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Abstract In this article, the role of the preparation route
and calcinations temperature on the thermal expansion and
conductivity of BaCe(3Y(,03_5 (BCY) has been studied.
In particular, the samples were synthesized by means of the
solid-state reaction and by a sol-gel route. BCY has been
suggested as proton conducting electrolyte for intermedi-
ate-temperature solid oxide fuel cells (IT-SOFCs). Proton
conductivity strongly depends on the densification of the
material as well as the crystal structure, which is generally
influenced by the preparation procedure. It was found that a
single phase material could be achieved at 1000 °C for the
samples prepared through the sol-gel route with ~96%
packing density. In case of ceramic route, single phase
could be obtained at higher temperatures (1200 °C) and
does not lead to good density values. The ceramic synthesis
produces BCY material in cubic symmetry where as the
gel—citrate complexation route leads to homogenous
orthorhombic BCY. The conductivity measurements of
sample synthesized by two different routes were investi-
gated by means of impedance spectroscopy and electron
microscopy. A comparative study of thermal expansion
behavior of BCY synthesized by different route was carried
out.
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Introduction

Intermediate-temperature solid oxide fuel cells IT-SOFCs)
have attracted considerable attention worldwide for their
high efficiency and low environmental impact and played
an important role in the hydrogen fuel economy [1-4].
Since Iwahara et al. [5—7] have found that some perovskite
oxides show excellent protonic conductivity at intermedi-
ate temperatures hence they have become promising elec-
trolyte candidates for the IT-SOFCs [8, 9]. During the past
two decades, the rare earth-doped BaCeO; and BaZrO;
have received substantial attentions, in which the trivalent
rare earth elements are used as dopants to introduce oxygen
vacancies [10-12]. Y-doped BaCeOs; (BCY) has been
intensively investigated due to their excellent proton con-
ductivity at intermediate temperature [13-16]. However,
one of the main limitations of such materials is to prepare
dense ceramics. Many efforts have thus been made to
prepare dense materials, but these hardly led to totally
convincing results. The reported BCY powders were pre-
pared mostly using conventional solid-state reactions since
the processes are simple and cost-effective. In fact, pow-
ders prepared by solid-state reaction requires very high
sintering temperatures (~ 1200 °C) with treatments like
intermittent grindings to obtain relative densities higher
than 90%. However, using these reactions it is difficult to
obtain super-fine ceramic powders with homogeneous
composition, uniform shape, and size because of poor raw
materials dispersion by physical mixing and relatively high
sintering temperature for phase formation. Soft chemical
methods led to powders with density values ~95% with
excellent properties can be easier to obtain by sintering
uniform nanopowders when compared with the use of
irregular micrometer sized powders [17]. It is well known
that soft chemical routes such as gel combustion [18, 19],
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modified Pechini method [20-22], and oxalate co-precipi-
tation methods [23, 24] exhibit advantage of good homo-
geneity, narrow size and shape distribution, less time
consumption, and lower sintering temperature for pure
phase formation over the solid-state methods.

In this investigation, effect of synthesis route on various
chemical—physical properties of the material such as grain
size, density, porosity, structure, proton conductivity (a),
and thermal expansion behavior have been studied.

Experimental
Synthesis

BaCey3Y(0,05_s (BCY) sample was prepared by a con-
ventional solid-state reaction and sol-gel route. All the
chemicals used were of high purity (~99.6%) of Aldrich
Chemicals. In case of solid-state route, stoichiometric
amounts of BaCOj3, CeO,, and Y,0O5; were mixed together
using mortar—pestle and heated at 900 °C for 2 days. The
reaction products were reground, pressed into pellets by
isostatic pressure, and heated at 1200 °C for 24 h. The final
sintering of the pellets was done at 1400 °C for 10 h.

BaCOj3 + 0.8 CeO, + 0.1 Y,0;5
— BaCepgYp203_5s +CO, T .

The BCY compound was also prepared by sol-gel
method using citric acid monohydrate (CA) as chelating
agent and ethylene glycol (EG) as a solvent. Ce(NO3);-
6H,0, Ba(NO3),, and Y(NO3);-3H,0 were used as starting
materials. The molar ratio of CA to the total metal cations
content was taken as 2:1. First, all the metal nitrates were
dissolved in minimum volume of EG, and then CA was
added to reaction mixture and stirred well to obtain
transparent chelating solution. There was no precipitation
during mixing of citric acid with metal nitrate solution as
the pH of the solution was not varied. The solution was
heated to 180 °C under continuous stirring to remove
excess of water and convert it to a transparent viscous gel.
On further heating, the gel was converted in a pale yellow
ash. The resulting ash-like material was calcined at 800 °C
for about 12 h. This powder was further pelletized and
heated at 1000 °C for 12 h. The final sintering was done at
1400 °C for 10 h assuming complete combustion, the
overall reaction between barium, cerium, and yttrium
nitrate to form BCY can be written as:

Ba(NO3), + 0.8 Ce(NO3);+0.2 Y (NO3 ), +CeHsO;
+ C,HgO, — BaCe3Y203-5 + 8CO,
+ 7H,0 + 5NO,.

Phase identification of samples synthesized by solid-state
and sol-gel route was done by employing room temperature
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(RT) powder X-ray diffraction (XRD) technique on Philips
diffractometer (PW 1729) with Ni-filtered Cu-Ku radiation
and using silicon as external standard. The resulting
powders were axially pressed in form of pellets of 10 mm
diameter and sintered at 1000 °C for 10 h in air in case of
powders synthesized by the sol-gel method and at 1200 °C
for 24 h for samples obtained by the solid-state reaction.
Sample density was estimated by Archimedes’ method and
compared with the theoretical density based on crystal
lattice parameters. Morphologies of fracture surface of
sintered pellets were determined using AIS 210 scanning
electron microscope (Mirero Inc., Korea) coupled to an
energy dispersive X-ray (EDAX) detector.

Thermal expansion

The thermal expansion of BCY was measured from 100 to
500 °C in dry argon atmosphere, using a quartz dilatometer
(TMA 92 from Setaram) with digital micrometer. The
micrometer sensitivity was 1 pm. The measurements were
conducted during heating with a heating rate of
10 °C min~". The thermal expansion coefficient (TEC), o,
was determined by graphic differentiation of the tempera-
ture dependence of the samples’ expansion:

1 dL
o =——
LodT’
where L is the sample’s length at room temperature.

AC impedance measurement

The BCY electrolyte pellets were prepared by pressing the
BCY powders at 1.5 tonnes in a 10 mm diameter die and
subsequently sintered at 1400 °C for 10 h. Platinum paste
was applied on each side of the sintered pellet to form
electrodes, and then they were heated at 600 °C for 4 h to
remove organic binders. The conductivity of BCY elec-
trolyte was measured in humidified nitrogen gas flow using
AC impedance spectrometer (Solartron 1260) in the fre-
quency range from 0.1 Hz to 10 MHz and the applied ac
voltage of 100 mV. Before each electrical measurement,
the sample was equilibrated at constant temperature for
30 min. Both, Zplot 2.9b and ZView 2.9b softwares asso-
ciated with the Solartron analyser were used to collect and
analyze the impedance spectra of the BCY samples.

Results and discussion
X-ray diffraction

Figure 1 shows the XRD patterns of BCY sample prepared
by ceramic route and calcined at different temperatures.
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Fig. 1 XRD patterns of BCY synthesized by ceramic route at
different temperatures
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Fig. 2 XRD patterns of BCY synthesized by sol-gel route at
different temperatures

XRD pattern of room temperature mixture indicates the
presence of BaCOj3, CeO,, and Y,05 in the sample. When
the sample was heated to 900 °C, XRD pattern shows peaks
due to Ba—Ce-Y oxide along with BaCOj; indicating that the
reaction is incomplete. On further heating to 1200 °C for
24 h single phase BCY perovskite has been obtained. This
material when further heated to 1400 °C and cooled back to
room temperature shows additional lines due to CeO, as
minor impurity phase. This suggests that sample heated at
1400 °C is rich in Ba content as compared to ceria content.

In case of sol—gel route, XRD patterns of the precursor of
BCY sample heated at different temperatures are given in
Fig. 2. It indicates that single phase BCY can be obtained
from sol—gel synthesis by heating at 1000 °C for 12 h and itis
stable even if it is further heated to 1400 °C. To confirm this

Chemistry Division, BARC

Chemistry Division, BARC

Fig. 3 SEM micrographs of BCY synthesized by different routes:
a solid-sate and b sol-gel

Ba analysis was done using EDAX analyzer. As compare to
solid-state route synthesized material, sol-gel synthesized
material shows barium deficiency. Lattice parameters of BCY
prepared by both the routes were generated on the basis of
BaCeOs structure. For ceramic route synthesized material it
was found to be cubic symmetry witha = 4.3968 £ 0.001 A
and cell volume of 85 & 1 A%, BCY when prepared by sol—
gel route it was found to have orthorhombic symmetry with
ap = 8911 £ 0.04 A, by = 6.164 & 0.02 A, co = 6218 %
0.02 /&, and cell volume was 338.2 4+ 2 A3, This cell
parameters are comparable to that reported for BaCegq
Y010,05 (JCPDF 81-1386) where a =877 A, b=
6.238 A, ¢ = 6.223 A, and cell volume V = 340.55 A°.
The XRD results of BCY clearly indicate that the two
different crystallographic phases of BCY could be obtained
by applying different synthesis route. Second, BCY can be
prepared by sol-gel method at lower temperature relative
to the conventional solid-state reaction synthesis. This is
possible since in sol-gel case the metal ions were dissolved
into the solution and chelated with citric acid that led to
homogeneous distribution of the elements and thereby
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Fig. 4 EDAX spectrum of
BCY sample prepared by
different routes: a solid-sate and
b sol-gel
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allowing ready formation of perovskite phase at relatively
lower temperature.

The crystallite size of BCY powder obtained by sol—gel
route at 1000 °C was calculated using Scherrer’s formula
and was found to be ~30 nm whereas those obtained from
solid-state route at 1200 °C was found to be ~68 nm. The
SEM images of fracture surface of well-sintered BCY
pellet synthesized by solid-state route and sol-gel route are
given in Fig. 3. SEM observations confirmed that the
modified sol-gel process favoured the formation of denser
sample with smaller particle size and have relatively few
voids than the conventional solid-state route. Density of
sample prepared by solid-state route was found to be
5.69 g cm™ ' as compared to calculated density of cubic
BCY 6.12 g cm™ ', indicating packing density value as
93%. Similarly for sol-gel synthesized BCY, density was
found to be 5.86 gcm™' and calculated one was
6.09 ¢ cm ™! indicating packing density of 96.3%.

To confirm this EDAX analysis of BCY particle was
carried out. The EDAX mapping BCY sample heated at
1400 °C showed an uniform elementary distribution of Ba,
Ce, and Y (Fig. 4). In Table 1, atomic percentage of Ba
and Ce concentrations were compared with calculated
values for this BCY sample. It clearly indicates that BCY
prepared by solid-state route was rich in Ba content as
compared to sol-gel synthesized BCY.
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Table 1 Atom percent distribution from EDAX analysis of BCY

Srno. Element As synthesized/atom% EDAX/atom%
Solid state  Sol-gel
Ba 20.4 21.2 20.27
2 Ce 16.3 16.4 17.73
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Fig. 5 Variation of linear thermal expansion versus temperature of
BCY sample prepared by different routes
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Thermal expansion

Thermal compatibility in the operation temperature regime
is a critical issue for all the cell components of SOFCs.
Linear thermal expansion data were collected on the dense
pellets of BCY prepared by ceramic as well as sol-gel route
at a heating rate of 10 K/min in the dry argon atmosphere in
the temperature interval of 30-500 °C. BCY samples pre-
pared by either ceramic or sol—gel route showed non-linear
thermal expansion behavior (Fig. 5). The average linear
TEC values for BCY samples prepared by ceramic route was
found to be 14.13 x 107° K~! which was lower than that
prepared by sol-gel route (15.52 x 107 K™'). The differ-
ence in TEC values obtained for samples prepared by two
routes might be due to difference in structural symmetry
namely cubic and orthorhombic. Even though, TEC values
of BCY are lower than those of commonly used cathode
materials for proton conducting fuel cell that is Bag 5Srq 5.
Cop,Feps05_5 (18.53 x 107° K1) [25] and it is closer to
another set of cathode materials namely Lag¢Srg4Coq 5.
Feos05_5 (153 x 107 K1) [26].

Conductivity measurements

The AC impedance spectroscopy was employed to measure
proton conductivity at lower temperatures (100-250 °C) to
probe the relative contribution of bulk and grain boundary
to the total conductivity of the samples prepared by dif-
ferent routes. Typical spectra in moist nitrogen atmosphere
for BCY, prepared by ceramic route as well as by sol-gel
route, are shown in Fig. 6. Overall feature of the spectrum is
identical and can be modeled with the equivalent circuit
shown as inset in Fig. 6. Two semi-circles are evident fol-
lowed by a linear impedance variation at lower frequencies.

L I
2500 5000 7500

1 1 1 1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000
z z

The higher frequency arc (lower Z' values) corresponds to
phenomena occurring in the bulk of the electrolyte. The
lower frequency (higher Z' values) linear impedance vari-
ation represents the behavior occurring at the electrode—
electrolyte interface. An arc in the mid-frequency range can
be assigned to grain boundary impedances. It is seen that
two overlapping semicircles are obtained for solid-state
synthesized BCY sample whereas semicircles for grain and
grain boundary are evident in sol-gel synthesized BCY
sample at lower temperature of ~473 K. As the tempera-
ture increases, these two semicircles could not be resolved
and obtained as single semicircle similar to that of solid-
state synthesized. The total electrical resistance determined
from the impedance spectra is the sum of Ry = R-
erain + Rerain boundary- The values of grain boundary resis-
tance (Ry,) are less than the grain resistance (R,). This
indicates the presence of lower grain size and the absence of
any detrimental impurity like silica which can lead to
increase in Rgy, contribution.

The mechanism of proton conduction in barium cerate-
based materials, in which substitutions of Ce** by Y3t
cause the formation of oxygen vacancies and this deter-
mines its proton conductivity. Kroger—Vink notation of
incorporation of trivalent dopants and subsequent incor-
poration of water/protons described as [27]:

2Cef, + OF + My03 — 2Mg, + VS* + 2Ce0,
HyO(y) + Vet + Of)( — 20H;.

Water from the gas-phase dissociates into a hydroxide
ion and a proton, where oxygen vacancies are replaced by
hydroxide ions and small protons forms a covalent bond
with lattice oxygen. The following mechanism was
proposed by Iwahara et al. [7] for proton conduction in
perovskite oxides,
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nism of migration of proton from one oxygen ion to
another nearest oxygen ion.

The bulk, grain boundary, and the total conductivities
were calculated from the respective resistance value of the
semicircles employing equivalent circuit as shown in Fig. 6
and the values are tabulated in Table 2. Figure 7 shows the
variation of total conductivity as a function of temperature
for BCY samples prepared by different routes. In both the
cases, conductivity increases as the temperature increase
(Table 2). BCY synthesized by ceramic route shows higher
conductivity than sol-gel synthesized sample at lower
temperature, but at higher temperature both samples shows
comparable conductivities. The EDAX data for BCY
samples prepared by solid-state and sol-gel route, as shown
in Table 3, clearly exhibit that the samples prepared by the
solid-state route are relatively richer in barium concentra-
tion compared to those prepared by sol-gel. This obser-
vation is found to be in agreement with reported data on
influence of barium stoichiometry on proton conductivity.
Ma et al. [28] have clearly delineated the decrease in

Table 2 Proton conductivity values at different temperatures

Temp/K Grain Grain boundary Total
Solid-state conductivity/S cm™" x 1073

373 0.12 2.45 0.11

415 0.85 18.25 0.82

464 5.17 38.15 4.55

514 21.28 78.23 16.73
Sol-gel conductivity/S cm™" x 1073

393 0.24 0.36 0.14

413 0.56 1.25 0.39

473 4.74 18.04 3.75

514 16.60 38.57 11.60
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Fig. 7 Variation of total conductivity as a function of temperature for
BCY samples prepared by different routes

Table 3 Activation energy for proton conduction of BCY

Total E,/eV  Grain E,/eV ~ Grain boundary E,/eV
Solid state  0.59 0.62 0.38
Sol-gel 0.68 0.65 0.62
3
1 e Solid-state
24 ° 4 Sol-gel

Lnc T/Scm 'K

-4 T T T T T T T T
0.0018 0.0020 0.0022 0.0024 0.0026

1/TIK

0.0028

Fig. 8 Arrhenius plot of BCY sample prepared by two different
routes

conductivity as stoichiometry goes from Ba-rich to Ba-lean
composition.

A comparative plot of log (¢7) as a function of 1/T for
two preparative methods is shown in Fig. 8. The samples
exhibit apparent Arrhenius-type T dependencies of con-
ductivities. The activation energies of the proton conduc-
tivity for grain, grain boundary, and total were calculated
and listed in Table 3. For ceramic route synthesized BCY
sample activation energies for bulk conduction was
higher than that required for grain boundary conduction
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mechanisms. In case of sol-gel synthesized sample acti-
vation energies were almost same for grain and grain
boundary conduction. This difference can be due to varia-
tions in microstructure as seen from the SEM micrographs.

Conclusions

Perovskites of the type BaCe,gY(,03_s can be prepared
via ceramic as well as sol-gel route. When BCY is syn-
thesized by sol-gel route, the calcinations temperature
needed to obtain a single phase is ~1000 °C, 200 °C lower
than required for preparation from a ceramic route
(~1200 °C). This is potentially advantageous in terms of
the cost of ceramic preparation. The bulk conductivities
and activation energies determined by impedance spec-
troscopy method are, as expected, nearly identical for both
preparative routes. There are, however, differences in the
form of the impedance spectra for samples deriving from
the two methods. These differences are attributed to vari-
ations in the microstructure of the ceramic as well as sol-
gel prepared samples. The linear thermal expansion of
BCY has been measured using TMA, showing nonlinear
expansion behavior in the temperature range 100-500 °C.

The proton conductivity of BaCe,gYo,05_s sample
prepared in this study is comparatively higher than those
previously reported values, which makes the material a
promising candidate as an electrolyte for intermediate
temperature SOFCs.
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