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Abstract Barium cerate doped by trivalent rare earth

metal ions is a potentially huge component of materials for

electrochemical industry due to its high protonic conduc-

tivity. However, the poor chemical stability especially in the

presence of CO2, SO2 or H2O, resulting in decreasing the

mechanical durability of obtained materials, limits their

possible applications. The new approach towards stable

ceramic protonic conductors with high electrical conduc-

tivity is presented. Thermal stability of yttrium doped

(10 mol%) of BaCeO3 was enhanced by forming the com-

posite material BaCe0.9Y0.1O3–BaWO4 (10 mol% of

BaWO4). The synthesis was performed by solid-state reac-

tion method. The detailed study of thermal decomposition of

starting powders mixture was performed using thermo-

gravimetry and differential thermal analysis (TG/DTA)

techniques combined with Evolved Gas Analysis (EGA—

mass spectrometry). Structure, phase composition and

microstructure together with thermal stability of sintered

materials were determined. The exposition tests were per-

formed to characterise the stability of composites in carbon

dioxide and water vapour-rich atmospheres. The samples

were exposed to atmosphere containing CO2/H2O (7 % of

CO2 in air, 100 % RH) at temperature of 25 �C for 300 h.

Thermal analysis supplied with mass spectrometry was

applied to analyse the materials after the test. The results of

this experiment showed better chemical resistance of com-

posite material—BaCe0.9Y0.1O3 with 10 mol% of BaWO4

compared to single phase material.
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Introduction

The development of solid oxide fuel cells, hydrogen

pumps, gas separation membranes or gas sensors requires

the materials where high protonic conductivity finds its

applications [1–5]. Discovered by Iwahara et al. [6, 7], high

protonic conductivity in perovskite type structure of bar-

ium and strontium cerates stimulated the development in

the area of solid state electrochemistry. Modification of

mechanical, chemical and electrical properties of ABO3

perovskites by introducing acceptor dopants in the B-site,

especially rare earth metal, was widely discussed and

presented in the literature [8–15]. Many studies have been

focused on the electrical conductivity of BaCeO3-based

ceramics. Unfortunately, the chemical stability of proposed

materials is still not satisfying. The secondary reactions of

perovskite material used for construction of electrochemi-

cal devices with CO2 and H2O vapour, lead to the

decomposition or even disintegration of the material due to

deterioration of mechanical properties.

Introduction of acceptor dopant M3? (like—Y3?, Yb3?,

Nd3?, Gd3?, Ta3?) at the amount up to 10 mol% to the

perovskite type BaCeO3 does not affect the crystallographic

structure greatly [16] but leads to the increase of the concen-

tration of oxygen vacancies (Kröger–Vink notation was used):

M2O3 þ 2BaO! 2BaBa þ 2M0Ce þ V��O þ 5OO ð1Þ

In water/hydrogen rich atmospheres, oxygen vacancies

created according to Eq. (1) play a crucial role in the
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formation of protonic defects which determine the value of

protonic conductivity:

H2OðgÞ þ V��O þ Ox
O ! 2OH�O ð2Þ

As mentioned previously, one of the greatest disadvantages

of materials based on barium cerate is poor chemical

stability especially in the presence of water and carbon

dioxide where barium carbonate and cerium(IV) oxide are

produced in the secondary reaction [17, 18]:

BaCeO3 þ CO2 ! BaCO3 þ CeO2 ð3Þ

Based on thermodynamic data, the chemical stability of

typical barium perovskites can be considered as follows:

BaTiO3 [ BaZrO3 [ BaCeO3 [17, 19]. Incorporation of

zirconium into the doped barium cerate results in

improving the chemical and mechanical stability [20, 21]

but leads to decreasing of conductivity especially due to

poor sinterability of barium zirconate. Similar results were

obtained by doping BaCeO3 with yttrium and titanium

[22, 23].

The purpose of this study was to improve the chemical

stability of single phase BaCe1-xYxO3 materials by intro-

ducing the second phase leading to synthesis of composite

ceramic protonic conductors. As the second phase, the

BaWO4 was chosen. Barium tungstate, material commonly

used in electrochemical, optical or gas sensor applications

[24–26], is often prepared by solid state reaction method

[27]. It is also known that introducing tungsten to perov-

skite type structure of Ba(Mg1/3Ta2/3)O3 results in forma-

tion of oxygen vacancies [28] which leads to the increase

of protonic conductivity.

Experimental

Materials were prepared by solid-state reaction method.

Barium carbonate, cerium(IV) oxide, water solution of

yttrium(III) nitrate (0.28 M) and ammonium paratungstate

hydrate were used as starting materials. All reagents were

of analytical grade and were supplied by Aldrich Chemical

Company. Samples with nominal compositions BaCeO3,

BaCe0.9Y0.1O3 and 0.9BaCe0.9Y0.1O3–0.1BaWO4 were

chosen for tests.

Appropriate amounts of starting powders were mixed,

impregnated with required amount of water solution of

Y(NO3)3 and dried at 80 �C for 12 h. Obtained powders

were formed in the pellet die (/ = 10 mm, pressure

2.0 MPa) and then calcined at 1,200 �C for 12 h. Calcina-

tion conditions were determined from TG/DTA results

(SDT 2960 TA Instruments, mass about 50 mg, heating rate

10 �C min-1, synthetic air atmosphere, platinum crucibles)

as shown in the further part of this study. Obtained materials

were crushed in agate mortar and again formed in the pellet

die (/ = 10 mm, pressure 2.0 MPa), isostatically pressed

(250 MPa) and sintered at 1,600 �C for 3 h in air atmo-

sphere. Such sintered bodies were stored in a dessicator to

avoid any secondary reactions.

X-ray diffraction XRD (Philips X’Pert with Cu Ka
radiation) and scanning electron microscopy SEM (Nova

Nano SEM 200, FEI & Oxford Instruments) coupled with

Electron Dispersive Spectrometry (EDS) (FEI &Oxford

Instruments) techniques were used to determine micro-

structure, chemical and phase composition of obtained

materials. Mass spectrometer (QMD 300 ThermoStar,

Balzers) connected on-line with SDT 2960 apparatus by the

quartz capillary heated up to 200 �C was applied to support

the interpretation of TG/DTA results especially the stability

of analysed materials in the presence of carbon dioxide.

Results and discussion

Sample preparation

The optimal preparation conditions were chosen based on

the results of DTA/TG and XRD measurements. The

general reaction of formation of yttrium doped barium

cerate can be written as:

BaCO3 þ 0:9CeO2 þ 0:1 Y NO3ð Þ3�6H2O
� �

! BaCe0:9Y0:1O3 þ CO2 þ 0:3NO

þ 0:6H2O þ 0:2O2

ð4Þ

The mechanism of thermal decomposition of pure

Y(NO3)3�6H2O was precisely discussed in [29]. The com-

plex composition of starting mixture and the material

preparation leading to different decomposition pathways

can be the reason for differences in the gaseous products

reported in [29] and shown in the Eq. (4). It must be

emphasised that the Eq. (4) describes only the stoichiom-

etry, but not the mechanism of the reaction.

For composite material, the theoretical reaction of sec-

ond phase formation can be proposed:

12BaCO3 þ NH4ð Þ10 H2W12O42½ � � 3H2O

! 12BaWO4 þ 10NH3 þ 9H2O þ 12CO2 ð5Þ

Figure 1 shows example of DTA-TG curves and MS results

of starting mixture of powders. The analysis of mass spec-

trum of the gas produced by the powders decomposition

shows the presence of carbon dioxide and nitrogen oxides. In

the case of composite material also, ammonium was

observed. As shown in Fig. 1, CO2 is represented by the ion

current curve for m/z = 44 (where M is mass of the molecule

and z is a charge of the molecule in electron charge units); as

in the mass spectrum for carbon dioxide, m/z equal to 44

is the most intense line. For the same reason, NH3 is
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represented by the line for m/z = 17 and NO by the line

m/z equal to 30. As can be seen for decomposition of

BaCe0.9Y0.1O3 starting mixture (Fig. 1a) below 400 �C, only

slight mass loss about 1.0 % is observed. It is probably

caused by dehydration of the sample and/or desorption of

H2O and CO2. The mass loss in the temperature range

400–700 �C is caused by the emission of nitrogen oxides (m/

z = 30) as a result of yttrium nitrate decomposition. Barium

carbonate decomposes in the temperature range 800–

1,200 �C, which is illustrated in Fig. 1a by the mass loss

observed on TG curve, very broad endothermic peak on DTA

curve and releasing carbon dioxide–ion current m/z = 44.

The results of 0.9BaCe0.9Y0.1O3–0.1BaWO4 starting mix-

ture decomposition are presented in Fig. 1b. The only dif-

ference in mass spectrometry analysis between these two

starting mixtures is the presence of small amount of NH3 in

the gaseous product of the reaction. The ammonia is one of

the major products of thermal decomposition of ammonium

paratungstate hydrate ((NH4)10[H2W12O42]�3H2O) which,

according to the literature [30], decomposes in multistage

process in the temperature range 90–450 �C leading to WO3

as the final solid residue. The decomposition of ammonium

paratungstate is not clearly seen on TG curve as the amount

of this reagent in the starting mixture was only about 3 % and

the temperature range of decomposition of these compounds

is wide. Based on the results shown in Fig. 1, the optimal

calcination temperature (1,200 �C) was proposed. The

detailed procedure of calcination and sintering of the mate-

rials was presented in the Experimental part.
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Structure, phase composition and microstructure

Based on the XRD results, the phase composition and crys-

tallographic structure were determined. Figure 2 shows the

comparison of XRD data for different samples. It was found

that in the case of BaCe0.9Y0.1O3 sample, single phase

perovskite material was found, interpreted as rhombohedral

(space group R-3c, ICSD collection code: 088593).

The calculated lattice constants were found to be a =

0.62101 nm, c = 1.51514 nm. In the case of sample with

nominal composition 0.9BaCe0.9Y0.1O3–0.1BaWO4, two

phase material was detected. The BaCeO3 perovskite

rhombohedral was found as primary phase (space group R-

3c, ICSD collection code: 088593), while tetragonal BaWO4

(space group I41/a, ICSD collection code: 023702) was

detected as a secondary phase, which is in general agreement

with proposed phase composition. The calculated lattice

constants for BaCeO3 were found to be a = 0.62079 nm,

c = 1.51212 nm. As can be noticed, the change of lattice

parameters was detected compared to single phase material.

It suggests the modification of the crystallographic structure.

Namely, the doping of W6? into Ce4? position is the most

probable explanation, taking into account smaller ionic radii

of W6? ion (rW = 0.06 nm for CN = 6) compared to the

Ce4? ion (rCe = 0.087 nm for CN = 6). The large differ-

ence between the ionic radii of both ions led to limited sol-

ubility of tungsten in barium cerate lattice and formation of

BaWO4 as the second phase, as assumed.

The BaWO4 addition influences not only the phase

composition and crystallographic structure but also the

microstructure. Figure 3 shows the comparison of SEM

images of BaCe0.9Y0.1O3 and composite 0.9BaCe0.9

Y0.1O3–0.1BaWO4 samples. As can be seen, the difference

between the grain size and the grain morphology of both
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Fig. 3 Comparison of SEM microphotographs (95,000) of samples with nominal composition: BaCe0.9Y0.1O3 (a) and 0.9BaCe0.9Y0.1O3–

0.1BaWO4 (b), shown with SEM microphotograph (910,000) of BaCe0.9Y0.1O3 (c) and EDS results of 0.9BaCe0.9Y0.1O3–0.1BaWO4 sample (d)
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materials is significant. The disparity can be the result of

different mechanisms of samples sintering. The sintering

conditions were the same for both types of samples, so the

differences observed in SEM images can be explained

based on various compositions of these samples. Taking

into account that barium tungstate melts at the temperature

of about 1,475 �C [31], the sintering with the presence of

liquid phase can be postulated in case of composite sample.

In order to determine the distribution of tungsten phase, the

EDS analysis of the grains and of the grain boundaries was

performed (Fig. 3b). Figure 3d shows the example results

of grain boundaries chemical analysis. Furthermore, the

quantitative analysis indicates no significant difference

between chemistry of grains and grains boundaries.

Based on the presented SEM images and the results of

EDS analysis on the fractured surfaces, the presence of two

phases can be verified. Unfortunately, the partition degree

of tungsten between BaCe(Y,W)O3 and BaWO4 phases

cannot be quantified at this stage of research.

Summarizing the above, the XRD, SEM and EDS

results indicate that tungsten both modifies the BaCeO3

crystallographic structure and is present as the main con-

stituent of the minor phase BaWO4. Both types of modi-

fications caused by W introduction to the material may

influence the most interesting properties of the material:

chemical stability and electrical properties in a different

ways.

Chemical stability

The main purpose of this study was to evaluate the possi-

bility to improve the chemical stability of yttrium doped

barium cerate by introduction of the second phase and

formation of composite material. Literature survey clearly

indicates that BaCeO3 is unstable in some conditions,

especially in the presence of CO2 and H2O [17, 18].

The determination of chemical stability was done using

DTA-TG method supported by Evolved Gas Analysis

(EGA) (Mass Spectrometry). These methods were found to

be useful for such purposes [22]. All samples of single

phase and composite materials were exposed to the atmo-

sphere containing CO2 and H2O (7 % of CO2 in air, 100 %

RH) at 25 �C for 300 h. During such an exposition test, the

reaction (3) takes place leading to the formation of sec-

ondary barium carbonate (and/or possibly hydroxide as an

intermediate product). The amount of formed barium car-

bonate is proportional to the mass loss of sample during

DTA-TG measurement and can be treated directly as a

measure of chemical instability of material. Samples before

and after exposition at the same conditions were compared.

Figure 4 shows the TG data before the exposition to CO2/

H2O atmosphere of the samples: BaCeO3 (reference sam-

ple), BaCe0.9Y0.1O3 and 0.9BaCe0.9Y0.1O3–0.1BaWO4.

The TG data for the same samples, but after the exposition

test, are presented in Fig. 5. The samples before the test

exhibit only the slight mass loss: about 0.3 % in the case of

yttrium-doped single phase material and less than 0.1 % for

the rest of the samples. After the exposition test, relatively

high and comparable mass losses (about 1.2 %) were

observed for undoped and yttrium-doped barium cerates.

According to the EGA results shown in Fig. 6, the water

vapour and carbon dioxide were evolved gradually with

temperature during the DTA-TG measurement, confirming

that reaction (3) took place during the exposition test, and

the adsorbed water and protonic defects were also present

in the material. As reported previously [22], the total mass

loss can be caused by liberation of both water vapour and

CO2 (as in the case of undoped BaCeO3) or predominantly

by carbon dioxide (as in the case of yttrium doped

BaCeO3). In the case of 0.9BaCe0.9Y0.1O3–0.1BaWO4

composite material, much smaller mass loss (about 0.3 %)

was determined, indicating the improvement of chemical

stability compared to single phase materials.

The mechanism of improvement of chemical stability of

BaCe(Y)O3 material due to introduction of tungsten may

be discussed in terms of the modification of crystallo-

graphic structure (doping with W, most probably in Ce
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position) either by the formation of the second phase.

Introduction of smaller W ion into the Ce ion position leads

to the decrease of lattice parameters, as confirmed in this

paper by XRD method and discussed above. In order to

decide the mechanism of chemical stability improvement,

the analysis based on Goldschmidt tolerance factor may be

proposed. As reported previously in [8, 22, 32], the

chemical stability of perovskite BaCeO3 compounds is

strongly correlated with the Golschmidt tolerance factor, t.

This parameter describes the deviation from ideal cubic

perovskite structure, and can be calculated using the

formula:

t ¼ rA þ rOffiffiffi
2
p
� ðrB þ rOÞ

ð6Þ

where, rA is the ionic radius for A cation (Ba) for coordi-

nation number CN = 12, rB the ionic radius for B cation

(Ce) for coordination number CN = 6, rO is the ionic

radius for oxygen anions for coordination number CN = 6

For an ideal cubic structure, the Goldschmidt tolerance

factor is equal to 1; for t values different from 1, the lower

symmetric structures are observed. Moreover, the higher

tolerance factor t, the better chemical stability can be

postulated.

In this paper, the theoretical values of S were calculated

for BaCe(1-x-y)YxWyO3 compound assuming that the

(rB ? rO) distance is the linear combination of ionic radii

of B cations (Ce, Y and W ions) according to the formula:

rB þ rO ¼ 1� x� yð ÞrCe þ xrY þ yrW þ rO ð7Þ

where x and y describe the mole fraction of Y and W,

respectively.

The rBa = 0.161 nm, rCe = 0.087 nm, rY = 0.09 nm,

rW = 0.06 nm, rO = 0.14 nm values were used for calcu-

lation [33].

The introduction of W in the Ce position leads to the

increase of Goldschmidt tolerance factor, calculated

according to the formulas 6 and 7, as presented in Fig. 7.

Moreover, doping of tungsten in Ce position leads to the

decrease of lattice parameters and to the improvement of

chemical stability. In consequence, the correlation between

structure change described in terms of Goldschmidt toler-

ance factor and the improvement of chemical stability

discussed above, can be easily found. It is in agreement

with the results of [8, 32].

On the other hand, the improvement of chemical sta-

bility may be also explained by the introduction of the

second phase and formation of composite material, as

reported in [34] for Ce0.8Sm0.2O3–BaCe0.8Sm0.2O3 system.

In such case, the second phase modifies mostly the grain
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boundary properties, probably blocking the kinetics of any

possible secondary reaction, thus leading to the improve-

ment of chemical stability.

Based on presented results, it can be stated that both

processes: incorporation of W into the Ce position and

formation of the second phase of BaWO4 are valid for our

materials and can be the reason for chemical stability

improvement.

Conclusions

In this study, the possibility of formation of composite

material with 0.9BaCe0.9Y0.1O3–0.1BaWO4 nominal com-

position was investigated. The development of such new

materials based on BaCeO3 protonic conductors was

focused on the improvement of chemical stability. The

synthesis of BaCe1-xYxO3–BaWO4 composite was found

to be a difficult task due to some solubility of tungsten in

BaCeO3 lattice. The introduction of tungsten led to the

modification of phase composition, crystallographic struc-

ture and microstructure of material. Namely, the decrease

of lattice parameters was observed, most probably due to

partial incorporation of W into the Ce position. In addition,

the formation of BaWO4 phase was identified, as expected.

Moreover, the change of sintering mechanism involving

the presence of liquid phase was observed, leading to the

significant microstructure modification.

The determination of tungsten influence on chemical sta-

bility of BaCeO3 materials was the main task of this study.

Based on the DTA-TG results, it was found that the

0.9BaCe0.9Y0.1O3–0.1BaWO4 composite material exhibits

much better chemical stability towards the presence of CO2

compared to the reference BaCeO3-based materials. The

discussion of the chemical stability improvement mechanism

was also presented. Two found processes caused by tungsten:

structure modification and development of composite two

phase material can be considered as possible methods to

secure the satisfactory chemical stability for potential appli-

cations of proposed new material.
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