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Zusammenfassung 7

Zusammenfassung

Protonenleitende keramische Brennstoffzeheteen protonenigende Oxide als Elektrolyte
und wandeln chemische Energie bei mittefleemperatuen mit hohen Wirkungsgrad in
Elektrizitdt um.Innerhalb der protonenleitenden Keramiken w¥istotiertes BaZr@bei 400

T 700 e QGlie hochsteBulk-Protonenleitfahigkeitauf. Die hohe Temperatur und die lange
Haltezeit, diebeimkonventionell@ Sintern erforderlich sindkénnen jedoch zgrof3en Ba®
Verlusen fuhren die die Leistungfahigkeit beeintrachtign Daher muissen geeignete
Methoden entwickelt werden, um grof3flachige er&mikmembranen mit guter
Protonenleitfahigkeit und mechanischer Festigkeit herzustellen.

In Y-dotiertem BaZr@ kompensieren Sauerstiaférstellen die negativ geladenely ,
Akzeptoren.Durch Wassereibau bilden sich fir jede Sauerstt#érstellezwei protonische
Defekte O I—@ . Protonen in Ydotiertem BaZr@ haben aufgrund der niedrigen
Migrationsbarriere eine hohBeweglichkeit Korngrenzendie den Protonentransport stark
blockieren(v.a. durch ein®aumladungszone mit einem positiv geladeiermngrenzenKern),
mechanische Sprodigkeit, notorisch schlechte Sinterbarkeit und daraus resultierende kleine
KorngroRen hemmen jedochden Einsatzdieses Materials als Elektrolyt fir protsche
keramische Brennstoffzellen.

Im ersten Teil der vorliegenden Arbewnird die Zusammensetzung von Ba(Zr,Ce,¥)O
diskutiert. Mit steigendem GAnteil nimmt die Loslichkeit von Y zu, da Ce das Gittervolumen
vergroRert. Die Protonenleitfahigkeit nimmt mit steigenderrGeéhalt zu Dies gilt
insbesonderéir die gemitteltewie auchfir die spezifisch&orngrenzergitfahgkeit, da das

Raumladungspotential abnimmt. Ce wirkt sich nur geringfuigig auf die Leitfahigkeit aus,
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verbessert aber die Sinterbarkditie chemische Stabilitéat gegentbesCHund CQ bleibt
erhalten, solange der @eteil 20 at.%nicht UberschreitetHohee CeGehalte und mehr als

24 at.% Y fuhren zur Zersetzung der Probe und Zerfall in kleine Stticke, was fur die praktische
Anwendung sehr nachteilig ist. Daher konzentriert sich der Hauptteil dieser Arbeit auf die
Zusammensetzung BasZroessCen20Y 013603 (BZCY, 1,5 at.% Uberschissiges Ba wird zur
Kompensation der Ba®erdampfung wahrend des Sinterns verwendet).

Die vorliegende Arbeitbefasst sich mitFestkorpeiReaktivsintern $olid State Reactive
Sintering SSRS) mit 0,125i 1,0 Gew-% NiO als Sinteritfe zur Verbesserung der
Sinterfahigkeit und des Kornwachstums. FestkéReaktivsintern bedeutet, dass die
Perowskitbildung und das SintemeinemSchritt erfolgenln der Literatur ist nicht wirklich

klar, ob beim FestkorpeReaktivsintern von BaZrgKeramiken eine flésige Phase beteiligt

ist. In der vorliegendenArbeit werden mehrere Aspekte des reaktiven Festkorpersinterns
untersucht:

() Bildung der PerowskitPhase.Laut XRD beginnt mit NiO-Zugabe die Bildung von
Perowskitphasen uQdotiertes BaZrg) und ein zweite Ce,Y-reiche Ba(Zr,CeY)Quy
Perowskit) bei 10560 1 100 e C. Mi t zunehmender Temper at u
Phase und es existiert nur noch eine BZR&fowskitPhase. Ein hdherer NiQusatz senkt

die Temperatur, die zum Erreicheer &inphasigkeierforderlich ist.

(i) SinterverhaltenBei eineMNiO-ZugabevonO 0, 2 6 siGdehvhelemperattenO 1 55 0
e C u n dHaltezzitergnetwendig, um die Keramik vollstdndig zu verdichtembei die
KorngréRe ~ um nicht tibersteigtWenn de NiO-GehaltO 0 , 3 7-% beGgtgrmdglicht

die transiente (Ba,Y,Ni)@Fltssigphase ein Kornwachstum parallel zur Verdichtung. Die
maximalen Korngrof3ebei 0,5 und 1,0 Gew% NiO-Gehaltbetragen ~ 4im bzw. ~ 6um.

(i) Kinetik des Kornwachstums.Bei einem NiO-Gehalt Giber 0,25 Gew% folgt das
Kornwachstum einem parabolischen GesetZs kann gefolgert werden, dasias
Kornwachstum durclilas Losen bzw.Ausféllen an der FesFElussigGrenzflache b&timmt

wird. Die Aktivierungsenergie des Kornwachstumsdwdurch NiGZugabe erhoht. Dies
kénnte durch eine Temperaturabhangigkeit derr/CeLoslichkeit in der transienten
Flissigphase verursacen.

(iv) Sintermechanismus. Der Sintermechanismusdemit Hilfe von abgeschreclken Proben
untersucht. Obwohl dieB@,Y,Ni)Ox-Phase nicht direkt durch XRD nachgewiesesrden

konnte deuten mehrere indirekte Hinweise stark darauf hin, dass sie wahrend des Sinterns
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transient gebildet wird. Diese fliissige Phase [6st/@e** auf und beschleunigt den
lonentransport, deirfir die Bildung der Perowskitphase, das Kornwachstum und die
Verdichtung erforderlich ist. Bei ausreichender NlQu g ab e ( O -%) er@ighén d€ e w .
Kdrnereinehexagona Form wie durch die Wul#Konstruktion vorhergesagt.

(v) NachteiligeAuswirkungenauf die Protonenaufnahme. Die maximale Protonenaufnahme
(durch Thermogravimetridbestimmj nimmt mit dem NiGGehalt ab,insbesonder bei
Erhdhungvon 0,5 auf 1,0 Gewo. Die effektiveKonzentration deAkzeptordtierung nimmt

mit NiO-Zusatzndherungsweisknear ab, wahrend die Standdtdthalpie undEntropie der
Hydratation nicht beeinflusst werddder Vergleichmit TG-Datenvon Proben mit Niauf dem
B-Platz sowie das Verhalten deGitterkonstanterund die TEM-EDX-Ergebnissen zeigen,
dass sich Ba und Nin den Korngrenzen anreicheDaraudasst sictschliel3en, dass Ba durch

Ni aus dem Perowskitgitter extrahiert wird, um die transiente (Ba,YNt)@ssigphase zu
bilden. Die Bildung von niedrigschmelzendem BaMi®eled durch TEMEDX) und/oder
BaY2NiOs (unterstitzt durch die Beobachtung einer geringen Verdichtung ohne
Akzeptodotierungtrotz NiO-Zugabe) fihrt somit zu einer verminderten Protonenaufnahme.
(vi) Elektrochemische Eigenschaften. Die elektrochemischen Eigenschaften wurden mittels
Impedanzspekoskopie untersucht. Bei niedriger Temperatur konrolumen und
KorngrenzHalbkreise unterschieden werden. Melumenkitfahigkeit nimmt systematisch

mit NiO-Zugabe ab, was durch verminderte Protonenaufnahme und verminderte
Protonenbeweglichkeit verwsht wird. Diegemittelte Korngrenzergitfahigkeit nimmt mit
NiO-Zugabe signifikant zu, hauptséachlich durdd stark erhéht&orngrol3e Die spezifische
Korngrenzleitfahigkeitist leicht erhoht.Mdgliche Grinde fur die grofRe Streuung der
gemittelten Korngrenzleitfahigkeit wurden untersuchtdie Ursache konnteaber nicht
vollstandig aufgeklart werden. Sie konnte mit der Komplexitat des transienten
Flissigphasensinterprozesses zusammenhangen.

(vii) Bestimmungdes optimalen NigGehalts. 0,5 Gew NiO wird alsguter Kompromiss
zwischen verbesserter Sinterbarkeit und Kornwachstufmas die gemittelte
Korngrenzenleitfahigkeit erhdht) und verringerter  Protonenaufnahmegdie die
Volumerieitfahigkeit verringefti dent i fi zi er t . Bei 600 eC errei
feuchter Atmosphére 1 x £Gcm?.

(viii) Foliengiel3en vorgroRflachigeranodengestiitzten Membranen. Die Membranen wurden

durch sequenzielldsoliengieReram IEK-1 desForschungszentrusdilich hergestelltZuerst
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wird der Elektrolyt (Ba,o1sZroe28Ce&,20Y 0179034 mit 0,5 Gew% NiO-Zusatz) gegossen,
gefolgt von der Anodenschicht (eim Verbund aus dem Elektrolytmaterial plus 60 Gétw.
NiO). Nach dem Trocknen werden die Folien bei &hnhchemperaturen wie die keramische
Pellets gesintertNach der Reduktion von NiO zu Ni wurde die Leitfahigkeit mittels
Impedanzspektroskopi€mit PseudeVierpurkt-Kontakierung) gemessen. Einige Proben
wiesen Kurzschlisse auf, die dutdbine Locher oder Rise in der Membran entstehen kdnnen.
Die Volumenleitfahigkeit ist vergleichbar miteramischenPelletProben wéhrend die
gemittelte Korngrenzergitfahigkeit fast eine Grof3enordnung niedriger ist. Nichtsdestotrotz
nahert sich die Gesamtleitfahigkeit bei 60C d e m V o laruune istwné der von
keramischen Pelletsergleichbar. Die Leitfahigkeit der Membran liegt im Vergleich zu
Literaturdaterkeramischer ®ben im oberen DrittelWahrendeine weitere Verbesserung des
Sinteprozesseserforderlich ist,reicht die Leitfahigkeit der Membran fuden Einsatz in

grof3flachige protonischa keramischa Brennstoffzelleraus
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Abstract

Protonic ceramic fuel cellgse proton conducting oxides as electrayed convert chemical
energy teelectricity aintermediate temperaturith high efficienciesY-doped BaZr@shows
highest but proton conductivity in protosonducting ceramics &007 700e Cbut the high
temperature and long soaking time required for conventional sintering induces large BaO loss,
which compromisgits performanceTherefore, appropriate methods need tddelomd to
fabricate largearea ceramic membranes wigpod proton conductivity and mechanical
strength.

In Y-doped BaZr@ oxygen vacancies compensate the negatively chafgeecceptors.
When water is incorporated, two protonic def@t% are formed for each oxygen vacancy.
Protons in ¥doped BaZr@have ahigh mobility due to the low migration barrier. However,
the presence dfighly proton blockinggrain boundarie§GBs) (mainly from the space charge
zone with a positively chargeGB core), mechanical brittleness, notorilyusad sinteribility
and resultig small grain sizes severely inhibit the practical utilization of this material as
electrolytes ér protonic ceramic fuel cells.

The first part of the present thesis discusses the composition of Ba(Zr,Ge,X\h
increasing Ce content, the solubility of Y increases because Ce enlarges the lattice Modume.
proton onductivity increases with Y content, especidhig apparentas well as specifiGB
conductivity, due to the decreased space charge poté&dgidiasonly amild impact on the
conductivity but improves the sinteribilityhile keeping chemical stability versus® and
CO; as long as the Ce content remains 2 0 . Higher Gé content and more than 24 at.% Y
lead to sample decomposition atidintegrationinto small pieces, which is vedetrimental
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for practical use. Therefore, the main part of this work focuses on the composition of
Bay.o15Zro.e6Le 20Y 0.13d03u (BZCY, 1.5 at.% excess Ba is used tmmpensateBaO
evaporation during sinterifg

The present thesis uses solid state reactive sint€8i88S)with 0.1257 1.0 wt.% NiOas
sintering aid to improve sinteribility and grain growtBSRSmeans that the perovskite
formation and sintering are achieved in the same step. From literatumtitresally clear ifa

liquid phase is involved iI'SSRSof BaZrQ; ceramics Several aspectef SSRSwere
investigatedn this thesis

(i) Perovskite phase formation. According to XRDhe f or mati on of per o\
undoped BaZr@and a second Ce,-Nch Ba(Zr,CeY)Q.a perovskite)starts at 1050 1100e C

with NiO addition With increasing temperature, the undoped phase vanishesngndne
BZCY perovskite phasexists.Higher NIO addition lowers the temperature needed to reach
phase homogeneity.

(i)S ntering behavior. F ahigh témp@ratarabovelt50@ @nd O 0 . 2 &
along soaking time are necessary to fully densify the cerdoaidhe grain size remains srhal
(~1um). ForNi O O 0. 3 7tEnsient (B&,Ni)® liqued phase sufficegor grain
growth in parallelwith densification. The maximum grain sizes for 0.5 and 1.0 wt.% NiO
addition are ~ 4m and ~ @um, respectively

(i) Grain growth kineticsFor NiO > 0.25 wt.%the grain siz€ollows a parabolic dw,
indicating the grain growtho be limited by the solution/reprecipitation at tlselid/liquid
interface.Theactivation energy of grain growth increasedvith NiO addition Thismight be
caused b the temperature dependencela solubility of Zr/Ce in the transient liquid phase.

(iv) Sintering mechanismlhesintering mechanism iavestigatedvith the help of quenching
experimentsAlbeit the (Ba,Y,Ni)Q phase was ndatirectly detected by XRDseveral indirect
evidences strongly indicatiat it is transientlyformed during sintering. This liquid phase
dissolves Zt"/Ce** andaccelerates the ion transpasthich is required foperovskite phase
formation grain growth and densificatioWithsuf i ci ent Ni O addi ti on ( (
final shape othegrains is hexagonalspredicted bythe Wulff construction.

(v) Detrimental effed on proton uptake.The maximum proton uptakgmeasured by
thermogravimetryflecreases with Ni@ontent particulaly whenthe NiO addition increases
from 0.5 to 1.0 wt.%The effectiveacceptodopant conerntration decreases with NiO addition

approximatelfinearly, while thestandard enthalpy and entropy of hydratwa not affected
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Comparsonsof TG data from saples withsubstitutionaNi on the B site, latticparameters
and TEMEDX resultsindicatethat Ba and Ni accumulatg the GBs One can conclude that
Ba is extracted by Ni from thgerovskitdattice to form théransieni{Ba,Y,Ni)Ox liquid phase.
Formaton of low-meltingBaNiO» (supported by TEMEDX) andbr BaY2NiOs (supported by
theobservation of lovdensification without acceptor dopant even with NiO additibnglead
to decreased proton uptake.

(vi) Electrochemical propertie3he electrochemicalrpperties werexaminedoy impedance
spectroscopy. At low temperatyteulk and GB emicircles can be distinguishedhd bulk
conductivity decreases systematically with NiO addition, whidaused bylecreased proton
uptake and decreased proton mobilire apparent GB conductivity increases significantly
with NiO addition mainly from the largely improved grain growttThe specific GB
conductivityis increased slightlyReasons of the large scatter of apparent GB conductivity
were investigatedut could not fully be resolvedit could be related to the compigxof the
transient liquid phassintering process.

(vii) Discussion doptimum NiO content0.5 wt.% NiO is identified as good compromise
between improved sinteribilitgnd grain growthwhich increasespparent GB conductivity,
and decreased proton uptakéich lowers thebulk conductivity. At 600e C, protbne
conductivityin humid atmospheneached x 102 Scm.

(viii) Tapecastingof anodesupported largarea membrane¥he membranes weiprepared
by sequential tapeasting by IEK-1 at the Research &hter Jilich The electrolyte
(Bar.o1xZros2sCen.20Y 0.17503-1 With 0.5 wt.% NiO addition)s tapecastfirst, followed by the
anode laye(a composite ofhe electrolytanaterialplus 60 wt.%dNiO). After drying, the tapes
are sintered at similar temperatures as the ceramic pélfets.reduction of NiO to Ni, the
conductivity was measured by impedance spectroscopy using pieeurgimint contacs.
Some samples exhibited short circwtdhich may arise from pinholes or cracks in the
membraneThe bulk conductivity is comparable with pellet samspiehile the apparent GB
conductivity isalmostone order of magnitude lowedkeverthelessthe total conductivity at
600e @pproaches the bulk value asccomparable tthat ofthe pellet This conductivity of
the membrandies in the upper third range compared to literatlaaon ceramic samples
While a urther improvement of sintering protocol is negdbd membraneonductivity is in

the range suitable for larg@ea protonic ceramic fuel cells
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Abbreviations and symbols

Abbreviations
AC Alternating current
ADF Annular darkfield
BET BrunauerEmmettTeller
BF Bright-field
BZCY Ba(Zr,Ce,Y)Q.u
CSs Conventional sintering
DC Direct current
EDX Energy dispersive-xay spectroscopy
EELS Electron energyoss spectroscopy
EIS Electrochemical impedance spectroscopy
FIB Focused ion beam
GBs Grain boundaries

HAADF | High-angle annular darkeld

ICP-OES | Inductively coupled plasmaptical emission spectromet

PCFC Protonic conducting fuel cell

PLD Pulsed laser deposition

SEM Scanning electron microscopy

SOFC Solid oxide fuel cell
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SPS Spark plasma sintering

SSRS Solid state reactive sintering

TEM Transmission electron microscopy
TG Thermogravimetry
W-H Williamson-Hall

XRD X-ray diffraction

Symbols

C Capacitance

Co Bulk capacitance

Ces | GB capacitance

Grain size

Grain boundary thickness

Dielectric constant of vacuum

Bulk relative dielectric constant

s & & gl g
o @
©

5 | Apparent GB relative dielectric consta

v
>

5 | Specific GB relative dielectric constan

Eap | Bulk activation energy

Eacs | GB activation energy

Uo Space charge potential

=8 Debye length

o Space charge zone thickness
n Depression parameter

Q CPE value

R Resistance

Ry Bulk resistance

Rce | GB resistance

Rrotal | Total resistance of bulk and GB

Conductivity

Co

Bulk proton conductivy

Co
o
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app
»"GB

Apparent GB proton conductivity

ObA
»"GB

Specific GB proton conductivity

(o]
UTotal

Total proton conductivity
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Chapter 1 Introduction

1.1 Protonic eramic fuel and ekctrolysis cells

(a)
H, 0,

H, + 0% — H,0 + 2¢ 2H* + 2e + 1/20, — H,0

Anode Cathode Anode  Cathode
Figurel: Schematic diagrams of (epnventionaSOFC and (b) PCFC.

Solid oxide fuel cells (SOFCs) convert chemical energfaotricityat high temperature (800
i1000 e C) wngthk environment!] Theuhighefficiency without limitation by
Carnod s e f fi%canckttre ugl flexibility 2¢° are key advantages of conventional
SOFCsbased oroxide ion conducting electrolyte$hey havealreadybeen commercialized
(101131 As shownin Figure 1-(a), oxygen is reduced to%at the cathode sidmigrateshrough
the oxygen ionconducting electrolytéfor example ¥doped ZrQ) and reacts with hydrogen
at the anode side forming@. Due to the higimigration barrier of oxide ion@ypically 0.71

1 eV), elevatedbperatingtemperaturesare requiredfor sufficient ion conductivity in the
electrolyte (~ 181 102 Scm?). Thismay lead tdong timematerial degradationWater formed
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at the anode side of SOF@#utesthe fue| decreasing the Nernst voltage, and making high
fuel utilization difficult

Protonicceranic fuel cells (PCFCs) @sproton conducting oxideas electrolytein which
protons have lower migration barriethan oxygen ions in SOFCG¥-15 This allows for a
lower operating temperature (400600 e £ H. Iwahara first reported applications of
perovskiteproton conductors in fuel and electrolys@lsin the 1980517 In a typical PCFC,
protons generated from oxidation of hydrogen at the anode sdeaasported througthe
proton conducting electrolyte. Thegeactwith oxygento form water at the cathode side
(Figure 1-(b)), which avoids the prolem of fueldilution. The fuel choice for PCFCs is pure
H. 28 However,there are several efforts txtend thefuel possibilities. W. G. Coorg?
reported a PCFC using methane as wigch is internally reformed at the anode with steam
Apart from CH 2% ather fuels such asBs ?Y, NH; 8, and CHOH 8 etc. were also
investigated

Oxides with \arious structures exhibit proton conduction, including ABMpleperovskite
[16.2229] - A,BBYe.i/A3BB20s.; layered perovskites 39351 A;B,0s brownmillerites 361411
APO; ortho-phosphated*? 44 ANbO,4 ortho-niobates*, and ATaQ, orthotantalates*s).
Among them, acceptor dopgerovskiteACeOs (A = Ba, Sr)*6?22%land AZrQ (A = Ba, Sr,
Ca) > have been considered the most ping candidate for PCF€lectrolytes

Apart from useas electrtytes in high performance PCFE&§20-214851  nroton conducting
ceramics arealso utilized in protonic ceramic electrolysis cells (PCEE%}3. PCECs
efficiently convert electricity to chemical energy at same operation tempesata€-Csand
directly produce dry K They were also suggeby H. Iwaharaet al.*® in 1981. In recent
years,reversible protonic ceramic electrochemical cells (RePCEf@sdf interestor energy
conversion and storage.g. from fluctuating renewable solar or wind paw&rRePCEC
generates hydrogen aodhydrocarbon fels when excess electricity availableand works

in fuel cell mode on the same device. In 2019, S. @hal.’¥ and C. Duaret al.>® reported
RePCECaising Ba(Zr,Ce,Y,Yb)@u as electrolyt@peratingwith high Faraday efficiency. S.
H. Morejudo et al. 8! fabricated protonic ceramic electrochemical reactors (PCHEdRS)
methane dehydroaromatization. For more details about recent progress on proton conductor
research and applications, please refer td>&f.
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1.2 Protonic defect formation and transport

For A>'B*'O3 perovskites, acceptor dopants$™Mubstitutingon the B site introducglectrically
negativeMy defects, which arehargecompensated by positively chadjexygen vacancies
Vé ’%\ccording to

M,Os+ BR+O5Y Mg+VAY BX 1)
expressed in Krégevink notation®8l. In KrégerVink notation, taking\/é As an examplehe
subscript Oindicatesthatthe defecis on the oxygen sitd he superscript gives the charge
relative to the perfd lattice, here -- for a doublyositively charged oxygen vacandf/the
defect is negatively chargetthjsis notified bya primeas in the case ofl;.
Watercanincorporaé into the lattice by dissociating into a protorf)ldnd a hydroxide ion
(OH). As shown inFigure 2, the proton bind$o one lattice oxygen ion, and the hydroxide
occupies an oxygen vacandherefore, two protowi defectO I—@, (hydroxide ions on oxide

ion sites)are formed as describedku. (2).

H /Y
._/
H,O
: 8 _ —B4* or M3*
®
OH-

Figure2: Formationof protoric defectfrom dissociative water incorporation ild*B*'Os; perovskites.

H,0+VA% 0%z 20H )
The reaction islescribey the mass action constant of the hydration rea&igia:(Eq. (3))

under the assumption that all ttefects are dilute so that thactivity coefficiens are unity

Khy a7 [0 '_%]-2
BH-0 VoI @3]

Both standarchydration enthalpyoH & and entropydS eare negativeAt sufficiently low
temperaturgthe negative enthalgominates overg €, andgGe qifgeqgSe T i s 1 n

©)

f

ayv
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proton formation Knyarat ©0). With increasing temperatutésyaratand the degree of hydration
decreaseThe thermgravimetricanalysis oficceptordopedA2*B4+*O3 perovskies shows that

full hydration( O 9idDaehjeved for Ydoped BaZr@and BaCe®@at temperature below 450
e @ue to the higlbasicity of the oxide ions in these two materiabereas it is difficulto

reachfor other perovskite such as SrTiQeven at lowetemperaturé&®9,

Figure3: Proton transport in BaCe@blue spheres oxide ions, red trace = trajectory of one prgton
The rotationalmotion and protontransfer to the neighboring @ obtained by quanturmolecular

dynamicssimulationf©2l,

In perovskite oxides, protoshiowsrotationalmotion around the oxygen ida which they are

bound.This rotationhas low activation baers. In addition to theshortcovalent GH bond

the proton interacts with a neighboring O by a longer and weaker hydrogenlbahe

equilibrium geometry, the two O are too far apart fet pmoton transfer. This i&cilitatedby

lattice vibrationswai ch bri ng t he tBloagatOdaoftheovalersbendand o get h
contraction of the hydrogen bond eventud#igdto the proton hopping to the neighboring
oxygen!69-62631 The migration barrier is typically 0.4 0.5 eV compared to 0.8 1 eV of

oxygen vacancies in perovskit&8. The proton mobility depends time type of chosen dopant

dopant concentration, and symmeufythe peovskitel®,

1.3 Blocking grain boundariesand space charge model

In acceptordoped Bé&Zr,Ce)O3; GBs are blocking for proton, oxgg vacancy, and hole
transport, especially with low dopant content, which jeopardizes the total proton conductivity



Chapter 1 Introduction 23

even though it has high bulk proton conductiVi§¥68l. There is no obvious correlation
between grain orientation (usually randomly distributed) and the GB condudfR/At)
According to the DFT calculatiaby B. J. Nymaret al.["® and E. E. Helgeet al."!], oxygen
vacancies and protons hawstrong tendency to segregate to the structurally distorted GB core
and forma positive GB core charg®ue to theelectrostatiaepulsion, oxygen vacancies and
protons arestronglydepletedn the space charge zone adgat to theGB core, whichresults

in a decreased GB conctivity. Theelectricallyblocking GB regior{several nmjs wider than
thevisibly distorted GB cor¢ a O ., é&speaiaiiy) when the accepidopant concentration is
low [72,73].

Space charge zosas the origin of decreas&B conductivityin oxideshavebeen confirmed

by electrochemical measurememiseveral oxides with large band gepg. pure and acceptor
doped ceria™ ", zirconial”"" 7, titanateg®? 3, For Y-doped BaZr@, the existence of the
space charge zone with a positeB core charge is evidenced bgveral experiments:

(i) DC-bias dependence of GB impedance spectra. Wharffiziently largeDC voltageis
applied (either a large bias is applied on a sample véttveral GBs 4 or using
microelectrodsto directly apply the bias dndividual GB % such that it is comparable to the
space charge potenfiathe GB semicircle decreases significantly together with a moderate
decrease of GB capacitane¢hile the bulk semicircle does not change

(i) Under reducing conditions, the bulk conductivity doesdiiber from that inhigh oxygen
partial pressure and remaimpurdy ionic, but the GB conductivity showsslight increase
originaing from n-type conductivitycaused bylectron accumulatioadjacent tdhe positive
GB corel73:88]

(iii) Y * or S&" accumulation at GBs sbserved by TEMEDX whenthe samples are annealed
or sinteredhat sufficiently high temperaturerhich allows the acceptor dopants to diffuse to the

space chargeoneto compensate the positive core chaf§ée78l,
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Figure4: Space charge models based on (a) Gdlagpman and (b) Me®chottky cases.

The electrical potential and the charge distributiotihe space charge zone are coupled by the

PoissorBoltzmann equation

Suk) F ez ( X )
5 = 5% 8 X P )

wherel} and(} are the bulk relative dielectric constant and the dielectrictanhef vacuum,

respectively.e is the elementary chargk.is the Boltzmann constant aidis the Faraday
constant.
Regarding the distribution of dopartgo limiting case are distinguished:
(i) IntheGouy-Chapman cas@-igure 4-(a)), the dopant cations are mobile and accumirate
the GB region to partially compensate the positive core chd@ifgedopant cations have an
equilibrium concentration profile

Ca(X -zq4€0 (X

%) - el 049 ©
wherecq(x) andcqp are dopant concentration at positiofx = O at the GB coreandin thebulk
(x= BExjis the charge of the gant(1 for Y in Ba(Zr,Ce)Q). T is thetemperatureat which
the acceptois mobile.
The width of the space charge zone in the GGhgippman case the Debye length

4%

2
ZZdezcd b

(6)

According toEg. (6), ahigher dopant concentratioasults inasmaller Debye length.

(i) IntheMott-Schottky casé@rigure 4-(b)), the dopant cations are assumed immdhibzen
in) and thedopant concentratiois constant through the whodample(ca(X) = ca,b). The space
charge zone thickness is
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. 2400 y
> = hto _ o (7
which is wider tharthe Debye lengthThe mobile defect concentratiom the space charge

zoneand the core charge densiyare calculated d&°%!

€zju (x)

G, & =G, 8XpP—— €)
0§ O5(3-1)forx0d 9)
Q =8l lpecy Uy (10

where ¢es andcjp are concentrations of defgat GB and irbulk, respectivelyz is the charge

of the mobile carrier ang = 1 whenj is proton.

The space charge potentied = G (x = 0) is related to the peak frequency ratio of bulk and GB
semicircles in impedance spectsa/¥ cs) according to

¥b _ ReeCer_ € X Riel of KT
¥cB Rbe ZZdel:I OlkT

(11)

In both scenarios, oxygen vacan¢c@®tons and electron holemedepleted compared to bulk.
However, for identical dopant concentration and GB cbherge densitythe Gouy-Chapman

model yields lower space charge potential and thus less severe proton depletion compared to
the Mott-Schottky case. For both casdse drastic decrease of proton concentration leads to

the decreased specific GB conductivithe proton mobility in the GB core and space charge

zone is assumedin first approximatiori to have the bulk value.

1.4 Possible improvement$or proton conductivity of BaZrO 3 ceramics
BaZr(Os ceramics are difficult to sinter and have a high derdditylocking GBs, limiting its
utilization as electrolyte material for PCFCs. Several attempts have been undert#ken
recent yearsto decrease the total GB resistance by either improving theifisp&B

conductivity, and/oreducing the number of blolg GBs through increase of the grain size.

1.4.1Improving the specific GB conductivity
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M. Shirpour et al. 71 annealed 6 at.% Y doped Bazr@repared by SPS at elevated
temperature. The high temperature transforms the space charge situation freGcihdatiky
towards GouyChapman by allowing the Y dopants to accunalet the GB region and
partially compensate the positive core charge. In the present(seotion 3.3.3)it will be

shown thatusinga B-site ionsuch as Cevhich hasmultiple valencestates can decrease the
core charge and partially change the spacegehaone from a MotBchottky to a Gouy
Chapmen situation as Ce is partially reduced from +4 to +3 in the GB region becoming an
additional acceptor dopant.

1.4.2 Improving the sintering process

Conventional Sintering Conventional sintering (CS) of-Woped BaZrQ requires extremnig

high temperature (O 1600 &%00R T INeveotrelgss soaki
this exteme condition only leads to a small grain size of 0.5 pm [66:6989921 whjch
deteriorates the apparent GB conductivity due to the high desfsidBs Besides, because

BaO has a high vapor pressure, BaO loss is sogmfiat the required CS temperatures even
whenthe samples areovered with sacrificial powder. This-gite cation nofstoichiometry

lowers the conductivity of loped BaZr®@, more pronounced for GBan bulk conductivity

[66.94.95] Using a nominal excesd Ba canpotentially prevent this issue but results in lower
chemical stability®>€ Apparently, CS is not suitable for ¢grarea &ectrolyte membrane
fabrication with a large ratio of surface to bulk. In 2005 and 2006, P. Betbib®” and S.

Tao et al. 8 reported by using ZnO as sintering aid the sintering temperature can be
significantly decreased, together with larger grain $ttmvever, the total proton conductivity

was not improved

Spark plasma sintering Spark plasma sintering (SP8Y! is a sintering technique using

uniaxial hotpressing in a graphite die which is directly heated by passing a DC current. For
materials with low electronic conductivity such as BZCY, the fraction of current passing
through the sample is non The applied pressure are in the range of 50 MPa.p&Rr&les

the possibility of a lower sintering temperature (155aD6 00 e C) and a much s
time (~ 5 min), reducing Ba loss durisptering'°>1°t However, postinnealing treatment is
necessary to eliminate the inner strain generated d8m®gintering. The high temperature

annealing treatment does not promote grain gromthincreases thepecific GB conductivity



Chapter 1 Introduction 27

by allowing mobile Y ions to move and accumulate at @BsThis method is used ithe
present thesis to investigate BZCY composition, but it is not practical for membrane fabrication.
Solid state reactive sinteringSolid state reactive sintering (SSRS) combines perovskite phase
formation, ceranc densification, and grain growth in one single step at 140300e C
Interestingly, this approach is able to decrease the sintering temperature while increasing the
grain growth.S. Nikodemsket al.*% investigated various transition metal oxides$&RS

SSRS has been proven very effective by using transitietal oxide sintering aidsuch as

NiO [18,49,50,100,10110]’ Zno[97,102,106,1111] COO[lOZ'lOS], and Cud50,102,106,111_] The sintering aid

is either added deliberately in the electrolyte or diffuses fronatioele BZCY/NiO mixture
[49,103,106] |t js hypothesized that the formation of a low melting compound of,B&%0s is

the key of SSRSFor example, BaMNiOs starts to form at a temperature above 20¢*?

with a low melting point of 14500 1500 ¢ X7l This enables liquid phase sintering at a
temperature much lower than CS. The ion transport is largely promoted in the liquid phase and
leads to improved densification and grain growithwas observed that residue$ the
BaY2NiOs phase are preferentially located at GBaY2NiOs decomposes at later stage of
SSRS at temperature higher than 1800The Ni either enters into thedte in the perovskite
lattice 971, or the compoundetomposes into 03, BaO (gas) and Ni©®!,

Although SSRS promotes densification and grain growth, shortens fuel cell fabrication, and
decreases cost¥), it faces some challenges. They include: (i) possible crack formation and
shortcircuits under redung conditions particularly for high sintering aid addition; (ii)
degraded electrical conductivitif*1%6114 (jii) increased electronic (hole) conductivity®:

(iv) decreased proton conductivit§®1¢ and (v) strongly increased gas evolution and volume
shrinkage owing to the direct use of Bafl@the sintering step which may be detrimental in
particular for largearea membranedhere have been attempts to alleviate the problems
[104,114,115] Nevertheless, the detailstbg sintering mechanism remambe elucidatedgs well

asthe balance between improved sinteribility and decreasgdrpconductivity.

1.5 Approaches taken inthe present thesis

BaZrQ; showsthe highest proton conductivity among various oxides and is chemically stable
against HO and CQ %118l However, its poor sinteribility, mechanical brittleness and

blocking GBs largely hamper its utilization in PCR#$8116] BaCeQ hasarather high proton
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conductivity, less blocking GBs and better sinteribility than BaZn@ decomposes into CeO

and BaCQ or Ba(OH} under CQ or H:O due to the high basicity of O ioff868117.118l
Therefore, in the present thesis, a solid solution of BaB&LeQ is used With the help of

SPS, the chemical composition of BZCY is explored in section 3.1.

Y3*is chosen as the dopant because psiorBazOs show highest mobilityor this dopant

Even though the ion radius ofY(0.9 A)is much larger than Z¥(0.72 A), it does not change

the basicity of O ionsand the crystal structure remains cuticUp to 20 at.%, with increasing

Y content in BaZr@, the bulk conductivity increases due to higher proton concentration (cf.
Eqg. (1) andEq. (2)). Y3" more than 2026 will result in ¥8* partial occupation on the A site

as a donor dopantYéa) decreasing proton uptake, and lattice distortion reducing proton
mobility. The GBs become less blocking (the GB activation energy and the Debye length
decrease) with incesing Y content.

For SSRS, NiO is chosen as the sintering aid because it is present on the anady\sage

1.0 wt.% NiO corresponds toi36 vol.% liquid phase when NiO is fully converted to BaiNiO
and/orBa¥NiOs.As a resul t, Ni Qnimgtave theisioteribiliy ar@l grdin wt . %
growthat temperature of 14501600e CThe large grain size results in significantly enhanced
apparent GB conductivity, while the specific GB conductivity increases slightly with NiO
addition. However, NiO is detriemtal for proton uptake because it leads to a decreased
effective dopant concentration. The bulk conductivity therefore decreases. 0.5 wt.% NiO is
recommended for largarea membrane fabrication. In order to reduce the large volume
shrinkageduring SSRS, gig-calcined powdex wereusedfor membrane sintering. The resulting
membranes show comparable bulk conductivity and about 1 order of magnitude lower apparent
GB conductivity than pellet samgleAlthough further sintering protocol improvemest
recommende, the obtained conductivity at 6@0¢ O x 1 Scm?) sufficesfor applicatiors

such as PCFC
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Chapter 2 Experimental
2.1 Sample preparation
2.1.1 Abbreviation for BZCY sample composition
Tablel: Abbreviatiors of samples in this thesis
Category Nominal Composition Abbreviation
Bay.0152r1-xyCe&YyOz-i BZC100Y100y
Single phase powders BaZnxyCeYyOs.i B100ZC100cY 100y
Bay.03Zr1xyCeYyOa.u Bal0ZC100xY100y
Bay.015Zrx-yCe&YyOzg BZC10kY100y-SPS
Pellets from SPS BaZn.x-yCeYyOz-i B100ZC1mxY100y-SPS
Bay.0Zr1-xyCe&YyOs.i B103ZC10xY100y-SPS

Ba1.015Zr0.664°€0.20Y 0.1303-i1 +
zat.% K/RDb

GB-decorated ceramics

BZC20Y13.6-zZK/Rb

LaPsOg
BasLa(PO4)
Phosphat@lecorated
: Zn3(PQu)2
ceramics

Las sWOy

LPO
BLPO
ZPO
LWO
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Bay.015£r0.664C&.20Y 0.1303u+ BZC20Y136-
1at.% LPO/BLPO/ZPO/LWC LPO/BLPO/ZPO/LWO

. . Bau.0152r0.8yCe.20Y yOz. + )
i f uSSRSD _ BZC20Y1@y-nNi
nwt.% NiO
SSRS with prealcined Bag.0152r0.8yCen.20Y Oz + .
) pre-BZC20Y100y-nNi
powder nwt.% NiO
Ni on the B sitdhy SPS Bay.0152r0.8yCen.20Y yNipOs-i BZC20Y100yNi100b-SPS

Ni on the B site by _ _
_ o Bay.015Zr0.8yCen.20Y yNipO3-i BZC20Y100yNi100b-CS
conventional sintering

2.1.2 Powder preparation by solid state reaction

Ba(Zr,Ce,Y)Q.i (BZCY) single phase powders were prepared by solid state reaction.sBaCO
(Alfa Aesar, 99.8%), Cef)Sigma Aldrich, 99.8%), ¥stabilized ZrQ (TOSOH, TZ0Y, TZ-

10Y), Y203 (Alfa Aesar, 99.9%) were used as raw materiéle amounts of raw materials
were calculated stchiometrically.The raw materials which providiee B-site ions, i.e. Ceg)

Y -stabilized ZrQ, and Y203 (if needed), were first mixeahddry ball milledfor 30 min(ZrO-

ball with a diameter of 5 cm in ZeQar on a vibrating mil). Then BaC@was addeand further

dry milledfor 1 h After calcimtionat 11 0 0 igadAlfOpcrucible thie powder was
milled for 1 h The single phasperovskitepowder was obtained after another 3 repeated

calcinations at 1300 eC lihgpr 8 h foll owed by

2.1.3 Spark plasma sintering

Spark plasma sintering (SP&)pliesaDC current through a graphite die in which the sample

is heated under uniaxial pressure. Thisressing technique enables densification in a few
minutes and providsfast heatig and cooling. In this world.0 g of the calcinedingle phase

powder was loaded in the graphite digh 20 mm diameterand sinteredunder aorce of 16

kNat14® e C f ¢heating rath@0rkKh andfurnace coolinyy For samples without Ce,

a sintering temper dahewassieteran pelleisGvor®thea &hnealeds us e d.
at 1500 (ge@ingfandrcooling rate: 200 K/im)Y-stabilized ZrQ crucibles with lid

(GTS, Dusseldorf, Germany® eliminate the inner stressid reoxidize the pelletsDuring
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annealing treatment, the samples were covered with sacrificial powder composed of 90 wt.%
BaZrQ; (Sigma Aldrich) and 10 wt.% BaGQo avoidBa loss All the annealedSPSpellets

possess a relative densitpm. O 95% and a grain

2.14 GB-decorated ceramics

KNO3 or CsNQ andsingle phasd8ZCY powderBay.o15Zr0.664C&.20Y 0.13603-5 were used to
prepare GBdecorated ceramic&or a grain sizef 0.5 em, 1 morolayerof alkaline ions on
the grain boundariesorresponds to 0.1 at.% decongtions. KNO3 (Alfa Aesar, 99.0%) and
CsNQ (Fluka AG,98.09% weredissolved in distilled water. Then the solutions were mixed
with BZCY powder in an agate mortardesired amunts and dred at room temperature in the
mortar. 0.1 at.%, 0.3 at.% and 1.0 at.% of K andd®igoration samples were explorddhe

obtained powders were sintered by S8 annealeds described as tlsectionabove

2.15 Ceramics with phosphatephaseat GBs

LaP:Oy (LPO), BalLa(PQ)s (BLPO), Zny(PQw2 (ZPO) or LassWOx (LWO) and
BZC200Y136 were used to prepare samples with possible amorphosghatghase athe
GBs.(NH4)2HPQ; (Fisher BioReagentsi 98.0%), La(NOs)s-6H.0 (Sigma Aldrich, 99.99%
Ba(NOs). (Alfa Aesar 0  99%), Zn(NQs): (Sigma Aldrich &  99.099 and
(NH4)H2W1204-xH20 (Sigma Aldrich,i 665% W) were the raw materials for corresponding
phosphatesihe amount of phosphateminallycorresponds to a molar fraction of 1% relative
to BZC20Y136.

In order to prepar¢he decorated ceramic samples, ¢dHPQs and corresponding cation
nitrates (for the case of LWO, La(N@6H-0O and (NH)H2W1:04-xH20) were dissolved in
distilled water separateliyfhe respectivamount of calcined BZC20Y 13 powdemwas added
into the cation nitrate solution on magnetic stirtegnthe phosphate solution or tungstate
solution in the case of LWO was added dropwiden the solution was fully dried in a rotary
evaporator and th&ormed powderaggregate wasrushedin mortar. The final decorated
ceramics were preparedso by SP&nd annealed afterwards
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LPO, BLPO, ZPO and LWO weisosynthesizeds pure compoundafter (NH4),HPQs or
(NH4)H2W1204-xH20O and cation nitrates dissolved into distilled water separately, th
phosphate solution or tungstate solution was added into the cation nitrate solution dropwise
and fully dried in rotary evaporatdéxcept LWO, all the other compounds formed precipitates
before dryingAfter crushng the aggregasdn a mortar, the mixtees werecalcined in air for

4 h at1100€eC, 1300eC, 850¢C and 110@C for LPO, BLPO, ZPO and LWO, respectively.

2.16 Solid state reactive sintering

I n the Afull 0 SSRS, perovskite phaN@wasor mat i
chosen ashe sintering aid in SSRS and addedhe amount of 0.126 1.0 wt.%in excesgo

the BZCY cation stoichiometryrhe nominal compositioof BZCY investigatedn this work

is Bav.o1ZrosyCen20YyOsu (y = 0.136, 0.175, 0.20, 0.24, 0.28 and 0.32fpicHometric

amounts of BaCeg) ZrO,, CeQ, Y203 and excess NiQAlfa Aesar, 99% (total mass ~ 30 Q)

were wet milledn 35 mLiPrOH in aZrO; jar with ZrG; balls on a planetary mi(lL big ball

with a diameter of 20 mpil0 small ballsvith a diameter of 10 mp200 pm) for 24 h.After

dryinga t 6 0 e C,s werdfuethepdoywndlledrfor 1 ho crushagglomerates. Green

pellets wergressed isostaticallynder 200 MPa for 2 minthe samples were covered with

sacrificial powder (90 wt.% BaZrO+ 10 wt.% BaCG®) and sintered in Ytabilized 2O,
crucibleswithlidat14501 550 e C wi t h a heat i nlgateraasdMgOo ol i n ¢
crucibles with lid (Tateho gark, USA) were used.

Apart fromthefifull0 SSRS sampls from BZCY powdepre-calcineda t 1 1fdy Oh(afted

dry milling of the combined raw materialsyere also prepared In this scenariothe pre

calcined BZCY powder was firsbtainedand then mixed with excess NiO by wet ball milling

Then, itwent through theasme process of pelletsinterings i n t he #Aful |l 6 SSRE
Forsfifainteringo experiment, a nanoh0.2biallh heat i
soaking time weresed. Inthe casettiei quenchi ngo experi ment, BZC

wt.% (BZC20Y136-0.125Nj) and 2.0 wt.% NiO (BZC20Y18-2Ni) green pelletswere
prepared as described abaven t he Af ul | .dThepdldsSverp heatedeupltter e
desired temperaturd0001 1 6 0 0 e C) if4chin srhall Mg®icmciblesinstead of
cooled in the oven, the crucibles were directly taken out from the lmyvealling themout

with a Pt wire through the ovahimneyand quenched in the air.
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For comparisonsamples withl.0 or 4.0 at.%Ni nominally on the B site were preparetth
compositions of Beo15Zr0.654C€0.20Y 0.136Ni0.0103-1 (BZC20Y136Nil) and
Bay.0152r0654Cen.20Y 0.13dNi0.Oz.5 (BZC20Y136Ni4), respectively The perovskitepowders

were obtained by conventional solid state readtiom BaCQ, ZrO,, CeQ, Y203 and NiOby

repeated dry ball milling and calcinatiofhen the pellets were densified by convemél
sintering at 1500reGP®r fo55® eaC nf @il dd3tb 0 e C
1300 eC (.®\AChé&sd& 3PS samples were then embedded in sacrificial powder and
postannealed irY-stabilized ZrQc r uci bl es f or 4atihg ardtcoolingrét® e C w
of 200 K/h.

2.2 Sample characterizations

2.2.1 Measurements of relative density

Therealdensity of samples with regular shape was calculated based on the weight and volume
from geometry. Theheoreticaldensity wascalculated fran the lattice constants from-ky

diffraction (XRD)and molecular weight from the nominal composition.
2.2.2 X-ray diffraction (XRD)

X-ray diffractogramswere measuredat room temperaturén BraggBrentaro reflection
geometryby a PANalytical diffractmeter of Empyrean Series 2 using Kuradiation é-=

1.54184 AA0 kV, 40 mA) and a PIXcel 3D deteciortherangeof 2= 11@€@ e wi t h 0. O
step size. Theata wereanalyzed with PANalytical software HighScore Plus (Version 3.0e)

Micro-strain and pin size were calculated from XRD theWilliamson-Hall (W-H) equation
[119]

3 )
B, .S aj’sB+ Bs idn P9

wherebn is line broadeningS is the shape factor (her® = 1.0), D isthe grain size andlis

themicro-strain inducedy crystal imperfection and distortion.
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2.2.3 ICPR-OES

Inductively coupled plasmaptical emission spectrometry (IGPES) determines chemical
composition by measuring the characteristic wavelengths of elements from the radiation
generated wheatoms are excitesh the inductively coupleglasma inthe ICP torchAbout

50 mg of a ceramic sample was ground into powder, after which it was dissolved into a 3.0
vol.% HCI solutionin a microwave autoclavel he measuremestwereconductedusing a
Spectro Ciros ICEODES Spectro Analytical Instruments GmbH in Germany)tlie Max

Plarck Institute for Intellgent Systers Stuttgart, by &mir Hammoud.

2.2.4 Thermogravimetry

Proton uptake and thermodynamics parameters were determined from thermogravimetry (TG)
measurementd.he thermogravimetric dataere collectedy a STA 449 (Netzsch Germany)

using N\ flow. To avoid complicationgdmwater adsorption on fine powder, crusisettered

pellets were used instedeellets were crushexhd sievedo asize. 300em, and0.57 1.0 g
samplewasusedin alargeAl 0z crucible.The powder was firdt e at ed umdiyd 900 e
flow with a heating rate of 15 K/mifter beingstable at 90@C, thegaswas switched to wet

N2 with a HO partial pressure of 17 mb@dO mLmindryipr ot ecti veod gas t hr
50 mL/ min saturated wi t h).Theavateruptakenwasanmeasaeda p o r
during cooling from 900 eC t b6 ®B®M0Oe @C (q.cooHK/im
6001400 eC amndor400i 30&/ e C) . I n order to check r .
subsequentlyrfeeaedf r om 300 eC t o 900 e Cequaleatinhrate s a me a
The TG curvesvere obtained by averaging the cooling and heating curvesarettedor

buoyancy, which wa®btainedfrom an emptycrucible measured with similar procedure

without sample.

The poton concentratiowvascalculated from the mass chand&e mass action constant of

the hydration reactioKnydrat EQ. (3) was appliedpased on the reversible hydration reaction

(Eqg. (2)). From thesite balance and electron neutrality conditic[mré]&and[oo] can be

substituted by

A
[Vo 5
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[05]  $VGRIO H] (14)
[Aeri] is the effective dopant concentration, whictay be lower tharthe nominal dopant
concentrationpH20 is water partiapressureTheVa n 6 t Ho f Knyarafvérsug 1/Twak | n
first plotted usinghe nominal dopant concentrati@s[Aer] in Eq. (3). If the plot is bety the
satuated proton concentration wased as &rst estimate of ferf]. Then [Perr] was finetuned
unt i | a tHoffrplatinghk tangecdid® 6 €8C0 0 e C w aStandat fideaiion e d .
enthalpy ¢He and entropyge were calculated r om t he sl ope and i nte
Hoff plot using

A A
| e oacsE g-® R (15

2.2.5BET

BrunauerEmmettTeller (BET) measuremenisas used toneasurehe specific surface area
of powdes. The adsorption of Nwas measured by Autosefly Quantachrome from 3P

Instruments GmbH & Co. KG, Germany.
2.26 Scanning electron microscopy

Grain sizeand element distriliion of ceramic samples were measuredsbgnning electron
microscopy $EM). After polishing, ceramic samples were thermally etched agG®elow
their sintering temperature (or annealing temperature for sanspiésrel by SPS) or
chemically etched in 10 vol.% HCI for 20 mihhe thermal etching was used for acongr
high quality imagesand the chemical etching provided high efficierfoy grain size
measurementd.he images were taken fratme topview of the etched surfaa 1.50 kVin a
ZeissMerlin (ZEISS, Germanygquipped with a Schottklgmitter field emission systemsing
Smart SEM interfacwith secondary electron (SBhd backsatteed electron (BSE) signals
Based on the images grain size was calculatbg thelinear intercept method and the grain
size distribution was plotted.

SEM energy dispersive-ray spectroscopy (SEMDX) wasperformedon ceramics surfase
to investgatethe element homogeneity. The samples were coatedwithmiridium by EM

ACEGO00 coater (Leica Microsystems, Germany) in vacuum iiéar)onthepolished surface.
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The SEM images were taken byDSM 982 GEMINI with an EDXdetector silicon drift
detector (ZEISS, Germanygt 10 KV. Spectra were acquired and analyzed on NSS 3.0 (Thermo
Fisher Scientific, USAlusing BalL(4.4663 keV), Y-Lu(1.9226 keV), Z1L5(2.0424 keV) and
CeLp(4.8403 keV)The wok was done itheStuttgart Center for Electron Microscopy (StEM,
Germany)y FelicitasPredel.

SEM was also sed for measuringcross sectionand topview element distribtion of
membranes.For cross section,otused ion beam (FIB) preparation and SEBIX
measurements were done @REI-Scios (Thermo Fisher Scientific, USA). The cross section
was fine polished by FIB (firstly 30 kV, then 5 kV with 48 pA beam current aradlyid kV

with 27 pA). Secondary electron images (SE) and backscattered electron (BSE) images were
obtained byEverhartThornley (ETD) and T1 detectors, respectivelihe spectra were
acquired and analyzesiith Ba-Lg (4.465 keV, Y-Ly(1.922 keV), ZfLy (2.042 keV), Cd_y
(4.839keV), Ni-Ky (7.477 keV) and €Ky (0.523 keV)using the software TEAM version 4.5
Released (EDAXUSA). The work was done iBtEM by dulia Deuschle.

2.2.7 Transmission electron microscopy

Local element distribution and possible valence chauatjg5Bs of ceramic samples were
investigated by transmission electron microscopy (TEM) with energy dispersive analysis
(TEM-EDX) and electron energy loss spectroscopy (FEELS). TEM sample preparation

was performed by Ute Salzberger and Julia Deusc¢hlé&StEM. Measurements and data
extraction were done by Rana Yekani, Dan Zhou and Wilfried Sigle from StEM.

TEM sample were prepared by mechanical grinding followed by mechanical polishing using a
MultiPrep wedge polishefAllied High Tech Products, Inc., USAA final ion-beam milling

with low energy Ar ions I keV) was appliedin a PIP3 (Gatan, Inc., USA)at room
temperatureThe measurements were done mMA&RM200CF TEM (JOELUSA) with a cold

field emisson gun at 200 kV. The instrument integrates sphefiCa) aberrations of the
condenser lenseand provides atomic resolutioBright-field (BF) imageswith a spatial
resolution of 0.2 nnand highangle annular darkeld (HAADF) with a spatial resolutior

0.1 nm (electron scattered to angles D11 mradjmages weréakento observe the structure

at GBs.
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TEM-EDX analysis was performed to acquire element distribiiong line scansf ~ 25 nm
lengthand ~ 2%25 nnt areain element mappingnode (spatialresolution = 0.2 nm)The
wedgeshaped specimen from the MultiPrep polispevidesa sufficienty long thin edge to
measurea sufficient number of GBsvhich are orientegbarallel to the electron beanfihe
distance from the edge of the TEM specimen was &onstantto avoid possible thickness
variations.EELS was used to measure the thickn€ls.specimen thicknesss given byEq.
(16) 1201

all=1/g) ( (16)
in whichl is the total inelastic mean free pakhs the total integrated intensity in the EELS
spectrum and, is the integrated zeflmss energy intensitythe measuretiwas always in the
range of 40 60 nm.
TEM-EDX line-scanning and element mappingeeq uant i fi ed using el emer
i.e., BaLuy (4.465 keV), Z+Ky (15.744 keV), Cd g (4.839 keV), ¥Ky (14.931 keV), NiKg
(7.471 keV) and &Ky (0.525 keV).The atomic percentages were calculdtased on the CIif
Lorimer equation®?! (Eq. (17)) from the experimental Xay intensity ratios using CIliff
Lorimer k-factorsand Ba was set as reference.

C I

% =k; 27 (17)

herec is the concentration of elementwhich can be further transferred to atomic rdtics
the X-ray intensity from element i arlgis the CliftLorimer sensitivity factofkesaga = 1.00,
Kzra= 2.74 Kcepa= 0.813 kv Ba= 2.36,kni,Ba= 0.65 andkoga = 0.564).The sensitivity factors
were determined from a standard specimen of known composition.

All quantifications in this thesis were done withe standard method. Except for a few
relatively thick samples, the thickness of the sample was not taken into a¢couhne
guantifications because the spatial resolution of the THEWK measurements is not strongly
sensitive to the sample thickness.

In the case of membrarsamplesafter citing by ultramiagotome, Pt was deposit@mto the
sidein FIB by electron beam deposition (2 kV, Qu8, ~100 nm) followed by ion beam
deposition (30 kV, 300 pA). Then the lamella was sliaad finepolishedin FIB with final

thickness of Pt layer of ~Dum. Figure 5 showshow the lamella was prepared.
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anode F

Figure5: Schematic picture of TEM lamella preparation

2.28 Raman spectroscopy

Raman spectra of ceramic samples were taken witlbia ¥wvon Typ V 010 labram single
grating spectrometdHORIBA Jobin Yvon, Japanequipped with a double super razor edge
filter and aPeltiercooled CCD camerd he spectrometer has a resolution of 1 wavenumber
(cmY) (grating 1800 L/mm). Spectra were ¢akin quasbackscattering geometry using the
linearly polarized 632.817 nm line of a He/Ne gasel with power less than 1 mW, focused
to a 10em spot through a 50microscope or a 26m spot through a 20microscope objective

on to the top surface of ehsampleMeasurements were dobg Armin Schulzin the Solid

State Spectroscopy grouptbeMax Planck Institute for Solid State Research.
2.29 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) measurement is wisladlyta study the

electrical properties of materials. For polycrystalline ceramiesgk, blocking GBs and
electrodeesponsean be well resolved due toeir different relaxation time.

Spring load

Pt wires Ptfolls pellet Sputtered Pt

Figure6: Schematic diagram of a twaire EIS measurement



Chapter 2 Experimental 39

Two-wire measurements wemmployed forceramic samplegcf. Figure 6). The pellet
samplesusuallyhad an areaof about 50 mrfanda thicknessof 1 mm.After polishing the
surface, the pellet sampleas sputterd with Pt (EdwardsAuto 306 Turbe UK) on both top
and bottom(5.0x102 mbarAr, 60 kV, 20 min for each sideJhe sample was measured in a
gas tight quartz cell in a tube furnawgdich is electromagnetically shielded by a high
temperature restant Cralloy foil. The sputtered sample was pressed in between til$t
connected to measurement circuit, as showfigure6. Typical impedance spectra of pellets
were obtained in the frequency range 8132 to 1¢° Hz by applying araverageAC voltage

of 0.1 V using a Novocontrol Alph& analyzer(Novocontrol Techologies, Germanyhe
sample was first heated up to DindryNewi t h a sl owi ng handthenng r at
switched to N with 20 mbar HO (controlled bythe temperature at waterevaporatoiat 18

e I Several spectra were measured for each temperature until equilivesmeachedi.e.
completionof water incorporationfluringc o ol i ng f rroom temh@efturd pical o
equilibrium times at 70€C, 600eC and 50@&C are9 h, 12h and 2 d respectively. Fof <400

eC, the samples are fully hydrated and/or hydretbo slow to further equilitate, then samples
were measured directly after temperature stabilizafiortemperaturebelow350€¢C, 3 vol.%

H2 in Ar with 20 mbar HO was used to suppress the electrode semidoci8SRS samples
The impedance spectra were analyzed ugngew (Scibner Associates, Inc., USAyith

equivalent circuits.

I high V high

Pt wire

Ag paste
BZCY

Sputtered Pt/ Ag paste BZCY + Ni

/ low V low

Figure7: pseudefour-wire EIS measurements for membranes
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When measuring membrane samplesgudefour-wire contactingwas applied (Figure 7).

This method eliminates the resistance from wires, which is necessary for accurate
measurements of lowesistant sample?t was sputtered or Ag pastEluka Analytical,
Germany was painted and dried in air on both electrolyte and anode side ofembrane. Pt
wires werdixed to Pt mesheby spotwelding and then attachedttee membransurface with

Ag paste (dryat 1502 0 0 e C f dhe m@aburements yvere datdrequencies o

10° Hz by Novocontrol Alpha-A with a fourwire impedace test interface (Novocontrol
Technologies, Germanyapplying an average AC voltage at 0.020\3 vol.% H in Ar with

20 mbar HO from 501 6 0 0 Ae &liditionalDC voltage (0.2 2 V) was applied when it is
difficult to distinguish electrolyte and elgode semicircle The spectra were analyzed by

equivalent circuits using-Xiew.

4 L ® 20at%Ce17.5at.%Y °
® 6at%Cel136at%Y

31 . .
N o ®
—
N L n
h‘-z
1 e - inN,

pH,O =20 mbar

10 11 12 13 1.4
10007 "' / K

Figure 8: Time U, to reach 50% of final degree of hydration afteéiast decrease of temperature of

BZCY samples for different Ce content. Ttveo samples measured have comparable thickness of 1

mm.

Conductivity was measudefrom highto low temperature, with the goal that thedrationis

largely in equilibrium Thus the equilibration kineticsafter temperature decrease was
exemplarily checketbr some sampleg-{gure 8). The equilibration kinetics of dense ceramic
pellets is determined by water chemical diffusion (the surface reaction is comparably facile and
fast).For coming close to equilibrium, a t@vof 4i 5 x Q2 is required. The equilibration time

for hydration is lower for higher Ce content, as showFkigure 8. The chemical diffusion
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coefficient of Waterlbﬂzo) is related tahe diffusion coefitients of protonic defecD +4)
and oxygen vacancieB(A}, as given irEq. (18) 1'%,
U ( '2()DO I—éDVéA
"0 XDo i+ 2 {X)DyAA

whereX is the degree of hydratiomhis yieldsDyAA Dfj,o Do 4 with Df},o approaching

(18

DyAfor XY .TThuscl ose to full hydration at about 4C
equilibrium due to thenoresluggish diffusion of oxygen vacanciddie effect of Ce on the
hydration time is related to the fattat with less Ce the individual GBs are more blocking,

which impedes the water chemical diffusion.

. L R ) L—m5gb R Electrodes
— > < >
£ VAR A 4 /
yd L 7 7 /s
4
Igh + +
o Bulk
R1 R2 R3
CPE1 CPE2 CPE3
g>— — —
Figure9Equi val ent circuit B%¥sed on fAbrick |l ayer mod

In impedance spectithe response qolycrystalline cermics can be separated into three parts,

i.e. bulk (intra grain)blocking GBs and electrodeand fitted with equivalent circugt as
introduced by Bauerlé?¥. Th ebr fi ¢ k | a §?2% shovendnEigure 9 assuning cubic

grains with equasizewas used to describe eachparh e A br i ¢ k tomposedof mo d e |
three parallel resistance and capacitance @Rhensin series. Semicircles were assigned to

corresponohg processsbased orlifferent peak frequencies,

1

= 19
Yp RC ( )
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In reality,the GB semicirclés oftendepressed in the Nyquiglot. Therefore, instead of using

ideal capacitors, the smlled constant phase element (CPE) wasplied. Theeffective

capacitance was thealculated fronEg. (20) 28!

where Q is the CPE value and n is the depression parameter <

c ®"Q) "

. Nn

O 1)

(20

Apart from nonideality, semicicles are not always visible Nyquist plotsdue to the limitation

of the measured frequency rang&xemplary impedance spectra from SPS sample

BZC200Y136 are showm Figure10. At 50 C, high-frequency bulk and natum-frequency
GB semicircles cahothberecognized in the complex plafeégure 10-(a)). The observation

of theelectrode semicircle requires rather low frequency and long term measuréneeiniik

resistanceleaeaseswith increasing temperatur@nd results in higheboulk peak frequency

(¥pb). As shown inFigure 10-(b), the bulk semicircle disappears in the complex plane plot

due to

mi t ed

me a s u r elhea,hd hlkfrasistapcedpiscoptaireed o v e 2

from the intercepof the GB semicircle withthe Zreq axis atthehigh frequency sidéoulk CPE

and n values are fixed and @ the average of lower temperature @lues At 450 eC (see

Figure 10-(c)), the GB seicircle also vanishes and orthetotal resistance {Bta= Ry + Rcg)

can be extractettom the intercepif the electrode semicircle witthe Z:ea axis atthe high

frequency side. Above 6, inductancdrom the wires appears shown irFigure 10-(d).

The apparent GB conductivityg p)”

bulk relative dielectric constantyj is also valid for the GB region, the capacitance ratio of

bulk and GB
Ces

Cp

can be used a%"G—Bto obtain the specific GB conductivity(5 f: ©

wa s

calcul at ed

wi t h

t he

(21)

(22)

(23

(24)

(29

s amp
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whereL andA are length and contacting area of the samlés thedielectric constant of

vacuum.The bulk (&) and GB (E&,cg) activation enerigswereextractedrom the slopes of
the Arrhenius plot based on the equations:
lpd = Ao efa JRT (26)
logh=Ao, €5 687 (27)

whereA, andA, e preexponential factors.

(@)  ox10' . (b)  -ax10° ,
fitting fitting
e} © data 5 data
c N S a -2x10°}
£.5.0x107 H -
N N s00x10"
Ax10°} )
K § o 250010 s00xi0” 7.50m1
g
0. ‘
7 8 0 - L
80 i Ylhetp 0 1x10°  2x10°  3x10°
real
R1 R2 Rl real R2
CPE1 CPE2 CPE1 CPE2
E:> > K>— —
2
(c) -4.0x10% — — (d) o
| ¢ data /""“" » data
: 5.0x10'F
c —— - -
£.2.0x10%} =
N g
i
d
ot 0.0}-----==mmmmmmmmammmaaas -
0 ~, s ;
%.0 2.0x10° 4.0x10° 0.0 5.0x10’ 1.0x10?
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Figure 10: Typical impedance spectra (Nyquist plots) and corresponding equivalent circuits from

sample BZC20Y1®-SPSat (a) 50 eC, (b) 2606 eC, (c) 450 eC
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Chapter 3 Results and discussion

3.1 Discussion of composition of Ba(Zr,Ce,Y)&

3.1.1 XRD patterns and lattice parameter

(110)

annealed pellet

0) @

(211)

=)
S
I
o

(220)

Ig Intensity

10 20 30 40 50 60 70 80 90
201°
1100 eC 4 h and 3

Figure1ll XRD patterns from calcined powder (after 1 calcinaéion
eC for 5 mir

1300 eGCGsiBnthgrredhspell et (SPS at 1400
4h) of sample BZC20Y13:6PS.
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Figurel2: Lattice constant versus Y and Ce content fpsiiagle phase powder by solid state reaction
(1 calcination at 1100 eC 4 h eamdaled@SPS pelletsi(SP&t i ons
1400 eC 5 min and annealing: 1500 eC 4 h). The d

ExemplaryXRD diffraction patterns otalcined powder, asintered SPS pellet and annealed
pellet samples with the composition of BZC20Y13.6 are showfigare 11. According to
XRD, the calcined powder is single perovskite phese does not decompose during SPS and
postannealing treatmenilThe lattice constants were calculated based orPti&m space
group and increase from 4.262 A to 4.278 dd stabilized at4.276 A after annealingC.
Hiraiwa et al %% alsoobserved enlarged lattio®nstantof acceptordoped BaZr@ (except
Sc)with higher sintering temperature by conventional sintemvigle no differencavas found

for pure BaZrQ. This indicates that apparént a t emper ature of 1300 e
fully incorporate the oversize Y dopaft,s+= 0 .>8.4+= 0. B8rfz«= 0 .)7a8
acceptor on the (Zr, Ce) si®nly for temperature 2400€C this is achieved.

The lattice constdrof the single phasealcinedpowder increases with Ce and Y (Efgure
12-(a)). The increase with Y is linear up to 8310 at.% Y, but with a smaller slope than for
the sintered pelletdAfter sintering and anrading treatment, théattice parameterssxpand.
With 20 at.% Ce, the linear increase of the lattice constant levels20fa% Y as shown in
Figure 12-(b), indicating that the equilibrium Y solubility is aba2® at.%. This i€onsistent
with data fromKreuer®®®, Interestingly, the lattice constaimsreass further withY for higher

Ce contentresulting fromthe unit cellexpansion due to Cehich allows more Y to be

incorporated



Chapter 3 Results and discussion 47

3.1.2 Chemical composition

In order to compensate Ba loss at high temperature, 1.5 at.% extra Ba was added in the starting
materials. ICPOES results of single phase powd@rable 2) and anneale8P Spellets Table

3) show a good agreement with the nominal composifitleBa contentis 1 within theerror

range Ba addition of3.0 at.% extra Bacould compensate more Ba loss (comparing
BZC20Y136-SPS and B103ZC20Y13if Table 3) butleadsto bad stabilityof the pellets,

which results from Ba accumuian at GBs forming Ba(OH) and/or BaCQ@layersin ambient
conditionsandcrack formation1% Hf from TOSOH YSZ starting powdeandabout 0.1 at.%

Sr from BaCQ@ were also detectedThe A:B ratios of powder are comparable to the
corresponding pellets withithe error bar.Therefore there is no obvious Ba loss during

sintering.

Table2: Composition of powders synthesized by solid state reaction

Measurement by IG®ES/

Nominal N AB
Composition wt.% Real composition atio
P Zr Ce Y
B7Y17 499 26.7 5.44 B 71 A O o1
g 05 o003 B o 0.06 a1.00£r0.82Y 0.17M10.0103-0 .
478 203 9.25 4.23
BZC20Y13.6 Bay.eZro.e6Cea9Y014Hf0.01035  1.02

8 05 =203 =015 = 0.05

BZC20Y17.5 48.1 193 9.63 5.38 Ba 71 o CeanoY e Hfe O Lo
® 505 502 5015 o006 A.2410.620L8.20Y 0.18M10.010U3-i .

B7C20Y25.0 48.2 17.1 9.65 7.61 Bax 71 ey ek O o2
"~ 505 ©02 ©015 © 0.08 a1.02Zr0.54C& 20Y 0.25H10.0103-u .

BZC20Y35 48.2 141 9.6 108 Bay. 01Zr0.45Ce20Y 035Hf0.010 1.01
505 002 8015 o 02 a1.01410.450C & 20Y 0.35M110.0103-u .
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Table3: Composition opellets sintered by SPS after annealing treatment

Nominal Measuremst by ICROES/ wt.% Real composition A: B

Composition Ba Zr Ce Y ratio
50.0 31.9 0.51

BZY1.5-SPS 5 05 ©04 - 2 0.02 Bar.00Zr0.97Y 0016Hf0.0103 1.00
49.8 26.9 541

BZY17-SPS 5 05 503 - 2 0.06 Bay.00Zro.82Y 0.17Hf0.0103-u 1.00
49.5 28.4 2.93 1.55

BZC6Y5-SPS Bar.2ZrossCeo6Y00sHf0.0103.a  1.02

@05 =03 =005 =0.03

47.3 259 948 0.44

BZC20Y1.5SPS B Can1aY fOu: 0.05
o 05 ©03 ©0.15 o001 00.95210.79C&19Y 0014Hf0.0105-u

BZC20Y5SPS 480 231 971 154 Bay.0eZro74C&20Y 00sHf0.010s.5  1.02
5005 o 03 ©015 © 0.03 a1.02410.74C&20Y 0.05M1710.01U3-i .

BZC20Y13.6 47.1 21.7 9.64 4.13
Bao.osZro.67Cen19Y 013Hf0.01035  0.96

SPS a 05 ©03 o015 o 0.05
B103zC20Y13.6 48.0 20.8 9.47 4.18
B Z Y 0.14Hf o 1.
SpS 805 103 5015 o 0.05 a1.00Zr0.66C& 20Y 0.14Hf0.0103-5 00
BZC20Y17.5 48.0 19.3 9.76 5.25
SPS 505 502 50415 o006 Bai.Zro.eeCen20Y 017Hf0.0103.5  1.02
48.3 16.7 9.69 7.68
BZC20Y25SPS Bay.;sZros54Cen20Y 025Hf0.01035  1.03

a 05 ©0.2 o015 o 0.08

BZC20Y35SPS 481 143 961 105 Bau 01Zr0.45Ce20Y 0.34Hf0.010 1.01
505 002 0015 002 a1.014r0.45C& 20Y 0.34M10.010U3-i .

3.1.3Hydration behavior

TG meastements ofcrushedSPS sampleshow increased proton uptake with decreasing
temperaturgthesaturatonis reachedt about300eC with a value almoshatchingthe nominal

Y content. The TG resultsill be discussed in more det#il section 3.2.

3.1.4Proton conductivity and other electrochemical properties

Proton condativity of annealed pellets waseasured by El8ecreasingrom 700€eC to room
temperature in wet Nwith a water partial pressupH.0O = 20 mbarFigure 13 showsthe
spectra meas forBZ020Y4.6SP2 é&nfl BZEZDY28PS. Most of the bulk

semicircle carstill be seen at 206C for asample withdw Y content (1.5 at. ¥digure 13-
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(a)), whereast disappearsor higher Y conten(20 at.% Figure 13-(b)) due to its higher bulk
conductivity The GB semicircle is much more pronounced with 1.5 at.% Y comparéuke

bulk semicircle andhrinks significantly when ¥ontent is increased to 20 at.%

(a) -8 2.0x10 ——08¥ (b ) -1 5 -7.50x10°
G -6 - G 1 0 ~2.50x10’;
‘S -5.0x10° -n° S |
\m 4+ 80 s ox10° 1ox10" 16x10° 20x10° \m O%o0 250010 500x10°  7.50x10°
£ £
N N
-0.5
24
200°CinN 2005GHAN,
pH,0 =20 mbar PHO=20 mbar
04— ; - 0.0'c— ' :
0 2 4 . 6 8 %.0 0.5 1.0 1.5
z ,110°Q z . 110°Q
real real
Figurel3: |l mpedance spect rnetNafeHaOs=1R0 rabdr)ramt(a) BACPOY1E5C i n

SPS and (b) BZC20Y28PS.Symbols are measured data aotld lines are fitting results.

The Arrhenius plotsdr these two compositions asbownin Figure 14. The fitting was done
based orthebrick layer modetlescribed in section 2.2 .8t low temperature, the bulk and GB
semicircle can be distinguished. Bulk, apparent GB and specific GB conductivity were then
calculated fronEq. (22), Eq. (23) andEq. (24), respectivelyAt high temperature, onlthe

total conductivity can be extracted from the impedancetispas both bulk and GB semicircles
are invisible.The bulk,apparent GBtotal and specific GB conductivity of 20 at.% Y sample
are hgher than from the 1.5 at.% Y samplée bulk and GB activatioenergiesvereextracted

from the log ¢ Tvs. 1T plot, but in order tdfacilitate comparison with literature dailag U

vs. 1T wasplottedinstead. The bulk activation energy does not change too much while the GB
activation energy decreases with higher Y contentRjgiure 17) asdiscussed in more detail
below. The relative dielectric constant was calculated frantEg). (25)) with a typical value

of about 60. Gg is about 3 orders of magnitude higher tharnb€cause théhickness of the
blocking layerat the GB is much thinner than the butkmension The conductivity curves
flattenat high temperature due to waéxcorporation
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a T/°C (b) T/°C
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Figurel4: Arrhenius plots of (a) BZC20Y1-5PS and (b) BZC20Y28PS invet N; (pH20 = 20 mbar).

The effects of Y and Ce content on the bulk and the apparent GB conductivity at low
temperature are summarizedkigure 15. The bulk conductivity Kigure 15-(a)) increases
with Y content due to higher proton concentratiand decreases slightly with Ce because
BaCeQ has a lower protomobility than BaZrQ caused by lattice distortid?fl. The increase

of the apparent GB conductivity with Y is much more pronounced,ii.&.@rder of magnitude
when Y increases from 1.5 at.% to 20 at.% withou{fgure 15-(b)). A higher Ce content
leads to slightly higher apparent GB conductivdiso BaCeQ has less blocking GBs than
BazrQ; (130,

Ate0 0 e C, only the tot al andibhasithe ®ae trend as the bulk n
conductivity at lower temperatu(€igure 16). The total conductivity reachésx 102 Scm

for 20 at.% Y and 20 at.% Ce, and 1:8%0* Scm? for 40 at% Y and 40 at.% Ce. The bulk
activationenergy does not vary much withéontent,and increases a bmorestrondy with
Cecontent The GB activation energy slightly decreases witbovitent(Figure 17). Thus the
increase of conductivitgtemsmainly from the increase of acceptor dopant concentration and
therefore proton uptake.

The total conductivity a t 6 Ofrdm thiCwork is in the range alata from literature
(summarizedn Table 4 and shown inFigure 18). According toFigure 18-(a), the total
conductivity of BZY increaselsy about 2.5 orders of magnitude whbeY content increases
from O to 20 at.% because of higher protorakip. After reachin@g peak value, theotal

conductivity decreases with further increased Y content dularger BaO lossand Y

be
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substitution aé(é adonor on the Asite (as evidenced by the lattice parameters). Also, increased
lattice distortion mightreduce proton mobility*'6131 For BZY50 sample, thetotal
conductivity decreases tovalue comparable with BZY5. Also, thital conductivityat 600

e @creaseslightly with Ce conten(Figure 17). This can be related to the fact thati@h
materials have a higher degree of hydration in the high temperature®ange

Figure15: (a) bulk and (b) apparent GB conductivity versus Y and@dentat 200 e C i n
H.O partial pressure inINThe dashed lines are ordyguide for the eye
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Table 4: Conductivity of conventional sintering and SPS results from literature. Bulk and GB

conductivity are extracted 2t0 0 etlet @ h @ | conductivity are data fr

. Sintering Conductivity / Scrit Measurement
Author Composition iy 5 PN 5 iy
Conditions Us Us g Urotal conditions
BaZro.98Y 0.00s5-u ~8-10° ~1-107 ~1-10*
BaZro.95Y 0.0503-u ~2.100 ~1.108 ~9.10*
BaZry.9Y 0.10s. ~7-104 ~8-107 ~8.10%
D.H 1600 C
o BaZleo1Das ©YTI7100 ~110° ~610°  Weth
et al.[t32 0,
BaZrogY 0205 ~7-10* ~15.100 ~1.2:1%
BaZro 75Y 0.2:05.a ~7-104 ~1.-10* ~8-10°
BaZr 7Y 030z ~5.10* ~8:10° ~6-10°
P. Babilo 1600 C
- BaZnsYo:0sq € 7.910°  WetN,
et al.[%] 0,
D. Gao
ot al 1133 BaZro.ssY 0.1503.4 1600 e ~4.10°3 Wet H
K. Park
BaZrygsY 01034 1670 e ( 5.3-10° Wet H/Ar
et al.[134
S. Le
ot 4l (135 BaZroY 0.103.4 1400 e 1.14-10° Wet H
G. Reddy .
BaZrsCay4Y 0.203.4 1450 (5] 9.61-10° Wet air
et al. 136l
K. D. Kreue
o BaZheYeOsas L700 €C ~310°  Weth,
et al.l
BaZro.e5Y 0.00z-u ~5.10*
F. Iguchi .
g BaZisYoiOsa 1800 e C ~9.10°  Wetair
et al.[®9]
BaZro gsY 0.1505.a ~2-10?
BaZro.95Y 0.0505-u ~1.2.160 ~4-107 ~3-10°
F. lguchi BaZroY 0.103.4 ~3.5.100 ~4510¢ ~9.10°
1800 ( Wet QJ/Ar
et al.[89] BaZI'o_85Yo_1@3.u € ~ 3-103 ~ 7'104 ~ 3'102 ©
BaZr 7Y 03034 ~7-10% ~3-10° ~7-10°
BaZrgY 02034 ~9.104 ~8-10° ~4-10°
E. Fabbri BaZro.7Y 03034 ~6-10* ~3:108 ~1.2106
1600 ( Wet H/Ar
et al. 131 BaZrgY 0.403.4 € ~25.106 ~1-10° ~7-104 Ho

BaZrosY 05054 ~8-10° ~9:10" ~4-10*
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ContinuedTable 4: Conductivity of conventional sintering and SPS results from literature. Bulk and

dat a

GB conductivity are extracted2t0 0 ethet @ ¢ | conductivity are
BaC%_gYo,log.u ~ 1.5-102
BaZ.iCeysY0.103.4 ~1-10?
BaZrnLCe&7Y01i0ss 1700 e ~9.10°
K. Katahira BaZ:CeeY .10z ~6-10°
03] Wet H
et al.l BaZr L&y 5Y 0.103. ~45-1C¢
BaZr sCea3Y 0.10s. ~2.10°
0.6U&.3Y 0.103-3 1750 e
BaZrn Ce 1Y 0.105. ~15-1¢
BaZro.oY 0.103.u 1800 e ~15.1¢°
BaCesY 0034 1500 e ~1-1072
E. Fabbri BaZr :CasY 0,203 ~9.10°
1550 Wet
etal. (137] BaZr sCey 3Y 0.203. ¢ ~ 3.5-103 He
BaZrysY 02034 1600 e ~25.1¢
Y. Fu
ot gl 138 BaCe& oY 0.10s4 1400 e 2.4-10% WetH-
C. Zuo
BaZr 1Ca 7Y 0.203. 1550 e ~ 15102 WetH>
et al.[139
BaZsCey.aY 0.105 ~6.5-10°
K. Leonard
o e 1600 e WetH,
etal. BaZry.4sCe 35Y 0,203 ~151F
) BaZn.iCey 7Y 02034 ~1-10°2
N. Nasani 3
ot gl (141 BaZr 4Ce.4Y 0,203 1500 e ~7-10 Wet N
' BaZr eCe 2Y 0205 ~15-1C¢
M. Hakim
Sl BaZoLCesYoOsa 1470 ~ 4-10° WetH;
et al.!142
s BaZhsYo1Osa PSS ol oar ~1100 ~110°
. Shirpour min
Wi
et al.1"1 Annealing: ethe
BaZro.94Y 0.0603- 1700 e ~6.3-100 ~4.108 ~1-10°
S. Ricote SPS: 700
| BaZosY 0105 . ~5.10° ~5.10° ~1510  WetH/N;
et al. [0l 5 min
J. Bu SPS: 1
143 BaZrsCasY 0205 . 2.6:10° Wet H,
et al.[143! 5 min
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Figurel6: Total conductivity versus Y and @ententaté0 0 e C i n,O pabtial prbsaure ingN
The dashed lines are orayguidefor the eye

Figurel7zBul k and GB activation energy (fitted from 1
SPS samples. The Ce and Y contemisax GB activation energy plstvere reversed. The dashed line

are only a guide for the eye.
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Figure 19: Space charge zone thickness extracted from (a) Debye langtispace charge potential
and (b) brick layemodelf or SPS samples from the i nprss¥nce
and Ce contenfThe Ce and Y content axis of both plots were revedashed lines are only a guide

for the eye.
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Figure 20: (a) core charge density and (b) space cha
from SPS sampleShe Ce and Y content axis of the space charge potential pletreeersed. The

dashed lines are only a guide for the eye. The space charge potential only slightly increases with
temperature.

The space charge zone thickness and core charge density were calzagatbdr(i) Mott-
Schottky casdi.e., assuminghat the dopants are immobijlseeEq. (7)), and (ii) the brick

layer model C», and Gsg in EqQ. (21)). The space charge zone thickneakulated fronthe

bulk and GB capacitance iais slightly largerthanthat obtainedrom the Debye lengtle-and
space charge potentidlhe main facta affecing the depletion zone thickneasethe space
charge potentiadnd Y contentThe space charge zone thickness frio@Mott-Schottky model
decreases by a factor of 5 when the Y content increases from 1.5 at.% to 1Figuirf% 19

(a)), because-decreasebom 0.7 nm to 0.2 nmandut o decreases by 0.2 V.

The core charge density calculated basetheMott-Schottky model Eq. (10), Figure 20-

(a)) increases by a factor 0f3:3 from BZC20Y1.5-SPS to BZQ0OY20-SPS. But the apparent
GB conductivity changes by about 4 order§ magni tude at 200deC bec
space charge potenti@igure 20-(b)). The space charge potential was extracted from the peak
frequency ratio of bulk and GBr¢/¥cg) from the impedance spectra (&q. (11)). The
decreased space charge potential leadsrochless decreased proton concentrabased on

Eq. (8). The space charge potential is slightly temperature almtne.g. typically increases
by about 0.1 V from 100 eC to 300 ecC.
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3.1.5 Instability of the pellets related to Ce content

Even though the addition of Ce is beneficial for sinteribility and pro\agessibility of higher

Y doping Cerich samples tentb react with HO andor CO; in air 144, and excessiveY
inducestoo much lattice distortion ( ion is much bigger than 7. As a result, the pellet
decomposes aruateaks intesmall piecesluring storageas shown ifrigure 21. Therefore, 20
at.% Ce was chosen fimis thesis.13.6 at.% Y was used mainpart of SSRS andlkaline
and phosphate decoration, some higher Y contents were used for membrane fabrication.

Figure21: Photo from sample BZC30Y3BPS after a few weeks.
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3.2 Solid state reactive sintering

3.2.1 Rerovskite formation and sintering

3.2.1.1 Phase formation and micretrain

v BaCO, ¥ Zr0, v Y,0, ¥ CeO,

sintered pellet

Ilg Intensity

vv o raw materials
v v oy Y. ¥ o v
W vy v v. v \YY va v VvVv_vW wl % wY
1 0 ....... 20 ....... 30 ....... 40 ....... 50 ....... 60 ....... 70 ....... 80 ....... 90
201 °

Figure 22: XRD patterns from (a) mixture of raw materials with nominal 1.0 wt.% NiO relative to
BZC20Y13.6and (b) BZC20M3.61.0Ni si nt er dd. at 1550 eC

Figure 22 shows an example of XRD patterns from the raw matdyallsnilled togetherand
thesintered cerami®aCQ, ZrO, CeQ and Y203 were detected ithe raw materialéno NiO
due to its low content)which meanghat there was no phase formation or decomposition
during the wet ball millingThen without any further calcination, the green psledre directly
sinteredat 14501 1 6 0 Q In §neCXRD pattern, no phaselongingto the raw materials was
observedand only sharp peaks ascribedhe cubidBZCY perovskite structure were observed
above 1lHowevertheQransient BadNiOs phase indicateih literature[107.108.113.145]

wasnot detectedh the samples in this work because of the oW Bontent used.
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Figure23: XRD patters of SPS sample BZC20Y13$PS without N{ 1400€C 5 min and annealed at
1500€C 4 H, and SSRS samples BZC20Y18h varying NiO addition(sinteredd h at). 1550 eC

Evenasmallamount of NiO used in SSRS can already result inglesprerovskite phagenore

details in section 3.2.1.6Figure 23 shows thatthe peaks become sharper with higher Ni

content, indicating less internal miestrain. Especially between 88 6 e, t he t wo pe
Cu Ky 1and Ky 2can berecognizednore clearly wherhe NiO content increase3he micre

strain was quantified by Williamsedall analysisthe result is shown iRigure 24. Without

NiO, the pelles have a high micrestrain of 0.4 %. The micrstrain decreases with NiO content,
especially from G 0.25 wt.%it reducesy about 80 %, and disappears whieaNiO content
exceedd).25 wt.% Clearly, the amount ofransieniBa,Y,Ni)Ox liquid phase is vital to release

the inner strain in the ceranidForNi O O 0. 25 wt . %, the volume of
isvery low (0.25 wt.% NiO corresponds to 0i7%.5 vol.% transient liquid phasé)herefore,

the liquid phase does not suffice to release all lattice distortion. For high NiO content, due to

thehigher transient liquid phase volume, the effective ion mobility is higher.
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Figure24: Micro-strain calculated by WilliamseHall analysisrersus NiCcontent The Nifreesample
is BZC20Y136SPS sintered atnté4lede@t51m00 g@kddah. The

sintered at 1550 eC 4 h. The dashed | ine is only
b
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Figure25 Micro-st r ain versus soaking time at 1GX%SN eC wi
and (b) BZC20Y13-0.5Ni.

The soaking time dependence of the mist@in is not very pronounced, the dat&igure 25
rather indicate the scattering with the uncertainty rampe.typical error bar of micretrain
is 0.03%.
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Figure 26: Lattice constant versus Y content for SSRS samples with 0.5 wt.% NiO and SPS samples
without Ni from (a) BZY (the data of SSRS samples are front'féfs i nt er ed at 1550 eC
BZC20Y. The BZC20Y0 . 5 Ni samples were sintered at 1550 C

The lattice constants of BZY and BZC2®@émpleswith 0.5 wt.% NiOor without NiO are
summarized irFigure 26. For both BZY and BZC20Y, the lattice constaimisrease linearly
with the nominal Y contentFor BZC20Y, high Y contents up to 35 at.% were tested. The
lattice parameterdevel off atthe same value of ~ 4.285 for BZC20Y28-0.5Ni and
BZC20Y20SPS The lattice constants from the-ee samples are always larger thhaose

of SSRS samples for a given Y content, as shalaoin Figure 27. Y. Yamazakiet al.[® and

K. D. Kreueret al.[**"l concluded thatheB siteacceptodopant changsts position tdoecome

a donor orthe Asite when there is a Bdeficiency resulting ina decreased lattice constant
and effective dopant concentratidn this casefg z2+= 1. 6ds«= 1 .>@h3he A site
(coordinated by 12 Ojndrys+= 0. @.g4+= B . 8rfg+= 0. dr2the B site
(coordinated by 6 048, The decrease of the lattice constadicaesthat Ni addition drags
B&’* out from the lattice and % moves on the Aite with a ion radius mismatch of36 A

between B& and Y**. The lattice constantsf SPS samplewith Ni on the B siteshow less
decreasdecause ofhesmallersize difference between Ni(0.69 A) and zt*.
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Figure27: Lattice constant versus NiO content fay BZY20 (data fromef. [4¢)) and (b) BZC20Y13.6.
The average lattice constants and corresponding error bars of BZC20Y13.6 SSRS, BZC20Y13.6Nil

CS and BZC20Y13.6NiES samples werealculated from several samples obtained.

Interestingly, he lattice constants increas®re sharply with Y content for Mree BZY than
for BZY-0.5Ni (sed-igure 26-(a)), whereaghe slopes are more similmr BZC20Y-SPS and
BZC20Y-0.5 wt.% (sedrigure 26-(b)). In the case oBZC20Y, the existence of Cealready
expand the lattice, therefore(>" is less oversized on the B site relative to (Zr, Ce)ctvhi
decreaes the driing force for changingo the A site As shown inFigure 26-(b), the lattice
constant of SSRS samplean reach the same maximum value compared foeisamples
but ata higher Y contentThis already gives a hinthat thedecreaseceffective dopant
concentration can be compensate@higher nominal dopant contenthichwill be discussed
in more details in sectioB.24.

Another interesting poins that the lattice constanté BZY20-nNi smoothy decreases whit
NiO content, but for BZC20Y13.6 aftea first strong dropfrom BZC20Y13.6SPS to
BZC20Y13.60.125Nj it remains almost constaft.125 wt.% NiO to 1.0 wt.% NiQjutwith
large scatter It suggestghat forBZCY, which contairs onemore B site element it is more
difficult to distribute all elements homogenougbee next sectignwhich could alsdelp to
explain the difficulty of reproducibility of th&B conductivity measurement (see section 3.3.1
and 3.3%).
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3.2.1.2 emical composition

Overall dhhemcal compositios measured by ICROES are summarized ifiable 5. BZCY
pellets from SSRS and BZCY with Ni dhe B sitesintered by SPShow a good agreement
with the nominal compositiod.he Ba content is Within the error bar, indicating no significant
Ba loss duringSPSsinteringand postannealing Typically after sintering, the sacrificial
powder covering the pellet turgsrk which canbe ascribed tiNi diffusion from the pellet
(NiO evaporation is excluded kagse the lid of the crucible does not change cold@refore

it is necessary to compare the remainii§p content with the nominal ona particular for
SSRS sample#\s shown inFigure 28-(a), theNiO content dog not vary with Y content and
stays at the nominal valwé# 0.5 wt.% However,when comparing the remainidgO content
versus nominal NiO conte(geeFigure 28-(b)), it can be clearly seen
0.5 wt.% the real NiO conteig comparable to the nominal value, but for 1.0 wt.% Ni@;,
about 05 wt.% lower.Thiscan also explain why the average lattice constant of BZC20Y13.6
1.0Ni is only slightlydifferent from BZC20Y13.8.5Ni (Figure 27-(b)). Table 6 compares
the real NiO content with soaking time at 1580for nominally 1.0 wt.% NiOAlready after

1 h, about 0.4 we% NiO is lost and furtherdecreases with timéeaving0.48 wt.%after 16 h.
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Table5: Composition of pellets sintered by SSRS and SPS with Ni on BSSRS samples with 13.6

at. % Y were sint esraemtplacts Iwsi5t0h eh@ gdhelr arfndcontent w
SPS samples were sintereda8 50 eC and 1300 eC for 1 at. % and 4
at 1400 eC 4 h.

Nominal Measurement by IGPES / wt.% Real composition A:B
Composition Ba Zr Ce Y Ni P ratio
BzZC20Y13.6 48.5 20.7 9.61 4.12 0.126 Bal,ozzl'o,66CQ),20Y0,13Hf0,0103.u 1.00

0.125Ni +0.5 +0.3 +0.1 +0.05 =+0.009 + 0.16 wt.% NiO '
BZC20Y13.6 484 205 969 4.11 0.163 Bay.03Zr0.66Ce.20Y 0.13Hf0.0103.4 103

0.23Ni +0.5 +0.3 +0.1 +0.06 +0.01 + 0.21 wt.% NiO '
BZC20Y13.6 482 215 902 459 0344 Bao.9oZr0.6:Cen.18Y 0.15Hf0.0105.1 0.99
0.37:Ni +0.5 +0.3 +0.1 +0.06 +0.01 + 0.44 wt.% NiO '
BZC20Y13.6 48.2 206 955 401 035 Bay.03Zr0.66Ce.20Y 0.13Hf0.0103.4 103
0.5Ni +0.5 +0.3 +0.1 +0.09 +0.03 + 0.45wt.% NiO '
BZC20Y13.6 48.2 20.7 9.78 4.01 041 Bay.01Zr0.66C&0.20Y 0.13Hf0.0103-1 1L
1.0Ni +0.5 +0.3 +0.1 +0.056 +0.03 + 0.52 wt.% NiO '
BZC20Y17.5 481 19.9 9.67 5.11 0.323 Bay.ooZro63Cen.20Y 0.17Hf0.0105.1 100
0.5Ni +0.5 +02 0.1 +0.06 =+0.01 + 0.41 wt.%NiO '

. 483 18.9 9.73 6.1 0.371 Ba1,01zro,6oca),20Yo,20Hf0.0103.u
BZC20Y200.N1 05 102 +0.1 +0.07 +0.004 +0.47 wt.% NiO 1.02
B100ZC20Y20 479 18.8 9.72 6.13 0.367 Bay.01Zr059Ce0.20Y 0.20Hf0.0105-1 100

0.5Ni +0.5 +02 0.1 +0.07 +0.004 + 0.47 wt.% NiO '

. 483 17 9.74 7.27 0.392 Ba1,04zro,55CQ),20Yo,24Hf0.0103.u
BZC20Y240.5N ) 1.4

! +0.5 +02 0.1 +0.08 =+0.01 + 0.50 wt.% NiO
B100ZC20Y24 481 17.6 9.81 7.36 0.429 Bay.01Zro055Ce.20Y 0.24Hf0.0105-1 1ol

0.5Ni +0.5 +02 +0.1 +0.08 =+0.01 + 0.55 wt.% NiO '

. 484 16.3 9.77 8.65 0.426 Bay 01Zr051Cen 20Y 0.28Hf0.0103-4
BZC20Y280. 1.

C20Y280.5Ni +0.5 +02 +0.1 +0.09 =+0.005 + 0.55 wt.% NiO @
B100ZC20Y28 480 164 9.85 8.69 0.452 Bay.owZros1Cen.20Y 0.28Hf0.0105-1 100
0.5Ni +0.5 #0.2 #0.1 #0.08 =#0.005 + 0.8 wt.% NiO '

. 482 15.0 9.71 9.72 0.394 Bal,ozzro,4SC&),20Y0,32Hfo_0103.u
BZC20Y32-0. 1.

C20Y320.5Ni +0.5 +02 +0.1 +0.1 +0.004 + 0.50 wt.% NiO @
B100ZC20Y32 482 14.9 9.68 9.82 0.407 Bay.02Zr047C&0.20Y 0.32Hf0.0103-1 1@
0.5Ni +0.5 +02 +0.1 +0.1 =+0.005 + 0.52 wt.% NiO '
BZC20Y136Nil- 480 206 985 456 025 .
SPS +05 +03 01 +0.00 001 CoestlosCaaYouNiooHfooOss 0.9
BZC20Y13.6Ni4 47.8 201 988 4.47 056 .
SPS 105 +03 01 +0.00 004 CooetloeCaafoiNiowHfooOss 0.9
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Figure 28: NiO content measured from IGPES versus (a) Y content and (b) nominal NiO content.
BZC20Y13.6SSRss ampl es wer e sintered at 1550 edhe4 h and

dashed linemdicate thenominal NiO content.

Table6: Composition of BZC20Y13.6L.0Ni sinteredat 550 e C ftime. di fferent

Sintering Measurement by IGRES / wt.% " A:B
. . Real composition .
tme/h Ba Zr Ce Y Ni ratio

0487 Ban.9oZro.s7Ce19Y0.13Hf0.010s-
48.2 21.6 9.68 4.19
1 +0.005 i 0.99

+ + + +
+0.5 +0.3 +0.1 +0.06 + 0.62Wt.% NIO

482 20.7 978 401 0.41 Bau.02Zro.66Cen.20Y 0.13Hf0.010s-

4 +0.03 i 1.02
+ + + +
+0.5 #0.3 #0.1 #0.05 + 0.52 Wt.% NiO

481 208 967 4.19 0.377 Bau.01Zro.66C&.20Y 0.14Hf0.0103-

16 +0.007 i 1.01
+ + + +
+0.5 #0.3 +0.1 +0.17 +0.48 Wt.% NiO

3.2.1.3Using YSZ as raw material

Y can be introduced into BZCY either fromQ3 or from YSZ, where the latter is less sensitive
to forming hydroxides. Thus, both sources are comparedfigree 29 showscomparison of
the relative density versus sintering temperature when Yszgpowder(a solid solution of
Zr0O»-Y203) and separate ZeQand Y-0s. For both Zr and Ysources, the relative density
increases with sintering temperatusad is slightly higherdr separate Zr©and Y-Os,
especi al | yhisaould He 4eat@d t@tike.fact that fronsZ, the Y first needs tbe
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excorporatedrom the YSZ solid solutionto form the transien{BaNi,Y)Ox liquid phase.
Therefore, in the SSRS part, Zrénd Y-Oz were used instead §1SZ.

100
[ = TOSOH .
°\° e Z7r0, Y, 0,
> 9 .
.(T‘, L ]
g ]
5 90
-
2 [
S 85 °
g
8oLt - - - -
1400 1450 1500

T/°C
Figure 29: Relative density using @SOH or ZrO, and YO; as raw materials versus sintering
temperatureThe nominal composition is BZC20Y13160Ni. All the samples were sintered for 4 h.

3.2.1.4 Otherpossible SSRSelated sintering procedures

A socalledihybri do SSRS attenpted ldyfibwa sd 0alISSSRS means
obtaining phase pure BZCY powder, ball milled SSB® materialgpowder with 1.0 wt.%

NiO was mixed together with a mole ratibrdBZCY):n(SSRS) = 2:1 or 1;Zorresponding

to ~ 0.33 and 0.66 wt.% Niwith respect tdhe cation stoichiometrAs shown inFigure 30,

the sample does not f{indicdting thatleerpesade of preforrmed at 1 &
perovskite is detriment&br successful SSRS.

In the cont&t of membrane fabrication at IEK in Jilich, aother sinteringprocedure was

tried to decrease the volume shrinkdgCY starting rawpowdes were dry ball milled for 1

h and hen pre-calcined at 110@C for 4 h This largely decomposes the Bag;ut the
perovskite is not fully formed. After wet milling witNiO this approach yieldsomparable
densites agpure SSRS with same nominal compositieig(re 31-(a)). This method decreases

the volume shrinkage by about 40% during sinterfigyre 31-(b)), which is beneficial for

membrane fabrication and was used in section 3.4.
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samples were sintered for 4 h.
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Figure31: (a) relative density and (b) volume shrinkage comparison of BZC20¥135N andpre-

BZC20Y13.60.25Ni versus sintering temperature. All samples were sintered for 4 h.

3.2.15 Sintering behavior of SSRS samples
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Figure33: Grain size of SSRS samples versus sintering temperature and soaking BA€ Yy 13.6
with different NiO addion. The red and blue dots refer to the samples sintered with a heating and
cooling rate of 20/8,regpEctiviely. &ahe dashedlifes geConly a guide for the eye.
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The relative density and grain sioer samples withdifferent NiO content areummarized in

Figure 32 andFigure 33. 1.0 wt.% NiO corresponds ®i 6 vol.% liquid phasavhen NiOis

fully convertedto BaNiQG; and/or Ba¥NiOs. As shown inFigure 32-(a) andFigure 32-(b),

with smallNiO addition( O 0 . 2 Bigh sirterifg temperature and long soaking time are
required to fully densify the ceransidecause of insufficient transient liquid phase (0.125 wt.%

NiO provides only 1.5 vol.% liquid phasthe grain size remains smaita 1 pm even when

sintered at 160@C (Figure 33-(a) and Figure 33-(b)). Whenthe NiO content increases to

0.375 wt.%asintering temperaturefa t | e a sigrequirbdd 6 g €t atve delsiy r e |
(Figure 32-(c)). The grairs tend to grow with temperature and time and the grain sizébis 2
pmafterl6hat 1550 e CRigura33-(ck Humher mcresingthe NiO content to 0.5

and 1.0 wt. %, the pell et owitoeuffitient liquid prdhsen s i f i
volume(Figure 32-(d) andFigure 32-(e)). As can beeen fromFigure 33-(d) andFigure 33

(e), the grairs growsignificantly with increasing temperature aahkingtime up toabout 3.5

and 6um. There is no doubt that the anmbwf NiO strongly influences the sintering behavior
thehigher theNiO content, the better dsification and the largeghegrainsize

In order to further understand the mechaniarfast sintering experiment for BZC20Y13.6

0.5Ni and BZC20Y13.4..0Ni with high nominal heating and cooling rate of 600 K/h was
applied, trying to preserve the transient liquid phbsmvever, because it is difficult to reach

the nominal cooling rate of 600 K/h in the oven, more detailed discussion about the sintering
mechanis will be shown in section 3.268from quenching experimeatAs shown inFigure

32-(d), the pellets sintered at DB Eh€relatireow a
density increases significantly with temper:
with 1.0 wt. % Ni O the rel ati v aecredsenismoothtp i s al
near 100% at [lgbidphasas @rmedatea lowes tereperature for higher NiO
content (< 1350 eC for 1.0 wfihelgdticéldor@tardsiiod 1400
both NiO contergreach the value of pellets sirgdrwith a heating and cooling rate of 200 K/h

(4 4.26 A). Only BZC20Y13.60 . 5 Ni s i nt ehas3d® wtdtof uhddged Bagr

phase (se&igure 34-(a)). Figure 34-(b) shows that the grain size of fast sintering pellets
increases slightly with temperature (from ~ QB to~1.5um fr om 1350na& o 150
similar manner for samples with slower or faster heating rate

Comparing the relative densitlfigure 32-(d) andFigure 32-(e)), lattice constantigure 34-

(a)) and grain sizeHigure 34-(b)), one can conalde that the perovskite structure formation is
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easier than densification and grain grovghdthe pure perovskite phase can be obtained at

| ow temperature (1350 dl@)gaimgrowthis rathef difficuitand nt N
time-consuming even with high liquid phase volurRerO 0. 25 wt . % Ni O, t he
is almostabsent although aidgh temperature dense samples are obtained

(@) (b)
S ‘ J.0Wt%NiOmaxgrainsize
Za26p------- §------- §mmmmmm L 59
‘g - § 4} 0.5 wt.% NiO max grain size
£ 424} E | MrkMOmeamere .
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o N
© 422+ 0
8 L .E 2} °
= : 05wt% 0.25h st - .
w420, e towwomsn| DML, ___.2----" o
_ o 1.0wt% 1h - "
418 - ' ' 0 ' - -
1350 1400 1450 1500 1350 1400 1450 1500
T/°C T/°C

Figure34: Lattice constanand grain sizef BZC20Y13.6 with varying NiO additiomersus sintering
temperaturdor samplesith 0.5 and 1.0 wt.% NiO sintered for 15 min and 1 h. Blue dots indicate
asmall amount of nominally undoped Bazror 0.5 wt.% NiQ

Top-view SEM images from Niree SPS samples and SSRS samples with different NiO
content are shown iRigure 35. For Nifree sampls, the grain size is small ~ 0im and
showsa rather uniform grain size distributiofriure 35-(a)). For a small additiorof NiO
(0.25 wt.%) in Figure 35-(b), the grairs grow slightly but show abimodal grain size
distribution. For 0.5 wt.% NiQFigure 35-(c)), the grais grow stronglyand approach a
hexagoral shapeas predicted by the Wulff constructiowhen the NiO content is further

increased to 1.0 wt.%, the graigrow with a bimodal size distributigifrigure 35-(d)).
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Figure 35 Topview SEM images from (a) BZC20Y13%PS, (b) BZC20Y13:6.25Ni, (c)
BzC20Y13.60.5N and (d) BzC20Y13.6 . ONi . The SPS sample was sint
postanneal ed at 1500 eC 4 h, the SSRS samples wer
surface was prepared by chemical etching and the SSRS samples by thermal etching.

The grain size distribution with low (0.25 wt.%) and high (1.0 wt.%) MNidition is
summarized ifrigure 36. The average grain size in these plots is larger than the one calculated
based on interception methodchese individual grains were counted by measuring the longest
diagonals. Even though the average grain size of BZC20Y1LBN is much larger than
BZC20Y13.60.25Ni, theshape and relative width of tigeain size distribution is comparable.

The ratios olargest grain to average grain size are 2.67 and 2.85 for 0.25 and 1.0 wt.% NiO,

respectively.
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Figure 36. Grain size distribution from statistical analysis of (a) BZC20Y4BZ5Ni and (b)

BZC20Y13.61.0Ni. Both samples were sire r e d

The blue lines were fitte@aussiarcurves.
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Figure37: (a) grain size versus relative density for different NiO content and (b) maximum grain size

obtained for differenNiO content. The dashed line are only a guide for the eye.

The impact of NiO on the sintering behavior of BZCY can also be observed-fgure 37.
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37-(b)). The maximum grain size remains small for 0.125 to 0.25 wt.% NiO due to the limited



74 Chapter 3 Results and discussion

liquid phase volume, increases to ~ @rb with 0.375 wt.% NiO, and further increases to ~ 4
pm and ~ gum when NiO increases from 0.5 to 1.0 wtBait from the ICPOESresult (see
Table 5 and Figure 28-(b)) the NiO content remaining in the sintered pellet is similar for
BZC20Y13.60.5Ni and BZC20Y13.4..0Ni. Therefore, even though the NiBZC20Y13.6

1.0Ni sample is partially lost during the sintering it still promotes the grain growth in the early

stage.

3.2.16 Quenching experiments

Becawse the fifast sintering experiment does not have sufficiently fast cooling rate,
guenching experimnts were launchad which the crucible was directly dragged out from the
oven atthe sintering emperatureln order to detectemaindes of the liquid phasen TEM

without affecing the mechanism by too much Nin increased NiO content Bf0 wt.% was

used. Figure 38 shows the XRD pattern evolution with temperature fprenched
BZC20Y13.62.0Ni.Except NiO, all otheraw materials are detectedtive baltmilled powder.

At 10001 1 050 e Gparti@dlypdéddmposs and th&8ZCY/BZ perovskite phases start to
form, with residualZrO,, CeQ and Y-Os. At 1050€C, ZrG; and CeQ peaksdisappearThe

peaks of undoped BZ are very prominent, and a separate set of weaker Ba§Gpeaks is
visible. At 1100€C the latticeconstant of this phase shifts to smaller values, indicating gradual
transformation to Ba(Zr,Ce,Y)XQ. In addition to the two perovskite phases)y YOz are
presentindicatingthatit is more difficult for Y to be incorporated intbe lattice When tre
temperature i s 1 ncr ea sg€dd, and v esidues Br®obsei®ed. n o
From 1050 1300€C, two perovskite phasean baecognizedn the XRD pattern. Comparing

the lattice constants of both phases, oreeBZCY phase with high Yrad Ce contentand the

other is undoped BaZrJseealsoFigure 43-(b)). At low temperaturehe distribution of Y

and Ce is still inhomogeneous, almost as it waghébinary oxide starting powdewith
increasingtemperature, Y and Ce iopsogressively undergo dissolution in the liquid phase
from which larger BZCY grains with more homogenous cation distribution .gt@nger
soaking time alsoimproge he el ement homogeneiRgyre39Ak 1300
second phaseanisheswhen the soaking time increastom 10 to 30 min.When the
temperature is above 1350 e @®mn¢fgweBd.d phase

B
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Figure38 XRD patterns of BZC20Y13:8.0Ni sintered at different temperature for 10 min.
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Figure39: XRD patterns of BZC20Y13:@.0Nisinteed at 1300 eC for differen
the baseline of 566 0 e r e s wudhdped srhall samplegéllets with rough surface.
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As discussed in the last section, NiO content has impact oligthé phasevolume which

affects the temperaturé densification therefore it is natural talsocheckit from quenching
experiment with lower NiO content (0.125 and 0.5 wt.&s) shown inFigure 40 andFigure

41, the peroskite phases also start to form at around ED)@ith YOz residueBut it requires

1400 and 150€C toform asingle BZCY phase fdd.5 wt.% and 0.125 w.% NiQ@espectively.
Therefore,a higher NiO contenfacilitates a homogenous distributioAnother interesting
phenomenon observed from the XRDitpes is thatat 1300 eC, BZC20Y13.60.5Ni and
BZC20Y13.60.125Nishow three perovskite phases instead of fitvdBZC20Y13.62.0Ni.

Figure 42commr es t he XRD patterns with difoff0er ent
min. From BZC20Y13.60.125Ni,three perovskite phasean be clearly distinguishe&or
BZC20Y13.60.5Ni, two perovskite phases are obvicusdthe other perovskite phasan be
recognizedas he | eft shoul der of ¢heN@etalkisr dtp &rBo \b:
is observed for BZC20Y13:B.0Ni. It confirms thawith low NiO addition it is difficult to

achieve the proper homogenous cation occupation of the.B site
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| [ { A \ A
S g I\ I fl / A\ ” \
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Figure4O: XRD patterns of BZC20Y13:6.5Ni sintered at different temperature for 10 min.
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The impacts of NiO content on the lattice constant and seuogskitephase are summarized
in Figure 43. As can be seen irigure 43-(a), for 2.0 wt.% NiO, the secormkrovskitephase

content s hi gh ( ~

phasevanishea b o v e

80
(open symbols irFigure 43-(b)). It decreases with increasing temperature until the second
1TBeStiinphaSe has kargelattice constant of 4.394 A at 1100

wt .

%)

at

1 1 Gheundped BZ phake a

a



Chapter 3 Results and discussion 79

e @Whichdecreases with increasing main phase coriféhéen thesecondgerovskitephasehas

vanished the main phase lattice constant levels off at 4.256 A, which is equal to the value of
Anor mal ¥13.8rNdati0e parameter (cf. aldeigure 27-(b)). At 1300€C, the lattice

constant of the third BZCY phase for BZC20Y 1:B.825Ni sample is comparable to the main

BZCY phase lattice constant of BZC20Y1R&Ni. For BZC20Y13.60.5Ni and
BZC20Y13.60.125Ni, the second phase content decraases slowlyand disappears at 1400

and 1500 eC. The | atti ce c¢onmwhdnaniybne pemsidtér es t h
phases left. For all three NiO contents, theima phase | att i dsee48%Anst ant
and the second phase lattice constant is always 4.195 A which corresponds to that of undoped
BaZrQs. Therefore, at low temperatuteeY and Ce ioninhomogeneity is larger thathigher
temperature ofor longer soaking time

As shown inFigure 44-(a), the relative density increases with sintering temperature. For
BzZzC20Y1362 . ONi , the relative density is compar a
increasesgini ficantly from 1200 to 1400 eC. The r
higher temperature (14001 6 00 eC) and stays at 90%, whict
soaking timeThegraisgrowf r om 50 nm at prh 26t0 leHYuraddgebd) o( ~ 2
because of larger liquid phase volume, probably higher solubility of Zr/Ce in the transient
liquid phase, and faster ion transportation at higher temperature.

The change of relative density and grain sizebeaalso clearly seen from the BF andAIDF

TEM images, as shown frigure 45, At 1250 e Cahigh poresitys(cdfFgpre e h as
45-(a)) and tiny particles with rough GBs. The porosity decreases with increasing temperature.

At 1350€C, the ceramic densifies attte grains grow with soakng time Figure 46). At 1400

e C, it shows Figured50d) .p oAto sli5t0y0 (and 1600 eC, th
poresand largegrains. The porosity observed frometlAADF | mages at 1500 a
(seeFigure 45-(d) andFigure 45-(e)) is much lower than 10% and should not result in only ~

90% relative density as calculatedkigure 44-(a). This difference can be ascribed to the

irregular shape of the samples. One can also recognizéhéhdensity variation within the

SSRS samples more pronounced@hen the soaking time is too short.

For BZC20r13.6-0.5Ni, the elative density increases more slowlith temperature thafor
BZC20Y13.62.0Ni due to lower transient liquid phase volume. 90%ixeda@ensity is reached

at 1 5 Bidgure ¢4qa)).(With 0.125 wt.% NiO, the sample does not start to densify

1350 a&encd the relative density i sdwtntheyXRD 60 %
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pattern evoltion, the BZCY phases formed atower temperaturehan ceramic densification

and grain growtlcf. Figure 38, Figure 39, Figure 40, Figure 41).

-

XRD: BZ + BZCY XRD: only BZCY XRD: only BZCY
(d)

1500 °C (e) 1600 'C

.\

4

—

XRD: only BZCY XRD: only BZCY

Figure45: (a) BF image from 1256C and(b-e) HAADF images from quenched BZC20Y 12®Ni

samples sintered for 10 mindifferent temperatuse TEM was done by WSigle.

XRD: only BZCY XRD: only BZCY XRD: only BZCY

Figure46: BF images from quenched BZC20Y1326. O Ni sampl es sintaned
(b) 30 min and (c) 4 h. TEM was done by W. Sigle.

at
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Figure47: (a) and €) images, (b) anddj corresponding element mapping THRELS measurement.
The squares indicated in (a) am)l &re mapping area. The quenched sampleZBX13.62.0Ni was
sinteredat1 2 5 Ofor 00min according to XRD it contains BZ and BZCY perovskite phases

measurement was done by W. Sigle.

TEM-EELS andEDX measurements on BZC20Y 1228Ni sintered at different temperatures
(125011600 eC) were done tthoe otbrsaenrsviee nrte maiignudiedr sy
according to the TEMEELS mapping resultFHigure 47), the elements showronounced
inhomogeneityon the 100 nm scalewith some grains high in Ce, and low in Ba and Zr. This

is consistent with the XRD result of one-Geh and one undoped BZ phaségure 38). At

1 3 5 0 aceofdling to XRD only one BZCY phase is present. This agrees with-HBXI

(Figure 48) which indicates presence of Ce, Y within perovskite grdina types of GBs can

be observed in HAADF imagesigure 48(a) shows the <caselndhe a dt
corresponding TEMEDX line scan, Figure 48-(c)), the Ni signal is extremely high with all

ot her el ements depleted. This could be Ni O
structure is shown ifigure 48-(b) andFigure 48-(d), which shows a much more moderate

Ni accumulation at the GB, indicating it is a widkmed GB as in the sintered ceramics. The
elements distribute evenly within the grains, agreeing with thdespigase XRD pattern
(Figure38) . Therefore, at 1350 eC, the single BZC
while theremnant liquid phasean further facilitate densification and grain growth. At 1500
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e C, from t he FigueAD Bocketsnand sharg GBs can be seen. JHDK

mapping shows that at pocket positions, Ni is strongly enriched. At GBs, Ba, Y are enriched
andZr depleted, which might be assigned to Bapi@d/or Ba¥NiOs phases. The TENEDX

line scan forthe pellet sinteredt1 6 0 0 e C s h o wsFigsre 50). Mogerdetailegls u | t s

discussion of the sintering mechanisms will be shown in section 3.2.3.
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Figure48 TEM-EDX linescanon( a) At hi ¢ k 0 n &B. (chand (d)(afe rorrgspoihding
element distributiogs in at.%. The arrows in (a) and (b) indicate the measurement positions and
directions. The quenched sample of BZC20Y13.6 O Ni was si ntle ma.dTheat 135

measurement was done by W. Sigle.



Chapter 3 Results and discussion 83

Figure49: TEM-EDX mapping on quenched sample of BZC20Y43.6 ONi si nt ered at 15

The square indicates the measured area. The measurement was done by W.Sigle.
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Figure50: TEM-EDX line scan a (a) possible liquid phase and (b) GB. (c) and (d) are corresponding
element distribution in at.%. The arrows in (a) and (b) indicate the measurement positions and directions.

The quenched sample of BZC20Y126 O N was sintered asureméntvdad® eC 1
done by W. Sigle.
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3.2.2 Grain growth kinetics
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Figure51: Gr ain size square versus soaking -L.ONme at (
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Figure52: Grain size square versus kogy time at () 0 0 e C 85n0d e¢(h )f olr -1IBOKIC2 0 Y 1 3.
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Figure53: Grain size square versus soaking time att8)0 e C 185n0€ fa(BEG20Y13.60.5Ni.

For some samples the grain growth kinetics was analyzed wiaety. As shown inFigure
51, the grain size of BZC20Y136. ONi has increased from 50 nm
is composed of BZ and BZCY perovskite grains, tomlat 1400 1 450 e C wi t hou't
graingrowth with time. Even though the liquid phase starts to form at low temperature for high
NiO content, higher temperature is necegs$a further promote grain growth
For BZC20Y13.60.5Ni and BZC20Y13.4..0Ni at 1500 and 155 (Figure 52 andFigure
53), the grain growth follows the relationshipEq. (28) 14¥ with n = 2

G"-Gg=k t (28)
whereG is the grain size(o is the initial grain size (here 50 nm is usemzin the grain size of
BZC20Y13.62 . ONi si nt er ed &ndkisthedrainmgrowth kenegtiscan2t&d e C)
According tow. D. Kingrey*®% ks determined by the boundary mobilitycan be 2, 3 or 4,
depending on different mechanisms and shapes of particles. The equation is applicable for
many systems, such as MgiD.0Oz3, CaOThO; andetc., andvas derived for aystem without
liquid phase but can alsbe appled for liquid phase sintering®®. In the solution
reprecipitation model witla smallliquid phase volumethe diffusian length in the liquid is
short. An exponent oh = 2 indicatesthat the grain growthwould be limited by the
solution/reprecipitation at the interface of solid and ligkiat.n = 3, the grain growth is limited
by diffusion of ions, especially for large liquid phase voluinethe presentwork, the liquid
phase volumef 371 6 vol.% for 1.0 wt% NiO is rather small, whicffits to the modeWwith n
=2
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Figure 53-(b) shows that at long time the grain growth ceases, and that this occurs earlier for
lower NiO content (compare 0.5 wt.% NiO versus 1.0 wt.% Mi®igure 52-(b)). So with

increased NiO content, notonlydothegsagnr ow f ast er at dlcandléo e C, b
keep growing at higher temperature (1%80) for much longer time because of more liquid

phase volumeThisindicates that the transient liquid phase is consuheitlg SSRSAfter it

is fully decomposed, thgrain growth stops as it transis to solid state sintering which
requires a much hi ghforBzZ€20Yip.ad.25Nit due te the(lifited 7 0 0 ¢
transient liquid phase the grairemain smalit~1um at 1500 and 1550 eC

3
10 m 025wt %NiO4h
F ® 05wt %NO4h
L A 10wt %NiO4h
2 o literature no NiO 20 h
10 3 o
N %
S
=10
o~ \\\Q‘ o o2 4
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Figure54: Arrhenius plot of squared grain size. Open symbols: conventionally sintefegleN8ZY
samples with 5 20 at.% Y, soaking time 2024 h, data from literatur&®8495.108,115132,16255]  ggjq
symbols: BZC20Y13.9.25Ni, BZC20Y13.60.5Ni and BZC20Y13.4..0Ni samples with soaking

time of 4 h. The dashed lines are linear fitting of corresponditey d

Figure 54 shows the Arrhenius plot of squared grain s@@en circles are data of {fhee
samples from literature. With some scatter, the activation energy fitted from tfreeNi
samplesamounts to 3.7 eV.Mis valueis comparable to th&B diffusion activation energies
of Zr 3.6 eV) 1% andBa (3.0 eV) in BazrQ; 157, andslightly higher than B42.6 €\) in
BaCeQ 7, For SSRS wh 0.25 wt.% NiO content, the actiwan energy increases to 5.3 eV.
The activatio energy further increases to 6.2 eV wheri @3 wt.% NiO is usedurprisingly
the higher grain growth rates come together with higher activation erEngymight be
related teatemperature dependent solubility of Zr/Ce in the transient B8R&Y-NiOs phase
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as the densification and grain growth depend morgheriquid phase with increasing NiO
content. Also one can notice that the activation energy does not vary from 0.5 to 1.0 wt.% NiO,
indicating that rather than increasing the NiO contemhdéoe than 0.5 wt.%, increasing the

sintering temperature and elongating the soaking time are more practical.

3.2.3Discussion of sintering mechanism

3.23.1 Evidence of transient liquid phase formation

Although the transient liquid phase BA¥Os deteced in literaturé?”:108.113.14%g not ound

in SSRS samples from this work due to the low NiO content used, there are three phenomena
that evidence the existence of the transient liquid phase. (i) the stiGimn decreases
significantly with the NiO content, as shownkigure 24, especially when the NiO content
increases from 0 to 0.25 wt.%. Apart from the NiO addition, the samplesthawsame
composition, indicating the release of lattice distortion in BZC20Y 13réladedonly to the

NiO addition,i.e. the transient liquid phase volunfi®. In the quenched samples, Zr, Ce, Y are

mixed already at low temperature. Comparing with the phase pure powder obtained for SPS,
which needs 3 calcinations at 13@D 8 h figure 11), the BZC20Y13.68.0Ni has already

been transformed to perovskite phases withou
(iif) The grain growth depends on the NiO contenEigure 33, the grains can grow up to ~

6um for O 0.375 witntwe MNed 0d1L®5 ®6 e Bisnauthh i ¢ h
lower thanfor conventional sinteringpf BZY. Typicaly, BZY requires extreng high
temper at uerGe (ahdl 77000ng s oaki ngnlyinismakgrain®Gize2~4 h) ,
05um. Therefore, there must be a | ow temperat
the grain growthAll these three evidences confirm tladtansient liquid phase hagveloped

during sinteringlt promotes ion transpotd eliminate the inner straimo form the perovskite

phases, and to facilitate grain growth.

3.2.32 Discussion of composition ofransient liquid phase
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Figure55: Phase iigrams of (a) BacZrO;, and (b) BaGZrO,-YOs s at 1600eC. (a) is from ref 58l

and (b) from refl>9,
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Figure56. Phase diagrams of (a) Ba@O %, and (b) Ba@GNiO-YO1 5 1'% in the temprature range
of 1000i 1350€C.

Pure BaZrQ has a melting point of 272 (Figure 55-(a)). Also doped with Y, as shown in
Figure 55-(b), BaZrGs is still in solid phase at 160€C. The phase diagram tiiese two
systems without transient liquid phase can explain why CS requires elytfegietemperature.
Although there are two eutectic points shown in the phase diagigote 55-(a), the
composition with too mut Ba excess lowers the chemical stability, or with too m8eh
deficiercy lowers the proton conductivitfven though the ceramic can be densified at high
temperature, the ion transportation is limited so the grain cannotlgrgev When NiO is
addedjt can formthe BaNiO, phase which decrease® melting pointo ~ 1200eC andeven
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lower with BaO excesd-{gure 56-(a)). BaY2NiOs can also fornin the temperature range of
10007 1350€C (Figure 56-(b)) and become liquid atbout 1450 1500€C 1071131 A more

detailed discussion on the transient liquid prasapositiorwill be givenbelow.

(@)gor (b)
o o 15}
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c c
£ 40} £10t
b 2
© 20+ ©
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o_ @
20} , , , , l , . . .
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NiO / wt.% NiO / wt.%

Figure57: (a) Ba and (b) Ni element average excess/deficiency at GBs comparedtdkilsalculated
from TEM-EDX measurement. At least 10 GBs were measured for each sample sintered with a heating
and cooling rate of 200 C/ h .

Figure 57 shows Ba and Ni element excess/deficiency at GBs compatied bulk. Both Ba

and Ni showanexcessat GBs whichncreagswith the nominal NiO content. Even though the
remainng NiO contents are comparable for nominal 0.5 wt.% and 1.0 wt.% NiO samples, Ba
and Nishow ahigher accumulation at GBs for nominal 1.0% NiO sample. Together with

the decreased proton uptake with increasing NiO coiisection 3.2.4Figure 60-(a)), this
indicates that Ba is extracted from the perovskite lattice to form the transient (Ba,Ni,Y)O
liquid phase Two possible mechanisnfgve to be considerdtbw Ni acts during the liquid

phase sintering.
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(b) 50 AN~ AN~ O

0 5 10 15 20 25 30 Ni
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Figure58: (a) HAADF image and (b) TENEDX line scan result in at.%. The arrow in (a) indicates the
measurement directicand position. The BZC20Y136. O Ni was sintered at 1500
and cooling rate of 600 eC/ h.

i) Formation of BaNiQ
PureBaNiO; can be synthesized at 90® 5 0 hgs@ melting poimfa bout ,ad40 e C
lower eutectic point with exss BaQ(Figure 56-(a)) [*6%. At typical sintering temgrature for
SSRS (14001550 e C) , canfacilitate ibnitrapspord Thatata defect reaction is:

2Ni BH2 DL+Y5,+VAY 2 B adyiYh, (29)
which generates one Y donor dopant on theté fer each two NiO involved, and results in
smaller lattice constants gsz+= 1. 6Ms+= 1 .>h5he A sitd**l. Also, based on
Eq. (29), two Ni annihilate one oxygen vacancy and therefore 2 protags (@)). The
formation ofBaNiOz is consistent with TEMEDX results, as shown figure 58from the fast
sinteringsample One can clearly see that there is a
from the HAADF image Kigure 58-(a)). The TEMEDX line scan, as shown irgure 58
(b), shows an atom ratio of Ba:Ni:O = 1:2:3, which is close to the nominal value of BaNiO
(1:1:2). The lower content of Ba andrfiay be caused byBaO evaporation, or some liquid
phase already starts to decompose so that Ba and O go back to the perovskite lattice after certain
time at high temperature.

i) Formation of Ba¥NiOs
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The other possibility is formation of BaMiOs, as obseved in literaturd?”:1% The material

of BaY2NiOs phase can be obtained at 115D 2 0 0°7-82CIn this work, Ba¥NiOs was not

detected by XRD due to the low NiO content used. The corresponding defect reaction is
2Ni B§2 B+ X, VAN B ¥,NDs+ B aldyi (30)

In this reaction, for each two Niyo Ba ions, two Y on the B site and one oxygen vacancy are

consumed. This reaction also leads to annihilation of one proton for each Ni. Although the

element distribution from TEMEDX results Figure 58) does not fully fitto the formation of

BaY2NiOs, samples without Y cannot be fully densified even with NiO additféh Scdoped

BaZrOz; with NiO can also béully densified at 155@C, indicating that some acceptor dopant

is necessary for SSRS.

Otherhypotheticapossibilities include Ni substituting on the B site formag !z 'rdefect, and

Ni incorporating asninterstitial defeciN fﬁ-lowever,the formation oN !z 'rshould increase
theproton uptake due tan increase q[i\/éﬁ Together with the discrepancy of lattice constant,
and hydration enthalpy and entropyfr&SRS and Ni on B site sampbssshown irFigure

63, this assumption can be ruled out. The interstitial deNeﬁ‘:é energeticallynot stable based
on DFT calculatios®Y], and needs to form a defect pag (N {)with a pre-existing barium
vacancy which is not likely from the IGBES resultsTable 5). D. Hanet al.[*% claimed that

Ni formsN i@én the lattice position of (1/2, 0, 0), whibbwever has annfavorabldormation

energy*%l. ThereforeNi interstitials arenot included in this thesis as one of the possibilities.
3.2.33 Decomposition ofthe transient liquid phase

Asobserved r om t he quenched sampl eFguresd9antFgure d a't
50), Ni accumulates at GBs amdjacentareas, whereas other elements are depleted. D. Han

et al. %2 also observed the same phenomenon for BZY with 5 mol.% NiO (~ 1.25 wt.%)
addition sint er.ddngeal %% Getected e RpNiOhphaselfrom

BZY20 with 2.0 wt.% NiO additors i nt er ed at 1150 aNiOdpedk@ 50 ¢eC
di sappear when TBhismpliesrthe ttansaeht natuge ®fthe §qGid phase. It is

formed at low temperature and consumed during sintering with increasing temperature. The Ni
finally accumuates at GB regions. According doJ. Lander*®%, (Figure 56-(a)), BaNiQ; is
rather stabl e even afiN®Oydecorhpdde® Y.0:3BaO (Jas)vardv e r ,
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NiDat 1500 e C Hanetal.Fd, brthg elemets gb back to their original lattice

sites and Ni substitutesonthe Bsit¢ r eady at > 1 2TomgetalElaltec or di n
first possibility fits to the TEMEDX results as shown iRigure 49 andFigure 50, but Y203

phase was not detected at GBs in pellet samples thowgls foundin membrane electrolyte

layers. The secongbossibility that the elements return to their original positwosld result

in N } (defecs, which is not consistent with tHattice constant variationF{gure 27), and
thermodynamic parameters measured by TG (see section B@u4e 60, Figure 62, and

Figure 63) compared to samples with Ni on the B s8e,the real nature of the transient liquid

phase which may be a mixture of BaNi@nd Ba¥NiOs still remains unclearand the
decomposition mechanism of the tramiliquid phase is naoeally well-defined.

3.2.34 Possible sintering mechanisnand comparisonto literature

The possible sintering mechanism of SSRS with sufficient liquid phaskasnaticallyshown

in Figure 59, based on the discussion farmer sections. Surroundinglarge grain with
equilibrium hexagon shape, there are small grains with pure perovskite BZCY phase, and BaO,
ZrO,, CeQ, and Y03 raw material particles in molten (Ba,Ni,Yy@hase which dissoés

Zr** and Cé&" ions. The solubility is probably temperature dependent. During S&RIS the

aid of the transienBa,Ni,Y)Ox liquid phase, the ions transport much faster than in solid state
reactionor sintering This facilitates also thperovskite paseformation from the binary oxides

The porosity of the pellet decreaqéensification) while in parallelsome large grains grow

with the consumption of small grairSection 3.2.1.6 illustrates that the three main processes

of i) perovskite formationii) densification and iii) grain growtlre closely coupleduring
SSRS.There is no doubt that the transient liquid phase promotes all these three. Besides, the
transient liquid phase decomposes femainders of the liquid phase from SSRS pellets with
long soaking time) at high temperature when the three ggexare ongoing, and the cations
may incorporate into the lattice and/or accumulate at GBs.
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~ Molten (Ba,Ni,Y)O, +
_ dissolved Ce, Zr

Figure59: Schematic diagram of sintering mechanism of SSRS.

J. Tonget al.* investigated SSRSinteringof BZY20 by sintering the green pellets wih
high NiO content o2.0 wt.% at different temperats for 10 h. Different from the present
work, the BZY phase already starts to form at D@5 0, wkidh can be ascribed the higher
NiO content andbnger soaking time they used BaY2NiOs liquid phase is suggested, but not

finally proven. It is discussed that BaNiOsd e composes at temperatur e

intoVe, Y , V2 and Ni enters into the lattice to fomhy, ror N f* fhterstitiak. However,
based on the discussion in section 3.2.3.2,enhirgeticallynot likely to form either of these
two defects. The hypothesis of formation of Bahand/or Ba¥NiOs is consistent with the
TEM-EDX results of Ni accumulation at GBs in this woRigure 49, Figure 50, andFigure
58). When appling the SSRS procedure to a mixture of BaO and Y03, & 80071 850

e (J. Tonget al.[*%7l gbserved BaNi@ whichtransforms to Ba¥NiOs at higher temperature.
While in ref.[191 2,0 wt.% was used, 0.5 2.0 wt.% NiOis applied in ref%l put without
detailed analysis of grain sizda contrast to th&ehavior of BZCY inthe present work, 0.5
wt . % Ni O did not |l ead to ful/l densification
beneficial effect of Can SSRS. This is further céirmed by SSRS of BY20 in ref.*4lwhere
full densification is achieveatl 4 0 0 e ©wtWa NiOhi.e. &t lower temperature compared
to BZY20.

D. Fagget al.'® investigateceffects & NiO, BaNiO, and Ba¥%NiOs additionin the sintering
of preformedBZY20 perovskite powderAll three additives helpo fully densify ceramics

including grain growthat a temperate much lower than CS for BZY28aNiO, shows the
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largest grain sizggrobalty due to its low eutectic point (dfigure 56-(a)). All three sintering

aids yidd comparable total conductivitiewhich are lower tham Ni-free BZY20. Thus, pre

formation of BaNiQ and Ba¥NiOs does not seenotyield an advantagever NiO addition

D. Hanet al.**3 studiedpre-calcined BZY20 with 70 wt.% NiO (as PCFC anode composition).

Due to the high NiO contenthe sintering mechanism califfer stronglyfrom SSRSof the
electrolyte with much | es sThedutfOrglaimedld differemtn  ( t y p
melting point anddecomposition mechanism of Bg¥iOs comparedto ref. 107 py
investigating pure BaXNiOs. Remarkably, te BaYNiOsp el | et remai ned sol i o0
partially decomposed into20s, BaO and NiOBaY2NiOs staredt o par ti al ly mel t
when itpartially decompose into Y203 and a liquid phasevhich further decomposento

BaNiO, and small precipitas during coolingThis work also discussed abdheimpact of

BaO activity onphase appearance by using different sintering strategies (opergdaudr

embedeéd). It shows thata high BaO vaporpressurecan suppress 20z formation. A
comparisonofBZYQ powder wit h 1 3-@dcinaid temnpedhturg iGdicéede C pr
BaY2NiOs formation at lower temperature and in higher amounts for the powder prepared at
1300 eC, which had a smaller |l attice param
distribution. This again emphasized the importance of BaO ai@} #vailability for liquid

phase formation in SSRS.

3.2.35 Consequences for membrane fabrication

Even without deliberately adding NiO into the electrolyte layer, it was discovered that the Ni
can difuse several micrometelf§4°106.163from the anodéayer, which is usually composed

of BZCY and NiO (50i 60 wt.%). This can activate SSRS in the electrolyte layer (cf. also
section 3.4.2). The diffused Ni and/or the Ni added in the electrolyte raw matasiatsthis

work, promote the grain growth andensification. Also, the lower sintering temperature
required for SSRS is beneficial for membrane fabrication. In order to havedefieled
conditions instead of uncontrolled-Niffusion, it is desirable to have some Ni in the electrolyte.
However, dued the detrimental effect of NiO on proton uptake, which will be shown in section
3.2.4, the amount of NiO in the electrolyte layer should be carefully controlled. Also, too much
Ni in the electrolyte layer after reduction may lead to short circuit ofubkdell, and the

reduction process itself may bring in too mu
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mechanical strength. Therefore, a controlled amount of NiO was used in membrane fabrication
in this work (cf. section 3.4.1) to have a betlefined situation. More details about the suitable

amount of NiO will be shown in section 3.3.1.

3.2.36 Possible modifications

D. Han et al. 4 proposed a soalled high tempetare reduction cleaning process which

involves several reduction and oxidation procedures and results in Ni metal particles
accumulating at GBs without disconnecting grains. The BZY20 with 5 mol% NiO (~ 1.34 wt.%)
addition shows a higher total conductivityt 6 0 0 e C° S/orfi tha® asihterkd péllet

(2.3 x 10° S/cm) in wet H. But such a repeated heating treatment is not suitable for membranes,

and also the segregated Ni partials may potentially lead to short circuit pro@ipendicular

totheel ectrol yte | ayer. I n this work)wasusd | d r e
for anodesupported membranes to fully redid® at the anode sidét the electrolyte side

Ni stayed partiallyxidizedas Ba¥NiOs.

3.24 Proton uptake

The watemuptake of SSRS samples is investigated for two reasons. (i) As it will be shown, the
NiO addition decreases the proton incorporation and thus affects the proton conductivity. (ii)
From this decreased proton uptake, conclusion about the formation and tmmpfsthe

transient liquid phase can be drawn (as in section 3.2.3).
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Figure60: Proton uptake versus temperature measured by TG. (a) with different NiO content and (b)
with Ni on B site.The BZC20Y13.65PS samplewas sinterad 1400 eC 5 min and a
eC 4 h, BZC20Y13.600. 25Ni was-OsbhNtewad atnibBbede
4 h, NZC20Y13.6L . O Ni was sintered at-SPHE5WasCsd4d nherBRdCan
mi n and ann@ah BZE8204IB.6NIRBIPY was sintered at 1300 eC

1400 eC 4 h, a«€® WAGC28Y h3 e 6 Nildvt.0% NiOAU atQNiop Bsitd h .

Figure 60 showsthe TG results of BZC20Y13 $amples prepared by SPS without Ni, SSRS
with different NiO content, Ni on B site (bulk Ni) samples by S8l CS. Heating and cooling
measurements were both executed with rather small hystéoesill the samples, indicating
the measurements are inuddprium. The average was calculated from heating and cooling
mass changd-or BZC20Y13.6SPS without Ni, the sample shows a saturated proton uptake
at 3 Whilecen@s close tine nominal dopant concentration (13.6 at.%). The proton uptake
decreases with increasing temperature due to veatmrporationWith 0.25 wt.% NiO the
proton uptake at 304C decreases to ~ 10 %. The decreased proton uptai@e pronounced
when the NiO content increases from 0.5 to 1.0 wa%shown ifrigure 60-(a). For samples
with Ni on theB site, cf.Figure 60-(b), the proton uptakdecreaseslightly with Ni content

(~ 1.5%) and does not vary too much with preparation methods ¢8ES).D. Hanet al.[1%¢]

also reportec detrimental effect of NiO on the proton uptake of BaXi 2O3.5. CuO, ZnO

have similar decreased proton concentration trends with increasing sintering aid E8ftent
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Figure 61 Vanot Hof f p | o-L.@GNi cormparddao BZBRAYLZBPY, th8 plitof
BZC20Y136-1.0Ni was calculatedvith both effective and nominal dopant concentration, and (b)
different NiO contentisingeffective dopant concentrations.

The mass action constant of the hydration readigaatwas calculated biq. (3), usingEq.

(13) to obtain VéA. For Nbf r ee sampl es, | i n e @btained withtbet Hof f
nominal dopant concentration However, for SSRS samples, the
in the low temperature rangehen usinghe nominal dopant concentratioas shown byhe

pink solid line inFigure 61-(a). Thereforea decreasedffective dopat concentration has to

be used, where [4] corresponds to the lo¥emperature plateau value @ I—‘B in Figure 60

(a). This yieldsapproximatelyy i near vanot HoHFigbre gi-(bp Thelineaas s ho
fitting for extraction ofqgH® andg®® was done in the temperature range of 3800 0 e C.

Figure 62 shows the effective dopant concentration as function of NiO content. The samples

with Ni on B site show a slightly decreased effective dopant concentration, while the effective
dopant concentratiomecreasesstrongly wth NiO content for the SSRS samples. For
BZC20Y13.61.0Ni by SSRS, the effective dopant concentration is only half of the nominal

value, corresponding to a halved proton uptake.
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Figure62: Effective dopant concentration BEC20Y13.6Ni-free sample, bulk Ni samples and SSRS
samples with different NiO content. The dashed lines are only a guide for the eye.
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Figure63: (a) hydration enthalpy and (b) hydration entropy of BZC20Y13:&d¢ sample, bulk Ni
samples and SSRS samples. The enthalpy and entr
Hoff plots.

The hydration enthalpies and entropies are summarizeédjume 63. While NiO addition in

BZCY does ot changegH® and g&° within the error bar, the samples with Ni on the B site
show a more negative hydration enthalpy and entropy, possibly resulting from the trapping
effect ofN , for protons#®l, This difference confirms that Ni in SSRS does not or only

slightly incorpaate on the B sit& he decreased proton uptake induced by NiO addition mainly
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comes from decreased effective dopant concentration rather than chandiegitsdynart
parameters.

By increasing the nominal Y dopant content the proton uptake increases due to higher effective
dopant concentration, as shownFigure 64. With 32 at.% Y doping, the maximum proton
uptake an reach ~ 26%. Samples with 1.5 at.% excess Ba on A site do not show much
difference to sample without Ba excess. The effective dopant concentration increases linearly
with nominal Y content but remains below the nominal value. The increased nomindg¥tcon
decreases the hydration enthalpy slightly (for BZY the hydration enthalpy does not vary with
Y content**®l) and does not affect the hydration entropig@re 65). However, a high Y
content O 28 at.% |l eads to high sample brit:
much larger Y*ion (0.9 A) than Zt* (0.72 A). Therefore, it is pferable to use 20 24 at.%
Y in PCFC electrolie fabrication.

(a) b
35 ——13.6% Y 1.5% Ba excess ( ) 35 C2
——17.5% Y 1.5% Ba excess 1o DBa Oxtes . 0(\ e
30 S e 30 © tomBeeces &
& ——g:zoz 1 5"B/e Ba excess 25 6 \' s 4 &
~ L — = 24% Y no Ba excess N s
3% =i s
— 20+ g gy ® 20+ o
'.—é : @Q,’ ®
g 15 <(§15- \,bof’/
= 1 0 = 1 0 B @({bf ‘e °
Sl
5 5 I~ Y e
0 e 0o g B o Ty 0 = L 1 1 1 ] L
300 400 500 600 700 800 900 0 5 10 15 20 25 30 35
T/°C Y/ at.%

Figure 64: (a) proton uptake with different Y content, with and without 1.5 at.% Ba excess versus
temperature and (b) effective dopant concentration versus different Y content. 0.5 wt.% NiO was added

in all sampés. BZC20Y13.@.5Niwasant er ed at 1450 esWerdsinterechabld500t her
eC 8 h.
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Figure65: (a) hydration enthalpy and (b) hydration entropy of samples sintered with 0.5 wt.% NiO. The

val ues

wer e

3.3 Transport properties of SSRS ceramics

3.3.1 Electrochemical impedance spectroscopy
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Figure 66 Time Uy, to reach 50% ofhe final degree of hydration ai BZC20YY13.61.0Ni sample

sintered £1550€C 16 h. Thaneauredsample has a thickness of 1 mm.

In order to investigate on the electrochemical properties of SSRS samples, EIS was applied.
f i r s tant then tsvatchedttoohunriddcOndigois (20 n

The

sampl e

wa s
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mbar HO). With decreasing temperae, the sample becomes more and more hydrated.
Figure 66 shows as an example the ke U, of this equilibration for a 1 mm thick sample.
{2 of SSRS samples is shorter tifanSPS Nifree samples (cFigure 8) due to the largely
reduced number of GBshich are blocking for protons am¥en more fopxygen vacancies

At 400 €C, the lydrationis sluggish due to thdamw diffusion of oxygen vacancieshich
becomes limihg at high hydratiorfmore detailed explanation in section 2.2.9 &ad (18)).

For each temperaturéypicaly about 4i 5 times of 4, was needed to come close to
equilibrium. At temperatuseO 365, @&s the hgrationis largely completgthe spectra were

measure@s soon athe temperaturstabilized

@) 45 (®) 10
2x10 _8 =2
g .1 'o L 1x10' ,,g
- - '6 B
N.§ N.§ 4L
-0.5+
. 27
200°CinN, 200 °Cin H,
) ; pH,O =20 mbar | pH,O =20 mbar
0' Vi N 1 N ! N 0 A 1 . 1 s b l . 1 .
%.0 0.5 1.0 1.5 0 2 4 6 8 10
z . 110°Q z 110°Q

Figure67.1 mpedance spectra mezds(pH®@<20 abar) RodampieCa) i N we't
BZC20Y13.6SPS si ntered aadposhhd@aé¢ €d5ami 1500 eC 4 h, &
1. ONi si nt er elymbmls arelntedslred gldfa addGolidhlines are fitting results.

Figure 67compa es t he i mpedance s petamosphera¢Narsr ed at
H2 in Ar) from BZC20Y13.6SPS and BZC20Y13-6.0Ni. The measurement was done from

700 e On tenperatuce@fter equilibrati@t each temperatur&@he spectra consist af
semicircleat high frequencies, which can be assignedh® bulk response based on the
capacitance which corresponds to a dielectric condfantthe range o#5-65. This bulk
semicircle gradually moves out of the measur

axis intercept Ris visible. The semicirte at lower frequencies can be assigned to blocking
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grain boundaries (& in the range of 1®i 10°). The spectra were fitted kifie brick layer
model described in section 2.2.9. Congehto the Ni-free sample, the GB semicircle of
BZC20Y13.61.0Niis nmuch less pronounced than the bulk semicircle. But even though the GB
resistance is smaller than the bulk resistance, the GB is still blocking for marisport

T o T [}
(a) 1600400 _ 200 (b) 600 400 _ 200
103} ——g 10}
10°) TEL ) e
10%} I~ 10%f
£10°} 107}
810°} 810°;
E 107} - 107}
108 108 r25 C -350°C in 3%H./A
9Ff -9 °C- °C in 3%H,/Ar
1(.)10§r il 1910 F 400 °C - 700 °C in N,
107" f #H,0=20mber 10" F pH,0 = 20 mbar
10'11 1 = 1 a 1 1 2 1 10'11 (1 " 1 2 1 1 1 2
10 15 20 25 30 35 1.0 15 20 25 30 35
1000 T / K™ 1000 T /K™

Figure 68: Arrhenius plots of (a) BZC20Y13.8PS sintered at 180 e C 5 miannecaiedhat po st
1500 eC 4 h, ahdO(Nb)sBECRO¥H#H3ab6 15pBO=x2Cmkhy. h i n

Arrhenius plots of BZC20Y13:6PS and BZC20Y13:6.0Ni are summarized iRigure 68.

The bulk,apparenGB, andspecific GB conductivities were calculated fr&m. (22), Eq. (23),

and Eq. (24), respectively. At low tmperature, the bulk and GB semicircles can be
distinguished from the impedance speciilae apparenGB conductivity of the SSRS sanapl

is higher than for the Nree sampleConsidering the comparable specific GB conductivity,
the lagely improved GB condttivity arisesmainly from the much largegrain size of
BZC20Y13.61.0Ni (see Figure 35(a) and Figure 35-(d)).The bulk conductivity of
BZC20Y13.61.0Ni is slightly lower han BZC20Y13.65PS due to its lower proton uptake
(Figure 60-(a)) and lower proton mobility (sdéigure 69-(b)). The bulk and GB semicircles
cannot be separatanymore at lgh temperature (this temperature is lower for SSRS sample
because ofheir higher GB conductivity) and onlyhe total conductivity is obtained. At high
temperature, the total conductivity is maimgtermined bythe bulk conductivityand it is
higher forthe Nifree sample. The activation energy was calculated from thealldo/é. 1T
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plot. Both bulk and GB activation energies are comparable for BYC26-SPS and
BZC20Y13.61.0Ni.

Figure69: (a) bulk conductivity, (b) proton mobility, (c) apparent GB conductivity and (d) specific GB
conductivityme asur ed at JAQEH0e 20 mbaryersies NiO Eontent. The dashed lines

are only a guide for the eye.

Figure 69 shows the summary of the bulk, apparent GB, specific GB conductivity, and proton
mobility of samples from different processingi-free SPS SSRS, SSRS with p&lcined

powder, Ni on B site. Regardless of the sintering method, the bulk proton conductivity at 200

eC decreases systemati cal | yigure 69(d), which eomddi O <c o |
from both decreased prot@moncentratior(Figure 60) and proton mobility Figure 69-(b)).

The proton mobility was calculatéxdsed on

Clb = eCH+8H+ (31)































































































































































