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Abstract

Ceria is a model system for oxygen ion conducting ceramics of the cubic fluorite structure,
in which grain boundaries are known to limit the overall ionic conductivity of polycrystals.
Measurements of grain boundary segregation of the aliovalent dopants Gd** and Ta®*
in heavily doped ceria have been made using a Vacuum Generators HB603 scanning
transmission electron microscope (STEM). Space charge models both at the dilute limit,
and with a limited site density at the interface, have been applied. In addition, a number
of adsorption models have been considered.

The segregation isotherms of singly doped compositions allow one to determine the
majority driving force for Gd** and Ta%*ions in ceria. Gd®*segregation is driven primarily
by electrostatic interactions as described by a limited-site space charge model which
explicitly considers the site density available at the interface. Ta®* segregation in ceria is
primarily associate.! with adsorption effects due to elastic strain relaxation.

From the singly doped compositions one cannot determine whether a space charge
exists in Ta%" doped ceria, nor the contribution of adsorption to Gd** segregation in ceria.
In co-doped samples, it becomes possible to study co-segregation effects between Gd**
and Ta®*, as well as the minority segregation driving force(s). Specifically, by changing
the lattice defect chemistry, the space charge potential ¢, changes, allowing for the
separation of electrostatic and adsorption driving forces. Ta5* segregation was signifi-
cantly depressed in co-doped compositions, indicating a negative cosegragation effect of
Gd3* ions on Ta%* ions in ceria. Gd3* segregation was successfully modeled by a limited-
site space charge model. Ta%* additions did not affect the level of Gd®* segregation in
co-doped ceria.

Grain boundaries observed with HREM in Ta%" containing ceria often contained an
amorphous siliceous phase, while all boundaries observed in Gd** doped samples were
free of secondary phase. The solubility of Si in ceria is strongly influenced by aliovalent
dopants. Amorphous intergranular silicate films were observed in Ta’* doped ceria with



less Si impurity than Gd** doped samples which were film-free. The adsorption of Ta’* to
the grain boundary core promotes the formation of Si containing amorphous films. Gd**
segregation in a space charge does not.

Confirmation of a space-charge in acceptor-doped ceria allows for the explanation
of grain boundary blocking effects in materials without amorphous intergranular films.
Acceptor-doped fluorite structure oxides will have grain boundaries with a net positive
charge balanced by a negative space charge layer. Positively charged defects such as V§
will be depleted in the near grain boundary space charge and it is proposed that this
depletion is responsible for the blocking nature of grain boundaries in fluorite structure
oxides.

Thesis Supervisor: Yet-Ming Chiang
Title: Kyocera Professor of Ceramics
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Chapter 1

Introduction

Cubic fluorite structure oxides are prototypical oxygen ion conductors with applications
as oxygen sensors, oxygen separation membranes and as the solid electrolyte in solid oxide
fuel cells (SOFC’s) [1-3]. The most widely used and studied fluorite structure oxide is
cubic stabilized zirconia (CSZ). 8-15 mole percent of lower valence cations such as Ca?*
or Y3* added to pure ZrO, stabilizes the cubic phase to room temperature and leads to
high oxygen ion conductivity due to oxygen vacancy compensation of the dopant.

Grain boundary segregation of dopants influences a number of the structural and
functional properties of fluorite structure oxides. Grain growth studies in ceria have
shown that segregation of a;liova,lent dopants leads to a reduced grain boundary mobility
[4-6]. Impedance measurements have identified a high resistivity layer existing at the
grain boundaries in CSZ [7-9]. This “grain boundary effect” is a limiting factor in the
practical application of CSZ as an oxygen conductor and may be related to the spatial
distribution of defects near the grain boundary as well as the existence of thin glassy films

surrounding the grains. As in zirconia, the grain boundaries in ceria-based electrolytes

are known to be electrically blocking [10-18]. It has been suggested that the blocking

13



14 CHAPTER 1. INTRODUCTION

behavior is due to impurity segregation [9,11-13,15).

A number of semiquantitative studies »f hoth surface and grain boundary segregation
of dopants in cubic fluorite oxides have been conducted using a variety of techniques
[6,19-26]. The majority of the data so far reported have been obtained using surface
science techniques applied to polycrystalline fracture surfaces. The observed segregation
of aliovalent solutes such as Y®*, Ce®*, Mg?*, Sc®*, Sb3*, and In®** has been attributed
to space charge effects [5,21, 23], adsorption [22,26] and cosegregation with a Si-rich
impurity phase [24-26]. Segregation to surfaces and grain boundaries in polycrystalline
samples [5,19-22] as weil as at single crystal surfaces [23] has been observed. Recent
low energy ion scattering (LEIS) results on Gd?* doped ceria have established that Gd**
segregation in heavily doped ceria occurs in approximately the first 5 monolayers {19)].
Hwang and Chen ohserved that grain boundary segregation in Ce-stabilized tetragonal
zirconia differed depending on ihe relative charge of the dopants, providing evidence of
segregation driven by electrostatics [5].

The most quantitative study to date of grain boundary segregation in fluorite struc-
ture oxides is the work of Aoki et al. [9]. They correlated Ca and Si grzin boundary
segregation with grain boundary impedance in high purity Ca-stabilized zirconia. Mea-
surements of Ca and Si grain boundary coverage were made using scanning transmission
electron microscopy (STEM). It was found that the boundary impedance varied with
the combined coverage of Ca and Si at the boundaries. No amorphous silicate films
were formed due to the extreruely low level of silicon impurities in the bulk (< 80 ppm).
Decreasing the grain size lowered the total grain boundary coverage of Ca and Si and
led to lower grain boundary impedance. Cosegregation of Ca and Si was observed. Ca
segregation scaled with Si segregation so that the composition of the grain boundary was

~ SizC&307.
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Zirconia is a difficult material in which to study equilibrium segregation over a wide
dopant concentration range, due to the existence of multiple phases, especially at low
doping levels. In multi-phase materials the excess segregating to an interface will in
principal be different for each phase. Ceria, on the other hand, maintains the cubic
fluorite phase over a wide range of doping. A number of solutes such as the rare earths
and yttrium [27-29] are highly soluble. Cation diffusion is very slow below 1000°C [28],
allowing the high temperature cation distribution to be observed in quenched samples.
The defect chemical model of ceria has been well established in the litcrature [10,30-34).
Furthermore, results obtained in ceria can have impact on its technological uses as a low
temperature solid oxide fuel cell electrolyte and as a redox catalyst [3, 35-37).

In this work, I examined the segregation behavior of the aliovalent solutes Gd3* and
Ta® in ceria, as a model for heavily doped fluorite structure oxides. Gd®* doped ceria
has been extensively studied as an electrolyte in low temperature SOFC’s [2,38-41], and
the bulk defect chemistry is particularly well understood (10,30-34,42-45]. Because Gd**
is highly soluble in ceria and the size misfit of Gd, is smali, non-electrostatic contribu-
tions to segregation are minimized. Ta’* was chosen as a representative donor due to the

availability of literature data on the defect chemistry [46,47).

The samples fabricated for this study represent a wide lattice defect chemistry regime.
Using STEM, the excess of aliovalent solute at grain boundaries was quantified. Previous
work in TiO; developed the experimental technique and the analysis used to correlate lat-
tice defect chemistry and grain boundary segregation [48-50]. HREM was used tc study
the grain boundary morphology and its interaction with the grain boundary chemistry as
determined by STEM. We seek to understand the driving forces that cause segregation

in highly concentrated ionic solutions, with the ultimate goal of controlling the transport



16 CHAPTER 1. INTRODUCTION

properties of the grain boundaries.

The segregation isotherms in singly doped ceria allow one to determine the majo.-
ity driving force for grain boundary segregation. However, minority segregation forces
and co-segregation effects cannot be studied with singly doped compositions. Co-doping
allows the study of co-segregation effects between Gd3* and Ta®*, as well as the minor-
ity segregation driving force(s). Specifically, by changing the lattice defect chemistry,
the space charge potential ¢, changes, allowing for the separation of electrostatic and

adsorption driving forces.



Chapter 2

Theory

2.1 Space Charge Models for Ceria

Frenkel [51] first formulated the idea of a near-interface space charge region for ionic
solids, in which point defects are generally charged. In the bulk, electroneutrality holds
and limits the formation of intrinsic point defects to neutral combinations, eg. V55 and
0! . (Kroger-Vink notation is used throughout [52].) Since lattice discontinuities act as
sinks for point defects, the equilibration of point defects of different formation energies
with a lattice discontinuity creates a charge imbalance. Kliewer and Kohler showed that
this surface charge is a feature of thermndynamic equilibrium for ionic solids [53). The
free energy of formation of a point defect is here defined as the energy required to take
an ion from a lattice site and place it at the interface. Figure 2-1 is a schematic diagram
of the defect formation process and the formation energy definition. gy is the energy
necessary to transport an O? ion from the bulk to an interface, leaving behind an V4.
goy is the free energy of formation of an Oy, which is equal to the energy necessary to

transfer an O% ion from the interface to a bulk interstitial site. These energies are unique

17



18 CHAPTER 2. THEORY

to each interface site.

The surface charge creates an electrostatic potential difference between the interface
and the bulk of the crystal. Charged aliovalent solutes will respond to the electric field
and segregate or deplete in the near-interface region in order to shield the interfacial
charge. The sign 2nd magnitude of the interfacial charge is therefore a function of the
lattice defect chemistry, and the formetion energies of the individual intrinsic ionic and
electronic defects. Manipulating the lattice defect chemistry allows for the possibility of
controlling the spatial distribution at interfaces of all charged defects, which in turn may
allow one to engineer the defect-dependent interfacial properties. Specifically, there exists
for a particular defect chemistry a state known as the isoelectric point. At the isoelectric
point, the interfaces are not charged and therefore the defects exhibit no spatial variation
across a grain boundary. In TiO,, the existence of regimes of positive and negative space
charge potential, and of an isoelectric point, have been experimentally demonstrated as
a function of doping, temperature and oxygen activity [48-50).

Interfaces in ceria are believed to be more oxygen deficient than the bulk of the
material. Experimental evidence of this has been seen in nanocrystalline ceria [54] and
at surfaces in ceria [55]. The enhanced nonstoichiometry of nanocrystalline material
suggests that the grain boundaries are more easily reduced than the bulk. Calculations
on surface oxygen vacancy formation have shown that the (111), (110) and (310) surfaces
are also more oxygen deficient than the bulk [56,57]. Since oxygen vacancies in ceria
are charged, the interfaces in undoped ceria can then be expected to be net positively
charged with an accompanying negative space charge layer. Acceptor doping is expected
to further increase the magnitude of this interface charge. For the experimental conditions
investigated in this work, negatively charged dopants are expected to segregate to the

interfaces and positively charged dopants are expected to be depleted.
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Because the majority ionic defects in undoped as well as doped ceria. are V5, the
free energy of formation of an oxygen vacancy, gy, is a key thermodynamic quantity
when discussing the defect chemistry and space charge of ceria. Space charge models
solve Poisson’s equation for the distribution of defects throughout the crystal given the
assumption of electroneutrality in the bulk. The formation energy of the dominant ionic
defect is the vital link between the defect chemistry of the bulk material and the space
charge [49]. Although gy; is not known a priori, a bulk defect chemical model of ceria is
well established, and therefore measurements of grain boundary segregation can be used

to obtain the value of gy.

2.1.1 Dilute Model

Kliewer and Koehler [53,58-60] derived a framework for discussing space charge seg-
regation for dilute doped systems. The free energy per unit area of a crystal is given

by:

F= /0 ” [E nigi + %p(a:)qS(z)] dr — TS, (2.1)

where n; is the number density of defect 7, g; is the free energy of formation of defect 7,
p(z) is the local charge density, ¢(z) is the local electrostatic potential, T" is the absolute
temperature, and S, is the configurational entropy of the defects. Poisson’s equation

links the charge distribution in the solid, p(z) to the electrostatic field, ¢(z):

Vh(z) = —p(a) (2.2)
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where ¢ is the static dielectric constant of the material. Thermodynamic equilibrium is

achieved when the free energy is minimized. The relevant constraints are:

0 at z=0
¢= (2.3a)
¢oo at =00
do _ B
Fr 0 at =00 (2.3b)
/ (nnolute + nSV)dx = Cso!utev (230)
()}

Ciolute is the bulk solute concentration and V is the total crystal volume. Using the

calculus of variations, it is possible to show that the minimization condition is [53, 58]:

0=6F = /ow{‘snw [gw +2veed(2) + kT In (12"1/\/ )] *
§noi [go.- + zoie¢(z) + kT In (72%)] *
(24)

n
dnsy [gVo + Bsy + zsved(z) + kT In (-8—%‘;-)] +

OMsolute, [zaoluteied’(x) —ap+kTIn (n“}'\}“‘" )] }da:

where z; is the effective charge on defect 7, N is the number density of sites per molecule,
Bgsy is the binding energy of the solute-vacancy defect associate, and «, is a Lagrangian

multiplier necessary to maintain solute conservation. For F' to be at a minimum, the
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coefficients of every dn; term must be 0. For doped ceria, the equations become:

Vo] = T;—‘;VQ = exp (_ (gV5 :1? e¢(z)) (2.5a)
n=le] =5 = exp (—(g,, ,:,_: ) ) (2.5¢)
p=[h]= "2 = exp ( ~(on ,:Te¢(z)) ) (2.5d)

z ¢(SB) - ¢oo
[A’C.'e = W = nolute(l - PSV) exp ( Ae( kT )) (256)

¢(I) - ¢w
[DCe.] = Z;VD = Cjsolute €EXP (zDe( kT )) (2.5f)
€ ¢ .'E) - ¢oo
[(AcVs)] = Zl% = 8CjolutePsv €XP (zSV ( iT )> (2.5g)

where pgy is the probability of the formation of a solute-vacancy defect associate.

An implicit assumption in Equation 2.5 is that the amount of segregant is much
smaller than the available solute. This assumption holds for sub-monolayer segregation
in doped samples with micron size grains. Kliewer and Koehler [53] showed that the
spatial distribution of defects in the space charge region follows an inverse hyperbolic
tangent function, which for ed,, < kT is essentially an exponential.

If a defect chemical model is available, so that the bulk concentrations are known,
aliovalent solute accumulation can be used to determine the space charge potential. The

results can give information on the individual defect formation energies. Equations 2.5
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give the spatial variation of both intrinsic and extrinsic defects in doped ceria. Given
the boundary conditions from Equation 2.3, the defect concentrations (in number/m?)

at £ = 0 and £ = oo can be written as:

—9vs — (9vg + 2e¢
nyso = 2N exp le:o Moo = 2N exp ( VokT ) (2.6a)
—Qp —_ " — 2 00
non, = 2N exp If]o"‘ non o, = 2N exp (go‘ T e¢ ) (2.6Db)
- - —e
ner o = Nexp qu%’ Nel o = N exp (ge'kT bu) (2.6¢)
—a. . -9 +edoo
Moo = N exp :Jf N o = N exp ( hkT ) (2.6d)
—€QPuo
NAo = Ncsolute(l - PSV) €xp k;f: NAoo = Ncaolutc(l - pSV) (263)
€Qoo
Npo = NCaolute exp _,?T ND,oo = NCaolute (26f)
Zsye
nsve = NCioluteDsv €Xp S‘;ﬂ? = NsVeo = NCiyolutePsv (2.6g)
The defect equations can therefore be written as:
ni(T) = Nj 00 €XP [—z,—e[qbi:;z — ¢°°]] (2.7)

The space charge density is thus:

p(z) = Z zieni(z) = Z Zien; oo €XP (—z,-e (¢5:2 — ¢°°)) (2.8)

Substituting Equation 2.8 into Poisson’s equation (Equation 2.2) yields:

— = - zen;.ex
Ox? € i€Mi,00 €XP kT

8% 4 [—Zi€[¢($) = ¢oo]] (2.9)
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d
Integrating Equation 2.9 by multiplying both sides by 2—¢ and using the chain rule in

dz
d¢ ¢\ d’¢
dz (dm) =2 (dx) dx? (2.10)

yields upon evaluation of the constant of integration at z = oo:

j_: _ {Sn:cT an.m [exp (:_Z_'f[_;fT;égl) _ 1] }1/2 (2.11)

1

the following manner

From Gauss’s law

—_ /o " p(@)de = —= (‘Z) (2.12)

the equation linking the surface charge density to the space charge potential is [48,49,61]:

{ekT Z P4 oo [exp <z‘£;5,°°) _ 1] }1/2 (2.13)

For the current sign convention, in which ¢(z = 0) = 0, the sign of the defects which

are enriched in the space charge region is the same as that of the space charge potential.
Therefore, for a particular sign of the potential, either positive or negative defects, but
not both, will contribute significantly to the space charge density. For instance, if Gd,
segregates in a space charge layer in ceria, then ¢, < 0, and the following relation exists

between the measured Gd excess, I'gq4, and the interfacial charge density, o

el'gq

1/2
(1+ n"a’loo )
Gd’ca,oo

o= (2.14)
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For Gd doping levels >1%, ne o < nGd,,» and the measured solute coverage, I'ga, is
equal to o/e. Substituting the charge of the measured excess, el'gq4, into Equation 2.13
gives the space charge potential, ¢, with no adjustable parameters except the bulk defect
concentrations. As discussed later, the bulk defect concentrations can be determined
from a defect chemical model. Once ¢, has been calculated, it is a simple matter
to numerically integrate the defect concentration expressions (Equation 2.7) to get the
integrated excess of each defect in the space charge region. The integration can be carried

out from the interface to 2 Debye lengths into the bulk, where the Debye length, x~1, is

_ ekT
K= \/SMQN (2.15)

where ¢ is the static dielectric constant and N is the concentration per cubic meter of

defined as:

the most prevalent mobile defect.

The value of gy,; may be obtained from the condition of electroneutrality in the bulk:

[Gdp.] + n + 2(0]] = 2[V5] + [(Gdg, — Vo)) + [Tace] (2.168)
Kredo:l: 12 —-1/4 9vy + 28¢oo gy + 26¢°°
[Gde.] + (_2‘) P, o, €Xp (—O—%—T——> + 4K Frenkel €XP (OT)
—(gy: + 2edos
— dexp ( (9vs — e )) +[(Gdls, — V&)] + [Taée) (2.16b)

It is now possible to numerically solve for gy, the free energy of formation of an oxygen
vacancy. Implicit in using the values of Gd;, and (Gdj;, — V&) from the bulk in the elec-
troneutrality equation is the assumption that the association reaction remains constant

throughout the space charge region.
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2.1.2 Limited-Site Model

Blakely and coworkers [62-64] extended Kliewer and Koehler’s model to account for a
limited number of sites at the lattice discontinuity. We will refer to this model as the
limited-site model. By explicitly including a term to account for the configurational
entropy at the interiacial layer, the assumption of a dilute solution of defects throughout
the crystal was relaxed. They still assume a dilute solution in the bulk. The free energy

equation that results is:
00 1 '
F = /0 [E n;g; + EP(z)fﬁ(z)] dr —TS.—TS.,,, 0 (2.17)

The surface configurational entropy can be written as [62]:

S

Csur face

=~k | (218)

where N, is the number of surface sites available, n, is the number of occupied surface
sites. When n, < N,, the surface entropy is negligible and the equation reduces to
Equation 2.1 derived by Kliewer and Koehler [53]. Because n, is limited to be < N,, the
interfacial charge density, o, is now limited to be < z,,eN,. Using Sterling’s approxi-
mation, and varying the surface entropy with respect to the number of occupied surface

sites yields:

4S

Csurface

Ns

= fn,kln (N’ — ") (2.19)

The interfacial charge density, o, the number density of occupied interfacial sites, ny, and

the integrated space charge density, p, are related via overall electrical neutrality of the
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crystal:

0 = 2,,eNn, = — / p(z)dz
0

Varying Equation 2.20 and substituting for dn, in Equation 2.19 yields:

ez,,,/ 6p(a:)kln( — )dw

The overall minimization condition is then:
tvo
nVo '"‘
2N N,

nOl - "‘l
noi (go.- + zoied(z) + kT In [ 5N . ]) +
dnsy (gsv + zsved(z) + kT In [1;;‘; 7; n, ]) +

ONsol (Z.ozed’(.’l!) —ap+kTIn ["A;‘ ( D dz

n —
Joclur!aca -

0=6F= / {(ano (gvc + zyqed(z) + kT In
0
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(2.20)

(2.21)

(2.22)
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The equations for the spatial distribution of defects for aliovalent doped ceria are:

[Vs] = %-‘I/_\Ié = (N.L—.n,') exp (_(QV6 :;eqs(x)) ) (2.23a)
[0!] = ';?v ( ( 0! T2e¢(z)) (2.23b)

Eh )

n ] = % ( 2 n.)m o ( 9 ;Te¢(z)) ) (2.23¢)
()
|

p=[h]= n" ( =) ( l :Te¢(m)) (2.23d)
(A = 72 = Cuntue(1 ~ psv) exp (e(¢(x,2; ) (223)
[Dg] = "— = Cootute €X] (-z,,e (¢,E;,) _ ¢°°)) (2.23f)
[Ass0c] = "2 = 8C,uicpsy exp (_ZS""(";(;) - 4’“)) (2.23g)

The interfacial site density is related to the charge density, o, by Equation 2.20. A charge
of +2 is assumed per defect in the surface charge. This corresponds to V{5, which are

known to be doubly ionized in ceria at these temperatures. Substituting the new defect
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concentration terms into the bulk electroneutrality condition, Equation 2.16a yields:

1/2 _ 172 )
[Gd:h] + (K,-m) Po_:/.‘ (26N; 0’) exp (gvo + e¢oo)

2 2kT
2eN, — o Jy; t+ 200
+ 4KFr¢nkel (T) exp (-—H‘-—— (224)

=4 (_281\;:— 0’) exp (— (gVé'k';'zed’oo)) + I(dece _ Vé)] + [Taé,]

The free energy of formation of an oxygen vacancy can be calculated from experimen-
tally observed segregation in the following manner. The space charge potential, ¢, is
solved by substituting the experimentally measured el'¢q for o in Equation 2.13. Equa-
tions 2.13 and 2.24 can then be simultaneously solved for the single unknown, gy,;. Note,
however, that this value depends explicitly on the interfacial charge density, o, and the
number of interfacial sites, N,. Numerical integration from the grain boundary to 2
Debye lengths into the bulk can be carried out to model the integrated excess of any

particular defect.

2.2 Defect Chemistry for Gd®* and Ta®* Doped Ceria

Solving the defect chemistry is a necessary first step to obtain a quantitative space charge
segregation model for ceria. The defect chemistry of both nonstoichiometric intrinsic ce-
ria and acceptor doped ceria has been well established [10,30-34,44,45,65-67]. Acceptor
dopant compensation is known to be ionic in nature. For Ta%" doping, electronic compen-
sation has been observed [46,47]. The consensus of the literature is that the dominant

intrinsic defect reaction is the fully ionized anion Frenkel reaction:

02 + VZ s V5 + O/ (2.25)
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Table 2.1: Defect chemical reactions in ceria

Reaction Mass Action Law 'Experimental Value
05 + V7 +— V5 +0!  |Krenkel = (o0 |Krrenker = 4.88 x 104 exp [=4%]
nil — e’ + b’ K. = [¢'|[h'] K. = exp [33f<]
5 — Vo +2¢' + 40, Kredoz = [L"'[[{,é”-,;gl Kredor = 3.84 x 10° exp [=§57¢]
Gg, + V5 — (G, — VB)| Kassoe = SF52H!| Kausoe = Boxp (4]

Thermogravimetric [34], coulometric titration [10,32,65), oxygen diffusion (66}, and con-
ductivity studies [10,30, 31,67} all provide support for this interpretation. In addition,
it has been shown that electron migration occurs by a small polaron process in ce-
ria [44,45]. Equilibrium constants for the anion Frenkel [31], redox (30], Gdp,— Vo
association [42,43], and ¢'— h’ pair production [68] defect reactions have been calcu-
lated fiom experimental results. Table 2.1 lists the reactions, the mass action laws and
the experimentally observed values when the defect concentrations are in units of mole
fraction. The implicit assumption in writing the mass action laws is that the defects are
dilute enough that the concentrations may be substituted for the activities. Recent work
in developing a non-dilute defect chemistry formalism has shown the importance of two
effects at high defect concentrations: coulombic defect-defect energy interactions and site
exclusion effects [69,70]. Both effects serve to make the formation of additional defects
more difficult at high concentrations. The details of how to correctly account for the
long-range coulombic interactions between defects is still a subject of controversy. The
calculations presented here are overestimates of the defect concentrations, but without a
well-accepted non-dilute defect chemistry formalism are a good first approximation.
The point defect concentrations at 1500°C in air as a function of Gd** doping were
calculated using previously published values for the various defect reactions in ceria

(Table 2.1) and the condition of electroneutrality. The association of oxygen vacancies,
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V5, with Gd3* substitutional defects, Gdy,,, was included in the calculation, although only
“dimers” of one oxygen vacancy and one Gd3* ion were considered. Larger defect clusters
were not included since theoretical calcixlg.tions show they are energetically unstable with
respect to the dimers [43,71]. From i“igure 2-2, the majority defects in Gd** doped ceria
are €', Vo, Gdp,, and (Gdg, — Vi) dimers. For samples containing > 1% Gd, the electron
concentration is much smaller than the concentration of Gdi, so the electronic space
charge can be ignored. At lower temperatures, the bulk defect chemistry will be even
more dominated by the extrinsic concentration of solute atoms and their compensating
oxygen vacancies.

Figure 2-3 shows the calculated defect concentrations as a function of Ta content at
1500°C in air. The majority defects in Ta%* doped ceria are €/, Tacg., and V5. Under the
experimental conditions for which the defect chemistry was solved, the most important
defect reaction is the reduction of the ceria lattice to produce electrons and oxygen
vacancies. Although Ta%* doping has the effect of decreasing the concentration of oxygen
vacancies, the samples are still overall oxygen deficient under the conditions considered.
Ta¢é. in these compositions serves as a charged solute tracer by which the near boundary
defect concentrations may be inferred.

The bulk defect chemistry of ceria co-doped with both Gd** and Ta%* was also solved.
Figure 2-4 shows the calculated defect concentrations of €/, h", V5, O}, and the net dopant
concentration as a function of net Gd doping from —4% to +4%. We have defined the
net dopant concentration as % Gd — %Ta. The predominant defects at 1500°C in air
are, €', V5 and the dopants. The most important defect reaction is the reduction of
the ceria lattice to produce electrons and oxygen vacancies. Association of Gd, and
Ta¢é. “vas also considered. Calculating the coulombic interaction of the two charged

defects assuming they lie at nearest neighbor cation sites gives a value of 0.151eV for the
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Figure 2-2: Defect mole fractions in Gd3*-doped ceria versus mole% Gd at 1500°C in air.
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Defect Mole Fraction

Mole % Ta

Figure 2-3: Defect mole fractions in Ta%*-doped ceria as a function of mole% Ta at 1500°C
in air.
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Figure 2-4: Defect mole fractions vs. net % Gd in ceria co-doped with Gd3* and Ta®*.
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association energy. At 1500°C the association is negligible for the compositions studied.

2.3 Solid State Adsorption

2.3.1 Langmuir Adsorption

Alternative models of interfacial segregation are solid state analogues of gas phase ad-
sorption. The simplest of these is a Langmuir adsorption isotherm. The free =nergy of

the system can be written as:
G= nngg;, + Ntk Eputk — TS. (2.26)

where ng, is the number of independent sites at the interface, Eg is the energy of the
solute sitting at a interfacial site, nyy is the number of bulk sites, E is the energy
of the solute sitting at a bulk site, and S, is the configurational entropy associated with
the partitioning of the solute between bulk and interfacial sites. Note the similarity with
Equations 2.1 and 2.17. Minimizing the free energy with respect to the site occupations

leads to:

Xop  Xoun -AG
X — X T Xpur ¥ ( kT ) (2.27)

where X is the composition of the interface at saturation, X is the mole fraction of
solute at the interface, X, is the bulk solute molar fraction, and AG is the free energy
of segregation per solute atom. For most systems, this energy is < 0 and segregation
of solute is predicted. Typically, X ;{," is assumed to be equal vo 1, which implies that

the solute can fully substitute for the matrix at the interface. Equation 2.27 assumes



36 CHAPTER 2. THEORY

Table 2.2: Io.iic radii and estimated enthalpy of segregation for various elastic constants

of ceria
AH, (eV)
Ion | Radius K= K= K=
(pm) [76]]210 GPa [77]|357 GPa [78]|5.977 GPa [79
Ce't| 111
Gd**| 119.3 —0.065 -0.110 —0.002
Tab*| 88 —0.445 -0.757 --0.013

that the solute ions do not interact with each other, and that every interfacial site has
the same energy. Solute segregation is assumed to occur at the first atomic plane at
the interface. More nuanced models which allow for multi-layer adsorption, interaction
among segregating species, and non-ideal behavior exist as analogues from the field of
gas phase adsorption. [72,73].

McLean [74] equated the enthalpy of segregation, A H,, to the relaxation of the elastic
misfit energy of a solute. An over- or under-sized solute atom in the bulk has an elastic

energy component due to bond distortion which can be estimated by [75]:

_ _247|'KGRmatri::Raolute(Rsolute - Rmutri::)2

e = n 2.28
AH 4GR1m1triz + 3K Raolute ( )

where R,otute and Rpqriz are the appropriate ionic radii of the solute and matrix, K is
the bulk modulus of the solute, and G is the shear modulus of the matrix. Table 2.2
lists the ionic radii for Ce**, Gd** and Ta®* in eight-fold coordination [76], along with
the estimatz of the enthalpy of segregation due to elastic misfit. Atkinson has published
a value of 210 GPa for the Young’s modulus of ceria doped with 20 mole % Gd [77).
Additionally, two separate theoretical calculations of the bulk modulus of pure ceria

have been performed [78,79]. Hill and Catlow calculated a value of 357 GPa, while
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Andrés and Beltrdn results gave 5.977 GPa. For an isotropic solid, the bulk modulus,
shear modulus, Young's modulus and Poisson’s ratio are simply related [80]. No elastic
constants have been published for gadolinia or tantala. Therefore, the elastic constants of
ceria have been used to estimate the strain enthalpy for Gd** and Ta®* in ceria. Poisson’s
ratio for ceria was assumed to be 1/3. AH, for Gd** is < —0.11 eV while AH, for Ta%*
is < —0.76 eV. The larger size misfit of the Ta®* ion is responsible for the much larger

strain enthalpy.

2.3.2 Guttmann and McLean Model for Ternary Adsorption

Guttmann and McLean have developed a series of models for segregation of solutes in
multi-compc ient systems [81]. The most applicable to the simultaneous segregation of
Gd3* and Ta%" in ceria is a regular solution model with site competition between the two
solutes. The two solutes are labeled M and I and it is assumed that solute I segregates
more strongly to the interface than solute M.

Since both Gd,,, and Ta¢. are substitutional defects on the Ce** site, we expect these
two solutes to compete for the same interfacial sites. The relevant equations to describe

this behevior are [81]:

X9 Xk (—AG.-)

= 2.29
X% = xul "P\ kT (2.29)

where be is the mole fraction of solute i at the interface, which we limit to be < X
the saturation level of solute i at the interface, X*“* is the bulk solute molar fractio,

and AG,; is the free energy of segregation per atom for solute i. AG, in a ternary system



38 CHAPTER 2. THEORY

with site competition may be written as:

AG; = AGS — a(X8h — Xhulky (2.30a)
AGy = AGS, — a( X5 — X ) (2.30b)

where AG? is the standard free energy of segregation for solute i in a binary solid solution
of 4 and the majority element (Ce**in this case) and « is the energy of interaction between
solute I and solute M. Guttmann and McLean defined a negative interaction coefficient
as a repulsive force. Equation 2.30 assumes that segregation does not change the driving
force for additional segregation, that solute I ions do not interact with other solute I
ions and solute M ions do not interact with other sclute M ions. From the results of
segregation of Gd** and Ta®* in ceria, best-fits of AGg; AGY,, X&f and X$% can be
determined. « is estimated by the coulombic interaction energy when Gdy, and Ta¢.
are nearest cation site neighbors, which is equal to 0.151eV. Typically, a calculation of this
type which does not allow for ion relaxation provides an overestimate of the interaction
between the two ions.

As we will show, the segregation isotherms corresponding to Equations 2.27 and 2.29
are very similar to those due to the space charge models. Comparing the adsorption and
space charge segregation models, it is clear that both predict segregation of acceptors such
as Gdj,, in ceria. Qualitative observations of grain boundary segregation are not sufficient
to unequivocally identify the mechanistic cause. In order to test the applicability of
space charge models to a particular ceramic system through measurement of aliovalent
solute grain boundary segregation, defect chemical calculations must be coupled with
the analysis outlined previously in Section 2.1.1. Only by comparing the segregation

tendencies of oppositely charged defects is it possible to determine whether that a space
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charge model is an accurate representation of the segregation mechanism.
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Chapter 3

Experimental Procedure

The experiments were designed to probe the driving force(s) tor aliovalent solute segrega-
tion in heavily doped ceria. A series of Gd3* doped samples containing between 1 and 26
mole % Gd, Ta®* doped samples containing between 0.28 and 1.79 % Ta, and co-doped
samples containing between 0.8 % and 4.2 % Gd and between 0.9 % and 1.9 % Ta, were
measured in order to compare experimental grain boundary segregation isotherms with
the two space charge models, as well as a number of adsorption models. The solutes vary
in both their effective charge and their size misfit with the host cerium ion.

From the single dopant data, the dominant driving force for Gd3* and Ta’* segregation
in ceria may be determined. Adsorption models predict that both Gd** and Ta®* should
segregate to the grain boundaries in ceria. From an elastic misfit viewpoint, Ta3* should
segregate more strongly. If space charge effects dominate the behavior of both Gd*
and Ta%" in ceria, it is expected that Gd3* will segregate, while Ta%*, with opposite
effective charge, will deplete from the near interface region. Segregation of both solutes
would indicate that an electrostatic driving force does not dominate the grain boundary

segregation of one or both of the solutes in ceria.

41
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Table 3.1: Predicted segregation of Gd** and Ta®* in co-doped ceria

Solute ~ Ta’*rich Gd**rich
Space charge Adsorption Space charge |Adsorption
More segregation Slightly less Tat* More segregation

Slightly more

Tab* 54 . than in binary ; than in binary
Ta™ depletion solid solution 'depletlon solid solution
Gd* Slightly less Gd°*|Less Gd°* segre-|Same as Gd’*|Less Gd°* segre-

segregation gation doped gation

Table 3.1 shows the predictions of the space charge models and Guttmann and
McLean’s ternary adsorption model applied to co-doped ceria for both Gd** rich and
Ta5* rich compositions. Reference is to a singly doped sample with an equal amount of
either Gd3* or Ta%*. The space charge models predict that the amount o Gd3* segregation
in samples co-doped with both Gd®* and Ta%* will not change significantly. Samples with
an excess of Ta%" in the bulk will have slightly less Gd3* segregation. The ternary adsorp-
tion model on the other hand, predicts significantly less Gd3* segregation in co-doped
compositions. Competition by Ta®* for interfacial sites reduces the expected segregation
of Gd¥*.

Guttmann and McLean'’s ternary adsorption model predicts more Ta%* segregation
in ternary solutions than in binary solutious of Ta%" in ceria. The positive interaction
between Tacée and Gdp, effectively increases the adsorption energy of Ta’* as can be
seen by inspection of Equation 2.30a. Even assuming a zero interaction energy between
Ta’* and Gd**, the site competition effect favors additionai Ta%* at the expense of Gd3*.
The space charge models are complicated by the interplay between the overall charge
on the interface and the Debye length. For Gd3* rich compositions, the large increase
in the number of charged defects and subsequent decrease in the Debye length leads

to a prediction of slightly less Ta5* depletion than in a binary solution. For Ta%*rich
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compositions, the increased charge on the interface creates a larger depletion driving
force which is not overcome by the decreased Debye length, and the space charge models

predict slightly more depletion of Ta%*.

3.1 Powder Preparation

Homogeneous ceria powders doped with varions amounts of Gd and Ta were prepared
by the thermal decomposition of mixed organometallic precursors. To minimize Si con-
tamination, all powder processing steps were carried out in polypropylene containers.
Table 3.2 details the compositions studied in this work, along with the Si impurity ievel.
The chemical compositions were measured using Inductively Coupled Plasma (ICP) emis-
sion spectroscopy (UOP Inc. Tarrytown, NY and Luvak Inc. Boylston, MA).

Gadolinium acetate, cerium acetate, and tantalum tetraethoxide-2,4-pentanedionate
(Johnson Matthey/Alfa Aesar,Ward Hill, MA) precursors were mixed overnight in 300
ml of deionized water with a resistivity of > 17.9 Mohm-cm. The resulting solutions were
atomized directly into liquid nitrogen and then placed in a freeze drier (Virtis Consol
25, Gardiner, NY). A mechanical rotary pump was used to evacuate the chamber to
10 Pa. Over a period of several days, the temperature of the powder was increased
from =~ —45°C to room temperature. As the temperature of the powder was raised, the
excess water was sublimated, yielding 4-5 grams of finely dispersed, mclecularly mixed
organometallic powders.

0.2 to 0.3 grams of the mixed powder was then calcined in a small box furnace in air
to convert the material to a doped oxide sample. Calcination was conducted by ramping
the furnace at 20°C/min to 700°C and then immediately furnace cooling hack to room

temperature. The various precursors all decomposed below 5G0°C. Platinum foil lined
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Table 3.2: Compositions

Sample Gd Ta Si Impurity
Identification|Moie Fraction|Mole Fraction|Mole Fraction
Gd1 0.0128 0.0001
Gd2 0.0176 0.0032
Gd3 0.0187 0.0019
Gd4 0.0485 0.0086
Gd5 0.0757 0.0080
Gd6 0.2372 0.0014
Gd7 0.2571 0.0080
Tal 0.0028 0.0002
Ta2 0.0053 0.0535
Ta3 0.0179 0.0038
CGT1 0.0154 0.009 6.74x1075
CGT2 0.0421 0.0152 0.001
CGT3 0.0148 0.0189 <1.23 x 1074
CGT4 0.0081 0.0182 0.001

high purity alumina boats with covers were used to limit contamination.

3.2 Sample Fabrication

The oxide powders were deagglomerated by shaking a teflon ball in a polypropylene vial
containing the powder. 6 mm diameter pellets were produced by uniaxially pressing the
deagglomerated powder at 110 MPa in a stainless steel die. The surfaces of the cold-
pressed pellets were removed to eliminate contamination from the steel die and rams.
The green density was between 30 and 40% of the theoretical density for ceria.

The green pellets were placed on a platinum mesh and lowered into a vertical-tube
furnace. A pre-sintering heat treatment at 500°C for 8-12 hours was performed in order
to ensure complete degassing of the ceramic compacts. The ceramic sample was then

quickly lowered into the hot zone of the furnace which had stabilized at 1500°C. After 6
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hours, the sample was air-quenched from 1500°C to room temperature. The final density
of each sample was measured using the Archimedes’s technique with deionized water. All
samples prepared had a final density > 90% of the theoretical value.

Specimens suitable for examination by transmission electron microscopy were then
prepared from the fired pellets. Slices were cut from the pellets with a low speed diamond
saw (Buehler Isomet, Evanston, IL) and polished to = 25 um thickness. For specimens
containing Ta, a Mo washer was epoxied to the ceramic. For all other specimens, a Cu
washer was epoxied to the specimens. The Cu K, X-ray lines overlap with the Ta L, lines
making X-ray compositional analysis extremely difficult. By eliminating the overlap, the
accuracy of the subsequent data analysis was greatly enhanced. Final two-sided argon
ion thinning (Gatan Duomill 600, Warrendale, PA) of the ceramic was done on liquid

nitrogen cooled samples at 6kV and 0.5mA gun current.

3.3 STEM Characterization

The grain boundary excess of dopant, 'gopane, was quantified with a Vacuum Generators
HB603 Scanning Transmission Electron Microscope (STEM) fitted with a windowless
PentaFET X-ray detector (Oxford Link, Concord, MA) using the area-scan technique
developed by lkeda et al. [48,49,61,82]. Between 10 and 33 separate grain boundaries
were measured for each composition. For every composition, the spectra were collected
with an equal number of counts on the Ce L,, line at 4.840 keV. X-ray spectra were
collected from defined volumes of the specimen (32 nm square raster area), both at the
grain boundary and in the bulk of the grains. Figure 3-1 illustrates the placement of the

raster areas.
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Grain boundary

Figure 3-1: Schematic of the STEM microanalysis technique, showing the location of the
rastered areas used to quantify the excess solute coverage at a grain boundary.
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The grain boundary excess is calculated as follows:

Tdopan gb I ne grain
1 ‘Ic s d;c. ‘ bulk
Cdopant = ~ | —2€e Chuk  Nw (3.1)

2 [doEnnl ,qrain
Ce

where I is the integrated X-ray line intensity for element X, ngp';n, is the bulk chemical
composition of the specimen as measured by ICP emission spectroscopy, N is the cation
site density of ceria (2.5 x 10% atoms/m?), and w is the width of the rastered area. The
factor of one half is necessary to account for the segregation associated with the two
grains. For Equation 3.1 to apply, the grain boundary must not be tilted with respect
to the electron beam direction. Grain boundaries throughout a sainple were chosen for
analysis based on the degree to which the grain boundary plane was parallel to the
electron beam.

The L series of X-ray lines were used to quantify the Ce, Gd, and Ta content of
the samples. The integrated line intensities for each element were calculated using the
RTS2 analysis program supplied by Link. The RTS2 program set the gain factor of the
detector so that the Ce La, line was centered at 4.840 keV, stripped the background from
the spectrum and then fit the spectrum to a series of standard spectra for each element
analyzed. The standard Spectra were experimentally collected from pure oxides using
the same microscope and X-ray detector. L“}’f‘iwai" in Equation 3.1 was the average
of the two grain measurements in order to correct for any small ichomogeneities in the
bulk composition. Each reported grain boundary excess is therefore the difference in
composition between the bulk of the grain and the near grain boundary region.

The X-ray mass absorption coefficients were calculated from published data [83] and
found to vary between 1.002 and 0.998 for 100 nm thick Gd-doped samples (1-100%

Gd). Compositional differences between the bulk and grain boundary could account
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for no more than a 0.5% correction to the integrated line intensities for Gd** doped
samples. The mass absorption coefficients for 100 nm thick Ta%* doped samples varied
from 0.999 to 0.994 for doping levels from 0-100% Ta. At most, a 0.6% correction would
be required. Corrections for co-doped samples were also calculated. It was assumed that
the concentration of either selute would not increase above 100% at the interface. The
corrections necessary account for no more than 0.6%. The effect of thickness variation
was also considered. For the compuositions studied, varying the thickness between 50 nm
and 150 nm creates a 0.3% change in the Gd mass absorption correction and a 0.06%
change in the Ta correction. Therefore, ro mass adsorption correction was necessary for
the compositions considered here for reasonable thickness variation.

The error due to X-ray counting statistics was quantified experimentally for every
sample and measurement condition. The area scan of a grain was measured 10 times
consecutively. No systematic variation was observed in the Ig4/I¢. or I'ra/lc. ratio during
these measurements, indicating that beam induced composition changes were minimal at
this exposure. The error in the measured X-ray intensity ratios was therefore assumed
to be due strictly to counting statistics. Student’s t-test was applied to the data in order

to define a 95% confidence limit:
S
E"""arrelaﬁve = t*-v'j—g (32)

Error,eiative is the error of the measurement relative to the mean of the ratio of integrated
X-ray intensities, Tiopant/Ice. t* is the 95% critical limit from Student’s t-test with nine
degrees of freedom. S is the standard deviation of the ratio liopant/Ice for the ten
measurements. u is the meanr of the integrated intensity ratios. The relative error can

be converted to an error in terms of atoms/m? or equivalent monolayers by multiplying
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by the chemical composition of the grain i.e., using ICP analyzed concentrations and
the volume of analysis. In order to determine the volume analyzed, the scan area and
thickness must be known. The scan area was directly measured, while the thickness was
estimated to be 100 nm in all cases.

When the measured composition of the two grains is significantly different, the abil-
ity to measure a grain boundary excess per unit area is compromised. If the ratio of
Tiopant/Ice from the two different grain measurements was <0.90 or >1.10, the data
from that measurement was excluded from further analysis. Less than 15% of the total
number of measurements were affected by this criterion. The variation may represent a
real composition fluctuation, a large thickness variation, or the counting statistics of the
measurement. The more lightly doped samples exhibited more such cases, suggesting the
variation was due to the counting statistics. Grain boundaries for which the measured
excess was less than the counting statistics error associated with the measurement were
not included in the calculation of the average grain boundary segregation for that com-
position. Only a few “special” boundaries exhibited grain boundary excess below the

confidence limits of the experiment.
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Chapter 4

Results

4.1 Gd?3* Segregation in Singly Doped Ceria

In order to test whether the area scan method captures all the dopant segregation, a series
of point probe measurements were made as a function of distance from a grain boundary
in sample Gd7. The results are shown in Figure 4-1. The composition at each point was

calculated from the integrated line intensities using the Cliff-Lorimer equation [84]:

where C4 and Cp are the weight fractions of A and B, k4p is referred to as the k-
factor and I4 end Ip »ve the integrated X-ray intensities of elements A and B. The k-
factor was experimentally determined from the average X-ray intensity ratios for the area
scans of the grains. The error bars are 95% confidence limits following the derivation of
Furdanowicz [85]. The Gd3* concentration peaks at the grain boundary with an apparent
composition of 38.3 mole % Gd. Excess Gd** exists within =5 nm of the grain boundary.

The area scan includes the grain boundary +16 nm, and therefore all of the Gd** grain
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Figure 4-1: X-ray line-scan across a grain boundary in sample Gd7. Gd** segregation
exists within +£5 nm of the boundary.
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Figure 4-2: Grain boundary segregation at 16 different boundaries in Gd2. Error bars
are derived from counting statistics error.

boundary segregation.

STEM measurements of Gd3* grain boundary segregation were performed on 199 dif-
ferent grain boundaries in 7 different Gd compositions. Figures 4-2 and 4-3 show the
excess of Gd3* measured at 16 separate boundaries in sample Gd2 and 23 boundaries in
Gd7. Equation 3.1 was used to obtain the integrated excess of Gd at each particular
boundary from the X-ray data. The excess in terms of atoms per square meter was con-
verted into equivalent monolayers by dividing by the average cation site density in ceria
(N3 = 8.55 x 10'® atoms/m?). The error bars come from the error analysis described in
Section 3.3. As can be seen from Figures 4-2 and 4-3, the precision of the measureinent

of I'gq is quite high. By rastering over a well-defined volume, the statistical precision



54 CHAPTER 4. RESULTS

Gd7
1.0 8.55x10'°
-
§ 8:2 T T 6.84x10™ 8
% 0.7 T T T T - E
g 0.6 —T | T Bl 5 13x10" 2
0.5 ]: F F —
O
2 0.4 3.42x10"® g’
g 0.3 S
é 0.2 1.71x10"° §
0.1 -
> 0.0 000 ©
5 10 15 20
Grain Boundary

Figure 4-3: Grain boundary segregation at 23 different boundaries in Gd7. Error bars
are derived from counting statistics error.
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of the composition measurement is enhanced at the expense of spatial information. The
average Gd3* excess in sample Gd2 is 0.18 mornolayers (1.6 x10'® atoms/m?), and in Gd7,
0.51 monolayers (4.5x10'® atoms/m?). The excess of Gd3* for a single composition,
temperature and oxygen partial pressure varied somewhat from grain boundary to grain
boundary. This is reasonable since the details of grain boundary structure will affect the
energetics of grain boundary sites [73]. The average segregation in each sample was used
to construct the segregation isotherm for Gd** in ceria. These data were then compared
to the two space charge models as well as the Langmuir adsorption isotherm. The ener-
getics derived from the models represent not a particular grain boundary structure, but
values typical of high-angle general grain boundaries in ceria.

Figure 4-4 shows the measured segregation isotherm of Gd3* doped ceria at 1500°C
in air over the concentration range 1-26% Gd. The ordinate records excess gadolinium
in terms of monolayers of coverage. Each data point is the average of between 5 and
23 measurements. Submonolayer segregation was seen at every measured boundary.
The average Gd3* grain boundary segregation ranged from 0.1 to 0.5 monolayers for
samples containing between 1% and 26% Gd. Two curves are shown in Figure 4-4.
They are fits to the experimental data using the space charge models applied to ceria
from Section 2. The dilute space charge model was fit to the data with one adjustable
parameter, gy-. The model assumes that g, has a single value for all interfacial sites
and is not a function of composition. The limited site model also assumes that gy, has
a single, composition independent value. For the limited-site model, which explicitly
considers the configurational entropy of the interface, an additional parameter, N,, the
total number of available interfacial sites, is necessary. The fit shown in Figure 4-4 is
for N, = (1/2)(2N)*3. This corresponds to 1/2 of the uxygen sites in a monolayer

being vacant. Considering both grains, this condition allows for the complete absence
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Figure 4-4: Gd3* segregation isotherm at 1500°C in air. The experimental points are
averages from the individual measurements and the error bars are 95% con-
fidence limits from Student’s t-test. The two curves are fitted using e dilute
space charge model and a limited-site model.
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of all oxygen ions in a single atomic layer. At low concentrations, both models fit the
experimental data equally well, within the error of the measurements. As discussed in
Section 2, the limited-site model reduces tc the dilute solution model when the surface
charge density, o, is small. At higher concentrations, however, the dilute solution model
predicts segregation that exceeds the measured value. This model cannot be adjusted to
simultaneously fit both the low and high concentration data. At high doping levels, the
assumption that the interface can act as an infinite source or sink for defects becomes
unrealistic and is observed in the dilute space charge model as a divergence between the
model and experimental data.

On the other hand, the limited-site model can be fit well over the entire concentration
regime. This is the first experimental evidence that a limited-site space charge model
will accurately reproduce an experimental isotherm where the standard dilute soluticn
space charge model will not. A series of fits of the limited site model to the data are
shown in Figure 4-5. The value of N, was varied from 1/8 to 1/2 of the oxygen site
density (1.69 x 10'® to 6.79 x 10'® atoms/m?). Except for N, = 1/8 of the uxygen sites,
the assumption of N, does not significantly alter the segregation isotherm. The value of
9y required to produce these curves varies from 2.17 eV for N, =1 /4 of the oxygen sites
to 2.00 eV for N, = 1/2 of the oxygen sites. Therefore, it appears that the saturation
number of sites at typical grain boundaries in Gd3* doped ceria ,N,, is between 1/4 and
1/2 of the oxygen site density and the free energy of formation of an oxygen vacancy,
Gy I8 = 2eV.

This derived value for the free energy of formation of an oxygen vacancy is reasonable
given the previously measured thermodynamic properties of ceria. The total Frenkel
energy for ceria has been reported as 4.45 eV [68]. As seen in Figure 2-1 the Frenkel

energy is equal to gys + goy and therefore, gor is ~ 2.45eV. This is reasonable because
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Figure 4-5: Additional fits of the limited-site space charge with varying assumptions of
the number of interfacial sites {N,).
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ceria is easily reduced, which implies that the formation of oxygen vacancies is more
energetically favored than the formation of oxygen interstitials. Experimental work on
undoped nanocrystalline ceria has shown that the heat of reduction of nanocrystalline
material is ~5 2.4eV less than the bulk heat of reduction [86]. Because the interface to
volume ratio in nanocrystalline materials is so large, the heat of reduction measured for
a nanocrystalline oxide is essentially the heat of reduction of the interface of the crystal.
The difference between the nanocrystalline heat of reduction and the heat of reduction
for coarse grained materials is therefore the energy required to move an oxygen ion from
the bulk to the surface, which is what I have defined as g,;. Additionally, Sayle et al.
have used computer sirnulation techniques to calculate the energy required to remove an
oxygen ion from the bulk of ceria as well as three different surfaces [56]. The difference
between removing an O? ion from the surface and from the bulk is equivalent to 9y
as I have defined it. The calculations show that for a (111) surface gy,; is 0.39¢V, for
a (110) surface gy, is 1.5eV, and for a (310) surface g5 is 2.47eV. The experimentally
derived value of g is reasonable when compared to the theoretical calculations for the
(110) and (310) surfaces. The agreement with the calculation for a (111) surface is not
particularly good, but given that the value derived in this work was for a general high-
angle grain boundary, while the (111) surface is a particular low energy surface in ceria,
the discrepancy is not surprising.

The assumption of dilute solution in the bulk of the material is formally violated in
the compositions studied in this work. However, the limited-site space charge model can
be fit very effectively to the experimental isotherm. If significant defect interactions in the
bulk existed which are not accounted for in the space charge model, it is expected that the
fit to the data would inaccurately reproduce the segregation isotherm. In addition, the

measured segregation is sub-monolayer in nature even at 26 mole % of Gd and therefore
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the assumptions of the limited-site space charge model seem justified. Specifically, the
number of interfacial sites appears to be limited to < 1 monolayer of oxygen, with gy,
being composition independent once the configurational entropy of the interface states
has been considered.

The Gd3* segregation data can also be fit to a Langmuir adsorption isotherm as
seen in Figure 4-6. The Langmuir isotherm bends over at high concentration because
the ordinate is the excess of Gd**, not the interfacial concentration X¢. Equation 2.27
was fit to the experimental data via non-linear least squares fitting. The best fit for
a two-parameter model is obtained for a saturation coverage of Xji., /... = 0.99, and
AG = —0.34 2V. For comparison, the limited-site space charge model fit and the two
parameter Langmuir adsorption model fit are shown in Figure 4-6. From Table 2.2, the
estimate of the enthalpy of segregation for a simple ion size misfit theory for Gd3* in ceria
is < —0.110 eV. Even though the elastic constants are not known for gadolinia, the error
introduced by approximating the elastic properties of gadolinia with those of ceria cannot
account for the large discrepancy in the enthalpy of segregation from the best-fit to the
experimental data. Elastic misfit does not satisfactorily account for the quantity of Gd
grain boundary segregation measured. On the other hand, the best-fit of the Langmuir
adsorption isotherm predicts, in a similar manner to space charge theories, a limited
number of sites at the interface (< 1 monolayer) and a free energy of segregation of a
few tenths of an eV. The Langmuir adsorption isotherm does not formally specify the
source of the energy difference between interfacial and bulk sites. Other possible non-
electrostatic contributions to segregation include the change in interfacial energy upon
solute segregation and chemical interactions between the matrix and solute ions.

Figure 4-6 also shows that simple observations of segregation isotherms can not be

used to differentiate among the possible driving forces. Both a detailed limited-site
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Figure 4-6: Comparison of the limited-site space charge model and the Langmuir adsorp-
tion isotherms to the experimental data.
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space charge model incorporating extensive defect chemical calculations and an empiri-
cal Langmuir adsorption isotherm provide a satisfactory fit to the observed Gd3" grain
boundary segregation over a wide concentration range. Both models use a similar sta-
tistical mechanical formalism in the description of the free energy of the overall system.
Not surprisingly, the resulting segregation isotherms differ only slightly. To date, this
fact has not been widely appreciated.

After a careful analysis of the data, we conclude that segregation of Gd®* in ceria is
driven predominantly by electrostatic interactions. The experimentally derived isotherm
is best fit with a limited-site space charge model over the concentration regime studied.
While a Langmuir adsorption isotherm with two adjustable parameters fits the data
nearly as well, the best-fit value of AG is significantly too high to represent the elastic
strain introduced into the lattice by Gdy,,. Further tests are necessary to conclusively

rule out any additional minor driving forces for Gd3* segregation in ceria.

4.2 Ta®" Segregation in Singly Doped Ceria

In order to further test the mode of segregation, samples for which the space charge
and Langmuir adsorption models predict opposite segregation results were made. From
Equation 2.7, the spatial variation of defect concentration depends on both the sign
of the space charge potential and the effective charge of the defect. In the present
sign convention, defects which have the same sign as the potential will segregate in the
near grain boundary space charge region, while defects with the opposite sign should be
depleted. The space charge potential is determined by the bulk defect chemistry. Using
the best fit value of g,; from the Gd3* segregation data, ¢ vs. Ta composition was

calculated for 1500°C and air atmosphere using Equations 2.13 and 2.24. The predicted



4.2. Ta% SEGREGATION IN SINGLY DOPFED CERIA 63

space charge potentials were all <0. Therefore Ta%* is predicted to be depletéd near the
interfaces. The previously reported observations of no Ta®* segregation in Ce-stabilized
Ta doped zirconia by Hwang and Chen [5] are in agreement with this prediction.

Three samples containing between 0.28% and 1.79% Ta were prepared. Segregation
measurements were performed at 106 grain boundaries. According to the space charge
models all three Ta®* doped samples should have exhibited < 0.01 monolayer of Ta®*
depletion near the grain boundaries. On the other hand, significaut Langmuir adsorption
of Ta* is expected due to the large ion size misfit of Tag. (see Table 2.2).

In fact, all grain boundaries measured in these materials exhibited a net excess of Ta%*
near the grain boundaries. Figure 4-7 shows the results of a linescan across a boundary
in Tad. The segregation apparently exists within 5 nm of the boundary validating the
area-scan method for Ta’* segregation in ceria. Figure 4-8 shows the measured Ta®*
excess at 10 boundaries in sample Tal. The error bars are from the error analysis of
Section 3.3 and represent a 95% confidence limit. The measurements of 'y, were very
precise due to the large number of counts collected for each spectrum. Figure 4-9 shows
the measured Ta®* segregation isotherm. This observation was unexpected and in direct
opposition to the prediction of the space charge model and previous observations in Ce-
stabilized Ta-doped zirconia [5]. An electrostatic driving force is unambiguously not the
predominant one for Ta%* in ceria. These results do not mean that a space charge is
absent in Ta®* doped ceria, but it is certainly not the predominant effect. The best fits of
both a one-parameter and a two-parameter Langmuir adsorption isotherm are shown in
Figure 4-9. The one-parameter model does not fit the data as well as the two-parameter
fit. Using the one-parameter Langmuir model, the best-fit value is AG = —0.58 eV.
For the two-parameter Langmuir model, the best-fit is X% = 0.6 and AG = -0.72

inter face

eV. The calculated value of strain misfit energy for Ta%* in ceria using the theoretical
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Figure 4-7: X-ray linescan across a grain boundary in sample Ta3. Ta5*segregation exists
within +5 nm of the boundary.
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elastic constant derived by Hill and Catlow [78] was -0.757 eV. This assumes complete
relaxation of the elastic strain upon segregation. It can be concluded that elastic ion size
misfit effects can satisfactorily explain Ta%* segregation in ceria.

Previously, Hwang and Chen [5] reported that the segregation of various dopants
in Ce-stabilized tetragonal zirconia depended on the relative charge of the dopant ion.
Negatively charged acceptor dopants such as Mg7,, Sc,, In’,, and Y’ were observed
to segregate as measured by XPS and AES on intergranular fracture surfaces of poly-
crystalline materials. No segregation of positively charged donors Nbz, and Taz, was
measured. Hwang and Chen used a space charge model to explain the charge dependence
of the segregation. While Hwang and Chen’s [5] results for Ce-stabilized tetragonal zir-
conia are certainly suggestive of an electrostatic component tc segregation of pentavalent
dopants in zirconia, there are a number of difficulties in extending their observations to
ceria. The role of Si in their samples is not well characterized. The XPS results showed
no Si at the boundaries, yet their own STEM observations of Ca?* doped Ce-stabilized
zirconia showed the existence of a 1 nm thick silicate film at the boundaries. Either the
Si content of the interfaces was below the detection limit of XPS or the fracturing of
the samples destroyed the silicate films and possibly the uppermost atomic layers of the
samples. The slow cooling of their samples allowed for non-equilibrium segregation and
dopant redistribution. The ill defined temperature and therefore oxidation state of the
multivalent Ce3*/** stabilizer makes any defect chemical modeling extremely difficult.
In addition, the defect chemistry of Ce-stabilized zirconia is not well characterized in

general.
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4.3 Grain Boundary Segregation in co-doped Ceria

STEM measurements of Gd3* and Ta®* grain boundary segregation were performed on
96 different grain boundaries in 4 different co-doped compositions. Figure 4-10 shows a
line scan across a boundary in CGT4. Segregation of both Gd** and Ta%* is observed
within £5nm of the boundary. Figure 4-11 shows the excess of Gd3* and Ta%" measured
at 19 separate boundaries in sample CGT1. Equation 3.1 was used to obtain the inte-
grated excess of Gd** and Ta’* at each particular boundary from the X-ray data. The
excess in terms of atoms per square meter was converted into equivalent monolayers by
dividing by the average cation site density in ceria (N*® = 8.55 x 10'® atoms/m?). The
error bars come from the error analysis described in Section 3.3. As can be seen from
Figure 4-11, the precision of the measurement of I'¢4 and I'r, is quite high. By rastering
over a well-defined volume, the statistical precision of the composition measurement is
enhanced at the expense of spatial information. The average Gd** excess in sample CGT1
is 0.12 mcnolayers (1.03x10'® atoms/m?). The average Ta’* excess is 0.15 monolayers
(1.28x10'8 atoms/m?). The excesses of Gd** and Ta®* for a single composition, temper-
ature and oxygen partial varied somewhat from grain boundary to grain boundary. This
is reasonable since the details of grain boundary structure will affect the energetics of

grain boundary sites [73].

4.3.1 Gd3* Segregation in co-doped Ceria

Figure 4-12 shows the average Gd3* excess found in each of the four compositions studied
here. Sub-monolayer segregation is observed for all samples. We have plotted Gd**
coverage (['cq) versus net mole percent Gd. Net mole percent Gd is defined as %Gd -

%Ta. The error bars represent the 95% confidence limits for the measurements of excess
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Figure 4-10: X-ray linescan across a grain boundary in sample CGT4. Gd** and Ta%*
segregation exists within &5 nm of the boundary.
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Table 4.1: Model input parameters

Parameter Description Model Value
o g{;eg e?izgc); n(::fy formation of an Space charge 26V
N, ;‘;ﬁ:} ;::::ity of available inter- :‘;ﬁ:ei:?; 6.78 x 10'® atoms,/m?
AGS, gsi energy of adsorption for Adsorption 0.34 eV
X |Saturation amount of Gd** Adsorption 0.99
AGS., 'F[‘;ii energy of adsorption for Adsorption -0.7%V
X32t  [Saturation amount of Ta’* Adsorption 0.6

Gd3* and correspond to the variability from boundary to boundary. For comparison,
the predictions of the two space charge models are also plotted in Figure 4-12 using the
best-fit results from Gd** doped ceria. Table 4.1 details the various parameters derived
previously and applied to these data. The space charge models accurately reproduce the
experimental data within the error of the measurements. Explicit co-segregation effects
between Gd3* and TaS* are not part of the space charge models and are concluded to
be unnecessary to explain the level of Gd3* segregation in these co-doped ceria samples
within the framework of a space charge model.

Figure 4-13 plots the same experimental data against the total Gd** content. The
results of a Langmuir model originally fit to the segregation of Gd3* in ceria are also
plotted. The free energy of segregation for the model is —0.34eV (See Table 4.1) and
again reproduces the experimental isotherm well. No co-segregation effects are included
in the simple Langmuir model. The Gd3*and Ta%* ions are assumed to be non-interacting.
This model fits the experimental data reasonably well.

Applying the model of Guttmann and McLean discussed in Section 2.3 to co-doped
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Figure 4-13: Gd3* coverage in co-doped ceria. Comparison between Langmuir adsorption
model originally fit to segregation data in Gd** doped ceria and experimental
observations of Gd®* segregation in co-doped ceria.
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ceria, we can address the effects of interactions between Gd3* and Ta®* ions. Fig-
ure 4-14 plots the Gd3* coverage versus mole percent Gd along with the results of the
Guttmann/McLean model. The parameters required for the Guttmann/McLean model
are: the solute saturation limit at the interface X, the free energy of segregation of the
solutes in a binary solid solution AG}, and the interaction energy a between the different
solutes. For the results plotted in Figure 4-14, we used the best-fit values from our pre-
vious studies of Gd3* and Ta’* doped ceria listed in Table 4.1, along with the coulombic
attraction between Gdy,, and T'as, defects sitting on nearest neighbor cation sites. This
ternary adsorption model is a poor fit to the experimental data, confirming that Gd3*
segregation in ceria is electrostatic in nature. The adsorption model consistently predicts
less Gd** segregation than is observed. Even when the interaction parameter « is set
to zero, which implies no preferential co-segregation effect between Gd3* and Ta5*, site
competition is predicted to limit the segregation of Gd** to values well below those exper-
imentally observed. This is because the strong adsorption of Ta®* should preferentially
fill the available interfacial sites with Ta’* at the expense of Gd3*,

Gd** segregation in ceria co-doped with Gd®* and Ta®* can be effectively modeled only
by the space charge models. The ternary adsorption model developed by Guttmann and
McLean predicts that in a ternary solid solution, the solute with the larger segregation
energy (e.g. Ta%*in ceria) will preferentially adsorb at the limited number of interfacial
sites. Accordingly, the more weakly adsorbing solute (Gd in this case) is predicted to
segregate to a lesser extent than it would in a binary solid solution. For ceria co-doped
with Gd** and Ta5* neither of these predictions is observed. Gd®* segregation in ceria is
therefore a strictly electrostatic phenomenon which can be described over a wide defect

chemistry range by a limited-site space charge model.
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Figure 4-14: Gd3* coverage in co-doped ceria. Comparison between Guttmann/McLean
model and experiment.
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4.3.2 Ta’* Segregation in co-doped Ceria

Figure 4-15 shows the segregation results for Ta®* in the co-doped compositions studied
here. The error bars are 95% confidence limits and represent the boundary to boundary

variation. Sub-monolayer segregation is observed. From our previous studies of Ta%*

5+ segregation is primarily an adsorption

segregation in ceria, we have concluded that Ta
phenomenon. These co-doped :ompositions allow us to study the co-segregation effects
between Tas. and Gdg, as well as whether a minority space charge segregation effect
acts on Ta®* in ceria. The Langmuir adsorption isotherm which was a best-fit to the Ta®*
segregation data in ceria is shown for reference. If TaS* segregation in ceria is strictly
an adsorption phenomenon with no co-segregation or minority driving forces, the Ta®*
segregation in the co-doped compositions should fall on the Ta®* segregation isotherm for
ceria doped only with Ta®*. Ta5* segregation in co-doped ceria is significantly less, for a
given quantity of Ta%* in the bulk, than observed in binary solutions of Ta%* in ceria. The
existence of minority driving forces and/or co-segregation effects for Ta%* segregation in
ceria is confirmed.

Figure 4-16 shows the result of the Guttmann/McLean model for Ta®* segregation in
co-doped ceria. This ternary adsorption model does not accurately predict the observed
Ta5* segregation in co-doped ceria. Specifically, the adsorption model predicts a larger
Ta5* segregation than observed for three of the four compositions. In fact, the ternary
adsorption model predicts that Ta%* should segregate more strongly in co-doped samples
than in singly doped specimens. The opposite is observed; the addition of Gd** into
ceria depresses the quantity of Ta’* segregation. Even in samples with more Ta’* than
Gd3* in the bulk, the Ta%* segregation is depressed. The Guttmann/McLean model

already accounts for site competition, therefore these results show that there is a negative

energetic interaction between Tac. and Gdy,.
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One possible explanation of less Ta%* segregation in co-doped samples than in singly
doped samples is the influence of the space charge. From the Gd** segregation data, the
existence of a near interfacial space charge in ceria has been confirmed. Even though Ta%*
segregation is predominantly adsorption, the existence of a minority effect has not been
ruled out. The space charge modeis predict that Ta%* depletion in will increase in Ta5*
rich compositions and decrease in Gd3* rich compositions. The excess depletion predicted
is on the order of 1/1000 of a monolayer, an amount much too small to be experimentally
confirmed. The observed depression of Ta®* segregation in co-doped samples is on the
order of 1/10 of a monolayer, which is much too large to be due to a simple excess

depletion of Ta5* in the space charge. It is therefore concluded that there exists a strong

negative co-segregation effect of Gd3* on Ta5* is observed in co-doped ceria.

4.4 Grain Boundary Morphology in Doped Ceria

Further support of the above interpretation of the segregation results is seen in the
HREM observations of grain boundary morphology in ceria. HREM observations of
grain boundary morphology coupled with STEM provides a very detailed picture of
the chemistry-structure relation for a particular grain boundary. The grain boundary
morphology of Ta®* doped ceria was markedly different than the morphology of grain
boundaries in Gd®* doped ceria. Ta®* doped ceria contained amorphous siliceous films
while Gd** doped ceria did not. This is consistent with Ta®* adsorption at the interfacial
core modifying the grain boundary sufficiently that an amorphous silicate glass has a
lower energy than the grain boundary. Gd** segegration in a near interface space charge
layer does not appear to greatly modify the grain boundary energy and therefore a glassy

film is of higher energy than the crystal/crystal interface.
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Figure 4-17: High resolution electron micrograph of a grain boundary in Gd7 illustrating
the absence of an amcrphous film.
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4.4.1 Gd3?* Doped Ceria

Observations of grain boundary morphology in Gd3* doped ceria were performed using
a High Resolution Electron Microscope (HREM) (Akashi TopCon 002B, Paramus, NJ).
A total of 20 boundaries in Gd5 and Gd7 were imaged. Figure 4-17 is such a grain
boundary. No second phases or amorphous films were seen in these Gd** doped samples.
Si contamination in these samples was 0.8 mole percent from the ICP analyses (see
Table 3.2). The absence of second phases or films suggests that the Si was dissolved into
the bulk of the ceria. The Si coverage was not quantifiable because the Si content in the
bulk of the grains was below the detection limit of the X-ray analyzer. Cosegregation
effects between Gd3*and Si are possible, although the Si content of the various Gd samples
were not all uniform. It is to be expected that if cosegregation plays an important role,
the Gd** segregation should depend on the Si content of the material. Because the
Gd?* isotherm can be so accurately fit by the limited-site space charge and Langmuir
adsorption models, which ignore any possible cosegregation, cosegregation effects with Si
are concluded to be minor for Gd** in ceria.

The requirement of the two grains each having a zone axis parallel to the electron beam
for lattice fringes to be observable in both grains may cause HREM images to be atypical
in terms of chemistry. STEM analysis of the imaged boundaries yielded segregaticn
measurements consistent with those previously measured on non-imaged boundaries for
both compositions. The imaged boundaries are therefore representative of a typical high-

angle general grain boundary in Gd3* doped ceria.
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Figure 4-18: High resolution electron micrograph of a grain boundary in Tal at which
an amorphous film exists
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Figure 4-19: High resolution electron micrograph of a grain boundary in Ta3 at which
an amorphous film exists
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4.4.2 Ta%" Doped Ceria

HREM observations in two of the Ta%* doped ceria samples significantly showud the
existence of amorphous films at some grain boundaries and at grain triple junctions.
HREM and STEM measurements of Tal were made, and showed Ta%* segregation similar
to the average for the sample and glassy films between 0.5 and 1.33 nm thick. Figure 4-18,
from Tal, shows a film =~ 0.5 nm thick. Figure 4-19, from Ta3, shows a film =~ 2.5 nm
thick. STEM measurements of this boundary show 0.42 monolayers of Ta%* segregation,
which is the average value in this sample. Additional amorphous films were imaged in Ta3
and ranged in thickness between 1.3 and 2.5 nm. The Ta®* excess associated with these
films was typical for the sample and did not scale with the film thickness. Additionally,
two grain boundaries were imaged in Ta3 with no discernible amorphous film. The
Ta5* coverage at these boundaries was =~ 0.5 monolayers. Therefore, Ta** adsorption is
occurring in Ta%* doped ceria in the absence of an amorphous grain boundary film. The
composition of these very thin films is difficult to measure quantitatively due to electron
heam broadening effects.

The characteristic X-ray lines of Ta%* and Si overlap such that no EDX measurement
of Si is possible in Ta containing material. However, Scanning Auger Electron Spec-
trometry (SAES) (Physical Electronics Model 660, Eden Prairie, MN) measurements on
an intergranular fracture surface of Ta3 showed the presence of Si at the surface, which
disappeared after sputtering with Ar ions for 30 seconds. The amorphous films observed
by HREM are therefore concluded to be a silicate glass with an unknown quantity of
dissolved Ce**, and Ta’®*. The typical grain boundary morphology of Ta%* doped ceria

includes a siliceous amorphous film between the ceria grains.
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4.4.3 co-doped Ceria

Sample CGT4 was observed with HREM. 10 separate boundaries in this Ta5* rich sample
were imaged and all were found to contain widely varying amounts of amorphous glass.
This wide variation in film thickness, along with the observed 0 dihedral angle leads to
the conclusion that these amorphous film are not equilibrium thickness films. The glass
thickness is instead constrained by the available Si content and sphering pressure of the
sample as discussed in Chiang et al, (87).

X-ray linescans were performed on three interfaces in order to investigate the location
of the Ta%* and Gd3*, Figure 4-21 shows a “grain boundary” with a thick amorphous
film 7.8nm wide. Figure 4-20 shows the X-ray linescan results from this boundary. The
focussed electron probe was stepped across the two grains and the amorphous film at
1 nm intervals starting at the left hand crystal/glass interface. The resulting data is a
convolution of the electron probe shape and the concentration profiles. As previously
mentioned, the Si K, X-ray line and the Ta M lines overlap at 1.74 keV. The curve
denoted as Si assigns all the counts at 1.74 keV to Si. The high apparent concentration
of Si in the grains is an artifact of this assignment. The error bars are 20 values for the
apparent concentrations. The Ta%* profile clearly shows that the Ta5* jons are segregated
into the glassy layer. Electron beam broadening cannot account for the constant Ta5*
composition across the width of this film. The counting statistics for Gd3+ using the
point probe are too poor to allow for confident analysis of the distribution of Gd%* across
the film.

The area-scan method was also used to measure the Ta’* and Gd3* excess at this
boundary and yielded 1.76 monolayers of Ta®" and 0.06 monolayers of Gd3*., The average
coverages for this sample are (.56 monolayers of Ta’* and 0.07 monolayers of Gd3*, The

Ta5* content of the amorphous phase accounts for approximately 1/2 of the measured
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Figure 4-21: High resolution electron micrograph of a grain boundary in CGT4 at which
a 7.8 nm wide amorphous film exists
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segregation at this interface. Ta%* both adsorbs at the glass/crystal interface and dissolves
into the siliceous amorphous film. The exceptionally large excess of Ta5* at this interface
is explained by the thick amorphous Ta-Si glass combined with Ta®* adsorption to the
first atomic plane of the grains.

Figure 4-25 is a HREM micrograph from another boundary in CGT4. The glassy
layer is 5.4 nm wide in this case. The X-ray linescan across this film is seen in Figure 4-
22. Again, the Ta’* is distributed uniformly across the film thickness. The area-scan
measurement yielded 1.3 monolayers of Ta®* and 0.1 monolayers of Gd3*. The Ta’*
content of the glass accounts for 0.63 monolayers of the total excess per grain. The
remaining Ta®* is concluded to be adsorbed at the glass/crystal interface.

Finally, Figure 4-26 shows a thin amorphous film between two grains of CGT4. The
film is 2.2 nm wide. The X-ray linescan is seen in Figure 4-23. 1t is less clear for
this thinner film what the actual concentration profiles are. The convolution of the
electron probe shape with the concentration profile becomes significant at this length
scale. The Ta®* coverage was measured as 0.73 monolayers, while the Gd** coverage was
0.04 monolayers.

Further evidence that the Ta®*is segregating in the film is seen in Figure 4-24. Plotting
the Ta5* coverage measured by the area-scan technique versus the amorphous film thick-
ness as observed by HREM, it is clear that for sample CGT4 a linear correlation exists.
The line shown is a least-squares fit to the CGT4 data. This linear correlation suggests
that the film compositions are constant in CGT4. The thicker films have a larger Ta®"
excess due to the larger volumne of glass. The data from sample Ta3 are also plotted. At
two “dry” grain boundaries significant Ta5" segregation was measured. The Ta®* segre-
gation in sample Ta3 appears to be primarily adsorption at the glass/crystal interface

with a small contribution to the overall excess due to the glassy phase.
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Figure 4-25: High resolution electron micrograph of a grain boundary in CGT4 at which
a 5.4 nm wide amorphous film exists
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Figure 4-26: High resolution electron micrograph of a grain boundary in CGT4 at which
a 2.2 nm wide amorphous film exists



102 CHAPTER 4. RESULTS



4.4. GRAIN BOUNDARY MORPHOLOGY IN DOPED CERIA 103

Additional data suggesting that Ta®* adsorbs at the glass/crystal interfece in addition
to being distributed in the glass is the ordinate intercept of the regression line for the
CGT4 data. The intercept is equal to a positive value of 0.36 monolayers, suggesting that
at a dry grain bonndary in CGT4, Ta%* adsorption of this magnitude would be expected.
This observation coupled with the previous measurement of Ta®* segregation at interfaces
lacking amorphous phase suggests that the total excess of Ta%*is due to the combined
adsorption of Ta%" at the glass/crystal interface and dissolution of an equilibrium amount
of Ta%* into the siliceous glass. Even for the uncommonly thick film seen in Figure 4-21,
only approximately half of the observed Ta’* excess is associated with the glassy film.

Cosegregation of Ca and Si has been previously observed by STEM and HREM in
high purity zirconia samples without amorphous intergranular films [9]. In that system it
was found that for a high bulk Ca concentration (15%), the Ca segregation remained less
than a monolayer and scaled with the Si segregation, implying that Ca segregated only
to the extent necessary to create a preferred grain boundary chemistry. A similar effect
is not seen in Ta%* doped ceria. The observations from sample Ta3 showed little efiect of
amorphous film formation on the level of Ta®* segregation. Two crystal/crystal interfaces
were measured and had Ta3* segregation similar to measured segregation at interfaces
with amorphous films as seen in Figure 4-24. The boundary to boundary variance was
similar to other samples in which no siliceous films were observed. Upon film formation,
Ta5* is incorporated into the film to form an amorphous film composition in equilibrium
with the Ta®* in the ceramic grains. For sample Tal and Ta3 with relatively thin films,
the majority of Ta5* segregating to the interface is associated with adsorption and not
the Ta%* content of the siliceous glass. Glass formation at a boundary is concluded to
not significantly affect the Ta5* adsorption process.

Despite a consistent processing procedure for all samples, Si levels of the present
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Ta samples observed with HREM ranged from 0.02 to 0.38 mole % Si, and were not
proportional to Ta content (Table 3.2). No apparent correlation between the average
Ta5* segregation and bulk Si content was found. If there was a strong cosegregation
effect, either positive or negative, we would expect to see an isotherm which would not
follow a typical Langmuir shape. A positive cosegregation effect would cause more Tab*
to segregate in samples rich in Si (such as Ta2), while a negative effect would depress Tab*
segregation in Si rich specimens. The experimental isotherm is well fit by a Langmuir
model and therefore, we conclude that strong cosegregation interactions do not exist
between Ta®* and Si in ceria.

The quantity of Si in the two Ta®* containing samples observed by HREM is more
than a factor of 2 less than that in the Gd** containing samples, (see Table 3.2). Yet
the Gd3* specimens exhibited clean boundaries while the Ta5* specimens contained in-
tergranular films. Samples co-doped with an excess of Ta®* also exhibited siliceous films.
The solubility of impurity Si in ceria clearly varies with the bulk corcentration of V5,
although the exact mechanism of compensation is unclear at this time. One possible
mechanism 1s the increase of Si solubility in subvalent doped ceria due to the presence
of V. Tetrahedral coordination of O% around Si is greatly preferred due to the covalent
nature of the Si—O bond. In undoped ceria, the cations are surrounded by a cube of O
ions. Si ions in undoped ceria exist in a high energy state and therefore, the solubility
of silicon in ceria is expected to be minimal. Doping ceria with subvalent cations is well
known to be charge compensated by the creation of V5. The large concentration of Vg
in the lattice may increase the solubility of Si by allowing for lower coordination of O%*
around the Si ions. The defect complex shown in Figure 4-27 is the extreme example
of the lower coordination of Si due to V{5. If this suggested mechanism is correct, the

implication is that doping fluorite structure oxides with supervalent ions, which decrease
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Figure 4-27: Proposed low energy defect complex for Si in ceria suggested to increase the
solubility of Si.
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Figure 4-28: The Tay05-Si0, binary phase diagram

the V5 concentration in the material, will lead to rejection of Si from the crystal and the
formation of siliceous grain boundary films. Additionally, lightly doped ceria would be
more susceptible to the formation of siliceous films due to the lower concentration of V¢
in the bulk. This proposed mechanism is consistent with the observed grain boundary
morphology in both Ta%* and Gd3* doped ceria.

The binary Ta,05-SiO; [88] and Gd203 [89] phase diagrams are seen in Figures 4-28
and 4-29. No ternary phase diagrams for Ce, Si and Ta or Gd have been reported.

The eutectic temperature in the Ta-Si diagram is ~ 1550°C, while in the Gd-Si system,
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Teutectic = 1650°C. All processing was done below the binary eutectics, though the exis-
tence of a possible ternary eutectic cannot be ruled out. However, recent results in the
Zn0-Biy03 system have shown that even below the solidus it is possible for an intergran-
ular amorphous film to be thermodynamically stable [90,91]. Wang and Chiang reported
that amorphous Bi films are the equilibrium grain boundary morphology in ZnO-Bi,03.
Pressure desegregation experiments conclusively showed that the measured Bi excess in
their samples was associated with the amorphous films and not a space charge layer.
For Ta®* doped ceria, the results therefore show that the measured Ta®* segregation
is not a space charge phenomenon. The Ta®* both adsorbs at the glass/crystal interface
and segregates into the amorphous siliceous films. Gd3* segregation in ceria is a space
charge phenomenon and no amorphous films are observed even in samples containing a
larger amount of Si than the Ta5* doped specimens. The adsorption of Ta®* to the grain
boundaries in ceria promotes the formation of amorphous films that are enriched in Ta%*
and Si relative to the bulk of the grains. If the crystal/crystal interface energy becomes
larger than two times the glass/crystal interface, a thin amorphous glassy layer will be
thermodynamically stable as recently observed in the ZnO-Bi;O3 system [90,91] and the
Ti0,-SiO, system [92]. Because Gd** segregation does not occur in the first atomic plane

of the interface, the interfacial energy is not significantly changed and amorphous Si films

are unstable with respect to the crystal/crystal interface.

4.5 Implications for Transport Properties

Gerhardt and Nowick [15,16] reported that the graiu boundary impedance in ceria doped
with between 0.3% and 6% subvalent dopant was due to the existence of thick (= 50 nm)

Si-containing films. They found that by eliminating the films, they were able to remove
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the majority of the “grain boundary effect”. Unfortunately, they did not calculate the
specific grain boundary resistance, a;f, which is necessary to understand the conduction
across a single boundary.

More recent results indicate that even in the absence of silicate films the grain bound-
aries are blocking in fluorite structure oxides [9,14]. Aoki et al. reported on impedance
measurements of high purity calcia-stabilized zirconia. Grain boundary segregation of Si
was controlled through grain size control. In the very pure samples (< 80ppm Si) studied,
grain sizes below 4 um exhibited size-dependent segregation due to the limited quantity
of Si. Correspondingly, a;f increased with decreasing Si segregation. The limiting value
of the grain boundary conductivity was still more than 102 less than the bulk conduc-
tivity. Additionally, the activation energy of the bulk conductivity was reported to be
lower than the activation energy of the grain boundary conduction mechanism suggesting
that constriction effects cannot account for the large resistivity of the grain boundaries.
Christie and van Berkel [14] correlated the microstructure and grain boundary conduc-
tivity in ceria doped with 20 mole % Gd. HREM was used to show the absence of any
amorphous grain boundary films. Christie and van Berkel report that a;f is 103 less than
the bulk conductivity of their samples. The grain boundary conductivity mechanism
had a clearly larger activation energy than the bulk mechanism, again suggesting that
constriction effects are not a plausible explanation of the impedance data. Clearly, signif-
icant blocking effects occur in fluorite structure oxides even without glassy intergranular
phases.

Maier has recently reviewed the problem of conducticn through a space charge re-
gion [93]. Both the concentration of mobile defects and the mobility of the defects can
potentially lead to blocking effects at interfaces. Current data in the silver halides can be

effectively described assuming that the defect mobility is unchanged in the space charge
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region. For the case of a large electric field, as predicted in heavily doped ceria, the
assumption of constant mobility may no longer be valid. No theoretical model exists to
describe the effect of a space charge on ionic mobility. A depletion of mobile defects is
predicted to lead to a lower conductivity perpendicular to the interface. The measured
grain boundary conductivity is the integration across the space charge region of the local
conductivity and as Hagenbeck and Waser [94,95] have shown for SrTiOs, is dominated
by the defect concentration minimum. The mobility effect would be manifested in the
measured activation energy for conduction. Experimentally, both Aoki et al. [9] and
Christie and van Berkel [14] have reported that the activation energy for grain bound-
ary conductivity is ~ 0.1eV greater than the activation energy of the bulk conductivity
mechanism. For heavily doped ceria, the space charge potential is ~ —0.65eV and is
predicted to exist over a distance of 1 A. The space charge model is based on continuum
electrostatic theory and therefore does not take into consideration finite ion size effects.
The space charge model therefore predicts that the electrostatic barrier to oxygen va-
cancy motion from one atomic plane to the next is 0.65 eV, and therefore the activation
energy for conduction perpendicular to the interface should be larger than the bulk by
0.65eV. This is not consistent with the experimental data measured by Christie and van
Berkel and Aoki et al.. Limitations of the space charge models include: the assumption
of continuum dielectric behavior at the A level, dilute solution approximation for defects
in the space charge, and neglect of the discreteness of ions. The spatial extent of the
space charge layer in the case of heavily doped ceria will be increased upon considera-
tion of these effects. Therefore, it is expected that the potential drop from one atomic
plane to the next will be in reality less than the predicted 0.65 V and may approach the
experimentally measured 0.1 V.

The predicted depletion of V{5 in the near grain boundary space charge is suggestive of
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why the grain boundaries are blocking in subvalent doped fluorite oxides in the absence
of second phase siliceous films. The addition of subvalent dopants is required to generate
the large concentration of V5 necessary for high oxygen ion conduction in the bulk. As
a consequence, in this extrinsic limit, the grain boundary charge will always be positive,
which implies depletion of positive defects such as V¢ in the space charge. Figure 4-30
shows the calculated defect concentration profiles in Gd** doped ceria assuming a space
charge segregation effect. These calculated profiles assume equilibration at 1500°C in
air for ceria doped with 20 mole % Gd. Note the depletion of V4 in the near boundary
space charge. V{5 transport across the grain boundaries in fluorite structure oxides will
be impeded due to the lower V5 concentration even in the absence of second phase

intergranular glassy films.
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Conclusions

Extensive measurements of grain boundary segregation of Gd** in doped ceria have been
performed and confirm that segregation of Gd occurs at sub-monolayer levels in samples
containing between 1 and 26 mole % Gd. The experimentally measured isotherm can be
fit over most of its composition extent with any of three models: a dilute space charge
model originally developed by Kliewer and Koehler [53,58-60], a limited interfacial site
space charge model originally developed by Blakely and coworkers [62-64], and a simple
Langmuir-type isotherm.

Although adsorption models and space charge models are based on different ideas
about the driving forces for segregation and the location of the segregant, their isotherms
are remarkably similar. In only a few cases is it justified to a priori argue that segre-
gation in a particular ceramic must be due to electrostatic effects or adsorption. Before
discarding any models, a detailed understanding of the defect chemistry of the system
and values of the free energy of formation of key defects is required to argue that the
magnitude of the electrostatic driving force is smell and can be safely ignored.

In the case of aliovalent doped ceria, the defect chemistry has been solved and from
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the observation of acceptor segregation, an estimate of the key defect formation energy,
9y has been made. gy in ceria is = 2eV which is reasonable given the previously
reported values of the Frenkel and Redox energies. We conclude that Gdg,, segregates
in ceria predominantly due to electrostatic effects as embodied in the limited-site space
charge model described in Section 2.1.2. The measured Gd** segregation can be most
closely modeled with an isotherm derived from a limited-site space charge model. The
derived free energy of adsorption in a Laagmuir-type isotherm for Gd** is unreasonable
for the elastic misfit of the Gd3* ion on a Ce%* site. Gdy, in ceria represents an ideal
space charge dopant due to its small size misfit with the host Ce** ion which minimizes
elastic strain. Other acceptors such as Sc3* and Sm3*, with larger misfits will most likely
segregate more strongly due to a combination of electrostatic and adsorption forces.

The space charge models predict that for donor doped ceria the interfaces should be
positively charged with a depletion of donor solute in the space charge region. STEM
nieasurements of a number of compositions containing Ta instead showed Ta%* segregation
in all cases. TaS* segregation in ceria is therefore not electrostatically driven. In fact,
the electrostatics of the situation seek to deplete the boundaries of Ta. It is concluded
that segregation of Ta®* in ceria is driven by adsorption effects. Due to the similar size
misfit of other potential donor ions such as Mn%* and Nb%*, we predict that they also will
adsorbed at the grain boundaries in ceria.

Simultaneous segregation of Gd3* and Ta5* in ceria has been measured in a nuinber
of co-doped ceria samples. Both Gd3* and Ta®* segregate in sub-monolayer ainounts
for Gd < 4.5% and Ta < 2%. The Gd** segregation isotherm can only be explained
with the space charge models. We conclude that the segregation of Gd* is exclusively
due to space charge effects. This result is reasonable given the small misfit of the Gd,

defect with respect to the host Ce%* site. Ta®* addition does not affect the amount of
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Gd3* segregation in the space charge since it does not have much impact on the defect
chemistry within the Ta solubility limit.

Ternary adsorption models predict that Ta%* should segregate more strongly in co-
doped samples than in binary solid solutions. The opposite is in fact observed: Ta5*
segregation is depressed in co-doped semples. The magnitude of the depression of Ta5*
segregation cannot be satisfactorily explained by space charge depletion. From the Ta5*
segregation data, it is clear that there is a negative co-segregation effect of Gd3* on Ta’*.

From HREM observations of the grain boundary mocrphology in these aliovalent doped
materials coupled with chemical information from STEM and SAES measurements, a
clear difference is seen in the morphology of grain boundaries in Ta and Gd doped ceria.
Gd doped ceria has dry boundaries without any intervening amorphous film. Grain
boundaries in Ta doped ceria are separated by a thin film of Si containing amorphous
material. The solubility of Si in ceria varies depending on the concentration of V¢ in
the bulk. The proposed explanation is that subvalent doping increases the Si solubility
by raising the concentration of V5 and creating cation sites surrounded by 4 O% ions
rather than the 8 typical for the cubic fluorite structure. The covalent nature of the
silicon-oxygen bond is such that tetrahedral coordination is much preferred over any
other coordination. V5 help stabilize the solution of Si into the ceria lattice. Doping
ceria with Ta®* or other supervalent ions is surgested to decrease the bulk solubility of
Si due to the lower concentration of Vg in the lattice. and lead to the formation of thin
intergranular siliceous films between the grains.

Table 5.1 outlines the projected driving forces for grain boundary segregation of other
aliovalent dopants in ceria. The ionic radii are from Shannon [76] and are for eight-fold
coordination of the cations. Supervalent dopants such as Ta®* and Nb®* are significantly

undersized for the Ce** site in ceria and are therefore predicted to segregate due to
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Table 5.1: Projected segregation driving forces for aliovalent dopants in ceria

Ton|Radius (pm) [76] Driving force
Ce't 111
Y** 116 Electrostatic
Gd3* 119
Mg?* 103
Sc* 101 Mixed electrostatic and adsorption
Sm3* 122
Nd** 125
Ta’* 88 Dominated by adsorption
Nbs+ 88

adsorption effects. Subvalent dopants with misfit equal to or less than Gd3* will segregate
in a space charge to shield the positive charge on the grain boundaries. Subvalent dopants
with a large size misfit are predicted to segregate due to the combined influence of space
charge and elastic strain effects.

Figure 5-1 shows schematically the space charge segregation of Gdg, in ceria and the
combined Ta5* adsorption at the glass/crystal interface and dissolution into a siliceous
grain boundary amorphous film. Gd** segregates in the near boundary region in order
to balance the charge on the grain boundary. This occurs regardless of Ta®* segregation
and/or amorphous film formation. The Gd?** segregation falls exponentially from the
interface to the bulk value over a length scale of approximately two Debye lengths (2x7}).
Ta%* segregation on the other hand, is an adsorption effect with the Ta5* existing both at
the glass/crystal interface and in an amorphous siliceous film between the grains. The
Ta%* is heavily segregated right at the first atomic layer of the grain and exists at a

concentration in the glass greater than in the bulk of the crystal.
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. | [TaCe.]
e gb film

Figure 5-1: Schernatic diagram of Gd3* in the space charge iayer of ceria, Ta®* adsorption
at the glass/crystal interface and dissolution into the amorphous siliceous
film.
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Appendix A

Coverage Histograms

The following pages contain the histograms of the segregation measurements discussed in
this thesis. The error bars on the individual grain boundaries are 95% confidence limits
as described in Section 3.3. The sample identification as given in Tabie 3.2, along with
the average segregation and confidence limits plotted in the figures in Section 4 ere given
above the histograms. Tabulated below each figure are the following experimental details:
dopant mole%, number of counts at 4.840 keV (the Ce L,, X-ray line), and the size of the
virtual objective aperture (VOA) used. The size of the VOA affects the electron probe
size and total intensity of the probe. For highest spatial resolution, a 20um VOA is
necessary to limit the spherical aberration of the focussed electron probe. A larger VOA
decreases the maximum spatial resolution, but increases the total beam intensity and
hence the X-ray counting statistics for a given counting time. The area-scan technique
uses a large (relative to the ultiraate probe size) raster area and therefore the increased

spherical aberration is acceptable given the large gains in the X-ray signal.
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