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Zusammenfassung

Akzeptordotiertes BaZr zeigt im Temperaturbereich von 500°C bis 100°Ce eiohe
Protonenleitfahigkeit von ‘20° S/cm bis B8.0° S/cm. Elektrisch stark blockierende
Korngrenzen behindern jedoch den Einsatz dieses e als Elektrolyt in
Mitteltemperatur-Brennstoffzellen ernstlich. Bigzekonnte keine der ublichen Methoden
(wie Pulverherstellung Uber chemische Methoden kiResntern oder Sinterhilfsmittel) die
spezifische Korngrenzleitfahigkeit signifikant ehte®. Untersuchungen des Sinterverhaltens
zeigten, dass akzeptordotiertes BaZnr ein sehr begrenztes Kornwachstum aufweist, was
zu zehnfach kleineren Korngrof3en als in undotierBa#rG; fuhrt. Durch die Verringerung
der Anzahldichte der Korngrenzen kénnten groReren&d die Gesamtleitfahigkeit des
BaZrQ; erhbhen. Da jedoch die Steigerungsmaoglichkeitgrkarngrol3e recht begrenzt sind,
erscheint eine Verbesserung der spezifischen Kenzdgitfahigkeit aussichtsreicher.
Diese Arbeit konzentriert sich auf die Charaktengsng der Korngrenzen, um ihren
blockierenden Effekt in diesem Protonenleiter natddvskitstruktur besser zu verstehen. Die
am haufigsten diskutierten Ursachen fur blockieee@rngrenzen in lonenleitern sollten
Uberprift werden:

(i) eine zusammenhangende kristalline oder amozZpyetphase in der Korngrenze

(i) eine Verzerrung der Kristallstruktur im Berbicder Korngrenze, die zu

verringerter Wasseraufnahme und/oder Protonenbeh&glt im Korngrenzbereich

fuhren kann

(iif) ein inhomogene Dotierkationenverteilung im tkgrenzbereich

(iv) eine Verrinnerung der Protonen KonzentratiodiRaumladungszonen, die sich zur

Kompensation einer Uberschussladung im Korngrenz+iiden.
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Zweitphasen an den Korngrenzen als Ursache dekibtenden Charakters kénnen aufgrund
von TEM-Bildern, die saubere Korngrenzen zeigersgaschlossen werden. Die analoge
Veranderung von Volumen- und Korngrenzleitfahigkledéim Wechsel von trockener zu
angefeuchteter Gasatmosphare weist darauf hin, dsise Hydratisierung und
Protonenbeweglichkeit im Korngrenzbereich nichtevelich vom Korninnern unterscheiden.
Wegen des hohen Dampfdrucks von Bariumoxid erleik@mventionell gesinterte Proben
durch langes Sintern bei hoher Temperatur typisebiee einen gewissen Bariumverlust.
Dies beeinflusst die Korngrenzleitfahigkeit starkés die Volumenleitfahigkeit. Obwohl zum
Ausgleich ein Bariumiberschuss in der Ausgangszosarmaetzung eingesetzt werden kann,
ist eine genaue Kontrolle der Zusammensetzung drerdntionellem Sintern schwierig. Dies
konnte durch Einsatz der "Spark Plasma Sinteringthidde verbessert werden, die eine
Minimierung der Bariumverluste durch sehr viel lgéne Sinterzeiten erlaubt. Damit gesinterte
Keramiken erreichen eine hohere Dichte, und esni@glich, die Proben unterschiedlich
thermisch nachzubehandeln.

EDXS-TEM-Untersuchungen an  Korngrenzen mit verstdmen  zusatzlichen
Temperaturbehandlungen (die stark unterschiedliaigéahigkeiten ergeben) zeigten, dass
sowohl Y- wie auch Sc-Dotierkationen in den Beradeln Korngrenzen segregieren, und dass
Korngrenzen mit starkerer Segregation einen niedeiy Gesamtwiderstand aufweiser’ Y
und S&" wurden wegen ihrer unterschiedlichen lonenradikn otierung gewahlt; das
groRere Y* weist im Gegensatz zum kleinereriSeine groRRe Fehlpassung zu Zauf. Der
Vergleich zeigt, dass die Segregation dieser beidetierionen hauptséchlich durch die
elektrostatische Anziehung des positiv geladenemngfenz-Kerns getrieben ist. Dieser
geladene Korngrenz-Kern verursacht auch die Veragnwon Protonen, Elektron-Lochern
und Sauerstoffleerstellen in den angrenzenden Ralumfiszonen. Durch Messung der
elektrischen Eigenschaften der Korngrenzen untgelagter Gleichspannung wurde das fur
Raumladungszonen erwartete nichtlineare Strom-SpaysVerhalten bestéatigt. Dazu wurde
mittels eines Infrarot-Spiegelofens eine Probe ésteadlt, deren sehr grof3e Koérner es erlauben,
ausreichend hohe Spannungen pro Korngrenze annpulegiéie beobachteten
spannungsabhangigen Korngrenzwiderstande und -kajgaw stehen in Einklang mit der
Annahme von Schottky-Barrieren an den Grenzflachetur Interpretation der
spannungsabhangigen Korngrenzkapazitaten werdenMedelle, mit und ohne zuséatzliche

elektronische Zustande im Bereich des Korngrenzi&etiskutiert.
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Auf der Grundlage dieser Beobachtungen wurde dePIB& mit C$ dotiert, um einen
weiteren Mechanismus zur Kompensation der Ubersthadisng des Korngrenz-Kerns zu
ermdglichen. Durch seine GroRen-Fehlpassupg & 1.88 A, g2+ = 1.61 A) und die
elektrostatische Anziehung des positiv geladenemngt@enz-Kerns hat Gg' eine grol3e
Triebkraft fir eine Segregation in den Bereich #@rngrenze. Leitfahigkeitsmessungen
zeigten, dass bereits 1 at.% Cs die Korngrenziegkiit von Y-dotiertem BaZrQum mehr
als 2-3 GrolRenordnungen erhéhen kann.

Zusammenfassend kann aufgrund der systematischerktusellen, chemischen und
elektrischen Untersuchungen festgestellt werdess dane positive Uberschussladung des
Korngrenz-Kerns die Hauptursache fur den blockigeen Charakter der Korngrenzen in
akzeptordotiertem BaZrO darstellt, da sie zur Protonen-Verarmung in arggeden
Raumladungszonen fuhrt. Diese Untersuchungsergabnikonnten erfolgreich dazu
verwendet werden, die Korngrenzleitfahigkeit dueahiisprechende Temperaturbehandlung
oder gezieltes Einbringen von Dotierionen im Bereier Korngrenzen zu verbessern. Eine
Ubertragung dieser Ergebnisse auf andere elek@okieche Materialien, fir die die
Korngrenzeigenschaften ebenfalls wichtig sindgestkbar.






Abstract

Acceptor doped BazrQexhibit a high bulk proton conductivity ofi®? S/cm to 510° S/cm
in the temperature range of 500°C to 100°C. Newedts, highly resistive grain boundaries
and notoriously small grain sizes seriously hamiper application of this material as an
electrolyte in intermediate-temperature solid oxidel cells. Up to now, none of the usual
methods (such as powder synthesis via chemical adsthreactive sintering, and sintering
aids) could considerably improve the specific GBdurctivity of this material. Investigation
on sintering properties showed that acceptor-ddpedrO; exhibits a limited grain growth
resulting in grain sizes 10 times smaller than yedoBaZrQ. Larger grains, by decreasing
the GB number density, can improve the total cotidilig of BaZrOs. Nevertheless, due to
the limited range for the expected grain size iasee a modification of specific GB
conductivity seems much more effective.
This work is focused on characterization of graitdaries to get a better understanding of
the blocking effect in this perovskite structureton conductor. It was attempted to check the
most frequently reported origins for the blockirgacter of GBs in ion conductors:

(i) Presence of continuous secondary/amorphousepdtaSB

(ii) Distorted crystallographic structure of grdinundary region which can result in a low

water solubility and/or lower proton mobility in GBgion

(iif) Inhomogeneous distribution of dopant catiam<GB region

(iv) Depletion of protonic charge carriers in spackarge layers which form to

compensate an excess charge in the GB core
Based on TEM images showing clean GB, secondarggshat the GB could be ruled out as

origin for the blocking character. The similar cganof bulk and GB conductivity upon
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switching from dry to wet atmosphere indicated timadration behaviors and proton mobility
in the GB region do not significantly differ fronul.

Due to high vapor pressure of barium oxide, theveationally sintered samples typically
suffer a certain barium loss due to the long-tergh-ftemperature sintering step. The effect of
barium loss is more pronounced for the GB conditgtithan for the bulk. Although some
extra barium can be added in the starting composiio compensate the loss, composition
control is not easy using the conventional singerirethod. This situation could be improved
by “Spark Plasma Sintering” which allows one to imiize Ba deficiency due to much shorter
sintering times. The sintered ceramic achievesgadnidensity and offers the possibility of
applying an additional post-heat treatment.

EDXS-TEM studies on GBs with different heat treattse(resulting in strongly different
conductivities) showed that Y as well as Sc dopaatgegate to the GB region, and that GBs
with a higher amount of segregation exhibit a lowesistivity. Y™ and S¢* cations were
chosen due to their different ionic radius; theéaly** cation exhibits a large size mismatch
in Zr' site in contrast to Stwith a negligible size mismatch. The comparisoreaéed that
for those two dopants segregation is mainly dribgrelectrostatic forces due to a positively
charged core, which is responsible for depletioprotons, holes and oxygen vacancies in the
adjacent space charge zones. The segregated daperesse the GB conductivity partly by
directly compensating the positive charge in theecand partly by accumulation in the space
charge zone decreasing the thickness of the deplistyer.

Further evidence for a positive core charge comas ineasurements on strongly reduced n-
conducting Y-doped BaZr)where the blocking GB character disappears. fiheing is a
clear evidence for a positively charged core antsequently related depletion/accumulation
layers in adjacent space charge zones.

The expected non-linear current-voltage characteéh® proposed space charge zones was
confirmed studying the electrical behavior of GBsler DC-bias. For this purpose, a large
grain sample, allowing to apply a reasonable DG lmeer each GB, was prepared in an
Infrared Image Furnace. The observed voltage-dep#r@B resistances and capacitances are
consistent with a Schottky-type barrier at the rilsige. Two models, with and without
interface states, are discussed to explain vollagendence of the GB capacitance.

Based on these findings, as an alternative coregeheompensation, the Ba-site was doped

with Cs’ cations. Cs;, has a high tendency to segregate to the GB regi@nto its size
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mismatch (g5 = 1.88 A, g.">= 1.61 A) and electrostatic interaction with paaiticore. The
conductivity measurements showed that only 1 af.%@socan increase GB conductivity of Y-
doped BaZr@by more than 2-3 orders of magnitude.

In summary, from the systematic structural, chehaca electrical characterization a positive
GB core charge resulting in space charge depletigmotons could be identified as the major
causes for the blocking effect of GBs in accepimpatl BaZrQ. This investigation has been
successfully used to increase conductivity of GBabjusting heat treatment or by applying
adequate GB decoration. These results may be eedeindother electroceramic materials for

which GB properties are important.






Chapter 1

| ntroduction and M otivation

1.1 Solid Oxide Fuel Cellsand proton conducting oxides

Solid oxide fuel cells (SOFCs) are clean power sesirwhich convert chemical energy to
electricity at elevated temperatures. Their efficieis not restricted the by Carnot’s limit, and
they have the advantage of easily scalable powsubtl. Usually, oxygen ion-conducting
oxides such as Y-stabilized zirconia are used edrelyte material. Most of these electrolyte
oxides exhibiting enough conductivities 0.01 to 1 Scil) only at high temperatures (800-
1000°C) while their conductivities decreasing sigantly with temperature (typical & 0.7

to 1 eV). Therefore, SOFCs typically require higlorking temperatures if oxide ion
conductors are used as electrolyte. The high apgregmperature leads a reduced service life
of the cell, limits materials selection and incesagosts. At lower temperatures, material
selection for different parts is less limited, s®glbecomes easier, fabrication of small
modules more feasible and theoretical energy eficy increases. Therefore, better
electrolytes are necessary to establish intermedemhperature SOFCs.

Oxide proton conductors with the potential of higbnductivities at temperatures below
700°C could allow a significant decrease in therafieg temperature. The first application of
proton conducting perovskite oxifleelectrolytes in fuel cells (with different kind$ fuels)

as well as for humidity and hydrogen sensors wpsented in 1980%>.

In the last four decades, proton conductivity hasrbobserved in many perovskite and non
perovskite structureslable 1 summarizes the most important oxides which exipbitton
conductivity in wet atmosphere. Up to now perowslgtructured oxides, exhibit the highest

proton conductivities when compared to sesquiox{des Y>Os, Al;Og, ...), pyrochlore (e.g.
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Ln,Zri1gYo2075) and fluorite type structures (e.g. daklo20.5). Solid acid¥' such as
CsHSQ have good proton transport properties, but theitgm conductivity is limited by the
phase transition at 141 °C and decomposition/ngelirapproximately 200-230 °C.

Among the perovskite proton conductors, acceptpedaerates (ACeQA = Ba, SrY" ® and
zirconates (AZr@, A = Ba,Sr,Caf * % have been widely investigated. The conductivity of
cerates is higher than zirconates, however, zitesnexhibit a better chemical stability in O
water and Hcontaining atmospheres.

It should be mentioned that there are some oxid#s relatively high proton conductivities
which exhibit a high electronic contribution andcetfore cannot be used as electrolyte
material (e.g. BaPrg§). Also, some proton conducting compounds have a pbemical or
mechanical stability upon hydration and in reducignospheres (e.g. B&SnG;s and
Bapln,0s).

Table 1 Proton conducting oxides and their condiigtiat 600°C and 300°C (total conductivity unless

mentioned otherwise), the compounds with * are pnadantly electronic conductors

Formula Composition (Examples) Oo0-c(Scm?) O300ec(Scm’)
A(M,,B,.,)0, ACeQ; (A= Ba,Sr)... 16-10%1 %%
[1-1V Perovskite

AZrO; (A= Ba,Sr,Ca) 1610312011 ~ 103213
M=Y,Sc,Yb,In,Nd,Gd, Ga, ...

10°*2 (large grain)

BaBOj; (B = Pr,Th,Th)* 0.4+ 1% 5x10%!
(Ln,A.,)BO, A=Ba,Ca, Mg 1-5x10°%
I1-111 Perovskite LnBO; (B=Y, Er, Al, Sc)
AB, B O, Sry(GayxNby,)Og 5, X = 0.1-0.2 5x 18
layered perovskite SK(SGxNb1) s, X = 0.05-0.1 1x18
A BB Oy s Sr3(Cay 19Nby 9)Og.5 5x10°%"
layered perovskite Bay(Cay 19\by )05 10%2u 3x10712
K,NiF, type La,.Bay.,GaOys 3x10%°2 2x10°
layered perovskite related Lay, ShAlO s 1-2x10°231
Niobate and Tantalate SEM,0;; ~10%10%4 ~ 10°%%4

Perovskite related M= Nb,Ta
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Table 1 continued

Formula Composition (Examples) Oo0-c(Scm?) O300:c(Scm’)
A ,B,0O (stannate) BaYSnQs 5 ~ 10%% 2-5x10%%> %"
Brownmillerite (O deficient B&InSnQ 5
Perovskite superstructure) B&In,Os ~ 10" ~10°%%
Pyrochlore Y-doped LnZr,0, 1-4x107%

(In,Mg) doped ¥Ti,O
Fluorite Lag,SKLNbO,; 2x10%% (x = 0)

Las WOy 7 2x10%2%
Aragonite 3%Sr-doped LaB® 2x10%%°)

1%Sr-LaBQ 4x10°E%
RE; M PO, andRE; M (PO;); M =Ca,Sr,Ba 10°-10"FH34 1x10%% 34
Monazite RE=Lla,Y
Phosphate 3-20%In-SnRO; 0.1-0.28°

RE; M NbO4 andREl_xM TaO4

RE = La,Nd,Th,Gd

1073637,

very low below

Fergusonite M = Ca 500°C
(M,RE2,)O3 RE = Y,Gd,Sm,La,Nd,Er 10°-1071%
Rare Earth sesquioxides M = Mg, Ca
LNn10.(Si/GeQ)e03.1.5¢ La10(Ge0y)g0s.1.5 ~10%%
Apatite 0.25 x<0.45
Others LaSi,O; (undoped and Sr doped)  1-25%40
Siy(Tiyy ,Z1,)O4 104

1.2 Protonic defects and proton mobility

Substitution of acceptor dopants i)l at the B site in AB**0s5 perovskites introduces

effective negative charges which (for B cationst tda not change oxidation state) are

predominantly compensated by positively chargedgeryvacancies () according to

Kroger-Vink notatiof:

M,O, +2Bs +0O} - 2M, +V + 2BO,

1)

A water molecule dissociates into a hydroxid@H ) which fills an oxygen vacancy and a

proton which binds to a lattice oxygen, thus twasipeely charged protonic defects are

generated.
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H,0, + V¢ +05< 20H, )
The proton incorporation reaction is governed bg #guilibrium constant g assuming
ideally dilute defects, i.e. getting activities afjto concentrations.
_ [OH,P?
" [V II05IPH,O

®3)

The negative entropyAS; , <0) of the hydration reactioreq.(2)) is compensated by the
negative enthalpy&H; , <0) of reaction at low temperatures. With increasiegperature,

the entropy term { TAS, , >0) is more effective and formation of water molesuie the

gas phase becomes thermodynamically more favordbke.hydration behavior={g. 1) of
acceptor-doped BaZiand BaCe@) obtained by thermogravimetric analysis, shows fill&
hydration of the structure is achieved below 4565ICy-doped BaZrQ.

10Y:BZ pH,0 = 20 mbar

17 T~ 10Y:BC

10Sc:BZ
10Gd:BC

10In:BC

mol% OH

T T T 1
200 400 600 800
T/°C

Figure 1 Hydration isobars for 10% acceptor dopedZ®; (BZ) and BaCe@ (BC) obtained by
thermogravimetric analysf§

Oxidation occurs via the following reaction withugldorium constant of kx:

Y20, +V5 —O0% + 2h (@)
OX1[h"]?
ox = [0"]# (5)
[Vo IO,

The excess electron concentration is calculatetusie internal electronic equilibrium:
K, =[e][h"] )6
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In addition, cation vacancy at A-sit&/[ ), and cation vacancy at B-sit®( ) can appear as
point defects in AB@;s perovskites. The complete electroneutrality cooditeads:

2V, 1+[M]+4V, 1+[e]1=2[ V5 1+[OH, ] +[h’] @)
The concentrations of holes, oxygen vacancies amdoms are controlled by dopant

concentration, p& pH,O and T. Assuming a negligible concentration ofaratvacancies,

concentration of defects as a function of oxygesh \&ater partial pressures is showrFig. 2
[45-48]

(a) (b)
M1=2[V5'] | [My]=[OHj] [M,]=[OH}]
— Yz —_ P
§ s OH;
g% / & i
= =
5 1/2 1
g Vi
Q o
[&] o
k3] / -1/2 k3]
£ OH, h* 2
3 3 o1 1/4 h*
g 1127 g >
Log(pH20) —» Log(pO2)—>»

Figure 2 Brouwer defect diagram; (a) y8Hdependence and, (b) m@pendence at high water vapor pressure

Furthermore, A-site deficiency due to AO loss cdifea the proton conductivity of the
material. In highly doped perovskites, the dopzatton can become a donor dopant by site
exchange to the partially empty A-siteq( (8)) with subsequent consumption of oxygen
vacancies by the backward Schottky reactem (9)).

Vi +My o Vg +M5, 8)
Vi +Vg +3VS - 0 )

In slightly doped and undoped ABQoss of AO leads to decomposition of the peraeski
structure and formation of BOThe actual composition depends on the type ohdbpnd
sintering conditiorf&®>2.,

In a perovskite oxide, protons exhibit rotationadtimn and stretching vibration&i@. 3). The
rotation of O-H bond around the oxygen ions is d&sy activation barrier) and does not lead
to long-range migration. On the other hand, elaongabtf the O-H bond leads to proton
transfer between neighboring oxygen ions and caresgty a long range proton diffusion.
The actual proton jump along the edge of the; B€ahedron preferentially occurs when the

two oxygen ions exhibit a decreased distance owimga transient distortion of the
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octahedroli*®®. It is suggested that proton mobility in accepdoped perovskite oxides is
sensitive to the concentratith and type of dopant catidris *® and decreases for noncubic

(low symmetry) perovskit&s’.

5

rotational di

AN

Figure 3 Poton transport; rotational diffusion and proteansferobtained by quantum-MD simulation of a proton in
cubic BaCe®"™

=

1.3 Acceptor doped BaZrOg, its potentials and limitations

Using proton conductors as electrolyte eliminabesgroblem of water formation at the anode
side, which dilutes the fuel in case of using oxime conductors. However, they can be used
as an electrolyte only when they exhibit good cloamnstability and a total conductivity
comparable to the oxide ion conductors. Among tReleo proton conductors, Y-doped
BaZrO; with excellent chemical stability and relativelygh total conductivity is a good
candidate Fig. 4 compares the bulk conductivity of Y-doped BagiO the best oxide ion
conductors. The bulk conductivity of this mateiglparticularly at low temperatures, higher
than that of the other electrolytes. However, titaltconductivity of polycrystalline acceptor-
doped BazrQ@is limited by the high resistivity of its grain tiodarie§® 57 %8 In addition, its
poor sintering properties introduce a high dengitiglocking grain boundaries even after long
time at high temperatures (1700°C/28H).
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T/°C
700 500 400 3(|)0 200 100
Il 1 1 1 1

log o / Scm’”

1i0 1.'5 2:0 .2.5 3.0
1000T" /K"

Figure 4 Conductivity values of electrolyte oxide conductors, GaGd 10; ¢4%*, Lay oSt 1Ga dMgo 205.54%%,

(ZrO,)0.HY 203)0.4°* and proton conducting Ba (Y o.)Os5-bulk?®®.

Fig. 5 shows a collection of bulk and total conductiatieported for Y-doped BaZgO'he
bulk conductivity increases systematically (but tiaearly) with dopant concentration, and
reported conductivities from different groups amegpod agreement. On the other hand, the
total conductivities, dominated by the grain bougdeontribution, are much lower and
remarkably scattered. The total conductivity does @ven show a systematic increase with
dopant concentration. Obviously the grain boundaopductivity is more sensitive to
experimental conditions, such as for powder prdfmarand sintering.

Up to now, there has been a lot of research to retatef® % % ®®land improve the GB
conductivity of acceptor doped BaZy@ither by increasing the specific GB conductiwaty
by decreasing the number of GBs via grain gréwth" % 67" powder synthesis via
chemical method¥" %7 adding sintering aids like zd® ™ Nio"™, cud™, Mgd®®, co-
doping of Zr sit€® ™ are a few examples of such attempts to improve dherall
conductivity of this material.

The chemical methoffé ®® did not lead to a meaningful improvement of GBctleal
properties. Some modified sintering methods sucteastive sintering'? offered a certain
grain growth but did not lead to a significant coativity enhancement (< 0.5 orders of

magnitude). Despite achieving a larger grain siest of the sintering aid&" ® " (MgoO,
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Al,O3, Bi,O3, Mo and TiQ) increased the specific resistivity of the graoubdaries and lead
to decreased overall conductivities.

Besides many experimental efforts to improve the €&@Bductivity, theoretical calculations
(Reactive Force Fielff! tried to explain the blocking character of the @Bd suggest

possible solutions.

G/ Scm™ at 300°C ( P, = 20 mbar)
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Figure 5 Bulk conductivity (triangle) and total chretivity (spheres) of x at.% Y-doped Bazré&t 300°C and
wet atmosphere from literature as (a*§) (b,c,e,n,0,5%, (d,mf*¥, ,p)*, (h¥*Z, (q)¢”, ().

Based on this situation, the motivation for thisrkvas twofold. First, to identify and
understand the reason(s) for blocking GBs in acrefdped BaZr@ Second, to find means

to improve the conductivity of GB.

1.4 Blocking character of grain boundaries

In this section, the potential origins for the Iy character of GBs in oxides in general and

also some points specific to acceptor-doped BaxvD briefly be discussed.
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1.4.1 Secondary phase

Impurities like SiQ can usually form a continuous insulating layethat grain boundaries of
ceramics. It has been frequently shown that thisrgmanular phase significantly affects the
GB electrical properties of oxides such as accepimped Zr@®. Since location and
composition of the secondary phase is influencedhayimpurity content of the starting
powder as well as the sintering conditions, disaneges in reported GB conductivities for the
same polycrystalline material are expected. It @tlwto mention that the blocking effect
caused by a secondary phase (“current constrigtioslially does not show a significant
change in the activation energy of GBs comparati¢dulk of materi&” 8. Only in case of

completely covering secondary phase change inaitivenergy is expectétl.

1.4.2 Grain boundary structure

The blocking effect can also be influenced by fararaof high angle and/or asymmetrical
grain boundarid®’. The crystallographic character of grain boundacien change by type or
amount of dopant/impurity?”, however, up to now no reliable correlation betwebe

conductivity of Y-doped BaZr@and orientation of the grain boundary could beogatsed
[60]

1.4.3 Spacechargelayers

Grain boundary blocking effects in many polycryatal oxides (typically with large band
gaps, e.g. SITiQZrO,, TiO, and Ce®) #%" have been explained by the presence of space
charge layers. According to the space charge theoisolid$®®, interfaces such as grain
boundaries are electrically not neutral for iomenpounds. The charge at the grain boundary
core is compensated by charge of opposite sigrdjscant layers. Therefore, the electrical
properties of grain boundary are mainly definedhmsy defect structure of the so-called space
charge zoné¥!. In the case of low-angle GBs in SrEj@he positive charge of the core has
been explained by formation of oxygen vacanciehénGB cord®” °°°2 which are assumed

to be immobil€”. In most studies the existence of charged GB ta® been confirmed
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indirectly using electrical measuremdffts>°” Moreover, TEM-electron holography has
also been used to directly measure the electrimi@npial of grain boundary. There have been
some dispute about the sign obtained using thifiodé?, but a very recert®? electron
holography study on SrTghas observed a positively charged core.
The existence of space charge layers and protoletdepdue to a positive core charge has
been discussed for Y-doped BaZr®@ased on a modified pCdependence of the GB
conductivity®®. In addition to the GB electrical properties, tbemposition of the grain
boundary region can strongly be influenced by tharged GB core which acts as driving
force for dopant segregation to the GB.
A more detailed picture of GB defect structure banobtained by using Mott-Schottky and
Gouy-Chapman models.
o0 Gouy-Chapman: In this model Fig. 6-a), dopant cations are sufficiently mobile to
contribute to the compensation of the core chargktherefore dopant cations (with
charge of g) follow the equilibrium concentration according to

Cq(X) _ exp{_ Zde(b(x)j (10)

Cd,bulk KT

and width of the depletion zone, the so-called [2deyngth, is expressed as

ee kT
A= /0— 11
22éezcd,bulk ( )

0 Mott-Schottky: In this model Fig. 6-b), the dopant cations are immobile and their
concentration is constant within the system, in @& region as well as in the bulk

(ca(X) = ¢y pui) @nd the space charge zone is extended*tas

A= \/ZEOqu’O = )\\/ P o(x=0) =0, (12)
€Z4Cd buik KT

The depletion profile of majority mobile chargeroers is

G090 o - 2 XN (13)

c, (bulk) z, 2\

where zis the charge of mobile carriers. The space chpogentiald,is related to the
bulk and GB conductivities as

RO e _ exp(zed, /kT)
(RC) bulk 22|eq)0 / kT

(14)
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R and C denote the resistivity and capacitanceemsely; z is the charge {is 1 for Y

dopant, zis 1 for protons and 2 for oxygen vacancieB)is the GB potential barrier, T is
temperature, (is dopant concentration in unit volume andeegy and k have their usual
meaningsodgs = 20 (Gouy-Chapman) ori2 (Mott-Schottky) is the effective (electrical) GB

thickness (measured in impedance spectroscopy)eiad width of the depletion zone.

(a) (b)
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Figure 6 Space charge model (a) Gouy-Chapman griddti-Schottky situations

1.4.4 Segregation

In general, segregation refers to the enrichmera cétion (dopant or impurity) in the grain
boundary region (core and adjacent space charg®.z0wing to the ionic bonds, segregation
in ceramic8°is more complicated than in metals since it caditamhally give rise to a
change in charge density corresponding to a rdulision of defects in GB region. Defect
profile and dopant segregation in the GB regioncangpled to each other and the resulting
defect profile determines the electrical properbégrain boundary. Most frequently, elastic
and electrostatic driving forces are regarded amimiating driving forces for cation
segregation in ionic materid& 1% 108119 pifferent defect formation energies, effects of
ambient atmosphere, surface energy and interabgbmeen defects, have been discussed as
other possible driving forces for segregation. Hesve since the space charge region is
caused by different defect formation energies andot independent of surface energy, it is
difficult to separate these effel¢td.

An oversized dopant cation introduces an extrarsgaergy into the system. The typically
more disordered and more open grain boundary downetsre can be a favorable place to
release this excess energy and reduce the energystédm. Therefore, once the cation
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movement becomes kinetically possible (typicallysel to sintering temperature), oversized
dopant cations move to some extent to the graimdany core; the larger the cation, the
larger the mismatch and consequently the higher témeglency for segregation. It is
noteworthy that the effective elastic interactisfimited to a small distance, typically in the
range of two lattice constaHt§' 1%

Segregation to the grain boundary region of ceramimles can be also driven by the
columbic interaction between the effectively chargepant cation and charged GB ¢6fe
104,106-109, 111, 112l deed, the core charge and dopant profile inr€&on are coupled to each
other and dopant segregation modifies the chargsityeand results in a new electrostatic
potential. The experimental data has shown thatrelgtatic interactions are the major driving
forces for dopant segregation in acceptor-dopeid e@xd zirconig?®’ 108 112-1191

The time for the dopant to reach the actual equuiib concentration profile depends on the
diffusvity of the dopants in the crystal. Additidlyasegregated dopants decrease the mobility
of grain boundaries in the sintering process bylyapp a drag force on the GB plane,

depending also on the amount of segregant in thee@®r{'®’ 112 114119

1.45 Specificfeaturesfor BaZrO;

Some other reasons that are specific for BgZni@ght contribute to the blocking GB effect in
this material. For instance, the high vapour pnessfi barium oxide at the required sintering
temperature causes BaO loss and lowers the contiyaif Y doped BaZrQ@ (even stronger
at the GB than in the bulky’ *?°% Since pores are typically connected to GBs, gelaamount
of barium loss in the GB region might be a reaswrdwer conductivity of GBs. Furthermore,
keeping in mind that a symmetry decrease in accepoped BaZr@ lowers the bulk
conductivity®®, the distorted crystallographic structure of griagundary region with a lower
degree of symmetry could result in lower water mpooation and/or lower proton mobility

and consequently a lower proton conductivity.
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Experimental

1.5 Sample preparation

1.5.1 Single phase powders

Single phase powders of acceptor doped BaXir€e prepared by solid state reaction. BaCO
(Merck, 99%), Y-stabilized Zro(TOSOH, TZ-0Y, TZ-3Y, TZ-8Y), Sc-doped ZgqGFCM
Scl0SZ-TC) and GEOs; (Merck-99.5%) were used as starting materialshénfirst step, the
starting materials were mixed in an agate mortathe) required quantities and calcined at
1100°C in air for 1.5 hours. The calcined powdesgsound for 2 hours in a ball mill (1 big
zirconia ball of 5 cm diameter) and the single ghpswder was obtained after another 2
cycles of calcination at 1300°C followed by 2 hogrsding.

CsNG; (Alfa Aesar 99.99%) and calcined Y-doped BaZmere used to prepare cesium
decorated samples. The 6 at.%Y-doped Ba4r@vder was added to a solution of cesium
nitrate in distilled water. The suspension wagdtirtill water was evaporated. The calcined
Y-doped Bazr@ powder had a BET surface area of ~ #gnTo cover 20% of the available
surface sites by Cs ions (if each Cs ion needsr@a @f 0.1 nrf), 2x10° mol of Cs for 1 g
YBZ powder was used, corresponding to an overaticeatration of 0.006 at.% Cs. This
amount of Cs introduces a high cesium concentrataine grain boundary of the decorated
sample. To avoid formation of &30; the cesium doped and decorated samples were
calcined under Natmosphere (800 °C for 10 hours) before sintdoypthe SPS method.
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1.5.2 Polycrystalline samples
1.5.2.1 Conventional sintering

The calcined powder was isostatically pressed ({2B@). The pressed pellet was sintered in a
zirconia crucible at 1700°C for 20 hours (heatiager= 200°C/h, cooling rate = 50°C/h). The
sample was covered with sacrificial powder of tasne composition to decrease barium loss
during sintering. The outer part of sintered gsli@ark green) was removed and only the
inner part used for investigation. Despite londesing, the typical density was only ~ 90% of

theoretical density.

1.5.2.2 Spark plasma sintering (SPS)

“Spark Plasma Sintering” was used to produce deosgrystalline samples. SPS is a hot-
pressing technique with the help of which the sampla graphite die is heated directly by a
pulsed DC current through the die under uniaxiaspure. The calcined single phase powder
was sintered under a pressure of 50 MPa at 1600fG minutes (HP D 5, FCT Systems
GmbH). In SPS, high heating (100°C/min) and cool{#g0 to 400°C/min) rates are used.
The slightly lower sintering temperature and intigatar the shorter holding time are major
advantages of the SPS method in order to loweartth@unt of Ba loss.

The sintered pellets were heated up to 800°C fondis to get rid of remaining graphite at
the surface. To avoid any possible inhomogeneithénas-prepared SPS samples, a relatively

thick layer was always removed from the outer parts

1.5.3 Largegrained sample

For the feed rod for the image furnace, 6 at.%-ddpaZrQ; was prepared by the standard
solid-state reaction route. To compensate at legsrt of barium loss at high temperature,
5wt% extra BaC@was added to the starting mixture. The calcinedd®sy was pressed to a
rod (diameter = 5 mm, length = 100 mm) under idasfaressure of 500 MPa. The pressed
rod, cut into a seed rod and a feed rod, was héataa optical floating zone furnace (Crystal
System Incorporation, Japan) with 4 xenon lamptallesl as arc radiation sources to reach
temperatures higher than 2600°C. The crystal grogithmber (quartz tube) was firstly
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evacuated to 10 Tor and flushed with high purity Ar (5.0). Thiseahing procedure was
cycled at least three times. Ar (95%) mixed withygen (5%) was then allowed to flow
through the chamber. The seed and feed rods witedaat 25 rpm in opposite directions and
heated to form a stable molten zone of uniform mrajure and homogeneous composition. A
growth rate of ~ 5-8 mm/h was applied throughowet ginowing procedure. Then the grown
crystal was cooled in the chamber during 36 honiravbid cracks in the as-grown crystal. A
substantial evaporation of BaO was observed froenflibating-zone. The resulting rod was
cut into different pieces for further investigatofhis work was done by the “Crystal Growth

Group” of the Max Planck Institute for Solid St&esearch.

1.5.4 Thin films

YBZ films were deposited by pulsed laser depositiehD), using a KrF excimer lasex €

248 nm) at a repetition frequency of 10 Hz (LPX20@nbda Physik, Germany).

The substrate temperature (600-700°C), oxygengbamessure (16-102atm), film thickness
(100-1000 nm) and energy density (1.6-3 Jjchave been changed as control parameters to
achieve epitaxial layers of Y-doped BaZrgO single crystal (CrysTec, Germany) with
(100) orientation and MgO bi-crystals (CrysTec, iBany) have been used as substrate. One
bicrystal had 24° misorientation angle around <16i@se toy 13 and the other one had 36.8°
misorientation angle around <100> close)¥®. An SPS pellet was used as target. The film
deposition was done in the “Technology Service @tai the Max Planck Institute for Solid

State Research.

1.6 Sample characterization

1.6.1 X-ray diffraction

X-ray diffraction (XRD) was used for phase idemiion and crystal structure refinement of
polycrystalline and large grain samples. Data wmiéected at room temperature in Bragg-
Brentano reflection geometry with a Philips PW 3diffractometer using Cui radiation §

= 1.5418 A, 40 kV and 30 mA). Each measurement reav& = 10°-90°, with step size of
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0.02° and detection time of 15 seconds per steficegparameters were refined with whole
powder pattern decomposition (Le Bail fitting medhan TOPAS 2.1 provided by BRUKER.
The X-ray diffraction analysis of the thin films saarried out with a Bruker AXS D8
Discover Superspeed diffractometer equipped wittS@X energy dispersive detector
operating with Cu-i radiation source\(= 1.5406 A), 50kV and 20 mA.

1.6.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used torate grain size and fracture mode of
polycrystalline samples. A TESCAN 5130 MM scannglgctron microscope and a ZEISS
1540 EsB Cross Beam were used to take SEM images firoken sections and thermally
etched surfaces (polished surface was etched & C36r 30 min (+600°C/h and -300°C/h).
The mean grain size value and grain size distobutvas estimated from the SEM images by
the linear intercept method.

An orientation imaging (OIM) software program (T&8 Lab.) interfaced to the SEM (LEO
438VP) was used to define the grain size and pbige samples. The work was done in the

Max Planck Institute for Metals Research.

1.6.3 ICP-OES

The cation concentration in polycrystalline andyéagrain samples was measured by ICP-
OES (Spectro Ciros CCD, Spectro Analytical Instruteg Germany) in “Analytical
Chemistry Lab” of the Max Planck Institute for MistaResearch. The measurements were
carried out on the solutions obtained by high pressnicrowave assisted decomposition in
HCI (37%) at 220°C for 1.5 h.

1.6.4 TG-hydration isobars

The concentration of protonic defects was deterchifrem thermogravimetric analysis.
Thermogravimetric data were recorded with a thetated Sartorius 7014 balance using N
as a carrier gas. Samples were dried at 900°C wualrum and then water uptake was
measured in wet N(pH,O = 20 mbar) during cooling from 800 to 50°C with @aerage rate

of 10°C/h. Reversibility of water uptake was chetkath heating the sample in wet gas up to
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200 °C. Each TG curve was corrected by using a li@sewhich was obtained by running a
similar measurement with a piece of quartz instefatie sample.

The TG data were fitted usingg. (15) to obtain the degree of hydration and the
thermodynamic parameters of hydratiéh.

3Kp HO \/Kp H,0 (OKp HO — 6Kp H208+ Kp HzoSz +245- 482)
Kp Ho 4

[OH,] = (15)

S is the effective dopant concentration which hasnbassumed as the nominal dopant

concentration for each sample. giHand K are water partial pressure and equilibrium

constant of the hydration reactiod {O ,, +V +Og<=20H ). Thermodynamic parameters

were calculated usingTINK=TAS- AH".

165 XPS

The chemical composition of the PLD films was exasd by X-ray Photoelectron
Spectroscopy (XPS) on a Kratos, AXIS Ultra instraequipped with a monochromatized
Al K, x-ray source. The X-ray source power was 150 Wi, the pass energy of the detector
was 20 eV. Data were acquired with an incremer@t. bfeV and averaged over 3 sweeps. The
analysis area was 0.3 mm by 0.7 mm and the depsbluteon (escape depth of
photoelectrons) amounts to about 1-4 nm. The measnt was performed on the as-received
as well as sputtered surface {Ad kV, 2 min). Evaluation of spectrum was donengsi
“VISION” processing software. The C 1s peak at B84V was used to calibrate the peak
positions. Ba 3d, Zr 3d, Y 3d, Cls, O 1s, F 1lsaegiwere taken for quantification. The
measurements were performed in the “Interface Aml@roup” of the Max Planck Institute
for Solid State Research.

1.6.6 BET

The surface area of calcined powders was measwyr@dtrbgen adsorption-desorption using
an AUTOSORB 1 (Quantachrome). The multipoint BrieratEmmett and Teller (BET)

eguation was used to calculate the specific suidaea.
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1.6.7 Density by geometry method

The bulk density of samples with regular shape determined by measuring their weight
and geometry. The theoretical density was calcdlagsed on the nominal composition and

the lattice parameters as obtained from XRD.

1.6.8 Raman spectroscopy

Raman spectra are taken with a Jobin Yvon LabRa®l¥ single grating spectrometer,
equipped with a double super Razor Edge filter afEltier cooled CCD camera. Spectra are
taken in quasi-backscattering geometry using thealily polarized 632.817 nm line of a
He/Ne gas laser, with power less than 2 mW aner filt 0.3 focused to a 10 um spot through
a 50x microscope objective on the top surface @& #ample. The resolution of the
spectrometer (grating 1800 L/mm) is 1 wave numlen'j. The work was done in the

“Spectroscopy Group” of the Max Planck Institute Swlid State Research.

1.6.9 Transmission electron microscopy

The structure as well as the local grain boundamposition of polycrystalline ceramics was
studied by transmission electron microscopy (TEMphwpatially resolved energy dispersive
analysis (EDXS) and electron energy loss spectms@@ELS).

TEM specimens were prepared in an automatic trgmigher (Allied MultiPrep). A final ion
polishing with low energy Ar ions (0.5 keV) was fmemed using a LINDA ion mill
(TECHNOORG). The specimens were analyzed in a degticscanning TEM (STEM - VG
HB_501UX, Vacuum Generator) by EDXS (Thermo FiscBeientific, Noran SIX) and
EELS (Gatan UHV Enfina). The STEM is equipped watlcold field emission gun and is
operated at 100 kV. The composition of edge-onngb@iundaries (i.e. GB plane parallel to
the electron beam) and neighboring bulk area werasored by EDXS analysis on area of 2
nm by 3 nm. The width of the image contrast wagyassl as the GB thickness. It was below
2 nm for the edge-on GBs. The bulk composition e@kected from the center of the grains.
To obtain a realistic picture of the grain boundamymposition, EDXS analysis was
performed on 15-20 grain boundaries. The wedgpeshapecimen (prepared by the tripod
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method) offers a relatively long thin edge to fiadsufficient number of grain boundaries
parallel to the electron beam. It was always tteedhoose a similar distance from the edge of
the TEM specimen to avoid thickness variations. ffilekness was measured using EELS. If
lo is the integrated zero-loss intensity and | isttital integrated intensity in the energy loss
spectrum, then the specimen thickness t is giveerins of the total inelastic mean free path
by t/ = In (I/10)*??.. The measureditivas always below 0.5, which corresponds to spetime
thickness of 80-100 nm in BaZgO

The EDXS spectra were quantified using Zr K linex{¥5.775 keV), Y L line (k- 1.923
keV), Sc K line (k- 4.090 keV) and Ba L line @- 32.194 keV). The cation ratios
[Dopant]/([Dopant]+[Zr]) (for dopant segregationhda [Ba]/([Dopant]+[Zr]) (for barium
deficiency) were calculated from the experimentala) intensity ratios using Cliff-Lorimer
k-factors (k = 2.997, k.= 0.994, k = 3.263, k, =1.978) and the Cliff-Lormier equatioft:
Cocy ta
Ce Pl

where G is the concentration of element;iisithe x-ray intensity from element i and k is the

(16)

Cliff-Lorimer sensitivity factor.

In this work all the quantifications were done witte standardless method. Since the spatial
resolution of the EDXS measurement is only sligisypsitive to the sample thickness in the
range below 100 nm, the thickness of the sample m@staken into account in our

guantifications.

For thin films, TEM specimens were prepared byftwised ion beam (FIB) method. TEM
images and selected area electron diffraction (SAfdA)erns were taken using a ZEISS 912
microscope at 120 kV (LaByun). The EDXS-line scan across the films wasqueréd on a
SESAM microscope at 200 kV (Field Emission gun)ghdiresolution TEM images were
obtained from a JEOL 4000 FX at 400 kV. The measergs were performed in the Stuttgart
Center for Electron Microscopy (StEM).

1.6.10 AC-impedance spectr oscopy

AC impedance spectroscopy allows one to resolvéribotions from bulk, GB and electrode.

It was used to study the electrical properties afqrystalline samples as well as thin films.
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Impedance spectra were usually obtained at fredeshetween I&and 16 Hz by applying
an AC voltage of 0.1 V using a Novocontrol AlphaafAalyzer. The DC bias dependence of
AC impedance spectra was investigated by applyilfCavoltage in the range of 0.1-10 V
superimposed to the applied AC voltage. The impeelapectra were fitted by equivalent
circuits using the Z-View software (Scribner, Inc.)

The empirical equivalent electrical circuit deveddpby Bauerlé®*consisting of RC elements
for grain interior, grain boundary and electrod¢etiface was used. The semicircles, in
particular the GB contribution, in the measured plax plane plots are typically depressed.
This non-ideal behavior originates from a distribatin the current density due to materials
inhomogeneity?. Therefore, the capacitors (C) in the equivalémcuit were replaced by so-
called constant phase elements (Q). The capacitaasehen calculated from C =YfQ)"

(125 ‘where n is the depression parameter.

In reality, depending on the samples electricapprties and measurement conditions, some
of the mentioned elements were not visible in theasared frequency range. Typical
impedance spectra are shownhig. 7. At 600°C, the bulk semicircle is not visible at
frequencies lower than 1Bz and the intercept on the real axis has been asestimate the
bulk resistivity. At lower temperatures, the buksistance as well as capacitance can be
obtained, but the electrode semicircle usually appat very low frequencies and a long term
measurement would be necessary to extract theadectata.

The so-called “Brick layer model*?® " (Fig. 8) was used to describe grain interior (bulk),
grain boundary and electrode contributions. Acowydo this model the highly resistive grain
boundaries parallel to the current are negligilld grains, grain boundaries perpendicular to
current and electrode interface result in threedrQuits in series.

The resistances (R) and capacitances (C) obtaig€ting the impedance spectra can be

analyzed usingg. (17-19). With the assumption thaj = £, , the capacitance ratio ¢Cgg)

can be used instead @isg/dy) to estimate the specific grain boundary condut§ti{ee spec)

of polycrystalline samples.

1 L
R . =—x— 17
1 obe a7
1 0 L 1 o) 1 o L 1.,L
R, =n( )=2) = ( )( )(=2) = ( JEFE) =) (18)
’ o GBspec A dg +6GB o GBspec A o GBspec dg A O-GB A

£ = Col( () (19)
0
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wheredggis the effective (electrical) grain boundary thieks, ¢ is grain size, n is number of

grain boundaries perpendicular to current and theésarea.
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Figure 7 Typical impedance spectra (complex pldaf pnd equivalent circuits of Y-doped Bazrét (a) 50°C,

(b) 300°C and, (c) 600°C
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Figure 8 Brick layer model and typical equivaleintait for polycrystalline materials

1.6.10.1 Conductivity of polycrystalline samples using macr oscopic electr odes

A platinum layer (thickness ~ 400 nm) was sputtéEsivards Auto 306) on both sides of the
sample (area ~ 50 nfnand thickness ~ 1 mm) for macroscopic (conventjocenductivity
measurements. The sample holder was a gas tighttzquall in a tube furnace,
electromagnetically shielded by a high-temperataststant Cr-alloy foil. This cell was used
in the temperature range of 50-800°C under dry w&etl atmosphere (gas flow rate ~ 50
SCCM).

1.6.10.2 Conductivity of individual grain boundariesusing microelectrodes

For applying microelectrodes on the large grairede, a 200 nm Pt layer was sputtered on
the polished surface and photolithography was tsgqhttern circular microelectrodes of 20
um diameter. The distance between two microelectradgs 70um. Electrical contact was
established by needles of a Pt/Ir with a nominpl radius of 2.5um, which could be
positioned accurately by micromanipulators (Karl s§U Germany) under an optical
microscope (Mitutoyo, Japan). The samples wereeplac a heating stage (Linkam, UK) to
control the sample temperature. Since purging vastduring microcontact measurement is
limited by the set-up, the sample was hydrated dwaace and the measurement was

performed under dry nitrogen.
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1.6.10.3 Conductivity of thin films

The Pt electrode (~ 400 nm) was sputtered (Edwards 306) on the thin films using a
shadow mask which patterns two strips separated lojystance of 1 mmF{g. 9). The
conductivity measurement was done in the sameaslthe polycrystalline samples. The

conductivity was calculated usimg. (17) where A = wt.

Single crystal MgO Bi-crystal MgO
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Figure 9 Electrode pattern on the thin films defgmson single- and bi- crystal MgO substrates

1.6.10.4 pH,O controal

The humidified gas was produced by passing thdlgasthrough a water bubbler. The water
partial pressure was controlled by the temperaitiveater (e.g. 20°C for 23 mbar).
For the dry atmospheres, the traces of water patlynpresent in nominally dry gases were

condensed by passing the gas into a cold trapi¢djy

1.6.10.5 pO, control

Pure oxygen, 1%%in N,, and 100 ppm &in N, were used for adjusting oxygen partial
pressures of 1, and 10" atm. A mixture of 1%CO in Nand pure C@was used for lower
oxygen partial pressures. Since this mixture nesglslibration, the temperature range is
limited. Oxygen partial pressures of f0atm down to 18* atm in the temperature range of
500-600°C were accessible. In the gas tight cplise N vyields a p@ of 10%-10° atm, as
recorded by a lambda sensor (Cambridge sensotpadxa2100).
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In order to bring samples into the n-conductingmesg a zirconium metal layer (300-500 nm)
was deposited on both sides of the samples (~ @n7timck) by evaporation. The sample
sealed in a quartz tube under vacuum was heatetb §90°C for 48 hours leading to
oxidation of the Zr metal and reduction of the skEngonsidering the oxygen vacancy
diffusion coefficient from conductivity of Y-BaZr9at 800°C under dry atmosphere, the
annealing time is sufficient to achieve a homogesetefect distribution in the sample with a
thickness of 0.7 mm. After annealing, the oxideetayas removed from the surface.
According to the equilibrium of zirconium oxidatiqZr + O, — ZrO;: AG°goec= - 875
kJ/mol), the oxygen partial pressure at the anngaémperature is about ¥Hatm. Therefore,
reducing Y-doped BaZrfusing the metallic layer of Zr can be regardeteocequivalent to
exposing the sample to extremely low oxygen paptiabsures> 10* atm). While the last Zr
particle is in equilibrium with Zrg the oxygen partial pressure is“f@tm and when all the
Zr is used up the partial pressure will be higlhantthis value. In addition, using Zr layers of
different thickness allowed producing differentatten concentrations assumed as different
oxygen partial pressures.
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Results and discussion

1.7 Structure and chemical composition of GB and its effect on
Ocs

1.7.1 Samplecharacterization (polycrystalline)
1.7.1.1 Conventionally sintered samples (CS)

The x-ray diffraction patterns iRig. 10-a confirm the formation of single phase BaZgria

the conventionally sintered (CS) pellets 92% pweory). The XRD pattern of 15 at.% Y-
BaZrG; was fitted with a tetragonal phase and the unlitseze in Fig. 9-b is the pseudo-cubic
lattice constant (¥°). The tetragonal phase for highly doped BaZi@s already been
reporte®. The unit cell size of Y-doped samples, due tolénger ionic radii of Y3 (0.90

A) compared to Z (0.72 A), increases by the amount of dopant. Tl increase of unit
cell size of sintered pellets with the amount od¥pant is shown irFig. 10-b. The data
obtained for the samples are comparable with therted lattice parametéts 12

Fig.11 compares the bulk and GB conductivity of CS-YBanpées with different dopant
concentration. Both bulk and GB conductivities gase with dopant concentration and at the
same time the activation energy of conductivitgtgliy decreases with increasing dopant
concentration. Some previous studies showed thdit banductivity, as well as GB
conductivity, of Y-doped BaZr9decreases by increasing dopant concentration,lyrehse

to higher proton-dopant association or loss of BZD this effect apparently is more
significant for samples containing more than 2@adopant. In the absence of such effects, a

higher dopant concentration leads to a higher batk GB conductivity.



38 Chapter 3

(a)
undoped BaZrO, (b)
4.24]
® Nominal
@® ExtraBa
A Kreuer
‘JL JL 423 A Schober
— | Al .
<L 4.22]
1at.%Y-BaZrO, 9
=2 421 2
8 N
.*é A
‘\ S 4.20] 8
L A JL o2
[ ] A
6at.%Y-BazrO, 419 A
0 5 10 15
at% Y
— u J S N
15at.%Y-BaZrO,
m._JL_A_.J\ k A A A
30 s
20 _ < _ g £ = _
S = % s A Q g = §
i e | & 1 1 o g
0 3

0 40 50 60 7

o
©
S

Figure 10 (a) X-ray diffraction pattern and (b)turell size of conventionally sintered pellets ofloped and Y-
doped Bazr@in comparison with Schobd&fand Kreuef*! data. The undoped sample shows a relatively broad

peak and a larger strain was obtained from patteconvolution of the sample.

The Y dopant content of CS samples measured byQESB-{Table 2) is in relatively good
agreement with the nominal composition. The lowaitbn content is expected due to barium
loss during sintering. To compensate a part of &, CS samples were also sintered from
calcined powder with 1 wt% extra barium in the tatgr composition. In addition to the

chemical analysis, the amount of “active dopanth ¢ determined from water uptake.
Hydration is accompanied by weight increase of danip molH,O =2[OH]), therefore,

the amount of water uptake is representative ofilahMa oxygen vacancies, i.e. the
concentration of “active dopant”. The differencaviEen nominal and measured amount of
dopant can be due to BaO lo§$g. 12 compares the hydration behavior of CS-6YBZ with
and without 1 at.% extra barium. The extracted daesh hydration enthalpies and entropies
from the water uptake data are in good agreemett previous result€®. The two samples
underwent about 2-3% of barium loss and 1 at.%aeRa apparently compensated a part of
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barium loss (~ 1 at.%). The effect of extra bariomthe electrical conductivity of sample is
not unambiguous. The addition of extra barium tdBg&Ysignificantly enhanced, andogg,
whereas the conductivity of 15YBZ did not changeewtusing extra BaF{g. 13-a,b). It
seems that it is not easy to control the composittd acceptor-doped BaZgOwith
conventional sintering method. Therefore, “SparksRia Sintering” was used to obtain

sintered pellets with a more reliable compositiod higher bulk density.
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Figure 11 Arrhenius plots of conventionally sintkngellets of 1 at.% (1YBZ), 6 at.% (6YBZ) and 15%t
(15YBZ) in wet N, (pH,O = 20 mbar)

Table 2 Composition of conventionally sintered skmpvith different dopant concentration
Composition measured by ICP-OES

Ba (Wt%)  Zr (wt%) Y (wWt%)

Ba(Zro.04Y 009035 48.7+0.5 31.0+0.3 1.93+0.05 Ba(Zr0.04Y 0.09 O35

Bay 01(Zr0.94Y 0.06 O3 48.5+0.5 30.1+0.3 1.92+0.05 Ba(Zr0.04Y 0.06 O35

Nominal composition
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Figure 12 Water uptake of 6YBZ-Nominal and 6YBZraxBa and thermodynamic information obtained from

fit according toeq. (15)
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Figure 13 Arrhenius plots of (a) 6YBZ and (b) 15YRBihtered from nominal composition and 1wt% extra

barium calcined powder in wet,\pH,O = 20 mbar)

1.7.1.2 Spark Plasma Sintered samples (SPS)

X-ray diffraction patterns of as-prepared SPS aaditeonally annealed (1700°C/20h) SPS
samples are shown Fig. 14. According to XRD, the SPS samples are single @h&se unit
cell size of the annealed sample is comparableda@s-prepared sample. The unit cell of the



Results and discussion 41

scandium doped sample, due to the small size mismaetween S&0.75 AY*? and
Zr%0.72 )% is similar to that of undoped BazZsO
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Figure 14 X-ray diffraction pattern of as-prepaf@)l and annealed (b) SPS-6 at.%Y-doped BaZaDnealed
SPS-6 at.%Sc-doped Bazy(@) and undoped BaZgO

SPS offered the possibility of a short sinterimgei(heating rate = 100°C/min, holding time =
5 min, cooling rate (1600°C-1000°G) 400°C/min and cooling rate (1000°C-400°€)
240°C/min) which decreases the amount of bariurs kEtshigh temperatures (> 1200°C).
Nevertheless, a certain amount of barium loss a&h sa high sintering temperature is
inevitable. Water uptake of conventionally sinteagl as-prepared SPS samples, obtained by
thermal gravimetric analysis (TG), are compare&im 15. As expected, the barium loss for
the SPS sample is less than for conventionallyesadt samples. In spite of that, the bulk
conductivity of the SPS sample with a lower barimss is quite comparable (in log scale) to
the conventionally sintered sampl€sg. 16). The main difference between two methods was
observed in their fracture mode. As shownFig. 17, the SPS sample with transgranular
broken section exhibits stronger cohesion at tle@ngboundaries in comparison with the

conventionally sintered sample with intergranufacture mode.
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SEM images of thermally etched surface of as-pexpand annealed Y- and Sc-doped

BaZrQ; are shown irFig. 18. The as-prepared SPS samples do not show a sagmifgrain

growth after annealing at high temperatufeg(19).
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Figure 15 Hydration isobars of conventionally

spark plasma sintered Y-doped Ba4rO
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Figure 17 SEM images from broken section of conweaally sintered (left) and SPS (right) samples th

fracture mode has changed from intergranular (teftjfansgranular (right).
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Figure 18 SEM image of as-prepared SPS (top) andaded SPS (bottom) 6YBZ
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Figure 19 Grain size distribution of as-prepar®5%nd annealed SPS (a) 6YBZ and (b) 6ScBZ obtdined
SEM images
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1.7.2 Grain boundary hydration behavior

The enhanced conductivity of YBZ in wet conditioaglue to the formation of highly mobile
protonic defects in the structure. Though, GB cdubthave differently upon hydration, and
the low GB conductivity in wet condition might agigrom low proton concentration or low
proton mobility in the GB regiorkig. 20 compares the bulk and GB conductivity of SPS-
6YBZ in dry N, (pO, = 10* atm) and wet N (pO, = 10* atm, pHO = 0.02 atm). Thess
enhancement is comparable ¢p enhancement (~ 1000 times at 200°C). In additiba,
hydration of a dried sample after exposing it ta atenosphere, does not show any significant
difference between bulk and GB behavior, at leaghe first 100 hours at 500°Ei{. 21).
Conclusively, the higher GB resistivity compared ttee bulk is not due to a lower
contribution of protonic conductivity or delayeddngtion.
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Figure 20 Arrhenius plots of SPS-6YBZ in nominallfFigure 21 Relaxation behavior of bulk and grain
dry and wet nitrogen. boundary after exposing SPS-6YBZ to wet (NH,O =
20 mbar); sample was previously dried under vacatim
900°C.

The equilibrium concentration of charge carriersyhloped BaZrQ@ as a function of water
and oxygen partial presstré: *?was used to draw a comprehensive picture of higaran
the GB region. On the basis of the conduction patars determined in réf?, the bulk
oxygen vacancy, hole and proton conductivities loarobtained by the following Arrhenius
equations in 20 %Y-doped BaZsO
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o T =10%000H 0m 3% exp(- 038V/KT) Scm'K (20)

o,..T=10""expt-07%V/KT) Scm'K (21)
[e]

0, T =10 70002 532 exp(- 073V/KT) Scm'K (22)

The hole, oxygen vacancy, proton and total condiiets of Y-doped BaZr@ using these
equations are plotted Fig. 22. The E obtained from the defect chemical mét#8l are in a
good agreement with our measurements on SPS-6YB#/iand wet conditions.

One can clearly observe that under dry conditibesdiominant conduction mechanism is hole
conductivity and not oxygen ion conductivity. In wmnditions and the same oxygen partial
pressure, the proton conductivity is expectedly iamt. Accordingly, Y-doped BaZrD
under dry conditions exhibits hole conduction (zZL}and in wet condition is a proton
conductor (z = 1). On the basis of this informatischematic pictures of charge carriers under
different conditions are suggested kig. 23 for the case of GB properties determined by
space charge effects. The potential barrier andwotl GB under dry and wet conditions are
comparable ¢, = 0.5V andi* = 2.5 nm; calculated from conductivity data usihptt-
Schottky model).
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Figure 22 The calculated conductivities of diffeareharge carries in (a) dry and (b) wet conditiosgg ref.

[132]



46

Chapter 3

(a) Dry
Yo [0y > [V Ty
=
g 7 Y;
‘E o0
Lt V3
(5]
3 + —
S h
N

A

(b) Wet

Core [OH; Ty, > [Ty > [V Ty
+ Y;,

+ OH;

+
=+
+

N

-

A

Figure 23 The schematic picture of charge caa@rcentration in (a) dry and (b) wet conditions, partial

hydration, even ifV;'] =2[OH], the higher proton mobility leads . >0,...

1.7.3 Secondary/amor phous phase at GB

No secondary phase inside the grains, along thea@Bsat triple junctions of as-prepared and
annealed Y- and Sc-doped BaZr®as recognized. The bright-field TEM images of as-
prepared and annealed 6 at.% Y-BaZa@e shown irrig. 24.

Figure 24 Bright-field images of (a) as-prepared,db) annealed 6 at.%Y-BaZsQhe bright area in the images

are holes)
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1.7.4 Annealing effect

Fig. 25-a,b shows the impedance spectra and Arrhenius plots-girepared and annealed 6
at.%Y-doped BaZr@under wet atmosphere in the temperature rangedd@f700°C. After
applying a high-temperature annealing (1700°C f0r Hburs), the bulk conductivity is
essentially unchanged. However, grain boundary wcindty increases significantly in the
annealed sample (3 orders of magnitude at 200°€Eahibits a lower activation energy,fE
0.71 eV) compared to the GB of the as prepared lsafp= 1.04 eV).
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Figure 25 (a) AC impedance spectra and (b) Arrlemilots of as-prepared and annealed SPS-6YBZ in wet
atmosphere (p$D = 20 mbar) at 500°C

As shown inFig. 26, a GB conductivity enhancement was not observest ahnealing at
lower temperatures (1550°C), which can be due tw hoobility of cations at lower
temperatures. On the other hand, longer anneatidg@0°C (60 hours) yields a lower bulk
conductivity, and also lower GB conductivity. Theian be due to barium loss during the
longer annealing step. ICP-OES result$ able 3 shows that SPS samples after annealing for
60 hours contain less barium than the as-preparé®@ hours annealed sampl®. at.% Y-
doped BaZr@ shows a similar effect after annealing at 17008€ 20 hours Kig. 27),
although thesgg enhancement is less pronounced. This is probaiyed to the higher Y
concentration at the GB of as-prepared SPS-15YB2&.same behavior was also observed for
the as-prepared and annealed scandium doped BéAgO28-a,b). The calculated potential
barrier €g. (14)) and grain boundary thicknes=j( (12)) are smaller in the annealed samples
(Table 4).
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Figure 26 Bulk and grain boundary conductivity 6f Figure 27 Arrhenius plots of as-prepared and aedeal

at.%Y-doped BazZr@ under different annealing15 at.%Y-BaZrQin wet atmosphere
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Figure 28 (a) Arrhenius plots of as-prepared anttaled SPS-6 at.%Sc-doped BagZiidder wet atmosphere
(pH20 = 20 mbar) and, (b) bulk and grain boundary catidity at 200°C for ddifferent annealing condition

Table 3 Composition of SPS samples with differeftittonal annealing

Nominal composition

Composition measured by ICP-OES

Ba(Zr.94Y0.09035 Ba (wt%)  Zr (Wt%) Y (wt%)

as-prepared-SPS 49.010.7 30.4+0.5 1.91+0.04 Ba(Zr0.94Y 0.09 O35

annealed (1700°C/20h) 48.8+0.7  30.6£0.5 1.9010.04 a.08Zr0.04Y 0,09 O35
48.3+0.7  30.8+0.5 1.90+0.04 Ba(Zro.04Y 0.09 O35

annealed (1700C/60h)
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Table 4 Bulk and GB potential barrier and GB thieks of as-prepared and annealed samples at 200°C

Sample Do (V) des= 24* (nm)

6 at.%Y-doped BaZr© as-prepared 0.68 5.45
annealed 0.49 4.62

15 at.%Y-doped BaZr® as-prepared 0.45 2.80
annealed 0.40 2.64

6 at.%Sc-doped BaZrO as-prepared 0.52 4.76
annealed 0.41 4.23

The GB potential and thickness are calculated asguMott-Schottky situation usineg. (14) andeq. (12),

respectively.

Since the high temperature annealing did not leaal significant grain growthF(g. 19), the
enhanced GB conductivity refers to an enhancedifsp&B conductivity. At such a high
temperature and relatively long annealing, catio®some mobile and even a large cation as
Y can diffuse tens of nanometers in a perovskitgctire. The cation diffusion coefficient can
be estimated from the results obtained for Sg&E®d BaTiQ single crystdt®® 4 (Fig. 29).
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Figure 29 Chemical diffusion coefficients of stiomt and zirconium in BaTiO3 single crystat ***, tracer

diffusion of titanium and zirconium in 1 at.% Lajmkd SrTiQ single crystdt®® (measured by secondary ion

mass spectroscopy)

Then cations with diffusivity of about 810" cnf/s at 1700°C diffuse 30-80 nm in 20
hours and this length is sufficient for dopant@asi to move from the grains to the GB region.
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Thus, strictly speaking the Mott-Schottky modelns@nt dopant concentration) may not be
applicable for the annealed samples. A more detallscussion of this is given igection
3.15.1.

1.7.5 Dopant segregation

In order to understand how the electrical propsrt¢ grain boundaries is influenced by
dopant segregation, the grain boundary compostti@s-prepared and annealed SPS samples
of Y- and Sc-doped BaZrexhibiting significantly different grain boundargsistivities was
studied.

Fig. 30 shows typical EDXS spectra taken from an areax@fr2m at various GBs and within
neighboring grains in the annealed 6YBZ sample.ddoplistribution between core and space
charge zone will be discussedsattion 3.1.5.1. In most of the measurements, the Y intensity
at GB is clearly larger than the Y intensity in kuFig. 31 summarizes the EDXS
measurements on 15-20 grain boundaries of as-meé@ard annealed Y-doped samples. In
each graph, the solid line shows the average ctoratiem and the shaded box is the standard
error of the mean value (SE = SBfwhere SD is the standard deviation and n is nuraber
measurements). From the [Y]/([Y]+[Zr]) ratio, it @ear that in both samples, as-prepared as
well as annealed, dopant cations segregate tordie goundary region. But the amount of
segregation is much more pronounced at the GBefitinealed sample, which has a much
higher GB conductivity. The [Ba]/([Y]+[Zr]) ratiosarepresentative of barium deficiency does
not change significantly from GB to bulk.

It should be mentioned that the amount of dopanth@ebulk (measured by EDXS-TEM) is
lower than the nominal and actual (ICP-OES) contmosi This could be due to some
inhomogeneity in the sample prepared by SPS methdftbr correction needed for the EDXS
guantification (standard sample with a known conitpog. Also, the [Ba]/([Y]+[Zr]) ratio is
only ~ 0.9, but again due to the lack of a standample, one should not directly conclude
that 10% of barium is lost.

Fig. 32 andFig. 33 show the respective EDXS-TEM measurements on $ediBaZrQ. The
Sc-doped samples also exhibit a larger amount paulocations at the GB of the annealed
sample (with lower GB resistivity). The barium cemt at the GB is slightly lower than in the
bulk, but with a high uncertainty due to the laegeor barsfig. 33-d).



Results and discussion 51
Annealed 6at.%Y-doped BaZrO,, 4_GB Annealed 6at.%Y-doped BazrO,, 9_GB
——GB —GB
_ zr Zr — buk R o 7 Zr bulk
3 3
g |° g
x Ba(lLa, ) -
N . N Ba(lLa, )
o = ' v
o kel
i ' $
g Ba g
[<} o Ba
z "o Zr(Ka, ) = e
, 12
£ Y(Ka, ) 2 Y(Ka,
3 v Ba , 3 Y Ba
(6] Ba a v 2 (@] Ba Ba
Meoesntte TPRSTANT ) ) R PP
L “‘ L | ||"|"‘||'|'|-|'
T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 6 2 4 6 8 10 12 14 20
Energy (keV) Energy (keV)
Annealed 6at.%Y-doped BaZrO,, 10_GB Annealed 6at.%Y-doped BaZrO_, 13_GB
o —GB o o —GB
- 7 —— bulk - o bulk
< Ba(La, ) < Ba(La, )
N N
2 2 H
3 3
IS W 2
£ b £
o a S Ba p
z > 14 16
2 Zr(Ka, ) <
[ 12 €
3 Y Ba oS Y, Ba
© Vu Bal|(|} B2 zr O B a
Y
TR Mok A ﬂl L TS ™
" | ‘ [ | ‘ |
I T T T T T T T T T I T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12

Energy (keV)

Energy (keV)

Figure 30 EDXS-TEM spectra from four different GBsannealed SPS-6 at.%Y-doped BaZ(D700°C/20h)

(a) as-prepared SPS-6at.%Y-BaZrO,

020 O GB Bulk mean value = 0.041 + 0.004
. ® bulk GB mean value = 0.068 + 0.005
0.16
N, 0.12-
S
< I
Soul g 1 11 b1l
bl fﬁ;r E /TQI ¥ $ ;
TR NTY
BoaiS K i RiNE A1
¥ e lee T
0.00 -
Trrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrr
01234546 7 8 91011121314151617
#GB

[Ba)/[Y]+[Zr]

(b) as-prepared SPS-6at.%Y-BaZrO,

O GB
® bulk

Bulk mean value = 0.909 + 0.022
GB mean value = 0.890 + 0.021

T
8
#GB

T T T TR T TR TR T T
9 10 1112 13 14 15 16 17

Figure 31 Y substitution and Ba deficiency of GBjiom compared to the bulk of as-prepared (a,b)amtkaled

(c,d) 6 at.%Y-doped BazZr{Qnext page)



52

Chapter 3

(c) annealed SPS-6at.%Y-BaZrO, (1700°C/20h)
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Figure 31 continued
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(a) as-prepared SPS-6at.%Sc-BaZrO,

(b) as-prepared SPS-6at.%Sc-BaZrO3
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Figure 33 Sc substitution and Ba deficiency of @8ion compared to the bulk of as-prepared (a,b)aammaled
(c,d) 6 at.%Sc-doped BazgO

EDXS-TEM measurements showed that the grain boiexlérave a different composition
from the grains, in particular after annealing 0 hours at 1700°C. This indicates a
relationship between GB composition and its eleatmproperties. Before discussing the space
charge model, which is used to explain the eledgtrproperties of GB in relation to its
composition, the measured EDXS-TEM data will becdssed in terms of dopant cation
segregation and segregation driving forces.

The free energy of segregationG:) can be expressed in terms of the molar fractimins
solute/dopant () and solvent/host gh!*?> 1181381 ag:

AG:;

s 6
RT ©

n n
IN(—) g = INH) i —
n, n,
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The non-configurational entropy of segregation issumed to be negligible and

thereforeAG: = AH:; . The enthalpy of segregationA: ) in ceramics consists of an
interfacial energy contributiondH“v ), a solute-solvent interactionf: ), an elastic strain
energy (AH:) and an electrostatic interactiohHs). Typically the last two contributions are

more pronounced than the others and for simplisityassume thatH: = AH: + AH;, . If the

chemical potential is extrinsically fixed, Eq. @)es good service in most cases however the
segregants determine or influence chemical potefitienAHq depends on the concentration
of segregants and Eq. (6) is only formally valicheTsolution requires solving Poisson’s
equations and leads to space charge profiles teatiscussed later.

When the electrostatic part is much smaller tham elastic part AH: >>AH ), AH: is
proportional to {(s-r1yr1}% where f and g are the ionic radius of host and dopant cations,
respectively. On the other hand, when the elagstiing force is negligible compared to

elastic energyAH: does not depend opand :

My (z=hye it AH, >>AH,
r
s=In :2 OAH, O ° @
(o (20 fAH, <<H,
2 1

Accordingly when the elastic energy is the majawvidg force for dopant segregation in
BaZrQ;, one should expect very little segregation fom@t its small ionic radius mismatch
((Ar/n)sc = +0.04, Ar/r)y = +0.25— s// s5c<< 0.03). On the other hand, for Sc and Y, a
similar degree of segregation is expected whentrelgatic potential is the dominant
segregation driving force. The measured data and Sc segregation in annealed BaZrO
(sy=1.12 and &= 0.92) inFig. 34 indicates that dopant segregation in this matesialostly
driven by electrostatic attraction between dopatioas and positive core charge rather than
dopant size mismatch.

Such a positively charged core in many ionic cigsés well as large-bandgap oxides forms
due toV/; segregation to the GB core, which is explainedtfferent formation energies of

point defects in the GB core compared to the graerior® 13638 pe Souz&” has recently
extensively developed the idea of the positive gharaused by oxygen vacancies preferring

to reside at the grain-boundary core of low-angf€&i@; bicrystals. Also calculations on Y-
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doped BazZr@™ suggest that the positive charge of core arisa® fihe increased oxygen

deficiency in the GB core of this material.

1.2 Electrostatic driving force Y
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Figure 34 Contribution of elastic and electrostalitving forces to the segregation of scandiumadmparison

with segregation of yttrium to the GB of BazrO

1.7.5.1 Dopant segregation and space charge model

Fig. 35 shows simple schematics of a positively chargedcGif® and its related space charge
layers. During annealing at high temperatures, hichv dopant cations are mobile, the
positive charge of the core can (partly) be comattsby either accommodation of dopant
cations in the GB cord-={(g. 35-a) or their accumulation in the space charge laff€ig 35-b).
Accommodation of negatively charged dopant in thre @nnihilates a part of core charge and
therefore decreases the GB potential. Thus progpieton will be less and a higher GB
conductivity is expected (negative dopants are teoand the space charge potential still
positive). Dopant enrichment which occurs in spelcarge layers compensates part of core
charge, the proton depletion decreases, the spargeclayers get thind&r* 1*¥and a lower
GB resistivity is expected. Note that dopant acdatman in the GB region means transition

to the Gouy-Chapman model away from the Mott-Sétyattodel.
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(a) (b)
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Figure 35 Space charge model, positively charged and effect of segregation of negatively chargapiant

(a) to the core and, (b) in space charge layers

Such a behavior was discussed in detail for Y-£f® The effect of GB dopant
accumulation on enhancement of GB conductivitydoeptor-doped BaZr{s discussed by
Iguchi**®. They experimentally found a decrease of barrigight with increasing dopant
concentration, which is parallel with a slightlmreased yttrium excess in the GB region.

Our results on as-prepared and annealed samplés argood agreement with the proposed
models, and the large difference in GB conductsitand related significant composition
differences measured by TEM clarifies the coupleld of dopant segregation and space
charge layers.

In the absence of dopant segregation, the clasSicabttky-barrier model extended to the
case of mobile ions can be used to explain the &Batl profile of as-prepared YBEiQ. 36-

a). This model assumes that dopant concentrati@onstant within the systeniv{,~ [Y]cg).
The positive core charge is compensated by streptgtion of positively charged defects and
the space charge layer extends to several nan@ndtee potential barrieeq. (14)) at the
GB of as-prepared SPS-6YBZ is about 0.68 V and3Behicknessé€g. (12)) is about 5.5 nm
(Mott-Schottky model).

A simultaneous dopant segregation to the core padescharge regiéfi", due to presence of
both elastic and electrostatic driving forces isgdole. In order to get more insight about the
exact location of segregants in the annealed sameseparately discuss the resistivity of
GBs for the two extreme cases of dopant segregédamly to the GB core an@i) only to
the space charge zone.

(i) Segregation only to the core:

According to the TEM-EDXS measurements|{¥]4 at.% and [Y¢s =~ 12 at.%. When all the

detected Y in an area of 2x3 nm is located onlghencore of 1 nm thickness, then the {¥]
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is about 24 at.% and the excess dopant due tegagwn is about [\gs - [Y]core= 20 at.%.
Then the excess charge created by singly charggdgamt cationsY,,) is about Qeg = 0.31
Cmi? in the GB core.

The core charge for as-prepared sample can bela@dwsing Qerace = (8ecoe[Y]p®o)
according to Mott-Schottky model. The calculateteptal usingeq. (14) is @, = 0.68 V and

for [Y]p = 4 at.% and = 40, Quertace= 0.41 Cnif. If all the segregants are accommodated in
the GB core, the remaining core charg€® (= Qnterface- Qseg= 0.10 Cnf) would correspond

to @ = Q/8e[Y]ve = 0.04 V.

The proton profile fobg= 0.04 V Fig. 36-b) can be derived usingy. (13). In this way, the
GB conductivity would increase by about 6 orderamaignitude. Since this rough estimate
yields a much stronger increase afg than observed, it points towards the fact that the
segregated dopant cations are partially or fullgated in the space charge zone. Now we

discuss the second case.

(@) , (b)
10 3 7
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Figure 36 Dopant and proton profile of (a) as-predasample®, = 0.68 V) according to Mott-Schottky model,
and (b) as-prepared sample at 200°C comparecttarthealed sample when all the segregants are atatech
in the core ¢, =0.04 V)

(i) Segregation only to the space charge zone:

The electrical properties of the space charge depends on the profile of dopant cations and
defects in this region.

As it was already mentioned, the Mott-Schottky maslesed for the as-prepared sample with
slight dopant segregation. However, the simple Muattottky model cannot be used for the

annealed sample which exhibits a significant GBresgafion. It is plausible to assume that
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during annealing at high temperature, the Y catibesome mobilé®® *¥ and at least

partially follow the so-called Gouy-Chapman modaégye modefj3® 242

Here we take the approach proposed by'£8do describe the behaviour of GB electrical

properties with a high dopant enrichment in spdeege layers.

The resistance of GB regardless of dopant proéitelze expressed as

A A )
J- spehl

o.

100

Cioo
o mdx (23)

R

spch.l. =

c.,and o, are the concentration and conductivity of the sggeciin the bulk. The species |

are sufficiently mobile and are in equilibrium amtiag to

c,(x) :exr{;eq)(x)J .
Ci. KT
Then the integration adg. (23) usingeq. (24) will be
A exp{zfijoj
R = 25
spch.l. O_iw Z,EO(DJ ( )
KT 0x ),

The termo® / 0x )x=0 depends on the defect structure of GB zone. Thim teas been
calculate® for the so-called Gouy-Chapman, Mott-Schottky &maen dopant profile in
Tableb5.

During annealing at high temperature, the Y catioesome mobile and are able to reach the
equilibrium concentration (cfFig. 29 : Tieezing™> 1550°C), but the pure Gouy-Chapman case
cannot be used for the annealed sample since dagdiuns are not mobile at lower
temperatures (T < 800°C) and do not follow the Bguum concentration. Thus a frozen
dopant profile was used to calculate the resuRggn in the annealed sample.

Here we assume similar GB potentidly) for Mott-Schottky and Gouy-Chapman situations
(do(as-prepared) o(annealed) = 0.68 V). It is worthy to mention ti2¢ Souz&” has
explained different situations which lead to a ¢ansor variable GB potential, but at high
temperatures, in which dopant cations are molike,GB potential barrier can be considered

as constant to a good approximation.
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Table 5 Different situations for GB space chargelett’

Model b definitions
aX x=0
Gouy-Chapman z; : charge of species 1,(z 1 for
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To calculate the term® /0x )«-0, we need to know the frozen dopant profile. Thebiteo

dopant cations (> 1550°C) are in equilibrium acauydo

Cy (X) = ex eq)(x)j (26)
CY(bqu) KT
and

Zlo = CY—(O) = ex{%} 27)

Cy (bulk) T,

freezing
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,, ~ 75 for freezing temperature of 1550°C a@ng= 0.68 V. The width of frozen profilew)

usingeq. (11) with g, = 40 and ¢= 4 at.% is ~ 0.6 nm. With the calculated= 2.4 nm from
eg. (12), Ag is approximately 1.4 nnAccordingly

1/2
ZleClw )\B +4)\f 10frozen _1
R (@nnealell € 2

R spch.l. @S— prepareai B Zlec:.l.o0 )\ *
€

=4 (28)

The estimated ratio shows that in the presence sifag dopant segregatiog,{ ~ 75) in

space charge layers, the resistivity decreasestbgr@ier of magnitude at maximum.

On the other hand, the resistance of space chaygeslin as-prepared and annealed samples
using brick layer modeleq. (29)), results in the ratio of Rcni(annealed) / B cni(as-
prepared)} 1000 at 200°C.

1 RGBd

R _9
0-bulk R bulk 2

spch.l. = (29)

In summary, if GB core accommodates all the segeelgdopant cations, the conductivity
should increase by 6 orders of magnitude (caseaurf)accumulation of dopant cations only in
the space charge zone can, at the highest, dedfeasesistivity of space charge layers a
factor of 4 (case (ii)). Therefore, the GB condutyi of the annealed samples has increased
by ~ 3 orders of magnitude due to simultaneous logpegregation to the GB core and space
charge region. Obviously accommodation of a smait pf segregants in the core is more
effective in reducing the blocking effect than gmese of majority of dopant cations in the
space charge zone.

It should be mentioned that GB potential barried &B thickness of annealed samples in
Table 4, using Mott-Schottky model, with a small correatidue to the effect of dopants in
space charge layers, gives a good agreement vetrales estimated here.

EDXS line scan with the step size of 0.7 nm resbltlee extension of segregated dopant
cations near the GB. IRig. 37, the dopant concentration is shown as a functiotistance
from the GB for the annealed Sc-doped sample. €gesgation extends no farther than 3-4
nm.

The rough estimate of core charge and the amouségregated dopant already implied that

the segregated element is at least partially ldcatethe space charge layers. The dopant
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profile obtained by EDXS line scan also confirms firesence of dopants in a region larger
than the actual core width. However, the limitedtsd resolution of the TEM (VG) does not
allow a final conclusion about the segregationaaht into the GB core.

In principle, the local environment of atoms in B8 region compared to the bulk can give
information on the possible formation of differgitases containing yttrium, substitution of Y
at the Ba site, formation of interstitials and eveduction of Zt* to zr® at the GB. EELS
measurements on Y-doped samples show very similaa@d Ba K edges. Due to overlap of
Y and Zr M absorption edges it was difficult to mdiéy variations. While in principle cation
interstitials could form in the more loosely packeB core, one should keep in mind that they

have not been observed in any bulk perovskite.

Annealed SPS-6at.%Sc-BaZrO, (1700°C/20h) Annealed SPS-6at.%Sc-BaZrO, (1700°C/20h)
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Figure 37 Line scans across two GBs of annealed@&&346Sc-doped BaZzgJd1700°C/20h) using spot EDXS

analysis

Beside the high GB resistivity, the limited grairogth is another issue which leads to bad
sintering behavior and high grain boundary densityolycrystalline acceptor-doped BazO
The grain growth is closely related to the deféwmistry and structure of GB, which, in turn,
depends on the type and level of dopant and sigféeimperature. The undoped Bagdier
annealing at 1700°C for 20 h exhibits large grahs- 10-20pum diameter Fig. 38). It is
reasonable to conclude that grain boundary mobiitiowered by the presence of dopant
cations (Y as well as Sc) in the GB region. Dopsedregation to GBs is known to decrease

grain growth due to solute drag. Also sinteringdseeation diffusion, and in perovskites this

is limited by the mobility of cation vacanci¥é' *** Doping create®/; and according to the
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Schottky reaction, decreases the amount of catamancies which might slow down the

sintering process.
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Figure 38 Grain size distribution of annealed SB®es of Y-doped, Sc-doped and undoped BaZdata

extracted from SEM image.

Orientation Imaging Microscopy (OIM) has been usedetermine whether in doped samples
a particular orientation relationship is prefermaer othersFig. 39-c shows that, as expected
for polycrystalline oxides, most of the GBs in batbped and undoped samples cannot be
classified as CSL GBs according to the Brandorian'***. As seen in Fig. 39-d, similar to
most of the polycrystalline perovskite oxitlé8 '3 is preferable over the other CSL
boundaries.

The Y value of CSL boundaries, as well as the misortemtaangle, do not show a notable
difference between undoped and Y-doped Biy.(39-d,e). Here we conclude that although
the presence of dopant at the GB suppresses gmaivthy it does not favor the existence of
specific GB orientations which might be more bleoaki Similar studies on YBZ with
different dopant content and different sinteringud@itions did not reveal any difference in
Grain Boundary Distribution Character (GBDE) !

! The Brandon criterion asserts that boundaries withaximum deviatiom6 = 15°An (n is the CSL index)

might persist as CSL grain boundaries.
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(c) GBDC: Grain Boundary Character Distribution
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Figure 39 Inverse Pole Figure (IPF) map of (a) afew SPS-undoped BZ and (b) annealed SPS-6YBZ; (c)
value of CSL boundaries, (d) Grain Boundary Chamagtlistribution (GBDC) and (e) misorientation angle
annealed SPS 0YBZ and 6YBZ

1.7.6 Effect of Cesum

Investigation of as-prepared and annealed Y-dopedr®, revealed that the GB core is
positively charged and a higher dopant segregapartjally compensating the core charge,
decreases proton depletion and results in higherc@®luctivities. Therefore, introducing
some negatively charged defects with a high tengémcsegregation to the GB core should

increase the GB conductivity of BaZsO
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Increasing Y concentration to more than 20 at.%sdoet seem promising due to defect
association and formation of noncubic phases whigrer the bulk conductivit§ 47 148!
Doping or co-doping of Zr-site with oversized dofgasuch as Gd, Nd and Pr, with a larger
driving force for segregation to the core, can eaa$igher cross substitution of dopant to the
A-site ([D]'a) which creates positively charged species, deesedise amount of oxygen
vacancies and consequently lowers the conductifiboth bulk and GE® 149!

Therefore, we decided to introduce a singly chardepgant to the Ba-site which can, by
segregation to the GB region, lower the positiveecoharge. One candidate was singly
charged C¥ (r = 1.88 A for CN: 12, r = 1.67 A for CN: 6) withsignificantly larger size than
Ba'? (1.61 A). Substitution of Zf by C¢< is prohibited by the Cdarge ionic radius compared
to Zr* (0.72 A). Due to its 15% size excessgLis expected to segregate to the GB core and
lower the positive core charge. Little is known @s-doping in perovskites. Among similar
structures, SrTi@has been doped by up to 20 at.% cesium on thee®Yi.
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Figure 40 XRD pattern of SPS-1 at.%Cs, 6 at.%Y-dopEigure 41 Grain size distribution of annealed Cs-
BazrO; (a = 4.203 A) doped and Cs-decorated samples in comparison with
annealed 6YBZ
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Figure 42 SEM images of annealed Cs doped (topandecorated (bottom) 6YBZ
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mbar)

1.5

1.0

=20



66 Chapter 3

The Cs-decorated sample has an even higher GB ctvithu than the Cs-doped sample,
which can be explained by the higher local Cs cotmaéon at the GB. The effect of
annealing on the GB conductivity enhancement isistent with that in Y-doped BZ(g.

44). Table 6 summarizes the calculated potential barrier ardthwof GB in Cs-doped and
Cs-decorated samples. The Cs-doped as well ascosatied 6YBZ samples exhibit a lower

GB potential barrier than the 6YBZ, and after atingahe barrier is even smaller.
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Figure 44 Effect of high-temperature annealing (TJ20h) on GB conductivity of (a) Cs doped and, @s
decorated 6 at.%Y-doped Baz® wet N, (pH,O = 20 mbar)

Table 6 Bulk and GB potential barrier and GB thieks of as-prepared and annealed samples at 200°C

Sample Do (V) des = 2* (nm)
6YBZ as-prepared 0.68 5.45
annealed 0.49 4.62
Cs-dop. 6YBZ as-prepared 0.58 5.03
annealed 0.48 4.58
Cs-dec. 6YBZ as-prepared 0.56 4.94
annealed 0.49 4.62

The GB potential and thickness are calculated aisguMott-Schottky situation usineg. (14) andeq. (12),

respectively.
*The concentration is not known for the sample dedcalculated numbers correspond to 6 at.%Y.
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The conductivity measurements confirmed the ideaisihg C$ as a negatively charged
dopant which lowers the core charge. Nevertheliss, necessary to also consider other
reasons of GB conductivity enhancement by Cs.

Cs incorporation into the structure as a substih#ti species in Ba-site, creates oxygen
vacancies according to

Cs,0+ Baj, - 2Cs,, +2Ba0O+V, 130
Obviously cesium doping is accompanied by formatéroxygen vacancies, which can be
filled by hydroxide ions and lead to a higher protoconductivity in the bulk and even at the
GB. However, since the bulk conductivity of (Csd)ped sample does not show a notable

increaseftig. 43), this effect is negligible at least for 1 at.% dipant.

—— SPS-6YBZ
—— SPS-Cs decorated-6YBZ
—— SPS-Cs doped-6YBZ
Cs,CO,
-
u T E T E T g T g
600 700 800 900 1000 1100

Wavenumber (cm™)
Figure 45 Raman spectra of cesium carbonate, YdiBp&rG; and cesium containing samples after exposing to
CO, gas at 600°C

The absence of secondary Cs phases at the GB caomptetely be ruled out only by X-ray
diffraction analysis, due to sensitivity limits. Reted proton conductivity of CsOH and other
alkali hydroxide8°" %2 can raise questions about the role of Cs on GBduwctivity.
According to ref!®> %2 the presence of CsOH in the grain boundary corddccause a
drastic conductivity change in the temperature eaafy500-600°C in water and even £0
containing atmospheres. If the conductivity of grlaoundaries is stems from the formation of
a hydroxide phase, a conductivity drop of about drflers of magnitude at around 550°C
during cooling is expect&€d®, which is not observed for Cs-doped and Cs-deedrsamples.



68 Chapter 3

Furthermore, the existence of some residual Cs oangs was checked by Raman
spectroscopy. As the room temperature Raman angetks of CsOH at 3535 &¢h{O-H
stretch vibration) are not very intefiSd, the samples (crushed to powder) were kept at@00°
and cooled down under pure €® form CsCO; which has a sharp Raman line (1040%m
internal bending vibration of G3) at room temperatuf&8”. A Raman spectrum of cesium
carbonate was used as a reference. The samplesseadssl in sample holders with quartz
window for Raman spectroscopy. Raman spectra aldped and Cs-decorated samples have
the typical features of 6YBZ and no Raman line lisavved at the frequency of 1040 tm
(Fig. 45).

To check the stability of GB conductivity, samplesre kept at 700°C for 3-4 weeks under
wet N, and their resistivity was recorde&ig. 46). The conductivity of the initially dry
sample increases after exposing the samples tatmeisphere and then became stable.

In summary, according to the proposed model andlidmuissed effect of dopant segregation
in acceptor-doped BaZg) substitution of B site by C% improves the GB electrical
properties. This can be regarded as a confirmdtinthe suggested mechanism as well as a

practical solution for increasing total conductitf this electrolyte material.

(a) as-prepared-Cs-decorated 6YBZ, T=700°C, pH,0=20 mbar
0.8+

) (b) as-prepared-Cs-doped 6YBZ, T=700°C, pH,0=20 mbar
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1.7.7 Effect of coolingrate

In the previous part, it was shown how the GB proge are influenced by additional
annealing. Now the effect of cooling rate is stddi& the GB conductivity of conventionally
sintered samplesig. 47-a,b shows that GB conductivity in Y-doped and Sc-dopanhples
increases by 2-4 orders on increasing the cooéte (down from sintering temperature) from
50°C/h to 300°C/h, while the bulk conductivity isdependent of cooling rate. Applying
higher cooling rates on 15YBZFig. 48-a) does not show any furthegg improvement. The
GB conductivity after long term measurement undet @onditions at 700°C did not drop and
was still higher than that of the slowly cooled gden(Fig. 48-b). This excludes the possible

effect of some residual stress remaining from rapialing.
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Figure 47 Arrhenius plots of slowly (C50) and rdpi(C300) cooled sample of (a) 15YBZ and (b) 6ScBZ

The lower GB conductivity of slowly cooled ceramibas often been correlated to the
formation of precipitates and/or glassy phaseshatgrain boundary during cooliig %
This however cannot explain the behavior of impufite GBs in the samples studied here

since TEM proved “clean” GBs.
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(a) 15%Y-BazrO,, pH,0=20 mbar (b) 15%Y-BazrO,, pH,0=20 mbar, T=700°C
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Figure 48 GB conductivity of 15YBZ as a function (@) cooling rate and (sample density is indicat@x))

exposure time at 700°C

While the dopant cations are mobile, they follow #guilibrium distribution that corresponds
to each temperature. Below a certain temperatwgectttions become immobile. Thus, the
dopant distribution of all samples is a frozen dapgarofile from some higher temperatures.
This can result in lower dopant segregation foridigpcooled sampld®?4 109 135 136l The
lower dopant segregation, as it was investigatechgoprepared and annealed SPS samples,
leads to a higher proton depletion and lower GBdaativity. Thus, this effect is not able to
explain the enhanced GB conductivity of rapidly ledband quenched samples. Rather the
following explanation is more conclusive.

As it was already mentioned, the conventionallyesgd samples lose a few percent of barium
during sintering. Therefore, the sample, at thedrttie conventional sintering step at 1700°C,

contains a considerable amount of barium vacar{a/gs ) which can play a decisive role in

the defect structure of the GB. One should keepmind that the CS samples have a
significant remaining porosity (typicallp =~ 90%), and that pores are intergranular,
suggesting BaO loss mainly from the GB region. Bonor-doped BaTig) it has been
observed that diffusion of barium vacancies from i the grain is very sl . Thus, the

concentration ofVg, in the GB region of quenched samples is higher. @beumulated

doubly charged barium vacancy can compensate appositive core charge and lead to less
pronounced proton depletion in the GB region. Thensaerable barium vacancy
concentration, which is doubly charged, can expllagnsignificant conductivity enhancement

of rapidly cooled sampleg&ig. 49 suggests a simple schematic of the defect coratentrin
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GB region of slowly and rapidly cooled samples. Migbof Vg, is quite low at 700 °C,
leading to stable GB conductivity values as showfig. 48-b.
As the diffusivity of Vg, is a function of temperatureD(,, = Aexp(-E/kT)), the rate with

which the sample is cooled down and thus the “frepzonditions” are expected to change

the amount and width o ;, accumulation region.

(a) Slowly cooled (b) Rapidly cooled
Core Core

% +
s+ +
T
5 + +
Lg’ Yér Yér
= + ; + :
§ OHg OHg
(O]
= + 4 +
8 Ne— VBa Vll?:a

Figure 49 Proposed GB defect profile for (a) slquagd (b) rapidly cooled samples
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1.8 Effect of reducing conditions on grain boundary conductivity

Investigations on the composition and electricalperties of GBs in acceptor-doped BagrO
revealed that the space charge concept allowsrsodansistent explanation for the blocking
character of GB in this material. As a consequenfca positive charge of core not only
protons also oxygen vacancies are depleted. Nefpitharged defects such as electrons are
expected to accumulate adjacent to the positiviedyged coré® * 1%(Fig. 50-a).
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Figure 50 (a) Space charge model; Electron accationl in space charge layers due to the positieegehof

GB core (b) high population of electrons at low gexy partial pressures

However, due to the low concentration of electrdhis effect is not visible at oxygen partial
pressures of 1 to Tatm ig. 50-b). Thus, if the concentration of electrons is iased by
applying very low p@, the GB should become at least nonblocking or évginly conductive.
As already shown, SPS-6YBZ exhibits an extremetgdagrain boundary resistivity at low
temperatures at pG= 10* atm, which is at low temperatures even difficultb® measured
using available AC-impedance analyzefsg( 51). The bulk exhibits p-type conductivity in
the pQrange of 1 to ~ 1®atm, and at lower partial pressures becomes {&ir 55). At the
lowest possible oxygen partial pressure using CQMRtures, the sample is still in the ionic
regime. To apply even lower oxygen partial pressueelayer of metallic Zr (300-500 nm)

was deposited on the sample. During annealing ungenum at 800°C, the metallic layer
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extracts oxygen from Y-doped BaZyQ( Zr+20) - 2V, +4€ +ZrO, ) and creates
conduction electrons which correspond to produeittier Zi> or Y*2in the system.
(a) SPS-6YBZ T=24°C (b) SPS-6YBZ T=100°C
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Figure 51 Blocking grain boundaries in 6 at.%Y-db@BaZrQ; in dry N, at (a) 24°C and, (b) 100°C, € 30 pF

and Gg = 10 nF.

The annealed sample after removing the oxidizembmium layer, has changed from white to
black due to the high conduction electron concéiomman the materialKig. 52). Similar color
changes are known for reduced Ti#hd SrTiQ, and YSZ after applying a large DC bias.
Reduced samples have to be measured under dryticosd{preferably under vacuum) to

avoid oxidation by water molecule&i}, + OHy — Zr, +1/2H, 1 +Op).

Figure 52 SPS-6 at.%Y-BaZg@a) before reduction (b) after reduction and reimgyhe oxidized Zr layer (c)

after re-oxidation

The AC impedance spectra of the black-reduced samproom temperature ihig. 53-a
exhibit only one semicircle. A second semicirclarst appearing at 250°C and by time
becomes largefFig. 54-b). The capacity of the second semicircle is 2 oradérsagnitude
higher than of the first semicircle {& 10'° F, G, = 10® F). The capacitance of blocking
grain boundaries in SPS-6 at.%Y-Bagn® in the range of 10 nF. The temperature of 250°C
is too low to reach the final equilibrium state aafer more than 100 hours, the second
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semicircle is still increasing slowly. After oxidiy the sample in dry MO, at 700°C, the

impedance spectra of the sample exhibits agairsemacircle and the color of the re-oxidized
sample changes back to whitéd. 52-c). The reduction reaction is reversible and no phas
decomposition was observed by XRD. In addition, @dheealing temperature is too low to
expect cation diffusion (dopant segregation), ttogeethe reduction has only increased the

concentration of conduction electron in the materia

(a) Reduced-SPS-6YBZ (b) Reduced-SPS-6YBZ T=250°C
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Figure 53 (a) Absence of blocking grain boundargeiduced sample (Zr layer : 500 nm) and (b) re-afgee of
blocking contribution with time at 250°C in,\With pO,~ 10* to 10° atm

The extra electrons in the polycrystalline samle play different roles at different locations,
shown inFig. 54. Here extreme cases are considered to verify iboibn of different
mechanisms to the observed single semicircle (6 pR3: Coui):

(1) Vanishing of the blocking GB semicircle could &asie explained by the change of the
bulk to n-type electronic conduction with nonblawgi accumulation layers at the
“perpendicular” GBs still having a positive coreactje Fig. 50-a).

(I1) Similar to (I), electrons are formed inside thaigs, but their accumulation in space
charge zone results in short-circuiting throughashpparallel to the grain boundaries with
high electron concentration. Nevertheless, duehéoréelatively low grain boundary density
(grain size ~ 500-1000 nm), this case is less feba

(111 Accumulation of electrons in the core could forrghty conductive GB cores parallel to
the current while the bulk resistivity remains uaebed. Again, due to the low GB density

this is less probable.
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(V) The absence of blocking GBs can be due to formatiothe electrons in the core and

completely annihilating the positive core chargethis situation, no extra electrons would be
required in the bulk to remove the blocking GB sgroie. Since the measured resistance of
reduced sample is smaller than the oxidized sartipemechanism cannot be the only reason
for absence of blocking GBs in the reduced sample.

Therefore, case Il and 1l has less probability aittier electron accumulation in the space
charge zone (l) or in the core (IV) are regardednast probable; both of which confirms

space charge model.
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Figure 54 Possible locations for produced extratedas in the polycrystalline material

According to equilibrium reaction of zirconium oxitbn (Zr + Q — ZrO,: AG gogec= - 875
kJ/mol), the oxygen partial pressure at the anngaémperature is about ¥Hatm. Therefore,
reducing Y-doped BaZrfusing the metallic layer of Zr can be seen as sixigothe sample
to extremely low oxygen partial pressuresl(*? atm). In addition, using different thickness
of Zr layer allows producing different conductidearon concentrations in the system which
leads to different total resistivity of the sampléie variation in the thickness of film can be
assumed as different oxygen partial pressures, hwbannot be precisely quantified. The
Arrhenius plots of oxidized samples at differentygen partial pressure in the pO

independent regimd-(g. 56-a) show activation energies of ~ 0.65 eV and ~ MIfa bulk
and GBs, respectively. This large B a typical value for ionic conductio/{). On the

other hand, the reduced samples show a very lowation energy below 0.1 e\F(g . 56-b)

which could be assigned to electron migration ea¢bnduction band.
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Figure 55 Conductivity of 6%Y-doped BazZy@t different oxygen partial pressures at 100°C&0@fC, (1), (2)
and (3) are reduced samples using Zr layer of 800, and 300 nm, respectively. All measurements were

performed in dry conditions. It should be mentionkeat at low temperature the samples are not iiliequm

and exhibit a frozen defect concentration from bigiemperatures.
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Figure 56 Arrhenius plots of (a) oxidized sampledifterent oxygen partial pressures and (b) reduzadple

using different thickness of Zr layer
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1.9 Nonlinear electrical propertiesof grain boundary

The electrical behavior of grain boundaries und@-tidas can be used to directly test the
validity of the space charge mod&f®. The simulated dependence of GB conductivity on
DC-bias for a p-type SrTigbicrystal®® is in agreement with actual measureméitsind has
successfully explained the experimentally obserisetiaviour of space charge layers. In
acceptor—doped BaZgDsimilar to other nominally undoped and accepigpetl perovskite
oxide$™, the conduction electron concentration is very e main charge carriers in dry
conditions are holes and oxygen vacancies. Thesniar nonlinear behavior is expected in
this material if a space charge model applies.

The potential barrier at the grain boundary of YZB3; is derived to be in the range of 0.4 V
to 0.68 V. To observe a GB response to the apjiliag, the DC-bias per single GB should
necessarily be comparable or larger than the Gengial barrieP®. A polycrystalline sample
with a grain size of 500 nm and thickness of alfb&Gtmm contains 1000 grain boundaries
and even if a DC voltage of 10 V on the samplepigliad, each GB can only feel only ~ 5
mV which is much smaller than the GB potential igaurin this case, even if a nonlinear
current-voltage behaviour is observed, it canneivowingly indicate the presence of space
charge layers. Recently, Iguchi ef*a?! observed a small decrease of the GB semicircla upo
increasing the AC amplitude up to 2.5 V on a polgtalline sample. Since the applied
amplitude over each GB is lower than 1mV the inmetgdion with respect to GB space charge
zones has to be discussed critically. Applying asomable amount of bias over each grain
boundary becomes possible with (i) using microetetsts and measuring the conductivity of
individual grain boundaries, which requires gralagger than 20um or (ii) preparing a
sample with large grains, containing a few grainrimaries in a reasonable sample thickness
for conductivity measurement in a conventional .cdlhus, it was intended to prepare
ceramics with rather large graing (LO0 um) which allows using microelectrodes of @t

for measuring impedance spectra of individual gkaoaondaries. As a consequence of the bad
sintering properties and of the high melting pooft BaZrO; (2600°C), conventional
preparation methods are not able to produce a makterth sufficiently large grains.
Therefore, the optical floating zone techniqueréiréd Image Furnace), which is commonly
applied to grow single crystals, and features éghperatures exceeding 2800°C, was used to

produce large-grained samples of YBZ.
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During annealing in the infrared image furnacerdhe a temperature gradient from bottom to
top part of the rod. The bottom part has seen thie@mum temperature, very close to or even
exceeding the melting point of BZ, however, the amppart of the rod is annealed at lower
temperatures. This inhomogeneous condition leads diiferent compositions and
microstructures along the rod. X-ray diffractiorabsis, orientation imaging microscopy and
ICP-OES analysis were used to characterize diffgrars of the annealed rod.

Feedrod <«—_ |

pressed rod as feed

grain map

grain map

phase map

[ 20 m |

phase map

T Seed rod

Figure 57 The feed rod pressed in a soft mold usosgtatic press and the sample prepared in imagade.
Grain map and phase map from lower and upper parggiase map green color is Y-doped BazZa@d red area
refers to ZrQ

According to the grain and phase maps showfign57, the bottom part with extremely large
grains contains more than 10% of secondary zircph@se. The large amount of barium

evaporation, which was detected during image fleraamealing, can cause this large amount
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of zirconia phase. The upper parts, annealed arltemperatures, exhibit a smaller grain size
(~ 200um) and a lower amount of secondary phase. A high®s concentration is observed
close to the pores and cracks, which are the avgasnore barium loss. Nevertheless, most
ZrO, (particle diameter: 4-@m) is formed within the grains and the effect dktbecondary
phase on the conductivity behavior of GB can betigd in first approximation.

The bottom part of the annealed sample is crygfadjghically more oriented than the upper
part Fig. 58) and exhibits a smaller lattice constant due temaller amount of yttrium
substitution.

As already shown, the unit cell size of conventilyrsintered Y-doped BaZr§) at least up to
10 at.% Y dopant, increases linearly with dopanbcemtration. Therefore, the yttrium
concentration can roughly be estimated from thectaparameters in the different parts of the
annealed rod. This estimation is valid when latsheinkage due to Y substitution in Ba site
(resulting from BaO loss) is negligible. The ICP-®Ehemical analysis of a middle slice was
in a good agreement with the estimated dopant cdrad@n from unit cell siz€Fig. 59).
This suggests a negligible amount of Y in zircquii@se and indicates that at T = 2600°C not

only barium but also some yttrium is lost by evaion.
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Figure 58 X-ray diffraction pattern of large graample prepared in image furnace, Y-doped Baza@ ZrQ
phases in (a) bottom part and (b) middle part. different peak intensity patterns in YBZ are duehte large

grain size preventing a proper averaging overralingorientations.
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ICP element 6at.%-BaZrO3(Wt.%) Middle-IF(Wt.%) @ Sintered samples
4.215 Ba 487405 455505 A Kreuer 2001
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Figure 59 Unit cell size of Y-doped BazyGn different parts of the image furnace sample parad to
conventionally sintered samples with different dapeoncentration. The table shows the ICP elememtalysis
of 6 at.%Y-doped BaZreand the middle part of the image furnace rod

The slice used for micro-contact measurements, avitimit cell size of 4.1985 A contains about 3 agiium

and the one used for macro-contact bias measursroentains lower than 1 at.% yttrium.

A relatively thin slice (~ 80Qum) of the large-grained sample (bottom part) with grain
boundaries offers the possibility of applying agegtible DC bias over each grain boundary
(up to ~ 2 V per each GB). At zero bias, the impegaspectra exhibit three semicircles,
corresponding to the bulk, GBs and electrode ireoaf decreasing frequengiig. 60). A
DC-voltage of 0.5 to 10 V was applied at each tawpee. The effective bias over one grain
boundar{?® is UsdRee/Nos(Ro+Ree+Reiecioad. Since after applying the first 0.5 V bias, the
electrode semicircle disappears and also bulk tré@sysis negligible compared to the GB
resistivity, the applied bias over each GB is eqodli/Ngg. With the effective bias of about
0.1 Vto 2V, the GB semicircle becomes signifitasimaller.Fig. 61 shows the behavior of
resistance and capacitance with the applied DC &iasvo different temperatures. Bulk
resistance and capacitance are almost unchanged.GBhresistance decreases with the
applied bias and in other words the sample exh#bitenlinear current-voltage characteristic.
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Figure 60 AC impedance spectra of large-grainecedl BaZrQin wet G/Ar under DC bias from 0 to 10 V at
500°C

(a) 600°C, P,,,,=20 mbar (b) 600°C, P,,, =20 mbar
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Figure 61 DC bias dependence of bulk and GB resistand capacitance at (a,b) 600°C and (c,d) 500f&ge

grained sample (IF-YBZ-bottom part) using macrosc@tectrodes
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Furthermore, the GB capacitance is slightly biapedelent. Both effects together can be
considered as an indication for presence of spaaege layers near the crystallographic GB.
One has to note thaisg (no bias) is slightly larger than,Gwvhile according to the brick layer
model a large difference (~y/dgg) would be expected. This discrepancy, which isanor

pronounced for the bottom part, might be due toptfesence of some cracks.

1.9.1 Electrical propertiesof individual GBsin large grained sample

The achieved large grain size of about a@0in the image furnace sample is very suitable for
investigating individual grain boundaries by miaratact impedance measurements.
Applicability of microelectrodes for grain boundarmharacterization in polycrystalline
ceramics, its potentials and limits have been diyagiscusséd” **°. This method has the
advantage to assess electrical behavior such sslegendence of individual grain boundaries.
It needs to be considered that when a few GBs aighrmmore blocking than the others, they
may appear as “normal blocking” GBs due to curréetour. Also there is an inherent
uncertainty in the estimated GB area since onlydtwss-section of the surface is visible.
Therefore, one should be cautious about correlgtexgicular orientations of GBs to their
electrical properties.

The applied microelectrodes of aéh diameter inside the grains and Pt/Ir tips fortaoting

the microelectrodes are shownFig. 62.

Figure 62 (a) Grain map combined with SEM imagena€roelectrodes and (b) positioning the tips on

microelectrodes under the optical microscope irdaativity measurement setup.

Each AC-impedance spectrum inside a grain exhdoly one semicircle assigned as bulk
contribution. The spectrum measured across a Gibixtwo semicircles from high to low
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frequencies for bulk and GB, respectivelfiyg. 63). The Bode plotsKig. 63-b) clearly show
the difference between the two measurements irsideain and across a GBig. 64-b,c
displays resistivities obtained by measurementslenthe grains (B and across the GBs {R
and R) at different locations. The resistivity of thest semicircle measured inside the grains
is comparable with the first semicircle from theas@rements across the GBs. Although there
is a slight scatter in the data, the GB resistjvishich is significantly (1-2 orders of

magnitude) higher than bulk, can be recognized.
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Figure 63 AC impedance spectroscopy using micrereldes inside and across a GB (a) Nyquist andB@ue
plots at 700°C

As expected due to the different activation energtee difference between bulk and GB
resistivity at 500°C is higher than at 700°C.

R,, assigned asdg, shows a relatively smooth distribution which,itawas mentioned, does

not exclude the possibility of some particularlsosgly blocking grain boundaries. The bulk
and grain boundary conductivities were calculatsidgr” *>°

6. =1 131
bulk Rl d
yCOrI’.E
Ogp = —20— 32
® f.R,C, (52

where R and R are the resistivities of first and second semiescd is the microelectrode
diameter (2Qum) and G is the capacitance of second semicirgiarfdy..r are the correction

factors due to the contribution of neighboring Gfs the resistance and capacitance,
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respectivelyAs long as GBs are strongly blocking,dan be regarded as ke depends on
the microstructure of the sample and according ¢6™f! a value of 3 has been taken here

for yeor

(b) T= 500°C, Ar
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Figure 64 (a) Grain map of image furnace sampleldieislice); circles show the place of microeled&® and
numbers are the locations of conductivity measurgsndresistivity of first (R and second (ff semicircles at
(b) 500°C and (c) 700°C

In order to demonstrate the applicability of thetimoe for polycrystalline Y-doped BaZgO
the estimated bulk and grain boundary conduct@itgt their dependence on temperature were
compared to the macroscopic impedance spectrosdatsy of the sampleF{g. 65). The
average bulk conductivity is very close to the mead conductivity of IF-YBZ using
macroscopic electrodes in the conventional sampldeh. The activation energy is also
comparable to that of the bulk of polycrystallined¥ped BaZr@ The lower bulk
conductivity of the large grain sample, in both micand macro- electrode measurements,
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compared to polycrystalline 6 at.%Y-BaZzr@s due to the lower effective yttrium
concentration in IF-YBZ (lower actual Y, and pos$gisomeY;,).

Lacking a reliable ¢ the specific GB resistance for the macroscopi@suement is
approximately calculated fromdg, an assumed number of 20 GB within the sampldieiss

of 2 mm and the total GB depletion width of 20 nistirmated from the microcontact
impedance. As shown iRig. 65, the average conductivity and & GBs from microcontact
measurements are comparable with the values oldtayenacroscopic electrodes.

The relatively high resistivity of bulk and graimundary, the reasonable bulk conductivity
values and activation energies that are comparbl¥-doped BaZr@ indicate that the
microcontact measurements are not affected by fyhipnductive surface lay&t® or even

artifacts from e.g. incomplete etching of the Relain the lithography process.
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Figure 65 The average conductivity of bulk and Gfng microelectrodes in comparison with the meaur

data on large grain sample (IF-YBZ-middle part: @ thick) using macroscopic electrodes and CS-6YBZ

As a next step, the DC-bias dependencies of butk gmain boundary resistivities were
investigated. As the potential barrier at the gtamndary of Y-doped BaZr{Qs about 0.4-
0.68 V, applying a DC voltage of 0.1-1 V is suféiot to change the defect distribution near a
single grain boundary. While the electrode semligiis negligible in the microelectrode
measurements at 700°C, it makes a contribution eoeapto the GB semicircle at 500°C

(even with a rather similar capacitance due tdfaleethat only a single GB is measured). The
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comparison with the image furnace macroscopic sarspbws that the electrode semicircle
decreases much more strongly under bias than thee@tcircle. On applying a DC bias of

0.2 V, the electrode semicircle disappe&ig.(66) and the grain boundary semicircle shrinks.
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Figure 66 Impedance spectra and bias dependersezofid and third semicircle across a grain boundary
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Figure 67 (a) Resistance of bulk (solid symbolg) grain boundary (open symbols) and (b) GB capasty
function of DC-bias at 500°C, collected from twocnaielectrodes in neighbouring grains.

The bulk semicircle is very small compared to GHB does not change perceptibly with the
applied bias. The DC-bias dependence of bulk aathdyoundary resistances for different
grain boundaries is plotted iRig. 67-a. The bulk resistance remains unchanged with the

applied bias; however, grain boundary resistanpewids considerably on the applied DC bias.
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C,, assigned as GB capacitance, moderately decregtbeapplied DC-biagFig. 67-b). This
decrease is observed for most of the measuremiediffesent measurement positions. Due to
difficulties in finding suitable microelectrodes camther practical limitations there are not
sufficient data to give a statistics, but the ressyrovide enough confidence about the
electrical behavior of GBs in response to the a&gpDC-bias.

The nonlinear I-U character of GB has been atteddub either existence of a secondary layer
at the GB or presence of space charge 1&ef8 %, It was however assumed that when
insulating layers have a bias-dependent resistatitehe capacitance should remain constant

with the applied bias. Whilst, in case of spaceghdayers, the capacitance changes with the

applied biak®? 163!
(a) - (b)
. no bias
no bias d o4
B GB H i GB 1
> E.
N @3
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B I B > X
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Figure 68 Band structure model for a grain boundajywith and (b) without interface state effectairp-type
semiconductor for zero bias and an applied biassadhe GB; E E, and E are conduction, valence and Fermi
energies, respectively. w is the width of GB conel &g refers to the total width of GB (core and depletio

layers).

The Schottky mod&f* ***lwith and without interface state effect is diseub$o explain the
GB electrical properties, in particular capacdlY-doped BaZrQ@ with the applied bias. Fig.

68-a shows the band structure of a 8B %4 with some occupied interface states which are
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bias dependent. On the other halfidy, 68-b shows the GB band mo&& when the interface
states are completely unoccupied and thereforanteeface charge is independent of the
applied bias.

In the model with interface statdsig. 68-a) and within the thermionic emission mechanism,
the hole current density (j) across the GB canxpeessed by

—  Y1-ex 1 —dc
kT ) Pt kT

where for p-type semiconductorg-Ey = kTIn(Ny/Na). A* is a constant which depends on

j= AP expe T ) (33)

the effective mass of the material, i acceptor density and,h the effective valence band
density of states. One should note that the difftision model of transport in space charge
zone$? is closer to the behavior of perovskite oxidesnthizermionic emission. Since the
resulting current mainly differs in a temperatuspendent prefactor, at a constant
temperature the general trend would be the same.

The nonlinear current-voltage behavior at a givemperatureKig. 69) can be decomposed
into three regimé¥* 1¢°

() For low voltage (1-exp(-gkd/kT) =~ qUs/KT), @ is constant and j shows an ohmic behavior
with applied bias according to

O+EF_EV)(_

(0]
i=A T? exp-
: exp KT KT

)=aUge (34)

(I At intermediate voltage (1-exp(-gWkT) = 1), @ is constant and j is independent of the
applied bias and exhibits a quasi-saturated behaViuis region becomes less visible by
increasing dopant concentration and disappearngimyndoped materials.

j = ADT2 exp(—%) (35)

(1 At sufficiently high voltage (1-exp(-gk¥/kT) =~ 1), the potential barrier decreases
according to

1 U, 2
d(U) = 2 Uo[l—U—”']2 whereU, = 2ss?<'qN0 (36)
0

This drop of the barrier is accompanied by a rapidease in current according to

i=AFT? exp(
] p( T

) (37)

The applied bias (k) brings the Fermi level in the GB core closerhe valance band edge
(Fig. 65-a) and thus increases the interface charge {[is increases the total width of the

depletion zone (d%s) as d%ss= Q/gNg™®® "1 Such an increase in depletion width decreases
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the capacitance. The relation between capacitadyear(d applied bi&$® can be expressed
as

(l_ 1 )2 = 2
C 2GC, geggNg

(Py+U) (38)

_ g8y _ £8¢0QNg
d(D;\‘B Qi 2<:DO

egoN
Co _(q 00,112 (39)

This condition holds below a certain bias, in whilbh hole interface states play the dominant
role and electrons as minority carriers can beeuwgtf*.

The other transport mechanism through the barseelectron tunneling. The tunneling
current”® depends also on the applied voltage accordingptadf-Nordheim equation (j =

AU? exp(-BD*? /Uy0). However, at high temperatures this mechanisnmegligible for

oxides' 174

doping levay

Udc

Figure 69 Current-voltage curves for different levef doping density, simulated by Pike and Se&ger

In the model without interface statdsd. 68-b), the nonlinear GB conductivity is similarly
described in terms of lowering the barfi#f. In this model, the interface charge is assumed to
be constant and one would expect a DC-bias indegeradpacitance for GBs. In spite of that,
the simulation of charge transport across the dgraimdaries in p-type SrT#3® revealed a
bias dependence of GB conductivity and capacitamea with constant interface chardeg

70-a). The simulated space charge dendtig.(70-b) shows that at intermediate voltages for
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which the conductivity increases (varistor behar)othe total thickness of depletion layers
does not change. Only toward higher voltages, themplete depletion of oxygen vacancies
and the resulting increase of space charge deplatidth, leads to a lower GB capacitance.
The experimental data on SrEicrystal$®® also show a moderate decrease of GB

capacitance with applying DC-bias in the range.&ftd 0.3 V per GB.
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Figure 70 Simulated DC-bias dependence of (a) GRlgctivity (b) space charge potential density arggen

vacancy concentratifl

Hopping process as in insulating secondary layerGE can also cause a bias-dependent
behaviol*”®. Applying DC bias lowers the hopping barrier adiagle particle transfer to the
neighboring site byA®/2. The hopping current according to the ButleriWet equation is
expressed as:

. , ZeAD, AP
J—A[exp( KT ) exp%)} (40)

For small Ad/2KT values, current is bias independent ldagzie/2kTA® (ohmic behavior)
and for larger A®/2kT values, where [jJ exp(ze\®/2kT) a nonlinear I-U character is
observed.

In conclusion, the DC-bias dependence of GB cornticin Y-doped BaZrQ very strongly
indicates the presence of space charge depleti@rslaregardless of the role of interface
states. The DC-bias dependence of the capacitaxcdades any possible nonlinear I-U
characteristics due to an intergranular phase, twlscinconsistent with the clean GBs

observed by TEM measurements.
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1.10 PLD thin filmsand grain boundary properties

The grain boundary resistivity of a polycrystallisample is an average value including a
variety of grain boundaries. To correlate the grhaoundary characteristics and electrical
properties it is necessary to investigate a siggén boundary. The high melting point of
BaZrG; restricts preparation of a well-defined bicrystdbwever, bicrystalline substrates can
be used to produce single grain boundaries betwpitaxial BaZrQ films. To reproduce the
same pattern as the substrate, with two well-ddfingentations, first the conditions of
growing an epitaxial layer were optimized.

Growth conditions of epitaxial Y-doped BaZyr@nd SrZrQ films have been reported in some
referenced’**%? however nominally identical PLD conditions oftgielded different results.
Fig. 71 shows conductivity measurements on 20 at.% Y-ddpeedrQ; films and compare
them with the bulk conductivity of a sintered palystalline sample. There are significant

discrepancies in the absolute values as well aadtneation energies.
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Figure 71 Conductivity of 20 at.%Y-doped Bazrhin films (1) epitaxial PLD on MgO wet 4%, (2) epitaxial
PLD on MgO in wet N*¥%, (3) polycrystalline PLD on MgO in wet &%, (4) polycrystalline PLD on Y-doped
BaCeQ in wet B8 (5) polycrystalline PLD in wet dif, (6) PLD on silicon in wet M, (7) polycrystalline
CSD (Chemical Solution Deposition) on silicon intw®!**? and, (7) bulk of sintered pellet in wet conditions

In this thesis, BasssY 15035 thin films were deposited on single crystal MgQiLO
substrates by pulsed laser deposition (PLD). Thoal dattice match between BaggY 0.1:03
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(a=4.20 A) and MgO (a = 4.21 A) is essentialdpitaxial growth. The deposition conditions
for PLD thin films are described ihable 7.

Table 7 PLD conditions for thin film deposition

Film Target Nominal thickness Tsypstarte pO, Energy per
A (°C) (mbar) pulse (J/crf)
PLD-15Y-1 SPS-15YBZ 1000 750 10 1.6
PLD-15Y-2 SPS-15YBZ 3000 750 10 1.6
PLD-15Y-3 SPS-15YBZ 6000 750 10 1.6
PLD-15Y-4 SPS-15YBZ 10000 750 10 1.6
PLD-15Y-5 SPS-15YBZ 10000 650 10 1.6
PLD-15Y-6 SPS-15YBZ 3000 750 10 3
PLD-15Y-7 SPS-15YBZ 3000 600 fo 3

X-ray diffraction patterns of the films (and sulasé) are shown ifrig. 72 (intensity in log
scale to emphasize impurity phases if present).Alli2-15Y-1 and PLD-15Y-2 samples are
single oriented (100) and PLD-15Y-1 contains a $aralount of ZrQ. The (100) peak of the
two samples is compared to the peak position ofdahget (15 at.% Y-BaZr§) in Fig. 72-b.
The PLD-15Y-1 peak is shifted to lowef Zalues, but the (100) peak of PLD-15Y-2 is
shifted to the higherRvalues. The peak shift here can be representatistain effect and/or
different lattice size. Since the lattice const@inMgO is slightly smaller than that of 15 at.%
Y-BaZrO;, elongation of the YBZ unit cell perpendicular ttte interface seems possible,
combined with a compressive strain in lateral dioecwhich shows up as peak shift to lower
20 values. On the other hand, the smaller unit ée# sf PLD-15Y-1 can be due to higher
barium loss, yttrium substitution in A-site andtilz¢ shrinkage. The rocking curves of PLD-
15Y-1 and PLD-15Y-2Kig. 72-c,d) for the (100) reflections represent a slight d&on from
perfect epitaxial structure. The rocking curve &fDP15Y-2 shows peak splitting, but the
FWHM is smaller than PLD-15Y-1. Increasing the filimckness to 600 and 1000 nm in
PLD-15Y-3 and PLD-15Y-4, at the same oxygen paprassure, substrate temperature and
energy, forms multi-oriented films with higher anmbwof zirconia secondary phase, most
probably due to longer deposition time leading tghlr barium loss. Deposition on the
substrate at lower temperature (650°C) leads taabsence of zirconia, but the film (PLD-
15Y-5) is multi-oriented. The film grown with high@ulse energy (PLD-15Y-6) is single-
oriented. At a pulse energy of 3 Jfcand higher p©(102 mbar), growing an epitaxial layer
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with lower substrate temperature (600°C) becamesibles (PLD-15Y-7). Later the
conductivity measurements show that obtaining atalpgraphic single oriented film does
not give the expected bulk conductivity and otharameters like actual composition and

strain might play a decisive role in the electrigedperties of thin film.
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Figure 72 (a) X-ray diffraction pattern of thinrfis, (b) peak shift of PLD-15Y-1 and PLD-15Y-2, ko curve
of (c) PLD-15Y-2 and (d) PLD-15Y-1
* The BaZrQ peaks are assigned according to JCPDS 01-074-1289JCPDS 06-0399 does not assign the
peak at B = 67.098 for (300).
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The pole figure and orientation map of PLD-15YFlg 73) confirm the single oriented YBZ
film. The OIM analysis has the advantage of colfectlata from a depth of less than ~50 nm,

but secondary phase grains smaller than 80 nm therstudied by this method.

(c)

max = 39.388

Figure 73 (a) A typical indexing of the EBSD patter(b) pole figure (001) and (c) orientation mapérse pole
figure) of PLD-15Y-1

The chemical composition of the films was measimeXPS from an as received sample and
after ion beam sputtering (Arl min.). The results on as received and sputtsa@aples do
not show any significant changes (apart from ahslogirbon contamination on the as received
samples). The quantification results on sputte@daces are summarized table 8. XPS
data indicate that all the films are Ba deficientlahe dopant concentration is close to the
nominal composition. According to the literattifé ®¥! the Ba content of Bazrfilms is a
function of pQ, Tsupstrate deposition time (film thickness) and energy. TXRRS data on the
films investigated here do not show any simple elatron between Ba concentration and
PLD conditions.
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Table 8 Chemical composition of thin films by XPS

Thin film Ba Zr Y

PLD-15Y-1 (sputtered) 0.79 0.84 0.16
PLD-15Y-2 (sputtered) 0.66 0.83 0.17
PLD-15Y-3 (sputtered) 0.87 0.83 0.17
PLD-15Y-4 (sputtered) 0.63 0.82 0.18
PLD-15Y-5 (sputtered) 0.63 0.84 0.17
PLD-15Y-6 (sputtered) 0.63 0.84 0.17
PLD-15Y-7 (sputtered) 0.73 0.83 0.17

AC impedance spectroscopy was performed in thelanep direction using sputtered Pt
electrodes. The impedance spectra exhibit one sefeiqFig. 74) assigned as the film

resistance in parallel to stray capacitancg4C 1 pF). The resistivity of these films in wet
conditions is remarkably higher than in dry atmaeseh which indicates the existence of

proton conduction in the films.

(a) PLD-15Y-1 0.g () PLD-15Y-2
e dryN, o dryN,
| —A—wetN, e o A—wetN,
—— FitResult *R-63Ga / R=19GQ
/' C=14pF
o
G
O y
g _04 - .
N
°
[ ]
® 100 Hz
4 R=0.16 GO
A
ie‘ ‘*{ C=14pF
T 0.0 T 0 T y T
40 0.0 0.4 0.8
z../Ga z .16Ga

Figure 74 AC impedance spectra of PLD-15YBZ filoefore and after hydration

The Arrhenius plots of the films in wet conditioage shown irFig. 75. The conductivity of
the films is more than 2 orders of magnitude lotiran the bulk of a polycrystalline sample.
The activation energy of PLD-15Y-2, 3 and 4 (~ 6\§ is close to the bulk value (~ 0.4 eV),
but the activation energy of PLD-15Y-1 (~ 0.88 eWich is epitaxial according to XRD, is
high and close to the GB activation energy. Thé kigtivation energy in Y-doped Srzf&°
thin films has been attributed to the existencegodin boundaries between columnar
crystallites despite the overall epitaxial charaocté the film. On the other hand, the
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conductivity of epitaxial YBZ films (thickness 110 nm) in ref*®” is only ~ 2 times higher
than of multi-oriented films (thickness450 nm) and activation energies are similar. This
be either due to presence of GBs in the epitaaigd or high conductivity of GBs in multi-
oriented films.

The change in conductance (1/R), conductivity §énd activation energy fEof the films
grown at the same conditions (PLD-15Y-1, 2, 3 apdsta function of thickness is shown in
Fig. 76. The films of 100 and 300 nm are strongly textuaed the 300 nm film shows a
significantly higher conductivity. This sample elit$ a shift to higher@values in the XRD
pattern. The thicker films (600 and 1000 nm) ardtirauiented and their lower conductivity

can be explained by presence of some domains isetingle.

T/°C
800 600500 400 300 200 100
T T T T T T T

= PLD-15Y-1
A PLD-15Y-2
® PLD-15Y-3
¢ PLD-15Y-4
PLD-15Y-5
e PLD-15Y-6
® PLD-15Y-7
—— bulk
- - - specific GB

log(To / Scm™'K)

1.0 1.5 2.0 25 3.0 3.5
10007/ K

Figure 75 Arrhenius plots of PLD-15YBZ films in W, (pH,O = 20 mbar) compared to the bulk conductivity
of 15 at.%Y-doped BZ

As mentioned, the low conductivity of thin filmsrcée due to presence of blocking GBs
which cannot be distinguished by impedance speximsdue to the geometry of the films.
A rough estimation shows that the capacitance egttitaxial film with 100 nm thickness {C
= geA/lL = £04010mm100nm/Imm=~ 10*® F) is much smaller than the typical stray
capacitance (~ I8 F), thus the measured capacitance is not the\rille Fig. 77-a). In a
polycrystalline film the GB capacitance isgC= Cydy/dcs = 10'*1000nm/1nm) about 15F.
Therefore, both bulk and GB capacitances are smihiém the stray capacitance (~'10)

and a separate GB semicircle does not appear imihedance spectr&iQ. 77-b). A similar
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estimation shows that in the case of one singleiGBie film deposited on bicrystal, the
capacitance will be (& = e A/L = £¢-40:10mm100nm/1nm) ~ 18° F which is larger than
the stray capacitance. Therefore, there is a higlnae to measure the resistance and

capacitance of well-defined GBs on the bicrysthisstateskig. 77-c).

(a) 15YBZ, pH.0=20 mbar, T=300°C (b) 15YBZ, pH,0=20 mbar
. 124 ~@ Dry-15YBZ
) A 160x10 A O Wet-15YBZ
2.0x10°1 n -
. T_ =750°C
A 1.0+ P_=10* mbar
S 7406107 =0 Jiem?
) N > -
o] / A n-___ . £ > a
< 1.0x10° 4 g SeSSEL L 3 =
> ’ ~ w 084 @
{2.0x10° © \
i o\
0.0 ‘I 0.6 @
[ ] 40.0 D\D
T ——m0O
200 400 600 800 1000 200 400 600 800 1000

Thickness / nm Thickness / nm

Figure 76 (a) Conductance and, (b) activation gnefghin films (similar deposition conditions) asfunction of

thickness

The conductivity measurements showed that the esiogénted PLD-15Y-1 and PLD-15Y-2
films exhibit different resistivities. TEM invesatjons were performed to resolve any
difference between the films, in particular pregent GBs, different interface features and

inhomogeneous composition.

(a)

Figure 77 Simulated impedance spectra for (a) ataegl layer, (b) a polycrystalline layer (withtéal grain
size of 1000 nm) and, (c) a bicrystal layer in aamal with highly blocking GBs measured in a ogith stray

capacitance of 1pF.
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The cross-sectional structures of the PLD-15Y-1 &hdD-15Y-2 films are shown in the
bright field TEM images-ig. 78. The two films exhibit an epitaxial structure, amal GB, in-
plane as well as columnar, is observed in the nurmbieages from different parts along the
FIB sample. The thickness of films is slightly stealthan the nominal value and no extra
features (amorphous phase, interface roughnessyplmerved at the interface of film and
substrate. The line scan EDXS-TEMig. 79) does not show any significant change in the
cation concentration across the film thicknessRbbD-15Y-1 and PLD-15Y-2. The absolute
values obtained by EDXS are not consistent with XS results Table 8). Without a
standard sample it is difficult to decide about éxact composition of films and the XPS and
EDXS data can only be used for a comparison betweefilms.

A closer look at the interface using high-resolnticEM is given inFig. 80. These images do
not show a difference between the two films, araagin of highly oriented YBZ film on the

MgO substrate is clear.

PLD-15Y-1

PLD-15Y-1

\

PLD-15Y-2

PLD-15Y-2

Figure 78 TEM bright-field image from cross-sentaf PLD-15Y-1 and PLD-15Y-2
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(a) PLD-15Y-1
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Figure 79 EDXS-TEM line scan on (a) PLD-15Y-1 dh§iPLD-15Y-2

PLD-15Y-2

PLD-15Y-2
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In the end, the growth conditions of PLD-15Y-2 werdected to apply an epitaxial layer on
different bicrystal substrates. Preliminary condugt measurements on the two thin films
applied on the selected bicrystal substrates dicshow a considerable difference. However,

the low angle or non-CSL grain boundaries mightsddferent blocking behavior.
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Conclusions

The present thesis deals with the origin of thehhggain boundary resistance of proton
conducting oxides, specifically for BaZgOrhe study of hydration behavior, composition and
structure of grain boundaries revealed that weakdiion of GBs and secondary/amorphous
phase at the GB plane do not have a notable catitibto the blocking character of GBs in
this material. Also, for the majority of GBs in a@lpcrystalline ceramic, the details of the
crystallographic misorientation between the gradesnot significantly affect the low GB
conductivity.

On the other hand, segregation of negatively clthidgpant cations to the GB core and

neighboring space charge zones considerably entaineeconductivity of GB. The effect of

dopant enrichment osgg as well as electrical behavior of GB for differeobling rates ¥,

segregation) suggested the existence of a positthelrged GB core. The excess charge leads
to depletion of positive charge carriers, (protdrades and oxygen vacancies) in space charge
region.

This picture was confirmed by reducing the sampla tegime where electron conduction in
the GB region becomes decisive and electron acatmonl(may be combined with a decrease
of the positive core charge) leads to disappearahttee blocking GB character. Furthermore,
the nonlinear electrical properties of GB under Bis, in particular the decrease of GB
resistance as well as of GB capacitance with applims, give direct evidence for the
formation of depletion layers near the GB planeudiithe GBs in acceptor doped BaZrO
exhibit a similar behavior as in acceptor dopediSgTvhere the space charge model could be
studied in great details using bicrystal samples. IBw-angle GBs in SrTi® bicrystals,

oxygen vacancies appear as regular structure miotife GB core to avoid too close contacts
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between certain oxide ions. A similar intrinsicgani for the positive core charge in acceptor
doped BaZr@may be relevant here as well.

In summary, the present study on GB of BagZo@rified the major contribution of charged
core and related space charge layers to the blgpaharacter of the GB. This phenomenon,
which is closely coupled to the composition of grand grain boundaries, determines the
defect structure and consequently electrical anigtishg properties of GB.

Based on these findings, a deliberate substitudfoihe Ba site with the relatively large Cs
cation with expected high segregation tendency watertaken, and indeed improved GB
conductivity.

These strategies show how to modify acceptor-doBedrO; and also other proton
conducting ceramics to render them as suitablel sddictrolytes for intermediate temperature

fuel cells or related applications.



Abbreviations and Symbols

List of Abbreviations

AC
BET
BZ

CS
CSL
C50
C300
DC
EDXS
EELS
FIB
GB
GBs
ICP-OES
IF
IF-YBZ
OIM
PLD
ScBZ
SCCM
SEM

alternating current
Brunauer-Emmett-Teller method
BaZrG;

conventionally sintered

coincidence site lattice

cooling rate of 50°C/h

cooling rate of 300°C/h

direct current

energy dispersive x-ray spectroscopy
Electron Energy Loss Spectroscopy
Focused lon Beam

Grain Boundary

Grain Boundaries

inductively coupled plasma- optical emisspectroscopy

image furnace

image furnace Y-doped BaZgO
Orientation Imaging Microscopy

pulsed laser deposition

Sc-doped BaZrO

Standard Cubic Centimeters per Minute

scanning electron microscopy
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SESAM Sub Electronvolt Sub Angstrom Microscope

SOFC solid oxide fuel cells

SPS spark plasma sintered

TEM transmission electron microscopy

TG thermogravimetry

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

YBZ Y-doped BaZrQ

List of Symbols

C capacitance

Cp bulk capacitance

Ces grain boundary capacitance
dg grain diameter

dcB grain boundary thickness

Ea activation energy

Dy space charge potential barrier
A Debye length (eq. (11))

A thickness of space charge layer (eq. (12))

Q constant phase element

R gas constant

R resistivity

Rp bulk resistance

Res grain boundary resistance

o electrical conductivity

Ob electrical conductivity of bulk

OcB electrical conductivity of grain boundary
OGB,sp specific electrical conductivity of GB

Udc DC bias
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