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Abstract

A simple procedure for the obtaining of microporous high-surface area layered ceria is described. The synthesis consists of the for-
mation of cerium hydroxide by precipitation of cerium (III) chloride with ammonium carbonate followed by a calcination step. The sam-
ples obtained were calcined at temperatures from 150 �C to 350 �C. The effects of calcination temperature on the crystalline phase,
particle size, anisotropy, surface area and the textural, morphological and reducibility properties have been studied by powder X-ray
diffraction, BET, scanning electron microscopy and temperature-programmed reduction techniques. The anisotropic effects on the par-
ticle growth were studied by means of a Williamson–Hall plot.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Cerium (IV) oxide (CeO2, cerianite), with a cubic fluo-
rite-type structure [1] is one of the most reactive rare earth
metal oxides. A remarkable property of this material is the
number of effective redox Ce4+/Ce3+ sites and their ability
to exchange oxygen. Therefore, cerianite can be used as a
promoter or support in industrial catalytic processes
because of its oxygen vacancy defects which can rapidly
be formed and removed, causing a remarkable oxygen stor-
age capacity [2,3].

Consequently, ceria has been extensively investigated for
catalytic applications, such as three way catalysts in auto-
mobile exhaust systems [4–7], in the oxidative dehydroge-
nation of light alkanes [8,9] or the dehydrogenation of
cyclohexanol [10]. Lately, ceria has been used in composite
systems [10] or as a support [11,12].

The preparation of CeO2 materials of mesoporous
[13,14] and macroporous structured nanoparticles [15]
and films [16] has been widely described. Among the
methods used to prepare rare earth oxides the thermal

decomposition of cerium carbonates or hydroxycarbon-
ates, which allow a morphological, crystal size and physi-
cochemical control of synthesized cerianite [3] and
microwave–hydrothermal synthesis [17], can be found. Pre-
cipitation of metal salts in alkaline medium followed by a
thermal treatment in air has been extensively used for the
synthesis of other oxides, such as Fe2O3 [18]. Analogously,
cerium oxide has also been prepared by precipitation
[19,20]. References concerning the synthesis and structural
characterization of microporous CeO2 are not often found
in the literature.

In this work, a microporous high surface area cerium
oxide has been prepared using an own lab procedure based
on a precipitation and a thermal treatment under mild con-
ditions. The effects of calcination temperature on the crys-
talline phase, particle size, anisotropy, surface area and the
textural, morphological and reducibility properties have
been studied by XRD, BET, SEM and TPR techniques.

2. Experimental

All chemicals were purchased from Aldrich (Germany),
purityP 99.5%. An aqueous solution of (NH4)2CO3

(0.29 M) was added (�0.4 mL/min) to a stirring aqueous
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solution of CeCl3 Æ 7H2O (0.0058 M) until a pH value of 8.5
was reached. The mixture was stirred for 30 min. Then, the
solution was decanted, filtered, repeatedly washed till neg-
ative chloride test, and calcined at temperatures from 150
to 350 �C for an hour. Part of the material was calcined
at 350 �C directly, while the other part was subjected to a
slower heating rate.

Powder X-ray diffraction patterns of the samples were
collected in a Siemens D5000 diffractometer with Bragg–
Brentano geometry using nickel-filtered Cu-Ka radiation
(k = 0.1541 nm). Data were collected in the 2h range of
10–70� with an angular step of 0.058 at 3 s per step.

N2 adsorption and desorption isotherms at 77 K were
measured on an automatic Micromeritics ASAP 2020 sur-
face analyzer. Before analysis, the samples were degassed in
vacuum at 120 �C for 16 h. The surface area was calculated
according to the BET and DFT methods and the micro-
pore size distribution was determined using the Micromer-
itics DFT software.

Scanning electron microscopy analysis combined with
energy dispersive X-ray analysis (SEM–EDX) was carried
out in a JEOL JSM6400 scanning microscope operating
at an accelerating voltage in the 15–20 kV range. Samples
were previously coated with gold by sputtering technique
to create contrast.

Temperature programmed reduction (TPR) and oxida-
tion (TPO) measurements were performed using a Thermo-
finnigan TPDRO 1100 system. A mixture of H2 (5%) in
argon with a flow of 20 mL/min was used to reduce the
samples (0.12 g) placed in an oven heated up from 40 �C
to 990 �C with a heating rate of 10 �C/min and left at
990 �C for 20 min. The reduction of CuO to metallic
copper was used to calibrate the TPR apparatus for H2

consumption. For the oxidation measurement a mixture
of O2 (5%) in helium was used.

3. Results

3.1. X-ray diffraction measurements (XRD)

XRD measurements of the precipitate were not enough
defined due to poor crystallinity of the obtained white and
water insoluble precipitate, where cerium oxide carbonate
hydrate has probably been obtained.

The XRD analysis of the samples calcined at different
temperatures (150–350 �C) and the pattern peaks of reflec-
tions corresponding to cubic CeO2 (JCPDS file 34–394,
cerianite, dotted lines) are shown in Fig. 1. The material
does not present a crystalline CeO2 structure neither at
150 �C nor at 200 �C, although the peaks at 2h � 28.555�
and at 2h � 47.479� begin to appear. All reflections of the
materials calcined at 250 �C to 350 �C are assigned to those
typically presented by CeO2 pattern, in spite of the fact
that they all exhibit a shift of 2h values. The peaks present
some diffraction-line broadening. The microstructure
analysis was performed by TOPAS version 2.1. using the
theory of integral breadth of the diffraction-lines which

assumes an intermediate crystallite size broadening mod-
elled by a Voigt function. In order to evaluate whether
the size effect is isotropic or it varies with the lattice direc-
tion, a Williamson–Hall plot (inverse of crystallite size, b�

f ,
vs. the inverse of plane spacing, d*) was built (Fig. 2). The
lattice parameters for the powders at different temperatures
and the crystallite sizes of the catalysts are presented in
Table 1. The lattice parameter, a, differs slightly from the
theoretical value given for the pattern of CeO2. As the cal-
cination temperature increases, the value of the lattice
parameter, a, comes to a better agreement to the reported
value. The crystallite size increases with the calcination
temperature for all 2h. The highest 2h angle (�59.087�)
has not been considered for the calculations because of
the overlapping of the peak and the very high standard
deviation, which makes difficult and doubtful the curve fit-
ting calculations [21,22].
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Fig. 1. XRD patterns for CeO2 calcined at: (a) 150 �C, (b) 200 �C, (c)

250 �C, (d) 300 �C and (e) 350 �C. Dotted lines represent 2h of cerianite

reported data.

Fig. 2. Williamson–Hall plot for CeO2 calcined at different temperatures.
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Table 1

Influence of calcination temperature on lattice parameter, a, and particle size (values in parentheses refer to the error associated to the calculation)

Pattern (34–394) Tcalcination (�C)

250 300 350

a = 0.54113 nm a = 0.54268 nm a = 0.54270 nm a = 0.54150 nm

2h 2h Crystallite size (nm) 2h Crystallite size (nm) 2h Crystallite size (nm)

28.555 28.4545 4.124 (58) 28.4723 4.561 (57) 28.5515 5.097 (69)

33.082 32.961 4.17 (16) 32.9830 4.69 (17) 33.063 5.24 (19)

47.479 47.31 3.089 (67) 47.3850 3.416 (67) 47.449 3.871 (79)

56.335 56.205 2.848 (87) 56.2100 3.129 (94) 56.323 3.62 (10)

Fig. 3. SEM micrographs of CeO2: (a,b) calcined with a slow heating rate to 350 �C, (c,d) calcined at 350 �C with no heating rate and (d,e) calcined at

300 �C.
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3.2. Scanning electron microscopy (SEM)

The SEM micrographs corresponding to the material
calcined at 350 �C (with and without heating rate) and
300 �C (without heating rate) are shown in Fig. 3. In
general, the material shows non-uniform size particles.
However, the shape of the particles appears to be quite
homogeneous consisting in thin long plates (layers of nano-
metric thickness, around 2 lm wide and variable length
higher than 1 lm) with round edges. The material calcined
at 350 �C with slower heating rate gave a more ordered
structure presenting a rose-like structure (Fig. 3a, b), while

that calcined directly at 350 �C presented separated plates.
The layers (petals) forming the rose structure present a
quite homogeneous morphology.

3.3. Nitrogen physisorption

The surface area (SBET) was determined byN2 physisorp-
tion technique using the BET method. The effect of the cal-
cination temperature on the surface area is shown in Fig. 4.
The SBET suddenly increases at 250 �C; then, it linearly and
smoothly decreases when the temperature becomes higher.
The adsorption–desorption nitrogen isotherms for CeO2

prepared at 250 �C and its pore size distribution are shown
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Fig. 4. Effect of calcination temperature on surface area (SBET).

Fig. 5. Adsorption–desorption isotherm for the sample calcined at 250 �C and pore size distribution by BJH method.

Fig. 6. Micropore size distribution of CeO2 calcined at 250 �C using the

Micromeritics DFT software.
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in Figs. 5 and 6. The material presented a narrow pore width
distribution centered at 0.53 nm and a wide region pore size
between 1 nm and 1.3 nm. All samples, excepting that pre-
pared at 150 �C, show the same isotherm profile. The micro-
porous areas show a decreasing trend as of 105.0, 96.4 and
82.5 m2/g for the samples calcined at the increasing
250 �C, 300 �C and 350 �C temperatures, respectively.

3.4. Temperature programmed reduction (TPR) and

oxidation (TPO)

The TPR results exhibited a broad reduction profile
centred at 502 �C and a high temperature reduction peak
at 900 �C (Fig. 7, left) in the first reduction. The quantita-
tive analysis for hydrogen consumption gave the following
results: 270 lmol H2/gsample for the first peak and 367 lmol
H2/gsample for the peak at the higher temperature. The TPO
profile gave a higher peak at 122 �C and a lower one cen-
tred at 250 �C. After oxidation, the material was reduced
again giving place to a defined peak around 900 �C. From
about 400 �C to 700 �C, a non-defined and overlapped
peak is detected. Quantitative analysis for hydrogen con-
sumption is difficult due to overlapping. However, a qual-
itative comparison between the first and second reductions
evidenced that the peak at 900 �C entails a higher hydrogen
consumption at the second reduction.

4. Discussion

First, concerning the XRD results all reflections of the
materials calcined between 250 �C and 350 �C are assigned
to those typically shown by the CeO2 pattern.

Considering that the CeO2 has been synthesized by wet
soft chemistry, the uniform shape and the ‘size’ effect are
dominant in the line broadening, assuming no strain by
microdesorptions in our case. The Williamson–Hall plot
gives an overview of the nature of the broadening due to
crystal imperfections. The scattering of points is attributed
to an anisotropic size effect, which is consistent with the

following discussion of SEM analysis. The anisotropic
morphology based on thin long plates of CeO2 as shown
by SEM, account for the peak broadening of the diffracto-
gram from XRD.

The increase of SBET parallels the increase of CeO2 crys-
tallinity up to 250 �C. Nevertheless, as the calcination tem-
perature increases from 250 to 350 �C, the surface area of
CeO2 decreases due to the higher size particles formed
and the subsequent loss of microporosity. From the long
nearly flat branch with a small ‘tail’ at higher p/p0, in the
adsorption–desorption isotherm, and the narrow hysteresis
loop obtained (Fig. 5) we may classify it as a type I iso-
therm. The material presents an important microporosity,
which is the major responsible for the high surface area
of CeO2. The pore size distribution plot (Fig. 6) confirms
the presence of microporosity at a predominant pore size
of 0,53 nm and also a micropore distribution between
1 nm and 1.3 nm. This microporosity increases from
150 �C to 250 �C. Such increase may be due to the opening
of the micropores of lower size carried out by the conden-
sation of vicinal surface-carpeting OH groups to give rise
to Ce–O–Ce bridges. This effect is expected to disappear
at temperatures above 250 �C.

Regarding the mechanism of reduction of CeO2, it is
generally believed to occur via sequential steps: (i) dissoci-
ation of chemisorbed hydrogen with formation of OH
groups; (ii) formation of anionic vacancies with desorption
of water by recombination of H and OH (with concomitant
reduction of Ce4+ to Ce3+) and (iii) diffusion of surface
anionic vacancies into the bulk [23,24]. The TPR profile
of CeO2 has been classically interpreted to occur via a step-
wise process: first, the relatively fast reduction of the outer-
most layers of Ce4+ (surface reduction) at 502 �C and then,
a slower reduction of the inner Ce4+ layer (bulk reduction)
at 900 �C. This process is controlled by oxygen diffusion in
the lattice structure [23]. Nevertheless, more recent studies
show that the reduction of CeO2 depends on thermody-
namic and kinetic aspects of the small and large crystallites.
The reduction of smaller crystallites of CeO2 starts around

Fig. 7. Redox cycle profile for the CeO2 calcined at 350 �C (reduction: left/oxidation: right).
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240 �C. The limiting factors of achieving a total reduction
are not thermodynamic, but kinetic (any of the two first
steps in the mechanism of reduction) and the textural
changes due to crystallites growth (sintering). The first
peak from the first reduction of the TPR profile (Fig. 7,
left) results from the balance between both factors. The
intensity of the first peak is related to the surface area of
the material [25]. As temperature increases, the crystallites
grow to give a higher amount of bulk CeO2, which is
responsible for the second peak [25,26]. After the first
reduction, the oxidation process was performed to recover
the CeO2 (Fig. 7, right). Since the material had been
strongly reduced to very high temperatures, oxidation did
not take place at room temperature and had to be heated
up [27]. As expected, the second reduction gave place to
a defined single-peak (around 900 �C) with a profile indi-
cating very large crystallites of CeO2 caused by the former
reduction and oxidation processes up to 990 �C. However,
the overlapped non-defined peak between 400 �C and
700 �C evidences some remaining small crystallites of
CeO2.

5. Conclusions

A simple precipitation method followed by calcination
at different temperatures is an effective procedure to obtain
a pure crystalline microporous CeO2 from 250 �C to
350 �C. The growth of CeO2 particles presents some anisot-
ropy, as shown by XRD, which is consistent with the lay-
ered shape of particles observed by SEM.

The morphology of CeO2 is affected by the heating rate
in the thermal process. At 350 �C, a slow heating rate gives
place to rose-like layered structure of CeO2, while fast heat-
ing rate calcination yields a layered structure of CeO2.

The thermal process has an important influence on
surface area. At 250 �C, the highest surface area CeO2 is
obtained. At higher temperatures, a decreasing surface area
and an increase of particle size are observed. The decrease
of microporosity parallels the decrease of surface area and
the increase of calcinations temperature between 250 �C
and 350 �C.

The high intensity of the first peak in the first reduction
process confirms again the high-surface of the obtained
material. The exhibited redox reversibility of CeO2

may be relevant for applications in oxidation–reduction
catalysis, processes involving high oxygen-storing capacity,
etc.
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