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Abstract: Hierarchically porous materials displaying multimodal pore sizes are desirable for
their improved flow performance coupled with high surface areas. In the last five years, a
tremendous amount of research has focused upon the synthesis and applications of hierar-
chically porous materials. This review aims to open up a new avenue of research in this ex-
citing field. At first, recent progress in the synthesis of hierarchically porous materials, tar-
geted through templating methods, is reviewed. These synthesis methods involve a
supermolecular assembly of amphiphilic polymers or surfactants combined with second
surfactant systems or with macrotemplates such as solid particles, liquid drops, and air bub-
bles. The preparation procedures using surfactants combined with other chemical or physical
methods, controlled phase-separation, or template replication will also be discussed.
Subsequently, an innovative procedure concerning the self-formation of hierarchically
porous materials is thoroughly examined. This self-formation procedure is based on a self-
generated porogen mechanism. Porogens such as alcohol molecules can be precisely con-
trolled at the molecular level to design new hierarchically porous materials. Most of these
synthesis methods allow an easy and independent adjustment to the multiporosity of a mate-
rial, i.e., its micro-, meso-, and macroporosity.

Keywords: hierarchically porous materials; micro-, meso-, macropore porogens; self-forma-
tion phenomenon of porous hierarchy; templating synthesis. 

INTRODUCTION

In the chemical industries, the pretreatment of educts, their chemical conversion into valuable products,
and the purification of the resulting product mixtures in downstream processes are traditionally carried
out by sequential independent operations. In fact, one desired product from precise reagents is often
prepared by a multireaction with the production of a series of intermediates. Each step needs a defined
catalyst with one precise porosity and one specific functionality. The desired intermediate is often
mixed with other by-products and will be separated from this mixture by a complex series of processes
including cooling, compression, absorption, adsorption, drying, and distillation. By obtaining this inter -
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mediate at high purity, the optimal conversion and selectivity of the next step can be guaranteed, thus
making separation critical. Hence, several catalysts and separation processes have to be used to reach
the final desired product through such multistep reactions. As industry strives for improvements in ef-
ficiency and cost reductions (based on the economy of raw materials and the overconsumption of en-
ergy), the demand for a reduction in reaction and separation steps must be acted upon. In many cases,
the performance of the classical chemical process can be significantly improved by integratively cou-
pling different process units. Ideally, the multistep reaction can be realized in one reactor without any
separation process using a single nanocatalyst which possesses hierarchical porosities and multi -
functionalities, thus enabling a series of reactions to be achieved successively in a cascade, i.e., the
product of one reaction can be the reagent of the next reaction without the need for separation and pu-
rification since the catalyst used possesses a sieving capacity owing to the presence of multiple porosi-
ties.

The great challenge that remains is to fabricate hierarchically micro-, meso-, macroporous mate-
rials with controlled individual pore size, porous structures, and functionalities.

Recent developments in templating chemistry based on supramolecular chemistry, colloidal
chemistry, surfactant chemistry, and sol-gel chemistry, has expanded the synthetical methodology avail-
able whether chemical or biological such that metal-ligand binding, hydrogen bonding, and π–π inter-
actions can now be exploited to enable the synthesis of ever-larger molecules and nanostructured ma-
terials with a remarkable degree of control. A great deal of progress has recently been made in the fields
of ordered porous materials with uniform channel dimensions that can be adjusted over a wide range of
length scales owing to templating chemistry. Different modes of templating were studied in depth and
classified in terms of synthesis strategies of hierarchical materials. The distinction between a template
and a reagent is that a template intervenes in the macroscopic geometry of the reaction rather than in
the intrinsic chemistry. The template provides instructions for the formation of a single porous material
from a reactant or reactants which would otherwise have the potential to assemble and react in a vari-
ety of ways. Changing the template should result in a different reactant assembly and consequently a
different porous material. In general, after the template has directed the formation of the material, it is
removed to yield a template-free porous material, although this does not occur when the template is an
integral part of the structure it helps to form. Templating agents can be rigid and control porosity
through the partitioning of space, or in the case of structure-directing agents, by relying on differences
in miscibility and the creation of chemical gradients as a means of inducing pores. It is now well known
that small amine molecules can control micropore (<2 nm) formation in zeolites, while surfactant as-
semblies [1,2] and more recently block copolymers (BCs) [2] can control the formation of mesoporous
(2–50 nm) inorganic materials. Finally, macroporous (>50 nm) inorganic materials have been formed
through the lost wax casting of templates [2]. These materials with unimodal pore sizes have been
widely used in various fields such as catalysis, separation, drying processes, drug delivery, optics,
optoelectronics, etc. However, the improvement of chemical processes and the design of integrative
green chemical syntheses need more sophisticated and hierarchically porous materials.

It is envisaged that by incorporating macropores into meso-/microporous materials, the properties
of both the meso-/microporous network and the macropores could be exploited simultaneously.
Hierarchical materials containing both interconnected macro-/mesoporous structures or additional
micropores have enhanced properties compared to materials with unimodal pore sizes due to increased
mass transport through the material as well as maintaining a specific surface area of a similar value to
that of fine pore systems [4–18]. Consequently, they have been the subject of recent investigations. A
multitude of wet chemistry routes to hierarchically porous materials have recently been developed. For
instance, dual and multiple surfactant templates have enabled the formation of hierarchically porous
structures that have porosities on the 1- and 1000-nm length scales. The synthesis strategy extends to
the use of a secondary template, in addition to the original surfactant, such as secondary micelles, small
solid particles, liquid drops, and gas bubbles, supramolecular aggregates, and biomaterials. The
possibility of combining the single surfactant-assisted procedure with supplementary chemical and/or
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physical methods has also been explored in the quest for hierarchically porous materials, for example,
the control of procedural (synthesis and aging) conditions, phase separation and post-treatment, or the
introduction of structural units with their own inherent porosity. There are some special templated syn-
thesis strategies that produce novel hierarchically porous materials, for example, the control of phase
separation in the synthesis of zeolites with hierarchically porous structures and template replication in
the synthesis of carbons with hierarchically porous structures. An innovative self-formation procedure
has been thoroughly studied and used to synthesize hierarchically porous materials. This self-formation
procedure is based on a self-generated porogen mechanism. Porogens such as alcohol molecules can be
precisely controlled at the molecular level to design new hierarchically porous materials. 

In this review, we refine and expand the templated-synthesis classifications to embrace many new
approaches that are now available. We illustrate these approaches with examples from the literature and
with self-formation syntheses, finally we attempt to elucidate the phenomena that lead to efficient tem-
plating. This review is divided into two parts. The first focus is on the external templating strategies that
lead to the formation of hierarchically porous materials. We will first describe the use of dual and
multiple templates in hierarchically porous material synthesis. A section will be concentrated on single
micelle templates combined with supplementary chemical or physical methods. The last section of this
part will treat the synthesis of hierachical porous materials with two important chemical compositions.
The second part deals with recent reports about a new and innovative self-formation phenomenon that
can be exploited to target porous hierarchies. The formation mechanism and its application to the prepa-
ration of highly sophisticated hierarchically porous and highly advanced functional materials are dis-
cussed.

THE USE OF DUAL AND MULTIPLE TEMPLATES IN HIERARCHICALLY POROUS
MATERIAL SYNTHESIS

Dual micellar templating approach

In this topic, most of the examples of bimodal mesoporous systems were based on adding a BC and a
relatively small sized surfactant or cosolvent to the sol-gel solution. Coppens and co-workers reported
the fabrication of bimodal mesoporous silica in two steps: first, a primary mesoporous (≈2 nm) mate-
rial was prepared hydrothermally using a surfactant (cetyl trimethyl ammonium bromide, CTABr) with
a comparatively small molecular structure as a template, then the second pore system (16–50 nm, de-
pendent on solvent) was introduced via a hydrothermal treatment of the synthesized MCM41 materi-
als in the presence of a BC surfactant (P123) [19]. A hysteresis loop around P/P0 = 0.8–0.98 was also
observed besides a flat hysteresis loop at 0.4–0.55 in the isotherms. The larger mesopores are very big
(about 20 nm), and their distribution is quite broad. However, in all these cases, structural control was
difficult, and most of these bimodal mesoporous materials lack a well-defined pore structure on at least
one length scale in terms of pore shape or size. The proposal that the second, larger porosity was
generated by the surfactant templating is quite questionable due to the very broad pore size
distributions. Interparticular voids could be the origin of the secondary porosity. The discussion
remains open. Significant progress in this field was made by Antonietti and Goltner [20] using the
“nanocasting” methodology, that is, liquid-crystal templating under acidic conditions. Antonietti sub-
sequently reported the combination of a special small fluorosurfactant with “KLE”
[H(CH2CH2CH2(CH)CH2CH3)x–(OCH2CH2)yOH] and “SE” [poly(styrene)-poly(ethylene oxide)]
copolymers, which introduced small mesopores between the larger spherical mesopores in a certain
range of concentrations, but only in a limited concentration range [21].

Hydrocarbon BC templates can mix with a fluorinated hydrocarbon for simultaneous nanocasting
to generate bimodal porous materials. In fact, the fluoro-/hydrocarbon mixture is known to form sepa-
rated micelles [22–24], as long as both surfactants have sufficient size, since fluorocarbons usually do
not mix with hydrocarbons. The mixture of these micelles allowed the concurrent templating of silica by
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two independent, self-organized templates. The special feature of this fluoro-/hydrocarbon template mix-
ture to form two individual micellar species under all conditions was evidenced by mutual structural
cross-influence (Fig. 1). By careful analysis of pore architectures by gas sorption measurements and
transmission electron microscopy (TEM) of the final porous silica, parts of the phase diagrams could be
established, independent of the relative template concentration. For the KLE and OTN [CF3(CF2)6–

16C2H4–EO4–5] mixture, miscibility over the whole range of compositions was identified. For high KLE
content, a mixed micellar phase where the two different micelles were packed in some type of organized
array was identified. For all other compositions, the mutual presence of surfactants lowers the order, and
mixed micellar phases with liquid structures are observed. At ratios approaching 1:1, the liquid mixture
can undergo “crystallization”, and the coexistence of two highly organized liquid-crystal phases is clearly
identified by TEM experiments. Similar results were obtained by Grosso and Linden, where the synthe-
sis is based on the use of a mixture of two surfactants as structure-directing agents, the non-ionic triblock-
co-polymer F127 [(EO)106(PO)70(EO)106] and the cationic fluorocarbon surfactant IC-11
[C8F17CH2OHCH2NH(C2H5)2Cl] [25].
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Fig. 1 TEM pictures of samples KLE-1 (a) and KLE-2 (b). As the OTN [CF3(CF2)6–16C2H4–EO4–5] content
increases, the ordering of the sample decreases (b). For the sample KLE-2, the small pores generated by the OTN
oligomer can be visualized between the KLE pores (see the inset) [21].



Next, another family of cotemplates, ionic liquids (ILs), was developed due to their unique tem-
plating behavior, based on the distinct polarizability of the headgroups, leading to highly ordered pore
systems [26–30]. In particular, ILs showed a significantly stronger tendency toward self-aggregation
and tolerance toward perturbations in supramolecular templating. This particular property of ILs was
therefore expected to help to avoid phase separation of the template and the polymer within the sol-gel
process. In this way, a bimodal super-microporous and macroporous silica material was obtained using
poly(styrene) (PS) bead packing and an amphiphilic IL simultaneously employed as templates [31]. The
wall architecture of the ordered cubic structure of the macropores (around 175 nm) is made up of a per-
fectly ordered supermicroporous (around 1.3 nm) lamellar phase. Trimodal meso-/macroporous silica
was prepared using PS beads to create macropores, a BC (KLE) for large mesopores and an IL (1-hexa-
decyl-3-methylimidazolium chloride) for small mesopores [32]. The macropore size is 360 nm with a
wall thickness of 100 nm, and the wall texture of the macroporous silica contains two distinguishable
types of pores, both different sizes (large spherical mesopores of ca. 12 nm and small elongated meso-
pores of 2–3 nm). No phase separation of BC and IL was observed, with the small mesopores being lo-
cated in the walls of the larger pores. It is claimed that the synthesis failed with other ionic surfactants
such as CTABr. The Brunauer–Emmett–Teller (BET) surface area of such trimodal porous silica is
244 m2 g–1, and the total porosity amounts to ca. 0.33 cm3 g–1.

A systematic study of hierarchical materials synthesized using aqueous surfactant mixtures has
recently been realized [33]. This study of the combination of various BCs (F127, KLE) and SE with
smaller surfactants (P123, C16mimCl, and CTAB) revealed that hierarchical bimodal mesoporous ar-
chitectures could only be obtained by using BCs with a strong hydrophilic/hydrophobic contrast, such
as KLE and SE, giving rise to pores between 6 and 22 nm. Furthermore, the IL C16mimCl appeared to
have advantageous templating properties, resulting in 2–3 nm pores being located between the BC
mesopores, whereas phase separation was observed for Pluronics and CTAB used as small templates.
Thereby, the study also provided general insight into the mixing and co-self-assembly behavior of BCs
and ionic surfactants in water and confirmed the special templating properties of ILs, as recently pro-
posed. In addition to the bimodal mesoporosity, additional tunable macroporosity was created by the
presence of PS or poly(methyl methacrylate) spheres, leading to well-defined trimodal hierarchical pore
architectures with the small pores being located in the walls of the larger pores (Fig. 2). As a major im-
provement, due to the pore hierarchy, these large-pore materials showed relatively large surface areas
and pore volumes, and the size of the densely packed macropores could even be decreased down to
90 nm.
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Fig. 2 General templating approach to obtain trimodal hierarchical porous materials, (A) Hybrid material (gray,
silica; blue, polymer colloid; dark blue, BC micelle; red, IL micelle). (B) Corresponding silica material after
calcination or extraction of templates [33].



Small solid particles as additional templates to micelle templating

Colloidal crystals as additional templates
Synthesis of the trimodal porous material described above is a significant synthesis strategy used in the
preparation of hierarchical oxides, the PS colloid beads are usually considered as small solid particles
with at least one characteristic dimension in the range of a few tens of nanometers to one micrometer.
The combination of surfactant and colloidal crystal templating methods offers an efficient way for the
construction of ordered and interconnected micro–macro-, meso–macroporous architectures
[14,34–36]. Colloidal latex spheres, all having the same diameter, can be self-aggregated in a regular
fashion, then the mixture of the inorganic precursors and surfactant (or copolymer) micellar solution is
allowed to infiltrate the interstitial spaces between the spheres. This is followed by condensation and
crystallization of the inorganic precursors. The removal of the surfactant and latex spheres, by either
high-temperature calcination or solvent extraction, leads to the formation of 3D ordered micro–macro-
or meso–macroporous materials (Fig. 3). The macroporous walls are composed of micro- or mesopores,
and both pore types can be interconnected. Such hierarchical materials of various compositions, in-
cluding titania [34], silica [20,34,37,38], niobia [34], and silica–alumina [39], have been reported. The
multiple-scale structural organization formed makes it possible to tune the physical properties of the
materials over a wide range of chemical compositions. Furthermore, by using two colloidal crystals of
a size identical to the desired pore diameters, bimodal 3D macroporous silica structures can be synthe-
sized. Luo et al. [37] synthesized cubic 3D ordered macroporous (140 nm) and binary macroporous
(140, 80 nm) silica structures with ordered mesoporous (7.7 nm) walls by using cubic close-packing PS
spheres as templates, of either one or two different sizes, respectively, and the triblock copolymer P123
as a mesostructure-directing agent. 

A silicate having a bimodal meso–macropore size distribution can be made by the sedimenta-
tion–aggregation technique [40], in which the gel for the synthesis of a mesophase was generated by
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Fig. 3 SEM images (a and b) and TEM images (c and d) of hierarchically ordered mesoporous silica, displaying
that organization over three discrete characteristic dimensions, and the framework of the macroporous skeleton is
made up of ordered cubic mesoporous silica with an ordering length [34].



self-assembly of the surfactant and the silica precursor. This mixture infiltrated the voids of the ag-
glomerated PS particles. Random packing of latex beads covered with silica occurred after the addition
of latex spheres to a mixed solution of cetyltrimethylammonium chloride/hydroxide and tetra -
ethylorthosilicate, resulting in an eggshell-type macrostructure morphology with an MCM-48-type
cubic mesophase [41]. It has also been demonstrated that mixing latex beads with micellar surfactant
solution before adding the inorganic source could produce a relatively uniform dispersion of macro -
pores in the mesoporous MCM-48 materials [41]. Using this method, skeletal-structured biporous sili-
cates with both an MCM-41 mesophase and a skeletal macrophase having an ordered array can be
prepared (Fig. 4) [42]. The macrostructured MCM-41 (MS-MCM-41), synthesized after impregnation
of latex spheres as a controlling step and calcination of the polymer and surfactant, showed a superior
3D ordered macroporous structure extending from several to hundreds of micrometers. The mesoporous
phase located between the walls of the macropores contained the same structure as MCM-41, having a
BET surface area above 1200 m2 g–1, with a pore volume of about 1.27 cm3 g–1. The specific volume
of MS-MCM-41, accounting for both meso- and macropores, was estimated to be 7.9 cm3 g–1, using a
simple density measurement. Figure 4 proposes a plausible mechanism for the formation of skeletal
macrostructures. The PS beads are coated with silicate primary particles, and then the doughnut-type
building blocks are formed in the interstices of adjacent PS spheres through the drying and shrinking of
the silica precursor solution. These building units are expanded and arranged into the face-centered
cubic (fcc) close-packed PS bead particles, and the skeletal structure of MS-MCM-41 is obtained after
calcination of PS spheres. The inner space of the doughnut-type building block might make the inter-
connecting channels between macropores.

The advantage of this method, despite template sacrifice, is that organic functional molecules,
such as a dye, can be directly incorporated into the framework of meso-/macroporous materials. For ex-
ample, mesostructured silica functionalized with the dye moiety (2,4-dinitrophenylamine) has been pre-
pared with the control of the hierarchical pore architecture [36]. Co-condensation of tetraethoxy silane
and 3-(2,4-dinitrophenylamino)propyltriethoxysilane was used to covalently couple the organic
chromo phore to the wall structure of a silica mesophase formed by surfactant templating of CTAB. This
process was spatially patterned on the macroscale by confining the evaporation-induced precipitation of
reactants within the regular voids of a colloidal crystal, comprising 140-nm-sized PS spheres. The re-
moval of the latex and surfactant templates by extraction produced a hierarchically ordered organo-

© 2009 IUPAC, Pure and Applied Chemistry 81, 2265–2307

Hierarchically porous materials 2271

Fig. 4 Plausible schematic mechanism for the formation of skeletal-macrostructured MCM-41 [42].



functionalized silica meso-/macrophase. Fourier transform-infrared (FT-IR) and UV–vis diffuse re-
flectance spectra indicated the intact and covalent link of chromophore groups into the mesostructured
silica network of the hierarchical structure. This method is also extended to many other organosilane
moieties tailored to specific applications such as selective chromatographic supports for combinatorial
chemistry, ferrocene-based devices in electrochemical sensors, dye-based pH sensors, and
rhodium/ruthenium-based organometallic complexes for catalysis [43]. Highly dispersed polyoxo -
metalate clusters could also be incorporated in the hybrid structures of 3D ordered macroporous silicas
with mesoporous walls during direct synthesis, and these functionalized materials were demonstrated
to exhibit catalytic activity for the epoxidation of cyclooctene with an anhydrous H2O2/t-BuOH solu-
tion at room temperature [44]. Sen et al. [44,45] synthesized a series of hierarchically ordered porous
silica composites with ordering on three different scales of pore size by using latex spheres and triblock
copolymers (Pluronic F127 and P123) as templates in the presence of cosurfactants (n-alcohols) in an
acidic medium. The silica materials obtained consisted of 3D ordered macropores (200–800 nm) with
interconnecting, uniform-sized (70–130 nm) windows, where the walls of these macropores consisted
of mesostructured pores (3–8 nm), as well as a significant microporosity (<2 nm), presenting a macro-,
meso-, microporous structure with a 3D interconnectivity. The formation of windows is due to the
close-packed arrangement of PS spheres (touching points). The meso- and microporosities are gener-
ated by micelle formation of the EO–PO–EO BC in the presence of a cosurfactant such as butanol or
pentanol. The surface area and mesopore volume of the materials were low (46 m2 g–1, 0.053 cm3 g–1)
when the PS latex was removed by direct calcination at 550 °C, while a high total surface area of
531 m2 g–1 was obtained after removal of the latex by toluene extraction followed by calcination at
450 °C.

On the basis of high-resolution 3D TEM, a thorough understanding of the monoliths of the
meso-/macroporous materials templated by colloidal crystals was described in detail as a function of
the synthesis parameters [46]. This study revealed the special alignment of the surfactant induced by
the 3D confinement of colloidal crystals, especially for cylindrical micelles, which could be aligned ei-
ther in parallel or perpendicular to the sphere surfaces.

Meanwhile, some other small solid particles, such as inorganic salts, ice crystals, polymer aggre-
gates, and biomaterials, can be added during synthesis to enable the creation of macroporous structures. 

Inorganic salts and ice crystals as additional templates
3D meso–macrostructured sponge-like silica membranes have been synthesized by a multiphase
process of acid-catalyzed silica sol-gel chemistry in the presence of inorganic salts and self-assembling
BCs [47]. Inorganic salts play an important role in the formation of the meso–macro silica structures
that are grown at the interface of inorganic salt solution droplets. The meso–macrostructured silica net-
work can be varied, depending on the electrolyte strength of the inorganic salts and the amphiphilic BC
structure-directing agents. The macropore dimensions are established by the sizes of the salt solution
droplets, such as NaCl, LiCl, KCl, NH4Cl, or NiSO4, which can be adjusted by regulating the evapora-
tion rate of the solvent. At the interstices separating the electrolyte droplets, amphiphilic BC species as-
semble in the presence of silica to form well-ordered composite mesophases. The morphology of the
silica membrane can be modified by changing the concentration of the inorganic salt, although inor-
ganic salt crystals were inevitably co-grown with the silica membrane. 

A very innovative and inventive method was developed by Nishihara et al. to prepare ordered
macroporous silica, a silica gel microhoneycomb (SMH), using micrometer-sized ice crystals as a tem-
plate [48]. This is based on the phenomenon that when hydrosols, hydrogels, or aqueous slurries of
metal oxides or polymers are quickly frozen by immersing them into a cold bath, micrometer-sized ice
spheres grow inside their matrices as a result of thermally induced phase separations. These ice spheres
then play the role of a template in the formation of 3D interconnected macroporous metal oxides or
polymers. When precursor hydrogels, which are freshly gelled and which contain an adequate quantity
of solid components, are unidirectionally frozen under conditions where the pseudo-steady-state growth
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of ice crystals can continue, an array of polygonal ice rods with fairly uniform diameters grows in par-
allel to the freezing direction. After the removal of the ice template by elevating the temperature, large
monolithic materials with ordered macropores are obtained (Fig. 5). The straight macropores have a
polygonal cross-section and are parallel to the freezing direction. Besides their ordered macroporosity,
micro- and mesopores develop inside the honeycomb walls through the freeze-drying of SMHs soaked
in tert-butyl alcohol. It was found that the macropore size of the SMHs can be controlled by changing
the rate of immersion into a cold bath and also the freezing temperature, without changing the micro-
and mesoporosity of their honeycomb walls. The thickness of the honeycomb walls was affected by the
SiO2 concentration and the macropore size. The porosity of the honeycomb walls could be controlled
to be microporous as well as mesoporous, by a hydrothermal treatment of the as-prepared SMHs in
basic aqueous solutions. Moreover, SMHs with developed mesopores showed a higher stability against
heat treatment. The method developed by Nishihara et al. is thus quite versatile for the preparation of
hierarchically porous materials with a variety of chemical compositions.

Macroporous polymers as additional templates
Cellulose acetate and polyamide membranes have been used as templates in the formation of macro -
porous oxide networks [49]. Infiltration of the silica/amphiphile solution within the porous structure of
these membranes and its subsequent gelation results in a cast of the original membrane. Removal of
both the membrane template and the porogen (amphiphilic supramolecular aggregates) by calcination
leaves the amorphous silica film with a bimodal, interconnected meso-/macroporous structure (Fig. 6)
[50]. The surface area and total pore volume of the inorganic films vary from 473 to 856 m2 g–1, and
0.50 to 0.73 cm3 g–1, respectively, depending on the choice of template and porogen. The channel-like
macropore assembly gives good mass transport and accessibility to the pore systems, whereas the meso-
pore system provides a large surface area, which is required for catalysis and separation. Other mem-
branes made of cellulose derivatives, including cellulose nitrate, mixed cellulose esters, and regenerated
cellulose, can also be employed as templates for the fabrication of bicontinuous macroporous inorganic
oxide films with controlled geometry. Furthermore, applying an external electric field to a polyacryl -
amide hydrogel could lead to the creation of a template matrix with aligned interstitial voids of ap-
proximately 10 mm in diameter. The mesoporous silica monoliths with oriented macroporous channels
were then produced by the immersion of this electronic-field-oriented hydrogel monolith in neat tetra -
methylorthosilicate, and subsequent hydrolysis, condensation, and calcination to remove the organic
phase [51]. The mesoporosity was supported by a nitrogen-adsorption isotherm of type IV with a dis-
tinct hysteresis loop of type H3, characteristic slit-type pores with average pore diameter 8.6 nm re-
sulted from the aggregation of plate-like particles. The material had a low density of 0.806 g cm–1 and
a BET surface area of 337 m2 g–1 with a pore volume of 0.73 cm3 g–1.
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Fig. 5 SEM images of the cross-sections of SMHs prepared by ice-templating [48].



Biomaterials as additional templates
For the preparation of porous inorganic materials with hierarchical structures, a rich variety of biolog-
ical structures with complex morphologies have been used as sophisticated templates. Typical examples
of natural biological templates include bacterial threads [52], echinoid skeletal plates [53], eggshell
membranes [54], insect wings [55], pollen grains [56], plant leaves [57,58], wood celluloses [59,60],
protein aggregates [61], and spider silk [62]. Since these natural biological templates offer beautiful and
abundant hierarchical architectures, and are inexpensive and environmentally benign, they have at-
tracted much interest in the construction of novel hierarchical inorganic materials. 

The bacterial superstructure, consisting of a thread of coaligned multicellular filaments of
Bacillus subtilis [52], was used to extend the length scale of inorganic material patterning by template-
directed mineralization (Fig. 7) of the interfilament spaces. Ordered macroporous fibers of either amor-
phous silica or ordered mesoporous silica MCM-41 were produced. The inorganic macrostructures con-
sist of a macroporous framework of 500-nm-wide channels with curved walls of either silica or
mesoporous silica, 50–200 nm in thickness, showing a structural hierarchy on both the meso- and
macroscopic length scales.
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Fig. 6 (a) SEM and (b) TEM images of the meso-/macroporous silicas obtained using cellulose acetate membrane
and polyoxyethylene (10) lauryl ether (C12E10) porogen [50].

Fig. 7 Scheme showing two routes to the formation of organized macroporous inorganic frameworks using
bacterial superstructural templates [52].



Natural wood has highly anisotropic cellular structures, which can be used as a hierarchical tem-
plate to generate porous ceramics by deposition of a ceramic phase within the wood interstices or the
infiltration of the ceramic into the unoccupied void space [59,60]. Mineralization of wood cellular struc-
tures using a surfactant-templated sol-gel solution at different pH values allows for the formation of
 either positive or negative replicas with a porous hierarchy. At low pH, silicic acid is coated onto the
inner surface of the wood’s cellular structure, and it penetrates the pores from which degraded lignin
and hemicellulose have leached, to form a positive replica, while at high pH the precipitating silica par-
ticles clog the cells and pit structures due to fast condensation, forming a negative replica of wood [59].
The cell walls consist of surfactant-templated, ordered hexagonal mesopores. Moreover, wood was also
used as both a carbon precursor and a hierarchical template for SiC synthesis. Mineralized wood with
silica in acidic conditions followed by carbothermal reduction in argon resulted in the formation of a
hierarchical SiC adopting a wood cellular structure [63]. All wood cellular structures were generally
maintained, and wood cell walls were composed of crystalline SiC nanoparticles (200–700 nm). The
specific surface area of the final cellular SiC ceramics was 60–100 m2 g–1, where the pore sizes were
randomly distributed from nanometers to micrometers. Wood cellular structures of SiC materials were
stable up to 1400 °C in air. 

The cuttlebone is a highly organized internal shell structure constructed from aragonite (CaCO3)
in association with a chitin organic matrix. The shell has a chamber-like architecture in the form of min-
eralized sheets arranged in parallel layers and separated by S-shaped pillars, and has been shown to be
template-ordered chamber-like macroporous chitin–SiO2 composites [64]. Using chitosan as a tem-
plate, meso-/macroporous siliceous fibrous material could be synthesized via a hydrothermal hydroly-
sis of sodium silicate [65], although the siliceous walls of the macropores (570 nm in radius) were
micro-/mesoporous with a broad and polymodal distribution. This structure may be due to the aggre-
gation of the hydrated chitosan helices in bundles of parallel fibers with different sizes and also the gela-
tion of the system.

Starch gel templating was also performed to produce hierarchically sponge-like micro-,
meso-/macroporous monoliths of silicalite and meso-/macroporous TiO2 [66], where the macro porosity
was generated by self-assembled nanoparticle building blocks. Non-ordered macropores in the size
range 0.5–50 μm were achieved by varying the amount of starch and the starch: silicate ratio. 

The use of dextran as a sacrificial template makes it possible to fabricate metallic and metal oxide
sponges [67]. By heating pastes of the polysaccharide dextran containing metal salts to temperatures
between 500 and 900 °C, self-supporting macroporous frameworks of silver, gold, and copper oxide, as
well as composites of silver/copper oxide or silver/titania were prepared. Magnetic sponges were sim-
ilarly prepared by replacing the metal salt precursor with preformed iron oxide (magnetite) nano -
particles. Solid colloidal particles as additional templates to micelle templating have been largely used
to generate larger pores in hierarchically porous materials. Both macro- and meso(micro)pore sizes can
be easily and independently adjusted. The most significant drawback of this synthesis strategy is the
removal of solid colloidal templates by calcination or solvent extractions, which can perturb the well-
organized macrostructure formed.

Small liquid drops and air bubbles as additional templates combined with micelle
templating

Small liquid drops as additional templates
The method of emulsion templating [68–70] is perhaps the most general and has been used to produce
macroporous titania, silica, and zirconia with pore sizes from 50 nm to several micrometers, although
most of those reported materials are a disordered macroporous solid without meso- or microporosity.
As the liquid drops of emulsion, such as oil, are deformable, macroscopic samples are able to accom-
modate stresses that arise during gelation and shrinkage [70]. Samples made using rigid spheres, by
contrast, tend to break into small pieces that are seldom larger than a few hundred micrometers. In ad-
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dition, emulsification conditions can be adjusted to produce droplets with different mean sizes which
are typically in the micrometer range. This can be done to a large extent independently of the self-as-
sembling BC species used to direct the structure of the mesopores. This advantage means that emulsion
templating is often used in combination with micelle templating to construct hierachically porous
materials. This allows a direct and independent control of macro- and mesopore dimensions, so the final
pore structures can be tailored to different diffusion and reaction conditions. The introduction of meso-
porosity into a macroporous structure by a surfactant emulsion-mediated synthesis has been reported
[71,72]. The room-temperature synthesis of a macro-/mesoporous silica material fabricated during the
natural creaming process of an oil-in-water emulsion containing surfactant (CTAB) has been described
[72]. The material obtained has 3D interconnected macropores with a strut-like structure (Fig. 8) simi-
lar to meso-cellular silica foams with mesoporous walls of worm-hole structure, i.e., macrocellular
foams, which have a high surface area of about 800 m2 g–1 with narrow mesopore size distribution.
However, their formation mechanism is not properly understood. It is also demonstrated that meso-
porous silica could be obtained using either a low oil (mesitylene) concentration with slow stirring or
synthesis at alkaline pH, while faster stirring at low oil concentration produced mesocellular silica foam
[71]. Disordered macro-/mesoporous silica composites with various wall thickness and interconnectiv-
ity were obtained using intermediate to high oil concentrations. Cooper and co-workers reported the
synthesis of hierarchically porous emulsion-templated polymer/silica composite beads by the sedimen-
tation polymerization of a high internal phase emulsion (HIPE) [73]. High surface area silica beads with
an average bead diameter of 1.34 mm and a high pore volume (5.68 cm3 g–1) were prepared. The inter -
connected macroporous structure was obtained by calcinations of the composite structures. Carn et al.
reported a simple method to prepare hierarchically textured macroporous silica monoliths, with organ-
ized vermicular-type mesoporosity by the use of a double template, i.e., direct emulsion at the
macroscale and micellar templates at the mesoscale [74]. The monolithic materials obtained had typi-
cal polymerized HIPE (poly-HIPE)-type interconnected macroporous textures with polydisperse cell
and window sizes within the micrometer range. Their texture can be tuned by varying either the pH of
the continuous aqueous phase, the emulsification process, or the oil (dodecane) volume fraction. pH
conditions have been shown to be an important factor in controlling the final monolith textures, also the
oil–water interface seems to promote the inorganic condensation process.

Mesostructured titania possessing an unusual macroporous interior, was spontaneously synthe-
sized in an ethanolic solution of surfactant C16(EO)10 containing a small quantity of water (Fig. 9) [75].
The resulting particles had quite a thick shell, and the core had a sponge-like macroporous structure
with a uniform pore size gradient, such that the macropore sizes increase progressively from the shell
layer to the core. Both the shell layers and the macroporous framework of the core have a disordered
wormhole-like mesoporous structure comprised of a TiO2 nanoparticle assembly. It is proposed that this
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Fig. 8 Scheme and SEM image of strut-like structure in the meso-/macroporous silica synthesized by natural
creaming process of an oil-in-water emulsion [71].



hierarchical structure might be formed by combining a reverse micelle (“quasi-reverse emulsion” [76])
templating pathway with a conventional surfactant templating technique of a hybrid composite
mesostructured phase. However, further study demonstrated that the surfactant molecules only play a
role in the control of mesoporosity and not in the formation of this kind of hollow core/dense
mesostructured shell. The formation mechanism is discussed further in the section about the self-
formation procedure. 

The addition of NaCl to a niobium ethoxide/amine aqueous system can result in gel vesicle tem-
plating, yielding a macro-/mesoporous niobium oxide [77]. It was emphasized that the salt was essen-
tial for surfactant vesicle formation to occur before the creation of a macro-/mesoporous niobium oxide
with macropore sizes in the 200–300 nm range. This process was regarded as a ligand-assisted vesicle
templating strategy. The macropore sizes of these niobium oxides were not altered by the different sized
preformed vesicles, suggesting a cooperative macropore assembly mechanism rather than one involv-
ing preformed vesicles. The proposed mechanism is also questionable. The role of the surfactant and
the possible formation of large vesicles, leading to the formation of meso-/macroporous materials, will
be clarified in the following sections.

Small air bubbles as additional templates
Macroskeletal mesoporous silicate foams with open-cell randomly shaped macrovoids on the (sub)mil-
limeter scale have been prepared from metastable PEO-surfactant air–liquid foams induced by strong
stirring under neutral aqueous conditions [78]. It was claimed that the macroscale morphologies were
tuned by changing the turbulence of the reaction media, which is certainly a very difficult parameter to
control. Since then, a bubbling process has been proposed to produce air–liquid foams [79–81], which
may allow complete control over the cell sizes and shapes of the bubbles and a more easily maintained
liquid fraction of the foam. Silica macroporous scaffolds with vermicular-type mesoporosity were ob-
tained by this air–liquid foaming sol-gel process where nitrogen was bubbled through a mixture of a
surfactant and sol-gel precursor [79], while the TiO2 macrocellular scaffolds obtained had poor meso-
porosity arising from the void space induced by the random aggregation of nanoparticles within the
foam walls [80]. Macroscopic cell morphologies were tuned by changing the air/liquid:foam ratios and
the size of the nitrogen bubbles, while wall topologies were varied by changing the surfactant. Spraying
aqueous siliceous solutions containing alkyltrimethylammonium surfactants under high pH conditions
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Fig. 9 Cross-section TEM images of hierarchically mesostructured titania with an interior macroporous structure
[75].



resulted in mesoporous silica foams with hierarchical trimodal pore structures (macrovoids and two
kinds of mesopores of around 3 and 40 nm) [81]. The macrocellular structure was produced with air
bubbles, which was stabilized through a rapid condensation reaction during drying. The bimodal meso-
pore distribution was derived from the surfactant micelles and the interparticle spaces of silica nano -
particles (Fig. 10). This hierarchical architecture of the mesoporous silica foams, having extremely low
bulk density (0.01 g cm–3), high mesopore volume (>2 cm3 g–1), and specific surface area
(>1000 m2 g–1), is attributable to the self-assembly of air bubbles, surfactant-siliceous complexes, and
mesostructured silicate particles during the spraying, condensation, and drying processes, respectively.
However, this method looks complex, and it would be difficult to control all the parameters.

Preformed polymer foams are also good candidates for templating macroporous structures.
Monolithic PS foams, preformed by polymerization of styrene either in the continuous or the dispersed
phase of highly concentrated water/oil emulsions, have been used to synthesize meso-/macroporous in-
organic oxide monoliths by imbibition of a self-assembling block-copolymer/sol-gel mixture [82].
After calcination to remove the organic components, the resulting meso-/macroporous silica, titania,
and zirconia materials retained their macroscopic shapes and possessed independently adjustable meso-
and macropore structures. The meso-/macroporous silica monoliths prepared from the W/O PS foams
and PEO–PPO–PEO triblock copolymer species consisted of cellular macropores 0.3–2 μm in dia meter,
interconnected by windows approximately 0.2–0.5 μm in diameter with wall thicknesses of approxi-
mately 100 nm, and highly ordered mesopores, 5.1 nm in size. Alternatively, preformed mesoporous sil-
ica nanoparticles were used as building blocks to coat polyurethane foam, leading to mineralization of
the foam. Subsequent elimination of the organic foam by calcination resulted in monolithic macro -
cellular silica foams with a trimodal pore system (small mesopores–large mesopores–macropores) [65].
Textural large meso–macropores (in the 20–70 nm range) have their origin in the interparticle voids,
and the small intraparticle mesopore system (2–3 nm in diameter) owing to the supramolecular tem-
plating effect of the surfactant. 
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Fig. 10 Schematic model for the hierarchical trimodal pore structure of silica foams by a bubbling process [81].



SINGLE MICELLE TEMPLATES COMBINED WITH SUPPLEMENTARY CHEMICAL OR
PHYSICAL METHODS

Many successful examples have been reported on the preparation of hierarchically porous materials by
the combination of a single templating method with a supplementary chemical or physical method, for
example, chemical etching, chemical modification, physical deposition, and physical leaching, etc. In
some cases, this goal can be simply achieved by the expansion of pore sizes. 

Controlled sol-gel processes

A well-documented example is mesoporous silica SBA-15 synthesized by using Pluronic P123
(EO20PO70EO20) as the structural directing agent [12–15], which has 2D hexagonal p6mm symmetry
and channel-type mesopores. These materials generally have additional micropores in the silica walls
resulting from the interpenetrating network of silica and hydrophilic EO chains [85–88]. The micro pore
volume could be systematically controlled by varying the synthesis temperature and the tetraethyl
ortho silicate (TEOS)/surfactant ratio. The result obtained clearly shows that the micropore volume
should decrease at elevated synthesis temperatures. Also, an increase in TEOS/surfactant ratio in the
starting mixture is found to be an effective method to increase the micropore volume of SBA-15 [89].
The synthesis of plugged hexagonal templated silicas has recently been further developed, in order to
optimize the ratio of micro- and mesopores and to improve stability. The materials obtained have a com-
bined micro- and mesoporosity and a tuneable amount of both open and encapsulated mesopores and
are much more stable than the other micellar templated structures tested. The high microporous volume
and high stability of these plugged hexagonal templated silica materials are governed by internal silica
nanocapsules [90].

A single modified triblock copolymer Pluronic P123 (abbreviated P123-COOH) can be used to
synthesize mesoporous silica SBA-15 materials with additional meso- or macro intraparticle porosities,
depending on the acid concentration in the synthesis mixtures [90]. Carboxylic acids are among the
most popular acid catalysts for the control of hydrolysis and condensation of tetraalkoxysilane precur-
sors. When the P123-COOH copolymers form micellar structures in solution, the interfacial monolayer
of carboxylate groups may facilitate the hydrolytic condensation of alkoxysilanes during the self-as-
sembly process, resulting in SBA-15 materials with multi-modal and interconnected pore structures
(Fig. 11).

Other supplementary chemical or physical methods combined with single templating methods
were further developed to synthesize hierarchically porous materials.

Based on the control of sol-gel deposition, a one-pot surfactant-assisted procedure [18] could be
used to prepare silica-based materials, both as powders and monoliths. The obtained materials have a
bimodal pore system (meso-/large mesoporous or meso-/macroporous) and containing a diversity of
dopant elements (M = Al, Ti, V, Zr). Modulation of pore sizes depends on both the surfactant (small
pores) and the procedural (synthesis and aging) conditions (large pores). The procedure is based on the
use of a simple structural directing agent (CTABr) and a complexing polyalcohol (2,2A,2B-nitrilo -
triethanol, TEAH3) able to adequately regulate the rates of the hydrolysis and condensation processes
of the different inorganic components (or heteroelements) of the final material. This synthesis strategy
has been designed to overcome problems associated with differences in reactivity between the Si source
and the other precursor species which contain metal cations. The small mesoporous system is generated
with the help of the template effect of the surfactant (it is highly likely that it might be modulated by
changing the length of its chains). The large pores (in the border between the meso- and macropore do-
mains) are generated as the nucleation and growth of the primary mesoporous nanoparticles proceeds.
Their size can be modulated easily by modifying the water/TEAH3 ratio in the starting solution, as well
as varying the aging time. A simple preparative procedure yielding bimodal porous materials with vari-
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able amounts of different heteroelements was described. The spongy character of these materials results
in an enhanced accessibility to their active sites, which confer special interest as possible catalysts. 

Similarly, by adding dilute electrolytes in the gel mixture, non-ionically templated [Si]-MSU-X
mesoporous silicas with bimodal pore systems in the pore size range 3.0–9.0 nm were synthesized. The
results obtained indicate that electrolytes can exert considerable influence over all of the template and
silica assembly and condensation processes. The presence of two different mesophases (lamellar and
hexagonal) in the network is the origin of the two pore size distributions. The hypothesis is presented
that weakly ionic templating systems might provide insights into the interactive roles between weakly
ionic biological fluids and hydrogen-bonding templates such as polysaccharides in biomineralization
systems. Notably, cations exert structure-directing effects on a proposed flexible PEO/water/silicate ter-
nary complex, leading to modified micelle packing and subsequently modified pore symmetries of ma-
terials formed in neutral solutions. Anions, on the other hand, modify the rate and extent of TEOS hy-
drolysis and condensation through the formation of 5-coordinate intermediates of varying strengths.
Fluoride is a special case in that it causes not only greatly increased TEOS condensation and smaller
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Fig. 11 TEM image of ultramicrotomed mesoporous silica SBA-15 with additionally hierarchically intraparticle
porosities [91].



particle sizes of spherical morphology, but also increased pore diameters. Thus, by adding dilute
electrolytes, the sol-gel processes can be modified and controlled to realize the synthesis of bimodal
porous silicas.

Phase separation

Chemically induced liquid–liquid phase separation has been applied to the synthesis of siliceous meso-
porous materials with co-continuous macropores [92]. This technique is based on the hydrolysis and
condensation of inorganic precursors in the aqueous domain of a microphase-separated medium, de-
rived from the self-assembly phase of the template used. A wide variety of water-soluble polymers, such
as poly(ethylene) oxide, has been used to control the phase separation/gelation kinetics in the prepara-
tion of monolithic silica of virtually any shape exhibiting both interconnected macropores and textual
mesoporosity. With the use of various Si precursors such as tetramethoxysilane, tetraethoxysilane, and
bis(trimethoxysilyl)-ethane, amorphous or disordered mesopores can be embedded in gel networks
which constitute a co-continuous macroporous structure [93,94]. The phase separation is driven by the
repulsive interaction between the hydrophobic PEO–oligomer complex and the hydrophilic solvent.
The macroporous morphology is the result of phase separation that took place earlier than the sol-gel
transition. The walls in this macroporous structure consist of aggregates of silica nanoparticles giving
rise to textural mesoporosity in the walls with pore sizes in the 10–20 nm range and a high surface area.
Poly(ethylene glycol) used together with alkylammonium surfactant was found to give better control
over particle aggregation and the internal structure of silica monoliths with hierarchical meso–macro -
porosity [95], although ordered mesopores were still difficult to obtain. Alkoxide-derived alumina–sil-
ica [96] and silica–zirconia [97] having meso-/macroporous structure can also be synthesized by this
technique in the presence of polyethylene oxide, however, the formation of a 3D interconnected macro-
porous structure was seldom achieved in transition-metal alkoxide-derived sol-gel systems [98]. This is
because the transition-metal alkoxides are very reactive toward hydrolysis, and it is generally difficult
to control the structural development until gelation. Monolithic macro-/mesoporous ethanesilica [99]
and pure silica [100] gels have also been synthesized via polymerization-induced phase separation in
the presence of the BC P123 and a micelle-swelling agent 1,3,5-trimethylbenzene.

The addition of a micelle-swelling agent was found to induce the mesostructural transformation
from 2D hexagonally ordered to mesostructured cellular foam, accompanied by minor modifications or
even without disturbing the macroporous framework structure. The orderliness of the mesostructures
was confirmed by field emission-scanning electron microscopy (FE-SEM) and X-ray diffraction
(XRD). Whereas, Shi et al. [101] synthesized the silica monolith with textural pores and ordered meso-
pores, similar to the ethanesilica-based monolith reported by Nakanishi et al. [99,100], by a sol-gel
process using the triblock polymer F127 as a pore directing reagent, where F127 demonstrated its dual
functions of phase separation and meso-templating. They found that the ordered hexagonal mesopores
in the silica skeletons, observed in TEM images but not supported by XRD patterns, were not con-
nected. Considering that short-chain alcohols generated by the hydrolysis reaction of metal alkoxides
generally disturb the self-organization of structure-directing agents, leading to the disordering of the
mesostructures of the product, several efforts have been devoted to organizing a highly ordered meso-
porous gel network into macroporous assemblies. The undesired co-presence of short-chain alcohol
molecules in the mesostructure-forming stage could be avoided by modification of the starting alkox-
ide, and thus hierarchical porous silica networks, built up from periodic interconnected mesoporous sil-
ica strands, was synthesized (Fig. 12) [102,103]. Using ethylene glycol and propane-1,2-diol-modified
silanes as inorganic precursors and an amphiphilic triblock copolymer as a structure-directing agent
[104], silica monoliths exhibiting a unique hierarchical network structure with a bimodal pore size dis-
tribution in the macro- and mesopore size regime with high surface areas were prepared by phase sep-
aration on different levels. In addition to an extraordinary cellular network structure with interconnected
macropores, several hundreds of nanometers in diameter, the material exhibits a well-ordered
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mesostructure with periodically arranged mesopores of about 6–10 nm in diameter. However, the use
of glycerol-modified silanes resulted in the formation of a disordered silica mesostructure. The modi-
fied silane can offer two major advantages compared to the conventionally used TEOS and tetra -
methoxysilanes: the precursor is water-soluble and thus allows a direct mixing with the lyotropic liq-
uid-crystal-like phase of the BC in water; second, it does not require a catalyst to start the hydrolysis
and condensation reactions [102]. The ethylene glycol, released during the hydrolysis and condensation
reactions, is not detrimental to most of the liquid-crystal surfactant mesophases.

Post-treatments

Post-treatments, such as chemical etching or postsynthesis, have also been successfully exploited in the
preparation of hierarchically porous materials [14]. Primarily, the MCM-41 mesoporous matearials
were treated in a solution of NH4OH, this chemical etching process resulted in the formation of bimodal
mesoporous materials. The pore structure characteristics were affected by the treatment temperature and
time. Ammonia should play an important role in such a pore expansion process. Due to the volatility of
ammonia, ammonia molecules should penetrate inside the nanochannels more easily than water, and
thus the swelled channels lead to the pore size expansion from 2.3 to about 4 nm. Since the thermal sta-
bility of surfactant CPCl is low (melting point of 86 °C), part of the surfactant species in the meso -
channels may start to decompose after hydrothermal treatment for three days. Some neutral, solubiliz-
ing species, such as pyridium, may be formed which may result in degredation of part of the channels.
Also, since some surfactant molecules would be leached out during hydrothermal treatment, the silica
walls would tend to collapse inward, making the mesochannels interconnected. The porosity of these
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Fig. 12 SEM (top) and TEM (bottom) of a macro-/mesoporous silica monolith synthesized with ethylene glycol-
modified silane as an inorganic precursor and the triblock copolymer P123 as a meso-template [102].



two types of mesopores can be controlled by varying the treatment time as well as the concentration of
ammonia.

Compared to chemical etching of the silica walls of the primary porous materials, the
postsynthesis method is as an efficient route to include additional porous structures into the primary
porous materials. Various types of hierarchically porous nanostructures have been explored from com-
positions such as inorganic materials, polymers, and carbon, and composites for the porous supports
[105–128].

First, ordered porous cores such as spherically mesoporous materials and microporous zeolites
have successfully been used to synthesize core-shell structures, obtaining mesoporous/polymer/zeolites
and zeolites/polymer/mesoporous samples [116–128].

The generally synthetic procedure is shown in Fig. 13 [125]. Porous particles (zeolites) were
taken as the core materials, with a mesoporous shell layer, fabricated by cohydrolysis and subsequent
sol-gel condensation of TEOS and organic template micelles, coated onto each core particle. Then the
bimodal porous silicate with a zeolite core/mesoporous shell (ZCMS) structure was formed. In this
case, the shells have a 3D interconnected randomly distributed mesopore arrangement which renders
the precise control of this novel structure possible. It is very interesting that the fabrication of carbon
and silica nanocases with hierarchical structures could subsequently be synthesized by employing the
ZCMS silicate as a template. 

Secondly, the wall of mesoporous silicates could be coated or doped with zeolite nanocrystals,
which create valence bonds with the mesoporous supports, consequently imparting microporosity
[129–138]. The introduction of zeolite seeds into the wall of nanoporous aluminosilicates is also a sim-
ple and general means of improving hydrothermal stability and acidity. Unit cells of ZSM-5 were
introduced into mesoporous materials by ion exchange of the nanoporous aluminosilicates with the
tetrapropylammonium cation (TPA) as an MFI structure-directing agent and then digestion of the meso-
porous materials in glycerol [137,138]. This led to the formation of a mesostructured zeolite phase.
Pinnavaia and co-workers [129–131] and Xiao et al. [132–134] also reported steam stable alumino -
silicate mesostructures assembled from zeolite-type seeds. In the latter cases, the XRD patterns did not
show crystalline features. Evidence for the presence of zeolite unit cells may, however, be provided by
nitrogen adsorption and desorption isotherms and the acid catalytic activity of such materials
[129–134]. A new synthetic method was developed to synthesize a mesoporous material with semi-
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Fig. 13 Schematic illustration for synthesis of silicalite-1 zeolite core/mesoporous shell (ZCMS) particles and
corresponding pseudohexagonal prismatic hollow core/mesoporous shell (HCMS) carbon and silica nanocases
[125].



crystalline zeolitic walls. This procedure, called zeolite-coated, involves a templated solid-state sec-
ondary crystallization of zeolites, starting from the amorphous mesoporous materials of corresponding
elemental composition. It is important that the walls of the amorphous mesoporous precursor material
are as thick as possible [135,136]. The seed-introduced products exhibited well-defined small-angle
XRD patterns, which were characteristic of an ordered mesoporous material. However, these materials
did not exhibit the long-range atomic order characteristic of a crystalline zeolite framework, and the
properties were still far from those of crystalline zeolites [139], therefore being insufficient for many
industrial applications. Hierarchical zeolites are a hot research topic at the moment due to their strong
industrial promise. Materials scientists endeavor to design and develop rational synthesis pathways for
microporous zeolites with hierarchically porous structures. Here we present a feature section of zeolites
with hierarchically porous structures. 

Template-directed depositions and chemically induced transformation methods for
the fabrication of hollow inorganic microspheres

In recent years, inorganic hollow nanostructures with defined structure, composition, and tailored prop-
erties have attracted more and more attention because of their potential applications for the controlled
release of various substances, catalysis, drug delivery, protection of environmentally sensitive biologi-
cal molecules, lightweight filler materials, and chemical reactors [140–146]. Among various prepara-
tion methods, the template-directed synthetic method has been proved to be the most effective route for
preparing hollow microspheres. The template methods often involve the coating of nanocrystals on the
template surface, followed by removal of the template using calcination or etching. These post-treat-
ment processing steps are costly, wasteful, and of environmental concern and thus limit the application
of the template-directed approach. Clearly, these problems will be easily solved if inorganic hollow
nanostructures could be prepared by a facile self-transformation route. Yu et al. [140] reported a sim-
ple one-step template method for the fabrication of crystalline titania (TiO2) hollow microspheres,
based on template-directed deposition and in situ template-sacrificial dissolution. The prepared TiO2
hollow spheres exhibit hierarchically nanoporous structures on a multilength scale (from micropores,
mesopores, large-mesopores to macropores) (Fig. 14) and a high photocatalytic activity. Photoactive
ZnO hollow spheres with porous crystalline shells were one-pot fabricated by hydrothermal treatment
of glucose/ZnCl2 mixtures at 180 °C for 24 h, and then calcined at different temperatures for 4 h [141].
Further results show that hollow spheres can be more readily separated from the slurry system by fil-
tration or sedimentation after the photocatalytic reaction and reused than a conventional powder photo-
catalyst. In 2006, Yu and Mann [142–146] proposed a chemically induced self-transformation (CIST)
method used to construct hollow inorganic microspheres with complex internal and external textures.
Two contrasting approaches, involving either polymer- or fluoride-mediated transformation of amor-
phous solid particles, were reported as general routes to the fabrication of hollow inorganic micro -
spheres. Firstly, calcium carbonate (Fig. 15) and strontium tungstate hollow microspheres were fabri-
cated in high yield using sodium poly(4-styrenesulfonate) as a stabilizing agent. Secondly, the
fabrication process was extended to relatively stable amorphous microspheres, such as TiO2 and SnO2,
by increasing the surface reactivity of the solid precursor particles using fluoride ions as promoters to
produce well-defined hollow spheroids of nanocrystalline TiO2 and SnO2. In each case, the hollow
micro spheres, which were composed of polycrystalline walls of aggregated nanoparticles, were pro-
duced in high yield and exhibit good reproducibility. Furthermore, Mann and Yu [143] reported the
preparation of polycrystalline WO3�1/3H2O hollow microspheres with hierarchically porous wall struc-
tures and detached internal amorphous cores in close to 100 % yield using the CIST method (Fig. 16).
These prepared hollow superstructures (including WO3�1/3H2O, CuO/Cu2O, and TiO2) usually exhibit
a significant photocatalytic activity [145]. 
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Fig. 14 SEM (a and b), FE-SEM (c), and TEM (d) images of TiO2 hollow spheres obtained in a 0.02 M TiF4
aqueous solution at 60 °C for 12 h. Inset in (d) shows the selected area electron diffraction (SAED) pattern of
individual [140].

Fig. 15 (a) Low- and (b) high-magnification SEM images of calcium carbonate hollow microspheres prepared at
70 °C and pH = 10.5 in the presence of 1.0 g l–1 PSS and [CaCO3] = 8 mM. Inset in (b) shows magnified image
of fractured spheres showing smooth and rough inner and outer surfaces, respectively [142].



TEMPLATED SYNTHESIS OF HIERARCHICALLY POROUS MATERIALS WITH
FEATURED CHEMICAL COMPOSITIONS

Controlled phase-separation in the synthesis of zeolites with hierarchically porous
structures 

Zeolites are crystalline, hydrated aluminosilicates with open 3D structures built of [SiO4]– and [AlO4]–

tetrahedra linked to each other by sharing all the oxygens to form regular intracrystalline cavities and
channels of molecular dimensions. These materials are very strongly hydrothermally and thermally sta-
ble, and are of considerable technological importance as shape-selective catalysts, ion-exchange solids,
and molecular sieves. However, despite all the catalytically desirable properties of zeolites, their small
microporous channels are subject to diffusional limitations that restrict accessibility to their internal sur-
faces. Introducing mesopores or macropores linked to the zeolitic micropores, so as to increase acces-
sibility to the internal surface, has been investigated in an effort to extend the application of zeolites to
the treatment of large molecules.

Compared to supramolecular and bulky aggregation templates, small molecular templates for ze-
olites (e.g., tetrapropylammonium and alkali metal ions) tend to separately form zeolite structures, even
presenting other templates such as supramolecular templates. Research has shown that the two differ-
ent templating systems worked in a competitive, rather than a cooperative, manner. The syntheses
mostly resulted in the formation of an amorphous mesoporous material, bulk zeolite without meso-
porosity, or a physical mixture of two phases [147–150]. The traditional methods, such as steaming,
leaching (acid or base), or chemical treatment [94], could be used to increase mesopores or macropores
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Fig. 16 (a) Low- and (b) high-magnification SEM images of WO3�1/3H2O hollow microspheres prepared at 80 °C
in the presence of 0.2 g l–1 PSS and 4 ml HNO3 after ripening for 20 h. The presence of both a detached core and
intact external shell are shown in (b). (c) High-magnification SEM image of the external surface of the shell of a
hollow microsphere showing aggregated rod-like particles and associated porosity. (d) TEM image showing
detached cores and shells of three hollow microspheres. Inset in (d) shows electron diffraction pattern for
polycrystalline WO3�1/3H2O [143]. 



of synthesized zeolites, however, the pore amount, type, and size are not easy to control due to the com-
plexity in the synthesis and limitation of various synthetic routes. Multistep synthesis strategies were
proposed to solve the phase-separation problem of the zeolite and other porous phases. 

Recently, it was also reported that mesoporous materials with crystalline zeolite frameworks can
be synthesized through a crystallization process inside a packed bed of removable “solid” nano -
templates (e.g., carbon nanoparticles [151–153], nanotubes [154], mesoporous carbons [155], polymer
beads [35], and other materials [156]. ZSM-5 with mesopores of diameter 5–50 nm has been synthe-
sized by growing the zeolite crystals in the pore system of carbon black [151,152]. Pinnavaia and co-
workers, on the other hand, prepared ZSM-5 with large mesopores (typical pore size larger than 10 nm)
using colloid-imprinted carbons as the template [153]. Kaneko and co-workers have synthesized meso-
porous ZAM-5 with secondary mesopores with a diameter of 11 nm using carbon aerogel as the tem-
plate [154]. Holland et al. [35] used a dual-templating route for the formation of macroporous (pore size
ca. 250 nm) silicalite with zeolitic frameworks while Dong et al. [156] prepared zeolite monoliths with
large macropores (up to 1.5 μm in diameter) using spherically mesoporous silica. In all these studies
[35,152–156], the pore channels introduced were invariably large (i.e., in the upper meso- to macro pore
range). The synthesis approaches were based on the idea that the small solid particle templates could
be removed to introduce additionally porous structures within zeolites. This is a nice and elegant idea,
but the concept of synthesis is in essence the same as the dual and multiple template synthesis of hier-
archically porous materials mentioned above, and the process using a solid template has limited pore
tunability depending on the availability of templates. 

As mentioned above, crystalline zeolite containing both micro- and mesoporous structures in a
single phase is still difficult to obtain if the aluminosilicate gel is directly crystallized in the presence
of ordinary organic surfactants and molecular templates for zeolites. The phase-separation phenomenon
indicates that the surfactants are expelled from the aluminosilicate domain during the zeolite crystal-
lization process, making it difficult for the surfactants to modulate the zeolite crystal growth into a
mesoporous structure. Tremendous progress has been made in the one-step hydrothermal synthesis of
hierarchical mesoporous zeolites, templated from a mixture of small organic ammonium salts and
mesoscale cationic polymers by Xiao et al. [157]. Hierarchical mesoporous β-zeolite was crystallized
in the presence of TEAOH and a mesoscale cationic polymer, polydiallyldimethylammonium chloride
(PDADMAC). The presence of hierarchical mesoporosity in the mesoporous β-zeolite sample is attrib-
uted to the use of the molecular and aggregated cationic polymer PDADMAC. The cationic polymers
could effectively interact with negatively charged inorganic silica species in alkaline media, resulting in
the hierarchical mesoporosity. 

Further, a direct synthesis route was also developed by Ryoo et al. [158] to synthesize meso-
porous zeolites using amphiphilic organosilanes as a mesopore-directing agent. The mesopore diame-
ters of the product can be finely tuned, typically in the range of 2–20 nm, depending on the molecular
structure of the mesopore-directing silanes and the hydrothermal synthesis conditions, which is very de-
sirable and important for application in shape-selective catalysts, ion-exchange solids, and molecular
sieves. The key for the synthesis was to design amphiphilic surfactant molecules that contained a hydro -
lyzable methoxysilyl moiety, a zeolite structure-directing group such as quaternary ammonium, and a
hydrophobic alkyl chain moiety. It was expected that such amphiphilic organosilanes could strongly
inter act with growing crystal domains through the formation of covalent bonds with other SiO2 and
Al2O3 sources using the methoxysilyl moiety. [3-(trimethoxysilyl)propyl]hexadecyldimethylammo-
nium chloride ([(CH3O)3SiC3H6N(CH3)2C16H33]Cl, TPHAC) was used in this case, which contains a
surfactant-like long-chain alkylammonium moiety and a hydrolyzable methoxysilyl group, linked to-
gether by a Si–C bond. The organic molecules that are capable of a strong interaction with the growing
crystal surface can effectively modulate the crystallization process of inorganic materials. In this strat-
egy, globular MFI zeolite particles had a highly mesoporous structure, as indicated by high-resolution
SEM and TEM images (Fig. 17). Moreover, the formation of the mesoporous zeolite particles was well
supported by a small-angle XRD peak appearing at 0.7° and the wide-angle XRD peaks corresponding
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to the MFI zeolite structure. Crystalline zeolites with both mesoporosity and strong acidity may bridge
the gap between conventional bulk zeolite and amorphous mesoporous aluminosilicates, particularly for
catalytic applications involving large molecules. Furthermore, the controlled phase-separation synthe-
sis principles developed may be applied to other hierarchically structured materials.

Template replication in synthesis of carbons with hierarchically porous structure 

Porous carbon materials have received a great deal of attention due to the myriad of applications
[159,160]. Many kinds of rigid and specially designed inorganic templates have been employed in an
attempt to synthesize carbons with uniform pore sizes. Knox and his co-workers pioneered the template
synthesis of porous carbons [161]. The general template synthetic procedure or template replication
procedure for porous carbons is as follows: (1) preparation of the carbon precursor/inorganic template
composite, (2) carbonization, and (3) removal of the inorganic template. Broadly speaking, the template
approaches can be classified into two categories. In the first approach, inorganic templates such as sil-
ica nanoparticles are embedded in the carbon precursor. Carbonization followed by the removal of the
template generates porous carbon materials with isolated pores that are occupied by the template
species. In the second approach, a carbon precursor is introduced into the pores of the template.
Carbonization and the subsequent removal of the templates generate porous carbons with intercon-
nected pore structures.

Based on this template replication strategy, the mesoporous carbons, having hierarchical struc-
tures, were synthesized using hierarchically ordered mesoporous silica (meso-nano-S) materials as tem-
plates [162]. It was important to control the amount of carbon precursor, such that it would be selec-
tively incorporated into the framework pores of the bimodal silica template. The carbon precursor,
phenol, was first adsorbed into the small pores because capillary condensation into small pores occurs
at low pressure. The meso-nano-C carbon so produced was composed of 30–50-nm-sized particles hav-
ing 3D wormhole-like pores, and was the exact negative replica of the meso-nano-S silica template.
Similarly, co-imprinting of hexagonally ordered SBA-15 particles and 13-nm-sized colloidal silica par-
ticles in pitch followed by carbonization and removal of the silica templates can generate bimodal
mesoporous carbons [163]. Using a corresponding template, various hierachically porous carbons were
also successfully replicated, for example, hierarchical mesocellular mesoporous carbon foam [164],
hier archically porous monolithic carbon containing wormhole-like mesopores and macropores [165],
HCMS carbon [125,166,167], mesoporous carbon rods [168], and spherical-shaped mesoporous carbon
[169]. The pore size of the resulting macroporous carbon materials could be easily controlled by vary-
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Fig. 17 SEM (a) and TEM (b) images of mesoporous MFI zeolite synthesized using the amphiphilic organosilanes
[158].



ing the particle size of the silica spheres. Various macroporous carbon materials were synthesized using
synthetic silica opals, which were made by using colloidal crystals, self-assembled uniform-sized silica
spheres, as templates [170–174]. The removal of the silica template generated macroporous carbons
with inverse opal structures. 

In further cases, Yu and Jaroniec reported the preparation of ordered nanoporous carbons with
hier archically highly graphitized structures using commercial mesophase pitch as a carbon precursor
and silica colloidal crystals as templates [175]. Interconnected, ordered spherical pores and relatively
large graphite crystallites (interlayer spacing of ca. 0.33 nm) in the carbon pore walls were clearly ob-
served in the TEM image. The replication of meso-/macroporous silica enables the preparation of hier-
archical bimodal porous carbon with various shapes, where the macroscopic shape can be controlled
through the shape of the silica monolith used as the template structure, and the macropore diameter can
be varied between 0.5–30 μm in a controlled manner [165,176,177]. The carbon monolith is a positive
replica of the silica monolith on the micrometer scale, but a negative replica on the nanometer scale.
Linden and co-workers [165,176] reported the hierarchical carbon replica of their meso-/macroporous
silica [97], and the meso-/macroporous carbon had a BET surface area of over 1000 m2 g–1 and a spe-
cific pore volume of 1.2 cm3 g–1. A significant microporosity can be obtained in these carbon replicas,
leading to the trimodal porous carbons [176,177]. Ordered macroporous carbon with mesoporous walls
has also been produced by the template replication of aggregates of small silica particles, which were
themselves templated by a self-assembled lattice of larger monodisperse polystyrene spheres [178].
Figure 18a shows the SEM images of the silica template composed of silica nanoparticles of about
12 nm in size forming the walls of macropores of about 330 nm in diameter. The voids between the
packed silica nanoparticles provide fully interconnected mesopores, which can be impregnated with the
carbon precursor divinylbenzene. The carbonization of the carbon precursor and subsequent dissolution
of the silica particle framework resulted in a bimodal porous carbon replica composed of macropores
of about 317 nm in diameter connected to small mesopores of about 10 nm in size (Fig. 18b). Three
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Fig. 18 SEM images at different magnifications of a silica template composed of (a) silica nanoparticles of about
12 nm in size forming the wall of macropores of about 330 nm in diameter, and (b) the resulting bimodal porous
carbon replica composed of macropores of about 317 nm in diameter connected to small mesopores of about 10 nm
in size. This periodically ordered, bimodal porous carbon is termed POBPC(317-10) [178].



round holes in the wall appear as black dots with diameters of about 110 nm, through which a macro-
pore is connected to the three neighboring macropores below the macropore in the image. The size of
the large macropores can be manipulated by controlling the diameter of the PS spheres, while the size
of the small mesopores and the overall specific surface area are determined by the silica nanoparticles.
However, this interconnected, ordered, uniform pore structure in carbon has a relatively low BET sur-
face area of 465 m2 g–1 with total pore volume of 1.32 cm3 g–1, in comparison to the silica template
(>1000 m2 g–1).

Most importantly, the template replication principles have been widely developed to synthesize
other hierarchically structured materials including novel structures and inorganic oxides [95,179–184].
For example, freestanding macroporous nickel films were formed as a replica of the macroporous sili-
con skeleton [182] and the resultant nickel skeleton was punctured by nanopores, making the surface
area of the nickel film much larger than that of the starting macroporous silicon. The fabrication of hier -
archical tube-in-tube carbon nanotubes is also formed using an anodic aluminum oxide (AAO) film
template [183]. An array of mesoporous silica microrods prepared inside macroporous silicon templates
with perfluorated pore walls can easily be pulled out of the pores [184]. 

SELF-FORMATION PROCEDURE AND POROGEN CONCEPT

“Porogen” in synthesis of meso-/macroporous structure

On the basis of a large series of comprehensive studies [14,75,185–201], we found that hierarchical
meso-/macroporous metal oxides can be synthesized even without the need for any macrotemplates
such as small solid particles, liquid drops, air bubbles, or supplementary chemical and physical meth-
ods, by a “one-pot” self-formation process [185–199]. The initial work was done on zirconia [186,187],
alumina [188,202], titania, and binary mixed oxides [189,190] via the hydrolysis of the corresponding
metal alkoxides in the presence of a single surfactant (either cationic or non-ionic surfactant). The syn-
thesized materials exhibit a parallel-arrayed channel-like macroporous structure, generally having a
dense layer on the face of the monolithic particles at the end of the macrochannels [185–187,200,201]
(Fig. 19). The macroporous framework is composed of accessible mesopores with a wormhole-like
array. The framework walls of aluminum oxides can even be crystalline with boehmite and γ-alumina
phases, and their mesostructures were formed through the scaffold-like aggregation and intergrowth of
the boehmite and γ-alumina nanofibers, respectively [188]. Such a macromorphology is distinct from
the materials obtained by the use of macrotemplates (small solid particles, liquid drops, air bubbles) or
supplementary chemical and physical methods. The preliminary studies suggested that the single sur-
factant would direct the formation of inorganic phases with multidimensional pore systems by the for-
mation of vesicle-type supermicelles resulting from the aggregation of unreacted excess surfactants
[186].

The hydrolysis/polycondensation of aluminum sec-butoxide in a mixed solution of H3PO4 and
Na2HPO4 led to the formation of hierarchically phosphated meso-/macroporous nanocrystalline alu-
minum (oxyhydr)oxides, which incorporated phosphorus into the framework by the surface Al–O–P
bonding using surfactant Brij56 [191]. A previous study found that surfactant molecules take no direct
role in the formation of either meso- or macroporous structures but significantly influence the textural
properties and porosities of the resultant phosphated aluminum (oxyhydr)oxides which possessed high
thermal stability, high surface areas, and large acidity.
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Hierarchically meso-/macroporous titanium phosphate, obtained by direct hydrolysis of titanium
tetrapropoxide in an aqueous orthophosphoric acid solution, demonstrated a macroporous structure of
50–160 nm in size with mesoporous walls (Fig. 20a) [192]. The addition of a small quantity of non-
ionic poly(ethylene) oxide surfactant (e.g., 5 %) led to an improvement in the macroporosity with a
slight enlargement of macropore sizes to 80–250 nm (Fig. 20b). A secondary large macropore system
with parallel channels of 500–1000 nm in size was obtained when the synthesis was performed with
10 % surfactant content, leading to the bimodal macroporous structure with mesoporous walls
(Fig. 20c). Further increase in surfactant quantity resulted in the presence of a uniform 3D co-continu-
ous macroporous structure with accessible wormhole-like mesoporous walls (Fig. 20d). This new series
of experiments again highlights the hot discussion on the role of the surfactant molecules during the for-
mation of hierarchical porosity. The precise mechanism underlying these hierarchical materials remains
elusive. It is interesting to note that the macrochannel shapes (funnel-like or straight tubular) could be
tunable, depending on the synthesis conditions and inorganic source used [185–200]. Since then, this
new field becomes quite active and attracts particular interest from academia and industry.

Chen et al. [203] synthesized thermally stable meso-/macroporous zirconia with a nanocrystal-
lized framework by using composite surfactants of the amphiphilic BC P123 and poly(ethylene) oxide
surfactant Brij56 at a hydrothermal treatment temperature of 130 °C which is considerably higher than
the generally reported 60–80 °C [186,187]. The big hydrophobic cores of P123 can adsorb a great num-
ber of small-sized hydrophobic groups of Brij56 surfactant molecules. The surplus composite surfac-
tant micelles can aggregate by self-assembly to form “supermicelles” and adsorb onto the hydrophilic
solid surfaces, directing the formation of macroporous structures of mesostructured zirconia. Since
higher temperatures do not favor the formation of surfactant supermicelles, few macroporous structures
were obtained when one single surfactant was used at this elevated temperature. The use of the am-
phiphilic BC (P123) was believed to be responsible for the improved ordering of the pore structures and
the crystallization of the framework without pore structure collapse via certain cooperative effects with
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Fig. 19 (A) SEM and (B–D) cross-sectional TEM images of the meso-/macroporous zirconia synthesized with one
single surfactant, viewing from different directions and with different magnifications [185].



the small-sized Brij56 surfactant molecules. This result does support the initially proposed formation
mechanism [186,187]. However, the application of this method to silica was not successful [200], which
may be the effect of the fast hydrolysis rate of the metal alkoxides. Thus, further work is really neces-
sary to reveal the true mechanism of this spontaneous formation process of meso-/macroporous mate-
rials.

Recent reports have also revealed that similar macroporous structures could be spontaneously
formed even in the absence of surfactants [193,195–197,199,204,205], although the formation of the
macropores required the presence of an alkoxide droplet within the synthesis mixture. The surfactant
played no role other than to influence the hydrodynamic conditions during synthesis [205], which could
influence the texture of the final materials, since the macropore-free layer was observed on one side of
the particle coupled with the curvature of the particle. This self-formation phenomenon of porous hier-
archy can be applied to synthesize a large series of transition-metal oxides with hierarchically organ-
ized meso-/macroporosity in one solid body. Very pure oxide materials can be prepared starting with
just the alkoxide precursors in aqueous solution, as opposed to other synthesis strategies where result-
ant oxides are often contaminated by residual species.

Mann and co-workers [204] proposed a formation mechanism involving the initial formation of a
semipermeable membrane on the outside of the alkoxide droplet, which restricted the hydrolysis/con-
densation domain such that the reaction subsequently moved inward. The formation of the macropore
channels was attributed to microphase-separated regions of metal oxide and solvent established by the
flow of the solvent across the membrane to the alkoxide interface. Once the macropore channels were
formed, they would preferentially propagate toward the alkoxide since it would provide the least re-
sistant path for the water to react at the solution/alkoxide interface. Although this proposed formation
mechanism could explain many of the observations, it still appears to leave several outstanding ques-
tions [205]. For example, the mean macropore size distribution increased with the solvent Reynolds
number [148], and tubular macrochannels with open tips were often seen in similar particle synthesis
(Fig. 21) [189,191,193–195,201]. 
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Fig. 20 SEM images of the meso-/macroporous titanium phosphates synthesized (a) in the absence of surfactant,
and in the presence of (b) 5 %, (c) 10 %, and (d) 15 % surfactant Brij 56 [192].



Very recently, following a series of works [193,195–197,199], Yu et al. [206] also reported the
fabrication of hierarchically macro-/mesoporous TiO2 photocatalytic materials in pure water without
using templates and additives at room temperature. At 300 °C, the calcined sample showed very high
photocatalytic activity for the photocatalytic oxidative decomposition of acetone in air due to its high
specific surface areas and hierarchical macro-/mesoporous structures, furthermore its photocatalytic ac-
tivity was more than two times higher than that of commercial-grade Degussa P25 TiO2 powder (P25),
which is well known for its superior photocatalytic activity. Moreover, the calcined samples showed es-
pecially high thermal stability and the macroporous channel structures were even preserved after calci-
nation at 800 °C (Fig. 22), although the mesostructure was damaged because of the phase transforma-
tion from anatase to rutile and sintering. Furthermore, Yu et al. [207] reported the preparation and
enhanced photocatalytic activity of trimodally sponge-like macro-/mesoporous titania (Fig. 23) by a
hydro thermal treatment of the precipitates of tetrabutyl titanate [Ti(OC4H9)4] in pure water without
using any templates or additives. All TiO2 powders hydrothermally treated at 180 °C showed trimodal
pore-size distributions in the macro-/mesoporous region: fine intraparticle mesopores with peak pore
 diameters of ca. 3.7–6.9 nm, larger interparticle mesopores with peak pore diameters of ca. 23–39 nm,
and macropores with pore diameter of ca. 0.5–3 μm. The hierarchically porous titania powders prepared
at 180 °C for 24 h displayed an excellent photocatalytic activity, probably due to their special pore wall
structure. Their photocatalytic activity was 3 times higher than that of P25. This novel trimodal
macro-/mesostructured titania should also find potential applications in numerous fields including
photo catalysis, catalysis, solar cells, separation and purification processes, and so on because the tex-
tural mesopores and intrinsic interconnected pore systems of macrostructures should efficiently trans-
port guest species and light to framework binding sites.
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Fig. 21 (a, b) SEM images and (c, d) cross-sectional TEM images of hierarchically macroporous zirconium
phosphate with supermicroporous walls spontaneously formed in the absence of surfactant [193].
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Fig. 22 SEM images of the as-prepared (a) and calcined hierarchical macro-/mesoporous TiO2 samples at (b)
300 °C, (c and d) 500 °C and (e) 800 °C [206].

Fig. 23 SEM images of hierarchically sponge-like macro-/mesoporous titania prepared at 180 °C for 24 h [207].



Self-formation phenomenon of porous hierarchy and the porogen concept

To study the formation mechanism, a new preparation pathway was carried out by the authors
[196,197,199]. A controlled polymerization of zirconium tetrapropoxide was performed by adding this
chemical dropwise onto a 2-ml aqueous film in order to follow the macrostructure formation “in situ”
by optical microscopy (OM). Figure 24 depicts OM images (1–7) showing the different steps of the
process leading to hierarchically meso-/macroporous zirconia and one SEM picture (8) of the final
product obtained by this experiment. Polymerization was rapid, yielding a gelatinous and translucent
shell on the external surface of the droplet as soon as the zirconium alkoxide came into contact with
water (1). Only a very short moment after, the particle began to spin itself spontaneously and very rap-
idly, generating a strong agitation in the medium (2–6). It was clearly observed that the liquid inside of
the droplet with a translucent and gelatinous shell was moving with some force. The core of the parti-
cle then swelled progressively leading to a specific “sombrero”-like morphology. The stirring contin-
ued and some parts of the smooth envelope broke away from the particle (8). The macroporosity was
then observable below this smooth surface. These observations clearly suggest a mechanism based on
the synergy between the polymerization kinetics of the inorganic precursors and the hydrodynamic flow
of the solvent.

At the end of the reaction and after drying, “sombrero”-shaped particles were obtained
(Fig. 25A). A close glance at the broken part of the particle clearly showed the homogenously distrib-
uted uniform macro openings of 0.5–2 μm (Figs. 25B, C, and D). The picture with higher magnifica-
tion illustrated that the walls around the macro-openings were formed by the uniform-sized particles of
100–500 nm (secondary particles) which were themselves composed of even smaller particles of around
20 nm (primary particles). The aggregation of these small particles should certainly generate meso-
porosity [196,197,199].
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Fig. 24 OM (1–7) and SEM (8) images of the controlled polymerization of a Zr(OC3H7)4 drop [197].



The formation of these new hierarchical meso-/macroporous ZrO2 structures can be explained as
follows: The zirconium propoxide drop added into the aqueous medium polymerizes very quickly, lead-
ing to a smooth ZrO2 shell which acts as a semipermeable membrane. The alcohol and water molecules
released suddenly from the structure by spontaneous polymerization can only be expelled inward to-
ward the center of the droplet due to the formation of this dense translucent gelatinous and
semipermeable shell. All these alcohol and water molecules gather together leading to the formation of
larger water/ethanol macrochannels inside the structure. Meanwhile, polymerization generates large
amounts of ZrO2 nanoparticles, giving the interparticular mesoporosity. Inside these nanoparticles,
 another micro- or mesoporosity is formed. The amount of water/ethanol trapped inside the particle cre-
ates high pressures, which in turn cause the splitting of the particle, resulting in hierarchical meso-
(micro-)/macroporous ZrO2 particles with funnel-like shaped macropores oriented perpendicularly to
the smooth particle surface as observed by SEM. The mechanism is illustrated in Fig. 26.
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Fig. 25 SEM and TEM images of the controlled polymerization of a Zr(OC3H7)4 drop [199].

Fig. 26 Schematic representation for the formation of meso-(micro-)/macroporous zirconia [197].



The key point of this novel synthesis process is the very high rate at which the hydrolyzed metal
alkoxides undergo condensation reactions in aqueous solution. Alcohol molecules can be generated
suddenly as soon as the metal alkoxide precursor is in contact with the water molecules. The molecules
of alcohol will increase in quantity as the reaction progresses because one metal alkoxide molecule can
produce at least two more alcohol molecules. These alcohol molecules can be considered as the “poro-
gen” in the generation of the funnel-like macrochannels with hierarchically mesostructured porous
walls. This new process could be of great interest and is a significant advance toward the understand-
ing of the formation mechanism of these hierarchically structured porous materials. This process could
be adopted for the large-scale preparation of mesoporous membranes with well-oriented, funnel-like,
straight macrochannels which interconnect with the mesoporous shell and pores walls. The process
could be used to target new functional materials with very sophisticated architectures. Instead of alco-
hol molecules as the self-generated “porogen”, it is possible to imagine other precursors which can gen-
erate and release “porogen molecules” in liquid and even in gas form. The formation mechanism of
these meso-/macroporous structures has been discussed in depth in recent papers [196,197,199]. These
metal oxides with a hierarchical meso-/macroporous network have additional benefits as a result of the
enhanced access to the mesopores by the regular macrochannel array. Porous aluminosilicate materials
have been widely used as acid catalysts and supports [208]. The introduction of a hierarchical archi-
tecture in porous materials will enhance their performance further. By using alkoxides of silicon and
aluminum in a controlled aqueous solution, without surfactant, the spontaneous formation of alumi-
nosilicate macrochannels with tunable mesoporous walls occurred [195]. A comprehensive description
on the formation mechanism and porogen concept was given in refs. [196,197,199]. Combined with
template replication methods, hierarchically structured multimodal meso-/macroporous carbon materi-
als have been prepared by carefully adjusting the amount of the carbon precursor. This new kind of
mesoporous carbon with funnel-shaped macrochannels possesses aligned and uniformly sized
macrochannels with interconnected, well-organized, wormhole-like hierarchically porous walls with
unique mesoporosities centered at 3, 10–17, and 25–50 nm [196,197,199] (Fig. 27). 
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Fig. 27 (a, b) SEM images and (c–f) cross-sectional TEM images of hierarchically macroporous carbon replica
[198].



Thus, the macrochannels are generated by a sudden release of alcohol molecules, and the meso-
porosity is due to the assembly of ZrO2 nanoparticles which quickly form. A third porosity can be found
inside these nanoparticles. New experiments were carried out with several alkoxides [Ti(OR)4,
Al(OR)3, Y(OR)3, Nb(OR)5, Ta(OR)5, Si(OR)4]. Similar to the polymerization of Zr(OC3H7)4, hier -
archically bimodal even trimodal porous structures were obtained for most of the above-mentioned
alkoxides, but the macropore diameters, meso- and micropore sizes, surface areas, and porous volumes
were influenced by the type of inorganic precursor. Moreover, it is important to notice that no macrop-
ores were obtained when the electronegativity of the metal was higher than 1.8 [e.g., Si(OR)4] whatever
the corresponding alkoxide. This means that the spontaneous formation of macrochannels depends on
the kinetics of the nucleophilic attack of water molecules on the partial positively charged metal. 

Prolongation of self-formation procedure

Micro-/macroporous Ti oxides 
Titanium oxides are interesting compositions because of their applications in photocatalysis and as cat-
alyst supports. Mesoporous Ti oxides have been prepared by several surfactant-assisted pathways, with
control of channel structure, texture and morphology. The synthesis of high surface area hierarchical
micro-/macroporous titanium oxide materials was carried out by a controlled polymerization of tita-
nium alkoxide inorganic sources [Ti(OC2H5)4, Ti(OC3H7)4, Ti(OC4H9)4]. The synthesized particles are
around 1 mm in size and exhibit a regular array of funnel-like sinusoidal macrochannels (Fig. 28a). The
macropore sizes range from 0.3 to 1.5 μm, and their walls are formed by an agglomeration of micro -
porous TiO2 nanoparticles. This microporosity is confirmed by type I N2 adsorption-desorption
isotherms (Fig. 28b). Very high surface areas (400–470 m2/g) are obtained for each titanium alkoxide
precursor, and the pore size distribution is always centered in the microporous range [185]. 

Ethylene photodegradation was employed as a probe reaction to evaluate the photocatalytic ac-
tivity of these new meso-/macroporous TiO2 structures. The results reveal a photocatalytic activity of
60 %, much higher than that of commercial P25 Titania powders. It is evident that these new TiO2 bi-
modal meso-/macroporous structures hold promise as catalysts and catalyst supports. 
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Fig. 28 SEM micrography (a), adsorption-desorption isotherm and pore size distribution (b) of a
micro-/macroporous TiO2 synthesized via Ti(OEt)4 [185].



Micro-/macroporous niobium oxides 
A few years ago, Antonelli reported the synthesis of meso-/macroporous niobium oxides by a
NaCl-promoted vesicle templating method using a niobium ethoxide/amine gel. These materials have
macropore sizes in the 200–300 nm range and mesopores of around 2 nm. The formation mechanism
was discussed above. Despite their interesting structural and textural properties, these structures can
only be prepared by a fairly complex synthesis route. The self-formation pathway used for zirconia and
titania was applied in the design of hierarchical micro-/macroporous niobium oxides. The preparations
were carried out at different starting pH values (2, 7, and 12). In each case, the synthesized Nb2O5 par-
ticles were mainly 100 μm in size with a regular array of parallel macropores (Fig. 29a). The macro -
pores extended throughout almost the entire particle, and their diameter ranged from 0.3 to 10 μm.
Moreover, high-magnification TEM images reveal accessible micropores in the macropore walls. XRD
patterns show broad features in the 2  range of 20–40° and 40–60°, indicating the global amorphous na-
ture of the niobium oxide frameworks. Type II isotherms, typical of macroporous structures, are ob-
served, and the BET surface areas are 144, 127, and 73 m2 g for the syntheses carried out in acidic, neu-
tral, and basic media, respectively. Finally, thermogravimetry/differential thermal analysis (TG/DTA)
demonstrates the strong acidic properties of the hydrated hierarchical micro-/macroporous niobium
oxide. In the future, these new solid catalysts will be tested in low-temperature catalytic reactions.

Meso-/macroporous yttrium oxides 
Yttrium oxides possess unique properties, the main ones being a higher melting temperature than many
other well-known oxides, a wide energy bandgap, high values of electrical resistivity, and electric
strength. The self-formation strategy was also applied to the preparation of hierarchically porous Y2O3
by a controlled polymerization of yttrium butoxide in aqueous media. For each pH value tested, the syn-
thesized Y2O3 particles are 0.5–2 μm in size and are covered by a smooth surface, cracked in some
places. Higher-resolution SEM observations of the fissured particles reveal a macrostructure below the
smooth surface (Fig. 29b). It is worth mentioning that synthesis yields as well as the amount of macro-
pores per particle continuously decrease with increasing initial synthesis pH values. The macropores are
funnel-like shaped and parallel to each other, as observed for the previous zirconia and their diameters
range from 1–5, 2–8, and 5–10 μm, respectively, for syntheses carried out in acidic, neutral, and basic
media. In each case, the macropore walls are formed by aggregation of mesostructured nanoparticles,
giving a supplementary interparticular porosity centered at 30 nm. As for all the previously described
compositions, the meso-/macroporous yttria structures are amorphous at the atomic scale. BET surface
areas of 85, 74, and 94 m2 g are obtained for samples prepared in acidic, neutral, and basic media, re-
spectively, and the BJH pore size distributions are quite broad and centered in the mesopore range,
3–7 nm for syntheses carried out in acidic and neutral media and 5–15 nm in an alkaline medium. These
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Fig. 29 SEM pictures of the micro-/macroporous niobia (a) and meso-/macroporous yttria (b) [185].



new macro-/mesoporous yttrium oxide structures will be tested as catalysts or supports in a wide range
of chemical reactions.

Combination of self-formation and templated synthesis 
Interestingly, the bimodal nanoporous aluminosilicates with a hierarchically macroporous core inside
an ordered mesoporous shell were successfully synthesized via a one-pot reaction. This was achieved
through a combination of surfactant templating and the self-formation phenomenon of porous hierarchy
[209]. In this case, the aluminosilicate ester [(BusO)2–Al–O–Si–(OEt)3] can be used for the synthesis
of bimodal nanoporous aluminosilicates with hierarchically macroporous core/mesoporous shell. The
use of this aluminosilicate ester, containing various hydrolysis rates, renders the precise control of this
novel structure possible [209]. In fact, the hydrolysis of the Al–(BusO)2 side is very rapid and the inte-
rior macroporous structure is easily self-formed, even under template-free conditions [210]. Conversely,
the hydrolysis of the Si–(OEt)3 side is slow and can assemble together with TMOS (tetramethyl
 orthosilicate), a supplementary silica source, around surfactant micelles (CTMAB) to form an ordered
mesoporous structure at the surface of the cores. Therefore, the novel nanosized spheres with a foam-
like macroporous core (self-formation) and an ordered mesoporous shell (templated synthesis) can be
obtained (Figs. 30a–d). This study illustrates that the self-formation precedure is quite versatile and can
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Fig. 30 SEM, TEM, and HRTEM images of calcined novel nanosized spheres (a–d) with foam-like macroporous
core (self-formation) and ordered mesoporous shell (templated synthesis) and the nanoreactor (e, f) encapsulated
Fe2O3 with this novel core-shell structure. The inserts in the HRTEM images are the corresponding SAED patterns
taken from lots of particles [209].



be combined with any other synthesis to achieve the synthesis of more sophisticated hierarchically
porous materials. Additionally, the synthetic method that produces core-shell structures was applied in
the design of a nanoreactor by the encapsulation and crystallization of metal oxide nanoparticles inside
a core-shell structure (Figs. 30e,f). The ultimate advantage of this new core-shell structure is that the
mesoporous shell allows the diffusion of chemical reagents toward the inside of the structure and pre-
vents leaching of the active metal oxide nanocrystals, formed in the macroporous core. 

CONCLUSIONS AND OUTLOOK

Recent progress made in the template synthesis of hierarchically porous materials was reviewed. By
using appropriate synthetic procedures, porous materials with hierarchical pore dimensions and pore
structures were synthesized. These templated synthesis methods involve the use of a dual super -
molecular assembly of amphiphilic polymers, surfactants employed with the macrotemplates such as
solid particles, liquid drops, and air bubbles, surfactants employed with additional chemical and phys-
ical methods, controlled phase-separation, template replication, and innovative self-formation
processes. In most synthesis methods, multiporosity involving micro-, meso-, and macroporosity can be
easily and independently adjusted. For example, micro- and mesostructures are generally decided by
small organic molecular and amphiphile supermolecules and inorganic precursors, while the macro -
porous structures are controlled by the nature of the selected macrotemplates. Furthermore, the macro-
scopic morphology can also be designed to be of monoliths, thin films, membranes, or spheres, de-
pending on the demands of various practical applications. The hierarchical materials synthesized with
interconnected hierarchically porous structures and defined morphologies can be expected to combine
reduced resistance to diffusion and high surface areas for adsorption and reaction, particularly for large
molecular guest species (e.g., biomolecules). However, the design of such multiscaled porous materials
with controllable ordered pore structures and crystalline framework still remains a challenge. The struc-
tural stability and framework crystallinity may also be important issues for these hierarchical materials,
regarding their practical applications.

The self-formation mechanism of the spontaneous assembly of hierarchically porous metal ox-
ides is still not totally clear to date, although more progress has been made in the design and synthesis
of hierarchically porous materials employing a porogene concept and other templated synthesis strate-
gies. The development of new and versatile synthesis methods is still interesting and necessary.
Moreover, utilizing these hierarchically porous oxide materials as templates to make replicas of hier -
archical carbon or other composites is attracting much attention and would be a new and interesting re-
search direction.

Nature yields many examples of self-formation hierarchy and is therefore the source of inspira-
tion for the development of several new strategies [211,212]. The combination of multiscaled porosity,
integrated into one moldable body, holds promise for improving overall reactions as well as adsorp-
tion/separation, and/or structural properties. Some practical applications of these attractive
meso-/macroporous materials have recently been emerging, including separation, catalysis, fuel cell
electrode materials, biomaterial engineering, controlled drug delivery devices, and membrane reactors.
The enhanced performances in catalysis, adsorption, and separation have been achieved in these hier-
archical porous materials, and can be attributed to the minimization of intradiffusion resistance and a
high surface area for active site dispersion. Moreover, their intriguing properties can grant the extension
of applications to gas sensing [213], since the multiscale porous architecture promotes gas diffusion and
increases the active surface area [214]. The utilization of hierarchically meso-/macroporous materials
as catalyst supports has shown its superiority in different oxidation and water gas shift reactions
[215–222]. It is reasonable to expect that further modification of the individual porosities and intricate
morphologies, as well as surface functionalization of the hierarchically porous materials, may open new
perspectives for applications when considering the combined properties.
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