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1. Introduction

The noble metals ruthenium, rhodium, palladium, iridi-
um, platinum, gold, and silver have been considered as most
efficient catalysts for industrial catalysis, energy conversion,
and environmental treatment.[1–5] Nano- and atomic size
effects have attracted great interest for the design of high-
performance nanometal catalysts, owing to the high surface-
to-volume atom ratio, the high exposure of active facets, and
large number of low coordination or unsaturated sites.[6–8]

However, the nanometals at the nano-/atomic scale are not in
a thermodynamically but only in a more or less kinetically
stable state, although many successful approaches have been
attempted towards increased kinetic stabilization such as
organic/inorganic capping,[9–11] long-range organizing,[12, 13]

and hetero compositing.[14, 15] For practical application and
structural stability, porous materials are most widely used as
supports to nanometal dispersions, for interaction enhance-
ment and cost decrease.[16, 17] Many porous supports, such as
carbons,[18–20] polymers,[21,22] oxides,[8, 23] and zeolites, have
been used for the confined synthesis for size control, facet
adjustment and morphology fabrication of noble metals. The
beauty of such confined synthesis lies in the fact that strong
interactions of the nanometals with the porous support can
prevent nano-aggregation.[24,25] Advantageous features of
nano-architectures allow for high accessibility and corre-
sponding confined catalysis, by creating stable, finely dis-
persed metal clusters with a high catalytic activity, as well as
a low consumption of the noble metal.

It is therefore highly attractive to develop a powerful tool
for controllable synthesis of uniform nanometals in porous
systems. The varieties of supports often result in different
synthesis strategies for confining nanometals and specific
application, such as high-temperature treatment to carbon-
supported electrocatalysts,[19, 20] defect engineering to oxide-

supported photocatalysts,[26–28] and li-
gand coordination to polymer-support-
ed biocatalysts.[21, 22] Zeolites, as prom-
ising porous supports, share core fea-
tures as follows: 1) high surface area
and strong interaction for stable dis-
persion of nanometals; 2) high phys-
icochemical host stability for the struc-
tural integrity of the catalysts; 3) high-
ly ordered structure for high catalytic
selectivity; and 4) high feasibility to
various metals for practical applica-
tions.[29–31]

Note that the specific adsorption
sites in zeolites allow for the gener-
ation of nanoclusters of noble metals,
creating a partition between the exte-
rior surface and the interior pores.[7]

Furthermore, the supercages in zeo-
lites allow for the stabilization of
unstable metal clusters, and offer an
adjusting structure and volume to
change the electronic configuration of
nanometals,[32] whereby noble metals
show very high catalytic activity and

turnover frequency (TOF).[33–36] The so-called “noble” metals
are usually very expensive metals and may constitute only
about 1 wt % of the catalyst system, in which the noble metal
is applied in a finely dispersed form as nanoparticles on
a support (carrier).[2,37] Zeolite-confined nanometal clusters
have now been prepared that are highly uniform and even
down to the atomic scale, although work is needed to
determine structures and properties with greater precision.
These samples offer a long-awaited opportunity to enhance
the catalytic gram-based activities of noble nanometals as less
material is part of the inactive bulk phase. A vast array of
synthesis methods, and corresponding structures have been

Confinement of noble nanometals in a zeolite matrix is a promising
way to special types of catalysts that show significant advantages in size
control, site adjustment, and nano-architecture design. The beauty of
zeolite-confined noble metals lies in their unique confinement effects
on a molecular scale, and thus enables spatially confined catalysis akin
to enzyme catalysis. In this Minireview, the confined synthesis strat-
egies of zeolite-confined noble metals will be briefly discussed,
showing the processes, advantages, features, and mechanisms. The
confined catalysis carried on zeolite-confined noble metals will be
summarized, and great emphasis will be paid to the confinement
effects involving size, encapsulation, recognition, and synergy. Great
progress of atomic sites in the size effect, supercage stabilization in the
encapsulation effect, site adsorption in the recognition effect, and
cascade reaction in the synergy effect are highlighted. This Minireview
is concluded with challenges and opportunities in terms of the synthesis
of zeolite-confined noble metals and their applications to design
multifunctional catalysts with high catalytic activity, selectivity, and
stability.
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developed in this area, mainly involving host–guest assem-
bling of metal precursors into the preformed zeolites, re-
transformation processing by recrystallization of low-crystal-
line, semi-crystalline, and amorphous nanostructured alumi-
nosilicates and/or silica with dispersed metals nanoparticles/
precursors, and direct synthesis by self-assembly of zeolite
structural units and ligands of metal precursors during
formation of zeolites nanocrystals.

The nature of aluminosilicates (zeolites) as a solid Lewis
and Brønsted acid catalyst provides an opportunity to multi-
ple-functional catalysts for applicability extension.[38] Some
fascinating confinement effects and corresponding applica-
tions in catalysis due to the unique zeolite structures and
supported noble metal nanocrystals were demonstrated,
indicating that the design of both structures of zeolites and
nanometals is of great importance in both academia and
industry. Zeolite-confined nanosized noble metals have
therefore been important nanocatalysts, being used on a large
scale for the refining of petroleum, conversion of automobile
exhaust, hydrogenation of carbon monoxide, hydrogenation
of unsaturated fats, and many other processes.[39,40]

Owing to the strong scientific interest and practical
importance of this field, a series of recent reviews on
zeolite-supported metals have been published.[32, 41,42] Each
of these reviews addresses mainly structural aspects and their
corresponding properties and applications. Thus, we felt that
a mechanistic review on confinement effects from confined
synthesis to confined catalysis would be informative. The
analyses presented here have become feasible only relatively
recently as advances in confined catalysis have started to
provide access to the basis and core of zeolite-confined noble
metals underpinning them. This Minireview will start from
the confinement synthesis of zeolite-confined noble metals
(Figure 1), showing the development, features, and mecha-
nisms of different advanced synthesis strategies. First (Sec-
tion 2), the approaches of host–guest assembly, re-trans-
formation, and direct synthesis will be demonstrated, which
succeed in confining metal cluster/nanoparticles within nano-
architectures, and ultra-small atomic sites in the framework of

zeolites. Next (Section 3), we will summarize the catalytic
applications of zeolite-confined noble metals, and great
emphasis will be paid to the confinement effects in catalysis
(Figure 1), including size, encapsulation, recognition and
synergy effects. The relationships between activity, stability,
selectivity, and multi-functionality are illustrated in detail.
Finally (Section 4), the important opportunities and challeng-
es of zeolites-confined noble metals, including practical
demand of the noble metals, hierarchical control of the
zeolite structures, emerging need of catalysis applications,
future requirement of mechanism extension, will be ad-
dressed to push forward the confined-catalysis applications.
We hope that such a critical review can be helpful in achieving
a better understanding of confined catalysis of noble metal
nanoparticles in zeolites and show a promising way to the
design of multifunctional catalysts with high catalytic activity,
selectivity, and stability.

2. Confined Synthesis Strategies

Zeolite-supported noble metals were first reported in the
1970s as part of a protocol for limiting particle growth to
a particular size regime as well as reducing particle aggrega-
tion.[43] Furthermore, by selecting and manipulating the
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Figure 1. Brief summary of zeolite-confined noble metals from con-
fined synthesis to confinement effects in confined catalysis.
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textural properties of zeolites, it should be possible to control
the size and shape of the resulting nanoparticles in the pores/
caves/channels of zeolites, as a so-called ship-in-bottle syn-
thesis.[44–46] In 1995, Gates et al. thoroughly explained the
spatial confinement of Y zeolite supported Ir and Pt nano-
clusters.[32] Subsequently, a number of zeolites have been
particularly interesting as the host network, such as FAU-type
zeolites X and Y (12-membered-ring (MR) channel),[47] MFI-
type zeolites (two 10-MR channels), and topologically related
BEA (two 12-MR channels), SOD (6-MR channel), and LTA
(8-MR channel) zeolite types.[48, 49] At the beginning of the
21st century, with developments in nanoscale techniques and
sol–gel chemistry, the nanometal units could be synthesized in
nanostructured materials with a remarkable degree of
control, which broke the limitation of pore size and provides
instructions for confining larger-sized nanometal particles
into nanostructures, such as core–shell structures.[50,51] Over
the last decade, a great number of researchers have focused
their attention on the development of strategies to prepare
zeolite-confined noble metals.[41, 42] Especially in the last five
years, breakthroughs were made to confine nanometals into
the zeolitic framework and ultra-small clusters into the wall of
zeolites for the high-performance design of multifunctional
catalysts.[33,52]

All synthesis strategies of zeolite-confined noble metals
can be classified into the following three main approaches:
1) host–guest assembly of the preformed zeolites and metal
precursors; 2) re-transformation of low/semi-crystalline and
amorphous nanostructured supports with dispersed metal
nanoparticles/precursors inside; and 3) direct synthesis using
metal ligand precursors during the formation of zeolite
nanocrystals. Herein, we identify the processes, advantages,
features, and mechanisms of these confined synthesis strat-
egies, as well as the detailed structures and descriptions of
corresponding examples.

2.1. Host–Guest Assembly

The metal ions/complexes, as most used metal precursors,
are generally introduced in zeolites by host–guest (preformed
zeolites-metal precursors) assembling methods. Typical metal
precursors are metal salts such as PdCl2 for Pd, RhCl3 for Rh,
and metal complexes such as H2PtCl6, Pt(acac)2 for Pt,
HAuCl4 for Au, Pd(acac)2 for Pd, Ir(CO)2(acac) for Ir. These
methods generally include wetness impregnation, gas/liquid
diffusion, and ion-exchange (Figure 2a, left).

Wetness impregnation is often used to introduce the metal
ions into almost all types of zeolites. A mixture of dehydrated
support with a certain amount of solution containing metal
precursors are prepared and dried, and then calcined and
reduced under hydrogen flow to obtain the nanometals.
Under such conditions, the amount of metal is not limited by
the composition of the framework but by the pore volume and
it is theoretically possible to completely fill the zeolite pores
with metal precursors.[53] A typical preparation is that the
introduction of metal salts or metal complexes into zeolites
takes place in solution. This is followed by reduction with
hydrogen to form metal clusters or nanoparticles, as well as

sometimes oxidation for formation of fragmented species (so
called mononuclear species).[29] This oxidation way has been
successfully used to obtain site-isolated mononuclear noble
metal catalysts.[54,55] Note that the exact nature of the formed
species is often difficult to define. For example, extended X-
ray absorption fine structure (EXAFS) results indicate the
existence of a Pt-N, Pt-O, and Pt-Al coordination shell, which

Figure 2. Illustration of the synthesis routes and representative images
of different zeolite-confined noble metals. a) STEM image of Pt-oxide/
KLTL (Reproduced with permission.[55] Copyright 2014, Wiley.), b) TEM
image of Pt@Silicalite-1 (Reproduced with permission.[59] Copyright
2014, American Chemical Society.), c) TEM image of Ag@Silicalite-
1 (Reproduced with permission.[50] Copyright 2003, Wiley.), d) TEM
image of Pd@Silicalite-1 (Reproduced with permission.[58] Copyright
2016, American Chemical Society.), e) TEM image of Pd@Silicalite-
1 (Reproduced with permission.[33] Copyright 2016, American Chemical
Society.).
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the authors describe as a mixture of oxidized and unoxidized
platinum complexes, but do not indicate a defined state.[55]

A noteworthy variant uses volatile and more labile
organometallic species, such as [Rh(CO)2(acac)] and [Ir-
(CO)2(acac)], which can be incorporated in acidic zeolites
from the gas or liquid phase onto the support.[32, 46] The zeolite
loading has to be carried out with exclusion of air and water,
which react with most organometallic compounds. Decom-
position of the organometallic precursors are then carried out
with thermal treatment under reduced pressure or in a reduc-
ing or inert atmosphere.[29]

Additionally, for zeolites, alkali-metal ion exchange is also
an effective way to introduce other metal ions (Figure 2a,
left). Note that the exchange capacity strongly depends on the
number of Al atoms per unit cell as the frameworks acquire
their negative charge by substitution of some SiIV by AlIII and
this negative charge is usually neutralized by alkali-metal
cations.[29] For example, platinum oxide was introduced in
zeolite KLTL by reaction with [Pt(NH3)4](NO3)2, followed by
oxidation at 633 K. A determination of the nuclearity of the
platinum complexes species before oxidation was provided by
STEM images (Figure 2a, right), which confirmed the pres-
ence of exclusively site-isolated single Pt complexes.[55] The
[Pt(NH3)4]

2+ species are precisely located right at the edge of
the 12-membered rings, between the two 12-membered rings,
and in the center of three 12-membered rings (Figure 2a,
right). After oxidation at 633 K, Pt-oxide/KLTL zeolite was
obtained. The location of some Pt atoms had changed but
they were still site-isolated.[55]

It has to be pointed out that such host–guest assembly
including wetness impregnation, gas/liquid diffusion, and ion-
exchange strongly depends on the pore sizes, pore volume,
and framework properties of the zeolitic supports.[29] For
example, the loading amount of metal precursor depends on
the pore volume of the support. The pore sizes restrict large
precursors from entering zeolites with their constricted pores.
Ion-exchange is often used in zeolites with high Al-content
but is not a good method in zeolites with low amount of Al.

Moreover, one disadvantage of the direct incorporation
approach is that the pores of zeolites are too small for the
access of larger molecules and this often leads to blocking of
pore channels and metal instability or inhomogeneity at the
surface. Therefore, under such direct host–guest assembly, it
seems unavoidable to have an uneconomic waste of noble
metals and a decrease of noble-metal-based activity owing to
the disadvantageous inaccessibility of some of the zeolite-
confined noble metal content.

2.2. Re-transformation

In recent years, a series of re-transformation processes
such as recrystallization from low-crystalline or semi-crystal-
line supports, seed-directed transformation from mesoporous
supports and re-transformation from amorphous supports
were developed for the full encapsulation or redistribution of
noble metals.[50,56–58]

An elegant example is the transformation from nano-
metal-supporting low-crystalline zeolites to nanometal-sup-

porting hollow zeolite by dissolution-recrystallization (Fig-
ure 2b, left). First, Silicalite-1 was impregnated with an
aqueous solution of [Pt(NH3)4](NO3)2. Then the resulting
solid was treated with tetrapropylammonium hydroxide-
(TPAOH) for recrystallization and the Pt-complex@Silica-
lite-1 composite was calcined at 450 88C. At high temperature
and high pH values, silicalite species are dissolved from inside
the host framework and recrystallize on the outer surface. The
[Pt(NH3)4](NO3)2 precursor was reduced under H2 at 300 88C
to yield Pt nanoparticles in the inner cavities of the crystals.
This way the low-crystalline zeolitic crystals were transformed
into hollow boxes, with controllable cavities, shells, and
compositions, from pure Silicalite-1 to aluminosilicate ZSM-
5, for the encapsulation of various noble metals such as Pt
(Figure 2b, right), Pd, Au, and nanoalloys (including PtPd,
PtAg, PdAg, AuAg).[56,59–61]

Mesoporous silica materials are often chosen as excellent
nanocarriers to support the noble metal nanoparticles. By
zeolite-seed-directed transformation (or re-crystallization),
the semi-crystalline and/or amorphous mesoporous silica
structure can be transformed to crystalline Silicalite-1 (we
note that Silicalite-1 is no aluminosilicate but a representative
of pure silica zeolite, that is, made entirely of silica and
isotypic to the ZSM-5 zeolite with the MFI framework). The
mesoporous silica spheres containing noble metals are used to
transform to spherical Silicalite-1 with the introduction of
Silicalite-1 seeds (Figure 2c, left), resulting in the encapsu-
lated noble metals inside the hollow centers. This secondary
hydrothermal transformation has been successfully used to
form Pt, Pd, or Ag-encapsulated hollow Silicalite-1 spheres,
respectively, (such as Ag@hollow Silicalite-1, Figure 2 c, right)
and three-dimensionally ordered macroporous Silicalite-
1 monoliths.[50, 62,63] Note that the nanoparticles within the
supports, be it Silicalite-1 or mesoporous silica, would grow to
larger particles, owing to the movement, redistribution, and
self-aggregation during the recrystallization under aqueous
and vapor conditions. Mostly recently, another seed-directed
method was developed for confinement of various noble
nanometals (Pd, Pt, Rh, Ag) inside different zeolites (Silica-
lite-1, Beta, Beta-Fe, MOR) to prevent metal sintering.[64,65]

Noble metal nanoparticles were first encapsulated in zeolite
seeds and then placed into aluminosilicate or silicalite gels to
form a crystalline zeolite sheath around the metal-containing
seeds. The key for these syntheses was the use of a mixture of
zeolite seeds and noble metal nanoclusters, and the resultant
catalysts exhibited extraordinary sinter resistance in high-
temperature reactions.

A simple amorphous-transformation method is applied to
the synthesis of Pd@Silicalite-1 from mixture of amorphous
silica nanoparticles and metal precursor chloropalladic
acid.[57] The ease of this work is to ensure the complete
integration of Pd nanoparticles inside mesoporous Silicalite-
1 nanocrystals rather than on their surface. The polyvinyl
pyrrolidone (PVP) is needed to disperse metal precursor into
amorphous silica aerogel. The aerogel containing metal
precursor is transformed to zeolite nanocrystals in the
presence of a limited amount of water, and then Pd@Silica-
lite-1 is finally obtained by calcination and reduction,
respectively. An alternative route is a solvent-free amorphous
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transformation developed by Wang and Xiao et al. , by which
the metal nanoparticles remain always highly dispersed inside
the amorphous silica during the re-transformation process
from amorphous silica to zeolite.[58, 66] This solvent-free re-
transformation works with the start of metal nanoparticles
encapsulated in amorphous silica, which then form a dry gel
after adding a structure directing agent and are finally
crystallized in an autoclave at 180 88C over 3 days. Pd@Silica-
lite-1, which is formed this way from Pd nanoparticles
contained in amorphous silica, is a good example of Pd
nanoparticles which are well-encapsulated inside a porous
crystalline silica framework (Figure 2d).[58]

2.3. Direct Synthesis

In general, the nanometals supported in zeolites by host–
guest assembly and re-transformation often lead to large and
non-uniform nanoparticles as well as unsatisfactory disper-
sion. A breakthrough of direct synthesis was made to confine
the very small nanometals into zeolites using metal ligand-
stabilized precursors (so-called ligand-precursors) during the
zeolite formation. The ligand-precursors are classical metal
coordination complexes, mainly including metal-S complex
and metal-N complex (for example, [Pd(en)2]

2+ (en =

H2NCH2CH2NH2), [Pt(NH3)4]
2+). This method using ligand-

precursors takes advantage of the cooperation effect of the
organic groups of the metal complex, small organic structure-
direction agents, and inorganic zeolite precursors to generate
a porous structure.[33] By using these coordination complexes,
the precipitation of metal hydroxides in alkaline solution
during the zeolite formation could be avoided. A series of
uniform and small metal clusters (with for example, Pt, Pd, Ir,
Rh, Ag, Au, AuPd, AuPt, PtPd nanoalloys, of sizes between
1 and 3 nm) within different types of aluminosilicates (such as
BEA, FAU, SOD, LTA), could be prepared using sufficiently
kinetically stable metal complexes under direct hydrothermal
zeolite formation conditions.[34, 48, 49, 67–69]

Notably, low-silica zeolites such as BEA and FAU suffer
from low hydrothermal stability and weaker Brønsted acidity

than Si-rich materials, which limits the applications of low-
silica zeolites as catalysts under high temperature conditions.
The synthesis of metal nanoparticles encapsulated in high-
silica small-pore zeolites or pure silica zeolite such as
Silicalite-1 would be therefore of both fundamental and
practical interest. [Pd(en)2]Cl2 was chosen to form small Pd
nanoparticles of 1.5 nm diameter encapsulated within nano-
sized Silicalite-1 (Figure 2e, left) by a hydrothermal crystal-
lization route followed with calcination and H2 reduction.[33]

The Pd clusters are located within the intersectional channels
(Figure 2e, right) and the feature of pure-silica endow the
host–guest catalyst system with excellent catalytic activity and
stability. This method has been used, so far, for the synthesis
of bimetallic nanoalloys (such as PdNi and PdCo) encapsu-
lated in the Silicalite-1 MFI framework with high catalytic
activity and stability.[15]

3. Confinement Effects in Confined Catalysis

The superior catalytic properties (see below) and excel-
lent stability of the nano or subnano noble-metal clusters
confined in zeolites create new prospects for their practical
high-performance catalytic application. Moreover, zeolite-
confined noble-metal catalysts encounter challenges during
preparation, activation, and operational use for a wide variety
of reactions, such as CO oxidation, water-gas shift reaction,
selective hydrogenation, deNOx, reforming and other organic
reactions (Table 1).

Here, we illustrate confinement effects (including size,
encapsulation, recognition and synergy effects) to better
understand the advantages and features of confined catalysis,
showing excellent activity, stability, and selectivity.

3.1. Size Effect for Activity Enhancing: From Nanoscale to Atomic
Sites

In general, noble metal nanoparticles possess unique
nanoscale effects and improved catalytic properties compared

Table 1: Catalytic reactions and catalysts of various zeolite-confined noble metals.

Catalytic reactions Catalysts

CO oxidation
(CO+ O2!CO2)

Pt/KLTL,[55] Pt/Silicalite-1,[59] Pt/Beta,[64] Pt/ZSM-5.[70]

Oxidation of hydrocarbons
(e.g. CH4 +1/2O2!CO +2H2, epoxidation)

Pd/H-ZSM-5,[35] Pt/Silicalite-1, & /Beta,[64] PtPd/TS-1,[71] Au/TS-1.[72–74]

Oxidation of alcohols
(e.g. 2CH3CH2OH+ O2!2CH3CHO+ 2H2O)

Pt, Pd, Rh or Ru/SOD, & /GIS, & /ANA,[49] Au/Silicalite-1,[51] AuPd, AuPt, PdPt/Na-
LTA,[34] Pt, Ag/Silicalite-1.[62]

Water-gas shift
(CO+ H2O!CO2 +H2)

Pt/Beta,[64] Au/NaY.[75]

Selective hydrogenation
(e.g. alkenes, alcohols and aldehydes)

Pt/MCM-22,[52] Pt/CHA,[54] Pd/Silicalite-1.[76]

Other organic reactions
(e.g. coupling reactions, hydrochlorination, hydrofluorina-
tion)

Pd/Silicalite-1,[57] Pd/NaY,[77] Pt/H-ZSM-5,[78] PtIr/H-ZSM-5,[79] Pd/HY[80] , PtPd/USY[81] ,
PtPd/ZSM-5.[82]

deNOx Pt/USY,[83] Ir/ZSM-5,[84] Au/ZSM-5,[85] Pt/ZSM-5,[86] Au/NaY, ZSM-5,[87] Pt/Beta.[88]

Reforming reactions
(e.g. dehydrogenation, dehydrocyclization, hydroisomeriza-
tion, hydrocracking)

Pt/ZSM-5[89] , Pt/ZSM-22[90] , Pt/HZSM-5[91] , Pt/USY[92] , Pt/ZSM-5, & /Beta.[93]
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with larger microscale bulk metals because of more exposed
active sites per molar amount of metal.[40] In the last decade,
the rapid development of the above-mentioned synthesis
strategies provides a good chance to understand the unique
mechanism and effects of different sizes of nanometals in
zeolites. Particle sizes of nanometals in zeolites have been
precisely controlled, for example, nanoscale sizes by nano-
encapsulation, subnanoscale sizes by traditional impregnation
and atomic-scaled sites by framework fixation. As it is well-
known, the size decrease generates an increase of unsaturated
metal surface atoms; thus the surface free energy of the metal
species increases, and more and more metal sites become also
active for metal–support interactions.[94–96] Different to other
supports, size effects in zeolites can be better understood,
because of the precise control of particle sizes in the same
type or topological structure of zeolites. That means that size
effects of noble metals can be investigated in a very similar
support environment. Note that the unique crystal structure
of zeolites even affects the sizes of nanometals on a 0.1 nm
level, for example by using K+ instead of Na+.[33]

The recent studies on nanoscale effects of zeolite-confined
nanometals (Figure 3a) show that the deviation of their

atomic and electronic structures from the expected electronic
structure at very small nuclearities might be due to their
interaction with the framework.[40, 97] The nanometals may be
charged as a result of incomplete reduction or of interactions
with the framework. The catalytic activity normally increases
with the decrease of the particle size. Recent theoretical and
experimental studies have demonstrated that subnanometer-
sized metal clusters can have a better catalytic activity or
selectivity than the nanometer-sized counterparts.[40,98, 99]

A unique example of size effect was reported by Yu et al.
about well-dispersed and small Pd nanoparticles in nanosized
Silicalite-1 (Pd/S-1-in).[33] The size of Pd cluster can be
decreased by using alkali hydroxide in the synthesis proce-
dure, because the alkali cations like K+ and Na+ may reduce
some void spaces of the channels.[33] It was obvious that
smaller Pd nanoparticles (1.8 nm in Pd/S-1-in) were obtained,
compared with commercial Pd/C (3.8 nm) and Pd/S-1 via
impregnation (Pd/S-1-im, 2.5 nm; Figure 3b). While using
alkali hydroxide, the size can further decrease to 1.6 nm in Pd/
S-1-in-Na and 1.5 nm in Pd/S-1-in-K. In the H2 generation
reaction from the complete decomposition of formic acid, the
Pd/S-1-in-K catalyst gave the highest turnover frequency,
TOF of 856 h@1 at 25 88C and 3027 h@1 at 50 88C, which is about
1.1 fold of Pd/S-1-in-Na, 1.4 fold of Pd/S-1-in, 5-fold of Pd/S-
1-im, and 19-fold of a Pd/C catalyst at 25 88C (Figure 3 b).
Notably, under similar conditions, the TOF value of smallest
size in this work is not only among the highest activities, but
also the size effect could be perfectly defined and possibly
investigated as a model for the relationship of size/activity.[33]

Similar size effects have been used in the high-perfor-
mance design of a nanoscale to atomic distribution of metal
species in zeolites.[52, 54,55] A remarkable work by Corma et al.
was MCM-22-confined subnanometric Pt species (single Pt
atom and/or subnano Pt cluster) catalysts.[43] A very small
particle size (0.2–0.7 nm) of Pt in Pt@MCM-22 showed an
excellent catalytic activity in propylene hydrogenation, which
was about five times higher than conventional Pt/MCM-22-im
(1–6 nm).

Accordingly, atomically distributed active metal centers
could be the ultimate goal of fine dispersion in zeolites. An
ideal case may be single atom sites confined in the cages or
channels of the frameworks, because of the maximized free
energy of metal surface species, which could then lead to
unique chemical properties of single atom catalytic centers
and maximum utilization of noble metals.

3.2. Encapsulation Effect for Stability Enhancement: From
Nanostructured Fixation to Supercage Stabilization

The active atoms of nanometals are generally located at
corners and edges, and tend to sinter under harsh reaction
conditions.[100, 101] As a result of this low thermal stability,
noble nanometal deactivation by Ostwald ripening or particle
migration and coalescence is a big limitation for their
industrial application. Long-term stability and high activity
of the nanometals are therefore crucial in their applications.
Encapsulation, as an efficient and sustainable solution,[102] has
been developed to overcome this problem and to confer high

Figure 3. Size effect of noble metals in zeolites. a) Illustration of the
changes of surface free energy and specific activity with the size of
noble metal particles in the zeolite support; b) TOF values of H2

generation from the dehydrogenation of formic acid–sodium formate
(1:1) at 25 88C (black) and 50 88C (red) with Pd nanoparticles of different
average size on either carbon (Pd/C) or in Silicalite-1 (Pd/S-1)
(im = impregnation, in = in situ encapsulation). Insets: TEM images
and corresponding size distributions of Pd clusters. Scale bars: 20 nm.
Reproduced with permission.[33] Copyright 2016, American Chemical
Society.
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activity and extended lifetime to nanometal catalysts. Nano-
structured core–shell or yolk–shell zeolites are often used to
encapsulate the metal nanoparticles (Figure 4a). The noble-
metal particles are usually dispersed in the cores and are fixed
by the shells, which prevent growth by sintering. Such an
encapsulation by nanoscale fixation has been an efficient way
to a high-performance catalyst design, for example, for Pt
nanoparticles encapsulated in a hollow single-crystal Silica-
lite-1 catalyst for CO oxidation.[59] While the silicalite shell
limits transport of propylene to the metal particles, CO is
converted into CO2 by Pt nanoparticles. The unique yolk-shell
structure shows a remarkable resistance to poisoning by
propylene during CO oxidation.

Strong interactions between the noble metals and zeolites
are mostly preferred for stabilizing the nanometals. The
unique supercages of zeolites offer a strong electrostatic
interaction and limited spatial volume to change the elec-
tronic configuration of nanometals, which allow for the
kinetic stabilization of thermodynamically unstable metal

clusters. Noble metals encapsulated in the supercages of
zeolites can be summarized into the three categories (Fig-
ure 4a): I) in the zeolite micropores, II) inside of the zeolite
crystals, and III) in the intersectional void spaces.

Zeolite frameworks in which pores delimit relatively large
cavities interconnected to each other by subnanometric
windows are particularly interesting. Therefore, in early
studies, clusters were formed inside those cavities. These
clusters were generally too large to escape from the cavities
and thus showed very high stability.[103–105] An innovative way
was developed by Wang and XiaoQs group to a series of noble-
metal@zeolite catalyst in the widely useful size range of 0.8–
3.6 nm, even larger than zeolite channels.[64] The size of Pd
nanoparticles in a Pd@Beta catalyst were well maintained
after the high-temperature treatment at 600 88C (Figure 4b,
top), which indicated their extraordinary sinter resistance.
Besides, in long-time water-gas shift reactions, the Pd@Beta
catalyst maintained more than 90 % activity (from
615 molCO molPt

@1 h@1 to 561 molCO molPt
@1 h@1) after 6000 min

while the activity of conventional supported Pd/Beta by
impregnation decreased 30% (from 630 molCO molPt

@1 h@1 to
435 molCO molPt

@1 h@1) after 2640 min. (Figure 4b, middle and
bottom). Note that after usage, the Pt@Beta catalyst still
incorporated platinum nanoparticles in the original diameter
range of 0.8–3.2 nm, whereas after its use, Pt/Beta incorpo-
rated much larger nanoparticles (2–8 nm) than before (1.2–
3.3 nm).[64]

Most importantly, these entrapped noble-metal clusters
have been expanded to many catalysis reactions such as
a series of metal@zeolite (including Pt@Beta, Pt@MOR,
Rh@Beta, Rh@MOR, Ag@Beta, Ag@MOR) for CO oxida-
tion, oxidative reforming of methane and the water-gas shift
reaction,[64] Pd@Beta for hydrogenation of nitroarenes,[65] and
Pd@Silicalite-1 for C@C coupling reactions,[57] where they
exhibit high activity and good shape selectivity, as well as
excellent stability (such as a remaining yield of 93% after 15
runs in C@C coupling reactions).[57]

The key effect of encapsulation is to significantly improve
the stability of zeolite-confined noble metals and the resultant
catalysts exhibit extraordinary sinter resistance, especially in
the high-temperature reactions.

3.3. Recognition Effect for Selectivity Enhancement: From
Molecular Sieve to Site Adsorption

Nature makes abundant use of high selectivity, especially
in that enzymes usually process only very few molecules
which fit into their active sites. For zeolite-based catalysis,
shape selectivity (so-called molecular sieving) means that the
transformation of reactants into products depends on how the
processed molecules fit into the pores of the zeolite and then
to the active sites of the catalyst. For zeolite supports, the
shape or topology of the porous structures can strongly affect
the selectivity on the molecular level. Industry has also
exploited shape selectivity in zeolite catalysis for almost
50 years.[106–108] For research on zeolite-confined catalysts it is
in reversal important to show a shape selectivity of the
zeolite-catalyst system to prove that the catalysis does indeed

Figure 4. a) Model of the location of noble metal nanoparticles and
nanoclusters in zeolites. b) The HRTEM tomographic images and size
distributions of nanoparticles of Pd@Beta and Pt@Beta after calcina-
tion at 600 88C for 240 min; average rate of Pd@Beta and Pd/Beta in
the water-gas shift reaction at 300 88C and the corresponding TEM
images of Pd@Beta and Pd/Beta after the water-gas shift reaction.
Reproduced with permission.[64] Copyright 2018, Springer.
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take place inside the zeolite pores and not only on catalysts
which are attached to the outer surface or at pore mouths.

In early studies and in the traditional definition, shape
selectivity often refers to reactants, intermediates, and
products. In a catalytic reaction the substrate molecule first
enters into an interaction with the active site of the catalyst;
intermediates may form, which then convert into the final
product, which leaves the catalyst site. Therefore, once the
mass transfer of reactant or product is limited, a low
conversion would occur. Such a limitation of mass transfer
can derive from the shapes, sizes, and topologies of reactants,
intermediates, and products in connection to the zeolite
support framework. In other words, if any reactant in a feed
mixture cannot diffuse into the zeolite framework, these
reactants will remain unreacted and end up in a mixture with
the products (Figure 5a). A recent work discovered that the
relative fast diffusion directly affects the selectivity and
conversion.[54] For example, when chabazite supported Pt
species in Pt@CHA were tested in the hydrogenation of
olefins of different sizes, more than 80 % ethylene (0.39 c)
but no propylene (0.45 c) were converted under identical
conditions, because the permeation of ethylene was faster
than propylene.[54]

With further understanding of the mechanism, it was
realized that transition-state selectivity can occur. The top-
ologies of zeolites strongly influence the rates of adsorption
and reaction by the adjustment of relative Gibbs free energies
of the transition states.[109, 110] Similar to the shape selectivity of
reactants, the more bulky transition states do not form inside
the pores of zeolites, and the reaction intermediates cannot
continue to undergo consecutive reactions.[109, 111]

The shape-sieve property of zeolite supports has been
thoroughly investigated by testing the molecule-size depen-
dent selectivity of Pd nanoparticles inside Silicalite-1 (Pd@S-
1) nanocrystals in the reaction of molecules with different
sizes.[57] In the hydrogenation of nitrobenzene and 1-nitro-
naphthalene, the yield of aniline can reach up to 94% while
only a negligible amount of 1-nitronaphthalene was converted
into 1-aminonaphthalene in Pd@S-1, because 1-nitronaph-
thalene with a large molecule size (7.3 X 6.6 c2) could not pass
through the micropores (pore size: 5.3 X 5.6 c2) of Silicalite-
1 (Figure 5b). At the same time the size-dependent selectivity
results of Pd@S-1 demonstrated that the hydrogenation of
nitroarenes took place inside the pore system. A similar size/
shape selectivity of Pd@S-1 was also observed in oxidation
and carbon–carbon coupling reactions.[57]

Apart from the shape selectivity enacted by the pore size
of the zeolite support, the adsorption state of reactants on the
catalyst site also influences the catalytic selectivity and
activity.[112, 113] The site adsorption on the metal surface is
therefore also critical after the pore selectivity. Recent work
by XiaoQs group used a Pd@Beta catalyst with high selectivity
in the hydrogenation of substituted nitroarenes.[65] While the
zeolite micropores determine the steric arrangement of the
molecules into the pore channels, the Pd sites fixed in the
zeolite have a selective adsorption to different organic groups.
The adsorption of 4-nitrochlorobenzene to the Pd sites, occurs
primarily via the nitro rather than the chloro group owing to
the stronger interaction of the nitro group with the Pd surface

(Figure 5c, I). Subsequently, in the conversion of 4-nitro-
chlorobenzene, Pd@Beta showed a selectivity greater than
99.0% of 4-chloroaniline, while on conventional supported
Pd catalysts (Pd/C, Pd/TiO2, Pd/Al2O3, and Pd/SiO2), de-
chlorination occurs with 4-chloroaniline selectivities ranging
from 70.9% to 89.6% (Figure 5c, II). The extraordinary
selectivity of Pd@Beta was attributed to the sterically
selective adsorption and was further confirmed by compet-
itive adsorption and adsorbate displacement tests.[65]

The expected shape selectivity of zeolites is important for
a catalytic selectivity because the steric restrictions offered by
the pores, caves and cages limit the sizes and diffusion of
reactants and products and influence the transition state or

Figure 5. a) Illustration of the shapes, sizes, and topology selectivities
of a zeolite support. b) The size-selective catalysis of Pd@S-1 in the
hydrogenation of nitroarenes. Reproduced with permission.[57] Copy-
right 2016, Wiley. c) Selectivity of Pd@Beta. I: The proposed models
for the adsorption of 4-nitrochlorobenzene on Pd@Beta. II: Substrate
conversions (star) and product selectivities (colored columns and
numerical y-axis values) for the hydrogenation of 4-nitrochlorobenzene
on various catalysts. Reproduced with permission.[65] Copyright 2017,
Wiley.
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which species can enter and leave the active sites. The
selective adsorption at confined metal sites is another
possibility to induce a selective catalytic reaction, in compar-
ison with only shape-selective ones.[52]

3.4. Synergy Effect for Multifunctional Design: From Dual Sites
to Cascade Reactions

Zeolites can provide a specific platform for nanometals,
for example, protective microenvironments and functional
sites for catalytic reactions. For example, combined with
noble metal sites, acidic zeolites enable dual-site catalysts
capable of catalyzing different types of reactions on dual
active metal and acid sites (Figure 6a, inset).[114–116] Dual-site
catalysts usually have unique properties due to the synergy
between metals and acidic functions.[117] Generally, in a cata-
lytic reaction, the confined noble metal in the acidic zeolite
will strongly influence the state of the acid sites. For example,
Pt and Ir metal nanoparticles became involved in charge
transfer with neighboring framework atoms of Beta and Y
zeolites and thus affected the mean framework electronega-
tivity of the zeolites as was shown by 1H magic-angle spinning
(MAS) NMR and FTIR spectroscopy.[118] At the same time,
the zeolite framework will have a confinement effect to the
electronic structure and coordination state of surface atom
sites of noble metal clusters.[35] Therefore, bifunctional
catalysts could show advantageous synergistic effects in
reducing the energy compared with the independent func-
tions of acid sites and noble metal sites (Figure 6 a).[114]

To better understand the bifunctionality of MFI-type
zeolites with supported Pd nanoparticles, the hydroconver-
sion of furfural (FFL), as a model reaction, has been
investigated.[117] Remarkably, different products were ob-
tained when the zeolite support changed from Silicalite-1 over
Na-ZSM-5 to H-ZSM-5, respectively. Temperature-pro-
grammed desorption studies reveal that both the adsorption
of furfural and the activation of H2 on encapsulated palladium
species are significantly affected by the zeolite microenviron-
ment, which accordingly led to different pathways in the
furfural hydroconversion catalyzed by the Pd@MFI networks
of S-1, Na-ZSM-5, and H-ZSM-5 (Figure 6b). The additional
functionalities provided by the ZSM-5 zeolites were inves-
tigated by means of temperature-programmed desorption
(TPD) of NH3, H2 and furfural probe molecules (Figure 6b).
The NH3-TPD showed a clear signal for Pd@H-ZSM-5,
indicating and quantifying the abundant acid sites that are
available for Brønsted acid catalytic activities. In H2 adsorp-
tion, higher amount of H2 are adsorbed on both Pd@Na-
ZSM-5 and Pd@H-ZSM-5 than on Pd@S-1, indicating a pro-
motion effect for H2 adsorption of the zeolite frameworks and
their aluminum content over an all-silicon framework like
Silicalite-1, which just has the same MFI structure. The
desorption of FFL shows slight differences between Pd@S-
1 and Pd@H-ZSM-5 and the desorption temperature increas-
es with more acid sites. In the hydroconversion of furfural, the
main product by Pd@H-ZSM-5 was 1,5-pentanediol by
hydrogenolysis–hydrogenation (Figure 6b).[117]

Figure 6. a) Illustration of the possible bifunctionality and synergistic
effect by the catalyst with both acid sites and noble metal active sites.
Inset: model of a cascade reaction by the bifunctional catalyst. b) The
selectivity of different catalysts in the hydroconversion of furfural into
1,5-pentanediole. Inset: NH3-TPD, H2-TPD, and furfural-TPD of Pd@S-
1 (black), Pd@Na-ZSM-5 (blue), and Pd-H-ZSM-5 (red). Reproduced
with permission.[117] Copyright 2018, American Chemical Society.
c) Yields of combined 4-(2-furyl)butan-2-ol (FAc-HH) and 4-(2-furyl)bu-
tan-2-one (FAc-H) for sequential aldol addition, condensation and
hydrogenation of furfural with acetone over the tested catalysts.
Thereby the yield of the minor condensation product FAc-H is only
3.2%, 8.2%, 8.5%, and 5.9% for the four catalysts. Inset: illustration
for the consecutive reactions to fully-hydrogenated FAc-HH. Repro-
duced with permission.[36] Copyright 2018, American Chemical Society.
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A similar synergistic effect also guides the CH4 combus-
tion over Pd/H-ZSM-5 catalysts, which show high perfor-
mance at low temperature.[35] The interactions between the
surface Brønsted acid sites of H-ZSM-5 and the Pd oxide
species, that is, the relationships between the synthesis
conditions and electronic structures of Pd oxide were inves-
tigated experimentally and theoretically. The theoretical and
experimental evidence show that the Pd oxide species
anchored by Brønsted acid sites of H-ZSM-5 exhibit strong
Lewis acidity and lower oxidation states, which is beneficial to
the C@H bond activation and corresponding reduction of the
reaction barrier.[35]

Further, multifunctional catalysts inspired by bifunctional
catalysts would be possible to achieve multistep cascade
reactions (also called tandem reactions) in one pot. Such
reactions are extremely important for sustainable synthesis
with lower cost, fewer chemicals, and less energy consump-
tion. It enables multiple reactions to occur in a single system
and at similar conditions, which is considered as a promising
and valuable process for decreasing the cost of separation
steps and increasing energy utilization efficiency.[119, 120] Gen-
erally, dual or more kinds of active sites are needed in cascade
reactions to ensure the catalysis of each step. Further, it is of
great importance to precisely control the distribution of
different active sites for selectively driving specific cascade
reactions.[121]

Recently, a Pt@H-ZSM-5 metal-acid catalyst has been
used in a one-pot cascade catalytic reaction.[36] The cascade
reaction is the aldol condensation of furfural with acetone and
the subsequent hydrogenation of the adduct over Pt@H-
ZSM-5, with the hydrogenated aldol adduct as the target
product (Figure 6c, inset). As a result, a combined yield of
81% for the hydrogenated aldol adducts 4-(2-furyl)-butan-2-
one (FAc-H, 3%) and 4-(2-furyl)butan-2-ol FAc-HH (78%)
was achieved on Pt@H-ZSM-5 (Figure 6c). In contrast,
a much lower yield toward the cascade reaction were
exhibited in Pt/H-ZSM-5 (22%), physically mixed Pt/SiO2

and H-ZSM-5 (27%) and physically mixed Pt@S-1 and H-
ZSM-5 (10 %). The significantly distinct yields are attributed
to the distribution of metal and acid sites. If Pt nanoparticles
would have been on the external surface, it would have led to
efficient furfural conversion into furfuryl alcohol as the main
product by Pt-catalyzed hydrogenation before the aldol
condensation by the acid sites at the internal surface of the
zeolite. Therefore, for Pt nanoparticles encapsulated in
Pt@H-ZSM-5, the zeolite host will limit the access of furfural
to the Pt sites, leading to the preferential conversion of
furfural via the aldol condensation pathway.[36]

Multifunctional metal-supported catalysts (Pt/H-ZSM-5
and Pd/H-ZSM-5) for glycerol to hydrocarbon conversion
have been investigated by Varma et al.[122] The multistep
reaction starts with the deoxygenation of glycerol to oxygen-
ates and other intermediates such as short-chain hydro-
carbons (both paraffins and olefins) and/or monohydric
alcohols. Then, aromatic species are generated by combining
short-chain species in the channel or on the acidic sites of H-
ZSM-5 zeolite. With the enhancement of the aromatic yield
by Pd nanoparticles, around 90 % glycerol conversion and
60% yield of aromatic hydrocarbons were achieved over the

Pd/H-ZSM-5 catalyst. It provides a new perspective on the
conversion of glycerol into hydrocarbon by designing a bifunc-
tional catalyst.[122]

As a highlight of multifunctional catalysts, the cascade
reactions, which depend on and use synergy effects are
a sequential transformation of reactants with immediate
utilization of intermediates to lead to the formation
of products without separation steps. The cascade reactions
thus offer great advantages with respect to economizing
on costs and time, and limit undesired mass or energy
losses.[123]

4. Challenges and Opportunities

Rapid progress in the zeolite-confined noble metals has
taken place in the last few years, with the opportunities
presented by the successes in confined catalysis. However,
much remains to be learned. The states and reactivities of
supported metal clusters are still not well known, although
much progress have been made to investigate the above-
mentioned problems of unknown states and reactivities of
supported metal clusters. The effects of zeolites on metal
cluster structure and the nature of the metal-zeolite interface
are less than well understood.[41, 42,99] Theoretical chemistry is
beginning to have an impact on the assessment of electronic
properties, with calculations having been reported,[45, 124] but it
is still too early for theories to account reliably for the
influence of the support.

The important opportunities and challenges in catalysis
are a precise design on the combination of both metals and
zeolites to the reactions for which the activity or selectivity of
multifunctional confined catalysts is superior to the conven-
tional current commercial catalysts. The following goals are
essential to address in order to push forward the confined-
catalysis applications.
1) Practical demand of the noble metals: The high cost in

noble metal-based catalysts is still one of the major
challenges which can hinder their further large-scale
application even if the noble metals are widely used in
practical industrial procedures. Non-noble metals such as
transition metals could be a possible alternative,[125]

however their often low activity, selectivity, and stability
still need to be addressed. It is therefore an emerging
demand to maximize the activity of heterogeneous noble-
metal catalysts and minimize their losses by engineering
suitable composites, morphologies, and structures. Signifi-
cant progress has been recently made in single atom
catalysts, which can enable the reasonable use of metal
resources and facilitate atom economy.[6] The catalytic
activities of atom catalysts can be greatly enhanced by
maximizing the expression of active sites toward a specific
reaction. However, achieving single atom distributions in
zeolites still face many difficulties because of uncontrolled
aluminum sites, low supercage specificity or framework
differentiation, and low level defects.[32, 42] Until now, there
is no example showing the feasibility of single-atom
catalysis in zeolites, although atomic sites or single metal
complexes have been suggested in a few works, albeit

Angewandte
ChemieMinireviews

12350 www.angewandte.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 12340 – 12354

http://www.angewandte.org


apparently without definitive evidence on the exact
species state.[55]

2) Hierarchical control of the zeolite structures: The limi-
tation of matter diffusion in microporous systems is a main
problem for industrial catalysis. Hierarchically porous
structures could provide zeolite-confined nanometal cata-
lysts with a perfect combination of porosity and nano-
scale,[16, 17] which not only decrease the loading amount of
noble metals but also increase their utilization efficiency
owing to their high surface area, rich edge/corner atoms,
and the synergetic effect. Ideally hierarchical porous
supports have both well-defined macropores and inter-
connected mesopores involving tunable microporous and
mesoporous nanoscale units. More importantly, on all
length scales, the larger pores should be connected to the
smaller pores, where reactants and products are able to
enter and exit, respectively, the interconnected meso-
pores.[126] Well-defined macroporous structures can sig-
nificantly improve the active site accessibility. In compar-
ison, industrial catalysts often only mix micro-, meso-, and
macro-pores, showing no hierarchy but disordering.
Therefore, the control of hierarchical zeolite structures
will be a favorable choice.

3) Emerging need of catalysis applications: A key objective
of industrial catalysis research are cascade reactions as an
effective process of eliminating costly separation steps and
increasing energy efficiency. Multifunctional catalysts are
therefore in great demand. Zeolite-confined noble metals,
which have both active centers of the noble metal guest
and the zeolite host, are interesting to achieve cascade
reactions. However, there are only a few successes.[36] One
problem is the exposure of reactants to both active sites,
which might make the reactions occur in parallel instead
of in a specific order. Therefore, tailoring the distribution
of different active sites is essential in the multifunctional
catalyst design. The spatially compartmentalized hierarch-
ical structure may be a rational design.[127] Considering the
limitation of zeolite pores, the uncertainty of sites and the
difficult size control of noble metals, zeolite-confined
noble-metal catalysts with concise and designable acid
sites and noble metal sites for cascade reactions still have
a long way to go.

4) Future requirement of mechanism extension: Confine-
ment effects are the most important features of zeolite-
confined noble-metal catalysts. These catalysts are mostly
used in thermocatalytic reactions, such as oxidation,
hydrogeneration, and so on.[57,65] At the same time, good
examples also exist in the applications of electrocatalysis
(such as methanol oxidation), photocatalysis (photode-
gradation of volatile organic compounds, VOCs), and
biocatalysis (enzyme catalysis).[128–130] However, in other
specific catalysis types such as enantioselective chiral
catalysis, the presented metal@zeolite systems are still
very difficult to be used owing to their lack of chiral
features and recognition, but it would be an important
future aspect.

Note that the defined structures of zeolites give rise to
confinement effects such as high size and shape selectivity,

and such defined structures are not found in other traditional
porous supports such as carbons, silica or metal oxides and
organic polymers. It could therefore be of scientific interest
and technological importance to extent unique mechanism
and effects of zeolites to other supports. Recently, zeolite-
related metal–organic frameworks (MOFs) also show similar
confinement effects due to their well-defined pore structure.
MOFs supplement zeolites with their organic–inorganic
hybrid nature, controllable modularity, tunable porosity, and
possible implementation of chirality. MOF-confined noble
metals are also developing rapidly, not only as multifunctional
catalysts.[131] The range of nanoparticles@MOFs is even more
extensive with potential applications investigated in molec-
ular adsorption and separation, catalysis, sensing, optics,
sequestration of pollutants, drug delivery, and renewable
energy, as covered by recent reviews.[131] Further, the appro-
priate size control of noble metals, the specific selection of
support and the precise tailoring of active sites are crucial for
the development of confined catalysis.[40, 132]

Although zeolite-confined noble metals have been stud-
ied in industry for almost 50 years, it is still at the beginning
and needs further and deeper investigation in many aspects
such as electrocatalysis, photocatalysis, and in commercial
applications. Much remains to be learned about the struc-
tures, reactivities, and catalytic properties of these materials.
Advancement of this understanding will require continued
developments in characterization science and extension of
synthetic methods to broaden the class of materials. In view of
the recent advances in zeolites-confined noble metals and
their applications it appears that the future in this research
area is bright.
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Tsud, F. Dvoř#k, V. Joh#nek, A. Neitzel, J. Mysliveček, Nat.
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