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1. Introduction

ABSTRACT

New developments in the synthesis of nano-materials have opened new possibilities for creating and
mastering nano-objects in order to design novel advanced catalytic materials. This concise conceptual
review will give a glimpse into this fast growing research area discussing some of the possibilities in
this direction, the perspectives and the gap to reduce to develop selective catalysts for complex multi-
step reactions. Emphasis is given to the opportunities offered by a tailored nano-design of the catalysts,
from exploiting nano-confinement effects and supramolecular active sites synergies in nano-reactors
to the new possibilities offered by new concepts such as the reduction of the relaxation time between
two consecutive turnover cycles on a single active site and forcing a vectorial active site sequence in
complex, multistep reactions. Other aspects discussed include the development of hierarchic pore struc-
ture to maximize catalyst effectiveness, metal complexes confined with solid cavities and the concept of
nano-reactors, nanostructured composites and ordered 1D-type metal oxides. It is shown how significant
progress in nano-materials has still not corresponded with progress in understanding the relationship
between nanostructure and catalytic performance and the development of a more general strategy on
the design of next-generation nano-catalysts.

© 2011 Elsevier B.V. All rights reserved.
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The significant changes in the worldwide economic and social
panorama during the last decade have further stimulated the
chemical and energy industries to reconsider their business strate-
gies in terms of raw materials and energy resources, impact on
the environment and the sustainability of their production [1-3].
One of the examples is the creation of the European Technol-
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and the European Association for Bioindustries (Europabio) to
define a common vision and strategic roadmap to revitalize chem-
istry and biotechnology innovation in Europe. The aim was to
strengthen the industrial competitiveness through a sustainability
vision [4].

Because of these changes, a revitalization of the research on cat-
alytic materials and industrial catalysts was observed in the last
decade, with the opening of new area and in general a shift of
the R&D activities with respect to those present in the last cen-
tury [5]. For example, the increasing share of biofuels in the energy
pool caused a fast growth in R&D activity to develop new cata-
lysts and related catalytic processes [6,7]. Biomass is rich in oxygen
and is composed of polymeric-like macro-units (cellulose, hemi-
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cellulose, and lignin). Novel catalysts to deconstruct selectively
these macro-units to smaller platform molecules (sugars, phenol
derivatives, etc.) and to convert these by selective elimination of
oxygen are necessary, while acid catalysis prevails in an oil refin-
ery and catalysts able to insert oxygen into the hydrocarbon are
necessary in petrochemistry. Thus, conceptually new catalysts are
necessary to create a bio-based economy. In addition, several of the
catalytic reactions for biomass transformation require combining
homo/heterogeneous catalysis with biocatalysis, creating the need
for new catalysts [7].

The push towards more sustainable industrial chemical pro-
cesses has also accelerated the need for new catalysts to be able to
perform in a single reactor more complex transformation to reduce
process complexity, energy consumption and waste production [5].
Also in this case conceptually new catalyst design is required to
achieve this goal [7]. The effort towards process intensification and
the use of micro-reactors has also increased the need for a new
catalyst design to improve the performance.

The last decade was also characterized by intense research
effort on the synthesis of novel nano-materials [8,9], for exam-
ple by (i) surface assembling [10] or nano-casting [11] to create
tailored inorganic micro- and nanostructures, (ii) assembling nano-
scale building blocks at solution/solid interface to create ordered
tubular nanostructures [12], (iii) synthesizing novel nanostruc-
tured carbons (as tubes, fibers, graphenes, mesostructures, etc.
with a variety of novel sp? and/or sp? configuration or func-
tional properties) [13], (iv) using different assembling or template
strategies to create 3D hollow nano-architectures [14] or multi-
level interior-structured hollow 0D or 1D micro/nano-materials
[15], (v) using aerogel or aerogel-like nanostructures to fabricate
appropriate nano-scale building blocks with suitable void space
and disorder as design components [16] or specific architecture
(multiple junctions) in metal nanoparticles supported over metal
oxides [17], where the presence of perimeter sites at the bound-
ary between the metal nanoparticles and the oxide is important
to determine the catalytic reactivity in simple reactions such as
CO oxidation or water-gas shift reaction [18]. While increasingly
sophisticated synthesis methods are available to control the (i)
nanostructure of materials [19,20], (ii) hierarchic organization of
the mesoscale in advanced materials [21-25], and (iii) nature of
the active sites in nanoporous materials [26,27], still limited data
are available, however, on the correlation between the nano-scale
architecture of the catalysts and their catalytic activity, particularly
in complex catalytic reactions [28,29] which are more demand-
ing in terms of nano-architecture of the catalyst centres with
respect to simpler reactions like CO oxidation or model reactions
[30].

The existing gap with respect to the precise control possible in
organometallic and metallo-organic catalysts has also been con-
siderably reduced in solid nano-catalysts [31,32] in the last decade.
This progress in R&D of tailored catalytic nano-materials put in a
different perspective the traditional discussion about the advan-
tages and limits of homogeneous versus heterogeneous catalysis
[33-37] with the need to overcome this dichotomy in a new inte-
grated vision [5]. This concise conceptual review has the aim to
provide some of the potential possibilities, and reduce the afore-
mentioned gap, in creating and mastering nano-objects for the
design of advanced catalytic materials to address the societal chal-
lenging of sustainable production and energy [38].

2. Catalysis and the nano-dimension
Catalysis is a molecular phenomenon and similarly to homoge-

neous catalysis by metal-complexes in solid catalysis, the reaction
occurs on an active site, i.e. involving the rupture and creation

of bonds at the distance of the coordination sphere. However,
a more rigid structure of the active centres is present and lim-
ited possibilities to tune the electronic structure of the active
metal centre exist. Both these factors contribute to typically lower
selectivities for heterogeneous catalysis in single reactions with
respect to homogeneous catalysis by metal complexes, although
the former are able to perform selectively complex multistep reac-
tions, which often cannot be made by homogeneous catalysts
[5].

The surface sites on a solid material (for example, hydroxyl
groups) may act as ligands to prepare supported metal complexes,
in order to combine the advantages of homogeneous catalysts (bet-
ter intrinsic control of the nature of the active centre) to those of
heterogeneous catalysts (easy separation, higher productivity, etc.),
and also to prepare single site catalysts. This was the base concept
for the large effort towards a “surface organometallic chemistry”
[39]. However, the surface sites present on the support may inter-
act with the metal complexes. This interaction often gives rise to
a lowering of the performance of the supported metal complex
with respect to those of the analogous homogeneous complex.
An approach explored to overcome this problem was to tether
covalently the metal complex to the supports, i.e. to introduce a
flexible spacer (linker) between the metal complex and the support
[40-43]. In some cases, the supported metal-complexes showed
improved performance [44,45]. The direct anchoring of the metal
complex to the surface through covalent bonding may change the
electronic state of the metal centre or force an unusual configu-
ration of the metal complexes, which can reflect positively in its
reactivity or can improve the performance by assisting the coor-
dination of the incoming molecules. Novel active reaction spaces
can be thus designed by (i) influencing the coordination of the
central metals, (ii) chemical interaction at metal-surface interface,
and (iii) three-dimensional architecture at the surface sites [37,46].
Therefore, not only the specific nature of the active centre, but also
the environment around the active sites is relevant in determining
the catalytic behaviour, similarly to enzymes where the flexible
protein-structure determines the access and coordination of the
reactants to the active sites.

Additional effects are possible due to the presence of an ordered
3D structure. A good example is offered from microporous (zeo-
lite) materials having active site centres located inside the ordered
pore structure. Due to the molecular-size dimensions of the chan-
nels and access cavities in microporous materials, the well-known
effects of shape selectivity are present: restriction on diffusion of
reactants and/or products, and on transition state [47-49]. Chiral
zeolitic materials can also combine both shape selectivity and enan-
tioselectivity [50]. Another effect is related to the change in the
local nano-environment. This concept can be exemplified by the
case of Ti-silicalite (TS-1), industrial catalyst for the selective oxida-
tion of various substrates using H,O, [51]. TS-1 has approximately
the same composition as the Shell epoxidation (industrial) catalyst
based on Ti ions supported on amorphous silica [6]. Both these cat-
alysts are selective in the synthesis of propene oxide from propene,
but TS-1 uses H;0, as the reactant, while hydroperoxides (for
example, ethylbenzene hydroperoxide) are necessary in the case
of the Shell catalyst [5]. The difference is related mainly to the local
environment around the Ti active sites. TS-1 is hydrophobic and
water molecules essentially do not diffuse inside the channels of TS-
1 zeolite, where the Ti ions are localized. In the Shell catalyst the Ti
ions are accessible to water molecules. The catalyst is able to epox-
idize 1-hexene with H;0,, if a “water-sponge” is present which
scavenges the H,O formed during the reaction. TS-1 is instead
active in aqueous solutions of H,0O, (usually a water/methanol
solvent is used), because the hydrophobic character of the local
environment around the active sites (nano-environment) creates a
local water-free-like solvent.



1482 G. Centi, S. Perathoner / Coordination Chemistry Reviews 255 (2011) 1480-1498

The differences in the hydrophobic character between silicalite
(TS-1) and silica (Shell catalyst) derives from the presence of a
well ordered structure which creates an ordered array of channels
(therefore, minimizing defects) in the first case, while defects in
amorphous or crystalline silica create hydroxyl groups (silanols) or
hydroxyl nests which induces some degree of hydrophilic charac-
ter in the Shell catalyst. These hydroxyl groups under acid catalysed
conditions (acidity is generated by oxidation of the solvent) cause
ring opening to the corresponding glycol in the soon to be formed
epoxide. In addition, the water adsorbed on the surface limits
the accessibility of the alkene towards the active centre. Partially
hydrophobic materials can been obtained by anchoring TiF4 on sil-
ica [52] or by anchoring alkyl (alkoxy) groups to the silica surface
[53]. The amorphous microporous titania-silica in which pendant
alkyl groups make the surface hydrophobic is able to epoxidize
alkenes with H,0, [54].

This example illustrates the concept that the confinement of
active centres or catalytic nanoparticles inside a micro- or meso-
porous ordered material may significantly change the reactivity
properties [55-59].

Rolison in her paper in Science [16b], extending the origi-
nal work on Au-TiO, composite aerogels for CO oxidation [17]
to Pt-colloid-modified carbon-silica composite aerogels argued
the unimportance of periodicity. Rolison et al. [16a] have fur-
ther extended the concept in a more recent review to the design
of the nano-architecture of materials for various energy storage
and conversion applications, such as electrodes for PEM fuel cells,
supercapacitors, ion-batteries, etc. They showed, for example, that
aerogel-based nano-architectures (quasi-3D mesoporous archi-
tectures made up of covalently bonded nanoparticles that form
essentially 1D networks) do not exhibit grain-boundary impedi-
ments to transport, e.g. protons on manganese oxide [16c] or oxide
ions at 600°C in Gd-doped ceria [16d]. However, these effects are
relevant when surface ion-transport is important, such as in elec-
trodes, but not in heterogeneous catalysts, where this transport
mechanism is not relevant.

Nevertheless, the question is whether an ordered nanostructure
or periodicity is necessary, although the presence of a large number
of industrial catalytic processes, in the refinery, petrochemistry and
fine chemicals sectors based on zeolites [48] already pointed out the
relevance of materials having an ordered porosity.

As remarked by Antonietti and Ozin [25], periodicity in materi-
als gives a maximal structural density with minimal surface area,
while aerogels having a fractal order can maximize the surface area,
even though under most of the industrial relevant catalytic reac-
tions they do not show enough stability or mechanical resistance.
However, apart from the issue of stability, the conceptual question
is whether an intrinsic order (nano-architecture) in the material
is necessary. In relatively simple reactions such as CO oxidation,
where the maximization of the number of the active sites at the
interfacial region between the gold nanoparticles and the support
could be the important aspect [17], a fractal-type material such
as aerogels could be more active. However, in general this type
of materials is intrinsically more heterogeneous in terms of active
sites and shows the presence of many defects. In more complex
and industrially relevant catalytic reactions, the critical aspect is
the selectivity rather than the activity [51]. It is required ideally
to have a unique type of active site, and an increase in the surface
area favours the presence of an heterogeneity of active sites nega-
tive for the selectivity. For example, most of the industrially used
mixed oxides in selective oxidation reactions have a low rather than
a high surface area [51]. For this reason, a periodic nanostructure is
preferable, because this can combine a high surface area to a regu-
lar local nanostructure. In addition, it offers additional advantages
as discussed above, for example in terms of confinement or shape
selectivity.

For a more complete understanding of shape selectivity, it is
necessary to understand the effect of confinement on the various
kinetic and thermodynamic factors that can influence the outcome
of a zeolite-catalysed reaction [49].

In microporous materials, where the channels have molecular
dimension, Derouane [60] originally proposed the idea that the
zeolite itself could be considered as a solid solvent and thus the
behaviour of molecules inside the zeolites results from solvation
effects. Gaussian curvature of zeolitic structures and dispersion
self-energy of molecules (analogous to the Born electrostatic self-
energy of anion) have to be accounted for the adsorption properties
of zeolites [61]. A molecule inside a zeolite channel behaves differ-
ently from outside, and not only for steric restrictions on diffusion
or transition state.

In a similar approach to these phenomena, Corma and cowork-
ers [59] suggested that molecules in zeolites are confined at the
molecular level, i.e. the molecular orbitals are strongly perturbed
by the solid. They showed that the aromaticity of anthracene
in zeolites was strongly disrupted due to limitation of the -
orbital spatial extension induced by the pore walls proximity. This
indicates that the localized approach of active sites inside a micro-
porous material is not truly correct, i.e. the reactivity of a metal
centre located in the zeolitic cages (for example, Cu ions inside
a ZSM-5 zeolite) is influenced from the surrounding cage, even
beyond the steric (shape selectivity) constrains. Thomas [62], for
example, studying the effect of co-adsorbed solvent molecules on
the photoinduced processes in zeolite cavities demonstrated the
unique charge trapping and charge stabilization effect of the zeolite
confinement.

These results further indicate the concept that the nano-
environment around the active sites (confinement) influences the
reactivity beyond the possible effects related to steric constrains or
diffusional limitations.

2.1. Nano-confinement

Confinement effects were also observed in mesoscale ordered
materials such as MCM-41 and SBA-15, where the steric restric-
tions on the diffusion and/or transition state (e.g. shape selectivity)
are not present due to the higher diameter of the channels (>1 nm).
We define here nano-confinement, the presence of confinement
effects in restricted spaces with few manometers scale. Fajula and
coworkers [63] showed that curvature strongly altered the lique-
faction free energy of hexane in MCM type materials. By NMR it
was shown that molecular motion was strongly anisotropic close
to the pore walls of silica [64]. Cros et al. [65] showed that the
chemical shift of 129Xe adsorbed on mesoporous silica was pore
size dependent. By large angle X-ray scattering it was shown that
methanol confined in MCM-41 was highly ordered within the pores
and the density of confined methanol was higher than that of bulk
methanol, varying regularly along the diameter of the pore [66,67].

There are thus various demonstrations that surface effects tend
tobecome dominantin fluids confined at the mesoscale and that the
molecular properties may become anisotropic close to the channel
walls, depending on the Gaussian curvature of the latter. In fact,
above around 5 nm these confinement effects are usually no longer
observed.

These confinement aspects influence the catalytic behaviour,
although data are limited. A predictive model of confinement
effects at the mesoscale is also missing. The microscopic pressure
within a confined liquid could determine a pseudo-enhancement
of the local pressure. Baiker et al. [68] studying near-critical CO in
mesoporous silica by in situ FTIR demonstrated that the CO, density
was always higher in the silica pores than in the bulk, even under
supercritical condition. Other effects of confinement are the low-
ering of entropic barriers and the wetting of nanorough surfaces.
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Gounder and Iglesia [69] showed that in n-alkanes conversion the
acid sites confined within 8-MR pockets of the zeolite are much
more active for monomolecular isobutane reactions than sites of
similar acid strength within 12-MR channels, because partially con-
fined transition states have lower standard free energies as a result
of entropy-enthalpy trade-offs. Partial dewetting in confined struc-
tures could result in strong pressure increases within the confined
liquid [70].

There are thus different possible effects and interpretations of
the confinement effect. The common feature is that in mesoporous
materials having channel size ranging between 1 and 5nm the
properties of reactants/substrates can be influenced by the nano-
metric confinement and/or the presence of a curved surface (inside
the channels of the mesoporous ordered materials) with respect
to on an ideally flat surface, and this in turn reflect in different
reactivities. The presence of an ordered mesostructure formed by
regular channels (in MCM-41 and SBA-15 materials) determines
the presence of these effects, which are not present for an irregular
assembly of nanoparticles such as in aerogels.

There is increasing research interest in how this mesoscale
nano-confinement influences the properties beyond catalysis. For
example, de Jongh and Adelhelm [71] have reviewed the recent
research on the concept of nano-confinement as a new strategy
towards meeting hydrogen storage goals. Huck [72a] and Wu et al.
[72b] have discussed how, in a physically confined environment,
interfacial interactions, symmetry breaking, structural frustration
and confinement-induced entropy loss determine a molecular
organization of materials located inside ordered mesostructure
such as SBA-15 which determine a change of their physico-
chemical properties.

The nano-confinement also influences the properties of metal
nanoparticles. Bao and coworkers [73-76] have extensively inves-
tigated this concept, particularly in relation to how it is possible to
modify the redox properties of transition metals via confinement
within the channels of carbon nanotubes (CNTs), in order to change
their catalytic performance.

For example, the reduction of Fe,03 nanoparticles is signifi-
cantly facilitated inside CNTs compared to those on the outside
[74].In situ HRTEM indicated that the CNT-confined Fe, O3 particles
transformed to metallic iron at 600 °C, while the outside particles
remained oxidized at this temperature. They also showed [75] that
confinement within carbon nanotubes modifies the reactivity of
iron catalysts in Fischer-Tropsch (FT) synthesis. The iron species
encapsulated inside CNT are stabilized in a more reduced state
and the formation of iron carbides under the reaction conditions is
enhanced. The latter have been recognized to be essential to obtain
high FT activity. The relative ratio of the integral XRD peaks of iron
carbide (FexCy) to oxide (FeO) is about 4.7 for the encapsulated
iron catalyst in comparison to 2.4 for the iron catalyst dispersed
on the outer walls of CNTs. This causes a remarkable modifica-
tion of the catalytic performance. The yield of Cs; hydrocarbons
over the encapsulated iron catalyst is twice that over iron catalysts
outside CNT and more than 6 times that over activated-carbon-
supported iron catalysts. Also in the electrochemical reduction
of CO, to isopropanol and other alcohols/hydrocarbons, the iron-
particles located inside the CNT show enhanced properties with
respect to those located on the outer surface [77].

In the syngas conversion to C2 oxygenates such as ethanol,
acetic acid and acetaldehyde, Rh—Mn particles located inside the
CNT show a higher activity than when located on the outer surface
[73c].RhMn in the CNT interior likely exists in a more reduced state
than that on the exterior and this fact modifies the mechanism of
CO adsorption, as demonstrated by Raman spectroscopy [73c]. In
addition, theoretical studies combining first-principles and Monte
Carlo simulations indicate the stronger interactions of both H, and
CO with the interior nanotube surface than with the exterior sur-

face, but the effect is different for the two molecules. As a result,
not only a pseudo-enhanced pressure within the CNT is present,
but also the CO/H; ratio is altered. The effects are depending on the
diameter of CNT. The enrichment generally becomes more signif-
icant inside smaller nanotubes at lower temperatures and higher
pressures.

There is thus growing evidence that both the adsorption and
reactivity of the reactants and the nature of the active sites (metal
nanoparticles) are influenced by the nano-environment and -
confinement inside ordered nano/meso structures and in turn,
these aspects influence the catalytic behaviour beyond possible
effects of shape selectivity. Locating metal nanoparticles inside CNT
[78] and more generally in a confined nano-environment is thus an
opportunity to control and enhance the catalytic performance. Note
that this concept is different from that of interface sites between
active particles and the support [79,80], where new type of active
sites generate due to the interface. Bao and coworkers [81] observed
recently that two-dimensional FeO nanoislands may be formed on
Pt(11 1) surface and that coordinatively unsaturated ferrous (CUF)
sites form at the interface. These CUF sites show high activity in
the selective oxidation of CO. They attributed the stability to an
interface confinement [81], but the effect may be more properly
described as deriving from a metal-support strong interaction and
the generation of new sites at the interface. The nano-confinement
is instead related to a local change of the characteristics of the
reaction medium due to confinement, while the nano-environment
indicates the presence of co-catalytic effects in the supramolecular
environment around the active site.

3. Self-assembly of nano-reactor

An extension of the concepts discussed in the previous sec-
tion is that of nano-reactors. One possibility is to use organized
assemblies, including supramolecular aggregates, colloidal struc-
tures (e.g., micelles, microemulsions), liquid crystals, dendrimers,
and mono- and multi-layers. The effects on the reactivity may be
classified in four areas [82]:

(i) the enforced juxtaposition of functional groups in the orga-
nized assemblies that leads to intramolecular reactivity or
cooperative catalysis (proximity effect, similar to neighbouring
group participation in small molecules);

(ii) diffusion of reagents into the interior of the organized assem-
bly that leads to a microenvironment different from the bulk
solvent (solvent effect);

(iii) unique properties of the interface between the organized
assembly and the bulk solvent (interface effect);

(iv) the confinement of molecules within the restricted space of the
organized assembly (steric effect).

In organized assemblies, co-catalysis by neighbouring group
participation can lead to dramatic rate acceleration and unex-
pected changes in the selectivity. The difference with respect to
a metal-complex is that these co-catalytic functional groups are
brought together by spontaneous assembly rather than through
synthesis. The effect is often observed in organo-catalysis [83].
Apart from facilitating reactions between neighbouring groups,
organized assemblies can catalyse chemical reactions by making
adjacent catalytic centres acting cooperatively.

In heterogeneous catalysis, a similar concept is used to develop
multifunctional catalysts for fine chemical synthesis, using for
example the properties of layered compounds to spatially sep-
arate catalytic functions which otherwise interfere each other
[84]. An interesting example is when a reaction requires in cas-
cade both strong acid and base Bronsted sites, because they tend
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Fig. 1. Cavity-directed synthesis in the selective oligomerization of trialkoxysilanes.

Adapted from Ref. [90a].

to self-neutralize. Kaneda and coworkers [85] used an interest-
ing approach to solve the problem. They localized strong acid
sites inside the layers of montmorillonite clay by inserting Ti**
ions, and used as base Bronsted sites those present on the
external surface of the hydrotalcite particles. Because the Ti(IV)-
montmorillonite has active acid sites in the narrow interlayers,
the base sites of large HT particles show no interaction with
the acid sites. In the one-pot synthesis of benzylidene malonon-
itrile from malononitrile with benzaldehyde dimethylacetal (an
example of tandem deprotection-aldohol reaction with acids and
base different steps) an overall yield of 93% was observed using
Ti**-montomorillonite and hydrotalcite in close interaction. The
approach may be extended to a variety of acid and base reactions,
such as esterification, acetalization, deacetalization, aldol reaction,
Michael reaction, and epoxidation [84,85].

In organized assemblies, the reagents and products can diffuse
in and out depending on the polarity of the microenvironment,
and thus the phenomena of reagent/products accumulation or
change in the solvent characteristics may occur inside micelles
or micro-emulsions with a consequent influence on the reactiv-
ity [86]. There are many examples of how the reactivity changes
in these nano-reactors and about the versatility of the heteroge-
neous environment in micro-emulsions to influence the reactivity
and catalytic performance. The reactivity of oxovanadate species
depends on their degree of condensation. In isooctane reverse
micelles (RM), vanadate dimerization (and formation of more con-
densed species such as tetrameric and pentameric oxovanadate) at
neutral and basic pH is higher compared to bulk aqueous solutions,
due to the establishment of a proton gradient from the RM inte-
rior towards the periphery [87]. The solvent dynamics inside RM
are also different with respect to those in the bulk solvent. Fayer
et al. [88] observed that the nanoscopic confinement inside RM
has a major impact on the water hydrogen bond network dynam-
ics regardless of the nature of the interface. In other words, the
nano-confinement itself influences the properties of the solvent

molecules in the container. Finally, the limited space and restricted
mobility within the organized assemblies can also affect the mech-
anism/rate of reactions, similarly to what discussed in zeolites.

Chen et al. [89a] reported recently that Pd nanoparticles in
mesoporous silica hollow spheres show significantly superior
activity in Suzuki coupling reactions with 99.5% yield in few min-
utes of reaction. Mahmoud et al. [89b] demonstrated that the
frequency factor in Arrhenius plot studying the catalytic reduction
of 4-nitrophenol is significantly enhanced due to nano-reactor con-
finement in hollow nanoparticles. There are thus growing results
showing the possibility of preparing enhanced catalysts using the
nano-reactor concept.

3.1. Self-assembled cages and nano-containers

In recent years, many studies were published on the prepara-
tion of self-assembled cages as artificial cavities to trap and isolate
molecular guests. Compared to covalent cages, self-assembled con-
tainers are simpler and more economical to prepare, because
essentially it is necessary only to mix the molecular components,
forming the cage with the guest in solution; the reacting host-guest
complex is generated spontaneously.

Fuijta and co-workers [90] have significantly contributed to effi-
ciently synthesize a large variety of nanoscale molecular cages
(also called “nanovessels” or “nanoreactors”) by following a transi-
tion metal-mediated self-assembly methodology using six metal
centres (e.g., Pd(Il) and four tridentate ligands. Fig. 1 illustrates
the concept of how the presence of a nanoscale molecular cage
(self-assembled hollow compounds) determines the selectivity in
the simple reaction of hydrolysis of trialkoxysilanes [90a]. Pd(II)-
linked coordination hosts (tube, bowl or, cage; A, B and C in
Fig. 1, respectively) strictly control the oligomerization of tri-
alkoxysilanes, RSi(OMe)s; (R =2-naphthyl). Within nanocage A, one
molecule of trialkoxysilane is accommodated and subsequently
hydrolyzed to give silanetriol RSi(OH)3. Under ordinary aqueous
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conditions, this reactive compound undergoes rapid polyconden-
sation (sol-gel condensation) leading to Si—O networks. Within the
cavity of nanocage A, however, the polycondensation is suppressed.
Nanocage B and C give its dimers RSi(OH),0Si(OH),R and cyclic
trimers [RSi(OH)O]s, respectively.

The nanocage C (Fig. 1) also enhances the rate of pho-
todimerization of olefins and especially to give perfect regio- and
stereoselection, and high pairwise selection (when two different
olefins are used) giving only the cross [2+2] adduct [90b,c]. The
dimerization of acenaphthylenes and naphthoquinones quantita-
tively proceeded in the cavity with remarkable rate acceleration
and perfect regio- and stereo-control (>98%) [90b].

A wide array of self-assembled molecular nanocages based on
various building blocks and noncovalent interactions has been
developed in the last decade [91]. The nanospace within these
supramolecular capsules is generally in the range of 30-50 nm,
which is sufficient for the selective encapsulation of one large
or a number of smaller molecules. The size is comparable to
that of silica mesoporous materials such as MCM-41 or SBA-15.
With respect to other assemblies such as vesicles and micelles
[92], we could comment that in the latter a distribution of
sizes (more or less narrow) instead of a specific size is present.
Micelles are thus less-defined systems when compared to vesi-
cles or self-assembled capsules with respect to both shape and
kinetic stability. In addition, the shape and size of a micelle is
a function of the solution conditions such as surfactant concen-
tration, temperature, pH, and ionic strength, besides that of the
molecular geometry of the surfactant molecules. They have the
advantage of lower cost, but allow a less precise control of the
nano-environment.

Organic reactions in water aided by surfactants to form micelles
have been known for a long times, but only more recently have
micelles been explored as catalytic nano-reactors for industrial rel-
evantreactions. An example is the enantioselective Baeyer-Villiger
oxidation of cyclic ketones using environmentally friendly oxi-
dants [93]. The reaction was carried out in water by using soft
Lewis acid Pt(II) complexes that have chiral diphosphines as well as
monophosphines. Addition of a surfactant is crucial, which leads to
the formation of micelles that act as nano-reactors. For the oxida-
tion of meso-cyclobutanones, addition of surfactants allowed the
reaction to proceed in high yields and the enantiomeric excess (ee of
56%)was higher than in organic solvents. For meso-cyclohexanones
the yields are lower, but enantio-selectivity is higher (ee up to 92%)
moving from organic to water-surfactant media. Micellar systems
were also used for the enantioselective catalytic hydrogenation
(with Rh complexes) not only to improve the performance, but also
to facilitate catalyst recovery and recycling [94].

Microemulsions could be also used to prepare and stabilize
metal nanoparticles in water [95a] and realize ligandless metal cat-
alysts. For example, colloidal palladium stabilized by surfactants
in water could be successfully used in a number of catalytic reac-
tions: the Suzuki-Miyaura reaction, arylation of olefins (the Heck
reaction) and carbonylation of aryl iodides [95b]. The yield of the
reaction correlates with the stability of the Pd sol, but the separation
of the colloidal catalyst is difficult.

The alternative is to use palladium nanoparticles stabilized by
water-soluble diblock copolymeric micelles [95b]. Diblock copoly-
mers consisting of lyophilic and lyophobic blocks, upon dissolution
in a selective solvent (dissolving only one block), self-organize
in micelles in which the lyophobic block forms a dense core,
and lyophilic block forms a diffuse micelle corona. In water the
hydrophobic block forms a core, and the hydrophilic one, a corona
of a micelle. On the other hand, in a nonpolar solvent the core
contains the hydrophilic block. Therefore the immobilized metal
nanoparticles, due to interaction with the hydrophilic block, are
located in the core of the micelle. In the latter, the reduced acces-
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Fig. 2. Palladium nanoparticles stabilized by water-soluble diblock copolymeric
micelles.
Adapted from Ref. [95b].

sibility of the metal nanoparticle in the core reduces the catalyst
activity.

A better solution is not to locate the metal nanoparticles
in the core or in the corona, but rather in their interface. An
example is given from the amphiphilic diblock copolymer of
polystyrene-poly(ethylene oxide) (PS-PEO) dissolved in water
with addition of surfactant (cetylpyridinium chloride — CPC). The
hydrocarbon chains of the latter penetrate the hydrophobic core
of a micelle formed by the polymer, with the charged groups left
on the interface, giving to it a positive charge. Addition of K, PdCl,
leads to adsorption of anions of PdCl42~ on the interface of the core
of a micelle [95b]. The palladium (II) is reduced by KBH4, form-
ing nanoparticles adsorbed on the interface of the core of a micelle
(Fig. 2) [95b]. A main limitation is the stability of the assembly,
which cannot be used at temperatures above 60 °C. However, the
catalyst shows rather interesting performance in the olefin aryla-
tion reaction (the Heck reaction), carbon-carbon bond formation
(Suzuki-Miyaura reaction) and other reactions [95b].

There are various alternative ways to stabilize metal nanopar-
ticles in solution, for example using dendrimers [96,97] which
offer the advantages of a precision of the dendrimer structures
and a specific topology coupled to a variety of dendrimer gener-
ations. Seminal studies by van Leeuwen and Brunner’s dendrizyme
concept [98a,b] opened the field of dendrimer catalysis. With
peripheral catalyst loading, the multiple sites provide an excep-
tional density of catalysts, but steric constraints limit the access to
the catalytic centres. Star-shaped catalysts or first generation “den-
drimers” coupled catalysts are as efficient as mononuclear catalysts
with easy recovery and re-use, contrary to mononuclear catalysts.
In the Pd-catalysed Suzuki-Miyaura reaction turnovers up to 106
were obtained [96].

There are many other possible approaches to produce
self-assembled nano-reactors [92]: vesicle-based systems, macro-
molecular and biomacromolecular nanoreactors. At the end of last
century, lipid-based vesicular assemblies as potential cell mem-
brane mimics and subsequently as enzyme and catalyst-containing
nano-reactors received considerable attention, but successes were
limited. The development in supramolecular chemistry made avail-
able, however, a wide variety of building blocks which opened new
possibilities to create nano-cages by self-assembly. In areas such
as drug delivery, this R&D effort has led to a number of commer-
cial applications, but in the field of industrial catalysis commercial
applications are instead still limited. Recent advances includes the
formation of vesicle systems (polymersomes) with ionic liquid inte-
riors dispersed in water [99] which offer interesting opportunities
both as nano-carriers or as nano-reactors for catalytic reactions.
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These examples of self-assembled cages and nano-containers
require operating in solution and in mild reaction conditions, i.e.
they can be used for catalytic reactions of possible interest for fine
chemical production or organic syntheses. From an industrial per-
spective, this class of reactions has limited production volumes and
usually it is necessary a fast development of the synthesis proce-
dure on an industrial scale (often on a few month time scale). Both
these aspects greatly limit the possibility to introduce new catalytic
routes.

For the production of larger volume chemicals, continuous oper-
ations, low cost of separation and especially productivity are the
key elements for the success of a new process [5]. While often
attention is put on the turnover and related aspects (i.e. specific
activity per site), productivity per reactor volume is industrially
more relevant. The nano-reactor approaches discussed above have
an intrinsic limit of the need to operate in mild conditions and often
under diluted concentrations, both aspects negative to obtain high
productivities. In addition, dispersed systems in a solvent require
high cost for reactor efficient mixing, and high separation costs,
even though the use of surfactants may facilitate the separation. The
presence of leaching and the long-term re-usability of the catalyst
are further potential issues. Notwithstanding the significant pro-
gresses and stimulating results obtained in the last one-two decade
in the field of self-assembled nano-reactors, their industrial appli-
cation is still quite limited for the motivations discussed above. The
question is thus whether the concepts of self-assembly of building
blocks (nano-objects) to prepare nano-reactors could be translated
to inorganic (solid) catalysts operating in a heterogeneous phase,
to develop next-generation industrial catalysts.

4. Building catalyst nano-architecture

Industrial solid catalysts are typically used in pellets of size some
mm. Therefore, the design of the catalyst should consider also the
micro-scale optimization of the pore structure together with the
molecular and nanoscale aspects discussed in the previous sections,
in order to guarantee (i) an easy access of the reactants (important
to avoid mass transfer limitations which influence the reaction rate)
and (ii) a fast desorption of the products (which influence the sec-
ondary reactions and thus the selectivity, besides to be potentially
also a rate limiting step) [100].

Significant R&D attention has been given recently on developing
hierarchic-organized catalysts [101-105], particularly in the field
of zeolites, to develop materials with optimized pore structure to
allow an improved accessibility and molecular transport.

Zeolites and in general materials with active sites confined in
micropores show often severe mass-transfer limitations, particu-
larly for large crystals and when uni-dimensional pore structure
is present. In fact, there is a conflict in diffusion between reac-
tant coming in and products going out of pores having molecular
dimensions. When instead a 3D pore channel is present in the zeo-
lite, a kind of molecular traffic control exists where reactants and
products diffuse along different paths [106-108], reducing but not
eliminating diffusional limitations. In a typical zeolite crystal with
size in the micron range, the diffusional path of the molecules to
have access to the active sites located in the inner part of the crystal
is quite long (a factor about 102-103 in the ratio between pore and
molecule lengths). In addition, technical catalysts have dimensions
of the pellets ranging from 50 to 100 w.m for catalyst transport and
fluid-bed reactor applications to mm range for mobile and fixed
bed reactor applications.

Diffusion limitations due to restricted access and slow transport
to/from the active site determine low catalyst utilization, which
is described from an engineering point of view in terms of effec-
tiveness factor. This fact represents a major drawback in most

industrial reactions catalysed by zeolites, e.g. cracking, oxidation,
(hydro)isomerisation, alkylation, and esterification, as they do not
operate at their full potential.

The diffusion regime in mesopore catalysts is typically bulk or
Knudsen diffusion and this leads to diffusivities several orders of
magnitude higher than in micropores. Therefore, one common way
to reduce diffusional limitations is to use suitable binders (typically
based on silico-alumina) which have mesoporosity and connect the
various zeolite crystals to form the pellet with the necessary tech-
nical size for application. The binder has also additional functions,
from giving the necessary mechanical strength to act sometimes as
co-catalysts. The further steps are to optimize the pore engineering
of the zeolite crystals and/or to reduce the dimensions of the zeolite
crystals.

4.1. Assembling zeolitic nano-units

Protozeolitic nano-clusters (or units) indicate the early stage
of synthesis of zeolite, where already the unit elements of the
zeolite structure are present, but the dimensions of the particles
are very small, few tens of nanometers. These materials show
potentially the same characteristics of zeolites, but have virtu-
ally no problems of diffusivity due to the very small dimensions.
However, there are some main drawbacks: (i) the recovery from
the crystallization gel is difficult, (ii) the units tend to aggregate
and (iii) the surface to bulk ratio is quite high. The sites present
on the surface of the nano-crystal have different properties with
respect to the analogous located inside the zeolite channels, for the
motivations discussed before. An approach recently developed for
preparing hierarchic-organized catalysts from protozeolitic units is
based on their surface-passivation by silanization [109]. Organosi-
lanes (for example, 3-aminopropyltrimethoxysilane, isobutyltri-
ethoxysilane, phenylaminopropyltrimethoxysilane and octade-
cyltrimethoxysilane) are grafted onto the external surface of the
zeolitic nanounits hindering their further aggregation, inhibit-
ing their surface reactivity, and allowing to develop materials
with hierarchical porosity and enhanced textural properties. Fig. 3
schematically illustrates this type of mesopore assembling of
protozeolite units grafted with organosilanes (phenylaminopropy-
Itrimethoxysilane, PHAPTMS) [109d]. It is also given an example
of the catalytic performance of these materials in the anisole
Friedel Crafts acylation. It is shown that catalysts prepared from
ZSM-5 protozeolite allow an improved conversion of anisole with
respect to commercial ZSM-5 samples, with an improvement of the
catalytic performance on increasing the amount of organosilane
(PHAPTMS) used during the preparation [109d].

Surface-passivating silanization of protozeolitic units is an effec-
tive strategy for the preparation of zeolite nanocrystals with a
controlled aggregation degree, a hierarchical porosity and rel-
atively uniform mesoporosities [109a]. The mean sizes of the
nanounits and, therefore, the textural and accessibility of these
materials can be varied by changing the precrystallization con-
ditions and the concentration of the seed-silanization agent. The
resulting combination of mesopore sizes and exterior-nanocrystal
surface properties of the hierarchically structured zeolites allow
to develop catalysts active in reactions that are otherwise strongly
limited by steric and/or diffusional limitations, for example in the
polyethylene cracking [109a].

The creation by silanization of a secondary porous structure
connecting the zeolite crystals has a further relevant role on the
reactivity, as shown recently by Lercher et al. [110]. Sorption into
the zeolite channels proceeds via a weakly bound physisorbed
and nonlocalized state on the external surface as the dominat-
ing reaction pathway. The weak interaction leads to very low
sticking probabilities of the order of 10-7 [110b]. When a meso-
porous silica overlayer is created over the zeolite crystals to prepare
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Fig. 3. Mesopore assembly of protozeolite units grafted with organosilanes and their behaviour in the catalytic anisole acylation.

Adapted from Ref. [109].

hierarchical-organized materials, there is a significant increase in
the sorption rates.

For the unmodified zeolite, molecules originated from the gas
phase collide (a) with the zeolites surface and a physisorbed state
is populated followed by pore entering and intracrystalline diffu-
sion. On modified zeolites, they primarily impinge with the silica
surface overlayer, and with a certain probability, they can directly
enter the overlayer porosity. A subsequent step is necessary here
to access the crystalline zeolite core hidden below this overlayer.
Those molecules, having trajectories distinctly tilted from the per-
pendicular plane of the pore opening, are instantaneously rejected
to the gas phase. Consequently, the overall transport process to
the sorption sites inside the pores can be divided into two coupled
regimes. The first is the transport of sorbate molecules through the
interface between the gas phase and the amorphous overlayer, and
the second is the transport from the amorphous overlayer into the
micropore openings. The total mass flux of the sorbate molecules to
the sites inside the pores is thus influenced by the ratio between the
overlayer pore dimensions and the gyration radius of the sorbate
(controlling the probability of the molecules for entering into the
overlayer pores) and the ratio between the diameter of the zeolite
micropores and the kinetic diameter of the sorbate.

Consequently, chemically modifying the outer zeolite surfaces
introduces novel strategies to improve current industrially relevant
separation and catalytic processes. In contrast to the well-known
concept of pore aperture adjustment to enforce shape selectivity
by overall retardation of transport processes, well-defined hierar-
chical overlayer architectures and porosities could be utilized as a
powerful method for tailoring the separation factors and access to
the inner catalytic zone between target molecules with identical
kinetic diameter.

The alternative possibility to create hierarchic organized materi-
als is to use protozeolitic units as zeolite seeds during the synthesis

of mesoporous materials [111a], for example using solutions con-
taining ZSM-5 precursors in the presence of a micellar template
(CTACI) [111b], via the controlled coassembly of zeolitic precur-
sors and TEOS in alkaline media [112] or using co-surfactant
templating systems [113], to prepare mesoporous materials incor-
porating microporous units in the walls of mesoporous channels
[114]. In these methods, the protozeolitic units are incorporated in
the mesoporous silico-alumina (or other metal oxides) structure.
However, it is also possible to directly self-assemble these pro-
tozeolitic units into macroshaped materials. For example, Zheng
et al. [115] prepared mesoporous aluminosilicate ropes (fibrous
morphology) with good hydrothermal stability via self-assembly
of protozeolitic nanoclusters with cetyltrimethylammonium bro-
mides (CTAB) template micelles in HNO3 solution.

An interesting alternative to prepare metallo-silicate zeolites
with fibrous morphology was shown by Park et al. [116]. Using
microwave irradiation, it is possible to stack the zeolite nanocrys-
tals, because metal ions inserted in the zeolite (Ti, in particular) act
as glue between the preformed nanocrystals inducing their regular
stacking to form pillars. Framework Ti species are strongly acti-
vated by microwave irradiation and lead to the formation of Ti-O-Ti
and/or Ti-O-Si bonds between crystals. Fig. 4a shows the stacked
morphology of Ti-silicate (MFI structure) obtained by microwave
irradiation in comparison with the morphology of the same mate-
rial (TS-1) obtained using conventional hydrothermal synthesis.
The two samples have different catalytic behaviour.

While protozeolite units are 3D-like, a recent development of
Ryoo et al. [117] was the possibility to prepare 2D-like nanosheets.
The possibility of delamination (exfoliation) of some layered zeolite
structures (for example, MCM-22 having MWW structure) to form
zeolitic lamellas (called ITQ-2) is known from over a decade [118].
The preparation starts from a zeolite precursor for the MWW-type
structure, which consists of inorganic layers connected together



1488 G. Centi, S. Perathoner / Coordination Chemistry Reviews 255 (2011) 1480-1498

Fig. 4. Scanning electron microscopy (SEM) images showing (a) the stacked Ti-silicalite nanocrystals obtained by synthesis in the presence of microwave irradiation in
comparison with the morphology obtained using conventional hydrothermal synthesis (b).

Adapted from Ref. [116a].

by a layer of organic material (hexamethyleneimine). Then the
sample is swelled by refluxing with an aqueous solution of hex-
adecyltrimethylammonium bromide and tetrapropylammonium
hydroxide. The layers are forced apart by placing the slurry in an
ultrasound bath. After acidification until the pH is below 2, the solid
is collected by centrifuging. Finally, the organic material is removed
by calcination. The delamination of the layered precursor of the
MCM-22 zeolite affords monolayers of a crystalline aluminosili-
cate with more than 700m? g~! of a well-defined external surface
formed by cups of 0.7 x 0.7 nm (Fig. 5a). In this layered structure,
the circular 10-member-ring microporous system is preserved. The
resultant material presents the strong acidity and stability char-
acteristic of the zeolites but, at the same time, offers the high
accessibility to large molecules characteristic of the amorphous
alumino-silicates.

The new method to produce zeolite nanosheets introduced by
Ryoo et al. [117] allows instead to directly synthesize the materials.
In addition, the delamination procedure is limited to few materials
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(inaddition to ITQ-2, ITQ-6 produced starting from ferrierite), while
the Ryoo’s method can be used to a variety of different zeolites.
Finally, a main relevant difference is that in delaminated materials
the zeolite characteristic of reaction within a confined environment
is essentially lost. In ITQ-2, 10-membered ring channel system is
preserved, although of limited access, while the 12-membered ring
is open in two cups (Fig. 5a). The Ryoo’s novel procedure [117] is
based on the use in the synthesis of zeolite nanosheets of a novel
surfactant composed of a long-chain alkyl group (C22) and two
quaternary ammonium groups spaced by a C6 alkyl linkage. The
diammonium head group acted as an effective structure-directing
agent for the zeolite, while the hydrophobic interaction between
the long-chain tails induced the formation of a mesoscale micellar
structure. With the surfactant, an ultrathin zeolite framework was
formed at the hydrophilic part of the micelles while the hydropho-
bic tail restricted the excessive growth of zeolites.

The method was used to synthesize MFI zeolites, but other
zeolitic structures can be also prepared in principle. It allows one

Fig. 5. (a) Zeolite lamellas by delamination: structure for the ITQ-2 layer showing the characteristic 10-membered ring (10 MR) separating arrays of ‘chalices’ perpendicular
to (001), each made of two ‘cups’, connected by a non-shared 6-membered ring at the bottom, and with a 12-membered ring (12 MR) at their open top; transmission
electron microscopy image of an 2.5-nm thick ITQ-2 layer, viewed along the 10-ring channels, perpendicular to the c-axis. Adapted from Ref. [118a]. (b) Zeolite nanosheets by
direct synthesis: model for the single MFI nanosheet with the surfactant molecules aligned along the straight channel of MFI framework. Many MFI nanosheets form either
multilamellar stacking along the b-axis, or a random assembly of unilamellar structure. SEM image shows that the MFI zeolite has a plate-like morphology that is composed

of threedimensionally intergrown nanosheets.
Adapted from Ref. [117a].
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to obtain zeolite nanosheets composed of alternating layers of few
nm-thick zeolite framework and surfactant micelles aligned along
the straight channel. The zeolite layer may be changed from 3 to 5-6
sheets and thus a true zeolite nano-environment exists (Fig. 5b).
Multilamellar stacking along the b-axis, or a random assembly of
unilamellar structure (by reducing the concentration of Na* in the
synthesis mixture)is possible. The scanning electron image (Fig. 5b)
of an as-synthesized sample indicates the presence of a desert
rose-like morphology. The surface area ranges from 710m2g-!
to 520m?2 g~! for the unilamellar and multilamellar nanosheets,
respectively.

4.2. Nanostructured composites

The development of nanostructured composites is a differ-
ent approach to design specific catalyst architecture functional to
enhance the catalytic performance. An interesting possibility is to
develop core-shell nano-composites. There are various industri-
ally relevant cases when this nanostructure is advantageous. In the
case of separation and storage processes using zeolite materials, for
example, a core zeolite would provide high adsorption capacity and
a different zeolite on the shell layer high selectivity for separation.
Valtchev et al. [119] have investigated in detail these aspects.

Core-shell zeolite composites possess a core (a relatively large
single-crystal) and a very thin polycrystalline shell of a different
zeolite structure. The incompatibility between the core crystals
and the zeolite precursor mixture yielding the shell layer can be
circumvented by the adsorption of nanoseeds (protozeolites) on
the core surface, which induces the crystallization of the shell. The
pre-treated core crystals are subsequently subjected to a continu-
ous growth in a zeolite precursor mixture. The feasibility of this
synthetic approach has been exemplified by the preparation of
core-shell 3-zeolite-MFI composites [119a,c], but can be extended
to other types of zeolites [119b]. Fig. 6 shows a scanning electron
microscopy (SEM) image of a core-shell 3-zeolite (BEA)-silicalite-
1 (MFI) micro-composite. The use of a core-shell beta/silicalite-1
material allows separating mono- and dibranched paraffins with
an even higher selectivity than crystals of silicalite-1 combined
with the higher capacity of zeolite beta [119d]. A high selectivity
in favour of the mono-branched isomers was found based on sin-
gle component static adsorption, and confirmed by flow adsorption
experiments using a mixture of different components.

A similar approach could be used to prepare also metal-
oxide/zeolite core-shell composites. Very interesting results in this
direction have been reported recently by Tsubaki et al. [120] in
preparing core-shell composite catalysts with Cu-ZnO-Al;03 in
the core and H-ZSM-5 in the shell, in order to develop one-step
direct synthesis of dimethyl ether (DME) from syn gas. The first
compound is the well-established catalyst for the synthesis of
methanol from syngas (CO/H,), while the zeolite catalyst is active
in the dehydration of methanol to DME, which is an acid catalysed
reaction. DME is an industrially important intermediate, as well as
a promising clean fuel. Its commercial synthesis occurs tradition-
ally in two consecutive steps from syngas to methanol and then
to DME. However, using a physical mixture of the two catalysts
do not allow one to obtain good performance in the direct syn-
gas to DME synthesis. Table 1 compares the catalytic performance
of copper-zinc-alumina (CZA) methanol synthesis catalyst with
those of a mechanical mixture of CZA and H-ZSM-5 zeolite pow-
der (CZA-M) and of the core-shell composite catalyst with CZA as
the core (millimeter-size) and H-ZSM-5 as a thin shell layer (about
5 pm) (CZA-Z). The amount of zeolite is about 8-10% wt.

The CZA is highly selective to methanol, as expected. By mixing
this catalyst with H-ZSM-5 (Si/Al = 163) a mixture of methanol and
DME is obtained and a slightly higher conversion of CO, because
both methanol and DME syntheses are reversible reactions. The

Table 1

Comparison of the catalytic performances in DME direct synthesis from syngas of
copper-zinc-alumina (CZA) with those of a mechanical mixture of CZA and H-ZSM-
5 zeolite powder (CZA-M) and of the core-shell composite catalyst with CZA as the
core and H-ZSM-5 as a thin shell layer (CZA-Z).

Catalyst CO conv., % Selectivity, % Methanol
DMBthers
CZA 44.0 98.4 0.51.1
CZA-M 58.1 57.3 40.52.2
CZA-Z 5.6 34 96.60
Adapted from Ref. [120].
Reaction  conditions: 523K, 5.0MPa, Wcza/Fsyngas=10ghmol~!,  syngas:

H/CO/CO,/Ar=59.2/32.6/5.2/2.0.

core-shell catalyst shows instead low conversion, but nearly com-
plete selectivity to DME. The lower activity is due to the partial
migration of Al (during the synthesis of the zeolite shell) to the CZA,
reducing its specific activity. By reducing the amount of Al during
the synthesis of the shell zeolitic layer (the Si/Al ratio in the shell
increases from 32 to 221, and thus decreases the number of acid
sites), the catalyst shows higher activity with respect to CZA-Z case
(CO conversion of 30.4%), although the selectivity to DME is lower
(78.6%), even if still better that for CZA-M sample. The results are
thus still not optimal and should be further supported from more
detailed catalytic studies (at equal conversion, because conversion
influences the selectivity), but indicate an interesting direction to
go. The interesting aspect of the core-shell structure in not only the
optimized contact between the two catalysts, an important aspect
in reversible consecutive reactions, but especially the better ener-
getic integration. The methanol synthesis is exothermic, but the
heat produced in the core catalyst is effectively used in situ by the
DME synthesis on the zeolite shell. The fast conversion of methanol
also reduces side reactions of dehydration to alkane or alkene.

The concept of core/shell zeolite composite to improve the cat-
alytic performance have been further applied by various other
authors recently, for example to prepare improved catalysts for
toluene disproportionation by making a silicalite shell over ZSM-
5 extrudate [121] or for n-octane catalytic cracking by preparing
core-shell Y/Beta composite [122].

A modification of the core-shell concept is to use as core a
material which can be then eliminated (by combustion, selec-
tive dissolution or other methods) to form zeolite hollow spheres
with a regular system of macro-cavities [123]. Fig. 7 reports the
schematic draw of the process for the preparation of hollow zeolite
spheres and bodies with a regular system of macro-cavities starting
from polystyrene beads as shape-directing macro-templates. SEM
images of the type of materials obtained after calcination is also
shown.

Other type of templating materials can be used as starting point
to create a specific nano-architecture. For example mesoporous
carbon replica of tuneable colloidal crystals (about 10-40nm
silica nanoparticles) were employed to prepare nano-sized single-
crystals silicalite-1 with ordered imprinted mesoporosity [124].
Due to the confined growth, novel crystal morphologies, consist-
ing of faceted crystal outgrowths from primary crystalline particles
were obtained. The synthesis of nano-materials within confined
nanospaces (mesoporous carbon replica, carbon nanotubes, etc.)
is a research area of growing interest, for the possibility to obtain
unusual crystal morphologies for nanoparticles.

Hollow zeolite capsules can be prepared also by different
approaches, for example by vapour-phase treatment of nanoze-
olite (seeds) deposited on mesoporous silica. Under the effect of
the amine vapour during vapour-phase treatment, the seeds on
the surface grew up by consuming the silica “nutrition” in the MS
cores, and the hollow spherical shells built of grown zeolite crys-
tals were formed upon the complete digestion of the mesoporous
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Fig. 6. SEM image of a core-shell 3-zeolite (BEA)-silicalite-1 (MFI) microcomposite. In the inset, HRTEM image of the core-shell structure along the 100 direction of the BEA

crystal.
Adapted from Ref. [119a].

silica spheres [125]. An interesting aspect is that it is possible to
pre-incorporate in the mesopores of the silica template inorganic
guests species (for example, metal nanoparticles), allowing thus to
obtain directly hollow zeolite capsules containing other catalytic
particles. This approach allow to develop nano-reactors based on
a zeolite porous shell and catalytic elements confined inside, for
example enzymes for the efficient digestion of proteins [126] or
noble metals (Pt, Ag) for gas phase selective oxidation reactions
[127]. Encapsulation of the metal nanoparticles in a porous hollow
shell avoids their sintering, because the metal sintering is consid-
erably inhibited. This is an area of considerable recent research
interest [128,129]. The oxide shell may not only act as physical
container (to avoid sintering in gas phase reactions or leaching in
solution), but also as co-catalyst or to protect the inner catalyst
from poisoning.

4.3. Ordered 1D-type metal oxides

Metal oxides are an important class of heterogeneous cata-
lysts [130]. They find direct application in a variety of reaction,
from acid-base to redox reactions, in photocatalytic processes,
and as catalysts for environmental protection. A key aspect of
metal oxides is that they possess multiple functional properties:

lSeed' adsorption

O

Hollow zeolite
spheres

‘ Self-assembly "

Hydrothermal treatment
and calcination_

Macroporous zeolite
macrostructures

acid-base, redox, electron transfer and transport, chemisorption by
o and w-bonding of hydrocarbons, O-insertion and H-abstraction,
etc. [131]. This multi-functionality allows making selectively com-
plex multistep transformations. For example, n-butane selective
oxidation to maleic anhydride is a 14th electron oxidation involving
the extraction of 8H atoms, the insertion of 30 atoms and which var-
ious different type of active sites are needed to be completed [131].
A vanadyl pyrophosphate catalyst is able to make selectively (up
to over 90% selectivity) this transformation in a single step without
desorption of any intermediate from the catalyst surface [132]. A
main difference between heterogeneous and homogeneous cataly-
sis is the ability of the former to make complex multistep reactions.
This is an important characteristic towards developing sustainable
(green) chemical processes, because the reduction of the reaction
steps means a reduction of waste and energy consumption, and
safer operations.

The control of the catalyst multi-functionality requires the abil-
ity to control the nanostructure and nano-architecture, i.e. the 3D
spatial organization of nano-entities [131]. The previous sections
have already highlighted how the nano-scale environment around
the active site and the presence of nano-confinement effects are
important aspects to control the catalyst reactivity, in addition to
the specific nature of the active sites. Furthermore, a suitable hier-

Fig. 7. Schematic representation of the process for the preparation of hollow zeolite spheres and bodies with a regular system of macrocavities starting from polystyrene
beads, with SEM images of a zeolite A shell formed after the hydrothermal treatment (left figure) and of the macropore ordered structure (right figures). In the latter the
walls are built of intergrown nanocrystals. The openings between the regular system of macropores are also visible.

Adapted from Ref. [123].
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archic pore structure is necessary to combine a high surface area
(and thus activity) with low diffusional limitations. The latter are
critical not only for the reaction rate, but also for the selectivity. In
consecutive reactions (the typical cases in many industrial relevant
reactions) intraphase diffusional limitations would significantly
decrease the selectivity of the intermediate product. Although in
metal oxides catalysts the problem of designing optimal catalyst
architecture has been less considered with respect to zeolite-type
catalysts, above comments indicate how instead it is a critical
element to improve the performance. There is also an additional
aspect, which has been scarcely considered.

A recent interesting development is the possibility to monitor
single-nanoparticle catalysis at single-turnover resolution using
single-molecule fluorescence microscopy [133,134]. Colloidal Au
nanoparticles catalyse the fluorogenic reduction of nonfluorescent
resazurin to highly fluorescent resorufin by NH,OH in aqueous
solutions. By using fluorescence microscopy it is possible to have
single molecule imaging of fluorescence and thus to monitor in time
and space the turnover of each active site. It is thus possible to fol-
low the single-molecule kinetics of nanoparticle catalysis [133e]. A
similar method can be also used for other catalytic reactions, such
as the monitoring of the epoxidation on Ti-MSM-41 catalyst [134c].

Although care should be taken in extrapolating these results,
which necessarily are made in conditions far from those present
during the catalytic reactions, the most outstanding observation of
these experiments is that the activity with time is not constant, but
a peak in activity is followed from a long time without activity. The
behaviour is thus quite different from what expected for a classi-
cal kinetic mechanism of catalytic reaction such as that based on
Langmuir-Hinshelwood approach [133e], neither consistent with
that expected based on the sticking coefficient. This relaxation time
between two consecutive reactions at the same active site is thus
deriving from the catalysis-induced and spontaneous dynamic sur-
face restructuring.

There is increasing evidence by advanced in situ studies
[135-138] that a dynamic surface reconstruction of the active
sites occurs in many industrial relevant reactions. Although these
observations were mainly made for supported metal particles,
it is reasonably expected that also occurs in metal oxides. In
complex reactions, there is an exchange of many electrons and
release/adsorption of significant heat of reaction. Metal oxides,
although possess some electron and heat transport properties, are
less effective than metals. Therefore, the relaxation time necessary
to return to the initial catalyst state (both the active sites and the
nano-environment) suitable to start a next reaction cycle may be
long.

These observations also indicate the concept that it is necessary
to turn the perspective in catalytic studies from the investigation of
the reaction mechanism, i.e. the nature of the active cycle and how
to accelerate the different reaction steps (in other words, the anal-
ysis of the active site turnover), to the analysis of how to accelerate
the relaxation time of the active sites, i.e. the time in between two
consecutive catalytic cycles in the same active site. From this per-
spective, the catalyst nanostructure and nano-architecture would
play an important role. Nano-objects with low dimensionality, for
example nano-tubes, -rods, -wires etc., would favour a faster mech-
anism of charge transport and dynamic of reconstruction. Carbon
nanotubes and nanofibers are known to possess better electron
and heat transport properties with respect to equivalent graphitic
active carbon due to the better nano-order which avoid many grain
and boundary interfaces. Similar effects are also expected in metal
oxides [139]. Ordered metal-oxide nanostructures offer thus var-
ious potential advantages in developing advanced catalysts: (i) a
higher geometrical surface area with reduced microporosity, (ii)
improved electron and heat transport, (iii) possibility of nano-
structuring the surface in the form of catalytic nano-reactors, and

(iv) nano-confinement and 3D geometrical architectures of active
sites.

Also in terms of fundamental studies, ordered metal-oxide
nanostructures offer potential advantages to bridge the material
gap in catalysis [140]. Most of the studies on real “nanostruc-
tured” oxides are based on materials not having a well-defined 3D
structure (both short and long-range), being composed of irregu-
larly shaped nano-crystals. These materials are polycrystalline, and
show several nano-interfaces, which stabilize microstrains, oxygen
vacancies or metal ions in unusual coordination states. A 3D envi-
ronment for adsorption/transformation may significantly modify
the adsorption of reactants and induce stabilization of transition
state complexes, a well-known concept in enzymes, but typically
not considered for solid catalysts. In 1D-type metal-oxide nanos-
tructures it is instead possible to have a high local order which
facilitates surface studies, but also materials suitable for applied
and kinetic catalytic studies.

Low dimensional oxides are characterized by a change in the
exposed crystalline planes with respect to those irregularly shaped
planes present in conventional oxides and this would affect signif-
icantly their catalytic behaviour. In general, when the dimensions
of a system are reduced to the nanoscale domain, the number of
atoms at the surface significantly increases along with the increase
in surface area per unit volume. However, this also increases the
grain boundaries and the presence of defect interface sites. In metal
oxides, very small nanoparticles often do not show good catalytic
performance for this reason, but in 1D-type nano-oxides this phe-
nomenon is significantly reduced. In addition, nanoparticles give
an easy sintering to reduce surface free energy and defects (strain-
induced grain-growth). 1D-type metal oxides show instead a higher
thermal stability.

Ueda et al. [141] prepared metal oxide nanotubes with a vari-
ety of shape structures by using carbon nanofibers with different
shapes as templates. The template was filled with a solution of the
metal oxide precursor diluted with an organic solvent (for exam-
ple, Zr(OnPr), in C;H50H, Al(OsecBu); in CCly, or SiCl, in CCly ). After
removing the excess precursor solution by filtration, the samples
were dried in air and the precursor was immediately hydrolyzed
by the water vapour in air. Consequently, the carbon nanofiber
templates were covered with a thin oxide and hydroxide. By repeat-
ing the procedure many times and finally eliminating the carbon
nanofiber by calcination it is possible to obtain low dimensional
metal-oxide materials as a replica of the starting 1D-type carbon
template, for example oxide nanotubes with a helical structure,
reflecting the shapes of starting carbon nanocoils. ZrO,, Al,03,
and SiO; helical oxide nanotubes with various inner diameter, coil
diameter, and coil pitches were produced in this way [141]. Vari-
ous other oxides (Fe;03, Co304, NiO) and mixed oxides (NiFe; 04,
LaMnOs3) transition metal oxide nanotubes could be synthesized
[141Db].

There are various synthesis strategies to prepare 1D-type metal
oxide nanomaterials (e.g., nanorods, nanowires, and nanotubes)
[142,143]. Vapour phase methods, such as physical or chemical
vapour phase deposition have often been used to prepare metal
oxide nanorods of V, Zn, Fe, Ti and other metals [142,144,145].
The method allows one to prepare interesting materials, but it is
quite expensive to prepare technical catalysts. The use of tem-
plate method also allows to synthesize well defined nanostructures,
but would require many steps and thus is also of difficult appli-
cation. In addition to nanocarbon materials as described above,
inorganic template materials, such as mesoporous silica mate-
rials or anodized aluminium oxide (AAO), could be used. This
method allows one to prepare not only metal oxides, but also metal
nanowires.

More interesting from the perspective of preparation of
technical catalysts based on anisotropic nanocrystals are the
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Fig. 8. FESEM image of a TiO, nanorod film deposited on a glass wafer with a detail of the morphology of a single papilla at high magnification, and TEM image of a single
TiO, nanorod with a detail of the high resolution well crystalline structure (presence of clear lattice fringes parallel to the wall, with the inter-plane distance of 0.325 nm for

the (110) planes perpendicular to the rod axis).
Adapted from Ref. [149].

solution-based chemical routes, because potentially less costly and
easier scalable. The use of a self-assembly method is particularly
interesting, and developed especially for titania materials [139].
Kasuga et al. [146] first observed that TiO, particles rearrange to
form nanotubes with relatively small inner diameter (8 nm) and a
low elongation ratio (around 10-15), e.g. the ratio between length
and size of the nanotube, in NaOH concentred solution (5-10 M)
under hydrothermal conditions (temperature around 110-120°C).
This study opened the investigation on this type of materials. The
hydrothermal treatment of the TiO, crystals in alkaline environ-
ments was later modified and a simplified alkaline treatment was
used for nanotube synthesis [147]. The NaOH treatment hydroly-
ses the Ti-O-Ti bonds between the basic octahedral building blocks
in the titania structures by forming hydroxyl bridges between Ti
ions, resulting in a zigzag structure. While this mechanism leads to
the growth of anatase phase in [00 1] direction, lateral growth was
found to take place under the influence of oxy bridges between tita-
nium ions. To saturate the dangling bonds and to lower the surface
energy the sheet like structures roll-up to form nanotubes [147].

Surface modified titanate sodium nanotubes
(Na,Ti,O4(0OH);) assemble and form nanorods [148], when
n-octadecyltrichlorosilane (OTS) was added to previously syn-
thesized nanotubes dispersed in toluene. The nanorod formation
can be attributed to a special packing of the surface modified
nanotubes, through a hydrophobic interaction between long
fatty chains. The self-assembled structure is characterized by
1pm long nanorods that are 50-400nm wide. The nanorods
can be also assembled at the air-water interface by using the
Langmuir-Blodgett technique. Titania nanorod films could be
deposited on glass slides using a low temperature hydrothermal
route to produce assembled nanorods having morphology similar
to papillae [149] forming a micro- and nano-hierarchical archi-
tecture (Fig. 8). The papillae with 2-6 pm diameters consist of
nanorods with 30-60 nm diameters.

Several methods to produce assemblies of titania nanorods or
similar 1D-nanostructures have been reported recently. Lai et al.
[150] reported that highly crystallized anatase TiO, nanorod bun-
dles can be prepared by a hydrothermal method in the presence of
tetramethylammonium hydroxide (TMAOH). TMAOH plays a struc-
tural template role to modify the TiO, particle shape to nanorod.
The TiO, nanorod bundles show relatively higher photocatalytic
activity than Degussa P25 evaluated via the degradation of phenol.
Bahnemann et al. [151] also reported the superior photocatalytic
performance of TiO, nanorods which could be also partly deco-

rated with anatase nanoparticles to promote the performance. The
enhanced properties are probably related to a different nature of
surface hydroxyl groups in 1D-type titania materials [152]. In addi-
tion, the photocatalytic decay rate is closely related to the nanorod
morphology [153].

The superior catalytic performance is thus closely related to
the nanomorphology. In addition, nanorod arrays are also very
suitable to develop microchannel-based microreactors for high
efficient and continuous-flow photocatalysis [154] due to their
characteristics. There are thus various motivations to develop these
ordered 1D-type metal oxide catalysts. This is a fast growing area
of research.

In various applications, it is necessary to obtain an ordered array
of 1D-type nano-oxides, for example in many catalytic applica-
tions as advanced electrodes [28]. For example, dye-sensitized solar
cells (DSSCs) made from oriented, one-dimensional semiconductor
nanostructures such as nanorods, nanowires, and nanotubes are
receiving attention because direct connection of the point of pho-
togeneration with the collection electrode using such structures
may improve the cell performance. Specifically, oriented single-
crystalline TiO, nanorods or nanowires on a transparent conductive
substrate would be necessary. A large synthesis effort was made
recently to prepare this type of ordered array of 1D-type metal
oxides (TiO, and ZnO, in particular).

Liu and Aydil [155] have used a hydrothermal method to grow
oriented, single-crystalline rutile TiO, nanorods on a transpar-
ent conductive fluorine-doped tin oxide (FTO) substrate. An HCl
aqueous solution containing titanium butoxide was used for the
hydrothermal synthesis at 150°C (20 h). The nanorods are tetrag-
onal in shape with square top facets and are nearly perpendicular
to the FTO substrate (Fig. 9a). The diameter, length, and density of
the nanorods could be varied by changing the growth parameters,
such as growth time, growth temperature, initial reactant concen-
tration, acidity, and additives. The epitaxial relation between the
FTO substrate and rutile TiO, with a small lattice mismatch plays
a key role in driving the nucleation and growth of the rutile TiO,
nanorods on FTO. A similar method was reported by Guo etal. [156]
to prepare well-aligned TiO, nanorod arrays on pretreated quartz
substrates via a hydrothermal method and by Tao et al. [157] to
prepare oriented single crystalline TiO, nano-pillar arrays on a Ti
substrate in tetramethylammonium hydroxide (TMAOH) solution
by a one-pot hydrothermal method. The TiO, nano-pillars are char-
acterized by a tetrahydral bipyramidal tip growing vertically on the
titanium substrate.
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Fig. 9. (a) FESEM images of an oriented rutile TiO2 nanorod film grown on FTO substrate (150 °C for 20 h). The average diameter and length are 90 +5nm and 1.9 +0.1 pm,
respectively. Adapted from Ref. [155]. (b) FESEM images (cross section) of nanotube arrays obtained by anodic oxidation of a Ti foil in ethylene glycol containing NH4F
applying a 50V potential for 6 h. The thickness of the titania nanostructured film is about 15 wm; tube internal diameter is 40-43 nm while tube external diameter is in the

range 100-105 nm.
Adapted from Ref. [160].

An alternative attractive method to produce dense arrays of
titania nanotubes is by anodic oxidation [158,159]. The method
is based on the electrochemical self-assembly of titania nanotube
arrays during the anodic oxidation of Ti foils or thin layers. A thin
layer of oxide forms initially during the anodization process due
to exposure of the Ti metal to the acidic electrolyte. Small pits
originate in this oxide layer due to the localized dissolution of
the oxide, making the barrier layer at the bottom of the pits rela-
tively thin which, in turn, increases the electric field intensity across
the remaining barrier layer. The increase in electric field enhances
electrochemical dissolution resulting in further pore growth, leav-
ing un-anodized metal portions between the pores. As the pores
grow deeper the electric field in these metallic regions increases,
enhancing field-assisted oxide growth and oxide dissolution, hence
simultaneously with the pores well-defined inter-pore voids start
forming. After this, the nanotubes and voids grow in equilibrium
and the nanotube length increases until the electrochemical etch-
ing rate equals the chemical dissolution rate at the top surface. A
precisely controlled rate of chemical dissolution of the metal or
oxide by the acidic electrolyte in the presence of an electric field
plays a key role in the formation of the nanotube arrays rather than
a nanoporous structure.

The first generation of nanotube array was prepared using aque-
ous electrolytes, and then the procedure improved by using polar
organic electrolytes [158b]. Using the latter electrolyte, in particu-
lar ethylene glycol (EG), very thick films up to over 150 pm could be
obtained (Fig. 9b). The control of the various parameters allows one
to obtain very precise control in the characteristics of the nanotubes
(diameter, thickness of the walls, array density, and morphology of
the nanotubes). In all these procedures, fluoride ions were used to
dissolve the oxide, but recently fluoride free electrolytes were also
used. The characteristics of the nanotube array obtained by anodic
oxidation are very different from those obtained by hydrothermal
methods. Fig. 9 compares the films obtained by the hydrothermal
method used by Liu and Aydil [155] with those obtained by anodic
oxidation using EG as electrolyte [160]. The latter allows a more
dense packing and well ordering/alignment of titania nanotubes,
with better light harvesting and efficient photo-behaviour.

The control of the anodization parameters and particularly of the
rate of electrochemical dissolution leads to complete anodization

of a Ti foil, resulting in a free-standing nanotube array mem-
brane [161] of thickness 100-200 p.m. Maximum nanotube packing
density and membrane thickness was achieved using EG as the
electrolyte. The nanotube coordination number is usually six, i.e.
each nanotube is surrounded by six others, with strong bonding
between adjacent tubes. This structure allows one to obtain mem-
branes of uniform pore size suitable for use in filtration applications
[161-163]. Usually, to prepare the membrane it is necessary to
preliminary protected with a polymer one side of a Ti foil. After
anodization, the resulting nanotube array film can be separated
from the underlying Ti substrate by dipping the sample in ethyl
alcohol followed by ultrasonic treatment to separate the nanotube
array film. The membranes are flat while wet, but curl when dried
in air leading to possibly breaking. This is due to the surface ten-
sion forces of the solution acting on the membrane. Rinsing with
low surface tension liquids facilitates to obtain flat membrane after
drying. Alternatively, critical point drying can be used in which
the membrane flatness is preserved. To open the closed bottoms
of the freestanding nanotube layer, the wet nanotube film may be
exposed for 30 min to HF vapours. This procedure leads to prefer-
ential HF gas condensation at the tube bottoms causing etching of
the backside layer.

It is thus possible to obtain by this procedure nano-membranes
with thickness of about 100-200 wm and uniform straight chan-
nels of about 50-100 nm. An interesting perspective application is
to develop novel nano-reactor concepts. Micro-reactor technology
and catalysis are two of the crucial pillars to foster a sustain-
able industrial chemistry [6]. There are several examples, which
show their critical role to achieve more eco-efficient chemical syn-
theses and develop processes with high resource efficiency and
reduced amounts of waste and/or emissions. They are key com-
ponents of process intensification, i.e. to pass from energy- and
capital-intensives to safer and eco-friendly processes, with a pos-
itive impact also on the competitiveness of the chemical industry.
Usually, micro-reactors have channels in the micrometer diameter
range (around 100-150 wm), but the passage from micro- to nano-
reactor would bring several benefits. It would further increase the
possible process intensification by one-two orders of magnitude,
and significantly improve safety. It is known that the higher wall-
to-volume ratio in micro-reactors with respect to conventional
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Fig. 10. Concept of vectorializing the active site sequence in complex, multistep reactions. On the top: (1) One-pot ideal cascade reaction versus (2) real case, and (3) proposed
concept of vectorial multi-site approach in the nanopores of a membrane. On the bottom: SEM image of a titania nanomembrane produced by anodic oxidation and pictorial
view of multisite catalytic sequence confined within one channel of the nanomembrane.

reactors, allows one to effectively quench radical-type reactions
and runaway effects. In nano-reactors, the further increase of one-
two order of magnitude in the wall-to-volume ratio will further
increase safety of operations, allowing, for example, operating
withoutrisks inside the explosion region, or with highly exothermic
reactions. Interestingly, they offer the opportunity to vectorialize
the active site sequence in complex, multistep reactions.

The optimization of the use of resources and energy, e.g. improve
atom-economy and selectivity in complex multistep reactions,
requires a novel catalyst design to control and force along a spe-
cific route the sequence of reaction steps in solventless catalytic
transformations. We may distinguish two classes of catalysts. Few
of them are selective in complex multistep reactions, as the already
cited example of the industrial process of n-butane selective oxi-
dation to maleic anhydride on (VO),P,07 catalysts [131,132].
However, it is still not possible to design ad hoc a catalyst selective
in this type of complex reactions. The second class of materials is
catalysts, homogeneous or heterogeneous, able to perform selec-
tively a single-type of reaction. To perform multi-step reactions,
one-pot cascade or domino approaches are used [164,165]. This
approach is important to develop next-generation catalysis for
renewables [166] and to exploit the synergies between heteroge-
neous and homogeneous catalysis [167].

In cascade/domino catalytic approaches, different catalytic
components are present (multi active sites) and the molecule is
converted to the final product passing from one site to the other.

In some cases, this approach was successful, but it is not pos-
sible to determine the sequence of interaction of the molecules
with the active sites, because it is essentially a random interac-
tion (Fig. 10). Therefore, the approach can be successful only when
a specific one-to-one interaction is present, e.g. the reactant and
intermediates react only with one specific site. To overcome this
problem and generalize the approach, it is necessary to force the
sequence of steps of reaction. We define this as vectorial multi-
site approach (Fig. 10). To have a vectorial multi-site approach the
random diffusion path should be shorter with respect to a vecto-
rial driving force related to a 1D flux. If the sequence of sites is
localized in an ordered manner inside a 1D channel and a gra-
dient is applied along the axial direction to force the flux, it is
thus possible to realize a controlled reaction sequence close to the
ideal situation. However, the diameter of the channels should be of
nanometric scale to realize this concept and avoid phenomena of
micro-mixing.

5. Conclusions and outlooks

The last decade has significantly turned out the perspective
for research and development in catalysis. From one side there
are many new challenges for catalysis, from the conversion of
biorenewable feedstocks [168,169] to the exploitation of less used
fossil fuel resources [169,170] and the chemical exploitation of
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solar energy [171,172]. From the other side, a significant progress
has been observed both in tools for understanding catalysis, from
in situ/operando methods [173-175] to theoretical modelling
[176-178] and in synthesis methodologies to prepare tailored
catalytic nanostructure. This review has analysed some of the possi-
bilities and new trends, although the aim was not a comprehensive
analysis, but to give a glimpse into this fast growing research
area.

It may be noted, however, that the use of the new nano-
materials as catalysts has progressed much less than the synthesis
and often a clear general strategy was missing. We have analysed
here some of the opportunities offered from a tailored nano-design
of the catalysts, from exploiting nano-confinement effects and
supramolecular active sites synergies in nano-reactors to the new
possibilities offered from new concepts such as the reduction of
the relaxation time between two consecutive turnover cycles on a
single active site and forcing a vectorial active site sequence in com-
plex, multistep reactions. There are some concepts, which may be
considered well established, but which still need active research
to be further exploited, such as the development of (i) hierarchic
pore structure to maximize catalyst effectiveness [101-104] and
(ii) metal complexes confined within solid cavities acting as nano-
reactors [179]. New developments in nano-materials offer novel
perspectives in all these areas, and in particular to develop new
catalysts able to perform more selectively complex multistep reac-
tions. This is a critical objective to improve the sustainability of
various industrial chemical processes, because the reduction in
the number of operations and an increase of the overall selectiv-
ity determines a lowering of energy and raw material resources, a
reduction of waste, and often an improvement of safety, besides to
improve process economics.

The availability of conceptually new catalysts also offers the
possibility to reconsider well-established processes. It is possible
to further improve the performance or redesign the process from
a novel perspective previously impossible due to the lack of cat-
alysts. Reducing energy intensity in many chemical processes is
an actual issue, which should be addressed from this new per-
spective. For example, light olefins (ethylene and propylene) are
the building bricks of petrochemistry, but their production is the
single most energy-consuming process in the chemical industry.
Steam cracking in year 2008 accounted for about 3 EJ (E for Exa, e.g.
10'8) primary energy use (due to the combustion of fossil fuels and
excluding the energy content of products) and nearly 200 million
tons of CO, emissions due to the combustion of fossil fuels [180].
The pyrolysis section of a naphtha steam cracker alone consumes
approximately 65% of the total process energy and approximately
75% of the total exergy loss. Approximately 20-30% savings on the
current average process-energy use are possible by using alterna-
tive processes in olefin production, e.g. catalytic dehydrogenation
(DH) or oxidative dehydrogenation (ODH) of light alkanes. DH is an
endothermic reversible reaction and thus it is necessary to oper-
ate at high temperature (usually above 650°C) to have enough
conversion, which is limited from equilibrium. This requires one
to supply energy at high temperature (an inefficient process) and
enhances the side reaction of formation of carbonaceous species
over the catalyst, thus making necessary a periodic regeneration
of the catalyst. By shifting the equilibrium using a catalytic mem-
brane, it is possible to operate at lower temperature in conditions
more favourable for an efficient heat transfer, which avoids the
deactivation. The same concept can be applied in other energy-
intensive large-scale processes, such as H, production by steam
reforming and catalytic syngas production [181]. ODH reaction is
instead an exothermic reaction not limited from equilibrium, but
suffering from low selectivity due to the easy further conversion of
the alkenes formed to carbon oxides. Recent results [182] showed
that sub-nanometric Pt clusters (8-10 atoms) are 40-100 times

more active and highly selective in the conversion of propane to
propylene. The problem is to stabilize these nano-clusters in indus-
trially relevant reaction conditions. This example shows that even
for well-established and large-scale reactions there is the need to
introduce next-generation catalysts based on a better nano-design.
The development of novel energy-efficient solutions using alterna-
tive raw materials such as light alkanes is a relevant sustainable
chemistry target [5].

The use of micro-reactors or new generation nano-reactors as
shortly discussed in the previous section, is a further relevant
direction to implement process intensification, reducing the use
of resources and improving safety, but also offering new business
opportunities [5]. There is the need of conceptually new nano-
designed catalysts to realize this opportunity. As commented for
nano-reactors, they also offer new possibilities to realize in one-
step complex, multistep reactions.

It is necessary to push these research directions and to develop
a more general strategy for the design of next-generation nano-
catalysts based on understanding of the relationship between
nanostructure and catalytic performance. Creating and mastering
nano-objects is the direction to foster for the design of advanced
catalytic materials.
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