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Abstract

This work reports the preparation and properties of the ceramic mixtures of the A-site deficient perovskite Sr0.94Y0.04TiO3 (SYT) with

CeO2 in a range of ratios with a view to establishing their potential as anode materials for solid oxide fuel cells. Good electrical conductivity

that decreased with increasing CeO2 content was observed on reduction in forming gas. The composition with 50 wt.% of CeO2 showed the

conductivity of 7.0 S/cm at 900 8C in forming gas. The thermal expansion of SYT–CeO2 ceramics in forming gas and in air were investigated

in the range 25–900 8C at a ramping rate of 3 8C/min and thermal expansion coefficients were determined. The addition of ceria was found to

have a positive influence on the catalytic behavior of SYT–CeO2 ceramics towards steam methane reforming.
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1. Introduction

The development of ceramic anodes for operation in

methane is becoming an important task in SOFC develop-

ment. The effective electrochemical reaction zone for

conventional Ni/YSZ interface is limited to the area around

the physical triple-phase boundary (TPB).Theuse of amixed-

conducting oxide as a porous anode is expected to enlarge the

reaction zone to the entire electrode-gas interfacial area,

which may lower polarization losses [1]. The electrical

properties of oxides may be tailored by control of the

composition and oxygen partial pressure [2]. This has been

shown for fluorites, perovskites, and more complex structures

[3–5]. The specific set of requirements which should be

satisfied to optimize the behavior of oxide anodes includes

good electronic and ionic conductivity, thermal stability over

a rather wide range of oxygen partial pressure, sufficient

catalytic activity, compatibility with solid electrolyte and

other SOFC components, etc. [6]. There is evidence in the

literature that ceria-based ceramics offer the dual benefits of
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conductivity and catalytic activity. Both doped and undoped

ceria aremixed ionic and electronic conductors at low oxygen

partial pressure. CeO2�x has high values of oxygen surface

exchange and diffusion coefficients and exhibits n-type

conductivity with a value of 1 S/cm at 900 8C and at an

oxygen partial pressure of 10�18 atm [7,8]. Failure to utilize

theCeO2�x electrode has been due to contraction of the lattice

parameter causing mechanical cracking as the stoichiometry

approaches a value of 2 when cycling to less reducing

atmospheres. This problem can be minimized by using thin

and porous electrode layers. Dopingwith lower valent cations

is known to decrease the expansion and contraction of ceria

during reduction and oxidation [9]. Another candidate

material for anode applications is yttrium or rare earth-doped

strontium titanate [10,11]. It was shown that LaxSr1�xTiO3

samples sintered in air exhibited relatively low electrical

conductivities of 1–16 S/cm. However, LaxSr1�xTiO3 pre-

treated in hydrogen at 1650 8C showed higher electrical

conductivities, 80–360 S/cm, under the typical experimental

conditions for SOFC anode operation [10]. Furthermore,

these doped strontium titanate ceramics sintered on yttria-

stabilized zirconia were found to be dimensionally and

chemically stable when subjected to oxidation-reduction
ved.



S. Koutcheiko et al. / Ceramics International 32 (2006) 67–7268
cycling. However, the very low oxygen mobility observed in

these titanates indicates that these compositions do not exhibit

significant mixed conductivity [12]. To produce an effective

and catalytically active anodematerialmay, therefore, require

the fabrication of a composite material with a good ionic con-

ductor such as a stabilized zirconia or doped ceria. Recently,

a novel (La,Sr)TiO3–CeO2 ceramic SOFC anode was deve-

loped [13]. These ceramics featured excellent electrocatalytic

reactivity towards hydrogen at elevated temperatures and

exhibited good compatibility with existing solid electrolytes.

It was demonstrated that doped strontium titanate-based

anodes are tolerant to sulfur-containing atmospheres.

The main goal of this work was fabrication of yttrium-

doped strontium titanate ceramics mixed with CeO2 and

investigation of their electrical, mechanical, and catalytic

properties.
Fig. 1. Lattice parameter a0 of Sr1�1.5xYxTiO3 phases as a function of x.
2. Experimental

Ceramic samples of Sr1�1.5xYxTiO3, x � 0.08 were

prepared by solid-state reaction. Dried SrCO3 (purity

99.9%, Aldrich, Milwaukee, WI, USA), Y2O3 (purity

99.9%, Aldrich), and TiO2 (purity 99.9%, Alfa Aesar, Ward

Hill, MA) were mixed in a proper ratio, ground in a mortar

with pestle, and calcined at 1200 8C for 5 h in air. Then the

powder was reground, pressed into pellets, and sintered at

1380 8C for 5 h in forming gas (FG, 8% H2 in Ar). The

sintered disks were crushed and ball milled in ethanol. CeO2

(purity 99.99%, Aldrich) and Sr0.94Y0.04TiO3 (SYT) were

used for mixture preparations. Three mixtures of SYT–

xCeO2, where x = 10, 30, 50 wt.% of CeO2 were calcined at

1250 8C for 2 h in air. These ceramics were sintered in

forming gas at 1300–1400 8C for 5 h. Relative densities of

these SYT–xCeO2 ceramics were 58, 65, and 70% for

x = 10, 30, and 50 wt.%, respectively.

Diffraction patterns were obtained on powders and

ceramics on a Bruker D8 Advanced X-ray diffractometer

(Bruker AXS Gmbh, Karlsruhe, Germany) with Cu Ka

radiation over the range of 2u = 20–808. For accurate lattice
parameter determination, silicon was used as a standard. The

unit cell parameters were derived from a computerized least-

squares refinement technique.

Thermal expansion coefficients (TEC) were measured

using a thermo mechanical analyzer (Setsys Evolution,

Setaram, Caluire, France) in the temperature range from 25 to

950 8C in flowing forming gas or air (flowing rate 40 cm3/

min) with heating and cooling rates of 3 8C/min. The

measurements were performed on small rectangular bars

�5 mm � 5 mm � 4 mm in accordance with ASTM stan-

dard E 831.

The conductivity was measured by a standard four-probe

DC method. The samples were cut from the sintered bars

with dimensions 16 mm (L), 3–5 mm (W), 3–4 mm (H). For

the voltage contact, grooves, 0.10–0.15 mm deep, were cut

approximately 3 mm from each end of the sample bar. Pt
wire (0.127 mm diameter) was wound tightly into the

grooves to form the potential probes. Pt mesh was attached

to both ends of the sample by Pt paste 4082 (Ferro Electronic

Materials, Vista, CA, USA). The contacts were cured in situ

under forming gas for 1 h at 900 8C. A current of 80 mA

from a Keithley 2400 current source (Keithley Instruments

Inc., Cleveland, OH, USA) was passed through the sample

and the voltage drop was recorded by a HP 3457A

multimeter (Agilent Technologies, Palo Alto, CA, USA).

The conductivity was measured in forming gas over the

temperature range 600–900 8C.
The catalytic investigations were carried out in a small

reactor (silica tube 4 mm inside diameter) with the charge of

powder (0.3 g) mixed with silica fiber and positioned in the

hot zone of a furnace. Measurements were made in flowing

methane (5.5% in Ar) saturated with H2O at 30 8C at a rate of

30 cm3/min. The heating rate was 10 8C/min. Heating tapes

were used to avoid water condensation and gas adsorption in

the gas tubes. Product analysis was carried out with QME200

mass spectrometer (Balzers, Hudson, NH, USA) calibrated

for CH4, Ar, CO, CO2, H2 with standard gas mixture. The

powders were heated in situ at 1000 8C for 4 h in forming gas

and cooled to 300 8C prior to the measurement. The

temperature was maintained at this level in a flow of Ar

prior to switching to the CH4/H2O/Ar mixture.
3. Results and discussion

3.1. XRD analysis

The solubility of Y3+ in SrTiO3 is very limited. Single-

phase samples were observed by powder X-ray diffraction
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Table 1

Lattice parameters for SYT–CeO2 samples sintered in air and forming gas at

1300 8C for 2 h

CeO2 (%) a0 for SYT (� 10�1 nm) a0 for CeO2 (� 10�1 nm)

Air FG Air FG

10 3.9003(6) 3.9018(4) 5.4101(6) 5.4217(9)

30 3.9001(7) 3.9020(9) 5.4106(8) 5.4228(6)

50 3.9004(9) 3.9022(8) 5.4100(5) 5.4230(9)
of Sr1�1.5xYxTiO3 for 0 � x <0.04. Sintering under redu-

cing conditions didn’t enhance the solubility range in this

case [14]. When a single phase was present, its diffraction

pattern resembled very closely that of cubic SrTiO3. The

resulting lattice parameters are shown in Fig. 1 as a

function of composition. The lattice parameter decreased as

the concentration of Y3+ increased to the point of Y3+

saturation, after which a0 remained constant. Further

increase of Y in the system resulted in formation of

Y2Ti2O7 and TiO2. Traces (about 1% of the intensity of

the strongest peak of perovskite phase) of the pyro-

chlore phase were observed in the XRD pattern of

Sr0.94Y0.04TiO3.

X-ray diffraction analysis of samples of SYT–xCeO2,

where x = 10, 30, 50 wt.% showed that they consisted of two

phases, namely, perovskite ‘‘SrTiO3-like’’ SYT and fluorite

CeO2. Fig. 2 shows the XRD pattern of a 50:50 (wt.%)

mixture of SYT and CeO2 powders prepared in air at

1300 8C for 2 h that is representative of this series. No

pyrochlore phase was detected in the mixture. Lattice

parameters were determined for perovskite and fluorite

phases by indexing their diffraction peaks by analogy with

those of SrTiO3 and CeO2, respectively. Cell parameters for

SYT–CeO2 samples prepared in air and forming gas at

1300 8C for 2 h are given in Table 1.

The data indicate that no reaction occurred between SYT

and CeO2. Cell parameters are very close to those reported

for pure SYT (0.39007 nm, [15]) and CeO2 (0.54109 nm,

[16]) and independent of SYT/CeO2 ratio. On reduction all

samples exhibited an approximate expansion in unit-cell

parameters of 0.05% and 0.23% for perovskite and fluorite

phases, respectively.
Fig. 2. XRD pattern for SYT–50CeO2 heated in air at 1300 8C, 2 h.
3.2. Conductivity

In Fig. 3 the temperature dependence of the conductivity

of porous SYT–xCeO2 ceramics in forming gas is shown as a

function of CeO2 content. It is clear that conductivity and

activation energy decrease with increasing CeO2 concentra-

tion. The electrical conductivity at 900 8C in forming gas

was found to be 15.4, 9.3, and 7.0 S/cm for the samples with

x = 10, 30, and 50%, respectively. The Arrhenius plots were

not perfectly linear for the samples investigated. For

simplicity, averaged activation energy values were derived

from the Arrhenius plots in the range 650–800 8C.

3.3. Thermal expansion behavior

The thermal expansion behavior under reducing condi-

tions of SYT–xCeO2 sintered in forming gas at 1300 8C for

2 h is shown in Fig. 4. For comparison, the thermal

expansion of yttria-stabilized zirconia (YSZ) sintered at

1400 8C in air was plotted as well. It was seen that thermal

expansion coefficients (TEC) of SYTmixed with CeO2 were

higher than that of YSZ and increased with increasing ceria

concentration. The thermal expansion of SYT–CeO2
Fig. 3. Arrhenius plot of electrical conductivity of SYT–xCeO2 ceramics,

with x = 10, 30, 50 wt.% in forming gas.
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Fig. 4. Thermal expansion of reduced SYT–xCeO2 ceramics in forming gas

as a function of temperature.
materials increased almost linearly in the range 100–900 8C.
The average thermal expansion coefficients calculated in the

temperature range 400–900 8C were 10.9, 11.9, 12.3, and

10.3 � 10�6 K�1 for x = 10, 30, 50, and pure YSZ,

respectively.

Fig. 5 shows the expansion of reduced ceria-doped SYT

ceramics heated in air. Three distinctive regions can be seen
Fig. 5. Thermal expansion behaviors of reduced SYT–xCeO2 ceramics in

air as a function of temperature: (a) x = 10, (b) x = 30, (c) x = 50.
in the figure. Below 250 8C, DL/L only slightly increased

with temperature. The thermal expansion coefficients in this

region varied little with composition, but did increase

slightly with increasing CeO2 concentration and were found

to be 10.6–11.2 � 10�6 K�1. In the range 250–450 8C
sample dimensions increased about 0.6–0.7% due to an

oxidation process. Oxidized samples showed very similar

TEC values in the range 500–900 8C. The experiment was

repeated on fully oxidized samples at 900 8C. The average

thermal expansion coefficients of oxidized materials in the

temperature range 100–800 8C in air were 10.4, 10.5,

10.6 � 10�6 K�1 for SYT–CeO2 compositions with 10, 30,

50 wt.% of CeO2, respectively. The average TEC of YSZ is

approximately 10.3 � 10�6 K�1 in the temperature range

50–1000 8C in air or H2 atmosphere [17]. Therefore, a SYT–

CeO2 anode can be easily fabricated on the YSZ electrolyte

surface in air due to the well-matched thermal expansion

behavior. The effect of reduction–oxidation cycling on the

relative expansion of SYT–50CeO2 was studied (see Fig. 6).

The reduced ceramic was rapidly heated (15 8C/min) up to

900 8C in forming gas. After equilibration, the atmosphere

was changed to He and then to air. It was observed that

exposure of the pre-reduced sample to air at 900 8C resulted

in a rapid expansion of up to 0.15%. During cooling in air to

25 8C, the sample contracted almost 1% and then expanded

by 1.1% during repeat heating in FG.

The results of TEC measurements showed that the

oxidized SYT–CeO2 ceramics had TECs that were close to

that of the YSZ electrolyte. At the same time, the values

observed under reducing conditions were critical. The

materials can probably be used as thin porous anode layers in

electrolyte supported SOFCs but their use for anode–

supported cells is questionable. The difference in TEC of

ceramic components may lead to delamination.
Fig. 6. Thermal expansion behavior of SYT–50CeO2 ceramic during

oxidation–reduction cycle.
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Fig. 8. Temperature dependence of H2 formation duringmethane reforming

on SYT–xCeO2 catalysts.
3.4. Catalytic activity

Ordinary, methane highly diluted with inert gas like Ar

does not undergo radical gas-phase decomposition. In order

to determine the possibility of gas-phase methane cracking

under our experimental conditions an initial test was carried

out with a blank reactor in the temperature range 300–

950 8C. There was no hydrogen detected below 950 8C. Our
experiments showed that pure SYTwas catalytically inactive

in steam methane reforming. The temperature-programmed

reactions of the pre-reduced SYT–xCeO2 samples with

moist CH4 (5.5% balanced with Ar) gave rise to relatively

simple spectra. The results of the measurement for SYT–

50CeO2 over the temperature range 300–950 8C are shown

in Fig. 7. Below 750 8C no chemical reaction was observed

and methane concentration remained constant (�5.5%). The

main reaction involved the consumption of methane and

water and the production of a large amount of H2, some CO

and some CO2. Reaction products were detected above

750 8C and their concentrations gradually increased with

temperature. At the same time the methane concentration

decreased. Of course, complete conversion under these

experimental conditions was not expected. It is known that

reactive oxygen species can be formed in pre-oxidation

processes, must be destroyed during pre-reduction and

therefore cannot be formed by exposing the pre-reduced

material to water [18]. Probably, the whole process can be

attributed to a combination of the steam reforming of

methane (1) and gas shift reaction (2):

CH4 þ H2O$COþ 3H2 (1)

xCOþ xH2O$ xCO2 þ xH2 (2)
Fig. 7. Product distribution in temperature-programmed reaction of CH4

with H2O on SYT–50CeO2 catalyst.
and the addition of (1) and (2) gives,

CH4 þ ð1þ xÞH2O$ð1� xÞCOþ xCO2 þ ð3þ xÞH2

The inspection of the catalyst after the measurement of

catalytic activity did not reveal any carbon that could have

occurred from methane cracking (3):

CH4!Cþ 2H2 (3)

Therefore, the catalytic activity of SYT–CeO2 ceramics to

methane cracking is suppressed. It was found that the cat-

alytic activity of SYT–CeO2 depends onCeO2 concentration.

The highest catalytic activity was observed for the sample

with 50% of CeO2. The amount of reaction products, H2, CO,

CO2, increased with increase of CeO2 concentration. For

example, the amount of H2 was 1.4, 1.9, and 3.0% for

materials containing 10, 30, and 50% of CeO2, respectively

(see Fig. 8). Thus, CeO2 increased the catalytic activity of the

SYT–CeO2 system towards methane reforming. This mate-

rial revealed itself to be resistant to carbon deposition. To

understand the role of CeO2, further experiments are needed.

It is possible that pure SYT can reveal catalytic activity being

supported on CeO2. On the other hand, ceria is also known to

show high catalytic activity in redox reactions including

methane and CO oxidation [19–21].
4. Conclusions

Thermal, electrical, and catalytic properties of

Sr0.94Y0.04TiO3–xCeO2 (x = 10, 30, 50 wt.%) ceramics were

studied in relation to their potential use as solid oxide fuel
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cell anode materials. The samples sintered in forming gas

exhibited an electrical conductivity on the order 7–15 S/cm

at 900 8C, which is lower than the desired value for the

anode. At the same time, their catalytic activity towards

steam methane reforming was remarkably improved with

the increase of CeO2 content in the mixture. The oxidized

samples prepared in air revealed TECs of 10.4–

10.6 � 10�6 K�1 in air, which are very close to that of

the YSZ electrolyte. Reduced samples exhibited 10.9–

12.3 � 10�6 K�1 under forming gas atmosphere. SYT–

CeO2 ceramics sintered under reducing atmosphere were

found to be dimensionally stable when subjected to

oxidation-reduction cycling. The material containing

50 wt.% of CeO2 showed only 0.15% expansion at

900 8C when forming gas was substituted by air. In view

of the thermal expansion matching, catalytic activity and

high temperature conductivities, the composition of SYT

with 30 wt.% CeO2 can be considered as a potential

component for SOFC anode.
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