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Polycrystalline samples of (1�x) CeO2�x/2 Bi2O3 phases, where x is the atom fraction of bismuth have

been synthesized by the precipitation process and after the thermal treatment at 600 1C, under air.

Samples are first characterized by the X-ray diffraction and scanning electron microscopy. To determine

the samples specific surface areas, Brunauer–Emmett–Teller (BET) analyses have been performed. In

the composition range 0rxr0.20, a cubic solid solution with fluorite structure is obtained. For

compositions x comprised between 0.30 and 0.90, two types of T0 (or b0) and T (or b) tetragonal phases,

similar to the well-known b0 or b Bi2O3 metastable structural varieties, are observed. However, the

crystal cell volumes of these b0 or b Bi2O3 phases increase with the composition x in bismuth: this

might be due to the presence of defects or substitution by cerium atoms, in the tetragonal lattices.

Using X-ray diffraction profile analyses, correlations between bismuth composition x and crystal sizes

or lattice distortions have been established. The solid–gas interactions between these polycrystalline

materials and air–CH4 and air–CO flows have been studied as a function of temperature and

composition x, using Fourier transform infrared (FTIR) analyses of the conversions of CH4 and CO

gases into the CO2 gas. The transformations of CH4 and CO molecules as a function of time and

temperature are determined through the intensities of FTIR CO2 absorption bands. Using the specific

surface areas determined from BET analyses, these FTIR intensities have been normalized and

compared. For all bismuth compositions, a low catalytic reactivity is observed with air–CH4 gas flows,

while, for the highest bismuth compositions, a high catalytic reactivity is observed with air–CO

gas flows.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Pure or substituted cerium dioxide (ceria) is currently involved
in many industrial applications: solid electrolytes in solid oxide
fuel cells (SOFC), ceramics, pigments, gas sensors, and cata-
lysts [1–7]. Ceria is currently used in three-way catalytic pro-
cesses (TWC) [8,9] for removing hydrocarbons CxHy, carbon
monoxide CO and NOx nitrogen oxide from automobile exhausts.
Ceria crystallizes in a fluorite (face centered cubic) structure with
space group Fm3m, in which each cerium site is surrounded by
eight oxygen sites and each oxygen site is linked to four cerium
sites in the tetrahedral configuration.

The structure of Bi2O3 bismuth oxide is of a higher complexity.
In 1937, Sillen [10] published the first study on the complex
ll rights reserved.

i).
polymorphs of Bi2O3 oxide by the X-ray diffraction (XRD) analysis.
Four polymorph phases were proposed:
�
 the a-Bi2O3 monoclinic phase, stable at low temperature;

�
 the d-Bi2O3 face centered cubic phase, stable at high tempera-

ture (above 729 1C);

�
 the two intermediate b- and g-Bi2O3 phases that can stabilize,

respectively, with tetragonal and body centered cubic (bcc)
lattices depending on the cooling mode.

An additional polymorph phase was also observed by
authors [11]: the b0 Bi2O3 tetragonal variety that should be a
superstructure of the b phase.

As the high temperature cubic d-Bi2O3 phase is cooled down to
T¼650 1C, it can transform into the b-Bi2O3 tetragonal variety.
However below T¼629 1C, this d phase can transform into the g
(bcc) variety. If this g phase is formed, it transforms into the
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a-Bi2O3 monoclinic phase close to 500 1C. However if the b phase
is formed, it transforms into the a phase close to 330 1C [12,13].

Several studies on the electrical properties of Bi2O3 [14–19]
showed that the nature of conduction was mainly ionic above
500 1C; this ionic conduction should be favored by the existence
of vacancies or empty spaces in the high temperature structures
allowing a fast mobility of oxygen ions in the lattice. The conduc-
tion mechanism should be strongly connected with the existence
of chemical entities noted Bi4O6&2, where the square symbol &
represents a vacancy available for oxygen diffusion. All these
Bi4O6&2 chemical units should be organized in a structure closely
related to the fluorite structure (A4O8 basic units). In fact, both
ceria and bismuth oxides present similar crystal packing with
oxygen vacancies associated with Bi3 + ions: the ‘‘Ce4O8’’ ceria
chemical unit might be related to the Bi4O6&2 chemical unit, in
which the Bi3 + ions substitute for the Ce4 + ions and oxygen
vacancies & substitute for the oxygen atoms. It should be noted
that, following some authors [20], the presence of lone pairs due
to the 6s2 orbital of the Bi3 + ions could play a role in the observed
phase transition a (monoclinic)-d (cubic) at 729 1C, and in the
strong observed conductivity.

The substituted phases Ce1�xBixO2�d were previously studied
by Dikmen [21] and the solubility limit was found to be xo0.25.
However, very few data are available on the part of the phase
diagram with x40.25.

The aim of the present work is to prepare a series of
substituted ceria samples Ce1�xBixO2�x/2 or multiphase systems
(1�x) CeO2�x/2 Bi2O3 (0rxr1) and to compare their actions on
methane or CO gas.
2. Experimental procedures

2.1. Sample elaborations

Samples of bismuth cerium oxide (1�x) CeO2�x/2 Bi2O3 with
0rxr1 were produced with the precipitation method [22–26],
using the appropriate quantities of cerium (+3) nitrate hexahy-
drate (Ce(NO3)3 �6H2O, purity 99.5%) and bismuth (+3) nitrate
pentahydrate (Bi(NO3)3 �5H2O, purityZ98%), which were dis-
solved separately in a suitable volume of distilled water. The two
nitrate solutions were mixed and stirred for 2 h at room tempera-
ture. Ammoniac (NH4OH) was added to the mixture in order to
adjust pH (pH¼10). The obtained precipitate was filtered, washed
with distilled water in order to remove residual NH4

+ and dried at
80 1C. Finally, the precursor powder (mainly based on hydroxides)
was thermally treated for 6 h at 600 1C, under air.
2.2. Characterizations

2.2.1. X-ray diffraction analyses

The polycrystalline samples were first analyzed by the X-ray
diffraction, using a D5000 Siemens–Bruker diffractometer, equipped
with a copper X-ray source (wavelength l¼1.54�10�10 m; voltage
V¼45 kV, intensity I¼35 mA), and with a monochromator eliminat-
ing Kb radiation. The analyses were carried out using the classical
y–2y configuration, with 2y angle steps of 0.021 and counting times
of 19 s per step. We used the Williamson–Hall (W–H) [27] plots to
extract size effects noted Dhkl (or coherence length), depending
on crystal directions, and distortion effects (ehkl), also depending on
the crystal direction. The W–H plots were obtained using the
mathematical relation:

Dð2yÞcosðyÞ
l

¼
1

Dhkl
þehkl

2sinyhkl

l

� �
ð1Þ
and reporting the experimental values: Y¼D(2y)cos y/l and
X¼2 sin y/l on a graph (Y, X).

In these expressions:
�
 Dhkl is the average crystallite size or coherence length depend-
ing on (hkl) indices;

�
 Dð2yÞ ¼ ðDð2yÞsample�Dð2yÞstandardÞ is the contribution of size

effect and distortion to the full width at half maximum
(FWHM) of Bragg peaks (hkl), assuming that Bragg peak
profiles are strictly Lorentzian;

�
 y is Bragg angle;

�
 Dð2yÞsample is the observed FWHM of Bragg peak;

�
 Dð2yÞstandard is the instrumental contribution obtained from

crystallized standard sample;

�
 l is the X-ray wavelength; and

�
 ehkl¼Dd/d is the microstrain due to defects.

The instrumental Dð2yÞstandard values were determined from
profile analyses of the highly crystallized CeO2 standard sample.
The D and e values are determined for each observable phase
assuming that crystal shapes and distortions are isotropic: the D

value is relative to crystal sizes or coherence lengths, while the
distortion parameter might bring information on defects present
in the nano-domains (generally due to nonstoichiometry and
substitution).

The diffraction profiles were analyzed using the Winplotter
program [28]. The lattice parameters were refined using the
PARAM program [29] based on least squares method.

2.2.2. Microstructural studies

To try to confirm the existence of solid solutions and to
characterize the observed multiphase system, we have performed
a series of local analyses by scanning electron microscope (SEM),
using a Philips XL30 equipment. The local composition of grains
was determined making use of energy dispersive X-ray analysis
(an EDX analysis).

2.2.2.1. BET analyses. To determine the sample specific surface
areas, Brunauer–Emmett–Teller (BET) analyses [30] were carried
out making use of a Quantachrome Nova 4200e device. The BET
data were used to calculate the specific surface areas of grains
(noted as SBET). This method delivers the effective surface exposed
to gas adsorption. In the case of absence of agglomerations, the
SBET surface can be related to individual grain dimensions.

2.2.3. Gas solid interaction analyses, FTIR spectroscopy

The Bi2O3–CeO2 materials were exposed to air–CH4 and air–CO
gas flows in a homemade cell, and the conversion into CO2 was
analyzed by Fourier transform infrared (FTIR) spectroscopy, using
an FTIR Unicam-Mattson spectrometer working with cube corner
technology. The gases pass through a polycrystalline porous wall
constituted of the various phases. This homemade equipment has
been described in the previous publications [31]. Fig. 1 shows the
experimental setup. The catalytic reactor is a cylindrical cell, in
which the sample can be exposed to the reactive air–gas flows.
The sample temperature is controlled by a thermocouple and
stabilized at a given Treact value corresponding to a given reactiv-
ity. A fixed mass (m0¼0.1 g for each test) of powder is placed
between two porous (ZrO2) separators. Blank experiments with
these separators were systematically carried out to confirm the
absence of activity in the cell itself. The gas flows, controlled by
flowmeters (2500 ppm CO in air or CH4 in air), passed through
separator 1, then the sample, and finally separator 2, with a fixed
slow speed (10 sccm). The reactor is heated in a furnace, at
temperatures ranging between 100 and 525 1C.
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3. Results

3.1. Characterization of CeO2–Bi2O3 system

3.1.1. Structural study

X-ray diffraction shows that a strong evolution occurs in the phase
system as the bismuth atom fraction increases. Fig. 2 (a–d) shows the
X-ray diffraction patterns for samples noted (1�x) CeO2�x/2 Bi2O3

with x varying between 0 and 1. The results of XRD analyses indicate
that for the compositions 0rxr0.20, and for these samples heated
at 600 1C during 6 h, a single phase Ce1�xBixO2�x/2 with a cubic
fluorite structure (JCPDS: 65-2975) (Fig. 2a) was formed. No bismuth
oxide phase was detected in this composition range.

Williamson–Hall representations Y(X) of Bragg peak FWHM0s are
reported in Fig. 3a and b: the slopes deliver the lattice distortions e
and the extrapolations of Y to X¼0 give the 1/D values.
Fig. 1. Homemade catalytic device (gas feed, furnace, and FTIR analysis).

Fig. 2. (a–d) XRD patterns (lCuKa1¼1.54�10�10 m) of pure samples [(1�x) CeO2�x/

0.25rxr0.70 biphasic system; (c) x¼0.8 and 0.9; and (d) x¼1 a-Bi2O3.
In Table 1, we have reported the linear dimensions calculated
from the diffraction profile analysis. We observe that, as x increases,
the crystal sizes of (T, T0) phases increase (while the crystal sizes
of ceria lattice have reached a limit minimal value). The values of
distortion parameter e are linked to the substitution rate in the ceria
lattice, and increase with x. However, these e values decrease as x

increases in the case of T and T0 phases. This is congruent with the
fact that the T and T0 phases are bismuth rich phases, in which
nonstoichiometry and defects should be minimized.

The experimental evolutions of the lattice parameter and of
the crystallite size D linked to the ceria cubic lattice, as a function
of x, are reported in Fig. 4a and b. The cell parameter (Fig. 4a) can
be expressed in nanometer unit as follows: a(x)¼0.0059x+0.541.
The crystallite sizes (Fig. 4b) decrease with the Bi composi-
tion [32,33]. For these samples heated at 600 1C, the solubility
limit of Bi3 + in CeO2 is found to be xlim¼0.20. A similar result was
found by Dikmen from samples obtained by hydrothermal reac-
tion [21]. This cell parameter evolution is directly due to the
substitution of Ce4 + ions (rCe4 +¼0.097 nm) by larger Bi3 + ions
(rBi3 +¼0.117 nm) [33]. The presence of two bismuth 3+ ions in
the ceria lattice is accompanied by the presence of one oxygen
(O2�) vacancy. The defect structure can be described in terms of
isolated defects at high temperature, or clusters at lower tem-
perature (association of one oxygen vacancy & and two Bi3 +

cations on cerium atomic sites: Bi3 +–&–Bi3 + clusters, each Bi3 +

ion being associated with its own lone pair).
Above the composition x¼0.20, a multiphase system is evi-

denced and the ceria based phase presents a quasi-constant cell
parameter a¼0.5421 nm. In the composition range 0.3–0.7
(Fig. 2b), a first tetragonal T0 phase (similar to the b0 phase)
coexisting with the FCC phase is observed. In the composition
range x¼0.8–0.9, we observe a tetragonal phase noted T similar to
the b phase: the previous T0 phase is a superstructure of this
tetragonal T phase (see Fig. 2c). The cell parameters of these T0
2 Bi2O3] heated at 600 1C: (a) XRD patterns for 0rxr0.20; (b) XRD patterns for



Fig. 3. (a) Williamson–Hall tests for variable values of Bi fractions x with xo0.5: Y¼D(2y)cos yXl; X¼sin yXl. Wavelength expressed in Å (10�10 m). The main effect is

relative to D parameter. (b) Williamson–Hall tests for variable values of Bi fractions x with x40.5: Y¼D(2y)cos yXl; X¼2 sin yXl. Wavelength expressed in Å (10�10 m).

The main effect is relative to D parameter.

Table 1
Structure and microstructure from X-ray diffraction analyses. Cell parameters for FCC, T, T0 , and M phases; crystallite sizes (D) and distortion e determined from W–H

method, of (1�x)CeO2�x/2 Bi2O3; see notea.

x Cell parameters CeO2 lattice T or T0 phases

a (nm) FCC lattice D (nm) e D (nm) e

0 0.540970.0001 2271 0.004

0.05 0.541270.0001 2271 0.004

0.1 0.541770.0001 2071 0.006

0.15 0.541970.0002 2071 0.006

0.2 0.542170.0002 1971 0.007

0.25 0.542170.0002 1770.9 0.007

a (nm)/T0 phase (b0 Bi2O3) c (nm)/T0 phase (b0 Bi2O3) T0 phase (b0 Bi2O3) T0 phase (b0 Bi2O3)
0.3 1.543870.0001 0.560870.0002 1170.6 0.007 2074 0.006

0.4 1.544070.0001 0.561170.0001 1070.5 0.011 2974 0.006

0.5 1.546370.0001 0.562370.0002 1070.5 0.014 3476 0.006

0.6 1.547370.0002 0.562370.0003 1070.5 0.016 3678 0.004

0.7 1.551670.0002 0.562570.0002 1070.5 0.026 3878 0.002

T phase (b Bi2O3) T phase (b Bi2O3) T phase (b Bi2O3) T phase (b Bi2O3)
0.8 0.774470.0001 0.563570.0001 7879 0.002

0.9 0.774270.0001 0.563370.0001 85710 0.0006

1 Monoclinic M or a-Bi2O3 phase Crystallized M phase Crystallized M phase
a¼0.585370.0002

b¼0.816970.0002

c¼0.751670.0003

bac¼(a,c)¼112.951

a Notes: a, b, and c are lattice parameters in nanometers and bac is the angle of monoclinic lattice. D is the calculated size in nanometers and e is the lattice distortion.

FCC is face centered cubic lattice for the ceria structure. T and T’ are, respectively, similar to the b and b0 tetragonal phases; parameters (a and c) for the T phase and (2a and c)

for the T0 superstructure; M is the a-Bi2O3 monoclinic structure.

Fig. 4. Variations of cubic cell parameter (a) and crystallite size D (b) as a function

of x: correlation between crystal parameter dilatation and crystallite size decrease.
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and T phases closely related to the b0 and b bismuth oxide
structural varieties were refined. In Table 1, we have reported
these various cell parameters. Finally for x¼1, the observed lattice
of pure Bi2O3 phase (obtained at 600 1C) is monoclinic [34]
(see Fig. 2d).
3.1.2. Structural model

To better characterize the phases T and T0, we have calculated
volumes corresponding with a theoretical ‘‘A4O8’’ unit (four AO2

units) structurally similar to a B4O6&2 unit. We have assumed
that the T and T0 phases should be related to the cubic CeO2

structure as follows: chemical units A4�xBxO8�x/2&x/2 should be
formed, A being the Ce4 + cation and B the Bi3 + cation. If one
cerium 4+ ion is replaced by one 3+ ion, so, one oxygen vacancy
should be formed. The A4O8 volumes (noted Vunit) have been
reported in Fig. 5. For xo0.30, the volume Vunit increases because
of substitution of Ce4 + by Bi3 + in the solid solution. In the
composition range x¼0.20–0.30, we observe first an initial jump
of this volume corresponding with the formation of the new
phase T0. In the range 0.30rxr0.70, the volume Vunit increases
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with x. Let us recall that similar structures (b and b0) were
previously observed for pure Bi2O3 prepared in specific conditions
at high temperature [11,35]. Presently, these new T0 and T phases
are not strictly identical to the b0 and b phases, because they
depend on the Bi composition x.

3.1.3. Microstructural study

Fig. 6 shows SEM images of (1�x) CeO2�x/2 Bi2O3. The local
EDX analyses (Table 2) of Bi and Ce atoms fractions delivered the
following results:
�

Fig
form

CFC

(0.2

wit

the
in the solid solution domain 0rxr0.20, all grains present
compositions x¼Bi/Ce close to the nominal composition x;

�
 for the nominal compositions x¼0.5, two types of local com-

positions are observed with x1 close to 0.2870.05 and x2 close
to 0.4670.05;
. 5. Variation of the volume Vunit corresponding to the hypothetical A4O8

ula unit (four equivalent CeO2 units). Successively volume dilatation for the

solid solution (1) (0rxr0.20), volume jump due to lattice change

0oxo0.30), volume dilatation in the multiphase domain (two associated

h the T0 phase and three associated with the T phase): (0.30rxr0.90) due to

increasing Bi content, and finally (4) volume of monoclinic pure Bi2O3 phase.

CeO2 0.2

0.5 0.8

Fig. 6. SEM image of [(1�x) CeO2�x/2 Bi2O3] pre
�

par

Tab
Sca

x

0

0

0

1

mo
for the nominal compositions x¼0.6, two types of local
compositions are observed with x1 close to 0.3370.05 and
x2 close to 0.5770.05;

�
 for the nominal composition x¼0.80, the measured composi-

tion is x¼0.8570.05;

�
 for the nominal composition x¼0.90, the measured composi-

tion is x¼0.9170.05; and

�
 for x¼1, the single Bi2O3 monoclinic phase is clearly observed.

From these analyses, we never observed the pure bismuth
phase Bi2O3, except for the composition x¼1. The presently
observed T0 and T tetragonal phases are quite similar to the
well-known phases Bi2O3—b0 and b: however, they are probably
defect structures or solid solutions with low cerium contents.
The defect structure is clearly suggested by the evolutions of the
parameters D (sizes) and e (distortion) for cubic and tetragonal
phases.

3.1.3.1. Specific surfaces determined from BET analyses: specific

surface areas from BET analyses. The specific surface areas SBET are
reported in Table 3, in m2 g�1. We clearly observe a high specific
surface area in the solid solution range corresponding to nanos-
tructured powders (SBET varying between 49 and 23 m2 g�1, for
xo0.3). However, this specific surface area SBET strongly decreases
0.4

Bi2O3

ed by precipitation and heated at 600 1C.

le 2
nning electron microscopy: local compositions from EDX analyses.

(Bi) fraction Phases observed by
X-ray diffractiona

% Obtained by SEM

Bi fraction x EDX analysis (at%)

oxo0.2 FCC 0 100% Ce

0.2 82% Ce; 18% Bi

.3oxo0.7 FCC+T0 0.5 53% Ce; 46% Bi

72% Ce; 28% Bi

0.6 42% Ce; 57% Bi

67% Ce; 33% Bi

.8oxo0.9 T+M 0.8 15% Ce; 85% Bi

0.9 9.5% Ce; 90.5% Bi

M¼a 1 100% Bi

a Note: FCC cubic ceria; T0: tetragonal/b0 Bi2O3; T: tetragonal/b Bi2O3; M:

noclinic a-Bi2O3.



Table 3
Specific surfaces from BET analyses.

Samples (1�x)
CeO2+x/2 Bi2O3 x fraction

SBET (m2/g)

0 49

0.10 20.9

0.20 21.7

0.30 23.1

0.40 11.2

0.50 7.9

0.60 6

0.70 5.2

0.80 3.6

0.90 4.3

1 2

Fig. 7. Conversion of CH4 by (1�x)CeO2�x/2 Bi2O3 samples as a function of Bi

composition x, for fixed temperatures varying between 400 and 525 1C: normal-

ized intensities In(CO2) of CO2 FTIR absorption bands, in arbitrary units.

Fig. 8. Conversion of CO by (1�x)CeO2�x/2 Bi2O3 samples as a function of Bi

composition x, for fixed temperatures varying between 175 and 300 1C: normal-

ized intensities In(CO2) of CO2 FTIR absorption bands, in arbitrary units.
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for x40.3: the evolution from 11 to 2 m2 g�1 is directly ascribed
to the formation of the well crystallized Bi2O3 phase (with pro-
gressive increase of molar fraction in the multiphase system).
These results are in relatively good (and qualitative) agreement
with the X-ray diffraction analyses (see Table 1, increasing
dimensions D as a function of x).

3.2. Gas solid interactions

In this section, we study the reactivity of the various phases in
presence of air–CH4 and air–CO flows at various temperatures.
The conversion reactions are revealed by the appearance of the
infrared absorption band of CO2 (doublet at 2340–2360 cm�1),
resulting from one of the overall reactions

CH4+2O2-CO2+2H2O (2)

CO+1/2O2-CO2 (2)’

The emitted gases resulting from the conversion of CH4 or CO
into CO2 were then analyzed by Fourier transform infrared (FTIR)
spectroscopy. Blank experiments were performed to differentiate
the CO2 resulting from the environmental CO2. Each vibrational
spectrum was recorded over a period of Dt¼10 s with intervals of
30 s between two spectra. The total exposure time was 2 h. The
conversion reaction was analyzed at various fixed temperatures
between 175 and 525 1C.

The conversion intensity I(CO2) was determined from mea-
surements of CO2 absorption bands, at a certain time t of the gas/
solid interaction. For a given total time t of reaction and a given
temperature Treact, the intensity I(CO2) was defined as being
proportional to the amount of CO2 molecules formed during the
time Dt of an FTIR record. This value of I(CO2) expressed in
arbitrary units (a.u.) depends on the total time t and on the
temperature Treact. The FTIR intensities of CH4 or CO absorption
peaks varied linearly with the air–gas composition. All experi-
ments were characterized by a first initiating regime, in which the
CO2 intensities increase up to a maximal value after a time of
about 10–15 min.

To compare the various catalytic efficiencies, we have normal-
ized curves I(CO2) in calculating values In(CO2)¼ I(CO2)/SBET. Let
us recall that the sample masses were identical in all experi-
ments: so, the SBET values are directly proportional to the total
surfaces of samples exposed to reactive gases.

On Figs. 7 and 8, we have reported the maximum values of the
In(CO2) intensities (values reached after 15 min of reaction), as a
function of composition x and for various temperatures, respec-
tively, for air–CH4 and air–CO flows interacting with the samples.

On each Fig. 7 or 8, the maximum values In are thermally
activated: it should be remarked that, in the case of air–CH4

flows, the reaction starts from T¼400 1C and is maximum at
Treact¼525 1C, while in the case of air–CO flows, it starts from
T¼175 1C and is maximum at Treact¼300 1C. We observe different
effects:
(i)
 in the case of air–CH4 flows, the In(CO2) intensity is minimum
(and very weak) in the composition range 0.6oxo0.8, in
which the T0 or T phases are in major proportions, and takes
low values for pure cubic ceria or pure monoclinic
Bi2O3 phase;
(ii)
 in the case of air–CO flows, this In(CO2) intensity continuously
increases with x and takes very strong values compared to the
values observed for CH4 conversion for bismuth rich samples.
These evolutions show that, in the case of CH4 conversion, the
catalytic activities of ceria or Bi2O3 are limited: probably the
presence of the monoclinic bismuth oxide (x¼1) should improve
this catalytic effect however in a limited proportion. Correlatively,
the improvement of CO conversion should mainly be linked to the
presence of bismuth oxide, not to the increase of specific surface.
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4. Discussion–conclusion

We have elaborated a series of cerium bismuth oxide samples
at 600 1C, corresponding to a complex multiphase system. The
structural and the microstructural analyses confirm the existence
of a solid solution for xr0.20. In the range of compositions
0.3rxo1, two types of Bi2O3 polymorphs similar to the well-
known b and b0 metastable phases are observed. However in the
composition range 0.3rxr0.6, the A4O8 unit volume Vunit

increases as the x fraction increases: this feature suggests sig-
nificant structural modifications due to the presence of cerium
ions in the lattice. In other terms, the T0 and T phases should
probably be solid solutions due to a low cerium fraction present
in the lattice, decreasing as x increases. From x¼0.6 to 0.9, the
A4O8 unit volume keeps a constant value: this could be due to
the formation of the new tetragonal phase similar to the b phase
coexisting with the b0 one. It is necessary to recall that the
scanning electron microscopy (EDX) analyses never allowed us
observing any pure Bi2O3 phase. These structural defects might be
at the origin of the stabilization of such metastable b0 and b (or T0

and T) tetragonal phases. However at this step of our study, new
structural and thermodynamical studies should be required to
confirm the existence of substitution in such bismuth rich
samples.

In the case of cerium rich samples, at temperatures above
400 1C, a low reactivity is observed for the conversion of both CO
and CH4. In the case of bismuth rich samples, at relatively low
temperatures (below 300 1C), a strong reactivity is observed for
CO and a low reactivity is observed for CH4. These two opposite
behaviors might be attributed first to the strong mobility of
surface oxygen ions in the bismuth rich structures, and secondly,
to the relatively high stability of methane in the presence of
oxygen at low temperatures.
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