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Proton conducting BaCe0.8Y0.2O2.9−δ (BCY) was prepared by solid-state sintering at various elevated temperatures (1623-
1873 K) to control its microstructure and defect chemistry at the grain boundaries. The bulk and grain boundary conductivity
were measured over the temperature range of 373-1173 K under 4% H2/balanced by He (pH2O = 0.03 atm) by an AC
impedance analyzer (Solatron 1260). For the ternary BCY system, the predominant configuration of majority defect pairs was
described as functions of pO2, aBaO, and temperature and a space charge potential theory was developed. It was shown by TEM
that the grain boundaries of the sintered disks were free of any second phase. The depletion of effectively positively charged
protons with a positive space charge potential with respect to the bulk (φ∞ = 0) was explained by negatively charged yttrium
enrichment across the grain boundaries. The bulk conductivity was around two orders of magnitude higher than the grain
boundary conductivity.
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Introduction

During the last decade, acceptor doped barium cerate
has been intensively investigated because of its potential
applications for fuel cells, sensors, membranes, and steam
electrolyzers [1-4]. However, although it has good
proton conducting properties, barium cerate has not been
able to be used in electrochemical devices because of its
thermodynamic and long-term kinetic instability, especially
in the presence of CO, CO2, and water [5, 6] due to the
following proposed-decomposition reactions: 

(1)

(2)

Its thermal stability has also been brought into
question by the fact that a significant vapor pressure of
barium cerate was measured by mass spectrometry
above 1774 K and BaO(g) was identified as being the
main gaseous species [7]. Atomistic simulation results
[8, 9] show that the formation of Ba and O vacancy pairs
is the most energetically favorable point defect, resulting
in the loss of BaO and formation of CeO2 at very high
temperature. The loss of BaO from yttrium doped
barium cerate (BCY) was explained by either the dopant
redistribution over the A and B sites or by the evaporation
of BaO as described below [10]: 

(3)

(4)

In contrast, recently, the thermal instability of acceptor
doped barium cerate was made use of to produce a single
material functioning as both an anode and an electrolyte
for solid oxide fuel cells, by intentionally vaporizing BaO
from doped barium cerate,producing an electron-conducting
Ce-rich phase [11].

All of these phenomena lead us to infer that the
thermal and chemical stability of BCY may change not
only its bulk defect structure but also its grain boundary
chemistry. The grain-boundary conduction consists of
contributions from the grain boundary interfaces and the
space charge layers, which are structurally a part of the
bulk, but electrically belong to the grain boundary [12, 13].
Therefore, the thermal history including the sintering
temperature of the BCY samples and the difference in
size between the ionic dopant and host cations may
affect the space charge potential and thickness, because
the origin of the space charge is generally ascribed to
the difference in the free energy of formation of the
vacancies and interstitials in the case of Frenkel disorder
or of the individual vacancies in the case of Schottky
disorder, as well as the elastic stain energy developed by
dopant substitution [14].

This paper begins by reporting the equilibrium defect
diagram for ternary BCY as a function of the BaO activity
and oxygen partial pressure at a fixed temperature. The
dependence of the sintering temperature on both the
bulk/grain-boundary composition and the bulk/grain-
boundary conductivity was studied. The grain boundary
conductivity will be discussed in terms of the space
charge potential.
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Theory

Defect structure
For the ternary BCY system, because the BaO vapor

pressure is not negligible at elevated sintering temperatures,
cation nonstoichiometry should be considered. Recent
molecular dynamic calculation studies on the BCY defect
structure [15, 16] also showed that the most favorable
defect formation energy was for Ba and O vacancy pairs,
which might result in the loss of BaO at very high
temperatures. Therefore, when their defect-related material
properties are described, we need three thermodynamic
parameters to calculate the equilibrium defect concentration:
T and pO2 (oxygen partial pressure), together with aBaO

(activity of BaO) defining the barium vacancy concentration
under the sintering conditions. In addition, to define the
proton concentration under the given thermodynamic
conditions, the proton incorporation reaction should also
be considered.

The defect notation of Kroger and Vink [15] is used,
in which the subscripts indicate the site, while the
superscripts (x), (•), and (/) indicate zero, positive, and
negative effective charges, respectively. Mass action laws
are applied to defect equilibria as follows.

Internal equilibria: 

(5)

where Ks is the equilibrium constant for Schottky-Wagner
disorder: 

(6)

where Ki is the equilibrium constant for the electron-
hole pair intrinsic reaction.

External equilibria:

(7)

where KR is the equilibrium constant for the exchange
of oxygen:

(8)

where KW is the equilibrium constant for the exchange
of water.

Vaporization equilibrium of BaO:

(9)

where KB is the equilibrium constant for the vaporization
of BaO, and aBaO is the activity of BaO.

Charge neutrality condition: 

(10)

The possibility of Frenkel disorder is ruled out because,
according to the atomistic simulation, the perovskite structure
is highly unlikely to accommodate ion interstitials [15, 16].

In the case of the heavily doped ternary system, the
predominant configuration of majority defect pairs [16]
should be described as functions of pO2, aBaO, and
temperature because the full description of the ternary
system’s properties needs to specify three degree of
freedom. Figure 1 shows the defect equilibrium diagram
as functions of pO2, and aBaO with a fixed temperature at
a low water vapor pressure (pH2O = 10−6). Then, all the ionic
and electronic defect concentrations may be calculated
as functions of pO2, and aBaO at a given temperature within
a regime characterized by simplified charge neutrality
conditions by solving Eqs. (4)-(6). At higher water vapor
pressure (pH2O >> 10−2), the oxygen vacancies may be
filled with hydroxyl ions and the corresponding new charge
neutrality conditions are also given in Fig. 1. The border
line between the two regimes characterized by simplified
charge neutrality was calculated by considering the continuity
equation.

For larger defect concentrations at low temperature, we
may expect defects to begin to interact. These interactions
can be coulombic or mechanical and be attractive or
repulsive. These interactions may change the activity
coefficients and formation enthalpies of the defects, and
may lead to associations between defects which attract each
other. However, defect association is beyond the scope
of this study.

Space charge potential
In the case of the ionic compounds, the composition

at the surface/interface may differ from that in the bulk,
resulting in a difference in electrical potential between
the grain boundary and bulk. Due to the presence of
excess ions at the grain boundaries under equilibrium, a
space charge potential is developed to compensate for
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Fig. 1. Predominant defect equilibrium diagram as functions of
log pO2 and aBaO at a given temperature for BaCe0.8Y0.2O3−δ under
dry condition. Under wet conditions, protons may be the major
positive defects instead of oxygen vacancies.
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these excess charges [17].
Under thermodynamic equilibrium, the electrochemical

potential for oxygen vacancies is constant throughout
the system:

(11)

where x is the position in the direction perpendicular to
the grain boundary with x = 0 at the interface and x = ∞
inside the bulk. The equilibrium oxygen vacancy
concentration may be obtained by combining the chemical
potential (μ) of oxygen vacancies and the electrical potential
(φ) assuming φ

∞
= 0 (bulk potential):

(12)

It is assumed that the grain is large with respect to
the width of the space-charge layer and also large enough
for the enrichment or depletion of oxygen vacancies to
the grain boundary layer not to appreciably deplete the
bulk oxygen vacancy concentration. The spatially varying
electrical static potential, φ(x), is governed by Poisson’s
equation:

(13)

where ε is the dielectric constant, and ρ(x) is the charge
density, given by The solution
of Poisson’s equation for acceptor-doped alumina was
given in ref. 18. In this study, we focus on determining
the sign and magnitude of the space charge potential
rather than solving Eq. (13). The electrical static potential,
φ(x), may be obtained from Eq. (12), as follows:

(14)

where φ(x) has a positive potential with respect to the
bulk (φ

∞
= 0) when which corresponds

to Y/
Ce segregation and depletion. Y/

Ce may be depleted
and segregated when  resulting in a
negative space charge potential with respect to the bulk.

In the case of a high water vapor pressure (pH2O > 10−2),
the charge neutrality condition of the bulk is given by:

(15)

The equilibrium proton concentration may be obtained as
follows:

(16)

The electrical static potential may be expressed as follows:

(17)

When enrichment occurs at the space charge layer,
φ(x) has a negative potential with respect to the bulk
(φ
∞

= 0) with and vise versa.

Experiments

BCY powders (purchased from Praxiar) were pressed
into pellets, and sintered at various temperatures, in the
range of 1623-1873 K for 10 h in 4% H2 balanced by He.
The X-ray diffraction spectra from the surface of specimens
was shown in Fig. 2. X-ray diffraction spectra for the as-
sintered surface confirmed the presence of a single phase
with an orthorhombic perovskite structure for the sample
sintered at 1623 K. For the other samples sintered at
temperature above 1673 K, a second phase (CeO2) was
found as expected from the observation of Ba evaporation.
After mechanically polishing the samples, their microstructures
were investigated by SEM, and TEM. A typical TEM
image of BCY is shown in Fig. 3. The grain boundaries of
the sintered disks were free of second phase as indicated
by the absence of significant segregation.

The chemical composition at the grain/grain-boundary
was also studied by EDX. The mole ratio of (Ce+Y)/
Ba was 0.98 for the polished samples sintered at both
1673 K and 1873 K showing that the evaporation of Ba
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Fig. 2. XRD patterns of BaCe0.8Y0.2O3−δ sintered at various
temperatures.

Fig. 3. TEM images for a triple grain boundary junction of of
BaCe0.8Y0.2O3−δ sintered at 1673 K.
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did not change the cation nonstoichiometry for the bulk
composition. However, across the boundary, the EDX
results showed a slight increase in the yttrium content.

For the electrical measurements, the pellets were coated
with Pt paste (Engelhard 6926) and heated at 1273 K
for 1 h. The conductivity was measured with an impedance
analyzer (Solatron 1260) over the frequency range of
0.1 to 1 MHz with an amplitude of 100 mV and in the
temperature range of 323 K to 1173 K under 4% H2

balanced by He (pH2O = 0.03 atm).

Results and Discussions

The electrical response of the BCY samples below 573 K
typically showed three semicircles in the Nyquist plot: one
at high frequencies, corresponding to the bulk characteristics;
one at medium frequencies, related to the grain boundary
resistance, and one at low frequencies, associated with
the electrode response. The bulk conductivity was calculated
by multiplying the inverse bulk resistance (1/Rb) by L/A,
where A is the cross sectional area, and L is the thickness
of the sample. In order to calculate the grain and grain
boundary resistivity from the impedance measurements,
we need macroscopic and microscopic information
about the sample. A method of extracting the resistivity
was reported, in which the capacitances of the bulk and
grain are compared without the need for further microscopic
information, assuming that the bulk and grain boundary
dielectric constants are approximately equal [19, 20].
The specific grain boundary conductivity can be calculated
from:

(18)

where Rg.b is the grain boundary resistance, dg is the grain
size, and δg.b is the grain boundary thickness (mainly
the thickness of the space charge layer). δg.b may also be
calculated from the ratios of the bulk and grain boundary
capacitances:

(19)

if we approximate the dielectric constant of the grain
boundary (εg.b) to the bulk value (εb). A detailed mathematical
explanation was given in Ref. 19. Assuming an equivalent
circuit of three parallel RC circuits connected in series,
the impedance diagrams were fitted to obtain the resistance,
characteristic frequency, and capacitance of the bulk, grain
boundary, and electrodes.

Arrhenius plots of the electrical conductivity are shown
in Fig. 4. The bulk conductivity was around two orders
of magnitude higher than the grain boundary conductivity
over the temperature range of 373-573 K in a feed gas
consisting of 4% H2/balance He (pH2O = 0.03 atm). This
finding suggests that the grain boundary may not provide
a pathway for fast proton transport, and that bulk transport
makes the major contribution to the total conductivity.

The calculated activation energy, consisting of the formation
and migration energy for mobile defect species, is 0.6 eV
for both bulk and grain boundary conduction. In the case
where the grain boundary activation energy is much higher
than that of bulk conduction, it may be fair to say that
the intergranular second phase plays a role in blocking the
charge transport. However, a negligible difference in
activation energy was observed for the BCY samples.
The results also showed that the activation energy of
grain boundary conduction was insensitive to the final
sintering temperature. Because the grain boundaries of the
sintered disks were free of second phase as shown in
Fig. 3, the high resistive grain boundary conduction may
originate from both the grain-to-grain contacts and space
charge.

In addition, the EDX results showed a slight yttrium
enrichment (effectively negatively charged defects in BCY)
across the grain boundaries. Because the grain boundary
interface (core) is clean as shown in Fig. 3, the yttrium
enrichment across the grain boundaries can be ascribed
to the existence of space charge layers. When trivalent
yttrium dopant substitutes for cerium, it may affect the
concentration of intrinsic defects and influence their
redistribution by adjusting their concentration in the space
charge region in the field created by the native defects,
because the elastic strain energy may be negligible, due
to the similar ionic radii of cerium and yttrium at the
octahedral sites [17]. Effectively negatively charged yttrium
enrichment at the space charge layer corresponds to the
depletion of effectively positively charged defects with
a positive space charge potential with respect to the bulk
(φ

∞
= 0). Because protons rather than oxygen vacancies

are known as the major positively charged defects within
the experimental conditions, proton depletion along with
yttrium enrichment may occur at the space charge layer,
as shown in Eq. 17. The smaller grain boundary conductivity
results from the property of the space charge layer,
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Fig. 4. Arrhenius plots of bulk and grain boundary conductivity
for BaCe0.8Y0.2O3−δ sintered at various temperatures.
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originating from the depletion of positively charged protons
due to the positively charged interface core, as explained
above.

Above 600 oC, both the bulk and grain boundary responses
are incorporated into the high-frequency offset, leaving
the electrode response as the only clearly defined semicircle
[21]. Figure 5 shows the Arrhenius plots of the temperature
dependence of total conductivity of BCY in 4% H2

(pH2O = 0.03 atm) feed gas at 773-1173 K. The calculated
activation energy is ≈ 0.4 eV, which is a typical value
for proton-conducting oxides [22]. The change of the
crystal structure with temperature under wet conditions
[23], which was reported in neutron diffraction studies,
is the cause of the variation in activation energy with
temperature. The higher total conductivity of the sample
sintered at 1873 K may also be explained by the difference
in the grain size and boundaries.

Conclusions

The BCY disks were sintered at various elevated
temperatures to control their microstructure and chemistry
at the grain boundaries. The X-ray diffraction spectra
confirm the formation of CeO2 phase at the surface of
the sintered BCY at temperatures above 1673 K. It was
shown by TEM that the grain boundaries of the sintered
disks were free of second phase. The EDX results confirmed
that effectively negatively charged yttrium was enriched
across the grain boundaries, corresponding to the depletion
of effectively positive charged protons, with positive
space charge potential with respect to the bulk (φ

∞
= 0).

The bulk conductivity was around two orders of magnitude
higher than the grain boundary conductivity over the
temperature range of 373-573 K in a feed gas consisting
of 4% H2/balanced by He (pH2O = 0.03 atm).
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