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a b s t r a c t
Hierarchically nanoporous zeolites possessing mesopores as well as the inherent micropores of zeolite
structures are garnering attention as a solution to the diffusion limitation problem of solely microporous
classical zeolites. The hierarchical structure enables zeolites to have maximum structural functions in a
limited space and volume owing to the high diffusion efﬁciency. Hierarchical zeolites are in high demand
for the development of advanced materials for applications in adsorption, separation and catalysis.
Herein, recent advances in synthesis routes to hierarchically nanoporous zeolites are reviewed with their
catalytic contributions. Particular emphasis is given to the recently developed synthesis method which
uses surfactants that are functionalized with a zeolite-structure-directing group. This type of surfactants
can direct porous structures in micro- and meso-length scales simultaneously.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Zeolites are a family of crystalline aluminosilicate mineral,
whose structure is composed by regular array of uniform
micropores in a molecular dimension (micropores are deﬁned as
pores with diameters of less than 2 nm) [1–3]. The micropore
diameters are selectable, typically, in the range of 0.3–1.5 nm
depending on zeolite structures. Currently, ca. 200 types of zeolite
are crystallographically classiﬁed. Zeolites have high gas adsorption
capacity due to the high speciﬁc surface area of the microporous
structure. Zeolite pores can selectively sort molecules depending
on their sizes and shapes. This ‘molecular sieving’ effect has enabled
the development of molecular size- or shape-selective applications
in adsorption, separation and catalysis. New applications, such as
optoelectronics, sensing, and drug delivery, were considered in
recent years [4]. However, catalysis is still the most important
application of zeolites. Zeolites are essential as a solid catalyst for
oil reﬁning, petrochemical processing and also organic synthesis,
for the production of ﬁne and specialty chemicals [1–3]. Zeolites
are known to occupy more than 40% of the entire solid catalysts in
the current chemical industry [5]. The tremendous success of
zeolites in catalysis is owing to their ion-exchange capacity, solid
acidity and framework stability, as well as shape-selective pore
diameters. In most zeolites, trivalent Al atoms are tetrahedrally
coordinated by oxygen in the crystalline silicate framework. This
causes a charge mismatch between Al and the oxide framework,
which is compensated by extra-framework Na+ ions. These Na+ ions
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can be exchanged by other cations like K+ and H+. In some zeolites,
H+-ion exchanged form can exhibit Lewis acidity and also Brönsted
acidity, which is comparable to sulfuric acid. Furthermore, the
acidity can often be tailored in strength and concentration by the
choice of the framework composition. Transition metals with
reduction–oxidation property, such as Ti, Co and Sn, can be incorporated into zeolite frameworks. The surface nature is tunable from
hydrophobic to hydrophilic according to Si/Al ratios. Zeolites have
excellent thermal stability, hydrothermal stability and mechanical
strengths, allowing convenient recycling after removal of organic
contaminants through calcination.
Despite much of the outstanding features of the microporous
structure, the sole presence of micropores often imposes signiﬁcant limitations. Reactants and products with sizes beyond the
micropore dimensions cannot diffuse into and out of zeolite crystals. Even in the case of smaller molecules, the catalytic performance can be seriously limited by the diffusion of reactants or
products. Bulk zeolite crystals are often several thousand times larger than the pore diameter. In such a diffusion-controlled regime,
less than 10% of zeolite active sites at the edge of the bulky crystal
might actually participate in the catalytic reaction simply due to
the limited mass transport to and from the active sites [4]. In addition, slow diffusion can cause polymerization of by-products or
reaction intermediates covering catalytic active sites within the
microporous channels. This can cause serious loss of catalytic
activity, that is, catalytic deactivation. To overcome the diffusion
limitations imposed by the microporous structure, various efforts
have been made during over the past few decades. Generally, the
efforts can be categorized into three different approaches. Synthesis of zeolites with extra-large micropores is one of these
approaches [6–17]. Another approach is to synthesize zeolites in
the form of small nanoparticles for rapid diffusion [18]. A third
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class of approach is to obtain zeolite samples with intracrystalline
mesopores (deﬁned as pores with diameters ranging from 2 to
50 nm), generating mesopores during the zeolite crystallization
using a template, or through a post-synthetic treatment using acid
or base [19–77].
After the discovery of VPI-5 (pore diameter = 1.2 nm) [6], extensive efforts have been devoted to the development of new zeolitic
materials having extra-large pores. Extra-large pores mean micropore apertures composed of more than 12-membered ring (12MR)
[7]. These materials were hydrothermally synthesized by use of
bulky organic amine as a pore-generating agent (‘porogen’ in short)
[6–13]. High-throughput methods were adopted to optimize the
synthesis conditions very quickly [8]. Incorporation of germanium
into the synthesis composition increased the synthesis opportunities dramatically [14–17]. Germanosilicate zeolites having even
30MR pore apertures were synthesized via rational design of bulky
porogens using high-throughput synthesis method [17]. However,
most of such materials were phosphate-based or germanosilicate,
which were catalytically less active or chemically less stable than
aluminosilicate zeolites [7].
In the approach to nanocrystalline zeolites, the synthesis conditions have to be controlled very delicately in order to stop crystallization before growth to bulk crystals. The synthesis should often
be carried out under diluted conditions, at low temperatures, and
under Na+-deﬁcient conditions by using a hydroxide form of structure-directing agent (SDA). The synthesis often has to stop at a very
low yield. The zeolite nanoparticles are usually obtained in colloidal dispersion, which is cumbersome to ﬁltrate. The synthesis conditions are difﬁcult to generalize because the crystal growth rate
and mechanism is very greatly inﬂuenced by the detailed structures and Si/Al ratios of the zeolites. There are quite a few reports
on the synthesis of zeolite nanoparticles. The synthesis information
is valuable for the investigation of the zeolite crystallization mechanism, using electron microscopy and in situ dynamic light scattering measurement [18]. However, from the viewpoint of catalyst
preparation, the synthesis of zeolite nanoparticles is considered
yet impractical.
Post-synthetic dealumination and/or desilication of pre-synthesized zeolite crystals can be used to generate intracrystalline mesopores. This method is suitable for a large-scale production.
However, it is difﬁcult to generate uniform mesopores. In addition,
the raw zeolite samples should be treated properly, to prevent
complete dissolution or the loss of crystallinity [19,20]. The direct
generation of intracrystalline mesopores can be achieved by the
addition of a hard template of a mesopore diameter [21]. Various
kinds of nanotemplates are available, such as carbon nanoparticles
and nanotubes. Soft-templates such as surfactant micelles and silylated polymers may also be added into the initial synthesis gel. The
zeolite should be crystallized with the inclusion of the template.
However, this process is a thermodynamically unfavourable in
terms of entropy. Hence, the zeolite crystallization should be directed to occur in the conﬁned space between the template particles
or inside the template pores, in a manner similar to dry-gel synthesis [51]. In the case of soft templates, the templates or mesoporogens should have sufﬁciently high afﬁnity with zeolite frameworks.
After removal of the template through calcination, the zeolite can
possess open mesoporous structure in addition to the zeolitic
micropores in a hierarchical manner. This type of zeolites is often
called ‘hierarchically nanoporous zeolites’ or ‘hierarchical zeolites’
for short. This material can exhibit the dual merits of two different
pore structures. The micropores could provide a size- or shapeselective catalytic process for guest molecules while the mesopores
provide a facile diffusion pathway to catalytic sites inside the
micropores or on the mesopore wall. At the same time, the mesopore walls are useful for catalyzing reactions of bulky molecular
species that cannot diffuse into the micropore.

Herein, we brieﬂy review the post-synthetic treatments that were
developed to obtain hierarchical zeolites. Then, we move into the direct synthesis routes using nanotemplates. Particular emphasis is given to the recently developed synthesis method from our laboratory
using surfactants that are functionalized with a zeolite-structuredirecting group. This type of surfactant can direct porous structures
in micro- and meso-length scales simultaneously.

2. Post-synthetic demetallation of zeolite framework
In this method, the framework constituents, Al and silica, are
partially extracted from a pre-synthesized zeolite crystal through
chemical degradation in acids or bases. Depending on the dissolved
framework constituent, it can be classiﬁed into dealumination or
desilication. In an ideal case, the selective extraction can generate
mesopores inside the zeolite crystal without destroying crystallinity. Consequently, microporous zeolites having intracrystalline
mesopores can be obtained. In addition to the porous properties,
the demetallation process leads to a signiﬁcant change in acidity.
Among the two demetallation methods, dealumination is typically
applied to the high-Al zeolites. The steam-thermal dealumination
of zeolite Y is the most well-known example [22–28]. Typically,
the dealumination procedure is performed by repeating high temperature steaming of NH4Y zeolite, followed by an acid treatment
with mineral acid. By transforming the framework Al into the
extraframework Al species, the dealumination process results in
a local destruction of crystal structure. This produces mesoporous
channels (mostly 5–100 nm in diameter) as a defect region inside
the zeolite crystal. Such secondary mesoporosity increases the
accessibility to framework acid sites for bulky molecules in oil
reﬁning [3]. As revealed by 3D-transmission electron micrograph
(TEM) tomography in combination with N2 adsorption and mercury porosimetry, a signiﬁcant fraction of mesopores exists as isolated cavities inside the zeolite crystal, which is in principle much
less effective in enhancing the diffusion of large molecules into the
zeolite structure than mesoporous channels open to the external
surface (Fig. 1) [27,28]. It is reported that hydrothermal dealumination processes involving other zeolites such as mazzite [29,30],
mordenite [31,32] and ZSM-5 also generate mesoporosity inside
zeolite crystals [33–35]. In addition to the hydrothermal dealumination, extraction of framework Al can be achieved in aqueous
solutions containing ammonium hexaﬂuorosilicate (AHFS)
[36,37] and SiCl4 [37–40]. The resultant pore textural properties
and Al distribution depend very much on the types of dealumination procedure [37]. The dealumination process involves an inevitable change of acid property, which is generally difﬁcult to
control. Since the mesopores are generated by the extraction of
framework Al which was originally an acid site, the dealumination
causes the number of acid sites to decrease. The acid strength generally increases as the number density decreases. As a result of
dealumination, many of the Brönsted acid sites in the zeolite
frameworks are converted to the extraframework Lewis acid sites.
Another demetallation strategy is the local dissolution of framework silica in basic solution. The desilication process is more effective for high-silica zeolites (usually Si/Al >20) than high Al zeolites
[41–48] since it is difﬁcult to remove SiO- that is directed bonded to
Al. The desilication can be readily performed at a low concentration
of alkali metal hydroxide. Mesoporous textures generated by the
desilication process strongly depend on the concentration and
distribution of Al within the zeolite crystals [41,45,46]. Silica-rich
domains are easily leached out to generate large mesopores while
Al-rich domains remain relatively unchanged. In the case of large
ZSM-5 crystals, desilication resulted in the selective dissolution of
the interior of the zeolite, which is due to the high concentration
of Al at the exterior surface of the crystals [41,46]. These results
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Fig. 1. 3D-TEM images (A–C) and N2 adsorption isotherms (D) of steam-dealuminated Y zeolite (USY) crystals, showing interconnected intracrystalline cylindrical mesopores.
Reprinted with permission from [28].

are attributed to higher solubility of the silica-rich domain than the
Al-rich region. It was demonstrated that the Si/Al molar ratios in the
range of 25–50 were optimum for the development of uniform
mesoporosity maintaining the ZSM-5 crystal morphology [45].
Frameworks of ZSM-5 zeolite with Si/Al <20 made local desilication
difﬁcult. The framework was insoluble under mild basic conditions.
Under strong basic conditions, the zeolite framework was totally
destroyed. On the other hand, highly siliceous zeolites with Si/Al
>50 showed excessive and unselective dissolution, leading to the
generation of too large pores (Fig. 2). Groen et al. reported that
the desilication process generated uniform mesoporosity in the
submicron zeolite crystals more effectively than in bulk crystals
[46]. The addition of cetyltrimethylammonium bromide (CTAB)
surfactant in the desilication medium generated highly uniform
mesopores within the zeolite crystals [49]. This result means that
the CTAB surfactant participated in the local desilication process,
forming micelles cooperatively with base in the partially desilicated
zeolite. Temperature programmed desorption (TPD) analysis of
ammonia revealed that the acidic properties of the resultant zeolite
were changed very little due to the desilication treatment. The zeolite exhibited markedly improved catalytic performance due to the
enhanced diffusion through mesoporous channels [42,48]. For
example, 20 times higher catalytic activity of desilicated MFI zeolite
has been reported in the liquid-phase cracking of high-density
polyethylene.
The dealumination and desilication treatments can be applied
in a sequential manner, to produce a complex distribution of mesopores [47,50]. Zeolite Y obtained in this manner showed two kinds
of mesopores in addition to the intrinsic zeolite micropores [50].

The smaller sponge-like mesopores (3 nm in diameter) resulted
from desilication while the larger mesopores (27 nm) were generated due to steaming and acid leaching (Fig. 3). The hierarchical Y
zeolite in three different pore scales was proposed as a suitable
catalyst for hydrocracking of heavy oil components.
The post-synthetic demetallation may be the most economic
route to generate extra large pores in addition to the intrinsic
micropores inside the zeolite framework. The process is suitable
for mass production. The resultant hierarchically microporous
and mesoporous system is highly advantageous in various catalytic
processes, due to the enhancement of mass transfer during the
reactions. However, the demetallation process is disadvantageous
in the following respects: the framework composition and acidic
properties can be changed by the treatment. In addition, the mesopores are generated in a random manner, uncontrollably, and
sometimes undesirably. The resultant mesopores are very different
from those in the ordered mesoporous materials like MCM-41 and
SBA-15 in terms of mesopore arrangement and uniformity of pore
diameter.

3. Hard-templating strategy: zeolite crystallization within
conﬁned space
The mesoporous structure can also be generated by the addition
of hard templates as a mesopore SDA [51–73]. Two types of hard
templates can be used: nanoporous materials like mesoporous carbons, and nonporous nanobeads or nanoﬁbers. In the case of the
nanoporous templates, the zeolite synthesis should be controlled
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Fig. 2. Schematic representation of the inﬂuence of Al content on the desilication treatment of MFI zeolites in alkali solution. Reprinted with permission from [45].

so that concentrated precursor gel can be converted to zeolite crystals inside nanopores offered by the nanotemplates. In the case of
nanobeads, the zeolite crystallization should be controlled so that
the crystal can include the hard template. These processes are thermodynamically unfavourable. The template incorporation within
the zeolite or the zeolite crystallization inside the template is an
entropy-decreasing process. Hence, the crystallization should be
performed in a conﬁned void space formed by closed packing of
hard templates, or according to the dry-gel synthesis method. In
a successful case, open mesopores can be generated within microporous zeolite crystal by the subsequent removal of nanotemplates
through calcination (Fig. 4). The resultant mesoporous structure
corresponds to the inverse replica of the template. Compared with
the post-synthetic demetallation process, this approach allows
simultaneous achievement of high crystallinity and uniform mesoporosity. Furthermore, some hard templates can be synthesized
with various textures, which allow tailoring of the resultant mesoporous structure.
The most representative hard-templates are carbon-based
nanotemplates such as carbon nanoparticles, carbon nanotubes,
and carbon aerogels. Jacobsen et al. synthesized MFI zeolite single
crystals having intracrystalline mesopores with uniform pore size
and large mesopore volume exceeding 1.0 cm3 g 1, using carbon
nanoparticles as a hard template [51]. High-resolution TEM coupled with selected area electron diffraction (SAED) pattern proved
that single crystalline morphology was still retained even after
crystallization with carbon nanoparticles (Fig. 5). The size of the
intracrystalline mesopores directly reﬂected the size, shape and
connectivity of the carbon nanoparticles in the zeolite matrix.
The resultant zeolite crystals having intracrystalline mesopores
exhibited highly improved catalytic activity and product selectivity
during ethylation of benzene due to its enhanced molecular diffusion [52].
The carbon-based template was extended to multiwalled carbon nanotubes [53,54], carbon nanoﬁbers [55] and carbonized sucrose [56,57]. Tao et al. synthesized an MFI zeolite monolith
containing uniform mesoporosity using carbon aerogel monolith
as a template [58]. The carbon template was obtained through
pyrolysis of resorcinol–formaldehyde resin [59–63,74]. Mesoporous textural properties of the zeolite were tunable by the particle
size constituting the carbon aerogel. The mesopores had a narrow

distribution of diameters, according to the thickness of the carbon
template. Thus, the pore structure of carbon templates could be
faithfully replicated into the zeolite structure. By a similar synthesis principle using carbon nanotemplates, hierarchical MEL [64],
MTW [65], BEA [66] aluminosilicate zeolites as well as CHA and
AFI aluminophosphate zeotype materials were successfully synthesized [67]. The templating strategy seemed to be applied to
the synthesis of other zeolite-type materials having microporous
structures.
Microporous zeolite crystals having ordered mesoporosity can
even be synthesized. Tsapatsis et al. demonstrated that the conﬁned crystal growth within the interstitial void space formed by
the closed packing of 3-dimensionally ordered mesoporous
(3DOM) carbon nanobeads could be used as a template for an
MFI zeolite exhibiting ordered mesopore arrangements (Fig. 6)
[73]. The 3DOM carbon template was prepared by the replication
of partially sintered colloidal crystals composed of size-tunable
(10–40 nm) silica nanoparticles. Therefore, the resultant 3DOM
zeolite crystal sizes were controllable within a range of 10–
40 nm. The zeolite exhibited low-angle XRD peaks coming from
the regular pore array. Polymer microspheres can also be used as
a hard template. For example, Holland et al. used polystyrene
spheres as a template. The resultant zeolite product was macroporous (250 nm in diameter) reﬂecting the bead size in a macro scale
(Fig. 7) [75].
The CMK-n-type mesoporous carbons can be used as a template
if the carbon mesopores are sufﬁciently large (10 nm or more).
Sakthivel et al. [68] and Yang et al. [69] demonstrated that the
mesoporous zeolites could be synthesized by using ordered CMK-1
(cubic structure) and CMK-3 (2D-hexagonal structure) [70–72].
The resultant MFI zeolites contained uniform mesopores with the
large pore volumes of 0.8–0.9 cm3 g 1. The zeolites exhibited an
X-ray diffraction peak at low angle, but the diffraction intensity
was quite low; thus, the replication was not yet fully faithful.
4. Soft-templating strategy: mesopore generation via
supramolecular self-assembly
In this approach, surfactant molecules are self-organized into a
supramolecular micelle that can function as a mesopore SDA.
Compared to the hard-templates mentioned above, the surfactant
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Fig. 3. Electron microscopy and electron tomography study of parent zeolite Y, base-leached HY-A (in 0.05 M NaOH) and HY-B (in 0.10 M NaOH) crystals. The TEM
micrographs show that base leaching of the parent Y (A) leads to generation of mesoporous structures as can be seen from (B) and (C). The electron tomography clearly
depicts the presence of both small (ca. 3 nm) and large (ca. 30 nm) mesopores, as well as their interconnectivity and shape. Reprinted with permission from [50].

Fig. 4. Schematic representation of solid-templating synthesis strategy.

micelle is ﬂexible under zeolite synthesis conditions, and for this
reason, the micelle is called a ‘soft template’. The surfactant template
has the advantage of facile control of structure, through the molecular manipulation of functional groups and geometrical packing

parameter of the surfactant [2,76–81]. The packing parameter can
also be controlled by the addition of auxiliary additives such as
swelling agents (typically, trimethylbenzene), co-surfactants, and
inorganic salts. Thus, the soft-templating approach allows the
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Fig. 5. TEM images of single-crystalline mesoporous zeolites synthesized using carbon nanoparticles (A) and carbon nanotubes (B) as a solid template. Reprinted with
permissions from [51] and [53].

Fig. 6. SEM images (A-C) of empty 3DOM carbon replicas formed from colloidal silica with the size of ca. 10 nm (A), 20 nm (B) and 40 nm (C). TEM images (D-F) of 3DOMimprinted silicalite-1 crystals. TEM (D) shows isolated crystalline domains (arrow) dispersed throughout the 3DOM carbon template, and TEM images (E,F) show
representative particulate domains after the 3DOM carbon template was removed. Reprinted by permission from [73].

highest versatility in tailoring the mesoporous structure among
various synthesis strategies discussed in this review.
4.1. Liquid–crystal mechanism for ordered mesoporous molecular
sieves: generation of mesopores by surfactant micelle
In 1990, Yanagisawa et al. reported on preparation of alkyltrimethylammonium–Kanemite silica complexes and their conversion to mesoporous materials by calcination [82], which was
later designated to as FSM-16 [83]. In 1992, Kresge et al. reported
a generalized synthesis approach to ordered mesoporous molecular sieves (OMMSs) called the M41S family [84], using surfactants
as a mesopore SDA. They proposed a liquid–crystal templating

mechanism to explain formation of the OMMSs. Prior to these
works, molecular sieves were mostly limited to microporous zeolites or zeolitic analogues of which the pore diameters were less
than 2 nm. Since then, the discovery of various OMMSs, including
MCM-41, MCM-48 [84] and later SBA-15 [85], has extended the
concept of molecular sieves to the mesopore regime of 2–50 nm.
At ﬁrst, the formation of the OMMSs was explained by the liquid–crystal mechanism, but, in fact, the formation of mesopores
is not limited to the liquid–crystal mechanism. The mechanism
should be extended to a broader concept of ‘surfactant-silicate
cooperative assembly into a composite micelle’. This is particularly
obvious in synthesis under diluted conditions, where liquid
crystals are difﬁcult to form. The assembly of the composite
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Fig. 7. SEM image (A), and N2 adsorption–desorption isotherms (B) of mesoporous MFI zeolite synthesized using polystyrene beads as a solid template. Reprinted with
permission from [75].

4.2. Combination of single-molecular and supramolecular templating
strategies
From the mesopore-generating role of surfactant in the OMMSs
synthesis, it may be reasonable to attempt the synthesis of hierarchical zeolite with the addition of the CTAB surfactant into a zeolite
synthesis composition containing the zeolite SDA. This attempt is
based on the expectation that the surfactant micelle would direct
mesoporous structure while the conventional single molecular
SDA could generate zeolite micropores within the mesopore walls
(Fig. 8). In a typical approach, CTAB was added into a gel composition for MFI zeolite synthesis containing Tetrapropylammonium
(TPA) [94]. However, the two types of SDAs did not act in the concerted manner, but in fact, competed for the formation of mesopores and micropore separately. The surfactant generated an
OMMS phase at ﬁrst, before the zeolite crystallization starts. After
further hydrothermal heating, the noncrystalline OMMS phase was
gradually dissolved into a basic solution to transform to the MFI
zeolite phase. Depending on the hydrothermal time and tempera-

Fig. 8. Schematic representation of dual-templating synthesis approach utilizing
single-molecular and supramolecular templating methods, which eventually
induces a separate formation of amorphous mesoporous materials and bulk zeolite
crystals.

Ó Copyright 1999 Elsevier 1999

micelle occurs due to various types of intermolecular forces such as
Coulomb force, van der Waals interactions, and hydrogen-bonding
[80–88]. The mesopores generated in this manner are very uniform
in diameters. The mesopores can be arranged into a speciﬁc mesostructure with a hexagonal or cubic symmetry. The mesopore
diameters can be controlled by the size of surfactant molecules,
and also expanded by the addition of mesopore swelling-agent into
the synthesis composition.
Numerous applications were suggested for the OMMSs, including applications as acid catalyst, support for transition metal catalyst and organometallic complexes, adsorbent for bulk molecules,
drug delivery vehicle, and hard template for mesoporous carbon.
[89,90]. Among these applications, the OMMSs attracted the most
attention as a solid acid catalyst for the conversion of bulky molecules that were inaccessible to the micropores in zeolites. However, the OMMSs turned out to have non-crystalline pore walls,
similar to amorphous silica. The amorphous framework of the aluminosilicate OMMSs exhibited insufﬁcient acid strengths for catalytic applications requiring strong acidity. This was in contrast to
the strong acidity of the crystalline zeolite frameworks. Only the
reactions requiring moderate or mild acidity could be effectively
catalyzed by OMMSs. Furthermore, the amorphous nature caused
low hydrothermal stability and mechanical strength [91–93]. Since
the structural stability and acidity were critical parameters for potential applications, various attempts were made to convert the
amorphous framework into a crystalline aluminosilicate framework, preferably, with a zeolite-like microporosity.

Fig. 9. SEM image showing a physical mixture of MFI zeolite crystal and amorphous
mesoporous silica material, which was resulting from the dual templating synthesis
approach. Reprinted with permission from [94].

ture, the product was obtained as a solely mesoporous material
with an amorphous framework, a solely crystalline microporous
zeolite, or their physical mixture (Fig. 9).
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4.3. Surfactant-assisted assembly of zeolite seeds
Multi-step synthesis strategies for assembling zeolite seeds into
a mesoporous structure were proposed in order to prevent the separate formation of zeolite and OMMS [95–98]. In these strategies, it
was claimed that the synthesis composition for conventional
zeolite was hydrothermally aged until the primary or secondary
building units for zeolite structure were generated. The mixture,
which was claimed to contain zeolite ‘seeds’, was added with a
cationic or non-ionic surfactant. The synthesis conditions like pH
and temperature were then adjusted for the formation of OMMS
[95–98]. The resultant products exhibited well-deﬁned low-angle
XRD patterns, which were characteristic of the OMMS structure.
Such seed-assembled products were claimed to be ‘pseudo-zeolite’
or ‘proto-zeolite’ in the framework nature, but these materials did
not actually exhibit the long-range atomic order characteristic of
crystalline zeolite framework in the high-angle region XRD. The
acidity and hydrothermal stability were signiﬁcantly improved as
compared to the MCM-41-type mesoporous aluminosilicate.
Nevertheless, the acidity was still far from those of crystalline
zeolites, and insufﬁcient for many catalytic applications requiring
strong acidity [99].
In a modiﬁed method, Naik et al. performed steam-assisted
crystallization (i.e., dry-gel synthesis) of zeolite seeds that were
pre-assembled by surfactants [100]. The resultant material was
still a physical mixture of bulk zeolite crystals and amorphous
mesoporous materials. The overall crystallinity of the sample could
be improved at the expense of substantial mesoporosity. The results indicated that even the multi-step dry-gel synthesis strategies could not fully prevent the separate formation of bulk
zeolite and OMMS phase. Various zeolite/amorphous mesoporous
silica composite materials including ZSM-5/MCM-41 [101], ZSM5/MCM-48 [102], zeolite Beta/MCM-41 [103,104] and zeolite
Beta/MCM-48 [105] were synthesized according to this strategy.
Such composite materials, probably due to the small size of zeolite
crystal, exhibited enhanced catalytic activity as compared to a
physical mixture of zeolite and amorphous aluminosilicate [104].

4.4. Organosilane surfactant-directed synthesis of hierarchical zeolites

Ó Copyright 2006 Macmillan
Publishers Ltd.

To prevent the separate formation of zeolite and OMMS, Choi
et al. have developed a synthesis method employing an organosilane surfactant as a mesopore-directing agent within the zeolite
phase [106,107]. The organosilane surfactant has a hydrolysable
methoxysilyl moiety connected to a hydrophilic quaternary
ammonium and a hydrophobic alkyl tail (Fig. 10). Typical examples
are 3-(trimethoxysilyl)propyl]hexadecyldimethylammonium chloride ([(CH3O)3SiC3H6-N+(CH3)2C16H33]Cl, ‘TPHAC’ in short) and
their structural analogues [108]. Choi et al. added the TPHAC
surfactant into a composition for MFI zeolite synthesis, which

contained TPABr as the zeolite SDA and sodium silicate (or TEOS)
as the silica source (see Fig. 11 for schematic representation of
crystallization process). Unlike the CTAB surfactant, the TPHAC
surfactant micelles were well incorporated within the zeolite
product. This was attributed to participation of the silica moiety
in TPHAC to the zeolite crystal formation with sodium silicate
(or TEOS). The resultant zeolites possessed a large volume of
mesopores with uniform pore diameters and high BET speciﬁc
surface area (Fig. 12). The mesopore diameters were controlled
according to the tail length of the organosilane surfactant, and/or
by increasing the synthesis temperature (Fig. 12).
The mesoporous structure and the synthesis mechanism were
investigated by selective growth of Pt nanowires within the zeolite
mesopores generated in this manner [109,110]. The TEM images
showed that the Pt nanowires were cylindrical and connected in
a wormhole-like manner to each other. The nanowire diameters
were 3–4 nm, which corresponded well to the zeolite mesopore
diameters determined from N2 adsorption isotherms. The result
indicated that the mesopores in the hierarchical zeolites possessed
cylindrical pore shapes with uniform diameter, which was similar
to the KIT-1 mesoporous silica [109]. The location of the mesopores
was investigated by high-resolution scanning electron microscope after cross-sectioning the crystals with an argon ion beam.
The result indicated the mesopores were ‘intracrystalline’, rather
than intercrystalline mesopores between zeolite nanocrystals
(Fig. 13) [111].
Due to strong acidity and high mesoporosity, the hierarchical
MFI zeolite exhibited superior catalytic activity and selectivity in
the acid-catalyzed reactions involving bulky molecules compared
to conventional MFI zeolite and Al-MCM-41 [106,112,113]. Selective dealumination of the Al sites on the mesopore walls led to a
signiﬁcant loss of catalytic activities in these reactions. Hence,
the bulky molecular reactions must have occurred at the Al sites
on the mesopore walls [113]. It is noteworthy that the hierarchical
MFI zeolite showed a remarkably high resistance to deactivation in
various acid-catalyzed reactions [102]. This was attributed to the
facile diffusion of coke precursors out of the catalytic region via
mesopores. The catalyst after coke deposition can be regenerated
by calcination. Nonetheless, long catalytic lifetime is a remarkable
advantage in many processes, particularly in ﬁxed bed processes,
because of the cost-decreasing effect due to less frequent interruption for catalyst regeneration or replacement.
The organosilane-directed synthesis route was generalizable to
other zeolite structures such as LTA, BEA and SOD aluminosilicates
[114], and other framework compositions like aluminophosphates
with AFI and AEL structures [115]. In addition, a large amount of
silanol groups on the mesopore walls are functionalizable with
various types of functional organic groups to eventually yield
organic–inorganic hybrid materials, which can also be useful for
preparing heterogeneous organometallic catalysts [114,116].
Based on the similar synthesis principle, many other synthesis

Fig. 10. Molecular structure of organosilane surfactant. Reprinted by permission from [107].
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Fig. 11. Schematic representation of crystallization process of mesoporous zeolite using organosilane surfactant as a mesopore structure-directing agent.

Fig. 12. N2 adsorption isotherms (A) and their corresponding pore size distributions
(B) of MFI zeolite crystals with tunable mesoporosity. According to the tail length of
organosilane surfactant and/or the hydrothermal temperature, the average mesopore diameter can be uniformly controlled. Reprinted by permission from
[106].

routes were developed using non-ionic organosilane [117], silylated polymer [118] and cationic polymers [119] as a mesopore SDA.

5. Nanomorphic zeolites generated by surfactant equipped with
a zeolite SDA
5.1. Synthesis of nanosheet MFI zeolites using diquaternary
ammonium surfactant
It has been a dream in zeolite science to synthesize an OMMSlike mesoporous material with pore walls that are composed of
crystalline microporous zeolitic framework, since the report on
MCM-41 in 1992. Many research groups have been looking for a
surfactant that can generate MCM-41-like mesopores and zeolite-like microporous walls at the same time. In principle, such a
dually porogenic surfactant could be synthesized by covalently

joining a zeolite SDA with a hydrophobic alkyl tail. However, the
actual synthesis has been unsuccessful for quite a long time. In
2009, Ryoo and co-workers reported on the synthesis of MFI zeolite
nanosheets using diquaternary ammonium surfactants, which
were represented by C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13
(designated as C22-6-6 hereafter) [120,121]. The structure of these
surfactants shows a long alkyl tail (e.g., –C22H45) and a bulky head
composed of two quaternary ammonium groups (Fig. 14). The two
ammoniums are connected by a –C6H12– spacer. All other substituents on ammoniums are methyl groups, except the terminal –
C6H13. Choi et al. used the C22-6-6 surfactant as a sole SDA for the
synthesis of siliceous MFI nanosheets, using no other conventional
SDA like TPA+ or surfactant like CTA+. The C22-6-6 surfactant indeed
did dual structure-directing functions in two different length
scales (micro and meso) in the absence of other SDAs. The ammonium head groups caused the silica precursor to form the microporous crystalline zeolitic framework while the self-assembled
surfactant tails directed the zeolite crystal morphology into a
lamellar mesostructure. The zeolite crystallization occurred only
at the ammonium region because the hydrophobic tails blocked
the excessive crystal growth of zeolites beyond the ammonium
region. The resultant zeolite took the form of a nanosheet with a
single-unit-cell thickness along b-crystallographic axis of the MFI
framework.
Any ordinary silica sources, such as sodium silicate, TEOS, silica
gel and fumed silica, were acceptable for the synthesis of the MFI
zeolite nanosheets. Depending on the detailed synthesis conditions, the zeolite nanosheets formed an irregular assembly or regular stacking into an ordered multilamellar mesostructure (Figs. 15
and 16). The multilamellar mesostructure was composed of alternating layers of MFI nanosheets (approximately 2-nm thick) and
surfactant lamella. The interlamellar distance was uniform
(Fig. 16B). Since the interlamellar spacing was supported by the
surfactant tails, the interlamellar distance could be controlled
according to the surfactant tail lengths [122]. In the case of the
multilamellar structure, the interlayer space between nanosheets
was expected to totally disappear when the surfactant was removed by calcination. However, much of the intersheet space
was still retained as disordered mesopores after calcination. This
means that the surfactant removal did not lead to the complete
condensation of the MFI layers. This result could be explained by
the partially intergrown mesostructure of the nanosheets, which
could act as ‘self-pillars’ to each other. There were slight deviations
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Fig. 13. Cross-sectional SEM image of mesoporous LTA zeolite, showing intercrystalline mesopores inside the zeolite crystals as well as on the external surface. The top
images were taken from the external surfaces, whereas the others were taken after cross-sectioning by Ar-ion beam. Reprinted with permission from [111].

Fig. 14. Molecular structure of di-quaternary ammonium surfactant with the chemical formula of C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H13. The diammonium head group
directs the MFI zeolite nanosheet framework, while the intermolecular hydrophobic interaction between C22H45 alkyl tails generates nanosheet mesostructure. Reprinted by
permission from [120].

in the crystal orientation in the a-c plane. This seemed to prevent
complete topotatic condensation between nanosheets. Thus, the
calcined product exhibited quite a high BET surface area
(520 m2 g 1) and large pore volume (0.5 cm3 g 1) as compared
to conventional MFI (400 m2g 1, 0.3 cm3 g 1). It is also remarkable that the ordered multilamellar structure could be maintained
by generating silica pillars between zeolite layers (Fig. 17). The
resultant pillared multilamellar MFI exhibited small-angle XRD
peaks up to the fourth-order reﬂections corresponding to the interlayer distance due to the interlamellar structural coherence [122].
In the case of the unilamellar mesostructure, the zeolite nanosheets had very narrow a–c planes. These nanosheets supported

each other in a random pile, exhibiting no mesostructural orders
(Figs. 16C and D). The intersheet mesopores were not uniform in
diameters, but well retained even after the complete removal of
the surfactant by calcination. The calcined sample possessed a very
high BET surface area (700 m2g 1) with a large pore volume
(1.2 cm3g 1). This result was comparable to a random assembly
of zeolite nanosheets which was prepared through exfoliation of
layered zeolite precursors [123–125].
The choice between the unilamellar and multilamellar mesostructures can be made based on the details of the synthesis conditions. Hydrothermal time is a decisive factor. For example, in a
synthesis condition without Na+ ions, the nanosheets were slowly
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Fig. 15. Schematic representation of crystallization of MFI nanosheets. Proposed structure model for the single MFI nanosheet (A), where the surfactants are aligned along the
straight channel of MFI framework, and di-quaternary ammonium head groups are embedded inside the zeolite framework. Depending on the synthesis condition, the MFI
nanosheet can be regularly assembled into multilamellar mesostructure (B), or randomly stacked into unilamellar (C). Reprinted by permission from [120].

Fig. 16. SEM (A, C) and TEM (B, D) images of multilamellar (A, B) and unilamellar (C, D) MFI zeolite nanosheets. Reprinted by permission from [120].
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Fig. 17. High-resolution SEM (A) and TEM (B) images of the multilamellar MFI zeolite nanosheet, which was pillared with silica and subsequently calcined to remove the
surfactants. Reprinted with permission from [122].

5.2. Generalization to other hierarchically nanoporous zeolites
After the discovery of the zeolite-structure-directing C22-6-6 surfactant, Ryoo and co-workers have extended the synthesis strategy
to various zeolite structures and mesoporous structures. They synthesized a series of Gemini-type multiammonium surfactants
(Fig. 18), and tested them as SDAs for OMMSs with crystalline
microporous frameworks [127,128]. Among the zeolite-structuredirecting surfactants, a tri-quaternary ammonium surfactant with
the chemical formula of C18H37–N+(CH3)2–C6H12–N+(CH3)2–
C6H12–N+(CH3)2–C18H37 (C18-6-6-18 in Fig. 19A) could generate a
hexagonally-ordered MMS. The mesopore walls of this OMMS consisted of a truly crystalline microporous zeolitic framework. The
cylindrical mesopores were regularly arranged into the hexagonally ordered mesostructure like MCM-41. TEM images taken perpendicularly to the mesopore walls showed the crystalline lattice
fringes (Fig. 19D) [127]. The overall morphology of the hexagonal
OMMS was spiky nanocrystals that were uniform in size and morphology. The structural coherences along microscopic and mesoscopic arrangement were evidenced by powder XRD analysis,
which showed both a mesoscale lattice with hexagonal symmetry
in a low-angle region and crystalline atomic scale ordering in a
high-angle region. However, due to the very narrow diffractive domain and very thin mesopore wall, the (20) XRD reﬂection was not

Ó Copyright 2011 AAAS 2011

generated in the unilamellar form (11 d at 140 °C) [126]. The
unilamellar product was maintained for 15 d under the Na+-free
condition, but was converted afterward to the multilamellar
mesophase. The driving force for such structural transformation
could be explained in terms of the crystal ripening in the a–c
plane and the subsequent reorganization of randomly oriented
nanosheets into regular stacking through the intermolecular
hydrophobic interactions of C22H45 tails in C22-6-6 surfactant.
The structural transformation is a kind of dissolution-reformation
process similar to the Ostwald ripening. Initially, the unilamellar
zeolite is generated from the synthesis gel. It is subsequently converted to the multilamellar mesophase. Hence, the unilamellar
product can be collected before the conversion to multilamellar.
The nanosheet generation time can be decreased by Na+ ions.
The unilamellar MFI can be synthesized within a relatively short
synthesis time (5 d at 140 °C), under Na+-rich conditions containing the bromide form of surfactant and sodium silicate water
glass. This can signiﬁcantly lower the overall production cost for
the nanosheet zeolites. However, the presence of Na+ and high pH
can also cause very rapid transformation of the initial unilamellar
zeolite to multilamellar. The key idea is to carefully choose the
zeolite crystallization conditions, so that the zeolite crystal
growth and multilamellar packing of zeolite layers can be moderately retarded [126].

Fig. 18. A family of Gemini-type surfactant that can act as dual-porogenic structure-directing agent for mesoporous molecular sieves built with crystalline microporous
zeolitic framework. Reprinted with permission from [127].

15

Ó Copyright 2011 AAAS 2011

K. Na et al. / Microporous and Mesoporous Materials 166 (2013) 3–19

Fig. 19. Molecular structure of C18-6-6-18 surfactant (A), SEM (B), TEM (C, D), and XRD pattern of hexagonally ordered crystalline mesoporous molecular sieve after surfactant
removal (E). Reprinted with permission from [127].

sufﬁciently resolved from the (30) reﬂection. Furthermore, only
four reﬂections were resolved in the high-angle XRD region. The
structural information was insufﬁcient for the precise determination of the microporous framework type.
The structure-directing role of the Gemini-type C18-6-6-18 surfactant was elucidated by 2D heteronuclear correlation (HETCOR)
NMR, which resolves the molecular proximities of the surfactant
modules to speciﬁc part of a solid framework. The 2D HETCOR
NMR spectrum (Fig. 20) revealed the crucial functions of the triple
quaternary ammonium groups and hydrophobic tails for directing
zeolite structures into hierarchically nanoporous architectures. The
strong interaction between the ammonium groups and the aluminosilicate frameworks evidenced the micro-porogenic role of
ammonium region and their inclusion within the micropores. On
the other hand, the absence of a 2D correlated signal between
the 1H of hydrophobic C18H37 tails and aluminosilicate frameworks indicated that the tails were mobile and not molecularly
proximate to the framework.
When a phenyl group was introduced to a zeolite porogenic region in the surfactant (Fig. 18C–E), nanocrystalline zeolite with a
beta framework was generated [127]. The beta nanocrystals were
intergrown into a nanosponge-type disordered assembly, as in disordered MMSs like KIT-1 [109]. In addition, the average framework
thickness could be systematically controlled according to the number of ammonium groups in the surfactant. The average thickness
of the mesopore walls was determined by replicating the mesopores with carbon and subsequently analyzing the pore diameters
of corresponding carbon replicas. The wall thickness, estimated

in this manner, increased from 2.9 to 3.9 and 5.1 nm as the number
of ammonium groups increased successively from 4 to 6 and 8.
Such ﬁne control of crystal thickness by the molecular design
was unprecedented so far. Furthermore, the mesopore diameters
were tailorable over a wide range of 3.8–21 nm by adding 1,3,5trimethylbenzene (1,3,5-TMB) as a micelle-swelling agent [127].
More detailed study of the mesopore expansion is currently
underway.
The present synthesis strategy allows for the ﬁne tuning of both
zeolite framework structure and mesoporous structure at the
nanometer-length scale by the molecular design of zeolite-structure-directing surfactants. The wall thickness and framework
topology can be adjusted by using surfactants with different head
groups. The mesopore diameters are tailorable according to the
surfactant tail length or by the addition of hydrophobic swelling
agents.
5.3. Catalytic properties of hierarchically nanoporous zeolites
The zeolite nanosheets can be synthesized in an aluminosilicate
form. The ultrathin crystal is composed of only two layers of a
microporous channel in the perpendicular direction. This type of
nanomorphic zeolite crystals has two advantages in catalytic applications: short diffusion path lengths into the internal acid sites, and
strong acid sites located at the external surface. The short diffusion
pathway offers remarkable improvement in the acid catalytic lifetime. Choi et al. reported that, in the case of the methanol-to-hydrocarbon conversion reaction, the MFI zeolite nanosheet exhibited
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Fig. 20. Solid-state 29Si{1H} 2D HETCOR NMR spectrum of the hexagonally ordered crystalline mesoporous molecular sieve in the as-synthesized form containing C18-6-6-18
surfactant. Reprinted with permission from [127].

the internal zeolite frameworks. Nevertheless, the external Al sites
are still much stronger in acid strength than those of Al-incorporating MCM-41-type mesoporous materials. The MFI nanosheet
exhibited rapid catalytic conversion in acid-catalyzed reactions
involving bulky molecular species (e.g., cracking of branched polyethylene, condensation of 2-hydroxyacetophenone with benzaldehyde, protection of benzaldehyde with pentaerythritol) [120].
MCM-41 has low acidity and consequently poor catalytic performance in these reactions, which is due to the very low strain in
the amorphous framework.
The MFI zeolite nanosheet can also be synthesized by incorporating redox-active Ti within the tetrahedral framework. Na et al.

Ó Copyright 2009 Macmillan Publishers Ltd. 2009

much longer catalytic lifetime than the bulk zeolite (Fig. 21)
[120,129]. This reaction is well known to be catalyzed by strong
acid sites in the MFI zeolite micropores. One of the major problems
in this catalytic reaction is a loss of catalytic activity with reaction
time, which is due to the blocking of the active sites by the deposition of coke. Choi et al. showed that coke was very slowly deposited
inside the micropores [120]. This result was attributed to facile
diffusion of coke precursors from the internal acid catalytic sites.
The acid strength of the Al sites on the external surface (i.e., surfaces of the mesopore walls) is somewhat less strong than the
internal acid sites. This is because the external sites are less
strained from perfect tetrahedral geometry than in the case of

Fig. 21. Coke deposition in MFI zeolite nanosheet (A) and bulk MFI zeolite (B) during methanol-to-hydrocarbon conversion. Reprinted by permission from [120].
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Fig. 22. Catalytic activity (A) and e-caprolactam selectivity (B) as a function of the time on-stream during the gas-phase Beckmann rearrangement of cyclohexanone oxime
into e-caprolactam over MFI silica catalysts. Reprinted with permission from [131].

reported that the Ti-MFI nanosheet containing ca. 1–2 mol% Ti in
the siliceous framework was effective for epoxidation reactions
involving not only small oleﬁn such as 1-hexene, but also bulky
cyclic oleﬁns such as cyclohexene and cyclooctene using H2O2
[130]. The high catalytic activity and selectivity to epoxide indicates that the Ti atoms were isomorphously substituted in the tetrahedral framework, as coordinated by four –OSi. From the
catalytic reaction data for molecules of various sizes, Na et al. proposed that the Ti atoms were located at the external surfaces as
well as inside micropores.
The framework of the nanomorphic zeolites is terminated with
silanol groups at external surfaces, similar to the mesopore walls of
MCM-41. These silanol groups can be used as a base for grafting
various kinds of functional groups, as mentioned in Section 4.4.
Surprisingly, these silanols can also be used as a highly selective
catalyst for the gas-phase Beckmann rearrangement of cyclohexanone oxime to e-caprolactam (a precursor of Nylon-6) (Fig. 22)
[131]. This reaction can be catalyzed by various acids including
aluminosilicate zeolite in the liquid phase. However, the gas-phase
reaction requires very mild acidity of silanol groups in pure silica.
Amorphous silicas exhibit high conversion, but the selectivity is
poor. Pure silica MFI treated in ammonium solutions is known to
be the most suitable catalyst in the gas-phase reaction. The silica
catalyst is not highly selective without the ammonia treatment.
The ammonia treatment is reported to generate nest silanols by local desilication from the framework [132,133]. The nest silanols
are known to be the best catalyst to date. However, in the case of
the MFI nanosheet, the zeolite exhibited high catalytic activity
and product selectivity, irrespective to the ammonia treatment
using NH3/NH4+ solution. No signiﬁcant amounts of nest silanols
were detected by infrared spectroscopy without the ammonia
treatment, but the zeolite exhibited high catalytic performance.
This performance was attributed to the silanol groups at the external surfaces (0 1 0 planes) of the MFI nanosheet. It seemed that the
silanols were arranged to form surface pockets that could function
like silanol nests. Moreover, the MFI silica exhibited 20 times longer catalytic lifetime, compared with the ammonia treated bulk MFI
silica under the same condition.
The hierarchically nanoporous zeolite molecular sieves are also
suitable for Friedel–Crafts alkylation and acylation reactions
involving small and bulky molecules [127]. In these reactions,

the crystalline MMSs exhibited higher catalytic activities than
the conventional zeolites and the MCM-41-type mesoporous aluminosilicate materials. The high catalytic performance can be explained by facile molecular diffusion through the mesopores and
the large density of strong acid sites on the mesopore walls as evidenced by NH3 TPD and 31P NMR techniques [127]. Further studies
on the heterogeneous catalysis are necessary to explore new possibilities in the catalytic applications of these nanomorphic zeolites.
6. Conclusions and outlook
Hierarchically nanoporous zeolites laid remarkable technological cornerstones in zeolite science and technology during the past
few decades. In this article, various synthesis strategies for the
hierarchical zeolites have been reviewed comprehensively. These
strategies include post-synthetic demetallation, direct synthesis
with incorporation of hard templates and soft templates and the
synthesis approach to nanomorphic zeolites with surfactants
functionalized by zeolite SDA. Among the synthesis strategies, the
use of a surfactant equipped with zeolite SDA would be the most
innovative approach due to the various advantages. From the
viewpoint of catalytic materials design, this strategy allows control
of both mesoporous structure (nanosheet, nanosponge, hexagonal
honeycomb) and microporous framework type (MFI, BEA, and
MTW) according to the detailed structure of surfactant. The
framework thickness is also controllable (1.7–5.1 nm) according
to the number of ammonium groups in the surfactant, and the
mesopore diameter is tailorable (3.8–21 nm) by the addition of
micelle-swelling agent. From the acid-catalytic viewpoint, the
nanomorphic structure with thin zeolite pore walls could facilitate
molecular diffusion, leading to signiﬁcant enhancement of catalytic
lifetime. Moreover, the presence of a large number of acid sites at
the external surface allows the catalytic conversion of bulky molecules that could not diffuse into zeolite micropores. Catalytic metal
nanoparticles can be selectively supported between mesopores and
micropores, depending on sizes of metal nanoparticles and their
supporting methods. The mesopore walls can also be used in
host–guest chemistries for designing multi-functional materials
owing to a large amount of silanol groups. These .nanomorphic
zeolites would ﬁnd great potentials in adsorption, separation,
heterogeneous catalysis, and for development of functionalized
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zeolitic materials. Furthermore, the synthesis strategy using
mesostructure-directing surfactants equipped with microporgens
or other SDAs could be applied to synthesis of various kinds of
new materials, in addition to zeolites.
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[66] Z. Pavlačková, G. Košová, N. Silková, A. Zukal, J. Čejka, Stud. Surf. Sci. Catal.
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P. Prokešová, S. Mintova, J. Čejka, T. Bein, Micoporous Mesoporous Mater. 64
(2003) 165.
M. Choi, H.S. Cho, R. Srivastava, C. Venkatesan, D.-H. Choi, R. Ryoo, Nature
Mater. 5 (2006) 718.
B.F. Chmelka, Nature Mater. 5 (2006) 681.
} ttinger, M.F. Jung, Chem. Ing. Tech. 61 (1989) 258.
K.J. Hu
R. Ryoo, J.M. Kim, C.H. Ko, C.H. Shin, J. Phys. Chem. 100 (1996) 17718.
A. Galarneau, H. Cambon, F. Di Renzo, R. Ryoo, M. Choi, F. Fajula, New J. Chem.
27 (2003) 73.
K. Cho, R. Ryoo, S. Asahina, C. Xiao, M. Klingstedt, A. Umemura, M.W.
Anderson, O. Terasaki, Solid State Sci. 13 (2011) 750.
R. Srivastava, M. Choi, R. Ryoo, Chem. Commun. (2006) 4489.
V.N. Shetti, J. Kim, R. Srivastava, M. Choi, R. Ryoo, J. Catal. 254 (2008) 296.

19

[114] M. Choi, D.-H. Lee, K. Na, B.-W. Yu, R. Ryoo, Angew. Chem. Int. Ed. 48 (2009)
3673.
[115] M. Choi, R. Srivastava, R. Ryoo, Chem. Commun. (2006) 4380.
[116] D.-H. Lee, M. Choi, B.-W. Yu, R. Ryoo, Chem. Commun. (2009) 74.
[117] G.-T. Vuong, T.-O. Do, J. Am. Chem. Soc. 129 (2007) 3810.
[118] H. Wang, T.J. Pinnavaia, Angew. Chem. Int. Ed. 45 (2006) 7603.
[119] F.-S. Xiao, L. Wang, C. Yin, K. Lin, Y. Di, J. Li, R. Xu, D.S. Su, R. Schlögl, T. Yokoi,
T. Tatsumi, Angew. Chem. Int. Ed. 45 (2006) 3090.
[120] M. Choi, K. Na, J. Kim, Y. Sakamoto, O. Terasaki, R. Ryoo, Nature 461 (2009)
246.
[121] A. Corma, Nature 461 (2009) 182.
[122] K. Na, M. Choi, W. Park, Y. Sakamoto, O. Terasaki, R. Ryoo, J. Am. Chem. Soc.
132 (2010) 4169.
[123] S. Maheshwari, E. Jordan, S. Kumar, F.S. Bates, R.L. Penn, D.F. Shantz, M.
Tsapatsis, J. Am. Chem. Soc. 130 (2008) 1507.
[124] M. Tsapatsis, S. Maheshwari, Angew. Chem. Int. Ed. 47 (2008) 4262.
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