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Summary
Zeolites are the catalytic workhorses of the refinery and chemicals production industry due to their
unique properties such as crystallinity, high-surface area, acidity, ion-exchange capacity, and
shape-selective character. Generally, zeolites are crystalline aluminosilicates with microporous
structure (< 2 nm). This feature gives rise to their outstanding shape selectivity, but the sole
presence of micropores with molecular dimension also imposes some issues, such as the diffusion
limitation of large reactant or product molecules in the porous channels. Therefore, how to tailor
the pore structure of zeolite is interesting from the view of application. Post-synthetic treatment of
zeolites has been proven to be an efficient way to introduce mesopores (2-50 nm) and macropores
(> 50 nm) to the microporous network. Although numerous studies have been published in this
field, new questions never stop appearing. Recently, nanoscale zeolite crystals with hollow
structure attract a lot of academic and industrial attention because they are promising catalytic
support. Active species, including metals, metal oxides and metal alloys, can be trapped in the big
cavity of hollow zeolite and as such they suffer less from sintering or leaching. Moreover, the
natural acidity and shape-selectivity of zeolites also provide additional advantages. The scope of
this thesis is to tune meso/macro-pore formation in zeolite, to characterize compositional and
structural properties that are related to meso/macro-pore formation, and to disclose the link between
synthesis and post-synthesis of zeolite. Zeolite with MFI topology is the investigated subject and
the obtained conclusions may contribute to other types of zeolites.

Chapter 3 focuses on the synthesis and modification of nanoscale hollow zeolite by base leaching.
Based on nanoscale ZSM-5 (aluminosilicate) and silicalite-1 (pure-silica) crystals, a systematic
study is performed to identify the effect of both the synthesis conditions of pristine zeolite and the
leaching conditions on the properties of hollow zeolite. By changing the leaching severity,
mesopores can be selectivity introduced to different locations of a crystal. The size of hollow
zeolite crystals can be easily controlled by adjusting the water content of the synthesis gel. Finally,
hollow crystals with double shells are prepared by a method involving two consecutive
crystallizations followed by base leaching.
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Chapter 4 shows the pore evolution by exploiting advanced electron microscopy techniques.
Cryogenic transmission electron microscopy (cryo-TEM) is the main tool to disclose how pores
are generate firstly and their subsequent evolution. Cryo-TEM enable us to freeze crystals in the
slurry and therefore avoids possible structure modification induced by drying or calcination steps.
With the help of electron tomography (ET), focused ion beam (FIB), energy-dispersive X-ray
spectroscopy (EDX), results show that the dissolution commences in the high silica core, and the
larger mesopores form preferentially at the boundary between the aluminum-rich and the
aluminum-poor part at the initial leach stage. Over time, more pores are generated, and their growth,
expansion and coalescence result into a hollow structure with an intact rim. Different leaching
behavior of individual crystals is also observed, indicating that the crystals coming from the same
batch have different compositional and/or structural properties.

Chapter 5 presents a labeling method to visualize silanol defects in individual zeolite crystals.
Silanol defects are among the dominant factors defining the stability of zeolite catalyst. However,
any distribution of point defects in zeolites has been so far only postulated. In chapter 3, a silicalite1 sample with obvious inner defects was synthesized. Focused on that sample, we first graft an
organic moiety with an amino function group onto the silanol defect. Then the grafted sample is
exposed to a suitable gold precursor, resulting in heavy-atom labeled silicalite-1. As markers, gold
clusters point out the distribution of defects which can be observed directly by electron microscopy.
The distribution of gold clusters also correlate with mesopore formation within the silicalite-1
crystals.

Chapter 6 discusses the relation between synthetic conditions, crystal properties, and pore
formation in zeolite. Using an organic template (TPA+) in synthesis, ZSM-5 crystals with
aluminum zoning are obtained and the subsequent base leaching leads to the formation of hollow
crystals. In contrast, without using organic template, ZSM-5 crystals possess a homogeneous
aluminum distribution. Similar to their pure silica form synthesized in basic medium, i.e. silicalite1, the dissolution preferentially takes place on the boundaries of intergrown areas, forming obvious
cracks. However, silicalite-1 crystals synthesized in fluoride medium have less defects and their
pore formation do not have obviously favorable locations. Besides the difference in pore formation,
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similarities also exist. Generally, a crystal has a robust rim compared to its core part, and the
porosity develops better along the (010) direction.

Chapter 7 originates from a strong belief that there must be a link between zeolite crystallization
and zeolite leaching. By adjusting the water content in the precursor gel, we obtain two types of
ZSM-5 crystals with different size ranges. Base leaching produces hollow crystals with
microporous shell in both small and large crystals, but the purpose of using acid leaching to
introduce mesopores into the aluminum-rich shell only works in the large crystals. Ex-situ electron
microscopy as well as in-situ small angle X-ray scattering are the main tools to characterize the
crystallization of ZSM-5. In the case of small crystals, building nanoparticles are consumed faster,
and the resulting crystals have imperfect rim. Then oligomer species can heal the imperfections
and therefore small hollow crystals are resistant to acid leaching. On the contrary, imperfection
exist in the rim of large crystals due to the difference in the utilization rate of building nanoparticles
and oligomer species, rendering the crystals more vulnerable to acid leaching.

Chapter 8 contributes to the discussion of zeolite nucleation in ZSM-5. When studying the
crystallization of small ZSM-5 crystals as mentioned in chapter 7, an intermediate crystal with an
amorphous-core/crystalline-shell structure is identified at the intermediate stage of zeolite growth.
From the surface of intermediate crystal, the crystal lattice propagates towards the core, eventually
giving rise to the particle with fully crystalline structure. The spatial heterogeneity in zeolite
nucleation correlates with the compositional heterogeneity of the precursor particle, as the
amorphous particle rim has possessed a higher aluminum content before turning into a crystal.

In Chapter 9, final conclusions and outlook are presented.
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Zusammenfassung
Wegen den einzigartigen Eigenschaften ihrer Kristallinität, hohen Oberfläche, Acidität,
Ionenaustauschkapazität und ihres formselektiven Charakters sind Zeolithe die Arbeitstiere der
Katalyse in der Raffination und der chemikalienerzeugenden Industrie. Im Allgemeinen sind
Zeolithe kristalline Alumosilicate mit einer mikroporösen Struktur (< 2 nm). Diese Eigenschaft
führt zu ihrer aussergewöhnlichen Formselektivität. Jedoch wirft das ausschliessliche
Vorhandensein von Mikroporen auch Probleme auf, wie Limitierungen in der Diffusion von
grossen Edukt- oder Produktmolekülen in den Porenkanälen. Somit ist das Anpassen der
Porenstruktur von Zeolithen in Hinsicht auf ihre Anwendung von Interesse. Postsynthetische
Behandlung von Zeolithen hat sich als effizienter Weg erwiesen Mesoporen (2-50 nm) oder
Makroporen (> 50 nm) in das mikroporöse Netzwerk einzubringen. Obwohl zahlreiche Studien in
diesem Feld publiziert wurden, tauchen immer wieder neue Fragen auf Kürzlich haben Zeolithe im
Nanobereich mit einer hohlen Kristallform die akademische und industrielle Aufmerksamkeit auf
sich gezogen, da sie ein vielversprechendes, katalytisches Supportmaterial sind. Aktive
katalytische Spezies, einschliesslich Metalle, Metalloxide und Metalllegierungen, können in der
grossen Kavität der ausgehöhlten Zeolithe eingeschlossen werden und sind so weniger durch
Sintern oder Auswaschen beeinträchtig. Die natürliche Acidität und Formselektivität der Zeolithe
bietet darüber hinaus zusätzliche Vorteile. Der Rahmen dieser Dissertation umfasst das Steuern der
Meso/Makroporenbildung in Zeolithen, die Charakterisierung von kompositionellen und
strukturellen Eigenschaften die im Bezug zur Meso/Makroporenbildung stehen und die Aufklärung
der Verbindung zwischen Synthese und postsynthetischer Behandlung von Zeolithen. Ein Zeolith
des MFI Typs ist der Gegenstand der Untersuchung und die hieraus erhaltenen Rückschlüsse
könnten auch auf andere Zeolithtypen bezogen werden.

Kapitel 3 konzentriert sich auf die Synthese und die Modifikation von ausgehöhlten Zeolithen im
Nanometerbereich durch das Auslaugen mit Base. Dem ZSM-5 (Alumosilicat) und Silicalit-1
(Silicat) im Nanometerbereich zu Grunde liegend, wird eine systematische Studie durchgeführt um
den Einfluss von Synthesebedingungen und Auslaugebedingungen auf die Eigenschaften des
ausgehöhlten Zeolithes festzustellen. Durch das Ändern der Auslaugegerades können Mesoporen
selektiv an verschiedenen Stellen eines Zeolithkristalles erzeugt werden. Durch das Anpassen des
7

Wassergehaltes des Synthesegels kann die Grösse der ausgehöhlten Zeolithkristalle leicht
kontrolliert werden. Abschließend werden ausgehend von einer Methode, die zwei konsekutive
Kristallisationen gefolgt von Auslaugen beinhaltet, ausgehöhlte Zeolithkristalle mit doppelter
Schale dargestellt.

Kapitel 4 zeigt die Entwicklung der Poren durch das Ausnutzen von Methoden der
Elektronenmikroskopie. Kryogene Transmissionselektronenmikroskopie (cryo-TEM) wird hier als
Hauptwerkzeug verwendet um die Entstehung der Poren und ihre darauffolgende Entwicklung
aufzuklären. Cryo-TEM erlaubt es uns die Zeolithkristalle in ihrer Schlämme einzufrieren und
vermeidet somit mögliche strukturelle Änderungen, wie sie beim Trocknen oder Kalzinieren
erfolgen. Mit Hilfe der Elektronentomographie (ET), dem fokussiertem Ionenstrahl (FIB), der
energiedispersiven Röntgenspektroskopie (EDX), wird gezeigt, dass die Zersetzung im starksilicatreichen Kern beginnt und die größeren Mesoporen bevorzugt am Grenzbereich zwischen
dem aluminiumreichen und weniger aluminiumreichen Teil in der Anfangsphase des Auslaugens
gebildet werden. Mit der Zeit werden mehr Poren gebildet und ihr Wachstum, ihre Ausdehnung
und ihre Verschmelzung resultieren in einer hohlen Kristallform mit einem intakten Rand.
Ebenfalls wir ein unterschiedliches Verhalten bezüglich des Auslaugens individueller Kristalle
beobachtet und somit gezeigt, dass Kristalle, die aus dem selben Synthesebatch stammen,
unterschiedliche kompositionelle und/oder strukturelle Eigenschaften besitzen.

In Kapitel 5 wird eine Methode präsentiert, welche Silanoldefekte in individuellen Zeolithkristallen
veranschaulicht. Silanoldefekte sind ein Teil der dominierenden Faktoren, welche die Stabilität von
Zeolithkatalysatoren festlegen. Jede Verteilung von Punktdefekten wurde jedoch bisher nur
postuliert. In Kapitel 3 wird eine Silicalit-1 Probe mit klar vorhandenen inneren Defekten
synthetisiert. Ausgehend von dieser Probe wird eine organische Einheit mit einer Aminogruppe
auf den Silanoldefekt aufgepfropft. Diese aufgepfropfte Probe wird einer passenden
Goldvorläuferverbindung ausgesetzt und resultiert in einem durch Schweratome markiertem
Silicalit-1. Als Marker zeigen die Goldcluster die Verteilung der Defekte an und können direkt
mittels Elektronenmikroskopie beobachtet werden. Die Verteilung der Goldcluster korreliert
ebenfalls mit der Mesoporenbildung in den Silicalit-1-Kristallen.
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In Kapitel 6 wird der Zusammenhang zwischen Synthesebedingungen, Kristalleigenschaften und
Porenbildung in Zeolithen diskutiert. Durch den Einsatz eines organischen Templats (TPA+) in der
Synthese, werden ZSM-5 Kristalle mit Aluminiumzonierung erhalten und darauffolgendes
Auslaugen führt zur Bildung von ausgehöhlten Zeolithkristallen. Im Gegensatz dazu besitzen
ZSM-5 Kristalle ohne Einsatz des Templates eine homogene Aluminiumverteilung. Ähnlich zu
ihrer in alkalischem Medium synthetisierten reinen Silicatform, hier Silicalit-1, findet die
Zersetzung bevorzugt an dem Grenzbereich zu dem verwachsenen Bereich statt, welche auffälige
Risse bildet. Silicalit-1-Kristalle, die jedoch in einem flouridreichen Medium synthetisiert worden,
besitzen weniger Defekte und ihre Porenbildung hat keine bevorzugt auffällige Stelle. Neben den
Unterschieden in der Porenbildung, existieren auch Ähnlichkeiten. Im Allgemeinen besitzt ein
Kristall, verglichen mit seinem Kernbereich, einen robusten Randbereich und die Porenausbildung
verläuft entlang der (010) Orientierung.

Kapitel 7 basiert auf der starken Überzeugung, dass es eine Verbindung zwischen der
Zeolithkristallisation und dem Zeolithauslaugen gibt. Durch das Anpassen des Wassergehaltes des
Vorläufergels, haben wir 2 Typen von ZSM-5 Kristallen in verschiedenen Größenklassen erhalten.
Das Auslaugen mit Base, erhält aus grossen und kleinen Kristallen, ausgehöhlte Kristalle mit einer
mikroporösen Schale, stattdessen funktioniert das Auslaugen mit Säure, zur Ausbildung von
Mesoporen in der aluminiumreichen Schale, ausschliesslich nur mit grossen Kristallen. Ex-situ
Elektronenmikroskopie, ebenso wie in-situ Kleinwinkelröntgenstreuung sind hier die
Hauptwerkzeuge um die Kristallisation von ZSM-5 zu charakterisieren. Im Fall der kleinen
Kristalle werden die aufbauenden Nanopartikel schneller aufgebraucht und die entstehenden
Kristalle haben einen perfekten Randbereich. Anschliessend können Oligomerspezies die
Unvollkommenheiten ausgleichen, deswegen sind die kleineren, ausgehöhlten Zeolithkristalle
resistenter gegenüber dem Auslaugen mit der Säure. Im Gegensatz hierzu existieren
Unvollkommenheiten im Randbereich von grossen Kristallen wegen Unterschieden in der
Aufbrauchrate der Nanopartikel und der Oligomerspezies, dieses macht die Kristalle anfälliger
gegenüber des Auslaugens mit der Säure.

Kapitel 8 trägt zur Diskussion um die Nukleation des Zeolites ZSM-5 bei. Beim Studium der
Kristallisation von kleinen ZSM-5 Kristallen, wie zuvor in Kapitel 7 erwähnt, wurde ein
9

intermediärer Kristall mit einem amorphen Kern und kristalliner Schale an der intermediären Phase
des Zeolithwachstums gefunden. Von der Oberfläche des intermediären Kristalles, wächst das
Kristallgitter bis zum Kern, bis es schließlich zu einem Partikel mit vollkristalliner Struktur führt.
Die räumliche Heterogenität während der Zeolithnukleation korreliert mit der kompositionellen
Heterogenität des Vorläuferpartikels, da der amorphe Partikelrand bevor er kristallin wurde einen
höheren Aluminiumgehalt besass.

In Kapitel 9 werden die Schlussfolgerungen und Perpektiven präsentiert.
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Chapter 1
Introduction
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1.1 Heterogeneous catalysis

Catalysts are materials that increase the rate of chemical reactions. By using a catalyst, chemical
reactions that are non-selective can be made selective and those that require a high temperature can
be conducted at a lower temperature. Catalysis plays an important role in the life of humankind,
providing products ranging from small functional proteins in human cells to fuels for daily travel.
Generally, catalysis is divided into three categories according to the origin and phase: biocatalysis,
homogeneous catalysis and heterogeneous catalysis.1 Biocatalysis mainly relies on enzymes that
are macromolecular biological catalysts. An active area in biocatalysis is protein engineering that
aim to create new enzymes with novel properties. However, biocatalysis takes a very small share
of all catalytic process, 3%, due to the lack of stability for enzymes in organic reagents and/or at
high temperatures.2 Homogenous catalysts, including the transitional-metal complex and organocatalysts, are efficient catalysts due to their single active sites whose electronic properties can be
adjusted by manipulation of their associated ligands or functional groups. However, most
homogenous catalysts are not robust enough to satisfy the demanding experimental conditions and
also their effective and efficient recovery from the product streams is a considerable issue in terms
of economics, recycling of expensive materials and product purification. Heterogeneous catalysts
are solid materials and reactions occur at the solid-gas or solid-liquid interface. The reactants and
products are easily separated after reaction. This allows continuous operation and the robust feature
of heterogeneous catalysts make them to be the main workhorse of industrial catalytic processes.3
Heterogeneous catalysis involves many important catalytic processes that provide most of the
bulk chemicals for our daily life.4-6 A heterogeneous catalyst is a mixture of several components,
including the active species, the promoter and the support. For example, in the Fischer-Tropsch
process, which produces gasoline and diesel-fuel from syngas (CO, H2), cobalt oxide or iron oxide
nanoparticles are dispersed on a solid support. The principle role of the support is to provide a high
surface area that maintains effective nanoparticle dispersion. However the support can also act as
co-catalyst.1 In the search for new catalysts, serendipity has often played a very important role.
Typical examples include the discovery of TS-1 in propylene epoxidation,7, 8 and TiCl3 (Ziegler
catalyst) in the production of polymers.9, 10 After obtaining a promising catalyst, characterization
and kinetic study are performed in parallel to pilot test and scale up. Overall, heterogeneous
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catalysis, as an interdisciplinary subject, involves material preparation, computational chemistry,
operando spectroscopic characterization, microkinetic study, and reactor and process design.11
The progress of heterogeneous catalysis is strongly related to advances made in the preparation of
nanomaterials. Recently, new catalysts, including the hybrid organic-inorganic structured solids
(such as hybrid zeolites,12, 13 periodic mesoporous organosilicas,14, 15 metal-organic frameworks,16,
17

hybrid catalysts integrated with enzymes18), materials with high surface area (such as carbon

nitride19, 20) and more dispersed atoms21, 22 or small clusters23-25 stabilized on the support, allow us
to design multifunctional catalysts or to improve activity by several orders of magnitude. The
discovery of new materials for specific reactions is, therefore, reasonable from the view of
application. However, one should also look back and exploit traditional materials since their
modified structure and properties offer new routes to the further development of heterogeneous
catalysis. In section 1.2, materials with hollow structures are discussed, with a focus on the
application of hollow nanostructures and microstructures in heterogeneous catalysis. Zeolites are
introduced in section 1.3 while in section 1.4, hollow zeolites are described, including their
preparation, characterization and application. The scope of the thesis is presented in section 1.5.

1.2 Hollow structures in heterogeneous catalysis
A hollow structure is a particular interesting morphology for materials. Recently, such structures
have attracted tremendous attention in the field of catalysis (Figure 1.1). The increasing interest in
hollow structures is mainly due to their properties, such as the ability to stabilize active particles in
the cavity. Several review papers have elaborated the development of hollow materials with regards
to their synthesis, characterization and application.26-34

Figure 1.1 The number of publications that reported hollow structured materials in catalysis from
1988 to 2018.
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2.1 Synthesis of hollow materials
As illustrated in Figure 1.2, four types of hollow materials are usually seen in literature. A hollow
material consisting of a single-shell is the simplest case. Yolk-shell structure refers to a hollow
structure with a single particle (Figure 1.2b) or multiple particles (Figure 1.2c) in the central
compartment. The functionalization of hollow structures is achieved either during their direct
synthesis, or through the application of post-synthesis procedures. Multiple shells can also be
introduced, forming an onion-like or Matryoshka-type arrangement (Figure 1.2d). For the singleshell hollow particles, some microstructural properties can be tuned by controlling the synthesis
parameters. Figure 1.3 represents several possibilities for subsequent functionalization, which
enables to design hollow structures with more flexible and tunable properties.

Figure 1.2 Schematic representation of possible configurations of hollow particles. (a) Single shell
hollow particle, (b, c) yolk−shell particle, (d) multi-shell hollow particle.

Figure 1.3 Schematic diagram of single-shell hollow structure.
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2.1.1 Soft-templating method
Soft-templating strategies generally involve the preparation of hollow materials in a dilute solution.
The yield of product per batch is usually below ca. 100 mg. Such methods have been demonstrated
to be successful for the synthesis of a variety of hollow materials, including silica,35-38 carbon,39, 40
and polymers41 which can be implemented as catalyst supports, and metals,42 metal oxides43 which
can serve as active components. The term soft template is proposed to reflect that the soft template
is not structurally rigid, and to distinguish this class of templates from those that are structurally
rigid (hard templates). These syntheses are sensitive to the applied conditions (temperature, pH,
polarity of solvent, etc.), and their low intrinsic productivity and intricate preparation procedures
make these strategies difficult to scale up.
Several types of materials have been employed as soft templates, including water-in-oil or oilin-water emulsions, micelle, polymer aggregates and even gas bubbles. The shell precursors
generally self-assemble at the interface between the template and the solvent phase. Assembly of
the shell species proceeds through reduction-deposition, or polymerization, or carbonization to
form a rigid shell. The residual inner liquid or gas phase can be removed by washing, evaporation
or degassing. The size of hollow material ranges from the nanometer to the micrometer scale.
Figure 1.4 shows a case using soft-templating method to synthesize single-shell hollow silica and
Au@SiO2 yolk-shell structure.36 A water-in-oil microemulsion was employed as the template. The
hydrolysis of tetraethyl orthosilicate (TEOS), achieved through the addition of aqueous ammonia,
results in the formation of the silica shell (Figure 1.4b). After washing in water, the core part was
dissolved, and thereby, the hollow single-shell silica was obtained (Figure 1.4b, c). The Au@SiO2
yolk-shell structure was synthesized by growing the silica shell around the droplets containing
HAuCl4 solution, which was further reduced using NaBH4. By controlling the concentration of
gold precursor solution, different sizes of gold particles were obtained. The resulting Au@SiO2
catalysts were demonstrated to exhibit a high resistance to large molecules that can lead to the
catalyst deactivation during 4-nitrophenol reduction reaction in liquid phase due to the
encapsulation effect.
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Figure 1.4 (a) Schematic diagram for an emulsion-based synthesis of gold nanocatalysts embedded
within hollow silica nanoparticles. (b) TEM image of as-synthesized solid silica nanoparticles
without water washing and (c, d) TEM, SEM images of hollow silica nanoparticles after water
washing. (e-g) TEM images of Au@SiO2 with various gold loadings.36

2.1.2 Hard-templating method
Hard-templating is the mostly used strategy to synthesize hollow particles. Spherical hard
templates, such as colloidal silica spheres (usually obtained by the classical Stöber process),
polystyrene spheres (PS balls obtained by polymerization) and carbon spheres (obtained by
hydrothermal treatment of carbohydrate), are commonly employed due to their facile preparation.44,
45

As a result, the resulting hollow structure after template removal inherent the spherical shape of

template. From the view of preparing hollow microstructures, one can imagine that, as the spherical
templates have no sharp edges and corners, subsequent attachment and coverage of the shell
precursor species to the template is facilitated.26 The methodology of hard-templating generally
involves three steps: first, the hard-template is synthesized; second, the template is covered by the
shell precursor species via chemical or non-chemical linkage; third, the template is removed while
the shell is retained.
In this section, not all hard-templating methods can be explained in detail, although each of
them have unique features. Of the previously reported literature, only representative case studies
16

are shown. The casting of the shell precursor species on the hard template can be achieved through
the electrostatic interaction with the template materials.46-49 As no chemical linkage binds the shell
species, a subsequent thermal treatment is usually required to form the cross-linking and to develop
a continuous shell. After leaching or combustion, the hard template is removed and hollow
structures are produced. Titirici et al. reported a simple one-pot synthesis approach to produce
hollow spheres of crystalline metal oxides (Figure 1.5a).46 Different from the previous multistep
process that involved the formation, isolation and purification of the carbon sphere as the first steps,
various metal salts were dissolved together with carbohydrates in water and a hydrothermal
treatment led to both the formation of carbon spheres, and the incorporation of metal ions into the
carbon sphere. The surface of the carbon sphere shell was hydrophilic due to the enrichment of OH
and C=O groups, and thereby, the metal precursor species were preferentially attracted to the
carbon shell. Finally, calcination of the carbon template yielded hollow metal oxide spheres.
A direct electrostatic interaction between the template surface and the shell precursor species is
synthetically desirable. In most cases, an additional step, that modifies the properties of the
template surface, is required to attract the shell precursor species to the template. Figure 1.5b shows
a typical process involving such a surface modification.47 The silica sphere template was firstly
functionalized with mercaptopropylsilyl (MPS) groups that were used to attract and bind heavy
metals cations (in this case palladium). Subsequent to the adsorption of the palladium precursors
to the functionalized template, hydrothermal treatment and the removal of the silica template by
hydrofluoric acid leaching, yielded hollow palladium spheres. The shell part was composed of ~10
nm palladium nanoparticles and this catalyst exhibited a high stability (no significant palladium
leaching reported) in the Suzuki coupling reaction of iodothiophene and phenylboronic acid.
In some cases, to increase the mechanic stability of the hollow structure, the formation of a
thick shell is necessary. Therefore, more shell precursor species need to be cast on the template
surface. The layer-by-layer (LbL) procedure helps to achieve this end. Iler50 firstly described LbL
assembly for flat substrates, and then Caruso51 extended this technique to three-dimensional
colloidal particles. Recently, Anandhakumar et al. showed the preparation of hollow silver cages
by the LbL approach (Figure 5c).52 The silica surface was originally negatively-charged and was
then alternately coated by positively-charged poly(allylamine hydrochloride) and negativelycharged dextran sulfate layers. The coated template was then mixed with the silver precursor
species and further covered by additional polymer layers. The reduction to silver nanoparticles and
17

the following removal of silica and polymer species resulted in the hollow silver cages. These cages
exhibited a stable and high catalytic activity in the epoxidation of styrene to styrene epoxide in the
liquid phase. Note that the LbL approach generally involves multiple intricate steps, and thus, is
very time-consuming.

Figure 1.5 (a) Scheme of the synthesis of hollow metal oxide spheres via adsorption on carbon
template.46 (b) The synthesis of hollow palladium spheres via surface modification and subsequent
adsorption palladium precursors.47 (c) Scheme of the synthesis of hollow silver sphere by layerby-layer (LbL) assembly.52

Unlike the above cases that mainly rely on electronic interactions, cross-linking of the shell
precursor species can be induced when casting materials on the template. Therefore, subsequent
thermal treatment is not strictly necessary.53-55 Lou et al. presented an approach to prepare gold
nanoparticles encapsulated in the hollow silica spheres (Figure 1.6a).53 The polystyrene spheres
(PS) with amino-group-modified surfaces, were used to bind gold species. A Stöber process was
18

then employed using the hydrolysis of TEOS in an ammonia solution. The resulting silica species
were therefore directly deposited on the PS template by a condensation reaction, to form a
continuous shell. Finally, the PS template was removed by calcination, and thereby, a Au@silica
core-shell structure was produced. Besides the shell formation by chemical deposition, nanocasting
techniques provide another strategy for retaining the shell precursor species on the template surface.
Generally, the first step in nanocasting is to prepare a porous (silica) scaffold that consists of a solid
core and a porous shell (Figure 1.6b).56 The precursor species is then infiltrated into the porous rim
via impregnation or metal infiltration. Note that the cross-linking of the shell precursor species
does not occur at this point, and therefore, a chemical or thermal treatment is laterly required. Based
on the nanocasting procedure, Galeano et al. prepared hollow graphitic spheres (HGS) and
Pt@HGS (Figure 1.6c).57 A mixture of divinylbenzene and azo-bis-(isobutyronitrile) was
incorporated into the mesopores of the silica template via the incipient wetness method. The
resulting material was heated to induce the polymerization and carbonization of the shell precursor
species. HGS was produced by using HF to remove the silica core. With regards to the Pt@HGS,
incipient wetness impregnation of hexachloroplatinic acid (H2PtCl6·xH2O) solution was carried out
first on the HGS and then the following hydrogen reduction led to the formation of platinum
nanoparticles confined in the mesopores of HGS.

Figure 1.6 (a) Schematic illustration for the preparation of gold nanoparticles encapsulated in the
hollow silica spheres.53 (b) The silica scaffold used for nanocasting is built with a solid core and a
porous shell.56 (c) Schematic illustration for the synthesis of Hollow Graphitic Spheres (HGS) and
Pt@HGS.57
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Regarding the preparation of hollow metallic spheres, two strategies have been reported by
sacrificing the metal to develop the shell. Xia made an excellent review on the preparation of
hollow metal alloys by galvanic replacement.58 Generally, a metal (metal A) is immersed into a
solution containing ions of a second metal (metal B). The difference in the reduction potentials of
the metals leads to the dissolution of metal A and the deposition of metal B on the surface of metal
A. Based on this procedure, Xia prepared silver-palladium nanoboxes through galvanic
replacement between silver nanocubes and disodium tetrachloropalladate solution (Figure 1.7a).59
By controlling the concentration of disodium tetrachloropalladate solution, different cavities were
introduced to the alloy nanoboxes.
The Kirkendall effect, that refers to differences in the rates of solid-state diffusion during atom
exchange processes between two metals or alloys when placed in direct contact, provides another
method to form hollow metals.60 An archetypal example, based on nanoscale Kirkendall effect,
involves the exposure of metal nanocrystals to precursors of chalcogen elements (that is, sulfur,
selenium, or oxygen). Yin has discussed this route as a means to prepare hollow metal
chalcogenides.61 Figure 1.7b shows the evolution of cobalt selenide hollow nano-crystals with time
when injecting a suspension of selenium in odichlorobenzene into a cobalt nanocrystal solution. 62
The outward diffusion of cobalt atoms was faster that the inward diffusion of selenium atoms, and
therefore vacancies were created. The coalescence of vacancies led to the formation of hollow
cobalt selenide nanoparticles.
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Figure 1.7 (a) Formation of silver-palladium nanoboxes through galvanic replacement between
silver nanocubes and disodium tetrachloropalladate. SEM images were taken after reacting silver
nanocubes with (I) 0.3, (II) 0.6, (III) 0.9, and (IV) 1.5 mL of a 0.5 mM aqueous solution of disodium
tetrachloropalladate. Insets are corresponding TEM images with a 50 nm scale bar.59 (b) Evolution
of cobalt selenide hollow nano-crystals with time by Kirkendall effect. The numbers from 1 to 6
represent different time intervals: 0 s, 10 s, 20 s, 1 min, 2 min, and 30 min.62

2.1.3 Template-free method
Compared to the template-assisted methods to prepare hollow materials, template-free procedures,
which involve crystal growth, have attracted attention as these processes are simpler. Figure 1.8a
illustrates the preparation of hollow particles via Ostwald ripening which describes the
phenomenon of shrinkage and disintegration of smaller particles in favor of the growth of larger
particles.63 Due to an inherently uneven distribution of crystallite sizes, and/or the existence of
particle density gradient over the crystal aggregates, the solid part which has small crystallites
and/or is loosely packed, is consumed in this process. As a result, larger crystallites are produced
and, at the same time, inner cavities are created. Liu et al. have described the formation of ZnS a
core-shell structure in this way (Figure 1.8b-d).63 The crystallites located on the outermost surface
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served as starting points for forming larger crystallites (Figure 1.8e). Then the outer and larger
crystallites attract the smaller crystallites underneath, and thus, the vacant volume was enlarged.
Spay methods can also be used to prepare hollow materials. A liquid precursor that is atomized
in a carrier gas phase undergoes a short heat treatment to yield solid product. When the droplet
reaches the hot section, the dissolved solid particle begins precipitating to form aggregates at the
liquid-gas interphase. The gradual precipitation and liquid evaporation through the permeable shell
leads to the formation of a hollow structure. Recently, spray-drying methods have been shown to
be highly effective in the production of hollow metal-organic-frameworks (MOF).64 Localized
crystallization took place on the surfaces of atomized droplets of a MOF precursor solution
(containing the metal ions and organic ligands) on heating (Figure 1.8f, g). After the complete
evaporation of liquid phase, a hollow MOF structure was generated.

Figure 1.8 (a) Various schemes of Ostwald ripening for spherical colloidal aggregates. (b-e) TEM
images for the evolution process of ZnS core–shell structures with symmetric Ostwald ripening.63
(f) Schematic showing the spray-drying process used to synthesize HKUST-1 superstructures. (g)
Proposed spherical superstructure formation process (emphasized by purple arrows), which implies
the crystallization of nanoMOF crystals. (h) A general view of the spherical HKUST-1
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superstructures. (i) A mechanically broken hollow superstructure showing the internal cavity and
the thickness of its wall.64

2.2 Hollow materials in heterogeneous catalysis
The incorporation of catalytic functions into hollow materials can be achieved during the synthesis
of hollow structures, or by the post-treatment on the pre-existing hollow structures. Active species
can be accommodated into different locations within the hollow structure, including the central or
intershell void compartments, the inner and outer surfaces of shell subunits, and the intrashell pores.
Multiple methods have been employed to prepare heterogeneous catalysts based on hollow
structure, such as “ship-in-bottle” synthesis, impregnation, ion-exchange, deposition and surface
grafting.65 A fine-tuning of the location of catalytic moieties also offers a possibility for different
active species coexisting within the same system. The resulting multifunctional catalysts show
potential application in cascade reactions.

2.2.1 Mass transport study
Catalytic reactions generally involve five processes: 1. the diffusion of the reactant molecules to
the active sites; 2. the adsorption of the reactant molecules on the active site; 3. the reaction from
the reactant to the product molecules; 4. the desorption of the product molecules; 5. the diffusion
of the product molecules away from the active site. In porous materials, mass transport of reactants
and products sometimes plays a more important role in controlling the global reaction kinetics.
Active sites that are deeply imbedded within porous materials, require longer timescales for
reactant molecules to reach them and be reacted. Diffusion coefficients can be applied to describe
the difficulty encountered by a molecule in reaching active sites within a porous material. However,
due to uneven distributions of active species on a support, for example a system with metal species
dispersed into zeolites, the accurate estimation of the diffusion coefficients within the bulk porous
network is difficult. In contrast, in hollow catalysts, if the active species can be located on the inner
surface, or within the inner void, the reactant (product) molecules must pass through the porous
shell. Depending on the porosity and the thickness of the shell, the diffusion of molecules can be
either fast or slow. As a result, uniform hollow structures provide suitable platforms for the
quantification of the contribution of mass transport of molecules to global kinetics.
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Lee et al. studied the effect of the porosity of the silica shell on the reduction of o-nitroaniline
(Figure 1.9).66 By increasing the amount of C18TMS (octadecyltrimethoxysilane) present when
synthesizing the hollow silica, increased porosity was achieved in the shells of the same thickness.
The diffusion of quinoline (to mimic the diffusion of o-nitroaniline) was characterized by UV-VIS
using the plasmon resonance peak associated with gold nanoparticles; this plasmon resonance is
progressively red-shifted as quinoline (with a higher refractive index compared to water, 1.62 vs
1.33) diffused into the core to place water. The diffusion rate was manipulated between 5.9 × 10-19
and 2.1 × 10-18 m2 s-1, which significantly altered the rate constant of the reaction.

Figure 1.9 TEM images of diffusion-controlled Au@SiO2 yolk-shell nanoreactors and the UV-vis
extinction changes of Au@SiO2 yolk-shell colloidal dispersion in 2-propanol added to a mixture
of 2-propanol and quinoline. The [C18TMS]/[TEOS] ratios used for the synthesis were 0.06, 0.08,
0.10, and 0.12, respectively. The bars represent 100 nm.66

2.2.2 Stabilization of active species by encapsulation
The sintering of active species during a catalytic process is among the most significant and
persistent issues in heterogeneous catalysis.67, 68 Changes in the size of active species, such as metal
nanoparticles, results in a decrease in the conversion of reactants to products. As such, how to avoid
the sintering of active species, especially for the metal nanoparticles, is highly important to
investigate. Two major pathways exist for the growth of metal particles. In the coalescence pathway,
nanoparticles are not stable during reaction and might migrate on the support. When two
nanoparticles collide with each other, particle-particle coalescence takes place. Another alternative
pathway is Ostwald ripening. During reaction, atoms or clusters are preferentially detached from
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the smaller nanoparticles and then attached on the more stable larger ones. As a result, only the
larger nanoparticles exist finally. To reduce the possibility of contact occurring between two
neighboring nanoparticles, the easiest way is to build a fence in between. This explains why in
some cases, bimetallic catalysts have a longer lifetime since one of added metal suppresses the
contact between the active metal nanoparticles. The selection of support is another alternative to
solve the sintering issue. For example, active metal clusters have been encapsulated in the
supercages of faujasite zeolite and the interchannels of MFI zeolite.25, 69 However, such closefitting encapsulation limits the freedom of metal clusters and may reduce the efficiency of reactant
molecules in accessing the active surface of the confined species. Moreover, confining the active
species within around 1 nm pore is not easy to achieve. In contrast, hollow particles with larger
voids are good candidates for the encapsulation of active species. If the encapsulated species are
bigger than the pores in the shells, particle-particle coalescence is suppressed. Meanwhile, Ostwald
ripening is surpressed due to the large diffusion path length through the shells.
Arnal et al. synthesized an Au@ZrO2 core-shell structure by coating a zirconia layer on
Au@SiO2 and then removing the silica part by sodium hydroxide leaching.54 To prove the stability
of catalyst at high temperature, the author first crushed the zirconia shell and then treated the
crushed catalyst in air at 800 oC for 12 hours. The sintering of gold particles was severe after
thermal treatment for the crushed catalyst while the intact core-shell catalyst did not suffer
substantial growth of gold particles (Figure 1.10). This comparison illustrates the efficiency of
hollow materials in the stabilization of active species by encapsulation.

Figure 1.10 TEM images of encapsulated samples after crushing at a static pressure of 100 MPa
before calcination (a) and after calcination (b), and comparison with the core–shell system (c). The
calcination was performed at 800 oC.54

2.2.3 Size-selective catalysis
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Size-selectivity is an important feature of porous materials. This enable catalysts to discriminate
reactants and/or products and selectively catalyze reactions. In some cases, if the size of a
poisonous molecule is larger than the pore, active species inside of the porous network can be
protected, and a longer lifetime for catalysts can result. Among the plethora of porous materials
that exist, zeolites attract intensive attention due to their microporosity of molecular dimensions.
If the active species (such as metallic nanoparticles) are encapsulated by zeolite shells, the original
non-selective species become size-selective to the reactants. Besides zeolites, size-selectivity also
occurs using amorphous silica shell and crystalline metal organic frameworks (MOF). Kuo et al.
have presented a general procedure to synthesize yolk−shell nanostructures that possess the
functions of nanoparticle cores, microporous shells, and possess a cavity in between them.70 A
stable MOF structure, i.e. the zeolitic imidazolate framework-8 (ZIF-8) was used as the shell
material. Palladium octahedra of 60 nm were firstly coated by a copper(I) oxide layer to form a
Pd@Cu2O core−shell structure. Then the copper(I) oxide layer was eliminated during subsequent
deposition of the ZIF-8 nanoparticles. The resulting Pd@ZIF-8 core−shell structure had a
polycrystalline and crack-free shell (Figure 1.11a-d). The hydrogenation of alkenes with different
sizes was performed on Pd@ZIF-8 (Figure 1.11e). Due to the large size of cyclooctene molecules
(5.5 Å), they cannot diffuse through the pore apertures of the ZIF-8 shell (3.4 Å) to access the
palladium core and size-selectivity was successfully achieved. The crack-free characteristic is
important to achieve size-selectivity since the polycrystalline shells or membranes are generally
incline to form cracks along crystallite boundaries. This can avoided through the use of single
crystalline shells.
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Figure 1.11 Nanocrystal@ZIF-8 yolk−shell nanostructures. (a) SEM and (b, c) TEM images. The
cores are palladium octahedra with edge sizes of 60 nm, and the shells are microporous ZIF-8 with
thickness of ∼100 nm. (d) Schematic sketch of the yolk−shell nanostructure. (e) Comparison of
the sizes of molecules with ZIF-8 pore.70

2.2.4 Spatial compartmentalization for multiple functional catalysis
Recently, process intensification has attracted considerable attention since its purpose is to meet
the increasing demands for sustainable production by process improvement.71 Regarding the
production of chemicals, a typical instance is the combination of catalytic reactions with product
separation. To achieve this purpose, novel reactors and processes, such as the membrane reactor72
and the reactive distillation process73, have been successfully applied in industry. From the view
of catalyst preparation, designing optimized multifunctional catalysts provides an alternative and
/or additional route for the realization of process intensification.74 Such catalysts can perform a
series of catalytic reactions (cascade or tandem reactions) in a single pot with no need to separate
and purify the intermediate species pertaining to each step. The key factor is the rational design of
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the catalyst to avoid interference between the different reactions required to be achieved, as well
as interference between various reactants/intermediates/products. Separating different active
species in different regions of a material is good means to exclude such interference. By spatial
compartmentalization of different active species, catalysts can perform their functionalities within
different local environments.

Figure 1.12 The tandem reaction from alcohol to hydrazone on Pt@S1 and B-Pt@S1.75

Shi et al. achieved one-pot tandem reaction from alcohol to hydrazone by using zeolitic
microcapsules with encapsulated platinum species and a silicalite-1 shell (Figure 1.12).75 The
oxidation of alcohol was realized by platinum nanoparticles. However, if the platinum was exposed
directly to phenylhydrazine, it lost its activity due to the strong interaction with nitorgen atoms in
phenylhydrazine. The encapsulated platinum selectively oxidized an alcohol to a ketone, and
subsequently, achieved the condensation of the N–H group in phenylhydrazine and the carbonyl
group in ketone to result in the formation of hydrazone. Actually, the above case is not a “real”
multifunctional catalyst since only one type of active species is introduced.
Through organosilane-assisted selective etching, Yang et al. prepared core-shell nanoparticles
consisting of amine-functionalized silica core and sulfuric-functionalized silica shell (Figure
1.13).76 The deacetalization reaction of benzaldehyde dimethyl acetal was firstly catalyzed by the
sulphonic acid groups on the shell. The resulting intermediate benzaldehyde species were then
converted into nitrostyrene. In this system, the spatial separation of the acidic groups and basic
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groups avoids their neutralization, but the short reaction pathway makes this catalysts formulation
outperform physical mixtures of acidic and basic catalysts.

Figure 1.13 (a) Deacetalization–Henry cascade reaction catalyzed by different catalysts. (b)
Catalytic performance of the YSN nanoreactor. (c) Schematic illustration of the cascade reaction
in an YS-NH2@SO3H nanoreactor.76

2.2.5 Stimuli-response catalysts
Recently, stimuli-response materials have attracted a lot of attention since their functionalities can
be triggered using external stimuli (pH, heat, light, magnet, etc.).77, 78 Their application in catalysis
potentially allows the design of “smart” catalysts whose activity can be triggered by exogenous
signals. Poly(N-isopopylacrylamide) (PNIPAM) is a temperature-responsive polymer that exhibits
a sharp phase transition at a low critical solution temperature (LCST). PNIPAM was grafted on the
shell of Au@SiO2 and the resulting nanoreactor shows repeated on/off catalytic activity in 4nitrophenol reduction that can be switched through the control of the temperature (Figure 1.14).79
When the temperature is kept below LCST, the PNIPAM can adopt an extended conformation that
allows 4-nitrophenol to diffuse through the shell, and then form 4-Aminophenol on gold
nanoparticles. However, when the temperature is raised to above the LCST of PNIPAM, the
polymer chain collapses back to a non-extended conformation. This results in the formation of a
complete layer that covers the silica surface and does not allow the reactant molecule to access the
gold nanoparticles. As a result, the activity of catalyst is “switched off”. The application of stimuliresponse materials opens a new horizon to design “smart” hollow catalysts.
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Figure 1.14 (a) Schematic illustration for the synthesis process of PNIPAM/Au@meso-SiO2. (b)
TEM image of PNIPAM/Au@meso-SiO2. (c) Temperature-dependent optical transmittance curve
of PNIPAM/Au@meso-SiO2 aqueous solutions (0.5 g/L) vs time.79

3 Zeolites

3.1 Zeolite structure
Zeolites are crystalline aluminosilicates with well-defined pore structure. “SiO4” and “AlO4”
tetrahedra build up the framework. These tetrahedra are the primary building units (PBU), which
can be arranged in many ways to form secondary building units (SBU), like double 4-member rings
and double 6-member rings. The various assemblies of SBU give rise to different zeolite structure
types.80 The International Zeolite Association assigns a three letter code to each framework type.
The commercial name of some zeolites are also widely accepted. For example, ZSM-5 represents
the zeolite which has MFI structure. Currently, about 230 types of framework are known and have
been named. For the same framework, the addition of other heteroatoms than aluminum to the
zeolite structure, such as boron, galium, titanium and germanium, has been achieved.81,
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Aluminophosphates (AlPOs) and silicoaluminophosphates (SAPOs) are also important zeolites. In
AlPO, Al3+ and P5+ ions are linked through an O atom to form a neutral framework.83 If Si4+ is
introduced, it preferentially replaces P5+. In the following, zeolites of BEA, CHA, ERI, FAU,
LTA, MAZ, MEL, MFI, MOR framework types are described due to their (potential) applications
in catalysis (Figure 1.15).84
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Figure 1.15 Zeolite frameworks: BEA (a), CHA (b), ERI (c), FAU (d), LTA (e), MAZ (f), MEL
(g), MFI (h), MOR (i).84
Beta is the zeolite with BEA structure, well-known for its inherent abundant defects.85 Beta
zeolites have been used in the production of cumene. The BEA framework structure is constructed
from interconnected four- and five-MR, which results in layers that contain a saddle-shaped 12MR. Adjacent layers are related to one another by a rotation of 90° and these well-defined layers
are stacked in a more or less random fashion. Two end-member structures, polytypes A and B,
have been observed in Beta (Figure 1.16).85 Within the same layer, if two different stacking
directions occur, the framework of the two stacking variants is unable to connect at the boundary
and therefore defects are created. The abundance of silanol groups in beta provides an opportunity
to synthesize hybrid materials by organic grafting. Due to the saddle-shaped 12-MR, the diameter
of the channels is only 6.6 × 6.7 Å² along the [100] direction and 5.6 × 5.6 Å² along [001]. Beta
zeolite has 9 different T-positions in the framework.
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Figure 1.16. Beta polytypes A (tetragonal, P4122, left) and B (monoclinic C2/c, right). Selected
units in consecutively stacked layers are shown in blue.85

SSZ-13 and SAPO-34 are zeolites with CHA (Chabazite) structure. Cu-SSZ-13 shows good
catalytic performance in the selective catalytic reduction (SCR) of NOx with NH3.86 SAPO-34 is
widely used on the conversion of methanol to olefins (MTO).87 CHA has a three-dimensional pore
system with ellipsoidal-shaped large cages (6.7 × 10 Å²) that are accessible via 8-MR windows
(3.8 × 3.8 Å²). Therefore, CHA zeolite is a small-pore zeolite. Erionite has ERI structure. As
another small-pore zeolite, the size of the 8-MR is 3.6 × 5.1 Å² along [001]. Erionite has 2 different
T-positions in the framework. Zeolite X and Y have FAU (faujasite) structure. They are widely
used in fluid catalytic cracking and hydrocracking. Sodalite cages are joined via hexagonal prisms
to form the so-called supercages (13 Å) that are accessible via 12-MR windows (7.4 × 7.4 Å²).
Such structure has been used to encapsulate metal clusters. Zeolite A has LTA structure. The LTA
topology is similar to the FAU framework type, but the sodalite cages share double 4-MRs and
consequently they have narrower channels. The pore diameter is defined by an 8-MR (4.1 × 4.1 Å²)
and a larger cavity is present with minimum free diameter of 11.4 Å. Zeolite omega has MAZ
structure. MAZ has one-dimensional channels composed of 12-membered rings (7.4 × 7.4 Å).
Recently, Cu-omega zeolite showed high activity in the direct conversion of methane to
methanol.88 Omega has 2 different T-positions in the framework. Mordenite has MOR structure.
Four units of five-MR and one four-MR are joined to form parallel 12-MR that are connected via
the eight-MR side pockets. The size of the 12-MR is 6.5 7.2 Å² along [001] and that of the eightMR side pockets is 3.4 × 4.8 Å² along [010].
ZSM-11 and silicalite-2 have MEL structure. ZSM-11 has similar structure to the well-known
ZSM-5 zeolite which has MFI structure.89-91 The intergrowth between MEL and MFI frameworks
is frequently observed, rendering the synthesis of pure MEL phase especially the pure silica form
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(silicalite-2) not easy. The ZSM-11 topology has only intersectional straight channels, whereas the
ZSM-5 topology consists of intersectional straight and sinusoidal channels. Therefore the diffusion
of large molecules is improved within the ZSM-11 channels. The size of the 10-MR is 5.4 × 5.3 Å²
along [100]. MEL has 7 different T-positions in the framework.
ZSM-5 and silicalite-1 that have MFI structure are the main study object in this thesis. ZSM5 are used in dewaxing, reformate upgrading, toluene disproportionation and isomerization of
xylene. The MFI structure contains two intersecting ten-MR channels that are formed from the
interconnected five-MR units. The straight channels along [010] have a size of 5.3 × 5.6 Å² and the
sinusoidal channels along [100] have a size of 5.1 × 5.5 Å². MFI can be synthesized with Si/Al
ratios from ~10 to infinity.
Two crystal symmetries have been identified in MFI zeolite. The orthorhombic (space group:
Pnma) ZSM-5 has 12 different T-positions in the framework while the monoclinic ZSM-5 (space
group: P21/n) has 24 different T-positions. The monoclinic–orthorhombic transition in MFI zeolite
is related to many factors, including the temperature, the composition of zeolites and the presence
of the guest molecules in the channel system.92-99 The phase transition does not change the
framework. However, the sinusoidal cross-sectional area changes from nearly circular in the
orthorhombic structure to elliptical in the monoclinic structure and thus the accessibility of the
sinusoidal channel is enlarged. In chapter 4, two silicalite-1 samples were prepared and showed
different amounts of defects. Although there is no direct evidence to relate the defects with the
crystal symmetry, the orthorhombic silicalite-1 in this thesis contained more inner defects.

Figure 1.17. Schematic representation of MFI zeolite crystallography: (a) pore organization in
rounded-boat crystals; (b) the 2- and 3-component models for coffin-shaped crystals.
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The intergrowth of MFI-type zeolites has been studied intensively on micron-sized crystals
by using different spectroscopic and microscopic techniques.100-103 Both two- and three- component
models have been proposed to represent the intergrowth structure. One important aspect is to
identify their crystallographic organization regarding to the straight and sinusoidal pores (Figure
1.17). The boundaries of the crystalline twinning are linear, two dimensional, and crystals with the
intergrowth generally possess some typical morphologies. The impact of intergrowth on the
diffusion and reactivity of a wide range of probe molecules has been reported at the single crystal
level.102, 103 Recently, the internal structure of nano-sized MFI crystals was studied by electron
diffraction which can distinguish individual single crystals.104 In chapter 5, the effect of intergrowth
on the meso-/macropore formation is studied by comparing the leaching behaviors of crystals with
and without intergrowth structure.
The distribution of aluminum over the crystallographic T sites is of interest since it influences
the catalytic performance and ion-exchange ability of zeolites.105-113 For high-silica zeolites such
as ZSM-5, “Al-pairs” [Al-O-(Si-O)1,2-Al] and “single” Al atoms [Al-O-(Si-O)3-Al] are present. An
indirect way to probe the position of “Al pairs” is based on monitoring of the distribution of divalent
Co(II) ions coordinated to framework oxygen atoms in Co-ZSM-5.108, 109, 112 To balance the positive
charge of Co(II) cations, two negative AlO4- charges are required. The d–d transitions of bare Co(II)
ions in the UV-VIS reflect the position of “Al-pairs”.
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Al MQ MAS NMR has been applied to

determine the crystallographic position of aluminum but still cannot distinguish all T-sites.109 There
are some reports regarding how to control the aluminum distribution. These include adjusting the
ratio between the organic structure-directing agents (OSDAs) and sodium cations, and introducing
boron to preferentially occupy specific T-sites.105 However, how to control and to characterize
aluminum distribution over the crystallographic T sites in ZSM-5 is challenging.
Aluminum-zoning is well-known for ZSM-5 crystals synthesized with tetrapropylammonium
ions (TPA+) as template. The first report originates from Von Ballmoos et al. which claimed that
the ZSM-5 crystal rim exhibited a higher aluminum content compared to the core.114 In the next
four decades, such a phenomenon was confirmed repeatedly by surface/bulk compositional
analysis,115, 116 base leaching experiments113, 117-119 and catalytic tests over large ZSM-5 crystals120,
121

. The distribution of aluminum over zeolite particles is discussed in detail in this thesis, including

its effects on meso-/macropore formation and the nucleation of zeolite.
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A recent trend in zeolite synthesis is to prepare ultrathin or nanosheet zeolites, i.e. synthesizing
2D zeolite materials.122-125 Stable single-unit-cell nanosheets of zeolite MFI have been prepared
using a template-assisted method.122 The nanosheets have a thickness of 2 nanometers which
facilitates molecular diffusion. The repetitive branching method during one-step hydrothermal
crystal growth, also results in MFI nanosheets with a “house-of-cards” arrangement.124 These
nanosheets show potential applications in catalysis and gas separation due to their high external
surface area and reduced micropore diffusion length.

3.2 Zeolite synthesis
Zeolites are generally synthesized by hydrothermal treatment. This is realized in a basic medium
where a silicon and an aluminum source, alkali cations, a mineralizer, a template, zeolite seeds,
and a solvent (such as water) are mixed. The first step is to prepare the above mixture by adding
the constituent species in order at low temperature. After the subsequent formation of a gel or clear
solution, the precursor is then transferred into a Teflon liner located in an autoclave (Figure 1.18a,
b) and heated to 80 °C ~ 300 °C. Note that the amorphous precursor is generally not homogeneous
in terms of their physical states.126 Precursors range in complexity from oligomeric molecules and
colloidal particles, to the gel comprised of heterogeneous silica and alumina domains. Static ovens
are generally used to provide heating. In some cases where the precursor mixture needs stirring,
either rotating ovens or special autoclaves fitted with a stirring bar inside are applied to adjust the
nucleation/crystallization kinetics.

Figure 1.18. Photographs of the used reactor for zeolite synthesis: (a) 50-ml stainless autoclave;
(b) Teflon liner; (c) Teflon liner for dry gel convention where dry gel is put inside the upper basket
and water is placed in the bottom; (d) stainless steel tubular reactor.
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Dry gel convention (DGC) is another route to synthesize zeolite materials. This approach
relies on the crystallization of the dry and amorphous (metallo)silicate gel powder in the presence
or absence of vapor streams.127, 128 Two methods are distinguished depending on whether the
solution in the liner bottom contains a structure-directing agent or not, namely the vapor-phase
transport (VPT) and steam-assisted crystallization (SAC). Figure 1.18c displays our lab-made
Teflon liner which can achieve dry gel conversion. Compared to the conventional hydrothermal
treatment, the DGC method minimizes waste and, meanwhile, increases the solid yield of product.
Ultrafast synthesis of zeolites can be achieved by adding seeds, and/or using a stainless steel
tubular reactor, which provides faster heat transfer (Figure 1.18d).129 In some cases, heat transfer
affects the framework type that is obtained, since different zeolite frameworks prefer to nucleate
in different temperature ranges. Continuous flow synthesis of ZSM-5 zeolite on the order of
seconds was achieved recently.130 Overall, zeolite synthesis is making progress toward the direction
of being faster and more environmentally-friendly.
Zeolite synthesis generally proceeds in a basic medium because hydroxide ions catalyze the
depolymerization of the aluminosilicate gel, by breaking Si–O–Si and Al–O–Si bonds, and
catalyzing the polymerization of the aluminosilicate anions around the hydrated cation species by
remaking the Si–O–Si and Al–O–Si bonds. Recently, the role of hydroxyl free radicals (•OH) in
accelerating zeolite crystallization is also confirmed.131 Zeolites can also be synthesized in fluoride
medium at a near-neutral pH. This leads to a longer synthesis time and the crystals possess fewer
non-bridging ≡SiO- defects.132 The synthesis parameters for zeolites are usually interdependent.
Generally, a higher alkalinity accelerates dissolution of the precursor and thus promotes nucleation.
An increased number of nuclei favors the production of smaller zeolite crystals.133 As to zeolite
crystallization, the traditional mechanism, which involves nucleation followed by crystal growth
on the nuclei faces more challenges posed by new evidences. The important role of particle
attachment in the crystallization. The concept of “particle” covers various species, as illustrated in
Figure 1.19.134 Recently, the coexistence of classical and non-classical mechanisms has been
confirmed in the synthesis of silicalite-1, which involves the attachment of silica molecules and
metastable silica nanoparticle precursors.135
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Figure 1.19 Pathways to crystallization by particle attachment. In contrast to monomer-bymonomer addition as envisioned in classical models of crystal growth (gray curve), crystallization
by particle attachment occurs by the addition of higher-order species ranging from multi-ion
complexes to fully formed nanocrystals.134

The elucidation of zeolite crystallization mechanisms is very much dependent on the
advancement of in-situ techniques sensitive to this process. Methods for in situ probing of the
synthesis of a zeolite has been reviewed.136 Suitable techniques include X-ray diffraction (XRD),
small-angle X-ray scattering (SAXS), X-ray adsorption spectroscopy (XAS), infrared spectroscopy
(IR), Raman spectroscopy, nuclear magnetic resonance spectroscopy (NMR) and atomic force
microscope (AFM). How to design a cell which can mimic the environment of zeolite
crystallization, and at the same time, satisfy the requirements of the applied in-situ technique is
extremely important, if one is to obtain reliable and real-time information regarding the
crystallization process. However, until now a general scenario, that is able to elucidate all
experimental findings, has still not been achieved. The complexity originates from the
heterogeneity in many aspects, for instance the state of the amorphous precursors; the distribution
of constituent species; the spatial and temporal location of crystallization events; and the varying
synthesis conditions, such as temperature, pressure and time.

3.3 Post-synthesis treatment of zeolites
The superior shape-selectivity of zeolites originates from their regular microporous channels.
However, this feature also poses limitations in their application to catalysis. On the one hand, the
diffusion of large molecules from and to the active sites is hindered due to the molecular
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dimensional size of micropores.137-142 On the other, a preferential location of active species
supported in the zeolites is the outer surface of zeolite crystals.140, 143-145 As a result, metal clusters
and/or nanoparticles tend to agglomerate due to their mobility on crystal surface, giving rise to the
decreased catalytic performance. For a long time, researchers explored methods to circumvent
issues that come with the microporous nature of the zeolite channels.
Ordered mesoporous materials (OMM) with regular pores in the range of 2-15 nm have
intensively been developed since the 1990s.146-148 However, industrial applications of such
materials are still rare since they generally have low thermal stability, low acidity, and only
unidirectional pore systems. In catalysis, most researchers focus on the functionalization of OMM
by grafting or one-pot crystallization to introduce new active sites. Synthesizing wide-pore zeolites
containing rings of 12 or more T-atoms is an option. Recently, the ITQ series of zeolites (ITQ-15,
ITQ-21, ITQ-33), which have wide-pores and multidirectional channels, have attracted a lot of
attention.149, 150 However, how to simplify their synthesis in order to satisfy the demands of scaledup production, remains an area that still need to be explored. For a given zeolite framework in
industrial use, there are generally two ways to introduce mesopores or macropores into the
system.137 The first is the bottom-up approach which involves the incorporation of “porogent”
during zeolite synthesis that is subsequently removed through leaching or thermal treatment. The
second one is a top-down approach. In this instance, purely microporous zeolites are prepared and
post-synthesis treatment are used to partially remove framework species. This results in zeolite
crystals that have hierarchical pore networks where both micropores and meso-/macropores are
present.
Steaming and acid leaching of zeolites are typical methods of post-synthesis treatment. Meso/macropores are introduced by removing aluminum and silicon atoms from zeolite framework.
Besides, the steaming of Y zeolite has been implemented to produce ultra-stable Y zeolites (USY)
that are widely used in fluid catalytic cracking (FCC) processes.151 However, one big issue related
to this procedure is the production of extraframework aluminum (EFAL) species. Some EFAL can
be removed from the zeolite while other species remain associated with the zeolite structure.
Whatever the case, dealumination is generally accompanied by the loss of acid sites.
Desilication of zeolites by base leaching has been intensively studied after the report by
Dessau et al. in 1990s.113 Systematic studies by Groen et al. over ZSM-5 confirmed that controlled
desilication mainly induces intracrystalline mesoporosity whereas preserving most of the original
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microporosity.117,

152-154

Many parameters, such as time, temperature, and stirring speed and

material related parameters associated with framework Si/Al ratio, crystal size, and different
framework types, have been investigated. A suitable Si/Al ratio range is important to adjust the
mesoporosity development. Aluminum in framework positions suppresses the extraction of
neighboring silicon species since the negative charge of aluminum protects the crystal against
hydroxide attack. Besides the aluminum content, the presence of defects is reported to affect
mesopore formation.155, 156
Insights into what happens during base leaching is important from the point of view of
application. For zeolite crystals with uniform aluminum distribution, leaching-induced mesopores
are most often randomly distributed. By mixing the base solution (usually sodium hydroxide or
sodium carbonate) with some additives, such as the agents that serve as templates to synthesize
microporous or ordered mesoporous zeolites, enclosed mesopores (that can be only accessed from
rim micropores),157 and regularly-arranged mesopores (uniform size),158 are created. This indicates
a dissolution-crystallization process. In some cases, even without any templating-additives, “atom
planting” can be achieved during the base leaching by incorporating heteroatoms into the
framework.159 The reinsertion of aluminum has been proposed to account for the enrichment of
aluminum species on the outer surface of leached crystals.154 These observations possibly point
toward a dynamic process during mesopore formation that results from base leaching.

4 Hollow Zeolites

4.1 Preparation of hollow zeolites
Hollow zeolites, as one special type of hollow materials, present some unique features.33, 118, 143, 144,
160-197

Hollow zeolites are crystalline materials and therefore their structure can stand severe

reactive conditions. Moreover, their microporous shell endows the hollow structure with the shapeselective property intrinsic to zeolites. The aluminosilicate shell retains the inherent acidity of the
zeotype and the porosity of the shell can be tuned by suitable post-synthesis treatments. As a result,
hollow zeolites can be applied in complex reactive systems. The preparation of hollow zeolites is
similar to that of other hollow materials, and includes the use of soft-templating, hard-templating
and template-free approaches. The latter approach mainly refers to the preparation of hollow
zeolites by controlled desilication.
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4.1.1 Inert hard-templating method
Inert hard templates act as supports, to attract the zeolite constituent species that are removed to
form the hollow zeolite structure. The constituent shell species can be classified into two types: the
amorphous zeolite precursors and the crystalline zeolite nanocrystals. In the former case, the
precursor species are attracted to the template surface. A mild hydrothermal treatment then induces
zeolite crystallization at the surface the template. The initially formed surface zeolites then act as
seeds that facilitate the crystallization of precursor species at the surface. The interaction between
the template and the precursor species is the key for the method mentioned above. Chu et al.
adopted the carbon bead as the inert template and prepared hollow MCM-22 zeolites (Figure
1.20).173 Due to the interaction of –COH, -COOH of carbon bead and the –NH, -SiOH of precursor
species, MCM-22 precursor gel was preferentially attached to the bead surface. The
carbon@zeolite core-shell structure was formed during zeolite crystallization and a calcination
removed the solid carbon core forming a hollow structure.

Figure 1.20 Schematic representation of the growth process of the hollow MCM-22.173

The adsorption of zeolite nanocrystals (building blocks) to an inert template refers to layerby-layer (LBL) assembly which was mentioned in section 1.2 (Figure 5c). In the case of zeolites,
the mostly used template is polystyrene (PS) latex which is negatively charged. The zeolite
nanocrystals are also negatively charged in base solution. To build the interaction between PS and
the nanocrystals, the PS is firstly modified by cationic poly(diallyldimethylammonium chloride)
(PDDA)

and

anionic

poly(styrenesulfonate,

sodium

salt)

(PSS)

in

order

of

PDDA/PSS/PDDA/PSS/PDDA. Then nanocrystals and PDDA are alternately adsorbed (Figure
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1.21).161 To remove the PS latex template and the polymers, the sample is subject to a thermal
treatment. This method has been applied to different zeolites, including ZSM-5, Beta, zeolite A,
and zeolite Y.164 The thickness of the shell and, the robustness of hollow zeolites can be adjusted
by tuning the number of adsorption cycles. Note that LBL assembly is achieved in a very dilute
solution. Centrifugation, washing and re-dispersion of particles are involved after each adsorption
steps, which makes this procedure time-consuming. The requirement for small nano-sized crystals
is also necessary to form hollow crystals with robust shells.

Figure 1.21. The procedure for preparing hollow zeolite spheres via layer-by-layer (LBL)
assembly.

Template conversion method
By contrast to the use of inert templates, “active” templates can act both as support and as provider
of “building blocks” of hollow zeolites. The inner part of the template is consumed first by
dissolution and the zeolite crystallites then grow on the template surface using the dissolved species.
These types of templates are generally, therefore, silica or aluminosilicate materials which can
provide the “nutrition” required for zeolite formation. Wang et al. have prepared hollow ZSM-5
zeolites using scarifying mesoporous silica spheres (MSS) as the “active” template (Figure 1.22).175
Isopropylamine (IPA) was used as structure-directing agent (SDA). Its mild structure-directing
ability triggered a stepwise crystallization of MSS after aluminum addition. The sphere surface was
crystallized to a shell of ZSM-5 crystals and then the silica and alumina species in the core
condensed and crystallized to ZSM-5. The obtained ZSM-5 spheres maintained the shape of
pristine MSS, but exhibited a hollow structure.
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Figure 1.22 The formation mechanism of the hollow and core/shell ZSM-5 zeolite spheres: (A)
mesoporous silica spheres, (B) mesoporous aluminosilica spheres, (C) spheres with dense shell and
porous core, (D) spheres with a shell of ZSM-5 and a porous core, (E) spheres with shell of ZSM5 and ZSM-5 aggregates in the core, (F) hollow and core/shell ZSM-5 spheres.175
Besides using amorphous silica as the active “template”, zeolite crystals can also be used as
templates, where intercrystalline transformation can change a solid zeolite into a hollow zeolite.
Hollow Y zeolite can be prepared from beta zeolite in this way (Figure 1.23).176 Crystals of zeolite
Y were added to the suspension comprising beta zeolite crystals and sodium hydroxide. The smaller
Y zeolites were dispersed on the beta crystals surface and acted as seeds. The continual dissolution,
accompanied by the further crystallization of zeolite Y, results in the formation of BEA-FAU
hollow spheres within which the shell was mainly composed of Y zeolites.

Figure 1.23 Schematic representation of the process for the formation of BEA-FAU hollow spheres
from solid BEA crystals.176

Controlled dissolution
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In the early 1990s, Dessau et al. found the anisotropic dissolution of ZSM-5 crystals upon treatment
in hot alkaline Na2CO3 solution, which was attributed to the uneven aluminum distribution within
zeolite crystals.113 After that, researchers further developed the leaching method as a way to
prepared hollow zeolites.117-119 First, zeolite crystals with distinct distribution of compositions
and/or structural properties (that is, defects) are synthesized. Next, under mild leaching conditions,
the core part of pristine zeolite crystals can be selectively removed, while the shell part remains
relatively intact. This controlled method for the preparation of hollow zeolites is the main approach
used in this thesis.

4.2 Application of hollow zeolites
Hollow zeolites, are mostly used to encapsulate other species as a result of the tunable size of
cavities whilst retaining the uniform microporosity and high hydrothermal stability of the zeolite
shell. Encapsulation can isolate nanoparticles from each other and thus prevent their sintering under
harsh catalytic conditions. Furthermore, the microporous nature of the shell acts as a molecular
sieve that can protect metal nanoparticles from external poisoning, for example by bulky sulfurcontaining compounds. In some cases, the problem of leaching of the active species can also be
alleviated by encapsulation within a zeolite shell. Table 1.1 lists recent applications of hollow
zeolites in catalysis. The shell part of hollow structures are either polycrystalline or single crystal.
For the guest species, metal or metal oxide nanoparticles, bimetallic nanoparticles, heteropoly acids,
carbon nanotube have been successfully placed into the in the cavity.

Table 1.1 Recent typical application of hollow zeolites in catalysis.
Hollow zeolite type

Reaction

Shell: silicalite-1

Esterification of acetic acid with ethanol to ethyl

Core: Heteropoly acids

acetate

Shell: silicalite-1

Effective CO selective oxidation catalysts in the

Core: platinum nanoparticles

presence of propylene acting as a poison.

Shell: silicalite-1
Core: platinum nanoparticles
Shell: silicalite-1
Core: nickel, copper, cobalt

Ref
181

182

Hydrogenation of alkene (toluene vs mesitylene)

183

Hydrogenation of alkene (toluene vs mesitylene)

184
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Suzuki–Miyaura reaction (aryl bromide and
Shell: silicalite-1

phenylboronic acid)

Core: palladium, palladium-

187

copper nanopaticles
Shell: silicalite-1
Core: nickle-platium

Methane dry reforming (CO2 + CH4

CO +H2)

189

Hydrogenation of alkene (toluene vs mesitylene)

190

Degradation of phenol

191

nanoparticles
Shell: ZSM-5
Core: platinum nanoparticles
Shell: silicalite-1 or ZSM-5
Core: iron oxide nanoparticles

Figure 1.24 (a) Left: HRTEM picture of sample Pt@silicalite-1 showing the single crystal nature
of the hollow zeolite calcined at 450 oC and reduced in H2 at 300 oC. Right: HRTEM picture
showing the sample after reduction in H2 at 750 oC. (b) Conversion during the hydrogenation of
toluene over the Pt@silicalite-1 and a Pt/SiO2. (c) Conversion during the hydrogenation of
mesitylene over the Pt@silicalite-1 and a Pt/SiO2.183
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Li et al. adopted the controlled method and prepared Pt@silicalite-1.183 The zeolite shell has
single crystal nature and a perfect microporous structure. The size of platinum nanoparticles is
around 10 nm (Figure 1.24a). To confirm the possibility of selectively reacting molecules based on
size or shape selectivity, a Pt/SiO2 catalyst was prepared as well by impregnation to compare. The
hydrogenation of toluene (diameter 0.61 nm) and mesitylene (diameter 0.87 nm) were studied
(Figure 124b, c) on both Pt/SiO2 and Pt@silicalite-1 catalysts. The Pt/SiO2 catalyst showed activity
to both substrates while the Pt@silicalite-1 catalyst only shows activity to the hydrogenation of
toluene.

4.3 Opportunities and challenges of hollow zeolites
Hollow zeolites, which have both the advantages of hollow structures (encapsulation of guest
species in the cavity) and zeolite materials (hydrothermal stability and shape selectivity), bring
more opportunities for their catalytic applications. However, until now, there is no industrial
application of hollow zeolites. The preparation of hollow zeolites through controlled dissolution
should allow for easy scale-up production. Templating methods, which are generally achieved in
very dilute solution and yield milligram-scale hollow materials, appear less amenable to the larger
scale production that would be required for application. One can imagine that to achieve kilogramscale production in these cases a very large reactor would be necessarily required. Procedures such
as the LBL assembly, also have their drawbacks; they are very time-consuming, as several steps
are involved. In contrast, controlled dissolution appears to be a much more promising and
practicable route. Indeed their preparation is sometimes even easier than the production of the
starting microporous zeolites themselves. In the lab, although we did not go to the pilot test scale,
hollow zeolites produced using this approach can be easily prepared at the gram-scale per batch in
short period.
In most cases, hollow zeolites are used to encapsulate guest species. Due to the microporous
shell, the guest species and their precursors cannot easily go through the shell. To solve this
problem, a “ship-in-bottle” method is adopted to selectively locate the guest species in the cavity.
However, the encapsulation of some guest species is still a big challenge. Zeolites with MFI
structure is mostly studied to prepare hollow zeolites. How to extend the hollow structure to more
zeolite topologies is not intensively reported. Therefore, the exploration of hollow zeolites needs
more works and efforts.
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5 Scope of thesis

The goal of this thesis is to synthesize different mesoporous zeolites and hollow zeolites by crystal
leaching, and to understand their formation mechanism using advanced characterization techniques.
This is important for optimizing the mesopore/macropore that are produced by leaching for further
functionalization and application of zeolites. Here, the work is performed to solve the following
issues: how to characterize the compositional and structural features of zeolites at the single crystal
level; how the compositional and structural features of zeolites affect the formation of mesopores
and macropores; how to use the compositional and structural features to tune the
mesopore/macropore formation from the point of views of both the synthesis and the post-synthesis
of zeolites. Here, the composition feature of zeolites refers to the distribution of aluminum over a
crystal while the structural feature refers to the distribution of defects. Chapter 3 describes the
methods used to modify the properties of hollow zeolites. By changing the leaching severity,
mesopores can be selectivity introduced to different locations of a crystal. In chapter 4, several
advanced electron microscopy techniques, including cryo-TEM and electron tomography, are
employed to reveal pore evolution during the controlled leaching process in the real-time. The timeresolved images of the leached crystals provide details on the mesopore formation to form hollow
zeolite crystals. Chapter 5 presents a labeling method which permits visualization of the silanol
defects present in silicalite-1 at the single crystal level. The distribution of gold clusters as labels
also correlate with mesopore formation within the silicalite-1 crystals. Since the synthesis
conditions influence the properties of hollow zeolites, a systematic study is performed in chapter
6. The results obtained provide clear insights into features of meso-/macrospores that are related to
zeolite synthesis and the resulting compositional and structural properties of zeolites. In chapter 7,
the influence of the crystallization process on the properties of zeolite crystals and the resulting
mesopore formation is investigated in detail. By adjusting the synthesis conditions, defects are
introduced to the shell part of crystals and thus typical mesopores are created in the shell of hollow
zeolite crystals after acid leaching. In chapter 8, the heterogeneous nucleation that results from an
uneven aluminum distribution is presented. The spatial heterogeneity in zeolite nucleation
correlates with the compositional heterogeneity of the precursor particle, as the amorphous particle
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rim has possessed a higher aluminum content before turning into a crystal. The chapter 9 presents
the final conclusions and outlook.
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Powder X-ray diffraction
Powder X-ray diffraction (XRD) is a fundamental technique to determine the crystalline structure
of solids. It enables identifying the purity of crystalline materials and determining their degree of
crystallinity. For a conventional lab diffractometer, the metal target to produce X-rays is copper.
The accelerated electrons collide with the copper target and ionize Cu 1s electrons. An electron
from the outer orbital (2p) fills the vacant 1s level and the energy released in the transition appears
as X-radiation, the so-called Cu Kα. The wavelength is 0.1541 nm.
Atoms in a crystal scatter the X-rays. If the X-rays that are scattered from different crystal
planes are in phase, their amplitude is reinforced, giving rise to constructive interference. On the
other hand, if they are not in phase, they are extinguished. Because constructive interference only
occurs in specific directions, diffraction patterns are observed as a function of the angle between
the incoming and scattered X-rays. Tattice spacing can be calculated according to the Bragg
relation:
2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆

(2.1)

where d is the lattice spacing, n is the order of the reflection, λ the wavelength of the X-rays,
and θ the angle between the incoming X-rays and the reflecting planes (Figure 2.1).

Figure 2.1 Diffraction of X-rays by a crystal in Bragg condition.1

For the identification of the crystal phase, the easiest way is to compare the measured pattern
to the JCPDS (Joint Committee on Powder Diffraction Standards) reference patterns. The
standard JCPDS files are usually installed on the software used to analyze XRD spectra. In
addition, the XRD patterns of known structure types of zeolites are compiled in the “Collection
of Simulated XRD Patterns for Zeolites”.2 It is however possible, that for a given type of a zeolite,
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multiple phases exist. For example, the MFI zeolite has two possible phases: orthorhombic and
monoclinic. They have minor differences in the 2θ positions.3 Furthermore, the intensity and
precise position of the diffraction peaks are influenced by the templated species entrapped in the
zeolite channels.4 The incorporation of heteroatoms in a zeolite structure affects the size of unit
cell. The incorporation of gallium, titanium, tin or iron atoms increases the size of unit cell, while
boron results in a decrease. Mixing a highly crystalline material, such as the crystalline silicon, to
the measured material as an internal standard helps to quantify the relative crystallinity of the
sample of interest. It is paramount to ensure a good mixing of the internal standard with the sample.
Consistently, operation in terms of using a fixed percentage of standard, the same sample holder,
and the same weight of measured material, is highly preferred. In some cases, the 2θ position of
diffraction peaks may shift slightly due to instrumental error or differences in sample preparation.
The presence of amorphous material generally results in a broad peak (hump) in the pattern, which
can be subtracted when calculating crystallinity. Instrumental error, lattice strain, and limited
crystallite size lead to peak broadening.4 The particle size can be calculated by the Scherrer
equation but is limited to nanoscale particles (generally smaller than 100 nm). In high 2θ region,
shoulder peaks or separated small peaks may show up due to the scattering of the Cu Kα2 radiation
(wavelength 0.1544 nm). The separation between the main peak and the "shoulder peak" increases
with the scattering angle due to the sine function in Bragg's law. The detection limit of XRD is
around 5% for crystalline and amorphous materials mixtures. In some cases, diffraction spots can
be observed by electron diffraction for the material that is “X-ray amorphous”. Herein, the powder
X-ray diffraction patterns (XRD) were collected at room temperature on a PANalytical X’Pert
PRO MPD diffractometer with Cu Kα radiation. The diffractograms were measured between 570º with a step size of 0.05º.

Atomic absorption spectroscopy
Atomic absorption spectroscopy (AAS) is based on the property of an atom to absorb light of a
specific wavelength. The net absorbance is proportional to the number of atoms in the light path.
Therefore, the concentration of the element can be measured. The Si/Al ratio of zeolites was
measured with a Varian SpectrAA 220FS atomic absorption spectrometer. Prior to measuring,
samples were digested in a 2:3 solution of HF (40%) and HNO3 (2.5 M) and diluted with distilled
water to the required volume. The use of HF requires special safety precautions.
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Nitrogen physisorption
Nitrogen physisorption is applied to characterize the porosity and surface area of materials. The
adsorbed amount of nitrogen is measured as a function of relative pressure. By analyzing the
isotherms and using different models for quantitative measurement, textural properties such as
the pore size, surface area and pore volume are determined. Micropores have a pore size below 2
nm, mesopores are in the range between 2 and 50 nm and macropores have a pore diameter above
50 nm. Figure 2.2 shows six types of isotherms as determined by the IUPAC.5 Type 1 isotherm is
typical for microporous materials, such as zeolites. At low pressure, an increase in the relative
pressure leads to filling of micropores due to the abrupt gas adsorption. The nitrogen adsorption
approaches a limiting value when all micropores are filled. The type 2 isotherm is typical for nonporous and macroporous materials, where formation of multilayers is not restricted. At first, the
adsorption volume rapidly increases at low relative pressures due to interaction of the adsorbate
molecules with the higher energetic region followed by the interaction with any less energetic
region. When the monolayer formation of the adsorbed molecules are complete, multilayer
formation starts to take place resulting in a ‘sharp knee' of the isotherms. As the relative pressure
approaches unity, an abrupt rise in absorbed volume is observed, which indicates the bulk
condensation of adsorbate gas to liquid. Type 3 and 4 isotherms are only observed if the adsorbentadsorbate interaction is weaker than the interaction between adsorbate and adsorbate. The type 5
isotherm is characteristic for mesoporous materials, where the hysteresis loop is diagnostic for
the presence of mesopores. Capillary condensation takes place at a certain adsorbate layer
thickness, which causes the sudden increase in nitrogen uptake. Emptying these pores upon
decreasing the pressure occurs at a lower pressure because of a different evacuation upon
desorption. The type 6 isotherm is seldom observed and complex.
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Figure 2.2 Isotherm types according to IUPAC definition.5

For mesoporous materials, the shape of the hysteresis loop provide information about the
pore geometry (Figure 2.3).5 For type 1 hysteresis loop, the adsorption and desorption branches
are almost vertical, which is usually observed for materials with cylindrical pores. The type 2
hysteresis loop refers to materials with disordered pore structure and associated with ink-bottle
pores, which means that wider pores are accessible through narrow openings only. The type 3 and
4 hysteresis loops are typical for plate-like particles having slit-shaped pores.

Figure 2.3 Hysteresis types according to IUPAC definition.5

The Brunauer, Emmett and Teller (BET) model is widely applied to determine the total
surface area.6 It assumes that all the adsorption sites are energetically identical for multilayer
adsorption and that all the layers after the first have liquid-like properties. The equation is
expressed as follows:
1
𝑉(𝑝0/𝑝−1)

=

𝑐−1
𝑉𝑚

59

𝑝

1

(𝑝0) + 𝑐𝑉𝑚

(2.2)

where p and po are the equilibrium and the saturation pressure of adsorbates respectively, at the
temperature of adsorption, V is the adsorbed gas quantity, Vm is the monolayer adsorbed gas
quantity, and c is the BET constant. By analyzing the BET plot, Vm is obtained. The Vm value is
proportional to the specific surface area of the adsorbent, so the BET surface area is calculated as:
𝑆 = 𝑉𝑚 𝑁𝐴 𝜎

(2.3)

where NA is the Avogadro constant and σ the average area occupied by a nitrogen molecule with
σ = 0.162 nm2.
The t-plot method is used to determine the external surface area and micropore volume.7 The
measured adsorbed volumes are plotted against a statistical layer thickness t. For zeolites, the
statistical thickness was calculated with the semi-empirical formula of Harkins and Jura8:
13.99

𝑡 = √(𝑙𝑜𝑔(𝑝/𝑝0)+0.034)

(2.4)

The thickness of the adsorbed nitrogen multilayer in a porous sample is plotted against the
adsorbed volume. The positive intercept of the linear part is indicative of the micropore volume.
The total pore volume is measured as a single point when the pores are fully filled, typically at
p/po = 0.95~0.98. The difference between total pore volume and the micropore volume is the
mesopore volume. The slope of the linear branch is proportional to the external surface area. The
micropore surface area is indirectly determined from the difference of the total and external
surface areas.
Nitrogen physisorption isotherms were measured with a Micromeritics Tristar instrument at
77 K. Zeolite samples were degassed at 300 °C under vacuum for four hours prior to the
physisorption measurements. The surface area was derived using the BET model. The external
surface area and micropore volume were derived from constructed t-plots. Finally, the total pore
volume was determined from a single point measured at p/po = 0.96.

Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass of a sample
is measured as a function of temperature changes over time. The derivative of this curve is
derivative thermogravimetry (DTG), which gives the position of the inflection points enabling
simpler data interpretation. Here, the thermogravimetric analysis was performed with Mettler-
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Toledo TGA/SDTA851 equipment. The sample was heated to 750 °C in air at 20 °C/min heating
rate.

Infrared spectroscopy
Infrared spectroscopy is related to the rotational and vibrational excitations of molecules. In this
thesis, IR spectroscopy is used to detect hydroxyl groups in various environments. Fouriertransform infrared spectra were collected on a Bio-Rad FTS 3000 instrument. The samples were
pressed into self-supporting wafers, placed in the IR cell, and evacuated at 400 °C for 2 h under
vacuum. After cooling to 40 °C, spectra were collected by averaging over 512 scans.

Electron microscopy
Electron microscopy include a wide variety of important techniques. The electron microscopy
setup comprises of a microscope column, a specimen chamber, a vacuum system and a control
system. The electron beam, which is accelerated down the column, is produced by electron guns.
A series of lenses (condenser and objective lens) are used to control the electron beam as well as
to focus the beam on the specimen. The electron beam can be optimized through apertures. The
interaction between the electron beam and the specimen results in various signals that include the
information for different analysis techniques using electron microscopy (Figure 2.4).9 Electrons
undergo elastic scattering, where the energy of the incident electron beam does not change once
interacting with the electron cloud and nucleus in the specimen. As to inelastic scattering, the
energy loss of the electron beam results in characteristic X-rays, bremsstrahlung, secondary
electrons, Auger electrons and cathodoluminescence.
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Figure 2.4 Signals generated from electron-matter interaction of the incident electron beam.9

Secondary electrons (SE) and backscattered electrons (BSE) result from inelastic and elastic
electron-matter interactions, respectively (Figure 2.5).10 The incident beam is focused to a few
nanometer and raster over the sample pixel by pixel and line by line. Secondary electrons are
emitted from the upper layer of the sample with an energy typically below 50 eV. Images formed
by detecting secondary electrons provide information about the topology and morphology of the
sample. The yield of backscattered electrons is determined by the atomic number of the element
when the acceleration voltage is fixed. A heavier element has a higher probability to produce BSE
and therefore images by detecting such electrons give information on the composition distribution.
In this work, scanning electron microscopy (SEM) images were obtained using a Zeiss Gemini
1530 instrument.

Figure 2.5 The interaction volume in compact samples.10
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Transmission electron microscopy (TEM) is a powerful tool to analyze nano-sized particles.
By switching the measurement between “diffraction mode” and “image mode”, one can obtain
diffraction patterns or images of the analyzed sample (Figure 2.6).9 For crystalline materials, each
set of parallel lattice planes in real space causes a pair of reflections in reciprocal space. If TEM
is switched to “diffraction model”, bright spots or rings are observed on the diffraction plane. By
using objective aperture, one can choose the type of beam. Bright or dark field images are
achieved by using forward scattered beam or one diffracted beam respectively to illuminate
samples. The contrast visible in electron micrographs is the difference in intensity between two
adjacent areas. In non-crystalline materials, the major contribution to the observed contrast stems
from mass-thickness contrast. A greater number of electron are scattered by areas with high massthickness. Therefore, the low mass-thickness areas appear bright in the bright field image while
they are darker in the dark field image. Diffraction contrast is another important imaging
mechanism. For the crystalline part which diffracts the beam more, it shows dark area and bright
area in bright and dark field image, respectively. In this work, TEM images were obtained with
Tecnai F30 microscope operated at 300 kV.

Figure 2.6 The switching between “diffraction mode” and “image mode”.11

Due to the small thickness of samples that is required to perform high-resolution TEM
(HRTEM), phase contrast plays a main role in the HRTEM images. A part of the incident wave
that penetrates the thin sample is scattered and the wave experiences a change in phase. This
change relates to the spatial position. Behind the sample, the forward wave and diffracted waves
interfere with each other, forming the exit-waves. When the exit waves propagate in the imaging
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system, the phase change is altered further. A contrast transfer function (CTF) is used to describe
such a change.12 Therefore, the direct interpretation of HRTEM image is impossible without
image simulation. An important role of HRTEM is to determine the crystal structure and/or
defects with atomic resolution. The point resolution ∆x for HRTEM is as follows:
4

∆𝑥 = 0.66 √𝐶𝑠𝜆3

(2.5)

where Cs is the spherical abbreviation and λ is the wavelength of the electron beam. The point
resolution for the Tecnai F30 microscope is around 2 Å.

Figure 2.7 The detectors and STEM signals.13

In scanning transmission electron microscopy (STEM), a convergent electron beam is
focused on and scanned over the specimen. The detector behind the sample is located in the
diffraction plane. Three kinds of signals can be obtained depending on the position of detectors.
These signals provide information on the compositional and structural properties of the sample
(Figure 2.7).13 Similar to TEM, mass-thickness contrast and diffraction contrast affect the images
formed by either collecting forward scattered beam using a bright field detector or low-order
diffracted beams using an annular dark field detector. It is also possible to collect the scattered
electrons at high angle with an annular detector. The high-angle annular dark-field (HAADF)
detector is a ring-shaped detector centered on the optic axis and used to record electrons scattered
by heavy elements (Z-contrast) or the thicker areas of the specimen. Heavy elements that
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strongly scatter electrons appear as bright spots in HAADF-STEM electron micrographs. The
point resolution of STEM is:
4

∆𝑥 = 0.43 √𝐶𝑠𝜆3

(2.6)

and therefore, aberration-corrected (AC) STEM is widely used to detect individual heavy atom
in catalysts.14, 15 HAADF-STEM measurements were carried out with a Hitachi HD-2700CS
microscope or a Talos F200X both operated at 200 kV.

Figure 2.8 The energy-dispersive X-ray spectroscopy (EDX) and electron energy loss
spectroscopy (EELS) in an STEM.11

Analytic SEM/TEM/STEM generally refers to electron microscopy combined with energydispersive X-ray spectroscopy (EDX) or electron energy loss spectroscopy (EELS). The small
electron probe in STEM is ideal for local chemical analysis, with atomic resolution chemical
analysis being possible in some cases. The electron beam can be positioned on the point of interest
or used to record the spectra along lines or within frames to map the chemical nature of the sample.
The X-rays emitted from the sample are two types: characteristic and uncharacteristic X-rays. The
characteristic X-ray is related to the inner shell ionization of atoms while the uncharacteristic X65

rays with lower energy (bremsstrahlung) is caused by the deceleration of electrons in the Coulomb
field of nucleus. The former is used to obtain chemical information of the probed area. Excitation
of core electrons of the atoms in the sample leads to element-specific energy losses, and thus,
electron energy loss spectroscopy (EELS) can be used for element identification. A spectrometer
behind the sample disperses the electrons according to their energy loss. Since a threshold energy
is necessary to transfer an electron from its initial to the lowest unoccupied state, the signal is
extended above the threshold energy building up an edge that is similar to X-ray adsorption
spectroscopy. The electron energy loss near edge structure (ELNES), which is analogous to
XANES, reflects the local density of unoccupied states, and the extended energy loss fine
structure (EXELFS), analogues to EXAFS, provides information on the local atomic arrangement.
Electron tomography (ET) is a technique that retrieves 3D structural information from a tilt
series of 2D projections.16, 17 The model object is generally recorded between -60º and 60º and
the individual micrographs are finally reconstructed to a three-dimensional representation. In this
work, the electron tomography acquisition conditions are as follows: typical angular sampling: 66º to +66º at 2º increments; magnification: 24000 x; defocus: -1 µm; total image number: 67;
total electron dose: 1 𝑒 − /Å2 /image. Alignment and reconstruction was carried out in IMOD
software using SIRT with 30 iterations.
The original rationale for cryo-TEM was as a means to fight radiation damage for biological
specimens.18 In 2017, the Nobel Prize in Chemistry was jointly awarded to Jacques Dubochet,
Joachim Frank and Richard Henderson for developing cryo-electron microscopy for the highresolution structure determination of biomolecules in solution. Vitrification is an important
process to fix the sample in the native hydrated state.19 It is used to freeze a thin film of solution
fast enough to solidify the sample before water has time to crystallize. However, this process is
limited to very thin films (ice crystals are formed in thicker films) and leads to some loss of
resolution. In this work, the entire sample preparation was performed under nitrogen atmosphere
and at 100% humidity to prevent oxidation and drying-induced crystallization, respectively.
Vitrified samples were studied on the TU/e CryoTitan, equipped with a field-emission gun
operating at 300 kV and a post-column Gatan energy filter. Images were recorded using a postGIF (Gatan imaging filter) 2×2 k Gatan CCD (charge-coupled device) camera.
Very thin specimens are necessary for EM operation and therefore suitable sample thinning
preparation methods are involved, including sample milling by a mortar, cleavage, tripod
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polishing, chemical etching, ion etching and ultramicrotomy. Compared to the methods
mentioned above, milling the sample by focus ion beam (FIB) is applied to a wide variety of
materials.20 It can used to obtain cross-sections of large crystals. The gallium (Ga+) primary ion
beam hits the sample surface and sputters a small amount of material. FIB is inherently destructive
to the specimen and therefore, the surface will be made amorphous. However, by controlling the
current of gallium ions, the degree of destruction can be minimized. The combination of focused
ion beam (FIB) and scanning electron microscopy (SEM) provide more information on the inner
structure of the specimen. Additionally, a thin sample lamellar suitable for TEM operation can be
prepared by FIB. In this work, the zeolite sample was first supported on a silicon wafer, and then
coated with ~ 10 nm platinum in a sputter coating device. The sample was given another coat with
~ 1 um carbon to protect it prior to the ion beam milling. The milling was done with a sequence
of progressively decreasing milling current to avoid amorphization of the sample. The FIB-SEM
investigation of the sample was done in NVision 40 Station. The SEM column was operated at
5kV and FIB column was at 30 kV.

Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectra yields the local environment of NMR-active nuclei
(nuclei with odd charge mass number like 27Al and 29Si). Placing such a nucleus in a magnetic
field splits the spin energy levels through the so-called Zeeman interaction. Transitions between
adjacent energy levels are possible with the adsorption or emission of a photon in the
radiofrequency (rf) range. Each nucleus in a different structural environment in a solid may
experience a different local magnetic field because it is shielded by its surrounding electrons and
consequently absorb photons of a slightly different frequency. The resonance frequencies are
reported as chemical shifts relative to an external reference compound.21
The nucleus does not only experience the external field applied by the magnet, but also that
of the surrounding nuclei. The magnetic dipolar interaction arises from the interaction through
space with nearby nuclear magnetic moments. As a result, a spectral line splits. The dipolar
interaction has an angular dependence. For a sample in the liquid state, the motion of molecules
eliminates the dipolar interaction and thus narrow spectral lines are obtained. In a solid sample,
the fixed random orientation of dipoles with respect to the external magnetic field generates a
superimposition of doublets forming a typical powder spectrum.22 In this thesis, this feature of
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spectral line shape is used to distinguish the soluble silicate oligomers and insoluble silica
nanoparticles in a zeolite precursor solution.
Magic angle spinning (MAS) is widely used while measuring NMR spectra of solid samples
since it enhances spectral resolution. This is because the dipolar interaction and chemical shift
interaction, which depend on the angle θ between the magnetic field and the internuclear vector
connecting the two interacting nuclei, can be minimized by spinning the rotor at a fixed angle to
the magnetic field (magic angle = 54.74º). Another frequently applied method in solid-state NMR
is cross-polarization (CP). It is used with MAS and the polarization is transferred from abundant
nuclei to dilute nuclei to enhance the signal of the latter. For example, polarization can be
transferred from abundant 1H nuclei to dilute 29Si nuclei and the result is an increased intensity in
the signal of silicon nuclei that are in the proximity of protons. Since silicon atoms with attached
hydroxyls are present on the surface or as inner defects of zeolite crystals, CP MAS NMR is a
sensitive to the existence of imperfect silicon tetrahedra.23

Figure 2.9 Example of a typical (a) 27Al MAS NMR spectrum of a zeolite containing tetrahedrally
and octahedrally coordinated aluminum and (b)

29

Si chemical shifts of Si(nAl) in a zeolite

framework.24 (c) The spectra of a ZSM-5 zeolite.

Figure 2.9 shows typical

27

Al MAS NMR and

29

Si MAS NMR spectra of a zeolite.

Aluminum atoms in different coordination give distinct resonances at about 60 and 0 ppm,
corresponding to tetrahedrally and octahedrally coordinated aluminum respectively. A broad
signal at about 30 to 50 ppm is often detected, which is attributed either to (partially) distorted
tetrahedrally or pentahedrally coordinated aluminum. In

29

Si MAS NMR spectra of aluminum-

rich zeolites, five peaks can be distinguished, which are assigned to silicon atoms connected via
oxygen atoms to four other framework T atoms, which are either silicon or aluminum. These
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peaks are called Q4(nAl), where n = 0, 1, 2, 3, 4. For zeolite crystals with abundant defects or
pure-silica crystals, Qn stands for a silicon atom with n siloxane bridges and (4-n) hydroxyl groups.
The connectivity of the silica network can be reflected by the Qn distribution.23
In this work, solid-state

27

Al MAS NMR was performed on a Bruker 400 UltraShield

spectrometer operating at a resonance frequency of 104.29 MHz with 3,000 scans averaged for
each spectrum. All spectra were normalized to the sample weight. Chemical shifts were
referenced to (NH4)Al(SO4)2·12H2O for aluminum. Liquid 29Si NMR was carried out in a 10 mm
tube using a Bruker Avance 500 spectrometer operating at the frequency of 99.388 MHZ. The
spectra were recorded with single-pulse acquisition with 3,000 scans averaged for each spectrum.
Deuterium oxide (D2O) was used instead of H2O to lock the frequency. Pure water was used to
subtract the background signal. Solid-state 29Si MAS NMR measurements were performed on a
Bruker 400 UltraShield spectrometer at a resonance frequency of 79.51 MHz. The sample probe
was spun at 10 kHz with 3,000 scans averaged for each spectrum. For single pulse experiments,
a 4.7 μs pulse (θ = 90°) was used with a relaxation delay of 10 s. 1H-29Si cross polarization magic
angle spinning (CP MAS) NMR spectra were taken with 30° pulses (4.7 μs needed for 90° was
divided by 3), 4 ms contact time and 5 s relaxation delay.
Small angle X-ray scattering
Small angle X-ray scattering (SAXS) is a powerful technique to study structure and interactions
of systems with the size on the order of 10 to 1000 Å.25 The analysis of the elastically scattered
X-rays provides the information about size, shape and interactions of particles in the sample.
SAXS is often used to characterize particulate suspension systems, where particles of one material
are dispersed in a uniform matrix of a second material. The electron density difference between
the particles and the matrix gives rise to the contrast. By measuring the angle-dependent intensity
distribution of the scattered radiation, the average particle structure can be deduced.
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Figure 2.10 The information domains of a particle form factor.26

The form factor P(q) is an important parameter for SAXS analysis. It describes the scattering
from a single particle, which strongly depends on the size and shape of a particle. The scattering
intensity I(q) from a single particle at a scattering angle 2θ is a function of the scattering vector q,
q = 4πsinθ/λ. The SAXS pattern oscillates in a fashion that is characteristic for the shape of the
particle (Figure 2.10).26 In the low q range, Guinier law is used to determine the radius of gyration
(Rg).25 The oscillating part can be investigated by “pair-distance distribution function” (PDDF).27
This is a histogram of distances that can be found inside the particle. PDDF gives indications
about the particle structure and also the largest dimension of a particle. The Porod law describes
the relation of the slope of the plot in the high q region that represents the interface and fractal
dimension of the scattering objects.28 For a sphere, a slope of -4 represents a smooth surface and
a slope between -3 and -4 indicates a rough surface.

Figure 2.11 The sum (red) of the form factors of different particle sizes makes the minima
vanish gradually.26
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Data interpretation of SAXS patterns can be most easily done if the particles are all identical
in shape and size (monodisperse sample) and the particles are far away from each other in a dilute
system. However, such an ideal system is seldom seen under real conditions. If one combines
SAXS patterns obtained from a solution containing particles of different shapes, the pattern grows
in complexity. Even for a solution containing particles with the same shape but with different
dimensions, such as spherical particles with different radii, the typical features are averaged due
to the non-uniformity of particles (Figure 2.11).26 For a concentrated system, the interference
pattern contains contributions from neighboring particles as well. The structure factor S(q) is used
to modify the form factor, which contains the information about the positions of the particles with
respect to each other. Different models have been proposed to calculate S(q). For the SAXS
patterns, concentration effects become visible at small angles by the formation of an additional
wave (Figure 2.12.).26 The decrease in intensity at small q-values is typical for repulsive
interaction potentials. Likewise, an increase in intensity is indicative of attractive interaction, as
is the case during aggregation of particles.

Figure 2.12 The SAXS profile of (red) a concentrated particle dispersion is the product of
(green) the form factor of the single particle with (blue) the structure factor of the particle
positions.26

The time-resolved SAXS/WAXS (wide-angle X-ray scattering) experiments were carried
out at the cSAXS beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institut (PSI),
Switzerland. Experiments were performed using a monochromatic X-ray beam at 11.2 keV,
focused to a beam size of approximately 200 × 200 μm2. The SAXS patterns were collected using
a Pilatus 2M area detector at a sample–detector distance of 7.1046 m, covering a continuous q
range of 0.015 – 3.4 nm-1. The WAXS patterns, acquired simultaneously, were acquired using a
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Pilatus 300K detector. A vacuum flight tube was inserted between the sample and the detectors
to minimize X-ray scattering and absorption by air. The transmitted beam was measured with a
diode mounted on a beam stop blocking the direct beam before the exit window of the flight tube
to the SAXS detector. The SAXS data were reduced by azimuthal integration. The scattered
intensities were calibrated to absolute units of cm-1 using water as a reference. A calibrated glassy
carbon sample was used to scale the measured intensity I(q) to the differential scattering cross
section dσ/dΩ(q).
Zeolite crystallization was followed by repeated examination of an aqueous zeolite precursor
solution, respectably zeolite slurry, loaded in wax-sealed quartz glass capillaries (Hilgenberg
GmbH) 1 mm in diameter. The crystallization investigation was performed at 120°C to avoid any
thermal damage to the flight tube. Moreover, the operation such a temperature slows down the
crystallization process, providing more detailed information and simultaneously mimicking a high
temperature operation. To minimize the risk of radiation damage and improve SNR (signal-tonoise ratio), we collected ten scattering patterns at ten positions along the length of the capillary,
each with an acquisition time of 0.1s. This process was repeated 3 times per capillary and time
point. The resulting 300 scattering patterns were finally averaged and used for analysis. Heating
of the glass capillaries, “initiating” zeolite crystallization, was provided by means of a remote
controlled silicon oil bath fed through the sample holder mounts. A thermocouple placed onto the
10x capillary holder was used for regulating the temperature. The time interval between
examinations of the same capillary was 2.5 minutes. Crystallization was followed from the point
where set temperate was reached until there was no further change in the acquired WAXS peak
intensities. The SAXfit software package (0.94.6 version) was used for data analysis.29

Ptychographic X-ray computed tomography (PXCT)
X-ray computed tomography (CT) is a nondestructive technique for visualizing interior features
of solid objects, and for obtaining digital information on their 3-D geometries and properties.
Such information is based on X-ray attenuation and phase contrast. The latter remains
significantly harder to quantify. PXCT generates quantitative high-contrast three-dimensional
electron density maps from phase contrast information without reverting to assumptions of a weak
phase object or negligible absorption.30
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The PXCT experiment was carried out at the cSAXS beamline of the swiss light source
(SLS), Paul Scherrer Institut (PSI), Switzerland. The photon energy was set to 6.23 keV. A Fresnel
zone plate 170 µm in diameter with an outermost zone width of 60 nm was used to define the
illumination onto the sample. The sample was placed ~1.2 mm downstream of the zone plate’s
focal point, resulting in an illumination probe of ~4 µm in diameter at the sample plane. Coherent
diffraction patterns were acquired using a PILATUS 2M detector of 172 μm pixel size, ~7.399 m
downstream of the sample. Measurements were carried out using the positioning instrumentation
described by Holler et al.31, 32 with sampling positions set using a Fermat spiral scanning grid33
with an average step size of one micron.
Tomography projections were acquired between 0 to 180 degrees using a golden ratio
angular acquisition scheme. Around 620 projections were used for tomogram construction. Each
projection was obtained by a ptychographic scan of 280 diffraction patterns, each with an
exposure time of 0.1 seconds. The field of view covered in each projection was 17 × 16.5 μm 2
(horizontal × vertical). From each scattering pattern, a region of 500 × 500 pixels was used for
reconstruction. The resulting voxel size in the reconstructed projections is 17.20 nm3.
Reconstructions were obtained with 600 iterations of the difference map algorithm34 followed by
600 iterations of maximum likelihood. After alignment of projections, tomographic
reconstruction of the complex-valued index of refraction was performed using a modified filtered
back-projection algorithm (FBP). The half-period spatial resolution estimate of 43 nm was
determined using a Fourier shell correlation (FSC) .35 The threshold criterion used to determine
the resolution was the ½ bit criterion.
Tomogram and porosity analysis: PXCT retrieves the energy dependent three-dimensional
complex-valued refractive index distribution of the specimen. To isolate the zeolite occluded pore
networks, we first converted the refractive index decrement to electron density. Macropores/
mesopores and zeolite were separated using threshold segmentation. The threshold used was
based on the midway electron density intersection between air and the measured electron density
of typical zeolites.36 The use of this experimental value was deemed more appropriate as
theoretical calculations tend to overestimate the electron density of measured zeolites due to the
unaccounted microporosity.36
A binary mask of the zeolite fragments was defined by means of threshold segmentation and
succeeding morphological operations. This mask allowed the exclusion of air surrounding the
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particle as well as the definition of a defined interface essential to reliably include pores towards
the particle in the following analysis steps. Neighborhood-based component labelling was used
to identify continuous pore regions. Thickness maps were then used to calculate a pore diameter
map and derive PSD distributions. The radial electron density distribution is based on a threedimensional distance map to the particle exterior that is calculated on the basis of the above
defined binary mask.
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Chapter 3
Synthesis and property modification of
nanoscale MFI hollow zeolites

Based on T. Li, Z. Ma, F. Krumeich, A. J. Knorpp, A. B. Pinar and J. A. van Bokhoven,
ChemNanoMat, 2018, 4, 992-999. T. Li designed, executed and implemented related experiments.
T. Li wrote the first version of the paper.
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3.1 Introduction

Due to the well-defined pore structure, zeolites attract a great deal of industrial and academic
interest.1-6 Zeolite ZSM-5 (MFI framework type) is widely used in separation and catalysis because
of its tunable acidity, shape selectivity and high thermal stability.7-12 In the last years, hollow
zeolites with crystalline walls have received considerable attention due to their potential
applications in drug delivery, electronics and catalysis.13-15 The encapsulation of metals or metal
oxides in the hollow part of zeolites prevents the sintering and leaching of the active component,
thus prolonging the life of catalyst. Moreover, multiple catalytic sites can be physically separated
but in close proximity.16
Several groups have described the preparation of nano-sized hollow zeolite crystals.15, 17-20 In
general, the first step is to synthesize pristine nano-sized crystals. The second step is the leaching
of the zeolite crystals in diluted alkaline solution, such as sodium hydroxide, sodium carbonate and
TPAOH solution at the appropriate temperature. By desilication, framework silicon atoms in the
core can be extracted and mesopores or a hollow structure can be obtained. Two main hypotheses
have been proposed to explain the selective dissolution of the core of the crystal, while keeping the
shell intact, mainly based on aluminum zoning and/or framework defects.17, 21 The core of the ZSM5 crystals, synthesized with tetrapropylammonium species as template, is poor in aluminum and/or
rich in defects, which is claimed to lead to preferential dissolution in the alkaline solution.19, 21-24
A recent trend in catalysis is the development of methods that allow a precise control of the
composition and the location of the active sites.16, 25-27 A typical case is the introduction of metallic
active sites in such hollow crystals, thus obtaining monometallic or bimetallic catalysts with a
controlled distribution of active sites. However, attempts to control the properties of hollow zeolite
crystals, such as their Si/Al ratio and crystal size, are scarce, especially when the reactions are
mainly catalyzed by the metallic sites introduced.16, 28, 29 A good control of the properties of hollow
crystals, i.e. their crystal size, hollowfication degree (multi- or single cavity), and structural features
of the shells (such as their composition, porosity and thickness), is required if they are to be used
for catalytic applications.
With the aim to address the problems of diffusional limitations of bulky molecules, mesopores
have been successfully introduced into the zeolite structure either by “bottom-up” or “top-down”
methods.30 Groen performed a systematic study on the desilication of MFI type zeolite by using
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sodium hydroxide solution.31, 32 Although his essential purpose was fabricating hierarchical zeolite
with mesoporous and microporous networks, a set of “steering knob” for the properties
modification of crystals was obtained. This is mainly based on adjusting the leaching conditions,
such as the concentration of alkaline solution, zeolite/solution ratio, leaching temperature and time.
In general, changing the leaching variables leads to different degrees of leaching, while choosing
a different type of alkaline solution may have other effects. In this work, we present the results
obtained under different leaching and synthesis conditions.

3.2 Experimental

The commercial TPAOH solution was purchased from Acros (25 wt% in water).
Tetrapropylammonium bromide (TPABr) was purchased from Fluka (≥ 98.0 wt%), sodium
hydroxide from Merck (ACS reag. Ph Eur) and aluminum nitrate nonahydrate (Al(NO3)3·9H2O)
from Acros (>99 wt%).
In a typical synthesis of ZSM-5 crystals (such as the sample named Z5), 12 g commercial
TPAOH solution were added to a teflon reactor containing 12.5 g tetraethyl orthosilicate. The
mixture was heated to 80 °C and stirred for 24 h at 500 rpm. After cooling down to room
temperature, a solution of sodium hydroxide (0.24 g), aluminum nitrate nonahydrate (0.46 g) and
deionized water (4 g) was added dropwise while stirring vigorously. The final gel composition was
0.01 Al2O3 : 1 SiO2 : 0.25 TPAOH : 0.05 Na2O : 8.3 H2O. After homogenization, the mixture was
transferred to a 50-ml stainless steel autoclave equipped with PEEK inlets and heated to 170 °C for
24 h under static conditions. The product was separated by centrifugation for 15 min at 15,000 rpm,
washed three times, dried overnight at 100 °C and calcined for 10 h at 550 °C. The lab-made (HM)
template solution was prepared by stirring a mixture of TPABr (0.9820 g), commercial TPAOH
solution (9 g) and deionized water (2.25 g) at room temperature. With regard to the corresponding
pristine zeolites (Z5LM), the synthesis was similar to that described above.
Base leaching with sodium hydroxide solution (35 mL/g zeolite) was carried out at different
concentrations (0.1 M, 0.15 M, 0.2 M and 0.4 M) at 80 °C and stirring at 500 rpm for 10 h. The
reaction was subsequently quenched in an ice/water bath, and the resulting solid product was
separated by centrifugation for 15 min at 15,000 rpm, washed three times and dried overnight at
100 °C. Leached samples were labelled according to their corresponding base concentration. For
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example, Z5-1 and Z5-2 stands for the sample leached in 0.1 M and 0.2 M sodium hydroxide
solution respectively.
The hollow zeolite with double shells was prepared by performing two consecutive
crystallizations followed by base leaching. For the first crystallization, 12 g of commercial TPAOH
solution were added to a teflon reactor containing 12.5 g of TEOS and 23.4 g of deionized water.
The mixture was heated to 80 °C and stirred for 24 h at 500 rpm. After cooling to room temperature,
a solution of sodium hydroxide (0.24 g), aluminum nitrate nonahydrate (0.46 g) and deionized
water (4 g) was added dropwise while stirring vigorously. The final gel composition was 1 Al2O3 :
100 SiO2 : 25 TPAOH : 5 Na2O : 3000 H2O. After homogenization, the mixture was transferred to
a 50-ml stainless autoclave equipped with PEEK inlets and heated to 170 °C for 24 h under static
conditions. The product was separated by centrifugation for 15 min at 15,000 rpm, washed three
times, dried overnight at 100 °C and calcined for 10 h at 550 °C. The final product was used as the
seed for the next crystallization process. 10 g of commercial TPAOH solution were added to a
teflon reactor containing 10.4 g TEOS and 19.5 g deionized water. 1 g of seed crystals, obtained
from the first crystallization, was added to the mixture. The mixture was heated to 30 °C, stirred
for 24 h at 500 rpm and heated to 80 °C to remove the ethanol produced. After cooling to room
temperature, a solution of sodium hydroxide (0.4 g), aluminum nitrate nonahydrate (0.77 g) and
deionized water (6.7 g) was added dropwise while stirring vigorously. The mixture was transferred
to a 50-ml stainless autoclave equipped with PEEK inlets and heated to 170 °C for 24 h under static
conditions. The solid product was recovered as described for the seed obtained from the first
crystallization. Base leaching with 0.15 M Sodium hydroxide solution was performed according to
the procedure described above. The final product, Z5_DS, was used for the hollow zeolite with
double shells.
Silicalite-1 (S1) was synthesized following the procedure described in reference.19 The
desilication with TPAOH solution was carried out by mixing the pristine zeolite with a 0.2 M
TPAOH solution (10 mL/g zeolite) for Z5 or a 0.3 M TPAOH solution (20 mL/g zeolite) for S1.
The mixtures were kept in an autoclave at 170 °C for 3 days. The corresponding products (Z5-T
and S1-T), are named with a suffix-T, to distinguish them from those obtained by Sodium
hydroxide leaching. The recovery of the products was performed by centrifugation, washing,
drying and calcination.
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3.3 Results and Discussion

Figure 3.1 TEM images of (a) Z5, (b) Z5-1, (c) Z5-2, (d) Z5-4. The pristine ZSM-5 crystals (Z5)
were base leached under at different concentrations of sodium hydroxide solutions (0.1 M, 0.2 M
and 0.4 M).

Figure 3.1a shows the TEM image of the pristine zeolite sample (Z5). Slightly elongated and
relatively small crystals with dimensions of about 60 nm × 80 nm were obtained. The high
magnification of the sample reveals regular lattice fringes. Figure 3.1b shows an electron
micrograph of Z5-1, which had been subjected to base leaching in 0.1 M Sodium hydroxide
solution for 10 h. Irregular voids formed and were distributed around the central part of the crystal,
whereas the rim remained intact. Upon leaching in 0.2 M Sodium hydroxide solution for 10 h,
hollow crystals formed (Figure 3.1c). Only one large interior void in Z5-2 was visible, with an
average wall thickness of less than 15 nm. Both Z5-1 and Z5-2 preserved the crystallinity of the
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shell, confirmed by the uninterrupted lattice fringes. Increasing the concentration of the Sodium
hydroxide solution to 0.4 M resulted in the formation of mesopores in the walls of the hollow
crystals (Figure 3.1d). Several crystals were destroyed, probably due to the lower stability of those
crystals.

Figure 3.2 XRD patterns of Z5, Z5-1, Z5-2 and Z5-4.

Figure 3.2 shows the XRD patterns of the zeolite samples before and after leaching. No big
differences are observed between the patterns of the pristine sample and that obtained after leaching
with 0.1 M Sodium hydroxide solution (Z5-1), which suggests that the long range order of the
framework was preserved. By contrast, the samples obtained after leaching with more concentrated
solutions show much broader peaks, especially Z5-4, due to a drastic decrease in the size of the
crystalline domains.
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Figure 3.3 HAADF-STEM images of (a) Z5 and EDX maps representing (b) silicon, (c) aluminum,
and (d) both.

Figure 3.3a shows a high-angle annular dark field scanning transmission electron micrograph
(HAADF-STEM) of the pristine zeolite Z5, where the crystals can be discriminated by Z contrast.
The energy-dispersive X-ray spectroscopy (EDX) mapping of silicon shows a homogeneous
distribution (Figure 3.3b), whereas the aluminum tends to enrich in the rim of the crystal (Figure
3.3c, d). However, because of the low aluminum content and small crystal size, EDX mapping also
shows aluminum signal in the background and cannot provide quantitative and detailed chemical
gradient though the whole crystal.
The non-homogeneous distribution of aluminum in both micron and nano-sized ZSM-5
crystals is well known.22, 23, 33-35 In our system, the preferential dissolution of the inner part of
crystal is likely due to a lower concentration of aluminum in the inner part. Due to the negative
charge of the AlO4- tetrahedra in the zeolite framework, the Si-O-Si bond is easier to hydrolyze
than the Si-O-Al bond in the alkaline medium. Consequently, framework silicon atoms were
selectively extracted to the liquid solution, thus “emptying” the inner part of the crystals, where the
Si/Al ratio is higher. However, under more severe leaching, such as in 0.4 M Sodium hydroxide
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solution, the aluminum-rich shell structure was also partially leached, leading to the formation of
irregular mesopores in the shell (Figure 3.1d).

Table 3.1 Si/Al ratio and derived parameters obtained from N2 physisorption isotherms.

a

SBETb

Sextc

Vtotd

Vmicrc

Sample

Si/Ala

[m2 g-1]

[m2 g-1]

[cm3 g-1]

[cm3 g-1]

Z5

59

314

139

0.25

0.08

Z5-1

42

380

177

0.40

0.09

Z5-2

32

374

132

0.88

0.10

Z5-4

10

298

122

1.12

0.08

Determined by AAS. bDerived from the BET model. cDerived from the t-plot method. dDerived

from single point at p/p0 = 0.98. SBET, Sext, Vtot and Vmicr represent the surface area, the external
surface area, the total pore volume and the micropore volume, respectively.

Table 3.1 lists the elemental composition and the textual properties of the samples. The
pristine Z5 had a Si/Al ratio of 59, slightly higher than that of the gel (Si/Al = 50). After leaching,
the Si/Al ratio decreased as the concentration of Sodium hydroxide solution used for leaching
increased, indicating that silicon was extracted preferentially from the framework. The pristine Z5
had a relatively large surface area (SBET = 314 m2 g-1), which increased further after leaching the
samples in 0.1 and 0.2 M Sodium hydroxide solutions (380 and 374 m2 g-1, respectively). However,
this value decreased as the concentration of Sodium hydroxide increased to 0.4 M, maybe due to
the formation of some amorphous materials or destroyed crystals. Z5-1 had the highest external
surface area due to the large number of voids in the crystal. Compared to the pristine sample, all
the leached samples had a larger total pore volume (Vtot). Z5-4 had the highest volume of
mesopores (the difference between Vtot and Vmicr), which can relate to its large interior void as well
as the mesopores in the shell structure.
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Figure 3.4 27Al MAS NMR spectra (a) and 29Si MAS NMR spectra (b) for Z5, Z5-1, Z5-2 and Z54. All spectra were normalized to the sample weight. For Z5-2 and Z5-4, the

29

Si MAS NMR

spectra were multiplied by 2 and 5, respectively.

Figure 3.4 shows the

27

Al MAS NMR and 29Si MAS NMR spectra of the samples. All the

samples were measured at the same conditions. The sample Z5-4 has a very low density after
leaching, so the mass of zeolite in the same NMR rotor was lower. When its spectrum was
normalized to the weight, the noise becomes obvious. The 27Al MAS NMR spectrum of Z5 showed
a single signal at about 55 ppm that can be assigned to framework tetrahedrally coordinated
aluminum. No octahedral aluminum was observed in any of the samples, so the extracted aluminum
did not remain in the final product. Due to the preferential removal of silicon atoms, the integrated
area of the resonance at 55 ppm increased with the increase in the base concentration, whereas the
area of signal at ca. -113 ppm (Q4 group) in the 29Si MAS NMR spectrum decreased (Figure 4b).
Furthermore, a small shoulder at -106 ppm, assigned to the Q3 group (H-O-Si-[(OSi)3] or Al-O-Si[(OSi)3]), appeared in the spectra of samples leached with higher concentration of Sodium
hydroxide. For Z5-4, the signal corresponding to Q4 environments was very broad and the signal
to noise ratio was very low, consistent with the loss of crystalline order indicated by the XRD
pattern.
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Scheme 3.1 Illustration for the formation of hollow zeolite crystals with and without mesopores in
the shell. In the cross section of a crystal, the grey and blue area represent the aluminum-rich part
and aluminum-poor part of the crystal, respectively. The irregular light blue shapes and dark grey
shapes represent mesopores and the large interior void is indicated by the open rectangle.

Considering the pore size (2-50 nm) of the mesopores, Z5-1 does not strictly fall under
“hollow zeolite” because this term usually refers to zeolite crystals with a single big void. It is a
hierarchical zeolite with a meso-/microporous network, where the mesopores are located in the
inner part of the crystal only. In other words, it can be regarded as “multi-hollow” zeolite, whose
hollowfication degree is relatively low. With regard to the formation of the single hollow structure,
two mechanisms can be envisaged: (i) a single initial void becomes bigger over time, (ii) or several
small initial voids grow until they merge to form a final large one. Our results support the latter
pathway under present leaching conditions, and the sample Z5-1 represents an intermediate stage.
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Based on the above results, our hypothesis is illustrated in Scheme 1. In the pristine zeolite,
micropores are prevalent both in the aluminum-rich (grey) and the aluminum-poor (blue) part of
the crystal. Upon mild leaching (0.1 M Sodium hydroxide), the aluminum-poor part of the crystal
loses some silicon atoms, thus leading to irregular mesopores, while the aluminum-rich part of the
crystal remains intact. When treated with an alkaline solution of higher concentration (0.2 M),
enough silicon atoms are removed so that the hollow crystals are formed by the coalescence of
mesopores into a single large void. As the concentration of Sodium hydroxide further increases to
0.4 M, the rim part of crystals undergoes damage as well, resulting in the partial leaching of the
shell and its mesoporous structure. A further decrease in the Si/Al ratio upon leaching with the 0.4
M Sodium hydroxide solution indicates that silicon is preferentially removed from the shell of
crystals. To summarize, the degree of “hollowfication” of the zeolite crystals can be fine-tuned by
adjusting the concentration of Sodium hydroxide, leading to hollow crystals with different porosity
and composition as demonstrated by transmission electron microscopy and elemental analysis.

Figure 3.5 TEM and SEM images of (a, b) S1 and (c, d) S1-2. Silicalite-1 (S1) were base leached
under at 0.2 M Sodium hydroxide solution.

Silicalite-1 is the pure silica counterpart of zeolite ZSM-5 and is widely used as a selective
adsorbent to separate gaseous aromatic compounds, taking advantage of its shape selectivity and
non-acidity.36 Hollow silicalite-1 crystals should be a good candidate as “nano-reactor” if undesired
reactions can proceed on the strong acid sites. Figure 3.5a, b show images of S1 (silicalite-1) which
was synthesized in OH- media. The crystals have uniform hexagonal prism shape and a relatively
homogeneous size distribution. S1-2, the leached product obtained by leaching S1 crystals in 0.2
M Sodium hydroxide solution (Figure 3.5c, d), present serious damage in the whole crystal,
although more serious in the inner part of it, similar to what was observed for the aluminum87

containing ZSM-5 (Figure 3.1b). Nevertheless, the shell of the crystals was also partially destroyed,
since its thickness became very small in some regions, and it was completely removed in others
(Figure 3.5d). Even when the leaching was performed under milder conditions (0.1 M Sodium
hydroxide), the shell of the crystals was also damaged. Therefore, in the absence of aluminum
atoms that can protect the shell, hollow crystals with intact wall could not be obtained by using
pure Sodium hydroxide solution to leach.

Figure 3.6 TEM images of (a) Z5-T and (b) S1-T.

Desilication can also be achieved by using a weakly alkaline electrolyte, such as TPAOH, to
leach crystals at a higher temperature. This has proved to be effective for both ZSM-5 and silicalite1.18, 37 After keeping the pristine zeolite (Z5) in contact with a 0.2 M TPAOH solution for 3 days,
hollow crystals (Z5-T) with only one large void and an intact wall were observed (Figure 3.6a).
The average wall thickness of Z5-T was less than 15 nm, similar to Z5-2 which was leached in
Sodium hydroxide solution. Figure 3.6b shows the hollow silicalite-1 crystals (S1-T) obtained by
treating S1 in a 0.3 M TPAOH solution for 3 days. Most crystals have only one large void in the
central part and the average wall thickness was about 30 nm. Analysis of the crystal morphology
showed that, after leaching for 3 days, the crystals retained their original hexagonal prism shape.
A higher concentration of framework defects in the inner part of crystal could explain the selective
removal of the inner part. However, this would still not explain why the shell remained intact after
keeping the zeolite in contact with the alkaline solution for up to 3 days. Since
tetrapropylammonium cations are too large to penetrate the channels of silicate-1, they could
adsorb on the external surface of the crystal. As a structure-directing agent (SDA) widely used to
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synthesize MFI type zeolite, TPAOH can promote recrystallization on the exterior surface.38-40
Based on the above results, TPAOH is able to protect the shell of the crystals, enabling the
formation of hollow silicalite-1 crystals, which is in contrast to the destruction of the crystals
caused by leaching in Sodium hydroxide.

Figure 3.7 TEM images of (a) Z5LM and (b) Z5LM-1.

In the synthesis of zeolites, an important parameter is the choice of template. A pristine zeolite
sample (Z5LM) was synthesized by using a lab-made (LM) template solution in which the molar
ratio of TPAOH/TPABr was three. It was prepared by mixing TPAOH, TPABr and deionized water,
maintaining the same concentration of TPA+ ions as in the commercial TPAOH solution. The
resulting zeolite sample (named as Z5LM), was leached in 0.1 M Sodium hydroxide solution to
obtain its corresponding leached product (Z5LM-1). Figure 3.7 displays the TEM images of Z5LM
and Z5LM-1. Compared to the sample Z5 (Figure 1a), Z5LM has larger crystal size, about 120 nm
× 80 nm, and mesopores can be directly observed as bright spots in the TEM image. Furthermore,
leaching in a lower concentration of Sodium hydroxide solution (0.1 M) results in a hollow
structure with only one large void, and the shell was well preserved (Figure 3.7b). With an increase
in the crystal size, the thickness of shell also increased to 20 nm. Compared to the pure TPAOH
solution, the decrease of OH- in the lab-made template solution caused a slightly pH drop in the
synthesis gel (from 11.48 to 11.31), which in turn influenced the crystallization of zeolite. 41 As a
result, the synthesized pristine zeolite, Z5LM, has a larger crystal size and differ from Z5 with
respect to microstructure, which led to different stability upon leaching.
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Figure 3.8 TEM images of (a) Z5_30-1.5 and (b) Z5_80-1.5. The large crystals (Z5_30, Z5_80)
were base leached at 0.15 M Sodium hydroxide solution.

Nanocrystals with different sizes could be prepared by changing the amount of water in the
synthesis gel. It is known that more concentrated gels promote the nucleation and therefore the
formation of smaller crystals.42 Herein, based on the preparation procedure of Z5, different mole
ratios of H2O/SiO2 were used in the synthesis to obtain larger pristine crystals, i.e. Z5_30 and
Z5_80. Figure 3.8 show the images of larger hollow crystals, obtained by leaching their pristine
crystals in 0.15 M Sodium hydroxide solution. The crystal size for Z5_30-1.5 is 120 nm × 140 nm,
and the shell thickness is around 13 nm. Z5_80-1.5 possess larger crystal size and shell thickness,
about 230 nm × 420 nm and 30 nm respectively. Furthermore, crystals with obvious intergrowth
structure can also form the hollow structure after mild leaching, and the shape of the cavity is the
same as that of its pristine crystal.
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Figure 3.9 SEM (a) and TEM (b) images of the pristine crystals of Z5_DS before leaching. TEM
images (c, d) of Z5_DS show hollow crystals with double shells. The inset in (c) represents the
electron diffraction of Z5_DS.

Hollow ZSM-5 crystals with double shells (Z5_DS) were obtained by two consecutive
crystallizations followed by base leaching. Figure 3.9a shows a SEM image of the pristine crystals
of Z5_DS. The particles appear to have fairly rough surface; this morphology may be caused by
the fusion of smaller crystallites. The TEM image in Figure 3.9b shows that in some of the crystals,
the inner part was more damaged compared to the external part. This is probably because the second
crystallization process was achieved in an alkaline environment, and inevitably the seed crystals
were subjected to the base leaching. Figure 3.9c clearly show hollow crystals with two zeolite
shells. The size of outer shell is about 300 nm and that of inner shell is 130 nm. The shapes for the
inner and outer shells are similar, indicating that the second phase of crystal growth took place on
the surface of the seed crystals. The thickness of inner shell is 15±5 nm while that of outer shell is
30±10 nm. The electron diffraction (ED) patterns (inset in Figure 3.9c) prove that both shells are
crystalline. A further observation in Figure 3.9d indicates that the inner shell still has a structural
connection to the outer shell, which explains why the internal particles are located at the center
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rather than being in an isolated state. The formation of double shells may be due to the formation
of two areas with higher concentration of aluminum, originating from two consecutive
crystallizations. Song et al also prepared hollow zeolite with double shells based on a layer-bylayer technique.37 In their work, they used hollow crystals with single shells as seeds and also the
expensive templated solution to leach. Comparatively, our method employed the original as-made
crystals as seeds and used cheap Sodium hydroxide solution to post-treat the crystals, in order to
get hollow crystals with double shells. It is clearly a facile way to prepare hollow crystals with
multiple shells.

3.4 Conclusions

The properties of hollow ZSM-5 crystals can be tuned by changing the leaching conditions. Hollow
crystals with one big void and relatively intact shell can be prepared by leaching in proper Sodium
hydroxide solution (0.2 M). Leaching at lower base concentration (0.1 M) leads to the crystals with
mesopores located only in the inner part, while leaching at higher concentration of Sodium
hydroxide solution (0.4 M) introduced mesopores into the shells of the crystals. Silicalte-1 crystals
cannot be made hollow by Sodium hydroxide leaching because both the inner and outer part of
crystals were destroyed. Appropriate leaching by TPAOH solution also lead to hollow crystals,
which could be related to its protective role of on the crystal surface.
Another set of methods to tune the properties of hollow crystals was to adjust the synthesis
conditions. By replacing part of TPAOH with TPABr, the pristine zeolite synthesized were less
stable and can form hollow structure more easily. An increase in the water amount of the synthesis
gel leads to larger hollow crystals after proper leaching. By a method of two consecutive
crystallizations followed by base leaching, hollow crystals with double shells were successfully
prepared. Overall, the structure and porosity of hollow crystals can be modified and controlled by
a large extent.
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Chapter 4
Base-leaching-induced pore formation
in ZSM-5 zeolite

Based on T. Li, H. Wu, J. Ihli, Z. Ma, F. Krumeich, P. H. H. Bomans, N. A. J. M. Sommerdijk,
H. Friedrich, J. P. Patterson and J. A. van Bokhoven, J. Mater. Chem. A, 2019, 7, 1442-1446. T. Li
designed, executed and implemented related experiments. T. Li wrote the first version of the paper.
95

4.1 Introduction
Zeolites are the catalytic workhorses of the refinery and chemicals production industry.1-3 Their
inherent micropores lead to remarkable shape-selectivity, but also present diffusion limitations on
reactions. One scalable approach to further their functionality is to introduce mesopores into the
individual zeolite crystal by base leaching.4-9 Due to a synthesis-inherent inhomogeneity in the
aluminum and silicon distribution, hollow ZSM-5 zeolites can be prepared by simple base
leaching.10 Under mild base conditions and elevated temperature (such as in 0.15 M Sodium
hydroxide at 80 oC), the silicon-rich core is selectively dissolved, leaving a crystalline aluminumrich shell.11 Understanding the mechanism of pore formation and its influence on the final structure
is essential for the design of better catalysts and particle hosts.
Previous transmission electron microscopy (TEM) studies on leached ZSM-5 have shown that
the percentage of hollow crystals increases with time but that intermediate states are rarely
observed.12 Moreover, common characterization methods of pores such as gas physisorption can
only provide average information on the mesopore volume in the bulk but not the information of
local structure of pores in individual crystals. Consequently, the information about the initial pore
formation and how the pore structure evolves with time in the native solution state, are still missing,
potentially due to the common post-treatments after leaching, such as solid-liquid separation,
drying and calcination. In contrast, time-resolved cryo-TEM analysis, which involves vitrification
and thus examination of the reaction slurry itself, enable us to directly probe the processes in its
natural state with remarkable spatial resolution (nanometer) and temporal resolution (< 1s).13
Moreover, electron tomography with an automated ET data collection systems and high
performance desktop computing provides a tool for the 3D structural characterization of inorganic
material.14

4.2 Experimental

ZSM-5 crystals were prepared by introducing tetrapropylammonium hydroxide (TPAOH) as the
structure-directing agent (SDA) that was removed by calcination at 550 oC. The preparation method
has been described in chapter 3. Base leaching experiments were performed at 50 oC and 80 oC. In
general, 1 g of the zeolite was suspended in deionized water, transferred to a Teflon reactor and
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stirred at the leaching temperature for 20 minutes. A sodium hydroxide solution was subsequently
added to give the desired base concentration, 0.3 M for 50 oC, and 0.15 M for 80 oC. The addition
of the basic solution was considered as time zero. 3 µL aliquots were taken from the reactor at 15
minute intervals and quickly vitrified in liquid nitrogen to achieve a fast freezing of samples.
During vitrification, the temperature in the chamber of the vitrobot was kept at 60 oC and the
humidity was maintained close to 100 %. The reactor was closed tightly during the whole process
except at the time of sampling. The dissolution kinetics were determined at 80 oC by measuring the
weight loss of original samples versus time, indicating that > 90% of the leaching occurs within
the first 50 mins. However, the rapid dissolution process hinders the capturing earlier stages using
time-resolved sampling. Leaching at 50 oC slowed down the dissolution, thus increasing the
possibility of capturing distinct and observable stages in the pore formation process.
The sample preparation for electron tomography needs the separation of the solid by
centrifugation during which a longer time of leaching was expected. Our test result indicates that
we already obtained a large number of zeolites with big pores in the core at 50 oC even for 25
minutes, which we observed in the later stages in the Cryo-TEM (> 30 minutes). Therefore, we
optimized the leaching conditions and decide to run the experiment at 40 oC for 30 minutes to slow
down the dissolution process in case of missing the status of the primary mesopores.

4.3 Results and Discussion

Figure 4.1 Top: cryo-TEM images of particles with typical features leached at 80 °C for (a)
pristine crystal, (b, c) mesoporous crystal, (d, e) hollow crystal. Bottom: cryo-TEM images of
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particles leached at 50 °C for (f) pristine, (g-i) mesoporous crystal, (j) hollow crystal. Scale bars
are 50 nm.

Figure 4.2 Cryo-TEM images of crystals taken after 30 minutes of leaching at 50 oC. (a) Overview
and (b) magnification of selected zeolite crystals showing larger pores. Scale bars are 20 nm for
(b).
Figure 4.1 shows typical cryo-TEM images collected during the leaching process at 80 oC (a-e) and
50 oC (f-j). In general, even for the slower leaching kinetics the initiation of leaching appears to be
slower than the progression, such that in various time-points mixtures of pristine, partially leached,
and fully leached particles can be observed. While this makes determination of the exact leaching
process difficult, there are clearly observable general stages when looking at the sample as a whole.
After 15 minutes at 80 oC, mesopores had appeared in most crystals, being randomly distributed
(Figure 4.1b, c). These pores appear to develop into cavities while the shells mostly remained intact
with extended leaching (Figure 4.1d, e). When comparing cryo-TEM results with the observations
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from conventional TEM on the same zeolite system,12 cryo-TEM can make a difference, as it shows
that hollow structures originate from the expansion and coalescence of multiple mesopores, which
we were not able to see from the conventional TEM.
At 50 oC, zeolites with mesopores, though as a minority, started to appear after 30 minutes.
Figure 4.1g displays a representative crystal in which a discernible closed large pore is near the
rim, and Figure 4.2 shows many crystals with similar pores. Even for crystals that suffer from shell
damage, pores extend to the outer edge, situated in a similar position - close to the rim. With
extended leaching more pores appeared within individual crystals, and such pores were no longer
confined to the rim but randomly dispersed inside the crystal (Figure 4.1h). Pore-to-pore
connections can be often observed, leading to a quasi-hollow structure (Figure 4.1i). Ultimately,
after one day, crystals with an empty core structure appeared (Figure 4.1j).

Figure 4.3 a) Overview of the area where the electron tomography was performed. (b, c)
Comparison of the target particle (highlighted by the white square box A in (a, d-i) before and after
99

the tomography; (d-i) Gallery of z-slices showing different cross sections of a 3DSIRT
(simultaneous iterative reconstruction technique) reconstruction (iteration 30) of a tomographic
series. The yellow arrows in (d-i) point out the small voids inside other particles besides A and B
areas.

To further investigate the location of the pores during the early stages of leaching, we
performed electron tomography. The crystals were leached, and then quickly centrifuged to
separate them from the liquid. The absence of liquid improved the resolution of the tomography
images, although this operation somewhat prolonged the dissolution. Figure 4.3 shows the area
where the electron tomography was performed. The electron tomography operation did not induce
obviously recognizable mesopore formation by comparing the images of particle before and after
measurement (Figure 4.3b, c). Figure 4.4 shows the slices through different planes of the particles
after alignments of the tilt series and tomography reconstruction. The first pores appeared not only
close to the rim of the crystal (Figure 4.4a) but also in other areas of the particle core (Figure 4.3,
Figure 4.4b). Mesopores of larger size were preferentially located close to the rim as confirmed by
3D reconstruction, which is consistent with the cryo-TEM observations. Interestingly, in the 3D
reconstruction, we also noticed that the surface of the large pore phase (close to the particle edge)
is quite flat, which seems to be parallel with 010 facets, suggesting that the leaching is prohibited
from penetrating further into the rim.
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Figure 4.4 Gallery of z-slices showing different cross sections of 3D reconstruction of the particles
cropping out from different areas in Figure 4.3 (d-i) in the early-stage leaching process. (a) is
cropped out from area A and (b) from area B. Electron flux: 150 e-/nm2/s, 100 e-/nm2/image.

Figure 4.5 The average size of crystals during the leaching at 50 oC. (a) Averaged length, width
and (b) aspect ratio distribution over time during the leaching process.
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Figure 4.6 Zeolites of different morphologies during leaching. (a) pristine crystals; (b) crystals
with the larger pore in the rim and small pore in the core; (c) crystals with pores connected with
each other, and the rim part was damaged; (d) crystals with pores connected with each other, and
the rim part was nearly intact; (e) hollow zeolite crystals.

Particle dimension analysis shows no significant changes in overall size or shape of the
crystals over the leaching process (Figure 4.5), indicating the leaching mainly affects the particle
interior. Crystals with different morphology categories are observed, including pristine crystals,
crystals with the larger pore in the rim and small pore in the core, crystals with pores connected
with each other and hollow zeolite crystals (Figure 4.6). From the pristine sample, a crystal appears
to either undergo dissolution to form closed pores inside, or to lose part of the rim. Some crystals
display larger pore structures at intermediate stages, later forming a structure with an empty core
and an intact rim (Scheme 4.1). For other crystals the shells were destroyed with further leaching.
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Such observations explain the appearance of hollow zeolite crystals and a continuous rise in the
percentage of crystals with open pores at the late stage.

Scheme 4.1 The evolution of pore structure for zeolite crystals during base leaching. (a) Pristine
crystal (b) crystal with larger pores near the rim and smaller pores in the core (c) coalescence and
connection of different mesopores (d) hollow crystal. Note that the 3D structure of crystal is
simplified into a 2D mode.

The preferential dissolution of the core relates to the compositional or crystalline
inhomogeneity within individual crystals. The feature of aluminum zoning for the pristine crystals
is confirmed by energy-dispersive X-ray spectroscopy (EDX) mapping (Figure 3.3). However, due
to the low aluminum content and small crystal size, a direct EDX measurement cannot provide
quantitative and detailed chemical gradient through the whole crystal (Figure 4.7). Based on the
same synthesis procedure, a somewhat larger ZSM-5 crystal (400 nm × 350 nm × 220 nm) was
prepared by only increasing the water content in the mother gel. These large crystals show
properties similar to the aforementioned sample, where after base leaching, similar hollow crystals
are obtained (Figure 3.8), and leaching at 50 °C also leads to the formation of relatively larger
pores, initially located close to the rim initially (Figure 4.8). The shell ratio of hollow crystals, i.e.
the ratio between the shell thickness and the crystal size, was on average 15%.
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Figure 4.7 EDX line scan shows the difficulty in quantifying aluminium distribution on the small
crystals.

Figure 4.8 TEM images of large ZSM-5 crystals leached for 30 minutes. Similar to small ZSM-5
crystals, larger pores are located close to the rim at an early stage.

Figure 4.9a displays the cross section of one large crystal that was prepared by Focus Ion Beam
(FIB) milling (Figure 4.10). The front and rear ends were removed and only the middle cross
section with a thickness of 200 nm was kept and analyzed by STEM-EDX. Aluminum was
concentrated in the rim while little aluminum was found in the inner part (Figure 4.9). The
aluminum-rich area accounts for nearly 30% of the cross section, which corresponds to twice of
the shell ratio of leached hollow crystals. This consistency indicates the role of aluminum zoning
in the formation of hollow ZSM-5 crystals.

Figure 4.9 Secondary electron STEM image (a) and the corresponding EDX map (b) of the cross
section of a large ZSM-5 crystal. The cross section of the crystal was prepared by gallium focus
ion beam milling. The sharp contrast on the top was due to platinum coating. For EDX mapping,
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blue and green colors stand for silicon and aluminum respectively. The ratio of aluminum-rich area
/ the length of cross section, i.e. (L1+L2) / L, equals to 30%.

Figure 4.10 (a) A simplified scheme for preparing TEM lamellar of a large ZSM-5 crystal (b) SEM
image of the crystal after platinum and carbon deposition (c) SEM image of the crystal after gallium
focus ion beam milling.

Knowing the location of defects in zeolite crystals is important since it may have practical
consequences.15, 16 For example, Barbera et al. pointed out that the internal framework defects are
crucial for the deactivation of the ZSM-5 catalysts in the conversion of methanol to hydrocarbons
(MTH) since coking at the inner defects leads to a more pronounced deactivation.15 Interestingly,
although pore formation commenced throughout the whole aluminum-poor core (Figure 4.2-4.4),
the mesopores of larger size firstly formed in an area close to the rim, suggesting a lower stability
in this area. We also confirmed that the interface between the aluminum-rich and the aluminumpoor parts of the individual crystals is exactly where such pores are formed (Figure 4.11). The
significant size difference between the larger interfacial pores and the smaller pores distributed
throughout the particles indicate two different formation mechanisms. Furthermore, typically only
one interfacial pore is observed per particle, whereas multiple smaller pores are observed in all
particles analyzed by tomography. Consequently, we propose that interfacial pore formation occurs
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via slow nucleation and fast growth and core pore formation occurs via fast nucleation and slow
growth. More specifically, during leaching mesopore nuclei appear in the core area and coalesce
with other pores to form big ones. The origin of this difference may be the strain in that area where
two parts of the crystal with slightly different bond distances and angles – due to the different
aluminum content – meet. The eventual preservation of the shell is mainly due to a higher
concentration of aluminum in the rim. The negative charge of the AlO4- tetrahedra makes the rim
more resistant to hydrolysis compared to the core. Consequently, the hollow structure results from
selective removal of the silicon-rich inner part. At the end of the leaching process, we also observed
crystals without hollow structure. The diversity of pore formation indicates that different crystals
possess different properties, either in composition and/or structure.

Figure 4.11 A statistics study of the initial larger pore location and the final cavity location within
zeolite crystals. It confirms that relatively larger pores formed at early leach stages are located at
the surface between aluminum-rich and aluminum-poor parts within individual crystal.

4.4 Conclusions

Overall, time-resolved cryo-TEM analysis and electron tomography revealed the pore evolution in
the native solution state and the 3D pore distribution in the early leaching stage. Most importantly,
we found the dissolution commences in the silica-rich core, and the larger mesopores form
preferentially at the interface between the aluminum-rich and the aluminum-poor part, while
multiple small pores also present within the aluminum-poor core. Different leaching behaviors
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were observed in the same batch, which indicates different compositional and/or structural
properties over single crystals. The insight into the initial pore formation in zeolite leaching that
our work provides advances our understanding of the pore structure engineering in zeolites to
design better catalysts and particle hosts.
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Chapter 5
Visualization of silanol defects in
silicalite-1

Based on T. Li, F. Krumeich, J. Ihli, Z. Ma, Ana B. Pinar and J. A. van Bokhoven, ChemComm,
2019, 55, 482-485. T. Li designed, executed and implemented related experiments. T. Li wrote the
first version of the paper.
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5.1 Introduction

Defect sites are among the dominant factors defining the activity, functionality and stability of
heterogeneous catalysts.1-5 Among the manifold of catalysts with crystalline structure, zeolites are
a fundamental pillar of refining and petrochemical industry. These microporous materials find
utilization in catalysis and separation. The type and the density of structural defects strongly
influences the catalytic activity.6-8 For example, in the methane to hydrocarbon process, such
defects can accommodate coke molecules which leads to a more pronounced deactivation of
catalysts.8 In addition, the distribution of structure defects is also important, since it has an impact
on the structural stability. This is of particular industrial interest as simple base leaching has shown
to be an effective means to produce mesoporous or hollow zeolites.9,

10

Studies suggest the

dissolution and thus mesopore formation are mainly driven by inherent inhomogeneous aluminum
distribution11, 12 and/or occurrence of defect sites13, 14. The formation of mesopores preferentially
commences at the location of defects, as such area is easily attacked and eliminated.
Silicate zeolites attract lots of attention due to their high thermal stability and
hydrophobicity.15, 16 Such materials, built from corner-sharing SiO4- tetrahedra, possess two types
of silanol groups, either located on the outermost surface of the crystals or within their interior in
the micropores. The internal silanol groups or nests, originating from the absence of silicon atoms
in the framework, are regarded as a specific type of point defect of zeolites.17, 18 Unlike intergrowth
and stacking faults that have been identified by electron microscopy,19-21 a direct observation of
local defects with electron microscopy is rather difficult. This is due to the required spatial
resolution, the low atomic number of silicon and the associated lack of image contrast, and the
sensitivity of zeolite materials to the electron beam. Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) are mainly used to identify the presence and the density
of the silanol groups,22, 23 but they do not provide the needed spatial resolution to locate defects.
Moreover, measuring the bulk material that has numerous crystals only gives an averaged result,
and different crystals may possess different distribution of silanol defects. What still remains
unsolved is how to visualize the location and distribution of these defects at the single crystal level.
Recently, with the help of fluorescent or fluorescently labeled species, the location of real active
sites was spatially identified in one zeolite crystal by fluorescence microscopy (FM).24-26 The
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strategy of labeling may help to identify silanol defects if we can increase the contrast between the
defective and the defect-free areas under electron beam conditions.
Herein, we make use of well-defined chemistry and reactivity of defect sites to visualize the
distribution of silanol groups within individual crystals of silicalite-1 zeolite, and further disclose
the relationship between defects and mesopore formation. This was made possible by grafting an
organic moiety with an amino function group onto the silanol defect.27, 28 Exposure to a suitable
gold precursor resulted in heavy-atom labeled silicalite-1 with sufficient image contrast to be
observed in the electron microscopy.

5.2 Experimental

The defect-rich silicalite-1, i.e. S1, was synthesized according to the description given in Dai et
al,29 which has been mentioned in chapter 3. For the defect-poor silicalite-1, i.e. S2, which has
monoclinic phase, the synthesis was synthesized according to Fodor without adding aluminum
source.30 Both of them were calcined for 10 h at 550 °C to remove the template completely. Base
leaching with Sodium hydroxide solution (35 mL/g zeolite) was carried out at different
concentrations (0.1 M and 0.2 M) at 80 °C and stirring at 500 rpm for 10 h. The reaction was
subsequently quenched in an ice/water bath, and the resulting solid product was separated by
centrifugation for 15 min at 15,000 rpm, washed three times and dried overnight at 100 °C.
Silanol defects in silicalite-1 zeolites were marked using a two-step process consisting of
linker grafting and succeeding heavy atom adsorption. Grafting of the organic linker (3-amino-1propanol) onto present silanol defects was carried out as described in.28 Briefly, silicalite-1 was
pretreated at 250 °C for one day and then mixed with 3-amino-1-propanol. The reaction took place
at 110 °C for two days under nitrogen flow with agitation. Then the solid sample was separated
and degassed at room temperature. After complete drying, the sample was treated in vacuum at
150 °C for one day. Gold adsorption was achieved by immersing the functionalized zeolites in a
10-3 M HAuCl4 solution for one day. The heavy atom labeled zeolites were retrieved by centrifuge,
washed more than five times and dried at room temperature without disturbing.
Transmission electron microscopy (TEM) images were obtained with FEI Tecnai F30 (FEG)
operated at 300 kV. Scanning electron microscopy (SEM) images were obtained with a Zeiss
Gemini 1530 instrument operated at 1 kV. High-angle annular dark-field (HAADF)-scanning
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transmission electron microscopy (STEM) measurements were carried out with a Hitachi HD2700CS microscope operated at 200 kV. The possible occurrence of excessive metal agglomeration
during TEM characterization could be excluded since the continual electron exposure of the gold
clusters did not induce the particle size increase within a reasonable measuring time. Also, after
optimizing beam conditions on one particle, the electron beam was moved to a neighboring particle
quickly to check.
Total organic loading:
The weight percentage of organic moieties (-CH2CH2CH2NH2, MW = 58) in the heave atom
labeled silicalite-1 zeolites is 4.75 wt % according to TGA. Assuming the weight of zeolite is one
gram, then total organic loading can be calculated as follows:
0.0475 × 1 ÷ 58 = 0.82 𝑚𝑚𝑜𝑙/g
Surface organic loading:
Small crystals have a larger external surface areas compared to their large counterparts. Based
on the crystal size of S1 crystals (between 200 and 300 nm) obtained from electron microscopy,
we adopted a simple model, i.e. a cube with 200 nm dimension, to estimate the surface organic
loading. The density of calcined pure-silica MFI was 1.78 g/cm3, and we assumed an external
surface silanol density of 4 Si-OH/nm.31, 32 Also, we assumed the weight of zeolite is one gram.
The areas of external surface for a cube:
200 × 200 × 6 = 240,000 nm2
The number of cubes:
1 ÷ 1.78 × 1021 ÷ 2003 = 7 × 1013
Assume the external surface are fully grafted, then surface organic loading should be equal to
the silanol groups on the external surface, which can be calculated as following (Avogadro constant
= 6.022 × 1023 ):
2.4 × 105 × 7 × 1013 × 4 ÷ (6.022 × 1023 ) = 0.11 𝑚𝑚𝑜𝑙/𝑔

5.3 Results and Discussion

Figure 5.1a, c show electron micrographs of the S1 (the defect-rich silicalite-1) crystals which were
synthesized in basic media. Crystals have a hexagonal shape of size between 200 and 300 nm.
Taking advantages of hybrid pixel detectors in electron crystallography with a rotation method, our
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recent work shows that the S1 crystals are single crystals and not intergrown.33 After mild leaching
in a 0.1 M Sodium hydroxide solution, mesopores were introduced (Figure 5.1b, d). The
preferential dissolution of the inner part was observed from both TEM and SEM. Furthermore,
base leaching using more severe conditions lead to the formation of a hollow-like structure,
manifesting a higher stability of the rim of crystals (Figure 3.5c).34 The crystallinity increased by
20% after mild leaching (Figure 2a). Regarding the -OH groups, three main peaks were observed
from the infrared spectrum (Figure 5.2b), i.e., which can be ascribed to the external silanols, the
internal silanols and the silanol nests.35 The presence of silanol nests and the high intensity ratio
between 3726 cm-1 and 3745 cm-1 (I3726/I3745 ≈ 8.7) implied the existence of a significant amount of
defects. The mild leaching eliminated most defects as the peak intensity at 3726 cm-1 and 3500 cm1

decreased significantly. The

29

Si MAS NMR result also confirmed the diminution of silanol

groups. The Q3 (HO-Si-[(OSi)3]) group decreased much once leaching (Figure 5.2c).

Figure 5.1 TEM and SEM images of (a, c) the defect-rich silicalite-1 and (b, d) the corresponding
crystals leached in 0.1 M Sodium hydroxide for 10 h. The TEM image in (b) was recorded in strong
underfocus to enhance the pore visibility.
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Figure 5.2 (a) XRD spectra, (b) IR spectra, (c) 29Si MAS NMR spectra of S1 crystals and leached
crystals. The crystallinity change was calculated by using silicon single crystal as the internal
standard method. The above characterization results suggest an efficient elimination of silanol
groups after base leaching.

Scheme 5.1 An illustration of the functionalization process of silicalite-1. The silanol groups react
with 3-amino-1-propanol, forming a covalent bond and realizing the introduction of amino groups
for subsequent anchoring gold atoms. Color scheme: brown (Si), red (O), white (H), blue (N) and
gray (C).
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Organic functionalization of ordered mesoporous materials has made significant progress.3639

Studies have proved that the coupling agents of large molecular size can be more efficiently

grafted compared to their smaller counterparts.40, 41 However, their grafting to the internal surface
of zeolites is inhibited by the limited micropore size. To functionalize the internal surface of
silicalite-1 crystals efficiently, the size of the coupling molecule should be tuned to fit zeolite
micropores. 3-amino-1-propanol is selected here due to its linear structure and reactivity to silanol
groups (Scheme 5.1).28 The -OH condenses with the silanol group to form a C-O-Si linkage, fixing
the molecule onto the defect site. The amino group is subsequently used to anchor heavy atoms as
labels. Gold is selected as the marker due to strong interaction with the amino groups. 42, 43

Figure 5.3 (a) Thermal gravimetric analysis (TGA), (b) 29Si MAS NMR spectra, (c) 29Si CP MAS
NMR spectra of S1 and functionalized S1. Functionalized S1 stands for the defect-rich silicalite-1
after reaction with 3-amino-1-propanol. The above characterization results suggest an efficient
graft of organic linker on the accessible silanol defects.
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The main grafting work strictly followed a published paper.28 The weight loading of the
organic moiety was measured by thermal gravimetric analysis (TGA) (Figure 5.3a). For S1, the
weight loss before 150 °C (≈ 1 wt %) can be assigned to the removal of water, whereas, the decrease
after 550 °C was caused by the condensation of neighboring silanol groups to form Si-O-Si
linkages.44, 45 A significant weight loss (4.7 wt %) was observed for the functionalized S1 between
250 and 550 °C, caused by the removal of the organic moiety. The total organic loading is nearly
0.82 mmol/g. The external surface grafting is inevitable but that part can be estimated as much as
0.11 mmol/g (see the Experimental). The 29Si MAS NMR spectrum shows a significant reduction
of the Q3 groups after grafting (Figure 5.3b). This is more obvious from the 29Si CP MAS NMR
since the signals of silicon nuclei bonded to OH groups can be enhanced by the protons in
proximity.14 The ratio of Q3/Q4 decreased from 3.55 to 0.33 after grafting and the Q2 groups in S1
was eliminated completely (Figure 5.3c).
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Figure 5.4 (a) Secondary electron STEM and (b-f) HAADF-STEM images of defect-labeled S1.
Scale bars represent 50 nm (a, b), 5 nm (c-e) and 2 nm (f).The red dash line indicates a defectstarved rim with about 10 nm thick.
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Figure 5.5 XRD spectra of functionalized S1 and defect-labeled S1.

To introduce gold, the functionalized S1 was mixed with an aqueous solution of HAuCl 4 at
pH of 2.5 (10-3 mol/L). Then, the solid was washed thoroughly and dried at room temperature. The
defect-labeled S1 present light yellow color. The gold loading determined by atomic absorption
spectroscopy (AAS) was 0.7 wt %, nearly 0.036 mmol/g, much lower than the amount of organic
moiety. This indicated that not all labeled silanols were accessible by gold. One reason could be
the blocking of the gold precursor species to the more interior part by the organic moieties that are
located or close to the external surface. The significant decrease for the micropore volume (~45%)
and the external surface area (~80%) confirmed the existence of diffusion limitation for the
functionalized S-1. Adding the gold precursor into the pristine S1, did not show any gold in the
material, which suggested that the introduced amino groups did play a role in attraction of gold
atoms. Figure 5.4a, b present the electron micrographs of the defect-labeled S1. Overall, the
original shape of the crystals was preserved. A closer look at the individual crystals shows small
white spots with a size between 0.8 and 1 nm (Figure 5.4c-f), which were gold clusters (Z-contrast).
The small sizes of gold clusters were also confirmed by XRD with no gold peak visible (Figure
5.5). Well-resolved diffraction peaks also indicated that the introduction of amino-group and gold
clusters did not create new and obvious defects. The size of the clusters was larger than the pore
diameter (0.55 nm), but close to the size of the channel intersection (1 nm).46 Interestingly, the gold
clusters were very heterogeneously distributed. Their concentration was high in the crystal core
and on the outermost layer, whereas fewer gold clusters were detected within a 10 nanometer rim
measured from the surface of the crystal. It indicated that the 10-nanometer-area from the edge
possesses fewer defects than the core part.
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Figure 5.6 (a) Secondary electron STEM, (b-e) HAADF-STEM images of defect-labeled S1 with
a lower concentration of HAuCl4 solution (10-4 M) and (f) EDX result of red area of a crystal in
(e). The existence of gold was proved by EDX and element analysis (AAS, 0.09 wt %). However,
no gold atoms can be observed from STEM.

To further decrease the size of gold clusters or obtain gold single atom, we also applied another
more dilute gold solution (10-4 mol/L). However, after careful examination we cannot find any
trace of gold though element analysis indicated its existence (Figure 5.6). The reason was possibly
caused by the atomically dispersed gold within a thick crystal, which did not provide enough
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contrast for visualization. The formation of clusters was due to the autophilicity of gold, i.e. the
tendency to form Au-Au bonds.47 This should happen on the defect site or at least close to the
defective area as amino groups provided the anchoring site for landing initial gold atoms. The
uneven spatial distribution of defects may relate to the crystallization process, as a slower growth
rate at the late stage can lead to a better crystallized structure with less silicon vacancies and
therefore a lower concentration of silanol defects.48, 49

Figure 5.7 TEM and SEM images of (a, d) S2 (b, e) the crystals leached in 0.1 M Sodium hydroxide
(c, f) the crystals leached in 0.2 M Sodium hydroxide.

The defect-poor silicalite-1 sample with monoclinic symmetry (S2) was also prepared and
investigated here. The pristine sample had two size populations, one with crystals between 150 and
250 nm and the other one with particles between 20 and 30 nm. The small particles may be
metastable silica nanoparticle precursors since most were attached on the big ones (Figure 5.7).50
Leaching in the 0.1 M Sodium hydroxide solution eliminated most of the small particles, and a
harsher treatment in the 0.2 M Sodium hydroxide solution gave rise to the formation of mesopores
in the big crystals. Unlike the leached S1 crystals, mesopores were randomly distributed in the
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leached S2 crystals, suggesting that S2 did not have a preferential location of defects. The intensity
of external silanols was much higher than that of the internal silanols (Figure 5.8b). The Q3 signal
was not observed in the

29

Si MAS NMR (Figure 5.8c). Such relatively defect-poor framework

structure was further confirmed as its NMR signals can be attributed to 24 inequivalent T sites
within the monoclinic symmetry (Figure 5.8d).51

Figure 5.8 (a) XRD pattern of the S2 in 22.0∼26.0° 2θ range, (b) IR spectra and (c)

29

Si MAS

NMR spectra of S2 and leached crystals, (d) Deconvolution of 29Si MAS NMR spectrum of S2. In
(a), the two peaks within the red dashed line indicates a monoclinic phase.52

The labeling of the defects for S2 was carried out following the above described method. The
lower gold loading (0.29 wt %) confirmed its low concentration of silanol groups. Figure 5.9 shows
the distribution of gold clusters, and the typical size of clusters was between 1.0 and 1.5 nm, larger
than the previous case. Such clusters were mainly located on the outermost layer of crystals. This
distribution is expected since S2 has more external silanols and less inner defects.
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Figure 5.9 STEM images of the defect-labeled S2. Scale bars are 10 nm (a) and 5 nm (b, c). Typical
gold clusters on the same one crystal was indicated by red circles.

The inhomogeneous aluminum distribution, such as Al-zoning, can be probed by electron
microscopy and associated energy-dispersive X-ray spectroscopy (EDX).12,
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However, any

distribution of point defects in zeolites has been so far only postulated. Creating a new method to
visualize the distribution of such defects is necessary, since this enables to get a more direct insight
into defect chemistry. Regarding the defect-rich silicalite-1, i.e. S1, a defect-starved rim with about
10 nm thick was identified. As a result, the rim part was robust while more pores formed in the
core during base leaching. Such consistency was further confirmed on the defect-poor sample (S2)
since it showed a much lower concentration and a random distribution of markers, and
consequently a non-preferential mesopore formation.

5.4 Conclusions

In summary, we present a new labeling method to make the point defects visible in silicalite-1 at
the single crystal level. The feasibility of the procedure is confirmed by base leaching experiments
and related characterizations. However, there is still a lot of space to improve this work in future
study. For example, how to label all silanols as well as how to visualize atomically dispersed gold
within a thick crystal will be very challenging.
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Chapter 6
Composition and structure dependent
pore formation in MFI zeolites

Based on T. Li, J. Ihli, Z. Ma, F. Krumeich and J. A. van Bokhoven, J. Phys.Chem. C, 2019,
123, 8793-8801. T. Li designed, executed and implemented related experiments. T. Li wrote the
first version of the paper.
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6.1 Introduction

Base leaching of zeolites was studied extensively as an efficient means of introducing meso/macropores owing to its simplicity in operation. Compared with other types of zeolites, leaching
MFI type zeolite received more attention as pristine crystals generally possess some particular
features. Depending on the synthesis procedures, aluminum atoms can be concentrated in the rim1,
2

or distributed evenly within a crystal3, 4. For the micron-sized crystals that rarely occur as single

crystals, the intergrowth structure can display typical morphology ranging from a small ramp on
the surface to a pronounced protrusion.5-7 Even particles that resemble single crystals are often
composed of several subunits.8
Electron microscopy, including the scanning- and transmission electron microscopy (SEM,
TEM), is the most efficient tool to visualize the pore structure. TEM is applicable to most materials,
but shows limits in the case of micron-sized crystals. SEM provides information on the surface
topology, but cannot probe the internal structures of micron-sized particles. To get a clear
understanding of the internal mesoporous structure, Karwacki et al. applied the combination of
focused ion beam (FIB) and scanning electron microscopy (SEM) to study the dealuminated ZSM5 zeolite.9 It was suggested that the mesopore distribution inside the steamed crystal differed
between the sinusoidal channel and the straight one. Later, this technique was applied in a
hierarchical ZSM-5 granule, allowing a distinguishment between meso-/macro pores, zeolitic
particles and binder matrix.10 However, individual base-leached crystals are rarely studied by this
technique due in part to the intensive measurement and the possible structural damage induced by
the milling beam. Alternatively, X-ray tomography is a non-destructive analysis of the internal
structure of particles.11-13 Using a X-ray source from synchrotron radiation allows the resolution
down to submicrometre level.14-17 Recently, Ihli et al. studied the deactivated FCC catalyst by
means of ptychographic X-ray computed tomography (PXCT) and a resolution ~35 nanometers
enables to probe ~90% of the total macro- and mesopore volume of a catalytic particle.16 To our
best knowledge, this method has never been applied in a base-leached zeolite crystal. Compared to
transmission electron tomography that confines particle size within the nanoscale region, this
powerful technique is more suitable to examine the pore generation within a micron-sized crystal,
with sufficient resolution and less beam damage.
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Herein, we studied the pore formation in different zeolite crystals, and related the various pore
structure and/or location to crystal properties that were determined by the synthesis conditions.
Four MFI-type zeolite samples with typical features were prepared, including two ZSM-5 (Z1, Z2)
and two silicalite-1 (S1, S2). Base leaching experiments were performed in dilute Sodium
hydroxide solutions at 80 °C, and the leached samples were named with a suffix –BL. Using focus
ion beam (FIB) and scanning electron microscopy (SEM), we could observe, directly, the pore
structure inside the crystals. Moreover, ptychographic X-ray computed tomography (PXCT) with
a spatial resolution of 40 nanometers, allowed to visualize the pore formation within a crystal in
three dimensions. These results clearly elucidate the relation between synthetic conditions, crystal
properties, and pore formation.

6.2 Experimental
Z1 was synthesized according to the literature with some modification.18 9.6 g of a
tetrapropylammonium hydroxide solution (25 wt% in water) were added to a Teflon reactor
containing 15.625 g tetraethyl orthosilicate and 79.2 g deionized water. The mixture was then
gradually heated to 80 °C and stirred for 24 h at 500 rpm. After cooling down to room temperature,
a solution of sodium hydroxide (0.192 g), aluminum nitrate nonahydrate (0.368 g) and deionized
water (3.2 g) was added dropwise to the previous mixture while stirring vigorously. After
homogenization, the obtained precursor was transferred to a 100-ml stainless steel autoclave
equipped with Teflon inlets and heated to 170 °C for 24 h under static conditions. Resulting zeolites
were separated by centrifugation for 15 min at 15,000 rpm, washed three times with deionized
water, dried overnight at 100 °C and calcined for 10 h at 550 oC.
For Z2, no template was used and the synthesis is modified based on literature.19 Briefly, two
solutions were prepared first. Solution A was prepared by adding 1.5 g fumed silica to a Teflon
reactor containing sodium hydroxide (0.4 g) and deionized water (18 g); solution B was prepared
by dissolving aluminum sulfate hexadecahydrate (0.3152 g) in the deionized water (18 g). Then
solution B was mixed with solution A and stirred for 10 minutes. The gel was transferred to a 50ml stainless steel autoclave equipped with Teflon inlets and heated to 180 °C for 72 h under static
conditions.
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S1 was synthesized from literature20 but without using fluoride ions, and also the rotation oven
was replaced by a normal oven. 3.75 g fumed silica was added to a Teflon reactor containing 20.3
g of a tetrapropylammonium hydroxide solution (25 wt% in water). Then 4.5 g water was added.
The mixture was stirred for 2 h at room temperature and then transferred to a 50-ml stainless steel
autoclave. The mixture was heated to 80 °C for 8 h and then to 140 °C for 20 h under static
conditions.
S2 was adapted from the literature.21 2.128 g tetrapropylammonium bromide was added to the
solution containing 0.148 g ammonium fluoride and 36 g deionized water. Then fumed silica was
added step by step. The total amount of silica was 6 g. After homogenization, the mixture was
transferred to a 50-ml stainless steel autoclave equipped with Teflon inlets and heated to 200 °C
for 15 days under static conditions.
Zeolite base leaching using a sodium hydroxide solution (35 mL/g zeolite) was carried out at
different concentrations (0.15 M for Z1, Z2, S1 and 0.2 M for S2) at 80 °C and stirring at 500 rpm
for 10 h. The reaction was subsequently quenched in an ice/water bath, and the resulting solid
product was separated by centrifugation (15 min, 15,000 rpm). Retrieved zeolites were washed
three times with deionized water and dried overnight at 100 oC.

6.3 Results and Discussion
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Figure 6.1 Top left: SEM (a), TEM (b) and FIB-SEM (c) images of Z1. Bottom left: SEM (e),
TEM (f) and FIB-SEM (g) images of Z1-BL. Right: EDX line scanning of the cross section
presented in (c). The red dash lines in (c) and (g) show the direction of gallium beam milling. The
dark arrow in (e) indicates a destroyed crystal with a hollow core, and the arrow in (f) shows a
hollow crystal with typical intergrowth structure.

Figure 6.1a, b show images of Z1 (Si/Al = 79) that was synthesized by using tetrapropylammonium
hydroxide (TPAOH) as the structure-directing agent (SDA). Utilizing TPA+ ions has been reported
to produce ZSM-5 crystals with uneven aluminum distribution.1, 2 The crystal size was between 1
and 2 µm, and the feature of a rough surface suggested the particles were formed through the fusion
of smaller units.22, 23 Figure 1c displays the cross section of a crystal prepared by FIB milling. The
white central part is due to the charging induced by the electron beam. The feature of aluminum
zoning was observed by energy-dispersive X-ray spectroscopy (EDX) line scanning (Figure 6.1d):
aluminum was abundant in the rim while silicon was homogeneously distributed. After base
leaching, crystals with a hollow core were created (Figure 6.1e, f). The leached particles preserved
the rough surface while the inner part was empty. The complete removal of the core was further
confirmed by FIB-SEM (Figure 6.1 g). Even a crystal with the typical intergrowth morphology
also contained a hollow core (Figure 6.1 f). For all particles, the shape of the hollow structure was
similar to that of the pristine one. A closer look at crystals indicated that local dissolution also took
place in the rim, forming mesopores (Figure 6.2). The 27Al MAS NMR spectrum showed a main
resonance at about 55 ppm that can be assigned to framework tetrahedrally coordinated aluminum
and a very small resonance at 0 ppm that related with the extraframework octahedral aluminum
(Figure 6.3a). After leaching, the extraframework aluminum was removed completely. The
resonance intensity of framework aluminum increased owing to an aluminum content increase for
the leached crystals.
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Figure 6.2 TEM image of Z1-BL, focusing on the shell part.

Scheme 6.3 27Al MAS NMR spectrum of ZSM-5 zeolite.

Figure 6.4 displays the image of Z2 (Si/Al = 32) synthesized without any organic template.
Like Z1, Z2 crystals possessed a rough surface but with a larger overall size (7~8 µm). The 27Al
MAS NMR spectrum showed that most aluminum atoms were located in the framework while the
extraframework percentage was a little higher than that of Z1 (Figure 6.3b). A relatively
homogeneous aluminum distribution was observed by EDX line scanning (Figure 6.5).
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Figure 6.4 The SEM image of Z2.

Figure 6.5 EDX line scanning of the cross section of one Z2 crystal, and the red circles indicate
the inherent small voids in Z2.
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Figure 6.6 (a) The SEM image of Z2-BL (b-e) The FIB-SEM images of different cross sections
along the crystal presented in (a). The green or blue arrows in (c) and (e) indicate the preferred
location of large cracks. The red dash rectangle in (d) indicates the formation of macropores in the
central part.

Base leaching did not change the crystal morphology and the inner pore formation was
investigated by FIB-SEM (Figure 6.6). In contrast to Z1-BL, no hollow structure was observed.
Figure 6.6b displays a cut through the most front section (section 1 in Figure 6.6a), where the cracks
were present along the boundaries between the building blocks. The preferential dissolution of
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boundaries is expected since these areas usually possess more defects.24, 25 Along the same crystal,
the second cross section presented a relatively symmetric distribution of cracks (Figure 6.6c). Such
cracks extended to the surface and were preferentially located near the boundaries between the
bottom-up and the left-right protrusions. No obvious large pores were observed in the center of the
cut. These features were also observed on the fourth and symmetric cross section (Figure 6.6e). On
the contrary, the cracks were not obvious in the middle cross section (section 3 in Figure 6.6a),
while macropores appeared in the central part (Figure 6.6d). Overall, the locations of meso/macropores of Z2-BL are concerned with their structural properties.

Figure 6.7 Top: SEM images of (a) S1 and (b-c) S1-BL. Bottom: SEM images of (d) S2 and (e, f)
S2-BL. The white dash line in (b) indicates the boundary between the removed area and the
remaining part of a crystal. Crystallographic directions are indexed in the images.

To decouple the structural effects from the possible compositional influence, silicalite-1, the
pure silica form of MFI type, was examined. Figure 6.7a displays the image of S1, which was
synthesized in basic medium. The crystals possessed a characteristic rounded-boat shape with an
obvious intergrowth protrusion. After leaching, both the core and protruding parts were removed
(Figure 6.7b, c). In earlier works, the internal structure of large MFI crystals were intensively
studied and both two- and three- component models have been proposed to represent the
intergrowth structure.26, 27 In the case of S1, a three-component model plus an inner core is more
suitable considering its pore formation after leaching (Figure 6.8a). The boundaries between
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different components are the areas where crystal orientations change and therefore such transitional
areas possess more defects that are easily attacked. This is similar to the case of Z2 considering the
distribution of cracks and the preferential dissolution of the inner core in Z2-BL. As such, the
generation of pores relates with their structure inhomogeneity caused by the intergrowth. MFI
crystals synthesized in fluoride medium are claimed to contain few defects and therefore possess
some advantageous properties.21, 28 Here, we also examined the silicate sample S2, which was
prepared by using ammonium fluoride as the mineralizing reagent.29 Unlike S1, S2 crystals have
flat coffin shape without an intergrowth morphology (Figure 6.7d). After leaching, honeycombshaped macropores were introduced into the plates of S2-BL (Figure 6e, f), which was different
from the case of S1-BL.

Figure 6.8 (a) Schematic representation of MFI zeolite crystallography with the intergrowth
structure. The red lines for the disintegrated crystal indicate the boundaries between different
components. (b) The opening of straight channel in MFI zeolites is directed to (010) face.

To further query the relation between crystallographic orientation and pore formation
tendency on the same crystal, we examined two crystals of S2-BL by means of ptychographic Xray computed tomography (PXCT).14, 30 Shown in Figure 6.9 are volume renderings and orthoslices
through the acquired and quantitative electron density tomograms. Fourier shell correlation implies
a spatial resolution of ~40 nm. The volume renderings in Figure 6.9a reveal both leached crystals
to be broken in half with the imaged halves to exhibit a porous coffin-shaped morphology as seen
Figure 6.7e. The macropores with the largest dimension were highlighted and mainly located in
the central area (Figure 6.9a). The pore formation on different crystals surfaces of the same crystal
was observed clearly from the 3D reconstruction. Compared to the (100) and (101) surfaces, the

136

pore density was higher on the (010) surface. These pores were connected, forming a complex
macroporous network with thin walls.

Figure 6.9 Ptychographic X-ray Computed Tomography of Base Leached Silicate-1 Zeolite
Crystals (S2-BL). (a) Volume rendering of the acquired electron density tomograms and (b) central
cut-slices through said tomograms. Common to all subfigures is the linear grey scale for the
electron density. Scale bar common to all subfigures is 5 µm. Voxel size is 17.20 nm3.
Crystallographic directions as well as larger pores in the center of the particle (red circles) are
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highlighted. (c) Corresponding electron density histogram, excluded was the air outside of the
particle. Further given is the selected segmentation threshold to isolate leaching introduced pores
from the zeolite at the attained spatial resolution. (d) Zeolite averaged pore size distribution. (e)
Radially averaged electron density changes in direction of selected crystallographic facets.

Provided in Figure 6.9c are the electron density histograms of the entire zeolites showing two
population centers, corresponding to air/ meso-macropore space and the microporous zeolite.
Segmentation threshold is shown in the Figure, and succeeding calculation of a thickness map
allowed the retrieval of particle averaged pore size distributions at the attained spatial resolution,
Figure 6.9d.31 The pore size falls in the range of 50~350 nm and the frequency shows an
exponential decay with an increase in the pore size. To lessen the effect of the limited spatial
resolution and associated partial volume effects, i.e. unresolved pores on the single voxel level, we
calculated radially averaged changes in electron density in direction of the (001) and (100) facets
(Figure 6.9e). From the center to the rim, the electron density stabilized first and then increased
near the edge. This is consistent with the electron microscopic observation since the rim parts of
leached crystals are more robust with a lower degree of porosity development.
Figure 6.10 summarizes the relation between synthetic conditions, crystal properties, and pore
formation presented in this work. Combining several advanced characterization methods (EM, FIB,
PXCT), we substantiate that the pore formation induced by base leaching relates to both the
compositional and structural properties of zeolites. As to the synthesis of aluminosilicates, using
different templates resulted in crystals with different aluminum distribution. With the
tetrapropylammonium cations (TPA+) as the organic structure-directing agents (OSDAs),
aluminum is concentrated in the rim of the crystals. This was observed in the Z1 sample by
composition analysis of the crystal cross section. On contrast, the lack of organic template gave
rise to crystals that possessed a homogeneous aluminum distribution. However, until now, the
origin of aluminum zoning is still unclear.
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Figure 6.10 Schematic representation of MFI zeolite crystals synthesized under different
conditions, their associated properties, the differences and similarities regarding the pore formation
after base leaching.

Leaching Z1 crystals lead to the formation of hollow structure due to the selective removal of
the core part. From the EDX line scanning illustrated in Figure 6.1d, aluminum was observed both
in the core and the rim, but with a higher concentration in the latter. The aluminum signal in the
core partially came from the rear side of the selected crystal. Therefore, the real aluminum content
in the core should be lower that the signal presented in the Figure. The protective role of aluminum
in desilication was firstly proposed by Ciziek et al.32 Due to the negative charge of the AlO4tetrahedra in the zeolite framework, the Si-O-Al bond is harder to hydrolyze than the Si-O-Si bond
in the alkaline solution. Actually, the protective function of aluminum was limited under severe
conditions. The rim part was partially leached, leading to the formation of mesopores (Figure 6.2).
On the contrary, for Z2 crystals, which had a homogeneous aluminum distribution, no hollow
structure was observed after leaching. Therefore, the composition properties, especially the
aluminum distribution, significantly affect the formation and location of meso-/macropores.
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Figure 6.11 1H MAS NMR spectra of hydrated S1, S1-BL, S2 and S2-BL samples. For S1, the
peak centred at 2.2 is due to Q3 (HO-Si-[(OSi)3]) and adsorbed water molecules on defective
areas.33 The base leaching causes the formation of new defects for the sample S1-BL, since the
peak center shifts to 3.3 ppm and also at least two new peaks are produced (the resonance at 10.2
ppm is attributed to SiO- ∙∙∙HOSi hydrogen bonds between defect sites in the framework, and the
one at 1.0 ppm to HO-Si defects).33-35 S2 has much less defects. The leaching of S2 yields a limited
amount of new defects since the peak intensity of S2-BL is much lower compared to that of S1BL.

Regarding the silicate zeolites that possess relatively uniform composition distribution, pore
formation relates with their structural properties. For Z2 crystals, the pore formation is mainly
decided by their structural properties considering the relatively homogeneous aluminum
distribution. One typical intergrowth of MFI-type zeolites has been studied intensively. The
boundaries of the crystalline twinning are linear, two dimensional, and crystals with the intergrowth
generally possess some typical morphologies. The presence of the intergrowth in Z2 can be
observed from the existence of protrusions (Figure 6.6). After leaching, the long cracks appeared
inside the crystal, showing a symmetric distribution along the boundaries between the bottom-up
and the left-right protrusions (Figure 6.6c, e). Similar observation was found in the case of S1-BL
where the protrusion part on (010) surface was completely removed from the main body (Figure
6.7b). The fragility of the inner core was observed in both Z2-BL and S1-BL. In Z2-BL, the core
part of the middle section possessed macropores that were not observed on the other sections, while
for S1-BL the inner core was removed completely. A possible reason is that the inner core is the
nucleus from where a crystal starts to grow and this part may have more structural defects. On the
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contrary, for S2 that was synthesized in fluoride medium, no typical intergrowth morphology was
observed. Nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy evidenced that S2
was essentially free of defect sites.29 Compared with S1-BL, the pore formation in S2-BL has no
obvious preference to occur at specific positions.
Zeolites are generally synthesized under hydrothermal conditions in the presence of structure
directing agents (SDA). The positive SDAs compensate negative charge on AlO- or SiO- ∙∙∙HOSi.33,
36

The condensation of silanol groups occurs during the thermal treatment, forming Si-O-Si-bridges.

However, condensation is often not complete and calcined zeolites still preserve silanol defects. 37
Compared to the sample S1, S2 has less defects and higher hydrophobicity due to the compensation
of SDA charges by fluoride anions during synthesis (Figure 6.11).38, 39 The leaching of silicalite-1
crystals (S1 and S2) produced new defects due to the removal of silicon from specific T sites by
breaking an oxygen bridge between two adjacent T atoms of the framework.25, 40 The leaching of
S2 yields a limited amount of defects in S2-BL, which is consistent with its robustness in base
solution.
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Figure 6.12 SEM images of crystals before and after leaching. S1_xh respectively represents the
crystals after x hours of synthesis. S1_8h (a) only shows big blocks (the crystals are imbedded in
the block) and amorphous materials is dominant. After leaching, the amorphous part is largely
removed and the crystals appear in the images. Due to the consumption of OH - on amorphous
materials, the crystals only undergo slight leaching. S1_12h (d) consists of large crystals with small
nanoparticles attached on the surface. After leaching, the rim part of large crystals is leached
severely, forming abundant pores. S1_16h (g) shows the crystals that are very similar to the S1.
The number of surface nanoparticle decreases compared to S1_12h. The rim part shows a better
resistance to base leaching with less pores formed on the surface. The above results indicate that
the stability of the crystal rim increases with synthesis time.

Although differences in the pore formation existed, some similarities were also observed if
we compare the leached crystals. Like S1, the rim part of the S2 crystals was resistant to the base
leaching, forming pores with smaller sizes (Figure 6.7f). The robustness of the crystal rim was
further confirmed by ptychographic X-ray computed tomography (PXCT), Figure 6.9. The lower
electron density of the pores allows distinguishing them from the denser zeolite walls. A
quantitative study along the S2 crystals indicated that the average electron density in the rim part
was relatively higher (Figure 6.9e), which implies more zeolite atoms retained and less pores
generated. The robustness of the rim relates to its low concentration of defects, which is possibly
caused by a slower crystal growth rate during the late stage of crystallization.41, 42 Based on the
sample S1, we found that the final-staged crystals have a more robust rim compared to the
intermediate crystals (Figure 6.12). The above feature of the robust rim is also applied to the
aluminosilicate zeolites (Z1, Z2) considering their poor porosity development in the rim.
Besides the robust rim, the same directionality of pore formation was also observed. The
correlation between the pore formation and the crystallographic orientations have been reported in
the steaming of beta zeolites (BEA topology)43 and ZSM-5.9 The existence of stacking faults
arranged along a specific direction can result in a non-uniform pore formation during the
dealumination. Regarding the two pure silica zeolites, i.e. S1 and S2, they were synthesized under
different conditions that had been claimed to produce crystals with different properties. Their
morphologies were different and the corresponding leached crystals showed striking difference in
the pore formation. However, the preferential creation of porosity on the (010) surface was
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observed in both S1-BL and S2-BL. The reason for the above phenomenon is unclear but we
speculate that it is possibly caused by a more convenient extraction of silicate debris along the
straight channels which have opening on the (010) surface. Overall, the preferential pore formation
along the defective boundaries, the same robust rim and the unique directionality of pore formation
reveal that the structure properties of crystals also played an important role in creating meso/macropores.

6.4 Conclusions

In summary, the pore formation of zeolites induced by base leaching relates to both the
compositional and the structural properties. Using TPA+ as the template, ZSM-5 crystals with
aluminum zoning are obtained and the subsequent base leaching leads to the formation of hollow
crystals. On the contrary, without using organic template, ZSM-5 crystals possess a homogeneous
aluminum distribution. The leaching behavior of such crystals is similar to their pure silica form,
silicalite-1, mainly dependent on the structural properties. For the silicalite-1 which is intergrown,
the dissolution preferentially takes place on the boundaries of intergrown areas, forming obvious
cracks. By contrast, in defect-free crystals synthesized in fluoride medium, the pores do not appear
in specific locations. In spite of the diversity in the pore formation, some common features are also
observed. Specifically, the rim of a crystal is always more robust than its core part, and the porosity
develops preferentially along the (010) direction.
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Chapter 7
The link between zeolite crystallization
and pore formation by leaching

Based on T. Li, J. Ihli, J. T. C. Wennmacher, F. Krumeich and J. A. van Bokhoven, Chem.
Eur. J, 2019, 25, 7689-7694. T. Li designed, executed and implemented related experiments. T. Li
wrote the first version of the paper.
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7.1 Introduction

Methods of leaching zeolites in base or acid solution are efficient in the synthesis of hierarchical
zeolites.1-4 The influence of mesopores on performance is strongly dependent on the location and
connection of meso-/macropores. How to tailor the quality of meso-/macropores in zeolites, which
is determined by their structure, location and distribution, impact their ability to enhance the
catalytic performance. Previous reports have correlated the features of pore formation with zeolite
properties, including compositional attributes, such as the content and distribution of aluminum
atoms in crystals, and the structural features associated with imperfections in the framework.5-8 The
selective dissolution along crystallite boundaries or defects within particles have been observed.
However, people seldom explore why zeolite crystals are endowed with specific properties that
influence their post-treatment and associated pore formation. A recent work by Qin et al. found
that mesopores of a mosaic structure existed in several types of zeolites after leaching in NH4F
solution, which was postulated to be related with the zeolite sub-structure.9 As the structural
properties of any zeolite is ultimately determined by the synthesis, we aimed at correlating the
leaching behavior of ZSM-5 zeolites to their crystallization conditions. Such point of view proves
to be extremely helpful to further increase the understanding of the link between zeolite
crystallization and leaching-induced mesopore formation.
Here, we firstly studied the meso-/macropore formation in ZSM-5 crystals that were
synthesized under two different conditions with respect to the H2O/SiO2 ratio. The variation of
water content leads to the changes in the concentration of constitute species and the pH value,
which are interdependent parameters. Then, materials at the different stages of the crystallization
processes were characterized by transmission electron microscopy (TEM) and in-situ small angle
X-ray scattering (SAXS), complemented by X-ray diffraction (XRD) and nuclear magnetic
resonance (NMR).

7.2 Experimental

The zeolite whose crystal size was between 60 and 100 nm (S) was synthesized as following. 12 g
of a tetrapropylammonium hydroxide (TPAOH) solution (25 wt% in water) were added to a Teflon
reactor containing 12.5 g tetraethyl orthosilicate (TEOS). The mixture was then gradually heated
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to 80 oC and stirred for 24 h at 500 rpm, forming a clear solution (-P). After cooling down to room
temperature, a solution of sodium hydroxide (0.24 g), aluminum nitrate nonahydrate (0.46 g) and
deionized water (4 g) was added dropwise to this mixture while stirring vigorously, forming the
precursor solution (-PNa). The resulting zeolite precursor gel has a composition of 0.01 Al2O3 : 1
SiO2 : 0.25 TPAOH : 0.05 Na2O : 8.3 H2O. After homogenization, the obtained precursor was
transferred to a 50-ml stainless steel autoclave equipped with Teflon inlets and heated to 170 oC
for 24 h under static conditions. Resulting zeolites were separated by centrifugation for 15 min at
15,000 rpm, washed three times with deionized water, dried overnight at 100 °C and calcined for
10 h at 550 oC.
The zeolite whose crystal size was between 350 and 500 nm (L) was prepared similarly. The
only differences were the addition of 77.4 g deionized water in the TEOS hydrolysis step and the
selection of a fitting autoclave (100-ml). The final precursor gel composition was 0.01 Al2O3 : 1
SiO2 : 0.25 TPAOH : 0.05 Na2O : 80 H2O.
Zeolite base leaching using a Sodium hydroxide solution (0.15 M, 35 mL/g zeolite) was
carried out at 80 oC for 10 h. Acid leaching was carried out using a 0.1 M HCl solution at 65 oC for
6 h.10 After each step of leaching, the reaction was subsequently quenched in an ice/water bath,
and the resulting solid product was separated by centrifugation (15 min, 15,000 rpm). Retrieved
zeolites were washed three times with deionized water and dried overnight at 100 oC.
The time-resolved SAXS/WAXS experiments were carried out at cSAXS beamline of the
swiss light source (SLS) at the Paul Scherrer Institut (PSI), Switzerland. Zeolite crystallization was
followed by repeated examination of an aqueous zeolite precursor solution, respectably zeolite
slurry, loaded in wax-sealed quartz glass capillaries (Hilgenberg GmbH) 1 mm in diameter. The
crystallization investigation was performed at 120°C rather than a higher temperature to avoid the
possible thermal damage to the flight tube. Moreover, an operation at the trade-off temperature
allows to slow down the crystallization process (providing more detailed information) and
meanwhile mimic a higher temperature operation at most. To minimize the risk of radiation damage
and improve SNR, we collected ten scattering patterns at ten positions along the length of the
capillary, each with an acquisition time 0.1s. This process was repeated 3 times per capillary and
time point. The resulting 300 scattering pattern were finally averaged and used for analysis. Heating
of the sample holder mounted glass capillaries, “initiating” zeolite crystallization, was provided by
means of a remote controlled silicon oil bath fed through the sample holder mounts. A
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thermocouple placed onto of the 10x capillary holder was used for purposes of temperature logging
and respectively temperate regulation. The time interval between examinations of the same
capillary was 2.5 minutes. Crystallization was followed from the point where set temperate was
reached until there was no change in the acquired WAXS peak intensities was detectable. The
SAXfit software package (0.94.6 version) was used for data analysis.

7.3 Results and Discussion

Figure 7.1 TEM images of the zeolite crystals for (a) S, (b) S-B, (c) S-BA (top), (d) L, (e) L-B and
(f) L-BA (bottom). The small red rectangles in (f) indicate the typical mesopores located in the
shell part of the L-BA crystal.

The characterization of the products indicated that the precursor solution with the higher H2O/SiO2
ratio favored producing larger crystals (Figure 7.1a, d). In the following, we directly relate the size
of crystals with their respective synthetic conditions. S stands for the zeolite with the smaller
crystals (60-100 nm) that were produced from the system with a higher supersaturation degree,
while L stands for the zeolite with the larger crystals (350-500 nm) that were produced from the
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system with a lower supersaturation degree. The resulting two zeolites had similar Si/Al ratios
(Table 7.1), and furthermore

27

Al MAS NMR indicated that all the aluminum had a tetrahedral

coordination (Figure 7.2). A synthesis-inherent inhomogeneity in the aluminum distribution
(aluminum-zoning) for the two zeolites was confirmed by energy-dispersive X-ray spectroscopy
(EDX) mapping. Crystal leaching was performed in base solution (0.15 M Sodium hydroxide, 80
o

C, 10 h) followed by treatment in acid solution (0.10 M HCl, 65 oC, 6h). Codes of the samples

reflect the post-treatment (-B and -BA stands for the base leaching and the base plus acid leaching,
respectively). For example, the sample named S-BA represents the zeolite with the smaller crystals
that have been leached with both base and acid solutions.

Figure 7.2 (a) XRD patterns and (b, c) 27Al MAS NMR spectra of zeolite samples. Sample codes
can refer to the main content. All zeolite samples possess MFI topology in (a). The yellow shade
areas in (b) and (c) indicate the four-coordinated framework aluminum with a chemical shift in the
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range between 40 and 65 ppm and also the six-coordinated extraframework aluminum with a
chemical shift at about 0 ppm.

Figure 7.3 Nitrogen physisorption isotherms for (a) S, S-B, S-BA and (b) L, L-B. L-BA. The
hysteresis is a result of the presence of voids or cavities that can only be accessed via entrances
smaller than 4 nm. Regarding the hollow zeolite crystal with a big cavity inside and microporous
shell, the hysteresis indeed points toward a relatively intact outer surface. When mesopores are
introduced into the shell, the hysteresis disappears since the size of entrance to the inner cavity
becomes bigger (≥ 4 nm).

Table 7.1 Si/Al ratio and derived parameters obtained from N2 physisorption isotherms
SBETb

Sextc

Vtotd

Vmicrc

Sample

Si/Ala

[m2 g-1]

[m2 g-1]

[cm3 g-1]

[cm3 g-1]

S

58

341

94

0.22

0.11

S-B

32

347

124

0.35

0.10

S-BA

44

344

148

0.29

0.10

L

50

369

69

0.10

0.10

L-B

30

322

86

0.13

0.10

L-BA

31

420

140

0.17

0.10

a

Determined by AAS. b Derived from the BET model. c Derived from the t-plot method.

d

Derived from single point at p/p0 = 0.96.
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SBET, Sext, Vtot and Vmicr represent the surface area, the external surface area, the total pore
volume and the micropore volume, respectively.

Hollow crystals with relatively intact shells were observed in S-B and L-B (Figure 7.1b, e),
due to the selective removal of the aluminum-poor core. The preservation of the aluminum-rich
shell was proved by the appearance of the hysteresis loop in the isotherms (Figure 7.3). Base
leaching was related to the desilication process as suggested by a decrease for the Si/Al ratio of the
zeolite (Table 7.1). Moreover, no octahedral extraframework aluminum was observed from

27

Al

MAS NMR spectra (Figure 7.2b, c). Acid leaching usually cause a dealumination process. Crystals
in the S sample showed a certain resistance to acid leaching since their shell remained relatively
well-preserved (Figure 7.1c). In contrast, visible mesopores appeared in the shell of L-BA crystals
(Figure 7.1f). Such mesopores had a near-rectangular shape or a shape that could be formed by
pore-to-pore connection of adjoining pores. The size of typical mesopores as determined form TEM
micrographs was between 8 and 15 nm, and a calculation from nitrogen adsorption data pointed
out to another class of mesopores with a uniform size at 4 nm. The difference in the mesopore
formation was also observed from the variation of the nitrogen physisorption isotherms. The
hysteresis loop of L-BA almost disappeared while that of S-BA did not change much (Figure 7.3),
indicating that mesopores (≥ 4 nm) were created in the shell of the L-BA crystals. Dealumination
led to the generation of extraframework aluminum (Figure 7.2b, c), and also to an increase for the
Si/Al ratio from S-B to S-BA (Table 7.1). However, this degree of dealumination did not introduce
obviously recognizable mesopores to the shell of the S-BA crystals, as confirmed by TEM and
nitrogen physisorption results. In contrast, similar Si/Al ratios were found in L-B and L-BA,
indicating that both desilication and dealumination occurred during the acid leaching of the L-B
crystals and also these two processes proceeded with similar extents.
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Figure 7.4 TEM image of Z1-BL, focusing on the shell part.

Scheme 7.5 27Al MAS NMR spectrum of ZSM-5 zeolite.

Aluminum-zoning has been proposed to explain the formation of hollow crystals after base
leaching.11, 12 In the following, we will focus on the aluminum-rich shell and discuss its stability
from exploring the structure-property relationship based on the zeolite crystallization. The
crystallization processes were firstly examined by ex-situ TEM (Figure 7.4). For the S sample,
three species of different size were found in the solid part after 30 mins of hydrothermal treatment.
The bulky gel mass (> 300 nm) had no defined shape with voids trapped;13 and the smallest
nanoparticles (< 10 nm) were either agglomerated or embedded in the gel. Both the gel mass and
nanoparticles were likely precursor species as they were depleted in the later stages. Besides the
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species mentioned above, middle-sized amorphous particles were observed. Such particles
possessed an ellipsoid-like shape, and their size was between 40 and 80 nm which was close to that
of the finally formed crystals (Figure 7.4b). The crystallization started between 30 and 35 mins, as
the diffraction peaks were observed after 35 mins overlapping with a hump in the range 2 = 20º30º (Figure 7.5). The hump disappeared in the following 10 minutes, indicating a fast amorphouscrystalline transition. Agglomerated small nanoparticles as present at the beginning of the reaction
were not observed anymore after 40 mins (Figure 7.4c). The resulting particles were preferentially
connected with each other and some showed crystalline lattice fringes extending throughout the
whole crystals. After 2 h, the crystals became more isolated, possessing well-defined shapes
(Figure 7.4d), and also their morphology did not change anymore (Figure 7.1a).

Figure 7.6 TEM images of the L sample series. Shown in (a) is a TEM image of a particle with the
crystalline rim and deposited nanoparticles (52 min at 170 oC). Shown in (b) is a TEM image of a
particle with the protrusions on crystal exterior (2 h at 170 oC). Evident from the visible lattice
fringes is the oriented alignment of nanoparticles on the crystal surface.

As to the crystallization of the L sample, the entire sequence was similar, however, with some
notable differences, such as the points when crystallization started and ended as well as the
utilization of the precursor nanoparticles. Small precursor nanoparticles (20~40 nm) were clearly
identified after 45 mins (Figure 7.4e). Middle-sized particles (200~300 nm) with lattice fringes
distinguishable in the rim appeared after 52 mins (Figure 7.4f, Figure 7.6a). In the following crystal
growth, their size increased significantly accompanied by a decrease in the amount of small
nanoparticles. The growing particles had almost reached their maximum size of 350~500 nm after
1 h (Figure 7.4g). In opposite to the crystallization process of the S sample, the coexistence of big
particles with small nanoparticles lasted longer and was present even after 2 h (Figure 7.4h).
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Furthermore, the resulting crystals had a rough surface featuring typical protrusions of ~20 nm on
the exteriors (Figure 7.6b). After 24 h, a decline in the surface irregularity was observed: most
crystals had a smooth surface, but still some preserved a rough surface although the characteristic
protrusions had disappeared (Figure 7.1d, Figure 7.7).

Figure 7.7 TEM images of the L sample (24 h at 170 oC). While most crystals display a smooth
surfaced morphology, a crystal with a rough surface is shown in (c). Of particular interest is a
crystal with the attachment of nanoparticles in (b), where small nanoparticles align in parallel,
indicating that the mechanism of oriented attachment is involved in the crystallization process.

Figure 7.8 Liquid 29Si NMR spectra for a) S-P and b) S-PNa (S-P and S-PNa stand for the precursor
solutions of synthesizing the S sample before and after adding the sodium hydroxide solution,
respectively). Qn stands for a silicon atom with n siloxane bridges and (4-n) hydroxyl groups. The
connectivity of the silica network can be reflected by the Qn distribution. An increase in the value
of “n” indicates a more well-developed silica network. Typical oligomer species with high
condensation degree were indicated in the left figure.14 The absence of Q4 indicates the immature
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silicon tetrahedral with silanol groups. The spectra for L-P and L-PNa are not shown here as no
peak could be distinguished from the background due to the low silicon concentration in the liquid.
Liquid 29Si NMR was applied to probe the nature of the precursor species. The preparation of
the precursor solution consisted of two steps. First, tetraethylorthosilicate was hydrolyzed in a
tetrapropylammonium hydroxide solution forming a clear solution (-P) after stirring for 24 h at 80
o

C; then a sodium hydroxide solution with dissolved aluminum was added (-PNa). Both silica

oligomer species (sharp peak) and nanoparticles (broad peak) were observed in the spectrum.
Nearly 90% of silicon was in the form of nanoparticles (Figure 7.8), which is close to the value
reported previously.14 The connectivity of the silica network did not change significantly from SP to S-PNa, suggesting that adding sodium hydroxide mainly induced the aggregation of small
nanoparticles rather than modifying their inner structure.

Figure 7.9 SAXS patterns recorded for the precursor solutions before (black dots) and after adding
the sodium hydroxide solution (red dots). The arrows indicate the change trend of patterns.

To get more information on the shape, size and interactions of nanoparticles, the precursor
solutions were also characterized by SAXS.15-18 For S-P, experimental SAXS data can be simulated
by a two-model system, including the small sphere nanoparticles with a uniform size of about 2.8
nm in diameter and the large particles with an average size of about 25 nm (Figure 7.9, Figure
7.10). We suspect the large particles to be some randomly agglomerated small nanoparticles since
they were polydispersed in sizes and their amount represent a very small percentage (< 10 -4 %) of
the small ones. A scattering intensity maximum around 1.0 nm-1 suggested a repulsive interaction
among the nanoparticles.14, 19 The amount of nanoparticles decreased significantly (~55%) after
adding the sodium hydroxide solution. Meanwhile, in the low q area, the scattering intensity
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attributed to the agglomerated nanoparticles showed an increase (Figure 7.9a). The above analysis
was also applied to the system to synthesize the L sample. The nanoparticles in L-P were larger,
about 4.8 nm, and their amount reduction was less (20%) after adding the sodium hydroxide
solution (Figure 7.9b).

Figure 7.10 SAXS pattern simulations of precursor solutions using a two-model system for (a) SP, (b) S-PNa, (c) L-P and (d) L-PNa sample series. A sphere model form factor was used for both
small nanoparticles and their agglomerates. In the concentrated system (structure factor ≠ 1), we
used a monodisperse hard sphere approximation model to describe the interaction of nanoparticles
for S-P and L-P. Due to the consumption of nanoparticles, for S-PNa and L-PNa, the interaction of
nanoparticles became less important and therefore we could simulate the curve with structure factor
=1.20
Next, the crystallization processes were characterized by coherent SAXS at 120 oC instead of
170 oC. The final crystals with similar morphologies were obtained at the two temperatures
although there were some variations in the crystal size (vide infra). Therefore, the crystallization
processes should follow similar pathways once the composition was fixed, although the
crystallization rates likely vary for different temperatures. Figure 7.13 shows the SAXS patterns
and TEM images for the growth of the S sample at 120 oC. The scattering intensity in the high q
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area, related to the small nanoparticles, gradually decreased during the temperature increase and
within the first 3 hours at 120 oC. After that, the scattering intensity stabilized, which implied that
the precursor nanoparticles had been depleted (Figure 7.13a-d). In the low q area, the scattering
intensity increased first due to the agglomeration of the small nanoparticles. Then the patterns
featuring a curvature shape gradually appeared. We attributed this feature to the gradual structural
ordering and also to a minor size change of larger particles as confirmed by WAXS (Figure 7.12)
and TEM (Figure 7.13h, i). The resulting crystals after 3 h possessed a rough surface (Figure 7.12i).
In the next hour, a transition from the curvature shape to an oscillation was observed in the SAXS
patterns due to the smoothing of the surface irregularities, and crystals gradually possessed an
angular and faceted appearance (Figure 7.13e, j).14 The existence of a rough surface was not
observed at 170 oC, possibly due to a rapid structural change. No further change was observed after
4 h, indicating the crystallization process was completed. In contrast, regarding the crystallization
of the L sample, the intensity in the high q area decreased continually throughout the whole period
of measuring (Figure 7.14). This means that the consumption of the precursor nanoparticles was
slower in comparison to the former case. The existence of the precursor nanoparticles during the
whole period was also observed by TEM. During the same period, the intensity in the low q area
continued to increase, suggesting a continuous increase in the size of larger crystals, which was
consistent with TEM observations (Figure 7.14, j-l).

Figure 7.11 Photographs of the used heating setup and capillary holder. Heating was provided by
circulating hot silicon oil through the capillary holder.
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Figure 7.12 In-situ WAXS patterns collected during the synthesis of the S sample series at 120 oC.
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Figure 7.13 (a-f) SAXS patterns of the S-PNa precursor solution during (a) temperature ramp-up
to 120 oC and (b-f) after increasing time (0-5 h) at 120 oC. Each panel shows 6 SAXS patterns
collected at 10 minute increments within the presented hourly timeframe. Arrows indicate
significant directional changes in the SAXS pattern. The insets in (d, e) highlight the change in the
dashed rectangle. (g-l) TEM images collected after (g) 1 h, (h) 2 h, (i) 3 h, (j) 4 h, (k) 5 h and (l)
24 h. The insets in (g-i) show the selected area electron diffraction (SAED) patterns. First signs of
crystalline zeolite formation appear after 2 h.

Figure 7.14 (a-f) SAXS patterns of the L-PNa precursor solution during (a) temperature ramp-up
to 120 oC and (b-f) after increasing time (0-5 h) at 120 oC. Each panel shows 6 SAXS patterns
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collected at 10 minute increments within the presented hourly timeframe. Arrows indicate
significant directional changes in the SAXS pattern. (g-l) TEM images collected after (g) 1 h, (h)
2 h, (i) 3 h, (j) 4 h, (k) 5 h and (l) 24 h. The insets in (g-j) show the selected area electron diffraction
(SAED) patterns. First signs of crystalline zeolite formation appear after 3 h. During the early
stages of the experiment agglomeration of larger pre-curser clusters and following sedimentation
were observable, most probably causing the observed intensity decay in the low q area within the
first ~ 110 minutes at 120 oC (b, c). After reaching a plateau, the scattering intensity in the low q
area continued to increase, reflective of a prolonged phase of zeolite crystal growth.

Figure 7.15 In-situ WAXS patterns collected during the synthesis of the L sample series at 120 oC.

Modelling of the full SAXS patterns is extremely difficult due to several issues, such as the
polydispersity in the size of crystals, the interaction between crystals, precursor nanoparticles and
both. However, for the high q area, which relates to the small precursor nanoparticles, simulation
can be performed. Regarding the role of nanoparticles for zeolite growth, there are multiple
possibilities: one is that the zeolite growth is achieved by the attachment of nanoparticles;21-24 and
another is that the nanoparticles are dissolved first and then contribute to zeolite growth though
soluble silicate and aluminate anions (oligomer species).25,

26

In agreement with the TEM

observation, a rather consistent size for the precursor nanoparticles from modelling was observed
throughout the whole crystallization process. The precursor nanoparticles did not show obvious
shrinkage. This indicates either a crystallization process, which involves the direct inclusion and
attachment of nanoparticles, or a fast dissolution process of nanoparticles to provide soluble
oligomer species. As to the crystallization of the S sample, the precursor nanoparticles were fast
consumed at the early stages and depleted after 3 h (Figure 7.16a). The resulting crystals had a
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rough surface. As the remaining precursor species, oligomers played a dominant role in the later
stages to eliminate the irregularities and thus the final crystals possessed a smooth surface.27, 28 In
comparison, the consumption of the precursor nanoparticles was slower in the case of the L sample
(Figure 7.16b). As pointed out by previous investigations,27, 28 the consumption of oligomers starts
from the beginning, and we expect the inclusion of oligomers and nanoparticles into the crystals
existed throughout the whole crystallization period. Due to the slow consumption of nanoparticles,
oligomers were nearly used up or insufficient before the depletion of nanoparticles in the L case,
which explained the eventual crystals with a rough surface.

Figure 7.16 The relative number of the small precursor nanoparticles during different sections of
the crystallization process for a) the S sample and b) the L sample. The percentage of the small
nanoparticles were obtained from SAXS simulation.
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Figure 7.17 Schematic representation of the link between ZSM-5 zeolite crystallization and
mesopore formation induced by leaching. The main differences (up and down) lie in the
consumption rate of the precursor nanoparticles, the sizes of finally formed crystals, the
substructure of zeolite, and the mesopore formation induced by leaching.

The crystallization details of the zeolites (S and L) decide their different structural properties,
which are reflected by the divergent pore formation after leaching (Figure 7.17). In our case, we
frequently captured crystals with regular protrusions whose direction were align in parallel, and
therefore the oriented attachment of nanoparticles is expected to occur.27-29 The oriented attainment
allows the arrangement of nanoparticles along the specific direction. However, defects can be
produced when rotating or tilting nanoparticles with minor deviations from the same one
direction.29 On the contrary, an addition of oligomers or monomers is expected to yield a more
perfect crystal structure since these species are smaller building units and usually attach to
imperfect locations. For the crystallization of the S sample, a faster consumption of nanoparticles
was observed and this should contribute to the main mass of a crystal. Then, oligomers made the
shell of a crystal more robust by slow addition and rearrangement. As a result, the shells of smaller
crystals showed high resistance to acid leaching. However, as to the crystallization of the L sample,
a slow consumption of nanoparticles resulted in a large consumption of oligomers before turning
crystals into a (real) perfect structure. The insufficient oligomers and the continual inclusion of
nanoparticles led to the imperfections in the shells. From TEM, we cannot see these imperfections
due to their small sizes and non-uniform distribution. However, such features of zeolite
substructure were reflected by crystal leaching. The acid leaching areas are possibly removed in
the form of subunits of zeolite and thus typical mesopores were created in the shell of L crystals.

7.4 Conclusions

In summary, based on the two ZSM-5 zeolites, which possess the same elemental composition, but
different crystal sizes due to a slight difference in the synthesis, we characterized their
crystallization processes and the pore formation resulting from subsequent leaching. The variation
of supersaturation degree in the precursor solutions leads to the different consumption rates of
precursor nanoparticles. For a concentrated system with less water, the nanoparticle consumption
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is rather fast, and particles with a rough surface are formed first. Then oligomers can heal the
imperfections of surface, forming a smaller crystal with a robust shell, which shows high resistance
to leaching. On the contrary, a dilute system leads to a slow consumption of nanoparticles and a
significant depletion of oligomers. The inadequate oligomers at the late stages result in the larger
crystals possessing a shell with the features of the inherent zeolite substructure, i.e. nanometersized crystallite boundaries. These substructures can be reflected by leaching, forming typical
mesopores. A clear understanding of the link between ZSM-5 zeolite crystallization and leaching
will be the key to design zeolite materials with better structural properties.
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Chapter 8
Effect of uneven distribution of
aluminum on ZSM-5 crystal nucleation

Based on T. Li, F. Krumeich and J. A. van Bokhoven, Cryst. Growth Des., 2019, 19, 25482551. T. Li designed, executed and implemented related experiments. T. Li wrote the first version
of the paper.
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8.1 Introduction

Zeolites are usually synthesized under hydrothermal conditions, involving the self-assembly of
constituent precursor species. Although many studies have addressed the mechanism of zeolite
growth,1-18 a general scenario able to elucidate all experimental findings is still not achieved. The
complexity originates from the heterogeneity in many aspects, such as the state of amorphous
precursors, the distribution of constituent species, the spatial and temporal locations of
crystallization events, and the varying synthesis conditions such as temperature, pressure and time.
Therefore, various and sometimes even conflicting models have been proposed regarding
nucleation and crystallization of zeolites.
Although zeolite synthesis in the autoclave is essentially a black box, efforts to unravel the
growth mechanism are worthwhile as a deeper understanding would provide fundamental insights
and possibilities to control their physicochemical properties. Recent studies achieved to visualize
zeolite nucleation by careful sample preparation and subsequent examination by high-resolution
transmission electron microscopy (HRTEM). Starting from a clear solution system consisting of
discrete gel particles, Mintova et al. observed the “birth” of nuclei located in the center of precursor
particles in the case of zeolite A and in the precursor particle periphery in the case of zeolite Y.4, 5
Within a condensed gel system, Valtchev et al. found that nucleation of zeolite A was related to
the gel pore structure, with nucleation occurring at the boundary between the solid gel and the
surrounding solution.10 Motivated by the heterogeneous manner of zeolite nucleation, we have
investigated the nucleation/crystallization of ZSM-5 nanoscale crystals. Different from the other
type of zeolites, the finally formed tetrapropylammonium(TPA)-containing ZSM-5 crystals
contained aluminum-zoning.

8.2 Experimental

Zeolite synthesis has been described in chapter 3. The resulting zeolite precursor gel has a
composition of 0.01 Al2O3 : 1 SiO2 : 0.25 TPAOH : 0.05 Na2O : 8.3 H2O. After homogenization,
the obtained precursor was transferred to a 50-ml stainless steel autoclave equipped with Teflon
inlets and heated to 170 oC for different time intervals under static conditions. Resulting zeolites
were separated by centrifugation for 15 min at 15,000 rpm, washed three times with deionized
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water, and finally dried at room temperature by nitrogen flow. To exclude the influence of the
timing of adding aluminum source on the formation of aluminum-zoned crystals, we also adding
aluminum source first before heating at 80 oC. The resulted crystals have no difference with the
above synthesized crystals. The low temperature synthesis was similar to the above procedure but
performed at 80 oC. The “solvent-free” synthesis employed the same precursor solution. After 30
mins of hydrothermal treatment at 170 oC, the solid part was separated from the liquid by centrifuge
without water washing. Then the solid part was put back into the autoclave and underwent further
hydrothermal treatment. The timing started from the moment when putting the autoclave in the
oven. For the “aluminum-free”, no aluminum source was added to zeolite precursor solution, and
the synthesis was performed at 170 oC.

8.3 Results and Discussion

In chapter 7, we have described the the crystallization process of nanoscale ZSM-5 crystals. In this
chapter, we will focus on the the nucleation and initial crystal growth. Heating the zeolite precursor
solution at 170 oC induced the transformation of the amorphous precursors to the crystalline zeolite
phase after an induction period of around 30 to 35 mins. The initially formed particles after 35 mins
were partially crystalline as evidenced by X-ray diffraction (Figure 8.1). Continuation of the
hydrothermal treatment led to the completion of the crystallization process.

Figure 8.1 XRD patterns of the solid sample obtained after hydrothermal treatment for different
time.
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Figure 8.2 TEM images of (a) the intermediary crystal with an amorphous-core/crystalline-shell
structure and (b) a magnified view of the shell after 35 mins of hydrothermal treatment. The inset
in (a) corresponds to the FFT pattern of the whole particle, showing that the shell part has a MFI
topology (d-spacing, ~1.0 nm).

Figure 8.2 shows the HRTEM image of an elliptically-shaped precursor particle after 35 mins
of hydrothermal treatment. This particle possesses a core/shell structure where the crystalline
nature of shell is distinguished by the parallel lattice fringes while the core part remains in an
amorphous state. The shell thickness is approximately 10 nm. The FFT pattern uniquely showed
the feature of (200) or (002) planes of the MFI zeolite structure, and thus the possibility of
intercrystalline transformation can be excluded in the further growth. However, only a minority of
crystals observed here presented the crystalline shell/amorphous core structure due to the rapid
amorphous-to-crystalline transformation, rendering capturing the intermediary crystals difficult
(Figure 8.3).
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Figure 8.3 The overview of particles after 35 mins of hydrothermal treatment. In (b), most particles
are amorphous. The red arrows in (c) indicate fully crystalline crystals. Note that the fully
crystalline particles generally have a larger size than the amorphous ones.

Figure 8.4 TEM images of (a) a particle with lattice fringes only in the rim (b) a particle with
lattice fringes propagation to the core and (c) a particle with lattice fringes throughout the whole.
All particles come from the same sample (d-spacing of ~1.0 nm).

To ascertain the presence of the intermediary crystals described above and also to identify the
direction of lattice propagation (inward or outward) and crystal growth, we repeated the same
synthesis and a few intermediary crystals were found each time. Figure 8.4 shows three particles
obtained from the same sample but with different degrees of lattice development. The first
intermediary crystal is similar to the one presented above (Figure 8.2), with a thickness of
crystalline shell of about 5 nm (Figure 8.4a). The second intermediary crystal possesses a more
developed lattice, and its lattice fringes extend into a part of the core, pointing out crystalline
domains (Figure 8.4b). A further crystal lattice propagation towards the center eventually gives
rise to the particle with a fully crystalline structure (Figure 8.4c). Several studies have reported
cases where the zeolite nucleation occurred preferably at the gel-liquid interface. They claim that
the zeolite structure could initially be formed by transport of small species from solution or by
structural reorganization (hydrolysis and rearrangement) within the surface region.4, 5, 10 However,
in those cases mentioned above, the nucleation and initial growth locations were only a part of the
particle edge or the gel mass surface rather than forming a complete crystalline shell. Regarding
the zeolite precursor containing polymer hydrogels, a surface-to-core crystallization process was
observed.19-21 The interface between the chitosan polymer network and zeolite aluminosilicate gel
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can serve as ideal nucleation sites due to the presence of amino groups in the polymer wall. As a
result, the intermediary zeolite crystals preserved an amorphous-core/crystalline-shell structure.
However, this is not applicable to our case since no polymer species were used in the precursor
solution.

Figure 8.5 XRD patterns of solid samples (a) obtained after hydrothermal treatment at 80 oC, (b)
obtained from the “solvent-free” process and (c) obtained from the “aluminum-free” process. The
“half-crystals” in Figure 8.6 come from 48 h in (a), 22 min in (b) and 35 min in (c).

Figure 8.6 TEM images of (a) a particle with lattice fringes only in the rim (b) a particle with
lattice fringes propagation to the core and (c) a particle with lattice fringes throughout the whole.
All particles come from the same sample (d-spacing of ~1.0 nm).

Next, we studied the zeolites synthesis under different conditions. The same zeolite precursor
was treated at a lower temperature, i.e. 80 oC, under which the zeolite growth became much slower
(Figure 8.5a). Within the sample obtained after 48 h that was partially crystalline according to Xray diffraction, intermediary crystals were observed. Figure 8.6a shows one an intermediary crystal
whose (crystalline) shell is much darker compared to its core. The obvious diffraction contrast
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indicates that nucleation and initial growth have also taken place in the rim at 80 oC. To probe the
role of the water in the nucleation, a “solvent-free” process was carried out. We stopped the
hydrothermal treatment after 30 mins, i.e. shortly before the crystallization initiates at 170 oC (see
above), and then separated the amorphous solid from the solution. The solid part should possess
some amorphous particles that were close to nucleate. The solid was put back into the autoclave
and underwent further hydrothermal treatment. The crystallinity change was monitored by X-ray
diffraction (Figure 8.5b), and an intermediary crystal that possessed a crystalline shell was captured
as well (Figure 8.6b). Note that a minimal amount of water is required to realize the “solvent-free”
process.22, 23 Therefore, the role of water remains still unclear. Under the two conditions discussed
above, both the eventually formed crystals have the feature of aluminum-zoning, as confirmed by
energy-dispersive X-ray spectroscopy (EDX) and the formation of hollow crystals after base
leaching (Figure 8.7). The pure-silica form zeolite (silicalite-1) was synthesized following the same
procedure without adding any aluminum source. The XRD patterns shows that the sample is
partially crystalline after 35 minutes of hydrothermal treatment (Figure 8.5c). Figure 8.6c gives a
pure-silica intermediary crystal. In contrast to its aluminosilicate analogues, the crystal lattice is
randomly distributed within the particle and no crystalline shell is observed. Based on the above
results, it appears that the addition of aluminum species plays a decisive role in the preferential rim
nucleation and growth.
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Figure 8.7 TEM images of pristine crystals, leached crystals, and EDX mapping of pristine crystals.
Crystals in (a) are obtained after hydrothermal treatment for 24 h; crystals in (d) are obtained after
hydrothermal treatment at 80 oC for 168 h; crystals in (g) are obtained from the “solvent-free”
process for 24 h; crystals in (j) are obtained from the “aluminum-free” process for 24 h. All
aluminum-containing crystals have aluminum-zoning as hollow crystals are formed after base
leaching.
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To confirm the above hypothesis, we have further checked the sample that was obtained after
30 mins of hydrothermal treatment. X-ray diffraction results imply that only amorphous material
exists and a further hydrothermal treatment of less than 5 minutes induces the amorphous-tocrystalline transformation (Figure 8.1). Therefore, such a sample should contain particles that are
close to nucleate. A diversity of solid species are observed within the same sample, including the
gel mass (> 300 nm) and nanoparticle aggregates (< 10 nm). Elliptically-shaped particles with a
size between 40 and 80 nm are observed. The content of aluminum and its distribution are not
homogeneous over particles (Figure 8.8). However, the rim part of the particles generally possesses
a higher aluminum content compared to the core part before turning into a crystal. The phenomenon
that the presence of aluminum species can accelerate zeolite nucleation has already been discovered
in a few cases. Chao et al. studied the kinetics of nucleation/crystallization of MFI zeolite and
found that adding aluminum to the precursor system reduced the apparent activation energy of
nucleation by 13 KJ mol-1.24 As a result, zeolite nucleation took place faster in the aluminosilicate
system compared to a silicate system. Based on a system to synthesize FAU zeolite, Oleksiak et al.
observed that nucleation started from the aluminum-rich regions of particles, forming LTA zeolite
first, and then FAU zeolite was produced by intercrystalline transformation.17 Therefore, the
preferential surface nucleation and growth is related with the high-aluminum content in the rim of
particles.

Figure 8.8 STEM-EDX analysis of the aluminosilicate amorphous particles obtained after 30 mins
of hydrothermal treatment. The particles were connected or overlapped due to the existence of the
amorphous gel. The areas analyzed are marked by red dashed rectangles and the silicon to
aluminum ratios (SAR) are indicated nearby.
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Figure 8.9 Proposed scheme for the crystallite development process. All particles shown here have
aluminium-rich shells (blue) and aluminium-poor cores (red). The parallel black slashes represent
the crystal lattice fringes, and their spatial propagation indicates the crystallization direction of
ZSM-5 nanocrystals.

Overall, we conclude that in the present case a surface-to-core crystallization process has
occurred during the synthesis of ZSM-5 nanoscale crystals (Figure 8.9). As such, the formation of
the crystal lattice starts in the rim, and proceeds with a very rapid inward crystallization propagation
until the whole particle is crystalline. Figure 8.3 shows that the amorphous particles, which are
close to nucleate, generally have a smaller size compared to the crystals present in the same sample.
This observation suggests that some epitaxial growth might take place during and/or after the
inward crystallization propagation. The increased aluminum content in the particle rim triggers the
nucleation to occur preferentially in this area. The preferential rim nucleation and growth caused
by the compositional heterogeneity of precursors may provide a way to synthesize novel zeolite
assembles, such as crystals with an amorphous-core/crystalline-shell structure. However, one has
to deal with the challenge to control a homogeneous nucleation and initial growth of all particles,
which will definitely be a tough task.

8.4 Conclusions
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The nucleation/crystallization processes to form nanoscale ZSM-5 crystals having aluminumzoning were studied by means of high-resolution transmission electron microscopy. Amorphous
particles with a size between 40 and 80 nm are formed at the initial stage of zeolite growth and
such particles generally have an aluminum-rich edge. Intermediate crystals with an amorphouscore/crystalline-shell structure develop shortly after that, which indicates that nucleation
preferentially takes place in the particle rim. Subsequently, rapid crystal lattice propagation towards
the core gives rise to particles with a fully crystalline structure. The high aluminum content in the
particle rim appears to be the driving force of the zeolite ZSM-5 nucleation and growth.

References
1.

E. G. Derouane, S. Determmerie, Z. Gabelica and N. Blom, Applied catalysis, 1981, 1, 201224.

2.

B. J. Schoeman, Zeolites, 1997, 18, 97-105.

3.

P.-P. E. de Moor, T. P. Beelen and R. A. van Santen, The Journal of Physical Chemistry B,
1999, 103, 1639-1650.

4.

S. Mintova, N. H. Olson and T. Bein, Angew. Chem. Int. Ed., 1999, 38, 3201-3204.

5.

S. Mintova, N. H. Olson, V. Valtchev and T. Bein, Science, 1999, 283, 958-960.

6.

C. E. Kirschhock, V. Buschmann, S. Kremer, R. Ravishankar, C. J. Houssin, B. L. Mojet,
R. A. van Santen, P. J. Grobet, P. A. Jacobs and J. A. Martens, Angew. Chem. Int. Ed., 2001,
40, 2637-2640.

7.

D. P. Serrano and R. van Grieken, J. Mater. Chem., 2001, 11, 2391-2407.

8.

C. S. Cundy and P. A. Cox, Chem. Rev., 2003, 103, 663-702.

9.

C. S. Cundy and P. A. Cox, Microporous Mesoporous Mater., 2005, 82, 1-78.

10.

V. P. Valtchev and K. N. Bozhilov, J. Am. Chem. Soc., 2005, 127, 16171-16177.

11.

T. M. Davis, T. O. Drews, H. Ramanan, C. He, J. Dong, H. Schnablegger, M. A.
Katsoulakis, E. Kokkoli, A. V. McCormick and R. L. Penn, Nature materials, 2006, 5, 400.

12.

S. Kumar, Z. Wang, R. L. Penn and M. Tsapatsis, J. Am. Chem. Soc., 2008, 130, 1728417286.

13.

H. Greer, P. S. Wheatley, S. E. Ashbrook, R. E. Morris and W. Zhou, J. Am. Chem. Soc.,
2009, 131, 17986-17992.

177

14.

A. Aerts, M. Haouas, T. P. Caremans, L. R. Follens, T. S. van Erp, F. Taulelle, J. Vermant,
J. A. Martens and C. E. Kirschhock, Chemistry-A European Journal, 2010, 16, 2764-2774.

15.

A. I. Lupulescu and J. D. Rimer, Science, 2014, 344, 729-732.

16.

J. J. De Yoreo, P. U. Gilbert, N. A. Sommerdijk, R. L. Penn, S. Whitelam, D. Joester, H.
Zhang, J. D. Rimer, A. Navrotsky and J. F. Banfield, Science, 2015, 349, aaa6760.

17.

M. D. Oleksiak, J. A. Soltis, M. T. Conato, R. L. Penn and J. D. Rimer, Chem. Mater., 2016,
28, 4906-4916.

18.

R. Li, A. Chawla, N. Linares, J. G. Sutjianto, K. W. Chapman, J. G. Martínez and J. D.
Rimer, Industrial & Engineering Chemistry Research, 2018, 57, 8460-8471.

19.

L. Han, J. Yao, D. Li, J. Ho, X. Zhang, C.-H. C. Kong, Z.-M. Zong, X.-Y. Wei and H.
Wang, J. Mater. Chem., 2008, 18, 3337-3341.

20.

J. Yao, D. Li, X. Zhang, C. H. Kong, W. Yue, W. Zhou and H. Wang, Angew. Chem. Int.
Ed., 2008, 47, 8397-8399.

21.

W. Zhou, Adv. Mater., 2010, 22, 3086-3092.

22.

L. Ren, Q. Wu, C. Yang, L. Zhu, C. Li, P. Zhang, H. Zhang, X. Meng and F.-S. Xiao, J.
Am. Chem. Soc., 2012, 134, 15173-15176.

23.

Y. Jin, Q. Sun, G. Qi, C. Yang, J. Xu, F. Chen, X. Meng, F. Deng and F. S. Xiao, Angew.
Chem., 2013, 125, 9342-9345.

24.

K.-J. Chao, T. C. Tasi, M.-S. Chen and I. Wang, Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases, 1981, 77, 547-555.

178

Chapter 9
Conclusions and outlook
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The scope of this thesis is to produce nanoscale mesoporous zeolites and hollow zeolites, to modify
their properties, to explore the underlying reasons of their formation, and to bridge the gap between
the synthesis and the post-synthesis of zeolites. Zeolites with MFI structure is the only investigated
subject. Conclusions can be possibly applied to other type of zeolites.
Chapter 3 shows that the properties of hollow zeolite crystals can be adjusted from both
varying the synthesis and the post-synthesis conditions. The methodology of changing the postsynthesis conditions to control the leaching degrees of crystals was widely used in the case of
producing mesoporous zeolite. Herein, the above idea was transferred to the case of hollow zeolite
crystals. In addition, we demonstrate that there is a lot of space to operate from the view of synthesis
conditions in order to control the properties of hollow zeolite crystals. The concept of using
nanometer-sized hollow zeolite crystals as “nano-reactor” is promising since it can be used to
encapsulate active metal nanoparticles. To the best of my knowledge, the smallest hollow zeolite
crystals was reported by Fodor et al., around 70 nm and the central cavity had a size of 40 nm.1 In
heterogeneous catalysis, a putative theory is that the smaller metal particles/clusters/molecules
generally have better catalytic activity due to their higher exposed surface areas. For the small
metal sites encapsulated in the hollow zeolite crystals, the cavity is still too large and inefficiently
utilized. Therefore, the work of synthesizing the smaller hollow zeolite crystals, such as the crystals
below 20 nm, is promising from the view of utilizing materials efficiently. Furthermore, another
advantage of using the smaller hollow zeolite crystals is the facilitated mass transfer of reactant
and/or product molecules to/away from the active metals.
By a two consecutive crystallization process followed by base leaching, hollow crystals with
double shells were created. A possible reason is the formation of two separated aluminum-zoning
areas within one crystal, which still need to be studied. It is still unknown whether there is a
limitation in the number of shells introduced by means of multiple crystallization process followed
by base leaching. Until now, using merely base leaching to get hollow single crystal is only applied
in the case of ZSM-5 crystals due to their uneven aluminum distribution. The idea of consecutive
crystallization process may provide a way to construct different compositional properties within
other zeolite crystals. For instance, one can synthesize mordenite zeolite crystals which have a
lower aluminum content. In the next, such crystals are used as seeds and fresh zeolite precursors
with a higher aluminum content grow on their exterior surface. Then the leaching method is used
to get hollow crystals by selectively remove the aluminum-poor inner part. What is more, the
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crystals with double shells structure is also interesting since their two separated cavities can provide
two compartments to locate different active metals with zeolite shells protected.
In chapter 4, we firstly employed Cryo-TEM in disclosing mesopore formation process during
base leaching, and a transition from mesoporous crystal to hollow crystal was identified. The
initially formed distinguishable larger mesopores preferred to be located at the boundary between
the aluminum-rich rim and the aluminum-poor core. We proposed that when two crystalline
domains with different compositions meet, due to the different bond angles and/or length, there
should be strain. However, further simulation should be carried out to confirm the above
assumption as well as to demonstrate how the strain changes with the different local aluminum
content. First pores also appeared in other parts of the core for some leached crystals. This points
out that in those crystals, apart from the above boundary areas, there should be some parts which
have more defects and thus forming mesopore more easily. The heterogeneity in mesopore
formation is also reflected by different leaching speeds. For most crystals, distinguishable
mesopores were observed only after a “nucleation” period. However, the reason for the “nucleation”
period is still unclear. Given the highest concentration of base solution at the beginning of leaching,
the breaking of Si-O-Si bond is expected, which possibly prefer to occur at specific T-sites. Only
when those T-sites are removed from the zeolite framework, obvious mesopores can be possibly
observed. The heterogeneity in mesopore formation should be related to the heterogeneity of
crystals in composition and/or structure. Our recent EDX work found that the crystals with
cornered shape have higher aluminum content compared to the round ones. Although the
classification of crystals into two types is not accurate based on their morphologies, it hints that the
heterogeneity exists in one batch sample. To correlate the mesopore formation with crystal
composition and/or structure properties, in situ liquid cell TEM is important, which enables us to
monitor the pore formation in one crystal. However, how to monitor the composition and/or
structure properties change in the liquid medium at the single crystal level is very challenging. The
application of Cryo-TEM possibly provides a solution. For example, one can focus on the crystals
with the same shapes (assuming that the crystals with the same shape have similar properties), take
and freeze the leached crystals as function of leaching time, and then study their composition and/or
structure properties variation by EDX and electron diffraction.
Chapter 5 present a labeling method to visualize silanol defects distribution in silicalite-1.
This method allows us to observe the distribution of defects in one crystal. However, due to the
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easier accessibility of the grafting molecules to the external silanols, absolute directional grafting
merely to the inner silanols was not achieved. Moreover, STEM still cannot identify the exact
location of defects, that is, which T-sites have more atom vacancies. The ideal situation is that one
gold atom corresponds to one silanol after labelling. Assuming that is doable, observing the
distribution of single gold atoms in an entire crystal is nearly impossible. That is also the reason
why the STEM images of single atom catalyst is generally taken in the thin edge part.2-5 Labelling
method solves the question of poor contrast between the defective area and the non-defective area.
How to observe the labelling element at the level of single atom has to be considered.
In chapter 6, we did a systematical study to elucidate the relation among the synthesis
conditions, the zeolite properties, and the mesopore/macropore formation by leaching. Considering
the complexity of synthesis conditions, only several important synthetic parameters were studied,
including the use of organic structure-directing agents (OSDAs) and fluoride ions. The ZSM-5
crystals that were synthesized with tetrapropylammonium ions (TPA+) as template had aluminumzoning. The origin of this phenomenon is still unclear. In zeolite synthesis, employing OSDAs to
direct the structure of zeolite is very common. However, until now only ZSM-5 crystals that are
synthesized in TPA+ system have been reported to have aluminum zoning, which indeed needs to
be considered. The pore formation induced by leaching the defective area, such as the intergrowth
boundary, is identified. However, the intergrowth boundary is not the only defective areas in zeolite
crystals. More information could be obtained if we can get a better knowledge of
mesopore/macropore formation inside a crystal. The combination of focused ion beam (FIB) and
scanning electron microscopy allows us to probe the inner side of a crystal. Due to the limited
number of the cross sections, detailed information including the length, width, and morphology of
the mesopores/macropores is not available. Moreover, whether the distribution of pores in one
cross section is modulated by the local chemical and/or structural properties, is unknown. Therefore,
it is of paramount importance to improve the FIB work towards a more consecutive stepped milling
of a crystal. Then one can combine SEM with EDX and electron backscattering diffraction, to
elucidate the relation between the local properties and the pore formation.
Despite the differences in the pore formation, the similarities were also observed, including
the existence of a robust rim and the preferential directionality of pores along b axis. The later
phenomenon is interesting since it appears to have no relationship with synthesis conditions. This
may point out a common feature of MFI zeolite in terms of stabilities among different
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crystallographic directions. Simulation work is necessary to disclose the reason. Moreover, whether
the facilitated transport for debris removal along specific direction exists also needs to be
considered. Last but not the least, it will be interesting to investigate other types of zeolites that are
synthesized under various conditions, in order to see their own features in forming
mesopores/macropores.
The work in chapter 7 is an extension of chapter 6, with a focus on the effect of more detailed
synthetic parameters on the leaching-induced mesopores formation. Specifically, by changing the
water content in the precursor gel, zeolite crystals had different shell stability, which influenced
the mesopore formation. The present work showcases a new perspective to explore the details in
the complex crystallization process, that is to say, one can retrieve the crystallization process from
the view of the crystal leaching and the associated pore formation. In the present work, in situ
SAXS/WAXS provide information on the shape, the size and the consumption/production rate of
the precursor small nanoparticles, the variation of crystallinity, and even the morphology change
of the large crystals. The modeling of SAXS patterns strongly depend on pre-required information
on the shapes of particles observed from electron microscopy. For the clear solution system to
produce zeolite crystals which is seldom used in industrial zeolite synthesis, in situ SAXS/WAXS
offers detailed information due to the weak interaction and the uniformity of particles. Regarding
the sol-gel system such as the present case, it is hard to retrieve too detailed information due to the
limited modeling of SAXS patterns. Moreover, in terms of the measurement, how to design a sealed
cell which can satisfy the requirement of the synthesis conditions for zeolites (heating, autogenetic
pressure) and the collection of scattering signal, needs to be considered. Besides the precursor
nanoparticles in the gel, oligomer species also exist. Liquid 29Si MAS NMR can distinguish silicon
atoms located in the nanoparticles and oligomers. In principle, in situ liquid 29Si MAS NMR allows
to monitor the variation of silicon status as function of synthesis time. However, due to the low
natural abundance of 29Si, it is hard to monitor the 29S changes with a sufficient time resolution. In
contrast, in situ liquid state 27Al NMR has been used to distinguish the dissolved [Al(OH)4]- species,
the aluminum species in the solid part (the amorphous gel and the crystalline phase) as well as their
changes with zeolite crystallization.6, 7 This feasible approach might provide more insights into the
crystallization details, and also explain how aluminum atoms are incorporated into the zeolite
framework, such as the formation of aluminum-zoning. Before that, one should consider the effect
of spinning rate on the crystallization process during 27Al MAS NMR measurement.
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In chapter 8, we found that the uneven aluminum distribution can lead to the preferential rim
nucleation of ~100 nm ZSM-5 crystals. This disclose the heterogeneity of zeolite nucleation caused
by the heterogeneity in the precursor composition. The diverse physical/chemical states of
amorphous precursors in zeolite synthesis was reviewed recently.8 However, the reports which can
link the diversity of the amorphous precursors to the specific nucleation/crystallization behaviors
are still too less. From the view of crystal engineering, reversed crystal growth gives us an
opportunity to produce new forms of materials such as hollow crystals since the amorphous inner
part of the intermediate crystals is easier to be eliminated than the rim part.9, 10 This non-classical
crystal growth route is usually explained by different composition and/or local chemical
environment between the core and the rim. How to explain such a phenomenon from the view of
the free energy still needs to be explored.
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