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Abstract

Cerium-based materials were intensively studied in last years because of their high oxygen storage capacity (OSC) associated to the reversible
Ce4þ2Ce3þ process and their properties closely related to the defect chemistry that could be adjusted by adequate selection of dopant.
Fe3þcation, due to its effective ionic radius smaller than that of Ce4þ , is an interesting doping agent. In this work we present the synthesis and
characterization of Ce(1�x)FexO2�δ mixed oxides (0rxr1) synthesized by the so named “citrate method”. Our X-ray diffraction results suggest
a rather strong dependence of lattice parameter on nanocrystal size, while Raman spectroscopy evidenced the formation of a small volume
fraction of hematite clusters in samples with relatively high iron content, xZ0.15, not observable in X-ray diffraction experiments. The solid
solutions exhibit high porosity and specific surface area, with nearly 10% of pore volume in the micropore size range, making these materials
potentially useful for applications in catalysis.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cerium-based solid solutions have been intensively studied
in the last years because of their high oxygen storage capacity
(OSC) associated to the reversible Ce4þ2Ce3þ process. The
fluorite-like structure of CeO2-based materials has an excep-
tional tolerance to host large amounts of oxygen-ion vacancies
introduced by dopants or by reduction processes (such as
10.1016/j.ceramint.2015.08.032
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Ce4þ to Ce3þ ). Besides, these oxygen vacancies are rapidly
refilled via Ce3þ reoxidation when exposed to an oxidizing
atmosphere [1]. Doped cerium oxides have been synthesized
for many applications such as photocatalysts [2], UV rays
blockers [3], oxygen sensors [4], fuel cells materials [5],
catalysts for many applications like three-way converters [6],
removal of arsenic from water [7], carbon dioxide hydrogena-
tion [8], water gas shift reaction [9], CO preferential oxidation
[10], partial oxidation of methane [11], and many others.
The properties of ceria-based materials are closely related to

their defect chemistry, which is mainly determined by the
concentration, size and charge of the dopant cation [12]. Many
cations have been tested as dopants such as Zr4þ [6],
Gd3þand Sm3þ [13] among others. It was established that
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doping of ceria with isovalent cations with sizes lower than
that of Ce ions, such as Zr4þ , increases the OSC by decreasing
the energy barrier for reduction from Ce4þ to Ce3þ [14]. On
the other hand, doping with aliovalent cations, such as Gd3þ ,
diminishes the migration barrier of the diffusion of oxygen
ions through the cerium oxide matrix [1]. In the present
investigation we are particularly interested in the study of
the structural effects associated to the incorporation of M3þ

cations into the crystalline structure of CeO2.
Fe3þ seems to be a good candidate as a M3þ cation to be

added to ceria because iron is the most abundant metal in the
earth's crust and is cheaper than other elements such as Gd or
Sm. Notice that Fe3þ is a trivalent cation with an effective
ionic radius equal to 0.69 Å in a six coordination structure,
which is much lower than the ionic radius of Ce4þ in an eight
coordination number (1.11 Å) [15].

It was established that when the ceria-based solid solution is
prepared by solid state reaction, iron exhibits a very low
solubility limit (o1 mol%) [16]. However, the synthesis of
Ce–Fe mixed oxides through mild synthesis processes –

yielding small particles on the nanoscale range – could be
successfully applied to stabilize a rather high amount of iron
embedded in ceria structures. Ce–Fe mixed oxides with high
iron content are expected to exhibit interesting properties
potentially useful for a wide scope of applications.

Many authors have synthesized Ce1�xFexO2�δ solids by
using different synthesis methods such as hydrothermal
processes [12], co-precipitation [17], forced hydrolysis [18],
sol gel [19] and microemulsion [20], among others [21].
However, controversies still remain regarding the dependence
of lattice parameter on concentration, the limit of iron
solubility and the specific locations of iron cations, in
substitutional and/or interstitial sites of the host matrix.

In the present work we describe a process of synthesis of
Ce–Fe mixed oxides by the citrate synthesis route with Ce/Fe
atomic ratios from 0/1 to 1/0. The obtained powdered materials
were characterized by high resolution field emission scanning
electron microscopy (FESEM) with energy dispersive X-ray
spectroscopy (EDS), adsorption–desorption of nitrogen at its
normal boiling point (77 K), small-angle X-ray scattering
(SAXS), X-ray diffraction (XRD) and Raman spectroscopy.
Using these techniques, the limit of solubility, dependence of
iron content on the lattice parameter, vacancy generation,
crystallite sizes, porosity structures and specific surface areas
are analyzed.
2. Experimental

2.1. Synthesis

A number of Ce(1�x)FexO2�δ mixed oxides with different
Fe to Ce atomic ratios were synthesized by the citrate method.
The different samples to be studied had iron contents equal to
0, 0.05, 0.10, 0.15, 0.20, 0.30, 0.50, 0.70 and 1 (at%). These
samples are named as 0Fe, 5Fe, 10Fe, 15Fe, 20Fe, 30Fe, 50Fe,
70Fe and 100Fe, respectively.
The amounts of Ce(NO3)3 � 6H2O (Sigma-Aldrich, 99.99%)
and Fe(NO3)3 � .9H2O (Sigma-Aldrich, 99.99%) to obtain the
nominal compositions mentioned above were dissolved in
50 cm3 of bi-distilled water. The so-obtained solutions were
stirred until complete dissolution of metal nitrates. Citric acid
(C6H8O7 �H2O, Merck, 99.5%) was added, in acid to metal
ions molar ratios 1:1 under continuous stirring until complete
dissolution. The solution was placed in an open vessel, heated
up to 363 K and kept at this temperature in order to evaporate
the water. After 17 h, the formed gel was softly crushed,
without removing it from the vessel, and kept at 363 K for one
more hour. Afterwards, the temperature was slowly raised up
in order to trigger the auto ignition process which proceeded
very fast, with formation of bright and yellowish flames
indicating very high temperature. After the end of the ignition,
the powder was allowed to cool down to room temperature.
After that, it was transferred to crucibles and calcined at 623 K
during two hours

2.2. Characterization techniques

FESEM and EDS analyses were performed by using a Zeiss
Supra 40 instrument. The powdered samples were placed onto
an adhesive carbon-filled conductive tape in order to avoid
electric charging.
The N2 physisorption isotherms (adsorption and desorption)

were obtained with a Quantachrome Autosorb Automated Gas
Sorption System, at the nitrogen normal boiling temperature
(77 K). The samples were degassed at 323 K for 17 h. The
specific surface area was calculated by applying the Brunauer,
Emmett and Teller (BET) method, with the adsorption
isotherm in the range of relative pressures below 0.3. Pore
volume and size distribution in the mesopore range (2–50 nm)
were determined by using the Barrett–Joyner–Halenda model
(BJH) applied to the desorption isotherm. The micropore
volume was evaluated by applying the Dubinin–Radushkevich
(DR) equation in the very low partial pressure region of
isotherm Eq. (1) [22]:

W

W0
¼ e�ðRTlnðxÞ=EÞ2 ð1Þ

where W is the total mass of adsorbed nitrogen, W0 the mass
adsorbed in micropores and x the relative pressure (p/p0).
Plotting ln(W) versus (ln(x))2 a straight line is expected, with
(RT/E)2 as slope and ln(W0) as the interception obtained by
extrapolating to (ln(x))2-0. From this latter value the volume
of micropores is obtained.
SAXS measurements were performed using Bruker NanoStar

setup, with Cu Kα radiation (λ¼1.5418 Å). The X-ray beam was
collimated by a set of Gobbel mirrors and 3 pinholes to obtain a
point-like beam cross-section. The powdered samples were
enclosed in a cell between two thin mica windows. The beam
path from the X-ray source to the X-ray detector was maintained
under rough vacuum (�10�2 Torr). The SAXS patterns were
recorded with a Vantec 2D photon detector during 2 h of
counting time. The parasitic scattering intensity produced by
mica windows and collimating slits was determined and properly
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subtracted. Since the dimension of the beam cross-section and
the sizes of the pixel are very small, no mathematical desmearing
processing was applied to the experimental SAXS curves. The
final SAXS curves were analyzed by applying GNOM software
[23,24]. The analysis of SAXS results allow to characterize the
nanoporous structure of the samples.

XRD experiments were performed using a Rint Ultimaþ
Rigaku equipment with Bragg–Brentano geometry. The dif-
fraction patterns were collected in a 2θ scan range from 201 to
1351, with 0.021 step and 5 s counting-time, using Cu Kα
radiation (λ=1.5418 Å). The lattice parameters were obtained
by applying Rietveld refinement to XRD patterns using the
FullProf program (Windows version, September 2012) [25].
The average crystallite sizes were determined by applying the
Scherrer equation [26]. The profile of the (111) Bragg peak –

which is the most intense XRD peak for the fluorite-type
structure – was selected for this calculation.

Raman spectra were recorded with a LabRAM HR Raman
system (Horiba Jobin Yvon), equipped with two monochro-
mator gratings and a charge coupled device detector. An
1800 g/mm grating and a 100 μm hole resulted in a spectral
resolution of 1.5 cm�1. The spectrograph is coupled to an
imaging microscope with 10� , 50� , and 100� magnifica-
tions. The He–Ne laser line at 632.8 nm was used as excitation
source. Several measurements were performed, adjusting the
laser fluence, to ensure minimal heating and no alteration of
sample. Measurements were carried out using a backscattering
geometry, with 50� and 100� magnifications.

3. Experimental results

3.1. FESEM and EDS

FESEM images of powdered samples with different Fe
contents are shown in Fig. 1. All pictures exhibit the presence
of very small crystallites agglomerated in large particles. Parti-
cularly, the images corresponding to samples 5Fe, 10Fe, 15Fe,
20Fe and 30Fe evidence nanocrystals agglomerated in planar
sheet-like particles. Micrographs of samples 15Fe and 20Fe show
micro- and macro- intra-particle pores, while in sample 30Fe
particles showed more compact planar particles with slit-like
pores inside. Images associated to samples with higher iron
content exhibit more agglomerated particles and less porosity.
Pure CeO2 (sample 0Fe) exhibits the presence of very small
crystallites and a porous structure while pure iron oxide (sample
100Fe) nanocrystals agglomerated in a very compact morphol-
ogy, with a very low amount of pores. Therefore, the increment
of iron content favors loss of intra-particle porosity.

All compositions determined from EDS analysis are similar
to the nominal values, with deviations not larger than 1 at%.
The EDS images also suggest a uniform composition of the
three atomic species (Ce, Fe and O).

3.2. N2 physisorption

In Fig. 2 the nitrogen adsorption–desorption isotherms at 77 K
corresponding to all studied samples are displayed together. The
isotherms of samples 0Fe-50Fe and 100Fe are type IV according
to IUPAC classification, with the typical hysteresis loop in the
0.4–0.99 relative pressure range associated to the existence of
mesopores, while sample 70Fe has an isotherm that could be
classified as type I with a very narrow hysteresis loop. Thus, in
this last case a smaller amount of mesopores is expected [22].
The curvature observed in the relative pressure range below 0.1
suggests the existence of micropores.
Textural characterization results obtained from nitrogen

adsorption–desorption isotherms are summarized in Table 1.
We have also reported in Table 1 the agglomeration ratio
(DBET/DXRD), where DXRD is the average crystallite size
calculated from XRD results that will be reported later.
BET specific surface area (SBET) of Ce(1�x)FexO2�δ sam-

ples are similar or even larger than those reported by previous
authors [20,27–29]. Some authors observed a maximum in
BET area for small concentration of Fe followed by a
continuous decrease for increasing iron content [20,27]. Other
researchers observed a monotonic decrease in specific surface
area for increasing iron doping [29]. Our results reported in
Table 1 indicate that excepting the sample 10Fe all others
exhibit a clearly increasing trend for increasing iron content
with a maximum for sample 70Fe.
The experimental results concerning pore volume (total,

micro- and meso-pores volume) shows an oscillatory behavior
without a well-defined trend.

3.3. SAXS measurements

In order to achieve a complementary description of micropore
size distribution, another type of characterization by applying
the SAXS method was performed. As expected all SAXS 2D
patterns produced by the different powdered samples are
isotropic. In Fig. 3, the SAXS intensities I(q), corresponding
to all studied samples, are displayed as functions of the modulus
of scattering vector (q). In order to obtain additional information
about the pore size distribution in the studied samples, we have
assumed a very simple model, where the pores with radii in the
0–20 nm range are spherical and not spatially correlated. The
SAXS curves were analyzed by applying the GNOM package
[23,24]. The results plotted in Fig. 3 show that modeled curves
derived from GNOM (solid lines) are in very good agreement
with experimental SAXS curves (symbols). The output from
GNOM program yielded the volume weighted radius distribu-
tion functions, V(R), displayed in Fig. 4.
The features of the volume weighted radius distributions

indicate the presence of a wide range of pore sizes in samples
0Fe–30Fe, with a maximum at about R�3.0 nm. Samples 50Fe
and 70Fe show a narrow distribution in the 0–5 nm region,
centered in 2 nm, in agreement with the more agglomerated
particles and lose of porosity observed in SEM images.

3.4. X-ray diffraction: composition dependence of lattice
parameter and average crystallite size

XRD patterns of all studied powders are displayed in Fig. 5a.
For iron doping from 0 up to 30 at% only the Bragg peaks



Fig. 1. Scanning electron microscopy images corresponding to all studied samples.(a) 0Fe; (b) 5Fe; (c) 10Fe; (d) 15Fe; (e) 20Fe; (f) 30Fe; (g) 50Fe; (h) 70Fe;
(i) 100Fe.
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corresponding to the cubic fluorite-type structure (fcc lattice) of
cerium oxide are apparent in XRD patterns. The diffraction
patterns of solid solutions with higher iron content indicate the
segregation of α-Fe2O3 and Fe3O4. In Fig. 5b an enlargement of
the 2θ range associated to Bragg peaks (111) and (200) of fluorite
structure is depicted. The diffraction peaks exhibit a progressive
shift toward high 2θ angles for increasing iron content, thus
indicating changes in interplanar distances and contraction of the
structure. This trend is a priori expected because iron cations have
smaller sizes than cerium cations. All Bragg peaks associated to
samples 0Fe, 5Fe, 10Fe, 15Fe and 20Fe are symmetric while
diffraction peaks corresponding to sample 30Fe exhibits a weak
asymmetry which is probably related to the existence of some
inhomogeneity in composition and/or structure.

The X-ray patterns of monophasic samples corresponding to
iron contents up to 30% were refined by the Rietveld method.
The spatial group Fm3m corresponding to the basic fluorite-type
structure of pure cerium oxide was assumed, with the iron atoms
substituting cerium host positions. The refined lattice parameters
and the conventional Rp, Rwp and χ2 Rietveld quality factors are
reported in Table 2. The lattice parameter as function of Fe
content displayed in Fig. 6a indicate an oscillatory behavior with
a general decreasing trend for increasing iron doping. The lattice
parameter decreases for increasing Fe content from 0 up to 15 at
%, while for an increment in iron doping from 10 to 15 at%, the
lattice parameter increases. A decreasing trend is again apparent
for further increments in iron content up to 30 at%. Further
explanation about the observed variation of lattice parameter will
be given in Section 4.
The average crystallite sizes of monophasic samples deter-

mined by the Scherrer equation are plotted in Fig. 6b. All
samples are composed of crystals in the nanoscale range, being
the largest that of pure ceria, with an average size DXRD¼7.1
nm, and the smallest that of sample 30Fe, with DXRD¼4.0 nm.



Fig. 2. Adsorption and desorption of nitrogen at 77 K for (a) 0Fe; (b) 5Fe; (c) 10Fe; (d) 15Fe; (e) 20Fe; (f) 30Fe; (g) 50Fe; (h) 70 Fe; (i) 100Fe.

Table 1
Textural characterization derived from nitrogen adsorption–desorption
isotherms.

Sample SBET
(m2/
g)

Total
pore
volume
(cm3/g)

Micropore
volume
calculated
by DR
(cm3/g)

Mesopore
volume
calculated
by BJH
(cm3/g)

Average
micropore
diameter
(nm)

D**
BET

(nm)
DBET/
DXRD

0Fe 55 0.21 0.020 0.19 2.3 15.1 2.1
5Fe 58 0.23 0.019 0.20 2.2 14.7 2.8
10Fe 46 0.17 0.017 0.15 2.2 19.0 3.7
15Fe 61 0.18 0.018 0.17 2.2 14.8 2.4
20Fe 74 0.23 0.024 0.23 2.4 12.6 2.25
30Fe 78 0.12 0.026 0.13 2.6 12.4 3.1
50Fe 78 0.12 0.029 0.11 2.3 * *

70Fe 112 0.11 0.041 0.10 2.4 * *

100Fe 71 0.15 0.030 0.14 2.4 * *

nMultiphased sample.
nnDBET¼6(SBET.ρ)

�1; DXRD: average crystallite size obtained by applying
Scherrer equation.
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3.5. Raman spectra

Raman results are displayed in Figs. 7 and 8. The main peak
observed in Fig. 7 for all samples at 460 cm�1 is assigned to the
F2g Raman active mode in metal dioxides with a fluorite-like
structure [17,30], corresponding to cerium oxide (CeO2). A shift
of this peak toward lower frequencies for increasing iron content
is apparent in Fig.7. This shift can be assigned to the reduction
in crystallite size [17]. Weak peaks at 260 cm�1 and 590 cm�1

are apparent in Fig. 8, which are second order peaks associated
to a transverse mode and to oxygen-ion vacancies in the cerium
oxide lattice, respectively [27]. The observed relative increasing
area of peak at 590 cm�1 with respect to that of the peak at
460 cm�1, for increasing iron content indicates that iron atoms
are incorporated into the fluorite lattice structure increasing the
number of oxygen-ion vacancies.
Besides, in Fig. 8 two peaks at 215 cm�1 and 290 cm�1

associated to the structure of hematite (Fe2O3) [28,31–33] are
clearly visible, while a very weak signal is observed at



Fig. 4. Volume weighted pore size distributions in the micropore range derived fro
(g) 50Fe; (h) 70 Fe; (i) 100Fe.

Fig. 3. Small-angle X-ray scattering curves in log–log scale.
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590 cm�1. Thus, the presence of hematite related peaks
indicates the formation of very well distributed clusters of
Fe2O3 in samples 15Fe, 20Fe and 30Fe, which were not
detected by classic XRD techniques.
4. Discussion

The features of the synthesis method have a strong influence
on the specific surface area also affecting both crystallite sizes
and agglomeration ratios. The “citrate method” used in this
work leads to a nanocrystalline structure because it promotes
the formation of many nuclei during the slow dehydration
process used to get a gel, which inhibits crystal growth.
Heating after dehydration leads to an auto ignition process
which proceeds very fast while the flame develops with the
liberation of a great volume of gases and reaching very high
m SAXS experiments. (a) 0Fe; (b) 5Fe; (c) 10Fe; (d) 15Fe; (e) 20Fe; (f) 30Fe;
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temperatures. Ceria containing iron exhibits similar agglom-
eration ratios but somewhat higher than pure ceria. The
observation of agglomeration indicates that each particle is
constituted by several crystallites that share their crystalline
interfaces.

The variation of the lattice parameter of Ce–Fe solid
solutions with iron doping derived from XRD results is
displayed in Fig. 6a. As a general trend, a contraction of
lattice parameter “a” for increasing iron content can be
observed, which is a priori expected because cerium cations
are substituted by aliovalent iron cations with much lower
ionic radii. However, we can notice that the relative variation
in lattice parameter “a” as increasing iron content from sample
Table 2
Lattice parameter, crystallite size and fitting quality parameter obtained by Rietvel

Sample name Lattice parameter (Å) Crystallite siz

0Fe 5.4125(2) 7.1
5Fe 5.4075(3) 5.1
10Fe 5.4057(4) 5.1
15Fe 5.4085(3) 6.1
20Fe 5.4070(4) 5.6
30Fe 5.3987(6) 4.0

Fig. 6. (a) Refined lattice parameter and (b)

Fig. 5. Powder X-ray diffraction patterns: (a)
0Fe to sample 30Fe is quite small, i.e. (Δa/a)��0.3%, this
variation being much lower than that expected from a simple
model that only takes into account the ionic radii of Ce4þ and
Fe3þ located in the cation positions in the crystal lattice.
Besides, for an increment in iron doping from 10 to 15 at%,
the lattice parameter exhibits a clear relative increase (larger
than the error bars), while returning to its decreasing trend for
further increasing of Fe content, up to 30 at%.
In a recent study of pure ceria nanomaterials by Chen et al.

[34] the authors observed an apparent increase of lattice
parameters at low crystallite dimensions and discussed the
opposite effects of the surface tension that promotes lattice
contraction and the non-stoichiometry that induces lattice
d refinement of XRD patterns.

e DXRD (nm) Rwp Rp χ2

5.71 3.95 1.33
6.15 4.71 1.56
6.92 5.44 1.86
7.77 6.25 2.31
7.46 5.93 2.10
6.79 5.09 1.52

average crystallite sizes vs Fe content.

2θ range: 20–1201; (b) 2θ range: 26–361.



Fig. 8. Raman spectra of samples with high Fe content. Peak I is assigned to
F2g Raman active mode in cubic fluorite-like structure. Peak II refers to
oxygen-ion vacancies and peaks IV and V to the hematite structure α-Fe2O3.

Table 3
Ratios of the areas of Raman peaks at 590 cm�1 and 460 cm�1 (A590/A460).

Sample 100*A590/A460

5Fe 2.8
10Fe 4.8
15Fe 0.7
20Fe 1.4
30Fe 3.4

Fig. 9. Dependence of lattice parameter on crystallite average size.

Fig. 7. Raman spectra of samples with low Fe content. Peak I is assigned to
F2g Raman active mode in cubic fluorite-like structure. The peaks II and III
refer to oxygen-ion vacancies and to a second order transverse mode,
respectively.
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expansion. These authors [34] concluded that “the contraction
effect surpasses the expansion one when the crystallite size
reduces from the bulk level to 15 nm, whereas a reverse trend is
observed when the size decreases down from 15 to 2 nm”. This
results were observed in pure ceria nanocrystals, where the
creation of oxygen ion vacancies are associated to reduction of
ceria cation from Ce4þ to Ce3þ with a much higher ionic
radius. In our case the incorporation of Fe3þ in the lattice
structure must create oxygen vacancies when the addition of this
alliovalent cation occurs by substitution of Ce4þ sites in the
host crystal lattice. Therefore, in our case a decreasing trend of
the lattice parameter is expected with the non-stoichiometry.

Our Raman results presented in Figs. 7 and 8 show a very
low signal related to the formation of oxygen ion vacancies as
iron is incorporated in the crystal lattice. The analysis reported
in Table 3 indicates an increment in the A590/A460 area ratio as
iron doping increases from sample 5Fe to sample 10Fe, nearly
duplicating its value, but this ratio almost vanishes for sample
15Fe thus indicating a drastic decrease in oxygen ion vacancy
number. This effect is followed by a new increment as iron
content increases from 15% to 30%. The area ratios for samples
20Fe and 30Fe are below the values observed for sample 10Fe.
Moreover, the formation of iron oxide clusters evidenced by
Raman spectra is not high enough to explain the drastic decrease
in the number of oxygen vacancies and the expansion in lattice
parameter observed for sample 15Fe. Previous researchers have
also reported a sudden expansion of lattice parameter above a
certain doping value [12,19]. Some of them [12] have proposed
a structural model of Fe3þ cations occupying either interstitial
or substitutional sites in the fluorite structure. Interstitial Fe3þ

was considered responsible for producing lattice distortions
observed as enlarged Ce–O bond lengths. According to our
Raman results, the occurrence of some interstitial incorporation
of Fe3þ cations it is highly probable, which would explain the
low variation of lattice parameter and the low signal related to
the formation of oxygen ion vacancies. However, average
crystallite size exhibits a dependence on iron content very
similar to that of the lattice parameter, as it can be verified by
comparing the curves displayed in Fig. 6a and b. In Fig. 9 the
lattice parameter is plotted as a function of crystallite size. A
correlation between the two magnitudes becomes clear. There-
fore, the crystallite size, the oxygen ion vacancies and the way
the iron is incorporated in the crystal lattice are affecting the
lattice parameter values. In order to evaluate the relative
contribution of these effects, an additional X-ray diffraction
investigation of a series of CeFe solid solutions with same
composition and varying average crystallite sizes is required.
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5. Conclusions

The citrate synthesis method described here led to the
preparation of powdered nanocrystalline materials composed
of cerium and iron oxides with different compositions.
Samples with iron contents above 30 at% are multiphasic.
All mixed Ce–Fe oxides studied in this work (iron content up
to 30 at%) are composed of nanometric crystallites but they
have different average sizes ranging from 7.1 nm for pure ceria
down to 4.0 nm circa for sample 30Fe. The CeFe mixed oxides
exhibit a porous structure, with a wide pore size distribution,
large specific surface area, and nearly 10% of micropore
volume. These textural properties make these nanomaterials
good candidates for applications as catalyst support, catalyst,
adsorbants, etc.

The lattice parameters of all studied CeFe mixed oxides are
lower than that of pure ceria but the observed contraction is
much weaker than that expected under the simple assumption
of a substitutional incorporation of Fe atoms and combination
of Ce–O and Fe–O bond lengths. The analysis by Raman
spectroscopy evidenced the formation of a small volume
fraction of hematite clusters in samples with relatively high
iron content, xZ0.15 and a low concentration of oxygen
vacancies. Therefore, the weak contraction observed on lattice
parameter and the low concentration of oxygen vacancies
could be a consequence of the competition between interstitial
and substitutional incorporations of Fe ions in the ceria host
lattice. Likewise, a clear correlation between the oscillatory
behavior of the lattice parameter and the similar oscillatory
dependence of the crystallite size on iron content was
established. This result suggests a rather strong dependence
of lattice parameter on nanocrystal size. In order to confirm
this statement an additional X-ray diffraction investigation of a
series of CeFe solid solutions with same composition and
varying average crystallite sizes is required.
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