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Recent advances in the synthesis,
characterization, and catalytic consequence of
metal species confined within zeolite for
hydrogen-related reactions

Meng Liu, Caixia Miao and Zhijie Wu (iD}

Zeolites-encapsulated metal and metal oxide species are important heterogeneous catalysts. They give
performances that steadily outperform traditional supported catalysts in many important reactions and
have become a research hotspot. Remarkable achievements have been made with respect to the synthesis,
characterization, and performances of metal species (typically metal and metal oxide clusters) confined in
zeolites. The development in the strategies for the encapsulation of metal species including post-
treatment and in situ synthesis method are introduced and compared. For the characterization of zeolite-
encapsulated metal catalysts, the structural and surface properties of metal species are studied by several
useful techniques, such as electron microscopy, X-ray absorption (XAS), Fourier transform infrared
spectroscopy of CO (FTIR-CO), and chemisorption, which confirm the successful confinement of metal
species in zeolites and their unique physiochemical properties. In addition, the encapsulation fraction can
be determined by a probe molecular titration reaction. For the catalytic performance of zeolite-
encapsulated metal catalysts, the activity, selectivity, and stability are emphasized. Finally, applications of
zeolite-encapsulated metal catalysts in hydrogen-related reactions are summarized.
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1 Introduction

Metal catalysts are an important class of catalytic materials,
which have been widely used in various chemical reactions
such as redox, hydrogenation, and coupling reactions in the
past few decades.'™ It has been extensively reported in the
literature that the small metal particle size contributes to the
greater exposure of active sites as well as higher reactivity.*”
However, small metal particles generally have low thermal
stability and tend to sinter, coalesce, or leach under harsh
reaction conditions, even when they have strong interaction
with supports.®® Therefore, deactivation due to sintering and
leaching during the reaction process is one of the most
important problems for the practical application of metal
catalysts with small metal particle size. Currently, confining
metal species within graphene oxide,”"" nanoporous
carbon,'? metal-organic frameworks,'*'* and zeolites">™” is
a promising method to solve this problem. Specially, zeolite-
encapsulated metal catalysts have earned increasing attention
due to their unique catalytic activity, selectivity, and stability
from the confinement effect.

Indeed, zeolites are one of the ideal substrates for
encapsulation.  First, kind of crystalline
aluminosilicate with rigid matrix that provide high specific
surface area and high thermal and hydrothermal stability."®"
Encapsulating metal species into zeolite micropores, channels,
cages, or cavities can stabilize metal species by suppressing
their movement and growth through spatial constraints."”° In
some case, spatial constraints can prevent these metal species
from the accessing toxic substances in the reaction medium,
thereby reducing their deactivation. Second, the well-defined
microporous structure of the zeolite can select reactants,
transition states, and products according to the molecular
size,”?* and “shape-selective catalysis” can be realized over
encapsulated metal catalysts. Third, the synchronization of acid
sites and metal sites makes bifunctional catalysts applicable for
tandem catalytic reactions with excellent activity and surprising
selectivity.”*”

This review starts from the encapsulation strategies of metal
species confined in zeolites, and the recent progresses are
demonstrated. We firstly introduce the recent achievements of
the synthesis approaches and discuss the recent methods for
the characterization of zeolite-encapsulated metal catalysts.
Then, the performance of zeolite-encapsulated metal catalysts
in terms of activity, selectivity, stability, and applications in
hydrogen-related reactions are described.

zeolites are

2 Classification of metal species
confined in zeolites

The incorporation of metal species into zeolite generally
results in two kinds of modified zeolite materials, the
substitution of framework Al or Si atom by metal cations to
form heteroatomic zeolite and the confinement of metal
species within zeolite micropores, channels, cages, or cavities
(denoted as metal@zeolite), in which the metal species would
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be stabilized and distributed by the confinement environment
via the strong interaction between metal species and zeolite
framework. Here, we regard the strategy for the metal@zeolite
materials as metal encapsulation. As shown in Fig. 1, based on
the origin of metal species within zeolites, three types of
zeolite-encapsulated metal catalysts can be assigned. First,
metal atoms embedded within zeolite framework are removed
and transferred into zeolite channels or pores via calcination or
reduction process.”®*? Kurbanova et al.*® obtained Fe@MFI (Al-
free MFI zeolite encapsulated Fe metal) by the reduction of Fe-
MFI (Fe atom sitting in MFI zeolite framework) in a flow of H,/
N, mixture at 900 °C for 10 h. Second, metal species without
capability of incorporating into the zeolite framework (e.g. Pt,
Pd or Ni) are introduced within zeolite micropores and then
calcinated or reduced to encapsulated metal or metal oxides,
such as Ni@NaX,*! Pd@SOD,** Pt@s-1,>* and Fe;0,@ZSM-5.>*
These metal clusters with 1-2 nm are encapsulated within
zeolite micropores or channels and restricted by small zeolite
aperture (<0.7 nm) and show excellent thermal stability and
resistance to large poisoning reactants.>>~’ Nevertheless, the
accessibility of these encapsulated metal clusters to reactants is
somewhat prevented due to the diffusion barrier throughout
the zeolite aperture. Therefore, hierarchical zeolites with
mesopore pores are developed to confine metal species,*®™*
and the metal particles within the intracrystalline mesopore of
zeolites are the third type of encapsulated metal species.

3 Encapsulation strategy

Two typical synthesis strategies for zeolite encapsulation,
including post-treatment (i.e., ion-exchanging, interzeolite
transformation, and recrystallization) and in situ synthesis
(i.e., in situ hydrothermal and dry-gel synthesis), have been
developed. Specifically, the in situ hydrothermal synthesis
and dry-gel conversion are frequently developed. The
synthesis of some selected encapsulated metal catalysts and
their applications are presented in Table 1. Clearly, these
zeolite-encapsulated metal samples are characteristic of
excellent activity and selectivity in the catalytic reaction.

3.1 Post-treatment

Zeolite-encapsulated metal species can be achieved by one-step
post-treatment and multistep post-treatment, respectively. The
commonly reported impregnation, ion-exchanging, and
deposition-precipitation approaches are ascribed to one-step
post-treatment strategy to directly deposit metal species.” >
The multistep posttreatment method generally includes
dealumination®® or desilication,’® recrystallization,”” interzeolite
transformation,’®”” and combined introduction of metal
species, respectively.

3.1.1 One-step post-treatment. Impregnation is the most
reported method to prepare zeolite-supported metal catalysts but
leads to a random distribution of metal species. Specially, large
metal hydrated ions cannot penetrate the zeolite aperture and
then aggregate at the external surface,”®* resulting in large metal
particles after subsequent calcination and reduction treatment.
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Fig. 1 Three typical types of metal@zeolite.

Ion-exchanging method is an effective route to obtain highly
dispersed metal clusters within zeolite micropores but only small
metal hydrated ions (e.g., [Ag(H,0),]" (ref. 60) and [Cu(H,0),*
(ref. 61)) suitable for diffusion throughout zeolites are used. The
exchanging capability of zeolite is determined by its content of
framework Al species, and metal loading is sensitive to the ratio
of framework silicon to aluminum (Si/Al).®* Thus, low silica
zeolite (with a low Si/Al ratio) with large aperture size (i.e., 10-
member ring (10-MR) MFI zeolite and 12-MR FAU, MOR, and
BEA zeolite) is frequently reported for preparing zeolite-confined
metal catalysts via ion-exchanging. However, metal loading (<3
wt%) is generally low for the commonly used Beta and ZSM-5
zeolite with 20-200 Si/Al ratio from ion-exchanging method, and
zeolite-encapsulated transition metal catalysts are rarely prepared.
In recent years, the deposition-precipitation method has been
proposed to prepare zeolite-encapsulated transition metal
catalysts requiring a high metal loading (>5 wt%). Yan et al.>
reported the synthesis of Ni@Beta catalyst with 6.5 wt% Ni
loading via the deposition-precipitation method, in which the
pH of the metal precursor solution and precipitation temperature
were carefully screened.

3.1.2 Multistep post-treatment. The hierarchical zeolite
from dealumination or desilication 1is characteristic of
intracrystalline mesopores, which access large metal particles.®®
Zhang et al® treated MOR zeolite with HNO; and NaCO;
sequentially to produce mesopores and succeeded in
encapsulating ~3.2 nm Pt particles by a simple impregnation
method. Because the structure of zeolites is somewhat
destroyed by dealumination or desilication treatment, further
recrystallization has been developed for effective encapsulation.
Ding et al.®® proposed a new synthesis route to obtain ZSM-5
zeolite (MFI structure)-encapsulated Pt metal clusters, as shown
in Fig. 2. Firstly, ZSM-5 zeolite was treated with alkaline
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solution, and the Pt nanoparticles were introduced into the
intracrystalline mesopores via impregnation. Secondly, the gel
of S-1 (MFI structure) was induced and mixed. Finally, Pt@MFI
zeolite was obtained by a dry gel conversion method. Song
et al.®® reported a similar method to synthesize the ZnO@ZSM-5
catalyst for methanol to aromatics reaction.

Unlike hierarchical zeolites, it is difficult to obtain
completely encapsulated noble metal or metal oxide clusters
using small and medium pore zeolites (8-MR and 10-MR) via
one-step post-treatment because the zeolite aperture is too small
to transfer noble metal precursors. Thus, interzeolite
transformation method is proposed by the transformation of
large pore zeolite-encapsulated metal species to the target
zeolite via hydrothermal conditions.®”®® Iglesia et al®
encapsulated metal clusters (Pt, Ru, Rh) in MFI zeolite via the
interzeolite transformation of FAU or BEA zeolites into MFI
zeolites (Fig. 3). Firstly, metal clusters were encapsulated within
FAU or BEA zeolite by the ion-exchanging method and
sequential calcination and reduction treatment. Secondly, a
suitable alkali solution and temperature were screened to
convert FAU or BEA zeolite into MFI zeolite. Metal clusters with
diameters of 1.3-1.7 nm were encapsulated in the MFI zeolite
during the synthesis process. The interzeolite transformation
strategy has also been proposed for the conversion of two-
dimensional zeolite to three-dimensional zeolite (2D-to-3D
zeolite transformation) while encapsulating the metal species.””
Shamzhy et al.*® incorporated small Pt nanoparticles into the
MWW zeolite via this strategy. The layered 2D MWW zeolite
precursors were prepared by the hydrothermal synthesis
method and subsequently swelled by the aid of organic
surfactant hexadecyltrimethylammonium (CTMA'OH ). During
the swelling process, Pd precursors were added and 3D MWW
zeolite-encapsulated Pd clusters were realized by a simple
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Table 1 Summary of metal species encapsulation via several techniques and their catalytic performance

Zeolite encapsulated Metal particle Synthesis

metal sample size (nm) method Reaction Reaction condition Catalytic results Ref.

Pt@S-1 4.5 In situ Propane T=600°C; WHSV=1.7 h}; Cong y, = 5.0%; 42
hydrothermal dehydrogenation C3Hg/N, = 5/16 mL min '; 12 h Selcp, = 58%
synthesis

PtZn@5S-1 1.4 In situ Propane T=600 °C; WHSV=3.6 h'’; Cong p, = 43.2%; 37
hydrothermal dehydrogenation C3Hg/N, = 10/30 mL min™; 58 h Selep, = 95.5%;"
synthesis k4=0.017h™"

Pd@MWW 1.14 Interzeolite Hydrogenation T =100 °C; 3 bar Hy; 3-nitrotoluene  Cong yr = 49%); 43
transformation  of 3-nitrotoluene (3-NT): n-hexane : 3-nitrotoluene Sel, . colidine ~100%;

=7.5:35:0.7mL; 1 h reaction rate = 9.6
moly Ny gpa ' 7

Pd@S-1-in-K 1.8 In situ Decomposition T = 50 °C; formic acid (FA): bTOF = 3027 h™; 44
hydrothermal of formic acid sodium formate (SF)=1:1 E, =39.2 k] mol™
synthesis

PdNi(OH),@S-1 1.7 In situ Decomposition T = 60 °C; without additive bTOF = 1879 h™; 45
hydrothermal of formic acid E,=52.4 k] mol™
synthesis

Pd@Beta 2.12 In situ N-Heptane T'=250°C; WHSV =2.0h""; CONyheptane = ~100%; 46
hydrothermal hydroisomerization P = 4.0 MPa, H,/n-heptane molar Selisomerization = 30%
synthesis ratio = 6.64

Ni@ZSM-5 10 Recrystallization CO, methanation T = 450 °C; GHSV = 60 000 mL Congo, = 49%); 47

Seatalyst - h 5 H:CO,=4:1;1h Selam, = 93%

Pd@SOD 0.8 In situ Semi-hydrogenation T =150 °C; GHSV = 30000 h™; CoNgeegylene = 99.8%; 32
hydrothermal of acetylene H,:C,H,=10:1;15h Selethylene = 94.5%
synthesis

Pt@H-ZSM-5 — Dry-gel Furfural to valeric T =140 °C; 41 bar Hy; COoNgyrfural = ~100%; 27
synthesis acid (VA) and ethyl 0.5 mmol furfural; 5 mmol EtOH  Selyave = 86%

valerate (EV) and 1.5 mL cyclohexane; 24 h

Pd@S-1 6.9 Dry-gel Furfural T =250 °C; 5 wt% furfural (mass COoNgyrural = 91.3%); 48
synthesis hydrogenation ratio of furfural/n-butyl alcohol Selguran = 98.7%

at 1:19); feed rate at 0.5 mL h™;
10% H,/Ar at a rate of 10 mL min ™"

MnO,@S-1 10 In situ Oxidative cyanation T'=160 °C; 1.5 MPa O,; 28 mmol ~ TOF = 32.5 h™%; 49
hydrothermal of toluene toluene; and 0.5 mmol urea; 4 h Ypenzonitrile = 88.6%
synthesis to benzonitrile

PtO,@LTL Atomically-dispersed Ion-exchanging CO oxidation T=150 °C, 1% CO; TOF =0.72 h™ 50

and 5% O, in He

“ kq = [In(1 = CONgina)/CoNgina — IN(1 = CONpyitial)/CONpicial)/f, Where Conging and Conpya are the final and initial conversions of the PDH
reaction, respectively, ¢ is the duration of a PDH reaction in hour, k4 is the deactivation constant. * TOF is the total turnover frequency when
the conversion of FA reaches 100%.

CTMA'OH™, 1-octanethiol was also incorporated into the
swelling mixture. Benefiting from the strong interaction of the
Au-S bond, the Au loading in Au@MCM-22-L samples was
increased to 0.11 wt%, which was higher than that of

calcination progress. Moreover, the same strategy was also used
for the encapsulation of Au subnanoclusters.” In addition to

Step 1 — Au@MCM-22-S (0.025 wt% Au loading, prepared in the absence
ZSM-5 Micro/Mesoporous Pt/alk-ZS
Interzeolite transformation preserving metal encapsulating
FAU
Step 2 Shape-selective 2
catalysis

<G
Silicalite-1 =%
synthesis gel Dry gel

Y « %
W
Synthesis gel

3
@*
¢ Ot
1 MFI1
L PN Synthesis gel )
,:'5- + MLy M = Pt, Ru, Rh; L = ligand + MLy (added later)
L 3§
3

Metal encapsulation via direct hydrothermal synthesis

Fig. 3 Schematic representation of interzeolite transformations progress.®®
Reprinted with permission from American Chemical Society, copyright 2014.

Fig. 2 Scheme of synthesis of MFI zeolite-encapsulated Pt nanoparticles.®
Reprinted with permission from American Chemical Society, copyright 2015.
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Fig. 4 The relationship between the diameter of metal hydrated ions
and the pore size of zeolites.

of 1-octanethiol). However, it should be noted that the high Au
loading in Au@MCM-22-L can lead to the distribution of both
subnanometric Au clusters and Au nanoclusters (~1 nm) in
MCM-22 zeolite micropores.

3.2 In situ method

3.2.1 In situ hydrothermal synthesis. The in situ
hydrothermal synthesis method is frequently reported for the
encapsulation of metal and metal oxide clusters within small
pore and medium pore zeolites. As shown in Fig. 4, we can
clearly see that the diameter of hydrated metal complex is
always larger than the aperture size of small and medium
pore zeolites; thus, the metal precursor is difficult to diffuse
throughout the zeolite aperture.”"”* The in situ hydrothermal
synthesis method shows that the success of encapsulation

é)Q Rh(en)* lon '\_£¢ TPA*ion
‘-g& Rh cluster

C Si source

O single-atom Rh

Hydrothermal

synthesis

One-pot
synthesis strategy

Rh(en),* complex within zeolites

Fig. 5 Schematic of the synthesis of the Rh@5S-1 catalyst.””
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benefits from no diffusion barrier for metal precursors
through zeolite apertures during crystallization. However,
incorporating bulk metal hydroxides into the zeolite cages is
implausible when the fast precipitation of unstable metal
cations in alkaline aluminosilicate gel occurs because the size
of the bulk hydroxide precipitates is much larger than the
zeolite aperture and cage size.”> Therefore, various
stabilization strategies for the metal precursors without
precipitation or aggregation prior to zeolite crystallization are
focused on and developed.

Ammonia and organic amines were firstly proposed as good
ligands for stabilizing metal precursors during zeolite
encapsulation.”® In 1980s, Davis et al.”*”* prepared LTA zeolite-
encapsulated Ru nanoparticles using [Ru(NH;)sCI|[Cl, as
precursors via hydrothermal synthesis. Iglesia et al”’>”®
systematically developed the chemistry of this encapsulation
method. Ammonia and organic amines ligands were found to
be suitable for encapsulating most noble metal clusters within a
series of small-pore zeolites (SOD, GIS, ANA, etc.).”* Yu et al.”’
further developed this method for encaging Rh metal single
atoms in S-1 zeolite (Rh@S-1-H) using ethylenediamine as the
ligand (Fig. 5). The Rh@S-1-H precursor received from the in
situ hydrothermal synthesis method was treated by hydrogen
reduction without calcination for template removal.
Ethylenediamine (en) and tetrapropyl ammonium (TPA")
templates were gradually decomposed during the reduction
progress, serving as protective agents to inhibit the aggregation
of Rh species. Cs-corrected high-angle annular dark-field STEM
(HAADF-STEM) and high-resolution transmission electron
microscope (HR-TEM) results revealed that Rh atoms in Rh@S-
1-H were uniformly distributed in sinusoidal 5-MRs of the S-1
zeolite with atomic dispersion. Yu et al.*” also developed such a
method to prepare ultrasmall Pt-Zn bimetallic clusters within
the S-1 zeolite.

Beside ammonia and amines ligands, mercapto-based
ligands with stronger complexing ability to metal cations were

Subnanometric Rh
clusters within zeolites

Single Rh atoms within
zeolites

Reprinted with permission from Wiley-VCH, copyright 2019.
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Fig. 6 Positions of Co-DETA complex within the CHA framework.®® Reprinted with permission from American Chemical Society, copyright 2018.

developed for some unstable metal cations (i.e., Au>" and Ag")
in alkali solution. 3-Mercaptopropyl-trimethoxysilane (MPS) is
widely employed as a bifunctional ligand, in which the
mercapto group (-SH) can react with metal species to form
stable metal-sulfur adducts, and alkoxysilane groups undergo
hydrolysis and form Si-O-Si or Si-O-Al bonds in alkaline
media, thereby promoting nucleation around the metal
precursors to form an encapsulation structure.”®”® Li et al.®
confined small sized Ag clusters into the S-1 zeolite with MPS as
a ligand (Ag@S-1). HR-TEM and HAADF-STEM results showed
that the encapsulated Ag clusters were uniformly distributed in
the S-1 zeolite with an average size of ~1 nm.

In some case, the ligands stabilizing metal ions may
interfere the structure-directing role of templates, leading to
difficulty in zeolite crystallization.® Thus, bifunctional
ligands with stabilizing metal ions and directing zeolite
crystallization were proposed.®’ Xiao et al®* developed the
use of metal-amine complex as structure directing agent
(SDA) and metal precursors for zeolite-encapsulated metal
clusters. As shown in Fig. 6, cobalt-diethylenetriamine
complex (Co-DETA) were prepared as the SDA for SSZ-13
zeolite (CHA structure),* in which Co-DETA is self-consistent
with the geometry of CHA cage and can also stabilize Co
cations without precipitation during hydrothermal synthesis.
Li et al® also reported a similar synthesis strategy to

Zeolite crystallization

synthesize Ni@CHA catalyst using Ni-DETA complex as SDA
and metal precursors.

3.2.2 Dry-gel synthesis. The incorporation of metal species
into zeolite structures can be easily achieved by the dry-gel
synthesis method. Ye et al® prepared S-1 zeolite-
encapsulated Pd nanoparticles using the dry-gel synthesis
method. First, Pd precursors were introduced into a sol for
S-1 zeolite containing silica sol and tetrapropylammonium
hydroxide (TPAOH), and the dry gel was composed by heating
treatment at 80 °C. Then, the as-prepared dry gel was
transferred into an autoclave and crystallized at 180 °C for 24
h. Pd@S-1 zeolite was obtained by subsequent calcination
and reduction treatment. TEM and HAADF-STEM images
showed that the size distribution of Pd nanoparticles of the
Pd@S-1 was mainly in the range of 0.7-3.1 nm, with mean
sizes of ~1.1 nm. Cho et al.>® developed a polymer-assisted
dry-gel synthesis method for ZSM-5 zeolite encapsulating
metal anions, as shown in Fig. 7.
Polydiallydimethylammonium chloride (PDDA) was prepared
to stabilize metal anions and served as the linking agent with
aluminosilicates. PDDA also acted as soft templates for the
intramesopores for ZSM-5 zeolite, and the metal clusters
could be encapsulated within the mesopores. The TEM
images and CO chemisorption indicated that the Pt particles
were highly dispersed in the ZSM-5 crystals with an average

-
Polydiallyldimethylammonium chloride
(PDDA)

Anionic (alumino)silicates

Anionic metal precursors
(e.g. PtClz%)

Zeolite encapsulated metal nanoparticles

Calcination &
Reduction

¥ L L AL .
(I L {4 MM K
P 4 y y
. 1 @8 @0,
} I Y.

X O O

Fig. 7 Synthesis of the polymer-assisted Pd@HZSM-5 catalyst.?® Reprinted with permission from American Chemical Society, copyright 2018.
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size of ~5.4 nm. Oxidation reactions with different sized
substrates indicated that >90% Pt nanoparticles were
encapsulated in the ZSM-5 zeolite matrix.

3.2.3 Other in situ synthesis method. In addition to the
commonly used in situ hydrothemal and dry-gel synthesis
methods, some unique in situ synthesis methods have been
developed. Generally, the in situ hydrothermal or dry-gel
synthesis methods are slow to crystallize and come with a
high cost in terms of time and energy. Liu et al. reported an
ultrafast in situ synthesis route to encapsulate Pt and Sn
nanoclusters into a high-silica ZSM-5 zeolite.’® In the
synthesis progress, Pt(NH;3),(NO3), and SnCl, were chosen as
Pt and Sn precursors, respectively, and added into an aged
silica-alumina gel for synthesizing high silica ZSM-5. After
stirring and sonication, the homogenized mixture was
transferred into a tubular reactor and then subjected to
hydrothermal synthesis at 190 °C for 5 min. Finally, Pt/Sn-
ZSM-5 was obtained by subsequent calcination and reduction
treatment. Zhang et al.®” used a dual-template method to
prepare a finned MFI zeolite to confine PtZn clusters (<1
nm). This unique finned structure ensured a short diffusion
length and improved the diffusion rate, which contributed to
a high activity (17.0 molgy, molp ' s) and a low
deactivation constant of 0.0017 h™ in the propane
dehydrogenation (PDH) reaction. Recently, our group®®
developed an in situ two-stage hydrothermal synthesis
method to encapsulate ultrasmall Ru clusters (~1 nm) into a
high-aluminum ZSM-5 zeolite without using organic ligands
for Ru cations. In the synthesis progress, the aluminosilicate
gel was first precrystallized at 100 °C to produce MFI
structural units, and then introduced RuCl; solution and
carried out the crystallization at a relatively high temperature
of 170 °C. The preliminary nucleation step can provide
sufficient zeolite nuclei and efficiently prevent the negative
impact of the metal precursor on the assembly of the zeolite
under the hydrothermal conditions.

4 Characterization of zeolite-
encapsulated metal species

Because of the confinement effect within zeolite micropores,
zeolite-encapsulated metal or metal oxides show small size,
even in subnanometer or atomic scale. Moreover, the
geometric and electronic properties of encapsulated metal
species are complex because of the strong metal-framework
interaction. Therefore, identifying metal particles confined in
zeolites is challenging. In this section, the recent advances in
characterization methods for distinguishing encapsulation,
determining metal size, and identifying the coordination
environment and electronic structures of metal entities
confined in zeolites are discussed.

4.1 Structural characterization

X-ray diffraction (XRD) pattern is commonly employed to
determine the topology of zeolite and estimate the formation
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of large metal species.®>®® The signal of metal species in
XRD patterns indicates the failure in the encapsulation of
metal  species  within  zeolite = micropores. = TEM
characterization is another common tool to determine the
size of metal species and distinguish large metal aggregates
not smaller than 2 nm.”" The large metal particles far beyond
the zeolite micropore size can be directly ascribed to
aggregates at the external surface of the zeolite. Thus, TEM
images combined with energy dispersive spectroscopy (EDS)
mapping were frequently reported to provide the possible
evidence of encapsulated metal species within zeolite
micropores, in which no metal species could be direct
observed by TEM images but can be distinguished via EDS.%*
In recent years, HAADF-STEM has been developed as a
reliable technique to analyze subnanometric metal clusters
and even isolated atoms, and has also been developed for
detecting zeolite-encapsulated metal species. Li et al®’
succeeded in detecting 1-2 nm highly dispersed Pd particles
in ZSM-5 zeolite via HAADF-STEM, and they further employed
Cs-corrected HAADF-STEM to distinguish the location of Pt
particles within Y zeolite crystals.”® Pt particles were found to
be atomically-dispersed and located in the 6-MR shared by
sodalite cages and supercages of Y zeolite. Moreover, EDS
and/or electron energy loss spectroscopy (EELS) have been
used to identify and illustrate the dispersion of metal species.
Sun et al.*® prepared S-1 zeolite-encapsulated Pd and Ni(OH),
species with subnanometric Pd-Ni(OH), clusters (Pd-
Ni(OH),@S-1). As shown in Fig. 8, the EDS spectral mapping
images clearly showed that Pd and Ni elements were
uniformly distributed in almost the same position, indicating
the formation of bimetallic clusters. Cs-corrected HAADF-
STEM further revealed that the Pd and Ni(OH), clusters may
be in the intersectional spaces between the straight and
sinusoidal channels of the MFI structure since the straight
channels were empty and intact.

At present, Cs-corrected HAADF-STEM has been widely
used to directly observe the isolated atoms and clusters for
catalytic materials. It is worth noting that the validity of the
encapsulation information is limited by the local observation
and the heterogeneity of samples. In addition, zeolites are
usually quite sensitive to the electron beam, and the
structure could be partially or completely damaged in
HAADF-STEM tests.”>® Recently, integrated differential
phase contrast-STEM (iDPC-STEM) is developed to provide
atomically-resolved images of light and heavy elements and
to directly image electron beam-sensitive materials with
optimal signal-to-noise ratio without damaging the sample.
Liu et al® used the iDPC-STEM technique to study the
location of Mo species in the Mo@ZSM-5 zeolite. The iDPC-
STEM images clearly showed that isolated single-Mo atoms
were in the micropores of ZSM-5. Another example is the use
of iDPC imaging techniques to visualize the evolution of
single-site Ir atoms to stabilized subnanometric Ir clusters in
the pure-silica MWW zeolite.”® With the aid of iDPC-STEM,
atomically-dispersed Ir metal in the 10-MR window
connecting the neighboring 12-MR supercages was observed
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(a) STEM and (b) HAADF-STEM image of the 0.8Pd0.2Ni(OH),@S-1 catalyst and the corresponding EDS mapping images for Si, Pd, and Ni

elements; (c and d) Cs-corrected HAADF-STEM images of the 0.8Pd0.2Ni(OH),@S-1 catalyst viewed along the b-axis orientation with low and high
magnification and (e) viewed along other orientation.*®> Reprinted with permission from Elsevier Inc, copyright 2017.

in the MWW zeolite as well as the formation of
subnanometric Ir clusters (0.4-0.8 nm) after high
temperature reduction treatment. In fact, the above TEM or
STEM measurement are used to determine the size
distribution and average size of metal particles. Generally,
the clusters are regarded to be spherical in shape, and the
surface-area-weighted cluster diameter (drgy) could be
calculated. The as-calculated diameter should be further
confirmed by chemisorption. Chemisorptive titrations of
metal surfaces with CO or H, give metal dispersion, and the
dispersion corresponds to mean cluster diameter (denem)
calculated by assuming spherical crystallites and the density
of each bulk metal. The comparison between the cluster
diameter determined by chemisorption (depem) and by
transmission electron microscopy (drgwm) is significant for the
encapsulated metal clusters. For example, ultrasmall metal
clusters within small pore zeolites, such as SOD or GIS
zeolites, are difficult to be distinguished by TEM experiments
so that these clusters cannot be included in cluster size
calculation using TEM measurement, which results in the
overestimation of drgy. On the other hand, the dispersion
calculated by chemisorption is influenced by the accessibility
of adsorbing probe molecular onto the metal surface. When
the zeolite cages or channels are partly occupied by metal
clusters, the size of the molecular probe also could influence
the titration of metal surface owing to the limit of the
residual space in the zeolite cages or channels. Taking Na-
form LTA zeolite-encapsulated Pt metal clusters as an
example,”" the aperture (0.41 nm) of o-cages allows the
diffusion of CO (kinetic diameter: 0.39 nm) to access Pt

64 | /nd. Chem. Mater., 2024, 2, 57-84

clusters but ~3 times lower dispersion from CO
chemisorptions (0.21) was obtained compared to hydrogen
(kinetic diameter: 0.29 nm) chemisorptions (0.75). This
means that CO gas could not titrate all Pt metal surfaces
within a-cages and also believe that it is difficult to titrate
the entire metal surface even by hydrogen atoms (diameter:
0.11 nm), resulting in a little lower dispersion than obtained
by actual dispersion. Anyway, a good agreement between
denern and dpgym  indicates that the metal clusters are
distributed narrowly within zeolite micropores.

X-ray absorption (XAS) is a powerful technique for
realizing global information on the dispersion and
coordination environment of metal species confined in
zeolite crystals. For XAS characterization, based on the
formation mechanism and data processing method, the
analysis of XAS results is usually divided into two distinct
parts: X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). XANES
focuses on the region before the absorption edge —50 eV after
the absorption edge and has a “fingerprint effect”, which can
provide information such as the electronic state and valence
state of confined metal atoms.”® EXAFS pays attention to 50
eV after the absorption edge —1000 eV, and the morphology is
a continuous slow weak oscillation.'” Fitting EXAFS can
provide the information on the structure, including the
coordination numbers, bonding distances, and thermal
perturbation of confined metal species. Li et al.’®" succeeded
in distinguishing encapsulated Co ions in Y zeolite by Co
K-edge XANES and EXAFS spectroscopy, as shown in Fig. 9.
The XANES spectra showed that the energy absorption edge
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Fig. 9 XAS characterization of the Co@Y sample. (a) Co K-edge XANES
spectra; (b) FT k2-weighted EXAFS spectra.l®® Reprinted with
permission from American Chemical Society, copyright 2022.

of Co@Y was between CoO and Co,0;, revealing that the
valence of Co species was in the range from +2 to +3. The
Fourier-transform (FT) k*-weighted EXAFS spectra of Co@Y
exhibited two prominent peaks at ~2.0 A and ~3.3 A,
corresponding to the first shell of the Co-O path and the
second shell of the Co-Si(Al) path, respectively. Then, the
absence of the Co-Co path indicated that all the Co atoms
were singly dispersed.

It should be noted that ultrasmall metal clusters (ie.,
subnanometric metal clusters) are sensitive to environmental
changes, and the state of the metal clusters changes
dynamically during the catalytic reaction. Therefore, in situ or
operando XAS measurements have attracted increasing focus.
Time-resolved scanning XAS under operando condition was
employed to study the evolution of encapsulated Cu species
during the selective catalytic reduction (SCR) of NO by
NH,."%* According to XAS spectra, at low temperature (<250
°C) under SCR conditions, the activity of Cu-SSZ-13 was
derived from the formation of Cu"(NH;),; species by NHj
adsorption on Cu sites. During the SCR reaction, Cu'(NH;),
species increased with the simultaneous attenuation of
Cu"(NH;), species, and the re-oxidation of Cu'(NH,), was the
rate-limiting step. However, NH; inhibited the re-oxidation of

PtY

340 335 330 325 320 315
Binding Energy (eV)

310 324
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Cu(i), leading to a decrease in their low-temperature activity
for the SCR reaction. The in situ or operando XAS provides a
new and significant chance to clarify the reaction mechanism
for the rational design of more active catalysts.

4.2 Surface characterization

X-ray photoelectron spectroscopy (XPS) is a routine but
effective tool to estimate the success of encapsulation. Beside
the electronic states of the surface element of zeolite-
containing metal samples, the surface concentration of
elements combined with the bulk composition of the
samples could give clear evidence of encapsulation. Because
of the low external surface area but large micropore surface
area of the zeolite samples, a lower content of metal species
from XPS compared to the bulk content from elemental
analysis may suggest the distribution of metal species within
the zeolite micropores. As shown in Fig. 10a, the signal of
Pt@Y with Pt particles confined in the Y zeolite were much
less than that of Pt/Y in which most of the Pt particles were
located at the external surface of the Y zeolite.”* It should be
noted that the internal information of the metal species can
be obtained by etching treatment using inert gas ion
bombardment. Zhao et al'®® etched the Pt-containing
samples using Ar’ ion sputtering to an etching depth of
about 20 nm and then performed XPS measurements
(Fig. 10b). The corresponding binding energies of Pt°, Pt*",
and Pt*" in Pt@Beta were higher than those of Pt/Beta, which
demonstrated the strong metal-zeolite interaction in
Pt@Beta.

In addition to XPS, H, temperature-program reduction
(H,-TPR) has been frequently included as a supplement to
confirm the surface properties due to interaction between the
metal and the zeolite."**'°® It can be used to determine the
reducibility and identify the types of metal species present in
the zeolites. It is generally believed that the reduction
temperature of isolated metal atoms is higher than that of
the corresponding aggregated metal oxide nanoparticles. For
example, the H,-TPR profile of CoSiBeta had three reduction
peaks located at about 280 °C, 400-600 °C, and >600 °C,

Intensity (a.u.)

320 316 312
Binding Energy (eV)

Fig. 10 (a) Pt 4d XPS of Pt@Y and Pt/Y without Ar* ion sputtering.’* Reprinted with permission from American Chemical Society, copyright 2021;
(b) Pt 4d XPS of Pt@Beta and Pt/Beta with Ar* ion sputtering.’®® Reprinted with permission from Wiley-VCH, copyright 2021.
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Fig. 11 (a) FTIR-CO spectra of Pd@SAPO-31 and Pd/SAPO-31.1°% Reprinted with permission from Springer Nature, copyright 2021; FTIR-CO
spectra of (b) Cu/TS-1 and (c) Cu@TS-1.2%° Reprinted with permission from American Chemical Society, copyright 2021.

which could be attributed to the reduction of superficial
CoO, on the Si-Beta support, CoO, in the T sites of Si-Beta,
and isolated Co ions, respectively.'*®

The chemisorption of small probe molecular has been
developed to test the geometric and electronic structure of
zeolite-encapsulated metal species. Specially, Fourier transform
infrared spectroscopy of CO (FTIR-CO) is frequently reported
because CO is extremely sensitive to the geometric and electronic
structure of the metal site. For the CO adsorption on metal sites
confined in zeolites, it typically exhibits multiple binding states,
providing information on the oxidation and coordination
state.®'%” Lu et al.'®® used low-temperature FTIR-CO to study
the Pd particles confined in the SAPO-31 zeolite (Fig. 11a). For
Pd@SAPO-31, two peaks were observed at 2134 and 2068 cem?,
corresponding to the linear-adsorbed CO on isolated Pd sites
and bridge-adsorbed CO on small Pd clusters, indicating the co-
existence of Pd single atoms and small Pd clusters confined
within the zeolites. FTIR-CO also can be employed to determine
the electronic properties of metal species. The peak shows blue-
or red-shifted due to the difference in the strength and nature of
interactions between the metal species and zeolites, which is
useful for clarifying the properties of metal species. Cao et al.'*
studied the state of Cu species within the TS-1 zeolite
(Fig. 11b and c). For Cu/TS-1, three CO adsorption peaks at 2168,
2144, and 2133 cm™ were ascribed to the symmetric vibrations
of Cu'~(CO),, antisymmetric vibrations of Cu'-(CO), and Cu'-
CO species, respectively. The spectra of Cu@TS-1 showed slight
blue shifts for Cu*-CO at 2137 cm ™, Cu*~(CO), at 2147 and 2171
em™', demonstrating electron withdrawal from Cu by the zeolite
framework, confirming the strong metal-zeolite interaction in
Cu@TSs-1.

4.3 Encapsulation fraction determination via probe
molecular titration

The metal species encapsulated within zeolites show many
advantages in comparison to conventional metal deposited
on supports because the well-defined and well-ordered
microporous void structure of the aluminosilicate framework
of zeolites stimulates a uniform metal cluster size within the
zeolites and initiate shape and size selectivity for reagents,

66 | /Ind. Chem. Mater., 2024, 2, 57-84

intermediates, and products of catalytic reactions. The
fraction of metal clusters encapsulated inside the zeolites can
be tested by suitable probe molecular titration reaction.
Iglesia et al.”" prepared LTA zeolite-encapsulated noble metal
clusters (Pd, Pt, Rh, etc.) and used the turnover rates (TOR) for
the hydrogenation of alkenes with different kinetic diameters
(ethylene: 0.39 nm and isobutene: 0.50 nm) to represent the
activity of metal clusters on NaA and SiO, samples. The
specificity of encapsulation is reflected by the ratio of TOR
values, defined as y, for small and large reactants on clusters
dispersed on NaA and SiO, samples. The ratio of these y
values for NaA and SiO, samples, defined as ¢, reflects the
diffusional constraints for access to intrazeolite clusters for a
larger reactant. The ¢ value near 1 indicates that the
accessibility of reagents to clusters is the same on NaA and
Si0,, and the molecules are essentially unconstrained. Larger
¢ values provide rigorous evidence for the preferential
containment of active clusters within spatially-constrained
micropores that can sieve reactants based on their molecular
size. Pd/LTA, Pt/LTA, and Rh/LTA gave ¢ value much larger
than 1 (8.3, 7.5, 82.9, respectively) confirming that Pd, Pt, and
Rh clusters reside predominantly within LTA voids.

As shown in Fig. 12, He et al.'®” used the hydrogenation of
toluene (0.3 nm) and 1,3,5-triisopropylbenzene (TIPB, 0.85 nm)
to test the encapsulation fraction of FAU zeolite-encapsulated
Ru catalysts. The fraction of encapsulation was reflected by the
difference in the turnover frequency (TOF) values over Ru@FAU
and Ru/SiO, samples. We previously reported the same method
to determine the proportion of Ru clusters within the ZSM-5
zeolite at 92% for Ru@ZSM-5, confirming that most Ru clusters
(~1.3 nm) are confined in the micropores of the ZSM-5
zeolite.%® Cho et al.''® developed the oxidation of cyclohexanol
(Cy6-o0l, 0.60 nm) and cyclododecanol (Cy12-ol, 0.84 nm) with
tert-butyl hydroperoxide in acetonitrile as a model reaction to
determine 90% encapsulation fraction of Pt nanoparticles
within the BEA zeolite.

Currently, there is still no effective method for accurately
identifying the encapsulation fraction metal species within the
zeolite. Therefore, the results from different characterizations
should be synchronized together to better understand the
properties of zeolite-encapsulated metal catalysts.
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5 Catalytic consequence

The encapsulation of metal species within zeolites is an
attractive route to contain and maintain small and uniform
metal clusters, to protect them against sintering and
poisoning, and to select reactants, products, and transition
states in catalytic reactions. However, the confinement of
metal species within zeolites may also increase the diffusion
barrier of the reactant or product throughout the zeolite
aperture, leading to a somewhat decreasing reaction rate.''!
Again, the confinement inevitably sacrifices some acid site
via the interaction between the metal species with the zeolite
framework."'> These together make the catalytic consequence
of the zeolite-encapsulated metal catalysts complex, which is
varied with the reaction conditions. In this section, we
mainly discuss the catalytic consequence of metal species
confined in zeolites in terms of activity, selectivity, and
stability during catalytic reactions.

5.1 Activity

5.1.1 Na-type and pure silica zeolite. Zeolite-encapsulated
metal species possess small particle size with high
coordination unsaturation, which is characteristic of high
reactivity. Sun et al.”” confined single Rh atoms into S-1 zeolite
using [Rh(NH,CH,CH,NH,),|Cl; as metal precursors. The as-
obtained catalyst showed impressive activity for ammonia
borane hydrolysis with a TOF value of 432 moly, molg, *
min~", which was more than 2- and 6-times higher than that of
the S-1 zeolite-encapsulated Rh clusters (<1 nm, 195 moly,
molg, ' min™") prepared by calcination-reduction procedure
and S-1 zeolite-impregnated Rh particles (>5 nm, 65 moly,
molg, ' min™"), respectively. The superior activity was
attributed to the single-atom Rh metal with high reactivity.

The encapsulation of metal species within zeolites
involves the inherent problem of mass transfer limitation in
micropores, which is detrimental to the efficiency of the
catalytic reaction."”®''* To address this point, Peng et al.*’
employed a single crystal intramesopore MFI zeolite to
encapsulate Pd nanoparticles (Pd@IM-S-1) via a facile in situ
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mesoporogen-free strategy (Fig. 13a). Firstly, Pd@SiO, was
prepared by a reversed-phase microemulsion method and
then used as a precursor for the synthesis of Pd@IM-S-1
through the in situ dry-gel synthesis process. In the synthesis
process, the amorphous SiO, shell of Pd@SiO, will be
converted to S-1 shell through continuous heating. FIB
aberration-corrected bright field TEM (FIB-AC-BF-TEM) and
FIB aberration-corrected high-angle annular dark-field TEM
(FIB-AC-HAADF-TEM) images of Pd@IM-S-1 demonstrated
that many intramesopores with a mean size of ~21.9 nm
were present in the zeolite crystals, and Pd nanoparticles
were confined within the IM-S-1 shell. As shown in
Fig. 13b and c, PA@IM-S-1 exhibited an outstanding deep
oxidation activity for methane and propane, the TOF value at
265 °C was 2- and 7-fold higher than that over the traditional
S-1 zeolite-supported Pd and SiO,-supported Pd catalysts,
respectively. After five cycling tests for propane deep
oxidation at 300 °C, Pd@IM-S-1 was held steady at 90%
conversion while Pd/S-1 was ~20% of conversion. These
results demonstrated that PdA@IM-S-1 had better activity and
recyclability than Pd/S-1 because Pd@IM-S-1 contained
micropores and the supernumerary intramesopores
simultaneously, which can improve the mass transfer rate as
well as the accessibility to Pd active sites.

5.1.2 H-type zeolite. Spillover phenomena are ubiquitous
in catalysis and involve the transport of active species formed
for one function to another function, which by itself does not
form the active species or catalyze the reaction under the
conditions of the experiment. The activated hydrogen species
typically form on metal or oxide functions and then transfer
to an acceptor site, such as unsaturated molecules activated
by acid sites, then undergo reduction. Thus, it can be
interfered that the close proximity of acid sites and metal
sites promote the hydrogenation activity using H-type zeolite-
encapsulated metal catalysts.">™" Lu et al''® prepared a
series of core-shell catalysts by the epitaxial growth of ZSM-5
shell around the S-1 zeolite-supported Pd nanoparticles core
with different crystallization time (Pd/S-1@ZSM-5-x, x =
crystallization time (h)) (Fig. 14a). Pd/S-1@HZSM-5-x was
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prepared by the NH," exchange of the corresponding Pd/S-
1@ZSM-5-x. NH; temperature-programmed desorption (NH;-
TPD) results showed that the strong acid amount around the
Pd nanoparticles was increased with the crystallization time.
The nanopore environments of zeolites could significantly
affect the catalytic activity of naphthalene hydrogenation. As
shown in Fig. 14b, the core-shell Pd/S-1@HZSM-5-x catalyst
showed a super high naphthalene conversion at 6 h, in
particular, the naphthalene conversion of Pd/S-1@HZSM-5-48
reached 98.3%, while the Pd/S-1 catalyst exhibited a
naphthalene conversion of 5.1% under the same conditions.

In addition, Pd/S-1@NaZSM-5-48 prepared by ion-exchanging
with NaCl solution and Pd/[S-1@HZSM-5-48] prepared by the
wet-impregnation method using S-1@HZSM-5-48 as the
support were obtained to further confirm the enhancement
in the hydrogenation ability of the HZSM-5 shell. The
naphthalene conversion of Pd/S-1@NaZSM-5-48 (27.7%) and
Pd/[S-1@HZSM-5-48] (71.5%) were much lower than that of
Pd/S-1@HZSM-5-48 (96.1%) at 10 h. These results revealed
that the acid support was beneficial for spillover
hydrogenation and adjusting the distance between the acid
sites and metal particles could further improve spillover

a b [ Pd/s-1 [ Pd-S-1@HZSM-5-7 [ Pd/S-1@HZSM-5-96
APTMS [ Pd-S-1@HZSM-5-2 [ Pd-S-1@HZSM-5-48 Tetralin » Decalin
1001 100
« g Pd? :
% : _—
—y o & 804~ - 80
S-1 P
§ 60 60 :\‘;
s-1 Nano-ZSM-5 shell TPACH £ z
4 =
XXX LA TR g b1
o » £ 40 F40 3
P 2o ] x
A 8 3 .
o . oo Epitaxial growth
A A k pos (__ 20 - 20
.0.‘\ g . "... Ly B
'S L § ) \ &
...\iﬁn. : Pd NPs w @ 0- -0
evsv0 000 6 7 8 9 10

* :Acidic sites

Pd/S-1@HZSM-5
Fig. 14

Time on stream (h)

(a) The preparation progress for the Pd/S-1@HZSM-5 catalyst; (b) catalytic performances of naphthalene hydrogenation over different

catalysts (reaction conditions: WHSV = 1.3 h™, H,/feed = 750, 4 MPa H,, 280 °C).*® Reprinted with permission from Elsevier B.V., copyright 2021.
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Fig. 15 The direct synthesis of the gasoline product from CO
hydrogenation using the Ru@NaY catalyst.'? Reprinted with
permission from Elsevier B. V., copyright 2021.

hydrogenation. Xiao et al''® also found during CO,

hydrogenation that Rh@HZSM-5 was more likely to generate
methane with a selectivity of 98.2%, while the Rh@sS-1
catalyst was more likely to generate CO with a selectivity of
79.8% under the same conditions. The different results could
be mainly attributed to the fact that HZSM-5 favored
hydrogen spillover for the further deep hydrogenation of CO
to methane.

5.2 Selectivity

5.2.1 Na-type zeolite. With the aid of “shape-selective
catalysis” of zeolite, zeolite-encapsulated metal catalysts can
show unique selectivity compared to traditional metal
catalysts without confinement. Fisher-Tropsch (F-T)
synthesis product is characteristic of Anderson-Schulz-Flory
(ASF) distribution, and a broad distribution with selectivities
for C,-C,, gasoline (C5—-Cy;), and diesel (C;,-C,) are limited
to 58%, 48%, and 40%, respectively.'* Xiao et al.'*' proposed
a new strategy to tune the product selectivity in F-T
synthesis, and the selectivity of the resulting gasoline product
could overcome the limitations of the ASF (Fig. 15). The
gasoline selectivity of the prepared Ru@NaY catalyst (Ru
particles encapsulated in NaY zeolite) was 64.3%, which was
about 2 times higher than that (32.8%) of Ru/NaY (Ru
particles were located on the outer surface of the Y zeolite).
This is owing to the encapsulation of Ru particles within the
FAU zeolite crystals, where the 12-MR zeolite aperture could
inhibit the C-C coupling reaction of olefins to long-chain
hydrocarbons and improve the selectivity of the gasoline
product. Xing et al."** prepared the Pt@Y catalyst by encaging

Pt@H-ZSM-5

View Article Online

Review

Pt nanoparticles in Y zeolite and for the hydrogenation of
aromatic ketones. Due to the restricted adsorption
conformation of aromatic ketones by the micropores of the Y
zeolite, the Pt@Y -catalyst exhibited 100% selectivity of
aromatic alcohols even at conversion ~100%.

5.2.2 H-type zeolite. The product distribution in a tandem
catalytic reaction can be manipulated by tailoring the
proximity between the acid and metal sites in zeolite-
supported metal catalysts."*>*** In the biomass upgrading
process, several consecutive steps are often required to be
converted into the desired products. However, not all catalytic
materials with different active sites could guide the tandem
reaction with steps in the desired sequence. Xu et al*’
designed the Pt@H-ZSM-5 catalyst via a cationic polymer-
assisted synthesis and demonstrated the molecular level
proximity between Brensted (B) acid and Pt sites. As shown in
Fig. 16, in the reaction of furfural converted to VA and EV,
Pt@H-ZSM-5 and Pt/H-ZSM-5 (obtained by incipient wetness
impregnation) showed different reaction pathways; the yield
of the target product was 86% and 5%, respectively. The high
selectivity on the Pt@H-ZSM-5 catalyst was attributed to the
distribution of metal and acid sites, which could change the
steps of the tandem reaction. Recently, they used a similar
method to synthesize the Pt@H-BEA catalyst, which could
efficiently convert cyclopentanone to dicyclopentane and
decalin in a tandem reaction with a yield of 78%."%°

5.3 Stability

Supported metal catalysts would be deactivated under harsh
reaction conditions due to sintering, leaching, carbon
deposition, or poisoning of metal active centers (Fig. 17).
Zeolites have a rigid framework and high thermal and
hydrothermal stability. Besides, the pores of the zeolite can
keep the encapsulated metal species isolated from each
other, reducing the aggregation and sintering of metal
species. Therefore, encapsulating metal species into zeolites
is an effective strategy to improve their stability.

5.3.1 Sintering- and leaching-resistant stability. Metal
leaching and sintering are inherent properties of supported
metal catalysts, which would lead to catalyst deactivation
during catalytic reactions. Wang et al.'*® encapsulated Pd

e Brensted acid
Pt/H-ZSM-5-0

Fig. 16 The conversion of furfural into VA/EV over Pt@H-ZSM-5 and Pt/H-ZSM-5.2” Reprinted with permission from American Chemical Society,

copyright 2020.
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Fig. 17 Schematic of supported metal catalysts deactivation modes.

particles within zeolite Y (Pd@Y) to improve their
antisintering ability under harsh reaction conditions. The
resultant catalyst was stable even after calcining at 800 °C,
while the catalyst synthesized by the traditional deposition
method (Pd/Y) sintered significantly after the same
calcination treatment. In addition, the Pd@Y catalyst also
exhibited high stability and regeneration performance in CO
oxidation reaction. The TEM images showed that the Pd size
in Pd@Y changed negligibly after CO oxidation reaction, but
the Pd size of Pd/Y increased from 3.7 to 19.9 nm. Pt particles
encapsulated in the traps produced by the
dealumination of the Y zeolite, hindering the movement of
Pd nanoparticles and improving the stability of Pt@Y. Zhang
et al'*® prepared Pd@Beta catalyst by encapsulating Pd
particles (~1.6 nm) within Beta zeolite. During the synthesis,
Pd/Beta synthesized by the wet-impregnation approach was
used as a seed and then crystallized in aluminosilicate gels.
The Pd@Beta catalyst exhibited extremely high thermal and
hydrothermal stability, and the size of Pd particles was

were

o
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Pt/Beta-ion
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Poisoning

almost unchanged even at 600 °C for 240 min in air.
Moreover, the Pt@Beta catalyst also showed remarkable
stability in water-gas shift (WGS) reaction. As shown in
Fig. 18, the Pt@Beta catalyst remained highly active after
the reaction for 6000 min, while the conventional Pt/Beta
showed low catalytic activity after the reaction for 2640 min.
Simultaneously, the TEM images showed that the size of Pt
particles in the used Pt@Beta still retained the original
diameter range of 0.8-3.2 nm. A similar procedure was also
applied to synthesize Rh@Beta, Rh@MOR, Ag@Beta,
Pt@MOR, Ag@MOR, and Pd@S-1, and the resultant
catalysts all exhibited high thermal and hydrothermal
stability."*  For the leaching-resistant stability via
encapsulation, Liu et al.’® confined Au clusters in MCM-22
zeolite using 2D-to-3D zeolite transformation strategy
(Au@MCM-22). The as-encapsulated Au clusters in zeolite
were protected from leaching into the reactant during the
liquid-phase oxidation of cyclohexane to cyclohexanol and
cyclohexanone.

T
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200
Pt/Al,O,-com
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Fig. 18 Average rates of various catalysts in the WGS reaction as a function of (a) temperature and (b) time (reaction conditions: 20 mL min™ of
reactant gas (7% CHy, + 3.3% O, + 79.7% He), GHSV = 480000 mL gpq* h™%, 600 °C).}2 Reprinted with permission from Spring Nature, copyright

2018.
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The dry reforming of methane (DRM) is an environment-
friendly reaction that can convert methane and carbon
dioxide into hydrogen and carbon monoxide.'*”"*° Ni-based
catalysts are the most commonly used catalysts for the DRM
reaction, but they usually tend to sinter at high reaction
temperature. Several works have proved that fixing Ni clusters
in zeolites can effectively improve their stability via the
restriction of the zeolite framework."*>"" Dai et al'*?
conducted further studies on DRM catalysts and found that
the simultaneous encapsulation of Pt and Ni in S-1 zeolite
could exhibit excellent stability and anticoking properties.
The excellent stability of Ni-Pt@S-1 could be attributed to the
interaction between Ni and Pt, which could suppress the
sintering of Ni and keep the metal particles highly dispersed.
Next, Dai et al.*® synthesized the Fe,0;-CuO@S$S-1 catalyst to
catalyze phenol degradation. The obtained bimetallic catalyst
exhibited higher dispersion and smaller size than Fe,O;@S5-1
and CuO@S-1. For phenol degradation, Fe,03;-CuO®@S-1
showed superior activity and resistance to sintering.

5.3.2 Anti-carbon deposition stability. Carbon deposition
can cover the active sites and block zeolite pores, resulting in a
drastic decrease in the surface area and pore volume, which
may exacerbate mass transfer limitations and lead to catalyst
deactivation. Encapsulating metal species into zeolites is a
promising strategy to effectively prevent carbon deposition in
high-temperature catalytic reactions. Ismaila et al.'** prepared
the Ni@S-1 catalyst via one-pot hydrothermal synthesis for the
catalytic steam reforming of glycerol (SRG) reaction. As a
comparison, the Ni/S-1 catalyst was synthesized by a
conventional impregnation method. The Ni@S-1 catalyst
exhibited high activity in SRG reaction at 750 °C with glycerol
conversion of ~99% and hydrogen yield of ~60%, while the Ni/
S-1 catalyst showed a comparatively low glycerol conversion of
73% and hydrogen yield of 45%. The activity of the Ni/S-1
catalyst kept decreasing gradually as a function of TOS (time on
stream), while Ni@S-1 maintained similar activity to the initial
activity after 100 h of reaction. In the thermogravimetric analysis
(TGA), the weight loss of used Ni/S-1 was ~15% higher than that
of used Ni@S-1 (~8%), demonstrating the anticoking ability of
Ni@s-1. Significantly, the introduction of mesopores via post-
synthetic TPAOH treatment could further improve the activity
and anticoking ability of Ni@S-1. In the SRG reaction, the
obtained Ni@HolSi-1 catalyst showed about 99% glycerol
conversion and about 70% H, yield after reacting at 750 °C for
100 h. In the TGA test, the weight loss of used Ni@HolSi-1 was
less than 0.5%.

5.3.3 Anti-poisoning stability. Poisoning is a result of
strongly chemisorbed species present in the reaction system,
which include reactants or impurities such as N, S, or
P-containing species. Metal poisoning usually occurs to cause
deactivation. The confinement of metal species within zeolites
can prevent the poisoning of active sites by large organosulfur
species. Iglesia et al."** encapsulated Pt and Rh clusters within
NaA zeolite using MPS as ligands. NaA micropore aperture is
0.41 nm smaller than that of thiophene (0.46 nm), preventing
thiophene from contacting the encapsulated metal clusters.

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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During ethene hydrogenation, the hydrogenation rates of Pt and
Rh clusters in NaA decreased by only ~20% with the addition of
thiophene, while the SiO,-supported samples showed no
hydrogenation activity with thiophene introduction.

The poisoning of Pd is a general problem for many
supported Pd nanoparticle catalysts, which is also a serious
problem faced by Pd catalyst industries. In the hydrogenation
of phenylacetylene to styrene, the TOF values over the
commercial Pd/C and Pt/Y catalysts decreased by 91.7% and
85.7% with the in situ addition of thiophene, respectively.'*®
Very interestingly, encaging single Pt atoms in SOD cages
within the Y zeolite exhibited high catalytic activity with only
a 12.5% reduction in TOF value under the equivalent reaction
condition. This antipoisoning stability could be attributed to
the confinement effect of zeolite voids, which could prevent
metal species from contacting with toxic substances in the
reaction medium. In addition, the zeolite framework could
interact strongly with metals due to the confinement effect,
resulting in partial charge transfer from Pt to skeleton oxygen
and weaken the interaction of encaged Pt°* with poisons.

6 Catalysis of confined catalysts

In this section, we discuss the catalytic properties of zeolite-
encapsulated metal catalysts in some important catalytic
reactions. The properties of representative zeolite-
encapsulated metal catalysts and their catalytic applications
are summarized in Table 2.

6.1 Application in traditional chemical industry

6.1.1 Dehydrogenation of propane. Propylene is one of the
most important industrial raw materials and is mainly
produced through two major processes, namely, catalytic
cracking and naphtha cracking. Due to the scarcity of fossil
fuels and the discovery of shale gas, PDH has received
extensive attention and is considered as a promising
approach to meet the ever-increasing demand for propylene.
Supported Pt-based catalysts are widely used in the PDH
process. Liu et al.’” confined Pt species into purely siliceous
MCM-22 zeolite by 2D-to-3D zeolite transformation method
using dimethylformamide (DMF) as a reductant and capping
agent. HAADF-HRSTEM measurements revealed that Pt
species are located in the surface cups, cavities, and 12-MR
supercages of MCM-22 zeolite in the form of single atoms
and small clusters. The Pt/MCM-22-imp catalyst prepared by
the impregnation method had a larger metal size ranging
from 1 to 5 nm. The resulting Pt@MCM-22 and Pt/MCM-22-
imp were used in the PDH reaction. Pt@MCM-22 established
high propane dehydrogenation activity, and the reaction rate
was about 5 times higher than that of Pt/MCM-22-imp.
Pt@MCM-22 had excellent stability; after five regeneration
cycles at 550 °C, the activity of the Pt@MCM-22 catalyst was
still 90% of the initial activity, while the activity of Pt/MCM-
22-imp was less than 60% of the initial activity. Adding
secondary metal elements (e.g,, Sn,*>%%137 7zp 37136151152
Fe,'>® and Cu (ref. 138)) to Pt-based catalysts can change the
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Table 2 Summary of properties of various zeolite-encapsulated metal catalysts and the corresponding catalytic activity for some important catalytic

reactions
Metal particle Metal loading
Catalyst size (nm) (Wt%) Reaction condition Catalytic results Ref.
PDH reaction
Pt@MCM-22 ~1 0.11 T =550 °C; WHSV =3.2 h'%; C,H, formation rate = 2.21 57
C3;Hg/N, = 30/3 mL min™" molg s, gec ' h™'
PtZn@S-1 <1 0.23 T =550 °C; WHSV = 6.5 h™%; C,;H, formation rate = 28.2 136
C3Hg/N, = 11/19 mL min%; 60 h mole s, gee * h7
Cong , = 45.3-42.0%;
Selg 1, = 99-99.9%;
Kq=0.002 h™*
K-PtSn@MFI ~0.55 0.40 T = 600 °C; WHSV = 29.5 h'}; C,H, formation rate = 66.26 137
C3;Hg/N, = 5/16 mL min*; 25 h molc s, gpe ' h'
Cong y, = 38.7-31.9%;
Selg,u, = 97-97.5%;
Kq=0.012 h™
PtCu@S-1 ~2.0 0.1 T = 610 °C; C,H, formation rate = 12.95 138
WHSV=13h";3h mole s, gpe  h
Cong y, = 46.0-9.0%;
Selg g = 93.2-91.0%);
Kq=07h!
GaPt@S-1 <1 0.092 T = 600 °C; WHSV = 0.65 h™; C3;Hg formation rate = 20.5 139
C3Hg/N, = 1/19 mL min *; 24 h molg s, gec - h7'
Cong , = 45.9-41.6%;
Selg 1. = 92.0-95.0%;
Kq=0.068 h'!
PtLa/mz-deGa ~3 1.0 T =580 °C; WHSV = 11.0 h™; C3;Hg formation rate = 10.05 38
C;Hg = 4.6 mL min™%; 720 h molg i, gee * h7*
Cong y, = 40.0-8.0%);
Selg py, = 95.0-96.0%;
K4 =0.003 h?
CO hydrogenation
Co@S1 — 10 T =260 °C; P = 1.0 MPa; Congo = 45.8%; 140
H,/CO =2; W/F=6 g h mol™ Selgasoline = 68.8%
RhMn@5-1 ~2.7 Rh (0.76) T =320 °C; P = 1.5 MPa; Congo = 42.4%; 141
Mn (0.85) H,/CO = 2; F = 30 mL min ! “Selg -oxy = 88.3%
Fe@NaY ~2.13 5.9 T =300 °C; P = 3 MPa; Congo = 91.2%; 142
H,/CO = 2; F = 20 mL min™* Selc - = 36.2%
CO, hydrogenation
Rh@S-1 ~4.3 0.45 T =500 °C; P = 1.0 MPa; Congo, = 51.6%; 119
H,/CO,/Ar = 3/1/1; F = 30 mL min " Selco = 79.8%
Rh@HZSM-5 ~5.0 0.42 T =500 °C; P = 1.0 MPa; Congo, = 68.2%; 119
H,/CO,/Ar = 3/1/1; F = 30 mL min™* Selcu, = 98.2%
Na-Rh@s-1 2.4-2.6 0.73 T =250 °C; P = 5 MPa; Congo, > 10%; 143
H,/CO, = 4; F= 15 mL min " Selethanol = 24%
Furfural hydrogenation
Pd@Na-ZSM-5 5-10 0.89 T'=150 °C; Py, = 1 MPa; Conggy, = 76%; 144
0.077 g furfural (FFL); 5 mL Selpar = 74%
isopropanol as solvent; 12 h
Cu@TS-1 ~1.9 2.14 T'=110 °C; Py, = 1 MPa; 0.3 FFL; Conggy, = 45.9%; 109
23.56 g isopropanol as solvent; 2 h Selgar, = 74.7%
Na-Cu@TS-1 ~1.8 2.05 T'=110 °C; Py, = 1 MPa; 0.3 g FFL; Conggy, = 93.0%; 109
23.56 g isopropanol as solvent; 2 h Selgar, = 98.1%
The conversion of 5-hydroxymethylfurfural (HMF)
Pt@Y ~1.9 1.23 T'=80 °C; Py, = 2 MPa; Conymr = 100%; 145
12.7 mg HMF; 1.5 mL H,0; 4 h Selgimr > 99%
Pt@Beta ~1.61 0.20 T=90 °C; Py, = 2 MPa; Conypr = 99%; 146
12.6 mg HMF; Na,co,/Numr Selppca = 98%
=6; 4 mL H,0; 24 h
Hydrogen generation
Rh@Nay — 1.2 T =25 °C; 10 mL 100 mM bTOF = 92 min™; 147
ammonia borane (AB); E, = 66.9 k] mol™*
Nrn/Mag = 0.002
Rh@S-1-C — 0.28 T=25°C; 1 mL1M AB; bTOF = 195 min™* 36
Nrn/Nag = 0.0011
Rh@S-1-H Single atom 0.28 T=25°C;1 mL1M AB; bTOF = 432 min 77
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E, =75.5 k] mol™
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Table 2 (continued)
Metal particle Metal loading
Catalyst size (nm) (Wt%) Reaction condition Catalytic results Ref.
Rh, gRu, ,/SP-S-1 ~0.78 Rh (0.36) T=125°C; 1 mL 1M AB; bTOF = 620 min % 148
Ru (0.08) Nmetal/Mag = 0.001 E,=75.5k] mol™"
Rh, gRU, ,/SP-ZSM-5 ~0.70 Rh (0.36) T=25°C; 1 mL 1M AB; bTOF = 1006 min % 148
Ru (0.08) Nmetal/Mag = 0.001 E,=56.5 k] mol™
Pd@S-2 ~1.5 0.41 T=50°C; 5 mL 1 M formic °TOF = 3349 h™%; 149
acid (FA); npa/ngs = 0.005 E,=30.3 k] mol™
PdMn, ¢@S-1 ~1.0 Pd (0.59) T =60 °C; 1.5 mL 2 M FA; 9TOF = 6860 h™%; 150
Mn (0.16) Npalfpa = 0.012 E, =56.5 k] mol™

“ Selectivity of ethanol in total oxygenates. P TOF is the total turnover frequency when the conversion of AB reaches 100%. ° TOF value
calculated for the complete time of gas release. ¢ TOF value calculated for the complete time of gas release and Pd metal atoms.

electron density of Pt atoms, thereby affecting the catalytic
performance of Pt-based catalysts. For instance, Wang
et al."*° encapsulated bimetallic PtZn nanoclusters inside S-1
zeolite using Pt-ethylenediamine and Zn-ethylenediamine
complexes as precursors via direct hydrothermal
crystallization. TEM images indicated that the PtZn bimetals
in 0.3Pt0.5Zn@S-1 were homogeneously dispersed in S-1
zeolite in the form of ultrasmall-sized nanoclusters, while the
PtZn bimetals had a larger size (~6.1 nm) in 0.3Pt0.5Zn/S-1
(prepared by the impregnation method). Introducing Zn into
Pt species could significantly improve the PDH performance.
As shown in Fig. 19a, the 0.3Pt0.5Zn@sS-1 catalyst exhibited
super high propylene selectivity up to 99%, and the TOF
value was 74.7 min ' at 450 °C. In addition, the
0.3Pt0.5Zn@S-1 catalyst showed outstanding stability due to
the confinement effect of zeolites. After 60 h of reaction, the
deactivation of 0.3Pt0.5Zn@8S-1 was not obvious, and the
deactivation rate was 0.002 h™*, 7.5 times lower than that over
0.3Pt0.5Zn/S-1 (Fig. 19b). Moreover, the 0.3Pt0.5Zn@S-1
catalyst established the recycling stability of PDH. As shown
in Fig. 19c, the activity obtained over the catalyst was almost
the same as that of the fresh catalyst during four cycles after
a simple oxidation-reduction process.

Besides the introduction of transitional metal, rare-earth
metals is also included to improve the performance of Pt-
based catalysts for the PDH reaction. Ryoo et al.*® prepared
Pt-La alloy nanoparticles incorporated in the mesoporous
MFI zeolite (PtLa/mz-deGa). Mesoporous Ga-MFI zeolite was

treated by HNO; to remove framework Ga atoms, and then Pt
and La were introduced by the impregnation method,
followed by treatment under O, flow at 350 °C and
subsequently under H, at 700 °C. The addition of La
significantly enhanced the catalytic activity, selectivity, and
durability of the catalyst in the PDH reaction. The PtLa/mz-
deGa catalyst exhibited a high of 40% propane conversion at
the initial stage and 8% propane conversion after 30 days on
stream, while the conventional PtSn/Al,O; catalyst
deactivated in 1 day. The silanol nests in zeolites could
promote the generation of atomically-dispersed La, which
were much easier to diffuse onto Pt to form the alloy. Apart
from La, Y and Ce were also added into Pt-based catalysts
and showed outstanding catalytic activity for PDH.*®

6.1.2 The conversion of CO and CO,

6.1.2.1 CO hydrogenation. The catalytic transformation of
syngas (a mixture of H, and CO) that is obtained from
biomass, coal, natural gas, and carbon-based waste, has
become a sustainable option to produce valuable products
(e.g., light olefins, aromatics, and liquid fuels).”****” The
zeolite-encapsulated metal catalysts are used as efficient
catalysts for the hydrogenation of CO. Javed et al.**® reported
the preparation of embedded Co nanoparticles within S-1
zeolite (Co@S1) by a solvent-free method. For the
hydrogenation of CO reaction, the Co@S1 catalyst exhibited a
superhigh selectivity of gasoline up to ~70%, while the
relatively lower selectivity of gasoline (~48%) was observed in
Co/S1 synthesized by impregnation. The large differences in
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(a) The TOF of Pt-based catalysts at 450 °C; (b) stability testing over 0.3Pt0.5Zn@S-1 at 550 °C for 60 h; (c) recyclability of 0.3Pt0.5Zn@S-

1in the PDH reaction at 600 °C (reaction conditions: 200 mg catalysts, atmospheric pressure, WHSV,5pane = 6.5 h™, and CsHg: N, = 11:19 with
flow rate 30 mL min™).1*® Reprinted with permission from Elsevier Inc., copyright 2020.
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the catalytic selectivity could be attributed to the unique
zeolite microporous structure, which could suppress C-C
coupling to produce long-chain hydrocarbons. In addition,
the direct transformation of syngas into oxygenated
chemicals, with high selectivity, also attracted extensive
attention from researchers. For example, Xiao et al.'*' fixed
RhMn nanoparticles within S-1 zeolite by a solvent-free
crystallization strategy using the metal-containing zeolite as
seeds. The newly-formed zeolite covered on the seed, fixing
them within zeolite crystals as a core-shell structure.
According to tomographic TEM and STEM images, RhMn
nanoparticles with an average size of ~2.7 nm were mostly
fixed within the S-1 zeolite (RhMn@s-1), while most RhMn
nanoparticles with an average size of ~3.2 nm were on the
external surface of the S-1 zeolite in the supported Rh catalyst
(RhMn/S-1). The RhMn@S-1 catalyst showed excellent C,-oxy
productivity, giving C,-oxy productivity at 105.0 mol molg;, "
h™, which was nearly 3 and 9 times higher than that over
RhMn/S-1 (42.3 mol molg,* h™) and RhMn/Al,0; (11.7 mol
molg, "~ h™"). The wunusual catalytic performances of
RhMn@sS-1 originated from zeolite fixation and Mn-O-Rh®"
structure, which could enhance the C-C coupling reaction to
produce C,-oxy. Moreover, the rigid zeolite sheath could
inhibit Rh sintering and stabilize the active Mn-O-Rh®"
structure, which is beneficial to improve the stability.

6.1.2.2 CO, hydrogenation. In recent years, the
hydrogenation of CO, into useful chemicals (e.g;, CO,"®
methane,"” olefin,'®® gasoline,"® and alcohol'*®) has
attracted extensive attention due to its great potential in the
recycling  economy and  sustainable  development.
Metal@zeolite catalysts have been wused for CO,
hydrogenation and showed superior catalytic activity. For
example, Ni nanoparticles confined in the ZSM-5 zeolite
(Ni@recryst-ZSM-5) exhibited a high CH, selectivity, high
conversion, and excellent durability in CO, hydrogenation.””
Ni@recryst-ZSM-5 resulted in 49% conversion of CO, and
93% selectivity of CH,4, which was significantly higher than
that of Ni/meso-ZSM-5 (44% conversion and 84% selectivity)
prepared by the impregnation method. Moreover, the initial
CO, conversion and CH, selectivity of Ni@recryst-ZSM-5 did
not decrease after 50 h at 450 °C. CO, could also be
transformed into ethanol over metal@zeolite catalysts. For
instance, Zhang et al.'** presented a study on the application
of Rh nanoparticles confined within the S-1 zeolite (Rh@S-1)
via the ligand-protected hydrothermal crystallization method.
The Na-modified Rh@S-1 (Na-Rh@85-1) was also prepared by
a similar procedure to those of Rh@S-1 using
ethylenediaminetetraacetic acid (EDTA) as the ligand in the
presence of Na'. According to tomographic TEM images, the
mean sizes of Rh particles in Rh@S-1 and Na-Rh@$S-1 were
in the range of 2.4-2.6 nm, while the mean sizes of Rh
particles in Na-Rh/S-1 prepared by impregnation was ~4.2
nm. In the CO, hydrogenation reaction, Rh@S-1 showed a
CO, conversion of 2.9% and a negligible amount of ethanol
in products, and the Na-Rh@s$-1 catalyst exhibited enhanced
ethanol selectivity (~24%) and CO, conversion (>10%). More
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importantly, the high catalytic activity of Na-Rh@S-1 can be
maintained after 100 h reaction without obvious deactivation,
and the mean size of Rh nanoparticles remained unchanged.
However, Na-Rh/S-1 suffered from a fast deactivation in 50 h
of reaction, and the mean size of Rh nanoparticles increased
significantly from 4.2 to 7.8 nm. The specific encapsulated
structure stabilized and protected the active Rh nanoparticles
against metal sintering, and the presence of Na" induced the
coexistence of Rh® and Rh™ species, resulting in the increased
selectivity of ethanol.

For the conversion of CO and CO, via hydrogenation,
selectivity is proven to be sensitive to the microporous
environment of zeolites as the tandem conversion of CO, to
hydrocarbons requires metal and acid sites. Xiao et al'*
confined Rh nanoparticles within a series of MFI-type zeolite
(HZSM-5 and S-1) for the hydrogenation of CO,. The as-
prepared Rh@sS-1 catalyst showed a high selectivity to CO
(79.8%) with 51.6% conversion of CO, at 500 °C. When
changing the S-1 support to HZSM-5 (Rh@HZSM-5), the
methane selectivity was significantly improved, giving a CH,4
selectivity of 98.2% at CO, conversion of 68.2% at 500 °C.
This stems from the fact that the Rh@S-1 zeolite had low
hydrogenation activity and fast desorption of CO to minimize
further deep hydrogenation, while Rh@HZSM-5 featured with
enhanced CO adsorption property and strong hydrogen
spillover could further hydrogenate CO to obtain CH,. In
addition, the synergistic effect of acidic sites and metal sites
in metal@zeolite catalysts can be utilized to increase the
efficiency of producing a specific range of hydrocarbons.'®
For instance, Khodakov et al'®® encapsulated Ru
nanoparticles into the zeolite by coating the ZSM-5 zeolite
containing Ru metals with a shell MFI-type material (ZSM-5/
Ru/ZSM-5). The ZSM-5/Ru/ZSM-5 catalyst showed the highest
selectivity toward iso-paraffins in F-T synthesis. Paraffins
and olefins were formed simultaneously on Ru active sites,
and then the subsequent isomerization of these
intermediates requires the presence of both Ru and acid
sites; thus, the close proximity between Ru metals and acidic
sites facilitated the production of iso-paraffins.

Apart from propane dehydrogenation and the conversion
of CO and CO,, zeolite-encapsulated metal catalysts have also
been employed to catalyze other reactions, such as methane
oxidation,'®* hydrogenation of alkenes and alkynes,'®>%®
alkene epoxidation,'®” and aromatics hydrogenation.®®

6.2 Application in biomass conversion

At present, with the continuous consumption of fossil resources
such as coal, oil, and natural gas in the world, the development
and utilization of biomass energy has attracted more and more
attention. Biomass is all organic matter that is directly or
indirectly utilized by green plants photosynthesis. Converting
biomass-derived platform compounds (e.g., furfural, lignin, and
5-hydroxymethylfurfural) into value-added chemicals is an
efficient way to utilize biomass resources and can bring huge
economic benefits. The zeolite-encapsulated metal catalysts are
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(a) Synthesis of Pd@ZSM-5; (b and c) TEM images of Pd@ZSM-5; (d) HAADF-STEM image of Pd@ZSM-5, and (e) the corresponding EDS

mapping images for Si, Al, Pd, and O elements.}** Reprinted with permission from Wiley-VCH, copyright 2020.

an effective catalyst for the conversion of biomass-derived
platform compounds and show high activity and production
selectivity.

For instance, Liu et al'** reported a steam-thermal
approach for the preparation of Pd nanoparticles confined in
ZSM-5 zeolite. The synthesis process is shown in Fig. 20a.
TEM measurements demonstrated that the Pd particle size in
Pd@ZSM-5 was 5-10 nm and dispersed throughout ZSM-5
crystals (Fig. 20b-e). The Pd@Na-ZSM-5 (ion exchange of
Pd@ZSM-5 with Na" to decrease the amount of Brgnsted acid
sites (BAS)) catalyst exhibited superhigh selectivity for furfuryl
alcohol up to 74%, while that of Pd/Na-ZSM-5 was only 10%.
Significantly, the Pd@Na-ZSM-5 -catalyst also exhibited
excellent hydrothermal stability and steam stability. After
Pd@Na-ZSM-5 was exposed to water at 110 °C and steamed

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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for 3 days, the structure and microporosity did not change
significantly. Recently, Cao et al'® encapsulated Cu
nanoparticles within TS-1 zeolite (Cu@TS-1), which showed a
satisfactory catalytic property in the selective hydrogenation
of furfural into furfuryl alcohol. In addition, Na-Cu@TS-1
was synthesized by the Na ion-exchange process of Cu@TS-1.
According to the HAADF-STEM images, uniform Cu
nanoparticles with a mean size of ~1.9 nm and ~1.8 nm
were highly dispersed in Cu@TS-1 and Na-Cu@Ts-1,
respectively. N,O chemisorption results further proved that
Na-Cu@TS-1 had a slightly higher Cu dispersion (65.6%)
than Cu@TS-1 (62.7%). Moreover, Na-Cu@TS-1 showed a
high furfural conversion of 93% and furfuryl alcohol
selectivity of 98.1%, while Cu@TS-1 exhibited low furfural
conversion of 45% and furfuryl alcohol selectivity of 74.7%
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under the same reaction conditions. In the recycling tests,
Na-Cu@TS-1 also showed a drop in the activity (furfural
conversion from initial 95.0 to 32.2% and furfuryl alcohol
yield from initial 93.8 to 30.4%) after four consecutive runs,
and the catalytic performance could be fully restored by Na
re-addition regeneration (85.5% furfural conversion and
83.7% furfuryl alcohol yield). The outstanding performance
of Na-Cu@TS-1 originated from the modulation of the zeolite
microenvironment by Na" and the spatial restriction from the
TS-1 framework.

HMF is a well-known biomass-based platform compound
and can be used to prepare a variety of fine chemicals,
polymer precursors, and liquid fuels. For example, HMF can
be converted to 2,5-bis-(hydroxymethyl)-furan (BHMF),
2,5-dimethylfuran (DFM) or Cs alkane, and other chemicals
by hydrodeoxygenation. Chen et al.'*® synthesized the Pt@Y
catalyst by one-pot hydrothermal synthesis method using
[Pt(NH3),](NO3), as metal precursors. HRTEM measurements
demonstrated that the Pt nanoparticles were highly dispersed
in Y zeolite crystals. The HAADF-STEM image further
suggested that the Pt particles were uniformly distributed
throughout the Y zeolite, and the average size was ~1.9 nm.
In the hydrogenation of HMF, the Pt@Y catalyst exhibited
nearly 100% catalytic selectivity of BHMF, while Pt/Y only
gave 10% catalytic selectivity to BHMF at the same
conversion of 90%. After four cycles, Pt@Y also maintained
the catalytic activity and selectivity to the original without an
obvious aggregation or coalescence of Pt particles.

The conversion of biomass-derived feedstocks to value-
added products typically requires a number of sequential
catalytic steps and as a result, a catalyst that provides offers
activity in these different reactions. Therefore, the rational
combination of metal and acid sites is crucial in catalyst
design. Encapsulating metal sites into acidic formed zeolite,
the close proximity between metal and acid sites can provide
additional benefits and sometimes synergistic effects in
catalysis. For example, the Cu@HZSM-5 catalyst was
synthesized via an in situ hydrothermal synthesis method.'®’
As a result, the Cu@HZSM-5 catalyst with close proximity
between metal and acid sites showed a high yield of 68.1%
VA in the direct conversion of y-valerolactone, while the Cu/
HZSM-5 with metal sites on the external surface of zeolite
showed only a VA yield of 34.8% at the same reaction
conditions. Density functional theory (DFT) calculations
confirmed that Cu clusters near the acid sites in the zeolite
significantly changed the C-O bond activation route, thereby
changing the reaction pathway to increase the yield of VA.
Meanwhile, the stability of Cu@HZSM-5 was also enhanced
with less coking. Moreover, Cho et al.>® also demonstrated a
synergistic effect in Pt@HZSM-5 for tandem aldol
condensation and hydrogenation of furfural and acetone to
produce hydrogenated Cg. Well-dispersed Pt nanoparticles in
the MFI zeolite with an average particle size of 5.4 nm were
obtained via the dry-gel synthesis method. The results of
model reactions with different sizes substrates demonstrated
90% encapsulation fraction of Pt nanoparticles within the
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zeolite matrix. In this case, the entire cascade reactions can
be processed inside the pores of the MFI zeolite. The Pt
located in the zeolite could more efficiently affect the tandem
reactions, and the Pt@HZSM-5 catalyst showed a high yield
of 87% Cg-hydrogenated, while Pt/HZSM-5 (Pt metal located
on the external surface of the zeolite) favored the conversion
of furfural via metal-mediated hydrogenation,
hydrodeoxygenation, and decarbonylation and showed only a
VA yield of 24%.

Zeolite-encapsulated metal catalysts have also been
employed to convert other biomass-based platform compounds
into target chemicals, such as 5-hydroxymethylfurfural to
2,5-furandicarboxylic (FDCA) over the Pd@Beta catalyst,'"®
furfuryl alcohol to tetrahydrofurfuryl alcohol over Pd-Si-ZSM-
22,"7° cyclopentanone to bicyclopentane and decalin over
Pt@H-BEA,""® and the hydrodeoxygenation of guaiacol to
produce cyclohexane over Ru@HMCM-22.""*

6.3 Application in hydrogen generation

Hydrogen has emerged as a promising energy replacement to
meet the ever-increasing energy challenges. In recent years,
liquid-phase hydrogen storage materials (e.g., ammonia
borane and formic acid) have attracted great attention
because the hydrogen released from their aqueous solutions
is fast, convenient, and controllable in the presence of a
suitable catalyst."”>"7* Here, we mainly introduce the
performance of zeolite-encapsulated metal catalysts in
hydrogen production from ammonia borane and formic acid.

6.3.1 The hydrolysis of ammonia borane. Due to the high
hydrogen storage capacities, ammonia borane (AB) has been
considered as a remarkable liquid-phase hydrogen storage
material and has great potential for hydrogen generation. In
recent years, zeolite-encapsulated metal catalysts have showed
superior hydrogen generation rates and excellent recycling
stability in the hydrolysis of ammonia borane. Ozkar et al.'*’
reported the preparation of Rh nanoparticles confined in zeolite
NaY via an ion-exchanging procedure. The HR-TEM results
revealed that Rh nanoparticles (1.2 wt%) were distributed in the
cages of zeolite-Y. The Rh@NaY catalyst exhibited excellent
catalytic activity of the AB hydrolysis, giving a TOF value of 92
min~" and unprecedented lifetime with turnovers of 47 200 over
315 h before deactivation. Recently, Yu et al’’ encapsulated
single Rh atoms in S-1 zeolite (Rh@S-1-H) using a direct H,
reduction strategy under in situ hydrothermal conditions. Cs-
corrected HAADF-STEM measurements showed that Rh atoms
in Rh@S-1-H were homogeneously distributed in 5-MRs of the
S-1 zeolite, while Rh metals in Rh@S-1-C (prepared by
conventional calcination-reduction treatment) existed in the
form of clusters. In AB hydrolysis reaction, the Rh@S-1-H
catalyst exhibited excellent catalytic activity with a TOF value of
432 min"", which was two times higher than that of Rh@$-1-C
(195 min™"). In addition, the Rh@S-1-H catalyst possessed
outstanding recycling durability, and the H, generation rate
remained unchanged after five consecutive cycles. Following
this work, Yu et al.™*® synthesized Rh-based bimetallic cluster
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catalysts on self-pillared S-1 (SP-S-1) zeolite using the
impregnation-reduction method. Benefiting from the large
external surface areas and abundant Si-OH groups of self-
pillared S-1 zeolite, bimetallic clusters were uniformly encaged
throughout the S-1 zeolite (<1 nm). With the aid of the
synergistic effect, the H, generation rate from AB hydrolysis was
significantly improved compared to monometallic cluster
catalysts, and Rh,gRu,,/SP-S-1 exhibited an excellent activity
with a TOF value of 620 min ', which was much higher than
that of Rh/SP-S-1 (430 min"). Moreover, the catalytic activity
over RhggRu,,/SP-ZSM-5 was further improved due to the
increase in zeolite acidity; the TOF value of Rh, gRu, ,/SP-ZSM-5
(Si/Al = 100) reached 1006 min ™.

6.3.2 The dehydrogenation of formic acid. The
decomposition of formic acid (FA) has two possible pathways:
FA dehydrogenation to produce H, and CO, or FA
dehydration to yield H,O and CO (undesired reaction
process).””> In the presence of zeolite-encapsulated metal
catalysts, the latter pathways could be avoided, and H,
generation could be efficiently improved. For example, Deng
et al."* reported the in situ encapsulation of subnanometer
Pd nanoparticles within purely siliceous silicalite-2 (MEI
structure) zeolite crystals (Pd@S-2). Based on the HAADF-
STEM images, Pd nanoparticles were uniformly dispersed in
S-2 zeolite crystals with an average size of 1.5 nm. The as-
prepared Pd@S-2 exhibited excellent catalytic activity for the
dehydrogenation of FA; 226 mL CO free gas could be released
toward 100% conversion of FA within 18 min, affording a
high TOF of 2009 h™ and 3349 h™ at 30 °C and 50 °C,
respectively. The Pd@S-2 catalyst showed excellent
recyclability, the H, generation rate decreased slightly after
five consecutive cycles. In addition, the Pd@S-2 catalyst
possessed superior thermal stability, the particle size of Pd
nanoparticles remained basically unchanged after exposure
to N, atmosphere at 700 °C for 2 h. Adding nonnoble-metal
species to Pd-based catalysts can not only reduce the use of
Pd metals but also improve the catalytic activity for the
dehydrogenation of FA because of the synergistic effect of
various metal components. Yu et al*> encaged bimetallic
clusters Pd-Ni(OH), in the S-1 zeolite by a hydrothermal
synthesis method. Cs-corrected HAADF-STEM results revealed
that the Pd and Ni(OH), clusters were located in the
intersectional spaces between the straight and sinusoidal
channels of the MFI structure. EXAFS analyses showed that
the average coordination number of the Pd-Pd bond in
0.8Pd-0.2Ni(OH),@S-1 was 3.1, further proving the formation
of subnanometric Pd confined within the S-1 zeolite. The
0.8Pd-0.2Ni(OH),@S-1 catalyst showed outstanding catalytic
activity of FA dehydrogenation, giving a TOF value of 1879
h™* at 60 °C, which was nine times higher than that of Pd@S-
1. DFT calculations demonstrated that the interface effect
between Pd and Ni(OH), clusters can effectively reduce the
activation barrier for FA dehydrogenation and improve the
catalytic performance. In addition, Mn metal was also added
to Pd-based catalysts to catalyze the dehydrogenation of FA
and exhibited superior catalytic activity."°
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7 Conclusion and outlook

Metal species confined in zeolites is an important type of
heterogeneous catalysts. In the past decade, zeolite-
encapsulated metal catalysts have been used in many
catalytic processes and exhibit excellent performance. In this
review, we presented a brief summary of the most
representative research progresses on zeolite-encapsulated
metal catalysts. For encapsulating metal species in zeolites,
two main type method, including post-treatment (i.e., ion-
exchanging, interzeolite transformation, and recrystallization)
and in situ synthesis (i.e., in situ hydrothermal and dry-gel
synthesis) are introduced and compared. For the
characterization of metal@zeolite, high-resolution electron
microscopy techniques, XAS, CO-FTIR, XPS, and H,-TPR have
been presented to explore the unique physiochemical
properties of confined metal species. For the performance of
metal@zeolite, the activity, selectivity, and stability are
emphasized, and the applications in important catalytic
reactions such as PDH, CO and CO, hydrogenation, biomass
conversion, and hydrogen generation are summarized.

The synthesis of metal@zeolite has been frequently
reported in the last few years. However, many challenges
remain to be addressed. In fact, an effective method to
prepare zeolite-encapsulated single-atom metal catalysts is
desired as the metal loading encapsulated within zeolite is
generally too low (<2 wt%). The current synthesis strategies
mostly result in metal clusters or nanoparticles encapsulated
in zeolites, which is suitable for the noble metal catalyst
system. Nonnoble metals are more prone to agglomerate into
large particles under the synthesis and reduction process. So
far, zeolite-encapsulated ultrasmall nonnoble metal catalysts,
especially those with high thermal stability, are still rarely
reported. Thus, effective methods to confine ultrasmall
nonnoble metal clusters or single nonnoble metal atom in
zeolites is significant for developing efficient nonnoble metal
catalyst. The fabrication of defects or/and utilization of the
strong spatial confinement effects of specific positions (e.g.,
small pores and cavities) is a useful way to obtain stable
ultrasmall nonnoble metals. Specifically, the single metal
atom confined in zeolites has been realized by incorporating
transitional metal species into the zeolite framework.

For clarifying the catalytic consequence of the encapsulated
metal catalyst, distinguishing the location and structure of
confined metals species is the way forward. Advanced
characterization technologies have been used to characterize
active metal sites encapsulated in zeolites. However, the
locations and microenvironments of the encapsulated metal
species are so complex that it is difficult to obtain accurate
structural information by one means of characterization alone.
Therefore, a combination of multiple characterization tools
such as atomicresolution spectroscopic and microscopic
techniques seems to be an effective method to obtain structural
information about the active metal sites in zeolites. In addition,
the chemical states and coordination environment of metal
species confined in zeolites may change in the reaction
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progress. Thus, in further research, more efforts should be
devoted to the development of in situ or operando
characterization techniques.

The confinement effect of zeolites can effectively improve
the catalytic performance of metal catalysts. The synergic
effect between acid sites and metal sites is also important for
the application of zeolite-encapsulated metal catalysts. The
proximity of metal and acid sites promotes the activity of
metal catalysts and change the steps of tandem reaction to
gain target products. In future research, more efforts should
be devoted to designing and optimizing the synergy of metal
species and acid of zeolites. Through this review, we hope to
help researchers understand the confinement effect of
zeolites. At the same time, it provides a reference for
designing zeolite-encapsulated metal catalysts with better
performance.
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