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ABSTRACT: The fixation of metal nanoparticles into zeolite crystals has emerged as a new series of heterogeneous catalysts, giving
performances that steadily outperform the generally supported catalysts in many important reactions. In this outlook, we define
different noble metal-in-zeolite structures (metal@zeolite) according to the size of the nanoparticles and their relative location to the
micropores. The metal species within the micropores and those larger than the micropores are denoted as encapsulated and fixed
structures, respectively. The development in the strategies for the construction of metal@zeolite hybrid materials is briefly
summarized in this work, where the rational preparation and improved thermal stability of the metal nanostructures are particularly
mentioned. More importantly, these metal@zeolite hybrid materials as catalysts exhibit excellent shape selectivity. Finally, we review
the current challenges and future perspectives for these metal@zeolite catalysts.

B INTRODUCTION Zeolite is a solid material with a well-defined microporous
structure, uniform acidic/basic sites, and good thermal/
hydrothermal stability.”* ">’ Owing to these features, zeolite
supported metal nanoparticles have already been used in many
important industrial processes, such as catalytic isomerization,

The catalytic performances of heterogeneous catalysts can be
adjusted by the catalyst structures.'” "’
highly desired to develop unique catalyst structures with proof-

In this respect, it is

in-concept designs for the target reactions. Compared with the cracking, and hydrogenation reactions.*~** In these cases, the

metal nanoparticles are mostly loaded on the external surface
of zeolite crystals, which might proceed the migration and

metal nanoparticles generally supported on the external surface
of solid supports, localizing them within a confined species

usuall}lr Izelads to improvements in the catalytic perform- Ostwald ripening*>~” that cause metal sintering to lose the
ances."*™?' Successes have been achieved in encapsulating activity. In order to overcome this problem, it has been
metal nanoparticles within carbon nanotubes, which improves developed to introduce metal species into the zeolite crystals,
the surface charge and enhances the catalytic activity of Fe obtaining a series of unique catalysts denoted as metal@zeolite
nanoparticles in Fischer—Tropsch (F-T) synthesis,ls RhMn catalysts.‘w_42 These catalysts exhibit improved metal sinter
nanoparticles in the syngas-to-ethanol transformation,” and resistance compared with the supported nanoparticles because
Cu nanoparticles in the ester hydrogenation.”” Comparing of the stabilization of these metal nanoparticles by the rigid
carbon nanotubes with an electronic effect to the metal zeolite framework. In addition, shape-selective catalysis, an

nanoparticles, the mesoporous silica is electronic-inert but it
also contributes to the metal nanoparticle stabilization by Received: August 23, 2020
19,2425 1p Published: September 25, 2020

encapsulation within the mesoporous channels.
addition to these mesoporous materials with metal nano-
particles, they are expected to combine the metal nanoparticles
with the porous materials with smaller pores, such as
micropores with sizes at a single molecule level.
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important feature of zeolite catalysts, is also introduced in
these metal@zeolite catalysts.”®*>** This is another advantage
of metal@zeolite structure that is rarely achieved on the
supported metal nanoparticles. In this case, the zeolite
micropores act as the channels for the molecular diffusion
and reaction, which bring a new opportunity to adjust the
reaction process by engineering the zeolite micropores.

The aforementioned advantages of metal@zeolite catalysts
motivated the investigation of the synthesis of these hybrid
materials. In the beginning, the introduction of metal species in
zeolite micropores is performed from metal cation exchange in
the liquid phase or metal migration at a high temperature.™~*’
Later, it is employed in situ synthesis for introduction of metal
nanostructures within the zeolite crystals. Generally, the metal
precursors are directly added into the zeolite crystallization gel.
In this case, many metal species favor the formation of
depositions in the gel because of the high surface free energy of
metal species, strong alkalinity of the hydrothermal system, and
relatively high temperature of the zeolite crystallization.”’™>
This is to say, the stabilization of metal precursors to avoid
leaching, agglomerating, and precipitating is crucial for
obtaining the ideal metal@zeolite structure.’ 56738 Following
this knowledge, the organic ligands are used to reduce the
surface free energy of the metal species and stabilize them
under crystallization conditions. With regard to green synthesis
without using the organic ligand and/or improving the
capsulation efficacy, a series of different methodologies were
developed. Typically, the solvent-free route minimizes the
metal leaching and agglomeration in the solid-state crystal-
lization;>* ™" the metal-containing-seed-directed route con-
structs the core—shell structure without using any organic
species,”> where the zeolite seeds help to stabilize the metal
nanoparticles. The fast crystallization method balances the
rates of metal precipitation and zeolite crystallization, which
forms the zeolite framework before metal precipitating.*® In
addition to the development in synthesis methodologies, the
metal@zeolite catalysts exhibit improved performances com-
pared with the generally supported catalysts.

With the significant advantages and increasing achievements
for metal@zeolite catalysts, there have been several reviews
focusing on this topic.”>** This Outlook does not repeat the
details that have been already summarized in the previous
reviews, but will briefly show the concepts in metal@zeolite
catalysts and overview the developing trend in synthesis
strategies, where the rational preparation for constructing the
desired structures is particularly discussed. As well, the
advantages of metal@zeolite materials in catalysis are
mentioned. In addition to these contents, we also review the
current challenges and future perspectives for these metal@
zeolite catalysts.

B CLASSIFICATION OF METAL@ZEOLITE
STRUCTURES

Metal species with different diameters could be formed within
the zeolite crystals, including isolated metal sites, nanoclusters,
and nanoparticles. The isolated metal sites and small
nanoclusters are well-defined within the zeolite micropores/
cages, where the metals are usually moveable in the
microporous channels under harsh conditions. This is denoted
as the encapsulated structure (metal sizes are smaller than the
micropore/cage sizes). Besides, it is also developed to form
metal nanoparticles, which are larger than the micropores, into
the zeolite crystals. In order to distinguish them from the metal
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clusters within the micropores, we denoted them as fixed
structures (metal sizes are obviously larger than the micro-
pore/cage sizes). The isolated metal sites/nanoclusters
encapsulated and nanoparticles fixed in zeolite crystals are
shown in Figure 1.
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Figure 1. Metal@zeolite with encapsulated and fixed structures. (a)
Isolated metal sites and (b) metal nanoclusters encapsulated in the
micropores. (c) Metal nanoparticles fixed in the zeolite crystals.

B ZEOLITE ENCAPSULATED SINGLE METAL SITES

Owing to the electronically negative aluminosilicate frame-
work, “guest cations”, such as Na’, exist in the micropores to
make the electrically neutral. As these cations are fairly mobile
and easily exchanged, the metal cations could be introduced
into the zeolites by exchanging with Na*.**~**%~% Eollowing
this feature, a wide scope of metal-based catalysts have been
developed by inducing various cations into the zeolite, such as
the Cu-Y, La-Beta, Zn-ZSM-5, and many others.”” "’ In
addition, noble metal cations could be also exchanged into the
zeolite for the site-isolated catalyst with a well-defined
structure, such as the [Pt(NH;),]** and Ir(C,H,)," exchan%ed
within K-LTL and H/Na-Y zeolites (Figure 2a—e)."”*'
Removing the ammonia ligand of [Pt(NH,),]** in LTL
maintains the isolated Pt sites that bonded to the oxygen on
the zeolite framework,®® but the Pt location differs from the
original [Pt(NH,;),]*" in LTL. In detail, most of the
[Pt(NH,),]*" complexes are observed initially in the large
pore of LTL zeolite (Figures 2f—1). After the oxidation
treatment, part of the Pt atoms in the large pores are moved
from the large pores into smaller pores, which reveals the
mobility of isolated atoms within the zeolite micropores.

The ion-exchange in aqueous solution does not work for the
cations with a high valence state (e.g, M®"), because of the
high energy barrier for simultaneously exchanging three
positive charges (e.g, K", Na*) in the zeolite micropores.
Solid-state dispersed metal sites in the micropores at high
temperature (5S00—550 °C) could overcome this limitation.
For example, a series of specific operations, including
impregnating, calcining, and reducing with H,, to the
Rh(NO;); species on ZSM-S surface, could result in single-
site Rh within the zeolite micropores.”” The single-site Rh is
shown as Rh* because of the bonding with the oxygen species.

In addition, the post-treatment method might disperse the
noble metal atoms on the shallow layers of zeolite crystals. In-
situ encapsulation, a concept that is realized by inducing the
atomically dispersed metals within zeolite during the
crystallization, would benefit the uniform metal distribution
through the zeolite crystals. However, direct addition of the
metal salts into the zeolite crystallization system usually forms

https://dx.doi.org/10.1021/acscentsci.0c01130
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Figure 2. (a—c) Models of zeolite LTL with (a) different pore and (b) [Pt(NH;),]** and (c) PtO, located in the 8-MR. Reprinted with permission
from ref 80. Copyright 2014 Wiley-VCH. The models illustrate the positions of the Ir* ions: (d) TS, three-hollow position, (e) T6, six-ring. (f)
STEM images showing site-isolated Pt atoms in KLTL zeolite in the as-prepared samples. White features in dashed blue circles indicate Pt atoms.
(g—1) Magnified views of the highlighted regions in (f), containing one Pt atom each at A/B sites in (g), at C/E sites in (h), and at D sites in (i).
(j=1) Simulations of the LTL zeolite in the [110] direction superimposed on the magnified views in (g—i), showing Pt atoms (green) at A/B sites
in (j), at C/E sites in (k) (purple), and at D sites in (1) (red). Pt atoms are located right at the edge of the 12-membered rings of site D; between
the two 12-membered rings of sites C/E; and in the center of three 12-membered rings of sites A/B. Reprinted with permission from ref 80.
Copyright 2014 Wiley-VCH. (m) Schematic illustration of the aggregation of Pt species during the redox treatment.

complex because each nanosized f}-cage can ensconce only one
metal-ethanediamine and constrain it by the small windows.

As a principle to guide the

successful SynthGSiS of metal@ This strategy has similarity with the fish-in-bottle concept that
zeolite, it is required to stabilize has guided the isolation of transition metal sites in zeolite by
the metal species and enhance post treatment using the ligand—metal complex with
. g . . 84
the interactions between metal- appropriate diameters.

The encapsulation of isolated metal sites within the siliceous

PSS IEE0LS and zeolite units. zeolite crystals seems more challenging because of the neutral

zeolite framework and harsh crystallization conditions (higher

the separated phases of both zeolite crystals and metal temperatures and stronger alkalinity), compared with the
(hydroxide) precipitates, which is due to the extremely fast synthesis of FAU zeolite. In addition, the siliceous zeolite is
metal agglomeration and precipitation under the zeolite usually synthesized in the presence of the organic template,
synthesis conditions (strong alkalinity and high temper- and removal of these organic templates by calcination generally

ature)*’™>° because of the high surface energy. Generally,
the metal salts are transformed into bulky species before the
zeolite crystallization. Therefore, the interactions between the
metal species and the zeolite precursors/building units is a key
for the formation of the encapsulated structure.

Success is achieved by using organic ligands, which strongly

results in aggregation of the metal atoms into clusters or even
larger particles in the air. With this issue, a direct hydro-
genation could simultaneously remove the organic template
and maintain the atomically dispersed metals in the zeolite
crystals.57 On the basis of these examples, we conclude that the

coordinate with the metal species to reduce the free energy. As organic ligands, metal loadings, and post-treatment methods
well, the solvated metal—ligand complex with alkaline ligands are crucial for obtaining atomically dispersed metals within
also benefit the assembly of the zeolite building units around zeolite micropores.

such species by electrostatic or van der Waals interactions. The These atomically dispersed metals in zeolite are movable,
isolated Pt sites in NaY zeolite could be prepared by adding the which possibly leads to the agglomeration from single atoms
complex of ethylenssdiamine-Pt cations into the zeolite into metal nanoclusters under the redox treatments (Figure
crystallization system.”” Because the coordination of ethanedi- 2m).**% However, surprising stability of Rh sites is observed

amine to Pt cations is stronger than OH", the Pt is atomically

in the siliceous MFI zeolite; the atomic dispersion is well
dispersed throughout the crystallization process with switched ! P

off metal precipitation and agglomeration. Such synthesis maintained at even 700 °C in hydrogen.”’ This phenomenon is
strategy could also be extended to the other metals, including explained by the location of Rh sites in the S-MR (membered
the Pd, Ru, Rh, Co, Ni, and Cu,*> which ideally obtained the ring) of the MFI structure, which hinders the mobility of metal

metal species uniformly distributed in the FAU zeolite crystals. nanoparticles,” while the larger pores, such as 8- and 10-MR,
The pore size and structure of FAU zeolite make a significant allow the diffusion of metal atoms that would agglomerate
contribution to the high dispersion of the metal-ethanediamine under harsh conditions.’”*®

1687 https://dx.doi.org/10.1021/acscentsci.0c01130
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Figure 3. (a) Scheme showing the transformation of single-site Rh into Rh, clusters. Magnified view of the (b) Rh atom and (c) Rh, cluster in the
HAADF-STEM image with (d, e) intensity surface plot and (f, g) three-dimensional intensity surface plot. Reprinted with permission from ref 86.
Copyright 2016 American Chemical Society. (h) Metal@zeolite synthesis using bifunctional ligand of (3-mercaptopropyl)trimethoxysilane.
Reprinted with permission from ref 39. Copyright 2010 American Chemical Society. (i) Interzeolite transformation route and conventional
hydrothermal synthesis route for preparing metal@zeolite materials. Reprinted with permission from ref 40. Copyright 2014 American Chemical
Society. (j) Preparation of Pt@MWW by inducing Pt species during the swelling process of layered zeolite precursors. Reprinted with permission

from ref 91. Copyright 2017 Nature Publishing Group.

B ZEOLITE ENCAPSULATED METAL
NANOCLUSTERS

The migration and agglomeration of metal atoms in the
micropores effectively give rise to the formation of
encapsulated nanoclusters. This transformation process was
identified by employing a model of ethene-stabilized Rh in HY
in hydrogen atmosphere.*® The ethene ligands on the Rh
atoms react with hydrogen to form Rh hydrides (RhH,), which
is regarded as a crucial intermediate for the Rh atom migration
and aggregation. Rh, clusters, the smallest Rh nanoclusters
containing two Rh atoms, are formed in the beginning of the
Rh atom agglomeration (Figure 3a—g).

Similar to a developing trend of atomically dispersed metal
in zeolite, it is highly desired to in situ encapsulate the metal
nanoclusters, which involves introducing cationic complex into
the zeolite synthesis gel and then assembling the zeolite
building units around such species. The RuO, nanoclusters
were encapsulated within FAU zeolite using RuCl; or
Ru(NH;)4Cl; as the precursors.”® Zeolite confined the growth
of the RuO, cluster, as revealed by the cluster size at 1.3 nm
that is comparable to the super cage of FAU zeolite. In this
case, RuCl; or Ru(NH;),Cl; were directly used as the
precursors without an additional organic ligand, where the
CI” and NH; should help stabilize the metal sites during the
zeolite crystallization. However, they only work for limited
metals (e.g., Ru), and the organic ligand is usually needed for
encapsulating different metals.

The bifunctional organic ligands could simultaneously
stabilize the metal precursors and interact with zeolite building
units. A typical molecule is (3-mercaptopropyl)-
trimethoxysilane that condensates with the silicate zeolite
structures and coordinates to the metal sites during the zeolite
crystallization (Figure 3h). * Because of the strong coordina-
tion of the mercapto group, metal agglomeration and
precipitation were hindered under the hydrothermal zeolite
crystallization system. The alkoxysilane group of the metal—
ligand complex undergoes hydrolysis and formation of Si—O—
Si or Si—O—Al bonds to the zeolite structures, thus driving the
zeolite formation around the metal species to form an
encapsulated structure. The Pt, Pd, Ir, Rh, and Ag nanoclusters
were also synthesized within the cages of NaA zeolite using the
bifunctional ligands.

As mentioned above, the ethylenediamine ligands coordi-
nated with metal cations are stable under the alkaline
conditions, which also effectively interact and couple with
the Si and Al species that are crystallized into the zeolite
framework. Following the operation in preparing zeolite
encapsulated single site metals, raising the metal loading
could efficiently obtain the zeolite encapsulated metal
nanoclusters. Successes were achieved in the preparation of
MFI zeolite encapsulated Pd,** Pt,°® PdNi,>® PtZn,*® PtSn,"”
and PdMn*” nanoclusters by the direct use of ethylenediamine
coordinated multiple metal species in the zeolite crystallization
system. Even for small-micropore zeolite (6-MR), such as
SOD, GIS, and ANA, the ethylenediamine ligand still works
well for the formation of small nanoclusters within the zeolite

https://dx.doi.org/10.1021/acscentsci.0c01130
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crystals.”® In sum, ligands with bifunctions including
coordination with the metal sites, and electrostatic or van
der Waals interactions with the zeolite precursors/units, link
the metal and zeolite species to form the desired metal@zeolite
structure.

The encapsulation of metal nanoclusters was also realized by
the interzeolite transformation, where the organic ligands are
not necessary. The metal cations were exchanged into a parent
zeolite and reduced into metal nanoclusters, followed by the
crystal transformation into another type of zeolite. In the study
by Goel et al, the BEA and FAU zeolite with low framework
density were employed as the parent zeolite, and the
transformation occurred under the assistance of MFI seeds
or organic templates (Figure 31).40 An attractive observation is
that the nanoclusters on the parent zeolites are unchanged in
sizes on the final samples, which reveals the stabilization effect
of zeolite species to the metal nanoparticle. Possibly, the
zeolite framework building units and/or small crystals grow
around the metal clusters, thus to hinder the metal sintering.
The successes in encapsulation of Pt, Ru, and Rh nanoparticles
into the MFI zeolite fairly confirm the university of this
method on different metal species. Notably, the interzeolite
transformation only occurred from the low-density zeolites
(e.g, Beta and Y) to high-density ones (e.g,, ZSM-5).***%*

We emphasize that the isolated metal sites and metal
nanoclusters are reversibly transformed within the zeolite
micropores under the different treatments. The Pt nano-
particles, with sizes at about 1 nm and encapsulated within the
siliccous CHA zeolite, were redispersed as isolated Pt sites
under the oxidation treatment, while the reduction leads to the
reverse into Pt nanoparticles at 1 nm.”° Notably, the
conventional reversible transformation of metal nanoclusters
and the isolated metal sites usually occur under the very mild
temperatures (<80 °C) to avoid irreversible formation of large
particles upon sintering. Interestingly, in the siliceous CHA
zeolite, the redox treatment could be performed as the
temperatures as high as 650 °C, confirming the superior sinter
resistance. In the transformation of isolated Pt atoms into
nanoclusters under the reduction treatment, it is proposed that
the Pt atoms, which are localized within the different cages of
zeolite, might migrate in hydrogen through the 8-MR windows
to form nanoclusters within the CHA micropores/cages.

Notably, for the redox treatment of metal@zeolite materials,
the metal atom migration to the external surface of zeolite is
energy-unfavorable because of the long migration distances
and easy formation of nanoclusters from the atoms nearby. In
the oxidative treatment, the Pt migration might occur in the
PtO form, which is well demonstrated in the Pt migration
mechanism. Possibly, the zeolite framework should have strong
interactions with the isolated Pt sites via SiO- or AlO-linkage,
because the Pt atoms are too small to be physically confined
within the 8-MR rings.

Liu et al. introduced the Pt species within the zeolite crystals
during the transformation of two-dimensional zeolite into
three dimensions.”’ As shown in Figure 3j, purely siliceous
MWW zeolite (ITQ-1) was used as the matrix, and the Pt
species, that are subnanometric Pt in dimethylformamide, were
introduced during the swelling process of layer MWW. In this
process, the subnanometric Pt and the surfactant molecules
(molecules to swell the zeolite) were localized between the
layers. After calcination to remove the organic species, the Pt
nanoclusters were formed and encapsulated between the
supercages of MWW zeolite. In addition, some Pt species
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were also confined in the cups located at the external surface of
the zeolite crystals.

With regard to the stability issue, the Pt nanoclusters in the
MWW zeolite slightly aggregate into larger ones with sizes at
1—-2 nm after the oxidation—reduction treatments for 1 cycle at
a harsh temperature of 650 °C. The clusters at such diameters
should be captured by the supercages of MCM-22 zeolite.
With the continuous redox treatments for several cycles, the
atomically dispersed Pt and ultrasmall clusters are almost
undetectable, but the Pt nanoclusters are mostly below 2 nm.
Undoubtedly, the stability originates from the encapsulated
structure, and the Pt nanoclusters supported on the external
surface of MWW zeolite easily sintered into large particles.

In addition, we have to note that the Pt@MCM-22 catalyst
still suffers from Pt leaching and sintering during the catalysis
or treatment under harsh conditions because of the lower
metaling and boiling point of Pt nanoclusters,”*"* even if Pt@
MCM-22 has improved stability compared with the generally
supported Pt. For example, after continuously redox treatments
(four cycle reduction—oxidation at 650 °C), the Pt@MCM-22
has only 30% of the initial Pt, because the mobility of the Pt
clusters in the zeolite micropores led to the metal loss.

B ZEOLITE FIXED METAL NANOPARTICLES

With the aforementioned stability issues, it is expected to
further stabilize the metal nanostructure by hindering the metal
mobility in the zeolite crystals. To achieve this goal, fixation of
the metal nanoparticles by the zeolite framework is desired
rather than encapsulation of them in the micropores. On the
other hand, most of the industrial supported metal nano-
particle catalysts have diameters in the range of several
nanometers (e.g., 1.5—4.0 nm) ,”>7%7 which are obviously larger
than the micropores. This knowledge also motivated the study
in fixing the metal nanoparticles with desirable diameters in the
industrial range.**>**

In the synthesis of zeolite fixed metal nanoparticles, the
stabilization of metal precursors under the zeolite crystal-
lization system and interactions between the metal precursors
to the zeolite building units are still crucial factors. Different
from the synthesis strategies in zeolite encapsulated metal
nanoparticle catalysts, where the metal nanoclusters are formed
during or after the zeolite crystallization, the metal nano-
particles with desired diameters should be formed before the
zeolite framework formation, which avoids the encapsulation of
metal species in the micropores. For achieving the fixation of
metal nanoparticles with zeolite crystals, a typical route is the
controllable hydrolysis of the tetraethyl orthosilicate to form an
amorphous silica sheath around the metal nanoparticles (e.g.,
Au). Then, the amorphous silica species are crystallized into S-
1 zeolite under hydrothermal conditions with the assistance of
the tetrapropylammonium hydroxide template.*” The Au
nanoparticles are partially fixed within the zeolite crystals,
but there are still Au nanoparticles on the zeolite external
surface. In the calcination treatment, the Au nanoparticles in
the zeolite crystals were efficiently stabilized even under the
harsh temperature, but those on the external surface easily
sintered into larger particles. In addition, the Au species might
leach and agglomerate during the AuPd@S-1 growth, because
of the amorphous silica dissolution in the liquor under
hydrothermal conditions. This feature results in low Au
utilization efficacy (percentage of Au species in the final
product to that in the starting solution), which could be
improved by the solvent-free synthesis.””'"’ If the amorphous

https://dx.doi.org/10.1021/acscentsci.0c01130
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silica fixed metal nanoparticles (e.g., AuPd) are crystallized in
the solid state without adding solvent, higher than 96% AuPd
species would be obtained into the final AuPd@S-1 sample. In
contrast, metal utilization is only 34—36% by a conventional
hydrothermal route.>”

The metal nanoparticles are usually larger than S nm in the
above cases, because PVP has a limited ability to stabilize the
metal nanoparticles. A new method, which is denoted as metal-
containing-seed-directed zeolite crystallization, could over-
come the limitation in nanoparticle size control in the
metal@zeolite structure.’” This synthesis is realized by loading
metal nanoparticles on the zeolite crystals, obtaining the
metal/zeolite seeds, which were used for the synthesis of new
zeolite crystals (Figure 4a). Because the seed-directed zeolite

NaAlO,
+
NaOH =t
: 5
Si0,
: e
H.0
(2]
PUBeta seeds dispersed in the Si-Al gel Partly dissolved PtBeta seeds|
Si-Al gel % \
PUBeta seeds
Seeds directed zeolite crystallization
& =
& J
b AT
s

Figure 4. (a) Proposed growth mechanism of metal nanoparticles
fixed in zeolite crystals. (b) Model of metal@zeolite hybrid materials.
(c—g) TEM characterization of Pt@Beta. (c) STEM image
characterizing the platinum nanoparticle distribution. Region I
might be the zeolite seed with abundant Pt species, and region II
should be the newly formed zeolite with negligible Pt. The dashed line
shows the boundary of Region 1. (d) HR-TEM image of Pt@Beta. (e)
Enlarged view of the red square in (d). The white circle highlights the
microdomains of polymorph B (BEB) of zeolite Beta, overlaid by a
BEB structure model viewed along [110]. (f) STEM image of a Pt@
Beta sample crystallized at 4 h. (g) Corresponding electron diffraction
pattern of the circle in (d). Scale bars: S0 nm in (c), 20 nm in (d), 25
A'in (e), and 500 nm in (f). Reprinted with permission from ref 62.
Copyright 2018 Nature Publishing Group.

crystallization follows a core—shell mechanism, smaller seed
crystals with metal nanoparticles, which are formed from
partial dissociation of the seed crystals, are fixed by the silica
precursors in the beginning of the crystallization, thus to isolate
the metal nanoparticles to avoid agglomeration. Finally, the
amorphous aluminosilicate sheath was transformed into the
zeolite framework, thus to fix them within the zeolite crystals
(Figure 4b). This method is universal for the synthesis of
different metal nanoparticles fixed within the zeolite crystals,
giving the Pt, Ag, Pd, and Rh nanoparticles in Beta, MOR, and
S-1 zeolites.
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In the seed-directed route for metal@zeolite synthesis, the
metal nanoparticles before and after the zeolite crystallization
are unchanged because of the strong interactions between the
zeolite seeds and metal nanoparticles, as well as the fixation
effect from the amorphous aluminosilicate and zeolite building
units (Figure 4c—g). Owing to this advantage, the metal
nanoparticles in the metal@zeolite samples could be effectively
controlled by adjusting their sizes on the seeds. By using this
technique, the Pt@Beta samples containing Pt nanoparticles
with a diameter range at 0.8—3.2, 1.2—3.6, and 1.6—6.0 nm are
obtained. In addition to the controllable metal nanoparticle
diameters, a significant advantage of the seed-directed route is
the avoidance of any organic species in the synthetic process.
Because of the bifunctions of zeolite seeds including the
stabilization of metal nanoparticles and direction of zeolite
growth, the organic ligand and template were not employed,
which has been regarded as a green synthesis route.

On the basis of the aforementioned discussion, the
developing trend in metal@zeolite synthesis is from the
random growth to the controllable assembly, from the costly
process to the green route (Figure 5). Having better control of
the diameter of metal nanoclusters/particles and their
encapsulation/fixation within the zeolite crystals is highly
desired. In order to achieve this goal, rationally controlling the
interaction and assembly of metal species and zeolite
precursors/building units is important. The organic ligands
have worked effectively in bridging the metal and zeolite, but
new synthetic methods, such as the seed-directed route, exhibit
great potential for controllable synthesis even with abandoning
the organic ligands.

B CATALYSIS BY METAL@ZEOLITE

The metal@zeolite catalysts have been extensively studied in
. . . . . 42,59,74—76,82,101,102
various reactions, including oxidation, hy-
drogenation,57’60’61’103 reforming,sz’ss’62 and coupling.38 Com-
pared with the generally supported metal nanoparticle
catalysts, two of the most significant advantages of metal@
zeolite catalysts are sinter resistance of metal nanoparticles and

shape selectivity in metal-catalyzed reactions.

B SINTERING- AND LEACHING-RESISTANT
CATALYSTS

The zeolite fixed metal nanoparticle catalysts are extremely
stable in various reactions for the transformation of C,
molecules, including the water—gas shift, CO oxidation,
oxidative reforming of methane, and CO, hydrogenation.”
In both catalysis and regeneration under redox conditions at a
high temperature, metal nanoparticle sintering and metal loss
are unobservable. This feature is due to the difficult motion of
metal nanoparticles fixed by the zeolite framework, which is
also the most important difference with the encapsulated
metals in the micropores.

Noble metal leaching usually occurs to cause the
deactivation. For example, the Pd leaching is a general problem
for many supported Pd nanoparticle catalysts, which is also a
serious problem faced by Pd catalyst industries. For example,
in the hydrogenation of 4-nitrochlorobenzene, 6.7% of Pd
species on commercial Pd/C catalyst was leached in the
reaction for 90 h, which is accompanied by a significant loss of
activity.'” Very interestingly, the Beta zeolite fixed Pd
nanoparticles exhibited unchanged catalytic activity with
negligible Pd leaching under the equivalent reaction con-
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ditions."”® The leaching resistance of zeolite fixed Pd
nanoparticles was also confirmed in the Suzuki cross coupling
reactions, where the Pd@S-1 exhibited constant activity in the

recycle tests for 15 runs.'**

B SIZE-DEPENDENT SHAPE-SELECTIVE CATALYSIS

Zeolite micropores could sieve the molecules during the
catalysis, thus introducing shape selectivity to the metal
catalyzed reactions. Because the metal nanoparticles are
localized within the zeolite crystals, the zeolite micropores
could selectively allow the diffusion of molecules with
diameters smaller than the micropores and hinder the access
of bulky molecules to the metal species, known as size-
dependent shape selectivity (Figure 61). For example, in the
Suzuki cross coupling reactions with different substrates, Pd@
S-1 is active for the coupling of small molecules, while the
molecules containing multiple functionalized groups with
larger sizes failed to be converted because of the micropore
size limitation.'”* In the hydrogenation of multiple olefins with
distinguishable diameters (e.g, ethene and cyclohexene), the
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metal@zeolite could selective catalyze the conversion of olefins
smaller than the micropore sizes.

B WETTABILITY-DEPENDENT SELECTIVE CATALYSIS

The supported Au nanoparticles have been extensively studied
in the ethanol oxidation, which usually leads to the sintering of
Au nanoparticles and deactivation.'” ™' The S-1 fixed Au
nanoparticles, denoted as Au@S-1, exhibited stable perform-
ances in a continuous reaction for a long time.”>'?” With
regard to the oxidation of bioethanol, it contains abundant
water that hinders the reaction by water—ethanol competitive
adsorption on the metal surface. The siliceous zeolite fixed
catalyst could minimize the influence of water to the reaction
by a wettability-dependent selective feature (Figure 6I1): the
hydrophobic siliceous zeolite hinders the water transfer and
benefits ethanol transfer, realizing the ethanol—water separa-
tion from each other on the local environment close to the
metal nanoparticles, thus minimizing the negative influence of
water to the reaction.”” As an example, the siliceous zeolite
fixed AuPd nanoparticle catalyst AuPd@S-1 exhibited
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remarkably higher activity than the supported metal nano-
particles.

B DIFFUSION-DEPENDENT SHAPE-SELECTIVE
CATALYSIS

The shape-selective feature of metal@zeolite catalysts is not
only limited to sieve the molecules larger or smaller than then
micropores, but also can be extended to the molecules with
different diffusion rates in the micropores (Figure 6III). For
example, in the Pd-catalyzed hydrogenation of furfural, an
important biomass platform molecule, many products were
obtained with uncontrolled selectivity.””®" However, when the
Pd@S-1 catalyst was used, the furan product was selectively
obtained.”” The mechanism investigation demonstrates that
the zeolite micropores hinder the diffusion of various
intermediate products, such as furfuryl alcohol, thus to
accelerate its deep hydrogenation to form furan, a molecule
that easily diffuses through the zeolite micropores. It provided
a persuasive example to explain the diffusion-controlled
selectivity in the hydrogenation reactions.

B STERIC-ADSORPTION DEPENDENT SELECTIVE
CATALYSIS

In the zeolite catalyzed reactions, steric adsorption of
molecules in the zeolite micropores could change the reaction
routes. This feature is also extended to the metal catalyzed
reactions by the metal@zeolite catalysts, where the zeolite
micropores control the steric adsorption of molecule on the
metal surface, thus optimizing the reactions (Figure 6IV). For
example, the 4-nitrochlorobenzene is usually parallel to the Pd
surface as it is adsorbed on the commercial Pd/C catalyst,
where both the -Cl and -NO, groups interact with the Pd
sites.'”> However, Pd@Beta exhibited different steric adsorp-
tions of 4-nitrochlorobenzene, which is nearly vertical to the
Pd surface with the -NO, group interacting with Pd.'”® Such
adsorption is due to the confinement effect of zeolite
micropores, which geometrically modulates the molecular
steric adsorption on the Pd surface and in the micropores. The
unique adsorption behavior of 4-nitrochlorobenzene on Pd@
Beta led to selective hydrogenation of -NO, groups with >99%
selectivity to the 4-chloroaniline, while the Pd/C could
catalyze the hydrogenation of both groups to give aniline as
a byproduct.

B HYDROGEN SPILLOVER-DEPENDENT SELECTIVE
CATALYSIS

The zeolite micropores could effectively adjust the hydrogen
spillover, a crucial factor for the hydrogenation reactions
(Figure 6V).'"”~""* For example, the zeolite microporous
environment of Rh@MFI zeolite strongly influences the
catalyzed CO, hydrogenation.'"” The Rh nanoparticles in
proton-form ZSM-S zeolite (Rh@HZSM-S) exhibits metha-
nation as a dominant reaction, while the K-form zeolite catalyst
(Rh@HZSM-S) shows CO selectivity higher than that of
methane. In contrast, the siliceous S-1 zeolite fixed Rh (Rh@$-
1) exhibited a reverse water—gas shift as a dominant reaction.
If the silanol groups were induced into the siliceous zeolite, the
CO selectivity was obviously decreased, giving more methane
in the products. By using the WO; as a probing agent, the
hydrogen spillover ability of different catalysts was identified,
following the order of S-1 < KZSM-$ < S-1-OH < HZSM-5 in
Rh@zeolite catalysts, which is in good agreement with the
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selectivity trend on these catalysts, where stronger hydrogen
spillover ability caused more methane products. This
phenomenon is very consistent with the general knowledge,
where the hydrogen spillover leads to the formation of highly
active hydrogen species that favor the deep hydrogenation of
CO/CO, into methane, thus giving different product
selectivities on the Rh@zeolite catalysts. The protons and H
of Si—OH in the zeolite micropores act as carriers for
hydrogen spillover, while the general siliceous micropores and
the micropores with K' species minimized the hydrogen
spillover."”® In addition, it was found that S-1 zeolite
micropores also weaken the CO adsorption, which accelerates
the rapid CO desorption from the Rh surface that also
contributes to the hindered deep hydrogenation.

The advantages of the metal@zeolite structure are obviously
observed in RhMn catalyzed syngas transformation, where
RhMn@S-1 (RhMn nanoparticles fixed in S-1 zeolite)
exhibited a 9-fold higher ethanol productivity than the
supported RhMn nanoparticles catalysts."'* Several reasons
were identified for the unusual catalytic performances: the
hindered hydrogen spillover in the siliceous zeolite, as
discussed above, could hinder deep hydrogenation and
contribute to the oxygenate production; the well-defined Rh-
MnO, interfacial nanostructure is highly stable under the
reaction conditions, thus maintaining the abundant active sites
for oxygenate formation; the confinement effect of zeolite
micropores weakens the intermediate adsorption and reduces
the energy barriers for C—C coupling.

H OUTLOOK

Overall, we briefly summarized synthetic strategies to design
metal@zeolite materials with controllable metal and zeolite
structures, including single-site metal and small clusters in
zeolite micropores, and the industrial-diameter metal nano-
particles fixed in zeolite crystals. A series of metal@zeolite
materials not only act as persuasive models for understanding
the structure—performance relationships but also provide
promising catalysts for the practical utilization. The superior
sinter resistance of metal nanoparticles in zeolite crystals would
accelerate the development of new catalysts with superior
durability, which could reduce the industrial cost particularly
for the catalysts containing noble metals. The synergism
between metal nanoparticles and zeolite micropores would
improve the efficacy of current reactions, and even promote
new reaction processes in the future.

Yet, it is still challenging to synthesize metal@zeolite
materials with high metal content. The visualization and
analysis of the microstructure is still challenging, particularly
for the location of metal in zeolite. For example, for the
metal@MFI materials, the noble metal cations or nanoclusters
are localized in the 10-MR ring of MFI structure, but there are
still some opinions that they are in the S- or 6-MR. The
accurate identification of the metal location and the metal-
zeolite interface structure requires combining the multiple
advanced characterization techniques including electronic
tomographic microscopy,'”*>?%"*~!"7 " two-dimensional
solid-state NMR spectroscopy,''® as well as the in situ
spectroscopic characterizations such as Raman and IR with
well-designed atmosphere.'"”

We firmly believe that this research area will continue to
develop rapidly in the near future, focusing on both synthesis
and catalysis. Although solvent-free and organic template/
ligand-free methodologies have been developed, they still need
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The metal@zeolite structure is
anticipated to bring new oppor-
tunities for heterogeneous cata-
lysts with unexpected properties.

improvement for potential large-scale production. More
importantly, searching more routes to meet the demands of
green and low-cost synthesis is always an endless story in
catalyst preparation. In addition, most of the current studies in
catalysis over the metal@zeolite materials are focused on
several model reactions, which requires extending them in the
important industrial reactions, particularly for the trans-
formation of carbon resource small molecules (e.g, CO,
CO,, CH,, C;Hy), which require the metal active sites and
zeolite shape selectivity. As well, the heteroatom zeolite fixed/
encapsulated metal nanostructures might be valuable for
investigation of catalysis because of the expected synergism
between the metal nanostructures and heteroatoms (e.g,, their
electronic interaction, the tandem catalysis on different active
sites) (Figure 6VI). In addition, the heteroatoms might leach
from the zeolite framework to alloy with the metal species,
forming new active species to boost the catalysis.'*’ As well,
the adjustable cations in the zeolite micropores provide an
opportunity to electronically modulate the metal species to
improve the activity.*>'*' Moreover, the new functions of
zeolite combining with the metal nanoparticles would lead to
new catalysts. A recent example is the molecular-fence effect of
hydrophobic zeolite for AuPd nanoparticles, where the zeolite
enriched the in situ formed H,0, around the metal sites to
strengthen the methane oxidation (Figure 6VII)."** Another
new direction for the future metal@zeolite investigation
requires combining machine learning and big data,'** which
would guide the design of metal@zeolite materials with
multiple functions and desired catalytic properties for specific
reactions. Considering the influx of new ideas, development of
the characterization and computational techniques, and the
great potentiality for wide utilization, metal@zeolite materials
should bring new opportunities for heterogeneous catalysts
with integrated advantages of metal nanostructures and zeolite
matrix, achieving the effect of 1 + 1 is greater than 2.
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