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Abstract: The syntheses and application of M@zeolite hy-
brids with the structure of metal being encapsulated into
zeolite crystals have attracted extensive attention due to
their high activity and resistance to sintering under harsh
conditions as the catalysts. Remarkable achievements have
been made in the structure construction, particularly in the
way of so called “one pot synthesis”. Herein, we exclusively
summarize the recent advance of themetal encapsulation in
the “in situ synthesis” technique, with which help the re-
searchers constructing their metal-embedding catalysts
more active and thermal resistant.
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1 Introduction

Metal-based materials with high metal dispersion have
been widely investigated and applied as catalysts for
various chemical reactions, such as dry reforming of
methane,1 propane direct dehydrogenation,2,3 methane
oxidation to methanol.4 It is acknowledged that the metal
existing as atoms, clusters and the nanoparticles with small
size over support surface are not only more catalytic active
due to their special chemical environment, but also more
efficient than the larger ones in the utilization. However,
these little metal species generally suffer from rapid sin-
tering at hush conditions due to the intrinsic property,

i.e. spontaneously decreasing their surface energy via
Ostwald ripening route5,6 and Coalescence route.7,8 To
overcome this problem, two strategies have been devel-
oped by the researchers. One strategy is strengthening the
interaction of the metal species with the support, by means
of support-metal strong interaction “SMSI”9–12 effect, to
inhibit the metal species migration. The other one is
encapsulating the metal species into zeolite crystals, by
means of the confining effect of zeolite framework,3,13–17

hindering the metal species migration.
To encapsulate metal species in zeolite crystals, two

typical methods, which is called as “post-treatment” and
“one pot synthesis”, respectively, have been applied in the
investigations. The former one includes the steps of loading
the required metals (Ms) on a now available zeolite, and the
subsequent recrystallizing the resultant Ms/zeolite hybrid
under hydrothermal conditions.18–24 The latter one is also
called as “in situ synthesis”, since it is realized by in situ
encapsulating metal species into the zeolite crystals by hy-
drothermal synthesis (HT) from a gel containing both of
silicon source and the metal source.25,26 In this decade, to
meet the requirement of industrial application of the cata-
lyst in harsh reaction conditions, restraining the metal sin-
tering, a lot of investigations concerning the encapsulation
of metal species in zeolite crystals and the utilization of the
metal-confined materials as catalysts have been reported in
literatures.27–45 Accordingly, numerous review papers con-
cerning the metal encapsulation whereas being focused at
definite reaction46–53 and those being focused at the metal
encapsulation but covering the “post-treatment”26,54–56 were
also published. However, to the best of our knowledge, no
review paper exclusively summarizing the recent advance
of the metal encapsulation in the “in situ synthesis” tech-
nology appears in the literature though remarkable perfor-
mances have been gotten for the catalyst prepared by “in situ
synthesis” method.16,57,58 We noticed that, the number of
papers concerning this method increased fast, which is the
reason why we write this paper. Herein, we summarize the
advance of metal encapsulation realized by “in situ synthe-
sis”method in the last 4 years, with the focus on the synthesis
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techniques and the physicochemical structure of the prod-
uct, in particular, on the metal aggregation state, the metal
percentage and crystal size of theM@zeolite hybrid, as these
factors significantly influence the performance of catalysts
to be prepared. We hope these intensive messages would be
helpful for constructing the metal-embedding catalysts with
more active and thermal resistant feature.

2 Encapsulation of metal species
into zeolite crystals by in situ
synthesis

According to the electron structure of metal that is incor-
porated to the zeolites, the investigation results were indi-
vidually summarized in Sections 2.1 and 2.2, where
respectively deal with noble metals and non-noble metals
(transition metals and main group metals). Whereas, in the
case ofmetal encapsulation reaching to single atomic level, it
will be summarized in Section 3, where deal with the
heteroatom-zeolite syntheses. As for Section 2.3, it summa-
rized the simultaneous encapsulation of noble metals and
non-noble metals in the “one pot synthesis”.

2.1 Encapsulation of noble metals

Table 1 represents the results of noble metals (Pd, Pt, Ph, and
Ru) encapsulation to the S-1 zeolite crystals. It can be found
that all of the syntheses encapsulating the noble metals to
the zeolite crystals, applied ethylene diamine (EDA) as the
organic ligand, as the latter one could stabilize the metal
precursors under the hydrothermal conditions and help the
metal incorporate to the zeolite.26 To realize the noblemetals
encapsulation into zeolite crystals, Li et al.59 have proposed a
new strategy encapsulating the metals in a highly concen-
trated soft gel precursor (SGP). That is, vaporized the starting
gel at 70 °C for 1 h in vacuum prior to hydrothermal crys-
tallization, with which to remove harmful ethanol and
excessive amount of water to the synthesis. They found that
this method significantly improved the metal utilization
with respect to the HT method. For instance, the metal uti-
lization for the incorporation of Pd to S-1 in the SGP method
is 98.7 %, which is nearly double higher than that (52.9 %)
achieved in HT method. This method is also succeeded for
the incorporation of noble metals to NaA, SSZ-13, and Beta
zeolites. Figure 1 shows the average sizes of metal species in
M@S-1 hybrids and the corresponding catalytic results for
P-nitrochlorobenzene hydrogenation of the hybrids syn-
thesized by the SGP or HT methods. Both of them indicate

that the M@zeolite hybrids (M = Pd, Pt, Rh, Ru) prepared by
the SGP method is superior than that prepared by the HT
method. Starting from the gels with a molar ratio of 1 SiO2:
0.4 TPAOH: 35 H2O: x [Ru (NH2CH2CH2NH2)3]Cl3, where the
(NH2CH2CH2NH2)3]Cl3 comes from dissolving RuCl3 into a
mixture of EDA and deionized water, Tao et al.60 incorpo-
rated different amount (0.3, 0.7, 1.0 and 3.0 wt%) of Ru to S-1
in HT, according to the literature.61 With the Ru loading
amount increasing from 0.7 to 3.0 wt%, the crystals size of
their Rux@S-1 increased from ca. 150–280 nm, as shown in
Figure 2(A–D). Among the Rux@S-1 samples, the Ru1@S-1 that
possesses an average Ru species size of 0.95 nm (Figure 2E)
represented the highest catalytic activity for propane
oxidation (Figure 2F).

Li et al.62 have investigated the effect of potassium
addition to the gels on the Pt@S-1 synthesis. For the Pt@S-1
and KPt@S-1 composites being synthesized in HT method
from the gels with mole composition 1.0 TEOS (ethyl ortho-
silicate): 0.4 TPAOH: 35 H2O: 0.00131 H2PtCl6: x KCl
(0 < x ≤ 0.066), by characterizing the resultant synthesis
products in H2-pulse chemisorption and in STEM, the au-
thors found that the Pt dispersion is significantly influenced
by the KCl addition amount to the gel. As shown in Figure 3A,
with the K content increasing in the range of 0–0.96 wt%, the
average Pt particle size observed in STEM in the resultant
KPt@S-1 composites monotonically decreased, while those
measured byH2-pulse chemisorption gotminimumvalue for
the K0.25Pt@S-1 sample containing 0.25 wt% of K (Figure 3A).
May be due to other physicochemical features, theK0.60Pt@S-
1 composite is more stable, active (not shown) and selective
than the other samples to the n-hexane aromatization re-
action (Figure 3B).

Zeng et al.58 encapsulated Rh inside S-1 zeolite in HT
method with the assistance of EDA. According to character-
ization of the resultantmaterials byHRTMand EXAFS, it was
found that the dispersion of Rh in S-1 crystals for the Rh@S-1
containing 0.35 wt% of Rh reached to single-atom level. The
authors also confined series non-noble metal together with
Rh inside in S-1 crystals with the one pot synthesis, which
will be described in Section 2.3.

2.2 Encapsulation of non-noble metals

Like noble metals, non-noble metals with low-cost, such as
Mn, Fe, Co, Ni, Cu and Zn, are also widely applied as active
component catalyzing reactions, and hence how embedding
them to zeolite crystals is also an important project. This
section summarizes the corresponding synthesis method,
crystal size of the N@S-1 hybrid and average size of metal, as
shown in Table 2.
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Sun et al.63 synthesized Mn@S-1 containing 0.25 wt% of
Mn in HT method using MnCl2 as source of Mn and tetrae-
thylenepentamine (TEPA) as organic ligand.

Guo et al.64 encapsulated Fe nanoparticles within S-1
zeolite crystals using dicyandiamide (C2H4N4, DCD) as
organic ligand from the gels with Fe/Si mole ratio (x) 0.005,
0.014, 0.021, and 0.029. They found that the crystal size of the
resultant Fe@S-1 hybrid gradually increased from 290 nm to
500 nmwith the Fe/Simole ratio of the gel increasing. Similar
phenomena also appeared in xNi@S-1 (x = 5, 7, 10) samples
that is synthesized by Xie al.65 (FT-IR) using EDA as organic
ligand. It can be found that the crystal size of xNi@S-1
gradually increased from 1.79 to 7.97 μm when the Ni per-
centage increased from 5 to 10 in the gels. Moreover, with the
Ni percentage increasing, the average particle sizes of Ni in

the xNi@S-1 products increased from 6.80 nm to 8.52 nm
(Figure 4).

Liu et al.66 synthesized Ni@S-1, Sn@S-1 as well as NixS-
ny@S-1 (x = 1, 2 and y = 1, 2) using EDA as ligand. Different
from other researches, their syntheses were realized using
precipitated silica gel as silicon source influorine-containing
system. It is worthy to note that just much less amount of
TPAOH (SiO2: TPAOH = 1: 0.1) was used in these syntheses,
which is about 1/4–1/3 of that using TEOS as the silicon source
in the other literatures.

Hong et al.67 encapsulated Cu nanoparticles in S-1 zeolite
crystals in HTmethod using CuSO4 as source of Cu and TEPA
as organic ligand. As the 1.0Cu@S-1 is more active for cata-
lyzing methanol steam reforming (Figure 5A) than the other
xCu@S-1 catalysts (x = 0.25, 0.5, 0.75 and 1.25 wt%), the

Table : Summary of noble metals encapsulation.

M Method Synthesis conditionsa Metal content (wt%)/
Average sizeb

Metal utiliza-
tion (%)c

Ref.

Pd Concentrates the gel
before crystallization

The gel with mole ratio of . TEOS: . TPAOH:  HO:.
PdCl:. EDA

d was vaporized at  °C for  h to remove water and
ethanol, and the resultant material was crystallized under static
pressure at  °C for . h. The product was calcined in the air at  °
C for  h and then reduced at  °C for  h by % H/Ar.

./. nm in S-;
./. nm in ZSM-;
./. nm in SSZ-;
./. nm in NaA;
./. nm in Beta

. for
Pd@S-;
. for
Pd@ZSM-;
. for
Pd@SSZ-;
. for
Pd@NaA;
. for
Pd@Beta

Li et al.

Pt The gel with mole ratio of . TEOS: . TPAOH:  HO:.
PtCl:. EDA was treated in the same way as that mentioned above
but the calcined was done at  °C for  h.

./. nm in S- . for Pt@S-

Rh The gel with mole ratio of . TEOS: . TPAOH:  HO:.
RhCl:. EDA, was treated in the same way as that mentioned above
but the calcined was done at  °C for  h.

./. nm in S- . for Rh@S-

Ru The gel with mole ratio of . TEOS: . TPAOH:  HO:.
RuCl:. EDA was treated in the same way as that mentioned above
but the calcined was done at  °C for  h.

./. nm in S- . for Ru@S-

Pd HT Each gels was directly crystallized statically at  °C for  h. ./. nm in S- . for Pd@S-
Pt ./. nm in S- . for Pt@S-
Rh ./. nm in S- . for Rh@S-
Ru ./. nm in S- . for Ru@S-
Pt The gel with mole ratio of . TEOS: . TPAOH:  HO:

. HPtCl was statically crystallized at  °C for  h in the
presence of EDA.

./. nm in S- –e Li et al.

Rh The gel with mole ratio of . TEOS:. TPAOH: HO:. RhClwas
crystallized at  °C for  h in the presence of EDA, and the solid was
calcined at  °C for  h.

./single-atom in S- – Zeng
et al.

Ru The gel with molar ratio of  SiO: . TPAOH:  HO: .
[Ru(NHCHCHNH)]Cl was statically crystallized at  °C for  h
and resultant solid was calcined at  °C for  h.

./. nm in S- – Tao
et al.

aThe synthesis conditions given in the second column is that of encapsulating noble metals in silicalite- zeolite; baverage size of the metal particles being
dispersed in the zeolite crystals; cthe percentage of noble metals being remained in the solid products; dethylenediamine; eunknown.
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authors just characterized this catalyst samplewith SEM and
STEM, which showed a coffin-like morphology and size of
∼500 nm for the 1.0Cu@S-1 hybrid and Cu particles being
embedded into the S-1 zeolite crystals in the size ranging
from 2 to 4 nm (Figure 5B). Lin et al.68 encapsulated Cu
species inside S-1 zeolite crystals in higher Cu loading
amount (2.05 wt%) with HTmethod using Cu(NO3)2 as source
of Cu and TEPA as organic ligand. For the Cu@S-1 sample
synthesized in the conditions, the dispersion degree of Cu
achieved 51.4 %, corresponding the Cu particles 1.8 nm in
average diameter and the surface area 348.3 m2/gCu. Even
after a long time (110 h) catalyzing the reaction of ethanol
dehydrogenation to acetaldehyde at 523 K, the Cu@S-1 still
possessed a high dispersion degree of Cu (50.0 %), high sur-
face area of Cu (338.8 m2/gCu) and small average diameter of
Cu particles (2.0 nm). Feng et al.69 also encapsulated Cu in-
side S-1 crystals in HT method but using EDA as organic
ligand and CuCl2 as the source of Cu. For their Cu@S-1 sam-
ples respectively containing 0.53 and 0.95 wt% of Cu after a

Figure 2: TEM images of xRu@S-1 (x = 0.3, 0.7, 1.0 and 3.0 wt%, A–D), size distribution of Ru species in Ru1@S-1measured by STEM (E), and catalytic activity
of the xRu@S-1 samples for propane oxidation (F). Copyright 2022 Elsevier.

Figure 1: Comparison of the Pd@S-1, Pt@S-1, Rh@S-1 and Ru@S-1 cata-
lysts prepared by SGP and HT methods in average size of metal particles
and in the catalytic property for hydrogenation of P-nitrochlorobenzene.
Copyright 2022 ACS Publications.
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calcination at 550 °C for 6 h, both of them showed the average
Cu nanoparticles size around 2 nm. These samples displayed
high thermal stability, even after a treating at 600 °C in H2 as
well as at 700 °C in Ar (the treating time is not given by the
authors), the nanoparticles of Cu couldmaintain the average
size (2 nm), as shown in Figure 6.

Xie et al.70 encapsulated Zn into S-1 zeolite crystals with
nominal weight percentage (x) 2, 3, 4, 6, and 8 in HT method
using Zn(OAc)2 as the source of Zn and EDAas organic ligand.
Like that of Fe@S-164 and Ni@S-165 mentioned above, the
crystal size of xZn@S-1 increased from ca. 400 nm–1,200 nm
with the Zn loading increase. Herein, it should be particu-
larly noted that Zhang et al.43 succeed the Zn incorporation
to S-1 zeolite without using organic ligands, by using Zn/SiO2

as the source of both silicon and zinc that is prepared by
loading Zn on SiO2 support using an incipient wetness
impregnation method, which is different from the metal
incorporation being realized in the assistance of organic
ligand.

2.3 Simultaneous encapsulation of noble
and non-noble metals

In some cases, to regulate steric and electronic property of
the noble metal that is encapsulated within the zeolite
crystals, it is necessary to encapsulate non-noble metals
together with a desired noble metal into the zeolite sub-
strates. This section summarizes the corresponding investi-
gation results, as shown in Table 3.

Xu et al.71 synthesized PtSn@S-1 hybrids in fluorine-
containing system (F/Si = 0.00–0.51) but also using EDA as
organic ligand. They found that the length of the PtSn@S-1
hybrid crystals along b axis (Lb) could be tuned in the range

of 0.10–4.00 μm by regulating the F− concentration of the
starting gel, and that the deactivation constant (kd) of the
Pt–Sn@S-1 catalyzing propane dehydrogenation signifi-
cantly decreased with the Lb increasing, as shown in
Figure 7.

Sun et al.16 synthesized PtZnx@S-1 hybrids containing
0.72–0.77 wt% of Pt from the gels with Zn/Pt mole ratio (x = 0,
1, 2, 3, 4), and characterized the hybrids in SEM, TEM and
STEM after reduction by H2 at 400 °C. Their results indicated
that with the Zn/Pt ratio increasing from 0 to 4, the crystal
size of the hybrids decreased from ∼200 nm to 160 nm, and
all of themetal nanoclusterswere uniformly encapsulated in
the S-1 crystals, locating at the intersectional position of the
straight channels and sinusoidal 10-ring channels of the
zeolite. The authors found that the metal clusters in the
PtZnx@S-1 hybrids are much sensitive to the calcination
temperature of the sample. When the calcination tempera-
ture increasing from 300 to 500 °C, the average size of metal
clusters in the resultant materials increased from 1.4 to
2.7 nm. Compared the other PtZnx@S-1 hybrids synthesized
by themselves, the PtZn4@S-1 as catalyst is more active and
stable for catalyzing propane dehydrogenation. As the zinc
content increases, more bimetallic Pt–Zn alloys are formed,
but the excessive Zn may partially cover the active Pt sur-
face, resulting in a negative effect on the activity of catalyst.
Wang et al.72 have synthesized a series of xPtyZn@S-1
hybrids with nominal Pt content x and nominal Ni content y.
Their ICP-OES measurement indicated that a rather large
portion of metals lost to the mother liquid in the synthesis
(Table 4). Qu et al.73 have also synthesized the xPtyZn@S-1
hybrids from gels with much lower Pt and Zn content
(x = 0.0036, 0.0072, 0.0146, 0.0219 wt%, y = 2 wt%). They found
that the presence of Zn in the gels is helpful for the Pt
dispersionwithin the resultant hybrid crystals. For instance,

Figure 3: Variation of Pt particle average size (A) and the selectivity to aromatics for the KPt@S-1 catalysts with K contents (B). Copyright 2023 Elsevier.
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the mean size of metal nanoparticles for the 0.0219 wt%
Pt@S-1 sample is 3 nm while the metal in the 0.0219 wt%
Pt0.2Zn@S-1 sample are homogenously dispersed without
any agglomeration. The low amount of Pt can significantly
promote the activity of PtZn@S-1 catalyst in propane dehy-
drogenation (PDH) reactions. Zhang et al.43 also encapsu-
lated Pt with Zn into S-1 zeolite crystals in the synthesis but
from a supporting type of material (Pt + Zn)/SiO2 without

adding organic ligand, like the synthesis of xZn@S-1 from Zn/
S-1, which was mentioned in the section of 2.2. The authors
have pointed that Zn is beneficial to Pt dispersion in the
1PtxZn@S-1 (x = 0.3, 0.7, 1.2) hybrids. For the reaction of
ethane dehydrogenation, the 1Pt0.7Zn@S-1 catalyst is more
active and stable than the other two hybrids.

Using N-[3-(trimethoxysilyl) propyl] ethylenediamine
(DETA) as organic ligand protecting Cu and EDA protecting

Table : Summary of non-noble metals (N) encapsulation.

N Method Synthesis conditions Post treatment
conditions

Average size
of metal
(nm)

Crystal size of
N@S- (nm)

Ref.

Cu HT, using
tetraethylenepent-amine
(TEPA) as ligand.

TPAOH, water and TEOS was stirred for  h,
then CuSO-TEPAwas added and stirred for
min. The mixture was statically crystal-
lized at  °C for  h.

The resultant solid was
calcined at  °C for  h

–  Hong
et al.

TPAOH, TEOS and water were mixed and
stirred at  °C for . h, then Cu(NO)-
TEPA solution was added. The mixture was
statically crystallized at  °C for  h.

The resultant solid was
calcined at  °C for  h,
then reduced at  °C for
 h by H/N

.  Lin
et al.

HT, using EDA as ligand. TPAOH, TEOS and water were mixed and
stirred for  h and then CuCl-EDA was
added. The mixture was statically crystal-
lized at  °C for  h.

The resultant solid was
calcined at  °C for  h

.  Feng
et al.

Zn HT, using EDA as ligand TPAOH, TEOS and water were mixed and
stirred for  h, and then Zn(OAc)-EDA was
added. The mixture was statically crystal-
lized at  °C for  h.

The resultant solid was
calcined at  °C for  h

.  Xie
et al.

HT, using Zn/SiO as sour-
ces without using organic
amine

Zn(OAc) impregnated on SiO and then
mixed with TPAOH and water for  h, stat-
ically crystallized at  °C for  h.

The resultant solid was
calcined at  °C for  h

–  Zhang
et al.

Fe HT, using dicyandiami-de
(DCD) as ligand

TPAOH, EOS and water were stirred
together for  h, [Fe(DCD)]Cl solution was
added in and stirred for . h. The obtained
mixture was statically crystallized at  °C
for  h.

The resultant solid was
calcined at  °C for  h

–  Guo
et al.

Mn HT, using TEPA as ligand TPAOH, water and TEOS was stirred for  h,
then [Mn-TEPA]Cl solution was added in
and stirred for min. The obtained
mixture was statically crystallized at  °C
for  h.

The resultant solid was
calcined at  °C for  h,
then reduced at  °C by
H

–  Sun
et al.

Ni HT, using EDA as ligand TEOS, TPAOH and water were mixed and
stirred, then [Ni(EDA)](NO) was added in
and stirred for  h. The obtained mixture
was statically crystallized at  °C for  h.

The resultant solid was
calcined at  °C for  h

. in
Ni@S-;
. in
Ni@S-;
. in
Ni@S-

, in Ni@S-;
, in Ni@S-;
, in Ni@S-

Xie
et al.

Ni–
Sna

HT, using EDA as ligand and
precipitated silica gel as sil-
ica source

Precipitated silica gel prepared by HSiF
and NH·HO was hydrolyzed with the
TPAOH solution and then Ni(NO), SnCl
and EDA were added in and stirred for  h.
The obtained mixture was statically crys-
tallized at  °C for  h.

The resultant solid was
calcined at  °C for  h

.  Liu
et al.

aThe synthesis procedure of Ni@S- and Sn@S- is similar to that of Ni–Sn@S-, except without adding SnCl or Ni(NO).
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Pt, Zhou et al.57 synthesized a series of 0.1PtxCuK@S-1 (x = 0.1,
0.2, 0.3, 0.4, 0.5) catalysts, where x represents nominal weight
percentage of Cu. The authors found that the Pt–Cu alloy
species in the 0.1Pt0.4CuK@S-1 catalyst sample has an
average size 1.2 nm and this sample is more active than the
other 0.1PtxCuK@S-1 sample for catalyzing PDH at 550 °C.
The authors also synthesized a series of 0.5PtxInK@S-1
(x = 0.1, 0.3, 0.5, 1.0) using EDTA as organic ligand protecting
In, where x represents the nominal weight percentage of
In.74 They found that K significantly promotes the dispersion
of Pt and In within the S-1 zeolite crystals, which is like the
case of singlemetal Pt incorporate to S-1 zeolite,62 mentioned

in Section 2.1. For the 0.5Pt0.5InK@S-1 catalyst, the average
size of Pt–In alloy species is 1.4 nm while that in
0.5Pt0.5In@S-1 is 4.0 nm.

Wang et al.75 synthesized a series of 0.1PtxGa@S-1 (x = 0,
0.5, 1, 1.5, 2, 2.5, 3) and yPt1.5Ga@S-1 (y = 0.02, 0.04, 0.06, 0.08,
0.10) using EDA as organic ligand,where x and y represent the
nominal weight percentage of Ga and Pt, respectively. They
found that theGa–Pt alloy species in the 0.1Pt1.5Ga@S-1 has an
average size 2.6 nm and this sample has the best catalytic
property for the PDH among the above hybrid samples.

Sun et al.63 encapsulated Pd–Mn alloy species within S-1
zeolite crystals using EDA and TEPA as organic ligand

Figure 4: HR-TEM images of the xNi@S-1 (x = 5, 7, 10 wt%, A, C, E), and size distribution of Ni species in the xNi@S-1 (B, D, F), calcined at 550 °C for 8 h and
reduced by H2 at 200 °C for 1 h. Copyright 2023 Elsevier.
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protecting Pd andMn, respectively. Among their synthesized
series of PdMnx@S-1 (x = 0.2, 0.4, 0.6, and 0.8), where the x
represents Pd/Mn mole ratio of the gel, the PdMn0.6@S-1
displayed the highest formate formation rate in the CO2

hydrogenation. They found that the PdMn0.6@S-1 sample
possess remarkably thermal stability. After thermal treat-
ments in various atmospheres (calcination in N2 at 700 °C,
calcination in H2 at 700 °C, or five oxidation-reduction
treatments at 650 °C), the morphology and crystallinity of
PdMn0.6@S-1 remained intact.

Zeng et al.58 obtained a series of RhM@S-1 catalysts
(M = In, Sn, Zn, Ga, and Cu) with nominal metal contents of
2.0 wt% for In and Sn, 1.0 wt% for Zn, Ga and Cu, using EDA
as organic ligand protecting Rh in one pot synthesis. It is
remarkable that, the RhIn@S-1 displayed outstanding cata-
lytic activity for PDH. Herein, it is worthy to note that the In–

Rh@S-1 catalyst being prepared by calcining a physical
mixture of 0.03 g In2O3 with 0.97 g Rh@S-1 is more active and
stabile than the RhIn@S-1 for catalyzing the PDH reaction.

3 The synthesis of zeolites with
heteroatoms

Synthesizing of zeolites with Zn, Sn, or Co heteroatoms is one
way of incorporating the metals to the zeolite. Undoubtedly,
thisway can be considered as the optimal ideal technique for
dispersing and encapsulating the metal within the zeolite
crystals as it would make the dispersion to single atomic
level. Herein, we specially summarize the syntheses of zeo-
lites with the metal heteroatoms, as shown in Table 5.

Figure 5: Methanol conversion and selectivity to H2/CO/CO2 for methanol steam reforming over xCu@S-1 catalysts at 300 °C (A), SEM of the 1.0Cu@S-1
(B) and Cu statistical particle size in the 1.0 Cu@S-1(insert). Copyright 2023 Royal Society of Chemistry.

Figure 6: TEM images of the reduced 1 wt%Cu@S-1 (A), the 1 wt%Cu@S-1 calcined at 700 °C in Ar (B), and the 1 wt%Cu@S-1 after reduction by H2 at 600 °C
(C). Copyright 2023 Elsevier.
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3.1 The synthesis of ZnS-1 zeolite

Su et al.76 synthesized ZnS-1 zeolite with Zn atoms incorpo-
ration into S-1 zeolite framework, using zinc gluconate as
zinc source without assistance of organic ligand for the first
time. They have characterized the ZnS-1 zeolite samples
containing 2.0 wt%Zn in the UV–vis spectroscopy, and found
that all of Zn in the ZnS-1 zeolite synthesized using zinc

gluconate are incorporated to zeolite framework structure,
while that using Zn(OAc)2 or Zn(NO)3 as the zinc source exists
as ZnO clusters or nanoparticles in some portion. The au-
thors explained that the glucosyl groups are beneficial to the
zinc incorporation into the MFI zeolite framework. The
synthesized ZnS-1 zeolite possess good crystallinity and ho-
mogeneous isolated Zn sites in the MFI zeolite framework,
which exhibit excellent catalytic performance for PDH.

Table : Summary of the encapsulating bimetal (M-fluorine-containing N) in zeolite crystals.

M-N Method Starting gels Post treatment AMa

(nm)
MHb

(nm)
CMc Ref.

Pt–
Sn

Fluorine-
containing
system

. TEOS: . TPAOH:  HO, SnCl, HPtCl, EDA, HF, crystallization
at  °C for  h.

Reduced by H at
 °C for  h

. , PtSn (IMC)d Zhu
et al.

Pt–
Zn

HT, using EDA
as ligand

TEOS: TPAOH: HO: a[Pt(EDA)]Cl:b[Zn(EDA)](OAc) = : .: : a: b
(a = . × 

−, a/b = /, /, /, /, and /), crystallization at
 °C for  h

Calcined at different
T and reduced at
 °C for  h in H

.  PtZn (IMC) Sun
et al.

. SiO:. TPAOH: HO:. [Pt(EDA)]Cl:. [Zn(E-
DA)](NO) crystallization at  °C for  h

Calcined at  °C
for  h

.  PtZn
(IMC)

Wang
et al.

TEOS:TPAOH:HO:
n[Pt(EDA)]Cl:[Zn(EDA)]·(OAc) = :.::n:. × 

− (n = .,
., . and . × 

−) crystallization at  °C for  h.

Reduced by H at
 °C for  h

.  Pt.Zn
(IMC)

Qu
et al.

(Pt + Zn)/SiO

for HT
[Zn(OAc) + Pt(NH)(NO)]/SiO +TPAOH + HO, crystallization at
 °C for  h.

Calcined at  °C
for  h

.  PtZn.
(IMC)

Zhang
et al.

Pt–
Cu

HT, using EDA
and DETA as
ligand

TEOS:TPAOH:HO:[Pt(EDA)Cl]:Cu-
DETAe:KCl = :.::. × 

−:.:., crystallization at  °C
for  h.

Calcined at  °C
for  h

.  PtCu (IMC) Zhou
et al.

Pt–
In

HT, using EDA
and EDTAf as
ligand

TEOS:TPAOH:HO:[Pt(EDA)Cl]:In-
EDTA:KCl = :.::. × 

−:. × 
−:., crystallization at  °

C for  h.

Calcined at  °C
for  h

.  PtIn (IMC) Zhou
et al.

Pt–
Ga

HT, using EDA
as ligand

TEOS: TPAOH: HO: [Ga(EDA)](NO): [Pt(EDA)Cl] = : .: .:
.: ., crystallization at  °C for  h.

Reduced by H at
 °C

.  PtGa (IMC) Wang
et al.

Pd–
Mn

HT, using EDA
and TEPAg as
ligand

. SiO: . TPAOH:  HO: . [Pd(EDA)]Cl: x[Mn(TEPA]Cl
(x = ., ., ., .), crystallization at  °C for  h.

Calcined at  °C
for  h and then red
at  °C

.  PdMn (IMC) Sun
et al.

Rh–
In

HT, using EDA
as ligand

TEOS: TPAOH: HO = .: .: , HPtCl, In(NO) crystallization at
 °C for  h.

Calcined at  °C
for  h

.  RhIn (IMC) Zeng
et al.

aAverage size of metal particles; bmorphology of the hybrids; cintermetallic compound; dintermetallic compound; eN-[-(trimethoxysilyl) propyl]
ethylenediamine (DETA); fethylenediaminetetraacetic sodium (EDTA); gtetraethylenepentamine (TEPA). ethylenediamine (DETA);f

Ethylenediaminetetraacetic sodium (EDTA); gTetraethylenepentamine (TEPA).

Figure 7: Dependence of deactivation rate on
the morphology for the PtSn@S-1 catalyzing
propane dehydrogenation to propylene.
Copyright 2022 Research Square.
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Yuan et al.77 have also synthesized the ZnS-1 zeolite
containing 2.0–4.0 wt% Zn using Zn(OAc)2 as zinc source, but
using fumed silica as silicon source in the assistance of pol-
y(diallyldimethylammonium chloride) (PDDA). This organic
ligand is proposed to be helpful for Zn2+ incorporation into
MFI framework. A possible reason is that the cationic PDDA
could rapidly adsorbed on negatively charged silica species
via electrostatic interactions, whereby enriching silica spe-
cies, Zn2+, and organic structure directing ligands (OSDAs),
which are required to the synthesis.78 Lu et al.79 have also

applied PDDA to synthesize the Zn-MFI, but the aim of them
using this agent is producing mesopores in the zeolite crys-
tals. The synthesized ZnS-1 can serve as a support for
encapsulating or supporting noble metals (Rh, Pt) for cata-
lyzing the dehydrogenation of propane.

3.2 The synthesis of SnS-1 zeolite

Liu et al.80 synthesized SnS-1 zeolites from the gels withmole
ratio of SiO2: SnO2: TPAOH: H2O = 1: (0.005/0.010/0.015): 0.2: 15
using TEOS as silicon source and SnCl4 as tin source. They
found that the SnS-1 zeolite with a nominal Sn/Si ratio of
0.015 is more active and selective for the reactions of dihy-
droxyacetone dehydration to methyl lactate than the other
SnS-1 zeolites. The high tetrahedral framework Sn amount is
beneficial to improve the selectivity of the reaction.

Li et al.81 synthesized SnS-1 with nominal Si/Snmole ratio
of 117, 195 and 282 using TEOS and SnCl4 as sources of Si or Sn.
The authors confirmed the Sn incorporation to the zeolite
framework byXRD, inwhich the diffraction peaks of the SnS-1
zeolites in the range of 7.4°–9.4° shifted to lower 2θ degree
with respect to that of S-1 zeolite.82 For the SnS-1 zeolites
crystallized at 170 °C for 48 h measured by XRD, their crys-
tallinity declined with the Si/Sn mole ratio decrease, whereas
no diffraction peaks being assigned to SnO2 appeared.

Wang et al.83 synthesized SnS-1 zeolites with Si/Sn ratio
80, 100 and 175 in typical SGP method (refer to Section 2.1).
They found that the zeolite synthesized in the presence of

Table : Syntheses of zeolites with non-noble metal as heteroatom.

Hetero-
atom

Synthesis method Synthesis conditions Post treatment Crystal size
(nm)

Ref.

Zn-MFI HT TEOS, TPAOH and water was stirred together at  °C for  h, after zinc
gluconate addition, the mixture was crystalized at  °C for  h.

Calcined at  °
C for  h

 Su et al.

HT, using PDDA as
porous’ template

Fumed silica, TPAOHwere ground together, and then zinc acetate, S- (as
seed), PDDA and water were successively added and ground. Themixture
was statically crystalized at  °C for  h.

Calcined at  °
C for  h

 Yuan
et al.

TPAOH, water, and TEOS stirred together at room temperature for  h,
after PDDA, Zn(NO) addition, the resultant mixture was statically crys-
talized at  °C for  h.

Calcined at  °
C for  h

 Lu et al.

Sn-MFI HT TEOS, TPAOH and water was stirred together at  °C for  h, after SnCl
addition, the mixture was crystalized at  °C for  h.

Calcined at  °
C for  h

–a Liu et al.

SnCl dissolved in TPAOH was added to TEOS and stirred for min, the
water was added and further stirred for  h. The mixture was statically
crystalized at  °C for  h.

Calcined at  °
C for  h

 Li et al.

SGP TEOS was added to TPAOH aqueous solution and stirred for  h,
[Sn(EDA)]Cl added and stirred for min, after evaporated at  °C, the
concentrated mixture was statically crystallized at  °C for  h.

Calcined at  °
C for  h

 Wang
et al.

Co-MFI HT SiO: nCoO: nEDA: .TPAOH: IPA: HO ( < n < .), statically
crystallization at  °C for  h.

Calcined at  °
C for  h

– Hu et al.

aNo message about the crystal size.

Table : Metal loading amounts measured by ICP-OES for the
xPtyZn@S-.

Samples Pt loading (wt%) Zn loading (wt%)

.Pt.Zn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
.PtZn@S- . 

.Pt.Zn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
.PtZn@S- . .
.Pt.Zn@S- . .
.Pt.Zn@S- . .
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EDA exists as spherical crystals (200–300 nm) (Figure 8A),
while that without EDA addition to the gel presents as
disordered nanoscale crystals (Figure 8C) and that synthe-
sized in HT method presents as regular crystals exposing
more 101 and 200 facets (Figure 8B). On the other hand, it is
remarkable, as pointed by the authors, that much higher
zeolite yield and space-time yield could be achieved for the
zeolite synthesis in the typical SGP condition compared to
that in typical HT condition (the insert table in Figure 8).

3.3 The synthesis of CoS-1 zeolite

Hu et al.84 synthesized CoxS-1 zeolites (x = 0.32, 0.53, 1.12, and
2.17 wt%) from the gels withmole ratio of SiO2: nCoO: 2nETD:
0.3TPAOH: 4IPA: 35H2O (n = 0.03, 0.05, 1.0, 2.0, and 3.0). The
authors did not give the relations of Co content (x) of the
zeolite products with Si/Co mole ratio of the gels. Neverthe-
less, it can be inferred that the Co content of the CoxS-1 zeolite
is much less than that of the corresponding dry gels, indi-
cating that Co is hardly incorporated to zeolite, and most of

the Co remains in the liquid phase after the crystallization.
For Co1.12S-1 zeolite sample synthesized by the authors, it is
confirmed by EXAFS and UV–vis that the Co is dispersed to
single Co species in the zeolite crystals, and incorporated to
the zeolite framework, as it delivers absorption at 529, 582
and 653 nm.85–87

4 Characterization of heteroatoms
in zeolites and controlling
synthesis of the metal-zeolite
hybrid for application

Getting information between the synthesis parameter and
the catalytic product structure is of great significance for
understanding the mechanism of product structure forma-
tion. On this basis, the researchers would be able to
reasonably control the synthesis to obtain their product with
desired structure. Concurrently, getting an information

Figure 8: SEM images (A–C), yield and space-time yield (table) of the SnS-1 zeolites synthesized in different conditions: (A) typical SGP condition;
(B) typical HT condition; (C) SGP condition but without EDA addition. Copyright 2022 Wiley Online Library.
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between the structure and the property of the product is also
greatly significant for understanding the reaction mecha-
nism so as to promote the rational design of high-
performance catalysts toward industrial applications.
Obviously, knowing the product structure via appropriate
characterization is indispensable. Hence, in this section, we
will make our great efforts to summarize the characteriza-
tion of heteroatoms in zeolites reported in the literature and
the effective strategies proposed by the authors for con-
trolling the structure of the hybrid (Table 6).

4.1 Framework heteroatoms of zeolites

For some reactions, such as dry reforming of methane,65

methanol steam reforming,67 oxidative dehydrogenation
of propane with carbon dioxide,77 propane dehydroge-
nation,70,88,89 NH3-SCR,90 synthesis of thieno [2,3-d] pyr-
imidinones,91 direct oxidation of methane,92 Knoevenagel
condensation of benzaldehyde with ethyl cyanoacetate,93

conversion of cellulosic sugars into methyl lactate,94

framework heteroatoms of zeolites were found to play a
significant role in the catalytic processes. Therefore,
clearly characterizing the amount and the dispersion of
framework heteroatoms in the zeolite crystals have much
important meaning for the investigation. In some cases,
although the active sites catalyzing the reaction actually
lie on the metal95 or metal alloy states,16,58,66,71–75 since the
zeolites with framework heteroatoms act as predecessors
of the catalysts, these parameters may primarily

determine the catalytic structure. Hence, no matter which
cases mentioned above, the significance of knowing in-
formation about the framework heteroatoms in the zeo-
lites needless to say.

To get the information, XRD of the heteroatoms’ zeolites
was favorite to be applied,76,96–98 as the radius of the Si(IV) in
the zeolite framework being replaced by the transitionmetal
cations (Mn2+, Fe3+, Co2+, Co3+, Ni2+, Cu2+, Zn2+, Sn2+) is
essentially less than the latter. For example, Su et al.76 have
proved that Zn2+ incorporated MFI zeolite framework
replacing the Si(IV), as shown in Figure 9.

As a convenient characterization method, catalyst-
skeleton FTIR was also applied by the researchers to prove
heteroatoms (M) incorporating the zeolite framework, since
the incorporation must be accompanied by M–Si bond for-
mation that is sensitive to the FTIR. For instance, Han et al.99

using the appearance of new bands at 1,036, 710, and
670 cm−1 to prove the Ni phyllosilicate formation, as shown
in Figure 10.

To corroborate heteroatoms’ incorporation into zeolite,
Cs-corrected iDPC-STEM of the zeolites is generally required.
Hu et al.84 applied this characterization method evidencing
the Co atom incorporation into MFI zeolite (Figure 11), Dou
et al.95 applied this characterization revealing Rh cluster in
MFI zeolite (Figure 12).

UV–vis has been frequently applied by researchers in
literature, with which to simi-quantitatively reveal the het-
eroatoms being incorporated to zeolites framework,12,96–98

Qi et al. applied this characterization to indicate framework
Zn, as shown in Figure 13.12

Table : Characterization of the metal-zeolite hybrid and the strategies for control ling the structure of the hybrid.

Applications of the products as
catalysts

Metal-zeolite
hybrids

Primary characterization
methods

Representative strategies for controlling the
structure of the hybrid

Propane dehydrogenation,,,,,–
,,,,–

PtZn@S-

RhIn@S-

PtSn@S-

PtIn@S-

PtGa@S-

Co-MFI

PtLa@ZnBeta

UV-vis

SSNMR

CO-FTIR

EXAFS,

XPS,,

EDX mapping,,

Cs-STEM

Stabilizing single Rh atoms inside S- by harnessing In to
anchor them.

Dry reforming of methane,, Ni@S-,, UV-vis

EXAFS

HAADF-STEM

EDX mapping

XPS

FTIR

Utilizing Ni+/S- as precursor in the one-pot synthesis of
Ni@S-.

Regioselective hydroformylation Rh-MFI EXAFS
CO-FTIR
HAADF-STEM
XPS

Confining Rh clusters inside S- crystals, using the zeolites
tunnels to inhibit by-product formation.

12 J. Mu et al.: Recent advance on the direct syntheses of the M@zeolite hybrid



EDXmappingwas frequently applied to characterize the
heteroatoms dispersion situation in the heteroatom-
containing zeolites.67,96–98 For instance, Hong et al.67 using
this technique to prove the uniform distribution of the Cu
species in the MFI zeolite crystals, as shown in Figure 14.

Although MAS NMR is infrequently used due to its high
use-cost, it still a useful method for characterizing the
framework heteroatoms in the zeolite. For instance, Zhang
et al.43 using 1H MAS NMR revealed the existence of Zn in
PtZn@S-1 by means of the detection of ≡SiOZn–OH
(Figure 15). Due to the incorporation heteroatoms replacing
the Si(IV) in the zeolite crystals often alters the coordination
environment of the Si, that is, change the ratio of (SiO)4Si
(Q4), (SiO)3SiOH (Q3), (SiO)2Si(OH)2 (Q2) and (SiO)Si(OH)3(Q1)
in the crystals therefore 29Si MAS NMR also comes to the
characterization some times in literature. For instance, Li
et al.81 with the 29Si MAS NMR revealed the existence of Ru in
the MFI zeolite crystals (Figure 16).

Herein, it isworth tomention that, CO adsorption FTIR is
a valuablemethod for characterizing singlemetal atom such
as Pt dispersed by the substrate or isolated by the other
metals in alloys. If Pt exists as single atoms in the catalyst
samples, the sample would only deliver the band (in range of
2,000–2,150 cm−1) of liner type CO adsorption (M = CO).
Otherwise, bands (in range of 1,800–1,950 cm−1) of bridge
type CO adsorption would also appear over the sample,
as indicated by Zeng et al. (Figure 17C). For the CO adsorption
FTIR over the sample, the liner type CO adsorption band
shift generally provides information of electron cloud den-
sity of M influenced by the modifier that plays as electron
cloud accepter or donor. For instance, In this method, Zhou
et al.98 proved that Zn in Pt@ZnS-1 catalyst sample not only
isolates Pt atoms but also provide some electron cloud
density to Pt.

XPS is extensively applied by the researchers as well for
the metal-zeolite hybrid catalysts. For instance, Zhou et al.98

found that the Pt0 4f7/2 binding energy for 0.3Pt/S-1 is 71.54 eV,
while it shifted down to 71.20 eV in the case of
0.3Pt@7ZnS-1(L); Zn 2p3/2 binding energy for the 7ZnS-1(L)
sample is 1,022.58 eV, while it shifted up to 1,022.95 eV in the
case of 0.3Pt@7ZnS-1, as shown in Figure 18, which indicates
a donation of electron cloud from Zn to Pt in the case of
0.3Pt@7ZnS-1(L).

Of course, ICP and XRF are usually applied methods for
determining the amount of framework heteroatoms, as long
as no heteroatom exists as other chemical states.

4.2 Metal assembles and nanoparticles in
zeolites

For some reactions, such as propane dehydro-
genation,16,58,66,71–75 n-hexane and n-heptane aromatization,62

CO2 hydrogenation and formic acid dehydrogenation,63

Figure 9: XRD patterns of 1.5%Zn-MFI, 2.0%
Zn-MFI, 3.1%Zn-MFI, and silicalite-1. Copyright
2023 Elsevier.

Figure 10: FTIR spectra of the samples. Copyright 2024 Elsevier.

J. Mu et al.: Recent advance on the direct syntheses of the M@zeolite hybrid 13



Fenton-like degradation of methylene blue,64 regioselective
hydroformylation,95 dry reforming of methane,19 selective
catalytic reduction of NOx by CO,100 CO oxidation,101 the active
state of metal elements in the metal-zeolite hybrid catalyst lie
on metal assembles and nanoparticles. Hence, clearly indi-
cating average coordination number or particle size of metals,
whereby getting the stability information of the catalysts
modified by the strategies of the authors ismuch important for
the researchers. In this purpures, the following primary char-
acterization methods often come into play.

The most often applied method is HAADF-STEM. As
shown in Figure 17A and B, Zeng et al. revealed the In–Rh
nanoparticles within S-1 zeolite.

To know the coordination number, the characterization
of the hybrid sample with EXAFS is indispensable. For

instance, Zeng et al. detected fresh and spent In/Rh@S-1
catalyst sampleswith this technique, fromwhich the authors
known that In–Rh alloy was formed in the catalyst during
the reaction (Figure 17F, G, H, and I).

4.3 Effective strategies for controlling the
structure of the hybrids

As mentioned before, metal-zeolite hybrids catalyst origi-
nated from one-pot synthesis were applied in a lot of re-
actions as catalysts. Herein, due to space limitation, we just
represent the strategies being proposed by the authors to
modify the property of catalyst utilized in the following three
reactions.

Figure 11: Electron microscopy analyses of the Co-MFI zeolite with a Co content of 1.12 wt%. (A–C) Structure of the MFI-type framework. (D–F) Cs-
corrected iDPC-STEM images of the Co-MFI framework were taken along the three main crystallographic axes. (G) Cs corrected HAADF-STEM image and
(H) corresponding iDPC-STEM image of the Co-MFI framework. (K–M) Zoomed-in areas of 1, 2, and 3 in (H), respectively: the MFI framework without Co
(I) and the MFI framework containing Co at the T1(7) site (J) and the T3(9) site(k). Copyright 2022 ACS Publications.
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4.3.1 Propane dehydrogenation

Maintaining the stability of single-atom catalysts in high-
temperature reactions remains extremely challenging
because of the migration of metal atoms under the hard re-
action conditions (500–600 °C). Group of Wang58 proposed a
strategy of stabilizing single-atom noble metal atoms inside
zeolite channels by harnessing a second metal to anchor

them. The material with single-atom Rh inside S-1 zeolite was
firstly obtained by one-pot synthesis, and the single-atom Rh–
In cluster catalyst was obtained through subsequent in situ
migration of In during alkane dehydrogenation. This catalyst
demonstrated exceptional stability against coke formation for
5,500 h in continuous pure propane dehydrogenation with
99% propylene selectivity and propane conversions close to
the thermodynamic equilibrium value at 550 °C (Figure 19).

Figure 12: Structural characterization of Rh-MFI catalysts using the iDPC-STEM imaging technique. A–D, HAADF-STEM images of the Rh-MFI-0.62 (A), Rh-
MFI-0.35 (B), Rh-MFI-0.22 (C) and Rh-MFI-0.007 (D) samples. Rh clusters appear as small bright particles in A–C, whereas only a few bright dots ascribed to
isolated Rh atoms are observed in D. E–H, Paired HAADF-STEM (E, G) and iDPC-STEM (F, H) images of the Rh-MFI-0.35 sample along the [010] (E, F) and
tilted-[010] (G, H) orientations. (I–L) Paired HAADF-STEM and iDPC-STEM images of the Rh-MFI-0.22 sample along the [010] (I, J) and tilted-[010] (K, L)
orientations. (M–P), Paired HAADF-STEM and iDPC-STEM images of the Rh-MFI-0.007 sample along the [010] (M, N) and tilted-[010] (O, P) orientations.
Copyright 2024 Springer Nature.
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4.3.2 Dry reforming of methane

For the catalysts applied in reaction of propane dry
reforming of methane, embedding Ni nanoparticles (NPs)
into zeolite has been widely accepted as one of solutions of
Ni-based catalysts suffering from metal sintering and coke
deposition at high operating temperatures (750–800 °C) that
leads to rapid catalyst deactivation. Group of Shi19 proposed

a strategy of utilizing Ni2+/S-1 instead of NiO/S-1 as precursor
so that preferably realized the ‘dissolution-recrystallization’
process in the one-pot synthesis. With this strategy, they
made the Ni content of Ni@S-1 hybrid catalyst increased up
to 20 wt% from 3 wt% but the sizes of Ni NPs maintained at
ca. 4–5 nm (Figure 20). Due to the unique embedded struc-
ture, the 20 %Ni@S-1 catalyst performed amass specific rate
of 20.0 molCH4/gcat/h at 800 °C and a good stability running
for 150 h.

4.3.3 Regioselective hydroformylation

For indusial application of heterogeneous linear
α-olefins’ hydroformylation, it suffers from quite low

Figure 13: UV–vis results characterizing DeAlBEA and Zn-DeAlBEA.
Copyright 2021 ACS Publications.

Figure 14: (A) HAADF-STEM image of 1.0 Cu@S-1 and corresponding EDX
mapping of (B) Cu, (C) O, and (D) Si. Copyright 2023 Royal Society of
Chemistry.

Figure 15: 1H MAS NMR spectra of spent samples. Copyright 2024
Elsevier.

Figure 16: 29Si NMR of zeolite-based catalysts. Copyright 2024 Elsevier.
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regioselectivity. Group of Zhang95 proposed a strategy of
confining active Rh clusters inside zeolites with special
tunnels that could inhibit undesired by-product of
branch-aldehyde formation to prepare the catalysts for
the reaction. By one-pot synthesis method, the group

obtained the Rh-MFI zeolite hybrids catalysts. They found
that Rh clusters with size 0.3–0.6 nm are most active
(Figure 21) and the tunnels of the zeolite plays much sig-
nificant role for increasing the regioselectivity of the
reaction.

Figure 17: Migration of indium oxide and formation of RhIn clusters. (A and B) High-angle annular dark-field scanning transmission electronmicroscopy
(HAADF-STEM) images of Rh@S-1 (fresh) and Rh@S-1 (used). (C) CO-adsorbed FTIR spectra for Rh@S-1 (used) and In/Rh@S-1 (used). (D and E) HAADFSTEM
images for In/Rh@S-1 (fresh) and In/Rh@S-1 (used). The red arrows point to white aggregates of In2O3 species on the outer surface (edge in the image) of
S-1. (F) Normalized In K-edge XANES spectra of In/Rh@S-1 and reference samples. (G) Normalized Rh K-edge XANES spectra of Rh@S-1, In/Rh@S-1, and
reference samples. (H) k2−weighted In K-edge EXAFS spectra of In/Rh@S-1 and reference samples. k denotes the wave vector of the photoelectron.
(I) k2−weighted Rh K-edge EXAFS spectra of Rh@S-1, In/Rh@S-1, and reference samples. Copyright 2024 AAAS.
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5 Conclusions and perspectives

Confining metal species in zeolite crystals is an important
way to endow the metal catalysts with the desired ability
working at harsh reaction conditions. Just due to this pri-
mary reason, the M@zeolite type of metal catalyst has been
extensively investigated by the researchers and the prep-
aration has become one of hot subjects in the catalysis field
in last few years. In these investigations, a lot of important
and referable results have been obtained. Some important
factors influencing the metal incorporation as well as the
metal dispersion within the M@zeolite hybrid are listed
below:
(1) K existing in the gels largely influences the Pt disper-

sion within the S-1 crystals, though the optimum
addition amount to the gel being indicated by TEM and/
or STEM in the observable scale is different from that
being detected by H2 (or CO) adsorption technique.

(2) Organic ligands, including PDDA, TEPA, DCD, DETA,
EDTA and EDA, are beneficial to the incorporation of

metals into the zeolites, especially in the case of
incorporating noble metals into S-1 zeolite.

(3) ZnS-1 with Zn content up to 2 wt% could be in situ
synthesized using zinc gluconate as zinc source in the
case without organic ligand. Although there lack at-
tempts synthesizing other zeolites in the absence of
organic ligands, this result at least gives us a light that
the metals existing in appropriate compound is favor-
able for incorporation to the zeolite.

(4) For the M@S-1 hybrids obtained from the in situmetal
incorporation method, with the M/Si ratio of gel
increasing, the crystal size of the hybrid generally
increases.

Nevertheless, there are also many challenges to be
addressed. As the most important index for metal encapsu-
lation materials, is the dispersity of the metal (little nano-
particles, metal clusters, or single-atom) within the zeolite
crystals. Although the investigators aimed to achieve the
possible encapsulation of single-atom metal into the zeolite

Figure 18: (A) Pt 4f XPS spectra of 0.3Pt@7ZnS-1(L) and 0.3Pt/S-1 (B) Zn 2p XPS spectra of 0.3Pt@7ZnS-1(L); and 7ZnS-1(L). Copyright 2025 Elsevier.

Figure 19: Stability evaluation of the In/Rh@S-1
catalyst for the dehydrogenation of pure pro-
pane. Reaction conditions: T = 550 °C, pure
C3H8, WHSV = 8 h−1. Copyright 2024 AAAS.
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crystals, most of the current syntheses still stay at the level of
nanoparticles or metal clusters yet, especially in the case of
encapsulating noble metal within the zeolite crystals with a
larger metal loading amount.

Clearly, to increase the dispersity of the noble metal
within the zeolite crystals by the in situ encapsulation syn-
thesis, it is of importance to optimize the synthesis condition,
in particular, the chose of appropriate of organic ligand.
Herein, it should be noted that, the mechanism for organic
ligand protecting themetals to be incorporated to the zeolites
from getting into precipitate should be investigated. Although
several organic ligands including PDDA, TEPA, DCD, DETA,

EDTA, and EDA have been found and proposed to be benefi-
cial for themetal incorporation,whereas no reliable principle
directing the investigator reasonably chose organic ligand for
incorporating their desired metal to zeolite.

For the encapsulation of the non-noble metal within the
zeolite crystals, as mentioned before, synthesizing the zeo-
lites with desired heteroatoms is an ideal way as long as
desired amount of metal could be incorporated into the
zeolite framework. Although the syntheses of this kind of
zeolites in terms of heteroatoms Fe, Zn, Sn and Co have been
succeeded, whereas themetal amount being incorporated to
zeolite framework to be largely increased. Perhaps, as a

Figure 20: Scanning transmission electron
microscopy characterization for the Ni@S-1
catalysts. (A–D) STEM-HAADF (high-angle
annular dark-field) images of the Ni@S-1 cat-
alysts with different Ni loadings; the insets
show the corresponding Ni NPs size distribu-
tions; High magnification STEM-HAADF image
of 15 %Ni@S-1 on frontal view (E) and side view
(F). Copyright 2022 Elsevier.
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primary way to address this challenge, is also relying on
reasonable chose of organic ligand.
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