Journal of Thermal Analysis and Calorimetry, Vol. 96 (2009) 2, 475-480

CHEMICAL STABILITY OF Ba(Ce;_,Tiy);yY,O3 PROTON-CONDUCTING
SOLID ELECTROLYTES
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P. Pasierb , Ewa Drozdz-Ciesla, R. Gajerski, S. Labus, S. Komornicki and M. Rekas
AGH University of Science and Technology, Faculty of Materials Science and Ceramics, al. Mickiewicza 30, 30-059 Cracow, Poland

The purpose of this work was to investigate the influence of titanium and yttrium dopants on chemical stability of selected
Ba(Ce «Tiy)1yYyO; compounds. The presented results are the part of wider research concerning the crystallographic structure,
microstructure, electrical and transport properties of these groups of materials.

Samples of Ba(Ce,Tiy),-,Y,O3 with x=0.05, 0.07, 0.10, 0.15, 0.20, 0.30 and y=0.05, 0.10, 0.20 (for x=0.05) were prepared by
solid-state reaction method. Initially, differential thermal analysis (DTA) and thermogravimetry (TG) were used for optimization of
preparation conditions. Subsequently, DTA-TG-MS (mass spectrometry) techniques were applied for evaluation of the stability of pre-
pared materials in the presence of CO,. The X-ray diffraction (XRD) and scanning electron microscopy (SEM) results were used to de-
termine the phase composition, structure and microstructure of materials and to assist the interpretation of DTA-TG-MS results.

The strong influence of Ti and Y dopants contents (x and y) on the properties was found. The introduction of Ti dopant led to
the improvement of chemical stability against CO,. The lower Ti concentration the better resistance against CO, corrosion was
observed. Doping by Y had the opposite effect; the decrease of chemical stability was determined. In this case the higher Y dopant
concentration the better resistance was observed. The attempt to correlate the influence of dopant on structure and chemical sta-

bility was also presented.
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Introduction

In early 1980°s Iwahara et al. [1] demonstrated that
acceptor-doped strontium cerate ceramics show pro-
ton conductivity at elevated temperatures. Since then,
a number of studies on proton conduction in this ma-
terial have been carried out due to considerable inter-
est for applications in hydrogen containing atmo-
sphere gas sensors, hydrogen pumps, intermediate
temperature fuel cells, steam electrolyzers etc. [2—6].
Alkaline earths cerates such as SrCeO; and
BaCeO; crystallize in perovskite forms. Acceptor dop-
ing of these materials has a very slight effect on the crys-
tal structure [7]. BaCeOj; similarly as its close analogous
BaTiO; is known to undergo a complex sequence of
structural phase transitions. By contrast SrCeQs, assum-
ing the orthorhombic structure of the space group Pmen
undergoes no phase transition up to 1273 K [8].
Undoped BaCeO; exhibits low electrical con-
ductivity, trivalent dopants (usually rare earth ele-
ments) in this compound play an essential role in elec-
trical properties [9, 10]. Such ions as Y substitute
tetravalent Ce*” ions and appropriate amount of oxy-
gen vacancies are formed to  maintain
electroneutrality (Kroger-Vink notation was used):

2Ba0+Y,03¢>2Bag,2Y/, +500+V, (1)
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Annealing of the obtained acceptor-doped mate-
rial, BaCe; Y03y, in water vapor [11, 12] or in a
hydrogen-containing atmosphere [7, 11, 13] leads to
formation of protonic defects. Taking into account a
small size of protons we can assume that they do not
occupy lattice positions but rather attach to oxide ions
forming OH groups [14]:

H,0+V+0}, —>20H" )

Hy+200—20H"+2¢’ (3)

The formation of OH groups has been confirmed
by IR method [12, 15]. According to the reactions (2)
and (3) formation of protonic defects in
BaCeOs-based material may change its electrical and
ionic transport properties.

Among Ba- and Sr cerates, BaCeO;-based ce-
ramics shows higher total electrical conductivity.
However the contribution of oxygen ions transport is
rather high, especially at elevated temperatures [16].
On the other hand, the protonic transport number of
acceptor doped SrCeO; is higher than that of
BaCeOs-based ceramics [4]. Protonic conductivity of
acceptor doped SrCeO; depends on concentration of
the dopant concentration. A maximum ionic conduc-
tivity of 5 mS cm' is found at x=0.1 in
SrCe; Y03 42 at 1073 K [17].
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Apart of the electrical and transport properties, the
long-time stability of the protonic electrolytes is an im-
portant issue in their practical applications. There are
several factors determining chemical and mechanical
stability of this class of solid electrolytes such as chemi-
cal composition, structure and microstructure, operating
temperature and gas phase composition.

The purpose of this work was to investigate the in-
fluence of titanium and yttrium dopants on the chemical
stability of selected Ba(Ce;_Tiy);_,YyO3 compounds.

Experimental

Materials

In this work Ba(Ce,Tix)i_yY,O3 proton-conducting
solid-electrolytes with x=0.05, 0.07, 0.10, 0.15, 0.20,
0.30 and y=0.05, 0.10, 0.20 (for x=0.05) were chosen
for investigations. The use of Y dopant was caused by
the relatively low protonic conductivity of undoped
barium cerate BaCeOs, as described in the Introduc-
tion. The Ti dopant was chosen by analogy to Zr
[18-20], where the improvement of chemical stability
against the CO, was determined. Unfortunately, the
introduction of Zr [18-20] as well as Ti[21] led to the
decrease of total and ionic electrical conductivities.
So, the search of optimum composition of
Ba(Ce;«Tix)i_yY,yO3 material from the point of view
of chemical stability and electrical properties was also
the one of the goals of this work.

Sample preparation

Powders of Ba(CeTix)yY,035 (x=0.0-0.30,
y=0.0-0.2) were prepared by solid-state reaction
method. Barium carbonate BaCO; (99.9%), ce-
rium(I'V) oxide CeO, (99.9%), TiO, nanopowder
(99.7%) and water solution of Y(NO;);, all reagents
supplied by Aldrich Chemical Company, Inc., were
used as starting materials. After mixing the appropri-
ate amounts of starting powders, and the impregna-
tion by required amount of yttrium nitrate solution the
materials were calcinated at 1200°C for 24 h. The
general reaction of formation of barium cerium-tita-
nium oxide can be written as follows:

BaCO;+(1-x)(1—y)CeO+(1—)xTiOyH1(Y (NO3)s-
6H20)—)Ba(ce],xTix)l,yYyO3,y/2+C02+
3yN02+6yH20+y02 (4)

The obtained materials were crushed in agate
mortar, milled in the absolute alcohol suspension us-
ing ‘Pulverisette 6 (Fritsch) mill and ZrO, grinding
media, then formed in pellet die (J=25 mm) at
25 MPa, isostatically pressed at 250 MPa and sintered
at 1500°C for 24 h in air atmosphere. The calcination
conditions were optimized basing on the XRD and

476

DTA and TG measurements, as reported previously
[21]. Obtained sintered bodies were cut to the re-
quired size and shape. All obtained materials of solid
electrolytes were stored in dessicator before being
used in further tests and experiments.

Methods

In this paper the results of thermal properties of materi-
als are mainly presented. Differential thermal analy-
sis (DTA), thermogravimetry (TG), (TA Instruments,
20° min', measurements in synthetic air flow of
100 cm’® min') and mass spectrometry (MS, Balzers)
techniques were applied for evaluation of the stability of
prepared materials in the presence of CO,. The X-ray
diffraction (XRD, Philips X’Pert with CuK, radiation
within the 20 range 10-90° with the scan rate of
0.008° s') and scanning electron microscopy (SEM,
NOVA NANO SEM microscope) results were used to
determine the phase composition, structure and
microstructure of materials and to assist the interpreta-
tion of DTA-TG-MS results.

The chemical stability of the materials against
the CO, corrosion can be determined from the DTA,
TG and MS measurements assisted with results ob-
tained by other techniques (XRD, SEM, etc.). In this
work two independent types of test were performed:

+ A —exposition (saturation) of series of materials to
the atmosphere containing CO,/H,0 at room tem-
perature (7 vol.% of CO; in air, 100% RH) at 22°C
for 500 or 650 h,

+ B — annealing of series of materials in the CO, dry
atmosphere (100%) at 500°C for 400 h.

The first type of test corresponds to the typical
storage conditions of materials or devices, while the
second type of test can be representative to the work-
ing conditions of the electrochemical devices based
on protonic conductors.

Samples before and after treatment A (exposi-
tion/saturation) and B (annealing) were investigated
using DTA and TG coupled with mass spectrometry
(DTA-TG-MS), X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM) techniques in order
to determine the influence of Ti and Y dopants on the
stability of the materials.

Results and discussion

Crystallographic structure, phase composition and
microstructure

Figure 1 shows the SEM image of typical
microstructure of BaCeOs sample. As can be seen dense
materials with some apparent porosity were obtained
with average grain size of several um. The influence of
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Ti and Y dopant on microstructure was hardly observ-
able. It is interesting to mention, that the discriminated
‘decoration’ of some of the grains, probably by second-
ary carbonates was observed. The difference of the ‘dec-
oration’ degree of grains may be explained by different
concentration of nucleation centers caused by various
orientations of individual grains.

Basing on the XRD results presented previously
[21], it can be stated that undoped sample (x=0, y=0)
crystallized in orthorhombic Pmen structure, while
the incorporation of titanium into the lattice lead to a
gradual ordering of the structure, which was observed
as a disappearance of the reflex splitting with the in-
crease of Ti concentration. Also, the shift of reflex
maxima towards higher values of 26 with the increase
of Ti is observed, caused by the decrease of lattice
constants. Detailed crystallographic studies are under
the way, the results will be published later.

In case of of yttrium doped samples the constant
Ti concentration (x=0.05) was chosen and different Y
dopant concentrations were used, up to »=0.20.
Figure 2 shows the comparison of XRD spectra for
the selected samples doped with yttrium.

It was observed that the structure gradually
changes from tetragonal to regular form with increas-
ing content of yttrium, and no additional phases were
detected up to y=0.20.

Resistance against the CO,

As reported previously [22] the BaCeOj; based mate-
rials during the corrosion tests turned partially into
barium carbonate and cerium oxide. Figure 3 shows
the TG results of samples before the exposition (satu-
ration) and annealing tests.
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Fig. 1 SEM image of polished surface of BaCeO; sintered
body (1500°C/12 h). Magn.: 10000%
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As can be seen only minor mass loss, not exceed-
ing 0.3%, can be detected in these as-prepared sam-
ples. Doping by yttrium led to the increase of mass
loss comparing to undoped and Ti-doped materials. It
can be understood basing on the results of mass
spectrometry measurements of the gases evolved dur-
ing the DTA-TG measurements, as presented in Fig. 4
for the sample with the highest concentration of yt-
trium dopant used. It was found that the observed
mass loss was caused predominantly by the
dissapperance of protonic defects at about
600—-800°C. According to the point defect model pre-
sented in Introduction part, the introduction of yt-
trium leads to the increase of the oxygen vacancies
and thus protonic defects concentrations.

Figures 5 and 6 show the TG and MS results of
Ti-doped materials after the exposition in CO, rich at-
mospheres (25°C/100% RH/7% CO,/650 h).

As can be deducted from the results presented in
Figs 5 and 6, the mass loss was caused by the release
of water vapour at temperature below 200°C and in
the range of 400—600°C due to destruction of protonic
defects, followed then by the release of carbon diox-
ide above 900°C.

The introduction of titanium into the lattice led
to the improvement of the chemical stability of the
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Fig. 2 XRD of example Ba(Ce; «Tiy);_yYyO3 samples. The in-
set shows the evolution of one of the reflexes
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Fig. 3 TG results of Ba(Ce,_Tiy);_yY,O; as-prepared sintered
bodies, before the exposition and annealing tests
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Fig. 4 Mass spectrometry measurements of

Ba(Ce95Tig.05)0.8Y020; sample before the exposition
and annealing tests

materials. As can be noticed, the use of smallest
amount of Ti dopant (x=0.05) led to the best results;
practically no mass loss of this sample after this cor-
rosion test was detected. The higher Ti dopant con-
centration the worse chemical resistance to the pres-
ence of CO, was observed, but in any case the ob-
tained results were better comparing to the undoped
sample (x=0) and much better comparing to the yt-
trium doped samples, as shown in Fig. 7.

As can be seen doping by Y leads to the decrease
of chemical stability against the CO, comparing to the
undoped and Ti-doped samples. The dependence of
mass loss magnitude on the yttrium dopant concentra-
tion is not monotonic; the worst properties were ob-
served for sample with y=0.1, while further doping
(»=0.2) led to the improvement of resistance against
CO,, even compared to the sample with y=0.05.

The observed improvement of chemical stability
after doping with Ti and Y may be in general corre-
lated to the ordering of the crystallographic structure,
as reported previously in literature [23, 24]. It was
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Fig. 5 TG results of BaCe, Ti;O; sintered samples after ex-

tended treatment in CO,/H,O rich atmospheres
(25°C/100% RH/7% CO,/650 h)
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Fig. 6 TG and mass spectrometry measurements of BaCeO;
sample after extended treatment in CO»/H,O rich atmo-
spheres (22°C/100% RH/7% CO,/650 h)

found that the enthalpy of formation of perovskites
from individual oxides, (which can be used for further
calculations and associated with the stability of
perovskites in the presence of CO,) shows the linear
correlation with the perovskite Goldschmidt tolerance
factor, ¢, defined as:

(ry +73)

= _—ATBS 5
[V2 (5, +7,)] ©

where ra, g, ro are the ionic radius of A, B and O at-
oms in ABOj; perovskite.

This structural parameter describes the extent of
distorsion of the perovskite structure from ideal cubic
structure due to dismatch between A-O and B-O
bond lengths. The higher ¢ factor value the more nega-
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Fig. 8 TG results measured for the Ba(Ce_Tiy);—yY,O3 sam-
ples after extended annealing in CO, atmosphere
(500°C/100% CO,/400 h)

tive entalpy of formation was observed and thus
better stability was expected.

Figure 8 shows the results of TG measurements
of Ba(Ce;_Tiy),_,Y,O5 sintered samples after anneal-
ing in CO, atmosphere at 500°C for 400 h.

As can be noticed the materials have separated
into two groups where almost the same mass losses
were observed. The first group consists of the
Ti-doped materials, while the second group contains
the undoped and yttrium doped BaCeO; materials.
The Ti doped samples remained stable, as expected
basing on the results presented above. From the other
hand the long-term annealing CO, tests did not al-
lowed to determine the influence of the yttrium dop-
ant concentration on the resistance against CO,. Sam-
ples exhibit the same mass loss which suggests that
the secondary carbonates were formed rather during
cooling down the samples than during the isothermal
heating. These results indicate that further tests in-
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volving heating-cooling cycles are necessary to get
some practical information concerning the durability
of such materials in real working conditions, where
the temperature and atmosphere changes are present.

In case of all samples the slight mass increase in
temperatures up to 800°C may be observed which can
be explained by the simultaneous oxidation of mate-
rial during the measurement.

Conclusions

In this work the results concerning the influence of Ti
and Y dopant (for selected Ti dopant concentration
x=0.05) on chemical stability of Ba(Ce; «Tiy)iyY,O;3
solid electrolytes in the presence of CO, and H,O were
discussed. The investigated materials were prepared by
solid-state reaction method which allowed to obtain
dense, uniform bulk materials. Basing on XRD mea-
surements it was found that doping by both Ti and Y
leads to the structure ordering, the gradual changes from
orthorhombic to even regular form with increasing con-
tent of titanium or yttrium dopant are observed.

Basing on the DTA-TG-MS measurements of the
samples before and after the tests with CO, it was found
that the introduction of Ti dopant leads to the improve-
ment of chemical stability against CO,. The lower Ti
concentration the better resistance was observed. Dop-
ing by Y had the opposite effect — the decrease of chem-
ical stability was determined in this case, as expected.
But, the higher Y dopant concentration the better resis-
tance to CO, corrosion was determined.

The observed improvement of chemical stability
after doping with Ti and Y may be generally corre-
lated to the ordering of the crystallographic structure,
as reported previously in literature.

Basing on the previously published results con-
cerning the electrical and transport properties of
Ba(Ce; «Tiy)iyYyO3 compounds [21] and the results
of this work the optimal composition of the material
for the construction of different electrochemical de-
vices may be proposed at this stage of investigation.
The Ba(Cegos5Ti005)08Y0,03 seems to be the most
promising material from the point of view of reason-
ably high electrical conductivity, high protonic trans-
ference number and acceptable chemical stability in
the presence of CO,.
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