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Abstract
Ce09oMo.102.5 mixed oxides (M = La, Eu and Gd) were synthesized by coprecipitation.
Independently of the dopant cation, the obtained solids maintain the F-type crystalline
structure, characteristic of CeO2 (fluorite structure) without phase segregation. The ceria
lattice expands depending on the ionic radii of the dopant cation, as indicated by X-ray
diffraction studies. This effect also agrees with the observed shift of the F>; Raman
vibrational mode. The presence of the dopant cations in the ceria lattice increases the
concentration of structural oxygen vacancies and the reducibility of the redox pair Ce*"/Ce’*.
All synthesized materials show higher catalytic activity for the CO oxidation reaction than
that of bare CeO., being Eu.doped solid the one with the best catalytic performances despite
of its lower surface area.
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1. Introduction
For many years CeO>-based materials have been intensively investigated as catalysts,
structural and electronic promoters of heterogeneous catalytic reactions, oxide-ion conducting
solid electrolytes in electrochemical cells, phosphor/luminescence, and ultraviolet absorbers
[1-3]. For some practical applications, dopants such as transition and non-transition metal

ions, may be introduced into the CeO- lattice, increasing its temperature stability and ability
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to store and release oxygen [4-6]. Metallic cations with ionic radius and electronegativity
close to those of cerium are thought to be the most appropriate modifiers of structural and
chemical properties of ceria [7]. The similarity in the ionic radii is also the criterion to predict
the formation of a solid solution. Thus, rare earth elements are a good choice. In fact, oxides
of rare earth elements, which present paramagnetism and other excellent properties, have been
widely used as structural or electronic promoters to improve the activity, selectivity and
thermal stability of catalysts [8-12]. When doping with lanthanide cations (i.e. Gd**, La**,
Y3, Eu**?*, Pr*"** among others), an increase in the concentration of oxygen vacancies in
the ceria structure is expected. This feature promotes the migration of oxygen ions through
the lattice oxide and provides the material with high oxygen ion conductivity [11]. In
addition, the presence of oxygen vacancies have been correlated with an increase in the
catalytic performances of the solids, attributed to the direct interaction of the surface defects
with the reactive gas phase [10, 13-15]. In the case of the CO oxidation reaction, several
works have reported the formation of reactive peroxide (0.*) or superoxide (O27) species
from the interaction of gaseous O with the surface oxygen vacancies [16, 17]. For metal
supported catalysts (i.e. Au or Pt supported on CeO2 or TiOz), the presence of these punctual
defects on the metal oxide hierarchies the interaction of the metallic phase with the support
surface, allowing a high dispersion and special dynamic interaction (electronic enrichment,
redispersion process, etc.) [14, 18-20].

Considering the solid state properties, the high solubility of the rare earth cations in the ceria
structure can allow an elevated oxygen vacancies concentration without any phase
segregation. This situation could be ideal to study alone the influence of the concentration of
these punctual defects on the catalytic properties of the material. Of course, the chemical
nature of the rare earth cation (i. e. the possibility to have several oxidation states, such as Pr

or Eu) should be also considered.



In this way, and taking into account the established relationship between the oxygen
vacancies concentration and the catalytic activity towards CO oxidation of CeixEuxOz-x2
solid solutions [10], the present work has been focussed on the influence of the nature of the
rare earth dopant cation in the ceria structure. Thus, different rare earth oxides (Gd203, Eu203
and Lay03;) were employed to dope a CeO: solid and the defective structures produced
characterized by Raman spectroscopy and correlated with the catalytic activity of the
materials in the CO oxidation reaction.

2. Experimental

2.1 Preparation of the samples

Ce02/M>03; mixed oxides (M=La, Eu and Gd) were prepared by coprecipitation [10]. The
appropriate amounts of Ce(NOs3);.6H>O (Alfa-Aesar 99.5%), La(NO3);.6H>O (Fluka >
99.0%), Eu(NOs3);.6H2O (Alfa Aesar 99.9%) or Gd(NO3)3.5H20 (Aldrich 99,99%) were
dissolved in distilled water to obtain a 0.1 M solution, in order to achieve a 10% M>0; weight
percentage (w/w) in CeO». Then, the cationic solutions were precipitated by addition of
ammonium hydroxide (30% w/w), at room temperature under continuous stirring at pH 9. The
precipitated gels were washed by filtration with distilled water and dried overnight at 100 °C.
Finally, the samples were calcined at 300 °C for 2 h (10 °C/min). For comparative purposes,
pure cerium oxide was prepared in a similar way.

The series of synthesized materials were named Ce M, where M corresponds to the
lanthanide cation used as dopant.

2.2 Characterization

BET specific surface areas were measured by nitrogen adsorption at liquid nitrogen
temperature in a Micromeritics ASAP 2000 apparatus. Before analysis, the samples were

degassed 2 h at 150 °C in vacuum.



The composition of the samples, expressed as CeOz and M203 contents, were determined by
X-ray fluorescence spectrometry (XRF) in a Panalytical AXIOS PW4400 sequential
spectrophotometer with a rhodium tube as the source of radiation.

X-ray diffraction (XRD) analysis was performed on a Siemens D 500 diffractometer.
Diffraction patterns were recorded with Cu Ka radiation (40 mA, 40 kV) over a 20-range of
20°-80° and a position-sensitive detector using a step size of 0.01° and a step time of 7 s. The
lattice parameters of the samples were calculated adjusting the refinement Rietveld (using the
X’Pert Plus program to perform a refinement in “automatic” mode) to Fm3-m space group.
The reflection from the (111) plane was used for the determination of the average crystallite
size, D, calculated from the Scherrer equation.

Temperature programmed reduction (TPR) of the catalysts was carried out using 5%
hydrogen in Ar at 50 mL.min'. About 50 mg of catalyst was loaded in a U-shaped quartz
reactor and heated from room temperature to 900 at 10 °C.min"!. The effluent gases were
analyzed by means of a TCD detector. Hydrogen consumption was determined upon
calibration of the system with CuO (Strem Chemicals, 99.999% Cu).

The Raman spectra were recorded in a dispersive Horiva Jobin Yvon LabRam HRS800
Microscope, with a 20 mW He-Ne green laser (532.14 nm), without filter, and with a 600
g.mm’! grating. The microscope used a 50x objective and a confocal pinhole of 100 pm. The
Raman spectrometer is calibrated using a silicon wafer.

2.3 Catalytic Activity

The CO oxidation tests were carried out in a conventional continuous flow U-shaped glass
reactor (7 mm inner diameter) under atmospheric pressure. The sample (80 mg, 100 pm < ¢ <
200 um) was placed between glass wools. A thermocouple in contact with the sample assures
the right measure of the temperature. The feed mixtures were prepared using mass flow

controllers (Bronkhorst). The reaction products were followed by mass spectrometry, using a



Balzers Thermostar benchtop mass spectrometer controlled by the software Balzers Quadstar
422 with capabilities for quantitative analysis. The light-off curves of CO oxidation (400 °C, 5
°C/min) were obtained with a mixture of 3.4%CO (Air Liquide, 99.997% pure, <3 ppm H>O)
and 21% O2 (Air Liquide, 99.999% pure, <3 ppm H>O) balanced by He (Air Liquide,
99.999% pure, <3 ppm H>O) at a total flow rate of 42 mL/min. The catalysts were pre-
activated “‘in situ’’ for 1 h at 400 °C with a mixture of 21% O in He at a flow of 30 mL/min
and then stabilized at room temperature before the light-off curve started [21].

3. Results and discussion

3.1 Chemical analysis and surface area

The chemical composition and textural properties of the prepared solids are shown in Table 1.
The weight percentage of the different rare earths oxides incorporated to the cerium oxide is
very similar to the intended value.

Textural analysis of the solids evidences the increase in the surface area of the bare CeO- after
doping with all used lanthanide cations, without modification of the pore volume. Several
authors have reported the increase of the surface area of CeO. by doping with 4+ (i.e. Zr*") or
3+ (as La*", Tb*" or Y*") cations [22-24]. This fact was attributed to the higher thermal
stability of the material afforded by the presence of the dopant cations, which avoids the
nanoparticules sinterization during the calcination step. In some cases, the increased thermal
stability of the doped material have been related with the segregation of the dopant cation on
the grain boundaries, making difficult the agglomeration or sinterization of the oxide particles
when the temperature is raised [14, 24].

The nitrogen adsorption-desorption isotherms of the samples are presented in figure 1. The
isotherms are typical of a mesoporous structure (IV type isotherm with H1 and H2 hysteresis
loops), probably due to pores generated by particles crossed by nearly cylindrical channels or

made by aggregates (consolidated) or agglomerates (unconsolidated) of spheroidal particles



[25, 26]. The pores can have uniform size and shape (type H1) or nonuniform ones (type H2)
[26]. Similar textural properties have been reported for CeO> and other rare earth oxides such
as LaxOs, synthesized by precipitation in basic media and/or thermal decomposition of the
precursor salts [27, 28]. Our prepared CeOz, Ce Eu(10) and Ce Gd(10) solids show an
hysteresis loop nearest to H1 type, while that presented by Ce La(10) material is closer to H2
type. These observations can be correlated with the average pore diameter of the solids (table
1), in such a way that the sample with the highest pore diameters presents a H1 hysteresis
loop while those samples with smaller diameters show a H2 one.

The pore size distribution depends on the lanthanide cation added (figure 2). The Ce Eu(10)
and Ce_Gd(10) solids present a bimodal pore distribution, very similar to that observed in the
bare CeO2, but with a higher volume adsorbed into the smaller pores. On the other hand,
Ce_La(10) sample shows a narrow pore size distribution centred around the smaller diameters
(~37 A). Similar results were reported for Ce-Zr solid solutions without any evident
correlation with the structural modification of the material [29].

3.2 X-ray diffraction analysis (XRD)

In order to verify the formation of a Ce-M solid solution in the samples (type Cei-xMxO2-x2
with M=La, Eu or Gd), a XRD study of the crystalline phases presented in the materials was
carried out (figure 3). All materials maintain the F-type crystalline structure characteristic of
CeO2 (Fm-3m space group; JCPDS 43-1002). The absence of LaxOs3, Eu,0O; or Gd»Os3
diffraction lines indicates the isomorphic substitution of Ce*" by La*, Eu** or Gd*" in the
CeO: lattice and/or the existence of rare earth oxides highly dispersed on the surface of ceria.
Considering the XRD acquisition conditions employed in this work is very difficult to
establish the substitution degree for each dopand cation in the ceria structure. For that
purpose, a Rietveld analysis would be necessary. Nevertheless, the reflections observed in the

XRD patterns for Ce La(10) and Ce Gd(10) solids are less intense and broader than those



presented in the Ce Eu(10) and CeO: ones. This result can be associated with a less solubility
of La®>" and Gd*" in the host structure due to the different crystal structures (Hume-Rothery
rules) of the Ce (face-centered cubic) in contrast to La and Gd (hexagonal). In the case of Eu,
it presents a cubic structure as Ce, which favours the formation of the solid solution.

A shift towards lower 20 values of the characteristic diffraction peaks of ceria is observed in
all doped samples. The magnitude of the modification on the CeO; structure by the presence
of the dopant cations was analyzed from the alteration in the lattice parameter and crystallite
size of the mixed oxides. These results are presented in table 2.

The lattice parameter of the samples increases linearly with the size of the introduced cation
(figure 4). This result agrees with the substitution of Ce*" by bigger M>" cations (M = La*",
Eu’" and Gd*, table 1) in the CeO: structure, which provokes the formation of a solid
solution and the expansion of the oxide lattice.

In table 2, a generalized decrease in the crystallite size of CeO> by the introduction of every
dopant cation in the oxide structure is observed. This trend has been already reported for
CeO: doped with trivalent cations and correlated with a retarding or stabilizing effect of the
dopant element on the growth of the crystal oxide [22, 23]. The decrease in the crystallite size
of nanoparticulated CeO> has been also associated to surface energetic factors [10, 30, 31],
due to microstrain effects provoked by the expansion of the lattice parameter caused by the
presence of trivalent cations in the ceria structure.

3.3 H2-TPR analysis

H> consumption profiles during the TPR experiments are plotted in figure 5. The temperatures
of the peak maxima and their respective hydrogen consumption are given in Table 3. The
TPR profile of pure ceria shows two main peaks at 414 °C (low temperature, LT peak) and
799 °C (high temperature, HT peak), which have been respectively attributed to the reduction

of the surface and bulk ceria [32, 33]. Additionally, with the LT peak, is possible to observe a



shoulder at higher temperatures (table 3), which can be associated with the surface
heterogeneity of the sample. For the Ce Gd(10), Ce Eu(10) and Ce La(10) samples, the
temperature of the LT peak slightly shifts to higher temperatures compared to that of bare
CeOg, presenting also a higher hydrogen consumption (except for Ce Gd(10) solid). This
feature can be related with the structural modifications induced in the ceria lattice when some
Ce*" cations are substituted with Gd**, Eu*" and La** cations. In this way, even been the
doped materials reduced at slightly higher temperature than pure CeO», the increase in the
concentration of surface oxygen vacancies could promote the adsorption and dissociation of
H, improving that way the surface and sub-surface reduction of the material together with
higher hydrogen consumption [14]. On the other hand, in all doped materials, the HT peak
shifts to lower reduction temperatures and decreases in its hydrogen consumption compared
to pure CeO> (table 3). As can be expected, the presence of the dopant cations leads to a lower
lattice strain and higher free volume in the oxide network, and then facilitates the equilibrium
between surface and bulk oxygen atoms. The defects created during the incorporation of Gd**,
Eu’" and La’" eases the formation of labile oxygen vacancies facilitating the relatively high
mobility of bulk oxygen species within the lattice cell [34]. Because the hydrogen
consumption was normalized considering the surface area of the solids, the mur value
obtained (table 3) should be more or less constant (bulk reduction process). Nonetheless, the
trend to decrease the hydrogen consumption of the HT peak in doped-ceria solids compared
with bare CeO, shows the enhanced surface reduction process in these materials, causing that
part of the reducible species from the bulk reduces now as a surface process.

Among the prepared materials, Ce Eu(10) solid presents the lowest temperature reduction
processes (table 3). As it has been recently established for this material, a high concentration
of surface oxygen vacancies improves the adsorption and dissociation of H» from the gas

phase as well as the surface and sub-surface reaction with it [14]. So, a higher concentration



of these surface punctual defects can be expected by doping the ceria structure with Eu*" in
comparison with La** and Gd*".

3.4 Raman spectroscopy

Crystals with the fluorite structure, space group Fm-3m (On’) have an exceptionally simple
vibrational structure with one IR active phonon of Ti, symmetry and one Raman active
phonon of Fz, symmetry at k = O [35]. The first order Raman spectra of CeO; is characterized
by the presence of a Fa, vibrational mode around 465 cm’!, ascribed to the symmetric
breathing mode of the oxygen atoms surrounding each Ce*" cation [35-37]. Because this
vibrational mode is only dependent of the oxygen movement, their peak characteristics (width
and position) are extremely sensible to the disorder induced in the oxygen ion sublattice of the
oxide.

Figure 6 shows the Raman spectra obtained for the studied samples. Pure CeO: solid presents
two main bands at 462 and 1050 cm™!. The more intense one (465 cm™) corresponds to the Fag
vibrational mode described before. The comparative weak band at 1050 cm™ can be due to the
primary Ajg asymmetry, combined with small additional contributions from Eg and Fag
symmetries [31, 38, 39]. Besides this, two additional bands appear in the spectra of the doped
solids at about 600 and 545 cm™ for Ce Gd(10) and Ce La(10) solids, and 600 and 529 cm!
for Ce_Eu(10) one. The signal at 600 cm™ is much less pronounced in the pure CeO; solid,
but its presence can be intuited in its Raman spectrum. In general, the presence of these
Raman bands can be attributed to the existence of oxygen vacancies in the oxide structure [10,
40, 41]. This situation is expected taking into account the replacement of Ce*" by M>" cations
in the structure of the solid, as was discussed before by XRD. Oxygen vacancies are produced
in the oxygen sublattice to compensate the effective negative charge of the dopant cation
introduced. Therefore, the doped CeO, generally losses the translational symmetry of the

crystal, leading to the destruction of the wave vector k = 0 selection rule for Raman scattering.



Consequently, phonons at all parts in the Brillouin zone will contribute to the optical spectra
[41].

From the analysis of the phonon-dispersion curves, employing the rigid-ion model, some
authors have shown that the formation of punctual defects in the crystalline structure of doped
CeO: provokes the broadening and shifting of the F2; Raman mode, along with the emergence
of new vibrational modes around 500 to 600 cm™! [40, 41]. In this way, the band at 600 cm™!
was assigned to the presence of intrinsic oxygen vacancies in ceria, due to their non-
stoichiometric condition (presence of Ce*" replacing Ce*" in the lattice) [40, 42]. On the other
hand, the Raman bands around 545 cm™! observed in Ce Gd(10) and Ce La(10) solids, and
529 ecm! in Ce Eu(10) one, can be assigned to the generation of oxygen vacancies by the
insertion of the dopant cations in the ceria structure [40, 42, 43]. The presence of this band
confirms the existence of the solid solution [39]. Because the intensity of the Raman band at
529 cm! in the Ce_Eu(10) solid is so much relevant in comparison with the equivalent signal
in the other materials, a qualitatively higher concentration of oxygen vacancies can be
deducted for the Eu doped ceria. These results are in a good agreement with the data
discussed by H>-TPR analysis.

The reason because the band at 600 cm™ is less evident in the bare CeO- in comparison with
the doped solids could be related with the differences in the crystallite size of the materials.
By Raman analysis on nanocrystalline ceria (grain size < 100 nm), Kosacki et al. [36] showed
that the non-stoichiometry of the crystal can be controlled by its microstructure. In this sense,
an increase in the defects concentration in CeO> was observed when the grain size decreases,
and associated to a reduction in the enthalpy of formation of oxygen vacancies. In the same
way, Tsunekawa et al. [30] correlated the expansion of the CeO; lattice parameter with a
decrease in the crystal size of the nanoparticulated material. This effect was attributed to the

Ce*" surface enrichment concomitant to the increase in the surface to volume ratio on the
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nano-crystals, which also induces changes in the Raman spectrum of the material [31, 44].
Hence, the lower crystallite size showed by the doped ceria compared to that of the pure one,
could improve the Ce*" surface concentration on the solids. Therefore, the non-stoichiometric
condition of the oxide would be favored, and the appearance of the Raman band at 600 cm™,
promoted.

The modifications of the F2; mode observed in the Raman spectra of the synthesized materials
were also analysed. Doped CeO> materials present a shift of this vibrational mode to lower
energies, in comparison with undoped CeO; solid (figure 6). Several factors can contribute to
the changes in the Raman peak position and linewidth of the F2g mode in the domain size of
nanoparticles. These include phonon confinement, strain, broadening associated with the size
distribution and variations in phonon relaxation with particle size. Changes in the lattice
parameter can affect also the Raman peak position [31]. Employing a thermodynamic model
to investigate the Raman frequency shifts of semiconductor nanocrystals, Yang et al. [45]
found that the Raman frequency decreases as the nanocrystal size decreases. The Raman red
shift was ascribed to the size-induced phonon confinement effect and surface relaxation. This
condition results in the higher energetic state of the semiconductor surface atoms. As a
consequence, the atomic vibracional amplitude increases as the crystal size decreases,
decreasing that way the atomic vibrational frequency. For CeO> doped with rare earth metals,
McBride et at. [40] established two different mechanisms able to contribute in the shift of the
F2; Raman band: i) the increase in the concentration of oxygen vacancies, and ii) the
expansion-contraction of the oxide lattice. Taking into account the ii) effect, the changes in
the Raman vibration frequency (A®) produced by modifications in the lattice parameter of the
crystal (Aa), may be described in terms of the Griineisen parameter employing the equation:

Ao = -3ywoAa/ag (1).
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Where wo is the Raman frequency of the Fog mode in un-doped CeOa, ao their lattice
parameter, and y the Griineisen constant which value can be considered as 1.24 [40].

Figure 7 shows the relationship between the F»g vibrational mode from the synthesized
samples (measured and calculated by eq. 1) and the lattice parameter calculated by XRD
analysis (table 2).

Because changes in the lattice parameter, oxygen vacancies concentration and decrease of the
particle size material may affect the Fo, Raman peak position in ceria related materials, the
calculated Raman shift values are in a good agreement with the measured ones, considering
only the modifications in the lattice parameter of the CeOz. From this result is possible to
correlate the effective incorporation of the dopant cation in the CeO; crystalline structure with
the energy changes generated in the network of the material.

3.5 Catalytic activity. CO oxidation

Figure 8 shows the CO conversion as a function of the temperature for the synthesized
materials. All prepared solids were active in the CO oxidation reaction, increasing the CO
conversion with temperature. CO abatement begins at about 300 °C reaching CO conversion
values higher than 80% at 400 °C. In this temperature range, all doped materials always show
higher conversions than those of the un-doped CeO: solid. Hence, in a general way, the
presence of the rare earth cations in the CeO; structure promotes the catalytic performances
towards CO oxidation of the oxide. Similar results have been reported when doping ceria with
Zr** [46, 47], La’** [23, 48], Pr*"3" [39, 49], Fe** [6, 50, 51] and Zn [52] cations, among
others. In all these works, the higher catalytic activity of the materials was correlated with the
increment in the concentration of oxygen vacancies in the solid solution. The CeO>
modification with isovalent cations such as Zr*', improves the oxygen storage capacity (OSC)
of the material, due to the decrease of the reduction energy of the Ce*"/Ce*" redox pair. As a

result, the creation and diffusion of oxygen vacancies are improved, while increasing the solid
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thermal stability [53, 54]. On the other hand, the doping of CeO> with aliovalent cations
(M*"), strongly improves the oxygen vacancies generation due to the effective negative charge
compensation coming from the presence of the dopant in the ceria structure. Depending of the
chemical nature of the introduced cation, these punctual defects can be delocalized (mobiles),
or highly localized around the dopant cations [55, 56].

The role of the oxygen vacancies in the CO oxidation reaction mechanism is still
controversial. Some authors claimed that their main role is to provide active sites to the
adsorption of molecular oxygen from the gas phase, facilitating the generation of reactive
species such as peroxides (02%") or superoxides (O2’), being these species the responsible of
the direct oxidation of the carbon monoxide [16, 57, 58]. In other works, the structural
distortion in the ceria structure due to the presence of the dopant cation, have been proposed
to facilitate the oxygen depletion from the surface material (lattice oxygen), enhancing their
reactivity towards the CO adsorption [3, 48, 50, 59]. In such mechanism, the relationship
between the catalytic activity and the oxygen mobility can be associated to the nature of the
dopant cation [60]. The type of conduction (ionic and/or electronic) characteristic of the
material greatly influences the preferential mechanism during the reaction [61].

In all solids studied in this work, whatever the nature of the dopant cation introduced, the
generation of structural defects in the CeO2 material, and the enhancement of its catalytic
activity in CO oxidation reaction is produced. Nevertheless, despite its lowest surface area
(table 1), Ce Eu(10) solid shows a slightly higher catalytic activity in front of the others. This
feature is evident from its smallest Tso value (temperature at which the 50% CO conversion is
achieved, table 4).

This result can be related with the high surface concentration of oxygen vacancies in the
Ce Eu(10) solid, as it has been already established by us in this type of materials [10, 14]. In

this way, although all dopants used in this work are able to increase the oxygen vacancies
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concentration in CeQ;, the presence of europium in the structure could promote the surface
character of these punctual defects. Additionally, the Eu**/Eu®" redox pair whose potential is
close to 0 (E° = -0.36) [62], could promote the formation and stabilization of oxygen
vacancies for low Eu/Ce ratios [10], and increasing the ionic and electronic conductivity of
the material.

Thus, Eu-doped ceria solid is shaping as a very interesting material to be used as catalytic
support in oxidation reactions, taking into account two principal facts: i) the active nature of
the surface oxygen vacancies in oxidation process, and ii) the role of the oxygen vacancies in
the dynamic interaction of the gas phase with metallic supported phases such as gold-
nanoparticles [14].

Conclusions

The formation of Cei.xMxO2.x2 solid solutions (M = La, Eu and Gd) was verified by XRD
analysis and Raman spectroscopy for M2O3 contents around 10% (w/w). The insertion of the
rare earth cations in the CeO structure provokes an increase in the oxygen vacancies
concentration of the material by two possible mechanisms: the first one, a direct replacement
of Ce*" by M*" in the octahedral lattice positions in the oxide structure, and the second one,
the promotion of the non-stoichiometric condition of the cerium oxide, by the reduction of
Ce*" to Ce*'. The increase in the oxygen vacancies concentration has a positive influence on
the catalytic activity of the solids towards CO oxidation, especially in the case of the
Ce_Eu(10) solid.
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TABLES

Table 1. Chemical composition, textural properties and size of the introduced dopant cation,

of the studied solids.

Composition .

SBET Dp Size dopand

Code (Yow/w) > Vp (cm’/g) . o
CeOr  MLOT (m?%/g) A) cation (A)
4+ 3+

CeO: 100 - 69 0.141 76 ((03697flcel 8
Ce La(10) 916 8.4 98 0.115 44 La¥(1.16)
Ce _Eu(10) 92.2 7.8 84 0.143 62 Eu’* (1.07)
Ce Gd(10) 892 108 96 0.138 53 Gd* (1.05)

"M = La, Eu, Gd.

“Ionic radii of the M>* cations (VIII coordination)
Vp = Pore volume
Dp = Pore diameter

Table 2. Crystallite size, phase analysis and lattice parameters of the synthesized materials.

Code Crystallite size, Phase Lattice

D (nm) analysis” parameter, a (A)
CeO2 15 F 5.4142
Ce La(10) 11 F 5.4378
Ce_Eu(10) 13 F 5.4251
Ce Gd(10) 11 F 5.4209

“F: F-type cubic

Table 3. TPR peak maxima and H» uptake of synthesized solids.

Peak position (°C) (”Hz consumption

Code mol/g of CeO2.m?)
Tur THT LT MNHT
CeO2 414; 504 799 8.3 6.3
Ce La(10) 446; 523 723 8.9 5.2
Ce _Eu(10) 428; 514 723 9.1 5.9
Ce Gd(10) 450; 532 747 7.4 5.1

Table 4. Tso value obtained for the studied solids in the CO oxidation reaction.

Code Tso (°C)
CeO2 366
Ce_La(10) 359
Ce _Gd(10) 354
Ce Eu(10) 350
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Figure captions

Figure 1. N> absorption/desorption isothermal plots of the synthesized materials.

Figure 2. Mesopore size distribution plots, obtained by BJH method for the prepared solids.
Figure 3. X-ray diffraction patterns of the studied solids.

Figure 4. Lattice parameters as a function of the ionic radii of the employed dopant cation.
Figure 5. H>-TPR profiles of the studied solids.

Figure 6. Raman spectra of the studied materials.

Figure 7. F2; Raman mode shift versus. lattice parameter of the studied solids.

Figure 8. CO conversion of the studied solids as a function of the temperature.

221 -



FIGURES

0 d
o 0—0Q .."“
75 ko ./ S 4
d / 60 il /
G d S ° / A
£ A S
S : 2 S
O ., 454 o] /O

g 45 /O/o/ g o/./.
@ e " @ -~
< v <

304 e 0. ﬂﬁ/

40/
g ..O,O’O’O/O g .o"O
o | oC! Q o
> 15 ../O. Ce0, > ./o° Ce_La(10)
154

+——— ¥ — T r T T T T T T T T T T T T T T T T
00 o1 02 03 04 05 06 07 08 09 10 00 o1 02 03 04 05 06 07 08 09 10

Relative Presure (P/P,) Relative Presure (P/P,)
90 90
4 o9 4
@/ M
751 2 751 o
5 2 - s
§ 601 S E 60 4
S / S N
o ./ o o
E s E S
45 /o/ ./. 45 O ./.
2 e 8 | Lo~
< = <
30 P 30
g o g oe0
i 480~ ] e
% ".O % o’..
S 158" Ce Eu(10) | > 15 Ce_Gd(10)

o TEEE———————————
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

Relative Presure (P/P,) Relative presure (P/P,)
Figure 1
37
0,4 —e—CeQ,
—=— Ce_Eu(10)
—e— Ce_Gd(10)
(;'3 0,3- —4— Ce_La(10)
S
S
Q
P 0,24 ..
5 | \
3 . \\-
0,14 A 47N &
g |
{fae® |
0,0 ;

Average Pore Diameter (A)

Figure 2

-22 -



Lattice parameter,a (A)

Intensity (a.u.)

[2000 au.

Ce_Eu(10)

Ce_La(10)

Ce_Gd(10)

0)

20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta (°)

Figure 3

5,44

5,43

5,42

5,41

5,40

Ce_La(10)

090

Radii ionic (A)

Figure 4

-23-

095 100 105 110 115 120



Hydrogen consumption (a.u.)

1000
1900
1 800
1700
1 600
1500
| 400
1300
1200
{100

I 0.1a.u.

Ce_Eu(10)

Ce_La(10)

Temperature (°C)

799

414

0 1000 2000 3000 4000 5000 6000
Time (s)
Figure 5
460 cm”
10000 a.u.
529 ¢!
Ce_Eu(10) |
-~ 600 om 1050 cm”
=) I I
8 ' i :
2 | Ce_Gd(10) g :
8 I : ! ;
_‘(]_)' a 1 ! :
= | :
Ce La(1o) /[ | ! |
== Y
e -

200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

Figure 6

-4 -



- 453 A Measured
& 452 ] O Calculated
4514
450 T r T T T y T y T T
5,415 5,420 5,425 5,430 5,435 5,440
Lattice parameter, a (A)
Figure 7
100
90
g0l ——Ceo, QAO‘
] —o—ce La(10) £
704 —A—Ce_Gd(10) Q/AO/ /
60l —o—Ce Eu(0) N

CO Conversion (%)

200 225 250 275 300 325 350 375 400
Temperature (°C)

Figure 8

-25-



