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Controlling Grain Boundary Segregation to Tune the
Conductivity of Ceramic Proton Conductors
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Acceptor-doped barium zirconates are of major interest as proton-conducting
ceramics for electrochemical applications at intermediate operating tempera-
tures. However, the proton transport through polycrystalline microstructures
is hindered by the presence of a positive space charge potential at grain boun-
daries. During high-temperature sintering, the positive charge acts as a
driving force for acceptor dopant segregation to the grain boundary. Acceptor
segregation to grain boundaries has been observed in sintered ceramics, but
the fundamental relationship between the segregation kinetics and the
protonic conductivity is poorly understood. Here, a comprehensive study of
the influence of acceptor dopant segregation on the electrochemical
properties of grain boundaries in barium zirconate ceramics is presented. An
out-of-equilibrium model material that displays no detectable Y segregation at
its grain boundaries is explicitly designed. This model material serves as a
starting point to measure the kinetics of segregation and the induced changes
in grain boundary conductivity upon varying thermal histories. Furthermore,
the electrochemical results from impedance spectroscopy to atomic
resolution transmission electron microscopy, atom probe tomography, and
DFT simulations are correlated. It is discovered that acceptor dopant
segregation drastically increases the proton conductivity in both the model
system and several other application-relevant compositions.
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1. Introduction

Solute segregation to grain boundaries
greatly impacts the bulk properties of
polycrystalline solids. This includes
structural, chemical and functional
properties, in metallic and ceramic
materials.[1–4] Segregation phenomena
are especially important for ceramic ionic
and mixed electronic-ionic conductors,
where grain boundaries can drastically
decrease the ionic transport.[5–7] Ion-
conducting ceramics are highly relevant
for a wide variety of energy applications
ranging from solid state batteries[8,9]

to solid oxide fuel and electrolyzer
cells[10–14] and membrane reactors,[15–19]

and are pivotal for future fossil-free en-
ergy systems. Recently, electrochemical
devices based on proton-conducting
ceramics have shown immense poten-
tial due to their reversible and robust
performance in different operating
modes.[20,21] Enabled by a dissociative
hydration of water into oxygen vacancies
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(Equation 1), the transport of protons is made possible through
a combination of reorientation and hopping, generally known as
the Grotthuss mechanism.[22]

H2O + V⋅⋅
O + Ox

O → 2OH⋅
O (1)

Most high-performance proton conducting oxides are based on
a solid solution of the perovskites BaZrO3 and BaCeO3 using Y3+,
Yb3+ or other trivalent dopants as acceptors.[10,22–24] This mate-
rial system allows the adjustment of the perovskite’s stability and
conduction properties to meet the operational requirements of
specific applications like stability against steam and CO2 at ele-
vated temperatures.

Barium zirconate-based proton conductors suffer from low
grain boundary conductivities due to their positively charged
interfaces, caused by oxygen vacancy segregation.[25–28] The ac-
cumulation of vacancies leads to the formation of a negatively
charged space charge layer (SCL) adjacent to the interface, in-
duced by the redistribution of point defects, hindering the trans-
port of protons.[26,29–31] During high-temperature thermal treat-
ment, the positive core charge at grain boundaries acts as a driv-
ing force for the segregation of acceptor dopants to the interface,
leading to their enrichment in the grain boundary core and/or
the SCL.[29,32,33] The segregation of negatively charged point de-
fects can partially compensate for the positive core charge, lead-
ing to an increase in grain boundary conductivity, for example,
observed after high temperature thermal annealing of Y and Sc
doped BaZrO3.[29,32,34] However, the kinetics of segregation have
not been explored due to the lack of a nonequilibrated model
system and most reports study segregation only phenomenolog-
ically using transmission electron microscopy (TEM)[32,34–37] or
atom probe tomography (APT).[33,38,39]

Until now, a fundamental relationship between the kinetics
of acceptor dopant segregation and the resulting grain boundary
conductivity is lacking. As the formation of acceptor dopant seg-
regation is happening at elevated temperatures, where cationic
diffusion is sufficiently high, all conventionally processed sam-
ples exhibit a grain boundary defect chemistry that is depen-
dent on their specific thermal history (processing temperature,
dwell time, and cooling rate). The measured interfacial chemistry
at room temperature is therefore dominated by two restricted
equilibria:[40,41] 1) the acceptor dopant concentration is “frozen
in” below a critical temperature, where cationic diffusion is ex-
tremely slow. 2) below that temperature oxygen vacancies (V⋅⋅

O)
are still mobile, until the interface reaches a third temperature
regime where all defects are immobile. So far, the unavoidable
equilibration of the grain boundary defect chemistry during high
temperature treatment has prevented a systematic investigation
of the acceptor segregation kinetics and how this affects the trans-
port properties of ion-conducting ceramics.
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Here, we present a comprehensive study on the kinetics of
acceptor dopant segregation and its impact on the electrochem-
ical performance of BaZrO3-based proton conductors. Build-
ing on the recently discovered, slow cation defect redistribution
at grain boundaries in undoped SrTiO3 during low tempera-
ture, high-pressure spark plasma sintering,[42] we developed a
processing scheme that completely suppresses yttrium accep-
tor dopant segregation, and therefore allows us to investigate
the extent and the kinetics that acceptor segregation poses on
the grain boundary conductivity in BaZrO3 based proton con-
ductors. Targeted thermal treatments are used to systematically
change the grain boundary properties through controlled accep-
tor segregation. We correlated the bulk electrochemical proper-
ties with the chemical composition and bonding environment
at the grain boundary using atomically resolved characterization
techniques to reveal that high proton conductivities are enabled
by the atomically sharp segregation of yttrium acceptor dopants
to the first atomic plane at the grain boundary. The continu-
ous segregation of yttrium to the grain boundaries leads to de-
creased space charge potentials, enabling high protonic conduc-
tivities. Even though this study focuses on the characterization
of the protonic ceramic BaZr0.7Ce0.2Y0.1O3-𝛿 , the phenomenon of
segregation-controlled conductivity is demonstrated to be trans-
ferable to all highly relevant BaZrO3 based compositions (in-
cluding BaZr0.8Y0.2O3-𝛿 (BZY20), BaZr0.5Ce0.3Y0.2O3-𝛿 (BZCY532)
and BaZr0.4Ce0.4Y0.1Yb0.1O3-𝛿 (BZCYYb441)). Our results clearly
illustrate the importance of high-temperature treatments beyond
1300 °C in equilibrating the defect chemistry at grain bound-
aries in proton-conducting ceramics, which is crucial to facilitate
high proton conductivities. Additionally, the presented findings
are highly relevant for other oxide-based ionic conductors and
electroceramics, where understanding grain boundary segrega-
tion might open new possibilities for the design and improve-
ment of material properties.

2. Results and Discussion

2.1. Controlling Conductivity Through Targeted Interfacial
Equilibration

Figure 1 compares the conductivity of BaZr0.7Ce0.2Y0.1O3-𝛿
(BZCY) ceramics with different thermal histories. To study the
impact of various equilibration temperatures, we designed a
starting material that has not been equilibrated at high sintering
temperatures such as conventionally processed BZCY. Therefore,
pure BZCY powders were sintered to high relative densities us-
ing field assisted sintering/spark plasma sintering (FAST/SPS).
This approach allows the use of high heating and cooling rates
(±150 °C min−1) and a very short dwell time (5 min) at com-
parably low temperatures (1450 °C).[42,43] This processing proce-
dure yields ultrafine, dense samples (Figure 1b, top, grain size:
350 ± 175 nm), which have a nonequilibrated grain boundary
defect chemistry (as shown later), making them an optimal start-
ing point to investigate the relationship between thermal history,
acceptor dopant segregation, and grain boundary conductivity.
A variation of thermal treatments was applied to systematically
change the grain boundary defect chemistry between 1000 and
1600 °C (the schematic in Figure 1a displays the two-step an-
nealing process). Electrochemical impedance spectroscopy (EIS)
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Figure 1. Influence of the thermal history on the grain boundary conductivity of BaZr0.7Ce0.2Y0.1O3-𝛿 . a) Schematic representation of the thermal history
for the different BZCY samples shown here. (cooling rates and dwell time are −150 K min−1 to 1450 °C and 5 min for the SPS cycle and −5 K min−1

and 5 h for the furnace runs). b) EBSD orientation mappings showing no changes in the microstructure of the SPS sample (top) and the +1600 °C
sample (bottom). The scale bar is 2 μm. c) Nyquist plots from electrochemical impedance spectroscopy at 300 °C in wet Ar/H2 of the SPS (top) and
+1600 °C sample (bottom). The impedance data for all samples were fitted using two R||CPE circuits to separate the bulk from the grain boundary
response and derive the total d), bulk e), and effective grain boundary f). All conductivity plots also include literature values from BZCY ceramics of the
same composition[37,44,45] and a reference sample produced by solid state reactive sintering (SSRS with 0.5 wt% NiO) denoted as solid lines.

was used to measure the conductivity at temperatures between
600 and 150 °C in wet Ar/H2. As a separation of the bulk and
grain boundary semicircle above 400 °C is not possible, values
between 400 and 600 °C are not displayed here.[46] Therefore,
bulk and grain boundary contributions can be compared for
the full temperature range. Figure 1c shows two Nyquist plots
obtained from EIS measurements at 300 °C in wet Ar/H2 to
highlight the direct changes induced by a thermal treatment at
1600 °C in air. The total impedance is strongly decreased, driven
by a massive reduction of the grain boundary contribution. At
the same time, the bulk impedance stays in the same order of
magnitude. The complete impedance data set, which displays
the total, bulk and effective grain boundary conductivities, re-
spectively, is summarized in Figure 1d–f. The total conductivity
continuously increases, depending on the extent of the thermal
treatment (Figure 1d), and reaches values comparable to sam-
ples in literature with the same composition after conventional
processing.[37,44,45] Furthermore, we compared our model system
to samples processed by the industrially applied solid state re-
active sintering method (SSRS) and could also find comparable
conductivities. The continuous increase in total conductivity is
controlled by the grain boundary conductivity, which shows a

comparable behavior (Figure 1f), while the bulk conductivity re-
mains relatively constant (Figure 1e). This effect is independent
from the microstructure, as BaZrO3 based materials show a slug-
gish grain growth behavior, when no sintering aids are added.[47]

Microstructure imaging and quantitative analysis (Figure 1b)
show that the average grain size after the highest thermal treat-
ment (+1600 °C) is still at 320± 172 nm, confirming that no mea-
surable grain growth could be observed. This proves that changes
in grain boundary composition and interfacial defect chemistry
are most possibly responsible for the strong increase in protonic
conductivity after equilibration of the samples at high temper-
atures, while a relative change in the interfacial area between
grain boundaries can be excluded as the origin of the observed
effect.

If the segregation of acceptor dopants is the major factor driv-
ing the increase in grain boundary conductivity through charge
compensation, this should also reduce the space charge potential
ϕ0, which can be derived from EIS data using Equation (2).[48,49]

𝜔Bulk

𝜔GB
= ezjF𝜙0∕RT

2 zjF𝜙0∕RT
(2)

Adv. Energy Mater. 2025, 15, 2404410 2404410 (3 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 2. Impact of segregation kinetics on space charge potential and protonic conductivity. a) Space charge potential after varied thermal histories
calculated from EIS data using Equation (2). b) Schematic representation of the charge compensation mechanism induced by acceptor segregation
during thermal annealing. c) The effective grain boundary conductivity at 400 °C in wet Ar/H2 derived from EIS measurements after different annealing
treatments between 1000 and 1600 °C for 5–30 h. d) Processing map showing the total conductivity at 600 °C in Ar/H2 after different equilibration
treatments. The dashed line represents a conductivity of 1 mS cm−1.

In Equation (2), R is the Boltzmann constant, F the Faraday
constant, Φ0 the space charge potential, zj the valency of the
mobile charge carrier (zj = 1 for Protons), e the elementary
charge, T the temperature in K during EIS and, 𝜔Bulk and 𝜔GB
are the relaxation frequencies of the bulk’s and GBs’ impedance
signal. More details about Equation (2) can be found in the
methods section. Figure 2a displays the space charge potential
ϕ0 for samples after thermal treatments at temperatures between
1000 and 1600 °C. The potential in samples annealed at lower
temperatures is the highest, with values ≈0.25–0.27 V. Never-
theless, it is still significantly lower than reported for BaZrO3
based proton conductors (0.5–0.6 V at 250 °C),[36,50] possibly due
to high oxygen partial pressure (wet oxidizing atmosphere) used
in the referenced studies. Thermal annealing at temperatures
above 1300 °C leads to a further significant decrease of the space
charge potential down to values of 0.17 V. However, these values
lie still above the space charge potential derived from reference
samples processed by SSRS, most likely due to additional charge
compensation mechanisms induced by the segregation of Ni to
the grain boundary (also leading to a high effective GB conduc-
tivity observed in Figure 1f).[38,39] Since microstructural changes
were not observed in our model samples, the compensation of
the positive core charge at the grain boundary through accep-
tor dopant segregation is possibly the dominant mechanism
enabling high grain boundary conductivity. The schematic in
Figure 2b explains the basic principle of this mechanism, in
which the potential at an interface is significantly higher due
to a homogeneous distribution of acceptor dopants across the

interface. The thermally activated segregation of negatively
charged Y ′

Zr cations to the interface (driven by the core charge),
then compensates for parts of the positive core charge, leading
to a reduction of the space charge potential.

To further understand the kinetics of segregation, more ex-
tended annealing experiments were conducted at 1000, 1200,
1400, and 1600 °C in a range between 5 and 30 h in air and
investigated by EIS. Figure 2c shows the changes in the grain
boundary conductivity after these treatments, starting from the
nonequilibrated samples state (black circle). Large increases
in conductivity can be observed after short annealing times.
However, due to insufficient cation diffusion kinetics at tem-
peratures below 1400 °C, a full equilibration could not be
achieved for these samples. Since the positive core charge acts
as the major driving force for yttrium segregation to the grain
boundary, the process decelerates until a balance is reached
between further segregation and the interfacial space charge
potential.

Even though separation of bulk and grain boundary conductiv-
ities is not possible at temperatures above 600 °C, the systematic
annealing treatments done here allow us to map out the inter-
facial equilibration times and temperatures, which are needed
to surpass a minimum total conductivity of 1 mS cm−1 in wet
Ar/H2 (Figure 2d). For the BZCY composition investigated here,
temperatures above 1300 °C (and sufficiently long dwell times)
enable the progressive grain boundary equilibration and thus,
reaching the total conductivity magnitude needed for practical
application.
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Figure 3. Segregation behavior at BZCY grain boundaries before and after high temperature equilibration. a,b) High resolution STEM images and
EDS mappings of general grain boundaries in SPS (a) and +1600 (b) showing the absence before, and the atomically sharp yttrium segregation after
thermal annealing. The scale bar is 2 nm. c,d) Integrated line scans (highlighted in the corresponding Ba mapping) reveal the chemical composition
at the interface of SPS (c) and +1600 BZCY (d) (dashed lines correspond to the grain boundary core). e,f) EELS spectra of the O K-edge (e) and the
Ce M4,5-edge (f) derived from the bulk and the grain boundary core. g) APT elemental map of the +1600 BZCY sample showing Ce atoms and an Y
isoconcentration surface (3.6 at%) decorating grain boundaries. The data set contains five grain boundaries and a triple junction. h) a concentration
profile of the major elements across the grain boundary indicated in (g).

2.2. Observing Acceptor Segregation at the Atomic Scale

To understand the atomistic reasons for the continuous conduc-
tivity increase after thermal treatments at varied temperatures,
we investigated grain boundaries in nonequilibrated (SPS)
and thermally treated (SPS +1600 °C) samples using high
resolution scanning transmission electron microscopy (STEM)
and atom probe tomography (APT). Figure 3 summarizes the
characterization of the chemical composition and the structure
at grain boundaries in both sample types. Figure 3a,b shows
high angle angular dark field (HAADF) images and electron
dispersive X-ray spectroscopy (EDS) elemental mappings of
general grain boundaries in the nonequilibrium state (a) and
after high temperature treatment (b).

The yttrium distribution at the interface is drastically chang-
ing from being homogeneous across the interface, to a strong
segregation to the first B-site plane at the grain boundary. The
differences are additionally highlighted by integrated line scans
across the grain boundaries and along the [110] planes of the ori-
ented grain on the right (Figure 2c,d). After high-temperature
treatment, yttrium cations strongly segregate to the first B-site
plane of the perovskite lattice and the grain boundary core, sub-
stituting large amounts of zirconium cations, thereby compen-
sating the positive core charge.[29]

In addition to an elastic driving force induced by cationic
size mismatch,[51,52] the segregation is driven by the space
charge potential at the grain boundary, generated by oxygen
vacancy accumulation.[26,28] This leads to high local yttrium
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concentrations of ≈8 at% (estimated from EDS by a standard-less
quantification) on the last B-site plane. This correlates to 43 at%
of yttrium on the B-site, which is far above the solubility limit for
yttrium in BaZrO3-based perovskites.[53] The high local concen-
tration of yttrium (which acts as a negative point defect, i.e., Y ′

Zr)
can partially compensate the positive core charge, decreasing the
space charge potential and thereby lowering the barrier for pro-
ton conduction across the grain boundaries. This results in the
strong increase in grain boundary conductivity (Figure 1f) and
a decrease of the space charge potential (Figure 2a), measured
using EIS.

Additionally, electron energy loss spectroscopy (EELS,
Figure 2e,f) helps to understand the influence of segregation on
the local oxygen bonding environment and the Ce valency at the
grain boundary. Both graphs show integrated spectra of the same
size (1 nm x 3 nm) taken from the grain boundary core and an
adjacent “bulk” region (details on the EELS analysis can be found
in Figure S2, Supporting Information). Nonequilibrium grain
boundaries show a clear reduction in the intensity of the oxygen
K edge and significant changes in the fine structure, induced by
the depletion of oxygen in the grain boundary core.[54] However,
the corresponding Ce M4,5 edge does not reveal differences
between bulk and grain boundary. After thermal annealing at
1600 °C clear changes in both the oxygen K and the Ce M4,5
edge are visible (red spectra). Both intensity and fine structure
of the oxygen K edge at the grain boundary are approaching the
characteristics, which can be observed in the bulk. In contrast
to the O K edge, the intensity of the Ce M4,5 edge after thermal
treatment decreases in intensity at the grain boundary, most
likely due to a substitution of Ce4+ by Y3+ cations. Comparing
the ratio of the intensities of the Ce M5 to the M4 edge, which
can be used to assess the valence state of Ce,[6,55] did not reveal
significant changes between bulk and grain boundary, before
and after equilibration of the grain boundaries (0.74 to 0.73 for
the SPS sample and 0.72 to 0.71 for the +1600 sample from
bulk and GB measurements, respectively). Additionally, XPS
measurements on bulk samples revealed no significant changes
in the core-level signatures and in the relative composition
of the sample in the nonequilibrium and equilibrium state,
highlighting that changes in defect chemistry and electronic
signature are truly localized to the grain boundary region, which
is undetectable by XPS (details on the XPS analysis can be found
in Figure S3, Supporting Information).

The gained insights on yttrium segregation from HR-STEM
were also confirmed by electrostatic analysis and density func-
tional theory (DFT) computing the segregation energy for Y and
Yb cations that diffuse from bulk to GB lattice sites (details on
the atomistic models and computational setup can be found in
Figure S4, Supporting Information, and the method section). The
segregation energies in a representative GB model simulating a
symmetric Σ3 [110]/(-112) tilt GB for Y and Yb cations are calcu-
lated as −0.89 and −1.00 eV atom−1, respectively. The segrega-
tion energies for Y and Yb are much larger than that calculated
by A. Lindmann et al.[28] for Y without having oxygen vacancy
at the GB (−0.32 eV). This is because the clustering of oxygen
vacancies with Y3+/Yb3+ cations is electrostatically more favor-
able than that with Zr4+. This result shows that oxygen vacancies
clearly increase the driving force for Y/Yb segregation at elevated
temperatures.

As the chemical resolution of transmission electron mi-
croscopy techniques is insufficient to derive exact concentrations
on the local defect chemistry, atom probe tomography (APT) was
applied to assess the composition of grain boundaries after ther-
mal annealing. Figure 3g–i shows the 3D reconstruction of an
APT dataset, which includes five grain boundaries and a triple
junction, as well as a concentration profile built across one of
the grain boundaries. The high mass resolution and quantitative
nature of APT allow for calculating of the Gibbsian interfacial
excess Γi, giving exact values for the segregation of yttrium and
minor impurities (strontium and calcium) to the grain boundary
(see Table S1, Supporting Information). An approximation of the
Langmuir – McLean description for solute segregation, makes
an estimation of the average diffusion coefficient DY of Y to the
grain boundaries in BZCY possible using Equation (3),[56]

Xb (t) − Xb (0)

Xb (∞) − Xb (0)
= 2

𝛽

b2

a3

(4Dt
𝜋

)1∕2

(3)

where Xb(t) is the concentration at the interface at different
times, and a and b are the atomic sizes of the matrix and the
solute atoms, respectively. And 𝛽 is the ratio between the solute
concentration at the grain boundary to the concentration at the
bulk, 𝛽 = Xb/Xc. More information about the calculation can be
found in the method section.

For the segregation of yttrium from a completely nonequili-
brated state to an average grain boundary excess of ΓY = 6.3
at/nm2, a diffusion coefficient DY = 0.25× 10−24 m2 s−1 can be es-
timated. Compared to the bulk diffusion coefficients of cations in
other perovskite oxides like BaTiO3 and SrTiO3, DY is comparably
low,[57–59] which agrees well with the general refractive nature of
this material, requiring high sintering temperatures (>1500 °C
for BZCY compared to, e.g., 1150 °C for BaTiO3). However, the
driving force assumption for Equation (3) may not be complete
as it ignores electrostatic contributions, and the presented value
should be considered as an estimation. Note that this is a gen-
eral issue of diffusion coefficients, particularly for grain bound-
ary processes, and this study is one of the rare cases where an
approximation is possible at all.

Furthermore, combining the high spatial resolution of
STEM/EDS and the chemical resolution of APT enables us to
calculate the atomic percentage of acceptor dopants on the last
B-site plane at the grain boundary, giving an insight into the local
chemistry. As the planar density of the B-site in Y-doped BaZrO3
in the [100] plane is 6.25 at nm−2, and the average yttrium excess
at the grain boundary is 6.3 at nm−2 (distributed across both B-
site planes at the GB and the GB core, see Figure 3d), all three
atomic positions have an average 43.6 at% yttrium occupancy.
Considering a bulk solubility of yttrium on the B-site of roughly
30 at%[60,61] the grain boundary composition we measured both
in STEM-EDS and APT clearly surpasses these values and re-
veals a complexion-like thermodynamically stable grain bound-
ary phase.[62]

However, the analysis of various GBs using APT also revealed
deviations in interfacial acceptor dopant excess, varying between
4.9 and 7.9 at nm−2 (see Table S1, Supporting Information). This
shows the strong influence the grain boundary character has
on the segregation behavior, highlighting the need for further
correlative microscopy and modelling approaches to reveal the
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Figure 4. Segregation-controlled conductivity changes in different scientifically important BaZrO3 based proton conductors. a–d) Electrochemical
impedance spectroscopy in wet Ar/H2 of BaZr0.8Y0.2O3-𝛿 (BZY20) (a), BaZr0.7Ce0.2Y0.1O3-𝛿 (BZCY721) (b), BaZr0.5Ce0.3Y0.2O3-𝛿 (BZCY532) (c), and
BaZr0.4Ce0.4Y0.1Yb0.1O3-𝛿 (BZCYYB4411) (d) samples after SPS and post thermally treated for 5 h at 1600 °C in air. Total and effective grain boundary
conductivity are represented by squares and triangles, respectively. Literature data in all plots is visualized by lines.[13,37,44,45,65–68]

fundamental relationships between segregation, grain boundary
properties, and the related transport mechanisms.[63,64]

2.3. Segregation Controlled Conductivity in Other Relevant
Proton Conducting Ceramics

Figure 4 compares the conductivity of the most important
proton-conducting ceramics based on BaZrO3. In addition to
BaZr0.7Ce0.2Y0.1O3-𝛿 (BZCY721, Figure 4b), we investigated com-
positions without cerium BaZr0.8Y0.2O3-𝛿 (BZY20, Figure 4a),
with higher cerium contents BaZr0.5Ce0.3Y0.2O3-𝛿 (BZCY532,
Figure 4c) and a co-doped composition with high cerium con-
tent BaZr0.4Ce0.4Y0.1Yb0.1O3-𝛿 (BZCYYb4411, Figure 4d). All ma-
terials were sintered by FAST/SPS at low temperatures and short
dwell times under mechanical pressure, to bring them into a den-

sified and nonequilibrated state and afterward annealed for 5 h
at 1600 °C. For both sample states, the total and the effective
grain boundary conductivity are displayed, to showcase the im-
pact a high-temperature equilibration of the grain boundary de-
fect chemistry has on the performance of different ceramic pro-
ton conductors.

All compositions show a strong increase in total conductivity
after the thermal treatment, mainly caused by the increase in ef-
fective grain boundary conductivity. The cerium content on the
B-site of the perovskite has a positive effect on the performance in
the nonequilibrated state, which is highest for compositions with
a higher cerium content. The cerium-free composition (BZY20)
shows the worst electrochemical performance in the nonequi-
librium state, making it complicated to separate bulk and grain
boundary contributions (details on the fitting of the electrochem-
ical data can be found in Figure S5, Supporting Information), due
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to the dominating impact of grain boundaries. Therefore, only
the total conductivity can be derived from these measurements.

The increased diffusion coefficients for cations in BaZrO3 –
BaCeO3 solid solutions are leading to coarser microstructures
(details on the microstructure can be found in Figure S6, Sup-
porting Information) and might be one explanation for the con-
tinuous increase in conductivity in the nonequilibrated samples
from BZY20 to BZCYYb4411. The higher interdiffusion clearly
complicates the conservation of a nonequilibrium grain bound-
ary defect chemistry during FAST/SPS.[59] Comparing our mea-
surements to literature data, it becomes evident that the perfor-
mance of conventionally processed protonic ceramics is reached
after an equilibration of the grain boundary defect chemistry. Mi-
nor deviations can be observed only for several studies that used
high temperature sintering (1600 °C) and extensive dwell times
(24 h) to sinter BZY20[65,66] and BZCYYb4411.[13] These process-
ing parameters exceed the thermal treatment applied here, lead-
ing to larger grain sizes and consequently a lower overall grain
boundary resistance.

Our study reveals the fundamental importance of sufficiently
high thermal treatments (either during sintering or by a post-
thermal treatment) to enable acceptor dopant segregation to the
grain boundary, compensating the positive core charge and low-
ering the intrinsic space charge potential. This behavior is re-
sponsible for the high protonic conductivity in all currently ap-
plied protonic ceramics, based on acceptor-doped BaZrO3. Fur-
thermore, the understanding of the relationship between ther-
mal history and grain boundary defect chemistry can be a novel
design parameter to optimize the properties of various electroce-
ramics by tuning their grain boundary segregation.

3. Conclusion

In this study, we developed model materials based on the ceramic
proton conductor BaZr0.7Ce0.2Y0.1O3-𝛿 , suitable for investigating
the kinetics of solute segregation to grain boundaries and its in-
fluence on protonic conductivity. Through the systematic varia-
tion of thermal treatments between 1000 and 1600 °C, we were
able to continuously increase the grain boundary conductivity by
altering its defect chemistry from a nonequilibrium to an equi-
librated state, without significant changes in the grain size. The
drastic increase in protonic conductivity could be directly associ-
ated with the atomically sharp segregation of the yttrium acceptor
dopant to the grain boundary after high-temperature treatment.
The presence of negatively charged Y ′

Zr point defects directly ad-
jacent and in the grain boundary core compensates part of the
intrinsic positive core charge, subsequently lowering the over-
all space charge potential and facilitating proton transport across
grain boundaries.

The combination of high spatial resolution spectroscopy in
STEM and the high 3D elemental sensitivity of APT allowed us
to determine the local chemistry of nonequilibrium as well as
equilibrated grain boundaries. This enabled us to derive the fun-
damental relationships between the measured protonic conduc-
tivity, the chemistry at grain boundaries, and the space charge po-
tential while excluding the influence of sintering aids and varying
microstructures. Our results highlight the importance of suffi-
ciently high thermal treatments above 1300 °C, to facilitate accep-

tor dopant segregation and enable high protonic conductivities in
this class of materials.

We could additionally show that this behavior can be observed
in most commonly applied compositions of ceramic proton con-
ductors based on BaZrO3, independently of the B-site composi-
tion. Therefore, the fundamental insights reported here are ap-
plicable to a broad variety of materials used in solid oxide fuel and
electrolysis cells, as well as membrane reactors. Even though the
influence of acceptor dopant segregation has been exemplified
for ceramic proton conductors here, the understanding of this
behavior is highly relevant for a wide variety of functional ceram-
ics, where control over grain boundary properties is essential in
harnessing their optimal performance.

4. Experimental Section
Starting Powders and Sintering: In this study, commercial pow-

ders of the nominal composition BaZr0.7Ce0.2Y0.1O3-𝛿 (BZCY721),
BaZr0.5Ce0.3Y0.2O3-𝛿 (BZCY532), and BaZr0.4Ce0.4Y0.1Yb0.1O3-𝛿 (BZ-
CYYb4411, all Marion Technologies, France) as well as self-synthesized
BaZr0.8Y0.2O3-𝛿 (BZY20) and BaZr0.7Ce0.2Y0.1O3-𝛿 (0.5 wt% NiO, SSRS-
BZCY721) powders have been applied. Details on the mixed oxide powder
synthesis route can be found elsewhere.[35,47,69] All powders are sintered
using a field assisted sintering / spark plasma sintering (FAST/SPS)
device (HP-D5, FCT Systeme, Germany). Compositions with a low
amount of Ce were densified at 1450 °C for 5 min with 80 MPa of uniaxial
pressure applied, while Ce-rich compositions (BZCY532 and BZYYb4411)
were sintered at 1350 °C for 5 min using a uniaxial pressure of 50 MPa.
The heating and cooling rates for both experiments were 150 K min−1,
enabling fast densification and the preservation of a nonequilibrium grain
boundary defect chemistry. All thermal treatments are done in air furnaces
between 1000 and 1600 °C from 5 to 30 h. To prevent Ba evaporation at
higher temperatures, thermal treatments above 1400 °C were conducted
in sacrificial powder of the same composition.

Electrochemical Impedance Spectroscopy: Electrochemical impedance
spectroscopy (EIS) was used to assess the proton conductivity of all sam-
ples investigated in the scope of this study. To separate bulk and grain
boundary contributions, the impedance was measured in the range be-
tween 600 and 150 °C using an Alpha-A High Performance Frequency An-
alyzer, (Novocontrol, Germany) in the frequency range of 10 MHz to 0.1
Hz in wet Ar/2.9%H2 (p(H2O) ≈0.025 bar). The impedance data was fit-
ted using a series of equivalent circuits consisting of parallels of a resis-
tance and constant phase element (R||CPE) and interpreted using the brick
layer model[46] in RelaxIS3 (rhd instruments, Germany). The R||CPE ele-
ments were attributed to bulk, grain boundary, or electrode by calculating
the specific capacitance.[46,70] Subsequently, the total, bulk and effective
grain boundary conductivity are calculated using Equations (4–6), respec-
tively. In the given equations Rb and Rgb are the resistivities derived from
the fitting and l and A are the thickness and area of the measured sample.

𝜎t =
1

(Rb + Rgb)
l
A

(4)

𝜎b = 1
Rb

l
A

(5)

𝜎eff .gb = 1
Rgb

l
A

(6)

Scanning Transmission Electron Microscopy: Samples for scanning
transmission electron microscopy (STEM) were prepared using a conven-
tional dimpling route to achieve a large area of electron transparent materi-
als, facilitating the search for suitable grain boundaries for high resolution
analysis. Bulk samples were first metallographically ground and polished
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to a thickness of 100 μm and afterward dimple grinded to a minimal thick-
ness of 10–15 μm using a dimple grinder (Gatan Inc., USA). Afterward, the
final hole was milled and thinned using an Ar ion milling device (PIPS II,
Gatan Inc., USA). High resolution STEM imaging and spectroscopy was
done using a probe Cs-corrected Spectra 300 microscope (Thermo Fischer
Scientific, USA) at 200 keV. The microscope is equipped with a Super-X
EDS detector and a Gatan Continuum 1066 energy filter (GIF). Data analy-
sis of the EDS results was done using the Velox software (Thermo Fischer
Scientific, USA). Quantification of the EDS measurements was done using
a standard less (Cliff-Lorimer) method to estimate the composition at the
grain boundary. High errors are assumed as the quantification does not
consider absorption and channeling. The analysis of the EELS data was
done using the Python package HyperSpy.

Atom Probe Tomography: APT specimens were prepared from the pol-
ished sample surface by the conventional lift-out technique using a dual-
beam focused-ion-beam (FIB) system (FEI Helios Nanolab 600i). To re-
duce Ga implantation in the APT-ready sample, 2 keV Ga beam was used
for final cleaning of specimens. APT analyses were performed using a
reflectron-equipped local electrode atom probe tool (LEAP 4000X HR,
Cameca Instruments, USA) in laser mode. Laser pulses of 355 nm wave-
length, 12 ps pulse length, 10–20 pJ pulse energy, and 200 kHz frequency
were applied. The specimen base temperature was kept at ≈25 K and the
detection rate was maintained at 0.005 or 0.01 ion per pulse. Data re-
construction and analysis was performed using Cameca IVAS 3.6.14 soft-
ware package. Reconstruction parameters were derived from comparing
the pre- and post-analysis SEM images of APT specimens, so that correct
dimensions of the reconstructed dataset (final specimen radius and the
length of the field-evaporated volume) are ensured. Three APT datasets,
each containing 2–5 grain boundaries, were analyzed in total.

Density Functional Theory Calculations: Grain boundary (GB) models
were constructed by using Aimsgb[71] employing 48 formula units of
BZO, containing two identical grain boundaries, due to periodic boundary
conditions. First, the most favorable sites for two oxygen vacancies and
four Y/Yb ions in a GB Σ3[110]/(-112) grain boundary (GB) by perform-
ing Coulomb energy calculations on 2 003 395 680 (2.0 × 109) possible
combinations/permutations employing the Supercell code were found.[72]

Charges of 2+ for Ba, 4+ for Zr, 3+ for Y/Yb, and 2- for oxygen were used.
To model the SPS-sintered GB, a similar approach was utilized. To accom-
modate Y/Yb ions in the bulk region of our GB model, two fixed trivalent
ions next to the optimal oxygen vacancy position at the GB to repel four
Y/Yb ions from the GB plane were artificially introduced. To maintain the
charge neutrality for this case, the Zr valence was reduced to +3.952 in
this step. Subsequently, the artificially added trivalent ions at the GB plane
were replaced by Zr ions. The resulting models are depicted in Figure S4
(Supporting Information). To calculate the segregation energy, which is
the total energy difference between Y/Yb at the GB plane and bulk region
(EY/Yb(GB)−EY/Yb(Bulk)), spin-polarized DFT[73,74] calculations as imple-
mented in the Vienna Ab initio Simulation Package (VASP) code[75] using
the PBE functional[76] and the Projector Augmented-Wave (PAW) method
were performed.[77] A Γ-point centered k-point mesh of 2 × 1 × 4 and en-
ergy cut-off of 520 eV as well as energy and force convergence criteria of
5.0 × 10−5 eV and 1.0 × 10−2 eV Å−1, respectively, were applied. Ionic po-
sitions and unit cell volume were fully optimized while the unit cell shape
was fixed (ISIF= 8). Pseudopotentials with valence electron configurations
5s2 5p6 5d0.01 6s1.99, 2s2 2p4, 4s2 4p6 4d3 5s1, 4s2 4p6 4d2 5s1, 5p6 5d1

6s2 for Ba, O, Zr, Y, and Yb were used, respectively.
Calculation of Space Charge Potential and Y Diffusion Coefficients: Space

charge potentials were evaluated using Equation (2) which is the solu-
tion of an 1D Poisson equation of a Schottky depletion layer.[48] In Equa-
tion (2), R is the Boltzmann constant, F the Faraday constant, Φ0 the
space charge potential, zj the valency of the mobile charge carrier (zj =
1 for Protons), e the elementary charge, T the temperature in K during EIS
and, 𝜔Bulk and 𝜔GB are the relaxation frequencies of the bulk’s and GBs’
impedance signal. Either the ratio of the bulk’s and grain boundaries’ re-
sistivity, capacitance, relaxation frequency or relaxation times can be used
for space charge potential calculations. Either of these parameters are ob-
tained from fitting impedance data with the aforementioned equivalent cir-
cuit. Relaxation frequencies were calculated using Equation (7), where Ri

and Ci are the total resistance and capacitance of the bulk or GB. Using the
relaxation times or frequency give the best agreement with the true space
charge potential at the GBs because these parameters are microstructure
independent.[78]

𝜔i =
1

2𝜋 ⋅ RiCi
(7)

The diffusion coefficient for Yttrium segregation to grain boundaries
was estimated using a Langmuir–McLean-based model, where the segre-
gation kinetics can be described by Equation (8),[56]

Xb (t) − Xb (0)

Xb (∞) − Xb (0)
= 1 − exp

(
4Dt
𝛽2f 2

)
erfc

(
4Dt
𝛽2f 2

)1∕2

(8)

where Xb(t) is the concentration at the interface at different times, f is a
ratio between the atomic sizes f = a3b−2 with a for the matrix and b for the
solute. And 𝛽 is the ratio between the concentration at the grain boundary
to the concentration at the bulk, 𝛽 = Xb/Xc.

For short dwell times below a full equilibration, this equation can be
approximated by:[56]

Xb (t) − Xb (0)

Xb (∞) − Xb (0)
= 2

𝛽

b2

a3

(4Dt
𝜋

)1∕2
(9)

In the above applied estimation, we used the cationic size ratios of Y
and Zr/Ce for b and a, as well as the atomic concentrations of Y on the
B-site from APT measurements (Xb(t) = 44.3 at% and Xb(0) = 20.0 at%).
The thermodynamic maximum of segregation was estimated to be 50 at%.

Photoelectron X-Ray Spectroscopy: XPS (Phi 5000 VersaProbe, ULVAC
Phi, Physical Electronics Inc.) was performed for the nonequilibrium and
equilibrium sample state using the Al K𝛼1 line (E𝜆 = 1486.6 eV) of a
monochromized X-ray source. Survey spectra and O 1s, C 1s, Si 2p, Ce
3d, Ba 3d, Zr 3d, Y 3d core-level spectra were obtained at a photoemis-
sion angle of 𝜃 = 15°. Survey measurements were performed using a pass
energy of E0 = 187.85 eV. For the analysis of core-level spectra, the pass
energy was kept constant at E0 = 23.5 eV for high energy resolution in the
fixed analyzer transmission mode.

All spectra were aligned with respect to the C 1s core-level signal BE
= 284.8 eV. The survey spectra were normalized to the background signal
between ΔBE = 60–70 eV. Core-level spectra were normalized to the pre-
peak region (ΔBE(O 1s) = 520–524 eV, ΔBE(Ce 3d) = 873–876 eV, ΔBE(Ba
3d) = 770–774 eV, ΔBE(Zr 3d) = 172–174 eV, ΔBE(Y 3d) = 147–149 eV).
No background subtraction is applied. An offset is used along the y-axis
to display the spectra to improve clarity. KolXPD version 1.8.0 was used
for the evaluation of the data.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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