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Abstract

A freeze-drying precursor method was used to obtain submicrometric powders of BaCeO; and BaCe(9Y(.1O3_s proton conductors at temperatures
as low as 800 °C. The phase formation and evolution with the temperature was studied by X-ray diffraction (XRD) and thermal analysis (TG-DTA).
The microstructure of both powders and sintered pellets was examined by scanning electron microscopy (SEM). Dense ceramic materials were
obtained at 1400 °C and the different contributions to the overall conductivity, bulk and grain boundary, were studied using impedance spectroscopy

under different atmospheres.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials that present proton conductivity under H, and/or
H>O atmospheres have been widely studied as potential elec-
trolyte materials for fuel cells, hydrogen sensors, electrochem-
ical hydrogen pumps, electrochemical micro-reactors, etc.'~’.

Compounds based on cerates, with perovskite-type structure,
are among the state-of-the art proton conducting materials stud-
ied during the last few years.® The conduction properties of
acceptor-doped BaCeO3 have been widely investigated as they
exhibit the highest proton conductivity reported so far.” Oxygen
vacancies are introduced into this perovskite structure by alio-
valent doping, i.e. partial replacement of cerium by: Y3*, Yb3*,
Gd**,Nd**, etc.!0. The solid solutions for BaCe|_,M,03_s typ-
ically cover the range 0 < x < 0.2.1112 The proton conduction in
alkaline earth cerates occurs either via the hydration of oxygen
vacancies after the material is exposed to water containing atmo-
spheres (Eq. (1)), and/or by reduction of oxide ions in the lattice
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(Eq. (2)), according to the following equations:
H,0(g) + vo + O = 20H,, (1)
Ha(g) + 20§ = 20H, + 2¢/ )

In addition, rare-earth-doped BaCeOs exhibit mixed
ionic—electronic conductivity, depending on temperature and
environmental conditions.'>!'* Proton conductivity is predomi-
nant at low temperature and oxide ion conductivity is the main
contribution at high temperature.!> A significant p-type elec-
tronic conductivity is also observed under oxidising conditions.
The formation of electron holes at high oxygen partial pressure
can be described by the following reaction:

102(g) + vy = OF + 21" 3)

The n-type conductivity is also relatively high under very
reducing conditions.! Consequently, the occurrence of elec-
tronic conductivity places restrictions on the application of
cerates as electrolyte materials at high temperature and low and
high oxygen partial pressures. The material is operating well at
temperatures below 800 °C.

The synthesis of BaCeO3-based materials have been reported
by several wet chemical methods, such as citric acid, 1617
Pechini'® and oxalate precursors, ! but the dominating synthesis
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route used is the solid-state ceramic method,!3-2%-21 which
requires higher firing temperatures to obtain both a pure phase
and high densification. This method has additional disadvan-
tages, such as formation of undesirable phases, poor chemical
homogeneity and large grain ceramic sizes. In the case of
BaCeOj3-based materials, it has also been found that BaO
evaporates at sintering temperature higher than 1550°C,*
so that reducing the sintering temperature is particularly
important.

It is well known that the preparative route plays a critical role
in the materials properties, controlling the structure, morphology
and grain size of the obtained materials. The transport proper-
ties of ceramic materials also depend on ceramic microstructure,
specially the grain boundary contribution. Hence, alternative
synthesis routes can improve both the microstructure and con-
ductivity of these materials. In this context, the use of precursors
obtained by freeze-drying processing of the appropriate aque-
ous metal salts has proved to be a very versatile method for
obtaining stoichiometrically controlled complex polymetallic
systems. 2324

Here, yttrium was chosen as dopant in BaCeOs, since it
was reported that dopants with smaller ionic radii in BaCeO3
made protonic conduction more favourable by lowering the
oxide ionic conductivity.?> Submicrometric powders of undoped
and Y-doped BaCeOs have been prepared from a freeze-
dried precursor route. The phase formation, densification,
microstructure and conductivity under different atmospheres
of the sintered bodies have been studied in the present
report.

2. Experimental
2.1. Synthesis

Polycrystalline powders of BaCe_,Y,O3_s (x=0 and 0.1)
were prepared by a freeze-dried precursor route, using as
reagents: Ba(NO3), (+99% Aldrich), Ce(NO3)3-6H20 (99.99%
Aldrich) and Y203 (99.99% Aldrich). Metal nitrates were pre-
viously studied by thermogravimetric analysis to determine
the correct cation content. Stoichiometric quantities of Y,0O3
were dissolved in diluted nitric acid, whereas Ba(NO3), and
Ce(NO3)3-6H,0 were dissolved in distilled water. Ethylenedi-
aminetetraacetic acid (EDTA) (99.7% Aldrich) was added to the
resulting solutions in a 1:1 molar ratio ligand:metal as complex
agent. The pH was then adjusted between 7 and 8 by adding
ammonia solution. A typical solution of 100ml has a cation
concentration of 15 mmol of Ba2* giving rise to approximately
5 g of oxide. Droplets of this solution were subsequently flash
frozen in liquid nitrogen, retaining the cation homogeneity of the
original solution, and then freeze-dried in a HetoLyolab freeze-
dryer for 3 days. In this way amorphous precursor powders were
obtained, which were immediately calcined at 300 °C to prevent
rehydration.

An alternative approach to freeze-drying was used to remove
the water, just for comparison of the preparative method. The
starting solution was slowly heated at 70 °C with continuous stir-
ring overnight to remove the water and promote polymerization.

In this way a dried and transparent gel was obtained without any
visible formation of precipitation. Then the gel was calcined at
300 °C to produce the pyrolysis of the organic matter. Note that
a similar procedure was used by Liu et al.?0 in the synthesis of
SrCeO3-based ceramics.

The dried precursor powders obtained by both methods
were calcined between 300 and 1100°C, for 1h, in order
to study the phase formation and its evolution with the
temperature. All the thermal treatments were carried out in
alumina crucibles to prevent reaction of barium with platinum
crucibles.

2.2. Powder characterisation

Room temperature X-ray diffraction patterns (XRD) were
collected with a Philips X’Pert Pro automated diffractometer,
equipped with a primary monochromator Cu Ko radiation
and an X’Celerator detector. The scans were performed in
the 26 range (15-100°) with 0.016° step for 2h. Structure
refinements were performed using the FullProf?” and WinPlotr
suite softwares.?® The amorphous precursor powders were stud-
ied by simultaneous Thermogravimetric Analysis (TGA) and
Differential Thermal Analysis (DTA) on a PerkinElmer instru-
ment (mod. Pyris Diamond) at a heating rate of 10°C/min
in air. The morphology of both powders and sintered pel-
lets was observed using a Scanning Electron Microscope
(Jeol Ltd., JSM-6300) operating at an accelerating voltage
of 20kV. All preparations were covered with a thin film of
gold to avoid charging problems and to obtain better image
definition.

2.3. Electrical measurements

The polycrystalline oxide powders, calcined at 1100 °C for
1 h, were pressed into 10 mm diameter and 1.5 mm thick pellets
at 250 MPa. The resulting pellets were sintered in air between
1300 and 1600 °C for 4 h. Pt-ink (Metalor) were painted on each
side of the pellet and then fired at 800 °C for 30 min to ensure
maximum conductivity and adherence. It should be commented
that some reactivity was found between the Pt-electrodes and
the ceramic electrolyte when they fired at 1000 °C, resulting
in a new process in the impedance spectra with a capacitance
value similar to that of the grain boundary. This contribution
seems to be ascribed to a superficial layer between the ceramic
electrolyte and the metal electrode due their chemical interac-
tion. The impedance spectra were performed on a 1260 Solartron
Impedance Analyser between 200 and 800 °C in the 0.1-10° Hz
frequency range. Impedance data were acquired with ZPlot and
analysed with ZView softwares.?® Equivalent circuits consist-
ing in serial (RQ) elements were used to fit the spectra and to
study separately the different contributions, where R is a resis-
tance and Q is a pseudocapacitance with impedance value of
Zgo=1/[Q@iw)"]. This is related to the real capacitance C as
follows:

C = Ql/n(R)(l—n)/n 4
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Fig. 1. TG/DTA curves of BaCep9Y( 103—s precursor powder obtained at a
heating rate of 10 °C/min.

3. Results and discussion
3.1. Phase formation and structure

The TGA curves in air of the amorphous freeze-dried pre-
cursor powders present several weight loss steps (Fig. 1). A first
steady weight loss occurs from room temperature to 200 °C.
This is usually associated to the elimination of residual water,
dehydration of the precursor and removal of NO, species. A
sharp fall in the specimen weight is observed over the tempera-
ture range 200—400 °C related to the oxidative decomposition of
the organic material, which is an exothermic process in the DTA
curve. A third decomposition step is detected around 800 °C
attributed to the oxidation of BaCOs3, which remains in the

precursor mixture up to 800 °C as observed by XRD analysis
(Fig. 2). The precursor obtained by polymerization exhibits a
decomposition temperature slightly higher than freeze-drying
850-900 °C, similar to that previously reported for the synthesis
of SrCeOj3 from a similar procedure.

The thermal evolution of XRD patterns for BaCe 9Y.103—s
precursor obtained by freeze-drying and calcined between 300
and 1100 °C for 1 h are presented in Fig. 2a. After combustion at
300 °C the ceramic powders consist in a mixture of amorphous
and crystalline precursors. Two different polycrystalline phases
are detectable, CeO; fluorite-type and Ba(NO3),. After calci-
nation at 600 °C and removal of major part of carbon species,
barium nitrate decomposed and then barium carbonate is formed
under air atmosphere. The formation of BaCeO3 perovskite-
type structure occurs simultaneously or immediately after the
decomposition of BaCOs3. As aforementioned, this agrees with
the TGA results, where a small weight loss is observed around
800 °C. The freeze-drying method makes possible to synthesize
the perovskite-type structure after one single thermal treatment
at relatively low temperature. The perovskite phase is already
formed at 800 °C, although there is still a minimal BaCOj3 pre-
cipitation detectable by means of high resolution XRD. This
impurity disappears after calcination at 800 °C for several hours
and/or 900-1000 °C for 1h. On the contrary, the phases pre-
pared by polymerization (Fig. 2b) exhibit a large quantity of
SrCO3 at 800 °C compared to freeze-drying method. A calcina-
tion temperature up to 1100 °C is required to obtain a nearly
single phase. It should be noted that the synthesis tempera-
ture of BaCeOj3 from freeze-drying precursor is lower compared
the conventional solid-state reaction method ~1400°C2%!! and
even somewhat lower than other precursor routes previously
reported in the literature. For instance, the synthesis temper-
atures reported for BaCeOs are: 1050°C by mixed oxalate
precursors, ' 900 °C by an aqueous citrate—nitrate process>? and
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Fig. 2. Evolution of XRD patterns of BaCep9Y0.1O3_s prepared from (a) freeze-dried precursor and (b) polymerization route calcined at different temperatures

between 300 and 1100 °C forl h.
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Fig. 3. Rietveld refinement of polycrystalline BaCe9Y(.103_s calcined at
1100 °C. The cell parameters and R-factors are listed in the inset.

950°C by a water-soluble complex precursor.?® It should be
also commented that freeze-drying is a process which is suit-
able to dehydrate a wide variety of industrial products. These
include agrochemicals, pharmaceutical intermediates, biologi-
cal products, foods and flavourings; hence the preparation of
large quantities of precursor for the synthesis of almost any
ceramic material is possible.

The Rietveld refinements for BaCey9Y 1O3_s calcined at
1100 °C was carried out using the structural models proposed
in the literature (ICSD 72768) in the orthorhombic Pmcn
space group. The usual parameters were refined: scale factors,
background coefficients, zero-points, half-width, pseudo-Voigt,
asymmetry parameters for the peak-shape and atomic positions.
The Rietveld result is shown in Fig. 3 and the lattice cell param-
eters and R-factors are listed in the inset of Fig. 3 and they are in
agreement with those reported previously in the ICSD database.

The polycrystalline powders calcined at 1100°C were
pressed into disks and sintered between 1300 and 1600 °C for4 h
to study the phase stability at high temperature. Then, they were
finely ground and studied by XRD (Fig. 4). The corresponding
XRD patterns do not show appreciable structural changes and
any secondary phases up to 1500 °C. However, a small fraction
of CeOy is observed at 1600 °C. This might be ascribed to evap-
oration of BaO at this temperature, as other authors observed
experimentally for undoped barium cerate.3! Hence, low syn-
thesis temperature in the preparation of BaCeO3-based ceramics
is recommendable to avoid phase segregations, which can affect
the transport properties. One should take into account that CeO»
exhibits high electronic conductivity under reducing conditions.

3.2. Microstructural characterisation

The morphology of BaCeg 9 Y (.1 O3_s powders resulting from
the freeze-drying synthesis route after calcined at 1100 °C for
1h and without any previous mechanical treatment (e.g. ball-
milling) are shown in Fig. 5. They consist in well-separated
particles in the submicrometric range with an average diame-
ter below 0.25 wm. Although a nearly single phase is obtained

Ce0,
32 34 36 38

20/°
e I R
1500C | JL e l o
1a00c | l Lo
1oee | J L
1 L 1 n | 1 1 1 1 L
20 30 40 50 60 70

20/°

Fig. 4. XRD patterns of sintered pellets obtained between 1300 and 1600 °C for
4h. A small fraction of CeQ; is observed at 1600 °C.

at only 800 °C, the better densification of the ceramic pellet
was obtained after calcination of the powders at 1100°C for
1h. This is due to a better morphology of the ceramic par-
ticles, which allows obtaining higher compaction density of
the green pellets, improving densification at lower sintering
temperatures.

The SEM images shown in Fig. 6 correspond to pellets of
undoped and Y-doped BaCeOj3 at different sintered tempera-
tures. No phase segregation at the grain boundaries was found
in any of the samples investigated. The relative densities of the

Fig. 5. SEM image of the microstructure of BaCe9Y0.1O3_s polycrystalline
powders prepared by freeze-drying method and calcined at 1100 °C for 1 h.
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ek

Fig. 6. SEM images of surface pellets of (a—c) BaCeO3 and (d—f) BaCe9Y0.1O3_s sintered at 1300, 1400 and 1500 °C for 4 h.

sintered pellets are about 85% at 1300 °C, 98% at 1400 °C and
99% at 1500 °C. The ceramic microstructure is not significantly
influenced by the Y-doping and sintering temperature. The main
differences are found in the grain size, where Y-doping retards
the grain growth, especially observable at very high sintering
temperature (1500 °C) (Fig. 6f). This is generally associated to
an enrichment of the trivalent dopant at grain boundary region,
according to the space charge model.>> The excess of dopant
located at the grain boundary generates a concentration gradient
between the grain interior and grain boundaries that retains the
mobility of cations along the grain boundary, causing decreased
grain growth rates. A similar effect has previously been observed
in other materials, such as doped-CeO,.? The average grain size

increases with the sintering temperature from 1.5 wm at 1300 °C,
2 pm at 1400 °C and 2.5 pm at 1500 °C for BaCe9Y.103_s.
Undoped BaCeO3 samples exhibit larger grain sizes about 5 pm
at 1500 °C (Fig. 6¢).

Powders obtained by polymerization method have a low sin-
terability compared to freeze-drying powders and the relative
density of the pellets was lower than 75% after sintered at
1400 °C for 4 h. This effect seems to be associated to powder
agglomerates, which difficult the preparation of dense ceramic
materials.” A ball-milling process might reduce the particles
agglomeration, improving possibly the densification. Only sam-
ples prepared by freeze-drying were electrically characterised
due to their better densification.
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Fig. 7. Impedance spectra of BaCeg 9Y(.103—_s sintered pellet at 1400 °C and
measured at (a) 300 °C and (b) 750 °C under different atmospheres. The solid
line is the fitting results obtained with equivalent circuits.

3.3. Electrical characterization

The impedance spectra in the low temperature range for
BaCep9Y0.103-_5 sintered at 1400°C (Fig. 7a) show three
separated contributions ascribed to the grain interior at high
frequency, grain boundary and electrode interface processes at
low frequency. These impedance spectra were analysed using
an equivalent circuit to obtain the resistance and capacitance
of the different processes. The equivalent circuit used can
be expressed as a serial combination of RQ elements in the
form: (RpQOp)(RgbQOgsb)(Qe), Where the subscripts b, gb and e
denote bulk, grain boundary and material/electrode processes,
respectively. The values of capacitance are about 5pFcm™!,
15nFem~! and 1 wFem™! for the grain interior, grain bound-
ary and electrode processes, respectively. As can be observed,
the grain boundary is the main resistive contribution of the elec-
trolyte in the low temperature range, and it varies significantly
with atmosphere conditions. The grain boundary resistance is
lower in hydrogen containing atmosphere than under argon. On
the contrary, the bulk is less influenced by the atmosphere at low
temperature. The high temperature impedance spectra present
two contributions attributed to the electrode responses (Fig. 7b).
Grain boundary and grain interior processes cannot be separated
at high temperature, although generally the grain boundary con-
tribution is lower compared to bulk at high temperature. In this
case, the equivalent circuit used to fit the spectra is denoted as:
LRy(Re1Qe1)(Re20e2), where L is an autoinductance element,
which is associated to the autoinductive effects introduced, by
the equipment, and R is a serial resistance equal to overall elec-
trolyte resistance. Note that Ry takes approximately the same
value as the Z'-intercept of the impedance spectra at high fre-
quency. The contributions with relaxation frequencies of 45 kHz
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Fig. 8. Arrhenius plots of bulk conductivity (a) and the corresponding grain
boundary results 1/(Rg,S) (b) under different atmospheres for BaCe.9Y0.103—s
sintered at 1400 °C for 4 h. The inset shows the impedance spectra of the bulk
contribution in O, and wet 5%H,—Ar.

and 0.6 Hz are associated to electrode responses with capaci-
tance values of 0.6 wFcm™! and 7.4 mFecm™! respectively.
The grain interior (Rp) and grain boundary (Rgp) resistances
were used to obtain the bulk and macroscopic grain boundary
conductivity, taking into account the sample geometry:
l
0j = — 5
= RS &)
where [ is the sample thickness and § is the electrode area.
The values of conductivity were plotted using the Arrhenius
equation:

—E
o= ? - exp (kTa> (6)

The thermal dependence of grain interior conductivity is
shown in Fig. 8a. As can be observed, the bulk conductiv-
ity is nearly independent on the atmosphere, at least in the
low temperature range, where bulk and grain boundary can be
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Fig.9. Arrhenius representation of the overall conductivity for BaCep 9 Y01 O3—s
sintered pellet at 1400 °C under different atmospheres.

studied separately (inset Fig. 8a). The values of activation ener-
gies are also similar, and about 0.40eV. On the contrary, the
grain boundary resistance has a greater dependence on the envi-
ronmental conditions, showing higher resistance values under
dry Ar (1 ppm H;0O) and lower resistance in wet 5% Hy (2%
H,0). The activation energy for the grain boundary conductivity
(~0.6eV) is somewhat higher than that of the bulk contribution.
These results seem to indicate that the transport properties of
Y-doped barium cerates are very influenced by the grain bound-
ary contribution at low temperature, where the grain boundary
resistance is the main contribution to the overall conductivity.

The Arrhenius plots of the overall conductivity under dif-
ferent atmospheres are shown in Fig. 9. One can observe that
the lowest conductivity values are found in dry Ar in the whole
temperature range studied. An enhancement of the conductivity
of about one order of magnitude occurs in wet S%Hy—Ar due
to the presence of proton contribution at low temperature. As
the temperature increases the material dehydrates, decreasing
the protonic contribution and consequently the conductivity is
less dependent on the atmosphere at high temperature. In this
region, the conductivity under O; is higher than under 5%H,—Ar,
evidencing a significant p-type contribution. The values of con-
ductivity (e.g. 0.014 S cm™! at 700 °C in 5%H,—Ar) are similar
to those reported previously (e.g. 0.01 at 700 °C in Hp?).

In summary, the freeze-drying precursor method used in
the present work is useful to obtain polycrystalline powder
of BaCeOs3-based materials at temperatures as low as 800 °C.
The high reactivity and sinterability of the synthesised powders
allow obtaining dense ceramic materials with relative density
higher than 98% at 1400 °C for 4 h. Low synthesis temperature
is necessary for the synthesis of barium cerates to avoid BaO
volatilization and CeO, segregations. Bulk and grain boundary
contributions were studied under different atmospheres in the
low temperature range. Grain boundary resistance depend highly

on the environmental conditions at low temperature, meanwhile
the bulk conductivity is less affected by the atmosphere.
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