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Abstract

Zeolites with encapsulated metal nanoparticles have attracted a wide attention in
heterogeneous catalysis due to their high catalytic activity, selectivity, and stability. The PhD
thesis was focused on design and synthesis of metal@zeolite catalysts with small and
uniformly distributed metal nanoparticles. The main interests were encapsulation of metal
nanoparticles into zeolites by co-crystallization strategy and 2-dimensional to 3-dimensional
zeolite transformation approach. The PhD work was performed at the Department of
Synthesis and Catalysis at J. Heyrovsky Institute of Physical Chemistry and Department of
Physical and Macromolecular Chemistry, Faculty of Science at Charles University under the

supervision of prof. Jifi Cejka.

Zeolites are inorganic crystalline aluminosilicates with microporous framework structures.
The micropores of zeolites provide the ideal microenvironment to accommodate metal
nanoparticles. During metal nanoparticles formation in zeolite micropores, they can be
limited by a rigid framework, preventing the aggregation and leaching of metal during the
reaction process. Furthermore, the diameters of zeolite micropores are usually in the range
of 0.3-1.5 nm, which can be used to discriminate molecules depending on their size and
shape, thus endowing the metal@zeolite catalysts with shape-selectivity. In addition,
encapsulation of metal nanoparticles into zeolites can adjust the distribution of metal and

acid sites, creating high-efficiency bi-functional catalysts.

Pt and Pd nanoparticles encapsulated in MFI zeolite were prepared by co-crystallization
strategy with the assistance of imidazolium-type ionic liquid (ImlILs). The imidazolium groups
interact with metal precursors (PtCl,>, PACl,> etc.), while the alkoxysilane groups take part
in zeolite crystallization. The resulting Pt@MFI_ImILs and Pd@MFI_Imlls had average
diameters of Pt or Pd nanoparticles approximately 1.0 nm and 1.7 nm, respectively. The
Pt@MFI_ImlILs exhibited excellent shape-selectivity in hydrogenation of different size
nitroarenes. The conversion of the small 4-nitrotoluene was >99%, while the bulky 1,3-
dimethyl-5-nitrobenzene exhibited only 5.8% conversion. Owing to the small size of Pd
nanoparticles, the PA@MFI_ImILs showed a higher reaction rate (25 mmol/s/gme) than the

impregnated Pd@MFI_Imp catalyst (9 mmol/s/gwme) in propene hydrogenation.



Encapsulation of metal nanoparticles into zeolites via 2-dimensional to 3-dimensional zeolite
transformation approach was also investigated. Pt@MCM-22 catalysts with tunable sizes of
Pt nanoparticles were synthesized using surfactants with different alkyl chain lengths in
swelling procedure of layered MCM-22P. The average diameters of Pt nanoparticles
increased from 0.85 nm, 1.00 nm, 1.55nm to 2.04 nm with the prolongation of hydrocarbon
chain of surfactants. Subsequently, Pd nanoparticles were encapsulated into MCM-22 zeolite
by adding of Pd(en),(Ac), during the swelling of MCM-22P layered zeolite. After calcination
and reduction, the PA@MCM-22 catalyst showed a uniform distribution of Pd nanoparticles
with average diameter at 1.8 nm. Lastly, this 2-dimensional to 3-dimensional zeolite
transformation strategy was expanded to IPC-1P and combined with the ADOR (Assembly,
Disassembly, Organization, and Reassembly) approach. Metal@IPC-2 and metal@IPC-4

(metal = Pt or Pd) with uniform distribution of metal nanoparticles were prepared.



Abstrakt

Zeolity se zapouzdienymi kovovymi nanocasticemi vzbudily v heterogenni katalyze velkou
pozornost diky své vysoké katalytické aktivité, selektivité a stabilité. Tato diplomova prace
byla zamérena na syntézu zeolitovych katalyzator(i s malymi a rovhomérné distribuovanymi
kovovymi nanocasticemi. Hlavnimi cily bylo zapouzdfeni kovovych nanocdstic do zeolitu
pomoci kokrystaliza¢ni strategie a 2D-3D transformce zeolitu. Doktorskd prace byla
provedena na oddéleni syntézy a katalyzy J. Heyrovského Ustav fyzikdlni chemie a KatedFe
fyzikdlni a makromolekularni chemie na Pfirodovédecké fakulté Univerzity Karlovy pod

dohledem Prof. Jifiho Cejky.

Zeolity jsou anorganické krystalické hlinitokfemicitany s mikroporézni strukturou. Mikropdry
zeolitd poskytuji idealni prostfedi pro umisténi kovovych nanocastic. Kovovych nanocastice
vznikajici v mikropérech zeolitu mohou byt omezeny jeho krystalickou mtizi, zabranujici
agregaci a vyplavovani kovu béhem reakéniho procesu. Priméry mikropdrl zeolitu se
obvykle pohybuji v rozmezi 0,3-1,5 nm, coZz mize slouzit k oddéleni molekul v zavislosti na
jejich velikosti a tvaru, ¢imZz se katalyzatory zeolite s kovovymi nanocasticemi obohati o
tvarovou selektivitu. Zapouzdfeni kovovych nanocastic do zeolitl muzZe navic ovlivnit
distribuci kovovych a kyselych center a vytvofit tak bifunkéni katalyzatory s vysokou

ucinnosti.

Nanocastice Pt a Pd zapouzdfené v zeolitu MFI byly pfipraveny kokrystalizaéni strategii s
pomoci iontové kapaliny imidazolového typu (ImlIL). Skupiny imidazolia interaguji s
prekurzory kovi (PtCl,%, PdCl,> atd.), zatimco alkoxysilanové skupiny se podileji na
krystalizaci zeolitu. Vysledné Pt@MFI_ImILs mély primérné velikosti kovovych nanocdstic
pfiblizné 1,0 nm a 1,7 nm. Pt@MFI_ImliLs vykazoval vynikajici tvarovou selektivitu pfi
hydrogenaci nitroarénd rGznych velikosti. Konverze méné objemného 4-nitrotoluenu
byla >99%, zatimco objemny 1,3-dimethyl-5-nitrobenzen vykazoval pouze konverzi 5,8%.
Vzhledem k malé velikosti Pd nanocastic vykazovaly Pd@MFI_ImlLs vyssi rychlost reakce (25
mmol/s/gMe) neZ impregnovany katalyzator PA@MFI_Imp (9 mmol/s/gMe) pfi hydrogenaci

propenu.

RovnéZ bylo zkoumdno zapouzdieni kovovych nanodastic do zeolith pomoci 2D-3D

transformace zeolitu. Katalyzatory Pt@MCM-22 s laditelnou velikosti Pt nanocastic byly

Xl



syntetizovany za poutZiti povrchové aktivnich latek s rdznymi délkami alkylovych retézcl v
procesu interkalace vrstevnatého MCM-22P. Priimérné velikosti Pt nanocastic vzrostly z 0,85
nm, 1,00 nm, 1,55 nm az na 2,04 nm v zavislosti na délce uhlovodikového fetézce povrchové
aktivnich latek. Nasledné jsme zapouzdfili Pd nanocdstice do MCM-22 zeolitu pfidanim
Pd(en)2(Ac)2 béhem interkalace vrstevnatého zeolitu MCM-22P. Po kalcinaci a redukci
vykazal katalyzator Pd@MCM-22 rovnomérnou distribuci Pd nanocdstic o primérném
praméru 1,8 nm. Nakonec jsme tuto metodu 2D-3D transformace zeolitu rozsifili na
vrstevnaty material IPC-1P v kombinaci s metodou ADOR (Assembly, rozloZeni Organizace, a
Reassembly). Byly pfipraveny zeolity IPC-2 a IPC-4 se zapouzdienymi nanocasticemi kovu (Pt

nebo Pd) s rovnomérnou distribuci kovovych nanocastic.

Xl



1 Aim of study

This thesis was focused on design and encapsulation of metal nanoparticles into zeolites to

stabilize metal nanoparticles and to investigate them as catalysts in hydrogenation reactions.
The main goals are summarized as follows:

1) Encapsulation of metal nanoparticles into MFI zeolite by means of direct hydrothermal

synthesis with the assistant of imidazolium-type ionic liquid.
To stabilize metal precursors during MFI zeolite crystallization process;
To design metal @ MFI (metal = Pt, Pd, Au) catalysts;

2) Encapsulation of metal nanoparticles into zeolites by means of 2-dimensional to 3-

dimensional zeolites transformation approach.
To design Pt@MCM-22 with different diameters of Pt nanoparticles;
To encapsulate Pd nanoparticles into MCM-22 zeolite;

To design the synthesis of metal@IPC-4 and metal@IPC-2 (metal = Pt, Pd) combined
with ADOR approach;

3) To characterize prepared metal@zeolite materials by XRD, nitrogen physisorption, SEM,

TEM, STEM, ICP-OES elemental analysis and FTIR measurement by CO adsorption.

4) To investigate the catalytic performance of metal@zeolite in hydrogenation of

nitroarenes and propene.



2 Introduction

2.1 Zeolites

Zeolites are crystalline aluminosilicates with three-dimensional frameworks consisting of
channels and cavities with molecular dimension (0.3-1.5 nm) and providing large surface
areas and high porosity 13 Conventional zeolites are built from silicate frameworks, in which
replacement of Si for Al (or other tri-valent metals) induces a negative charge of the
framework, with cations (Na* or other alkaline or alkaline earth metals) in the pore systems
to balance the negative charge 42, Structurally, the zeolite frameworks are composed of TO,
tetrahedra. T represents the tetrahedrally coordinated atoms (Si, Al or other heteroatoms,
such B, Ge, Ti, Ga, etc.), while O stands for the oxygen ions. The different ways of TO,
tetrahedra connections result in various zeolite microporous structures. The pore size of
zeolite is principally determined by the number of T-atoms on the ring which forms the
window . Commonly, zeolites with 8-rings possessing pore dimensions up to 0.4 nm are
named as small-pore zeolites (e.g., LTA). The pore dimensions up to 0.55 nm in 10-rings
zeolites are referred to medium-pore zeolites (e.g., MFI, MWW). 12-rings zeolites with pore
size up to 0.75 nm are named as large-pore zeolites (e.g., BEA, FAU). Zeolites with more than
12-rings are called as extra-large-pore zeolites (e.g., UTL). In addition, zeolites with non-
intersecting channels have a one-dimensional channel system (e.g., MTW, TON). Zeolites
with two-dimensional and three-dimensional channel systems have intersecting channels in
two or three dimensions (e.g., MWW has two-dimensional systems and MFI have three-
dimensional systems) &7 All existing zeolite structures have a unique three capital letters
code assigned by the Structure Commission of the International Zeolite Association (IZA). Up

to 2021, totally 253 zeolite framework types have been collected.

The pore sizes of zeolites are in the range of 0.3-1.5 nm, so only molecules with kinetic
diameters not exceeding the (uniform) pore size of a zeolite can access the pores and
channels. Due to such ability, zeolites are important materials called molecular sieves
allowing molecules with different sizes to be separated. This is so called shape-selectivity,
which has been introduced in the 1950s 8. The shape selectivity in zeolites depends on the

9,10

diffusion limitation or the size of transition states ” . Three types of shape selectivity have



been described (Figure 2.1) . Reactant shape selectivity occurs when bulky molecules are
prevented to diffuse into the channels of a zeolite. Only molecules with smaller sizes than
the pore openings of a zeolite are able to reach the active sites '*. Restricted transition state
selectivity is observed when chemical reactions involve transition states, which are too bulky
to be formed in the pore system of a zeolite. Products are generated only from the reactions
with small size transition states, which can fit in the micropores of zeolites. In this case,
reactants and potential products can diffuse in or out of a zeolite **. Product shape selectivity
is among all the formed products, only those with proper size can diffuse from the interior
pore system of a zeolite. Some zeolites possess cavities inside the crystals which have
enough space to form small and bulky products. However, the bulky products are unable to

leave the cages due to their small apertures **

O’)W-——
ooo(»—adomm-

C0%0%p
o}

ﬂ_
0. 0.0
_Ku_ﬂ_

Figure 2.1 Three types of shape selectivity: Reactant shape selectivity (a), Restricted
transition state selectivity (b) and Product shape selectivity (c) 10

Zeolites are usually synthesized under hydrothermal conditions, from framework-building

sources (e.g., Si, Al, B, Ga, Ti, etc.) dissolved into an aqueous solution of a structure directing

agent (SDA) and alkali hydroxide ***3

. The hydrothermal synthesis of zeolites is carried out in
an autoclave at elevated temperature (50-200 °C) and autogenous pressure . Zeolite
crystallization from appropriate synthesis gels or from clear solutions occurs through several
sequential steps: (1) nucleation of discrete particles of a new phase, and (2) growth of zeolite

6,14,15

crystals . Zeolite crystallization depends on various parameters such as: solubility of

silicon or framework-building sources, the structure of SDA, the pH of the synthesis gel,



ageing time of the synthesis gel, the agitation, temperature, and time of the synthesis.

However, some zeolites form two-dimensional (2D) layered zeolites, showing sheet-like
morphology of zeolite crystals with the thickness of only a few unit cells ”***". Thus, 2D
layered zeolites are propagated only in two dimensions, which combine the important

features of 3D zeolites and the advantages of lamellas (overcoming the diffusion limitation)

1820 Moreover, 2D zeolites have more possibilities to be modified by post-synthetic

strategies than 3D zeolites due to the flexible structure (hydrogen bonds - instead of

covalent interlayer bonds). A zeolite precursor for a given framework can be used to prepare

7,16,18-20

other new structures . So far, 2D zeolites have been utilized to synthesize many new

materials through stabilization, detemplation, and delamination methods 21-23

. To date, over
20 different 2D zeolites have been discovered . Many of them are prepared by direct
hydrothermal synthesis, but some of 2D zeolites can also be obtained by post-synthesis

modification *°.
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Figure 2.2 The transformations of MCM-22P and MCM-56 with interlayer dgo; spacing
distances from XRD .

The first recognized 2D layered zeolite was MCM-22P with MWW topology, which can be
prepared by direct hydrothermal synthesis using hexamethyleneimine as SDA (Figure 2.2).
Via condensation by calcination, MCM-22P forms 3D MCM-22 zeolite 7 Moreover, the
standard 3D MWW zeolite can be also prepared by direct hydrothermal synthesis (MCM-49)
26, MCM-22P consists of nanosheets having thickness of 2.5 nm stacked vertically. The layers
interact through hydrogen bonds between the silanol groups instead of covalent bonds. The

2 This layered

hexamethylenimine template molecules are inserted between the layers
zeolite structure provides the possibility to manipulate the layers to different materials
before calcination. Figure 2.2 summarizes different forms of zeolite structures in the MWW
family 2 MCM-56 analogue was synthesized by the treatment of MCM-22P with acid to
remove the template molecules from the interlayer space ?’. Moreover, the interlayer
distance of MCM-22P can be expanded by swelling with cationic surfactant, which the
organic chains are intercalated between the layers and keep the layers separated .
However, the organic species are easily removed by calcination and the layers can condense
together. In order to achieve permanent separation of the layers, the swollen MCM-22P is
subsequently pillared by the inorganic pillars from amorphous silica, which derived MCM-36
zeolitic sample 8 The prepared materials with inorganic pillars show high thermal resistance
up to 500 °C *°. In some cases, the swollen precursors MCM-22P can be pillared by organic
pillars, which combine the advantages of inorganic zeolitic layers and organic pillars (e.g.,
functionalization) ?’. In addition, the swollen MCM-22P precursors can be delaminated to
ITQ-2 and colloidal suspension %, The main purpose of post-synthesis modifications is to
produce zeolitic materials, which can shorten the diffusion path length compared with the
standard 3D zeolites ’. Layered MCM-22P has produced more than 10 different structures

generating a family of zeolitic architectures (Figure 2.2) **.
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Figure 2.3 SEM image of nanosheets MFI with a plate-like morphology that is composed of
three dimensionally intergrown nanosheets (a), TEM image of nanosheets MFI on the wide
plane of the plate ([010] incidence of MFI) (b), many MFI nanosheets form multilamellar
stacking along the b-axis (c) *.

Ryoo and co-workers synthesized lamellar forms of zeolites MFI and MTW by surfactant-

3134 The special organic structure directing agent (SDA) has two

assisted synthesis strategy
parts: a hydrophilic headgroup and a hydrophobic tail % The fundamental idea is that the
head group could act as zeolite synthesis template and the tail part does not allow zeolite
growth along the 3" direction, which potentially leads to 2D zeolites. In their original work, a
di-quaternary ammonium surfactant C,,Has—N'(—CH3),—CgH1—N*(=CH3),—CgH13 (denoted as
Ca2-6-6) With a long alkyl chain was utilized to prepare MFI in a form of nanosheets of about
2.5 nm thickness (Figure 2.3) **. The hydrophilic part with two quaternary ammonium groups
assists to form MFI zeolite structure, while the hydrophobic group prevents the crystal
growth along b-axis. As a result, nanosheets MFI are formed. The nanosheets MFI cannot

condense into 3D zeolite after calcination but the layers are randomly stacked from one to

another, which result in a material with slit-shaped mesopores.
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Figure 2.4 The ADOR method scheme 3,

The preparation of 2D layered zeolite described proceeds by bottom-up methods either with
conventional or specially designed templates. Zeolite layered precursors can be also

obtained by a completely different top-down synthetic protocol: via a removal of some

3

structural units from an already synthesized standard 3D zeolite *’. Recently developed

approach to prepare zeolite layers is based on the 3D to 2D zeolite transformation and is a

part of the ADOR (Assembly, Disassembly, Organization, Reassembly) mechanism ®3%4°.

Germanosilicate UTL has been investigated for the ADOR strategy because of its exceptional

443 Generally, germanium atoms are preferentially located at double-four-ring

structure
units (D4Rs). The structure of germanosilicate UTL is described as silica layers connected
with interlayer D4Rs. The Ge-O bonds can be easily hydrolyzed in aqueous solution because
of the chemical weakness of Ge-O bonds compared to Si-O bonds. This hydrolysis process
results in the selective removal of species from the D4Rs while remaining the siliceous

363844 Figure 2.4 shows the scheme of these transformations where the Ge

zeolitic layers
has been chemically selectively removed from the UTL structure. The resultant layered
material is called IPC-1P. Manipulation with the IPC-1P layers produces a family of zeolites
e.g., with PCR and OKO topologies 38, Post-synthesis modifications of IPC-1P, likewise in the

. . . 21,2 -
MWW case, were also performed by swelling and pillaring 2*%34>8,



2.2 Metal@zeolites

Zeolites contain interconnected network system of pores with nano-size diameter, which
provides sufficient environment to accommodate metal nanoparticles. Encapsulation of
metal nanoparticles into zeolites offers the possibility to control the size and shape of the

resulting metal nanoparticles *°

. Two types of zeolite supported metal nanoparticles can
be recognized: (a) metal nanoparticles situated on the outer surface of zeolite matrixes, and
(b) metal nanoparticles located in the internal pore systems of zeolite matrixes, as shown in
Figure 2.5. The metal nanoparticles in type (a) can easily migrate and aggregate into large
particles during the calcination and reduction processes, which are referred to as
metal/zeolite. In contrast, the metal nanoparticles in type (b) are well encapsulated in the
channels and cavities of zeolites, which are denoted as metal@zeolite. In metal@zeolite
catalysts, the uniform channels and pores can limit the mobility of metal nanoparticles, thus
endowing the metal@zeolite catalyst with the anti-sintering and anti-leaching properties .
In addition, owing to the molecular sieving effect of zeolite support, the metal@zeolite
catalysts provide shape selectivity > Furthermore, encapsulation of metal nanoparticles into
zeolite matrices enables to manipulate the distribution of metal and acid active sites to
design bi-functional catalysts. The confinement of metal nanoparticles and their interaction
with zeolite frameworks make that both active sites generate strong metal—acid synergistic
effect 3. Finally, high thermal stability of zeolites allows the performance of metal@zeolite

5

catalysts under harsh condition * Thus, these metal@zeolite materials have received

51-57

considerable attention during the last decades




Figure 2.5 Two types of supported metal nanoparticles on zeolites: metal nanoparticles
located on zeolite surface, devoted as metal/zeolite (a), metal nanoparticles confined in
zeolite micropores, devoted as metal@zeolite (b) >*.

2.3 Synthesis strategies to encapsulate metal nanoparticles into zeolites

The emerged efficient strategies to encapsulate metal nanoparticles into zeolites
conditioned recent progress achieved in the field of metal-catalyzed reactions, see Section
2.4. ***% Recent studies have reported numerous methods to confine metal nanoparticles
into the pore systems of zeolites to improve the catalytic performance and avoid

20133345758 \When metal nanoparticles are small enough and

aggregation/leaching
encapsulated in the cavities/channels/cages of zeolite frameworks, the metal@zeolite
catalysts are the most stable and effective. The encapsulation of metal nanoparticles into

zeolite matrixes can be classified into several strategies: post-synthetic methods °’, co-

50,53
d

crystallization metho , and 2D to 3D zeolite transformation method °.

2.3.1 Post-synthetic methods

Metal nanoparticles can be introduced into zeolite matrixes by post-synthetic methods such

6062 |on exchange-reduction method

as ion exchange or impregnation followed by reduction
is the most frequently used approach to introduce metal nanoparticles into zeolites.
Generally, in zeolites with heteroatoms in the silicon framework, the negatively charges
require to be balanced by alkaline or alkaline earth metals % These charge-balancing cations
like Na*, K*, can move freely in the channels to ensure the exchange with metal precursors in
solutions (Figure 2.6a). After exchange with metal cations, the solid catalysts are collected by
filtration or centrifugation. In the case of monovalent cations, the maximum metal loading is
equal to the amount of framework heteroatoms. For divalent cations, two Al with close
proximity are required. In some cases, probably it will form some oxo-species of divalent
cations on isolated Al. For trivalent cations, three Al with close proximity are required. The
metal precursors need to have the cations form and exhibit smaller size than the pore size of
zeolites. The ion-exchanged zeolite catalysts are generally reduced by H, to generate metal

nanoparticles. In order to minimize the sintering of metal precursors, the reduction

temperatures need to be kept as low as possible.
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Figure 2.6 Scheme of ion exchange-reduction method (a) and impregnation-reduction
method (b).

However, ion exchange-reduction approach is restricted to zeolite frameworks which

50,53

contain trivalent elements such as Al, B, Ga, etc. . Moreover, the loading of metal species

is limited by the exchange capacity of zeolites. For a higher metal loading, impregnation-

d ®"®. In this procedure, the loading of metal is not

reduction method can be employe
limited by zeolite composition. The scheme of the preparation procedure is shown in Figure
2.6b ®"®8  Impregnation-reduction method includes two steps. Firstly, the zeolites are
immersed in a solution containing metal precursors. After removal of the solvent, the overall

samples are dried and reduced by H, to obtain the metal nanoparticles in the second step.

In the incipient wetness impregnation method, the solution containing the metal species

should fill the pores of zeolites homogeneously and bring the metal precursors evenly

10



distributed uniformly in the solid ®°. The impregnated solid is subsequently dried, calcined
and reduced by hydrogen. The metal solutions like nitrate, chloride and carboxylate salts are
usually used. However, some gas molecules are still residence in the pores of zeolite, the
solution containing metal precursors cannot fill the whole pore volume of zeolites. The metal
precursors are frequently concentrated near the external surface of zeolites. After drying,
calcination, and reduction, large metal nanoparticles located on the external surface of

zeolites are formed >°%°7

. Generally, this impregnation method is not easy to achieve a
homogeneous metal dispersion. However, in some cases, uniform metal dispersion can be
obtained by an impregnation technique at very low metal loadings. Therefore, metal
nanoparticles encapsulated with zeolite crystals obtained by this impregnation-reduction
method have been found with nonuniform particle size distribution depending on the

concentration of metal precursors and the topology of zeolites **7*.

2.3.2 Co-crystallization strategy

The post-synthetic protocols are more effective for large-pore zeolites because metal
precursors can more easily access the intracrystalline spaces through large pores. The
apertures in small- and medium-pore zeolites may preclude the migration of metal
precursors 2. For these zeolites, the most attractive method to encapsulate metal
nanoparticles into zeolite matrixes is co-crystallization strategy. This method is not restricted
by the pore size of zeolites because the crystallization of zeolites proceeds simultaneously

with encapsulating procedure 273

. However, most metal cations are easily precipitated as
bulk hydroxides in the alkaline synthetic gels. As a result, during the hydrothermal synthesis,
commonly metal precursors cannot be encapsulated into zeolites successfully due to the
formed large colloidal metal hydroxides, preventing their encapsulation. Therefore, the
effective strategy has been developed to encapsulate metal nanoparticles into zeolites by
stabilization of metal precursors against precipitation during hydrothermal synthesis process.
Thus, the application of different protective methods, such as -N or -S organic ligands,

polymer protection agents, have been reported in the co-crystallization method 20,31,53-56,58

NHs and organic amine ligands form metal complexes to encapsulate them into the interior
pore system of zeolites. The formed metal complexes are stable in aluminosilicate gel and

zeolite can crystallize around these metal complexes during the hydrothermal synthesis.
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After calcination, metal precursors merged into nanoparticles, which accommodate in the
micropores or fix in zeolites. Iglesia et al. 73 encapsulated noble metal nanoparticles (Pt, Pd,
Ru and Rh) into SOD (Sodalite, 0.28 nm x 0.28 nm), GIS (Gismondine, 0.45 nm x 0.31 nm)
through direct hydrothermal synthesis using metal precursors (Pt, Pd, Ru and Rh) stabilized
by NH; or ethylenediamine (Figure 2.7a). However, the encapsulation of metal nanoparticles
within ANA zeolite (Analcime, 0.42 nm x 0.16 nm) using the same protocol was unsuccessful
due to a higher zeolite crystallization temperature, which results in the precipitation of
metal precursors even stabilized by NH; or ethylenediamine. Nevertheless, encapsulation of
Pt and Ru nanoparticles into ANA zeolites was finally achieved by a novel interzeolite
transformation strategy from Pt and Ru-containing GIS zeolites to ANA zeolites. During this
process, the metal nanoparticles were occluded within the ANA voids. The confinement of
metal nanoparticles in zeolite was further confirmed by the hydrogenation of ethylene in the
presence of poisoning thiophene, which cannot diffuse into these zeolite pores. The
hydrogenation rate decreased in Pt-containing GIS and ANA zeolites from 2.9 to 2.46 mol-
(molsurffmetafl—s'l) in Pt-containing GIS and from 2.0 to 1.4 mol-(molsy- metafl—s‘l) in Pt-

containing ANA, whereas the impregnated Pt/SiO, catalyst became totally inactive.

The metal nanoparticles confined in MFI zeolite were also prepared by co-crystallization
method in the presence of [Pd(NH,CH,CH,NH,),]Cl, (Figure 2.7b). Yu and co-workers 4
proved that Pd nanoparticles were located in the intersecting channels of MFI zeolite. After
the treatment under air and H, at 400 °C, the average sizes of Pd nanoparticles were 1.6 nm
(Pd loading 0.47 wt%) and 2.2 nm (Pd loading 1.08 wt%), respectively. Finally, the resulting
Pd@S-1 catalyst exhibited an outstanding catalytic activity and highly selectivity in H,
generation by the complete decomposition of formic acid under mild reaction conditions.
Furthermore, the catalysts possessed high thermal stabilities and excellent recycling
stabilities during formic acid decomposition process because of the small size of Pd

nanoparticles within zeolite framework and the basicity caused by the addition of alkali

cations.

12
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Figure 2.7 Metal nanoparticles encapsulated in SOD, GIS, and ANA zeolites (a) 3. The
synthesis procedure for encapsulation of Pd nanoparticles in nanosized silicalite-1 zeolite (b)

74.

Mercaptosilane can also prevent precipitation, reduction, and coalescence of the metals in
the course of zeolite crystallization. The mercapto part binds strongly with the metal cations
to form stable metal—sulfur structures, which could prevent the formation of metal
hydroxides in the alkaline medium used for zeolite synthesis. The alkoxysilane moiety
participates in zeolite crystallization process by formation of Si—-O-Si and/or Si—O-Al bonds,
which could help to form zeolite framework around metal—sulfur precursors. Various noble
metal nanoparticles (Pt, Pd, Ir, Rh, Au, and Ag) have been confined in zeolite frameworks via
mercaptosilane-assisted synthesis method. For example, Iglesia et al. "> successfully
encapsulated Pt clusters into the small channels of NaA zeolite using bifunctional (3-
mercaptopropyl)trimethoxysilane ligands as an assistant agent to stabilize metal precursors
against precipitation and to promote the formation of NaA zeolite structures (Figure 2.8a).
High-resolution TEM images showed the Pt nanoparticles in NaA zeolite with diameters
approximately 1.0 nm after the thermal treatment in O,/H,. The XANES and EXAFS results

revealed the Pt(l1)-S4 complexes were formed after the synthesis. Subsequently calcination

13



in O, and reduction in H, at 623 K, the Pt-S features vanished, and the Pt-Pt features were
appeared, which further confirmed the formation of Pt clusters in NaA zeolite. The

mercaptosilane-assisted confinement strategy has been utilized with different

aluminosilicate zeolites with different metal precursors 77
d
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Figure 2.8 lllustration of the synthesis procedure for encapsulation of metal nanoparticles
into zeolites using mercaptosilane-assisted approach (a) 2 The proposed synthesis approach
to encapsulate Pd nanoparticles into Beta zeolite (b) 8

To prevent metal precursors against precipitation in aluminosilicate gel, the seed-directed
crystallization route relying on the interaction between metals and zeolites has also been
extensively utilized "*%. Before the synthesis, metal precursors were introduced on the

surface of zeolites by forming metal oxide or metal hydroxide nanoparticles. During zeolite
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hydrothermal crystallization, the new formed zeolite can grow from the zeolite seeds
containing metal oxide or metal hydroxide nanoparticles. As a consequence, metal
nanoparticles can be fixed in zeolites. Figure 2.8b showed the synthesis procedure to
encapsulate Pd nanoparticles into Beta zeolite by a seed-directed crystallization route 8 In
addition, polymers can be also employed to prevent metal nanoparticles aggregation during
zeolite crystallization process. Poly(N-vinylpyrrolidone) (PVP) is one of the frequently used
polymers for stabilizing metal nanoparticles 2'. Chen et al. ® encapsulated Pd nanoparticles
into the mesoporous silicalite-1 zeolite through direct synthesis approach. The PVP was
added to keep the formed palladium oxide against aggregation. Subsequently, a modified
Kirkendall growth process was employed to encapsulate Pd nanoparticles into the
mesoporous silicalite-1 zeolite. After the oxygen and hydrogen atmospheres treatment of
as-synthesized sample, uniform Pd nanoparticles with size around 2-5 nm encapsulated in
silicalite-1 were obtained. After calcination Pd@mnc-S1 material at 550 °C for 6 h, the
diameter of Pd nanoparticles kept almost the same, confirming the high thermal stability,
which further indicated that Pd nanoparticles were effectively encapsulated into the

silicalite-1 zeolite.

2.3.3 2D to 3D zeolites transformation approach

2D to 3D zeolite transformation method provides an alternative way to encapsulate and

>9838  The possibility of layered zeolites

stabilize metal nanoparticles into zeolites
modification with preservation of the layer integrity (increase in the interlayer space)
provides a chance to insert metal precursors between the layers. The expansion of
interlamellar distance by breaking the interlayer hydrogen bonds is a vital process to enable

1719 swelling the layered zeolites by

the successive modifications of layered zeolites
guaternary ammonium surfactants in basic environment is one of the ways to transform the
layered zeolites to hierarchical structures 24 After the swelling, the interlayer distance of the
layered zeolites increases and the layers are complete separated 2°. Recently, Corma et al.
59,83 incorporated subnanometric Pt species during the swelling of MCM-22P (Figure 2.9).
Calcination at 540 °C in air removed the organic surfactants between the layers and Pt
nanoclusters were formed in MCM-22 zeolite. STEM images proved the subnanometric Pt
species around 0.2 — 0.7 nm were trapped in the cups and at the connecting walls between

the cups. A few large Pt nanoclusters with size around 0.7-1.0 nm can fill up the supercages
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of MCM-22. In addition, the EXAFS spectra showed the coordination number of Pt
nanoclusters in Pt@MCM-22 sample is ~4.7, indicating the diameters of most of Pt
nanoclusters are less than 0.7 nm. After five cycles of propane dehydrogenation reaction,
there is no obvious loss of Pt content in the Pt@MCM-22 catalyst also indicated the Pt
nanoclusters are stabilized and trapped into the MCM-22 zeolite structure. The extreme
thermal treatment under air and H, at 650 °C revealed the high stability of encapsulated Pt
nanoclusters in Pt@MCM-22 zeolites compared with Pt/MCM-22-imp obtained by

impregnation method.

Figure 2.9 lllustration of the 2D to 3D zeolite transformation method for the preparation of
Pt@MCM-22 (a), STEM image of Pt@MCM-22 (b), the size distribution of Pt nanoclusters in
Pt@MCM-22 catalyst (c) >,

2.4 Application of metal@zeolite catalysts

2.4.1 Metal nanoparticles catalyzed reactions

Metal@zeolite catalysts have been extensively utilized to catalyze a plenty of reactions

including hydrogenation reaction, oxidation reaction, hydrodeoxygenation etc 8589
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zeolites without acidity are used as a support, the nature of metal nanoparticles determines

the catalytic performance of metal@zeolite catalysts.

Hydrogenation reaction is generally used to saturate molecules through adding pairs of
hydrogen atoms to unsaturated groups (-C=C, -NO,, -C=N, -C=C) *°. The hydrogenation

sources include gaseous hydrogen, formic acid, hydrazine, NaBH,, isopropyl alcohol,

91

dihydronaphthalene, etc “". It is necessary to employ metal species in hydrogenation

reaction to increase the selectivity and reaction rate. Noble metals (Pd, Pt, Rh, Ru and Ir) and
non-noble metals (Ni, Cu, and Fe) are active components of hydrogenation reaction catalysts
878991 "Encapsulation of metal nanoparticles into zeolites results in small metal nanoparticles
due to the confinement of rigid zeolite structures. Small size metal nanoparticles possess
more exposed active sites, thus effectively increase the hydrogenation reaction rate °>°*.
Compared with metal nanoparticles supported on nonporous supports, confinement of
metal species into zeolites influences the selectivity of hydrogenation reactions due to the
defined pore size. This substrate selectivity is provided by the pore systems of zeolite, which
are able to prevent bulky molecules to diffuse into the pore and access the catalytic metal

active sites.

Hydrogenation of nitroarenes is a typical example concerning the size or shape selectivity
over metal nanoparticles encapsulated in zeolite pores. Lida et al. 62 reported an efficient
strategy to encapsulate bimetallic nanoparticles into the pores of zeolite. First, Zn-MFI was
synthesized under hydrothermal condition. After calcination, Pt precursors were introduced
into Zn-MFI by ion exchange method. Finally, sequential thermal treatments under air and
H, were employed for demetallation of Zn atoms in zeolite frameworks and alloying PtZn,
nanoparticles in MFI zeolite pores (PtZn@MFI), as shown in Figure 2.10a. The confined
bimetallic PtZn, nanoparticles exhibited a high selectivity in hydrogenation of p-
chloronitrobenzene (CINB) and 1,3-dimethyl-5-nitrobenzene (DMNB) (Figure 2.10b). The C-Cl
bond in p-chloronitrobenzene (CINB) was prevented to react and only product was p-
chloroaniline (CIA). Moreover, in the presence of bulkier 1,3-dimethyl-5-nitrobenzene
(DMNB), the PtZn@MFI catalyst was able to hydrogenate the nitro groups in p-

chloronitrobenzene, indicating the substrate selectivity.
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Figure 2. 10 Illustration of the synthesis procedure of PtZn@MFI catalyst (a), the substrate
shape selectivity during the hydrogenation of nitroarenes (b) ®

In some cases, if the reactants have two or more unsaturated functional groups, the desired
products can be obtained through the hydrogenation of one group and kept other groups,
which is called chemoselectivity 0 Encapsulation of metal nanoparticles into zeolites is an
effective way to control the adsorption of target functional group on metal active sites and

govern the chemoselective hydrogenation reactions. Xiao et al. ’®

encapsulated Pd
nanoparticles into Beta zeolite via a seed-directed route. The resultant Pd@Beta catalyst
showed the uniformly distributed Pd nanoparticles. In hydrogenation of nitroarenes with
multiple reducible groups (4-nitrochlorobenzene and 4-nitrobenzaldehyde), the Pd@Beta
catalyst exhibited higher selectivity for the reduction of nitro groups than Pd nanoparticles

on Beta zeolite surface prepared by conventional impregnation-reduction method and

commercial Pd/C catalyst. The zeolite micropores can sterically control the selective

18



adsorption of the nitroarenes on the Pd nanoparticles in Pd@Beta catalyst, leading to

extraordinary selectivity reduction of nitro groups.
2.4.2 Bifunctional Catalysis

Metal nanoparticles encapsulated in the acidic zeolites can be regarded as the classical bi-

95-98

functional catalysts . These catalysts associate the dehydrogenation/hydrogenation

function and zeolites acidic properties, attracting exceptional interest in refining and

99-101

petroleum chemistry, such as hydroisomerization of alkanes . Hydroisomerization is a

99-101
. F

well-known procedure to convert n-alkanes compounds into branched n-alkanes or

example, after transformation of n-alkanes (C4-C; hydrocarbons) to their branched isomers,

the octane number increase by 50-90 *°

. The reaction pathways of hydroisomerization of n-
alkenes are shown in Figure 2.11. In steps (1), (3), (7) and (8), the (de)hydrogenation
reactions occur on the metal active sites, while, the steps (2), (4), (5) and (6) are catalyzed by

100 103

acidic sites through carbenium rearrangement process . Therefore, the metal—acid

balance is important parameter to influence the activity, selectivity, and deactivation of the

catalysts 104-106

. Moreover, the textural properties of supported zeolites also have distinct
influence on the catalytic performance of metal@zeolite catalysts. Kim et al. 9 supported Pt
nanoparticles on bulk MFI crystal and nanosheet MFI zeolite with different thickness (2-10
nm). In the hydroisomerization of n-heptane, the selectivity of branched isomers is
enhanced when using nanosheet MFI as support, which is attributed to the short diffusion

path lengths of nanosheet MFI.
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Figure 2.11 Reaction pathways for hydroisomerization of n-Alkanes 100

However, the limited fossil fuels resources have compelled the utilization of renewable
sources such as solar energy, wind energy, hydro energy, and biomass. Biomass is an
inexpensive, abundant and renewable source of organic matter, which could be used for
production of biofuels and other chemical feedstocks °'%’. The cleavage of C-O and C=0
bonds is necessary in their upgrading, which combines the consecutive dehydration,

108

hydrolysis and hydrogenation procedures in the conversion sequence . Therefore,

metal@zeolite catalysts with high surface areas, chemical/hydrothermal stability, and acidic

properties, have been widely investigated in biomass upgrading "2%%*1°,

Lignocellulosic biomass is composed of 40-50 wt% of cellulose, 25-40 wt% of hemicellulose,
and 10-25 wt% lignin ******. Among these components, lignin can be converted into liquid oil
by two steps. The first stage is depolymerization of lignin to yield bio-oil which contains

many reactive oxygenates. The second step is upgrading the bio-oil into transportation fuel

114-116 I 117

by hydrodeoxygenation . Lercher et a studied the depolymerization of organosolv
lignin over Ni@HZSM-5, Ni@HBEA, and Ni@SiO, catalysts. Lignin has an average molecular
weight around 1200 g mol™ that comprises of 7 to 8 monolignol subunits connecting each
other by various aryl alkyl ether bonds. After the reductive deconstruction, lignin was

converted to alicyclic and aromatic hydrocarbons with yield about 70 wt% at 320 °C, 20 bar
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H, over Ni@HBEA catalyst. The deconstruction of lignin begins with the cleavage of aryl
ether bonds (Figure 2.12). Then the aromatic rings are hydrogenated to cyclic alcohols.
Finally, the —OH groups are eliminated via dehydration over acid sites of zeolites to cyclic

alkenes, which can be further hydrogenated.
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Figure 2.12 Proposed pathways for organosolv lignin deconstruction **’

In the upgrading step of bio-oil, phenolic species, such as phenol, anisole, and guaiacol have

been widely chosen as model compounds to investigate the catalytic activity of various

106,118

catalysts . Owing to the delocalization effect, the Ciomatic-O bonds are strengthened,

98

causing a higher activation barrier than aliphatic alcohols For example, the

hydrodeoxygenation of phenol over metal@zeolite catalysts could proceed through two

14119 The first one is the cleavage of Cyomatic—OH bond to produce benzene, which

pathways
can be further hydrogenated to cyclohexane by metal sites. Typically, this reaction pathway
is favored at high temperatures . The second reaction pathway is hydrogenation of phenol
to cyclohexanone and/or cyclohexanol by metal active sites. Subsequently, cyclohexene can

be produced by the dehydration reaction of cyclohexanol. In the last step, cyclohexene is
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easily hydrogenated to cyclohexane by metal, which also gives methylcyclopentane by acid-
catalyzed isomerization reaction 103 1 hydrodeoxygenation of phenol over metal@zeolite
catalysts with large pores, bicyclic products can be also generated by coupling of two

phenol-derived species (Figure 2.13) %%,
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Figure 2.13 Hydrodeoxygenation of phenol over metal@zeolite catalysts 108
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3 Experimental section

3.1 Reagents

Table 3.1 Chemicals used for synthesis and catalytic testing.

Chemicals Abbreviation Purity Origin
1-methylimidazole 99% Alfa Aesar
1,4-dibromobutane 99% Sigma Aldrich
(3-chloropropyl)triethoxysilane 95% Sigma Aldrich
Aluminum nitrate nonahydrate | Al(NOs); - 9H,0 >98% Sigma Aldrich
Ambersep 900 OH Alfa Aesar
Cab-0-Sil® M-5 Sigma Aldrich
cis-2,6-Dimethylpiperidine >99% TCI
Diethoxydimethylsilane Si(CH3),(OCH,CHs), | 297% Sigma Aldrich
Dodecyltrimethylammonium Cy12Br >98% Sigma Aldrich
bromide

Ethylenediamine 299% Sigma Aldrich
Germanium dioxide GeO, >99.99% Sigma Aldrich
Hexamethyleneimine HMI 99% Sigma Aldrich
Hexadecyltrimethylammonium | C4,Cl (CTMA-CI) >98% Sigma Aldrich
chloride

Ludox LS-30 Ludox LS-30
N,N-Dimethylformamide DMF 99.8% Sigma Aldrich
n-octane 99.5% VWR Chemicals
Propene 99.97% Linde Gas
Platinum(0)-2,4,6,8- Sigma Aldrich
tetramethyl-2,4,6,8-

tetravinylcyclotetrasiloxane

Palladium(ll) acetate Pd(OAc), 99.9% Sigma Aldrich
Potassium K,PtCl, 98% Sigma Aldrich
tetrachloroplatinate(ll)

Platinum(ll) acetylacetonate Pt(acac), 97% Sigma Aldrich
Sodium tetrachloropalladate(ll) | Na,PdCl, 99.99% Sigma Aldrich
Silicon carbide Korund Benatky,
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s.r.o.
Sodium aluminate 50- Riedel-de-Haen

55% Al,03

and 40—

45% Na,0
Sodium sulphate anhydrous Na,SO4 100% VWR CHEMICALS
Sodium hydroxide solution NaOH 50% Merck

solution in

water
Tetradecyltrimethylammonium | Cy4Br >98% Sigma Aldrich
bromide
Trimethyloctadecylammonium | CygBr 98% Sigma Aldrich
bromide
Tetraethyl orthosilicate TEOS 98% Sigma Aldrich
Tetrapropylammonium TPAOH 40% Merck
Hydroxide solution solution in

water
Tetraamminepalladium(ll) Pd(NH3)4(NOs), 10 wt% in | Sigma Aldrich
nitrate solution H,0

3.2 Synthesis of Pt@MFI_ImILs and PAd@MFI_ImlILs

3.2.1 Synthesis of 1-methyl-3-(triethoxysilyl propyl) imidazolium chloride

The imidazolium-type ionic liquid was prepared by stirring 10 mmol (3-
chloropropyl)triethoxysilane and 10 mmol 1-methylimidazole in toluene at 70 °C for 18 h
under N, atmosphere. The ionic liquid was precipitated in diethyl ether, dried in a vacuum

oven for 16 h and named as ImlLs 2%,

3.2.2 Synthesis of Pt@MFI_ImIiLs and PAd@MFI_ImlLs

21.3 mg of K,PtCls or 27.3 mg of Na,PdClsand 0.33 g ImlLs were dissolved in 30 g deionized
water, stirred to get the clear solution, named as ImlLs-Pt or ImlLs-Pd. Pt@MFI_ImiLs and
Pd@MFI_ImlLs were synthesized using the steam-assisted crystallization method. After
adding the ImlLs-Pt or ImlLs-Pd into the synthesis gel with molar composition: SiO,: 0.0083
Al,03: 0.03 Na,0: 0.25 TPAOH: 15 H,0. The synthesis mixture was stirred for 12 h at room
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temperature. After that, the gel was dried overnight by lyophilization. Then, the solid was
grounded into fine powder. The obtained dry powder was loaded into a glass vial, which was
put in an autoclave with 1 mL deionized water at the bottom. The steam-assisted
crystallization was performed at 170 °C for 72 h. After collecting the product by
centrifugation, calcination under static air was carried out at 550 °C for 6 h to remove the

organic species.
3.3 Synthesis of Pt@MCM-22 and Pd@MCM-22

3.3.1 MCM-22P

MCM-22P was synthesized according to the literature from reaction mixture with the molar
composition 2.5 Na,0:Al,03:30 Si0,:10 HMI:580 H,0 using NaOH, sodium aluminate, Ludox
LS-30 and HMI 2. At the beginning, sodium aluminate and NaOH were dissolved in
deionized water. After adding HMI and Ludox LS-30, the synthesis mixture was stirred at
room temperature for 2 h. Finally, the synthesis gel was transferred into 1 L Teflon-lined
reactor and placed in an oven. The zeolite synthesis was performed at 143 °C for 4 days with
rotation rate at 60 rpm. After quenching crystallization by cooling the reactor, the sample

was washed with distilled water and dried at 65 °C for 24 h.
3.3.2 Preparation of metal sources

3.3.2.1 Pt-DMF solution

Pt nanoparticles were synthesized by the reduction of Pt(acac), in DMF solution 123,124

.40 mg
Pt(acac), was dissolved in 80 mL DMF, followed by heating at 140 °C for 16 h. In order to

concentrate the Pt-DMF solution, the excess of DMF was removed by evaporation.

3.3.2.2 Pd(en),(Ac),

The Pd(en),(Ac), complex was prepared by dispersing 80 mg palladium(ll) acetate in 4.5 mL
ethanol solution containing 0.25 g ethylenediamine, followed by sonication at room

temperature for 10 min to get a clear solution 8,
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3.3.3 Synthesis of Pt@MCM-22

First, the surfactants (Cy,Br, C14Br, C16Cl and C;3Br) were dissolved in deionized water to get
25 wt% solutions. All the surfactants were exchanged to the OH form (C,OH, n = 12, 14, 16,
18) using Ambersep 900 OH resin. Then, 2 g of MCM-22P, 8 g of deionized water, 40 mL of
25 wt% C,OH solution and 40 mL of Pt-DMF solution were mixed together and stirred
overnight at room temperature. After the reaction, the products were centrifuged and
washed with distilled water for 10 times. The products were named as MCM-22P-C,OH-Pt-
DMF (n =12, 14, 16, 18). The MCM-22-C,OH-Pt (n = 12, 14, 16, 18) products were obtained
by thermal treatment of swollen MCM-22P-C,0OH-Pt-DMF samples under nitrogen and air
condition. First, the samples were heated in N, atmosphere (at 10 mL min™) from room
temperature to 540 °C (temperature ramp 1 °C minY). Then, the stream was changed to air

and maintained for 5 h.
3.3.4 Synthesis of Pd@MCM-22

The synthesis procedure for PA@MCM-22 sample was similar as for Pt@MCM-22, although

using Pd(en),(ac), as metal source.
3.4 Synthesis of Pt@IPC-2, Pt@IPC-4, Pd@IPC-2, Pd@IPC-4

3.4.1 Synthesis of UTL zeolite

3.4.1.1 Synthesis of SDA

(6R,10S)-6,10-Dimethyl-5-anizosporo[4.5]decane hydroxide was prepared according to the

literature %%

. At the beginning, NaOH (17.04 g) was dissolved in distilled water to get a
clear solution, followed by adding of 91.98 g 1,4-dibromobutane. The second reagent 2,6-
dimethylpiperidine (48.21 g) was added into the mixture dropwise. The mixture was heated
at 105 °C overnight, followed by cooling down to 0 °C using the ice bath. Then NaOH was
added until the mixture appeared solid to be collected by filtration. After dissolving in CHCl3
and dehydration by NaSO,, the SDA was precipitated in cool diethyl ether. The 'H NMR

spectroscopy was used to confirm the structure of SDA.
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3.4.1.2 Synthesis of UTL zeolite

The UTL germanosilicate was prepared under hydrothermal conditions. First, the SDA,
(6R,10S)-6,10-dimethyl-5-anizosporo[4.5]decane hydroxide, was dissolved in distilled water
followed by adding of germanium(IV) oxide. After stirring at room temperature to get a clear
solution, silica source (Cab—O-Sil M5) was added and the synthesis gel was further stirred for
1 h. The reaction gel has a molar composition of 0.8 SiO,: 0.4 GeO,: 0.5 SDA: 30 H,0. After
that, the synthesis gel was loaded into a 100 mL Teflon-lined autoclave. Then, the zeolite
synthesis was performed at 175 °C for 7 days. The product was recovered by filtration and
dried at 60 °C for 24 h. Finally, the as-synthesized UTL was calcined under static air at 550°C

for 6 h to remove the organic species.
3.4.2 Synthesis of IPC-1P

IPC-1P was obtained by the hydrolysis of calcined UTL zeolite. 2 g of UTL were dispersed in
300 mL 0.1 M HCI solution and stirred for 16 h at 95 °C. The solid product was recovered by
centrifugation and dried at 60 °C for 24 h *’.

3.4.3 Synthesis of Pt@IPC-4

IPC-1P (0.5 g), deionized water (2 g), C1,0H (12 g) and Pt-DMF solution (10 mL) were mixed
and stirred overnight at room temperature. The swollen IPC-1PSW-C;,0H-Pt sample was
collected by centrifugation and dried overnight. Then, the IPC-1PSW-C;,0H-Pt was calcined
under nitrogen stream from room temperature to 540 °C (1 °C min™"). The temperature was

kept for 2 h under air atmosphere. The final Pt@IPC-4 was obtained.

3.4.4 Synthesis of Pt@IPC-2

IPC-1P (0.2 g), 1 M HNO; solution (10 mL), platinum(0)-2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane complex solution (0.2 mL) were mixed and reacted at 170 °C for
16 h. The solid was collected, washed with deionized water and dried at 60 °C. Then the

obtained solid was calcined under conditions mentioned above to get Pt@IPC-2 sample.
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3.4.5 Synthesis of Pd@IPC-4

The Pd@IPC-1P was synthesized by stirring 1 g of IPC-1P in Pd(en),(Ac), solution overnight at
room temperature. Pd@IPC-4 was obtained by calcination of PdA@IPC-1P under static air at

540 °C for 6 h (temperature ramp of 1 °C min™?).

3.4.6 Synthesis of Pd@IPC-2

Pd@IPC-1P (0.5 g), 1 M HNO3 solution (10 mL) and Si(CHs),(OCH,CHzs), (0.1 g) were loaded in
a 15 mL autoclave and heated at 170 °C for 16 h. The solid product was recovered by
centrifugation and washed by distilled water. After calcination under static air at 540 °C for 6

h with a temperature ramp of 1 °C min”?, the final product Pd@IPC-2 was obtained.
3.5 Characterization techniques

Powder X-ray diffraction (XRD) measurements were performed on a Bruker AXS D8 Advance
diffractometer equipped with a Vantec-1 detector in the Bragg—Brentano geometry using
CuKa (A = 0.154178 nm) radiation with a step size of 0.25 (26/min) in 3-40 or 1-40 degree

range.

The adsorption isotherms of nitrogen at —-196 °C were collected on Micromeritics ASAP 2020
static volumetric apparatus. Before the measurement, the samples were outgassed under
turbo molecular pump vacuum at 10 mm Hg. The surface areas (Sger) of samples were
calculated in the range of relative pressure p/py = 0.05 - 0.20. The external surface areas (Sext)
of samples were evaluated by the t-plot method. The total adsorption capacities (Vi) of
samples were obtained by the adsorbed amount at relative pressure p/po = 0.99. The

micropore volumes (Vi) of samples were obtained by NLDFT algorithm for cylindrical pores.

The metal loading and Si/Al ratio were determined by ICP-OES (ThermoScientific iCAP 7000).
Firstly, 50 mg of metal@zeolite samples, 5.4 mL of HCI, 1.8 mL of HF and 1.8 mL of HNO;
were transferred into the Teflon-lined autoclave and placed in the microwave, then heated
to dissolve the metal@zeolite samples. After cooling down, 13.5 mL of H3BO3; were added

and retreat in the microwave to complex of the surplus HF.
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The morphology of samples was obtained by scanning electron microscopy (SEM), using a
JEOL JSM-5500LV microscope. Before the measurement, the samples were coated with a

thin platinum/gold layer.

The sizes of metal nanoparticles were determined by the analysis of scanning transmission
electron microscopy (STEM) micrographs. Zeolite samples were deposited on EMR holey
carbon support film on a copper 300 square mesh grid. Imaging was performed using a JEOL
NeoARM 200F microscope operated at 200 kV. STEM images were obtained using an annular
dark field (ADF) detector. The alignment of the microscope was performed using a standard
gold nanoparticle sample. The nanoparticle size distributions were determined using Image)

software.

'H NMR spectra were recorded on a Varian UNITYINOVA 400 instrument. The chemical shifts

are reported in ppm (&) relative to tetramethylsilane (1H).

Solid-state 2’ Si and %’ Al MAS NMR spectra were recorded on an Avance lll HD (Bruker)

spectrometer working with a 9.4 T standard-bore superconducting magnet.

The FTIR spectra were measured by a Nicolet iS50 spectrometer with a transmission MCT/B
detector. The samples were pressed into self-supporting wafers (the weight of the wafers is
in the range 8-12 mg cm? and the size of the wafers varies from 1.5 to 3 cm?), followed by
activation in situ at T = 450 °C and p = 5-:10~ Torr for 4 h. The CO adsorption measurements
started at room temperature and p = 15 Torr, followed by desorption at T = 25, 50, 100, 150,

200 °C. Then, the spectra were recorded by collecting 128 scans with a resolution of 4 cm™.

3.6 Catalytic tests

3.6.1 Hydrogenation of nitroarenes

The hydrogenation of nitroarenes was tested in a 50 mL stainless steel reactor connected to
a hydrogen supply system. Before the reaction, the metal@zeolite catalyst was reduced
under hydrogen at 250 °C for 2 h. The metal@zeolite catalysts (50 mg), n-octane (5 mL), and
nitroarenes (1.5 mmol) were added into the reactor. After sealing, the reactor was purged

with hydrogen to remove air. Then, the reactor was pressurized with hydrogen at 0.3 MPa or
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0.6 MPa and started in an oil bath. After reaching the reaction temperature (100 °C), the
reaction started by shaking the reactor with a vibrator. After the reaction, the reactor was
cooled down using ice water and the remaining gas was released. Finally, the reaction

mixture was analyzed by gas chromatography.

. . Ng-N
The conversion was calculated as: Conversion =°N—T(t) -100% (1)
0

The yield was calculated as: Yield IO -100% (2)

Np(theory)

Yield
Conversion

The selectivity was calculated as: Selectivity = :100% (3)

The mass of the active phase of catalysts was calculated as: metal = Mear'Metal ontent (4)

el . No— Nyt
The initial reaction rate was calculated as: rate =t°—r()

‘Mmetal

N 5% ;
The TOF was calculated as: TOF = —R{.at =15 % conversion ¢
t'Nmetal

Ny — initial amount of reactant, mol;
Nyt — the amount of reactant, nitroarene, at particular time, mol;
Np)— the amount of product, aniline, mol;

t —reaction time.
3.6.2 Hydrogenation of propene

The hydrogenation of propene was performed at atmospheric pressure using a plug-flow fix-
bed vertical tubular reactor. First, catalysts (grain size of 0.35 - 0.50 mm) and SiC (20 mg,
with the same grain size) were mixed and pressed into a catalytic bed. Before the reaction,
the catalysts were reduced by He/H, gas mixture (at 32.7 and 6 mL min™ flow rates) to
400 °C for 2 h with a heating rate of 5 °C min’. After cooling down to room temperature, the
reaction started by adding 2 mL min™ of propene to the feed (CsHe/H,/He=5/15/80 vol. %)
with a total flow rate of 40.7 mL min™. The regeneration of catalysts was performed at
500 °C for 1 h in the flow of He (flow rate of 32.7 mL min*) and O, (flow rate of 1.7 mL min™).

The conversion and initial reaction rates were calculated as below:

. ) No-N
The conversion was calculated as: Conversion =°N—T(t) -100% (7)
0
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— . No— N
The initial reaction rate was calculated as: rate = ——£ 8)

‘Mmetal

No — initial amount of reactant, mol;
N,y — the amount of reactant, propene, at particular time, mol;
Np)— the amount of product, propane, mol;

t —reaction time.
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4 Results and discussion

4.1 Imidazolium-type ionic liquid-assisted formation of MFI zeolite

loaded with metal nanoparticles for hydrogenation reactions

Co-crystallization strategy is an attractive method to encapsulate metal nanoparticles into
zeolite micropores. The metal nanoparticles encapsulation process is synchronized with
zeolite crystallization. However, the metal precursors are easily precipitated to bulk
hydroxides in the alkaline environment, which cannot be generally synchronized with zeolite
crystallization. Therefore, S- and N- containing ligands have been widely used as protective

agent to stabilize metal precursors against precipitation 72,74,80,82,126

. However, S-containing
ligands such as mercaptosilanes are generally complicated by poor solubility in aqueous
solution, causing inhomogeneous dispersion of metal—sulfur species in synthesis gel >*. The
utilization of N-containing ligands was only successful for the synthesis of Al-rich zeolites at
low temperature (T < 390 K) >*. In this chapter, imidazolium-based ionic liquid (ImlILs) was
firstly used as protective agent to stabilize metal precursors in co-crystallization strategy.
The positively charged imidazolium groups interact with metal precursors (PtCls>, PdCl,*
etc.), and the alkoxysilane parts take part in MFI zeolite crystallization. The scheme of

synthesis procedure of Pt or Pd nanoparticles in MFI zeolite with the assistant of ImlLs is

shown in Figure 4.1.1.
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Figure 4.1.1 Schematic illustration of the encapsulation process for ImlL-assisted metal
encapsulation during zeolite crystallization.

4.1.1 Characterization of metal@MFI catalysts

The XRD patterns of synthesized metal@MFI, metal@MFIl_ImILs, and metal@MFI_Imp
materials (metal = Pt or Pd) showed the formation of MFI zeolite (Figure 4.1.2). It revealed
that the existence of ImlLs during the hydrothermal synthesis had no apparent influence on
MFI zeolite crystallization. Noticeably, the peaks associated with the presence of Pt (39.8°
and 46.2°) ¥ or Pd (39.9°, 46.4°) *® phases were not observed in the XRD patterns,
indicating the absence of large Pt and Pd nanoparticles. Solid %°Si MAS NMR and %Al MAS
NMR were employed to investigate the chemical state of Si and Al in Pt@MFI_ImILs and
Pd@MFI_ImlLs compared with the standard MFI samples (Figure 4.1.3). In 225i MAS NMR
spectra, there was a broad resonance from the range of -106 ppm to -116 ppm. In addition,
the presence of HOSi(OSi); and/or AIOSi(OSi)s sites in MFI zeolite framework was confirmed

129,130

by the resonance between -106 ppm and -109 ppm . The existence of Si(OSi)4 groups

was demonstrated by the resonance centered at -110 ppm. In the 2’ Al MAS NMR spectra, a
resonance at 55 ppm indicated the presence of tetrahedrally coordinated Al species **32,
These results indicated the insignificant lattice defection after encapsulation of Pt and Pd

nanoparticles into MFI zeolite.
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Figure 4.1.2 XRD patterns (a,b) and nitrogen adsorption (®) and desorption (o) isotherms (c,
d) of MFI-supported Pt and Pd catalysts vs. standard MFI. The isotherms for metal@MFI,
metal@MFI_ImliLs and metal@MFI_Imp were offset vertically by 150, 100 and 50 cm?® g™*
STP, respectively.
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Figure 4.1.3. Solid *>Si MAS NMR (a) and Solid %’ Al MAS NMR (b) of metal@MFI_ImiLs
(metal = Pt or Pd) and standard MFI.
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The textural properties of metal@MFI, metal@MFI_ImlLs, metal @MFI_Imp (metal = Pt or Pd)
and standard MFI were measured by N, sorption at -196 °C (Figure 4.1.2), the textural
parameters were summarized in Table 4.1.1. The MFI zeolite showed type I(a) isotherm

characteristic of microporous solids according to IUPAC definition 133,134

. After introducing
metal nanoparticles, the metal @MFI, metal @MFI_ImlLs, and metal @ MFI_Imp (metal = Pt or
Pd) maintained the character of type I(a) isotherm and exhibited some adsorption feature in
interparticle space. In addition, there was no difference observed among synthesized
materials with and without adding of ImlLs. The micropore volumes of metal@ MFI_ImiLs
and metal@MFI_Imp (0.08-0.09 cm® g™) were smaller than the standard MFI (0.14 cm® g™),
which can be explained due to a partial pore blocking by the metal nanoparticles. The metal
contents in metal@MFI, metal@MFI_ImlLs, and metal@MFI_Imp were estimated by ICP-
OES measurements (Table 4.1.1). In metal@MFI_ImlLs, the Pt and Pd content were 0.40 and
0.53 wt%. In metal@MFI_Imp, the Pt and Pd content were higher (0.64 wt% and 0.68 wt%

for Pt and Pd, respectively).

Table 4.1.1 Textural parameters, metal loading and Si/Al ratio of the investigated samples.

Samples SeeT Vinic Viot metal loading Si/Al

m’g?! cm’gt  em’g? (Wt%) ratio
Pt@MFI 425 0.14 0.30 0.42 57
Pd@MFI 422 0.13 0.31 0.59 63
Pt@MFI_ImlLs 326 0.09 0.22 0.40 66
Pd@MFI_ImlLs 324 0.08 0.23 0.53 56
Pt@MFI_Imp 333 0.08 0.23 0.64 62
Pd@MFI_Imp 345 0.09 0.22 0.68 62
MFI_ImlLs 383 0.14 0.20 - 58
Standard MFI 383 0.14 0.23 -- 61

STEM measurements were employed to estimate the size of metal nanoparticles in
metal@MFI, metal@MFI_ImlILs and metal@MFI_Imp (metal = Pt or Pd). The sizes of Pt and
Pd nanoparticles in metal@MFI samples were large with the average diameters around 4 nm
and 18 nm, respectively (Figure 4.1.4e and Figure 4.1.5e). Additionally, it is clear that most of
the Pt and Pd nanoparticles were located on the outer surface of MFI zeolite. In order to

depict the protective effect of ImlLs on metal precursors during hydrothermal synthesis of
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MFI zeolite, the STEM images of metal@MFI_ImiLs prepared with the protection of metal
precursors by ImiLs were shown in Figures 4.1.4a,b and 4.1.5a,b. These images showed that
small metal nanoparticles (white round spots) were confined in metal @ MFI_ImlILs (metal =
Pt or Pd). From the corresponding particle size histogram, in Pt@MFI_ImILs sample, the
average dmgm was around 1.0 nm, while the dygy was around 1.7 nm in PA@MFI_ImlLs
sample. EDS analysis of Pt@MFI_ImiLs and Pd@MFI_ImILs revealed the homogeneous
distribution of Pt and Pd elements. The comparison of the diameters of metal nanoparticles
in metal@MFI (metal precursors without the protection of ImliLs) and metal@MFI_ImiLs
(metal precursors with the protection of ImliLs) proved the protective effect of ImILs on
metal precursors during crystallization of MFI zeolite. However, it is unavoidable that some
metal nanoparticles were situated on MFI zeolite surface in metal@MFI_ImlILs catalysts.
Furthermore, the impregnated catalyst (metal@MFI_Imp) exhibited an uneven distributed
Pt and Pd nanoparticles (Figure 4.1.4f and 4.1.5f). The sizes of Pt and Pd nanoparticles were
approximately 5 nm and 6 nm for Pt and Pd nanoparticles, respectively. In addition, it is
apparent that most of the metal nanoparticles were located on the external surface of MFI
zeolite. Moreover, the imidazolium-type ionic liquid-assisted encapsulation strategy was also
extended to Au nanoparticles in MFI zeolite. Figure 4.1.6 shows the STEM images and

corresponding particle size histogram of Au@MFI_ImiLs.
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Figure 4.1.4 STEM images (a,b), corresponding particle size histogram (c), and EDS maps of Si,
Al, and Pt element distribution of Pt@MFI_ImILs (d); STEM images of Pt@MFI (e) and
Pt@MFI_Imp (f).
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Figure 4.1.5 STEM images (a,b), corresponding particle size histogram (c), and EDS maps of Si,
Al, and Pd element distribution of Pd@MFI_ImliLs (d); STEM images of PAd@MFI (e) and
Pd@MFI_Imp (f).
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Figure 4.1.6 STEM images of Au@MFI_ImlILs (a,b) and corresponding particle size histogram
(c).

The MFI zeolite contains two intersecting channels: sinusoidal along [100] and straight
parallel to [010]. According to the oxygen radii of 0.135 nm, the estimated MFI pore size of
the channel is 0.54-0.56 nm and the size of the intersection of the MFI-structure is around

135136 Figure 4.1.7 shows that the d-spacing of MFI zeolite is

0.9 nm in diameter
approximately 0.55 nm, which further confirms the MFI zeolite structure. Notably, the
average size of metal nanoparticles was larger than the sinusoidal and intersectional
channels of MFI zeolite "*. The Pt and Pd nanoparticles were presumably located at the
pores/channels and overgrown by MFI zeolite during the crystallization procedure (Figure

4.1.7).
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Figure 4.1.7 STEM images of Pt@MFI_ImliLs (a), PA@MFI_ImILs (b) and corresponding
location of Pt nanoparticles (c) and Pd nanoparticles (d) confined in the MFI zeolite matrix.

4.1.2 Hydrogenation of nitroarenes over Pt@MFI_ImiLs

Hydrogenation of nitroarenes is an excellent model reaction to validate encapsulation of
metal nanoparticles in zeolite crystals (Pt@MFI_ImlLs). The Pt@MFI_Imp was utilized for
comparison. Therefore, 4-nitrotoluene (kinetic dimensions: 0.45 x 0.65 nm) and 1,3-
dimethyl-5-nitrobenzene (kinetic dimensions: 0.60 X 0.65 nm) were employed to study the
shape-selective hydrogenation reactions over Pt@MFI_ImlLs and Pt@MFI_Imp. The
diffusion of 4-nitrotoluene in MFI channel can proceed smoothly, thus 4-nitrotoluene can
access the metal active sites on both internal and external surfaces. However, the bulky 1,3-
dimethyl-5-nitrobenzene cannot diffuse into the channels of MFI, hence the bulky 1,3-
dimethyl-5-nitrobenzene only reacts on Pt nanoparticles located on the external surface.
Pt@MFI_ImILs showed shape-selectivity depending on the reagent size in hydrogenation of
nitroarenes (Figure 4.1.8). 4-nitrotoluene achieved >99% conversion, while the conversion of
1,3-dimethyl-5-nitrobenzene conversion was 5.8%. The selective hydrogenation
phenomenon further confirmed that most of Pt nanoparticles were encapsulated in MFI
zeolite matrix prepared via ImiLs-assisted crystallization. In contrast, 4-nitrotoluene and 1,3-
dimethyl-5-nitrobenzene achieved >99% and 94.8% conversion over Pt@MFI_Imp catalyst.
These results revealed that majority of Pt nanoparticles were situated on the outer surface
of MFI zeolite in Pt@MFI_Imp, which allow the access of metal active sites by 4-nitrotoluene
and 1,3-dimethyl-5-nitrobenzene. Moreover, the hydrogenation of 4-nitrotoluene possess a
higher initial reaction rate over Pt@MFI_ImILs catalyst than Pt@MFI_Imp (14.5 vs.
12.3 mmol/s/gwe), Which indicated the smaller size of Pt nanoparticles in Pt@MFI_ImiLs
catalyst. The catalytic performance of 4-nitrotoluene and 1,3-dimethyl-5-nitrobenzene over

Pt@MFI_ImILs and Pt@MFI_Imp were summarized in Table 4.1.2.
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Figure 4.1.8 The hydrogenation of nitroarenes over Pt@MFI_ImILs and Pt@MFI_Imp
catalysts. The solid symbols ® and m represent as 4-nitrotoluene while the hollow symbols o
and O represent as 1,3-dimethyl-5-nitrobenzene (a), the initial reaction rates (b), the
schemes for the shape-selective hydrogenation of nitroarenes over Pt@MFI_ImlLs (c) and
Pt@MFI_Imp catalysts (d).

Table 4.1.2 Hydrogenation of nitroarenes over Pt@MFI_ImlLs and Pt@MFI_Imp catalysts,
reaction conditions: 100 °C temperature; 0.6 MPa hydrogen pressure; ~50 mg catalyst, 1.5
mmol nitroarenes, 5 mL n-octane.

Time?® Max. Selectivity °
Entry Substrates Products Catalysts . Conversion y
(min) (%) (%)
0

NO, NH;

1 ET/! Pt@MFI_ImiLs 2 >99 >99

CH, CH
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NO, NH,

oS
2 1\{ P Lj/ Pt@MFI_Imp 3 >99 >99
%

CHy CH,

NO, NH,
!
3 o ¢ Pt@MF_imils 18 5.8 >99
Hac/\/ H, e e,
NO, ;Eig
4 o ﬂ}\ Pt@MFI_Imp 6 94.8 >99
HyC Ay e N e,

® Time to reach 50% conversion;

b Selectivity at max conversion (%);

A series of consecutive 4-nitrotoluene hydrogenation cycles enabled to study the reusability
of the Pt@MFI_ImILs catalyst (Figure 4.1.9). At the first and second cycles, the conversion
and selectivity of 4-nitrotoluene hydrogenation were maintained at >99%. The conversion
decreased slightly to 95% at the third cycle. In the following cycle, the conversion of 4-
nitrotoluene decreased to 16.9%, and the reaction rate reduced to 0.2 mmol/s/gme. After
four cycles, the Pt@MFI_ImlLs catalyst washed with cyclopentyl methyl ether overnight, the
conversion and reaction rate recovered to 80.4 and 7.7 mmol/s/gwve, respectively. From the
STEM images and size distribution of spent catalyst after the 4-fold recycled and
subsequently regenerated Pt@MFI_ImlILs catalyst, the average diameter of Pt nanoparticles
increased from approximately 1.0 nm (fresh catalyst) to 1.1 nm (spent catalyst), as shown in
Figure 4.1.10. The deactivation of Pt@MFI_ImlILs catalyst was probably caused by the
polymeric or condensation by-products, which cannot be washed completely with

cyclopentyl methyl ether.
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Figure 4.1.9 The reusability investigation of Pt@MFI_ImILs in hydrogenation of 4-
nitrotoluene. Conversion and selectivity (a), the corresponding initial reaction rate (b).
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Figure 4.1.10 STEM images of the 4-fold recycled and subsequently regenerated catalyst (a-
b), and corresponding particle size histogram (c).

4.1.3 Hydrogenation of propene over Pd@MFI_ImiLs

The catalytic performance of Pd@MFI_ImILs catalyst was evaluated by propene
hydrogenation and compared with Pd@MFI_Imp under the same reaction conditions
(C3He/Hy/He=5/15/80 vol. %; total flow rate: 40.7 mL min, room temperature, atmospheric
pressure). According to GC measurement, propane was the only product. Undoubtedly, the
propene (kinetic diameter: 0.42 x 0.32 nm) and propane (kinetic diameter: 0.46 x 0.30 nm)
molecules can diffuse into the channels of MFI zeolite and interact with Pd nanoparticles.
The time-on-stream plots of the propene conversion over PA@MFI_ImiLs and Pd@MFI_Imp
in three cycles are showed in Figure 4.1.11. For Pd@MFI_ImILs catalyst, the conversion of
propene achieved around 96%, followed by minor deactivation (at TOS = 105 min, 88%). The
regeneration of spent catalysts proceeded under the flow of 5 vol. % of oxygen in He for 1 h
at 500 °C. In the following cycles, the conversion of propene maintained approximately 80%

over PA@MFI_ImlILs. The conversion of propene over Pd@MFI_Imp was lower and remained
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at around 40% for three cycles. In propene hydrogenation, the initial reaction rate as a
function of TOS showed similar trend as propene conversion over the Pd@MFI_ImILs and
Pd@MFI_Imp catalysts (Figure 4.1.11). For PdA@MFI_ImILs catalyst, the reaction rate was
about 30 mmol/s/gve at TOS = 105 min in the first cycle. In the subsequent cycles, the
reaction rate remained at about 25 mmol/s/gue. For PA@MFI_Imp, the conversion of

propene was lower than Pd@MFI_ImILs and remained at around 9 mmol/s/gve for three

cycles.
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Figure 4.1.11 Hydrogenation of propene over PA@MFI_ImlLs and Pd@MFI_Imp catalysts.
TOS vs. propene conversion in three cycles over PAd@MFI_ImlLs (a) and Pd@MFI_Imp (c),
TOS vs. propene hydrogenation initial reaction rate over Pd@MFI_ImILs (b) and
Pd@MFI_Imp (d).

For metal-based catalysts, the size and dispersion of metal nanoparticles play an important
role in the catalytic activity **’. The catalytic active sites related to various hydrogenation
reactions are considered as the low-coordinated metal atoms. The specific activity per metal
atom for a certain reaction generally growths with reducing the size of metal nanoparticles *°.
In propene hydrogenation, higher catalytic activity of PA@MFI_ImILs than Pd@MFI_Imp

were supposedly caused by small Pd nanoparticles encapsulated in the MFI zeolite (Figure
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4.1.5). In addition, the propene conversion over Pd@MFI_ImlLs and Pd@MFI_Imp catalysts
showed slightly decreasing at TOS, which could be explained by the formed propane or some
carbon deposit adsorbed on the Pd nanoparticles. Notably, the deactivation over
Pd@MFI_ImlILs catalyst after the first cycle was probably caused by a slight aggregation of Pd
nanoparticles, which was induced by the regeneration at high temperature before next
catalytic test. In the second and third cycles, the propane conversions were similar, which
indicated that the Pd nanoparticles maintained their size at approximately 2 nm (Figure

4.1.12).

Figure 4.1.12 STEM images of spent Pd@MFI_ImiLs after 1% cycle (a), 2" cycle (b) 3" cycle (c)
of hydrogenation of propene.

In conclusion, a new synthetic method was proposed to encapsulate metal nanoparticles
into MFI zeolite during the hydrothermal crystallization process. The catalysts synthesized by
the ImliLs-assisted method possess small and well-dispersed metal nanoparticles. The

utilization of ImlLs has two important advantages:
» ImlLs protect the metal by electrostatic interactions;
» ImlLs participate in crystallization of MFI zeolite;

The resulting metal @MFI_ImlLs (metal = Pt, Pd) have the properties below:
» Most of Pt and Pd nanoparticles were confined within MFI zeolite;

» The average diameters of Pt and Pd nanoparticles were approximately 1.0 nm and 1.7

nm, respectively;

» Pt@MFI_ImlLs catalyst showed outstanding shape-selectivity in hydrogenation of

nitroarenes;

» Pd@MFI_ImiLs catalyst showed higher activity in hydrogenation of propene
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compared to the impregnated samples;

» The recycle studies in hydrogenation of 4-nitrotoluene and propene revealed that Pt

and Pd nanoparticles encapsulated in MFI zeolite possess attractive stability.

4.2 Encapsulation of metal nanoparticles by 2D to 3D zeolite

transformation approach

Layered zeolite precursors contain zeolite sheets which are kept by relatively weak and

easily breakable non-covalent forces '®*

. About 20 zeolite topologies have layered
representatives, such as, MCM-22P, IPC-1P, PreFER, RUB-36, layered MFI, PLS-1, NU-6(1),
EU-19, ERB-1 etc ’. Due to the flexible structure, layered zeolites have more possibilities to
be modified by post-synthetic strategy than 3D zeolites. Introduction of metal precursors
during the layered zeolite transformation process can place metal species into the interlayer
space. Subsequently, the calcination can condense the layers into 3D zeolites and confine
the metal nanoparticles into the internal pores. Corma et al. >9 firstly reported this strategy
to encapsulate Pt nanoparticles into MCM-22 zeolite by this 2D to 3D zeolite transformation
process. However, they Ilimited the investigation only to Pt species and the
hexadecyltrimethylammonium hydroxide as swelling agent. For this new encapsulation
strategy, there still exist some details which need to be investigated. In this chapter, we
firstly investigated the effect of the length of swelling agents on the size of Pt nanoparticles
in MCM-22 zeolite. Pt nanoparticles were introduced during the swelling using different alkyl
chain lengths of surfactants followed by calcination. Then, we chose different metal sources
to exhibit the versatility of this method. Pd nanoparticles were encapsulated into MCM-22
zeolite during the swelling process in the presence of Pd(en),(ac), at room temperature,
followed by calcination to condense the layers and encapsulate Pd nanoparticles into MCM-
22. Last but not least, this 2D to 3D zeolite transformation approach was expanded to
another layered precursor - IPC-1P. Combining the 2D to 3D zeolite transformation and
ADOR procedure, metal@IPC-2 and metal@IPC-4 (metal = Pt, Pd) catalysts were successful

synthesized.
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4.2.1 Synthesis of Pt@MCM-22 with tunable nanoparticle size

4.2.1.1 Characterization of MCM-22P and MCM-22

3 MCM-22P

©

2

‘®

c

g

£
MCM-22

1 1 L) 1 1 1
5 10 15 20 25 30 35 40

2 Theta, °

Figure 4.2.1 XRD patterns of MCM-22P and MCM-22.

XRD patterns of MCM-22P and MCM-22 exhibited high crystallinity (Figure 4.2.1). The
characteristic Bragg reflections and relative intensities are in a good agreement with the
previous reports *¥*1. For MCM-22P, reflection peak at 26 = 6.5 referred to the interlayer

138140 This result

reflection (002), which indicated the layered structure along c direction
demonstrated that the thickness of each individual layer is approximately 2.5 nm. After
calcination, the MCM-22P was transformed into three-dimensional MCM-22 because of the
condensation of interlayered silanol groups *****3. The interlayer reflection (002) shifted and
overlapped with the intra-layer reflection (100). From the SEM images of MCM-22P and
MCM-22 (Figure 4.2.2), MCM-22P precursors contained thin and oriented platelets with size
around 1.60 um. These platelets were aggregated randomly. After calcination, MCM-22

sample exhibited similar morphology compared to MCM-22P precursor.
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Figure 4.2.2 SEM images of MCM-22P (a,b) and MCM-22(c,d).

4.2.1.2 Swelling MCM-22P with various surfactants

After the swelling process of MCM-22P with surfactants of different lengths (C;,0H, C140H,
C160H and Cy30H), all the XRD patterns (Figure 4.2.3a) of swollen samples exhibited a low
angle in the range of 26 = 1™- 3, which indicated the surfactants were located between the
MWW layers. Moreover, a broad band in the range of 20 = 8-10 appeared by the
overlapping reflection peak (101) and (102). These results confirmed the swelling of MCM-

22P with different surfactants was successful.

For the swollen sample MCM-22P-C;,0H, the reflection peak (001) was located at 26 = 2.410,
indicating the d-spacing was 3.66 nm. After subtracting 2.5 nm (the thickness of MWW
layer), the interlayer expansion was 1.16 nm. Compared with the theoretical length of C;,0H
(1.53 nm), the C1,0H surfactant were probably oriented diagonally, or the tails of surfactant
were tangled between the layers (Figure 4.2.3b). For the swollen sample MCM-22P-C;4,0H,
the d-spacing was 4.22 nm calculated by a (001) reflection at 2.09". The interlayer expansion
(1.72 nm) was relatively equal to the diameter of C;4,OH molecule (1.75 nm). As shown in
Figure 4.2.3b, the surfactant molecules were presumably oriented vertically situated in
MWW layers. Swollen sample MCM-22P-C;,0H possessed 5.11 nm of d-spacing, thus, the
MWW layers were expanded to 2.61 nm. In the case of MCM-22P-C,30H, the d-spacing was

5.55 nm and interlayer distance was 3.05 nm. The lengths of C;s0H and C;30OH molecules
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were around 2.06 nm and 2.25 nm, which was shorter than the interlayer’s expansion. In the
case of longer alkyl chain swollen agents, one possible explanation was a larger number of
surfactant molecules intercalated into the interlayer, causing larger interlayer expansion
than the length of surfactants. Figure 4.2.3b shows the possible direction of surfactants
between the layers. Table 4.2.1 summarizes the d-spacings and interlayer distances of MCM-
22P-C,OH swollen samples. The controllable interlayer expansions were achieved by the
adjustment of dimensions of swelling agents. After calcination, the organic species in the
MCM-22P-C,0OH (n=12, 14, 16, 18) swollen samples were removed and MCM-22-C,,OH (n=12,
14, 16, 18) samples with MWW topology were formed (Figure 4.2.4).

a
" MCM-22P-C_OH
=5
©
P MCM-22P-C_ OH
. 14
‘@
o
g MCM-22P-C_OH

MCM-22P-C,.OH

MCM-22P-C,,0H

Figure 4.2.3 XRD patterns of MCM-22P-C,,OH (n = 12, 14, 16, 18) swollen samples (a), the
schematic diagram of swollen samples with different surfactants (b).
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Table 4.2.1 The d-spacings and interlayer distances of MCM-22P-C,,OH samples.

n=12 n=14 n=16 n=18
26 2.41 2.09° 173 1.59
d-spacing 3.66nm 4.22 nm 5.11 nm 5.55nm
interlayer distance 1.16 nm 1.72 nm 2.61 nm 3.05 nm

MCM-22-C,,0H

Intensity, a.u

MCM-22-C, ,OH

MCM-22-C .OH

MCM-22-C,,0H

10 20 30 40
2 Theta, °

Figure 4.2.4 XRD patterns of MCM-22 and the calcined materials MCM-22-C,OH (n = 12, 14,
16, 18).

4.2.1.3 Swelling MCM-22P with various surfactants by adding of Pt-DMF

The XRD patterns of swollen samples after the introduction of Pt-DMF (MCM-22P-C,OH-Pt-
DMF) showed the similar characteristic diffraction peaks as the MCM-22P-C,OH swollen
samples (Figure 4.2.5a). The XRD patterns of all MCM-22P-C,OH-Pt-DMF exhibited a low
angle reflection peak in the range of 1 to 3. In contrast to MCM-22P, the reflection peak
(002) at 26 = 6.5 disappeared. Moreover, these XRD patterns also exhibited the broad peak
in the range of 8 and 10 range. The d-spacings and interlayer expansions of MCM-22P-
C,OH-Pt-DMF were slightly less than MCM-22P-C,OH samples (Table 4.2.2). These results
indicated that the surfactants solutions were diluted by the addition of Pt-DMF solution,

causing smaller expansion compared to pure surfactant solution.
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MCM-ZZP-CHOH-PI:-DMF

Figure 4.2.5 XRD patterns of the swollen samples MCM-22P-C,OH-Pt-DMF (n = 12, 14, 16,
18) (a), the schematic diagram of swollen samples with different surfactants by adding Pt-

DMF solution (b).

Table 4.2.2 The d-spacings and interlayer distances of MCM-22P-C,,OH-Pt-DMF samples.

n=12 n=14 n=16 n=18

20 2.47 2.16 1.73 1.63
d-spacing 3.56 nm 4.06 nm 5.09 nm 5.39 nm
interlayer distance 1.06 nm 1.56 nm 2.59 nm 2.89 nm
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Figure 4.2.6 XRD patterns of MCM-22 and the calcined samples MCM-22-C,OH-Pt (n = 12,
14, 16, 18).

The swelling process expands the interlayer distance, which is sufficient to insert Pt
precursors. Pt-DMF solution can be intercalated into the interlayer distance during the
swelling process using C,0OH. Swollen materials MCM-22P-C,OH-Pt-DMF were calcined to
remove organic molecules (surfactants, DMF) and form Pt nanoparticles, which merged in
MCM-22 zeolite (MCM-22-C,,OH-Pt). The textural properties of MCM-22-C,OH (n = 12, 14, 16,
18) were obtained by nitrogen sorption measurement (Figure 4.2.7). All four isotherms
exhibited type | isotherm characteristic for microporous samples according to IUPAC 133
Table 4.2.3 summarizes the textural parameters of four MCM-22-C,,OH-Pt samples. MCM-22-
C,OH-Pt samples possessed BET areas in the range 460 - 530 m? g'1 and micropores volumes
0.16 - 0.19 cm® g*. The Pt loading in MCM-22P-C,OH-Pt samples was measured by ICP-OES
(Table 4.2.3). MCM-22-C;,0H-Pt, MCM-22-C1,0H-Pt, MCM-22-C;,0OH-Pt, and MCM-22-
C180H-Pt showed similar Pt contents (0.24 wt%, 0.25 wt%, 0.25 wt%, and 0.26 wt%,

respectively), indicating the negligible influence of initial d-spacing and interlayer expansion

on the Pt loading.
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Figure 4.2.7 Nitrogen adsorption (e®) and desorption (0) isotherms of MCM-22-C,OH-Pt
samples.

Table 4.2.3 Textural parameters and Pt loading of MCM-22-C,,OH-Pt samples.

Sample Seer Sext Vmic Viot Pt content
m? g'1 m? g'1 cm? g'1 cm? g'1 wt%
MCM-22-C;,0H-Pt 508 75 0.19 0.47 0.24
MCM-22-C;,0H-Pt 531 69 0.19 0.45 0.25
MCM-22-C;60H-Pt 490 58 0.17 0.40 0.25
MCM-22-C;130H-Pt 459 58 0.16 0.40 0.26

The size and distribution of Pt nanoparticles in MCM-22-C,,OH-Pt (n = 12, 14, 16, 18) were
investigated using STEM microscopy. All samples (Figure 4.2.8) exhibited the homogeneous
distribution of Pt nanoparticles. The sizes of Pt nanoparticles changed with variation of
surfactants. From the Pt nanoparticles size distribution (Figure 4.2.9), the average diameter
increased with the length of surfactants (C;,0H, C;40H, C;60H, C130H). When C;,0H was
used as swelling agent, the interlayer expansion was 1.03 nm. After condensation, the
average size of Pt nanoparticles in MCM-22-C;,0H-Pt was 0.85 nm. For MCM-22-C,40H-Pt
(interlayer expansion of 1.56 nm in swollen samples), the average diameter of Pt
nanoparticles increased to 1.00 nm. When the swelling process using C;OH and C;30H
surfactants, the interlayer expansions grown to 2.59 and 3.05 nm. And the average sizes of
Pt nanoparticles increased to 1.55 and 2.04 nm, respectively. The results evidenced that the

average diameters of Pt nanoparticles depend on the interlayer expansion of swollen
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samples. Pt nanoparticles were inserted into the interlayer space during the swelling process.
Subsequent calcination step removed organics and formed the Pt nanoparticles. The sizes of
Pt nanoparticles probably relied on the amount of locally neighboring Pt nanoparticles that

were feasible to aggregate, which were controlled by the length of swelling agent.

Figure 4.2.8 STEM images of MCM-22-C,,OH-Pt: n =12 (a,e), n = 14 (b,f), n = 16 (c,g), n = 18
(d,h).
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Figure 4.2.9 Particle size distributions of MCM-22-C,OH-Pt (n =12, 14, 16, 18).

The pore diameter of 10-ring in MCM-22 is 0.41 x 0.51 nm and the size of internal cavities of
is 1.82 x 0.71 x 0.71 nm 2. In some cases, the diameter of the Pt nanoparticles was smaller
than micropore size, revealing that the Pt nanoparticles were confined into MCM-22 zeolite.
In other cases, the size of Pt nanoparticles was larger than the micropore size, which can be
interpreted that Pt nanoparticles were located at the defective sites in MCM-22 zeolite
framework. STEM images (Figure 4.2.10) further showed the large size of Pt nanoparticles
merged into MCM-22. Clearly, due to the Pt nanoparticles stuck between the layers of MCM-

22, the layers were not fully connected.

Figure 4.2.10 STEM images of MCM-22P-C,OH: n =12 (a), n =14 (b), n =16 (c), n = 18 (d).

In conclusion, Pt@MCM-22 samples with tunable Pt nanoparticles size were synthesized
using different length of surfactants for swelling of layered MCM-22P with the addition of Pt
species. The interlayer distance of swollen samples expanded with the length of surfactants
from 1.06 nm (C;,0H), 1.56 nm (Cy40H), 2.59 nm (C360H) to 2.89 nm (C;30H). Subsequent
calcination of MCM-22-C,OH-Pt (n = 12, 14, 16, 18) provided samples with similar textural
properties and Pt loading despite the initial interlayer distances. The difference of
synthesized samples was the size of Pt nanoparticles. The average size of Pt nanoparticles

varied from 0.85 nm in MCM-22-C;,0H-Pt, 1.00 nm in MCM-22-C;4,0H-Pt, 1.55 nm in MCM-
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22-C160H-Pt to 2.04 nm in MCM-22-C,,0OH-Pt. The average diameter of Pt nanoparticles was

related to the dimension of surfactants used for the swelling process.

4.2.2 Encapsulation of Pd nanoparticles into MCM-22 by 2D to 3D zeolite
transformation approach

4.2.2.1 Synthesis and characterization of Pd@MCM-22

Encapsulation of Pd nanoparticles into the pore systems of zeolite can be achieved by 2D to
3D zeolite transformation approach, which has been described for Pt nanoparticles >%%,
For Pd nanoparticles in MCM-22 zeolite, we chose Pd(en),(Ac), as the metal precursor. In
this chapter, Pd nanoparticles were encapsulated into MCM-22 zeolite during the swelling
process in the presence of Pd(en),(Ac),, followed by aggregating Pd nanoparticles during the

condensation process, as shown in Figure 4.2.11.

Diethylenediamine palladium (ll) acetate

m Pd(en),(Ac),

@ PdNPs

E C,cOH

Figure 4.2.11 The synthesis procedure of Pd@MCM-22. During the swelling process of MCM-
22P, a solution containing Pd(en),(Ac), were added. The layers were expanded by the
surfactant (C;c0OH) and Pd(en),(Ac), were also incorporated into the interlayer space.
Removing the organic species caused the formation of Pd@MCM-22.

Figure 4.2.12 shows the XRD patterns of the MCM-22P precursor, MCM-22, Pd@MCM-
22PSW and Pd@MCM-22. Swelling treatment with MCM-22P by addition of C;sOH and
Pd(en),(Ac), caused the change of interlayer (002) peak to low angle (26 = 1.8°), the
overlapping of (101) and (102) reflection peaks, as well as creating a broad band between 8
and 10° 2*!>1%¢ These results indicated the presence of C;s0H between individual MWW
layers. After calcination and reduction, the C;0H, SDA (HMI), and NH,CH,CH,NH, were
removed, while the Pd species formed stable nanoparticles encapsulated in MCM-22 zeolite.
The intensity of the XRD pattern of Pd@MCM-22 decreased compared to MCM-22, probably

caused by the limited dissolution of zeolite precursor under alkaline conditions and not full
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condensation of silanols groups due to the formation of large Pd nanoparticles. Figure 4.2.13
shows the SEM images of MCM-22P, MCM-22, Pd@MCM-22PSW and Pd@MCM-22. MCM-
22P and MCM-22 samples possess a similar morphology. However, some parts of the
Pd@MCM-22PSW and Pd@MCM-22 displayed the aggregation of crystals, probably caused
by the basic treatment in the swelling process. Moreover, the EDS spectrum (Figure 4.2.13f)

of Pd@MCM-22 confirmed the presence of Pd element in the sample.

MCM-22P

MCM-22

Pd@MCM-22PSW

Intensity, a.u

0 5 10 15 20 25 30 35 40
2 Theta, °

Figure 4.2.12 XRD patterns of MCM-22P, MCM-22, Pd@MCM-22PSW, and Pd@MCM-22.

Figure 4.2.13 SEM images of MCM-22P (a), MCM-22 (b), Pd@MCM-22PSW (c), and
Pd@MCM-22 (d,e), EDS spectrum of PdAd@MCM-22 (f).
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Figure 4.2.14 Nitrogen adsorption (e) and desorption (0) isotherms of MCM-22 and
Pd@MCM-22.

Table 4.2.4 Textural parameters, Pd content of MCM-22 and PAd@MCM-22.

Sger Sext Vmic Viot Pd content
m? g'l m? g'l cm’® g'1 cm’ g'1 wt%
MCM-22 536 63 0.21 0.44 0
Pd@MCM-22 490 78 0.18 0.45 0.79

MCM-22 and Pd@MCM-22 exhibited similar textural properties based on the N, sorption
isotherms (Figure 4.2.14). According to the IUPAC classification, MCM-22 and Pd@MCM-22

showed type I(a) isotherms characteristic of microporous solids 133

. The textural parameters
of MCM-22 and Pd@MCM-22 were summarized in Table 4.2.4. Both samples possessed
nearly the same BET area (536 and 490 m? g*) and micropore volume (0.21 and 0.18 cm? g™).
Slightly lower micropore volume of Pd@MCM-22 is probably caused by the Pd nanoparticles
located in zeolite pores and channels. The palladium content of the PdA@MCM-22 catalyst

was measured by ICP-OES with 0.79 wt%.
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Figure 4.2.15 MWW zeolite natural tiles (NBUs).

The size of Pd nanoparticles was determined by the TEM and STEM measurements. The
black round spots were Pd nanoparticles in TEM images (Figure 4.2.16), while the white
spots were Pd nanoparticles in STEM images (Figure 4.2.17). The TEM and STEM images
showed the well-dispersed and uniformly distributed Pd nanoparticles on MCM-22 zeolite
crystals. The average diameter of Pd nanoparticles confined in MCM-22 zeolite was ~ 1.8 nm,
which was larger than the internal cavities and pore diameter of MCM-22. The natural tiling
of MWW presents the size of building units (NBUs) with a scale bar can be utilized for size
indication, as shown in Figure 4.2.15. The Pd nanoparticles with 1.8 nm size can be located at

the defective cavities caused by the insufficient condensation of MCM-22P layers.

58



30 nm

Figure 4.2.16 TEM images of Pd@MCM-22.

Figure 4.2.17 STEM images (a-c) and Pd nanoparticles size distribution (d) of PdA@MCM-22.

The investigation of the surface hydroxyl groups in MCM-22 and Pd@MCM-22 by FTIR

measurement also confirmed the incomplete condensation of silanol groups in the presence
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of the Pd nanoparticles (Figure 4.2.18). In the 3800-3200 cm™ region, MCM-22 and
Pd@MCM-22 showed the absorption bands of bridging =Si-(OH)-Al= (3625 cm™) and

147,148

external silanol (3651 cm™) . Moreover, PdA@MCM-22 showed an extra absorption peak

at a lower frequency (3735 cm™) than that of free silanols, which was probably assigned to

the feature of the defective structure **°**°,

Pd@MCM-22
MCM-22

3747

3800 3700 3600 3500 3400 3300 3200
Wavenumber, cm™

Figure 4.2.18 FTIR spectra of MCM-22 and Pd@MCM-22 in the region of hydroxyl vibrations.

The chemical state of Pd nanoparticles in Pd@MCM-22 was examined using FTIR
spectroscopy of adsorbed CO. CO adsorption on unreduced PAd@MCM-22 and reduced
Pd@MCM-22 induced various bands in the region of 2300-2000 cm'l(Figure 4.2.19). Both
spectra exhibited a band at ~2140 cm™, which can be ascribed as physical adsorption of CO
1 The adsorption of CO on Lewis acid sites resulted in a band at 2225 cm™. The FTIR
spectra exhibited bands at 2180, 2160, 2138, 2124 cm™ on both unreduced and reduced
Pd@MCM-22, which can be attributed to surface carbonyls of oxidized Pd"™ ***. The band in
the region of 2000 — 2120 cmindicated the presence of linear Pd°(CO) carbonyls. The bands
at 2180 and 2160 cm™ were referred as linear Pd**-CO complexes, which were easily
removed upon outgassing at T < 150 °C. Linear Pd*-CO carbonyls were identified by bands at
2138 and 2124 cm™, which were maintained upon outgassing at T = 150 °C. These results
confirmed that the linear Pd*-CO carbonyls were more stable than the carbonyls of Pd** due

15

to the synergetic effect of its 6 and m components !. CO adsorption on unreduced

Pd@MCM-22 sample was always followed by the reduction of Pd™ to Pd°, which can be
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confirmed by the presence of bands lower 2100 cm™. Moreover, the FTIR spectrum of CO
adsorption of reduced PA@MCM-22 catalyst displayed a higher absorbance compared with
unreduced Pd@MCM-22, indicating the improved accessibility of Pd nanoparticles.
Furthermore, the FTIR spectrum of reduced Pd@MCM-22 exhibit a supplementary band at

2076 cm™, indicating that the reduction under hydrogen form the Pd°sites.

150°C
100°C
50°C
25°C

,
adsorption at 15 Torrs

before adsorption o

2300 2200 2100 2000 2300 2200 2100 2000
Wavenumber, cm™ Wavenumber, cm™

Figure 4.2.19 FTIR spectra of CO adsorbed on unreduced Pd@MCM-22 (a) and reduced
Pd@MCM-22 (b).

4.2.2.2 Hydrogenation of nitroarenes over Pd@MCM-22

Aromatic amines are valuable intermediates in the synthesis of fine chemicals, which can be

152158 Hydrogenation of nitroarenes is an essential

synthesized by reducing nitro group
process due to the atomic efficiency and environmental friendliness. Based on this,
nitroarenes hydrogenation was chosen as a model reaction to study the catalytic activity of
Pd@MCM-22. In PA@MCM-22 catalyst, most of Pd nanoparticles were encapsulated in
zeolite. Thus, the shape-selectivity of MCM-22 can be referred to the characteristics of

Pd@MCM-22 catalyst % Therefore, nitroarenes with different size were chosen as reactants

to investigate the shape-selective hydrogenation property.
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Figure 4.2.20 Hydrogenation of 3-nitrotoluene and 1-nitronaphthalene over Pd@MCM-22
and commercial Pd/C (a), the scheme of the shape-selectivity over PA@MCM-22 and
commercial Pd/C catalysts (b).

3-nitrotoluene (kinetic diameter 0.62 x 0.54 nm) can diffuse in MCM-22 zeolite and be
hydrogenated to m-toluidine over encapsulated Pd nanoparticles. Hence, the Pd@MCM-22
catalyst exhibited near 100% conversion (Figure 4.2.20). Under the reaction conditions, the
TOF over PA@MCM-22 reached to 5760 ht. In contrast, the size of 1-nitronaphthalene (0.73
x 0.66 nm) is larger than the pore size of MCM-22 zeolite, thus this bulky molecule cannot
diffuse into zeolite framework to interact with Pd nanoparticles. As a result, there was no
conversion of 1-nitronaphthalene on PA@MCM-22 catalyst (Figure 4.2.20). In contrast, the
conversion of 1-nitronaphthalene over commercial Pd/C catalyst reached 74.4% conversion.
The Pd nanoparticles were located on the surface in Pd/C catalyst, thus 1-nitronaphthalene
can easily reach the Pd active sites. The summary of hydrogenation of 3-nitrotoluene and 1-
nitronaphthalene over PA@MCM-22 and commercial Pd/C catalysts were listed in Table
4.2.5. These results further confirmed majority of Pd nanoparticles were confined in MCM-
22 zeolite. Moreover, after 3-nitrotoluene hydrogenation, the size of Pd nanoparticles in
spent catalyst was maintained (Figure 4.2.21), which additionally proved that Pd

nanoparticles confined within MCM-22 zeolite possessed high stability.
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Figure 4.2.21 STEM images of the spent Pd@MCM-22catalyst.

Table 4.2.5 Hydrogenation of 3-nitrotoluene and 1-nitronaphthalene over PdA@MCM-22 and
commercial Pd/C with Pd loading at 10 wt%, reaction conditions: T = 100 °C; 0.3 MPa

hydrogen pressure; 5 mL of n-octane; 1.5 mmol of nitroarenes.

Substrates Catalysts Max Conversion (%) Yield (%) Selectivity (%)
NO: Pd@MCM-22 >99 (5 min)? >99 >99
(50 mg)*
CH,
N0z Pd@MCM-22 0 - -
(50 mg)1
Pd/C 74.4 (25 min)? 74 >99

(5 mg)*

Y mass of the catalysts;

2 times after maximum conversion was reached:;

In conclusion, PA@MCM-22 catalyst was synthesized through a 2D to 3D zeolite

transformation approach. The Pd(en),(Ac), were placed into the zeolite interlayer distance

when the interlayer was expanded by surfactant (C;cOH). Consecutively, Pd nanoparticles

were encapsulated into MCM-22 zeolite when silanol groups condensed during the

calcination process. The average size of Pd nanoparticles is approximately 1.8 nm in the final

product. The Pd@MCM-22 exhibited attractive shape-selective hydrogenation of nitroarenes.
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4.2.3 Encapsulation of Pt and Pd nanoparticles into IPC zeolites by means of
2D to 3D zeolite transformation strategy and ADOR approach

4.2.3.1 ADOR

The synthesis of 3D germanosilicate UTL zeolite is the first step of the ADOR approach. The
parent UTL zeolite can be converted to lamellar precursor IPC-1P via hydrolysis in neutral or
acid medium. Modification of IPC-1P layers can produce new 3D zeolites, e.g., IPC-2 (OKO
topology) and IPC-4 (PCR topology) >%. The stabilization of IPC-1P  with
diethoxydimethylsilane led to IPC-2. The silanol groups on the layers surface react with the
silane, thus condense into new single-four-rings (S4Rs) *. Then, the intercalation of various
amines or ammonium salts between the layers facilitates the organization of the IPC-1P
layers in the most suitable position. The subsequent calcination step condenses the layers,
leading to IPC-4 *%. Encapsulation of metal nanoparticles into zeolite by the 2D to 3D zeolite

transformation method can be expanded to IPC-1P layered precursor.

4.2.3.2 Characterization of parent UTL and IPC-1P

The XRD patterns of parent UTL and IPC-1P samples (Figure 4.2.22) indicated a high phase
purity and crystallinity. XRD pattern of UTL has the most intensive (200) reflection at ~6.2°
20, indicating the d-spacing of the layers ~1.42 nm *. The stability of Ge-O bond is lower
than Si-O bond. After hydrolysis of parent UTL in 0.1 M HCI at 95 °C, 2D zeolite precursor -
IPC-1P was obtained. The transformation process of parent UTL to IPC-1P was proved by the
XRD patterns. After removal of the D4R units from parent UTL, most of the diffraction lines
vanished. The most intensive peak was ascribed to the interlayer diffraction. From the
transformation of parent UTL to IPC-1P, the dominant peak shifted to 26 = 8.3°, indicating
the d-spacing of the layers ~1.06 nm. The interlayer diffraction changed from lower angle to
higher angle, which demonstrated the decreasing of interlayer distance *’. The UTL zeolite
showed a rectangular morphology with plate-like crystals in the range of 20 to 60 um in size,
as shown in SEM images (Figure 4.2.23). After hydrolysis of parent UTL to IPC-1P, no

obviously changes were observed.
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Figure 4.2.22 The XRD patterns of Parent UTL and IPC-1P.

Figure 4.2.23 SEM images of parent UTL (a) and IPC-1P (b).

4.2.3.3 Synthesis and characterization of metal@IPC (metal = Pt or Pd)

Introduction of metal species into IPC zeolites started from the 2D lamellar precursor - IPC-
1P. For Pt@IPC-2, siloxane complexed with Pt precursors (platinum(0)-2,4,6,8-tetramethyl-
2,4,6,8-tetravinylcyclotetrasiloxane) were added during the stabilization procedure, then
calcination procedure removed the organics and formed Pt nanoparticles. Synthesis of
Pt@IPC-4 was achieved by swelling of IPC-1P with C1,0H swelling agent and Pt-DMF solution.
The condensation of silanols and elimination of organics were attained by calcination, which
also encapsulated Pt nanoparticles into IPC-4 zeolite. The synthesis of Pt@IPC-4 was based
on the same procedure as for Pt@MCM-22. In order to decrease the interlayer space and
make sure the proper condensation of silanols groups, C;,0H surfactant was employed.

Pd@IPC-4 catalyst was synthesized by substituting the organization agent - octylamine to
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Pd(en),(Ac), followed by calcination in air to remove the organics and condensation the
silanol groups. After introduction of Pd(en);(Ac), into IPC-1P, stabilization with

Si(CHs),(OCH,CHs), was utilized to form IPC-2 structure with Pd nanoparticles.

Figure 4.2.24 shows the XRD patterns of IPC-2, IPC-4 and metal@IPC-2, metal@IPC-4 (metal
= Pt or Pd). The XRD patterns of metal@IPC-2 and metal@IPC-4 matched well with the XRD
pattern of IPC-2 and IPC-4, which confirmed that both structures kept the integrity after
introducing metal. The dominant peak (200) exhibited high relative intensity, caused by the
preferred orientation of crystals % For IPC-2 and metal@IPC-2 samples, the interlayer
reflection peak was shifted to higher angle ~7.6° 26 compared with parent UTL (~6.2° 20).
The D4R units in UTL are replaced by single-four ring (S4R) units in IPC-2. The siloxane
reagent condensed between the silica layers and formed the S4R units, while the metal
sources inserted into the interlayers and formed the metal nanoparticles. The reflection
peak (200) located at 9.7° 26 was the characteristic of IPC-4 material. The intensity of XRD
patterns of Pt@IPC-4 and Pd@IPC-4 were slightly decreased compared with IPC-4, which
probably caused by the basic treatment of C;,0H surfactant solution and Pd(en),(Ac), agent

during the preparation process.
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Figure 4.2.24 The XRD patterns of IPC-2, metal@IPC-2 (a) and IPC-4, metal@IPC-4 (b).

The textural parameters of IPC and metal@IPC materials are shown in Table 4.2.6. All the
samples showed type | isotherm typically for microporous materials according to IUPAC
classification 3. The differences in the BET areas and micropore volumes agree with
different channel systems in IPC-2 and IPC-4 zeolites *’**%. The BET areas of IPC-2 and
metal@IPC-2 are ~350 m? g™ and micropore volumes are 0.12~0.15 cm?® g, while the BET
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area of IPC-4 and metal@IPC-4 are ~240 m? g™ and micropore volumes are 0.08~0.11 cm® g’
! As a result, the confinement of metal nanoparticles (metal = Pt or Pd) into IPC-2 and IPC-4

framework has no significant effect on the textural properties.

Table 4.2.6 Textural parameters and the metal loading of metal@IPC samples.

Sger Vimic Viot Pt/Pd loading

m? g'1 cm’ g'1 cm? g'1 wt%

Pt@IPC-2 374 0.15 0.23 0.34

Pt@IPC-4 259 0.11 0.14 0.32

Pd@IPC-2 319 0.12 0.19 0.61

Pd@IPC-4 190 0.08 0.11 0.63
IPC-2 334 0.15 0.20 0
IPC-4 236 0.11 0.12 0

The content of Pt was 0.34 wt% in Pt@IPC-2 sample (Table 4.2.6). Moreover, the Pt@IPC-2
maintained the crystal shape and size without significant changes, as shown in the SEM
image (Figure 4.2.25a). The ICP-OES analysis showed the Pt loading in Pt@IPC-4 was 0.32
wt%. The SEM image of Pt@IPC-4 exhibited small aggregates probably caused by the basic
condition treatment during the swelling process (Figure 4.2.26a). The integrity of Pt@IPC-4
was slightly decreased, which also confirmed by the slightly less intense and wider peaks in

the XRD pattern compared with IPC-4.

STEM images of Pt@IPC-2 and Pt@IPC-4 (Figure 4.2.25 and 4.2.26) showed the
homogeneously dispersed Pt nanoparticles on IPC-2 and IPC-4 zeolite matrixes. The small
size of Pt nanoparticles can be observed in the pore systems of IPC-2 and IPC-4 zeolites as
well as on the external surface of crystals. The size distribution of Pt nanoparticles in
Pt@IPC-2 and Pt@IPC-4 was assessed by STEM measurement. The average diameters of Pt
nanoparticles in Pt@IPC-2 and Pt@IPC-4 samples were around 0.98 nm and 0.96 nm,
respectively. The pore sizes of IPC-2 and IPC-4 zeolites are 0.70 x 0.56 nm, 0.61 x 0.47 nm
and 0.61 x 0.51 nm, 0.47 x 0.35 nm, respectively. Clearly, the average diameters of Pt
nanoparticles were larger the pore sizes of IPC-2 and IPC-4 zeolites. Pt nanoparticles
probably created some defects in both Pt@IPC-2 and Pt@IPC-4 samples. In Pt@IPC-2, Pt

nanoparticles probably were placed in the interlayer space, which prevented the formation
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of S4R units in their close vicinity. Moreover, the particle size distribution exhibited a
significant difference for Pt@IPC-2 and Pt@IPC-4 samples. Figure 4.2.25 shows a broad
maximum in particle sizes between 0.8-1.2 nm, which can be presumably attributed to the
larger pores of IPC-2 (12-10 rings). For Pt@IPC-4 with smaller pore size, this maximum was

much sharper with lower distribution of Pt nanoparticles in the range of 0.8-0.9 and 1.0-1.2

nm.
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Figure 4.2.25 SEM image (a), STEM images (b-c) and particle size distribution (d) of Pt@IPC-2.
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Figure 4.2.26 SEM image (a), STEM images (b-c) and particle size distribution (d) of Pt@IPC-4.

In the case of PA@IPC-2 and Pd@IPC-4, as shown in EDS maps, Pd nanoparticles were also
distributed on the whole zeolite crystals (Figures 4.2.27 and 4.2.28). However, the average
diameters of Pd nanoparticles were larger than Pt@IPC samples. The average diameters of
Pd nanoparticles in Pd@IPC-2 and Pd@IPC-4 catalysts were centered on 2.4 nm (Pd@IPC-2)
and 1.7 nm (Pd@IPC-4), respectively. In general, Pd nanoparticles were confined in zeolite
IPC-2 and IPC-4 zeolites causing some defects, as well as some of the Pd nanoparticles were

situated on the outer surface of IPC zeolite crystals.
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Figure 4.2.27 SEM image (a), STEM images (b,d), size distribution (e) and EDS maps of Si, Pd
elements (c) of PA@IPC-2.
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Figure 4.2.28 SEM image (a), STEM images (b,d), size distribution (e) and EDS maps of Si, Pd
elements (c) of Pd@IPC-4.
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4.2.3.4 The catalytic performance of PA@IPC catalysts

Gas-phase hydrogenation of propene was selected as a reaction to evaluate the catalytic
performance of Pd@IPC catalysts under mild condition (CsHg/H,/He=5/15/80 vol. %; total
flow rate: 40.7 mL min™, atmospheric pressure, room temperature). The diffusion of the
reactant propene with a kinetic diameter 0.42 x 0.32 nm and propane with kinetic diameter
0.46 x 0.30 nm should not be significantly restricted in the channels of IPC-2. The
hydrogenation of propene to propane (Figure 4.2.29) exhibited the initial reaction rate 6.17
mmol/s/gue. However, the pore size of IPC-4 (0.47 x 0.35 nm) is comparable with the kinetic
diameter of propene and propane. The diffusion of reactant to the metal active sites over
Pd@IPC-4 is hindered, exhibiting poor hydrogenating activity at TOS = 25 min (Table 4.2.7).
This shape-selectivity phenomenon was further confirmed that most of Pd nanoparticles

were confined in IPC-4 zeolite.

Table 4.2.7 Conversion and reaction rate of propene hydrogenation over Pd@IPC-2 and
Pd@IPC-4 catalysts.

Catalyst X*(CsHs) (%) Rate (mmol/s/gme)
Pd@IPC-2 25.3 6.17
Pd@IPC-4 0.0 0.00

* Conversion at TOS = 25 min;

Pd@IPC-2

Figure 4.2.29 The model of hydrogenation of propene over Pd@IPC-2 and Pd@IPC-4
catalysts.
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In summary, IPC zeolites with tunable textural properties due to the changing of pore
structure can be prepared by ADOR strategy. Functionalization of IPC zeolites with Pt and Pd
nanoparticles results metal@zeolite catalysts with designable textural properties. The
metal@IPC materials (metal = Pt or Pd) exhibited similar textual properties compared with
the parent IPC zeolites. The sizes of metal nanoparticles in metal@IPC materials were
investigated by STEM measurement. The average sizes of Pt nanoparticles in Pt@IPC-2 and
Pt@IPC-4 were 0.98 and 0.96 nm, while the average diameters of Pd nanoparticles were 2.4
and 1.7 nm in Pd@IPC-2 and Pd@IPC-4 samples, respectively. The shape-selective
hydrogenation of propene over PA@IPC-2 and Pd@IPC-4 further confirmed that most of Pd
nanoparticles were located in IPC zeolite frameworks. The 2D to 3D zeolite transformation
strategy to encapsulate metal nanoparticles into zeolites was successfully expanded to IPC-
1P layered precursor. After combination with ADOR approach, metal@IPC-2 and metal@IPC-
4 (metal = Pt, Pd) can be prepared.
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5. Conclusions and perspectives

Metal nanoparticles encapsulated in zeolite micropores represent an important type of
functional materials, which combined the advantages of the metal catalyst itself with those
of stable zeolite supports. This thesis was focused on encapsulation of metal nanoparticles

into zeolites by co-crystallization strategy and 2D to 3D zeolite transformation approach.

Pt and Pd nanoparticles were encapsulated into MFI zeolites by co-crystallization strategy in
the presence of imidazolium-type ionic liquid (ImlLs). The ImlILs can protect the metal
precursors against precipitation via electrostatic interactions and participate in MFI zeolite
crystallization. The XRD patterns revealed that the presence of ImlLs had no influence on the
crystallization of MFI zeolite. Moreover, the textural properties of metal@MFI_ImlILs
maintained the microporous materials character. STEM measurement showed the
homogeneous distribution of Pt or Pd nanoparticles on MFI zeolite and the average
diameters of Pt and Pd nanoparticles were 1.0 and 1.8 nm, respectively. Furthermore, this
imidazolium-type ionic liquid-assisted strategy was also successfully in encapsulation of Au
nanoparticles with average diameter 1.3 nm into MFI zeolite. In addition, the resulting
Pt@MFI_ImILs exhibited excellent shape-selectivity in hydrogenation of different size of
nitroarenes. 4-nitrotoluene can be hydrogenated effectively, while the bulky 1,3-dimethyl-5-
nitrobenzene only showed 5.8% conversion. Pd@MFI_ImILs showed higher activity than the
impregnated sample in propene hydrogenation due to the small Pd nanoparticles in MFI
zeolite. However, this imidazolium-type ionic liquid-assisted formation of metal
nanoparticles in zeolite strategy should be expanded to different metals and zeolites to
verify the feasibility. Moreover, the application of these catalysts is limited in metal catalysis,
metal-acid synergistic catalysis should be employed to investigate the metal/acid

distribution.

For the encapsulation strategy via 2D to 3D zeolite transformation, the influence of the
swelling agents was investigated for the first time. After condensation of the layers, the
average sizes of Pt nanoparticles were tuned from 0.85 nm, 1.00 nm, 1.55 nm to 2.04 nm.
Subsequently, PA@MCM-22 catalyst was prepared by using the Pd(en);(Ac), as metal
precursor during the swelling process of MCM-22P. The following calcination procedure

condenses the layers and encapsulates Pd nanoparticles into MCM-22 zeolite. Afterwards,
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Pd nanoparticles were uniformly distributed on MCM-22 with the average diameter
approximately 1.8 nm. The shape-selective hydrogenation of nitroarenes with different sizes
further confirmed that most of Pd nanoparticles were trapped in MCM-22 zeolite. Lastly, the
2D to 3D zeolite transformation approach was extended from MCM-22P to IPC-1P precursor.
After combining with ADOR approach, metal@IPC-2 and metal@IPC-4 (metal = Pt, Pd) with
uniform distribution of metal nanoparticles were synthesized. However, for this new 2D to
3D zeolite transformation strategy, deeply investigation should be performed using more

layered representatives and different metal precursors.

My Ph.D studies have mainly focused on the encapsulation of noble metal nanoparticles
such as Pt, Pd into conventional zeolites. Compared with noble metals, the non-noble metals
are less expensive and exhibit good catalytic activities in some industrial reactions. Some
effort needs to put on encapsulation of non-noble nanoparticles into zeolites. In addition,
owing to the individual and isolated metal active centers of single metal atom, encapsulation
of single metal atoms into zeolites offers a great potential in constructing of cost-effective
catalysts. Last but not least, due to the diffusion limitation owing to the existence of zeolite
micropores, only the metal active sites on zeolite surface are participated in the reaction,
which cause the low catalytic efficiency of encapsulating metal in zeolite catalysts. In order
to solve this limitation and expand their utilization, encapsulation of metal species into

hierarchical zeolites should be a promising way.
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