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Abstract
The electrical conductivity of the ceramic composite, (CeO2)1�x(Sm0.5Ti0.5O1.75)x, where 0 � x � 0.2 has been investigated in air and in

forming gas (8% H2 + 92% Ar). Complex impedance measurements indicated that the pyrochlore phase affected the grain-boundary

conduction in these ceramic composites. The grain-boundary resistance decreased with increasing dopant content. The thermal behavior of

these ceramics under reducing conditions was also investigated. Evaluations of catalytic behaviour showed that the addition of 5 mol% of

pyrochlore phase to ceria improved the catalytic activity for steam reforming of methane.
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1. Introduction

Although Ni-YSZ cermet is considered, so far, to be the

most reliable candidate as the anode material for solid oxide

fuel cells (SOFC), many studies seeking an alternative

material for the anode have been made [1]. Recently, reports

have been published in which perovskite anodes mixed with

CeO2 were successfully tested [2]. Both doped and undoped

ceria are mixed ionic and electronic conductors at low

oxygen partial pressure and are considered to be promising

SOFC anode components [3,4]. In two previous studies, the

ability of ceria to suppress carbon deposition in methane-

rich atmospheres allowed cell operation on at a low steam-

to-carbon ratios [5,6]. Ceria itself is a very interesting

component of modern catalytic systems. It was found that

due to its oxygen storage ability CeO2 serves as unusual

oxidant for oxidation of CH4 into H2 and CO. It has been

shown to promote precious-metal catalysts for the water-

gas-shift reaction [7]. It is known also, that ceria-based

oxides are reduced under reductive atmospheres making

them electronically conductive. The magnitude of electrical
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conductivity and the stability under reductive atmospheres

for ceria-based oxides are greatly dependent on the kind and

quantity of doping elements [4]. The volume of ceria

depends drastically on the nature of the surrounding gaseous

atmosphere. Transition of Ce4+ to Ce3+ expands the ceria

lattice under reducing conditions. Oxidation of reduced ceria

is a strongly exothermic process and takes place at low

temperatures. It has been reported that this may result in the

formation of cracks at the electrode–electrolyte interface or

delamination of the electrode from the surface of the

electrolyte [8].

In the present work the electrical, thermal, and catalytic

properties of ceria doped with a pyrochlore phase,

Sm2Ti2O7, are investigated. The pyrochlore structure type

is closely related to the fluorite type structure. The

substitution of two A3+ and two B4+ cations for four M4+

cations in the parent fluorite requires the presence of

seven rather than eight oxygen ions per formula unit. One-

eighth of the anion sites in pyrochlore must be vacant.

Oxygen ion conductivity that results from the disorder in the

anion array rapidly increases with increasing temperature.

Addition of or doping with lower valent cations are known to

decrease the expansion and contraction of ceria during

reduction and oxidation. It is also known that thermal
hna Group S.r.l. All rights reserved.
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properties of ceria can be adjusted by adding a significant

fraction of a second phase [8,9]. Pyrochlore-type oxides

have been shown previously to be promising components of

catalysts for methane reforming and formation of synthesis

gas [10].
Fig. 1. X-ray diffraction patterns for (CeO2)1�x(STO)x ceramics sintered at

1300 8C.
2. Experimental

As starting materials CeO2 (99.9%, Aldrich, Milwaukee,

WI), Sm2O3 (99.9%, Aldrich, Milwaukee, WI), and TiO2

(99.8%, Alfa Aesar, Ward Hill, MA) were used.

Sm0.5Ti0.5O1.75 (STO) was synthesized by a solid-state

reaction of Sm2O3 and TiO2 at 1400 8C for 10 h in air. Ceria

and STO were mixed in ratios according to the formula

1 � x(CeO2)–xSTO, where 0 � x � 0.2, and ball milled for

24 h in ethanol in a plastic container using zirconia balls.

These mixtures were then calcined at 1300 8C for 5 h in air.

Powder X-ray diffraction measurements on the samples

were performed to identify their crystal structure, lattice

parameters, and phase composition on a Bruker D8

Advanced X-ray diffractometer (Bruker AXS Gmbh,

Karlsruhe, Germany) with Cu Ka radiation.

A.c. impedance measurements using a two electrode

configuration were made with an impedance/gain-phase

analyzer Solartron SI 1260A and an electrochemical interface

Solartron SI 1287 (Solartron Group Ltd., Farnborough,

England) over the frequency range from 106 to 10�2 Hz.

Measurements were performed on rectangular bars 4 mm �
4 mm � 19 mm sintered at 1300 8C for 10 h in air. Gold

electrodes were formed on both end surfaces by brush painting

of gold paste (Ferro 4007) and firing at 900 8C for 1 h. A.c.

impedance measurements were made in air between 600

and 900 8C.

The electrical conductivity was measured using the

conventional dc four-probe technique in air and in forming

gas (8% H2 in Ar) in the range 650–900 8C for both

decreasing and increasing temperatures. In order to decrease

the equilibration time in forming gas the samples with lower

density (�75%) were used. Two Pt voltage probes with a

spacing of 10 mm were formed at positions 4.5 mm apart

from both ends by winding Pt leads.

The microstructures of sintered ceramics were observed

under SEM Hitachi S-4800 equipped with analyzer INCAx-

singht. An appropriate thermal etching is needed for SEM to

reveal the grains and grain boundaries in the samples. Average

grain size was determined by Mendelson method [11].

The bulk density measurements were determined from

the mass of the specimen and its geometrical dimensions.

Thermal expansion coefficients (TECs) and thermal

expansion behavior under reducing conditions were

measured using a Setsys Evolution thermo mechanical

analyzer (Setaram, Caluire, France) over the temperature

range of 25–950 8C under flowing forming gas (flowing rate

40 cm3/min) at heating and cooling rates of 3 8C/min. The

TECs were calculated for the temperature range of 400–
800 8C from the cooling data. A fused silica rod was used as

a reference.

For the catalytic tests (CeO2)1�x(STO)x powders calcined

at 1300 8C were ball milled for 24 h, then pressed into

pellets of 5 mm diameter and 3 mm thickness using

polyvinylalcohol containing solution as a binder solution.

The pressed pellets were sintered at 1200 8C for 1 h in

forming gas to produce porosity of about 40–45% by

volume. For each test, fresh catalyst (�0.5 g) was put in a

quartz tube of 25 cm length and two quartz wool plugs were

inserted on both sides of the sample. All gas input and output

lines of the reactor were heated to 100 8C to prevent water

absorption. A mixture of 5% CH4 and 95% of Ar bubbled

through water (50 8C) was used as the feed gas. The feed rate

was kept constant at 30 cm3/min by monitoring with a mass-

flow meter. The measurements were performed under

dynamic conditions in the range 100–950 8C at the heating

rate of 5 8C/min. Both the reaction products and the inlet gas

mixtures were analyzed using a quadruple mass spectro-

meter QME 200 (Balzers, Hudson, NH) calibrated for CH4,

Ar, CO, CO2, and H2 with a standard gas mixture.
3. Results and discussion

3.1. XRD analysis and electrical conductivity

measurements

The X-ray diffraction patterns of (CeO2)1�x–STOx

ceramics sintered in air consisted of two phases – fluorite

and pyrochlore (see Fig. 1). The cell parameters of doped

CeO2 vary in the range 5.4121 � 0.0006 Å and are essentially

unchanged from that of pure CeO2 (a = 5.4109 Å, [12]),

indicating very low solubility of STO in the matrix.
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Fig. 2. Conductivity plots ln sT vs. 1/T for (CeO2)1�x(STO)x ceramics

determined with four-probe method in air.

Fig. 3. The ac complex impedance plots for CeO2 ceramic obtained in air.
The temperature dependence of the electrical conductiv-

ity in air of the (CeO2)1�x–(STO)x samples is shown in

Fig. 2. Conductivity plots ln sT versus 1/T exhibited linear

relations, indicating that there is no change in the activation

energy within the temperature range of 650–900 8C. The

conductivity measured in air was assumed to be predomi-

nantly ionic. Doped samples showed higher conductivity

than pure CeO2. The conductivity values were almost

independent of x at high temperatures where the influence of

grain boundaries is negligible. These data are in a good

agreement with the XRD data and prove that there is very

limited solubility of pyrochlore in CeO2. At the same time

the activation energy Ea decreased as STO content increased

(Table 1). The ceramic with x = 0.2 showed the highest

conductivity at 650 8C despite having the highest content of

pyrochlore as a secondary phase.

To further investigate the influence of STO on the oxygen

ionic conductivity of (CeO2)1�x–STOx materials, investiga-

tions by ac impedance spectroscopy at different tempera-

tures was used. Nyquist plots for pure CeO2 recorded in the

range 750–900 8C are presented in Fig. 3 (the electrode–

ceramic interface arc has been eliminated). The impedance

spectrum exhibited only one arc, which can be related to the

contribution from grain boundaries [13]. The resistance R1 is
Table 1

The electrical properties of (CeO2)1�x(STO)x ceramics under air and forming ga

Composition (x) Air

Density (g/cm3) s at 700 8C (S/cm) Ea

0 6.80 3.7 � 10�5 1.8

0.05 6.75 4.2 � 10�4 1.2

0.10 6.58 4.9 � 10�4 1.2

0.15 6.37 6.3 � 10�4 1.1

0.20 6.23 7.2 � 10�4 1.0
a grain resistance and it can be obtained from the

intersections on the real axis of the high frequency side

of the arc after fitting circle. The resistance R2, from the

intersection on the real axis of the low frequency side of the

arc, corresponds to dc resistance measured by four-probe

method. It can be seen that the grain-boundary arc is highly

depressed. It indicates a non-Debye relaxation with

significant degree of heterogeneity in the conduction path.

The degree of heterogeneity, however, remains nearly the

same in the temperature range between 750 and 900 8C (the

depression angle ffi458). The size or diameter of the arc

decreases and, therefore, grain-boundary contribution

decreases with increasing temperature. The electrical

conductivity of undoped CeO2 was calculated based on

R2 values and activation energy Ea was found to be 1.9 eV

that is very close to the value obtained from four-probe

measurements (see Table 1). The conductivity within the

grains of CeO2 calculated from R1 values increased with

increasing temperature and was found to be 3.1 � 10�3 S/

cm at 900 8C. The activation energy E
gr
a in the range 800–

900 8C was found to be 0.69 eV, which is in a good

agreement with results obtained by Wang and Nowick [14]

for 99.95% purity CeO2 and somewhat lower than the

activation energy for migration of oxygen vacancies in CeO2

�0.76 eV [15]. The discrepancy is, probably, due to

electronic conductivity induced at high temperature.
s atmospheres

Forming gas (92% Ar–8% H2)

(eV) Density (g/cm3) s at 700 8C (S/cm) Ea (eV)

6 5.01 0.72 0.45

9 4.81 0.36 0.48

1 4.97 0.25 0.47

1 4.77 0.21 0.49

5 4.76 0.11 0.51
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Fig. 4. The ac complex impedance plots for (CeO2)1�x(STO)x ceramics

obtained in air.

Fig. 5. The ac complex impedance plots for (CeO2)0.95(STO)0.05 ceramics

as a function of temperature.
The results of ac impedance measurement of STO-doped

ceramics are presented in Fig. 4. In this case the grain-

boundary effect is more complex. The high frequency

intercept of ac complex impedance plots has been usually

associated with grain conductivity. In our case the ceria–

ceria grain-boundary arc and the arc associated with STO

content are heavily overlapping and for simplicity of

qualitative evaluation of the spectra they can be considered

as a total ‘‘grain-boundary effect’’. The spectra at 700–

750 8C consist of three distinct arcs. The smallest low

frequency arc was atmosphere sensitive and can be assigned

to the electrode process. Two other arcs are highly depressed

and their shapes are not perfect and in some cases left arc is

not defined at high frequency. However, some qualitative

trends can be concluded from complex impedance plots

presented in Fig. 4. It can be seen that only the high

frequency arc was strongly dependent on the content of STO

in the ceramics. The size of the STO sensitive high

frequency arc decreased with increasing temperature and

disappeared at 800 8C as shown in Figs. 4 and 5. Another

interesting point is that R1 values obtained by extrapolation

seem to be x independent. Therefore, the grain conductivities

are as well x independent. This experimental result is
consistent with XRD data that showed very limited

solubility of STO in CeO2. However, the incorporation of

a small concentration of Sm3+ and Ti4+ ions into the CeO2

structure improved the ionic conductivity relative to pure

ceria (see Fig. 2). The EDX analysis of (CeO2)1�x–STOx

ceramics revealed 0.6 and 0.4 at.% of samarium and

titanium in CeO2 grains, respectively. SEMs of the

microstructures of (CeO2)1�x(STO)x, for x = 0, 0.1, 0.2,

after thermal etching at 1200 8C for 24 min is shown in

Fig. 6. The average grain size for pure CeO2 ceramic is

3.6 mm. In general, the microstructure of the STO-doped

ceria consists of a low particle size (0.21–0.25 mm) matrix of

CeO2 doped with Sm3+ and Ti4+ in which randomly

distributed clusters of STO, containing a few large (2–5 mm)

grains (see Fig. 6d and e), are embedded. It is worth nothing,

that presence of STO as a separate phase (due to its limited

solubility) remarkably depresses grain growth in the doped

ceria matrix (by about one order of magnitude) and the grain

growth is x independent on sintering at 1300 8C for 10 h. We

note that there are two kinds of the grain boundaries related

to the doped-ceria grains in the ceramics, namely, between

the ceria–ceria grains and the ceria-STO grains. With

increasing STO content the large pyrochlore particles

eliminate part of ceria–ceria grain boundaries thereby

decreasing the grain-boundary impedance in the range 650–

750 8C.

Substantial n-type electronic conductivity was introduced

into the system in forming gas via the reduction of Ce4+ to

Ce3+. It is known that pure CeO2 (more than 99.99% purity)

is a mixed conductor with almost the same partial

conductivities of oxygen ion, electron and hole according

to Panhans and Blumenthal [16]. The ionic conductivity is

significantly increased by the impurity atoms such as Na, Ca,

and Sr as is found when a sample of 99.9% purity CeO2 is

used. Ceria shows a n-type conduction at low oxygen partial
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Fig. 6. SEM microstructures of (CeO2)1�x(STO)x after thermal etching at 1200 8C for 24 min: (a) x = 0, (b) x = 0.1, (c) x = 0.2, (d and e) x = 0.2, the dark STO

and light CeO2 phases were confirmed by EDX.
pressures and high temperature in accordance with equation

[15]:

Oo ¼ 1

2
O2ðgasÞ þ Vo

�� þ 2e (1)
Fig. 7. Conductivity plots ln sT vs. 1/T for (CeO2)1�x(STO)x ceramics

determined with four-probe method in forming gas (8% H2–92% Ar).
The presence of electrons moving via a hopping mechanism

may be regarded as equivalent to the presence of a Ce3+.

Therefore, the total conductivity of pure CeO2 in reducing

atmosphere was higher than that of STO doped CeO2 and

decreased proportionally to the STO content as shown in

Fig. 7. The activation energy of STO-containing samples

was x independent and very close to the value of pure CeO2

(see Table 1).

3.2. Thermal expansion depending on temperature and

atmosphere

In order to investigate the thermal behavior under

reducing condition the ceramics with relatively low density

(75–80%) were prepared. The thermal behavior of the

CeO2–STO ceramics was measured in forming gas using a

constant heating rate of 3 8C/min up to 900 8C. The samples

were held at maximum temperature for 1 h and then cooled

down. The results are presented in Fig. 8. The expansion of

all ceramics samples was almost the same and x independent

in the temperature range of 100–500 8C. A large thermal

expansion of (CeO2)1�x–STOx materials was observed in the

range 500–900 8C. The total expansion decreased from 2.75

to 2.4% with increasing content of pyrochlore phase from

x = 0 to 0.2. The expansion was induced by the reduction of
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Fig. 8. Dimension change for (CeO2)1�x(STO)x ceramics in forming gas

(8% H2–92% Ar) as a function of temperature.
Ce4+ to Ce3+ and formation of oxygen vacancies. Due to very

limited solubility of STO in CeO2, the contribution of the

STO concentration to the total expansion was not significant

and the total expansion was governed mainly by the CeO2

content in ceramics. However, the addition of STO

decreased the reduction of CeO2 and increased the reduction

temperature from 500 to 700 8C. The TECs were derived

from the cooling stage and were in the range 13 � 10�6 K�1

for x = 0 to 12 � 10�6 K�1 for x = 0.2.

3.3. Catalytic activity

Table 2 shows catalytic activities of (CeO2)1�x–STOx

samples towards steam reforming of methane at 900 8C at a

S/C (steam/carbon) ratio of 1.8 and a feed rate of 30 cm3/

min. The product distribution under these conditions showed

that CO2 was the main product of CH4 reforming on the ceria

containing catalysts. Reduced CeO2 powder was found to

exhibit relatively low activity for steam reforming of

methane under the conditions investigated. In the case of

STO additions the catalytic activity increased at x = 0.05 and

then decreased with further increases in STO composition at

x = 0.1–0.2. The material with x = 0.05 exhibited the highest

CO selectivity. The rate of conversion of methane and the
Table 2

Steam reforming of methane on (CeO2)1�x(STO)x catalystsa

Composition (x) CH4 conversion

(mol%)

CO/(CO + CO2)

(mol%)

H2/CO

(molar ratio)

0 4 6 53

0.05 10 15 35

0.10 6 8 48

0.15 5 7 43

0.20 4 5 74

a Experimental condition: t, 900 8C; H2O/CH4, 1.8; feed rate, 30 cm3/

min.
CO selectivity decreased with further increases to the STO

content. The H2/CO ratio over the catalyst with x = 0.2 was

very high, indicating that the water-gas shift reaction

CO þ H2O,CO2 þ H2 (2)

occurs to an appreciable extent simultaneously with steam

reforming. This is due to low methane conversion, which

results in the increase of H2O/CO ratio thus promoting water-

gas shift reaction. However, steam reforming of methane and

water-gas shift reaction are not the only reactions that can

produce hydrogen. Carbon cracking produces hydrogen as

well and residual carbons can cause the significant degradation

of catalysts. In the case of these experiments, there was no

carbon deposition on the catalytic surfaces perhaps because

reduced ceria may dissociatively adsorb water [17] and the

resulting species can quickly react with carbon species:

C þ H2O,CO þ 2H2 (3)

Furthermore, carbon monoxide can be oxidized on the sur-

face of CeO2 in accordance with the following reactions:

H2O þ Ce2O3 , 2CeO2 þ H2 (4)

CO þ 2CeO2 ,CO2 þ Ce2O3 (5)
resulting in increasing H2/CO ratio [18].
4. Conclusions

Pyrochlore phase Sm0.5Ti0.5O1.75 has a very limited

solubility in CeO2. The presence of STO in (CeO2)1�x(-

(STO)x ceramics decreased the magnitude of the grain-

boundary effect, and therefore, improved the electrical

conductivity in the temperature range of 650–800 8C. The

activation energy decreased from 1.86 eVat x = 0 to 1.05 eV

at x = 0.2. Electronic conductivity can be induced in all

compositions studied under reducing conditions. The

reduction of doped ceramics was lower than that of pure

CeO2 due to partial solubility of STO in ceria. The

temperature expansion coefficient under reduced atmo-

sphere for mixed ceramics decreased from 13 � 10�6 to

12 � 10�6 K�1 as x increased from 0 to 0.2.

The (CeO2)1�x(STO)x ceramics were catalytically active

for steam reforming of methane. The material with x = 0.05

showed the highest catalytic activity towards steam methane

reforming at 900 8C. (CeO2)1�x(STO)x compositions exhib-

ited a high mixed conductivity and were catalytically active

with a lower TEC than pure CeO2 under reducing conditions.

Therefore, STO doped CeO2 ceramics may be considered as

the ceramic component in cermet or ceramic anode in SOFCs.
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