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Abstract

Nd-doped BaCeOj; was prepared by a conventional
ceramic processing technique using a special pro-
cedure to reduce calcining and sintering tempera-
tures and to avoid possible contamination.
BaCey.gNdy.;0;3_, single perovskite phase was
formed when the mixture powders was calcined at
T>1000°C. Ball-milling of the calcined powders
could well disperse agglomerates. Sintered at
T>1300°C, specimens with density >93% of the
theoretical and without open porosity could be
obtained. Electrical conductivity was measured in
different dry atmospheres of Ar, air and O, and in
moist air. The results showed that in dry Ar, air and
O,, the conductivity values at a given temperature
were similar, and the activation energies almost
identical, possibly because Nd-doped BaCeOj
demonstrated predominately oxygen ion conduction
in these environments. In moist air, proton conduc-
tion might predominate, leading to an increase in
conductivity and a decrease in activation energy.
© 1998 Elsevier Science Limited. All rights reserved

1 Introduction

BaCeQ;-based ceramics have received considerable
attention in the past 15 years since they exhibit a
high ionic conductivity in the family of ABO; per-
ovskite-type oxides and have potential applications
as the electrolytes in many novel electrochemical
devices such as solid oxide fuel cells and hydrogen
or steam sensors. Nd,O; has been found to be an
effective dopant.! Nd-doped BaCeO; ceramics
acquire an ionic conductivity which exceeds that of
the fluorite oxygen-ion conductor Y-doped zirconia
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at 600-800°C. This lower temperature range is
attractive for solid oxide fuel cells and water
vapour electrolyzers because of the anticipated
lower costs of materials for interconnect, gas tub-
ing and heat exchangers.*

Nd-doped BaCeQO; are usually prepared by a
conventional ceramic process consisting of calcin-
ing mixtures of the respective oxides and carbo-
nates at elevated temperatures (>1000°C), followed
by sintering powder compacts at 1400 to
1600°C.2>¢ The samples holders used are usually
alumina or zirconia materials. At high tempera-
tures, there is some reaction between the sample
and the sample holder, and this will undoubtedly
contaminate the product and affect its electrical
properties.”® Accordingly, it is important to find a
practical route to obtain contamination-free sin-
tered specimens with the desired composition for
use in the electrochemical devices.

The conductivity of Nd-doped BaCeO; was pre-
viously measured as a function of temperature,
doping level and oxygen partial pressure (1-
10~ atm), and it was found to have both oxygen
ionic and p-type electronic conduction.® Later on,
the electrical property of this material was investi-
gated in dry hydrogen and water vapour contain-
ing atmospheres, and it was then classified as a
protonic conductor.”!® Further study revealed a
transition in ionic conductivity from proton to
oxygen ion conduction in H,/O, fuel-cell condi-
tions, as the temperature was increased from 600 to
1000°C.1112 However, for the analogous per-
ovskites Gd-doped BaCeO; and Yb-doped
SrCeQs, ionic and p-/n-type electronic mixed con-
duction was reported, depending on the partical
oxygen pressure in the working atmospheres.!>!4
The above seemingly conflicting results suggest
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that the electrical properties of this material are
closely related to its working atmosphere and
should be investigated systematically.

In the present work, the Nd-doped BaCeO;
ceramic was prepared by the conventional ceramic
route with special procedures to reduce the calcining
and sintering temperatures and avoid possible con-
tamination. The electrical properties of the sintered
specimens were examined by using ac impedance
spectroscopy technique in different dry atmo-
spheres of argon, air and oxygen, and in wet air.

2 Experimental

2.1 Preparation of BaCe(.oNdg.;O3_,, sintered
specimens

The starting materials were BaCO; (Alfa), CeO,
(Alfa) and Nd,0; (Alfa). The chemicals, mixed in a
stoichiometric ratio to yield the composition
BaCey.9Ndy.105_,, were ball-milled (zirconia ball
in plastic bottle) in ethanol for 36 h. The resulting
slurry was then dried naturally. The dried powders
were heated from 600 to 1200°C for 10h and then
examined by X-ray powder diffraction analysis
(XRD, Philips, PW1078) using CuK, radiation.
Simultaneous thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) were car-
ried out at a heating rate of 2°C min~! in air, using
a thermal analyser (NETZSCH STA 429). After
calcining at 1000°C for 10h, the powders were
ground with an agate mortar, and then ball-milled
in ethanol for 4h to disperse agglomerates. The
calcined product was examined by a laser-scatter-
ing particle-size distribution analyser (Malvern
MasterSizer/E) and scanning electron microscopy
(SEM, JEOL JSM-840). Compacts were obtained
by pressing the ball-milled calcined powders, with-
out adding binders, at 100 Mpa. The green density
was 55 to 60% of theoretical density (6.35gcm™3).
Subsequent sintering of pellets was carried out on a
zirconia plate in air at 1200-1400°C for 10 h and at

1500°C for 2h, with the following procedure to
avoid the possible reaction between the sample and
the zirconia plate: a thick layer of the calcined
powders with the same composition was placed
between pellet and zirconia plate. Bulk density and
open porosity were measured by the Archimedes
method using water as the liquid media. The 1400
and 1500°C sintered specimens were polished on
SiC paper and then thermally etched at 1300°C for
2h. The microstructure of these samples was
examined by SEM.

2.2 Electrical measurements

Sintered pellets (12mm in diameter, 1.5mm in
thickness) were polished using SiC paper and then
cleaned with ethanol in an ultrasonic cleaner. Pt
electrodes were applied by painting the planar
faces of the ceramic pellets with platinum paste
and then baking at 1000°C. The ac impedance
spectroscopy was measured in the frequency range
of 12-10° Hz using a GenRad 1689 precision RLC
digibridge programmed via an IBM-compatible
computer for data collection and analysis by
employing the EQUIVCRT software.!® The set-up
for the conductivity measurement is illustrated in
Fig. 1. The whole assembly was mounted horizon-
tally in an electric-tube furnace with controlled gas
flow (rate is 50 ml/min). ‘Dry’ gas was produced
by first passing it through anhydrous CaCl,, then
an activated molecular sieve column, and finally
through P,Os; ‘wet’ gas was obtained by passing
through a water bubbler at 25 and 50°C, which is
equivalent to a water vapour pressure of 22-76 and
92-51 Torr, respectively.

3 Results and discussion

3.1 Reaction process

The powder derived from mixing BaCO;, CeO,
and Nd,O; was heated between 600 and 1200°C, at
100°C intervals, for 10h, and the products were
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Fig. 1. The set-up for the conductivity measurement.
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identified with XRD. Only starting materials were
present at T<700°C, as illustrated in Fig. 2. When
the temperature was raised to 800°C, the solid state
reaction was initiated, and diffraction peaks
belonging to BaCey.gNdy.,03_, appeared. As
the firing temperature was raised more
BaCey.9Ndy.105;_, was formed in the products,
with a corresponding decrease in BaCO; and
CeQ,. The formation of BaCe.9Ndy.;O0;5_, was
completed when the temperature reached 1000°C,
and no BaCO; and CeO, phases could be detected.

Simultaneous DTA-TGA was used in analysing
the decomposition of BaCO; and the formation of
BaCe(.9Ndy. 05 _,. The results are shown in Fig. 3.
A small amount of weight loss occurred in the low
temperature range. No difference between the as-
mixed and the 600°C heated specimens could be
detected by XRD examination. Accordingly, the
weight loss in the low temperature range was likely
to be due to the release of the absorbed water or
other organic additives from the surfaces of the
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Fig. 2. X-ray diffraction patterns of the mixture of

BaC0;0-9Ce0,0-05Nd,O; heated at each temperature for

10h. A, B, and C denote diffraction peaks produced at from
BaCey.oNdy.;03_,, BaCO;, and CeO,, respectively.

powders. A large weight loss began at 830°C,
which is caused by the thermal decomposition of
BaCO;. No weight change occurred above 1100°C,
indicating that the decomposition of BaCO; was
complete. DTA curve indicates an endothermic
peak at 806°C, which is associated with BaCO,
phase transition from orthorhombic to rhombehe-
dral.’® An endothermic peak corresponding to the
decomposition of BaCeO; was found at around
830°C. As the temperature increased, the DTA
base line moved to the exothermic side, implying
that the formation of BaCey.9gNdgy. O3, is an
exothermic reaction.

No intermediate compounds from the
BaCO;-0-9Ce0,-0-05Nd,05 mixture were detected
by XRD. The reaction mechanism is thus quite
simple and can be expressed as:

BaCO; + 0-9CeO; + 0-05Nd,05 —
BaCey.9Ndg.103_, + CO,

XRD results reveal that the decomposition of
BaCO; and the formation of BaCe(.oNdy.1O3_,
complete at 1000°C, but the TGA curve shows
that the above reactions finish at around 1100°C.
This is due to the difference in the time spent at the
measuring temperature, i.e. the XRD sample was
maintained at the calcination temperature for 10 h,
whereas the TGA sample was only very briefly at
the corresponding temperature. Nevertheless,
XRD patterns reveal that T>1000°C calcining of
the starting materials resulted in a single per-
ovskite-phase corresponding to that of orthor-
hombic BaCeQ; published in JCPDS 22-74, This
temperature is more than 200°C lower than that
reported in the literature. Rauch et al.!” reported
that Gd-doped BaCeO; single perovskite phase
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Fig. 3. Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) curves of the mixture of BaCO;0-9-
CeOzO-OSNd203.
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could only be formed at about 1350°C from the
solid state reaction route. Flint et al.'® showed that
a calcination temperature higher than 1250°C was
required from a carbonate-oxide mixture to obtain
BaCey.9Gdy.;0,.95 single perovskite phase. The
above authors mixed their starting materials
manually, while the present starting materials were
mixed by ball-milling in ethanol. This process
gives a more homogeneous mixtures and hence
facilitates the solid state reaction. Lu et al.b also
found that, by ball-milling of the starting materi-
als, pure BaCeO; perovskite phase could be
formed by calcination of BaCO; and CeO, mix-
ture at 1000°C.

3.2 Characterisation of the calcined powders
Figure 4 shows the particle size distribution of the
1000°C calcined powders by different treatments. It
can be noted that the mortar-ground powders
consist of some agglomerates. In order to disperse
the agglomerates, the calcined powders were ball-
milled in ethanol. The results showed that this
treatment could effectively disperse agglomerates
so that small particles dominated in the ball-milled
powders. As shown in Fig. 5, the calcined powders
after the ball-milling treatment consist of very
small, homogeneous particles with no apparent
agglomerates.
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Fig. 4. Particle size distribution of the 1000°C calcined pow-
ders; (a) ground by mortar and (b) ball-milled in alcohol.

Fig. 5. Scanning electron micrographs of the ball-milled
1000°C-calcined powders.

3.3 Sintering property and microstructural
evaluation

Figure 6 shows the sintered density as a function of
the sintering temperature. It can be seen that when
the sintering temperature exceeded 1300°C,
BaCey.9Ndy.;0;5_, compacts could be sintered to a
density higher than 93% of the theoretical. Sinter-
ing at 1400°C for 10 h and 1500°C for 2h resulted
in a density of 97 and 99%, respectively. Open
porosity results reveal that sintering at T>1300°C,
sintered specimens with no open porosity could be
obtained. Figure 7 shows the surface microphotos
of 1400 and 1500°C sintered specimens after pol-
ishing on SiC paper and then thermally etching at
1300°C for 2h. Only one kind of morphology was
observed with the dense microstructures. No sec-
ondary phase was detected. Working on an analo-
gous material of Yb-doped SrCeQ;, Zhen et al.’
reported that ball-milling (using alumina balls)
introduced alumina impurity (by wear of alumina
balls) which precipitated in the grain boundaries,
leading to a deterioration of the electrical proper-
ties. If this were the case, the same phenomena, i.e.
the segregation of zirconia in the grain boundaries
caused by wear of zirconia balls, would be expected
in the BaCeO; samples examined in this work.
However, Fig. 7 shows no sign of such a zirconia
precipitation. Therefore, the alumina impurity in
the work of Zhen et al.” might come from the alu-
mina crucible during the repeated calcination at
1673 K, since Sr2™ would readily react with alu-
mina to form SrAl,OQ4 at temperature higher than
1200°C.2 They found that the molar ratio of Sr/Al
in the secondary phase was close to 1:2, confirming
the formation of SrAl,O04. In the present work,
since the calcination temperature is low (1000°C)
and a special buffer (a thick layer of the calcined
powders with the same composition) was used in
the sintering process, so contamination from the
alumina crucible was avoided.
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Scholten et al.'® concluded that the decomposi-
tion of organic binders added during pressing the
compacts would produce carbon dioxide during
sintering, and that would lead to a volume change
and hence produce a low sintered density. They
predicted that avoiding the use of binders and
using homogeneous fine powders would produce
sinters of high density. Liu et al.'® found that use
of the solid state reaction route to prepare Nd-
doped BaCeO; without ball-milling treatment
could only produce sintered samples with density
about 80% of the theoretical value even when sin-
tered at 1500°C for 12 h. The procedure employed
in this work can synthesize homogeneous pre-
reacted particles with small particle sizes favour-
able for the subsequent sintering step. Further, no
organic binders were used in the present work. The
high sintered density obtained in this work con-
firmed the predictions by Scholten et al.'¢

3.4 Flectrical property in different atmospheres

Electrical conductivity was evaluated in the tem-
perature range 300-700°C in different dry atmos-
pheres of argon, air and oxygen, and in moist air.
Figure 8 shows plots of Ln(aT) versus 1/T in dry
atmospheres. It can be noted that in the tempera-
ture range studied conductivity values are very
close to one another with a slight increase in the
following sequence: o(Ar)<o(air)<o(0,). All
three plots have similar slopes, indicating similar
activation energy for the electrical conduction in
different dry atmospheres. Figure 9 shows plots of
Ln(oT) as a function of 1/T in dry and moist air. It
can be seen that the conductivity increased with
increasing the water vapour pressure. The slopes of
the conductivity plots in moist air are similar, but
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Fig. 6. Sintering density of BaCey.oNdy.,0;_, as a function of
sintering temperature.

they are much smaller than that in dry air, indicating
lower activation energy in electrical conduction in
moist air.

The Arrhenius parameters can be calculated
from the following expressions:

oT = Aexp(—E,/RT) (2)

(b)

Fig. 7. Scanning electron micrographs of BaCey.oNdy.;O5_,
sintered at (a) 1400°C and (b) 1500°C.

Li(oT/Scm™'K)

09 1 11 12 13 14 15 16 1,7 18 19
10T (K™H

Fig. 8. Plots of Ln(oT) versus 1/T in different dry atmos-
pheres.
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Fig. 9. Plots of Ln(cT) versus 1/T in air with different
humidity.
In(cT) = E,/(RT) +1n 4 (3)

where A is the pre-exponential factor, R is the gas
constant, and E, is the activation energy of migra-
tion. The Arrhenius parameters are listed in
Table 1. The uncertainty in Eq is +0-1kJmol™!;
the uncertainty in In4 is £0-1Scm~'K.

Table 1. The Arrhenius parameters of Nd-doped BaCeO;
measured at different atmospheres.

E, (kimol~!) InA (Sem™'K)

Working atmosphere

Ar (dry) 65.2 9.1
O, (dry) 64.1 9.3
Air (dry) 66.2 9.4
Air (25°C-H;0) 46.3 7.5
Air (50°C-H,0) 46.0 7.6

Table 1 shows that the activation energies of Nd-
doped BaCeO; in dry atmospheres of Ar, air and
O, are closely similar, and slightly smaller than
values observed in the Yb-doped ceria electrolyte
(73-2kJ mol~1), which shows a very low activation
energy among the fluorite oxides.!® This indicates
the relative ease with which ionic conduction
occurs in the BaCeOs lattice. The activation energy
of this material in moist air is much lower than that
in dry air, and is only little affected by the water
vapour partial pressure in the atmosphere. The
pre-exponential factors is only influenced by the
water vapour partial pressure in the working
atmosphere, and seems not to be related to the
nature of the atmosphere.

3.5 Conduction mechanism

BaCeO; in its ‘pure’ form is a p-type semi-
conductor with a limited ionic contribution to the
electrical conductivity.?® When it was doped with
rare earth oxides, such as Nd,O3, its conductivity is
greatly enhanced.!™ This results from the oxygen
vacancies which are introduced on substitution of

low valence cations Nd3* on some Ce*™ sites. The
defect reaction may be written as:

Nd,03 & 2Nd., + V; + 30% (4)

Accordingly, the oxygen vacancy is the pre-
dominant defect in Nd-doped BaCeO; ceramic. In
the presence of excess oxygen, p-type conductivity
in this system may come from the electron holes
created by annihilation of oxygen vacancies as
described by:

1/20; + V5 - O] +2 1’ (5)

In the presence of water vapour, protons are sup-
posed to arise from high-temperature equilibrium
between the condensed phase and the moist atmo-
sphere through the following reactions:?!-?

H,O+2h" « 2H" 4+ 1/20, (6)
H,0(g) + Vs + O, « 20H; (7

The protons then migrate according to a ‘vehic-
ular’ mechanism in which the proton moves as a
passenger on a larger ion such as OH* or H;0".!4

Based on the electrical results and the above
considerations, it can be concluded that, in dry
atmospheres of Ar, air and O,, Nd-doped BaCeO;
demonstrates predominantly oxygen—ion conduc-
tion; the conductivities at any given temperature
are similar and activation energies almost identical.
The slight increase in conductivity in the sequence
o(Ar)<o(air)<o(0;) may be due to a slight
increase in p-type electronic conduction with
increasing oxygen partial pressure. In moist air,
proton conduction may predominate, leading to a
decrease in activation energy.

4 Conclusions

The single-phase perovskite BaCey.oNdg.;O03_, was
formed on T>1000°C calcination of the powder
mixture of BaCOj3, CeO, and Nd,O3, obtained by
ball-milling in ethanol. Ball-milling of the calcined
powders in ethanol could well disperse agglomer-
ates. Samples with no open porosity and densities
higher than 93% of the theoretical could be
obtained by sintering pressed compacts at
T>1300°C.

Electrical conductivities were measured in differ-
ent dry atmospheres of Ar, air and O,, and in
moist air. The conductivities at any given tem-
perature were similar and the activation energies
almost identical, given Nd-doped BaCeQO; exhibits
predominantly oxygen—ion conduction in these
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atmospheres. In moist air, proton conduction may
predominate, leading to an increase in conductivity
and a decrease in activation energy.
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