTEM EDX detector system based
on four windowless Silicon Drift Detectors (Super X).

The electrochemical properties were measured using a Solatron
1260 frequency analyzer. Measurements were carried out in a
frequency range of 100 kHz—0.1 Hz with an excitation amplitude of
25 mV. The temperature was controlled by a PID controller contacted
with a thermocouple placed directly on the sample. The gas
composition in the sealed quartz tube was controlled by mass flow
controllers (Alicat Scientific). EIS data analysis was performed using
the Elchemea Analytical software.” Distribution of Relaxation Times
analysis was performed using the DRTools Matlab GUL** The DRT
analysis was performed by choosing the C4 Matern method of
discretization utilizing the 2nd order of the regularization derivative
and a regularization parameter (1) of 107*

Measurements of samples with different interlayer thicknesses were
conducted in atmospheric air exposing the samples to different
maximum annealing temperatures in four annealing—cooling cycles.
The first measurement of the cycle was started after the isothermal
holding of a sample at the evaluated annealing temperature, i.e., 600
°C for 2 h and measured down to 400 °C with 50 °C steps. During
the cooling down steps, the sample was held for 1 h in isothermal
conditions before the measurement. Each subsequent cycle was higher
by 100 °C until the last cycle of 900 °C. The ASR,, was obtained
from the impedance spectra by the intercept of the spectra with the
real axis divided by a factor of two and by multiplying the cathode
polarization resistance by the cathode area to account for the
electrodes on both sides.
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Figure 2. (A—C) X-ray diffractometry patterns of LSC layers deposited on CGO and annealed at different temperatures, (D) SEM surface image of
the LSC layer annealed at 700 °C for 2 h, (E) HAADF TEM cross-sectional image of the electrode interface, and (F—L) STEM-EDS distribution

of element maps.

Figure 3. (A) Nyquist plot and (B) polarization resistances of the cells with different LSC interlayer thicknesses annealed at 700 °C for 2 h. Results
for the reference LSCF electrode annealed under the same conditions are included for comparison.

The dependence of the electrochemical response on different
oxygen partial pressures was studied to support EIS spectra
deconvolution by indicating the electrochemical reactions occurring
in the electrode. p(O,) measurement starts with an isothermal
holding of the sample overnight (16 h) at 600 °C in air and then the
EIS spectra were measured at 0.1, 0.5, 1.5, S, and 20% oxygen
concentration precisely controlled by mass flow controllers. The
investigated temperatures were 600, 550, and 500 °C. After the last
measurement, the temperature was returned to 600 °C, and the
sample was isothermally held in the air atmosphere for the next 100 h.

Fuel cell characterization was performed in an OpenFlanges VS test
setup (Fiaxell Sarl Technologies). The prepared cell was electrically
connected by a nickel mesh from the anode side and by a Au mesh
from the cathode side. The cell was placed in a Kittec furnace with a
process identifier temperature controller. The wires were connected
to a Solartron 1260/1287 frequency analyzer for impedance and
current—voltage characterization. The cell was heated to 700 °C and
isothermally held. The anode was reduced in dry H, used as a fuel
supplied from the anode side and also synthetic air was delivered to
the cathode as an oxidant. To characterize the cell, the impedance
spectra were measured at OCV. For cell performance, current—

voltage characteristics were measured. The aging of the cell was
performed in galvanostatic mode at current densities of 250, 500, and
1000 mA-cm™2.

3. RESULTS AND DISCUSSION

3.1. Description of the Prepared Layers Used for
Testing. Figure 2A—C show XRD spectra of the bare CGO
substrate and LSC layers on CGO substrates after different
heat treatments. In the as-deposited state, the layer is
amorphous and crystallizes at approx. 600 °C, as was
previously studied for the layers on sapphire substrates.'”
The LSC peaks are marked according to PDF #00-36-1393,
corresponding to the rhombohedral structure, though the
cubic structure also fits well, in agreement with the literature.”
The main LSC peaks (indexed as 110, 104) overlap with the
main CGO peak (PDF #00-50-0201, (200) peak approx.
33.083°); therefore, Figure 2B,C presents the magnified (012)
and (202) peaks of the LSC, which show the formation of the
perovskite phase.
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Figure 4. (A) Ohmic and (B) polarization resistances of the cells with a 400 nm-thick LSC interlayer annealed at different temperatures. Results for

reference LSCF are included for comparison.

Figure 2D,E presents the SEM (BSE) and TEM (HAADF)
images of the LSC surface and cross section after annealing at
700 °C for 2 h. No special features are visible on the surface,
the whole surface is covered uniformly, with no cracks or
delamination defects. Nanometric pores (d ~ 80 nm) are
homogeneously distributed over a whole surface area. The
cross section shows the LSC interface layer sandwiched
between the CGO substrate and the current-collecting LSCF
layer. The presented layer was prepared from a 4 mL liquid
precursor, resulting in a thickness of approx. 400 nm. The LSC
layer adheres very well to the CGO substrate and has smaller
particles and small pores when compared to the LSCF current-
collecting layer or traditionally powder-processed electrodes.
The distribution of elements present in the sample is shown in
Figure 2F—L. There are no interactions between the
electrolyte and electrode, while the distributions of the
elements were homogeneous and no segregation of the
elements was observed.

3.2. Electrochemical Tests of Symmetrical Cells. To
evaluate the electrochemical performance toward the oxygen
reduction/oxidation reaction, electrochemical impedance spec-
troscopy measurements were performed on symmetrical
samples.

3.2.1. Influence of Layer Thickness. Figure 3A,B presents
the Nyquist plot and ASR,, values, respectively, as a function
of temperature for reference and electrodes with the LSC
interface layer annealed at 700 °C for 2 h. For clarity, the
ohmic resistance has been subtracted. The ASR, values of the
samples with the interfacial layer are much lower in
comparison with the reference sample. The addition of even
the thinnest layer (approx. S0 nm) of LSC at the interface
reduces the polarization resistance, which is further improved
by increasing the thickness of the interfacial layer. The ASR,,
values measured at 600 °C were 0.349, 0.145, 0.10S5, 0.079, and
0.076 Q-cm? for samples with 50, 100, 200, 400, and 800 nm
of LSC interlayer thickness, respectively, while ASR,, for the
reference LSCF without interface modification was 0.77 -
cm?. The decreasing ASR,; with the increasing LSC thickness
could be correlated with the thickness of the electrochemically
active layer of a nanoporous electrode with mixed ion-electron
conductivity. In the beginning, increasing the thickness of the
LSC electrode decreases the polarization resistance due to a
larger surface area becoming available for the reaction at the
LSC interlayer/gas interface. As explained by Liu, the thickness
of the electrochemically active layer of a porous MIEC
electrode decreases with the increased rate of surface reaction

and with decreased transport of ionic or electronic defects in
the LSC interlayer.”® Thus, the deposition of the nanoporous
LSC interlayer with a higher surface exchange property than
LSCF*” makes it possible to reduce the thickness of the whole
electrode. At some interlayer thickness, the ASR,; results do
not further decrease. The results obtained for the 400 and 800
nm are similar, which is most likely related to the limitations of
charge transfer through the electrolyte layer. This may hint
that LSCF serves as the current collector not the electro-
chemical catalyst for the oxygen reduction reaction. Therefore,
for certain thicknesses of the LSC interlayer, LSC becomes the
effective cathode layer, and LSCF acts then merely as a current
collector. Thus, for the remaining studies, 400 nm-thick LSC
was selected as the sample for more extensive evaluations.
3.2.2. Influence of Annealing Temperature. The next step
was an evaluation of the influence of the annealing temperature
and microstructural features on the electrode performance. As
described in our previous work,'” the post-processing temper-
ature has a strong influence on the layer microstructure by
determining their porosity and grain dimensions. The main
goal was to find the best microstructure for the highest
electrochemical efficiency of the electrode. The R, and
ASR,; values for different annealing temperatures of a sample
with a 400 nm LSC interlayer are presented in Figure 4. As can
be seen, increasing the annealing temperature reduces the
ohmic resistance of the electrode—electrolyte interface, reach-
ing a minimum for the sample annealed at 900 °C. This may
explain the better adhesion of the layer to the electrolyte.
However, the polarization resistance also reaches the minimum
for the sample annealed at 700 °C, indicating the best
microstructural features for the best electrochemical perform-
ance. A further increase in the annealing temperature results in
a significantly increasing polarization resistance. This phenom-
enon is related to the high surface area available for the oxygen
surface exchange reaction in layers annealed at lower
temperatures, resulting from the nanoscaled microstructure
and enhanced oxygen surface exchange properties of LSC.
Figure S1 presents SEM images of polished cross sections of
samples annealed at a temperature range of 600—900 °C for 2
h. As can be noticed, the LSC layer microstructure significantly
changes by increasing grain dimensions due to coarsening of
nanoparticles after annealing above 700 °C. However, at the
intermediate temperature range of 600—700 °C, the interlayer
microstructure remains nanocrystalline and is the same for
both temperatures. Increasing the annealing temperature leads
to increased growth and reduced porosity of the layer, which

https://doi.org/10.1021/acsami.2c18951
ACS Appl. Mater. Interfaces 2022, 14, 57449—57459


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18951/suppl_file/am2c18951_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18951?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18951?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18951?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18951?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

AN\ MOST

ACS Applied Materials & Interfaces www.acsami.org Research Atrticle

Figure 5. DRT analysis results for a sample with a 400 nm LSC interlayer at the interface. Results compare deconvoluted EIS spectra measured at
different p(0,) at (A) 600 °C, (B) 550 °C, and (C) 500 °C.

Figure 6. (A) Detailed deconvolution of EIS for a sample with 400 nm LSC measured at 550 °C fitted with an equivalent circuit based on DRT
analysis. (B) Kramers—Kronig analysis result comparison.

Figure 7. Fitting results of EIS. Plots of calculated resistances and equivalent capacitances of the P1, P2, and P3 contributions as a function of
p(0,) measured at (A, D) 600 °C, (B, E) 550 °C, and (C, F) 500 °C.

reduces the number of available catalytically active sites and electrodes processed at 700 °C. In the other work, Develos-
leads to an increase in the polarization resistance. A similar Bagarinao et al. investigated the influence of the deposition
observation was noticed by Hayd et al.*® in nanoscaled LSC temperature and long-term annealing on LSC thin films
electrodes produced by the metal—organic deposition (MOD) deposited by pulsed layer deposition (PLD).”” In their
method, where the highest electrode activity was reported for research, a significant improvement in the electrode perform-
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Figure 8. DRT analysis results measured at 600, 550, and 500 °C for samples with (A—C) various LSC thicknesses in a range of 50—800 nm and

(D—F) annealed at different temperatures (600—900 °C).

ance was also achieved by enhancing the surface exchange
property as mediated by a distinctive nanostructure that retains
the high porosity and the better stability of the electrode—
electrolyte interfaces.”

3.2.3. Impedance Data Analysis. To better understand the
mechanisms occurring in the developed electrode, a detailed
analysis of the collected EIS data was performed. A
representative sample with 400 nm of the LSC interlayer was
measured at different oxygen partial pressures.

Figure SA—C presents the results of the DRT analyses.
Three subprocesses can be distinguished, contributing to the
impedance response of the electrode — P1, P2, and P3
processes located at a high, medium, and low-frequency range,
respectively. The dependence of P1 with decreasing p(O,)
results in a slight increase in the peak area. Moreover, the P1
peak area increases with the decreasing temperature. By
comparing the above behavior with the high-frequency range,
it can be attributed to the charge transfer at the electrode/
electrolyte interface. The P2 process present in the medium
frequency range has a strong dependence on p(O,) and the
temperature. P2 can be associated with various electrode
processes described as oxygen surface exchange kinetics and

oxygen ion diffusions such as the adsorption of gaseous oxygen
O,, dissociation of O,, and charge transfer-diffusion (0%7).2%%!
The last subprocess, P3, occurring at low frequencies, has a
strong dependence on p(0O,) only and its peak area increases
with the decreasing p(O,). This process may be related to the
gas diffusion process in the porous cathode and it is just
slightly dependent on the temperature but strongly dependent
on the microstructural features.’”” The identified electrode
processes are identical to the results of other groups
performing the DRT analysis of thin LSC electrodes.”””
The DRT analysis of the EIS data measured at different
p(O,)s and temperatures made it possible to distinguish
processes occurring in the investigated electrode and gave a
hint for fitting the equivalent circuits to the EIS spectra. Figure
6A presents representative EIS spectra with fitted elements
corresponding to the identified electrochemical processes. The
equivalent circuit used for fitting consisted of three parallel Rll
CPE elements (P1, P2, and P3) connected in series with an
inductance L and series resistance. Consequently, the model
was fitted to all measured impedance spectra, and the collected
data allowed us to plot fitting results as the ASR and
capacitance characteristics as a function of the oxygen partial
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pressure summarized in Figure 7. To verify the results of the
impedance measurement and establish the validity of the
impedance dataset, the Kramers—Kronig test was applied to
recorded the spectra.’®’® Figure 6B presents two plots
containing representative test results for the sample exposed
for 1 h of isothermal holding after temperature reduction, and
the second one shows the result for the sample exposed for 1 h
after gas composition change. As can be seen, the K—K
transform results overlap, thus demonstrating the self-
consistency of the data. For most of the spectrum, the relative
error of both the real and imaginary data was under 0.02%.

Figure 7A—C presents variations of the ASRs of the
identified electrode subprocesses with pO,. The slope of the
curves allows us to determine the possible mechanism of the
occurring reaction in the electrodes.’® For a slope of —0.5 to
—0.25, the dependence may be attributed to adsorption and
surface exchange, whereas a slope of —1 involves the
contribution of molecular oxygen and is attributed to gaseous
diffusion. The P3 process is characterized by the greatest
variability in the function of pO, with a value of slope close to
—1 for the investigated temperature range and can be
correlated with the gas diffusion reactions in the electrode.
The resistances of the two other processes, P1 and P2, are
more sensitive to the temperature and have a much smaller
slope than P3. For the P2 process, the value of the slope
increases with the reducing temperature and varies from —0.58
to —0.28 for 600 and 500 °C, respectively. It makes it possible
to conclude that this process is related to oxygen surface
exchange kinetics and oxygen ion diffusion. In contrast, the
process P1 presents an almost flat inclination of a slope but the
ASR has thermally activated dependence and increases with
the decreasing temperature. Thus, P1 corresponds to the
charge transfer reaction at the electrode/electrolyte interface.
Looking into details on the resistance values of individual
processes in the air atmosphere, it can be seen that at high
temperatures, the P1 process related to the charge-transfer
reaction at the interface has higher resistance compared to
other subprocesses, indicating that P1 is the rate-determining
reaction at higher temperatures, but with the decreasing
temperature, P2 significantly increases and P2 overtakes P1 at
temperatures below 550 °C, becoming the rate-determining
reaction in the lower temperature range.

To supplement the ASR values, specific pseudocapacitances
of the identified subprocesses were calculated and presented in
Figure 7D—F. For the low-frequency contribution (P3), the
equivalent capacitance shows high values and varies between
1.4 and 20 F-cm™? depending on the oxygen concentration and
measurement temperature. The low-frequency contribution
does not show strong temperature dependence but shows
strong oxygen partial pressure dependence. These high
capacitance values have a chemical, not electrochemical, origin
and are typical for a gas diffusion resistance in porous
electrodes. Furthermore, the capacitance of the P2 process is
between one to two orders of magnitude lower than for P3,
which is typical for the adsorption processes assigned to P2.””
The lowest capacitance values were observed for the P1
process (<107%) and can be correlated with the charge-transfer
process occurring at the interface between the electrode and
electrolyte layers.

The results presented in Sections 3.2.1 and 3.2.2, including
the effect of the thickness of the LSC layer and the annealing
temperature, were subjected to DRT analysis, and the rate-
limiting processes taking place in the electrodes was not

determined. Figure 8 presents the results of the DRT analysis
for the measurements performed in air in the temperature
range of 500—600 °C. Due to different scales, the result for the
reference LSCF sample was presented separately in Figure S2.
It can be seen that the rate-limiting process for the LSFC
electrode is related to the P3 process, which has the highest
intensity. The introduction of a nanoporous LSC layer (from
S0 nm) with a very well developed active surface causes that
the gas diffusion process ceases to dominate and becomes a
process that does not affect the overall reaction of the
electrode. In Figure 8A—C, the presented results for the
sample with a 50 nm LSC layer indicate the dominance of the
resistance associated with P2 described as oxygen surface
exchange kinetics and oxygen ion diffusion. Nevertheless,
increasing the thickness of the LSC layer significantly reduces
the peak area by improving the electrode performance. This
phenomenon can be attributed to the increase of the triple
phase boundary leading to developing the active area surface
between three different phases close to the electrode—
electrolyte interface. Moreover, the area of the peak correlated
with P2 improves and remains almost constant for the layers
with thicknesses of 400 and 800 nm. This allows the
assumption that due to the well-developed microstructure of
the LSC layer and the extremely fast kinetics of this MIEC
electrode material, the electrochemically active layer thickness
near the interface is close to 400 nm. In such a situation, the
porous LSCF electrode above the active LSC layer merely acts
as a current collector and is not electrochemically active. By
analyzing the behavior of the P1 process with increasing layer
thickness, a reduction in the process resistance between 50 and
100 nm of the layer thickness can be noticed. A subsequent
increase in layer thickness has no significant effect on this
process. This fact can be explained by the continuity of the
applied layer. The spray pyrolysis technique is a method in
which a layer is created by depositing fine droplets from an air-
atomized precursor solution on a heated substrate. A
continuous layer is formed when the falling droplets of the
precursor overlap each other and form a uniform layer. One of
the limitations of this method is the need to deposit a certain
amount of precursor to obtain a continuous and homogeneous
layer in terms of thickness. In the case of layers with a
thickness of >100 nm, it is possible to obtain homogeneous
layers, but below this range, some discontinuities in the coating
are visible due to places where the droplets did not spread.
This effect was presented in our earlier publication examining
the properties of the LSC layer deposited from different
amounts of precursor solution."” On the other hand, above 1
pum thickness, the droplets overlap and start making clear
differences in the thickness of the layer visible in the cross-
sectional images, giving the impression of a wavy surface. The
50 nm-thick layer is not a continuous layer, and the LSCF is
partially in direct contact with the electrolyte. LSC is a material
with a higher electronic conductivity than LSCF; therefore, the
increased resistance of the P1 process for a sample with a 50
nm layer will be related to this phenomenon. The last P3
process related to the gas diffusion reaction in the cathode has
the smallest contribution to the electrode resistance. The
resistance of this process does not change significantly with the
increase of the thickness of the LSC layer and remains almost
constant in the analyzed temperature range.

Figure 8D—F shows the results of the DRT analysis for a
sample with an LSC layer thickness of 400 nm, exposed at
different temperatures. The presented graphs show that the
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Figure 9. Long-term stability test: (A) Nyquist plot and (B) DRT analysis results.

Figure 10. Initial performance of prepared ASC-SOFCs with reference and developed electrodes. (A) Current—voltage characteristics and (B)

Bode and Nyquist plots measured in OCV at 700 °C.

dominant process with the highest resistance is the P2 process.
Moreover, with the increase of the annealing temperature from
600 to 700 °C, a clear decrease in the P2 resistance is
observed, and a further increase in the annealing temperature
to 800 °C causes a slight increase in the resistance, but its value
is still lower than for the sample annealed at 600 °C. A
significant increase in the resistance associated with P2 can
only be observed when the sample is exposed to a temperature
of 900 °C, but slight changes for P1 and P3 are also observed.
Referring again to the earlier publication where the influence of
the annealing temperature on the microstructural and electrical
properties of the layer was investigated, it can be concluded
that it is the change in the microstructure and electrical
conductivity of the LSC layer that is directly responsible for
the gncrease in the resistance of the sample exposed to 900
°cC.!

3.2.4. Durability of the Electrodes. Grain growth and
densification of the nanocrystalline and nanoporous material is
one of the potential problems due to the high operating
temperatures, which consequently leads to a reduction of the
active surface area. The long-term stability test was maintained
as a continuation of the measurement of the samples tested at
different p(O,)s and lasted over 140 h in total. The sample was
held in isothermal conditions at 600 °C in the air atmosphere
except for the testing times in different oxygen partial
pressures. Figure 9A presents a Nyquist plot with EIS spectra
collected at various times during the test. The inset in the
diagram also shows the change in Ry and R,y values
throughout the experiment. As can be seen, the ohmic
resistance (Rgunic) remains constant throughout the experi-
ment. This proves the good adhesion of the layer to the

electrolyte and the absence of any adverse reaction between
the layer and the electrolyte. On the other hand, the graph of
the polarization resistance (R,,) change over time shows a
decrease in the resistance value after the first 10 h and its
stabilization at around 5§ mQ-cm® This is a significant
improvement in the performance of the electrode. As shown
above, in Section 3.2.2, the increase of the annealing
temperature from 600 to 700 °C results in a decrease in the
polarization resistance, and thus the extended annealing time
of the sample previously sintered at 600 °C also has a positive
effect on the microstructure relaxation by reducing the value of
the polarization resistance. By analyzing the results of the EIS
spectra utilizing the DRT method, it is visible that a change
took place at a medium frequency related to electrochemical
reactions at the surface of the electrode, described above as a
P2 subprocess. This phenomenon may be also related to the
improvement of the electrical conductivity of LSC observed in
previous studies.”” The electrical conductivity of the LSC layer
deposited on the sapphire increased by 20% in the first 10 h of
the isothermal holding. Such a significant improvement affects
the efficiency of reactions related to oxygen surface exchange
kinetics and oxygen ion diffusions such as the adsorption of
gaseous oxygen O,, dissociation of O,, and charge transfer-
diffusion (O*7).

3.2.5. SOFC Aging Test. A fuel cell test was performed to
determine the electrochemical performance of the developed
electrode. For this purpose, two anode-supported cells were
compared, a reference cell and a cell with an LSC interlayer at
the interface. Figure 10 presents the current—voltage character-
istics, and impedance measurement results measured at the
beginning of the measurement were taken after the reduction
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Figure 11. Long-term stability test under load. (A, B) Voltage as a function of time plots for reference and modified electrode cells working under
load. (C) Ohmic resistance and (D) polarization resistance change as a function of time.

process. The two cells show the same OCV values of 1.07 V.
The maximum power density reaches 675 and 820 mW-cm™>
for the reference cell and the cell with the LSC interlayer,
respectively. The initial ohmic and polarization resistances for
the modified electrode were 0.21 and 0.5 Q-cm?, whereas, for
the unmodified sample, they were 0.24 and 0.55 Q-cm®. As can
be seen, there is a clear improvement in the efficiency of the
cell with the modified electrode (by approx. 20%). Shin et al.
also investigated the nanoscale interlayer of cathodes in low-
temperature solid oxide fuel cells and achieved a similar
improvement in reference to cells without an interlayer. The
higher power densities achieved by this group may result from
the use of a thinner YSZ electrolyte and more precise methods
of applying the buffer layer (PLD) and active layer (precursor-
solution electrospray method).’® Another piece of research
presented by Solovyev et al. also revealed a significant
improvement of an anode-supported cell by 1.6 times at 700
°C by utilizing a sputter-deposited 600 nm-thick LSC
interlayer between the LSC electrode and the CGO electro-
lyte.*” Moreover, the obtained results are comparable with the
previous performance of the cells on the same type of anode
substrate, where the CGO barrier layer was investigated, but in
this case, the operating temperature of the cell was lowered by
50 °C.>" Therefore, it was possible to maintain the efficiency of
the cells by lowering the operating temperature, which was the
aim of this study.

Figure 11A,B shows graphs of voltage as a function of time
with different cell loads. The voltage under a load of 250 mA-
cm? is marked in red, that for S00 mA-cm? is marked in green,
and that for 1 A-cm” is in black. Long-term stability tests were
carried out for almost 950 h for the modified cell and 600 h for
the reference cell. The shorter duration of the reference
experiment resulted from an unexpected power failure. The
target test was to check the cell degradation under a high load
of 1 A-cm?; therefore, at the beginning of the experiment, both
cells were loaded with currents of 250 and 500 A-cm? for initial
stabilization, and then the current was increased to the target
values of 1 A-cm” The degradation rate values at high current
densities were 0.17 mV/h for the reference cell and 0.1 mV/h
for the cell with LSC at the interface. It showed better
resistance to degradation and better performance of the cell
with an LSC layer on the interface. In addition, impedance
measurements at OCV were carried out from time to time to
record changes in the resistance of the cells during the
experiment. The measured values of the ohmic and polar-

ization resistances are presented in the form of graphs in Figure
11C,D, respectively. The nature of the curves plotted on the
measurement points indicates similar changes in the resistance
value with the difference being that the values for the cell with
the LSC interlayer are lower. The lowest values of ohmic and
polarization resistances were recorded after about 50 h of cell
operation under load and were R, = 0.298, 0.231 Q-cm? and
R, =0.218, 0.174 Q-cm” for the reference and modified sample,
respectively. The same character of changes in the resistance
values over time, regardless of whether a reference or a
modified cathode was used, suggests changes occurring in the
anode part of the cell and can be explained by the evolution of
the morphology of the anode bulk previously observed by
Zhang et al.*

Figure S3 presents a modified electrode—electrolyte inter-
face cross section of the fuel cell after the aging test at 700 °C
for almost 1000 h. As can be noticed, the interlayer
microstructure changed over a long operation time under
load. The interlayer microstructure after the test changed
significantly from those presented in Figure S1B — reference
after annealing at 700 °C for 2 h. Nanoparticles became
coarser, but the electrochemical efficiency remained stable and
still presented better results than the reference sample without
the interlayer.

4. CONCLUSIONS

In this work, an Lay4Sr,,CoO;_,; oxygen electrode material
was deposited between a dense Ce(3Gd,,0, 4 electrolyte and a
porous Lag ¢Sy 4Cog,Fe,305_, electrode by the spray pyrolysis
technique. The developed oxygen electrode interface was
investigated utilizing electrochemical impedance spectroscopy
and distribution of relaxation times analysis. The material tests
were carried out for various LSC layer thicknesses, annealing
temperatures, oxygen partial pressures, and temperatures and
were subjected to long-term stability tests and evaluated in
typical operating conditions in an intermediate temperature
SOEC.

Structural studies confirmed the presence of a single-phase
nanocrystalline LSC crystallized in a cubic perovskite structure.
In addition, phase analysis of the interface cross section did not
indicate interfacial reactions between the electrode and
electrolyte or segregation inside the layer. Electrochemical
investigations proved that the addition of even a very thin layer
(approx. SO nm) of LSC at the interface measurably reduces
the polarization resistance, which is further improved by
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increasing the thickness of the interfacial layer. The lowest
polarization resistance values were obtained for a layer with a
thickness of 400 nm, annealed at a temperature of 700 °C, and
the ASR,,| values measured at 600 °C were 0.349, 0.145, 0.10S,
0.079, and 0.076 Q-cm? for samples with 50, 100, 200, 400,
and 800 nm of LSC interlayer thickness, respectively, while
ASR,; for a reference LSCF without interface modification
was 0.77 Q-cm? Studies over a wide range of oxygen partial
pressures and temperatures identified three electrochemical
processes in the modified electrode. The identified reactions
were the following: P1 — charge transfer reaction at the
electrode/electrolyte interface; P2 — oxygen surface exchange
kinetics and oxygen ion diffusion; P3 — gas diffusion reaction
in the cathode. It was found that the process limiting further
efficiency improvement is related to P2, while in the long-term
tests, the resistance of P2 decreased, making the P1 process
dominant after some time. After the initial stabilization in the
aging tests, the electrode did not degrade during the following
hours, and both R, and R, remained stable over time.

Finally, the electrode was tested in a working fuel cell. The
tests showed increased electrode performance by 20%
compared to an unmodified electrode. The maximum power
density reached 675 and 820 mW-cm™ for the reference cell
and the cell with the LSC interlayer, respectively. Aging tests
under high load showed an almost twofold lower degradation
rate.

In summary, it was possible to produce an electrode with a
highly developed active surface at the electrode—electrolyte
interface, which decreased the resistance values and con-
tributed to an increase in electrochemical efficiency in the cell.
The nanocrystalline and nanoporous LSC layer produced by
spray pyrolysis was responsible for increasing the cell’s
performance. The main goal of the work, lowering the
operating temperature of the cell while maintaining high
electrochemical efficiency, was achieved.
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Figure S1. Cross-section SEM images of electrode-electrolyte interface microstructure annealed at

A) 600°C, B) 700°C, C) 800°C, D) 900°C for 2h.

Figure S2. DRT analysis results measured at 600°C, 550°C and 500°C for reference LSCF electrode
annealed at 1050°C for 2h.
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Figure S3. SEM freacture image of electrode-electrolyte interface of anode supported fuel cell with

LSC interlayer after 1000h aging at 700°C under high load.
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5. PODSUMOWANIE

Niniejsza rozprawa przedstawia prace badawcze w kierunku zastosowania metody
pirolizy aerozolowej do wytwarzania ceramicznych warstw funkcjonalnych dla zastosowan w
tlenkowych ogniwach paliwowych SOFC. W pracy zbadano trzy potencjalne zastosowania
metody: do wytwarzania powlok ochronnych dla stalowych interkonektoréw, bariery dyfuzyjnej
pomiedzy elektrodg tlenowg i elektrolitem oraz warstw funkcjonalnych katody wspomagajgcych
reakcje redukgji tlenu. Przeprowadzone eksperymenty udowodnity, ze mozliwe jest utrzymanie
wysokiej wydajnosci ogniw paliwowych w sredniotemperaturowym zakresie temperatur poprzez
zastosowanie warstw ceramicznych wytwarzanych metoda pirolizy aerozolowej. Wytworzone
materiaty okazaty sie spetnia¢ wymagania stawiane materialom wyzej wymienionych
zastosowan. Ponadto wykorzystanie metody pirolizy pozwolito obnizyé temperature wytwarzania
warstw i pozwolito otrzymywaé materiaty o strukturze nanokrystalicznej. Miniaturyzacja cech
mikrostruktury okazata sie kluczowa w celu poprawy wydajnosci elektrokatalitycznej materiatow
uzywanych na interfejsie elektroda tlenowa - elektrolit, a warstwy stosowane jako powioki
ochronne byly geste i doskonale przylegaty do stalowego podioza, bez koniecznosci

wysokotemperaturowego spiekania.

Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej udowadniajg tezy
postawione w rozdziale 1, a mianowicie technika pirolizy aerozolowej moze by¢ interesujgca
alternatywg dla konwencjonalnych technik osadzania warstw w celu przygotowania gestych
warstw barierowych CGO, ktérych parametry gestosci mocy i rezystancji polaryzacyjnej
przewyzszajg wartosci osiggane przez tlenkowe ogniwa paliwowe z warstwami otrzymywanymi
metodami tradycyjnymi jak sitodruk czy napylanie zawiesiny proszku ceramicznego. Dodatkowo
udowodniono, ze mozliwa jest dtugoterminowa poprawa wydajnosci elektrochemicznej ogniw
SOFC poprzez zastosowanie aktywnej warstwy katodowej wytwarzanej metodg pirolizy
aerozolowej, ktérej parametry elektrochemiczne mozna dostroi¢ poprzez odpowiednig obrobke
cieplng po naniesieniu. Tym samym obie tezy badawcze zostaty potwierdzone. Charakter
przeprowadzonych badan zwraca uwage na korzy$ci ptyngce z zastosowania metody pirolizy
aerozolowej, ale rowniez wskazuje na ograniczenia metody jak i réwniez ograniczenia

wystepujgce z uwagi na uzyte materiaty.

Wcigz jest jeszcze wiele mozliwosci prowadzenia prac badawczych z wykorzystaniem
metody pirolizy aerozolowej ze wzgledu na pojawianie sie nowych bardziej wydajnych materiatéw
oraz nowych koncepcji modyfikacji dotychczas wykorzystywanych materiatdw. Ponadto
zainteresowanie technologig ogniw paliwowych zaczyna wkracza¢ w faze komercjalizacji na
masowg skalg, a prowadzone prace badawcze pod katem optymalizacji procesu wytwarzania
ogniw bedg zyskiwac na atrakcyjnosci w srodowisku rozwijajgcych sie firm produkujgcych stosy
ogniw paliwowych celem szukania oszczednosci. Metoda pirolizy aerozolowej z uwagi na swojg
prostote, niski koszt i tatwg skalowalno$¢ moze znalez¢ zastosowanie w dziedzinie energetyki

niskoemisyjnej.
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