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bstract

arium cerates doped with rare earth and transition metal ions are attractive candidate materials for clean-energy applications owing to their catalytic
ctivity combined with mixed ionic–electronic conductivity for electrochemical hydrogen separation. However, the stability of these materials at
levated temperatures in the presence of moisture and CO2 is not completely understood. In the present work, Co-doped barium cerate–zirconate
ellets (BaCe0.25Zr0.47Co0.13O3−δ) were exposed to a moist reducing environment at 600 ◦C and 927 ◦C for 24 h. The as-sintered and reduced pellets
ere sectioned using FIB and characterized using conventional TEM, STEM and XEDS. The evolution of the microstructure of the material at each
tep has been reported. The as-sintered material showed a tendency toward Co ex-solution resulting in the formation of a BaO–CoO phase at the
rain boundaries. At elevated temperatures, reduction appeared to play a role in the transformation of the material chemistry and microstructure.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Diminishing fossil-fuel resources, increasing energy
emands and environmental concerns have accelerated the
earch for alternative energy technologies capable of integra-
ion with both existing and emerging infrastructures. Polymer
lectrolyte membrane fuel cells (PEMFCs) operating using
igh-purity hydrogen are considered one of the most viable
f such technologies, as hydrogen fuel may be produced from
olar, wind and nuclear power via water electrolysis with a
et-zero carbon footprint, or from existing fossil and emerging
iomass-derived fuels. High-purity hydrogen is harvested from

ydrocarbon fuels (e.g., coal, ethanol) via a combination of
atalytic reforming (e.g., endothermic steam reforming and
xothermic partial oxidation) and subsequent purification.1,2
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roduct purification is critical, as CO and other reforming
y-products (e.g., H2S, CO2) have deleterious effects on fuel
ell performance and lifetime.3,4

Dense Pd films are currently the leading technology for
chieving high (>1000:1) perm-selectivity toward hydrogen
urification; however high material cost combined with the
nability to drive hydrogen permeation rates via external elec-
ric fields (i.e., galvanic mode) limit their economic viability.5

lectro-ceramics may provide a promising alternative to Pd for
ydrogen purification, if the materials are suitably stable at ele-
ated temperatures (400–800 ◦C) in reducing environments.

Solid-oxide fuel cells (SOFCs) operating at temperatures in
xcess of 600 ◦C allow for the internal reforming of hydro-
arbon fuels while avoiding the deleterious effects of CO
nd CO2 experienced by PEMFCs, thus removing the need
or hydrogen purification. Current SOFC materials are based
pon yttria-stabilized zirconia (YSZ) which requires operating
emperatures of 1000 ◦C or more, owing to limited ionic con-

uctivity. The development of new electro-ceramics for SOFCs
as been driven by the need to reduce operating temperatures
y 100 ◦C or more in order to mitigate material degradation
nd sealing challenges.6,7 Emerging materials must be suit-

dx.doi.org/10.1016/j.jeurceramsoc.2011.02.029
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ig. 1. FIB section of the Co-doped barium cerate–zirconate pellet after sintering
t 1550 ◦C for 12 h.

bly stable under reducing conditions at elevated temperatures
600–900 ◦C).

The ABO3 family of perovskites (SrCeO3, BaCeO3, CaZrO3,
rZrO3) has emerged as a promising alternative for addressing
oth hydrogen purification and SOFC challenges, with poten-
ial applications as electrolytes and in hydrogen sensors, steam
oncentrators, steam electrolysis, hydrogenation and dehydro-
enation of organic compounds.8–11 Doped barium cerates
isplay combinations of protonic and oxygen-ion conductivi-
ies between 400 and 800 ◦C, with certain dopants introducing
dditional electronic conductivity.12 Recently, our research team
emonstrated that promising catalytic activity may be imparted
hrough catalytically active transition metal dopants.13 This
ombination of electrochemical and catalytic properties at inter-
ediate temperatures makes barium cerates applicable in both
OFCs and hydrogen purification systems.

Different synthesis methods for pure and doped barium

erates and ceria have been reported in the literature as
ave their electrical properties.14–18 It has been reported that
arium cerates exhibit limited chemical stability under CO2
nd H2O environments, decomposing into BaCO3/CeO2 and

a
f
t

ig. 2. TEM image of the Co-doped barium cerate–zirconate sintered sample and t
ature of the Co doped barium cerate–zirconate phase.
ramic Society 31 (2011) 1421–1429

a(OH)2/CeO2 respectively.19,20 Other studies have reported
dequate practical stability of Gd-doped barium cerates under
OFC operating environments.21–23 This indicates that the tem-
erature, CO2/H2O partial pressures in the environment and the
ype of dopant all play a role in determining the stability of bar-
um cerate. Doping with Zr, for example, has been reported to
e a viable solution to provide a compromise between chemical
tability and electrical conductivity of the cerate.18

In order to reduce the maintenance cost of SOFCs and in turn
educe the cost of energy, it is important to understand the sta-
ility and the course of degradation of the applied materials. A
echanistic understanding of the microstructural changes that

ccur during the process of degradation may generate useful
nsight for better design of the materials. The present work aims
t understanding the microstructural and the chemical changes
f Co doped barium cerate–zirconate under moist reducing con-
itions at 600 ◦C and 927 ◦C.

. Experimental procedure

Cobalt-doped barium cerate–zirconate powder with a target
omposition of BaCe0.25Zr0.60Co0.15O3−δ was synthesized by
xalate co-precipitation. The precipitate, initially amorphous,
as heat-treated at 1550 ◦C for 4 h. Based on XRD (X-ray
iffraction) and STEM–XEDS studies, the heat-treated powder
as observed to be chemically homogeneous with a single-
hase cubic structure. The details of the synthesis and the
tructural and functional characterization have been reported
lsewhere.13 Subsequent to the initial study,13 elemental anal-
sis was performed on the dried precipitate obtained after the
xalate co-precipitation synthesis. The technique of inductively
oupled plasma-optical emission spectrometry (ICP-OES) was
sed to determine the Ba/Ce, Ba/Zr and Ba/Co mole ratios in
he material.
The heat-treated powder was compacted at room temperature
t ∼100 MPa and the green compact was sintered at 1550 ◦C
or 12 h with heating and cooling rates of 5 ◦C/min. The sin-
ered pellets were reduced in a 10% wet hydrogen environment

he diffraction pattern. Array of dislocation and defects proves the crystalline
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ig. 3. STEM–EDS map of the sintered Co-doped barium cerate–zirconate FIB
ection. Localized Co ex-solution takes place at the grain boundaries.

PH2O ∼4.18 kPa (31 Torr)) for 24 h at 600 ◦C and 927 ◦C respec-
ively. In order to study the reactive nature of the pellet in this
nvironment, the exposed surface of the reduced pellets was
oated with a ∼5 �m thick platinum layer and a vertical sec-
ion was lifted out in the form of a membrane with an FEI
trata 400S FIB. A section from an as-sintered sample was also

ifted out in order to provide a reference. The vertical sections
ere thinned to electron-transparency by a Ga ion beam. The

lectron-transparent samples were characterized using a Tecnai

12 TEM operated at 120 kV. The chemical nature of the sam-
les was characterized using a STEM–XEDS attachment on the
ame microscope.

fi

t
A

ig. 4. X-ray diffraction pattern of the Co-doped barium cerate–zirconate pellet
fter sintering at 1550 ◦C for 12 h. In the diffraction pattern, presence of any
ther phase except the cubic barium cerate–zirconate phase could not be found.

. Results

Crystalline, homogeneous barium cerate–zirconate was
btained by heat treatment of the precipitate synthesized by
xalate co-precipitation. Elemental analysis of the precipitate
as performed using ICP-OES. Assuming that the Ba/Ce,
a/Zr and Ba/Co mole ratios remained constant after the heat

reatment, the actual composition of the heat-treated powder
as determined to be closer to BaCe0.25Zr0.47Co0.13O3−δ, with

n A:B ratio > 1 as compared to the targeted composition of
aCe0.25Zr0.60Co0.15O3−δ, with an A:B ratio ∼1.

The TEM image of the FIB section of the as-sintered sample
s given in Fig. 1. The Pt layer, visible at the top surface of the pel-
et, had reduced in thickness during the course of the ion-beam
hinning. The interface between the Pt layer and the pellet was
traight and well defined indicating a smooth surface morphol-
gy of the pellet. The sintered pellet was polycrystalline with
idely varying grain sizes in the range of 1–5 �m. The grains
ere faceted with well defined grain boundaries. Minor cracks

n the intergranular boundary regions were observed. A differ-
nt contrast was observed in some of the intergranular regions
ndicating the presence of a second phase. A high-magnification
mage of one of the grains and the diffraction pattern from the
ample are given in Fig. 2. In the high-magnification image of
he grain, a high density of defects typical of brittle ceramics was
bserved. This observation, in conjunction with the presence of
pots in the diffraction pattern, indicated the presence of crys-
alline phases in the sintered pellet. The d-spacings, as measured
rom the diffraction pattern and marked in Fig. 2, match with
hose corresponding to the cubic barium cerate–zirconate phase
s reported in an earlier paper.13 The lattice parameter of this
hase is very close to pure cubic BaCeO3 and cubic BaZrO3
hases. Several diffraction spots indicative of the presence of
oO were observed. Some of the spots indicated the presence
f CeO2 and BaO in minor quantities. A detailed analysis of the
-spacings is given in Table 1. As some of the d-spacings of these
hases are quite similar to those of the barium cerate–zirconate
hase, additional chemical mapping would be required to con-

rm their presence.

The STEM image and the chemical maps for a representa-
ive cross-section of the as-sintered sample are given in Fig. 3.

cross-section displaying multiple grains and the intergranular
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Fig. 5. TEM image and electron diffraction pattern of the sintered Co-doped barium cerate–zirconate sample reduced in 10% wet H2 environment for 24 h at 600 ◦C.
Cracks form at the grain boundaries and the mottled contrast starts appearing at the grain bodies.

Table 1
Analysis of the observed d-spacings from the FIB section of the pellet sintered at 1550 ◦C for 12 h.

Observed
d-spacings
(nm)

Reported
d-spacings
(nm)
cF8 BaO

Reported
d-spacings
(nm)
cF8 CoO

Reported
d-spacings
(nm)
cF12 CeO2

Reported
d-spacings
(nm)
cP5 BaCeO3

Reported
d-spacings
(nm)
cP5 BaZrO3

0.3 0.319 (111) 0.312 (111) 0.314 (110) 0.296 (110)
0.281 0.276 (200) 0.270 (200)
0.244 0.246 (111) 0.222 (200) 0.242 (111)
0.191 0.195 (220) 0.191 (220) 0.181 (332) 0.187 (210)
0
0
0
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nification image of a grain (Fig. 5b) a typical river-like pattern
could be observed suggesting the occurrence of a hydrolysis pro-
cess. The analysis of the diffraction pattern (Fig. 5c) indicated
the presence of the original phase along with crystalline cubic
.149 0.150 (220)

.132 0.127 (331) 0.128 (311)

.112 0.113 (422) 0.106 (400)

egions was selected in order to observe any inhomogeneity in
he material. It is observed from Fig. 3 that Ba was uniformly
resent across the sample without any particular tendency of
egregation. Ce and Zr tended to be located primarily with the
rains, while Co showed a predominant tendency of segregating
t the grain boundaries. Thus, it appears that heat treatment of
he pressed powder led to Co segregation in the form of CoO at
he grain boundaries. Barium is also present at the grain bound-
ries in the form of BaO. Conversely, faint signals from Ce and
r observed at the grain boundaries indicate only very small
uantities of CeO2–ZrO2. Thus, STEM–XEDS analysis of the
s-sintered material indicates a BaO–CoO intergranular region.
owever, XRD patterns of the polished surfaces of an as-sintered
ellet, given in Fig. 4, did not indicate the presence of a second
hase, suggesting that any intergranular phase is below the detec-
ion limit of X-ray diffraction technique. These observations of
ocalized mal-distribution of Ce, Zr and Co in the sintered mate-
ial contrast to previous STEM–XEDS analysis of heat-treated
owders13 which displayed a uniform distribution of all three
-site cations.

The TEM image and the diffraction pattern of the FIB section
f the pellet reduced at 600 ◦C for 24 h are given in Fig. 5a–c.

fter reduction at 600 ◦C the grain structure was still visi-
le though with a considerable change in the grain contrast.
he intergranular cracks had grown considerably and a mottled
ontrast was observed in TEM images of grains. In the high mag-

F
r
g
o

0.157 (220) 0.148 (220)
0.135 (400) 0.128 (222) 0.132 (310)
0.113 (422) 0.118 (321) 0.112 (321)
ig. 6. STEM image of the sintered Co-doped barium cerate–zirconate sample
educed in 10%wet H2 environment for 24 h at 927 ◦C. Along with cracks at the
rain boundaries localized mesh like structure forms indicating a reactive nature
f the sample.
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Fig. 7. Electron diffraction pattern from the (a) grain and (b) the mesh-like region in the sample reduced at 900 ◦C. Both of the morphologically different phases are
crystalline. The grains are still barium cerate–zirconate phase whereas the mesh like structure is a combination of BaO and CeO2 phases.

Table 2
Analysis of the observed d-spacings from the FIB section of the pellet reduced at 600 ◦C for 24 h.

Observed
d-spacings
(nm)

Reported
d-spacings
(nm)
cP5 BaCeO3

Reported
d-spacings
(nm)
cP5 BaZrO3

Reported
d-spacings
(nm)
cF8 BaO

Reported
d-spacings
(nm)
cF12 CeO2

Reported
d-spacings
(nm)
cF8 CoO

0.32 0.314 (110) 0.296 (110) 0.319 (111) 0.312 (111)
0.261 0.256 (111) 0.276 (200) 0.270 (200)
0.23 0.222 (200) 0.246 (111)
0.215 0.209 (200) 0.213 (200)
0.194 0.181 (211) 0.187 (210) 0.195 (220) 0.191 (220)
0.165 0.157 (220) 0.171 (211) 0.167 (311) 0.163 (311)
0.150 0.140 (310) 0.148 (220) 0.159 (222) 0.156 (222) 0.150 (220)
0.134 0.128 (222) 0.132 (310) 0.138 (400) 0.135 (400) 0.128 (311)

C
p
c
o
c
r
i
s
a
r

a
c
l
i
t
m
a
T

t
p
cerate–zirconate with the d-spacings very close to the values
reported for BaCeO3 and BaZrO3, while that from the mesh-
like region indicated the presence of BaO, CeO2 and CoO along
with the barium cerate–zirconate phase. It has been mentioned

Table 3
Analysis of the diffraction pattern from a grain in the FIB section of the pellet
reduced at 927 ◦C for 24 h.

Observed
d-spacings
(nm)

Reported
d-spacings
(nm)
cP5 BaCeO3

Reported
d-spacings
(nm)
cP5 BaZrO3

0.291 0.296 (110)
oO, BaO and CeO2. The detailed analysis of the diffraction
attern is given in Table 2. However, STEM–XEDS mapping
ould not detect any locally segregated regions of BaO, CoO
r CeO2 with certainty. Extensive formation of intergranular
racks after reduction at 600 ◦C resulted in a loss of the Co-
ich boundary region observed in the as-sintered sample. The
nterface between the Pt layer and the surface of the pellet was
till visible (Fig. 5a) but the top surface was no longer smooth
nd well defined, indicating a considerable amount of surface
eaction.

The TEM image of the FIB section of the pellet reduced
t 927 ◦C for 24 h is given in Fig. 6. A considerable structural
hange from the as-sintered pellet was observed. Two morpho-
ogically distinguishable regions, consisting of grains and an
ntergranular mesh-like structure were observed. Diffraction pat-

erns corresponding to the grains (Fig. 7a) and the intergranular

esh-like structure (Fig. 7b) are presented separately. Detailed
nalysis of the diffraction patterns in Fig. 7a and b is given in
able 3 and Table 4, respectively. It is apparent from the diffrac-

0
0
0
0

ion patterns that both regions were crystalline. The diffraction
attern from the grains indicated the presence of cubic barium
.257 0.256 (111) 0.242 (111)

.201 0.198 (210) 0.209 (200)

.173 0.181 (211) 0.171 (211)

.149 0.148 (300) 0.148 (220)
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Table 4
Analysis of the diffraction pattern from the intergranular region from the FIB section of the pellet reduced at 927 ◦C for 24 h.

Observed
d-spacings
(nm)

Reported
d-spacings
(nm)
cF8 BaO

Reported
d-spacings
(nm)
cF8 CoO

Reported
d-spacings
(nm)
cF12 CeO2

Reported
d-spacings
(nm)
cP5 BaCeO3

Reported
d-spacings
(nm)
cP5 BaZrO3

0.432 0.444 (100) 0.419 (100)
0.366 0.312 (111) 0.314 (110)
0.255 0.276 (200) 0.246 (111) 0.270 (200) 0.256 (111) 0.242 (111)
0.208 0.213 (200) 0.222 (200) 0.209 (200)
0.194 0.195 (220) 0.191 (220) 0.198 (210) 0.187 (210)
0.180 0.181 (211) 0.171 (211)
0.161 0.167 (311) 0.163 (311) 0.157 (220)
0 0.156 (222) 0.148 (300) 0.148 (220)
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.147 0.159 (222) 0.150 (220)

arlier that some of the d-spacings of BaO, CoO and CeO2 are
ery close to that of barium cerate–zirconate phase. It requires
TEM–XEDS chemical mapping to confirm their presence with
ertainty.

The FIB-sectioned sample was chemically mapped by
TEM–XEDS (Fig. 8). The region for chemical mapping was
hosen such that the grain body, intergranular cracks and the
esh-like structures were all mapped simultaneously. Ba was

niformly distributed throughout the sample without any indi-
ation of segregation. Ce and Zr were located primarily with
he grains, whereas Co had almost completely segregated into
ocalized regions along the grain boundaries. This observation
onfirms that the grains are barium cerate–zirconate. In the
esh-like grain boundary region CoO is present alongside a

ombination of barium cerate–zirconate, BaO and CeO2. These
hases appear to be homogeneously mixed.

. Discussion

Pure and doped barium cerate is an attractive material for
lean-energy applications. Several methods have been reported
n the literature for synthesizing barium cerate13,15 and bar-
um zirconate24,25 for energy applications. For the oxalate
o-precipitation technique employed in the present study, the
recipitate phase was initially amorphous, becoming crystalline
pon high-temperature heat treatment. This is in contrast to
he amine precipitation routes which produce crystalline pre-
ipitates. Crystalline powders were found to be comprised of a
omogeneous cubic phase via XRD analysis with uniform dis-
ribution of Ba, Ce, Zr and Co. Elemental analysis of precipitates
ndicated a composition of BaCe0.25Zr0.47Co0.13O3−δ, corre-
ponding to a high (13 mol%) doping of Co and a 1.18:1 excess
f A-site to B-site cations. Details regarding the analysis of the
s-synthesized powders have been previously reported.13 The
resent analysis of the sintered pellets of this material provides
urther understanding of the stability and microstructure upon
intering and after exposure to moist reducing environments.
In spite of being a very attractive candidate material, Co-
oped barium cerate–zirconate with this particular chemistry is
ot completely stable under the reaction environment. It has been
bserved that the surface is flat initially and the surface starts

Fig. 8. STEM–EDS map of the sample reduced at 927 ◦C for 24 h. Hydrolysis
and separation of chemical species can be observed.
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o react with the reaction mixture leading to an undulated sur-
ace morphology. Formation of a reaction product on the surface
as been reported elsewhere21 but the prognosis of this reactive
ransformation process has not been studied in detail. Contrary
o the reported literature, it has been observed that the degrada-
ion starts at the surface and it gradually propagates into the bulk

aterial.19 The surface becomes rough due to the degradation
nd then the grains inside the bulk material degrade leading to
he grains with mottled contrast and intercrystalline mesh-like
egion.

It is proposed that there are several steps to the degradation
rocess. In the as-sintered sample localized preferential segre-
ation of Co and Ba can be observed at the grain boundaries.
he degradation starts with the ex-solution of Co and Ba, which
hanges this single-phase homogeneous material into a segre-
ated microstructure. It appears that solid-solubility limit of Co
n Zr-doped BaCeO3 is not very high which results in Co ex-
olution. It is not possible to determine the terminal solubility
imit of Co due to the lack of phase-diagram data. Precipitation of
aO and CeO2 has been reported earlier. It has also been reported

hat doping beyond a certain level results in precipitation of a
econd phase at the grain boundaries.26

In this work it has been observed that the precipitation
akes place at the grain boundaries due to the hydrolysis pro-
ess which results in the formation of an interconnected rod
ike region. There are pockets where Co segregates to the
rain boundaries but Ce and Zr tend to stay within the grains.
his transformation is not solely related to its reactive nature

n the reducing environment. It is more thermodynamic in a
ense that excess of Co beyond the solid solubility limit of
arium cerate–zirconate tends to separate out and segregate
t the grain boundary. The rest of the degradation process
an be attributed to the reactive nature of the material under
he reducing environment. In the diffraction patterns from
he decomposed samples the signature of the BaO and CeO2
hases can be obtained which can further be confirmed by the
TEM–XEDS mapping. In the chemical maps Zr is invariably
bserved wherever Ce is present. This indicates that ZrO2 is
ot an independent decomposition product. After decomposition
f barium cerate–zirconate BaO and CeO2 forms indepen-
ently and Zr is present in CeO2 in the form of solid solution.
he mottled contrast that is observed with the grains, along
ith the ‘flow lines’, indicates an operative hydrolysis pro-

ess in which barium cerate–zirconate is hydrolyzed to form
eria–zirconia solid solution and interconnected barium oxide
anorods. The nanorods are ∼100–500 nm long and 10–50 nm
n width.

Hydrothermal synthesis of BaO nanostructures has not been
eported in the literature. It has, however, been reported that
ure BaCeO3 decomposes in the presence of H2O vapor by the
ollowing reaction19:

aCeO3 (s) + H2O (g) → CeO2 (s) + Ba(OH)2 (s/l)
(1)

he change in free energy associated with this reaction has
een determined.19 As the present material has been addition-

W
f
b
A

ramic Society 31 (2011) 1421–1429 1427

lly doped with Zr, those free energy equations will not hold
xactly. Moreover, the physical state of Ba(OH)2 is ambiguous.
t is presumed that Ba(OH)2, not being a very stable hydroxide,
ill further decompose into BaO and H2O. In the present study,

he presence of CeO2 and BaO have both been observed; these
re presumably the dehydrated products. The water of dehydra-
ion further decomposes the unaltered barium cerate–zirconate
rains, advancing the decomposition process from the grain
oundary into the grain body. Wu and Liu21 have also inves-
igated surface reactivity of Gd-doped barium cerate in a moist
nvironment. However, their observation on Ba(OH)2 was quite
ifferent from the present study as they studied powder samples;
he original morphology was therefore not retained under the

icroscope. Their conventional imaging technique was unable
o detect any kind of interface between reacted and unreacted

aterial, and they concluded that no decomposition occurred
nder moisture.

The tendency of this material to react with moisture and
ydrogen may be explained using defect reactions and the
roger–Vink notation, with the underlying assumptions of Ba

+2) being the A-site cation and Zr (+4), Co (+2) and Ce (+4)
eing situated at the B-sites. In a Ba-excess composition, Ce or
r vacancies may form and subsequently react with Ba to form
arium oxide by the following mechanism:

aBa + VCe/Zr
′′′′ + 2 VO

•• + OO
X → BaO (2)

aO + H2O → Ba(OH)2 (3)

he hydrolysis of barium may occur due to moisture in the vapor
hase or due to moisture dissolved in the material:

2O + VO
•• + OO

X → 2OH• (4)

he latter mechanism of hydrolysis would explain the differ-
nce in degradation between 600 and 927 ◦C, specifically that
he grain structure remains visible after exposure to H2/H2O at
27 ◦C while significant decomposition of individual grains is
bserved at 600 ◦C, as moisture solubility is expected to decrease
ith increasing temperature.
In the case of a cobalt-doped composition, cobalt ex-solution

o form cobalt oxide may occur via interactions of cobalt (sub-
tituted at the zirconium and cerium B-cation sites) with oxygen
acancies and lattice oxygen as follows:

oZr/Ce
′′ + VO

•• + OO
X → CoO + VCo

′′ (5)

oO may undergo reduction in the presence of hydrogen to form
etallic Co:

oO + H2 → H2O + Co (6)

he remaining cobalt vacancy may react with A-site barium to
orm barium oxide:

aBa + VCo
′′ + VO

•• + OO
X → BaO (7)
hich may then react with moisture to form barium hydroxide
ollowing Eq. (3). The mechanism detailed in Eqs. (2)–(4) would
e expected to occur in any doped barium cerate–zirconate with
:B > 1 but in this specific material it would be expected to occur
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dditionally owing to the presence of cobalt as the dopant, via
he reduction mechanism presented in Eqs. (5)–(7).

The stability of this class of ceramics would be expected
o depend strongly upon both the extent of cobalt doping and
he initial A:B ratio in the material. The present experimen-
al results and hypothesized mechanisms for decomposition
rovide a framework for more detailed decomposition studies
imed at validating Eqs. (2)–(7). Experimental investigations
re made possible by the application FIB-sectioning, which
llows detailed cross-sectional analysis of decomposed ceramic
amples without modifying sample morphology, with elemental
apping techniques to obtain detailed compositional data of the

xposed ceramic sample.

. Conclusion

This class of material yields distinct granular and inter-
granular regions on sintering, each of which undergoes
decomposition under moist reducing environments. The
grains are barium cerate–zirconate and intergranular region
is composed of BaO, CeO2 and CoO.
The mottled appearance of the grains at 600 ◦C and a uni-
form appearance at 927 ◦C may be explained in terms of the
barium cerate hydrolysis mechanism proposed by Tanner and
Virkar19.
The ex-solution of Co, leading to the formation of BaO, CeO2
and CoO in the grain boundaries, in conjunction with the
hydrolysis of barium cerate–zirconate provides an explana-
tion of the complete disintegration of the intergranular region
at 600 ◦C and the partial disintegration at 927 ◦C.
The reduction of Co, in tandem with the agglomeration under
reducing environments, provides an explanation for the for-
mation of highly concentrated, localized, Co-rich regions that
are distinct from the original grains.
The current analysis holds good for Co-doped barium
cerate–zirconate with 13 mol% Co doping and an A:B ratio
that is >1. The morphology of the material and the pathways
of degradation may change with changes in the level of Co
doping and the A:B ratio. Thermodynamic analysis of these
defects may generate new insight about materials chemistry
with enhanced stability.
FIB-sectioning is a powerful tool that allows the analy-
sis of representative sections of sintered ceramics such that
the original morphology of the material is retained under
the microscope. This, in conjunction with the advanced
microscopic technique of elemental mapping, makes the anal-
ysis presented in this paper unique among other similar
studies.19–23 These tools can be used to definitively and effi-
ciently resolve ambiguities regarding the stability of existing
materials like barium cerate and to explore stability issues of
emerging materials.
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