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Enhanced ionic conductivity in electroceramics by
nanoscale enrichment of grain boundaries with
high solute concentrationt

William J. Bowman,*$* Madeleine N. Kelly,” Gregory S. Rohrer,” Cruz A. Hernandez®
and Peter A. Crozier (2 *2

The enhancement of oxygen ionic conductivity by over two orders of magnitude in an electroceramic
oxide is explicitly shown to result from nanoscale enrichment of a grain boundary layer or complexion
with high solute concentration. A series of Ca,Ce;_,O,_s polycrystalline oxides with fluorite structure and
varying nominal Ca* solute concentration elucidates how local grain boundary composition, rather than
structural grain boundary character, primarily regulates ionic conductivity. A correlation between high
grain boundary solute concentration above ~40 mol%, and four orders of magnitude increase in grain
boundary conductivity is explicitly shown. A correlated experimental approach provides unique insights
into fundamental grain boundary science, and highlights how novel aspects of nanoscale grain boundary
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Electroceramics serve as solid electrolytes and electrodes for
wide-ranging applications in energy storage," energy conver-
sion, gas separation,® gas sensing,® and information* techno-
logies. High ionic conductivity, which is often desired to opti-
mize device performance, is degraded by grain boundaries
(GBs) with nanometer dimensions that act as ionic blocking
layers in polycrystalline electrolytes.” ! For example, GB ionic
conductivity () can be 10°-10° times lower than grain con-
ductivity in common oxygen-conducting solid solutions based
on ceria (CeO,) or zirconia (ZrO,), e.g. Gd,Ce; ,O,_s and
Y, Zry_4O,_5> %' with similar effects occurring in solid
lithium ion conductors for all-solid-state batteries'® and
proton conductors.*® Moreover, nanoscale compositional and
chemical phenomena that influence the electrical properties of
oxide GBs—such as highly localized deviation from bulk stoi-
chiometry, and/or charge carrier accumulation/depletion—may
also be relevant for understanding oxide thin films and hetero-
interfaces, which are widely implemented throughout funda-
mental materials research and device development.*****
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design may be employed to control ion transport properties in electroceramics.

Early studies of GB conductivity in ceria and zirconia
showed that highly resistive intergranular amorphous phases
could form due to segregation of impurities present in
chemical precursors of relatively low purity.” However, even in
high-purity polycrystalline materials, high GB resistivity per-
sists (e.g. ref. 8 and 11), and is now widely attributed to electro-
static GB space charge effects. As GB effects impact the electri-
cal transport properties of many polycrystalline systems, it is
thus important to elucidate how nanoscale and atomic-level
composition and structure regulate ionic conductivity. This
fundamental understanding will guide fabrication of GBs with
optimized transport properties for different applications. In
solid ionic conductors, it is common to add aliovalent solute
cations to increase the concentration of charge-compensating
vacancies, which act as mobile charge carriers to enhance
ionic conductivity. For GBs in polycrystalline oxides of high
purity, measurements show that ogg can increase by several
orders of magnitude with nominal aliovalent solute concen-
tration.®'® The crystallographic character of the GB can also
cause significant changes in GB conductivity, and conductivity
measurements of oxide bicrystals of fixed nominal solute con-
centration showed that ogg can vary by up to a factor of 10
with changes in the relative crystal orientation and GB plane,
i.e. the structural grain boundary character.'®

Efforts to maximize ogp have focused in part on altering the
intrinsic GB electrostatic double layer space charge potential
that influences the distribution of charge carriers within nano-
meters of the GB, and contributes to hindering ionic migration
by reducing the carrier concentration. However, there are some
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contradictory results in the literature regarding the influence
of GB solute accumulation on ogg. Shirpour et al.’ combined
electrochemical and TEM-based spectroscopic measurements
to demonstrate that segregation of Y** and Sc** solutes to
GBs in proton-conducting perovskites BaY 06Z9.0403_s and
BaScy.06Zr0.0403_5 resulted in an increase in the proton
conductivity. Diercks et al.'” used atom probe tomography to
demonstrate that GBs in Nd, 3;Ce,,0,_s had both greater GB
Nd** content and ogs when compared to Ndg;Ceqo0,_s.
Additionally, Avila-Paredes et al.,'® Litzelman et al.,"* and Mills
et al.™ employed electrochemical measurements to show
that decoration of GBs with transition metal (TM) ions in
Gd,Ce;_,O,_s and Y,Zr;_,O, 5 so-called heterogeneous GB
doping, could be used to reduce the magnitude of net positive
charge of the GB potential barrier. (No local spectroscopic
evidence directly confirming GB enrichment by TM ions was
presented in those studies.) These works all pointed to the fact
that di- and tri-valent solute ions, when substituted for the
tetravalent host cation (i.e. Zr*", Ce*"), serve to reduce the net
positive potential of the GB core. However, Lin et al.'® demon-
strated experimentally that suppressing Gd** segregation to
Gd,.,Ce( 30,_5 GBs could enhance ogg as well, which appears
to be in direct contradiction to, e.g. Shirpour® and Diercks,"”
with respect to the effect of solute segregation on space-charge
dominated ogg.

To interpret GB conductivity observations, researchers have
successfully employed thermodynamic interface models such
as Mott-Schottky and Gouy-Chapman models.>%'8207
Although they have been successful in providing a framework
to interpret the influence of space charge effects on ogg, the
Mott-Schottky and Gouy-Chapman models are built on the so-
called “dilute-solution” assumption. There is a growing body
of experimental evidence®''7'%?*7 and theoretical predic-
tions***®*? which indicates the existence of solute cations at
electroceramic GBs at concentrations significantly higher than
the range of validity for the dilute solution assumption. These
observations are not surprising considering the high tempera-
tures and times typically employed for ceramic densification
and the thermodynamic driving force to reduce the overall
system energy via solute segregation. (It is worth noting too
that modern high-speed sintering methods are also vulnerable
to GB solute segregation.”?”) Solute segregation to GBs can be
driven by cation size mismatch, electrostatic forces (i.e. GB
core charge neutralization) and/or reduction in the GB
energy.”>*?”*° This has motivated the recent development of a
novel thermodynamic model*® which treats GBs as interfaces
in a concentrated solid solution, and thus considers cation/
anion redistribution and defect-defect interactions.

At present, there are no direct experimental observations
showing how high GB solute concentration affects ogp in oxide
ion conductors. Here we use nanospectroscopy and electrical
measurements to show that nanoscale GB solute concen-
trations greater than 40 mol% arise during conventional
ceramic densification treatments and are correlated with a
four-order-of-magnitude increase in ogg. Furthermore, it is
shown that the large increase in ogg cannot be explained by
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changes in GB character and must be a direct result of the
high solute concentrations present at the GBs. We hypothesize
that when strong dopant segregation takes place, ogg is
primarily controlled by local nanoscale composition rather
than GB character. The observations cannot be interpreted
using the traditional low-solute concentration models, and
point to the importance of developing new models which can
be employed to describe ogg in the presence of high GB solute
concentration.

A ceria solid solution containing divalent Ca*>" was selected
as a model system to explore the role of GB character and
composition on oxygen ionic conductivity. ogg was measured
as a function of the nominal Ca** concentration (i.e. x in
Ca,Ce;_,0,_,) using AC impedance spectroscopy. To differen-
tiate the effects of GB structural character and composition,
GB character distributions were measured using electron back-
scatter diffraction (EBSD) in a scanning electron microscope,
and electron energy-loss spectroscopy (EELS) in an aberration-
corrected scanning transmission electron microscope
(AC-STEM) was used for atomic-resolution imaging and
spatially resolved elemental analysis. This correlated experi-
mental approach provided unique and novel insights into
fundamental GB science and highlights aspects of GB design
that are applicable to other polycrystalline electrolytes.

Dense polycrystalline pellets (e.g. Fig. 1f) were fabricated
from spray-dried nanoparticles with composition Ca,Ce;_ O,
for three compositions corresponding to x = 0.02, 0.05 and 0.1
denoted 2CCO, 5CCO and 10CCO, respectively. Densification
was performed by sintering the pellets in air at 1400 °C for
24 h. X-ray diffraction (XRD, 4 = 0.1541 nm) patterns acquired
from precursor nanoparticles and pellets showed no peaks
from CaO, phases, confirming the phase purity of the fluorite
CCO (space group Fm3m; see Fig. 1a and b). Grain conductivity
(6Grain) and ogp were measured in the pellets using AC
impedance spectroscopy, a volume-averaged technique that
differentiates the unique impedance responses of grains and
GBs, enabling measurement of the resistivity of each.>®'
Representative impedance data from 10CCO are presented in
Fig. 1c and d, as so-called Nyquist plots: imaginary vs. real
impedance components parameterized by frequency. To
extract grain and GB resistance (Rgrain and Rgg, respectively),
Nyquist plots were fit with an equivalent circuit model (Fig. 1d
inset) comprising a series combination of parallel resistor—
capacitor subcircuits, each corresponding to the responses of
the grain, GB and electrode. (Capacitors were approximated
using constant phase elements, Q, which model non-ideal
capacitors.’) With increasing temperature, the impedance
response collapses towards the origin, indicating a decrease in
Rgrain and Rgg—expected of a thermally activated ionic trans-
port mechanism. From knowledge of pellet thickness, ¢, and
electrode area, A, ogain Was calculated as

1 ¢t

. (1)

Rarain A

OGrain =

Similarly, ogz was determined from Rgg using eqn (2),
which accounts for differences in grain size, Dgrain, between
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Fig. 1 (a) XRD patterns from CCO starting powders (solid curves) and pellets (dashed curves). CaO, peaks are absent from CCO patterns; reference
patterns for CaO>° and CaO, °! are provided for comparison. (b) Expanded view of 10CCO and CaO, reference spectra in (a). (c) Typical 10CCO
Nyquist plots acquired at various temperatures; arcs correspond to the grain (Gr in the inset of (d)), grain boundary (GB) and electrode (El). Solid
lines show fits to the equivalent circuit model inset in the expanded view (d). (e) Arrhenius plots of 6gain (solid curves) and ogp (dashed) of all CCO
samples and 10GCO. (f) Secondary electron SEM image of the 2CCO pellet surface following sintering. Labelled arrows indicate grain and GB trans-

port pathways through the pellet.

CCO pellets (measured from SEM images). This correction,
which addresses differences in GB volume density, relies on
knowledge of the boundary width, dgg, taken to be the compo-
sitional GB width measured using EELS (see below). Eqn (2)
arises from the brick-layer model for dense polycrystalline con-
ductors, which approximates grains as packed cubes separated
by a GB layer; model derivation and discussion are given
elsewhere.®> In the context of the brick-layer model, because
OGrain > 0gg, We assume negligible ion migration along bound-
aries parallel to the conduction direction. Thus ogp here refers
only to ionic migration across boundaries perpendicular to the
conduction direction.

1 t dgg
RGBADGram

0GB = (2)

For the materials investigated here, conductivities are
assumed to be ionic, as electronic conduction in CCO is negli-
gible at the solute concentrations, temperatures and oxygen
partial pressures employed.*® Fig. 1e presents ogpin and ogg
measured in all CCO samples, and for comparison,
Gdy.1Ceg.901.05-5 (10GCO)—a widely-employed fast oxygen ion
conductor (notice that og.in 0f 10GCO exceeds that of CCO).

This journal is © The Royal Society of Chemistry 2017

A marked difference between ograin and ogg for each compo-
sition is apparent, with ognin typically exceeding ogg by
10"-107 times depending on the nominal Ca*" concentration
and temperature. When comparing the total conductivity of
these materials, which comprises the grain and GB, 2CCO was
2-4 orders of magnitude lower than 5CCO and 10CCO (see
Fig. S27). Noteworthy, is the pronounced difference (a factor of
10°-10") between o of 2CCO and that of 5CCO and 10CCO.
Furthermore, ogg in 5CCO and 10CCO is comparable to
10GCO, suggesting that Ca®>" may be a promising candidate for
heterogeneous GB doping schemes aimed at optimizing ogg.

Table 1 shows grain and GB migration activation energies
(ESrin and ESP, respectively) determined from slopes of In(67)
vs. 1/T using

—E,
6T = cpe kT (3)

where o, is the conductivity pre-exponential and E, represents
the effective migration activation energy. ES™" was determined
below 450 °C because at higher temperatures there is an
oxygen vacancy order-to-disorder transition which liberates
mobile vacancies, lowering the effective migration activation
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Table 1 Microstructure, electrical and compositional data

2CCO 5CCO 10CCO
DgGrain [pm] 7.6 1.0 2.3+0.2 1.4+£0.3
dgp [nm] 2.4 +0.5 1.7 +£0.1 1.3+£0.3
ESTIn T < 450 °C [eV] 0.93 £0.01 0.88 £ 0.02 0.96 + 0.01
B eV 1.48 + 0.13 1.06 £ 0.09 1.03 +0.08
[Ca“]G [mol%] 18 £0.03 46 + 0.05 40 +0.08

energy, thus decreasing the Arrhenius slope of 6gin.>! While
there is relatively little influence of nominal composition on
ESmain | ESB decreases quickly with increasing Ca®" content, in
line with reported behavior of Gd,Ce;_,O,_,,.° Here, the sig-
nificant increase in ogg at low nominal solute concentration is
attributed to reduced ES®. Elucidating the origin of the large
difference between ogg for 2CCO compared to 5CCO should
illuminate design considerations for high-conductivity GBs.

The difference in ogp could result from differences in the
GB character between the two materials.'® Hence, EBSD (auto-
mated acquisition and indexing of back-scattered electron
diffraction patterns) was employed to quantitatively compare
the GB character of 2CCO and 5CCO.**** Two-dimensional
grain orientation datasets, e.g. Fig. 2a and c, were used to gene-
rate GB misorientation angle distributions (MADs, Fig. 2b and d)
and grain boundary plane distributions (GBPDs, Fig. 2e and f)
from >70000 boundaries in each sample. The measured
MADs, which describe the probability of observing various
angles of misorientation between grains, were essentially iden-
tical for the two materials. Measured MADs exhibit only minor
deviations from the so-called Mackenzie distribution, which is
the analytically determined distribution for randomly oriented
cubic crystals.*>*® This indicated that 2CCO and 5CCO both
exhibited randomly oriented grains without significant mis-
orientation texture, consistent with microstructures observed
in sintered yttria-zirconia.?”

This result is corroborated by the GBPDs, which describe
the relative area of different GB plane orientations. The GBPD
is generated by normalizing the measured area of various GB
plane orientations by that of a random, isotropic distribution.
The GBPD is thus expressed in terms of multiples of the
random distribution (MRD), with peaks of +0.1 in the MRD
not intense enough to be statistically significant, as is
approximately the case here. For both 2CCO and 5CCO, the
GBPDs are approximately unity, indicating that the two
materials exhibit equivalently isotropic GB plane distributions.
This result illustrates that from a microscopic viewpoint, the
two samples’ GB character is indistinguishable. Thus, the vast
difference in ogg is not caused directly by changes in structural
GB character.

To investigate local GB composition and chemistry, atomic-
resolution annular dark field (ADF) imaging and nanoscale
EELS measurements were performed using an AC-STEM. Ionic
concentrations were measured using the Ca L,3;, O K and
Ce M,s EELS ionization edges, and nanoscale chemistry was
assessed via Ce M,; near-edge fine structure. Inter-granular
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Fig. 2 (a, c¢) EBSD inverse pole figures of 2CCO and 5CCO indicating
crystallographic directions of grains normal to the sample surface
(according to the inset color-coded stereographic triangle). (b, d) MADs
computed from experimental orientation data (Exp.) showing the
number fraction of GBs of various misorientation angles, and the MAD
for a randomly oriented cubic system. The number of GBs analyzed is
provided. (e, f) GBPDs derived from stereological analysis of EBSD data,
with MRD scale bar.

amorphous phases were not observed using phase contrast
TEM imaging (see Fig. S31), and no impurity phases were
detected spectroscopically, which is consistent with XRD
measurements and reasonable considering the high purity
chemical precursors employed here.

Typical background-subtracted ionization edges are pre-
sented in Fig. 3a, showing the considerable differences in edge
shape and intensity typically observed in grains (Off GB) and
at GBs (On GB). In the GB vicinity, strong enhancement of the
Ca L,3; edge intensity was accompanied by a decrease in the
Ce M,5 signal, indicative of an enrichment of Ca®" and depletion
of Ce ions. Changes in the O K edge at GBs indicated consider-
able perturbation of the O bonding environment relative to
grains.>>** Three main peaks in the O K edge (visible in the
grain) are associated with O 1s core level excitations into un-
occupied Ce levels,”® and were typically not well resolved at GBs.
Two of these peaks (5d e, and 5d t,,) arise from crystal-field
splitting of the Ce-O bonding orbitals, hence smearing of the
O K edge indicates the loss of long-range order due to altered
anion coordination at the GB core.”**° This likely stems from

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Typical Ca L3, O K and Ce Mys EELS edges from a GB (On GB) and a grain (Off GB, >5 nm from grain boundary) in 10CCO. Off GB O K
and Ce M edges are shifted vertically for clarity. (b) Typical cation concentration profile in 10CCO, with GB centered at 0 nm. (c) ADF AC-STEM
image of a grain boundary in 5CCO; the associated EELS elemental map (at right) was acquired in the region of (c) indicated with a dashed box (the
probe step size was 2.5 A, and the elemental map has been smoothed). (d) All EELS measurements of GB Ca?* concentration, [Ca2*]°E. (e) Influence
of nominal Ca?* concentration, x, on ogg measured at 300 °C, and on [Ca%*]B (dashed and solid lines are guides for the eye).

combined effects of inherent oxygen deficiency which accommo-  Furthermore, reduction of the Ce M,:M; peak intensity ratio
dates structural incoherence of the GB core,*® and the presence was observed at GBs, indicating the presence of Ce**,>®?° further
of mobile O vacancies associated with segregated Ca®>" solutes. suggesting O deficiency of the GB core.

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 17293-17302 | 17297
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Fig. 3c presents an AC-STEM ADF image from a GB where
both grains, top and bottom, are oriented near a zone axis
orientation. In this image, cation columns appear as bright
spots, and lattice fringes from each grain are visible within
Angstroms of the GB core, where there is a decrease in the
ADF image intensity indicative of a decrease in high-angle
scattering of incident electrons. As the ADF image contrast is
sensitive to the atomic number of the scattering atom (there is
so-called Z-contrast), this is in part the result of a greater con-
centration of Ca?" cations, which are of lower atomic number
than the Ce cations for which they substitute. This is corrobo-
rated by the Ce-Ca elemental map acquired from this bound-
ary (right of ADF image), in which the Ca®>" concentration
increases dramatically within 1-2 nm adjacent to the bound-
ary, with the region of highest Ca** concentration coinciding
with the GB core. We speculate that solute segregation in this
case was driven by a combination of factors including (i) GB
energy reduction, (ii) Coulomb interaction between the posi-
tive GB core charge and negatively-charged Ca”* solutes (Caé/e),
and (iii) elastic strain due to ionic radius mismatch between
Ca*" solutes and host Ce ions (Ceg,).°

These qualitative observations were substantiated by
quantification of the GB Ca®>" concentration, [Ca®"]°".
Concentration profiles like that in Fig. 3b were measured in
each sample, and used to determine mean [Ca®*]®® (from
profile maxima) and GB chemical width, dgg (the width
halfway between the grain and GB maximum concentrations).
The mean dgp was 1.8 + 0.4 nm (calculated from the three dgg
values given in Table 1), and used to calculate ogg by eqn (2).
All measured [Ca®']°® are shown in Fig. 3d, with the mean
[Ca®]°® and standard deviation indicated in Fig. 3e (and
Table 1). The mean [Ca**]°® in 2CCO is approximately
18 mol%, whereas [Ca*']%® in 5CCO and 10CCO is ca.
40 mol%-46 mol%. Based on the local GB Ca®" concentration
data presented in Fig. 3e, it is clear that the 5 mol% and
10 mol% samples have GB Ca”>" concentrations that are similar
and substantially higher than the boundary concentration of
the 2 mole% sample. Interestingly, XRD studies show that the
lattice constant of CCO is proportional to the Ca®" concen-
tration below ~23 mol%,’>*' suggesting that the super-satu-
rated CCO observed here at GBs in 5CCO and 10CCO may not
correspond to an equilibrium bulk phase, but rather a nano-
layer GB complexion (a distinct GB phase) with thickness of
one or two nanometers.”” This complexion has a distinctly
higher Ca®" concentration than the GB complexion in 2CCO.

These data directly contradict the notion that GBs in con-
ventionally sintered polycrystalline oxides are Mott-Schottky or
Gouy-Chapman type interfaces, i.e. interfaces in a dilute solid
solution. Indeed, this is not particularly surprising considering
the foundational assumptions of both models: the Mott-
Schottky model assumes a flat solute profile across the GB,
and both models assume that point defect concentrations are
sufficiently low such that defects can be treated as non-inter-
acting. The defects can only be considered to be non-interact-
ing for concentrations of approximately 1 mol%,*® which is
seldom the case in the literature on oxide ion-conducting solid
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solutions. The acceptor cations are needed in relatively high
concentration to yield a high concentration of mobile oxygen
vacancies, so solute concentrations up to ~20 mol% are
typically employed in common solid oxide electrolytes.*?

A qualitative assessment of the spatial distributions of O at
GB cores was determined via the anion-to-cation EELS signal
intensity ratio, provided in Fig. S5,f which indicated O
deficiency (i.e. oxygen vacancy enrichment) of the GB core.
However, O vacancy depletion in the adjacent space charge
zones could not be confirmed. (Similar oxygen profiles were
reported for the yttria-stabilized zirconia system.?®) Based on
quantification of both [Ca®']%® and ogp, we thus speculate that
a greater-than-expected concentration of O vacancies exists
within the space charge zones, possibly due to accumulation
of O vacancies associated with the high concentration of segre-
gated Ca’* cations.”® The relatively strong defect association
between Ca** and O vacancies—stemming from Coulomb
attraction of the charged point defects, and the considerable
cation size mismatch of Ca*" (1.12 pm (ref. 44)) with Ce*"
(0.97 pm (ref. 44))*>**—may increase the propensity of O
vacancies to accumulate with Ca** in the space charge zones.
Thus, the higher concentration of O vacancies associated segre-
gated Ca®>* may be a critical factor governing the enhanced o¢p.

Fig. 3e compares the influence of nominal solute concen-
tration on both ogp and [Ca®']%". In both cases, the effect of
increasing the nominal Ca®* content is minimal on gy and
[Ca®']°" for nominal concentrations above 5 mol%. This
suggests that an upper limit to 6gg may coincide with the
nominal solute concentration corresponding to local boundary
solute saturation. The trend shown in Fig. 3e along with the
data in Table 1 suggests that ogg depends primarily on the GB
composition. The direct observation of a correlation between
the GB conductivity and high GB solute concentration is a
seminal finding of this work, and represents a valuable insight
for design and optimization of ogg in CCO and other oxide
ionic conductors.

The notion that ogg is correlated with GB solute concen-
tration, which can be several times greater than the nominal
solute concentration,""***” may also be implied by prior
reports. For instance, Avila-Paredes et al. showed that ogp in
Gd,Ce,_,0,_s is highly sensitive to nominal Gd** concen-
tration below ca. 6 mol%, before gradually plateauing around
15 mol% Gd>*".® Based on the present study, one could attri-
bute this high sensitivity at low nominal Gd*" concentration
and subsequent plateau of 6gg to nanoscale GB saturation of
Gd**.""** Furthermore, there is utility in knowledge of the
optimal GB solute concentration for maximizing ogg: when
synthesis conditions do not favor strong solute segregation,
such as intermediate temperature thin film deposition using
pulsed laser deposition,**'* knowledge of the desired GB
solute concentration could guide post-deposition processing.™*
Shirpour et al.’ proposed GB core decoration to increase oggp
by mitigating deleterious space-charge effects in proton
conducting barium zirconate-based solid solutions. This is
consistent with experimental evidence presented here, and has
generally been corroborated in other oxide conducting
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materials.">'*'7'®  However, unlike previous works, the
present study demonstrates explicitly the correlation between
high local GB solute concentration and ogg in an oxide ion
conductor.

Models describing the electrical properties of GBs charac-
terized in this work must account for high GB solute con-
centrations and treat point defect interactions. A potentially
suitable model to describe the GBs presented here is the
recently developed Hilliard—-Cahn model proposed by Mebane
and De Souza.”® This model was successfully employed
to reproduce experimentally-measured ogg in Gd,Ce;_,O,_s
(0.01 < x < 0.2). The predicted trend in the GB Gd** solute
content with nominal solute concentration agrees qualita-
tively with the experimental trend observed here for Ca**
solutes. Indeed, the trends observed here may be applicable
to other polycrystalline solid solution electrolytes whose
ogg is governed or influenced by space charge effects, such as
proton-conducting barium zirconates and cerates, lithium-
conducting oxides like lithium lanthanum zirconate, and
oxide conducting fluorites and perovskites such as zirconia,
ceria and strontium titanate.

In summary, we have demonstrated correlation between
macroscopic oz and high GB Ca®>* concentration in CCO
using a combination of AC impedance spectroscopy and
AC-STEM EELS. The roles of structural GB character—
measured using EBSD—and local GB solute concentration on
ogg were assessed independently, and it was concluded that
ogg is primarily regulated by changes in the local solute con-
centration, rather than differences in microscopic GB charac-
ter. Specifically, increasing the nanoscale Ca®* concentration
at the GB from 18 mol% to 46 mol% results in a four-order-of-
magnitude increase in ogg and at least a two order of magni-
tude increase in total conductivity. This confirms our hypo-
thesis that oGB is primarily controlled by local GB compo-
sition rather than GB character. Because solute segregation
is thermodynamically driven, the behavior observed in this
system should be generally applicable to other polycrystalline
electroceramics. This fundamental understanding will guide
design and fabrication of electroceramic grain boundaries
with optimized transport properties. The local GB cation con-
centration far exceeds the range of validity for application of
traditional Mott Schottky and Gouy-Chapman models. High
solute concentrations are likely present in many technologi-
cally relevant electroceramics, which highlights the need to
develop new models to explain GB conductivity over a wide
range of GB compositions.

Experimental
Material fabrication

Nanoparticles were spray dried from >99.999% pure hydrated-
nitrate salt precursors, before being calcined, compacted, and
sintered to pellets (18 mm diameter discs, 1 mm thick) at
1400 °C for 24 h (see also Fig. S17)."*
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AC impedance spectroscopy

The parallel pellet faces were polished using 1 um lapping film
before porous Pt ink electrodes were applied."' Samples were
heated stepwise in air between 150 °C and 700 °C, and impedance
measurements were performed using a Gamry Reference 3000
potentiostat with applied voltage of 50 mV over the frequency
range 1 MHz to 0.1 Hz. Data were fit to the equivalent circuit
model inset in Fig. 1d using the Gamry E-Chem Analyst software.

Electron backscatter diffraction (EBSD)

Parallel pellet faces were polished using a series of diamond
suspensions ranging from 9 um to 0.05 um. To reduce char-
ging effects, conductive Ag paint was applied near regions of
interest, and to mount samples on the sample holder
(PELCO®, Ted Pella, Inc.). An FEI Quanta 200 SEM with EDAX
OIM EBSD software, and an FEI Quanta 600 SEM with Oxford
Instrument’s AZtec EBSD software were used to collect grain
orientation data. SEM imaging was performed with 10 mm
working distance and 15 kV accelerating voltage. EBSD
patterns were acquired with 70° sample tilt, 4 x 4 binning, 100
frames per s acquisition rate, and variable gain. Post proces-
sing was performed using TSL software, and included cleaning
using grain dilation with a minimum grain size of 5 pixels per
grain and grain tolerance angle of 5°, single average orien-
tation per grain, grain confidence index (CI) standardization
and partition of 0.1 CI to remove poorly indexed points. After
cleanup, reconstructed boundaries were extracted as grain
boundary line segments. Grain boundary character distri-
butions were calculated, independent of misorientation, using
five parameter stereological analysis.*®

Scanning transmission electron microscopy (STEM)

Specimens were prepared by mechanical dimpling followed by
Ar" ion milling (Gatan PIPS2 mill): 5 keV accelerating voltage
to puncture the dimpled foil, and 1 keV final thinning. A JEOL
ARM 200F AC-STEM Gatan Enfina EELS was employed with
20 mrad convergence and 42 mrad collection semi-angles.
Only GBs oriented approximately parallel to the electron beam
were selected for EELS analysis. This was accessed by the
apparent GB width visible during ADF imaging. Spectral
processing and smoothing of the elemental map in Fig. 3 was
performed using Gatan DigitalMicrograph software, and
involved subtraction of the extrapolated inverse power law
function fit to the pre-edge intensity.*® Background fitting and
signal integration windows are provided in Table S2;} inte-
gration windows greater than 50 eV were employed to mini-
mize processing artifacts related to plural scattering. Spectra
were calibrated assuming the Ce M5 edge maximum is located
at 883 eV. Elemental concentrations (C;) were estimated from
background-subtracted signal intensities (I;) using

Ca/Cg = (In/Ig) - kap (4)

where k,p is the ratio of scattering cross-sections of elements A
and B.” This so-called k-factor was measured in 10CCO
grains, where the nominal composition was assumed, and was
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taken to be constant in grains and at grain boundaries.
Background fitting and signal integration windows, along with
k-factors are provided in Table S2.1 The derived composition
on either side of GBs was very similar, suggesting that channel-
ing effects do not significantly influence the quantification in
this case.

Data processing

The Python Pyzo integrated development environment
(v.2015a, open source) was employed for further data proces-
sing, and figures were prepared using the Inkscape graphics
editor (v.0.91, open source).
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