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Abstract

The present review outlines the research work realized during last the 10 years in our laboratory in the field of the conception
of new nanostructured porous materials, from mesoporous silicas and metal oxides to hierarchical meso—macroporous com-
pounds with various compositions (single and binary metal oxides and aluminosilicates, aluminophosphates and silicoalumino-
phosphates). An accent was especially made on the evolution in the development of new synthesis strategies for the introduction
of a hierarchy in one solid body with and without surfactant molecules. 7o cite this article: B.-L. Su and al, C. R. Chimie 8
(2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Cette publication décrit les travaux de recherche réalisés au laboratoire CMI au cours des dix dernieres années dans le
domaine de la conception de matériaux poreux nanostructurés, depuis les matériaux mésoporeux hautement structurés (silice et
oxydes de métaux de transition) jusqu’a des matériaux plus sophistiqués (oxydes de métaux de transition simples et binaires,
aluminosilicates, aluminophosphates et silicoaluminophosphates). Un accent tout particulier est mis sur I’évolution dans la
recherche de nouvelles stratégies de synthése pour 1’introduction d’une hiérarchie de la porosité dans un corps solide unique,
avec ou sans molécule de surfactant. Pour citer cet article : B.-L. Su et al, C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

More than 10 years past since the discovery of the
so-called M4 1S mesoporous silica materials, the prepa-
ration of periodic mesoporous materials with different
compositions has been gaining increasing attention. The
surfactant-templating method has been extended to the
synthesis of non-silica oxide mesoporous materials
[1-8]. And enormous application potential of mesopo-
rous transition metal oxides has been found in the fields
of electromagnetics, photoelectronics, catalysis and
separation [9]. By using firstly cationic surfactants and
then non-ionic polyoxyethylene alkyl ethers (POE), a
series of highly ordered mesoporous silicas and metal
oxides were conceived in our laboratory [10-24]. The
non-ionic POE type surfactants are indeed of consider-
able interest as they are low-cost, biodegradable and
less toxic than the commonly used quaternary ammo-
nium derivatives in MCM-41-type materials synthesis.
The main advantage of this kind of surfactant mol-
ecules relies not only on the H-bonding type interac-
tions between the surfactant and the inorganic sources
allowing an easier removal of the templating molecule
to create the open mesoporous framework, but also on
the flexible and tuneable hydrophilic groups which offer
the control of the pore size and geometry by varying
the hydrothermal conditions and by using freezing
agents of the polyoxyethylene unit such as transition
metal ions [17,18].

The development of modern and environmental
friendly industrial processes with the highest effi-
ciency and the lowest energy and brut materials con-
sumption requires the more advanced and sophisti-
cated materials having hierarchical pore structures at
different length scales in order to achieve highly orga-
nized functions. Mesoporous oxide materials with
macroporous structures have shown to be of great inter-
est as potential catalysts and sorbents, partly because
the textural mesopores and intrinsic interconnected pore
systems of macrostructures should be able to effi-
ciently transport guest species to framework binding
sites. FCC catalysts are the concrete example of hier-
archical structure in use in industry and involve the for-
mation of a composite principally from a main compo-
nent, an USY zeolite mixed with a macroporous matrix,
usually amorphous silica, alumina or silica/alumina
with clay. A pre-cracking of the heavy feedstocks prior
to the action of the USY zeolite is carried out in

macroporous matrix. The microporous openings of zeo-
lites impede however the diffusion of bulky molecules
from vacuum gas—oil and residues. The introduction of
mesoporosity in USY zeolite by vapor steaming treat-
ment can facilitate thus the secondary catalytic crack-
ing. Finally, the more oriented cracking and the fine
rearrangement of cracked molecules take place in the
supercages of USY zeolite. However, this micro—-meso—
macroporous hierarchy was obtained by artificial mix-
ture of different components containing pre-defined
porosities.

The combination of surfactant-templating tech-
niques and colloidal crystal templating methods allows
the construction of hierarchically bimodal meso—
macroporous silicas [25-29]. Polymeric latex spheres
were largely used as templating agent for the
macroporosity generation [25,26,30]. However, the
design of high surface area materials with multi-scaled
porous structure has still remained an experimental
challenge. The development of new methods for hier-
archical porous materials conception should be thus of
great importance.

The present paper describes the evolution from
highly ordered mesoporous CMI-n materials to our very
recent success in hierarchically structured meso—
macroporous single and binary oxides and aluminosili-
cates, aluminophosphates and silicoaluminophos-
phates. We just want to shed some light on the
conception of sophisticated materials.

2. Hexagonally ordered mesoporous CMI-n
materials

2.1. Evolution of the structural, textural
and morphological features of CMI-1 materials upon
the variation of surfactant weight percentage (SWP)

We start this review by the preparation of highly
ordered mesoporous CMI-1 molecular sieves by using
non-ionic POE type surfactants. This type of surfactant
has been largely used for the synthesis of a series of
mesoporous silicas and metal oxides [5,31-40]. The
particularity of this part of work relies on its soft syn-
thesis conditions (mild acidic conditions, pH 2)
[10,11,15-21].

When the SWPs used are superior to 30, i.e. within
the domain of the hexagonal liquid crystalline phase in
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pure aqueous solution [41-43], the materials obtained
exhibit a disordered channel array as shown from low
angle XRD and transmission electron microscopic
(TEM) observations (Figs. 1 and 2). Nevertheless, the
presence of a single reflection line on the XRD pattern
proves the homogeneity in the channel sizes as it is rep-
resentative of the average pore-to-pore separation.

For the lower SWPs (< 30), the low-angle XRD pat-
terns show three well-defined reflection lines which can
be indexed on a hexagonal unit cell and thus indicate
the hexagonal symmetry in the stacking of the chan-
nels. Honeycomb-like pore arrays observed by TEM
confirm these observations.

Atthe SWP equal to 30, the XRD pattern shows sur-
prisingly two intense neighboring reflection lines, which
might be suggestive of the coexistence of two phases,
the disordered and the ordered one.

The particle morphologies are also significantly
affected by the surfactant concentration. Indeed, for the
high weight percentages, irregularly-shaped blocks of
different sizes are formed, whereas for diluted solu-

tions, the only morphologies are spheres of 1-2 um by
diameter (Fig. 1). The spherical morphologies that go
along with the hexagonal stacking of the channels could
be used for column packing in chromatography as
irregular particles tend to break down [44-47]. Some
TEM observations of ordered samples exhibited
fingerprint-like channel arrays which could be the result
of the section of a sphere where the channels are run-
ning concentrically (Fig. 2C).

The textural study shows that all the compounds are
mesoporous. The pore size distributions (PSD) show
well-defined maxima centered between 3.6 and 4.9 nm
(Fig. 1). A more peculiar shape of the isotherm and the
PSD has been evidenced for a weight percentage of 30.
This has been attributed to the possible coexistence of
two types of structures with probably different pore
openings [48,49] in the final materials. The specific sur-
face areas of all the final materials are superior to
800 m?/g.

For the more concentrated micellar solutions, two
effects that lead to wormhole-like materials have to be
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Fig. 1. Low-angle XRD patterns, nitrogen adsorption—desorption isotherms with corresponding PSDs and SEM pictures representing a sample

prepared (A) at a concentration inferior to 30 wt.%, (B) at 30 wt.% and (C) for the higher concentrations (>30 wt.%) of template.
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Fig. 2. TEM pictures of (A) a disordered wormhole-like structure
(> 30 wt.%), (B) a regular hexagonal framework and (C) a
“fingerprint’-like arrangement of channels (< 30 wt.%).

taken into account. The most important one arises from
the silica polymerization. When the hydrolyzed silica
species interact with the hydrophilic groups of the sur-
factant, their polymerization at the organic—inorganic
interface will provoke a deformation of the surfactant—
silica rods in order to minimize steric and electrostatic
energies. This will lead to a loss of the regular stacking
of the channels. The second effect concerns the release
of methanol during silica hydrolysis and condensation.
Indeed, it was reported that this molecule has a liquid
crystal breaking effect [31].

On the other hand, the formation of ordered hexago-
nal structures from the diluted micellar solution (SWP
< 30) can be expected by a cooperative mechanism
[3,41,42,44].

At 30 wt.%, the ordered and disordered phases are
simultaneously detected. There could be a competition
between these two formation mechanisms, which
explains the dual nature of the materials as observed
from the different characterization techniques.

2.2. Evolution of the structural and morphological
features of CMI-1 materials upon the variation
of the pH value of the synthesis gel

The pH of the synthesis gel is an important factor as
it greatly affects the inorganic source hydrolysis and
polycondensation. The rates of these processes will in
their turn influence the characteristics of the final
obtained phases.

The pH value of the starting micellar solutions was
varied between 0.5 and 12. Due to the release of silicic
acid during hydrolysis of TMOS and the polymeriza-
tion of resulting siliceous species, the pH value of the
gel are quite different from that of the starting micellar
solution and significantly decrease. The higher pH value
of starting micellar solution is, the more important drop
in pH value after addition of silica source is observed.
For example, the pH value of the starting solution
decreases from 10 to 7.0, 8.5-6.5 and 5.0-4.5 while
the pH value of 0.5 and 2 of starting solution remains
unchanged. For all of the acidic or neutral synthesis
gels, the materials obtained exhibit a highly ordered
hexagonal framework evidenced by low angle XRD and
TEM. As the nature and charges of the silicic species
vary with the pH, the surfactant—silica assembly will
still be formed via a cooperative mechanism but,
depending on pH, involving positively or negatively
charged counterions. CMI-1 materials with hexagonal
stacking of their channels can successfully be prepared
thus under acidic, neutral or basic media. Changes how-
ever occur regarding the morphology. Exotic shapes are
observed if the starting micellar solution has a pH value
below 2. As the pH increased, these shapes evolve
towards an assembly of very small submicrometric
spheres with high interstitial porosity. This evolution
has been related to the sharp increase in the nucleation
and polycondensation rate of the silica source with pH
value [48]. Interestingly, for the very acidic synthesis
gels, gyroids, toroids, ropes, ... were observed but no
regular stacking of the mesoporous channels could be
evidenced, suggesting no direct relationship between
the structure and the outer morphology of the materi-
als.
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2.3. Control of the morphology of ordered
CMI-1 mesoporous materials by adjusting
the surfactant/silica molar ratio

The texture as well as the morphology of ordered
mesoporous molecular sieves is an important factor that
has to be controlled for industrial applications [49-57].
The aim of this part is to present an avenue worth
exploring in control of the morphologies by varying
the relative amount of the inorganic source with respect
to the surfactant.

At 80 and 40 °C for a wide range of surfactant/silica
molar ratios (R) (0.25-3.50), highly-ordered hexago-
nal structures were obtained [11] for the high amounts
of added silica. The regularity however decreases with
raising R-value where the system could not be as rigidi-
fied due to the lower inorganic content, which could
lead to a gliding of the channels during hydrothermal
treatment, leading to more wormhole-like phases as just
mentioned in above section. A more peculiar behavior
was however observed at 60 °C as the structures were
less ordered and the pore sizes decreased.

The most outstanding influence of varying R con-
cerns the morphology (Fig. 3). For all the investigated
hydrothermal treatment conditions, for the very high

1 day at 80°C

%

2 days at 60°C

amounts of added silica source, gyroidal, toroidal and
rope-like shapes have been obtained. These could arise
from local rigidification effects that lead to specific local
deposition of the silica species, affording thus direc-
tional growing of the particles [53,58]. For higher R
values, the morphologies evolve towards spheres at
60 and 80 °C and to highly porous irregularly-shaped
blocks at 40 °C.

2.4. Synthesis of highly ordered

CMI-2 and -4 materials by the complexation

of transition metallic cations by the oxyethylene
heads of the surfactant

Another way to produce highly ordered mesopo-
rous channel arrays by using non-ionic POE surfac-
tants was proposed a few years ago by Zhang et al. [59].
These authors induced an electrostatic control of the
surfactant—silica assembly by complexing transition
metallic cations by the hydrophilic oxyethylene heads
of the non-ionic POE surfactant.

Ordered materials CMI-2 [10,17,18] with a hexago-
nal stacking of their channels have successfully been
prepared by adding Co** cations to 50 wt.% C,4(EO),,
micellar solutions. As explained above, the same sur-

3 days at 40°C
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o\

Fig. 3. SEM pictures of samples prepared at 80, 60 and 40 °C and with surfactant/silica molar ratios of 0.25, 0.50 and 2.00.
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factant concentration usually leads to wormhole-like
frameworks in spite of the existence of a hexagonal lig-
uid crystal phase prior to the addition of the inorganic
source. The hexagonal ordering can be evidenced by
the TEM pictures. The SWP has additionally been var-
ied using C,5(EO),, and cobalt cations. From the low
angle XRD patterns (Fig. 4), highly ordered hexagonal
mesoporous structures can be synthesized for SWP infe-
rior to 40. This shows that when using the complex-
ation of cations by the heads of the surfactant, the
domain of SWP where ordered materials (CMI-4
[10,17,18]) can be obtained is enlarged. The presence
of cobalt ions probably induces some changes in the
packing parameter of the surfactant, as its value is
related to the hydrophobic tail length, the molecule vol-
ume and to the surface of the PEO head, which is modi-
fied upon complexation.

When comparing the structural features of materials
prepared at low SWP (e.g., 10 or 20) with and without
cations, it appears that the hexagonal stacking of the
channels is even improved in the presence of cobalt
ions.
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Fig. 4. XRD patterns of compounds prepared with solutions contai-
ning 0.705 M Co** as a function of C,4(EO),, weight percentage: a:
50, b: 40, c: 30, d: 20, e: 10 and f: 5 (d-spacings in nm).

Some attempts have also been made with nickel ions,
but ordered materials could only be obtained for the
very low SWPs.

3. Nanostructured mesoporous metal oxides

Due to the large field of applications ranging from
catalysis to ceramics, among the non-silica mesopo-
rous oxides, zirconia is of particular interest. ZrO, can
catalyze or is a catalyst support for various reactions
such as the catalytic reduction of aldehydes and ketones
with 2-propanol [60] or the hydrogenation of aromatic
carboxylic acids [61]. Using cationic [62], amphoteric
[63], anionic [64], or neutral [65] templates and,
depending on the synthesis pathway, zirconyl chloride
or zirconium propoxide as zirconium precursors, hex-
agonal, cubic or disordered mesoporous zirconia were
successfully obtained. A systematic kinetic study of
mesoporous zirconia formation has been performed in
our laboratory [13] in order to optimize the synthesis
conditions by using cetylmethylammonium bromide as
surfactant and zirconyl chloride as inorganic source.

The broad reflection line in the range of 25° < 26
< 40° observed in XRD patterns indicates the amor-
phous nature of our ZrO, materials. The TEM picture
of a typical sample shows a quite porous system with
regular organization of channels as observed in the case
of mesoporous silicas (Fig. 2B).

The present study reveals that zirconia molecular
sieves can be obtained via an electrostatic assembly.
The optimization of the synthesis conditions leads to
the formation of well-organized mesoporous zirconia.
The recovered molecular sieves exhibit specific sur-
face area up to 300 m*/g and a uniform pore diameter.
Different steps have been evidenced to describe the evo-
lution of the materials formed in autoclave. In a first
step the material is supermicroporous, then a break-
down of the wall leads to the formation of the mesopo-
rous molecular sieves [13].

Titanium dioxide and iron oxides and oxyhydrox-
ides are of technological importance as (photo)cata-
lytic materials, sorbents, pigments, flocculents, coat-
ing, gas sensors and ion exchangers. In our laboratory,
hollow microspheres of mesoporous titania with a thin
shell of anatase structure have been prepared by using
poly(ethylene oxide) assisted nanoparticle assembly in
non-aqueous system. A high surface area of 378 m?/g



B.-L. Su et al. / C. R. Chimie 8 (2005) 713-726 719

and pore volume of 0.34 cm®/g was obtained in the
as-prepared sample with pore size of 2.6 nm [19]. A
new mesoporous form of crystalline -FeOOH (akaga-
neite) was also successfully prepared. The synthesized
mesoporous B-FeOOH has a high surface area of
228 m?%/g and a pore size of 4.3 nm with a hierarchical
scaffold-like structure formed through the aggregation
and intergrowth of akaganeite nanorods [24].

4. Hierarchically structured meso—-macroporous
compositions

4.1. Pure metal oxides

4.1.1. Zirconium oxides

We demonstrated here a simple procedure for the
synthesis of uniform mesoporous—macroporous metal
oxide materials in the presence of one single surfactant
of either cationic CTAB or non-ionic Brij 56 [66,67],
without needing any secondary templating agents or
any cosurfactants such as alcohol. Metal alkoxides were
used as the inorganic precursors. The synthesized zir-

conia particles are monolithic with the particle size of
10 um, exhibiting uniform macropores of 300—600 nm
in diameter, revealed by both SEM and TEM micro-
graphs (Fig. 5). The macrochannels are arranged par-
allel to each other and perpendicular to the tangent of
the surface of the particle; the pores are funnel-like
(tapered towards the center) in shape. The macroporous
framework is composed of accessible mesochannels
(~1.8 nm in diameter) with a wormhole-like array. The
surface area could be high up to 700 m*/g.

Using the mixture of zirconium propoxide and chlo-
roform as the precursor can result in the production of
an alternative structure of hierarchical microtubular nan-
oporous zirconia [68]. The synthesized particles are in
a form of well-aligned hollow tubules with inner diam-
eters of 0.5-1.5 pm and lengths ranging from 5 to 30
um (Fig. 6). From the view of the profiles of the par-
ticles, it can be seen that the tubes are highly ordered
and uniaxially arrayed into bundles but with open tips.
Single tubules with a shorter length can also be seen in
the samples. The tubular walls are composed of nano-
particles with accessible mesopores of a disordered
wormhole-like array. The surface area and pore vol-

Fig. 5. Representative SEM image (A) of the synthesized meso—macroporous zirconia, showing the uniform macroporous structure; (B, C) are
the cross-sectional TEM image of the macropores viewed parallel and perpendicular to the pores, respectively: (D) is the high-magnification
TEM image of the macropore walls showing the wormhole-like mesostructure.
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Fig. 6. Typical scanning electron microscopic images (A—C) of the resultant microtubular zirconias; (B) is the image viewed along the direction
of tubules; (D) is a TEM image of the tubular walls showing wormhole-like mesostructure.

ume of the synthesized zirconia are extremely high up
to 1100 m*/g and 3.0 cm>/g, respectively. The featured
morphology formation, induced by the participation of
chloroform in the synthesis, should be compatible with
the significant increase of the surface areas and poros-
ity of the resultant zirconias.

A new nanostructured ZrO, with the hierarchically
three-length-scaled pore system was also synthesized
[69]. The synthesized zirconia particles are also 10 um
in size with a regular array of macropores similar to
Fig. 5A. The diameters of the macropores range from
300 to 500 nm which are uniformly distributed in the
particles. A careful observation shows that the
macroporous walls are composed of nanoparticles of
about 25 nm in size, and the irregular small voids rang-
ing between 20 and 60 nm which are the interparticle
spaces resulted from the aggregation of these nanopar-
ticles. These mesovoids are randomly distributed in the
macroporous walls. High-magnification TEM images
also reveal that these nanoparticles are mesostructured
with a disordered wormhole-like assembly of acces-
sible meso/micropores. A very high surface area of
903 m?/g is obtained with the total pore volume of
1.01 cm?/g. The adsorption isotherm exhibits the pres-
ence of supermicropores with the pore size at around
1.5 nm. Meanwhile, at the relative pressure higher than
0.85, a strong increase in nitrogen adsorbed volume is
observed, evident of the large interparticular mesopo-
rosity. This secondary porosity could be attributed to
the mesovoids observed in the macroporous walls.

These very important progresses in the synthesis of
hierarchical bimodal meso—macroporous and trimodal

micro—meso—macroporous zirconias still reveal a cru-
cial question from fundamental point of view as to what
is the real role of surfactant molecules in the genera-
tion of the hierarchical structures although different sce-
narios concerning the function of surfactant molecules
were developed [9,30]. The answer could be vital and
our curiosity leads us to go further in the development
of the simple, low-cost synthesis and modern strategy
for the generation of the hierarchical porosities inte-
grated in one body. The same synthesis was performed
without surfactant molecules. Interestingly, the same
hierarchy with bimodal meso—macroporosity similar to
those obtained in the presence of surfactant molecules
(Fig. 5) was observed. The real role of the surfactant
molecules thus becomes fascinating [69-71]. We will
discuss in detail in following section.

4.1.2. Titanium oxides

The synthetic media seem to be critical for the for-
mation of hierarchically meso—macroporous structures
of titania. Under aqueous solution system, a meso—
macroporous structure similar to that of zirconia could
be obtained but with larger macropore size (up to about
5 pym) and wormhole-like mesopores of 5 nm diam-
eters. Under ethanol solution, an alternative
macroporous structure was formed [72]. As shown in
Fig. 7, the macroporous structure is hidden in the inte-
riors of the titania particles. The particles have a quite
thick shell, and their core possesses a sponge-like
macroporous structure. The macropores are bicontinu-
ous, three-dimensional, and interconnected with a uni-
form pore size gradient. Both the shell layers and the
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Fig. 7. SEM image (A), low-magnification TEM image (B) of an ultrathin section of CMI-Ti-80, (C) local enlarged image of (B), (D) high-

magnification TEM image of (B).

macroporous framework of the core have a disordered
wormhole-like mesoporous structure, formed by the
agglomeration of TiO, nanoparticles. These accessible
mesopores are connected randomly among the small
TiO, particles and lack discernible long-range order in
the pore arrangement, but interconnect with bicontinu-
ous, three-dimensional macropores. It is expected that
this kind of ‘melon-like’ interconnected meso—
macroporous structure should be significant in its mul-
tiple applications including catalysis.

Fig. 8 shows the N, adsorption—desorption iso-
therms of the materials synthesized at 40 (CMI-Ti-40),
60 (CMI-Ti-60) and 80 °C (CMI-Ti-80). It is worth to
indicate that with increasing the synthesis temperature,
the porous wall varies from supermicroporous to well-
defined mesoporous.

4.1.3. Aluminum oxides
The same type of meso—macroporous structure based
on aluminum oxides was synthesized. The synthesized

meso—macroporous aluminum oxides were crystalline
with the structural type of AIOOH (boehmite) with the
macropore sizes of 0.8—-2 pum [73]. After calcination at
500 °C, AIOOH was converted to y-Al,O5 with uni-
form meso—macrostructure. The TEM images of the
boehmite and y-Al,O5 specimens revealed that their
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Fig. 8. N, adsorption—desorption isotherms of the synthesized tita-
nias synthesized at 40, 60 and 80 °C.
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Fig. 9. SEM image (A) of synthesized boehmite AIOOH; cross-sectional TEM image of (B) boehimite; (C) cross-sectional TEM image of
calcined y-alumina; (D) and (E) are high-magnification TEM images of a macroporous region of (B) and (C), respectively, showing mesostruc-

tures of fiber-like nanoparticle assembly.

macroporous frameworks were composed of fibrous
nanoparticles of boehmite and y-Al,O5 with a scaffold-
like array of hierarchical ordering, respectively (Fig. 9).
The mesostructures of boehmite and y-Al,O; were
formed through the scaffold-like aggregation and inter-
growth of the boehmite and y-Al,O5 nanofibers. The
BET surface areas of AIOOH and y-Al,O5 were 381 and
424 m?/g, respectively. Solid-state ’Al MAS NMR
spectrum of the meso—macroporous AIOOH (boeh-
mite) presents only one single signal of six-coordinate
Al species, and the spectrum of the y-Al,O5 shows the
presence of four- and six-coordinate Al.

4.2. Binary metal oxide composites

By using the mixed alkoxide solutions, a series of
binary oxide composite materials, including titania—
zirconia, titania—alumina, alumina—zirconia, zirconia—
silica and alumina-silica, with a hierarchically bimo-
dal meso—macroporous structure similar to those of
single metal oxides (Fig. 5) can be prepared [74]. In
comparison with the meso—macrostructured single
metal oxides, the introduction of secondary oxide leads
to the significant improvement of the structural and tex-
tural properties of the resultant materials. The synthe-
sized binary mixed oxides have a homogeneous distri-
bution of the components and have higher surface areas
than the single metal oxides. Moreover, not only the

mesopore sizes, but also the macropore sizes of binary
metal oxides could be tailored and controlled by the
variation of the molar ratios of the metal precursors.
The thermal stability of the binary oxide compositions
could also be enhanced significantly. These meso-
macrostructured binary oxide compositions should be
significant for the use as advanced functional materi-
als, especially in the catalysis applications.

4.3. Aluminosilicates

Aluminosilicate porous materials are a widely used
composition in catalytic applications. The hierarchical
structure of our aluminosilicate materials can be directly
visualized by scanning electron microscopy (SEM)
(Fig. 10). The morphologies of the particles of several
tens to hundreds micrometers in size, show an array of
regular and non-interconnected macrochannels with
openings ranging from 0.5 to 2.0 um (Fig. 10B). In com-
parison with the funnel-like channels of meso—
macroporous zirconias, titanias and alumnias, the
macropores of aluminosilicates are formed of more or
less straight tubes, which are quite well parallel each
other and perpendicular to the monolithic particle’s sur-
face. The regularity in size of the macrochannels is also
clearly demonstrated from the TEM pictures (Fig. 10C).
The TEM images show a disordered wormhole-like
mesostructure of the walls separating the straight mac-
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Fig. 10. SEM images (A-B) of the macro—mesoporous aluminosili-
cate material; (C): TEM image showing the cross-section of the
macro-channels parallel to each other.

rochannels. The XRD pattern exhibits a single broad
reflection in the zone of 20-35° (26) indicating the
amorphous nature of our samples. Solid-state >’ Al-
NMR measurements confirm the presence of Al atoms
within the SiO, network. An intense peak located at
54 ppm can be attributed to tetrahedral, i.e. framework
aluminum atoms. A weaker and somewhat broader peak
at around O ppm indicates the presence of small part of
the octahedral extra-framework Al.

The nitrogen adsorption—desorption isotherm is of
type IV. The PSD is relatively broad, which is consis-
tent with the absence of any regular structure seen in
the XRD pattern. The maximum of the PSD is centered
at about 3.9 nm. The specific surface areas of ethanol
extracted and then calcined materials are very high,
about 600 m*/g.

Very recently, Collins et al. [75] reported an ammo-
nia induced template-free and non-stirring method for
the preparation of macroporous titania. They claimed
that the rapid dropwise injection of the inorganic source
into aqueous NHj, the rates of hydrolysis/condensation
and the nature of the alcohol by-product are important
factors for the spontaneous formation of these materi-
als. This observation confirms at least partly our reflec-
tions on the role of surfactant molecules in the creation
of the hierarchy integrated in one body. The same syn-

thesis of aluminosilicates was also performed without
surfactant molecules and without ammonia as induc-
tor. The similar non-interconnected tubular macro-
channels are also observed and are parallel to each other
and perpendicular to the monolithic (larger than 50 um)
particle’s surface as observed in the case with surfac-
tant molecules (Fig. 10). However, 2’Al MAS NMR
spectrum showed that the octahedral aluminum atoms
are in relative majority while tetrahedral Al are mainly
observed in the presence of surfactant molecules. The
poorly defined isotherm between types IV and II was
obtained. This suggests that surfactant molecules help
not only the incorporation of Al atoms into the frame-
work but also the creation of mesopores to get real alu-
minosilicate compounds and the role of the surfactant
molecules in the generation of the porous hierarchy inte-
grated into one body still remains to be clarified while
it could be not indispensable in the creation of the
macropores [69-71].

4.4. Aluminophosphates
and silicoaluminophosphates

The first synthesis of microporous crystalline zeolite-
like aluminophosphate (AIPO) materials was per-
formed by using organic agents (e.g. amines) as ‘tem-
plates’, which announced the beginning of the new era
of zeolite and material sciences due to their unique
physicochemical properties of potential application in
fields such as catalysis or molecular sieving [76]. Sub-
stitution of Si in the framework of aluminophosphates
imparts acidity to the resultant silicoaluminophos-
phate (SAPO) material and makes it active for a vari-
ety of acid-catalyzed reactions. The utilization of
supramolecular assemblies of the surfactants as the
structure-directing agents has recently been applied to
the synthesis of mesostructured aluminophosphate-
based materials [77], and some thermally stable meso-
porous AIPOs and SAPOs were reported [78]. Large-
pore (up to 12 nm) mesoporous AIPOs were synthesized
by using triblock copolymer as a structure-directing
agent [79].

The preparation of the hierarchically meso—
macroporous AIPOs and SAPOs was realized without
surfactant molecules in our laboratory. SEM studies of
the products revealed the uniform macroporous struc-
ture in the AIPOs and SAPOs (Fig. 11A, B) [75]. The
sizes of macropores are in the range of 300—-1500 nm.
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Fig. 11. SEM images of the autoclaved products of (A) AIPO and (B) SAPO. (C) and (D) are the cross-sectional TEM images of (A) and (B),
respectively; (E) and (F) are the high-magnification images of the macroporous regions of (C) and (D), respectively.

Local regular array of the macropores can be seen in
the both AIPO and SAPO particles. The macrochan-
nels are mainly of one-dimensional orientation, paral-
lel to each other, perforative through almost the whole
particle. TEM images of the microtomed specimens
further confirm the uniform and well-organized
macroporous structures (Fig. 11C, D). High-magni-
fication TEM images (Fig. 11E, F) of the cross-sectional
AIPO and SAPO specimens demonstrated that their
macroporous frameworks are composed of accessible
mesopores with a disordered wormhole-like array. XRD
patterns of the products indicate that the wall struc-
tures are amorphous.

N, adsorption—desorption isotherms are of classical
type IV with a hysteresis loop of type H2, indicative of
mesoporosity of good pore connectivity. A narrow PSD,
suggestive of good homogeneity of these materials, is
obtained. The mesopore sizes are in the range of 2.8—
5.0 nm. The surface areas and pore volumes of AIPOs
or SAPOs are quite high (270-459 m?/g) compared to
those of reported block copolymer-templated large-
pore mesoporous AIPOs (115-261 m?/g) [79]. The local
structure and environments in these samples were inves-
tigated by the solid-state Al and *'P MAS NMR tech-
nique and clearly confirmed the formation of real AIPOs
and SAPOs frameworks.

The synthesis of aluminosilicates, aluminophos-
phates and silicoaluminophosphates demonstrated the
spontaneous formation of hierarchical mesoporous—
macroporous materials with uniform macropore array
and narrow mesopore size distribution in the absence
of surfactants and templates. Using the synthesis of alu-
minophosphates as an example, the hydrolysis of
Al-alkoxide precursors in the phosphate solution would

result in the formation of aluminophosphate nanometer-
sized particles. A network of narrow mesoporous chan-
nels could be generated in the aggregation of these regu-
larly sized nanoparticles. A lot of butanol molecules
were quickly released by the reaction of aluminum sec-
butoxide and phosphatic ions and the polycondensa-
tion, which might produce microphase-separated
domains of AIPO-based nanoparticles and water/
alcohol channels [69—71,75]. Thus, a hierarchical struc-
ture of uniform macrochannels with mesoporous walls
of nanoparticle assembly would form during the syn-
ergistic packing of the nanoparticles.

5. Conclusions

This review is not exhaustive and rather endeavors
to illustrate the evolution occurred in our laboratory
from highly ordered mesoporous silicas and metal
oxides to more sophisticated hierarchically meso—
macroporous compounds with various compositions.
We extend also the synthesis of mesoporous silicas to
their application in different fields such as the immo-
bilization of highly efficient biomolecules in the me-
sochannels of our materials for the conception of new
drug with delayed release effect and of nanobiosensors
for metal ions dosing. The mesoporous silicas have been
also used in our laboratory as matrix to prepare the
nanosized ZnO in the mesochannels due to the inter-
esting optical transparency of our materials. While the
hierarchical materials with different pore sizes inte-
grated in one body can be expected to combine reduced
resistance to diffusion and high surface areas for yield-
ing improved overall reaction and adsorption/separation
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performances and can be extended to biological appli-
cations.
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