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Abstract

A supramolecular templating approach to crystalline ceria mesoporous materials had been developed, using inorganic colloidal CeO,
nanoparticles as building blocks and HF or HCl as binding reagent. Calcination of the supramolecular-templated mesostructures yielded
mesoporous ceria materials with high surface areas. The density of the surface hydroxyls was affected by the assembly process adopted as detected
by D,—OH exchange. Structural changes under various treatment conditions were investigated in order to assess the thermal or hydrothermal
stability of the obtained materials. The mesoporous ceria with HF as binding reagent exhibited an exceptionally high thermal and hydrothermal
stability, which was attributed to the combination of large wall thickness and the surface fluoride ions. The surface F ions prevented the meso-ceria

from sintering of nanoparticles.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Porous materials play important roles in many applications,
which stimulate the research interest in developing new
synthetic methods for new porous materials, especially for
those stable over long periods at high temperatures. Since the
hexagonally packed mesoporous silicate materials, i.e., the
MCM-41 series with uniform pores and large surface areas
surpassing 1000 m%*/g, were reported in 1992 [1,2] via a
surfactant micelle-assisted process, plenty of research works on
porous materials have been documented. The method using
surfactant micelles as template has also been used for the
preparation of various oxide materials other than silica with
high surface area and ordered pore systems [3,4]. Among them,
mesoporous transition metal oxides are more widely used as
solid catalysts [5,6], catalyst supports [7] and host materials [8]
for nanocomposites. Unfortunately, the thermal or hydrother-
mal stability of these mesoporous materials is in many cases
less satisfactory compared with the mesoporous silica. The thin
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walls among the pores and re-crystallization of the oxide walls
are the reasons for the low thermal or hydrothermal stabilities.
Recent progress in this field shows the method of using
nanoparticles as the building blocks is a promising strategy to
modify the stabilities of mesoporous materials, in which
nanoparticles stack to bulk mesostructures [9-15]. Thus
materials prepared are viewed important for many applications
such as catalysis and high-surface area materials [16].
Cerium oxide has received considerable research attention
for its application in various aspects [17-21]. For example, it
can be used as active component in combustion catalyst and as
an important additive in three-way -catalysts for vehicle
emission control [22]. And its unique support effect on loaded
catalytic metals has been revealed recently [23]. Using the
conventional method, meso-ceria has been reported to collapse
easily at mild temperatures [24,25]. Corma et al. [12,13] have
reported recently the synthesis of the ordered meso-ceria with
modified thermal stability via nanoparticle assembly, and they
proposed the strong covalent bridges among the nanoparticles
by the condensation of surface hydroxyls improve the stability.
Deshpande et al. have also reported the evaporation-induced
self-assembly of ceria nanoparticles into mesoporous materials
[14]. It is noteworthy that the thermal or hydrothermal
stabilities of thus prepared meso-ceria have not been addressed
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Fig. 1. Small angle X-ray diffraction patterns of mesoporous CeO, prepared with (a) HCI (denoted as Ce(HCI)-TTT) and (b) HF (denoted as Ce(HF)-TTT) as binding
agent. The TTT means the calcination temperature. Hydrothermally treated samples in 100% steam, are indicated by the characters HT in their names.

well in literature. In this report, we described a new and facile
method to synthesize meso-ceria with ~5 nm CeO, nanopar-
ticles as building blocks, P123 as template and HF or HCI as
binding reagent for the combination of nanoparticles with the
template. In contrast with the previous studies in the literature,
the samples obtained with the present method shows promising
thermal and hydrothermal stabilities. The surface fluoride
prevents the meso-ceria from sintering.

2. Experimental
2.1. Sample preparation

CeO, nanoparticles (~5nm) were obtained using wet
chemical process. Gaseous oxygen was bubbled through a gas
distributor into a 10 ml NH5-H,O (25 wt.%) containing 200 ml
distilled water under vigorous stir. 30 mmol Ce(NOs3);
containing 70 ml purified water was pumped continuously
into the above aqueous ammonia. The purple precipitate
gradually turned to pale yellow with the oxidation of Ce(III) to
Ce(IV). The suspension system was continuously stirred
overnight at 20 °C. The yellow precipitate was then washed
with water and recovered by centrifugation. The samples were
denoted as Ce-NP in the context.

The assembly of ceria nanoparticles was performed with two
procedures. (a) 10 ml of a 0.6 mol L' Ce0, sol (~1.0 g Ce0,),
of which pH was set to 2 by 2 M HCI, was poured into 8 ml
aqueous solution of 0.72 g P123 (Pluronic P123 surfactant,
MW: 5800, BASF). The mixture was stirred at room
temperature for 24 h and followed by aging at 45 °C for
48 h without stir. The precipitate was recovered by sedimenta-
tion. The sample was denoted as Ce(HCI) in the context. (b)
10 ml of a 0.6 mol L™* CeO, sol (~1.0 g Ce0y), of which pH
was set at 3 by HF, was poured into 0.72 g P123 containing 8 ml
water. The resulting suspension was stirred for 24 h at room
temperature and allowed to evaporate in a film evaporator. The
sample was denoted as Ce(HF) in the context.

All the samples were dried at room temperature and then
heated at a rate of 1°C/min to various temperatures and
maintained at that temperature for 6 h in air. The hydrothermal

stability of Ce(HF) sample was performed in a stainless steel
reactor. Liquid water (~0.1 g/min) was pumped into the
preheated zone of the reactor. The steam then travelled through
the sample bed. Any carrier gases were not used. The
temperature was increased at a rate of 5 °C/min and the
Ce(HF) sample was exposed to steam at 500 °C or 700 °C for
4 h at autogenous pressure with a relative humidity of 100%.

2.2. Sample characterization

The X-ray diffraction patterns of the products were recorded
using a Phillip X’pert pro Advance Powder X-ray diffract-
ometer (Cu Ka radiation). Transmission electron microscopy
(TEM) micrographs were obtained with a FEI Tecnai G* 20S-
TWIN electron microscopy operating at an acceleration voltage
of 200 kV. Nitrogen adsorption/desorption isotherms were
recorded using a micromeritics ASAP 2020 instrument. The

Ce-NP-700°C
- - .ll
e(HC1)-700°

°°‘

st P s A

HF).HT.700°q
penmt s AL

>e(HF)-700°C
(HF)-500°C
)-300°C

Intensity (a.u.)

L L) I L L] LS L|
20 40 60 80
2 theta/degree

Fig. 2. X-ray powder diffraction patterns of CeO, nanoparticles and mesopor-
ous ceria treated at various conditions.
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Table 1

The texture properties of samples calcined at different temperatures

Sample Temperature (°C) Dxrp” (nm) Area (mz/g) Pore® (nm) Pore volume (cm3/g)
Ce-NP-500 500 7.5 88 33 0.085
Ce-NP-700 700 16.2 23 3.8 0.037
Ce(HCI1)-300 300 5.6 133 3.6 0.108
Ce(HCI)-500 500 9.2 65 3.8 0.091
Ce(HCI)-700 700 16.2 24 3.6 0.034
Ce(HF)-300 300 5.7 126 4.2 0.154
Ce(HF)-500 500 8.5 87 7.3 0.235
Ce(HF)-700 700 12.7 50 6.2 0.112
Ce(HF)-HT-500 500 8.7 84 6.8 0.205
Ce(HF)-HT-700 700 13.3 43 7.6 0.103

 Ceria crystal size calculated from XRD data using Scherrer equation.
® Measured by N, adsorption.

pore size distribution curves were obtained from the desorption
branch calculate by the Barrett—Joyner—Halenda (BJH) method.
The density of surface OH groups was measured by D,—OH
exchange technique. The HD evolution was monitored by mass

Ce(HCD)-300 °C

spectrometer (Inficon Transpector 2) at mass to charge ratio of
3. Ar was used as internal standard for calculation. Samples
were heated in 100 cm®/min 20% O,/He at 250 °C for 1 hour
and cooled down to room temperature in dry helium. Then the
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Fig. 3. Typical TEM images of Ce(HCI) and Ce(HF) heated under various temperatures.
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Fig. 4. HD evolution curves during D,—OH exchange. The figures in parenth-
eses were the OH density of the samples (umol/g).

flow gases were switched to 5% D,/Ar, and the samples were
heated at 5 °C/min to perform D,/OH exchange.

3. Results and discussion

As shown by XRD results (Fig. 1), all the samples with HCI1
as binding agent show a first-order reflection around 1 °C, even
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calcined at temperatures as high as 700 °C, indicating the
mesostructures ordered to some extent. The calcination at high
temperatures causes the XRD diffraction peak moves to the
lower angle, indicating the growth of nanoparticles, i.e. the pore
walls, and increasing in lattice size. But the heat treatment at
700 °C causes the XRD peak shrinks and moves to higher
angle, implying the partial collapse of ordered porous
structures. For the meso-ceria with HF as binding agent,
calcination at 500 °C or higher temperatures causes the first-
order reflection peak to vanish away, implying the breakdown
of the ordered mesoporous structure. Likewise, hydrothermal
treatment of Ce(HF) in the above mentioned condition also
removes the XRD diffraction peaks.

The heat effect on the mesostructures of the materials is
complicated. Commonly, a little shift to higher angle of the X-
ray diffraction peak by calcination is reasonable. For instance,
the Ce(HF) heated at 300 °C shows a slight contraction of the
mesostructure upon surfactant removal. On the other hand, the
heat treatment may shift the X-ray diffraction peaks slightly to
lower 2-theta values, due to the growth of nanoparticles during
the heat treatment, which should result in a slight enlargement
of pores. The finding will be illustrated as follows.

Fig. 2 shows the wide-angle X-ray diffraction patterns of the
ceria nanoparticles and the assembled mesoporous samples
calcined at various temperatures. All the diffraction peaks can
be assigned to cubic flurite CeO, [26]. With increase of the
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Fig. 5. Nitrogen adsorption—desorption isotherms of the calcined mesostructured ceria and ceria nanoparticles.
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Fig. 6. Pore size distribution of the calcined mesostructure ceria.

calcination temperatures, the peaks become narrower and their
intensity increases due to the sintering and agglomeration of
ceria crystallites. Crystallite sizes (Dxgrp) of CeO, calcined at
various temperatures calculated by Scherrer formula with the
width of (1 11) diffraction peak are listed in Table 1. The
growth of CeO, crystallites apparently depends on both
the calcination temperature and the methods of assembly. At the
same heat temperatures, the size of CeO, crystallites for
Ce(HF) series is obviously smaller than those of Ce(HCI)
series.

The above results are in agreement with the TEM
observations, as shown in Fig. 3. The presence of a wormlike
mesostructure is apparent, i.e. the mesostructures are not so
ordered because there existed only the first XRD diffraction
peak. No any additional indexable peak besides the broad d;q
peak is observed. At the respective temperature of 300 °C and
500 °C, TEM images of Ce(HCl) and Ce(HF) exhibit the great
similarity, whereas at the temperature of 700 °C, their TEM
images show a significant difference. The TEM of the samples
heated at 500 °C shows the presence of dense wormlike
mesopores due to the sintering and the growth of the
nanoparticles. For the samples heated at 700 °C, their TEM
photos show a rather foamlike structure made of closely packed
nanoparticles. The nanoparticles in Ce(HCI) or Ce-NP heated at
700 °C pack more closely than those of Ce(HF).

In the current strategy for assembly, the surface functiona-
lization by F~ or C1™ ions is important. The halides are possible
to substitute the surface hydroxyl groups and then to influence
the property of thermal stability and hydrothermal stability of
the materials at the end. The density of surface hydroxyls of Ce-
NP and assembled mesoporous ceria is detected by the
technique of D,—OH exchange [27-29]. Fig. 4 shows the HD
evolution curves during D,—OH exchange. For Ce-NP calcined
at 300 °C, 400 °C and 500 °C, the maximum rate of HD
evolution is observed at the same temperature (250 °C), but the
hydroxyl density decreases with the increase of calcination
temperature. In contrast the surface hydroxyls for assembled
mesoporous ceria are different from nanoparticles. For
Ce(HC1), the HD evolution peak centers at around 370 °C,
about 120 °C higher than that of ceria nanoparticles, indicating
the chlorides remove the sites for D, dissociation on the surface
of mesoporous ceria. Compared with ceria nanoparticles, only
35% hydroxyls are reserved after assembly. It is noteworthy
that no hydroxyls are detected for Ce(HF), indicating that the
fluoride replaced all the surface hydroxyls of ceria during
assembly with HF as binding agent. Accordingly, fluorides in
great amount are detected by chemical analysis of Ce(HF),
equal to the surface OH density of ceria nanoparticles.

The results of D,—~OH exchange reveal the decrease in
surface OH groups after assembly, indicating the substitution of
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surface OH groups by halide F or Cl ions. Moreover, the F ions
are better for surface functionalization because the interaction
between the F ions and the protons located at the surface P123
template is stronger than that between Cl ions and protons, the
HF is better to bind the ceria colloidal with P123 template. At
the same time, F ions, substituting all of the surface hydroxyls,
prohibit the condensation among the hydroxyls of ceria, which
is the mechanism for sintering of ceria. Higher texture stability
can be deduced for Ce(HF) at high temperature in dry air or
100% humidity, compared with Ce(HCl). In addition, CI ions
are easier to leave than F ions, which also reduce strength of
repulsion among nanoparticles. These all justify the differences
between Ce(HF) and Ce(HCI).

XRD and N, adsorption experiments [30] are the most-
common methods for assessment of the thermal stability and
hydrothermal stability of mesoporous materials. Compara-
tively, the results of N, adsorption are sound to elucidate the
texture of the porous materials. Fig. 5 shows the N, sorption
isotherms of the samples treated under different conditions and
Fig. 6 shows the corresponding pore size distribution curves
calculated by BJH method from desorption isotherms.
Quantitative results are summarized in Table 1. The Ce-NP
loses most of its specific surface area, from 88 m?*/g at 500 °C to
23 m?/g at 700 °C, but retains the well-defined narrow pore size
distribution (Fig. 6). Obviously, the surface area of Ce(HCI)
sample decreases more rapidly with the increase of heat
temperature, compared with that of the Ce(HF) sample. Under
the same thermal treatment conditions, the Ce(HF) shows larger
surface area and broader pore size distribution. In agreement
with the results of small angle X-ray diffraction, the average
pore size of Ce(HF) enlarges when heated at 500 °C, though the
nanoparticles grow in size.

Combining the current charactering results, it can be
concluded that F~ on the surface of ceria nanoparticles prevents
the meso-ceria from sintering. Even the Ce(HF) is exposed to
100% steam at high temperature of 700 °C when its small angle
X-ray diffraction peak removes completely (Fig. 1), its specific
surface area and pore size disrtibution show very little change.
The treated Ce(HF) still exhibits a type IV isotherm, indicating
the presence of mesoporous structure during the hydrothermal
treatment (Fig. 5).

There is a very interesting phenomenon that should be stated
here. The pore size and pore volume of Ce(HF) increase more
significantly when it is calcined at 500 °C than when it is at
300 °C.

4. Conclusion

In conclusion, a facile method for synthesis of thermally
stable and crystalline mesoporous materials has been developed
using ceria nanoparticles as building blocks with HF or HCI as
assembling agent to bind the ceria colloidal to the surface of
polymer template. The binding agent, i.e., fluoride or chloride,
can substitute the surface OH groups of ceria. For the
substitution, fluoride is more efficient than chloride, and the
mesoporous ceria with HF as binding agent shows higher
thermal and hydrothermal stabilities. The presence of surface

fluoride on the surface of ceria nanoparticles is very effective
for preventing the meso-ceria from sintering, which then
increase the texture stability of ceria.
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