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Abstract

Composite ceria/silica materials of 10 and 20% (w/w) were prepared by calcination, at 650◦C for 3 h, of the xerogels obtained by mixin
the corresponding amount of a ceria precursor with freshly prepared sols of spherical silica particles (Stöber particles) in the
liquors. Two different ceria precursors were examined in this investigation. The first was a gel produced by the prehydrolysis of ce
isopropoxide in isopropanol medium, and the second was an aqueous solution of cerium(IV) ammonium nitrate. Different tex
morphological characteristics that developed by calcination were investigated by TGA, FTIR, XRD, SEM, and analyses of N2 adsorption
isotherms. The results indicated that ceria dispersion and formation of mesoporous textural composite materials produced by
precursor, cerium(IV) ammonium nitrate, are better than those produced by the first precursor, prehydrolyzed cerium(IV) isopropo
results are discussed in terms of the effect of precursors and mixing media on nucleation and growth of ceria particles and their
from sintering on calcination at the test temperature.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The main catalytic function of ceria in its catalytic a
plications is to provide oxygen buffering capacity duri
a catalytic reaction in which a rich or poor air/fuel ra
arises[1]. The efficiency of ceria in this respect is exc
lent due to its ability to be reduced from CeO2 to CeO2−x ,
where 0< x < 0.25 on heating in the range∼330–930◦C,
while preserving its structure[2]. The reduction of ceria an
its interaction with hydrogen under different conditions ha
been extensively studied and critically reviewed[1,3]. It was
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found that the reduction of ceria, which occurs at temp
atures higher than 330◦C, is dependent largely on textu
[4–6]. Moreover, the effect of the structural and textural
pects of ceria has been reported for many catalytic c
systems[7–11].

It has been found[2] that doping of ceria with silica
or zirconia[2,12,13] induces important structural transfo
mations, which depend on the amount of dopant and
the thermal history of the samples. Rocchini et al.[14]
found that under some specific conditions, silica positiv
affects the redox behavior of ceria, resulting in enhan
ment of its reduction properties due to the formation o
new phase/compound, Ce9.33(SiO4)6O2, the arrangement o

which induces stabilization of small ceria crystallites. For-
mation of this phase enables the limitations imposed by
thermodynamics in the reduction of ceria to be overcome,

http://www.elsevier.com/locate/jcis
mailto:{kamalk@uaeu.ac.ae}
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and almost 80% of cerium formally shifts to the+3 oxida-
tion state in the form of cerium silicate. On reoxidation, t
phase decomposes, giving amorphous silica and small
crystallites, which are much more reactive toward reduc
and oxidation, respectively.

There is much evidence that when ceria is mixed w
silica, or silica is used as a support, the overall function
the catalyst improves; e.g., SiO2 is an effective surface area
stabilizing agent for ceria[15,16]. Ceria-promoted Pt, Rh
or Pd/SiO2 catalysts were found to be more active than
unpromoted catalyst[17]. Moreover, for Pt/ceria-supporte
catalysts, Pt was found to diffuse into ceria at room tem
ature under vacuum and may form Pt–Ce bonds at elev
temperatures. However, the encapsulation effect was no
served for Pt/ceria-promoted SiO2 catalysts[18].

Despite the advantageous textural and morpholog
nature of ceria/silica composite materials, their meth
of preparation have not been fully explored. Bensalem
al. [19] found that impregnation of SiO2 with Ce-ace-
tylacetonate led to smaller ceria particles (1–3 nm),
compared with impregnation with a Ce-nitrate precur
(5–9 nm). Cracium[17] has also investigated and com
pared CeO2/SiO2 materials prepared by incipient wetne
and grafting. He found that large crystallites, or mos
amorphous CeO2/SiO2, were generated by incipient wetne
and grafting after calcination at 500◦C. The microstructure
evolution of nanocrystalline CeO2 supported on amorphou
SiO2 on heat treatment in air or in hydrogen, has also b
examined[20].

This article describes the preparation of ceria/silica m
terials by the mixing of a prehydrolyzed cerium(IV) is
propoxide (gel), or cerium(IV) ammonium nitrate aqueo
solution, with freshly prepared Stöber silica sols. The aim
to take advantage of the highly dense phase (Stöber s
particles) as a matrix for ceria particles to produce th
mally stabilized textural ceria/silica materials. Structural a
textural characteristics of the dried materials (uncalcin
as well as the materials produced by calcination for
at 650◦C (calcined), were explored by TGA, FTIR, XRD
SEM, and N2 adsorption techniques.

2. Experimental

2.1. Materials

Cerium(IV) isopropoxide, Ce[OCH(CH3)2]4·C3H7OH,
powder, was a product from Alfa Aesar; cerium(IV) am
monium nitrate (NH4)2Ce(NO3)6 (CAN), solid, a product
from Aldrich Chemical Company; tetraethyl orthosilica
98% Si(OC2H5)4 (TEOS), liquid, a product from Sigma
Aldrich Company, Ltd., Germany. Isopropanol>99.7%,

(CH3)2CHOH (water content<0.05%), a product of Merck,
and aqueous ammonia solution (25% NH3), 99.99%, also a
product of Merck, were used as received.
Interface Science 287 (2005) 534–541 535
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2.1.1. Preparation of the pure silica material
Pure silica materials were prepared by the Stöber me

[21]. A 19.0-ml volume of TEOS was added to 207.0 ml
absolute alcohol, and hydrolysis was initiated by the ad
tion of 155 ml of ammonia (within 1 min) with magnet
stirring (400 rpm), resulting in the formation of Stöber sili
sol. The sol was maintained under constant stirring for
The resultant solution was aged 1 week. The cake that
distilled was filtered off and then dried overnight at 60◦C,
followed by further drying at 120◦C for 24 h. The resul-
tant material is termeduncalcined pure silica. Portion of
the uncalcined material was calcined at 650◦C for 3 h. The
calcined material was named calcined pure silica afte
precursor.

2.1.2. Preparation of ceria/silica materials from
cerium(IV) isopropoxide

Silica supported with 10 and 20% ceria from cerium(I
isopropoxide (CIP) was prepared as follows. A calcula
amount of CIP corresponding to 10 or 20% (w/w c
ria/silica) was dispersed in 50 ml of isopropanol (wa
content<0.05%) with the aid of ultrasonic radiation in
conventional small bench-top ultrasonic bath for 10 m
This led to dispersion and hydrolysis of CIP and subseq
formation of the gel. The resultant gel was transferred
a beaker containing freshly prepared Stöber silica sol
duced by the method described above. The solution
magnetically stirred at ca. 400 rpm. The sol was stirred
1 h. The resultant solution was aged one week, filtered
and dried, as was the pure silica. The resultant materials
rived from the cerium alkoxide precursor (abbreviated A
are labeleduncalcined 10% Alk and 20% Alk ceria/silica,
respectively. Portions of the uncalcined materials obtai
by the method described above were calcined at 650◦C for
3 h. Calcined materials were named after their respec
precursors ascalcined 10% Alk and 20% Alk ceria/silica,
respectively.

2.1.3. Preparation of ceria/silica materials from
cerium(IV) ammonium nitrate

Silica supported with 10 and 20% ceria was prepa
from cerium(IV) ammonium nitrate (CAN) as follows
A calculated amount of CAN corresponding to 10 or 20
(w/w ceria/silica) was dispersed in 50 ml of doubly d
tilled water. The resultant solution was transferred int
beaker containing freshly prepared Stöber silica sol p
duced by the method described above. The solution
magnetically stirred at ca. 400 rpm. The solution was m
tained under constant stirring for 1 h. The resultant solu
was aged one week, filtered off, and dried as descr
above. The resultant materials derived from the CAN p
cursor as a soluble inorganic precursor (abbreviation

are labeleduncalcined 10% Ing and 20% Ing ceria/silica,
respectively. Portions of the uncalcined materials obtained
by the method described above were calcined at 650◦C
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for 3 h. Calcined materials were named after their respec
precursors ascalcined 10% Ing and 20% Ing ceria/silica,
respectively.

2.2. Characterization

2.2.1. Thermogravimetric analysis (TGA)
TGA was carried out using a thermogravimetric analyz

TA Instruments GA 2950 (USA). A ceramic sample bo
was used. Samples weighing 10.0±0.1 mg were heated in
ceramic sample boat up to 700◦C at 10◦C min−1 in a stream
(40 ml min−1) of nitrogen gas or air.

2.2.2. Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of the samples were obtained usin

Fourier transform infrared spectrophotometer, Nicolet FT
Magna-IR 560 system (USA), in the range 4000–400 cm−1,
with 40 scans and a resolution of 4 cm−1.

2.2.3. X-ray diffraction (XRD)
XRD patterns were obtained using a Philips 1840 diffr

tometer at room temperature. Diffraction patterns were
tained with Ni-filtered CuKα radiation (λ = 0.154056 nm).
The patterns obtained were matched with standard dat
CeO2, Card No. 34-394[22], for the purpose of phase iden
fication. The crystallite size of the ceria phase was estim
from the Scherrer equation[23]: D = (0.9λ)/(β cosθ),
whereD is the crystallite size,λ is the wavelength of the
incident X-ray,θ is the angle of diffraction for the 111 line
and β is the half-width of the peak, which was measu
graphically.

2.2.4. Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained usin

Jeol microscope, Model JSM-5600. Samples were co
with gold before investigation.

2.2.5. Nitrogen gas adsorption
Nitrogen adsorption/desorption isotherms at 77 K w

measured using a Model ASAP 2010 instrument (Mic
meritics Instrument Corporation, USA). Prior to measu
ment, all samples were outgassed for 2 h at 150◦C to 0.1 Pa.
The specific surface area,SBET, was calculated by applyin
the BET equation[24]. The average pore diameter was c
culated from the ratio 4Vp/SBET, whereVp is the specific
pore volume. Moreover, porosity distribution was genera
by BJH analysis using the indicated instrumental softw
Microporosity was assessed fromt-plot constructions[25],
using the Harkins–Jura correlation[26] for a t plot as a func-
tion of normalized pressure,p/po. t-Plot surface areas,St ,
were calculated from slope analysis of thet plots accord-

ing to standard methods. Micropore surface area,Smic, the
area corresponding to the gas condensed in micropores, wa
calculated from the relationSmic = SBET − St .
Interface Science 287 (2005) 534–541
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3. Results and discussion

3.1. Thermogravimetry

TGA and DTG curves for the uncalcined hydrolysis pro
uct of TEOS, pure SiO2, in an atmospheric flow of nitroge
are shown inFig. 1. A weight loss of 10.6% was recorded o
heating the precursor from room temperature (RT) to 700◦C.
The DTG curve (Fig. 1) exhibits four peaks, indicating fou
weight loss steps. The first, which maximizes at 54◦C with
a shoulder at 137◦C, corresponds to a weight loss of 5.92
and most probably involves desorption of the adsorbed
ganic solvents and water molecules. The other DTG pe
observed at 200, 310, and 452◦C, respectively, may be a
tributed to the dehydroxylation of the silica surfaces;
FTIR and XRD results below. TGA for the dried basic h
drolysis product of TEOS in a flow of nitrogen gas has b
previously investigated[26]. Accordingly, the weight loss in
the nitrogen atmosphere originates mainly from desorp
of physically adsorbed water (and/or solvents) and sur
dehydroxylation of the silica surfaces[27,28].

Fig. 1 also shows the TGA and DTG curves for unc
cined 10% Alk and 20% Alk CeO2/SiO2. Weight losses
of 12.3 and 12.0% were recorded on heating from RT
700◦C, respectively. The curves show that the weight los
continuous, with the rate generally decreasing over the e
heating range, RT to 700◦C, for the two uncalcined mate
rials. Therefore, no clear peaks are observed for the D
curve; nevertheless a very weak maximum around 28◦C
can be observed in both cases. Comparing the curves
tained for uncalcined 10% Alk and 20% Alk CeO2/SiO2
with those obtained for uncalcined SiO2 indicates that addi
s
Fig. 1. TGA and DTG curves of the uncalcined hydrolysis products in an
atmospheric flow of nitrogen: pure silica, 10% Alk ceria/silica, and 20%
Alk ceria/silica.
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Fig. 2. TGA and DTG curves of uncalcined 10% Ing ceria/silica and 2
Ing ceria/silica materials in an atmospheric flow of nitrogen.

tion of CeO2 from a prehydrolyzed gel (alkoxide precurso
to SiO2 sol leads to a small increase in weight loss on hea
in the range RT to 700◦C. This slight increase is most pro
ably due to the inclusion or trapping of some more water
solvent molecules in the CeO2 gel-containing precursors
However, the DTG peaks assigned to the evaporation
water and/or solvent) and surface dehydroxylation proce
for pure uncalcined SiO2 were not observed for the CeO2
gel-containing precursors.

Fig. 2 shows the TGA and DTG curves for uncalcin
10% Ing and 20% Ing CeO2/SiO2. Weight losses of 13.8
and 14.6% were recorded on heating from RT to 700◦C for
the uncalcined 10% Ing and 20% Ing CeO2/SiO2, respec-
tively. Fig. 2shows that the weight loss for uncalcined 10
Ing and 20% Ing CeO2/SiO2 is continuous and the gener
profile is largely similar to the profile observed for pure u
calcined SiO2. The DTG curvesFig. 2exhibit a broad peak
around 298◦C for uncalcined 10% Ing. However, for unca
cined 20% Ing two peaks appear at 200 and 267◦C. These
peaks may be due to the decomposition of the same sp
related to the inorganic precursor.

3.2. FTIR spectra

Fig. 3a shows the FTIR spectra of pure silica as well
other uncalcined Alk and Ing ceria/silica. The spectrum
uncalcined pure silica exhibits a group of bands that ag
with band positions reported for SiO2 prepared by complet
hydrolysis of TEOS, i.e., silica gel[27,29]. Accordingly, the
band at 3440 cm−1 corresponds to theν(O–H) mode of
(H-bonded) water molecules, the band at 1632 cm−1 cor-
responds to theδ(OH) mode, and the band at 951 cm−1

corresponds toν(Si–OH). The bands at 1100 and 800 cm−1

correspond toνas(Si–O–Si) andνs(Si–O–Si) modes, respec
−1
tively, whereas the band observed at 470 cmcorresponds

to theδ(Si–O–Si) mode. In addition, the weakly intense band
at 1384 cm−1 may correspond to adsorbed ammonia species.
Interface Science 287 (2005) 534–541 537
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Fig. 3. FTIR spectra of: (a) uncalcined (top), and (b) calcined (bottom)
silica along with 10% Alk, 20% Alk, 10% Ing, and 20% Ing ceria/silica
indicated.

FTIR spectra for uncalcined 10% Alk and 20% Alk c
ria/silica (Fig. 3a) are similar to the spectrum obtained
pure silica. No additional bands are observed. However
very weak band observed at 1384 cm−1 for uncalcined pure
SiO2 is not observed for uncalcined 10% Alk and 20% A
ceria/silica. FTIR spectra for uncalcined 10% Ing and 2
Ing ceria/silica as shown inFig. 3a, resemble the spectrum
pure silica. However, the strong band observed at 1384 c−1

for uncalcined 10% Ing and 20% Ing ceria/silica was
served for uncalcined pure silica.

FTIR spectra for calcined pure silica, along with oth
calcined ceria/silica composite materials, are shown
Fig. 3b. The spectra demonstrate that after calcinatio
650◦C for 3 h, all of the peaks previously observed
the uncalcined parent materials appear at the same pos
but are of weaker intensity. The weakly intense band
served at 1384 cm−1 and the band at 951 cm−1 disappeared
This suggests that on calcination, surface dehydration an
dehydroxylation occurs, as does desorption of any othe
sorbed species.

3.3. X-ray diffraction

XRD patterns for uncalcined ceria/silica are shown
Fig. 4a, along with that for the uncalcined silica precurs
The profiles are similar to that for silica. However, for u
calcined 10% Alk and 20% Alk materials only a few bro

peaks of high noise/signal ratio are observed at positions
close to the characteristic strong lines for ceria (see below),
indicating partial crystallization of the dispersed ceria. No
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Fig. 4. XRD patterns of: (a) uncalcined (top), and (b) calcined (bott
pure silica material along with 10% Alk, 20% Alk, 10% Ing, and 20% I
ceria/silica as indicated.

similar peaks were observed for uncalcined 10% Ing or 2
Ing materials, which is indicative of their amorphous natu

XRD patterns for calcined ceria/silica materials, alo
with patterns for pure silica, are shown inFig. 4b. The XRD
pattern for the calcined silica is one typical of amorpho
silica. XRD patterns for calcined 10% Alk and 20% A
ceria/silica are still dictated by the amorphous-like pro
of silica; however, a few broad peaks of high noise/sig
ratio are observed at positions very close to the chara
istic strong lines for ceria at 28.55◦, 47.47◦, and 56.33◦,
respectively, corresponding to thed spacing of 3.12, 1.91
and 1.63 Å characteristic of the (111), (220), and (3
planes of the cerianite (ceria) structure,Fm3m (225). In
contrast, XRD patterns for calcined 10% Ing and 20%
ceria/silica (Fig. 4b) reflect the amorphous nature of bo
materials. However, for calcined 20% Ing material, v
weak peaks with high noise/signal ratio scarcely can be
tected at the characteristic positions for ceria, i.e., clos
28.55◦, 47.47◦, and 56.33◦as indicated above. This result i
dicates that ceria is present as very finely divided nano
particles. The crystallite size of ceria was estimated from
Scherrer equation[23] as 13 and 14 nm (±1 nm) for the cal-
cined 10% Alk and 20% Alk composites, respectively. T
amorphous nature of the 10% Ing and 20% Ing compos
prevent an accurate estimation of the crystallite size. H
ever, more amorphous and much smaller crystallites sh
be expected for the Ing group than for the Alk group.

3.4. Nitrogen adsorption
Nitrogen adsorption/desorption isotherms for calcined
10% Alk and 20% Alk ceria/silica along with that for cal-
Interface Science 287 (2005) 534–541

Fig. 5. N2 adsorption/desorption isotherms for: (a) calcined 10% Alk
20% Alk ceria/silica along with calcined pure silica (top), and (b) calcin
10% Ing, and 20% Ing ceria/silica along with calcined pure silica (botto

cined pure silica, are shown inFig. 5a. According to the
original IUPAC classification[30], the isotherm for pure cal
cined silica is rather similar in shape to type II type isother
with a scarcely obvious narrow loop. The isotherms for 1
Alk and 20% Alk materials exhibit an increase in total po
volume adsorbed nearp/p0 = 1, and the hysteresis loop
are wider than for pure calcined silica. The isotherms ca
classified as type IV (with some contribution from type
isotherms, and the loops as H3 type hysteresis loops.

Corresponding isotherms for calcined 10% Ing and 2
Ing ceria/silica are shown inFig. 5b, along with that for
calcined pure silica, which is plotted here again for co
parative purposes. The isotherms for 10% Ing and 20%
materials exhibit a large increase in total pore volume
sorbed nearp/p0 = 1, and the hysteresis loops are mu
wider than those of the 10% Alk and 20% Alk materia
The isotherm can be classified as a type IV isotherm.
hysteresis loops can be classified as H3 (with some pro
ties of H2) hysteresis loops. Additionally, according to
recent classification of adsorption isotherms[31], isotherms
obtained with pure silica and with calcined 10% Alk a
20% Alk materials are classified as type IIb isotherm
whereas isotherms obtained with the calcined 10% Ing
20% Ing materials are classified as mixed type IIb and
isotherms.

Textural characteristics including surface area,SBET, ex-
ternal surface area,St , micropore area,Smic, and pore width
for the test materials are listed inTable 1. The results indi-

cate that calcined 10% Alk and 20% Alk materials scarcely
show higherSBET values of 11.3 and 12.7 m2 g−1, respec-
tively, compared with 10.0 m2 g−1 for calcined pure silica.



als
K.M.S. Khalil et al. / Journal of Colloid and Interface Science 287 (2005) 534–541 539

Table 1
Textural characteristics: surface area,SBET, BET constant,cBET, external surface area,St , micropore areaSmic, and pore diameters for the test materi
calcined at 650◦C in air for 3 h

Material SBET (m2 g−1) cBET St (m2 g−1) Smic (m2 g−1) Pore diameter (nm)

Average BJH

Pure silica 10.0 74.7 3.8 6.2 5.8 11.5
10% Alk ceria/silica 11.3 52.1 7.5 3.8 9.5 12.9
20% Alk ceria/silica 12.7 28.8 8.9 3.8 11.8 14.0
10% Ing ceria/silica 38.3 88.7 34.0 4.4 12.8 15.2
20% Ing ceria/silica 50.5 78.4 46.3 4.2 14.6 16.6

(a) (b)
a/silic
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Fig. 6. Scanning electron micrographs of uncalcined ceri

In addition, lower contributions for microporosity are o
tained for calcined 10% Alk and 20% Alk materials (3
and 3.8 m2 g−1, respectively) than for calcined pure silic
(6.2 m2 g−1). Consequently, this gives rise to a higher co
tribution for the external surface area,St , for the indicated
materials than for the calcined silica (seeTable 1).

Results for calcined 10% Ing and 20% Ing ceria/sil
materials clearly have higher surface areas,SBET, of 38.3
and 50.5 m2 g−1, respectively, compared with 10.0 m2 g−1

for calcined silica. Moreover, despite this large increas
the SBET, lower Smic values are obtained for the 10% In
and 20% Ing materials (4.4 and 4.2 m2 g−1, respectively)
than for the calcined silica (6.2 m2 g−1). This gives rise to

2 −1
higherSt values of 34.0 and 46.3 mg , respectively, for
10% Ing and 20% Ing materials compared with 3.8 m2 g−1

for calcined silica (seeTable 1).
(d)

a materials: (a) 10% Alk, (b) 20% Alk, (c) 10% Ing, (d) 20% Ing.

3.5. Scanning electron microscopy

Scanning electron micrographs of the uncalcined m
rials (Figs. 6a–6d) show the spherical silica particle matr
and the ceria dispersed phase, which appears as smal
regular particles. The composite produced from the Alk p
cursor, specifically uncalcined 20% Alk materials, show t
ceria particles are aggregating in a variable size aggre
and overall nonuniform dispersion within the silica matr
However, better dispersion in terms of smaller ceria parti
within the matrix is observed for materials produced fr
the Ing precursor. In addition, better dispersion was fo
on the uncalcined 10% Ing material than on the 20%

material.

Scanning electron micrographs of calcined ceria/silica
materials (Figs. 7a–7d) illustrate large morphological differ-
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Fig. 7. Scanning electron micrographs of calcined

ences between the two groups of calcined materials. The
group shows a case of sintering in large domains, whe
the Ing group shows a case of open aggregating morp
ogy of less sintering and better porosity. Irregular aggreg
of ceria particles,∼0.1–0.5 µm in diameter, are observa
in the Alk group micrographs (Figs. 7a and 7b), whereas
smaller aggregates,<0.1 µm in diameter, can be recogniz
in the Ing group micrographs (Figs. 7c and 7d). In terms
of the above XRD results, rather smaller aggregates an
individual particles should be present in the latter mic
graphs for the Ing group, as supported by the above X
results. These observations are in agreement with theSBET
and porosity measurements, which indicates low surfac
eas of 11.3 and 12.7 m2 g−1, respectively, for the 10% Alk
and 20% Alk materials and high surface areas of 38.3
50.5 m2 g−1, respectively, for the 10% Ing and 20% In
materials. Moreover, the SEM results show the exact m
phological difference between the two groups of mat
als.

The above results indicate that there are essential d
ences between the Alk and Ing groups of materials. This
be explained in terms of different interactions of the Alk a
Ing precursors with silica sol during the preparation. For
Alk precursor, the CeO2 species was in gel form when
was added to the respective silica particle sol, as the sp

had been prehydrolyzed by traces of water present in the
isopropanol medium during the ultrasonic treatment step. In
fact, gelling of the hydrolyzed Ce(IV)(OPri)4·(OPri) during
(d)

rials: (a) 10% Alk, (b) 20% Alk, (c) 10% Ing, (d) 20% Ing.

s

the ultrasonic dispersion stage was influenced by the
ited amount of water present and the high electropositi
of the Ce4+ ion. It should be noted that the gel precurs
was used because Ce(IV)(OPri)4·(OPri) itself is not readily
soluble in isopropanol. In a recent study, our group inv
tigated pure ceria powders produced via sol–gel proc
ing of the ultrasonically dispersed Ce(IV)(OPri)4·(OPri) in
a neutral or basic medium[32]. Accordingly, textures were
porous especially for the materials processed in basic
lutions (SBET = 44.2 m2 g−1 for the material calcined a
650◦C for 3 h). However, the results of the present stu
show that there was little opportunity for the gel to redispe
in the silica sol due to the highly basic conditions pres
in the mother liquor of the sol. The latter factor may le
to further condensation of the surface gel layers, mak
them much more crosslinked and consequently less a
able for dispersion. Scanning electron micrographs of
uncalcined 10% Alk and 20% Alk ceria/silica materials su
port this argument. This explains the presence of the c
domain within the silica particles for the calcined mate
als, the formation of the crystalline ceria phase, and why
significant increase in the surface area was observed. H
ever, in the case of another alcohol-soluble metal alkox
such as titanium(IV) tetraisopropoxide, it was possible
prepare finally dispersed titania/silica under similar con

tions [27]. This indicates that there are differences between
alcohol-soluble alkoxide-type precursors and gel alkoxide-
type precursors.
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However, an inorganic precursor such as cerium(IV) a
monium nitrate may be a good alternative (to replace sol
alkoxide) for the preparation of ceria/silica composites.
sults show that when cerium(IV) ammonium nitrate is u
as the source of the CeO2 phase, soluble cerium(IV) ions g
through the process of hydrolysis, nucleation, and growt
ceria particles in the mother liquor of the silica sol. Hen
under highly basic conditions, the rate of nucleation is v
rapid, whereas the growth rate is slow, in particular if
amount of CeO2 is limited. Apparently, as indicated by th
results obtained, 10 or 20% (w/w) ceria/silica satisfied
conditions required for rapid nucleation and correspond
slow growth rates. This correlates with the observation
finely dispersed ceria particles on the surface of the supp
ing silica particles as seen in the scanning electron mi
graphs. Consequently, the presence of such fine particle
the surface of silica particles increases their roughness
allows textural modification, as reflected by highly improv
surface area and porosity.

4. Conclusion

It can be concluded that addition of either type of ce
precursor to silica sols leads to the formation of compo
materials of modified texture and microstructural details
lower microporosity and higher external surface area. H
ever, the effect is much more pronounced for materials
pared from the inorganic precursor, 10% Ing and 20%
composites, than for materials prepared from the gel pre
sor, i.e., 10% Alk and 20% Alk materials. The results sh
that there is better dispersion of ceria and formation of me
porous textural composites by the cerium(IV) ammoni
nitrate precursor than by the gel precursor, prehydroly
cerium(IV) isopropoxide. These results indicate that ce
from cerium(IV) ammonium nitrate can be dispersed v
finely in basic silica sols to produce ceria/silica comp
ites with good textural and thermal characteristics. This
proach offers an alternative for metal alkoxides especi
when the latter are insoluble in alcoholic media.
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