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Chapter 1

1.1 Zeolites

Zeolites are crystalline microporous aluminosilicates, one of the most versatile and 
widely used class of materials.[1] Since the discovery of the first zeolite (stilbite) in 1756 
till date, the database of the International Zeolite Association numbers 206 different 
structural types, of which about 50 are naturally occurring.[2] The great interest in studying 
existing and synthesizing new zeolite structures stems from their unique physico-chemical 
properties, which are found to be irreplaceable in many industrial processes such as 
separation, adsorption and catalysis. From the first step of synthesis to the final shaping 
into catalyst bodies for application in industry (Figure 1.1), zeolites are often subjected 
to a series of chemical and structural modifications aimed to improve their performance. 
The final performance depends on a number of parameters at multiple length scales: from 
the crystal structure at Ångström scale, through modifications of zeolites at nanometer 
scale, homogeneity of their mixture with a binder at micrometer scale, accessibility and 
distribution in millimeters large catalyst bodies, to packing of meters high catalyst beds in 
industrial reactors.

1.1.1 Structure

 The framework structure of the zeolites comprises of SiO4 and AlO4 tetrahedra, which 
are connected to each other by sharing oxygen atoms while Si4+ and Al3+ ions are in the 
center. These tetrahedra connect in a different but regular fashion in three dimensions, 
resulting in a large number of attainable zeolite structures. The variety of structures can 
be furthermore expanded by replacing Si4+ with ions other than Al3+, e.g. Be2+, Ga3+, B3+, 
Ti4+, Ge4+. The common denominator for all of the structures is the presence of micropores 
(pores with <2 nm diameter) arranged in one, two or three dimensional channel system 

Figure 1.1. Schematic representation of multiple length scales of zeolite catalyst, from 
crystallization through modifications to industrial application, with indicated length scales at 
which different structural features effecting catalyst performance are found and studied.

Synthesis ApplicationModifications

Å nm µm mm mnm
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with varying sizes depending on the framework type. In the case of zeolite Y, which has 
a faujasite (FAU) type of framework, a three-dimensional micropore channel system with 
larger cavities called supercages is created upon assembling of smaller sodalite cages 
(Figure 1.2). Supercages have an inner diameter of 1.2 nm with the 0.74 nm entrance 
defined by the ring of 12 oxygen atoms. Sodalite cages have a 0.6 nm effective inner 
diameter and a 6-membered ring entrance of 0.25 nm diameter.

The Si/Al ratio, or the ratio of other elements that can substitute Si in tetrahedral 
positions, varies largely depending on the type of zeolite. For instance, zeolite Y is 
typically synthesized with a Si/Al ratio of 2-3. The presence of tri-valent cations, such as 
Al3+, induces a negative charge on the zeolite framework that is compensated by extra-
framework charge-balancing cations like Na+. These extra-framework cations can be found 
on different sites of the sodalite and supercages, and, very importantly, can be exchanged 
for other types of cations. For catalysis the most relevant examples are zeolites with a 
proton (H+) as a charge-balancing cation located on the bridging oxygen atoms, Si-OH-Al, 
where they act as Brønsted acid sites. 

Thanks to the presence of microporosity and Brønsted acidity, zeolite Y has become 
one of the most important solid acid catalysts in oil refineries for catalytic conversion 
of heavier oil fractions to more valuable gasoline and diesel products.[1,3–6] Although 
micropores, whose size closely matches the size of hydrocarbon molecules, can be 
beneficial for shape selectivity,[7] they can also induce slow mass transfer of bulkier 
reactants and product molecules.[8] Diffusion limitation in many cases affects the reaction 
rate and leads to secondary reactions, such as overcracking of reactant hydrocarbon 

Figure 1.2. The framework structure of zeolite Y, with yellow lines indicating Si-O-Si(Al) bonds. 
On the left, 1.2 nm zeolite supercage with a 12 member ring entrance of 0.74 nm (red dots 
indicating Si(Al) atoms) and surrounded by smaller sodalite cages (white balls). In the center, 
a three-dimensional channel system of aligned supercages (in blue) spreading through the 
zeolite framework (in yellow). On the right, framework and channel system viewed along 101 
direction.

sodalite cage

supercage
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molecules to smaller unwanted products.[9] One of the approaches towards improvement of 
mass transport through zeolite crystals is the synthesis of zeolites with larger micropores.
[10] Other approaches are based on shortening the diffusion path length by synthesizing 
smaller crystals[11,12] or synthesizing zeolite nanosheets.[13–16] A widely accepted approach 
is based on introduction of a larger (2-50 nm) secondary pore system, i.e. mesopores.[17-23] 

1.1.2 Mesopores in zeolites

There are several methods developed to create mesopores in zeolites, some of which are 
depicted in Figure 1.3.[17–23] Mesopores can be introduced during zeolite synthesis by using 
templates[23] such as structure directing agents[24,25] or carbon nanoparticles around which 
the zeolite is grown.[26,27] Templates are subsequently removed leaving zeolite crystals 
with intraparticle mesopore voids. The discovery of a new synthesis route for creating 
zeolite nanosheets[13] inspired a number of groups to study the possibilities for obtaining 

Figure 1.3. Some examples of the introduction of intra- and inter-particle mesopores, using 
templates during zeolite synthesis or by post-synthesis treatments that involve dealumination 
or desilication of zeolites.

Removal of carbon
template

Removal of organic
template

Dealumination or 
desilication
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open nanosheet arrangements where interparticle mesoporosity is created upon removal 
of structure directing agents.[14–16] Attractive for large scale production are post-synthesis 
treatments involving steaming,[28–31] acid[32,33] or base leaching,[34–41] or combinations thereof.
[42–47] During these treatments, the zeolite framework is locally destroyed by extracting Al 
(dealumination) or Si (desilication) and mesopores are created.

Steaming is the most common treatment for the introduction of mesopores in zeolite 
Y.[28–31] By contacting the zeolite with steam at high temperatures (>500 °C), hydrolysis 
of Al-O bonds takes place and aluminum is extracted from the zeolite framework. This 
causes the formation of voids and defects in the framework. By the migration of Si atoms 
from affected regions to vacancies left after extraction of Al, part of the vacancies are 
healed, while other coalesce to cavity-like mesopores, which can further propagate to form 
channel-like mesopores.[29] Extracted Al, so called extra-framework Al, is often found on 
the surface of the crystals and the walls of created mesopores, and can be removed by 
mild acid leaching (e.g. with diluted hydrochloric acid).[42–44] Clearly, besides the creation 
of mesopores, steaming leads to the partial destruction of the crystalline structure and it 
also affects the number and strength of acid sites that are related to the Si/Al ratio. By 
dealumination, the number of acid sites decreases, however, their strength increases as 
more isolated Al atoms, i.e. with no or less Al on next-neighboring sites, are found to have 
high Brønsted acidity.[48,49]

Acids, such as nitric or hydrochloric acid, are also used directly (without prior steaming) 
to leach aluminum atoms from the zeolite framework. This approach requires stronger 
acid, can be done in several cycles and is common for the mordenite type of zeolites.[32,33] 
Furthermore, mesopores can be created by extracting Si from the zeolite framework with 
base treatment.[34–41] Desilication of ZSM-5 zeolites with NaOH was studied extensively. 
For example, it was shown that optimal mesoporosity of crystals can be obtained for MFI-
type zeolites with Si/Al of 25-50.[41] Below this ratio, a large concentration of framework 
Al prevents Si from extraction, hence, insufficient porosity is obtained. Above this ratio, Si 
extraction is excessive and a broad pore size distribution with large pores is created.

Which of the treatments will be the most effective depends largely on the type of zeolite 
under consideration. It was recently found that a carefully chosen combination of the above 
discussed treatments can be instrumental for obtaining the desired mesopore structures.
[45–47] From the prospect of mass transport, an open intra-crystalline mesopore structure is 
preferred over ‘closed’ cavity-like mesopores.[50] Next to connectivity and size, the shape 
(tortuosity and the corrugation of pore walls) of mesopores can influence diffusion and 
adsorption processes.[51]
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1.1.3 Zeolite supported metal nanoparticles

Besides acidity, additional functionality of microporous zeolites can be achieved by 
loading them with metal nanoparticles, which catalyze reactions other than cracking and 
isomerization. Metal loaded zeolite is an example of a bifunctional catalyst, used for 
e.g. hydrocracking and hydroisomerization reactions, where zeolite acid sites provide 
cracking/isomerization function while metal nanoparticles perform hydrogenation 
and dehydrogenation of reactants and intermediates.[3] The ratio of the number of the 
hydrogenating sites and the number of acid sites, as well as their strength, determines the 
balance between these two functions and has a strong impact on catalytic activity, selectivity 
and, in particular, stability.[52–54] Moreover, the proximity of the active metal and acid sites 
on which subsequent dehydrogenation-cracking/isomerization-hydrogenation reactions 
take place is important for enabling fast molecular transport between those sites and thus 
avoiding undesirable secondary reactions.[55] It is generally agreed that for the best catalytic 
performance high metal dispersion, ensuring a higher active area for a given loading, and 
homogeneous distribution of metal particles within the micropores, is favorable.

Numerous studies have been conducted to prepare highly dispersed metal catalysts and 
to understand the mechanism of metal species formation during preparation.[56–68] In the case 
of Pt supported on zeolite Y, Pt is commonly introduced via incipient wetness impregnation 
(IWI) and ion exchange (IE) of the zeolite with an aqueous solution of Pt complexes such 
as Pt(NH3)4(NO3)2, Pt(NH3)4Cl2, Pt(NH3)4(OH)2 or H2PtCl6. In the IWI method, the zeolite 
is impregnated with a volume of Pt solution that corresponds to the total pore volume of 
zeolite Y. For the IE method, the zeolite is contacted with a large volume of Pt solution 
allowing Pt(NH3)4

2+ cations to exchange with charge balancing cations (2Na+, 2H+, or Ca2+). 
The heat treatments, usually calcination in air followed by reduction in H2, of impregnated/
exchanged zeolites ensure the removal of water and ligands. Many studies point to the 
importance of the heat treatment conditions (temperature, heating ramp, atmosphere) for 
obtaining small Pt particles inside the zeolite micropores. It has been shown that calcination 
in a flow of air at ~350 °C with a very low heating ramp (0.2 °C/min) leads to the formation 
of small <1 nm PtOX particles.[62] Which PtOX species they are and at which temperature 
they are created has been studied in detail, along with their location within the zeolite 
(sodalite or supercage).[66–68] An example of a proposed mechanism[61] of Pt formation 
and its dependence on heat treatment conditions is shown in Figure 1.4. If the calcination 
temperature is lower than required for Pt-complex decomposition, reduction in H2 will 
lead to the creation of mobile Pt species, which migrate to the exterior of the crystal. If, 
on the other hand, the calcination temperature is significantly higher, the Pt complex will 
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completely decompose leaving Pt2+ ions in the sodalite cages (diameter 0.22 nm) which are 
inaccessible to H2 molecules (kinetic diameter of 0.29 nm), hence, reduction will not be 
complete. In the case of direct reduction in H2 (i.e. without prior calcination), it is believed 
that mobile Pt-hydride species, e.g. Pt(NH3)2H2, are formed which leads to migration and 
formation of large(r) Pt particles.[64,65]

Clearly, there are many factors that will influence the final metal dispersion and 
distribution within zeolite crystals. Therefore, obtaining knowledge on the metal precursor-
zeolite interaction, metal complex decomposition temperatures, the influence of gases and 
heating ramps etc., is crucial for more control over catalyst design. 

Figure 1.4. Summary of Pt-NaY preparation chemistry for different calcination conditions. 
Primary location of the metal species are indicated in parentheses along with Pt dispersion (D) 
calculated from H2 uptake. Low Pt dispersion for sample calcined at 600 °C is not indicative 
of large particles (confirmed by transmission electron microscopy), but is due to Pt in sodalite 
cages where H2 molecule cannot enter. Ref [61].
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1.1.4 Catalyst bodies

Zeolite crystals are commonly a few hundred nanometers to a few micrometers in size 
and, as such, they are hard to handle in industrial scale processes. In view of the pressure 
drop in reactors, and separation from the reaction mixture, zeolite powders are shaped into 
larger bodies like spheres (from tens of micrometers to a few millimeters), extrudates and 
pellets (a few millimeters) or even larger monolithic blocks (tens of centimeters), as shown 
in Figure 1.5.[69] The choice of shape, size and composition of the catalyst bodies depends 
on the process requirements, for example, the type of the reactor they will be used in, e.g. 
fixed-bed or fluidized-bed. Furthermore, several technical aspects are of importance for 
the design, such as the required mechanical stability of the catalyst body, porosity, surface 
area, avoiding pressure drops (in fixed-bed reactors) and mass-transfer limitations.

Figure 1.5. Various shapes of catalyst bodies, from several millimeters large extrudates, beads 
and pellets, to tens of centimeters large monoliths.
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Extrusion is the most often used shaping technique for preparation of zeolite-based 
catalyst bodies used in e.g. hydrocracking and hydroisomerization. Here, besides zeolites, 
the extrusion paste contains organic additives like plasticizers and binders such as hydrated 
or hydroxide forms of alumina or silica-alumina.[70–73] Cut and dried extrudates are then 
submitted to calcination (~500 °C) during which the aluminum hydroxide binder transforms 
to γ-Al2O3 and (if present) organic additives are burned. The established strong bonds 
between zeolite and alumina phases enhance the mechanical strength of the catalyst body 
(crush strength and attrition resistance). The porosity is another important property that 
influences mechanical strength and is crucial for mass transport through catalyst bodies. 
In addition to improving physical properties, binders can also be catalytically active 
themselves or react with zeolite forming new intra-zeolitic active sites.[70] Therefore, a 
homogeneous distribution of the zeolite and binder phases is desirable.

Despite the number of parameters introduced in the catalyst shaping stage (activity 
of binder, interparticle porosity, mechanical strength), which can be crucial for catalyst 
performance, very few laboratory studies have been reported on preparation and 
characterization of catalyst bodies. This subject was mainly in the domain of industrial 
research and can be found in the form of patents. Recent publications by the group of Pérez-
Ramírez[35,74] demonstrate the potential of carrying out such studies within academia. Using 
advanced characterization techniques, a deeper insight into the structure of mesoporous 
zeolite-based catalyst bodies at different length scales was obtained. The influence of 
the shaping method, as well as the zeolite modification (i.e. base treatment) on porosity, 
mechanical stability and catalytic performance was unraveled.

In the case of industrial preparation of bifunctional catalysts, metal is introduced into 
already prepared zeolite-binder catalyst bodies, rather than into the zeolite powder itself. 
As discussed earlier, the formation of well dispersed and distributed metal nanoparticles 
inside zeolites depends on a number of parameters. When impregnating catalyst bodies with 
metal, additional macroscale distributions (uniform, egg-shell, egg-yolk, egg-white) can 
arise, which can be further modified by heat treatments.[75] Therefore, a deep understanding 
of metal precursor-support interactions, diffusion through catalyst bodies and the impact of 
heat treatments is essential in order to design a catalyst with the desired metal distribution 
and dispersion.
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1.1.5 Characterization of zeolites

Structural features of zeolite catalysts which are beneficial or detrimental for catalyst 
performance are found and studied at multiple length scales, from the atomic positions 
of the active sites and the crystallinity of the zeolite, to the distribution of the zeolite 
phase in millimeter-sized catalyst bodies. For a full structural analysis, a set of well 
established, but state-of-the-art characterization techniques is employed. For example, the 
zeolite crystalline structure is solved by electron crystallography and X-ray diffraction 
(XRD) analysis,[76] nuclear magnetic resonance spectroscopy (NMR) and X-ray absorption 
spectroscopy (XAS) can resolve local coordination of the framework and extraframework 
species,[77,78] N2/Ar physisorption provides information on zeolite porosity,[79] while infrared 
spectroscopy (IR) of adsorbed pyridine and ammonia temperature program desorption 
(NH3-TPD) measure acidity of zeolites.[80]

Perhaps the most intuitive of all are microscopy techniques based on 2D or 3D imaging 
of catalysts structures (Figure 1.6). They can utilize optical photons, X-rays or electrons for 
ex-situ or in-situ characterization and can provide chemical and structural information at 
different length scales (from nano- to macroscale).[74,81] Transmission electron microscopy 
(TEM) is a widely used technique for imaging nanostructures in different modes, such 
as scanning (STEM) and high-resolution (HRTEM).[82] Moreover, electron beam-sample 
interactions give rise to a range of secondary signals (e.g. X-rays, secondary electrons) 
which form the basis for analytical electron microscopy.

HRTEM enables imaging structures at very high, sometimes even atomic resolution, and 
is commonly used to investigate zeolite structures, crystal intergrowths and defects,[83–86] 
and the presence of metal particles and atoms within it.[87–91] The presence of intracrystalline 
mesopores, the shape of crystals and their size can be inferred from medium resolution TEM 
images.[28,29,42,43,45,86] Metal nanoparticle size distribution, along with the determination of 
the metal location within a zeolite, is often determined using TEM. However, the 2D nature 
of micrographs, where features of interest are overlapping, limits the reliability of the 
obtained information. The need for 3D structural information has led to the development 
of electron tomography (ET), or 3D-TEM, which initially was used for biological samples 
and adapted for use in materials science over a decade ago. The first application of ET 
in materials science involved investigation of the mesoporosity of zeolite Y crystals,[92] 
and provided an unprecedented insight into the true structure (shape, size, connectivity) 
of pores. As discussed in detail in chapter 2, since then ET evolved from qualitative to a 
powerful quantitative technique, and helped reveal various structural features of different 
catalytic materials which are inaccessible to other techniques.
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Figure 1.6. Visualization of a zeolite catalyst body from millimeter to nanometer length scales 
using different microscopy approaches. The macroscopic structure of a hierarchical zeolite 
granule is observed by optical microscopy (a) and the internal structure is revealed by X-ray micro 
computed tomography (b), providing insight into the agglomeration behavior within the shaped 
body. The structure of the external surface is further examined by profilometry (c) and confocal 
laser scanning microscopy (CLSM) (d). Synchrotron radiation X-ray tomographic microscopy 
(SRXTM) (e) and focused ion beam scanning electron microscopy (FIB-SEM) (f) reveal the 
homogeneous internal distribution of zeolite and binder phases and permit visualization and 
computation of the macro- and mesopore structures (g). The arrangement of binder particles 
at the external surface of zeolite particles is seen by SEM (h) and elemental maps of silicon 
(green) and aluminum (red) are obtained by energy dispersive X-ray spectroscopy (EDX) (i). 
A high-angle annular dark field scanning-TEM (HAADF-STEM) image confirms the uniform 
distribution of intracrystalline mesopores within individual zeolite aggregates. Nanostructural 
insights are gained through TEM study of microtome cross-sections (k) and ultimately by 
high resolution (HR)TEM (l). Reprinted by permission from Macmillan Publishers Ltd: Nature 
Chemistry [74], copyright 2012.
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1.2 Scope and Outline

The work presented in this thesis aims to provide a deeper understanding of the 
nanostructure of zeolite Y crystals and their modifications and shaping into an industrially 
relevant metal supported catalyst body. Advanced electron microscopy techniques, with 
focus on electron tomography (ET) and image analysis, enabled identification of hidden 
structural features and quantitative analysis of important zeolite Y properties at the 
nanoscale.

The recent advances in electron tomography and image analysis for structural 
characterization of various catalytic materials (metal loaded - zeolites, silicas, carbon) are 
reviewed in chapter 2. The progress towards obtaining reliable and unique quantitative 
information of nanoscale catalysts’ features through image analysis, the development of 
faster reconstruction algorithms and atomic scale ET, is demonstrated through a number 
of examples. Chapter 3 introduces a new approach for obtaining a hierarchical mesopore 
system in zeolite Y. By submitting the commercially available steamed and acid leached 
zeolite Y to base leaching, an additional network of small mesopores was created next to 
zeolite Y micropores (from zeolite synthesis) and larger mesopores (from steaming and 
acid leaching). The unique trimodal porosity was found beneficial for the hydrocracking 
performance of this catalyst. 3D imaging of zeolite crystals using electron tomography was 
crucial to unfold the true nature of this complex mesopore network. A deeper understanding 
of the structure of large mesopores (introduced after steaming and acid leaching) through 
quantitative assessment of properties unavailable to techniques other than ET, is offered in 
chapter 4. Image analysis of electron tomograms enabled differentiation and quantification 
of open, closed and constricted mesopores, calculation of mesopore tortuosity as well 
as the size of intact microporous domains, which are considered to limit mass transport 
through zeolite crystals. In chapter 5 the nanostructure of the bifunctional Pt/zeolite Y 
catalyst is studied in depth. Semi-automated image analysis enabled measurement of size 
distributions and Pt particle-particle distances in 3D, as well as determination of Pt loading 
at the level of individual zeolite crystals. In addition, the growth of Pt particles to the size 
that exceeds the size of zeolite Y micropores, as well as the influence of changes in sample 
preparation conditions was elucidated. Chapter 6 involves structural characterization of the 
bifunctional Pt/zeolite Y catalyst in its ‘final’ industrially applied form, where Pt particles 
are supported on extrudates composed of zeolite Y and alumina binder. Preliminary results 
of the method designed to controllably deposit Pt particles on either zeolite or alumina 
phase are presented. Insight into the location of Pt particles and distribution of zeolite 
and alumina phases was obtained through TEM, EDX and ET analysis of powdered or 
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ultramicrotomed extrudates. Concluding remarks about the findings of this work and future 
prospects are presented in chapter 7.
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Chapter 2

Progress in Electron Tomography to 
Assess the 3D Nanostructure of Catalysts

Abstract
The activity, selectivity and stability of solid catalysts depend critically on the details 

of their structure at all relevant length scales. Electron tomography (or 3D-TEM) has 
emerged as a powerful technique for nanostructural characterization. In this chapter we 
highlight recent advances in the field of electron tomography for the analysis of solid 
catalyst. Several examples demonstrate how unique quantitative information can be 
derived on relevant structural properties such as pore connectivity and corrugation, 
particle size distributions, and the 3D location of metal nanoparticles in porous oxide or 
carbon supports. The development of high-resolution imaging and novel reconstruction 
algorithms is promising to obtain atomically resolved electron tomograms of single 
catalyst nanoparticles. New reconstruction algorithms allow reconstruction from only a 
few projections, and hold potential for analyzing beam sensitive samples, as well as for 
time resolved electron tomography. Element specific or ‘chemical’ electron tomography, 
using electron energy-loss (EELS) or energy-dispersive X-ray spectroscopy (EDX), is 
an emerging tool for obtaining both chemical and structural information at nanoscale 
resolution. The rapid progress in electron tomography over the past few years holds great 
promise for detailed and quantitative insight into relevant nanostructural properties, thus 
allowing us to further develop our understanding of the relation between nanostructure and 
performance for catalysts and related materials.

This chapter is based on the following manuscript: J. Zečević, K. P. de Jong, P. E. de Jongh, 
“Progress in Electron Tomography to Assess the 3D Nanostructure of Catalysts”, Curr. 
Opin. Solid State Mater. Sci. 2013, accepted
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2.1 Introduction

A range of techniques is available to elucidate not only chemical but also structural 
properties of nanostructured materials such as catalysts. For instance, N2 physisorption 
provides specific surface areas and pore size distributions, while X-ray diffraction allows 
the determination of the average size of nanocrystallites. While these techniques probe 
statistically relevant amounts of sample (typically at least tens of milligrams), the chemical 
and structural information obtained is generally an average. Microscopy techniques,[1,2] 

on the other hand, enable visualization of local features, including the presence and 
distribution of different phases, and individual particle sizes and shapes. Transmission 
electron microscopy (TEM) allows visualization on a nanoscale, while atomic resolution 
can be obtained by high-resolution transmission electron microscopy (HRTEM).[3–6] 

However, 3D information, such as the exact shape and location of supported nanoparticles, 
is missing. Electron tomography (ET) overcomes this limitation, offering information also 
in the third dimension, which is why it is often referred to as 3D-TEM.

While ET was used primarily for biological studies a decade ago, it has since then rapidly 
evolved into a more widely available technique also attractive to materials scientists,[7–11] 
as evidenced by the annual number of publications growing more than fivefold in the 
past decade. This review discusses the growing importance of ET for structural analysis 
of one of the most important classes of materials in modern industry – catalysts. After a 
brief introduction to the nanostructure of catalysts and the technical details of electron 
tomography, we will discuss highlights of ET being applied to catalysts and related 
materials of the past five years. They demonstrate that the unique information provided by 
ET, like interparticle distances or pore connectivity, is key to complete nano- to macroscale 
structural characterization that facilitates the understanding and design of more efficient 
catalysts.

2.1.1 Nanostructured catalysts

Catalysts are materials that enable chemical reactions to proceed at higher rates (activity) 
and towards desired products (selectivity). Heterogeneous catalysts, which are the focus of 
this chapter, are solids which catalyze the reaction of liquid- or gas-phase reactants such as 
for the production of transportation fuels, bulk and fine chemicals and for food processing 
and hazardous emission abatement. It is estimated that 80% of all industrial processes 
relies on solid catalysts (for which worldwide sales are predicted to reach 23 billion US$/a 
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in 2013) to achieve optimal productivity and selectivity.[12]

Solid catalysts are usually composed of catalytically active metal nanoparticles (Au, Pt, 
Pd, Ru etc.) supported on nanoporous oxidic materials, such as alumina, silica, titania or 
zeolites. The nature, number and accessibility of the catalytically active sites determine the 
catalyst performance. Metal particles typically have a size in the lower nanometers range, 
providing a large active surface area. The porosity of the oxidic support leads to a specific 
surface area of tens or hundreds of square meters per gram available for reaction and/or 
deposition of active metal nanoparticles. The accessibility of the catalytically active sites 
depends on their location with respect to the support morphology. 

Most commonly, structural information is obtained using bulk characterization 
techniques, such as X-ray diffraction (XRD) and H2 chemisorption for estimating average 
metal crystallite size and surface specific area respectively. To characterize the porosity of 
the support, N2 or Ar physisorption is a standard technique that yields pore volumes, pore 
size distributions and specific surface areas. However, these techniques do not provide 
information on other nanoscale structural features that are also crucial for the catalytic 
functionality, such as the pore connectivity in the support, the distances between metal 
nanoparticles or the location of the active sites with the respect to the support porosity.

2.1.2 Electron tomography

Originally applied exclusively in biological sciences, electron tomography has rapidly 
emerged as an important tool also in the field of material sciences since its first report 
of imaging an industrially relevant zeolite Y catalyst in 2000.[13] The first step in ET is 
recording transmission electron micrographs while tilting the sample over a wide range of 
angles (typically -75° to +75°) with small increments (typically 1° or 2°). As the resolution 
scales with thickness, the sample should be at most a few hundreds of nanometers thick, 
although progress with micrometer-thick specimens has been reported.[14] Depending 
on the nature of the material (e.g. crystalline or amorphous, high or low atomic number 
elements) and the information needed, tilt series micrographs can be recorded in different 
modes, such as bright-field (BF), energy filtered (EF), annular dark-field (ADF) and high-
angle annular dark-field (HAADF). Additional elemental information can be obtained by 
energy dispersive x-ray spectroscopy (EDX) or by electron energy loss spectra (EELS). 

After data acquisition all micrographs are aligned with respect to a common origin 
and tilt axis, a procedure often facilitated by tracking fiducial Au nanoparticles deposited 
on the TEM grid. In the next step a 3D reconstruction of the imaged sample is computed 
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using specialized algorithms such as weighted back-projection (WBP), the algebraic 
reconstruction technique (ART), and the simultaneous iterative reconstruction technique 
(SIRT). 

The 3D reconstruction provides the basis to visualize and quantify the internal catalyst 
morphology. Perhaps the strongest advantage of ET lies in the possibility to distinguish 
phases of interest based on contrast differences (“segmentation”). For instance, pores, 
support material, and metal phases can be identified and separately analyzed. Once the 
features are segmented, important quantitative information can be derived, such as pore 
volume of the support and size distribution of the particles. This can be done manually, 
but (semi)automated image processing methods provides more efficient and less operator-
dependent data analysis. Very importantly, the quantitative information obtained allows 
direct comparison to results obtained from bulk characterization techniques such as XRD 
and physisorption. This facilitates validation and verification whether indeed a statistically 
relevant part of the sample has been imaged in the electron microscope. 

Recent progress in ET hardware, including implementation of aberration correctors, 
more stable computer controlled goniometers, holders that can be tilted to higher angles 
and more sensitive cameras, has led to an increase in spatial resolution and facilitated 
data acquisition. Especially geared to the field of the characterization of catalysts and 
related nanostructured materials, new reconstruction and image segmentation algorithms 
have boosted handling large data sets, and enabled faster and more reliable quantitative 
analysis. New algorithms were designed allowing data to be reconstructed using only a 
few tilt angles, which is particularly beneficial for imaging beam sensitive samples such as 
mesoporous oxides and hybrid microporous materials. Important progress has been made 
in recent years in designing strategies to derive ET data with atomic resolution, essential 
to fully understand the structure and functionality of catalysts. Rigorous studies comparing 
results of quantitative ET with bulk characterization techniques have appeared recently, as 
highlighted in the following sections of this chapter.
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2.2 Detailed Assessment of the Catalyst Nanostructure

2.2.1 Support morphology: pore connectivity, accessibility and
corrugation

The porosity of catalytic supports should allow molecular transport through the material 
to the active sites, which is of importance for diffusion of the reactants and products 
during catalyzed reactions, but also for metal deposition during catalyst synthesis. Hence, 
unraveling the structure of the support helps understanding possible diffusion limitations. 
N2 or Ar physisorption, or Hg porosimetry, are employed to obtain average specific surface 
areas or pore volumes, but offer limited information on pore connectivity. Only ET images 
the 3D pore structure and surfaces, and has been used for the characterization of the 
porosity of a wide range of materials, from CeO used for solid-oxide-fuel-cells, MoS2 
applied in hydrodesulfurization of oil fractions to zeolites mainly used in oil refining.[15–26]

Zeolites are microporous (pore diameter <2nm) solid catalysts, and transport of 
reactants and products in such small pores is slow. Hence, additional mesopores (2-50 
nm diameter) are commonly introduced by post-synthesis treatments, such as steaming, 
acid or base leaching. The nature of this secondary pore system is crucial for the catalyst 
activity, selectivity and stability, and can be imaged in 3D using ET.[17,18] As will be 
discussed in detail in chapter 4, ET combined with image analysis can provide quantitative 
information on mesopore networks.[19] For instance, for a commercial mesoporous zeolite 
Y sample, it was possible to measure the fraction of the mesopores that were connected 
to the surface through an open network of interconnected mesopores (Figure 2.1a-b). 
Validation was performed by direct comparison of the pore volume and size measured 
by bulk N2-physisorption. In addition, ET enabled visualization and quantification of 
so-called constricted mesopores which cannot be measured with existing physisorption 
techniques (Figure 2.1b). The tortuosity[20] of the pore system was calculated, as well as 
the size distribution of the remaining microporous domains situated between introduced 
mesopores. The size of these microporous domains determines the limiting diffusion 
distance (Figure 2.1c).

In realistic systems mesopore walls often exhibit nanoscopic surface roughness, and 
the local properties of such complex nanostructures can only be quantitatively accessed 
by combining ET and image analysis, as demonstrated in the study of pore corrugation of 
SBA-15 mesopore channels.[21] SBA-15 is a silica with monodisperse, hexagonally arranged 
mesopore channels. It serves as a model support for catalyst preparation, characterization and 
functionality studies. Local deviations from the hexagonal arrangement of the mesopores, 
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Figure 2.1. Mesoporosity in zeolite Y crystals as revealed by electron tomography and image 
analysis. a) Volume-rendered 3D representation of the open “accessible” mesopores (green) 
and closed “inaccessible” mesopores (red), b) Pore size distribution of open mesopores (white), 
constricted mesopores (gray) and closed mesopores (black) defined as Vpore/Vtotal, where Vpore 
corresponds to the volume of considered types of mesopores and Vtotal to the total volume of the 
zeolite crystal, c) Size distribution of the microporous domains, presented as the color map of 
the shortest distances from any point of a microporous region to the nearest mesopore surface 
(left) and size distribution defined as a fraction of the voxels of the microporous region with a 
corresponding shortest distance to the mesopore surface (right). Adapted with permission from 
reference [19].
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influenced by the hydrothermal treatment, cannot be detected by XRD. However, this 
disorder can be easily detected using ET.[22] ET is also successfully applied to solve other 
complex mesopore structures[23–25] such as that of ordered cage-like mesoporous FDU-12 
silica.[25] SAXS measurements suggest a pore structure consisting of a mixture of cubic 
and hexagonal close-packed cages, but this could only be proven by ET. Additionally, 
ET provided direct visualization of defects in the stacking of the mesopores (Figure 2.2). 
These stacking faults led to local changes in silica wall thickness, hence, the wall thickness 
as determined by SAXS is in fact an average over the different wall thicknesses detected 
only by ET. In addition, small cavities in the interstitial and lattice position were confirmed, 
which allowed a full description of the additional porosity that was only indicated by the 
N2 physisorption.

It is important to note that electron tomography inevitably only probes a small amount of 
sample, hence, verification by comparison with bulk physical measurements is mandatory. 
ET strengthens tremendously our understanding of the structure of porous materials. 
Knowledge on properties such as pore corrugation and connectivity can serve as the base 
for theoretical studies and simulations of adsorption processes and help to improve methods 
to interpret physisorption results.[26] Most importantly, ET enables direct visualization and 
quantification of the internal pore structure, accessing properties that are unavailable to 
other techniques but very relevant for the performance of catalysts.

Figure 2.2. Electron tomography and image analysis of FDU-12 mesoporous silica. a) Three 
(111) sections from the reconstructed volume separated by half of the d111 distance, b) Image 
segmentation showing pores along [1-21] (up) and [111] (down) axis. Scale bars are 50 nm. 
Adapted with permission from reference [25]. Copyright 2008 American Chemical Society.
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2.2.2 Metal nanoparticles: size, shape and 3D location

The majority of solid catalysts are composed of metal (oxide, sulfide) nanoparticles 
supported on oxide carriers. Properties such as nanoparticles size, distribution and location 
are critical for the catalyst performance. A property that can only be evaluated by ET is 
the 3D location of the metal nanoparticles with respect to the support, e.g. on the surface, 
grain boundaries, inside mesopores or micropores. An example is shown in Figure 2.3. By 
using HAADF-STEM tomography, authors were able to achieve sufficient contrast and 
resolution to image very small (~1 nm) Au particles deposited on the surface of the Ce-Tb-
Zr mixed oxide support.[27] Image segmentation of 3D reconstructions and detailed analysis 
revealed the surface crystallography of the support consisting of a large number of facets 
originating, most probably, from twinning of the octahedral crystallites. Angles between 
these facets were measured and it was shown that the Au nanoparticles were preferentially 
located at the facet vertices and nanocrystal boundaries, with only few Au particles located 
on the planes. The same tendency was observed for titania supported Au.[28] In another 
study, Ru-Pt bimetallic nanoparticles showed a preference towards “saddlelike” regions 
in the interior of a mesoporous silica support, while on the exterior, metal nanoparticles 
occupied also “cuplike” regions[29] Here, besides location of the metal nanoparticles, ET 
offered quantification of fractal dimension and the curvature of the surface of the support.

The position of the metal nanoparticles with respect to the support can have an impact 
on catalyst behavior. For example, higher selectivity towards desired product of the Co-
based Fischer-Tropsch catalyst has been assigned to sample in which, prior to reduction, 

Figure 2.3. Surface-rendered representations of the segmented reconstructed particles of Au/
Ce0.5Tb0.12Zr0.38O2-x catalyst. a) Catalyst in the pre-reduced form, b) Catalyst in the pre-oxidized 
form, c) Magnified region of the oxidized catalyst showing the distribution of gold nanoparticles 
and indicating angles measured between facets. Adapted with permission from reference [27].

a b c



Progress in Electron Tomography to Assess the 3D Nanostructure of Catalysts

31

Co3O4 was located mainly on the surface of porous Ni-aluminate component of the 
support, as opposed to sample where Co3O4 was fully interlocked in the alumina pore 
system.[30] Another study reveals that Pd nanoparticles can be selectively deposited either 
in interparticle pores or intraparticle pores of a SiC support consisting of agglomerates of 
30-50 nm particles, by carefully choosing the solvent of the impregnation solution.[31] The 
inspection of the whole 3D reconstruction volume of metal supported catalyst reveals the 
uniformity of the metal nanoparticles distribution throughout the support, which is another 
important structural property of these complex systems.[32] 

In recent years, it has been suggested that the curvature (concave versus convex) 
of carbon nanotubes (CNT) might play a role in the metal-support interaction, which 
influences the catalytic activity and selectivity.[33] Hence, an effort has been directed 
towards selectively depositing metal nanoparticles on the inside or outer surface of CNTs. 
Electron tomography proved essential for unambiguous determination of the exact location 
of the metal nanoparticles within CNT supports.[34–36] Tessonier et al.[35] quantitatively 
showed using electron tomography and image analysis that 75% of Ni nanoparticles can 
be selectively deposited inside CNTs using their approach (Figure 2.4), while the ‘metal 
outside’, approach yielded 85% metal nanoparticles on the CNT’s outer surface. In future 
work it is advocated to supplement ‘inside’ versus ‘outside’ ET studies with a bulk surface-
sensitive technique, such as X-ray photoelectron spectroscopy (XPS).[37] In addition to 
deposition selectivity, image analysis is indispensible for determination of other structural 
properties of metal/CNT catalyst, such as inner and outer diameter of CNTs or average 
metal particle-particle distance inside or outside CNTs.[36]

a b c

Figure 2.4. Electron tomography and image segmentation of the “metal inside” case of the Ni/
CNT sample. a) TEM image of the sample, b) Section through the reconstructed volume, c) 
Image segmentation of the reconstructed volume from (b), showing carbon nanotubes (pink), Ni 
particles inside the tube (red) and Ni particles outside the tube (blue).Reprinted with permission 
from reference [35]. Copyright 2009 American Chemical Society.
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Finally, image segmentation and analysis of 3D reconstructions can be used to measure 
nanoparticle size distributions (see chapter 5).[38] As can be seen in recent study of 
industrially relevant bifunctional Pt supported zeolite Y catalyst,[39] EXAFS measurements 
of the bulk sample pointed to average Pt diameter of 1.9 nm, while ET and image analysis 
showed that the Pt size distribution is in fact bimodal, composed of both small Pt particles 
of ~1.3 nm and larger Pt particles of ~3.5 nm. In addition, semi-automated image analysis 
enabled measurement of particle-particle distances in 3D.

2.2.3 Chemical specific 3D imaging

Besides valuable 3D nanostructural information, electron microscopy is an excellent 
analytical tool that can provide chemical information about samples with nanometer 
spatial resolution. Among a wide range of secondary signals that emerge upon inelastic 
interactions of an electron beam with a sample, energy-loss electrons and characteristic 
X-rays are the most important. Electron energy-loss spectroscopy (EELS) measures 
the energy that incoming electrons lose upon interaction with sample, which is element 
specific. By using an electron energy loss filter, electrons with energy-loss characteristic 
for each element can be selected to form images, known as energy-filtered TEM (EFTEM). 
Energy-dispersive X-ray (EDX) spectroscopy relies on collecting X-rays released upon the 
inelastic electron beam-sample interactions, and provides element-specific characteristic 
peaks. When combined with scanning TEM (STEM) mode, EDX signals can be collected 
to form elemental maps of sample with nanometer scale resolution. The drawbacks, 
such as long beam exposure for collecting sufficient signals are unfavorable for beam 
sensitive samples, and have limited the application of these techniques to mainly 2D 
elemental imaging. Nevertheless, a great effort has been made to extend chemical mapping 
to three dimensions.[40–47] Recent developments of more sensitive EDX detectors which 
significantly reduce the acquisition time, showed great potential for obtaining three-
dimensional chemical maps with the spatial resolution down to 0.3 nm.[47] Obtaining 
both structural and chemical information in 3D with nanometer resolution can be of great 
help to fully understand distribution of elements within complex catalysts structures 
and correlate it to catalyst performance. For example, EFTEM tomography of nitrogen 
doped CNTs revealed the preferential location of nitrogen, which explained the observed 
morphological changes across CNTs. Such information is inaccessible by TEM or HAADF 
electron tomography as, in this case, elements with close atomic numbers (C and N) give 
similar contrast and would not be resolved.[45] Further developments of these techniques 
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and increase in their availability are expected to have a great influence on (sub)nanoscale 
catalyst characterization.

2.3 Catalysts at Work

In the previous sections, the impact of ET on understanding complex structures of as-
prepared catalysts has been highlighted. However, there is a great desire to also trace the 
morphological changes, such as particle growth, during catalyst synthesis or reactions, 
either by studying catalyst at different points in time (ex-situ) or ultimately by following 
changes as they take place (in-situ).[48–53] Understanding deactivation mechanisms is very 
important to design more durable catalysts.

A first example is an ET study[54] of nanoporous Pd (~50 nm feature size) and the 
collapse of its pore system upon heat treatment at temperatures varying from 200 °C to 600 
°C. Another recent study discusses morphological changes upon electrochemical aging of 
a fuel-cell catalyst composed of Pt-Co nanoparticles supported on carbon.[55] By examining 
the same region of the sample on the TEM grid before and after electrochemical aging 
(performed ex-situ with the TEM grid itself being used as an electrode), Yu et al. were 
able to directly visualize the growth of individual Pt-Co particles (Figure 2.5). Moreover, 
elegantly combined with EELS mapping, this study suggested that the nanoparticle growth 
was a result of coalescence of particles rather than Ostwald ripening.

Figure 2.5. One-to-one correspondence of nanocatalyst Pt-Co particles before (gold) and after 
(red) electrochemical aging. On the left, a 3D reconstruction of nanocatalyst Pt-Co particles on 
the carbon support (violet) with projected images shown at each side. On the right, zoomed 
in region where coalescence and migration of particles took place, with particles positions 
indicated by arrows. Reprinted with permission from reference [55]. Copyright 2012 American 
Chemical Society.
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An important factor determining particle growth is their spatial distribution at the 
nanoscale. For CuZn/SiO2 model methanol synthesis catalysts, Prieto et al.[56] recently 
demonstrated that attaining a uniform distribution of the catalytic Cu nanoparticles 
enhances catalyst stability with a factor 4, as compared to materials showing the metal 
particles gathered in high-metal-density domains. While bulk characterization methods 
evidenced very similar overall properties, ET and pore-specific image analysis revealed 
very different metal distributions in these catalysts (Figure 2.6). The importance of not 
only the individual properties, such as metal particle size, but also collective properties, 
such as particle-particle distances, for catalyst stability is a new concept that relies on 
electron tomography for quantitative insight into the metal nanospatial distribution.

An ultimate goal is to image morphological changes in-situ. However, this implies 
that the atmosphere under which these changes take place (often involving high pressures 
and temperatures) has to be established inside the microscope. Differential pumping 
allows pressures up to a few mbars[57] while specialized in-situ TEM cells (for instance 
with silicon nitride windows) allow ambient and even higher pressures[58] but severely 
limit the resolution and tomography options. Additionally, the time resolution needs to be 

Figure 2.6. Slices through the ET-based reconstructed 3D volumes and surface-to-surface 
nearest-neighbor distance histograms (blue and red) of CuZn/SBA-15 catalyst after NO/N2 
calcination and H2 reduction (a) followed by exposure to reaction conditions (b), and CuZn/
SBA-15 catalyst after N2 calcination and H2 reduction (c) followed by exposure to reaction 
conditions (d). Adapted by permission from Macmillan Publishers Ltd: Nature Materials [56], 
copyright 2013.

20 nm

Neighbor distance (nm)

C
ou

nt
s 

1st neighbor

2nd neighbor
2.7±1.6 nm

7.9±3.3 nm

Neighbor distance (nm)

C
ou

nt
s 

13.9±10.3 nm

33.2±19.3 nm

C
ou

nt
s 

11.7±8.9 nm

28.3±16.9 nm

C
ou

nt
s 

3.5±3.2 nm

13.0±5.7 nm

1st neighbor

2nd neighbor

a b

c d

0
10
20
30
40
50
60
70
80

0 10 20 30 40 50 60

0
5

10
15
20
25
30
35
40
45

0 10 20 30 40 50 60

0 10 20 30 40 50 60
Neighbor distance (nm)

0
10
20
30
40
50
60
70
80

0
5

10
15
20
25
30
35
40
45

1st neighbor

2nd neighbor

1st neighbor

2nd neighbor

0 10 20 30 40 50 60
Neighbor distance (nm)

20 nm

20 nm

20 nm



Progress in Electron Tomography to Assess the 3D Nanostructure of Catalysts

35

sufficient to record relevant changes of the  material. The development of ultrafast electron 
microscopy (UEM), which uses coherent femtosecond electron pulses, allowed Kwon and 
Zewail[59,60] to capture on a nanosecond time scale the 3D motion of carbon nanotubes 
(CNT) heated by a laser (Figure 2.7). One might wonder whether it will someday be 
possible to image in 3D relevant catalyst changes, such as particle coalescence, in realistic 
nanostructured materials building on developments of in-situ TEM cells and advances in 
data computation.

Figure 2.7. Tomographic visualization of motion. a) Representative 3D volume snapshots of 
the nanotubes at relatively early times. Each 3D rendered structure at different time delay 
(beige) is shown at two view angles. A reference volume model taken at t = 0 ns (black) is 
merged in each panel to highlight the resolved nanometer displacements. Arrows in each panel 
indicate the direction of motion. b) The time-dependent structures visualized at later times and 
with various colors to indicate different temporal evolution. The wiggling motion of the whole 
bracelet is highlighted with arrows. From [59]. Reprinted with permission from AAAS.

a b



36

Chapter 2

2.4 Advances in Segmentation and Reconstruction
Techniques

A crucial aspect of electron tomography is in segmenting the features of interest from the 
3D reconstructions and quantitatively describing their properties. This requires, first of all, 
reconstructions with high signal-to-noise ratio and little reconstruction artifacts. Secondly, 
for automated segmentation a careful choice of image processing steps, such as filtering 
and thresholding, is essential to retrieve the object information (e.g. the exact shape, 
volume). Due to the point-spread-function of the imaging and reconstruction processes 
particles are often blurred and their segmentation by manually choosing a threshold value 
can lead to different results depending on the operator. Therefore, developing an automated 
and operator independent approach is desirable, for example, by combining edge detection 
and thresholding.[36] Especially critical are cases where particles are closely packed[61,62] or 
when segmenting two or more types of particles with similar contrast e.g. Au and Ag.[63] 
A combination of filtering and thresholding with extra image processing steps, such as 
watershed transforming and Euclidean distance mapping, was proposed to separate and 
quantify closely packed particles in semi-automated manner.[62]

The development of new reconstruction algorithms which would yield higher quality 
reconstructions and reduce the number of image post-processing steps, has drawn 
attention in the past years. A new reconstruction approach, termed Direct Iterative 
Reconstruction of Computed Tomography Trajectories (DIRECTT)[64] was demonstrated 
to reduce reconstruction artifacts, facilitating image analysis and quantification of Ru 
nanoparticles supported on carbon. An important drawback of existing reconstruction 
algorithms, such as weighted back-projection (WBP), algebraic reconstruction technique 
(ART) or simultaneous algebraic reconstruction technique (SIRT) is the requirement of a 
large number of projections to obtain results of reasonable quality. Technical limitations, 
such as shadowing of the imaged particle by the holder or other particles on the grid, 
and beam sensitivity of the sample, often limit the acquisition of projections to ±70° tilt 
range, which causes so-called “missing wedge” of information. Missing information can 
lead to reconstruction artifacts, such as the elongation of the features along the beam 
direction and white streaks emerging from the sides of the features. This can be (partially) 
solved by using two perpendicular tilt axes (dual-axis tomography)[40] which reduces the 
missing wedge to a “missing pyramid”. Also by FIB sectioning, needlelike samples[43] can 
be prepared which, with a modified holder, can be tilted over the full ±90° range, thus 
completely avoiding the “missing wedge” problem.
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50 nm

Figure 2.8. Slices through the 3D reconstruction of the La-Zr oxide sample obtained with SIRT, 
a thresholded SIRT and DART from series with a missing wedge of 0, 20, 40, and 60°. Adapted 
with permission from reference [68]. Copyright 2010 American Chemical Society. 

Alternatively, new algorithms can reconstruct objects from a reduced number of 
projections while keeping the reconstruction artifacts at minimum. The discrete algebraic 
reconstruction technique (DART) strongly reduces missing wedge artifacts and, moreover, 
automatically performs the segmentation during the reconstruction procedure.[65] It uses 
prior knowledge of the sample by assuming that it is composed of a discrete number 
of homogeneous phases, that is, the reconstruction contains a discrete number of gray 
levels. Even though it imposes constraints on the number of allowed phases, DART has 
been successfully applied for reconstructing different types of materials, such as CNT[66] 
and ordered mesoporous silica.[67] In the study of Biermans et al.[68] the clear advantage 
of DART has been demonstrated for La-Zr oxide. The presence of missing wedge had 
almost no impact on the quality of DART reconstruction as opposed SIRT reconstruction 
for which the quality was significantly affected (Figure 2.8). In a similar approach, the 
partially discrete algebraic reconstruction technique (PDART), has been also proposed for 
segmentation of dense nanoparticles.[69]
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Other recent developments of reconstruction algorithms involve the application of 
mathematical optimization methods which take advantage of the “sparsity” of the object, 
e.g. reconstruction containing only few nonzero voxels.[70–72] With these compressive 
sensing (CS) and total variation minimization (TVM) based algorithms, exceptionally high 
quality reconstructions can be retrieved from only a few projections while artifacts from 
the missing wedge are maximally reduced. Figure 2.9 highlights the advantage of CS-ET 
over SIRT by comparing the quantitative information, in this case for iron oxide particles.
[72] Clearly, only nine projections were sufficient to obtain reliable information using 
CS-ET, while application of SIRT requires >30 projections to reach similar quantitative 
conclusions.

Concluding, advances in reconstruction hold potential in imaging beam sensitive samples. 
Moreover, faster acquisition and higher quality reconstruction facilitate segmentation, 
promise more efficient data collection and, hence, could be used to increase the number of 
the examined particles and representativeness of the data.

Figure 2.9. Estimation of the concavity volume from the CS-ET and SIRT reconstructions 
obtained with 9, 13, and 27 projections. Inset figures are isosurface renderings of the iron 
oxide nanoparticle segmented to extract the concavity volume from the SIRT and CS-ET 
reconstructions based on 27 projections. Reprinted with permission from reference [72]. 
Copyright 2011 American Chemical Society.
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2.5 Towards Atomic Resolution

The development of aberration corrected microscopes has made a tremendous impact 
on materials science in recent years, allowing imaging at the atomic-scale.[3,4] Naturally, 
the idea of combining high-resolution imaging with electron tomography emerged. By 
using low voltage conditions and negative spherical aberration imaging (NCSI), Bar-Sadan 
and co-workers[73] managed to reconstruct from ~40 projections, with the WBP algorithm, 
a fullerene-like MoS2 structure at subnanometer spatial resolution (~0.11 nm3 voxels), 
although additional modeling of the structure was needed to retrieve the atomic positions. 
A novel reconstruction technique, termed equally sloped tomography (EST), was used to 
reconstruct from 69 STEM projections a 10 nm Au particle with a resolution of 2.4 Å. This 
was insufficient to determine the exact location of all atoms, but enabled identification 
of several grains in the nanoparticle.[74] These approaches, however, can be used only if 
samples are very stable under the electron beam, as the required number of projections is 
large. 

As proposed by Jinschek et al.,[75] DART can reconstruct atomic positions from only 
a few projections by employing prior knowledge of “discreteness” of the sample. In this 
case, “discreteness” involves the assumption that the crystal contains only a few types of 
atoms and that the atoms lie on a regular grid of which the general structure is known in 
advance. The number of atoms in each projected atomic column (obtained using model-
based approaches for quantitative analysis of the HAADF STEM images) can be used as an 
input for DART, yielding the 3D reconstructions of atomic positions of e.g. Ag nanoparticle 
embedded in a stabilizing matrix[76] or the Pb core of a freestanding core-shell PbSe-CdSe 
rod-shaped particle.[77] This approach requires only 2-3 projections, but is limited to single 
small particles (of a few nanometers), as counting the atoms becomes difficult for the larger 
particles.

To avoid usage of prior knowledge, Goris et al.[78] proposed a CS-based algorithm 
for determining the 3D atomic structure of free-standing Au nanorods. As noted in the 
previous section, CS-based reconstruction exploits the “sparsity” of the object, which is 
appropriate in the case of atomic scale imaging since atoms surrounded by vacuum can 
be safely considered as sparse. Figure 2.10 shows the extraordinary result obtained from 
only 4 HAADF-STEM projections. The authors reconstructed the atomic structure and 
determined the side facets of the Au rods (Figure 2.10b), measured the strain field in three 
dimensions (Figure 2.10c) and correlated it to the lattice of the Au nanorod. However, at 
this point atomic resolution imaging remains limited to single nanoscale objects, imaging 
realistic 3D nanostructured catalytic materials for the moment remains elusive.
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2.6 Conclusions and Prospects

This brief review demonstrates the growing importance of electron tomography for 
the 3D structural characterization of catalytic materials. The fast progress is the result 
of a multidisciplinary effort to improve hardware (for instance aberration corrected 
microscopes), software (for instance the development of new reconstruction and 
segmentation methods), and strategies to extract structural parameters that are relevant 
for catalyst functionality. The availability of ET facilities, open source reconstruction and 
image processing software, and the number of users has greatly increased in recent years. 

ET has proven to be an excellent tool for unraveling catalysts’ structural properties, 
some of which are inaccessible to other techniques, such as pore corrugation, tortuosity, 
particles aspect ratios, and interparticle distances. Several examples have been discussed 
for which improved reconstruction and segmentation methods led to reliable quantitative 
data. This allowed direct comparison of relevant structural parameters with those obtained 
from bulk characterization techniques, which are of immense importance to validate and 
ensure statistically relevant and reliable characterization. 

Recently designed algorithms allowed reconstructions based on only a few projections, 
promising for beam sensitive samples such as zeolites. Moreover, when these novel 

Figure 2.10. Atomic-resolution reconstruction of an Au nanorod. a) Volume rendering of the 
reconstructed nanorod with two selected slices through the reconstruction, b) The two slices 
from (a) show that the tip of the nanorod is composed of {101} facets, with a more detailed 
view of the region (zoomed in) with an atomic surface step which is encircled. In this region, a 
surface step with a thickness of two atoms is observed in the tomographic reconstruction. c) 
Slices through the 3D εzz strain measurement indicating an outward relaxation of the atoms at 
the tip of the nanorod. Reprinted by permission from Macmillan Publishers Ltd: Nature Materials 
[78], copyright 2012.

a b c
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reconstruction methods are combined with high-resolution imaging, they enable 
determination of the 3D atomic structure. The ability to obtain 3D reconstructions from 
only a few projections is also promising to facilitate time resolution in ET. Currently, a 
drawback of these methods is that prior knowledge of the structures is needed.

It is tempting to contemplate whether soon we might be able to image in 3D relevant 
processes in catalysis, such as the sintering of supported metal nanoparticles under near 
to realistic reaction conditions, or the evolution of catalysts during synthesis. However, 
there is still a large gap to bridge, both in realistic conditions (most of the catalyst 
reactions require reactive gas atmospheres of tens of bars pressure), and realistic systems 
(extended 3D composite nanostructures). Hence, it is likely that ex-situ tracking of the 
catalyst changes will remain important for the time to come. Combining the vast amount 
of structural information that is now available from ET with the development of fast and 
reliable 3D elemental mapping by EELS and EDX will expand in the near future.

In summary, the last few years were marked by developments which allowed electron 
tomography to expand from being merely qualitative to also quantitative technique, and to 
progress from nano- to in specific cases atomic-scale resolution. Catalysts research, amongst 
others, will benefit tremendously from these advances, as only structural characterization 
at all length scales can lead to unambiguous understanding of catalyst performance and aid 
in designing more active, selective and stable catalysts.
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Chapter 3

Zeolite Y Crystals with Trimodal Porosity
as Ideal Hydrocracking Catalysts

Abstract
Zeolite Y with intracrystalline trimodal porosity composed of micropores (from the 

zeolite synthesis), smaller mesopores (from base leaching) and larger mesopores (steaming 
and acid leaching) was obtained and studied in great detail. The secondary mesoporous 
network, created upon acid and base post synthesis treatments, was successfully imaged 
in 3D using electron tomography. The hierarchical nature of the trimodal porosity proved 
beneficial for hydrocracking performance of this material.

This chapter is based on the following manuscript: K. P. de Jong, J. Zečević, H. Friedrich, 
P. E. de Jongh, M. Bulut, S. van Donk, R. Kenmogne, A. Finiels, V. Hulea, F. Fajula, 
“Zeolite Y Crystals with Trimodal Porosity as Ideal Hydrocracking Catalysts”, Angew. 
Chem. Int. Ed. 2010, 49, 10074-10078. Adapted with permission from Angewandte Chemie 
International Edition.
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3.1 Introduction

Zeolites are widely used as microporous acid catalysts in oil refining and petrochemical 
synthesis.[1] The micropores (ca. 1 nm diameter) provide unique activity and shape 
selectivity but also induce slow mass transfer of reactants and products.[2] Methods to 
enhance molecular transport involve synthesis of zeolites with larger micropores (1–2 
nm),[3] synthesis of nanosized zeolites (short micropores),[4,5] as well as the creation 
of mesopores (2–50 nm) in zeolite crystals using acid[6] or base[7,8] leaching, carbon 
templating,[9] or mesopore structure-directing agents.[10] Results for mesoporous zeolites 
have been focused largely on MFI type zeolites and have led exclusively to bimodal 
porosity, that is, micropores and mesopores. It has been argued several times that staged 
hierarchical porosity should be ideal in catalysis[11] but few examples[12] are known. 

One of the most important zeolites applied in catalysis is zeolite Y, which is used in 
processes such as fluid catalytic cracking, hydrocracking, and alkylation in oil refining and 
petrochemical synthesis.[6] Advanced methods such as nanosizing and special templating 
techniques have met limited success for zeolite Y. Generation of mesopores in zeolite Y 
has been mainly achieved by steaming and acid leaching, as described in more detail in the 
chapter 1.[13,14] Limitations of this approach have become apparent based on physisorption 
and electron tomography studies. Relatively large mesopores (diameter >20 nm) have been 
obtained, some of which are in fact cavities that are only connected to the outer surface 
of the crystals via the micropore network.[13,14] With more-advanced techniques such as 
templating, small mesopores (2–10 nm) have been realized for zeolite ZSM-5.[10] However, 
in the latter cases large mesopores were absent and mass transfer limitation in the small 
mesopores may occur. Based on theoretical considerations it has been proposed that 
hierarchical pore networks will be optimal for zeolite catalysis.[11,15] Ideally, large mesopores 
facilitate mass transfer from the surface of the zeolite crystal followed by transport in 
small mesopores, finally allowing diffusion into short micropores where catalysis takes 
place. Clearly, no zeolite and in particular zeolite Y with this trimodal porosity is available 
today. Combinations of acid leaching (dealumination) and base leaching (desilication) hold 
potential for arriving at trimodal porosity as might be inferred from old[16,17] as well as 
recent literature.[18]
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3.2 Experimental

3.2.1 Desilication procedure

Starting material (to which we refer as HY-30) is commercially available steamed 
and acid-leached zeolite H-Y with Si/Al=30 purchased from Zeolyst under sample code 
CBV760. Typically, samples HY-A and HY-B were prepared by treating the 200 g of parent 
HY-30 sample with respectively 5000 ml of 0.05 M and 2500 ml of 0.10 M NaOH solution 
at room temperature for 15 min. The desilication step was terminated by neutralizing the 
mixture with 1 M H2SO4 till pH 7. Afterwards the sample was thoroughly washed with 
water and filtered. The obtained powder was dried at 110 °C for 16 h, after which it was 
NH4

+-ion exchanged with a 0.2 M NH4NO3 solution three times and calcined for 4 h at 500 
°C to obtain HY-A and HY-B samples. Subsequently, the samples were submitted to a mild 
steaming.

3.2.2 Characterization

N2 physisorption
N2 adsorption and desorption measurements were performed at liquid nitrogen 

temperature on a Micromeritics Tristar 3000. Prior to measurement, samples were outgassed 
in nitrogen flow at 300 °C for 14 h. Micropore volumes and mesopore surface areas were 
determined using t-plot analysis. Pore size distributions were calculated using the BJH 
model applied to the adsorption branch of the N2-isotherms. The total mesopore volume, 
the volume of large and the volume of small mesopores were obtained by integration of the 
pore size distribution curve for corresponding pore diameter ranges, namely 2-50 nm for 
total mesopores, 2-8 nm for small mesopores and 8-50 nm for large mesopores.

Powder X-ray diffraction
Powder X-ray diffraction (XRD) patterns were recorded with Co Kα12 radiation from 

5° to 50° (2θ) at room temperature using a Bruker-AXS D8 Advance X-ray diffractometer.
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Transmission electron microcopy and electron tomography
Transmission electron microscopy (TEM) and electron tomography (ET) were performed 

in bright-field mode with a Tecnai 20 electron microscope (FEI company, Eindhoven). The 
microscope was equipped with a TWIN objective lens, an LaB6 electron source and was 
operated at 200 kV. TEM grids were prepared by applying a few droplets of ethanol in 
which the zeolite sample had been dispersed, followed by drying in air at 60 °C. For ET, 
TEM grids were initially labeled with 5 nm gold particles by applying a droplet of colloidal 
gold suspension on a carbon-coated Quantifoil R2/1 Cu grid with parallel bars in order to 
provide markers for alignment of tilt images. Tilt series of images of the representative 
particles were acquired using Xplore3D software over an angular range of at least ±75° 
with a tilt increment of 1° or 2° at nominal magnifications of 19 k or 29 k. The defocus 
was set from -400 nm to -600 nm depending on the particle size. Images were recorded 
on a 2048 x 2048 pixel TVIPS CCD camera. Alignment of the acquired tilt images was 
performed using the IMOD software[19] and facilitated by tracking the gold markers. 3D 
reconstruction of the aligned images (binned by a factor of 2) was done by filtered back-
projection using the same software. Due to different imaging conditions the pixel size of 
final reconstructions was as follows: 0.56 nm for HY-30, 0.82 nm for HY-A and 0.56 nm 
for HY-B sample.

Temperature programmed desorption
The acidity of the samples was measured by temperature programmed desorption (TPD) 

of ammonia as probe, using an Autochem 2910 apparatus from Micromeritics. Prior to 
TPD, 100 mg of sample placed in a quartz tube reactor was treated at 550 °C in air for 8 h. 
Ammonia (5% vol. in He) was adsorbed for 45 min at 100 °C. The physisorbed ammonia 
was removed by treatment of the sample at 100 °C for 2 h, in a dry helium stream (50 
ml/min). The ammonia desorption was carried out in helium flow at a heating rate of 10 
°C/min up to 600 °C. The amount of desorbed ammonia was monitored with a thermal 
conductivity detector (TCD).

 
Solid-state MAS NMR

Solid-state MAS NMR experiments were performed on a Varian VNMRS 400 MHz 
solid spectrometer fitted with a 9.4 T magnetic field and using a two channel probe with 7.5 
mm ZrO2 rotors. The 29Si spectra were recorded at 79.5 MHz under conditions of magic-
angle spinning at 5 kHz using One Pulse sequences with a π/6 pulse length of 2 μs and 60 
s recycling delay.
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3.2.3 Catalytic testing

In order to establish the hydrocracking catalytic performance for model compounds 
(n-hexadecane and squalane), zeolite samples HY-30 and HY-A were loaded with about 
0.3 wt% Pt via incipient wetness impregnation with a H2PtCl6 solution. We refer to these 
samples as Pt/HY-30 and Pt/HY-A. Hydrocracking of n-hexadecane (n-C16) and squalane 
(C30) feedstocks was performed in a fixed-bed reactor in the presence of H2 at 20 bar 
pressure where the H2 to hydrocarbon ratio was 3-4 mol/mol. WHSV was set to 1-4 kg l-1 
h-1 and the amount of used catalyst (particles 180-425 μm) was about 1.3 g. Hydrocracking 
reactions were studied for the temperature range of 170-350 °C. In case of n-hexadecane 
hydrocracking experiment, the obtained products were analyzed on-line using an HP 
5890 series II gas chromatograph with an apolar column (HP-1, 30 m x 0.53 mm, 2.65 
μm film thickness), while in case of squalane hydrocracking experiment HP 5975C gas 
chromatograph with an apolar column (HP-5, 30 m x 0.25 mm, 0.25 μm film thickness) 
was used.

In order to establish the hydrocracking catalytic performance for pretreated Vacuum Gas 
Oil (VGO), the HY-A zeolite sample was extruded with an alumina binder (CONDEA®), 
dried at 110 °C for 16 h and calcined at 600 °C for 10 h. Next, the extrudates were loaded 
with NiO and MoO3 by incipient wetness co-impregnation with a Ni(NO3)2•6H2O:(NH4)6

Mo7O24•4H2O:ethylene diamine solution. Finally, the catalysts were dried at 110 °C for 16 
h and calcined at 500 °C for 3 h under air flow (50 NL/h), prior to the sulfurization in the 
trickle-bed reactor under a flow of straight-run-gasoil spiked with di-methyl-disulfide and 
tributylamine. Catalytic data shown were obtained at a conversion level of 80%.
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3.3 Results and Discussion

3.3.1 Desilication and bulk characterization

We have started from a commercially available zeolite H-Y (Zeolyst, CBV760) that 
had been previously steamed and acid-leached.[13,14] We refer to this sample as HY-30 in 
view of its Si/Al atomic ratio (Table 3.1). Following the systematic studies of Groen et 
al.,[8] base leaching (desilication) was carried out with either 0.05 M or 0.10 M aqueous 
NaOH solutions (Experimental section). Base leaching was quenched by acid addition and, 
subsequently, sodium ions were exchanged for ammonium ions followed by calcination to 
obtain samples HY-A (0.05 M) and HY-B (0.10 M). Details about the samples summarized 
in Table 3.1 comprise the elemental composition (Si/Al ratio), the amount of tetrahedral Al 
derived from the unit cell size obtained by X-ray diffraction (XRD) expressed by Si/Altet, 
and the number of acid sites from temperature-programmed desorption (TPD) of ammonia.

Table 3.1. Modification and properties of zeolite Y samples.

Sample Treatment
Si/Al[a]

[at/at]
a0

[Å]
Si/Altet

[b]

[at/at]
Acid sites[c]

[mmol g-1]

HY-30 Commercial USY zeolite (CBV760) 28.4 24.284 38 0.31

HY-A HY-30 leached with 0.05 M NaOH 24.8 24.302 27 0.29

HY-B HY-30 leached with 0.10 M NaOH 20.5 24.311 23 0.30

[a] Si/Al ratio obtained from chemical analysis. [b] Si/Altet is the atomic ratio of Si over 
tetrahedrally coordinated Al obtained from unit cell size a0 determined by XRD (a0 ± 0.007 Å). 
[c] Calculated from the amount of NH3 desorbed (± 0.02 mmol g-1).

XRD patterns and TPD measurements are given in the Figure 3.1a-b. From these 
results it appeared that desilication slightly reduced the Si/Al ratio while the amount of 
zeolitic crystalline phase (estimated from the microporous volume measured by nitrogen 
adsorption; see further) dropped from 65% for HY-30 to 50% for HY-A to 25% for HY-
B. Diffraction patterns (Figure 3.1a) show that the crystalline structure of the zeolite is 
well preserved after the base leaching of the samples. Even though the intensity of the 
characteristic peaks decreases considerably, no broadening of the peaks was observed. 
Upon desilication the total number of acid sites remains constant (cf. Table 3.1) although 
some change of the ratio of strong vs. weak sites is apparent (Figure 3.1b). In line with 
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the drop in crystallinity, 29Si NMR (Figure 3.1c) indicated a local transformation from 
crystalline zeolite into amorphous silica–alumina upon treatment with base. The 29Si NMR 
spectra reveal two series of overlapping signals, some of them narrow at ca. -108 and -102 
ppm, attributable to the Si (4Si) and Si (3Si 1Al or OH) signals of the zeolite. The other 
peaks are broader at ca. -111 and - 93 ppm, attributable to the Si (4Si) and Si (2Si 2 Al 
or OH) signals of a less crystalline or amorphous aluminosilicate. Upon desilication, the 
zeolitic signals decrease in (relative) intensity while those associated to the amorphous 
aluminosilicate component increase. Since the crystal shapes were not affected (see TEM), 
some of this amorphous material might be present in mesopores.[13] In the remainder of this 
chapter, we focus on the porosity of the systems since the density (Table 3.1) and nature 
(Figure 3.1b) of the acid sites did not vary largely.

Figure 3.1. a) XRD patterns, b) NH3 TPD patterns, c) 29Si NMR spectra of parent HY-30, base-
leached HY-A (0.05 M NaOH) and HY-B (0.10 M NaOH) samples.
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The porosity of the samples was studied by nitrogen physisorption. Figure 3.2 displays 
the adsorption–desorption isotherms as well as the pore size distributions (PSDs) derived 
from the adsorption branches. The data related to these measurements are collected in 
Table 3.2. The hysteresis apparent in all isotherms is indicative of mesoporosity. Some 
mesopore obstruction, suggesting the presence of cavities,[20] is revealed by the closure of 
the hysteresis loop in the range p/p0=0.4–0.5. Many mesopores, however, are open and 
cylindrical as apparent from the parallel part of the hysteresis loop (p/p0>0.8). Upon base 
leaching, additional mesoporosity is generated as is inferred from both the isotherms and 
the PSDs in Figure 3.2. Larger mesopores are enhanced but, much more importantly, small 
mesopores are boosted and a clear bimodal mesoporosity is observed for the base-leached 
samples. Since the micropore volume (derived from t-plot analysis) was significant for all 
samples, we obtained truly trimodal zeolite Y zeolites that contain micropores (ca. 1 nm), 
small mesopores (ca. 3 nm), and large mesopores (ca. 30 nm). 

The data in Table 3.2 reveal that base leaching had more than tripled the volume of small 
mesopores while the volume of large mesopores only increased by about 50%. Clearly, 
base leaching is particularly effective in these materials to generate the small-mesopore 
network. Although the fingerprint of the PSDs in Figure 3.2 is excitingly clear, we must 
caution the reader. Physisorption provides average data over many (ca. 1012) zeolite 
crystals and the data of Figure 3.2 may originate from truly hierarchical pore networks or 

Figure 3.2. N2 physisorption analysis of parent HY-30 (black line), base-leached HY-A (green 
line), and HY-B (orange line) samples. Barrett– Joyner–Halenda (BJH) pore size distributions 
(b) derived from the adsorption branches of the isotherms (a) depict the distinct regions of 
small (ca. 3 nm) and large mesopores (ca. 30 nm). Base leaching predominantly induces the 
formation of small mesopores. V: specific volume; D: diameter [nm]; STP: standard temperature 
and pressure.

Q
ua

nt
ity

 a
ds

or
be

d 
(c

m
3 /g

 S
TP

)

Relative pressure (P/P0)
0.0 0.2 0.4 0.6 0.8 1.0

80

160

240

320

400
HY-30
HY-A
HY-B

10 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Pore diameter (nm)

dV
/d

lo
gD

 (c
m

3 /g
)

2

a b
HY-30
HY-A
HY-B



Zeolite Y Crystals with Trimodal Porosity as Ideal Hydrocracking Catalysts

53

from a physical mixture of crystals containing large mesopores and crystals that contain 
small mesopores. For that reason we carried out a microscopic study to challenge our 
macroscopic data.

Table 3.2. Textural properties of zeolite Y samples.

Sample
Smeso

[a]

[m2g-1]
Vmicro

[b]

[cm3g-1]
Vmeso

[c]

[cm3g-1]
Vs-meso

[d]

[cm3g-1]
Vl–meso

[e]

[cm3g-1]
Vtot

[f]

[cm3g-1]

Pore Diameter[g]

[nm]

small large

HY-30 213 0.21 0.16 0.07 0.09 0.45 - 28

HY-A 339 0.16 0.25 0.14 0.11 0.51 2.7 27

HY-B 443 0.07 0.37 0.23 0.14 0.55 3.1 27

[a] Mesopore surface area. [b] Micropore volume. [c] Mesopore volume (2–50 nm pores). [d] 
Volume of small mesopores (2–8 nm pores). [e] Volume of large mesopores (8-50 nm pores). 
[f] Total pore volume. [g] From pore size distribution.
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3.3.2 TEM and electron tomography analysis

Transmission electron microscopy (TEM) is a versatile technique to study nanostructured 
materials.[21] For imaging mesopores in zeolites, however, TEM does not suffice, and 
electron tomography (ET)[22–24] based on TEM tilt series was used. 3D reconstructions of 
zeolite crystals were obtained and analyzed using established methods. Figure 3.3 presents 
TEM images as well as numerical cross sections from the tomograms for all three samples. 
The crystal shape did not change upon leaching, and fragmentation of crystals did not 
occur on a large scale. From the TEM images (Figure 3.3a–c), reduced mass density can 
be inferred for the base-leached samples, but details of the mesopore network could not 
be derived.

The ET results (Figure 3.3d–f) reveal mesopore details with exceptional clarity. The 
smooth dark zones in the slices relate to the unaffected microporous regions of the crystal 
(micropores not resolved), whereas the light gray areas represent the mesopores. For 
sample HY-30 we observed mainly channel-like mesopores with diameters 15–30 nm well 
in line with physisorption. Some small cavities with diameters of less than 10 nm are 
apparent too. Base leaching slightly enhanced the average diameter of the large mesopores, 
and some surface roughening of the mesopore channels is apparent in Figures 3.3e and f. 
Most importantly, a new network of small mesopores with a diameter range of 2–10 nm 
had been created. These small mesopores were pervasive throughout the crystal and their 
aspect ratio was well above 1. Analysis of slices of the tomogram (Supporting Movies 1–3) 
revealed that most of the small mesopores were connected either to the large mesopores 
or to the external surface of the crystals. From detailed studies of several crystals using 
ET, we concluded that the trimodal porosities of zeolite Y crystals that we obtained are 
truly hierarchical in nature, that is, micropores, small mesopores, and large mesopores are 
connected and present in one and the same crystal.
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Figure 3.3. Electron microscopy and electron tomography study of parent HY-30, base-leached 
HY-A (0.05 M NaOH) and HY-B (0.10 M NaOH) samples. The TEM micrographs show that 
base leaching of the parent HY-30 (a) leads to generation of more-porous structures as can 
be seen from HY-A (b) and HY-B (c), yet without revealing the true nature of the mesopore 
network. The numerical cross-sections through 3D reconstructions of the particles provided by 
electron tomography clearly depict the presence of both small (ca. 3 nm) and large (ca. 30 nm) 
mesopores, as well as their interconnectivity and shape: d) 0.56 nm thick slice of HY-30; e) 0.82 
nm thick slice of HY-A; f) 0.56 nm thick slice of HY-B sample reconstruction.
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3.3.3 Catalytic testing

The bifunctional nature of hydrocracking catalysis requires a (de)hydrogenation 
function.[25] Therefore, hydrocracking catalysis experiments were carried out with H-Y 
zeolite samples loaded with Pt. Hydrocracking of n-hexadecane in the presence of H2 at 
20 bar pressure in a fixed-bed reactor was studied in the temperature range 220–280 °C. 
The conversions for Pt/HY-30 and Pt/HY-A as a function of temperature are plotted in 
Figure 3.4a. The first-order rate constants calculated at 240 °C for the two catalysts were 
0.9 x 10-4 and 4.1 x 10-4 gg-1s-1, respectively. To assess the hydrocracking selectivity for 
n-C16 alkane, the molar ratio C6/C10 as a function of the conversion is shown in Figure 
3.4b. For Pt/HY-A the ratio was close to unity up to very high conversions, as expected 
for ideal hydrocracking.[26] For Pt/HY-30 above approximately 30% conversion, the ratio 
started to increase pointing to secondary cracking of products, thus deviating from ideality. 
Please note that the n-alkane reactant can be considered as a “refractory feedstock” 
calling for strong acidity of the catalyst. Using squalane (branched C30 alkane) at 230 °C, 
conversion for both catalysts of about 75% was observed, pointing to similar activities for 
Pt/HY-30 and Pt/HY-A, which might be related to the mild acidity requirements for this 
reactive feedstock. More importantly, the selectivity patterns for the two catalysts deviated 
significantly (Figure 3.4c). The product symmetry for Pt/HY-A was preserved, whereas Pt/
HY-30 produced significant amounts of light products (C1–C5 alkanes). Clearly, secondary 
cracking played a role with Pt/HY-30, whereas close to ideal hydrocracking was again 
observed with Pt/HY-A.

For the hydrocracking of vacuum gas oil (VGO), a NiMoS2/zeolite Y/alumina extruded 
catalyst was prepared, incorporating HY-A as zeolite Y phase. The catalyst was evaluated 
and compared with a state-of-the art commercial catalyst under industrially relevant 
conditions in the temperature range 360–390 °C and at a pressure of 155 bar for around 
200 h. The results are summarized in Table 3.3 and reveal that for the HY-A based catalyst 
the yield towards middle distillates (diesel and kerosene), compared at equal conversions 
of 80%, was dramatically enhanced along with a significant decrease of the less desired 
naphtha. Moreover, coke formation over the HY-A based catalyst was significantly 
reduced, indicating higher catalyst stability as a direct benefit from its enhanced porosity. 
The activity of HY-A was lower than that of the commercial catalyst as the temperature 
required for 80% conversion had increased by 13 °C.
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Figure 3.4. Catalytic testing of parent HY-30 and base-leached HY-A loaded with 0.3 wt% Pt. 
a) Conversion, b) selectivities in hydrocracking of n-hexadecane over Pt/HY-30 (x) and Pt/
HY-A (▲). c) Hydrocracking of squalane over Pt/HY-30 (black) and Pt/HY-A (green).

Table 3.3. Comparison of hydrocracking of VGO over NiMoS2/HY-A/ alumina and over a commer-
cial ca talyst.[a]

Activity[b]

ΔT [°C] +13

Selectivity[c]

[Δ wt.%]

Lights
(<65 °C) -4.3

Naphtha
(65 – 145 °C) -5.6

Kerosene
(145 – 250 °C) +5.2

Diesel
(250- 375 °C) +4.7

Coke formation[d]

[Δ wt.%] -22

[a] All data are relative to the commercial catalyst. Reaction conditions: 155 bar; H2/feed ratio: 800 
NL/L; liquid hourly space velocity (LHSV): 2.43 h-1. Pretreated VGO feed: 8 ppm N, 15 ppm S and 
0.8707 g mL-1 density at 15 °C. [b] Temperatures required to reach 80% conversion. [c] Values 
reported at 80% conversion of VGO after ca. 200 h on stream. [d] Coke yield after ca. 200 h on 
stream.
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3.4 Conclusions

With zeolite Y, an intracrystalline trimodal porosity involving micropores (from the 
zeolite synthesis), smaller sponge-like mesopores (from desilication), and large mesopores 
(from steaming and acid leaching) was obtained. The hierarchical trimodal nature of the 
pore system is proposed to be beneficial for rapid mass transfer of hydrocracking products 
from the micropores, thus almost fully suppressing secondary cracking. This conclusion 
is qualitatively in line with the recently introduced hierarchy factor.[27] With respect to the 
mechanism of the generation of the small mesopores (2–10 nm), we speculate that the 
structure of zeolite Y may play an important role. By removing the tetrahedrally coordinated 
atoms between supercages, we expect a mesopore of about 3 nm in width. Acid leaching 
might generate nuclei for these mesopores by starting to break down the walls between 
supercages in line with small cavities (ca. 2 nm) observed (Figure 3.3d). Growth and in 
particular elongation (aspect ratio >1) of these nuclei for mesopores is proposed to be 
brought about by desilication (Figure 3.3e-f). Trimodal hierarchical porosity in zeolites 
and related materials (e.g., MOF,[28] COF[29]) can play an important role in catalysis, as 
demonstrated by the current work, as well as in adsorption, diffusion, and separation 
applications.

Supporting Information

Supporting movies: hy30-sup_mov_1.wmv (Supporting Movie 1), hya-sup_mov_2.wmv 
(Supporting Movie 2) and hyb-sup_mov_3.wmv (Supporting Movie 3) are available free 
of charge via the Internet at: 
http://onlinelibrary.wiley.com/doi/10.1002/anie.201004360/suppinfo
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Chapter 4

Quantitative Study of Zeolite Y Mesopores by 
Image Analysis of Electron Tomograms

Abstract
By introducing mesopores into microporous zeolite Y mass transfer of molecules 

throughout the crystals is facilitated which is beneficial for catalyst performance. However, 
it is not solely the presence of mesopores, but also their accessibility, connectivity, shape 
and overall architecture that play an important role in catalysis. Electron tomography 
coupled with image analysis was used to identify and quantitatively describe structural 
characteristics of complex mesopore network of zeolite Y. Some of the studied properties, 
such as size distribution of the intact microporous domains, are inaccessible to other 
techniques, yet they are crucial for understanding the impact of mesopores and molecular 
diffusion on catalysts activity, selectivity and stability.

This chapter is based on the following manuscript: J. Zečević, C. J. Gommes, H. Friedrich, 
P. E. de Jongh, K. P. de Jong, “Mesoporosity of Zeolite Y: Quantitative Three-Dimensional 
Study by Image Analysis of Electron Tomograms”, Angew. Chem. Int. Ed. 2012, 51, 4213-
4217. Adapted with permission from Angewandte Chemie International Edition.
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4.1 Introduction

Different strategies have been developed in order to facilitate molecular transport to 
and from the active (micropore) sites of zeolite crystals. Essentially, most of the methods 
are based on reducing the size of the microporous regions by either the direct synthesis 
of smaller zeolite crystals (nanocrystals)[1,2] or by introducing mesopores (2–50 nm) 
throughout the zeolite crystal, dividing it into smaller microporous domains.[3–5] This 
reduces the diffusion path length and facilitates the mass transfer of molecules through 
the entire zeolite crystal. Assessing the parameters of the microporous domains and of 
the mesopore network is imperative for understanding the reaction kinetics coupled to 
molecular diffusion.[6–10]

The leading role of zeolite Y in oil refining processes and in petrochemistry[11] stems 
from its acidic nature, its crystalline structure composed of micropores, and its pronounced 
stability under harsh reaction conditions. However, in the case of oil cracking, the retention 
of product molecules within the zeolite crystals caused by slow mass transfer through 
micropores can lead to secondary cracking and thereby formation of undesirable coke and 
gas products. As demonstrated in chapter 3, introduction of mesopores[12–16] can greatly 
suppress these secondary reactions and boost zeolite Y performance. Therefore in this 
chapter mesoporosity of zeolite crystals is studied in more detail. 

Mesoporosity is most frequently characterized using N2 physisorption, which provides 
micropore and mesopore volumes and pore size distributions, while information on the 
shape of the mesopores, for example, cavity-like, ink-bottle-like, or channel-like, can 
sometimes be inferred from the shape of the physisorption isotherms.[17] However, the 
exact architecture of the mesopore network (shape, connectivity, and three-dimensional 
distribution of the mesopores) within a single crystal remains unknown, especially 
when complex mesopore networks, consisting of different types of pores, are present. 
Transmission electron microscopy (TEM) visualizes mesoporosity of a single crystal, but 
since the three-dimensional pore morphology is overlapping in a two-dimensional TEM 
micrograph, the obtained information is often insufficient and perhaps misleading. The 
pioneering work of A. H. Janssen et al.[13] in the field of electron tomography (ET) in 
heterogeneous catalysis provided a solution to this problem. They were able to visualize 
the interior of the USY (UltraStable Y) zeolite crystal and qualitatively described the shape 
and connectivity of the mesopores in three dimensions. Following this study, U. Ziesse et 
al.[18] employed image processing to extract quantitative information on the mesopore size 
distribution within this reconstructed zeolite crystal. Other electron tomography studies 
used image processing to also characterize the metal particles in heterogeneous catalysts 
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(chapter 2).[19–23]

Here we combine the power of electron tomography (ET) with advanced image 
analysis operations to derive quantitative detailed information on the mesopore network 
of an industrially relevant mesoporous zeolite Y material. This approach enables us to 
distinguish and quantify structural characteristics of zeolite Y and its complex mesopore 
network. Some of this information is not accessible by techniques other than ET, such as 
the size distribution of the intact microporous domains, which plays an important role in 
the analysis of catalysis results.

4.2 Experimental

N2 physisorption
N2 adsorption and desorption measurements were performed on a Micromeritics Tristar 

3000 at liquid nitrogen temperature. Prior to measurement, samples were outgassed in 
nitrogen at 300 °C for 14 h. The mesopore volume used for calculation of the percentage 
of mesopores within zeolite crystals was obtained by integrating the pore size distribution 
(PSD) curve, derived from the adsorption branch using the BJH model, for the range of 2-50 
nm of pore diameters. For calculating the percentage of blocked mesopores, i.e. “closed” 
and constricted, the BJH model was applied to the desorption branch of the isotherms. The 
characteristic peak at about 4 nm in the PSD curve is ascribed to the so-called cavitation 
effect and was integrated to derive the volume of blocked pores. To estimate the volume-
to-surface ratio of the mesopore domains, the t-plot was used to calculate external and 
mesopore surface areas, while volume was derived from unit cell density of HY30 zeolite 
with Si/Al=30.
 
Electron tomography

For electron tomography experiments carbon-coated Quantifoil R2/1 Cu TEM grid 
with parallel bars (Quantifoil Micro Tools GmbH) were loaded with 5 nm colloidal gold 
particles (Aurion, PAG conjugated) in order to provide markers for the alignment of tilt 
images. The HY30 powder was diluted in ethanol, sonicated and few drops of the dispersion 
were applied on the prepared grid and left to dry in air at 60 °C. Electron tomography 
experiments were performed in a bright field imaging mode at 200 kV, using a Tecnai 20 
(FEI) transmission electron microscope equipped with TWIN objective lenses and an LaB6 
electron source. Tilt series of images of zeolite particles were acquired over the angular 
range of about ±75° with a tilt increment of 1° or 2° at magnification of 29 kx using 
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Xplore3D software (FEI) for the automated electron tomography. Applied defocus was 
about -400 nm depending on the particle size and images were recorded on a 2048 x 2048 
pixel TVIPS bottom mounted CCD camera. Acquired images from tilt series were aligned 
to a common origin and rotation axis by tracking Au particles using IMOD software 
package.[24] A stack of finely aligned images was binned by a factor 2 to facilitate further 
computation and submitted to 3D reconstruction using WBP (Weighted Back Projection) 
algorithm in IMOD. Final reconstruction had a voxel size of 0.54 nm. Image analysis was 
performed with Matlab using the SCD® mathematical morphology toolbox.
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Figure 4.1. Schematic representation of replacing 2×2×2 cube of 8 binary voxels by a single 
voxel (binning by 2) which takes median value of 8 initial voxels.

a b

c d

e f

h

ab gf ce dh

h

Binning 2

Median value

4.3 Image Analysis

4.3.1 Image segmentation

The gray-tone reconstructions were first segmented into a 3D binary image, in order to 
determine for each voxels whether it belongs to the mesopores or to the solid phase. The 
micropores are not resolved by the reconstruction at the working resolution. The phase we 
refer to as solid is actually microporous. 

The first step of the image processing consists in the application of alternating sequential 
filters (ASF) with 3D structuring elements,[25] in order to sharpen the histogram of grey 
tones of the reconstructions. This step is followed by a thresholding. The diameter of the 
largest structuring element used in the ASF is 4 voxels, which corresponds to a size of about 
2 nm. This size coincides with the limit between meso- and micropores; the mesopores are 
therefore minimally affected by the filtering required for the segmentation. The segmented 
(binary) 3D images are then re-sampled to reduce their size by a factor of 2. This is done 
by replacing each 2×2×2 cube of a binary voxel by a single voxel taking the median value 
of all 8 initial voxels (Figure 4.1). All further image analysis is done on these resized 
reconstructions which have physical voxel size of 1.08 nm. This voxel size (1.08 nm) is 
still substantially smaller than the established lower limit of mesopore diameter range (2 
nm).
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4.3.2 Discrimination between open and “closed“ porosities

The discrimination between open and “closed“ pores is done via a geodesic 
reconstruction[25] of the binary 3D images of the mesopores starting from outside the 
catalytic particle. The principle of geodesic reconstruction is illustrated in Figure 4.2 with 
a 5x5 pixels binary image i. 

The image i is designed to illustrate the presence of a “closed“ mesopore (the isolated 
white pixel in column 4) and an open mesopore (the white pixels in rows 3 and 4). The 
geodesic reconstruction proceeds as follows: image r0 (containing leftmost column of 
image i) is submitted to dilation by structuring element SE to obtain image d1. Dilation 
involves moving the structuring element SE across the image r0 and for every position 
assigning to SE’s central pixel the largest intensity of the image r0 that SE overlaps with. 
The obtained image d1 is intersected with the starting image i to derive image r1, by keeping 
the lowest value of pixels, i.e. intersection of black and white pixel results in a black pixel. 
The obtained image r1 is further dilated to d2, and the intersection of d2 with i gives image 
r2, etc. In the final step, the resulting image r5 is formed, which contains only the pores 
that are connected with r0, i.e. the open pores. By subtracting these two images, an image 
containing only “closed “ pores is derived.

Figure 4.2. The principle of binary geodesic reconstruction. The starting image i (in the green 
frame) contains one open and one “closed” mesopore, the resulting image r5 (in the red frame) 
contains only an open mesopore, while after subtracting these two images, an image containing 
only a “closed” mesopore is obtained (in the blue frame).
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4.3.3 Determination of pore size and constriction

The size of the mesopores was characterized by opening granulometry,[26] an operation 
by which each point x in the mesopore phase is assigned a value d0(x) corresponding to the 
diameter of the largest sphere that fits entirely in the mesopore and contains x. The values 
of d0 provide an estimate of the local diameter of a mesopore. 

The size estimated by opening granulometry d0(x) does not account for the possibility 
that mesopores may be reachable from outside of the crystallite only through much narrower 
mesopores. Such constrictions can be described quantitatively by generalizing the notion 
of breakthrough diameter common to fluid permeability studies.[27] The breakthrough 
diameter dB(x) of a given point x is defined here as the diameter of the smallest mesopore 
that one has to go through in order to reach the exterior of the crystallite; this is the pore 
size that is relevant e.g. to intrusion porosimetry.  Practically, the breakthrough size dB(x) 
was determined from a grey-scale geodesic reconstruction[25,28] of d0(x) starting from 
outside of the grain.

The breakthrough diameter dB is generally smaller than the local diameters d0. 
However, the statistical distribution of the breakthrough diameter dB is found to be almost 
indistinguishable from that of d0, which points to the overall rarity of pore constriction in 
the zeolite. To illustrate this point more quantitatively, the contribution to the mesoporosity 
of pores with dB < 4 nm is calculated.

4.3.4 Determination of mesopore tortuosity

In addition to the size and constriction, another important morphological characteristic 
of the mesopores is their tortuosity. This concept characterizes the actual distance that a 
molecule would have to travel inside the mesopore space to reach any point in the crystal. 

To quantify this notion, two distances are defined: the Euclidean and the Geodesic 
distances, LE(x) and LG(x), for any point x of the mesopore space. The former is the 
straight-line distance to the outer surface of the crystallite, i.e. across both mesopores 
and microporous/solid regions. The latter is the shortest distance to the surface within the 
mesopores. LG is naturally larger than LE for any point x, and the statistical relation between 
them can be used to defined a tortuosity factor.

Practically, LE(x) is determined through a so-called distance transform,[25] i.e. as the 
number of times that outside of the crystallite has to be dilated before point x is reached. 
The geodesic distance LG(x) is calculated though a geodesic distance transform. Further 
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details on the application of geodesic transformation for tortuosity calculations can be 
found in reference 28.

4.3.5 Size distribution of micropore domains

The morphology of the micropore domains is characterized by calculating the Euclidean 
distance LE between any point of the microporous region and the closest mesopore. This is 
done practically through an Euclidean distance transform, i.e. by successively dilating the 
mesopores until the considered point in the microporous region is reached.

4.4 Results and Discussion

4.4.1 N2 physisorption study

In this study we focused on steamed and acid-leached zeolite Y (Si/Al=30, H-form, 
CBV760 Zeolyst), previously referred to as HY30. The same zeolite was used as a parent 
material for base leaching studies (chapter 3). Firstly, the porosity of the bulk HY30 
sample was examined using N2 physisorption. The hysteresis loop in the adsorption–
desorption isotherms (Figure 4.3a) is ascribed to capillary condensation effects and reveals 
the presence of mesopores. At higher relative pressures (p/p0 > 0.8) the adsorption and 
desorption branches of the isotherm are nearly parallel, suggesting that the mesopores 
are mainly open and channel-like. However, the sudden closure of the hysteresis loop at           
p/p0 = 0.45 points to cavitation resulting from the presence of blocked mesopores that can 
only be accessed either through micropores (“closed” mesopores) or through openings 
with a diameter of less than 4 nm (constricted mesopores). Consequently, the pore size 
distribution curve (PSD) derived from the desorption branch using the Barrett–Joyner–
Halenda (BJH) model exhibits a sharp peak at about 4 nm, while this peak is absent in the 
PSD curve derived from the adsorption branch (Figure 4.3b). As there is no evidence for 
mesopores 4 nm in diameter, this sharp peak is ascribed instead to blocked mesopores and 
is used to calculate their volume. The type of the blockage (“closed” or constricted) and 
the size of those mesopores cannot, however, be identified using the available models.[17,29]

Furthermore, the adsorption branch shows a relatively broad PSD, with a mean pore size 
of about 30 nm in diameter. Another peak rising just above 2 nm in both the adsorption 
and desorption PSD curves suggests the existence of very small mesopores; however, 
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determining their volume would be unreliable because of the limitations of the BJH model. 
Clearly, in the case of more complex pore networks such as this one, N2 physisorption fails 
to reveal important features of the mesopore network, including the type and size of the 
blocked mesopores, the shape of the channel-like mesopores (straight or curved), and their 
interconnectivity and orientation within the zeolite crystal. Therefore, we have carried out 
an electron tomography study which has met with great success in visualizing mesopore 
networks in solid catalysts.[13–15] 

Figure 4.3. N2 physisorption analysis of the HY30 sample. a) Adsorption and desorption 
isotherms with a hysteresis loop which is indicative of the presence of mesopores, while the 
sudden closure at about 0.45 relative pressure implies that some of the mesopores are blocked 
(“closed” and/or constricted). b) The Barrett–Joyner–Halenda pore size distribution (PSD) 
derived from the desorption branch data (green) depicts a sharp peak at 4 nm, assigned to 
blocked mesopores. Both desorption (green) and adsorption (black) branches show a broad 
mesopore size distribution with a mean value of roughly 20–30 nm.
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4.4.2 Electron tomography

The clear advantage of ET[30,31]  over conventional TEM imaging is evident in Figure 
4.4. The TEM images of one of the zeolite crystals (“crystal 1”) already introduced in 
chapter 3,  and a second crystal (“crystal 2”) from the same sample (Figure 4.4a,c) display 
the mesopores as brighter features pervading the crystals, yet without a clear indication of 

Figure 4.4. Electron microscopy and electron tomography study of “crystal 1” (a,b) and “crystal 
2” (c,d) from the HY30 sample. a,c) TEM micrographs, indicating the presence of a complex 
mesopore network. b,d) Virtual slices from the middle of the reconstructed volumes obtained 
by electron tomography clearly depict the presence of channel-like mesopores distributed 
throughout the crystals.
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their shapes, sizes, and connectivity, since their 3D morphology is overlapping in the 2D 
image.

Slices taken from the middle of the 3D reconstructions of the same particles (Figure 
4.4b,d) clearly distinguish channel-like mesopores (light gray) that are spread throughout 
the zeolite crystals (dark gray) connecting inner microporous parts to the outer surface. 
Detailed observation of the whole reconstructed volume (cf.  Supporting Movie 1) 
reveals that most of the mesopore channels are interconnected, with a few “closed” 
spherical mesopores also present. Moreover, electron tomography exposes additional 
features, such as an apparent preferential growth direction of the mesopores within the 
crystal, as well as very small pores (ca. 2 nm, also implied from N2 physisorption). These 
findings are unambiguously valuable for understanding the architecture of the mesopore 
network; however, detailed quantification of the visualized network is required. Manual 
segmentation and quantification of features of interest is labor intensive and susceptible to 
errors and bias; hence automated image processing is preferred when large data files such 
as 3D reconstructions need to be processed.

4.4.3 Image analysis - accessibility of the mesopores

The first step of image processing involved segmenting the elements of interest from 
the 3D reconstructed volumes, that is, determining for each voxel whether it belongs to the 
mesopore and background or to the microporous solid. This was done by morphological 
filtering followed by thresholding, which results in binarized reconstructions from which 
the mesopore networks were successfully isolated. The segmentation algorithm was 
designed so as to preserve any feature of the reconstructions with a size larger than 2 
nm (see section 4.3 for details). An example of such a sequence of operations followed 
by volume and isosurface rendering, which enhance the features of interest and facilitate 
visualization of the internal morphology, is shown in Supporting Movie 2.

Based on the segmented reconstruction, we were able to define and quantify the 
important properties of the mesopore networks of these two crystals with regard to their 
accessibility. Mesopores that are accessible from the outer surface of the crystal through the 
mesopore network (open mesopores) were distinguished from the “closed” ones that can 
be reached only through micropores. Figure 4.5a,b and d,e depict segmented mesopores 
of analyzed crystals, where, as can be visually inferred, open porosity (green) dominates 
over “closed” porosity (red). The pore size distribution of segmented mesopores is slightly 
broader in the case of “crystal 2” (Figure 4.5f), pointing to the presence of larger and more 
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open mesopores. This variation in mesoporosity within the crystals can be inferred from 
numerous TEM micrographs, however image analysis provides quantitative information 
on a single crystal level.

Moreover, the irregular shape of the mesopores, and hence the varying diameter, implies 
that some of the mesopores can be reached from the outer surface only through narrower 
openings, the width of which is referred to as the breakthrough diameter (Figure 4.6). This 
can be particularly noticed for “crystal 2” in which the mesopores located in the centre of 
the crystal have local diameter of about 25 nm (Figure 4.6c), while they can be accessed via 
less than 20 nm openings (Figure 4.6d). The notion of breakthrough diameter enabled us to 
consider a second type of blocked mesopores: we define a constricted pore as a mesopore 
having a breakthrough diameter less than 4 nm. In other words, image processing enabled 
us to discern and measure two types of blocked mesopores (“closed” and constricted), 
which are indistinguishable and whose size cannot be resolved by the N2 physisorption 
analysis. After the volumes and diameters of above-defined mesopores were determined 
(Figure 4.5c,f), a direct comparison with N2 physisorption results becomes possible (Table 
4.1).

Figure 4.5. Accessibility of the mesopores of “crystal 1” (a-c) and “crystal 2” (d-f) described and 
quantified using image processing. Volume-rendered 3D representations of the open mesopores 
in green (a,d) and the “closed” mesopores in red (b,e) visually suggest that an open type of 
porosity prevails. c,f) Pore size distributions of open mesopores (white), constricted mesopores 
(gray), and “closed” mesopores (black) defined as Vpore/Vtotal, where Vpore corresponds to the 
volume of considered types of mesopores and Vtotal to the total volume of the zeolite crystal.
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Table 4.1. Comparison of mesoporosity derived from image analysis (values averaged over two 
analyzed crystals) and N2 physisorption.

Vmeso
[a]

[%]
Vconstr

[b]

[%]
Vclosed

[c]

[%]
Vblocked

[d]

[%]

Image analysis 9 6 12 18

N2 physisorption 15 n.a. n.a. 22

[a] Percentage of total mesoporosity (Vmeso) within zeolite crystals defined as Vmeso/Vtotal, where 
Vtotal represents the total volume of the zeolite crystal. [b] Percentage of constricted type of 
mesopores defined as Vconstr/Vmeso. [c] Percentage of “closed” mesopores defined as Vclosed/Vmeso. 
[d] Percentage of blocked mesopores defined as Vblocked/Vmeso, where Vblocked=Vconstr+Vclosed

Figure 4.6. Size maps of mesopore network diameters of “crystal 1” (a,b) and “crystal 2” (c,d). 
a,c) Local diameters of mesopores obtained by opening granulometry. b,d) Breakthrough 
diameters of mesopores obtained by geodesic reconstruction of the local diameter. Due to the 
irregular shape of the mesopores, some of them can be accessed from the outside the crystal 
only through narrower sections. Color bars are in nm.

a b

c d



74

Chapter 4

The obtained volume percentages were in reasonably good agreement considering 
the fact that N2 physisorption measures porosity of a bulk sample (approximately 1012 

crystals) while image analysis was performed on only two crystals. Comparing the pore 
size distributions derived by image analysis (Figure 4.5c,f) and N2 physisorption (Figure 
4.3b), it is seems that the imaged crystals have somewhat smaller mesopore diameters than 
average. Interparticle porosity in the measured zeolite powder cannot be excluded which 
would shift the N2 physisorption-derived PSD to larger diameters and increase the pore 
volume. Image analysis thus offers determination of purely intraparticle mesoporosity, 
and, moreover, it provides an insight into homogeneity of the sample. 

4.4.4 Image analysis - tortuosity of the mesopores

The mass transfer efficiency of the mesopore network greatly depends on how curved, 
that is, how tortuous the mesopore channels are.[28] The tortuosity can be quantified by 
comparing the following two distances defined for any given point in the pore space. The 
first is the straight-line or Euclidean distance LE to the surface of the crystal (Figure 4.7a,c); 
the second is the length of the shortest path within the mesopore space that connects 
the point to the surface (Figure 4.7b,d). The latter length is referred to as the geodesic 
distance LG. Figure 4.7e compares systematically LG to LE for all mesopore voxels of the 
two reconstructions. The slope of this line represents the tortuosity of the mesopore space, 
which was here averaged from both crystals and was measured to be 1.3. By taking a 
closer look at Figure 4.7e it can be seen that the data points given for two crystals have 
a negligible difference, however the slope of the fit for the data points of “crystal 2” is 
somewhat closer to 1 than the slope of the fit for the data points of “crystal 1”. This indicates 
that the mesopores of “crystal 2” are slightly less curved than the mesopores of “crystal 
1”. A significant deviation in the relation between geodesic and Euclidean distances from 
linearity at large Euclidean distances can be observed for “crystal 1” (Figure 4.7e, circles). 
This originates from the fact that the number of voxels from which the average geodesic 
distance is calculated decreases rapidly with increasing Euclidean distances. That number 
is maximal for short distances (i.e. close to the surface) and it is equal to just a few voxels 
for the largest distances (in the centre of the crystallite). The geodesic distance in the center 
of the crystallites is therefore expected to be extremely variable from one crystallite to 
another, depending on the type of pore that these few voxels fall in. By contrast, a better 
homogeneity is expected for short Euclidean distance. This is exactly what is observed in 
Figure 4.7e.
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4.4.5 Image analysis - microporous domains

Finally, as indicated before, mesopores are primarily introduced in order to “break” 
the crystal into smaller microporous domains, which shortens diffusion path length and, 
hence, reduces the residence time of molecules within micropores. Knowing the size of the 
microporous domains would be beneficial for understanding the molecular diffusion and 
subsequent reactions, and also for judging the effectiveness of the introduced mesopore 
networks. A first estimate of the size of microporous domains is derived from the ratio 
of their volume to the external surface area (V/S). In our case, the volume was defined as 
the reciprocal of the zeolite density (ρ = 0.958 g cm-3), and the external surface area was 
calculated using a t-plot from physisorption (S = 213 m2 g-1). This leads to an equivalent 
sphere radius (rs = 3 V/S) of 15 nm. The equivalent radius calculated from image analysis 
is 36 nm. The difference between the two values points to a significant mesopore surface 
roughness, which leads to an overestimation of the external geometrical surface area of the 

Figure 4.7. Tortuosity of the mesopore network derived from image analysis of “crystal 1” (a,b) 
and “crystal 2” (c,d). a,c) Color map of the shortest distances from any point of the crystal 
to the surface of the crystal (Euclidean distances LE). b,d) Color map of the actual distances 
from any point within mesopores to the surface of the crystal (geodesic distances LG). e) 
Plotted Euclidean (LE) and geodesic distances (LG) for all voxels of the two reconstructions 
(distinguishable by circle and triangle symbols, for “crystal 1” and “crystal 2” respectively); the 
error bars are the standard deviation of LG for all voxels having a given LE. The slope of the fitted 
straight line (full) deviates from the value of 1 (dotted), indicating a slightly tortuous mesopore 
network. Color bars refer to distances in nm.
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microporous domains. This observation further stresses the need for image analysis. 
Equally important for hydrocracking reactions is the width of the size distribution, 

which determines the selectivity of the catalyst. This information can be obtained through 
image analysis by measuring the distance between any point in the micropore region 
and the closest mesopore surface (Figure 4.8). The distance distribution shows that 90% 
of the points in the microporous crystallites are within 15 nm from a mesopore. This is 
significantly shorter than for non-mesoporous zeolites of the same crystal size in which the 
largest distance would be ~100 nm. However, when these distances are reduced to even 
less than 15 nm a remarkable improvement of hydrocracking selectivity takes place. This 
was achieved by base leaching of HY30 which, as demonstrated in chapter 3, induced a 
whole new network of small mesopores, and hence, successfully divided the crystal into 
smaller microporous domains.[15] It would be very difficult to measure the characteristics 
of microporous domains by any other means than image analysis.

Figure 4.8. Size distribution of microporous domains of “crystal 1” (a,b) and “crystal 2” (c,d) 
created upon introduction of mesopores. a,c) Color map of the shortest distances from any point 
of a micropore region to the nearest mesopore surface. b,c) Size distribution of the microporous 
domains defined as a fraction of the voxels of microporous region with a corresponding shortest 
distance to the mesopore surface. Color bar refers to distances in nm.
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4.5 Conclusions

We derived 3D reconstructed volumes of zeolite Y and its mesopore network with 
nanometer resolution, which enabled image analysis to isolate and measure two types of 
blocked mesopores (“closed” and constricted mesopores), the tortuosity of the mesopores, 
and the size distribution of unaffected microporous domains. The results from combining 
electron tomography with image analysis provide quantitative data on the morphology 
of mesoporous zeolites which cannot be obtained by any other technique. This approach 
establishes a new basis for the quantitative interpretation of the impact of mesoporosity 
and molecular diffusion on catalyst activity, selectivity, and stability.

Supporting Information

Supporting movies: supporting_movie_1.mov and supporting_movie_1.mov are available 
free of charge via the Internet at: 
http://onlinelibrary.wiley.com/doi/10.1002/anie.201200317/suppinfo.
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Chapter 5

Heterogeneities of the Nanostructure of 
Pt/Zeolite Y Catalysts 

Revealed by Electron Tomography

Abstract
To develop structure-performance relationships for important catalysts, a detailed 

characterization of their morphology is essential. Using electron tomography we 
determined in three-dimensions the structure of Pt/zeolite Y bifunctional catalysts. 
Optimum experimental conditions enabled for the first time high-resolution 3D imaging 
of Pt particles as small as 1 nm located inside zeolite micropores. Semi-automated image 
analysis of 3D reconstructions provided an efficient study of numbers, size distributions 
and inter-particle distances of thousands of Pt particles within individual zeolite crystals. 
Upon extending this approach to a number of zeolite crystals of one batch of Pt/zeolite Y 
catalyst heterogeneities were revealed. The Pt loading, an important parameter for catalyst 
performance, varied between zeolite crystals up to a factor of 35. This discovery calls 
for re-evaluation of catalyst preparation methods and suggests potential for lowering the 
nominal loading with noble metals.

Adapted with permission from J. Zečević, A. M. J. van der Eerden, H. Friedrich, P. E. 
de Jongh, K. P. de Jong, “Heterogeneities of the Nanostructure of Platinum/Zeolite Y 
Catalysts Revealed by Electron Tomography”, ACS Nano 2013, 7, 3698-3705. Copyright 
2013 American Chemical Society
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5.1 Introduction

Bifunctional zeolite-supported Pt or Pd catalysts are important for hydrogenation 
process in oil refineries,[1–5] and are also a potential candidates for hydrodesulphurization 
of oil fractions.[6–10] Bifunctionality stems from metal nanoparticles enabling (de)
hydrogenation of hydrocarbons, and zeolites acid sites performing cracking/isomerization 
of hydrogenated species. As discussed in chapter 1, besides the requirement of a high 
dispersion of the metal nanoparticles, the concentration, ratio and proximity of active metal 
sites and zeolite acid sites is important for achieving a balance between the two functions 
and consequently optimizing catalyst performance.[11–14] In that respect, metal nanoparticles 
should be located inside the microporous zeolite framework close to the acid sites. A 
great effort has been made to design highly dispersed and homogeneously distributed 
supported metal particles, and studies were performed to elucidate the evolution of Pt or Pd 
nanoparticles and the influence of impregnation and heat treatment conditions on particle 
size, distribution and location during the catalyst preparation.[15–22] Commonly these studies 
employ bulk characterization techniques such as extended X-ray absorption fine structure 
(EXAFS) and H2 (or CO) chemisorption to determine the size of the metal nanoparticles.
[15,16,19,20] This means that in the case of measuring 100 mg of a 1 wt% Pt loaded support 
containing 1 nm metal particles, one averages over ~1016 particles. Heterogeneities in 
solid catalysts have been studied using advanced micro- and nano-spectroscopic tools with 
micrometer or tens of nanometer resolution.[23] Transmission electron microscopy (TEM), 
in particular high resolution (HR)TEM, offers local information with nanometer or even 
Ångström resolution about shapes and sizes of metal nanoparticles and overview of the 
support morphology.[15,18] Nevertheless, the determination of the location and exact sizes of 
these metal nanoparticles is restricted by the lack of third dimension in common (HR)TEM 
micrographs where sample features are projected onto a 2D plane. 

Here we employ electron tomography and image analysis as a powerful tool to reveal 
quantitative nanoscale features that are inaccessible to other techniques.[24–37] Optimal 
imaging conditions resulted in the unique opportunity to visualize in three dimensions 
thousands of Pt particles as small as 1 nm located inside zeolite micropores and to 
qualitatively and quantitatively study morphological differences between various Pt/
zeolite crystals. Variations in Pt loading between zeolite crystals were observed for the first 
time, as well as the tendency of zeolite crystals to accommodate Pt particles exceeding the 
size of the micropores. Additionally, Pt particle sizes were compared with average particle 
sizes determined by EXAFS.
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5.2 Experimental

5.2.1 Catalyst preparation

Pt impregnation of mesoporous zeolite Y. Mesoporous zeolite Y (Zeolist, CBV760), 
to which we refer as HY30, was vacuum dried overnight prior to incipient wetness 
impregnation. An appropriate volume of aqueous solution of Pt(NH3)4(NO3)2 (Sigma-
Aldrich, 99.995% purity) was added to fill 90% of total pore volume of HY30 (determined 
by N2 physisorption as the sum of micropore and mesopore volumes). The nominal Pt 
loading was 1 wt%. Impregnated powder was dried in an oven at 60 °C for 1-3 hours and 
left at 120 °C overnight, after which the sample was calcined at 350 °C for 2 h (with a ramp 
of 0.5 °C/min) in a plug-flow reactor under air-flow (~5000 GHSV). The calcined sample 
was reduced in a flow of pure H2 for 3 h at either 600 °C or 650 °C with a ramp of 5 °C/
min. The final samples were referred to as Pt-HY30. If after drying, the sample was placed 
in a plug flow reactor and submitted directly to reduction with pure H2 flow for 3 h at 600 
°C with a heating ramp of 5 °C/min, the obtained sample was referred to as Pt-HY30-R.

Pt impregnation of non-mesoporous zeolite Y. Here non-mesoporous zeolite Y in H-form 
was used as a support. HY zeolite was obtained by calcining the NH4-form of zeolite Y 
with the Si/Al ratio of 2.6 (Zeolyst, CBV300) following commonly used conditions.[38–40] 
Pt-HY samples were prepared following the conditions described for the preparation of 
Pt-HY30 and Pt-HY30-R samples. That is, obtained HY powder was impregnated with 
aqueous solution of Pt(NH3)4(NO3)2 (Sigma-Aldrich, 99.995% purity) to nominal 1 wt% Pt 
loading. The incipient wetness impregnation method was used, after which the powder was 
dried and subjected to two different heat treatments. One involved calcination in air flow 
(~5000 GHSV) at 350 °C for 2 h followed by reduction in H2 flow at 600 °C for 3 h, which 
resulted in Pt-HY sample. The second involved direct reduction in H2 flow at 600 °C for 3 
h to promote Pt particles growth (Pt-HY-R sample).

Pelletizing Pt impregnated mesoporous zeolite Y. Mesoporous zeolite Y (Zeolyst, 
CBV760) powder was impregnated with Pt as described above. Impregnated zeolite powder 
was pressed into a pellet, crushed and sieved to 70-40 mesh fractions and submitted to 
calcination in air flow at 350 °C for 2 h with a 0.5 °C/min ramp. Reduction was done in 
H2/N2 1:1 gas mixture flow at 600 °C for 3 h with a 5 °C/min ramp. This sample is referred 
to as Pt-HY30(pel). Another batch of pelletized and fractioned impregnated zeolite was 
submitted to direct reduction under H2/N2 1:1 gas flow at 600 °C for 3 h with the ramp of 5 
°C/min to obtain Pt-HY30-R(pel) sample.
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5.2.2 Characterization

N2 physisorption
N2 adsorption and desorption measurement of the samples outgassed in nitrogen flow 

at 300 °C for 14 h were performed on a Micromeritics TriStar 3000 at liquid nitrogen 
temperature. To obtain micropore and mesopore volumes, the t-plot and the Barrett–
Joyner–Halenda (BJH) methods were used, respectively.

TEM and electron tomography
TEM imaging was performed on a Tecnai 12 (FEI, 120kV) transmission electron 

microscope. Electron tomography experiments were performed on a Tecnai 20 (FEI) 
transmission electron microscope operated at 200 kV in bright field imaging mode. Sample 
preparation consisted of crushing and suspending the powder in ethanol by sonication. A 
few droplets of the suspension were applied on a Quantifoil R2/1 Cu TEM support grid 
which already contained 5 nm Au particles on top of a thin carbon film. Series of images 
of different crystals were recorded with a bottom-mounted TVIPS CCD camera over an 
angular range of about ±75° at tilt increments of 2°. Depending on the size of the crystal, 
imaging was done at nominal magnifications of 50,000, 62,000 or 80,000 times. Acquired 
tilt images were aligned to a common origin and rotation axis by tracking the Au particles, 
binned by a factor 2 to facilitate further computation and submitted to 3D-reconstruction 
using a WBP (Weighted Back Projection) algorithm in IMOD.[41] In accordance with the 
magnification experiments were carried out at, final reconstructions had a voxel size of 
(0.20 nm)3, (0.26 nm)3 or (0.32 nm)3.

Image analysis
Image processing was performed in Matlab using the DipLib toolbox (www.diplib.org). 

3D-reconstructed volumes were first processed with a median filter in order to reduce noise. 
In case of preparing the reconstructed volumes for Pt particle segmentation, the size of the 
median filter element was set to 3-5 in order to preserve details for the small Pt particles. 
A larger median filter size of 10 was used when preparing the volumes for the zeolite 
crystal segmentation. As a next step, different threshold values were applied to filtered 
reconstruction volumes to segment (isolate) Pt particles and zeolite crystal, and hence 
obtain their binarized volumes. The binarized zeolite volumes were submitted to further 
morphological operations (e.g. dilation, erosion) in order to reduce artifacts originating 
from the noise, while the Pt binarized volumes were used without further processing. Pt 
particles of less than 3 voxels in diameter were excluded from the analysis on account of 
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sampling limitations; while for all other Pt particles their volume and coordinates were 
determined for further quantitative analysis. Due to the limited angular range (ca. ±75°), 
at which crystals were imaged, the resolution along the z-axis is impaired by elongation 
of the reconstruction point-spread function. To reduce the impact of elongation on the 
quantitative results, volumes of Pt particles were divided by an elongation factor eyz prior 
to further calculation.[42] Pt size distributions were obtained after calculating diameters of 
individual Pt particles from elongation corrected Pt volumes by assuming a spherical shape. 
Surface-to-surface distances between nearest neighbor Pt particles were obtained by, first, 
determining the shortest centre-to-centre distances based on centre of mass coordinates 
of each Pt particle, followed by subtraction of corresponding radii of the Pt particles to 
which the shortest distance applies. Pt loadings (in wt%) of individual zeolite crystals 
were calculated based on volumes derived from Pt and zeolite segmentations and the bulk 
densities of metallic Pt and zeolite Y with Si/Al=30. Volume and isosurface rendering 
resulting in interactive color representations of segmented volumes were performed using 
Amira software.

EXAFS measurements
The extended X-ray absorption fine structure (EXAFS) Pt L3 edge measurements 

were performed at Beamline C of the HASYLAB synchrotron (Hamburg, Germany). All 
measurements, as described previously,[43] were performed in transmission mode, with 
incident and transmitted X-ray beams detected by ionization chambers filled with a N2/
Ar gas mixture. The gas mixtures were adjusted to absorb 20% of the intensity of the 
incident beam and 80% of the intensity of the transmitted beam. To reduce the higher 
harmonics contribution, the Si(111) double crystal monochromator was detuned to 50% 
maximum intensity. Calibration of the beam energy was performed by using a platinum foil 
between the second and third ionization chamber. The appropriate amount of sample was 
measured in order to achieve total absorbance of 2.5, pressed into a self-supporting wafer 
and placed in a cell operated at atmospheric pressure. Prior to the measurements, the pre-
reduced sample which had been carefully passivated, was re-reduced in a flow of pure H2, 
during heating with 5 °C/min to 200 °C and 20 min at that temperature (sufficiently high 
for reduction of Pt). Afterwards, the cell was cooled to room temperature, disconnected 
from the gas flow with overpressure and cooled down to liquid nitrogen temperature at 
which the EXAFS measurements were performed. The background subtraction of the 
adsorption data was performed using standard procedures. The pre-edge background was 
approximated by a modified Victoreen curve, the post-edge background was subtracted 
using cubic spline routines and normalization was performed by dividing the data by the 
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magnitude of the edge jump determined at 50 eV above the edge energy. Data was analyzed 
by multiple shell fitting in R-space (1.5 < R <3.2 Å, 2.5 < k <17 Å-1, k-weighting 1) using 
the data analysis package XDAP. The variances in imaginary and absolute parts, as well as 
a control calculation with k-weight 3 were used to determine the fit quality. The individual 
backscatterers were identified by applying the difference-file technique using phase- and 
amplitude-corrected Fourier transforms. The references compounds for the phase shifts 
and backscattering amplitudes were theoretical Pt-Pt and Pt-O references generated by the 
FEFF7 code and calibrated with experimental spectra of Pt-foil and Na2Pt(OH)6.

ICP analysis
Pt elemental analysis has been performed at Kolbe Mikroanalytisches Laboratorium 

(Mülheim and der Ruhr, Germany) using an ICP-OES Perkin Elmer spectrometer after 
sample dissolution according to standard in-house procedures.
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5.3 Results and Discussion

5.3.1 Pt impregnation of mesoporous zeolite Y

Steamed and acid leached mesoporous zeolite Y (referred to as HY30), which is similar 
to the one studied in detail in previous chapters 3 and 4, was used as a support for Pt 
nanoparticles. To obtain bifunctional zeolite supported Pt catalyst with highly dispersed 
Pt particles, impregnation of zeolite HY30 powder and following heat treatments were 
performed as described previously.[15,16] This includes calcination in air flow at approximately 
350 °C with a low heating ramp (0.5 °C/min) as a crucial step for the formation of small Pt/
PtOx particles, and subsequent reduction in H2 gas flow to obtain metallic Pt. In addition we 
investigated the influence of a slight increase in the reduction temperature (from 600 °C to 
650 °C) on the Pt dispersion.

The textural properties of HY30 and Pt-HY30 sample were determined by N2 
physisorption measurements performed under conditions described in the Section 5.2. 
Hysteresis loop of the adsorption and desorption isotherms (Figure 5.1) points to presence 
of mesopores, while the closure of this loop at about 0.45 relative pressure indicates that 
some of the present mesopores are blocked. Blocked mesopores are either cavity-like and 
can be accessed only through micropore network, or they are constricted and accessible 
through openings of 3-4 nm. However, as discussed in chapter 4, this type of support 
possesses mainly open mesopores.

Barrett–Joyner–Halenda (BJH) pore size distribution derived from the adsorption branch 
(Figure 5.1b) shows that majority of mesopores have broad size distribution around 20-30 

Figure 5.1. N2 physisorption analysis of pristine HY30 support (black) and Pt-HY30 (green) 
samples. a) Adsorption and desorption isotherms. b) BJH pore size distribution derived from 
the adsorption branch.
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nm diameter, while the small peak just over 2 nm implies that some small mesopores are 
present as well. Table 5.1 summarizes the obtained textural properties. As can be seen the 
introduction of Pt particles causes no change in the textural properties of the support. This 
is no surprise as 1 wt% Pt loading would translate into ~0.05 vol% Pt loading of zeolite, 
hence negligibly small fraction of micropores would be filled. Variations in values which 
can be observed are within measurement error.

Table 5.1. Textural properties of HY30 support and Pt loaded HY30.

Smeso
[a]

[m2/g]
Vmicro

[b]

[cm3/g]
Vmeso

[c]

[cm3/g]
Vtot

[d]

[cm3/g]

HY30 225 0.21 0.18 0.49

Pt-HY30 212 0.21 0.18 0.48

[a] Surface area. [b] Micropore volume. [c] Mesopore volume. [d] Total pore volume.

To obtain first insight into the dispersion and location of Pt particles TEM measurements 
were performed. TEM revealed (Figure 5.2) that, irrespective of the reduction temperature, 
samples contained well dispersed 1-2 nm Pt particles (dark spots) which seem to be well 
distributed across the crystals, while lighter regions of the crystals imply the presence of 
the mesopores. Upon detailed analysis of micrographs some zeolite crystals appeared to 
contain more Pt particles than others.

Due to the two-dimensional nature of the micrographs, it is impossible to ascertain 
the 3D location of these Pt particles. Hence, we submitted one of the crystals to electron 
tomography (ET) with multiple TEM images taken from different directions and used 
to reconstruct the crystal by back-projecting the information (see Section 5.2 for the 
experimental details). This results in a reconstructed volume, that is, a set of thin (in this 
study 0.2-0.32 nm) cross-sections which can be viewed and processed individually. One 
such cross-section (Figure 5.3b) depicts the inside of the crystal without interference with 
features above or below the plane of view. It is now evident that the Pt particles are indeed 
well distributed throughout the zeolite crystal (see the Supporting Movie 1 showing the 
whole reconstructed volume) and ~1-2 nm in diameter, close to the size of the zeolite Y 
micropore cavities. Moreover, optimal imaging conditions of this rather thin zeolite crystal 
resulted in a high resolution reconstruction revealing the periodicity of the crystal lattice 
(Figure 5.3c). 
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Figure 5.3. Electron tomography study of a Pt-HY30 crystal. a) TEM at 0° tilt angle; black dots 
are 5 nm gold particles used for the alignment of the tilt images, while very small black dots 
inside zeolite crystal are Pt particles. b) 0.32 nm thick reconstructed volume slice from the 
middle of the same zeolite crystal confirming the presence of Pt particles inside the crystal. c) 
Detail of (b) showing the presence of very small Pt nanoparticles as well as the zeolite crystal 
lattice periodicity. White streaks emerging from the sides of the larger Pt particle in (c) are 
artifacts of the reconstruction and should not be confused with the presence of mesopore.

a b c

50 nm 50 nm 20 nm

Figure 5.2. TEM micrographs of Pt-HY30 samples showing loaded zeolite crystals with small 
~1 nm Pt particles, some of which are indicated with arrows, inside zeolite crystals (left) and 
zeolite crystals that appear to be less loaded with Pt (right). a) Sample prepared with calcination 
in air flow and subsequent reduction in H2 at 600 °C. b) Sample prepared in air flow and 
subsequent reduction in H2 at 650 °C. Scale bars are 20 nm.

a

b
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The hypothesis that Pt particles are formed inside zeolite super-cages was postulated 
decades ago,[22] however, to the best of our knowledge the first direct confirmation is 
offered by this electron tomography study. Reconstructing zeolite crystals and resolving 
small metal nanoparticles is a challenging task, particularly in the case of imaging lower-Z 
metals (e.g. Ni, Cu) in oxide supports which limits the contrast. Furthermore, most of 
the zeolites are susceptible to electron beam damage which can negatively influence the 
resolution of the reconstruction. To avoid this, a low electron dose is mandatory which, 
on the other hand, can reduce the contrast between zeolite crystal and metal particles, 
particularly for structures more than 400 nm in thickness. As can be seen in earlier study 
by Philippaerts et al.[44] these factors limit the resolution, and Pt particles smaller than 
2 nm could not be resolved. An alternative approach is to image consecutive ultrathin 
sections (~20 nm) of a zeolite crystal cut by ultramicrotomy.[45] However, this technique is 
destructive and can introduce artifacts originating from physical sectioning. 

An interesting phenomenon observed by electron tomography (Figure 5.3) is the high 
density of Pt particles, pointing to a higher Pt loading that nominal 1 wt% in this particular 
zeolite particle. To investigate this, we extended our research to three other zeolite crystals 
of the same Pt-HY30 sample.

In Figure 5.4 TEM images and slices from the reconstructions of all examined crystals 
are shown with enlarged regions of reconstruction slices highlighting the presence of Pt 
particles. It is clear that the density of Pt particles varies, especially when comparing 
crystals in Figure 5.4a and d. Nevertheless, the Pt particles seem to be similar in size (1-2 
nm) and uniformly distributed throughout the volumes of all imaged zeolite crystals.
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Figure 5.4. TEM images and slices through the reconstructed volumes of four Pt-HY30 crystals 
with zoomed in regions which emphasize the presence of very small Pt particles inside zeolite 
micropore region. In the center: a) 0.32 nm thick slice of the crystal recorded under 50,000 
times magnification, b) 0.26 nm thick slice of the crystal recorded at 62,000 times magnification, 
c) 0.26 nm thick slice of the crystal recorded at 62,000 times magnification, and d) 0.20 nm thick 
slice of the crystal recorded at 80,000 times magnification.
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Since manual tracking and measuring thousands of Pt particles is demanding and 
susceptible to errors, reconstructed volumes were subjected to semi-automated image 
analysis, particularly suitable for systems with high contrast between metal nanoparticles 
and support. Firstly, median-filtered reconstructed volumes were segmented to identify Pt 
particles, zeolite mesopores and microporous zeolite region, by applying different threshold 
values (see Section 5.2 for a detailed description of image analysis procedures). Figure 
5.5 summarizes the results obtained from image segmentation and analysis of electron 
tomograms. Volume and isosurface rendering of the segmented features offer insight into 
the morphology of the crystals (Figure 5.5, row 2). Based on the volumes of segmented Pt 
particles and zeolite crystals, Pt loadings of individual zeolite crystals were calculated. A 
significant variation in loading between different crystals, already suggested by the TEM 
and ET images, is confirmed by this quantitative approach. Up to a seven-fold higher than 
nominal (1 wt%) Pt loading is calculated for the crystal in Figure 5.5a, crystals in Figure 
5.5b and c have near nominal loading, while crystal 5.5d is loaded with only 0.2 wt% Pt. 
Here we speculate that possible causes of loading variation might be either heterogeneous 
distribution of Pt species upon zeolite impregnation, or a variation in the Si/Al ratio of 
pristine zeolite crystals. In the latter case, differences in Al content and, hence, Brønsted 
acidity of individual zeolite crystals could influence the amount of Pt(NH3)4

2+ exchanged 
with protons at the acid sites. This discovery calls for re-evaluation of catalyst preparation 
methods and it also implies potential for lowering the nominal loading of noble metals, if 
a more uniform distribution can be realized.

The segmented Pt particles were also indexed to isolate the volumes of individual Pt 
particles and calculate their diameters assuming a spherical shape. The size distribution 
of thousands of Pt particles within the four different zeolite crystals is shown in row 3 of 
Figure 5.5. The distribution curves are narrow with mean Pt diameters of 1-1.5 nm which 
is close to the size of the zeolite super-cages. A slight variation in mean Pt diameter among 
the crystals can be attributed to the different magnifications at which the crystals were 
imaged; the higher the magnification the smaller the Pt particle size that can be resolved. 
The fact that Pt particles retain their size even in the case of very highly loaded zeolite 
crystals, points to a pronounced stabilization of the particles by the zeolite super-cages at 
the given heat treatment conditions. Also nearest neighbor Pt-Pt distances were derived 
(row 4 of Figure 5.5) which are of particular interest when studying metal nanoparticle 
growth.[37] Since the Pt particles do not significantly vary in size, nearest neighbor distances 
are strongly related to the Pt loading of the zeolite crystals.
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Figure 5.5. Electron tomography and image analysis of various Pt-HY30 crystals recorded at 
50,000 times (a), 62,000 times (b-c) and 80,000 times (d) magnification. In the first row 0.32 nm 
(a), 0.26 nm (b-c) and 0.20 nm (d) thick slices through the reconstructed volumes are shown. 
In the second row volume and isosurface rendered representations of crystals with Pt loadings 
(wt %) derived from image analysis are shown, with zeolite crystals in green, Pt particles in blue 
and mesopores in white. Pt size distributions, volume averaged Pt diameters and total number 
of measured particles are shown in row 3. Surface-to-surface distances of the first and the 
second nearest neighboring Pt particles are presented in row 4.
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Please note that in order to preserve the zeolite from electron beam damage experiments 
were performed under low electron doses which resulted in decreased contrast between 
zeolite crystals and mesopores. This might further impair the precision of zeolite 
segmentation and calculation of related Pt loadings, however, the loading variation is 
unambiguous (Figure 5.6). The reliability of segmentation derived Pt particle sizes is rather 
high, as will be shown in Section 5.3.3 where EXAFS measurements of the bulk samples 
were used to validate the segmentation approach.

Somewhat larger (~3 nm) Pt particles are occasionally observed (e.g. in Figure 5.3c). To 
study the size and location of these larger Pt particles, we prepared a Pt-HY30-R sample 
by drying it and submitting to direct reduction in H2, which promotes Pt growth. Figures 
5.7a-c show that the Pt particles in Pt-HY30-R sample are now ~3 nm in diameter and well 
distributed throughout the whole volume of the zeolite crystal (Supporting Movie 2).

Interestingly, the majority of the particles appear to be entrapped inside the zeolite 
crystal while the large mesopores are mostly empty. One of the possibilities is that the 
Pt particles are located in small mesopore cavities of similar size which can be found in 
this support.[34,46] However, an additional experiment, presented in the following Section 
5.3.2, in which non-mesoporous HY zeolite was used showed that even in the absence of 
mesopores large Pt particles are located inside the zeolite crystal. This implies that the 
growth of the Pt particles is accompanied by a local destruction of the zeolite micropore 
network leading to the formation of small cavities (~3 nm) that accommodate these larger 
particles.[15,19] Local properties of the zeolite Y network possibly favor the creation of 
defects of this characteristic size, since small (~3 nm) mesopores also emerged upon base 
leaching of HY30.[46]

Figure 5.6. Difference in Pt loading between two Pt-HY30 crystals from Figure 5.5. Regions of 
the rendered volumes are selected to highlight the variation in Pt loading that occurs.

7.1 wt% Pt

0.7 wt% Pt
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Reconstruction of Pt-HY30-R and image analysis (Figure 5.7d-f) yielded a somewhat 
broader Pt size distribution, with a volume averaged Pt diameter of 3.2 nm. When compared 
to our recent study[43] where Pt growth was promoted by using a H2PtCl6 precursor and 
the Pt size distribution was bimodal (1-2 nm Pt and 3-4 nm Pt), here almost all of the 
Pt particles seem to be ~3 nm. Nearest neighbor Pt-Pt distances (Figure 5.7f) are higher 
than in the Pt-HY30 sample since the number of Pt particles inside the zeolite crystal is 
relatively low.

Figure 5.7. Electron tomography and image analysis study of a Pt-HY30-R crystal. a) TEM at 0° 
tilt angle; black dots are 5 nm gold particles used for the alignment of the tilt images. b) 0.32 nm 
thick reconstruction slice from the middle of the zeolite crystal shown in (a). c) Enlarged region 
(b) highlighting the presence of larger Pt particles. White streaks emerging from the Pt particles 
are artifacts of the weighted back-projection reconstruction and should not be confused with 
the presence of mesopores. d) Volume and isosurface rendering show segmented Pt particles 
(blue), zeolite crystal (green) and mesopores (white). e) Pt size distribution, volume averaged 
Pt diameter and total number of measured Pt particles. f) Surface-to-surface distances of first 
and second nearest neighbor Pt particles.
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5.3.2 Pt impregnation of non-mesoporous zeolite Y

In order to confirm the findings from previous section 5.3.1 and determine whether 
it is possible for Pt particles to locally destroy the structure of the zeolite crystal upon 
growth, an additional set of experiments was performed. Here non-mesoporous zeolite Y 
in H-form was used as a support. HY zeolite was obtained by calcining the NH4-form of 
non-mesoporous zeolite Y.

To confirm the absence of mesopores in zeolite support, N2 physisorption was performed 
on both NH4Y and HY powders. As can be seen in Figure 5.8 there is a flat curve and no 
hysteresis, indicating that mesopores are absent from both pristine NH4Y zeolite powder 
and HY zeolite derived thereof.

Pt-HY (calcined and reduced) and Pt-HY-R (directly reduced) samples were prepared 
following the conditions used for the preparation of Pt-HY30 and Pt-HY30-R to ensure 
equal treatment of samples. Figure 5.9 shows slices from the middle of the reconstructed 
volumes of crystals of Pt-HY and Pt-HY-R samples. It is apparent that in case of Pt-HY 
sample, calcination and reduction again led to formation of small (~1 nm) Pt particles, 
which are uniformly distributed throughout the zeolite crystal (Figure 5.9a). As indicated 
by N2 physisorption and when compared to reconstruction slices of Pt-HY30 samples, here 
no mesopores can be detected. In addition, homogeneous distribution of Pt, observed in 
this crystal, indicates that mesopores do not affect the impregnation procedure with respect 
to diffusion of Pt solution through zeolite crystals. 

Figure 5.8. N2 adsorption and desorption isotherms of NH4Y (black) and HY (green) powders.
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When direct reduction was applied in case of Pt-HY-R sample, the size of Pt particles 
increased to 3-4 nm as expected (Figure 5.9b). These larger Pt particles are also uniformly 
distributed inside the zeolite crystal and appear to be entrapped in the microporous regions. 
Please note that the white streaks appearing on the sides of Pt particles are common artifacts 
of the reconstruction and are not indicative of actual mesopores.

As there are no small mesopore cavities in this material, it can be argued that upon 
growth Pt particles cause local destruction of zeolite structure. This means that for 
accommodating 3-4 nm Pt particles, the wall between two neighboring micropores should 
collapse leaving a cavity of similar size. Earlier studies also argued the presence of Pt that 
exceeds the size of zeolite Y supercage, however, ET reconstruction slices enable direct 
and unambiguous confirmation of those hypothesis. The tendency of zeolite Y to undergo 
creation of defects of this size range upon steaming and acid leaching was also proposed 
in chapter 3, where those defects were assumed to be nucleation sites for mesopore growth 
during base treatment.

Figure 5.9. Slices through the reconstructed volumes of: a) Pt-HY sample, recorded at 62,000 
times magnification and b) Pt-HY-R sample, recorded at 50,000 times magnification.
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5.3.3 The influence of pelletizing the zeolite powder

To investigate whether changing the sample preparation conditions can have an 
influence on the Pt size distribution and zeolite loading, additional samples were prepared. 
Impregnated zeolite powder was pressed into a pellet, crushed and sieved to 70-40 mesh 
fractions and submitted to calcination air and reduction in H2/N2 1:1 mixture, using the 
same temperature programs as for previous samples. Detailed ET and image analysis study 
of this Pt-HY30(pel) sample (‘pel’ denotes fractioned pellet form) showed qualitative and 
quantitative results (Figure 5.10) similar to the powdered version of the sample discussed 
in the section 5.3.1. Variation in Pt loading between crystals was again pronounced, ranging 
from 0.5 wt% to 7.2 wt%, while Inductively Coupled Plasma (ICP) analysis of the bulk 
sample confirmed the Pt loading of 1.3 wt%.

Figure 5.10. Electron tomography and image analysis of various Pt-HY30(pel) crystals recorded 
at 62,000 (a-c) and 80,000 times (d) magnification. In the first row, TEM micrographs taken at 0° 
tilt angle are shown. The second row presents 0.26 nm (a-c) and 0.20 nm (d) thick slices from 
the reconstructed volumes of crystals from the first row. In the third row, the enlarged regions 
of the slices from the row 2 are presented. In the fourth row, volume and isosurface rendered 
representations of crystals with calculated Pt loadings are shown, where zeolite crystals are in 
orange, Pt particles in blue and mesopores in white. Pt size distribution and surface-to-surface 
distances of the first and the second nearest neighboring Pt particles are in rows 5 and 6.
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Another batch of pelletized impregnated zeolite was submitted to direct reduction in 
H2/N2 1:1 mixture to obtain Pt-HY30-R(pel) sample. Results from ET and image analysis 
(Figure 5.11) showed that the volume averaged Pt diameters are lower (1.8-2.1 nm) when 
compared to (2.7-4.5 nm) Pt-HY30-R sample described in the 5.3.1 section. A large 
variation in Pt loading was again observed (0.4-3.5 wt%) even though ICP analysis pointed 
to 1.2 wt% Pt loading of the bulk sample.

A direct comparison of Pt size distributions derived from all segmented crystals of 
both powdered and pelletized samples indicates a narrower, i.e. more homogeneous, size 
distribution in the case of pelletized samples (Figure 5.12). This detailed 3D analysis of 

Figure 5.11. Image analysis of a few (a-c) reconstructed Pt-HY30-R(pel) crystals. Volume 
and isosurface rendering showing segmented Pt particles (blue), zeolite crystal (orange) and 
mesopores (white) are shown at the right hand side with denoted calculated Pt loadings of 
each crystal. In the centre, Pt size distributions of crystals (a-c) are presented, while on the 
right hand side surface-to-surface distances of the first and the second nearest neighboring Pt 
particles are shown.
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the zeolite crystals points to the potential influence of two factors, first being reduction 
atmosphere (H2 vs. H2/N2 mixture). Second, the influence of macroscopic phenomena, 
such as hydrodynamics of the gas flow (air, H2 or H2/N2 during heat treatments) through 
powdered or pelletized samples, on local nanoscale properties.

Finally, in order to validate image segmentation approach used throughout this 
chapter, and compare the electron tomography results obtained at the nanoscale with bulk 
properties, extended X-ray absorption fine structure (EXAFS) measurements carried out 
on both pelletized samples (Figure 5.13). The EXAFS results, summarized in the Table 5.2, 
show that Pt coordination number in Pt-HY30(pel) sample is only 5.68, which translates 
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Figure 5.12. Comparison of Pt size distributions derived from image analysis of all imaged 
Pt-zeolite crystals of samples submitted to heat treatments in either powder form or fractioned 
pellet form. a) Calcination and reduction of Pt impregnated pelletized Pt-HY30 sample (black) 
leads to narrower Pt size distribution when compared to powdered sample (grey) that underwent 
the same heat treatments. b) Direct reduction of Pt impregnated pelletized sample Pt-HY30-R 
(black) leads to narrower Pt size distribution with smaller mean Pt diameter when compared 
to directly reduced powdered sample (grey). The positive influence of direct reduction on Pt 
nanoparticles growth in both powdered and pelletized samples is apparent when histograms 
from (a) and (b) are compared.
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into very small ~0.9 nm Pt particles if a spherical shape of the particles is assumed. A larger 
average Pt diameter of 2.0 nm was calculated for the Pt-HY30-R(pel). These values are 
in good agreement with the volume averaged Pt diameters calculated from the ET studies, 
ranging from 0.9 to 1.2 nm for the Pt-HY30(pel) and from 1.8 to 2.1 nm for the Pt-HY30-
R(pel) samples.

Table 5.2. Fit parameters and results of EXAFS spectra.

Sample Shell Scatterer N ∆σ2 (10-3 Å2) R (Å) ∆Eo (eV)

Pt-HY30(pel)
1 Pt 5.68 2.2 2.76 0.94

2 O 0.68 8.4 2.17 -14.75

Pt-HY30-R(pel)
1 Pt 8.31 1.4 2.76 0.91

2 O 0.43 2.0 2.14 -14.11

Figure 5.13. Fourier transforms k1-weighted (left side) and k3-weighted (right side), ∆k 3.5-17 
Å-1, of the experimental data (solid line) and the total fit, fit area 1.5-3.2 Å (dotted line), of the 
samples Pt-HY30(pel) (a) and Pt-HY30-R(pel) (b).
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5.4 Conclusions

Electron tomography and image analysis were successfully applied for a detailed 
qualitative and quantitative analysis of the structure of bifunctional Pt supported zeolite 
Y catalysts. Optimum imaging conditions enabled visualization of thousands of small Pt 
particles (~1 nm) residing inside the zeolite Y micropores. By studying individual zeolite 
crystals, it was revealed that the Pt loading varied dramatically from crystal to crystal (up to 
factor of 35). In the case of hydrocracking, for which the relative amount of metal and acid 
active sites and their vicinity play a crucial role in product selectivity, these heterogeneities 
of Pt loading at the level of individual crystals might be an important factor for macroscale 
catalyst performance. Determining the cause of and preventing this variation is yet to be 
investigated. However, it suggests that part of the Pt is not used optimally, especially in the 
zeolite crystals containing much more Pt than average. This discovery implies potential 
for lowering the nominal loading of noble metals by realizing a more uniform distribution. 
Despite the Pt loading variations, in all of the analyzed crystals the Pt size distribution was 
narrow with a mean Pt diameter of 1-1.5 nm which is close to the size of the micropores. 
Even for Pt particle diameters of 3-4 nm, particles remained inside micropore system 
pointing to a collapse of neighboring micropores upon particle growth. This study clearly 
shows that morphological differences can appear at the level of individual zeolite crystals. 
Hence quantitative local analysis, for which the combination of electron tomography and 
image analysis is a powerful tool, should complement average bulk characterization to 
understand structure-performance relationships in complex structures such as bifunctional 
catalysts.

Supporting Information

Supporting movies: nn400707p_si_002.avi (Supporting Movie 1) and nn400707p_si_003.
avi (Supporting Movie 2) are available free of charge via the Internet at: 
http://pubs.acs.org/doi/suppl/10.1021/nn400707p
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Chapter 6

Advanced Design and Characterization of 
Pt/Zeolite-Alumina Catalyst Bodies

Abstract
Understanding the mechanism of, and achieving control over metal nanoparticle 

dispersion and location in catalyst bodies is crucial for the rational design of industrial 
catalysts. In this chapter a method to selectively deposit Pt onto either the zeolite or the 
alumina component of extrudates is presented. Preliminary results showed that the Pt 
nanoparticles can be formed exclusively on the zeolite crystals in the presence of alumina 
binder, and vice versa. Insight into the catalysts structures and the location of Pt particles at 
various length scales was obtained by combining several electron microscopy techniques 
and sample preparation methods.

This chapter is based on the following manuscript: J. Zečević, H. J. D. Meeldijk, P. E. 
de Jongh, K. P. de Jong, “Advanced Design and Characterization of Pt/Zeolite-Alumina 
Catalyst Bodies”, in preparation
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6.1 Introduction

For applications in industrial scale processes, zeolites and other catalyst materials are 
shaped into larger (several millimeters) catalyst bodies to control the pressure drop in 
reactors, facilitate mass transport and enable separation from the reaction mixture.[1–14] 

Bifunctional zeolite-based catalysts, used in e.g. hydrocracking and hydroisomerization 
processes, are commonly prepared by extrusion of zeolite and an additional binder which 
is usually aluminum oxyhydroxide.[4–8] Extrudates (typically a few millimeters in size) 
are then dried and calcined, upon which aluminum oxyhydroxide is transformed into 
alumina. The alumina binder enhances the mechanical stability of the catalyst bodies, 
and can also be catalytically active itself or lead to diffusion of aluminum atoms into the 
zeolite framework, thus increasing zeolite acidity.[9,10] Metals, providing the hydrogenation 
function to bifunctional catalysts, are usually introduced into pre-shaped zeolite-alumina 
extrudates. As discussed in chapter 5, the final distribution and dispersion of metal 
nanoparticles within a pure zeolite phase depends on a number of parameters, such as metal 
precursor and heat treatment conditions.[15–19] In the case of extrudates, the presence of 
both alumina and zeolite phases increases the complexity of the metal deposition process. 
Therefore, it is essential to obtain fundamental understanding of this process in order to 
reach full control over metal nanoparticle dispersion and location.

In an effort to optimize catalyst preparation, particularly for catalysts containing 
expensive noble metals, studies by Regalbuto et al.[20–30] aimed to unravel the adsorption 
mechanisms of metal complexes onto oxide supports, such as aluminas, silicas and zeolites. 
Pt deposition onto a zeolite is commonly described by an ion exchange (IE) mechanism 
where H+ protons from the zeolite framework are exchanged with Pt(NH3)4

2+ ions. For oxidic 
supports, such as alumina, it has been argued that ion adsorption, sometimes referred to as 
strong electrostatic adsorption (SEA), of metal complexes prevails.[22] Hydroxyl groups on 
the surface of the oxides can be protonated or deprotonated by lowering or increasing the 
pH of the solution with respect to the point of zero charge (PZC) of the oxide. This means 
that an alumina surface with PZC near pH of 8.5 will be protonated (i.e. positively charged) 
at pH<8.5, adsorbing negatively charged complexes such as PtCl6

2-. On the other hand, 
deprotonation (i.e. negative charging) of alumina and adsorption of positively charged 
Pt(NH3)4

2+ complexes requires pH>8.5. 
Based on, and by integrating, the fundamental knowledge on interactions between Pt 

complexes and zeolite and oxide supports, we attempted to controllably deposit Pt on 
either zeolite or alumina phase of extrudates. Preliminary results presented in this chapter 
demonstrate that by carefully choosing the Pt precursor and by controlling pH of the 
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solution, Pt can be selectively deposited on either of the extrudate components. Moreover, 
by using different electron microscopy techniques, important structural properties from 
nano- to micrometer length scales were successfully analyzed. Obtaining full control 
over catalyst design has a great potential for tuning the catalyst activity and selectivity in 
accordance with product requirements. 

6.2 Experimental

6.2.1 Catalyst preparation

Materials. Cylindrical extrudates (~ 2 mm x 8 mm) containing a 50/50 weight ratio of 
mesoporous zeolite Y (HY30, Zeolyst CBV760, Si/Al=30 at/at) and gamma alumina were 
obtained from Shell, and are here referred to as YA. Extrudates were crushed and sieved to 
70-40 mesh (0.2-0.4 mm) particles. Pt(NH3)4(NO3)2 (99.995 % purity) was purchased from 
Sigma-Aldrich, and H2PtCl6 (40% Pt) was purchased from Merck.

Pt deposition using a Pt-ammine complex. 0.495 g of YA particles (0.2-0.4 mm) was 
suspended in 150 ml of Milli-Q water and stirred for 1h, after which the pH of the suspension 
was 6.5. Ion exchange was performed at room temperature by adding dropwise ~30 ml of 
aqueous solution containing 9.75 mg of Pt(NH3)4(NO3)2 salt to obtain ~1 wt% Pt loading 
of YA support assuming complete ion exchange. After adding the Pt solution (pH=5.2) the 
suspension was stirred for 3 h. The pH of the suspension after 3 h of ion exchange was 
4.7. The suspension was filtered and washed with 150 ml Milli-Q water, and dried in air 
overnight at 120 °C, followed by reduction for 3 h in a flow of H2 (~3300 h-1 GHSV) at 
600 °C, with a heating ramp of 5 °C/min. The obtained sample is referred to as Pt-YA-Am.

Pt deposition using a Pt-chloride complex. A suspension of 1.0 g of YA particles (0.2-
0.4 mm) in 300 ml Milli-Q water was stirred for 1h. The pH of the suspension was 6.6 after 
1 h of stirring, and further lowered to 3.0 by adding 1 M HCl solution. After adjusting the 
pH, ~50 ml aqueous solution containing 25 mg H2PtCl6 salt (pH=2.8) was added dropwise 
to the suspension and stirred for 3 h at room temperature, after which pH was 3.9. The Pt 
loaded YA particles were filtered and washed with 300 ml Mili-Q water, and dried in air at 
120 °C overnight, followed by reduction for 3 h at 600 °C with a ramp of 5 °C/min in a flow 
of H2 (GHSV ~3300 h-1). Half of the reduced particles (named Pt-YA-Cl) were studied as 
is, while the other half was submitted to an additional heat treatment for 1 h at 600 °C in a 
flow of N2 with 1% O2 (GHSV ~8500 h-1) to obtain Pt-YA-Clcal sample.
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6.2.2 Characterization

N2 physisorption

N2 physisorption measurements were performed on a Micromeritics TriStar 3000 at 
liquid nitrogen temperature. The sample was dried before the measurement in nitrogen 
flow at 300 °C for 14 h.

Electron microscopy studies and sample preparation

Electron microscopy studies were performed on either powdered or sectioned samples. 
For the powdered sample, Pt-YA particles were crushed in a mortar, suspended in ethanol 
and sonicated for 2 minutes. A few drops of the suspension were added on top of a carbon-
coated grid and left to dry in air. To prepare thin slices of samples, Pt-YA particles were 
embedded in Epofix resin and left to cure in air overnight at 60 °C. Hardened resin 
containing Pt-YA was sectioned with a Diatome Ultra 35° diamond knife to nominal 70 nm 
thickness using a Reichert-Jung Ultracut E ultramicrotome. Thin sections were deposited 
on top of carbon-coated TEM grids.

TEM imaging was performed on a Tecnai 12 (FEI, 120kV) transmission electron 
microscope. Electron tomography experiments were performed on a Tecnai 20 (FEI) 
transmission electron microscope operated at 200 kV in bright field imaging mode. 
Quantifoil R2/1 Cu TEM grids with 5 nm Au particles on top of a thin carbon film were used 
to support powdered and sonicated samples. Tilt series of different particles were recorded 
over an angular range of about ±75° at tilt increments of 2° using a bottom-mounted TVIPS 
CCD. Nominal magnification was adjusted depending on the size of the analyzed particle 
to 50,000, 62,000 or 80,000 times. Alignment of the tilt images was performed in IMOD[31] 
by tracking the 5 nm Au particles. Aligned images were binned by a factor 2 to facilitate 
further computation and reconstructed using a WBP (Weighted Back Projection) algorithm 
in IMOD. Corresponding to the magnification at which experiments were carried out, final 
reconstructions had a voxel size of (0.20 nm)3, (0.26 nm)3 or (0.32 nm)3.

Energy dispersive X-ray spectroscopy (EDX), scanning TEM and high-angle annular 
dark field (HAADF) imaging were performed on a Tecnai 20FEG (FEI) microscope 
equipped with a field emission gun (FEG). Images were acquired in scanning transmission 
mode (STEM) with a Fischione HAADF detector with a camera length of 150 mm. EDX 
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data were also acquired with an EDAX Super Ultra Thin Window (SUTW) EDS detector 
and processed with Tecnai Imaging and Analysis software (TIA). Read out time was 30 
seconds per measurement at 300 counts/s. Elemental mapping was performed on TitanTM 
G2 80-200 with Chemi-STEMTM technology (FEI) microscope equipped with X-FEG 
and Super-X EDX detector. Elemental map of 400x400 pixels was obtained with 20 min 
acquisition time.
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6.3 Results and Discussion

In order to controllably deposit Pt on either the HY30 zeolite or the γ-Al2O3 phase 
of the extrudates, the interplay between ion exchange (IE) and electrostatic adsorption 
(EA) of Pt-complexes, as suggested in extensive studies by Regalbuto and co-workers, was 
considered.[22,27,28] 

In the first strategy to deposit Pt particles on exclusively the zeolite crystals of the YA 
particles (0.2-0.4 mm), we relied on the notion that ion exchange of HY30 zeolite protons 
with Pt(NH3)4

2+ will be dominant over electrostatic adsorption on alumina providing that 
pH is kept lower than 9.[26,27] Since the pH of the suspension of the YA particles in water and 
the Pt(NH3)4(NO3)2 aqueous solution were sufficiently low (6.5 and 5.2 respectively), no 
additional control over pH was required. The concentration of the Pt solution was adjusted 
to obtain a 1 wt% Pt loading on the YA particles, which would amount to ~2 wt% loading 
of the zeolite crystals in case that all Pt is deposited exclusively on HY30. This Pt loading 
is approximately 3.5 times lower than the estimated exchanged capacity of HY30 zeolite 
based on number of Al sites, hence there should be no excess of Pt(NH3)4

2+ cations to 
interact with alumina.

The second strategy was to produce a sample where Pt is exclusively deposited on the 
alumina phase of YA particles by using the strong electrostatic adsorption of negatively 
charged PtCl6

2- complexes on alumina at low pH, and relying on the absence of ion 
exchange between zeolite protons and these negatively charged species. The maximum 
uptake of PtCl6

2- complex by alumina (corresponding to complete surface coverage with 
a monolayer of PtCl6

2- complex with one hydration layer) is expected at pH of 3-4.[26,27] 
Therefore, prior to addition of H2PtCl6 aqueous solution (pH=2.8) the pH of the suspension 
of YA particles in water was lowered from 6.6 to 3.0 by adding 1 M HCl. Pt species are then 
expected to adsorb predominantly on alumina, without any ion exchange or electrostatic 
adsorption of PtCl6

2- on zeolite HY30. The concentration of H2PtCl6 aqueous solution was 
adjusted to obtain 1 wt% Pt loading on YA, which in case of exclusive deposition of Pt on 
alumina phase would lead to ~2 wt% Pt on alumina.

In both Pt-YA-Am and Pt-YA-Cl preparation procedures, YA extrudates were crushed 
to 0.2-0.4 mm particles prior to Pt deposition to facilitate transport of Pt-solution through 
particles and thus avoid macroscale Pt gradients over the extrudates. Heat treatment 
conditions were adjusted to arrive at Pt particles of ~3 nm. This was achieved by direct 
reduction in H2 which, as discussed in the previous chapter, leads to formation of ~ 3 nm 
Pt particles. The motivation behind choosing this Pt particle size was to facilitate TEM 
imaging and detection of particles, especially in case of Pt deposition on alumina whose 
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platelet-like morphology and higher density would hamper the imaging of smaller Pt 
particles.

 
6.3.1 TEM and TEM-EDX analysis

The first insight into the structure of prepared samples was obtained by TEM. Crushed 
samples were suspended in ethanol and sonicated to promote breaking of large agglomerates 
and separation of zeolite and alumina phases. One of the TEM images of Pt-YA-Am sample 
(Figure 6.1a) presents both zeolite (on the right) and platelet-like alumina (on the left) 
phases of the support. Alumina platelets can be also observed at the edges of zeolite crystal, 
indicating the surface coverage of zeolite with alumina binder. The presence of 2-4 nm Pt 
particles in the alumina-decorated zeolite crystal is apparent. However, due to the structure 
of the pure alumina phase it is hard to conclude from TEM images whether Pt particles are 
also present on alumina. On the other hand, no dark spots pointing to Pt in the zeolite phase 
of Pt-YA-Cl samples (Figure 6.1b) could be observed. Here, both zeolite and alumina 
phase seem to be empty or containing very small Pt particles which could not be visualized.

To confirm whether Pt is really absent from the alumina phase in case of Pt-YA-Am 
sample and to determine if Pt-YA-Cl sample contains Pt at all, energy dispersive X-ray 
spectra (EDX) were collected from “purely alumina” and “mainly zeolite” regions of both 
samples. TEM images of zeolite and alumina phases of both samples, as well as the EDX 
spectra, are shown in Figure 6.2.

Figure 6.1. TEM images of powdered samples showing alumina and zeolite phases of: a) Pt-
YA-Am sample where Pt particles (black dots) can be observed within zeolite crystal,  b) Pt-YA-
Cl sample where no Pt can be seen on both zeolite and platelet like alumina phase.

50 nm 50 nm

a b
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The spectrum of the Pt-YA-Am zeolite crystal (Figure 6.2a, top images) showed a 
much higher Al content than expected for HY30 zeolite whose Si/Al ratio is 30. This is 
nicely in line with previous conclusion that the surface of zeolite crystals is decorated with 
alumina platelets. More importantly, the Pt Lα peak at ~9.5 keV confirms the presence 
of Pt within the zeolite crystal. On the other hand, this peak was completely absent from 
the spectrum taken over alumina of the same sample (Figure 6.2a, bottom images). EDX 
analysis, thus, provides strong evidence that selective deposition of Pt onto zeolite phase 
was accomplished with sample Pt-YA-Am. In case of the Pt-YA-Cl sample (Figure 6.2b) 
no Pt was present in the zeolite crystal which also contained higher content of Al than 
expected (Figure 6.2b, top images). However, a small but significant Pt peak could be seen 
in EDX spectrum of the pure alumina phase (Figure 6.2b, bottom images), pointing to the 
presence of very small Pt particles that could not be observed with TEM. In other words, 
EDX strongly suggests that the selective deposition of Pt onto alumina using a PtCl6

2- 

complex was accomplished for sample Pt-YA-Cl.

Figure 6.2. TEM images of isolated zeolite (top) and alumina (bottom) phases with circles 
indicating the regions from which the TEM-EDX spectra (on the right side) were collected. a) 
Pt-YA-Am sample showing preferential deposition of Pt on zeolite phase. b) Pt-YA-Cl sample 
where Pt particles cannot be visualized with TEM but can be detected with EDX inside the 
alumina phase. The Cu signal originates from the TEM grid.
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6.3.2 Electron tomography

As discussed in the previous chapters, electron tomography (ET) is a powerful technique 
for 3D imaging at the nanometer scale and was successfully used for resolving small Pt 
particles within zeolite crystals. Therefore we have applied it to gain deeper insight into 
the 3D structure of the alumina and zeolite phases and to locate the Pt particles. Samples 
were prepared for ET analysis by crushing and sonicating the powder to ensure breaking 
of large agglomerates into small, preferably separated zeolite and alumina particles. 
Several individual zeolite crystals and agglomerates of alumina platelets were located 
on the grid and tilt series were taken under different magnifications (50,000, 62,000 and 
80,000) related to the size of the particles. Details on the tilt series acquisition, alignment 
and reconstruction can be found in the experimental Section 6.2.2, while slices from the 
reconstructions of zeolite and alumina particles of Pt-YA-Am and Pt-YA-Cl samples are 
presented in Figure 6.3. 

The slice through the middle of a Pt-YA-Am zeolite crystal confirmed the presence 
of Pt particles of 2-3 nm diameter (Figure 6.3a, left). Pt particles were homogeneously 
distributed throughout the whole volume of the zeolite crystal, while platelet-like alumina 
decorated the surface of the zeolite crystal and did not contain any Pt particles visible at 
this resolution. Besides 2 Pt particles visualized in the agglomerate of alumina platelets, 
the alumina phase of the same sample seemed to be generally empty (Figure 6.3a, right). 
Intracrystalline mesoporosity of the zeolite as well as interparticle mesoporosity of the 
alumina can be observed in 3D reconstructions as lighter grey regions within the crystals/
agglomerates. As inferred from reconstructions, the size distribution of these mesopores 
is quite broad, which nicely corresponds to mesopore distribution measured by N2 
physisorption (see Figure 6.8a). 

Though they could not be imaged with TEM, the presence of Pt particles in the alumina 
phase of Pt-YA-Cl had been suggested by EDX. Indeed, Pt particles within the alumina 
phase were resolved at higher magnifications using ET (Figure 6.3b). As expected, the 
zeolite crystal appeared to be ‘empty’, while alumina platelets on the surface of the imaged 
crystal contained <1 nm Pt particles which can be observed upon closer inspection of 
the zoomed-in region of the slice (Figure 6.3b, left). Analysis of the reconstruction of 
the pure alumina agglomerate showed that many sub-nanometer sized Pt particles were 
present, and were homogeneously distributed across the whole phase (Figure 6.3b, right). 
Electron tomography thus verified the conclusions drawn from EDX analysis, and enabled 
localization of small Pt particles and visualization of zeolite and alumina nanostructures.
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Figure 6.3. Electron tomography study of an isolated zeolite crystal (on the left) and the 
alumina binder (on the right). a) 0.34 nm and 0.26 nm thick reconstruction slices of zeolite and 
alumina particles of Pt-YA-Am sample displaying the presence of ~3 nm Pt particles inside 
zeolite crystal and Pt-free alumina. b) 0.26 nm and 0.20 nm thick reconstruction slices of Pt-
YA-Cl sample indicating the presence of <1 nm Pt particles within alumina phase and Pt-free 
zeolite crystal.
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6.3.3 Analysis of ultramicrotomed sections

Even though electron tomography provided unprecedented insight into the local 
nanostructural properties of the sample, only a limited number of particles could be analyzed 
this way. Hence, a different approach is needed to visualize the inner structure of particles 
while having access to the information from a larger area of the sample. Moreover, samples 
were so far prepared using destructive crushing and sonication methods where integrity 
of the extrudates is distorted. By cutting the extrudates into an ultrathin section using 
ultramicrotomy, the structure of extrudates is largely preserved and insight into a larger 
sample area might show the actual distribution of zeolite and alumina components within 
extrudates and their inner structure. Figure 6.4 emphasizes a small region of 70 nm thick 
sections of Pt-YA-Am and Pt-YA-Cl extrudates, with zeolite crystals being surrounded by 
alumina matrix.

The presence of Pt particles inside the zeolite phase of Pt-YA-Am sample is apparent, 
whereas Pt particles within the alumina phase of Pt-YA-Cl sample could not be imaged. 
Therefore, high-angle annular dark field (HAAFD) imaging, well suited for detecting high 
atomic number elements like Pt, was combined with STEM-EDX analysis. Figure 6.5 
demonstrates results from one of many regions of the sections that were analyzed in this 
manner. Pt peaks occurring in the EDX spectra of the zeolite phase (green rectangle) of 
Pt-YA-Am sample and alumina phase (blue rectangle) of Pt-YA-Cl sample have somewhat 
lower intensity compared to TEM-EDX spectra in Figure 6.2 due to the reduced thickness 
of the sections and hence lower amount of sampled Pt. The Si to Al ratios within zeolite 

Figure 6.4. TEM images of ultramicrotomed sections with a nominal thickness of 70 nm. a) 
Pt-YA-Am sample containing Pt particles within zeolite crystals which appear to be coated with 
a ~20 nm thick layer of alumina platelets. b) Pt-YA-Cl sample with no Pt particles resolved at 
this magnification.

200 nm 200 nm

a b
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crystals (green rectangles) are much higher than the ratios observed in the spectra of Figure 
6.2, indicating that mainly the zeolite phase (without alumina coating) was analyzed. 
STEM-EDX spectra from a large number of zeolite and alumina regions of sectioned 
samples showed the same trend of Pt particles being preferentially located in the zeolite 

Figure 6.5. HAADF images of sectioned Pt-YA-Am (a) and Pt-YA-Cl (b) samples with indicated 
rectangular regions with STEM-EDX spectra of zeolite (green) and alumina (blue) regions.
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phase when the Pt-ammine complex is used and in the alumina phase when Pt-chloride 
complex is used. Thus, it can be concluded with more certainty that controlled Pt deposition 
can be achieved by carefully selecting the Pt precursor and pH during the deposition of Pt 
on extrudates.

6.3.4 Controlling the particle size

The obtained results also point to differences in the interaction of Pt complexes and 
support surfaces, as well as different mechanisms of complex decomposition during the 
reduction to metallic Pt. While direct reduction in H2 of Pt(NH3)4

2+ exchanged zeolite led 
to formation of ~3 nm Pt particles, using a PtCl6

2- complex prevented the growth of Pt 
particles during H2 treatment. To promote the growth of Pt particles in the alumina phase, 
an additional heat treatment was carried out after reduction in H2. Following reported 
conditions for Pt particle aging on alumina,[32] reduced Pt-YA-Cl was heated for 1 h at 
600 °C in a flow of 1% O2 in N2. This resulted in the growth of Pt particles from sub-
nanometer size (Figure 6.3b) to 3-5 nm particles (Figure 6.6). The Pt particles within the 
alumina phase were now clearly detected in TEM of intact zeolite crystals and alumina 
agglomerates (Figure 6.6), while STEM-EDX analysis (Figure 6.7) provided insight into 
the chemical composition of different regions of 70 nm thick sections.

Figure 6.6. TEM images of a zeolite crystal with surrounding alumina (a) and an alumina 
agglomerate (b) of powdered Pt-YA-Clcal sample. Pt particles (black dots) of ~3 nm diameter 
can be observed within the alumina.
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6.3.5 Textural properties of extrudates

As noted in chapter 1, the homogeneity of the zeolite and the binder mixture and 
the porosity of the extrudates are important properties that determine the mechanical 
strength, mass transfer efficiency and activity of the final catalyst.[2,3] Electron microscopy 
techniques allow us to gain insight into these properties from tens of micrometers down 
to the nanometer scale. N2 physisorption of the crushed and sieved YA extrudates (Figure 
6.8a) displayed a very broad pore size distribution, which is in line with a low-resolution 
TEM image of a section of the sample (Figure 6.8b). Different levels of porosity are 
detected, including micropores in the zeolite crystal (~1 nm), intracrystalline mesopores in 

Figure 6.7. An HAADF image of Pt-YA-Clcal with rectangular regions of zeolite (green) and 
alumina (blue) phases from which STEM-EDX spectra (below) were recorded. The presence of 
Pt particles is clearly observed inside the alumina phase.
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the zeolite and intercrystalline mesopores of agglomerated alumina platelets (5-30 nm), as 
well as larger mesopores and macropores between zeolite and alumina particles (>30 nm). 
TEM images of thin sections also provided information on how well zeolite and binder 
phases are mixed. It can be seen that almost all of the zeolite crystals were coated with 
a 10-20 nm thick layer of alumina binder, which is even more apparent from Si and Al 
elemental maps of sections recorded using Chemi-STEM technology (FEI) (Figure 6.8c). 
The existence of several micrometers large regions of pure alumina phase (red, Figure 6.8c) 

Figure 6.8. Analysis of the porosity and distribution of the components of zeolite-alumina 
extrudates. a) BJH pore size distribution obtained from the adsorption branch of the N2 
physisorption isotherm of YA extrudates. b) TEM of ultramicrotomed section providing an 
insight into the presence of mesoporosity within and between particles. c) Elemental map of 
Si (green) and Al (red) showing the macroscale distribution of zeolite and alumina phases. 
d) Enlarged region of a tomography reconstruction slice revealing strong interaction between 
zeolite surface and alumina platelets.
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suggest somewhat insufficient mixing of zeolite and alumina components of the extrudates. 
Heterogeneities in component mixture were reported also for zeolite-based fluid catalytic 
cracking catalyst.[33] ET reconstruction slices enabled unique insight into the interaction 
between zeolite and alumina at the lower nanometers scale (Figure 6.8d). The surface 
of the zeolite crystal, recognizable in the ET slice by its lattice fringes, appears to be in 
intimate contact with more dense and homogeneously grey alumina platelets. The absence 
of voids between alumina layer and zeolite crystal indicates strong interaction between 
these phases, presumably originating from strong bonding of aluminum oxyhydroxide to 
zeolite prior to calcination and its transformation into alumina.

6.4 Conclusions

Exploiting the interactions between Pt complexes and different oxide supports, we 
succeeded in devising a method for selective deposition of Pt onto either the zeolite or 
the alumina binder of industrially employed extrudates. Using a Pt ammine complex in 
controlled pH environment, Pt was exclusively deposited on the zeolite crystals, whereas 
using a Pt-chloride complex led to Pt deposition exclusively on the alumina. Differences in 
Pt-ammine and Pt-chloride interactions with zeolite and alumina components respectively, 
resulted in distinct Pt dispersion upon direct reduction in H2. Larger Pt particles (~3 nm) 
were obtained upon reduction of Pt-ammine in the zeolite, while reduction of Pt-chloride 
on alumina led to formation of sub-nanometer Pt particles. Nevertheless, with additional 
heat treatment Pt particles in the alumina phase were successfully grown to sizes of 
3-5 nm. A combination of control over Pt dispersion via the heat treatment conditions 
(gas, temperature, heating ramp) and here described methodology for phase-specific Pt 
deposition promise realization of controlled catalyst design. For example, alumina and 
zeolite phases could be loaded with different amounts of Pt and with different dispersion in 
several deposition and heat treatment steps. This could be beneficial for tuning the catalysts 
properties to meet the process requirements, e.g. oil fractions containing large hydrocarbon 
molecules which could partially be hydrocracked on the alumina phase before entering the 
zeolite micropores.

Finally, advanced electron microscopy techniques and sample preparation proved 
indispensible for visualization of important structural properties of the catalysts at different 
length scales. Insight into the microscopic distribution of zeolite and alumina components 
as well as the porosity of the extrudates was available through TEM imaging and EDX 
chemical mapping of ultramicrotomed sections which preserved the extrudates integrity. 
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Nanoscale properties, including the interaction between zeolite and alumina, and the 
location and size of Pt particles were revealed in 3D by electron tomography.
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The unique physico-chemical properties of zeolites grant them a leading role in a wide 
range of industries with applications as molecular sieves, for ion-exchange, or as solid 
catalysts. To exploit their full potential and optimize their properties for specific applications, 
zeolites are often subjected to several post-synthesis modifications. The performance of 
zeolites depends on number of important structural properties at different length scales. 
Numerous characterization techniques exist and are used to obtain information on their 
crystalline structure, acidity and porosity. Perhaps the most appealing are microscopy 
based techniques which enable us to visualize nano- to microscale structures. Among them, 
electron tomography (ET, or 3D-TEM) had drawn a lot of attention in recent years as it 
offers a unique insight into the three dimensional nature of objects down to nanometer 
scales. Nano-features, most of which inaccessible to other characterization techniques, 
are revealed and quantitatively described by combining ET and image analysis. The 
advantages, limitations and future prospects of employing these techniques for catalysts 
characterization were discussed through detailed review of recent ET studies (chapter 2). It 
is clear that ET is no longer only a powerful imaging tool, but in combination with image 
analysis it became a powerful quantitative tool providing data in good agreement with 
bulk sample analysis. Recent advances involving design of new algorithms allowing ET 
reconstructions from only few projections, proved promising for analysis of beam sensitive 
samples and enhancing the speed of data collection. Moreover, the first examples of 3D 
imaging with atomic scale resolution have been reported.

Even though there are above 200 different zeolite types discovered and synthesized until 
today, only few of them are in industrial use. Particularly zeolite Y, with its microporous 
structure, acidity and stability under harsh conditions, has become an indispensible catalyst 
in oil refineries for production of transportation fuels. This thesis focuses on exploring 
the nanostructure of zeolite Y from several important stages of its transformation into the 
industrially applied forms. Microporosity of zeolite Y (~ 1 nm), though beneficial for shape 
selectivity, imposes slow mass transfer of larger hydrocarbon molecules. Therefore zeolite 
Y is often submitted to steaming and acid leaching which introduces mesopores (~10-
30 nm) inside zeolite crystals. These mesopores act as highways for molecular transport 
and, by dividing the crystal into smaller microporous domains, they enhance accessibility 
to a larger fraction of micropores. But when additional base treatment is performed, a 
whole new set of small mesopores (~3 nm) was created, thus breaking the zeolite crystal 
into even smaller microporous domains. Such hierarchical pore system (micropores, small 
mesopores and large mesopores) greatly improved zeolite hydrocracking performance. 
Although N2 physisorption showed the increase in mesoporosity, ET was crucial tool to 
unravel the true hierarchical structure of induced mesopores (chapter 3).
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However, it is not solely the presence of mesopores, but also their shape, connectivity 
and overall architecture that will influence the mass transport through zeolite crystals. 
Therefore, a thorough study has been performed to quantitatively describe properties of 
industrially employed zeolite Y containing mesopores (10-30 nm). By combining ET 
with image analysis, it was revealed that most of the mesopores were accessible from 
the outer surface of the crystal, while only fraction of them were either fully closed or 
constricted by narrower openings. Furthermore, for the first time it was calculated that the 
average tortuosity of mesopores was close to 1.3, which points to rather straight channels. 
Determination of the size distributions of (diffusion limiting) intact microporous domains 
between mesopores was also derived. Obtaining such quantitative information deepens 
our understanding of the influence of mesoporosity and molecular diffusion on catalyst 
activity, selectivity and stability (chapter 4).

For hydrocracking and hydrotreating purposes, mesoporous zeolite Y is often loaded with 
metals as hydrogenation function for hydrocracking over zeolite acid sites. It is generally 
desired to have well dispersed metal nanoparticles in the vicinity of zeolite acid sites. 
Optimal imaging conditions during ET experiments allowed first time 3D visualization of 
Pt particles as small as 1 nm inside the micropores of bifunctional Pt/zeolite Y catalyst. 
Image analysis of reconstructed zeolite crystals revealed large variations in Pt loading 
between individual crystals. The discovery of such heterogeneities of catalysts could have 
a great impact on our understanding of reaction mechanism and help improving synthesis 
procedures as it implies the potential for lowering the noble metal loading. In addition, ET 
enabled the study of influence of heat treatment conditions on Pt dispersion, e.g. tendency 
of particles to grow to sizes exceeding the size of micropores within zeolite crystals without 
migrating to mesopores (chapter 5).

Industrially applied catalysts are, however, often shaped into larger millimeter size 
bodies like extrudates where zeolite is mixed with alumina to ensure mechanical stability. 
Deposition of metal nanoparticles on such large bodies is challenging and requires 
careful consideration of metal precursor-support interactions and microscopic diffusion 
phenomena. Relying on existing knowledge on adsorption of Pt-complexes onto oxide 
supports, a method to selectively deposit Pt on either alumina or zeolite component of 
extrudates was devised. Together with controllable Pt size distribution by heat treatments, 
this method promises realization of full control over catalyst design. Confirmation of the 
location-selective deposition was available at multiple length scales through integration of 
several electron microscopy techniques. While electron tomography proved essential for 
visualizing Pt nanoparticles within single zeolite crystals or alumina agglomerates, TEM 
and EDX of 70 nm thin sections of Pt loaded extrudates enabled imaging and elemental 
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analysis of larger area of samples, thus improving statistics.
From this thesis a large number of new scientific questions and ideas emerge, despite 

the fact that zeolite Y has been extensively studied for decades. Exemplary, observed 
heterogeneities of Pt/zeolite Y challenge optimization of catalyst synthesis, but also 
suggest impact of variations in Si/Al ratio of zeolite crystals. The possibility opened up to 
implement experimentally derived quantitative data, such as tortuosity of mesopores, in 
diffusion models. Investigating the impact and expanding the devised method of phase-
selective metal deposition onto multiphase catalyst bodies to other industrially relevant 
systems is another future challenge. Electron tomography and image analysis are the 
driving force for elucidation of nanostructural properties of catalysts, and, considering 
the recent advances towards faster, more reliable and atomic resolution analyses, their full 
potential is yet to be witnessed.
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Samenvatting

Zeolieten zijn kristallijne, microporeuze aluminosilicaten die worden gebruikt in 
wasmiddelen, voor waterzuivering, en als katalysatoren. Meer dan 200 verschillende 
typen zeolieten zijn op dit moment bekend. Zeoliet Y, één van de meest prominente, wordt 
gebruikt als katalysator om aardolie om te zetten in gewenste brandstoffen. De aardolie, 
bestaande uit lange koolwaterstofketens, wordt hierbij gekraakt in kleinere, bruikbare 
moleculen. Dit kraken gebeurt in de poriën (microporiën van ongeveer 1 nm) van het zeoliet 
Y, welke een grootte heeft van ongeveer 500 nm. De lange koolwaterstofketens hebben 
dimensies vergelijkbaar met de microporiën van het zeoliet Y. Hierdoor is de diffusie van 
deze moleculen door het zeoliet langzaam. Hoe langer een koolwaterstofmolecuul zich 
in het zeoliet bevindt, hoe verder het wordt gekraakt. Dit kan uiteindelijk leiden tot de 
productie van ongewenste kool- en gasproducten. Om de verblijftijd te verkorten worden 
vaak grotere poriën (mesoporiën van >2 nm) in de zeolietstructuur gemaakt. Op deze 
manier wordt het transport van de producten vergemakkelijkt. Daarnaast is bekend dat 
het toevoegen van metaalnanodeeltjes in de zeolietkristallen extra katalytische activiteit 
geeft aan deze materialen. Een voorbeeld hiervan is de ontzwaveling welke dan plaatsvindt 
tegelijk met het kraakproces. 

Meer begrip van de zeolietstructuur is essentieel om de katalytische eigenschappen te 
verbeteren. Het bestuderen van deze materialen vereist speciale technieken vanwege de 
dimensies, welke niet groter zijn dan een paar nanometer voor bijvoorbeeld de mesoporiën 
en de metaaldeeltjes. Een geschikte techniek is de transmissie elektron microscoop 
(TEM), die gebruik maakt van elektronen voor het visualiseren van kleine objecten. Deze 
elektronen zijn te vergelijken met Röntgen stralen, gebruikt voor medische toepassingen, 
welke worden geabsorbeerd door botten en weefsel. De elektronen in de TEM worden deels 
verstrooid door het te onderzoeken monster of gaan door het monster zonder absorptie, 
afhankelijk van de eigenschappen van het monster. Door het detecteren van de doorgelaten 
elektronen wordt vervolgens een TEM projectie gemaakt, waarbij dikkere delen van het 
sample of delen bestaande uit zwaardere elementen donkerder worden afgebeeld. Dit wordt 
ook wel helderveld-TEM genoemd. De verstrooide elektronen kunnen ook gedetecteerd 
worden. Daarbij worden deze delen van het monster juist lichter afgebeeld (donkerveld-
TEM). Voorbeelden van Röntgen en TEM afbeeldingen zijn gegeven in Figuur S1. 
Beide technieken zijn gebaseerd op dezelfde principes. Echter, met TEM kunnen veel 
kleinere objecten worden bekeken dan met Röntgenstraling, wat een resolutie van slechts 
enkele centimeters heeft. Ondanks dat we weten dat onze botten worden omgeven door 



130

Samenvatting

huidweefsel kan de afbeelding in figuur 1a ook anders worden geïnterpreteerd. Zo zou 
men kunnen denken dat de botten op het oppervlak van de hand liggen. Deze verwarring 
is te wijten aan de tweedimensionale projectie. Het interpreteren van TEM afbeeldingen 
geeft een vergelijkbare uitdaging. Om dit te ondervangen zijn er tomografie technieken 
ontwikkeld voor het maken van driedimensionale afbeeldingen. Dit zijn elektron tomografie 
en computerized axial tomography (CAT), gebaseerd op respectievelijk elektronen en 
Röntgen straling. Elektron tomografie (of 3D-TEM) is gebaseerd op TEM afbeeldingen 
van een monster welke zijn opgenomen onder verschillende hoeken. Op deze manier kan 
het gehele volume van het monster worden gereconstrueerd en kan er in de structuur van 
een monster worden gekeken of in het geval van een CAT scan in de hersenen of een ander 
orgaan.

In deze dissertatie is een beter begrip verkregen van de nanostructuur van zeoliet Y 
met bijbehorende aanpassingen en vorming tot een industrieel relevante katalysator. 
Geavanceerde elektron microscopie technieken, met de focus op elektron tomografie (ET) 
en beeldanalyse (Figuur S2), geven waardevolle informatie over verborgen structurele 
functies en kwantitatieve analyses van belangrijke eigenschappen van het zeoliet Y op 
de nanoschaal. Daarbij is er een overzicht gegeven van recente ontwikkelingen op het 
gebied van elektron tomografie en beeldanalyse voor de karakterisatie van verschillende 
katalytische materialen (metaal beladen zeolieten, silica’s, kolen) met de focus op de 
ontwikkelingen over het verkrijgen van betrouwbare en unieke kwantitatieve informatie 
van katalysatoren op nanoschaal via beeldanalyse, snellere reconstructie algoritmes en 

Figuur S1. Analogie tussen Röntgen en TEM afbeeldingen. a) Een Röntgen afbeelding toont 
de botten van de hand als helderst vanwege de hoge absorptie van Röntgen straling, b) 
Donkerveld-TEM afbeelding van een snede van een katalysator, waarbij de elektronen worden 
gedetecteerd welke verstrooid worden door de dikkere delen van de zeoliet-alumina katalysator 
(heldere gebieden). De donkere gebieden tonen de porositeit tussen de deeltjes, c) Helderveld-
TEM afbeelding van dezelfde katalysator als gemeten in b), maar geprojecteerd met behulp 
van de doorgelaten elektronen met als resultaat een invers contrast in vergelijking tot b).

1 μm 1 μm5 cm

a b c
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atoomschaal ET.
Een nieuwe methode voor het verkrijgen van hiërarchisch mesoporeus zeoliet Y is 

ontwikkeld. Het toepassen van een basebehandeling op een commercieel verkregen gestoomd 
en met zuur behandelt zeoliet Y resulteert in een extra netwerk van kleine mesoporiën naast 
de al aanwezige microporiën (door de zeolietsynthese) en grotere mesoporiën (verkregen 
door stomen en met zuur behandelen). Deze trimodale porositeit verhoogt de kraakactiviteit 
van het zeolite Y. 3D projecties van de zeolietkristallen zijn essentieel voor het ontrafelen 
van het complexe mesoporiënnetwerk. De opheldering van de structuur van de grotere 
mesoporiën (geïntroduceerd door stomen en een zuurbehandeling) was niet mogelijk door 
andere technieken dan ET. Uitgebreide analyse van de elektron tomogrammen resulteerde 
in de mogelijkheid om onderscheid te maken en het kwantificeren van open, gesloten 
en vernauwde mesoporiën. Daarnaast is hieruit de tortuositeit van de mesoporiën en 
grootte van de intacte microporeuze domeinen berekend. Deze laatste domeinen worden 
verondersteld massa transport te verhinderen door zeolietkristallen. 

De nanostructuur van bifunctionele Pt/zeoliet Y katalysatoren is uitvoerig bestudeerd. 
De deeltjesgrootte distributies en afstand tussen de Pt deeltjes is berekend door middel 
van half-geautomatiseerde analyses. Hieruit bleek dat er grote variaties, tot wel een factor 
35, zijn tussen de Pt belading in individuele zeolietkristallen. Deze ontdekking vraagt om 
overdenkingen wat betreft de katalysatorbereiding en toont aan dat er mogelijkheden zijn 
om de nominale belading met edelmetalen te verlagen. 

Pt/zeoliet Y, in de industrieel toegepaste vorm, is ook gekarakteriseerd. Hier zijn de Pt 

Figuur S2. Een voorbeeld van TEM en elektron tomografie analyse op een mesoporeus 
zeoliet Y kristal met platina deeltjes. a) Een TEM afbeelding waarin het erg moeilijk is om 
de vorm van het zeolietkristal en de locatie van de mesoporiën (de heldere gebieden in het 
kristal) te onderscheiden, b) Een snede vanuit het midden van het zeolietkristal verkregen 
door tomografie reconstructie van a), c) Image segmentation van het gehele tomogram van 
b), waar het zeolietkristal (groen), mesoporiën (wit) en platina deeltjes (blauw) kunnen worden 
onderscheiden op basis van het verschil in contrast. Hun volume, oppervlak en grootte kunnen 
nu worden berekend.

a b c
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deeltjes gedragen op extrudaten, bestaande uit zeoliet Y en alumina binders. Preliminaire 
resultaten zijn gepresenteerd betreffende het afzetten van Pt deeltjes op de zeoliet- dan wel 
de aluminafase.

Ondanks dat zeoliet Y al decennialang bestudeerd wordt roept deze dissertatie een hoop 
nieuwe wetenschappelijke vragen en ideeën op. Zo laat de heterogeniteit van Pt/zeoliet Y 
zien dat er nog een hoop kan gebeuren op het gebied van katalysatorsynthese, maar duidt 
dit misschien ook wel op variaties in Si/Al verhouding van verschillende zeolietkristallen. 
Met behulp van de verkregen data over bijvoorbeeld de tortuositeit van mesoporiën kunnen 
ook diffusiemodellen worden opgesteld. Het verder onderzoeken van de methode om 
faseselectief metaal af te zetten op materialen relevant voor de industrie is een andere 
interessante uitdaging. Elektron tomografie en beeldanalyse zijn de drijvende kracht achter 
het ophelderen van nanostructuren en de daarbij horende eigenschappen van de katalysator. 
Hun volledige potentieel is nog lang niet bereikt, blijkend uit de recente ontwikkelingen op 
het gebied van snellere en betrouwbaardere analyses op atoomresolutie.
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patiently listening about zeolites and correcting so many texts about it...for so much more 
that you brought into our lovely and inspiring life together. Ljubim :)

Jovana, May 2013
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"Tko nije naučio gledati nebo u potoku, ne zna što su ribe na drveću."
Ivo Andrić


