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The effects of the dopants, Mg**, Ca**, Sr**, Sc**, Yb*, Y**,
Gd**, La**, Ti**, Zr**, and Nb*", on the grain boundary
mobility of dense CeO, have been investigated from 1270°
to 1420°C. Parabolic grain growth has been observed in
all instances. Together with atmospheric effects, the results
support the mechanism of cation interstitial transport being
the rate-limiting step. A strong solute drag effect has been
demonstrated for diffusion-enhancing dopants such as
Mg>* and Ca**, which, at high concentrations, can never-
theless suppress grain boundary mobility. Severely under-
sized dopants (Mg, Sc, Ti, and Nb) have a tendency to
markedly enhance grain boundary mobility, probably due
to the large distortion of the surrounding lattice that appar-
ently facilitates defect migration. Overall, the most effective
grain growth inhibitor at 1.0% doping is Y**, while the
most potent grain growth promoter is either Mg** (e.g.,
0.1%) or Sc** at high concentration (greater than 1.0%).

I. Introduction

GRAIN BOUNDARY mobility can be influenced by dopants in
two distinct ways. First, grain boundary diffusivity of host
ions is altered through defect chemistry and dopant—defect
interactions. This may result in different populations or migra-
tion dynamics for the rate-controlling defect species. Alterna-
tively, solute ions segregate to the grain boundary. This may
result in a solute drag, so that grain boundary mobility is con-
trolled by the lattice diffusion of the solute. These dopant
effects on grain boundary mobility have long been recognized
as important as they affect sinterability, microstructural stabil-
ity, and creep. Nevertheless, systematic experimental documen-
tation of these aspects in ceramics is still lacking. Recently,
we have studied grain boundary mobility in CeO, containing
trivalent dopants.' The present work completes this effort by
extending it to similar systems containing divalent, tetravalent,
and pentavalent dopants. In the accompanying paper, we also
report a parallel study of Y,0,.

CeQ, is a prototypical fluorite-structured oxide. Like other
oxides with this structure, it can easily incorporate many aliova-
lent cations by creating charge-compensating defects on the
oxygen sublattice, V, in the case of acceptor dopants** and O;
in the case of donor dopants.® In principle, oxides of this type,
with cubic symmetry and with large cation solubilities, are
relatively immune to abnormal grain growth caused by mobility
disparity among different boundaries. Furthermore, since V,
forms very readily in this structure,”” oxygen diffusion is very
fast in CeO, and similar oxides, and invariably, cations are the
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rate-limiting species in the system. This makes CeQ,, which
has no phase transformation (unlike ZrQ,) and is not radioactive
(unlike UO,, ThO,, and PuQ,), a suitable model system for
studying dopant effects on grain boundary mobility. In the
present series of studies, we have investigated, in the order of
increasing charge/size, the following dopants: Mg?*, Ca®*, Sr**,
Sc*t, Yb*, YT, Gd*F, La*t, Ti*Y, Zr**, and Nb°*,

An interesting aspect of CeQ, is the spccial chemistry of
Ce**, which can readily reduce itself to Ce**. This property
is the basis of several technological apphcatlons of CeO,,
such as catalytic supports (for automotive exhaust) and high-
temperature electrodes. In the present context, it also dictates
that a large population of charge-compensating V, already
exists in undoped CeQ,. Therefore, for dopant studies, it is
necessary to distinguish an intrinsic regime, in which V, popu-
lation is largely tied to Ce®', from an extrinsic regime, in
which V;, is mainly affected by aliovalent dopants. Calculations
presented in our previous work,' replotted in Fig. 1, indicate
that the concentration of Ce’" is between 0.2% to 0.8% in the
temperature range of 1270° to 1420°C. By adjusting the dopant
concentration to lie above or below this band, either an extrinsic
or intrinsic regime can be accessed for comparative studies.
This strategy has been followed in our work. In the previous
investigation on trivalent dopants, we also found that the dopant
effect on grain boundary mobility was primarily through
defect—dopant interactions in the intrinsic regime, and through
solute drag in the extrinsic regime, This distinction is further
investigated in the present work using other dopants.

In principle, grain growth experiments offer an opportunity
to investigate the diffusion mechanisms of pure and doped
systems. Although this probe to diffusion is indirect and some-
times complicated by the simultaneous operation of grain
boundary and lattice (solute drag) mechanisms, it has the
advantage of involving only a relatively short diffusion distance
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Fig. 1. Defect concentration, [Ce'"], vs reciprocal temperature for
undoped CeQ), in air (data from Ref. 6). Intrinsic and extrinsic regimes
for dopant concentrations shown between 1270° and 1420°C.
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(several tens of micrometers) and very good sampling statistics
(several hundred grains). These advantages allow grain growth
experiments to be performed at relatively low temperatures,
compared to conventional diffusion ones, and to provide valu-
able insight to the diffusion mechanisms. Analyzing grain
growth data in our previous study on CeO,, we found that
cations diffuse by an interstitial mechanism." This finding has
been further substantiated in the present work using other dop-
ants, and we now believe that it is general for all fluorite-
structured sub-oxides such as UO,_, and (U,Pu)O,_.."" Lastly,
we have again observed some anomalous effects of severely
undersized dopants on lattice distortion, defect interaction, and
migration which were first reported for Sc in our previous
publication.' Further evidence for these effects and their struc-
tural origins are presented in the following.

II. Experimental Procedure

Ultrafine highly reactive CeO, powders prepared by a homo-
geneous precipitation method as described in our previous
paper'' were used as starting powders. The CeO, powders were
first dispersed in isopropyl alcohol to which dopants were
added in the form of nitrates. The doped powders were then
calcined to effect homogenization. As in our previous work on
trivalent dopants,' dopant concentrations were fixed at 0.1% or
1.0% of the total cations, except for Nb**, for which the lower
solubility in CeO, limited the maximum Nb*" concentration to
0.6%. The ionic size'? and solubility®'*'? of these dopants are
listed in Table I. To avoid SiO, contamination, powder pro-
cessing was conducted using plastic ware only, and sintering
and experiments of grain growth, mostly in air, were performed
using a dedicated “clean” furnace. High-purity flowing O, was
also used in some experiments to provide a controlled atmo-
sphere for comparison. This and other procedures are identical
to those described in our previous work on CeQ, with trivalent
dopants.'

The microstructures of the sintered specimens were charac-
terized by a scanning electron microscope (SEM) after pol-
ishing and thermal etching. The grain size was obtained by
multiplying the average linear intercept length of at least 500
grains by 1.56." In addition, the average grain diameter for
each grain was used to evaluate the grain size distribution. For
grain growth study, only samples with a density higher than
99% were used to avoid the influence of porosity on grain
boundary mobility.

III. Results

(1) Microstructures

Selected microstructures are displayed in Fig. 2 to demon-
strate the difference in grain size. A representative microstruc-
ture of undoped CeO, (sintered in air at 1270°C for 1.2 h) is
shown in Fig. 2(a). Among all the samples with divalent cation
dopants, over the range of temperature studied, the smallest

Table I. Tonic Radius and Solubility of MO, in CeO,

Tonic radius® Solubility

(A) (MO, ) Ref.
Mg** 0.89 2 (1600°C) 13
Ca** 1.12 9 (1600°C) 14
St 1.26 9 (1600°C) 14
S¢*t 0.87 9.5 (1750°C) 13,15
Yb* 0.99 40 (1400°C) 15,16
W 1.02 48.6 (1400°C) 13, 15,16
Gd** 1.053 100 (1400°C) 15,16
La" 1.16 45 (1600°C) 15,16
Titt 0.74
Zrt* 0.84 30 (1400°C) 15
e 0.97
Nb** 0.74 0.6 (1320°C) 6

‘Reference 12. All for 8-fold coordination.
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grain size observed in the fully dense samples was 0.68 pm, as
in the case of 1% Ca doping sintered at 1270°C for 1.2 h shown
in Fig. 2(b). The largest grain size was 31 pm, as in the case of
0.1% Mg doping sintered at 1420°C for 6 h shown in Fig. 2(c).
With tetravalent cation doping, the smallest grain size obtained
was 0.59 pm as in the case of 1% Zr doping sintered at 1270°C
for 1.2 h shown in Fig. 2(d), and the largest grain size was 34.6
wm as in the case of 0.1% Ti doping sintered at 1420°C for 6 h
as shown in Fig. 2(e). Nb-doped samples had a grain size in
between the above extremes and are not shown here.

(2) Grain Size Measurement

As evident in Fig. 2, no abnormal grain growth has taken
place in all the cases studied. To ascertain this point, grain size
distributions were measured for selected compositions and the
results are shown in Fig. 3 in the form of normalized grain size.
It was found that despite the large difference in mean grain size
(from 2.5 to 18 wm), the majority of grains had a size centered
around the mean and there was no abnormal growth as evi-
denced by the absence of a second peak at larger sizes. This
allowed us to use the average linear intercept length to represent
the grain size and to evaluate growth kinetics.

Following our previous paper,’ we found the mobility data
agree with the parabolic law well:

d* — dj = 2MN(t — t,) (1)

where d, is the reference grain size at time f,, d is the average
grain size at time ¢, 7y is grain boundary energy, and M is the
mobility of grain boundary. This equation follows directly from
the equation of motion of grain size and is strictly valid pro-
vided M and + are time (size) independent:"’

dd

s, = Myld ®
To avoid the influence of porosity on grain boundary mobility,
the time f, was chosen so that the sintered density had at least
achieved 99%. Typical values of ¢, are 1.2 h at 1270°C and
6 min at 1420°C. Then, by plotting d> — dj against t — £,, we
could identify and obtain a straight-line fit that passes through
the origin with a slope representing the average 2My. Some of
the grain size data, for samples sintered at 1270°C, are plotted
in Fig. 4 to illustrate this procedure and the excellent fit. Since
it is obvious that the value of the slope varies over many orders
of magnitude, and since this large variation is not likely due to
v, which typically varies by no more than a factor of 2 over a
wide range of temperature and composition, we have assumed
as in our previous paper' <y to remain constant, taken to be
0.3 J/m>, for the purpose of evaluating the grain boundary
mobility. The mobility data obtained in this way are summa-
rized in Table II which, for completeness, also includes our
previous data for trivalent dopants. These data are analyzed
below to infer diffusion and grain growth mechanisms.

IV. Diffusion Mechanism for Cations

The mobility data at low dopant concentrations can be used
to deduce the diffusion mechanism for host cations. At this
point, we do not distinguish grain boundary diffusion from
lattice diffusion, but concentrate instead on the implications of
defect chemistry which should be applicable to both cases. In
the dilute concentration range, we expect Ce diffusion to be rate
limiting. (There is no need to distinguish diffusitivies of Ce't
and Ce*" cations, since they interchange by exchanging charge
via the small polaron mechanism which has an activation
energy much smaller than that of cation diffusion.*’) From the
defect reactions

Schottky defect formation:

null <22 V& + 2V 3)
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Fig. 2. Microstructures of undoped and doped CeQ,: (a) CeQ, (1270°C/1.2 h); (b) 1.0% Ca (1270°C/1.2 h); (c) 0.1% Mg (1420°C/6 h); (d) 1.0% Zr

(1270°C/1.2 h); (e) 0.1% Ti (1420°C/6 h).

Frenkel defect formation:
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Fig. 3. Grain size distributions of undoped and doped CeO,. Grain
size is normalized by mean grain size in each case, which varies from
2510 18 pm.

In the above, K. and K are the preexponential, temperature-
independent, factors of the reaction constants of Egs. (3) and
(4), respectively. At equilibrium, Egs. (5) and (6) are applicable
to both the bulk and grain boundaries. Since cation diffusion
is rate-limiting and is by either an interstitial or a vacancy
mechanism, the concentrations of these defects have a direct
bearing on the cation diffusivity and hence the grain boundary
mobility. Therefore, by examination of the dependence of the
grain boundary mobility on oxygen vacancy concentrations, the
diffusion mechanism can be ascertained.

Previously, we have noted that the grain boundary mobility
in undoped CeQ, is higher in a less oxidizing atmosphere (e.g.,
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Fig. 4. Grain growth kinetics of CeO, at 1270°C. Dopants as
indicated.
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Table I.  Grain Boundary Mobility of Undoped and Doped CeO, in Air

Mobility (X 10'° m(N-s)) A:‘;::‘;';’“

1270°C 1320°C 1370°C 1420°C (V)

CeO, 10 36 169 551 6.16

0.1% Mg** 70 250 700 1800 4.86
Ca*" 41 150 430 1171 5.02

Sr** 29 110 330 1106 542

Sc*t 3.3 12 62 243 7.01

Ybir 3.6 17 70 271 6.48

¥ 27 72 229 446 4.88

Gd™ 33 100 247 509 3.79

La** 9.3 26 136 361 6.19

Tit* 48 140 365 1018 4.55

r 11 42 180 595 6.05

Nb** 8 31 142 400 5.98

1.0% M%“ 8.8 27.1 71 193 4,61
Ca®” 3.6 11 27 75 4.50

Sc** 206 461 664 1045 237

Yb' 1.4 3.1 12 24 4.51

o 0.7 2.3 7.8 18 494

Gd** 1.7 4.5 12 38 4.66

La** 4.7 17 49 101 4.73

Ti* 4.2 14 37 97 4.70

71 22 8.7 25 63 5.02

0.6% Nb>* 14 34 121 350 4.89
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2% 0,) than in a more oxidizing atmosphere (e.g., 100% O,).
These results imply enhanced diffusion with increasing [V{]
and are consistent with Eq. (6). Since [V{] can also be influ-
enced by cation dopants, this aspect is examined first.

Figure 5 plots some of the mobility data of CeO, in air with
0.1% dopants of different charges. For each charge state, the
dopant chosen is the one that has the smallest size misfit with
the host Ce**. When possible, the undersized dopants are also
excluded since they tend to have very strong interactions with
the defects and have anomalous effects on defect migration (see
Section VI). As seen in Fig. 5, a trend of decreasing mobility in
the same atmosphere is seen with dopants of increasing valence
which are marked by arrows on the right. Since acceptors such
as Ca? and Y*' are expected to increase [V], and donors
such as Nb** are expected to decrease V], this trend is again
consistent with the interstitial mechanism only. Indeed, Zr*",
which does not affect [V;], has little effect on the mobility. The
atmospheric effect is also shown in Fig. 5 and is consistent with

10-]3
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0.1%Y
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Fig. 5. Grain boundary mobility of undoped and 0.1%-doped CeQ,.

the interstitial mechanism only: a more oxidizing atmosphere,
such as flowing O,, decreases [V;] and likewise suppresses the
mobility. This is confirmed for Nb-doped CeO, just as for
undoped CeO, before.

The interstitial mechanism can be rationalized by inspecting
the crystal structure of CeO,. In the fluorite structure shown in
Fig. 6, cations occupy only one half of the cube interstitial sites
which are surrounded by eight oxygen ions. Cation diffusion
will most likely pass through these unoccupied interstitial sites,
since they are vacant and the passage through the saddle point
S, is relatively open. (Direct hopping between two adjacent
cations sites, even when one is empty, probably is more difficult
because of the narrower passage at the saddle point, Sg.) Evi-
dence for interstitial diffusion in fluorite-structured oxides was
previously reported for UO,_,'* and (U,Pu)O,_,.”" In addition,
cubic Bi,0, and Y,0,,” which have a so-called C-type rare-
earth oxide structure that is very similar to the fluorite structure,
seem to favor an interstitial mechanism for cation diffusion as
well. Lastly, cubic ZrQO, which has a much higher [V] than
tetragonal ZrO,, is also known to have a much higher grain
boundary mobility than the latter.”* This leads us to believe that
the cation interstitial mechanism is an intrinsic feature of this
class of oxides, whenever oxygen vacancies predominate.

The grain boundary mobility of CeO, in the intrinsic regime
should follow

O o

Fig. 6. Unit cell of the fluorite crystal structure.

. Ce4+
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Fig. 7. Grain boundary mobility of undoped and 1.0%-doped CeO,.

""&GF = AGS
o8]

where D, is the self- cllffu';mty of Ce, along a grain boundary.
For pure CeOz, [V] is determined by redox reaction between
Ce** and Ce’*

1Pﬂimlinsw @%‘; [L ]2

AH,
0, + 4Cel, + 2V =5 4Ce,, + 20, (8)

which gives

AH
"2) )

[Véf] JKOZ €Xp( 6kT

(Note that K/, the reaction constant, has an implicit depen-
dence on the’ partlal pressure of O, varying as P;".) For
undoped CcOz. AH,, ~ 9 eV from Ref 24, and the activation
energy of grain boundary mobility is ~6 eV. If we adopt the
same defect energy AGg ~ 6.4 eV and AG; ~ 9.5 eV for CeO,
as for UQ,,” in view of the similar cation size and charge, we
conclude that the aciivation energy in 9 is relatively small,
0.1 eV or nearly zero. Despite such a small activation energy
for interstitial diffusion, the activation energy of grain boundary
mobility in undoped CeO, is relatively high because of the
temperature dependence of [V;]. This is responsible for the
steeper slope of the data of undoped CeO, in Fig. 5 compared
with other data.

V. Solute Drag in the Extrinsic Regime

At 1.0% doping, grain boundary mobility of doped CeQ, in
most cases is lower than that of undoped CeO,. This not only
applies to Zr** doping, which should have little effect on defect
concentration, but also to acceptor doping, which should
enhance diffusivity by increasing oxygen vacancies. Mobility
data of Mg**, Ca**, Y**, Yb’*, Ti*", and Zr** doping are shown
in Fig. 7 along w1th those of undoped CeO, to demonstrate this
point. The suppression of mobility in this case can be attributed
to solute drag which is expected to increase with reciprocal
lattice diffusivity of the solute. Since both elastic (due to size
and modulus misift) and electrostatic (due to charge mismatch)
interactions between solutes and the grain boundary can be
responsible for the buildup of the solute cloud, aliovalent and
isovalent dopants alike can participate in this mechanism. The
drag is also expected to increase with the solute content. This is
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Fig. 8. Grain boundary mobility of Y-doped and Y/Nb-doped CeO,
at 1270°C.

consistent with the observation that only at 1.0% doping, but
not 0.1% doping, was the drag effect evident.

At 1.0%, acceptor dopants are expected to dominate the
defect concentration. Thus, [Vi] should be temperature inde-
pendent, and the temperature dependence of [Ce(™] is deter-
mined by AG, — AG,. Assuming diffusion of acceptor cations
follows the same interstitial mechanism, they should incorpo-
rate the same temperature dependence as [Ce’"]. It then follows
that the grain boundary mobility in the solute drag regime

; K AG; — AG
Msolute drag &% %B:“ce [VO'] zf: exp{_FTs]

The mobility data in Table II indicate that for Mg”™*, Ca®", Yb*",
Y3, Gd*", and La** the activation energies all lie between 4.5
and 5.0 eV. This value is the sum of AG, — AG and AH ",
the latter being the migration energy of (dopant) cation inter-
stitial in the bulk. Adopting the same value for AG; — AG;
~ 3.0 eV, we conclude that AH "¢ is around 1.5 to 2 0eV for
most dopants of a comparable size as Ce**

The relative magnitude of the grain boundary mobilities with
different dopants does not follow a simple trend, although
smaller dopants in each isoelectrical group tend to correspond
to higher mobilities. This is not surprising since the mobility,
when controlled by solute drag, depends not only on Eq. (10)
but also on the solute—grain boundary interaction, While CeO,
doped with cations of different charges should see its diffusivity
decrease with increasing charge of the dopants, the electrostatic
interaction between dopants and grain boundary also decreases
from divalent to trivalent dopants and vanishes for tetravalent
dopants, possibly resulting in less segregation and a smaller
drag. Apparently, these two opposing trends are in competition
in Fig. 7 causing the mobility to first decrease from (Mg,Ca)**
to (Yb,Y)'* (due to fewer V), then increase to (Ti,Zr)** (due to
less interaction).

Nb doping is expected to lower [V3] and hence depress
diffusivity according to the cation interstitial mechanism, if Vy
dominates the defect population. For CeO, doped with 0.1% Y
(in the intrinsic regime) and 1.0% Y (in the extrinsic regime),
as well as intermediate concentrations in between, additional
Nb doping at 0.1% always suppresses the mobility as shown
in Fig. 8. Thus, the interstitial mechanism appears to persist
throughout both regimes, which, for grain boundary mobility,
encompass grain boundary and lattice diffusion.

(10)

VI. Undersized Dopants

Severely undersized dopants such as Nb**, Ti**, Sc’*, and
Mg** have an anomalous effect on grain boundary mobility.
This is illustrated in Fig. 9 for Nb**, which suppresses mobility
at low concentration, 0.1%, but the trend is partially reversed at
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Fig.9. Grain boundary mobility of Nb-doped CeO,.

high concentration, 0.6%. Since Nb** is expected to lower the
concentration of cation vacancies, and such an effect is indeed
verified by comparing the mobility data in air (higher) and in
O, (lower), the anomalous effect cannot be due to a change of
defect mechanism. Instead, we found that this effect is associ-
ated with a tendency for undersized dopants to enhance diffu-
sion. This effect is seen for other severely undersized dopants
as well; for example, at 1.0% Mg doping yields a higher mobil-
ity than Ca doping, as does Ti doping a higher mobility than Zr
doping. These data belong to the solute drag regime and were
already shown in Fig. 7. At 1.0% Sc doping, the enhancement
effect is so large that it totally negates the solute drag resulting
in a mobility much higher than that of undoped CeO, at all
temperatures. This is shown in Fig. 10 along with other data for
relevant comparisons. These include the data of 0.1% Sc and
0.5% Sc + 0.5% Y, which show another anomalous effect of
suppressing grain boundary mobility, also because of the size
effect but for a different reason, as will become clear in the
next sectiomn.

To understand these results, we first note that, at 1.0%, the
dopants are already fairly closely spaced. This should be appar-
ent if we simply recall that in a cubic lattice, the spacing
between dopants of 1% concentration is only five cations apart,
on average. Thus, dopants can exert a large effect on each
other and on defect diffusion through lattice distortion and
electrostatic interactions. Since the anomalous effect seems to
be independent of the dopant charge, and is only observed for
undersized dopants, certain asymmetry in lattice distortion that
is exacerbated by undersized dopants is the most likely cause
for it. Large lattice distortion around undersized dopant has
been experimentally verified for S¢** in CeO,,* and for Ga'™*,
Fe’*, and Nb** in Zr0O,,” using extended X-ray absorption fine
structure (EXAFS). Unlike those of host cation or oversized
dopant cations, the EXAFS spectra of undersized dopants lack a
distinct Fourier-transform peak that corresponds to the nearest-
neighbor cation—cation correlation that is otherwise most
prominent for crystalline oxide EXAFS. This is because the
cation—cation arrangements are so severely disturbed around
these dopants that they completely suppress, by destructive
interference of photoelectron waves, what would have corre-
sponded to the cation—cation correlation in the nearest neighbor.
Theoretically, we have suggested that the asymmetry of lattice
distortion can be understood by the asymmetry around the
minimum of interatomic potential. As shown in Fig. 11, when a
solute atom with a size misfit occupies a regular lattice site, the
distance (a,) between lattice sites for cations does not coincide
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Fig. 10. Grain boundary mobility of undoped and doped CeO,.

with the bond distance (,gusnum) at the potential minimum.
Unlike an oversized solute that is pressed against its neighbors
(@y < Fequiiorium) and is resisted by a very stiff repulsive poten-
tial, a severely undersized solute (@, > Fquiibeium) EXPETiENCES a
much softer potential. In particular, when the size of the solute
is so small that a, exceeds the inflection point, r¥, shown in
Fig. 11, the restoring force (which is the negative first derivative
of the potential) actually decreases with further increase of
cation—cation distance. If @, > r*, any perturbation will lead to
an off-centered displacement of the solute cation, This is
believed to be the fundamental cause of the anomalous effect of
undersized dopants. Large off-centered distortions of under-
sized dopants have indeed been observed in lattice simulation
of defect structure using the Mott—Littleton model for ionic
solids for both NaCl structure (Mg?*, Mn?*, Fe**, Co**, and
Ni%*, in Ca0, SrO, and Ba0)* and fluorite structure (Sc in
Ce0,).”

Strong, attractive interaction between undersized dopants
and V;;, which does exist for Sc, is not likely to enhance
diffusion, since such interaction ties up “free” V; and has just
the opposite effect (see next section). On the other hand, the
large lattice disruption caused by severely undersized dopants
can distort the saddle point configuration of the migrating
defect. In this way, it is possible to effect an enhancement in the
diffusivity of the host or dopant cation by lowering the migra-
tion enthalpy or increasing the preexponential factor (e.g., due
to an increase of vibration entropy in the presence of a flat
potential). This can explain their anomalous enhancement
effect on grain boundary mobility. The other case of anomalous
suppression effect on grain boundary mobility is discussed
next,

VII. Dopant-Defect Association

Both electrostatic interaction and elastic interaction are pres-
ent in ionic solids. The dopant—defect forces due to these inter-
actions may be either additive or subtractive. It is therefore
best, for simplicity, to inspect cases for which both elastic and
electrostatic interactions are attractive for the dominant defect
species. Since V; is predominant in CeO,, acceptor dopants
with a large size mismatch have both the strongest elastic and
the strongest electrostatic attractions with V. To further avoid
the anomalous effect of undersized dopants on saddle point
configurations, we will first examine the case of 0.1% doping
with oversized acceptors. We also assume that the concentration
of “free” V;; not bound by the dopants is the one that enters
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Fig. 11. Interatomic potential between a host cation and an oversized/
undersized dopant. r* is inflection point.

Eq. (6) to determine [Ce!"], which directly controls cation
diffusion.

Among divalent dopants, we expect Sr** to have a stronger
attraction with V' than Ca*", due to the larger size misfit. Thus,
the concentration of “free” V;; should be lower in Sr*"-doped
Ce0, and so should [Ce!"]. A lower grain boundary mobility in
0.1%-Sr**-doped CeQ,, compared to 0.1%-Ca**-doped CeO,,
was indeed observed. In addition, a higher activation energy by
about 0.4 eV was found for Sr doping. This reflects the progres-
sive dissociation of the dopant-V,; complexes at higher temper-
ature, with the temperature dependence becoming steeper the
larger the dissociation energy. A similar comparison can be
made between La’* and Y**, which reveals the same trend
indicating a stronger attraction between the larger La’" and V.

We now return to the particular observation of mobility sup-
pression by 0.1% Sc and 0.5% Sc + 0.5% Y shown in Fig. 10.
In essence, this is the same “scavenging” effect first noted by
Nowick and co-workers* in ionic conductivity of CeQ, with
trivalent dopants. It arises because, for trivalent dopants, only
one V,,'is generated for every two cation dopants. Thus, trivalent
dopants that have a very strong attraction for Vj can “scavenge”
the V; created by other trivalent dopants. In particular, Sc dop-
ing can deplete the concentration of “free” VJ in the undoped
CeO, in which the V) is created by Ce**. Such a scavenging
effect is seen for 0.1% Sc doping shown in Fig. 10. A very
large activation energy, compared to that of doping with other
dopants at the same concentration, is evident and again supports
the notion of dopant—V; association in this case. The scaveng-
ing effect of Sc doping can also be seen at higher concentration,
if additional V; are provided by other trivalent dopants, as in
the case of 0.5% Sc + 0.5% Y doping also shown in Fig. 10.
Here, each Sc** is believed to be associated with one V;; (gener-
ated by both Sc¢** and Y**), so once again very few “free” V;
are available to effect the cation interstitial defect mechanism
of diffusion. Since no anomalous enhancement effect on grain
boundary mobility was found in this case at all, we also believe
that all the Sc’" have been tied up in the form of complexes
(Sc—V,,) which have no large lattice distortion beyond itself
and will not disrupt the saddle point configurations of cation
interstitials. This, in fact, was previously suggested by the
EXAFS data®™ which found the very large distortion around
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8¢’ in CeOQ, is much reduced once an equal amount of (over-
sized) Gd** dopants was additionally incorporated.

VIII. Discussion

While the basic trends of the intrinsic grain boundary mobil-
ity and the dopant effects have been outlined and a mechanistic
interpretation based on defect chemistry and dopant—defect
interaction have been proposed, the data have only been ration-
alized qualitatively at this point. (Some attempt to develop a
trapping model based on Fermi-Dirac statistics has been made
in our previous paper' for dilute doping, with moderate suc-
cess.) A more quantitative analysis is presently hampered by
the relative uncertainty of the magnitude of interaction energy,
the anomalous effect of undersized dopants on migration
entropy and enthalpy, and the lack of a more detailed knowl-
edge of dopant concentration dependence. Nevertheless, our
interpretation of the data is self-consistent and not in violation
of the basic thermodynamic and kinetic principles. In the fol-
lowing, some additional comments or the possible complica-
tions of this interpretation and their resolution are made for
completeness.

(1) Ti

Ti itself is a cation that has variable valences, Ti** and Ti**.
Thus, some effect of Ti** on the formation of V; is possible
especially at small dopant concentration. This is probably the
cause for the higher mobility in 0.1%-Ti**-doped CeO, com-
pared to 0.1%-Zr*"-doped CeO,.

(2) Zr

At dilute concentration, Zr*" has little effect on grain bound-
ary mobility, and the activation energy is almost the same as
that of undoped CeO,. This is a confirmation of its charge-
neutral status as a dopant. At 1% doping, we expect [V7] is still
intrinsically controlled (by Ce®") but that lattice diffusion is
rate limiting (i.e., in the solute drag regime). Since activation
energy of undoped CeO, is around 6.0 eV and the difference in
migration energy in the lattice and in the grain boundary is
estimated to be about 1.5 eV, we expect an activation energy of
around 7.5 eV. The observed value 5.0 eV is lower than this
estimate. Since Zr*" is undersized, at high concentration, it
probably also causes some anomalous enhancement effect simi-
lar to that of other severely undersized dopants. Note that a
similar magnitude of activation energy difference, 2.5 eV, is
also seen when comparing data of 1.0% Sc doping with 1.0%
rare earth cation doping.

IX. Conclusions

(1) Grain boundary mobility in CeO, is controlled by
cation diffusion, and cations diffuse by an interstitial mecha-
nism that can be enhanced by the presence of oxygen vacancies.

(2) At high dopant concentrations (1.0% in this case), a
solute drag mechanism operates that suppresses grain bound-
ary mobility.

(3) Severely undersized dopants (Mg, Sc, Ti, and Nb) have
a tendency to markedly enhance grain boundary mobility, prob-
ably due to the large distortion of the surrounding lattice that
apparently facilitates defect migration.

(4) Grain boundary mobility is further influenced by
dopant—defect interaction which is charge and size dependent.
Overall, 0.1% Mg and 1.0% Sc increase the mobility the most,
while 1.0% Y decreases the mobility the most.
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